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Abstract

Tumour hypoxia is a recognised cause of radiotherapy treatment resis-
tance in head and neck squamous cell carcinoma (HNSCC). Although
potential hypoxia modification therapeutic strategies exist, they are
not widely used in clinical practice in part due to a lack of a read-
ily available method to identify patients who may benefit from such
treatments. Imaging of tumour hypoxia is an appealing solution to
this issue due to its ability to repeatedly provide information on the
spatial distribution of oxygen. This thesis evaluates the potential use
of the hypoxia imaging technique of oxygen-enhanced MRI (OE-MRI)

for the assessment of tumour hypoxia in HNSCC.

A scoping review of the use of OE-MRI for the assessment of tumour
hypoxia revealed strong pre-clinical evidence of the utility of OE-
MRI in assessing tumour hypoxia but limited clinical translation of
this work with no published clinical studies of the use of OE-MRI in
HNSCC at the start of this research.

A volumetric OE-MRI protocol for dynamic 77 relaxation time map-
ping was developed and implemented on 1.5T clinical scanners using
only routinely available clinical equipment. Initial testing of the pro-
tocol yielded results that were considered adequate to proceed to a
clinical study. 25 participants were scanned breathing room air and
during high flow oxygen administration. Oxygen induced changes in
Ty times (ATy) and Rj rates (ARS) were measured in malignant tis-

sue and healthy organs. Patients were surveyed on their experience

of the OE-MRI protocol.

The developed OE-MRI sequence took only 10 mins to acquire and

was well tolerated. A non-rigid image co-registration approach was



applied and its effect on OE-MRI derived data evaluated. A total
of 15 histologically confirmed primary tumours and 41 malignant
nodal masses were identified in the scanned participants. The OE-
MRI sequence was able to discern differing response of healthy tis-
sues and tumours to oxygen challenge. Estimates of tumour hypoxic
fractions were obtained in all patient participants with a statistically
non-significant greater magnitude of hypoxic fractions present for ra-
diotherapy treatment resistant tumours. Exploratory analysis was
performed to investigate potential novel OE-MRI derived biomarkers
and to explore the feasibility of using OE-MRI derived hypoxic maps

to aid radiotherapy treatment planning contouring.

In summary, a well-tolerated clinical implementation of dynamic, vol-
umetric OE-MRI of the head and neck region using only routinely
available equipment that allows discernment of differing oxygen re-
sponses within biopsy confirmed HNSCC is presented. Novel OE-
MRI analysis methods are discussed and suggestions made for future
work in order to fully translate this technique into a clinically utilised

resource in the management of HNSCC.

Trial registration: ClinicalTrials.gov, NCT04724096.
Registered 26 January 2021.
https://www.clinicaltrials.gov/study /NCT04724096
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Chapter 1

Introduction

1.1 The Issue of Hypoxia

Oxygen is essential in the human body for the process of aerobic respiration; the
generation of the cellular energy source adenosine triphosphate (ATP) through
oxidative phosphorylation. If a discrepancy arises between the supply of and
cellular demand for oxygen then tissue hypoxia arises which can compromise nor-
mal cellular functions. Room air has a partial pressure of oxygen of 160 mmHg
(21% concentration) however by the time oxygen has traversed the pulmonary
system and exited the lungs, this pressure has dropped to typical arterial blood
oxygen partial pressures of 70 mmHg (9.5%) (McKeown|2014)). Exact definitions
of levels of oxygen that constitute normal physiological oxygen levels (physoxia)
are difficult to state given the differing metabolic requirements and vascular sup-
plies of different tissues however end organs have typical partial oxygen pressures
ranging from 70 mmHg (9.5%) in kidneys to 41 mmHg (5.4%) in liver and 34
mmHg (4.4%) in the brain (Carreau et al. 2011) with peripheral tissues having
an average partial oxygen pressure of 46 mmHg (6%) (McKeown|2014)). Physio-
logical hypoxia is the lower level at which cellular hypoxia responses occur and
is stimulated at partial oxygen pressures of approximately 15 mmHg (2%) with
pathological hypoxia occurring at oxygen pressures < 8 mmHg (< 1%) when
normal homeostatic mechanisms have been disrupted (McKeown! [2014)).
Although there are healthy tissues in the human body that routinely reside in

low oxygen levels, such as regions of bone marrow that can have oxygen levels of
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approximately 10 mmHg (1.5% oxygen) (Spencer et al.[2014) and the lumen of the
gut where commensal obligate anaerobic bacteria reside at oxygen pressures < 1
mmHg (Albenberg et al.2014), these hypoxic regions are restricted to a limited
number of specific locations. The presence of biologically significant hypoxia in
tumours however is much more widely observed and has been recognised since the
work of Thomlinson & Gray| (1955). Tumours show on average significantly lower
levels of oxygen than their corresponding normal tissues; for example healthy
breast tissue has median partial pressures of oxygen of around 65mmg compared
to 10 mmHg in breast cancer, normal cervix tissue has median oxygen pressure of
42 mmHg compared to 9 mmHg in squamous cell carcinoma (SCC) of the cervix
(Vaupel et al|[2007) and HNSCC have median tumour oxygen levels ranging
from 10 mmHg to 14.6 mmHg compared to 40 mmHg to 51.2 mmHg for healthy
pharyngeal tissue (McKeown! 2014)). Studies in a range of tumours have shown
that the presence of oxygen concentrations below 10 mmHg results in significantly
worse survival outcomes (Vaupel et al. 2007, McKeown!| 2014, Hughes et al.[[2019).
These observations have been explicitly confirmed in clinical studies in HNSCC
(Brizel et al[ 1997, 1999, Lyng et al.|[1999| Overgaard|2011]).

Cellular hypoxia is generally considered to consist of two components; chronic
(diffusion limited) hypoxia and intermittent hypoxia, also known as cycling hy-
poxia. Chronic tumour hypoxia is a manifestation of the limited diffusion dis-
tance of molecular oxygen combined with the high and uncontrolled proliferation
rates of highly metabolically active and therefore oxygen consuming tumour cells
(Zhao et al.||2017)). Cells geographically closer to perfused blood vessels utilise
the available oxygen resulting in cells more distal from the vasculature residing
in environments with lower oxygen tension. A broadly stable oxygen concen-
tration gradient is established with cells further away from blood vessels being
increasingly hypoxic (Thomlinson & Gray 1955 [Hughes et al. [2019). Although
pro-angiogenic factors are produced by cancer cells in response to regions of tis-
sue hypoxia, tumours are characterised by disorganised and non-functional vas-
cular proliferation thus confounding the issue of tumour hypoxia (Nagy et al.
2010). Non-cancer components of the tumour microenvironment also play a part

in modulation of tumour vasculature and thus oxygenation with the activation
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and proliferation of stromal cells leading to vascular compression (Chen et al.
2023).

In addition to tumour oxygen gradients, cyclical changes in tumour hypoxia
occur as a consequence of alterations in the blood perfusion and erythrocyte flux
through the characteristically disorganised and low density tumour vasculature
(Dewhirst et al.| 2008, Delprat et al|2020). This unstable blood flow leads to
periods of marked hypoxia followed by periods of reoxygenation over timescales
that can vary from minutes to days and can lead to the partial pressure of oxy-
gen in regions of tumours up to 130um away from micro-vessels varying period-
ically by approximately 20 mmHg (Cardenas-Navia et al.[[2008, Dewhirst et al.
2008|, Matsumoto et al.|2010, |Panek et al.[|2017). The wide range of cycling fre-
quencies observed has been attributed to different underlying aetiologies; higher
frequencies being associated with thermoregulatory mechanisms including acute
changes in perfusion and erythrocyte flux as well as intermittent vascular occlu-
sion, whereas the lower frequency components of the order of days are linked
to changes in the vascular supply secondary to neoangiogenesis (Dewhirst et al.
2008, Matsumoto et al. 2010). Chronic and cycling hypoxia are both impor-
tant when it comes to the activation of hypoxia driven cellular adaptive methods
as well as in regards treatment resistance and tumour aggressiveness. However
pre-clinical studies have shown that chronic and intermittent hypoxia may cause
different changes in deoxyribonucleic acid (DNA) repair pathways and cell-cycle
control; chronic hypoxia can suppress the homologous recombination (HR) DNA
double-strand breaks (DSB) repair pathway as well as decreasing mismatch re-
pair (MMR) function leading to increased cellular resistance to platinum-based
chemotherapies as well as leading to genomic instability, whereas intermittent hy-
poxia can increase DNA damage-associated checkpoint cell-cycle arrest and DSB
repair via non-homologous end joining (NHEJ) (Bristow & Hill 2008, Klein &
Glazer|2010)).

The DNA damage response (DDR) pathways in cells are responsible for main-
taining genomic integrity. For damage induced by ionising radiation, the repair
mechanisms are broadly divided into those responsible for repairing single-strand
breaks (SSB) and those for fixing the potentially more catastrophic DSB, although
other forms of DNA damage do exist including base damage, sugar damage, DNA
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cross-linking and clustered damage sites (Huang & Zhou/2021)). SSB are repaired
by either base excision repair (BER), nucleotide excision repair (NER) or MMR
depending on the nature of the DNA damage. BER is the simplest of these
three, capable of repairing 1 to 10 nucleotides only whereas NER is more com-
plex and can repair lesions that include cisplatin-induced DNA adducts. DSBs
on the other hand are principally repaired by one of two main pathways; the
high-fidelity but time consuming HR repair, or the quicker but more error prone
NHEJ. HR requires the presence of the sister chromatid and so can only happen
during the S/G2 phase of the cell cycle as opposed to NHEJ that can repair DSBs
throughout the cell cycle (Huang & Zhou |2021)).

On the cellular level, the response to hypoxia is mediated by hypoxia-inducible
factor (HIF) dependent and independent pathways that have differing sensitiv-
ities to the extent and duration of hypoxia and modify both gene transcription
and messenger ribonucleic acid (mRNA) translation of target proteins to modu-
late cells’ responses to differing oxygen levels (Wouters & Koritzinsky|2008)). The
HIF pathway is possibly the best known modulator of a cell’s response to hy-
poxia. First discovered in the 1990’s (Semenza & Wang|[1992)), HIF is composed
of two subunits known as « and 3 with 3 versions of each subunit known to exist.
Although both the v and S subunits are constitutively synthesised, the HIF-a
component is sensitive to increased expression from a number of cellular path-
ways including the PI3K/AKT/mTOR and RAS/RAF/MEK/ERK pathways as
well as being subject to oxygen dependent proteasomal degradation (McGettrick
& O’Neill 2020). The most important oxygen sensing mechanism that regulates
HIF-o levels is that of the prolyl hydroxylase domain (PHD) enzymes (figure[L.1]).
PHDs are enzymes that are dependent on oxygen as a co-factor and catalyse the
hydroxylation of two proline residues, Pro402 and Pro564 on the HIF-a subunits.
In normoxic conditions these hydroxylations are recognised by Von Hippel-Lindau
(VHL) E3 ubiquitin ligase leading to VHL mediated poly-ubiquitination and sub-
sequent rapid proteasomal degradation resulting in a half-life in normoxic condi-
tions of HIF-1a of the order of 5-10 minutes (Ratcliffe[2007, Hanahan & Weinberg
2011).

In hypoxic conditions the HIF-a subunit is not marked for degradation and

can then translocate to the nucleus and dimerises with the HIF-3 subunit and



1.1 The Issue of Hypoxia

NORMOXIA VHL

@o g A A
HIF‘I-a H|F1-a HIF’I-a ;

Proteosomal
degradation

HIF1-a

HIF1-B

Immune
Angiogenesis Hoon e e #  response
eg. VEGF, [® -~ [ = eg. PD-L1
PDGF . 4 e -
7’ Metabolism N S
: eg. GLUT-1, \ 1
L4 GLUT-3 p Invasion &
Intracellular metastasis
acidosis Apoptosis & eg. C-MET, LOX
eg. CA9 autophagy
eg. BNIP3

Figure 1.1: Hypoxia Inducible Factor - Diagrammatic illustration of the reg-
ulation of HIF-1a by PHD in normoxic and hypoxic conditions. In normoxic con-
ditions HIF-1« is hydroxylated by PHD allowing binding of VHL causing polyu-
biquitination and subsequent proteasomal degradation. Under hypoxic conditions,
HIF-1« is stable and forms a heterodimer with HIF-15. This complex translocates
to the nucleus where (with co-factors) it binds to hypoxia response elements (HRE)
and acts to initiate transcription of the HIF target genes. HIF'1 - hypoxia inducible
factor 1, PHD - prolyl hydroxylase domain protein, VHL - Von Hippel-Lindau pro-
tein, Ub - ubiquitin protein, HRE - hypoxia response elements, VEGF - vascular
endothelial growth factor, PDGF - platelet-derived growth factor, CA9 - carbonic
anhydrase 9, GLUT - glucose transporter, BNIP3 - Bcl2 interacting protein 3,
C-MET - mesenchymal-epithelial transition factor, LOX - lysyl oxidase, PD-L1
- programmed death-ligand 1. Adapted from figure 3 [Semenzal (2003), figure 2
Serensen & Horsman| (2020) and figure 3 Mallikarjuna et al.| (2022).
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subsequently bind to hypoxia response elements (HRE) within the promoter re-
gions of target genes (Hanahan & Weinberg|[2011)). Along with the co-activator
proteins p300 and CBP, this HIF complex activates the transcription of genes
that mediate the cellular response to hypoxia (Krock et al.[2011)). In addition,
to the PHD mediated oxygen sensing regulation of HIF, the binding of the HIF
associated co-factors is subject to oxygen sensing control. Factor inhibiting HIF
(FTH) is an oxygen dependent enzyme that in normoxic conditions hydroxylates
an asparagine residue on HIF-1a preventing the binding of p300/CRB. However
in hypoxic conditions, this asparagine hydroxylation does not proceed and thus
the co-factors can bind to HIF allowing it to function as a transcription activator
(McGettrick & O’Neill|2020)).

In total the HIF proteins are known to regulate well over 1,000 gene targets
under hypoxic conditions, affecting a wide range of cellular functions including
metabolic adaptation, apoptosis resistance, angiogenesis, cell survival and prolif-
eration and in the case of cancer also driving invasion and metastasis (Semenza
2003, Kizaka-Kondoh & Konse-Nagasawa|2009, [Dengler et al.2014). These down-
stream targets of HIF include vascular endothelial growth factor (VEGF) with
a role in angiogenesis, glucose transporter 1 (GLUT-1) and glucose transporter
3 (GLUT-3) affecting glycolysis (the principal method of energy generation in
cancer cells) and carbonic anhydrase 9 (CAIX) with a role in pH regulation (fig-
ure . The increased expression of these proteins by cells residing in hypoxic
conditions have been investigated as surrogate markers of tumour hypoxia (see
section [1.5.3).

Non-HIF dependent hypoxic signalling can occur through regulation of the
kinase mammalian target of rapamycin (mTOR) and through activation of the
unfolded protein response (UPR). The UPR is activated at lower levels of oxygen
concentration (< 0.2%) than HIF (< 2%) and leads to changes in transcription
and translation due to endoplasmic reticulum (ER) stress, mediated by the mas-
ter regulator HSPAS (figure[1.2) (Wouters & Koritzinsky|[2008| [Price et al.[2022).
The hypoxic signalling through mTOR occurs through hypoxic inhibition of the
mTOR-C1 complex which through its increased association with the protein eu-
karyotic translation initiation factor 4E (eIF-4E) prevents translation initiation

(Wouters & Koritzinsky|2008]).
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Figure 1.2: Unfolded Protein Response - In normoxic conditions with min-
imal ER stress, the master regulator of the Unfolded Protein Response, HSPA5
(also known as Binding Immunoglobulin Protein (BIP)) is bound to sensor pro-
teins making them inactive. These sensor proteins include PERK, IRE1, AFT6.
Under hypoxia induced ER stress, misfolded proteins in the ER lead to BIP/HSPA5
dissociating from these sensors. PERK then phosphorylates elF2a which inhibits

protein synthesis as well as allowing for the transcription of ATF4 which acts as
a transcription factor and upregulates genes associated with apoptosis, autophagy
and amino acid metabolism. IRE1 activation produces XBP1s and ATF®6 is cleaved
to ATF6f following translocation to the Golgi apparatus. This leads to the induc-
tion of proteins that lead to increased function of the ER and/or the removal of
mis or unfolded proteins. Adapted from [Wouters & Koritzinsky| (2008), Bolland
et al| (2021) and [Price et al.| (2022)
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In addition to HIF and the UPR mediated responsive elements, other tran-
scription factors that can be activated by hypoxia include activator protein 1
(AP-1), nuclear factor kB (NF-xB), specificity protein 1 (Spl), Myc and the tu-
mour suppressor protein p53 (Druker et al.2021)). AP-1 is a transcription factor
that consists of homo and heterodimers of proteins from the Jun, Fos and ATF
families (Yoshitomi et al.[2021)). Cellular hypoxia can lead to the accumulation
of reactive oxygen species which can promote the activation of mitogen-activated
protein kinases (MAPK) pathways which in turn phosphorylate the c-jun/c-fos
subunits of AP-1 consequentially activating AP-1 as a transcription factor. This
activated form of AP-1 principally acts in conjunction with HIF and NF-xB and
leads to the expression of a range of hypoxia responsive genes including those
that promote angiogenesis and cellular adaptation to the hypoxic environment
(Druker et al. 2021} [Yoshitomi et al.[2021). Overexpression of AP-1 has also
been described in a range of epithelial malignancies and lymphomas (Song et al.
2023). Hypoxia induced increased expression of Spl occurs in a HIF dependent
manner and can act synergistically to enhance the promoter role of HIF as well as
directly driving expression of hypoxia adaptation genes including VEGF (Deacon
et al.[2012 Druker et al.[2021)).

Severe hypoxia or anoxia leads to cell death and regions of necrosis but the
multitude of genetic and proteomic cellular changes mediated by survivable hy-
poxia can drive cells to develop the hallmarks of cancer as well as develop more
aggressive and treatment resistant tumour cell phenotypes (McKeown 2014} Ver-
duzco et al|2015| Thiruthaneeswaran et al.[2021). One such hallmark of can-
cer that is driven by hypoxia is that of genomic instability, with lower levels of
tumour oxygenation correlating with greater tumour mutational burden and in-
creased prevalence of oncogene and tumour suppressor gene mutations (Bhandari
et al.[2020). However as hypoxia itself does not directly cause DNA damage, the
presence of such genomic instability in hypoxic environments implies decreased
functionality of the DDR pathways (Kaplan & Glazer|2020). Indeed HR repair
is suppressed in hypoxia due to the reduction in transcription of the HR factors
BRCA1 and RAD51, MMR is reduced via the hypoxic suppression of MLH1 and
MSH?2 factors and BER is decreased in hypoxia due to the downregulation of a
number of BER related factors (Kaplan & Glazer|[2020). Although the effect of



1.1 The Issue of Hypoxia

hypoxia on NHEJ and NER are less clear, the overall effect of hypoxia is to reduce
the ability of cells to make effective repair of DNA lesions thereby contributing
to genomic instability.

In addition although severe hypoxia leads to the induction of apoptosis via
the upregulation of prop-apoptotic factors such as BNIP3 via HIF mediated path-
ways, under less severe hypoxic conditions increased resistance of cells to apop-
tosis is observed through increased expression of anti-apoptotic proteins such as
[AP-2 whose activity is upregulated via increased transcription of NF-kB (Tang
et al.|2021)). The decrease in expression of pro-apoptotic proteins such as p53 has
also been noted in tumours subject to cycling hypoxia implying that lower level
hypoxic environments select tumour clones more likely to withstand apoptotic
signalling (Bhandari et al.2020). This reduction in apoptosis in regions of mod-
erate hypoxia leads to cell proliferation despite the potential presence of DNA
damage and therefore further drives genomic instability.

It is well characterised that hypoxic tumour regions display increased resis-
tance to radiotherapy treatments (see section but they also display greater
resistance to both classic cytotoxic chemotherapy treatments and the more re-
cently developed checkpoint inhibitor (immunotherapy) treatments. The erratic
and poorly organised tumour vasculature and reduced pH of hypoxic regions
leads to reduced intracellular delivery of cytotoxic medications as well as causing
a lack of nutrient delivery that tends to reduce cell turnover therefore protecting
against chemotherapy agents. In addition, a reduction in free radical generation
in hypoxic regions can reduce the cytotoxicity of some chemotherapy treatments
(Cosse & Michiels [2008, Dewhirst et al.|2008). Both 5-fluorouracil and cisplatin
are chemotherapy treatments routinely used in the management of HNSCC that
have been found to be less effective in vivo in hypoxic cells, although interestingly
this effect was not noted in vitro suggesting a more complex interplay between
the chemotherapy drugs and the hypoxic tumour microenvironment (Horsman
et al.|2021)).

Tumour hypoxia also has a significant effect on the immune system within
the tumour microenvironment with consequential impact on the efficacy of im-
munotherapy treatments. The tumour microenvironment contains a range of dif-

ferent immune cells including cytotoxic CD8+ T-cells, CD4+ T-cells, regulatory
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T-cells, natural killer (NK) cells, tumour associated macrophages and dendritic
cells. The relative abundance and activity of these different immune cells can
be modulated by hypoxia. In addition to decreased immune cell extravasation
through disorganised tumour vasculature, tumour hypoxia exerts a net immuno-
suppressive effect through a reduction in macrophage and T-cell infiltration and
activation as well as an increase in tumour cell resistance to the cytotoxic activity
of the immune system (Barsoum et al.[[2014)). The more acidic and glucose de-
prived conditions in hypoxic tumours leads to a survival advantage for regulatory
T-cells due to their resistance to high lactate levels but a reduction in cytotoxic
activity of other immune cells (Bigos et al.[[2024). In addition, tumour hypoxia
can drive increased expression of cytokines and chemokine including CCL28 which
leads to increased recruitment of regulatory T-cells to the tumour microenviron-
ment further inhibiting the activity of the cytotoxic cells and contributing to the
immunosuppressive effect of hypoxia (Facciabene et al.|2011)). NK cells also un-
dergo reduced activation in hypoxic environments due to decreased expression of
activating cell surface receptors (Bigos et al.|2024]). Tumour hypoxia can also
drive immune invasion by inhibiting the expression of major histocompatibility
complex class 1 (MHC-1) whose normal function is to present peptide fragments
to cytotoxic T-cells and contribute to activating their cytotoxic function. Hypoxia
driven suppression of MHC-1 therefore contributes to tumour immune invasion.
The suppression of MHC-1 has been found to occur in tumours in both a HIF
dependent manner (Sethumadhavan et al.2017) and via the activation of au-
tophagy via the PERK arm of the UPR (figure [1.2)) (Estephan et al.2025). It
has also been identified that severe hypoxia can contribute to the state of T-cell
exhaustion that is frequently seen in cancers and chronic infections (Scharping
et al.|2021)).

Tumour hypoxia also increases tumour cell resistance to the cytotoxic activity
of the immune system by upregulating expression of co-inhibitory molecules such
as programmed death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) that result in the down-regulation of the immune system
in the tumour microenvironment. These important immune regulatory proteins
are targets for a number of clinically used immunotherapy drug therapies includ-

ing the programmed death receptor targeting therapies of Pembrolizumab and
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Nivolumab that are both licensed for routine clinical use in metastatic or locally
recurrent HNSCC (Barsoum et al.[2014, Noman et al. 2014). Of note, although
some patients with metastatic HNSCC can obtain significant and long lasting re-
sponse to immunotherapy treatment, the overall objective response rate of these
medications in HNSCC is only of the order of 20% (Ferris et al.|2016, Burtness
et al.|2019). It has been suggested that tumour hypoxia may play a role in this
low response rate due to its immunosuppressive effects (Horsman et al.|[2021)).

Pre-clinical and clinical studies in cervical carcinoma (Hockel et al. [1996)
and soft-tissue sarcoma (Nordsmark et al. [2001) have also shown that hypoxic
environments increase the risk of developing distant metastatic disease by the
upregulation of metastasis-related genes (Hammond et al.[2014, McKeown|[2014]).
This metastatic potential is also in part driven by the hypoxia caused angiogenic
drive that both produces the vasculature required for distant spread of malig-
nant cells as well as the HIF driven suppression of E-cadherin that increases
epithelial-to-mesenchymal transition (EMT) to promote metastases generation
(Thiruthaneeswaran et al.|[2021)).

The impact of hypoxia in tumours is therefore complicated, multifaceted and

a clear potential target for therapeutic gains.

1.1.1 Radiobiology and oxygen

One of the major concerns with tumour hypoxia is its effect on radiotherapy
treatment. Radiotherapy is the use of high energy photons, electrons or other
charged particles to kill cells by causing excitations and ionizations of atoms
of exposed tissues. Although such ionizations can damage cellular lipids and
protein, the damage caused to DNA is generally considered the most important
cellular target of radiation. The resulting DNA lesions caused range from base
damage and SSB to the more lethal DSB and clustered DNA lesions that consist of
mixtures of SSB and DSB (Fabbrizi & Parsons|2020)). Depending on the severity
of the damage and the functioning or not of DNA damage repair mechanisms in
the irradiated cancer cells, these lesions can be either lethal or sublethal. The
phase of the cell cycle that radiation is delivered in affects the sensitivity of the

cell to the damage with irradiations occurring immediately prior to or during
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mitosis being more likely to decrease cell survival than irradiations performed in
late S-phase. Decreased repair of sublethal damage is more commonly seen in
cancer cells due to both their higher replication rate and the frequent presence
of defects in the DDR pathway (Price et al.|2022).

One of the hallmarks of ionising radiation exposure is the presence of clustered
DNA damage. This refers to the presence of multiple DNA lesions within close
proximity of each other, generally considered to be within a few helical turns
(Sutherland et al.|2001). As the majority of radiation induced DNA damage is
mediated via reactive oxygen species generation, most of these DNA lesions are
single-strand damage including SSBs, oxidative base damage, abasic sites and
DNA crosslinks. These damaged sites can be on the same DNA strand or on
opposing strands. In addition, DSBs can also constitute lesions in clustered DNA
damage however the chance of such damage occurring is a couple of orders of
magnitude smaller than the odds of single-strand lesions for a given delivered
radiation dose (Nickoloff et al.|2020). The simplest type of clustered DNA lesion
is a DSB caused by two SSBs on opposing strands occurring in close vicinity to
each other. However, clustered lesions can be significantly more complex due to
variability in the number and type of DNA lesions as well as different spatial
distribution of damage within clusters. Clustered DNA damage is often difficult
for cells to repair. This is in part due to the close proximity of different types of
lesions making it more complex for repair proteins to recognise and simultane-
ously access all of the damaged sites whilst selecting the most appropriate repair
mechanism in addition to distortion in DNA structures caused by the clustered
lesions reducing the ability of DNA repair mechanisms to align and repair dam-
age (Sutherland et al.|[2001}, Sage & Shikazono 2017)). A significant reason for the
cytotoxicity of ionising radiation is therefore due to the weakness of DNA repair
mechanisms to process clustered DNA damage (Nickoloff et al.|2020)).

The most commonly used radiotherapy modality for treating head and neck
tumours worldwide is high energy photon radiotherapy using electromagnetic ra-
diation in the energy range around 6MV. When high energy photons are incident
on tissue they liberate so-called secondary electrons. It is the deposition of dose

from these secondary electrons that mediates cell damage either by direct DNA
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damage, or in 70% to 80% of the time by the production of free radicals in wa-
ter. These highly damaging free radicals, usually denoted as R-, are unstable
and can have one of two fates; reaction with oxygen to eventually yield a stable
compound (ROOH) that makes the damage permanent or “fixed”, or reaction
with H* to restore the DNA to its original form. The latter primarily happens
in areas of low oxygen. This is known as the oxygen fixation hypothesis and
explains the critical role of oxygen in mediating radiotherapy cell killing (Brown
& Wilson! 2004} |Grimes et al.|2017). The generation of reactive oxygen species
by ionising radiation can also cause cellular effects separate from DNA damage
including promoting cell apoptosis or senescence or stimulating cell proliferation
(Price et al.[2022).

The influence of oxygen on radiotherapy outcomes has been recognised since
the 1950’s (Gray et al|/1953) but experimental evidence to support the oxygen
fixation hypothesis was first generated in the 1970s where it was shown that
oxygen had to be present within microseconds of radiation exposure for radiation
damage to be observed (Michael et al.|[1973). In order to quantify the effect of
oxygen on cell kill likelihood, radio-biologists use the oxygen enhancement ratio

(OER):

Radiation dose in hypoxia

OER = (1.1)

where the radiation doses are those required to produce equivalent biological effect

Radiation dose in air

(Joiner & van der Kogel|[2009). For most cell types the OER is around 3 however
this ratio does not vary linearly with oxygen concentration (Grimes et al.|[2017).
It is generally suggested that the level of oxygenation that results in radiobiolog-
ical hypoxia is the half maximal value of the OER versus oxygen concentration
curve. This equates to between 2.5 mmHg and 3 mmHg oxygen (Vaupel et al.
2007, McKeown! 2014}, Grimes et al[2017). A meta-analysis of studies in cervix,
head and neck and breast cancer found that the median oxygen concentration
in tumours was 10 mmHg with the mean radiobiological hypoxic fraction being
approximately 25% (Vaupel et al[2007). Head and neck tumours have between
a 3 and 4.5 fold decrease in oxygenation levels compared to surrounding healthy
tissue (McKeown 2014). There is however significant heterogeneity of oxygen
levels within tumours (Adam et al. 1999, [Vaupel et al. 2007, Hammond et al.
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2014) and the full impact of this on cancer prognosis and treatment outcomes is
still under assessment.

Hypoxic tumour environments can also drive more radio-resistant phenotypes
by acidification of the extracellular matrix through the upregulation of CAIX and
the increase in glycolysis metabolism primarily through the HIF pathway. Such
changes in pH and rates of glycolysis metabolism leads to increased production
of reducing compounds such as pyruvate, lactate, glutathione and nicotinamide
adenine dinucleotide phosphate (NADPH) which tend to protect DNA from ra-
diation induced free radical production (Meijer et al.|[2012]).

One of the fundamental tenets of radiobiology is the principle of re-oxygenation
whereby previously hypoxic cells can become re-oxygenated during fractionated
radiotherapy due to the death of surrounding tumour cells leading to improved
vascular supply as well as reductions in intratumoural pressure amongst other
factors (Pajonk et al. 2010). This re-oxygenation is considered to lead to ra-
diosensitisation of previously radioresistant areas thereby increasing the cell kill
likelihood of subsequent fractions of radiotherapy thus improving treatment out-
comes. However, this schema would suggest that baseline tumour oxygenation
levels should be less clinically relevant than studies have observed, as tumour
hypoxia may be expected to resolve during therapy. Pre-clinical studies suggest
this discrepancy may be due to hypoxia inducing some tumour cells to enter a
state of cell quiescence, a state that continues even after re-oxygenation thereby
perpetuating increased radioresistance (Menegakis et al.[[2021). Indeed it may
well be these hypoxic cells that are present at the beginning of a course of radio-
therapy that are responsible for tumour relapse after radiation treatment possibly
due to this hypoxia induced quiescence (Menegakis et al.2023). The impact of
oxygenation on tumours’ responses to radiation is therefore clearly a complex

one.

1.2 Head and Neck Cancers

The term head and neck cancer covers a range of different tumour types that arise
from one of 6 major sites: oral cavity, pharynx, larynx, nasal cavity, paranasal

sinuses and salivary glands. For the purposes of staging, prognosis and treatment,

14



1.2 Head and Neck Cancers

these major sites are broken down to further anatomical subsites. The pharynx
for example is divided into nasopharynx, oropharynx and hypopharynx, all of
which have different tumour staging rules and different therapeutic approaches
(James D. Brierley, Mary K. Gospodarowicz, Christian Wittekind 2017). Al-
though there are a wide range of different tumour types found in head and neck
cancer, over 90% of malignant pathologies found here are SCC that arise from the
mucosal lining. The majority of the other malignant subtypes arise from salivary
glands or are metastatic deposits from non local primary tumours (Hanna et al.
2008). The majority of head and neck cancers arise in the pharynx and larynx
and the incidence is increasing. According to Cancer Research UK, there were
approximately 8,800 cases of head and neck cancer in 2010 increasing to around
12,400 cases annually in 2018. Men are twice as likely to develop head and neck
cancer as females with the majority of cases being in people over the age of 50
(Cancer statistics 2018). These demographics are changing however due to the

increasing prevalence of human papillomavirus (HPV) infection.

1.2.1 Human papillomavirus

Historically, HNSCC were caused by tobacco smoking and alcohol consumption.
In recent years, a new distinct clinical and pathological variant of HNSCC that
affects the oropharynx has emerged, caused by HPV infection. HPV is a sexually
transmitted virus that has a worldwide prevalence meaning that an estimated 80%
of people will be infected by the virus at some stage of their adult life (Winer &
Koutsky|2004). Oropharyngeal HPV infection occurs following oral-genital trans-
mission and HPV related cancers are often seen in younger patients without any
history of smoking. The abundant lymphoid tissue in the oropharynx facilitates
the ready passage of lymphocytes and antigen presenting cells from the immune
system through the basement membrane enabling the efficient functioning of the
immune system. However it also allows HPV to traverse the basement membrane
and consequently infect the oropharynx (Scott-Wittenborn & Fakhry|2021)).
HPV is a DNA virus encoding up to 8 genes (Cosper et al.|[2021)). There
are over 200 different subtypes of HPV but only a relatively small number have

been determined to be high-risk for causing human cancers. The most common
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carcinogenic clones are HPV-16 and HPV-18 (Gottgens et al|2019) which are
well known for causing cervical cancer and are amongst the HPV subtypes that
the HPV vaccination and cervical screening program target (NICE 2022). HPV
can also cause vulvar, penile and anal cancers in the anogenital region (Scott-
Wittenborn & Fakhry 2021)). Once infected with HPV in the cervical region,
most women will clear the virus however 10% to 20% of women will develop
a persistent infection that can lead to carcinogenesis (Winer & Koutsky| 2004,
Scott-Wittenborn & Fakhry2021)). Despite increasing rates of HPV vaccination,
it is projected that the incidence of HPV associated oropharyngeal cancer will
continue to increase due to older people who are at greater risk of cancers in
general not having been vaccinated against HPV (Zhang et al.|2021)). The burden
of HNSCC is therefore likely to continue to increase in the foreseeable future.

HPV genes are divided into early genes that are involved in replication of the
viral genome and late genes that produce the viral capsid proteins. Of the early
genes, two known as E6 and E7 are known to be oncogenes (Ruttkay-Nedecky
et al.[2013)). In brief, E6 is known to bind the tumour suppressor protein p53
and mark it for proteasomal degradation. In a similar manner, E7 binds the
tumour suppressor protein retinoblastoma (Rb) and marks this for degradation.
The net result of the loss of these regulating proteins is that infected cells lose
the ability to arrest the cell cycle or apoptose or become senescent, helping to
establish replicative immortality, one of the hallmarks of cancer (Gottgens et al.
2019).

One of the most interesting facets of HPV related oropharyngeal malignancies
is that despite often presenting with grossly enlarged, cystic cervical lymph nodes,
these cancers have a significantly better prognosis than non-HPV related tumours
(Kimple et al[2013, Lassen et al. 2014, Mehanna et al.|2019, Daniels et al.|2020,
Riaz et al.[2021). Overall HPV related HNSCC has a more immunogenic tumour
micro environment, a lower mutation rate with fewer p53 mutations, higher ra-
diosensitivity and consequently improved prognosis (Gottgens et al.[2019). Such
improvements in clinical outcomes have generated significant interest in investi-
gating if HPV positive cancers can be successfully managed with reduced inten-
sity treatment in order to reduce acute and late toxicities whilst maintaining cure

rates. Despite promising results from early trials, de-escalation strategies have
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yet to be routinely adopted into clinical practice due to mixed results from phase
3 studies (Riihle et al.[20214a). In the UK, the De-ESCALaTE study caused sig-
nificant concern where the substitution of the monoclonal antibody cetuximab
for the standard chemotherapy drug cisplatin in patients being treated with rad-
ical chemoradiotherapy caused significantly worse 2 year overall survival (hazard
ratio 5.0 (95% confidence interval 1.7 to 14.7) (Mehanna et al.[2019). Although
HPV positive cancers are suspected to have a lower hypoxic burden than their
HPV negative counterparts (Lassen et al.|[2014, Sgrensen et al.[[2014), this does
not equate to all HPV induced cancers being normoxic and it may potentially be
this subgroup of hypoxic HPV related tumours that is confounding the outcomes
of de-escalation studies.

The 30 ROC trial provides evidence as to the importance of hypoxia in the
HPV positive subgroup of oropharyngeal cancers. This study randomised HPV
positive oropharynx participants to standard chemoradiotherapy versus a dose
reduced radiotherapy arm in those patients in whom hypoxia positron emission
tomography (PET) imaging at baseline revealed no hypoxia. All patients in the
intervention arm then underwent a planned neck dissection with a high rate of
complete pathological response found despite the de-escalated treatment (Riaz
et al.|2021). This has led to subsequent clinical phase 2 studies of this de-
escalated regimen (section (Lee et al.2024al)). The importance of hypoxia
status as well as HPV status should therefore not be dismissed when stratifying
patients into prognostic categories especially when such groupings are used to

guide therapy.

1.2.2 Epstein-Barr Virus

Another virus that has an aetiological role in the development of carcinomas of
the head and neck region is Epstein-Barr virus (EBV). EBV is a double-stranded
DNA herpes virus (human herpes virus 4 (HHV-4)) with a global prevalence in
adults of greater than 90%. Its most common clinical manifestation is infectious
mononucleosis (also known as Glandular fever) that commonly affects teenagers
and young adults (NICE |2024)), however latent EBV infection is known to be
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linked with a number of epithelial and lymphoid malignancies including EBV-
associated subtypes of gastric cancer and rarely breast, thyroid, salivary gland
and hepatobiliary cancers as well as Burkitt lymphoma and Hodgkin lymphoma.
The most common EBV associated epithelial cancer is however nasopharyngeal
carcinoma, a head and neck malignancy (Han et al.[2021).

