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Thesis Abstract  

The role of neoadjuvant chemoradiotherapy within the realm of rectal cancer treatment is rapidly 

expanding as we enter an era of organ preservation and deferral of surgery. As such, there is an 

urgency to predict which tumours are likely to completely respond, and a need for real-time response 

monitoring to enable personalised treatment. The accurate measurement of tumour hypoxia could fill 

prognostic and response monitoring voids.  

It is projected that DRS can be used to measure colorectal tumour hypoxia in a murine xenograft model 

to predict and reflect a response to radiotherapy. If proven, this could effect changes in future clinical 

practice through incorporation in endoscopic or implantable devices for hypoxia sensing for advanced 

prognostication and response monitoring ς and this work begins by engaging with healthcare 

professionals and rectal cancer patients to ascertain applicability and acceptability of suggested 

devices to guide future device development.   

This research interrogates subcutaneous colorectal tumours with a Diffuse Reflectance Spectroscopy 

(DRS). This thesis first seeks to validate DRS for the assessment tumour vascular oxygenation (TVO) 

through assessment of carbogen inhalation effect, and through comparison with the OxyLite Sensor ς 

the present gold standard for the assessment of cellular hypoxia. Findings suggest that the two 

modalities correlate well in a non-tumour bearing flank, but the correlation is lost when assessing the 

tumour. The natural course of TVO is then characterised, and it is demonstrated that it negatively 

correlates with both time and tumour volume, although there is high degree of heterogeneity. 

However, the correlation is of sufficient strength to enable a machine learning algorithm to accurately 

predict tumour size based on the DRS oxygenation readout. Further experiments introduce 

radiotherapy into the fold, and it is demonstrated in a subset of mice that a statistically significant 

enhancement in TVO occurs on days 5 and 7 post radiotherapy.  
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1 Thesis Overview 

 

Core Thesis Hypothesis: Diffuse Reflectance Spectroscopy can be used to measure colorectal tumour 

hypoxia in a murine xenograft model to predict and reflect a response to radiotherapy 

This thesis aims to validate a handheld sensing tool for the measurement of tumour hypoxia in 

xenograft mouse tumours, and investigates whether fluctuating trends in tumour hypoxia can be used 

to reflect a meaningful tumour response to radiotherapy.  

Chapter 2 first explores novel trends in the management of rectal cancer and details the urgent 

requirement for enhanced prognostication and response monitoring. Second, it details the critical 

importance of tumour hypoxia in the development of radio-resistance and outlines current, but 

inadequate, methodologies for assessing tumour hypoxia in a non-invasive manner. Third, it closely 

assesses the literature in relation to colorectal cancer specific hypoxia, exploring evidence of its 

existence and correlations between hypoxia and treatment resistance - and whether colorectal cancer 

hypoxia can be modified for enhanced treatment response. Fourth, this chapter introduces the optical 

science behind diffuse reflectance spectroscopy and details how it may be used to non-invasively 

assess tumour hypoxia.  

Chapter 3  presents public and patient engagement work performed to assess patient acceptance and 

opinion on both implantable and endoscopic devices, in order to guide future design.  Further, this 

chapter presents results from a pan-speciality survey to ensure clinical applicability of this research 

and device proposal. Both patient and professional opinion are in favour of an endoscopic approach 

due to a number of technical and patient related factors precluding the use of an implantable device. 

This body of work builds upon the arguments outlined in chapter 2 in favour of further prognostic and 

response monitoring tools, and this further justifies the requirement of this research.  

Chapter 4 aims to validate a handheld DRS sensing tool for the measurement of tissue and tumour 

hypoxia. This chapter combines two distinct studies; (1) A mouse xenograft pilot study, demonstrating 

the feasibility of assessing tumour hypoxia; and (2) A mouse xenograft comparison study of DRS 

against the OxyLite sensor ς the current market gold standard for the measurement of tumour 

hypoxia. The findings from this study are further supported by immunohistochemical work with CAIX 

and CD31 to map tumour hypoxia against tumour vasculature.  Further, within the methods section 

of this chapter, the DRS equipment and methodologies for data processing are described in detail. In 

particular, both actual oxygenation values and a novel oxygenation ratio metric (ORM) are presented, 

the latter of which is used for simplified and rapid trend observation requiring minimal computational 

power. Importantly in this chapter, in the context of DRS measurements, ǘƘŜ ǘŜǊƳ ΨǘǳƳƻǳǊ ƘȅǇƻȄƛŀΩ 
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is re-defined ǘƻ ΨǘǳƳƻǳǊ ǾŀǎŎǳƭŀǊ ƻȄȅƎŜƴŀǘƛƻƴΩ, which is a critical appreciation and consideration when 

using DRS to measure oxygenation trends.   

Chapter 5 presents a larger xenograft study and closely examines the relationship between tumour 

volume, time and tumour vascular oxygenation. The results demonstrate that tumour oxygenation 

values strongly are negatively correlated with both time and tumour volume, although there is 

significant heterogeneity and data variance. Further, we introduce a machine learning algorithm and 

demonstrate how tumour oxygenation can be used to predict tumour size ς an observation that could 

have important implications in response monitoring. 

Chapter 6 introduces radiotherapy into the fold and investigated whether DRS oxygenation metrics 

can be used to reflect a meaningful tumour response. A significant tumour response is achieved in the 

radiotherapy arm (against the control arm), and a trend towards re-oxygenation in the radiotherapy 

group on days 5 and 7 post radiotherapy exposure is observed ς reaching statistical significance in a 

subset of 12 mice in fibre 5 on both of these days.  These results are discussed in detail in relation to 

the literature and limitations of this and published studies.  

Chapter 7 presents the conclusions of this this thesis and lays the foundation for future work and 

device development. Additionally, the limitations of this work and that of DRS as a technology for 

assessing tumour hypoxia are presented.  
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2 Clinical Motivation 

2.1 Introduction  

Following the successful introduction of total mesorectal excision (TME) surgery in the management 

of rectal cancer (RC), clinicians are attempting to usher in a sea-change of positive outcomes; once 

consigned to the backwaters, radiotherapy is now transforming the way clinicians manage RC [1,2]. 

Habre-DŀƳƳŀΩǎ ǇŀǊŀŘƛƎƳ-shifting work [3] on pathological complete response (pCR) has elicited 

great excitement among international researchers. Observed in 15-30% [4] ƻŦ w/Ωǎ ǊŜŎŜƛǾƛƴƎ 

neoadjuvant chemoradiotherapy (nCRT), pCR describes the absence of residual tumour in surgical 

resection histopathological analysis ς i.e., there is no viable tumour found at the time of specimen 

analysis after surgery. Consequently, it has been suggested individuals with pCR may not need to 

proceed with surgery, particularly those presenting with co-morbidities. The challenge however rests 

on predicting which RC cases will respond to nCRT treatmentτaccuracy using the proposed 

biomarkers is currently insufficient; and the threshold for clinical application remains unmet [5]. Three 

further realities complicate the picture and demand improvement in predictive assessment (section 

2.6), these are: a small proportion (10-нл҈ύ ƻŦ w/Ωǎ ǇǊƻƎǊŜǎǎ ǳƴƛƳǇŜŘŜŘ ŘŜǎǇƛǘŜ ǊŜŎŜƛǾƛƴƎ ƴ/w¢Σ 

meaning these patients are endangered by treatment delays and are more likely to develop 

metastases. Secondly, nCRT carries inherent risks, adversely impacting bladder, bowel and sexual 

function, and effects surgical planes. Lastly, current time frames for tumour reassessment post nCRT 

are somewhat arbitrary and lack consensusτŦƻƭƭƻǿƛƴƎ ƴ/w¢Σ ŀ ǇŀǘƛŜƴǘΩǎ ǘǳƳƻǳǊ Ƴŀȅ ǎǘƛƭƭ ōŜ ǇǊŜǎŜƴǘ 

at 8 weeks but not at 12 weeks, leading to potentially unnecessary clinical treatments, dependant on 

time selection.  

The implications are clear: nCRT treatment pathways will be vastly improved with accurate selection 

of patientsτboth for those where surgery is an inevitability, and those for whom pCR is a possible 

outcome. Within the remaining 50-70%, where nCRT results in partial tumor shrinkage, capability to 

detect ongoing responsiveness to nCRT would therefore herald a new era of precision oncology. Under 

these conditions, all patients stand to benefit from emerging personalised treatment plans within 

dynamic decision-making models for RC management [2].  

It is suggested that precise measurement of tumour hypoxia could turn the tide on these current 

limitations, meeting the prognostic and response-monitoring criteria required for improved RC 

treatment. Hypoxia is closely tied to chemoradiotherapy resistance; it triggers alterations in over 100 

genes, some of which enhance DNA repair, help cells evade apoptosis and encourage metastasis. Yet 

due to the difficulties in yielding accurate hypoxic readings, the medical profession has been unable 

to exploit this biomarker. However, with the arrival of sensing and imaging technologies based on 
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diffuse reflectance spectroscopy (DRS), we now stand at an exciting juncture where continuous 

mapping of tumour hypoxia is within reach. This breakthrough could lead to precise hypoxic 

modification, targeted radiotherapy, advanced prognostication and real-time response monitoring.  

2.1.1 A Global Health Issue  

Prevalence of colorectal cancer (CRC) in Europe and the UK is widespread; it is the second most 

common cancer in Europe and the fourth in the UKτrespectively, 447,000 and 42,300 cases are 

detected annually [6]. These rates place a significant pressure on healthcare systems. Incidences 

increase with age, with 95% of cases occurring in individuals over 50 [7]. Recent data however points 

to an increase in people under 50, a trend that cannot be solely attributed to improved screening 

access, thus highlighting the need for further research[8]Φ ²ƛǘƘ ŀ ǎƳŀƭƭ ƳŀƧƻǊƛǘȅΣ Ƴƻǎǘ /w/Ωǎ ƻǊƛƎƛƴŀǘŜ 

in the rectum (27%); with the remainder arising in the rectosigmoid junction (7%), sigmoid (20%), 

remainder of colon (21%), caecum (14%), anal canal (2%), appendix (1%) and unspecified locations 

(8%)[6]. 

2.1.2 The BCSP and the Detection of Early Cancers 

Offering both histopathological analysis and direct observation, endo-luminal visualisation with 

sigmoidoscopy or colonoscopy is the highest quality investigative technique for symptomatic patients. 

For frail patients or those presenting with colonic stricǘǳǊƛƴƎ ƻǊ ŎƻƳǇƭŜȄ ǎƛƎƳƻƛŘ ΨƭƻƻǇƛƴƎΩΣ ŀ /¢ 

pneumocolon is appropriate. This method offers comparable sensitivity to colonoscopy for the 

detection of polyps >10mm [9], is less intrusive and carries the added advantage of detecting 

asymptomatic yet clinically important extra-colonic findings in 2.5% of patients [10]; however, smaller 

adenomas are often missed meaning any irregular findings should be referred on for endoscopic 

analysis. In all cases, a cancer diagnosis necessitates a staged CT to investigate possible metastasis in 

the chest, abdomen and pelvis. Where RC is detected, rectal Magnetic Resonance Imaging (MRI) is a 

mandatory part of pre-operative staging. This allows assessment of tumour encroachment on the 

circumferential resection margin (CRM)τand therefore determines whether a tumour resection with 

clear margins is feasible (Figure 2.1). Various treatment centres differentiate between T1 and T2 

tumours through the use of endo-anal US, though this approach is not uniformly deployed. 

LƴǘǊƻŘǳŎŜŘ ƛƴ нллсΣ ǘƘŜ ¦YΩǎ .ƻǿŜƭ /ŀƴŎŜǊ {ŎǊŜŜƴƛƴƎ tǊƻƎǊŀƳ Ƙŀǎ ƛƳǇǊƻǾŜŘ ŜŀǊƭȅ ŘŜǘŜŎǘƛƻƴ ǊŀǘŜǎ ŀƴŘ 

reduced mortality of CRC by 15-33% [11,12]. This earlier diagnosis has increased the use of local and 

endoscopic resections, discussed below (Section 2.1.6). In 2019, the UK adopted the Faecal 

Immunochemical Test (FIT) which is more sensitive, specific and user-friendly than its predecessor, 

ǘƘŜ CŀŜŎŀƭ hŎŎǳƭǘ .ƭƻƻŘ όCh.ύ ǘŜǎǘΦ ¢ƘŜ CL¢ ǘŜǎǘΩǎ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŘ ǎǇŜŎƛŦƛŎƛǘȅ Ŏŀƴ ōŜ ŀƭǘŜǊŜŘ ōȅ ƳƻŘƛŦȅƛƴƎ 

the threshold valueτa lower threshold confers higher sensitivity but lower specificity; all individuals 
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with a positive result are referred for a colonoscopy. A flexible, one-off sigmoidoscopy has also been 

shown to reduce the incidence and associated mortality of CRC [13]: although initially offered to 

patients aged 55-64, this was abandoned in 2021 during the covid pandemic.  

2.1.3 Prognostication, Molecular Subtyping, and the Rectal Tumour Microenvironment  

The TNM (Tumour, Node, Metastasis) staging system, 8th edition, is most commonly used to stage 

CRC. It provides a standardised method to stage a tumour, thereby indicating treatment pathways 

such as the need for adjuvant chemotherapy, as well as providing patients and clinicians with survival 

probabilities ς for example, 5-year overall survival rates can range from over 90% for Stage IA to 

around 9% for Stage IV.   

Historically, prognostic parameters helping guide the use of nCRT ƛƴŎƭǳŘŜ ǘƘŜ ǘǳƳƻǳǊΩǎ ƎǊŀŘŜΣ ǎǘŀƎŜ 

and nodal involvement, perineural or lymphovascular involvement and, in rectal tumours, CRM 

involvement. Various radiological and biochemical biomarkers are also used to select the appropriate 

treatment approach, best demonstrated by the occurrence of extra mural vascular invasion (EMVI), 

which, if detected via MRI pre-operation, indicate a poor prognosis; these patients are then more 

likely to receive adjuvant therapy. Notably, a 50% reduction in EMVI following nCRT correlates with 

significantly improved disease-free survival (DFS)[14], or pCR. Section 2.7 (below) further discusses 

predicted response and monitoring following nCRT. 

However, more recently, advanced genetic and molecular tumour profiling has enabled a far greater 

understating of colorectal tumour biology. Indeed, colorectal cancer (CRC) was among the first solid 

tumours to be characterised at the molecular level, revealing multiple genes and signalling pathways 

involved in tumour initiation and progression [15]. CRC develops through the stepwise accumulation 

of genetic alterations in oncogenes (e.g., KRAS, NRAS, BRAF, PIK3CA) and tumour suppressor genes 

(e.g., APC, TP53, SMAD4, PTEN) that disrupt key pathways driving tumour growth, including ²b¢κʲ-

catenin, ǘǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ōŜǘŀ ό¢DCʲύ, epidermal growth factor receptor (EGFR), and 

downstream MAPK and PI3K cascades. These changes are common in advanced disease, which can be 

broadly categorized as either chromosomally instable or microsatellite instable (MSI) based on distinct 

patterns of additional genomic and epigenomic alterations. Chromosomally instable tumours 

frequently harbour copy-number changes associated with TP53 mutations, whereas MSI tumours 

exhibit hypermutation due to defective DNA mismatch repair (MMR) mechanisms, typically involving 

germline or somatic inactivation of MLH1, MSH2, MSH6, or PMS2 [16] 

Recent transcriptomic profiling has led to the definition of consensus molecular subtypes (CMS) (Table 

2.1), which reveal shared pathway dependencies: CMS1 (MSI-immune) are hypermutated, contain 

MSI, with strong immune infiltration and activated cytotoxic signaling; CMS2 (canonical) are epithelial, 
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chromosomally instable, have immune-desert phenotype, with marked EGFR pathway dependence; 

CMS3 (metabolic) are epithelial, contain mixed chromosomal and microsatellite instability, with 

notable metabolic dysregulation, and frequent MAPK pathway mutations; CMS4 (mesenchymal) are 

chromosomally ƛƴǎǘŀōƭŜΣ ǿƛǘƘ ǇǊƻƴƻǳƴŎŜŘ ¢DCʲ ŀŎǘƛǾŀǘƛƻƴ ŀƴŘ ƛƴŦƛƭǘǊŀǘƛƻƴ ƻŦ ƛƳƳǳƴƻǎǳǇǇǊŜǎǎƛǾŜ ŀƴŘ 

stromal cells [17]. 

These CMS groups represent distinct biological features of primary CRC and carry clear prognostic 

significance in both early and advanced stages. Notably, CMS4 mesenchymal tumours show 

approximately double the risk of relapse after curative treatment, while CMS1 MSI-immune tumours 

are linked to poor outcomes in the metastatic setting [16,17]. 

CMS Subtype 
Frequency in Rectal  
Cancer 

 Key Molecular Features  
Biological Behavior / Clinical 
Relevance 

CMS1 (MSI 
Immune)  

~3т5% in rectal (less 
common than colon) 

MSI-high, hypermutated, BRAF 
V600E mutations, high immune 
infiltration  

Better response to immunotherapy 
(PD-1 blockade). Poor survival after 
relapse. 

CMS2 
(Canonical)  

Most common (~40т
50%) 

APC, TP53 mutations; WNT, MYC 
activation; chromosomal 
instability (CIN) 

Good response to standard 
chemoradiotherapy. Better prognosis. 

CMS3 
(Metabolic)  

~10т15% 
KRAS mutations, altered 
metabolism, PI3K pathway 

Variable prognosis, may show 
resistance to EGFR inhibitors. 

CMS4 
(Mesenchymal)  

~20т25% 
TGF-͉ШċĦƣŔƻċƣŔŸŰЯШƚƣƖŸůċũШ
infiltration, EMT phenotype 

Poor prognosis, resistant to therapy; 
higher risk of metastasis. 

Table 2.1 Consensus molecular subtype classification  

 

The CMS classification has further important implications for treatment stratification. Alongside the 

growing understanding of molecular drivers and tumourςmicroenvironment interactions in colorectal 

cancer (CRC), major advances in the development of targeted therapies and immunotherapies have 

highlighted the clinical value of comprehensive tumour profiling. In metastatic CRC (mCRC), molecular 

heterogeneity is a key determinant of treatment choice: tumours harbouring KRAS or NRAS (RAS) 

mutations are intrinsically resistant to EGFR monoclonal antibodies (mAbs)[18], whereas MSI tumours 

display exceptional sensitivity to immune checkpoint inhibitors. Beyond these well-established 

biomarkerςdrug associations, accumulating clinical evidence indicates that additional biomarkers, 

such as BRAF mutations and HER2 amplifications, are also important for treatment 

stratification[18,19] ς and as such, one can appreciate the critical importance of molecular biology on 

treatment determination and planning.  
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Further still, and beyond the immediacy of the tumour itself, is the tumour microenvironment (TME) 

ς which is equally important in the determination of treatment outcome. The rectal tumour 

microenvironment represents a complex and dynamic network of cellular and molecular interactions 

that critically shape tumour behaviour and therapeutic response. Beyond the malignant epithelial 

cells, the rectal TME comprises immune infiltrates, stromal elements, vasculature, extracellular 

matrix, and the local microbiome, each of which contributes to tumour progression and treatment 

outcomes. 

Immune composition plays a central role in determining disease trajectory. Tumours enriched with 

ŎȅǘƻǘƻȄƛŎ /5уя ¢ ƭȅƳǇƘƻŎȅǘŜǎ ŀƴŘ ŀŎǘƛǾŀǘŜŘ /5пя ƘŜƭǇŜǊ ¢ ŎŜƭƭǎ ǘŜƴŘ ǘƻ Ƴƻǳƴǘ effective anti-tumour 

immune responses, which correlate with improved survival and, in some cases, enhanced sensitivity 

to therapy. By contrast, an immunosuppressive milieu characterized by regulatory T cells, M2-

polarized macrophages, and myeloid-derived suppressor cells facilitates immune evasion and 

ǘǊŜŀǘƳŜƴǘ ǊŜǎƛǎǘŀƴŎŜΦ ¢ƘŜǎŜ ŘƛǎǘƛƴŎǘƛƻƴǎ ǳƴŘŜǊǇƛƴ ǘƘŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ǊŜŎǘŀƭ ŎŀƴŎŜǊǎ ƛƴǘƻ άƛƳƳǳƴŜ-

Ƙƻǘέ ǎǳōǘȅǇŜǎΣ ƻŦǘŜƴ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƳƛŎǊƻǎŀǘŜƭƭƛǘŜ ƛƴǎǘŀōƛƭƛǘȅ ŀƴŘ ǊŜǎǇƻƴǎƛǾŜƴŜǎǎ ǘƻ ŎƘŜŎƪǇƻƛƴǘ 

inhibitors, ǾŜǊǎǳǎ άƛƳƳǳƴŜ-ŎƻƭŘέ ǎǳōǘȅǇŜǎΣ ǿƘƛŎƘ ǊŜƳŀƛƴ ǊŜŦǊŀŎǘƻǊȅ ǘƻ ƛƳƳǳƴƻǘƘŜǊŀǇȅ [17]. 

The stromal compartment, dominated by cancer-associated fibroblasts (CAFs), exerts profound 

effects on tumour biology. CAFs remodel the extracellular matrix, secrete growth factors and 

cytokines such as TGF-ʲΣ ŀƴŘ ǇǊƻƳƻǘŜ ŜǇƛǘƘŜƭƛŀƭςmesenchymal transition, thereby fostering local 

invasion and distant metastasis. Stromal-rich tumours, which often align with the CMS4 

(mesenchymal) molecular subtype, are characterized by aggressive clinical behaviour and resistance 

to conventional chemoradiotherapy[20].  

The tumour vasculature in rectal cancer is typically abnormal, with disorganized and leaky vessels that 

generate a hypoxic microenvironment. Hypoxia drives stabilization of HIF-мʰΣ ǿƘƛŎƘ ǇǊƻƳƻǘŜǎ 

angiogenesis, metabolic adaptation, and, critically, resistance to radiotherapyτa major therapeutic 

modality in rectal cancer ς and this is described and discussed in much greater detail in Section 2.3. 

The extracellular matrix (ECM) provides not only structural support but also biochemical signals that 

regulate tumour progression. Increased ECM stiffness facilitates invasion and contributes to 

therapeutic resistance [21].  

The (TME) harbours a distinct microbial community that differs markedly from adjacent mucosa and 

faecal microbiota. Multiple sequencing studies have demonstrated recurrent enrichment of oral-

derived anaerobes, particularly Fusobacterium nucleatum, and depletion of butyrate-producing 

Firmicutes such as Faecalibacterium and Roseburia in rectal and colorectal cancers [22]. These 
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compositional shifts correlate with tumour stage, molecular subtype and local inflammatory 

signatures. Clinically, intratumoral F. nucleatum and other microbial signatures have been associated 

with chemoresistance and variable response to neoadjuvant chemoradiotherapy (nCRT) in locally 

advanced rectal cancer [23]. The microbiome also shapes the immune microenvironment. Microbial 

ligands and metabolites influence recruitment and polarisation of myeloid and lymphoid cells, while 

the hypoxic, mucin-altered TME selects for anaerobes and biofilm formers, creating a feedback loop 

between host immunity and microbial niches[24]. These findings highlight the microbiome as both a 

biomarker of prognosis and a potential therapeutic target for modulating treatment response. 

Taken together, the rectal tumour microenvironment is not a passive scaffold but an active participant 

in oncogenesis and treatment resistance. Understanding its components offers opportunities for 

therapeutic innovation, including strategies to modulate stromal signalling, normalize vasculature, 

reprogram immune responses, and manipulate the microbiome. These approaches may complement 

existing chemoradiotherapy regimens and improve outcomes in rectal cancer. 

2.1.4 Surgical Management of Rectal Cancer  

Rectal dissection and excision is still the predominant treatment pathway for RC. Surgical 

interventions are completed in isolation (anterior resection); or, in cases of tumours forming in close 

proximity to the anal sphincter, in combination with the anus (abdominal-perineal resection). Overall 

survival (OS) and control in localised regions has vastly improved with the universal uptake of CRM 

and subsequent integration of TME [25ς27]. Use of CRM allows complete excision of the rectum, 

mesorectal fat, perirectal lymph nodes and the mesorectal fascia (Figure 2.1, D) thus reducing tumour 

invasion into adjacent tissues.  

Post resection, margins are given a histopathological analysis. Available results include RO, the optimal 

outcome and which equates to clear margins (achieved in 90% of UK RC operations [28]); R1 which 

points to microscopically-involved margins i.e. tumour or lymph nodes situated within 1mm of the 

CRM, or the involvement of distal margins, and R2 represents macroscopic margin involvement. R1 

and R2 readings are correlated with increased local occurrence and lower OS [29ς31], thereby 

reinforcing the importance of pre-operative imaging of CRM involvement, and the need for high 

quality surgery. Quirk et al [31] discovered dissection that remains in the correct plane (mesorectal) 

is an accurate indicator for loco-regional control and DFS; quality of surgery is therefore a critical 

factor, and often overlooked in RC research. 

In locally advanced RC (LARC) and locally recurrent RC cases, where tumours encroach beyond the 

CRM, dissection must progress beyond the CRM into the pelvic region in order to obtain R0 status on 

the margin. Though challenging, R0 can be achieved in 37% - 57% of cases [32]. 
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Rectal surgery as described above carries significant morbidity and mortality risks. Anterior resections 

for those aged <80 return a 1-8% mortality rate, rising to 6-16% for those aged >80 [33]. Morbidity 

regularly involves long-term dysfunctions of the bladder, bowel and sexual organs. Approaches that 

allow organ preservation are therefore in demand. Therein, early T1/2N0/M0/stage 1 rectal tumours 

can be removed with transanal endoscopic microsurgery (TEMS), transanal minimally invasive surgery 

(TAMIS) or endoscopic mucosal resection (EMR).  

Supporters for this approach point to cancer survival rates being comparable to major resection 

surgery, if pathology is favourable i.e. pT1 <3 cm, well differentiated and no lymphovascular invasion) 

[34]. The importance of such clinical pathways has been brought into sharp focus since the BCSP now 

results in widespread early cancer detection, with 49-52% of screen detected cancers found to be 

T1/2/N0/M0/stage 1 [35]. However, such local procedures do not involve lymphadenectomy, meaning 

unrealised, and therefore, unexcised local node involvement will be missed. With this combination of 

factors, adjuvant therapy, in combination or in isolation, offers additional benefits, as revealed by the 

STARTREC trial [36]. A detailed discussion of these emerging strategies is provided below (Section 

2.1.7).  
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Figure 2.1 Pictorial and imaging demonstration of the CRM and TME planes.  The circumferential resection margin (CRM) 

is pictorially demonstrated in (A), with the tumour contained within the mesorectal fascia. The CRM is clearly delineated on 

MRI imaging (B). Total mesorectal excision (TME) surgery involves the en-bloc excision the rectum, mesorectal fat, 

perirectal lymph nodes, and the mesorectal fascia itself (C), although such a dissection becomes impossible if the tumour 

involves, or extends beyond, the CRM (D).  

 

2.1.5 The Role of (Neo) adjuvant Therapy in Rectal Cancer 

Cases where CRM is breached or at risk of being so, nCRT can shrink the tumour to sit within CRM 

ōƻǳƴŘŀǊƛŜǎΣ ǘƘŜǊŜōȅ ΨŘƻǿƴǎǘŀƎƛƴƎΩ ǘƘŜ ǘǳƳƻǳǊ ŀƴŘ ƛƳǇǊƻǾƛƴƎ wл ƻǳǘŎƻƳŜ ǊŀǘŜǎΦ ¢Ƙƛǎ ǊŜŘǳŎŜǎ ƭƻŎŀƭ 

recurrence yet does not affect OS [37]; it is the original staging classification that predicts development 

of occult metastasis. Therefore, a common strategy is to combine radiotherapy with nCRT which both 

shrinks tumours and reduces the risk of occult micro-metastases. Theis can be applied as a short 

ŎƻǳǊǎŜ ǊŀŘƛƻǘƘŜǊŀǇȅ ό{/w¢ύ ƛƴ ǘŀƴŘŜƳ ǿƛǘƘ ŀƴ ΨƛƴŘǳŎǘƛƻƴΩ ŀƎŜƴǘΣ ƻǊ ŀǎ ƭƻƴƎ ŎƻǳǊǎŜ ŎƘŜƳƻǘƘŜǊŀǇȅ 

(LCRT) in tandem with a chemotherapy agent. 

There is no globally accepted guidance for nCRT; in the UK, guidance is provided by NICE [38], who, 

ǎƻƳŜǿƘŀǘ ŎƻƴǘǊƻǾŜǊǎƛŀƭƭȅΣ ǎǳƎƎŜǎǘ άǇǊŜ-operative chemoradiotherapy to people with RC that is cT1-

T2, cN1-N2, M0, or cT3-¢пΣ ŀƴȅ ŎbΣ aлΦέ ¢Ƙƛǎ ƎǳƛŘŀƴŎŜ ŀǘǘŜƳǇǘǎ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ¦YΩǎ ǾŀǊȅƛƴƎ ƴ/w¢ 
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administration-rates across various geographical areas, which range between 9 - 35% [28]. Their 

advice stems from the Swedish RC Trial [39] which concluded SCRT treatment applied to resectable 

w/Ωǎ ōŜŦƻǊŜ ŀƴǘŜǊƛƻǊ ǊŜǎŜŎǘƛƻƴ ȅƛŜƭŘŜŘ ŀ ŘǊƻǇ ƛƴ ƭƻŎŀƭ ǊŜŎǳǊǊŜƴŎŜ όмм҈Σ Řƻǿƴ ŦǊƻƳ нт҈ύ ŀƴŘ ōŜǘǘŜǊ h{ 

(58%, up from 48% at the 5 year mark). Conducted in the 1990s, conclusions from this study have been 

criticised for being outdated; Glynne-Jones et al. [40] point out surgery at this time did not include 

precise dissection along the TME plane achieved by today's laparoscopic and robotic techniques. 

Therefore, local recurrence presented more frequently and SCRT was shown to be more effective. 

Additionally, NICE guidance failed to integrate data from the 2012 CR07 trial [37] which found no 

statistical variation for DFS and OS after 8 years for preoperative radiotherapy. Glynne-Jones et al. go 

on to suggest the decision on whether to use nCRT should be determined solely on the basis of CRM 

involvement, T3 substage and the occurrence of EMVI. The increased use of nCRT is therefore 

debated. On one hand, nCRT can negatively affect bladder, bowel and sexual functions, thereby 

delaying surgical readiness; furthermore, superb R0 readings (98%) can be sustained solely through 

high quality MRI analysis, careful surgery and detailed pathological understanding. On the other hand, 

patients receiving nCRT often respond positively and go on to experience pCR; thereby diversifying 

potential treatment paths (Section 2.1.6) which make use of nCRT. Several more recent trials have 

attempted to discover the optimal RC radiotherapy strategy [41ς46]. Whilst a full discussion of their 

findings is beyond the scope of this chapter, the key findings and clinical implications are summarised 

in Table 2.2.  

Given the risk of metastasis associated with LARC, the standard approach has traditionally involved 

delivering adjuvant chemotherapy after surgical resection. However, the inherently complex nature 

of colorectal surgery often leads to post-operative complications, which can in turn delay timely 

initiation of adjuvant treatment. As a result, there has been a shift toward total neoadjuvant therapy 

(TNT), where all systemic therapy is administered prior to surgery. This strategy offers the added 

advantage of addressing potential micrometastases earlier in the treatment course. Emerging 

evidence indicates that TNT may reduce local recurrence rates while also improving disease-free 

survival (DFS), overall survival (OS), and pathologic complete response (pCR) outcomes. [47].  

More recently, Immunotherapy has emerged as practice-changing therapy for mismatch-repair 

deficient / MSI-high (dMMR/MSI-H) rectal cancer. Single-agent PD-1 blockade has produced 

exceptionally high clinical and pathological response rates in small neoadjuvant studies, enabling non-

operative management in these patients. In a Phase II study of dostarlimab (antiςPD-1) given 

neoadjuvantly to patients with locally advanced, dMMR rectal cancer, investigators reported 

extremely high clinical and pathological complete response rates (100% in a cohort of 12 patients)[48]. 

This single-agent approach produced dramatic tumour regressions and generated intense interest in 
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organ-preservation strategies (see below) for dMMR LARC. Results require longer follow-up and larger 

cohorts but indicate that this treatment option will change the landscape for this molecular subset. 

Although one should be cautious about broad implementation, it is now certainly advisable to test all 

rectal cancers for dMMR/MSI up front, since results will directly influence eligibility for 

immunotherapy strategies and trials.  
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Table 2.2     A summary of contemporary Rectal Cancer radiotherapy trials and key results 

Study / Year  Phase / population  
Radiotherapy regimen 
(experimental)  

Comparator  
Key results (selected 
endpoints)  

RAPIDO (2020, long-term 
updates 2021+) 

Phase III у high-risk locally 
advanced rectal cancer (cT4, 
threatened margin, EMVI, N2, 
etc.) 

Short-ĦŸƨƖƚĲШÅÑШΡҾΡШ]ǃШӛШ
consolidation chemotherapy 
ы9 Â§ñШŸƖШ[§x[§ñьШӛШÑ~E 

Standard long-course 
chemoradiation (LCRT) ± postop 
chemo 

Lower disease-related treatment 
failure and higher pCR rates with 
ƣőĲШÉ9ÅÑӛÑ ÑШċƓƓƖŸċĦő 

PRODIGE 23 (2019т2023 long-
term)  

Phase III у locally advanced 
rectal cancer 

fŰĬƨĦƣŔŸŰШ[§x[fÅf §ñШӛШ
standard long-course 
ĦőĲůŸƖċĬŔċƣŔŸŰШӛШƚƨƖŊĲƖǃШӆШ
postop chemo (TNT variant 
including RT) 

ÉƣċŰĬċƖĬШx9ÅÑШӛШÑ~EШӆШċĬŢƨƻċŰƣШ
chemo 

Improved DFS / metastasis-free 
survival and higher pCR with TNT 
(FOLFIRINOX induction) versus 
standard care; long-term 
analyses show sustained benefit 

PROSPECT (reported 2023) 

Phase III у intermediate/high-
risk LARC 

Neoadjuvant FOLFOX with 
selective use of chemoradiation 
(CRT given only if poor response) 
у RT used selectively 

Standard neoadjuvant 5-FU-
based long-course CRT for all 

Non-inferiority achieved for 
disease outcomes with initial 
chemo and selective CRT у 
supports omission of routine 
preop RT in selected patients 

OPRA (organ preservation; 
2021т2023) 

Randomized / multi-institution 
TNT trial focused on organ 
preservation 

Total neoadjuvant therapy (CRT 
or SCRT incorporated in TNT) 
with planned nonoperative 
management for clinical 
complete responders 

TNT with immediate TME 
(surgery) strategy (or different 
sequencing arms) 

Demonstrated high organ-
preservation (watch-and-wait) 
rates in responders with careful 
surveillance; most re-growths 
occurred within first 2 years у 
supports CRT/TNT + selective 
nonoperative management for 
organ preservation 

STELLAR (2022) 

Phase III у middle/lower third 
cT3т4 or N+ patients (China 
multicentre) 

Short-course RT (5×5 Gy) + 
systemic chemo as TNT 

Long-course chemoradiotherapy 
(capecitabine-based) 

Reported non-inferiority for key 
oncologic outcomes (and 
similar/somewhat improved 
conversion rates/pCR depending 
on subgroup); supports 
É9ÅÑӛĦőĲůŸШċƚШċŰШċũƣĲƖŰċƣŔƻĲ 

Stockholm III (earlier, long -
term analyses)  

Randomized у timing and 
fractionation of preop RT 

5×5 Gy short-course with delay 
to surgery vs immediate surgery 
vs long-course variants 

Different timing/interval 
strategies 

Showed that short-course RT 
with delayed surgery can 
increase tumour downstaging 
with acceptable outcomes; 
established safety and flexibility 
of SCRT schedules 
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2.1.6 Modern Trends in Rectal Cancer: pCR, Watch and Wait and Organ Preservation 

Neoadjuvant chemoradiotherapy (nCRT) is quietly shifting the parameters of RC management [1]. 

Some 30% of patients respond completely to nCRT, resulting in complete clinical response (cCR) or 

complete pathological response pCR (cCR being an alternative marker, used alongside pCR since the 

latter can only be attained post resection). It has been hypothesised that for these patients, surgical 

interventions are unnecessary. Two ongoing trials exploring this shift are: STARTREC [36] and TRIGGER 

[49]. Respectively, these trialǎ ŀǊŜ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ΨƭƻŎŀƭ ŜȄŎƛǎƛƻƴ ǿƛǘƘ ƻǊƎŀƴ ǇǊŜǎŜǊǾŀǘƛƻƴΩ ŀƴŘ ΨǿŀǘŎƘ ŀƴŘ 

ǿŀƛǘΩ ό²ϧ²ύ ǎǘǊŀǘŜƎƛŜǎ ŦƻƭƭƻǿƛƴƎ ƴ/w¢ ǘǊŜŀǘƳŜƴǘΦ  

In particular, RC patients presenting with co-morbidities stand to benefit from non-invasive treatment 

pathways; however, ƴ/w¢Ωǎ ǎŀŦŜǘȅ ƛǎ ǎǘƛƭƭ ōŜƛƴƎ ǇǊƻǾŜƴ ƳŜŀƴƛƴƎ ƳŀƧƻǊ ƘŜŀƭǘƘ ōƻŘƛŜǎ ŀǊŜ ȅŜǘ ǘƻ ǎŀƴŎǘƛƻƴ 

its widespread use [38]. While promising, nCRT fails to downstage or prevent further tumour growth 

in 20% of patients; these patients are exposed to increased risk of developing distant metastases due 

to surgery being delayed while nCRT is completed. Recent findings from the International Watch and 

Wait Database (IWWD) discuss nCRT treatment outcomes for 880 patients across 47 institutions. Van 

der Valk et al [50]report a local recurrence rate of 25% within two years, 87.8% of whom went on to 

have successful surgery/subsequently returned R0 readings. At the three-year mark, 8.1% had 

metastases, and the overall survival rate at 5 years was 84.7%. The study is somewhat hindered 

however; data has been generated from a heterogeneous sample of tumours (stage), treatment 

approaches, criteria used to define pCR, aftercare protocols, and, most incisively, the study lacks a 

comparative analysis for patients receiving standard treatment: nCRT, surgery +/- adjuvant 

chemotherapy. The study's results are therefore skewed in favour of those parameters that qualify 

patients for the W&W approach. In response, the current TRIGGER trial [49] is designed to answer this 

questionτthrough comparative analysis of W&W and standard treatment success for patients 

returning cCR results (MRI with tumour regression scoring). 

