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ABSTRACT - Quantifying, Understanding and Predicting Differences Between Planned
and Delivered Dose to Organs at Risk in Head & Neck Cancer Patients Undergoing
Radical Radiotherapy to Promote Intelligently Targeted Adaptive Radiotherapy.

Dr David Jonathan Noble | Emmanuel College | Department of Oncology

Introduction: Radical radiotherapy (RT) is an effective but toxic treatment for head and neck
cancer (HNC). Contemporary radiotherapy techniques sculpt dose to target disease and avoid
organs at risk (OARs), but anatomical change during treatment mean that the radiation dose
delivered to the patient — delivered dose (D,), is different to that anticipated at planning —
planned dose (Dp). Modifying the RT plan during treatment — Adaptive Radiotherapy (ART) —
could mitigate these risks by reducing dose to OARs. However, clinical data to guide patient
selection for, and timing of ART, are for lacking.

Methods: 337 patients with HNC were recruited to the Cancer Research UK VoxTox study.
Demographic, disease and treatment data were collated, and both Drand D,to organs at risk
(OARs) were computed from daily megavoltage CT image guidance scans, using an open-
source deformable image registration package (Elastix). Toxicity data were prospectively
collected. Relationships between Dp, D4 and late toxicities were investigated with univariate,
and logistic regression normal tissue complication probability (NTCP) modelling approaches.
A sub-study of VoxTox recruited 18 patients who had MRI scans before RT fractions 1, 6, 16,
and 26. Changes in salivary gland volumes and relative apparent diffusion coefficient (ADC)
values were measured and related to toxicity events.

Results: Spinal cord dose differences were small, and not predicted by weight loss or shape
change. Mean D4 to all other OARs was higher than Dp; factors predicting higher D 4included
primary disease site, concomitant therapy, shape change and advanced neck disease. Nine
patients (3.7%) saw Da>Dp by >2Gy to more than half of the OARs assessed. These patients
all had received bilateral neck RT for N-stage >2b oropharyngeal cancer. Strong uni- and
multivariate relationships between OAR dose and toxicity were seen. Differences between Da
and Dp-based dose-toxicity models were minimal, and not statistically significant. On MRI, both
parotid and submandibular glands shrank during treatment, whilst relative ADC rose.
Relationships with toxicity were inconclusive.

Conclusions: Small differences between OAR Dp and D4 mean that Das-based toxicity
prediction models confer negligible additional benefit at the population level. Factors such as
primary disease sub-site, concomitant systemic therapy, staging and shape change may help
to select the patients that do develop clinically significant dose differences, and would benefit

most from ART for toxicity reduction.
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Abbreviations/Glossary of terms

ABAS - Atlas-based automated segmentation tool. Software packages that generate
automated segmentation based on a library of examples and deformable image registration.
Accelerated RT — Delivering radiotherapy in a shorter overall treatment time, typically by
treating more than one time a day, or on more days during the week.

ADC - Apparent diffusion coefficient. A quantification of the Brownian motion of water on an
MRI image.

ADL - Activities of daily living.

ART — Adaptive radiotherapy.

AUC - Area under the curve — often used to quantify ROC curves.

BNI - Bilateral neck irradiation. Radiotherapy treatment for head and neck cancer where lymph
node regions in both sides of the neck are treated.

B-spline — A mathematical function which underlies the deformable component of some image
registration algorithms.

CBCT - Cone-beam CT. A type of Image guidance using kV energy X-Rays produced by the
linear accelerator head.

CRF - Clinical reporting form — toxicity assessment questionnaires specifically designed for
the VoxTox project, that allow population of a number of recognised toxicity scoring systems.
CRT - Chemo-radiotherapy. Chemotherapy delivered concomitantly alongside radiotherapy,
often to act as a radio-sensitiser.

CSF - Cerebrospinal fluid

CTCAE - Common Terminology Criteria for Adverse Events. A set of criteria for quantifying
the severity of adverse events following cancer treatment.

CTV - Clinical target volume. A volume in radiotherapy planning that takes into account
microscopic spread of disease beyond what is known or visible.

D4 — Delivered [radiation] dose.

Dp — Planned [radiation] dose.

DARS - Dysphagia/aspiration related structures. A concept that includes anatomical
structures involved in the process of swallowing that can be seen and contoured on imaging.
DBC — Distance between centres. A measure of contour agreement.

DDA - Dose difference assessment. The standard technique in the Addenbrooke’s hospital
head and neck radiotherapy unit for estimating differences between planned and delivered
radiation dose.

DICOM - Digital Imaging and Communications in Medicine. The standard file format for the
storing, management, and transfer of medical images.

DIPC - Daily image guidance with positional correction.
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DIR — Deformable image registration.

DSC - Dice similarity coefficient. A measure of contour agreement.

DTC - Distance to conformity. A measure of contour agreement.

DVH - Dose volume histogram.

DWI - Diffusion weighted imaging. Using specific MRI sequences to generate contrast from
differences in the relative diffusion of water molecules.

D29, - The minimum radiation dose to the 2% volume of a given structure that receives the
highest dose in that structure. A pragmatic surrogate for maximum dose to that structure.
Elastix — Open-source deformable image registration package. Used for contour propagation
from kVCT to MVCT images, and dose accumulation in this work.

EORTC QLQ H&N35 — A questionnaire designed by the European Organisation for Research
and Treatment of Cancer to assess the quality of life of patients who have undergone
radiotherapy for head and neck cancer.

Estro — European Society for Radiation Oncology.

FALCON - Fellowship in Anatomic DeLineation and CONtouring. A multifunctional platform
for contouring and delineation workshops with Estro.

FDG — 18F-fluorodeoxyglucose. A radiolabelled tracer for positron emission tomography, PET,
that highlights tissues with high glucose uptake.

FoV - Field of view.

FMISO - 18F-fluoromisonidazole. A radiolabelled tracer for positron emission tomography,
PET, preferentially taken up into hypoxic tissues.

Gray (Gy) — The unit of radiotherapy dose, defined as 1 Joule of energy of radiation energy
per kilogram of matter.

GTV - Gross tumour volume. Macroscopic tumour that can be seen palpated or imaged.

HD - Hausdorff Distance - a measure of contour agreement.

H&N — Head and neck.

HNC — Head and neck cancer.

HNSCC - Squamous cell carcinoma of the head and neck region.

HPV — Human papillomavirus. Now known to cause a substantial proportion of HNC, especially
oropharyngeal cancer.

HRA - Health Research Authority

HU - Hounsfield unit. A quantitative scale for describing radiodensity, where the linear
attenuation coefficient of a voxel is normalised to known values for air and water.
Hyperfractionation — Where radiotherapy treatment is delivered in fraction sizes smaller than
1.8 — 2Gy.

Ir: Fixed image. In deformable image registration, the image that provides the geometrical

frame of reference, to which the moving image is optimally matched.
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IG — Image guidance. The process whereby an image of the patient is taken in the treatment
position (often by the linear accelerator itself) to ensure setup matches the plan as accurately
as possible.

Im: Moving image. In deformable image registration, the image that is moved and changed (the
complexity of which changes depends on the details of the algorithm) in order to match the
fixed image as closely as possible.

IMB - Imaging biomarker.

IMRT - Intensity modulated radiotherapy. A complex arrangement of radiotherapy beams with
heterogeneous fluence, capable of delivering non-uniform levels of dose that may be
accurately conformed to structures of interest.

IPC - Inferior pharyngeal constrictor muscle.

Jacobian determinant — A matrix that takes partial derivatives of each element of a
transformation. In deformable image image registration, it gives an indication of whether a
voxel in the moving image has increased or decreased its size, relative to baseline, in the
process of optimising registration with the fixed image.

JCI — Jaccard conformity index. A measure of contour agreement (also referred to as Cl).
kVCT — Computed tomography using X-Rays with kilo-voltage range energy. These scans
may be used for diagnostics, radiotherapy planning, or image guidance.

LENT/SOM(A) — Late Effects Normal Tissue — Subjective, Objective, Management, Analytic.
A system for scoring radiotherapy toxicity.

LND - Lateral neck dimension

LS — L’Hermitte’s syndrome. A condition in which patients described an unpleasant sensation
of electric shocks travelling down their back and into limbs.

MATLAB - A software package and programming language for technical computing.

MDA - Mean distance to agreement. A measure of contour agreement.

MDADI — MD Anderson Cancer Centre Dysphagia Inventory — a tool for scoring the severity
of swallowing dysfunction after cancer treatment (specifically radiotherapy for head and neck
cancer).

MI — Mutual information - a mathematical function to produce a similarity metric between fixed
and moving images in image registration.

MPC - Middle pharyngeal constrictor muscle.

MRI — Magnetic resonance imaging.

MR-Linac — An MRI scanner and radiotherapy delivery machine (linear accelerator) combined
into one unit. Image guidance is done with MRI, providing superior soft tissue definition
compared with CT.

MSD - Mean squared difference — a mathematical function to produce a similarity metric

between fixed and moving images in image registration.
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MVCT - Computed tomography using X-Rays with mega-voltage range energy. Used
exclusively for image guidance.

NCC - Normalised cross correlation - a mathematical function to produce a similarity metric
between fixed and moving images in image registration.

NMI — Normalised mutual information - a mathematical function to produce a similarity metric
between fixed and moving images in image registration.

NPC - Nasopharyngeal carcinoma.

NTCP — Normal tissue complication probability.

OAR - Organ at risk.

OC - Oral cavity

OR - Odds ratio

OS - Overall survival

PBT - Proton beam therapy.

pCT - Planning CT. The CT scan done specifically for radiotherapy planning.

PEG — A percutaneous endoscopic gastrostomy.

PET — Positron emission tomography.

PFS - Progression free survival.

PRV - Planning organs at risk volume. A margin added to a segmented OAR that accounts
for the positional uncertainty of the structure, relative to the daily dose.

PTV — Planning target volume. A radiotherapy planning volume that takes into account
differences in setup and, to some extent organ position.

PVD - Proportional volume difference. A measure of volume differences between 2 ROIs that
makes no inference as to which is ‘gold standard’.

Python — A computational programming language, very widely used in technically and
mathematically orientated work.

QoL - Quality of life.

R — A powerful open-source software package for data analysis.

ROC curve — Receiver operator characteristic curve. A graph that plots sensitivity against 1-
specificity, thereby quantifying the discriminative capabilities of a test.

ROI - Region of interest.

RT — Radiotherapy.

RTOG - Radiation Therapy Oncology Group. An organisation that published a scoring system
for objectively measuring radiotherapy toxicity.

SC - Spinal cord.

SCC — Squamous cell carcinoma. 90% of primary head and neck cancers are SCC’s.
SCT/SACT - Systemic anticancer therapy — drugs, including conventional cytotoxic, targeted

therapies, immunotherapy and hormonal therapies used to treat cancer.
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SDI - Salivary duct inflammation. A toxicity endpoint described in the CTACE scoring system,
which describes a phenotype of thick, sticky, stringy saliva and oro-pharyngeal secretions,
often with associated taste disturbance.

SGL - Supraglottic larynx.

SMG - Submandibular [salivary] gland.

SPC - Superior pharyngeal constrictor muscle.

SPSS - A statistical software package.

SSA - Slice surface area

SWOARS - Organs at risk involved in some way in the process of swallowing. In this work this
is taken to mean both parotid and submandibular glands, the superior and middle pharyngeal
constrictor muscles, the supraglottic larynx, and the oral cavity.

TCP — Tumour control probability.

TG 132 — Report of the AAPM Radiation Therapy Committee Task Group No. 132 (Brock et al
— reference 20, Chapter 4). Consensus guidelines on how image registration tools should be
trained, validated and assessed.

TN — Thyroid notch (anatomical landmark).

TPS — Treatment planning system — software for calculating a radiotherapy delivery plan
TRE - Target registration error. A metric for interrogating the quality of image registration,
using relative positions of known anatomical landmarks.

TRIPOD - Transparent Reporting of Multivariable Prediction Model for Individual Prognosis or
Diagnosis — a consensus report aimed at improving the quality and transparency of predictive
models in medicine.

UMCG - University Medical Centre Groningen.

UNI - Unilateral neck irradiation. Radiotherapy treatment for head and neck cancer where
lymph node regions on one side of the neck only are treated.

VMAT - Volumetric modulated arc therapy. A technique for delivering IMRT by continuous
delivery of radiation dose as the linear accelerator rotates.

WL - Weight loss

Xerostomia — Persistent dry mouth, a common (and often severe) side effect of radiotherapy
for HNC.

95% Surface Distance - A measure of contour agreement.
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Chapter 1 — Introduction and literature review

1.1 Background — head & neck cancer

The term Head and Neck Cancer (HNC) describes a group of biologically similar neoplasms
arising from the epithelium and salivary gland parenchyma of the upper aero-digestive tract.
Over 90% of the tumours encompassed by this definition are squamous cell carcinomas
(SCC’s) arising from the epithelium of the lip, oral cavity, nasal cavity, pharynx and larynx [1].
According to data from the Office of National Statistics, combined HNC incidence in England
in 2014 (excluding neoplasms of the nasopharynx and nasal cavity which were not included)
was just under 9000 [2]. Depending on the year and the source, HNC is between the 6" and

8t commonest cancer in the UK, and the 6" commonest worldwide [2-5].

Overall, HNC incidence in the UK is rising, although this trend is not reflected across all sub-
sites within the umbrella term of HNC. Based on data from 2013, age-standardised incidence
rates for laryngeal cancer have in fact dropped by 7% since 2003 and 20% since 1993 [6]. In
contrast, data for oral cancer — used in this context to include those of the oral cavity, hypo
and oropharynx — show a 28% and 42% respective rise over the same period [7]. This
difference is due to the fact that the underlying aetiology, biology, demographics and natural

history of HNC are evolving.

It is well known that the consumption of both tobacco and alcohol, independently and in
combination, are risk factors for the development of HNC, and this effect has been reflected in
the demographic spread of the condition [8-10]. The decline in smoking may explain why the
incidence of some sub-types of HNC (laryngeal carcinoma for example) is also falling [11].
However, it has become clear over recent decades that some HNC is caused by Human
Papillomavirus (HPV) [12-14]. These tumours are predominantly found in the oropharynx and
their incidence is rising, explaining the overall increase in HNC cases [15, 16]. It is also clear
that HPV driven cancers are biologically separate entities from non-HPV tumours, with different
biological drivers and patterns of gene dysfunction/mutation [5, 17, 18]. The demographics and
natural history of HPV driven disease are different; on average these patients are younger and

more affluent, and they have substantially better outcomes [16, 19-22].

This clear difference in biology and prognosis is reflected in the most recent TNM staging
system for HNC (version 8), in which HPV positive and negative disease is staged differently
[23]. Furthermore, this biomarker, along with the patients smoking status, drive a robust and
extensively validated risk stratification system [22], which classifies patients as having low,

intermediate or high risk disease. For low risk patients, a clear priority in the H&N oncology
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community is the reduction of long-term toxicity, and this is reflected in many recent and on-

going clinical trials [24-26].

This observation has important implications for cancer survivorship. HNC is a loco-regional
disease; approximately half of patients will present with advanced local disease but it is
unusual to find distant metastasis at presentation [27]. Overall 5-year survival for HNC in the
US is 64%, whilst English data from a similar timeframe reports 5-year survival between 50
and 70% depending on anatomical sub-site [28]. Both sources suggest that survival is slowly
improving; a possible reason being the changing biology already discussed. Partly because
disease is often loco-regional at presentation, radiotherapy (RT) and surgery are key treatment
modalities for this condition, and whilst there have been major advances with both; significant
long-term morbidity remains a problem. The SEER data report that there were over 300,000
living with oral cavity and pharynx cancer in the US in 2013 [27]. The concern therefore is that
as the biology and natural history of the condition evolve, high cure rates from intensive therapy
will result in growing numbers of cancer survivors with lasting morbidity and impaired quality

of life.

1.2 Radiotherapy for head & neck cancer

Whilst RT had been used to treat HNC for decades prior to this, the seminal 1991 Veterans
Affairs study of induction chemotherapy followed by definitive radiotherapy or surgery for
advanced laryngeal cancer caused a paradigm shift in the approach to HNC [29]. SCCs,
including those of the head and neck, were known to be relatively radiosensitive [30], but this
study provided evidence to support ‘organ-sparing’ RT for more advanced cases in addition to
smaller lesions. Radiotherapy, often delivered with concomitant chemotherapy, is now
established as the treatment of choice for SCC of all areas of the pharynx and is widely used,
as a single modality or in combination with surgery for disease of the larynx, oral cavity and

para-nasal sinuses.

Although cure rates are improving, when disease does relapse, it is often loco-regional, and is
catastrophic for patients. Despite promising recent advances such as immunotherapy [31],
treatment options for relapsed disease are often limited, and symptoms can be very difficult to
palliate. Conversely, lifelong late side effects including xerostomia, dysphagia and
osteonecrosis following radical RT for HNC are common [32-34]. Thus the concept of
therapeutic ratio is critical in the approach to RT for HNC. Much research is focused on trying

to improve this ratio, and many treatment strategies in clinical use aim to exploit benefits where
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they exist [35]. One approach is to reduce radiotherapy fraction size, in order to increase total
dose — hyperfractionating — and this has shown considerable clinical benefit [36, 37]. HNSCCs
are often rapidly proliferative, thus accelerating RT by treating twice daily or over weekends

has also been tested in clinical trials, again with some success [37-40].

However, the most widespread strategy for augmenting the efficacy of radiation to enhance
the therapeutic ratio is to use concomitant cytotoxic chemotherapy, and this approach is
supported by high quality meta-analysis [41, 42]. A number of agents have been tried and are
still used, including 5FU [43-50], taxanes [49-52] and carboplatin [45-47]. However, the agent
with the broadest evidence base, and which is standard of care in the UK and elsewhere, is
cisplatin [24, 25, 48, 53-56]. Another drug that has been successfully used as a radiosensitiser

alongside radiation protocols for HNC is the anti-egfr mono-clonal antibody cetuximab [57].

1.3 Radiotherapy toxicity

Whilst all of these approaches improve disease related outcomes, they also increase toxicity.
Toxicity occurs because normal tissue structures in the vicinity of the tumour also receive
radiation dose, and the ‘tolerance’ of these normal tissues limits the dose that can be
prescribed and delivered [58]. Partly because of this, radiotherapy planning for HNC is
complex [59-62]. There are multiple anatomical locations in which primary disease may arise

and there are subtle differences in approach and technique for each of these sub-sites.

Loco-regional lymph node involvement at presentation is common; indeed ‘neck lump’ is often
the presenting complaint for many patients with HNC [63]. But for those patients with a clinical
and radiological NO neck at presentation, there is still a risk of occult metastasis. This risk
depends on factors such as disease sub-site, T-stage and biology, and has been well
documented by surgical series [64-66]. Radiotherapy treatment protocols have evolved to
reflect this risk [59], and once workup and staging is complete, the treating oncologist will
decide whether one or both sides of the neck will require treatment, which lymph node levels
and to what dose. However, the concept of therapeutic ratio still applies, as important organs

at risk lie adjacent to these lymph node levels.
Permanent xerostomia is a common consequence of RT for HNC, and is caused by radiation
damage to salivary glands [67]. There are 3 ‘major’ human salivary glands — the parotid,

submandibular and sublingual — and together they produce around 1 litre of saliva per day [68].
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The parotids contribute 60-65% of total saliva production, with 20-30% coming from the
submandibular and 2-5% from the sublingual glands. There are also minor salivary glands
distributed throughout the oral cavity and pharynx, which vary between individuals. Parotid
secretions are watery and serous, those of the submandibular and sublingual glands are mixed
serous and mucous and those of the minor glands are predominantly mucous resulting in thick,

sticky secretions.

The parotid gland is the largest salivary gland and is a paired structure that lies wedged
between the sternocleidomastoid and masseter muscles. Each gland is typically 20-30cm3,
and they are largely responsible for stimulated saliva production [69, 70]. Importantly, they lie
immediately adjacent to level Il lymph nodes, which are frequently included in the Clinical
Target Volume (CTV) [59]. There is clear evidence that radiation dose to this structure is
associated with persistent xerostomia, and published guidance suggests that limiting one
parotid gland to 20Gy, or keeping both below 25Gy, keeps the risk of severe xerostomia

acceptably low [71].

The submandibular glands are found in level IB in the anterior triangle of the neck [59]. They
are smaller than the parotid glands - typically 10-15 cm?3 - and contribute up to 90% of resting
saliva production [69, 70]. They are often very close to tumours arising from the oral cavity and
oropharynx, and effective sparing of this organ can therefore be difficult. However, data
suggests that doing so has an effect on both un-stimulated and stimulated saliva production
[70, 72], and dose to the submandibular gland appears to be the critical factor in the
development of permanently thick, sticky saliva [67]. Tolerance doses of 35-40Gy have been

quoted as RT planning objectives [70-72].

The pharyngeal constrictors are a group of more than 30 small muscles that surround the
posterior and lateral aspects of the pharynx [73]. They coordinate the complex task of safe and
efficient swallowing. The consequences of damage can be severe, with dysphagia, persistent
aspiration, pneumonia, permanent feeding tubes and resultant reduction in quality of life as
possible sequelae [74-79]. Their role as an important OAR was clearly articulated a little over
a decade ago, in a study that also coined the term dysphagia/aspiration-related structure or
‘DARS’ [80]. This term encompasses the concept of anatomical structures involved in the
process of swallowing that can be identified by and contoured on radiotherapy planning
imaging, and it has evolved as studies have shown how dose to individual anatomical subunits
can lead to loss of function. Dose to individual constrictor muscles (superior, middle and

inferior) has been found to be an important predictor of outcome by a number of authors [81-
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85]. The same is true for the supraglottic larynx, cricopharyngeus muscle, and cervical

oesophagus [85-88].

Following this work, more recent guidelines have encouraged individual segmentation of the
different substructures involved in swallowing [60, 89], to encourage contouring concordance
within the community, and permit calculation of dose to each substructure. This includes the
superior, middle and inferior pharyngeal constrictor muscles, cricopharyngeus muscle, cervical
oesophagus, and supraglottic larynx [90]. Efforts have also been made to investigate whether
reducing dose to these structures can reduce toxicity. Two UK-based clinical trials, PATHOS
and DARS, were conceived to address this hypothesis, albeit in slightly different patient
cohorts [26, 91].