Nasopharyngeal carcinomas arise from the epithelial lining of the nasophar-
ynx and are histologically classified by the World Health Organisation into 3
subtypes; keratinizing squamous cell carcinoma, non-keratinizing carcinoma and
basaloid squamous cell carcinoma with EBV infection being strongly associated
with the undifferentiated subtype of non-keratinizing carcinomas, which have a
better prognosis than other nasopharyngeal carcinoma subtypes (Badoual 2022).
There is significant geographical variation in nasopharyngeal carcinoma diagnosis
with East and Southeast Asia having the highest prevalence of the disease with
over 70% of global incidence of nasopharynx cancer occurring in this region. This,
combined with the fact that lifelong persistent EBV infection is known to occur
in over 90% of the world’s population (Su et al. 2023)) suggests a multifactorial
role for the pathogenesis of the disease with higher rates of smoking, consumption
of preserved foods with high levels of salt and underlying genetic predisposition
also being implicated as risk factors in addition to EBV infection (Wei & Sham:
2005, (Chua et al.|2016]).

Studies have demonstrated a clear clonal origin for EBV infections in na-
sopharynx caner with epidemiological research indicating early childhood EBV
infections also being significant for nasopharynx carcinogenesis (Poh et al.|[2016)
implying that EBV is involved in the early initiation of nasopharynx cancer (Su
et al. 2023)). Following the initial EBV infection, a life-long latent infection oc-
curs in memory B cells. The principle genes expressed in this latency are the
viral protein-encoding genes EBNA1, LMP1 and LMP2 in addition to two non-
coding RNAs and some micro RNAs (Nakanishi et al.|2017, Kraus et al.[[2017)).
These proteins have a wide range of effects on the host cells including inducing
genetic instability through suppressing NER via the PI3SK pathway as well as
dysregulation of cell cycle checkpoints and causing epigenetic changes including
DNA hypermethylation and histone modifications. In addition LMP1 and the
expressed RNAs can trigger inflammatory responses with EBNA1 additionally
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altering the balance of the tumour immune micro-environment in favour of im-
munosuppressive cells helping the developing cancer to evade the host immune
system. EBNAT can also increase the expression of VEGF thus promoting tu-
mour angiogenesis (Nakanishi et al.|2017, |Su et al. |[2023).

It has also been proposed that the development of hypoxic regions within
developing nasopharyngeal carcinomas may actually drive lytic EBV infections
in these areas via HIF-1la mediated activation of the EBV viral gene BZLF1.
Such lytic infections then lead to the secretion of a range of both host and viral
factors that can drive the further growth of the nasopharynx tumour (Kraus et al.
2017).

The role of EBV infection in the development of nasopharynx cancer is there-
fore complex with the exact molecular mechanism still to be fully elucidated.
Nevertheless the association of EBV with undifferentiated non-keratinizing na-
sopharynx carcinoma is so marked that measurements of plasma EBV DNA levels
post radiotherapy may be sensitive enough to identify those patients with an in-
creased risk of both local and distant disease recurrence. Such levels may also
correlate to overall survival duration. There are therefore on-going trials eval-
uating whether post-treatment plasma EBV DNA levels may guide the use of
additional (adjuvant) chemotherapy treatment post completion of curative intent

radiotherapy in order to increase cure rates (Kim et al[2017, Chan et al.|[2018).

1.2.3 Therapeutic approaches

Treatment options for head and neck cancers include both surgical and non-
surgical options with the choice of therapeutic approach being dictated by factors
including the tumour site, staging, baseline functional status of involved organs,
patient co-morbidities and patient choice. The ultimate aim of treatment is to
render patients cancer free with good quality of life and preservation of organ
function. However despite significant advances in treatment approaches, 5 year
survival rates still range from only 25% to 61% depending upon tumour subsite
(Machiels et al.|2020). Investigating ways to improve these rates, through target-

ing issues such as hypoxia mediated treatment resistance are therefore crucial.
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Surgically, HNSCC operations can range from localised laser therapy for early
stage glottic cancers through to extensive resections including total laryngo-
pharyngectomy and bilateral neck dissection. Depending upon the final surgical
pathology results, patients may be recommended to receive adjuvant radiotherapy
or adjuvant concurrent chemo-radiotherapy (CRT) (Bernier et al. 2004, [Hanna
et al. 2008). For locally advanced tumours with poor pathological prognostic
markers, such as incomplete surgical excision or the presence of extracapsular
nodal extension, it is possible for patients to end up receiving triple modality
therapy with surgery, radiotherapy and chemotherapy as well as potentially com-
pletely losing the function of the affected organ. Such aggressive treatments have
substantial short and long term physical, mental and psychological toxicity all of
which have a substantial effect on patients’ quality of life.

High dose radiotherapy or high dose CRT are treatment options for certain
HNSCC tumours that offer the potential for preservation of organ function with
at least comparable rates of cure to surgical treatments (Machiels et al.|[2020]).
Standard radiotherapy treatments for HNSCC are delivered daily for a period
of between 6 and 7 weeks to an equivalent dose in 2Gy/fraction of 70Gy to the
primary tumour and any cervical lymph nodes or cervical lymph node regions ei-
ther known to contain or with strong clinical suspicion of containing macroscopic
deposits of SCC. Cervical nodal drainage basins without macroscopic tumour
deposits but that have a 10-15% chance of containing occult metastatic disease
based upon extensive surgical series are also routinely treated with lower doses of
radiotherapy (equivalent to 50Gy in 2Gy/fraction) in order to eliminate micro-
scopic disease. The choice of treated nodal regions is dependent upon the location
and stage of the primary tumour and the presence and extent of metastatic lymph
node involvement (Biau et al.|2019).

The majority of HNSCC radiotherapy treatments are delivered using external
beam radiotherapy with high energy photon based treatment. Intensity modu-
lated radiotherapy techniques are preferred to older three-dimensional (3D) con-
formal therapies due to their ability to reduce dose to healthy organs in the head
and neck region thus reducing treatment related toxicity (Nutting et al.|[2011]).
There is also increasing interest in the use of proton radiotherapy in HNSCC in

order to spare late toxicity however access to proton facilities is highly variable
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globally, with the National Health Service (NHS) in the UK only having routine
access to two such facilities in 2024. In order to ensure successful treatment of
HNSCC, radiation doses must be planned to be delivered to volumes greater in
size than the observable gross primary tumour in order to account for microscopic
disease spread, tumour movement and errors in daily patient setup (Grégoire et al.
2018). This makes the delivery of radiotherapy to HNSCC a highly complex and
technical feat.

Chemotherapy is frequently used alongside radiotherapy. It may be deliv-
ered prior to radiotherapy in the form of doublet (cisplatin and 5-fluorouracil) or
triplet (cisplatin, 5-fluorouracil and docetaxel) combination neoadjuvant treat-
ment (Vermorken et al.[|2007)). However as this approach has not been proven in
meta-analyses to have an overall survival benefit it is most commonly reserved
for cases of rapidly progressive disease that require urgent treatment response.
More frequently, single agent chemotherapy most commonly in the form of cis-
platin is used in combination with radiotherapy to act as a radiosensitiser and
increase the efficacy of the radiation treatment albeit with the cost of increased
treatment related toxicity (Blanchard et al.[2011)). Cisplatin is a widely used,
intravenously administered chemotherapy drug that exerts its cytotoxic effect
principally through the formation of crosslinks in DNA. Such damage may be
repaired by the cell by for example NER however if this is not possible then
cell cycle arrest occurs, leading ultimately to cell death (Martens-de Kemp et al.
2013). In the case of the use of cisplatin as a radiosensitiser, the synergistic rela-
tionship requires cells to have a functioning DNA dependent kinase (DNA-PK)
dependent NHEJ repair mechanism. This repair pathway normally fixes DNA
double-strand breaks but in situations where such repair is not possible, it acti-
vates the regulatory protein p53 leading to cell apoptosis. A functioning DNA-PK
dependent NHEJ pathway is required for the synergistic effect of cisplatin and
ionising radiation to be realised (Boeckman et al.|[2005)).

In cases where cisplatin is contraindicated, the epidermal growth factor re-
ceptor (EGFR) inhibitor cetuximab may be substituted (Bonner et al.|2006). It
is known that EGFR expression can modulate tumour cells response to radio-
therapy via the RAS-RAF-MEK-ERK pathway which promotes HR DSB repair

thus reducing the chance of irradiated cells undergoing apoptosis (Baumann et al.
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2007). Cetuximab can thus function as a radiosensitiser. Trials have repeatedly
shown though that cetuximab is less potent a radiosensitiser than cisplatin in
HNSCC (Mehanna et al.|[2019} |Gillison et al. 2019, Gebre-Medhin et al.|[2021)).
Overall, the treatment of HNSCC with CRT is a highly toxic treatment with
patients often requiring temporary gastrostomy or nasal feeding tube to support
their nutrition. High doses of opiate analgesia alongside a plethora of support-
ive medications are usually required. In addition, patients need a substantial
level of physical and emotional support to tolerate the treatment and a complex
medical multidisciplinary team (MDT) consisting of physicians, radiographers,
dieticians, speech and language therapists and psychologists is required. Despite
these barriers, most patients do manage to complete their treatments however,
with the possible exception of HPV associated oropharyngeal cancers, overall
survival rates remain poor with significant rates of metastatic disease and lo-
cal relapse post radiotherapy treatment, in part due to tumour hypoxia driven

radioresistance.

1.3 Modification of Hypoxic Radioresistance in
Head and Neck Cancers

The potential for hypoxia modification to affect radiotherapy treatment outcomes
has been the source of numerous clinical trials in a range of tumours. In a seminal
review article published over two decades ago, Overgaard & Horsman| (1996)
found over 10,000 patients had been enrolled in such trials but only hypoxic
modification in head and neck cancers had a significant improvement in post
radiotherapy locoregional control (odds ratio 1.31, 95% confidence interval (CI)
1.19 to 1.43).

A further 2011 meta-analysis, specific to HNSCC confirmed the benefit of
hypoxia modification for patient outcomes from radiotherapy. Although most of
the 32 trials included did not show statistically significant outcomes individually,
the authors note that many of these trials were small in size (median number
of patients per trial being only 73) and therefore were individually underpow-

ered. The authors grouped the hypoxic modification used into 3 subgroups;
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normobaric oxygen, hyperbaric oxygen and hypoxic sensitiser but found that
local-regional control rates remained statistically significantly better regardless
of method (Overgaard 2011)). Despite this result, hypoxia modification of radio-
therapy for head and neck cancer has yet to become standard practice in the UK
or most of the world.

In a review article on hypoxia in clinical trials, [Tharmalingham & Hoskin

(2019) suggest that hypoxia modification strategies fall into 4 broad categories:
1. Increased oxygen delivery by the blood
2. Radiosensitising oxygen mimetics
3. Destruction of hypoxic cells
4. Reducing tumour cell oxygen consumption

Attempts at improving the delivery of oxygen to head and neck tumours has
been tried using blood transfusions (Hoff et al.[2011]) and human recombinant ery-
thropoiesis stimulating drugs (Overgaard et al.[2018). Unfortunately these trials
did not show any benefit or resulted in worse patient outcomes. A more success-
ful hypoxia modification approach for the treatment of laryngeal cancer has been
the use of accelerated radiotherapy with carbogen and nicotinamide (ARCON)
where carbogen is a gaseous mixture of 95% oxygen and 5% carbon dioxide and
nicotinamide is an orally deliverable water-soluble form of vitamin B3. The ratio-
nale is that carbogen increases arterial oxygen concentration thereby decreasing
diffusion limited hypoxia whereas the vasoactive agent nicotinamide decreases
perfusion limited hypoxia. Although there was no improvement in local tumour
control, regional control was improved in the intervention arm (5 year control
rates of 93% versus 86%, p=0.04). Interestingly, a translational aspect of this
study revealed a greater impact on outcomes of the ARCON regimen in tumours
with greater hypoxic burden as assessed via the exogenous hypoxia marker pi-
monidazole and provides insight into the need for accurate patient selection for
hypoxia modification therapies (Janssens et al.[2012).

The use of bioreductive drugs that become activated in regions of low oxygen

tension, to target hypoxic radioresistant regions is illustrated by the results of
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the phase 3 HeadSTART trial. This was a randomised control trial investigating
the addition of the antitumour drug tirapazamine to patients having radical head
and neck chemoradiotherapy. Despite promising early phase trials, the results of
this study showed no benefit from the addition of tirapazamine. This trial did
not attempt to stratify participants based on tumour hypoxia though and the
authors acknowledge the potentially very significant limitation of not doing this
(Rischin et al.|2010a)).

The most widely researched hypoxia modification approach is that of oxygen
mimetics, mainly in the form of nitroimidazoles such as misonidazole and the
5-nitromidazole, nimorazole (Wardman/ 2007, Janssens et al.2012)). These drugs
are so called ‘electron-affinic’ meaning that they increase the radiation sensitivity
of hypoxic cells through stabilising free radicals produced by the incident radia-
tion. The DAHANCA-5 trial was the first randomised controlled trial to find that
the addition of the hypoxic cell sensitiser nimorazole to standard radiotherapy
for supraglottic and pharyngeal tumours improved locoregional control and dis-
ease specific survival (Overgaard et al.[[1998). Consequently, the Danish national
guidelines recommend the routine use of nimorazole (DAHANCA 20200). How-
ever, this approach has not been widely adopted outside of Denmark. This may
be in part due to the original trial not finding a statistically significant increase
in overall survival (Overgaard et al.[1998)) and that radiotherapy techniques have
made significant improvements in recent years casting doubt on the relevance of
this trial for modern day treatments (Thomson et al.|2014). In addition, prede-
cessor drugs of nimorazole caused significant levels of peripheral neuropathy in
patients (Saunders et al./[1978| |Overgaard et al. [1989)) and so although the side
effect burden of nimorazole is considered manageable (the most common side ef-
fect being nausea and vomiting (Metwally et al.|2014])), without strong evidence
of significant clinical benefit with modern day treatment approaches, clinicians
have been wary in adopting nimorazole into routine clinical practice (Overgaard
2007, |Ang 2010)). Nevertheless, there remain on-going clinical trials evaluating
the clinical role of nimorazole in the management of HNSCC.

The combined European Organisation for Research and Treatment of Can-
cer (EORTC) and Danish Head and Neck Cancer Group (DAHANCA) trial
(EORTC-1219 / DAHANCA-29) randomised patients with locally advanced HPV
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negative HNSCC between accelerated chemoradiotherapy plus/minus nimorazole
with the application of a 15-gene hypoxic signature to stratify patients with
greater levels of tumour hypoxia (EORTC[2022). Preliminary results of the trial
presented at the European Society for Radiotherapy and Oncology (ESTRO)
conference in 2021 revealed that recruitment to the trial was closed prematurely
due to an interim safety review showing no benefit from the addition of the hy-
poxia radiosensitiser, although the reduced power of the study trial precludes
firm conclusions on the utility of nimorazole (Grégoire et al.[2021)). Of note, the
radiotherapy treatment planning for all participants of this trial was subject to
strict quality control between the study groups in order to minimise the risk of
confounding of results based upon radiotherapy treatment quality; a critique that
has been levelled at radiotherapy trials in the past (Christiaens et al.|2017, Tol
et al.[2019).

Similarly, the UK based NIMRAD study which looked at the addition of ni-
morazole to radiotherapy for older patients ineligible for concurrent chemoradio-
therapy failed to show a benefit from the addition of the hypoxic radiosensitiser
(Thomson et al. 2023)). This study was initially designed to achieve a power of
90% at the 5% significance level for a hazard ratio benefit of 0.65 but struggled
with recruitment meaning a revised recruitment target was devised with a con-
sequential reduction in the power of the study to 80% for an upwardly revised
hazard ratio of 0.5. The study did not demonstrate any statistically significant
difference in locoregional recurrence or overall survival with the addition of ni-
morazole within the limitations of the revised study power. The NIMRAD study
also used a 26-gene hypoxia classifier to identify more hypoxic tumours although
hypoxic tumours were defined as those with a score greater than the median
hypoxic signature score of the first 50 participants. The lack of a reference ex-
ternal to the study meant that by definition, approximately 50% of the tumours
in whom the signature was obtained were classified as hypoxic (Thomson et al.
2023). In addition, the hypoxic signature was not prognostic for either the overall
or HPV-negative cohort which raises questions over the utility of this stratifica-
tion approach despite the fact that the authors state this gene signature has been
previously validated (Eustace et al|2013). The NIMRAD trial team are also
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working with the DAHANCA group to use their alternative 15-gene hypoxic sig-
nature on the NIMRAD data; the results of this analysis are awaited (Thomson
et al.2023). The DAHANCA-30 trial is an on-going additional nimorazole trial
with a non-inferiority design to assess the hypothesis that nimorazole offers no
benefit to less hypoxic tumours as assessed with the 15-gene hypoxic signature
(DAHANCA|2021]).

An additional approach to overcoming hypoxia induced radioresistance is to
modify the oxygen enhancement ratio (Overgaard [2007)). It could be considered
that proton therapy falls into this category. The TORPEdO trial is currently in-
vestigating the benefit of proton therapy over photon therapy in HNSCC (Price
et al.[[2020)) as is a similar Danish study (DAHANCA|2020a). Although the in-
fluence of hypoxia on treatment outcomes is not a facet of this trial, studies have
found that the oxygen enhancement ratio of proton beams are lower than pho-
tons implying that proton therapy may offer a radiobiological advantage against
hypoxic tumour cells (Iwata et al.[2014). An alternative but less widely available
option is the use of carbon ion radiotherapy, which has been shown to have OER
close to 1 (Wozny et al.|2020).

Pre-clinical evidence has also suggested that the emerging radiotherapy tech-
nique known as FLASH may also overcome hypoxia mediated radioresistance.
FLASH radiotherapy refers to the delivery of radiation at significantly greater
dose rates (approximately 40 Gy/s compared to 0.5 to 5 Gy/min for conventional
radiotherapy) which can increase the radiobiological therapeutic ratio by increas-
ing the radiation tolerance of normal tissues (Matuszak et al.[2022). A pre-clinical
study using HNSCC, lung adenocarcinoma and glioblastoma xenografts has found
that FLASH was superior to conventional radiotherapy in tumours treated under
acute severe hypoxia. The authors present transcriptomic evidence suggesting
that this improvement in tumour control was due to inhibition of cell cycle pro-
gression, in particular from increased expression of the p53 effector growth arrest
and DNA-damage-inducible protein 45 (GADDA45) (Leavitt et al.[2024). However
current clinical use of FLASH is extremely limited principally due to the radiation
dose being delivered using standard energy electrons thereby restricting its use
to superficial tumours only (Bourhis et al. 2019, Matuszak et al.[2022). FLASH
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therefore remains a theoretical clinical utility for overcoming hypoxia mediated

radioresistance.

1.4 Modifying Radiotherapy Treatment Plans

to Overcome Hypoxia

Instead of modifying the underlying hypoxic radiation resistance, an alternative
approach to managing hypoxia is to boost the radiation dose delivered to the
tumour or hypoxic subvolumes (Horsman et al.|2012)) with the later approach
requiring hypoxic regions to be accurately identified and mapped.

Dose escalation strategies have been previously attempted in HNSCC outside
of the consideration of hypoxia, largely driven by poor overall survival rates in
patients with higher risk factors, including non-HPV related tumours, those with
a heavy smoking history and locally advanced disease stage (Ang et al.[2010).
Although these studies have shown that it is feasible to perform dose escalation
in HNSCC, the studies tend to be small in size and have shown mixed results
regarding locoregional control rates and overall survival (Atwell et al.[2020)) hence
such treatment strategies have yet to be routinely adopted in clinical practice.
The phase 3 ART DECO trial for example randomised patients between stan-
dard chemoradiotherapy and a dose escalated and hypofractionated regimen in
the treatment of larynx and hypopharynx tumours. Although this was designed
as an adequately powered, prospective study it was closed early due to a pre-
planned interim futility analysis showing no evidence of a benefit in the inter-
vention arm. Although the dose-escalated arm had worse rates of lower grade
pharyngeal mucositis (grade 2), there was no difference in rates of severe (grade
> 3) side effects between the arms implying that dose escalations could be safely
delivered (Nutting et al.[2021).

Targeted dose escalation studies have therefore been performed looking at
restricting escalated doses to tumours or regions of tumours with greater levels
of tumour hypoxia. Theoretical dose escalation planning studies have shown the
feasibility of using hypoxic PET imaging to guide radiotherapy dose escalations to

hypoxic subvolumes whilst maintaining acceptable doses to normal tissues (Grosu
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et al.|2007), Lee et al.| 2008, [Thorwarth & Alber |2010, [Hendrickson et al.| 2011,
Chang et al|[2013, |Servagi-Vernat et al.2015)). Clinically, this approach of dose
escalating hypoxic PET derived tumour hypoxic subvolumes was investigated in
a randomised phase 2 clinical trial evaluating dose escalation to 77Gy to such
regions of HNSCC based on pre-radiotherapy treatment imaging. Unfortunately
the trial closed early due to slow accrual rates however it found that not only
did the presence of pretreatment hypoxia on imaging have a clear, statistically
significant prognostic impact on local control rates at 5 years but dose escalation
in the hypoxic group also improved local control rates. The dose escalated group
had an 84% 5 year local control rate compared to 65% in the control arm albeit
not statistically significant (p=0.150) potentially due to the premature closure of
the study (Welz et al.|2022).

Nevertheless, there is on-going interest in this area with currently active trials
including the DAHANCA-33 trial looking at dose escalated radiotherapy in HPV
negative locally advanced HNSCC with pre-treatment hypoxic PET imaging ev-
idence of hypoxia (Saksg et al.|2020) and the German ESCALOX trial where a
translational part of this dose escalation study will correlate clinical treatment
outcomes to pre-treatment hypoxic PET based tumour hypoxia assessments (Pig-
orsch et al[2017).

An alternative approach to radiotherapy treatment dose modification based
upon imaged levels of tumour hypoxia has been demonstrated in phase 2 clinical
studies in HPV related oropharyngeal HNSCC. As previously discussed, HPV
related oropharyngeal tumours are known to have a significantly better prognosis
than HPV unrelated cancers although treatment de-intensification trials in this
patient group have been unsuccessful so far (section [1.2.1)). [Lee et al| (2024a)
postulated that this may be in part due to inappropriate stratification of patients
into lower risk groups and therefore this group have looked at only de-escalating
therapy in those patients whose tumours do not show baseline tumour hypoxia or
in those tumours where hypoxia resolves within the first 1-2 weeks of treatment
based on hypoxic PET imaging. This trial treated all primary tumours with
upfront surgery and then treated neck nodal disease with chemoradiotherapy.
They found that despite heavily dose de-escalating the intervention arm dose

to involved lymph node to only 30Gy from the standard dose of 70Gy, the 2
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year locoregional control was not compromised (Lee et al.[|2024a)). Crucially, the
team have expanded this work in a further phase 2 trial to de-escalate radiation
dose to 30Gy to non-hypoxic primary tumours and in an abstract presented at
the 2024 American society of clinical oncology (ASCO) meeting, confirm that
survival was still preserved in the intervention arm (Lee et al. |[2024b)). This
exciting development may help to reduce late toxicity without compromising
cure rates and represents a novel application of hypoxia guided therapy, however
confirmation of these findings from a phase 3 trial are required.

It is clear to see that one of the likely flaws in older hypoxic modifier trials
relates to inadequate stratification of tumours by hypoxic burden consequentially
potentially masking or at least reducing the significance of hypoxia modification
approaches. Routinely available, widely utilised, quality assured and accurate
methods of discriminating HNSCC tumours with greater and lesser hypoxic bur-
den are critical if hypoxia modification strategies are to be widely adopted into
routine clinical practice (Horsman et al|2012, Dewhirst & Birer| 2016, Hughes
et al.|2019, Busk et al.|[2020)).

1.5 Determining Tumour Hypoxia

In a review article on the issue of measuring hypoxia in tumours, |Overgaard

(2007)) stated there are 3 principal methods of performing this:
1. Direct measurement of the amount of oxygen

2. Measurement of the ability of hypoxic regions to chemically reduce specific

compounds

3. Detection of hypoxia induced gene activation of molecular activity

1.5.1 Direct O, measurement

The first studies to measure oxygen levels in head and neck cancers were per-
formed using the Eppendorf electrode. This system directly measures oxygen

concentrations through the use of polarographic oxygen electrodes (Busk et al.
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2020). Early studies used this method to prove the association between low lev-
els of oxygen in tumours and worse treatment outcomes (Nordsmark et al.|[ 1996
Brizel et al.[[1997) (1999, Nordsmark & Overgaard 2000, Rudat et al.|[2000, |2001],
Dunst et al. 2003, Nordsmark et al.[2005). Although the results from these trials
are very compelling, the technique has a number of limitations meaning it has not
been adopted into clinical use. The technique is invasive, requiring the insertion
of electrodes into the areas of interest. In the case of head and neck cancers, not
all tumours are accessible enough to allow this to happen and patient tolerance
of such an invasive procedure is likely to be limited especially with respect to
repeat assessments. The system also measures interstitial oxygen tension rather
than intracellular concentrations and is unable to differentiate between hypoxia
and areas of necrosis. In addition, it has its lowest sensitivity in regions of lowest
oxygen concentration due to the low amplitude currents associated with hypoxic
tissue regions. It is also difficult to produce 3D maps of hypoxic regions using
this technique and due to electrochemical reduction, the probe consumes small
amounts of oxygen thus altering the molecular environment through performing
measurements (Griffiths & Robinson||{1999, Busk et al.|[2020)). An alternative to
the Eppendorf probe is a fibre-optic oxygen sensor called OxyLite. Whilst still an
invasive measuring device this does overcome some of the limitations of the Ep-
pendorf probe including have a high sensitivity in the 0-15 mmHg oxygen tension
level that is of particular interest in tumour hypoxia studies (Griffiths & Robinson
1999). Other, as yet less utilised approaches to directly measuring oxygen con-
centrations include electron paramagnetic resonance spectroscopy (Schaner et al.

2020) and phosphorescence imaging (Palmer et al.[2010).

1.5.2 Bioreductive compounds

One of the most widely used hypoxia markers are the 2-nitroimidazole compounds
and their derivatives which were originally developed as hypoxic cell radiosensi-
tisers. The nitro group present on these compounds can undergo a six-electron
intracellular reduction to an amino group (NHs) but at oxygen partial pressures
below approximately 10 mmHg, one of the intermediary products produced is

a highly reactive substance that readily forms covalent bonds with intracellular
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components in particular with thiol groups in proteins, peptides and amino acids.
Regions of intracellular tumour hypoxia can therefore be determined from the dis-
tribution of in-vivo administered 2-nitroimidazole compounds either histologically
or via labelling the compound with an imaging tracer (section (Gross et al.
1995, Kizaka-Kondoh & Konse-Nagasawa 2009, Horsman et al.[2012)). Pimonida-
zole is one such 2-nitroimidazole derivative that is available in an intravenous (IV)
injectable form. Following IV administration pimonidazole will preferentially ac-
cumulates in areas of reduced oxygen tension. If the tumour is then surgical
excised or biopsied, usually at least 16-24 hours after pimonidazole administra-
tion then the distribution of the pimonidazole and thus tumour hypoxic regions
can be determined from immunohistochemistry (IHC) using monoclonal anti-
bodies for pimonidazole (for example, the commercially available Hypoxyprobe
(Hypoxyprobe|2024)). This technique has been extensively validated against al-
ternative tumour oxygen measurement techniques (Raleigh et al.[1999] Ljungkvist
et al.[ 2000}, Bussink et al.|2000).

Although the extent of tumour hypoxia can be assessed through the whole
tumour, this histological approach requires surgical resection of the tumour and
thus is of limited clinical use when knowledge about tumour oxygen distributions
may be required prior to initiation of therapy and in circumstances where tu-
mours are either unresectable or it is clinically preferred to follow a non-surgical
therapeutic approach. Although pimonidazole staining can be performed on tu-
mour biopsies, such results will be confounded by sampling error and thus may
have limited clinical utility. In addition, pimonidazole assessments are limited by
the requirement for adequate perfusion of the tissue of interest and the fact that
the outcome is a binary metric that does not quantify the level of tissue oxygena-
tion. Nevertheless pimonidazole staining has been widely utilised in pre-clinical
and clinical studies often as a reference hypoxia indicator for comparison with

hypoxia imaging techniques.

1.5.3 Hypoxia induced gene and protein expression

An alternative approach to the measurement of oxygen concentrations is the

measurement of the upregulation of genes and proteins in tumours in response to
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hypoxia. As previously discussed, the cellular response to hypoxia includes the
upregulation of the expression of a number of cellular proteins. THC techniques
to assess the levels of these proteins can therefore serve as a surrogate marker
for cellular hypoxia. Such measurements have found levels of tumour hypoxia
correlating with THC expression of CAIX, HIF-law and p53 (Nordsmark et al.
2007, Sato et al.| 2013| |[Norikane et al. 2014, |[Nicolay et al. 2020, [Ruhle et al.
20215)).

IHC determined levels of HIF-1a in tumour biopsy samples have been cor-
related to treatment outcomes in a range of tumours including cervical, lung,
breast and HNSCC (Semenza [2003). In oropharyngeal head and neck cancers,
Aebersold et al.| (2001)) found that the degree of HIF-1a immunoreactivity was
an independent predictor that inversely correlated with response to radiotherapy
in both primary tumours and metastatic lymph nodes. However the use of HIF
expression as a marker for hypoxia needs some notes of caution; although hy-
poxia leads to decreased degradation of HIF-1a, growth factors, cytokines and
other signalling molecules can act independently of oxygen levels to increase HIF«
synthesis (Semenza 2003). For example mutations in VHL and phosphatase and
tensin homolog (PTEN) can act as loss of function mutations (tumour-suppressor
genes) and mutations in the gene that encodes for the protein human epidermal
growth factor receptor 2 (HER2) as gain of function mutations (oncogene) to in-
crease expression of HIF-1a independent of oxygen concentration (Semenza 2003
Hanahan & Weinberg 2011)).

In addition to IHC measurements on tumour biopsies, serum or plasma levels
of proteins associated with hypoxia have been investigated as surrogate markers
of tumour hypoxia (Sgrensen & Horsman|2020). One such protein that has been
investigated is osteopontin (OPN) a multifunctional protein that has high levels
of expression in chronic inflammatory conditions and autoimmune diseases. It
has also been linked to tumour hypoxia with high levels correlating to increase
tumour hypoxia and worse prognosis in HNSCC (Overgaard et al.|2005], [Petrik
et al. [2006). However, there are concerns with inconsistent measured levels of
OPN and inconsistent correlations across trials meaning it has yet to garner

clinical use (Sgrensen & Horsman|2020).
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More recently, interest has focussed on the use of hypoxic gene signatures to
differentiate tumours with lower and higher hypoxic burdens. Initially, expression
of single genes was investigated, but maybe rather unsurprisingly these studies
were broadly unsuccessful due to the complex interplay of factors in addition to
hypoxia that affect levels of gene expression (Sgrensen et al.|2007)). As such multi-
gene hypoxic signatures have been developed. These are typically built upon a
backbone of genes involved in glucose and extracellular matrix metabolism, and
apoptosis (Thiruthaneeswaran et al.2021) in addition to well-recognised hypoxia
inducible genes such as CAIX, VEGF and GLUT-1. These backbones are then
augmented by additional candidate genes either identified from in vitro experi-
ments or clinical gene expression data (Sgrensen & Horsman 2020)). Correlation
of gene expression data derived from tumour biopsy samples to clinical tumour
oxygen tension measurements then allows refinement of the gene predictor which
is then tested on a clinical validation cohort of patients (Yang & West [2019)).
In HNSCC, four such hypoxic gene signatures of varying complexity have been
developed and tested for prognostic or predictive utility; a 99-gene signature
for recurrence free survival (Winter et al.|[2007), a 51-gene prognostic signature
(Buffa et al|[2010) and a 26-gene modification of this signature for laryngeal
cancer (Betts et al|2013] Eustace et al.2013), and a 15-gene signature for pre-
diction of response to the radiosensitiser nimorazole (Toustrup et al.[2011} 2012}
Deschuymer et al.|2020)). The recent large scale NIMRAD (Thomson et al.|[2023)
and DAHANCA-30 (DAHANCA|2021)) clinical trials have used these 15 and 26
gene assays respectively to attempt to stratify tumours as more or less hypoxic
(section [L.3).

Gene and protein expression techniques rely on surrogate markers of hypoxia
and therefore require well powered, accurate validation studies to negate the
possibility of artifactual associations. The majority of tumour hypoxic gene sig-
natures are also disease specific which limits the generalisability of this hypoxia
assessment technique. Gene and protein expression techniques are also both in-
vasive approaches, requiring adequate samples of tumour tissue. Although this
may be possible to perform on routinely obtained clinical biopsies, it does limit

their role in repeated assessment of tumour hypoxia especially if re-assessment
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during radiotherapy treatment is required as any changes in the tumour or sur-
rounding tissues’ anatomical relations needs to be avoided during treatment to
maintain the integrity of the radiotherapy process. In addition, any technique
that requires a tissue sample will be inherently sensitive to sampling errors. It
is known that tumour hypoxia is heterogeneous and so sampling of one area of
the tumour may lead to an under appreciation or overstatement of the true level
of tumour oxygenation. Techniques that can offer a map of tumour hypoxia and
facilitate re-assessment during therapy to allow for temporal mapping of hypoxia

would offer potential solutions to these issues. This leads us to hypoxia imaging.

1.5.4 Hypoxia Imaging

The most widely studied hypoxic imaging techniques are positron emission to-
mography based (Horsman et al.|2012)). PET works on the principle of matter-
antimatter annihilation; a radioisotope that decays via positron emission is in-
jected into a patient bound to an appropriate pharmaceutical whose properties
determine the distribution of the positron emitter in the body. Emitted positrons
interact with surrounding electrons within a couple of millimetres via an anni-
hilation reaction producing two 511keV energy photons that travel in opposite
directions. Scintillation crystals connected to photomultiplier tubes detect these
photons and if two photons are detected within a few nanoseconds of each other
it is assumed that they originated from the same point which will lie along a line
joining the points of detection. By detecting large numbers of these so-called
events and correcting for attenuation in the photon paths, maps of the distribu-
tion of the tracer can be obtained (Vaquero & Kinahan|2015)). The power of PET
is that the contrast is governed by the relative abundance of tracer accumulation,
which depends upon the pharmacokinetic properties of the tracer used and thus
can provide functional information pertaining to the underlying tissue. The most
commonly used positron emitter in clinical imaging is ' F, a radioactive isotope
of fluorine that decays 96.73% of the time by positron emission, with a physical
half-life of 109.77 mins (S. Y. F. Chu & Firestone|/1998)).

The most commonly used PET imaging in oncology is ®F-fluoro-2-deoxy-D-

glucose-PET (FDG-PET). This positron emitting glucose analogue detects cancer
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cells via their energy dependency on glycolysis and their consequential abnormal
utilisation of glucose (Warburg effect). One such driver of tumour glycolysis is the
upregulation of glucose transporters and glycolytic enzymes through activation
of HIF. Clearly, HIF activation is related to tumour hypoxia however it can
also be activated via other non-hypoxic means including genetic mutations and
stimulation from growth factors (Dierckx & Van de Wiele/[2008). Consequently,
although FDG-PET uptake may indirectly reflect tumour hypoxia the interaction
is complex and unreliable (Dierckx & Van de Wiele |2008|, (Gouel et al.[2023).

In hypoxic PET imaging, the ¥ F positron emitter is attached to 2-nitroimidazole
derived bioreductive drugs that preferentially accumulate in hypoxic regions of
the body (section [1.5.2)). Fluorinated-misonidazole (FMISO) was the first and
therefore the most widely studied 2-nitroimidazole based PET tracer, however it
has a number of clinical limitations principally due to the relatively slow clear-
ance of unbound tracer from normoxic cells which limits the achievable contrast to
noise ratio and prolongs the time required between tracer injection and imaging.
Newer, less lipophilic tracers such as the second generation tracer fluoroazomycin
arabinoside (FAZA) and the third generation agent flortanidazole (F-HX4) have
a faster rate of unbound tracer clearance and therefore help to overcome these
limitations (Chen et al. 2012, Busk et al.2020). FMISO however remains the
most frequently used hypoxic PET radiopharmaceutical globally. Table com-
pares different hypoxic PET tracers and alternative magnetic resonance based
techniques for tumour hypoxia assessment.

The accuracy of hypoxia PET has been compared to histological specimen
hypoxia staining in preclinical studies (Rasey et al. 1996, [Horsman et al.| 2012,
Hughes et al.[2019). A significant number of trials have been published showing
the utility of hypoxia PET imaging in head and neck cancer. The majority of
these trials have looked at using pre-treatment hypoxia PET in a prognostic role
by correlating measures of tumour hypoxic burden to outcomes from standard
HNSCC therapy (Rajendran et al.|2006, Welz et al.|2017, Thorwarth et al.|2019|
Sorensen et al.[2020, Zschaeck et al.|2020, |Carles et al.|2021)). These studies have
confirmed the adverse prognosis of tumour hypoxia. Other studies have looked
at assessing change in hypoxia during chemoradiotherapy (Zschaeck et al.|2015|
Zegers et al. 2016, [Lock et al|[2017). A 2019 systematic review of this topic
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suggested that the optimal timing of such functional imaging to assess response
to treatment is between 2 and 3 weeks into treatment (Martens et al|[2019).
This suggests that it is the failure of hypoxia to resolve rather than the presence
of hypoxic regions per se that is most important to treatment outcomes and is
consistent with the radiobiological phenomenon of re-oxygenation. However, as
previously discussed (section hypoxic tumour regions may harbour quiescent
tumour cells that can retain a radioresistant phenotype despite re-oxygenation.
This suggests that there may be two different processes at play; one related to
failure of tumour regions to re-oxygenate during treatment and the other relating

to baseline hypoxia induced radioresistance.

