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Abstract  

 

Lung cancer is the leading cause of cancer death and a priority research area. There is an 

unmet need to develop biomarkers to enable patient selection and stratification in future lung 

cancer trials. This thesis aimed to validate non-invasive therapeutic lung cancer biomarkers. 

The investigated biomarkers were derived from imaging techniques used in routine 

healthcare (computed tomography and [
18

F]fludeoxyglucose (FDG) positron emission 

tomography (PET)) and research-domain imaging methods of hypoxia (multi-parametric 

magnetic resonance imaging (MRI) and [
18

F]fluoroazomycin arabinoside (FAZA) PET) and 

proliferation ([
18

F]fluorothymidine (FLT) PET), along with circulating biomarkers. These 

biomarkers were derived from one randomized controlled trial and 3 prospective pilot 

studies. I report for the first time the outcome of early limited stage (LS)- small cell lung 

cancer (SCLC), staged using the tumour, node and metastasis (TNM) staging system, within 

a randomized controlled trial. Early (TNM stage I-II) LS-SCLC patients achieve long-term 

survival with minimal acute side-effects following chemoradiotherapy and prophylactic 

cranial irradiation. This study guides patient management and benchmarks achievable 

outcomes in the era of modern radiotherapy. I report on the effects of different [
18

F]FAZA 

PET acquisition and analysis procedures on image parameters, comparing hypoxic volumes 

and fractions using fixed (>1.4, >1.2) and image-derived thresholds in non-small cell lung 

cancer (NSCLC) patients. I also investigate, for the first time, image repeatability and 

compare findings with a tissue-based hypoxia assessment in a patient subset, thus 

providing new [
18

F]FAZA PET validation data for the optimal application of this modality to 

derive potential hypoxia biomarkers. I present the world first oxygen-enhanced (OE) MRI 

clinical study to evaluate repeatability and show pharmacodynamic treatment effect, 

providing new technical and biological validation data for OE-MRI NSCLC hypoxia 

biomarkers. These results suggest that OE-MRI is feasible, well-tolerated, repeatable and 

has potential clinical utility as a biomarker in future NSCLC hypoxia-targeted therapy trials 

and radiotherapy dose painting studies. I present a pilot study that evaluated, to my 

knowledge, the largest blood biomarker panel in lung cancer patients. I show that baseline 

IL-1b and neutrophil count and early-treatment CYFRA 21-1 predict lung cancer 

radiotherapy response. CYFRA 21-1 and VCAM-1 correlated with [
18

F]FLT PET, highlighting 

for the first time a potential role of blood biomarkers as imaging surrogates. A trial proposal 

to investigate nimorazole (a hypoxic radiosensitizer) in TNM stage II-III NSCLC patients is 

presented. One of the trial aims is to validate (and ultimately qualify) [
18

F]FAZA PET, 

building on the thesis results. In summary, this thesis presents important new validation data 

for a range of therapeutic lung cancer biomarkers. 
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Thesis aim and study design 

 

The overreaching thesis aim is to validate non-invasive therapeutic lung cancer biomarkers.  

 

The investigated biomarkers are: 

 

 Tumour, node and metastasis (TNM) staging, partially derived from routine clinical 

imaging (computed tomography (CT) and [
18

F]fludeoxyglucose (FDG) PET) in small-

cell lung cancer (SCLC) patients 

 Hypoxia biomarkers, derived from multi-parametric MRI in NSCLC patients 

 Hypoxia biomarkers, derived from [
18

F]FAZA PET in NSCLC patients 

 Blood biomarkers, derived from serum and plasma blood samples in SCLC and 

NSCLC patients 

 

The study design and aims for the results chapters (main thesis) and appendices are:  

 

 Chapter 4 (publication 2):  

Design: Unplanned (exploratory) subgroup analysis of early limited-stage (LS)-

SCLC patients included in the CONVERT trial. 

Main aim: Examine the outcome of early LS-SCLC patients treated within the 

CONVERT trial to investigate the prognostic capacity of TNM staging, partially 

derived from routine clinical imaging (CT and [
18

F]FDG PET).  

 

 Chapter 5 (publication 3): 

Design: Prospective pilot study.  

Main aims: Optimise [
18

F]FAZA PET acquisition and analysis in NSCLC patients, 

assess the repeatability of image parameters and lesion hypoxic volumes (HV) and 

fractions (HF) using fixed and image-derived thresholds and compare [
18

F]FAZA 

PET image parameters with tissue hypoxia, quantified using the validated 

exogenous hypoxia marker pimonidazole, in a subset of patients.    

 

 Chapter 6 (publication 4): 

Design: Prospective pilot study.  

Main aims: Assess the safety, tolerability and feasibility of performing OE-MRI as 

part of a multi-parametric MRI protocol in NSCLC patients and determine the 

precision of OE-MRI biomarkers and their sensitivity to detect treatment changes 

following radiotherapy. 
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 Appendix 1 (publication 5): 

Design: Prospective pilot study.  

Main aims: Investigate lung cancer radiotherapy response and toxicity blood 

biomarkers and correlate findings with tumour volume and proliferation imaging 

using [
18

F]fluorothymidine (FLT) PET.    

 

 Appendix 2 (NIMLung trial proposal):  

Design: Randomized feasibility trial with a pre-planned identical randomized phase 2 

trial in the pipeline. 

Main aims: The primary trial aims are to determine the feasibility of the study 

(feasibility trial) and investigate the effects of hypoxia-targeted treatment with 

nimorazole (a hypoxic radiosensitizer) on overall survival in NSCLC patients treated 

with radiotherapy alone (phase II trial). The secondary trial aim is to prospectively 

validate and qualify predictive invasive (hypoxia gene signature) and non-invasive 

([
18

F]FAZA PET and serum osteopontin and mir-210) hypoxia biomarkers. 
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CHAPTER 1: Introduction- Lung cancer 

 

Lung cancer epidemiology 

 

Lung cancer is the third most common cancer and the leading cause of cancer death in the 

UK with 35,900 deaths in 2014 [1]. Lung cancer represented 13% of new cancer cases while 

accounting for 22% of all cancer deaths in the UK in 2014, surpassing the mortality of the 

next 2 common cancers combined (breast and bowel cancer) [1]. Due to poor survival, lung 

cancer is a priority research area for Cancer Research UK (together with pancreatic and 

oesophageal cancer and brain tumours) [2]. A comprehensive review of lung cancer 

epidemiology is beyond the scope of this chapter. Here, a brief summary of lung cancer 

epidemiology is outlined.  

 

There are two main lung cancer subtypes: small and non-small cell lung cancer (SCLC and 

NSCLC, respectively) with different biological characteristics, patterns of spread, treatment 

and outcome. Cigarette smoking is the most important lung cancer predisposing factor [3, 4]. 

Variations in population smoking habits could partially explain differences in lung cancer 

incidence across countries. Historically, NSCLC represented 70-80% of lung cancer cases. 

With decline in smoking prevalence, SCLC (which is strongly associated with smoking) now 

represents only 10-11% of lung cancer cases in the UK [5]. Smoking cessation campaigns 

are active throughout the UK. The aim of the Department of Health is to decrease smoking 

prevalence to less than 10% by 2020 [6]. The smoking prevalence in 2015 among UK adults 

was 17.2% [7]. However even if this ambitious objective is met, it is unlikely to result in an 

abrupt decline in lung cancer incidence over the next 10-20 years due to the slow decrease 

in cancer risk in ex-smokers. For example, lung cancer mortality amongst men in the UK 

decreased by 4% between 1970 and 1996, 7.3% between 1996 and 2001 but only by 0.5% 

between 2001 and 2005 [8]. Further, there are additional lung cancer risk factors such as 

radon, asbestos and arsenic exposure as well as other environmental and genetic factors 

and these are less modifiable, compared to smoking [9]. For these reasons, lung cancer is 

likely to lead cancer mortality in the UK over the next decades, highlighting the importance 

of research in this field.  

 

One-year age-standardised overall survival for all NSCLC and SCLC stages in the UK 

remain low at 30% and 24.9%, respectively [10]. This is partially due to late diagnosis with 

locally-advanced or metastatic disease. In NSCLC, this group constitutes 90% of newly 

diagnosed cases [11], while only one third of SCLC patients are diagnosed with localised 

disease [12]. In patients with locally-advanced and metastatic disease, treatment often fails 

to achieve long-term tumour control and almost all patients succumb due to disease 
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progression locally and/or distantly. For this reason, there is a strong rationale to focus 

efforts on diagnosing lung cancer earlier. Lung cancer screening aims to reduce lung cancer 

mortality by early detection and treatment [13]. Based on the results of the National Lung 

Screening Trial (NLST) [14], lung cancer screening -using low-dose computed tomography 

(CT)- is routinely offered in the USA. However, there are no clear recommendations on how 

to successfully implement low-dose CT lung cancer screening in a national health service 

model [15]. Furthermore, none of the European trials have so far reported a reduction in 

mortality with lung cancer screening [16]. For these reasons, lung cancer screening has not 

yet been adopted into routine UK clinical practice. The Dutch-Belgian Lung Cancer 

Screening (NELSON) trial (ISRCTN63545820) is on-going and will provide crucial 

information to guide lung cancer screening implementation in the future [13].  

 

Although the healthcare costs of lung cancer treatment are not disproportionately higher 

than cancer of other sites in the UK, the higher incidence and mortality translates into a 

growing economic burden [17]. It is estimated that each lung cancer patient costs the UK 

healthcare system £9,071 annually and the total lung cancer cost to the UK economy is 

estimated at £2.4 billion [18]. For this reason, there is an urgent need to improve lung cancer 

outcomes.  

 

Standard lung cancer staging, workup and treatment   

 

A comprehensive review of lung cancer staging, workup and treatment is beyond the scope 

of this chapter. A brief summary of these are outlined below.  

 

NSCLC staging: The tumour, node and metastasis (TNM) staging system is the standard 

staging system for NSCLC. The 7
th
 American Joint Committee on Cancer (AJCC) TNM 

edition was introduced in 2010 [19], while the 8
th
 AJCC TNM edition -introduced in 2016- is 

scheduled to be implemented in the UK from the beginning of 2018 [20].  

 

SCLC staging: The most widely used staging system for SCLC was introduced by the 

Veterans Administration Lung Cancer Study [21]. This 2-tier staging system classifies 

patients into limited stage (LS) if the tumour is localized to one hemithorax (i.e. could be 

encompassed in a single radiation portal). Patients not meeting this criterion are classified 

as having extensive stage (ES) [21]. In 2009, the Union for International Cancer Control/ 

AJCC, based on International Association for the Study of Lung Cancer analysis, 

recommended the use of TNM staging in SCLC as it provides additional prognostic 

information [22, 23].  
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TNM staging is prognostic in lung cancer with 86.8%, 73.4%, 48% and 19.3% one-year age-

standardised overall survival reported for stage I, II, III and IV (combined NSCLC and SCLC 

cases) in England in 2012 [24].  

 

Based on National Institute for Health and Care Excellence (NICE) [25], European Society 

for Medical Oncology (ESMO) [12, 26] and National Comprehensive Cancer Network 

(NCCN) [27, 28] guidelines, standard lung cancer workup should include:  

 

 History and physical examination 

 Chest x-ray and contrast-enhanced chest CT 

 Fludeoxyglucose (FDG) positron emission tomography (PET) CT (for all lung cancer 

patients suitable for curative-intent treatment (NICE), for SCLC patients as an 

alternative to CT and bone scintigraphy/ all NSCLC patients (ESMO) and for all 

NSCLC patients and SCLC patients, if LS is suspected (NCCN) 

 Additional investigations include magnetic resonance imaging (MRI), blood tests, 

biopsy (via bronchoscopy, endobronchial/ endoscopic ultrasound or CT-guidance) 

and cardio-pulmonary function testing (e.g. diffusing capacity of the lungs for carbon 

monoxide (DLCO), forced expiratory volume in 1 second (FEV1)) 

 

Lung cancer treatment is dictated by tumour histology and stage, as well as patient fitness 

and preference. A broad non-exhaustive outline of lung cancer treatment is discussed 

below.   

 

NSCLC treatment: Patients with early-stage NSCLC are offered surgery if medically 

operable or radiotherapy. Adjuvant cisplatin-based chemotherapy improves survival in 

patients with resected stage IB-IIIA NSCLC [29, 30]. Patients with unresectable locally-

advanced NSCLC are offered chemoradiotherapy, with concurrent chemoradiotherapy being 

associated with improved survival over radiotherapy alone or sequential chemoradiotherapy 

[31, 32]. Patients with operable N1 or single station N2 NSCLC are eligible for surgical 

resection, followed by adjuvant therapy as indicated [25, 26, 28]. Stage IV NSCLC patients 

are treated with palliative chemotherapy [25, 26, 28], immunotherapy (e.g. nivolumab, 

atezilizumab, pembrolizumab [33-37]) or with an oral epidermal growth factor receptor 

(EGFR) tyrosine kinase inhibitor (e.g. gefitinib, erlotinib [38, 39]) and an oral anaplastic 

lymphoma kinase (ALK) tyrosine kinase inhibitor (e.g. crizotinib [40, 41]) if they harbour 

oncogenic driver mutations. Guidance on 2
nd

 line stage IV NSCLC therapies can be 

accessed elsewhere [42].  

 

SCLC treatment:  LS-SCLC with good performance status patients should be offered 

chemoradiotherapy, using twice-daily (BD) radiotherapy delivered early with chemotherapy 

[43-47]. Patients with treatment response should also be offered prophylactic cranial 
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irradiation (PCI) [48]. Selected early LS-SCLC patients could be offered surgical resection 

[12, 25, 27]. The standard treatment for ES-SCLC patients is palliative chemotherapy. ES-

SCLC patients who respond to chemotherapy should be offered PCI and thoracic 

radiotherapy, as these treatments are associated with improved overall survival [49, 50]. 

Further details on SCLC chemotherapy are available elsewhere [12].  

 

Advances in lung cancer treatment  

 

Advances in NSCLC treatment: Stage IV NSCLC treatment has witnessed significant 

advances over the past 20 years, initially with the introduction of drugs targeting oncogenic 

driver mutations and in recent years, immunotherapies [51]. However, treatment for 

localised and locally-advanced NSCLC has not changed significantly in the last 2 decades. 

No major advancement has been seen since standardisation and centralisation of surgical 

practices for operable lung cancer or the introduction of stereotactic ablative radiotherapy 

(SABR) for inoperable early-stage NSCLC [52-54]. For inoperable locally-advanced NSCLC, 

little progress has been achieved since the establishment of concurrent chemoradiotherapy 

as standard treatment for fit patients [55]. Radiotherapy dose escalation has also reached a 

plateau with the negative results of the Radiation Therapy Oncology Group (RTOG) 0617 

trial showing that dose escalation with standard dose fractionation is not the way forward 

[56]. Also to date, no molecular agent or immunotherapy has provided overall survival 

advantage when combined with chemoradiotherapy in stage III NSCLC (recently, treatment 

with durvalumab for up to 12 months after chemoradiotherapy in stage III NSCLC was 

shown to improve progression-free survival, overall survival data not reported) [56, 57].  

 

Advances in SCLC treatment: The prognosis of SCLC is poor with only modest survival 

improvement over the past decades, mainly due to improvements in radiotherapy treatments 

including standardisation of thoracic and cranial irradiation [58]. Standard first-line 

chemotherapy for SCLC, which consists of an etoposide platinum doublet, has not changed 

over the past three decades [59].  

 

Results of landmark lung cancer trials over the past 15 years are listed in table 1.  
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Table 1: Results of landmark lung cancer trials over the past 15 years 

Year Trial result(s) Reference(s) 

NSCLC  

1996-
2010 

SABR established as a treatment option for inoperable 
early-stage NSCLC 

[54] 

2004-
2009 

Postoperative chemotherapy survival advantage confirmed 
in stage IB-IIIA NSCLC patients 

[29, 60] 

2005-
2009 

EGFR tyrosine kinase inhibitors superior to chemotherapy 
in stage IIIB-IV NSCLC patients with oncogenic driver 
mutations 

[38, 39] 

2008 Overall survival superior for stage IV adenocarcinoma and 
large-cell carcinoma treated with cisplatin & pemetrexed 
versus cisplatin & gemcitabine. In squamous cell 
carcinoma, overall survival superior in patients treated with 
cisplatin & gemcitabine versus cisplatin & pemetrexed. This 
was first study to show overall survival differences in 
NSCLC according to histology 

[61] 

2010 Meta-analysis demonstrates that concurrent 
chemoradiotherapy is associated with improved survival in 
locally-advanced NSCLC 

[62] 

2012 Meta-analysis demonstrates that accelerated and 
hyperfractionated radiotherapy is associated with overall 
survival improvement in non-metastatic NSCLC 

[63] 

2013 High-dose (74Gy) radiotherapy with or without cetuximab 
did not improve survival in unresectable stage III NSCLC 
patients treated with concurrent chemoradiotherapy 

[56] 

2013-
2014 

Crizotinib superior to chemotherapy in patients with 
advanced ALK-positive NSCLC 

[40, 41] 

2015-
2016 

Role of immunotherapy established in advanced NSCLC [33-37] 

2016 Whole brain radiotherapy reported to provide limited clinical 
benefit in NSCLC patients with metastatic brain lesion(s) 
unsuitable for surgical resection or SABR   

[64] 

2017 Treatment with durvalumab up to 12 months after 
chemoradiotherapy in stage III NSCLC is shown to improve 
progression-free survival (overall survival data not reported) 

[57] 

SCLC 

2004-
2006 

Meta-analyses showing overall survival improvement with 
early thoracic radiotherapy in LS-SCLC 

[43, 65] 

2007 Prophylactic cranial irradiation shown to prolong overall 
survival in ES-SCLC 

[49] 

2009 Higher dose (36Gy) PCI associated with higher incidence of 
mortality and failed to reduce incidence of brain metastases 
in LS-SCLC 

[66] 

2014 No significant survival difference found between irinotecan 
compared to etoposide combined with cisplatin in patients 
with LS-SCLC treated by accelerated hyperfractionated 
radiotherapy 

[67] 

2014 Thoracic radiotherapy improves 2-year overall survival and 
6-month progression-free survival in ES-SCLC 

[50] 

2017 Twice-daily radiotherapy is associated with lower than 
expected toxicity and remains standard treatment in limited-
stage SCLC 

[44] 

 

In locally-advanced NSCLC, there is an unmet need to improve locoregional tumour control, 

which is strongly correlated with overall survival [62, 68]. NSCLC recurrence is associated 

with poor survival. Complete surgical resection, which improves patient outcomes following 
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early-stage NSCLC recurrence, is rarely possible in patients with locally-advanced NSCLC 

[69, 70]. Accelerated radiotherapy fractionation is associated with improved overall (but not 

progression-free) survival and reduced risk of lung cancer death, compared to conventional 

fractionation [63]. This benefit is likely the result of enhanced efficacy against accelerated 

tumour repopulation, which exists in NSCLC [71]. However even with such strategies, 

locoregional control is still disappointing (~70% at 2 years in stage III NSCLC) and acute 

toxicity is problematic [72]. Due to toxicity concerns, altered radiotherapy fractionation 

regimens have not been implemented in patients treated with concurrent chemotherapy. For 

this reason and due to logistical implications on radiotherapy departments, altered 

fractionation strategies have not been widely implemented and concurrent 

chemoradiotherapy, with radiotherapy delivered via conventional fractionation, remains the 

most widely implemented standard treatment for locally-advanced NSCLC. Numerous 

strategies that aim to improve NSCLC outcome have been recently investigated (e.g. 

delivery of SABR boost or isotoxic radiotherapy) [73]. However to date, none were adopted 

as standard of care due to lack of supporting level I evidence.   

 

SCLC is associated with a short tumour doubling time and early metastatic spread [59]. For 

this reason, systemic chemotherapy is an integral component of treatment. Although high 

chemotherapeutic response rates are initially achieved, nearly all patients relapse at loco-

regional or distant sites [74]. To date, no radiotherapy dose or fractionation has 

demonstrated superiority over twice-daily radiotherapy as established by the landmark 

Intergroup 0096 and CONVERT trials [44, 46]. The CALGB 30610/RTOG 0538 trial 

(NCT00632853), which compares twice-daily radiotherapy with high-dose 2Gy fractionation 

(70Gy, 5-days a week, over 7 weeks), is on-going and results are likely to be reported in the 

next few years. There is an unmet need to develop novel SCLC therapies and strategies for 

improved patient selection [10].  

 

Lung cancer biomarkers 

 

A biomarker is a ‘defined characteristic that is measured as an indicator of normal biological 

processes, pathogenic processes or responses to an exposure or intervention, including 

therapeutic interventions’ [75, 76]. Biomarkers could serve as screening, diagnostic, 

prognostic and/ or predictive tools [77]. Only prognostic and predictive biomarkers, which 

are relevant to the thesis findings, will be outlined.  

 

Prognostic biomarkers provide information on clinical outcome, including survival (e.g. 

disease-free and overall survival), metastatic potential and invasive tumour characteristics 

(e.g. likelihood of massive bleeding secondary to vascular tumour invasion [78]). In this 

context, the presence of the biomarker could imply either improved or worsened clinical 

outcome [79]. TNM staging is an example of a prognostic biomarker for both SCLC and 
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NSCLC [22-24]. Intra-tumour heterogeneity, mediated through chromosomal instability, was 

also shown to be prognostic in early-stage NSCLC patients in a recently-published landmark 

study [80]. Predictive biomarkers provide information on likely response and/ or toxicity from 

a specified therapy [79]. Predictive lung cancer biomarkers include oncogenic driver 

mutation expression (e.g. EGFR tumour expression, derived from histological assessment, 

predicts therapeutic benefit from EGFR tyrosine kinase inhibitors [38, 39]) and lung 

radiotherapy dosimetric parameters (e.g. radiotherapy mean lung dose, derived from 

radiotherapy planning procedures, predicts the risk of symptomatic radiation pneumonitis 

following lung cancer radiotherapy [81]). Select validated predictive lung cancer biomarkers 

are listed in table 2.  

 

Table 2: Select validated predictive lung cancer biomarkers  

Biomarker Method of quantification Status Reference(s) 

NSCLC  

EGFR 
mutation in 
advanced 
stage 

Tissue-based Qualified and 
predictive  

[38, 39] 

ALK 
rearrangement 

Tissue-based Qualified and 
predictive  

[40, 41] 

PD-L1 
expression 

Tissue-based Qualified and 
predictive  

[37] 

Standardised 
uptake value 
(SUV) 

FMISO PET Qualified but not 
predictive 

[82] 

Radiomic 
tumour 
features of 
shape, 
intensity and 
texture  

CT Partially validated, 
not qualified 

[83] 

SCLC 

SUV [
18

F]FDG PET Validated, not 
qualified 

[84, 85] 

 

It is noteworthy that biomarkers derived using different assessment methods (e.g. for EGFR 

of the T790M variant: tissue-based assessment versus circulating tumour DNA 

quantification) could provide similar, but not necessarily identical predictive information [86-

88]. Further, biomarkers that predict therapeutic response in one setting should not be 

assumed to do so in different therapeutic settings (e.g. EGFR tumour expression in locally-

advanced versus advanced NSCLC [38, 89]).  

 

Companion biomarkers (i.e. biomarkers used in combination with specific therapies) are 

important as they could increase the likelihood of success of future new drug-radiotherapy 

combination trials, limiting the use of toxic and expensive therapies to patients most likely to 

derive treatment benefit [90, 91]. Biomarkers could also be used to evaluate radiotherapy 

adaptation (e.g. radiotherapy dose or target volumes) [92]. Radiotherapy-induced DNA 
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damage repair, tumour repopulation, hypoxia and certain micro-environmental and cellular 

characteristics (e.g. intrinsic radioresistance) have been linked to radiotherapy resistance 

[91]. However, apart from TNM staging which is predictive in certain settings (e.g. advanced 

lung cancer patients do not derive benefit from curative-intent radiotherapy), predictive 

radiotherapy biomarkers are yet to be successfully qualified within prospective clinical trials. 

This is true for imaging and non-imaging biomarkers. Imaging biomarkers should be 

validated according to the recently-published “Imaging biomarker roadmap” [77]. Further, it 

is imperative that cost-effectiveness of potential biomarkers is assessed prior to, or in 

parallel to biomarker validation [77, 93]. Predictive therapeutic biomarkers could improve 

therapy cost-effectiveness via restricting therapies to patients more likely to derive treatment 

benefit [94].  

 

Further details on biomarkers can be found in chapters 2 (publication 1) and 3. While these 

specifically address hypoxia in lung cancer, general biomarker discussions are also 

presented, and are applicable to other clinical uses. Additional information on the potential 

utility of MRI derived therapeutic biomarkers in the context of precision lung cancer 

radiotherapy are addressed in a review article which I have co-authored during my PhD, but 

is not included in this thesis [95].  

 

Conclusions 

 

Lung cancer is the leading cause of cancer death in the UK and represents a priority 

research area. Lung cancer outcomes have only improved slightly over the past several 

decades, with few therapeutic advances for localised and locally-advanced NSCLC and for 

all SCLC patients. As such, there is an urgent need to improve lung cancer outcome. 

Specifically, there is an unmet need to develop companion biomarkers to enable patient 

selection and stratification in future therapeutic lung cancer trials.  
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CHAPTER 2 (PUBLICATION 1)- 

Salem A, Asselin MC, Reymen B, Jackson A, Lambin P, O’Connor JPB, West CML, 

Faivre-Finn C. Targeting hypoxia to improve non-small cell lung cancer outcome. J 

Natl Cancer Inst. 2018 Jan; 110(1). In press. 

https://academic.oup.com/jnci/article/110/1/djx160/4096546/Targeting-Hypoxia-to-

Improve-Non-Small-Cell-Lung  

 

Erratum: In page 10, table 3 “[
18

F]FHX4 PET” should read “[
18

F]HX4 PET” 
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Abstract

Oxygen deprivation (hypoxia) in non–small cell lung cancer (NSCLC) is an important factor in treatment resistance and poor
survival. Hypoxia is an attractive therapeutic target, particularly in the context of radiotherapy, which is delivered to more
than half of NSCLC patients. However, NSCLC hypoxia-targeted therapy trials have not yet translated into patient benefit.
Recently, early termination of promising evofosfamide and tarloxotinib bromide studies due to futility highlighted the need
for a paradigm shift in our approach to avoid disappointments in future trials. Radiotherapy dose painting strategies based
on hypoxia imaging require careful refinement prior to clinical investigation. This review will summarize the role of hypoxia,
highlight the potential of hypoxia as a therapeutic target, and outline past and ongoing hypoxia-targeted therapy trials in
NSCLC. Evidence supporting radiotherapy dose painting based on hypoxia imaging will be critically appraised. Carefully se-
lected hypoxia biomarkers suitable for integration within future NSCLC hypoxia-targeted therapy trials will be examined.
Research gaps will be identified to guide future investigation. Although this review will focus on NSCLC hypoxia, more gen-
eral discussions (eg, obstacles of hypoxia biomarker research and developing a framework for future hypoxia trials) are
applicable to other tumor sites.

Lung cancer is the leading cause of cancer mortality worldwide.
In 2012, there were an estimated 1.8 million new cases, with
1.59 million deaths (1). Five-year age-standardized survival is
10% to 20% across most countries, displaying little global varia-
tion (2). This highlights the inadequacy of current therapeutic
strategies. Non–small cell lung cancer (NSCLC) represents ap-
proximately 90% of lung cancer cases (3). The majority of
patients present with locally advanced or metastatic disease (4).

Oxygen deprivation (hypoxia) is a feature of solid tumors
that promotes genomic instability, enhanced aggressiveness,
and metastases and is an important factor in treatment resis-
tance and poor survival (5). Hypoxia is an attractive therapeutic
target that is yet to be successfully exploited in most cancers,
including NSCLC (6). Hypoxia-targeted therapies are associated

with a favorable therapeutic ratio because hypoxia is nearly ex-
clusively restricted to cancer cells (6). Hypoxia-targeted therapies
could counter hypoxia-induced therapeutic resistance, and this
approach is more likely to be successful when combined with ra-
diotherapy or chemotherapy (7). However, NSCLC hypoxia-
targeted therapy trials have not yet translated into patient benefit
(8). As a result, hypoxia-targeted therapy is not part of standard
treatment in this patient group (9). Many factors contributed to
this, including poor trial design, lack of applying predictive thera-
peutic biomarkers, and poor academic-commercial partnership.
Further, novel drug radiotherapy combinations are not currently
prioritized by the pharmaceutical industry (10).

There is long-standing interest in the development and
delivery of hypoxia-targeted therapies in cancer patients.
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However, recent early termination of promising NSCLC clinical
studies investigating such strategies (eg, evofosfamide, tarloxo-
tinib bromide) (11,12) highlighted the need for a paradigm shift
in our approach to avoid future trial disappointments. This re-
view summarizes the literature on the role of hypoxia, high-
lights the potential of hypoxia as a therapeutic target, and
outlines past and ongoing hypoxia-targeted therapy trials in
NSCLC. Evidence supporting radiotherapy dose painting based
on hypoxia imaging will be critically appraised. We will exam-
ine selected hypoxia measurement techniques, suggest future
hypoxia-targeted therapy trials, and address obstacles that
need to be overcome prior to hypoxia biomarker validation.
Hypoxia imaging and targeted therapies are addressed, but not
comprehensively, because these are described elsewhere (6,13).

Review Criteria

PubMed and Google scholar databases were searched for
English-language original and review articles published before
December 19, 2016, using the following terms: “hypoxia,”
“radiotherapy,” “radiation,” “lung cancer,” “non–small cell lung
cancer,” and “biomarker.” Reference lists of included studies
were hand-searched to identify missing publications. Relevant
clinical trials were identified from the ClinicalTrials.gov website
and major oncology conferences (American Association for
Cancer Research (AACR), American Society of Clinical Oncology
(ASCO), European Society for Medical Oncology (ESMO),
European Society for Radiotherapy and Oncology (ESTRO) and
American Society for Radiation Oncology (ASTRO)). Because of
the paucity of NSCLC hypoxia research, hypoxia-related re-
search findings in other cancer sites were reviewed as required.
These sections are clearly marked.

Hypoxia Biology

Arterial oxygen tension is 10.66 to 13.33 kPa, with levels in nor-
mal tissues ranging from 5.33 to 8 kPa and a value of 5.73 kPa in
the lung (14). Hypoxia is characterized by an oxygen tension be-
low physiological normoxia (�2.03–3.04 kPa) (15). Hypoxia is in-
timately related to a number of “hallmarks of cancer”: resisting
cell death, inducing angiogenesis, and reprogramming energy
metabolism (16). “Intermediate” hypoxia (0.13–2 kPa) plays a
role in enhancing cancer aggressiveness and metastases but
does not interfere with radiation-related cell death.
“Radiobiological” hypoxia (impairing radiation-induced cell
death) occurs at oxygen levels below 0.13 kPa. With further de-
crease in oxygen (<0.02 kPa), cancer cells demonstrate survival-
oriented mutations and maximal resistance to ionizing photon
irradiation (15,17).

Hypoxia is often characterized as acute or chronic (Figure 1).
In the simplified chronic hypoxia description, a necrotic center
represents an anoxic core containing cancer cells beyond the
capillary diffusion distance of oxygen while viable cancer cells
exist in an environment of decreasing hypoxia away from the
center (15). Acute hypoxia occurs in areas adjacent to blood sup-
ply due to transient vessel occlusion. This is due to vessel fragil-
ity and increased interstitial pressure resulting from tumor cell
proliferation outstripping new capillary growth. In reality, the
two hypoxia types coexist, resulting in spatial heterogeneity
within (intratumor) and among tumors (intertumor) (18).
Hypoxia is temporally dynamic. This is explained by acute hyp-
oxia reversibility and, to a lesser degree, dynamic changes in
chronic hypoxia. The complex interplay of tumor re-

oxygenation and vascular dynamics results in “intermittent or
cycling” hypoxia, which is thought to be associated with numer-
ous biological effects (19). Evidence also supports an alternative
hypoxia characterization concept that depends on a predictable
extended longitudinal hypoxia gradient resulting from a de-
creasing oxygen gradient in arterioles as they traverse tumors
(as opposed to chaotic blood flow) (20,21).

Hypoxia inducible factor–1a (HIF-1a) is a pivotal transcription
factor interlinked with many downstream molecular hypoxia
consequences. In response to falling oxygen levels, HIF-1a pro-
motes expression of genes involved in essential survival pro-
cesses, for example, angiogenesis, suppression of apoptosis,
motility, and invasion (22). In NSCLC, HIF-1a expression is asso-
ciated with resistance to radiotherapy (23,24), chemotherapy
(23,25), and epidermal growth factor receptor (EGFR) tyrosine ki-
nase inhibitors (TKIs) (26). Three separate meta-analyses con-
firmed the negative impact of HIF-1a tumor expression on
overall survival (OS) in NSCLC patients (5,27,28). Carbonic
anhydrase-IX, a target of HIF-1a induced in response to hypoxia,
is also prognostic in NSCLC patients (29).

Targeting NSCLC Hypoxia: The Potential to
Improve Outcome

Because hypoxia is linked to NSCLC therapy resistance,
researchers hypothesized that hypoxia-targeted therapies
should improve clinical outcomes. There are several approaches
to target hypoxia: increasing hypoxic cell radiation sensitivity
(eg, misonidazole, nimorazole), increasing oxygen delivery (eg,
carbogen and nicotinamide, efaproxiral), decreasing oxygen
consumption (eg, metformin, atovaquone), specific targeting of
hypoxic cells using hypoxia-activated cytotoxic prodrugs (eg,
tirapazamine, evofosfamide, tarloxotinib bromide), hypoxia
molecular target inhibitors (eg, aryl sulfonamides targets HIF-1a

gene products) (6,30), and various other hypoxia-related mecha-
nisms (eg, nitroglycerin, BKM120). However, learning lessons
from failed head and neck cancer trials (31), clinical benefit
from hypoxia-targeted therapies in NSCLC will only be realized
if the following assumptions are met: 1) tumor hypoxia is pre-
sent, 2) hypoxia is cure-limiting, and 3) hypoxia-targeted thera-
pies are effective in countering the deleterious hypoxia effects.
Detectable hypoxia (based on different imaging definitions) is
present at baseline in around 50% to 80% of stage I–IV NSCLC
patients according to several positron emission tomography
(PET) studies using hypoxia-specific radiotracers (32–38). The
validity of the other assumptions is outlined below.

Past NSCLC Hypoxia-Targeted Therapy Trials

A systematic review of 10 108 patients treated in 86 random-
ized trials showed a statistically significant OS (odds ratio [OR]
¼ 0.87, 95% confidence interval [CI] ¼ 0.80 to 0.95) and locore-
gional control (OR¼ 0.77, 95% CI ¼ 0.71 to 0.86) advantage in fa-
vor of treatments designed to modify hypoxia in multiple tumor
sites (39). In this review, lung cancer patients demonstrated
similar but statistically nonsignificant trends (likely due to in-
clusion of underpowered trials) in favor of hypoxic modification
for both end points (OR¼ 0.83, 95% CI ¼ 0.52 to 1.33, and
OR¼ 0.84, 95% CI ¼ 0.61 to 1.17, respectively) (39). As this review
only included patients treated with radiotherapy alone, addi-
tional past and ongoing NSCLC hypoxia-targeted therapy trials
were identified (Table 1). In patients with loco-regional disease,
nitroglycerin (40) and efaproxiral (41) showed promising results
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in phase II studies and warrant further evaluation in random-
ized phase III trials. In advanced NSCLC (stage IIIB–IV), tirapaz-
amine and nitroglycerin failed to show a survival advantage in
combination with chemotherapy in randomized phase III trials
(42–44). The only exception is the CATAPULT 1 study, which
recruited 446 NSCLC patients (17% stage IIIB and 83% stage IV).
Statistically significant improvement in median OS (median
OS¼ 34.6 weeks, 95% CI ¼ 29.4 to 39.6 weeks, vs median
OS¼ 27.7 weeks, 95% CI ¼ 24.3 to 31.3 weeks, P ¼ .0078) and re-
sponse rate (response rate ¼ 27.5%, 95% CI ¼ 21.7 to 34.0, vs re-
sponse rate ¼ 13.7%, 95% CI ¼ 9.4 to 19.0, P < .001) were
reported in tirapazamine and cisplatin–treated patients com-
pared with those treated with cisplatin alone, but with rela-
tively high rates of adverse events were reported (including
hearing loss, reversible intermittent muscle cramping, diar-
rhoea, skin rash, nausea, and vomiting) (45). The substandard
control arm is an obvious study caveat; this positive result was
not replicated in phase III trials that investigated tirapazamine
in combination with standard, platinum-based doublet chemo-
therapies (44,46).

Evidence supports the presence of cure-limiting hypoxia in
NSCLC patients, with indication of benefit when hypoxia-
targeted therapy is combined with radiotherapy, but not stan-
dard chemotherapy. Several factors could obscure detection of
hypoxia-targeted therapy efficacy. First, lack of patient selec-
tion: patients with little or no tumor hypoxia will not benefit
from hypoxia-targeted therapies. Second, poor radiotherapy
quality: nearly all radiotherapy trials involved two-dimensional
(2D) delivery techniques (except one phase II trial) (40) or lacked
radiotherapy quality assurance (2D radiotherapy quality was
reviewed in only two trials) (41,47). The importance of

radiotherapy quality assurance was demonstrated in a pivotal
head and neck cancer trial investigating tirapazamine in addi-
tion to chemoradiotherapy. Benefit from the tirapazamine/che-
moradiotherapy combination was upheld only when analysis
was restricted to patients treated as per radiotherapy protocol
(48). Future trials should incorporate 3D or intensity-modulated
radiotherapy delivery, with a robust quality assurance program.
Last, suboptimal hypoxia-targeted therapy dose: misonidazole
has higher electron affinity (hence, radiosensitizer activity)
compared with newer radiosensitizers (eg, nimorazole).
Misonidazole was used in older studies in combination with ra-
diotherapy in lung cancer (49–54). However, dose-limiting pe-
ripheral neuropathy limits sufficient dose escalation to achieve
therapeutic effects. Similarly, suboptimal treatment dose is a
potential explanation for lack of tirapazamine benefit in a phase
III trial (44).

Future Priorities for NSCLC Hypoxia-Targeted
Therapy Trials

Critical review of scientific evidence, careful appraisal of lessons
learned from hypoxia studies, and in-depth understanding of
lung cancer biology and trial landscape are necessary to design
future hypoxia-targeted therapy trials with the highest success
chances. Researchers are less likely to report discouraging (eg,
PR-104) or negative (eg, AQ4N) trial results as compared with
successful trials (55). Trialists need to be aware of these results
to avoid unnecessary repetition of similar trials in the future
(55). Furthermore, continued investigation of failed drugs is dis-
couraged, even within nontherapeutic studies (eg, preclinical
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Figure 1. The two main types of hypoxia, acute and chronic, and their impact on non–small cell lung cancer.
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Table 1. Published and ongoing hypoxia-targeted therapy trials (phase I–III) in NSCLC

Design Drug Additional treatment Stage Status Major finding(s)

Phase I PR-104 Concurrent gemcitabine
or docetaxel

IV Completed Determined dose in phase II trial (175)

Tirapazamine Concurrent paclitaxel,
carboplatin, and RT

II–III Closed Not reported (176)

Concurrent paclitaxel
and carboplatin

n/a Completed Determined dose for SWOG 0003 trial
(177)

None n/a Completed Reversible hearing loss and tinnitus
were DLTs (178)

Concurrent cisplatin n/a Completed Doses up to 260 mg/m2 well-tolerated
with cisplatin (179)

Concurrent cisplatin
and vinorelbine

IIIB–IV Completed Determined dose in phase II trial (180)

Evofosfamide None n/a Completed MTD was 575 mg/m2/wk and 670 mg/
m2/3 wk (111)

Banoxantrone (AQ4N) None n/a Completed MTD was 768 mg/m2 on days 1, 8, and
15/28-d cycle (181)*

Apaziquone (E09) None n/a Completed None of the NSCLC patients had tumor
response (182)

Doranidazole Concurrent RT IIIA–IIIB Completed Determined dose in phase II trial (47)
BKM120 Concurrent RT Any Open (NCT02128724) Currently recruiting to 3rd safety co-

hort (100 mg OD) (135)
BKM120 Concurrent paclitaxel

and carboplatin
IV Completed 2 of 3 evaluable patients had DLTs

(stomatitis, neutropenia) (183)
Phase II Tirapazamine Concurrent cisplatin

and gemcitabine
IIIB–IV Completed ORR ¼ 40% (95% CI n/a), median

OS¼8.1 mo (95% CI n/a), median
PFS ¼ 6.7 mo (95% CI n/a) (184)

Tirapazamine Concurrent cisplatin
and vinorelbine

IIIB–IV Completed ORR ¼ 47% (95% CI¼ 32.5% to 61.7%),
median OS¼ 50 wk (95% CI¼ 37.6 to
58.5 wk) (180)

Tirapazamine Concurrent cisplatin IIIB–IV Completed PR in 10 patients ¼ 22.8% (95%
CI¼11.4% to 37.9%), median OS¼ 37
wk (95% CI¼ 25 to 49 wk) (185)

Tirapazamine Concurrent cisplatin IIIB–IV Completed ORR ¼ 25% (95% CI¼ 11% to 50%) (186)
Doranidazole Concurrent RT IIIA–IIIB Completed Median OS for patients who received

21–30 doses of doranidazole 20.9 mo
(47)

Efaproxiral† Concurrent paclitaxel
and carboplatin

IIIA–IIIB Completed ORR ¼ 75% (95% CI n/a), median
OS¼20.6 mo (95% CI¼ 14 to 24.2 mo)
(41)

Evofosfamide Concurrent pemetrexed IIIB–IV Terminated early Interim analysis showed that trial is
unlikely to reach primary end point
(11,187)

Tarloxotinib bromide None IV‡ Terminated early Poor ORR (no patient achieved con-
firmed PR) (12)

PR-104 Concurrent docetaxel IIIB–IV Closed Results not clinically significant to
merit further investigation (188,189)

Nitroglycerin Concurrent cisplatin,
vinorelbine, and RT

IIIA–IIIB Completed Median OS 26.9 mo (95% CI¼ 15.3 to
38.5 mo) (40)

Nitroglycerin Concurrent cisplatin
and vinorelbine

IIIB–IV Completed Higher disease control in nitroglycerin
arm (190)

Nitroglycerin Concurrent carboplatin,
bevacizumab, and
paclitaxel

IV Completed No improvement in OS or PFS (109)

Nitroglycerin Sequential and concur-
rent CTRT

IB–IV Open (NCT01210378) Preliminary results show reduction in
hypoxic fraction (82)

Nitroglycerin§ Concurrent cisplatin
and vinorelbine

IIIB–IV Completed ORR ¼ 72% vs 42% (95% CI n/a), P <
.001, TTP ¼ 327 vs 185 d (95% CI n/a),
P ¼ .002 in nitroglycerin arm (191)

ARCON None IIIA–B Completed Combination therapy toxic and not
very effective (81)

(continued)
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hypoxia biomarker studies) to ensure clinical translation of
results. The choice of therapies that merit further investigation
should be based on pharmacodynamic (mechanism of action,
target vs off-target activation, bystander effect and half-life)
and pharmacokinetic properties (absorption, distribution, me-
tabolism, and elimination), treatment aim, adverse event pro-
file, and previous trial results in NSCLC and other tumor types
(Table 2). The interactions between hypoxia-targeted and other
anticancer therapies should be unraveled and exploited innova-
tively in future trials (56). For example, hypoxia-targeted thera-
pies could be appropriately sequenced in a treatment course to
overcome the emergence of hypoxia-induced chemotherapeutic
resistance (57). Another promising area is the potential to ex-
ploit tumor hypoxia for synthetic lethality (lethality due to si-
multaneous combination of two gene mutations when a single
mutation would result in viability) (58). For example, poly(ADP-
ribose) polymerase 1 (PARP1) inhibition mediates synthetic le-
thality of homologous recombination (HR)–deficient hypoxic
cells (59) while inhibition of Ataxia Telangiectasia and Rad 3 re-
lated (ATR)–mediated signaling in response to DNA replication
arrest was shown to be more effective in inducing lethality un-
der hypoxic conditions (60). Further research is warranted to al-
low clinical translation. “Window of opportunity” studies allow
expedited testing of hypoxia-targeted therapies in selected pop-
ulations (eg, patients with superior sulcus tumors treated with
neoadjuvant chemoradiotherapy as part of a trimodality ap-
proach) (61). Appropriate interim radiological (eg, response eval-
uation criteria in solid tumors [62]/hypoxia imaging biomarker
response) or pathological (pathological complete response)
(63,64) end points could provide early “go/no-go” decisions for
subsequent phase III trials (10), limiting patient accrual into in-
effective therapy studies. Importantly, it is anticipated that tri-
als are likely to be positive only in selected patients.
Translational studies need to be integrated within trials to vali-
date and qualify hypoxia biomarkers (65), leading to the devel-
opment of biomarker-driven clinical trials. Low baseline
hemoglobin (or decline after therapy) can affect tumor oxygena-
tion and clinical outcome in NSCLC patients (66,67). This should

be considered as a stratification factor in future trials. Ongoing
smoking could result in loss of more than 30% of the oxygen
loading capacity of hemoglobin (68). Various approaches are
available to test patient compliance to smoking cessation pro-
grams (69,70) to ensure rigorous implementation in future trials.
Hypoxia-targeted therapy efficacy could be different according
to tumor histology (eg, squamous cell vs adenocarcinoma). For
this reason, tumor histology should also be considered as a
stratification factor in future trials. In NSCLC, we identify four
settings where clinical investigation of a potential therapeutic
role of hypoxia/ hypoxia-targeted therapies should be
prioritized.

Targeting Hypoxia in Early-Stage NSCLC Treated With
Stereotactic Ablative Radiotherapy

Local control following stereotactic ablative radiotherapy for
medically inoperable stage I NSCLC is very good (>90%), but
metastatic spread is the main pattern of relapse. In a large ret-
rospective analysis of 676 patients, the five-year distant recur-
rence rate was 19.9% (95% CI ¼ 14.9% to 24.6%; 46% of whom
experienced isolated distant recurrence) (71). Evidence from
preclinical and modeling studies suggests a larger detrimental
effect of hypoxia when large doses per fraction or single dose ra-
diotherapy are delivered, compared with fractionated radiother-
apy (72). Radiation doses in excess of 10 Gray can induce severe
vascular damage, resulting in reduced perfusion and an impact
on the tumor microenvironment (73). Further, there is indica-
tion of improved prediction of tumor control probability when
models take into account hypoxic cells in NSCLC treated with
stereotactic ablative radiotherapy (74,75). Collectively, these
findings point toward a tumor hypoxia role as a driver of cancer
aggressiveness and metastases in this patient group. Hypoxia-
targeted therapies could have a role in this patient group, par-
ticularly if we can identify a patient subgroup at higher risk of
distant relapse. Early clinical studies should substantiate the re-
lationship between tumor hypoxia and clinical outcome

Table 1. (continued)

Design Drug Additional treatment Stage Status Major finding(s)

Phase III Tirapazamine Concurrent cisplatin IIIB–IV Completed Higher median OS, ORR in tirapaz-
amine arm (45)

Tirapazamine Concurrent cisplatin
and vinorelbine

IIIB–IV Closed Not reported (46)

Tirapazamine Concurrent paclitaxel
and carboplatin

IIIB–IV Terminated early No difference in ORR, PFS, and OS (44)

Tirapazamine Concurrent cisplatin IIIB–IV Completed Median OS higher in etoposide arm,
31.4 vs 26.7 wk (95% CI n/a), P ¼ .038,
ORR comparable (43)

Nitroglycerin Concurrent platinum-
based doublet

III–IV Terminated early No improvement in PFS, OS, and ORR
(42)

Efaproxiral Concurrent RT IV Completed 27% reduction in risk of death in
patients with brain metastasis diag-
nosed more than 1 mo after primary
(113)

*Respiratory failure and fatigue were dose-limiting toxicities, but were not experienced at the maximum tolerated dose. One out of two patients with lung cancer had

stable disease. AE ¼ adverse event; ARCON ¼ accelerated radiotherapy carbogen and nicotinamide; CI ¼ confidence interval; CTRT ¼ chemoradiotherapy; DLT ¼ dose-

limiting toxicity; MTD ¼ maximum tolerated dose; NSCLC ¼ non–small cell lung cancer; OD ¼ once daily; ORR ¼ objective response rate; OS ¼ overall survival; PFS ¼
progression-free survival; PR ¼ partial response; RT ¼ radiotherapy; TTP ¼ time to progression.