Another crucial OAR when planning radiotherapy for HNC is the spinal cord. High doses of
radiation to the spinal cord may lead to catastrophic transverse myelitis, whereby patients can
lose motor function, sensory discrimination and bowel or bladder control [92]. Historical series
reviewing patients treated with old-fashioned radiotherapy techniques do report a low risk of
this toxicity in patients undergoing RT for HNC [93, 94], although the risk rises sharply above
doses of 54-55Gy [94, 95]. In contemporary practice, the incidence is vanishingly low as
radiotherapy teams are so careful to spare the spinal cord, both in the planning and delivery
stages of the process. Another side effect of radiation dose to the spinal cord is L’Hermitte’s
syndrome (LS), characterised by a sensation of electric shocks travelling down the cervical
spine and into limbs. The condition is transient and self-limiting, typically lasting 3-6 months
[96]. No clear association between LS and progressive irreversible myelitis has been
demonstrated, but there are isolated reports of LS preceding delayed radiation myelopathy
and paralysis [97]. Furthermore, this condition can be both unpleasant and distressing for

patients.

1.4 Intensity-modulated radiotherapy — IMRT

It has been shown that lasting morbidity secondary to radical RT for HNC is a direct
consequence of radiation dose to important OAR'’s [75]. Therefore reducing dose to these
structures should in turn reduce the probability of toxicity and improve the therapeutic ratio.
Intensity modulated radiotherapy (IMRT) uses an inverse planning algorithm to generate
complex arrangements of beams with heterogeneous fluence that deliver non-uniform levels

of dose, and concave dose distributions that may be accurately conformed to structures of
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interest [98, 99]. In this way, a high dose of radiation may be delivered to the tumour, whilst

nearby OAR’s are relatively spared [98, 100].

A simple approach to IMRT is ‘forward planning’, where iterations to the patterns of beam
direction and fluence are dictated by the human operator. Such techniques are often used for
planning breast and prostate cancer treatments [101, 102]. However, most contemporary
IMRT, and the vast majority used in radiotherapy for HNC, uses an ‘inverse planning’
technique. Here, iterations are undertaken by the treatment planning software itself, guided by
human defined constraints and objectives and an optimisation function. IMRT can be delivered
with a set, odd number of fixed fields — usually 5 or 7 — in which multi-leaf collimators in the
head of the linear-accelerator create heterogeneous fluence patterns whilst the beam is on
[103]. More common in contemporary practice is to use a rotational technique in which the
beam can be on and delivering treatment from a full 360 degrees as the gantry rotates around
the patient [104]. Rotational IMRT delivered by standard linear accelerators is referred to as
volumetric arc therapy (VMAT) [105], but is can also be delivered with alternative platforms

such as TomoTherapy [106].

The uptake of IMRT in the UK was somewhat sluggish compared to both Europe and the US,
although this improved following the introduction of a national strategy, and a change in funding
structures [107]. There is now an evidence base showing that IMRT can reduce dose and
permit dose escalation across a range of tumour sites [108, 109]. In the context of HNC, the
landmark PARSPORT trial showed that IMRT dramatically improves a key clinical outcome
[110]. In this study, the incidence of Grade 2 or worse xerostomia at 2 years was 29% in
patients who underwent IMRT, compared with 83% in those who received conventional
radiotherapy. In addition, there are further dosimetric studies demonstrating that IMRT can
reduce dose to important OAR’s [70, 80, 111].

1.5 PTV margins and image-guided radiotherapy — IGRT

A key principle of safe and effective radiotherapy delivery is that the patient is in the same
position for treatment delivery as they were when that treatment was planned, and that this
position is the same every day of treatment. This is even more critical for IMRT. By definition,
these treatment plans have heterogeneous dose distributions, with high doses (to the tumour)

and steep dose gradients towards lower OAR doses. Inaccuracies in patient setup may
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therefore have 2 concerning consequences; namely low dose to the tumour, or excessive dose

to normal tissue structures.

A number of strategies exist to mitigate and reduce these risks. To minimise setup
inaccuracies, patients undergo their planning scan and subsequent treatment in a
thermoplastic mask (or shell), which is comfortably but tightly fitted to minimise movement in
all 6 Cartesian planes. Shells that come down over both shoulders, with 5 points of fixation,
are standard practice in head and neck radiotherapy. Another important tool is the use of a
margin from clinical to planning target volumes (CTV to PTV). This margin, typically 3-5mm for
HNC cases [112], allows for the fact that the clinically defined target volume may be in a slightly
different position on the treatment machine from day to day. There is an important cost to
consider when choosing a PTV margin however, as the volume of the pertinent target will
increase by the 3 power of the margin size chosen. It is therefore a subject of much
consideration and debate, and crucial work has been done to agree upon a standardised,

intelligent approach to choosing PTV margins [113].

In recent years, another efficacious strategy has become increasingly widely used — image
guidance. Modern systems use the linear accelerator itself to generate computed tomography
(CT) imaging that shows soft tissue structures in addition to bone [114]. On most standard
machines, this is achieved via kV energy X-Rays deployed as a cone beam — cone beam CT
(CBCT) [115]. On the TomoTherapy system, the energy of the treatment beam is turned down,
and a fan-beam of MV energy X-Rays generates the image [106]. Many patients with HNC at
Addenbrookes hospital are treated with the TomoTherapy system, the technology is integral

to the work of this dissertation, and is described in more detail in Chapter 2.

Image-guided radiotherapy (IGRT) is now in widespread use, and recent NHS guidelines
suggest that every patient should have a form of IGRT as part of their RT treatment [116].
Although the image quality of IG-CT is substantially inferior to standard diagnostic CT, they do
permit superior registration between the RT planning scan and on-set imaging than that
possible with bone matching only [117]. Once setup is complete, images of the patient in the
treatment position are reviewed by treating radiographers before delivering that day’s fraction,
and subtle adjustments of the couch position can be made if necessary. This technique confers
greater certainty of the accuracy of patient’s set-up, which in turn gives scope for reduced PTV

margins and reduced toxicity [118].

A further advance in this field is the development of technology to combine MRI and a linear

accelerator into one machine — MR-linac [119]. Although the physics of this combination
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present significant technical challenges [120-123], MR-linac has a number of significant
advantages over standard |G, and presents a range of opportunities for the research
community [124, 125]. The lack of any ionising radiation with MRI is one clear advantage, as
is the superior image quality and soft tissue resolution that may be achieved [126]. There is
considerable interest in using the range of image sequences that MR-linac can produce to
search for predictive biomarkers of outcome [126, 127], and optimism that these machines will
facilitate superior gating and tracking of intra-fraction motion [128, 129], as well as on and off-

line adaptive radiotherapy workflows [130, 131].

1.6 Differences between planned and delivered dose

Image guidance can account for some of the differences that may arise between daily setup
positions, but is unable to account for the random and systematic daily variations in soft tissue
anatomy that occur. Many such changes can and do occur in patients undergoing RT for HNC.
SCCs often respond quickly to treatment, and bulky disease may shrink rapidly during
treatment [132, 133]. HNC patients often lose a substantial amount of weight during treatment,
with possible consequences for internal anatomy [134]. Perhaps most relevant of all, important
OAR'’s may change in size, shape and even position over a course of treatment. A number of
studies show that the parotid glands shrink, but also that the centre of gravity translates
medially and inferiorly [132, 135-138]. The submandibular glands also shrink, and move

superiorly [137].

Given that the radiation fluence delivered by the treatment machine does not significantly
change from day-to-day, internal anatomical changes mean that the dose of radiation delivered
to each voxel within a given structure is likely to be different from that predicted by the RT plan.
In theory therefore there is a difference between planned dose (Dr), and delivered dose (Da).
Preliminary data suggests that this hypothesis is correct [136, 138-140], although the effect
appears to be independent of radiotherapy delivery technique [141]. These studies have been
small, and have generally used manual contouring to define structures of interest on IG scans
to calculate Da. However, such differences may be highly relevant, as tumour control
probability (TCP) and normal tissue complication probability (NTCP) curves are sigmoidal,

steep and have all been generated from planned dose data [67, 84, 142, 143].
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1.7  Adaptive radiotherapy (ART) for head & neck cancer

1.7.1 ART concepts

A greater understanding of differences between planned and delivered dose to amend and
improve RT plans during a course of treatment, to improve outcomes for patients, is a clear
priority for the radiotherapy community [144]. This field of research is generally referred to as
Adaptive Radiotherapy (ART) [145]. A recent review neatly summarises ART as “a formal
approach to correct for daily tumour and normal tissue variations through streamlined online
or offline modification of original target volumes and plans” [146]. The problem is that
generating radiotherapy plans is a laborious, time-consuming process, requiring detailed input
from doctors, radiographers and physicists. Furthermore, most current workflows require the
patient to have a new CT scan and a new treatment plan, with resultant problems of time,
inconvenience and radiation exposure for the patient, and resource implications for
departments. Thus implementing ART is likely to be challenging with regards to resources,
logistics and timing and it is becoming increasingly apparent that not every patient will benefit
from ART [146].

This problem is compounded by the fact that there are a number of subtly different reasons for
undertaking ART, and techniques for delivering it. A recent overview has summarised these
differences, defining 5 discrete subtypes of ART with attendant nomenclature [147]. These
subtypes are described in Table 1, which is adapted from Table 3 in the publication of
Heukelom and Fuller [147]. However, in all 5 subtypes, there is either an explicit or implicit
primary objective. Therefore, from the patient’'s perspective, and potentially also when
considering primary endpoints for clinical trials, it could be argued to further concatenate these
5 subtypes into 2 discrete approaches:

1. Aiming to improve cure rates without increasing treatment toxicity; toxicity reduction

would be a bonus — the iso-toxic approach.
2. Aiming to reduce toxicity whilst maintaining cure rates; improving cure rates would be

a bonus — the iso-effective approach.
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Subtype Rationale & technique Tumour dose  OAR dose

Dose accumulation to ensure
adequate coverage of target volumes.

ARTex_aequo Replanning where necessary to Maintained Maintained
; (or reduced)
ensure planning dose parameters
delivered
Similar to ARTex_aequo, but efforts to
ARToar improve OAR sparing at treatment Maintained Reduced
replan

Dose to the tumour is increased at
ARTampiio replanning. Dose to OARs is Escalated Maintained
maintained, or improved if possible

Targeted at cases with (imaging)
evidence of response: for these
ARTreduco patients target volumes shrink with Maintained Reduced
regressing disease, permitting
superior OAR sparing.

ARTiotale As ARTrequco, but dose to residual

) : Escalated Reduced
disease is escalated

Table 1.1: Five Subtypes of, and approaches to Adaptive Radiotherapy,
as defined by Heukelom and Fuller [147].

1.7.2 Iso-toxic Adaptive Radiotherapy

For the iso-toxic approach, it is important to understand patterns of relapse in HNC, in order to
design better treatment strategies. The risk of distant metastases in HNC patients was
classically thought to be low relative to many other carcinomas [27, 148, 149], a pattern that
has been maintained in the era of HPV-driven disease [150]. Thus the prime importance of
loco-regional control is a crucial paradigm in the management of HNC [39, 40, 151-154], and
the point is magnified by the theoretical benefit that even a small increase in tumour dose can
bring. Like NTCP curves, TCP curves are steep [142]. They are steepest at a TCP of 50%,
and the gradient may be well approximated by a straight-line tangent at this point. From the
tangent, an estimate of the predicted increase in TCP resulting from a 1% dose increase can
be made — the Gamma-50 (yso) factor [155]. Trial data in HNC suggested a yso of 1.33 in HNC
[36, 155], meaning that a 10% increase in dose would theoretically result in a 13.3% increase

in cure rate.

Studies suggest that long-term primary site control is 70-92%, whilst relapse in involved
regional nodal regions occurs in 5-15% of patients [54, 151, 152, 156-162]. Marginal

recurrence is rare, as is relapse in nodal regions not included in the original treatment plan
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[156-158, 160]. The data from these studies show that the majority of loco-regional relapse
following RT for HNC occurs within the high-dose region of the radiotherapy treatment plan.
The findings are based upon planned imaging and dose data. Therefore, they may not fully
account for anatomical changes that occur during treatment. However, a study using a
deformable image registration (DIR) algorithm to try and account for anatomical changes
appear to confirm these findings and reinforce the conclusion that the majority of relapses

occur within the high dose volume [163].

These findings imply that loco-regional relapse is predominantly a biological issue, rather than
a physical, computational or technical one. Problems such as inherently radio-resistant cancer
stem cells, and the hypoxic conditions that are often found within primary tumours and involved
nodes are well documented [164-168], and may underlie many of the loco-regional recurrences
seen in the clinic. Novel imaging techniques such as Positron Emission Tomography (PET)
and functional MRI have therefore generated significant interest in this space [169-176], two
recent overviews summarise much of the recent research in this field [177, 178], and further
studies to establish how these images may guide safe and effective dose adaptation (both

escalation and reduction) during treatment are well underway [179-182].

The notion of iso-toxic ART is slightly complicated by the fact that early iterations of the
approach postulated that anatomical change during treatment might lead to systematic under-
dosing of target volumes in a cohort of patients, thus jeopardising local control [183, 184].
Therefore, ART in this context aimed to maintain dose to the target, with the implicit assumption
that not doing so would reduce dose — this is the concept of ARTex_aequo @s defined by Heukelom
and Fuller [147].

A recent study used weekly re-CT to guide adaptation using exactly this principle, and found
that failure to undertake ART would have resulted in target volume under-dose in 76% of
patients [185]. Another paper assessed the same question in the context of different PTV
margins [186]. By accumulating dose using daily IG scans, this study specifically addressed
whether reducing PTV margins would increase the risk of clinically significant under-dosing of
individual target volumes, and whether ART could reduce the risk in those patients where this
occurred. In contrast to the work of Castelli and colleagues [185], the authors found that under-
dosing of CTV’s was surprisingly unusual with reduced margins, and that in cases in which it
did occur, this could be managed by adaptive replanning [186]. On the basis of this work, this
centre reduced its PTV margins from 5mm to 3mm [187]. It is worth noting however, that this
group have also shown that adapting GTV volumes mid-treatment is a potentially risky

enterprise, because of the ways in which tumours can shrink or ‘dissolve’ [188].
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1.7.3 Iso-effective Adaptive Radiotherapy

However, the majority of recent and current work on ART for HNC patients has focussed on
reducing OAR dose and side effects — the iso-effective approach [147]. The results of many of
these studies have been summarised in a systematic review [146]. Two more recent overviews
cover many of these papers, as well as newer studies [147, 189]. Many studies cited in these
reviews looked at a range of OARs, including the parotid and submandibular glands, spinal
cord and pharyngeal constrictor muscles. Many also made measurements of anatomical
change, and endeavoured to link these changes to both dosimetric endpoints, and adaptive

practices [190].

The parotid glands have been the most widely studied OAR in the H&N ART literature.
Brouwer’s review found a mean volume reduction of 26% in this structure over a course of
treatment [146], although only 5 studies report data from cohorts of more than 50 patients [191-
195]. One of these papers used weekly CT to study volume change, and found that the majority
of the gland volume was lost in the first half of treatment [193]. A number of statistically
significant associations have been found between different parameters, and parotid gland
volume loss. These include weight loss [191, 193, 196-200], dose to the parotid gland [137,
191, 193-195, 197, 201], and parotid gland density [192]. It is interesting to speculate however,
that some of these associations may not be explanatory. For example, mean weight loss in
HNC patients during treatment can be >10%, and >90% of patients lose weight [134]. Mean
parotid gland volume loss is 26% (as stated), and gland volume loss is virtually ubiquitous.
Therefore, if almost all patients are losing weight, and almost all patients have shrinking parotid

glands, it is not surprising that there is a correlation between these two metrics.

The review from Brouwer et al. found 24 papers that studied differences between planned and
delivered dose to the parotid glands [135, 136, 140, 196, 198, 200, 202-219], and report an
average (mean) increase in mean dose of 2.2 + 2.6Gy [146]. Work has also been done to try
and identify factors that predict dose differences. The greatest reported parotid gland dose
differences appear to be in patients undergoing RT for primary nasopharyngeal carcinoma
[207, 208]. Univariate relationships between anatomical change metrics including reducing
neck diameter [185, 196, 211], weight loss [140, 196, 200], parotid gland planned dose [218],
GTV volume [216], changes in parotid gland volume and position [140, 196, 204], and parotid
gland dose differences have all been reported. In a subsequent paper from Brouwer et al, the
authors attempted to build a multivariate model to predict patients in whom mean parotid gland

Da would be >3Gy more than Dp [190]. Although a number of factors were statistically
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significant on univariate analysis, the only parameter that remained significant on multivariate

analysis was mean Dp to the parotid gland.

There are fewer published data describing anatomical changes, and dose differences to other
H&N OARs. Three papers measure submandibular gland volume loss [137, 194, 220], with a
mean reduction of 22% [146]. Only one paper reports dose differences to the SMGs, with a
mean dose difference of 0.9Gy (Da 52.8Gy vs Dp 51.9Gy) [204]. Two studies have analysed
conformational change in the pharyngeal constrictor muscles during treatment, although
neither estimated dosimetric consequences [221, 222]. One study looked at dose differences
to the oral cavity [204], and there are reported data of dose differences to the whole larynx
[204, 206, 209, 219], although not the supraglottic larynx as specified by current OAR
segmentation guidelines [60]. There is more published data on dose differences to the spinal
cord and brainstem [135, 196, 198, 200, 204, 206-211, 214, 219], although many of these

studies assessed small patient cohorts, and imaging from limited timepoints during treatment.

1.7.4 ART — clinical endpoint data

There are limited data linking anatomical change and dosimetric differences. Three studies
have found significant predictors of acute toxicity [195, 196, 223], although the endpoints
measured are unlikely to alter clinical practice. Others have focussed on late toxicity endpoints;
some by modelling NTCP changes based on dose differences [216, 224], some by measuring
clinical outcomes per-se. In this work, parotid gland shrinkage during treatment was found to
correlate with more pronounced reduction in saliva flow [225], worse subjective xerostomia
[226, 227], and longer duration of PEG tube use [199]. A positive association between parotid
gland density change - as measured by CT - and xerostomia has also been found [226]. With
regards to dosimetric biomarkers, one group assessed relationships between both planned
and delivered dose metrics and xerostomia, and found both to be highly predictive [218], but
were unable to make a direct comparison between the two due to their relatively small sample

size.

MRI has also been used to predict damage to OAR’s and late toxicity endpoints, particularly
xerostomia [228-233]. However, the link between imaging parameters and strategies for
adapting RT plans is less explicit in this work than in research focussing on the tumour.
Furthermore, most of this research compares images from before and after RT. Few studies

have looked at either the parotid or submandibular glands during treatment, when validated
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imaging biomarkers could potentially guide improved OAR sparing, perhaps using the ARToar

approach as outlined by Heukelom and Fuller [147].

Clinical studies reporting outcomes of the implementation of ART workflows in practice are
even scarcer. Two papers report the outcomes of single arm studies, in which there were no
comparator groups [199, 234]. Schwartz and colleagues undertook automated adaptive
replanning on 22 patients with oropharyngeal carcinoma and found promising loco-regional
control results, and toxicity data comparable to that reported in IMRT-era literature [199].
Kataria et al used a similar study design with 36 patients with locally advanced HNC patients,

with similar results [234].

There are 3 non-randomised cohort studies, perhaps the best known of which comes from
Chen and colleagues [235]. In this study, 317 HNC patients were recruited, and 51 underwent
ART on an ad-hoc basis, with the remainder constituting the comparator arm. The authors
found equivalent toxicity in the 2 groups, but superior 2-year loco-regional control in the ART
(88% vs 79%). Yang et al. undertook a case-control study in which 86 patients underwent ART,
whilst 43 received standard IMRT [236]. Loco-regional control was again superior (97.2% vs
82.2%) and a number of QoL metrics were found to be better in the ART group. Zhao and
colleagues used a similar design to treat 33 patients with ART and 66 with standard IMRT
[203]. In this study, local control benefits for patients with T3+ disease, and reduced side
effects for patients with N2+ disease were found for the ART group. However, the results of all
3 studies should be treated with significant caution given their small size, non-randomised

designs, a significant risk of confounding variables, and a high probability of publication bias.

Perhaps the most convincing clinical data to support ART for HNC patients to date comes from
Navran and colleagues [187]. In this study, which followed directly from the dosimetric planning
study from the same centre cited in section 1.7.2 [186], the authors audited treatment
outcomes for over 200 patients immediately before and after a change in PTV margin from
5mm to 3mm [187]. Crucially, this group had clearly demonstrated that this margin reduction
did not risk under-dosing target volumes with this reduced margin because of their adaptive
workflow [186]. They found that loco-regional control before and after the change was identical,
but with reduced acute toxicities, and lower rates of tube-feeding dependence following

radiotherapy [187].
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1.7.5 ART - known unknowns

Overall therefore it can be seen that ART is an attractive strategy in HNC, and that a lot of
promising work has been done to identify imaging biomarkers to guide this process. However,
more data is needed to guide an intelligent approach as to who should have their radiotherapy
plan adapted during treatment [146, 204], when and how, and technical developments are
required to make this feasible within busy clinical departments. Clinical data, either supporting
ART as a concept, or directly testing its efficacy, are limited, although there are ongoing clinical
trials in this space [237, 238]. Crucially, there is as yet no published data demonstrating that

clinical outcomes correlate better with delivered dose, than with planned.