36



1a

Tumour Hypox

ining

1.5 Determ

NS 103304 SpoIk

‘Surdewt YN
uojoid paiepuej)s opis3uoe poawiojiod aq ue)) e

‘s[eae] ue3Axo
Inowng 9INSBIW WD UOTPOL[Ul [einowng 3091
-Ip IO suors[nwe AJ se suoqiedoionyrad Sur
SUIRIUOD o JO UOHRIISIUIWPY  “UO[FRIFUSD

suoqaeooronpgred jo uorposlur [einowny 30911 @ -soanssoxd ok J <
-u0d> UaSAXO POAJOSSI M A[IeSUI] SOsBAID I39WTX0
‘dgp O3 PoUN} [100 YIN sa1mboy e reryaed ue8Ax0 JO juowIssass®  dAljejIjURLY) @ POATOSSIP ! 'L outt
-ur suoqresoionpgied jo ojel uorjexear [y HIN dgp HIN
‘sejr[oqelawW jo uonqrilsip dew
Hioqes ¥ HUQLISIp *I9A0UINY [[90 JO IO)IRW S® Oljed aulje
‘S}USUISSISSE UOIY 07 Sui8euwr o1doosorjoads wrojred 01 [e1JUSI0] e 010 Jouionp o[durExe 10j ‘SOYOqEIOW 1OYIO
-nquisip [eneds sprun yoreoxdde [9xoa-o[SuIg e ‘(sworoqejowr csossE Mms [ X 4 Hed 1 3
S rame— A e uep sjpuswruoiraus 100od ud!
L_____U°qezed] I90UED DOU pue pedY Ul mowmy) sej[oqeldw jo ofurI SSISSR  URD) @
[ T -Axo0 ur uorjonpoid paseaidoul o} anp erxodAy
0002) ['1e_39] UOT)RUSISAXO INOWNY) 0 S[PAD] 9)ejOR] JO UOIIR] -yuowrdinbo 3 <
— Inowmj I0j IaxIew ojeforins e se Ajrsusjur SHIN
- 3 Jo1 s s s d
91100 SUIPILSDI SAIPN)S WIOIJ SOUWIODINO POXIJN @ WIN [BOIUI[D pIepue)s Ym pawiojrad aq ue)) e o3e300] jo juowssosse ordoosorioeds w0301 wor01g -,
‘SJULUISSISS®
yeadal gruur] AW YDIYM SSOP UOIjeIpelr SUISIUO] @
‘Aedop ®19q
puv uossiuo uonisod Juoﬂ\mmg §4E20p Do '90n0s uoyrsod se N o SIS[) "UOISUIY UST
‘a[qe[reae A[OpPIM j0U I9DRJ
1921 1epLa 3 e -AXO MO[ JO seaIe Ul SUOIJRIJUSIUOD IB[N[[AD
*ONSSI} DTJ0ID9U UT 9)B[NWNDOE UR)) @ JERERLA Y
-eIJUI paseaIdul 0} SuIpes] suor}ipuod osrxod
‘pesiIejorIRyd A[[NJ j0U puw LHAd o1xodAy isyjo ueyj uorjonpoid isisey e <
-Ay Iopun peonpail st pue Ajiiqeswtad aueiq INSLV
xordwod st £31A1909[9s ©IXOdAY JO WSTURYIDIN @ ‘SONSSIY [RUWIIOU WOIJ 9OURIBI[D ISB @ wowm Iy 03 ONp SO OJUL SOSTIP IGOTAL no a4
! ! ! 9
_mmomv ‘1% 19
INQ@L lmNo ‘SJUOMSSOSS'
yeadar jruar] AW YOIyM 9SOP UOoIjerpel Sursruoy e ‘OSIINA 02 pareduwoo
E E *OSINA anssI} orxowrrou pue drxodAy ueamiaq JseIjuod d
: ue uno
E uer} paIpnjs sso] puer ojqe[rear A[OpIm sso] e[ oSewr pesordwl puB 9OUBILD[D IB[NOSBA I9ISB @ OSIINA wets p
-wod  o[ozeprwioijiu-g  OqdoipAy 210N VZVd-dg; | LAd
‘SJULUISSISS®
jeadar jruar] AW YOIYM 9SOP UOIRIPRI JUISIUO]T e ‘suo1301paid aUI0dINO JULUIJRAI} PUR SISNIRUL
‘suoryisinboe a8ewil Suo| A[earje[ey e ®IXOdAY Inowing 9AIJRUIL}[R O} UOI}R[IIO)D) @ o 1015
‘ux ur parejsiurua
E E ‘SuiSewr pue uords(ur usemiaq Aousje| Suog ‘100®1y THJ 3 AL UL POIoisiiipy
‘[e°g71] woryoes) spunoduroo ojozepruwioriiu OSINA
@ SuBOW POO[( WOIJ ddUeIes[d MO[s A[oalje[oy e[ werxodAy oa[qe[reae pue poaIpnjs A[POPIm SO e
-z Jo Ajangoefes  eixodAy uo  peseqg “dgr IAad
§90UUD[IY sabojuvaposiyq sabvjuvapy, wSIUDYI2 AT POy N 2dA],

"‘Ad00s01100dg 9oURUOSOY J1POUSRIN SY N

“uetueouryuy uolyexe[ol spidry sursew] Ag ueSAx() Jo Sutddejn FTIFOJN ‘O[OZRPIUOSTUI-PaIRULIONY (ST ‘opisoulq

-RIR UIDAWOZROION] Y7 ‘90URUOSOY Oljousewrered UOIR[H YJH ‘(Puozeqreorussory)jAyjow-f N )siq-[A100 1D JWS.L YV

“eIxod AT mowmjy Surmseswr 10 Surdew Jo SPOYJOU A PAIYRUIS) R pue s1odel} JHJ 21xodAY jo uostreduio)) :1°T o[qe],

37



ia

Tumour Hypox

ining

1.5 Determ

‘sinowny [eryredns 2I0W 03 PajIuul @
‘uoryeusa8Axo
0202) Jo uornquuysip [eryeds UO uOIPRUWIIOIUI POIIWIT @
‘rouueds YJH soImbay e
S(digpLx o1qissod sjusweanseouwr prde
(dld4x0 14t i preed o *SUOI)RIJUIOUOD UISAXO 9ALI
'89) s[errerewr aur[[eIsAI> 10 sajernorjred uoq ‘squawrssosse jeador wiojrod ue) e : .
f : . . -op 07 oqoiad-uids YyJy o1ouSewered & pue
¥002) -1e0 ‘saqouid a[qnjos oq urd YoIym aqouid o1joule ‘s[eAd]
. . ue3AX0 Ie[NOd[OW JO SuOId9[e palredun oyg A13omIIX0
_@ -wrered Suisues-uaSAxo jo juewede[d serrnboy e ueSAxo jo einssoid [erjred [enjoe oALIOD UR)) e . :
uoem)aq uoljdeIajuUl oSueydxe-urds SosIIIN) uda HIN
((TdN-"O)
‘s[oas] prdi] mof yirm o8ueyd I7, [eqOI8 ueY] S[EA9] ULSAXO JInow
smowrny oj o[qeosrdde o ou Aew 910010 -ny Ul soSueYDd 0} OAI}ISUSS DIOW I SOYBU Id
3 03 |rqesIy q ¥ JoIo} 3 ur Yo 03 2AII I sey 3 .!noﬂowmv ueBx0 [eyuswarddns yaia
pue simownj jo juajuod prdi] 9Yyj) 03 9AIISUSS @ -em uer) pidi] ul uaSAXo jo AJI[IqN[OS I9)RAIL) @
s o o B oy uopgexerds Ly, pidi tnowmy ur agueyn HTION HIN
d g 0% Pauny 100 YN s24mbay e
‘eixodAy o9
‘ayeydsoyd orueldiour Jo 3JIYs [ITWLYD
uorjIppe ut siojoe] ojdinuw Aq padusanyur 91|
eIA s[oao] Hd Ie[n[[eo ssesse os[e ue) A1
-oqejow 99eydsoyd se uorjelardisur xajduroy) e ‘jueuIjRaI} M
-[iqe[reae usSAxo pue asoon[d rern[eEd uodn
‘K31AT30® so8ueyo l1ojruowr 03 poajeadar A[Ipeal oq ue)) e
e ) ) juepuadep st uorjonpoad ssoym osuryesrdoyd
OI[0QeJOW I9MO] YIIM 9SOY) PUE SINOWNj) [[ews ‘snje)s uorpeuaSAxo
-soyd pue sejeydsoydri) aprsos[onu se yons
ur A3A1yIsues pue uorynjosal [erjeds Surgruwaip pue AS1oue IR[N[[ED YjOQq O} Paje[dI ST YITYM
N T . y o . . sojrjoqelowr ojeydsoyd ASroua-ySry wera sor
SYIN uojoid uey) KJIAI}ISUSS OAIJR[SI JIOMOT @ WSI[OQRIIW INOWNY} Jo uorpedoyjuenb sepraolJg e
-10810ud Inowny jo juswssosse doidoosorjoadg SUIN d ¢ TN
"dgp ©F PaUN] [100 YIN S24Inbay e sefoze
mDON.E “LHd 03 pexed -o[qissod sjuowssosse jeodoy] e gy JO FUSUISSOSST ordoosoxyoads uo -prurornu
‘1z002) -wod AJIAIIISUDS I9MO[ Ul SUI}[NSOI MO[ A[9AIrR ‘uorjeIpel SUuISTUOL JO 9sn ON e poseq suonIpuod drxodAy ur sejozepruioI I K4 pojed
E [ ST J g JO UOI30030p JO 03BI pue opnjru3eIy e ‘dgy 103 Ag1oy1oads YI1H e "¢ peojruLIong JO UORE[MUINOOE IB[N[[OIEI} -tongjo
-ut ssesse 0} I Hd 0% oAljeuId)[e paseq YN SN dgy N

“ponunuod [TT] o[qe],

38



1.5 Determining Tumour Hypoxia

1.5.4.1 Hypoxia MRI

An alternative imaging technique that can use functional information to generate
contrast is magnetic resonance imaging (MRI). The physics underpinning MRI is
reviewed in chapter [2 One of the strengths of clinical MRI is its potential ability
to generate image contrast based upon underlying functional information rather
than purely anatomical information. There are a range of acquisition techniques
that provide differing functional information as well as differing spatial anatom-
ical information. It is common for a single patient imaging session to consist
of multiple different MR imaging techniques, known as multiparametric MRI
(mpMRI) (McRobbie et al.|2017). The use of mpMRI has proven particularly
useful in oncological imaging and is now generally considered the standard of care
for prostate cancer diagnostic investigations for example (Stabile et al.|[2020).
One of the most studied functional MRI approaches to the issue of hypoxia
and a routine component of mpMRI is dynamic contrast enhanced MRI (DCE-
MRI). It is routine clinical practice to use the rare earth metal gadolinium as a
contrast agent in standard oncological MR imaging. Gadolinium is strongly para-
magnetic and therefore reduces T} relaxation times. Following IV administration
of gadolinium the contrast agent enters a tumour’s microcirculation through feed-
ing arteries before entering the tumour capillaries. However tumour angiogenesis
tends to produce blood vessels that lack normal physiological control with the
capillaries being particular ‘leaky’ (Bernstein et al.2014)). As such gadolinium
tends to concentrate in tumours thereby producing a marked shortening of T
times and thus appearing with increased signal intensity on 7} weighted imaging.
DCE-MRI is a contrast agent based MRI technique most commonly with gadolin-
ium that uses dynamic image acquisitions over the order of minutes to track the
changing distribution of contrast in an area of interest. By fitting mathematical
models to the distribution of contrast agent concentration with time, parameters
can be derived that correlate with physiological factors including blood perfusion
and vascular permeability that in turn govern tumour hypoxia. The most com-
monly used model in the clinical setting is that of the two compartment model
of [Tofts et al.| (1999) where the parameters used include the contrast agent con-

centration as a factor of time (which also requires a model of the arterial input),
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1.5 Determining Tumour Hypoxia

haematocrit (Hct), extravascular extracellular volume fraction (v.), and a fac-
tor known as the transfer rate constant (K™#"*) which reflects the rate at which
gadolinium contrast moves from the blood plasma into the tissue extravascular
extracellular space, the vascular permeability (Gaustad et al.|2020).

Pre-clinical models have shown correlations between DCE-MRI parameters,
in particular K" with tumour hypoxic fractions, metastatic potential and tu-
mour sensitivity to ionising radiation (Gaustad et al.|2020)). There are also clin-
ical studies in a range of tumour sites illustrating the utility of DCE-MRI in
hypoxia imaging (Perez et al.2023)), including in nasopharynx head and neck
cancer where DCE-MRI parameters have been correlated with IHC markers of
hypoxia (HIF-«) and cell proliferation (Huang et al.|2021)). However, DCE-MRI
does not directly measure oxygen concentrations but instead provides parameters
that describe oxygen delivery and consumption; namely blood perfusion and per-
meability (Perez et al.[2023). This therefore has implicit limitations for assessing
tumour tissue hypoxia.

Other potential indirect MRI approaches to determining hypoxia include mag-
netic resonance spectroscopy (MRS) and diffusion weighted imaging (DWI). MRS
uses the principles of magnetic resonance to produce spectra of the concentra-
tion of metabolites. Although not used to detect tissue oxygenation directly, it
can detect metabolic products that are increased in hypoxic environments such
as lactate as well as associated changes in tissue pH levels (Ratai et al. [2018]).
DWTI uses the Brownian motion of water to determine tissue cellularity based
upon the apparent degree of water diffusivity. Combining DWI and DCE-MRI
derived parameters in mpMRI may yield more reliable surrogate markers for tu-
mour hypoxia than DCE-MRI alone, as evidenced in HNSCC by Wiedenmann
et al. (2020) who found that mpMRI parameters differed significantly between
normoxic and hypoxic tumour regions. However neither imaging method directly
measures oxygenation levels but instead rely on surrogate markers of tumour
hypoxia relating to blood perfusion, permeability and cell density (Perez et al.
2023). As such, correlations between these parameters and tumour hypoxia need
to be interpreted with caution and the risk of significant confounding be carefully

considered.
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1.5 Determining Tumour Hypoxia

An MRI technique that is more directly reliant on oxygen concentrations is
blood oxygen level dependent MRI (BOLD) where contrast is generated in pro-
portion to the level of oxygen saturation of haemoglobin. Oxyhaemoglobin has
no unpaired electrons and therefore is weakly diamagnetic in contrast to deoxy-
haemoglobin which has 4 unpaired electrons and is therefore strongly paramag-
netic (McRobbie et al.[2017)). Changes in the oxy to deoxyhaemoglobin ratio can
thus alter the MRI parameter of T relaxation time (Rj relaxation rate) thus
measuring local perturbations in 73 relaxation times can provide information
about local blood oxygenation levels which can be used as a surrogate marker of
tumour oxygenation.

Pre-clinical studies in non head and neck tumours have linked changes seen on
BOLD with tumour oxygenation levels (Rickard et al.|[2019)). In head and neck
cancers, this technique has been used to demonstrate cycling hypoxia in human
tumours (Panek et al.[2017)). Dynamic imaging of ten patients with HNSCC was
performed to map temporal changes in Rj relaxation rates over 1 hour (with a
temporal resolution of 30s). By performing voxel-wise power spectrum analysis,
underlying periodicities of fluctuations were derived which the authors proposed
are linked to impaired tumour vasculature and thus cycling hypoxia. There was
however no correlation identified from the metrics in this study and levels of
chronic hypoxia as determined by pimonidazole staining. The extended imaging
time required in this study is worthy of note as this would significantly hamper
any future routine clinical application. BOLD measurements are also limited in
their tumour hypoxia assessment due to being susceptible to motion artefacts and
the fact that the effect itself is modulated by intravascular oxygen concentration
and not tissue oxygen levels, which is the parameter that is of ultimate interest
when considering the effect of tumour hypoxia on cell metabolism and treatment
response. In addition, BOLD measurements are heavily influenced by blood vol-
ume with interpretation of BOLD imaging in the context of tumour hypoxia
being highly challenging without this parameter. Studies have shown markedly
different R} relaxation rates with changes in tumour blood volume (Taylor et al.
2001, Rodrigues et al.|2004, Min et al.|2016).

OE-MRI, also known as tissue oxygenation level dependent MRI (TOLD)

is an alternative MRI technique for imaging hypoxia whereby image contrast
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1.5 Determining Tumour Hypoxia

is generated in proportion to changes in 77 relaxation times in direct response

to tissue oxygen concentrations (figure [1.3). Due to the presence of unpaired

2000
- 1800
| 1600

- 1400

Figure 1.3: Illustrative example of different types of 77 based MR imag-
ing - Example images from a patient with head and neck squamous cell carci-
noma illustrating the difference between conventional T weighted imaging (A),
corresponding quantitative map of 7 relaxation times (B) and oxygen induced
quantitative AT} map (C). Within the highlighted malignant nodal mass (yellow
contour), regions of oxygen induced 7; shortening (blue) implying normoxia are
clearly seen. Distinct oxygen refractory regions (white/red) are also identifiable

which imply either hypoxic or non-perfused areas.

electrons, molecular oxygen is weakly paramagnetic thus elevated concentrations
of dissolved oxygen in blood plasma increase the longitudinal relaxation rate
(Ry = 1/T3) of tissues including tumours (Tadamura et al.[1997, Arnold et al|
2007). In well oxygenated tumour regions, haemoglobin is well saturated. If the

patient were to breath high concentration oxygen this would result in increased

dissolved molecular oxygen both in blood plasma and interstitial tissue fluid with

a consequential reduction in T; times / increase in R; relaxation rates:
ARl = Rl(t) - RI(O) = A[OQ]'TLOQ + A[Hb].’f’lle, (12)

where (o) is the initial R, rate, R the R; rate at time ¢ after commencing
high concentration oxygen, A[O,] and A[Hb] the change in concentration of dis-
solved oxygen and haemoglobin and 7 o, and 7y g3, the corresponding relaxivity

constants. In reality the haemoglobin component is very small and therefore A Ry
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1.5 Determining Tumour Hypoxia

can be considered to be proportional to the change in dissolved oxygen concentra-
tion (O’Connor et al.|2019). In regions of tumour hypoxia where haemoglobin is
less well saturated, the administration of high concentration oxygen preferentially
leads to an increase in oxy-haemoglobin concentration over dissolved molecular
oxygen levels. Consequently T, times are relatively invariant but R} rates may
decrease due to the decrease in deoxyhaemoglobin concentration by virtue of the
BOLD effect.

Thus by administering high concentration oxygen to patients and performing
dynamic 77 mapping, areas of hypoxia can be identified from a lack of change
in Ty times (figure . This theory has been validated in pre-clinical models
and early clinical studies (Hallac et al.[[2014 |Linnik et al.|2014) |Dewhirst & Birer:
2016, |O’Connor et al.| 2016, Salem et al. 2019). A scoping review of the role of
OE-MRI in the assessment of tumour hypoxia is presented in chapter [3|

MRI scans offer many potential advantages over PET scans. From a health
economics perspective the cost of establishing OE-MRI scanning is significantly
less than hypoxic PET. The National Institute for Health and Care Research
(NIHR) cost tool lists the basic cost of a partial body PET scan as £1,484 as
opposed to a head and neck MRI scan with contrast at £389 (NIHR/2020). The
additional cost of oxygen and a mask for OE-MRI is negligible relative to that of
an additional radio-pharmaceutical for hypoxic PET. From a patient perspective,
MRI scans do not result in additional radiation exposure and are often shorter in
total duration than PET once the delay between having the radioisotope injected
and imaging is considered (usually between 1 and 4 hours) (Grimes et al.|2017).

From a technical perspective one of the limitations of any medical imaging
technique is matching the spatial resolution to the scale of changes of clinical
interest. The typical in-plane resolution of a clinical PET scan is of the order of
~4mm? to lem? whereas MRI can achieve 3D spatial resolutions down to <1mm?
(Vaquero & Kinahan |2015| Dewhirst & Birer|2016} Grimes et al.[2017). Molecular
oxygen has a diffusion distance of the order of 80 to 100um (Thomlinson & Gray
1955)) and pre-clinical animal experiments have shown that oxygenation levels can
change from normoxic to radiobiologically significant hypoxia within distances of
this order. The oxygen level represented by a single imaging voxel therefore

represents a composite of the true underlying heterogeneous oxygen distribution.
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1.5 Determining Tumour Hypoxia

Normoxia

Hypoxia

R,* rate

Figure 1.4: Diagrammatic representation of theory behind OE-MRI -
Theoretical basis of OE-MRI. Top row shows a normoxia situation whereby whilst
breathing room air (left), the haemoglobin (Hb) is essentially saturated with oxygen
(O2) forming oxyhaemoglobin (HbO3z) meaning that when supplemental oxygen is
administered the additional oxygen manifests as molecular oxygen dissolved in
tissue fluid and blood plasma (right). This consequently reduces the T} relaxation
time due to the weakly paramagnetic property of dissolved oxygen but has minimal
impact on the R rate due to the relative invariance of the oxy to deoxyhaemoglobin
ratio. Conversely in hypoxic regions the haemoglobin is unsaturated on room
air and therefore additional oxygen preferentially binds to form oxyhaemoglobin
resulting in an unchanged 77 time but a reduction in the R3 rate due to the relative

increase in oxyhaemoglobin concentration.
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1.6 Conclusion

This partial voluming effect means we run the risk of missing significant, but
small areas of hypoxia on PET which may be more reliably assessed on MRI
(Grimes et al.[2017).

1.6 Conclusion

In summary, hypoxia is a crucial factor that drives the development of more ag-
gressive tumour phenotypes that display increased resistance to chemotherapy,
immunotherapy and radiotherapy treatments. Tumour hypoxia is a particular
issue for the radiotherapy treatment of HNSCC that confers a significantly worse
prognosis. Techniques to overcome hypoxia mediated radioresistance either via
medications that reduce its significance such as hypoxic radiosensitisers and biore-
ductive drugs, or via increased radiation doses exist but trials of such techniques
have had mixed results. Stratification of patients by tumour hypoxia extent or lo-
cation may improve appropriate patient selection for such trials. Hypoxic imaging
is an appealing approach to this issue due to its non-invasive nature and potential
to provide spatial information on the distribution of hypoxia as well as the abil-
ity to repeat the imaging during treatment. Whilst hypoxia imaging techniques
exist, they are not widely available in clinical practice. A hypoxia imaging tech-
nique based on changes directly related to tissue oxygen concentration that has
the potential to be readily deployed in cancer centres worldwide due to its lack
of additional specialist equipment is OE-MRI.

The research detailed in subsequent chapters of this thesis assess the utility of
performing OE-MRI in patients with head and neck cancer for the assessment of
tumour hypoxia using equipment available in a standard NHS hospital. Chapter
reviews the basic physics behind MRI acquisitions before a scoping review of
the current research landscape of OE-MRI in tumours is presented in chapter
Bl Chapter [ presents the research hypothesis, aims and objectives and details
the clinical study design with the results of the initial assessments performed
in developing the OE-MRI technique for use in HNSCC presented in chapter
Bl Results from the clinical study are presented in chapters [0] to [§ with final

conclusions drawn together in chapter [J] along with suggestions for future work.
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Chapter 2

MRI Physics

2.1 Introduction

The physical principles of nuclear magnetic resonance were first elucidated during
the middle part of the 20 century. The application of these principles to the
production of medical images and the creation of the field of MRI ultimately led
to the award of the 2003 Nobel Prize in Physiology or Medicine to Paul Lauterbur
and Sir Peter Mansfield. In this chapter a brief overview of the underlying physics
principles governing the generation of MRI is presented along with a review of
the principles of quantitative T} determination which is fundamental to tumour

hypoxia assessment via OE-MRI.

2.2 Signal Creation

MRI is based on the principle of nuclear magnetic resonance (NMR) and in par-
ticular, due to its abundance in the form of water in the human body, the mag-
netic resonance of the hydrogen nucleus (equivalent to the subatomic particle
of the proton, *H). The fundamental principles of MRI are based on subatomic
quantum-mechanical phenomena, however a working knowledge of MRI can be
obtained using a classical mechanics approximation which will be the focus of
this brief introduction. However the generation of the initial magnetic moment

that is manipulated to generate the MRI signal does require a brief consideration
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2.2 Signal Creation

of quantum mechanics.

All atomic and subatomic particles possess a property called spin. Like charge,
spin is a fundamental property of nature whose magnitude cannot be changed
(although its direction can be altered). Spin confers intrinsic angular momentum

(p) and also a magnetic moment (u) on particles such that:

p=yp =yhm, (2.1)

where 7 is the gyromagnetic ratio (/27 = 42.56MHz/T for a proton), h is
Planck’s constant and m is the nuclear angular momentum quantum number.
The magnitude of spin is quantised implying it takes discrete values only. In
the case of the proton, spin is discretised to 2 values; m = %, known as “spin-up”
and m = —% known as “spin-down”. In thermal equilibrium these spin states
are degenerate. However in the presence of an external magnetic field (By) this

degeneracy breaks down with the resulting energy states F,, given by:
E,, = —m~YyhDB,. (2.2)
The difference between proton states is thus:
AFE = ~vhB,. (2.3)

In classical statistical mechanics, the distribution of protons between the two

spin states is described via the Boltzmann distribution:

Number spin down AFE vh By
=exp| — | =ex
Number spin up PAET PAT%r )

(2.4)

where k is the Boltzmann constant (1.38 x 10723 JK~!) and T is the absolute tem-
perature. At body temperature and with a standard clinical MRI field strength
of 1.5T, we find that this ratio is 1.00001. This difference, although small, is what
generates the net magnetic moment M, that is manipulated to generate the MR
signal.

By applying a radio-frequency (RF) pulse (B;) orthogonal to the direction
of By at the resonant frequency of protons (f = vBy = 63MHz at 1.5T) the
orientation of the initial longitudinal magnetisation (My) is tilted away from the

orientation of By (longitudinal axis, M,). The magnitude of this tilt is known as
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2.2 Signal Creation

the flip angle (FA) and is proportional to the strength and duration of By. A 90°
pulse tips M, fully into the transverse plane (M,,). When B is turned off, the

protons return to their initial state through two independent processes:

1. Loss of energy from the spins to surrounding tissues causing gradual recov-
ery of the longitudinal magnetization to achieve thermal equilibrium. This
is known as spin-lattice relaxation and is characterised by the relaxation
time 77 (or relaxation rate Ry = 1/T7) such that:

M (t) = My(1 — 1), (2.5)

2. Rapid dephasing of spins in the transverse plane due to small perturbations
in the spin precessional frequencies. This spin-spin relaxation is charac-

terised by the relaxation time 75 (or relaxation rate Ry = 1/7%) such that:

M,, = Mye =/, (2.6)
However inhomogeneities in the main magnetic field accelerate T decay,

characterised by the relaxation time 7% such that:

L _ 1, AB
2

(2.7)

where 7 is the gyromagnetic ratio and AB, is the inhomogeneity in the

primary magnetic field.

Although recovery of magnetisation along the longitudinal axis (7} recovery)
and decay of magnetisation in the transverse plane (7, decay) are independent
of each other, they do occur simultaneously although typical tissue T values are
several times longer than 7T, times meaning that for a 90° RF pulse, the transverse
magnetisation fully decays significantly before the longitudinal magnetisation re-
turns to its baseline value (McRobbie et al.|2017). Figure illustrates typical
Ti recovery and 15 decay curves.

The magnitude of the relaxation time for a particular tissue of interest can be
manipulated in clinical practice through the administration of contrast agents.
The vast majority of clinically used contrast agents are IV administered gadolin-

ium based. Gadolinium is a rare-earth metal that has seven unpaired electrons
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M 0 o' M
Xy z
T1 recovery
--------------------------------------------------------------------- 0.63M,
0.5M, - H0.5M,
0_37Mo.
O | | | | \O
100 500 1000 1500 2000 2500 3000

Time (ms)

Figure 2.1: T} and 75 relaxation curves - Example T} recovery and 75 decay
curves for a representative tissue with a 77 time of 500ms and 75 time of 100ms.
T1 recovery and T» decay occur simultaneously but independently of each other.
T recovery is characterised by the 77 time which is the time required for the
longitudinal magnetization (M) to return to (1 —1/e) (approximately 63%) of its
initial value (My). T5 decay is characterised by the 75 time which is the time taken
for the transverse magnetisation (M) to decay to 1/e (approximately 37%) of

its maximum value. Figure adapted from Chapter 8, McRobbie et al.| (2017) with
curves plotted using MATLAB based on equations [2.5] and
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2.3 Spin Echo

meaning that it is strongly paramagnetic; when placed in a magnetic field the
gadolinium forms induced magnetic fields in the same direction as the main field.
This results in the shortening of T} times for tissues in the vicinity of the con-
trast agent in proportion to the concentration of accumulated gadolinium which
in turn is governed by a range of factors including a tissue’s vasculature and
perfusion characteristics as well as the pharmacokinetics of the contrast agent
(McRobbie et al.[2017)). In a similar physical manner, molecular oxygen (O,) has
two unpaired electrons and is therefore also paramagnetic and will thus also tend
to reduce 17 times, albeit to a significantly smaller magnitude than is achievable
with gadolinium (Tadamura et al.|[1997)).

The basic MRI signal is obtained by detecting a voltage induced in a receiver
coil by the transverse component of the magnetization. This is known as a free
induction decay (FID). However, in order to make this an imaging technique
additional magnetic fields (known as gradient fields) are required to spatially
encode the magnetisation precession frequencies before measuring the magnetic

resonance signal by creating what is known as an echo.

2.3 Spin Echo

Figure shows an illustration of a basic spin echo (SE) pulse sequence. Follow-
ing an initial 90° RF pulse, an additional 180° ‘refocussing” RF pulse is applied
to reverse the dephasing of the spins in the transverse plane and thus generate
an echo. As the 180° refocusing RF pulse completely reverses the spatially in-
variant decay caused by magnetic field perturbations, SE sequences are governed
by genuine T5, decay.

The signal is acquired in what is known as frequency-space (k-space) meaning
that in order to create the final image, the frequency domain data is transformed
into the spatial domain using the two-dimensional (2D) fast Fourier transform
(FFT). This means that to spatially locate the magnitude of an MR signal, we
need to locate this in frequency space. Thus, by manipulating the frequency and
phase of the measured signal before the application of the refocussing pulse, the

MR signal can be spatially encoded in the frequency domain.
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Figure 2.2: Basic Spin Echo Pulse Sequence - Illustration of a standard 2-
dimensional spin echo pulse sequence where G, is the slice select gradient, Gpg is
the phase encode gradient and Gpp is the frequency encode or readout gradient.

TE = echo time and TR = repetition time.
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2.3 Spin Echo

By applying a gradient along the imaging slice direction (Ggsg) concurrent
with the RF pulses, a slab of tissue can be selected for excitation where the
precessional frequencies of the spins in the slab match the RF frequency. This
process is repeated for each required 2D slice. Phase and frequency encoding
gradients can then be applied in discrete steps for the phase encoding (Gpg) and
as a continuous field during the signal readout for the frequency encoding (Grg)
in order to fully spatially encode the signal. It is possible to phase encode a
signal in multiple directions and thus a true 3D image can be constructed via
phase encoding in 2 orthogonal directions with frequency encoding performed in
the final direction. However, due to the requirement to perform phase encoding
in discrete steps, this significantly prolongs the imaging acquisition time.

The level of contrast in the acquired MR image is dependent upon both the
underlying properties of the imaged tissue (tissues 77 and T, relaxation times
and the proton density (PD)) and the imaging parameters used to acquire the
sequence. Two key parameters of the imaging sequence are the repetition time
(TR) and the echo time (TE).

The TR refers to the gap between successive RF excitation pulses (90° RF
pulses in the case of SE) and is a major determinant of the overall imaging ac-
quisition time as it determines the wait that must be endured between successive
excitations to allow recovery of the longitudinal magnetization. Techniques exist
to allow faster acquisitions (such as turbo spin echo (TSE) / fast spin echo (FSE))
but a review of these techniques is beyond the scope of this discussion. TE refers
to the time from the initial RF pulse to the centre of the acquired echo and thus
dictates how much 75 decay occurs before the signal is acquired.

Thus for a SE sequence, image acquisitions with short TR and short TE tend
to minimise 75 decay and T} recovery and thus produce images where the contrast
is principally 7T} weighted. Conversely, sequences with long TR and TE allow
significant 7T} recovery for the range of 7T} times in a tissue but have significant

T decay and thus produce predominantly 7, weighted images.
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2.4 Gradient Echo

2.4 Gradient Echo

In contrast to SE, gradient echo (GE) uses a single initial excitation RF pulse.
The frequency encoding magnetic field gradient is then used on its own to generate
the echo (figure . There is an initial dephasing of the spins by applying the
readout gradient in the opposite direction before it is switched to the full readout
gradient.

As previously discussed, T mediated relaxation after the RF pulse results
in recovery of longitudinal magnetization. However if the TR is less than that
required for full 77 recovery, repeated RF pulses eventually result in a situation
where recovery of the longitudinal magnetisation for each TR interval is equivalent
to that tilted into the transverse plane. This is the definition of steady state
formation. One of the benefits of GE imaging is the ability to reduce the TR
using this steady state approach, thus allowing more rapid image acquisition than
is possible with SE. Considering the transverse magnetization in this situation,
if the TR is not significantly greater than the 73 time there will be residual
transverse magnetization present when subsequent RF pulses are applied which
would contribute to the measured signal. There are 3 basic approaches to dealing

with this magnetization:
1. Wait for it to fully decay (Unbalanced GE)
2. Utilise it to increase the size of the signal (Balanced GE)

3. Remove it from affecting the final measured signal (Spoiled GE)

2.4.1 Spoiled Gradient Echo

Spoiled gradient echo (SPGR) refers to the removal of residual transverse magne-
tization by the use of additional spoiler gradient fields and by varying the phase
angle of the RF pulses. By spoiling the residual transverse magnetization before
the application of subsequent RF pulses, SPGR can be made heavily T} weighted.

In addition as GE can readily be performed in 3D this makes it an ideal sequence
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Figure 2.3: Basic Spoiled Gradient Echo Pulse Sequence - Illustration of
a 2-dimensional spoiled gradient echo pulse sequence. o = FA of the RF pulse, ¢
= phase angle of the RF pulse. G4; = slice select gradient, Gpr = phase encode
gradient and Ggg is the frequency encode or readout gradient. TE = echo time

and TR = repetition time.
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2.5 Measurement of 77 Relaxation Times

for rapid repeated 77 based volumetric imaging. The equation for the signal
intensity for SPGR (Sspgr) is given by (McRobbie et al.[2017):

sin(a) - (1 — e TR/TY) . e~ TE/T2

1 — cos(a)e~THR/T: ’

Sspar = Mo (2.8)

where « is the RF flip angle.

It can be seen that for a given TR and T} time, there exists a FA that max-
imises the signal intensity. This is known as the Ernst angle and is given by
(Ernst & Anderson![1966)):

QFrnst = arccos (e_TR/ Tl) . (2_9)

2.5 Measurement of 77 Relaxation Times

The discussion so far has focussed on generating images with the level of contrast
present dependent upon the relaxation times amongst other factors. However, it
is possible to measure the relaxation times themselves to allow quantitative MRI
to be performed. There are a number of different ways to clinically map 7T times
each with their own advantages and disadvantages. We shall briefly mention the

three most commonly used methods (Stikov et al.|[2015]).

2.5.1 Inversion Recovery

As previously discussed, the T time dictates the rate of recovery of longitudinal
magnetization following an RF pulse. Formally, this recovery is dictated by the
Bloch equation.

If a 180° RF pulse is applied before a standard SE imaging sequence, the
transverse magnetization will be completely inverted before the image is acquired.
By delaying the application of the imaging sequence for a period of time after this
so called inversion pulse, the magnitude of the subsequently measured signal is
dependent upon the extent of longitudinal recovery that has occurred between the
180° pulse and the imaging sequence. This time delay is known as the inversion

time (TI) and this method of 77 mapping is known as inversion recovery (IR).
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2.5 Measurement of 77 Relaxation Times

In the situation where the TR is at least 5 times a tissue’s 1) time thus
allowing full recovery of the longitudinal magnetization between RF pulses, the
measured signal intensity (St) from an IR sequence with known TI time for a
given tissue 7 can be simplified to (McRobbie et al.[2017)):

—TI
STI:SQ |:1—2'>\6Xp< T >:|, (210)

1

where A is known as the inversion efficiency parameter.

It can therefore be seen that the 77 time of a tissue can be estimated from a
non-linear fit of the signal intensity versus the TI time. If dynamic 7} mapping
is required, this can be accomplished via first acquiring a baseline T} map using
multiple IR times before obtaining the dynamic data using a single IR time.
Dynamic 77 times can then be estimated using the ratio of signal intensities
(Huen et al.|2013).

Although often considered the gold standard method for 77 mapping, IR meth-
ods are relatively slow due to the requirements for the TR to be at least five times

the T time of interest and for imaging using at least five different TI times.

2.5.2 Look-Locker

A modification to the standard IR methodology of 77 mapping is the Look-Locker
or modified Look-Locker inversion recovery (MOLLI). Essentially, the standard
initial inversion pulse is used but rather than acquiring a single reading, data is
continuously acquired resulting in measurements at different effective TI times.
This data is fitted to an exponential recovery curve with correction factors needing
to be applied to determine T times (Aherne et al.|2020). Although widely used
in cardiac imaging (Messroghli et al.||2004, |Aherne et al.[[2020)), this technique
does not offer the ability to readily produce 3-dimensional 77 maps and thus its

use in tumour 7} mapping is likely to be limited (Bluemke et al.|2022al).

2.5.3 Variable Flip Angle

An alternative to IR based techniques is the variable flip angle (VFA) technique

that uses repeat applications of a standard SPGR sequence. As shown by [Fram
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2.5 Measurement of 77 Relaxation Times

et al. (1987)), it is possible to rearrange equation into its linear form:

sin(a)  tan(a)

S, S
SPGR SPGR _~TR/Ty |, (1— e TR/MY (2.11)

where Sspgr is the signal intensity associated with a flip angle o and p is a factor
proportional to the equilibrium longitudinal magnetization, which in the situation
where TE>>T? as is the case in clinical imaging, is equal to M.