†Administered with radiotherapy as part of sequential chemoradiotherapy (following two cycles carboplatin and paclitaxel).

‡EGFR-mutant, T790M-negative patients who failed EGFR TKI.

§Patients were randomly assigned to vinorelbine and cisplatin with or without nitroglycerin.
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(metastatic spread and OS) in early-stage NSCLC patients
treated with stereotactic ablative radiotherapy. The next step is
to investigate optimal therapeutic interventions, based on
hypoxia-targeted therapies.

Targeting Hypoxia in Locally Advanced NSCLC

Loco-regional control is correlated with OS in patients with
locally advanced NSCLC (76). Following chemoradiotherapy,

Table 2. Summary of relevant hypoxia-targeted therapy features, based on studies conducted in NSCLC and other tumors

Mechanism of action Drug/company or institution

Clinical status
in NSCLC/

concurrent use
with radiotherapy Major adverse event(s) Comment(s)

Hypoxic
radiosensitizer

Misonidazole/n/a (39,49–54) Phase III/yes Peripheral neuropathy Higher radiosensitizer
activity but more toxic
(compared with
nimorazole)

Nimorazole (Nimoral)/Azanta A/S
(Hellerup, Denmark) (192,193)

To be tested/no Rash, n/v Estimated SER is 1.3–1.45,
well-tolerated

Doranidazole/POLA Chemical
Industries Inc. (Yokohama,
Japan) (47,194)

Phase II/yes Pneumonitis, peripheral
neuropathy

Well-tolerated in phase I/II
trial

Hypoxia-activated
cytotoxic prodrugs

Tirapazamine/SRI International
(Menlo Park, CA) (44,45,48,195)

Phase III/no Muscle cramps, n/v,
hearing loss

Activation in moderate
hypoxia leads to more
toxicity (compared with
evofosfamide)

Evofosfamide/Threshold
Pharmaceuticals (San Francisco,
CA) (110,111)

Phase II/no Skin, mucosal toxicity Negative phase II trial in
NSCLC but led to PFS
improvement, favorable
toxicity profile

PR-104/Peoacta, Inc. (San Diego,
CA) (175,188,189,196)

Phase II/no Thrombocytopenia,
neutropenic fever,
fatigue

Produces slight, non–clini-
cally significant tumor
response improvement

Banoxantrone (AQ4N)/Novacea
(San Francisco, CA) (55,181,197)

Preclinical/no Respiratory failure,
fatigue, diarrhoea, n/v

Limited single-agent
activity, no studies in
lung cancer

Apaziquone (E09)/Spectrum
Pharmaceuticals, Inc. (Irvine,
CA) (182,195,198,199)

Phase I/no Reversible proteinuria,
salt and water
retention

No tumor response in
NSCLC

Tarloxotinib bromide/Threshold
Pharmaceuticals (San Francisco,
CA) (12)

Phase II/no No data Poor tumor response rate

Decrease oxygen
consumption

Metformin*/n/a (84,200,201) Ongoing phase II/yes Gastrointestinal Enhanced cytotoxicity
when combined with
radiotherapy in
preclinical models

Atovaquone/n/a (61) Early clinical study/no Headache, n/v, diarrhea Led to rapid reduction in
oxygen consumption in a
preclinical study

Increase oxygen
delivery

Carbogen and nicotinamide/n/a
(81)

Phase II/yes Flushing, n/v No improvement in time to
progression in phase I/II
NSCLC trial

Efaproxiral/Allos Therapeutics
(Westminster, CO) (41)†

Phase II/yes Transient hypoxemia,
pneumonitis, fatigue

Well-tolerated with
radiotherapy, promising
OS in single-arm phase II
NSCLC trial

Multiple/ unclear
mechanisms

Nitroglycerin/n/a (40)‡ Phase III/yes Headache, hypotension Well-tolerated with CTRT,
inconsistent therapeutic
efficacy across studies

BKM120/n/a (135)§ Phase I/yes Moderate Results from phase I trial
awaited

*Effects could be due to decrease in circulating insulin, activation of adenosine monophosphate-activated kinase (201). CTRT ¼ chemoradiotherapy; DLT ¼ dose-limit-

ing toxicity; NSCLC ¼ non–small cell lung cancer; n/v ¼ nausea and vomiting; PFS ¼ progression-free survival; SER ¼ sensitizer enhancement ratio.

†Decreases oxygen binding capacity of hemoglobin, which leads to release of oxygen to the tumor and improvement in oxygenation.

‡Results in vasodilation, decreased HIF1a and enhanced radiotherapy DNA damage.

§Confirmation of efficacy against tumor hypoxia under investigation in an ongoing phase I trial. Therapeutic effect likely to be mediated through change in tumor

microenvironment and perfusion.
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in-field radiation recurrence and distant metastases are the pre-
dominant sites of failure (40% and 58% of patients develop local
recurrence and distant metastases by three years, respectively)
(77). Strategies that intensify standard chemoradiotherapy have
failed to improve outcome (eg, radiotherapy dose escalation to
74 Gray with or without cetuximab) (78). Several therapeutic
approaches that aim to improve loco-regional control are cur-
rently under investigation (eg, ARTFORCE PET boost: metabolic
dose painting based on fluorodeoxyglucose [FDG] PET imaging
[NCT01024829] [79], isotoxic dose-escalation [NCT01836692]
[80]), and early results are awaited. In this setting, hypoxia-
targeted therapy trials have yielded mixed results. Accelerated
radiotherapy with carbogen and nicotinamide did not improve
loco-regional control and was overly toxic while nitroglycerin
and efaproxiral results are encouraging (41,81,82).

Future investigation of hypoxia-targeted therapies should
not be limited to patients treated with concurrent chemoradio-
therapy. Trials in locally advanced NSCLC patients treated with
radiotherapy alone or sequential chemoradiotherapy are impor-
tant to establish therapeutic efficacy while avoiding overlapping
toxicity with concurrent chemoradiotherapy, especially for
hypoxia-activated cytotoxic prodrugs. Further, because several
hypoxia-targeted therapies have favorable toxicity profiles (eg,
nimorazole [83], metformin [84], nitroglycerin [82], and efaproxi-
ral [41]), these trials could accrue patients not otherwise fit for
radiotherapy-drug combinations. A randomized NRG-led phase
II trial is underway to determine whether metformin can im-
prove progression-free survival in fit stage IIIA–IIIB NSCLC
patients treated with concurrent chemoradiotherapy
(NCT02186847). Although the underlying study hypothesis was
based on metformin’s radiosensitizing ability resulting from en-
gagement of the mediator mammalian target of rapamycin
pathway, subsequent translational research from collected bio-
specimens could unravel a tumor hypoxia role in this process
(85). An evofosfamide-radiotherapy combination demonstrated
promising results in a preclinical study (86), but the safety and
efficacy of hypoxia-activated cytotoxic prodrugs is yet to be de-
termined in combination with thoracic radiotherapy in NSCLC
patients. Figure 2 highlights potential therapeutic strategies and

important trial considerations for targeting hypoxia in this pa-
tient population. Most strategies entail the use of hypoxia-
targeted therapies at the start of treatment. An alternative ap-
proach is to target residual hypoxia, as demonstrated using
midtreatment hypoxia measurements (eg, using imaging) (87).
With this approach, only refractory hypoxia is targeted, argu-
ably obviating the unnecessary use of hypoxia-targeted thera-
pies in patients with early tumor re-oxygenation, which can
occur during fractionated radiotherapy (88,89).

Radiotherapy Dose Guidance Based on Hypoxia Imaging

Radiotherapy dose painting, based on tumor hypoxia, is an at-
tractive therapeutic approach (13). In adaptive dose painting,
additional radiotherapy is spatially and dosimetrically adapted
based on tumor response maps acquired by repeat imaging dur-
ing radiotherapy (90). A phase II trial is underway to investigate
the efficacy and safety of radiotherapy boost, based on baseline
[18F]fluoromisonidazole (FMISO) PET, in stage III NSCLC patients
(RETP 5 [NCT01576796]) (91). However, there are conceptual con-
cerns with this approach and essential prerequisites are yet to
be defined, as discussed below.

Hypoxia dose painting requires hypoxia spatial mapping.
Hypoxia PET is the current leading hypoxia-specific imaging
modality, but multiparametric magnetic resonance imaging
(MRI) is promising (92). Because hypoxia radiotracer retention is
only possible within viable cells that retain a functional electron
transport system (93), extremely hypoxic but necrotic tumor
subvolumes will arguably not be subject to unnecessary dose
escalation. However, hypoxic cells with clonogenic replicative
potential, not necessarily all viable cells, are the only cancer
cells likely to benefit from a higher radiotherapy dose (13).

The following essential prerequisites should be defined to
allow the sound development of dose painting strategies based
on hypoxia imaging. First is the investigation of image
repeatability for hypoxia radiotracers. In NSCLC, this was estab-
lished for 3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-
1H-1,2,3-triazol-1-yl)propan-1-ol (HX4) (94) and FMISO (95).
Unfortunately, spatial comparisons (eg, DICE overlap) relevant
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Figure 2. Potential hypoxia-targeted therapy trial strategies and overview of trial end points and considerations in locally advanced non–small cell lung cancer
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with radiotherapy. CTRT ¼ chemoradiotherapy; ECOG PS ¼ Eastern Cooperative Oncology Group Performance Scale; NSCLC ¼ non–small cell lung cancer; RT ¼
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to radiotherapy dose painting studies were not reported in ei-
ther study (96). Lack of hypoxia imaging repeatability could be
explained by imperfect image registration, patient motion, and
inconsistencies in image acquisition, analysis, or target volume
definition between scans as well as true biological factors (eg,
emergence of acute hypoxia) (95). Second, spatiotemporal sta-
bility of intratumor radiotracer distribution must be investi-
gated throughout radiotherapy to ensure that higher
radiotherapy doses, guided by baseline hypoxia imaging, are de-
livered to the intended hypoxic subvolume throughout treat-
ment. Repeat hypoxia imaging, using current approaches, is
unlikely to be adopted in clinical settings. Further, it is not clear
how to best account for cyclical hypoxia and whether this nega-
tively impacts image repeatability. Third, it is prudent to spa-
tially map hypoxic tumor subvolumes to sites of loco-regional
recurrence to confirm clinical validity. This was established for
FDG, but not for hypoxia radiotracers (79). A multimodality im-
aging study in NSCLC patients showed that boosting FDG avid
subvolume(s) will invariably encompass hypoxic subvolume(s)
in most patients, albeit to a lower dose (97). However, nonover-
lapping tumor subvolumes also exist in NSCLC (36,98).

There is evidence to support early tumor re-oxygenation
during standard therapy in head and neck cancer patients
(87,88,99–102), with less consistent results in NSCLC patients
(88,89,103). Although the clinical implications of dynamic
changes in tumor oxygenation remain to be defined (104–106),
early re-oxygenation of hypoxic radioresistant cancer cells dur-
ing standard therapy could arguably invalidate the need for de-
livery of additional radiotherapy dose, guided by baseline
hypoxia imaging. Further, it is not clear whether radiotherapy
dose escalation above the currently accepted standard (60–66
Gray) is safe in NSCLC patients, particularly for centrally located
tumors (78). Finally, a recently published preclinical study sup-
ports the hypothesis that tumor response is dependent on mini-
mal, not maximal, radiotherapy dose (107).

In summary, evidence to support hypoxia-based radiother-
apy dose guidance is still lacking to allow valid clinical investi-
gation (108).

Targeting Hypoxia in Metastatic NSCLC

To date, hypoxia-targeted therapy trial results in the firstline
setting in metastatic NSCLC patients have been disappointing
(42–44,46,109). Evofosfamide, a hypoxia-activated cytotoxic pro-
drug, possesses single-agent activity (consistent with a
bystander effect), acceptable tolerability (consistent with bio-
reductive activation at a low oxygen concentration), and a rela-
tively long half-life (to target cyclical hypoxia), making it a
promising therapeutic agent (6,55,110,111). However, a random-
ized phase II trial of pemetrexed with or without evofosfamide
as second-line treatment in metastatic nonsquamous NSCLC
was recently terminated because of futility, although interim
analysis revealed a 30% progression-free survival improvement
with combination treatment (11). Arguably, this is likely due to
lack of patient selection, rather than lack of therapeutic efficacy,
resulting in the dilution of clinical benefit. Work is underway to
unravel whether specialized liquid biopsy technology (ADAPT
Biotargeting System, Caris Life Sciences, Irving, TX) could iden-
tify patients who benefited from evofosfamide in a phase III
trial that barely missed statistical significance in advanced pan-
creatic cancer patients (112) and could guide future evofosfa-
mide development in NSCLC. Efaproxiral reduces the risk of
death in select NSCLC patients with brain metastases treated

with whole-brain radiotherapy according to a subgroup analysis
of a randomized phase III trial (113). However, development of
this drug was subsequently stopped.

Tumor hypoxia could predict therapeutic resistance to a
wide array of oncological treatments, with emerging evidence
supporting that hypoxia biomarkers could identify patients
more likely to benefit from additional therapies in a number of
cancers (114). A preclinical study demonstrated the potential
for tumor hypoxia to identify patients more likely to benefit
from an olaparib/radiotherapy combination (115). Another
promising research topic is the combination of EGFR-TKIs with
hypoxia-targeted therapies. EGFR signaling is linked to tumor
hypoxia while EGFR blockade (eg, using erotinib or gefitinib)
was shown to improve tumor blood flow and reduce hypoxia
(116,117). Conversely, hypoxia promotes gefitinib resistance in
EGFR-mutant NSCLC cell lines through activation of insulin-
like growth factor–1 (118) and wild-type EGFR, which is re-
versed by HIF-1a knockdown (26). EGFR overexpression under
hypoxic conditions was also shown to promote metastases in
NSCLC cell lines (119). A “proof of concept” study demonstrated
that early tumor hypoxia changes (detected by repeat
[18F]FMISO PET performed 10–12 days after initiation of ther-
apy) predicted response to erlotinib in two EGFR-mutant
NSCLC patients (120). These observations support preclinical
and pilot clinical investigation of hypoxia-targeted therapy/
EGFR-TKIs combinations in EGFR-mutant NSCLC. An alterna-
tive approach to counteract EGFR-TKI resistance is to deliver
an irreversible EGFR inhibitor to hypoxic tumor subvolumes.
Tarloxotinib bromide is a hypoxia-activated membrane-an-
chored prodrug designed to release an irreversible EGFR-TKI
under hypoxic conditions. Unfortunately, poor response rates
led to discontinuation of a phase II trial of tarloxotinib bromide
in EGFR-mutant, T790M-negative stage IV NSCLC patients who
failed treatment with EGFR-TKIs (NCT02454842) (12). This
study highlights the importance of choosing an appropriate
trial end point. The trial end point was tumor response.
Arguably, hypoxia-targeted therapies have limited single-
agent efficacy against well-oxygenated, rapidly proliferating
tumor cells and, in principle, are unlikely to induce evident tu-
mor regression. Early tirapazamine preclinical studies support
this hypothesis (121,122).

A hypoxic tumor microenvironment can form an immuno-
therapy barrier, with emerging preclinical data supporting that
normalization of tumor oxygenation, using hypoxia-targeted
therapies, could improve immunotherapy efficacy and counter
therapeutic resistance (123). Future research should investigate
these potentially synergistic, clinically deliverable drug combi-
nations. A schematic representation of this approach is sum-
marized in the Hypoximmuno trial (hypoxia-targeted therapy/
immunotherapy/radiotherapy combination trial) video (https://
www.youtube.com/watch?v¼vFZvCF-N18w). Predictive bio-
marker validation within these trials may allow renewed inves-
tigation of promising but unsuccessful hypoxia-targeted
therapies (eg, evofosfamide) in enriched populations.

NSCLC Hypoxia Biomarkers

The National Institutes of Health has recently stated that a bio-
marker is a “defined characteristic that is measured as an indi-
cator of normal biological processes, pathogenic processes or
responses to an exposure or intervention, including therapeutic
interventions” (124). Biomarkers can be molecular, histologic,
radiologic, or physiologic in nature. The ideal hypoxia
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biomarker should quantify cellular hypoxia in viable (not ne-
crotic) tumor cells and should be hypoxia-specific rather than
measuring a hypoxia-related process (eg, perfusion). Different
hypoxia severity levels may be relevant for radiobiology or
hypoxia-targeted therapies (eg, oxygen levels to activate cyto-
toxic hypoxia prodrugs) (125). Further, spatial mapping (for ra-
diotherapy dose guidance) and repeated measurements (for
adaptive therapy) may or may not be required. Therefore, the
choice of hypoxia biomarker will depend on the intended clini-
cal application, as well as practical considerations (eg, difficulty
in obtaining tumor material in NSCLC patients) and cost-
effectiveness. In vivo oximetry approaches (eg, electron para-
magnetic resonance [EPR] oximetry) have provided useful in-
sight into tumor biology through direct and repeatable readouts
of tissue pO2. However, the necessity of implanting a paramag-
netic oxygen reporter in the tumor is likely to limit the imple-
mentation of this approach in NSCLC patients (126,127).
Imaging biomarkers are useful for “proof of concept” studies to
establish therapeutic efficacy because they obviate the need for
repeated biopsies (65). Imaging biomarkers could also highlight
intertumor hypoxia heterogeneity (different hypoxia levels in
primary tumor vs metastatic sites), which exists in NSCLC (103).
This is only possible with tissue-based hypoxia biomarkers if
each metastatic site is biopsied separately, which is generally
impractical. Selected hypoxia measurement strategies are listed
in Supplementary Box 1 (available online). The advantages and
limitations of each approach should to be carefully appreciated
to allow optimal integration within clinical trials.

Hypoxia is a complex biological process. Different bio-
markers quantify different aspects of hypoxia, and each will
provide a slightly varied representation of true tumor hypoxia.
For this reason, a single all-purpose gold-standard hypoxia
measurement technique is difficult to establish. Further, an ap-
proach focused entirely on tumor hypoxia assessment (with no
integration of other relevant molecular and genetic tumor char-
acteristics) could be overly simplistic. In prostate cancer, the
prognostic capacity of three RNA hypoxia signatures were up-
held only when patients were separated according to degree of
tumor genome alteration (128). It is not clear whether this is
also true in NSCLC or other cancer sites. Hypoxia biomarkers
are yet to be validated in NSCLC clinical trials.

Potential hypoxia biomarker applications include patient se-
lection, identification of optimal hypoxia-targeted therapy dose
or duration, therapy monitoring and early response prediction,
and providing measurable surrogate trial end points
(Supplementary Box 1, available online). (129). Hypoxia bio-
marker cutoffs (thresholds) are likely to be tumor-specific. In
NSCLC, different hypoxia biomarker cutoffs might be required
according to tumor histology (eg, squamous cell carcinoma vs
adenocarcinoma). Further, biomarkers that are predictive in one
therapeutic setting (eg, radiotherapy alone) might not retain
this predictive capacity in different settings (eg, chemoradio-
therapy) within the same tumor. The ultimate test of hypoxia
biomarker cutoff significance should be based on their perfor-
mance as predictive therapeutic biomarkers within hypoxia-
targeted therapy trials. In NSCLC, hypoxia biomarker repeatabil-
ity has only been established for two hypoxia PET tracers (HX4
and FMISO) (94,95) while biomarker kinetics during therapy
were assessed in only a few hypoxia PET imaging studies
(88,103,130). Hypoxia biomarker technical validation (eg, circu-
lating and imaging biomarker stability and kinetics) and biologi-
cal validation/clinical utility (eg, predictive capacity) should be
evaluated within carefully designed, quality-controlled studies

(131,132). Unfortunately, efforts to prospectively validate hyp-
oxia biomarkers are fragmented across a vast array of hypoxia
measurement techniques, often overlooked even in modern
hypoxia-targeted therapy trials (eg, NCT02093962). The pharma-
ceutical industry should not be discouraged from companion
biomarker development. Enhanced therapeutic efficacy in
enriched patients will increase drug registration success, par-
tially offsetting financial loss from market segmentation (133).
We identified only six ongoing NSCLC trials that have well-
defined hypoxia biomarker validation components (61,82,134–
137). There are also a handful of pilot hypoxia biomarker valida-
tion studies (Table 3). It is noteworthy that in all studies an im-
aging modality was chosen as one of the investigatory
biomarkers. Imaging biomarkers should be validated according
to consensus recommendations (65), and global data sharing
could be enhanced by adopting standardized image acquisition
and analysis parameters (138).

A comprehensive review of hypoxia biomarkers is beyond
the scope of this review. We address selected invasive (gene ex-
pression signatures) and noninvasive biomarkers (hypoxia PET
imaging) as well as other promising methods (circulating bio-
markers and multiparametric MRI) at various developmental
stages that are likely to be integrated in future NSCLC trials.

Hypoxia Response Gene Expression Signatures

Numerous downstream molecular alterations occur in neoplas-
tic and stromal tissue in response to hypoxia (139). Some genes
are also expressed as a result of other processes, for example,
oncogenic activation. For this reason, an assay of a single mole-
cule is inadequate to assess hypoxia status (140). Gene expres-
sion signatures have emerged as robust tissue-based hypoxia
biomarkers (141). Currently available signatures were not spe-
cifically developed in NSCLC patients. However, a common hyp-
oxia “metagene” was prognostic in two independent data sets
of 216 NSCLC patients (142). In this study, genes were selected
according to their level of connectivity with a set of widely stud-
ied hypoxia-inducible seed genes in head and neck and breast
cancer data sets rather than association with prognosis, rein-
forcing a hypoxic rather than mere prognostic significance. Two
separate hypoxia gene expression signatures were shown to
predict response from hypoxia-targeted therapies in head and
neck cancer, retaining prognostic (but not predictive) capacity
in other tumor sites (142–145). It is unclear whether a hypoxia
gene expression signature derived from head and neck squa-
mous cell carcinoma is more likely to retain prognostic/predic-
tive capacity in squamous cell lung cancer (as opposed to
adenocarcinoma or large cell). An NSCLC-specific hypoxia gene
expression signature is currently under development, with evi-
dence suggesting different prognostic capability according to tu-
mor histology (squamous cell vs adenocarcinoma) (Catharine
M. L. West, unpublished data).

Gene expression signatures can be obtained using formalin-
fixed paraffin-embedded samples, making this technique
deliverable in the clinic (collected biopsies could be easily trans-
ferred across centers). In NSCLC patients planned for nonsurgi-
cal treatment, tissue-based hypoxia measurement will be based
on limited tumor and/or lymph node biopsies, questioning the
representative nature of these techniques due to sampling bias
(141). This is likely to be less of a problem for hypoxia gene sig-
natures, which are associated with lower intratumor heteroge-
neity, compared with individual genes or pimonidazole (146).
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However, gene expression signatures are not easily quantifiable
using cytological samples acquired via endobronchial ultra-
sound guidance due to low tumor cellularity of these samples,
limiting the application of this method.

Circulating Hypoxia Biomarkers

Tumor and circulating osteopontin (147–150) and carbonic
anhydrase-IX (151) are prognostic in NSCLC, with conflicting
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Table 3. Ongoing NSCLC clinical trials with hypoxia biomarker validation components and pilot hypoxia biomarker clinical validation studies

Modality Design Stage Treatment Status Major aim(s)

[18F]FMISO PET (202) Pilot n/a Neoadjuvant chemother-
apy, sequential/concur-
rent CTRT

Open and recruiting
(NCT02016872)

Assess prognostic value of
[18F]FMISO PET

[18F]FAZA PET (203) Pilot I–IIIB RT or CTRT Open and recruiting
(NCT00765986)

Examine relationship be-
tween hypoxia changes
and early tumor re-
sponse, correlate
[18F]FAZA PET with local
failure

[18F]FMISO, [18F]FAZA
PET (204)*

Pilot n/a Surgery Open and recruiting
(NCT02490696)

Compare [18F]FAZA and
[18F]FMISO PET, correlate
findings to tissue-based
hypoxia biomarkers

Multi-parametric MRI
(OE and DCE),
[18F]FAZA PET (205)†

Pilot I–III Surgery, RT, or CTRT Open and recruiting/n/a Validate multiparametric
MRI as hypoxia imaging,
define optimal scanning
parameters and repeat-
ability for [18F]FAZA PET

[18F]FMISO/ [18F]FAZA
PET (206)

Window of
opportunity

n/a Neoadjuvant atovaquone
followed by surgery

Open and recruiting
(NCT02628080)

Investigate whether atova-
quone reduces tumor
hypoxia, repeatability of
hypoxia imaging

[18F]FHX4 PET (82) Window of
opportunity/
phase II

IB–IV Nitroglycerin, sequential/
concurrent CTRT

Completed recruitment
(NCT01210378)

OS at 2 y, evaluate effect of
nitroglycerin on [18F]HX4
uptake/ tumor perfusion,
correlate with survival
and local tumor control

[18F]FMISO PET, perfu-
sion CT (135)

Phase I Any BKM120 with concurrent RT Open and recruiting
(NCT02128724)

Determine MTD of BKM120
and determine whether it
affects [18F]FMISO PET

[18F]FHX4 PET (207) Phase II I–III Radical RT or CTRT Open and recruiting
(NCT02976883)

Determine whether
[18F]FHX4 PET could pre-
dict RT response

[18F]FMISO PET (136) Phase II IIIA–IIIB CTRT‡ Open and recruiting
(NCT01507428)

Correlate [18F]FMISO PET
with loco-regional
control

[18F]FMISO PET (134) Phase II III CTRT§ Open but not recruiting
(NCT01576796)

Evaluate local control fol-
lowing RT dose painting
based on baseline
[18F]FMISO PET

Multi-parametric MRI
(BOLD and DCE) (137)

Phase II IIA–IIIB Hypofractionated radiother-
apy boost followed by
CTRT

Open and recruiting
(NCT02262325)

Primary tumor control,
treatment response on
multiparametric MRI

[18F]FDG & [18F]HX4 PET Phase III II–IIB Randomized boost of high
FDG (highly correlated to
hypoxic areas)

Open and recruiting/n/a Evaluate local PFS, correlate
tumor relapse with
[18F]HX4 PET uptake,
evaluate overlap between
[18F]FDG & [18F]HX4 PET

*Immunohistochemistry for tissue-based hypoxia biomarkers is also performed. BOLD ¼ blood oxygen-level dependent; CT ¼ computed tomography; CTRT ¼ chemora-

diotherapy; DCE ¼ dynamic contrast-enhanced; FAZA ¼ fluoroazomycin arabinoside; FMISO ¼ fluoromisonidazole; HX4 ¼ 3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-

yl)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol; MTD ¼maximum tolerable dose; NSCLC ¼ non–small cell lung cancer; OE ¼ oxygen-enhanced; OS ¼ overall survival; PFS

¼ progression-free survival; RT ¼ radiotherapy.

†Multigene signatures, endogenous (HIF1a and CA-IX) and exogenous (pimonidazole) tissue-based and circulating hypoxia biomarkers also performed in a subset of

patients.

‡Compares standard radiotherapy (30 fractions) vs individualized adaptive image-guided radiotherapy (30 fractions) based on [18F]FDG PET performed between frac-

tions 18 and 19.

§Compares standard radiotherapy (patients with negative baseline [18F]FMISO PET) with individualized radiotherapy dose painting until the maximum tolerable radia-

tion dose of the lung is reached (patients with positive baseline [18F]FMISO PET).

10 of 18 | JNCI J Natl Cancer Inst, 2018, Vol. 110, No. 1



evidence on the ability of circulating osteopontin to predict
hypoxia-targeted therapy response in head and neck cancer
(152,153). A number of plasma microRNA (miRs) are induced in
response to tumor hypoxia, with select members (miR-26, -107,
and -210) also possessing downstream effects (eg, proapoptotic
signaling) (154). There is growing evidence of miR-210 involve-
ment in hypoxic cell radioresistance (155), with conflicting evi-
dence on the prognostic impact of tumor expression of miR-210
in NSCLC patients (156,157). miRNAs are remarkably stable in
the circulation, and high serum miR-210 was linked with ad-
vanced stage (III–IV) and poor chemotherapy response in NSCLC
patients (158). Methodological approaches for circulating bio-
markers (sample collection, storage, and analysis) need to be
validated and standardized across laboratories (159).

Hypoxia PET Imaging

Hypoxia radiotracers are loosely classified into nitroimidazole
and dithiosemicarbazone derivatives. All current hypoxia radio-
tracers, with the exception of Cu-diacetyl-bis(N(4)-
methylthiosemicarbazone (Cu-ATSM), fall in the former
category (93). ATSM has been radiolabeled with four isotopes,
with half-lives varying from a few minutes (60Cu and 62Cu) to
several hours (61Cu and 64Cu) (14,33,160,161). The mechanism of
Cu-ATSM retention in hypoxic cells is not clear. The overriding
principle of nitroimidazoles is enzymatic stabilization under
hypoxic conditions resulting in cellular retention. These are
radiolabeled with 18F (half-life, 110 minutes). Among the differ-
ent nitroimidazole radiotracers, [18F]FMISO and, to a lesser ex-
tent, [18F] fluoroazomycin arabinoside (FAZA) are the most
widely established (14). [18F]FMISO is an older compound (first
reported in 1989), which allowed accumulation of more clinical
data compared with newer radiotracers (162). Standardized and
relatively simple radiosynthesis explains sustained research
utilization (93). The latest contender [18F]HX4 is proprietary to
Threshold Pharmaceuticals, Inc. (San Francisco, CA).
Nitroimidazole radiotracers vary in lipophilicity, resulting in dif-
ferences in cellular entry and plasma clearance and, thus, time
to reach equilibrium. Lipophilic compounds are cleared more
slowly but distribute more uniformly, leading to a higher tumor

to blood ratio (TBR) at equilibrium (163). Very few studies com-
pared hypoxia radiotracers (163,164).

High [18F]FMISO, [62Cu]ATSM, [18F]fluoroerythronitroimidazole
(FETNIM), and [18F]FAZA tumor uptake were consistently linked
with poor prognosis in NSCLC patients (13,164–166). Often there
is a disconnect between preclinical and clinical hypoxia radio-
tracer imaging studies. For example, immediate scanning
following 18F-labeled nitroimidazole radiotracer injection is occa-
sionally employed in spite of overwhelming evidence supporting
that such acquisition will reflect radiotracer delivery, not hypoxia
(167,168). Knowledge gained from carefully conducted preclinical
studies should guide clinical investigation. Time to plateau TBR
can be determined through conduct of dynamic PET scans and
will inform an optimal scanning window that will achieve the
highest and most stable TBR (Supplementary Table 1, available
online). However, this is not automatically synonymous with a
biologically optimal scanning window, which should be based on
validation against tissue-based hypoxia biomarkers or achieve-
ment of optimal predictive capacity in hypoxia-targeted therapy
trials. Hypoxia PET images have low contrast to background. For
this reason, qualitative image analysis is less robust as compared
with FDG PET. Longer acquisitions improve image contrast but
are associated with reduced signal to noise (169), and long scans
can reduce patient compliance and scan acceptability, both of
which are important if hypoxia PET is to be successfully inte-
grated within hypoxia-targeted therapy trials. Image analysis
techniques vary according to scanning acquisition complexity
and the requirement for accurate tumor segmentation. The mer-
its of the various approaches need to be carefully considered
(Table 4).

Integration of hypoxia PET in NSCLC hypoxia-targeted therapy
trials has been slow. This is mainly explained by high imaging
costs, limited radiotracer availability, lack of technical validation,
and logistical and quality assurance complexities associated with
radiotracer synthesis and delivery. Many challenges need to be re-
solved within multicenter feasibility studies prior to implementa-
tion in large phase II/III trials (Box 1). As shown, hypoxia PET
research is resource demanding. For this reason, efforts should fo-
cus on validating one or two leading hypoxia radiotracers based
on technical characteristics, such as [18F]FAZA and [18F]HX4.
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Table 4. Strength and weaknesses of commonly applied image analysis approaches for hypoxia PET imaging

Analysis approach* Description Main advantage(s) Main limitation(s)

SUVmax Quantification of maximum tumor
SUV

Simple tumor segmentation does
not affect result

Wide variability, sensitive to image noise,
unlikely to be biologically relevant

TBR Ratio of tumor uptake to back-
ground uptake/blood
radioactivity

Likely to be biologically relevant Complex, depends on accurate tumor seg-
mentation, blood sampling may be re-
quired, variability in reference tissue
definition

Hypoxic volume Tumor volume with TBR above a
certain threshold

Likely to be biologically relevant,
can form basis of radiotherapy
dose escalation

Same limitations as TBR, variability in
setting threshold

Hypoxic fraction Fraction of hypoxic volume to
tumor volume

Likely to be biologically relevant Same limitations as hypoxic volume

Semiqualitative Tumor uptake scored by readers Simple image analysis not
required†

Consensus interpretation advised‡

*It is not clear whether analysis should be restricted to primary, nodal, and/or metastatic lesions in singularity or in combination. PET ¼ positron emission tomography;

TBR ¼ tumor to blood ratio.

†[18F]FMISO PET analyzed using this approach shown to predict benefit from tirapazamine in head and neck cancer trial (208).

‡Interobserver visual analysis agreement for [18F]FMISO is low (209). Interobserver visual analysis agreement yet to be determined for other hypoxia radiotracers.
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Multiparametric MRI

A number of MRI methods have been investigated to estimate
tumor hypoxia. Various capillary permeability kinetic parame-
ters (eg, Ktrans), quantifiable using dynamic contrast-enhanced
MRI, provide information about tumor blood flow and perme-
ability and offer an indirect tumor hypoxia assessment
(170,171). However, the association between poor blood flow
and hypoxia is imperfect because hypoxia exists in tumor
regions with measurable blood supply (hypoxia is partially de-
termined by oxygen consumption, not only supply) (172). Blood
oxygenation level–dependent MRI was also investigated for this
purpose, but clinical implementation is hindered due to artefact
from intrinsic susceptibility, particularly at air-tissue interfaces,
and is confounded by the presence of blood degradation prod-
ucts (172).

An alternative method that has gained recent interest is
oxygen-enhanced (OE) MRI, where inhaled molecular oxygen

acts as a paramagnetic contrast agent and increases proton lon-
gitudinal relaxation rate in well-oxygenated tissue, but shows a
lack of this effect in hypoxic tissue (9). The feasibility of OE-MRI
measurements of tumor oxygenation as a potential hypoxia
biomarker was established in solid tumors in two preliminary
clinical studies (173,174) and around a dozen preclinical studies
(14). More recently, segmenting tumors into perfused and non-
perfused subregions and then detecting oxygen-refractory tu-
mor was validated against pimonidazole as providing a robust
method to identify, map, and quantify tumor hypoxia (92).
Further work is needed to compare this method with other im-
aging (eg, PET-based) and nonimaging (eg, gene and circulating)
biomarkers to establish biological and clinical validation.

Conclusions

To date, hypoxia-targeted therapies have not been adopted as
part of standard treatment in NSCLC (9). There is an unmet
need to develop more effective and less toxic hypoxia-targeted
therapies. In the meantime, promising therapies should be in-
vestigated in selected NSCLC patients in combination with ra-
diotherapy, chemotherapy, and biological therapies. Negative
trial results of effective therapies are likely due to lack of patient
selection, resulting in the dilution of clinical benefit.

Hypoxia biomarker validation should become a research pri-
ority. Noninvasive biomarkers (eg, imaging) are more suitable in
NSCLC due to tissue access challenges. Successful biomarker
development requires close collaboration between basic and
clinical researchers. Several technical (eg, multicenter reproduc-
ibility/image analysis) and logistical (eg, radiotracer synthesis
and transportation) challenges need to be overcome prior to bio-
marker investigation within large clinical trials.

Attention should be paid to the design and execution of fu-
ture hypoxia-targeted therapy trials to avoid the pitfalls of pre-
vious experiences and increase the chances of clinical
translation. A strong partnership with the pharmaceutical in-
dustry is vital for drug development, design of novel clinical tri-
als, and rollout of successful agents. “Window of opportunity”
trials provide an ideal platform for expedited investigation of
promising therapeutic agents together with hypoxia biomarkers
(61). Potentially synergistic therapeutic combinations (eg, hyp-
oxia-targeted therapy/immunotherapy) should be pursued in
carefully designed multidisciplinary studies. Finally, the devel-
opment of companion biomarkers will increase the chances of
patient benefit from these therapeutic approaches (133).
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Box 1. Logistical and technical challenges of hypoxia PET
imaging*

Radiotracer synthesis and transportation
Radiotracer synthesis is currently only possible in highly
specialized research centers
Substantial costs are associated with radiosynthesis,
quality assurance, and transportation of radiotracer
across centers (in the UK, this can amount to £2000–
£3000/scan)
Radiotracer transport can be logistically complex (eg, if
airborne)
Production failures and variability in radiotracer specifi-
cations can cause a nuisance to the patient and scanning
staff

Image analysis
Patient positioning should be standardized to allow opti-
mal image registration with radiotherapy planning or
FDG-PET scans (if tumor definition required for analysis)
Images acquired using different scanners/software
should take variability in image reconstruction and
smoothing (among other factors) into account by:

Stringent standardization of the entire image acquisi-
tion and analysis pathway
Introduction of correction parameters to account for
previously determined differences in image acquisi-
tion and analysis pathway across centers

Variability in scanning time window post–radiotracer in-
jection could impact image interpretation and quantifi-
cation and should be avoided, if possible
Radiotracer dose should ideally be based on body weight
(not fixed dose), particularly for lipophilic radiotracers
(more uniformly distributed) to limit variability; radio-
tracer dose should also be adjusted to scanner sensitivity
(eg, TOF) vs non-TOF scanners) and scanning time win-
dow (higher dose for later scans)
Additional variability will be introduced if radiotracer de-
livery is delayed, more than one patient is injected from
same radiotracer production to reduce study costs, or
due to scanner delays

* FDG ¼ fludeoxyglucose; PET ¼ positron emission tomog-
raphy; TOF ¼ time of flight.
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Supplementary material 

 

Supplementary Table 1: Characteristics and technical validation of three leading hypoxia 

radiotracers 

Hypoxia 

radiotracer 

Effective dose (mSv/ 

MBq) 

Equilibrium 

TBR 

Repeatability in 

NSCLC patients 

[18F]FMISO 

(1-4) 

Male: 0.013 

Female: 0.014 

>6 hours* Yes 

[18F]FAZA (3-

5) 

Male: 0.0123 

Female: 0.0165 

2 hours  No† 

[18F]HX4 (3, 

4, 6, 7) 

0.027 3-4 hours Yes 

*Scanning during TBR upslope could result in a higher inter-image variability.  FAZA, 

fluoroazomycin arabinoside; FMISO, fluoromisonidazole; SUV, standardized uptake value; 

HX4, 3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol; 

TBR, tumour: blood ratio. 

†Conflicting repeatability in preclinical studies (less favourable compared to [18F]HX4 and 

[18F]FMISO (4) versus excellent baseline repeatability (8)). Investigation of image repeatability 

in NSCLC patients currently underway (9). 
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Direct measurement
Polarographic oxygen electrode

Advantage: strong evidence to support use in many cancers
Limitations: invasive lung tumors not easily accessible, equipment not widely available

Endogenous hypoxia markers
Expression of hypoxia-inducible proteins (eg, HIF-1a) measured using immunohistochemistry

Advantages: quantifiable on diagnostic biopsies, HIF-1a predictive in bladder cancer
Limitations: indirect measurement, nonspecific (eg, CA IX related to acid base balance)

RNA expression of multiple hypoxia-inducible genes measured using polymerase chain reaction, miRNA (eg, mir210) also studied
Advantages: reduces impact of nonhypoxia upregulation of single endogenous markers, good assay reproducibility, low
intratumor heterogeneity, predictive in head and neck cancer
Limitations: limited tumor and stroma separation in biopsies, difficult to quantify using cytology, need to derive tumor-spe-
cific signatures

Exogenous hypoxia markers
Selectively bind to hypoxia (eg, pimonidazole)

Advantages: well tolerated, pimonidazole predictive in head and neck cancer
Limitation: limited clinical use

In vivo oximetry techniques
Electron paramagnetic resonance oximetry

Advantages: direct oxygen measurement, serial measurements
Limitations: limited availability, requires oxygen reporter implantation

PET
Hypoxia-specific radiotracers

Advantages: spatial tumor hypoxia measurement, necrotic tissue excluded, serial measurements, predictive in head and
neck cancer
Limitations: limited radiotracer availability, radiation exposure, limited spatial resolution, slow pharmacokinetics, low im-
age contrast

MRI
Blood flow and permeability, tissue oxygen level

Advantages: no radiation exposure, spatial tumor hypoxia measurement, serial measurements
Limitations: long scans, limited spatial resolution, artefact susceptibility

Circulating biomarkers
Measurement of blood biomarkers (eg, osteopontin)

Advantages: simple, relatively cheap, practical, serial measurements, predictive in head and neck cancer
Limitations: nonspecific, analysis kits/equipment not widely available

* CA IX ¼ carbonic anhydrase IX; HIF-1a ¼ hypoxia inducible factor–1a; MRI ¼ magnetic resonance imaging; miRNA ¼
microRNA; NSCLC ¼ non–small cell lung cancer; PET ¼ positron emission tomography.

Supplementary Box 1. Advantages and limitations of selected hypoxia measurement strategies and potential hypoxia biomarker applications
in NSCLC*
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CHAPTER 3: Non-small cell lung cancer (NSCLC) hypoxia quantification using tissue-

based biomarkers, fluoroazomycin arabinoside (FAZA) positron emission tomography 

(PET) and multi-parametric magnetic resonance imaging (MRI) 

 

Hypoxia biomarkers were discussed in chapter 2 (publication 1). This chapter briefly 

expands on select NSCLC hypoxia quantification techniques relevant to the thesis results.  

 

NSCLC hypoxia quantification using tissue-based biomarkers  

 

Polarographic oxygen electrode: Tumour oxygen electrode measurements provide a direct 

assessment of tumour oxygen tension. Over the years, the Eppendorf polarographic 

electrode system has produced crucial insights into hypoxia biology in many cancer 

subtypes [96, 97]. Further, tumour oxygen electrode measurements have been used to 

validate hypoxia biomarkers (e.g. multigene hypoxia signature [98], osteopontin [99]). 

However, this technique is unable to discriminate viable from necrotic tumour regions as it 

measures oxygen tension at the tip of the electrode irrespective of cellular vitality [100]. 

Further, oxygen electrodes are invasive, prone to sampling error, require accessible tumours 

and equipment is not widely available [101]. To my knowledge, only one study reported the 

use of the Eppendorf polarographic electrode in lung cancer patients with a median tumour 

pO2 of 16.6 mmHg (2.2 kPa) [96].      

 

Exogenous hypoxia biomarkers: The selective reduction of 2-nitroimidazole compounds in 

low oxygen environments was reported by Varghese et al. [102] as early as 1976. The 

potential use of these compounds to quantify tumour hypoxia was demonstrated years later 

[103, 104]. Pimonidazole is a 2-nitroimidazole which is bioreductively reduced in low oxygen 

concentrations in viable cells to bind to thiol (sulphydryl) compounds [105]. An oral 

preparation (Hypoxyprobe-1
TM

, NPI Inc., Burlington, MA, USA) is available and has been 

used safely in clinical studies since 2009 [106]. An antibody is required for pimonidazole 

immunostaining. Non-specific (i.e. non-hypoxia related) binding of the pimonidazole antibody 

has been reported [107]. Table 3 lists select biochemical and pharmacological properties of 

pimonidazole.  
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Table 3: Select biochemical and pharmacological properties of pimonidazole 

 

Exogenous hypoxia biomarkers are well-tolerated and cheap, but have limited clinical use 

[101]. To my knowledge, pimonidazole was the first biomarker to demonstrate ability to 

predict benefit from a hypoxia-targeted therapy (accelerated radiotherapy combined with 

carbogen and nicotinamide (ARCON) in head and neck cancer patients [111, 112]). To my 

knowledge, the predictive capacity of pimonidazole was not assessed in any other cancer 

subtype. Table 4 summarises the findings of select pimonidazole preclinical studies using 

lung cancer cell lines and the only clinical study investigating pimonidazole in lung cancer 

patients.  

 

 

 

 

 

 

 

 

 

Property  Finding(s) Key 
reference(s)  

Oxygen level required 
for bioreductive 
reduction  

<10 mmHg (<1.3 kPa) [108] 

Immunohistochemical 
analysis requirements  

Formalin-fixed or fresh frozen sections  [105, 108] 

Dose for intravenous 
and oral preparations 

0.5 g/m
2
 [105, 109] 

Plasma half-life in 
humans (intravenous 
preparation) 

5.1 h  [108] 

Typical time from 
administration to 
sampling (including oral 
formulations) 

12-24 h [106, 110] 

Toxicity  None reported at 0.5 g/m
2
 (at higher 

doses: gastrointestinal and central 
nervous side-effects) 

[108, 109] 
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Table 4: Select pimonidazole preclinical studies using lung cancer cell lines and the only 

clinical study investigating pimonidazole in lung cancer patients 

Tumour model & 
histology 

Number of 
subjects/ 
patients 

Main finding(s) Reference(s) 

Subcutaneous & 
orthotopic human 
A549 lung carcinoma 
cell lines  

25  Minimal pimonidazole staining in 
tumours growing in lungs, 
compared to subcutaneous 
tumours 

[113] 

Subcutaneous & 
peritoneal human 
A549 and HTB177 
lung carcinoma cell 
lines 

Not clear
1
 Cells which stained positively for 

pimonidazole stained negatively 
for bromodeoxyuridine (a 
proliferation marker) 

[114] 

Subcutaneous & 
peritoneal human 
A549 lung carcinoma 
cell lines 

5 Tumours with high pimonidazole 
binding had high 
[
18

F]fludeoxyglucose uptake  

[115] 

Human A549 lung 
carcinoma cell lines 

5 Ang-2 expression and interstitial 
fluid pressure correlated with 
pimonidazole staining  

[116] 

NSCLC patients 
(adenocarcinoma 
(n=6), squamous cell 
carcinoma (n=8))  

14 Patients received intravenous 
pimonidazole hydrochloride (dose: 
0.5g/m

2
, infused over 20 min 

within 24 h of surgical resection). 
Tumour area stained with 
pimonidazole: squamous cell 
carcinoma (13%), 
adenocarcinoma (38%). No 
difference in staining patterns 
between adenocarcinoma and 
squamous cell carcinoma. No 
correlation between 
clinicopathological parameters 
and pimonidazole staining. Blood 
volume and flow and texture 
parameters, derived from dynamic 
contrast enhanced CT, correlated 
negatively with pimonidazole 
staining 

[117, 118] 

1: The authors state that 5 mice with subcutaneous and 3 mice with peritoneal tumours were 
studied for each of the three PET tracers and the two cell lines investigated 

 

Endogenous hypoxia markers (e.g. hypoxia inducible factor (HIF-1α), carbonic anhydrase IX 

(CA IX) and glucose transporter 1 (GLUT1)): As discussed in chapter 2 (publication 1), HIF-

1α is an important hypoxia transcription factor with many downstream targets and effects; 

figure 1 [101]. Table 5 lists select HIF-1α targets and their downstream effect(s).  