It is now widely accepted that ART as a strategy may only benefit a subset of patients [146,
204], and although some work has been done to provide criteria for patient selection [190, 239,
240], there are as yet no clear guidelines by which H&N clinicians can identify patients for ART
[147]. This knowledge gap is compounded by another technical development in radiotherapy
— Proton Beam Therapy (PBT). The nature of proton physics means that uncertainties about
the type and quantity of tissue that a proton must travel through as it traverses a patient can
have a much more significant impact on the treatment plan dosimetry than is typically seen
with X-Ray based treatment [241-243]. Therefore, the significant anatomical changes
experienced by HNC patients may be even more problematic for proton plans, than they are
for IMRT [244-246]. As the UK ramps up its own PBT centres, and seeks to provide an
evidence base beyond the current list of approved indications [247], such considerations may

be important.
Therefore, clear priorities for radiotherapists treating patients with HNC are to better
understand the nature of differences between planned and delivered dose, to try and

demonstrate that outcomes are better predicted by delivered dose, and to find and validate

robust biomarkers by which patients may be intelligently selected for ART.

1.7.6 Research objectives of this dissertation

Based on the knowledge of the field, recent advances, and current problems outlined in the

previous sections, the research objectives for this work were set out as follows:
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1.8

To quantify both planned and delivered radiotherapy dose to critical dose-limiting, and
other important OARs in head and neck cancer patients, as accurately as possible,
using daily image guidance scans, in a systematic way, in a large cohort.

To assess statistical relationships between both planned and delivered dose, and the
toxicity experienced by patients to directly test the hypothesis that delivered dose will
be a stronger predictor of outcomes.

To test, and externally validate previously reported patient, and treatment-related
factors of dose differences to OARs, and to search for new ones.

To replicate previously reported post-treatment MRI biomarkers of toxicity, and to look

for such IMBs early in the treatment course as a tool for guiding ART.

Brief introduction to the VoxTox study

The VoxTox programme is an inter-disciplinary collaboration at the University of Cambridge,

with a research group centred on the Department of Oncology. Its fundamental objective was

to characterise relationships between planned and delivered dose at the voxel level (Vox), and

resultant toxicity (Tox) in patients treated for prostate, head and neck, and CNS tumours,

through careful prospective collection and curation of toxicity data and image guidance scans.

It was funded via a Programme Grant from Cancer Research UK, study recruitment ran from

April 2013 to April 2019, and all the work in the dissertation was undertaken within the broader

framework of this research infrastructure. Details of the VoxTox study, including how it was

used to provide the dataset from which the questions and objectives set out in section 1.7.6

could be addressed, are discussed in detail in Chapter 2.
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Chapter 2 — VoxTox Head and Neck

2.1 Overview

The VoxTox research collaboration is an interdisciplinary programme based at the University
of Cambridge. Ilts fundamental objective is to better understand the relationship between
radiation dose at the voxel level, and the toxicity experienced by patients following radiotherapy
treatment. Funding was achieved via a programme grant from Cancer Research UK, and
ethical approval was granted in February 2013 (13/EE/0008). The study was listed within the
UK Clinical Research Network Study Portfolio (UK CRN ID 13716), opened in April 2013, and

closed to recruitment in April 2019.

The work | have done for my PhD thesis, as described in this dissertation, has all been within
the framework of the broader VoxTox programme, analysing data from patients recruited to
the study, and utilising the research infrastructure and collaborations therein. This chapter
describes the specifics of the broader VoxTox programme, as well as treatment and image
guidance protocols for HNC patients recruited to the study. Technical details of the
TomoTherapy system, core to the broader VoxTox methodology, are discussed, as are

specifics of methodologies used for the extraction, and segmentation, of imaging data.

2.1.1 My Role

As described in section 2.1.2, the VoxTox study was designed, funded, and well underway
before | joined the research group. Nonetheless, it is necessary to provide an overview of the
study in order to give important context for subsequent chapters. On joining the research group
| became an active member of the study management group, and contributed significantly to
the overall running and conduct of the study. In April 2018, | submitted a protocol substantial
amendment to IRAS, in order to open a sub-study of VoxTox for selected HNC patients to have
multiple timepoint MRI scans during their radiotherapy treatment — the Minot-OAR sub-study.

This is described in detail in Chapter 8.

Construction of the database of full patient details for VoxTox H&N patients was my work.
Although colleagues provided some of the raw data, | undertook all the data analysis presented
in the results section of this chapter. | designed, executed, and analysed all the data for the

intra- and inter-observer contouring variability study on kVCT planning scans.
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An overview of the design and infrastructure of the VoxTox study, focusing especially on the
links between the radiotherapy department at Addenbrooke’s Hospital and the Cavendish

Laboratory, was published as follows:

Applying Physical Science techniques and CERN technology to an unsolved problem
in radiation treatment for cancer: the multidisciplinary VoxTox research programme.
Burnet NG, Scaife JE, Romanchikova M, Thomas SJ, Bates AM, Wong E, Noble DJ, et al.

IdeaSquare Journal of Expermiental Innovation, 2017; 1(1): 3

2.2 Introduction

2.2.1 Integrated IG-IMRT with TomoTherapy

The TomoTherapy Hi-Art system is an elegant, single-platform solution for delivering
integrated image guidance with IMRT (IG-IMRT) [1]. The design concept is similar to a helical
CT scanner, with both the patient couch, and treatment gantry in continuous motion [2]. The
patient is positioned on the carbon-fibre couch, which has 4 degrees of freedom. Specifically,
the couch can accommodate left-right, superior-inferior, and anterior-posterior movements, as
well as roll. The couch cannot accommodate movements to correct for pitch, or yaw [3]. These
movements are represented in cartoon form in Figure 2.1. The 6MV flattening filter-free linear-
accelerator is mounted on a ring gantry, which can deliver treatment from a full 360°, although
in practice, treatment is delivered from 51 beam directions, each separated by approximately

7° [2-4]. Directly opposite is a xenon filled detector array [5].
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Figure 2.1: 6 theoretical degrees of freedom for a radiotherapy couch: 1. Anterior/posterior,
2. Left/right, 3. Superior/inferior, 4. Roll, 5. Pitch, 6. Yaw. The TomoTherapy Hi-Art system is
capable of movements 1-4.
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Figure 2.2 (A&B): Examples of kVCT planning CT scan with IV contrast (A) and image
guidance MVCT (B) images (images from different patients). The detail in A allows resolution
of detailed soft tissue structures such as parotid duct (i), parapharyngeal fat space (ii) and
neurovascular bundle (iii). There is also significant streaking artefact from dental amalgam (iv).
The MVCT gives sufficient detail to resolve the spinal cord (v) and parotid gland (vi), but it is
very difficult to define the boundary between parapharyngeal space and medial pterygoid
muscle (vii). Of note, there is less dental artefact (viii), due to higher energy MVCT X-Rays.

Standard CT scanners generate X-Rays from a potential difference often in the range of 80 -
140KV [6]. At these energies, photons predominantly interact with matter via the photoelectric
effect, whereas photons in the MV energy interact mainly through Compton scatter. In theory
and in practice, images generated from lower energy photon are better than higher energy
equivalents. Therefore, to generate IG scans, the TomoTherapy system tunes down the
nominal accelerator energy of 6MV to 3.5MV, giving a mean photon energy of 0.75MV [7]. The
images produced by the system are noisier than diagnostic kVCT, with inferior soft tissue
definition characteristics. However, they are adequate to identify many anatomical structures,
and permit on-line registration with the planning CT [3]. An example of matched planning kVCT
and IG-MVCT images is shown in Figure 2.2. The TomoTherapy system permits MVCT
imaging with pre-set slice thickness spacings of 2, 4 and 6mm [7]. Thinner slice thickness
confers finer spatial resolution, at the expense of longer ‘on-couch’ time for the patient, and
higher radiation dose from imaging. Radiation doses associated with each slice thickness are

typically 2.5, 1.3 and 0.9cGy for fine, normal and coarse settings respectively [3].

Addenbrooke’s Hospital installed its first TomoTherapy Hi-Art system in 2007, and head and
neck was one of the tumour sites chosen for early work to establish effective workflows with
the technology [3]. A second system was installed in 2009, and once ramp-up was complete,

all patients with HNC who underwent radical radiotherapy at Addenbrooke’s were treated on
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this platform, until the first unit was decommissioned in 2017. In order to maximise benefit for
each patient, departmental protocol over this period was daily image guidance for all patients.
Therefore, to minimise per-patient IG time, and ensure adequate throughput in a busy
department, policy further stipulated that outwith exceptional circumstances, all IG should be
done with coarse (6mm) slice thickness. Audit data suggest that 97% of IG done on the Hi-Art

systems was with 6mm slice thickness [8].

Early work on the TomoTherapy system reported axial pixel size of MVCT images at
0.78x0.78mm [7]; images generated by the Addenbrooke’s units had in-plane resolution of
0.754x0.754mm. Thus, the voxel size of MVCT images for the vast majority of patients treated
on TomoTherapy Hi-Art system at Addenbrooke’s, for all HNC patients in the VoxTox study,

and for all subsequent work in this dissertation, is 0.754x0.754x6mm, as shown in Figure 2.3.

/).754mm

— N
0.754mm
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y

Figure 2.3: Cartoon of image guidance MVCT image voxel dimensions (distances not to
scale)

2.2.2 Making the most of daily image guidance scans.

At the time the VoxTox study was conceived, IG scans were performed for one purpose only
— to maximise setup accuracy. Thus, prior to the study opening, the daily MVCT scans done
on the TomoTherapy units at Addenbrooke’s would have been used for daily matching, but
thereafter sent to a vendor archive, with no further information extracted from them. The
hypotheses of the VoxTox study were based on the premise that these images may contain
useful data that could be extracted and utilised for patient benefit within the workflows and

resource constraints of clinical practice.
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The study was therefore designed to minimise disruption at an operational level within the
clinical department, whilst maximising existing academic links within the University of
Cambridge, and forming news ones. In the process, a research framework involving the
hospital oncology and medical physics departments, the clinical trials unit, and the University
departments of High Energy Physics, Engineering and Applied Mathematics and Theoretical
Physics was constructed. This process, and the resulting infra-structure is outlined in detail in

the inaugural issue of the CERN IdeaSquare Journal of Experimental Innovation [9].

2.2.3 Aims of chapter 2

1. To describe the design and infrastructure of the VoxTox study, as fundamental
background to all subsequent data presented in the dissertation.

2. To construct a finalised study cohort from which to address the primary hypothesis of
the PhD thesis.

3. To quantify the nature and volume of the imaging, dose and toxicity data associated
with this cohort

4. To quality control my own manual segmentation of H&N OARs on kVCT planning CT

scans, as an important methodological step for dose accumulation.

In addressing these aims, the chapter has 3 broad themes. Firstly, a description of the clinical
protocols that were used to treat HNC patients in VoxTox (section 2.3.1). Secondly, information
on the structure of the VoxTox study itself, including summary data on the final study cohort,
and the imaging data associated with it (sections 2.3.2, 2.4.1 - 2.4.3, 2.5.1 and 2.5.2). Finally,
a description of my work to segment relevant OARs on planning CT scans, and to validate the

quality of these contours (sections 2.3.3, 2.4.4, 2.5.3).

2.3 Methods

2.3.1 Treatment protocols for H&N patients at CUH

2.3.1.1 Patient pathway and radiotherapy treatment details

H&N patients in the VoxTox study were investigated and treated as per standard national
guidelines, and regional and departmental protocols. Workup included full inspection of the

oro/pharyngo/laryngeal mucosal surfaces, where necessary under full anaesthetic, and
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pertinent imaging for TNM staging by US, CT, MRI and PET/CT. Tissue biopsies were taken
from relevant sites of disease, and assessment of patient’'s comorbidities and fitness was
performed. The use of p16 immunohistochemistry as a surrogate marker for HPV driven
disease became standard through the course of the study, but did not affect management
decisions for patients in the VoxTox study. All cases were discussed in the H&N MDT, and

patients were referred for radiotherapy under the care of the clinicians outlined in section 2.1.2.

All head and neck patients in the VoxTox study were scanned and treated supine, and
immobilised with a 5-point fixation thermoplastic shell. Radiotherapy planning kVCT images
were acquired with a GE Medical Systems LightSpeed Multislice CT scanner or a Toshiba
Aquilon LB CT scanner, with a voxel size of 1.074 x 1.074 x 3mm. In the early years of the
VoxTox study, it was not standard practice to administer IV contrast for planning CT scans.

However, from 2014 this became possible, and was increasingly used thereafter.

Planning scans were geometrically registered, saved in DICOM format, and sent to the
database of the hospital clinical segmentation software — Prosoma (MedCOM, Darmstadt,
Germany). Clinical segmentation of both target volumes and OARs was undertaken using the
most recent consensus atlases, guidelines and clinical trial protocols [10-15], which naturally

evolved over the course of the study.

Throughout the course of the study, a 3-dose level technique was used for primary treatment
of pharyngo/laryngeal SCC’s. Prior to November 2011, standard fractionation was 68Gy to
gross disease, 60Gy to high-risk elective regions, and 54Gy in 34 fractions to intermediate risk
elective regions. From November 2011, protocol changed to 65Gy, 60Gy and 54Gy in 30
fractions respectively. Standard protocol for primary disease of the oral cavity, sinuses, skin
and salivary glands was maximum safe surgery with neck dissection where appropriate, with
adjuvant radiotherapy at a dose of 60Gy in 30 fractions. A summary of radiotherapy treatment

details, including dose, fractionation, and target volume construction is shown in table 2.1.

Once clinical contours were approved, planning scans and structure sets were transferred to
the TomoTherapy treatment planning system (TPS). The first step in the workflow in this
system was to downsample the planning CT scan by a factor of 2 in the axial plane (see section
2.3.2.5.2 for details). Inverse planning using an objective function was used to generate
treatment plans, with homogeneous dose coverage of targets, and adequate sparing of
neurological OARs given the highest priority in the TPS optimiser. A copy of a standard H&N
prescription, including dose constraints and objectives for all relevant OARs, is shown in

Appendix A2.1. Although this document is a recent version, it is representative of the workflow
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used over the course of the VoxTox study. All finalised treatment plans were reviewed and
signed by responsible clinicians in a weekly H&N planning meeting, and underwent standard

patient-specific QA procedures.

Throughout the course of the study, a protocol for ART was in place for HNC patients within
VoxTox. This process was known as ‘Delivered Dose Assessment’ — DDA. In this process, the
MVCT of the day was re-imported in the TomoTherapy TPS from the treatment machine by
the clinical physics team, and the daily dose calculated on this image. A rigid registration was
then done between the planning CT and the daily MVCT so that contours from the planning
scan could be aligned with the geometry of the MVCT. Dose metrics for these contours were
then computed, and potential differences with planned dose inferred. All HNC patients
underwent routine DDA on treatment days 1 and 10, regardless of progress. However, ad-hoc
DDA'’s could be requested by any member of the treatment team for a number of reasons,
including checking positional reproducibility, internal or external shape change, weight loss, or
because of concern over previous trends. Three pre-specified metrics were defined, and used
by radiotherapy physics to evaluate the results. These were:

1. Are there any new hot spots in any PTVs above tolerance (107%)?

2. Are there any new cold spots in any PTVs below 95%7?

3. Are there any new hot spots in any OARs above tolerance?

If the answer to all 3 questions was no, then the DDA would be signed as satisfactory by
physics, with no further action required. If any answer was yes, then the case was discussed
with the full team including radiographers and clinicians at the weekly head and neck planning
meeting. Options for outcome included no further action, repeat DDA at a specified interval, or
to instigate repeat planning CT and treatment re-plan. An example of the DDA document is

shown in Appendix A2.2.
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Dose/

High dose

Ipsilateral

Contralateral

Subsite Fractionation GTv CTV! High risk CTVT neck’S neck’S PTV
Nasopharynx | 70/60/57Gy Planning CT + GTV + 5mm, | - High dose CTV + 5mm Ib-V II-1Va 5mm
35 fractions contrast. Fused modified for | - Ensure High dose CTV
7 weeks diagnostic or bone and air | covered
planning MRI spaces* - Entire level of involved
mandatory node(s)
Oropharynx 65/60/54Gy* Planning CT + GTV + - Whole oropharynx; soft palate | - Ib — Va II-1Va 5mm
30 fractions contrast. Fuse 5-10mm to cranial aspect of the body of | - RP/VIla*™
6 weeks diagnostic modified for | the hyoid. - if bulky
MRI/CT or bone and air | - Medial border is midline for and/or high
planning MRI spacest well lateralised tumours level Il node,
where - Ensure High dose CTV then add
available/needed covered RS/VIIb.
- Entire level of involved
node(s)
Hypopharynx | 65/60/54Gy* Planning CT + GTV + - Whole hyopharynx/larynx; - Ib-VbT - lI-lVa 5mm
30 fractions contrast. Fuse 10mm cranial aspect of the body of the | - RP/VIla*™ | - VI for apex of
6 weeks diagnostic modified for | hyoid to caudal cricoid. - add VI if pyriform sinus
MRI/CT or bone and air | - Ensure High dose CTV apex of - Vlla.
planning MRI spacest covered pyriform
where - Entire level of involved sinus
available/needed node(s) involved.
Larynx 65/60/54Gy* Planning CT + GTV + - Whole larynx and pre- - Ib-VbT - lI-lVa 5mm
30 fractions contrast. Fuse 5-10mm epiglottic space from above - RP/NVIIa*™ | - VI for apex of
6 weeks diagnostic modified for | hyoid to inf. border of cricoid. - add VI if pyriform sinus
MRI/CT or bone and air | - Ensure High dose CTV apex of
planning MRI spaces? covered pyriform
where - Entire level of involved sinus
available/needed node(s) involved.
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. Dose/ High dose . . Ipsilateral Contralateral
Subsite Fractionation GTV oo._.< High risk CTV neck neck PTV
Oral cavity'™ | 60/54Gy Planning CT + N/A - Pre-operative GTV + 10-15mm | - I-lva - For stagingup to | 5mm
30 fractions contrast. Fused | (assuming - Ensure resection margins - IVb if IVa well-lateralised
6 weeks pre-op MRI primary covered. involved T2N1: none.
desirable surgery, RO - Pterygoid fossa for RMT - level V if N2+ | - more advanced
or R1 tumours stage: I-IVa
resection) - Entire level of involved node(s)
Sinus’? 60/54Gy Planning CT + N/A - Pre-operative GTV + 10mm - Levels I-V, Rarely 5mm
30 fractions contrast. Fused | (assuming - Ensure resection margins guided
6 weeks pre-op MRI, +/- | primary covered. clinically, if
post-op surgery, RO - Cover maxillary & ethmoid high risk
planning MRI or R1 sinus, nasal & pterygopalatine features
desirable. resection) fossae. following neck
dissection.
Skin't 60Gy Planning CT + N/A - Cover site of primary excision | - Levels |-V, Rarely 5mm
30 fractions contrast. Fuse (assuming + 10-15mm margin (depending | guided
6 weeks pre-op primary on surgical margins). clinically, if
volumetric surgery, RO - Ensure resection margins (plus | high risk
imaging where | or R1 flaps/reconstruction) covered. features
available and resection) following neck
relevant. dissection.
Salivary 60Gy Planning CT + N/A - Gland bed and ductal tissue, - levels I-111 Rarely 5mm
gland’® 30 fractions contrast. Fuse (assuming scar, parapharyngeal space guided
6 weeks pre-op primary (parotid). clinically
volumetric surgery, RO - Consider peri-neural invasion | following
imaging where | or R1 (esp. Adenoid cystic), e.g. facial | surgery.
available and resection) nerve to stylo-mastoid foramen.
relevant.

Table 2.1: Summary of radiotherapy details and techniques, for head and neck patients treated at Addenbrooke’s Hospital as part of the VoxTox study.
Notes: *Prior to November 2011 — 68/60/57Gy, 34 fractions, 6.8 weeks. THigh dose CTV = 65Gy, High risk CTV = 60Gy, Neck CTV = 54Gy unless
otherwise stated. ¥*GTV to CTV margins stated for primary lesions. Nodal GTV to CTV margins 5mm in most cases. SLymph node levels as defined in
RTOG guidelines [10]. TLevel IVb added if IVa involved. YRP = retropharyngeal lymph nodes — level Vlla, RS = retrostyloid lymph nodes, level Vlib.
“RS/Vllb nodes included if high/bulky level Il node. fTProtocol assuming primary surgery undertaken before radiotherapy.
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2.3.1.2 Concomitant therapy

The benefit of concomitant cisplatin delivered alongside radical radiation (CRT) for curative
treatment of squamous cell carcinoma of the H&N is well established [16, 17]. These data
show that the benefit is greater in patients with more advanced disease, and that the
magnitude of benefit declines with age, with little or no benefit seen in patients over the age of
70 [17]. The benefit also comes with significant cost, as combined cisplatin-RT is significantly
more toxic than radiation alone [18-21]. There is also data to support the use of the anti-EGFR
monoclonal antibody Cetuximab as a radiosensitiser in this context (CetuxRT) [22]. However,
more recent trials, designed to test the hypothesis that replacing concomitant cisplatin with
cetuximab in patients with HPV positive disease would maintain local control and survival rates
whilst reducing side effects, showed no differences in toxicity outcomes, but inferior efficacy
[23, 24]. It is important to note that these data were published concurrent with the closure of
VoxTox, and therefore had no impact on the treatment protocols used during the conduct of

the study.

Therefore, concomitant cisplatin and cetuximab were used as standard-of-care concomitant
therapies throughout the course of the study. Cetuximab was administered with a standard
schedule of a 400mg/m? loading dose in the week prior to radiotherapy commencing, and a
weekly dose of 250mg/m? thereafter. Cisplatin was given as weekly dose of 40mg/m?2, with the
exception of nasopharyngeal primaries, where the 3-weekly 100mg/m? regimen was used [25].
This is slightly more controversial, as most data supporting CRT are based on the 3-weekly
schedule, and this regimen is considered standard of care [26]. The rationale for this approach
is based mainly on the premise that lower weekly dose may be less toxic, and provide clinicians

with greater ‘control’ to stop chemotherapy if patients experience unacceptable side effects.

There are no randomised data directly comparing weekly 40mg/m? with 3-weekly 100mg/m?2.
An Indian study compared weekly 30mg/m2 with the standard regimen, and found worse local
control, although no differences in either PFS or OS [27]. In contrast, large retrospective
analyses have suggested no clear difference in disease outcomes for weekly 40mg/m? versus
3-weekly 100mg/m2 [26, 28], although toxicity did indeed appear to be lower. Interestingly,
there seems to be an important threshold associated with a total cumulative cisplatin dose of
200mg/m? [26, 29], a target that is clearly reachable with 40mg/m?, but not 30mg/m?, if a weekly

schedule over 6 weeks is used. Unpublished audit data from our own department suggest that
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in patients who consent for, and start CRT, the median number of weekly cycles delivered is

6, and the mean cumulative cisplatin dose is above the nominal threshold of 200mg/m?2."