A further friction point arises in patients exhibiting T1/T2N0 tumours; a good prognosis exists if these 

tumours are surgically resected, nCRT treatment is therefore seen as unnecessarily risky, increasing 

the likelihood of a radiation-induced tumour, worsening bowel function [51] and negatively impacting 

the efficacy of salvage TME in non-responding patients. Thus, accurately identifying those most likely 

to benefit from nCRT is critical to avoiding unnecessary exposure to its adverse effects in patients who 

would not ordinarily receive it. 

Finally, optimal timing for post-nCRT reassessment remains contentious. A tumour that appears 

persistent at eight weeks may regress by twelve weeksτstriking a balance is essential to ensure 
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maximum tumour regression and W&W consideration, while concurrently maintaining the feasibility 

of timely surgery in non-responders. Potential pitfalls include: pre-emptive conclusions for surgical 

intervention, when in fact partial responders could fully respond of more time were allowed. In the 

absence of definitive evidence [52], and therefore reliable guidelines, response assessments are 

conducted between 6-12 weeks; dynamic tumour-response monitoring could offer a way out of this 

quandary, discussed in Section 2.1.7. 

Despite teething problems, these novel strategies are eliciting great interest and are beginning to 

reflect in national treatment strategies [28]. RC management may well trace the trajectory of anal 

cancer management wherein chemoradiation has become the primary treatment modality. Under 

ǎǳŎƘ ŎƛǊŎǳƳǎǘŀƴŎŜǎΣ ǘƘŜǊŜΩǎ ŀƴ ƛƳǇŜǊŀǘƛǾŜ ǘƻ ŀŎŎǳǊŀǘŜƭȅ ǇǊŜŘƛŎǘ Ǉ/w and thus avoid the increased 

health risks and surgical delays associated with poorly selected nCRT application. Developing capacity 

to precisely monitor response to nCRT would unlock a dynamic model for decision making, and herald 

a new era of RC precision oncology.  

2.1.7 Predicting and Monitoring Response to Chemoradiotherapy in Rectal Cancer 

Predictive nomograms [53] which incorporate patient characteristics and tumour parameters (CRM 

involvement and proximity to the anal verge) have shown promise in forecasting nCRT response, 

ǘƘƻǳƎƘ ǘƘŜƛǊ ŀŎŎǳǊŀŎȅ ǊŜƳŀƛƴǎ ǎǳōƻǇǘƛƳŀƭΦ YƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ ǘǳƳƻǳǊΩǎ ƳƛŎǊƻ-environment together 

with an understanding of the mechanisms controlling chemoradiation resistance, e.g. transcriptional, 

proteomic and genomic changes allow for a more accurate prediction. The discovery of a novel 

molecular biomarker, identified on gene expression profiles (individual and/or collective), has 

emerged as a potential solution. Significant research resources have subsequently been directed in 

this direction but, despite some encouraging initial results, none have met the accuracy standards 

required for clinical uptake [54]. 

 The complexity of radiation oncobiology notwithstanding, the challenges are threefold: firstly, the 

multifaceted nature of studiesτdiffering conclusion points i.e. pCR, grade of tumour regression, 

response assessment timing and the varying regimes of chemoradiation. Secondly, due to 

intratumoral heterogeneity, pre-treatment biopsy(ies) can be inconclusiveτa tumour can express 

significant genetic variation in close-proximity to those locations biopsied. Third, research has not 

been coordinated meaning thereΩǎ ŀ ƭŀŎƪ ƻŦ ŎƻƴŎƭǳǎƛǾŜ ƻǾŜǊƭŀǇ ŀƴŘ ŀƭƛƎƴƳŜƴǘ ŀƳƻƴƎ ǇǳōƭƛǎƘŜŘ 

studies on genetic/molecular biomarkers; each marker is studied in isolation and their 

contextualisation within broader molecular pathways is lacking. 

Poynter et al [55] bucked this trend with their network analysis of biomarkers and molecular pathways 

that determine RC radiosensitivity. They map and statistically analyse the relative importance of each 
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ƛŘŜƴǘƛŦƛŜŘ ǇŀǊŀƳŜǘŜǊΣ ŀƴŘ ŎƻƴŎƭǳŘŜ ǘƘŜ ƻƴǘƻƭƻƎƛŜǎ ƻŦ ΨǎǘǊŜǎǎ ǊŜǎǇƻƴǎŜΩ ŀƴŘ ΨŎŜƭƭǳƭŀǊ ƳŜǘŀōƻƭƛǎƳΩ ƘƻƭŘ 

the most promiseτyet the complexities in genetic and molecular profiling mean this approach 

remains challenging and inconclusive. Other predictive biomarker research has made use of imaging, 

untargeted metabolomics and pre-treatment haemoglobin (Hb) (Figure 2.2, box 1), all of which have 

returned similarly inconclusive results [56ς60]. As such, this predictive field remains an open avenue 

for further investigation. 

That said, it should be highlighted that there has been recent international validation of an 

Immunscore biopsy (ISB) ς an intratumoural immune contexture reflection ς as a dominant 

determinant of clinical outcome in patients with early- and advanced-stage colorectal cancer [61]. 

The biopsy-based test, which quantifies CD3/CD8 T-cell infiltration in the tumour core and invasive 

margin, is the first and only internationally validated standardized assay for quantifying the immune 

infiltrate. Sissy et al demonstrated that recurrence-free rates at 5 years were 91.3% (82.4%-100.0%), 

62.5% (53.2%-73.3%), and 53.1% (42.4%-66.5%) with ISB High, ISB Intermediate, and ISB Low, 

respectively ς thereby demonstrating that ISB categories are significantly associated with a gradual 

scaling of the risk of both local regrowth and distant metastasis. Additionally, in multivariate 

analysis, ISB was independent of patient age, sex, tumour location, and Tumour or nodal stages. 

Similarly, several studies have demonstrated that the type, density and site of tumour-infiltrating 

lymphocytes in primary tumours are prognostic for disease-free survival (DFS) and overall survival 

(OS) in RC [62] and therefore supports the fundamental function of the immune system in the 

tumour microenvironment. This progressive understanding of the tumour immune landscape is 

undoubtedly a critical development within this prognostic field, but certainly does not preclude or 

supersede the requirement for further prognostic biomarkers based on other aspects of the 

aforementioned tumour microenvironment.  

Tumour response is best assessed with MRI imaging. This allows for accurate identification of CRM 

involvement and impacted surgical planes [63]. MRI is also used to determine pCR, with impressive 

accuracy [64](Figure 2.2, box 2)τcomparative to or even improving on endoscopic inspection for 

residual disease [65]. Parameters assessed with MRI imaging of a tumour include: (i) downsizing 

(tumour volume reduction); (ii) downstaging (tumour stage reduction); (iii) regression (extent of 

fibrotic transformation); and (iv) specific morphological patterns, including texture analysis. Despite 

its undeniable utility, MRI has notable limitations. It struggles to identify residual tumour tissue 

following nCRT-induced fragmentation, remains unreliable in detecting involved lymph nodes, and 

faces challenges in distinguishing fibrosis from persistent tumour presence. Perhaps its most 

significant drawback, however, is its reliance on a single, arbitrarily timed assessment, typically 

conducted 6ς8 weeks post-nCRT. As previously noted, some tumours may continue to regress beyond 
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this assessment point; but due to imperfect predictive capacities, the multidisciplinary team (MDT) 

are left with a difficult decision: surgical intervention or deployment of a watch-and-wait (W&W) 

strategy. Repeat MRI imaging is expensive and resource and time-consuming, and therefore 

infrequently done in clinical settings. A real-time, continuous feedback system, based on a 

biomarker/device would therefore be of great assistance in developing dynamic and personalised 

treatment plans.  
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Figure 2.2 Simplified management algorithm of RC, highlighting the requirement for advanced prognostication and 
response monitoring in accordance with emerging trends. Advanced prognostication (A) would identify early tumours (not 
normally offered nCRT), which may respond to enable organ preservation (D) or W&W (E), and conversely identify advanced 
tumours which may not respond to nCRT and thus require immediate surgery.  Continuous response monitoring would 
facilitate early identification of failure to respond and the need to proceed with surgery (B), as well as allowing time for a 
poor (C) or partial (D) responder to respond, thus avoiding major resection. Boxes (1) and (2) summarise the current methods 
and associated limitations of current prognostication and response monitoring, and highlights the potential role of tumour 
hypoxia assessment. 
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2.2 Therapy Resistance 

To understand why certain tumours exhibit a complete response to nCRT while others continue to 

progress despite treatment, it is essential to first revisit the fundamental mechanisms through which 

this therapy exerts its effects, followed by an exploration of the established pathways of resistance. 

The following discussion is limited to the mechanisms of action and resistance specific to radiation 

therapy, as this forms the primary focus of the present work. 

2.2.1 Ionising Radiation: Mechanism of Action  

As a crucial oncological tool for over a century, the use of ionising radiation (IR) is based on the 

principle that rapidly proliferating cancer cells are more susceptible to DNA damage and subsequent 

cell death than cells located in adjacent healthy tissue. That said, its precise biological pathways and 

mechanisms of action remain incompletely understood. Conventional wisdom focuses on the effects 

of radiation on cell nuclei; DNA damage occurs directly through energy deposition, or indirectly via 

reactive oxygen species (ROS) which are generated by water radiolysis when oxygen is present. IR 

damage to DNA includes: base damage, single-strand breaks, double-strand breaks, protein cross-links 

and installed replication forks. As a result, p53 expression increases (facilitated by Bcl-2 suppression), 

leading to cell cycle arrest through cyclin-dependent kinase inhibitors p21 and p27. If repair 

mechanisms fail, sustained p53 activity ultimately triggers BAX-mediated apoptosis [66] (Figure 2.3). 

While these understandings are undoubtedly significant, research has also highlighted more complex 

global effects, collectively known as non-targeted effects (NTE), which influence cell survival through 

mechanisms other than those previously described; these include: radiation-induced bystander 

effects (RIBE)[67], the radio-adaptive response [68] and genomic instability [69]. These are 

differentiated responsesτexposure of the cell nucleus to IR is not implicated and changes can occur 

in unexposed bystander cells through an intricate signalling system activated through the molecules 

of their irradiated counterparts. Among the NTEs, RIBE is arguably the most critical and operates via 

two primary pathways: gap junction communication between cells [70], or through the release of 

soluble agents e.g. cytokines [71], cyclooxygenase-2 (COX-2) [72]Σ ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ ό¢bCʰύ [73] 

ŀƴŘ ǘǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲм ό¢DC-ʲмύ [74]. These have been implicated in determining 

important biological outcomes for IR use: DNA damage induction, micronucleation, oxidative stress 

and cell death/apoptosis [75] . 

The effects of IR have also been shown to extend beyond the immediate area of irradiated tissues. 

Cytokines released through stress-ƛƴŘǳŎǘƛƻƴ ŀǊŜ ŀƭǎƻ ǘƘƻǳƎƘǘ ǘƻ ǇƻǎƛǘƛǾŜƭȅ ƳƻŘǳƭŀǘŜ ǘƘŜ ōƻŘȅΩǎ 

inflammatory response to radiotherapy and as such improve systemic immunity. Oncological outcome 

is directly impacted as a result [76]. The documented relationship between tumour radiosensitivity 
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and host immunocompetence [77] has sparked considerable interest in leveraging immune 

modulation and immunotherapy to enhance radiosensitivity. 

 

Figure 2.3 Radiation therapy mechanism of action. IR leads to DNA damage, with a subsequent increase in p53, leading to 
cell cycle arrest via cyclin-dependant inhibitor p21. If the cell is unable to repair itself, sustained levels of P53 lead to 
eventual BAX-induced apoptosis. Diagram reproduced from [52]. 
 

2.2.2 Ionising Radiation: Mechanism of Resistance 

While representing comprehensive advances in the study of radiation-effect, these non-targeted and 

systemic response mechanisms do not fully reveal the ways in which radio-resistance (RR) occurs 

within tumouǊǎΦ bƻƴŜǘƘŜƭŜǎǎΣ ƛǘ ƛǎ ǎŀŦŜ ǘƻ ŎƻƴŎƭǳŘŜ ǘƘŜ ŘŜŦƛƴƛƴƎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ww ƛǎ ŀ ŎŜƭƭΩǎ ŀōƛƭƛǘȅ ǘƻ 

ǊŜǇŀƛǊ 5b!Σ ƪƴƻǿƴ ŀǎ 5b! ŘŀƳŀƎŜ ǊŜǎǇƻƴǎŜΣ ŀƴŘ ǘƘŜ ŎŜƭƭΩǎ ŜǾŀǎƛƻƴ ƻŦ ŀǇƻǇǘƻǎƛǎΦ wŜŎƻƎƴƛǎŜŘ ŦŀŎǘƻǊǎ 

surrounding and aiding RR include: (i) hypoxia; (ii) aberrant cell cycles; (ii) advanced survival capability; 

(iv) evasion of apoptosis; and (v) treatment factorsτincluding dose rate response, dose-survival 

curves and fractionation [78]. These five parameters are the subject of most research, with a focus on 

their respective molecular and genetic profiles. Hypoxia is discussed further below; Table 2.3 provides 

a summary of the other four [79].  
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Mechanism of IR 
resistance  

 

Details  

Hypoxia  Oxygen is critical in the radiobiological process; IR results in the ionisation of free 
radicals to damaged DNA, making the damage irreversible т meaning cell death is 
unavoidable. Hypoxia also leads to the modulation of DNA damage response 
pathways, thereby enhancing RR. See main text.  
 

Aberrant cell cycle  Radiosensitivity is dependent on the stage of cell cycle. Maximal RR is observed 
during the G0 and early G1 stages due to a G1 blockade, allowing for DNA damage 
recognition and repair prior to proceeding to DNA synthesis.  Likewise, the S phase 
equates to higher levels of RR due to high levels of DNA synthesis and repair enzymes, 
as well as higher production of glutathione, a free radicle scavenger. Conversely, 
radiosensitivity is observed during the late G1, G2 and M phases since there is little 
time for repair prior to DNA segregation. Therefore, any aberrant blockade imposed at 
the G2/M phase would confer a greater degree of RR.  
 

Advanced survival 

capability/DNA damage 

response (DDR)/ Evasion 

of apoptosis  

A number of important DNA repair mechanisms have been identified in action 
following exposure to IR, including: DNA base repair, nucleotide excision (short and 
long patch) repair (NER), single strand break repair, and double strand break repair 
(which is thought to be the most significant).  Numerous complex pathways govern 
such mechanisms, which are typically upregulated during the process of 
carcinogenesis. Interestingly, chronic hypoxia plays a central role in the up-regulation 
of DDR pathways, thus supporting tumour cells to avert IR induced apoptosis. 

Treatment factors  The dose of the radiotherapy has obvious implications: at low doses, human cells are 
able to effect repair and maintain genomic integrity, but at higher doses the rate of 
DNA damage accrual exceeds repair capacity т which is known as the dose-rate 
response. Further, a multi-fractioned course of radiotherapy has been shown to be 
10-20% more effective, since cells surviving the first insult are likely to succumb with 
subsequent doses.  

 

Table 2.3 Summary of tumour and environmental factors contributing to tumour RR 

 

2.2.3 Tumour Hypoxia and Radio-Resistance  

The oxygen fixation hypothesis describes how ionizing radiation (IR) oxidizes free radicals within DNA 

[80] leading to irreparable damage, double-stranded DNA breaks and apoptosis [81]. For this to 

happen, oxygen must be present. Crucially, this oxidation process is irreversible; without it occurring, 

DNA repair can happen and cell death is avoided (Figure 2.4). The significance of this oxidative effect 

is evident in the oxygen enhancement ratio [82]τwherein 2.5 to 3 times the IR dose is needed to 

achieve the same impact in oxygen-deficient conditions. Tumour hypoxia is not an all-or-nothing 

phenomenon but rather exists as a gradient of oxygen pressures (Table 2.4); with the point at which 

Lw ƛƴŜŦŦƛŎŀŎȅ ƻŎŎǳǊǎ ōŜƛƴƎΥ Җо ƳƳIƎ όлΦп҈ύΦ hǘƘŜǊ ōƛƻƭƻƎƛŎŀƭ ŜŦŦŜŎǘǎ ŀƭǎƻ ŜƳŜǊƎŜ ŀǘ ƳƛƭŘŜǊ ƭŜǾŜƭǎ ƻŦ 

hypoxia, meaning any deviation from normoxic conditions can negatively influence therapy response 

[83,84]. 
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Figure 2.4 Schematic simplification highlighting the importance of oxygen in the radiobiological process and the hypoxia-
induced transcriptional, genomic and proteomic alterations leading to poor therapy response and poor overall survival. 
HIF, hypoxia inducible factor; GLUT-1, glucose trasporter-1; LOX, lysyl oxidase; MMP, matrix metalloproteinase; NF-kB, 
nuclear factor of kappa-light-chain-enhancer of activated B cells; p53, tumour protein 53; STAT3, signal transducer and 
activator of transcription 3; VEGF, vascular endothelial growth factor; CA-IX, carbonic anhydrase 9.  Ionising radiation 
impacts directly with DNA, resulting in ionization damage, DNAиЮШThis can easily be repaired to its original state (DNA-H), 
but in the presence of oxygen a peroxy radical is formed (DNA-hhωύΣ ΨŦƛȄƛƴƎΩ ŘŀƳŀƎŜ ƛƴǘƻ ŀ ǇŜǊƳŀƴŜƴǘ ƛǊǊŜǇŀǊŀōƭŜ ǎǘŀǘŜΦ 
Hypoxia results in the upregulation of HIF-мʰΣ ŀ ƳŀǎǘŜǊ ǘǊŀƴǎŎǊƛǇǘƛƻƴŀƭ ǇǊƻǘŜƛƴ ǿƛǘƘ ƴǳƳŜǊƻǳǎ ŘƻǿƴǎǘǊŜŀƳ ǊŜƎǳƭŀǘƻǊȅ 
genomic and proteomic effects, leading to enhanced cell survival, invasion, metastasis, and consequent poor overall 
survival. 

 

IȅǇƻȄƛŎ ŎƻƴŘƛǘƛƻƴǎ ƛƳǇŀŎǘ ƳƻǊŜ ǘƘŀƴ ǘƘŜ ŎŜƭƭΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜǇŀƛǊ 5b!Φ Lƴ ŦŀŎǘΣ ǎǳŎƘ ŎƻƴŘƛǘƛƻƴǎ ǘǊƛƎƎŜǊ 

ŜȄǘŜƴǎƛǾŜ ƎŜƴŜǘƛŎ ǊŜǇǊƻƎǊŀƳƳƛƴƎΣ ƛƴŦƭǳŜƴŎƛƴƎ ƻǾŜǊ млл ƎŜƴŜǎ ǘƘŀǘ ŘǊƛǾŜ ŀ ŎŜƭƭΩǎ ǎǳǊǾƛǾŀƭ ŀƴŘ 

adaptation to low-oxygen conditions. At the core of this regulation are the hypoxia-inducible factor 

(HIF) proteins 1ς3 [85] which act as master transcription factors. While this review does not explore 

the full extent of HIF 1ςоΩǎ ŜŦŦŜŎǘǎΣ ƛǘ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ǊŜŎƻƎƴƛǎŜ ǘƘŀǘ ǘƘŜƛǊ ŘƻǿƴǎǘǊŜŀƳ ǊŜƎǳƭŀǘƛƻƴ 
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(illustrated in Figure 2.4) affects key processes such as apoptosis, glycolysis, angiogenesis, the cell 

cycle and the DNA damage response (DDR). With all these cellular responses affecting RR, it is 

imperative to accurately measure tumour hypoxia in order to reliably predict RR.  

 

 
Table 2.4 A glossary of terms used in the literature to describe hypoxia and other altered oxygen tensions 
 

 

2.3 Tumour Hypoxia  

2.3.1 Cause and Consequence 

Hypoxia is a hallmark of all solid tumours, regardless of their size, stage, grade or histology [86,87]. It 

is an inherent quality emergent from the quick growth, high metabolic demands and chaotic, poorly 

organised vasculature of tumours. Cells located beyond a certain threshold from a healthy blood 

vessel (typically 100ςмрл ˃Ƴύ ŀǊŜ ƭƛƪŜƭȅ ǘƻ ŜȄǇŜǊƛŜƴŎŜ ŎƘronic (>24h), diffusion-limited hypoxia [88]. 

Additionally, solid tumours frequently undergo transient vessel occlusions, causing intermittent 

episodes of acute hypoxia (<24h). These overlapping mechanisms create a dynamic and 

heterogeneous hypoxic landscape, further influenced by differences in oxygen consumption across 

cellular components. As noted, oxygen deprivation compromises the efficacy of all treatment 

modalities, including radiotherapy, chemotherapy and immunotherapy [89]. Moreover, hypoxia 

engenders a more hostile tumour phenotype. Clinically, this translates to poorer OS, DFS and 

locoregional control, particularly in head and neck cancers, but also in malignancies of the lung, breast, 

pancreas, cervix, brain, prostate and soft tissue [90]. Notably, colorectal cancer (CRC) is absent from 

this list, a topic explored in further detail in Section 2.4. 

 

2.3.2 Measuring Tumour Hypoxia 

Tumour hypoxia is variously measured, and their classification can be split into three main groupings 

(Table 2.5). ¢ƘŜ ŦƛǊǎǘ ƎǊƻǳǇƛƴƎΣ Ψ5ƛǊŜŎǘΩΣ ǉǳŀƴǘƛŦƛŜǎ ƻȄȅƎŜƴ ƭŜǾŜƭǎ ƛƴ ǘƘŜ ǘƛǎǎǳŜ ǳǎƛƴƎ ǇƻƭŀǊƻƎǊŀǇƘƛŎ 

needle oxygen electrodes, also named Eppendorf electrodes. These electrodes were instrumental in 

Term  Definition  
Hypoxia  Reduced oxygen levels, usually Ӆ1% O2 (5mmHG) in in vitro studies  
Normoxia  Normal atmospheric oxygen used in in vitro studies, 21% O2 (160 mmHg)  
Physoxia  Physiological levels of oxygen in tissues, between 3-7% (20-50 mmHg) 
Anoxia  Complete absence of oxygen (0%)  
Severe hypoxia  <0.5% O2 
Acute hypoxia  Incubation in hypoxic conditions <18-24 h 
Chronic hypoxia  Incubation in hypoxic conditions >24 h 
Radiobiological hypoxia  Oxygen levels where the efficacy of radiotherapy is half maximal, 0.4% (3mmHg) 
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establishing the link between tumour hypoxia and RR [91ς95]. However, it has significant limitations: 

it is invasive, operator-dependent, impractical for hard-to-reach tumours, and may struggle to 

distinguish between clinically significant severe hypoxia and irrelevant necrosis. 

¢ƘŜ ǎŜŎƻƴŘ ƎǊƻǳǇƛƴƎΣ ΨtƘȅǎƛƻƭƻƎƛŎŀƭΩ ŘŜǎŎǊƛōŜǎ ǘƘŜ ǳǎŜ ƻŦ ƘȅǇƻȄƛŎ ƳŀǊƪŜǊǎκǘǊŀŎŜǊǎ ǘƘŀǘ ŜƛǘƘŜǊ ōƛƴŘ ǘƻ 

metabolic components or breakdown under hypoxic conditions, and which can be detected via 

imaging techniques such as Positron Emission Topography (PET) imaging or through 

immunohistochemical staining (e.g., Pimonidazole staining). Among these, PET imaging combined 

with radiotracers like 18F-Fluoromisonidazole (18F-FMISO) or 18F- Fluoroazomycin-

Arabinofuranoside (18F-FAZA) is particularly promising. These tracers diffuse into cells and selectively 

bind to intracellular macromolecules under hypoxic conditions; a lack of 18 F-FMISO uptake has been 

linked to improved prognosis and OS in gliomas, and head, neck, renal and breast cancers [96]. Tumour 

hypoxia can also be mapped through PET imaging which allows for intensity modulated radiation 

therapy (IMRT) to be used. This treatment results in high radiation doses being specifically escalated 

in hypoxic regions [79, 80], an approach known as dose-painting[97,98]. 

¢ƘŜ ǘƘƛǊŘ ƎǊƻǳǇƛƴƎΣ Ψ9ƴŘƻƎŜƴƻǳǎΩΣ ŜƴŎƻƳǇŀǎǎŜǎ ƛƴŘƛǊŜŎǘ ƳŜǘƘƻŘ ŀǎǎŜǎǎƳŜƴǘǎ ƻŦ ōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ 

that are influenced by, or result from hypoxia. Examples are further discussed in Section 2.4.2, e.g. 

gene or protein expression. Indirect imaging techniques included in this grouping include Dynamic 

Contrast-Enhanced (DCE) MRI and Blood Oxygen Level Dependent (BOLD) MRI, both of which provide 

perfusion insights for tumours. The data is qualitative rather than quantitative; and, while useful, this 

limitation prevents its uptake for routine clinical use.  

Method  Direct  Physiological  Endogenous 
Polarographic oxygen electrode  и   
Phosphorescence quenching  и   
EPR Oximetry  и   
Photoacoustic lifetime imaging  и   
Immunohistochemical staining  
      CA-IX; HIF; GLUT-1; OPN; pimonidazole  

   
и 

Near-infrared spectroscopy   и  
Photoacoustic tomography   и  
Contrast enhanced colour duplex sonography   и  
MRI techniques     
     DCE-MRI  и  
     BOLD  и  
     Lactate MRS   и 
PET imaging     
     18F Tracers: FMISO, FAZA etc  и  
     64CuATSM  и  

 
Table 2.5 Methods used to date for the measurement of tumour hypoxia, classified according to direct, physiologic and 
endogenous groupings 
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Consequently, the ideal device or imaging method must: (i) precisely distinguish between hypoxia, 

anoxia and necrosis; (ii) be non-invasive to the tumour; (iii) be capable of multiple measurements 

across time and space so as to capture hypoxic variability; and (iv) demonstrate an ability to record 

hypoxia levels relevant to therapeutic resistance.  

2.3.3 Modifying Hypoxia to Improve Clinical Outcome 

There are four main strategies for modifying hypoxia: (i) enhancing oxygen availability through the 

inhalation of hyperbaric or normobaric oxygen/carbogen; (ii) using nitroimidazoles to simulate 

ƻȄȅƎŜƴΩǎ ǊƻƭŜ ƛƴ ǘƘŜ ǊŀŘƛƻōƛƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎΤ όƛƛƛύ ǘŀǊƎŜǘƛƴƎ hypoxic cells for selective destruction with 

hypoxia-activated pro-drugs e.g. tirapazamine; and (iv) counteracting the oxygen enhancement ratio 

effect via linear energy transfer. While beyond the extent of this study, readers are referred to reviews 

evaluating effectiveness of each approach [99ς108].  

The most extensive meta-analysis on the efficacy of hypoxia modification, conducted by Overgaard, 

revealed notable improvements in overall survival and locoregional control [83,109], especially for 

head and neck cancers [109], and with moderate improvements observed in cancers of the uterine 

cervix, bladder, and lung. Although the evidence appears strong, two important factors mean hypoxia 

has not become an integral part of oncology. Firstly, accurate and useful hypoxia measurement 

remains very difficult. As a result, the afore-referenced studies were conducted blind i.e. researchers 

ǿŜǊŜ ǳƴŀōƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘǳƳƻǳǊΩǎ ǇǊƛƻǊ-hypoxic state; and, secondly, the complex genomic changes 

induced by hypoxia are not overturned by hypoxia modification approaches, thereby limiting the 

overall effectiveness of this approach. 

2.3.4 The Implications of Accurate Hypoxia Assessment 

IŀǾƛƴƎ ŘŜƳƻƴǎǘǊŀǘŜŘ ƻȄȅƎŜƴΩǎ ƛƴǘŜƎǊŀƭ ǊƻƭŜ ƛƴ ōƻǘƘ ǘƘŜ ƎŜƴŜǘƛŎǎ ƻŦ ŎŀƴŎŜǊ ŎŜƭƭǎ ŀƴŘ ǘƘŜ ǊŀŘƛƻōƛƻƭƻƎƛŎŀƭ 

process, it becomes self-evident that tumour hypoxia is an important parameter of overall prognosis 

(Figure 2.2). Beyond prognosis, accurate, dynamic hypoxia monitoring holds great potential for 

tumour-response monitoring. Withers et al were the first to describe re-oxygenation in a tumour post-

radiotherapy. Fractionated radiotherapy gives rise to the processes of: reduced oxygen consumption; 

better circulation; reduced tumour size; and intercellular changes from hypoxic to aerobic conditions 

[110]τall of which contribute to tumours becoming progressively re-oxygenated. Substantial 

experimental data [111] and compelling clinical evidence [112] support this phenomenon (although it 

must be noted, this information is derived through indirect PET imaging with hypoxic tracers). 

Nonetheless, if re-oxygenation can be measured with real-time precision, it holds the potential to 

transform tumour-response monitoring. 
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2.4 Hypoxia in Colorectal Cancer  

2.4.1 A Paucity of Evidence 

In contrast to the cancers discussed above, hypoxia in CRC is poorly understood. The possible and 

various reasons for this will now be discussed. They include the inaccessible nature of CRC, which is 

pertinent given the fact tumour oxygen levels are most-reliably measured with Eppendorf electrodes 

that need to be inserted directly into a tumour. Likewise, PET imaging-effectiveness is limited by the 

ǊŜŎǘǳƳΩǎ ŀƴŀǘƻƳƛŎŀƭ ǇǊƻȄƛƳƛǘȅ ǘƻ ǘƘŜ ōƭŀŘŘŜǊΦ Lǘ ŎƻǳƭŘ ŀƭǎƻ ōŜ ŘǳŜ ǘƻ /w/Ωǎ ǳƴƛǉǳŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΣ 

which deviate from those of other solid tumours, e.g. increased angiogenic activity or distinct genetic 

and proteomic regulation rendering these tumours less susceptible to hypoxia and its associated 

molecular adaptations, and therefore omitted from relevant research studies. Lastly, hypoxic 

modification in colorectal tumours may have simply been largely overlooked; radiotherapy played a 

limited clinical role in CRC during the time these studies were conducted. Resolving these uncertainties 

must be prioritisedτas the absence of significant hypoxia in CRC would challenge the fundamental 

premise of this research. 

2.4.2 Are Colorectal Tumours Hypoxic? 

For CRC, no data exists as generated by the Eppendorf electrode method. There is therefore a void of 

direct evidence for CRC hypoxia. Some evidence does exist, however, much of which comes from 

indirect methods (Figure 2.5) τ also PET imaging combined with hypoxic tracers, though the number 

of studies on this approach are small [113ς116]. To summarise this approach, a radiotracer is injected 

into the tumour/patient some two hours before PET imaging. The tracer binds to the hypoxic cells, 

while it is cleared from normoxic cells; there is however some overlap in each direction, meaning the 

boundaries between hypoxic/normoxic cells is somewhat blurred. The standard uptake value (SUV) is 

ǘƘŜƴ ŘŜǘŜǊƳƛƴŜŘΣ ǊŜŦƭŜŎǘƛƴƎ ǳǇǘŀƪŜ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ōƻŘȅ ǿŜƛƎƘǘ ŀƴŘ ǘƘŜ ŀŘƳƛƴƛǎǘŜǊŜŘ ŘƻǎŜΦ 

Hypoxia is then quantified through calculating the existing ratios between maximal tumour uptake 

(SUVmax), mean muscle uptake (SUVmean) (T/M) and intestinal wall uptake (T/I). Using this method 

in 2015, Havelund et al [113] reported the occurrence of hypoxia in RCs; their radiotracer, 18F-FAZA, 

was taken-up at significantly higher rates compared to the adjacent muscle and intestinal walls. Their 

findings are further supported by studies using the tracers 18F-FMISO [114] and 60Cu-diacetyl-bis N4- 

methylthiosemicarbazone (60Cu-ATSM). Respectively, these tracers exhibited significant uptake in 9 

out of 10 and 14 out of 17 RCs. Additionally, Havelund et al noted SUV and T/M ratios were on par 

with those observed in 18F-FAZA studies on head and neck tumours [116,117]. Moreover, hypoxia is 

known to negatively impact treatment response and outcomes in these head and neck tumours 

meaning the same could be true for CRC. These studies indicate the presence of hypoxia in rectal 
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tumoursτyet, it is important to acknowledge the limitations of this technique. PET imaging is 

susceptible to significant scattering effects from the urinary bladder which restricts tumour 

assessment to limited regions. Furthermore, tumour hypoxia heterogeneity cannot be fully disclosed 

via PET imaging meaning the deployment of selective high-dose radiotherapy is restricted.  

Figure 2.5 Methods used in the past, present, and (potentially) future for the measurement of CRC hypoxia. Due to 
inherent difficulties, the future of genetic profiling and PET imaging for hypoxia assessment is in doubt. The most promising 
ƛƳŀƎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ŀƴŘ ǘŜŎƘƴƻƭƻƎƛŜǎ ŦƻǊ ǘƘŜ ŦǳǘǳǊŜ ŀǊŜ .h[5κ5/9 awLΩǎΣ 9ƭŜŎǘƻƳŀƎƴŜǘƛŎ wŜǎƻƴŀƴŎŜ ƛƳŀƎƛƴƎ ŀƴŘ 5ƛŦŦǳǎŜ 
Reflectance Spectroscopy. 

 

Using the cryophotometric method, Wendling et al [118]  conclusively revealed hypoxic heterogeneity 

within RC tumours. Described, this method involves the rapid freezing of tumour biopsy samples using 

ƴƛǘǊƻƎŜƴ ƻȄƛŘŜΤ ōƛƻǇǎȅ ǎŜŎǘƛƻƴƛƴƎ όмр ˃ƳύΤ ǇƘƻǘƻƳŜǘǊƛŎ ŘŜǘŜŎǘƛƻƴ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ǊŜŘ ōƭƻƻŘ ŎŜƭƭǎ ǳǎƛƴƎ ŀ 
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ŎǊȅƻǎǘŀǘ ƳƛŎǊƻǎŎƻǇŜΤ ŀƴŘ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ Iōhі ǎŀǘǳǊŀǘƛƻƴ ǳǎƛƴƎ ƻōǎŜǊǾŜŘ ǎǇŜŎǘǊŀΦ !ǇǇƭȅƛƴƎ ǘƘƛǎ ƳŜǘƘƻŘΣ 

ǘƘŜ ǎǘǳŘȅ ŦƻǳƴŘ пн҈ Iōhі ǎŀǘǳǊŀǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ ǘǳƳƻǳǊΣ ŎƻƳǇŀǊŜŘ ǘƻ ул҈ ƛƴ ƘŜŀƭǘƘȅ ǊŜŎǘŀƭ ǿŀƭƭǎΦ 

Intratumoral heterogeneity was also demonstrated by the discovery that Iōhі ǎŀǘǳǊŀǘƛƻƴ ǊŀƴƎŜŘ 

between 0-100% across different regions. Most notably, even among patients with tumours located 

in identical anatomical locations, and classified with the same grade, size and histological stage, 

significant inter-individual hypoxia heterogeneity was observed. Given the importance of oxygen in 

the radiobiological process, it is reasonable to conclude rectal tumours of the same stage have 

heterogeneous radio-sensitivities, thus accounting for the observed differing responses to 

radiotherapy.  

Pimonidazole is an exogenous hypoxia marker that bonds selectively to intracellular macromolecules 

when in the presence of low oxygen pressures (<10 mmHg). After administering intravenous 

pimonidazole and subsequently obtaining multiple left colonic and rectal tumour biopsies,  Goethals 

et al [119] reported proportions of hypoxic cells ranged from 2.2% to 37.8% (median 16.7%)τ

reinforcing the notion of heterogeneous hypoxia. These findings align with pimonidazole staining 

levels observed in studies on colorectal liver metastases [120], as well as cancers of the head and neck 

[105], uterine cervix [121] and bladder [122]. 

