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Thesis Abstract

The role of neoadjuvanthemoradiotherapy withirthe realm ofrectal cancettreatment 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 fatimeatesponse
monitoring to enable personalised treatmenh& accurate measurement of tumour hypoxia could fill

prognostic and response monitoring voids.

Itis projected that DR&n be used to measure colorectal tumour hypoxia in a murine xenograft model
to predict and reflect a response to radiothe@sa 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 and this work begins by engaging with healthcare
professionals and rectal cancer patients to ascertain applicability and acceptability of suggested

devices to gide future device development.

This research interrogates subcutaneous colorectal tumours widiffase Reflectance Spectroscopy
(DRS)This thesis first seeks to validate DRS for the assessment twascularoxygenation(TVO)
through assessment of carbogen inhalation effect, and through comparison with the OxyLite &ensor
the present gold standard for the assessment of cellular hypoxia. Findings suggest that the two
modalities correlate well in a netumour bearing flank, buthe correlation is lost when assessing the
tumour. The n&ural 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 leguadjorithm 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 8 @rpost radiotherapy.
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Figure 2.1Pictorial and imaging demonstration of the CRM and TME plangse 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 ehloc excisiorthe 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).......ccuuiiiiiiiiiiiies i e e e s s e e s nnneeeeas .28
Figure 2.2 Simplified management algorithm of RC, highlighting the requirement for advanced
prognostication and response monitoring imccordance with emerging trend#idvanced
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 NnCRT and thus require immediate surg&gntinuous 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 agaitijor 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
BSSESSIMIEINL. ..ttt es oeee e e et ettt e et ettt e aes Seeeeeeeeeeeteteeteebebb s aaaaaaeeaaeaaaeaaeeeeennes 36
Figure 2.3 Radiation therapy mechanism of actidR leads to DNA damage, with a subsequent
increase in p53, leading to cell cycle arrest via cyldipendant inhibitor p21. If the cell is unable to
repair itself, sustained levels of P53 lead to eventual-BédXced apoptosis. Diagram reproduced
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Figure 2.4Schematic simplification highlighting the importance of oxygen in the radiobiological
process and the hypoxinduced transcriptional, genomic and proteomic alterations leading to

poor therapy response and poor overall survivéllF, hypoxia inducible factor; GL-UTglucose
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trasporter-1; LOX, lysyl oxidase; MMP, matrix metalloproteinasekBlFhuclear factor dfappa
light-chainenhancer of activated B cells; p53, tumour protein 53; STAT3, signal transducer and
activator of transcription 3; VEGF, vascular endothelial growth factetXCéarbonic anhydrase 9.
lonising radiation impacts directly with DNA, resdtin ionization damage, DMADIH can easily be
repaired to its original state (DNH), but in the presence of oxygen a peroxy radical is formed {DNA
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Mh X Y &adSNI (iNwityh dudeddud dowingrgamfreguldte® geSomic and proteomic

effects, leading to enhanced cell survival, invasion, metastasis, and consequent poor overall survival.
........................................................................................................................................... 40

Figure 2.8Vlethods 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 imaging techniques and technologies for the future are
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Figure 2.6 Diffuse Reflectance Spectroscopy (DRS) sensing devices and ¢g&jpRtototype 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-Reifeworet et al in

Wg2NJ Ay3I (26 NRa | NR2RQFIGEHOOVOLOKI ¥ANISLIRE RRATFEA SO?
data in relation to differing tissue oxygenations; (D) Images of perfused bowel obtained from a DRS
probe mounted to a high resolution surface 1aparoSCoOPe..............cooeeeveiit evveiieeiieeeee e, 54

Figure 2.7 An early prototype of how an implantable rectal device would appgd) 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 tumaut............. 55
Figure 3.1 Professional opiniargarding the requirement for further methods and devices for
advanced prognostication and response monitoring in rectal camegragement, and the potential

for hypoxia assessment to be used within this sphere...........ccccooi it e 61
Figure 3.2 Patient opinioimdicating acceptability of proposed endoscopic and implantable devices
........................................................................................................................................... 67
Figure 3.3 Categorised network diagraaemonstrating professional and patient concerns and
objections to an iImplantable deVICE.............ovii s e e 69
Figure 3.4 Categorised network diagraaemonstrating professional and patient concerns and
objections to an iMplantable deVICE. ... e e 70

Figure 3.5Proposed endoscopic (A) and Implantable (B) devidesmges were shown to a patient

focus group for attainment of opinion on device acceptabili@)Patient preference between

endoscopic and implantable apProachies.............coiiiiiiies o e 71

Figure 4.1 Experimental setup, equipment and methodologi€s) Pictorial depiction of DRS

experimental setup, photographed in (B). The light source was coupled to aamatthel fibreoptic

probe for tissue illumination and light collection. The fibre optic probe had five fibre spacings (C) for
analysis of diffang tumour depths (approx. -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 nerable tumour, red represents areas strongly positive for

hypoxia, and brown is weakly NYPOXIC..........ccooiiiiiiiiiiis e e 80

Figure 4.2Data calibration and processing. (Acquired spectral data, normalised by the intensity

value at 800 nm, the(B)further calibrated with division by reflectance standard val{&y.

Saturated haemoglobin (HB® A& NBLINBASY(iSR o6& Rdzrf ol yRa Fd pi
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OF £ Odzt SR 0608 RAQGARAY3I (GKS YARLRAY(O ZD)MaekKSa S Ol f
extinction coefficient of haemoglobin, universally available. X axi¥) Awavelength (nm); Y Axis

13



(A-C) = intensity of reflected light, D = Molar Extinction Coefficient{eth Pink highlight B =

spectral data WINAOW Of INTEIESL..........oiuiiiiieiiiiiiies i e e e s e e e aaes 83

Figure 4.3 Example fitting results for measurement of oxygen saturation p&@aphs show

normalised spectral data (represented as absorbance; blue points) and fitted absorbance values (red
line; see Equation 1) for four example datasets collected with fil§&r[3) and four example

datasets collected with fibre @&&H). Good fits are observed in all cases wittv&ues of 0.98 or

Figure 4.4 Pilot results. (Alean serial calculated fibre 5 ORM values reflected heterogenous

tumour vascular oxygenation trends over the period of tumour grogvith 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 exemplifi€d)imith a

gradual loss of the single peak and dual trough waveform as oxygenation decreases over the period
of finger clamping(B) Observed tumour growth...............cooooiiiiies v e 88

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 DEThe observed absolute difference (from baseline) in

ORM and Sp0ralues in response to carbogen breathing at each experimental phase. There was
decreasing effect of carbogen over the experimental course, but the trend is wéakl(Bs
displayed)Both ¢ 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 §y 2D&easure 8 = Day 30................. 89

Figure 4.6 OxyLite and DRS trends in response to carbogen inhalation in tumour anturmaur

bearing flanks.The OxyLite Pao2 and DRS haemoglobin oxygen saturation trends mirror one another
in response to murine carbogen inhalatihB). However, whilst DRS reflects enhanced

haemoglobin saturation in the tumour bed during carbogen inhalation, this does not translate to
enahanced intrecellular PaO2GE)¢ presumably due to chaotic, dysfunctional vasculature. Labels
A-Din panel E corrospond to panedsDin this figure..........cccocvviieiieiiiiiiees i, 92
Figure 4.7 ICH CAIX and CD31 mapp8igles 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 néEigai® 4.1 E).(A-B) The CD31
staining was identified using a DAB channel thresholder from which detection objects were
generated (GE)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 tathggions for

each image(E)Redc High CAIX, BlueLow CAIX, BlackNecrosis, Greeg CD31 Detections..... 94
Figure 4.8 ICH CAIX and CD31 mapping analysi®ercentage of analysed tumour area staining for
high and low CAIX (representing cellular hypoxia) and nec(B$Rercentage of each stdroup
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high and low CAIX, indicating that, whilst present, the vasculature is ineffective................. 96

Figure 4.9 Relationship between oxygen saturation (Sp€alculated via numerical fitting of

Equation 6) and oxygenation ratio metric (ORMRA-E)SpQ vs. ORM graphs showing data obtained
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Figure 4.10 Slope theoryAs perFigure 4.2the ORM is calculated bzwa I ' KO0 O6h bi OKHO @
GKS2NE LINRLR&SE GKIFG @l tdzSa G h NB SEFI3ISNF GSF
light received by the detector (less light is absorbed by the tissues due to its superficial trajectory),
resulting in the obsrved waveform slope i(A). This is likely to be responsible for the difficulty in
O2NNBfFidAy3a hwaQa 0SioBEB¢¥4EAOLNSK.. RSLILKAZ 18203 SND
Figure 5.1 Exponential Tumour Growth. (A)imour growth rate in all 12 studies mice, and (B)

Evidence of exponential growth plotted on a logarithmic volume scale. Corresponding tumour slope

and Rvales are displayed iN........cccccviveriiiiies e sa e cereeseesseeee e e eneesreenes . 109

Figure 5.2 Example sequential calibrated spectral ddthe data was collected from mouse 2 over a
36-day period of tumour growthEvery 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¥-i§eee 4.2for

interpretation of spectral data..............ooooe s e e —— 111

Figure 5.3 Figure x: Correlative analysis of ORM against volume and Tilme ORM for all 12 mice

is plotted againsfA) Volume (on a logarithmic scale), af®) Time. Means reflected by thicker line,

B
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corresponding values and fRalues are iMable 5.3andTable 5.4...........cccceeveeeeeeeces ceveenenns 112
Figure 5.4 Figure x: Distribution of slopes and R2 values by f{&fgORM against volume; an@)
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Figure 6.1Schematic representation of schedule for radiotherapy experimental phase. Note that
Subset A and B represent distinct experiments performed sequentially rather than concurdgtly
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1 ThesisOverview

Core Thesislypothesis Diffuse Reflectance Spectroscopgn be used to measure colorectal tumour
hypoxia in a murine xenograft model to predict and refleatresponse 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 radasistance andutlines current, but
inadequate, methodologies for assessing tumour hypoxia in aimgasive manner. Third, it closely
assesses the literature in relation to colorectal cancer specific hypoxia, exploring evidence of its
existence and correlations betwedypoxia and treatment resistane@nd 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 -iovasively

assess tumour hypoxia.

Chapter3 presents public and patient engagement work performed to assess patient acceptance and
opinion on both implantable and endoscopic devices, in order to guide future deFBignher, this
chapter presents results from a papeciality survey to ensure clinical applicabitifythis 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 bodyof work builds upon thergumentsoutlined in chapter 2 in favour of further prognostic and

response maitoring tools and this further justifies the requiremenf this research.

Chapter4 aims to validate a handheld DRS sensing tool for the measurement of tissue and tumour
hypoxia. This chapter combinggo distinct studies;1) A mouse xenograft pilot study, demonstrating

the feasibility of assessing tumour hypox#&d (2) A mouse xenograft comparison study of DRS
against the Oxyte sensorc¢ the current market gold standard for the measurement of tumour
hypoxia.The findinggrom this study are further supported by immunohistochemical work with CAIX
and CD31 to map tumour hypoxia against tumour vasculatéther, 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 m@&@mi\)are presented

the latter of whichisused for simplified and rapid trend observation requiring minimal computational

power. Importantly in this chapterin the context of DR®easurementsii KS (1 SN Wi dzY 2 dzNJ
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isredefinedli 2 Wi dzY 2 dzNJ G| & Whilzh i$ a\sTitidaEappfeSigfioniarid 2oyidileration when

using DRS to measure oxygenation trends.

Chapter5 presents a larger xenograft study and closely examines the relationship between tumour
volume, timeand tumourvascularoxygenation The results demonstrate that tumour oxygenation
values stronglyare negatively correlated with both time and tumour volume, although there is
significant heterogeneity and data varian¢airther,we introduce anachinelearning algorithmand
demonstrate how tumour oxygenation can be usegbtedict tumour size an observation that could

have important implications in response monitoring.

Chapter6 introduces radiotherapy into the fold and investigated whether DRS oxygenation metrics
can be used to reflect a meaningful tumour respomssignificant tumour response is achieved in the
radiotherapy arm (against the control arpgnda trend towards reoxygenation in the radiotherapy
group on dag5 and 7post radiotherapy exposuris observed; reachingstatistical significance in a
subset of 12 mic@ fibre 50n both of these daysThese results are discussed in detail in relation to

the literature andimitations of this and published studies.

Chapter7 presents the conclusions of this this thesis and lays the foundation for future work and
device development. Additionally, the limitatisiof this work and that of DRS as a technology for

assessing tumour hypoxge 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 &is@age of positive outcomes; once

consigned to the backwaters, radiotherapy is now transfimg the way clinicians manage RC2].

HabreD | YY I Q& {shifthd Wokk B]Yon pathological complete response (pCR) has elicited

great excitement among international researche Observed in 1830%[4] 2 F w/ Q& NBOSA
neoadjuvant chemoradiotherapy (nCRT), pCR describes the absence of residual tumour in surgical
resection histopathological analysis.e., there is noviable tumour found at the time of specimen

analysis after surgeryConsequently, it has been suggested individuals with p@R not need to

proceed with surgery, particularly those presenting withngorbidities. The challenge however rests

on predicting which RC cases will respond to nCRT treatmastduracy using the proposed
biomarkers is currently insufficient; and the tisteold for clinical application remains unnjg}. Three

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

2.6), these are: a small proportion 0’2 0 2F w/ Q& LINPINBA& dzy A YLISRSIH
meaning these patients are endangered by treatmentagisl 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 arbitrarand lack consensost 2 f t 26 Ay 3 y/ we¢> | LI GASyGQa
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 patients both for those where surgery is an inevitability, and those for whom pCR is a possible
outcome. Within the remaining 500%, where nCRT resuitspartial 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 decisioimaking models for RC managemé§2it

It is suggestd that precise measurement of tumour hypoxia could turn the tide on these current
limitations, meeting the prognostic and respoAs®nitoring criteria required for improved RC
treatment. Hypoxia is closely tied to chemoradiotherapy resistance; it triggers ttesan 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 bomarker. 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-iea 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 thetUiéspectively, 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 o\j&}.9Recent 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 furtherresef8th 2 AGK | avYlFff YI22NARGe X
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, dadonal visualisation with
sigmoidoscopy or colonoscopy is the highest quality investigative technique for symptomatic patients.

For frail patients or those presenting with colonic siridzNA y3 2 NJ 02 YLX SE &A3Y2A
pneumocolon is appropriate. This method offers comparable sensitivity to colonoscopy for the
detection of polyps >10mnj9], is less intrusive and carries the added advantage of detecting
asymptomatic yet clinically important ext@lonic findings in 2.5% of patiejid]; 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. WheR€ is detected, rectal Magnetic Resonance Imaging (MRI) is a
mandatory part of preoperative staging. This allows assessment of tumour encroachment on the
circumferential resection margin (CRMand therefore determines whether a tumour resection with

clear margins is feasibléFigure 2.1). Various treatment centres differentiate between T1 and T2

tumours through the use of endanal US, though this approach is not uniformly deployed.
LYGNRRdzOSR AY HnanncI GKS !'YQa .26St /FyOSN { ONBSy
reduced mortality of CRC by-B8%[11,12] This earlier diagnosis has increased the use of local and
endoscopic resections, discussed beld@®ection 2.1.6). In 2019, the UK adopted the Faecal
Immunochemical Test (FIT) which is more sensitive, specific andrigselly than its predecessor,

GKS CIFSOFItf hOOdz G .ft22R o6Ch. 0 GSade ¢KS CL¢ GSai

the threshotl valua a 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;@ffisigmoidoscopy has also been
shown to reduce the incidence and associated mortality of {IBJ although initiallyoffered to

patients aged 5%4, 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 sys&imedition, is most commonly used to stage
CRCIt provides a standardised methdd stage a tumour, thereby indicating treatment pathways
such as the need for adjuvant chemotherapg well as providing patients and clinicians wsithvival

probabiities ¢ for example,5-year overall survival rates caange from over 90% for Stage IA to

around 9% for Stage IV.

Historically prognostic parameters helping guide the use of Nn@GRTOf dzZRS (G KS { dzYy 2 dzZNDa
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 deanstrated by the occurrence of extra mural vascular invasion (EMVI),

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

likely to receive adjuvant therapy. Notably, a 50% reduction in EMVI following nCRIatesrwth

significantly improved diseadece survival (DFEW], or pCRSection 2.7(below) further discusses

predicted response and monitoring following nCRT

However, more recently, advanced genetic and molecularour profiling ha enabled a far greater
understating of colorectal tuwur biology.Indeed,colorectalcancer (CRC) was among the first solid
tumours to be charactesed at the molecular level, revealing multiple genes aigghallingpathways
involved in tumair initiation and progressiofil5]. CRC develops through the stepwise accumulation
of genetic alterations in oncogenes (e JRASNRASBRAFPIK3CAandtumour suppressor genes
(e.g9.,APCTP53 SMAD4PTEN that disrupt key pathways drivitgmour growth, includingz b ¢ « i
catenin U N YATFT2NXAY 3 3INR g,lefiderd GrovdhNictor Setdptor (RGBREND 0O
downstreamMAPKandPI3Kcascades. These changes are common in advanced disease, which can be
broadly categorized as eithehromosomally instabler microsatellite instable (MSased on distinct
patterns of additional genomic and epigenomic alterations. Chromosomally instabbeurs
frequently harbour copy-number changes associated wiifP53mutations, whereas MSumours
exhibit hypermutation due to defectivBNA mismatch repair (MMR)echanisms, typically involving

germline or somatic inactivation ®MLH1, MSH2 MSH6 or PMS216]

Recent transcriptomic profiling has led to the definitiortohsensus molecular subtypes (CISible
2.1), whichreveal shared pathway dependenci€dMS1 (MSimmune)are hypermutated,contain

MSI, with strong immune infiltration and activated cytotoxic sighaliigS2 (canonicadreepithelial,
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chromosomally instabldhaveimmune-desert phenotype, with marked EGFR pathway dependence

CMS3 (metabad) are epithelial, contain mixed chromosomal and microsatellite instabilityjth

notable metabolic dysregulation, and frequent MAPK pathway mutafiGhsS4 (mesenchymadye
chromosomallyA y & i 6t ST 6AGK LINRYy2dzy OSR ¢DCi | OGAQlIGAZ2Y

stromal cell417].

These CMS groups represent distinct biological features of primary CRC and carry clear prognostic
significance in both early and advancethges. Notably CMS4 mesenchymal turas show
approximately double the risk of relapse after curative treatment, wiidS1 MSimmune tumaurs

are linked to poor outcomes in the metastatic settid®,17]

Frequency in Rectal Biological Behavior / Clinical

CMS Subtype Key Molecular Features

Cancer Relevance
. MSthigh, hypermutated, BRAF  Better response toimmunotherapy
~ 0,
CMS1 (VS 315% in rectal (less V600E mutations, high immune (PD-1blockade). Poor survival after
Immune) common than colon) . .~
infiltration relapse.
CMS2 Most common (~40r AP.C' TP5,3 mutations; WNT, MY( Good response to standard
(Canonical) 50%) activation; chromosomal chemoradiotherapy. Better prognosis
instability (CIN) ’ '
CMS3 ~107115% KRAS mutations, altered Variable prognosis, may show
(Metabolic) metabolism, PI3K pathway resistance to EGFR inhibitors.
CMS4 —20T25% TGF, We¢ #aqR2 ¢ qRY U4APoor prognosis, resistant to therapy;
(Mesenchymal) ° infiltration, EMT phenotype higher risk of metastasis.

Table2.1 Consensus moledar subtype classification

The CMS classification has further important implications for treatment stratificafilimgside the
growing understanding of molecular drivers and twmgmicroenvironment interactions in colorectal
cancer (CRC), major advances in the development of targeted therapies and immunotherapies have
highlighted the clinical value of comprehensive tumprofiling. In metastatic CRC (mCRC), molecular
heterogeneity is a key determinant of treatment choice: twm®harbouringKRAr NRASRAS$
mutations are intrinsically resistant ©GFR monoclonal antibodies (mAb8), whereadMSltumours

display exceptional sensitivity to immune checkpoint inhibitors. Beyond theseestablished
biomarkedrug associations, accumulating clinical evidence indicates that additional biomarkers,
such as BRAF mutations and HER2 amplifications, are also important for treatment
stratification18,19]¢ and as such, onean appreciate the critical importance wiolecular biology on

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

¢ which is equally important in the determination of treatment outcom&he rectal tumar
microenvironmentrepresents a complex and dynamic network of cellular and molecular interactions
that critically shape tumar behaviourand therapeutic response. Beyond the malignant epithelial
cells, the rectal TME comprises immune infiltrates, stromal elements, vasculature, extracellular
matrix, and the local microbiome=sach of which contributes to tunuo progression and treatment

outcomes.

Immune composition plays a central role in determining disease trajectory. Unsnemriched with
O8li2G2EAO /5ya ¢ teYLK20eiSa I yR effeciveafittnio®R / 5n A
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 myelaldrived suppressor cells féitates immune evasion and
GNBFGYSyld NBaArAallryOSe® ¢KSaS RAAGAYOUGAZ2Yya -dzy RSNLJ
K2G¢ adzmtellSaszr 2FGSy |aa20AlG6SR gAGK YAONRAal GSt
inhibitors, S NE dza -Q2tYRézy8dzo 18 LISas 6KAOK NBYWAY NBEFNIF O
The stromal compartment, dominated by can@msociated fibroblasts (CAFs), exerts profound

effects on tumar biology. CAFs remodel the extracellular matrix, secrete growth factors and
cytokines such as T&FZ | Y R LINE Yegheséhch@rialitrankition, Ahkréby fostering local

invasion and distant metastasis. Stromnigh tumaurs, which often align with the CMS4
(mesenchymal) molecular subtype, are characterized by aggressive dtiealiourand resistance

to conventional chemoradiotheraf30].

The tumaur vasculature in rectal cancer is typically abnormal, with disorganized and leaky vessels that
generate a hypoxic microenvironment. Hypoxia drivatabilization of Himh = G KA OK LINR Y 2
angiogenesis, metabolic adaptation, and, critically, resistance to radiotherapyajor therapeutic

modality in rectal cancer and this is described and discussed in much greater det&idiion 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 resistanc@1].

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, particularlffusobacterium nucleatumand depletion of butyratg@roducing

Firmicutes such a&aecalibacteriumand Roseburiain rectal and colorectal cancef22]. These
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compositional shifts correlate with tumour stage, molecular subtype and local inflammatory
signaturesClinically, intratumoraF. nucleatumand other microbial signatures have been associated
with chemoresistance and variable response to neoadjuvant chemoradiotherapy (nCRT) in locally
advanced rectal cancg23]. The microbiome also shapes the immune microenvironment. Microbial
ligands and metabolites influence recruitment and polarisation of myeloid and lymphoid cells, while
the hypoxic, muciraltered TME selects for anaerobes and biofilm formers, creating a éaédbop
between host immunity and microbial nicH24]. These findings highlight the microbiome as both a

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

Taken together, the rectéimour 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 stroraignalling 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 arfabdominalperineal resection). Overall
survival (OS) and control in localised regions has vastly improved with the universal uptake of CRM
and subsequent integration of TME5¢27]. Use of CRM allows complete excision of the rectum,
mesorectal fat, perirectal lymph nodes and the mesorectal fgsogare2.1, D) thusreducing tumour

invasion into adjacent tissues.