Criteria by which clinicians decided whether or not to offer concomitant systemic therapy to

patients within the VoxTox study are outlined below.

Cisplatin:

o All (sufficiently fit) patients with nasopharyngeal carcinoma.

e Locally advanced (Stage IlI-IV, TNM 7) SCC of the oropharynx, hypopharynx
or larynx, undergoing primary curative radiotherapy.

¢ High risk post-operative SCC (e.g. oral cavity, sinus primary), including factors
such as bulky/locally-advanced disease, close or positive surgical margins, and
lymph node involvement with extra-capsular extension.

o Age <70.

e Performance status 0-1.

e Adequate organ function.

e Absence of significant comorbidities, including renal disease, neuropathy,

hearing disorders and cardiovascular disease.

Cetuximab:
e Locally advanced (Stage IlI-IV, TNM 7) SCC of the oropharynx, hypopharynx
or larynx, undergoing primary, curative, radiotherapy, who were:
o Fit enough for concomitant therapy (PS 0-1), but,
o Ineligible for cisplatin for a specific reason, e.g. inadequate kidney

function, pre-existing hearing problem.

2.3.2 VoxTox study design

2.3.2.1 Timeline, study cohorts and recruitment targets.

The application for a programme grant to support the VoxTox study was submitted on 9t June
2011. The application was defended at interview on 13 October 2011 and confirmation of
funding was received on 8 December 2011. Ethical approval for the study was confirmed on
15 February 2013 (13/EE/0008), and the study was listed within the UK Clinical Research

1 Dose density of weekly cisplatin delivered concurrent with radiotherapy in head and neck cancer
patients. Laidley HM, Noble D] et al. RCR Audit Competition 2017.
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Network Study Portfolio (UK CRN ID 13716). Recruitment opened in April 2013, and closed in
April 2019.

In order to maximise recruitment to the study, and to permit immediate access to imaging data
to allow refinement of workflows, it was decided that recruitment should be both prospective
and retrospective. Thus, patients who met both inclusion and exclusion criteria, but had already
finished their treatment, could be approached as potential participants in the ‘Discovery’ cohort.
New patients, identified through standard screening procedures as they progressed through
the radiotherapy pathway, would be approached to participate in the ‘Consolidation’ cohort.

Characteristics of both cohorts are listed below:

Discovery Cohort:

e Treated April 2008 — April 2013

¢ No comorbidity, baseline or acute toxicity data.

¢ Late toxicity data from the point of recruitment only. Therefore point prevalence
analysis possible, but cumulative incidence not.

¢ |G scans done with standard departmental, rather than VoxTox study, protocol,
resulting in a shorter FoV (see section 2.3.2.5.1 for details).

¢ Once extracted from archive (see section 2.3.2.5.2), imaging data available for

immediate analysis.

Consolidation Cohort:
e Treated April 2013 — April 2019
o Full comorbidity, baseline, acute and late (follow up dependent) toxicity
available for all patients.
e All IG scans with extended FoV according to study protocol.

¢ Imaging data not immediately available — to accrue with study progression.

Funding for the project via the programme grant completed in April 2017, although CRUK
continued to support the study with a no-cost extension through to its completion. In the same
month, HRA approval for a substantial amendment to the VoxTox protocol was approved. This
included the Multlple timepoiNt MRI tO Track OAR changes in patients undergoing radical
radiotherapy for head and neck cancer — Minot-OAR — substudy. This substudy was conceived
and designed by me, and the objectives and design of the study are discussed in greater detail
in Chapter 8. Very briefly, patients in Minot-OAR underwent 4 MRI scans, timed to coincide
with radiotherapy fractions 1, 6, 16 and 26. All HNC patients recruited to VoxTox head and
neck from May 2017 onwards did so within the Minot-OAR sub-study.
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2.3.2.2 Inclusion and exclusion criteria

The VoxTox study was open to patients with prostate cancer, head and neck cancer, and low-
grade primary malignancies of the CNS [9]. These sites were chosen based on a combination
of existing data suggesting potentially meaningful differences between planned and delivered
dose [30-33], data showing clear evidence of clinical benefit with dose escalation to target [34-
37], and reduction to OARs [38], and departmental workload on the TomoTherapy systems.
Inclusion and exclusion criteria were designed to be as broad as possible, to maximise
recruitment potential, but also to ensure data heterogeneity in terms of both toxicity and OAR

dose, to try and improve the discriminatory potential of dose-toxicity models.

Inclusion and exclusion criteria listed in Table 2.2 below are those that are pertinent for HNC
patients, not those for the full study. All subsequent discussion pertaining to study conduct and

recruitment within this dissertation will focus on the H&N cohort.

Inclusion Criteria Exclusion Criteria
e Age> 18 years e Previous radiotherapy to the
e Malignant or benign tumours of treated area.

the head & neck.

o Patients already treated, or
suitable for treatment with radical
intent, and daily IG, on the
TomoTherapy platform, or
equivalent technology.

e Suitable for the 5 year follow up
schedule.

¢ Adequate cognitive ability to
participate in interviews, and
complete necessary forms and
questionnaires.

o Written informed consent.

Table 2.2: Eligibility criteria for VoxTox head & neck (Adapted from tables in the study
protocol, and the PhD dissertation of Dr Jessica Scaife)?.

2.3.2.3 Toxicity assessment — clinical reporting forms

The core objective of the VoxTox study was to investigate the link between delivered dose to
OARs, and toxicity. It was therefore critical to design a strategy to comprehensively capture
the side effects experienced by patients, and that such data be comparable to results from

clinical trials, and elsewhere in the literature. A number of different systems for assessing and

2 PhD Thesis: Dr. Jessica Scaife, Peterhouse College, University of Cambridge, 2015.
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quantifying late toxicity in HNC patients have been reported in the literature, validated, and are

in widespread use. The most commonly used tools are listed below:

- Physician rated scores:
o Radiation Therapy Oncology Group - RTOG [39].
o Late Effects Normal Tissue, Subjective, Objective, Management - LENT/SOM
[40].
o Common Terminology Criteria for Adverse Events - CTCAE [41]

- Patients reported outcomes & quality of life tools:
o Quality of life questionnaire - QLQ-C30 [42], and QLQ-H&N35 [43].
o M.D. Anderson Dysphagia Inventory - MDADI [44].

o Modified Xerostomia Questionnaire - XQ [38].

The task of capturing information in a frame of reference that would permit comparison with as
many comparator studies as possible was compounded by the fact that many trials, which
were either in progress, or had recently reported at the time the VoxTox protocol was being
written, were not completely consistent in the tools they used to assess late toxicity, as shown
in Table 2.3.

Trial Year of Scoring systems used
publication (ref) for late toxicity:
RTOG, LENT/SOM, QLQ-C30, QLQ-

Parsport 2011 [38] H&N35, Modified-XQ.
ART-DECO 2017 [45, 46] (CJ-[g-AIEg:I’SIéEI\N/I-II-D/,i[?IM, QLa-cao,
COSTAR 2018 [14] Stgf\fgﬁg IéENT/SOM, QLQ-C30,
De-ESCALaTE CTCAEv4, QLQ-C30, QLQ-H&N35,
HPV 2019 [24] MDADI
DARS Yet to report [47] | CTCAEv4, LENT/SOM, MDADI
NIMRAD Yet to report [13] 8{8@@’:@'5'5:\\'/'328'“"’ QLQ-C30,

Table 2.3: Validated toxicity assessment tools used in recent UK-based clinical trials of
radiotherapy for HNC patients. Adapted from similar table in the PhD dissertation of Dr
Jessica Scaife.?

3 PhD Thesis: Dr Jessica Scaife, Peterhouse College, University of Cambridge, 2015.
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Colleagues within the VoxTox group (Jessica Scaife and Amy Bates), therefore designed
clinical reporting forms (CRFs), based on a combination of all of these toxicity assessment
schemas, in such a way that completed CRFs contained sufficient information to populate as
many relevant scoring systems as feasible. These CRFs were deployed electronically in the
radiotherapy data management platform Mosaiq, in accordance with GCP standards. All raw
toxicity data from the CRFs for the duration of the VoxTox study were also stored in the Mosaiq
system. Baseline, acute, and late toxicity CRFs used for HNC patients recruited to VoxTox are
shown in Appendix A3.1 — A3.3.

Scoring conformity between observers using the CRFs was also assessed and found to be
satisfactory. Details of this work were undertaken before | joined the group, and are explained
in detail in the PhD thesis of Dr Jessica Scaife.* | undertook all work to decode data collected

on CRFs back into validated scores; this work is described in detail in Chapter 3.

2.3.2.4 Follow-up protocol

Patients recruited to the consolidation cohort underwent a full assessment of comorbidities,
toxicities and relevant clinical data at baseline. The research radiographer team did this for the
vast majority of patients. Acute toxicity assessments were mainly done by clinicians, and were
done weekly during treatment, and at weeks 4, 8 and 12 post-treatment. Late toxicity and
quality of life data were recorded at 6, 12, 18, 24, 36, 48 and 60 months post treatment. The
research radiographer team undertook the majority of these assessments. Wherever clinic
room and IT availability allowed, responses at all assessments were recorded directly into
electronic versions of the CRF’s within Mosaiq. When this was not possible, paper copies of
the CRFs were used, and responses were subsequently uploaded into Mosaig. Patients in the
discovery cohort were subject to the same follow up schema, from the point at which they
consented to participate in the study. A summary of the schedule of assessments is shown

below in Figure 2. 4.

2.3.2.5 Imaging specifics

2.3.2.5.1 VoxTox MVCT protocol

Technical specifics regarding the MVCT scans done for image guidance purposes for H&N

patients at Addenbrooke’s Hospital are described in section 2.2.1. In order to minimise scan

4 PhD Thesis: Dr Jessica Scaife, Peterhouse College, University of Cambridge, 2015.
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time and facilitate the policy of daily IG for all patients, the standard FoV for non-study patients

was restricted to the region covered by the PTV [8].

For patients recruited to the VoxTox study, the IG-MVCT FoV was extended superiorly and

inferiorly, to include all parotid and submandibular gland tissue.

VOXTOX HEAD & NECK STUDY DESIGN

STUDY DICOM image (kVCT planning/MVCT IG), structure set, voxel dose, detector sinogram
IMAGING and planned fluence data retrieved and anonymised

STANDARD  (prppay)] (2 6 12 16 21 26 30

TREATMENT ‘
(o L I | Ll
BASELINE

SIDE EFFECT ASSESSMENT:

* Comorbidities
ASSESSMENT | | Height &

weight

* Surgery

* Symptoms
* Medications ( ASSESSMENT OF ACUTE SIDE EFFECTS )
* Smoking &

alcohol
\ Y, [ ASSESSMENT OF LATE SIDE EFFCTS ] Months: 6, 12, 24, 36, 48 & 60.

Figure 2.4: Summary timeline schema for VoxTox head and neck.

This FoV was also sufficient to include the full superior and middle pharyngeal constrictor
muscle, supraglottic larynx and oral cavity in the vast majority of scans. Unfortunately the FoV

was not sufficient to include all of inferior pharyngeal constrictor muscle in some patients.

Extending the FoV of MVCT scans did result in a very slight increase in both scan time, and
radiation dose for patients recruited to the study. Previous work from group members showed
a linear relationship between scan length and scan time (R? = 0.54), such that every additional
FoV cm increased scan time by approximately 8 seconds [8]. Further work used relative
weighting factors from the International Commission on Radiation Protection (ICRP) to
estimate the effective dose of both standard and VoxTox study MVCT scans [48]. Using these
data, it was estimated that the effective dose per-fraction with a standard IG scan was
0.32mSy, resulting in a total dose of 11.2mSy for a patient undergoing 35 fractions. Equivalent
results for patients with extended FoV scans were 0.35 and 12.2mSv respectively. These

correspond to respective lifetime risks of second malignancy of 1 in 1786 (0.056%) and 1 in
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1639 (0.061%) respectively.5 Therefore, the increased risk of second malignancy directly
attributable to the extra image dose in the study was 0.005% (0.061 — 0.056), and the PIS for
patients recruited to VoxTox H&N quoted an increase risk of 1 in 20,000 ((1/0.005) x 100).

Examples of both standard and extended FoV MVCT images are shown in Figure 2.5.

Figure 2.5 (A&B): Field of view of TomoTherapy MVCT |G scans. A — Standard protocol, B
— VoxTox study protocol, note the extended FoV, especially in the cranial direction.

2.3.2.5.2 Imaging, dose, and treatment delivery data retrieval

In order to calculate delivered dose, it was necessary to have a minimum dataset for each
patient. This comprised the original planning CT scan, the structure set used for treatment
planning, the treatment plan and planned dose cube, all available IG-MVCT images with
patient position corrections, and daily delivered fluence data in the form of delivery sinograms.
At the onset of the VoxTox study, this data was stored in a variety of formats in Accuray
(TomoTherapy vendor) electronic archives. Much of this data was not in DICOM format, and
not easily compatible with other software platforms for working with imaging and radiotherapy
dose. Marina Romanchikova, a post-doctoral researcher recruited to the group at the
beginning of the VoxTox study developed a fully automated pipeline for extracting these data
from archive, converting them into DICOM-RT format, and ensuring that all file headers were

fully anonymised. This methodology was subsequently published [49].

An important implication of this workflow is that all the anonymised planning CT scans that
were available for further work within the VoxTox framework, came from within the Accuray
archive. During the period of time covered by the conduct of the study, the routine clinical
workflow was for the TomoTherapy TPS to generate a planned dose cube with a 256 x 256
pixel matrix [50], in order to reduce computation time during treatment plan optimisation.

Therefore, all clinical planning CT imaging data was also downsampled to the same voxel size

5 PhD Thesis: Dr Jessica Scaife, Peterhouse College, University of Cambridge, 2015.
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(2.148 x 2.148 x 3mm) on import into the TomoTherapy TPS, before treatment planning began.
Therefore, because the workflow for thorough automated retrieval and anonymisation of KVCT
planning scans within VoxTox depended on interrogation of the Accuray archive, the planning

CTs used in this work have a voxel size of 2.148 x 2.148 x 3mm.

Once retrieved from archive, anonymised and converted into DICOM format, all imaging, dose,
structure set and treatment delivery data was stored on the hospital radiotherapy research
database. From there, data was sent electronically to the Cavendish Laboratory, where it was
stored on the High Energy Physics cluster. Data flow, and control of computational processes
within the Cavendish servers, was overseen by the Ganga task management system [51]. At
my request, pertinent imaging, structure set, and planned dose data were also loaded into
Prosoma research for manual segmentation. An overview of the flow of radiotherapy data in

VoxTox head and neck is shown in schematic form in Figure 2.6.

Vendor (Accuray) archive - different file formats

Clinical Paancd Sinogram Treatment
pCT IG-MVCT structure e & fluence plan
sets data parameters
A\ \\ \\ Jl ll V4

conversion to DICOM format, anonymisation

b 2

[ Radiotherapy physics research server: ]

VoxTox study database

/ Optimised \

contours

i r’d cT
HEP/Cavendish (pCT) PROSOMA -
Laboratory N Research database:
Servers: ¢ IntraOV * Manual
* Curation contours segmentation
e Storage \——/ * Inter & IntraOV
*  Processing studies

InterOV

l contours
N—/

planned and delivered dose in spreadsheet format

|

[ Radiotherapy physics research server: ]

VoxTox study database

Figure 2.6: Radiotherapy data flow in VoxTox head and neck. Colours indicate location of data
storage: Green — vendor archive, Purple — hospital medical physics curated databases, Blue
— Cavendish laboratory, high energy physics cluster. Black boxes/text indicate data objects or
processes. Arrows indicate flow of data.
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2.3.3 OAR segmentation for VoxTox H&N

2.3.3.1 Defining a structure set of OARs

At the onset of the VoxTox study, the intention was to assess delivered dose to the spinal cord,
parotid and submandibular glands, and the pharyngeal constrictor muscles as a single
structure, as dose to these structures was known to predict the risk of important endpoints
such as xerostomia, swallowing dysfunction and myelitis [38, 52-54]. On studying the literature
as the project evolved, it became clear that dose to all the ‘swallowing organs at risk —
SWOARS'’ [12, 55], including the supraglottic larynx and individual constrictor muscles [54, 56,
57], as well as the minor salivary glands in the oral cavity [58, 59], is also important. Therefore,
to produce planned dose metrics for these OARs, it was necessary to have high quality
segmentations of these structures on the planning CT scans of VoxTox patients. The finalised
‘list’ of necessary structures, hereafter referred to as ‘Full OARs’ was:

¢ Right and left parotid glands

¢ Right and left submandibular glands

e Spinal cord

e Superior pharyngeal constrictor muscle

e Middle pharyngeal constrictor muscle

e Oral cavity

e Supraglottic larynx.

2.3.3.2 Contour quality control

Clinical structure sets were retrieved as part of the VoxTox pipeline as described in section
2.3.5.8.2, and loaded along with (downsampled) planning CT scans into the Research
database of the departmental segmentation software — Prosoma. However, these
segmentations could not be used for the project. Firstly, there was significant heterogeneity in
which OARs had been segmented for each case, and in the nomenclature used. Second, many
cases had automated OAR contours from the SPICE tool [60], which could have led to errors
in DVH data. Thirdly, knowledge of the importance of the constrictor muscles, oral cavity and
supraglottic larynx as normal tissue structures evolved over the course of the study, and they
were not segmented as part of standard clinical protocols for much of its duration. Finally,
clinical contours came from a number of different clinicians, and it is generally accepted that
inter-observer variability in contouring is consistently greater than intra-observer variability [61-

64]. Therefore, to ensure the most accurate, complete, and homogeneous segmentations, |
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undertook to produce the full structure set detailed above for all patients in VoxTox head and

neck.

To ensure that this methodology was robust, the following steps were taken to quality control
my contours. Firstly, care was taken to segment in accordance with standard consensus
guidelines and atlases [11, 12]. Second, | attended an ESTRO contouring workshop for H&N
OARs. As preparation for this workshop, | was required to provide a full set of manual
delineations of H&N OARs for a case of TBN1 (TNM v8) SCC of the right tonsil, using the web-
based FALCON contouring tool [65]. In the conduct of the course, important anatomical
principles were explored, and dice similarity metrics (DSC, [66]) of my contours relative to the
workshop faculty were produced. Finally, during the course of my research, | established a
collaboration with Professor Hans Langendijk’s group from University Medical Centre
Groningen. To validate the quality of my segmentations within this project, my inter-observer
contouring variability relative to the Groningen group was measured. Three anonymised high-
resolution planning CTs, with gold standard segmentations of the structure set listed above,
were transferred electronically from Groningen to Cambridge, and uploaded into Prosoma
Research for contouring. Concordance between my contours and Groningen gold-standard

segmentations was assessed with DSC and mean distance to agreement (MDA, in mm) [67].

It was also important to quantify intra-observer contouring variability on downsampled planning
scans. To do this, | undertook repeat segmentations of the original structure set, for a sample
of 5 patients, at an interval of 8-12 weeks. To measure inter-observer variability, | recruited 4
H&N consultants from the department to contribute segmentations to an inter-observer
contouring study. Participants were asked to follow a specific protocol (Appendix A4.1) and to

contour 2 cases. Agreement between observers was assessed with DSC and MDA.

2.4 Results

2.4.1 Recruitment to VoxTox H&N

As the VoxTox study was not designed to test a specific intervention, no power calculation was
needed, and no specific sample size objective was defined. On the contrary, as a longitudinal
observational study, the designers aimed to recruit as many patients as possible within each
anatomical subsite, to maximise the validity of whatever observations were made.

Nonetheless, in order to consider resource implications both for the study infrastructure and
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the clinical department, the protocol authors did calculate predicted recruitment rates. In
addition, a pre-specified ‘action level’ for slow recruitment was set, to allow the study ClI to
investigate potential barriers to recruitment. Therefore, the protocol authors estimated a
successful recruitment rate of 80%, and an overall 5YS to 60%, for VoxTox H&N, with an action
level of 2/3rds of projected recruitment. Quarterly recruitment to both Discovery and
Consolidation cohorts, as well as projected and actual cumulative recruitment, and pre-

specified action levels, are shown in Figure 2.7.

2.4.2 VoxTox H&N - full cohort details

The baseline demographic characteristics, disease subsites, staging, dose prescription,
treatment approach, and use of systemic therapy of all patients who consented to participate
in VoxTox head and neck is shown in Table 2.4.
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Figure 2.7: Patient recruitment numbers to VoxTox head and neck. Quarterly recruitment to
Discovery (blue) and Consolidation (red) cohorts are shown as a clustered bar chart.
Cumulative recruitment (green), as well as projected and threshold recruitment numbers are
shown as lines.
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Characteristic Number
Age: 58.6 (10.5)*
Cohort:
Discovery 95
Consolidation 224
Minot-OAR 18
Gender:
Male 273 (81%)
Female 64 (19%)
Primary Disease:
SCC 305 (90.5%)
Oropharynx 190 (56.4%)
Oral cavity 35 (10.4%)
Larynx 28 (8.3%)
Sinus 11 (3.3%)
Unknown primary 11 (3.3%)
Nasopharynx 10 (3.0%)
Hypopharynx 10 (3.0%)
Skin 8 (2.4%)
Nasal cavity 1 (0.3%)
Lacrimal gland 1 (0.3%)
Salivary Gland 26 (7.7%)
Otherst 6 (1.8%)
Staging:
TO-2 216 (64.1%)
T3-4 121 (35.9%)
NO-1 157 (46.6%)
N2+ 180 (53.4%)
Dose/Fractionation:
70/35 7 (2.1%)
68/34 35 (10.4%)
65/30 192 (57%)
60/30 90 (26.7%)
55/20 6 (1.8%)
50/20 7 (2.1%)
Neck Treatment:
Bilateral 226 (67.1%)
Unilateral 78 (23.1%)
Primary only 33 (9.8%)
Systemic Therapy:
Cisplatin 180 (53.4%)
Cetuximab 18 (5.3%)
None 139 (41.3%)

* mean age, standard deviation in parentheses

T Others include: 2 sarcoma, 2 paraganglioma, 2 basal cell carcinoma

Table 2.4: Baseline demographic, disease and treatment characteristics of all 337 patients
recruited to VoxTox head and neck

71



2.4.3 Radiotherapy data for VoxTox H&N

Table 2.5 summarises the nature and volume of radiotherapy data — in DICOM format — that
was transferred to the Cavendish Laboratory, and is currently stored on their servers. This
includes radiotherapy imaging, treatment delivery and dose, and clinical segmentation data
that was restored from archive as described in section 2.3.2.5.2. It also includes my repeated
segmentations of the ‘Full OARSs’ structure set, undertaken on downsampled planning CTs that

had been reloaded into Prosoma research.