Measuring endogenous genetic, proteomic and molecular markers of hypoxia is the final way in which 

CRC hypoxia has been confirmed. The best studied of these markers is the master transcriptional 

protein, HIF-мʰΦ Lǘ ƛǎ ǎǘŀōƛƭƛȊŜŘ ŀƴŘ ǳǇǊŜƎǳƭŀǘŜŘ ǳƴŘŜǊ ƘȅǇƻȄic conditions, and exerts multiple 

downstream genomic and proteomic effects which lead to higher rates of cell survival (NF-kB, p53, 

STAT3), increased angiogenesis (VEGF, EGFR), and metastasis (LOX, MMP). Research into this and 

other molecular markers has attempted to correlate their expression with poor therapy-response and 

OS in CRCτexplored in more detail below. It remains an indirect hypoxia measurement method, with 

the precise regulation of HIF-мʰ ŀƴŘ ƛǘǎ ǎǳōǎŜǉǳŜƴǘ ŘƻǿƴǎǘǊŜŀƳ ŜŦŦŜŎǘǎ ōŜƛƴƎ ƻƴƭȅ ǇŀǊǘƛŀƭƭȅ 

understood. As a result this approach has not found its way into standard clinical practice. Likewise, 

efforts to demonstrate the integral role of other markers with pimonidazole staining have been 

unsuccessful e.g. carbonic anhydrase (CAIX), vascular endothelial growth factor (VEGF), epidermal 

growth factor receptor (EGFR), and GLUT-1 [118,119]. Thus, while direct quantification of colorectal 

tumour hypoxia remains elusive, substantial indirect evidence supports its presence at levels and 

distributions comparable to other solid tumours, suggesting it likely exerts a similarly adverse impact 

on therapy response, locoregional control and OS. 
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2.4.3 Does Colorectal Tumour Hypoxia Correlate with Poor Response to Therapy and Worse 

Clinical Outcome? 

Most of the evidence linking CRC hypoxia to poor clinical outcomes stems from studies assessing 

endogenous hypoxia markers, alongside advancements in genetic assays and panels which analyse 

numerous genes simultaneously (see Section 2.1.7 for a discussion of the limitations of these 

assessments). From these approaches, various genetic, proteomic and transcriptional markers 

indicative of hypoxia have demonstrated predictive value for therapy response and prognosis in CRC. 

HIF-мʰ ǎǘŀƴŘǎ ƻǳǘ ŀǎ ǘƘŜ most significant among themτas reported by Chen et al [123] in 2013τwho 

conducted a meta-analysis of 23 studies involving 2984 patients. Their analysis found elevated 

expression of HIF-мʰ όŀƴŘ ILC-нʰύ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ associated with poorer OS and DFS. Subgroup 

analysis found this association in Asian populations but not Europeanτlikely explained by smaller 

sample sizes for Europeans resulting in a lack of statistical power needed to detect significant 

differences.  

Other research has investigated the relationship between HIF-мʰ ŀƴŘ w/ ǊŜǎǇƻƴǎŜ ŀƴŘ ǊŜƎǊŜǎǎƛƻƴΣ 

including the pCR rates achieved after nCRT treatment. Toiyoma et al [124] investigated 40 patients 

and found those who responded to nCRT (tumour regression >2 pathological grades) exhibited 

significantly lower pre-treatment gene expression levels of HIF-мʰΣ ±9DCΣ ŀƴŘ 9DCw όŘŜǘŜǊƳƛƴŜŘ ŦǊƻƳ 

biopsies) compared to non-responders (tǳƳƻǳǊ ǊŜƎǊŜǎǎƛƻƴ Җм ǇŀǘƘƻƭƻƎƛŎŀƭ ƎǊŀŘŜύΦ Shioya et al 

[125]were unable to corroborate these results; using a similar sample size (50), they found no 

statistical correlation between HIF-мʰ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇŀǘƘƻƭƻƎƛŎŀƭ ƎǊŀŘƛƴƎ ƻǊ Ǉ/w ǊŀǘŜǎ ƛƴ ǇŀǘƛŜƴǘǎ 

receiving preoperative radiotherapy combined with hyperthermo-chemoradiotherapy. Using the 

Mandard Tumour Regression Grading System (TRG), Havelund et al [126]  also reported no correlation 

between HIF-мʰ ŀƴŘ D[¦¢-1 with RC response post-nCRT. These inconsistencies underscore the 

inherent heterogeneity in the field, which can be seen in the challenges of denoting tumour change 

as downstaging or regression. Conclusions are therefore hard to attain and consequently HIF-мʰ Ƙŀǎ 

not yet been adopted as a clinically relevant prognostic biomarker.  

The regulation of downstream genetic or proteomic markers and their interaction with HIF-мʰ Ƙŀǎ ŀƭǎƻ 

been the focus of research; identified through immunohistochemical staining, elevated levels of VEGF, 

EGFR, CA-IX, and GLUT-1 have been linked to worse OS and DFS [123,127ς129][. Giralt et al [129] 

found correlation between EGFR expression at point of pre-nCRT biopsy and the non-realisation of 

pCR. But, the precise molecular interactions between HIF-мʰ ŀƴŘ ǘƘŜǎŜ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǇǊƻŦƛƭŜǎ 

remain incompletely understood; making their use as proxy markers unreliableτdue to potential 
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inaccuracies arising from over-reliance on assumed correlations. Clinical practice is yet to adopt these 

methodologies. 

Simultaneous gene analysis is a more recent research approach, best exemplified by Dekeval et al 

[130] who studied alterations in gene expression for colorectal cells grown in chronic hypoxic 

ŎƻƴŘƛǘƛƻƴǎΦ CǊƻƳ ǘƘŜƛǊ ŀƴŀƭȅǎƛǎ ǘƘŜȅ ŘŜǾŜƭƻǇŜŘ ΨƘȅǇƻȄƛŎ ǎƛƎƴŀǘǳǊŜǎΩ ƻǊ ΨƘȅǇƻȄƛŎ ǎŎƻǊŜǎΩ ǘƘŜƴ ŎƻǊǊŜƭŀǘŜŘ 

their findings with 200 CRC patients. This resulted in a 6-gene Colon Cancer Hypoxia Score (CCHS), 

which was able to detect significantly higher DFS at the 3-year mark in patients scoring a low (rather 

than a high) CCHS (77.3% vs. 46.4%, respectively; P = 0.006). Along with alternative studies on 

predictive scores and nomograms[131], this study was designed to meet prognostic needs, not nCRT 

response predictions, and like the genetic hypoxia markers discussed above, they have not been 

implemented into therapeutic settings.  

Currently, there is but one pilot study making use of PET imaging combined with tracers to determine 

the effects of RC hypoxia on nCRT outcomesτDietz et al [114] used 60Cu-ATSM-PET to image 19 

patients prior to nCRT. Though limited in scope, their findings suggested that hypoxic tumours were 

associated with worse OS and DFS, as well as a poorer response to nCRT (measured by tumour 

downstaging).  

In brief, this discussion reveals limitations to direct methodologies used to establish a causal link 

between tumour hypoxia and poor therapy response and oncological outcome. Nonetheless, evidence 

points to a strong association between HIF expression and adverse prognosis and response, despite 

the heterogeneity of studies examining HIF and its downstream genetic dependencies. Therefore, a 

device or technology capable of precise and direct measurement of CRC hypoxia would be invaluable 

in affirming this correlation.  

2.4.4 Can CRC Hypoxia Be Modified for Improved Therapy Response and Clinical Outcome? 

There has been no direct assessment of human CRC response when modifying hypoxia. Most studies 

on hypoxia modification were carried out towards the end of the 20th century, wherein they 

employed a strategy of increasing tumour oxygenation, or administered nitroimidazoles to enhance 

the effectiveness of radiotherapy. Conducted at a time when radiotherapy played a minor role in RC 

management, CRC was overlooked. But, delving deeper, some approaches and surrogate markers do 

seem to indirectly demonstrate hypoxic modification in CRC.  

nCRT in conjunction with hyperthermia (HT) is the first of these indirect methodologies; HT describes 

a tumour and adjacent tissue being heated to 42.5°C; it can be achieved using an external radiotherapy 

capacitive heating device, internally with intraluminal heating electrodes, or by heating the whole 
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body under sedation. It is a potent radiosensitizer and, compared to radiotherapy alone, significantly 

improves locoregional control and OS in various cancers, including those of the head and neck, 

bladder, chest wall, cervix, rectum and skin. In RC manageƳŜƴǘΣ ŜǾƛŘŜƴŎŜ ŦƻǊ I¢Ωǎ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ŎƻƳŜǎ 

mainly from non-randomised trials or case studies, as reported by Ohno et al [132]. An outlier to this 

trend, Van der Zee et al [133] ran a randomised trial involving 258 patients which compared HT 

combined with radiotherapy to radiotherapy alone. Cancers included in the study were: pelvic, 

rectum, bladder and cervix. The grouping of HT combined with radiotherapy returned higher complete 

response rates (55% vs. 39%, p<0.001), prolonged local control and improved three-year survival (51% 

vs. 27%, p<0.001). 

Berdov et al [134]also report using 915 MHz microwave to induce HT alongside radiotherapy; they 

found significant tumour regression and a higher rate of pCR in T4 tumoursτ16.1% and 53.6% vs.1.7% 

and 33.9% for the control group (radiotherapy only). Randomised trials also point to the benefits of 

combining HT with CRT when compared to surgical approaches [135,136], but are limited by their 

ƛƴŀōƛƭƛǘȅ ǘƻ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ƛǎƻƭŀǘŜ I¢Ωǎ ǎǇŜŎƛŦƛŎ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ /w¢Φ ¢ƘŜ ǇǊŜŎƛǎŜ ŎŜƭƭǳƭŀǊ ƳŜŎƘŀƴƛǎƳǎ by 

which HT affects remain elusive, but it is thought to interfere with a cell's ability to repair DNA damage 

induced by radiation[137], or by improving tumour blood supplyτthereby reducing the impact of 

hypoxia on radioresistance [138]. HT can therefore be classed as an indirect method of hypoxia 

modification. Supporting this, Song et al [138] report HT enhancing tumour oxygenation over a two-

day period, potentially making this an effective radiosensitizer-alterative to carbogen breathing and 

nicotinamide [139]. Kelleher and Vaupel contest this view [140,141], arguing oxygenation is transient 

and insufficient to enhance radiosensitivity. In vitro, however, hypoxic cells are conclusively more 

sensitive when treated with HT than normoxic cells [[142,143]. Pertinently, if a cell retains optimal 

nutrient conditions, acute hypoxia does not affect their radiosensitivityτHT has its expected impact; 

conversely, under conditions of hypoxia-induced molecular and genetic change (which cause sub-

optimal cellular pH and energy metabolism), the effects of HT are limited [142,144]. It is therefore 

ǇǊƻōŀōƭŜ ǘƘŀǘ ŎƘŀƴƎŜǎ ƛƴ ŀ ŎŜƭƭΩǎ ƳƻƭŜŎǳƭŀǊ ƎŜƴŜǘƛŎǎ ŀǊŜ ǘƘŜ ƛƳǇƻǊǘŀƴǘ ǾŀǊƛŀōƭŜ ƛƴ ŘŜǘŜǊƳƛƴƛƴƎ I¢Ωǎ 

impact on radiosensitivity, and not oxygenation levels. Thus, while HT is relevant as a hypoxia modifier, 

its role remains somewhat ambiguous. Resultantly, HT-use in Europe remains confined to research 

settings; only in Japan and China has investment occurred and clinical application been pursued.  

The presence of pre-operative and pre-treatment anaemia has been shown to negatively impact 

tumour response to nCRT [131,145ς148] and the occurrence of pCR [58], loco-regional control 

[149,150], DFS and OS [151]. It is therefore possible to use the presence and correction of anaemia as 

a second surrogate marker for hypoxia modification in CRC. Lee et al [148] found patients with 

ƘŜƳƻƎƭƻōƛƴ όIōύ җф ƎκŘƭ ŜȄƘƛōƛǘŜŘ ¢wD ǎǘŀƎŜǎ о-4 in 29% of cases versus 0% when Hb was <9 g/dl (p 



50 
 

<0.001). In their meta-analysis of 3588 patients, Wilson et al [151] also reported a significant 

correlation between pre-operative anaemia and poorer OS and DFS in RC (although they also note a 

high level of variability between studies included in the meta-analysis).  

The question is therefore not whether anaemia negatively affects outcomes, but rather why it does 

so. The most straightforward explanation is that reduced oxygen-carrying capacity of the blood serves 

to exacerbate tumour hypoxia; this seems to fit reports from clinical settings that find improved 

tumour oxygenation when Hb is normalised [152,153]. Additionally, high levels of vascular endothelial 

growth factor (VEGF), a key regulator for angiogenesis and a documented consequence of tumour 

hypoxia, have been correlated with anaemia in solid tumours [154]. In cancers of the uterine cervix, 

head and neck, anaemia is well-established parameter for predicting patient radiosensitivity [91,155]. 

While an apparently neat relationship, the underlying causes of anaemia in CRC point to a more 

nuanced picture of how anaemia modulates radiosensitivity. Varyenen et al [156] and Khan et al [58] 

describe how the friable malignant mucosa of larger tumours bleed more than less developed ones; 

therefore anaemia severity is linked to tumour size, and anaemia may simply be a marker of advanced 

disease and poor prognosis rather than a direct modulator of radiosensitivity.  

CRC linked anaemia has also been attributed to systemic inflammation. This is also referred to as 

ΨŀƴŀŜƳƛŀ ƻŦ ŎƘǊƻƴƛŎ ŘƛǎŜŀǎŜΩ ōŜŎŀǳǎŜ ƛǘ ƛǎ ŀƭǎƻ ƭƛƴƪŜŘ ǿƛǘƘ ƴƻƴ-GI cancers and systemic inflammatory 

conditions e.g. rheumatoid arthritis. During inflammation, cytokines interfere with iron uptake 

(mediated by interleukin-6 (IL-6)/hepcidin expression), and lead to normocytic, iron-deficient 

anaemia. The association between anaemia severity, C-reactive protein levels, and the modified 

Glasgow Prognostic Score (mGPS) further supports the link between inflammation and tumour-driven 

cytokine-controlled response [155]. Given the emerging evidence that tumour radiosensitivity is 

influenced by host immune competence [76], there is growing interest in immune modulation and 

immunotherapy to enhance radiosensitivity in RC. 

On why anaemia correlates with worse outcomes, the relative contributions of hypoxia enhancement 

and inflammation remain unclear. If anaemia primarily exacerbates hypoxia, its correction should 

logically mitigate its adverse effects. Testing this hypothesis is challenging since most anaemia-

correction methods have unintended negative consequences. Peri-operative allogeneic blood 

transfusions are associated with increased recurrence and poor oncological outcomes in CRC 

[157,158]. Erythropoietin (EPO) administration has been linked to increased mortality and worsened 

OS [159]. And iron transfusions, currently preferred over oral iron supplements, face safety concerns 

regarding their potential to promote tumour growth and metastasis [150]. Consequently, no studies 

have evaluated whether pre-treatment anaemia correction improves oncological outcomes. 
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Some therapy agents act to suppress angiogenesis e.g. bevacizumab (a humanized monoclonal 

antibody used against VEGF). Accepting CR tumours are hypoxic, it could perhaps be seen as 

paradoxical to use anti-angiogenic agents; however angiogenesis occurring in tumours is identified by 

tortuous, hyperpermeable vasculature which lacks smooth muscle and vasoconstrictive control [160ς

162]. Anti-angiogenic agents such as bevacizumab work not to prevent angiogenesis but instead to 

normalise it. If successful these treatments help increase perfusion, and thus in fact reduce hypoxia. 

It must be noted, bevacizumab and similar agents work in a limited fashion; while initial meta-analyses 

showed promising results in metastatic and late-stage CRC [163,164], further studies indicated a small 

decrease in OS in earlier tumours[165], increased relapse rates upon cessation [166] and rebound 

growth exhibiting a more aggressive phenotype [167]. Bevacizumab is therefore only licensed as a 

second line treatment for metastatic CRC [38]. 

In summary, due to the lack of direct evidence for hypoxia modification in CRC, uncertainty persists 

around its use for enhanced therapy response and oncological outcomes. However, surrogate markers 

such as HT, anaemia correction and, to a lesser extent, bevacizumab, provide a rational basis for 

continued investigation in this field. 

 

2.5 Diffuse Reflectance Spectroscopy: An Alternative Tool for Non-Invasive Hypoxia 

Measurement  

2.5.1 Optical Principles 

Diffuse reflectance spectroscopy (DRS) is a powerful optical method for probing turbid materials. 

Instead of measuring only specular light reflected from a surface, as in conventional reflectance, DRS 

captures the fraction of incident light that penetrates into a sample, undergoes multiple scattering 

and absorption events, and then re-emerges. This makes the technique uniquely well suited to 

opaque, heterogeneous and highly scattering media such as biological tissue. 

When broadband light enters a scattering medium, it encounters two fundamental processes. Photons 

can be absorbed by chromophoresτmolecules that have characteristic wavelength-dependent 

absorption peaks. In living tissue, major absorbers include hemoglobin, melanin, bilirubin and water. 

Photons are also scattered by refractive index fluctuations at subcellular and extracellular structures 

such as nuclei, mitochondria and collagen fibres. Scattering is typically elastic, in which the photon 

wavelength is preserved. The behaviour of light transport is typically described by an absorption 

ŎƻŜŦŦƛŎƛŜƴǘ ό˃ŀύΣ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ǇƘƻǘƻƴ ŀōǎƻǊǇǘƛƻƴ ǇŜǊ ǳƴƛǘ ǇŀǘƘ ƭŜƴƎǘƘΣ ŀƴŘ ŀ ǊŜŘǳŎŜŘ ǎŎŀǘǘŜǊƛƴƎ 

ŎƻŜŦŦƛŎƛŜƴǘ ό˃ǎ ύΣ ǿƘƛŎƘ ŀŎŎƻǳƴǘǎ ŦƻǊ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ŀƴŘ ŀƴƎǳƭŀǊ ǊŜŘƛǎǘǊƛōution of scattering events. The 

interplay of absorption and scattering determines the magnitude and spectral shape of the diffuse 
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reflectance signal: highly absorbing media decrease the remitted intensity, whereas highly scattering 

media enhance it. 

A standard DRS system comprises a broadband light source (such as a tungstenςhalogen lamp, xenon 

arc or LED array), a fibre-optic delivery and collection probe, and a spectrometer to resolve the 

wavelength-dependent remitted light. Measurement geometry influences sampling depth and signal 

content: a single fibre can both deliver and collect light for very superficial interrogation; separate 

source and detector fibres with adjustable separation allow tuning of the probed volume; and 

integrating spheres collect remitted light over a wide solid angle for material science measurements. 

In tissue, the effective sampling depth is typically a few millimetres, depending on the optical 

properties of the medium. 

 

2.5.2 Clinical Application and Potential Capability 

Due to the distinct absorption profiles of oxygenated and deoxygenated haemoglobin (Hb), DRS is 

particularly well-suited for evaluating tissue oxygenation. This can be achieved in a qualitative, 

quantitative and replicable manner [168,169] (Figure 2.6, C) Despite containing advanced 

technologies, the DRS system is relatively easy to operate; its core elements include a light source, a 

fibre-optic probe for light delivery/retrieval and a spectrally resolved detector (spectrograph)τto 

measure light intensity across different wavelengths. Such simplicity has allowed implantable device 

development and design miniaturisation [170][169] (Figure 2.6, A). Numerous in vivo applications 

ŘŜƳƻƴǎǘǊŀǘŜ 5w{Ωǎ ŀōƛƭƛǘȅ ǘƻ ŀŎŎǳǊŀǘŜƭȅ ŀǎǎŜǎǎ ŎƻƴŘƛǘƛƻƴǎ ǎǳŎƘ ŀǎ ōƻǿŜƭ ŀƴŘ ŎŜǊŜōǊŀƭ ǇŜǊŦǳǎƛƻƴ ŀƴŘ 

ischemia [171ς175]; its use also extends beyond oxygenation assessment, e.g. measuring intracellular 

nuclear enlargement, which allows early diagnosis of organ dysplasia and carcinoma. CRC applications 

include identification of early dysplastic transformations in colonic polyps [176] τusing this DRS 

capacity, Avila-Rencore et al [177] advanced ŀ ΨǊƻōƻǘƛŎ-ŀǎǎƛǎǘŜŘ ŎŀǊǘƻƎǊŀǇƘȅ ƻŦ ǘƘŜ ŎƻƭƻƴΩ ώмттϐΣ 

wherein DRS probes and robotic scanners are integrated into conventional endoscopes (Figure 2.6, 

B), thus allowing colons to be mapped and any pre-malignant polyp transformation to be identified.  
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Figure 2.6 Diffuse Reflectance Spectroscopy (DRS) sensing devices and output: (A) Prototype of an implantable pulse 
oximeter, measuring 40mm x 4 mm x 0.2mm; (B) Example of how DRS probes can be mounted onto a conventional flexible 
endoscope, as performed by Avila-wŜƴŎƻǊŜǘ Ŝǘ ŀƭ ƛƴ ΨǿƻǊƪƛƴƎ ǘƻǿŀǊŘǎ ŀ ǊƻōƻǘƛŎ ŎŀǊǘƻƎǊŀǇƘȅ ƻŦ ǘƘŜ ŎƻƭƻƴΩΤ ό/ύ 9ȄŀƳǇƭŜ ƻŦ 
diffuse reflectance spectral data in relation to differing tissue oxygenations; (D) Images of perfused bowel obtained from a 
DRS probe mounted to a high resolution surface laparoscope  
 

2.5.3 Potential Deployment: Endoscopic Delivery or Implantable Device  

Being minimally invasive, effective at measuring tissue oxygenation and with a growing potential in 

carcinogenic evaluation, DRS is a superior and promising technology. A natural pathway for tumour 

hypoxia assessment would be to combine a DRS probe with an endoscope. If aiming for a detailed 

understanding of tumour heterogeneous hypoxia, an implantable device, capable of providing real-

time, continuous feedback, would be more appropriate (Figure 2.7). Such a device could feasibly 

monitor tumour size, invasion and post-nCRT tumour fragmentation. Although challenges remain, 

such as spatial constraints and pressure effects at the probe-tissue interface [178], DRS undoubtedly 

offers opportunities help advance our understanding and management of tumour hypoxia in rectal 

and other cancers.  

 

 

 A  B 

  D C 
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Figure 2.7 An early prototype of how an implantable rectal device would appear.  (A) demonstrates the miniaturised 
incorporation of key DRS components, including photodiodes and LEDs, whilst (B) shows how the device may feasibly fit 
within the rectum in proximity to the tumour. 

 

2.5.4 Single Versus Multi -Modal Considerations 

DRS represents just one of a plethora of optical spectroscopic techniques. The research presented in 

this thesis focusses specifically on the assessment of tissue oxygenation in relation to radiotherapy 

response, and as such ς and given the proven superior capability of DRS to accurately assess 

oxygenated and deoxygenated haemoglobin ς it was decided to adopt a comparatively simplistic 

single mode approach in the first instance. However, it is accepted that a multi-modal approach ς 

achieved through combining DRS with Raman or fluorescence spectroscopy for example, could add 

further value in the future. 

Specifically, fluorescence detects emission from endogenous (NADH, FAD, collagen) or exogenous 

fluorophores after excitation at specific wavelengths. It provides biochemical contrast with high 

sensitivity but requires the presence of fluorophores and is subject to photobleaching. DRS, by 

contrast, is label-free and depends on intrinsic absorption and scattering properties, yielding 

structural and vascular information but less molecular specificity than fluorescence. 

Raman measures inelastically scattered photons whose energy shifts correspond to molecular 

vibrations. It provides a highly specific chemical fingerprint of tissue, but the signals are inherently 

weak, often requiring longer acquisition times or higher laser powers. DRS signals are orders of 

magnitude stronger because they arise from elastic scattering and absorption; thus DRS can be 

faster and simpler, but it does not deliver the same fine chemical specificity as Raman.  

Finally, hyperspectral DRS imaging is an advanced optical technique that collects a continuous 

spectrum of light at each point in a scene or on a sample, thereby combing both spatial and spectral 
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information to acquire a three-dimensional dataset called a hypercube, with two spatial dimensions 

and one spectral dimension. Spatially resolved spectral imaging obtained by hyperspectral imaging 

provides diagnostic information about the tissue physiology, morphology, and composition.  

Such techniques have the potential to greatly augment DRS and should be considered in progression 

of this research. However, in the first instance, the capability of DRS to investigate fluctuating tissue 

oxygenation in relation to radiotherapy will be investigated.  

 

2.6 Conclusion 

Strategies for the management of RC are continuously evolving, with nCRT playing a pivotal role. It is 

now possible to preserve organs, deploy W&W strategies and avoid surgery altogether. This shift 

underscores an urgent need for predictive markers of complete response and real-time monitoring to 

enable individualized treatment strategies. Given its role in chemoradiation resistance, there is an 

urgent need for accurate hypoxia measurement; methodological challenges remain however. On the 

other hand, DRS sensing and imaging tools offer real solutions to this structural challenge. This 

progress opens the door for precision oncology, offering improved prognostication, real-time tumour 

response tracking and precise three-dimensional hypoxia mapping. Ultimately, this will facilitate 

targeted interventions such as hypoxic modification therapies and high-dose radiotherapy τ among 

other personalised treatments. To this end, the remainder of this thesis investigates the use of DRS 

for non-invasive assessment of hypoxia in a murine CRC model to explore opportunities to advance 

RC clinical pathways in the future. 

 

2.7 Core Thesis Aims 

The overarching hypothesis to this thesis is that:  

Diffuse Reflectance Spectroscopy can be used to measure colorectal tumour hypoxia in a murine 

xenograft model to predict and reflect a response to radiotherapy. 

2.7.1 Chapter Specific Aims  

Chapter 3 aims to ascertain professional opinion on current prognostic and response monitoring 

capabilities, the requirement for further methods and technologies for this purpose, and the 

potential of tumour oxygenation assessment to be used in this sphere.  
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Chapter 4 aims to validate DRS as tool for measuring murine subcutaneous tumour oxygenation 

through the detection of inhaled oxygen perturbations and through comparison with the Oxylite 

sensor (the current market gold standard for the measurement of cellular oxygen concentrations).  

Chapter 5 aims to investigate whether a correlation exists between tumour oxygenation, tumour 

volume and time in an in vivo CRC model, as measured by DRS ς and to use this data to assess 

naturally occurring heterogeneity and variance.  

Chapter 6 aims to assess whether DRS can detect a significant change in TVO following a measured 

response to radiotherapy in a colorectal tumour murine study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



58 
 

3 Assessing Applicability and Acceptability with Professional and 

Patient Engagement 

 

3.1 Rationale 

The urgent requirement for enhanced prognostication and response monitoring within the realm of 

rectal cancer management has been discussed in detail in Section 2.1.7. However, there is a real 

danger of a disconnect occurring between laboratory-based researchers, and those practicing 

ƳŜŘƛŎƛƴŜ ƻƴ ǘƘŜ ΨŦǊƻƴǘ ƭƛƴŜΩΦ LƴŘŜŜŘΣ ƛǘ ƛǎ ŎǊǳŎƛŀƭ ǘƘŀǘ ǿŜ ǎǘǊƛǾŜ ŦƻǊ ŎƭƛƴƛŎŀƭ ǘǊŀƴǎƭŀǘƛƻƴ ŀǘ ǘƘŜ ŜŀǊƭƛŜǎǘ 

opportunity. To this end, it is vital that we establish a genuine requirement for prognostic and 

response monitoring tools, and indeed the potential of tumour oxygenation assessment for these 

ǇǳǊǇƻǎŜǎΣ ǿƛǘƘ ΨǇŀǘƛŜƴǘ ŦŀŎƛƴƎΩ ŎƭƛƴƛŎƛŀƴǎ ς and this chapter aims to fulfil this necessity.  

Although this thesis focusses specifically on the DRS assessment of murine subcutaneous tumour 

oxygenation in response to radiotherapy, the broader, longer-term aim of this research is the 

development of either an implantable or endoscopic device for the assessment of human tumours. 

Certainly, it is within reason and without exceptional  ethical concern, to progress to human 

investigation to avoid the homogeneity of ectopic xenograft tumours and more generally the inherent 

limitations of animal investigation (Section 7.3.2). 

As such, this chapter also reports on engagement with a focussed group of post-treatment rectal 

cancer patients, who provided feedback on two proposed devices/approaches for human rectal 

cancer hypoxia assessment. 

 

3.2 Aims  

I. To ascertain professional opinion on current prognostic and response monitoring 

capabilities, the requirement for further methods and technologies for this purpose, 

and the potential of tumour oxygenation assessment to be used in this sphere; 

II. To ascertain patient opinion and feedback on proposed implantable and endoscopic 

devices for the intermittent or continuous measurement of tumour TVO.  
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3.3 Methods 

3.3.1 Professional Opinion  

Email invitations for participation were sent to 30 consultants (Colorectal Surgeons, GI radiologists or 

Oncologists) who worked at one of the following three institutions: Imperial College London 

Healthcare Trust, The Royal Marsden Hospital, or St Marks Hospital. Suitable participating consultants 

were identified via Trust directories and supervisory input. Potential participants were excluded 

following no reply after a third email attempt. Enrolment was on a voluntary basis.  Following 

enrolment and obtainment of consent, one-to-one semi-structured interviews were conducted via an 

online platform, using a combination of Likert scale and open-ended questions  (Appendix 9.1). The 

results were collated and presented with anonymity preserved. The initially planned sub-group 

analysis (between specialities and individual Trusts) was altered to a combined analysis due to lower 

than expected consultant participation.  The following key areas were addressed:   

I. The requirement and benefit for further prognostic biomarkers to guide rectal cancer 

management  

II. The requirement/benefit of advanced response monitoring during neoadjuvant therapy 

III. Opinions on the potential of an implantable/endoscopic device to measure RC oxygenation 

IV. Opinions on the limitations of implantable/endoscopic devices to measure RC oxygenation 

V. The required evidence base necessary to include tumour oxygenation in the appraisal of neo-

adjuvant therapy. 

3.3.2 Patient Opinion 

Following formal approval by the Imperial College Research and Ethics Committee (ICREC) (Reference 

ннL/тптрύΣ р ǇŀǘƛŜƴǘǎ ǿŜǊŜ ǊŜŎǊǳƛǘŜŘ Ǿƛŀ ǘƘŜ Ψ±hL/9Ω ǇƭŀǘŦƻǊƳΣ ŀƴŘ ǘƘǊƻǳƎƘ ǘƘŜ ŎƘŀǊƛǘȅ Ψ.ƻǿŜƭ /ŀƴŎŜǊ 

¦YΩΦ !ƭƭ ǘƘƻǎŜ ǿƘƻ ƘŀǾŜ ǳƴŘŜǊƎƻƴŜ ǘǊŜŀǘƳŜƴǘ ŦƻǊ ŀ ǊŜŎǘŀƭ cancer were included, regardless of whether 

treatment was with surgery, chemoradiotherapy, both, or just one of these treatment modalities. 

Those under the age if 18 and those still undergoing treatment for primary rectal cancer were 

excluded.  

Following an expression of interest, participants were provided with an information leaflet (Appendix, 

9.1.1) containing the details of the study via email. This included information regarding the purpose 

of the study; the aims; information which will be collected; how this will be stored and used; and 

details regarding who to contact in the event questions regarding the study are later considered. Prior 

to commencing the online interview, participants were required to confirm that they have read the 

leaflet before providing consent (Appendix 9.1.2). Participants were informed that they are free to 
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withdraw from the study at any point, but should they wish to withdraw from the study after they 

have completed the questionnaire, anonymised data may still be used for research purposes.  

The participants completed a questionnaire (Appendix 9.1.3) in conjunction with the principal 

investigator in a one-on-one online discussion. The questionnaire used a combination of open and 

closed questions. Answers were quantified using Likert scales. Opinions were sought on concept 

applicability, and device design and acceptability.  The questionnaire took approximately 30 minutes 

to complete.  

Participants were renumerated at a rate of £25/hour for involvement. In addition, participants were 

renumerated a one off £5 fee to cover Wi-Fi/data costs for online involvement. Advertising 

commenced on the 1st of February 2022, and data collection was complete by 22nd February 2022.  

Questionnaire responses were kept confidential. Each participant was assigned a number code to help 

ensure that personal identifiers are not revealed during the data analysis and write up of findings. All 

electronic records which have the participants name, or any information that could be used to identify 

them is password protected. Any paper records were transcribed to an electronic copy (and stored 

with password protection) and destroyed.  Data collected will be kept for a minimum of 10 years, with 

full compliance to the Imperial College and GDPR guidelines and regulations.  

Finally, the study was conducted in accordance with the recommendations for physicians involved in 

research on human subjects adopted by the 18th World Medical Assembly, Helsinki 1964 and later 

revisions. 

3.4 Results 

3.4.1 Professional Opinion  

3.4.1.1 Demographics of enrolled consultant body 

10 consultants were enrolled, consisting of Colorectal Surgeons (50%), GI radiologists (30%), and 

Radiation Oncologists (20%) from three NHS Hospital Trusts: Imperial College London Healthcare Trust 

(60%); The Royal Marsden Hospital (20%); and St Marks Hospital (20%). The mean number of 

consultant years (number of years employed as a consultant) was 8.5 years (range 4-22 years).  

3.4.1.2 Prognostication and Response Monitoring in Rectal Cancer Management, and the potential 

role of hypoxia assessment within these spheres 

Figure 3.1 displays Likert scale professional opinion on the requirement for further prognostic and 

response monitoring tools in the management of rectal cancer, and the potential for tumour 
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oxygenations assessment to fill this void. Table 3.1 details the respondents open responses, along 

with the corresponding Likert grading for the question, if applicable.  

  

 

 

 

Figure 3.1 Professional opinion regarding the requirement for further methods and devices for advanced prognostication 
and response monitoring in rectal cancer management, and the potential for hypoxia assessment to be used within this 

sphere. 
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Q1. We need additional biomarkers for the prediction of rectal cancer response (to neoadjuvant 

therapy)? 

Respondent Likert Grade Answer  

1 2 ά¢Ƙƛǎ Řepends on what you mean by prediction of response: (1) Prediction of 

response at end of chemoradiotherpy, or (2) Prediction of response at baseline. 

There is prediction of response in terms of what comes out at the end or 

prediction of response in terms of outcomes, e.g., you can get a very good 

response from a T1 polyp with radiotherapy, but you have not changed the 

outcome of that patient as they were always going to do well. So, the question 

is not correct. If refined to 'at baseline' - then answer is 'not that importantΩ, 

because it would have to be very good. Most tumours respond to certain 

degrees, so to have a biomarker which says don't give treatment because they 

won't respond is unlikely. The second issue is, what is your gold standard for 

biomarker of response? If you use pathology, then thatΩǎ a non-starter. It is very 

different removing tumours at 6,12,18, 24 weeks etc. You can't predict 

response based on the thoroughly imperfect biomarker of pathology as it 

results in a ŦŀƭǎŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǿƘŀǘΩǎ ƎƻƛƴƎ ƻƴΦ wŜǎǇƻƴǎŜ ǎƘƻǳƭŘ ŀŎǘǳŀƭƭȅ ōŜ 

re-defined as a non-viable tumour (which does not grow or metastaǎƛǎŜύΦέ 

2 5 - 

3 5 άLǘ ǿƛƭƭ ƘŜƭǇ ǘƻ ǎǘǊŀǘƛŦȅ ǇŀǘƛŜƴǘǎΦέ 

4 5 - 

5 3 άMRI and TRG is adequate and well validated. Studies suggests it corresponds 

well with pathological responseΦέ 

6 4 - 

7 4 ά¸ƻǳ see a very variable response in ǘǳƳƻǳǊǎ ǘƘŀǘ ǿŜ ŎŀƴΩǘ ǇǊŜŘƛŎǘ - some 

very extensive tumours which respond excellently, and some smaller tumours 

ǿƘƛŎƘ ŘƻƴΩǘΦέ 

8 5 άCurrent ones not effective.έ 

 

9 3 - 

10 5 - 

 

Q2. In your opinion, how might more (assuming accuracy) prognostic markers improve the management 

of rectal cancer?  

Respondent Likert Grade Answer  

1 - άAll studies need to follow the REMARK criteria. They need to compare 

against the current standard for biomarkers. How does it compare against the 

standard (what everyone does)? It would be much more useful to refine the 

subgroups, e.g., you already have a predictor for poor response, such as a 

mucinous tumour, then it would be much more helpful to work out which of 

these have a good response - or find a biomarker for the subgroup of T1 

tumours that do not do so well. All papers do same thing by concluding with 

άit's promisiƴƎΩ ōŀǎŜŘ on their retrospective data pool, but it never does well 

when properly trialledΦέ 

2 - άLǘ ǿƻǳƭŘ ŀllow us to stratify therapy, which would improve oncological 

outcomes and reduce toxicity of futile treatments. This would lead to a quality 

of life (QoL) of improvementΦέ 

3 - - 
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4 - ά²Ŝ ƴeed to be able identify subset of patient who will simply grow through 

(chemoradiotherapy), and also those who will have a complete clinical 

response όǘƻ ŎƘŜƳƻǊŀŘƛƻǘƘŜǊŀǇȅύΦέ 

5 - ά²Ŝ already have a good response rate, but it would be useful if aiming for 

pCR for allΦέ 

6 - άLǘ ǿƻǳƭŘ ŜƴŀōƭŜ ǳǎ ǘƻ Ǉersonalise care as some are over-treated, and more 

tailoring of our approach, e.g., which group are more appropriate for watch 

and wait.έ 

7 - άCƻǊ ǘƘŜ Identification of subgroupsΦέ 

8 - άOn one hand, new biomarkers are not always robust. But it would be useful if 

they enabled watch and wait and enabled treatment stratificationέ 

9 - - 

10 - άLǘ ǿƛƭƭ ŜƴŀōƭŜ ǳǎ ǘƻ Ŧilter out non-responderǎέ 

 

Q3. Is rectal cancer response assessment (to neoadjuvant therapy) with MRI currently adequate? 