31 

 
Figure 1: Regulation of HIFα during normoxia and hypoxia 
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Table 5: Select HIF-1α targets and their downstream effect(s) 

HIF-1α target Downstream effect(s) Reference(s) 

Glucose transporter 1 (GLUT1) Activation of glycolysis  [119, 120] 

Lactate dehydrogenase-5 
(LDH-5) 

Activation of glycolysis, 
chemoradiotherapy resistance  

[121] 

BNIP3 gene  Apoptosis  [122] 

Vascular endothelial growth 
factor (VEGF) 

Angiogenesis  [123] 

Platelet-derived growth factor 
(PDGF)  

Angiogenesis  [124] 

Transforming growth factor-β1 
(TGF-β1) 

Tumour growth, invasion and 
metastases  

[125, 126] 

Erythropoietin (EPO) 

 

Angiogenesis, tumour growth, 
erythropoiesis  

[127] 

Multi-drug resistance protein 1 
(MDR1) 

Drug resistance [128] 

Carbonic anhydrase IX (CA IX) Enhanced metastases, extracellular 
pH regulation, drug resistance  

[129] 

Monocarboxylate transporter 1 
(MTC1) 

Effects on lactate transport 
(extracellular pH regulation) 

[130, 131] 

Pyruvate kinase isoenzyme M2 
(PKM2)  

Proliferation, activation of glycolysis [132, 133] 

Matrix metalloprotease 2 
(MMP2) 

Enhanced tumour aggressiveness, 
invasion and metastases  

[134, 135] 

 

Quantification of these tissue biomarkers could provide an assessment of relevant hypoxia 

proteins that could reflect tumour hypoxia. However, not all markers are solely dependent on 

tissue oxygenation (e.g. CA IX is partially dependent on acid base balance [129]). HIF-1α is 

prognostic in NSCLC [101] and predicts benefit form hypoxia-targeted therapy using 

carbogen and nicotinamide in high-grade bladder cancer [136].  

 

Tumour necrosis occurs in regions with no effective blood supply or as a consequence of 

severe chronic hypoxia. Tumour necrosis is associated with poor prognosis in NSCLC [137] 

and predicts benefit from hypoxia-targeted therapy in bladder cancer [138].  
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NSCLC hypoxia quantification using [
18

F]FAZA PET  

 

Early reports of the use of positron emitting isotopes in cancer diagnosis were published 

more than 60 years ago [139]. Since then, there has been on-going developments in 

imaging hardware which has resulted in the gradual expansion of the clinical use of 

diagnostic nuclear medicine applications [140]. The underpinning principle of PET imaging 

utilises isotopes with positive beta emission decay (positron emission) resulting in 

annihilation of the positron with an electron and subsequent production of two 511-keV 

photons. Because these two annihilation photons are emitted in almost opposite directions 

at exactly the same time, the coincident detection of photon pairs can be used to build a 3-

dimensional (3-D) image of the radioactivity concentration [141]. Clinically-relevant 

radiotracers are generated by the incorporating radioisotopes to biologically-specific 

molecules (which bind to biological targets or follow metabolic processes) and form the 

basis of functional imaging. Integrated PET-CT and recently PET-MR platforms extend the 

advantages of functional imaging further by providing accurate 3-D cross sectional reference 

localisation of the PET images.  

 

Hypoxia PET imaging was critically appraised in chapter 2 (publication 1). Here, I expand on 

this by providing a brief overview of previously-published [
18

F]FAZA PET studies in NSCLC 

patients.  

 

In humans, no direct comparison between [
18

F]FAZA and [
18

F]FMISO PET has been 

performed. The biological half-life of [
18

F]FMISO is 12 h and is excreted via the hepatic 

(mainly) and renal routes [142-145]. In contrast, [
18

F]FAZA is rapidly cleared from the 

circulation and excreted mainly via the renal route [146]. In rodents, the lower lipophilicity of 

FAZA and its shorter plasma half-life were shown to be associated with higher tumour-to-

background ratio [146-149]. Building on supplementary table 1 in chapter 2 (publication 1) 

which listed characteristics and technical validation of three leading hypoxia radiotracers, 

table 6 provides a summary of previously-published studies investigating [
18

F]FAZA PET in 

NSCLC patients. As can be seen, these studies have utilised different acquisition times (e.g. 

start time pi, duration) and reconstruction parameters, reference regions (e.g. muscle, blood 

or mediastinum) and thresholds (e.g. >1.4 or >1.2) for classifying hypoxic and normoxic 

tumour regions. [
18

F]FAZA pharmacokinetic analyses were performed by one research 

group [150-152] and the main results are presented in table 7. Unfortunately, these studies 

utilised an early acquisition time pi (0-70 min) which is suboptimal for imaging hypoxia [153].  
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Table 6: Summary of previously-published studies investigating [
18

F]FAZA PET in NSCLC patients  

1: First 10 patients (these patient had different tumour types apart from NSCLC) also underwent imaging at 4-5 h pi, which was not associated with improved 
image quality 

Number 
of 
patients 

Injected 
dose (MBq) 

 

Scan 
start 
time pi 
(min) 

Scan 
duration 
(min) 

Reference 
tissue 

Tumour to 
reference ratio 

Image reconstruction Main finding(s) Reference(s)  

12  5.2/ kg 120-
1801  

30-60 Not specified Median tumour 
to background 
ratio: 2.4 

3- dimensional row action 
maximum likelihood algorithm 

7 patients had increased [18F]FAZA uptake as per visual 
assessment by consensus agreement of 3 nuclear medicine 
physicians  

[146] 

11/ 12 370 120  

 

Not 
specified 

Tumour-free 
region in 
mediastinum 

≥1.2 or ≥1.4 Ordered subset expectation 
maximization (OSEM) 
algorithm with time-of-flight 
high definition 

[18F]FAZA distribution heterogeneous in tumours and different from 
[18F]FDG uptake, which is homogenous. Spatio-temporal dynamics 
of [18F]FAZA uptake during chemoradiation reported (hypoxia 
persisted or declined to undetectable levels at mid-treatment)  

[147, 154] 

17 185 120 & 
240  

30  Blood >1.4  Iterative reconstruction (no 
additional details provided) 

There was no difference in [18F]FAZA uptake at 2 and 4 h pi. In 6 
out of 8 patients scanned post-treatment, hypoxia resolved 
following chemoradiation 

[149] 

9/ 10/ 13 168 0  70  Plasma Volume of 
distribution (VT) 

3-dimensional row action 
maximum likelihood algorithm 

Pharmacokinetic analysis of [18F]FAZA and relationship between 
[15O]H2O derived perfusion and [18F]FAZA reported (table 7) 

[150-152] 

38 355  60 & 
120 

Not 
specified 

Back muscle Not specified OSEM algorithm [18F]FAZA uptake in lymph nodes at 2 hours pi, but not in primary 
tumours, was prognostic of progression-free survival in stage III 
NSCLC patients treated with chemoradiotherapy 

[155] 

7 370 120 Not 
specified 

Mediastinal fat  >1.4 OSEM algorithm with time-of-
flight high definition 

[18F]FAZA tumour uptake is not associated with [18F]FDG uptake 
prior and after 2 chemotherapy cycles  

[156] 

13/ 14 386 127 30 None None OSEM algorithm Similar spatial distribution of [18F]FAZA and [18F]FDG uptake in 
tumours, which were stable during the first 3 weeks of radiotherapy  

[157, 158] 

45 370 120 4/ bed 
position 

Anterior 
thoracic muscle 

Not specified Fourier re-binning, OSEM 
algorithm 

[18F]FAZA uptake was prognostic of overall survival [159] 
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Table 7: Pharmacokinetic analyses of dynamic [
18

F]FAZA PET in NSCLC patients   

Method Main study findings Reference  

Region of interest analysis: 
1- and 2-tissue compartment 
models tested on 0-70 min pi 
dynamic data 

- 2-tissue compartment model with blood 
volume parameter best described [

18
F]FAZA 

kinetics  
- Venous samples yielded comparable 
radioactivity concentrations as arterial 
samples >50 min pi 
- Parent [

18
F]FAZA fraction in plasma at 70 

min was 1.00±0.01 (justifying not performing 
radiolabelled metabolite analysis) 
- Tumour VT value was 1.13±0.30 (indicating 
small hypoxic signal at 70 min) 

[152] 

Voxel-based analysis:  
2-tissue compartment model 
applied to 0-70 min pi 
dynamic data 

- Highest correlation of VT from nonlinear 
regression kinetic analysis was reported for 
Logan graphical analysis starting at 30 
minutes pi 
- Spectral analysis more versatile, 
compared to Logan graphical analysis, but 
showed larger variability and required longer 
computational time  

[151] 

Dynamic [
15

O]H2O and 
[
18

F]FAZA PET acquisition 
- Average [

15
O]H2O derived perfusion and 

[
18

F]FAZA VT  across all lesions was 
0.45±0.20 and 0.94±0.31, respectively 
- [

18
F]FAZA uptake not always inversely 

related to [
15

O]H2O derived perfusion 

[150] 

 

NSCLC hypoxia quantification using multi-parametric MRI  

 

Chapter 2 (publication 1) briefly outlined NSCLC hypoxia quantification using multi-

parametric MRI. Here, I will expand on DCE and OE-MRI as potential NSCLC hypoxia 

identifying and mapping methods.  

 

DCE-MRI: Gadolinium-based contrast agents reduce tissue water T1 relaxation time and 

results in signal enhancement [160]. After administration, gadolinium-based contrast agents 

enter the tumour via arteries, arterioles and capillaries and then diffuse to the extravascular 

extracellular space prior to diffusion back into vessels for ultimate excretion [161]. Using 

high temporal-resolution imaging, signal enhancement changes can be temporally 

quantified, providing an indirect estimation of tissue perfusion and vascular permeability.  

 

There are a number of DCE-MRI analysis methods. Signal intensity curves can be analysed 

by calculating the slope of the time-intensity curve and the increase of signal intensity above 

baseline [162]. This non-parametric method is relatively simple, but error-prone and 

susceptible to bias. Area under the curve (AUC) or initial area under the curve (IAUC) at set 

time points (e.g. IAUC60 sec) can be used to overcome the limited temporal sampling of the 

initial contrast transit that can result in noisy measurements [163]. Pharmacokinetic models 

involve fitting data from calculated gadolinium-based contrast agent concentration time 



36 

course curves to a selected model to derive clinically relevant endpoints. Not all 

pharmacokinetic models are applicable to all tissues or tumours and the choice depends on 

the clinical situation [163]. Table 8 lists select pharmacokinetic DCE-MRI analysis methods. 

An arterial input function (AIF) is required for pharmacokinetic analysis to describe changes 

of contrast in the blood pool over time; table 9 [164]. 
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Table 8: Select pharmacokinetic DCE-MRI analysis methods 

Model 
name 

Date 
published 

Category  Assumptions Parameters used Strength  Weakness Comments  Reference(s) 

Tofts and 
Kermode 

1991 Compartmental 
model 

Two compartments 
with bi-exponential 
decay (tissue not 
significantly 
vascularised) 

K
trans

: Transfer 
constant of 
contrast from blood 
to extravascular 
space (EES) 
Kep: Transfer 
constant of 
contrast from EES 
to blood 

Simple, 
extensively 
used  

Intravascular 
space ignored, 
might not be as 
robust for 
tumours 

Original 
model used 
population-
based AIF 
(individual 
measured 
AIF can also 
be used) 

[163, 165] 

Extended 
Tofts and 
Kermode  

1997 Fixed vascular 
contribution to 
tissue volume  

Similar to above 
plus: 
vp: fractional 
plasma volume  

Simple and 
robust, 
extensively 
used 

Cannot estimate 
flow and 
permeability 
separately 

Individual 
measured 
AIF can also 
be used 

[163, 166] 

St. 
Lawrence 
and Lee 

1998 Spatially 
distributed 
kinetic model 

Contrast well 
mixed in 
compartments 
No transfer of 
contrast between 
EES compartments 
(capillary wall 
impermeable to 
contrast) 
Contrast clearance 
only occurs from 
venous capillaries  

Cp(t): Contrast 
concentration in 
plasma 
Cp(x,t): Contrast 
concentration at 
location x 
Cp(L,t): Contrast 
concentration at 
venous capillary  
Tc: Mean transit 
time of capillary  
Fp, E 

More robust 
as compared 
to previous 
models 

Increased 
computational 
demands 

Time-domain 
solution 
(previous 
model only 
existed in 
Laplace 
space)  
K

trans 
can be 

calculated  

[163, 167] 
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Table 9: Methods to determine AIF for DCE-MRI analysis [163] 

Method Technique Advantage Disadvantage  

Gold 
standard  

Analysis of arterial blood 
samples  

Most accurate  Invasive, finite samples 
can be collected 

Population-
based 

Analysis of arterial blood 
samples in group of 
patients and using their 
mean in subsequent 
studies  

Simple, no MRI 
measurements 
outside of region 
of interest 
required  

Susceptible to patient-
patient variability  

Individual-
measured  

Estimated by use of MRI 
signal from large artery  

Non-invasive, 
close to true AIF 

Large artery may not be 
included in field of view, 
vulnerable to artefacts  

Tissue-
based 

Estimated by use of MRI 
signal from healthy 
tissue(s) 

Non-invasive, 
assumes AIF is 
the same for 
healthy tissue and 
tumour  

Reliant on kinetic 
parameters  

Jointly 
estimated  

No measurements or 
pharmacokinetic 
assumptions performed 
(AIF tuned to obtain best fit) 

No special 
measurement 
required  

Prone for errors  

 

Oxygen delivery to tissues is partially dependent on vascular perfusion, tumours with poor 

vascular perfusion are likely to contain hypoxic regions [160]. Select summary DCE-MRI 

parameters have been partially correlated with [
18

F]FMISO PET, tissue-based hypoxia 

markers and oxygen electrode measurements in head and neck and cervical cancers and 

glioblastoma multiforme [168-175]. To my knowledge, no similar studies have been 

published in NSCLC. K
trans

 is inversely correlated with radiobiological hypoxia, as reported in 

a preclinical melanoma model [176, 177]. However, although poor perfusion often coexists in 

close proximity to, or within hypoxic tumour regions, hypoxia could occur independent of 

tumour perfusion [178]. Further, gadolinium-based contrast is affected by a number of 

conditions apart from hypoxia such as the volume of the extracellular fraction and vascular 

and cellular density [166]. The lack of standardisation of image acquisition in published 

DCE-MRI studies and the different analysis methods applied further compounds this 

discrepancy. In conclusion, DCE-MRI could provide important information about tumour 

permeability, perfusion and vascular density that could complement other, oxygen-specific 

quantification techniques [95, 162].  

 

OE-MRI: Molecular oxygen is paramagnetic [179]. In well-oxygenated tissues, inhaling 

excess oxygen increases the proton longitudinal relaxation rate (R1, where R1 is the 

reciprocal of the longitudinal relaxation time, T1) because excess oxygen remains dissolved 

in blood plasma and interstitial tissue fluid, acting as a contrast agent [180]. The measured 

change in R1 induced by breathing oxygen (termed ΔR1) is theoretically proportional to the 



39 

change in tissue oxygen concentration. This change is rapid, allowing immediate 

quantification.  

 

A number of preclinical and clinical studies have shown that OE-MRI produces measurable 

signal changes in normal tissues [181-184]. OE-MRI was investigated in <40 pulmonology 

studies and is now a fairly-established method for measuring oxygen dynamics in normal 

and diseased lungs [185-191]. Early OE-MRI oncology studies focused entirely on 

measuring signals within tumours. In most preclinical [192-199] and clinical studies [200-

202], positive oxygen-induced ΔR1 values were reported, summarizing the average effect of 

oxygen inhalation in tumours. There was growing interest to use OE-MRI to image tumour 

hypoxia. However, measuring positive ΔR1 in OE-MRI quantifies and maps oxygen delivery 

in tissues with fully saturated haemoglobin, but does not directly identify tissue hypoxia per 

se. This inspired a second look at OE-MRI signal changes in tumours. For the first time in 

2014, analysis highlighted that some tumour sub-regions were refractory to oxygen 

challenge [203]. These regions had low haemoglobin oxygen saturation, so excess delivered 

oxygen was bound preferentially to haemoglobin molecules but did not significantly alter 

plasma pO2 [204]. Retrospective evaluation showed that this finding was also present in 

several other studies from other research groups [192, 197, 198]. Based on these data, 

O’Connor et al. [205] investigated if the regions that are perfused but lack oxygen 

enhancement (a combined OE/ DCE-MRI biomarker termed perfused Oxy-R) could identify 

hypoxic tumour sub-regions. In this landmark study, described subsequently as a ‘major 

advance in tumour hypoxia imaging’ [206], they showed that OE-MRI signals were accurate, 

precise and sensitive to changes in tumour pO2. Further, perfused Oxy-R fraction quantified 

the hypoxic fraction in multiple tumour models and detected dynamic changes in hypoxia 

induced by a vasomodulator. This technique awaits technical, biological and clinical 

validation [101].  

 

Thoracic MRI is challenging due to low proton density in the lungs, the existence of 

innumerable air-tissue interfaces and motion-related artefacts due to breathing and cardiac 

motion [207, 208]. These could hamper the performance of multi-modality voxel-based 

analysis, which is required to derive the hypoxia biomarker, Oxy-R fraction [205]. Breath-

hold techniques could reduce artefacts, but are not possible in OE-MRI which depends on 

the delivery of a gas challenge. Post-processing motion correction for thoracic OE-MRI has 

been previously reported [209]. 

 

Challenges of validating hypoxia imaging using tissue-based hypoxia markers  

 

Accurate tissue-imaging registration is challenging, yet crucial in studies attempting to 

validate hypoxia imaging biomarkers using tissue-based hypoxia quantification methods. 

Tumour pathology slides are in the micrometre scale, compared to imaging voxels that are 
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in the millimetre scale. Tumour hypoxia is spatially heterogeneous [101], a registration error 

of just 1 mm between tissue slides and images would significantly impact validation 

accuracy. In lung cancer, large deformations between in vivo and ex vivo lung lobes have 

been described [210]. A number of labour-intensive, complex tissue-imaging registration 

solutions have been proposed (table 10), but none are ideal or error-free.   
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Table 10: Select tissue-imaging registration studies  

Tumour Registration 
applied 

Number 
of 
patients 

Steps Method for 
verifying  
accuracy 

Error Comments  Reference  

Prostate 
cancer 

MRI-tissue 5 One: 3 carbon rods inserted into tumour 
specimen to facilitate 3-D reconstruction  
Two: Manual registration of pathology slides 
to macroscopic slides using carbon rods as 
landmarks  
Three: MRI and 3-D reconstruction manually 
registered and deformed  

Not 
performed  

2-3 mm Authors expect that 
deformation could 
account for formalin-
related changes in 
tumour shape after 
resection, registration 
performed using 
Elastix 

[211] 

Cervical 
cancer 

MRI-tissue 16 One: Mid sagittal image of uterine cavity 
selected on pathology image and scan 
Two: Rigid registration performed  
Three: Affine multi-image registration 
performed  
Four: Deformation correction  

Quantification 
of surface 
distance error 
(SDE) and 
DICE 
similarity 
coefficient 
(DSC)  

SDE and 
DSC: 0.4-
0.98 mm  

Only one 2-D photo of 
the mid sagittal 
uterine cavity obtained 
during pathological 
analysis, registration 
performed using 
Elastix 

[212] 

Laryngeal 
cancer 

CT, MRI, 
[
18

F]FDG-
PET-tissue 

15 One: Macroscopic tumour imaged by CT scan 
following surgical resection before and after 3 
carbon rod insertion then placed in solidified 
solution   
Two: Tumour sliced into 3 mm thick slices and 
images taken   
Three: 3-D reconstruction of sample 
performed  
Four: Automated CT-pathology rigid 
registration 
Five: MRI and PET registered to CT  

Calculation of 
distance 
between 
landmarks in 
each image  

CT: 1.5 mm 
MRI: 3 mm 
PET: 3.3 mm 

Registration 
performed using 
Elastix or in-house 
software  

[213] 



Conclusions 

 

This chapter expands on select hypoxia biomarkers relevant to the thesis results. The 

Eppendorf polarographic electrode system has produced crucial insights into tumour 

hypoxia biology for many years, but is invasive, prone to sampling error, the equipment is 

not widely available and requires accessible tumours, thus of limited use in lung cancer. 

Pimonidazole is an exogenous hypoxia biomarker which is well-tolerated and cheap. An oral 

pimonidazole preparation is available, simplifying utilization in clinical studies. HIF-1α is an 

endogenous hypoxia biomarker and an important hypoxia transcription factor. Endogenous 

hypoxia biomarkers could reflect tumour hypoxia, but not all markers are solely dependent 

on tissue oxygenation. To date, only a relatively small number of pilot clinical [
18

F]FAZA PET 

studies have been reported in NSCLC [146, 147, 149-152, 154-159]. These studies have 

utilised different acquisition times (e.g. start time pi, duration) and reconstruction 

parameters, reference regions (e.g. muscle, blood or mediastinum) and thresholds (e.g. >1.4 

or >1.2) for classifying hypoxic and normoxic tumour regions. OE-MRI, combined with DCE-

MRI, has shown promise as a non-invasive method for identifying and mapping hypoxia 

[205]. Technical and biological validation studies have yet to be performed.  
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Abstract 

 

Introduction: There is little evidence to guide early limited-stage small-cell lung cancer (LS-

SCLC) management. The study aim was to examine the outcome of early LS-SCLC patients 

treated within a prospective trial.   

 

Patients and methods: This is an exploratory analysis of early (TNM stage I-II) LS-SCLC 

patients included in the CONVERT trial. CONVERT is a randomized phase III trial that 

compared twice-daily (45 Gy in 30 fractions over 3 weeks) and once-daily (66 Gy in 33 

fractions over 6.5 weeks) radiotherapy starting on day 22 of chemotherapy cycle 1 in good 

performance score (PS) patients. Chemotherapy consisted of 4-6 cycles of cisplatin and 

etoposide. Prophylactic cranial irradiation (PCI) was offered, if indicated. Radiotherapy was 

delivered using three-dimensional conformal or intensity modulated technique.  

 

Results: Five hundred and thirteen patients with complete TNM staging information were 

eligible for this analysis and 87 (17%) had early disease (TNM stage I-II). In early patients, 

68% underwent staging with fludeoxyglucose positron emission tomography ([
18

F]FDG 

PET), compared to 55.4% in locally-advanced patients; p=0.05. Early patients had 

significantly better baseline PS, compared to locally-advanced patients; p=0.04. Staging 

[
18

F]FDG PET did not influence overall survival in early patients; p=0.63. Early patients 

achieved longer overall survival (median 50 versus 25 months; p=0.001) and local (median 

40 versus 17 months; p=0.0017) and metastatic (median 49 versus 16 months; p=0.0004) 

progression-free survival compared to locally-advanced patients, irrespective of trial arm. In 

early patients, there was no significant survival difference between trial arm; p=0.31. 

Radiotherapy compliance was higher in early patients (p=0.004), who were less likely to 

experience grade ≥3 acute oesophagitis compared to locally-advanced patients (11% versus 

21.4%; p<0.005). 

 

Conclusion: Early LS-SCLC patients achieve long-term survival with acceptable acute side-

effects following chemoradiotherapy and PCI. This study will guide practice and provides a 

benchmark for future trials comparing a surgical and non-surgical approach in these 

patients. 
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Introduction  

 

Small-cell lung cancer (SCLC) accounts for 10-20% of lung cancer cases [1]. A 2-tier 

staging system, introduced by the Veterans Administration Lung Cancer Study, classifies 

patients into limited stage (LS) or extensive stage according to whether the tumour is 

localized to one hemithorax (i.e. could be encompassed in a single radiation portal) [2]. 

Based on several meta-analyses and landmark trials, standard LS-SCLC treatment is 

chemoradiotherapy using twice-daily (BD) radiotherapy delivered early with chemotherapy 

[3-6]. Patients with treatment response should also be offered prophylactic cranial irradiation 

(PCI) [7]. 

 

In 2009, the Union for International Cancer Control/ American Joint Committee on Cancer 

(AJCC), based on International Association for the Study of Lung Cancer analysis, 

recommended the use of TNM staging in SCLC as it provides additional prognostic 

information [8, 9]. LS-SCLC patients are a heterogeneous population which includes early 

(TNM stage I-II) and locally-advanced (TNM stage III) tumours. There are no data available 

on the proportion or outcome of patients with early disease included in previously-published 

trials that established chemoradiotherapy as standard treatment [5]. There is therefore little 

evidence to guide the optimal management of early LS-SCLC.  

 

In patients with resectable LS-SCLC, there is growing body of evidence supporting the role 

of surgery in selected patients and this is reflected in oncological guidelines (e.g. American 

Society for Clinical Oncology and National Comprehensive Cancer Network) [10-19]. 

However, these clinical studies and population database analyses have many limitations 

and biases due to their retrospective nature and patient selection. Furthermore, there is lack 

of consensus on the optimal adjuvant therapeutic approach for LS-SCLC patients following 

surgical resection [20, 21]. For these reasons, the role of surgery in early LS-SCLC is not 

clearly defined and international practice is very variable [15, 20].  

 

The outcome of early LS-SCLC patients has not been reported since the adoption of TNM 

and fludeoxyglucose (FDG) positron emission tomography (PET) staging, omission of 

elective nodal irradiation and widespread use of conformal radiotherapy techniques. To 

address these issues and inform clinical practice, we performed an exploratory analysis of 

early LS-SCLC patients included in the Concurrent ONce-daily VErsus twice-daily 

RadioTherapy trial (CONVERT) trial [ISRCTN registration number 91927162; 

ClinicalTrials.gov registration number NCT00433563]. CONVERT is a 2-arm concurrent 

chemoradiotherapy trial that compared BD and once-daily (OD) radiotherapy in patients with 
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LS-SCLC and good performance status. CONVERT was designed to establish a standard 

chemoradiotherapy regimen in LS-SCLC, demonstrating that survival outcomes were not 

significantly different between BD and OD radiotherapy with lower than excepted toxicity 

[22]. Since the trial was designed to show superiority of OD radiotherapy and not powered to 

show equivalence, BD radiotherapy should continue to be considered standard-of-care. This 

CONVERT sub-group analysis aimed to examine the outcome of early LS-SCLC patients 

treated within this contemporary trial.   

 

Patients and methods  

 

Study design 

 

Full details of the CONVERT trial design were previously published [23]. In summary, 

CONVERT was a multi-centre, international, open-label randomized phase III superiority 

trial. Eligible patients were ≥18 years old, harboured histologically- or cytologically-confirmed 

LS-SCLC (Veterans Administration Lung Cancer Study definition [2]) and Eastern 

Cooperative Oncology Group (ECOG) performance score (PS) 0-1. Patients with ECOG PS 

2 due to cancer-related symptoms were included at the discretion of the local investigator. 

All patients underwent baseline physical examination, chest x-ray, thorax and upper 

abdomen computed tomography (CT), brain imaging (CT or magnetic resonance imaging) 

and full blood count and biochemical profile. Patients were required to have satisfactory 

pulmonary functions (forced expiratory volume in 1 sec > 1 litre/ 40% predicted, transfer 

factor for carbon monoxide > 40% predicted). A maximum of one of the following adverse 

serum biochemical findings was allowed: alkaline phosphatase > 1.5 times the upper limit of 

normal (ULN); sodium < lower limit of normal; and lactate dehydrogenase > ULN. Staging 

[
18

F]FDG PET was allowed, but not mandated. This trial was conducted in accordance to the 

Declaration of Helsinki and good clinical practice guidelines. All patients granted written 

informed consent. 

 

This is an unplanned (exploratory) subgroup analysis of early LS-SCLC patients included in 

the CONVERT trial. Tumour and nodal stage were collected at the time of patient entry into 

the trial according to the AJCC staging classification, 7
th
 edition [24]. Disease was classified 

as early if the TNM stage was I-II or locally-advanced if the TNM stage was III.  

 

Treatment and follow-up 
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Patients were randomly assigned (using minimization method) 1:1 to concurrent BD 

radiotherapy (45 Gy in 30 twice-daily fractions over 3 weeks, 5 days per week) or OD 

radiotherapy (66 Gy in 33 daily fractions over 6.5 weeks, 5 days per week) from day 22 of 

chemotherapy cycle 1. Three-dimensional conformal radiotherapy was mandated and 

intensity modulated radiotherapy was permitted. Inhomogeneity corrections were applied 

during the radiotherapy process. Elective nodal irradiation was not permitted. A radiotherapy 

quality assurance program, managed by the UK National Cancer Research Institute 

Radiotherapy Trials Quality Assurance team, was integrated in this trial to approve and 

monitor centre procedures [23]. Chemotherapy was identical in both arms and consisted of 

4-6 cycles (centre choice) of cisplatin 25 mg/m
2
 intravenously (IV) day 1-3 or 75 mg/m

2
 IV 

day 1 and etoposide 100 mg/m
2
 IV day 1-3 repeated every 3 weeks. PCI was offered to 

patients without evidence of progressive disease on CT (within 4 weeks of cycle 4) and brain 

metastasis (on baseline imaging) no later than 6 weeks after the last chemotherapy cycle. 

PCI dose and fractionation were left to the discretion of the local investigator. Follow-up 

clinical assessments consisted of weekly review until resolution of acute side-effects, then 3-

monthly until 1 year post randomization and 6-monthly thereafter. Thorax and upper 

abdomen CT was required at 6 and 12 months after randomization and as clinically 

indicated. Radiological response was assed using Response Evaluation Criteria In Solid 

Tumours [25].  

 

Statistical analysis  

 

The primary trial endpoint was overall survival (defined as time from randomization to death 

from any cause). Secondary endpoints were local progression-free (defined as time from 

randomization to first clinical or radiological evidence of local progression) and metastasis-

free (defined as time from randomization to first clinical or radiological evidence of distant 

metastasis) survival, common terminology criteria for adverse events (version 3.0) [26] acute 

toxicity and chemotherapy and radiotherapy dose intensity. Acute toxicities were defined as 

those occurring from commencement of treatment to 3 months after completion. Baseline 

patient and treatment characteristics, toxicity and radiotherapy compliance for early and 

locally-advanced LS-SCLC patients were compared using the chi-squared test. Kaplan-

Meier curves were plotted for each study group and survival compared using the Mantel-Cox 

version of the log rank test. In this subgroup analysis, results are reported for all patients in 

an intention-to-treat basis. A p value <0.05 (two-sided) was considered statistically 

significant. All statistical analyses were performed using STATA version 13.1 (StataCorp., 

College Station, TX, USA).   
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Results 

 

Between April 2008 and November 2013, we randomly assigned 274 patients to receive BD 

chemoradiotherapy and 273 to receive OD chemoradiotherapy. Five hundred and forty three 

patients were included in the modified intention-to-treat survival analysis in the entire trial 

(273 in the BD chemoradiotherapy group and 270 in the OD chemoradiotherapy group). 

Four patients were lost to follow-up because centres did not return their case report forms. 

Detailed trial results were previously published [22].  

 

Five hundred and thirteen patients with complete TNM staging information were eligible for 

this subgroup analysis and 87 (17%) had early disease. Four patients (4.6%) had TNM 

stage I while 83 patients (95.4%) had TNM stage II. In early LS-SCLC, 36 patients (41.4%) 

were randomly assigned to receive BD chemoradiotherapy while 51 (58.6%) were randomly 

assigned to receive OD chemoradiotherapy; figure 1.  
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 Figure 1: CONSORT diagram 

 

Table 1 displays baseline characteristics of the two study groups. There were no statistically 

significant differences in the majority of patient characteristics between the two groups. 

However, early patients had better ECOG PS (57.5% ECOG PS 0, 39.1% ECOG PS 1) 

compared to locally-advanced patients (43.2% ECOG PS 0, 53.8% ECOG PS 1); p=0.04. 

More patients in the early stage group were staged using [
18

F]FDG PET compared to the 

locally-advanced group (68% versus 55.4%), but this was of borderline statistical 

significance; p=0.05.  
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Table 1: Baseline characteristics of the two study groups 

 

Treatment outcome 

 

Survival analysis included 87 patients in the early stage group and 423 in the locally-

advanced group. Median overall survival was 50 months (95% CI 35-not reached) in the 

early stage group and 25 months (95% CI 21-29) in the locally-advanced group; p=0.001. 

Two-year overall survival was 64% in the early stage group versus 50% in the locally-

advanced group. Median local progression-free survival was 40 months (95% CI 19-not 

reached) in the early stage group versus 17 months (95% CI 15-20) in the locally-advanced 

group (p=0.0017) and median metastatic progression-free survival was 49 months (95% CI 

23-not reached) in the early stage group versus 16 months (95% CI 14-19) in the locally-

advanced group (p=0.0004). These results are shown in figure 2 and table 2.  

  Category Early (n=87) Locally-advanced 
(n=426) 

Chi-sq (p 
value) 

Median age 
(range) 

n/a  62 (29-77) 62 (34-81) n/a  

Male gender n/a 51 (58.6%) 228 (53.5%) 0.38 

ECOG PS 0                    

1                   

50 (57.5%)       

34 (39.1%)      

184 (43.2%)   

229 (53.8%) 

0.04 

MRC 
dyspnoea 
score 

1-2                   

3-4                   

5                                          

Not assessed 

68 (78.1%)       

13 (15%)        

1 (1.1%)           

5 (5.8%) 

294 (69.1%)   

99 (23.2%)    

4 (0.9%) 

29 (6.8%) 

0.29 

Planned 
number of 
chemotherapy 
cycles 

4                   

6 

61 (70.1%)    

26 (29.9%) 

289 (67.8%)   

137 (32.2%) 

0.68 

Smoking 
history 

Never              

Ex-smoker     

Current 
smoker 

2 (2.3%)        

49 (56.3%)      

36 (41.4%) 

4 (1.5%)     

269 (63.2%)   

153 (35.9%) 

0.32 

Staging 
[
18

F]FDG PET 
No                

Yes               

Not known  

28 (32%)        

59 (68%) 

    - 

189 (44.4%)     

236 (55.4%)          

1 (0.2%) 

0.05 
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Figure 2: Overall survival (A) and local (B) and metastatic progression-free survival (C) in 

the two study groups. p-values and number of patients at risk are shown  
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Table 2: Comparison of outcome (overall survival and local and metastatic progression-free 

survival) between the two study groups 

 Outcome Early (95% CI) Locally-advanced (95% CI) Log rank (p value) 

Overall survival 

Median 

1-year 

2-year 

50 months (35-NR) 

83% 

64% 

25 months (21-29) 

79% 

50% 

0.001 

Local progression-free survival 

Median 

1-year 

2-year 

40 months (19-NR) 

77% 

55% 

17 months (15-20) 

67% 

41% 

0.0017 

Metastatic progression-free survival 

Median 

1-year 

2-year 

49 months (23-NR) 

74% 

60% 

16 months (14-19) 

62% 

40% 

0.0004 

CI, confidence interval; NR, not reached 

 

The difference in overall survival between early and locally-advanced patients was upheld 

irrespective of trial arm; figure 3A-B. However in early stage patients, there was no 

significant overall survival difference between trial arms (median 39 months in OD versus 72 

months in BD arm; p=0.31); figure 3C. Similarly, staging [
18

F]FDG PET did not influence 

overall survival in early LS-SCLC patients (median 72 months in patients staged with 

[
18

F]FDG PET versus 40 months; p=0.63); figure 3D.   
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Figure 3: Overall survival in the two study groups in patients who received OD (A) and BD 

(B) radiotherapy. Overall survival in early LS-SCLC patients according to trial arm (C) and 

[
18

F]FDG PET staging (D). p-values and number of patients at risk are shown 

 

Treatment compliance  

 

Compared to locally-advanced patients, significantly more early stage patients received the 

full dose of radiotherapy, particularly in the OD arm; p=0.004 (table 3). There was no 

significant difference between the proportion of early (93.9%) and locally-advanced (88.4%) 

LS-SCLC patients who received PCI; p=0.142.   
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Table 3: Comparison of received radiotherapy dose between the two study groups 

according to treatment arm 

Radiotherapy dose 
received (OD/ BD) 

Early  

(OD/ BD) 

Locally-advanced 

(OD/ BD) 

Chi-sq  
(p value) 

<28 Gy 1 (1.1%) 

(1/ 0) 

0 (0%) 

(0/ 0) 

0.004 

<60/ <44 Gy 0 (0%) 

(0/ 0) 

29 (6.8%) 

(26/ 3) 

≥60/ ≥44 Gy 81 (93.1%) 

(46/ 35) 

363 (85.2%) 

(160/ 203) 

No radiotherapy 5 (5.7%) 

(4/ 1) 

34 (8%) 

(21/ 13) 

- 

 

Treatment-related toxicity  

 

Table 4 shows acute treatment-related toxicities in both study groups. Early stage patients 

had a lower incidence of grade 1-2 and ≥3 acute oesophagitis compared to locally-advanced 

patients (50% and 11% versus 60.3% and 21.4%, respectively; p<0.005). Otherwise, there 

were no statistically significant differences in the incidence of acute treatment-related 

toxicities between study groups. The incidence of grade ≥3 acute pneumonitis was low in 

both groups (< 3%).  
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Table 4: Comparison of acute toxicity between the two study groups 

 Toxicity  

(number evaluated 
early/ locally-advanced) 

Grade Early Locally-
advanced 

Chi-sq   

(p value) 

Oesophagitis  

(82/ 393) 

0 

1 

2 

3 

4 

32 (39%) 

23 (28%) 

18 (22%) 

9 (11%) 

0 (0%) 

72 (18.3%) 

74 (18.8%) 

163 (41.5%) 

83 (21.1%) 

1 (0.3%) 

<0.005 

Pneumonitis  

(82/ 389) 

0         

1         

2                

3 

4 

5 

59 (72%)    

14 (17.1%)    

7 (8.5%)        

1 (1.2%) 

1 (1.2%) 

0 (0%) 

307 (78.9%)   

44 (11.3%) 

30 (7.7%)    

5 (1.3%) 

1 (0.3%) 

2 (0.5%) 

0.52 

Dermatitis  

(82/ 390)  

0                 

1 

2 

56 (68.3%) 

24 (29.3%) 

2 (2.4%) 

286 (73.3%)   

78 (20%) 

26 (6.7%) 

0.083 

Neutropenia  

(85/ 412) 

0 

1 

2 

3 

4 

14 (16.5%)   

4 (4.7%)      

12 (14.1%)      

14 (16.5%) 

41 (48.2%) 

56 (13.6%)     

32 (7.8%) 

32 (7.8%) 

117 (28.4%) 

175 (42.5%) 

0.064 

 

Discussion  

 

The prognosis of SCLC is poor with only modest survival improvement over the past 

decades, mainly due to improvements in radiotherapy treatments [27]. In this subgroup 

analysis of the CONVERT trial, we show that early LS-SCLC patients (TNM stage I-II) 

achieve long-term survival with acceptable acute side-effects following concurrent platinum-

based chemoradiotherapy and PCI. To our knowledge, this is the first analysis reporting on 

early LS-SCLC within a randomised controlled trial and in the era of modern radiotherapy.  

 

The respective roles of surgery and chemoradiotherapy in the management of early LS-

SCLC have been heavily debated over the years [28]. Randomized trials which established 
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radiotherapy over surgery [29] and chemoradiotherapy over tri-modality treatment [30] in LS-

SCLC were conducted more than 20 years ago using surgical and radiotherapy techniques 

which are substandard according to current guidelines [31]. There are no contemporary 

randomized clinical trials comparing chemoradiotherapy and surgery followed by adjuvant 

therapy in LS-SCLC [21]. National Comprehensive Cancer Network guidelines recommend 

initial treatment with lobectomy and mediastinal lymph node dissection or sampling for LS-

SCLC patients with clinical TNM stage T1-2N0 while chemoradiotherapy is recommended 

for LS-SCLC with clinical TNM stage in excess of T1-2N0 [13]. European Society for Medical 

Oncology guidelines justify a surgical approach in patients with T1-2N0,1 only after ruling 

out mediastinal lymph node involvement on diagnostic workup (CT, PET CT or 

endobronchial ultrasound and/ or mediastinoscopy for enlarged lymph nodes). European 

Society for Medical Oncology guidelines state that concurrent chemoradiotherapy is an 

alternative treatment to surgery in these patients (T1-2N0,1), recommended as the first 

option in high risk surgical candidates [32].  

 

A comparison of overall survival achieved in this subgroup analysis to that achieved in 

previously-published surgical series is shown in table 5. Due to differences in patient 

selection, staging and changes in surgical and supportive care standards over time (surgical 

studies span from 1991 to 2017), this comparison should be interpreted with caution. The 

results of the CONVERT subgroup analysis are generalizable to routine clinical practice as 

they are based on a clearly-defined protocol, implemented prospectively within a multi-

centre setting. This is in contrast to population database analyses where there is lack of 

complete patient and treatment information or in retrospective surgical series often from 

single and highly specialised centres. Furthermore, our results are reported in an intention-

to-treat basis, thus take into account expected patient dropout prior to and during therapy (in 

this study, 6 early LS-SCLC patients (6.8%) received no radiotherapy or a suboptimum 

radiotherapy dose).  
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Table 5: Comparison of overall survival achieved in this subgroup analysis to that achieved in previously-published surgical series 

Study/  
date of 
publication 

Study design Stage Treatment Median OS 
(95% CI) 
in months  

1-year 
survival 
(%) 

2-year 
survival 
(%) 

3-year 
survival 
(%) 

4-year 
survival 
(%) 

5-year 
survival 
(%) 

Macchiarini et al. 
[12]/ 
1991 

Prospective single arm 
trial  

I-II1 Surgery followed by adjuvant 
chemotherapy 

32.7 (n/a) n/a n/a 48 (n/a) n/a 36 (n/a) 

Karrer and 
Ulsperger [10]/ 
1995 

RCT2  I Surgery followed by adjuvant 
chemotherapy and PCI 

n/a 61 (n/a) 48 (n/a) n/a 26 (n/a) n/a 

Rea et al. [14]/ 
1998 

RCT2 I-III Surgery, chemotherapy, 
radiotherapy and PCI3  

28 (n/a) n/a n/a n/a n/a 32 (n/a) 

Tsuchiya et al. [17]/ 
2005 

Prospective single arm 
phase II 

I-IIIA Surgery followed by adjuvant 
chemotherapy 

n/a n/a n/a 61 (n/a) n/a 57 (n/a) 

Lim et al. [11]/ 
2008 

Retrospective  I-III Surgery alone (majority) or 
surgery followed by various 
adjuvant therapies4 

n/a 76 (65-88) n/a n/a n/a 52 (40-
68) 

Schreiber et al. 
[15]/ 
2010 

SEER analysis I-III Surgery with or without adjuvant 
radiotherapy  

28 (n/a) n/a n/a n/a n/a 34.6% 
(n/a) 

Tekenaka et al. 
[16]/ 
2015 
 

Retrospective I-III Surgery (proportion of patients 
who received adjuvant 
chemotherapy not mentioned)  

n/a n/a n/a n/a n/a 28 (n/a)5 

Yang et al.  [19]/ 
2016 

National Cancer 
Database analysis 

I Surgery followed by adjuvant 
chemotherapy with or without PCI 

66 (56.8-
79.3) 

n/a n/a n/a n/a 52.7 
(48.2-57) 

Wakeam et al. [18]/ 
2017 

Propensity matched 
analysis of National 
Cancer Database 

I-IIIA Lobectomy followed by adjuvant 
chemotherapy and radiotherapy6 

48.6 (40.7-
59.1) 

n/a n/a n/a n/a n/a 

Current study Subgroup analysis of 
RCT 

I-II Concurrent chemoradiotherapy 
and PCI 

50 (35-NR) 83 (n/a) 64 (n/a) n/a n/a n/a 

NR, not reached; RCT, randomised controlled trial; SEER, Surveillance, Epidemiology, and End Results 

1: Patients with lymph node involvement were excluded; 2: Randomised patients to two different adjuvant chemotherapeutic regimens; 3: Stage I-II patients 
underwent surgery followed by adjuvant chemotherapy and radiotherapy. Stage III patients received induction chemotherapy followed by surgery and 
radiotherapy. Both patient groups received PCI; 4: Adjuvant therapy consisted of chemotherapy alone or radiotherapy alone or chemoradiation; 5: Results 
based on propensity matched analysis as survival in all patients who underwent surgery irrespective of clinical/ pathological stage was not reported; 6: Only 
results of highly-selected subgroup analysis presented 



There is no level I evidence to support the role of staging PET in SCLC. Prospective and 

retrospective case series show that the use of [
18

F]FDG PET results in upstaging a 

proportion of patients and is associated with higher sensitivity (up to 100%) and specificity 

(up to 83%), compared to CT [33-35]. However, these results are not consistent across 

studies [36]. A few studies have demonstrated the prognostic value of pre-treatment tumour 

[
18

F]FDG uptake in SCLC patients [37, 38]. National Comprehensive Cancer Network, 

European Society for Medical Oncology and National Institute for Health and Care 

Excellence recommend [
18

F]FDG PET staging in patients with suspected LS-SCLC, as an 

alternative to CT and bone scintigraphy and in lung cancer patients who are potentially 

suitable for curative-intent treatment, respectively [13, 32, 39]. In this subgroup analysis, the 

majority of early LS-SCLC patients (68%) underwent staging [
18

F]FDG PET, compared to 

312 patients (57%) in the CONVERT trial. However, we report no statistically significant 

difference in overall survival between patients who underwent staging [
18

F]FDG PET and 

those who did not. Data on pre-treatment tumour [
18

F]FDG uptake were unavailable. A 

subgroup analysis of patients staged by [
18

F]FDG PET compared to no PET in the 

CONVERT trial will be reported in the near future and is likely to provide further insight into 

the role of staging [
18

F]FDG PET in LS-SCLC.  

 

In line with the main trial results [22], there was no statistically significant difference in 

overall survival for early LS-SCLC patients treated with OD or BD radiotherapy. However the 

study was not powered to show a difference in this subgroup or to show equivalence. The 

overwhelming majority of early LS-SCLC patients (93.9%) in this subgroup analysis received 

PCI. Data on the incidence of subsequent brain metastases were unavailable. Two large 

retrospective series have confirmed the survival advantage of PCI in surgically-resected 

SCLC, but not for patients with stage I disease [40, 41]. However, a recently published 

population database analysis demonstrated that patients with pT1-2N0M0 treated with 

surgery alone have worse outcomes compared to those who received adjuvant 

chemotherapy or chemotherapy with PCI [19].  

 

In this study, treatment was well-tolerated in early LS-SCLC patients with a low incidence of 

severe acute side-effects. Grade ≥3 acute oesophagitis was significantly lower in early 

compared to locally-advanced LS-SCLC, likely the result of smaller radiotherapy portals. 

This is also a possible explanation for the non-significant lower incidence of grade ≥3 

neutropenia in early LS-SCLC. It is noteworthy that the incidence of grade ≥3 acute 

pneumonitis is low in both study groups. There were no reported treatment-related deaths in 

early stage patients in our study. Data on late side-effects (including neurocognitive side-

effects) were unavailable. In comparison, only 2 LS-SCLC surgical studies reported on 

operative morbidity and mortality. Rea et al. [14] reported a post-operative complication rate 
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of 13.4% and 2% 30-day mortality. In contrast in a study by Tsuchiya et al. [17], there were 

no treatment-related deaths and a 2% post-operative complication rate.  

 

In conclusion, this subgroup analysis provides the only prospective evidence to date within a 

randomised controlled trial to guide early LS-SCLC patient management in the era of 

modern radiotherapy. Based on the main results of CONVERT trial [22] and this subgroup 

analysis, concurrent chemoradiotherapy followed by PCI should be considered as a 

treatment option for early LS-SCLC patients. This study benchmarks the outcome of early 

LS-SCLC treated with modern chemoradiotherapy and will guide the design of future studies 

comparing a surgical and non-surgical approach in this patient cohort. A randomized 

controlled trial is ultimately required to guide treatment decision between a surgical and non-

surgical approach in these patients. However, due to decline in SCLC incidence [42] 

coupled with the small proportion of LS-SCLC patients who are eligible for surgical resection 

[32], such trial is likely to be challenging. Innovative translational studies are required to 

unravel predictive therapeutic biomarkers that could improve patient selection and delivery 

of precision treatment. 
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Abstract  

 

Introduction: There is an unmet need to validate hypoxia positron emission tomography 

(PET) to select patients for future clinical trials. This study aimed to defined optimal 

[
18

F]fluoroazomycin arabinoside (FAZA) PET acquisition and analysis in non-small cell lung 

cancer (NSCLC) patients and assess repeatability of hypoxic volumes (HV) and fractions 

(HF) using fixed and image-derived thresholds.  

 

Patients and methods: Twelve NSCLC patients underwent one (n=6) or two (n=6) 

[
18

F]FAZA PET- CT at 0-1 h and 1.5-2.5 h post injection (pi). Seventeen target lesions, 

reference tissue (muscle) and blood (aorta) were manually contoured on CT. Maximum and 

mean standardized uptake values (SUVmax and SUVmean) were calculated. Lesion SUVmax 

was divided by muscle or aorta SUVmean to derive target-to-muscle (TMRmax) and target-to-

aorta (TARmax) ratios. HV and HF were defined using a TMR ratio >1.2, >1.4 or >1.96 

standard deviation (SD) above muscle SUVmean (image-derived threshold). Pimonidazole, an 

exogenous hypoxia marker, was quantified in a patient subset (n=6). 