Data type Number
No. of patient datasets: 319
Discovery 95
Consolidation 224
No. of pCTs: 328
Discovery 100
Consolidation 228
No. of MVCTs: 9112
Discovery 2888
Consolidation 6224
Mean no. of MVCTs/patient: 28.6
Discovery 30.3
Consolidation 27.8
Mean no. of slices/MVCT: 25.0
Discovery 18.5
Consolidation 28.0
No. of ‘Full OAR'’ structure sets: 253
Discovery 38
Consolidation 215

* mean age, standard deviation in parentheses
T Others include: 2 sarcoma, 2 paraganglioma, 2 basal cell carcinoma

Table 2.5: Summary of radiotherapy datasets transferred from Addenbrooke’s radiotherapy
physics to the Cavendish Laboratory.

2.4.4 OAR segmentation on planning scans

2.4.4.1 Estro FALCON results.

| attended the Estro FALCON contouring workshop for H&N OARs on 27t April 2019. Data for
agreement between my segmentations, and those of the course faculty are shown below in

Figure 2.8.
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Figure 2.8: Concordance (dice similarity coefficient — DSC) between my segmentations and
Estro FALCON H&N OAR contouring workshop gold-standard contours. (SMG* =
submandibular gland, Constrictor musclest - contoured as single structure, not individual
muscles)

2.4.4.2 Swallowing OAR contour concordance — CITOR project
Concordance metrics between gold standard contours for swallowing OARs and spinal cord

generated by clinicians at UMCG for the CITOR project, and segmentations done by me as

QA for collaborative work on this study are shown in Figure 2.9 (A & B).

73



¥ patient 1
b
=] M pPatient 2
" Patient 3
"' mean
R Par LPar RSMG LSMG SPC MPC SGL ocC Spinal
cord
2 -
B
1.8 -
1.6 -
1.4 -
1.2 -
‘E‘ W Patient 1
€ 1 -
— . 1
g Patient 2
S 08 7 I Patient 3
0.6 - ® mean
0.4 -
0.2 -
0 e

R Par LPar RSMG LSMG SPC MPC SGL o] Spinal
cord

Figure 2.9 (A&B): Conformity metrics between my contours, and gold-standard
segmentations from UMCG for the CITOR project. R Par & L Par = right and left parotid, R
SMG & L SMG = right and left submandibular glands, SPC & MPC = superior and middle
pharyngeal constrictor muscles, SGL = supraglottic larynx, OC = Oral cavity. A — Dice similarity
coefficient (DSC), B — Mean distance to agreement (MDA), in mm.

2.4.4.3 Downsampled kVCT contouring — sample contours

A sample atlas, showing my segmentations of the ‘Full OAR’ structure set on a downsampled

kVCT planning scan, is shown in Figure 2.10.
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Figure 2.10: Sample atlas of Full OAR contours for a single patient. Colours: Right parotid —
Ruby, Left parotid — Yellow, Oral cavity — lime, Spinal cord — cyan, Superior pharyngeal
constrictor — red, Left SMG — Royal blue, Right SMG — green, Middle pharyngeal constrictor —
purple, Supraglottic larynx — pink.

2.4.4.4 Downsampled kVCT contouring — Intra-observer variability

Results for intra-observer agreement between my contours on downsampled kVCT planning

scans, and a second, repeat set of segmentations, are shown in Figure 2.11.
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Figure 2.11: Intra-observer conformity metrics (Dice similarity coefficient — DSC, mean
distance to agreement — MDA, in mm), of my repeat segmentations for 5 patients. Error bars
are standard error. SMG = submandibular gland, SPC & MPC = superior and middle
pharyngeal constrictor muscle, SGL = supraglottic larynx.

2.4.4.5 Downsampled kVCT contouring — Inter-observer variability

Summary results of inter-observer contouring variability between H&N site-specialists at
Addenbrooke’s, on downsampled kVCTs are shown in Figure 2.12. The data shown are mean
DSC (A) and MDA (B) (with standard error) for all 8 structures, comparing contours between
all 5 observers, for 2 patients. Therefore, results are mean values of 20 datapoints (10
combinations per patient, 2 patients). Results for each observer are shown in Tables 2.6 and

2.7. These data are mean values of 8 combinations for each individual observer.
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Figure 2.12 (A&B): Inter-observer conformity metrics for contours from 5 observers on
downsampled kVCT scans. A - Dice similarity coefficient (DSC), B - mean distance to
agreement (MDA, in mm). Error bars are standard error. SMG = submandibular gland, SPC &
MPC = superior and middle pharyngeal constrictor muscle, SGL = supraglottic larynx.
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Observer Observer Observer Observer Observer
1 2 3 4 5

Right 0.84 0.82 0.83 0.78 0.83
parotid (0.01) (0.01) (0.01) (0.01) (0.01)
Left 0.82 0.83 0.83 0.79 0.84
parotid (0.01) (0.01) (0.01) (0.01) (0.01)
Right 0.80 0.80 0.81 0.78 0.79
SMG (0.03) (0.02) (0.02) (0.03) (0.03)
Left 0.74 0.77 0.76 0.76 0.76
SMG (0.02) (0.02) (0.02) (0.02) (0.02)
SPC 0.52 0.47 0.49 0.46 0.51

(0.01) (0.02) (0.02) (0.02) (0.02)
MPC 0.56 0.55 0.55 0.60 0.62

(0.03) (0.04) (0.03) (0.02) (0.02)
Oral 0.86 0.86 0.87 0.86 0.87
cavity (0.01) (0.01) (0.01) (0.01) (0.01)
SGL 0.66 0.65 0.62 0.45 0.64

(0.06) (0.06) (0.05) (0.07) (0.05)

Table 2.6: Inter-observer contouring variability (Dice similarity coefficient - DSC) for each

individual observer (standard errors in parentheses). My results are observer 1. SMG =
submandibular gland, SPC & MPC = superior and middle pharyngeal constrictor muscle,

SGL = supraglottic larynx.

Observer Observer Observer Observer Observer
1 2 3 4 5

Right 2.12 2.27 2.12 2.60 2.31
parotid (0.11) (0.14) (0.07) (0.12) (0.12)
Left 2.19 2.11 2.05 2.38 2.12
parotid (0.13) (0.14) (0.08) (0.10) (0.11)
Right 1.74 1.72 1.66 2.09 1.96
SMG (0.20) (0.10) (0.16) (0.24) (0.20)
Left 1.96 1.83 1.93 2.17 2.23
SMG (0.14) (0.14) (0.12) (0.18) (0.13)
SpC 1.69 1.89 1.77 2.04 1.84

(0.06) (0.13) (0.11) (0.11) (0.14)
MPC 1.45 1.39 1.50 1.35 1.26

(0.08) (0.13) (0.11) (0.10) (0.06)
Oral 2.81 2.79 2.59 2.70 2.48
cavity (0.19) (0.22) (0.15) (0.17) (0.13)
3GL 2.44 2.54 2.67 4.11 2.14

(0.59) (0.51) (0.57) (0.74) (0.24)

Table 2.7: Inter-observer contouring variability (Mean distance to agreement - MDA in mm)

for each individual observer (standard errors in parentheses). My results are observer 1.
SMG = submandibular gland, SPC & MPC = superior and middle pharyngeal constrictor

muscle, SGL = supraglottic larynx.
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2.5 Discussion

2.5.1 Study recruitment, and cohort characteristics

Figure 2.7 shows that for the first 3 years of the study, recruitment rates to VoxTox head and
neck were good. Although they did not quite keep pace with the predicted recruitment line,
they were well above the pre-specified action level. In the first quarter of 2016, the overall
recruitment started to fall. This was because all eligible discovery cohort patients had been
approached, and either agreed or declined to participate in the study. This effect can be
appreciated from the individual recruitment bars for both discovery and consolidation patients.
Recruitment rates for the consolidation cohort started to tail off in the first quarter of 2017 — a
trend that continued through to formal recruitment cessation in April 2019. The main reason

for this effect relates to staffing issues within the study group, and the Cambridge Trials Unit.

Nonetheless, the total study sample of 337 patients is a sizeable cohort with which to address
the core hypotheses of VoxTox, and this thesis. By way of comparisons with recent UK clinical
trials in HNC, it is considerably larger than the sample sizes of 94 in PARSPORT [38], 60 in
ART-DECO [45, 46], or 110 in COSTAR [14]. It is similar to the 334 patients recruited to De-
ESCALaTE HPV [24], although less than the target recruitment of 470 to NIMRAD [13]. It

should be noted however that these were both multicentre studies.

However, it is important to emphasise that VoxTox is a single-centre, non-randomised
longitudinal cohort study. Therefore, it is perhaps more relevant to compare the sample size
with studies that were designed with a similar objective — specifically those looking in detail at
radiation dose-toxicity effects, and NTCP modelling. The widely cited UMCG NTCP models of
xerostomia [68], and moderate to severe dysphagia [55], were produced form sample sizes of
178 and 355 patients respectively. Another high-quality xerostomia model from a south-east
Asian population used 206 patients [69], whilst training [70] and validation [71], of models
predicting hypothyroidism after radiotherapy for HNC were derived from samples of 203 and
198 patients respectively. Thus the sample size of VoxTox head and neck compares
favourably with high-quality reported studies that were carried out with thematically similar

objectives and hypotheses.

It is well known that the demographics of patients who develop HNC are changing [72, 73].
Nonetheless, the demographics, baseline and treatment characteristics of the final cohort, as

shown in Table 2.3, are representative of the broader population who undergo treatment at our
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centre, and with what are presented in the literature. Ninety per cent of patients in VoxTox had
SCC, matching what is classically reported [74]. The mean age of 59 is similar to average ages
of 61 in the Beetz NTCP model (median), and 62 in the Wopken (mean) NTCP models [55,
68], although a little older than Lee’s cohort [69]. The male female split in VoxTox head and

neck — 81/19 - is also broadly similar to these two studies -71/29 and 76/24 respectively.

The disease characteristics are somewhat different however. In the Beetz paper, a much
higher proportion of patients had larynx (37%) or oral cavity (35%) primaries, and 57% had T-
stage 3-4 primary disease, compared with 36% in this cohort [68]. Only 39% of patients in the
Beetz study received concomitant systemic therapy, compared with 58.7% in this cohort.
Bilateral neck irradiation was also more common in the Beetz paper — 86% compared with
67% [68]. The Wopken cohort also had a much higher proportion of patients with larynx
primaries (53%), although the T-stage proportions were more similar to VoxTox; 61% vs. 64%
TO-2 [55]. However, a much greater proportion of patients in this work (66%) had NO-1 neck
staging, compared with 47% in our cohort. The Wopken paper also reported more than three

quarters of patients undergoing bilateral neck irradiation [55].

There are two key reasons for observed differences in baseline tumour and treatment
characteristics. The first is the inclusion of non-SCC diagnoses in the VoxTox cohort, which
increases the proportion of patients undergoing primary site only, or unilateral neck irradiation.
The higher proportion of VoxTox patients with oropharynx primaries and more advanced neck
nodal staging probably reflects the underlying evolution in the demographics of the disease.
Most of the patients in these cohorts underwent treatment in the early-mid 2000’s; the bulk of
the VoxTox patients were treated in the period 2013-2016. It is therefore logical to conclude
that the rising incidence of HPV-driven disease [72, 75], and the ongoing fall in smoking rates

[76], are the main reasons for the observed differences in disease characteristics.

2.5.2 Radiotherapy data stored at the Cavendish Laboratory

It is apparent that the final cohort for VoxTox head and neck has 337 patients, whilst
radiotherapy data for only 319 have undergone transfer to the Cavendish Laboratory. This is
because the most recent bulk transfer of DICOM data, using the infrastructure described in
section 2.3.2.5.2 was undertaken in May 2017. Patients recruited to participate in VoxTox after
this point did so within the Minot-OAR substudy, as mentioned in section 2.3.2.1. Therefore,
the radiotherapy, treatment toxicity, and MRI data for these patients are described and
analysed separately, in the Chapter on this substudy (8), and these data are not included in

the main body of the work as described in Chapters 3-7.
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It is worth noting that there are 328 planning CTs for 319 patients. This because 9 patients
(3%) in the cohort underwent adaptive replanning during treatment, with a new planning CT
and thermoplastic shell requested, and a new treatment plan produced. Documentation of the
reasons for these replans was available for 5 patients. Reasons included: anatomical and/or
shape change — 4, inadequate PTV coverage — 2, weight loss — 1, higher dose to neurological

OARs (spinal cord and brainstem) — 1.

The number of MVCTs per patient is slightly higher in the Discovery cohort, mainly due to the
change in standard radical fractionation from 68/34 to 65/30 that occurred in November 2011.
The difference is small and these data show that most MVCTs were available for most patients
from both cohorts. What is more apparent is that the mean number of slices per patient is
higher for consolidation patients. This is because Discovery patients were treated before the
introduction of the VoxTox IG protocol, and therefore had shorter FoVs, as described in section
2.3.2.5.1.

There is also a discrepancy between the number of patients with radiotherapy data at the
Cavendish Laboratory, and the number for whom | segmented the ‘Full OAR’ structure set.
One important point here is the time consideration. Although | did not formally measure this,
the typical time taken to open a relevant patient’s dataset, segment the images, save and
transfer the structure sets, and keep a contemporary database of progress was around 50-60
minutes. There was therefore an important trade-off between the statistical power associated
with increasing the sample size, and the time taken to generate the contours. For this reason,
the main focus was the Consolidation cohort, as these patients have complete baseline and
late toxicity assessments. Contours were generated for 215 out of a possible 224
Consolidation patients. The remaining 9 were not segmented due to a combination of reasons

including withdrawal from the study, and early post-treatment recurrence.

Contours were generated for 38 Discovery patients. Planning CTs for these patients were
already uploaded and available in Prosoma Research when | started the project. Therefore, to
start work on contouring protocols and data transfer workflows as described in this Chapter, to
optimise methods for autosegmentation of MVCT images and computation of delivered dose
using deformable image registration (DIR) as described in Chapter 4, and to increase the
sample size for calculations looking exclusively at differences between planned and delivered
dose as described in Chapter 6, these images were all segmented. However, because of the
time constraints of this process, and the fact that these segmentations carried less scientific
value than those for Consolidation patients, the decision was taken not to increase the sample

size of Discovery patients beyond this number.
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2.5.3 Planning scan contour quality control

Results from the Estro FALCON contouring workshop should be treated with caution, as they
come from a single patient. Nonetheless, it is reassuring that for this case, Dice conformity
metrics between my segmentations of key OARs including the parotid and submandibular
glands, and the oral cavity, and gold standard provided by the Estro faculty, are all between

0.85 and 0.9, well above the threshold value of 0.8 for ‘good agreement’ [60].

Scores for the spinal cord and pharyngeal constrictor muscles were a little lower, 0.76 for both.
For the spinal cord, this is because of differing interpretations of how far inferior to bring the
contour. The gold standard contours came down 5¢cm below the inferior limit of the neck CTV,
whilst my contour continued to the inferior limit of the image. The lower score for the pharyngeal
constrictor muscle (contoured as single structure) is due in large part to the shape of the
structure, and the nature of the DSC metric (this is discussed in more detail in Chapter 4). As
the pharyngeal constrictor is a long, thin, U-shaped structure for much of its course, a small
translation in the axial plane, can result in a substantial drop in DSC, for what visually appears
to be a small discrepancy in the contours. A cartoon to illustrate this point is shown in Figure
2.18.

A: B:
DSC=0.89 DSC =0.68

Figure 2.13 (A&B): DSC as a conformity metric for pharyngeal constrictor muscle contours.
Caption A — the contours are almost super-imposed giving a DSC of 0.89. Caption B — the
contours are very similar in terms of location, with similar surface areas (3cm? and 2.6cm?),
and distances between neighbouring points are small, but small translations lead to a much
lower DSC score — 0.68.

Similar results were observed for inter-observer agreement with contours provided by UMCG.
Mean DSC scores were around 0.9 for the parotid and submandibular glands, and oral cavity.
They were also >0.8 for the middle pharyngeal constrictors and supraglottic larynx. Spinal cord
results were a little less good, with a mean DSC of 0.78, although the result is very similar to
previously published results for this structure [77]. Mean DSC for the superior pharyngeal

constrictor muscle was 0.71, lower than any other structure. However mean MDA was joint
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third lowest (0.89mm) emphasising the previous explanation, and the point illustrated in Figure

2.13. Overall these data compare favourably with previously published results [77-79].

Results for my own intra-observer contouring variability on downsampled kVCTs followed a
very similar pattern. Mean DSC and MDA results for parotids and submandibular glands were
0.87-0.9 and 1.2-1.5mm respectively. DSC scores for oral cavity, spinal cord and supraglottic
larynx were all above 0.8. As with both the Estro FALCON and UMCG data, DSC scores for
the pharyngeal constrictors were slightly less good (SPC - 0.70, MPC - 0.77) but with

acceptable MDA results of 1.0 and 0.83mm respectively.

Results of the intra-observer contouring variability study of H&N site-specialists at
Addenbrooke’s on downsampled kVCT scans, are a little less good than those seen with either
the Estro FALCON, or UMCG concordance data. One reason for this is the lower image quality
associated with the downsampling. Nonetheless, the data are generally reassuring. Mean DSC
values across all 5 observers are near to, or above 0.8 for all of the larger OARs (parotid and
submandibular glands, and oral cavity). Although DSC results for the smaller OARs
(pharyngeal constrictor muscles and supraglottic larynx) are lower, this metric is less reliable
for these structures for the reason outlined above. MDA data are more reassuring for both
pharyngeal constrictor muscles (<2mm), but less so for the supraglottic larynx (mean MDA
2.78mm).

The explanation for this observation comes from the data in Tables 2.6 and 2.7, where it is
apparent that conformity data for the SGL for Observer 4 are noticeably worse than those for
other observers. On reviewing the contours themselves, this was because this observer
misinterpreted the position of the arytenoid cartilages for 1 case, and started the SGL contour
approximately 2cm cranial to the consensus slice of the other 4 observers. If results for
observer 4 are removed, mean DSC and MDA for the SGL are 0.71 and 1.90mm respectively.
More generally, 2 reassuring conclusions may be drawn from the data in Tables 2.6 and 2.7.
Firstly, results for most OARs are very consistent between observers, and secondly that my

data are comparable to site-specialist peers.
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2.6 Conclusions

Between April 2013 and April 2019, 337 patients with head and neck cancer were recruited to
VoxTox head and neck. The Consolidation cohort comprised 224, and these patients were
recruited prospectively, with a full set of baseline demographic, disease, treatment and co-
morbidity data collected at baseline. Due to the broad inclusion criteria, the cohort is
representative of the wider population of patients with HNC treated at Addenbrooke’s hospital,
and is comparable to those that formed the basis of similar studies. Within the infrastructure of
the VoxTox study, full radiotherapy datasets including planning and IG scans, structure sets
and treatment plans were anonymised and transferred to the Cavendish Laboratory for
curation. In order to provide an accurate estimate of planned dose, and as a first step in the
process of calculating delivered dose, repeat manual contouring of a pre-defined set of
structures of interest for 253 patients was done. Intra- and inter-observer variability
experiments were undertaken to ensure the quality of these segmentations. Further details on
the process by which delivered dose was calculated are described in Chapters 4 and 5, and

Chapter 3 will examine the toxicity experienced by the patients in this cohort.
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Chapter 3 — Toxicity Results

3.1 Overview

Despite technical advances in treatment delivery, patients undergoing radiotherapy for HNC
are still at significant risk of moderate to severe late toxicity. In order to adequately test the
core hypothesis of this thesis — that delivered dose predicts toxicity better than planned dose
— it is important to show that the toxicity data on which this analysis has been based were
collected in a reliable and robust manner, and that the results are broadly in line with previously
published data. The methodology by which raw toxicity data gathered within the VoxTox study
was processed and analysed, and 5-year toxicity results from consolidation cohort patients are

presented in this chapter.

3.1.1 My Role

| wrote the draft mapping rules by which raw toxicity data collected with VoxTox CRFs were
encoded into grades of recognised validated scoring systems. | also produced the finalised
versions for coding, once they had been reviewed and commented on by a second expert
observer. | requested the extraction of raw data — in VoxTox CRF form - from the Mosaiq
system, in order to undertake this analysis. Once data in scoring system format had been
returned to me, | undertook all subsequent data carpentry, checking and analysis presented

in this chapter.

3.1.2 Acknowledgments

The clinical reporting forms (CRFs) used to collect the raw toxicity data presented in this
Chapter were written by Jessica Scaife (Consultant Oncologist, Cheltenham Hospital), and
Amy Bates (Research Radiographer), as described in Chapter 2. Amy Bates and members of
her team undertook the vast majority of patient interviews in which the raw toxicity data
presented in this chapter were collected. At my request, extraction of raw data from the Mosaiq
database was undertaken by Kevin Skilton (Radiotherapy data manager). Rashmi Jadon
(consultant H&N oncologist), reviewed the first draft of the rules mapping scores from VoxTox
CRFs to recognised validated scoring systems. Based on her opinion and comments, |
reviewed, amended and finalised the mapping rules so that they could be encoded in the
python programming language. Karl Harrison (Research Associate, Cavendish Laboratory)

wrote the parsing code to import the finalised mapping rules into python, such that all
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subsequent translations of raw toxicity data from VoxTox CRF format into recognised scoring
system grades could be automated. Amy Bates undertook anonymisation of raw data, after it
had been extracted from Mosaiq, and transfer to the Cavendish Laboratory. Karl Harrison

processed this data using the method described and sent me results in validated score format.