Post resectionmnargins are given a histopathological analysis. Available results include RO, the optimal
outcome and which equates to clear margins (achieved in 90% of UK RC opd28ipnR1 which
points to microscopicallinvolved margins i.e. tumour or lymph nodes situated within 1mm of the
CRM, or the involvement of distal margiasid R2 represents macroscopic margin involvement. R1
and R2 readings are correlated with increased local occurrence and low¢29Q& ], thereby
reinforcing the importance of preperative imaging of CRM involvement, and the need for high
quality surgery. Quirlet al [31] discovered dissection that remains in the correct plane (mesorectal)

is an accurate indicator for loaegional control and DFS; quality of surgery is thereforzitecal

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 RO status on

the margin. Though challenging, RO can be achieved in 837% of case2].
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Rectal surgery as described above carries significant morbidity and mortality risks. Anterior resections
for those aged <80 return a8% mortalityrate, rising to 616% for those aged >g33]. Morbidity
regularly involves lonterm dysfunctions of the bladder, bowel and sexual organs. Approaches that
allow organ preservation are therefore in demand. Therein, early T1/2NO/MO/stage 1 rectal tumours
can be removed with transanal endoscopic microstyd 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 pathwdngs beerbrought into shargdocussince the BCSP now
results in widespread early cancer detection, with of screen detected cancers found to be
T1/2/NO/MO/stage 1I35]. However, sch local procedures do not involve lymphadenectomy, meaning
unrealised, and thereforejnexcised local node involvement will be missed. With¢hisbination of
factors, adjuvant therapy, in combination or in isolation, offers additional benefits, as revealed by the
STARTREC tr[{@6]. A detailed discussion of these emerging strategies is provided W&smtion

2.1.7).
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Figure2.1 Pictorial and imaging demonstration of the CRM afmE 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-thecesxcisiorthe 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 ofNeo) adjuvantTherapyin Rectal Cancer

Cases where CRM is breached or at risk of being so, nCRT can shrink the tumour to sit within CRM
02dzy R NAS&as GKSNBoeé WR2gyadl3IAyaQ GKS ddzy2dz2NJ |y
recurrence yet does not affect (&]; it is the original staging classification that predicts development

of occult metastasis. Therefora common strategy is to combine radiotherapy with nCRT which both

shrinks tumours and reduces the risk of ocauitro-metastases. Thigs can be applied as a short
O2dz2NES NI RAZ2UGKSNI LR o{/we¢o Ay GFyRSY gAGK |y WA
(LCRT) in tandem with a chemotherapy agent.

There is na@lobally acceptedjuidance for nCRT; in the UK, guidance is provided by[8B{;Evho,
a2YSgKIF G O2yiNE QSpekative chéndriadiothelzbyatS gedple withIRE that is-cT1
T2,cNIN2, MO, orcT® nX |ye Obx andé¢ ¢KAAa 3IdZARFYyOS |GdSYL]
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administrationrates across various geographical areas, which range betweeB5%[28]. Their

advice stems from the Swedish RC T88] which concluded SCRT treatment applied to resectable

w/ Qa8 o0ST2NB FYiSNA2NI NBaSOiAz2zy @ASEtRSR I RNRLI Ay
(58%, up from 48% at the 5 year mark). Conducted in the 1990s, conclusions from this study have been
criticised for being outdated; Glynnagones 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 CROP3#]akhich found no
statistical variation for DFS and OS after 8 years for preoperative radiotherapy. Gtymeet 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 oomnce of EMVIThe 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 RO readings (98%) can be sustained solely through
high quaity 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 pathgSection 2.1.6) which make use of nCRSeveral more recent trials have
attempted todiscoverthe optimal RC radiotherapy strated/1c46]. Whilst a full discussion of their
findings is beyond the scope of tlukapter, the key findingsind clinical implicationare summarised

in Table2.2.

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 pesperative complations, 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 ddressing potential micrometastases earlier in the treatment course. Emerging
evidence indicates that TNT may reduce local recurrence rates while also improving -fiisease

survival (DFS), overall survival (OS), and pathologic complete response (pGREeLHT].

More recently, Immunotherapy has emerged agpracticechangingtherapy for mismatchrepair
deficient / MSihigh (dAMMR/MSH) rectal cancer. Singegent PBL blockade has produced
exceptionally high clinical and pathological response rates in small neoadjuvant studies, enabling non
operative management irthese patients. In a Phase Il study of dostarlimab (gmD1) given
neoadjuvantly to patients with locally advanced, dMMR rectal cancer, investigators reported
extremely high clinicaind pathologicatomplete response ratg400% in a cohort of 12 patienf$3].

This singleagent approach produced dramatiemour regressions and generated intense interest in
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organpreservation strategiesee belowfor dAMMR LARC. Results require longer follgmand larger
cohorts butindicate that this treatmenbption will changehe landscape for this molecular subset.
Although one should be cautious about broad implementatibis, now certainlyadvisable to tesall
rectal cances for dMMR/MSI up front since results will directly influence eligibility for

immunotherapy strategies and trials.
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Study / Year

Phase / population

Radiotherapy regimen
(experimental)

Comparator

Key results (selected
endpoints)

RAPIDO (2020, longterm
updates 2021+)

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

ShortA Yz | + WWARNLWP €F
consolidation chemotherapy
b9 ASAWYI W[ §x[ 8§

Standard longcourse

chemoradiation (LCRT) + postop

chemo

Lower diseaserelated treatment
failure and higher pCR rates with
q6 DWE9ANSN NuWe G

PRODIGE 23 (20182023 long-
term)

Phase llly locally advanced
rectal cancer

f Ol eAqRYULWI[ §x [ f
standard long-course
H6WAaVYl ¢T ReqRYU W
postop chemo (TNT variant
including RT)

EqecUT ¢! T Wx9ANLWS

chemo

Improved DFS / metastasisfree
survival and higher pCR with TNT
(FOLFIRINOX induction) versus
standard care; longterm
analyses show sustained benefit

PROSPECT (reported 2023)

Phase llly intermediate/high-
risk LARC

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

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

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

OPRA (organ preservation;
202112023)

Randomized / multiinstitution
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 yearsy
supports CRT/TNT + selective
nonoperative management for
organ preservation

STELLAR (2022)

Phase Illy middle/lower third
cT3r4 or N+patients (China
multicentre)

Short-course RT (5%x5 Gy) +
systemic chemo as TNT

Long-course chemoradiotherapy
(capecitabine-based)

Reported noninferiority for key
oncologic outcomes (and
similar/somewhat improved
conversion rates/pCR depending
on subgroup); supports
E9ANSHG G Y Wet We

Stockholm 111 (earlier, long -
term analyses)

Randomizedy timing and
fractionation of preop RT

5x5 Gy shortcourse with delay
to surgery vs immediate surgery
vs long-course variants

Different timing/interval
strategies

Showed that shortcourse RT
with delayed surgery can
increase tumour downstaging
with acceptable outcomes;
established safety and flexibility
of SCRT schedules

Table2.2 A summary otontemporary RectaCancer radiotheraptrialsandkey results
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2.1.6 Modern Trends in Rectal Cancer: pCR, Watch and Wait and Organ Preservation

Neoadjuvant chemoradiotherapy (nOR$ quietly shifting the parameters of RC managenié&it

Some 30% of patients respond completely to nCRT, resulting in complete clinical response (cCR) or
complete pathological respongECR (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: STABGRBEC TRIGGER

[49]. Respectively, theseitdd | NB Ay @SadA3atdiAay3a wi20t SEOA&AZY
gFAGQ 062920 &GN GSIASA F2ft2Ay3 y/we GNBFGYSyld

In particular, RC patients presenting withmmorbidities stand to benefit from nemvasive treatment
pathwayshowevery / w¢ Q& &l FSGe& Aa atAatft o0SAy3a LINRPOBSY YSIy
its widespread us€38]. While promising, nCRT failsdownstageor 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 (IWWHDliscuss nCRT treatment outcomes for 880 patients across 47 institutions. Van
der Valket a [50]report a local recurrence rate of 25% within two years, 87.8% of whom went on to
have successful surgery/subsequently returned RO readings. Athilee-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, aftercardquuls, and, most incisively, the study lacks a
comparative analysis for patients receiving stambareatment. 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®iel designed to answer this
guestiort through comparative analysis of W&W and standard treatment success for patients

returning cCR results (MRI with tumour regression scoring).

Afurther friction point arises in patients exhibiting T1/T2NO tumours; a good prognosis exists if these
tumours are surgically resected, nCRT treatment is therefore seen as unnecessarily risky, increasing
the likelihood of a radiatiofinduced tumour, worsening bos¥ function[51] and negatively impacting

the efficacy of salvage TME in amsponding 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 eceive it

Finally, optimal timing for postiCRT reassessment remains contentious. A tumour that appears

persistent at eight weeks may regress by twelve weeltsiking 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 nomesponders. Potential pitfalls include: peenptive conclusions for surgical
intervention, when in fact partial responders could fulgspondof more time were allowedin the
absence of definitive evidencis2], and therefore reliable guidelines, response assessments are
conducted between 42 weeksgdynamictumour-response monitoringould offera way out of this

guandary, discussed Bection2.1.7.

Despite teething problems, these novel strategies are eliciting great interesaantbeginning to

reflect in national treatment strategie8]. RC management may well trace the trajectory of anal

cancer management wherein chemoradiation has become the primary treatment modality. Under
ddzOK OANDdzyaldl yOSas GKSNBQa layd thusravifidNie inarédded G2 | O
health risks and surgical delays associated with paaligctednCRT 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 nomognas [53] which incorporate patient characteristics and tumour parameters (CRM

involvement and proximity to the anal verge) have shown promise in forecasting nCRT response,
0K2dz2K GKSANI I OOdzNI 08 NBEYI Aya adandradindniviogétte Yy 2 g
with an understanding of the mechanisms controlling chemoradiation resistance, e.g. transcriptional,
proteomic and genomic changesdlow for a more accurate prediction. The discovery of a novel
molecular biomarker, identified on gene expression profi@glividual 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 clinicaliptake[54].

The complexity of radiation oncobiology notwithstanding, the challenges are threefold: firstly, the
multifaceted nature of studiasdiffering conclusion points i.e. pCR, grade of tumour regression,
response assessment timing and the varying regimes of ohadfiation. Secondly, due to
intratumoral heterogeneity, préreatment biopsy(ies) can be inconclusiva tumour can express

significant genetic variation in clogeoximity to those locations biopsied. Third, research has not

been coordinated meaning thefea I+ 1 Ol 2F 02y Of dZaA @S 2@SNI I L) |
studies on genetic/molecular biomarkers; each marker is studied in isolation and their

contextualisation within broader molecular pathways is lacking.

Poynteret 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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ARSYUGAFASR LI NFYYSGSNE YR 02y 0Of dzRS GKS 2yiG2f23A¢
the most promise yet the complexities in genetic and molecular profiling mean this approach

remains challenging and inconclusive. Other predictive bioaraidsearch has made use of imaging,
untargeted metabolomics and piteeatment haemoglobin (Hb{Figure2.2, box 1), all of which have

returned similarly inconclusive resuf86¢60]. As such, this predictive field remains an open avenue

for further investigation.

That saidijt should behighlighted that there has beamcentinternational validation ofin
Immunscorebiopsy(IS) ¢ an intratumouralimmune contexture reflectiolg asa dominant
determinant of clinical outcome in patients with ear§nd advancesetage colorectal cancgél].
Thebiopsybasedtest, whichquantifies CD3/CD8dell infiltration in the tumour core and invasive
margin isthe first and only internationally validatedfandardized assdgr quantifying the immune
infiltrate. Sissyet aldemonstrated that ecurrencefree rates at 5 years were 91.3% (82-:4200.0%),
62.5% (53.2983.3%), and 53.1% (42.486.5%) with ISHigh, 18Intermediate, and ISLow,
respectively therebydemonstrating that S categories aresignificantly associated with a gradual
scaling of the risk of both local regrowth and distant metastasisglitionally in multivariate
analysis, I8vas independent of patient age, sex, tunmdocation,and Tumour or nodal stages.
Similarly severalstudies have demonstrated that the type, density and site of turrafiltrating
lymphocytes in primary tumars are prognostic for diseadeee survival (DFS) and overall survival
(OS)n RJ62] andtherefore supports thdundamentalfunction of the immune system in the
tumour microenvironmentThis progressive understanding of thienour immune landscapis
undoubtedlya criticaldevelopment within this prognostiiteld, but certainly does not precluda
supersedeahe requirement for further prognstic biomarkes based orother aspects of the

aforementionedtumour microenvironment

Tumour response is best assessed with MRI imaging. This allows for accurate identification of CRM
involvement and impacted surgical plané8]. MRI is also used to determine pCR, with impressive
accuracy[64](Figure 2.2, box 2Y comparative to or even improving on endoscopic inspection for
residual diseas¢65]. Parameters assessedtlw MRI imagingof a tumour include: (i) downsizing
(tumour volume reductiofy; (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 idengfidual tumour tissue
following nCRnduced fragmentation, remains unreliable in detecting involved lymph nodes, and
faces challenges in distinguishingréibis from persistent tumour presence. Perhaps its most
significant drawback, however, is its reliance on a single, arbitrarily timed assessment, typically

conducted 68 weeks poshCRT. 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 watetiwait (W&W)
strategy. Repeat MRI imaging is expensive and resource tiametconsuming, and therefore
infrequently done in clinical settings. A ramhe, 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 trendslvanced 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 surgéontinuous response monitoring would
facilitate early identification of failure to respond and the needproceed 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 mangpand 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 exploratajrthe 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 lonising 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 tesstihat 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
reactiveoxygen species (ROS) which are generated by water radiolysis when oxygen is present. IR
damage to DNA includes: base damage, siatgbnd breaks, doublstrand breaks, protein crodiks

and installed replication forks. As a result, p53 expression isese@acilitated by B& suppression),
leading to cell cycle arrest through cyetlapendent kinase inhibitors p21 and p27. If repair
mechanisms fail, sustained p53 activity ultimately triggers-BHiated apoptosi$66] (Figure2.3).

While these understandings are undoubtedly significant, research has also highlighted more complex
global effects, collectively known as ntargeted effectdNTE), which influence cell survival through
mechanisms other than those previously described; these include: radimituted bystander

effects (RIBE7], the radicadaptive response[68] and genomic instability[69]. These are
differentiated responses exposure 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 tHeTEs, RIBE is arguably the most critical and operates via
two primary pathways: gap junction communication between cpll3], or through the release of
soluble agents e.qg. cytoking&l], cyclooxygenasg (COX)[72]z (G dzy 2 dzNJ y SONP[&BR a FI O
FYR OGN yaF2NX¥AYy3 A MNEi4).0TKeseTHav@ (heeNJimplisatedoit @e@rmining
important biological outcomes for IR use: DNA damage induction, micronucleation, oxidative stress

and cell death/apoptosif’5] .

The effects of IR have also been shown to extend beyond the immediate area of irradiated tissues.
Cytokines released through streksy RdzOG A2y INB |fa2 (Kz2dAaAKG G2 LR
inflammatory response to radiotherapy and as such improve syistenmunity. Oncological outcome

is directly impacted as a resyit6]. The documented relationship between tumour radiosensitivity
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and host immunocompetencd77] has sparked considerable interest in leveraging immune

modulation and immunotherapy to enhance radiosensitivity.

G1

p21WAF1 —| G2

p53 S

l BAX ——— | Apoptosis >
Survivin //

Figure2.3 Radiation therapy mechanism of actiotR leads to DNA damage, with a subsequent increase in p53, leading to
cell cycle arrest via cycltependant inhibitor p21. If the cell is unable to repair itself, sustained levels of P53 lead to
eventual BAXnduced apoptosis. Diagram reproduced from][52

2.2.2 lonising Radiation: Mechanism of Resistance
While representing comprehensive advances in the study of radigtifatt, these nortargeted and

systemic response mechanisms do not fully reveal the ways in which-negitance (RR) occurs
withintumouNE @ b2y SGKSt Saasx AdG Aa alrf¥sS (2 02y Of dzRS
NBLI ANI 5b!S (y26y Ft& 5b! RIYFE3AS NBaLrRyasSs | yR
surrounding and aiding RR include: (i) hypoxia; (ii) abeoslhtycles; (ii) advanced survival capability;

(iv) evasion of apoptosis; and (v) treatment factoiacluding dose rate response, desarvival

curves and fractionatio[78]. These five parameters are the subject of most research, with a focus on
their respective molecular and genetic profiles. Hypoxia is discussed further Bedb¥e?2.3 provides

a summary of the other foyi79].
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Mechanism of IR
resistance

Details

Hypoxia

Oxygen is critical in the radiobiological process; IR results in the ionisation of fre:
radicals to damaged DNA, making the damage irreversible meaning cell death is
unavoidable. Hypoxia also leads to the modulation of DNA damage respons
pathways, thereby enhancing RRSee main text.

Aberrant cell cycle

Radiosensitivity is dependent on the stage of cell cycle. Maximal RR is observe
during the GO and early G1 stages due to a G1 blockade, allowing for DNA dama
recognition and repair prior to proceeding to DNA synthesis. Likewise, the S phas
equates tohigher levels of RR due to high levels of DNA synthesis and repair enzym
as well as higher production of glutathione, a free radicle scavenger. Conversely
radiosensitivity is observed during the late G1, G2 and M phassince there is little

time for repair prior to DNA segregation. Therefore iy aberrant blockade imposed at

the G2/M phase would confer a greadr 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 an
long patch) repair (NER), single strand break repair, and double strand break reps
(which is thought to ke the most significan). Numerous complex pathways govern
such mechanisms, which are typically upregulated during the process of
carcinogenesis. Interestingly, chronic hypoxia plays a central role in the ugegulation
of DDR pathways, thus supporting tumar cells to avert IR induced apoptosis.

Treatment factors

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

Table2.3 Summary of tumour and environmental factarsntributing to tumour RR

2.2.3 Tumour Hypoxia and RadiBesistance

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

[80] leading to irreparable damage, doubdtranded DNA breaks and apopto$§Bl]. 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 avoidegure2.4). The significance of this oxidative effect

is evident in the oxygen enhancement raf82]t wherein 2.5 to 3 times the IR dose is needed to
achieve the same impact in oxygdeficient conditions. Tumour hypoxia is not an-ahnothing
phenomenon but rather exists as a gradient of oxygen presguiase 2.4); with the point at which

Lw AYSFFAOFIO& 200dzNA o6SAYy3IY Xo YYI I o6ndmz0d

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

[83,84]
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Figure2.4 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; GL-W,Tglucose trasportet; LOX, lysyl oxidase; MMP, matrix metalloproteinasekB|F

nuclear factor of kapptight-chainenhancer of activated B cells; p53, tumour protein 53; STAT3, signal transducer and

activator of trarscription 3; VEGF, vascular endothelial growth factorl>XGAarbonic anhydrase 9. lonising radiation

impacts directly with DNA, resulting in ionization damage, DMBEH can easily be repaired to its original state (BNA

but in the presence of oxygea peroxy radical is formed (DMAh w0 = WFAEAY3IQ REYF IS Ayidz + LISNY
Hypoxia results in the upregulation of WP =+ Y &G SNJ NI YyAONRLIIA2Yy+FEf LINRBGSAY GAGK
genomic and proteomic effects, leading to enhadeell survival, invasion, metastasis, and consequent poor overall

survival.

| 8LREAO O2yRAGAZ2YAa AYLI OGO Y2NB (KIy GKS OSttQa |
SEGSYardsS 3IASySiGAO NBLNRINFYYAYIS AyTFtdSyOay3a 2¢
adaptation to lowoxygen conditions. At the core of this régtion are the hypoxianducible factor

(HIF) proteins 43 [85] which act as master transcription factors. While this review does not explore

the full extent of HIFgo Qa4 SF¥FSOGax AG Aa SaaSyaart G2 NBO?
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(illustrated inFigure2.4) 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.

Term Definition

Hypoxia Reduced oxygen levels, usuallyll% G (5mmHG) in in vitro studies

Normoxia Normal atmospheric oxygen used in in vitro studies, 21% 160 mmHg)

Physoxia Physiological levels of oxygen in tissues, between-3% (2050 mmHg)

Anoxia Complete absence of oxygen (0%)

Severe hypoxia <0.5% Q

Acute hypoxia Incubation in hypoxic conditions <1824 h

Chronic hypoxia Incubation in hypoxic conditions >24 h

Radiobiological hypoxia Oxygen levels where the efficacy of radiotherapy is half maximal, 0.4% (3mmHg)

Table2.4 A glossary of terms used in thigerature 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 hi@6)8g@y 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 1@ p n >Y0 | NB f A rddit @24h),HiffuSihibiolfySoyiaBss. OK
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 igeaxgonsumption across
cellular components. As noted, oxygen deprivation compromises the efficacy of all treatment
modalities, including radiotherapy, chemotherapy and immunother§®§]. 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, prostatecsoft tissug90]. Notably, colorectal cancer (CRC) is absent from

this list, a topic explored in further detail 8ction2.4.

2.3.2 Measuring Tumour Hypoxia
Tumour hypoxia is variously measuraad theirclassificatiorcan be spliinto three main groupings
(Table25). ¢ KS FANRG 3INRBdzZLIAY3II WS5ANBOGQI ljdzZ yiAFASE

needle oxygen electrodes, also named Eppendorf electrodes. These electrodes were instrumental in
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establishing the link between tumour hypoxia and[BR95]. However, it has significant limitations:

it is invasive, operatedependent, impractical for hartb-reach tumours, and may struggle to
distinguish between clinically significant severe hypoxia and irrelevant necrosis.

¢tKS a4SO2yR 3ANRdzZLIAY3IZX Wt Kearz2t23aA0FtQ RSEAONROGSE
metabolic components or breakdown under hypoxic conditions, and which can be detected via
imaging techniques such adositron Emission TopographyPE) imaging or through
immunohistochemical staining (e.g., Pimonidazole staining). Among these, PET imaging combined
with  radiotracers like 18FIluoromisonidazole (18FMISO) or 18F Fluoroazomycin
Arabinofuranoside (18FAZA) is particularly promising. These#rs diffuse into cells and selectively

bind to intracellular macromolecules under hypoxic conditions; a lack ofFI8IEO uptake has been
linked to improved prognosis and OS in gliomas, and head, neck, renal and breast gjc&€mnour
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 knowmnl@sepaintind97,98]

¢KS GKANR INRdZA YIS WOYyR23ISy2dzaQsyr SyO02YLIl aasda Ay
that are influenced by, or result from hypoxia. Examples are further discussgttion 2.4.2, e.g.

gene or protein expression. Indirect imaging techniques included in this grouping include Dynamic
ContrastEnhanced (DCE) MRI and Blood Oxygen Level Dependent (BOLD) MRI, both of which provide
perfusion insights for tumours. The data is qualitatiather than quantitative; and, while useful, this

limitation prevents its uptake for routine clinical use.