 

Results: There was differential [
18

F]FAZA distribution and/ or clearance in muscle compared 

to aorta, highlighting the importance of reference region standardization. Improved and 

stable tumour-to-reference region contrast was seen at 2-2.5 h, compared to 1.5-2 h pi. 

TMRmax was significantly higher than TARmax at 2-2.5 h pi (p=0.0331). HVs and HFs based 

on the 3 thresholds were significantly different with fixed 1.2 > image-derived > fixed 1.4. An 

image-derived threshold adapts to the image quality by quantifying the variability of 

[
18

F]FAZA uptake in normoxic reference tissue, compared to fixed >1.2 threshold which 

overestimates hypoxia. HVs and HFs based on an image-derived threshold were associated 

with good repeatability, compared to fixed >1.4 threshold which exhibited moderate to poor 

scan-scan repeatability. Shortening [
18

F]FAZA PET acquisition duration (from 30 min to 20 

min and 10 min) lowers the sensitivity to detect hypoxic voxels. Non-specific pimonidazole 

immunostaining was seen in inflammatory cells, necrotic regions and tumour stroma. All 

examined tumour specimens demonstrated positive pimonidazole immunostaining, with 

different pimonidazole immunostaining patterns in adenocarcinoma compared to squamous 

cell carcinoma (SCC). There was concordance in the hypoxic status classification between 

[
18

F]FAZA PET and pimonidazole immunostaining in all 4 SCC patients but not in the 2 

adenocarcinoma patients with tissue data. 

 

Conclusion: Important new [
18

F]FAZA PET validation data are presented that are 

necessary to permit optimal application of this modality to derive potential NSCLC hypoxia 

biomarkers.  
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Introduction  

 

Lung cancer is the second most common cancer and the leading cause of cancer death in 

Europe [1]. Non-small cell lung cancer (NSCLC) is the most common lung cancer sub-type 

[2]. Tumour hypoxia is strongly associated with cancer aggressiveness and metastases and 

is an important factor in treatment resistance and poor survival in NSCLC patients [3, 4]. 

However, hypoxia-targeted therapies are ineffective when combined with standard treatment 

in unselected NSCLC patients, highlighting the unmet need to develop non-invasive hypoxia 

biomarkers [5]. 

 

F-18 labelled fluoroazomycin arabinoside (FAZA) is a nitroimidazole PET tracer that 

undergoes cellular retention in viable hypoxic tumour regions. It has demonstrated a 

superior pharmacokinetic profile (rapid normal tissue/ blood clearance, resulting in higher 

tumour to background contrast) compared to the widely established hypoxia PET tracer 

fluoromisonidazole (FMISO) [6, 7]. However, to date, only a relatively small number of pilot 

clinical [
18

F]FAZA PET studies have been reported in NSCLC [8-19]. These studies have 

utilised different acquisition (e.g. time post injection (pi), duration) and reconstruction 

parameters, different reference regions (e.g. muscle, blood or mediastinum) and different 

thresholds (e.g. fixed to >1.4 or >1.2) for defining hypoxic tumour volumes. These thresholds 

are arbitrary as there is no consistent evidence to support their prognostic or predictive 

capacity in NSCLC, or their robustness to changes in image acquisition and reconstruction 

methods. A preclinical study that acquired multiple [
18

F]FAZA PET scans from 0-6 h pi in rats 

reported that tumour-to-blood ratio was maximal and stable at 2 h pi [20]. In NSCLC 

patients, there was no difference in tumour-to-blood ratio between 30-min [
18

F]FAZA PET 

images acquired at 2 and 4 h pi [17]. However, previous studies have not compared different 

acquisition parameters (e.g. duration), reference regions or thresholds, nor has any previous 

NSCLC clinical study acquired dynamic [
18

F]FAZA PET data beyond 70 min pi [19]. As a 

consequence, the optimal [
18

F]FAZA PET image acquisition and analysis methodology in 

NSCLC patients is unknown.  

 

The repeatability of [
18

F]flortanidazole (HX4) and [
18

F]FMISO PET have been reported in 

lung cancer patients [21, 22]. The repeatability of [
18

F]FAZA PET in patients is yet to be 

assessed. Assessment of image repeatability (at baseline and mid-treatment [9]) and 

establishment of standardized and robust image acquisition and analysis procedures are 

vital components for imaging biomarker validation [23] and a prerequisite for [
18

F]FAZA PET 

qualification within future NSCLC hypoxia-targeted therapy trials [5].  

 

The study aims are to define optimal [
18

F]FAZA PET acquisition and analysis in NSCLC 

patients and to assess the repeatability of standardised uptake values (SUV) and lesion 
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hypoxic volumes (HV) and fractions (HF) using fixed and image-derived thresholds. As an 

exploratory aim, we also sought to compare tumour HFs from [
18

F]FAZA PET with tissue 

hypoxia, quantified using the exogenous hypoxia marker pimonidazole [24], in a subset of 

patients.    

 

Patients and methods  

 

Patient population  

 

Patients were recruited from The Christie NHS Foundation Trust and University Hospital of 

South Manchester NHS Foundation Trust (both Manchester, UK). Eligible participants were 

≥18 years old and had Eastern Cooperative Oncology Group performance score of ≤2, 

histologically- or cytologically-confirmed NSCLC of any stage with measurable thoracic 

disease, serum creatinine <120 µmol/L or calculated creatinine clearance (Cockcroft−Gault) 

≥30 mL/min and scheduled to undergo radical radiotherapy, chemoradiotherapy or 

chemotherapy alone (repeat [
18

F]FAZA PET- computed tomography (CT)) or curative-intent 

surgical resection (single [
18

F]FAZA PET-CT) as per standard of care. Patients treated with 

chemotherapy received a platinum agent (carboplatin or cisplatin) combined with either 

gemcitabine for squamous cell carcinoma or pemetrexed for adenocarcinoma. This study 

was approved by the local research ethics committee (reference: 15/NW/0264) and the 

Administration of Radioactive Substances Advisory Committee (reference: RCP 

595/3742/33036). All patients granted written informed consent.  

 

[
18

F]FAZA PET-CT acquisition protocol  

 

[
18

F]FAZA PET-CT was acquired prior to surgery and radiotherapy/ chemoradiotherapy/ 

chemotherapy or after completion of 2 chemotherapy cycles for some of the patients who 

underwent repeat imaging. [
18

F]FAZA was synthesised in-house to good manufacturing 

practice standards with a minimal radiochemical purity of 95%. All [
18

F]FAZA PET-CT scans 

were acquired free breathing in a single research facility using a Siemens TrueV PET-CT 

scanner (Siemens Healthcare, Erlangen, Germany).  

 

First, a non-enhanced 4-mm thick slice low dose (peak energy 130 kV, 30 mAs) thorax CT 

was acquired (collimation: 6 x 2 mm). This was followed by an early 63-min dynamic 

[
18

F]FAZA PET scan (0-1 h pi), initiated shortly prior to a 10-ml bolus of [
18

F]FAZA (target 

radioactivity: 370 MBq) injected over 30 sec into an antecubital vein followed by a 10-ml 

saline flush over 15 sec. Thirty min after completion of the early [
18

F]FAZA PET acquisition, 

a second high dose (peak energy 130 kV, 70 mAs) thorax CT was acquired, using identical 
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image parameters as the first. This was followed a late 63-min dynamic [
18

F]FAZA PET scan 

(1.5-2.5 h pi). The field of view was matched for both CT and corresponding PET scans. A 

summary of the imaging protocol is shown in supplementary figure 1.  

 

All PET data were acquired in listmode at a single bed position and corrected for dead time 

and random events. In addition, low spatial resolution CT images were used for attenuation 

and scatter corrections. PET data were reconstructed using the manufacturer software into 

5-sec to 5-min frame durations (early scan) and 10-min frame duration (late scan). The 3D 

PET data were rebinned using Fourier Rebinning (FORE) before being reconstructed in 2D 

using the Direct Inverse Fourier Transform (DIFT) algorithm as implemented by the 

manufacturer (matrix size: 256 x 256 x 109, voxel sizes: 2.67 x 2.67 x 2.02 mm
3
).  

 

Region of interest (ROI) delineation  

 

Acquisitions were first visually inspected for misalignment between CT and corresponding 

PET, as part of a quality assurance (QA) procedure. Lesion ROI were manually delineated 

using Analyze 11.0 (AnalyzeDirect, Inc., Overland Park, KS, USA) around the tumour (and 

lymph node and distant metastasis, if applicable) on coronal high spatial resolution CT 

images for both early and late scans by a clinical oncologist (AS; 8 years’ experience), 

guided by diagnostic [
18

F]fludeoxyglucose (FDG) PET-CT; figure 1A-B. The lung window 

(level:-600 HU, width: 1500 HU) was used for lesion ROIs exclusively confined to the lung 

while the mediastinal window (level: 0, width: 400 HU) was applied for lesion ROIs confined 

to or extending into the mediastinum or elsewhere in the field of view (FOV). Reference 

tissue (muscle) and blood (aorta) were manually delineated on transaxial CT images; figure 

1C. For muscle, the contralateral teres minor, teres major and infraspinatus were delineated 

on the mediastinal window from the cranial aspect of the sternoclavicular joint to the caudal 

extent of the scapula. The descending thoracic aorta was delineated from its caudal extent 

to the caudal extent of the aortic arch cranially using the following window setting: intensity -

80 to 80 HU. The first 3 cranial and last 3 caudal transaxial slices were excluded from all 

ROIs (due to excessive noise in the PET images at the edges of the axial FOV). ROIs were 

then transferred to corresponding PET images. In one early and one late PET scan, there 

was substantial misalignment between the PET and corresponding CT images. In these 

scans, ROIs were delineated on 60-min summed PET images.     
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Figure 1: Diagnostic [
18

F]FDG PET-CT (A) was used to guide lesion ROI delineation on 

coronal CT, which were transferred to [
18

F]FAZA PET images (B). The contralateral teres 

minor, teres major and infraspinatus muscles (reference tissue) and descending thoracic 

aorta (reference blood) were delineated on transaxial CT and transferred to [
18

F]FAZA PET 

images (C). An example hypoxia map showing the spatial distribution of hypoxia generated 

using different thresholds (image-derived, fixed >1.4 & 1.2); D. A typical spatial distribution of 

a low [
18

F]FAZA uptake region in a relatively large primary lesion (volume: 84.51 cm
3
) is 

shown in E. Images are from patient 8, scan 2   

 

Image analysis  

 

One-voxel Gaussian smoothing was applied to the reconstructed PET images before ROI 

mask, except for the aorta for which no smoothing was applied. The muscle and aorta ROIs 

were subjected to 2-voxel and 1-voxel erosions, respectively. Early QA analysis had 

demonstrated that histograms of radioactivity concentrations in the muscle ROI were 

consistently skewed towards lower values which were selectively removed upon applying 

erosion, but not sufficiently after 1-voxel.  

 

Maximum and mean SUV (SUVmax and SUVmean, respectively) were calculated. Lesion 

SUVmax was divided by muscle or aorta SUVmean to derive target-to-muscle (TMRmax) and 

target-to-aorta (TARmax) ratios, respectively. The HV (cm
3
) and HF were defined using a 
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target-to-muscle ratio >1.2, >1.4 or >1.96 standard deviation (SD) above muscle SUVmean, 

corresponding to the 95% confidence interval (CI) of the muscle histogram (image-derived 

threshold); supplementary figure 2. For the later threshold only, lesions with a hypoxic 

fraction <0.0206 (corresponding to the mean fraction of muscle found to be hypoxic as per 

this threshold definition) were considered normoxic (n=4 lesions, 2 of which were repeat 

scans). The volume (cm
3
) and fraction of lesion ROI with low [

18
F]FAZA uptake were defined 

using a target-to-muscle ratio <1.96 SD below muscle SUVmean (supplementary figure 2). 

Based on previous studies, these regions were hypothesised to be related to tumour 

necrosis [25, 26]. Data analysis was performed using in-house routines written in MATLAB 

version 2016a (The MathWorks Inc., Natick, MA, USA). 

 

Tissue analysis and pimonidazole scoring 

 

Pimonidazole hydrochloride, in the form of oral capsules (Hypoxyprobe-1
TM

, NPI Inc., 

Burlington, MA, USA) at a dose of 0.5 g/m
2
, was self-administrated approximately 24 h prior 

to the operation in patients scheduled to undergo surgical tumour resection (n=6). Following 

resection, lobectomy (n=5) and pneumonectomy (n=1) specimens were maximally inflated 

and immediately fixed in formalin for 24 h. These specimens were subsequently sectioned 

(slice thickness: 5-10 mm) in the anatomical coronal plane. A tissue section with grossly the 

largest tumour diameter was then embedded in a paraffin mega-block and cut to 4-μm thick 

slices containing the entire grossly visible tumour and mounted on a large (5 x 7.5 cm
2
) 

glass slide (supplementary figure 3). Slices were deparaffinised with xylene, rehydrated 

through a series of alcohol dilutions and the antigen accessed by pressure cooking (Antigen 

Access Unit, Menarini Diagnostics, Berkshire, UK) in pH 6 retrieval solution (S2369, Dako, 

Glostrup, Denmark) for 1 min at 125 C° and then 10 sec at 90 C° and allowed to cool in the 

solution. Endogenous peroxidase was quenched by immersion in 0.3% hydrogen peroxide 

solution (H1009, Sigma, Sigma-Aldrich, St. Louis, MO, USA) and non-specific background 

blocking by treatment with 10% casein solution (SP5020, Vector Laboratories Ltd., 

Burlingame, CA, USA), both for 10 min at room temperature. Sections were incubated for 1 

h at room temperature with mouse monoclonal IgG1 antibody to pimonidazole (Hypoxyprobe 

Mab-1, NPI Inc.) dilution 1:100, followed by detection with horseradish peroxidase-

conjugated polymer secondary reagent (Mouse EnVision Plus, K4001, Dako) and 

visualisation with 3,3-diamino benzidine hydrochloride (K3468, Dako).  

 

Semi-quantitative pimonidazole immunostain scoring was performed by a consultant 

pathologist (LJ; 17 years’ experience) on the entire slide, blinded to imaging findings. First, 

haematoxylin and eosin stained sides were inspected to identify the tumour and estimate the 

% of stromal and cellular tumour components. Second, pimonidazole immunostain intensity 
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was scored as negative (score 0), weak (score 1), moderate (score 2) or strong (score 3). 

Previous preclinical studies have demonstrated low [
18

F]FMISO uptake in tumour stroma 

[25, 26]. In this study, stromal tumour elements were scored as negative, irrespective of 

presence or intensity of pimonidazole immunostaining (figure 2A). Inflammatory cells, which 

demonstrated strong pimonidazole immunostaining, were also disregarded (figure 2B). 

Third, the % of tumour cell nuclei stained at each intensity were visually estimated and an H-

score computed as follows: H-score = (% tumour cell nuclei showing week staining x 1) + (% 

tumour cell nuclei showing moderate staining x 2) + (% tumour cell nuclei showing strong 

staining x 3). Necrotic tumour regions showing pimonidazole immunostaining were 

disregarded (figure 2C). The maximum permissible H-score was 300. Large deformations 

between in vivo and ex vivo lung lobes have previously been described [27]. For this reason, 

tissue HF (not HV) was calculated by dividing the H-score by 300 and compared to image 

HF of the entire tumour.    
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Figure 2: Adenocarcinoma (patient 4) x40 magnification showing weak positive 

pimonidazole immunostaining in the tumour stroma (A), squamous cell carcinoma (patient 5) 

x40 magnification showing strong pimonidazole immunostaining in inflammatory cells (B), 

squamous cell carcinoma (patient 2) x20 magnification showing positive pimonidazole 

immunostaining in necrotic regions (C), squamous cell carcinoma (patient 6) x10 (D) and 

x60 (E) magnification showing typical pattern of strong pimonidazole immunostaining 

adjacent to necrotic regions with decreasing hypoxia away from necrosis. The distribution of 

hypoxia in patients with adenocarcinoma was distinct, with positive pimonidazole 

immunostaining generally limited to the invasive acinar tumour cells as seen in F (patient 4) 

x20 magnification and G (patient 3) x2 magnification. H x2 magnification and I x10 

magnification show tumour sections from the patient who received neoadjuvant 

chemotherapy (patient 1) demonstrating inflammatory infiltration, which exhibited universal 

positive pimonidazole immunostaining 

 

Statistical analysis  

 

Formal pre-study sample size calculations were not performed. The normality of data 

distribution was confirmed using D’Agostino-Pearson omnibus normality test (p>0.05). 

Descriptive statistics are presented using mean ± SD or range. Imaging data were viewed as 

hierarchical since multiple scans were performed for each lesion. A stepwise linear mixed-
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effects model was applied, where the p-value from the likelihood ratio test was reported at 

each step to assess how scan-to-scan variability relates to between-lesion variability and 

ascertain if there are differences in imaging parameters between the varied acquisition start 

times pi and durations. This approach permitted the utilisation of all acquired data as the aim 

was to establish an acquisition period associated with the highest and most stable tumour-

to-reference region contrast. Further details of the mixed-effect model can be found in the 

supplementary material.  

 

Single measures two-way mixed effects model absolute agreement interclass correlation 

coefficient (ICC) was calculated (together with the 95% CI) for SUVs, HVs and HFs between 

repeat acquisitions, and interpreted as per published recommendations [28], which state that 

ICC values below 0.5, between 0.5-0.75, between 0.75-0.9 and greater than 0.9 are 

indicative of poor, moderate, good and excellent repeatability, respectively. ICC values for 

HVs and HFs using different thresholds (image-derived, fixed >1.4 and fixed >1.2) were 

compared using the F-test. In addition, Bland-Altman analysis was performed to calculate 

mean differences (bias) and the 95% limits of agreement (LoA = 1.96 x SD). Variability of 

lesion ROI volumes was also assessed as a measure of contouring repeatability and 

reliability. To allow comparison with previous studies, the repeatability coefficient (RC = 1.96 

x SD of mean (bias) test-retest variability) was calculated for lesion and muscle SUVs and 

target-to-reference ratios as:   

Test − retest variablity (%) =
retest − test

(retest + test)/ 2  
 x 100 

Correlations between different HVs and HFs extracted using different thresholds were 

assessed using the Pearson correlation coefficient. Statistical analyses were performed in R 

version 3.4.1 using the nlme library (https://www.r-project.org) and IBM SPSS Statistics 

version 22.0 (IBM Corp., Armonk, NY, USA) and presented using GraphPad Prism version 7 

(GraphPad Software, Inc., La Jolla, CA, USA). p-values <0.05 (two-sided) were considered 

statistically significant.  

 

Results  

 

Between March 2016 and April 2017, twelve patients were recruited and underwent one 

(n=6) or two (n=6) [
18

F]FAZA PET-CT scans. The mean interval between [
18

F]FAZA PET-CT 

and surgery was 7 days (range, 4-8) and between repeat scans was 3 days (range, 1-8). 

The mean injected [
18

F]FAZA dose was 373.1±4.9 MBq. Baseline patient and treatment 

characteristics are listed in table 1.  

 

https://www.r-project.org/
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Table 1: Baseline patient and treatment characteristics   

1: Lymph node metastasis identified only following pathological examination of resected 
tumour and not on imaging 

 

In total, 17 lesions (12 primary tumours, 4 nodal and 1 distant metastases) were analysed 

from 18 [
18

F]FAZA PET-CT scans. The two 60-min dynamic scans were well tolerated in all 

patients. Lesion parameters are summarised in table 2. Relative to the aorta, lesions and 

muscle reached equilibrium at 7.3±4.1 and 71±24 min, respectively, supporting the use of 

the late [
18

F]FAZA scan (1.5-2.5 h pi) for static analysis. 

 

 

 

Patient Age/ 
Gender 

TNM stage 
(7

th
 AJCC 

edition) [29] 

Histopathology Treatment 
received prior 
to imaging 

Planned 
treatment 

Single baseline 

1 50/ 
F 

T3N0M0 Squamous cell 
carcinoma 

4 x carboplatin 
and 
gemcitabine 

Surgery 

2 69/ 
F 

T2aN0M0 Squamous cell 
carcinoma 

None Surgery 

3 61/ 
F 

T1aN0M0 Adenocarcinoma None Surgery 

4 64/ 
M 

T2bN0M0 Adenocarcinoma None Surgery 

5 69/ 
F 

T2aN1M0
1
 Squamous cell 

carcinoma 
None Surgery 

6 75/ 
M 

T2N0M0 Squamous cell 
carcinoma 

None Surgery 

Double baseline  

7 86/ 
M 

T2N0M0 Adenocarcinoma None Radiotherapy 

8 64/ 
F 

T4N0M0 Squamous cell 
carcinoma 

None Chemo-
radiotherapy 

9 75/ 
M 

T4N2M0 Squamous cell 
carcinoma 

2 x carboplatin 
and 
gemcitabine 

Chemo-
radiotherapy 

10 64/ 
M 

T4N3M1b Adenocarcinoma  2 x  
carboplatin 
and 
pemetrexed  

Chemotherapy 

11 72/ 
M 

T3N2M0 Squamous cell 
carcinoma 

None Chemo-
radiotherapy 

12 72/ 
M 

T3N3M0 NSCLC, not 
otherwise 
specified  

2 x  
carboplatin 
and 
gemcitabine 

Chemo-
radiotherapy 
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Table 2:  Lesion details 

L: left, LLL: left lower lobe, LUL: left upper lobe, R: right, RLL: right lower lobe, RUL: right upper lobe  

 

 

 

Patient Lesion Location Lesion 
volume 
scan 1 
(cm

3
) 

Lesion 
volume 
scan 2 
(cm

3
) 

SUVmax TARmax  TMRmax  

Scan 1 Scan 2 Scan 1 Scan 2 Scan 1 Scan 2 

1.5-2 h 2-2.5 h 1.5-2 h 2-2.5 h 1.5-2 h 2-2.5 h 1.5-2 h 2-2.5 h 1.5-2 h 2-2.5 h 1.5-2 h 2-2.5 h 

1 Primary LUL 4.72 n/a 2.07 2.04 n/a n/a 1.60 1.72 n/a n/a 1.57 1.65 n/a n/a 

2 Primary RUL 3.04 n/a 1.70 1.65 n/a n/a 1.30 1.28 n/a n/a 1.37 1.40 n/a n/a 

3 Primary RLL 6.62 n/a 1.99 1.89 n/a n/a 1.14 1.19 n/a n/a 1.16 1.23 n/a n/a 

4 Primary LLL 12.58 n/a 1.35 1.58 n/a n/a 1.06 1.31 n/a n/a 1.21 1.57 n/a n/a 

5 Primary L perihilum 4.79 n/a 2.47 2.52 n/a n/a 1.57 1.70 n/a n/a 1.79 1.93 n/a n/a 

6 Primary LUL 3.55 n/a 1.59 1.54 n/a n/a 1.29 1.37 n/a n/a 1.41 1.41 n/a n/a 

7 Primary LLL 10.48 13.57 2.16 2.01 2.14 2.04 1.52 1.62 1.46 1.47 1.69 1.72 1.60 1.60 

8 Primary LUL 81.92 84.51 2.08 1.83 2.19 2.03 1.61 1.56 1.61 1.65 1.53 1.49 1.67 1.70 

9 Primary R perihilum 5.72 3.10 1.53 1.67 1.54 1.63 1.29 1.56 1.32 1.66 1.50 2.12 1.34 1.70 

Node Mediastinum 13.31 10.38 1.67 1.85 1.61 1.79 1.41 1.74 1.38 1.82 1.64 2.35 1.40 1.87 

10 Primary RUL 12.77 11.60 2.01 1.97 2.22 2.27 1.39 1.47 1.60 1.74 1.55 1.68 1.61 1.73 

Node R hilum, 
mediastinum 

1.51 1.30 1.58 1.56 1.72 1.52 1.09 1.16 1.24 1.16 1.22 1.33 1.24 1.16 

Distant 
metastasis 

R 
sternomastoid 
muscle 

2.32 2.43 1.51 1.37 1.45 1.32 1.04 1.02 1.04 1.01 1.16 1.17 1.04 1.01 

11 Primary RUL 10.87 9.35 1.80 1.80 1.70 1.58 1.19 1.25 1.27 1.23 1.33 1.36 1.26 1.25 

Node R hilum, 
mediastinum 

61.54 75.15 2.49 2.47 2.52 2.29 1.64 1.72 1.88 1.78 1.83 1.87 1.86 1.82 

12 Primary RUL 308.48 327.38 2.26 2.29 2.46 2.43 1.70 1.97 1.95 2.12 1.58 1.74 1.83 1.97 

Node Mediastinum  7.12 6.60 1.70 2.02 1.70 1.63 1.28 1.74 1.35 1.43 1.19 1.54 1.26 1.32 
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Establishing the acquisition period and reference tissue region 

 

There was no significant difference in lesion SUVmax at 1.5-2 h (1.90) and 2-2.5 h pi (1.88); 

p=0.3709 (figure 3A). However, TMRmax and TARmax were significantly higher at 2-2.5 h 

compared to 1.5-2 h pi (1.60 vs 1.46; p=0.0013 and 1.52 vs 1.40; p=0.0004, respectively); 

figure 3B-C. Sixteen out of 19 lesions (84%) with TMRmax >1.4 and 21 out of 25 (84%) 

lesions with TMRmax >1.2 at 2-2.5 h pi demonstrated an increase in TMRmax at 2-2.5 h pi 

compared to 1.5-2 h pi. The improved tumour-to-reference region contrast with delayed 

acquisition is explained by the significant decrease in both muscle (1.20 vs 1.31; p<0.0001) 

and aorta (1.26 vs 1.37; p<0.0001) SUVmean at 2-2.5 h compared to 1.5-2 h pi (figure 3D-E). 

Lesion SUVmax at 120-130, 130-140 and 140-150 min pi was 2.11, 2.12 and 2.04, 

respectively (p=0.0388); supplementary figure 4A. However, TMRmax and TARmax were not 

statistically different between 120-130, 130-140 and 140-150 min pi (supplementary figure 

4B-C), indicating that lesion-to-reference region ratios have reached plateau at 2-2.5 h pi 

within the noise of the 10-min frames.   

 

Figure 3: Scatter plots showing lesion SUVmax (A), TMRmax (B),  TARmax (C), muscle 

SUVmean (D) and aorta SUVmean (E) at 2-2.5 h compared to 1.5-2 h pi. p-values annotated  

 

The volume of the muscle ROI (89.13±26.38 cm
3
) was significantly larger than the aorta ROI 

(67.28±22.11 cm
3
) on the late CT; p=0.0014. The population SD of muscle SUVmean at 2-2.5 

h pi was significantly smaller than the population SD of aorta SUVmean (0.17±0.059 vs 

1.38±0.51; p<0.0001). TMRmax was significantly higher than TARmax at 2-2.5 h pi (p=0.0331), 

indicating differential distribution/ clearance of the radiotracer in the muscle compared to 

aorta. For these reasons, subsequent analyses focused on the 2-2.5 h pi images and the 

muscle as a reference region, unless otherwise specified.  
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Comparing image-derived and fixed hypoxia thresholds 

 

The mean image-derived threshold was 1.30 (range, 1.15-1.74); table 3. Sixteen lesions 

(94%) from all recruited patients exhibited hypoxia according to at least one threshold 

(image-derived, fixed >1.4 and >1.2) in at least one [
18

F]FAZA PET-CT (for patients who had 

repeat scans); table 3.  
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Table 3: Lesion hypoxic volumes and fractions (n=17) according to different thresholds (together with image-derived threshold)     

 

 

 

 

 

 

 

 

 

 

 

 

 

Image-derived lesions in bold considered normoxic as lesion hypoxic fraction was <0.0206 (corresponding to the study mean fraction of muscle found to be 
hypoxic as per this threshold definition). Lesions in red showed discordance in the hypoxic status classification (i.e. tumour classification of having any degree 
of hypoxia vs being normoxic) between test-retest scan

Patient Lesion Scan 1 Scan 2 

Image-
derived 
threshold 

Hypoxic volume (cm3) Hypoxic fraction  Image-
derived 
threshold 

Hypoxic volume (cm3) Hypoxic fraction  

Image-
derived 

Fixed 
>1.4 

Fixed 
>1.2 

Image-
derived 

Fixed 
>1.4 

Fixed 
>1.2 

Image-
derived 

Fixed 
>1.4 

Fixed 
>1.2 

Image-
derived 

Fixed 
>1.4 

Fixed 
>1.2 

1 Primary 1.25 1.839 0.652 2.158 0.390 0.138 0.457 n/a n/a n/a n/a n/a n/a n/a 

2 Primary 1.31 0.087 0.000 0.449 0.029 0.000 0.148 n/a n/a n/a n/a n/a n/a n/a 

3 Primary 1.15 0.072 0.000 0.029 0.011 0.000 0.004 n/a n/a n/a n/a n/a n/a n/a 

4 Primary 1.39 0.087 0.058 0.420 0.007 0.005 0.033 n/a n/a n/a n/a n/a n/a n/a 

5 Primary 1.29 3.591 2.940 4.127 0.749 0.613 0.861 n/a n/a n/a n/a n/a n/a n/a 

6 Primary 1.21 0.319 0.014 0.348 0.090 0.004 0.098 n/a n/a n/a n/a n/a n/a n/a 

7 Primary 1.56 1.202 3.707 6.545 0.115 0.354 0.624 1.26 3.606 1.216 4.750 0.266 0.090 0.350 

8 Primary 1.20 13.206 0.536 13.351 0.161 0.007 0.163 1.18 24.907 4.127 22.416 0.295 0.049 0.265 

9 Primary 1.74 0.941 4.648 5.416 0.165 0.813 0.947 1.49 0.376 0.608 1.738 0.121 0.196 0.561 

Node 2.384 4.861 5.328 0.417 0.850 0.931 0.596 1.227 2.394 0.192 0.396 0.773 

10 Primary 1.19 8.080 2.273 7.805 0.633 0.178 0.611 1.21 6.328 1.839 6.473 0.546 0.159 0.558 

Node 1.842 0.000 1.842 0.144 0.000 0.144 0.000 0.000 0.000 0.000 0.000 0.000 

Distant 
metastasis 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

11 Primary 1.24 0.101 0.000 0.145 0.009 0.000 0.013 1.25 0.029 0.000 0.043 0.003 0.000 0.005 

Node 5.379 1.914 6.215 0.495 0.176 0.572 3.742 1.316 4.839 0.400 0.141 0.517 

12 Primary 1.24 13.814 3.736 17.637 0.045 0.012 0.057 1.27 21.388 10.96
2 

30.482 0.065 0.033 0.093 

Node 5.016 1.254 10.032 0.016 0.004 0.033 3.590 0.000 13.641 0.011 0.000 0.042 
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The mean lesion HV was 4.376 cm
3
 (range, 0-24.910) using the image-derived threshold, 

larger than 1.710 cm
3
 (range, 0-10.960) for the fixed >1.4 threshold but smaller than 6.022 

cm
3
 (range, 0-30.480) for the fixed >1.2 threshold; figure 1D. The mean lesion HF was 

0.192 (range, 0-0.749), 0.151 (range, 0-0.850) and 0.316 (range, 0-0.947) according to the 

image-derived, fixed >1.4 and >1.2 thresholds, respectively. The differences between HVs 

(figure 4A) and HFs (figure 4B) according to the three threshold definitions were 

statistically significant (p=0.0006 and p=0.0005, respectively). However, there were 

significant positive correlations for HVs and HFs between the three different thresholds 

(supplementary figure 5).  

 

Figure 4: Bar graphs comparing HVs (A) and HFs (B) according to image-derived, >1.4 and 

>1.2 thresholds. Error bars represent standard error of mean (SEM). p-values annotated  

 

The fixed >1.4 threshold did not detect two lesions which were identified as exhibiting 

hypoxia when applying the image-derived threshold and classified two lesions as hypoxic 

which were not when applying the image-derived threshold (table 3). The fixed >1.2 

threshold classified six lesions as hypoxic which were not when applying the image-derived 

threshold (table 3). An imaged-derived threshold based on the 95% CI of the muscle should 

classify 0.025 of the muscle reference volume as hypoxic, assuming a normal distribution. 

The fixed >1.2 threshold likely overestimates hypoxia as 0.137 (range, 0.030-0.284) of 

muscle is classified as hypoxic using this threshold, compared to 0.0271 (range, 0-0.118) for 

the fixed >1.4 threshold and 0.0206 (range, 0.0117-0.0314) for the image-derived threshold. 

The image-derived threshold enables a minimum HF to be set based on the muscle 

reference region below which a positive lesion HF is considered normoxic; this is not 

possible with fixed thresholds. 

 

Assessing repeatability of HV and HF from image-derived and fixed thresholds 
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Table 4 shows ICC (with 95% CI), mean ±SD test-retest variability and Bland-Altman 

analysis results for all parameters. The ratio of biological variability (i.e. between lesions or 

between patients for reference regions) to scan-to-scan variability was higher for tumours, 

compared to reference regions (supplementary table 1). 
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Table 4: Interclass correlation coefficient (with 95% confidence interval), mean ±SD test-retest variability and Bland-Altman analysis results for all analysed 

imaging parameters at 2-2.5 h pi 

Parameters n Interclass correlation 
coefficient 

Test-retest variability Bland-Altman 

Value 95% confidence 
interval 

Repeatability 
coefficient (%) 

Bias (%) Bias Lower limit of 
agreement 

Upper limit of 
agreement 

Lesion volume  11 0.99 0.98-0.99 n/a -2.67 -16.52 11.19 

Reference region parameter 

Muscle SUVmean 6 0.78 0.14-0.97 20.43 4.58 -0.044 -0.26 0.17 

Lesion parameters 

SUVmax 11 0.85 0.52-0.96 19.76 -1.91 0.026 -0.36 0.41 

TMRmax 0.75 0.32-0.93 24.24 -7.28 0.12 -0.32 0.55 

Hypoxic volume 

Image-derived 11 0.81 0.45-0.94 n/a -1.28 -9.93 7.37 

Fixed >1.4 0.29 0-0.75 n/a 0.15 -6.13 6.43 

Fixed >1.2 0.80 0.42-0.94 n/a -1.13 -11.48 9.21 

Hypoxic fraction 

Image-derived 11 
 

0.85 0.59-0.96 n/a 0.026 -0.19 0.24 

Fixed >1.4 0.54 0.011-0.85 n/a 0.12 -0.32 0.56 

Fixed >1.2 0.88 0.59-0.96 n/a 0.085 -0.20 0.37 

Low [
18

F]FAZAuptake volume and fraction  

Low [
18

F]FAZA uptake volume 11 1 0.99-1 n/a 1.43 -6.55 9.41 

Low [
18

F]FAZA uptake fraction 0.95 0.83-0.99 n/a -0.013 -0.15 0.13 



81 

Lesion ROI volume: Lesion ROI volumes were evaluated to provide confidence that tumours 

remained relatively stable during this timeframe. Lesion ROI volume demonstrated excellent 

repeatability (ICC 0.99, 95% CI 0.98-0.99); supplementary figure 6A, confirming that 

assessment of repeatability was appropriate in this dataset.  

 

Reference region uptake: Muscle SUVmean demonstrated good repeatability (ICC 0.78), 

albeit with a wide 95% CI (0.14-0.97), likely due to the small number of repeat 

measurements; supplementary figure 6B.  

 

Lesion uptake: Lesion SUVmax (ICC 0.85, 95% CI 0.52-0.96) and TMRmax (ICC 0.75, 95% CI 

0.32-0.93) demonstrated good repeatability; figure 5A-B.  

 

Figure 5: Bland-Altman plots for lesion SUVmax (A) and TMRmax (B) with upper and lower 

LoA. Tumour (T), nodal (N) and distant metastatic (M) lesions annotated. Red squares 

represent lesions scanned after 2 chemotherapy cycles 

 

HV and HF: The HV based on image-derived (ICC 0.81, 95% CI 0.45-0.94) and fixed >1.2 

(ICC 0.80, 95% CI 0.42-0.94) thresholds demonstrated good repeatability while the HV 

based on the fixed >1.4 threshold exhibited poor repeatability (ICC 0.29, 95% CI 0-0.75); 

figure 6A-C. F-test comparison of ICC values for HVs: image-derived vs fixed >1.2 

(p=0.5933), image-derived vs fixed >1.4 (p=0.0705) and fixed >1.2 vs fixed >1.4 (p=0.0187). 

Similarly, the HF based on image-derived (ICC 0.85, 95% CI 0.59-0.96) and fixed >1.2 (ICC 

0.88, 95% CI 0.59-0.96) thresholds demonstrated good repeatability while the HF based on 

the fixed >1.4 threshold exhibited moderate repeatability (ICC 0.54, 95% CI 0.011-0.85); 

figure 6D-F. F-test comparison of ICC values for HFs: image-derived vs fixed >1.2 

(p=0.2528), image-derived vs fixed >1.4 (p=0.0013) and fixed >1.2 vs fixed >1.4 (p=0.0045). 

HFs were consistently more repeatable than HVs for all three thresholds. 
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Figure 6: Bland-Altman plots for HVs based on image-derived (A), >1.4 (B) and > 1.2 (C) 

thresholds and HFs based on image-derived (D), >1.4 (E) and >1.2 (F) thresholds with 

upper and lower LoA. Tumour (T), nodal (N) and distant metastatic (M) lesions annotated. 

Red squares represent lesions scanned after 2 chemotherapy cycles  

 

Except in the two nodal lesions imaged after 2 chemotherapy cycles, there was complete 

concordance (n=9) in the hypoxic status classification (i.e. classification of having any 

degree of hypoxia vs being normoxic) between repeat [
18

F]FAZA PET scans; table 3.  

  

Investigating the effects of reducing acquisition duration 

 

Reducing the acquisition duration from 30 min (120-150 min pi) to the last 20 min (130-150 

min pi) and last 10 min (140-150 min pi) significantly increased lesion SUVmax (1.88±0.33 vs 

1.91±0.35 vs 2.04±0.43; p<0.0001) and TMRmax (1.60±0.31 vs 1.65±0.32 vs 1.79±0.39; 

p<0.0001), respectively (supplementary figure 7A-B). As we have shown that lesion-to-

reference region contrast have reached plateau at 2-2.5 h pi (supplementary figure 4B-C), 

these changes are attributed to the increase in noise with the shorter acquisition durations. 

To confirm this was not due to increased [
18

F]FAZA uptake during the last 10 min (140-150 

min pi), we compared SUVmax in the first 10 min (120-130 min pi) to the 30 min (120-150 min 

pi) acquisition with similar results showing increase in SUVmax with reduced acquisition 

duration (2.11±0.43 vs 1.88±0.33; p=0.0221). There were concomitant significant increases 

in the SD of lesion SUVmax (0.25±0.082 vs 0.27±0.081 vs 0.30±0.091; p<0.0001) and muscle 

SUVmean (0.17±0.060 vs 0.19±0.064 vs 0.25±0.075; p<0.0001) distributions for the 30 min, 

last 20 min and last 10 min acquisitions, respectively (supplementary figure 7C-D).  

 



83 

The increase in the SD of muscle SUV distribution led to an increase in the image-derived 

threshold for the last 20 and last 10 min acquisitions (1.34±0.17 and 1.45±0.19, 

respectively), compared to the 30 min acquisition (1.30±0.16); p<0.0001 (figure 7A); 

resulting in a significant reduction in the HF (and HV) with decreasing acquisition duration 

(p=0.0003). This indicates that shortening the acquisition duration lowers the sensitivity to 

detect hypoxic voxels. In contrast, increasing the noise led to a significant increase in the HF 

when using the fixed >1.4 threshold (p=0.0048), whereas the HF using the fixed >1.2 

threshold did not change significantly with decreasing acquisition time; p=0.3993 (figure 

7B).  

 

Figure 7: Influence of reducing acquisition duration on image-derived threshold (A). p-value 

annotated. Bar graph showing influence of reducing acquisition duration on HFs based on 

image-derived (left), fixed >1.4 (middle) and fixed >1.2 (right) thresholds (B). Error bars 

represent SEM.  

 

Table 5 shows ICC (with 95% CI), mean ±SD test-retest variability and Bland-Altman 

analysis results for all analysed parameters for the last 20 min and last 10 min acquisitions. 

The reduction in acquisition duration did not affect the repeatability of muscle SUVmean, 

lesion SUVmax and TMRmax; supplementary figure 8A-F. Similarly to the 30 min data, the 

HVs and HFs according to image-derived and fixed >1.2 thresholds showed good 

repeatability between test-retest scans for the last 20 min and last 10 min acquisitions. The 

HF and HV based on the fixed >1.4 threshold showed moderate and poor repeatability 

between repeat scans for the 20 min and 10 min acquisitions, respectively. Misclassification 

of lesions between the 30 min and reduced duration acquisitions occurred in one (last 20 

min) and two (last 10 min) lesions according to image-derived and fixed >1.4 thresholds and 

in two lesions for both the last 20 and last 10 min acquisitions according to the fixed >1.2 

threshold.        
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Table 5: Interclass correlation coefficient (with 95% confidence interval), mean ±SD test-retest variability and Bland-Altman analysis results for all analysed 

imaging parameters for the last 20 min (130-150 min pi) and last 10 min (140-150 min pi) acquisitions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Parameter 

n Acquisition 
duration 

Interclass correlation 
coefficient 

Test-retest variability Bland-Altman 

Value 95% 
Confidence 
interval  

Repeatability 
coefficient (%) 

Bias (%) Bias Lower limit of 
agreement  

Upper limit of 
agreement  

Reference region parameter 

Muscle SUVmean 6 20 min  0.79 0.17-0.97 19.95 4.77 -0.046 -0.26 0.17 

10 min 0.80 0.12-0.97 20.40 3.31 -0.027 -0.24 0.19 

Lesion parameters 

SUVmax 11 
 

20 min 0.85 0.52-0.96 17.79 0.52 -0.010 -0.41 0.39 

10 min 0.90 0.67-0.97 18.56 -1.18 -0.020 -0.40 0.43 

TMRmax 20 min 0.73 0.30-0.92 25.89 -4.89 0.091 -0.39 0.57 

10 min 0.75 0.33-0.93 29.25 -4.78 0.090 -0.49 0.67 

Hypoxic volume 

Image-derived 11 
 

20 min 0.90 0.70-0.97 n/a -0.83 -6.92 5.26 

10 min 0.71 0.23-0.91 n/a -0.99 -10.68 8.68 

Fixed >1.4 20 min 0.35 0-0.78 n/a -0.30 -7.06 6.45 

10 min 0.33 0-0.77 n/a -0.45 -10.64 9.75 

Fixed >1.2 20 min 0.89 0.66-0.97 n/a -0.88 -9.80 8.04 

10 min 0.86 0.58-0.96 n/a -0.99 -14.04 12.06 

Hypoxic fraction 

Image-derived  11 
 

20 min 0.84 0.52-0.95 n/a 0.031 -0.18 0.24 

10 min 0.79 0.40-0.94 n/a 0.017 -0.17 0.20 

Fixed >1.4 20 min 0.56 0.038-0.86 n/a 0.12 -0.32 0.55 

10 min 0.61 0.097-0.87 n/a 0.10 -0.30 0.50 

Fixed >1.2 20 min 0.87 0.59-0.96 n/a 0.089 -0.21 0.38 

10 min 0.87 0.59-0.96 n/a 0.074 -0.21 0.36 
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Quantifying regions with low [
18

F]FAZA uptake  

 

Twenty-two lesions (79%) from 9 patients (75%) exhibited low [
18

F]FAZA uptake regions (i.e. 

SUV distribution extends below the SUV distribution of the muscle reference region) in at 

least one [
18

F]FAZA PET image acquired at 2-2.5 h pi (for patients who had repeat scans); 

supplementary table 2. The mean threshold based on target-to-muscle ratio <1.96 SD of 

muscle SUVmean was 0.7 (range, 0.26-0.85). The mean low uptake volume and fraction were 

19.469 cm
3
 (range, 0-194.677) and 0.201 (range, 0-0.786), respectively. A typical spatial 

distribution of a low [
18

F]FAZA uptake region in a relatively large primary lesion is shown in 

figure 1E. There was a moderate positive correlation between the HV (based on the image-

derived threshold) and the low [
18

F]FAZA uptake volume (supplementary figure 9). The low 

uptake volume (ICC 1, 95% CI 0.99-1) and fraction (ICC 0.95, 95% CI 0.83-0.99) 

demonstrated excellent repeatability between test-retest scans; supplementary figure 10A-

B.  

 

Comparing HF from [
18

F]FAZA PET image and tissue pimonidazole immunostaining  

 

All tumour specimens (n=6 primary lesions) showed positive pimonidazole immunostaining. 

The mean tissue HF based on positive pimonidazole immunostaining was 0.240 (range, 

0.133-0.420). The patterns of pimonidazole immunostaining were different between 

squamous cell carcinoma and adenocarcinoma (figure 2D-G). Tumour specimens from the 

patient who received neoadjuvant chemotherapy demonstrated inflammatory infiltration, 

which exhibited positive pimonidazole immunostaining (figure 2H-I).  

 

Table 6 compares tissue HF, as quantified using pimonidazole immunostaining with 

[
18

F]FAZA PET HF, based on the 3 thresholds. There was concordance in the hypoxic status 

classification between [
18

F]FAZA PET and pimonidazole immunostaining in all 4 SCC 

patients but not in the 2 adenocarcinoma patients with tissue data. As highlighted in the 

methods section, non-specific pimonidazole immunostaining was seen in the tumour stroma, 

inflammatory cells and in necrotic tumour regions (figure 2A-C), questioning the specificity 

of this hypoxia quantification technique.  
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Table 6: Details of pimonidazole immunohistochemistry results for the surgical cohort (n=6) 

with comparison of tissue and [
18

F]FAZA imaging hypoxic fractions  

Patient Pimonidazole immunohistochemistry   [18F]FAZA-PET imaging  

Tumour: 
stromal 
fraction 

H-
score 

Strong 
(score 3) 
fraction 

Tissue 
hypoxic 
fraction 

Hypoxic 
fraction 
based on 
image- 
derived 
threshold 

Hypoxic 
fraction 
based on 
fixed 
>1.4 
threshold 

Hypoxic 
fraction 
based on 
fixed 
>1.2 
threshold 

Low 
uptake 
fraction 

11 0.4: 0.6 40 0.060 0.133 0.390 0.138 0.457 0.006 

2 0.4: 0.6 40 0.040 0.133 0.029 0.000 0.148 0.152 

3 0.4: 0.6 110 0.320 0.367 0.011 0.000 0.004 0.786 

4 0.6: 0.4 126 0.180 0.420 0.007 0.005 0.033 0.209 

5 0.6: 0.4 72 0.072 0.240 0.749 0.613 0.861 0.000 

6 0.4: 0.6 44 0.060 0.147 0.090 0.004 0.098 0.069 

1: Patient received 4 cycles of carboplatin and gemcitabine prior to surgery. Patient 3 and 4 
(highlighted in grey) had adenocarcinoma tumours. Image-derived lesions in bold 
considered normoxic as lesion hypoxic fraction was <0.0206 (corresponding to the study 
mean fraction of muscle found to be hypoxic as per this threshold definition). Lesions in red 
showed discordance in the hypoxic status classification (i.e. tumour classification of having 
any degree of hypoxia vs being normoxic) between pimonidazole immunostaining and 
[
18

F]FAZA imaging  

 

Discussion 

 

Important new [
18

F]FAZA PET validation data are presented that are necessary to permit 

optimal application of this modality to derive potential NSCLC hypoxia biomarkers (box 1). 