For an imaging sequence with a fixed TR and TE and acquisitions with FA «,
the 7} time can thus be determined from the gradient of a plot of Sspgr/ sin(«)
against Sspar/ tan(q):

T = —T—R. = E, (2.12)
In(gradient) |k

where for two FA «a; and as:

b —1In (dE -sin(a) - c(.)s(al) — s%n(al) : cos(a2)) | (2.13)
dE - sin(ag) — sin(aq)

and dF is the ratio of the signal intensity from a PD-weighted image (low FA ay)

divided by the signal intensity from a Tj-weighted image (FA ap).

In order to determine 7} times in this manner, it is necessary to have at least
two acquisitions with different FA. In fact [Wang et al.| (1987) showed that for a
given TR/T; ratio there exists a pair of FA that maximises the precision in the T}
calculation and that this pair of FA produces results that are either comparable or
superior to using multiple evenly spaced angles but with the benefit of a decreased
acquisition time. This does however assume a single TR /77 ratio and also assumes
a priori knowledge of the 77 time being measured to determine the optimal FA.

As this technique uses a simple SPGR sequence then it is readily possible to
produce 3D T} maps in a rapid manner thus allowing repeated 77 mapping with
temporal resolutions of the order of seconds. This technique is however sensitive
to spatial variations in the RF pulse angle, a limitation which is particularly
pronounced at field strengths of 3T and above. Consequently, for clinical T}
mapping on 37T scanners and stronger a map of the variations in the FA (B
map) is required (Stikov et al.|2015).

For the OE-MRI research study sequence, the VFA approach to T} estimation

was therefore used to produce 3D T} maps in as rapid time as possible thus both
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2.6 Conclusion

allowing dynamic measurements of 77 times with oxygen delivery as well as min-
imising the overall image acquisition time. In addition, as all study acquisitions
were performed on 1.5T scanners then in order to avoid unnecessarily extending

the imaging time, formal B, mapping was not performed.

2.6 Conclusion

In this chapter the principles of NMR and the basic application of this to medical
imaging in the form of SE and GE based MRI have been reviewed. An overview
of clinical approaches to T} mapping has also been presented, with a particular
focus on the VFA approach which is the principle methodology used for the

clinical OE-MRI experiments presented in this thesis.
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Chapter 3

T based oxygen-enhanced MRI
in tumours; a scoping review of

current research

3.1 Abstract

Background and method

OE-MRI or TOLD is an imaging technique under investigation for its ability to
quantify and map oxygen distributions within tumours. The aim of this review
was to identify and characterise the research into OE-MRI for characterising hy-
poxia in solid tumours. A scoping review of published literature was performed
on the PubMed and Web of Science databases for articles published before 27"
May 2022. Studies imaging solid tumours using proton-MRI to measure oxygen
induced T;/R; relaxation time/rate changes were included. Grey literature was
searched from conference abstracts and active clinical trials. The search results
were updated on 10*® March 2024.

Results

49 unique records were identified on the original search that met the inclusion
criteria consisting of 34 journal articles and 15 conference abstracts. The updated
search identified an additional 5 articles satisfying the inclusion criteria (exclud-

ing publications relating to this thesis). The majority of articles were pre-clinical
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3.2 Introduction

studies that were performed in a range of tumour types and demonstrated con-
sistent correlation of OE-MRI with alternative hypoxia measurements. No clear
consensus on optimal acquisition technique or analysis methodology was found.
No prospective, adequately powered, multicentre clinical studies relating OE-MRI
hypoxia markers to patient outcomes were identified.

Conclusions

There is good preclinical evidence of the utility of OE-MRI in tumour hypoxia
assessment however there are significant gaps in clinical research that need to be
addressed to develop OE-MRI into a clinically applicable tumour hypoxia imag-

ing technique.

3.2 Introduction

The presence of biologically significant hypoxia in tumours has been known since
the work of Thomlinson and Gray in the 1950’s (Thomlinson & Gray|1955). More
recently it has been shown in a range of different tumour types that the presence
of oxygen concentrations below 10mmHg in tumours results in significantly worse
radiotherapy and chemotherapy treatment outcomes as well as increasing the risk
of distant metastases (Dewhirst et al.|2008| Hughes et al.2019). The accurate and
reliable assessment of tumour hypoxia to stratify tumours more likely to respond
to hypoxia modifying treatments and in monitoring the effect of such interventions
is thus not just clinically important for head and neck cancers. Consequently
there has been significant interest across tumour subsites in developing tumour
hypoxia imaging including via OE-MRI.

In order to assess the evidence base behind OE-MRI and identify areas requir-
ing further research in order to translate OE-MRI into a routinely used clinical
technique, a scoping review on the use of magnetic resonance imaging of hypoxia
in solid tumours using a supplemental oxygen challenge to induce changes in
proton T relaxation rates was performed.

The original literature search for this review was performed in 2022 towards
the start of these PhD studies and published in 2023 (McCabe et al.|2023). The

results of this original search are presented here in order to place the research
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3.3 Methods

detailed in subsequent chapters of this thesis in the context of the knowledge
base at the time of the study design. The literature search strategy used in this
scoping review was repeated in March 2024 with the additionally identified papers

reviewed in section [3.5.1] of this chapter.

3.3 Methods

This scoping review follows the preferred reporting items for systematic reviews
and meta-analyses extension for scoping reviews (PRISMA-ScR) (Tricco et al.
2018) but was not registered on an online database. The original literature search
was performed on 27" May 2022 on the PubMed and Web of Science databases
using identical search strategies (tables and . There were no limits on
publication dates.

Results from the searches were combined, duplicates removed and articles re-
stricted to novel research. References from excluded review articles were manually
examined for additional resources. Articles were screened against the following

inclusion criteria:
1. Tmages solid tumours in animal models and/or human participants
2. Uses proton based magnetic resonance imaging

3. Assesses changes in T relaxation times (or R; relaxation rates, Ry = 1/T7)

following a supplemental oxygen challenge

A second reviewer (Dr Rafal Panek) screened the identified literature to ensure
adherence to the study criteria. Discrepancies between reviewers were discussed
and consensus reached. Grey literature was searched by interrogating abstracts
from the International Society of Magnetic Resonance in Medicine (ISMRM)
annual meeting from 2011 to 2022 and the ClinicalTrials.gov website for currently
open trials satisfying the eligibility criteria.

To examine the full scope of OE-MRI in solid tumours, both pre-clinical and
clinical research was included and there was no restriction made to a particular
tumour subtype. As such, significant heterogeneity was expected in the results

with relatively few publications in any one tumour type. Therefore, no plans were
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3.4 Results

Table 3.1: Results from scoping review search performed on PubMed on 27th
May 2022.

# | Search Terms Results
#1 | (MRI) OR ("magnetic resonance” ) 901,366
#2 | (cancer®) OR (tumour*®) OR (tumor®) OR (malignan®) | 4,174,778
#3 | ("oxygen enhanced”) OR ("tissue oxygen level depen- | 13,141
dent”) OR (“tissue oxygenation level dependent”) OR
("oxygen sensitive”) OR (702 sensitive”) OR (hyper-

oxi*)
44 | #1 AND #2 AND #3 134
#5 | #4 AND English[lang] 134

made to perform quantitative analysis nor was any predefined critical appraisal
criteria constructed to avoid rejecting studies at this stage. The findings were

planned to be presented in the form of a descriptive review.

3.4 Results

227 unique records were identified. Following screening, 49 articles were iden-
tified for qualitative analysis consisting of 34 journal articles and 15 conference
abstracts (figure . The distribution of the journal articles and published con-
ference abstracts by publication year is shown in figure (3.2l 3 trials satisfying the
eligibility criteria that were listed as open to recruitment were identified on the
ClinicalTrials.gov website (Choudhury|2021} Datta 2021, [Panek & McCabe|2021)).
All of these studies have corresponding articles or conference abstracts included
in the final search results (Bluemke et al.|2022a| Datta et al.|2022, [McCabe et al.
2022). This includes the published study design and preliminary results from the

research that forms the basis of this thesis.

3.4.1 Research focus

The majority of published studies involve animal only research (31 studies, 63.3%)
with 15 being human only studies (30.6%) and 3 being mixed studies (6.1%).

62



3.4 Results

Identification

( eigbiy ) ( screening )

Included

Records identified through
database searching (n=323):

. Pubmed: 134

. Web of Science: 189

Additional records identified from

other sources (n=33):
. ISMRM abstracts: 27
¢  ClinicalTrials.gov entries: 3
¢  Cross-references: 2

n =355

Identified records

Removal of duplicates

n=128

n=227

Unique records

Remove articles which are

not novel research
n=26

Reason for exclusion:
s Review articles (21)
e Book chapter (5)

n=201

Articles for screening

Exclusion based on title
andfor abstract

n=151

n =50

Articles for review

Exclusion based on full text

n=1

n=49

Publications included in
gualitative analysis

Reason for exclusion:

= Mo imaging of solid
tumours (34)

» No measurement of
oxygen induced R, /
T, change (117)

Reason for exclusion:

» No measurement of
‘oxygen induced R, /
T, change (1)

Figure 3.1: PRISMA flow diagram - Flowchart indicating the results obtained

from the scoping review search strategies.
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Table 3.2: Results from scoping review search performed on Web of Science on

27th May 2022.

# | Search Terms Results
#1 | (MRI) OR (”"magnetic resonance” ) 830,038
#2 | (cancer®) OR (tumour*®) OR (tumor®) OR (malignan®*) | 4,857,728
#3 | ("oxygen enhanced”) OR ("tissue oxygen level depen- | 16,398
dent”) OR (“tissue oxygenation level dependent”) OR
("oxygen sensitive”) OR (702 sensitive”) OR (hyper-
oxi*)
44 | #1 AND #2 AND #3 189
#5 | #4 AND English|[lang] 189

Number
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Figure 3.2: Article publication year - Histogram of publication year for journal

articles and conference abstracts identified in the scoping review searches.
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Of those involving human participants, 4 image intracranial neoplasms and 4

scan head and neck malignancies (22.2% each). Two references image colorectal

cancer and hepatocellular cancer (11.1% each) with the remaining results divided

between single studies in lung, anal, cervical, renal, prostate and mixed tumour

3.4.2 Preclinical Studies

Four main associations have been tested in preclinical models to validate the

ability of OE-MRI in detecting tumour hypoxia:

1. Validation against alternative oxygenation determining techniques includ-

ing direct measurements and alternative imaging strategies such as hypoxia
PET scanning (Pacheco-Torres et al. 2009, |Jordan et al.2013| |Colliez et al.|
2014, [Hallac et al.|[2014} |(O’Connor et al.|2016, Zhou et al.[2019)

. Verification that the distribution of hypoxic and normoxic areas seen with
OE-MRI display intratumoural heterogeneity but with spatially coherent
regions in keeping with patterns known to occur biologically
2017d, Moosvi et al.|[2019d, [Lepicard et al|[2020, Boult et al.[2022, Roy]
et al|[2022, [O’Connor et al.|[2009, Winter et al.|2011] Burrell et al.|[2013|
Remmele et al.|[2013 Zhao et al. 2015, [Beeman et al.|2016, (O’Connor et al.|
2016, Rich & Seshadri 2016l [Cao-Pham et al.| 2017, [Zhou et al.| 20175,
Featherstone et al. 2018| [Little et al|2018, [Salem et al.|2019, Zhou et al.
2019, [Waschkies et al.|2020))

. Correlation against histopathological hypoxia indicators such as pimonida-

zole staining, GLUT-1 expression and HIF-1la expression (Li et al.2018|
Lepicard et al|[2020, Boult et al|2022, Roy et al.|[2022 [Linnik et al|2014]
\O’Connor et al.|[2016| [Little et al. 2018, Moosvi et al.|[20195, [Salem et al.
2019)

. Verification of OE-MRI’s ability to predict tumours more likely to display
hypoxia induced treatment resistance (Little et al. 2017, |Arai et al. 2021}
Hallac et al[2014, White et al. 2016, Salem et al.|2019)
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3.4 Results

One of the papers that helped establish the utility of OE-MRI in accurately
mapping tumour hypoxia was based on renal and colorectal carcinoma cell lines
implanted in mice (O’Connor et al.[|2016). The authors correlated OE-MRI data

with direct measurements of tissue oxygen concentration and established a cor-

relation between OE-MRI quantified tumour hypoxic fraction and histopatholog-
ical staining with the hypoxia sensitive marker pimonidazole. The authors also
demonstrated that OE-MRI could detect expected increases in tumour hypoxic
fractions following administration of the vasodilator drug hydralazine
. A separate study in human lung adenocarcinoma xenografts helped
biologically validate the OE-MRI technique by demonstrating its ability to detect
changes in tumour hypoxic volumes following administration of a bioreductive
cytotoxin (Banoxantrone) and an oxygen consumption modifier (Atovaquone)
(Little et al.[2017, |O’Connor et al.|[2024]).

The original OE-MRI analysis method calculates the spatial average of T; /R4

changes with oxygen over the imaged tumour. However a number of papers fail to
show correlations of these spatially averaged values with reference hypoxia mark-
ers (O’Connor et al.|2016] |Rich & Seshadri 2016, (Cao-Pham et al. 2016, [Little
or tumour radiosensitivity indicators (Belfatto et al.[2016], [Salem et al.]
2019, |Cao-Pham et al.|2017) possibly due to the heterogeneous distributions of

oxygen within tumours resulting in hypoxic regions being masked by the T; /R4

changes induced in normoxic areas. |(O’Connor et al. (2016) proposed combining

OE-MRI with a perfusion assessment thereby enabling voxels of interest to be
identified as perfused oxygen-enhancing (normoxia), perfused oxygen-resistant
(hypoxia) or nonperfused (necrosis). The perfused oxygen-resistant (perfused
Oxy-R) biomarker is sensitive to spatial fluctuations in hypoxia and shows cor-
relation with alternative hypoxic markers and clinically relevant tumour hypoxia
outcomes in both preclinical (O’Connor et al.|2016, [Little et al.[|2018| Salem et al.|
2019) and human studies (Panek et al.|2018| |Little et al. 2019} |2018| |Salem et al.|
2019). Such perfusion masks have been generated using DCE-MRI
et al|2016, [Little et al.| 2018, Salem et al. 2019, Panek et al./ 2018, [Little et al.|
and ultrasmall superparamagnetic iron oxide (USPIO) enhanced MRI de-

rived fractional blood volume measurements (Lepicard et al.[2020).
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An alternative OE-MRI approach combining R} (BOLD) and R; based oxygen-
enhanced imaging aims to distinguish blood based oxygen induced changes from
tissue based ones. Although increased concentration of dissolved oxygen acceler-
ates R; relaxation rates, the net tissue R; rate is affected by a number of other
factors including being reduced by lower concentrations of deoxyhaemoglobin
(Bluemke et al. 20220). Although this influence is generally small compared to
the influence of dissolved oxygen, the simultaneous measurement of Rj values
may yield insights into the cause of observed oxygen-induced tissue R; decreases
(Burrell et al. 2013, |Linnik et al. 2014, |Cao-Pham et al.|2017, |[Yang et al. 2019,
O’Connor et al.|2019). In particular, Cao-Pham et al. present a hypothesis
based on their work on rhabdomyosarcoma and glioma xenografts where they
divide voxels into four classes dependent upon the relative changes in oxygen
induced R; and R} rates (Cao-Pham et al.|2017)):

1. Normoxia: Significantly increasing R; (increased molecular oxygen) and

stable or mildly increased R} (stable deoxy/oxyhaemoglobin ratio)

2. Mild hypoxia: Slightly increasing R; (increased molecular oxygen) with de-
creasing R} (decreased deoxy/oxyhaemoglobin ratio). Assumes unsaturated

baseline haemoglobin changing to near complete saturation.

3. Severe hypoxia: no/mild decreasing R; and decreasing R} (decreased de-

oxy /oxyhaemoglobin ratio)

4. Vascular Steal: decreasing R; with increasing Rj. Hypothesised to be
caused by dilatation of mature blood vessels shunting blood away from
tumour regions served by immature vessels resulting in decreased blood

volume and molecular oxygen.

The use of a cyclical oxygen challenge combined with independent compo-
nent analysis (ICA) of the voxel-wise signal traces has been proposed as another
method to improve the sensitivity of OE-MRI. Hypoxic regions derived using this
approach have been correlated to pimonidazole stained areas in murine squamous
cell carcinomas (Moosvi et al. [20198) and shown capable of detecting oxygena-

tion changes in murine tumours following treatment with vascular growth factor
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inhibition (Moosvi et al.[2019a). However poor correlation with human colorectal
xenografts was noted possibly due to the lack of a perfusion assessment meaning
that regions of necrosis may have confounded the imaging assessment (Moosvi
et al.|20199).

Regarding correlations of OE-MRI parameters with pre-clinical treatment out-
comes, three studies in prostate cancer found oxygen induced R; changes corre-
lated with outcomes following radiotherapy (Hallac et al.|2014, White et al.|[2016,
Arai et al.|[2021)) but one paper found no association between OE-MRI param-
eters and local tumour control probability (Belfatto et al||2016). This study
used tumour mean oxygen-induced R; changes rather than the perfused fraction
biomarker. Salem et al. (2019) found that OE-MRI determined biomarkers de-
tected therapy induced changes in hypoxia in glioma xenografts and non-small cell
lung cancer but all studies that have looked at correlating OE-MRI biomarkers

with treatment outcomes have been with relatively small study sizes.

3.4.3 Human studies

OE-MRI studies on human participants have been performed on all major anatom-
ical regions with no significant difficulties reported with patient tolerability. The
principle research foci of the human studies are shown in table [3.3] categorised
by domains derived from the cancer research UK (CRUK) and EORTC consen-
sus statement on the clinical translation of imaging biomarkers (O’Connor et al.
2017).

Three studies performed OE-MRI assessments in both pre-clinical and clinical
settings and all demonstrate similar patterns between animal and human scans
(Linnik et al.|2014} Little et al.[2018, |Salem et al.2019). The studies investigating
changes of OE-MRI biomarkers with treatment in patients have been performed
in glioblastoma (Zhou et al. 2016), brain metastases (Qian et al. 2020)), head
and neck cancer (Dubec et al.|2022)), non-small cell lung cancer (NSCLC) (Salem
et al.|2019), cervical cancer (Datta et al|2022), rectal cancer (Little et al.|[2019)
and anal cancer (Bluemke et al.[2020)).

Salem et al. (2019) used the perfused hypoxic fraction metric in patients

with NSCLC to distinguish tumours that have persistent hypoxia from those
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Table 3.3: Summary of principle research focus of tumour OE-MRI studies in
humans categorised by domains derived from the Cancer Research UK (CRUK) and
European Organisation for Research and Treatment of Cancer (EORTC) consensus

statement on the clinical translation of imaging biomarkers (O’Connor et al.|2017)).

Clinical research focus No. studies
Proof of principle including safety, feasibility and 15
tolerability.

Repeatability and reproducibility. )
Correlation with histopathology. 2
Changes of biomarkers with treatment. 7
Initial correlation of biomarkers to clinical out- 1
comes.

Prospective, adequately powered studies linking 0
biomarkers to clinical outcomes.

Analysis techniques. 7

that demonstrate hypoxia modification with CRT. Similarly, Little et al.| (2019)
scanned patients with rectal cancer immediately prior to CRT and again at day 7
or day 14 of treatment and found measurable changes in tumour hypoxic burden
with treatment using the perfused Oxy-R metric. Reduction in tumour hypoxia
was only apparent by day 14 though and not at day 7 (Little et al.[2019). Re-
duction in hypoxic fractions with treatment is also found in the anal, cervical
and head and neck cancer studies with the latter additionally demonstrating the
feasibility of performing OE-MRI on the MR-Linac (hybrid MRI scanner and
radiotherapy linear accelerator) (Bluemke et al. 2020} Datta et al.[[2022, Dubec
et al.[2022).

3.4.4 Technical considerations

A range of methodologies have been used in clinical OE-MRI research (tables
and [3.5)). Human studies show a preference for 1.5T (11 studies, 61.1%) over 3T
(9 studies, 50.0%) imaging systems (2 studies utilised both field strengths). The
most frequently used T; measurement technique in human OE-MRI is the VFA
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method, used by 50% of studies, closely followed by IR based techniques. An
alternative T7 mapping technique called mapping of oxygen by imaging lipids re-

laxation enhancement (MOBILE) that exploits the increased solubility of oxygen

in lipids over water has also been investigated (Jordan et al.|[2013)). Studies in tu-

mour models found that oxygen induced changes in lipid R, rates were of greater

magnitude than changes in water R; and global Ry rates (Jordan et al.|[2013]

(Colliez et al2014)). This approach however might be sensitive to the amount of

lipid present within tumours (Cao-Pham et al.2016)).
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3.4 Results

OE-MRI can be performed statically with T; mapping performed before and
after oxygen or dynamically during the switch from air to oxygen (tables and
. The duration of hyperoxia delivered before repeat imaging in human studies
ranges from 2 to 15 minutes. For the 6 human studies that provide a dynamic
scan duration, the median OE-MRI acquisition time was 22.5 minutes (range 7

to 32mins).

3.4.5 Oxygen delivery

The oxygen challenge was delivered in the form of 100% oxygen in 35 studies
(71.4%) and carbogen (mixture of oxygen and carbon dioxide) in 9 studies (18.4%)
with 2 studies using both and 3 unstated. In the human studies, the majority use
100% oxygen (15 studies, 83.3%) with two using carbogen (11.1%) and one using
both. Carbogen has been investigated as an alternative to 100% oxygen with the
aim of mitigating the vasoconstrictive effect of hyperoxia with the vasodilative
influence of carbon dioxide (Winter et al.[2011, Burrell et al.|[2013] Colliez et al.
2014, Hallac et al.|[2014}, Zhao et al. 2015, [Beeman et al. 2016, [Waschkies et al.
2020, |Cao-Pham et al.|2017)). However Winter et al.| (2011) found that varying the
carbon dioxide concentration in administered carbogen had no significant effect
on altering blood flow during OE-MRI and [Hallac et al.| (2014)) found similar OE-
MRI responses in prostate cancer xenografts with carbogen and 100% oxygen.
It should be noted that in animal experiments, high concentration oxygen is
also a crucial component of the anaesthetic process therefore potentially affecting
baseline oxygenation levels compared to awake animals.

The use of an internal quality control point to provide a quantitative assess-
ment of adequate oxygen delivery has been proposed because inadequate oxygen
delivery during an OE-MRI scan could result in inappropriate labelling of regions
as oxygen challenge refractory. Such control regions have been located in skele-
tal muscle (O’Connor et al.||[2009)), renal cortices (Little et al.|[2018)), descending
thoracic aorta (Salem et al.2019), uterine body (Datta et al.2022) and nasal
conchae (Dubec et al.|[2022).
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3.5 Discussion

Overall, there is strong preclinical evidence that OE-MRI can accurately and
reliably detect hypoxic regions of solid tumours and monitor how such regions
change with anti-cancer therapies. The evidence base for OE-MRI from clinical
studies is however much less advanced. Initial results from human trials are
promising for the utility of OE-MRI in tumour hypoxia imaging, however due to
the early stage nature of this research all of these studies are single institute trials
without prospective power calculations and without standardised data acquisition
or analysis methodologies. Further work is required on specific tumour sites in
patients to optimise and standardise OE-MRI protocols as well as establish the
optimum timing to correlate OE-MRI data to clinically relevant outcomes before
validating OE-MRI biomarkers in larger multicentre trials.

Currently there is no consensus on the optimal imaging sequence to use in
OE-MRI. Given the heterogeneous nature of oxygenation within tumours, it is
unsurprising that most researchers have opted for 3D acquisitions in order to map
the entire tumour volume. Indeed those clinical studies that opted for single slice
acquisitions have struggled with co-registering images acquired during treatment
with baseline data (Bluemke et al.|[2020, 2022qa)). The accuracy and precision of
T, determination is not equivalent between different methodologies though; VFA
for example consistently overestimates T, values in the brain (Stikov et al.|2015|
Taylor et al.[2016]). However as it is the change in Ty times that is relevant in OE-
MRI, this may mitigate somewhat systematic errors in T; measurement. Work
to develop a consensus guideline, such as exists in DCE-MRI (Shukla-Dave et al.
2019), balancing the competing demands of acquisition time, spatial coverage,
temporal resolution and measurement accuracy is critical in standardising tumour
OE-MRI imaging and allowing for comparison of studies.

If OE-MRI were to be added to routine clinical diagnostic protocols, the
duration of the OE-MRI sequence is critical with respect to healthcare resources,
patient tolerability and the risk of movement and image quality degradation. The
extent and nature of movement during OE-MRI scans will vary depending upon
the anatomical area of interest however it is clear that appropriate image co-

registration techniques are required for robust data analysis (Salem et al. [2019]
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Bluemke et al.[20224, |McCabe et al.[2022). Currently there is a large range in the
duration of clinical OE-MRI scans and variations between dynamic imaging and
static acquisitions. The optimal duration of the oxygen challenge in patients is
not yet proven and the potential benefits of delivering multiple oxygen challenges
during one imaging session thus facilitating ICA techniques has not been proven
to outweigh the difficulties of increased scan time.

With regards to the delivery of the oxygen challenge, although there are le-
gitimate concerns regarding the vasoconstrictive effects of hyperoxia confounding
the OE-MRI signal, the evidence presented suggests that in practice this is not a
significant issue. In addition, inhalation of carbogen gas has been shown to induce
unpredictable responses in different organs (O’Connor et al.[2007)) as well as not
always being well tolerated in humans due to its potential to cause dyspnoea. It
therefore seems reasonable for future human studies to use 100% oxygen rather
than carbogen, however the risk of hyperoxic vasoconstriction should be consid-
ered. In addition, future studies should continue to use quality control points to
provide quantitative evidence of adequate tissue oxygen delivery. The location
of such points will depend on the anatomical area imaged, the field of view used
and the imaging sequence. Standardisation of such markers will be helpful for
future multicentre trials.

Novel methods of OE-MRI data analysis continue to be developed and of-
fer the potential to increase the accuracy of OE-MRI in differentiating regions
of tumour hypoxia. Although the use of the perfused hypoxic fraction metric
has been successfully applied in clinical OE-MRI studies, it does require a co-
registered perfusion assessment which may limit its clinical utility. Alternative
approaches such as synchronous BOLD and OE-MRI measurements, ICA and
novel data clustering techniques may ultimately prove to be more effective hy-
poxia categorisation tools. Further work is required to correlate data clustering
approaches to clinically relevant outcomes and to optimise OE-MRI data pro-
cessing approaches.

The optimal timing of when to perform OE-MRI assessments of tumours
in patients undergoing treatment is not yet clear. Baseline metrics of hypoxic
fraction may provide a stratification methodology for the utilisation of novel

hypoxia activated drugs or novel radiosensitisers in patients more likely to respond
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to them but the more sensitive application of OE-MRI biomarkers may be in
identifying regional hypoxia that is invariant to treatment. The initial patient
studies looking at such repeat scans in OE-MRI show that the timing of the re-
assessments is crucial but this may also be dependent on tumour type and therapy
modality and requires further evaluation. In addition, the clinical implication of
chronic tumour hypoxia versus transient or cycling hypoxia and the potential for
OE-MRI to distinguish between these has not been fully explored as yet. Dynamic
or repeated oxygen challenge imaging may allow rapid frequency cycling tumour
hypoxia characteristics to be elucidated with OE-MRI whereas repeat assessment
on different days is more likely to reveal changes in chronic hypoxia levels (Bader
et al.2020). Separating out these two components of hypoxia may provide a more

powerful OE-MRI metric and requires further research.

3.5.1 Update of literature search

The search strategy detailed in tables and was repeated on 10" March
2024 in order to identify new published papers relevant to this area that have
been published during the course of these PhD studies. A total of 22 new papers
were identified of which 2 are publications of work presented in this thesis and
are therefore not reviewed further (McCabe et al.|2023, 2024a)).

The remaining 20 articles were screened using the scoping review inclusion
criteria (section with 14 articles excluded; 2 review articles, 4 articles with
no imaging of solid tumours and 8 articles with no assessment of changes in T}
relaxation times following an oxygen challenge. In addition, 1 additionally iden-
tified paper was a research study protocol with no experimental data presented
(Brighi et al. 2023). This study plans to compare MRI based brain tumour hy-
poxia assessments (including OE-MRI) with hypoxia-PET scans at multiple time
points during treatment. Notably, the authors propose to allow the use of oxy-
gen delivery via nasal prongs in patients for whom an oxygen face mask will not
fit comfortably within the head receiver coil. Although the authors present a
preliminary measurement suggesting this approach delivers adequate oxygen to
induce measureable AR; relaxation rates in the nasal conchae, it remains to be

proven that the lower concentration of oxygen deliverable with such a setup will
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yield sufficient magnitude of intra-tumoural R; changes to enable reliable tumour
hypoxia assessment.

The remaining 5 articles identified in this repeat literature search are divided
between 2 pre-clinical and 3 clinical trials. Regarding the 2 pre-clinical papers,
Buschmann et al.| (2022) continue the previously identified work of Waschkies
et al. (2020) in using quantitative 7} and Ty mapping with gas challenges to
characterise tumour grafts grown on chorioallantoic membranes. The other pre-
clinical paper (Baker et al.|2023) is related to a previous conference abstract
included in the original search results (Moosvi et al.[|20194d). The authors used a
repeated gas challenge with ICA to identify hypoxic voxels within murine carci-
nomas that had been treated with a VEGF inhibitor. In this study, OE-MRI was
able to elucidate differing responses to the anti-angiogenic therapy and therefore
may be a suitable technique for monitoring tumour response to anti-vascular ther-
apies. Although this paper confirms the utility of ICA technique for OE-MRI,
the immediate clinical translational relevance of this is still to be elucidated due
to the requirement for a cyclical gas challenge during the dynamic acquisition
which significantly prolongs the imaging time.

The additional clinical paper by |Lickliter et al. (2023) is related to a previously
identified conference abstract (Zhou et al.2016). In this clinical phase Ib/II
study of the addition of a novel oxygen therapeutic dodecafluoropentane emulsion
(DDFPe) to the CRT treatment of glioblastoma multiforme (GBM), the authors
used OE-MRI in 6 patients to assess for changes in tumour oxygenation induced
by the investigative product. OE-MRI was performed before and after treatment
with CRT and DDFPe on days 1 and 5 of the first week of treatment using a Look-
Locker approach to 77 mapping on three slice locations in the tumour. They found
that tumour tissue showed statistically significant shortening of 77 times following
administration of the trial medication whereas normal brain parenchyma failed
to show any significant changes. The authors thereby conclude that this is the
first clinical trial of OE-MRI to show a reduction in tumour hypoxia in GBM and
highlight the logistical advantages of OE-MRI over hypoxic-PET. The number
of patient participants is however small and tumours were only partly imagined.

The trial remains therefore in the proof of principle category.
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The other 2 additional clinical studies identified on this repeat literature search
evaluate OE-MRI in head and neck cancer. The work of |Dubec et al,| (2023)
updates the previously identified conference abstract from the same group (Dubec
et al.|2022)) on their work on OE-MRI in head and neck cancer in 11 patients on
a diagnostic MRI scanner and an MR-Linac. The authors successfully performed
OE-MRI in the head and neck, however they only report tumour averaged AR;
rates and no treatment outcomes to correlate these values too. In addition, the
MRI protocol used took a total of ~40mins with the OE-MRI sequence itself
taking 18mins. In order to fully translate this into a clinically feasible technique,
it is likely that these durations need to be reduced.

The final additional study is by |Bluemke et al. (2023) who performed OE-
MRI in HPV associated oropharyngeal head and neck cancer on a 3T scanner
and attempted to correlate OE-MRI metrics to radiotherapy treatment outcome.
This study only had 5 participants who completed the OE-MRI protocol meaning
it was not possible to comment on the utility of OE-MRI to predict treatment
response. In addition, patient motion caused difficulty with the data quality in
this study and therefore tumour averaged OE-MRI metrics were also used.

Both of these clinical head and neck OE-MRI studies are in essence proof of
principle studies with low numbers of participants. Both studies were published
after the research presented in this thesis was commenced and illustrate the on-

going interest in the field of MRI based hypoxia imaging in HNSCC.

3.6 Limitations

There are limitations with this scoping review. Firstly, due to the relatively
novel nature of OE-MRI in solid tumours approximately 30% of the originally
identified published articles are conference abstracts rather than journal articles.
These abstracts have not been through the same level of peer review that journal
articles are subject to; however it is important to include this grey literature in
order to present the full scope of research being performed in this area. Secondly,
the inclusion criteria explicitly limit the included studies to those that quantify
oxygen induced T; or R; changes, however this means at least 3 studies that

assessed changes in Ti-weighted signal intensity were excluded from the analysis
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(Fan et al.|[2017, |Lloyd et al.[2019, Liu et al.,[2021)). Finally, the literature search
was focussed on two databases that were considered most likely to yield the
greatest number of results. Future reviews may benefit from using alternative
databases in order to obtain the most comprehensive search results.

In conclusion, there is strong preclinical evidence of the utility of OE-MRI
in assessing and monitoring tumour hypoxia however significant clinical work
remains to be completed before OE-MRI derived biomarkers can be utilised as a

routine component of cancer imaging.
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Chapter 4

OE-MRI in HNSCC Clinical
Study Design

4.1 Hypothesis, aims and objectives

The following hypothesis was tested by the research outlined in this thesis:

Oxygen enhanced MRI performed on a routine clinical MRI
scanner using only routinely available clinical equipment is
capable of determining regions of hypoxia that correlate with
areas at greater risk of radiotherapy treatment resistance in

patients with squamous cell carcinoma of the head and neck.

The study aims are:

1. Assess the feasibility of deriving estimates of HNSCC tumour hypoxic bur-
den via OE-MRI

2. Develop an OE-MRI scanning protocol for HNSCC hypoxia assessment suit-

able for implementation in routine clinical NHS practice

3. Test predictive power of OE-MRI derived metrics in identifying patients
with HNSCC at greater risk of radiotherapy treatment resistance
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4.2 Study overview

4. Investigate the potential for OE-MRI derived tumour hypoxia distributions

to guide radiotherapy treatment planning volumes
The study aims will be achieved by the following objectives:

1. Develop an OE-MRI scanning protocol that takes less than 10 minutes to
perform on a routine diagnostic MRI scanner using only standard NHS

equipment

2. Produce a data processing pipeline to generate clinically relevant tumour

hypoxia data from clinical OE-MRI images

3. Survey patients with HNSCC on the clinical experience of undergoing an
OE-MRI scan

4. Test for correlations between OE-MRI derived tumour hypoxic metrics and
routine clinical treatment response assessments for patients treated with

curative intent radiotherapy or chemoradiotherapy.

5. Perform image fusion of OE-MRI derived maps of tumour hypoxia with

radiotherapy planning scans

4.2 Study overview

In order to test the aforementioned hypothesis, an observational imaging clini-
cal study was designed. Patients with a high clinical suspicion of HNSCC who
were likely to undergo curative intent radiotherapy or chemoradiotherapy were
recruited to undergo an extended MRI scan in addition to their routine clinical
imaging at Nottingham University Hospitals NHS trust (NUH).

An OE-MRI imaging protocol was developed to produce parametric maps of
changes in T} relaxation times following the delivery of supplemental oxygen (sec-
tion . Dynamic mapping of T} times during the transition from normoxic to
hyperoxic states was produced on a voxel-by-voxel basis with voxels that failed to
show statistically significant shortening of T} times classified as hypoxic (figure

. The imaging protocol was developed to take no more than 10mins to acquire
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to make this a clinically translatable technique. Only equipment routinely avail-
able in the NHS was utilised. All imaging was performed using the NUH clinical
Magnetom Sola 1.5T scanners (Siemens Healthineers, Erlangen, Germany).

As discussed in chapter [3, due to a lack of correlation between tumour av-
eraged oxygen induced 77 changes and reference hypoxia indicators in previous
studies in tumours outside of the head and neck, OE-MRI researchers have inves-
tigated combining OE-MRI with additional metrics related to tumour perfusion.
In clinical studies this has been performed using DCE-MRI to determine the
percentage of tumours that are perfused yet show refractory 77 times with sup-
plemental oxygen (O’Connor et al.| 2009, |Little et al. 2018| |Salem et al. [2019).
However, due to the strong paramagnetic properties of IV gadolinium based con-
trast agent, any sequences requiring such contrast administration must be per-
formed after OE-MRI sequences as otherwise any oxygen induced 7} time changes
would be masked by accumulation of the gadolinium. As the OE-MRI sequence
in this study was added to the imaging appointment for a routine clinical head
and neck MRI study that contains pre and post contrast enhanced sequences, the
study OE-MRI sequence had to be performed prior to the clinical sequence. In
addition, due to the differing receiver coil configuration used between the study
and routine clinical scan (section, the need to perform unenhanced sequences
as part of the routine clinical scan, the lack of DCE-MRI being a component of
the standard NUH head and neck protocol and the need to not alter patients’
routine care, it was not possible within the confines of this study to perform
DCE-MRI.

An alternative metric that can provide information on the vascular space is
obtained via BOLD MRI. The BOLD effect refers to the reduction in R re-
laxation rate with the reduction in deoxyhaemoglobin to oxyhaemoglobin ratio
within the vascular space as occurs in perfused hypoxic regions following an oxy-
gen challenge. As T relaxation times are also proportional to deoxyhaemoglobin
concentrations (Bluemke et al.|20224d)), the addition of BOLD measurements to
Ti-based OE-MRI may refine the characterisation of the oxygenation status of
tumours (Cao-Pham et al.|2017, |(O’Connor et al.|2019)). Pre and post supplemen-

tal oxygen static mapping of R} relaxation rates was therefore included in the

study protocol (section [5.1)).
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All primary tumours identified in the study were confirmed as squamous cell
carcinoma based on routine histopathological analysis of core biopsy specimens
as per the routine NUH clinical procedures. Oropharyngeal primary tumours
were tested for evidence of HPV as per the local clinical protocols via in situ hy-
bridization for HPV DNA using the INFORM HPV III Family 16 Probe (Ventana
Medical Systems, Tucson, AZ, USA). All patients with histologically confirmed
HNSCC had their clinical management performed according to the routine clini-
cal procedures at NUH. The study did not affect patients’ treatments or follow-up
schedules.