3.2 Introduction

Chapter 2 describes the design and infrastructure of the VoxTox study. A key component of
the programme and this thesis is a detailed analysis of the toxicity that is experienced by

patients undergoing radical radiotherapy for head and neck cancer.

As alluded to in Chapter 1, radiotherapy for head and neck cancer is an effective but morbid
treatment. The majority of SCCs, which comprise 90% of HNC [1], arise from the tonsils, base
of tongue, hypopharynx and larynx. Important normal tissue structures such as salivary glands,
pharyngeal constrictor muscles, and laryngeal structures may be infiltrated by disease in these
locations. If not, they are frequently adjacent to tumour, and at risk of high doses of radiation,

despite the steep dose gradients that are possible with contemporary radiotherapy techniques.

It is already known that there is a clear relationship between dose to these structures, and
long-term side effects such as xerostomia and swallowing dysfunction [2, 3], which can have
a devastating effect on patient’s quality of life [4-7]. In the era of 2-D and 3-D conformal
radiotherapy, the incidence of such side effects after successful treatment was high. Based on
results with these techniques [8], the landmark PARSPORT trial assumed a 1-year xerostomia
rate of 90% in the control arm [9]. This trial went on to show that the concave dose distributions
possible with IMRT, that could generate steep dose gradients between a target volume and

an OAR, could substantially reduce the incidence of severe side effects.

Nonetheless, toxicity following radiotherapy remains a significant issue, and the problem is
magnified by the changing biology and demographics of HNC [10-12], driven by the HPV
epidemic [13]. As discussed in Chapter 1, this has led to contemporary clinical trials in low-
risk HPV positive oropharyngeal cancer defining toxicity reduction as the primary endpoint [14-
16].

Robust and consistent reporting of the toxicity associated with any cancer treatment is complex
and challenging [17, 18], and this problem certainly applies to radiotherapy. Studies show that

the same patient cohort, examined at the same time but using different methodologies, can
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yield different results [19]. Therefore, consistent and accurate recording of treatment toxicities

has long been seen as a priority for the oncology community [20].

To address this problem, researchers designed, tested and validated scoring tools in an
attempt to quantify morbidity in a meaningful and consistent way. Some scores were designed
specifically for using in the radiotherapy clinic [21, 22], whilst others were written for the full
range of malignancies and treatment modalities [23]. In addition, there is an evolving corpus
of data showing the importance of patient reported, rather than clinician recorded, treatment
outcomes, and proformas to capture these data have also been developed [24-26]. A
significant challenge for the initial VoxTox investigators was that recent and ongoing clinical
studies and trials in the UK use a range of different scoring systems, as described in Chapter
2. Therefore, the CRFs used to collect raw toxicity within the study were designed to ensure
that sufficient information would be present to populate the most commonly used scoring

systems, to try and maximise comparability with results reported in the literature.

The core hypothesis of this thesis is that delivered dose metrics predict toxicity events more
accurately than planned dose equivalents. However, toxicity data are noisy, and the literature
shows that dose differences to many of the pertinent OARs may be relatively small [27].
Therefore, it is very important that the methodology for acquisition and processing of the
toxicity data presented is robust, that the data presented are plausible, and that they are

comparable with similar cohorts described in the literature.

This chapter describes in detail how toxicity data presented in this dissertation were collected,
mapped onto recognised validated scoring systems, stored, collated and processed. The
toxicity data are presented in detail, and decisions regarding which endpoints to carry forward

for further analysis in later chapters are elucidated and explained.

3.3 Methods

3.3.1 Data collection

Details pertaining to the structure and conduct of the VoxTox study are given in Chapter 2.
However, some important details of study design bear re-emphasis. The first is the 2 separate
study cohorts; discovery and consolidation. As patients in the discovery cohort had neither

baseline toxicity assessment, nor recording of comorbidities, and had only follow up toxicity
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recorded from the point of recruitment, these patients are not included in the analysis described
in this chapter. Another is the timepoints at which patients in the consolidation cohort were

assessed for late toxicity; 6 months, 12 months and then annually to 5 years.

As discussed in Chapter 2, the literature reports the late effects suffered by many patients
following radiotherapy for HNC using a number of different toxicity scoring systems, and
VoxTox study designers aimed to collect sufficient data from every patient participant to
populate all of these different scores. To do this, the information contained within them was
deconstructed to 60 unique question stems, which were subsequently compiled into a study-

specific CRFs. Details of this process are given in the PhD thesis of Dr Jessica Scaife.t

Patient interviews were undertaken by the study Research Radiographer, Amy Bates, or
members of her team. Where study toxicity assessments coincided with clinical follow-up visits,
these took place in person. Where this was not possible, interviews were done by telephone.
Interviews were structured based on VoxTox CRFs, as shown in Appendix A3.1-3.3. Answers
to the CRF questions were either transcribed directly into the Mosaiq database, or recorded

on paper and digitised shortly thereafter.

An important consideration is the consistency with which different observers encode patient
responses into the scores recorded on the VoxTox CRFs. This work was undertaken early in
the VoxTox study, and is also presented in the PhD dissertation of Jessica Scaife.” The results
showed good concordance between the scores recorded by Amy Bates, and clinician scores,

and therefore this work was not repeated.

3.3.2 Translating CRF data to standardised endpoints

3.3.2.1 Writing mapping rules

The clinician-rated scoring systems chosen to report toxicity in this work were CTCAE v4.03
[23], Late Effects Normal Tissue, Subjective, Objective, Management - LENT/SOM [22], and
Radiation Therapy Oncology Group — RTOG [21]. VoxTox CRF scores were also mapped to
the quality of life scoring questionnaire, QLQ-H&N35 [25]. These were the scores that the
VoxTox CRFs had been written to populate, and were also chosen to maximise comparability

with available literature.

6 PhD Thesis: Dr. Jessica Scaife, Peterhouse College, University of Cambridge, 2015.
7 PhD Thesis: Dr. Jessica Scaife, Peterhouse College, University of Cambridge, 2015.
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It should be noted that CTCAEV4.03, LENT/SOM, and RTOG scoring systems were designed
as physician-rated toxicity assessment tools, whereas QLQ-H&N35 is a patient reported
outcome metric. In the drive towards evermore patient-centric practice, such tools are gaining
prominence in basic research, clinical trials and commissioning. As indicated above, all raw
data collection took place at interviews with research radiographers, thus responses were not
truly ‘patient reported’. However, the questions in the VoxTox CRFs match those in QLQ-
H&N35 very accurately (see Appendix A3). Furthermore, within interviews, patients were
encouraged to answer themselves by choosing the most appropriate response, with minimal
clinician influence. It was therefore decided by VoxTox investigators that mapping raw data to

QLQ-H&N35 scores was meaningful and valid.

In order to facilitate efficient translation of multiple batches of raw data in VoxTox CRF form,
at multiple timepoints, into recognised scores, it was decided to automate the process. By
using this methodology, it ensured that the algorithms (or rules) encoding the translation would
be transparent to the whole research group, and open to external scrutiny and validation.
Furthermore, it meant that version control of mapping rules could be more tightly controlled,

and updates and iterations of the rules could be easily managed by the underlying code.

To achieve this, it was therefore necessary to write the mapping rules in such a way that they
were easily read and interpreted both by human observers and by code in the python language
in-silico. Raw data, extracted from Mosaiq in VoxTox CRF form were stored in Microsoft Excel
format. Spreadsheets used for toxicity mapping had patients listed by row, and CRF responses

listed by column. A hypothetical example is shown below in Table 3.1.

CH Cl CJ CK
Patient ID Dry mouth | Saliva Taste Swallowing
difficulties
VT1_H_6BA..... > 1 1 o
VT1_H_35D.... 1 0 1 1

Table 3.1: Simplistic representation of the layout of Microsoft excels spreadsheet for
mapping toxicity data from VoxTox CRF format, onto recognised scoring systems.

Mapping rules were written in Microsoft word, with the following logical operators and syntax:

IF (A>x) AND (B=y, OR C=z) THEN ScoringSystem_Endpoint =t
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The capital letters (A,B,C) indicate columns, pertaining to VoxTox CRF raw data (lower case
letters; x,y,z). In this example, t denotes the result, or score, in the endpoint of interest. An

example rule, for Grade 2 CTCAEv4.03 dysphagia is given below:

IF (CK=1) AND (W=1) AND (((Z=1) OR (AB=1) OR (AC=1) OR (AD=1) AND (AL=1)) THEN
CTCAEV4.03_dysphagia=2

The definition for CTCAE Grade 2 dysphagia is given below.
o Dysphagia — a disorder characterised by difficulty in swallowing

e Grade 2 — Symptomatic and altered eating/swallowing

In this example the excel columns referred to are as follows (the questions and their layout are
shown in the CREF itself in Appendix A3.3):
e CK - Swallowing difficulty
o 0-—None
o 1-—Present
o 2 — Life threatening consequences & completely unable to swallow
o 3 - perforation or fistula of oesophagus
e W - Dietary changes
o 0-No

o 1-Yes

Columns X through to AH are contingent on column W, they are specific fields showing how
diet has been altered.

e Z — Needs saliva substitute/water in order to eat

e AB —small bites

e AC — semi-soft food

e AD - soft food

Columns Al through to AP are also contingent on W, and responses to X->AH. These are
specific fields showing why the diet has been altered.

e AL — swallowing difficulty.
In language therefore, this rule is therefore making the following judgement:
1. The patient reports swallowing difficulty.

2. The patient has dietary changes.
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3. These dietary changes consist of at least one of; needing saliva or water substitute to
eat, eating small bites, semi-soft, or soft food.

4. The reason for these dietary changes is swallowing difficulty.

In writing the mapping rules, the first step was to ensure that all combinations of clinical
features that constitute a given clinical endpoint were covered. It was also important to
consider which symptom, or combination of symptoms was most likely responsible for a given
loss of function. Therefore, there was inevitable logical duplication within rules, and as a

second step, rules were simplified, and duplicate rules were deleted.

Another important consideration is that this workflow depends entirely on the fact that the excel
column denoted in the code accurately reflects the correct question in the VoxTox CRF.
Therefore strict version control of both data spread sheets and mapping rule documents was
followed both by myself, and Karl Harrison at the Cavendish Laboratory. Furthermore, |
manually inspected the raw data excel spreadsheet, the mapping rule version being used, and

the resulting scoring system data after each translation and prior to any further analysis.

3.3.2.2 Validating mapping rules

Although toxicity-scoring systems are designed to be as clear and precise as possible, there
is inevitably subjective judgement inherent in the process of interpreting them. Therefore, it
was important to validate the mapping rules for translating VoxTox CRF data in scoring

endpoints.

To do this, a consultant oncologist colleague sub-specialising in HNC (Dr Rashmi Jadon)
reviewed mapping rules for all 4 scoring systems. In the first iteration of this process, the
methodology was simply to review my mapping rules, comment on their accuracy, and make
suggested amendments where necessary. However, this process was found to be laborious
and inefficient. Therefore, an alternative strategy was used in which the second observer
simply used the same syntax described in section 3.3.2.1 to write a new set of rules, entirely
independent of the first set. | then reviewed both sets of rules, and noted and quantified
whether rules agreed, or had minor or major differences. Where there were subtle differences
in the interpretation of which symptom, or combination of symptoms, constituted toxicity of a
given grade, this was considered a minor disagreement. Where differences in the grade of
toxicity associated with a given response on the CRF existed, this was considered a major

disagreement.
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Where disagreements existed, | considered both sets of logical rules, and either constructed
a compromise between the 2, or decided to use one of the two original rules in the finalised
version. This finalised version of the mapping rules was then ‘locked’ and sent electronically
to the Cavendish laboratory. The finalised mapping rules used for translating data from VoxTox

CREF to scoring system format are shown in Appendix A3.4 — A3.11.

3.3.2.3 Automating toxicity mapping

On receipt of the finalised mapping rules, colleagues at the Cavendish Laboratory deployed
parsing code to import the logical operators from Microsoft Word into the python coding
language. A second batch of code was written, which then imported raw CRF data in Microsoft
excel format, executed the mapping rules, and exported data in .csv format as scoring system

endpoint grades.

3.3.2.4 Checking automated scores

Once the automated process was complete, it was important to check that the results produced
were plausible and accurate. A dataset of 5 random patients and timepoints was selected, and
the 12 toxicity endpoints reported in this chapter were tested. This sample size was chosen on
the a-priori expectation that it would provide a meaningful corpus data to validate the process,

within a reasonable timeframe.

Using the VoxTox CRF raw data, and endpoint definitions, | produced endpoint scores using
two methods, to check both the validity of the rules themselves, and the process of automation.
The first was to translate CRF scores into endpoint scores simply by interpretation of the
definitions, without any formalised rules. The process was then repeated, this time manually
working through the finalised mapping rules to dictate how each translation should be done.
The difference between the results of the automated translation, and both methods of manual

translation, for each score was recorded, this giving 60 toxicity scores for each comparison.

3.3.3 Selecting endpoints

As can be seen from the CRF shown in Appendix A3.3, data on a wide range of potential
toxicities were collected. This includes endpoints such as trismus, vision, and hearing. In order
to maximise the usefulness of the VoxTox dataset for future work, finalised mapping rules

included translations of all CRF data to relevant scoring system endpoints, wherever there was
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sufficient raw data to inform the translation. However, the data carpentry, preparation and
analysis necessary to present toxicity data was laborious and time-consuming. Therefore, to
maximise efficiency, only endpoints pertinent to the core hypothesis of the thesis — the
relationship between planned and delivered dose and toxicity — were included in this analysis.
The endpoints included are as follows:
e CTCAEV4.03
o Xerostomia
o Salivary duct inflammation (SDI). This endpoint describes the clinical
phenotype of thick, sticky, ropey saliva and oropharyngeal secretions, with or
without alterations in taste.
o Dysphagia
e LENT/SOM
o Subjective - xerostomia
o Management — xerostomia
o Subjective - dysphagia
o Subjective — taste alteration
e RTOG
o Salivary gland
o Oesophagus
e EORTC H&N35
o Question 41. Have you had a dry mouth?
o Question 42. Have you had sticky saliva?

o Question 44. Have you had taste disturbance?

3.3.4 Statistical analysis

Multiple timepoint toxicity data were analysed in two ways. Firstly, point prevalence of the
toxicity grade for data at each timepoint are presented as relative stacked bar charts. Secondly,
cumulative incidence for each toxicity grade, for each endpoint was calculated, using the

Kaplan-Meier method. Analyses were all conducted in Microsoft Excel.
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3.4 Results

3.4.1 Final dataset for analysis

Patients recruited to the consolidation cohort (224), and the Minot-OAR sub-study (18) were
available for analysis of toxicity data. 6 withdrew from the study before completing a baseline
toxicity questionnaire. Median follow up for patients who did complete the baseline toxicity
assessment was 23.8 months (IQR 11.7 — 39.5 months). The number of patients with
completed toxicity questionnaires at baseline, 6, 12, 24, 36, 48 and 60 months respectively
were 236, 209, 200, 127, 100, 55 and 15.

3.4.2 Validation of mapping rules

Agreement between version 1 of the mapping rules, and those written independently by a

second expert observer are shown in Table 3.2.

Scoring system Agree Minor difference Major difference
CTCAE 58 (77.3%) 14 (18.7%) 3 (4%)
LENT/SOM 33 (91.7%) 2 (5.5%) 1 (2.8%)

RTOG 123 (98.4%) 2 (1.6%) 0

EORTC H&N 35 28 (100%) 0 0

Table 3.2: Toxicity mapping rule validation. Agreement between version 1 of the mapping
rules written by me (Observer 1), and those independently written by a second HNC expert
(Observer 2).

3.4.3 Checking automated scores

Across all 5 patients, and 12 toxicity endpoints in the test dataset, there were no discrepancies
between the automated interpretation of the mapping rules, and my manual interpretation of
the mapping rules — scores were identical for all 60 endpoints. There were some differences
between my interpretation of the raw CRF data, using the scoring systems themselves, and
the automated results. Across all 60 endpoints, 54 (90%) were identical, 6 (10%) differed by 1
grade (e.g. 1 instead of 2, 2 instead of 3), and none by more than 1 grade. By scoring system,
the results were as follows: CTCAE — 14/15 identical (93.3%), LENT/SOM — 18/20 identical
(90%), RTOG — 8/10 identical (80%), EORTC H&NS35 14/15 identical (93.3%).
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3.4.4 Toxicity results — CTCAE

Point prevalence and cumulative incidence results, for CTCAE endpoints Xerostomia, Salivary

duct inflammation and Dysphagia are shown in Figure 3.1, captions A-F.

3.4.5 Toxicity results — LENT/SOM

Point prevalence and cumulative incidence results, for LENT/SOM endpoints Subjective

Xerostomia, Salivary duct inflammation and Dysphagia are shown in Figure 3.2, captions A-H.

3.4.6 Toxicity results - RTOG

Point prevalence and cumulative incidence results, for RTOG endpoints Salivary gland and

Esophagus are shown in Figure 3.3, captions A-D.

3.4.7 Toxicity results - EORTC H&N-35

Point prevalence and cumulative incidence results, for H&N-35 questions 41. Have you had a
dry mouth? 42. Have you had Sticky Saliva? and 44. Have you had taste disturbance? are

shown in Figure 3.4, captions A-F.
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Figure 3.1: CTCAE - 5 year toxicity results for Xerostomia, Salivary duct inflammation and
Dysphagia. Point prevalence results at 6, 12, 24, 36, 48 and 60 months are shown in captions
A, C and E. The number of patients for analysis at each timepoints were 236, 209, 200, 127,
100, 55 and 16 respectively. Cumulative incidence results are shown in captions B, D and F;

numbers at risk vary per Grade.
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Figure 3.2: LENT/SOM - 5 year toxicity results for Subjective xerostomia, Management
xerostomia, Subjective dysphagia, and Subjective taste alteration. Point prevalence results at
6, 12, 24, 36, 48 and 60 months are shown in captions A, C, E and G. The number of patients
for analysis at each timepoints were 236, 209, 200, 127, 100, 55 and 16 respectively.
Cumulative incidence results are shown in captions B, D, F and H; numbers at risk vary per

Grade.
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Figure 3.3: RTOG - 5 year toxicity results for Salivary gland, and Esophagus. Point prevalence
results at 6, 12, 24, 36, 48 and 60 months are shown in captions A and C. The number of
patients for analysis at each timepoints were 236, 209, 200, 127, 100, 55 and 16 respectively.
Cumulative incidence results are shown in captions B and D; numbers at risk vary per Grade.
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Figure 3.4: EORTC H&N-35 - 5 year toxicity results for questions 41. Have you had a dry
mouth? 42. Have you had Sticky Saliva? and 44. Have you had taste disturbance? Point
prevalence results at 6, 12, 24, 36, 48 and 60 months are shown in captions A, C and E. The
number of patients for analysis at each timepoints were 236, 209, 200, 127, 100, 55 and 16
respectively. Cumulative incidence results are shown in captions B, D and F; numbers at risk
vary per Grade.
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3.5 Discussion

3.5.1 Toxicity results in context

These toxicity results broadly align with published data. The 12 and 24-month point prevalence
of LENT-SOM xerostomia in the PARSPORT trial are slightly lower than the equivalent results
of 47.5% and 34.6% in this work [9]. This trial also report data on swallowing dysfunction,
specifically maximum reported subjective dysphagia using the LENT-SOM scale over the study
period. The published result of 20% in the IMRT arm is slightly higher than the 13.9% shown
here [9].

Patient and treatment factors that can affect toxicity rates must be considered when comparing
results. Concomitant cisplatin chemotherapy is known to increase toxicity rates compared with
radiation alone [28-30], although many of the trials that undertook these comparisons were
conducted in the pre-IMRT era, and are therefore of little use for direct comparison of toxicity
rates. Concomitant biological therapy with Cetuximab has also been shown to improve disease
outcomes [31], although this trial did not collect late toxicity data [32]. Two recent randomised
trials aimed to test the hypothesis that concomitant Cetuximab would have similar efficacy to
cisplatin in patients with low risk oropharyngeal SCC, whilst reducing toxicity [14, 16]. Both
trials were negative. The De-ESCALaTE HPYV trial reported adverse event data in a way that
precludes meaningful comparison with the results reported here [14], but the RTOG 1016 study
did publish maximum recorded late toxicity over the study period using CTCAE, and rates of
Grade 2+ xerostomia of 49.7% for cisplatin, and 53.6% for cetuximab are reported [16]. These
figures are slightly lower than the cumulative incidence for Grade 2+ xerostomia of 61.4%
shown in this work, a difference that may in part be explained by different reporting

methodologies.

Radiotherapy technique is also important. It would be logical to suggest that irradiating one
side of the head and neck would be less toxic than treating bilaterally, an important point as
23% of patients in this analysis underwent unilateral treatment (data shown in Chapter 2).
There are comparable data in the literature for these patients. The COSTAR study randomised
patients who had undergone surgery for primary tumours of the parotid glands to 3DCRT or
IMRT, hypothesising that IMRT would reduce hearing loss [33]. The study also collected
broader toxicity data, and reported 12-month point prevalence of Grade 1+ CTCAE xerostomia
of 79%, and a cumulative incidence of Grade 2+ toxicity at 60 months of 20% in the IMRT arm

[33]. Equivalent figures of 90% and 61.4% are, as expected, higher in the results presented
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here, but the COSTAR data show that patients undergoing unilateral radiotherapy can still

experience significant side effects.