Method Direct Physiological Endogenous
Polarographic oxygen electrode "
Phosphorescence quenching "
EPR Oximetry "
Photoacoustic lifetime imaging "

Immunohistochemical staining

CA-IX; HIF; GLUTL; OPN; pimonidazole "
Near-infrared spectroscopy
Photoacoustic tomography "
Contrast enhanced colour duplex sonography "
MRI techniques
DCEMRI
BOLD 7]
Lactate MRS "
PET imaging
18F Tracers: FMISO, FAZA etc "
84CUATSM "

Table2.5 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; (i) be nimvasive to the tumour; (iii) be capable of multiple measurements
across time and space so as to capture hypoxic varialality(iv) demonstrate an ability toecord

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
2E@3SyQa NRtS Ay G(GKS NI Rhgpdxickeld f@ Seledite estiiN@nOvina a T
hypoxiaactivated predrugs 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

evallating effectiveness of each approa&@9c108].

The most extensive metanalysis on the efficacy of hypoxia modification, conducted by Overgaard,
revealed notable improvements in overall survival and locoregional cof@8109] especially for

head and neck cancef$09], 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 sraastir
remains very difficult. As a result, the afeneferenced studies were conducted blind i.e. researchers
GSNB dzyl ot S (2 R S-hypaXilrstaie;and{isezgriilyzt@compleiideoidit changes
induced by hypoxia are not overturned by hyporidification approaches, thereby limiting the

overall effectiveness of this approach.

2.3.4 Thelmplications of Accurate Hypoxia Assessment

' gAy3a RSY2yaidNI GSR 2E23SyQa AydSaNIt NBtS Ay
process, it becomes seadvident 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. Witherst alwere the first to describe r@xygenation 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 aerobicioosdit
[110]t all of which contribute to tumours becoming progressivelyorygenated. Substantial
experimental datg111]and compelling clinical evideng&l2]support this phenomenon (although it
must be noted, this information is derived through indirect PET imaging with hypoxic tracers).
Nonetheless, if re@xygenation can be measured with réehe precision, it holds the potential to

transform tumourrespong monitoring.

43

0/

(@]
N



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 moatiably measured with Eppendorf electrodes

that need to be inserted directly into a tumour. Likewise, PET imaaffegtiveness is limited by the
NEOGdzyQa IyFi2YAOFt LINRPEAYAGE (2 GKS o6fl RRSN®D
which devate 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 resdarstudies. 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 prioritised as theabsence 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 methodgFigure 25)t alsoPET imaging combined with hypoxic tracers, though the number

of studies on this approach are small3¢116]. 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
0KSY RSUSNYAYSRI NBFTf{SOGAYy3I dzLJik 1S NBtFGAGS (2
Hypoxia is then quantified through calculating the exigtiatios between maximal tumour uptake
(SUVmax), mean muscle uptake (SUVmean) (T/M) and intestinal wall uptake (T/1). Using this method
in 2015, Havelunet al[113] reported the occurrence of hypoxia in RCs; their radiotracer;ASEA,

was takenup at significantly higher rates compared to the adjacent muscle and intestinal walls. Their
findings are further supported by studies using the tracersB8IFS(Q114]and 60Ctdiacetytbis N4
methylthiosemicarbazone (60€AITSM). Respectively, these tracers exhibited significant uptake in 9
out of 10 and 14 out of 17 RCs. Additionally, Havelkindl noted SUV and T/M ratios were on par

with those observed in 18FAZA studies on head and neck tumdads,117] Moreover, hypoxia is

known to negatively impact treatment response and outcomes in thesed and neckumours

meaning the same could be true for CRC. These studies indicate the presence of hypoxia in rectal
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tumourst yet, it is important to acknowledge the limitations of this technique. PET imaging is
susceptible to significant scattering effects from the urinary bladddich restricts tumour
assessment to limited regions. Furthermore, tumour hypoxia heterogeneity cannot belidlpsed

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

Future
—» Cryophotometric
— Pimonidazole
—»  Genetic profiling ?
PET imaging ?

—»  MRI(BOLD/DCE)

Electromagnetic
Resonance Imaging

Diffuse Reflectance

Spectroscopy

Figure2.5 Methods used in the past, present, and (potentially) future for the measurement of CRC hypbxia.to

inherent difficulties, the future of genetic profiling and PET imaging for hypoxia assessment is in doubt. The most promising
AYF3Ay3 GSOKyAldzSa yR (SOKy2ft23ASa F2NJ 0KS FdzidzNB I NB . h[
Reflecance Spectroscopy

Using the cryophotometric method, Wendliegal[118] conclusively revealed hypoxic heterogeneity
within RC tumours. Described, this method involves the rapid freezing of tumour biopsy samples using
YAGNRISY 2EARST oA2Llaé &aSOGA2yAy3a omp >YOT LIK2G?
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ONB2aidGld YAONRaAO2LIST IyR OFtOdA FGA2y 2F 1 ohi ali
GKS &aiddzReé F2dzyR nw3> |1 0ohi Al GdzN> GA2Y GAGKAY (KS
Intratumoral heterogeneitywas also demonstrated by the discoveahat | 0 h i &l GdzNF GA2Yy |

between 0100% 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 interindividual 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 radisensitivities, thus accounting for the observed differing respsnto

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 amdaieumour biopsies Goethals

et al [119] reported proportions of hypoxic cells ranged from 2.2% to 37.8% (median 16.7%)
reinforcing the notion of heterogeneous hypoxia. These findings align with pimonidazole staining
levels observed in studies on colorectal liver metast§&28], as well as cancers of the head and neck
[105], uterine cervi121]and bladde122].

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, HImMh & LG A& adl oAt Al SR iclcohditiondzlahdSeenitd multifleR  dzy R S
downstream genomic and proteomic effects which lead to higher rates of cell survivaB(NB3,

STAT3), increased angiogenesis (VEGF, EGFR), and metastasis (LOX, MMP). Research into this and
other molecular markers hattempted to correlate their expression witfoor therapy-response and

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

the precise regulation of Hifh YR AGa adzwaSldsSyid R246ya0GNBIY
understood. As a result this approach has fmtnd 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 anhydras@l¥J}, vasculaendothelial growth factor (VEGF), epidermal

growth factor receptor (EGFR), and Gi1LJT18,119] 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 sisdéssing
endogenous hypoxia markers, alongside advancements in genetic assays and panels which analyse
numerous genes simultaneouslgeg 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.
HIFmh & i I Y R dmos sighifichnfiamdnf tiemas reported by Cheet al[123]in 2013 who
conducted a metanalysis of 23 studies involving 2984 patients. Their analysis found elevated
expression of HImh 6 RO | BEC & aaksBgated Witk pogrér fO8 and DFS. Subgroup
analysis found this association in Asian populations but not Eurapkkely 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 betweenntF | y R w/ NBAaALRYyasS |y
includingthe pCR rates achieved after nCRT treatment. Toiyenah[124]investigated 40 patients

and found those who responded to nCRT (tumour regression >2 pathological grades) exhibited
significantly lower préreatment gene expression levelsof HiIfF = +9DCX FyR 9DCw ORS
biopsies) compared to neresponders @zY 2 dzNJ NBIANB &aaA 2y H3nioyadt alK2ft 2 I A
[125)were unable to corroborate these results; using a similar sample size (50), they found no
statistical correlation between Hifh  SELINB&&A2Y YR LI (K2t 23A0Ff 3N
receiving preoperative radiotherapy combined with hypertherotenoradiotherapy. Using the

Mandard Tumour Regression Grading System (TRG), Haetlaijiti26] also reported no correlation

between HIFw h Iy R1 wilti RGEresponse pesCRT. These inconsistencies underscore the

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

as downstaging or regression. Conclusions are therefore hard to attain and consequemtly HIFK I &

not yet been adopted as a clinically relevant prognostic biomarker.

The regulation of downstream genetic or proteomic markers and their interaction witlmMIF K1 a | £ & 2
been the focus of research; identified through immunohistochemical staining, elevated levels of VEGF,
EGFR, CGK, and GLUT have been linked to worse @8d DF$123,12¢129]. Giraltet al [129]

found correlation between EGFR expression at point off@&T biopsy and the neealisation of

pCR. But, the precise molecular interactions betweennHtF | y R (KSa$S 3ISyS SELN

remain incompletely understood; making their use as proxy mrarkmreliable due to potential
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inaccuracies arising from ovegliance on assumed correlations. Clinical practice is yet to adopt these

methodologies.

Simultaneous gene analysis is a more recent research approach, best exemplified by Bekéval

[130] who studied alterations in gene expression for colorectal cells grown in chronic hypoxic
O2yRAGAZ2YEaA® CNRY GKSANIIylfeara GKSe RS@St 2LISR
their findings with 200 CR@atients. This resulted in a@ene Colon Cancer Hypoxia Score (CCHS),
which was able to detect significantly higher DFS at tye&d mark in patients scoring a low (rather

than a high) CCHS (77.3% vs. 46.4%, respectively; P = 0.006). Along with \adtestogdies on
predictive scores and nomografii81], 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 ofRChypoxia on nCRT outcone®ietzet al [114] used 60CtATSMPET 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 expressionamivérse 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 carelation.

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 administaredimidazoles 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 hypmmaodification in CRC.

NCRT in conjunction with hyperthermia (HT) is the first of these indirect methodolétiiedescribes
a tumour and adjacent tissue being heated to 42.5°C; it can be achieved using an external radiotherapy

capacitive heating device, internally with intralural heating electrodesor by heating the whole

48



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. InRCman&g 4 = SPARSYy OS F2NJ I ¢ Qa S
mainly from nonrandomised trials or case studies, as reported by Gdtrad [132]. An outlier to this

trend, Van der Zeet 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. Thgroupingof HT combined with radiotherapsgturned higher complete

response rates (55% vs. 39%, p<0.001), prolonged local control and improvegearerirvival (51%

vSs. 27%, p<0.001).

Berdovet 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 tumad6r4% and 53.6% vs.1.7%

and 33.9% for the control group (radiotherapy only). Randomised trials alab tpdhe benefits of

combining HT with CRT when compared to surgical approd@i3eésl36] but are limited by their
AyFroAtAde G2 adriradcAaAortte AaztlrasS 1¢Qa WLISOATA
whichHT affects remain elusive, but it is thought to interfere with a cell's ability to repair DNA damage
induced by radiatiof137], or by improving tumour blood suppiythereby reducing the impact of

hypoxia on radicesistance[138]. HT can therefore be classed as indirect method of hypoxia
modification. Supporting this, Somqg al [138] report HT enhancing tumour oxygenation over a two

day period, potentially making this an effective radiosensitalegrative to carbogen breathing and
nicotinamide[139]. Kelleher and Vaupel contest this vifi®0,141] arguing oxygenation is transient

and insufficient to enhance radiosensitivity. In vitro, however, hypoxic cells are conclusively more
sensitive when treated with HT than normoxic cejlsip,143] Pertinently, if a cell retains optimal

nutrient conditions, acute hypoxia does not affect their radiosensitivityl has its expected impact;
conversely, under conditions of hyposiaduced molecular and genetic change (which cause sub

optimal cellular pHand energy metabolism), the effects of HT are limif&d2,144] It is therefore
LINPOIFo6fS GKFG OKFy3aSa Ay | OStftQa Y2tSOdz I NJ 3Sy
impact on radiosensitivity, and not oxygenation levels. Thus, while HT is relevant as a hypoxia modifier,

its role remains somewhat ambigus. Resultantly, Hiise in Europe remains confined to research

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

The presenceof pre-operative and prdreatment anaemia has been shown to negatively impact
tumour response to nCR[I31,14%148] and the occurrence of pC88], locoregional control
[149,150] DFS and %51]. It is therefore possible to use the presence and correction of anaemia as

a second surrogate marker for hypoxia modification in CRCeta[148] found patients with
KSY23t20AY 6100 xod IKiRIO% & Eakes vefsis BB whemHd was &9 gdb(@ o
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<0.001). In their metanalysis of 3588 patients, Wilsagt al [151] also reported a significant
correlation between preoperative amemia and poorer OS and DFS in RC (although they also note a

high level of variability between studies included in the matalysis).

The question isherefore not whether anamia negatively affects outcomes, but rather why it does

s0. The most straightforward explanation is that reduced oxycgmying 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 normaligdd2,153] 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 anaenmasolidtumours[154]. In cancers of the uterine cervix,

head and neck, anaemia is welBltablished parameter for predicting patient radiosensitiy&t¥,155]

While an apparently neat relationship, the underlying causes of anaemia in CRC point to a more
nuanced picture of how anaemia modulates radiosensitivity. Varyetnah[156] and Kharet 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 modulafoadiosensitivity.

CRC linked anaemia has also been attributed to systemic inflammation. This is also referred to as
WEylFSYALF 2F OKNRBYAO RAAaSH a3 @ncérsSadd sgsterfic inflamolta + £ & 2
conditions e.g. rheumatoid arthritis. During inflammation, cytokines interfere with iron uptake
(mediated by interleukit6 (IL-6)/hepcidin expression), and lead to normocytic, haeficient

anaemia. The association between anaemia severisgaCtive praein levels, and the modified

Glasgow Prognostic Score@mRS) further supports the link between inflammation and turdriven
cytokinecontrolled responsg155]. Given the emerging evidence that tumour radiosensitivity is
influenced by host immune competen§e6], 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 hypothésichallenging since most anaemia
correction methods have unintended negative consequences.-dperiative 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 metastgdiS0]. Consequently, no studies

haveevaluated whether prareatment 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 antingiogenic agents; however angiogenesis occurniigrours is identified by
tortuous, hyperpermeable vasculature which lacks smooth muscle and vasoconstrictive Ebéficol

162]. Antrangiogenic 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 workimigeld fashion; while initial metanalyses

showed promising results in metastatic and latage CR{163,164] further studies indicated a small
decrease in OS in earlier tumo[it85], increased relapse rates upon cessatjaf6] and rebound

growth exhibiting a more aggressive phenotyjié7]. Bevacizumab is therefore only licensed as a

second line treatment for metastatic CI83].

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 ext@avadizumab, provide a rational basis for

continued investigation in this field.

2.5 Diffuse Reflectance Spectroscopdn AlternativeTool for Nortinvasive 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 penetratégo a sample, undergoes multiple scattering

and absorption events, and then -mmerges. 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 chromophoresnolecules that have characteristic wavelengiipendent

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

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

such as nuclei, mitochondria and collagen fibres. Scatgdsrtypicallyelastic, in which the photon

wavelength is preerved. The behaviour of light transport is typically described by an absorption
O2STFTAOASY(l o0>F0s GKS LINROlFOGAfAGE 2F LK2G2Yy I oa:
O2STFTAOASY(l 6>a 0= 6KAOK | OO02 diyhibfscafelinydvanks SThef NB Ij dzS

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 whastgn lamp, xenon

arc or LED array), a fiboptic delivery and collection probe, and a spectrometer to resolve the
wavelengthdependent remitted light. Measurement geometry linces 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 coli# 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 deoxygenhssinoglobin(Hb), DRS is
particularly welsuited for evaluating tissue oxygenation. This can be achieved in a qualitative,
guantitative and replicable mannefl68,169] (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 (spectrograjuh)

measure light intensity across different wavelengths. Such simplicity has allowed implantable device
development and design miniaturisatigfa70][169] (Figure 2.6, A)Numerous in vivo applications
RSY2yadNIXiS 5w{Qa FoAfAGE G2 I OOdzNY G6Sfe |aasSaa
ischemig171¢175] 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 colonityp®[176] T using this DRS

capacity, AvildRencoreet al [177] advaned I WNR @BZA KO SR OF NI 23INJ LIK& 27
wherein DRS probes and robotic scanners are integrated into conventional endogEapes 2.6,

B), thus allowing colons to be mapped and any-pralignant polyp transformation to be identified.
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Figure2.6 Diffuse Reflectance Spectroscopy (DRS) sensing devices and o(fgURrototype 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 AvilaS y O2 NB G Si It Ay Wg2NlAy3 (iBFF BR& BENNaR GAD
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 wigndoscope. If aiming for a detailed
understanding of tumour heterogeneous hypoxia, an implantable device, capable of providing real
time, continuous feedback, would be more appropridfggure 2.7). Such a device could feasibly
monitor tumour size, invasion and pesCRTtumour fragmentation. Although challenges remain,
such as spatial constraints and pressure effects at the ptisBae interfacg178], DRS undoubtedly
offers opportunitieshelp advance our understanding and management of tumour hypoxia in rectal

and other cancers.
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Figure2.7 An early prototype of how an implantable rectal device would appedA) 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 SingleVersusMulti-Modal Considerations
DRS represents just one of a plethora of optical spectroscopic techniffoesesearch presented in

this thesis focusses specifically on the assessment of tissue oxygenation in relatdiotberapy
response, and as suchand given the proven superior capability of DRS to accurately assess
oxygenated and deoxygenated haemoglobibwas decided to adopt a comparatively simplistic

single mode approach in the first instance. Howeves édcepted that a mukinodal approachg

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

further value in the future.

Specifically,lfiorescence 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 pheaching. DRS, by
contrast, is labefree 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 higheelgsowers. 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 imagingrisadvanced optical technique that collects a continuous

spectrum of light at each point in a scene or on a sartpkrebycombing bothspatial and spectral
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information toacquire a threedimensional dataset calleslhypercube, with two spatial dimensions
and one spectral dimension. Spatially resolved spectral imaging obtaineghkbyspectral imaging

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

Such techniques have the potential to greatly augmeRtS and should be consideregingression
of this resarch. However, in the first instance, the capability of DRS to invesfigataating 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 clateresponse and redilme 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 mseing and imaging tools offer real solutions to this structural challenge. This
progress opens the door for precision oncology, offering improved prognosticatiortjmeatumour
response tracking and precise thrdamensional hypoxia mapping. Ultimatelghis will facilitate
targeted interventions such as hypoxic modification therapies and-tiagie radiotherapy among

other personalised treatmentslo this end, the remainder of this thesis investigates the use of DRS
for nonrinvasive assessment of hypaxn a murine CRC model to explore opportunities to advance

RC clinical pathways in the future.

2.7 Core Thesis Aim

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 3aims toascertain professional opinion on current prognostic and response monitoring
capabilities, the requirement for further methods and technologies for phigpose, and the

potential of tumour oxygenatiorassessmento be used in this sphere.
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Chapter 4aims 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 oxygerentrations).

Chapter 5aims toinvestigate whether a correlation exists betwegmour oxygenationtumour
volume and time in ain vivoCRC model, as measured by QRS8d to use this data to assess
naturally occurring heterogeneity and variance.

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

response to radiotherapy in a colorectal tumour murine study
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3 Assessing Applicability and Acceptability with Professional and
Patient Engagement

3.1 Rationale

The urgent requirement for enhanced prognostication aasgponse monitoring within the realm of

rectal cancer management has been discussed in det&kntion2.1.7. However, there is a real

danger of a disconnect occurring between laboratbased researchers, and those practicing
YSRAOAYS 2y (KS WFNRYylG tAYySQd LYRSSR>: AlG Aa ONI:
opportunity. To this end, it ivital that we establish a genuine requirement for prognostic and

response monitoring tools, and indeed the potential of tumour oxygenation assessment for these
LIdzN1J2 4 S&a s ¢ A G K WLdand thiS ghaptefFaim® to S0l this aetessifyh OA | y &

Althoughthis thesisfocusses specifically aime DRSassessment of murinsubcutaneous tumour
oxygenation in response to radiotherapy, the broadEmgerterm aim of this reseatt is the
development ¢ either an implantable or endoscopitevice for the assessment bfiman 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 investigatio(Section7.3.2).

As such, this chapter also reports on engagement with a focussed group etfrgatstent rectal
cancer patients, who provided feedback on two proposed devices/approachesufoan rectal

cancer hypoxia assessment.

3.2 Aims

l. To ascertainprofessional opinion on current prognostic and response monitoring
capabilities, the requirement for further methods and technologies for this purpose,
and thepotential of tumour oxygenatiorassessmento be used in this sphere;

Il. 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 nvitations for participation were sent to 30 consultants (Colorectal Surgeomadi®logists or
Oncologists) who worked at one of the following three institutions: Imperial College London
Healthcare Trust, The Royal Marsden Hospital, or St Marks HoSpiiiable participatingonsultants
were identified via Trustlirectories and supervisory jout. Potential participants were excluded
following no reply after a third email attemptEnrolment was on a voluntary basid-ollowing
enrolment and obtainment of consent, ofie-one semistructured interviews were conducted via an
online platform, using a combination of Likert scale and epeded questions(Appendix9.1). The
results were collated and presented with anonymity preservEbe initially planned subroup
analysisljetween specialities and individual Trusts) vad#tered to a combined analysis due to lower

than expected consultant participatio.he following key areas were addressed:

I.  The requirement and benefit for further prognostic biomarkecs guide rectal cancer
management
II.  The requirement/benefit ohdvancedesponse monitoring during neoadjuvant therapy
lll.  Opinions on the potential of an implantable/endoscopic device to meaRd@xygenation
IV.  Opiniorson the limitations of implantable/endoscopic devide measureRC oxygenation
V. Therequired evidence base necessamyjinclude tumouroxygenatiorin the appraisal ofeo-

adjuvant therapy.

3.3.2 Patient Opinion

Following formal approval by the Imperial College Research and Ethics Committee (ICREC) (Reference
HHL/ TnTp0uX p LIGASYyda 6SNB NBONHA GSR @Al GKS Wzxr
PYQd 1ff (K2aS 6K2 KI @S cameRnvenBduyes, regaxdess ofWikethér F 2 NJ
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 Iéafieendix,

9.1.7) 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 aset;
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 conser{Appendix9.1.2). 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 guestionnaire, anonymised data may still be used for research purposes.

The participants completed a questionnai(dppendix 9.1.3) in conjunction with the principal
investigator in a on@n-one online discussion. The questionnaire used a combination of open and
closed questionsAnswers were quantified using Likert scales. Opinions were sougbiocept
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 \Wildata costs for online involvement. Advertising

commenced on the 1st of February 2022, and data collection wagplete 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 nameany 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 orhuman 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%), Gl radiologists (30%), and
Radiation Oncologists (20%) from three NHS Hospital Tiogisrial College London Healthcare Trust
(60%); The Royal Marsden Hospité20%); andSt Marks Hospita(20%). The mean number of

consultant years (number of years employed as a consultant) was 8.5 years (ra@gedrs).