For those patients who were treated with curative intent radiotherapy or
chemoradiotherapy, treatment response assessment was determined via the stan-
dard clinical practice of performing an FDG-PET scan at 12 weeks following com-
pletion of treatment (Mehanna et al.|2016, NICE 2018)). Primary tumours with
a complete metabolic response on this scan were classed as responders. Patients
with equivocal imaging findings or radiological evidence of residual disease had
subsequent management as per the NUH standard of care treatment. Patients
with confirmed residual disease post radiotherapy were classed as non-responders.
Associations between OE-MRI derived parameters and treatment outcomes were
tested for statistically significant correlations.

A Gantt chart detailing the planned study milestones is shown in figure [4.1]

4.3 Eligibility Criteria

Study inclusion and exclusion criteria for non-patient volunteers and patient par-

ticipants are detailed below.

4.3.1 Inclusion Criteria

Non-patient Volunteer Inclusion Criteria:
(i) Age 18 years and above

(ii) Signed written informed consent
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Figure 4.1: Gantt chart - Gantt chart indicating the planned milestones and

timelines for the study.
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4.3 Eligibility Criteria

Patient Inclusion Criteria:

(i) Histologically proven or strong clinical suspicion of squamous cell carcinoma

of the head and neck

(ii) Suitable for undergoing radical radiotherapy or chemoradiotherapy accord-

ing to local protocols within the head and neck cancer MDT
(iii) Age 18 years and above

(iv) Adequate physical fitness (World Health Organisation (WHO) performance
status 0-2)

(v) Signed written informed consent

4.3.2 Exclusion criteria

Non-patient Volunteer Exclusion Criteria:

(i) Contraindications to MRI scans as identified following completion of the

NUH standard MRI safety screening questionnaire

(ii) Severe chronic obstructive pulmonary disease (COPD) who are at risk of

type 2 respiratory failure or require supplemental oxygen

(iii) Volunteers who are pregnant as identified through the NUH standard MRI

safety screening questionnaire
Patient Exclusion Criteria:

(i) Poor physical fitness (WHO performance status > 2)

(ii) Contraindications to MRI scans as identified following completion of the

NUH standard MRI safety screening questionnaire

(iii) Severe COPD who are at risk of type 2 respiratory failure or require sup-

plemental oxygen

(iv) Patients who are pregnant or breast-feeding (due to IV contrast use in the
routine clinical scan) as identified through the NUH standard MRI safety

screening questionnaire
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4.4 Study Sample Size

4.4 Study Sample Size

At the time of study development, there were no published OE-MRI studies
in HNSCC nor any available data correlating OE-MRI derived parameters to
HNSCC treatment outcomes. It was therefore not possible to perform an exact
power calculation for this study.

An estimate of the required sample size was performed using data from a
conference abstract from Dr Rafal Panek (Panck et al.2018). Additional detail
provided by Dr Panek from this study found that in assumed healthy head and
neck region lymph nodes, the mean fraction of perfused imaging pixels refractory
to oxygen challenge was 42% (standard deviation 16%). For HNSCC malignant
nodes this fraction was 54% (standard deviation 14%).

Assuming healthy nodes are representative of tissues in a normoxic environ-
ment and malignant nodes represent tissue in a hypoxic environment, the sample
size required to detect a statistically significant difference in oxygenation be-
tween normal and diseased lymph nodes can be estimated. Assuming a difference
in means of 12% with standard deviation approximately 15% and a parametric
distribution with a significance level of 5% (type I error probability of 0.05) then
for a power of 95% (type II error probability 0.05), 42 patients will be required
(Dupont & Plummer||1990)). Assuming a dropout rate of approximately 20%
increases the study size to 50 patients.

This sample size is comparable to other research studies looking at assessing
differences in quantitative MRI parameters in head and neck cancer between
treatment responders and non responders (Falk 2018, |Welsh et al.|[2015, |Guo et al.
2017, Wong et al.|2018)). Rates of local recurrence following chemoradiotherapy
for locally advanced head and neck cancer suggest that approximately 20% of
patients will have evidence of residual disease after treatment (Bhide et al.|2008]
Mehanna et al.|[2016) equating to approximately 10 patients for a study size of 50
participants. An additional 5 non-patient volunteers were planned to be recruited

for protocol testing.
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4.5 Ethical Approval

4.5 Ethical Approval

Research ethics approval was obtained from the South Central Berkshire Research
Ethics Committee (reference 21/SC/0050) on 9" February 2021. The research
sponsor was Nottingham University Hospitals NHS Trust (reference 20MP001)
with the Chief Investigator being Dr R. Panek. This study was registered on
ClinicalTrials.gov (NCT04724096).

4.6 Recruitment

All participants were prospectively recruited by A. McCabe between August 2021
and November 2022 and provided written informed consent. Patients were re-
cruited according to the flow chart shown in figure 4.2l  Patient participants
were identified by either the surgical or oncology clinical teams prior to a clin-
ically indicated neck MRI scan for staging of suspected HNSCC. Histological
diagnosis was not required prior to recruitment to the study if there was a strong
clinical suspicion of HNSCC, reflecting the routine clinical diagnostic pathway at
NUH and ensuring that recruitment to the study did not delay or alter patients’

routine diagnostic pathways.

4.7 Data handling

Patient demographics, tumour staging, treatment plans, post treatment FDG-
PET scan outcomes, post-treatment MDT discussion outcomes and histological
results of any post-radiotherapy treatment biopsies or surgical interventions were
collected for all patient participants and stored in pseudo-anonymised case re-
porting forms. Patients treated with curative intent radiotherapy had their ra-
diotherapy planning CT scans and treatment volumes pseudo-anonymised and
exported from the NUH radiotherapy system to the study data repository.
Electronic study records were developed with backup hard copies printed for
all documents and stored in a trial master file that was maintained by A. Mc-
Cabe. All data was pseudo-anonymised, stored and analysed within NUH and

only clinical staff had access to patient identifiable information. All electronic
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4.7 Data handling

[ Patient seen in ENT clinic ]

!

Biopsy confirmed SCC
OR
strong clinical suspicion

Radiclogically involved lymph nodes
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clinically palpable nodes

‘ Likely to be offered radical radiotherapy treatment

Y

‘ Requires MRI scan as part of standard workup ‘

Patient given
PIS and cover
letter in ENT
clinic? #

Yes No

3

Eligible patients identified from
medwayBI query performed x2

Surgeon adds the key phrase:
“Possible OE-MRI study”

to bottom of Medway MRI request ® weekly by study team ®
Study team identify patients via: Patients called by telephone
E-mail to study team ® from ENT surgeon ® by study team to be invited to
OR participate °
Presence of key phrase on MRI request
identified from x2 weekly medwayBI| queries ©

* No
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& : ost scan: patient continues wi
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Figure 4.2: Patient recruitment flowchart - Flowchart from the research
ethics committee approved study protocol illustrating the patient recruitment pro-

Cess.
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4.7 Data handling

data including study images were stored within NUH NHS password protected
computers and systems. Paper documents were stored in fireproof, lockable cab-
inets in a secured NUH building. The study complied with the NUH Privacy
Policy and the General Data Protection Regulations (GDPR) at all times.
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Chapter 5

OE-MRI Study Development

5.1 OE-MRI sequence development

In order to rapidly and fully map tumour hypoxia via oxygen associated 77 time
shortening, a fat suppressed 3D-SPGR approach was utilised via a volumetric in-
terpolated breath-hold examination (VIBE) sequence as the basis of the OE-MRI
protocol. This sequence was chosen due to its rapid acquisition times and ability
to be applied in a repeated manner over two different FA in order to dynamically
map voxel T} times via the VFA approach (section . All participants were
scanned on clinical Magnetom Sola 1.5T scanners (Siemens Healthineers, Erlan-
gen, Germany). Parallel imaging techniques using controlled aliasing in parallel
imaging results in higher acceleration (CAIPIRINHA) were available on the scan-
ners and were applied to reduce the image acquisition time. Fat suppression was
utilised to minimise the risk of off-resonance artefacts. In-plane phase encoding
was placed in the anterior-posterior direction to minimise the risk of wrap artefact
from the shoulders.

The imaged field of view (FoV) was set to be larger enough to encompass
the whole of the clinically relevant neck region. Image resolution was developed
to be broadly isotropic in order to facilitate the aim of fusing OE-MRI derived
parametric maps with radiotherapy treatment planning computed tomography
(planning-CT) scans. Head and neck cancers are routinely planned for radiother-
apy using 3mm thick planning-CT slices (Machiels et al.|2020), thus the OE-MRI

sequence was built to have a slice thickness below this threshold whilst keeping
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5.1 OE-MRI sequence development

the total study imaging time to less than approximately 10 minutes in order to
address the research aim of developing an OE-MRI protocol that could be readily
implemented into routine clinical practice.

VIBE sequences with two sets of image contrast parameters were constructed;
a shorter TR (4.2ms) sequence with higher temporal resolution, and a longer TR
of 10ms sequence with a cruder temporal resolution but with predicted higher
signal to noise ratio (SNR). There is a consequential decrease in the number of
acquired dynamics with the longer TR sequence in order to maintain a comparable
overall OE-MRI acquisition time. The FAs of the sequences were set with the
aim of maximising the accuracy of the T} determination. As shown by Deoni
et al.| (2003)), for a given TR time in a SPGR sequence, the optimised FAs can
be determined as a function of the imaged tissues 77 relaxation time (figure
5.1). Therefore, assuming baseline HNSCC tumour 7} times of ~ 1200ms at
1.5T (data provided by personal correspondence with the INSIGHT study team
(Wong et al.|2016))), the precision in VFA determined 73 times is optimised with
FA of approximately 18° and 2° .

*
\\ ——TR 4.2ms Flip Angle 1
35 ‘\‘ =——=TR 4.2ms Flip Angle 2
\ )
30l ‘\ TR 10ms Flip Angle 1
\\ —=-—-TR 10ms Flip Angle 2
e

251

20

Flip Angle (°)

151

10

500 1000 1500 2000
T1 time (ms)

Figure 5.1: Theoretical optimal FA values - Plot of FA against T} times for
the theoretical two FA required to optimise determination of 77 times using the
VFA methodology for two different TR times (4.2ms and 10ms).
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5.1 OE-MRI sequence development

R; mapping was performed in a static manner with a single acquisition per-
formed on room air prior to the 77 mapping sequence and repeated immediately
after the dynamic T} acquisition with participants remaining on high flow oxygen
for this measurement. A manufacturer supplied sequence based on a multi-echo
GE sequence with a multi-step adaptive approach (qDixon) was used to quantify
R} relaxation rates (Zhong et al.[2014).

Prior to the OE-MRI sequences, anatomical sequences were used to locate the

tumour regions to guide placement of the field of view. A Ty weighted coronal
acquisition (duration 2:08 min:s) was followed by a DWI sequence with two b-
values of 50 s/mm? and 800 s/mm? (duration 1:30 min:s). Due to differences in
voxel sizes and imaged volumes between the DWI and VIBE sequences and the
presence of signifincant image distortion on the DWI images, it was not possible to
compare the DWI and OE-MRI data. The DWI sequence was therefore only used
to aid tumour localisation. The order of the study sequences is shown in figure
[.2] with the final acquisition parameters for the Siemens quantitative multi-echo
Dixon protocol (qDixon) and VIBE sequence given in table

Anatomical R,* map R,* map
sequences (qDIXON) (qDIXON)

3:38 min:s
e ROOM AIR

0:29 min:s 0:35 min:s 2:57 min:s 4:55 min:s 0:29 min:s

A
A
v
A
\ 4
A
v
A

Total OE-MRI acquisition time 9:25 min:s

Figure 5.2: Study sequences - Study sequences and timing of switch from
room air to high flow oxygen. Sequence parameters for the OE-MRI acquisition
are provided in Table[5.I} Anatomical sequences consisted of a T weighted coronal
acquisition (duration 2:08 min:s) and a DWI sequence with two b-values (duration
1:30 min:s).

All scans were performed by state registered radiographers and supervised by
A. McCabe. Following acquisition of initial anatomical sequences, study imaging
volumes were decided upon by A. McCabe and set on the scanners by the ra-

diographers. The scan volume was duplicated for all subsequent study sequences
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5.1 OE-MRI sequence development

Table 5.1: Acquisition parameters for the study sequences. Values in parentheses

represent the initial imaging protocol reviewed after the first three non-patient

volunteers and two patients. 3D Three-dimensional.

Sequence name VIBE qDixon
Sequence type 3D spoiled gradient-echo | 3D multi-echo Dixon
Orientation Axial Axial
Repetition time (ms) 10 (4.2) 15.6
Echo time (ms) 1.27 (1.48) Range 1.10 to 14.28
with 12 echoes
Flip angle («) 2/ 18 4
Bandwidth (Hz/pixel) 399 (313) 1090
Matrix 128 x 128 96 x 96
Field of view (mm?) 200 x 200 200 x 200
Slice thickness (mm) 2.5 2.5
Number slices 72 72

Number acquisitions

Oxygen on (min:s)
Acquisition time (min:s)

Single acquisition (s)

Proton density: 3 (5)
Dynamic: 40 (60)
3:32 (2:09)

8:27 (5:35)

11.8 (5.15)

94

1 pre- and post-oxygen

0:58
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5.2 Participant Setup

with the radiographers instructed not to make any amendments to the sequence
parameters, including FoV size in order to ensure consistent acquisitions across

all participants.

5.2 Participant Setup

As discussed in section [3.4.5] the majority of clinical OE-MRI studies use high
flow oxygen aiming for as high a concentration of delivered oxygen as possible
to maximise the magnitude of the potential induced tumour AT;. However, in
routine MRI clinical practice, head and neck cancer patients are scanned using a
full head and neck receiver coil which by design comes close to the face making
it potentially more difficult to appropriately position a non-rebreathe mask with
reservoir bag.

During the study design, two different non-rebreathe masks were available
as routine equipment at NUH (figure . Both masks were trialled inside the
standard MRI head and neck receiver coil on non-patient volunteers however
due to the different angles between the mask and the reservoir bag on the two
brands of mask, only the Hudson RCI mask could fit inside the standard head and
neck receiver coil. The fit with this mask was however very tight and would be
challenging and likely impossible for patients with an increased body habitus. In
addition, the non-patient volunteers who tried the Hudson mask inside the head
coil but outside of the scanner bore, reported concerns with claustrophobia. Thus
to make the study design as tolerable and ultimately translatable to all patients
and different imaging departments with differing standard medical equipment, it
was decided to use only the posterior elements of the head and neck receiver coil
and to boost the anterior signal detection with an ultraflex large 18-channel coil
positioned over the neck region but below the face. This therefore allows for easy
positioning of the face mask with the rebreather bag positioned on top of this
ultraflex coil to allow for unimpeded inflation of the bag.

In order to satisfy the research aim of making the OE-MRI protocol suitable
for routine clinical use with routinely available equipment, it was decided to
not use any form of gas mixer. Instead, participants breathed normal room air

as opposed to medical air for the pre-oxygen acquisitions in order to avoid the
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5.2 Participant Setup

Figure 5.3: Non-rebreathe oxygen masks - A Hudson RCI non-rebreathe
mask with two pull straps, metallic nose clip and single sided valve with a safety
port on the contralateral side. Mask A was used for all non-patient volunteers and
for the first 17 patient participants. B Flexicare non-rebreathe mask with two pull
straps, moulded plastic nasal bridge and bilateral valves. Due to a change in local
NHS supply chains, the final three patient participants in the study were scanned
using non-rebreather mask B with one of the valves removed to allow for breathing

on room air with no oxygen flow and to emulate the setup with mask A.

need for medical gas supply. This was possible due to the safety valves on the
side of the non-rebreathe masks meaning that they could be safely used without
supplemental gas delivery. Masks were securely fitted to the face of participants
prior to the start of the research protocol using the standard straps and nose
clips. The switch to room air was accomplished by a member of the research team
entering the scanning room during the dynamic acquisition and commencing the
high flow oxygen delivery without requiring any participant re-positioning. This
did mean that participants did not have the opportunity to become accustomed
to the gas delivery before oxygen was commenced. Participants were monitored
for adequate inflation of the non-rebreather bag as a surrogate marker for delivery
of high flow oxygen to the face mask. All oxygen delivery was supervised by a
general medical council (GMC) registered clinician (A. McCabe).

All participants wore ear plugs and ear defenders inside the scanner and had
a knee block positioned for comfort. An angled mirror was placed above partici-
pants’ heads to enable them to see out of the scanner during the image acquisition.

A demonstration of the participant setup without this mirror in place is shown

in figure
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5.2 Participant Setup

Figure 5.4: Participant setup - A member of the research team modelling
the participant setup. The posterior component of the head coil is used together
with an ultraflex large 18-channel coil positioned over the neck region allowing
ready placement of the non-rebreathe oxygen mask. The non-rebreathe bag was
positioned on top of the ultraflex coil. Study participants wore ear plugs and ear

defenders and did not wear a surgical face mask during the scan.
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5.3 Phantom assessment of VIBE OE-MRI sequence

5.3 Phantom assessment of VIBE OE-MRI se-

quence

Prior to clinical experiments, the VIBE T} mapping sequence was evaluated on an
MRI phantom in order to assess the accuracy, temporal stability and spatial uni-
formity of 77 determination using the VFA methodology and the study dynamic
VIBE sequence.

5.3.1 Method

The accuracy of the VFA T} mapping was assessed relative to a reference standard
of IR based T} determination (section 2.5.1). A Eurospin TO5 phantom with 18
sets of replaceable gel-filled tubes with varying 77 times (71 & T2 FUROSPIN
Glels 2015) was scanned with a single acquisition of the study VIBE sequence
(table along with a single slice TSE IR sequence (14 TI ranging from 23ms
to 2000ms, TR 5000ms, echo train length (ETL) 16, slice thickness 20mm) using
the head and neck receiver coil. IR based T} values were determined using average
signal intensity values from circular regions of interest (ROI) with diameters 80%
that of the gel tubes using non-linear least squares curve fitting to equation [2.10]
VIBE T3 values were determined on similarly defined ROI using equations [2.12
and 2,13

Temporal stability was assessed using the same Eurospin TO5 phantom with
12 gel inserts and the head and neck receiver coil. The full dynamic VIBE se-
quence was performed and 7 times determined for each of the 40 dynamic acqui-
sitions in the same manner as per the 77 accuracy assessment. This was performed
on both of the clinical 1.5T MRI scanners that were used in the subsequent clinical
study.

Uniformity across the imaged volume of the study VIBE sequence was assessed
via imaging a large homogenous phantom using the study VIBE sequence and coil
configuration (consisting of the posterior element of the head and neck receiver
coil and an anteriorly placed ultraflex large 18-channel coil). Percent integral

image uniformity (I) was assessed in accordance with the American association
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5.3 Phantom assessment of VIBE OE-MRI sequence

of physicists in medicine (AAPM) definition:

=12 21 % 100, (5.1)

where S,,.; is the maximum signal intensity and S, is the minimum signal
intensity as measured in a homogeneous phantom in a ROI that comprises at least
75% of the cross-sectional area of the phantom. For scanning commissioning of
a head receiver coil AAPM recommend that in-plane integral uniformity should
be at least 90% on a 1.5T scanner (Jackson et al.|2010).

5.3.2 Results
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Figure 5.5: 77 times methodology comparison - Plot of VIBE VFA deter-
mined T measurements versus reference IR method for 18 different gel-filled vials
scanned in two batches in a Eurospin TO5 phantom with dashed line indicating
linear line of best fit with coefficient of determination (R2?) of 0.984 (A). Corre-
sponding Bland-Altman plot with difference in 77 times defined as VIBE minus
reference IR (B). Mean difference = -32ms (95% CI -65ms to 2ms, p=0.0620 1-
sample t-test).

Figure [5.5 shows plots of VFA determined T} times versus IR based method
and the corresponding Bland-Altman plot. There is a strong linear relationship
between the two methods (Pearson’s correlation coefficient = 0.992, p < 0.001).

The VFA method on average underestimates T} times relative to IR determined
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5.3 Phantom assessment of VIBE OE-MRI sequence

Table 5.2: Temporally averaged T times from ROI in 12 gel-filled tubes in a
Eurospin TO5 phantom with corresponding coefficient of variation (CoV). CoV -

coefficient of variation.

Scanner 1 Scanner 2
Vial | Mean 7} (ms) | CoV (%) | Mean T; (ms) | CoV (%)

1 412 0.3 432 0.4
2 878 0.3 913 0.1
3 422 0.2 438 0.2
4 953 0.3 574 0.4
) 159 0.2 158 0.2
6 529 0.2 591 0.3
7 329 0.2 262 0.3
8 877 0.2 702 0.4
9 658 0.3 673 0.4
10 1514 0.4 1613 0.5
11 260 0.1 301 0.3
12 382 0.3 393 0.3

Median 0.2 0.4

Range 0.1-0.4 0.2-0.5

Table 5.3: Integral uniformity values based on equation in a homogenous
phantom using VIBE acquisition with FA = 2° and 18°. Uniformity values were
determined using individual voxel minimum and maximum signal intensity values

on central slices in all 3 planes for 75% of the phantom area in each plane.

Integral uniformity (%)
PD weighted | T} weighted
(FA =2°) | (FA =18°)

Axial 91.7 93.8
Coronal 86.9 90.4
Sagittal 80.2 86.0
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5.3 Phantom assessment of VIBE OE-MRI sequence

1200 - 1200

1000 - 1000 -
800 - 800 -
600 - 600 -
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31 64 95
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Figure 5.6: Line profiles through homogenous phantom - A with black
indicating central line profiles in the left-right (frequency encode) direction and
red in the anterior-posterior (phase encode) direction. B central line profiles in
the cranio-caudal (slice) direction. Solid lines refer to acquisitions with flip angle
2° and dashed lines flip angle 18°. Vertical dashed lines indicate the central 75%

region.
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5.3 Phantom assessment of VIBE OE-MRI sequence

values by 32ms (95% confidence interval -65ms to 2ms, p=0.062 via 1-sample
t-test), albeit with the magnitude of this underestimation tending to increase for
longer 77 times.

coefficient of variation (CoV) for the dynamic 77 measurements for both of
the assessed scanners are presented in table with a plot of T} values from the
dynamic phantom acquisition for all 12 gel phantom inserts for scanner 1 shown
in appendix figure [A 1] The T} values show good temporal stability with median
CoV of 0.2% (range 0.1% to 0.4%) for scanner 1 and 0.4% (range 0.2% to 0.5%)
for scanner 2.

Line profiles through the homogenous phantom are shown in figure [5.6| with
corresponding integral uniformity values in table Axial integral uniformity
is greater than 90% for both proton density weighted and 77 weighted VIBE

acquisitions.

5.3.3 Discussion

As OE-MRI is dependent upon changes in 77 times then the absolute accuracy of
T values is arguably of lesser importance than the combination of the linearity of
the VFA determined times to the reference standard and the temporal stability
over the duration of the OE-MRI dynamic acquisition. We found both a strong
linear relationship between the VFA and IR methods in the phantom albeit with
the VFA methodology on average slightly under-estimating the 7; times relative
to the IR data (statistically non-significant difference of -32ms) as well as tem-
porally stable T3 times with the greatest observed CoV over the 8:27 min:s that
the dynamic VIBE sequence took to acquire being only 0.5%. Although there are
apparent differences in the measured 77 times between the scanners, it should be
borne in mind that these measurements were taken on different days in different
environmental conditions, with potentially different ambient temperatures which
could affect the true value of the individual gel 77 times.

Regarding image uniformity, for commissioning of a head receiver coil AAPM
recommend that integral uniformity should be at least 90% on a 1.5T scanners.
Given that the study setup uses only the posterior element of the head coil with

the anterior flex coil, it might be expected that image uniformity be negatively
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5.4 Data analysis code

affected. However the axial plane uniformities meet this 90% threshold. The line
profiles in figure [5.6] show the expected signal changes at the extreme ends of the
field of view. Overall the image uniformity with the VIBE sequence is considered
acceptable.

In summary, the VIBE sequence for VFA determined 7T measurements shows
a strong linear response relative to IR based measurement. The measurements
indicate very good temporal stability over the duration of the clinical dynamic
VIBE sequence with acceptable levels of uniformity using the study receiver coil
setup consisting of the posterior part of the head coil with an ultraflex large
18-channel coil anteriorly. The sequence was therefore considered acceptable for

utilisation in the clinical study.

5.4 Data analysis code

A schematic diagram of the data processing steps for the imaging acquired in this
study is shown in figure [5.7] Initial image pre-processing consisted of convert-
ing the acquired imaging data to neuroimaging informatics technology initiative
(NIfTT) format from the native digital imaging and communications in medicine
(DICOM) standard using statistical parametric mapping version 12 (SPM12),
correcting for motion via non-rigid registration using advanced normalization
tools (ANTs) (chapter [6) and delineating study volume of interest (VOI) using
ITK-SNAP software. Conversion to NIfTI was performed due to the simplified
nature of the NIfTT format and its wider compatibility with research based soft-
ware (Li et al.|[2016)).

Following the pre-processing, image analysis was performed using software
developed by A. McCabe in MATLAB (Mathworks, version R2018b). 3D T}
maps were generated on a voxel-wise basis using the VFA methodology (section
for each dynamic acquisition in the study sequence. Summary statistics for
processed VOIs were automatically determined. Additional processing modules
were written by A. McCabe to allow for the processing of acquired R; data,
derivation of AT; statistical maps, derivation of Bootstrap derived statistics and
calculation of SNR metrics (section . In addition, display of parametric maps

and plots of T} time series were encoded for in the program to allow for interactive
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Figure 5.7: Code flow diagram - Study sequence processing flow chart. Section
1 (pre-processing) is performed using publicly available software (as detailed). Sec-
tions 2 to 4 are performed using custom written MATLAB scripts. Interaction with
the custom written scripts was via a custom written graphical user interface. ANTs
- Advanced Normalization Tools, DICOM - Digital Imaging and Communications
in Medicine, GUI - Graphical User Interface, NIfTI - Neuroimaging Informatics
Technology Initiative, SNR - Signal to Noise Ratio, SPM12 - Statistical Parametric
Mapping version 12, VFA - Variable Flip Angle, VOI - Volume of Interest.
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5.5 CSF based F;0, estimation

exploration of the data. Example screen shots from the developed MATLAB

interface are shown in figure [5.8
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Figure 5.8: Example processing software screenshot - Left - Screengrab
showing the main graphical user interface for processing the OE-MRI data. Imaging
parameters are automatically determined from the image data files with processing
parameters adjustable using drop down selection menus and button selection boxes.
Data analysis results are presented in text boxes and as graphical outputs. Right
- two examples of visual outputs from the custom written MATLAB code showing
an overlay of an OE-MRI parametric map for a primary tumour on a 7i-weighted
MRI scan (top) and a histogram of AT} times from the primary tumour volume
(bottom).

5.5 CSF based F;0, estimation

The hyperoxic challenge in this study was delivered using non-rebreathe masks
with high flow oxygen (15L min~') as this offers the highest fraction of inspired
oxygen (F;O2) delivery using routinely available equipment in the NHS (figure
. Non-rebreathe masks have a reservoir bag connected to an oxygen supply
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and usually two one-way valves; one between the mask and the reservoir bag and
the other from the mask to the outside world. On inhalation the valve to the
reservoir bag opens allowing the stored oxygen to be inhaled. On exhalation, the
reservoir bag valve closes and the valve to the outside world opens allowing the
exhaled gas to escape the mask and not re-enter the reservoir bag. In theory this
allows for almost pure oxygen to be inhaled.

However, most clinically used non-rebreathe masks have an additional non-
valved air inlet on the side of the mask that serves as a suffocation avoidance safety
feature allowing air to enter the mask and be inhaled by the wearer in the absence
of an oxygen supply. This results in dilution of the delivered oxygen concentration
when the oxygen delivery is on. In addition, although non-rebreathe mask are
attached to the wearer’s face with pull straps and a nose bridge clip to provide
a secure seal between the mask and the face, the obtainable seal is not perfect.
This further dilutes oxygen in the reservoir bag with the net result that the actual
inspired F;04 concentration is typically between 60% and 90% (Boumphrey et al.
2003, |O’Driscoll et al.|[2008)).

The clinically relevant outcome from OE-MRI is the absence of T shortening
during hyperoxia. However an absence of T} shortening will also be found if no
supplementary oxygen is delivered to the end organ of interest. In addition, the
magnitude of any 7} shortening is proportional to the delivered F;O5 and so lower
delivered F;0O5 will result in a smaller magnitude of 7} shortening, potentially
below the minimum measurable level. It is not known what inspired oxygen
concentration is required in OE-MRI for head and neck cancer to obtain AT}
times with sufficient sensitivity for the detection of tumour hypoxia. Previous
clinical OE-MRI studies in non head and neck sites have principally used high flow
oxygen aiming to deliver as close to 100% oxygen as possible (section . The
benefit of using a non-rebreathe mask delivery system is that they are universally
available in hospitals and are quick and easy to use. However a quality control
process to ensure adequate oxygen delivery has been achieved is required.

In order to evaluate the actual delivered oxygen concentration to tissues in
the head and neck, a model to estimate delivered oxygen concentration was devel-
oped based upon oxygen induced changes in 77 relaxation times of cerebrospinal
fluid (CSF). Although not an organ of interest in relation to HNSCC, typical
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5.5 CSF based F;0, estimation

CSF oxygen partial pressures and relaxivity coefficients have been documented
in previous neuroimaging studies (Zaharchuk et al.| 2005, [Haddock et al.|[2013]
Mehemed et al.|2014, Bhogal et al.[|2017). The cranial extent of the imaging field
of view in this study includes the peri-brainstem CSF and was therefore con-
sidered a suitable location to use to derive a model to estimate actual delivered

oxygen concentration for the 5 non-patient volunteers and first 5 patients.

5.5.1 Method

Starting with the partial pressure of oxygen in the cerebrovascular space (PosrOs),
Zaharchuk et al. (2005) determined that at 1.5T the linear coefficient d Ry /0 PcspO2
is 2.7 x 107*s™! /mmHg where R; is the longitudinal relaxation rate (R, = 1/T}).
Assuming a linear relationship between PosrOs and P,0,, the change in PogrO-
can be estimated as:

1/(Hyperoxic T}) — 1/(Baseline T})
2.7x 1074

APpgpOs = . (5.2)

In addition, the same authors determined that on room air the baseline
PcsrOs in the basilar cisterns is 65 + 27 mmHg increasing to 130 + 49 mmHg in
the third ventricle. They observed no change in PogrO- in the lateral or third
ventricles with the administration of 100% oxygen but noted faster R; relaxation
rates in other CSF spaces (Zaharchuk et al. 2005). This is consistent with the
findings from a Nottingham brain OE-MRI study that found hyperoxia induced
CSF T7 changes were significantly greater in the non-lateral ventricle CSF regions
(McCabe et al.[2021)).

In healthy individuals, P,O, at standard body temperature on room air is 95
mmHg (McLaughlin/[2007, |Cloutier|2019)). Assuming PrspOs is directly propor-
tional to P,0Os, the hyperoxic P,0, can be estimated:

(APCSFOQ + 65) x 90
65 '

P,0, = (5.3)

Due to physiological shunting the arterial partial pressure of oxygen (P40s)
is lower than alveolar pressure (McLaughlin/[2007)). This alveolar-arterial partial
pressure of oxygen gradient (Aa) increases by approximately lmmHg per decade

of life and can be estimated as Aa = P40y — P,05 = w (Hantzidiamantis &
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5.5 CSF based F;0, estimation

Amaro [2021)). However, the alveolar arterial partial pressure of oxygen gradient
also varies with F;Oy (Mythen/2010)). Assuming an increase in Aa of 6mmHg per

10% increase in F;O,, P4O, can be expressed as:

Age + 1
P40y = PO, + w + (% % (F05 — 0.21)) . (5.4)

F;05 can be estimated from the alveolar gas equation:

PACOZ PACO2

= (PB — PHQO) X EOQ — R s (55)

P,Oy = POy —

where R is the Respiratory quotient = 0.8, Ppg is normal barometric pressure
= 760 mmHg at sea level, Py,o is water vapour pressure = 47 mmHg at sea
level and P4,C'Os is the alveolar partial pressure of COy = 40mmHg in healthy
individuals (Cloutier;|2019)). Combining equations and [5.5| yields:

_ PaOy+ 3% PaO2+50 PO, + 25H0 4374

5 = = 5.6

@7 760 — 47 713 653 (56)
where P,0 can be determined from equations and [5.3[ to obtain an estimate
of the FZOQ

Peri-brainstem CSF VOI were constructed on 4 consecutive slices at the caudal
end of the brainstem in the 5 non-patient volunteers and first 5 patient partici-
pants (figure and median pre and post-oxygen CSF VOI T} times extracted.
F;0, estimations were derived based on equations [5.2] 5.3 and [5.6|

5.5.2 Results

A total of 9 peri-brainstem CSF VOI were constructed on the 5 non-patient
volunteers and first 4 patient participants. It was not possible to construct a
CSF contour for patient ID 2 due to artefacts in the 7T} maps at the cranial
extent. CSF T) times and F;0, estimates for the 9 participants are shown in
table .4 Median F;O, estimates were 54% (range 41% to 66%) across all 9
VOIs with a median of 56% (range 41% to 66%) for non-patient volunteers and
48% (range 47% to 57%) for patient participants.
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5.5 CSF based F;0, estimation

Figure 5.9: Peri-brainstem CSF region - Example from non-patient volunteer
V5 of the peri-brainstem region (red) used for the estimation of F;O3. Volume is
shown in the axial (a) and sagittal (b) planes and was constructed on the caudal

4 slices containing the brainstem (yellow contour).

Table 5.4: Estimates of F;O02 (%) and change in partial pressure of oxygen
(AO2, mmHg) derived from participants age and absolute difference in average
peri-brainstem 77 times pre and post supplemental oxygen delivery for the 5 non-
patient volunteers (V) and first 5 patient participants (P). Patient ID P2 did not
have data available as imaging artefacts were present across the peri-brainstem
CSF region.

CSF T) time (ms) Estimated values
ID | Age (yrs) | Baseline | Hyperoxic | AO; (mm/Hg) | F,05 (%)
V1 39 4372 3976 84 41
V2 32 2896 2586 153 26
V3 32 1593 1468 198 66
V4 60 3455 3019 155 o8
V5 33 3795 3311 143 54
P1 o4 1874 1770 116 49
P2 54 No CSF data - -
P3 45 2661 2467 109 47
P4 69 3544 3206 110 48
P5 66 3160 2803 149 57
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5.5.3 Discussion

The derived F;O, estimates are lower than the 60% to 90% oxygen delivery con-
centration that is stated to be achievable with non-rebreathe masks and signifi-
cantly lower than the 100% F;O, used in some pre-clinical animal OE-MRI studies
(section [3.4.5)). However, despite the significant assumptions and limitations in
the methodology used to derive these estimates the results are broadly similar
across all participants suggesting consistency of oxygen delivery with this scan-
ning setup. In addition to the limitations previously detailed, further assumptions
made include that there is no impairment of gas exchange or of oxygen transport
in any of the participants which is unlikely to be true in smokers, and that P,C'O,
does not alter with hyperoxia. The FAs used in the T} mapping sequence were also
optimised for determining the 77 values of primary tumours and not the longer
T7 times of CSF which may affect the accuracy of the determined T} times. The
peri-brainstem CSF region is towards the cranial limit of the FoV of the scanning
sequence and although it was possible to analyse VOIs in all bar one of the 10
participants that this was attempted on, it may be a region that is outside of the
scanning FoV on some patients in clinical practice.

Although this model was used to estimate F;O,, the more clinically relevant
parameter for OE-MRI is the actual delivery of increased oxygen concentrations to
end organs and tissues. Such delivery can be affected by pulmonary and vascular
differences between patients that could result in significantly different magnitudes
of end organ oxygen delivery for the same F;0,, which in turn could affect the
sensitivity of OE-MRI for detecting tumour hypoxia. The utility of assessing
oxygen induced changes to peri-brainstem CSF as a marker of oxygen delivery to
end organs and tumours in the head and neck region is also of uncertain benefit as
the physiology of oxygen delivery to CSF is different from that to solid tissues, a
phenomena which partly explains the differing responses of distinct CSF regions
to hyperoxia (Zaharchuk et al. 2005, Mehemed et al.|2014, Bhogal et al. [2017,
McCabe et al.|2021)). However, to quantify delivered oxygen concentrations to
end organs requires knowledge of the relaxivity of oxygen in the particular tissue

of interest, a parameter that is not well characterised for tissues and organs in
the head and neck.
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5.6 Conclusion

The relaxivity of oxygen in CSF value of 2.7 x 107* s7!/mmHg used here
came from experimental data however Bluemke et al.| (20220 have also developed
an empirical model to estimate oxygen relaxivity for water, saline, plasma and
vitreous fluid based upon field strength, temperature and 4 constants. For a
1.5T scanner, assuming a standard temperature of 37°C' this model returns an
oxygen relaxivity of 2.9 x 107* s7! /mmHg, comparable to the experimental CSF
relaxivity value previously quoted. As seen in table[5.4]for the patient participants
the median increase in oxygen partial pressure in CSF was 113.5mmHg (range
109mmHg to 149mmHg), representing a broadly consistent significant increase of
greater than 170% compared to an assumed CSF baseline of 65mmHg (Zaharchuk
et al. 2005)). The relation of this to changes in head and neck tissue and organ
partial pressures is however uncertain. In the absence of reliable knowledge of
tissue oxygen relaxivity constants, qualitative assessments of adequate end organ
oxygen delivery through changes in healthy tissue 77 times will likely need to
suffice as a quality control check in clinical OE-MRI assessments.