The utility of hypoxia imaging to derive a predictive therapeutic biomarker was demonstrated 

for [
18

F]FMISO PET acquired at 2 hours pi and assessed using qualitative scoring in an 

exploratory sub-study of the TROG 98.02 trial, where advanced head and neck patients 

were randomly assigned to chemoradiation with or without the hypoxia-activated cytotoxic 

prodrug tirapazamine [30]. To allow prospective [
18

F]FAZA PET validation in NSCLC 

hypoxia-targeted therapy trials, there is an unmet need to establish standardized and 

optimized image acquisition and analysis procedures. This study aimed to address these 

issues by comparing HVs and HFs derived using fixed (>1.4, >1.2) and image-derived 

thresholds for varying image acquisition times and durations using repeatability [
18

F]FAZA 

PET data acquired for the first time in patients. HFs based on [
18

F]FAZA PET were also 

compared to tissue-based HFs based on pimonidazole immunostaining reported for the first 

time in NSCLC patients, together providing crucial information on technical and biological 

validation as per the “Imaging biomarker roadmap for cancer studies” [23].  
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Box 1: Main summary of results 

 

 Relative to the aorta, lesions and muscle reached equilibrium at 7.3±4.1 and 71±24 
min, respectively. This supports the use of:  

o late [
18

F]FAZA scan (1.5-2.5 h pi) for static analysis 
o muscle as reference tissue during the late [

18
F]FAZA scan (1.5-2.5 h pi) 

 

 There is differential [
18

F]FAZA distribution and/ or clearance in muscle compared to 
aorta, highlighting the importance of reference region standardization 
  

 There is improved tumour-to-reference region contrast at 2-2.5 h compared to 1.5-2 
h pi, mainly driven by the decrease in [

18
F]FAZA uptake in the aorta and muscle with 

time. Tumour-to-reference region contrast is also stable at 2-2.5 h pi  
 

 Shortening the [
18

F]FAZA acquisition duration (from 30 min to 20 min and 10 min) 
lowers the sensitivity to detect hypoxic voxels. A 30-min [

18
F]FAZA scan is 

recommended to achieve the best sensitivity to detect hypoxic regions 
 

 Based on repeatability data, changes in lesion SUVmax and TMRmax  exceeding 20% 
and 24% (respectively) after therapy should be considered significant 

 

 The hypoxic volumes and fractions based on the 3 thresholds (image-derived, fixed 
>1.2 and >1.4) were significantly different with fixed 1.2 > image-derived > fixed 1.4  

 

 An image-derived threshold is recommended in future studies because: 
o it adapts to the image quality by quantifying the variability of [

18
F]FAZA 

uptake in normoxic reference tissue, compared to fixed >1.2 threshold which 
overestimates hypoxia  

o is associated with good repeatability, compared to fixed >1.4 threshold 
which exhibits moderate to poor scan-scan repeatability 

 

 An objective and highly repeatable method to quantify regions with low [
18

F]FAZA 
uptake is proposed. The spatial distribution of these regions are not solely explained 
by imaging-related edge or density effects and could be related to tumour necrosis 

  

 Non-specific pimonidazole immunostaining was seen in inflammatory cell, necrotic 
regions and tumour stroma. All examined tumour specimens demonstrated positive 
pimonidazole immunostaining, with different immunostaining patterns in 
adenocarcinoma compared to squamous cell carcinoma (SCC). There was 
concordance between [

18
F]FAZA PET and pimonidazole immunostaining in all 4 

SCC patients but not in the 2 adenocarcinoma patients with tissue data 
 

 

It was feasible to acquire two one-hour dynamic [
18

F]FAZA PET images in all patients, 

repeated within a week in those recruited to the repeatability cohort. While detailed early 

dynamic scan (0-60 min pi) data will be presented elsewhere, this acquisition allowed us to 

establish the time for muscle to reach equilibrium relative to the aorta, justifying its use as a 

reference tissue during the late scan (90-150 min pi). PET data were acquired in listmode 

and reconstructed into frames of varying durations at different time points pi to compare 

different image acquisitions, aiming to simplify the scanning protocol for clinical translation. A 

step-wise linear mixed-effects model was utilized, permitting the use of all lesions from all 

scans to establish an acquisition period associated with the highest and most stable tumour-

to-reference region contrast. Using this approach, we show unequivocally an improved 
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tumour-to-reference region contrast at 2-2.5 h compared to 1.5-2 h pi, mainly driven by the 

decrease in [
18

F]FAZA uptake in the aorta and muscle with time. At least 3 published studies 

have acquired [
18

F]FAZA PET in NSCLC patients at significantly earlier time points pi  [12, 

18, 19]. By reconstructing PET data acquired at 2-2.5 h pi into sequential 10-min 

acquisitions, we found that tumour-to-reference region contrast did not increase within the 

noise during the 2-2.5 h period pi. Building on previous published results [17, 20], our data 

confirm that maximal [
18

F]FAZA uptake and stable tumour-to-reference region contrast is 

achieved at 2-2.5 h pi in NSCLC patients. Our results also demonstrate the impact of 

reducing acquisition duration on [
18

F]FAZA PET parameters. As has been previously shown 

[31], longer acquisitions lead to more precise SUVmax and tumour-to-background ratio 

measurements while shorter acquisitions are associated with more image noise but are 

more patient-friendly and less likely to be affected by intra-scan patient motion. Future 

NSCLC studies investigating the predictive capacity of [
18

F]FAZA PET derived biomarkers 

within multi-centre clinical trials should acquire scans at 2-2.5 h pi for best contrast with 

rigorous standardization of acquisition duration - which should be determined according to 

individual study priorities - across scanning centres to ensure comparability of results [5]. A 

scan duration of 30 min is recommended in order to achieve the best sensitivity to detect 

hypoxic regions.  

 

We compared tissue (contralateral back muscles) with image blood pool (descending aorta) 

as reference regions. The dual dynamic scan protocol provided crucial data indicating 

differential [
18

F]FAZA distribution and clearance in the contralateral back muscles, compared 

to the aorta. These results show the importance of standardizing the reference region to 

allow comparison across hypoxia PET studies. HVs and HFs based on image-derived and 

fixed (>1.4, >1.2) thresholds relative to the muscle region were also compared. While these 

displayed various degrees of significant positive correlations with one another, we show that 

the generated HVs and HFs were significantly different with discordance in the hypoxic 

status classification in 4 and 5 lesions (including repeatability data) when comparing the 

image-derived with the fixed >1.4 and >1.2 thresholds, respectively. The image-derived 

threshold adapts to the image quality by quantifying the variability of [
18

F]FAZA uptake in a 

normoxic reference tissue. An image-derived threshold based on the SUV distribution of a 

muscle region has previously been used in head and neck [32] and pancreatic [33, 34] 

cancer patients. While this study was not designed to investigate the clinical or predictive 

validity of the generated HFs using the three thresholds, we provide indirect evidence 

demonstrating that the fixed >1.2 threshold likely overestimates hypoxia while the fixed >1.4 

threshold exhibits low scan-scan repeatability in NSCLC. Only an adequately-powered 

clinical study is able to provide unequivocal data on the clinical validity and predictive 

capacity of a hypoxia threshold, which is likely to be treatment-specific (e.g. a higher hypoxia 

threshold could be required to select patients with radiobiologically-resistant tumours who 

will derive benefit from radiotherapy/ hypoxia-targeted therapy combinations).  
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Preclinical studies have established [
18

F]FAZA PET repeatability in mouse models [35, 36], 

but this has not previously been investigated in patients. Overall, we show good scan-scan 

repeatability for [
18

F]FAZA PET parameters with no significant bias in NSCLC patients. 

According to the repeatability coefficients from the 30-min [
18

F]FAZA PET images acquired 

at 2-2.5 h pi, changes in lesion SUVmax and TMRmax after therapy exceeding 20% and 24% 

should be considered significant. This is comparable to SUVmax (17%), but slightly higher 

than TMRmax (17%) repeatability coefficient reported for [
18

F]flortanidazole (HX4) PET in 

head and neck and lung cancer patients [22]. The repeatability coefficient was not reported 

in the NSCLC [
18

F]FMISO PET repeatability study [21]. The HVs and HFs based on image-

derived and fixed >1.2 thresholds demonstrated good repeatability, whereas the fixed >1.4 

threshold led to poor to moderate repeatability of HVs and HFs. It is noteworthy that HVs 

and HFs based on the image-derived threshold demonstrated comparable repeatability to 

the HVs and HFs based on the >1.2 threshold despite the significantly smaller HVs. There is 

a strong rationale, as recommended in the “Imaging biomarker roadmap for cancer studies” 

[23], to investigate hypoxia PET repeatability both at baseline and after standard treatment, 

as this can permit the use of imaging biomarkers to target patients whose tumours display 

persistence or emergence of hypoxia at mid-therapy [5]. We investigated [
18

F]FAZA PET 

repeatability at baseline and after two chemotherapy cycles, where in two out of three 

patients, there was discordance in the hypoxic status classification for nodal but not primary 

tumour lesions which were all consistently classified as hypoxic on test-retest scans 

according to all three thresholds. 

 

Tumour regions with [
18

F]FAZA uptake below the normoxic reference tissue could be due to 

low tissue perfusion, lack of radiotracer retention in necrotic cells [25, 26] or imaging-related 

effects (e.g. tumour-lung edge effects or low tissue density). Using a threshold based on 

target-to-muscle ratio <1.96 SD below muscle SUVmean, we propose a statistically reliable 

method to quantify tumour regions with low [
18

F]FAZA uptake. While previous investigators 

have described tumour sub-volumes with low hypoxia PET tracer uptake [37, 38], we show 

that this new parameter quantifying low uptake regions on [
18

F]FAZA PET images is 

objective and highly repeatable in NSCLC patients. We show that the spatial distribution of 

regions with low [
18

F]FAZA uptake are not solely explained by imaging-related edge or 

density effects. These preliminary data are important for two reasons. First, tumour necrosis, 

quantified on histopathological specimens, was shown to predict benefit from hypoxia-

targeted therapy in high-risk bladder cancer patients [39]. Second, quantifying tumour 

necrosis using imaging could be potentially beneficial within the context of future 

radiotherapy dose painting trials as these regions could receive different radiotherapy dose 

compared to normoxic tumour regions. Pharmacokinetic analysis incorporating information 

from the early [18
F]FAZA PET scan to assess tracer delivery and perfusion as well as 

imaging-histology correlations using necrosis markers are required to provide additional 

information on the imaging characteristics and the biological validity of this approach.    
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Six patients had pimonidazole immunostaining following surgical resection of their tumours 

and findings were compared to tumour HF from [
18

F]FAZA PET images. We reveal non-

specific staining in necrotic regions, inflammatory cells and in the tumour stroma, which are 

likely due to non-specific binding of the pimonidazole antibody [40]. These observations 

question the specificity of pimonidazole immunostaining as a valid hypoxia quantification 

technique. Unlike a previous study [41] which showed no difference in pimonidazole 

immunostaining between adenocarcinoma and squamous cell carcinoma, we report different 

immunostaining patterns between these two NSCLC subtypes. Whereas the classic hypoxia 

pattern was observed in squamous cell carcinoma, positive pimonidazole immunostaining 

was generally limited to the invasive acinar tumour cells in adenocarcinoma. Quantification 

of additional tissue hypoxia markers (e.g. endogenous markers such as HIF1α or multigene 

hypoxia expression signatures) from pimonidazole positive adenocarcinoma regions could 

provide additional information on the hypoxia specificity of pimonidazole immunostaining in 

these specimens. There was concordance in the hypoxic status classification between 

[
18

F]FAZA PET and pimonidazole immunostaining in all 4 SCC patients but not in the 2 

adenocarcinoma patients with tissue data in our study. Of note, [
18

F]FAZA PET identified 

hypoxia in the 2 other patients with adenocarcinoma but no tissue data. Preclinical studies 

that compared nitroimidazole ([
18

F]FAZA and [
18

F]FMISO) [35, 42-45] and Cu-ATSM [46] 

PET images with pimonidazole have reported inconsistent results. A previous study in 

laryngeal cancer patients reported no correlation between [
18

F]FAZA PET and pimonidazole 

or any other endogenous hypoxia tissue markers (HIF1α, CA-IX and GLUT-1) [47]. There 

are a number of reasons to explain lack of agreement between pimonidazole 

immunostaining and [
18

F]FAZA PET images in our study including the small sample size, 

comparison of tissue hypoxia quantified over the entire tumour volume (PET images) with a 

single histology slice containing the largest tumour diameter, non-specific pimonidazole 

antibody binding and changes in tumour oxygenation resulting from surgical handling of 

tissues and vascular clamping prior to resection. High pimonidazole staining [48] and 

nitroimidazole binding [49] have been reported in and around necrotic regions in preclinical 

studies. Tumour regions demonstrating severe hypoxia intermixed with necrotic regions may 

be missed when applying simple hypoxic thresholds to static PET images [38], and may be 

more accurately quantified using pharmacokinetic modelling of dynamic images [34, 40, 50, 

51]. The small tumour volume (mean, 5.88 cm
3
) in the 6 surgical patients is a study 

limitation. While the classic hypoxia pattern seen in patients with squamous cell carcinoma 

(n=4) using pimonidazole immunostaining supports the presence of tumour hypoxia, these 

small tumours are not expected to contain clinically-relevant regions of hypoxia. The 

relatively small HFs seen using [
18

F]FAZA PET in these tumours partially supports this 

statement.  

 

In conclusion, important new [
18

F]FAZA PET validation data are presented that are 
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necessary to permit optimal application of this modality to derive potential hypoxia 

biomarkers in NSCLC patients. Based on our findings, future [
18

F]FAZA PET studies should 

acquire images at least 2 hours pi and optimally scan for 30-min. An image-derived 

threshold based on muscle should be used to derive the hypoxic volume and fraction since 

fixed >1.2 threshold includes normoxic tissue and fixed >1.4 threshold is poorly repeatable. 

Additional studies are required to confirm our imaging-histology findings and investigate the 

biological validity of quantifying low [
18

F]FAZA uptake as a potential tumour necrosis 

biomarker. 
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Supplementary material  

 

Statistical analysis  

 

The following models were fit to each imaging parameter in a sequential manner: 

At each stage the likelihood ratio-test was applied to assess the significance of increasing 

the information in each model.  

 

The first model fit to the data was: 

OBSjk = Aj +ejk 

where OBSjk is the imaging parameter value for scan j (j = 1,…, 28) at time k (e.g. k = 1.5-2, 

2-2.5 h pi), Aj, assumed normally distributed, represents the average imaging parameter 

value across the two time points for each scan and ejk, assumed normally distributed, the 

residual error.  

 

The second model, which accounts for which scan belongs to which lesion, i (i = 1,…, 17), 

was: 

OBSijk = Aij +eijk. 

 

The third model fit to the data assessed if there was a time effect on the imaging parameter 

values was: 

OBSijk = Aij + B*Tijk +eijk. 

where B represents the magnitude of the population shift in a imaging parameter value 

between the two tested time points (e.g. 1.5-2 and 2-2.5 h pi), and Tijk is an indicator variable 

which denotes if the value OBSijk is from the 2-2.5 h pi time point or not.    

 

Identical models were constructed to assess different acquisition times (120-130, 130-140 

and 140-150 min pi) and durations (30 min (120-150 min pi), last 20 min (130-150 min pi) 

and last 10 min (140-150 min pi)).  
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Supplementary tables  

 

Supplementary table 1: Imaging parameter values with 95% confidence intervals for the 

final mixed-effects model  

Parameter A B (time effect) 

Mean 
(95 % CI) 

Scan SD 
(95 % CI) 

Lesion/ patient SD  
(95 % CI) 

Mean 
(95 % CI) 

Lesion SUVmax 1.82 
(1.62-2.02) 

0.06 
(0.02-0.17) 

0.40 
(0.28-0.57) 

NA 

Muscle SUVmean 1.69 
(1.55-1.82) 

0.06 
(0.03-0.12) 

0.14 
(0.09-0.23) 

-0.22 
(-0.26 to -0.17) 

Aorta SUVmean 1.76 
(1.63-1.88) 

0.06 
(0.03-0.11) 

0.14 
(0.08-0.22) 

-0.22 
(-0.26 to -0.17) 

TMRmax 0.95 
(0.57-1.32) 

0.08 
(0.03-0.26) 

0.30 
(0.20-0.45) 

0.27 
(0.11-0.42) 

TARmax 0.96 
(0.68-1.24) 

0.04 
(0.00-0.32) 

0.31 
(0.22-0.44) 

0.23 
(0.11-0.34) 
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Supplementary table 2: Lesion low [
18

F]FAZA uptake volumes and fractions (together with 

<2SD threshold)     

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient  Lesion Scan 1 Scan 2 

<2SD 
threshold 

Low 
[18F]FAZA 
uptake 
volume 
(cm3) 

Low 
[18F]FAZA 
uptake 
fraction 

<2SD 
threshold 

Low 
[18F]FAZA 
uptake 
volume 
(cm3) 

Low 
[18F]FAZA 
uptake 
fraction  

1 Primary 0.75 0.029 0.006 n/a n/a n/a 

2 Primary 0.69 0.463 0.152 n/a n/a n/a 

3 Primary 0.85 5.199 0.786 n/a n/a n/a 

4 Primary 0.61 2.635 0.209 n/a n/a n/a 

5 Primary 0.71 0.000 0.000 n/a n/a n/a 

6 Primary 0.79 0.246 0.069 n/a n/a n/a 

7 Primary 0.44 0.000 0.000 0.74 1.419 0.105 

8 Primary 0.80 11.425 0.139 0.82 13.148 0.156 

9 Primary 0.26 0.000 0.000 0.51 0.000 0.000 

Node 0.000 0.000 0.000 0.000 

10 Primary 0.81 0.333 0.026 0.79 
 

0.492 0.042 

Node 3.807 0.298 3.737 0.322 

Distant 
metastasis 

5.428 0.425 6.904 0.595 

11 Primary 0.76 4.257 0.391 0.75 3.026 0.324 

Node 0.404 0.037 0.150 0.016 

12 Primary 0.76 194.677 0.631 0.73 185.598 0.567 

Node 55.802 0.181 45.948 0.140 



Supplementary figure legends 

 

Supplementary figure 1: Schematic summarising the imaging acquisition protocol. Time 

not to scale 

 

 

Supplementary figure 2: Radioactivity histograms from patient 7, scan 2 (volume: 13.57 

cm
3
) and patient 8, scan 2 (volume: 84.51 cm

3
) demonstrating how the image-derived 

(target-to-muscle ratio >1.96 SD above muscle SUVmean) and low [
18

F]FAZA uptake (target-

to-muscle ratio <1.96 SD below muscle SUVmean) thresholds were derived 
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Supplementary figure 3: Resected left upper lobe from patient 6 with labels showing 

anatomical specimen orientation (A-B). This specimen was subsequently sectioned (slice 

thickness: 5-10 mm) in the anatomical coronal plane (C). A tissue section with grossly the 

largest tumour diameter (white arrow in C) was then embedded in a paraffin mega-block to 

be cut into slices and mounted on a large slide (D) 

 

 

 

Supplementary figure 4: Scatter plots showing lesion SUVmax (A), TMRmax (B) and TARmax 

(C) quantified at 120-130, 130-140 and 140-150 min pi. Error bars represent SD. p-values 

annotated 
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Supplementary figure 5: Correlation plots comparing HVs based on; image-derived and 

>fixed 1.4 thresholds (p=0.0002, A), image-derived and fixed >1.2 thresholds (p<0.0001, B) 

and fixed >1.4 and fixed >1.2 thresholds (p<0.0001, C). Correlation plots comparing HFs 

based on; image-derived and fixed >1.4 thresholds (p=0.006, D), image-derived and fixed 

>1.2 thresholds (p<0.0001, E) and fixed >1.4 and fixed >1.2 thresholds (p<0.0001, F). R 

values annotated 

 

 

 

Supplementary figure 6: Bland-Altman plots for lesion ROI volume (A) and muscle 

SUVmean (B) with upper and lower LoA. Tumour (T), nodal (N) and distant metastatic (M) 

lesions annotated. Red squares represent lesions scanned after 2 chemotherapy cycles. 

Note the logarithmic scale in x-axis in A 
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Supplementary figure 7: Scatter plots showing influence of reducing acquisition duration 

on lesion SUVmax (A) and TMRmax (B). Error bars represent SD. Box and whiskers plots 

showing influence of reducing acquisition duration on population SD of lesion SUVmax (C) 

and muscle SUVmean (D). Error bars represent range. p-values annotated. All comparisons 

statistically significant, unless otherwise specified 
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Supplementary figure 8: Bland-Altman plots for the last 20 min and last 10 min acquisitions 

for muscle SUVmean (A-B) and lesion SUVmax (C-D) and TMRmax (E-F) with upper and lower 

LoA. Tumour (T), nodal (N) and distant metastatic (M) lesions annotated. Red squares 

represent lesions scanned after 2 chemotherapy cycles 
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Supplementary figure 9: Correlation plot comparing the HV (based on the image-derived 

threshold) and the low [
18

F]FAZA PET uptake volume (p<0.0008). Lesions with a value of 0 

(n=9) are not shown due to the use of a logarithmic scale. R values annotated 

 

 

 

Supplementary figure 10: Bland-Altman plots for necrotic-weighted fraction (A) and volume 

(B) based on target-to-muscle ratio <1.96 SD below muscle SUVmean with upper and lower 

LoA. Tumour (T), nodal (N) and distant metastatic (M) lesions annotated. Red squares 

represent lesions scanned after 2 chemotherapy cycles. Note the logarithmic scale in x-axis 

in B  
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Abstract 

 

Introduction: Oxygen enhanced (OE)-MRI, when combined with dynamic contrast-

enhanced (DCE)-MRI, has shown promise as a non-invasive method for identifying and 

mapping hypoxia. We performed a first-in-man clinical evaluation of the repeatability of OE-

MRI biomarkers and their sensitivity to detect radiotherapy-induced changes in non-small 

cell lung cancer (NSCLC) hypoxia. 

 

Patients and methods: Twenty three stage I-IV NSCLC patients underwent multi-

parametric MRI (diffusion-weighted imaging (DWI), OE and DCE) for protocol development 

(n=6), twice prior to radiotherapy (n=11) and after 14±4 radiotherapy fractions (n=14). OE 

acquisition consisted of baseline T1 mapping followed by dynamic T1-w acquisitions with 

100% oxygen challenge. Non-linear and rigid registrations corrected for breathing and 

patient motion in dynamic OE- and DCE-MRI acquisitions and allowed combined OE/DCE 

voxel-wise analysis. OE-MRI change in MRI longitudinal relaxation rate (ΔR1) and OE area 

under the curve (OE-AUC) were calculated along with perfused Oxy-R, a previously 

validated combined OE/DCE hypoxia measurement.    

 

Results: OE-MRI was feasible and well-tolerated in 22 out of 23 patients. There was 

significant reduction in tumour hypoxia from baseline following radiotherapy, indicated by 

reduced perfused Oxy-R fraction (0.36 to 0.23, p=0.045). Among DWI- and DCE-MRI 

summary parameters, only ve demonstrated consistent significant increase after 

radiotherapy. ΔR1 (interclass correlation coefficient (ICC) 0.771), OE-AUC (ICC 0.776) and 

perfused Oxy-R volume and fraction (ICC 0.961 and 0.862) showed good to excellent scan-

scan repeatability, with results not significantly different from the repeatability of DCE and 

DWI parameters. MRI derived hypoxia maps were also spatially repeatable between pre-

radiotherapy scans.  

 

Conclusion: This is the first clinical study to show that OE-MRI is safe, well-tolerated, 

feasible, repeatable and sensitive to radiotherapy-induced changes in tumour hypoxia. Our 

data provide a strong rationale for incorporating this imaging method into future NSCLC 

hypoxia-targeted therapy trials.  
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Introduction 

 

Lung cancer is the most common cancer diagnosed and the leading cause of death from 

cancer in the world (1.69 million deaths per year in 2015) [1]. Non-small cell lung cancer 

(NSCLC) is the most common subtype of lung cancer, accounting for 85-90% of cases [2]. 

In NSCLC patients, oxygen deprivation (hypoxia) is associated with poor radiotherapy, 

chemotherapy and targeted therapy response and worse survival in NSCLC patients [3, 4].  

 

Although evidence from historical trials in lung cancer points towards trends for improvement 

of locoregional control and overall survival using treatments designed to modify hypoxia [5], 

results from more recent NSCLC hypoxia-targeted therapy trials are inconclusive [6-10]. 

One explanation for this finding is lack of patient selection. Evidence from exploratory 

translational analyses conducted within hypoxia-targeted therapy trials in other tumour sites 

using imaging ([
18

F]fluoromisonidazole (FMISO) positron emission tomography (PET) [11]), 

tissue (multi-gene hypoxia expression signatures [12-14] and endogenous (hypoxia-

inducible factor (HIF)-1α [15]) and exogenous (pimonidazole [16]) hypoxia markers) and 

blood (osteopontin [17]) biomarkers confirm that hypoxia-targeted therapies are only 

effective in patients with demonstrable tumour hypoxia. For this reason, there is an unmet 

need to develop non-invasive predictive NSCLC hypoxia biomarkers to select patients for 

future hypoxia-targeted therapy trials.  

 

Hypoxia imaging has several advantages over other hypoxia identification methods in 

NSCLC patients. First, a meta-analysis has shown that hypoxia identified using a variety of 

imaging techniques is associated with worse radiotherapy outcome, confirming clinical 

validity [18]. Second, spatial hypoxia maps could form the basis for individualized 

radiotherapy dose painting [8, 19] and overcome many limitations of tissue-based hypoxia 

quantification (e.g. limited tissue, inability to assess spatial and temporal hypoxia 

heterogeneity). While many investigators have focused on using PET-based methods, these 

approaches have significant challenges including high cost, limited radiotracer availability 

and limited technical, biological and clinical validation, which have hindered their widespread 

application or their successful qualification within NSCLC hypoxia-targeted therapy trials 

[20].   

 

Oxygen enhanced (OE)-MRI utilizes the paramagnetic properties of tissue oxygen as a 

contrast medium. In this technique, an oxygen challenge leads to a rapid and proportional 

change in the longitudinal relaxation rate of protons (R1) in well-oxygenated tissues, but not 

in hypoxic tumour tissue [21, 22]. Recently, we have shown that the fraction of tumour 

refractory to oxygen challenge (Oxy-R fraction) within perfused tumour regions (identified 

using dynamic contrast-enhanced (DCE)-MRI) is a robust hypoxia biomarker in preclinical 

models [23]. This technique overcomes several shortcomings of hypoxia PET imaging and is 
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more easily translatable [24, 25]. However, to date clinical validation of this technique has 

not been performed. The study aims were (1) to assess the safety, tolerability and feasibility 

of performing OE-MRI as part of a multi-parametric MRI protocol in NSCLC patients and; (2) 

to determine the precision of OE-MRI biomarkers and their sensitivity to detect treatment 

changes following radiotherapy  

 

Patients and methods 

 

Study design, patient population and treatment 

 

NSCLC patients were prospectively recruited to this first-in-man study from The Christie 

NHS Foundation Trust (Manchester, UK) following local research and development and 

research ethics approval (reference: 15/NW/0264). All patients provided written informed 

consent.  

 

Eligible participants were ≥18 years old and had Eastern Cooperative Oncology Group 

(ECOG) performance score of ≤2, histologically- or cytologically-confirmed NSCLC, serum 

creatinine <120 µmol/L or calculated creatinine clearance (Cockcroft−Gault) ≥30 mL/min and 

scheduled to undergo curative-intent radiotherapy alone or combined chemotherapy and 

radiotherapy (either concurrently or sequentially). Patients with distant metastasis were 

included only if eligible for curative-intent therapy. Patients with contraindications to MRI 

were excluded. Coexistent mild to moderate chronic obstructive pulmonary disease was 

allowed, but patients were required to have adequate lung function as part of standard 

radiotherapy workup (forced expiratory volume in 1 s greater than 1 litre or 40% predicted 

value). Toxicity was assessed in all patients by a clinical oncologist (AS; eight years’ 

experience) prior to and after each scan.     

 

Initial patients were recruited to demonstrate feasibility and tolerability (defined as 

completion of the imaging protocol with no adverse events) of the MRI protocol (composed 

of multi-parametric diffusion-weighted imaging (DWI), OE- and DCE-MRI). Next, the study 

was expanded and patients were recruited for scanning prior to (either one or two scans) 

and after the start of radiotherapy to assess MRI parameter repeatability and sensitivity to 

therapeutic effects. 

 

Radiotherapy planning was performed using 3-dimensional (3D) or 4D computed 

tomography (CT) and delivered via intensity-modulated radiotherapy on a linear accelerator 

(55-66 Gy in 20-33 daily fractions). In patients who received chemotherapy, this consisted of 

cisplatin combined with etoposide in the concurrent chemoradiation setting and gemcitabine 

(squamous cell carcinoma)/ pemetrexed (adenocarcinoma) combined with carboplatin/ 
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cisplatin in the sequential chemoradiation setting. In the later patient group, repeat imaging 

was performed after completion of chemotherapy.  

 

Image acquisition and lesion definition 

  

All MRI data were acquired free breathing on a 1.5 T whole body scanner (Philips Achieva, 

Philips Medical Systems, Best, Netherlands) using Q Body (OE-MRI) and Sense XL Torso 

coils. The duration of the multi-parametric MRI protocol was 45 min and is summarised in 

supplementary figure 1A. Lesion regions of interest (ROIs) were manually defined in each 

scan to outline the tumour (and lymph node/ distant metastasis, if applicable) using Jim 7 

(Xinapse Systems, West Bergholt, Essex, UK) by a clinical oncologist (AS) and reviewed by 

a clinical radiologist (JPBOC; 13 years’ experience). Coronal pre- and post-gadolinium -

based contrast agent (Gd) T1-weighted images (field of view (FOV) 450 x 450 x 205 mm, in 

plane resolution 1.76 mm x 1.76 mm
2
 for a 5 mm thick slice) were used for lesion ROI 

definition, guided by diagnostic [
18

F]fludeoxyglucose (FDG) PET CT images (figure 1A). OE 

and DCE sequences were acquired co-localized to the anatomical T1-weighted images with 

identical FOV and slice thickness, but for the OE- and DCE-MRI sequences the in plane 

resolution was 4.69 x 4.69 mm
2
.  

 

OE- and DCE-MRI sequence development and optimization were performed in the run up to 

this study. This involved image acquisition and testing in a phantom and two healthy 

volunteers to assess the accuracy of T1 maps, optimize image acquisition parameters (e.g. 

FOV, spatial and temporal resolution) and test image registration. DWI-MRI were acquired 

as per previously developed in-house imaging protocols which showed good agreement in 

phantom acquisitions to literature values [26].  
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Figure 1: Lesion ROIs were defined on coronal pre- and post-Gd T1-w images guided by 

diagnostic [
18

F]FDG PET CT (A). Lesion ROIs were then transferred to OE- and DCE-MRI 

acquisitions. Following image registrations, the generated quantitative OE and DCE lesion 

ΔR1 maps were binarized according to presence of absence of positive enhancement (B & 

C) and combined to distinguish perfused Oxy-E (normoxia), perfused Oxy-R (hypoxia) and 

non-perfused (MRI-defined necrosis) voxels (D). Map key shown. Note the spatial similarity 

between the distribution of normoxia in the generated MRI hypoxia map and regions of 

[
18

F]FDG avidity in the [
18

F]FDG PET CT 

 

OE-MRI: R1 (1/T1) was calculated using a series of coronal inversion recovery (IR) spoiled 

gradient echo acquisitions (TR 2.1 ms, TE 0.496 ms, 6° flip angle, number of excitations = 5, 

TI 10, 50, 300, 1100, 2000, 5000 ms). Dynamic images were acquired at TI of 1100 ms. For 

the first 6 patients in the protocol development cohort, 12 measurements were acquired 

while breathing medical air (21% oxygen) to determine native R1 prior to oxygen challenge. 

This was increased to 18 for all subsequent patients following an interim study review. 

Measurements on air were followed, in all patients, by 66 measurements after gas switch to 

100% oxygen (flow rate: 15 l/min) and a final 12 following switch back to medical air 

(temporal resolution: 10 s). A typical pre-processed OE-MRI dynamic acquisition is shown in 

supplementary video 1A (memory stick). Gases were delivered using a tight-sealed, non-
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rebreathing Intersurgical EcoLite™ Hudson facemask (Intersurgical Ltd, Berkshire, UK). A 2-

tier quality assurance procedure was applied to ensure successful delivery of the gas 

challenge. First, 100% oxygen challenge delivery was confirmed in all scans at the time of 

image acquisition via a gas-sensing probe placed inside the facemask and connected to a 

Gas Analyzer (ADInstruments Pty Ltd, Bella Vista, Australia); supplementary figure 1B. 

Second, R1 was measured in the descending thoracic aorta, outlined by a clinical oncologist 

(AS), to provide a positive control confirming 100% oxygen challenge delivery to the 

participant’s bloodstream. 

 

DCE-MRI: Data were acquired following completion of the OE-MRI acquisition using a 

coronal baseline spoiled gradient echo variable flip angle (VFA) T1 measurement followed by 

a series of spoiled gradient echo measurements (TR 3.3 ms, TE 1.428 ms). Four VFA maps 

were acquired (2, 4, 7 and 10°, each with number of excitations = 10) along with a 10° 

dynamic acquisition over 75 time points (temporal resolution: 4.9 s). A bolus of 0.05 mmol/kg 

gadoterate meglumine (Dotarem®, Guerbet, Aulnay-sous-Bois, France) at 1.5 ml/s followed 

by an equal volume of saline were injected intravenously into a forearm vein using a 

Spectris MR (Medrad Inc, Indianola, PA, USA) power injector after 6 baseline 

measurements. A typical pre-processed DCE-MRI dynamic acquisition is shown in 

supplementary video 1A (memory stick).   

 

DWI-MRI: DWI data were acquired using axial single shot echo planar imaging (TR 6000 

ms, TE 65 ms) with b values of 0, 50, 150, 300, 500, 800 s/mm
2
 (FOV 375 x 375 x 100 mm, 

in plane resolution 2.39 mm for a 5 mm thick slice). ROIs were defined using manual 

outlining, as per previous.   

 

Image processing and analysis  

 

Non-linear diffeomorphic image registration (stnava.github.io/ANTs) was applied to correct 

for breathing and patient motion during each of the dynamic OE- and DCE-MRI acquisitions, 

creating motion-corrected datasets (supplementary video 1B; memory stick). Lesion 

ROIs were then transferred to dynamic acquisitions and checked for spatial accuracy.  

 

OE-MRI: Lesion and voxel-wise ΔR1 and lesion OE area under the curve (AUC) were 

calculated, where ΔR1 = R1 while breathing oxygen (mean of last 18 time points on 100% 

oxygen) minus R1 on breathing air (mean of first 12/ 18 time points on medical air; unit s
-1

) 

and OE-AUC is the area under the entire R1 curve throughout 100% oxygen inhalation 

(unitless). Voxels were classified as enhancing (Oxy-E) if the ΔR1 was positive and 

significant (one sided paired sample t-test between pre-oxygen and oxygen-breathing time 

points, p<0.05). All other voxels were defined as refractory to oxygen challenge (Oxy-R).   
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DCE-MRI: Summary kinetic modelling and heuristic parameterisations were performed. 

Median contrast agent volume transfer constant based on the extended Tofts 

compartmental model (K
trans

; unit min
-1

) [27], median fractional extravascular extracellular 

space volume (ve, unit ml ml
-1

) and mean fractional blood plasma volume (vp, unit ml ml
-1

) 

were computed. A population arterial input function was applied for kinetic modelling [28]. 

Lesion median initial area under the Gd contrast agent concentration-time curve at 60 s 

(IAUC60; unit s mmol/l) was also calculated. Voxels were classified as enhancing when area 

under the entire Gd contrast agent concentration curve was significantly >0 (one sided 

paired sample t-test, p<0.005). Enhancing tumour was considered to be perfused. The 

enhancing lesion volume and fraction were computed.   

 

Combined OE/ DCE analysis: Voxel-wise OE- and DCE-MRI data were combined to 

distinguish perfused Oxy-E (normoxia), perfused Oxy-R (hypoxia) and non-perfused voxels 

(MRI-defined necrosis), based on previously published analysis [23] (figure 1). The motion-

corrected OE-MRI dynamic series were registered to the motion-corrected DCE-MRI 

dynamic series for each patient visit (and for each lesion, if more than one) using linear rigid 

body registration (FLIRT, FSL version 5, fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). FLIRT was 

applied to time-averaged baseline motion-corrected OE-MRI and motion-corrected DCE-

MRI volumes, with lesion ROIs (enlarged by between 5 and 11 voxels) used to restrict the 

registration to the lesions (supplementary video 1C; memory stick). The registration 

process was then applied to each individual motion-corrected OE-MRI acquisition in the 

dynamic series.  

 

DWI-MRI: Voxel-wise exponential fitting was used to derive voxel-wise apparent diffusion 

coefficient (ADC). b values of 150 s/mm
2
 or greater were used to avoid perfusion effects.  

 

Statistical analysis  

 

Formal pre-study sample size calculations were not performed as this was a first-in-man 

study. The normality of data distribution was confirmed using D’Agostino-Pearson omnibus 

normality test. Descriptive statistics were presented using median and 95% confidence 

intervals (CI) or standard deviation. All statistical analyses were performed in IBM SPSS 

Statistics version 22.0 (IBM Corp., Armonk, NY, USA) and presented using GraphPad Prism 

version 7 (GraphPad Software Inc., La Jolla, CA, USA).  

 

Single measures two-way mixed effects model absolute agreement interclass correlation 

coefficient (ICC) and coefficient of variation (CoV) were calculated for summary OE-MRI 

parameters and the hypoxia biomarker perfused Oxy-R between repeat acquisitions 

(together with their respective 95% CI). The ICC was interpreted as per published 

recommendations [29] which state that ICC values between 0.75-0.9 and greater than 0.9 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT


112 

are indicative of good and excellent repeatability, respectively. In addition, Bland-Altman 

analysis was performed to calculate bias and 95% limits of agreement (LoA = 1.96 x 

standard deviation). To enable more comprehensive comparison with existing MRI literature, 

the repeatability of summary DCE- and DWI-MRI parameters were evaluated. ICC values for 

the hypoxia biomarker perfused Oxy-R and summary DCE- and DWI-MRI parameters were 

compared using the F-test. Variability of lesion ROI volumes was also assessed as a 

measure of manual outlining repeatability and reliability. Differences between pre- (based on 

single measurement or average repeat measurements, if applicable) and mid-radiotherapy 

imaging parameters were evaluated using paired sample t-test. Unless otherwise specified, 

p-values of <0.05 (two-sided) were considered statistically significant. No corrections for 

multiple comparisons were made. 

 

Results 

 

Twenty three stage I-IV NSCLC patients were recruited to an initial safety and tolerability 

cohort (n=6) followed an expansion cohort to determine OE-MRI feasibility, repeatability 

(n=11) and ability to detect radiotherapy-induced tumour changes (n=14); supplementary 

figure 2. The median patient age was 69 years (range, 47-82). The median predicted forced 

expiratory volume in 1 s was 78% (range, 40-122). Baseline and treatment characteristics of 

the expansion cohort patients are shown in table 1. 
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Table 1: Baseline and treatment characteristics of the expansion cohort patients  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OE-MRI is safe and well-tolerated in NSCLC patients 

 

Safety and tolerability were examined in the initial six patients with no adverse events 

reported or detected on clinical examination. Based on these data, the study was expanded 

to evaluate repeatability and treatment efficacy. On-going safety and tolerability 

assessments were also recorded in these subsequent patients. Of the 23 patients included 

in the entire study, only one patient required a comfort break during the protocol and the 

examination was terminated. Another patient withdrew from the study due to treatment-

related medical reasons after one baseline scan, but tolerated that scan well. In all 

remaining patients, the protocol was safe and well-tolerated for all 46 scan episodes. There 

were no protocol-related toxicities. 

 

OE-MRI produces readily identifiable signals in the aorta and in lesions 

 

Oxygen challenge resulted in significant increase in measured R1 in the aorta in all patients 

(p<0.0001), which was reversed following switch back to air (supplementary figure 3). 

Characteristic Sub-category Patient number (%) 

Age <70 years 10 (58.8%) 

≥70 years 7 (41.2%) 

Gender Male 10 (58.8%) 

Female 7 (41.2%) 

Ethnicity Caucasian 16 (94.1%) 

Other  1 (5.9%) 

ECOG performance status 0-1 15 (88.2%) 

2 2 (11.8%) 

Smoking status Current 3 (17.6%) 

Previous 14 (82.4%) 

Histology Squamous cell carcinoma 8 (47.1%) 

Adenocarcinoma 9 (52.9%) 

Disease status De-novo  16 (94.1%) 

Recurrent  1 (5.9%) 

TNM stage group (7
th

 
AJCC edition [30]) 

I 1 (5.9%) 

II 0 (0%) 

IIIA 8 (47.1%) 

IIIB 6 (35.3%) 

IV 2 (11.8%) 

Treatment Radiotherapy alone 3 (17.6%) 

Sequential chemoradiation  13 (76.5%) 

Concurrent chemoradiation  1 (5.9%) 

Radiotherapy planning 3D CT 3 (17.6%) 

4D CT 14 (82.4%) 

Radiotherapy dose and 
fractionation 

55 Gy in 20 fractions 14 (82.4%) 

60 Gy in 30 fractions 2 (11.8%) 

66 Gy in 33 fractions 1 (5.9%) 
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Input functions were demonstrated and provided quality assurance for subsequent tumour 

data by demonstrating the delivery of dissolved plasma oxygen via the lungs.  

 

Oxygen challenge resulted in an increase in measured R1 in some, but not all lesions. This 

highlighted inter-tumour heterogeneity in tumour oxygen dynamics. Combined OE/ DCE 

analysis demonstrated that the apparent absence of oxygen enhancement was due to large 

proportions of some tumours having sub-regions refractory to oxygen challenge, alongside 

other sub-regions with positive response (figure 2).  

 

 

Figure 2: Oxygen challenge resulted in an increase in measured R1 in some lesions (top 

left). Further analysis demonstrated that these lesions were predominantly composed of 

perfused Oxy-E (normoxic) voxels, as shown in the top histogram and the adjacent MRI 

derived hypoxia map. Due to the small proportion of perfused Oxy-R voxels, these did not 

significantly influence the lesion enhancement curve. There were no non-perfused (MRI-

defined necrotic) voxels in this lesion (A). In lesions with no significant increase in measured 

R1 after oxygen challenge, we found intra-tumour heterogeneity in the R1 signal trace with 

perfused Oxy-R (hypoxic) and non-perfused (MRI-defined necrotic) voxels demonstrating no 

significant change, while perfused Oxy-E (normoxic) voxels exhibited significant R1 increase 

following oxygen challenge (bottom row). Note here that the perfused Oxy-R (hypoxic) and 

non-perfused (MRI-defined necrotic) voxels show near identical R1 signal trace. These 

regions are only distinguishable using the combined OE/ DCE analysis approach (B). Map 

and trace key shown 

 

In this study, 40 OE-MRI scans passed all quality assurance checks and were analysed. In 

one patient, OE-MRI was affected by wrap artefact and OE-MRI data were lost due to 

operator error in three acquisitions. In two tumours, OE-MRI could not be registered to DCE-
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MRI with sufficient accuracy to permit combined OE/ DCE analysis. Further imaging details 

of the 15 analysed patients, as well as excluded patients/ scans are shown in 

supplementary table 1.  

 

OE-MRI is repeatable in NSCLC patients 

 

Eleven patients underwent repeat MRI (within 7±5 days) prior to initiation of radiotherapy but 

one could not be evaluated for repeatability. Lesion volumes were evaluated to provide 

confidence that tumours remained relatively stable during this timeframe. This showed 

excellent repeatability (ICC 0.994 (95% CI 0.981-0.998); supplementary figure 4A), 

confirming that assessment of repeatability was appropriate in this dataset.  

 

The perfused Oxy-R volume (hypoxic volume; HV) demonstrated excellent repeatability with 

ICC 0.961 (95% CI 0.858-0.990). The perfused Oxy-R fraction (hypoxic fraction; HF) 

demonstrated good repeatability with ICC 0.862 (95% CI 0.565-0.963) (figure 3A-B). OE-

ΔR1 and OE-AUC also showed good repeatability (figure 3C-D). Summary DCE-MRI 

parameters (IAUC60, K
trans 

, ve and vp) and ADC showed good repeatability, with ICC values 

not significantly different from ICC values for the hypoxia biomarker perfused Oxy-R (p>0.6). 