3.4.1.2 Prognostication and Response Monitoring in Rectal Cancer Manageamehthe potential

role of hypoxia assessment within these spheres

Figure3.1 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 voithble 3.1 details the respondents open responses, along

with the corresponding Likert grading for the question, if applicable.

We need additional biomarkers
for the prediction of rectal cancer 10% 20% 20% 50%
response

MRI is adequate for rectal tumour

[ 50% 40% 10%
response monitoring

It would be useful to measure
rectal tumour response in
continious fashion

ST 10% 30% 50%

We should be persuing tumour

. n 20% 20% B60%
hypoxia for prognostic purposes

We should be persuing tumour
hypoxia for response monitoring 10% 20% 40% 30%
purposes

It would be useful to deviopan
implantable/ endoscopic device 10% 50% 40%
for hypoxia assessment

Strongly disagree Disagree Neither agree nor disagree Agree Strongly agree

Figure3.1 Professional opiniorregarding the requirement for further methods and devices for advanced prognostication
and response monitoring in rectal cancer management, and the potential for hypoxia assessienistd within this
sphere.
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Q1. We needhdditional biomarkers for the prediction of rectal cancer response (teoadjuvant

therapy)?

Respondent

Likert Grade

Answer

1

2

& ¢ K dpandsfon what you mean by prediction of respand@ Prediction of
response at end of chemoraatherpy, or (2) Rediction of response at baseling
Thee is prediction of response in terms of what comes out at the end
prediction of response in termof outcomes, e.g you can get a very goo
response from a T1 polyp with radiotherapy, but you have not changed
outcome of that patient as they were always going to do wel]tlse question
is not correct. If refined to 'at baselinethen answer is 'not that importai@
because it would have to beery good. Most tumours respond to certai
degrees, so to have a biomarker whichsdgn't give treatment because the
won't respond is unlikelyThe £cond issues, what is your gold standard fg
biomarker of response? If you use pathology, then €h@inonstarter. It is \ery
different removing tumours at 6,12,1&4 weeks etc. You can't predi
response based othe thoroughly imperfect biomarker of pathologsgs it
resultsima¥ I £ &S dzy RSNERGFYRAY3I 2F gKI{Q
re-defined as a nowiable tumour (which does not grow or metaétaé a S 0

GLG oAt f KSELI G2 adNXrdGAFe LI GASY

AN

wjofo|o

OMRI and TRG is adequate and well validated. Studies suggesteiponds
well with pathological responsi €

(o]

i

& ., Babmvery variable responsa (i dzY 2 dzNB G K|  -goBe OF
very extensive tumours which respond excellently, and some smaller tum
GKAOKDPR2Y QI

oCurrent ones not effectivé

9

10

Q2.In your opinion, how might more (assuming accurag@ypgnostic markersmprove the management

of rectal cancer?

Respondent

Likert Grade

Answer

1

OAll studies need to follow the REMARK critefiaey reed to compare
against the current standard for biomarkers. How does it compare againsi
standard (what everyone doealt would be much more useful to refine the
subgroupse.g., yowlready have a predictor for poor response, such as a
mucinous tumour, then it would be much more helpful to work out which g
these have a good responser find a biomarker for the subgroup of T1
tumours that do not do so well. All papers dame thingoy concludingvith
Git's promisy’ 3 Q ot teBr&rospective data pool, but it never does well
when properly trialled &

G LG glénda B stratify therapy, which would improve oncological
outcomes and reduce toxicity of futile treatmenfghis would lead to a quality
of life (Qol) of improvementb ¢
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4 - & 2 Seedyto be able identify subset of patient who will simpigw through
(chemoradiotherapy)and also those who will have a complete clinical
responsed 1 2 OKSY2NI} RA2GKSNI LR O d¢

5 - & 2 Slreadyhavea good response rate, bittwould beuseful if aiming for
pCR for atb €

6 - GLG ¢2dz R Sspralisd cire almine dir@ovetdeated, and more
tailoring of our approache.g.,which groupare more appropriatefor watch
and waité

7 - & C 2 NdeitificStion of subgroups &

8 - 60On one hand, new biomarkers are not always robust.iBuould be useful if
they enablel watch and wait and enabled treatment stratification

9 - -

10 - GLG oAt ilBrolt dohSspaimed § 2 F

Q3. Is ectal cancer responsassessment (to neoadjuvant therapy) with MRI currently adequate?

Respondent

Likert Grade

Answer

1

5

Gt@ Y2NB GKIy | RS dzl GiSstetter thanpatholégFor
assessindpr non-viable tumour.If you take one hundregatients with
(advancedirectal cancer50% will have an immediately good response whi
will put them in theWatch and waifrategory.The oftenrquoted imitation of
failureto differentiate between fibrosis and residual tumoisrubbish-
densely fibrotic stoma contains nenable tumour so fibrosisequalsnon-
viability. Therandomised pase IIITRIGGER trial is n@wears down the line
There have beend re-grows from 42 patientbut it is rot yet known whether
this group has been disadvantaged developed meastasesvhilstunder
Watch and waitQ €

6Significant advanschave been made with MRbut there isdebate about
meaning ofthe images . Crucially, it (MRIloes not tell us about the biology o
the tumourd® ¢

GTRG correlates withistopatholog, but it dbesn't differentiate between
fibrosisand viable cel® Q

GL i aritdiffekentidde etween fibrosisand tumour,andinvolvement of
CRM by fibrosis is questionable for TeHSessment. Wstill have issues of
MRI and lymph nodassessment, an@thether pelvic side wall
lymphadenopathysA Y LJ2 NI | y (G @ ¢

OTRCGcorrespondsvell with pathologicalanalysig

»

I

& 6 a w lothgood for egffly cancdr 8 8 SaaYSy (G d¢

GaL G onetwadod fordifferentiatingfibrosisandresidual tumour It is
accurate buf(it) haslimitationsregarding the assessment what is
microscopically still ther® ¢

8

3

LU @BWY QIR RATTSNBY aridtuniodrdd St 6 SSy

9

3

GLG 6awlL OR SILAS yoROSWR( dilza S NJ

10

4

GLG 6awlL 0 atficking UuRekragmdntedizéspodss &

Q4. Would there be a benefit to assessing rectal tumour response (to neoadjuvant therapy) (sei)

continuous fashion?

Respondent

Likert Grade

Answer

1

3

aLd ¢ 2 defuRo getlan early readout in the neesponders (40%).1t

would need careful correlation witthe gold standard of properly defined ner
response i.e., TRG on MRI. Naresponse is actually no/minimal fibrosis, n
pathological analysidt would definitely beuseful to predict norresponders
early on in treatment as it will prevent futility of treatment. If you us
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pathology, you will grossly ow@stimate nonresponse. Nosresponse (from
the TRIGGERal) is 3540% TRG-8. A meaningful responsés atransition to
non-viability (TRG 1,2,3). What is the commonality there and what is
hypoxia profile? Note, MRI tumour fibrosis could actuallynbere accurate
than pathological assessment (in tesf clinical outcomé @ €

AwWhy would you not®e reed to know as soon as possible if someone is 1
going to downstage.

oDynamic assessment would reassure us thatpatient is responding, rathe
than just d asingle poin in time. It would kelp us to adopt a more adaptive
treatmentLJ- NI RA I Y D¢

GL{ gegaitzydeintéresting to see what that data showegarticularlyif
the tumour was growing throught would be wseful to identify high risk
tumours® €

¢ , 2etd ty waitthe full time period to get maximum &fct from radiation

B

therapy¢ and youneed to wait longer time fopathologicalresponse An
earlier assessmentwould theéimey 23 0SS 2F o0SySTA (G ®

0See paper fromnnalsg you get more downstaging form
chemoradiotherapy if you wait the full 12 weeks, rather than operating at {
$pSS1ad .dzi AG g2dzZ R 0S dzaSTdz 2

oContinuousMRI imaging would not besefulas sometimes too early
FdaSaa NBalLRyaSoé

8

G LG Pexyozt ® time surgery bettdr

9

(&)]

G¢KS Y2NB AYyF2NXIGA2Y GKS o0SGdGSNX

10

Q5.In your opinion, what has been the greatest advancement in the managementefal cancer in the

past decade?

Respondent Relevance | Answer
to research
1 & ¢ KoBcepd of stratifying treatment to risk, and knowing what those risks
are ¢ resulting in appropriate targeting.
2 éConcept of multimodal therapy with multiplét i NI G S3 A Sa d¢
3 ARSYGAFAOIGAZY 2F KAIK NRA&] 4dzy2
4 dntroduction and establishment of M&®b ¢
5 GawL A0RHBWAIRIKSt & ¢
6 (Question omitted)
7 (Question omitted)
8 ORobotic surgergp ¢
9 @Timing of radiotherapy Y R NJ RA 2 G KSNJ LI LI | Yy A
10 Gt NPANBKaarzy 2F o0Se2yR ¢a9 { dzNASN

Q6.In your opinion, whatwill be the greatest advancement in the management wdctal cancer in the

nextdecade?

Respondent

Relevance
to research

Answer

1

oUnderstanding pathways of spread and direct targeting of therapy. Using
new technologies in understanding the mechanisms of resistande. B
probablythe biggest advance will be in controllable variable$ good
surgery, good stagingoodradiotherapy¢ which will bemuch more
important that new interventionslf you put rubbish in, you will get rubbish
outd ¢
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admmunotherapy. This will transform our care. Engineering the tumo
microenvironmentio change responsgé 2 G NBEI G YSy i ®¢

G¢dzY2 dINIB YIRYSY G &GNI GATAOFIGAZ2Y Dé

& 6 DS ( ZespahseirateS$ainomidgical treatments to mirror anal cancet
treatment (in which 90% are treated with chemadiotherapy). Currently the
complete clinial responserate with TNTis 3040%compareal with 10-17%
with long course chemoadiotherapy. If this can be driven north of 50% ther
this would revolutionisehe management of rectal canceRecent gains have
been made by optimising treatments weve Toget north of 50%we need
major improvement in one of therapieswvhich requires a great leap forward
We reed to target sukcategoriesof tumours more accuratelgndfocus on
prognosticatio and stratificatiortb €

oPersonalised treatment tailored on biology and the genetic profile of
0 dzY 2 dzNJp ¢

¢Rectal preserving treatmentsy R A 0N} GATFAOF GA2yad

(Question omitted)

oPatient specific chemotheragy¢

OO (NO®

¢Tackling poor prognostic tumoutse

10

GLYYdzy2(dKSNI LR ®¢

Q7. Wbuld it be useful to develop a device which couddther be implanted or fitted toan endoscope for
the continuous/regular measurement of RC hypoxigghd what limitations might you envisage?)

Respondent

Likert Grade

Answer

1

4

2

4

G ¢ KSNB lethBicaldbarméSlowitumours can b@ainful. Some
patients will beincontinent, therefore creating aariable environmentThere
may be some blems around ethics. Will additional intervention be of
benefit? There will be aliwician acceptability barriefFinally, ot isalways an
objectd €

a ! yhplaktabledevice isot at all practical. Endoscopi®emore practical, but
my concern is that it is not helpful unlessyéu y | OKA S@S RS

oHow often are you doind? Hypoxiais likely tobe heterogenous througthe
tumour massWhat isthe degree of penetratio? Does anecrotic tumour give
false infamation? Hbw clean does contact need to &Ml a bleeding
tumour affect i? How well will it be tolerated? What will be tiservice
requirements (particularly for multiple endoscopikss

oHow practica? Howpainful for patient (especibtif narrow lumen® What
training of required forclinician® How will results be interpreted?

oPracticality acceptabilityp &

G/ 286G LI GASYd I OOSLIII yOSodé

Gt FGASYl KSaArllyoOe of

Ol NO®

dPatient comfort, displacement, seeding of tumauk NB dz3 K & NJ d

10

glooo| b

Q8.We (as clinicians and researchers) should be pursuing tumour hypoxia for prognostication purpog

Respondent

Likert Grade

Answer

1

3

G2 X2zt Ry Qi 0SS dzaAy 3 F2NJ LINPIYy2aA
or not. Better to try andinderstand why' a certain subset of tumourgo
worse.This aesn't add prognostic value, but it does enable the study of th
mechanism of poor prognosis. In a way thistfquestion is to find out if the
non-responders are indeed hypoxic. Once this is established, then use m4
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of hypoxia to prognosticatandavoid meaningless treatmenthatwould be
meaningful research. Risk factors for a@sponse are EMVI, height above
middle 1/3rd of rectumand mucinoustumours. There aréots of other
mitigating factos, such asmmune response, dose, fractions, size of patient
who plans radiotherapy, contour of tumour, how it is given, tanpatient
keep still, does mesorectum shape change over a cafrsadiotherapy, and
what are radiotherapist actually targeting when they plan therdpyportant
to understand that radiotherapy is nalone uniformly there isno standardé
2-10 35 Likert scale responses omlgeeFigure3.1

Q9. We (as clinicians and researchers) should be pursuing tumour hypoxia for response monitoring
purposes

Respondent Likert Grade| Answer

1-10 25 Likert scale responses omlgeeFigure3.1

Q10. What evidence would you require to include tumour hypoxia in the appraisaheb-adjuvant
therapy.
Respondent Answer

1 oFirst prove that it has anything to do witesponse. Define responget

2 oMechanistic evidence, trials evidengendtangible patient benefit. Needs full research
paymentb &

3 6Robust correlation with established biomarkers of response (pathology @RG)

4 oMedical devicalevelopment, randomised data showing benefit. Need phase | and Il trig

prior to that£

5 oCompare with TRG and histological stagirsg

6 6Good way of measuring it, repdacible with consequent interventiom €
7 oMeasurable benefit to patientd €

8 -

9 -

10 -

Table3.1 Professional opinion regarding prognostication and response monitoring in rectal cancer management, and the
potential for hypoxia assessment to me used within this sph&eeen highlighted celis 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 295 years). Two went straight to surgery and three had Jomgrse
chemoradiotherapy followed by surgery. All the patients were in reimisat the time of the

interviews.

3.4.2.2 Patient opinion on proposed device applicability and acceptability

Figure3.2displays Likert scale patient opinion on the proposed implantable and endoscopic devices

Table3.2 details the respondents open responses, along with the corresponding Likert grading for the
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guestion, if applicableFigure 3.3 and Figure 3.4highlight key patient and professional concerns

surrounding a proposed implantable and endoscopic devices, respectively.

Willing to undergo a further endoscopy if it could provide
additional information about my cancer, which could affect 20% 80%
my prognosis and treatment options

Willing to undergo serial endoscopies (up to 4before your
surgery) if it could provide valuable information on how the 40% 60%
tumour is responding to pre-operative chemo-radiotherapy?

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.

60% 20% 20%

Strongly disagree Disagree Neither agree nor disagree Agree Strongly agree

Figure3.2 Patient opinionindicating acceptability of proposed endoscopic and implantable devices

Q1.Would you be willing to undergo a further endoscopy if it could providelditional information
about my cancer, which could affect my prognosis and treatment opti@ns

Respondent | Likert Grade | Answer

1-5 35 Likert scale responses omlgeeFigure3.2

Q2. Wbuld you be willing to undergo serial endoscopies (up to 4 before your surgery) if it could provig
valuable information on how the tumour is responding to pr@perative chemoradiotherapy?
Respondent | Likert Grade | Answer

1-5 35 Likert scale responses omlgeeFigure3.2

Q3.Would you be willing to have a device implanted withigour rectum beforeyour operation (for up
to 3 months) for the continuous monitoring of the tumour, and how it respondsdbemoradiotherapy?

Respondent | Likert Grade | Answer
1-5 35 Likert scale responses omlysee Figure 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 b2 O2yOSNyao®é éConcerns over discomfabté
2 ¢Size would be important.would need GL KIF @S | ongeumyo SNI 2 ¥

reassurance thathe endoscopist was
appropriately trained irthe technologyb €

Will it affectdefecatior®?
How isit fixed in plac@
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Will haemorrhage interfere with probe
tissue interfac@

It could irritate tumour causing further
haemorrhage

It could create discomfit/pain

Qould it cause infectiom further
complicating the cancer/treatmefit
You would need to ensure proper pre
placement cleaning

Tumours of different sizes would require g
adjustable device

Will electronics interfere with other
electronic devices e.g pacemakers, phone
etc?

Patient would need to know what it looks
like to recognise displacememtg

4 L Koha@rBsabOutinsertion and
extractiong particularly if surgery not
required¢ and Iwould need assurance that
it would be easy to remove

| also have @ncernsaroundinsertionand
the capability if large tumour/is it
adjustable to different tumour sizes/rectal
Size&?

Will there bepain on insertion and could it
be painful whilst in sitl £

G ¢ KAa ¢t RrocédGre which
adds further intervention

| would need assurance gardingpain,and
the ability to defecate

Gb2 O2yOSNYy & dé

GL KI @S 02y OSNya 2¢

Q5. Would your preference be for an endoscopic or implantable device?

Respondent

Endoscopic

Implantable

1-5

80%

20%

Table3.2 Patient feedback on proposed implantable and endoscopic devices
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Effect on
defecation

Tumour
haemaorrhage

Cause
infection/source

of sepsis

Cleaning pre-
placement

Interpretation of
results

Meeds proven
benefit

Cliniciantraining Cost

Patient
hesitancy

Additional procedure
required Pain on
insertion or
extraction
Pain & discomfort

whilst in situ

Patient Experience

Medical Risk gynctionality &
Usability

How isit secured
in place?

: Technical
Barriers to Considerations Recognition of
Adoption displacement

Clinician
acceptability

Requirement for
an adjustable
device

Blood or stool

creatinga barrier
Interference with
Service

electronic devices Degree of

penetration

requirements

Figure3.3 Categorised network diagrapdemonstrating professional and patient concerns and objections to an

implantable device
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Patient
hesitancy

Additional procedure(s)
required Pain on
insertion of
endoscope

Patient Experience

Barriers to Technical
Adoption Considerations
Clinician
acceptability
Interpretation of
results
Cliniciantraining Cost
Service
Needs proven Degree of

. requirements
benefit penetration

Figure3.4 Categorisechetwork diagram demonstrating professional and patient concerns and objections to an
implantable device
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Large bowel (co!on)J
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Figure3.5 Proposed endoscopic (A) and Implantable (B) devidesages were shown to a patient focus group for
attainment of opinion on device acceptabiliffC)Patient preference between endoscopic and implantable approaches
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3.5 Discussion

3.5.1 Professional Opinion

TE? 2F GKS SyNRffSR O2yadZ GFyda WFEaINBSRQ 2N wai
prognostic biomarkers to enhance the stratification of rectal cancer treatments, with a particular
SYLKI&aAa 2y GKS NBIj dA-BREYRENED HRIY OKB 2iNY RI 281 K¢
6FYyR G2EAO0 GKSNI LR OFly 06S I g2ARSRD | 2@pahé NE WNEB
to a variable degree, any new biomarker would need to be extremely accurate to dictate withholding

of a partcular therapy. Rather, they suggest that stdiegorie2 ¥ WLIJ2 2 NJ NBaLR2 YRS NE Q
W322R NBALRYRSNBEQ $K2 R2 o0FlRfé aK2dZ R 6S ARSYUGAT
of causalityg and this will certainly be a consideration in future w@8ection7.3). Further, they argue

that all research aiming to develop novel prognostic markers must follow the REMARK [ritefia

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

¢ which aim to improve transparency and reporting oftal@o 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 titure research.

The professional answers to question 3, regarding the adequacy of MRI for response assessment, are
AYGSNBaAaGAYy3aId prr 2F NBaALRYRSyGa KAIKEAIKG GKIFG
Gdzy2dzNJ A& | YIF 22NJ f A YA &tatds that sudh conGemSageSINGUINdadNThce L2 Y R S
fibrosis is equivocal to newiable tumour. They go on to quote thandomisedphase Ill TRIGGER

trial[180], which is yet to be published. At the time of interview, there were 4gnavs from 42

patients, and as such it should be recognised that fibrosis does not represewiatulity in 10% of

cases. The concerns of the 50% therefore seem valid, and theggadnly space for further response

monitoring approaches.

yr: 2F NBALRYRSyda WFEINBSRQ 2N WadadNRy3afte F3INBSFK
KSf LIFdz (23 F2 N-NBBEILELERSY I¥MORIRY (yadopkt igosyatapevdzNE Q5 |
GNBFGYSYyd LI NIFRAIYPQ |1 26SOSNE WNBaLRYRSY(d HQ &adz
since one must wait at least 12 weeks for the full effects of nCRT to be realeed indeed this
position is back up by the literatuf@81]jd b2y SGKSf Saasx IyR |4 WNBalLRYyR
evidence, it would still be useful to have a readout of early response oresponse so that the full

12 weeks are not awaited in a noasponding tumour.
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Questions 5 and 6 investigate what the respondents feel has, and will be, the most important
development in the managemeif RGN 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 devethd® in

GKS ySEG RSOFRS® t I NIAOdzZ N FGGSyiAz2zy &Kz2dAZ R 0685
RCto mirror the management of anal cancer, in which 90% are treated successfully with oniygnCRT

with surgery being reserved for those not responding or recurring.

Question 7 reveals that 90% of respondebtl INB S Q 2 NJ W& ifi waBly B fugefulltod NB S Q
develop an endoscopic or implantable device for the (semi) continuous assessment of tumour
oxygenation Concerns and objectigrare presented for bothn conjunction with patient concerns

and feedbackand it is apparent that an implantable device would be neither feasible, practicable, or
acceptable to patientgFigure3.3). The endoscopic proposal gained more support, although concerns

and limitations wereagainhighlighted(Figure3.4).

vdzSadAz2y y NBGSIta GKIG tmr>r 2F NBalLRyRSyda WIINE
KeLREAF F2NJ LINPIYy280A0FGA2Yy LJzN122&aSad | 26SOSNE !
hypoxia and nosresponse in rectal cancers should fiogt 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, vhether 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 attemptdorrelatetumour 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 ne@djuvant 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 insert€Bigure 3.2). Further, 80% chose the endoscopic device in
preference to the implantable devi¢€igure 3.5, CAs with the professional opinion, a number of key
concerns were highlighted with the implantable device, particularly that of pain and discdrigore

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.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 recommendatioesenmade 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 suppaitd as such, future efforts to develop a

research tool will focus on the latter of these proposalsia first instance.
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4 Validating Diffuse Reflectance Spectroscopy for the
Measurement of Tissue & Tumour Oxygenation

4.1 Rationale

As described irfection2.525w{ A& ¢Sftf SaidlofAakKSR F2NJ GKS | &:
profile due to the differing absorption profiles of oxygenated and deoxygenated Hb, and there are
manyin vivoexamples of how DRS can be used to accurately assess, for example, bowel and cerebral
perfusion and ischaemid71¢175]. Indeed, very similar optical spectroscopic (red and near infrared)
approaches are employed in the universally adopted finger pulse oxifi&2}, although importantly

pulse oximetry selects specifically for arterial saturation, whereas DRS harvests mixed venous and

arterial SpQdata.