Respondent Likert Grade Answer  

1 5 άItΩǎ ƳƻǊŜ ǘƘŀƴ ŀŘŜǉǳŀǘŜΦ LǘΩǎ ǘƘŜ ƎƻƭŘ ǎǘŀƴŘŀǊŘΦ It is better than pathology for 

assessing for non-viable tumour. If you take one hundred patients with 

(advanced) rectal cancer, 50% will have an immediately good response which 

will put them in the Ψwatch and waitΩ category. The often-quoted limitation of 

failure to differentiate between fibrosis and residual tumour is rubbish - 

densely fibrotic stoma contains non-viable tumour, so fibrosis equals non-

viability. The randomised phase III TRIGGER trial is now 3 years down the line. 

There have been 4 re-grows from 42 patients but it is not yet known whether 

this group has been disadvantaged i.e. developed metastases whilst under 

Ψwatch and wait.Ωέ 

2 4 άSignificant advances have been made with MRI, but there is debate about 

meaning of the images. Crucially, it (MRI) does not tell us about the biology of 

the tumourΦέ 

3 4 άTRG correlates with histopathology, but it doesn't differentiate between 

fibrosis and viable cellsΦΩ  
4 3 άLǘ όawLύ Ŏan't differentiate between fibrosis and tumour, and involvement of 

CRM by fibrosis is questionable for TME assessment. We still have issues of 

MRI and lymph node assessment, and whether pelvic side wall 

lymphadenopathy is ƛƳǇƻǊǘŀƴǘΦέ 

5 4 άTRG corresponds well with pathological analysisέ 

6 4 άόawLύ ƛǎ ƴot good for early cancer ŀǎǎŜǎǎƳŜƴǘΦέ 

7 3 άLǘ όawLύ ƛǎ not good for differentiating fibrosis and residual tumour. It is 

accurate but (it) has limitations regarding the assessment of what is 

microscopically still thereΦέ 

8 3 άLǘ όawLύ ŘƻŜǎƴΩǘ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ōŜǘǿŜŜƴ ŦƛōǊƻǎƛǎ and tumourΦέ 

9 3 άLǘ όawLύ ƛǎ ǾŜǊȅ ǳǎŜǊ ŘŜǇŜƴŘŜƴǘΦέ 

10 4 άLǘ όawLύ Ƙŀǎ ŘƛŦŦƛŎǳƭǘȅ at picking up a fragmented responseΦέ 

 

Q4. Would there be a benefit to assessing rectal tumour response (to neoadjuvant therapy) in a (semi) 

continuous fashion? 

Respondent Likert Grade Answer  

1 3 άLǘ ǿƻǳƭŘ ōŜ ǳseful to get an early readout in the non-responders (40%). It 

would need careful correlation with the gold standard of properly defined non-

response, i.e., TRG on MRI. Non-response is actually no/minimal fibrosis, not 

pathological analysis. It would definitely be useful to predict non-responders 

early on in treatment as it will prevent futility of treatment. If you used 
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pathology, you will grossly over-estimate non-response. Non-response (from 

the TRIGGER trial) is 35-40% TRG 4-5. A meaningful response is a transition to 

non-viability (TRG 1,2,3). What is the commonality there and what is the 

hypoxia profile? Note, MRI tumour fibrosis could actually be more accurate 

than pathological assessment (in terms of clinical outcomeύΦέ 

2 5 άWhy would you not? We need to know as soon as possible if someone is not 

going to downstage.έ 

3 5 άDynamic assessment would reassure us that the patient is responding, rather 

than just at a single point in time. It would help us to adopt a more adaptive 

treatment ǇŀǊŀŘƛƎƳΦέ  

4 4 άLǘ ǿƻǳƭŘ Ŏertainly be interesting to see what that data showed, particularly if 

the tumour was growing through. It would be useful to identify high risk 

tumoursΦέ 

5 2 ά¸ƻǳ ƴeed to wait the full time period to get maximum effect from radiation 

therapy ς and you need to wait longer time for pathological response. An 

earlier assessment would therefore ƴƻǘ ōŜ ƻŦ ōŜƴŜŦƛǘΦέ 

6 5 άSee paper from Annals ς you get more downstaging form 

chemoradiotherapy if you wait the full 12 weeks, rather than operating at 6 

ǿŜŜƪǎΦ .ǳǘ ƛǘ ǿƻǳƭŘ  ōŜ ǳǎŜŦǳƭ ǘƻ ǎŜŜ ƛŦ ǘƘŜȅ ŀǊŜ ƛƴŘŜŜŘ ǊŜǎǇƻƴŘƛƴƎΦΩ  

7 4 άContinuous MRI imaging would not be useful as sometimes too early to 

ŀǎǎŜǎǎ ǊŜǎǇƻƴǎŜΦέ 

8 4 άLǘ ǿƻǳƭŘ be great to time surgery betterΦέ 

9 5 ά¢ƘŜ ƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴ ǘƘŜ ōŜǘǘŜǊΦέ 

10 5 - 

 

Q5. In your opinion, what has been the greatest advancement in the management of rectal cancer in the 

past decade? 

Respondent Relevance 

to research  

Answer  

1  ά¢ƘŜ Ŏoncept of stratifying treatment to risk, and knowing what those risks 

are ς resulting in appropriate targeting.έ 

2  άConcept of multi-modal therapy with multiple ǎǘǊŀǘŜƎƛŜǎΦέ 

3  άLŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƘƛƎƘ Ǌƛǎƪ ǘǳƳƻǳǊǎΦέ 

4  άIntroduction and establishment of MRIΩsΦέ 

5  άawL ǎǘŀƎƛƴƎ ǇǊŜ-ƻǇŜǊŀǘƛǾŜƭȅΦέ 

6  (Question omitted)  

7  (Question omitted) 

8  άRobotic surgeryΦέ 

9  άTiming of radiotherapy ŀƴŘ ǊŀŘƛƻǘƘŜǊŀǇȅ ǇƭŀƴƴƛƴƎΦέ 

10  άtǊƻƎǊŜǎǎƛƻƴ ƻŦ ōŜȅƻƴŘ ¢a9 {ǳǊƎŜǊȅέ 

 

Q6. In your opinion, what will be the greatest advancement in the management of rectal cancer in the 

next decade? 

Respondent Relevance 

to research  

Answer  

1  άUnderstanding pathways of spread and direct targeting of therapy. Using 

new technologies in understanding the mechanisms of resistance. But 

probably the biggest advance will be in controllable variables - of good 

surgery, good staging, good radiotherapy ς which will be much more 

important that new interventions. If you put rubbish in, you will get rubbish 

outΦέ 
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2  άImmunotherapy. This will transform our care. Engineering the tumour 

microenvironment to change response ǘƻ ǘǊŜŀǘƳŜƴǘΦέ 

3  ά¢ǳƳƻǳǊ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ǎǘǊŀǘƛŦƛŎŀǘƛƻƴΦέ 

4  

 

 

 

 

άόDŜǘǘƛƴƎ ǘƘŜύ Ǌesponse rate to non-surgical treatments to mirror anal cancer 

treatment (in which 90% are treated with chemo-radiotherapy). Currently the 

complete clinical response rate with TNT is 30-40% compared with 10-17% 

with long course chemo-radiotherapy. If this can be driven north of 50% then 

this would revolutionise the management of rectal cancer. Recent gains have 

been made by optimising treatments we have. To get north of 50%, we need 

major improvement in one of therapies - which requires a great leap forward. 

We need to target sub-categories of tumours more accurately and focus on 

prognostication and stratificationΦέ 

5  άPersonalised treatment ς tailored on biology and the genetic profile of 

ǘǳƳƻǳǊΦέ 

6  άRectal preserving treatments ŀƴŘ ǎǘǊŀǘƛŦƛŎŀǘƛƻƴǎΦέ 

7  (Question omitted) 

8  άPatient specific chemotherapyΦέ 

9  άTackling poor prognostic tumoursΦέ 

10  άLƳƳǳƴƻǘƘŜǊŀǇȅΦέ 

 

Q7. Would it be useful to develop a device which could either be implanted or fitted to an endoscope for 

the continuous/regular measurement of RC hypoxia? (and what limitations might you envisage?) 

Respondent Likert Grade Answer  

1 4 - 

2 4 ά¢ƘŜǊŜ ŀǊŜ ǎƻƳŜ ǘechnical barriers. Low tumours can be painful. Some 

patients will be incontinent, therefore creating a variable environment. There 

may be some problems around ethics. Will additional intervention be of 

benefit? There will be a clinician acceptability barrier. Finally, cost is always an 

objectΦέ 

3 4 ά!ƴ ƛmplantable device is not at all practical. Endoscopic is more practical, but 

my concern is that it is not helpful unless you Ŏŀƴ ŀŎƘƛŜǾŜ ŘŜǇǘƘ ŀƴŀƭȅǎƛǎΦΩ 

4 4 άHow often are you doing it? Hypoxia is likely to be heterogenous through the 

tumour mass. What is the degree of penetration? Does a necrotic tumour give 

false information? How clean does contact need to be? Will a bleeding 

tumour affect it? How well will it be tolerated? What will be the service 

requirements (particularly for multiple endoscopies)Κέ 

5 3 άHow practical? How painful for patient (especially if narrow lumen)? What 

training of required for clinicians? How will results be interpreted?   

6 4 άPracticality, acceptabilityΦέ 

7 5 ά/ƻǎǘΣ ǇŀǘƛŜƴǘ ŀŎŎŜǇǘŀƴŎŜΦέ 

8 5 άtŀǘƛŜƴǘ ƘŜǎƛǘŀƴŎȅΦέ  

9 5 άPatient comfort, displacement, seeding of tumour ǘƘǊƻǳƎƘ ǘǊŀǳƳŀΦέ 

10 5 - 

 

Q8. We (as clinicians and researchers) should be pursuing tumour hypoxia for prognostication purposes  

Respondent Likert Grade Answer  

1 3 ά²Ŝ ǎƘƻǳƭŘƴΩǘ ōŜ ǳǎƛƴƎ ŦƻǊ ǇǊƻƎƴƻǎƛǎ ŀǎ ǿŜ ŀƭǊŜŀŘȅ ƪƴƻǿ ǿƘƛŎƘ ƻƴŜǎ Řƻ ǿŜƭƭ 

or not. Better to try and understand 'why' a certain subset of tumours do 

worse. This doesn't add prognostic value, but it does enable the study of the 

mechanism of poor prognosis.  In a way the first question is to find out if the 

non-responders are indeed hypoxic. Once this is established, then use marker 
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of hypoxia to prognosticate and avoid meaningless treatment. That would be 

meaningful research. Risk factors for non-response are EMVI, height above 

middle 1/3rd of rectum, and mucinous tumours. There are lots of other 

mitigating factors, such as immune response, dose, fractions, size of patient, 

who plans radiotherapy, contour of tumour, how it is given, can the patient 

keep still, does mesorectum shape change over a course of radiotherapy, and 

what are radiotherapist actually targeting when they plan therapy. Important 

to understand that radiotherapy is not done uniformly, there is no standard.έ 

2-10 3-5 Likert scale responses only ς see Figure 3.1 

 

Q9. We (as clinicians and researchers) should be pursuing tumour hypoxia for response monitoring 

purposes 

Respondent Likert Grade Answer  

1-10 2-5 Likert scale responses only ς see Figure 3.1 

 

Q10. What evidence would you require to include tumour hypoxia in the appraisal of neo-adjuvant 

therapy.  

Respondent Answer  

1 άFirst prove that it has anything to do with response. Define responseΦέ 

2 άMechanistic evidence, trials evidence ς and tangible patient benefit. Needs full research 

paymentΦέ 

3 άRobust correlation with established biomarkers of response (pathology, TRG)Φέ 

4 άMedical device development, randomised data showing benefit. Need phase I and II trials 

prior to that.έ 

5 άCompare with TRG and histological stagingΦέ 

6 άGood way of measuring it, reproducible, with consequent interventionΦέ 

7 άMeasurable benefit to patientsΦέ  

8 - 

9 - 

10 - 

 
Table 3.1 Professional opinion regarding prognostication and response monitoring in rectal cancer management, and the 
potential for hypoxia assessment to me used within this sphere.  Green highlighted cells in question 5 and 6 indicate direct 
relevance of research goal to given answer 

 

3.4.2 Patient Opinion  

3.4.2.1 Demographics of enrolled patient body 

Five patients with a history of rectal cancer were enrolled (three females, two males), with a mean 

age of 60 (range 29-75 years). Two went straight to surgery and three had long-course 

chemoradiotherapy followed by surgery. All the patients were in remission at the time of the 

interviews.  

3.4.2.2 Patient opinion on proposed device applicability and acceptability  

Figure 3.2 displays Likert scale patient opinion on the proposed implantable and endoscopic devices. 

Table 3.2 details the respondents open responses, along with the corresponding Likert grading for the 
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question, if applicable. Figure 3.3 and Figure 3.4 highlight key patient and professional concerns 

surrounding a proposed implantable and endoscopic devices, respectively.   

 

 

Figure 3.2 Patient opinion indicating acceptability of proposed endoscopic and implantable devices 

 

 

Q1. Would you be willing to undergo a further endoscopy if it could provide additional information 

about my cancer, which could affect my prognosis and treatment options? 

Respondent Likert Grade Answer  

1-5 3-5 Likert scale responses only ς see Figure 3.2 

 

Q2. Would you be willing to undergo serial endoscopies (up to 4 before your surgery) if it could provide 

valuable information on how the tumour is responding to pre-operative chemo-radiotherapy? 

Respondent Likert Grade Answer  

1-5 3-5 Likert scale responses only ς see Figure 3.2 

 

Q3. Would you be willing to have a device implanted within your rectum before your operation (for up 

to 3 months) for the continuous monitoring of the tumour, and how it responds to chemoradiotherapy? 

Respondent Likert Grade Answer  

1-5 3-5 Likert scale responses only ς  see Figure 3.2Error! Reference source not 

found. 

 

Q4. What concerns or objections do you have of the shown proposed implantable and endoscopic 

devices?  

Respondent Endoscopic  Implantable  

1 άbƻ ŎƻƴŎŜǊƴǎΦέ άConcerns over discomfortΦέ 

2 άSize would be important. I would need 

reassurance that the endoscopist was 

appropriately trained in the technologyΦέ 

άL ƘŀǾŜ ŀ ƴǳƳōŜǊ ƻŦ Ŏoncerns:  

Will it affect defecation?  

How is it fixed in place? 
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Will haemorrhage interfere with probe-

tissue interface? 

It could irritate tumour causing further 

haemorrhage  

It could create discomfit/pain  

Could it cause infection ς further 

complicating the cancer/treatment? 

You would need to ensure proper pre-

placement cleaning  

Tumours of different sizes would require an 

adjustable device  

Will electronics interfere with other 

electronic devices e.g pacemakers, phones 

etc?  

Patient would need to know what it looks 

like to recognise displacementΦέ 

3 άbƻ ŎƻƴŎŜǊƴǎΦέ άL ƘŀǾŜ Ŏoncerns about insertion and 

extraction ς particularly if surgery not 

required ς and I would need assurance that 

it would be easy to remove. 

I also have concerns around insertion and 

the capability if large tumour/is it 

adjustable to different tumour sizes/rectal 

size? 

Will there be pain on insertion and could it 

be painful whilst in situΚέ 

4 άbƻ ŎƻƴŎŜǊƴǎΦέ ά¢Ƙƛǎ ǿƻǳƭŘ ōŜ ŀnother procedure, which 

adds further intervention. 

I would need assurance regarding pain, and 

the ability to defecate 

5 άbƻ ŎƻƴŎŜǊƴǎΦέ άL ƘŀǾŜ ŎƻƴŎŜǊƴǎ ƻǾŜǊ ŘƛǎŎƻƳŦƻǊǘΦέ 

 

Q5. Would your preference be for an endoscopic or implantable device? 

Respondent  Endoscopic  Implantable 

1-5 80% 20%  

 
Table 3.2 Patient feedback on proposed implantable and endoscopic devices 
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Figure 3.3 Categorised network diagram, demonstrating professional and patient concerns and objections to an 
implantable device 
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Figure 3.4 Categorised network diagram, demonstrating professional and patient concerns and objections to an 
implantable device 

 

 



71 
 

 

Figure 3.5 Proposed endoscopic (A) and Implantable (B) devices. Images were shown to a patient focus group for 
attainment of opinion on device acceptability. (C) Patient preference between endoscopic and implantable approaches 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1 Discussion 
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3.5 Discussion 

3.5.1 Professional Opinion 

тл҈ ƻŦ ǘƘŜ ŜƴǊƻƭƭŜŘ Ŏƻƴǎǳƭǘŀƴǘǎ ΨŀƎǊŜŜŘΩ ƻǊ ΨǎǘǊƻƴƎƭȅ ŀƎǊŜŜŘΩ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ŀ ǊŜǉǳƛǊŜƳŜƴǘ ŦƻǊ ŦǳǊǘƘŜǊ 

prognostic biomarkers to enhance the stratification of rectal cancer treatments, with a particular 

ŜƳǇƘŀǎƛǎ ƻƴ ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘ ǘƻ ƛŘŜƴǘƛŦȅ ƭƛƪŜƭȅ Ψƴƻƴ-resǇƻƴŘŜǊǎΩ όǘƻ ŎƘŜƳƻǊŀŘƛƻǘƘŜǊŀǇȅύ ǎƻ ǘƘŀǘ ŦǳǘƛƭŜ 

όŀƴŘ ǘƻȄƛŎύ ǘƘŜǊŀǇȅ Ŏŀƴ ōŜ ŀǾƻƛŘŜŘΦ IƻǿŜǾŜǊΣ ΨǊŜǎǇƻƴŘŜƴǘ мΩ ŀǊƎǳŜǎ ǘƘŀǘΣ ǎƛƴŎŜ Ƴƻǎǘ ǘǳƳƻǳǊs respond 

to a variable degree, any new biomarker would need to be extremely accurate to dictate withholding 

of a particular therapy. Rather, they suggest that sub-categories ƻŦ ΨǇƻƻǊ ǊŜǎǇƻƴŘŜǊǎΩ ǿƘƻ Řƻ ǿŜƭƭ ƻǊ 

ΨƎƻƻŘ ǊŜǎǇƻƴŘŜǊǎΩ ǿƘƻ Řƻ ōŀŘƭȅ ǎƘƻǳƭŘ ōŜ ƛŘŜƴǘƛŦƛŜŘΣ ŀƴŘ ǘƘŜƛǊ ƘȅǇƻȄƛŀ ǇǊƻŦƛƭŜǎ ŜȄŀƳƛƴŜŘ ŦƻǊ ŜǾƛŘŜƴŎŜ 

of causality ς and this will certainly be a consideration in future work (Section 7.3). Further, they argue 

that all research aiming to develop novel prognostic markers must follow the REMARK criteria [179], 

a set of  reporting recommendations developed by a committee initially convened under the auspices 

of the National Cancer Institute and the European Organisation for Research and Treatment of Cancer 

ς which aim to improve transparency and reporting of data so that others may better judge and 

interpret the usefulness the research. Whilst not perhaps relevant to this thesis, which focusses on 

the technological capabilities of DRS in the first instance, it is certainly a further important 

consideration for future research.  

The professional answers to question 3, regarding the adequacy of MRI for response assessment, are 

ƛƴǘŜǊŜǎǘƛƴƎΦ рл҈ ƻŦ ǊŜǎǇƻƴŘŜƴǘǎ ƘƛƎƘƭƛƎƘǘ ǘƘŀǘ awLΩǎ ƛƴŀōƛƭƛǘȅ ǘƻ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ŦƛōǊƻǎƛǎ ŦǊƻƳ ǊŜǎƛŘǳŀƭ 

ǘǳƳƻǳǊ ƛǎ ŀ ƳŀƧƻǊ ƭƛƳƛǘŀǘƛƻƴΦ IƻǿŜǾŜǊΣ ΨǊŜǎǇƻƴŘŜƴǘ мΩ states that such concerns are unfounded, since 

fibrosis is equivocal to non-viable tumour. They go on to quote the randomised phase III TRIGGER 

trial[180], which is yet to be published. At the time of interview, there were 4 re-grows from 42 

patients, and as such it should be recognised that fibrosis does not represent non-viability in 10% of 

cases. The concerns of the 50% therefore seem valid, and there is certainly space for further response 

monitoring approaches.  

ул҈ ƻŦ ǊŜǎǇƻƴŘŜƴǘǎ ΨŀƎǊŜŜŘΩ ƻǊ ΨǎǘǊƻƴƎƭȅ ŀƎǊŜŜŘΩ ǘƘŀǘ Ŏƻƴǘƛƴǳƻǳǎ ǊŜǎǇƻƴǎŜ ƳƻƴƛǘƻǊƛƴƎ ǿƻǳƭŘ ōŜ 

ƘŜƭǇŦǳƭ ǘƻΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ΨƛŘŜƴǘƛŦȅ ƴƻƴ-ǊŜǎǇƻƴŘƛƴƎ όǘƻ ƴ/w¢ύ ǘǳƳƻǳǊǎΩΣ ŀƴŘ Ψadopt a more adaptive 

ǘǊŜŀǘƳŜƴǘ ǇŀǊŀŘƛƎƳΦΩ IƻǿŜǾŜǊΣ ΨǊŜǎǇƻƴŘŜƴǘ нΩ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǎǳŎƘ ƳƻƴƛǘƻǊƛƴƎ ǿƻǳƭŘ ƴƻǘ ōŜ ƘŜƭǇŦǳƭΣ 

since one must wait at least 12 weeks for the full effects of nCRT to be realised ς and indeed this 

position is back up by the literature [181]Φ bƻƴŜǘƘŜƭŜǎǎΣ ŀƴŘ ŀǎ ΨǊŜǎǇƻƴŘŜƴǘ сΩ ǎǘŀǘŜǎΣ ŘŜǎǇƛǘŜ ǘƘƛǎ 

evidence, it would still be useful to have a readout of early response or non-response so that the full 

12 weeks are not awaited in a non-responding tumour.  
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Questions 5 and 6 investigate what the respondents feel has, and will be, the most important 

development in the management of RC in past and next decade, respectively. It is both important and 

re-assuring to observe that the goal of advanced prognostication and response monitoring (i.e. this 

research) is highly relevant in 60% of answers relating to the most important future developments in 

ǘƘŜ ƴŜȄǘ ŘŜŎŀŘŜΦ tŀǊǘƛŎǳƭŀǊ ŀǘǘŜƴǘƛƻƴ ǎƘƻǳƭŘ ōŜ ƎƛǾŜƴ ǘƻ ΨǊŜǎǇƻƴŘŜƴǘ пΩ ǿƘƻ ǎǘŀǘŜǎ ǿŜ ǎƘƻǳƭŘ ŀƛƳ ŦƻǊ 

RC to mirror the management of anal cancer, in which 90% are treated successfully with only nCRT ς 

with surgery being reserved for those not responding or recurring.  

 Question 7 reveals that 90% of respondents ΨŀƎǊŜŜΩ ƻǊ ΨǎǘǊƻƴƎƭȅ ŀƎǊŜŜΩ ǘƘŀǘ it would be useful to 

develop an endoscopic or implantable device for the (semi) continuous assessment of tumour 

oxygenation. Concerns and objections are presented for both in conjunction with patient concerns 

and feedback, and it is apparent that an implantable device would be neither feasible, practicable, or 

acceptable to patients (Figure 3.3). The endoscopic proposal gained more support, although concerns 

and limitations were again highlighted (Figure 3.4). 

vǳŜǎǘƛƻƴ у ǊŜǾŜŀƭǎ ǘƘŀǘ тл҈ ƻŦ ǊŜǎǇƻƴŘŜƴǘǎ ΨŀƎǊŜŜΩ ƻǊ ΨǎǘǊƻƴƎƭȅ ŀƎǊŜŜΩ ǘƘŀǘ ǿŜ ǎƘƻǳƭŘ ǇǳǊǎǳŜ ǘǳƳƻǳǊ 

ƘȅǇƻȄƛŀ ŦƻǊ ǇǊƻƎƴƻǎǘƛŎŀǘƛƻƴ ǇǳǊǇƻǎŜǎΦ IƻǿŜǾŜǊΣ ΨǊŜǎǇƻƴŘŜƴǘ мΩ ǎǳƎƎŜǎǘ ǘƘŀǘΣ ŦƛǊǎǘΣ ǘƘŜ ƭƛƴƪ ōŜǘǿŜŜƴ 

hypoxia and non-response in rectal cancers should first be established. They also highlight that there 

are numerous other factors contributing to how well a tumour responds, such as the immune 

response, dose and fractions of radiotherapy, size of patient, who plans the radiotherapy, the contour 

of the tumour, whether the patient can keep still, whether the mesorectum changes shape over the 

course of radiotherapy, and what are the radiologists actually targeting when they plan therapy. Such 

variables will undoubtably complicate any attempt to correlate tumour hypoxia to response.  

Finally, it is clear from question 10 that robust evidence and comparison to the current gold standard 

(MRI) needs to be produced and completed if we are to include the assessment of tumour hypoxia in 

the appraisal of neo-adjuvant therapy. 

3.5.2 Patient Opinion 

80% stated that they would be willing to undergo a further single endoscopy for tumour hypoxia 

assessment, but this figure fell to 60% for serial endoscopies (up to 4) and down to 40% for willingness 

to have an implantable device inserted (Figure 3.2). Further, 80% chose the endoscopic device in 

preference to the implantable device (Figure 3.5, C) As with the professional opinion, a number of key 

concerns were highlighted with the implantable device, particularly that of pain and discomfort Figure 

3.3 and Table 3.2, question 4. Conversely, there were relatively few concerns over an endoscopic 

approach and as such, it was decided by the investigators that the future development of a research 
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tool should focus on a device which can fit down the working channel of an endoscope (further 

discussed 7.3.2). 

3.6 Conclusions 

There is clear profession support for the development of further prognostic biomarkers and response 

monitoring tools, and a belief that the assessment of tumour hypoxia/oxygenation may be able to fill 

these voids. Further, a number of key recommendations were made to guide future research and to 

ensure its relevance and clinical translation.  

Both professional and patient groups highlighted numerous concerns with a potential implantable 

device, but an endoscopic approach gained more support ς and as such, future efforts to develop a 

research tool will focus on the latter of these proposals in the first instance. 
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4 Validating Diffuse Reflectance Spectroscopy for the 

Measurement of Tissue & Tumour Oxygenation 

 

4.1 Rationale   

As described in Section 2.5.2 5w{ ƛǎ ǿŜƭƭ ŜǎǘŀōƭƛǎƘŜŘ ŦƻǊ ǘƘŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ŀ ǘƛǎǎǳŜΩǎ ƻȄȅƎŜƴŀǘƛƻƴ 

profile due to the differing absorption profiles of oxygenated and deoxygenated Hb, and there are 

many in vivo examples of how DRS can be used to accurately assess, for example, bowel and cerebral 

perfusion and ischaemia [171ς175]. Indeed, very similar optical spectroscopic (red and near infrared) 

approaches are employed in the universally adopted finger pulse oximeter [182], although importantly 

pulse oximetry selects specifically for arterial saturation, whereas DRS harvests mixed venous and 

arterial SpO2 data.  

However, it is critical to appreciate that DRS reflects vascular oxygenation (i.e. haemoglobin oxygen 

saturation) rather than the radiobiologically imperative cellular oxygenation. Whilst one might expect 

enhanced HbO2 to translate to heightened cellular 02, this cannot be assumed ς particularly 

considering knowledge that tumour vasculature is highly chaotic, tortuous and permeable ς and 

ǘƘŜǊŜŦƻǊŜ ƛƴŜŦŦƛŎƛŜƴǘΣ ƭŜŀŘƛƴƎ ǘƻ ΨŘƛŦŦǳǎƛƻƴ ŘŜǇŜƴŘŜƴǘ ƘȅǇƻȄƛŀΩ [84]. It is therefore crucial that we 

investigate the relationship between DRS and established methods for measuring cellular oxygenation 

if DRS is to be employed for the assessment of tumour oxygenation/hypoxia trends in relation to 

therapy. To date, there is a sparsity of literature validating DRS against market gold standards. A small 

number of studies [183ς185] have sought to validate DRS against immunohistochemical (ICH) 

techniques. Most notably, Vishwanath et al [185] culled 5 mice at 3 individual timepoints (0, 5, and 10 

days) and correlated DRS findings with Hoechst-33342 fluorescence and pimonidazole staining. They 

demonstrated that the temporal kinetics of dHb were moderately concordant with hypoxic and 

necrotic tumour fractions.  However, there are two very significant limitations to using ICH techniques 

to validate DRS: (1) It is problematic to meaningfully compare a method providing a whole tumour 

percentage of hypoxic tissue (as with ICH) with a method providing a superficial real time haemoglobin 

saturation (as with DRS) ς in so far as the two readings are almost mutually exclusive to each other, 

and (2) the necessity to cull an animal for ICH, and the variability in readout resulting from time of 

death to tumour harvesting and immersion in formalin, means it is extremely difficult to reliably assess 

the effect of short term hypoxic attenuation or exacerbation on these tumours [182]. 

In vivo tissue oxygenation is most frequently measured using needle-based sensors, such as 

polarographic electrodes (Eppendorf) and fluorescence lifetime sensors like the OxyLite partial oxygen 

pressure (pO2) system (Oxford Optronics, Wycombe, United Kingdom), the latter of which is 
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considered the present gold standard[186]. These methods provide precise, absolute readings of 

oxygen tension, but unfortunately, they are invasive (making them unsuitable for serial 

measurement), and impracticable for inaccessible tumours (such as colorectal cancers). Furthermore, 

they are limited by small sampling areas ς approximately 0.038 mm² for the OxyLite and 80 µm² for 

polarographic electrodesτwhich is useful for localized measurements but makes it challenging to 

extrapolate these findings to represent the overall tumour environment. Additionally, the the OxyLite 

probe requires oxygen to diffuse into the probe, and hence stabilisation times of 10-15 minutes are 

required. Nonetheless, it was felt that a direct comparison with the OxyLite PO2 sensor in response to 

perturbations in inhaled gas concentrations was the most suitable method for DRS validation, and 

superior to ICH for this purpose.  

A relatively small number of animal tumour studies have been conducted to demonstrate the ability 

of optical spectroscopy to monitor changes in tumour physiology in response to various oxygenation 

perturbations, and when correlated to more established techniques the results have been mixed and 

inconclusive. Finlay and Foster [187] utilized DRS to measure Hb saturation in murine tumours 

ǎǳōƧŜŎǘŜŘ ǘƻ ŎŀǊōƻƎŜƴ ŀƴŘ ƴƛǘǊƻƎŜƴ ōǊŜŀǘƘƛƴƎΦ Lƴ ǘƘŜƛǊ ǎǘǳŘȅΣ ǘƘŜ ǘǳƳƻǳǊΩǎ ƻǾŜǊƭȅƛƴƎ ǎƪƛƴ ǿŀǎ 

surgically removed, and a fibre optic probe was placed directly on the tumour. Their measurements 

showed that haemoglobin saturation varied as expected in response to hyperoxic and hypoxic gas 

inhalation. Conover et al [188] compared haemoglobin saturation derived from diffusion theory-based 

analysis of near-infrared spectroscopy (NIRS) in mouse tumours to cryospectrophotometry of tumour 

microvasculature. They found that when NIRS indicated a haemoglobin saturation of 70% or higher, 

less than 6% of the tumour volume had a saturation below 10%, as observed through 

cryospectrophotometry, suggesting that NIRS could provide insight into clinically relevant hypoxia ς 

although of course there is significant room for error in comparison of these techniques.  Kim et al 

[189] explored the relationship between tissue pO2 measured by needle-based sensors and NIRS 

during carbogen inhalation. Using a modified Beer-Lambert law, they derived relative changes in 

deoxyhaemoglobin (dHb) and oxyhaemoglobin (HbO2) from NIRS data. They found that vascular 

oxygenation responded to carbogen breathing, but there was a very significant heterogeneity in 

tumour pO2 when concurrently measured with needle electrodes. Lastly, Liu et al [190] investigated 

NIRS for assessing tumour vascular oxygenation, comparing it with invasive pO2 measurements in 

animals exposed to hyperoxic gases. They observed a biphasic increase in HbO2 levels during oxygen 

inhalation, while needle sensor measurements followed a similar trend but with a delayed response. 

Only one paper [191] has sought to validate DRS against the OxyLite sensor in the measurement of in 

vivo murine mammary tumour oxygenation.  They found that the direction of change (in response to 

carbogen) was largely concordant between DRS and the OxyLite pO2 sensor, but in fact concluded that 
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DRS compared favourably ς in that the OxyLite readout showed a far greater variability in response to 

the carbogen. It should also be noted that half (7/14) of the OxyLite tumour recordings failed to 

demonstrate any change at all in response to carbogen breathing, remaining instead within a severely 

hypoxic bracket of PaO2 <3mmHg. This chapter therefore aims to independently investigate these 

findings in a colorectal xenograft mouse model. 

In addition to conducting this key validatory experiment, it was first necessary to conduct an initial  

pilot study in order to: (1) ensure proper functioning and calibration of employed equipment; (2) 

ensure feasibility of cell culture and tumour growth in the selected mouse sub-species with the 

available resources and infrastructure; (3) confirm data acquisition, processing and analytical 

approaches; and (4) asses the use and worth of the concurrent ICH techniques.  As such, a xenograft 

pilot study is presented concurrently with the OxyLite validation study.  

 

4.2 Aims 

The aims of this chapter can be divided into three succinct groups:  

4.2.1 Animal Pilot Study 

I. To ensure it is feasible to measure evolving tumour oxygenation trends over the course of 

tumour growth (using an in vivo mouse model) with a multi-depth DRS probe with the 

available equipment and infrastructure; 

II. To assess HCT116 (human derived) colorectal cancer (CRC) cell line growth in Balb/C nude 

mice; 

III. To correlate pre-terminal DRS values with immunohistochemical (ICH) carbonic anhydrase 

(CAIX) staining. 

4.2.2 Carbogen Exposure and OxyLite Correlation 

I. To investigate whether DRS can detect perturbations in inspired O2 concentrations, namely 

carbogen gas (95% O2, 5% CO2), in a human derived in vivo colorectal cancer; 

II.  To compare and contrast the DRS readout against the OxyLite pO2 sensor in both tumour and 

non-tumour bearing flanks; 

III. To assess the changing effect of carbogen on tumour oxygenation throughout the course of 

tumour growth; 

IV. To investigate, map and contrast the presence of cellular hypoxia and tumour vasculature with 

ICH CAIX and CD31 staining, respectively 
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4.2.3 Data Processing and Analytical Approaches 

a. To use this data from 4.2.1 and 4.2.2 to confirm and refine data acquisition, processing and 

analytical approaches 

b. ¢ƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ŀ ƴƻǾŜƭ ΨhȄȅƎŜƴ wŀǘƛƻ aŜǘǊƛŎ όhwaύΩ ŀƴŘ ŎŀƭŎǳƭŀǘŜŘ 

SpO2 values 

4.3 Methods 

The methodologies described in sections 4.3.1 through to 4.3.4 are standardised throughout this 

thesis. Any deviation or additional experimental methodological steps will be described separately in 

this or following respective chapters. 

4.3.1 Equipment and Systems Setup 

A fibre-optic DRS system was used to measure diffuse reflectance spectra from subcutaneous human 

derived murine CRC tumours (and from healthy tissue on the opposite flank) in the visible-near-

infrared range of 340-1017 nm. This instrument used a tungsten halogen light source (HL-2000-

HPFHSA, Ocean Insight) for illumination and a compact spectrometer (Flame, Ocean Insight) for 

detection (Figure 4.1, A-B). A custom-designed, multi-channel fibre-optic probe (FiberTech Optica, 

Ltd.) was used for light delivery and collection. This fibre-optic probe contained six multimode optical 

fibres (200 µm core diameter), one of which was used for light delivery (fibre 1) while the remaining 

five fibres were used for light collection (fibres 2-6). At the distal end of the fibre probe, fibres were 

arranged in a linear array with five distinct fibre spacings, or Source-Detector Distances (SDDs), for 

analysis of increasing tissue depth (approx. 0.1-2 mm)[192] (Figure 4.1, C). Fibres 2-6 were 

interchanged manually to facilitate sequential measurements over the five SDDs. Diffuse reflectance 

spectra were acquired by gently securing the distal end of the probe (with a clamp) in contact with 

the central portion of the tumour, finger, or normal tissue (as appropriate). Spectral integration times 

ranged between 0.1 and 0.9 s, dependent on fibre spacing. 
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Figure 4.1 Experimental setup, equipment and methodologies. (A) Pictorial depiction of DRS experimental setup, 
photographed in (B). The light source was coupled to a multi-channel fibre-optic probe for tissue illumination and light 
collection. The fibre optic probe had five fibre spacings (C) for analysis of differing tumour depths (approx. 0.1-2 mm). (D) 
Simultaneous measurement of non-tumour and tumour oxygenation with the DRS and OxyLite probes following animal 
carbogen inhalation. (E) ICH CAIX staining with Qupath softwear for progressive image enhancement (left to right).  Black 
represents necrotic non-viable tumour,  red represents areas strongly positive for hypoxia, and brown is weakly hypoxic.  
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4.3.2 Cell culture, Inoculation, and Animal Models 

Balb/C nude female mice, aged 6-8 weeks, were sourced from Charles River Laboratories (UK) and 

were housed at the central biomedical services (CBS) training unit at Imperial College London in a 12-

hour dark-light cycle. Food and water were allowed ad libitum. 