In conclusion, the model presented suggests relatively consistent F;O, delivery
and consequential increase in CSF partial oxygen pressures with the use of a
clinical setup consisting of a non-rebreathe mask and no gas mixer but does not
provide a method for confirming definitive increase in oxygen delivery to end

organs and tissues in the head and neck.

5.6 Conclusion

An OE-MRI sequence was developed for scanning the head and neck region that
takes only 10 minutes to perform and uses only routinely available equipment.
The participant setup was carefully designed to ensure that high flow oxygen
could be delivered to participants with a range of body habitus using any of the
routinely available non-rebreathe masks. The OE-MRI sequence was evaluated
using MRI test phantoms and demonstrated adequate performance. In-house
written software was developed to process and analyse the OE-MRI data. Mea-
sured changes in CSF T} times from initial clinical scans were used to estimate

concentration of delivered supplemental oxygen.
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Chapter 6

Dynamic OE-MRI image

co-registration

6.1 Abstract

Background and Method

OE-MRI is susceptible to participant motion generated artefacts due to the na-
ture of the dynamic image acquisition. Image registration approaches to correct
for such motion were applied to the imaging datasets of 5 non-patient volunteers
and 5 patients with suspected HNSCC using a 3D deformable (non-rigid) and
affine registration. Clinically relevant VOI were delineated on initial dynamic
images and deformed using inverse transformations into all time points for the
dynamic series of images. Deformed VOI were compared using centre of gravity
(CoG) displacements, Dice similarity coefficients and Hausdorff distances as well
as temporally weighted SNR. Dynamic 7} times were calculated and maps of
change in T3 time (AT}) derived for unregistered and registered data.

Results

VOIs showed generally larger magnitude of motion compensation with non-rigid
registration compared to affine transformation. All VOIs with the exception of
brainstem showed statistically significant greater increase in SNR with non-rigid
registration compared to affine. AT} maps show similar VOI averaged AT} times
with all registration approaches but with narrower range of AT times for non-

rigid registration.
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Conclusion

Non-rigid image registration of dynamic OE-MRI results in better motion com-
pensation as evidenced by improvement in VOI SNR values and reduction in the
range of derived individual voxel AT} times compared to affine registration. Non-
rigid image registration should be a routine component of the processing pipeline
for OE-MRI in the head and neck.

6.2 Introduction

OE-MRI in the head and neck region has the potential to produce 3D maps of
the heterogeneous distribution of oxygen within HNSCC. By performing repeated
measures during supplementary oxygen delivery, the oxygenation characteristics
of individual tumour voxels and dynamic information on the kinetics of oxygen
enhancement can be obtained. Such dynamic imaging is performed over multiple
minutes and is therefore subject to motion artefact and dynamic image misreg-
istration caused by either gross patient movement or internal motion and local
tissue deformation. Misregistration events pose the risk of artifactually increas-
ing or decreasing calculated AT; times for a particular voxel which could lead to
erroneous interpretation of a voxel’s oxygenation status and therefore impair the
utility of OE-MRI in guiding therapeutic approaches based upon tumour hypoxia.

The risk of misregistration is particularly significant in the head and neck
anatomical region due to the combination of the physiology of this region resulting
in local tissue deformation and the relatively small size of the clinically relevant
volumes of interest (Gurney-Champion et al.[2018| Bruijnen et al.[2019). It also
varies significantly by subsite with hypopharyngeal and laryngeal regions showing
greater movement than in the oropharynx (Gurney-Champion et al. 2018). An
example of uncorrected participant motion for a patient participant in this study
is shown in figure [6.1] where significant motion occurring over the duration of the
dynamic imaging can be seen with both gradual drift in the participant’s position
as well as at least one occurrence of abrupt movement despite instructions to the
participant to remain as still as possible during the imaging. The corresponding
images after the application of non-rigid image registration are shown in figure
0.2
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B Slice direction

6 2:09 5:35

C Horizontal direction

0:26 2:09 5:35 0:26 2:09 5:35
Time (min:sec) Time (min:sec)

Figure 6.1: Example of uncorrected patient motion - Example of motion
during dynamic OE-MRI acquisitions for patient participant ID 1. A T} weighted
image with red cross indicating the voxel of interest through which line profiles for
each dynamic acquisition in the slice, horizontal and vertical directions are shown
(B to D respectively). Gradual drift in the participant’s position can be appre-
ciated in all 3 planes, with abrupt movement noted at approximately 2min (most

clearly seen in panel C). Corresponding images after non-rigid image registration

in figure
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Figure 6.2: Example of corrected patient motion - Example of corrected

movement of dynamic Vibe acquisitions for patient participant ID 1. Motion was

corrected using nonrigid coregistration of each dynamic acquisition to the first

acquired image. A T weighted image with red cross indicating the voxel of interest

through which line profiles for each dynamic acquisition in the slice, horizontal and

vertical directions are shown (B to D respectively). Corresponding uncorrected

images in figure @
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In order to correct for patient motion during acquisitions, it is necessary to
apply some form of image registration to align each of the dynamic images. Med-
ical imaging registration approaches are routinely deployed in a range of medical
areas including radiotherapy treatment planning in order to co-register planning-
CT scans and diagnostic imaging to aid tumour volume delineation as well as
motion correction in other dynamic diagnostic imaging modalities such as DCE-
MRI (Hamy et al[2014). One of the significant challenges with image registration
in DCE-MRI is that the IV contrast agent that is administered during the image
acquisition (gadolinium based compounds), significantly alters the 77 relaxation
time in areas where the agent accumulates meaning that successive images in
the dynamic series can have drastically different appearances thus compound-
ing registration approaches reliant on image signal intensity (Jansen et al./[2019,
Hamy et al.2014). In OE-MRI however, the magnitude of the expected change
to T} times and thus signal intensity change is significantly smaller (O’Connor
et al.2019)). Conventional pairwise image registration approaches whereby suc-
cessive images are coregistered into the imaging space of the initial acquisition
may therefore be adequate for OE-MRI.

Different registration approaches exist; rigid registration allows only transla-
tion and rotation between the two image sets and is in effect a special case of
an affine transformation which additionally allows scaling and shearing of the
image set being transformed. In the head and neck region however, localised
tissue deformations occur due to physiological functions such as swallowing and
breathing. Such localised distortions are unlikely to be adequately corrected using
affine transformations and thus require registrations that can deform the image
set differentially across the volume. Such deformable or non-rigid registration
algorithms exist and although they can be computationally intensive, offer the
potential for more accurate image co-registration. The application of 3D image
co-registration algorithms as an image pre-processing step in dynamic OE-MRI
in the head and neck region has not previously been formally assessed. In this
chapter the utility of performing image co-registration on head and neck OE-MRI
datasets using a 3D affine and deformable (non-rigid) registration is compared to

undertaking no image co-registration.
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6.3 Method

Five non-patient volunteers (median age 32 years, range 31 to 60 years) and the
first five patients recruited to the study with suspected HNSCC (median age: 54
years, range 45 to 70 years) were included in the registration assessment. All
participants were recruited and imaged as per the study protocol detailed in
chapters [4] and

Dynamic image acquisitions were corrected for motion using symmetric diffeo-
morphic (SyN) non-rigid registration algorithm implemented in ANTs (version
2.3.5) (Avants et al.2011)). 3D registrations were performed to the first dynamic
acquisition of the dynamic VIBE series for each participant using the predefined
script antsRegistrationSyN.sh with a three stage transformation type; rigid,
affine, deformable (Appendix . VOIs corresponding to 6 anatomical structures
relevant for head and neck radiotherapy (brainstem, epiglottis, parotid glands,
spinal cord, submandibular glands and thyroid gland) were outlined on the first
dynamic of each acquisition using ITK-SNAP software (Yushkevich et al.|[2006).
Published guidelines on the delineation of normal structures in the head and neck
region for radiotherapy planning were used to guide VOI delineation (Brouwer
et al|[2015) (figure [6.3)). VOIs were transformed to the original non-corrected
image sets using the ANTs derived inverse transformations for both the three
stage transformation (non-rigid) and the two stage transformation (affine) for
each dynamic acquisition (figure .

Affine and non-rigid transformed VOIs along with original and corrected dy-
namic images were imported into MATLAB (R2018b, Mathworks). Dynamic
data sets were initially inspected qualitatively for motion using cine images and
intensity profiles (example in figure . Image registrations were quantitatively
assessed using custom written MATLAB code for three metrics derived from the
contoured VOlIs:

1. Volume-based metrics using Dice similarity coefficients (DSC)

2|AN B|

DSC =~ 2L
Al + B

(6.1)
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Figure 6.3: VOI delineation - An example from non-patient volunteer V005 of

the delineated anatomical structures used for image registration assessment. VOIs
for the brainstem (1), epiglottis (2), right and left parotid glands (3, 4), spinal cord
(5), right and left submandibular glands (6, 7) and thyroid gland (8) are shown in

the axial (a), sagittal (b) and coronal (c) planes.

where A and B represent the reference and transformed data sets and the
DSC can take values between 0 and 1 (with 1 representing perfect overlap)
(Dice|[1945] |Sherer et al.|2021).

2. Moment-based measurements using CoG displacement

3. Surface-based assessments via the Hausdorff distance; defined as the largest
value from the set of distances generated from determining the closest dis-

tance from each point in the reference volume to the transformed volume

with Omm representing perfect overlap (Sherer et al.[2021]).

The qualitative comparison of volumetric contours is a routine component
of radiotherapy contouring studies including research using artificial intelligence

(AI) to perform auto-contouring. The most commonly used metric to compare Al

generated contours to a reference contour is the DSC with Mackay et al.| (2023)

finding that 96.6% of such research studies used this metric. DSC is appealing
due to its ease of computation and quantification of the difference between entire
volumes, however it has a lower sensitivity to complex boundary changes and is
affected by volume bias whereby the DSC for a larger sized VOI is greater than for

a smaller volume VOI for the same magnitude of contouring error. In addition,
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Image registration |  ________ Y s
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Figure 6.4: Registration assessment schematic - Diagram illustrating the
registration assessment methodology. Dynamic images (exaggerated illustrative
example shown in blue wash) were registered to initial dynamic acquisitions in a
pairwise manner using affine and non-rigid registration via ANTs. Inverse regis-
tration transformations were then applied to VOIs that had been contoured on
reference images. Example thyroid VOI shown in red for the reference VOI and
green for a transformed version. Registration assessment metrics were calculated

comparing the transformed VOIs to the reference VOIs.
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there is evidence that DSC has mixed correlation with expert clinical opinion
and as such caution is required in its use (Thor et al. 2011} |Rohlfing||2012, [Sherer
et al.[2021). Consequently, DSC metrics were supplemented by CoG measure-
ments to quantify changes to the central location of VOIs as well as Hausdorff
distances as a sensitive indicator of changes in individual points on a contour
(Sherer et al.[2021). The three registration metrics were determined for each
dynamic acquisition and VOI for affine and non-rigid transformations relative to
the initial acquisition. Differences between affine and non-rigid transformations
were assessed via a paired t-test.

It is reasonable to assume that SNR parameters determined over the dura-
tion of a dynamic acquisition will show an increase in magnitude with increasing
accuracy of image registration due to a reduction in motion induced voxel wise
signal intensity variability. Although absolute SNR values are dependent upon
a wide range of parameters including individual patient body composition and
receiver coil setup location, relative increases in SNR values between unregistered
and coregistered image datasets can give an indication of the utility of the regis-
tration approach. Therefore, as an indication of registration quality temporally
weighted dynamic SNR measurements (SNRy) were determined for each VOI and
registration approach (Kousi et al.[2016, Bradley|2022):

Ag(z,y,2)

UAR(xv Y, 2)7

SNRy(z,y,2) = (6.2)
where A is the temporally averaged signal intensity for the central voxel of a
ROI R consisting of 5 voxels, 04, is the signal intensity standard deviation for
R across all spatial and temporal dimensions. SNR values were determined in
MATLAB using code modified from that kindly provided by Joe Bradley (Bradley
2022)). Median SNRy values were determined for each VOI and registration ap-
proach with registered data normalised to the unregistered data. Differences in
the percentage change in SNRr values between affine and non-rigid transforma-
tions for each anatomical structure set were compared using the Wilcoxon signed
rank test. In order to account for repeated tests on the same data sets, Bonfer-

roni correction was used to set the p-value for statistical significance to values
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less than p < % = 0.0125 (based upon 1 SNRy and 3 registration magnitude
metrics).

Finally, as a measure of the impact of differing registration approaches on OE-
MRI based tumour hypoxia assessment, oxygen induced AT} maps were produced
as per the methodology in section for each unregistered and registered data
set for each participant. Median and 95% range of VOI oxygen induced AT times
were compared across the unregistered, affine and non-rigid registration data sets
using repeated measures analysis of variance with statistical significance set at
p < &P =0.025.

6.4 Results

All ten participants were scanned according to the protocol with adequate non-
rebreather bag inflation recorded for all. VOI segmentation of the brainstem
(n=10), epiglottis (n=10), vocal cords (n=10), parotid glands (n=20), spinal
cord (n=10), submandibular glands (n=19) and thyroid gland (n=10) was per-
formed. The right and left parotid and submandibular glands were segmented and
analysed independently. One participant had a single submandibular gland due
to previous surgery. Visual inspection of the dynamic images revealed evidence
of participant movement in most cases.

Figures to shows box plots of CoG, DSC and Hausdorff distances
for the 6 VOIs for the affine and non-rigid registrations along with boxplots of
transformed VOI averaged SNR values relative to unregistered data sets and
median and 95% range ATy times for all data sets.

The median (range) of displacements over all VOI and participants for affine
transformations are 0.9mm (0 to 4.9mm) for CoG, 0.916 (0.519 to 1.000) for DSC
and 1.6mm (0 to 6.7mm) for Hausdorff distance. For non-rigid transformations
these values are 1.2mm (0 to 7.4mm) for CoG, 0.888 (0.430 to 1.000) for DSC
and 2.2mm (0 to 10.6mm) for Hausdorff distance. For all VOI and assessment
metrics with the exception of CoG for submandibular glands, the magnitude
of the average transformation was greater with non-rigid registration than with
affine transformations (p < 0.0125 level). The VOIs with the largest displacement

in transformed volumes are the epiglottis and thyroid gland.
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Table 6.1: Comparison of median VOI averaged AT} times for unregistered, affine

registration and non-rigid registration datasets for 5 non-patient volunteers and 5

patients. p-values from repeated measures analysis of variance with significant
values (p < 0.025) highlighted in bold.

Median AT, %
mean (standard deviation)

Unregistered | Affine non-rigid | p-value
Brainstem 0.5 (1.0) | 0.3(0.9) | 0.3(0.9) | <0.001
Epiglottis 1.2 (10.7) | -2.7 (8.6) | 0.0 (4.7) | 0.377
Parotid glands -0.5 (0.7) | -0.6 (0.9) | -0.6 (0.9) | 0.483
Spinal cord 1.0 (2.9) | 0.9 (1.5) | 0.3(0.9) | 0.458
Submandibular glands -1.7(1.8) | -1.7(2.1) | -1.7(1.8) | 0.954
Thyroid 6.3 (3.6) | -6.2(3.4) | -6.3 (3.3) | 0.868

Regarding changes in VOI averaged SNRy values, at the p < 0.0125 there
is statistically greater average values for all VOIs except the brainstem with
non-rigid registration compared to affine registration. Compared to unregistered
data, 2 brainstem VOIs showed worse volume averaged SNR; values with affine
registration than unregistered data (patient ID 2 has 0.2% decrease and patient
ID 3 has 1.0% decrease)) and 1 brainstem VOI had reduced SNRy with non-rigid
registration (non-patient volunteer 4 with 4.2% decrease).

AT, maps were successfully produced for all 10 participants for co-registered
and unregistered data sets. Tables and display VOI median AT} times
and 95% ranges. With the exception of the brainstem VOI that showed greater
median AT} times for both co-registered data sets compared to unregistered data,
at the p < 0.025 level there was no statistically significant trend for change in
median VOI AT times. The VOI 95% range of AT; times did however show
consistent reduction in magnitude across all VOIs in the order of unregistered to

affine to non-rigid registrations.
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Table 6.2: Comparison of 95% range of VOI averaged AT; times for unregistered,
affine registration and non-rigid registration datasets for 5 non-patient volunteers
and 5 patients. p-values from repeated measures analysis of variance all significant
at p < 0.025 level.

AT, 95% Range (ms)
mean (standard deviation)

Unregistered Affine non-rigid | p-value
Brainstem 33.4 (22.4) | 19.6 (9.3) | 13.9 (7.1) | 0.006
Epiglottis 156 (126) | 121(110) | 62.4 (77.1) | 0.008
Parotid glands 20.7 (8.7) 15.0 (6.0) 9.2 (1.3) | <0.001
Spinal cord 74.8 (56.2) | 51.1 (19.4) | 19.4 (8.1) | 0.004
Submandibular glands 25.6 (11.3) | 21.1 (8.7) | 14.2 (4.0) | 0.003
Thyroid 20.0 (7.2) | 17.7(5.3) | 16.3 (3.8) | 0.003

6.5 Discussion

The issue of misregistration in the assessment of tumour hypoxia is particularly
pertinent due to the heterogeneous distribution of oxygen within tumours (Evans
et al.|2007, Panek et al.|2017) Featherstone et al.|2018)). In the hypothetical case
of a significantly large VOI with homogeneous oxygen distribution, the average
change in 77 time over the VOI could be argued to be a sufficient marker of oxygen
status and as such small magnitude misregistrations would be unlikely to have
a significant effect on the interpretation of overall oxygenation status. However
given that tumour oxygen levels can change from normoxic to radiobiologically
significant hypoxia within distances of the same order as the diffusion distance of
molecular oxygen (approximately 100 gm (Thomlinson & Gray||1955))) then mis-
registration of dynamic OE-MRI acquisitions could mask potentially clinically
relevant underlying tumour oxygen distribution. Conversely, accurate image reg-
istration allows the known heterogeneous oxygenation patterns within tumours
to be mapped and correlations of such textural features to clinical outcomes to
be investigated.

The spatial resolution in this study is an order of magnitude different to the

diffusion distance of oxygen and so even in the absence of any misregistration,
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each voxel already represent a spatial average of oxygenation. In contrast to
hypoxic PET imaging where the interpretation of the voxel signal intensity is
complicated by the non-linearity of the PET signal to local oxygen concentration
and the dependence of the signal on local cellularity and tissue perfusion (Grimes
et al[[2017)), in OE-MRI the change in longitudinal relaxation rate (Ry) is linearly
proportional to the plasma partial pressure of oxygen (Zaharchuk et al. [2006).
Although the in vivo relationship between tissue oxygen partial pressures and
relaxation rate is complicated by dependences on factors including the ratio of
oxygenated to deoxygenated haemoglobin, blood volume, haematocrit level and
tissue oxygen extraction fraction (Blockley et al.| 2008, Bluemke et al.|2022a),
the mean change in a voxel’s R; value can be directly related to the magnitude
of the underlying average hypoxic subvolume. Accurate image coregistration of
dynamic OE-MRI therefore facilitates voxel wise based interpretation of tumours’
hypoxic subvolumes in HNSCC.

By imaging over a volume of 200x200x180mm, sufficient data was acquired to
facilitate applying both affine and deformable image registration algorithms to
the entirety of the clinically relevant head and neck region. The magnitudes of
clinically relevant VOI transformations caused by using a non-rigid co-registration
algorithm are statistically significantly different than with an affine transforma-
tion implying that overall there is variable motion throughout the imaged volume
that is not amenable to correction solely by affine registration.

The VOIs with the greatest magnitude of change, epiglottis (figure and
thyroid gland (figure , correspond to anatomical regions routinely subject
to locally deformable movement from breathing and swallowing. Although the
magnitude of the differences in centre of gravity shifts between the affine and
non-rigid transformations are small for all VOIs, the differences in the average
Hausdorff distances are comparable to the in-plane image resolution of the images
(1.6mm). This implies that although the non-rigid transformation registration
is not resulting in large differences in the gross shifts of the VOI compared to
the affine transformation, there are regions of the VOI that are being deformed
to a greater extent with the non-rigid transformation compared to the affine

transformation on the scale of the image resolution.
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As the magnitude of relaxation time shortening caused by molecular oxygen is
relatively small, optimising SNR within a VOI is crucial to detect oxygen induced
ATy changes. The SNR7 results clearly show a general pattern of increasing rel-
ative SNR for all VOIs with both affine and non-rigid registrations. In addition,
the non-rigid registration showed statistically significant greater improvements in
SNR compared to affine registration between all except 2 of the non-rigid and
affine registrations across all 6 VOI (p < 0.01). The epiglottis VOI showed the
largest magnitude of median SNR improvement, consistent with this being an
anatomically small region that is prone to significant physiological movement.
The non-rigid approach is therefore more likely to account for additional inter-
nal movement of this structure relative to the patient contour. Although there
were two SNR measurements that had lower values with non-rigid registration
compared to unregistered data, these were small magnitude compared to the im-
provement noticed in all other measurements. It should be noted that increases
in SNR values with co-registered data sets compared to unregistered data may
be influenced by the bilinear interpolation used in constructing the deformed im-
age sets which could result in apparent increases in VOI SNR values relative to
unregistered data independent of co-registration accuracy. However, the relative
greater increase in SNR values with non-rigid registration compared to affine
registration is less likely to be influenced by this effect. Overall these results
demonstrate that the non-rigid registration approach is both feasible in head and
neck OE-MRI as well as offering SNR, improvements over affine registered data
implying greater accuracy of motion correction.

Considering the result of differing registration approaches on the end result of
AT times, it can be seen that although for 5 / 6 volumes there was no statistically
significant change in VOI averaged AT times (table[6.1), the range of individual
voxel AT; times within the volumes did significantly change. The 95% range of
AT; times was smaller for all VOI with the non-rigid registration compared to
both unregistered and affine registered data (table [6.2). This implies that non-
rigid registration is more powerful at reducing the magnitude of outlier values of
individual voxel AT} times as it is reasonable to assume that within these normal
head and neck structures, AT; times are likely to be relatively homogeneous.

Although image registration has minimal impact on VOI averaged values, it does
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change the appearance of the derived AT; maps and thus parameters derived
from interrogating individual voxel values.

At the time that the data presented in this chapter was collected, there were no
published papers on performing OE-MRI in the head and neck region. In addition
to the work presented in this thesis, two additional papers performing OE-MRI
in the head and neck region have subsequently been published. Although both
studies used volumetric acquisitions, the 3T study by Bluemke et al.| (2023) also
attempted to perform single-slice pre and post-oxygen 77 mapping using MOLLI.
The authors report that patient motion in the slice direction was a nontrivial
concern resulting in unusable data from the MOLLI acquisitions due to the T}
maps being in different geometric locations. Although |Dubec et al.| (2023) do not
explicitly comment on the extent of overall participant movement in their study,
they do note that one dataset was unusable due to uncorrectable motion. Such
intra-scan movement is consistent with that observed of the participants in the
current study although as detailed in chapter [7], usable data was obtained from all
patient participants in the full clinical part of this OE-MRI study (McCabe et al.
2024a). Whilst Bluemke et al.| (2023) make no comment on image registration,
Dubec et al.| (2023]) adopted a deformable registration approach using the toolbox
Elastix, an approach broadly equivalent to the non-rigid registration used in this
study.

An alternative image registration approach would be to restrict the registered
area to that of the contoured tumour and its immediate environs. Such an ap-
proach may in theory return more accurate tumour registration even with the use
of a multistep deformable approach as the accuracy of the initial rigid registra-
tion is likely to be greater thus reducing the magnitude of non-rigid deformations
required. However, this would not facilitate the generation of hypoxic maps over
the entire clinically relevant head and neck area which was one of the goals of
this project but may be an approach that could be used in situations where par-
ticipant motion is in excess of that correctable by the registration approaches
detailed in this chapter. It is also worth noting that the predefined ANTs regis-
tration script was used. Images were thus deformed using mutual information as

the optimisation metric however there are additional approaches contained with
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ANTs that could be explored such as cross-correlation and MRI sequence specific
methods (Avants et al.|[2011]).

There are a number of limitations with this analysis and the non-rigid image
registration process. Firstly, there is no ground truth with which to compare the
transformed data sets to. Although there is a statistically significant difference
between affine and non-rigid registered data in terms of the magnitude of the
transformations and resulting improvements in SNR, it is not possible to comment
on the absolute truth of the final transformed data. Although it is conceivable
to construct a ground truth by re-contouring each VOI on every acquired image,
due to the lower spatial resolution and image quality of the dynamic OE-MRI
images compared to diagnostic quality scans, there is the potential for significant
errors in this process thereby negating this as an absolute reference.

Non-rigid registration is a computationally more complicated technique than
affine registration. As such, the processing of the image sets took longer using the
non-rigid approach. However, as the process was automated through scripting
and could therefore run in the background or overnight, the magnitude of this
time difference was not quantified. The increases in processing time with non-
rigid registration are likely to be clinically irrelevant though as tumour hypoxia
imaging would at best influence the long term management of HNSCC rather
than guide the immediate, emergency management of a patient.

This analysis comprises data from an equal number of non-patient volunteers
and patients with suspected HNSCC. There is an inherent selection bias for pa-
tients who are willing to undergo an extended MRI scan and potentially tolerate
the MRI scan process thereby reducing the magnitude of gross motion during the
imaging. Although the non-rigid image registration algorithm was successfully
applied to all participants, larger magnitudes of observed movement as may occur
in an unselected patient cohort may not be as readily correctable.

In addition, the magnitude of patient movement and therefore the extent of the
registration correction required may vary significantly from that observed in this
cohort of participants depending on the clinical application and therefore patient
setup used. For example if the OE-MRI were performed as an adjunct to an MRI
scan performed for the principle purpose of planning radiotherapy treatment for
HNSCC, it is conceivable that the scan could be performed with the patient
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immobilised in the radiotherapy treatment shell; a custom made thermoplastic
mask designed to restrict patient movement during radiotherapy treatment and
allow accurate and repeatable daily patient positioning. Such a scanning setup is
used for radiotherapy planning purposes to significantly reduce the magnitude of
any bulk patient motion during the scan (Paulson et al.[2015), albeit with reduced
or minimal impact on internal motion. Such a scan setup may therefore reduce
the need for the use of the more computationally intensive non-rigid registration
approaches for dynamic OE-MRI.

It is also important to note that the non-rigid co-registration algorithm cannot
correct for variations in signal intensity caused by any migration of the receiver
coil during the dynamic scan. This study used a large flex coil positioned on the
chest of participants to allow easy fitting of the high flow oxygen mask. However
as this is not fixed to a rigid structure then there is a greater risk of a change
in the relative position of the coil and the participant which can cause changes
in signal intensities. Such changes would result in regions of abrupt change in
T, times principally in the anterior portion of the head and neck that fails to be
corrected with image co-registration. This would be detectable on visual inspec-
tion of the AT} maps and would also cause regions of reduced SNR. Such areas
should not be used for quantitative purposes. Finally, although no transforma-
tion specific artefacts were detected in the datasets given the deformable nature
of the registration technique, this should be monitored for in all clinical data.

In conclusion, the use of non-rigid image co-registration is both practically
possible and a necessary step in the processing pipeline for dynamic OE-MRI of

the head and neck due to the risk of gross movement and local tissue deformation.
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Chapter 7

Clinical outcomes

7.1 Abstract

Background

Tumour hypoxia is a recognised cause of radiotherapy treatment resistance in HN-
SCC however current PET-based hypoxia imaging techniques are not routinely
available in the NHS or in many cancer centres worldwide. The results presented
in this chapter were obtained from a clinical study investigating if the imaging
technique of OE-MRI could be performed using routine clinical equipment in pa-
tients with HNSCC.

Methods

A volumetric OE-MRI protocol for dynamic 7T} relaxation time mapping was im-
plemented on 1.5T clinical scanners using only routinely available clinical equip-
ment. Participants were scanned breathing room air and during high flow oxygen
administration. Oxygen induced changes in 7) times (AT}) and Rj rates (AR})
were measured in malignant tissue and healthy organs. Voxel-wise statistical
testing using unequal variance t-test was used to derive estimates of tumour hy-
poxic fractions that were compared between radiotherapy treatment responsive
and non-responsive groups. Additional exploratory analysis using a Bootstrap-
ping approach to generate normoxia likelihood maps for textural analysis was
performed. In addition, the potential of fusing OE-MRI derived parametric maps
with radiotherapy treatment planning CT scans was explored.

Results
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Fifteen patients with HNSCC (median age 59 years, range 38 to 76) and 10
non-HNSCC subjects (median age 46.5 years, range 32 to 62) were scanned; the
OE-MRI acquisition took less than 10 min. Fifteen histologically confirmed pri-
mary tumours and 41 malignant nodal masses were identified. Median (range)
of ATy times and hypoxic fraction estimates for primary tumours were -3.5% (-
7.0% to -0.3%) and 30.7% (6.5% to 78.6%) respectively. Radiotherapy responsive
and resistant primary tumours had mean estimated hypoxic fractions of 36.8%
(95% CI 17.4% to 56.2%) and 59.0% (95% CI 44.6% to 73.3%), respectively (p =
0.111). Textural features of Energy, Entropy and Cluster Shade were extracted
from hypoxia likelihood maps but did not show any statistically significant dif-
ferences between responding and non-responding tumours.

Conclusion

An implementation of dynamic, volumetric OE-MRI of the head and neck region
using routinely available clinical equipment allowed the discernment of differing

oxygen responses within biopsy confirmed HNSCC.

7.2 OE-MRI in HNSCC Clinical Study

Recruitment to the evaluation of OE-MRI in HNSCC study detailed in chapter
was performed between April 2021 and December 2022 at Nottingham University
Hospitals NHS Trust. Study imaging was performed using the setup and scan
protocol detailed in chapter [f] The details of the study execution and analysis of
the acquired OE-MRI imaging data is presented in this section.

7.2.1 Method

All patients were scanned using the study imaging sequences as per figure [5.2| us-
ing the imaging parameters in table 5.1l VIBE images were corrected for motion
relative to the first dynamic acquisition via non-rigid registration (chapter @
The water image from the qDixon sequence was similarly registered for each par-
ticipant and the resulting registration transformation applied to derived qDixon

parametric maps.
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A four-dimensional median filter was applied to dynamic images before pro-
ducing voxel-wise T} maps for each dynamic acquisition using the VFA method-
ology (section . An initial room air period was defined from 0:35 to 3:32
min:s and hyperoxic phase from 5:30 min:s until the end of the dynamic sequence.
Mean voxel-wise room air 7} times (77 Air) and hyperoxic T; times (7703) were
determined and voxel-wise changes in 77 times defined as:

1109 — Ty Air)

T, Air

Histologically confirmed primary tumours were contoured on the first acqui-

AT (vozxel) = ( x 100 (7.1)

sition of the VIBE images. Malignant nodes were defined as nodal masses in
patients with biopsy proven HNSCC whose radiological appearance was deemed
malignant by the local head and neck MDT. Contoured volumes less than 0.25
mL were excluded. Parotid, submandibular and thyroid glands were contoured
in accordance with radiotherapy contouring guidelines (Brouwer et al. 2015)). All
contouring was performed using ITK-SNAP (version 3.4.0) (Yushkevich et al.
20006)).

Average VOI AT; times and AR} rates were defined as the median of ATy (vozel)
times and voxel Rj rate differences with statistical significance against the null
hypothesis of no change in median value assessed via Wilcoxon signed-rank test,
with p-values lower than 0.05 as significant. Individual voxels within VOIs were
interrogated for significant ATj via a two-tailed unequal variance t-test, with p-
values lower than 0.05 as significant. Estimates of hypoxic fractions were defined
as percentage of voxels not showing statistically significant negative AT}. Esti-
mated hypoxic fractions and VOI averaged AT; were compared for responding
and nonresponding groups via two-tailed unequal variance t-test, with p-values
lower than 0.05 as significant. Parcellation analysis of primary tumours and ma-
lignant nodes was performed using VOI averaged AT} times and AR; rates (Cao-
Pham et al.[2017). Statistical analysis was performed using MATLAB version
R2018b.

7.2.2 Results

A total of 5 non-patient volunteers (median age 32 years, range 31 to 60) and

20 patients with suspected HNSCC (median age 57 years, range 36 to 76) were
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recruited of whom 15 received histological diagnoses of HNSCC (median age 59
years, range 38 to 76). Out of the 5 patients who did not have HNSCC, 1 had
lymphoepithelial cyst (patient 2), 1 benign cystic lesions (patient 18), and 3 had
no radiological abnormality identified (patients 8, 12, 17).

Adequate inflation of the oxygen mask non-rebreathe bag was recorded for
all participants. One patient (patient 12) terminated the study early following
dynamic acquisition 32. AT; maps were produced with the hyperoxic phase
defined using the final 7 dynamic measurements.

The first 3 non-patient volunteers and first 2 recruited patients were scanned
using the VIBE sequence with TR of 4.2ms (table . However following a
qualitative review of the imaging quality the subsequent 20 participants (2 non-
patient volunteers and 18 patients) were scanned using the VIBE sequence with
TR of 10ms to increase the SNR of the acquired images to both enable more

accurate VOI contouring and decrease the noise noted in the images.

Normal structures

OE-MRI data from all 25 participants was used to determine VOI averaged AT
times for normal structures in the head and neck region. Median (range) AT}
times were -0.6% (-2.6% to 1.0%) for parotid glands, -1.3% (-4.7% to 2.7%) for
submandibular glands and -8.1% (-14.1% to 0.4%) for thyroid glands (figure[7.1).
Figure shows example AT) parametric maps, VOI averaged T} time series and
total VOI AT histogram for an example thyroid gland.

Malignant tissue

Fifteen primary tumours (median volume 5.04 mL, range 0.54 to 33.70 mL) and 41
distinct malignant nodal masses (median volume 2.62 mL, range 0.26 to 20.56 mL)
were contoured (table [7.1)). Median baseline tumour 7} times and R} rates were
1200ms (range 716 to 1417ms) and 29.6s~! (range 20.1 to 144.8s571) respectively
for primary tumours and 1322ms (range 577 to 1674ms) and 14.0s~! (range 6.9

to 30.9s71) for malignant nodal masses.
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Figure 7.1: VOI median AT; times - Notched box plots of oxygen induced
ATy (%) times for all 25 participants for the parotid, submandibular and thyroid
glands and for the 15 patients with head and neck squamous cell carcinoma for
the primary tumour and malignant nodal masses. The single outlier point showing

positive AT} in the thyroid gland came from non-patient volunteer V3.
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Figure 7.2: Parametric maps from thyroid gland - Example OE-MRI para-
metric maps of thyroid gland (patient P5). T} weighted VIBE image with overlaid
parametric AT} map of the thyroid gland (a, d, axial and coronal plane respec-
tively) and overlaid statistical map of AT} times (b, e€). Blue colour indicates
statistically significant decrease in T; times, white indicating no statistically sig-
nificant change and red indicating statistically significant increasing 77 times. c
Time series of T} times averaged over the entire thyroid VOI. f Histogram of AT}

times for the entire malignant nodal VOI.
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7.2 OE-MRI in HNSCC Clinical Study

Median (range) AT; times were -3.5% (-7.0% to -0.3%) for primary tumours
and -2.2% (-6.5% to 1.2%) for malignant nodes. Median (range) estimated hy-
poxic fractions for primary tumours and malignant nodes were 30.7% (6.5% to
78.6%) and 59.9% (11.6% to 89.5%) respectively (figure [7.1)). HPV related and
unrelated oropharyngeal cancers had median (range) estimated hypoxic fractions
of 25.6% (6.5% to 70.2%) and 52.4% (26.1% to 78.6%) respectively.
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Figure 7.3: Parametric maps from normoxic primary tumour - Example
OE-MRI parametric maps in a primary tumour with a complete response to radio-
therapy treatment (patient P16). Low estimated hypoxic fraction (9.8%) is shown
on a 11 weighted VIBE image with overlaid parametric ATy map of the primary
tumour (a, d, axial and coronal plane respectively) and overlaid statistical map
of AT; times (b, e). Blue colour indicates statistically significant decrease in T}
times, white indicating no statistically significant change and red indicating statis-
tically significant increasing 77 times. ¢ Time series of 77 times averaged over the
entire primary tumour VOI and over those voxels with significantly decreasing T

times only. f Histogram of AT} times for the entire primary tumour VOI.

Figures and show example AT parametric maps, VOI averaged T;
time series and total VOI AT} histograms for example primary tumours with low
and high estimated hypoxic fractions respectively. Plots for example malignant

nodal regions with low and high estimated hypoxic fractions are given in appendix
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Figure 7.4: Parametric maps from hypoxic primary tumour - Example OE-
MRI parametric maps in a primary tumour with residual disease post radiotherapy
treatment (patient P3). High estimated hypoxic fraction (73.5%) is shown on a T}
weighted VIBE image with overlaid parametric AT} map of the primary tumour
(a, d, axial and coronal plane respectively) and overlaid statistical map of AT}
times (b, e). Blue colour indicates statistically significant decrease in T times,
white indicating no statistically significant change and red indicating statistically
significant increasing 77 times. ¢ Time series of T times averaged over the entire
primary tumour VOI and over those voxels with significantly decreasing 77 times

only. f Histogram of AT} times for the entire primary tumour VOI.
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7.2 OE-MRI in HNSCC Clinical Study

figures and [A.3] Tables presenting the full 77 and R% data for all contoured
primary tumours and malignant nodal masses are presented in appendix tables
B and B2

Out of 15 patients with confirmed HNSCC, 11 (73%) proceeded to curative
intent radiotherapy and 9 underwent post-treatment FDG-PET scan (1 patient
had post-treatment MRI scan due to clinical concerns regarding early progressive
disease). Of these 10 primary tumours, 7 (70%) were responders, with 3 (30%)

showing residual disease, confirmed histologically in 2 cases (table [7.2]).
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(n=15) (n=41)

Figure 7.5: OE-MRI derived estimates of hypoxic fractions - Notched box
plots with overlaid data points of estimates of hypoxic fractions (%) for malignant
tissues. Data points corresponding to primary tumours with evidence of residual

disease post-radiotherapy treatment are surrounded by a black box.