These repeatability data are summarised in table 2, figure 4 and supplementary figure 4, 

along with CoV to allow comparison with previously-published repeatability studies. 
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Figure 3: Bland-Altman plots for perfused Oxy-R volume (HV; A) and perfused Oxy-R 

fraction (HF; B), OE-ΔR1 (C) and OE-AUC (D) with upper and lower LoA. Tumour (T), nodal 

(N) and distant metastatic (M) lesions annotated. Note the logarithmic x-axis scale in A  
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Table 2: ICC, CoV (with 95% CI) and Bland-Altman analysis results for all imaging parameters  

Parameter n ICC CoV (%) Bland-Altman 

Single 
measure 

95% CI Mean value 95% CI Bias Lower LoA Lower LoA 

Lesion ROI volume 17 0.994 0.981-0.998 6.72 3.68-9.77 -3.5 -16.0 9.02 

OE-MRI  

ΔR1 (s
-1

) 13 0.771 0.40-0.924 19.70 10.94-28.47 0.000661 -0.0119 0.0133 

OE-AUC 13 0.776 0.417-0.926 20.48 11.80-29.15 0.381 -4.16 4.92 

Hypoxia biomarker, perfused Oxy-R 

Perfused Oxy-R volume (HV; cm
3
) 10 0.961 0.858-0.990 25.88 8.02-43.75 -1.66 -10.5 7.22 

Perfused Oxy-R fraction (HF) 10 0.862 0.565-0.963 23.15 5.66-40.64 -0.0418 -0.263 0.18 

DCE-MRI 

Median IAUC60 (s mmol/l) 17 0.881 0.707-0.955 16.20 8.25-24.14 -0.801 -5.37 3.77 

Median K
trans 

(min
-1

) 17 0.873 0.690-0.951 14.53 8.84-20.22 -0.00477 -0.036 0.0264 

Median ve (ml ml
-1

) 17 0.787 0.501-0.918 12.57 7.19-17.95 0.00187 -0.0685 0.0722 

Mean vp (ml ml
-1

)  17 0.919 0.789-0.970 33.77 15.45-52.08 -0.00313 -0.0183 0.0121 

Median T1 (ms) 17 0.734 0.405-0.895 5.91 1.59-10.23 -27.1 -417 363 

Enhancing lesion volume (cm
3
) 17 0.989 0.966-0.996 7.64 3.81-11.48 -4.13 -20.8 12.6 

DWI-MRI 

Median ADC (mm
2 
s

-1
) 18 0.766 0.473-0.906 8.22 4.76-11.68 0.00000196 -0.000460 0.000460 
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Figure 4: Bland-Altman plots for median IAUC60 (A), median ADC (B), median ve (C) and 

median K
trans

 (D) with upper and lower LoA. Tumour (T), nodal (N) and distant metastatic (M) 

lesions annotated  

 

With both perfused Oxy-R volume and fraction, there was no discordance in the tumour 

hypoxic status classification between repeat visits (tumours defined as having hypoxia or 

being normoxic (i.e. perfused Oxy-R = 0) on baseline scan 1 were categorized in the same 

way on baseline scan 2). Further, visual inspection revealed that the generated MRI derived 

hypoxia maps were spatially repeatable in tumour, nodal and distant metastatic lesions, 

irrespective of lesion ROI volume or the degree of hypoxia (figure 5).  
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Figure 5: The generated MRI derived hypoxia maps were spatially repeatable, irrespective 

of the degree of tumour hypoxia or lesion ROI volume (A-C: primary tumours with 

decreasing hypoxic fraction), in nodal (D-E) and distant metastatic (F) lesions alike. Map key 

shown. Additional slices in D (not shown) demonstrate minimal hypoxia in scan 1, similar to 

scan 2     

 

OE-MRI detects radiotherapy-induced changes in hypoxia in NSCLC patients   

 

Mid-radiotherapy imaging was performed in 14 patients at 14±4 radiotherapy fractions. No 

significant change (p=0.1588) was detected in lesion volume at mid-treatment (31.7 cm
3
 

(95% CI 5.9-57.6)), relative to baseline (36.7 cm
3
 (95% CI 9.4-64)) (table 3, supplementary 

figure 5).  
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Table 3: Baseline and mid-treatment imaging parameters  

 

 

 

 

 

 

Parameter (unit) Lesions (n) Baseline (95% CI) Mid-treatment (95% CI) p-value 

Lesion ROI volume (cm
3
) All (22) 36.7 (9.4-64) 31.7 (5.9-57.6) 0.1588 

Tumour (11) 48.69 (2.164-95.21) 40.91 (0-83.03) 0.2623 

Node (9) 8.255 (1.689-14.82) 5.548 (3.6-7.496) 0.2942 

OE-MRI 

ΔR1 (s
-1

) All (14) 0.0182 (0.0129-0.0234) 0.0245 (0.0161-0.0328) 0.0968 

OE-AUC All (14) 7.6 (5.71-9.49) 8.99 (6.08-11.9) 0.2173 

Hypoxia biomarker, perfused Oxy-R 

Perfused Oxy-R volume (HV; cm
3
) All (12) 4.16 (0-10.6) 3.23 (0-9.41) 0.0150 

Perfused Oxy-R fraction (HF) All (12) 0.312 (0.17-0.454) 0.208 (0.0343-0.382) 0.0783 

Perfused Oxy-R fraction (HF), only lesions with HF>0.05 All (10) 0.364 (0.217-0.512) 0.229 (0.0188-0.439) 0.0458 

DCE-MRI 

Median IAUC60 (s mmol/l) All (22) 10.2 (7.39-13.1) 12.1 (8.54-15.7) 0.1540 

Tumour (11) 7.747 (5.557-9.938) 9.194 (6.738-11.65) 0.0416 

Nodal (9) 14.47 (8.515-20.43) 16.98 (9.01-24.96) 0.4400 

Median K
trans

 (min
-1

) All (22) 0.0854 (0.0503-0.12) 0.0916 (0.0706-0.113) 0.667 

Tumour (11) 0.06722 (0.04618-0.08826) 0.08139 (0.06045-0.1023) 0.0312 

Nodal (9) 0.1168 (0.02846-0.2052) 0.1117 (0.06462-0.1589) 0.8881 

Median ve (ml ml
-1

) All (22) 0.147 (0.121-0.173) 0.169 (0.143-0.195) <0.0001 

Tumour (11) 0.1374 (0.09291-0.1819) 0.1531 (0.1071-0.1992) 0.0285 

Nodal (9) 0.1652 (0.1259-0.2045) 0.1933 (0.16-0.2266) 0.0010 

Mean vp (ml ml
-1

) All (22) 0.0176 (0.00926-0.0259) 0.026 (0.000916-0.051) 0.4808 

Tumour (11) 0.008472 (0.003978-0.01297) 0.008747 (0.004522-0.01297) 0.9040 

Nodal (9) 0.03189 (0.0152-0.04857) 0.05199 (0-0.1165) 0.5079 

Median T1 (ms) All (22) 1338 (1210-1466) 1330 (1206-1454) 0.7650 

Tumour (11) 1312 (1145-1479) 1316 (1120-1512) 0.9038 

Nodal (9) 1396 (1133-1659) 1352 (1136-1567) 0.4121 

Enhancing lesion volume (cm
3
) All (22) 34.5 (9.45-59.5) 28.3 (6.85-49.8) 0.0918 

Tumour (11) 45.14 (3.307-86.97) 35.44 (3.663-67.22) 0.1776 

Nodal (9) 8.536 (2.156-14.92) 4.974 (3.471-6.476) 0.1463 

DWI-MRI 

Median ADC (mm
2 
s

-1
) All (21) 0.001324 (0.001185-0.001463) 0.001447 (0.001304-0.001591) 0.1095 

Tumour (12) 0.001417 (0.001247-0.001587) 0.001376 (0.001185-0.001567) 0.6145 

Node (8) 0.001209 (0.0009195-0.001498) 0.001534 (0.001243-0.001824) 0.0211 
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The perfused Oxy-R volume decreased at mid-treatment (3.23 cm
3
 (95% CI 0-9.41)), 

relative to baseline (4.16 cm
3
 (95% CI 0-10.6)); p=0.0150. There was a trend (p=0.0783) for 

the perfused Oxy-R fraction to decrease at mid-treatment (0.208 (95% CI 0.0343-0.382)), 

relative to baseline (0.312 (95% CI 0.17-0.454)) (figure 6A). This decrease was significant 

(p=0.0458) when restricting the analysis to lesions that had detectable baseline hypoxia 

(defined as HF greater than 0.05 (5%)) (figure 6B). The corresponding perfused Oxy-E 

(normoxic) fraction increased at mid-treatment (p=0.0426), with no change in the non-

perfused (MRI-defined necrotic) fraction (p=0.896) (supplementary figure 6A-B). In 6 

lesions, the HF reduced to less than 0.05 (5%) at mid-treatment; figure 6C-D. None of the 

exclusively normoxic lesions demonstrated emergence of hypoxia at mid-treatment.  

 

 

Figure 6: Bar chart showing perfused Oxy-R fraction (HF) at baseline versus mid-treatment 

for all lesions (A) and for lesions with a HF>0.05 at baseline (B). Individual perfused Oxy-R 

fraction measurements for lesions (C). A representative MRI derived hypoxia map showing a 

nodal lesion where the perfused Oxy-R fraction decreased from 0.17 to 0.03 (D). Map key 

as in figure 5. Error bars represent standard error of mean (SEM). p-values annotated. 

Tumour (T), nodal (N) and distant metastatic (M) lesions annotated 

 

Importantly, increase in ΔR1 and OE-AUC were detected at mid-treatment relative to 

baseline, but these changes were not significant.   

 

Mid-treatment changes in DCE-MRI parameters and ADC: Relative to baseline, median ve 

demonstrated significant increase at mid-treatment (p<0.0001). This increase was upheld 

when analysing primary tumour (p=0.0285) and nodal (p=0.0010) lesions separately; 
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supplementary figure 7A-C. Median IAUC60 showed significant increase at mid-treatment 

for primary tumour (p=0.0416), but not nodal lesions (p=0.44); supplementary figure 7D-F. 

Median K
trans

 also showed significant increase at mid-treatment for primary tumour 

(p=0.0312), but not nodal lesions (p=0.8881); supplementary figure 7G-I. The other DCE-

MRI parameters did not demonstrate any significant treatment changes; table 3. Relative to 

baseline, median ADC showed significant increase at mid-treatment for nodal (p=0.0211), 

but not primary tumour lesions (p=0.6145); supplementary figure 8A-C. 

 

Discussion 

 

This is the first-in-man study to evaluate measurement precision (repeatability) of OE-MRI 

biomarkers and their sensitivity to changes in hypoxia induced by treatment, here 

radiotherapy or chemoradiation. In addition, this is the first study to evaluate safety, 

tolerability and feasibility of OE-MRI in NSCLC patients. In doing so, substantial new 

information is generated to advance technical and biological validation of OE-MRI 

biomarkers, following the recently documented ‘Imaging biomarker roadmap’ approach [31].  

 

The use of oxygen as an MRI contrast agent has been described in several normal tissue 

studies [32-34]. Since then, a number of preclinical studies have investigated this approach 

in a variety of tumour models [35-37]. While many studies focused on image analysis, some 

have provided evidence that OE-MRI biomarkers -particularly perfused Oxy-R (the fraction 

of perfused tumour refractory to oxygen challenge)- can identify, map and quantify tumour 

hypoxia [23, 35]. Preliminary data on the feasibility of OE-MRI as a potential hypoxia 

imaging assay in humans were also reported in patients with glioma and abdominal and 

pelvic tumours [21, 22, 38].  

 

We found that OE-MRI was safe and well-tolerated in NSCLC patients eligible for curative-

intent therapy. We clearly demonstrate that OE-MRI produces readily identifiable signals in 

the thoracic aorta, providing a quantifiable input function which serves as a crucial quality 

assurance step for this technique since hypoxia is measured as lack of OE-MRI signal. 

Also, this provided a rationale to explore and interpret the disconnect seen in patients who 

had negligible overall OE-MRI signal changes in their lesions, compared to those with 

readily identifiable signal changes. Collectively this shows that preclinically-validated OE-

MRI methods can be effectively translated in clinical populations, imaged with commonly 

available 1.5 T magnets and using simple, patient compliant oxygen delivery systems.  

 

OE-MRI parameters exhibited good to excellent scan-scan repeatability with no significant 

bias. The hypoxic volume was found to be more repeatable than the hypoxic fraction and 

consequently more sensitive to radiotherapy-induced changes. Results are comparable to 

repeatability of summary DCE- and DWI-MRI parameters. Importantly, visual inspection 
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revealed consistent distinction of hypoxic and normoxic tumour sub-regions with no 

discordance in the classification of tumours (i.e. any degree of hypoxia versus no hypoxia) 

between repeat visits. These findings are highly relevant for both hypoxia-targeted 

pharmacological and radiotherapy dose painting trials (i.e. prescription of a non-uniform 

radiation dose targeted to areas of hypoxia). In addition, the ability to classify non-hypoxic 

tumour sub-regions into normoxic and necrotic (MRI-defined) voxels is potentially 

advantageous within future radiotherapy dose painting trials and ultimately, for potential 

future clinical use in radiotherapy planning. Tumour re-oxygenation occurs during 

fractionated radiotherapy [39]. This study provides the first MRI derived evidence to support 

the existence of early tumour re-oxygenation in radiotherapy treated lung cancer patients in 

the absence of significant volumetric tumour change, a finding reported inconsistently in 

previous hypoxia PET studies [40-42]. Larger studies are required to investigate the impact 

of tumour re-oxygenation on outcome in patients treated with radiotherapy.  

 

Collectively, our findings provide important confirmatory evidence to support the validity of 

using biomarkers based on quantifying perfused Oxy-R, which assimilates information 

obtained from a combined OE/ DCE analysis approach [23], as opposed to using OE-MRI in 

isolation (ΔR1 and OE-AUC). To enable this, we combined readily-implementable data 

acquisitions with thorough post-processing image registrations to correct for respiratory and 

patient motion. OE-MRI can only be acquired while the patient is free breathing; our 

demonstration of the practicality of these technical steps is therefore essential. Further, 

stringent quality assurance procedures were applied. Using these techniques, we were able 

to produce robust MRI derived hypoxia maps using information obtained from two dynamic 

acquisitions. These post-processing procedures are translatable, obviating the need for 

breath hold or complex respiratory mitigating solutions.  

 

For the purpose of comparison with OE-MRI, we report on the repeatability and mid-

treatment changes for DCE- and DWI-MRI parameters. Both IAUC60 and K
trans

 exhibit good 

repeatability, comparable to previous studies [43, 44]. To our knowledge, this is the first 

study to establish the repeatability of other summary DCE-MRI parameters (ve, vp) in NSCLC 

patients. Whole tumour ADC within-patient CoV was 7.1% (95% CI 5.7-9.6) in a recently 

published repeatability study in lung cancer patients [45]. Our results are in agreement with 

these findings (CoV 8.22% (95% CI 4.76-11.68)). We report a significant increase in ve at 

mid-treatment with similar increases in IAUC60 and K
trans

 in primary tumours, but not in nodal 

lesions. According to our knowledge, this is the first study to report on early radiotherapy-

induced DCE-MRI changes in NSCLC patients. In our study, median ADC significantly 

increased in nodal lesions, but not in primary tumours. Previous studies have reported 

increases in ADC during chemoradiotherapy in lung cancer patients [46, 47]. DWI-MRI has a 

potential role in the diagnostic assessment of pulmonary and mediastinal lesions [48, 49] 

and has shown promise in monitoring and predicting chemoradiotherapy response in lung 
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cancer patients [46, 47, 50, 51].  

 

In summary, this is the first OE-MRI clinical study to evaluate measurement repeatability and 

show that OE-MRI is sensitive to tumour hypoxia changes induced by radiotherapy. Our 

data suggest that OE-MRI is well-tolerated, feasible and repeatable and this provides a 

strong rationale for incorporating this imaging method into hypoxia-targeted therapy trials 

and radiotherapy dose painting studies in NSCLC.  
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Supplementary table 

 

Supplementary table 1: Imaging and lesion ROI quality assurance (significant issues highlighted in bold) 

Patient number
1
/ scan  ROI structure  Imaging ROI checked by 

radiologist 
Image 
artefact(s) 

Notes (if any) 

6 patients initially recruited for protocol development and early safety and feasibility (1 scan/ patient) 
One patient had wrap artefact in OE-MRI acquisition  
All scans were tolerated well with no adverse events 

01 (3 scans)  
Analysed  

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

02 (3 scans) 
Analysed 

Scan 1 
 

Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 
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DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None OE-/ DCE-MRI image 
registration impossible DCE-MRI Yes None 

Metastasis T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None OE-/ DCE-MRI image 
registration impossible DCE-MRI Yes None 

Metastasis T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None OE-/ DCE-MRI image 
registration impossible DCE-MRI Yes None 

Metastasis T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 
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03- Patient withdrawn from study prior to 1
st

 scan due to personal reasons 
Not analysed  

04 (3 scans) 
Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

05 (3 scans) 
Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 
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OE-MRI Yes Wrap artefact None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes Wrap artefact None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes Wrap artefact None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

06 (3 scans) 
Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 
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Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre-Gd Yes  T1W post Gd not acquired; 
outlines drawn on T1W pre-Gd 

OE-MRI Yes None None 

DCE-MRI not 
performed 

 None Failure to insert cannula 

Node T1W pre-Gd Yes None T1W post-Gd not acquired; 
outlines drawn on T1W pre-Gd 

OE-MRI Yes None None 

DCE-MRI not 
performed 

 None Failure to insert cannula 

Aorta T1W pre-Gd NA None T1W post-Gd not acquired; 
outlines drawn on T1W pre-Gd 

OE-MRI NA None None 

DCE-MRI not 
performed 

 None Failure to insert cannula 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

08 (3 scans)
1
 

Analysed 

Scan 1 Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 
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DCE-MRI NA None None 

Scan 2 Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

09 (3 scans) 
Analysed 

Scan 1 Tumour T1W pre-Gd Yes None T1W post-Gd not acquired; 
outlines drawn on T1W pre-Gd 

OE-MRI Yes None None 

DCE-MRI not 
performed 

 None Failure to insert cannula 

Aorta T1W pre-Gd NA None None 

OE-MRI NA None None 

DCE-MRI not 
performed 

 None Failure to insert cannula 

Scan 2 Tumour T1W pre-Gd Yes None T1W post-Gd not acquired; 
outlines drawn on T1W pre-Gd 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre-Gd Yes None T1W post-Gd not acquired; 
outlines drawn on T1W pre-Gd 

OE-MRI Yes None None 



134 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

10 (2 scans) 
Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

11 (2 scans)  
Analysed 

Scan 1 Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Node T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

12- Patient required a comfort break during the protocol and the examination was terminated 
Not analysed 
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13 (3 scans)  
Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

14 (2 scans) 
Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None OE-/ DCE-MRI image 
registration impossible DCE-MRI Yes None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None OE-/ DCE-MRI image 
registration impossible DCE-MRI Yes None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 
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15 (1 scan)
1
 

Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

17 (3 scans)
1
 

Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Metastasis T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Metastasis T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI data loss NA None Operator error 

DCE-MRI Yes None None 

Metastasis T1W pre/ post-Gd Yes None None 

OE-MRI data loss NA None Operator error 

DCE-MRI Yes None None 
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Aorta T1W pre/ post-Gd NA None None 

OE-MRI data loss NA None Operator error 

DCE-MRI NA None None 

18 (3 scans) 
Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node 1 T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Node 2 T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI NA None None 

DCE-MRI Yes None None 

Node 1 T1W pre/ post-Gd Yes None None 

OE-MRI data loss NA None Operator error 

DCE-MRI Yes None None 

Node 2 T1W pre/ post-Gd Yes None None 

OE-MRI data loss NA None Operator error 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI data loss NA None Operator error 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI data loss NA None Operator error 

DCE-MRI Yes None None 

Node 1 T1W pre/ post-Gd Yes None None 

OE-MRI data loss NA None Operator error 
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DCE-MRI Yes None None 

Node 2 T1W pre/ post-Gd Yes None None 

OE-MRI data loss NA None Operator error 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI data loss NA None Operator error 

DCE-MRI NA None None 

28 (3 scans)
1
 

Analysed 

Scan 1 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 2 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI Yes None None 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI NA None None 

Scan 3 Tumour T1W pre/ post-Gd Yes None None 

OE-MRI Yes None None 

DCE-MRI not 
performed 

NA None Failure to insert cannula 

Aorta T1W pre/ post-Gd NA None None 

OE-MRI NA None None 

DCE-MRI not 
performed 

NA None Failure to insert cannula 

1: Patient number not in sequence due to concurrent recruitment to other unrelated imaging sub-studies.  
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Supplementary figures  

 

 

Supplementary figure 1: Schematic summarising the imaging acquisition protocol. Image 

time shown. Initial six patients recruited for protocol development had 90 OE-MRI time 

points (A). Delivery of the 100% oxygen challenge was confirmed for all scans at the time of 

image acquisition via a gas-sensing probe placed inside the facemask and connected to a 

Gas Analyzer. A typical trace, showing a significant increase in oxygen following the 

challenge, which is reversed after switch back to medical air is shown (B) 
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Supplementary figure 2: CONSORT diagram  

Patients recruited (n=23) 

Protocol development cohort 
(n=6) 

Expansion 
cohort (n=17) 

Did not complete imaging protocol (n=2) 
- Did not tolerate imaging protocol (n=1) 
- Withdrawn due to medical reason (n=1) 

Treatment effect cohort (n=14) 
All data analysed 

Imaging not evaluable (n=1) 
- MRI data loss (n=1) 

Patients with analysed 
repeatability data (n=10) 

Patients with analysable 
imaging data (n=15) 

Repeatability 

cohort (n=11) 
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Supplementary figure 3: Oxygen challenge resulted in significant increase in measured R1 in the aorta in all patients (p<0.0001), which was reversed 

following switch back to medical air. Data from all 15 analysed patients shown. Patient number in study shown  



 

Supplementary figure 4: Bland-Altman plots for lesion ROI volume (A), median T1 (B), 

enhancing lesion volume (C) and mean vp (D) with upper and lower LoA. Tumour (T), nodal 

(N) and distant metastatic (M) lesions annotated. Note the logarithmic x-axis scale in A and 

C 

 

 

 

Supplementary figure 5: Bar chart showing lesion volume at baseline versus mid-treatment 

(A). Individual measurements for primary tumour (B) and nodal (C) volumes at baseline 

versus mid-treatment. Error bars represent SEM. p-values annotated. Note the logarithmic 

y-axis scale for individual plots  
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Supplementary figure 6: Bar chart showing perfused Oxy-E (normoxic) fraction at baseline 

versus mid-treatment (A). Bar chart showing non-perfused (MRI-defined necrotic) fraction at 

baseline versus mid-treatment (B). Error bars represent SEM. p-values annotated  
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Supplementary figure 7: Bar chart showing lesion median ve at baseline versus mid-

treatment (A). Individual median ve measurements for primary tumour (B) and nodal (C) 

lesions at baseline versus mid-treatment. Bar chart showing lesion IAUC60 at baseline 

versus mid-treatment (D). Individual median IAUC60 measurements for primary tumour (E) 

and nodal (F) lesions at baseline versus mid-treatment. Bar chart showing lesion K
trans

 at 

baseline versus mid-treatment (G). Individual median K
trans

 measurements for primary 

tumour (H) and nodal (I) lesions at baseline versus mid-treatment. Error bars represent 

SEM. p-values annotated. Note the logarithmic y-axis scale for individual plots   

 

 

 

 



145 

 

Supplementary figure 8: Bar chart showing lesion median ADC at baseline versus mid-

treatment (A). Individual median ADC measurements for primary tumour (B) and nodal (C) 

lesions at baseline versus mid-treatment. Error bars represent SEM. p-values annotated 
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Supplementary video legend (memory stick) 

 

Supplementary video 1: A typical pre-processed OE- and DCE-MRI dynamic acquisition 

showing a loop of the same slice through the 96 (OE)/ 75 (DCE) acquisition time points (A). 

A typical OE-MRI dynamic acquisition showing a loop of the same slice through the 96 

acquisition time points before and after non-linear image registration, which was applied to 

correct for breathing and patient motion during dynamic OE- and DCE-MRI acquisitions, 

creating motion-corrected datasets (B). OE-MRI dynamic series were then registered to 

DCE-MRI dynamic series for each patient visit (and for each lesion, if more than one) using 

FLIRT. An example registration dataset, showing the DCE-MRI reference volume, input and 

output OE-MRI volumes and difference image, are shown (C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 7: Discussion and future directions 

 

The overreaching thesis aim was to validate non-invasive therapeutic lung cancer 

biomarkers. The investigated biomarkers were derived from routine clinical imaging methods 

(TNM staging partially derived from CT and [
18

F]FDG PET), from imaging methods that are 

at present restricted to the research domain and purport to image hypoxia (multi-parametric 

MRI and [
18

F]FAZA PET) and proliferation ([
18

F]FLT PET) and from circulating biomarkers, 

using data from a randomized controlled trial and 3 prospective pilot studies.  

 

The presented results provide important new validation data for therapeutic lung cancer 

biomarkers. The main thesis strength is the presentation of original research spanning a 

broad panel of potential therapeutic lung cancer biomarkers. These topics were reviewed in 

a concise introductory overview in chapters 1-3, with expansion on specific topics relevant to 

the generated results. Chapter 2 (publication 1) is in press [101] and will be published in the 

Journal of the National Cancer Institute in January 2018. It will be accompanied by an 

editorial [214], which describes this review as ‘an excellent overview of the biology of 

hypoxia and the current status of hypoxia targeting in NSCLC’.  

 

To my knowledge, data reported in chapter 4 (publication 2) are the first to address the 

outcome of early LS-SCLC, staged using the TNM staging system, within a randomized 

controlled trial. We show that early (TNM stage I-II) LS-SCLC patients achieve long-term 

survival with minimal acute side-effects following concurrent platinum-based 

chemoradiotherapy and PCI. This study guides early LS-SCLC patient management and 

benchmarks achievable patient outcomes in the era of modern radiotherapy. The later could 

guide the design of future studies comparing a surgical and non-surgical approach in this 

patient cohort. However, this exploratory analysis was not statistically powered to show 

differences in the investigated early LS-SCLC subgroups (e.g. patients staged with [
18

F]FDG 

PET or those treated with BD versus OD radiotherapy fractionation). These results are 

hypothesis generating and should be interpreted with caution.  

 

A randomized controlled trial is ultimately required to guide the treatment decision between a 

surgical and non-surgical approach in early LS-SCLC patients. Based on our data and a 

previous publication [12], it is estimated that early LS-SCLC constitutes around 5% of SCLC 

cases. The pool of eligible participants in a future trial comparing surgery to 

chemoradiotherapy is likely to be lower as patients will have to be fit enough for surgery. 

Strong patient and physician opinions and preferences regarding optimal therapy (surgical 

versus non-surgical) are also likely to impact trial accrual. This was the experience in the 

SABRTooth trial (ISRCTN13029788 [215]), which was recently terminated early due to poor 

http://www.controlled-trials.com/ISRCTN13029788?q=&filters=conditionCategory:Cancer,trialStatus:Ongoing&sort=&offset=89&totalResults=294&page=1&pageSize=100&searchType=basicsearch
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accrual (unpublished data, Kevin Franks). Based on these reasons, the lack of level I 

evidence to guide clinical therapeutic decisions in this setting is likely to persist in the 

foreseeable future. Future studies should focus on improving patient selection, aiming to 

deliver precision treatments. One strategy is to acquire potential predictive biomarkers within 

prospective cohort studies employing standardised surgical and non-surgical therapies in 

early LS-SCLC patients. The generated data could be utilized to investigate the added value 

of using these approaches to improve therapeutic decisions (i.e. identify patients unlikely to 

benefit from one or either treatment) or select patients for inclusion in innovative therapeutic 

trials.  

 

In chapter 5 (publication 3), I report on the effects of different [
18

F]FAZA PET acquisition and 

analysis procedures on image parameters, comparing hypoxic volumes and fractions using 

fixed (>1.4, >1.2) and image-derived thresholds for varying acquisition times and durations. I 

also assess, for the first time, repeatability of [
18

F]FAZA PET in patients and compare 

imaging findings with a tissue-based hypoxia measurement in a patient subset. This study 

provides important new [
18

F]FAZA PET validation data and derives the imaging settings for 

the optimal application of this modality to derive potential NSCLC hypoxia biomarkers. In 

addition, several crucial hypothesis-generating insights into tumour hypoxia quantification 

were generated from this study (e.g. non-specific pimonidazole binding, different 

pimonidazole immunostaining patterns in adenocarcinoma versus squamous cell carcinoma 

and potential merits of quantifying low [
18

F]FAZA uptake). These deserve further 

investigation in future studies.  

 

In chapter 6 (publication 4), I present the world first OE-MRI clinical study to evaluate 

repeatability and show pharmacodynamic treatment effect of radiotherapy/ 

chemoradiotherapy, providing substantial new technical and biological validation data for 

OE-MRI NSCLC hypoxia biomarkers, which follows the recently documented ‘Imaging 

biomarker roadmap’ approach [77]. These results suggest that OE-MRI is feasible, well-

tolerated, repeatable and has potential clinical utility as a predictive biomarker in future 

hypoxia-targeted therapy trials and radiotherapy dose painting studies in NSCLC. OE-MRI 

research has been carried forward, in part based on my thesis results (e.g. two OE-MRI PhD 

projects were recently submitted for funding). Further, this study is part of an on-going 

project with parallel preclinical therapy studies.  

 

Although both multi-parametric hypoxia MRI and [
18

F]FAZA PET purport to image tumour 

hypoxia, there are significant differences between these modalities. [
18

F]FAZA undergoes 

cellular retention in viable hypoxic tumour regions, while Oxy-R (the pre-clinically validated 

MRI hypoxia biomarker [216]) is derived from perfused tumour voxels (identified using DCE-

MRI) which are refractory to oxygen challenge (identified using OE-MRI). Thus, this MRI 
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hypoxia measurement requires successful acquisition of both DCE- and OE-MRI. In chapter 

6 (publication 4), this led to rejection of a few otherwise successful OE-MRI acquisitions due 

to failure to insert an intravenous cannula or inability to register the two dynamic 

acquisitions. I also report one patient where OE-MRI was affected by wrap artefact, making 

this data unusable for Oxy-R quantification. In comparison, all of the [
18

F]FAZA PET scans 

acquired in chapter 5 (publication 3) were successful. However, compared to [
18

F]FAZA 

PET, multi-parametric hypoxia MRI is more easily translatable as it obviates the high cost 

and numerous challenges associated with hypoxia radiotracer synthesis and transportation 

[101, 217, 218]. In the thesis studies, the resolution of [
18

F]FAZA PET was 2.67 x 2.67 x 

2.02 mm
3
, compared to 5 x  4.69 x 4.69 mm

3 
in multi-parametric hypoxia MRI due to the 

relatively low signal-to-noise ratio. A 30-min [
18

F]FAZA PET scan is recommended in 

chapter 5 (publication 3) to achieve the best sensitivity to detect hypoxic regions, but 

requires the patient to wait for 2 h pi to maximise and stabilise tumour-to-reference region 

contrast. The duration of the multi-parametric MRI protocol in chapter 6 (publication 4) was 

45 min. A shorter acquisition protocol, based on the results of this thesis, could be devised 

as here oxygen refractory voxels were defined based on 36 out of 96 time points in the OE-

MRI acquisition. The feasibility of both multi-parametric hypoxia MRI and [
18

F]FAZA PET 

within multi-centre therapeutic trials should be investigated in future trials. This is one of the 

aims of the NIMLung trial proposal (appendix 2), which is designed to prospectively validate 

(and ultimately qualify) [
18

F]FAZA PET to derive predictive therapeutic biomarkers based on 

the results of this thesis (e.g. [
18

F]FAZA PET image duration and time pi).  

 

The main limitation of the two studies presented in chapters 5 (publication 3) and 6 

(publication 4) is the small number of included patients. This was mainly due to competitive 

recruitment to other studies (e.g. TRACERx (TRAcking Cancer Evolution through therapy 

(Rx)), logistical clinic issues (e.g. patients approached after long clinic wait or shortly after 

receiving bad news from their oncologist) and baseline lung cancer patient characteristics 

(e.g. patients of borderline fitness lacking stamina to take part in lengthy imaging scans with 

no direct clinical benefit). An additional limitation is that hypoxia-targeted therapy was not 

investigated in parallel to biomarker validation in these pilot studies. Building on these 

results, additional research is required to quantitatively assess spatial repeatability (e.g. 

DICE overlap analysis) or perform voxel-based tissue-imaging spatial comparisons (in the 

FAZA study) which require robust and highly reproducible patient positioning procedures for 

repeat scans and dedicated, labour-intensive, complex tissue-imaging registration solutions 

[213], respectively.     

 

Building on consensus recommendations for imaging biomarker validation [77], the following 

studies are proposed to permit OE-MRI derived biomarker qualification in NSCLC hypoxia-

targeted therapy trials. First, multi-centre reproducibility studies using a simplified image 

acquisition protocol and standardised post-processing procedures based on the thesis 
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findings. Second, regions of locoregional recurrence -diagnosed using established imaging 

(e.g. [
18

F]FDG PET)- need to be mapped to MRI derived hypoxia maps. This step will 

provide additional information on clinical validity, as previously investigated for [
18

F]FDG 

PET as a prerequisite to an [
18

F]FDG PET-based NSCLC radiotherapy dose escalation trial 

[219]. There is a need for adequately-powered trials to investigate the prognostic and 

predictive capacity of OE-MRI derived NSCLC biomarkers. Furthermore, there is a rationale 

for a multi-parametric hypoxia MRI and [
18

F]FAZA PET cross-comparison study, which is 

perhaps best attempted in a hybrid PET MRI (as this simplifies cross-modality image 

registration, but is currently limited by lack of accurate attenuation correction for body PET 

images). Finally, studies incorporating serial [
18

F]FAZA PET and OE-MRI imaging at 

different time points throughout chemoradiotherapy are essential to provide data on spatio-

temporal repeatability, a crucial prerequisite for radiotherapy dose escalation trials based on 

[
18

F]FAZA PET or OE-MRI derived hypoxia maps [101]. While acknowledging limitations and 

challenges, it is envisioned that the MR linac (a machine that combines a linear accelerator 

with an MRI scanner to improve image-guide radiotherapy) and the hybrid PET MRI could 

provide an ideal framework to enhance and accelerate research in this field [95].  

 

In appendix 1 (publication 5), I present the results of a pilot study that evaluated, to my 

knowledge, the largest blood biomarker panel in lung cancer patients. We show that 

baseline IL-1b and neutrophil count and early-treatment CYFRA 21-1 predict lung cancer 

radiotherapy response, while baseline Ang-1 and HGF significantly correlated with the gross 

tumour volume. CYFRA 21-1 and VCAM-1 correlated with proliferation imaging using 

[
18

F]FLT PET, highlighting for the first time a potential role of blood biomarkers as imaging 

surrogates. These data provide new candidate, minimally-invasive blood biomarkers to 

investigate in future mechanism-based therapy-radiotherapy combination trials. The main 

study limitations are the lack of an independent validation dataset and the inclusion of a 

heterogeneous study population (SCLC and NSCLC patients). A detailed study discussion is 

presented in appendix 1 (publication 5).  

 

Over the past 3 years, I have acquired cutting-edge translational research experience 

including knowledge in radiation biology, novel functional imaging and clinical trial design. I 

now understand the intricacies of trial set-up and ethical review, having successfully set-up 

and activated 2 pilot clinical studies in 2 NHS Trusts and applied 2 major amendments 

during the study period. I have taken ownership of this project with aspects of this research 

driven mainly by myself to address unmet research needs (e.g. investigation of [
18

F]FAZA 

PET repeatability as a prerequisite for the NIMLung trial proposal). The NIMLung trial 

proposal was largely a personal initiative, not a pre-planned PhD component. This work has 

made me realise the importance of actively interacting with the research community, funders 

and patients and understand important trial recruitment logistical practicalities. My main 
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career goal is to lead an innovative lung cancer hypoxia research portfolio, aiming to deliver 

hypoxia-targeted therapies (potentially, with predictive biomarkers) in the clinic by the next 

15 years. This research will need to be based on a sound understanding of the lessons 

learnt from decades of failed hypoxia-targeted therapy trials in lung cancer (presented in 

detail in chapter 2 (publication 1) [101, 214] and elsewhere [220]. I acknowledge this is an 

ambitious goal. To achieve this, I need to establish a wide academic collaborative network 

(as an open and collaborative biomarker research environment is essential to success 

[220]), embrace a strategic research planning mentality and exploit local research strengths 

in expertise and infrastructure.  

 

In an academic environment of intense competition for limited funding, it is common for 

investigators to primarily focus their efforts on delivering high impact publications to progress 

their academic careers and improve their chances of securing the next round of funding. As I 

previously wrote: ‘[I will] exercise critical self-reflection [to ensure that my research is] 

patient-, not investigator-, centered by stay[ing] true to [myself] and patients by prioritizing 

research that genuinely aims at improving patient outcomes [and not] primarily aimed at 

glorifying [my] CV’ [221].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 8: References  

 
1. Cancer Research UK. Lung cancer statistics. 2014  [cited 2017 20 Aug]; Available 

from: http://www.cancerresearchuk.org/health-professional/cancer-
statistics/statistics-by-cancer-type/lung-cancer - heading-Zero. 

2. Cancer Research UK. Beating Cancer Sooner Our Strategy Highlights. 2014  [cited 
2017 20 Aug]; Available from: http://www.cancerresearchuk.org/about-us/our-
organisation/beating-cancer-sooner-our-strategy. 

3. Doll, R., Smoking and lung cancer. Br Med J, 1953. 1(4808): p. 505-6. 
4. Wynder, E.L., Studies on lung cancer in relation to smoking. AMA Arch Ind Hyg 

Occup Med, 1952. 5(3): p. 218-27. 
5. Riaz, S.P., et al., Trends in incidence of small cell lung cancer and all lung cancer. 

Lung Cancer, 2012. 75(3): p. 280-4. 
6. Denman, A.R., et al., Future initiatives to reduce lung cancer incidence in the United 

Kingdom: smoking cessation, radon remediation and the impact of social change. 
Perspect Public Health, 2014. 

7. Office for National Statistics. Adult smoking habits in the UK: 2015. 2015  [cited 
2017 15 Aug]; Available from: 
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/health
andlifeexpectancies/bulletins/adultsmokinghabitsingreatbritain/2015. 

8. Malvezzi, M., et al., Lung cancer mortality in European men: trends and predictions. 
Lung Cancer, 2013. 80(2): p. 138-45. 

9. Alberg, A.J., J.G. Ford, and J.M. Samet, Epidemiology of lung cancer: ACCP 
evidence-based clinical practice guidelines (2nd edition). Chest, 2007. 132(3 Suppl): 
p. 29s-55s. 

10. Walters, S., et al., Lung cancer survival and stage at diagnosis in Australia, Canada, 
Denmark, Norway, Sweden and the UK: a population-based study, 2004-2007. 
Thorax, 2013. 68(6): p. 551-64. 

11. Toschi, L., F. Cappuzzo, and P.A. Janne, Evolution and future perspectives in the 
treatment of locally advanced non-small cell lung cancer. Ann Oncol, 2007. 18 
Suppl 9: p. ix150-5. 

12. Fruh, M., et al., Small-cell lung cancer (SCLC): ESMO Clinical Practice Guidelines 
for diagnosis, treatment and follow-up. Ann Oncol, 2013. 24 Suppl 6: p. vi99-105. 

13. van der Aalst, C.M., K. Ten Haaf, and H.J. de Koning, Lung cancer screening: latest 
developments and unanswered questions. Lancet Respir Med, 2016. 4(9): p. 749-
761. 

14. Aberle, D.R., et al., Reduced lung-cancer mortality with low-dose computed 
tomographic screening. N Engl J Med, 2011. 365(5): p. 395-409. 

15. Field, J.K., et al., Implementation planning for lung cancer screening: five major 
challenges. Lancet Respir Med, 2016. 4(9): p. 685-687. 

16. Yousaf-Khan, U., et al., Risk stratification based on screening history: the NELSON 
lung cancer screening study. Thorax, 2017. 72(9): p. 819-824. 

17. Wolstenholme, J.L. and D.K. Whynes, The hospital costs of treating lung cancer in 
the United Kingdom. Br J Cancer, 1999. 80(1-2): p. 215-8. 

18. Cancer Research UK. Lung cancer UK price tag eclipses the cost of any other 
cancer. 2012  [cited 2017 4 Aug]; Available from: 
http://www.cancerresearchuk.org/about-us/cancer-news/press-release/2012-11-07-
lung-cancer-uk-price-tag-eclipses-the-cost-of-any-other-cancer. 

19. Edge, S., American Joint Committee on Cancer, American Cancer Society. AJCC 
cancer staging handbook: from the AJCC cancer staging manual. Springer, New 
York, 2010. 19: p. 718. 

20. Goldstraw, P., et al., The IASLC Lung Cancer Staging Project: Proposals for 
Revision of the TNM Stage Groupings in the Forthcoming (Eighth) Edition of the 
TNM Classification for Lung Cancer. J Thorac Oncol, 2016. 11(1): p. 39-51. 

21. Green, R.A., et al., Alkylating agents in bronchogenic carcinoma. Am J Med, 1969. 
46(4): p. 516-25. 

22. Shepherd, F.A., et al., The International Association for the Study of Lung Cancer 
lung cancer staging project: proposals regarding the clinical staging of small cell 

http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer#heading-Zero
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer#heading-Zero
http://www.cancerresearchuk.org/about-us/our-organisation/beating-cancer-sooner-our-strategy
http://www.cancerresearchuk.org/about-us/our-organisation/beating-cancer-sooner-our-strategy
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthandlifeexpectancies/bulletins/adultsmokinghabitsingreatbritain/2015
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthandlifeexpectancies/bulletins/adultsmokinghabitsingreatbritain/2015
http://www.cancerresearchuk.org/about-us/cancer-news/press-release/2012-11-07-lung-cancer-uk-price-tag-eclipses-the-cost-of-any-other-cancer
http://www.cancerresearchuk.org/about-us/cancer-news/press-release/2012-11-07-lung-cancer-uk-price-tag-eclipses-the-cost-of-any-other-cancer


153 

lung cancer in the forthcoming (seventh) edition of the tumor, node, metastasis 
classification for lung cancer. J Thorac Oncol, 2007. 2(12): p. 1067-77. 

23. Vallieres, E., et al., The IASLC Lung Cancer Staging Project: proposals regarding 
the relevance of TNM in the pathologic staging of small cell lung cancer in the 
forthcoming (seventh) edition of the TNM classification for lung cancer. J Thorac 
Oncol, 2009. 4(9): p. 1049-59. 

24. Public Health England. National Cancer Intelligence Network 
Cancer survival in England by stage. 2014  [cited 2017 4 Aug]; Available from: 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/34727
5/Cancer_survival_in_England_by_stage_report_.pdf. 

25. National Institute for Health and Care Excellence. Lung cancer: diagnosis and 
management. 2011  [cited 2017 18 July]; Available from: 
https://www.nice.org.uk/guidance/cg121. 

26. Vansteenkiste, J., et al., Early and locally advanced non-small-cell lung cancer 
(NSCLC): ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. 
Annals of oncology, 2013. 24(suppl_6): p. vi89-vi98. 

27. National Comprehinsive Cancer Network. NCCN Clinical Practice Guidelines in 
Oncology: Small Cell Lung Cancer. 2017  [cited 2017 July 21]; Available from: 
https://www.nccn.org/professionals/physician_gls/f_guidelines.asp - site. 

28. National Comprehinsive Cancer Network. NCCN Clinical Practice Guidelines in 
Oncology: Non-Small Cell Lung Cancer. 2017  [cited 2017 July 21]; Available from: 
https://www.nccn.org/professionals/physician_gls/f_guidelines.asp. 

29. Pignon, J.P., et al., Lung adjuvant cisplatin evaluation: a pooled analysis by the 
LACE Collaborative Group. J Clin Oncol, 2008. 26(21): p. 3552-9. 

30. Winton, T., et al., Vinorelbine plus cisplatin vs. observation in resected non-small-
cell lung cancer. N Engl J Med, 2005. 352(25): p. 2589-97. 

31. Curran, W.J., Jr., et al., Sequential vs. concurrent chemoradiation for stage III non-
small cell lung cancer: randomized phase III trial RTOG 9410. J Natl Cancer Inst, 
2011. 103(19): p. 1452-60. 

32. Dillman, R.O., et al., A randomized trial of induction chemotherapy plus high-dose 
radiation versus radiation alone in stage III non-small-cell lung cancer. N Engl J 
Med, 1990. 323(14): p. 940-5. 

33. Borghaei, H., et al., Nivolumab versus Docetaxel in Advanced Nonsquamous Non-
Small-Cell Lung Cancer. N Engl J Med, 2015. 373(17): p. 1627-39. 

34. Brahmer, J., et al., Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-
Small-Cell Lung Cancer. N Engl J Med, 2015. 373(2): p. 123-35. 

35. Fehrenbacher, L., et al., Atezolizumab versus docetaxel for patients with previously 
treated non-small-cell lung cancer (POPLAR): a multicentre, open-label, phase 2 
randomised controlled trial. Lancet, 2016. 387(10030): p. 1837-46. 

36. Herbst, R.S., et al., Pembrolizumab versus docetaxel for previously treated, PD-L1-
positive, advanced non-small-cell lung cancer (KEYNOTE-010): a randomised 
controlled trial. Lancet, 2016. 387(10027): p. 1540-50. 

37. Reck, M., et al., Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-
Small-Cell Lung Cancer. N Engl J Med, 2016. 375(19): p. 1823-1833. 

38. Mok, T.S., et al., Gefitinib or carboplatin-paclitaxel in pulmonary adenocarcinoma. N 
Engl J Med, 2009. 361(10): p. 947-57. 

39. Shepherd, F.A., et al., Erlotinib in previously treated non-small-cell lung cancer. N 
Engl J Med, 2005. 353(2): p. 123-32. 

40. Shaw, A.T., et al., Crizotinib versus chemotherapy in advanced ALK-positive lung 
cancer. N Engl J Med, 2013. 368(25): p. 2385-94. 

41. Solomon, B.J., et al., First-line crizotinib versus chemotherapy in ALK-positive lung 
cancer. N Engl J Med, 2014. 371(23): p. 2167-77. 

42. Novello, S., et al., Metastatic non-small-cell lung cancer: ESMO Clinical Practice 
Guidelines for diagnosis, treatment and follow-up. Ann Oncol, 2016. 27(suppl 5): p. 
v1-v27. 

43. De Ruysscher, D., et al., Systematic review and meta-analysis of randomised, 
controlled trials of the timing of chest radiotherapy in patients with limited-stage, 
small-cell lung cancer. Ann Oncol, 2006. 17(4): p. 543-52. 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/347275/Cancer_survival_in_England_by_stage_report_.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/347275/Cancer_survival_in_England_by_stage_report_.pdf
https://www.nice.org.uk/guidance/cg121
https://www.nccn.org/professionals/physician_gls/f_guidelines.asp#site
https://www.nccn.org/professionals/physician_gls/f_guidelines.asp


154 

44. Faivre-Finn, C., et al., Concurrent once-daily versus twice-daily chemoradiotherapy 
in patients with limited-stage small-cell lung cancer (CONVERT): an open-label, 
phase 3, randomised, superiority trial. Lancet Oncol, 2017. 

45. Pignon, J.P., et al., A meta-analysis of thoracic radiotherapy for small-cell lung 
cancer. N Engl J Med, 1992. 327(23): p. 1618-24. 

46. Turrisi, A.T., 3rd, et al., Twice-daily compared with once-daily thoracic radiotherapy 
in limited small-cell lung cancer treated concurrently with cisplatin and etoposide. N 
Engl J Med, 1999. 340(4): p. 265-71. 

47. Warde, P. and D. Payne, Does thoracic irradiation improve survival and local control 
in limited-stage small-cell carcinoma of the lung? A meta-analysis. J Clin Oncol, 
1992. 10(6): p. 890-5. 

48. Auperin, A., et al., Prophylactic cranial irradiation for patients with small-cell lung 
cancer in complete remission. Prophylactic Cranial Irradiation Overview 
Collaborative Group. N Engl J Med, 1999. 341(7): p. 476-84. 

49. Slotman, B., et al., Prophylactic cranial irradiation in extensive small-cell lung 
cancer. N Engl J Med, 2007. 357(7): p. 664-72. 

50. Slotman, B.J., et al., Use of thoracic radiotherapy for extensive stage small-cell lung 
cancer: a phase 3 randomised controlled trial. Lancet, 2015. 385(9962): p. 36-42. 

51. Reck, M. and K.F. Rabe, Precision Diagnosis and Treatment for Advanced Non-
Small-Cell Lung Cancer. N Engl J Med, 2017. 377(9): p. 849-861. 

52. Birkmeyer, J.D., et al., Hospital volume and surgical mortality in the United States. N 
Engl J Med, 2002. 346(15): p. 1128-37. 

53. Finks, J.F., N.H. Osborne, and J.D. Birkmeyer, Trends in hospital volume and 
operative mortality for high-risk surgery. N Engl J Med, 2011. 364(22): p. 2128-37. 

54. Timmerman, R., et al., Stereotactic body radiation therapy for inoperable early stage 
lung cancer. Jama, 2010. 303(11): p. 1070-6. 

55. Lim, E., et al., Guidelines on the radical management of patients with lung cancer. 
Thorax, 2010. 65 Suppl 3: p. iii1-27. 

56. Bradley, J.D., et al., 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, 2015. 16(2): p. 187-
99. 

57. Antonia, S.J., et al., Durvalumab after Chemoradiotherapy in Stage III Non-Small-
Cell Lung Cancer. N Engl J Med, 2017. 

58. Govindan, R., et al., Changing epidemiology of small-cell lung cancer in the United 
States over the last 30 years: analysis of the surveillance, epidemiologic, and end 
results database. J Clin Oncol, 2006. 24(28): p. 4539-44. 

59. Sabari, J.K., et al., Unravelling the biology of SCLC: implications for therapy. Nat 
Rev Clin Oncol, 2017. 14(9): p. 549-561. 

60. Strauss, G.M., et al., Adjuvant paclitaxel plus carboplatin compared with observation 
in stage IB non-small-cell lung cancer: CALGB 9633 with the Cancer and Leukemia 
Group B, Radiation Therapy Oncology Group, and North Central Cancer Treatment 
Group Study Groups. J Clin Oncol, 2008. 26(31): p. 5043-51. 

61. Scagliotti, G.V., et al., 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, 2008. 26(21): p. 3543-51. 

62. Auperin, A., et al., Meta-analysis of concomitant versus sequential 
radiochemotherapy in locally advanced non-small-cell lung cancer. J Clin Oncol, 
2010. 28(13): p. 2181-90. 

63. Mauguen, A., et al., Hyperfractionated or accelerated radiotherapy in lung cancer: 
an individual patient data meta-analysis. J Clin Oncol, 2012. 30(22): p. 2788-97. 

64. Mulvenna, P., et al., Dexamethasone and supportive care with or without whole 
brain radiotherapy in treating patients with non-small cell lung cancer with brain 
metastases unsuitable for resection or stereotactic radiotherapy (QUARTZ): results 
from a phase 3, non-inferiority, randomised trial. Lancet, 2016. 388(10055): p. 2004-
2014. 

65. Fried, D.B., et al., Systematic review evaluating the timing of thoracic radiation 
therapy in combined modality therapy for limited-stage small-cell lung cancer. J Clin 
Oncol, 2004. 22(23): p. 4837-45. 



155 

66. Le Pechoux, C., et al., Standard-dose versus higher-dose prophylactic cranial 
irradiation (PCI) in patients with limited-stage small-cell lung cancer in complete 
remission after chemotherapy and thoracic radiotherapy (PCI 99-01, EORTC 22003-
08004, RTOG 0212, and IFCT 99-01): a randomised clinical trial. Lancet Oncol, 
2009. 10(5): p. 467-74. 

67. Kubota, K., et al., Etoposide and cisplatin versus irinotecan and cisplatin in patients 
with limited-stage small-cell lung cancer treated with etoposide and cisplatin plus 
concurrent accelerated hyperfractionated thoracic radiotherapy (JCOG0202): a 
randomised phase 3 study. Lancet Oncol, 2014. 15(1): p. 106-13. 