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 Hboto translate to heightened cellular.0this cannot be assumed particularly
considering knowledge that tumour vasculature is highly chaotic, tortuous and permeadoel
GKSNEBEF2NE AYySTFAOASY (I f SI B4 yitIs therdforedtRudiar thadzdeh 2y RS
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 & sparsity of literature validating DRS against market gold standards. A small
number of studies[183¢185] have sought to validate DRS against immunohistochemical (ICH)
techniques. Most notably, Vishwanagh al[185] culled 5 mice at 3 individual timepoints (0, 5, and 10
days) and correlated DRS findings with Hoe@3342 fluorescence and pimonidazole staining. They
demonstrated that the temporal kinetics of dHb were moderately concordant with hypoxic and
necrotic turrour 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 provaiguperficial real time haemoglobin
saturation (as with DR®)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 tumou harvesting and immersion in formalin, means it is extremely difficult to reliably assess

the effect of short term hypoxic attenuation or exacerbation on these tum@lgg].

In vivo tissue oxygenation is most frequently measured using nebdbed sensors, such as
polarographic electrodes (Eppendorf) and fluorescence lifetime sensors like the OxyLite partial oxygen

pressure (p@ system (Oxford Optronics, Wycombe, United Kingdom), the latter of which is
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considered the present gold stand§i86]. These methods provide precise, absolute readings of
oxygen tension, butunfortunately, 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 areaapproximately 0.038 mmz for the OxyLite and 80 um?2 for
polarographic electrodes which is useful for localized measurements but makes it challenging to
extrapolate these findings to represent the overall tumour environment. #attlly, the the OxyLite

probe requires oxygen to diffuse into the probe, and hence stabilisation times-b% Iinutes are
required. Nonethelesst wasfelt that a direct comparison with the OxyLite P&@nsor in response to
perturbations in inhaled gas concentratiomsasthe 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 teigues the results have been mixed and
inconclusive. Finlay and Fostg87] utilized DRSto measureHb saturation in murine tumours
4dzo2SOGSR (2 OFNDP23SY YR YyAGNRIASY ONBFIIKAYy3IOD
surgically removed, and a fibre optic probe was placed directly on the tumour. Their measurements
showed that haemoglobin saturatioraried as expected in response to hyperoxic and hypoxic gas
inhalation. Conoveet al[188]compared haemoglobin saturation derived from diffusion thebased
analysis of neainfrared spectroscopy (NIRS) in mouse tumours to cryospectrophotometry of tumour
microvasculature. They found that when NIRS indicated a haemoglobin saturation of Hghent

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 hgypoxia
although of course there is significant room for error in congaamiof these techniques. Kiet al

[189] explored the relationship between tissue p@easured by needipased sensors and NIRS
during carbogen inhalation. Using a modifiBeerLambert law, they derived relative changes in
deoxyhaemoglobindHb) and oxyhaemoglobin (HBOfrom NIRS data. They found that vascular
oxygenation responded to carbogen breathing, but there was a very significant heterogeneity in
tumour pQ when concurrently measured with needle electrodes. Lastlyet.al [190]investigated

NIRS for assessing tumour vascular oxygenation, comparing it with invasivee@®urements in
animals exposed to hyperoxic gases. They observed a biphasic increase ievidls@luring oxygen

inhalation, while needle sensor measurements followed a similar trend but with a delayed response.

Only one papef191] has sought to validate DRS against the OxyLite sensor in the measurenrent of
vivomurine mammary tumour oxygenation. They found that the direction of change (in response to

carbogen) was largely concordant between DRS and the OxyLigep$§dr, but in fact concluded that
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DRS compared favouraligyn 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 carbogeathing, remaining instead within a severely
hypoxic bracket of PaG3mmHg. 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 growthn the selected mouse sedpecies 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 preented concurrently with the OxyLite validation study.

4.2 Aims

The aims of this chapte&an be divided into three succinct groups:

4.2.1 Animal Pilot Study

I.  To ensure it is feasible to measure evolving tumoxygenation trendover the course of
tumour growth (using arin vivo mouse model) with a mukilepth DRS probe with the
available equipment anhfrastructure;

. To asess HCT116 (human derived) colorectal cancer (CRC) cell line growth in Balb/C nude
mice

lll.  To orrelate preterminal 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 inspigecb@centrations, namely
carbogen gas (95% &% Cg), in a human derivedih vivocolorectal cancer
I. Tocompare and contraghe DRS readout against the OxyLite pénsor in both tumour and
non-tumour bearing flanks
lll.  To assess the changing effect of carbogen on tumour oxygenation throughout the course of
tumour growth
IV. Toinvestigate mapand contrasthe presence of cellular hypoxia and tumour vasculatwité

ICH CAIX and CD31 stainirggpectively
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4.2.3 DataProcessing andinalytical Approaches

a. To use this data from.2.1and4.2.2to confirm and refine data acquisition, processing and
analytical approaches

b. ¢2 Ay@SadAaarisS GKS NBflIGA2yaKAL 0SGsSSy || y2
SpQ values

4.3 Methods
The methodologies described in secti@dn3.1 through to 4.3.4 are standardised throughout this
thesis. Any deviation or additional experimental methodological steps will be described separately in

this orfollowing respective chapters.

4.3.1 Equipment andSystemsSetup

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 -nisitrle
infrared range of 340017 nm. This instrument used a tungstealdgen light source (HROOO
HPFHSA, Ocean Insight) for illumination and a compact spectrometer (Flame, Ocean Insight) for
detection (Figure4.1, A-B). A customdesigned, multchannel fibreoptic probe (FiberTech Optica,

Ltd.) was used for light delivery and collection. This figrec probe contained six multimode optical
fibres (200um core diameter), one of which was used for light delivery (fijrevhile the remaining

five fibres were used for light collection (fibre®6P At the distal end of the fibre probe, fibres were
arranged in a linear array with five distinct fibre spacings, or SelDetector Distances (SDDs), for
analysis of increasingissue depth (approx. 0:2 mm)192] (Figure 4.1, C) Fibres 26 were
interchanged manually to facilitate sequential measurements over the five SDDs. Diffuse reflectance
spectra were acquired by gently securing the distal end ofpifube (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 09 dependent on fibre spacing.
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Figure4.1 Experimental setup, equipment and methodologie@) Pictorial depiction of DRS experimental setup,
photographed in (B). The light source was coupled to a rabinnel fibreoptic probe for tissue illumination and light
collection. The fibre optic probe had five fibre spacings (C) for analysis eirgjffemour depths (approx. 0-2 mm).(D)
Simultaneousneasuremenbf nontumour and tumour oxygenation with the DRS and OxyLite probes following animal
carbogen inhalation(E)ICH CAIX stainimgth Qupath softwear foprogressivéemageenhancemen{left to right). Black
represents necrotic nowiable tumour, red represents areas strongly positive for hypaxidbrown isweakly hypoxic.
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4.3.2 Cell culturenoculation, andAnimal Models

Balb/C nude female miceged 68 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 darklight cycle. Food and water were allowad libitum.

The HCT116 (humaderived CRC) cell line waltained 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% PeSic#jpitomycin, and 1%-L
Glutamine (Sigm&ldrich) Cells were cultured in a humidified incubator at 37°C with 5% &d
sub-cultured at 6680% confluence. Mycoplasma testing was carried out routinely using MycoAlert
Mycoplasma Detection Kit (Lonza). 4 million HCT116 cells (suspended in 0.1 mLr@B®rulated

subcutaneously in the right flank of each mouse whilst under inhaled isoflurane anaesthesia.

All experiments were performed according to the protocol approved by thérf@Rrial animal ethics
committee and Home Office License (P5541E04C). All studies have been reported in accordance with

the ARRIVE guidelines for studies involving live vertebrat

4.3.3 Choice of Cell Line and Animal Model
HCT116 is a human colorectal carcinoma cell line initiated fromyad&ld Caucasian male. HCT116

cells are known for codon 13 (G13D) mutation in the KRAS gene, a-qmoigene of the
RAS/RAF/MEK/ERK cascade. This HCT116 mutation is associated witfigemasis 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 caar derived cell line, which can readily differentiate into enterocytes and
mucinexpressing cell lineages). The cell line was chosen for three keys reasons: (1) It is widely used in
in vivoand in vitro research, and is therefore readily attainable with an existing knowledge base
around its culture and storage; (2) Published literat[&®3] 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 culturewhich 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 oatigarassessment rather

than an investigatiomto 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 Foxnl, 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 produceells, with consequent
immunodeficiencyg which is essential for acceptance of a human derived cell line (and hence this
choice of mouse modelHowever, it is acepted that theathymic stateserves a potential major
limitation of this animal modelThe critical importance of thieosts immune function idetermining
treatment responsehas been discussed Bection2.1.3 and thereforethis model is unlikely to be
directly applicableto human populations. However, as previously stresabdve, thefocusof this
reseachis on technological advancement for tumour oxygenation assessment, asdhis was an

accepted limitéion.

The lack of hair also creates an ideal environment for studying subcutaneous tumours with DRS, since
there is no barrier/disruption at the probeimour interface. Howeveit is perhaps worth noting that

the concept of nudity is mieading; 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 infudibulum ¢ 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 SpectralDataCalibration and Processing

4.3.4.1 Calibration

The resulting spectral tissue dateas calibrated in a twstep procesgFigure4.2, 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 ¢r)&gure4.2, 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 (98R$0; Labsphere, Inc, North

Sutton, NH) to account for variations in systéhroughput and the wavelength response of the

instrument. The above-8tep calibration process can be summarised with equation 1, wke{e)is

the light intensity measured from the mouse at wavelengthand ‘O (=) is the light intensity

measured from the reflectance standard at wavelength

=| (Equation 1)
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Figure4.2 Datacalibration and processing. (Acquired spectral data, normalised by the intensity value at 800 nm, then

(B)further calibrated with division by reflectance standard val(&Saturated haemoglobin (HhPis represented by

RdzZr t olFyRa Id pnH yY 6h0 YR pTc YyY 610X gKAOK NS RAYAYAA
YSGUNARO ohwato ¢l a OFtOdA ISR 068 RAGARAY3I (G(KS DWRBRAY(H 2F (K!
extinction coefficient of haemoglobin, universally available. X axi3) Awavelegth (nm); Y Axis (&) = intensity of

reflected light, D = Molar Extinction Coefficient (8iv). Pink highlight B = spectral data window of interest.

4.3.4.2 Development of an oxygeation metric (ORM)

To provide a simple, modélee assessmentd# E@ ASy I A2y (G(NBYyR&ak OKlI y3Sax
aSUINAROQ ohwat ¢l a& RSTAYSR® hwa @I fdzSa gSNBE OF f Oc
by dividing the intensity value at 560Y  By:th@ mean of the intensities of the dual oxygenated
haemoglobin (Hbg) absorption bands at 542 Y 0 h 0 yI'YY RfFigaie42, C) A higher ORM

value therefore equates to a greater haemoglobin oxygen saturation (as an increase in oxygen

al GdzNy GA2y t€SIFR&a G2 Iy AYONBlIraS Ay ' FyR I RSONE
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4.3.4.3 Oxygenation calculation (SpO2) calculation

The oxygen saturation (SpQOwas also calculated directly from normalised DRS spectra. This was

achieved by with the following methodology:

First the previous normalisation equation (1) wasareanged to (2)
=| _ — (Equation 2)

where 0 is the integration time for the mouse spectra aidd 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
SpQ fits.

Absorbance values are then calculated with (3)

A 1 12¢ (Equation 3)
Subsequently, the fitting equation &xtractparameters oo  ando was (4)

= - 1w - 1w ad o (Equation 4)
where,

0() 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
w s the concentration of oxyhemoglobin.

@ is the concentration of deoxyhemoglobin.

¢CKA& Y2RSt o0SljdzZ G§4A2Y noO ¢l & FAG G2 GKS F0az2Nblt yC
- 1 and- 1 are universally available molar extinction coefficients of haemoglobin, and

they show significant difference in the highlighted (blue) wavelenftigure4.2, D).
Following curve fitting the haemoglobin oxygen saturation was calculated with (6)
YA ———op T (Equation 6)

Using this methodology, it wasossible to plot fitted absorbance data against normalised spectral

data to confirm a good fit withRvalues >0.98 in all exampl@sigure4.3).
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Figure4.3 Example fitting results for measurement of oxygen saturation (Sp@raphs 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 JA-D)and four example datasets collected withre 4 (EH). Good fits are observed in all cases with

Re 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 descrilsedtion 4.3.2
5 BalldC nude female mice, with a mean-standard deviation (SD) weight of 18.13 /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), evedydays until the maximum permitted tumour size

(15 mm in a single diameter) was reached. All measurements wer@rpaé 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 0% oxygen. Measurements were commenced immediately.

At each measurement, the multiepth DRS probe was placed in direct contact with the centre point

of the tumour and secured with a clamp staffelgure4.1, 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 x width x
height (mm) x 0.523p@.94].

4.3.5.3 Data Analysis
The data was calibrated and the ORM calculated aSpetior4.3.4.

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 CAKg@EI4.1, E)
QuPath software was used to calculate viable tumour percentage and hypoxic percentages of viable

tumour.

4.3.6 CarbogerExposure with OxyLite and DR®rrelation

4.3.6.1 Cell culture, inoculation, animal models and B&%ing system

The methodology for cell culture and inoculation, and the DRS sensing system, was identical to that
described irtection4.3.2 5 Balb/C nude female mice, with a meanstandard 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), evedydays until maximal permitted tumour size was
reached (15 mm in a single diameter). All measurements were perfbromgler intraperitoneal
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 placediiect 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 minutegFigure4.1, 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
(SDD5) every 5 seconds for the 3flinute 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 withtaimeglus placement of a single
OxyLite probeg 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 wthe nonrtumour bearing flank and the OxyLite needle probe placed

in the musculature of the contrlateral hind leg

4.3.6.3 ICH analysiwith 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 QuPi#&] on the colourdeconvoluted 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 WW86jwas 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(Figure4.4, B) However, only 3 mice reached the maximum permitted diameter: 2 failed

to recover from anaesthesia (pimplantation and day 17).

4.4.1.2 DRS and tumour oxygenation trends

Themean oxygenation (ORM) trend for fibre 5 is showrrigure4.4, 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 fashianas approximately observeéh a firger occlusion experiment
(Figure4.4, GD). There wereobserved oxygenatiopeaks at days-8 and 1723. However, there was

an overalimarginal downtrend (R= 0.15) towards hypoxia over the experimental course.
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4.4.1.3 CAIXIHC

CAIX staining of 3 tumou(Bigure4.1, E)revealed that the mean percentage of viable tumour was
57.4 % (STDEV-#/1.4). The percentage of viable cells strongly positive for hypoxi23a% (STDEV

+/- 1.2%), demonstrating hypoxia homogeneity in tumours of the same size.
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Figure4.4 Pilot results. (AMean serial calculated fibre 5 ORM values reflected heterogenous tumour vascular oxygenation
trends over the period of tumour growtfin 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 clampingB) Observed tumour growth.
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Figure4.5 The effect ofanimal carbogen inhalation on DRS sigrtafoughout the experimental course. (AJhemean

(from 5 mice)impact of carbogen otumour ORM and SpO2 valuaseach measurement poinas measured by DRB)

The observed absolute difference (from baseline) in ORM angh@pfes in response to carbogen breathing at each
experimental phase. There was decreasing effect of carbogen over the experimental course, but the trend i weak (R
values displayedBoth ¢ 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

4.4.2 CarbogerExposure with OxyLite and DR®rrelation

4.4.2.1 DRS response to carbogen breathing

DRS was able to reflect a clear enhancement of haemoglobin oxygenation following the introduction

of carbogen inhalation at every measurement time point, as reflected with both ORM and SPO
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calculated valuegFigure 4.5, A). The mean ORM and Spicrease from baseline following the
introduction of carbogen waB.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)(Figure4.5, B) although the correlation was weak¥Rlues displayed).

4.4.2.2 Comparison of OxyLite and DRS in thetmamour flank atthe experimental end point

Both OxyLite and DRS data demonstrate a clear response to carbogen inhalation. The mean PaO
enhancement (OxyLite) from baseline was 24.51 mmHg (STDEV 20.48 (riglitg}.6, A, and Table

4.1), equating to a mean 143.33% increase in A&t carbogen exposun@igure4.6, E) The mean

ORM (DRS) and SPAORS) enhancement post carbogen at the experimental end points were 0.06
(STDEV 0.06) and 7.98 (STDEV 6.éd)ating to 7.10% and 61.21% increasespectively.

4.4.2.3 Comparison of OxyLite and DRS in the tumothiea¢xperimental end point

The DRS and OxyLite probe tumour measurements at the experimental end point are not reflective of
one another(Figure4.6, GD and Table4.1). DRS still reflects an obvious enhancement of HbO
response to carbogen inhalation in keeping wétrlier measurements In contrast, there is almost

no measurable improvement in the Pa@s measured by OxyLite (0.02 mmHg mean increase from

baseline, equating to a 3.29% increpgén contrast to a 143.33% increase in the framour flank

4.4.2.4 Mappingcellular hypoxido tumour vasculature with ICH CAIX and CD31 staining

The mean tumour surface area was 73.16 Z8TDEV 14.61 nfir(Table4.2). 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 aatda(Table4.2 and Figure4.8). Of the

area thatstained 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 staasngresent in 0.8% (STDEV 0.65%)
(Figure4.8). There is no statistical difference in CD31 staining in areas of high and low CAIX (p=1,
unpaired? tailed tTest, parametric data with equal variar)célowever, there is a significantly larger

area of CD31 staingin both areaof high and low CAIX when compared to the necrotic are@.(B#

and 0.02, respectively, unpaired oteailed t-test, parametric data with equal variance).

4.4.3 DataProcessing andinalytical Approaches

4.4.3.1 Validation of ORM as an indicator of oxygenation

For all spectra collected asubset of five mice, we calculated both ORM and.$pes as described

above. Good fits (of the model presenteddguation6) were obtained for all spectra (s€&gure4.3).
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ORM values exhibited linear correlations with $jf@ 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;freedaialysis

that was caonputationally simple and did not require any prior knowledge or assumptions of tissue
properties.Linear correlations between ORM and Spf2 observed in all cases (withvlues >0.84),
except for fibre2 (R= 067). However, thégpreaddf the ORM data can be seen to increase with fibre
depth (Figure4.9). Possible explanations are discusse®ection4.5.3and demonstratedn Figure

4.10.
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Figure4.6 OxyLite and DRB8ends inresponse to casogen inhalation in tumour and nodumour bearing flanksThe
OxylLite 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 intellular PaO2GE)¢ presumably due to chaotic, dysfunctional
vasculature.LabelsA-Din panel E corrospond teanelsA-Din this figure.
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OxyLite (mmHg)

DRS

Measure 1
Measure 2
Measure 3
Measure 4
Measure 5
Measure 6
Measure 7
Measure 8
Non-Tumour

Difference
Actual / %

0.02/3.29%
24.5/143.33

STDEV
Actual / %

0.07 /16.05

20.48/143.33

ORM difference
Actual / %

0.08/8.82
0.15/15.75
0.14/13.83
0.08/8.82
0.11/11.9
0.03/4.08
0.1/11.79
0.06/7.10
0.06/7.10

ORM STDEV
Actual / %

0.06/7.87
0.11/13.36
0.01/2.04
0.04/4.63
0.03/4.27
0.04/4.52
0.11/14.74
0.04/5.95
0.06/7.86

SpGO.difference
Actual / %

6.75/67.0
14.93/64.67
12.89/52.22
9.74 / 45.88
12.65/57.17
4.74118.50
12.34/151.85
5.84/126.89
7.98/61.21

SpO, STDEV
Actual / %

6.42/64.39
11.89/68.87
1.38/17.99
3.93/17.18
4.6/18.17
4.78/35.8
13.56/219.08
5.66/130.18
6.61/59.69

Table4.1 Actual and percentage (%) mean (of 5 mice) increases in OayditeRS readouts in response to murine carbogen inhalation. Data displdsigdrie4.5 and Figure4.6.
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Figured.7 ICH CAIX and CD31 mappigides were digitised using a Nanozoodier(Hamamatsu Photonics, Shizuoka,

Japan) with a dry x20 objective. CAIX staining was analysed in QuPath on theleotmwoluted haematoxylin and DAB
channels by training at Random Trees pixel classifier to identify areas of high CAIX staining)X]@mcC#&eas of necrosis
(Figure4.1, B. (A-B) The CD31 staining was identified using a DAB channel thresholder from which detection objects were
generated.(GE)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 annatal regions for each imagéE)w SR A A K [Bluec Low CAIX, BlagkNecrosis,

Greeng CD31 Detections
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Mouse 1 2 3 4 5 Mean STDEV

Tumour Area (mrf) 135.2 113.9 204.5 127.1 102.3 136.6 35.76

CAIX
Areahigh CAIX (mr) 915 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 (mA) 154 111 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 (mm) 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

Number of CD31
detections in area of high 84232 19832 26047 13075 23492 33335.6 25819.77

CAIX

Number of CD31
detections in area of low 18486 3100 11288 9856 1996 8945.2 5996.71

CAIX

Number of CD31
detections in area of 22168 5180 11004 6002 4395 9749.8 6624.01

necrosis

134792 31454 56861 33133 33141 57876.2 39596.11

CD31 and CAIX
Area of High CAIX positivi
for CD31

N N
% of high CAIX pos'g‘gf 227 105 081 057 092 [ 059

2.07 0.68 0.70 0.29 0.64 0.876 0.62

Area of Low CAIX positivi
for CD31

. -
% of Low CAIX pos'(t:“é)e;;o 207 096 093 059 071 [B® o088

0.45 0.11 0.38 0.23 0.05 0.244 0.15

Area of necrosis positive
for CD31

. o
A’Of”ecms'ms't"’gégrl 210 048 046 041 059 [PEOE 065

0.42 0.12 0.22 0.09 0.09 0.188 0.13

Table4.2 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) gtéghinghted)c suggesting
that the degreeof vasculature does natecessarilyorrelate with underlying cellularypoxia
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Figure4.8 ICH CAIX and CD8&iappinganalysis (A) Percentage of analysed tumour area staining for high and low CAIX
(representing cellular hypoxia) and necro$id)Percentage of each stdroup 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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Figure4.9 Relationship between oxygen saturation (SgQ@alculated via numerical fitting of Equatio8) and

oxygenation ratio metric (ORM)A-E)SpQ vs. ORM graphs showing data obtained over the course of the validation
experiment in five mice using fibe2s6 respectively(D) (Fibre 5) has more data points due to the inclusion of time series
data from the carbogen exposure. Linear relationships between ORM anch8p@bserved in all cases (withRlues
>0.84), except for fibre 2 {R 0.67). However, the spread of the ORM data can be seen to increase with fibre depth.
Possible explanations are discussedention4.5.3and demonstrated ifFigure4.10. Therefore the ORM metric, whilst
useful for tracking trends, is not suitable for comparisons between fieghs.
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45 Discussion

4.5.1 Animal Pilot Study

We demonstrated that am vivosequential oxygenation measurememtgh a mult-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 addpg finger measurements following occlusion of the brachial
artery with a blood pressure cuff (as demonstrated in a preliminary experiment and exemplified in
Figure4.4). 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, inevitadhke 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) anaesthesihas 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, hparanhd 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 oxyg@ma 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 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 degfgresence 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 percentagssa singletime point with dynamic
haemoglobin saturatiosi(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 CarbogerExposure and OxyLite PQrrelation

Theseresults 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 topid84,187,188,190] Additionally, tte assessient of
carbogen related oxygen enhancement over the course of tumour graswghnovel addition to the
literature. It has beerdemonstrated 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 diminishifngnour vascular oxygenatiofgeeChapters), 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 nontumour flank/hindleg respectively. There is an immediate uptrend in KIDRS) following

initiation of carbogen, followed by slightly delayed enhancement of cellul@@®yLite) by 45 seconds

¢ which presumably reflects the diffusion time of oxygen to the ittedlar space and the subsequent

NBIlj dZA NBR WIjdzSYyOKAY3IQ 2F GKS Tfd2NBaoOSyOS LINRoSo
Interestingly, this observed DRXXyLite correlation is not observed during measurements taken from

0KS (dzYy2 dzNdi $ N AGyKISE QPILINSH a dzZNBYSy o 2 KAt &G (Bw{ NBT
keeping with measurements at earlier time pointle OxyLite probe does n{figure4.6). There are

several possible explanations for this observation: (1) The OxyLite probe was fauttyhmioning,

which, although possible, is contradicted by the obvious response measured in ttamoar hind

leg. Notably, the OxyLite probe is susceptibl2 | WLINB&d&adzNBE I FFSOGI QX Ay G(KI
enter ata 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 thisibg asecond clamp to

hold the OxyLite probe at thprecise anchecessary angl€2) The OxyLitprobe tip was placed in a

zone of anoxic/necrotic tissue, which was unresponsive to any increase in oxygematsis.certainly

likely, given thatthe tumours contained, on averagéh% of strongly hypoxic tissuend 19% of
necrotic/nonviable tissug(Figure 4.8 and Table4.2). However, the investigator trialled multiple

positions and depth# earlier trial mice all with the same noeffect. (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 hypoxitumour. Indeed, the OxyLite probe reflects a baseline of ,RA®.40.5

mmHg, in keeping with prdefined definitions of tumour hypoxig4]. However, it should also be

noted that two key factors may have exacerbated this observation of-aworelation: (1)
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Hypothermia shifts the @dissociation curve to the left, resulting in an increased affinity of oxygen to
haemoglobin and a subsequent diminished diffusion ¢fr@ the intracellular 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 malgave also contributed to the observed diminished P@RyLite result

although it is unlikely to have accounted for Busignificant difference.