However, direct comparisons of crude toxicity rates between interventional, and observational
studies such as this, should be treated with caution, as there is greater scope for unconscious
bias in reporting in the former. Furthermore, a comparison of the results presented in this
chapter with toxicity rates in widely cited NTCP models is important for the work presented in
Chapter 7. Beetz and colleagues used responses to the EORTC H&N35 scale to construct
and validate models of both xerostomia (question 41) and sticky saliva (question 42) [2]. These
models look at point prevalence 6 months after completion of radiotherapy. 83 of 161 (51%)
patients reported grade 3 (quite a bit) or 4 (very much) dry mouth, almost identical to our result
of 52.1%. The pattern for sticky saliva was similar, with results of 35.6% (Beetz model) and
34.5% (this work) respectively. Previous modelling of swallowing dysfunction is also based on
similar event rates. Wopken et al built an NTCP model of tube-feeding dependence, which is
equivalent to grade 3+ CTCAE dysphagia. At 6 months follow up, they found that this affected

10.7% of the patients in their cohort, similar to the 7.2% seen in this work.

3.5.2 Trends over time

A clear trend across all 4 scoring systems is that the highest point prevalence of most
endpoints is at 6 months, with gradual improvements thereafter up to 5 years. This is most
apparent with xerostomia, salivary duct inflammation and taste disturbance as scored by
CTCAE, LENT-SOM and H&N35. For example, point prevalence of CTCAE xerostomia and
salivary duct inflammation at 12 and 48 months are 37.5% and 44%, and 18.1% and 27.3%
respectively. Results at 60 months for many of the endpoints do not seem entirely consistent
with this trend, but this observation should be treated with caution due to the low number of
patients (16) with 5 years follow up. That said, it is clear from the cumulative incidence plots
that new cases of toxicity of all grades can and do occur later in follow up, even up to 3 or 4
years post treatment. Thus, whilst point prevalence clearly falls over time for most toxicity
endpoints, longer follow up is required to capture all the patients who go on develop significant

side effects.

This trend to improvement over time is more apparent with salivary gland toxicities, than with
swallowing dysfunction. Although LENT-SOM subjective dysphagia appears to improve over
time, this does not appear to be the case for either CTCAE dysphagia, or RTOG esophagus.

Gradual improvement of xerostomia over time is a recognised phenomenon. Point prevalence
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rates of 51% (grade 3+ H&N 35 dry mouth), and 35.6% (grade 3+ H&N 35 sticky saliva) at 6
months in the original Beetz model [2], improved to 40% and 25% respectively in a similar
analysis with 12 month data [34]. Similarly, the PARSPORT trial data show that grade 2+
LENT-SOM subjective xerostomia improved from 38% at 12 months, to 29% at 2 years [9].
The same symptom measured by the RTOG scoring system also improved from 38% to 18%
over the same period. This trial also provides potential insight into the mechanism of this effect,
because similar recovery was not observed in the conventional radiotherapy arm. One
hypothesis is that stem cells within the parotid glands may have been spared by IMRT in a
way that did not occur with 3DCRT, thus permitting tissue regeneration and functional

recovery, and this effect has been seen in mouse models [35].

3.5.3 Robustness of toxicity data

The process for automating translation of data from CRF to scoring system grades appears to
be robust. Of the 264 mapping rules written in version 1, only 4 (1.5%) showed a major
disagreement between observers, in which mapping rules resulted in toxicity of a different
grade being attributed to a set of reported symptoms. 242 rules (91.7%) were in agreement.
On testing, no differences between human and machine interpretation of the mapping rules
were observed, and concordance between automated execution of the mapping rules, and
subjective interpretation of the scoring system tables was seen in 54/60 (90%) of the endpoints

measured.

One potential weakness in the design of the VoxTox study was the absence of the MDADI
toxicity assessment tool [26]. This scoring system is widely accepted as a useful tool for
assessing post-treatment swallowing outcomes, and has been used in a number of trials [14,
15, 36]. However, this scoring system comprises 20 Likert scale questions all related to
swallowing, and colleagues judged that incorporating these questions into the single VoxTox
CREF covering all other scoring system systems and toxicity endpoints would have made it too

long, and unwieldy to use in the confines of VoxTox follow-up interviews.

3.6 Conclusions

Toxicity data within the VoxTox study were collected using bespoke CRFs, specifically
designed to convey sufficient information to populate the most widely used toxicity scoring
systems. An automated process, whereby human and machine interpretable logical rules

translated data from CRF format to scoring system grades was developed. This process was
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validated and tested, and found to be reliable and robust. The results produced by this process
permitted analysis of point prevalence and cumulative incidence for CTCAE, LENT-SOM,
RTOG and EORTC H&N35 scores. These results were broadly comparable to previously
published results, in which similar cohorts of patients were treated with similar techniques.
Some of the toxicity results shown in this chapter will be examined again in Chapter 7, which
addresses whether planned or delivered dose metrics better predict these outcomes. Chapter
4 describes the methodology by which automated segmentation on |G scans was achieved, in

order to calculate delivered dose.
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Chapter 4 — Using deformable image registration for automated contouring of
swallowing OARs

4.1 Overview

Calculating delivered dose from daily IG scans presents a number of logistical and
computational challenges. Solutions to these problems require significant automation in a way
that is physically plausible and computationally robust. Deformable image registration (DIR) is
a well-studied and established methodology for this problem; it is widely used in the research
arena, and increasingly in the clinic. This chapter describes how an open-source deformable

image registration toolbox was trained and validated to calculate delivered dose to H&N OARs.

4.1.1 My Role

All planning scan (kVCT) segmentations used for contour propagation, as described in this
chapter, were done by me. | designed and executed all the intra and inter-observer contouring
studies described in this chapter. All experiments pertaining to the training and validation of
DIR were done either following consultation with me, or at my instigation. However, the work
described in this chapter was the result of very close collaboration between myself, and
colleagues in department of high-energy physics (Cavendish laboratory), and | will therefore

describe in some detail the precise role of each member of the research team.

Early in 2016, | made the decision to start work on automated segmentation and dose
accumulation looking specifically at the spinal cord. For the rest of this year, | worked very
closely with Lin Yeap, MPhil student from the Cavendish laboratory, and with Karl Harrison,
Research Associate from the Cavendish Laboratory, on spinal cord auto-contouring and dose
accumulation. | attended regular (minimum bi-weekly) meetings to discuss progress with this
work, and help design further experiments. | provided all the reference segmentations for
training and validation of the DIR algorithm for this task. | designed the inter-observer

contouring study, and recruited consultants to participate in this.

Work on training and validating DIR for swallowing OARs was undertaken over 2017 and 2018
with MPhil student Shannon Seah, and Karl Harrison. | led on this work; my role was to work
collaboratively to design experiments, provide reference contours, and generate both intra and
inter-observer segmentation variability data. | undertook all analysis of data pertaining to

training and validation metrics for deformable image registration for the swallowing OARs.
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4.1.2 Acknowledgements

Lin Yeap, Shannon Seah and Karl Harrison deployed the DIR algorithm used for this work in
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4.2 Introduction

4.2.1 Background to the problem

Calculating and accumulating delivered dose to H&N OARs is a core underlying premise of
the VoxTox project [2], and my PhD methodology. An accurate representation of the dose
these structures actually receive, distinct from that anticipated at treatment planning permits
interrogation of one of my core hypotheses —that D4 will predict toxicity events more accurately
than Dp. However, this objective presents a number of theoretical and practical problems.
Understanding and minimising uncertainties associated with this process is a key goal for the

research community [3].

The first problem for my work was that of scale. As shown in Table 2.4 (Chapter 2), the VoxTox
study has enrolled 337 patients with HNC. All patients were treated with radical intent, and
therefore received between 20 and 35 treatment fractions. In order to calculate daily dose, and
therefore accumulate to a final representation of delivered dose, it is necessary to know which
voxels on each daily |G scan represent a given structure. Previous work in which delivered
dose to H&N structures was calculated has been much smaller scale [4-6], and one
established approach is manual segmentation of each pertinent image [7]. This was clearly an
intractable task for this work; it would have required a structure set for all 8 OARs on
approximately 10000 images. A mechanism for automated segmentation on MVCT images

was therefore essential.

The next problem is how to accumulate dose. In practice, this means how best to combine the
daily dose data calculated for each structure into a single per-structure representation of Da.
This remains a controversial topic within the field [8-10], and is discussed in greater detail in
Chapters 5 and 6.

One approach that provides an elegant solution to the first problem, whilst also providing an
established solution to the second — dose accumulation — is deformable image registration
(DIR).

4.2.2 Image registration — an overview

Image registration is a process by which biological and anatomical information in one image is
geometrically related to that in another [11]. Such techniques permit combining information for

one subject from multiple imaging techniques, serial information on the same subject over time
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from the same imaging modality, or a combination of the two [12, 13]. Image registration is
widely used in the radiotherapy workflow across a range of anatomical sub-sites including
brain, lung, pelvis and H&N [14-17]. In the standard workflow, it is mainly used for target
volume definition, such that contemporary consensus guidelines provide clear advice as to
which images are recommended to aid this process [18, 19]. Such registration is often referred
to as image fusion, and in the management of HNC, common workflows involve fusing either

PET, or MRI to planning CT scans.

Most image registration tools in contemporary use seek to minimise differences between
geometrical or intensity-based features in each image [20]. Geometrical registration algorithms
analyse the precise morphology of shapes in each image, whilst intensity-based approaches
look at the absolute grey-scale value in each individual voxel in the image. For CT images, this
will be Hounsfield unit information, whilst for MRl it is the relative signal intensity of a given
sequence. Most image registration algorithms used in the radiotherapy clinic or research arena
are intensity-based. All such software packages perform the same fundamental process, and
required the same type of input data:

e Two images. A fixed image (lf), which will provide the spatial frame of
reference for the moving image (lv), which undergoes some sort of
transformation to more accurately match Ir.

e A transform. This describes and defines the ways in which Iy can be changed,
to maximise similarity with Ir.

o A similarity metric. A variable that quantifies the similarity between two
images, once the transform has taken place.

¢ An optimiser. An equation coded within the image registration algorithm that
iteratively runs through a set of possible transforms to Iy, and seeks to find that

which yields the optimal similarity metric result.

A schematic of this process is shown in Figure 4.1. The algorithm’s finalised output may be
regarded as a set of transformation parameters (T). These define how every voxel in Iy must
move, relative to its starting position, in order to maximise similarity with 1. Mathematically
speaking this can be generalised as Xir= T(Xium), and can be visualised as a deformation vector
field, as shown in Figure 4.2. For this work, the pCT is always regarded as |r and the daily IG-
MVCT as Iu. If a structure is segmented on I, the transformation parameters define which
voxels on image lyrepresent this structure, thereby creating an ‘automated’ contour on this
image. This is clearly very useful as it provides a mechanism by which OAR segmentation on
all MVCTs can be achieved. It also provides a useful tool to train and test a registration

algorithm, as a deformed contour can be compared with ground truth segmentation.
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Figure 4.1: Schematic of the image registration process (adapted from similar schematic
presented in Lin Yeap — MPhil thesis — 2016)?°

Figure 4.2: An example deformation vector field, with the magnitude and direction of
deformations shown as arrows (image courtesy of Megan Wilson, PhD student, UCL).

9 MPhil Thesis: Mr. Ping Lin Yeap, Jesus College, University of Cambridge, 2016.

114



4.2.3 Image registration for contour propagation in HNC radiotherapy.

Manual segmentation of planning CT scans in the radiotherapy workflow is laborious, and time-
consuming. Furthermore, there is a body of opinion and an evolving literature to suggest that
inter-observer variability is the ‘weakest link’ in this chain [21]. For these reasons, much effort
has been devoted to accurate automation of the segmentation process, and specifically OARs.
More recently, interest in the use of less supervised artificial intelligence (Al) based
approaches has dramatically increased [22-24]. These approaches are promising, and
potentially very powerful. However, for the purposes of relevant comparison with work in this

chapter, subsequent discussion is limited to DIR-based techniques.

DIR for contour propagation is not new to HNC radiotherapy. A 2008 study compared how well
12 different voxel-based DIR strategies were able to transfer OAR contours from a pre- to mid-
treatment kVCT scan [25]. Demons-based, level-set and fast free-form registrations were all
tested, as well as combined approaches, and the addition of image pre-processing techniques.
Several anatomical structures were segmented for the study, which included parotid and
submandibular glands and the spinal canal, but not pharyngeal constrictor muscles. Results
were pooled across all structures, and showed that all deformable approaches outperformed

rigid registration, with median DSC scores between 0.78 and 0.86.

There are a number of commercially available solutions for DIR-based automated H&N OAR
segmentation. These platforms mainly adopt one of two commonly used approaches to the
problem. The first is referred to as Atlas-Based Automated Segmentation — ABAS. In this
approach, a library of representative cases is uploaded to a database, usually containing
around 20 scans. The patient’s planning scan is then compared with the images in the library,
and the closest match found. Thereafter, a DIR algorithm performs a registration to warp the
geometry of the library image to the patient’s scan, and uses the resulting transformation
parameters to transfer contours across. The second strategy, known as model-based
segmentation, aims to compensate for limitations in imaging quality by imposing statistically
determined shape constraints, derived from ground truth segmentations [26]. Pure model-
based approaches may not include DIR, but many applications of this technique adopt a hybrid
strategy, in which anatomical models and image registration are combined to provide a

finalised segmentation [27].

There are two relatively recent reviews, specifically addressing the auto-segmentation of H&N
OARs using these techniques [28, 29]. In order to provide important context, the data published
in the papers cited by these reviews [26, 30-35], where relevant to the OARs studied in this

chapter, are summarised in Table 4.1. A more recent study compared the
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Publication Technical details Results
st i
Ref Year ! mmBU_m DIR OnBBmS_m_\ PGs SMGs PCs
author size approach in-house
29 2010 Tsuiji 16 Free-form MIMvista DSC: 0.72 N/A N/A
. SPICE 9.8/ DSC: 0.83 DSC: 0.81-0.84
29 U e = DEMOTE In-house HD: 5.7-5.8 HD: 3.5-4.2 A
i Elekta-CMS DSC:0.79 DSC: 0.70 DSC: 0.50
30 201 Teguh 12 Not specified ABAS MSD: 2.5 MSD: 1.9 MSD: 2mm
, . . . DSC: 0.72
31 2013 Daisne 10 Elastic fusion Brainlab MSD: 2.3 N/A N/A
. Demons DSC: 0.81-0.84
32 2014 Fritscher 18 (+ geodesics) In-house HD: 10-12 N/A N/A
33 2014 Walker 40 >www.uﬂ%%_ Pinnacle 9.4 DSC: 0.89 DSC: 0.73 DSC: 0.93
DSC: 0.78 DSC: 0.70 DSC: 0.57
34 2014  Thomson 10 >wwm%w%%_ _ugw_u_m_um@ . MSD: 1.6 MSD: 1.5 MSD: 1.5
y (Pinnacle 9.4) HD: 14.7 HD: 7.2 HD: 13

Table 4.1: Summary of results from publications using DIR-based automated segmentation for H&N OARs. Results are only considered for OARs
considered in this Chapter; parotid glands (PGs), submandibular glands (SMGs) and pharyngeal constrictor muscles (PCs). Reported metrics
are; dice similarity coefficient (DSC), mean surface distance (MSD, in mm), and Hausdorff distance HD, in mm).
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performance of 6 commercially available DIR platforms across 13 Italian centres [36].

The results show DSC scores of 0.79 — 0.87 for the parotid glands.

The data across all these studies show a number of clear trends. First, that DIR is a
well-established technique for OAR contour propagation in H&N radiotherapy
(published data on DIR from kVCT to image guidance scans has not been addressed,
and is discussed in section 4.6.1). Second, that deformable registration consistently
outperforms rigid alternatives across a range of patient datasets, software platforms,
and observers. Third, that results are often good but not perfect, and these tools need
to be implemented with due care and attention. Nonetheless, a synthesis of the
literature supports DIR as an established and evidence-based methodology for

automated segmentation of H&N OARs.

4.2.4 Image registration — Elastix

Karl Harrison, Lin Yeap and | made the decision to use an open source image
registration toolbox — Elastix [37, 38]. There were a number of reasons for this decision.
First, the software is readily implemented within the python programming language,
which made interaction and communication with other software and data management
frameworks within the project straightforward [2]. Second, Elastix has a range of
transformation toolboxes available, including rigid and non-rigid options. In order to
generate robust optimisation data, we tested a wide range of image registration
approaches. Finally, deformable registration toolbox within Elastix uses local spline-
based (B-spline) transformation models [39, 40], there is extensive precedent for using
such approaches in HNC radiotherapy [5, 25, 41, 42], and there is literature precedent
for using Elastix with H&N imaging [43].

Elastix has the following transformation models as options [37]:
¢ Translation — Iy can be moved in 3 dimensions (x,y,z), but no rotation is
permitted.
¢ Rigid — In addition to translation, Iy can be rotated relative to Ir.

e Similarity — |y may be translated, rotated and scaled.
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Affine — permits translation, rotation, scaling and sheer of Iy [44, 45]. However,
the relationship between neighbouring voxels remains the same, and parallel
lines in Iy pre- and post-transform remain parallel [20].

B-spline (deformable) — allows individual voxels in Iy to be moved relative to
local neighbours — deformation [46]. Theoretically, this gives the deformation
3N degrees of freedom, where N = the number of voxels in the image [20].
However, the algorithm is constrained by a grid of control points, and the
distance (spacing) between points on this grid restricts the distance that
individual Iy voxels can move [38]. In practice, the spline function models
spatial transformations between points on the grid — a parameter that the
operator can optimise. If the control point spacing is too large, the algorithm
may be unable to resolve details of small structures. If spacing is too small,
the transform has many more degrees of freedom, which risks erratic

transformations [47].

Elastix permits use of a number of different mathematical functions to produce a

similarity metric between Ir and |y once it has undergone the transform [48]. Four

widely investigated and commonly used approaches were tested in this work, and are

described here. These functions are presented in order of increasing complexity, with

fewer assumptions about the underlying relationship between absolute voxel intensity

values in each image.

Mean squared difference (MSD) — assumes an equivalent relationship
between voxel intensities in Ir and Iy [20, 49]. The similarity metric is the sum
of the squared differences of all voxels, and the optimiser seeks to minimise
this number. It is the most straightforward approach mathematically and
conceptually, and the easiest to compute. It performs well when registering
images of the same modality, for example four-dimensional CT [50, 51], but the
underlying assumptions in this method mean it is not well suited for registering

different modality images [38].
Normalised cross correlation (NCC) — similar to MSD, but mathematically

less strict as it assumes a linear relationship, rather than equivalence, between

voxel intensities in the two images [20]. Despite normalisation of the coefficient,
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a limitation of this technique is that the contribution from an individual pixel is
strongly dependant on its absolute intensity value [52]. The approach has been
widely used in for matching portal images and digitally reconstructed
radiographs (DRRs) [53-55], but, like MSD, its underlying assumptions mean it
is best suited to registering images of the same modality [20]. Despite this, it

has been used to register MR and CT images of the head [56].

e Mutual information (MI) — this similarity metric aims to “align voxels with
common probabilities of being present in their respective image sets.” [20]. In
other words, MI assumes a relationship between the statistical properties of a
given voxel of a given intensity in Iy, being in a given location, relative to Ir. No
assumptions are made about the nature of this relationship, and can be
implemented without prior modifications to either image [57, 58]. As a result, it
is better suited to registrations between different image modalities [38]. This
technique has been successfully deployed for registering PET and SPECT with
CT [59, 60], CT and MRI [61, 62], and perhaps most pertinently to this work,
between CT and TomoTherapy MVCT [63].

¢ Normalised mutual information (NMI) — there is normalisation of the MI
metric, based on the quantity of shared information between the 2 images. This
approach is similar to MI, and has been hypothesised to have potential
advantages in the presence of soft tissue compression, at the expense of

greater algorithmic complexity [64].

The Elastix toolbox also permits users to make choices with regards to optimiser (the
cost function equation), image sampler (whether or not all voxels, or a sample from
each image, are used for registration), and interpolation (calculated intensities at non-
voxel coordinates, relevant in cases where voxel sizes in |r and |y are not identical).
These choices are largely a trade-off between computational cost and time, and
accuracy. Work to inform this decision was done by Lin Yeap with little input from

myself. It is described in his MPhil thesis, and for that reason is not described in any
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further detail here'. The final decision as implemented in Elastix for all subsequent
work described in this thesis is as follows:

e Optimiser: gradient descent

¢ Image sampler: random coordinate

e Interpolator: linear

4.2.5 Aims of chapter 4

1. To optimise and validate Elastix for the purposes of contour propagation from
pCT to daily MVCT.

2. To define a workflow for subsequent dose accumulation.
To quantify uncertainties associated with these processes.

To finalise Elastix parameters for computation of Da in the full patient cohort.

4.3 Methods

4.3.1 Background

Work on optimising Elastix for automated segmentation of the spinal cord was
completed in 2016. In 2017, a consensus guideline “Use of image registration and
fusion algorithms and techniques in radiotherapy: Report of the AAPM Radiation
Therapy Committee Task Group No. 132” was published in Med. Phys. by Kristy Brock
et al. [20]. This document (referred to hereafter as TG 132’) comprehensively
describes and defines how image registration and fusion algorithms such as Elastix
should be trained, tested and validated, and states that such work should be specific

to the task that the tool is being used for.

Using deformable registration for contour propagation to the swallowing OARs is a
different task to the spinal cord. In contrast to the spinal cord, these structures have
more complex shapes [65], and are more likely to undergo significant morphological
change during treatment [66-69]. Furthermore, the anatomical context of these
structures is different to the spinal cord; they are not surrounded by a hollow cylinder

of bone. It was therefore decided to fully re-train, test and validate Elastix for the

10 MPhil Thesis: Mr. Ping Lin Yeap, Jesus College, University of Cambridge, 2016.
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purpose of contour propagation (and subsequent dose accumulation) to the

swallowing OARs.

The overall approach to this task was similar to that used for the spinal cord. However,
due to the greater complexity of this task, the methodology was also more detailed.
The quantitative metrics that should be considered in assessing the performance of
deformable image registration are summarised in Table Il in Brock et al [20], and are

reproduced below in Table 4.2.