68. Machtay, M., et al., Defining local-regional control and its importance in locally 
advanced non-small cell lung carcinoma. J Thorac Oncol, 2012. 7(4): p. 716-22. 

69. Hamamoto, Y., et al., Factors affecting survival time after recurrence of non-small-
cell lung cancer treated with concurrent chemoradiotherapy. Jpn J Radiol, 2012. 
30(3): p. 249-54. 

70. Hung, J.J., et al., Post-recurrence survival in completely resected stage I non-small 
cell lung cancer with local recurrence. Thorax, 2009. 64(3): p. 192-6. 

71. Marcu, L.G., Altered fractionation in radiotherapy: from radiobiological rationale to 
therapeutic gain. Cancer Treat Rev, 2010. 36(8): p. 606-14. 

72. Saunders, M., et al., Continuous hyperfractionated accelerated radiotherapy 
(CHART) versus conventional radiotherapy in non-small-cell lung cancer: a 
randomised multicentre trial. CHART Steering Committee. Lancet, 1997. 350(9072): 
p. 161-5. 

73. Christodoulou, M., et al., New radiotherapy approaches in locally advanced non-
small cell lung cancer. Eur J Cancer, 2014. 50(3): p. 525-34. 

74. Fujii, M., et al., Influence of the timing of tumor regression after the initiation of 
chemoradiotherapy on prognosis in patients with limited-disease small-cell lung 
cancer achieving objective response. Lung Cancer, 2012. 78(1): p. 107-11. 

75. Biomarkers Definitions Working Group, Biomarkers and surrogate endpoints: 
preferred definitions and conceptual framework. Clin Pharmacol Ther, 2001. 69(3): 
p. 89-95. 

76. FDA-NIH Biomarker Working Group, in BEST (Biomarkers, EndpointS, and other 
Tools) Resource. 2016, Food and Drug Administration (US)/National Institutes of 
Health (US): Maryland. 

77. O'Connor, J.P., et al., Imaging biomarker roadmap for cancer studies. Nat Rev Clin 
Oncol, 2017. 14(3): p. 169-186. 

78. Han, C.B., et al., Pulmonary artery invasion, high-dose radiation, and overall survival 
in patients with non-small cell lung cancer. Int J Radiat Oncol Biol Phys, 2014. 89(2): 
p. 313-21. 

79. Italiano, A., Prognostic or predictive? It's time to get back to definitions! J Clin Oncol, 
2011. 29(35): p. 4718; author reply 4718-9. 

80. Jamal-Hanjani, M., et al., Tracking the Evolution of Non-Small-Cell Lung Cancer. N 
Engl J Med, 2017. 376(22): p. 2109-2121. 

81. Marks, L.B., et al., Radiation dose-volume effects in the lung. Int J Radiat Oncol Biol 
Phys, 2010. 76(3 Suppl): p. S70-6. 

82. Vera, P., et al., Phase II Study of a Radiotherapy Total Dose Increase in Hypoxic 
Lesions Identified by 18F-Misonidazole PET/CT in Patients with Non-Small Cell 
Lung Carcinoma (RTEP5 Study). J Nucl Med, 2017. 58(7): p. 1045-1053. 

83. Aerts, H.J., et al., Decoding tumour phenotype by noninvasive imaging using a 
quantitative radiomics approach. Nat Commun, 2014. 5: p. 4006. 

84. Aktan, M., et al., Prognostic value of pre-treatment 18F-FDG-PET uptake in small-
cell lung cancer. Ann Nucl Med, 2017. 31(6): p. 462-468. 

85. Lee, Y.J., et al., High tumor metabolic activity as measured by fluorodeoxyglucose 
positron emission tomography is associated with poor prognosis in limited and 
extensive stage small-cell lung cancer. Clin Cancer Res, 2009. 15(7): p. 2426-32. 

86. Jenkins, S., et al., 134O_PR: Plasma ctDNA analysis for detection of EGFR T790M 
mutation in patients (pts) with EGFR mutation-positive advanced non-small cell lung 
cancer (aNSCLC). J Thorac Oncol, 2016. 11(4 Suppl): p. S153-4. 

87. Mok, T.S., et al., Osimertinib or Platinum-Pemetrexed in EGFR T790M-Positive 
Lung Cancer. N Engl J Med, 2017. 376(7): p. 629-640. 



156 

88. Oxnard, G.R., et al., Association Between Plasma Genotyping and Outcomes of 
Treatment With Osimertinib (AZD9291) in Advanced Non-Small-Cell Lung Cancer. J 
Clin Oncol, 2016. 34(28): p. 3375-82. 

89. Ready, N., et al., Chemoradiotherapy and gefitinib in stage III non-small cell lung 
cancer with epidermal growth factor receptor and KRAS mutation analysis: cancer 
and leukemia group B (CALEB) 30106, a CALGB-stratified phase II trial. J Thorac 
Oncol, 2010. 5(9): p. 1382-90. 

90. Duffy, M.J. and J. Crown, Companion biomarkers: paving the pathway to 
personalized treatment for cancer. Clin Chem, 2013. 59(10): p. 1447-56. 

91. Sharma, R.A., et al., Clinical development of new drug-radiotherapy combinations. 
Nat Rev Clin Oncol, 2016. 

92. Higgins, G.S., et al., Personalized Radiation Oncology: Epidermal Growth Factor 
Receptor and Other Receptor Tyrosine Kinase Inhibitors. Recent Results Cancer 
Res, 2016. 198: p. 107-22. 

93. Parkinson, D.R., B.E. Johnson, and G.W. Sledge, Making personalized cancer 
medicine a reality: challenges and opportunities in the development of biomarkers 
and companion diagnostics. Clin Cancer Res, 2012. 18(3): p. 619-24. 

94. Behl, A.S., et al., Cost-effectiveness analysis of screening for KRAS and BRAF 
mutations in metastatic colorectal cancer. J Natl Cancer Inst, 2012. 104(23): p. 
1785-95. 

95. Bainbridge, H., et al., Magnetic Resonance Imaging in Precision Radiation Therapy 
for Lung Cancer. Transl Lung Cancer Res, in press. 

96. Le, Q.T., et al., An evaluation of tumor oxygenation and gene expression in patients 
with early stage non-small cell lung cancers. Clin Cancer Res, 2006. 12(5): p. 1507-
14. 

97. Parker, C., et al., Polarographic electrode study of tumor oxygenation in clinically 
localized prostate cancer. Int J Radiat Oncol Biol Phys, 2004. 58(3): p. 750-7. 

98. Toustrup, K., et al., Development of a hypoxia gene expression classifier with 
predictive impact for hypoxic modification of radiotherapy in head and neck cancer. 
Cancer Res, 2011. 71(17): p. 5923-31. 

99. Bache, M., et al., Immunohistochemical detection of osteopontin in advanced head-
and-neck cancer: prognostic role and correlation with oxygen electrode 
measurements, hypoxia-inducible-factor-1alpha-related markers, and hemoglobin 
levels. Int J Radiat Oncol Biol Phys, 2006. 66(5): p. 1481-7. 

100. Toustrup, K., et al., Hypoxia gene expression signatures as prognostic and 
predictive markers in head and neck radiotherapy. Semin Radiat Oncol, 2012. 22(2): 
p. 119-27. 

101. Salem, A., et al., Targeting hypoxia to improve non-small cell lung cancer outcome. 
J Natl Cancer Inst, In press. 

102. Varghese, A.J., S. Gulyas, and J.K. Mohindra, Hypoxia-dependent reduction of 1-(2-
nitro-1-imidazolyl)-3-methoxy-2-propanol by Chinese hamster ovary cells and KHT 
tumor cells in vitro and in vivo. Cancer Res, 1976. 36(10): p. 3761-5. 

103. Arteel, G.E., R.G. Thurman, and J.A. Raleigh, Reductive metabolism of the hypoxia 
marker pimonidazole is regulated by oxygen tension independent of the pyridine 
nucleotide redox state. Eur J Biochem, 1998. 253(3): p. 743-50. 

104. Kim, I.H., M.J. Lemmon, and J.M. Brown, The influence of irradiation of the tumor 
bed on tumor hypoxia: measurements by radiation response, oxygen electrodes, 
and nitroimidazole binding. Radiat Res, 1993. 135(3): p. 411-7. 

105. Varia, M.A., et al., Pimonidazole: A Novel Hypoxia Marker for Complementary Study 
of Tumor Hypoxia and Cell Proliferation in Cervical Carcinoma. Gynecologic 
Oncology, 1998. 71(2): p. 270-277. 

106. Varia, M.A., D.Y.W. Lee, and J.A. Raleigh, Oral Pimonidazole HCl as Tumor 
Hypoxia Marker: Report of First Clinical Use - Pharmacokinetics and Tolerance. 
International Journal of Radiation Oncology Biology Physics, 2009. 75(3): p. S539-
S540. 

107. Busk, M., et al., Assessing hypoxia in animal tumor models based on 
pharmocokinetic analysis of dynamic FAZA PET. Acta Oncol, 2010. 49(7): p. 922-
33. 

108. Hypoxyprobe Inc. History of Hypoxyprobe Development. 2012  15 October 2014]; 
Available from: http://www.hypoxyprobe.com/history-of-hypoxyprobe.html. 

http://www.hypoxyprobe.com/history-of-hypoxyprobe.html


157 

109. Varia, M.A., D.Y.W. Lee, and J.A. Raleigh, Oral Pimonidazole HCl as Tumor 
Hypoxia Marker: Report of First Clinical Use - Pharmacokinetics and Tolerance. 
International Journal of Radiation Oncology • Biology • Physics. 75(3): p. S539-
S540. 

110. Varia, M.A., et al., Pimonidazole: a novel hypoxia marker for complementary study 
of tumor hypoxia and cell proliferation in cervical carcinoma. Gynecol Oncol, 1998. 
71(2): p. 270-7. 

111. Janssens, G.O., et al., Accelerated radiotherapy with carbogen and nicotinamide for 
laryngeal cancer: results of a phase III randomized trial. J Clin Oncol, 2012. 30(15): 
p. 1777-83. 

112. Kaanders, J.H., et al., Pimonidazole binding and tumor vascularity predict for 
treatment outcome in head and neck cancer. Cancer Res, 2002. 62(23): p. 7066-74. 

113. Graves, E.E., et al., Hypoxia in models of lung cancer: implications for targeted 
therapeutics. Clin Cancer Res, 2010. 16(19): p. 4843-52. 

114. Huang, T., et al., Tumor microenvironment-dependent 18F-FDG, 18F-
fluorothymidine, and 18F-misonidazole uptake: a pilot study in mouse models of 
human non-small cell lung cancer. J Nucl Med, 2012. 53(8): p. 1262-8. 

115. Li, X.F., et al., (18)F-fluorodeoxyglucose uptake and tumor hypoxia: revisit (18)f-
fluorodeoxyglucose in oncology application. Transl Oncol, 2014. 7(2): p. 240-7. 

116. Deng, P.B., et al., Treatment with EGCG in NSCLC leads to decreasing interstitial 
fluid pressure and hypoxia to improve chemotherapy efficacy through rebalance of 
Ang-1 and Ang-2. Chin J Nat Med, 2013. 11(3): p. 245-53. 

117. Ganeshan, B., et al., Non-small cell lung cancer: histopathologic correlates for 
texture parameters at CT. Radiology, 2013. 266(1): p. 326-36. 

118. Mandeville, H.C., et al., Operable non-small cell lung cancer: correlation of 
volumetric helical dynamic contrast-enhanced CT parameters with 
immunohistochemical markers of tumor hypoxia. Radiology, 2012. 264(2): p. 581-9. 

119. Airley, R., et al., Glucose transporter glut-1 expression correlates with tumor hypoxia 
and predicts metastasis-free survival in advanced carcinoma of the cervix. Clin 
Cancer Res, 2001. 7(4): p. 928-34. 

120. Melstrom, L.G., et al., Apigenin down-regulates the hypoxia response genes: HIF-
1alpha, GLUT-1, and VEGF in human pancreatic cancer cells. J Surg Res, 2011. 
167(2): p. 173-81. 

121. Koukourakis, M.I., et al., Lactate dehydrogenase-5 (LDH-5) overexpression in non-
small-cell lung cancer tissues is linked to tumour hypoxia, angiogenic factor 
production and poor prognosis. Br J Cancer, 2003. 89(5): p. 877-85. 

122. Guo, K., et al., Hypoxia induces the expression of the pro-apoptotic gene BNIP3. 
Cell Death Differ, 2001. 8(4): p. 367-76. 

123. Brogi, E., et al., Indirect angiogenic cytokines upregulate VEGF and bFGF gene 
expression in vascular smooth muscle cells, whereas hypoxia upregulates VEGF 
expression only. Circulation, 1994. 90(2): p. 649-52. 

124. Schito, L., et al., Hypoxia-inducible factor 1-dependent expression of platelet-derived 
growth factor B promotes lymphatic metastasis of hypoxic breast cancer cells. Proc 
Natl Acad Sci U S A, 2012. 109(40): p. E2707-16. 

125. Hung, S.P., et al., Hypoxia-induced secretion of TGF-beta1 in mesenchymal stem 
cell promotes breast cancer cell progression. Cell Transplant, 2013. 22(10): p. 1869-
82. 

126. Lin, G., et al., The dual PI3K/mTOR inhibitor NVP-BEZ235 prevents epithelial-
mesenchymal transition induced by hypoxia and TGF-beta1. Eur J Pharmacol, 
2014. 729: p. 45-53. 

127. Baltaziak, M., et al., The relationships between hypoxia-dependent markers: HIF-
1alpha, EPO and EPOR in colorectal cancer. Folia Histochem Cytobiol, 2013. 51(4): 
p. 320-5. 

128. Comerford, K.M., et al., Hypoxia-inducible factor-1-dependent regulation of the 
multidrug resistance (MDR1) gene. Cancer Res, 2002. 62(12): p. 3387-94. 

129. Pastorek, J. and S. Pastorekova, Hypoxia-induced carbonic anhydrase IX as a 
target for cancer therapy: From biology to clinical use. Semin Cancer Biol, 2014. 

130. Curry, J.M., et al., Cancer metabolism, stemness and tumor recurrence: MCT1 and 
MCT4 are functional biomarkers of metabolic symbiosis in head and neck cancer. 
Cell Cycle, 2013. 12(9): p. 1371-84. 



158 

131. Polanski, R., et al., Activity of the monocarboxylate transporter 1 inhibitor AZD3965 
in small cell lung cancer. Clin Cancer Res, 2014. 20(4): p. 926-37. 

132. Guo, W., et al., Efficacy of RNAi targeting of pyruvate kinase M2 combined with 
cisplatin in a lung cancer model. J Cancer Res Clin Oncol, 2011. 137(1): p. 65-72. 

133. Iqbal, M.A. and R.N. Bamezai, Resveratrol inhibits cancer cell metabolism by down 
regulating pyruvate kinase M2 via inhibition of mammalian target of rapamycin. 
PLoS One, 2012. 7(5): p. e36764. 

134. Liabakk, N.B., et al., Matrix metalloprotease 2 (MMP-2) and matrix metalloprotease 
9 (MMP-9) type IV collagenases in colorectal cancer. Cancer Res, 1996. 56(1): p. 
190-6. 

135. Higashi, S., et al., Molecular design of a highly selective and strong protein inhibitor 
against matrix metalloproteinase-2 (MMP-2). J Biol Chem, 2013. 288(13): p. 9066-
76. 

136. Hunter, B.A., et al., Expression of hypoxia-inducible factor-1alpha predicts benefit 
from hypoxia modification in invasive bladder cancer. Br J Cancer, 2014. 111(3): p. 
437-43. 

137. Marquez-Medina, D., et al., Little things make big things happen: angiolymphatic 
invasion and tumor necrosis prognosticate the outcome of locally advanced non-
small cell lung cancer treated with a prior induction therapy. Am J Clin Pathol, 2015. 
143(6): p. 889-94. 

138. Eustace, A., et al., Necrosis predicts benefit from hypoxia-modifying therapy in 
patients with high risk bladder cancer enrolled in a phase III randomised trial. 
Radiother Oncol, 2013. 108(1): p. 40-7. 

139. Wrenn, F.R., Jr., M.L. Good, and P. Handler, The use of positron-emitting 
radioisotopes for the localization of brain tumors. Science, 1951. 113(2940): p. 525-
7. 

140. Ter-Pogossian, M.M., et al., A positron-emission transaxial tomograph for nuclear 
imaging (PETT). Radiology, 1975. 114(1): p. 89-98. 

141. Wikipedia. Positron emission tomography. 2017  [cited 2017 24 Aug]; Available 
from: https://en.wikipedia.org/wiki/Positron_emission_tomography. 

142. Eschmann, S.M., et al., Prognostic impact of hypoxia imaging with 18F-
misonidazole PET in non-small cell lung cancer and head and neck cancer before 
radiotherapy. J Nucl Med, 2005. 46(2): p. 253-60. 

143. Gagel, B., et al., [18F] fluoromisonidazole and [18F] fluorodeoxyglucose positron 
emission tomography in response evaluation after chemo-/radiotherapy of non-
small-cell lung cancer: a feasibility study. BMC Cancer, 2006. 6: p. 51. 

144. Mendichovszky, I. and A. Jackson, Imaging hypoxia in gliomas. Br J Radiol, 2011. 
84 Spec No 2: p. S145-58. 

145. Graham, M.M., et al., Fluorine-18-fluoromisonidazole radiation dosimetry in imaging 
studies. J Nucl Med, 1997. 38(10): p. 1631-6. 

146. Postema, E.J., et al., Initial results of hypoxia imaging using 1-alpha-D: -(5-deoxy-5-
[18F]-fluoroarabinofuranosyl)-2-nitroimidazole ( 18F-FAZA). Eur J Nucl Med Mol 
Imaging, 2009. 36(10): p. 1565-73. 

147. Bollineni, V.R., et al., PET imaging of tumor hypoxia using 18F-fluoroazomycin 
arabinoside in stage III-IV non-small cell lung cancer patients. J Nucl Med, 2013. 
54(8): p. 1175-80. 

148. Piert, M., et al., Hypoxia-specific tumor imaging with 18F-fluoroazomycin 
arabinoside. J Nucl Med, 2005. 46(1): p. 106-13. 

149. Trinkaus, M.E., et al., Imaging of hypoxia with 18F-FAZA PET in patients with locally 
advanced non-small cell lung cancer treated with definitive chemoradiotherapy. J 
Med Imaging Radiat Oncol, 2013. 57(4): p. 475-81. 

150. Iqbal, R., et al., Multiparametric Analysis of the Relationship Between Tumor 
Hypoxia and Perfusion with (1)(8)F-Fluoroazomycin Arabinoside and (1)(5)O-H(2)O 
PET. J Nucl Med, 2016. 57(4): p. 530-5. 

151. Verwer, E.E., et al., Parametric methods for quantification of 18F-FAZA kinetics in 
non-small cell lung cancer patients. J Nucl Med, 2014. 55(11): p. 1772-7. 

152. Verwer, E.E., et al., Pharmacokinetic analysis of [18F]FAZA in non-small cell lung 
cancer patients. Eur J Nucl Med Mol Imaging, 2013. 40(10): p. 1523-31. 

https://en.wikipedia.org/wiki/Positron_emission_tomography


159 

153. Peeters, S.G., et al., A comparative study of the hypoxia PET tracers [(1)(8)F]HX4, 
[(1)(8)F]FAZA, and [(1)(8)F]FMISO in a preclinical tumor model. Int J Radiat Oncol 
Biol Phys, 2015. 91(2): p. 351-9. 

154. Bollineni, V.R., et al., Dynamics of tumor hypoxia assessed by 18F-FAZA PET/CT in 
head and neck and lung cancer patients during chemoradiation: possible 
implications for radiotherapy treatment planning strategies. Radiother Oncol, 2014. 
113(2): p. 198-203. 

155. Saga, T., et al., Prognostic value of (18) F-fluoroazomycin arabinoside PET/CT in 
patients with advanced non-small-cell lung cancer. Cancer Sci, 2015. 106(11): p. 
1554-60. 

156. Kerner, G.S., et al., An exploratory study of volumetric analysis for assessing tumor 
response with (18)F-FAZA PET/CT in patients with advanced non-small-cell lung 
cancer (NSCLC). EJNMMI Res, 2016. 6(1): p. 33. 

157. Di Perri, D., et al., Evolution of [18F]fluorodeoxyglucose and [18F]fluoroazomycin 
arabinoside PET uptake distributions in lung tumours during radiation therapy. Acta 
Oncol, 2017. 56(4): p. 516-524. 

158. Di Perri, D., et al., Correlation analysis of [18F]fluorodeoxyglucose and 
[18F]fluoroazomycin arabinoside uptake distributions in lung tumours during 
radiation therapy. Acta Oncol, 2017: p. 1-8. 

159. Kinoshita, T., et al., Prognostic significance of hypoxic PET using (18)F-FAZA and 
(62)Cu-ATSM in non-small-cell lung cancer. Lung Cancer, 2016. 91: p. 56-66. 

160. Price, J.M., S.P. Robinson, and D.M. Koh, Imaging hypoxia in tumours with 
advanced MRI. Q J Nucl Med Mol Imaging, 2013. 57(3): p. 257-70. 

161. Bernstein, J.M., J.J. Homer, and C.M. West, Dynamic contrast-enhanced magnetic 
resonance imaging biomarkers in head and neck cancer: potential to guide 
treatment? A systematic review. Oral Oncol, 2014. 50(10): p. 963-70. 

162. O'Connor, J.P., et al., Dynamic contrast-enhanced MRI in clinical trials of 
antivascular therapies. Nat Rev Clin Oncol, 2012. 9(3): p. 167-77. 

163. Khalifa, F., et al., Models and methods for analyzing DCE-MRI: a review. Med Phys, 
2014. 41(12): p. 124301. 

164. Parker, G.J., et al., Experimentally-derived functional form for a population-averaged 
high-temporal-resolution arterial input function for dynamic contrast-enhanced MRI. 
Magn Reson Med, 2006. 56(5): p. 993-1000. 

165. Tofts, P.S. and A.G. Kermode, Measurement of the blood-brain barrier permeability 
and leakage space using dynamic MR imaging. 1. Fundamental concepts. Magn 
Reson Med, 1991. 17(2): p. 357-67. 

166. Tofts, P.S., Modeling tracer kinetics in dynamic Gd-DTPA MR imaging. J Magn 
Reson Imaging, 1997. 7(1): p. 91-101. 

167. St Lawrence, K.S. and T.Y. Lee, An adiabatic approximation to the tissue 
homogeneity model for water exchange in the brain: I. Theoretical derivation. J 
Cereb Blood Flow Metab, 1998. 18(12): p. 1365-77. 

168. Barajas, R.F., Jr., et al., Glioblastoma multiforme regional genetic and cellular 
expression patterns: influence on anatomic and physiologic MR imaging. Radiology, 
2010. 254(2): p. 564-76. 

169. Barajas, R.F., Jr., et al., Regional variation in histopathologic features of tumor 
specimens from treatment-naive glioblastoma correlates with anatomic and 
physiologic MR Imaging. Neuro Oncol, 2012. 14(7): p. 942-54. 

170. Cooper, R.A., et al., Tumour oxygenation levels correlate with dynamic contrast-
enhanced magnetic resonance imaging parameters in carcinoma of the cervix. 
Radiother Oncol, 2000. 57(1): p. 53-9. 

171. Donaldson, S.B., et al., Perfusion estimated with rapid dynamic contrast-enhanced 
magnetic resonance imaging correlates inversely with vascular endothelial growth 
factor expression and pimonidazole staining in head-and-neck cancer: a pilot study. 
Int J Radiat Oncol Biol Phys, 2011. 81(4): p. 1176-83. 

172. Halle, C., et al., Hypoxia-induced gene expression in chemoradioresistant cervical 
cancer revealed by dynamic contrast-enhanced MRI. Cancer Res, 2012. 72(20): p. 
5285-95. 

173. Jansen, J.F., et al., Noninvasive assessment of tumor microenvironment using 
dynamic contrast-enhanced magnetic resonance imaging and 18F-



160 

fluoromisonidazole positron emission tomography imaging in neck nodal 
metastases. Int J Radiat Oncol Biol Phys, 2010. 77(5): p. 1403-10. 

174. Loncaster, J.A., et al., Prediction of radiotherapy outcome using dynamic contrast 
enhanced MRI of carcinoma of the cervix. Int J Radiat Oncol Biol Phys, 2002. 54(3): 
p. 759-67. 

175. Newbold, K., et al., An exploratory study into the role of dynamic contrast-enhanced 
magnetic resonance imaging or perfusion computed tomography for detection of 
intratumoral hypoxia in head-and-neck cancer. Int J Radiat Oncol Biol Phys, 2009. 
74(1): p. 29-37. 

176. Egeland, T.A., et al., Dynamic contrast-enhanced-MRI of tumor hypoxia. Magn 
Reson Med, 2012. 67(2): p. 519-30. 

177. Ovrebo, K.M., et al., Assessment of hypoxia and radiation response in intramuscular 
experimental tumors by dynamic contrast-enhanced magnetic resonance imaging. 
Radiother Oncol, 2012. 102(3): p. 429-35. 

178. Bruehlmeier, M., et al., Assessment of hypoxia and perfusion in human brain tumors 
using PET with 18F-fluoromisonidazole and 15O-H2O. J Nucl Med, 2004. 45(11): p. 
1851-9. 

179. Young, I.R., et al., Enhancement of relaxation rate with paramagnetic contrast 
agents in NMR imaging. J Comput Tomogr, 1981. 5(6): p. 543-7. 

180. Gray, L.H. and J.M. Steadman, Determination of the Oxyhaemoglobin Dissociation 
Curves for Mouse and Rat Blood. J Physiol, 1964. 175: p. 161-71. 

181. Jones, R.A., et al., Imaging the changes in renal T1 induced by the inhalation of 
pure oxygen: a feasibility study. Magn Reson Med, 2002. 47(4): p. 728-35. 

182. O'Connor, J.P., et al., Organ-specific effects of oxygen and carbogen gas inhalation 
on tissue longitudinal relaxation times. Magn Reson Med, 2007. 58(3): p. 490-6. 

183. Tadamura, E., et al., Effect of oxygen inhalation on relaxation times in various 
tissues. J Magn Reson Imaging, 1997. 7(1): p. 220-5. 

184. Winter, J.D., M. Estrada, and H.L. Cheng, Normal tissue quantitative T1 and T2* 
MRI relaxation time responses to hypercapnic and hyperoxic gases. Acad Radiol, 
2011. 18(9): p. 1159-67. 

185. Jobst, B.J., et al., Functional lung MRI in chronic obstructive pulmonary disease: 
comparison of T1 mapping, oxygen-enhanced T1 mapping and dynamic contrast 
enhanced perfusion. PLoS One, 2015. 10(3): p. e0121520. 

186. Kindvall, S.S.I., et al., The change of longitudinal relaxation rate in oxygen enhanced 
pulmonary MRI depends on age and BMI but not diffusing capacity of carbon 
monoxide in healthy never-smokers. PLoS One, 2017. 12(5): p. e0177670. 

187. Morgan, A.R., et al., Feasibility assessment of using oxygen-enhanced magnetic 
resonance imaging for evaluating the effect of pharmacological treatment in COPD. 
Eur J Radiol, 2014. 83(11): p. 2093-101. 

188. Ohno, Y., et al., Asthma: comparison of dynamic oxygen-enhanced MR imaging and 
quantitative thin-section CT for evaluation of clinical treatment. Radiology, 2014. 
273(3): p. 907-16. 

189. Pusterla, O., G. Bauman, and O. Bieri, Three-dimensional oxygen-enhanced MRI of 
the human lung at 1.5T with ultra-fast balanced steady-state free precession. Magn 
Reson Med, 2017. 

190. Triphan, S.M., et al., Reproducibility and comparison of oxygen-enhanced T1 
quantification in COPD and asthma patients. PLoS One, 2017. 12(2): p. e0172479. 

191. Zhang, W.J., et al., Dynamic oxygen-enhanced magnetic resonance imaging of the 
lung in asthma -- initial experience. Eur J Radiol, 2015. 84(2): p. 318-26. 

192. Matsumoto, K., et al., MR assessment of changes of tumor in response to 
hyperbaric oxygen treatment. Magn Reson Med, 2006. 56(2): p. 240-6. 

193. Winter, J.D., M.K. Akens, and H.L. Cheng, Quantitative MRI assessment of VX2 
tumour oxygenation changes in response to hyperoxia and hypercapnia. Phys Med 
Biol, 2011. 56(5): p. 1225-42. 

194. Burrell, J.S., et al., Exploring ΔR2* and ΔR1 as imaging biomarkers of tumor 
oxygenation. J Magn Reson Imaging, 2013. 38(2): p. 429-34. 

195. Jordan, B.F., et al., Mapping of oxygen by imaging lipids relaxation enhancement: A 
potential sensitive endogenous MRI contrast to map variations in tissue 
oxygenation. Magn Reson Med, 2013. 70(3): p. 732-744. 



161 

196. Colliez, F., et al., Qualification of a noninvasive magnetic resonance imaging 
biomarker to assess tumor oxygenation. Clin Cancer Res, 2014. 20(21): p. 5403-11. 

197. Hallac, R.R., et al., Correlations of noninvasive BOLD and TOLD MRI with pO2 and 
relevance to tumor radiation response. Magn Reson Med, 2014. 71(5): p. 1863-73. 

198. Zhao, D., et al., Dynamic oxygen challenge evaluated by NMR T1 and T2 * - insights 
into tumor oxygenation. NMR Biomed, 2015. 28(8): p. 937-47. 

199. Beeman, S.C., et al., O2 -sensitive MRI distinguishes brain tumor versus radiation 
necrosis in murine models. Magn Reson Med, 2015: p. Published OnlineFirst July 
14, 2015. 

200. Arnold, J.F., et al., Quantitative regional oxygen transfer imaging of the human lung. 
J Magn Reson Imaging, 2007. 26(3): p. 637-45. 

201. O'Connor, J.P., et al., Preliminary study of oxygen-enhanced longitudinal relaxation 
in MRI: a potential novel biomarker of oxygenation changes in solid tumors. Int J 
Radiat Oncol Biol Phys, 2009. 75(4): p. 1209-15. 

202. Remmele, S., et al., Dynamic and simultaneous MR measurement of R1 and R2* 
changes during respiratory challenges for the assessment of blood and tissue 
oxygenation. Magn Reson Med, 2013. 70(1): p. 136-46. 

203. Linnik, I.V., et al., Noninvasive tumor hypoxia measurement using magnetic 
resonance imaging in murine U87 glioma xenografts and in patients with 
glioblastoma. Magn Reson Med, 2014. 71(5): p. 1854-62. 

204. Hammond, E.M., et al., The meaning, measurement and modification of hypoxia in 
the laboratory and the clinic. Clin Oncol (R Coll Radiol), 2014. 26(5): p. 277-88. 

205. O’Connor, J.P.B., et al., Oxygen-enhanced MRI accurately identifies, quantifies, and 
maps tumor hypoxia in preclinical cancer models. Cancer Res, 2016. 76: p. 787-95. 

206. Dewhirst, M.W. and S.R. Birer, Oxygen-Enhanced MRI Is a Major Advance in Tumor 
Hypoxia Imaging. Cancer Res, 2016. 76: p. 769-772. 

207. Biederer, J., et al., Analysis of artefacts and detail resolution of lung MRI with 
breath-hold T1-weighted gradient-echo and T2-weighted fast spin-echo sequences 
with respiratory triggering. Eur Radiol, 2002. 12(2): p. 378-84. 

208. Su, S., J.K. Saunders, and I.C. Smith, Resolving anatomical details in lung 
parenchyma: theory and experiment for a structurally and magnetically 
inhomogeneous lung imaging model. Magn Reson Med, 1995. 33(6): p. 760-5. 

209. Naish, J.H., et al., Improved quantitative dynamic regional oxygen-enhanced 
pulmonary imaging using image registration. Magn Reson Med, 2005. 54(2): p. 464-
9. 

210. Stroom, J., et al., Feasibility of pathology-correlated lung imaging for accurate target 
definition of lung tumors. Int J Radiat Oncol Biol Phys, 2007. 69(1): p. 267-75. 

211. Groenendaal, G., et al., Validation of functional imaging with pathology for tumor 
delineation in the prostate. Radiother Oncol, 2010. 94(2): p. 145-50. 

212. van de Schoot, A.J., et al., Quantification of delineation errors of the gross tumor 
volume on magnetic resonance imaging in uterine cervical cancer using pathology 
data and deformation correction. Acta Oncol, 2014: p. 1-8. 

213. Caldas-Magalhaes, J., et al., Validation of imaging with pathology in laryngeal 
cancer: accuracy of the registration methodology. Int J Radiat Oncol Biol Phys, 
2012. 82(2): p. e289-98. 

214. Lin, S.H. and A.C. Koong, Breathing New Life Into Hypoxia-Targeted Therapies for 
Non–Small Cell Lung Cancer. J Natl Cancer Inst, In press. 

215. Snee, M.P., et al., The SABRTooth feasibility trial protocol: a study to determine the 
feasibility and acceptability of conducting a phase III randomised controlled trial 
comparing stereotactic ablative radiotherapy (SABR) with surgery in patients with 
peripheral stage I non-small cell lung cancer (NSCLC) considered to be at higher 
risk of complications from surgical resection. Pilot Feasibility Stud, 2016. 2: p. 5. 

216. O'Connor, J.P., et al., Oxygen-Enhanced MRI Accurately Identifies, Quantifies, and 
Maps Tumor Hypoxia in Preclinical Cancer Models. Cancer Res, 2016. 76(4): p. 
787-95. 

217. Dewhirst, M.W. and S.R. Birer, Oxygen-Enhanced MRI Is a Major Advance in Tumor 
Hypoxia Imaging. Cancer Res, 2016. 76(4): p. 769-72. 

218. Hunter, F.W., B.G. Wouters, and W.R. Wilson, Hypoxia-activated prodrugs: paths 
forward in the era of personalised medicine. Br J Cancer, 2016. 114(10): p. 1071-7. 



162 

219. van Elmpt, W., et al., The PET-boost randomised phase II dose-escalation trial in 
non-small cell lung cancer. Radiother Oncol, 2012. 104(1): p. 67-71. 

220. Higgins, G.S., et al., Drug radiotherapy combinations: review of previous failures 
and reasons for future optimism. Cancer Treat Rev, 2015. 41(2): p. 105-13. 

221. Salem, A., So long, Farewell, Au revoir, Auf Weidersehen. In regard to Overgaard 
(Radiother Oncol. 2016 Dec; 121(3):345-347). Radiother Oncol, 2017. 122(3): p. 
486. 

 



163 

 

APPENDIX 1 (PUBLICATION 5): Cell-death, inflammation, tumour-burden and 

proliferation blood biomarkers predict lung cancer radiotherapy response and 

correlate with tumour volume and proliferation imaging 

 

Ahmed Salem
1
, Hitesh Mistry

2
, Alison Backen

3
, Clare Hodgson

4
, Pek Koh

1
, Emma Dean

1
, 

Lynsey Priest
4
, Kate Haslett

1
, Ioannis Trigonis

5
, Alan Jackson

5
, Marie-Claude Asselin

5
, 

Caroline Dive
4
, Andrew Renehan

1
, Corinne Faivre-Finn

1
, Fiona Blackhall

1
 

 

1: Division of cancer sciences, University of Manchester, UK 

2: Centre for drug disease modeling and simulation, Manchester pharmacy school, 

University of Manchester, UK 

3: Institute of cancer sciences, University of Manchester, UK 

4: Clinical and experimental pharmacology group, CRUK Manchester institute, UK 

5: Division of informatics, imaging and data sciences, University of Manchester, UK 

 

Running title: Blood biomarkers predict lung cancer outcome 

 

Corresponding author: Ahmed Salem 

Address: Division of cancer sciences, University of Manchester, 27 Palatine Road, 

Manchester M20 3LJ, UK 

Telephone: +44 161 275 0036 

Fax: +44 161 275 0000 

Email: ahmed.salem@manchester.ac.uk  

 

This study was presented as a poster in the 17
th
 World Conference on Lung Cancer in 

Vienna, Austria on 4-7 Dec 2016.  

 

 

 

 

 

 

 

 

 

 

 

 

mailto:ahmed.salem@manchester.ac.uk


164 

 

Abstract  

 

Introduction: There is an unmet need to develop non-invasive biomarkers to stratify 

patients in drug-radiotherapy trials. This pilot study investigated lung cancer radiotherapy 

response and toxicity blood biomarkers and correlated findings with tumour volume and 

proliferation imaging.  

 

Patients and methods: Blood samples were collected prior and during (day-21) 

radiotherapy. Twenty-six cell-death, hypoxia, angiogenesis, inflammation, proliferation, 

invasion and tumour-burden biomarkers were evaluated. Clinical and laboratory data were 

collected. Univariate analysis was performed on small-cell and non-small cell lung cancer 

(NSCLC) while multivariate analysis focused on NSCLC.  

 

Results: Blood samples from 78 patients were analysed. Sixty-one (78.2%) harboured 

NSCLC, 48 (61.5%) received sequential chemoradiotherapy. Of tested baseline biomarkers, 

undetectable IL-1b (hazard ratio (HR) 4.02, 95% confidence interval (CI) 2.04-7.93, p<0.001) 

was the only significant survival covariate. Of routinely-collected laboratory tests, high 

baseline neutrophil count was a significant survival covariate (HR 1.07, 95% CI 1.02-1.11, 

p=0.017). Baseline IL-1b and neutrophil count were prognostic for survival in a multivariate 

model. The addition of day-21 CYFRA 21-1 modestly improved this model’s survival 

prediction (concordance probability 0.75 to 0.78). Chemotherapy (p<0.001) and baseline 

KGF (p=0.019) predicted acute esophagitis, but only chemotherapy remained significant 

after Bonferroni correction. Baseline Ang-1 and HGF displayed significant positive 

correlations with tumour volume while CYFRA 21-1 and VCAM-1 demonstrated significant 

correlations with [
18

F]fluorothymidine (FLT) positron emission tomography (PET).  

 

Conclusion: Select biomarkers are prognostic following radiotherapy in this lung cancer 

series. The correlation between circulating biomarkers and [
18

F]FLT PET is demonstrated for 

the first time, highlighting their potential role as imaging surrogates. 

 

 

 

 

 

 

 



165 

 

Introduction 

 

Radiotherapy plays a significant therapeutic role in localized but inoperable or locally-

advanced lung cancer. The efficacy of radiotherapy dose escalation, using conventional 

fractionation with concurrent chemotherapy, has reached a plateau in patients with non-

small cell lung cancer (NSCLC) [1]. In patients with small cell lung cancer (SCLC), standard 

of care treatments have not changed in the last 2 decades [2]. Durable tumour control is 

rarely achieved; the majority of patients progress locally and/or distantly.  

 

Over the years, a number of radiotherapy-focused clinical trials in SCLC and NSCLC were 

conducted [3, 4]. However, lung cancer five-year age-standardized survival remains around 

10-20% with little global variation, reinforcing the inadequacy of current therapeutic 

strategies [5]. A paradigm shift in our therapeutic approach is required, in order to make a 

substantial impact on patient outcomes. Although tumour hypoxia, repopulation and DNA 

damage repair have long been linked to radiotherapy resistance [6], there is little 

understanding of the molecular mechanisms of radiotherapy response and toxicity. Critically, 

there are no biomarkers that can be applied to tailor radiotherapy to the individual molecular 

characteristics of the patients’ tumour and normal tissues. Instead, current focus is on 

combining systemic mechanism-based therapies (e.g. epidermal growth factor receptor 

(EGFR) tyrosine kinase inhibitors/ immunotherapies) with radiotherapy [7, 8]. Although 

combination trials are promising, they are equally challenging due to the potential for acute 

and late severe toxicities, particularly pneumonitis and esophagitis [9]. Furthermore to date, 

no agent has shown overall survival advantage when combined with chemoradiotherapy in 

unselected patients [3]. For these reasons, there is an unmet need to develop non-invasive 

radiotherapy response and toxicity biomarkers to tailor radiotherapy, stratify patients 

according to radiosensitivity and select patients for future combination trials. It is envisioned 

that this could increase the chance of developing clinical trials leading to fast drug-

radiotherapy combination registration. 

 

We published on the utility of functional imaging of proliferation ([
18

F]fluorothymidine (FLT) 

positron emission tomography (PET)) to predict early radiotherapy response in NSCLC 

patients [10]. While results were informative, serial imaging is expensive, resource-intensive 

and demanding for patients. This prospective pilot study was conducted to assess non-

invasive blood-based biomarkers and investigate their relationship with radiotherapy 

response and toxicity. The relationship between blood biomarkers and tumour volume and 

[
18

F]FLT PET was also explored. A broad cytokine, growth factor and circulating marker 

panel was selected to represent potential culprit biological processes (cell-death, hypoxia, 

angiogenesis, inflammation, proliferation, invasion and tumour burden) likely to be involved 

in radiotherapy response and toxicity.      
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Patients and methods  

  

Patient population  

 

Patients were prospectively recruited in The Christie NHS Foundation Trust (Manchester, 

UK) according to an ethically-approved protocol (reference: 09/H1011/55). Eligible 

participants had an Eastern Cooperative Oncology Group (ECOG) performance score of ≤2, 

histologically- or cytologically-confirmed NSCLC or SCLC and scheduled to receive radical 

radiotherapy (with or without chemotherapy). Patients with distant metastases were 

excluded unless a solitary metastatic site was amenable to radical-intent therapy. 

Radiotherapy planning was performed using 3-dimensional (3D) or 4D computed 

tomography (CT). Radiotherapy doses were 50-55 Gray (Gy) in 20 once-daily fractions or 

60-66Gy in 30-33 once-daily fractions delivered 5-days/ week. Commonly accepted 

dosimetric constraints were employed: % of the lung volume receiving ≥20Gy (V20Gy) ≤35% 

and maximum spinal cord dose 40Gy (patients treated with 20 fractions) or 48Gy (patients 

treated with ≥30 fractions). Patients taking part in clinical trials of investigational medicinal 

products concurrent with radiotherapy were excluded. Chemotherapy consisted of a 

platinum agent (carboplatin or cisplatin) combined with etoposide for concurrent 

chemoradiation or gemcitabine (squamous cell carcinoma)/ pemetrexed (adenocarcinoma) 

for sequential chemoradiation. All patients gave informed consent.  

 

Blood samples  

 

Blood samples were collected prior to (baseline) and during radiotherapy (day-21). A panel 

of 26 biomarkers of radiotherapy response (primary endpoint) and toxicity (secondary 

endpoint), chosen a priori, were evaluated (table 1). Additional blood samples were 

collected on the day of early-treatment [
18

F]FLT PET in patients co-recruited to this sub-

study. Sample collection, storage, processing and analysis details can be found in the 

supplementary material.  
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Table 1: The cytokine, growth factor and circulating marker panel investigated, with 

respective limits of detection and sample dilution factors 

Process Marker Limits of detection 

Cell-death/ apoptosis M30 75-1,000 u/l 

M65 125-2,000 u/l 

Hypoxia CA-IX 15.6-1,000 pg/ml 

Osteopontin 1,500-1,500,000 pg/ml
1
 

Angiogenesis Ang-1 40-40,000 pg/ml
2
 

Ang-2 2.8-2,800 pg/ml 

FGFb 2-2,000 pg/ml 

IL-8 0.4-400 pg/ml 

PDGFb 1.2-1,200 pg/ml 

PIGF 2-2,000 pg/ml 

Tie-2 200-200,000 pg/ml
2
 

VEGFA 5-5,000 pg/ml 

VEGFC 16-16,000 pg/ml 

VEGFR-1 11-11,000 pg/ml 

VEGFR-2 28-28,000 pg/ml 

Inflammation E-selectin 2,400-2,400,000 pg/ml
3
 

IL-1b 0.2-200 pg/ml 

IL-6 0.2-200 pg/ml 

IL-10 0.4-400 pg/ml 

IL-12 0.6-600 pg/ml 

TNFα 2.4-2,400 pg/ml 

Tumour-burden, 
proliferation and  
invasion 

CYFRA 21-1 300-50,000 pg/ml 

EGF 10-10,000 pg/ml
3
 

KGF 1-1000 pg/ml 

VCAM-1 9,750-10,000,000 pg/ml
3
 

Multiple processes HGF 3.2-3,200 pg/ml 

1: 1 in 25 sample dilution (assay ranges in which the diluted samples were measured); 2: 1 
in 10 sample dilution; 3: 1 in 50 sample dilution 
 

Data collection 

 

The following data were collected in all patients: clinical (pathological diagnosis, TNM stage 

(7
th
 American Joint Committee on Cancer edition [11]), ECOG performance score, weight 

and chemotherapy schedule), demographic (age, sex and smoking status) and routine 

haematology and biochemistry test results. Radiotherapy details recorded were start and 

end dates, dose, fractionation, gross target volume (GTV), planning target volume (PTV), 

radiotherapy delivery technique, lung V20Gy and mean lung dose. Radiotherapy-related 

toxicity was scored prospectively using common terminology criteria for adverse events 

(CTCAE) version 4.0 [12] during weekly on-radiotherapy and follow-up appointments (at 1, 

3, 6 and 12 months post-treatment). Standardized uptake values (SUVs) within the primary 

tumour were quantified on baseline (n=13) and early-treatment (n=11) [
18

F]FLT PET scans 

performed 6-15 calendar days (median, 9 days) after start of radiotherapy in patients co-

recruited to this sub-study. Acute adverse events were defined as those that arise within 90 

days of radiotherapy completion. Treatment response was assessed using response 

evaluation criteria in solid tumours (RECIST) version 1.1 [13] on post-treatment chest x-rays/ 

CT scans performed at 3, 6 and 12 months as per local protocol. Progression-free survival 
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(PFS) was defined as the time from baseline blood sample until the date of development of 

progressive disease according to RECIST criteria, or death (by any cause). Overall survival 

(OS) was defined as the time from baseline blood sample until the date of death (by any 

cause).  

 

Statistical methods  

 

Data visualization methods were utilized to avoid multiple statistical comparisons 

(supplementary figures 1-4). The significance of findings after applying the Bonferroni 

correction method was reported for correlations involving novel blood biomarkers. p-values 

involving standard clinical variables were not adjusted as they have been previously 

identified as being significant covariates. Biomarker values were described as being below 

limit of quantification (BLQ) or above limit of quantification (ALQ) when they are not within 

the limit of detection (table 1 and supplementary table 1). All statistical analyses were 

performed in R v3.1.1 (https://www.r-project.org). Additional statistical details can be found 

in the supplementary material.  

 

GTV correlation: The relationship between baseline blood biomarkers and GTV was 

explored. Correlation plots and p-values were reported.      

 

Survival analysis: The prognostic value of baseline biomarkers and clinical, demographic, 

routine laboratory and radiotherapy covariates were assessed using a univariate Cox-

regression analysis. To develop a multivariate baseline model, biomarkers from the 

univariate analysis were first ranked according to the chi-squared test-statistic. The highest 

ranking variable was designated the base model and extra variables were included in a 

stepwise fashion if they increased the concordance probability (CP) by a minimum of 0.01. A 

final prognostic model was generated by combining baseline clinical, demographic, 

laboratory and radiotherapy covariates and baseline and day-21 biomarker values in a day-

21 landmark Cox-regression analysis. For the development of each model, p-values from 

the likelihood ratio test (LRT) and CP with standard errors (SE) were reported. Two risk 

groups were created from the multivariate baseline model by splitting the median risk 

scores. The hazard ratio (HR) of OS and PFS curves between the two groups was reported 

with 95% confidence interval (CI). 

 

Toxicity analysis: A toxicity dataset was built by combining select baseline biomarkers 

(identified through data visualization, see supplementary material) and clinical and 

radiotherapy covariates with toxicity grading using ordinal regression. Similarly to survival 

analysis, a univariate analysis was performed first and variables were ranked according to 

the chi-squared test-statistic. The highest ranking variable was designated the base model 

https://www.r-project.org/


169 

 

and extra variables were included in a stepwise fashion with p-values from the LRT 

reported.  

 

[
18

F]FLT PET correlation: The relationship between blood biomarkers and baseline/ early-

treatment [
18

F]FLT PET was explored. To avoid multiple comparisons, only biomarkers of 

cell-death, tumour burden, proliferation and invasion (table 1) were investigated as they 

represent culprit biological biomarkers likely to be related to functional imaging of 

proliferation. Correlation plots and p-values were reported.      