Median primary tumour volumes were 3.75mL (range 0.54 to 21.60mL) for
responding tumours and 7.20mL (range 4.35 to 33.70mL) for non-responding
tumours (p = 0.183, Wilcoxon rank sum) with baseline median 7} times of 1200ms
(range 716 to 1400ms) for responding and 1179 (range 1170 to 1206ms) for non-
responding tumours. VOI mean ATy values were -3.8% (95% CI -5.6% to -2.0%)
for responding and -3.1% (95% CI -3.5% to -2.6%) for non-responding tumours
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Table 7.2: Treatment details and outcomes of post-treatment imaging for the 15

patient participants with histologically confirmed squamous cell carcinoma. Radio-

therapy dose refers to that delivered to the primary tumour. Cisplatin administered

as 40mg/m? weekly and carboplatin as AUC 1.5 weekly. CRT Concurrent chemora-

diotherapy, FDG-PET '8 F-fluorodeoxyglucose positron emission tomography, RT

Radiotherapy, SACT Systemic anticancer therapy.

ID | Intent | Modality | Treatment Imaging outcome
1 | Palliative RT - N/A
3 Curative RT 65.1Gy/30# MRI - Residual disease in pri-
mary and nodes (no biopsy).
4 | Palliative SACT - N/A
5 Curative CRT 70Gy/35# & | Complete response (FDG-PET).
Cisplatin
6 Curative CRT 70Gy/35# & | Complete response (FDG-PET).
Cisplatin
7 Curative CRT 65.1Gy/30# & | Residual disease in primary
Carboplatin (FDG-PET and biopsy). Dis-
tant metastases.
9 Curative CRT 70Gy/35# & | Complete response (FDG-PET).
Cisplatin
10 | Curative CRT 70Gy/35# & | Died before scan.
Cisplatin
11 | Curative | Surgery | - N/A
13 | Curative CRT 70Gy/35# & | Complete response (FDG-PET).
Cisplatin
14 | Curative CRT 70Gy/35# & | Complete response (FDG-PET).
Cisplatin
15 | Curative CRT 70Gy/35# & | Complete response in primary.
Cisplatin Distant  metastatic = disease
(FDG-PET).
16 | Curative CRT 70Gy/35# & | Complete response (FDG-PET).
Cisplatin
19 | Curative | Surgery | - N/A
20 | Curative CRT 70Gy/35# & | Residual disease in primary
Cisplatin (FDG-PET and biopsy). New

malignant node outside treat-
ment field.
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(p = 0.484, unequal variance t-test). Mean estimated hypoxic fractions were
36.8% (95% confidence intervals [CI] 17.4% to 56.2%) and 59.0% (95% CI 44.6%
to 73.3%) for responding and non-responding primary tumours respectively (p
= 0.111, unequal variance t-test, figure . There was no correlation found

between estimated hypoxic fractions and primary tumour volumes or baseline T}

times (figure [7.6)).
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Figure 7.6: Hypoxic fractions correlation plots - Scatter plots of estimated
hypoxic fractions (%) against (a) primary tumour volume (mL) and (b) average
baseline primary tumour 7} times (ms). Spearman’s rank correlation coefficient
(p) did not show any statistically significant correlation. Data points in red boxes

illustrate treatment resistant tumours.

Rj measurements were obtained in all participants. Median (range) AR} rates
were 0.4s71 (-29.1 to 10.7s™!) for primary tumours and 0.2s! (-12.7 to 24.7s71)
for malignant nodes (figures and . In patients who had curative intent ra-
diotherapy, mean AR} rates were 6.3571 (95% CI 1.9 to 10.7s71) and -1.7s7! (95%
CT -8.8 to 5.4s57!) for responding and radiotherapy resistant primary tumours (p
= 0.812, unequal variance t-test) with baseline mean R} rates of 33.3s7! (95% CI
15.0 to 51.5s71) and 44.8s7! (95% CI 42.3 to 47.3s7') respectively (p = 0.897,
unequal variance t-test). Primary tumour AR} rates showed no statistical cor-
relation to baseline Rj values (p = 0.457, Spearman rank correlation) but did
show a moderate negative correlation for malignant nodal masses (p = -0.429, p
= 0.005, Spearman rank correlation, figure [7.9)).
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Figure 7.7: AT versus AR; for primary tumours - Scatter plot showing
categorisation of hypoxia status of primary tumours based on VOI average median
ATy times and AR} rates with error bars indicating estimates of 95% confidence
intervals derived from Bootstrap sampling with 1,000 samples. Data points corre-
sponding to primary tumours with evidence of residual disease post radiotherapy

treatment are shown with blue circles.
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Figure 7.8: A7) versus AR; for malignant nodes - Scatter plot showing
categorisation of hypoxia status of malignant nodes based on VOI average median
AT times and AR rates with error bars indicating estimates of 95% confidence

intervals derived from Bootstrap sampling with 1,000 samples.
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Figure 7.9: R; correlation plots - Scatter plots of ARJ versus baseline Rj
rates for primary tumours (a) and malignant nodal masses (b). Spearman’s rank
correlation coefficient (p) did not show statistical significance for primary tumours

but showed a moderate negative correlation for malignant nodal masses.

7.2.3 Discussion

The OE-MRI protocol was designed to be added to a standard clinical protocol
using routinely available equipment therefore making this a low cost and rapidly
translatable method of hypoxia imaging in HNSCC. For this reason room air
as opposed to medical air was utilised for the pre-oxygen acquisitions in order
to avoid the need for medical gas supply and additional equipment in the form
of gas mixers. Although this meant participants did not have the opportunity
to become accustomed to the gas delivery before oxygen was commenced, no
apparent disadvantages were encountered from this approach. Despite the OE-
MRI sequence taking less than 10 min, it was possible to image the entire tumour

volume and discern differing responses to supplemental oxygen challenge.

Normal Structures

The magnitude of oxygen induced T} shortening in parotid and submandibular
glands is small indicating limited sensitivity of the OE-MRI technique in these
structures. In contrast, the thyroid gland showed strong and consistent negative
ATy.
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As OE-MRI relies on the absence of T} shortening to determine hypoxic re-

gions, a clinically relevant quality control structure to ensure adequate oxygen

delivery to organs is desirable (sections [3.4.5| and [5.5.3]). The thyroid gland may

represent such a structure in the head and neck and is in an anatomical loca-
tion that is readily incorporable into the field of view in clinical head and neck
cancer imaging. However without being able to derive measures of the actual
delivered oxygen concentration (section the magnitude of 77 change in a
control region that is required in order to classify an individual examination as
having an acceptable level of sensitivity for detecting clinically relevant tumour

hypoxia remains to be established.

Malignant tissue

The presence of hypoxia in HNSCC is well documented with oxygenation levels
measured invasively using Eppendorf oxygen tension (pO2) histography show-
ing overall median tumour pO2 of 10 mmHg corresponding to median hypoxic
fractions of 21% and 32% depending upon the threshold set to define radiobiolog-
ically significant hypoxia (2.5 mmHg and 5 mmHg, respectively) (Vaupel et al.
2007). PET-based imaging assessments of tumour hypoxia in HNSCC have shown
significant interlesion variability with individual tumour fractional hypoxia esti-
mates ranging from 0% to 95% and study population median values ranging 0.9%
to 66% (Mortensen et al.|[2012} [Zips et al.|2012], |Graves et al.|[2016|, Thorwarth
et al.|2019). In the current study, estimated hypoxic fractions also show signifi-
cant inter-lesion variability but the median estimated hypoxic fraction in primary
tumours of 31% is comparable to direct measurements.

Regarding treatment outcomes, radiotherapy non-responding tumours show
a 29.3% greater average hypoxic fraction than responding tumours, albeit not
statistically significant potentially due to the sample size of this study. There
was no difference found with VOI averaged AT} times between responding and
non-responding tumours. This is in keeping with OE-MRI studies in other tumour
sites which have failed to identify correlations between spatially averaged changes

in T1/R; values and reference hypoxia markers (chapter [3). Hypoxia-imaging
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biomarkers that capture information pertaining to the distribution of hypoxic
regions are therefore likely to prove the most clinically relevant.

The dichotomisation of a voxel’s hypoxic status based on the lack of statis-
tically significant T} shortening is clearly an oversimplification of the underly-
ing continuously varying oxygen tension present in tumours. The relationship
between T times and tumour pO2 is dependent on a number of physical and
physiological variables meaning it is not possible to readily ascribe pO2 values to
imaged voxels (Bluemke et al.|[2022d). Consequently, it is not possible to state
the effective pO2 threshold for the estimates of hypoxic fractions presented in
this study.

The magnitude of the hypoxic fractions within the tumours in this study may
have been overestimated due to the inclusion of any cystic, necrotic or nonper-
fused areas in the VOI. Using the alternative OE-MRI metric of the fraction of
perfused oxygen refractory voxels, as proposed by |O’Connor et al.| (2016) may
potentially overcome this limitation. However although the assumption is that
such regions do not contain viable tumour cells and thus do not contribute to hy-
poxia induced radioresistance, the extent of such regions may be overestimated
based upon DCE-MRI measurements and such regions may contain quiescent tu-
mour cells that can drive radioresistance even when subsequently re-oxygenated
(Menegakis et al.2021)). The hypoxic fractions in this study may also be overesti-
mated as a consequence of the study power returned from performing individual
voxel analysis on a limited number of dynamic data points. This power could be
increased at the expense of scan time or with the use of higher scan acceleration.

The OE-MRI sequence was developed for in-plane and slice resolution to be
adequate to facilitate fusion of acquired parametric maps to radiotherapy plan-
ning computed tomography scans with the ambition of mapping tumour hypoxia
distributions to assist in radiotherapy volume delineation. Although the spatial
resolution used in this study (1.6 x 1.6 x 2.5 mm?) is higher than other clinical
OE-MRI studies (chapter [3)), it is still significantly coarser than the typical dif-
fusion distance of molecular oxygen (~ 100um (Hughes et al.2019)). Although
the image resolution used here may detect greater levels of variability in oxygen

distribution compared to coarser acquisitions, this comes at the cost of worse
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signal to noise ratio, which may reduce the ability to discern borderline normoxic
voxels thus overestimating tumour hypoxic burden.

It has been suggested that negative oxygen induced AR; rates may occur in
hypoxic tumours due to decreases in deoxyhaemoglobin concentrations with sup-
plemental oxygen and could potentially discriminate lower levels of hypoxia from
normoxia in tumours with oxygen induced 77 shortening (Cao-Pham et al.|2017,
O’Connor et al.|2019). Only two primary tumours in this study showed such
a decrease in R} rates but only one of the three radiotherapy resistant HNSCC
primary tumours had such a change. In addition, no statistically significant dif-
ference in R} parameters between radiotherapy responsive and resistant primary
tumours was identified. As baseline R} rates are related to deoxyhaemoglobin
concentrations, faster initial Rj rates may be associated with tumours that are
less well oxygenated in the vascular compartment and therefore may also show
the greatest magnitude of Rj shortening with supplemental oxygen. Although a
moderate negative correlation between baseline Ry and ARj was found for ma-
lignant nodal masses, no such association was found for primary tumours. This
may be because the magnitude of R rates are also related to factors independent
of deoxyhaemoglobin concentration including haematocrit, vascular volume, pH
level and vessel density (Cao-Pham et al[2017). The potential for spatial fluctu-
ations in perfusion further serves to complicate the relationship between oxygen
induced AT} times, AR; rates and baseline R} rates. As such, spatially averaged
AR} rates may not be sensitive enough to offer useful insights on tumour hypoxia.

At the commencement of this study there was no published data in the lit-
erature on oxygen induced ATj times in patients with HNSCC. However since
data collection commenced in 2021, there have been two other small studies pub-
lished performing OE-MRI in HNSCC. A single other study in HNSCC at 1.5T
reported mean oxygen induced AR, rates of 0.019/s in 6 patients with HNSCC
on a diagnostic MRI system, corresponding to AT} of -2.1% which is comparable
to the median primary tumour VOI AT} of -3.5% in the study in this thesis. All
15 primary tumours in the current study showed statistically significant shorten-
ing of VOI median AT; times mirroring the observed oxygen induced increases
of all VOI averaged AR; rates in the other 1.5T study (Dubec et al.|2023). In

contrast, a study at 3T in 5 patients with oropharyngeal cancers reported tumour
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AR, rates ranging -0.001 to 0.108/s with 2 of the mean baseline R; rates failing
to show statistically significant change with oxygen (Bluemke et al.|[2023]).
Although the study presented in this thesis and the other two recent HN-
SCC studies all used volumetric acquisitions, the 3T study by Bluemke et al.
(2023) made single 7 measurements before and after oxygen to determine tu-
mour AR; rates whereas the study in this thesis and the 1.5T study by Dubec
et al.| (2023) used dynamic acquisitions with multiple 77 measurement time points
before and after oxygen administration. These dynamic measurements allow voxel
wise oxygen-induced ATy / AR; maps to be produced following image coregis-
tration to control for participant motion. |Bluemke et al.| (2023)) acknowledge that
patient motion was a significant difficulty encountered in their study and focus
their OE-MRI analysis on describing oxygen induced changes to tumour region of
interest R; histograms. Dynamic OE-MRI acquisitions with appropriate image
registration allow greater characterisation of tumour oxygenation status, however
standardisation of imaging parameters and data processing approaches is clearly
required for ready comparison of OE-MRI studies as has been developed in other
quantitative MRI techniques (O’Connor et al.|2017, |Shukla-Dave et al.|2019).

7.2.4 Limitations

The aim of this study was to evaluate the feasibility of performing OE-MRI in
suspected HNSCC in a clinical environment and not to repeat the work of previous
authors in demonstrating the efficacy of OE-MRI in determining tumour hypoxia
(Linnik et al|2014], (O’Connor et al.| 2016, White et al|2016, Little et al. 2018,
Salem et al. 2019)). Nevertheless, histopathological correlation with a suitable
hypoxia marker would have enabled comparison and evaluation of the accuracy
of the estimated hypoxic fractions. In addition, as is routine practice in the UK,
routine histological verification of malignant cervical lymph nodes is reserved for
cases with equivocal radiological findings only. Without surgical treatment, no
definitive histology of nodal masses is obtained hence correlation with clinical
outcome in this study was limited to histologically confirmed primary tumours.

The majority of primary tumours in this study were oropharyngeal (11/15)
with 82% (9/11) positive for pl6 expression (high risk HPV variant DNA de-
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tected in 7 cases) representing a likely selection bias in the patient recruitment
design of the study. HPV related cancers are relatively more radiosensitive than
HPYV negative tumours and although both types display similar levels of hypoxia
(Gottgens et al|2019) pharmacological hypoxia modification therapies appear
less effective in HPV positive tumours (Lassen et al. 2010, Rischin et al.[[2010]).
The ability to stratify HPV positive tumours based on their hypoxia status may
therefore be less clinically relevant with regards to therapy escalation strategies
than for HPV negative tumours although may have a significant role in identi-
fying HPV positive tumours for whom radiotherapy dose de-escalation strategies
may be appropriate (section (Lee et al.|2024a).

The clinical endpoint in this study of residual disease on a 12-week post treat-
ment FDG-PET scan is also an early assessment of treatment outcome and is
therefore heavily biased towards detecting tumours with highly treatment resis-
tant phenotypes. This end point was chosen as it is a routinely used assessment
metric and time point but was also a practical outcome measure that allowed asso-
ciations between hypoxic metrics and treatment resistance to be explored within
the time constraints of a pilot study. Nevertheless, it is routine clinical practice
to follow-up patients for at least 5 years after treatment with the highest risk of
disease occurrence being within the first 2 years (Machiels et al.|[2020) meaning
that the end point in this study will miss those patients with later disease recur-
rence that could still potentially be related to hypoxia induced radioresistance.
Future, larger OE-MRI in HNSCC clinical studies should therefore look at using
clinical follow-up periods of at least 2 years post treatment.

The power of this study to detect differences in treatment response between
patients with more or less hypoxic tumours was significantly reduced due to the
study recruitment not meeting its target with only 20 patients imaged out of a
planned 50. The reduced recruitment was principally due to the requirement to
perform the study imaging as part of patients’ routine clinical imaging without
causing any delays to investigative or treatment pathways. This restriction on
when the research imaging session could be performed was necessitated by the
research aim of investigating whether OE-MRI can be performed in the head and
neck region using routine clinical equipment (and not research MRI scanners)
coupled with the significant pressures faced by the NHS and NUH during the
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data acquisition phase of this study due to the COVID-19 pandemic meaning that
additional scanning sessions were not available on the clinical MRI machines.
Future studies that incorporate an assessment of the practical nature of per-
forming novel imaging in the clinical environment will need to contend with the
continuing pressures faced by the UK health system therefore requiring careful
and novel designs of patient recruitment and experimental imaging pathways.
Nevertheless, it is important to perform such practical clinical assessments of
new techniques as the clinical environment can present unique challenges that

may not be fully elucidated in a pure research setting.

7.2.5 Conclusion

The implementation of dynamic, volumetric OE-MRI in the head and neck region
using routinely available equipment in an acute hospital setting that was able
to discern differing responses to supplemental oxygen within biopsy confirmed
HNSCC has been presented. Estimates of tumour hypoxic fractions derived from
the OE-MRI data were comparable to historical direct measurements of tumour
oxygenation in HNSCC and showed a greater hypoxic fraction in those tumours
resistant to radiotherapy treatment although the magnitude of this difference was
not statistically significant potentially due to the reduced power of the study. The
addition of oxygen induced AR} rate measurements appeared to be of limited
clinical benefit in assessing oxygen induced radioresistance. Further adequately
powered studies are now required in HNSCC to investigate the predictive power
of OE-MRI estimated tumour hypoxic fractions in discriminating patients more
likely to benefit from the addition of hypoxia modification therapy to radiotherapy

treatments.

7.3 Exploratory analysis

The estimates of tumour hypoxic fraction presented in section were derived
using two-tailed unequal variance t-tests on the dynamic data of individual voxels
against the null hypothesis of no change in 7} time. Not only does this approach

have the limitations of the assumptions of the t-test but it also has a bias towards
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overestimating the extent of hypoxia through lack of rejection of the null hypoth-
esis. The t-test approach also fails to quantify the degree of certainty to which
an individual voxel is labelled as normoxic. Although an increased magnitude of
a voxel’s decrease in 77 time implies greater concentration of molecular oxygen,
as this is dependent upon factors including the extent of blood perfusion, AT}
alone does not provide a quantitative assessment of the normoxia likelihood of an
individual voxel.

Bootstrapping is an alternative approach to analysing OE-MRI data that
removes the bias from using a t-test. This has been proposed by [Little et al.
(2022)) in conference abstract form to derive patient confidence intervals on the
metric of fraction of perfused but refractory to oxygen voxels in rectal cancer
OE-MRI. In the context of the OE-MRI data obtained in this study, once pre
and post-oxygen Bootstrap samples have been obtained for a voxel, the fraction
of these samples demonstrating shortening of 77 times with oxygen can be used
as an estimate of the likelihood that an individual voxel represents normoxic
tumour tissue. Such voxel data can then be displayed as parametric maps and
the tumour hypoxic fraction subsequently estimated dependent upon the chosen
normoxia likelihood threshold level.

As previous OE-MRI studies outside of the head and neck failed to show
correlations between reference hypoxia markers and spatially average AT; values
(section the analysis presented in this chapter has focussed on estimating
tumour hypoxic fractions using voxel-by-voxel analysis. However, such fractions
do not take any account of spatial relationship of normoxic and hypoxic voxels.
For example, figure shows 5 plots of simulated normoxia likelihood data all
of which have a hypoxic fraction (at the 95% level) of 63.4%. However, the images
clearly have different distributions of the hypoxic and normoxic voxels which is
not captured by the hypoxic fraction metric. Such grouping or dispersion of
hypoxic regions may conceivably have an impact on tumour treatment response.
As such analysing the heterogeneity of the OE-MRI derived parametric maps or
the so called texture of the images may provide information pertinent to clinical
outcomes.

Second-order statistical texture features can be extracted by a range of differ-

ent mathematical approaches. One such methodology derives metrics using the
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100%

50%

HF (%) 63.4 63.4 0
Energy 0.04 0.08 0.16 0.14 0.16
Entropy 4.5 4.0 2.6 3.2 2.6
Cluster Shade 191 384 604 596 601

Figure 7.10: Example differing image texture - Example simulated normoxia
likelihood maps (%) with different textural features for a set hypoxic fraction (HF)
level of 63.4% at the 95% normoxia likelihood level. Data was generated for the
first image on the far left in MATLAB using a random number generator with a
positively skewed distribution over the interval [0,1]. The baseline data set was
subjected to variable levels of data ordering in order to generate the subsequent

images. Textural features were calculated via the GLCM approach and equations

R

grey level co-occurrence matrix (GLCM). The GLCM is a square matrix whose
size is equal to the number of quantised grey levels in the image that is being
processed (N,). Each element of the matrix p(i,j) denotes how often pairs of
pixels with values equal to the ™ and j* quantised grey level occur within a
specified spatial relationship. Once the GLCM has been determined, various pa-
rameters can be calculated from it to determine the underlying texture of the
original image (Haralick et al.||[1973| [Yang et al.2012)).

There are at least 20 different parameters that can be calculated from the
GLCM (Haralick et al.|1973, |Soh & Tsatsoulis||1999, Pierce|2016). Three of these

that are commonly described as detailing the physical properties of homogeneity

and uniformity are energy, entropy and cluster shade. Energy (or angular second
moment) is a measure of homogeneity with increased values representative of
more homogeneous images. Entropy quantifies the extent of randomness in the
image texture with a more homogeneous image having lower entropy whereas

cluster shade is often quoted as a measure of image uniformity with higher values

indicating asymmetric images (Haralick et al[[1973,|[Soh & Tsatsoulis|1999, [Pierce

2016).
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For a GLCM p(i, j) with N, grey levels, energy, entropy and cluster shade can
be defined as (Yang et al.|[2012):

Ng—1 Ny—1
Energy = pli. ) (7.2)
i=0 =0
Ny—1 Ny—1
Entropy = — » > p(i, j) log(p(i, 7)) (7.3)
=0 j=0
Ny—1 Nyg—1
Cluster shade = Z Z (i + 7 — up —u,)’p(i, ) (7.4)
i=0  j=0

where u, and u, represent the means of the GLCM columns and rows respectively.

Figure[7.10] shows an example of how these parameters can vary for simulated
normoxia likelihood data with the same magnitude of hypoxic fraction. For a
3D VOI, there are 26 connections between an individual voxel and surrounding
voxels (6 faces, 12 edges and 8 corners) yielding a total of 13 unique directions
for spatial relationships. By computing the GLCM and textural features for each
of these directions, the original 3D image textural feature can be obtained by
averaging over the 13 returned values (Pierce [2016).

In order to investigate the feasibility of performing textural analysis on OE-
MRI data, Bootstrapping was first used to generate normoxia likelihood maps of
the imaged tumour VOIs that were then discretised and GLCMs produced.

7.3.1 Method

The MATLAB command bootstrp was used with 1,000 data samples using sam-
pling with replacement for the 15 data points pre and post-oxygen delivery for
each voxel in the tumour VOI. The median values of the pre and post-oxygen
Bootstrapped data were used to determine if each voxel sample showed a decrease
in median 77 time. The percent of the 1,000 samples that showed decreased me-
dian 77 times was used to represent an estimate of the voxel normoxia likelihood

(0 to 1 with 1 representing 100% estimated likelihood of normoxia). Normoxia
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likelihood maps were used to construct estimates of primary tumour hypoxic frac-
tions (%) based on defining hypoxic voxels as those with a normoxia likelihood
value of < 95%.

Textural features of energy, entropy and cluster shade were extracted from
the normoxia likelihood maps for each primary tumour volumes using ‘PET On-
cology Radiomics Test Suite’ (Pierce2016) within the MATLAB environment by
constructing GLCMs with 16 grey levels.

Correlation between textural features and t-test derived hypoxic maps as well
as between Bootstrap hypoxic fractions and t-test hypoxic fractions was per-
formed via Spearman’s rank correlation. Unequal variance t-test was used to
investigate association between textural features and treatment outcomes. Bon-
ferroni correction for multiple testing was applied with the level for statistical
significance set at p< 0.05/4 = 0.0125.

7.3.2 Results

Voxel-wise Bootstrap sampling of the dynamic OE-MRI data was successfully
performed for all participants with normoxia likelihood maps produced for all
patient participants. Examples of AT} maps, t-test statistical maps of the AT}
data and normoxia likelihood maps for an example primary tumour and malignant
nodal mass from two different patient participants are shown in figure and
appendix figure [A.4] respectively.

Spearman’s rank correlation coefficient (p) and associated p-values for the
primary tumour textural parameters and Bootstrap derived hypoxic fraction es-
timates against t-test derived hypoxic fractions are presented in table Cluster
shade is the only parameter which did not show a strong correlation to t-test de-
rived hypoxic fractions (Spearman p = 0.029, p-value=0.923). Scatter plots of
the textural features versus t-test based hypoxic fraction estimates are shown in
figure [7.12]

Boxplots of the textural features of the hypoxia likelihood maps for the pri-
mary tumours are shown in figure Mean (95% CI) textural parameters
for responding and non-responding tumours respectively were 0.46 (0.22 to 0.70)
versus 0.17 (0.06 to 0.28) for Energy, 2.0 (0.9 to 3.1) versus 3.6 (3.0 to 4.2) for
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w
(=]
Normoxia likelihood (%)

Figure 7.11: Example primary tumour Bootstrap OE-MRI parametric
map - AT} maps (A, D), corresponding statistical map with blue indicating statis-
tically significant reduction in voxel T times, white no change and red statistically
significant increase in 77 times via t-test with significance at p< 0.05 (B, E) and
normoxia likelihood maps constructed from 1,000 Bootstrap samples for each voxel
from the dynamic OE-MRI data (C, F) for the primary tumour in patient ID 7.
A, B, C: axial slice. D, E, F: coronal slice.
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Figure 7.12: Textural features versus hypoxic fraction - Scatter plots of
OE-MRI energy (A), entropy (B) and cluster shade (C) values derived from Boot-
strap produced hypoxia likelihood maps versus hypoxic fraction estimates derived
from individual voxel t-test for primary tumours. Green squares indicate primary
tumours treated with curative intent radiotherapy with a complete post-treatment
response and red circles those primary tumours with residual disease post radio-

therapy.
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Entropy, and 329 (144 to 515) versus 705 (490 to 920) for Cluster Shade. At the
p< 0.0125 statistical level (unequal variance t-test), none of these textural param-
eters showed statistically significant differences between radiotherapy responsive

primary tumours and radiotherapy resistant cancers.
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Figure 7.13: Textural analysis boxplots - Boxplots of textural parameters
derived from normoxia likelihood maps for primary tumours with p-values quoted
from unequal variance t-test of radiotherapy responsive versus radiotherapy re-
sistant tumours. Green squares indicate primary tumours treated with curative
intent radiotherapy with a complete post-treatment response and red circles those

primary tumours with residual disease post radiotherapy.

7.3.3 Discussion

Although there is a strong correlation between the t-test and Bootstrap derived
hypoxic fraction estimates, the non-biased Bootstrap method allows for quantifi-
cation of the uncertainty in the labelling of a voxel as normoxic or hypoxic and
may therefore better reflect the complex underlying oxygen distributions present
in tumours than the binary t-test maps. As such the Bootstrap maps are well

placed to serve as a base for textural analysis.
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Table 7.3: Spearman p correlation coefficients for textural features derived from
primary tumour normoxia likelihood maps compared to voxel-wise t-test hypoxic

fractions with associated p-values. HF' - hypoxic fraction.

Correlation to t-test HF

Spearman p | p-value
Bootstrap HF 0.982 < 0.001
Energy -0.989 < 0.001
Entropy 0.986 < 0.001
Cluster shade 0.029 0.923

Due to the number of patient data sets available, textural analysis was fo-
cussed on three parameters that were anticipated to best reflect the spatial fluc-
tuations in hypoxia. However the GLCM that formed the basis of these measure-
ments is only one way in which to extract textural relationships in imaging data.
It was used here as an example of a mathematical method of capturing spatial
relationships between voxels however other formulations such as the Grey Level
Run-Length Matrix (GLRLM), Grey Level Size Zone matrix (GLSZM) and Grey
Level Distance Zone matrix (GLDZM) which provide information on the runs
of consecutive voxels or groups of connected neighbouring voxels may provide
more sensitive measurements of biologically relevant hypoxia distribution. Alter-
natively fractal analysis via determination of fractal dimensions, which reflect the
scale of additional structural detail with increasing magnification may serve as
a suitable measure of the complexity of hypoxia distribution (Mayerhoefer et al.
2020). Due to the nature of repeated statistical testing, the evaluation of such
a broad range of metrics for association with treatment related outcomes will
require a large and high quality database of OE-MRI imaging.

One of the applications of textural characteristics is its use in the developing
field of radiomics. Radiomics refers to the extraction of imaging features that de-
scribe shape, intensity and texture characteristics and the computer based mining
of this data for predictive and prognostic biomarkers or signatures (Haider et al.
2020). Radiomics has been applied to cancer imaging including using head and
neck MRI scans to both predict patient outcomes as well as to provide infor-

mation on the tumour microenvironment and the expression of biomarkers and
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targets for therapeutic interventions (Jethanandani et al.|2018| [Li & Zhou/[2022,
Kang et al.[2023). Radiomic features have shown strong correlations with cellu-
lar heterogeneity and tumour aggressiveness (Mayerhoefer et al. 2020 and may
therefore be potentially useful in the analysis of OE-MRI data.

Radiomic studies routinely use two datasets; one for testing and developing the
radiomic signature and a second for testing this signature. Due to the repeated
statistical testing that is used, large baseline datasets are required. The limited
data set obtained in this study is therefore not suitable on its own for radiomic
based analysis. Future OE-MRI in HNSCC studies may generate adequate data
to attempt radiomic analysis however careful control of the quality of both the
documented clinical data as well as consistency in the imaging acquisition is
paramount and is unlikely to be obtained on a multi-institutional basis without
agreed OE-MRI imaging protocols or guidelines.

The analysis presented in this section is exploratory in nature but has illus-
trated that in principle textural analysis of OE-MRI derived parametric maps
may provide clinically useful measurements. The choice of textural parameters,
image quantisation grey levels and clinical outcome measures used here are all
open to debate. In addition, no textural analysis was made of metastatic lymph
node OE-MRI data as the clinical outcome data was focussed on residual primary
site disease post treatment. Further studies with larger datasets will therefore be
needed to extract any OE-MRI radiomic signatures and the issue of standardising

image acquisition, processing and analysis will need addressing.

7.4 Radiotherapy

One potential method of overcoming hypoxia induced radioresistance is to utilise
targeted dose escalations via dose painting (section . Such an approach re-
quires knowledge of the distribution of tumour hypoxic regions on the imaging
used to plan the radiotherapy treatment. Although MRI only approaches to ra-
diotherapy treatment planning in the head and neck are available (Clasen et al.
2023, |MR-only Radiotherapy Planning|2024) they are not yet routinely available
meaning co-registration of OE-MRI derived parametric maps to radiotherapy

planning CT scans is required for dose painting therapeutic approaches. Such
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planning CT scans are performed with slice thickness of 3mm or finer (Grégoire
et al.[2018) hence the slice thickness of the OE-MRI pulse sequence in this study

being set at 2.5mm.

7.4.1 Method

In order to provisionally assess the feasibility of fusing OE-MRI parametric maps
with radiotherapy planning CT scans, the default deformable image registration
within ANTS was utilised (see section [6.3)). The first acquisition of the study
dynamic 77 weighted OE-MRI sequence was registered to the planning C'T scan.
The derived deformation was applied to both AT; map and primary tumour
VOIs. The deformed AT; maps were displayed as on overlay on the planning CT
scans for the deformed primary tumour volume allowing a visual inspection of
the quality of the fusion.

As an indicator of the fusion quality, the centre of gravity displacement of
the physician contoured CT planning Gross Tumour Volumes (GTV) compared
to the OE-MRI based primary tumour volumes were computed. CT based con-
tours were constructed during routine clinical practice by the treating clinical
oncologist with reference to all available diagnostic pathology and imaging in-
cluding the clinical MRI examination but not the research MRI sequences. They
were constructed using the radiotherapy treatment planning system RayStation
(version 6, RaySearch Medical Laboratories, AB Stockholm, Sweden). Estimates
of primary tumour volumes were made by multiplying the number of voxels in
each ROI by the voxel volumes (1.074 x 1.074 x 3mm? for planning CT and
1.5625 x 1.5625 x 2.5mm? for the MRI) and compared using Wilcoxon signed

rank test.

7.4.2 Results

A total of 12 clinically utilised gross tumour volumes (GTV) were available. There
was no GTV available for one participant as a clinical target volume had been
constructed directly without the physician contouring a GTV. Qualitatively, all
of the transformed VOIs sat within the primary tumour on the planning CT with

the exception of participant ID 9.
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Median planning CT GTV volume was 11.3cm? (range 3.7cm?® to 70.1cm?)
compared to the median OE-MRI primary tumour volume of 6.lcm?® (range
0.6cm? to 33.7cm?, p=0.001 Wilcoxon Signed Rank test, appendix table .
The median magnitude of distance between the planning CT and MRI derived
primary tumour volumes was 5.9mm (range 2.4mm to 16.8mm) with the major-
ity of this difference found in the slice direction which had a median difference of
5.0mm (range 0.3mm to 14.1mm) compared to the median in-plane displacement
of 2.4mm (range Omm to 7.2mm).

Example images of OE-MRI parametric maps deformed to the planning CT
scans from two patient participants who had biopsy confirmed residual disease
post completion of radiotherapy treatment are shown in figure [7.14] alongside a

corresponding slice from the post-treatment PET scan.

7.4.3 Discussion

There was a statistically significant difference in the volume of the primary tu-
mour between those contours performed on the study MRI sequence and the
physicians treating contours performed on the planning CT scan. Such a discrep-
ancy is a recognised issue in radiotherapy treatments for head and neck cancers
(Clasen et al.|2023]) which therefore significantly limits the utility of tumour con-
tour similarity metrics as a means of assessing registration accuracy. In addition,
in this study the MRI scan was generally performed prior to a diagnostic biopsy
and also a significant period of time prior to commencing treatment (median time
from study MRI scan to commencing radiotherapy treatment was 62 days, range
17 to 117 days). There is therefore the chance of significant tumour growth and
distortion to the tumour and surrounding anatomy between the MRI and CT
planning scans. Such an issue could be addressed by performing an MRI scan in
the treatment position and closer in time to the radiotherapy CT scan.

Visual inspection of the transformed contours revealed good overlap with the
CT based primary tumour with the exception of the one case mentioned where
the registration approach had been unsuccessful and the transformed primary
tumour did not reside within the tumour as visualised on the CT scan. Visual

inspection revealed that the CT contours tended to be contoured on a greater
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Planning CT Post treatment PET

-20 Planning CT Post treatment PET

Figure 7.14: Fusion with planning CT scans - Examples from two patient
participants (A: participant ID 7, B: participant ID 20) who had residual dis-
ease in their primary tumours post completion of radiotherapy. Single slice axial
and coronal views of the study 77 weighted MRI scan with overlaid AT} maps
of the primary tumour are shown together with a single planning CT slice with
overlaid deformed AT} map and corresponding slice on the post-treatment PET
scan. Bright yellow regions on the PET scan in the right oropharynx (A) and right
anterior glottis (B) were later histologically confirmed as residual squamous cell

carcinoma. DIR - Deformable Image Registration.
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number of slices than the MRI derived volumes. Given the CT slice thickness
of 3mm, this imparts a significant impact on the magnitude of the contoured
volumes. This finding is mirrored in the magnitude of CoG differences which
imply relatively good in-plane localisation but shifts in the slice direction.

The ultimate aim for radiotherapy dose painting would be to obtain hypoxic
parametric maps over the entirety of the primary tumour volume as contoured
on the imaging used to plan the radiotherapy treatment. However, without being
able to formally assert co-registration accuracy, it could be potentially grossly
misleading to simply fuse the OE-MRI maps and use the CT based contours to
extract the tumour hypoxic data. It should also be noted that the deformable
registration approach used here was not optimised for cross modality registrations
and therefore further work is required to develop and standardise OE-MRI and
planning CT co-registration to allow for extraction of OE-MRI hypoxic paramet-
ric data for the entirety of the tumour volume used for radiotherapy planning.

In conclusion, it was possible to fuse parametric OE-MRI maps onto planning
CT scans in order to give an indication of the likely distribution of hypoxic
regions within primary tumours, however further work is required to develop the
registration approach before performing any clinical radiotherapy dose painting

studies.
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Chapter 8

Tolerability of Oxygen Enhanced
MRI

8.1 Abstract

Background and Method

The enclosed environs that are a design feature of the majority of clinical MRI
scanners are well known to induce feelings of claustrophobia and anxiety in some
patients with consequential risk of hampering clinical image acquisition. The
wearing of a tight fitting oxygen mask inside such a scanner in patients with po-
tential breathing and swallowing impairments from head and neck tumours has
the potential to aggravate such negative emotions. Successful clinical implemen-
tation of OE-MRI in head and neck cancer requires this potential barrier to be
assessed. All patient participants undergoing an OE-MRI scan were surveyed on
their experience of the MRI scan.

Results

All patient participants except one completed the entire study scan sequence.
All participants completed their subsequent clinical scan. Median anxiety scores
were significantly worse with the OE-MRI sequence compared to the clinical scan
(p=0.026 Wilcoxon signed rank) but the magnitude of this difference is small and
of questionable clinical significance.

Conclusion
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Overall the OE-MRI research scan sequence was well tolerated by patients with

suspected head and neck cancer.