The HCT116 (human-derived CRC) cell line was obtained from American Type Culture Collection and 

grown in Roswell Park Memorial Institute (RPMI) 1640 media supplemented with 10% heat-

inactivated Foetal Bovine Serum (FBS), supplemented with 1% Penicillin-Streptomycin, and 1% L-

Glutamine (Sigma-Aldrich). Cells were cultured in a humidified incubator at 37°C with 5% CO2, and 

sub-cultured at 60-80% confluence.  Mycoplasma testing was carried out routinely using MycoAlert 

Mycoplasma Detection Kit (Lonza).  4 million HCT116 cells (suspended in 0.1 mL PBS) were inoculated 

subcutaneously in the right flank of each mouse whilst under inhaled isoflurane anaesthesia.  

All experiments were performed according to the protocol approved by the ICR-Imperial animal ethics 

committee and Home Office License (P5541E04C).  All studies have been reported in accordance with 

the ARRIVE guidelines for studies involving live vertebrates.  

4.3.3 Choice of Cell Line and Animal Model 

HCT116 is a human colorectal carcinoma cell line initiated from a 48-year-old Caucasian male. HCT116 

cells are known for codon 13 (G13D) mutation in the KRAS gene, a proto-oncogene of the 

RAS/RAF/MEK/ERK cascade. This HCT116 mutation is associated with tumourigenesis of the cell line 

and following implantation into immunocompromised mice, the cells form primary tumours and 

distant metastases. It is a highly aggressive cell line with very little differentiation capacity (unlike 

HT29, a further colorectal cancer derived cell line, which can readily differentiate into enterocytes and 

mucin-expressing cell lineages). The cell line was chosen for three keys reasons: (1) It is widely used in 

in vivo and in vitro research, and is therefore readily attainable with an existing knowledge base 

around its culture and storage; (2) Published literature [193] provides confirmation that that it is a 

radio-sensitive cell line, which is crucial for onward experimentation with radiotherapy response 

monitoring; (3) Approximately 70% of HCT116 cells exhibit similar genetic attributes, providing a 

homogeneous culture, which is particularly advantageous for response studies such as this. It is 

accepted that this research is limited by use of a single cell line. However, the primary aim of this 

research is the development and application of a novel technology for oxygenation assessment rather 

than an investigation into the biological principles driving hypoxia. As such, it was felt a single cell line 

was sufficient at this stage of the technology development.  

Nude Balb/C mice demonstrate loss of function of Foxn1, a member of the winged helix/forkhead 

family of transcription factors, which leads to macroscopic nudity and an inborn dysgenesis of the 
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thymus. The athymic state results in an inability to produce T-cells, with consequent 

immunodeficiency ς which is essential for acceptance of a human derived cell line (and hence this 

choice of mouse model). However, it is accepted that the athymic state serves a potential major 

limitation of this animal model. The critical importance of the hosts immune function in determining 

treatment response has been discussed in Section 2.1.3, and therefore this model is unlikely to be 

directly applicable to human populations. However, as previously stressed above, the focus of this 

research is on technological advancement for tumour oxygenation assessment, and thus this was an 

accepted limitation.  

The lack of hair also creates an ideal environment for studying subcutaneous tumours with DRS, since 

there is no barrier/disruption at the probe-tumour interface. However, it is perhaps worth noting that 

the concept of nudity is mis-leading; the mice do in fact produce hair follicles, but due to presumed 

malfunction in keratin production, the hair fails to penetrate the epidermis, and twist and coil in the 

hair follicle infundibulum ς the relevance lying in the fact that presence of curled hair under the 

epidermis could plausibly effect the DRS readout. Nonetheless, this model was the most appropriate 

for the posed experimental aims.  

4.3.4 Spectral Data Calibration and Processing  

4.3.4.1 Calibration  

The resulting spectral tissue data was calibrated in a two-step process (Figure 4.2, A-B). First, the 

acquired spectra were normalised by dividing each spectral data point by the value at 800 nm (the 

point at which the oxygenated and deoxygenated spectral curves cross ς (Figure 4.2, D).Second, the 

resulting normalised spectra were divided by the normalised (again, by the value at 800 nm) diffuse 

reflectance spectrum obtained from a 99% reflectance standard (USRS-99-010; Labsphere, Inc, North 

Sutton, NH) to account for variations in system throughput and the wavelength response of the 

instrument. The above 2-step calibration process can be summarised with equation 1, where Ὅ(‗)is 

the light intensity measured from the mouse at wavelength ‗, and Ὅ (‗) is the light intensity 

measured from the reflectance standard at wavelength ‗.  

╡
 

   
  (Equation 1)  
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Figure 4.2 Data calibration and processing. (A) Acquired spectral data, normalised by the intensity value at 800 nm, then 
(B) further calibrated with division by reflectance standard values. (C) Saturated haemoglobin (HbO2) is represented by 
Řǳŀƭ ōŀƴŘǎ ŀǘ рпн ƴƳ όʰύ ŀƴŘ ртс ƴƳ όʲύΣ ǿƘƛŎƘ ŀǊŜ ŘƛƳƛƴƛǎƘŜŘ ƛƴ ǳƴǎŀǘǳǊŀǘŜŘ ƘŀŜƳƻƎƭƻōƛƴ όŘIōύΦ !ƴ ƻȄȅƎŜƴŀǘƛƻƴ Ǌŀǘƛƻ 
ƳŜǘǊƛŎ όhwaύ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ ŘƛǾƛŘƛƴƎ ǘƘŜ ƳƛŘǇƻƛƴǘ ƻŦ ǘƘŜǎŜ ǾŀƭǳŜǎ όʴύ ōȅ ǘƘŜƛǊ ƳŜŀƴ όhwa Ґ ʴκόόʰҌʲύκнύΦ (D) Molar 
extinction coefficient of haemoglobin, universally available. X axis (A-D) = wavelength (nm); Y Axis (A-C) = intensity of 
reflected light, D = Molar Extinction Coefficient (cm-1/M). Pink highlight A-B = spectral data window of interest. 

 

4.3.4.2 Development of an oxygen-ration metric (ORM) 

To provide a simple, model-free assessment of ƻȄȅƎŜƴŀǘƛƻƴ ǘǊŜƴŘǎκŎƘŀƴƎŜǎΣ ŀƴ ΨhȄȅƎŜƴŀǘƛƻƴ wŀǘƛƻ 

aŜǘǊƛŎΩ όhwaύ ǿŀǎ ŘŜŦƛƴŜŘΦ hwa ǾŀƭǳŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ŜŀŎƘ ƴƻǊƳŀƭƛǎŜŘ ǊŜŦƭŜŎǘŀƴŎŜ ǎǇŜŎǘǊǳƳ 

by dividing the intensity value at 560 ƴƳ όʴύ by the mean of the intensities of the dual oxygenated 

haemoglobin (HbO2) absorption bands at 542 ƴƳ όʰύ ŀƴŘ ртс ƴƳ όʲύ (Figure 4.2, C). A higher ORM 

value therefore equates to a greater haemoglobin oxygen saturation (as an increase in oxygen 

ǎŀǘǳǊŀǘƛƻƴ ƭŜŀŘǎ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ʴ ŀƴŘ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ʰ ŀƴŘ ʲύΦ  
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4.3.4.3 Oxygenation calculation (SpO2) calculation 

The oxygen saturation (SpO2) was also calculated directly from normalised DRS spectra. This was 

achieved by with the following methodology:  

First the previous normalisation equation (1) was re-arranged to (2) 

╡         (Equation 2) 

where ὸ is the integration time for the mouse spectra and ὸ  is the integration time for the 

reflectance standard data.  

This equation accounts for spectral integration times, thereby ensuring that reflectance (R) remains 

less than 1, preventing negative absorbance values and consequently improving the accuracy of the 

SpO2 fits. 

Absorbance values are then calculated with (3) 

Ἃ ÌÏÇ2ʇ        (Equation 3) 

Subsequently, the fitting equation to extract parameters of ὧ and ὧ  was (4) 

═  ‐ ʇὧ   ‐ ʇὧ ὥʇ ὦ     (Equation 4)  

where, 

ὃ(‗) is the absorbance at wavelength ‗.  

‐  is the molar extinction coefficient of oxyhemoglobin at wavelength ‗.  

‐  is the is the molar extinction coefficient of deoxyhemoglobin at wavelength ‗.  

ὧ  is the concentration of oxyhemoglobin.  

ὧ  is the concentration of deoxyhemoglobin. 

 

¢Ƙƛǎ ƳƻŘŜƭ όŜǉǳŀǘƛƻƴ пύ ǿŀǎ Ŧƛǘ ǘƻ ǘƘŜ ŀōǎƻǊōŀƴŎŜ ǎǇŜŎǘǊŀ ǳǎƛƴƎ ǘƘŜ άƭǎǉŎǳǊǾŜŦƛǘέ ŦǳƴŎǘƛƻƴ ƛƴ a!¢[!.Φ 

‐ ʇ  and ‐ ʇ  are universally available molar extinction coefficients of haemoglobin, and 

they show significant difference in the highlighted (blue) wavelengths (Figure 4.2, D).  

Following curve fitting, the haemoglobin oxygen saturation was calculated with (6)  

Ὓὴὕ  ὼ ρππ        (Equation 6) 

Using this methodology, it was possible to plot fitted absorbance data against normalised spectral 

data to confirm a good fit with R2  values >0.98 in all examples (Figure 4.3).  
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Figure 4.3 Example fitting results for measurement of oxygen saturation (SpO2). Graphs show normalised spectral data 
(represented as absorbance; blue points) and fitted absorbance values (red line; see Equation 1) for four example datasets 
collected with fiber 3 (A-D) and four example datasets collected with fibre 4 (E-H). Good fits are observed in all cases with 
R2 values of 0.98 or above. 

 

4.3.5 Pilot Study  

4.3.5.1 Cell culture, inoculation, and animal models 

The methodology for cell culture, inoculation and animal models were as described in Section 4.3.2.  

5 Balb/C nude female mice, with a mean +/- standard deviation (SD) weight of 18.13 +/- 0.70 g, were 

used in this experiment.  
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4.3.5.2 Data acquisition   

DRS measurements were performed prior to tumour implantation, and then, once the tumours 

became palpable (6 days post implantation), every 3-4 days until the maximum permitted tumour size 

(15 mm in a single diameter) was reached. All measurements were performed under inhaled 

isoflurane anaesthesia (5 L/minute for induction, 2 L/minute for maintenance). On confirmation of 

anaesthesia (absent pedal and corneal reflexes), the mouse was transferred to a heat pad (37°C) and 

maintained under isoflurane carried by 100% oxygen. Measurements were commenced immediately. 

At each measurement, the multi-depth DRS probe was placed in direct contact with the centre point 

of the tumour and secured with a clamp stand (Figure 4.1, B). At each time point, 3 readings were 

captured at 5 different depths using OceanView Spectroscopy software (Ocean Insight). Tumours were 

measured twice weekly and tumour volumes were calculated using the formula: length × width × 

height (mm) × 0.5236 [194]. 

4.3.5.3 Data Analysis  

The data was calibrated and the ORM calculated as per Section 4.3.4.  

4.3.5.4 Tumour preservation and ICH analysis  

Tumours were harvested immediately after termination, fixed in formalin (18 hrs) and then washed 

and preserved in PBS. Central tumour sections were cut and stained for CAIX ICH (Figure 4.1, E). 

QuPath software was used to calculate viable tumour percentage and hypoxic percentages of viable 

tumour. 

4.3.6 Carbogen Exposure with OxyLite and DRS Correlation  

4.3.6.1 Cell culture, inoculation, animal models and DRS sensing system 

The methodology for cell culture and inoculation, and the DRS sensing system, was identical to that 

described in Section 4.3.2. 5 Balb/C nude female mice, with a mean +/- standard deviation (SD) weight 

of 17.9 +/- 0.84 g, were used in this experiment.  

4.3.6.2 Data acquisition 

DRS measurements were performed prior to tumour implantation, and then, once the tumours 

became palpable (6 days post implantation), every 3-4 days until maximal permitted tumour size was 

reached (15 mm in a single diameter). All measurements were performed under intra-peritoneal 

anaesthesia using Ketamine (100 mg/kg) and Xylazine (12 mg/kg).  On confirmation of anaesthesia 

(absent pedal and corneal reflexes), the mouse was transferred to a heat pad (37°C).  At each 

measurement, the DRS probe was placed in direct contact with the centre point of the tumour and 

secured with a clamp stand. Baseline readings were acquired for a period of 10 minutes. The animal 

was then exposed to room temperature carbogen gas via nose cone styled from a 1ml syringe at a 
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rate of 2L/minute for 10 minutes (Figure 4.1, D), before once again being returned to atmospheric 

oxygen for the final 10 minutes. DRS readings were acquired at a depth of approximately 1.75mm 

(SDD 5) every 5 seconds for the 30-minute period using OceanView Spectroscopy software (Ocean 

Insight). On the final measurement, once the tumours had reached the maximum permitted size, the 

above exposure to carbogen gas was repeated in conjunction with simultaneous placement of a single 

OxyLite probe ς which was placed lateral to the DRS probe at a depth equating to the DRS depth 

penetration (1.75mm). Finally, the above was repeated at the experimental end point but with the 

DRS probe placed in contact with the non-tumour bearing flank and the OxyLite needle probe placed 

in the musculature of the contra-lateral hind leg. 

4.3.6.3 ICH analysis with CAIX and CD31 mapping 

Slides were digitised using a Nanozoomer XL (Hamamatsu Photonics, Shizuoka, Japan) with a dry x20 

objective. CAIX staining was analysed in QuPath [195] on the colour-deconvoluted haematoxylin and 

DAB channels by training at Random Trees pixel classifier to identify areas of high CAIX staining, low 

CAIX, and areas of necrosis. The classifier was used to generate annotations of these regions across all 

images. The CD31 staining was identified using a DAB channel thresholder from which detection 

objects were generated. The QuPath extension Image Combiner Warpy [196] was used to calculate 

the affine transform required to align the sections and the detection objects were transferred to the 

CAIX image. The number, and area of detections was calculated in each of the three annotated regions 

for each image. 

4.4 Results  

4.4.1 Pilot Study  

4.4.1.1 Tumour growth 

The tumours demonstrated uniform growth, reaching the maximum permitted diameter 31 days after 

implantation (Figure 4.4, B). However, only 3 mice reached the maximum permitted diameter: 2 failed 

to recover from anaesthesia (pre-implantation and day 17). 

4.4.1.2 DRS and tumour oxygenation trends 

The mean oxygenation (ORM) trend for fibre 5 is shown in Figure 4.4, A. There was a high level of 

hypoxia heterogeneity, both over the period of tumour growth and between mice. Tumour hypoxia 

did not progress in a linear fashion ς as approximately observed in a finger occlusion experiment 

(Figure 4.4, C-D). There were observed oxygenation peaks at days 6-7 and 17-23. However, there was 

an overall marginal downtrend (R2 = 0.15) towards hypoxia over the experimental course.  



88 
 

4.4.1.3 CAIX IHC  

CAIX staining of 3 tumours (Figure 4.1, E) revealed that the mean percentage of viable tumour was 

57.4 % (STDEV +/- 11.4). The percentage of viable cells strongly positive for hypoxia was 23.9% (STDEV 

+/- 1.2%), demonstrating hypoxia homogeneity in tumours of the same size.  

 

Figure 4.4 Pilot results. (A) Mean serial calculated fibre 5 ORM values reflected heterogenous tumour vascular oxygenation 
trends over the period of tumour growth ς in contrast with (D), which demonstrates a linear downwards trend (reflecting 
increasing hypoxia) over a 30 second period of finger clamping, performed in a preliminary experiment, which is further 
exemplified in (C) with a gradual loss of the single peak and dual trough waveform as oxygenation decreases over the 
period of finger clamping. (B) Observed tumour growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C 

D 

A
 

R² = 0.7942

1.1

1.15

1.2

1.25

1.3

1.35

Fibre 5

Linear (Fibre 5)

0

500

1000

1500

2000

D
ay

 0

D
ay

  6

D
ay

 1
0

D
ay

 1
4

D
ay

 1
7

D
ay

 2
0

D
ay

 2
3

D
ay

 2
8

D
ay

 3
1

m
m

3

Mouse 1 Mouse 3

Mouse 4 Mouse 5

B 

0.5

1

1.5

2

2.5

3

3.5

4

480 530 580

In
te

ns
ity

 (
C

ou
nt

s)
 

Baseline 2 secs 6 secs 10 secs 14 secs

18 secs 22 secs 26 secs 30 secs

C 
1000 

750 

500 

250 

0 

R² = 0.1453

Fibre 5

Linear (Fibre 5)

1.35 

1.3 

1.25 

1.2 

1.15 

O
R

M
 

O
R

M
 



89 
 

 

Figure 4.5 The effect of animal carbogen inhalation on DRS signal throughout the experimental course. (A) The mean 
(from 5 mice) impact of carbogen on tumour ORM and SpO2 values at each measurement point, as measured by DRS. (B) 
The observed absolute difference (from baseline) in ORM and Sp02 values in response to carbogen breathing at each 
experimental phase. There was decreasing effect of carbogen over the experimental course, but the trend is weak (R2 
values displayed). Both ς Measure 1 = Day 6, Measure 2 = Day 10, Measure 3 = Day 14, Measure 4 = Day 17, Measure 5 = 
Day 20, Measure 6 = Day 23, Measure 7 = Day 27, Measure 8 = Day 30 
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4.4.2.1 DRS response to carbogen breathing 

DRS was able to reflect a clear enhancement of haemoglobin oxygenation following the introduction 
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calculated values (Figure 4.5, A). The mean ORM and SpO2 increase from baseline following the 

introduction of carbogen was 0.095 (STDEV 0.033) and 9.98% (STDEV 6.53%), respectively. The size of 

the carbogen effect diminished in correlation with later measurements (reflective of enhancing 

tumour volume) (Figure 4.5, B), although the correlation was weak (R2 values displayed).  

 

4.4.2.2 Comparison of OxyLite and DRS in the non-tumour flank at the experimental end point 

Both OxyLite and DRS data demonstrate a clear response to carbogen inhalation. The mean PaO2 

enhancement (OxyLite) from baseline was 24.51 mmHg (STDEV 20.48 mmHg) (Figure 4.6, A, and Table 

4.1), equating to a mean 143.33% increase in PaO2 post carbogen exposure (Figure 4.6, E). The mean 

ORM (DRS) and SPO2 (DRS) enhancement post carbogen at the experimental end points were 0.06 

(STDEV 0.06) and 7.98 (STDEV 6.61) ς equating to 7.10% and 61.21% increases, respectively.  

4.4.2.3 Comparison of OxyLite and DRS in the tumour at the experimental end point 

The DRS and OxyLite probe tumour measurements at the experimental end point are not reflective of 

one another (Figure 4.6, C-D and Table 4.1). DRS still reflects an obvious enhancement of HbO2 in 

response to carbogen inhalation in keeping with earlier measurements.  In contrast, there is almost 

no measurable improvement in the PaO2 as measured by OxyLite (0.02 mmHg mean increase from 

baseline, equating to a 3.29% increase) ς in contrast to a 143.33% increase in the non-tumour flank.    

4.4.2.4 Mapping cellular hypoxia to tumour vasculature with ICH CAIX and CD31 staining 

The mean tumour surface area was 73.16 mm2 (STDEV 14.61 mm2) (Table 4.2). Of this area, 55.34% 

(STDEV 11.7%) stained strongly positive for cellular hypoxia (CAIX), 15.68% (STDEV 8.38%) stained 

weakly positive, and 19% (STDEV 3.49%) was necrotic or non-viable (Table 4.2 and Figure 4.8). Of the 

area that stained strongly for cellular hypoxia (CAIX), CD31 staining was present in 1.12% (STDEV 

0.59%); in the area that stained weakly for cellular hypoxia (CAIX) , CD31 staining was present in 1.23% 

(STDEV 0.88%); and in the area that was necrotic, CD31 staining was present in 0.8% (STDEV 0.65%) 

(Figure 4.8). There is no statistical difference in CD31 staining in areas of high and low CAIX (p=1, 

unpaired 2 tailed t-Test, parametric data with equal variance). However, there is a significantly larger 

area of CD31 staining in both areas of high and low CAIX when compared to the necrotic area (P=0.007 

and 0.02, respectively, unpaired one-tailed t-test, parametric data with equal variance).  

4.4.3 Data Processing and Analytical Approaches 

4.4.3.1 Validation of ORM as an indicator of oxygenation 

For all spectra collected in a subset of five mice, we calculated both ORM and SpO2 values as described 

above. Good fits (of the model presented in Equation 6) were obtained for all spectra (see Figure 4.3). 
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ORM values exhibited linear correlations with SpO2 for all tissue depths, demonstrating that ORM 

provided a good representation of the oxygenation status of the measured tissue. Thus, all further 

analysis focussed on ORM as an indicator of oxygenation as this allowed rapid, model-free analysis 

that was computationally simple and did not require any prior knowledge or assumptions of tissue 

properties. Linear correlations between ORM and SpO2 are observed in all cases (with R2 values >0.84), 

except for fibre 2 (R2 = 0.67). However, the ΨspreadΩ of the ORM data can be seen to increase with fibre 

depth (Figure 4.9). Possible explanations are discussed in Section 4.5.3 and demonstrated in Figure 

4.10. 
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Figure 4.6 OxyLite and DRS trends in response to carbogen inhalation in tumour and non-tumour bearing flanks. The 
OxyLite Pao2 and DRS haemoglobin oxygen saturation trends mirror one another in response to murine carbogen 
inhalation (A-B). However, whilst DRS reflects enhanced haemoglobin saturation in the tumour bed during carbogen 
inhalation, this does not translate to enahanced intra-cellular PaO2 (C-E) ς presumably due to chaotic, dysfunctional 
vasculature.  Labels A-D in panel E corrospond to panels A-D in this figure.  
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 OxyLite (mmHg)  DRS 

 

 Difference 
Actual / %  

STDEV 
Actual / % 

ORM difference 
Actual / % 

ORM STDEV 
Actual / % 

SpO2 difference 
Actual / % 

SpO2 STDEV 
Actual / % 
 

Measure 1  - - 0.08 / 8.82 0.06 / 7.87 6.75 / 67.0  6.42 / 64.39 

Measure 2 - - 0.15 /15.75 0.11 / 13.36 14.93 / 64.67 11.89 / 68.87 

Measure 3 - - 0.14 / 13.83 0.01 / 2.04 12.89 / 52.22 1.38 / 17.99 

Measure 4 - - 0.08 / 8.82 0.04 / 4.63 9.74 / 45.88 3.93 / 17.18 

Measure 5 - - 0.11 / 11.9 0.03 / 4.27 12.65 / 57.17 4.6 / 18.17 

Measure 6 - - 0.03 / 4.08 0.04 / 4.52 4.74 / 18.50 4.78 / 35.8 

Measure 7  - - 0.1 / 11.79  0.11 / 14.74 12.34 / 151.85 13.56 / 219.08 

Measure 8  0.02 / 3.29% 0.07 /16.05 0.06 / 7.10  0.04 / 5.95 5.84 / 126.89 5.66 / 130.18 

Non-Tumour 24.5 / 143.33 20.48 / 143.33 0.06 / 7.10 0.06 / 7.86 

 

7.98 / 61.21 6.61 / 59.69 

 

Table 4.1 Actual and percentage (%) mean (of 5 mice) increases in OxyLite and DRS readouts in response to murine carbogen inhalation. Data displayed in Figure 4.5 and Figure 4.6. 
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Figure 4.7 ICH CAIX and CD31 mapping. Slides were digitised using a Nanozoomer XL (Hamamatsu Photonics, Shizuoka, 

Japan) with a dry x20 objective. CAIX staining was analysed in QuPath  on the colour-deconvoluted haematoxylin and DAB 

channels by training at Random Trees pixel classifier to identify areas of high CAIX staining, low CAIX, and areas of necrosis 

(Figure 4.1, E). (A-B) The CD31 staining was identified using a DAB channel thresholder from which detection objects were 

generated. (C-E) The QuPath extension Image Combiner Warpy was used to calculate the affine transform required to align 

the sections and the detection objects were transferred to the CAIX image. The number, and area of detections was 

calculated in each of the three annotated regions for each image. (E) wŜŘ ς IƛƎƘ /!L·, Blue ς Low CAIX, Black ς Necrosis, 

Green ς CD31 Detections 
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Mouse  1 2 3 4 5 Mean  STDEV 

Tumour Area (mm2) 135.2 113.9 204.5 127.1 102.3 136.6 35.76 

CAIX        

Area high CAIX (mm2) 91.5 65.1 87.4 51.9 69.9 73.16 14.61 

% High for CAIX 67.7 57.1 42.7 40.9 68.3 55.34 11.77 

Area low CAIX (mm2) 15.4 11.1 40.0 38.4 7.5 22.48 13.89 

% Low CAIX 11.3 9.8 19.8 30.2 7.3 15.68 8.39 

Area necrosis (mm2) 19.8 26.0 47.0 24.0 16.1 26.58 10.77 

% Necrosis  14.6 22.82 23.02 18.9 15.7 19.008 3.49 

CD31        

Total Number of CD31 

detections  
134792 31454 56861 33133 33141 57876.2 39596.11 

Number of CD31 

detections in area of high 

CAIX  

84232 19832 26047 13075 23492 33335.6 25819.77 

Number of CD31 

detections in area of low 

CAIX 

18486 3100 11288 9856 1996 8945.2 5996.71 

Number of CD31 

detections in area of 

necrosis 

22168 5180 11004 6002 4395 9749.8 6624.01 

CD31 and CAIX        

Area of High CAIX positive 

for CD31 
2.07 0.68 0.70 0.29 0.64 0.876 0.62 

% of high CAIX positive for 

CD31 
2.27 1.05 0.81 0.57 0.92 1.124 0.59 

Area of Low CAIX positive 

for CD31 
0.45 0.11 0.38 0.23 0.05 0.244 0.15 

% of Low CAIX positive for 

CD31 
2.97 0.96 0.93 0.59 0.71 1.232 0.88 

Area of necrosis positive 

for CD31 
0.42 0.12 0.22 0.09 0.09 0.188 0.13 

% of necrosis positive for 

CD31 
2.10 0.48 0.46 0.41 0.59 0.808 0.65 

 

Table 4.2 ICH CAIX and CD31 mapping. Note the areas of tumour staining high and low for CAIX (i.e., high and low levels of 
cellular hypoxia) have very similar percentages of CD31 (representative of vasculature) staining (highlighted) ς suggesting 
that the degree of vasculature does not necessarily correlate with underlying cellular hypoxia 
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Figure 4.8 ICH CAIX and CD31 mapping analysis. (A) Percentage of analysed tumour area staining for high and low CAIX 
(representing cellular hypoxia) and necrosis; (B) Percentage of each sub-group staining positive CD31 (indicating presence 
of vasculature). There is no difference between areas of high and low CAIX, indicating that, whilst present, the vasculature 
is ineffective.   
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Figure 4.9 Relationship between oxygen saturation (SpO2; calculated via numerical fitting of Equation 6) and 
oxygenation ratio metric (ORM). (A-E) SpO2 vs. ORM graphs showing data obtained over the course of the validation 
experiment in five mice using fibers 2-6 respectively. (D) (Fibre 5) has more data points due to the inclusion of time series 
data from the carbogen exposure. Linear relationships between ORM and SpO2 are observed in all cases (with R2 values 
>0.84), except for fibre 2 (R2 = 0.67). However, the spread of the ORM data can be seen to increase with fibre depth. 
Possible explanations are discussed in section 4.5.3 and demonstrated in Figure 4.10. Therefore the ORM metric, whilst 
useful for tracking trends, is not suitable for comparisons between fibre depths. 
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4.5 Discussion 

4.5.1 Animal Pilot Study 

We demonstrated that an in vivo sequential oxygenation measurements with a multi-depth DRS probe 

was feasible and reproducible. Furthermore, we confirmed the viability of growing subcutaneous 

HCT116 human derived cancer cells in nude Balb/C mice. Tumour oxygenation did not decrease in a 

linear fashion, as occurs when acquiring finger measurements following occlusion of the brachial 

artery with a blood pressure cuff (as demonstrated in a preliminary experiment and exemplified in 

Figure 4.4).  It is likely that these pilot serial measurements captured the continuously evolving and 

cyclical nature of tumour hypoxia as new vessels are formed or existing vessels outgrown or occluded 

[88]. However, there are two other possible explanations for this finding, which serve to highlight 

potential limitations of the study methodology. First, although attempts were made to position the 

probe in the centre of the tumour on each occasion, inevitably the positioning changed by a degree 

of millimetres between readings, thereby potentially contributing to the observed heterogeneity 

(particularly if new underlying vasculature was encountered). Second, the time under (and therefore 

depth of) anaesthesia has the potential to change tissue oxygenation, since deep anaesthesia could 

result in respiratory depression. The flow rate of isoflurane was kept constant for all measurements, 

but nonetheless drug metabolism is likely to be influenced by dietary, hydration and circadian rhythm 

alterations. 

Further to these limitations, this pilot study enabled the realisation of two key learning points: (1) 

Concentrated oxygen is used as the carrier gas for the delivery of isoflurane, and as such this may lead 

to a false impression of enhanced tumour oxygenation. The decision was therefore made to employ 

intra-peritoneal anaesthesia (with the mouse breathing room air) for future experimentation. (2) 

Correlation/corroboration of findings with carbonic anhydrase (CAIX) was not/will not be meaningful. 

CAIX is a membrane associated glycoprotein which is preferentially found in solid tumours. By enabling 

bicarbonate transport across a cellular membrane it neutralises intracellular pH, thereby conferring a 

survival advantage to cells in hypoxic conditions. Its degree of presence is therefore an indirect marker 

of cellular hypoxia. However, histopathological analysis is only capable of producing a percentage of 

viable cells and percentages of those cells staining weakly or strongly for hypoxia, for example. It is 

unfortunately not meaningful to compare these percentages at a single time point with dynamic 

haemoglobin saturations (as provided by DRS).  Additionally, such analysis is only available once the 

animal has been culled and the tumour harvested, making this technique unsuitable for tracking 

tumour oxygen changes over time.  
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4.5.2 Carbogen Exposure and OxyLite PO2 Correlation  

These results demonstrate that DRS can detect a clear enhancement of haemoglobin oxygen 

saturation within the tumour after initiation of inhaled carbogen gas, which is congruent with 

previously published literature on the topic [184,187,188,190]. Additionally, the assessment of 

carbogen related oxygen enhancement over the course of tumour growth is a novel addition to the 

literature.  It has been demonstrated that the effect of carbogen diminishes throughout the period of 

tumour growth, although it is recognised that this correlation is week. We later demonstrate that the 

tumour volume is closely related to diminishing tumour vascular oxygenation (see Chapter 5), and as 

such hypothesise that the diminishing effect of carbogen results from the degradation of vasculature 

as the tumour advances in size.   

The OxyLite and DRS data trends reflect one another closely in response to carbogen when placed on 

the non-tumour flank/hindleg respectively. There is an immediate uptrend in Hb02 (DRS) following 

initiation of carbogen, followed by slightly delayed enhancement of cellular O2 (OxyLite) by 45 seconds 

ς which presumably reflects the diffusion time of oxygen to the intra-cellar space and the subsequent 

ǊŜǉǳƛǊŜŘ ΨǉǳŜƴŎƘƛƴƎΩ ƻŦ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ǇǊƻōŜΦ  

Interestingly, this observed DRS-OxyLite correlation is not observed during measurements taken from 

ǘƘŜ ǘǳƳƻǳǊ ŀǎ ǘƘŜ ΨǇǊŜ-ǘŜǊƳƛƴŀƭΩ ƳŜŀǎǳǊŜƳŜƴǘΦ ²Ƙƛƭǎǘ 5w{ ǊŜŦƭŜŎǘǎ ǘƘŜ ŜȄǇƻǎǳǊŜ ǘƻ ŎŀǊōƻƎŜƴ (in 

keeping with measurements at earlier time points), the OxyLite probe does not (Figure 4.6). There are 

several possible explanations for this observation: (1) The OxyLite probe was faulty/non-functioning, 

which, although possible, is contradicted by the obvious response measured in the non-tumour hind-

leg. Notably, the OxyLite probe is susceptible ǘƻ ŀ ΨǇǊŜǎǎǳǊŜ ŀŦŦŜŎǘΩΣ ƛƴ ǘƘŀǘ ƛŦ ǘƘŜ ŦƭŜȄƛōƭŜ ŦƛōǊŜ ŘƻŜǎ ƴƻǘ 

enter at a 90 degree to the tumour, the tip is liable to excessive pressure within the tumour, thereby 

giving a false low reading. However, the investigators accounted for this by using a second clamp to 

hold the OxyLite probe at the precise and necessary angle. (2) The OxyLite probe tip was placed in a 

zone of anoxic/necrotic tissue, which was unresponsive to any increase in oxygenation. This is certainly 

likely, given that the tumours contained, on average, 55% of strongly hypoxic tissue and 19% of 

necrotic/non-viable tissue (Figure 4.8 and Table 4.2).  However, the investigator trialled multiple 

positions and depths in earlier trial mice, all with the same non-effect. (3) It therefore seems logical 

to conclude that both the OxyLite probe and DRS are accurately reflecting the underlying tumour 

biology, in that there is a maintained but inadequately functioning vasculature which fails to diffuse 

into the severely hypoxic tumour. Indeed, the OxyLite probe reflects a baseline of PaO2 of 0.4-0.5 

mmHg, in keeping with pre-defined definitions of tumour hypoxia [84]. However, it should also be 

noted that two key factors may have exacerbated this observation of non-correlation: (1) 
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Hypothermia shifts the O2 dissociation curve to the left, resulting in an increased affinity of oxygen to 

haemoglobin and a subsequent diminished diffusion of O2 into the intra-cellular space. Despite the 

mice being placed on heat pads, the prolonged anaesthesia and exposure to room temperature (21 

degrees Celsius) carbogen may have resulted in an element of hypothermia; (2) Enhanced tumour 

oxygen consumption may have also contributed to the observed diminished PaO2 OxyLite result ς 

although it is unlikely to have accounted for such a significant difference.   

This observation of non-correlation (between tumour vascular oxygenation and intra-cellular 

oxygenation) is important, since it would seem to suggest that the use of DRS for the measurement of 

ΨǘǳƳƻǳǊ ƘȅǇƻȄƛŀΩ ƛǎ ǎƻƳŜǿƘŀǘ ƻŦ ŀ ƳƛǎƴƻƳŜǊ ς it is, rather a measure of tumour vascular oxygenation 

(TVO), which may not necessarily impact the tumour cellular oxygen environment if the O2 is unable 

to diffuse into hypoxic tumour zones. This is a critical appreciation for investigators seeking to observe 

changes in tumour hypoxia in response to therapy with DRS, and this should be borne in mind in the 

ƭŀǘŜǊ ŎƘŀǇǘŜǊǎ ƻŦ ǘƘƛǎ ǘƘŜǎƛǎΦ LƴŘŜŜŘΣ ŦƻǊ ǘƘŜ ǊŜƳŀƛƴŘŜǊ ƻŦ ǘƘƛǎ ǘƘŜǎƛǎΣ ǘƘŜ ǘŜǊƳ ΨǘǳƳƻǳǊ ƘȅǇƻȄƛŀΩ ǿƛƭƭ 

ōŜ ǊŜǇƭŀŎŜŘ ǿƛǘƘ Ψ¢±hΩ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ ǿƛǘƘ 5w{Φ CǳǊther still, the fundamental 

hypothesis of this research should be subtly, but importantly, re-ǿƻǊŘŜŘ ŦǊƻƳ Ψ5w{ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ 

ƳŜŀǎǳǊŜ ΨǘǳƳƻǳǊ ƘȅǇƻȄƛŀΩ ŦƻǊ ŀŘǾŀƴŎŜŘ ǇǊƻƎƴƻǎǘƛŎŀǘƛƻƴ ŀƴŘ ǊŜǎǇƻƴǎŜ ƳƻƴƛǘƻǊƛƴƎ όƛƴ /w/ύΩ ǘƻ Ψ5w{ 

Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ƳŜŀǎǳǊŜ ΨǘǳƳƻǳǊ ǾŀǎŎǳƭŀǊ ƻȄȅƎŜƴŀǘƛƻƴΩ ŦƻǊ advanced prognostication and response 

monitoring (in CRC)ΩΦ  Lǘ ƛǎ ŀƭǎƻ ŀƴ ƛƳǇƻǊǘŀƴǘ Ǉƻƛƴǘ ǘƻ ƴƻǘŜ ŦƻǊ ǘƘƻǎŜ ǎŜŜƪƛƴƎ ǘƻ ƳƻŘƛŦȅ ƘȅǇƻȄƛŀ ǘƻ 

enhance treatment. For example, the injection of 02 carrying nanoparticles [186] may be ineffective if 

the vasculature is too inefficient to transport these molecules to the core of the tumour.   