This observation of ncnorrelation (between tumour vasculaoxygenationand intracellular
oxygenation) is important, since it would seem to suggest that the use of DRS for the measurement of
Widzy2 dzNJ K@ LR EA L Q A & it %,2a& & Keasure Bf fumour vistuiayoRyyeBatidn

(TVO), which may not necessarily sapthe tumour cellular oxygen environment if the ® unable

to diffuse into hypoxic tumour zones. This is a critical appreciation for investigators seeking to observe
changes in tmour hypoxia in response to therapy with DRS, and this should be borne in mind in the
fFGSN) OKIF LJASNR 2F GKAA GKS&AAad LYRSSRX T2NJ GKS
6S NBLX I OSR $A0GK WwWe+xthQ Ay (K StheOgily thé fandamartal Y S| a dz
hypothesis of this research should be subtly, but importantyg® NRSR FTNBY Ws5w{ Oy
YSI adz2NB Wilidzy2dzNJ KELREAIQ T2N I ROFYyOSR LINR3Iy2adA
Oty ©S dzaSR (2 O&t &NNSBE & hdaheedanay@aicaiod Add response
monitoring (in CRQ) ® LG Aa lfaz2 Fy AYLRNIIYGd LRAYG G2 y:z
enhance treatment. For example, the injection etarrying nanoparticlefl86]may be ineffective if

the vasculature is too inefficient to transport these molecules to the core of the tumour.

To further investigate this observed naorrelation, westained the harvested tumours for both
carbonic anhydrase IXCALX, representing cellular hypoxiaand CD3, representing tumour
vasculature CAIX is a transmembrane protaitich catalyseghe reversible hydration of Gt the
plasma membraneBy facilitating C@excretion, CAIX maintains a more intracellular alkaline pH and
more acidic extracellular spacand is strongly upregulated in hypoxic environmer@f31, also
known as Platelet Endothelial Cell Adhesion MoledW(EECAM), isa transmembrane glycoprotein
expressed by endothelial celland has important rolegn cellcell adhesion anagignallingCD31 is
considered a sensitive and specific marker for vasalifferentiation andidentifies cells that can
contribute to blood vessel formatiotdowever, it should be notetthat, whileprimarily an endothelial
marker, CD31 can also be found on other cell types like platelets, leukocytes, and some immune
cells.First and foremost, our analysiemonstratesthat, on averageup to 70%of the tumour volume
was either strongly hypoxic oecrotic meaning there is a very significant likelihabd OxyLite probe
was placed ira hypoxic regiomegardless of position changélowever, and more interestingly, we

also mapped thepresence of CD31 detectierio each ofthese zoneghigh CAIX,low CAlXand
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necrotic), and demonstrated thahere was no difference in the volume ehdothelial detections
betweenhigh and low CAIX zones. This implies that, whilst vasculature is maintaiegaal volumes
across both zones, it is clearly ineffectuathie high CAIX zones. Thigpports the above described
DRS and OxyLite na@orrelationin the tumour bed; in so far as the vasculature is maintained (hence
increases in ORM in response to carbogeuf is almost entirelyineffectual fiencevery minimal

increase intumour PQ 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 1mmm 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
consistat with those of Palmeet al[191], who found that the OxyLite probe reflected a significantly
greater tumour Pa@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) Pa(f 0.5 mmHg in half (7/14) of the micH.is likely that this half werg@laced in
severely hypoxic or necrotic zonewhilst the other responsive half werim more superficial
oxygenated zonesThe problem is thathe highly hypoxic zones remain viable, and indeed resistant

to therapy, and thus need measuring aratcounting for.Certainly, this subject warrants further
investigation, since the implications of a roarrelation between haemoglobin saturation and cellular
2E@ISYyLiA2Y INB aA3AYATFTAOLYyG FT2NJ GK2aS AGNAGAYy3 i

and this topic is discussed further@hapter6.

4.5.3 SpectralData Calibration andProcessing

As discussed iBection2.5¢ KA & (1SOKy2f 238 A& adaAldloftS F2NJ I aas:
to the differing absorption profiles of oxygenated haemoglobin (blb@nd deoxygenated
haemoglobin (dHb). Specifically, it is well known that the reflectance spectrum of dHb exhibits a single
trough at 550 nm, whereas Hb@ expressed with dual troughs at 542 nm and 576 nm (referred to as

h FyR I o6FyR&a0 | yR I gn Weuses bi¥ BfRrnatian $o fardfilatgrovel i p ¢ n
ORM(described inSection4.3.4.2. 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 HPQIt does provide a fast, uncomplicated and reproducible

method for tracking tumour oxygenation trends over timeand is therefore ideal for investigating

the relationship ofTVOover time and tumour growth.
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The extracted oxygen saturation (Sfp@ata is a useful addition to the calculated ORM values. A very
close fit has beedemonstrated(Figure4.3) between thefitted absorbance data and the normalised
spectral dataresulting in tissue oxygen saturations ranging froi006 (in agreement with the DRS

CRC mouse xenograft data presented by Greestitad[192].

There is a linear relationship between ORM and Suu@oss 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 fiore depth® 2 NJ { 55Qa40> FyR GKA&A Aa I NBO23IyArAasSR
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, nioselanalysis that was
computationally simple and does not require any prior knowledgagssumptions of tissue properties.

This is important when considering future miniaturisation and simplification of this technology for

clinical adoption.

A Fibre 3 example waveform B Fibre 5 example waveform
2 2.1
1.9

18 1.7
1.6 1.5
1.3
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h\'\f 0.7
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j _
05 | ..M

0.8 s 0.3
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Figure4.10 Slope theory. As perFigure4.2, the ORM is calculated bjrwa ' ' K6 6h bi OKHUO® ¢KS &af 2LJS (
Gl t£dz2S& G h NB SEIFIISNIGSR Ay &dzLISNFAOALEf FAONBA RdzS (2 |
absorbed by the tissues due to its superficial trajectory), resulting in theraed waveform slope i(A). This is likely to be

NBalLl2yaroftsS F2NJ GKS RAFFAOdzZ (&8 Ay CGBRNNMBI I iGAYy3I hwaQa 06SG6SS
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4.6 Conclusion

Several key conclusions can be drawn from this chapter of work.iBisisconfirmed 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 ¢ course of tumour growth. Second, correlating dynamic DRS
measurements with posmortem ICH techniques is of limited scientific value, and alternative
techniques should be sougta validate DRS results. Third, the use of isoflurane anaesthesia should
be avoided (and replaced with interitoneal anaesthesia) to avoid inadvertent oxygenation

enhancement during measurement.

Fourth, it has been demonstrated that DRS sensitively reflects mouse carbogen inhalation in both
tumour and nortumour bearing flankgrifth, DRS correlates well with the OxyLite probe (market gold
standard for measuringissue andtumour oxygenation in the nontumour 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 stagiéngonstrates that vascular densities

are equitable in both high and loWwypoxic zones, supporting the theory thataintained tumour

vasculature is highly ineffectual.

Eighth, it is possible to extrapolate and track changing trends in tumour haemoglobin saturation with
calculated ORM and SP@alues and the former of these offers a rapid, modete method for

reflecting trends.Ninth, these two metris 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
FaaSaaySyidsz GKS GSNY Widzy2dzNJ Ke@LREAIQ &K2dzZ R ¢
oxygenation (TV@)o accurately eflectthe tissues under scrutingandany otserved changes in TVO

cannot be assumed to translate to changes in cellular oxygenatiith. these conclusiamin mind,

the followingchapter seeks to investigate and characteii&O over time and tumour volume.
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5 Investigating the Relationship Between Tumour Vascular
Oxygenation Tumour Volumeand Time Anin vivo Sequential
CharacterisatiorStudy 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 pih. 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 tissuedisruption, thereby precluding accurate sequential measurements over a period of

tumour growth.

A noninvasive 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 evideng®wdstrating how tissue oxygenation can

be measured in a qualitative, quantitative, and reproducible fashion usingiBB%69,183,185,197]
Further, a small number of studies have used DRS sequentially to measure TVO. Visata{3b]

used a single depth DRS probe to demonstrate decreasing tumour oxygenatiomnirvigsabreast

cancer mouse model over a period of two weeks, a finding which supported previous work in breast
cancers by Soregt al[198]. Similarly, sequential DR&sed monitoring of TVO has been reported in
CRC mouse models by both Muneloal [199] and Bes®t 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 chemotheragdy9]. Similarly Bess et aperformed daily DRS
measurements over a 1@ay period of tumour growth/treatment in a subcutaneous CRC xenograft
model, observing a decrease in oxygenation over time in control (untreated)[206¢ 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 studiesgtlal [201] are the only authors, to date, to directly investigate
hypoxia in CRC. Using immunofluorescent visualisatiopimbnidazole and carbonic anhydrase
(CAIX), they investigated degrees of hypoxia Wivometastatic peritoneal deposits. They concluded

that deposits of <1 mm in diameter were far more hypoxic than deposits4hm, i.e., tumour
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hypoxia was inversely correlated with tumour volume. This study has subsequently been referenced

by Honget 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 Gattmaiby

[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, Cgextrah[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 2&®0 mm?). Certainly, ICH CAIX staining presented in

Figure4.1 andFigure4.7 would suggest the presence of a significartjypoxic and necroticore.

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 dejeiading
several authors to simply conclude that hypoxia/TVO is higélgrogenous over time, tumour size
and tumour position[84,205] Such statements may result in defeatist conclusions that tumour
hypoxiag although recognised for its critical role in treatment resistaqgegsimply too heterogenous

and changeable to be used for prognostic or response monitoring purposes.

5.2 Aims

This work builds upon our preliminary stud[@96]to address four key aims:

l. To investigate whether a correlation exists between TVO, tumour volume and time in an
in vivoCRC model, as measured by DRS;
Il. To investigate whether tumour depth influences oxygenation values and trends in relation
to tumour growth;
M. ¢t2 RSGSNXAYS (KS Wwdza Sa &dDyoSarus futurd mdiotherdpk F A 0 NJ
work in chapter 5;
V. To develop a pilot machine learning algorithm on a subset of data to assess if TVO can be

used to predict tumour volume.
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5.3 Methods

5.3.1 StandardisedExperimental Setup

The equipment and systems setup, cell culture, inoculation, animal modiala, acquisitionand
spectral data calibration and processing wexe describedni Section 4.3 ¢ with the following

exceptions:

5.3.1.1 Animal models
Twdve BalbC nude female mice, with a mean-standard deviation (SD) weight 8.13 ++0.70g
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 pastplantation), every 31 days until the maximum permitted tumour size

(18 mm in a single dimension) was reached. All measurements were performed undepénit@neal
anaesthesia using Ketamine (100 mg/kg) and Xylazine (12 mg/kg). On confirmation of anaesthesia
(absent pedal and corneal reflexes), the mouse was transferredhieat pad (37°C) and maintained
under atmospheric oxygen concentrations. Measurements were commenced immediately. At each
measurement, the mulidepth DRS probe was placed in direontact with the centre point of the
tumour and secured with a clamp stafféigure4.1, B). At each time point, 3 readings were captured

at 5 different tissue depths (by manually interchanging fibré&s geeFigure4.1, A) using OceanView
Spectroscopy software (Ocean Insight). DRS readings were also taken from thelatenéda(non
tumour-bearing) flank at the experimental end point (maximum permitted tumour size reached) in a
subset of 7 mice. Tumour sizes were measureaach day of DRS experiments and tumour volumes

were calculated using the standardised formula: length x width x height (mm) x 0.5236.

5.3.2 DataProcessin@nd Satistical Analyss

5.3.2.1 Data processing

ORM data was extracted from the spectral data using methodology descrils=stiiond.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(® |yl f@3A4d t SFNER2YQa O2NNBf I GA2y O2STFTAOA
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{SNR®2 RS G SNXYAY S Wdza STd
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fibre. An independent (unpaired}2 I A £ SR {tastdmRsQuyed farihe étatistical comparison of

tumour- and nontumour-bearing flanks. For all tests, statistical significance was $et&.05.

5.3.3 Creationof a MachineLearningAlgorithm for PredictingTumourSize from Spectral Data

Input
5.3.3.1 Feature extraction
I & dzR Sy étedtiwas gerfort@& Romparing the spectral intensitighe final time point to
spectral intensities at the earliest time point. Spectral points demonstrating statistically significant (p
[ Xnodnpov RATFTFSNEy OSalected foNiathek ah&ygiEiguied.8SAR THegpdrtral dzo
intensity values within the identified window plus tle&ygenation values were subsequeniised as
input features ina machine learning algorithifwith corresponding tumoudiameters used as target

variablesYor prediction of tumour size based @pectral features andxygenation.

5.3.3.2 Classification of Tumour Diameter a@dnstruction of Confusion Matrix

A support vector machine (SVM) classification algorithm evaployed to classify tumour diameter
using the DRS speatrintensitydata(in the spectral window identified as described in section 4.3.3.1)
along with oxygenation data as featweThe dataset was organized into features X (comprising

spectral data and oxygenation data) and the target variable Y (representing tufizoneter).

The target variable was grouped into four categories based on specific tumour diameter ragges: 0
mm, 612 mm, 1216 mm, and greater than @& 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 withinan Errdr 2 NNBE OG Ay 3 hdziLlzi / 2RS& &8 tht/® FNI
coding scheme, which is wallited for multiclass @ssification problems. Once trained, the model

was applied to predict tumour classes in the testing subset, and the predictions were compared with

I Oldzr £ Gdzy2dzNJ Of FaasSa G2 aasSaa GdKS Y2RStQa | Oc

confusion matix (Figure5.8, B).

5.3.3.3 Regressionalysis for Prediction of Tumour Diameter

The machine learning workflowlso 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 py@ocessed. The dataset was then split into trainitegtingand validatiorsets

(as described aboveand 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 computimgean square errofSH, root mean square errdiRMSE, andregressioniR?

(Table 5.6, alongside graphical representations of the preelibtesults and residual distribution.

5.4 Results

5.4.1 TumourGrowth

The tumours demonstrated uniform exponential growth, reaching the maximum permitted diameter

between 34 and 36 days after implantati@igure5s.1,

Table 5.1). When plotted against a logarithmic volume scale, the mednv&tue was 0.924,

representing a clear exponential fit.

5.4.2 Correlation Between Tumou®RM,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 volumegtigure5.2). TVO(as represented by ORM values) was negatively
correlated with both tumour volume and time across all SIEIgure 5.4). While these negative

correlations were moderate in all cases (ségdues presented ifiable5.3 andTable5.4), they were

statistically significant for all SDEsS S t S NE 2y Qa O 2-\MINGS irshnieiadlgs TI@2 ST T A O,
R valuesbetween ORM and time, and ORM and tumour volume were comparable. Howiever,

decline did not always progress in a linear fashion, with significant interd intratumoral

heterogeneity demonstrate@Figure5.5).

5421 {f 2SS GFNAIFIYOS: IyR {A3ylf (42 b2AaS wlkiAz2Q3
The slope increased in accordance with greater fibre depth, but so did the data va(fiageee5.4).

Fibres 45, and 6 had the greatest SNR val(iégure5.6).

5.4.3 ComparisorBetween Tumour and NoiTumour Bearing Flanks

ORM values were lower in tumours than in the corateral nontumour-bearing flank at the
experimental end point for all tissue deptfEigure5.7). An independent (unpaired}@ | A f SR { G4 dzRS Y

T-test revealed that these differences reached statistical significance for all tissue {€ptie5.5).
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Figure5.1 Exponential Tumour Growth. (Ajumour growth rate in all 12 studies mice, and (B) Evidence of exponential

growth plottedon alogarithmic volume scale. Corresponding tumour slope atwbRs are displayed in

Table5.1.
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Mouse 1 2 3 4 5 6 7 8 9 10 11 12 Mean STDEV
R 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

Table5.1 Exponential tumour growth Rralues displayed irFigure5.1

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

Table5.2 Signal to Noise Ratios (SN®s)ORM data plotted against volume. Signal is a reflectistopfe and noise a reflection of variance. The SNR is a ration of these two parameters, with
ANBIFGSNI {bw Sljdz2 GAy3 (2 3INBIFGSN Rigiee36F dzf ySaaQ 2F GKS FAONB® =zl fdzSa FINB LX200GSR Ay
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Figure5.2 Example sequential calibrated spectral daféhe data was collected from mouse 2 over add§ 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, paitularly apparent between day 23 (blue) and day 36 (dark green)-i§aee4.2 for

interpretation of spectral data.
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Fibre 2 Fibre 3 Fibre 4 Fibre 5 Fibre 6

Mouse Slope R Slope R Slope R Slope R Slope R
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

Table5.3 Slope(P values- Pearsons correlation coefficierapd R? valueswith ORM plotted against a logarithmic volume
scale. Values reflected Figure5.3, Aand Figure5.4, A

Fibre 2 Fibre 3 Fibre 4 Fibre 5 Fibre 6
Mouse Slope R Slope 23 Slope R Slope R Slope 23
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

Table5.4 Slope (P values = Pearsons correlation coefficient) andl®eswith ORM plotted against a time scale. Values
reflected inFigure5.3, BandFigure5.4, B
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Figure5.5 Tumour hypoxia heterogeneityThe Oxygenation ratio metric values are plotted against tumour volume (non

Log scale) on an individual mouse baSignificanintra- and intertumoral heterogeneity is observed.
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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

Tableb.5 Statistical analysis from comparison of tumour and #mour bearing flanks at experimental end point in a
subset of tumoursRefer also tdrigure5.7. An unpaired 2i | A f SR {tastaeReBlgdis@tistical significance when
comparing tumour versus netumour bearing flanks in all fibres

5.4.4 Machine Learninghlgorithm: Predictive Capability

Extraction feature analysibetween the preimplantation and experimental end poinitdentified
spectral points between the wavelengths of 560 and 590 nm as those reaching statistical difference
0 LD.0OK(Figure5.8, A).

The confusion matrixFigure5.8, B) for the SVM classification illustrates the model's performance
across four tumour diameter categoriex;@mm, &12 mm, 1216 mm, and >% mm). It showcases
both correct and incorrect classifications, with the blue diagonal cells representing accurate
predictions.The SVM model achievedgnodoverall accuracy of 83%uijth only 5 misclassifications

from a total of 24. Howeveit faced challenges in identifying tumours in class 3 (33.3% accuracy).

SVM regression analysis, showrFigure5.8, Cand Table 5.6, 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 2.4503 1.9551 0.7056 0.7803
values
With oxygenation 1.4433 1.0542 0.8568 0.8775
values

Table5.6 Machine algorithm regression results and model performance
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Figure5.8 Machine learning algorithm for using TVO to predict tumour volung8) Extraction feature analysis identified
spectral points between the wavelengths of 560 and 590 nm as those reaching statistical differezst (B)
Constructed confusion matrix, illustrating the model's performance across four tumour diameter categqéesr() 612
mm, 12,16 mm, and >6 mm). It showcases both correct and incorrect classifications, with the blue diagonal cells
representing accurate prediction€C)Regression restd with (i) and without (ii) tissue oxygenation values.