8.2 Background

MRI scanning first entered clinical practice in the 1980s and due to its lack of
reliance on ionising radiation, superior ability to delineate soft tissue structures
and high spatial resolution, it has rapidly become a widely used tool in clinical
practice (McRobbie et al.|2017). In the year to March 2022, the NHS performed
3,845,155 individual MRI scans representing a 63.5% increase compared to the
2012/13 financial year (NHS|[2023)). The ability of MRI to generate image con-
trast based on physiological and molecular differences in addition to providing
structural anatomical information has enhanced the clinical utility of MRI, espe-
cially in cancer diagnostics and evaluation. However, due to the fact that patients
are often inserted head first into a relatively narrow bore tunnel whilst having
receiver coils positioned close to the area of clinical interest, patient tolerance
of MRI scans can be a limiting factor to their clinical utility. In addition, the
on average longer duration of MRI scans compared to other diagnostic imaging
modalities and the requirement for patients to lie still for the entirety of the scan
whilst the machine makes a significant level of noise can cause distress and anxi-
ety. These factors can have a negative impact on patients’ ability to tolerate MRI
scans and result in not only a poor patient experience making them less likely to
agree to repeat scans, but also an increase in the chance of patient movement and
consequential scan quality degradation which can have a significant detrimental
effect on diagnostic accuracy (Madl et al.|[2022).

Anxiety related distress in patients undergoing MRI scans has been well doc-
umented and researched, with a reported incidence in older style narrow bore
scanners (diameter 60cm) of up to 37% (Katz et al.|[1994, Mclsaac et al. [1998)).
The causes of anxiety in MRI scanners are multifaceted but include claustropho-
bia, acoustic noise, pain, discomfort, having to keep still for extended periods
of time and fear of what the results of the scan will reveal (Katz et al. 1994,
Hewis| 2015)). The case series from [Murphy & Brunberg (1997) on older style

MRI scanners found 14.3% of patients required some form of sedation to allow
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them to have an MRI scan, increasing to 16.2% for patients having a brain scan
due to worry about claustrophobia with the head receiver coil. However Eshed
et al.| (2007) found that only 1.22% of MRI scans performed on modern design
scanners (bore diameter 70cm) were terminated early due to claustrophobia with
a slightly higher rate of 1.73% for patients undergoing head and neck MRI.

A variety of approaches have been explored to reduce anxiety and distress
caused by MRI scanning (Munn & Jordan|2013) including modifying scanner
design with technological engineering advances that enable scan quality to be
maintained in machines with shorter, wider bores that patients experience a lesser
degree of claustrophobia within (Tischler et al.|2008, |Ahlander et al.| 2020} [Brun-
nquell et al.[2020, Iwan et al.[2020). So called “open scanners” that do not have
a tunnel are often mentioned by patients as being preferred to closed, tunnel
scanners however the image quality with such scanners is historically poorer than
tunnel scanners due to lower magnetic field strength and increased field inho-
mogeneity (McRobbie et al|[2017). Educating claustrophobic patients about the
image quality benefits of enclosed scanners can increase their level of acceptance
of bore type scanners (Iwan et al. 2020). The physical and social environment
surrounding the scanner also plays a crucial role in managing anxiety (Munn et al.
2016) as does the information provided to patients prior to their scans (Munn
et al.||2015| Nakarada-Kordic et al.|[2020) and the nature of the interpersonal in-
teractions between patients and radiology staff (Carlsson & Carlsson|2013| |Ajam
et al.|2020).

OE-MRI scanning has the potential to cause greater scan related distress
due to the requirements for patients to wear a tight-fitting oxygen mask in the
scanner in addition to the MRI receiver coils. In future research studies and clin-
ical applications of OE-MRI, it is likely to be desirable to scan patients in the
radiotherapy treatment position, including with the use of radiotherapy immo-
bilisation shells which in themselves are known to cause anxiety without being in
an MRI scanner (Nixon et al.[2018, Klug et al. 2020)). It is therefore important
that the patient tolerability of OE-MRI with awake patients wearing an oxygen
mask inside the MRI scanner is evaluated in order to fully consider interventions
that may improve patient tolerance and concordance with treatment pathways.

Although clinical studies of OE-MRI in solid tumours have generally reported
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the scanning technique as being well tolerated by patients, formal assessment of

patient experiences have not been identified in any published OE-MRI papers.

8.2.1 Patients’ experience of medical imaging

Prior to developing the MRI research protocol, a quality improvement project
looking at evaluating the experience of medical imaging at NUH in patients’
undergoing curative intent radiotherapy for head and neck cancer was performed.
A questionnaire was distributed to 50 consecutive patients undergoing curative
intent radiotherapy for HNSCC asking them to recall which types of medical
imaging they had undergone in the workup for their treatment. Respondents
were requested to rank their experience of each scan type using a 5 point Likert
scale under the domains of comfort, anxiety, pain and embarrassment (Appendix
figure .

Out of the 29 returned questionnaires (58% response rate), the median num-
ber of scan types undertaken prior to radiotherapy was 4 with 34% of respondents
undergoing 5 different imaging modalities (planning-CT, diagnostic computed to-
mography (CT), MRI, PET, ultrasound scan). As seen in figure [8.1] all scans
were generally well tolerated with median scores across all domains being disagree
or strongly disagree that the adverse feeling was experienced. However, the do-
main of anxiety with the imaging modality of MRI showed the highest numbers of
respondents rating agree or strongly agree to experiencing this feeling (30%) and
was one of only two domains that had respondents replying that they strongly
agreed that the adverse feeling was experienced.

This survey illustrates both the heavy burden of medical imaging that patients
with HNSCC undergoing radiotherapy experience as well as the fact that MRI
scan induced anxiety can be a potential issue in this patient group. Consequently,
the OE-MRI in HNSCC study protocol incorporated a formal assessment of pa-
tient participants’ reported experience of MRI induced anxiety in order to guide

the future practical implementation of OE-MRI into routine clinical practice.
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Figure 8.1: Patients’ Experience of Medical Imaging - Stacked bar chart
over 5 domains of patient reported experiences of medical imaging in the workup
for curative intent radiotherapy treatment for head and neck cancer. RT = ra-
diotherapy planning computed tomography, CT = computed tomography, MRI =
magnetic resonance imaging, PET = positron emission tomography and computed

tomography scan, USS = ultrasound scan.

8.3 Method

All patient participants in the OE-MRI study were invited to complete a ques-
tionnaire following completion of their MRI scan (figure . The questionnaire
was approved as part of the research ethics committee submission but was not
a mandatory component of the study meaning that patients could choose to un-
dergo the research scan even if they declined to complete the questionnaire. The
questionnaire consisted of two parts; the first pertained to the scan with the oxy-
gen mask in-situ and the second to the routine clinical scan. Each section is based
on the magnetic resonance imaging-anxiety questionnaire (MRI-AQ). This is a
validated questionnaire specifically designed to assess MRI scan induced anxiety
(Ahlander et al.[2016]).

The scores for each of the 15 questions were summed to produce an over-

all measure of anxiety for the with and without oxygen mask scans (scores for
questions 1, 7, 8 and 10 were inverted prior to summation as per the MRI-AQ
methodology). The difference between the with and without oxygen mask score

for each patient was calculated with differences between the two group assessed
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8.3 Method

Nottingham University Hospitals INHS

NHS Trust

Study Volunteer Number

PARTICIPANT QUESTIONNAIRE
(Version 1.0, 15-Jan-2021)
Evaluation of Oxygen Enhanced MRI for Identification of Hypoxia Induced Resistant
Tumours in Patients with Head and Neck Cancer

Have you ever had an MRI scan before? Yes No

Below are some statements that can be used to describe your feelings. Read each statement
and circle the number 1 to 4 that best describes your feelings during the MRI examination.
Do not reflect too much on any statement, but respond in the way you think best
corresponds to your feelings during the examination.

=
First part of scan N‘;t”at Somewhat | Moderately %’33’1
(with oxygen mask on)
1 || feltthat | controlled the situation 1 2 8 4
2 |Ihad palpitations (heart feeling unusual) 1 2 3 4
3 | I found it hard to breathe 1 2 3 4
4 || was afraid 1 2 3 4
S | I wanted to come out 1 2 3 4
6 |1 panicked 1 2 3 4
7 | feltrelaxed 1 2 3 4
8 | |feltsafe 1 2 3 4
9 | I worried in advance 1 2 3 4
10 || felt calm 1 2 3 4
11 | ! had to force myself to manage the 1 2 3 4
situation
12 | Self-control was required when going 1 2 3 4
through the examination
13 | | needed support and encouragement 1 2 3 4
14 | I wished to have someone with me 1 2 3 4
15 | I needed more detailed information 1 2 3) 4
When you have finished, please turn the
Page 1 /2 OE-MRI Patient Tolerabilty Questionnai ted 15-Jan-2021 ResearCh &
lnnovation

Figure 8.2: Patient Tolerability Questionnaire - Copy of the assessment used
to compare the patient experience of undergoing an OE-MRI scan versus having a
standard head and neck MRI scan.
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8.4 Results

for statistical significance using the Wilcoxon signed rank test (p-value < 0.05
significant).

The free text box on the questionnaire was analysed for common themes in
order to consider potential improvements to patient tolerability for future studies.
Each questionnaire was reviewed by a member of the research team immediately
after its completion in order to ensure that no serious issues or concerns requiring

immediate attention were raised by patients.

8.4 Results

All 20 patient participants completed the study anxiety questionnaire in full. No
immediate safety concerns or patient welfare issues were raised during the OE-
MRI study. One patient stopped the study scan early due to discomfort (partici-
pant P012, Appendix table . This participant completed the clinical scan in

full and therefore suffered no adverse consequences from study participation.

12

10 O Previous MRI scan

M No previous MRI scan

N

Difference in anxiety score
(OE-MRI minus clinical scan)
N

s

Participant number

123 456 7 8 910111213 141516171819

Figure 8.3: Difference in anxiety scores - Waterfall plot of the difference
in anxiety scores between the OE-MRI and routine clinical MRI scan for all 20
patient participants. Larger values indicate worse reported anxiety with the OE-
MRI scan. Lighter bars indicate patients who reported having undergone an MRI

scan previously.
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8.5 Discussion

Median anxiety score were 19.5 (range 15 to 42) and 15.5 (range 15 to 45) for
the scans performed with and without a mask respectively (p=0.026 Wilcoxon
signed rank). There was no significant difference identified between scores for
patients who had undergone a previous MRI scan compared to those who had
not with median difference in anxiety scores (study scan minus clinical scan) of
0.5 and 0 respectively (p=0.871 Wilcoxon rank sum). A waterfall plot of the
difference in anxiety scores per patient participant is shown in figure |8.3| with a
summary of the scores for each individual domain of the questionnaire given in
table R.1l

7 patients left comments in the free text box of the questionnaire with 3 people
commenting on the oxygen mask. 2 people found that the mask did not fit well
and moved during the scan causing discomfort with 1 of these patients asking if
the oxygen scan could be done after the clinical scan to allow them to become
accustomed to the MRI environment before having to wear the oxygen mask.
1 person stated that they felt more in control without the mask on (individual
patient participant results in Appendix Table .

8.5 Discussion

This is the first clinical study of OE-MRI that has attempted to make a formal
quantitative assessment of participants’ tolerability of the study sequence. The
MRI-AQ that was used to perform this assessment focuses on two factors; “anx-
iety symptoms” and “relaxation symptoms” (Ahlander et al.2016). The benefit
of this assessment is that it specifically assess anxiety generated by the MRI scan
itself rather than non-scan related generalised anxiety as assessed by commonly
used tools such as the generalised anxiety disorder assessment (GAD-7) (Spitzer
et al.[|2006]) and the hospital anxiety and depression scale (HADS) (Zigmond &
Snaith||[1983)).

Overall, there was a statistically significant worsening in anxiety recorded
with the study sequence relative to the standard clinical scan, although the ab-
solute magnitude of the difference is small and therefore of questionable clinical
significance. All bar one participant completed the entire study sequence and all

participants completed the subsequent clinical scan implying that any negative

176



8.5 Discussion

Table 8.1: Summed scores from all patient participants for each of the 15 domains
assessed in the MRI-AQ. Lowest potential summed score is 20 (lowest anxiety) to
80 (maximum anxiety). The scores for domains 1, 7, 8 and 10 have been inverted

to allow ease of comparison (original scores stated in brackets).

Total score (20 patients)
Statement Mask on | No mask | Difference
1. I felt that I controlled the situation 27 (73) 24 (76) 3
2. T had palpitations (heart feeling un- 24 22 2
usual)
3. I found it hard to breathe 22 23 -1
4. 1 was afraid 32 27 )
5. I wanted to come out 26 27 -1
6. I panicked 22 22 0
7. 1 felt relaxed 36 (64) 29 (71) 7
8. I felt safe 25 (75) 24 (76) 1
9. I worried in advance 35 28 7
10. T felt calm 31 (69) 27 (73) 4
11. T had to force myself to manage the 31 30 1
situation
12. Self-control was required when going 38 35 3
through the examination
13. I needed support and encouragement 25 25 0
14. T wished to have someone with me 26 26
15. T needed more detailed information 20 21 -1
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emotional reaction to the study scan was manageable. Responses in the free text
comments section of the questionnaire emphasise the need to ensure correct and
comfortable fixing of the oxygen mask before starting the OE-MRI sequence and
to explain to patients why the OE-MRI needs to be performed before routine
clinical imaging that does not require an oxygen mask. One participant explic-
itly mentioned that the provision of a mirror above their head which allowed
them to see out of the bore of the scanner during the imaging, made a significant
contribution to their wellbeing. This simple intervention should be offered to
all patients in the future as it has no negative impact on the image acquisition.
Although this mirror was available for all participants in this study, it was not
explicitly mentioned in the study protocol and therefore was not routinely used
for either the oxygen enhanced scan or the routine clinical scan. Unfortunately,
it was not recorded which participants had the use of this mirror and which did
not therefore potentially acting as a confounding factor for differences in anxiety
scores between participants.

Although the MRI-AQ is designed to given an overall anxiety score, it is in-
teresting to note that the individual domains that showed the greatest difference
in scores between the study scan and routine clinical scan were for the statements
“I felt relaxed” and “I worried in advance”, both of which showed worse scores
with the oxygen enhanced scan. It is maybe not overly surprising that patients
reported greater worry in advance about a scan termed a research or study scan
as opposed to a routine clinical scan and it maybe that if OE-MRI was used in
routine clinical practice some of this worry would be naturally alleviated. It is
also worth considering what information is provided to patients in advance of
their scan and whether videos or photographs of the scan setup may be used
to ameliorate pre-scan anxiety. In addition, ensuring radiography staff are fully
versed in the nature of the OE-MRI sequence is critical as positive social interac-
tions and communication from hospital staff have a significant positive influence
on patients’ experiences of MRI (Carlsson & Carlsson |2013} /Ajam et al.|2020).

Including the published work presented in this thesis (McCabe et al.|2024a)),
a total of 3 papers report performing OE-MRI in patients with head and neck
cancer with both of the other papers having been published after data collection

for this study had been commenced. Neither of these other papers reports a formal
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assessment of the patient experience. Dubec et al.| (2023)) note that “no adverse
events were reported” in their study and managed to successfully and repeatedly
scan all of their recruited patients however, Bluemke et al.| (2023) reported patient
motion being a significant difficulty encountered during their study and that they
needed to remove a T; mapping sequence from their protocol part way through
the study in order to reduce scanning acquisition times stating that this was
“needed” by some patients. No further details on the nature of the adverse
experiences that necessitated this change are provided but this highlights the
potential difficulties with performing OE-MRI in the clinical setting in patients
with HNSCC. Nevertheless the findings from these subsequent two studies are
in concordance with the data presented here whereby the OE-MRI scan was
only terminated early in one participant and clinically usable OE-MRI data was
successfully obtained in all participants (chapter [7)).

There are some additional significant limitations with this tolerability assess-
ment. All participants in this study voluntarily agreed to undergo a longer MRI
scan and therefore potentially represent a subset of patients less prone to MRI
scan anxiety. In addition, study participants all underwent the OE-MRI study
sequence prior to their diagnostic imaging sequences meaning that they may have
become more accustomed to the MRI environment by the time of the diagnos-
tic scan. This could reduce recorded anxiety levels with the diagnostic scans.
Conversely, as time elapsed in the scanner patients may have experienced greater
levels of discomfort which may confound the tolerability assessment as the ques-
tionnaire specifically focussed on anxiety rather than discomfort. The order of the
scans was fixed due to the requirement to complete the OE-MRI protocol before
the clinical imaging in order to avoid the administration of gadolinium contrast
agent with the clinical scan masking changes in oxygen induced T; times.

A further limitation is that the MRI receiver coils used for the study and
clinical scans were different in order to facilitate ready positioning of the non-
rebreather oxygen mask for the study sequences. The different receiver coils used
may influence the patient experience of the scans in addition to the wearing of the
oxygen mask and breathing of high flow oxygen. The reason for any differences in
an individual patient’s anxiety scores is not elucidated by this assessment method.

Finally, patients were asked about their experience of the OE-MRI and clinical
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scan at the same time leading to the risk of confusion between the experiences of
both parts of scan. It was however not practical nor desirable to either interview
participants between scans or to perform the scans on separate days.

In conclusion, the OE-MRI scan was well tolerated by the study participants
although there was a small but statistically significant worse MRI associated anx-
iety score with the study sequence. Further OE-MRI studies in HNSCC should
be mindful of the potential burden additional or extended scans place on this
group of patients who are undergoing an already significant amount of medical

imaging during a psychologically challenging time.
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Chapter 9

Overall Conclusions and

Suggestions for Future Work

In this thesis the existing evidence behind the use of OE-MRI for the assessment
of tumour hypoxia has been summarised via a scoping review of the published
literature. A dynamic, volumetric OE-MRI protocol for the head and neck region
using routinely available equipment in an acute hospital setting was developed
and evaluated in test phantoms, non-patient volunteers and patient participants.
This well-tolerated implementation of OE-MRI was able to discern differing re-
sponses to supplemental oxygen within biopsy confirmed HNSCC. Bespoke tools
to process the OE-MRI data were developed and an exploration of novel analysis
methods in line with current academic advancements was also performed. This
thesis did not repeat the work of previous authors in establishing the utility of
OE-MRI in determining regions of tumour hypoxia but focussed on developing a
clinical protocol that was both practical and robust to real life challenges to make
it conceivable to perform OE-MRI in the routine clinical setting in the majority
of patients with HNSCC.

At the start of the research presented in this thesis there were no published
papers on performing OE-MRI in HNSCC. Academic and clinical interest in the
potential of OE-MRI in assessing HNSCC tumour hypoxia is however growing and
other research groups have recently published on OE-MRI in the head and neck
region (Bluemke et al.[2023, Dubec et al.[2023, 2024]). The protocol developed in
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this thesis though remains unique in its unequivocal focus on translating the OE-
MRI approach into a clinically applicable imaging technique that could be readily
utilised in any modern cancer centre around the world without need of specialist
equipment and without adding an undue burden to patients by performing the
OE-MRI sequence in less than 10 minutes. This research is also the first to
explicitly test correlations between OE-MRI imaging findings and actual clinical
treatment outcomes from patients with HNSCC who underwent curative intent
CRT.

Although the history of tumour hypoxia assessment has been focussed around
identifying tumours with a greater risk of hypoxia induced radioresistance who
may benefit from the addition of hypoxia modification therapies, the significant
increase in rates of HPV associated oropharyngeal HNSCC and the increased
radiosensitivity of this disease compared to its non-HPV related counterparts has
led to substantial interest in radiotherapy de-escalation studies in order to reduce
the treatment related toxicity to healthy tissues. However as discussed in section
[1.2.1] such strategies have to date proven unsuccessful in phase 3 trials with excess
rates of disease recurrence and mortality in the de-escalation intervention arms.
Arguably the most exciting current development in dose de-escalation trials is
based around the use of hypoxic PET imaging to guide patient selection for dose
de-escalation based upon lack of tumour hypoxia or early resolution of tumour
hypoxia with treatment (Lee et al.|2024a)). Although still needing verification in
a phase 3 trial setting, if this de-escalation strategy proves successful it may be
that OE-MRI is better placed to facilitate its wider adoption due to the greater
global access to MRI than hypoxic PET imaging, especially if a 10minute, robust
OE-MRI scanning protocol such as developed in this thesis were to be adopted.

The majority of imaged tumours in this thesis were HPV related, reflect-
ing the relative prevalence of this subset of HNSCC. The practicability and tol-
erability assessments of the scanning protocol used in this study are therefore
directly applicable to the potential for OE-MRI based HPV dose de-escalation
strategies. Recently published work by Dubec et al,| (2024) found that 54.6%
of HPV associated tumours treated with radical radiotherapy had a reduction
in OE-MRI assessed tumour hypoxic volume by the second week of treatment,

increasing to 90% by week 4 leading to the hypothesis that variable levels of dose
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de-escalation could be considered dependent upon the timing of the reduction in
tumour hypoxic burden. However, further observational studies correlating hy-
poxic biomarkers to relevant clinical outcomes are required before considering any
variable radiotherapy dose de-escalation trials due to the inherent risk of under-
treating potentially curative patients and causing an excess of mortality. Never-
theless, it would seem reasonable to hypothesise that if hypoxic PET guided dose
de-escalation strategies prove successful in HPV related oropharynx HNSCC then
an OE-MRI based approach may be possible. In order to minimise the number
of patients needed to be enrolled in dose de-escalation trials, ideally an OE-MRI
tumour hypoxic assessment would be incorporated into the hypoxic PET based
de-escalation trials. If this is not practical, correlation studies between hypoxic
PET and OE-MRI imaging in patients with HPV associated oropharynx HNSCC
potentially suitable for dose de-escalation should be performed as a minimum.

Outside the realm of HPV associated HNSCC, interest persists in using hy-
poxic imaging to stratify patients based on the likelihood of response to hypoxia
modification therapy. Indeed, it has been suggested that failure to stratify based
on the extent of intra-tumoural hypoxia is sufficient to account for the observed
clinical futility of phase 3 trials of hypoxia-activated prodrugs (Spiegelberg et al.
2019). A pre-clinical study has demonstrated the utility of OE-MRI in assessing
changes in oxygenation in tumour xenografts induced by the hypoxia modifying
drugs Banoxantone (a hypoxia-activated prodrug of the topoisomerase II inhibitor
AQ4) and Atovaquone (an inhibitor of mitochondrial complex IIT of the electron
transport chain) (O’Connor et al.[[2024). Combining such pre-clinical data with
the evidence presented in this thesis of the utility of performing OE-MRI in HN-
SCC in the clinical setting suggests that OE-MRI may represent a stratification
tool for future hypoxia modifying clinical trials however further evidence of the
utility of this approach and standardisation of imaging protocols will be required
before the pharmaceutical industry that are the principle funders and sponsors
of phase 3 drug trials will be likely to adopt this strategy.

One of the greatest challenges in the non-surgical management of HNSCC is
the treatment of cancers arising in the hypopharynx. Although only representing
8.4% of locally advanced HNSCC (stages III to IVb), the 3 year overall survival
rate for patients with hypopharynx SCC treated with curative intent CRT in
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the UK is only 47.6% (McCabe et al|[2024b). There is clearly an unmet need
for this group of patients and although the specific impact of tumour hypoxia on
this subgroup of HNSCC is unknown, the observed higher rates of radioresistance
suggest that this is a subgroup that may benefit from OE-MRI studies; both to
assess the extent and persistence of hypoxia with radiotherapy and the impact of
hypoxia modifying trials including hypoxia adaptive radiotherapy studies (Ingram
et al.|2024)). Due to the relative lower prevalence of this subtype of HNSCC, such
OE-MRI studies would need to be multi-institutional and require standardisation
of imaging protocols. This is an integral step towards the wider adoption of OE-
MRI and requires those researchers working in the field of tumour hypoxia OE-
MRI assessment to collaborate to develop a consensus on a standardised image
acquisition protocol.

Although the prognostic influence of tumour hypoxia is well proven, the rel-
ative importance of it compared to other prognostic factors needs to be consid-
ered. For example, data from the DAHANCA-19 study database found that on
multivariable cox-regression, tumour hypoxia as assessed by a 15 gene hypoxic-
signature failed to demonstrate statistically significant prognosis despite showing
prognostic ability on univariate analysis (Horsholt Kristensen et al.|[2024]). Simi-
larly, a previous German study found that the same 15 gene hypoxic classifier had
greater prognostic impact only for smaller primary tumour volumes (< 19mm?)
(Linge et al.[2016). In this thesis 73% (11/15) of the primary tumours had vol-

3. Multivariable analysis of clinical outcomes are important to

umes < 19mm
discern the independent impact of tumour hypoxia however to avoid the poten-
tial of over-fitting multivariable regression models, larger detailed clinical data
sets are required. Such data sets could then also be used to explore the potential
role of OE-MRI textural features in prognosis and treatment stratification (see
section .

One of the challenges encountered with performing OE-MRI in the head and
neck region is that of movement, both gross patient movement as well as internal
movement relating to normal physiological functions. As detailed in chapter [6] in
this thesis a post-processing image co-registration approach was used to align suc-
cessive images from the dynamic OE-MRI sequence. This approach was readily

applied to the dynamic OE-MRI data resulting in measured improvement of the
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consistency of OE-MRI derived hypoxia metrics. However such an approach does
not compensate for degradation in image quality due to participant movement
during an individual image acquisition sequence. Given the relatively small mag-
nitude of changes in T} time induced by supplemental oxygen, motion induced
artefacts could have a significant impact on the accuracy of AT} maps.

The VFA approach used in the OE-MRI mapping sequence in this study
used conventional Cartesian k-space sampling meaning that motion during the
image acquisition could induce phase offsets leading to image artefacts. The
extent of motion encountered during a particular acquisition can be reduced by
reducing the acquisition time through acceleration techniques (as were used in
the study sequence) or through reduction in the spatial resolution or image SNR.
Alternatively acquiring k-space in a non-Cartesian manner can also make an
image sequence more robust to motion distortion. |[Kim et al.| (2024) evaluated a
3D stack of stars (SOS) approach to VFA T} OE-MRI measurement whereby k-
space is sampled using a radical trajectory in the in-plane direction with Cartesian
sampling retained for the slice direction. They found that the approach improved
the reliability and accuracy of T} determination in HNSCC patients however this
approach has yet to be tested in a clinical trial correlating OE-MRI biomarkers
to treatment outcomes. In addition, the authors used dedicated head and neck
receiver coils and therefore the utility of performing this on the routine clinical
systems and coil selection that was used in the current study requires further
evaluation.

Arguably one of the most significant advances in the clinical management of
HNSCC in recent years has come with the advent of immune checkpoint inhibitor
therapy in the form of the programmed cell death protein 1 (PD-1) inhibitors
Nivolumab and Pembrolizumab. Now widely used in the non-curative recurrent
or metastatic disease setting in HNSCC they have demonstrated superior out-
comes compared to conventional chemotherapy (Ferris et al.2016, Burtness et al.
2019). Although pre-clinical studies have also suggested a synergistic effect of
immunotherapy with radiotherapy, clinical trials investigating this combination
have so far failed to show clinical benefits from this treatment combination (Wong

et al.[[2022). In addition although it is possible for patients to obtain long lasting
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responses to immunotherapy treatments, such outcomes are seen in only approx-
imately 20% of HNSCC patients, a trend also noted in other tumour types where
average response rates range from 20% to 40% (Sharma et al.2017). There is
clearly therefore much to still be understood about these medications and their
interaction with HNSCC of which hypoxic conditions in the tumour microenvi-
ronment is one. As discussed in section[I.1], hypoxia can drive immunosuppression
and increase resistance to anti-PD-1 drugs. Knowledge of the distribution and
extent of tumour hypoxia may thus yield clinically useful information pertaining
to the utilisation of immunotherapy treatments in HNSCC both in the metastatic
setting but also potentially for response stratification in on-going concurrent and
adjuvant radical treatment immunotherapy trials. Therefore, although this thesis
has focussed on patients being treated with curative intent CRT, there may be a
broader role for tumour hypoxic imaging in the clinical management of HNSCC
in which OE-MRI could play a significant part.

Finally, returning to the hypothesis and research aims stated in section 4.1,
in this thesis the ability to perform OE-MRI on a routine clinical scanner using
routinely available clinical equipment has been demonstrated via a well-tolerated
volumetric implementation of OE-MRI in the head and neck region. OE-MRI
derived metrics were correlated to clinical outcomes with average tumour hy-
poxic burden being greater in radiotherapy non-responsive tumours, albeit with-
out statistical significance. Further adequately powered, multisite studies that
would have the benefit of independent verification of OE-MRI are therefore now
required to investigate the predictive power of OE-MRI hypoxic fractions and
other novel OE-MRI derived biomarkers to guide treatment intensification and

de-escalation strategies in the non-surgical management of HNSCC.
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Supplementary Figures
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Figure A.1: Temporal stability of dynamic VIBE sequence - 7] values

for 12 gel-filled tubes in a Eurospin TO5 phantom measured over 40 dynamic

acquisitions using dynamic VIBE sequence on MRI machine 1.
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Figure A.2: Parametric maps from normoxic malignant nodal mass -
Example OE-MRI parametric maps in a patient with a suspected malignant nodal
mass (patient no: 16 Lymph Node no: 2). Low estimated hypoxic fraction (11.6%)
is shown on a T} weighted VIBE image with overlaid parametric AT; map of the
malignant mass (a, d, axial and coronal plane respectively) and overlaid statistical
map of ATy times (b, e). Blue colour indicates statistically significant decrease
in T3 times, white indicating no statistically significant change and red indicating
statistically significant increasing 77 times. ¢ Time series of 1] times averaged over
the entire malignant node VOI and over those voxels with significantly decreasing

T1 times only. f Histogram of AT} times for the entire malignant nodal VOI.
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Figure A.3: Parametric maps from hypoxic malignant nodal mass - Ex-

ample OE-MRI parametric maps in a patient with a suspected

malignant nodal

mass (patient no: 15 Lymph Node no: 7). High estimated hypoxic fraction (72.0%)

is shown on a T} weighted VIBE image with overlaid parametric AT; map of the

malignant mass (a, d, axial and coronal plane respectively) and overlaid statistical

map of AT} times (b, e). Blue colour indicates statistically significant decrease

in T times, white indicating no statistically significant change and red indicating

statistically significant increasing T times. ¢ Time series of T} times averaged over

the entire malignant node VOI and over those voxels with significantly decreasing

Ty times only. f Histogram of AT} times for the entire malignant nodal VOI.

235



190

180

§ 70

4 60
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- ATy maps (A, D), corresponding statistical map with blue indicating statisti-
cally significant reduction in voxel 7T} times, white no change and red statistically
significant increase in 77 times via t-test with significance at p< 0.05 (B, E) and
normoxia likelihood maps constructed from 1,000 Bootstrap samples for each voxel
from the dynamic OE-MRI data (C, F) for the malignant nodal mass in patient
ID 19. A, B, C: axial slice. D, E, F: coronal slice.
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INHS

Evaluation and Improvement of Head and Neck Radiotherapy

- ; - - - . Nottingham
Patients’ Experience of Medical Imaging University Hospitals
NHS Trust

1.) Thinking about your current cancer treatment, which of the following scans have you had?

Yes No

]
L]

Radiotherapy planning CT

e Donut shaped machine. Scanned with radiotherapy mask.
e Scan takes a few minutes.

e You may have had a dye injected.

Diagnostic CT

e Donut shaped machine. No mask.
o e Scan takes a few minutes.
X e You may have had a dye injected.

PET

e Large machine with a donut shaped hole in middle.

e Scan takes around 20 to 30 minutes.

e Radioactive dye injected 30 to 60 minutes before.
MRI

e Large machine with a tunnel that you go into.
e Scans takes around 30 to 60 minutes and is often noisy.
e You may have had a dye injected.

00 O] [

Ultrasound
o Handheld by an operator with ‘jelly’ placed on skin. l:l l:l
e Usually 15 to 30 minutes.

e Atissue sample (biopsy) is sometimes taken.

2.) Considering each type of scan that you have had, please rate from 1(strongly disagree) to 5
(strongly agree) how much you agree with each of the following statements. If you have not
had a particular scan then please leave that column blank:

Radiotherapy

cr PET MRI planning CT

Ultrasound

(i) I found the scan uncomfortable?

(ii) I felt anxious during the scan?

(iii) | found the scan painful?

(iv) | found the scan embarrassing?

1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree, 5 = strongly agree

E]

We Listew

We Care

Hospital number: K

Figure A.5: Medical imaging questionnaire - Copy of the questionnaire dis-
tributed to patients with head and neck squamous cell carcinoma undergoing cu-
rative intent (chemo)radiotherapy to assess their experience of medical imaging in

the workup for their radiotherapy treatment.
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Appendix B

Supplementary Tables

Tables and display the full MRI derived tumour characteristics and OE-
MRI metrics for all of the imaged primary tumours and all malignant nodes

respectively.
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Table B.1: Full tumour characteristics and MRI derived imaging parameters for

all histologically confirmed squamous cell primary tumours.
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Table B.2: Full tumour characteristics and MRI derived imaging parameters for

all nodal masses that were clinically managed as malignant.
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Table B.3: Primary tumour contoured volumes on OE-MRI VIBE sequence and

as per treating clinician on radiotherapy planning CT scans. Volume of tumour

obtained by multiplying voxels by spatial resolution (1.5625 x 1.5625 x 2.5mm? for
the OE-MRI and 1.074 x 1.074 x 3mm? for planning CT).

OE-MRI Scan Planning CT
ID Voxels Volume | Voxels Volume
(cm?) (cm?)
1 5103 31.15 | 28872  99.91
3 712 4.35 1078 3.73
5 652 3.98 3346 11.58
6 1447 8.83 12951  44.82
7 5522 33.70 | 20270  70.14
9 100 0.61 1058 3.66
10(i) 825 5.04 2297 7.95
10(ii) | 2898 17.69 | 15309  52.98
13 88 0.54 Missing
14 3539 21.60 | 12521  43.33
15 385 2.35 1280 4.43
16 615 3.75 3025 10.47
20 1180 7.20 3185 11.02
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Table B.4: Summed anxiety scores for the research scan and routine clinical scan

along with free text comments from all patient participants.

Anxiety score

Comments

ID MRI before Study Clinical
1 No 18 15
2 Yes 21 17
3 Yes 23 19
4 No 21 21
5 No 16 16
6 No 26 15
7 Yes 16 15
8 No 25 24
9 Yes 26 27
10 No 15 15
11 No 15 15
12 Yes 42 45
13 Yes 30 30
14 No 15 15
15 No 15 15
16 No 15 15
17 Yes 26 26
18 No 20 15
19 Yes 17 15
20 No 19 16

Pain in shoulder was main concern.

Mask rode up high and pushed into
Came tight to
face when oxygen on and made face
itch. Felt tight on nose and difficult at

times. Could you do non-mask scan be-

eyes (uncomfortable).

fore mask to get used to scanner?

Bit noisy.

Not a particularly enjoyable experience
but I was fully informed and sup-
ported throughout with professionalism
and kindness.

Mirror makes a big difference.

Prefer to have someone in the room until

in and positioned.

Try make mask more comfortable -
pushed up into eyes. Something that fits
to face better would be more comfort-
able.
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Appendix C

ANTs Code

Script for affine co-registration of dynamic OE-MRI images (script name OEM-
Rlaffine.sh).

#!/usr/bin/bash

# script expect 2 parameters :

# $1 - DIRECTORY with .nii input files

# $2 - filename in $1 DIRECTORY which will be FIXED (others will be MOVING-coregistered to the FIXED file)

‘cd $1°¢

pathData=$1
fname=$2

1s ${pathData} | grep .nii >> ${pathData}/files.txt
file_fixed=${pathData}/${fname}.nii

# number of computing cores
Ncores=4

#
# PERFORM REGISTRATION using : rigid+affine

parallel --jobs ${Ncores} "antsRegistrationSyNQuick.sh \
-d 3 -n2\
-f ${file_fixed} \
-m ${pathData}/{} \
-o ${pathData}/{} \
-t a" :::: ${pathData}/files.txt

# create subDIRS for registration results :

# AffineWarped - registration results / AffineWarps - for transformation matrix
mkdir ${pathData}/AffineWarped

mkdir ${pathData}/AffineWarps

# MOVE registration results and deformation fields/matrix

mv ${pathData}/*.niiWarped.nii.gz ${pathData}/AffineWarped

mv ${pathData}/*.gz ${pathData}/AffineWarps

mv ${pathData}/*.mat ${pathData}/AffineWarps

# UNPACK .gz files

1s ${pathData}/AffineWarped | grep .gz | parallel --jobs ${Ncores} gunzip ${pathData}/AffineWarped/{}
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Script for non-rigid co-registration of dynamic OE-MRI images (script name
OEMRInonrigid.sh)

#!/usr/bin/bash

# script expect 2 parameters :

# $1 - DIRECTORY with .nii input files

# $2 - filename in $1 DIRECTORY which will be FIXED (others will be MOVING-coregistered to the FIXED file)

‘cd $1°¢

pathData=$1
fname=$2

1s ${pathData} | grep .nii | grep -v "r" |grep -v "mean" >> ${pathData}/files.txt
file_fixed=${pathData}/${fname}.nii

# number of computing cores
Ncores=4
#
# PERFORM REGISTRATION using : rigid + affine + deformable SyN (non-rigid/elastic)
parallel --jobs ${Ncores} "antsRegistrationSyNQuick.sh \

-d3 -n 2\

-f ${file_fixed} \

-m ${pathData}/{} \

-o ${pathData}/{} \

-t s" :::: ${pathData}/files.txt

# create subDIRS for registration results:

# Warped - registration results / Warps - for deformation fields and transformation affine matrix
mkdir ${pathData}/Warped

mkdir ${pathData}/Warps

# MOVE registration results and deformation fields/matrix

mv ${pathData}/*.niiWarped.nii.gz ${pathDatal}/Warped

mv ${pathData}/*.gz ${pathData}/Warps

mv ${pathData}/*.mat ${pathData}/Warps

# UNPACK .gz files

1s ${pathData}/Warped | grep .gz | parallel --jobs ${Ncores} gunzip ${pathData}/Warped/{}
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