To further investigate this observed non-correlation, we stained the harvested tumours for both 

carbonic anhydrase IX (CAIX), representing cellular hypoxia, and CD31, representing tumour 

vasculature. CAIX is a transmembrane protein which catalyses the reversible hydration of CO2 at the 

plasma membrane. By facilitating CO2 excretion, CAIX maintains a more intracellular alkaline pH and 

more acidic extracellular space, and is strongly upregulated in hypoxic environments. CD31, also 

known as Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1), is a transmembrane glycoprotein 

expressed by endothelial cells, and has important roles in cell-cell adhesion and signalling. CD31 is 

considered a sensitive and specific marker for vascular differentiation and identifies cells that can 

contribute to blood vessel formation. However, it should be noted that, while primarily an endothelial 

marker, CD31 can also be found on other cell types like platelets, leukocytes, and some immune 

cells. First and foremost, our analysis demonstrates that, on average, up to 70% of the tumour volume 

was either strongly hypoxic or necrotic, meaning there is a very significant likelihood the OxyLite probe 

was placed in a hypoxic region regardless of position change. However, and more interestingly, we 

also mapped the presence of CD31 detections to each of these zones (high CAIX,  low CAIX, and 
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necrotic), and demonstrated that there was no difference in the volume of endothelial detections 

between high and low CAIX zones. This implies that, whilst vasculature is maintained in equal volumes 

across both zones, it is clearly ineffectual in the high CAIX zones. This supports the above described 

DRS and OxyLite non-correlation in the tumour bed ς in so far as the vasculature is maintained (hence 

increases in ORM in response to carbogen) but is almost entirely ineffectual (hence very minimal 

increase in  tumour PO2  in response to carbogen).  

On the contrary, it is recognised that this was a small study of only 5 mice, and as such, definitive 

conclusions cannot be drawn. A key limitation was that the OxyLite readings were taken only once the 

tumour had reached its maximal permitted size of 15 mm in a single diameter (since the animal must 

be culled post insertion of the invasive OxyLite probe), and these tumours were therefore more likely 

to contain significantly hypoxic or necrotic zones of tissue. Indeed, these findings are not wholly 

consistent with those of Palmer et al [191], who found that the OxyLite probe reflected a significantly 

greater tumour PaO2 following carbogen inhalation in tumours of approximately 10 mm in a single 

diameter (in contrast with 15 mm in this study). However, they did observe an unchanged (in response 

to Carbogen) PaO2 of 0.5 mmHg in half (7/14) of the mice. It is likely that this half were placed in 

severely hypoxic or necrotic zones, whilst the other responsive half were in more superficial 

oxygenated zones. The problem is that the highly hypoxic zones remain viable, and indeed resistant 

to therapy, and thus need measuring and accounting for. Certainly, this subject warrants further 

investigation, since the implications of a non-correlation between haemoglobin saturation and cellular 

ƻȄȅƎŜƴŀǘƛƻƴ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŦƻǊ ǘƘƻǎŜ ǎǘǊƛǾƛƴƎ ǘƻ ǳǎŜ 5w{ ǘƻ ǊŜŦƭŜŎǘ ŎƘŀƴƎƛƴƎ ǘǊŜƴŘǎ ƛƴ ΨǘǳƳƻǳǊ ƘȅǇƻȄƛŀΩ, 

and this topic is discussed further in Chapter 6.  

 

4.5.3 Spectral Data Calibration and Processing 

As discussed in Section 2.5, ¢Ƙƛǎ ǘŜŎƘƴƻƭƻƎȅ ƛǎ ǎǳƛǘŀōƭŜ ŦƻǊ ŀǎǎŜǎǎƛƴƎ ŀ ǘƛǎǎǳŜΩǎ ƻȄȅƎŜƴŀǘƛƻƴ ǇǊƻŦƛƭŜ ŘǳŜ 

to the differing absorption profiles of oxygenated haemoglobin (HbO2) and deoxygenated 

haemoglobin (dHb). Specifically, it is well known that the reflectance spectrum of dHb exhibits a single 

trough at 550 nm, whereas HbO2 is expressed with dual troughs at 542 nm and 576 nm (referred to as 

ʰ ŀƴŘ ʲ ōŀƴŘǎύ ŀƴŘ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ ǇŜŀƪ ŀǘ рсл nm. We used this information to formulate a novel 

ORM (described in Section 4.3.4.2). Whilst it is recognised that this ratio metric does not provide a 

direct haemoglobin oxygen saturation value (or other feasible parameters such as total haemoglobin 

value or relative proportions of dHb to HbO2), it does provide a fast, uncomplicated and reproducible 

method for tracking tumour oxygenation trends over time ς and is therefore ideal for investigating 

the relationship of TVO over time and tumour growth.  
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The extracted oxygen saturation (SpO2) data is a useful addition to the calculated ORM values. A very 

close fit has been demonstrated (Figure 4.3) between the fitted absorbance data and the normalised 

spectral data, resulting in tissue oxygen saturations ranging from 0-60% (in agreement with the DRS 

CRC mouse xenograft data presented by Greening et al [192].  

There is a linear relationship between ORM and SpO2 across all fibre depths. However, the spread of 

the ORM data can be seen to increase with fibre depth, so that an ORM value of, for example, 1.1 is 

not transferable across fibre depths. A hypothesis (slope theory) for this observation is presented in 

Figure 4.10. The consequent implication of this observation is that the ORM cannot be used to 

compare fibre depths όƻǊ {55ΩǎύΣ ŀƴŘ ǘƘƛǎ ƛǎ ŀ ǊŜŎƻƎƴƛǎŜŘ ŀƴŘ ŀŎŎŜǇǘŜŘ ƭƛƳƛǘŀǘƛƻƴ ƻŦ ǘƘƛǎ ŀǇǇǊƻŀŎƘΦ 

However, for all further work, and particularly that related to radiotherapy, we favour the use of the 

ORM as an indicator of oxygenation as this allows a rapid, model-free analysis that was 

computationally simple and does not require any prior knowledge or assumptions of tissue properties. 

This is important when considering future miniaturisation and simplification of this technology for 

clinical adoption.  

 

Figure 4.10 Slope theory.  As per Figure 4.2, the ORM is calculated by: hwa Ґ ʴκόόʰҌʲύκнύΦ ¢ƘŜ ǎƭƻǇŜ ǘƘŜƻǊȅ ǇǊƻǇƻǎŜǎ ǘƘŀǘ 

ǾŀƭǳŜǎ ŀǘ ʰ ŀǊŜ ŜȄŀƎƎŜǊŀǘŜŘ ƛƴ ǎǳǇŜǊŦƛŎƛŀƭ ŦƛōǊŜǎ ŘǳŜ ǘƻ ŀ ƎǊŜŀǘŜǊ ƛƴǘŜƴǎƛǘȅ ƻŦ ƭƛƎƘǘ ǊŜŎŜƛǾŜŘ ōȅ ǘƘŜ ŘŜǘŜŎǘƻǊ όƭŜǎǎ ƭƛƎƘǘ ƛǎ 

absorbed by the tissues due to its superficial trajectory), resulting in the observed waveform slope in (A). This is likely to be 

ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ŘƛŦŦƛŎǳƭǘȅ ƛƴ ŎƻǊǊŜƭŀǘƛƴƎ hwaΩǎ ōŜǘǿŜŜƴ ŦƛōǊŜ ŘŜǇǘƘǎΣ ƻōǎŜǊǾŜŘ ƛƴ Figure 4.9. 
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4.6 Conclusion 

Several key conclusions can be drawn from this chapter of work. First, it was confirmed in a pilot study 

that it is feasible to obtain serial DRS measurements in a mouse xenograft tumour model with the 

available resources and infrastructure. It has been demonstrated that tumour haemoglobin saturation 

is highly dynamic throughout the course of tumour growth. Second, correlating dynamic DRS 

measurements with post-mortem ICH techniques is of limited scientific value, and alternative 

techniques should be sought to validate DRS results. Third, the use of isoflurane anaesthesia should 

be avoided (and replaced with intra-peritoneal anaesthesia) to avoid inadvertent oxygenation 

enhancement during measurement.  

Fourth, it has been demonstrated that DRS sensitively reflects mouse carbogen inhalation in both 

tumour and non-tumour bearing flanks. Fifth, DRS correlates well with the OxyLite probe (market gold 

standard for measuring tissue and tumour oxygenation) in the non-tumour bearing flank, but this 

relationship is lost when evaluating the tumour with these two modalities. However, the size of the 

tumour at the point of carbogen exposure and small size of the study are recognised as a significant 

limitations, and further work is required to confirm or refute this observation. Seventh, 

immunohistochemical work with CAIX and CD31 tumour staining demonstrates that vascular densities 

are equitable in both high and low hypoxic zones, supporting the theory that maintained tumour 

vasculature is highly ineffectual.  

Eighth, it is possible to extrapolate and track changing trends in tumour haemoglobin saturation with 

calculated ORM and SPO2 values, and the former of these offers a rapid, model-free method for 

reflecting trends. Ninth, these two metrics correlate strongly, but the ORM should not be used to 

compare values at differing depths.  Tenth, and perhaps most importantly, in the context of DRS 

ŀǎǎŜǎǎƳŜƴǘΣ ǘƘŜ ǘŜǊƳ ΨǘǳƳƻǳǊ ƘȅǇƻȄƛŀΩ ǎƘƻǳƭŘ ōŜ ǊŜǇƭŀŎŜŘ ǿƛǘƘ ǘƘŜ ǘŜǊƳ ΨǘǳƳƻǳǊ ǾŀǎŎǳƭŀǊ 

oxygenation (TVO)Ω to accurately reflect the tissues under scrutiny ς and any observed changes in TVO 

cannot be assumed to translate to changes in cellular oxygenation. With these conclusions in mind, 

the following chapter seeks to investigate and characterise TVO over time and tumour volume.   
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5 Investigating the Relationship Between Tumour Vascular 

Oxygenation, Tumour Volume and Time: An in vivo Sequential 

Characterisation Study Using Diffuse Reflectance Spectroscopy 

 

5.1 Rationale 

If tumour hypoxia, or rather tumour vascular oxygenation (TVO), is truly to be used for prognostication 

and response monitoring purposes, it is essential that we build a thorough understanding of how it 

alters over time, tumour growth/volume, and tumour depth. Unfortunately, such data is scarce 

because the majority of research into tumour hypoxia has used invasive techniques in the form of 

Eppendorf electrodes or, more recently, Oxylite probes. Due to their invasive nature, both techniques 

result in tissue disruption, thereby precluding accurate sequential measurements over a period of 

tumour growth. 

A non-invasive approach to oxygenation measurement is therefore required, and numerous sensing 

tools based on diffuse reflectance spectroscopy (DRS) have been developed for this purpose. Indeed, 

and as previously discussed, there is a wealth of evidence demonstrating how tissue oxygenation can 

be measured in a qualitative, quantitative, and reproducible fashion using DRS [168,169,183,185,197]. 

Further, a small number of studies have used DRS sequentially to measure TVO. Vishwanath et al [185]  

used a single depth DRS probe to demonstrate decreasing tumour oxygenation in an in vivo breast 

cancer mouse model over a period of two weeks, a finding which supported previous work in breast 

cancers by Sorg et al [198]. Similarly, sequential DRS-based monitoring of TVO has been reported in 

CRC mouse models by both Mundo et al [199] and Bess et al [200]. Mundo et al performed weekly 

endoscopic DRS measurements (in primary CRC tumours in the colon) over a period of 6 weeks of 

tumour growth (and treatment with chemotherapy)[199]. Similarly, Bess et al performed daily DRS 

measurements over a 12-day period of tumour growth/treatment in a subcutaneous CRC xenograft 

model, observing a decrease in oxygenation over time in control (untreated) mice [200]. However, 

both of these studies were performed at a single tissue depth and neither investigated changes in 

oxygenation (or DRS signals more generally) with respect to tumour size.  

Aside from the above DRS studies, Li et al [201] are the only authors, to date, to directly investigate 

hypoxia in CRC. Using immunofluorescent visualisation of pimonidazole and carbonic anhydrase 

(CAIX), they investigated degrees of hypoxia in in vivo metastatic peritoneal deposits. They concluded 

that deposits of <1 mm in diameter were far more hypoxic than deposits of 1-4mm, i.e., tumour 
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hypoxia was inversely correlated with tumour volume. This study has subsequently been referenced 

by Hong et al [202] to support a stance that tumour hypoxia is independent of tumour size. 

Additionally, little is known about the exact distribution of tumour hypoxia, particularly regarding 

tumour depth. It has long been hypothesised that tumours contain a severely hypoxic or necrotic core 

[203], although little direct evidence exists to support this posture. For example, when Gatenby et al 

[204] investigated the distribution of tumour hypoxia in 31 head and neck cancers with Eppendorf 

electrodes, they found that over half (19/31) demonstrated uniform tumour oxygenation when 

comparing the tumour core to the periphery. Conversely, using DRS, Greening et al [192] observed 

lower oxygen saturation in CRC tumours than in normal tissue (in a mouse xenograft model) and found 

that oxygen saturation decreased with increasing depth within tumours (with measurements 

performed at a constant tumour volume of 200 ± 50 mm3). Certainly, ICH CAIX staining presented in  

Figure 4.1 and Figure 4.7 would suggest the presence of a significantly hypoxic and necrotic core.  

It is therefore apparent that a high degree of uncertainty persists amongst the scientific community 

regarding the pattern of hypoxia and TVO over time, tumour growth and tumour depth ς leading 

several authors to simply conclude that hypoxia/TVO is highly heterogenous over time, tumour size 

and tumour position [84,205]. Such statements may result in defeatist conclusions that tumour 

hypoxia ς although recognised for its critical role in treatment resistance ς is simply too heterogenous 

and changeable to be used for prognostic or response monitoring purposes.  

 

5.2 Aims  

This work builds upon our preliminary studies [206] to address four key aims: 

I.  To investigate whether a correlation exists between TVO, tumour volume and time in an 

in vivo CRC model, as measured by DRS;  

II. To investigate whether tumour depth influences oxygenation values and trends in relation 

to tumour growth;  

III. ¢ƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ΨǳǎŜŦǳƭƴŜǎǎΩ ƻŦ ŜŀŎƘ ŦƛōǊŜ ŘŜǇǘƘ (or SDD) to focus future radiotherapy 

work in chapter 5;  

IV. To develop a pilot machine learning algorithm on a subset of data to assess if TVO can be 

used to predict tumour volume.  

 



106 
 

5.3 Methods  

5.3.1 Standardised Experimental Setup 

The equipment and systems setup, cell culture, inoculation, animal models, data acquisition and 

spectral data calibration and processing were as described in Section 4.3 ς with the following 

exceptions:  

5.3.1.1 Animal models 

Twelve Balb/C nude female mice, with a mean +/- standard deviation (SD) weight of 18.13 +/- 0.70 g 

were used in this study.  

 

5.3.1.2 Data acquisition 

DRS measurements were performed prior to tumour implantation, and then, once the tumours 

became palpable (6 days post implantation), every 3-4 days until the maximum permitted tumour size 

(18 mm in a single dimension) was reached. All measurements were performed under intra-peritoneal 

anaesthesia using Ketamine (100 mg/kg) and Xylazine (12 mg/kg).  On confirmation of anaesthesia 

(absent pedal and corneal reflexes), the mouse was transferred to a heat pad (37°C) and maintained 

under atmospheric oxygen concentrations. Measurements were commenced immediately. At each 

measurement, the multi-depth DRS probe was placed in direct contact with the centre point of the 

tumour and secured with a clamp stand (Figure 4.1, B). At each time point, 3 readings were captured 

at 5 different tissue depths (by manually interchanging fibres 2-6; see Figure 4.1, A) using OceanView 

Spectroscopy software (Ocean Insight). DRS readings were also taken from the contra-lateral (non-

tumour-bearing) flank at the experimental end point (maximum permitted tumour size reached) in a 

subset of 7 mice. Tumour sizes were measured on each day of DRS experiments and tumour volumes 

were calculated using the standardised formula: length × width × height (mm) × 0.5236. 

 

5.3.2 Data Processing and Statistical Analysis  

5.3.2.1 Data processing  

ORM data was extracted from the spectral data using methodology described in Section 4.3.4.2. 

5.3.2.2 Statistical analysis         

ORM values at each fibre spacing were plotted against tumour volume and time, with subsequent 

regression (R2ύ ŀƴŀƭȅǎƛǎΦ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ǿŀǎ ǳǎŜŘ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 

a positive or negative correlation between tumour volume, time and ORM values. Slope and variance 

values were calculated and reflected in Signal to Noise Ratios (SNRsύ ǘƻ ŘŜǘŜǊƳƛƴŜ ΨǳǎŜŦǳƭƴŜǎǎΩ ƻŦ ŜŀŎƘ 
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fibre. An independent (unpaired) 2-ǘŀƛƭŜŘ {ǘǳŘŜƴǘΩǎ ¢-test was used for the statistical comparison of 

tumour- and non-tumour-bearing flanks. For all tests, statistical significance was set at P < 0.05. 

 

5.3.3 Creation of a Machine Learning Algorithm for Predicting Tumour Size from Spectral Data 

Input  

5.3.3.1 Feature extraction  

! ǎǘǳŘŜƴǘΩǎ ǇŀƛǊŜŘ ¢-test was performed comparing the spectral intensities at the final time point to 

spectral intensities at the earliest time point. Spectral points demonstrating statistically significant (p 

Ґ ҖлΦлрύ ŘƛŦŦŜǊŜƴŎŜǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ŀƴŘ ǎǳō-selected for further analysis (Figure 5.8, A). The spectral 

intensity values within the identified window plus the oxygenation values were subsequently used as 

input features in a machine learning algorithm (with corresponding tumour diameters used as target 

variables) for prediction of tumour size based on spectral features and oxygenation.  

5.3.3.2 Classification of Tumour Diameter and Construction of Confusion Matrix  

A support vector machine (SVM) classification algorithm was employed to classify tumour diameter 

using the DRS spectral intensity data (in the spectral window identified as described in section 4.3.3.1) 

along with oxygenation data as features. The dataset was organized into features X (comprising 

spectral data and oxygenation data) and the target variable Y (representing tumour diameter).  

The target variable was grouped into four categories based on specific tumour diameter ranges: 0ς6 

mm, 6ς12 mm, 12ς16 mm, and greater than 16 mm. These categories were transformed into a 

categorical format for use in the classification task. To enhance model performance, the spectral 

features were standardized by subtracting the mean and scaling to unit variance. 

The dataset was partitioned into training (60%), testing (30%), and validation (10%) subsets. An SVM 

model was trained within an Error-/ƻǊǊŜŎǘƛƴƎ hǳǘǇǳǘ /ƻŘŜǎ ό9/h/ύ ŦǊŀƳŜǿƻǊƪΣ ǳǘƛƭƛȊƛƴƎ ŀ ΨƻƴŜ-vs-ŀƭƭΩ 

coding scheme, which is well-suited for multi-class classification problems. Once trained, the model 

was applied to predict tumour classes in the testing subset, and the predictions were compared with 

ŀŎǘǳŀƭ ǘǳƳƻǳǊ ŎƭŀǎǎŜǎ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ƳƻŘŜƭΩǎ ŀŎŎǳǊŀŎȅΦ aƻŘŜƭ ǇŜǊŦƻǊƳŀƴŎŜ ǿŀǎ ǾƛǎǳŀƭƛȊŜŘ ǳǎƛƴƎ ŀ 

confusion matrix (Figure 5.8, B).  

5.3.3.3 Regression Analysis for Prediction of Tumour Diameter 

The machine learning workflow also involved using an SVM regression model to predict tumour 

diameter based on selected wavelength data and oxygenation data. The data was initially imported 

from a CSV file and pre-processed. The dataset was then split into training,  testing and validation sets 

(as described above(, and an SVM model with a radial basis function (RBF) kernel was trained. The 
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optimal model, yielding the lowest mean square error (MSE), was identified through an iterative 

optimization process. Finally, predictions were made on the test set, and model performance was 

assessed by computing mean square error (MSE), root mean square error (RMSE), and regression (R²) 

(Table 5.6), alongside graphical representations of the predicted results and residual distribution. 

 

5.4 Results 

5.4.1 Tumour Growth 

The tumours demonstrated uniform exponential growth, reaching the maximum permitted diameter 

between 34 and 36 days after implantation (Figure 5.1,  

Table 5.1). When plotted against a logarithmic volume scale, the mean R2 value was 0.924, 

representing a clear exponential fit.    

5.4.2 Correlation Between Tumour ORM, Tumour Volume, Time, and Tumour Depth  

Spectra collected at all tissue depths exhibited clear, visibly discernible changes over the duration of 

tumour growth, trending towards spectral profiles indicative of lower oxygenation at later time points 

(i.e. at greater tumour volumes; Figure 5.2). TVO (as represented by ORM values) was negatively 

correlated with both tumour volume and time across all SDDs (Figure 5.4). While these negative 

correlations were moderate in all cases (see R2 values presented in Table 5.3 and Table 5.4), they were 

statistically significant for all SDDs (ǎŜŜ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ t-values in same tables). The 

R2 values between ORM and time, and ORM and tumour volume were comparable. However, TVO 

decline did not always progress in a linear fashion, with significant inter- and intra-tumoral 

heterogeneity demonstrated (Figure 5.5). 

5.4.2.1 {ƭƻǇŜΣ ǾŀǊƛŀƴŎŜΣ ŀƴŘ {ƛƎƴŀƭ ǘƻ bƻƛǎŜ wŀǘƛƻΩǎ 

The slope increased in accordance with greater fibre depth, but so did the data variance (Figure 5.4). 

Fibres 4, 5, and 6 had the greatest SNR values (Figure 5.6).  

5.4.3 Comparison Between Tumour and Non-Tumour Bearing Flanks 

ORM values were lower in tumours than in the contra-lateral non-tumour-bearing flank at the 

experimental end point for all tissue depths (Figure 5.7). An independent (unpaired) 2-ǘŀƛƭŜŘ {ǘǳŘŜƴǘΩǎ 

T-test revealed that these differences reached statistical significance for all tissue depths (Table 5.5).  
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Figure 5.1 Exponential Tumour Growth. (A) Tumour growth rate in all 12 studies mice, and (B) Evidence of exponential 

growth plotted on a logarithmic volume scale. Corresponding tumour slope and R2 vales are displayed in  

Table 5.1. 
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Mouse  1 2 3 4 5 6 7 8 9 10 11 12 Mean STDEV 
R2 0.967 0.856 0.971 0.947 0.978 0.765 0.968 0.910 0.929 0.936 0.958 0.900 0.924 0.059 

 

Table 5.1 Exponential tumour growth R2 values, displayed in Figure 5.1 

 

Table 5.2 Signal to Noise Ratios (SNRs) for ORM data plotted against volume. Signal is a reflection of slope and noise a reflection of variance. The SNR is a ration of these two parameters, with 

ƎǊŜŀǘŜǊ {bw ŜǉǳŀǘƛƴƎ ǘƻ ƎǊŜŀǘŜǊ ΨǳǎŜŦǳƭƴŜǎǎΩ ƻŦ ǘƘŜ ŦƛōǊŜΦ ±ŀƭǳŜǎ ŀǊŜ ǇƭƻǘǘŜŘ ƛƴ Figure 5.6. 

 

 

 

 Fibre 2  Fibre 3 Fibre 4 Fibre 5 Fibre 6 
Mouse Signal Noise SNR Signal Noise SNR Signal Noise SNR Signal Noise SNR Signal Noise SNR 
1 -0.02 0.00 1.07 -0.06 0.00 1.02 -0.09 0.02 0.73 -0.15 0.02 1.02 -0.19 0.01 1.64 
2 -0.01 0.00 0.37 -0.01 0.00 0.34 -0.05 0.00 0.80 -0.06 0.01 0.69 -0.06 0.01 0.75 
3 0.00 0.00 0.24 -0.02 0.00 0.43 -0.11 0.00 1.85 -0.07 0.01 0.76 -0.09 0.01 0.91 
4 -0.01 0.00 0.39 -0.02 0.00 0.43 -0.09 0.00 1.47 -0.08 0.01 0.86 -0.09 0.01 1.01 
5 -0.02 0.00 1.12 -0.03 0.00 0.77 -0.05 0.00 0.93 -0.08 0.01 0.90 -0.08 0.01 1.00 
6 0.00 0.00 0.24 0.00 0.00 0.08 0.00 0.01 0.02 0.01 0.01 0.09 0.00 0.01 0.01 
7 -0.03 0.00 2.57 -0.08 0.00 2.83 -0.16 0.00 3.27 -0.18 0.00 3.23 -0.16 0.00 3.37 
8 0.00 0.00 0.30 0.00 0.00 0.09 -0.01 0.00 1.70 -0.04 0.00 1.21 -0.03 0.00 1.07 
9 -0.01 0.00 0.52 -0.01 0.00 0.35 -0.02 0.00 1.04 -0.04 0.00 0.86 -0.07 0.00 1.34 
10 -0.02 0.00 2.38 -0.04 0.00 1.75 -0.10 0.00 3.46 -0.10 0.00 2.10 -0.13 0.00 3.12 
11 0.00 0.00 0.09 -0.01 0.01 0.15 -0.01 0.01 0.07 -0.01 0.01 0.14 0.00 0.01 0.05 
12 0.00 0.00 0.34 -0.01 0.00 0.42 -0.01 0.00 0.44 -0.01 0.00 0.67 -0.04 0.00 0.81 
Mean -0.01 0.00 0.80 -0.02 0.00 0.72 -0.06 0.00 1.32 -0.07 0.01 1.04 -0.08 0.01 1.25 
STDEV 0.01 0.00 0.81 0.02 0.00 0.78 0.05 0.00 1.07 0.05 0.01 0.82 0.06 0.00 0.99 
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Figure 5.2 Example sequential calibrated spectral data. The data was collected from mouse 2 over a 36-day period of 

tumour growth. Every other measurement point has been displayed to improve clarity. Each fibre represents a different 

depth, with fibre 2 being most superficial and 6 being the deepest. There is a clear decline in tumour oxygenation over the 

period of tumour growth, particularly apparent between day 23 (blue) and day 36 (dark green). See Figure 4.2 for 

interpretation of spectral data. 
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Figure 5.3 Figure x: Correlative analysis of ORM against volume and time. The ORM for all 12 mice is plotted against (A) Volume (on a logarithmic scale), and (B) Time. Means reflected by 

thicker line, corresponding values and R2 values are in Table 5.3 and Table 5.4. 



113 
 

 

Figure 5.4  Figure x: Distribution of slopes and R2 values by fibre. (A) ORM against volume; and (B) ORM against time. 

Corresponding values in Table 5.3 and Table 5.4. 
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Table 5.3  Slope (P values = Pearsons correlation coefficient) and R2 values with ORM plotted against a logarithmic volume 
scale. Values reflected in Figure 5.3, A and Figure 5.4, A. 

 

 

 

Table 5.4 Slope (P values = Pearsons correlation coefficient) and R2 values with ORM plotted against a time scale. Values 
reflected in Figure 5.3, B and Figure 5.4, B. 

 

 

 

 Fibre 2  Fibre 3 Fibre 4 Fibre 5 Fibre 6 

Mouse Slope R2 Slope R2 Slope R2 Slope R2 Slope R2 

1 -0.02 0.32 -0.06 0.30 -0.09 0.18 -0.15 0.31 -0.19 0.53 

2 -0.01 0.14 -0.01 0.12 -0.05 0.43 -0.06 0.36 -0.06 0.40 

3 0.00 0.02 -0.02 0.05 -0.11 0.48 -0.07 0.14 -0.09 0.18 

4 -0.01 0.05 -0.02 0.06 -0.09 0.44 -0.08 0.21 -0.09 0.27 

5 -0.02 0.34 -0.03 0.19 -0.05 0.26 -0.08 0.25 -0.08 0.29 

6 0.00 0.05 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 

7 -0.03 0.74 -0.08 0.78 -0.16 0.82 -0.18 0.82 -0.16 0.83 

8 0.00 0.08 0.00 0.01 -0.01 0.74 -0.04 0.59 -0.03 0.53 

9 -0.01 0.23 -0.01 0.11 -0.02 0.54 -0.04 0.44 -0.07 0.66 

10 -0.02 0.68 -0.04 0.53 -0.10 0.82 -0.10 0.62 -0.13 0.79 

11 0.00 0.01 -0.01 0.02 -0.01 0.01 -0.01 0.02 0.00 0.00 

12 0.00 0.09 -0.01 0.14 -0.01 0.15 -0.01 0.29 -0.04 0.37 

Mean -0.01 0.23 -0.02 0.19 -0.06 0.41 -0.07 0.34 -0.08 0.40 

STDEV 0.011 0.240 0.025 0.227 0.048 0.280 0.054 0.235 0.056 0.263 

P-Value <0.001  <0.001  <0.001  <0.001  <0.001  

 Fibre 2 Fibre 3 Fibre 4 Fibre 5 Fibre 6 

Mouse Slope R2 Slope R2 Slope R2 Slope R2 Slope R2 

1 0.00 0.41 -0.01 0.37 -0.01 0.24 -0.01 0.38 -0.02 0.62 

2 0.00 0.06 0.00 0.12 -0.01 0.53 -0.01 0.25 -0.01 0.28 

3 0.00 0.06 0.00 0.12 -0.01 0.53 -0.01 0.25 -0.01 0.28 

4 0.00 0.06 0.00 0.12 -0.01 0.53 -0.01 0.25 -0.01 0.28 

5 0.00 0.38 0.00 0.24 0.00 0.30 -0.01 0.32 -0.01 0.35 

6 0.00 0.16 0.00 0.10 0.00 0.09 0.00 0.04 0.00 0.12 

7 0.00 0.61 -0.01 0.66 -0.01 0.68 -0.01 0.68 -0.01 0.77 

8 0.00 0.15 0.00 0.02 0.00 0.45 -0.01 0.54 0.00 0.76 

9 0.00 0.32 0.00 0.13 0.00 0.55 -0.01 0.48 -0.01 0.67 

10 0.00 0.53 0.00 0.47 -0.01 0.65 -0.01 0.52 -0.01 0.79 

11 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 

12 0.00 0.23 0.00 0.26 0.00 0.24 0.00 0.37 0.00 0.41 

Mean 0.00 0.25 0.00 0.22 -0.01 0.40 -0.01 0.34 -0.01 0.44 

STDEV 0.00 0.19 0.00 0.19 0.00 0.21 0.00 0.19 0.00 0.26 

P-Value <0.001  <0.001  <0.001  <0.001  <0.001  
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Figure 5.5 Tumour hypoxia heterogeneity. The Oxygenation ratio metric values are plotted against tumour volume (non-
Log scale) on an individual mouse basis. Significant intra- and inter-tumoral heterogeneity is observed. 
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Figure 5.6  Signal to Noise Ratios (SNRs) for ORM data plotted against volume. Signal is a reflection of slope and noise a 

reflection of variance. The SNR is a ratio ƻŦ ǘƘŜǎŜ ǘǿƻ ǇŀǊŀƳŜǘŜǊǎΣ ǿƛǘƘ ƎǊŜŀǘŜǊ {bw ŜǉǳŀǘƛƴƎ ǘƻ ƎǊŜŀǘŜǊ ΨǳǎŜŦǳƭƴŜǎǎΩ ƻŦ ǘƘŜ 

fibre. Values are provided in  

Table 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7  Figure x Comparison of oxygenation ratio metric values for all fibres between tumour bearing and non-

tumour bearing flanks at the experimental end point. Refer to Table 5.5 for statistical comparisons. 
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FIBRE 2 
 

FIBRE 3 
 

FIBRE 4 
 

FIBRE 5 
 

FIBRE 6 
 

MOUSE Tumour Flank Tumour Flank Tumour Flank Tumour Flank Tumour Flank 

1 1.00 0.99 0.96 1.00 0.92 0.99 0.86 1.01 0.93 0.95 

2 1.00 1.05 0.96 1.15 0.92 1.00 0.86 0.93 0.93 0.91 

3 0.98 0.99 0.96 0.98 0.91 0.97 0.91 0.96 0.92 0.97 

4 1.00 1.00 0.96 1.02 0.92 1.05 0.86 1.04 0.93 1.02 

5 0.97 1.03 0.93 1.08 0.89 1.03 0.87 1.06 0.91 1.03 

6 0.98 1.01 0.93 1.07 0.88 1.14 0.78 1.23 0.77 1.01 

7 0.98 1.09 0.95 1.40 0.91 1.17 0.82 0.99 0.79 1.02 

MEAN  0.99 1.02 0.95 1.10 0.91 1.05 0.85 1.03 0.88 0.99 

P 

VALUE 

 

0.05 

 

0.02 

 

<0.01 

 

<0.01 

 

<0.01 

 

Table 5.5 Statistical analysis from comparison of tumour and non-tumour bearing flanks at experimental end point in a 
subset of tumours. Refer also to Figure 5.7. An unpaired 2-ǘŀƛƭŜŘ {ǘǳŘŜƴǘΩǎ ¢-test revealed statistical significance when 
comparing tumour versus non-tumour bearing flanks in all fibres.  

 

5.4.4 Machine Learning Algorithm: Predictive Capability  

Extraction feature analysis between the pre-implantation and experimental end point identified 

spectral points between the wavelengths of 560 and 590 nm as those reaching statistical difference 

όǇ Җ 0.05) (Figure 5.8, A).  

The confusion matrix (Figure 5.8, B) for the SVM classification illustrates the model's performance 

across four tumour diameter categories (0ς6 mm, 6ς12 mm, 12ς16 mm, and >16 mm). It showcases 

both correct and incorrect classifications, with the blue diagonal cells representing accurate 

predictions. The SVM model achieved a good overall accuracy of 83%, with only 5 misclassifications 

from a total of 24. However, it faced challenges in identifying tumours in class 3 (33.3% accuracy).  

SVM regression analysis, shown in Figure 5.8, C and Table 5.6I, reveals a close fit between predicted 

and actual tumour size, which is accentuated by the addition of oxygenation data.  
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Dataset  RMSE MAE R-squared  Adjusted R-squared  

 
Without oxygenation 
values 

 
2.4503 

 
1.9551 

 
0.7056 

 
0.7803 

With oxygenation 
values 

1.4433 1.0542 0.8568 0.8775 

 

Table 5.6 Machine algorithm regression results and model performance 

 

Figure 5.8 Machine learning algorithm for using TVO to predict tumour volume. (A) Extraction feature analysis identified 
spectral points between the wavelengths of 560 and 590 nm as those reaching statistical difference (T-test); (B) 
Constructed confusion matrix, illustrating the model's performance across four tumour diameter categories (0ς6 mm, 6ς12 
mm, 12ς16 mm, and >16 mm). It showcases both correct and incorrect classifications, with the blue diagonal cells 
representing accurate predictions. (C) Regression results with (i) and without (ii) tissue oxygenation values. 

 

5.5 Discussion 

In contrast to Li et al [201], we have demonstrated that colorectal TVO is negatively correlated with 

both time and tumour volume in an in vivo murine model. This opposing finding may reflect a 
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fundamental difference in the progression of hypoxia in metastatic deposits (which formed the basis 

ƻŦ [ƛΩǎ ǿƻǊƪύ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǇǊƛƳŀǊȅ ǎƻƭƛŘ ǘǳƳƻǳǊǎΦ IƻǿŜǾŜǊΣ ǿŜ ƘȅǇƻǘƘŜǎƛǎŜ ǘƘŀǘ ƻǳǊ ƴƻƴ-invasive 

sequential DRS measurements have captured the true essence of colorectal TVO decline in a way that 

was unobtainable with immunohistochemistry (IHC) techniques. Indeed, our findings are in keeping 

with previous studies using DRS to measure solid tumour vascular oxygenation (e.g. [183,207]), 

including in CRC [192,199,200]. Importantly, it should be noted that our study provides both 

sequential and multi-depth measurements of CRC tumours (over a period of 36 days), thereby 

providing a comprehensive picture of TVO in relation to time, tumour volume, and tumour depth. 

Despite the demonstrated correlations between ORM and time, and ORM and tumour volume, it 

should be observed that there is considerable inter- and intra-tumoral heterogeneity, reflected in 

quite significant data variance for tumours at the same time point or of the same size. Further, TVO 

did not decline in a linear fashion, with significant intra-murine variability across time points and 

volumes. This is an important consideration to bear in mind when assessing the impact of radiotherapy 

on TVO, as any observed change must be grater that the naturally observed variance demonstrated in 

ǘƘƛǎ ǎǘǳŘȅΦ wŜŎƻƎƴƛǎƛƴƎ ǘƘƛǎΣ {ƛƎƴŀƭ ǘƻ bƻƛǎŜ wŀǘƛƻΩǎ ό{bwǎύ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ŦƻǊ ŜŀŎƘ ŦƛōǊŜ ŘŜǇǘƘΣ 

reflecting a ratio of slope (i.e. size of change over time and tumour depth) with noise (i.e. data 

variance). Fibres 4, 5, and 6 had the greatest SNR values, and once again this should be borne in mind 

for analyses of data involving the use of radiotherapy.  

A range of tissue depths were interrogated in this study ς with depth variation achieved via use of five 

individual collection fibres (2-6) with incrementally greater distances between the light source and 

detector (Figure 4.1). This resulted in depth penetrations between approx. 0.1 mm and 2 mm, which 

is well suited for the murine tumour volumes used in this experiment (e.g. see [192]). Our results 

demonstrated negative correlations between ORM and tumour volume at all depths (albeit with 

moderate R2 values). The negative correlations became more significant as the penetration depth 

increased. However, great caution should be employed when using the ORM to directly compare TVO 

across differing fibres depths for reasons previously explained (Section 4.5.3). In brief, although ORM 

directly correlated with SpO2 ŀǘ ŀƭƭ ŦƛōǊŜ ŘŜǇǘƘǎΣ ǘƘŜ Ψhwa ǊŀƴƎŜΩ ŀƭǘŜǊǎ ŀƎŀƛƴǎǘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ {Ǉл2 

values between the differing fibres. This observation, and the decision to use ORM means direct 

comparison cannot be made between differing tumour depths, and this is an accepted limitation of 

this analytical approach.  