5.5 Discussion

In contrast to Let al [201], we have demonstrated thatolorectal TVO isegativelycorrelated with

both time and tumour volume in am 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

2T [AQa 62NJ 0 Fa O2YLI NBR G2 LINRYI NB &mdsikeR { dzY2
sequential DRS measurements have captured the true esséroodorectalTVOdeclinein a way that

was unobtainable with immunohistochemistry (IHC) techniques. Indeed, our findings are in keeping

with previous studies using DRS to measure solid tum@scular oxygenatiore.g. [183,207),

including in CR(192,199,200] Importantly, it should be noted that our study provides both
sequential and multdepth measurements of CRGmours (over a period of 36 days), thereby

providing acomprehensiveicture of TVOIn 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 int@nd intratumoral heterogeneity, reflected in

quite significant data variance for tumours at the same time pomof the same size. Further, TVO

did not decline ina linear fashion, with significant intrenurine variability across time points and

volumes. This is an important consideration to bear in mind when assessiimgaet ofradiotherapy

on TVO, as any obs/ed change must be grater that the naturally observed variance demonstrated in
GKA&a &adddzRed wSO23ayAaAiAy3ad GKAaxX {A3dylrft G2 b2ArasS
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 stgaith depth variation achieved via use of five
individual collection fibres (8) with incrementally greater distances between the light source and
detector (Figure4.1). 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[X##]). Our results
demonstrated negative correlations between ORM and tumour volume at all depths (albeit with
moderate R valueg. 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 explaiBedtion4.5.3). In brief, although ORM
directly correlated with Sp@ G It f FAONB RSLIIKaX GKS Whwa NIy3aS
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 haveriamtgprognostic 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 withsssectional 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 2put less accurately for the lager volume categojeand 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
microenvironmentalphysiological changes, which could have important implications for treatment
response. Indeed, Vishwanatt 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 alterationgratr@scopic
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 (0.08&7) or Eppendorf polarographic electrodes (@2 by

LINE A RA ygBbal NBRNEYV@iAzYy 27T

There are four key limitation® 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 respiatory 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 Gptlations at
differing fibre depths meant it was not possible to accurately compare TVO at the differing employed
tissue depths. Fourttour measurements were performed in a single tumour xenograft model with a
relatively small sample size (of n=12 mice). Thudevaur 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 imanvomurine model across all
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examined tumour depths. Second, we have demonstrated significant-iatna intertumoral
heterogeneity, and this observed variance requires recognition and careful consideration when
examining the impact of radiotherapy on the ORM in future studies. Thiedhave 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 learmgalgorithm in theprediction 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 focolorectal and other cancers.
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6 Assessment oRadiotherapyResponse in &olorectal Murine
Model with Diffuse Reflectance Spectroscopy

6.1 Rationale

There is an urgent need to provide dynamic aedltime rectal cancer (RC) response monitoring to
neoadjuvant chemoradiotherapy (nCRT) to enable precision medicine and personalised treatment
protocols¢ and this has been discussed in deptl{Section2.1). Aside from MRI and/or CT scanning
performed typically at the €-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 withthis field due to their norinvasive nature (thereby allowing
serial measurement) and accuracy in determining haemoglobin oxygenation, changes in cell nuclei,
mitochondria, and collageqall of which all effect the scattering and absorbance propertigssifies.
Recognising these ndnvasive and quantitative abilities, researchers have used DRS in several clinical
studies for early cancer detectiof209¢211]), prediction of response to therapj212¢214], and
surgical margin evaluatiof215]. However, given the critical role of oxygen in the radiobiological
process geeSection2.2.3) it is the ability of DRS to accurately reflect tumour vascular oxygenation

(TVOJstatus 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 reoxygenation following radiotherapy, proposedialimanet al[216] andWithers
etal[I110) Ay GKS wmdpT n Qdhow tunkuBssecdhre progheksivedyiosygenated over a
course of fractioned radiotherapy via processes of: reduced oxygen metabolism, improved circulation,
tumour shrinkage, and migration of cells from hypoxic to aerobic conditlbekould be appreciated

that the classic reoxygenation theory does not require a physical increfs€, in the tumaur ¢ 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 preclinical studies have observed fractionated radiotherapy induced increases in tumour
oxygenation, detected by microelectrode or immunohistochemieahniques. Harisst al used an
oxygensensitive probe to measure turoo pQ; and found that in irradiated tumairs, median p®@
increased progressively with each radiation dose compared to untreated controls measured at the
same time[217]. Similarly, Mafteiet al reported a reduction in the hypoxic fraction, assessed by
pimonidazole staining, 24 hours after irradiation in FaDu xenogjafi8]. Resseét al examined the

link between hypoxic fraction and treatment outcomes usimigroelectrodes, showing that median

pQ; values in squamous cell carcinoma xenografts increased over time following radioth2i&hy
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Further, there is gpportive clinical demonstratiofil12] of this re-oxygenation process in head and

neck cancersalbeit via indirecPET imagineasurement with hypoxic tracers.

Indeed, the concept and practice of administering radiotherapy in fractionated doses is founded upon
this re-oxygenation procesd herefore, logic would dictate, that this process of r@xygenationcan
be measured accuratejynoninvasivelyand dynamicallyit could prove groundbreaking in tumour

response monitoring

However, more recent research with DRS appears to suggest ttuatygeenation post radiotherapy

(as an indicator of radisensitivity) may be an ovaimplification of tumour biology, and in fact
enhanced tumour vascular oxygenation post therapy is linkedome occasions, to radiesistance

rather than enhanced radisensitivity. Vishwanathet al [220] leveraged DRS to track tumo
oxygenation over time, aiming to determine whether vascular oxygenation could serve as an earlier
predictor of treatment success than traditional tusrogrowth 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, tumaurs that responded to treatment exhibited a significantly faster and more substantial
rise in vascular oxygenation compared to those that did o more recent study in\zing murine

head and neck tumours, the same grd@21]found that local tumour control was correlated with a
process of significant early4@xygenation, when compared to locally recurring tumours. However, in
contradiction, they also found that, within the locally recurring group, a fastexggenation was
correlated with an earlier recurrenc@.o further complicate the pictutein a preclinical matched
model of radieresistance in human A549 lung tumours, Gibal [222]used DRS to revesignificantly
higher reoxygenationSp0,) in the radiationresistant tumairs at 24 and 48h after treatment;
although it should be highlighted that there was no difference in the tumour growth rate between the
WNI RA2aSyaArAidAgdSQ YR WNIRAZ2NBaAaldlyadQ INPRIzLIA
Further, Dietzeet al[223] confirmed the correlation between rexygenation and radioesistance in

a clinical study using p®lectrodes in cervical lymph nodes to demonstrate thaorggenation

correlates with poor radiotherapy response in head and neck cancers.

It therefore seems there is discordance between results from established technidquels measure
cellular oxygenatioiineedle electrodes, IClgwhich, on the whole, confirm a processagygenation

in radioresponsive tumours, and those from DRS, which suggest a more nuanced picture, with
enhancing tumour vascular oxygenation reflecting radisistance on some occasgnwvhilst not on
others. As previously stresséfection4.6) DRS reflects haemoglobin oxygen saturation, and it is

therefore a measure ofVQ 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 detaileddhapter4, there is no definitive evidence of this translation,
and indeedthe results presented in chapter 3 would suggest that enhancing vascular oxygenation

does not translate to enhanced cellulag. O

The correct question is therefore whether DRS can measure a chafig&Oistatus in response to
therapy. If there is indeed an enhancementliOin 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 deah); (2) Increased delivery through either vascular dilatation or-vesztularisation; or (3)
Enhanced concenttion of haemoglobin. In an attempt to shed light on this issue, Biaa [222]
extracted both total haemoglobin (Thb) and Sp®@adings from their acquired spectral dat24hrs

and 48hhrs post radiotherapy exposure in their aforementioned matched model of-raslistance.

They found no change in the Thb in relation to the enhancedxggenation process in the radio
resistant group, and therefore concluded that there @bbk no change in tumour perfusion. This is a
noteworthy finding, since in contradicts existing evidence suggesting that theygenation process

is driven by ahanced perfusiorj221,223;225]. Diazet al therefore propose that the enhanced+e
oxygenation observed is largely down to reduced@sumption in the post irradiated tumour. They
back this proposal with previous célhsed work, in which they demonstrate that é@bnsumption is
lower (post radiotherapy) in radicesistance cell lines compared to radiensitive cell line§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 chaigi@trends post
radiotherapy as much of the research to date is, in part, contradictory. The processxyfgenation
is of course dependent on both tumour model and radiation dose/fractionation re{@w 225] and
research is particularly sparse within the remit of colorectal cancer. Man@b[199] have recently
observed reoxygenation in response to chemotherapy, with a maximal tumour,$t®erved at
week 4 in treatment arm mice carrying situ AOM colon cancers, but this study did not involve the
application of radiotherapy. This is therefore the first such study to assess DRS meRgOstdtus

in response to radiotherapy in a colorectal murine model.

6.2 Aims

The aims of this chapter were to:
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l. Achieve and quantify a meaningful response to radiotherapya colorectal tumour
murine model
Il. To assess whether DRS can detecigmificantchange inTVOfollowing a measured

response to radiotherapy in a colorectamour murine study

6.3 Methods

6.3.1 StandardisedExperimental Set Up

The equipment and systems setup, cell culture, inoculation, animal models, and spectral data

calibration and processing wees described isectiond.3 ¢ with the following exceptions:

6.3.1.1 Animal models

Twentyfour BaldC 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-fightf sheetto 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 intraperitoneal anaesthesia once the tumour was withitaageted50-100mn? volume range
although some of the tumour volumes fell outside this target bra¢kable 6.2) Mice were placed

on a plastic tray with custom leaghielding cutout to deliverthe fraction directlyto the subcutaneous

flank tumourwhilst minimigng exposureto other areas of the bodyrradiation was carried out using

an AGO 250 k\-pay machine (AGO, 20090606). Following irradiation, cages were placed on heat mats

and mice were monitored until full recovery.

6.3.3 SubGrouping, Data Acquisitiorand Randomisation

The mice were divided in two subsets, whbset Aeceiving a single fraction of radiotherapy (8 Gy)
and Subset Beceiving two fractions 24 hours apart (8 Gy on each occasion, 16 Gy in sum). These

subsets represent two distinct experiments, conducted sequentigifyure6.1).
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6.3.3.1 Subset A

The mice were subategorised 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 subategorised by tumour growth trajectory, amdom number generator was used to
ONBIiGS m O2y(NRf I yR -categoriSeNgdup. Brdupifigs afe stmiwigukdS NJ & dzo
6.3. DRS tumour readings were acquired: fwenour cell inoculation, every 3 days post tumour cell
inoculation (once the tumours became palpable), immediately before radiotherapy (once the tumour
volumewaswithin the targetrange) and on days one, two, three, five, sevamg tenpost exposure

to radiotherapy.

6.3.3.2 Subset B

The mice were subategorised 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)Rignse6.4). 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 Responséissessment

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 MissingData Points

Missing data point§Table6.3and Table 6.4)at the abovegSection 6.3.3)lesignated time points &as
due to one of the following reasons: (gck of bench top space within the laboratory; (2) Inability to
complete all data collection prior to enforced end timg19:00hrs; (3) Incompleteor early recovery

from anaesthesia preventing completion of measurements.
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Figure6.1 Schematigepresentation ofschedule for radiotherapgxperimental phaseNote that Subset A and B represent distinct experimgrarforned sequentially rather than

concurrently
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6.3.6 StatisticalAnalysis
KaplanMeier curves were plotted for demonstration of radiotherapy conferred survival benefit, and

Chi squared and hazard ratios were used to confirm statistical signifiddnpairedt-tests(normally
distributed datawith equal variancewere used to compar®RM changes from baseline on days 1, 2,
3,5, 7and Qin fibres4, 5, and 6 (based on SNR values presentsdation5.4.2.1). When combining
subsets A&Bday 0 in subset B (i.e., the day of the second fraction of radiotherapy) beatayes,

day 1 becomes days 2, and so forth.

6.4 Results

6.4.1 TumourGrowth and Radiotherapy Response

Tumour growth trajectories for both subsets are showRigure6.3 and Figure6.4. 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 applicationf radiotherapy is demonstrated with Kapldfeier survival curves in

Figure6.2 with subsequent statistical analysis summarisedable6.1.

Subset A Subset B
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Figure6.2 KaplanMier survival analysisfor subsets A and B. A clear survivahefit can be appreciated with both a single
fraction (Subset A) and dual fractions (Subset B) of radiotherapy.

128



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 to0 0.2184
Are the survival curves sig
different? Yes Yes

Table6.1 Statistical analysis of Kapkier survival curvesThe application of radiotherapy conferred a significant survival
benefit in both Subsets A and B.

6.4.2 TVOas an Indicator of a Measured Response to Radiotherapy

ORM data acquired before and after the application of radiotherapy is plottE@jure6.3 andFigure
6.4. There are ncoclear 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 inSection5.4, there is a high level of interand intrag 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 @-igure6.5). There is astatistically significantrend towards a positive ORM
change on day5 and 7in subset B, fibre Hp=0.03and 0.09. Althoughthis trend is not statistically
significant at fibre depths 4 & 6 in sub&tthere is a noticeable trend towardpasitive ORM change

at these depth®n days 5 and 7 post radiotherapwhen combined with subset A, the significance at
fibre depth 5 is lost, but once again there is a trend towards a positive ORlglyed and 7 However,

this finding is not supported by data in subset A

Day of RTx (post cell Mean tumour volume at Range (mm)
inoculation) point of RTx (mrf)
Subset A
Group 1 13 129.13 122.49¢ 135.78
Group 2 13 67.43 62.51¢ 72.52
Group 3 18 53.54 41.02¢ 61.94
Group 4 22 56.31 56.10¢ 140.98
Subset B
Group 1 16, 17 91.49 77.24-107.40
Group 2 19,20 140.51 82.08-220.05

Table6.2 Tumour volumes at point of radiotherapy, by subset and subgroup.
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Group 3 Analysis
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Figure6.3 Subset A subgroup plots of ORM against time for each fibre before and after the application of radiotheRamliotherapy was administered on Day 0. Tumour growth trajectory
is demonstrated in the first plot of each row.
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Group 1 Analysis
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Figure6.4 SubsetB subgroup plots of ORM against time for each fibre after the application of radiotherdggdiotherapy was administered on Daysand 0. Tumour growth trajectory is
demonstrated in the first plot of each row.

132



ORM change from baseline ORM change from baseline

ORM change from baseline

Subset A, Fibre 4 Subset B, Fibre 4 Subset A&B Combined, Fibre 4

0.20 0.1 0.2
H Control H Control H Control
0.15 ° o 005 ® °
° W RTx £ O RTx £ 01 ° L4 ORTx
0.10 % 0 _é ° % °
0.05 o -0.05 o
£ ° c 0
0.00 . § o1 ! 5 ﬂ °
-0.05 ﬂé -0.15 Gg), -0.1 ¢
-0.10 s 02 ° L S °
S 5 02 ° ° °
-0.15 -0.25 ’
-0.20 o -03 O o3
-0.25 ° -0.35 °
-0.30 0.4 04
1 2 3 5 7 10 0 1 2 3 5 7 10 1 2 3 4 5 7 10
Day post RTx exposure Day post RTx exposure Day post RTx exposure
Subset A, Fibre 5 Subset B, Fibre 5 Subset A&B Combined, Fibre 5
0.20 0.20 0.2
° H Control H Control o H Control
(] 9]
010 R £ 00 * ! ORTx £ 01 ORTx
0 2]
0.00 ° S 0.00 é ? S o °
£ £
-0.10 £ -010 ° S 01
3 )
-0.20 S -0.20 S -0.2
-0.30 S 030 ° s 03 ° o °
° x x
o o
-0.40 -0.40 -0.4
-0.50 -0.50 -0.5
1 2 3 5 7 10 0 1 2 3 5 7 10 1 2 3 4 5 7 10
Day post RTx exposure Day post RTx exposure Day post RTx exposure
Subset A, Fibre 6 Subset B, Fibre 6 Subset A&B Combined, Fibre 6
0.30 0.20 0.3
H Control H Control H Control
2 2 02
020 o W RTx £ 010 o O RTx £ O RTx
& 2 01
0.10 £ 0.00 - 8
€ -_ £ 0
0.00 2 -0.10 g
N ° g 01
-0.10 S -0.20 c
£ £ 02
-0. -0.30 °
020 z z 05
L] ° 8
-0.30 -0.40 04
-0.40 -0.50 -0.5
1 2 3 5 7 10 0 1 2 3 5 7 10 1 2 3 4 5 7 10
Day post RTx exposure Day post RTx exposure Day post RTx exposure

Figure6.5 Change of ORM from baseline (i.e., measurement taken immediately before RTx exposure) in Fibre 4,5 and 6 in Subsets i antd&t B, day O refers to the measurement
taken at the time of the second dose of RTx. In order to combine data sets, day O becomes day 1, day 1 becomes ddp2hand so
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Day

F4
F5
F6

F4
F5
F6

F4
F5
F6

F4
F5
F6

F4

F5

F6
10

F4

F5

F6

Controls
M3

0.14
0.14
0.19

0.11
0.09
0.16

-0.01
0.01
0.01

0.11
0.01
0.02
0.05
0.13

0.04

M2

-0.04
-0.02
0.05

-0.02
0.00
0.03

-0.08
-0.13
-0.12

-0.04
-0.02
0.00

-0.05
-0.06
0.01

M8

-0.02
-0.06
-0.05

-0.05
-0.04
0.05

-0.14
-0.21
-0.10

-0.18
-0.14

-0.13
-0.25
-0.27

M6

-0.04
-0.05
-0.02

-0.05
-0.06
0.01

-0.09
-0.17
-0.27

-0.19
-0.35
-0.29

-0.09
-0.13
-0.18

Mean

0.01
0.00
0.04

0.00
0.00
0.06

-0.08
-0.13
-0.12

-0.08
-0.12
-0.09

-0.03
-0.10
-0.10

STDEV

0.08
0.08
0.09

0.06
0.06
0.06

0.05
0.08
0.10

0.12
0.14
0.14

0.10
0.11
0.13

RTx
M9

-0.05
-0.05
-0.05

-0.09
-0.13
-0.10

-0.16
-0.30
-0.09

-0.13
-0.17
-0.21

-0.11
-0.15
-0.21

-0.14
-0.32
-0.29

M10

0.02
0.10
0.10

0.00
0.03
0.03

-0.04
-0.07
-0.07

-0.08
-0.11
-0.11

-0.25
-0.31
-0.31

M11

0.14
0.01
0.01

-0.04
0.02
0.02

0.06
0.00
0.00

-0.02
-0.12
-0.12

M1

-0.15
-0.18
0.05

-0.13
-0.18
0.05

-0.25
-0.32
-0.14

-0.16
-0.23
-0.01

-0.27
-0.38
-0.23

M4

0.00
0.03
-0.05

0.01
0.03
0.05

0.03
0.01
-0.10

-0.14
-0.15
-0.27

M5

-0.06
-0.08
-0.08

-0.01
-0.06
-0.05

-0.02
-0.07
-0.07

-0.04
-0.12
-0.11

-0.11
-0.20
-0.28

M7

0.02

-0.04
-0.08
-0.02

0.08
0.06
0.11

-0.06
-0.07
-0.01

M12

-0.07
-0.17
-0.17

0.02
0.13
0.10

Mean

0.00
-0.04
-0.04

-0.06
-0.07
-0.03

-0.01
-0.07
0.01

-0.08
-0.07
-0.07

-0.07
-0.12
-0.09

-0.14
-0.22
-0.22

STDEV

0.04
0.11
0.11

0.05
0.08
0.05

0.11
0.13
0.07

0.09
0.14
0.10

0.07
0.07
0.08

0.08
0.11
0.10

t
value

1.47
1.25
1.36

0.14
0.93
1.07

0.34
0.7
0.79

0.12
0.51
0.02

191
1.65
1.48

p
value

0.179
0.248
0.211

0.894
0.38
0.314

0.738
0.499
0.449

0.908
0.621
0.983

0.085
0.133
0.173

95%Cl

-0.04, 0.17
-0.06, 0.2
-0.05, 0.19

-0.14,0.16
-0.1,0.25
-0.06, 0.15

-0.14,0.1
-0.24,0.13
-0.2,0.1

-0.19, 0.17
-0.14, 0.23
-0.22,0.22

-0.02,0.24
-0.05, 0.29
-0.06, 0.29

Table6.3 ORM changes from baseline in Subset A on days 1, 2, 3, 5, 7, and 10 post RTx exposure. P values (far right) corrdispicatidorafzarison of control and RTx groups at each
time point @-tailed unpairedt-Test, with equal variancelemonstrated between groups (Levans st
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Day

F4
F5
F6

F4
F5
F6

F4
F5
F6

F4
F5
F6

F4
F5
F6

F4

F5

F6
10

F4

F5

F6

Controls

M3 M10 M4
-0.03 0.08 -
-0.02 0.10 -
-0.05 -0.01 -
-0.02 - -
-0.03 - -
-0.07 - -
-0.01 -0.06 -0.02
0.01 -0.05 -0.03
-0.04 -0.14 -0.01
-0.02 -0.04 -0.03
-0.05 -0.18 -0.05
-0.11 -0.20 -0.19
-0.11 -0.17 0.00
-0.14 -0.14 0.02
-0.05 -0.07 -0.13
-0.22 -0.19 -0.20
-0.26 -0.21 -0.30
-0.35 -0.15 -0.13
- -0.33 -0.12
- -0.31 -0.14
- -0.27 -0.05

M6

-0.19
-0.14
-0.17

-0.20
-0.10
-0.26

-0.12
-0.07
-0.18

-0.19
-0.30
-0.21

0.04
-0.12
-0.09

Mean

0.02
0.04
-0.03

-0.02
-0.03
-0.07

-0.07
-0.05
-0.09

-0.07
-0.10
-0.19

-0.10
-0.08
-0.11

-0.20
-0.27
-0.21

-0.14
-0.19
-0.13

STDEV

0.05
0.06
0.02

0.00
0.00
0.00

0.07
0.05
0.07

0.07
0.05
0.05

0.06
0.06
0.05

0.01
0.04
0.09

0.15
0.08
0.10

RTx
M7

0.01
0.09
0.12

-0.08
-0.04
-0.02

-0.14
-0.14
-0.16

-0.20
-0.28
-0.26

-0.33
-0.39
-0.20

M8

0.02
0.10
0.11

-0.02
0.01
-0.01

-0.05
-0.04
-0.04

-0.09
-0.08
-0.06

-0.03
-0.01
0.05

-0.06
-0.07
-0.16

-0.06
-0.12
-0.04

M9

0.01
0.04
0.05

-0.04
-0.05
-0.06

-0.05
0.00
0.06

-0.11
-0.12
-0.14
-0.19

-0.12

M5

-0.01
0.05
0.04

-0.05
-0.01
-0.01

-0.13
-0.07
-0.07

-0.08
-0.10
0.02

-0.11
-0.07
-0.03

-0.12
-0.14
-0.23

-0.25
-0.33
-0.29

M1

-0.03
0.00
-0.05

0.02
0.03
-0.05

-0.08
-0.05
-0.38

-0.03
0.07
-0.10

-0.11
-0.09
-0.16

-0.04
0.01
-0.13

M2

-0.11
-0.13
-0.15

-0.08
-0.09
-0.16

-0.15
-0.20
-0.31

-0.02
0.02
-0.11

-0.06
-0.15
-0.19

-0.12
-0.12
-0.19

M11

0.04
-0.01
-0.10

0.00
-0.01
0.07

-0.13
-0.17
-0.27

-0.08
0.01
-0.05

-0.15
-0.24
-0.33

-0.08
-0.14
-0.17

M12

-0.02
0.04
0.06

-0.09
-0.09
-0.23

0.01
0.08
0.02

-0.08
-0.11
-0.10

Mean

-0.01
0.02
0.01

-0.05
-0.02
-0.03

-0.05
-0.04
-0.05

-0.11
-0.12
-0.20

-0.04
0.02
-0.02

-0.11
-0.15
-0.20

-0.15
-0.18
-0.16

STDEV

0.04
0.06
0.09

0.02
0.02
0.02

0.05
0.04
0.07

0.03
0.05
0.13

0.03
0.04
0.07

0.04
0.06
0.07

0.10
0.12
0.07

t
value

0.9
0.3
-0.54

0.46
-0.45
0.75

0.82
0.67
0.11

1.69
2.56
-2.06

-3.59
-2.92
-0.27

0.19
0.09
0.42

p
value

0.394

0.773
0.601

0.658
0.668
0.48
0.467
0.52
0.912
0.126
0.07
0.08
0.791
0.855

0.934
0.682

95% CI

-0.06, 0.13
-012, 0.15
-0.21, 0.13

-0.13, 0.09
-0.1, 0.07
-0.17, 0.09

-0.1,0.17
-0.06, 0.1
-0.16,0.18

-0.13, 0.02
-0.18,-0.01
0.18,0.01

-0.14, 0.03
-0.21,-0.03
-0.13,0.1

-0.17,0.21
-0.24,0.22
-0.12, 0.17

Table6.4 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'$figaifche@PRTXP values (far right) correspond to

statistical comparison of control and RTx groups at each time ptailéd unpiredt-Test, with equal variance demonstrated between groups (Levang)test
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Controls RTx