 

Results  

 

Between March 2010 and February 2012, ninety patients were registered. Eight had missing 

baseline biomarkers, 2 were withdrawn, 1 was subsequently recruited to a targeted drug-

radiotherapy combination trial and 1 died before the start of treatment leaving 78 analysable 

patients. The median age was 68 years (range, 31-86 years). Baseline and treatment 

characteristics of the analysable patients are listed in table 2. The median OS of the entire 

population was 16.5 months (95% CI 13.2-22.1), supplementary figure 5. There was a 

higher proportion of patients with NSCLC (78.2%) compared to SCLC. Both groups were 

initially combined for univariate survival and toxicity analyses but multivariate analyses 

focused on NSCLC patients.  
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Table 2: Baseline and treatment characteristics of the analysable patients  

Characteristic Sub-category Patient number (%) 

Age <65 years 30 (38.5%) 

≥65 years 48 (61.5%) 

Gender Male 50 (64.1%) 

Female 28 (35.9%) 

Ethnicity Caucasian 77 (98.7%) 

Other  1 (1.3%) 

ECOG 
performance 
status 

0 11 (14.1%) 

1 52 (66.7%) 

2 15 (19.2%) 

Smoking 
status 

Never 1 (1.3%) 

Current 20 (25.6%) 

Previous 56 (71.8%) 

No data 1 (1.3%) 

Weight loss Yes 44 (56.4%) 

No 34 (43.6%) 

Histology NSCLC 61 (78.2) 

Squamous cell carcinoma 33 (42.3%) 

Adenocarcinoma 14 (17.9%) 

NSCLC not otherwise specified 9 (11.5%) 

Undifferentiated carcinoma  3 (3.8%) 

Large cell carcinoma 1 (1.3%) 

Adenosquamous 1 (1.3%)  

SCLC 16 (20.5%) 

Mixed (SCLC and NSCLC) 1 (1.3%) 

Disease status De-novo  77 (98.7%) 

Recurrent  1 (1.3%) 

TNM stage I 1 (1.3%) 

IIA 2 (2.6%) 

IIB 4 (5.1%) 

IIIA 31 (39.7%) 

IIIB 35 (44.9%) 

IV (M1a) 5 (6.4%) 

Treatment Radiotherapy alone 14 (17.9%) 

Sequential chemoradiation  48 (61.5%) 

Concurrent chemoradiation  16 (20.5%) 

Radiotherapy 
fractionation 

50-55Gy  62 (79.5%) 

60-66Gy 16 (20.5%) 

Radiotherapy 
delivery  

Intensity modulated radiotherapy 13 (16.7%) 

3D-conformal radiotherapy 65 (83.3%) 

 
 

Baseline biomarker analysis 

 

Baseline Ang-1 and HGF showed a significant positive correlation with the GTV 

(supplementary figures 6 and 7) even after Bonferroni correction. None of the other tested 

biomarkers displayed any significant correlation with the GTV. Table 3 shows the correlation 

between biomarkers and survival following thresholding based on their respective BLQ 

values. As shown, undetectable IL-1b and TNFα were the strongest covariates associated 

with poor survival, with only IL-1b remaining significant after Bonferroni correction. None of 

the clinical, demographic or radiotherapy variables were prognostic (although PTV, TNM 
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stage and type of therapy were weakly correlated (p<0.10), supplementary table 2). Of 

routinely-collected laboratory tests, neutrophil count (but not neutrophil to lymphocyte ratio) 

was a significant survival covariate (the higher the neutrophil count, the worse the survival). 

Biomarkers taken forward into multivariate analysis were IL-1b and neutrophil count. IL-1b 

formed the base model as it had the highest chi-squared test-statistic value. The multivariate 

NSCLC baseline survival prediction model was a combination of IL-1b and neutrophil count. 

This model was then used to create two risk groups (low and high) by splitting the median 

risk score value. The difference in OS and PFS between these two risk groups can be seen 

in figure 1 and supplementary table 3. The HR between low and high risk groups for OS is 

0.18 (95% CI 0.08-0.41, log-rank p<0.001). For PFS, the HR between low and high risk 

groups is 0.30 (95% CI 0.13-0.72, log-rank p=0.004).  

 

Table 3: Survival concordance probability with SE, HR (with 95% CI) and unadjusted p-

value from LRT for the univariate and multivariate analyses. Blood biomarker thresholds 

were based on their respective BLQ values. Statistically significant values in bold  

Analysis Marker Concordance  
probability 
(SE) 

HR (95% CI) p-value 
(LRT) 

Univariate 
analysis 
(NSCLC and 
SCLC) 

TNFα ≤BLQ 0.60 (0.04) 2.27 (1.22-
4.23) 

0.008 

IL-1b ≤BLQ 0.65 (0.04) 4.02 (2.04-
7.93) 

<0.001
 

KGF ≤BLQ 0.51 (0.03) 1.16 (0.63-
2.11) 

0.639 

IL-12 ≤BLQ 0.56 (0.04) 2.00 (1.05-
3.82) 

0.030 

Neutrophils
1
 0.60 (0.05) 1.07 (1.02-

1.11) 
0.017 

Lymphocytes
1
 0.48 (0.05) 1.03 (0.97-

1.09) 
0.410 

Neutrophil to lymphocyte 
ratio 

0.58 (0.05) 1.02 (0.98-
1.06) 

0.396 

Final baseline 
model (NSCLC 
only) 

IL1b ≤BLQ 0.67 (0.05)  <0.001 

IL1b ≤BLQ + Neutrophils 0.74 (0.06)  0.042 

IL1b ≤BLQ  4.62 (2.11-
10.14) 

 

Neutrophils
1
  1.07 (1.01-

1.14) 
 

1: A continuous variable, the higher the neutrophils the worse the survival.  
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Figure 1: Kaplan-Meier curves of OS (left-hand panel) and PFS (right-hand panel) between 

the high (red) and low (black) risk groups created using the multivariate baseline model for 

NSCLC 

 

Day-21 biomarker analysis  

 

Univariate analysis demonstrated that detectable on-treatment CYFRA 21-1 was the highest 

ranking biomarker to correlate with worse survival and remains so after Bonferroni 

correction, supplementary table 4. The addition of on-treatment CYFRA 21-1 to the 

NSCLC baseline survival prediction model modestly improved this model’s survival 

prediction (CP 0.75, p=0.029 to 0.78, p=0.004). 

 

Toxicity covariates 

 

The relationship between clinical and radiotherapy covariates and biomarkers with acute 

pneumonitis and esophagitis can be seen in table 4. Chemotherapy (p<0.001) and baseline 

KGF (p=0.019) predicted acute esophagitis in univariate analysis but only chemotherapy 

remained significant after Bonferroni correction. As shown, none of the tested variables 

correlated with acute pneumonitis.  

 

	  

	

 

plog-rank < 0.001 plog-rank < 0.001 

Median = Not Reached 

Median = 7.9 (CI 5.3-NA) 

Median = 27.7 (CI 22.1 - NA) 

Median = 12.6 (CI 8.2-18.9) 
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Table 4: Results of the univariate ordinal regression analysis of toxicity data. Blood 

biomarker thresholds were based on their respective BLQ values. Statistically significant 

values in bold. Unadjusted p-value from LRT are reported 

Toxicity Variable p-value (LRT) 

Acute oesophagitis Chemotherapy
1
 <0.001 

IL-1b ≤BLQ 0.240 

TNFα ≤BLQ 0.511 

KGF ≤BLQ 0.019 

IL-12 ≤BLQ 0.295 

Acute pneumonitis Mean lung dose  0.497 

Lung V20Gy 0.745 

Chemotherapy
1
 0.546 

IL-1b ≤BLQ 0.824 

TNFα ≤BLQ 0.529 

KGF ≤BLQ 0.610 

IL-12 ≤BLQ 0.445 

1: Chemotherapy was modelled by looking at concurrent versus none, concurrent versus 
sequential and sequential versus none 
 

[
18

F]FLT PET correlation 

 

Baseline CYFRA 21-1 and EGF displayed a positive correlation with the volume of the 

primary tumour on baseline [
18

F]FLT-PET (p=0.001 and 0.011, respectively), with CYFRA 

21-1 remaining significant after Bonferroni correction. There was a trend for an inverse 

correlation between baseline VCAM-1 and baseline [
18

F]FLT-PET SUVmean (p=0.09). 

Further, there was a trend for baseline M65 to predict early-treatment changes in [
18

F]FLT-

PET SUVmax (p=0.06) and SUVmean (p=0.08) with lower levels associated with greater 

reduction in SUV values. However, none of these findings remain significant after applying 

Bonferroni correction. Lastly, early-treatment changes in VCAM-1 (baseline compared to 

blood sample taken on the day of [
18

F]FLT-PET) correlated inversely with early-treatment 

changes in [
18

F]FLT-PET SUVmax (p<0.001) and SUVmean (p=0.017), with only the former 

remaining significant after applying Bonferroni correction. These results are depicted in 

figure 2. None of the other tested biomarkers displayed any significant association with 

[
18

F]FLT-PET.  
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Figure 2: Correlation between (A) baseline CYFRA 21-1 and the volume of the primary 

tumour on baseline [
18

F]FLT-PET; (B) baseline M65 and early-treatment changes in 

[
18

F]FLT-PET SUVmean; (C) and SUVmax; (D) baseline VCAM-1 and baseline [
18

F]FLT-PET 

SUVmean; (E) early-treatment changes in VCAM-1 (baseline compared to blood sample taken 

on day of [
18

F]FLT-PET) and early-treatment changes in [
18

F]FLT-PET SUVmax; (F) early-

treatment changes in VCAM-1 (baseline compared to blood sample taken on day of 

[
18

F]FLT-PET) and early-treatment changes in [
18

F]FLT-PET SUVmean 

 

Additional results can be found in the supplementary material. 

 

Discussion 

 

This pilot study evaluated a broad cytokine, growth factor and circulating marker panel as 

predictors of lung cancer radiotherapy response and toxicity. We demonstrated that select 

inflammation and tumour-burden biomarkers (TNFα, IL-1b, IL-12 and CYFRA 21-1) and 

baseline neutrophil count were associated with patient outcomes on univariate analysis. IL-

1b, IL-12 and TNFα are known pro-inflammatory cytokines [14, 15]. IL-1b is associated with 

tumour proliferation, invasion and migration and is up-regulated in NSCLC patients [14]. 

Elevated blood TNFα has been linked with advanced/ metastatic NSCLC and tumour 

progression, but not survival [16, 17]. To our knowledge, no published studies have 

investigated the impact of blood IL-12 on lung cancer patient survival. We demonstrate that 

baseline undetectable IL-1b is an independent significant prognostic factor of survival in lung 
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cancer patients treated with radiotherapy. The addition of baseline neutrophil count to IL-1b 

led to improvement in the concordance probability of the final baseline prognostic model in 

NSCLC patients. The prognostic value of pre-treatment neutrophil count was previously 

demonstrated in stage IIIB-IV NSCLC patients treated with chemotherapy within a 

randomized trial but has not been reported for patients treated with radiotherapy [18]. 

Neutrophils inhibit apoptosis and promote angiogenesis and metastases, thus exerting pro-

tumourigenesis effects [19]. Interleukins, particularly IL-1b and IL-8 are involved in neutrophil 

priming and migration [20, 21]. IL-1b is also involved in tumour-associated neutrophil 

recruitment leading to tumour growth inhibition [22]. In our study, undetectable IL-1b is 

associated with poor prognosis which agrees with these preclinical observations, but not 

with a clinical study which reported that high IL-1b was independently associated with worse 

OS (HR 2.24, 95% CI 1.01-4.98, p=0.047) in stage IIIB-IV NSCLC patients treated with 

chemotherapy [23]. Possible explanations for this discrepancy include the application of 

different biomarker cut-offs (3.0 pg/ml versus 0.2 pg/ml in our study) and treatments 

(palliative chemotherapy versus curative-intent (chemo)-radiotherapy in our study) and the 

small number of patients (n=10) who demonstrated an IL-1b value ≥3.00 pg/ml in the study 

by Kim et al. [23]. We have previously reported the negative prognostic impact of high C-

reactive protein, another marker of acute injury and inflammation, in the proteomics analysis 

of this dataset [24]. However, we failed to detect any prognostic value of neutrophil to 

lymphocyte count on OS or PFS. This is in contradiction to results synthesized from 2 meta-

analyses [19, 25] and a growing number of subsequent studies [26, 27]. Similarly, the 

prognostic value of circulating osteopontin [28] and M65 [29] was not reproduced in our 

study. This may be due to number of factors such as sample size, the lack of specificity of 

these biomarkers (e.g. osteopontin is elevated in non-oncological diseases) and variation in 

protocols for blood sampling, collection, storage and analysis. Our study was conducted 

using a validated assay [30] to reduce the possibility of results due to artefacts from 

inconsistent biomarker processing, storage and analysis.   

 

Early-treatment blood sampling was incorporated to inform on temporal biomarker changes 

and their clinical significance. Day-21 was chosen as this is a clinically-relevant time point 

that could permit mid-treatment risk stratification and adaptation in future clinical trials. We 

have previously demonstrated significant reductions in [
18

F]FLT-PET SUVmax and SUVmean in 

the primary tumour and metastatic lymph nodes after 5-11 radiotherapy fractions in NSCLC 

patients [10]. The prognostic significance of baseline CYFRA 21-1 was established in 

numerous NSCLC clinical studies, with higher levels being associated with worse prognosis 

[31-33]. As CYFRA 21-1 is related to tumour burden [34], determination of early-treatment 

CYFRA 21-1 was proposed as a potential treatment response biomarker. We show that 

early-treatment CYFRA 21-1 is associated with worse prognosis. This is in agreement with 

previous studies that reported that early reduction in CYFRA 21-1 is associated with 

improved NSCLC treatment response [33, 35-37]. Very few studies have established the 
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prognostic impact of baseline CYFRA 21-1 in SCLC patients [38, 39]. Although our study 

only included 16 (20.5%) SCLC patients, it suggests the potential utility of this marker, when 

quantified early during treatment, in these patients. The significance of high circulating levels 

of FGFb (a known mediator of angiogenesis) on survival in cancer patients is not clear. A 

few studies have shown a negative prognostic impact [40, 41], but this relationship is not 

consistent across studies [42] and might even be reversed in SCLC patients [43]. In our 

study, detectable day-21 FGFb was correlated with improved survival in both SCLC and 

NSCLC in univariate analysis, albeit of borderline significance (p=0.045).  

 

Oesophageal ulceration was shown to induce KGF (an epithelial fibroblast growth factor) 

overexpression in the adjacent oesophageal stroma in rates in a previously-published 

preclinical study [44]. Interestingly in our study, undetectable baseline KGF was associated 

with acute radiation esophagitis in univariate analysis, but did not remain significant after 

Bonferroni correction. Acute radiation esophagitis is relatively common in lung cancer 

patients treated with radiotherapy, particularly in the context of mediastinal involvement, 

concurrent chemotherapy and radiotherapy dose escalation. Currently, there are no known 

circulating biomarkers to accurately identify patients at increased risk of developing 

clinically-significant acute radiation esophagitis. There was no link between acute radiation 

pneumonitis and blood biomarkers. Dosimetric parameters (e.g. lung V20Gy) are known to 

predict symptomatic acute, but not late radiotherapy-related lung toxicity [45]. Surprisingly, 

there was no correlation between lung dosimetric parameters and acute pneumonitis in our 

study. This could be explained by the predominance of patients with stage III disease 

(84.6%) and strict adherence with dosimteric lung constraints (none of the included patients 

had a V20Gy>35%).  

 

[
18

F]FLT-PET images tumour proliferation by targeting the activity of the thymidine salvage 

pathway [46]. We have previously shown that radiotherapy induces early reduction in tumour 

FLT uptake (exceeding test-retest variability) in the absence of significant mean volumetric 

change [10]. Functional tumour proliferation imaging could provide useful information for 

drug development; however, routine integration within clinical trials is likely to be met with 

difficulty. Blood biomarkers could be utilized to select patients for assessment with functional 

imaging in an attempt to decrease the unnecessary utilization of these expensive, resource 

intensive and patient-demanding procedures [32]. We have shown that baseline CYFRA 21-

1 (which is related to tumour burden [34]) demonstrated a positive correlation with the 

volume of the primary tumour on baseline [
18

F]FLT-PET while early-treatment changes in 

VCAM-1 were inversely correlated with changes in [
18

F]FLT-PET. VCAM-1 is a cell adhesion 

molecule which plays an important role in the vascular endothelium and inflammatory 

reaction.[47] While we acknowledge the small number of patients included in this exploratory 

imaging sub-study, it noteworthy that the direction of the correlation between VCAM-1 and 

[
18

F]FLT-PET was upheld for both SUVmax and SUVmean. For this reason, we believe these 
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findings support future investigation of a potential role of VCAM-1 as an [
18

F]FLT-PET 

surrogate. 

 

The advantages of blood biomarkers as predictors of radiotherapy response and toxicity 

cannot be overstated. Measurements are simple and can be repeated without subjecting 

patients to overly invasive tests or ionizing radiation. The improved understanding of the 

mechanisms of radiotherapy response and toxicity could allow radiotherapy dose 

individualization to achieve a balance between optimal tumour control and acceptable 

normal tissue toxicity. The inclusion of both SCLC and NSCLC patients in our study resulted 

in a heterogeneous population. However, the distribution of included patients closely reflects 

the typical patient population who are offered curative-intent radiotherapy in the clinical 

setting. The lack of validation in an independent dataset is an additional study limitation. 

 

To our knowledge, this study evaluated the largest panel of cytokines, growth factors and 

circulating markers ever reported which represent a wide-spectrum of molecularly-relevant 

tumour and normal tissue characteristics investigating their clinical significance in lung 

cancer patients. Our findings were also assessed in conjunction with routinely-acquired 

blood tests, such as full blood count, demonstrating the merit of this combination. Further, 

the longitudinal study design allowed us to highlight the additional advantage of a prognostic 

model based on a combination of biomarkers sampled over different time points (baseline 

and early-treatment). To our knowledge, this study is the first to report a relationship 

between blood biomarkers and functional imaging of proliferation in lung cancer patients. 

These preliminary results demonstrate, in principle, that this approach is worthy of further 

investigation in larger populations. 

 

Conclusions 

 

Here, a wide panel of candidate circulating biomarkers were assessed for clinical utility in a 

radiotherapy-treated population. Baseline biomarkers of inflammation (IL-1b and neutrophil 

count) and early-treatment tumour-burden (CYFRA 21-1) predict for survival in lung cancer 

patients treated with radiotherapy. Together with our finding of circulating biomarker 

correlation with functional imaging of proliferation, these results provide new candidate, 

minimally invasive blood borne biomarkers to incorporate into mechanism-based therapy-

radiotherapy combination trials.  
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Supplementary material  

 

Supplementary methods 

 

Sample collection, storage and processing 

 

Samples were collected and processed according to standard operating procedures (SOPs) 

within the Clinical and Experimental Pharmacology Group at the Cancer Research UK 

Manchester Institute (Manchester, UK). Blood was collected in either Monovette serum gel 

tubes (for processing to serum) or in Monovette Li-heparin tubes (for processing to plasma). 

Serum samples were left to clot for up to 120 minutes at room temperature and centrifuged 

at 2000×g for 10 minutes. Plasma samples were stored at room temperature and processed 

within 120 minutes of collection by centrifuging at 1000×g for 10 minutes. Both serum and 

plasma samples were transferred immediately to -80°C for storage after processing. 

 

Sample analysis 

 

Assay measurements were performed in the Cancer Research UK Clinical and Experimental 

Pharmacology Good Clinical Practice laboratories (GCP-L). Multiplex ELISAs (Aushon 

BioSystems, Boston, USA) were utilized in the following formats: a six-plex containing assay 

to measure Ang-2, FGFb, HGF, PDGFb, VEGFA and VEGFC, two five-plexes to measure 

keratinocyte growth factor (KGF), PlGF, VEGFR-1 and VEGFR-2 and interleukin-1b (IL-1b), 

IL-6, IL-10, IL-12 and tumour necrosis factor alpha (TNF, active trimer), a three-plex to 

measure EGF, E-Selectin and VCAM-1, a two plex to measure Ang-1 and Tie-2 and a one-

plex to measure osteopontin. SearchLight Plus (Aushon BioSystems, Boston, MA, USA) 

multiplex ELISA platform was run using the method previously described [30]. Cell-death 

(apoptosis and total cell-death) was measured using cytokeratin 18 cleaved (M30) and intact 

(M65) ELISAs (respectively) from Peviva (now VLV Bio, Nacka, Sweden) and run as 

previously described [48]. Carbonic anhydrase (CA-IX) was measured using a single ELISA 

(R&D Systems, Abingdon, UK) and cytokeratin-19 antigen (CYFRA 21-1) was measured 

using a single ELISA from Demeditec (Kiel, Germany), both were run according to the 

manufacturers’ instructions. Recombinant protein quality control (QC) samples were 

prepared at a high and low level in kit diluent, divided into single-use aliquots and frozen at -

80°C; six wells of each of the high and low levels of QC were added to each ELISA plate run 

and the results of all experiments compared to ensure consistency. The upper and lower 

limits of detection were taken as the highest and lowest points on the standard curve, 

respectively. M30, M65 and osteopontin were measured in plasma; all other proteins were 
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measured in serum. Samples were analysed by personnel blinded to individual patient 

outcome.     

 

Statistical methods  

 

For the data visualization approaches discussed below we chose to set BLQ and ALQ 

values to the value of the limit of detection. To visualize variability in the biomarker values 

within patient population, baseline biomarker data were log-transformed and subsequently 

each marker scaled by its mean value before generating a variance-covariance matrix. 

Biomarkers of interest were further explored by analysing their distributions using 

histograms. The Kolmogorov-Smirnov test-statistic was calculated between the distribution 

of values at baseline and day-21 for each biomarker [49]. This test statistic represents the 

maximum absolute distance between two cumulative distributions, thus the values lie 

between 0 and 1; 0 implies the two distributions overlap whereas 1 indicates no overlap i.e. 

the two distributions are different.  

 

Supplementary results 

 

Baseline biomarker analysis 

 

A heat-map of the variance-covariance matrix can be seen in the clustergram in 

supplementary figure 1. As shown, a subset of markers had high variance and similar 

covariance pattern: TNFα, IL-1b, KGF and IL-12. The distribution of these biomarkers 

(supplementary figure 2) highlighted that there are two distinct populations, patients that 

have biomarker values BLQ (high frequency value of the first bar) and those that are above 

(spread in frequency after the first bar), supplementary table 1. These results suggested a 

natural cut-off value for these biomarkers for the Cox-regression analysis.  

 

Day-21 biomarker analysis  

 

A matrix of the Kolmogorov-Smirnov test-statistic values for all biomarkers can be visualized 

using the heat-map in supplementary figure 3. This highlights three distinct groups of 

biomarkers: the group circled in green relate to biomarker distributions that change the most 

between baseline and day-21, the group circled in blue have modest changes and the group 

circled in black show very little change. The markers circled in green and blue (E-selectin, 

Ang-1, CYFRA 21-1, EGF, HGF, CA-IX, VEGF-A, Ang-2, VEGFC and FGFb) were further 

analysed by creating a heat-map using the same methods used for supplementary figure 

1. This heat-map can be seen in supplementary figure 4. It has one distinct outlier, CYFRA 

21-1, on the far left suggesting relevance. Another cluster on the right-hand side can be 
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seen. Markers which cluster together have high variance and high positive covariance 

pattern. Of these markers only Ang-2 and FGFb were identified in supplementary figure 3. 

Therefore, day-21 biomarkers taken forward for further analysis were CYFRA 21-1, Ang-2 

and FGFb. None of the participants had any events or were right censored before this time 

point.  
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Supplementary tables 

 

Supplementary table 1: The number of baseline TNFα, IL-1b, KGF and IL-12 values that 

are BLQ or above BLQ 

 

 

 

 

 

 

Supplementary table 2: Summary of the survival analysis of clinical/ demographic variables 

concordance probabilities with SE, HR and p-value from the LRT reported for all patients 

(NSCLC and SCLC) 

Clinical/ demographic variable Concordance 
probability (SE) 

HR (95% CI) p-value (LRT) 

GTV
1
 0.59 (0.05) 1.38 (0.90-2.12) 0.139 

PTV
1
 0.60 (0.04) 1.99 (0.98-4.05) 0.054 

ECOG performance status (2 
versus 1 versus 0) 

0.50 (0.04) 1.05 (0.65-1.71) 0.832 

Smoking history (any versus 
none) 

0.52 (0.03) 1.25 (0.68-2.28) 0.477 

TNM stage (I/ II versus III versus 
IV) 

0.56 (0.03) 2.07 (0.96-4.45) 0.056 

Lung V20Gy
1
 0.59 (0.05) 1.53 (0.69-3.38) 0.280 

Mean Lung Dose
1
 0.45 (0.04) 0.98 (0.52-1.85) 0.946 

Chemotherapy (sequential 
versus concurrent versus none) 

0.56 (0.03) 1.92 (0.86-4.26) 0.084 

1: Log-transformed 
 

 

Supplementary table 3: 1-year OS and PFS fraction for low and high risk groups 

Survival Risk group Surviving fraction at 1-year (95% CI) 

OS Low 0.82 (0.69-0.96) 

High 0.45 (0.31-0.66) 

PFS Low 0.73 (0.56-0.94) 

High 0.33 (0.17-0.64) 

 

 

 

 

 

 

 

 

Biomarker Number BLQ Number above BLQ 

TNFα 30 26 

IL-1b 25 29 

KGF 15 47 

IL-12 34 22 
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Supplementary table 4: Survival concordance probability with SE, HR (with 95% CI) and 

associated p-value from the LRT for univariate and multivariate analysis combining baseline 

and day-21 blood biomarkers. Blood marker thresholds were based on their respective BLQ 

values. Statistically significant values in bold 

Analysis Marker Concordance  
probability (SE) 

HR (95% CI) p-value 
(LRT) 

Univariate 
analysis 
day-21 
(NSCLC and 
SCLC) 

CYFRA 21-1
1
 0.63 (0.05) 2.09 (1.41-3.09) <0.001 

Ang2 0.57 (0.05) 0.77 (0.58-1.03) 0.090 

FGFb
1
 0.59 (0.05) 0.78 (0.60-1.00) 0.045 

Final overall 
model 
(NSCLC 
only) 

IL1b ≤BLQ (baseline) 0.68 (0.05)  <0.001 

IL1b ≤BLQ (baseline) + 
Neutrophils (baseline) 

0.75 (0.06)  0.029 

IL1b ≤BLQ (baseline) + 
Neutrophils (baseline) + 
CYFRA 21-1

1
 (day-21) 

0.78 (0.06)  0.004 

IL1b ≤BLQ (baseline)  3.42 (1.38-8.51)  

Neutrophils (baseline)  1.08 (1.02-1.14)  

CYFRA 21-1
1
 (day-21)  2.07 (1.27-3.38)  

1: log-transformed 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



186 

 

Supplementary figures  

 

 

Supplementary figure 1: Heat-map (with clustergram) of the variance-covariance matrix 

after data was log-transformed and each marker scaled by its mean value for the baseline 

time-point 

 

 

 

Supplementary figure 2: Histograms of the log-transformed biomarker values for (from left 

to right): TNFα, IL-1b, KGF and IL-12 
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Supplementary figure 3: Heat-map (with clustergram) of the Kolmogorov-Smirnov test 

statistic matrix comparing each the day-21 value to baseline 

 

 

Supplementary figure 4: Heat-map (with clustergram) of the variance-covariance matrix 

after data was log-transformed and each marker scaled by its mean value for day-21 
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Supplementary figure 5: Kaplan-Meier curve for OS of the entire patient population 

 

 

 

 

 

Median = 16.5 (CI 13.2-22.1) 
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Supplementary figure 6: Correlation between baseline Ang-1 and GTV (solid red-line) with 

95% CI (red-dashed lines) 

 

 

	
F-test p-value=0.0001(Bonferroni p-value=0.0026) 
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Supplementary figure 7: Correlation between baseline HGF and GTV (solid red-line) with 

95% CI (red-dashed lines) 

 

 

 

	
F-test p-value=0.0002 (Bonferroni p-value=0.0052) 
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APPENDIX 2 (SUMMARY OF RESEARCH PROPOSAL): Definitive thoracic 

radiotherapy with or without NIMorazole in stage II-III non-small cell Lung cancer 

(NSCLC) unsuitable for concurrent chemoradiotherapy and/or surgery: A randomised, 

placebo controlled trial (NIMLung trial) 

 

Background 

 

Stage III non-small cell lung cancer (NSCLC) in the elderly or less fit (performance status 

(PS) ≥2) or medically inoperable stage II NSCLC represents a challenging, yet commonly 

encountered clinical scenario. In the UK, 43% of lung cancer cases are diagnosed in 

patients over 75 years old [1]. Patients with PS 2 represent 39.5% (286) of 725 consecutive 

NSCLC cases treated with curative intent over an eighteen month audit period (January 

2014 - August 2015) in The Christie NHS Foundation Trust (Manchester, UK) [2]. There is 

limited data on the clinical outcome of these patients, as elderly and less fit patients are 

generally underrepresented in lung cancer clinical trials. This is an area of unmet clinical 

need.  

 

Tumour oxygen deprivation (hypoxia) is an important factor in resistance to radiotherapy and 

poor overall survival (OS) [3, 4]. Meta-analyses of historic NSCLC trials points towards a 

trend of favourable outcome (improvement in OS and progression-free survival (PFS)) when 

less-tolerated hypoxia modification strategies were combined with radiotherapy [5, 6].  

 

Nimorazole is a third generation hypoxic radiosensitizer that has an established synergistic 

effect in addition to radiotherapy in head and neck (H&N) cancer [7]. Nimorazole is yet to be 

tested in NSCLC patients. Nimorazole has a favourable toxicity profile (5% GIII nausea and 

rash, 3% GIII flushing and no GIII vomiting) and is well-tolerated, as reported in a modern 

H&N cancer trial [7]. There is an unmet need to prospectively validate hypoxia biomarkers 

that could be used to select NSCLC patients for inclusion in future trials of hypoxia-targeted 

therapies.  

 

Preliminary trial proposal 

 

A preliminary NIMLung trial proposal is summarised in table 1 and the preliminary trial 

scheme is shown in figure 1.   
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Table 1: Preliminary NIMLung trial proposal summary 

Title Definitive thoracic radiotherapy with or without NIMorazole in stage II-
III non-small cell Lung cancer (NSCLC) unsuitable for concurrent 
chemoradiotherapy and/or surgery: A randomised, placebo controlled 
trial (NIMLung) 

Trial design 
 

Double-blind randomized feasibility trial with pre-planned randomized 
phase II trial in the pipeline 

Target disease Stage II-III NSCLC unsuitable for concurrent chemoradiotherapy 
(CTRT) and/ or surgery 

Primary trial 
objective 

Feasibility study: Determine the feasibility of performing this trial in 
this patient population (accrual and successful implementation of 
biomarker component) 

Phase II trial: Determine whether patients with NSCLC treated with 
definitive thoracic radiotherapy (radiotherapy alone or as part of 
sequential CTRT) but are unsuitable for concurrent CTRT and/ or 
surgery demonstrate improved overall survival (OS) from the addition 
of nimorazole to radiotherapy 

Secondary trial 
objectives 

 Validate biomarkers of response to hypoxia-targeted therapy 
(phase II trial) 

 Investigate the added value of a short frailty assessment: 
short physical performance battery (feasibility and phase II 
trials) 

 Collect baseline information on overall healthcare 
satisfaction to inform on unmet needs of this patient cohort 
(feasibility and phase II trials) 

Primary 
endpoint 

Feasibility trial 

 Rate of successful acquisition of [
18

F]FAZA PET CT 
(primary) 

 Study accrual over 1-year after 1
st
 6 months of launch at all 

sites 
 
Phase II trial 

 OS at 2 years 

Secondary 
endpoints 

Phase II trial 

 Hypoxia biomarker validation (see translational research 
section below) 

 Locoregional tumour control  

 Distant metastases 

 Acute and late toxicity 

 Patient-reported quality of life (QoL) 

 Short frailty assessment validation 

Trial 
population 

Male or female patients over 18 years of age with clinical stage II-III 
histologically and/ or cytologically confirmed NSCLC unsuitable for 
concurrent CTRT and/ or surgery, PS 0-2 

Preliminary 
recruitment 
target 

Feasibility trial will open in 7 UK centres, while phase II trial will be 
UK-wide   
 
300 patients in total for both trial stages over a total of 6.27 years 
 
Randomisation will be stratified on: 

 Stage II versus stage III  

 Treatment with radiotherapy alone versus sequential CTRT  

 PS 0/ 1 versus 2 

Trial treatment 
and methods 

Following consent, completion of all screening tests and when 
eligibility has been confirmed, patients will be entered into the trial 
and randomised (1: 2 in favour of Treatment B) to Treatment A or 
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Treatment B: 
 
Treatment A (control arm): 
20 fractions of radiotherapy (RT), each of 2.75 Gy given once a day, 
5 days a week, for 4 weeks, totalling 55 Gy. In addition, a placebo in 
tablet (solid or dispersible) preparation will be given orally (or via a 
feeding tube) once a day, 5 days a week for 4 weeks, 90 minutes 
before radiotherapy 
 
Treatment B (investigational arm): 
RT as per Treatment A. In addition, 1.2 g/m

2
 of nimorazole in tablet 

(solid or dispersible) preparation will be given orally (or via a feeding 
tube) once a day, 5 days a week for 4 weeks, 90 minutes before 
radiotherapy 
 
The trial is double-blinded 
 
Patients will attend clinic weekly during the 4 week treatment phase 
of the trial 

Post treatment 
trial follow-up 
visits 

Clinic visits 

 Year 1-2: 6 weeks post treatment then at 3, 6, 12, 18 and 24 
months  

 Year 3-5: 6 monthly 
 

Clinical disease assessment will be performed at all follow-up visits  
 
The patient may be seen more frequently for clinical reasons in 
accordance with standard clinical practice (outside of study protocol) 
 
Radiological follow-up 

 Computed tomography (CT) or magnetic resonance imaging 
(MRI; if clinically indicated) of the chest and upper abdomen 
with intravenous contrast (if not contraindicated) at 3, 6, 12, 
18 and 24 months following radiotherapy and as clinically 
indicated thereafter 

 
The patient may have more frequent CT or other radiological/ nuclear 
medicine imaging modalities for clinical reasons in accordance with 
standard clinical practice (outside of study protocol) 

 
Acute toxicity (Common Terminology Criteria for Adverse Events 
(CTCAE), version 4.0) relating to radiotherapy will be assessed and 
documented weekly during radiotherapy and at 6 weeks and 3 
months post radiotherapy  
 
Adverse Events (CTCAE, version 4.0) relating to nimorazole/ placebo 
will be assessed and documented weekly during radiotherapy and 6 
weeks post radiotherapy 
 
Late toxicity (CTCAE, version 4.0) relating to radiotherapy will be 
documented at 6 and 12 months and 6-monthly thereafter  
 

Trial duration Feasibility trial: maximum of 24 months after launch at all sites 
 
Phase II trial: maximum of 6 years after launch at all sites   

QoL sub-study QoL will be assessed using the European Organisation for Research 
and Treatment of Cancer (EORTC) QLQC30, version 3.0 and 
associated lung (QLQ-LC13) module which should be completed at 
baseline, 6 weeks and at 6, 12, 18, 24 and 36 months following 
treatment when late toxicity is assessed  
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Healthcare overall satisfaction will be assessed using the EORTC 
information module (QLQ-INFO25), to be completed at baseline only  

Frailty 
assessment 
sub-study 

Short physical performance battery is to be completed at baseline 
only 

Translational 
research 

All included patients will undergo: 
 

 Baseline hypoxia-specific imaging using [
18

F]FAZA PET 
CT  
This is mandatory in all patients and should be acquired prior 
to start of RT: 

- Acquisition details: 30 min acquisition at 120-150 min 
pi, based on thesis results  

- Analysis: SUVmax, hypoxic volumes and fractions 
using image-derived muscle threshold, based on 
thesis results   

 Hypoxia gene signature quantification from diagnostic 
tumour biopsy/ cytology material (if available) 
All acquired tissue material is to be shipped to Manchester 
Cancer Research Centre (MCRC) prior to the start of RT    

 Baseline and early-treatment (at weeks 2 and 3) blood 
sampling (20 ml) for quantification of circulating hypoxia 
biomarkers  
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Figure 1: Preliminary trial scheme  
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Continuous Hyperfractionated Accelerated Radiotherapy (CHART) is a valid therapeutic 

option in a proportion of the trial target population (patients treated with RT alone). However, 

only a small proportion of NSCLC patients are offered this treatment in the UK (8%) [8], as it 

is available only in a limited number of cancer centres. There is indication of greater benefit 

of hypoxia-targeted therapies in patients treated with shorter radiotherapy fractionation in 

H&N cancer trials [9]. We are currently contemplating whether to include CHART-treated 

patients in the NIMLung trial as this could allow us to investigate the differential efficacy (if 

any) of nimorazole in these patients, compared to those treated using once-daily 

radiotherapy. Here, radiotherapy fractionation could be added as an additional stratification 

factor. We are also considering whether to restrict eligibility for patients treated as part of 

sequential CTRT to those who progress after chemotherapy (irrespective of the number of 

cycles received) as this is an area of unmet clinical need (these patients not currently 

eligible for any other trial) and this could exploit the potential role of hypoxia-targeted 

therapy in overcoming chemotherapy resistance.  

 

Trial feasibility  

 

This trial will attempt to recruit patients who are not generally eligible for recruitment into 

therapeutic lung cancer trials. The following provide preliminary data on the feasibility of this 

trial:  

 

 Trials investigating nimorazole in H&N cancer included patients up to 84 years old 

and PS 2 [7, 10] 

 The Japan Clinical Oncology Group trial (radiotherapy with or without daily low-dose 

carboplatin in patients with locally-advanced NSCLC) included PS 0-2 and patients 

up to 93 years old. Both treatment arms were tolerated [11] 

 A similar phase III trial in H&N cancer (NIMRAD) is open in the UK and has recruited 

8% of a total sample size of 470 patients (data from 10/2015) [12]. The target 

population of the NIMLung trial is larger.   

 Audit of The Christie NHS Foundation Trust data over 18 months (1/2014 - 8/2015): 

- 10.7% of patients with stage II-III NSCLC who received curative 

(chemo)/radiotherapy were treated with radical radiotherapy alone  

- 68 patients met all inclusion/ exclusion criteria of this trial  

- The median age was 79 years (range, 50-92) 

- All stage II (n=30) and 32 of 38 (84.2%) stage III patients completed 

radiotherapy (could be viewed as a crude surrogate of trial feasibility, as 

nimorazole is well-tolerated) 

- All patients above 85 years (n=9) completed radiotherapy 

 Patients who refuse chemotherapy (~3% of patients based on Christie Audit) and 

younger patients or those with PS0-1 but have a contraindication for chemotherapy 
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will also be eligible for recruitment (mild/ moderate renal or hepatic impairment are 

not contraindications to nimorazole) 

 

Preliminary sample size calculations 

 

Feasibility trial 

 

Although this is a randomised trial, the sample size to test the primary endpoint of this study 

(rate of successful acquisition of [
18

F]FAZA PET in recruited patients) will be based on 

Fleming’s single stage phase II design. Ideally ≥80% (but not <65%) of recruited patients are 

to have successful [
18

F]FAZA PET acquisition (these are preliminary figures that require 

additional investigation in pre-trial modelling simulations). Based on additional post-

acquisition dropout of up to 10% (e.g. due to technical or image processing errors, although 

actual dropout likely to be much lower), this estimate would ensure that at least 55% of the 

target population would have analysable [
18

F]FAZA PET biomarker data for predictive 

capacity investigation in the phase II trial.  

 

According to above, the estimated required sample size in the feasibility trial is 40 

(CFleming=31); based on p0 of 0.65 and p1 of 0.80, significance level = 0.1 and power = 0.8. 

 

Phase II trial 

 

The primary outcome is OS at 2 years. Based on previously-published studies [11, 13, 14], it 

is estimated that the OS at 2 years in the control arm (i.e. without nimorazole) is 25.4%. This 

is based on the following: 

 8% OS at 2 years in patients with stage III NSCLC treated with RT alone  

 30.3% OS at 2 years in stage III NSCLC patients treated with sequential CTRT. 

Patients who have progressed after chemotherapy or have received only one 

chemotherapy cycle are eligible for recruitment in the NIMLung trial. For this reason, 

the OS at 2 years for stage III NSCLC patients treated with sequential CTRT in the 

control arm of this trial is expected to be lower than 30.3% 

 39% OS at 2 years for stage II NSCLC patients treated with RT alone  

 Given the stage distribution of NSCLC (ratio of stage III: II = 2.71: 1) and the current 

trial landscape for stage III NSCLC in the UK (the ADSCaN trial would competitively 

recruit stage III NSCLC patients eligible for sequential CTRT, but not who progress 

after chemotherapy), we estimate that the number of patients with stage II: stage III 

treated with radiotherapy alone: stage III treated with sequential CTRT is 

1:1.355:1.355 
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The hazard ratio of the effect of nimorazole on OS is estimated to be 0.74 (this is a 

conservative estimate based on previous nimorazole trials in H&N cancer). A 2: 1 

randomized trial (in favour of nimorazole) would require ~224 events to have 80% power in a 

one-tail log-rank test at the 10% significance level. From a simulation analysis, a trial 

recruiting 40 patients in the first 2 years (this is the feasibility trial recruitment target), 0 

patients in the 3
rd

 year (estimated gap between completion of feasibility trial and launch of 

phase II trial), 50 patients in the 4
th
 year and 75 patients/ year thereafter for an additional ~3 

years (=300 patients in total over 6.27 years for both feasibility and phase II trials, taking into 

account the intervening 1-year gap) would be required. Analysis of OS will be performed 24 

months following phase II trial closure. An annual loss to follow-up of 5% per trial year in 

each arm has been taken into consideration when planning the statistical calculations for the 

required events to account for lack of compliance in this trial population, albeit this will 

unlikely affect OS analysis (data on OS are easily retrieved). The simulated recruitment 

scenario is realistic as it assumes a 1-year gap between studies and a slower recruitment 

rate in the first year of the phase II trial.  

 

Trial proposal feedback (this is feedback received and is not my contribution and has 

not been edited)  

 

 This trial proposal was short-listed for the ‘Innovative protocol award’ in ECCO-

AACR-EORTC-ESMO Workshop on Methods in Clinical Cancer Research 

(10/07/2016): 

‘Your protocol, ‘NIMorazole vs placebo + RT in stage III NSCLC not eligible for 

chemotherapy and/or surgery: a randomised controlled trial (NIMLung study)’, is 

very novel’.  

Professor Charles Thomas (chair of protocol development group 8 at ECCO-AACR-

EORTC-ESMO Workshop on Methods in Clinical Cancer Research; 13/06/2016) 

 

 Feedback from NCRI / BTOG lung Workshop (05/08/2016) 

 Rating: Green (highly competitive proposal, potentially international leading 

forefront research proposal) 

 Well-developed proposal with input from a number of collaborators already and 

a Flims workshop.  

 Concerns: There was discussion around the potential bias of investigators 

including "fitter" patients in the study. Clear definition of "patients not fit for 

CTRT" required to minimise this and ensure overlap / competition with current 

studies on the portfolio (eg ADSCAN) minimised. Intensity of scans for patients, 

discussion with consumer representatives recommended and qualitative 

interviews about the acceptability of the scans suggested in a pilot phase for the 

study. 
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 Feedback from NCRI CTRad trials meeting (26/11/2015) is shown in table 2.  

 

Table 2: Feedback from NCRI CTRad trials meeting  

Title of Proposal: NIMOrazole versus placebo plus radiotherapy in patients with stage II-
III non-small cell Lung cancer (NSCLC) not eligible for chemotherapy and/or surgery: A 
randomised controlled trial (NIMOLung study) 

Does the proposal 
address an 
important question? 
Is it timely? Is it a 
priority? 
 

Yes – use of a hypoxic sensitiser in patients with lung cancer unfit 
for chemoradiation, and prospective evaluation of the hypoxia 
metagene as a selection factor for patients to be treated with 
nimorazole. 
It’s an old question and an old drug, but the validation of the 
metagene is new and its suitability for use in the clinic.  
Yes – important indication, strong correlative science, excellent 
team. 

Are the aims 
achievable?  
Methodologically 
strong?  
Practically feasible? 
 
 

The study has been restructured to have a feasibility component 
and the team had identified the recruitment of this less fit patient 
group and randomisation as the main barriers to overcome.  
However the group felt these were not the key issues but rather the 
availability of diagnostic tissue of sufficient quality to perform the 
metagene, availability of the PET scan reagents to perform the 
imaging studies. Clear stop-go criteria must be defined for the end 
of the feasibility study.  The suggestion that the feasibility phase 
would be sufficiently large to guide the selection of patients 
subsequently for intervention only in the high hypoxia cohort was 
considered unacceptable as it would be grossly underpowered.  

Are there ways in 
which this project 
could be improved?  
 
Translational 
research?  
 
Imaging? 
 
 
 

The phase 2 part of the study is the appropriate stage to attempt to 
identify the cut points or decision making process for selection or 
stratification of patients for the phase three RCT. There are very 
important design issues here and the input from a strong statistician 
with experience in biomarker selected trial designs is critical. 
 
Translational research: A very strong biomarker/TR component was 
presented /described centred about hypoxia specific imaging, 
hypoxia gene signature quantification and follow-up sampling of 
circulating biomarkers. However, it was not clear whether the aim is 
to stratify on the basis of high v low hypoxia based on the hypoxia 
metagene or on the hypoxia imaging.  Both are planned for the 
feasibility and phase 2.  The group thought that more attention 
should be paid to circulating biomarkers of hypoxia – mir-210 and 
osteopontin being leading contenders.  Mir -210 has the potential to 
be measured in all patients from the circulation.  
There was some concern that the sampling of tumour tissue may 
negatively impact on recruitment– could the hypoxia gene signature 
quantification be achieved from cytology samples? 
There was concern  as to whether the study was sufficiently 
powered to address the feasibility issues  
It was  suggested that as this was an elderly frail population that PK 
studies maybe included to ensure adequate drug ‘on-target’ 
It was suggested that the requested non-smoking compliance be 
assessed by urinary biomarkers 
 
Imaging: this study includes costly hypoxia imaging scans. The 
precise tracer to be used has not yet been defined and a good deal 
with one of the suppliers would be very valuable.  PET scanning 
costs are significant as well as tracer costs.  Such imaging costs 
when used in this way as a selection bio marker may be fundable 
as research costs by CR-UK.  The ability to QA the scan 
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methodology in all contributing sites needs consideration, as do 
access to PET scans. There was some debate as to the 
advantage/disadvantage of imaging agent with FAZA being better 
but more expensive than HX4 
 

Is it potentially 
fundable? If so 
what is the best 
target funding 
committee / funder? 

Yes 

What needs to be 
done next? 
 
 
 

1. Stop- go criteria for the feasibility study (inclusion of non 
imaging centres in the feasibility will test this) 

2. Statistical advice on the selection of patients for the phase 3 – 
how will you decide? 

3. Sourcing the imaging agent and establishing costs and access 
for the scan. 

4. Assess whether the hypoxia metagene can be performed on 
cytology specimens to widen the access to the study 

Grading: Amber (potentially competitive trial proposal but requires 
further development before applying for funding) 
To be followed-up by Workstream 3 

 

Future work 

 

Future work, partially based on feedback above, is required prior to funding application. This 

includes: 

 Assessment of health economics for the proposed biomarkers: This will be done via 

modelling studies to investigate the economic viability of validating hypoxia 

biomarkers in this setting 

 Modelling studies to establish the minimum number of [
18

F]FAZA PET acquisitions 

that would be acceptable to maintain potential predictive capacity  

 Finalisation of trial eligibility criteria 

 Standardisation and quality assurance procedures for imaging facilities across 

scanning centres   

 Design of parallel biomarker validation sub-studies (e.g. multi-centre [
18

F]FAZA PET 

reproducibility)      
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