This research has several important clinical implications. While our study was performed in a single 

animal (murine) model of CRC, we have demonstrated that CRC TVO negatively correlates with both 

time and tumour volume. The DRS TVO readout could have important prognostic and response 
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monitoring implications. For example, it is feasible that an increasing oxygenation value may reflect 

decreasing tumour volume in a tumour responding to nCRT. This would be of particular importance 

for submucosal tumour portions only otherwise visible with cross-sectional imaging. To this end, the 

addition of the machine learnt algorithm and subsequently developed confusion matrix is an 

important development along this prognostic trajectory. The model performed well for smaller 

tumour categories (1 and 2), but less accurately for the lager volume categories ς and this possibly 

reflected the paucity of data available at these larger tumour volumes. Nonetheless, our results show 

promise and further development of this model is certainly warranted.  

Further, and perhaps more importantly, a changing DRS hypoxic readout could be used to reflect vital 

microenvironmental physiological changes, which could have important implications for treatment 

response. Indeed, Vishwanath et al [185]highlighted that not all treatments necessarily delay tumour 

growth (e.g., some vascular targeting drugs cause central tumour necrosis without a discernible effect 

on tumour size), and therefore it is vital that we understand response alterations at a microscopic 

level [208]. DRS is particularly well suited for this purpose: not only does it avoid the aforementioned 

tissue disruption associated with invasive electrodes (Eppendorf and Oxylite), it also avoids the small 

sampling area provided by Oxylite (0.038 mm2) or Eppendorf polarographic electrodes (80 µm2) by 

ǇǊƻǾƛŘƛƴƎ ŀ ƳƻǊŜ ΨglobalΩ ǊŜŦƭŜŎǘƛƻƴ ƻŦ TVO. 

There are four key limitations to this study. First, although care was taken to place the probe at the 

mid-point of each tumour for each reading, it is possible that the positioning changed by a degree of 

millimetres between readings, thereby potentially contributing to the observed heterogeneity 

(particularly if new underlying vasculature was encountered). Second, the time under (and therefore 

depth of) anaesthesia has the potential to change tissue oxygenation, since deep anaesthesia could 

result in respiratory depression. Measurements were commenced immediately after the animal 

became unresponsive, but invariably the exact timing was affected by probe positioning and 

equipment calibration. Third, the aforementioned issue regarding ORM and SpO2 correlations at 

differing fibre depths meant it was not possible to accurately compare TVO at the differing employed 

tissue depths. Fourth, our measurements were performed in a single tumour xenograft model with a 

relatively small sample size (of n=12 mice). Thus, while our results provide important insights into the 

progression of tumour hypoxia in CRC, they should be interpreted with caution when extrapolating to 

general trends in CRC hypoxia. 

5.6 Conclusions 

Several key conclusions can be drawn from this work. First, it has been demonstrated that colorectal 

TVO is negatively correlated with both tumour volume and time in an in vivo murine model across all 
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examined tumour depths. Second, we have demonstrated significant intra- and intertumoral 

heterogeneity, and this observed variance requires recognition and careful consideration when 

examining the impact of radiotherapy on the ORM in future studies. Third, we have demonstrated 

that, when using ORM as the main analytical metric, fibres 4, 5, and 6 are likely to provide the most 

useful information, as represented by SNR values. Fourth, we have demonstrated the potential of a 

machine learning algorithm in the prediction of tumour size based on oxygenation values, which could 

have important clinical implications.   

Finally, this study forms a foundation on which to further examine these trends in relation to cancer 

treatments, and specifically to address the prognostic and response monitoring capabilities of DRS in 

relation to radiotherapy for colorectal and other cancers.  
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6 Assessment of Radiotherapy Response in a Colorectal Murine 

Model with Diffuse Reflectance Spectroscopy 

 

6.1 Rationale 

There is an urgent need to provide dynamic and real time rectal cancer (RC) response monitoring to 

neoadjuvant chemoradiotherapy (nCRT) to enable precision medicine and personalised treatment 

protocols ς and this has been discussed in depth in (Section 2.1). Aside from MRI and/or CT scanning 

performed typically at the 6ς8-week mark post commencement of treatment, there are no other 

methods to determine response. Diffuse reflectance spectroscopy, and other optical imaging 

approaches, offer great promise within this field due to their non-invasive nature (thereby allowing 

serial measurement) and accuracy in determining haemoglobin oxygenation, changes in cell nuclei, 

mitochondria, and collagen ς all of which all effect the scattering and absorbance properties of tissues. 

Recognising these non-invasive and quantitative abilities, researchers have used DRS in several clinical 

studies for early cancer detection [209ς211], prediction of response to therapy [212ς214], and 

surgical margin evaluation [215]. However, given the critical role of oxygen in the radiobiological 

process (see Section 2.2.3) it is the ability of DRS to accurately reflect tumour vascular oxygenation 

(TVO) status in particular which galvanises and enthuses the optical community.  

The fundamental scientific interest in tracing oxygenation trends in response to therapy is grounded 

in the notion of re-oxygenation following radiotherapy,  proposed by Kallman et al [216]  and Withers 

et al [110]  ƛƴ ǘƘŜ мфтлΩǎΦ ¢ƘŜȅ ŘŜǎŎǊƛōŜŘ how tumours become progressively re-oxygenated over a 

course of fractioned radiotherapy via processes of: reduced oxygen metabolism, improved circulation, 

tumour shrinkage, and migration of cells from hypoxic to aerobic conditions. It should be appreciated 

that the classic reoxygenation theory does not require a physical increase of pO2 in the tumour ς so 

long as there is conversion of previously hypoxic cells to a normoxic state.  

Nonetheless, increases in tumour oxygenation have been reported after fractionated radiotherapy. 

Several pre-clinical studies have observed fractionated radiotherapy induced increases in tumour 

oxygenation, detected by microelectrode or immunohistochemical techniques. Hariss et al used an 

oxygen-sensitive probe to measure tumour pO2 and found that, in irradiated tumours, median pO2 

increased progressively with each radiation dose compared to untreated controls measured at the 

same time [217]. Similarly, Maftei et al reported a reduction in the hypoxic fraction, assessed by 

pimonidazole staining, 24 hours after irradiation in FaDu xenografts [218]. Ressel et al examined the 

link between hypoxic fraction and treatment outcomes using microelectrodes, showing that median 

pO2 values in squamous cell carcinoma xenografts increased over time following radiotherapy [219]. 
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Further, there is supportive clinical demonstration [112] of this re-oxygenation process in head and 

neck cancers, albeit via indirect PET imaging measurement with hypoxic tracers.  

Indeed, the concept and practice of administering radiotherapy in fractionated doses is founded upon 

this re-oxygenation process. Therefore, logic would dictate, that if this process of re-oxygenation can 

be measured accurately, non-invasively and dynamically, it could prove groundbreaking in tumour 

response monitoring.  

However, more recent research with DRS appears to suggest that re-oxygenation post radiotherapy 

(as an indicator of radio-sensitivity) may be an over-simplification of tumour biology, and in fact 

enhanced tumour vascular oxygenation post therapy is linked, on some occasions, to radio-resistance 

rather than enhanced radio-sensitivity. Vishwanath et al [220] leveraged DRS to track tumour 

oxygenation over time, aiming to determine whether vascular oxygenation could serve as an earlier 

predictor of treatment success than traditional tumour growth measurements. In a murine model of 

head and neck cancer treated with a single 39Gy radiation dose, they found that by day five post-

radiation, tumours that responded to treatment exhibited a significantly faster and more substantial 

rise in vascular oxygenation compared to those that did not. In a more recent study involving murine 

head and neck tumours, the same group [221] found that local tumour control was correlated with a 

process of significant early re-oxygenation, when compared to locally recurring tumours. However, in 

contradiction, they also found that, within the locally recurring group, a faster re-oxygenation was 

correlated with an earlier recurrence. To further complicate the picture, in a pre-clinical matched 

model of radio-resistance in human A549 lung tumours, Diaz at al [222] used DRS to reveal significantly 

higher reoxygenation (SpO2) in the radiation-resistant tumours at 24 and 48h after treatment ς 

although it should be highlighted that there was no difference in the tumour growth rate between the 

ΨǊŀŘƛƻǎŜƴǎƛǘƛǾŜΩ ŀƴŘ ΨǊŀŘƛƻǊŜǎƛǎǘŀƴǘΩ ƎǊƻǳǇǎΣ ŀƴŘ ǎƻ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ǎƘƻǳƭŘ ōŜ ƛƴǘŜǊǇǊŜǘŀǘŜŘ ǿƛǘƘ ŎŀǳǘƛƻƴΦ 

Further, Dietze et al [223] confirmed the correlation between re-oxygenation and radio-resistance in 

a clinical study using p02 electrodes in cervical lymph nodes to demonstrate that re-oxygenation 

correlates with poor radiotherapy response in head and neck cancers.  

It therefore seems there is discordance between results from established techniques which measure 

cellular oxygenation (needle electrodes, ICH) ς which, on the whole, confirm a process re-oxygenation 

in radio-responsive tumours, and those from DRS, which suggest a more nuanced picture, with 

enhancing tumour vascular oxygenation reflecting radio-resistance on some occasions, whilst not on 

others.  As previously stressed (Section 4.6) DRS reflects haemoglobin oxygen saturation, and it is 

therefore a measure of TVO. If we assume that enhanced vascular oxygenation also translates to 

enhanced tumour cellular oxygenation, then DRS can also be used as a surrogate marker of tumour 
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cellular hypoxia. However, as detailed in Chapter 4, there is no definitive evidence of this translation, 

and indeed, the results presented in chapter 3 would suggest that enhancing vascular oxygenation 

does not translate to enhanced cellular O2.  

The correct question is therefore whether DRS can measure a change in TVO status in response to 

therapy. If there is indeed an enhancement in TVO in response to therapy, the subsequent question 

is what is driving this change? The likely mechanisms are one or more of the following: (1) Reduced 

tumour oxygen consumption post therapy (either through a change in cellular metabolism or through 

cell death); (2) Increased delivery through either vascular dilatation or neo-vascularisation; or (3) 

Enhanced concentration of haemoglobin. In an attempt to shed light on this issue, Diaz at al [222] 

extracted both total haemoglobin (Thb) and SpO2 readings from their acquired spectral data at 24hrs 

and 48hhrs post radiotherapy exposure in their aforementioned matched model of radio-resistance. 

They found no change in the Thb in relation to the enhanced re-oxygenation process in the radio-

resistant group, and therefore concluded that there could be no change in tumour perfusion. This is a 

noteworthy finding, since in contradicts existing evidence suggesting that the re-oxygenation process 

is driven by enhanced perfusion [221,223ς225]. Diaz et al therefore propose that the enhanced re-

oxygenation observed is largely down to reduced O2 consumption in the post irradiated tumour. They 

back this proposal with previous cell-based work, in which they demonstrate that 02 consumption is 

lower (post radiotherapy) in radio-resistance cell lines compared to radio-sensitive cell lines [226], 

although do not offer an explanation as to why this is so and how it overturns the perceived wisdom 

that re-oxygenation occurs once radiosensitive cells decease post treatment.   

There is clearly a requirement for further investigation with DRS into changing TVO trends post 

radiotherapy as much of the research to date is, in part, contradictory. The process of re-oxygenation 

is of course dependent on both tumour model and radiation dose/fractionation regime [224,225], and 

research is particularly sparse within the remit of colorectal cancer. Mundo et al [199] have recently 

observed re-oxygenation in response to chemotherapy, with a maximal tumour SpO2 observed at 

week 4 in treatment arm mice carrying in situ AOM colon cancers, but this study did not involve the 

application of radiotherapy. This is therefore the first such study to assess DRS measured TVO status 

in response to radiotherapy in a colorectal murine model.  

 

6.2 Aims 

The aims of this chapter were to:  
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I. Achieve and quantify a meaningful response to radiotherapy in a colorectal tumour 

murine model  

II. To assess whether DRS can detect a significant change in TVO following a measured 

response to radiotherapy in a colorectal tumour murine study 

 

6.3 Methods 

6.3.1 Standardised Experimental Set Up 

The equipment and systems setup, cell culture, inoculation, animal models, and spectral data 

calibration and processing were as described in Section 4.3 ς with the following exceptions:  

6.3.1.1 Animal models 

Twenty-four Balb/C nude female mice, with a mean +/- standard deviation (SD) weight of 17.98 +/- 

0.61 g were used in this study.  

6.3.1.2 Equipment setup 

During data acquisition, the animal and probe were covered with a light-proof sheet to prevent 

interference from light entering through the windows of the ICR laboratory.  

 

6.3.2 Administration of Radiotherapy 

A single or dual (24hrs apart) fraction(s) (1 fraction = 8 Grey (Gy)) of radiotherapy was administered 

under intra-peritoneal anaesthesia once the tumour was within a targeted 50-100mm3 volume range, 

although some of the tumour volumes fell outside this target bracket (Table 6.2).  Mice were placed 

on a plastic tray with custom lead-shielding cut-out to deliver the fraction directly to the subcutaneous 

flank tumour whilst minimising exposure to other areas of the body. Irradiation was carried out using 

an AGO 250 kV X-ray machine (AGO, 20090606). Following irradiation, cages were placed on heat mats 

and mice were monitored until full recovery. 

 

6.3.3 Sub-Grouping, Data Acquisition, and Randomisation 

The mice were divided in two subsets, with Subset A receiving a single fraction of radiotherapy (8 Gy) 

and Subset B receiving two fractions 24 hours apart (8 Gy on each occasion, 16 Gy in sum). These 

subsets represent two distinct experiments, conducted sequentially (Figure 6.1).  
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6.3.3.1 Subset A 

The mice were sub-categorised into four groups based on their tumour growth trajectories on day 10 

(post tumour cell inoculation) to enable meaningful comparison between radiotherapy and control 

groups. Once sub-categorised by tumour growth trajectory, a random number generator was used to 

ŎǊŜŀǘŜ м ŎƻƴǘǊƻƭ ŀƴŘ җм ǘǊŜŀǘƳŜƴǘ ƳƻǳǎŜ ǇŜǊ ǎǳō-categorised group. Groupings are shown in Figure 

6.3. DRS tumour readings were acquired: pre-tumour cell inoculation, every 3 days post tumour cell 

inoculation (once the tumours became palpable), immediately before radiotherapy (once the tumour 

volume was within the target range) and on days one, two, three, five, seven, and ten post exposure 

to radiotherapy.  

 

6.3.3.2 Subset B 

The mice were sub-categorised into two groups based on their tumour growth trajectories on day 10, 

and once again randomly assigned to control (2 mice) and treatment (4 mice) arms (Figure 6.4). DRS 

data was obtained immediately prior to each fraction of radiotherapy (24hrs apart) and then on days 

one, two, three, five, seven, and ten post the second fraction of radiotherapy. 

 

6.3.4 Response Assessment  

Response was primarily assessed with time taken for the tumour to reach the maximum permitted 

size in a single diameter (13mm), at which point the animal was culled.  

 

6.3.5 Missing Data Points  

Missing data points (Table 6.3 and Table 6.4)  at the above (Section 6.3.3) designated time points was 

due to one of the following reasons: (1) Lack of bench top space within the laboratory; (2) Inability to 

complete all data collection prior to enforced end time of 19:00 hrs; (3) Incomplete or early recovery 

from anaesthesia preventing completion of measurements.  
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Figure 6.1 Schematic representation of schedule for radiotherapy experimental phase. Note that Subset A and B represent distinct experiments performed sequentially rather than 
concurrently  
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6.3.6 Statistical Analysis  

Kaplan-Meier curves were plotted for demonstration of radiotherapy conferred survival benefit, and 

Chi squared and hazard ratios were used to confirm statistical significance. Unpaired t-tests (normally 

distributed data with equal variance) were used to compare ORM changes from baseline on days 1, 2, 

3, 5, 7 and 10 in fibres 4, 5, and 6 (based on SNR values presented in section 5.4.2.1). When combining 

subsets A&B, day 0 in subset B (i.e., the day of the second fraction of radiotherapy) becomes day 1, 

day 1 becomes days 2, and so forth.  

 

6.4 Results 

6.4.1 Tumour Growth and Radiotherapy Response 

Tumour growth trajectories for both subsets are shown in Figure 6.3 and Figure 6.4. There is a clear 

tumour growth retardation in response to both single and dual fractions of radiotherapy, although this 

is less pronounced in subset A, subgroups 3 & 4. The subsequent statistically significant survival benefit 

conferred by the application of radiotherapy is demonstrated with Kaplan-Meier survival curves in 

Figure 6.2 with subsequent statistical analysis summarised in Table 6.1. 

 

Figure 6.2 Kaplan-Mier survival analysis, for subsets A and B. A clear survival benefit can be appreciated with both a single 
fraction (Subset A) and dual fractions (Subset B) of radiotherapy. 
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 Subset A Subset B  

Median survival (days)    

Control 8.50 10.00 

RTx 16.00 22.00 

Chi Square  10.00 10.09 

P value 0.0016 0.0015 

Hazard ratio  0.02834 0.02347 

95% CI of Hazard Ratio 0.003180 to 0.2526 0.002523 to 0.2184 

Are the survival curves sig 

different? 

 

Yes 

 

Yes 

 

Table 6.1 Statistical analysis of Kaplan-Mier survival curves. The application of radiotherapy conferred a significant survival 
benefit in both Subsets A and B. 

6.4.2 TVO as an Indicator of a Measured Response to Radiotherapy 

ORM data acquired before and after the application of radiotherapy is plotted in Figure 6.3 and Figure 

6.4. There are no clear observed trend changes in TVO (as reflected with ORM) in relation to a 

demonstrated response to radiotherapy, when compared to with readings from control mice. As with 

the result in Section 5.4, there is a high level of inter ς and intra ς tumoral heterogeneity. 

Absolute ORM changes (positive or negative) from baseline (i.e., the ORM acquired immediately 

before the application of radiotherapy) were plotted for each measurement day post radiotherapy for 

fibre depths 4, 5, and 6 (Figure 6.5). There is a statistically significant trend towards a positive ORM 

change on days 5 and 7 in subset B, fibre 5 (p=0.03 and 0.05). Although this trend is not statistically 

significant at fibre depths 4 & 6 in subset B, there is a noticeable trend towards a positive ORM change 

at these depths on days 5 and 7 post radiotherapy.  When combined with subset A, the significance at 

fibre depth 5 is lost, but once again there is a trend towards a positive ORM on days 5 and 7.  However, 

this finding is not supported by data in subset A.  

 

 Day of RTx (post cell 

inoculation) 

Mean tumour volume at 

point of RTx (mm3) 

Range (mm3) 

Subset A    

Group 1 13 129.13 122.49 ς 135.78 

Group 2 13 67.43 62.51 ς 72.52 

Group 3 18 53.54 41.02 ς 61.94 

Group 4 

 

22 56.31 56.10 ς 140.98 

Subset B     

Group 1 16, 17 91.49 77.24 - 107.40 

Group 2 19,20 140.51 82.08 - 220.05 

    

 

Table 6.2  Tumour volumes at point of radiotherapy, by subset and subgroup. 
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Figure 6.3 Subset A subgroup plots of ORM against time for each fibre before and after the application of radiotherapy. Radiotherapy was administered on Day 0. Tumour growth trajectory 
is demonstrated in the first plot of each row. 
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Figure 6.4 Subset B subgroup plots of ORM against time for each fibre after the application of radiotherapy. Radiotherapy was administered on Days -1 and 0. Tumour growth trajectory is 
demonstrated in the first plot of each row. 
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Figure 6.5 Change of ORM from baseline (i.e., measurement taken immediately before RTx exposure) in Fibre 4,5 and 6 in Subsets A and B.  In subset B, day 0 refers to the measurement 

taken at the time of the second dose of RTx. In order to combine data sets,  day 0 becomes day 1, day 1 becomes day 2, and so forth. 
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Table 6.3 ORM changes from baseline in Subset A on days 1, 2, 3, 5, 7, and 10 post RTx exposure. P values (far right) correspond to statistical comparison of control and RTx groups at each 
time point (2-tailed unpaired t-Test, with equal variance demonstrated between groups (Levans test))  

 

 Controls        RTx             
Day M3  M2 M8 M6  Mean STDEV  M9 M10 M11 M1 M4 M5 M7 M12 Mean STDEV t 

value 
p 

value 
95% CI 

1                     
F4 - - - - - -  -0.05 0.02 - - - - 0.02 -0.07 0.00 0.04 - - - 
F5 - - - - - -  -0.05 0.10 - - - - - -0.17 -0.04 0.11 - - - 
F6  - - - - - -  -0.05 0.10 - - - - - -0.17 -0.04 0.11 - - - 

2                     
F4 0.14 -0.04 -0.02 -0.04 0.01 0.08  -0.09 0.00 - -0.15 0.00 -0.06 -0.04 - -0.06 0.05 1.47 0.179 -0.04, 0.17 
F5 0.14 -0.02 -0.06 -0.05 0.00 0.08  -0.13 0.03 - -0.18 0.03 -0.08 -0.08 - -0.07 0.08 1.25 0.248 -0.06, 0.2 
F6  0.19 0.05 -0.05 -0.02 0.04 0.09  -0.10 0.03 - 0.05 -0.05 -0.08 -0.02 - -0.03 0.05 1.36 0.211 -0.05, 0.19 

3                     
F4 0.11 -0.02 -0.05 -0.05 0.00 0.06  -0.16 - 0.14 -0.13 0.01 -0.01 0.08 - -0.01 0.11 0.14 0.894 -0.14, 0.16 
F5 0.09 0.00 -0.04 -0.06 0.00 0.06  -0.30 - 0.01 -0.18 0.03 -0.06 0.06 - -0.07 0.13 0.93 0.38 -0.1, 0.25 
F6  0.16 0.03 0.05 0.01 0.06 0.06  -0.09 - 0.01 0.05 0.05 -0.05 0.11 - 0.01 0.07 1.07 0.314 -0.06, 0.15 

5                     
F4 -0.01 -0.08 -0.14 -0.09 -0.08 0.05  -0.13 -0.04 -0.04 -0.25 0.03 -0.02 - 0.02 -0.08 0.09 0.34 0.738 -0.14, 0.1 
F5 0.01 -0.13 -0.21 -0.17 -0.13 0.08  -0.17 -0.07 0.02 -0.32 0.01 -0.07 - 0.13 -0.07 0.14 0.7 0.499 -0.24, 0.13 
F6  0.01 -0.12 -0.10 -0.27 -0.12 0.10  -0.21 -0.07 0.02 -0.14 -0.10 -0.07 - 0.10 -0.07 0.10 0.79 0.449 -0.2, 0.1 

7                     
F4 0.11 -0.04 -0.18 -0.19 -0.08 0.12  -0.11 -0.08 0.06 -0.16 - -0.04 - - -0.07 0.07 0.12 0.908 -0.19, 0.17 
F5 0.01 -0.02 -0.14 -0.35 -0.12 0.14  -0.15 -0.11 0.00 -0.23 - -0.12 - - -0.12 0.07 0.51 0.621 -0.14, 0.23 
F6  0.02 0.00 - -0.29 -0.09 0.14  -0.21 -0.11 0.00 -0.01 - -0.11 - - -0.09 0.08 0.02 0.983 -0.22, 0.22 

10 0.05                    
F4 0.13 -0.05 -0.13 -0.09 -0.03 0.10  -0.14 -0.25 -0.02 -0.27 -0.14 -0.11 -0.06 -0.19 -0.14 0.08 1.91 0.085 -0.02, 0.24 
F5 - -0.06 -0.25 -0.13 -0.10 0.11  -0.32 -0.31 -0.12 -0.38 -0.15 -0.20 -0.07 - -0.22 0.11 1.65 0.133 -0.05, 0.29 
F6  0.04 0.01 -0.27 -0.18 -0.10 0.13  -0.29 -0.31 -0.12 -0.23 -0.27 -0.28 -0.01 - -0.22 0.10 1.48 0.173 -0.06, 0.29 
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Table 6.4 ORM changes from baseline in Subset B on days 0, 1, 2, 3, 5, 7, and 10 post RTx exposure. Day 0 refers to the day of the 2nd fraction of RTx. P values (far right) correspond to 
statistical comparison of control and RTx groups at each time point (2-tailed unpaired t-Test, with equal variance demonstrated between groups (Levans test)) 

 Controls        RTx             
Day M3  M10 M4 M6  Mean STDEV  M7 M8 M9 M5 M1 M2 M11 M12 Mean STDEV t 

value 
p 

value 
95% CI 

0                     
F4 -0.03 0.08 - - 0.02 0.05  0.01 0.02 0.01 -0.01 -0.03 -0.11 0.04 -0.02 -0.01 0.04 0.9 0.394 -0.06, 0.13 
F5 -0.02 0.10 - - 0.04 0.06  0.09 0.10 0.04 0.05 0.00 -0.13 -0.01 0.04 0.02 0.06 0.3 0.773 -012, 0.15 
F6  -0.05 -0.01 - - -0.03 0.02  0.12 0.11 0.05 0.04 -0.05 -0.15 -0.10 0.06 0.01 0.09 -0.54 0.601 -0.21, 0.13 

1                     
F4 -0.02 - - - -0.02 0.00  -0.08 -0.02 -0.04 -0.05 - - - - -0.05 0.02 - - - 
F5 -0.03 - - - -0.03 0.00  -0.04 0.01 -0.05 -0.01 - - - - -0.02 0.02 - - - 
F6  -0.07 - - - -0.07 0.00  -0.02 -0.01 -0.06 -0.01 - - - - -0.03 0.02 - - - 

2                     
F4 -0.01 -0.06 -0.02 -0.19 -0.07 0.07  - -0.05 - -0.13 0.02 -0.08 0.00 - -0.05 0.05 0.46 0.658 -0.13, 0.09 
F5 0.01 -0.05 -0.03 -0.14 -0.05 0.05  - -0.04 - -0.07 0.03 -0.09 -0.01 - -0.04 0.04 -0.45 0.668 -0.1, 0.07 
F6  -0.04 -0.14 -0.01 -0.17 -0.09 0.07  - -0.04 - -0.07 -0.05 -0.16 0.07 - -0.05 0.07 0.75 0.48 -0.17, 0.09 

3                     
F4 -0.02 -0.04 -0.03 -0.20 -0.07 0.07  -0.14 -0.09 - -0.08 -0.08 -0.15 -0.13 -0.09 -0.11 0.03 0.82 0.467 -0.1, 0.17 
F5 -0.05 -0.18 -0.05 -0.10 -0.10 0.05  -0.14 -0.08 - -0.10 -0.05 -0.20 -0.17 -0.09 -0.12 0.05 0.67 0.52 -0.06, 0.1 
F6  -0.11 -0.20 -0.19 -0.26 -0.19 0.05  -0.16 -0.06 - 0.02 -0.38 -0.31 -0.27 -0.23 -0.20 0.13 0.11 0.912 -0.16, 0.18 

5                     
F4 -0.11 -0.17 0.00 -0.12 -0.10 0.06  - -0.03 -0.05 -0.11 -0.03 -0.02 -0.08 0.01 -0.04 0.03 1.69 0.126 -0.13, 0.02 
F5 -0.14 -0.14 0.02 -0.07 -0.08 0.06  - -0.01 0.00 -0.07 0.07 0.02 0.01 0.08 0.02 0.04 2.56 0.03 -0.18, -0.01 
F6  -0.05 -0.07 -0.13 -0.18 -0.11 0.05  - 0.05 0.06 -0.03 -0.10 -0.11 -0.05 0.02 -0.02 0.07 -2.06 0.07 0.18, 0.01 

7                     
F4 -0.22 -0.19 -0.20 -0.19 -0.20 0.01  -0.20 -0.06 -0.11 -0.12 -0.11 -0.06 -0.15 -0.08 -0.11 0.04 -3.59 0.08 -0.14, 0.03 
F5 -0.26 -0.21 -0.30 -0.30 -0.27 0.04  -0.28 -0.07 -0.12 -0.14 -0.09 -0.15 -0.24 -0.11 -0.15 0.06 -2.92 0.05 -0.21, -0.03 
F6  -0.35 -0.15 -0.13 -0.21 -0.21 0.09  -0.26 -0.16 -0.14 -0.23 -0.16 -0.19 -0.33 -0.10 -0.20 0.07 -0.27 0.791 -0.13, 0.1 

10                     
F4 - -0.33 -0.12 0.04 -0.14 0.15  -0.33 -0.06 -0.19 -0.25 -0.04 -0.12 -0.08 - -0.15 0.10 0.19 0.855 -0.17, 0.21 
F5 - -0.31 -0.14 -0.12 -0.19 0.08  -0.39 -0.12 - -0.33 0.01 -0.12 -0.14 - -0.18 0.12 0.09 0.934 -0.24, 0.22 
F6  - -0.27 -0.05 -0.09 -0.13 0.10  -0.20 -0.04 -0.12 -0.29 -0.13 -0.19 -0.17 - -0.16 0.07 0.42 0.682 -0.12, 0.17 
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Table 6.5 Combined subsets A&B, with statistical analysis of controls versus RTx groups at each time point 

 

6.5 Discussion 

6.5.1 Response Monitoring Capability  

There was a clear and significant tumour response to radiotherapy. At first inspection of the ORM 

trends in Figure 6.3 and Figure 6.4, there appears to be no apparent changes in tumours responding 

to radiotherapy when compared with the controls. However, when the degree of ORM change from 

the baseline measurement (i.e., the measurement performed immediately prior to radiotherapy 

exposure) was calculated όǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ŘƛŦŦŜǊƛƴƎ hwaΩǎ ŀǘ ǘƘŜ ǘƛƳŜ ƻŦ ǊŀŘƛƻǘƘŜǊŀǇȅ ŀǇǇƭƛŎŀǘƛƻƴύ, 

there is an upwards trend towards a positive ORM (representing enhanced oxygenation) on days 5 

and 7 in subset B, and this is statistically significant at fibre depth 5 at both of these measurement 

points. This finding is in keeping with those of Vishwanath et al [207], who also demonstrated an 

increase in TVO on day 5 in murine breast cancers responding to radiotherapy. However, it should be 

 Controls   RTx    
Day Mean STDEV  Mean STDEV t value p value  95% CI 
1         

F4 0.02 0.05  -0.01 0.04 1.03 0.322 -0.04, 0.12 
F5 0.04 0.06  0.00 0.09 0.34 0.743 -0.11, 0.15 
F6  -0.03 0.02  0.00 0.10 0.35 0.731 -0.2, 0.14 

2         
F4 0.00 0.07  -0.05 0.04 1.84 0.089 -0.01, 0.13 
F5 0.00 0.07  -0.05 0.07 1.13 0.277 -0.04, 0.13 
F6  0.02 0.09  -0.03 0.04 0.94 0.392 -0.08, 0.18 

3         
F4 -0.04 0.08  -0.03 0.09 0.16 0.877 -0.09, 0.08 
F5 -0.03 0.06  -0.06 0.10 0.68 0.507 -0.06, 0.12 
F6  -0.01 0.09  -0.02 0.08 0.06 0.953 -0.09, 0.09 

4         
F4 -0.07 0.07  -0.11 0.03 0.82 0.467 -0.1, 0.17 
F5 -0.10 0.05  -0.12 0.05 0.67 0.52 -0.06, 0.1 
F6  -0.19 0.05  -0.20 0.13 0.11 0.912 -0.16, 0.18 

5         
F4 -0.09 0.05  -0.05 0.07 -1.1 0.283 -0.1, 0.03 
F5 -0.10 0.08  -0.03 0.11 1.65 0.114 -0.17, 0.02 
F6  -0.11 0.08  -0.04 0.09 1.77 0.091 -0.15, 0.01 

7         
F4 -0.14 0.11  -0.09 0.06 -1.1 0.285 -0.12, 0.04 
F5 -0.20 0.13  -0.14 0.07 -1.09 0.302 -0.17, 0.06 
F6  -0.16 0.12  -0.15 0.09 0.1 0.981 -0.11, 0.1 

10         
F4 -0.08 0.13  -0.15 0.09 1.46 0.16 -0.03, 0.18 
F5 -0.14 0.11  -0.20 0.12 1.11 0.281 -006, 0.19 
F6  -0.11 0.11  -0.19 0.09 0.78 0.443 -0.07, 0.14 
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noted that, despite upwards ORM trends in the radiotherapy group on days 5 and 7 post radiotherapy, 

we did not reach statistical significance at fibre depths 4 and 6, and no such trend was observed in 

subset A (although importantly the radiotherapy response was far less convincing in subset A, 

subgroups 3 & 4), or when the two subsets were combined to enhance the power of the statistical 

analysis ς although the combined data should be viewed with caution as the measurement days do 

not strictly correlate due the Subset B receiving a second fraction of radiotherapy.  Our findings are 

therefore promising but inconclusive, and do not reflect the strength of the findings published in the 

aforementioned studies ς summarised in Section 6.1) ς  and the question of why this is the case should 

be confronted. To answer this, we will address first the data and methodological limitations of this 

study, before examining those of the published literature.  

First and foremost, as with the DRS data in Chapter 5, there is a continued high level of inter ς and 

intra ς tumoral data variance. Using mouse 1 in Chapter 5, Figure 5.5, as an example, it is apparent 

that there is a naturally occurring ORM change from 0.82 to 1.11 (equating to an Sp02 change of 

approximately 25%, (Figure 4.9) between just 2 measurements in the same tumour taken 3 days apart. 

Likewise in this study, using mouse 12 (treatment arm)  in Subset B as an example, there is an ORM 

increase from 0.73 to 0.99 between days 3 and 5. However, it is impossible to comment on whether 

ǘƘƛǎ ƛǎ ŘǳŜ ǘƻ ŀ ΨǊŜ-ƻȄȅƎŜƴŀǘƛƻƴΩ ǇǊƻŎŜǎǎ Ǉƻǎǘ ǊŀŘƛƻǘƘŜǊŀǇȅΣ ƻǊ ǎƛƳǇƭȅ ŀ ǊŜŦƭŜŎǘƛƻƴ ƻŦ ƴŀǘǳǊŀƭƭȅ ƻǊ 

artificially (due to experimental factors, see discussion below) occurring TVO variance. Importantly, it 

should be noted that none of the published literature to date details the inherent data variability as 

has been demonstrated in chapter 5. Regardless of this variance, there is no convincing ORM trend in 

response to radiotherapy. For example, in subset B, subgroup 1 (Figure 6.4), there is a clear tumour 

growth retardation and even regression in mouse 7 in response to radiotherapy. However, the ORM 

values steadily decline throughout the experimental course. Further, in subset A, group 1 (Figure 6.3), 

there is clear tumour growth retardation in mouse 9 in response to radiotherapy. However, the 

observed ORM ǘǊŜƴŘǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ŀ ΨǊŜ-ƻȄȅƎŜƴŀǘƛƻƴΩ ǇǊƻŎŜǎǎ Ƴŀȅ ōŜ ƻŎŎǳǊǊƛƴƎ ƛƴ ǘƘŜ ŎƻƴǘǊƻƭ ƳƻǳǎŜ 

όƳƻǳǎŜ оύΦ ¢Ƙƛǎ ǇŀǘǘŜǊƴΣ ƘƻǿŜǾŜǊΣ ƛǎ ǊŜǾŜǊǎŜŘ ƛƴ ǎǳōǎŜǘ !Σ ǎǳōƎǊƻǳǇ нΣ ǿƛǘƘ ŀƴ ŀǇǇŀǊŜƴǘ ΨǊŜ-

ƻȄȅƎŜƴŀǘƛƻƴΩ ƛƴ ƳƻǳǎŜ мн όw¢Ȅύ ǘƻǿŀǊŘǎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŜƴŘ ǇƻƛƴǘΦ ¦ƴŦƻǊǘǳƴŀǘŜƭy, due to the 

discussed high level of variance, the significance of any present trends may be undermined. This is 

further compounded by the small number of mice in each subset (n=12), and as such great caution 

should be employed when extrapolating conclusions from these results. 

The general experimental, technological and methodological limitations of this research are discussed 

both in Section 5.5, and Section 7.2. However, there are three important study-specific limitations to 

this study. First, the methods dictated that the tumours be irradiated once the target volume of 50-

100 mm3 was reached. Due to differing tumour growth rates, it was necessary to sub-categorise the 
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mice based on tumour growth trajectories. This led to smaller groups for direct comparison between 

treatment and control arms. To enable statistical analysis, these subgroups were re-formed into one 

group, thus the comparison includes tumours growing at different rates. Further, it was not always 

possible to match the control and treatment arm mice precisely for size (see Figure 6.3, subgroup 4). 

Additionally, some tumour volumes were outside of the target window (Table 6.2) on receiving 

radiotherapy ς which  was the net result of unpredictable tumour growth rates in combination with 

limited access to radiotherapy equipment and benchtop space. Given tumour volume has a significant 

impact on TVO, the variation in tumour volume is likely to have contributed to some of the observed 

variance. 

Second, the employed method for mapping and administering radiotherapy was somewhat imprecise. 