Day Mean STDEV Mean STDEV tvalue pvalue 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 -11 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 0.12 111 0.281 -006, 0.19
F6 -0.11 0.11 -0.19 0.09 0.78 0.443 -0.07,0.14

Table6.5 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 wasa clear and significant tumour response to radiotherapy first inspection of the ORM
trendsin Figure6.3 and Figure6.4, there appears to be no apparent changes in tumours responding
to radiotherapy when compared with the controldowever whenthe degree of ORM change from
the baseline measurement(i.e., the measuremenperformed immediately prior to radiotherapy
exposure)was calculatedd G 2  O02dzy i F2NJ RAFFSNAY3I hwaQai
there isan upwards trend towards a positive ORMepresenting enhanced oxygenatiool days 5

and 7in subset B, and this igadistically significant at fibre depth &t both of these measurement
points. This finding is in keeping with those \dishwanathet al [207], who also demonstratedra

increase in TVON day 5n murine breast cancers responding to radiotheraggwever, it should be
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noted that, despite upwards ORfvends in the radiotherapy groupn days 5 and 7 post radiotherapy

we did not reach statistical significanakfibre deptts 4 and 6, and no such trend was observed in
subset A(although importantly the radiotherapy response wis less convincing in subset, A
subgroups 3 &), or when the wo subsets were combined tenhance the power of the statistical
analysisg although the combined data should be viewed with caution as the measurement days do
not strictly correlatedue the Subset B receiving a secdrattion of radiotherapy.Our findings are
therefore promising butinconclusive and do not reflect the strength of thiendings published in the
aforementioned studieg summarisel in Section6.1) ¢ and the question of why this thecase 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 dat&mapter5, there is a continued high level of interand

intra ¢ tumoral data variance. Using mouse 1Ghapter5, Figure5.5, as an example, it is apparent

that there is a naturally occurring ORM change from 0.82 to 1.11 (equating to arcci@p@e of
approximately 25%Figure4.9) 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 commehetrew

GKAE A& REBIFPF TA2WNB LINPOS&a4a LIR&0G NI RA2GKSNI LB =
artificially (due to experimental factors, sdescussiorbelow) occurring TVO variance. Importantly, it

should be noted that none of the published literature to daletails the inherentlata variabilityas

has been demonstrated ithapter5. Regardlessf this variance, there is no convincing ORM trend in

response to radiotherapy. For example, in subset B, subgrdglire6.4), 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, g(bigude6.3),

there is clear tumour growth retardation in mouse 9 in response to radiotherapy. However, the
observed ORMI NBy Ra adZA2&2@SYKIGA 2y QWNBIZ OS&aa YIFHe 6S 200
6Y2dzAS o0® ¢KAA LI GGSNYyI K26SOSNE Aa NBISNASR
2E&ISYLFGiA2YQ AY Y2dzaS wmH OwWCEO (26 lyNdReito theKS SELJ
discussed high level of variandbe significance of any present trends may be undermiféds is

further compounded by the smatiumber of mice in each subset (h=12), aaslsuch great caution

should be employed when extrapolating conotuns from these results.

The general experimental, technological and methodological limitations of this research are discussed
both in Section5.5, and Section7.2. However, there are three important stuegpecific limitations to
this study. First, the methods dictated that the tumours be irradiated once the target volume of 50

100 mn? was reached. Due to differing tumour growth rates, it was necessary teaggorise the
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mice based on tumour growth trajectories. This led to smaller groups for direct comparison between
treatment and control armsTo enable statistical analysis, these subgroups wefermed into one

group, thus he comparison includes tumosigrowing at different ratesFurther, it was not always
possible to match the control and treatment arm mice precisely for sizeRigure6.3, subgroup 4.
Additionally, some tumour volumes were outside of the target wind@wble 6.2 on receiving
radiotherapy¢ 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 likeh&we contributed tassome of theobserved

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 tumoLinerefore, the exact revived dose of
radiotherapy was dependent on the precise positioning of the tumour on-the A Yflarik;ddnore
laterally positioned tumour would receive a lower dose that one place more medially. However, this
observation is likely a reflection of clinicattuality, insofar as the efficacy of radiotherafsy
dependent on its mappingseeTable 31, question 8, respondent)l 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 darlstesstover the mousend probe
during measuremerstbut 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 afieconclusive, andve do not reach the levels of statistical certainty
found inthe published literatureto date, recognising of course that oth@rconclusivefindings are

less likely to have been published. As detailedBattion6.1, there isa high level of uncertainty
amongst investigators about whether the process cbrygenation is linked to radisensitivity or
radio-resistance and whether it confers enhanced or abated tumour response. There are several
possible explanations for this: (At least two of the described studi¢221,222]did not achieve a
meaningful response difference between treatment and control arms or radiosensitive and
radioresistant cell lineg and as such any change in oxygenation profiles are arguably meaningless if
not accompanied by a meaningful response;d&)er investigators have used a range of different cell

lines, none of which were colorectal in origivhichare 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 ludid199],

who explored DRS trend changes in response to chemothdraher 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 doyed for tumour response monitoring; (4) The
published literature does not characterise or present the naturally occurring TVO variance over time
and tumour volume (apresented in here ilChapter5) and it is therefore possible that the reported

changes are impacted by a similar level of uncertainty.

6.6 Conclusions

Aclear radiotherapy response with a significant subsequent survival bevegitbserved and wen

comparing absolute ORM changes from baseline readings, there aasend towards ORM
enhancementin the radiotherapy groupn days5 and 7, which reached statistical significance at fibre

depth 5. This significance was not reached at other fibre depthénosubset A. As such, and in
recognition of the observed data variability and small sample siae findings arepromising but

inconclusive. Finally, it should be-emphasised that there is current disagreemenithin the

literaturel 62 dzi GKS AYLI AOIGERASYREARY Q20JMBRNBER WHNBNB:Z
possible that before the true potential of DRS can be used witlertumour response monitoring

sphere, researchers need to further explore and characterise the relationship between TVO,

vascularity, and cellular oxygenation with a greater degree of ceptaint
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7 ConclusionsLimitationsand Future Directions

7.1 Conclusions

The essential lines of thinking atttesisconclusions are presented in

Table7.1. To briefly recap on a chapter by chapter basisysral key conclusions can be drawn from

this body of work

Chapter 2explores 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 measwitaddRS to achieve
these aims. This stance is strongly supported by the professional opinion detaitgchjier 3.
Further, professional and atient engagement work, presentdd chapter 3, was central to guiding

the team towards thedevelopment of an endoscopic research device for the future assessment of

human rectal tumours.

A number of important conclusions can be drawn from the validation experimewtsipter4. First,

we confirmed in a pilot study that it is feasible tibtain 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 gravth. Second, it was possible to track changing trends in TVO with both extracted

ORM and Spfralues. Third, it has been demonstrated that DRS sensitively reflects mouse carbogen
inhalation in both tumour and notumour bearing flanksFourth, DRS correlatl well with the

OxyLite probe (market gold standard for measuring tumour hypoxia) in theéuroaur bearing flank,

but this relationship is lost when evaluating the tumour with these two modalities, and the potential

reasons for this have been discussaddetail ¢ and fifth ¢ is further explained and supported by
presentedfindings fromIHC CAIX and CD3faining in which we demonstrate preservedut

presumably norfunctioning) vasculature in severely hypoxic regioféxth it is possible to

extrapolake and track changing trends in tumour haemoglobin saturation with calculated ORM and
SPQvalues and the former of these offers a rapid, modede method for reflecting trendsSeventh

these two metris correlate strongly, but the ORM should not be used to compare values at differing

depths. Eighth,; Yy R LISNXI LJA Y2ald AYLRNIFIyGftezr Ay (GKS 02yl
Ké LRWwasNRLI | OSR 6AGK (KS (SNY Wi trdzuzkly @flest ezt | NJ 2§
tissues under scruting and any observed changes in TVO cannot be assumed to translate to changes

in cellular oxygenation.
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In chapter 5 we demonstratethat colorectal TVO is negatively correlated with both tumour volume
and time in anin vivo murine model across all examined tumour depthtowever it was also
demonstratedthat significant intra and intertumoral heterogeneityexisted and this observed
variance requires recognition and careful consideration wbamsideringhe impact of radiotherapy

on the ORM Further, it wasdemonstrated 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 Faiatg 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 whencomparing absolute ORM changes from baseline readings, there was a trend
towards ORM enhancement in the radiotherapy group onsdayand 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 butinconclusive The limitations of the experimental desigBection7.2) are possibly
responsible for this finding-urther, 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, nosupported by

results in chapter 3The
literature is variable

4. What is the natural TVO trend over a period of tumour growth Significant dcrease, but not in
alinear fashionwith
significant variance

5. Can serial TVO measurements reflect a response to RTx Promising yetnconclusive
findings Therewas a
significantuptrendin TVCOon
days5and 7post RTx

6. Can TVO measurements at baseline be used to predict RTx Unable to assessith

response? employed methodologies and
limited sample size
7. What is the best way to advance this research Human trials withan

endoscopic device

Table7.1 Key lines ofthought and thesis conclusions
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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 (4nAhmodel and cell line.

7.2.1 DRSnd Analytical Approach

First, and as discussed in detail @mapter4, 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 oxygenatiom to the

malfunction of tumour vasculature and indeed results ilthapter 4, although limited in number,
adza3Sad GKFG Al R2S3a BeIAISy | (IO oKeI)NGGyaaERAt telisi (1 KS
migrate from hypoxic to normoxic environments during a course of fractionated radiotherapy, it does

not hypothesise on changes to functional tumour vascularity. Therefore, attempiseDRS witho

reflecta 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 iyjtio the tissueAn inability to assess past this

depth means a large part of the tumour remathunexamined. This limitation will be further
exacerbated when examining larger human tumours which can grow several centimetres in diameter.

DRS does not thefore allow full assessment of heterogeneous tumour, and leaves us unable to
laaSaa GKS LRGESY(GAlIffte WKELREAOQ O2NB 2F I {ddzvz2d

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 avith

standardsedclamp positioning, this effect will invariably have contributed to data variance.

Fourth,andas per professional concerns detaileddhapter3, 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.

Fnally, we chose to use the ORM as the main analytical medliianalysispast the validation
experiment inChapter 3 as itas this allowed rapid, moddétee analysis that was computationally

simple and did not require any prior knowledge or assumptions of tissue propeftistionally, at
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that point in time the direction of the research was toward an implantable deviceaataVice which
only need to measurthree key data points would be far easier to miniaturise than one collecting over
a thousandHowever, it is accepted that the ORMriadequate for directly comparing differing tissue
depths. Further, whilst there is a largely linear relationship between calculated Sp@RivifFigure
4.9), the correlation is not exactwhichthereforeleaves scope fagrror. This is an accepted limitation

of this metric approachand for future work, the SP©Ovalues could be directly calculated for

comparison.

7.2.2 ExperimentalFactors Contributing to ObservedData Variance

There wereseveralgeneral experimental factors which may have significantly contributed to the
observed data variance. First, the depth of anaesthesia is likely to have significantlyddnescits,
AaAYyOS I WRSSLISND |yl SaidKS dahdihefRSredndIes i Bwer sistedic NB & LIA
oxygen saturation. Factoeffecting 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, ncreasing 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 dayyas 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. # therefore sensible to conclude that it is likely that the arsna
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 anaesthasicthe premise that (a) the available
anaesthetic equipment did not have the functionality to reduce the percentage of oxygen used as the
carrier gag; and therefore delivery of 8200% O2 with the isoflurane would significantly impact the
results, particlarly 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 measuretaeontributing 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 SpecificExperimentalMethodologies

The experimental specific limitations have been discussed in detail within the corresponding chapters.
Briefly, the validation study using carbogé@hapter4) 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 oxgen 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 neaoxic results.

The investigation into TVagainsttumour volumeand timewas mainly limited by the experimental
factorsin Section7.2.2 listed above. Further, caution should be used when extrapolating conclusions
FLILIX AOFo6fS (2 wO2t2NBOGIE OFyOSND olaSR 2y (KS

The radiotherapy experiments were again hampered by the experimental fact@sdtion7.2.2
Additionally, the technique for mapping radiotherapy was somevitngireciseg 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 standardisedrurther, the small sample size (n=12 in each subset) and
homogeneity of tumour response in the radiotheragpups meanit was not possible to assess the
prognostic potential of DRS in this experimeRinally,to account to background natural light
interference, measuremestshould first have been acquired with the probe light off, so that any
detected background light (present, despite the use of a darkness stmdt) be subtracted from the

measurements.

7.2.4 AnimalModels,Cell Line anddinical Translation

It is recognised that a single cell line (HCT116 CRC), derived fropyear®fd 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 cliniteanslatability of the findings. Indeed, it is
recognised that the experimental design, particularly with the radiotherapy experiments, does not
reflect clinical practice insofar as the mice did not receive an induction dose of chemotherapy, and
radiotherapy was not administered in a truly fractionated fashion. This undoubtedlysitedok 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
hypoxidoxygenationg¢ 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) furthecell based andnimal work, or (b) human trials.

7.3.1 FurtherCell Based and Animal Work

7.3.1.1 Matched model of radiwesistance

To more robustly assess the question of whether TVO can be measured with @B8dbandreflect

radiotherapy response, one needs to create a radioresistant and-satisitive cell ling in order to

create varying degrees of radiotherapy response. This approach has been employed by 222}t al

who created a radigesistant cell line through repeated exposure to low dose fractionated
radiotherapy during cell culture. However, whilst they demonstrated-axyggenation trend in the
radio-resistant group (se8&ection6.1 for full discussion), they did not achieve a meaningful response
difference in terms of tumour rgwth rate between the two groups. Further, the created radio
NBaAadGlyOS sla y2G ySO0SaalNAte WKELREAO RNAGSYyQ

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 artificialhyohypo
hyperoxic tumours immediately prior to radiotherapy. Thisuld be achieved either with clamps or
bands to the tumour pedicles to create hypoxia or the inhalation of carbogen or injection of oxygen
carrying nanoparticld228] to create hyperoxial-or example, the following arms might be created in

a further study (1) Control (no treatment); (2) Radiotherapy under atmospheric conditions; (3)
Radiotherapy following a Ifinute period of carbogen (95%:2)Oinhalation; (4) Radiotherapy
following intravenous administration of novel oxygen carrying nanopartjti&]to enhance tumour
oxygenation Baseline DRS datauldbe acquired immediately prior to radiotherapy, followed by an
assessment of tumour respongghereby enabling calculation of the prognostic potenttabwever,

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 fashigm comparison to the heterogeneity found in naturally

occurring tumours)and are not representative of thia situtumour microenvironment. Mundet a
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[199] have attempted toovercomethis by assessingh situ murine colorectal tumours with a
miniature DRS probe but were only able to asse response to chemotherapy 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 stuitysitutumours

with a concurrent clinical treatment protocol, combining erduction chemotherapy drug with a

fractionated course of radiotherapy.

7.3.1.4 TumourOrganoids

Tumour organoids, miniature orgdike structures derived from human stem or tumour cells,
preserve the heterogeneity of their parent tissgeand could therefore represent a viable method

with which to study TV@ndDRSH a laboratory setting.

7.3.2 HumanTrials

We have discussed that it is difficult to-ceeate 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-iisviasive(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 34 further measurementshroughout a course of long course chemoradiotherdpiy|E

work inSection3.4 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 purchasiisaktermultidepth
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 detaile®ection3.4.1, future researchers should be aware tha

any variance in response mhg attributed to a number of alternative variatlsesuch 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 ¢hradiologistis actually targeting when they plan therapy.
However, ifis certainly feasible thatynamic hypoxia measurements coglgide andalter multimodal
treatment decisioAmaking (e.g., timing of surgery, intensificationfogensification of nCRT) for
individual patients as discussed idetail in Section 2.3.4. Further still, such enhana# patient
stratificationcould have a significattealth 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 practicesuch as regulatory approval pathways, integration into
existing clinical workflows, training requirements for stafidcosteffectiveness analys&sand some

of thesepointshave already been highlighted by interviewegfessionals and presentad Section
3.5.1Error! Reference source not foundnd highlighted irFigure3.3 and Figure3.4. Further,due
attention will need to be given tethical considerationgor intermittent/continuous monitoring
namely theguaranteeof data privacyand informed consent as wellan agreed protocol for the

management of incidental findings.

7.4 ClosingRemarks

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 mod#lle were unable tademonstrate ttat TVO (as
measured by DRS) correlates witimour cellular oxygenationand thereforethe focus ofthis
research recentredon theconcept of TVO change response to radiotherapyltimately, although

we did demonstrate aignificantuptrend in TVO on da&b and 7in the radiotherapy group (with
statistical significance reached in fibr@b both measurement daysour results wergromising and

yet inconclusive; and this wagossiblydue to several limiting experimental factofsurther,it was

not possible to assess the true prognostic potential of T&@ to the limited sample size and
homogeneity of the tumouresponse. Howeveit was demonstrated thabxygenationdata can be

used to predict tumour volume using a mauh 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 volunieme, and TVO. As such, DRS still kold
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 Professionabnd Patient Engagement Work

9.1.1 PatientInformation 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 othes if you wish.

We are very sorry that you have undergone treatment for rectal cancer, andderstand 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
T W2RADK Y W 13t RNUOW

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 ak 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 tespond 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 endospe 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 preoperative treatment. It may also enable us to selet a subgroup of people
who could be treated with chemoradiotherapy alone, without the need for surgery.

Why have | 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 | 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 ging a reason.

What will happen to me if | take part?

Participants will complete a questionnaire in conjunction witha study collaboratorin a one-on-
one online discussion. The questionnaire will use a combination of open and closed question.
The researcher will ask your pinions on device applicability, device design anddevice
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 emotionsr such as what you found most difficult about your rectal
cancer treatment. You are under no obligation to answer these questionsybu 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 desigrparticularly in
relation in whether we proceed with an implantable or endoscopic approachHowever, 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. f nlW! Ye We !l JW6e¢ !l GUT W 2 WWgqYW YauYUOWkt WOWNGRDN
a legal action. Regardless of this, if you wish to complain, or haverng 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 Fletcherteddy.fletcher@imperial.ac.uk). If you

are still not satisfied with the response, you may contacthe Imperial College Research

Governance and Integrity Teanfrgitcoordinator@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:

1 To guide the device design

1 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.

I 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 persofised)
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 studyhas beengiven approval bythe 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
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Should you have any urgent queries, please contact Mr Teddy Fletcher @n770917948

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 studya copy of ths written information and the
signed Informed Consent form will be given tgouto keep.
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Transparency Notice

In this research study we will use information fronyou. 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 studyEveryone involved in this study will keep your data safe
and secure. We will also follow all privacy rulesAt the end of the study, we will save some of
the datain case we need to check.iWe will make sure neone 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 feedbatk

Imperial College Londonis 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 fromyou 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 properleople 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 naone can work out that you took part in the study.

Legal Basis

As a university we use personallydentifiable information to conduct research to improve
health, care and services. As a publichfunded organisation, we have to ensure that it is in the
public interest when we use personallyidentifiable 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
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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 accdance 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 agreenme 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.

1 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?

Youcan stop being part of the study at any time, without giving a reason, but we will keep
information about you that wealready have.

We need to manage your records in specific ways for the research to be reliable. This means
qécaqlls JWs YOk qWANWE AG WY WaWaqW! Ye Wt JIIWY!I W6 ¢ UNIJWa

Where can you find out more about how your information is used?

You can find out more about how we use your informationy sending an email toTeddy
Fletcher atteddy.fletcher@imperial.ac.uk

Complaint
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If you wish to raise a complaint on how we have handled your personal data, please contact

fOGUI ReOGWOYGaWNUIWx YOT YUkt W?2¢qe WAl YqUHaqRYULWIE nn RHL
telephone on 020 7594 3502 and/or via post at Imperial College London, DataoRgction

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
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ICO does recommend that you seek to resolve matters with the data otroller (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. | confirm that | 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. | understand that my participation is voluntary, and | am free to
withdraw at any time, without giving any reason and without my
legal rights being affected.

3. | give permission for Imperial College London to access my
research records that are relevant to this research.

4. 1 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. | consent to take part in the above study.
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6. | 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

Sex:

Age:

Region/county:

Date of diagnosis:

Stage of cancer at diagnosis if known:

What is the status of your cancer now?

After your initial diagnosis, did you:

i. Proceed straight for surgery

ii. Undergo preoperative chemo-radiotherapy
iii. Have treatment only with chemaradiotherapy

@ "0 a0 o

If answering g(ii):

h. For how long did you undergo pr@perative 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 statementél=strongly
disagree, 5 = Strongly agree)

a. | would bewilling to undergo a further endoscopy if it could provide additional
information about my cancer, which could affect my prognosis and treatment options.

b. Iwould 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 pr@perative chemo-
radiotherapy?

c. | 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 picture s of how such an endoscopic or implantable device could look.
Please highlight any issues/objections you envisage with these devices:
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a. Endoscopic device:

b. Implantable device

Oxygen
sensing
electronic

c. Do you have any suggestions for design/deployment?
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