The mouse was placed in ventral recumbency on a plastic tray with a lead sheet covering the mouse 

in entirety, with exception of a small opening over the tumour. Therefore, the exact revived dose of 

radiotherapy was dependent on the precise positioning of the tumour on the ŀƴƛƳŀƭΩǎ flank; a more 

laterally positioned tumour would receive a lower dose that one place more medially. However, this 

observation is likely a reflection of clinical actuality, insofar as the efficacy of radiotherapy is 

dependent on its mapping (see Table 3.1, question 8, respondent 1),  and in fact, tumour response to 

radiotherapy was largely uniform through both subsets. 

Third, The ICR animal laboratory contained windows, thereby resulting in sunlight interference with 

measurements. This was negated with the positioning of a darkness sheet over the mouse and probe 

during measurements but invariably there may have been some background light interference via 

required sheet defects for the passage of the probe. For future improvement in data quality, 

measurements with the probe light off should first be attained so that any background interference 

can be subtracted.  

As mentioned, our findings are inconclusive, and we do not reach the levels of statistical certainty 

found in the published literature to date, recognising of course that other inconclusive findings are 

less likely to have been published. As detailed in Section 6.1, there is a high level of uncertainty 

amongst investigators about whether the process of re-oxygenation is linked to radio-sensitivity or 

radio-resistance and whether it confers enhanced or abated tumour response. There are several 

possible explanations for this: (1) At least two of the described studies [221,222] did not achieve a 

meaningful response difference between treatment and control arms or radiosensitive and 

radioresistant cell lines ς and as such any change in oxygenation profiles are arguably meaningless if 

not accompanied by a meaningful response; (2) Other investigators have used a range of different cell 

lines, none of which were colorectal in origin, which are therefore likely to respond and oxygenate in 
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differing manners. The only other group to study colorectal cell lines was that of Mudo et al [199], 

who explored DRS trend changes in response to chemotherapy (rather than radiotherapy), thereby 

making direct comparison impossible; (3) The relationship between TVO, vascularity, perfusion and 

cellular oxygenation is incompletely understood and requires further investigation and understanding 

before the potential of DRS can be properly employed for tumour response monitoring; (4) The 

published literature does not characterise or present the naturally occurring TVO variance over time 

and tumour volume (as presented in here in Chapter 5) and it is therefore possible that the reported 

changes are impacted by a similar level of uncertainty.  

 

6.6 Conclusions 

 A clear radiotherapy response with a significant subsequent survival benefit was observed, and  when 

comparing absolute ORM changes from baseline readings, there was a trend towards ORM 

enhancement in the radiotherapy group on days 5 and 7, which reached statistical significance at fibre 

depth 5.  This significance was not reached at other fibre depths or in subset A. As such, and in 

recognition of the observed data variability and small sample size, our findings are promising but 

inconclusive. Finally, it should be re-emphasised that there is current disagreement within the 

literature ŀōƻǳǘ ǘƘŜ ƛƳǇƭƛŎŀǘƛƻƴǎ ƻŦ ŀƴ ƻōǎŜǊǾŜŘ ΨǊŜ-ƻȄȅƎŜƴŀǘƛƻƴΩ ǇǊƻŎŜǎǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜǊŀǇȅΦ Lǘ ƛǎ 

possible that before the true potential of DRS can be used within the tumour response monitoring 

sphere, researchers need to further explore and characterise the relationship between TVO, 

vascularity, and cellular oxygenation with a greater degree of certainty.
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7 Conclusions, Limitations and Future Directions 

7.1 Conclusions  

The essential lines of thinking and thesis conclusions are presented in  

Table 7.1. To briefly re-cap on a chapter by chapter basis, several key conclusions can be drawn from 

this body of work:  

Chapter 2 explores the explores novel trends in the management of rectal cancer and details the 

urgent requirement for enhanced prognostication and response monitoring, and details how the 

intermittent or continuous assessment of tumour oxygenation could be measured with DRS to achieve 

these aims. This stance is strongly supported by the professional opinion detailed in chapter 3. 

Further, professional and patient engagement work, presented in chapter 3, was central to guiding 

the team towards the development of an endoscopic research device for the future assessment of 

human rectal tumours. 

A number of important conclusions can be drawn from the validation experiments in chapter 4. First, 

we confirmed in a pilot study that it is feasible to obtain serial DRS measurements in a mouse 

xenograft tumour model with the available resources and infrastructure. It was demonstrated that 

tumour vascular oxygenation (rather than tumour hypoxia per se) is highly dynamic throughout the 

course of tumour growth. Second, it was possible to track changing trends in TVO with both extracted 

ORM and SpO2 values. Third, it has been demonstrated that DRS sensitively reflects mouse carbogen 

inhalation in both tumour and non-tumour bearing flanks. Fourth, DRS correlated well with the 

OxyLite probe (market gold standard for measuring tumour hypoxia) in the non-tumour bearing flank, 

but this relationship is lost when evaluating the tumour with these two modalities, and the potential 

reasons for this have been discussed in detail ς and fifth ς is further explained and supported by 

presented findings from IHC CAIX and CD31 staining, in which we demonstrate preserved (but 

presumably non-functioning) vasculature in severely hypoxic regions. Sixth, it is possible to 

extrapolate and track changing trends in tumour haemoglobin saturation with calculated ORM and 

SPO2 values, and the former of these offers a rapid, model-free method for reflecting trends. Seventh, 

these two metrics correlate strongly, but the ORM should not be used to compare values at differing 

depths.  Eighth, ŀƴŘ ǇŜǊƘŀǇǎ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘƭȅΣ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ 5w{ ŀǎǎŜǎǎƳŜƴǘΣ ǘƘŜ ǘŜǊƳ ΨǘǳƳƻǳǊ 

ƘȅǇƻȄƛŀΩ was ǊŜǇƭŀŎŜŘ ǿƛǘƘ ǘƘŜ ǘŜǊƳ ΨǘǳƳƻǳǊ ǾŀǎŎǳƭŀǊ ƻȄȅƎŜƴŀǘƛƻƴ ό¢±hύΩ to accurately reflect the 

tissues under scrutiny ς and any observed changes in TVO cannot be assumed to translate to changes 

in cellular oxygenation.  
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In chapter 5 we demonstrate that colorectal TVO is negatively correlated with both tumour volume 

and time in an in vivo murine model across all examined tumour depths. However, it was also 

demonstrated that significant intra- and intertumoral heterogeneity existed, and this observed 

variance requires recognition and careful consideration when considering the impact of radiotherapy 

on the ORM . Further, it was demonstrated that, when using ORM as the main analytical metric, fibres 

4, 5, and 6 are likely to provide the most useful information, as represented by SNR values. Finally, we 

demonstrated the potential of a machine learnt algorithm in the prediction of tumour size based on 

oxygenation values, which could have important clinical implications.   

In chapter 6 a clear radiotherapy response with a significant subsequent survival benefit was 

observed, and when comparing absolute ORM changes from baseline readings, there was a trend 

towards ORM enhancement in the radiotherapy group on days 5 and 7, which reached statistical 

significance at fibre depth 5.  This significance was not reached at other fibre depths or in subset A. As 

such, and in recognition of the observed data variability and small sample size, our findings are 

promising but inconclusive. The limitations of the experimental design (Section 7.2) are possibly 

responsible for this finding. Further, we were unable to comment on the prognostic potential of 

tumour oxygenation due to the limited sample size and homogeneity of tumour response.  

 

1. Can DRS be used to measure cellular oxygenation? No  

2. What does DRS measure?  TVO (haemoglobin saturation) 

3. Is TVO a surrogate marker for cellular oxygenation  Inconclusive, not supported by 

results in chapter 3. The 

literature is variable  

4. What is the natural TVO trend over a period of tumour growth? Significant decrease, but not in 

a linear fashion, with 

significant variance 

5. Can serial TVO measurements reflect a response to RTx  Promising yet inconclusive 

findings. There was a 

significant uptrend in TVO on 

days 5 and 7 post RTx 

6. Can TVO measurements at baseline be used to predict RTx 

response?  

Unable to assess with 

employed methodologies and 

limited sample size  

7. What is the best way to advance this research  Human trials with an 

endoscopic device  

 

Table 7.1 Key lines of thought and thesis conclusions  



142 
 

7.2 Limitations  

The limitations of this work can be broadly categorised into: (1) DRS specific, inclusive of the optical 

science and employed technology; (2) Experimental factors contributing to the observed data 

variance; (3) Specific experimental methodology; and (4) Animal model and cell line.  

7.2.1 DRS and Analytical Approach  

First, and as discussed in detail in Chapter 4, the investigated DRS wavelengths are primarily a 

reflection of the haemoglobin saturation profile. Therefore, DRS is a measure of vascularity and 

vascular oxygenation, rather than the biologically more important cellular oxygenation, and it should 

therefore be regarded as a surrogate marker. This is a crucial appreciation, since a high tumour 

vascular oxygenation does not necessarily translate to improved cellular oxygenation ς due to the 

malfunction of tumour vasculature ς and indeed results in Chapter 4, although limited in number, 

ǎǳƎƎŜǎǘ ǘƘŀǘ ƛǘ ŘƻŜǎ ƴƻǘΦ  CǳǊǘƘŜǊΣ ǿƘƛƭǎǘ ǘƘŜ ΨǊŜ-ƻȄȅƎŜƴŀǘƛƻƴΩ ǘƘŜƻǊȅ (Section 6.1) suggests that cells 

migrate from hypoxic to normoxic environments during a course of fractionated radiotherapy, it does 

not hypothesise on changes to functional tumour vascularity. Therefore, attempts to use DRS with to 

reflect a re-oxygenation process may be flawed.  

The second key limitation of DRS is it inability to penetrate tissue at depth. The greatest depth we 

were able to achieve, with fibre 6, was approximately 2 mm. Greater depth analysis would require a 

more powerful light source, thereby risking thermal injury to the tissue. An inability to assess past this 

depth means a large part of the tumour remained unexamined. This limitation will be further 

exacerbated when examining larger human tumours which can grow several centimetres in diameter. 

DRS does not therefore allow full assessment of heterogeneous tumour, and leaves us unable to 

ŀǎǎŜǎǎ ǘƘŜ ǇƻǘŜƴǘƛŀƭƭȅ ΨƘȅǇƻȄƛŎΩ ŎƻǊŜ ƻŦ ŀ ǘǳƳƻǳǊΦ  

Third, the acquired reflectance spectra are influenced by the pressure one applies through the probe 

[[227]], and this effect may be significant should the pressure be sufficient to occlude underlying 

tumour vasculature. Whilst attempts were made to standardise this pressure effect with a 

standardised clamp positioning, this effect will invariably have contributed to data variance.  

Fourth, and as per professional concerns detailed in Chapter 3, the acquired reflectance spectra will 

be influenced by existing blood, mucous and faecal matter. This is only pertinent to potential future 

human experimentation, but should be borne in mind.  

Finally, we chose to use the ORM as the main analytical metric all analysis past the validation 

experiment in Chapter 3, as it as this allowed rapid, model-free analysis that was computationally 

simple and did not require any prior knowledge or assumptions of tissue properties. Additionally, at 
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that point in time the direction of the research was toward an implantable device, and a device which 

only need to measure three key data points would be far easier to miniaturise than one collecting over 

a thousand. However, it is accepted that the ORM is inadequate for directly comparing differing tissue 

depths. Further, whilst there is a largely linear relationship between calculated Sp02 and ORM (Figure 

4.9), the correlation is not exact ς which therefore leaves scope for error. This is an accepted limitation 

of this metric approach, and for future work, the SPO2 values could be directly calculated for 

comparison.  

7.2.2 Experimental Factors Contributing to Observed Data Variance 

There were several general experimental factors which may have significantly contributed to the 

observed data variance. First, the depth of anaesthesia is likely to have significantly impacted results, 

ǎƛƴŎŜ ŀ ΨŘŜŜǇŜǊΩ ŀƴŀŜǎǘƘŜǘƛŎ ŘŜǇǊŜǎǎŜǎ ǘƘŜ ǊŜǎǇƛǊŀǘƻǊȅ ǎȅǎǘŜƳ ς and therefore results in lower systemic 

oxygen saturation. Factors effecting anaesthesia depth include, but are not limited to, anaesthetic 

drug concentration, time of day in relation to animal circadian rhythm, preceding food and water 

intake, increasing tolerance to anaesthetic agents throughout the course of experimentation, and 

time taken from administration of anaesthetic to start of spectral acquisition. Indeed, despite 

standardisation of these factors (with the exception of time of day), it was noted on occasion, that the 

standardised dose of anaesthetic failed to achieve anaesthesia in some animals, meaning the 

measurement on that day had to be abandoned, and the length of anaesthesia varied between mice 

despite weight adjusted dosing. It is therefore sensible to conclude that it is likely that the animals 

experienced different depths of anaesthesia between measurements. It is worth noting that some 

teams [222] advocate the use of inhaled isoflurane anaesthesia, with a controlled volume of oxygen 

as the carrier gas, to achieve a more standard state of anaesthesia. Indeed, this was our approach in 

the pilot study before converting  to intraperitoneal anaesthesia on the premise that (a) the available 

anaesthetic equipment did not have the functionality to reduce the percentage of oxygen used as the 

carrier gas ς and therefore delivery of 80-100% O2 with the isoflurane would significantly impact the 

results, particularly in the carbogen experimentation phase, and (b) it was not possible to use 

isoflurane anaesthesia within the radiotherapy chamber, and so better to standardise technique with 

intraperitoneal anaesthesia throughout all experiments.   

Second, the positioning of the probe on the tumour has the potential to greatly affect the acquired 

spectral data. Although attempts were made to place it directly in the centre of the tumour, naturally 

there would have been some movement between measurements contributing towards variance.  

Third, it was difficult to standardise probe pressure on the tumour between measurements and 

between mice, and the possible consequences of this have been discussed above.  
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7.2.3 Specific Experimental Methodologies 

The experimental specific limitations have been discussed in detail within the corresponding chapters. 

Briefly, the validation study using carbogen (Chapter 4) was limited by three key factors: (a) small 

sample size (5 mice), necessitated by the time requirements for each measurement; (b) Exposure to 

room temperature carbogen likely led to mouse hypothermia (despite the use of heat mat), thereby 

shifting the oxygen disassociation curve to the left  and increasing the affinity of oxygen to 

haemoglobin; and (c) the OxyLite tumour measurements were acquired at the maximum permitted 

tumour size, which likely contributed to the observed near-anoxic results. 

The investigation into TVO against tumour volume and time was mainly limited by the experimental 

factors in Section 7.2.2, listed above. Further, caution should be used when extrapolating conclusions 

ŀǇǇƭƛŎŀōƭŜ ǘƻ ΨŎƻƭƻǊŜŎǘŀƭ ŎŀƴŎŜǊΩ ōŀǎŜŘ ƻƴ ǘƘŜ ŜƳǇƭƻȅŜŘ ǎŀƳǇƭŜ ǎƛȊŜ όƴҐмнύΦ  

The radiotherapy experiments were again hampered by the experimental factors in Section 7.2.2. 

Additionally, the technique for mapping radiotherapy was somewhat imprecise ς in the sense that the 

proportion of tumour directly exposed to radiotherapy was related to exact positioning of both the 

tumour implantation and the mouse during radiotherapy. It is therefore unlikely that the radiotherapy 

exposure was truly standardised. Further, the small sample size (n=12 in each subset) and 

homogeneity of tumour response in the radiotherapy groups meant it was not possible to assess the 

prognostic potential of DRS in this experiment. Finally, to account to background natural light 

interference, measurements should first have been acquired with the probe light off, so that any 

detected background light (present, despite the use of a darkness sheet) could be subtracted from the 

measurements.  

7.2.4 Animal Models, Cell Line and Clinical Translation 

It is recognised that a single cell line (HCT116 CRC), derived from a 57-year-old Caucasian male, was 

used throughout this series of experiments. Likewise, a single animal model (Nude balb/C) was used. 

The resulting homogeneity certainly limits the clinical translatability of the findings. Indeed, it is 

recognised that the experimental design, particularly with the radiotherapy experiments, does not 

reflect clinical practice ς insofar as the mice did not receive an induction dose of chemotherapy, and 

radiotherapy was not administered in a truly fractionated fashion. This undoubtedly needs to be at 

the forefront of future experimental protocols, but it should be stressed that the key focus of this 

thesis was to assess the technological capabilities of DRS for the assessment of tumour 

hypoxia/oxygenation ς and as such, a single cell line and animal model was deemed appropriate at 

this stage.  
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7.3 Future directions 

There are several directions in which this work can be developed, and these can be broadly 

categorised into (a) further cell based and animal work, or (b) human trials.  

 

7.3.1 Further Cell Based and Animal Work 

7.3.1.1 Matched model of radio-resistance 

To more robustly assess the question of whether TVO can be measured with DRS to predict and reflect 

radiotherapy response, one needs to create a radioresistant and radio-sensitive cell line ς in order to 

create varying degrees of radiotherapy response. This approach has been employed by Diaz et al [222], 

who created a radio-resistant cell line through repeated exposure to low dose fractionated 

radiotherapy during cell culture. However, whilst they demonstrated a re-oxygenation trend in the 

radio-resistant group (see Section 6.1 for full discussion), they did not achieve a meaningful response 

difference in terms of tumour growth rate between the two groups. Further, the created radio-

ǊŜǎƛǎǘŀƴŎŜ ǿŀǎ ƴƻǘ ƴŜŎŜǎǎŀǊƛƭȅ ΨƘȅǇƻȄƛŎ ŘǊƛǾŜƴΩ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǎǳŎƘ ŀ ƳƻŘŜƭ ǿƻǳƭŘ ƴƻǘ ōŜ ƘŜƭǇŦǳƭ ƛƴ 

assessing the prognostic potential of tumour hypoxia.  

7.3.1.2 Prognostication and hypoxic modification  

To assess whether tumour hypoxia or TVO can be used to predict radiotherapy response, one must 

first create a heterogenous group of tumours. This could be achieved by creating artificially hypo- or 

hyper-oxic tumours immediately prior to radiotherapy. This could be achieved either with clamps or 

bands to the tumour pedicles to create hypoxia or the inhalation of carbogen or injection of oxygen 

carrying nanoparticles[228] to create hyperoxia. For example, the following arms might be created in 

a further study: (1) Control (no treatment); (2) Radiotherapy under atmospheric conditions; (3) 

Radiotherapy following a 10-minute period of carbogen (95% O2) inhalation; (4) Radiotherapy 

following intravenous administration of novel oxygen carrying nanoparticles [186] to enhance tumour 

oxygenation. Baseline DRS data could be acquired immediately prior to radiotherapy, followed by an 

assessment of tumour response ς thereby enabling calculation of the prognostic potential. However, 

the artificial manipulation involved in this approach is unlikely to mimic natural occurring oxygenation 

heterogeneity, which would serve as a major limitation.  

7.3.1.3 In situ tumours with clinical treatment protocols  

This research used subcutaneous xenograft tumours (to enable satisfactory positioning of the DRS 

probe), which grow in a homogenous fashion (in comparison to the heterogeneity found in naturally 

occurring tumours)  and are not representative of the in situ tumour microenvironment. Mundo et al 
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[199]  have attempted to overcome this by assessing in situ murine colorectal tumours with a 

miniature DRS probe ς but were only able to assess response to chemotherapy ς rather than 

radiotherapy, which was not feasible due to the size of the murine rectum and colon. A possible 

solution would therefore be to experiment in pig models, thereby allowing the study of in situ tumours 

with a concurrent clinical treatment protocol, combining an induction chemotherapy drug with a 

fractionated course of radiotherapy.  

7.3.1.4 Tumour Organoids  

Tumour organoids, miniature organ-like structures derived from human stem or tumour cells, 

preserve the heterogeneity of their parent tissue ς and could therefore represent a viable method 

with which to study TVO and DRS in a laboratory setting.  

7.3.2 Human Trials 

We have discussed that it is difficult to re-create baseline tumour hypoxia heterogeneity in 

homogenous tumour models and equally challenging to mimic the radiotherapy response 

heterogeneity one observes in human populations. Given that the DRS probe is non-invasive (to the 

tumour), it therefore seems reasonable and within ethical boundaries, to employ DRS in a clinical 

setting. Research participants could undergo a single baseline measurement at the time of diagnosis, 

followed by 3-4 further measurements throughout a course of long course chemoradiotherapy. PPIE 

work in Section 3.4 indicated that this protocol would be acceptable in 60% of patients. Results could 

be correlated with MRI staging and tumour regression (TRG) scores. To this end, a proportion of the 

awarded MedTech SupperConnector (MTSC) funds were used to purchase a sterilisable multi-depth 

sensing probe which is compatible with the working channel of a conventional diagnostic endoscope 

(FibreTech Optica). Regulatory approval (for research devices) would need to be sought prior to 

commencement. Of course, and as detailed in Section 3.4.1, future researchers should be aware that 

any variance in response may be attributed to a number of alternative variables, such as the immune 

response, dose and fractions of radiotherapy, size of patient, who plans the radiotherapy, the contour 

of the tumour, whether the patient can keep still, whether the mesorectum changes shape over the 

course of radiotherapy, and what the radiologist is actually targeting when they plan therapy. 

However, if is certainly feasible that dynamic hypoxia measurements could guide and alter multimodal 

treatment decision-making (e.g., timing of surgery, intensification/de-intensification of nCRT) for 

individual patients, as discussed in detail in Section 2.3.4. Further still, such enhanced patient 

stratification could have a significant health economic impact, such as reducing costs associated with 

ineffective treatments or unnecessary surgeries.  
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There will of course be translational hurdles and challenges to overcome in translating this sensor 

technology into routine clinical practice, such as  regulatory approval pathways, integration into 

existing clinical workflows, training requirements for staff, and cost-effectiveness analyses ς and some 

of these points have already been highlighted by interviewed professionals and presented in Section 

3.5.1Error! Reference source not found. and highlighted in Figure 3.3 and Figure 3.4.  Further, due 

attention will need to be given to ethical considerations for intermittent/continuous monitoring, 

namely the guarantee of data privacy and informed consent, as well an agreed protocol for the 

management of incidental findings. 

7.4 Closing Remarks 

Ultimately, the goal of this research was to investigate whether tumour hypoxia can be quantified 

with diffuse reflectance spectroscopy for the purposes of advanced prognostication and response 

monitoring in a colorectal murine xenograft model. We were unable to demonstrate that TVO (as 

measured by DRS) correlates with tumour cellular oxygenation, and therefore the focus of this 

research re-centred on the concept of TVO change in response to radiotherapy. Ultimately, although 

we did demonstrate a significant uptrend in TVO on days 5 and 7 in the radiotherapy group (with 

statistical significance reached in fibre 5 on both measurement days), our results were promising and 

yet inconclusive ς and this was possibly due to several limiting experimental factors. Further, it was 

not possible to assess the true prognostic potential of TVO due to the limited sample size and 

homogeneity of the tumour response. However, it was demonstrated that oxygenation data can be 

used to predict tumour volume using a machine learnt algorithm. Further, we did demonstrate that 

DRS can accurately detect an enhancement in TVO following exposure to carbogen, and we have 

demonstrated a clear relationship between tumour volume, time, and TVO. As such, DRS still holds 

promise within these prognostic and response monitoring spheres, and attention must now be 

focussed on perfecting experimental design and utilising the heterogeneity of the human tumour to 

further explore its true potential.  
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9 Appendices 

9.1 Professional and Patient Engagement Work 

9.1.1 Patient Information Sheet 

 

Participant Information Sheet  
 

Development of an implantable sensor for the measurement of rectal tumour hypoxia: 
Patient engagement and device design feedback  

 

Help design a new device to improve colorectal cancer treatment & monitoring  

  

Principle Investigator: Professor Ara Darzi  

Collaborators: Mr Teddy Fletcher, Mr Hutan Ashrafian, Dr Alex Thompson 

 

 

You are being invited to take part in a research study.  Before you decide it is important for you to 
understand why the research is being done and what it will involve.  Please take time to read the 
following information carefully and discuss it with others if you wish.   

 

We are very sorry that you have undergone treatment for rectal cancer, and understand that this 
must have been a very difficult time for you and your family. Here at Imperial College, we are 
committed to improving the management of rectal cancer. We are developing a new device 
which could give us new vital information about these cancers, and we need your help guide the 
ĬĲƻŔĦĲќƚШĬĲƚŔŊŰЮШ  

 

Part 1 tells you the purpose of this study and what will happen to you if you take part. 

Part 2 gives you more detailed information about the conduct of the study 

 

Please ask us if there is anything that is not clear or if you would like more information.  Take 
time to decide whether you wish to take part. 

 

Thank you for reading this. 
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What is the purpose of the study?  

We are aiming to develop a novel device (based on how light interacts with cancer tissues) to 
measure the amount of oxygen in a cancer. It is already well known that lower levels of oxygen 
can result in a more aggressive cancer, meaning it is less likely to respond to treatments like 
chemotherapy and radiotherapy, and more likely to spread to other parts of the body. 

Unfortunately, it is currently very difficult to measure the amount of oxygen in a tumour, 
especially when they are as inaccessible as rectal cancers. We are therefore aiming to develop 
a miniature device which can either me implanted or fixed to an endoscope for the assessment 
of tumour oxygenation (i.e. the level and distribution of oxygen in a tumour). 

This will then give us vital information on prognosis and how the tumour is responding to 
treatments. This will ultimately allow us to personalise treatment plans and optimise the timing 
of surgery and pre-operative treatment. It may also enable us to select a subgroup of people 
who could be treated with chemoradiotherapy alone, without the need for surgery. 

Why have I been invited? 

We are inviting you take to take part as you have undergone treatment for a rectal cancer. We 
would therefore greatly value your insight into the condition and treatment from a patient 
perspective. We will interview 10 people in total.  

Do I have to take part? 

It is up to you to decide whether or not to take part.  If you do decide to take part you will be 
given this information sheet to keep and be asked to sign a consent form. If you decide to take 
part you are still free to withdraw at any time and without giving a reason.   

 

What will happen to me if I take part?  

Participants will complete a questionnaire in conjunction with a study collaborator in a one-on-
one online discussion. The questionnaire will use a combination of open and closed question. 
The researcher will ask your opinions on device applicability, device design and device 
acceptability. All of the data collected will completely anonymised so that it will not be possible 
to identify you from the collected data.  

 

What are the possible disadvantages and risks of taking part?  

Some of the questions the interviewer asks you may be of sensitive nature which could invoke 
negative memories and emotions т such as what you found most difficult about your rectal 
cancer treatment. You are under no obligation to answer these questions if you would prefer 
not to.  

 

What are the possible benefits of taking part?  

The information gained from this study will be vital in directing the device design т particularly in 
relation in whether we proceed with an implantable or endoscopic approach. However, we 
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cannot promise the study will help you but the information we get might help improve the 
treatment of people with rectal cancer in the future.  

 

What if something goes wrong?  

If you are harmed by taking part in this research project, there are no special compensation 
arrangements.  fŉШǃŸƨШċƖĲШőċƖůĲĬШĬƨĲШƣŸШƚŸůĲŸŰĲќƚШŰĲŊũŔŊĲŰĦĲЯШƣőĲŰШǃŸƨШůċǃШőċƻĲШŊƖŸƨŰĬƚШŉŸƖШ
a legal action.  Regardless of this, if you wish to complain, or have any concerns about any 
aspect of the way you have been treated during the course of this study then you should 
immediately inform the Investigator (Mr Teddy Fletcher; teddy.fletcher@imperial.ac.uk).  If you 
are still not satisfied with the response, you may contact the Imperial College Research 
Governance and Integrity Team (rgitcoordinator@imperial.ac.uk).  

 

What will happen to the results of the research study?  

The result of this study will be used for the following purposes:  

¶ To guide the device design  
¶ To support a grant application to raise funding for ongoing research and device 

development. The results of this application will be available in July 2022 and will be 
shared with the participants.  

¶ To form the basis of a publication on patient opinion on the proposed device, which is 
likely to be published in the first half of 2023. We would be delighted to share these 
results with you, but please be aware that this will be group (rather than personalised) 
data.  

Please be assured that it will not be possible to identify you personally in any of the written 
reports or publications. 

 

Who is organising and funding the research?  

The research is being funded through the department of Surgery and Cancer at Imperial College 
London. This department receives funding from the Biomedical Research Centre.   

 

Who has reviewed the study? 

This study has been given approval by the principle investigator (Professor Ara Darzi),  Head of 
Department (professor Vassilios Papalois), and the Research Governance Integrity Team 
(RGIT). 

 

Contact for Further Information  

If you have any further questions, please feel free to email Mr Teddy Fletcher at 
teddy.fletcher@imperial.ac.uk  

mailto:teddy.fletcher@imperial.ac.uk
mailto:teddy.fletcher@imperial.ac.uk
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Should you have any urgent queries, please contact Mr Teddy Fletcher on 07770917948.  

 

Thank you for taking the time to read this information, and we look forward to speaking with you 
in person.  

 

Should you wish to proceed and take part in the study,  a copy of this written information and the 
signed Informed Consent form will be given to you to keep. 
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Transparency Notice  

In this research study we will use information from you. We will only use information that we 
need for the research study. We will let very few people know your name or contact details, and 
only if they really need it for this study. Everyone involved in this study will keep your data safe 
and secure. We will also follow all privacy rules. At the end of the study, we will save some of 
the data in case we need to check i. We will make sure no-one can work out who you are from 
the reports we write. The information pack tells you more about this. 

 

 

How will we use this information about you?   

[Research Study Title: Development of an implantable sensor for the measurement of rectal 
tumour hypoxia: Patient engagement and device design feedback] 

 

Imperial College London is the sponsor for this study and will act as the data controller for this 
study. This means that we are responsible for looking after your information and using it 
properly. Imperial College London will keep your personal data for: 

10 years after the study has finished in relation to data subject consent forms. 

10 years after the study has completed in relation to primary research data. 

 

 

We will need to use information from you for this research project. This information will include 
your name, and contact details. People will use this information to do the research or to check 
your records to make sure that the research is being done properly. People who do not need to 
know who you are will not be able to see your name or contact details. Your data will have a 
code number instead.  

Once we have finished the study, we will keep some of the data so we can check the results. 
We will write our reports in a way that no-one can work out that you took part in the study. 

 

Legal Basis 

As a university we use personally-identifiable information to conduct research to improve 
health, care and services. As a publicly-funded organisation, we have to ensure that it is in the 
public interest when we use personally-identifiable information from people who have agreed 
to take part in research.  This means that when you agree to take part in a research study, we 
will use your data in the ways needed to conduct and analyse the research study. 

Health and care research should serve the public interest, which means that we have to 
demonstrate that our research serves the interests of society as a whole. We do this by 
following the UK Policy Framework for Health and Social Care Research  

https://www.hra.nhs.uk/planning-and-improving-research/policies-standards-legislation/uk-policy-framework-health-social-care-research/
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International Transfers  

There may be a requirement to transfer information to countries outside the European 
Economic Area (for example, to a research partner). Where this information contains your 
personal data, Imperial College London will ensure that it is transferred in accordance with 
data protection legislation. If the data is transferred to a country which is not subject to a 
European Commission (EC) adequacy decision in respect of its data protection standards, 
Imperial College London will enter into a data sharing agreement with the recipient organisation 
that incorporates EC approved standard contractual clauses that safeguard how your personal 
data is processed. 

 

Sharing your information with others  

For the purposes referred to in this privacy notice and relying on the bases for processing as set 
out above, we will share your personal data with certain third parties.  

¶ Other College employees, agents, contractors and service providers (for example, 
suppliers of printing and mailing services, email communication services or web 
services, or suppliers who help us carry out any of the activities described above). Our 
third party service providers are required to enter into data processing agreements with 
us. We only permit them to process your personal data for specified purposes and in 
accordance with our policies. 

 

What are your choices about how your information is used?   

You can stop being part of the study at any time, without giving a reason, but we will keep 
information about you that we already have.  

 

We need to manage your records in specific ways for the research to be reliable. This means 
ƣőċƣШƽĲШƽŸŰќƣШĤĲШċĤũĲШƣŸШũĲƣШǃŸƨШƚĲĲШŸƖШĦőċŰŊĲШƣőĲШĬċƣċШƽĲШőŸũĬШċĤŸƨƣШǃŸƨЮ  

 

Where can you find out more about how your information is used?  

You can find out more about how we use your information by sending an email to Teddy 
Fletcher at teddy.fletcher@imperial.ac.uk 

  

  

 

 

Complaint  

mailto:teddy.fletcher@imperial.ac.uk
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If you wish to raise a complaint on how we have handled your personal data, please contact 
fůƓĲƖŔċũШ9ŸũũĲŊĲШxŸŰĬŸŰќƚШ?ċƣċШÂƖŸƣĲĦƣŔŸŰШ§ŉŉŔĦĲƖШƻŔċШĲůċŔũШċƣШĬƓŸѻŔůƓĲƖŔċũЮċĦЮƨťЯШƻŔċШ
telephone on 020 7594 3502 and/or via post at Imperial College London, Data Protection 
Officer, Faculty Building Level 4, London SW7 2AZ. 

 

If you are not satisfied with our response or believe we are processing your personal data in a 
ƽċǃШƣőċƣШŔƚШŰŸƣШũċƽŉƨũШǃŸƨШĦċŰШĦŸůƓũċŔŰШƣŸШƣőĲШfŰŉŸƖůċƣŔŸŰШ9ŸůůŔƚƚŔŸŰĲƖќƚШ§ŉŉŔĦĲШыf9§ьЮШÑőĲШ
ICO does recommend that you seek to resolve matters with the data controller (us) first before 
involving the regulator. 

 

9.1.2 Patient Consent Form 

 

Consent Form for Participants Able to Give Consent  

 

 

Full Title of Project:  Development of an implantable sensor for the measurement of 

rectal tumour hypoxia: Patient engagement and device design feedback  

 

 

Name of Principal Investigator: Professor Ara Darzi  

         Please initial box  

 

1. I confirm that I have read and understand the participant 
information sheet version 1 dated 24.01/2022 for the above study 
and have had the opportunity to ask questions which have been 
answered fully. 

 

 

2. I understand that my participation is voluntary, and I am free to 
withdraw at any time, without giving any reason and without my 
legal rights being affected. 
 

 

3. I give permission for Imperial College London to access my 
research records that are relevant to this research. 
                                                   

 

4. I give/do not give (delete as applicable) consent for information 
collected about me to be used to support other research in the 
future, including those outside of the European Economic Area 
(EEA).           
   

 

5. I consent to take part in the above study. 
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6. I give/do not give (delete as applicable) consent to being contacted 
about the potentially to take part in other research studies.           
                                                                           

 

 

 

________________________ ________________ ________________ 

Name of participant Signature Date 

  

_________________________ ________________ ________________ 

Name of person taking consent Signature Date 

(if different from Principal Investigator) 

 

_______________________ ________________ ________________ 

Principal Investigator Signature Date  

 

1 copy for participant; 1 copy for Principal Investigator 

 

9.1.3 Patient Questionnaire 

 

Patient Questionnaire: Device Design, Acceptability and Applicability  

 

Section 1: Demographics  

a. Sex:  
b. Age:  
c. Region/county:  
d. Date of diagnosis:  
e. Stage of cancer at diagnosis if known:  
f. What is the status of your cancer now?  
g. After your initial diagnosis, did you:  

i. Proceed straight for surgery  
ii. Undergo pre-operative chemo-radiotherapy 
iii. Have treatment only with chemo-radiotherapy  

 

If answering g(ii):  

h. For how long did you undergo pre-operative treatment:  
 

i. Do you know the specifics of the treatment you received? 
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j. Do you know if your cancer responded to the chemoradiotherapy before your operation 
(and to what extent if known):  

 

Section 2: Device Acceptability  

We are aiming to develop a novel device (based on how light interacts with cancer tissues) to 
measure the amount of oxygen in a cancer. It is already well known that lower levels of oxygen can 
result in a more aggressive cancer, meaning it is less likely t o respond to treatments like 
chemotherapy and radiotherapy, and more likely to spread to other parts of the body. 
Unfortunately, it is currently very difficult to measure the amount of oxygen in a tumour, especially 
when they are as inaccessible as rectal cancers. We are therefore aiming to develop a miniature 
device which can either me implanted or fixed to an endoscope for the assessment of tumour 
oxygenation. This will then give us vital information on prognosis and how the tumour is responding 
to treatm ents. This will ultimately allow us to personalise treatment plans and optimise the timing 
of surgery and pre-operative treatment. It may also enable us to select a subgroup of people who 
could be treated with chemoradiotherapy alone, without the need for surgery. 

 

Please indicate the degree with which you agree with the following statements: (1=strongly 
disagree, 5 = Strongly agree) 

a. I would be willing to undergo a further endoscopy if it could provide additional 
information about my cancer, which could affect my prognosis and treatment options.  
 

b. I would be willing to undergo serial endoscopies (up to 4 before your surgery) if it could 
provide valuable information on how the tumour is responding to pre-operative chemo-
radiotherapy?  
 
 

c. I would be willing to have a device implanted within my rectum before my operation (for 
up to 3 months) for the continuous monitoring of the tumour, and how it responds to 
chemoradiotherapy. 

 

Section 3: Device Design 

I am now going to show you pictures of how such an endoscopic or implantable device could look. 
Please highlight any issues/objections you envisage with these  device s:  
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a. Endoscopic device:  

 

 

b. Implantable device 

 

 

c. Do you have any suggestions for design/deployment?  

 

 

Oxygen 
sensing 

electronic
s  