The workflow as implemented only requires registration in one direction, with the pCT
as Ir and MVCT as Iu. For this reason, consistency was not formally tested, but all

other metrics listed in Table 4.2 were assessed, along with other measures of contour

conformity.

Metric

Description

Target performance

Target
registration error
(TRE) [70]

Mean distance
to agreement
(MDA) [71]

Dice similarity
coefficient
(DSC) [72]

Jacobian
determinant
[64]

Consistency
[73]

Algorithms ability to accurately match
an implanted fiducial, or naturally
occurring landmark, between images

The mean distance between the
surface of contours from two images,
following registration

The proportion of 2 structures that
overlap, relative to their total combined
volume.

Expansion or contraction of individual
voxels in Iy, following registration. (1 =
identical, >1 = expansion, <1 =
shrinking, <0 image folding — non-
physical)

Is an algorithm independent to the
direction of registration - does defining
image A as Irand B as |y produce a
different result to the inverse
procedure?

Maximum dimension
of imaging voxels
(2-3mm)

Consistent with inter-
observer contouring
variability (2-3mm)

Consistent with inter-
observer contouring
variability (0.8 — 0.9)

No values <0. Values
either side of 1 as
expected clinically.

Maximum dimension
of imaging voxels
(2-3mm)

Table 4.2: Metrics to quantify the performance of a registration algorithm — adapted

from Brock et al, TG 132 [20].
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4.3.2 Patient image data

Imaging data from 14 patients was used for this work. The sample size was defined
on the basis of literature precedent [41], expert opinion, and a pragmatic balance
between maximising available data, and time taken for image segmentation, and data
from patient’s in both discover and consolidation cohorts were used. All patients were
treated with 65Gy in 30 fractions for SCC of the oropharynx, hypopharynx or larynx.
Radiotherapy planning kVCT images were acquired with a GE Medical Systems
LightSpeed Multislice CT scanner or a Toshiba Aquilon LB CT scanner, with no
intravenous contrast, and a voxel size of 1.074 x 1.074 x 3mm. In the RT planning
process, these images are down-sampled axially by a factor of 2 by the TomoTherapy
TPS. Thus the voxel size for all KVCT images used for work in this thesis is 2.148 x
2.148 x 3mm, unless otherwise stated. The voxel size for TomoTherapy MVCT IG
images is 0.754 x 0.754 x 6mm. All images were retrieved from TomoTherapy archive
by Marina Romanchikova, and loaded in the research database of the clinical
radiotherapy segmentation tool (Prosoma v3.3, MEDCOM, Darmstadt, Germany), for

segmentation, and transfer to the Cavendish laboratory.

4.3.3 Image segmentation, intra- and inter-observer variability

The structures segmented in this work were:
o Bilateral parotid glands
¢ Bilateral submandibular glands
e Pharyngeal constrictor muscles (SPC and MPC combined) as a single

structure)

These structures were segmented on down-sampled kVCT and IG-MVCT images
according to published atlases [65]. For 4 patients, all 5 structures were contoured on
all 30 MVCT scans. They were also segmented on the final (day 30) MVCT for a further
10 patients. The final fraction MVCT was chosen on the basis that it would likely show
the greatest anatomical change relative to the pCT, and therefore provide the most

robust test for Elastix.
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To generate intra-observer variability data, | repeated segmentation of the full structure
set, at an interval of 4-12 weeks. An example is shown in Figure 4.3 (A). The following
MVCTs were contoured a second time:

e 2 patients —all 30 MVCTs

e 2 patients — 7 MVCTs (treatment days 1, 6, 11, 16, 21, 26, 30)

e 10 patients — final fraction (day 30) MVCT.

An inter-observer contouring study was again undertaken. Four consultant
oncologists, all specialists in HNC radiotherapy, were recruited to provide reference
contours. Zoom and image window settings were fixed. Participants were asked to
follow a bespoke protocol for this task (Appendix A4.2), and to contour 2 MVCT images
each for 2 patients (4 scans in total). Images showing segmentations of all structures
for all 4 observers are shown in Figure 4.3 (B). Sample sizes for both intra- and inter-
observer contouring variability data were based partly on expert opinion, partly on a

pragmatic balance between sample size and time taken to generate contours.

Figure 4.3 (A&B): Variability in swallowing OAR structure segmentation on H&N
MVCT images. A — Intra-observer variability. B — Inter-observer variability (contours
from 4 expert observers).

A combination of the following metrics was used to measure agreement between

contours:
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Dice similarity coefficient (DSC) [72], Equation 4.1. This is conceptually similar

but mathematically different to JCI, and gives higher scores.

Dice Similarity Coef ficient = szlllTlll:’ll (4.1)

Jaccard conformity index (JCI) — the ratio of the intersection of 2 contours (A &

B) to their combined area [74]. This is defined in Equation 4.2 as:

Jaccard Conformity Index = % (4.2)

Mean distance to agreement (MDA, mm) — the mean value of every possible
nearest distance between surface voxels in both contours as shown in Figure
4.4 [20, 35, 71]. The metric is also known as mean surface distance, is
deployed as such within Elastix and python [37], and the mathematical

formulation is shown in Equation 4.3:

CONTOURA
—— CONTOURB

MEAN SURFACE DISTANCE

Figure 4.4: Cartoon showing concept of all possible minimum distances between
voxels in contours A and B, from which mean distance to agreement (MDA) is
calculated

1
ng+ngy

MSD (MDA) =

(Zps,d(, 5% + T, d@',5)?) (4.3)

Hausdorff distance (HD) — the biggest possible distance in the set of all
distances, where all possible points on contour A find the closest possible point
on contour B. Simply put it is the biggest point difference between 2 contours,

as shown in Figure 4.5.
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HAUSDORFF DISTANCE

CONTOURA
( —— CONTOURB

Figure 4.5: Cartoon showing the greatest possible minimum distance between
contours A and B — Hausdorff distance.

e 95 centile surface distance — conceptually similar to HD, but takes the 95t
centile value of the histogram of distances, rather than the maximum.

¢ Distance to conformity (DTC) — the maximum distance (u) from a point on the
edge of (A n B) to the edge of (A U B) [75]. Standard convention suggests that
if B is larger than A (or over-contoured), then u is positive. If B is smaller, then
u is negative. This metric therefore gives an overall impression of whether or
not contours are systematically larger or smaller than a reference, as shown in

Figure 4.6.

U<o

~_ A°*

Figure 4.6: Schematic of distance to conformity (DTC) measurement
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e Distance between centres (DBC) — over a sample, gives an indication of

whether or not contours are systemically shifted in any of four axial directions

relative to a reference [75].

e Proportional volume difference (PVD — {%}, Equation 4.4) — The volume

difference between the contours. This metric does not infer one contour as

being a ‘gold-standard’. Rather, it measures the difference in volume between

contour A (Vca) and the mean of the 2 contours (Vca and Veg), as a function of

the mean volume of these 2 contours, as shown below (NB — larger contour

always regarded as contour A to ensure sign uniformity).

_(VeatVe

Vea

Proportional volume dif ference (%) = {(VTV;)} x 100 (4.4)

2

4.3.4 Elastix parameter tuning

Imaging and structure set data from 3 of the 4 patients for whom the parotids,

submandibular glands and pharyngeal constrictors were segmented on every MVCT

(3 x 30 scans — 90 in total) were used for algorithm training. The method was similar

to that used for the spinal cord work. Experiments in which the following parameters

were changed were undertaken:

e Reqgistration strategy:

O

Radiographer couch shifts — the MVCT is aligned with the kVCT only
by using the couch shifts implemented by the treating RTTs, for that
treatment fraction.

Translation

Rigid (translation plus rotation)

Similarity

Affine

B-spline based deformable registration — with variation of control point

spacing.

e B-spline control point spacing: 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75, 100,
500mm
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e Similarity metrics:
o Mean squared distance (MSD)
o Normalised cross correlation (NCC)
o Mutual information (Ml)

o Normalised mutual information (NMI)

To train these parameters within the Elastix toolbox, the effect of these changes on
two sets of outcomes were assessed. Firstly, conformity metrics between my reference
contours, and those derived from the image registration. The conformity metrics listed

in the previous section were used.

Following TG 132 [20], the impact of altering these parameters on target registration
error (TRE) was also assessed. A literature search did not reveal a clear consensus
on which anatomical points to define, although a combination of bony and soft tissue
landmarks was used in many studies [76-78]. Nonetheless, TG 132 does specify that
these points need to be robust, reproducible and anatomically relevant to the
underlying purpose of the registration, in this case contour propagation to swallowing
OARs. In addition to these criteria, it was apparent that chosen points would need to
have a good spread in the superior-inferior dimension, and be clearly identifiable on
both a down-sampled pCT, and noisy MVCT images. On this basis, the following 7

anatomical points were chosen for TRE analysis:

e The inferior aspect of both Pterygoid plates - bilaterally

e Parotid gland parenchyma immediately adjacent to the inferior aspect of the
mastoid process - bilaterally

e The most anterior point of the parotid gland - bilaterally

e Soft tissue immediately adjacent to the most anterior extent of the body of C2

vertebra, immediately superior to the C2/3 junction.
These points were segmented on kVCT planning scans, and 7 MVCT images (days 1,

6, 11, 16, 21, 26, 30), for 5 patients, and examples on both down-sampled pCT and
MVCT images are shown in Figure 4.7 (A-C).
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Figure 4.7 (A-C): Target registration error anatomical fiducial points. A — Inferior
aspect of Pterygoid plates. B — Parotid gland; most anterior point, and immediately
adjacent to Mastoid process. C — C2/3 junction.

4.3.5 Elastix parameter validation

Once the choice of Elastix parameters had been finalised, this registration strategy
was tested on a separate dataset. One of the patients with all MVCTs segmented, and
the 10 patient dataset with the final fraction MVCT were held back for validation (30 +
10 scans — 40 in total). This was done by producing contour conformity metrics, as
described above. Analysis of TRE was also repeated on a smaller validation dataset.
All 7 anatomical fiducial points were segmented on the planning kVCT and a single

randomly selected MVCT for a further 5 patients.

Finally, mean Jacobian determinants for registrations between the kVCT and all 30
MVCTs, for 2 patients, were also calculated. It is difficult to interpret the results of
Jacobian determinant analysis in terms of precise spatial accuracy [20], and therefore
the metric has little utility in parameter tuning. However, it does show whether or not a
registration is broadly anatomically and biologically plausible, and for that reason it

provides a useful ‘sense check’ of algorithm output in the validation process.
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4.4 Results

4.4 1 Intra- and inter-observer contouring variability

Concordance data between my first and second set of contours of the parotids,
submandibular glands, and pharyngeal constrictor muscles are shown in table 4.3.
These data are derived from the following patient sample:

e 2 patients where each MVCT was segmented twice (2 x 30 scans),

e 2 patients where 7 scans were re-contoured (2 x 7 scans),

¢ 10 patients where 1 scan was re-contoured (10 x 1 scan).

Overall these data show good concordance and consistency between the 2 contours.
Taking all 84 MVCT scans that were segmented twice, mean DSC values for the
parotid glands, submandibular glands and pharyngeal constrictor muscles respectively
were 0.89, 0.83 and 0.76. 95% of all possible points on contour one were within 2.4mm
(PGs), 3.1mm (SMGs) and 1.7mm (PCs) of the nearest neighbour on contour two.
Mean volume differences between repeated contours were all less than 7.5%, and
mean Hausdorff distances were 6.7, 5.6 and 6.1mms for parotids, submandibular

glands and pharyngeal constrictor muscles respectively.

Results of the inter-observer variability contouring study are shown in table 4.4, and
summary results for all intra-observer contouring variability data are shown in table
4.5. As expected, concordance between observers is less good than that observed
with 2 contours from the same observer. Mean, combined, inter-observer DSC values
were between 0.82 for parotid glands, and 0.66 for the submandibular glands. Mean
DSC and JCI values were lower for the pharyngeal constrictors - 0.55 and 0.38
respectively. However, this is to be expected, as the pharyngeal constrictor muscles
are long, thin, ‘U-shaped’ structures, meaning that a very small translation of an
identical contour relative to its twin will result in a rapid fall in conformity metrics. The
DTC data for the pharyngeal constrictors suggest that whilst observers tend to
systematically segment this structure larger or smaller than colleagues, typical

distances between the edges of contours are small.
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30 timepoints 7 timepoints 1 timepoint Total
Scans for 60 14 10 84
analysis
Structure PGs SMGs PCs PGs SMGs PCs PGs SMGs PCs PGs SMGs PCs
Median DSC 0.90 0.83 0.76 0.92 0.83 0.75 0.88 0.84 0.79 0.90 0.83 0.76
(+0.003) (+0.006) (+0.004) | (+0.005) (+0.01) (+0.02) | (+0.008) (+0.01) (+0.01) | (#0.002) (+0.005) (+0.005)
Mean DSC 0.89 0.82 0.76 0.91 0.82 0.75 0.88 0.84 0.79 0.89 0.83 0.76
(+0.002) (+0.005) (+0.005) | (+0.004) (+0.008) (+0.02) | (+0.006) (+0.01) (+0.01) | (#0.002) (+0.004) (+0.004)
Median JCI 0.81 0.71 0.61 0.85 0.71 0.59 0.79 0.73 0.65 0.82 0.71 0.62
(+0.004) (+£0.009) (+0.006) | (+0.009) (+0.01) (#0.03) | (#0.01) (£0.02) (+0.02) | (+0.004) (+0.007) (+0.007)
Mean JCI 0.81 0.70 0.62 0.84 0.70 0.60 0.79 0.73 0.66 0.81 0.71 0.62
(x0.003) (+0.007) (+0.005) | (x0.007) (+0.01) (x0.02) [ (¢0.01) (x0.01) (x0.02) | (x0.003) (+0.006) (+0.005)
Mean MSD 0.79 1.1 0.58 0.80 1.1 0.62 0.87 1.0 0.44 0.80 1.1 0.57
(mm) (#0.01)  (£0.08) (+0.02) | (+0.03) (+0.06) (+0.04) | (#0.04) (+0.06) (+0.04) | (£0.01) (+0.02) (+0.02)
Mean 95%SD 2.4 3.1 1.7 2.4 3.1 2.0 2.7 2.7 1.3 2.4 3.1 1.7
(mm) (x0.05) (+0.08) (x0.08) (x0.1) (x0.2) (x0.2) (x0.2) (x0.2) (x0.1) (x0.4) (x0.02) (+0.06)
Mean DBC 1.3 2.0 1.7 1.2 1.9 2.2 1.5 1.6 1.8 1.3 1.9 1.8
(mm) (0.06)  (x0.1) (x0.2) (20.1) (+0.2) (x0.4) (+0.2) (+0.2) (x0.4) | (20.05) (x0.1) (#0.1)
Mean DTC -0.025 0.013 -0.088 -0.006 -0.009 -0.017 | -0.025 -0.016 -0.003 | -0.022 0.005 -0.066
(mm) (x0.007) (+£0.007) (+0.02) | (+0.01) (#0.02) (+0.03) [ (¢0.02) (+0.02) (+0.03) | (x0.005) (+0.007) (+0.01)
Mean HD 6.6 5.7 6.2 6.5 6.0 6.0 7.6 4.9 5.8 6.7 5.6 6.1
(mm) (+0.2) (x0.1) (+0.2) (+0.5) (+0.4) (x0.4) (+0.5) (+0.3) (+0.7) (+0.2) (#0.1) (#0.2)
Mean PVD 3.6 5.0 8.5 2.3 4.4 3.8 4.6 4.8 5.5 3.5 4.9 7.4
(%) (+0.3) (+0.4) (x0.7) (+0.4) (+0.7) (+0.8) (+0.8) (+0.8) (+1.4) (+0.2) (+0.4) (+0.6)

Table 4.3: Intra-observer contouring variability for parotid glands (PGs), submandibular glands (SMGs) and pharyngeal constrictors (PCs). Dice
similarity coefficient (DSC), Jaccard conformity index (JCI), mean surface distance (MSD), 95% centile surface distance (95%SD), distance

between centres (DBC), distance to conformity (DTC), Hausdorff distance (HD) and proportional volume difference (PVD) are reported.
Standard errors reported in parentheses.

130




Observer 1 Observer 2 Observer 3 Observer 4
Structure PGs SMGs PCs PGs SMGs PCs PGs SMGs PCs PGs SMGs PCs
Median DSC 0.83 0.67 0.55 0.83 0.69 0.56 0.82 0.76 0.55 0.80 0.67 0.51
edian (x0.008) (+0.03) (x0.01) | (¢0.03) (£0.03) (x0.03) | (x0.01) (x0.04) (x0.03) | (x0.01) (x0.03) (x0.01)
e DG 0.82 0.64 0.54 0.76 0.67 0.57 0.81 0.69 0.57 0.80 0.64 0.52
ea (x0.007) (£0.02) (x0.01) | (x0.03) (x0.03) (x0.02) | (x0.01) (+0.04) (20.03) | (+0.009) (+0.02) (+0.01)
Median JCI 0.70 0.50 0.37 0.70 0.53 0.39 0.70 0.67 0.38 0.82 0.50 0.34
edian (#0.01)  (£0.03) (£0.01) | (x0.04) (x0.04) (x0.03) | (x0.02) (+0.01) (x0.03) | (x0.004) (0.03) (0.01)
e G 0.70 0.48 0.37 0.63 0.52 0.41 0.68 0.66 0.40 0.81 0.47 0.35
ean (£0.01) (x0.02) (x0.01) | (£0.03) (+0.04) (x0.02) | (x0.02) (0.01) (+0.03) | (x0.003) (£0.02) (+0.009)
Mean DBC 1.4 2.4 1.4 2.3 3.0 1.2 1.6 2.4 1.2 1.9 2.9 2.0
(mm) (#0.2)  (¥0.3)  (+0.3) | (20.3) (x0.3) (20.3) | (x0.3) (x0.4) (x0.2) | (20.3) (20.4)  (0.3)
Mean DTC 004 -046 010 | -008 -0.86 -050 | 0.34 1.2 036 | -0.30 0.1 0.76
(mm) (x0.06) (x0.2) (0.1) | (#0.07) (0.2) (20.1) (20.1) (#0.2) (z0.1) | (x0.09) (x0.2) (#0.1)
Mean HD 125 12.6 14.9 12.0 12,5 11.7 12.6 12.6 13.7 12.7 12.3 13.9
(mm) (+0.5) (x0.9) (x0.7) (x0.7) (+0.7) (+0.6) (+0.9) (+0.9) (x0.8) (x0.7) (x0.9) (+1.0)
Mean PVD 7.1 14.4 18.3 7.1 16.1 24.0 9.5 23.1 18.2 9.4 15.8 27.4
(%) (+1.0) (x2.6) (x2.0) (+1.3) (+2.8) (+3.9) (+1.7) (+3.0) (x3.1) (+1.5) (x2.0) (+3.3)

Table 4.4: Inter-observer contouring variability for parotid glands (PGs), submandibular glands (SMGs) and pharyngeal constrictors (PCs) —
comparing data for each observer independently. Dice similarity coefficient (DSC), Jaccard conformity index (JCI), distance between centres
(DBC), distance to conformity (DTC), Hausdorff distance (HD) and proportional volume difference (PVD) are reported. Standard errors reported
in parentheses. My contours are labeled as Observer 1.
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PGs SMGs PCs
Median DSC (i%-_%%& <ff§2) <i°f§2)
Mean DSC (i%‘%:)e) (10(-)5.532) (1065.5(?1)
Median JCI (1066_331) . %-.3%5) (io(.):.sgz)
Mean JCI (i%-%% 0 (ioéd.rgz) (106:.3(?1)
Mean DBC (mm) (;6?2) (12(.32) (11(.;.12)
Mean DTC (mm) (io(')(.)(?G) (10042) (1002172)
Mean HD (mm) (;%‘%) ( l ?6'.?;) ( l ?6'.%)
Mean PVD (%) (181?0) ( l :g | ( f";% |

Table 4.5: Inter-observer contouring variability for parotid glands (PGs),

submandibular glands (SMGs) and pharyngeal constrictors (PCs) — summary results

(all observers compared against each other).

4.4.2 Elastix parameter tuning

4.4.2.1 Target registration error - TRE

TRE values were calculated for all 7 anatomical surrogate fiducials, at 7 timepoints, for

5 patients. The effect of changing registration strategy, similarity metric, and B-spline

control point spacing (for deformable registrations) were investigated. Results are

presented as clustered bar charts, in anatomical order, superior to inferior in Figures

4.8-4.11.
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A - left pterygoid plate
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B - right pterygoid plate
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N

Target registration error (mm)

Registration method

Figure 4.8 (A&B): Target registration error (TRE) results for different Elastix
registration strategies, similarity metrics and control point spacing’s for the Pterygoid
plates, A — left, B — right.
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A - left parotid anterior

EMSD sNCC =Ml =NMI
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B - right parotid anterior

EMSD =aNCC = MI = NMI

N w H A
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Figure 4.9 (A&B): Target registration error (TRE) results for different Elastix
registration strategies, similarity metrics and control point spacing’s for the ‘anterior
parotid’ point, A — left, B — right.
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A - left parotid mastoid

EMSD sNCC =Ml =NMI

Target registration error (mm)

B - right parotid mastoid

EMSD aNCC =Ml aNMI

N w H

Target registration error (mm)

Registration method

Figure 4.10 (A&B): Target registration error (TRE) results for different Elastix
registration strategies, similarity metrics and control point spacing’s for the ‘parotid
mastoid’ point, A — left, B — right.
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Figure 4.11: Target registration error (TRE) results for different Elastix registration
strategies, similarity metrics and control point spacing’s for the C2/3 junction point.

These results clearly show that overall, deformable registration approaches deliver
less target registration error than non-deformable alternatives. However, these plots
do not clearly indicate which similarity metric performs best. For example, the more
mathematically complex similarity metrics — Ml and NMI — perform better with
Pterygoid plate TRE agreement, but less well with the anterior parotid point. Moreover,
there is no immediately obvious trend to suggest which control point spacing offers the
best agreement. For the Pterygoid plates and anterior parotid points, there is the
impression of a minimum around 30-50mm, whilst for the Mastoid points and C2/3
junction the minimum appears to be around 10-25mm. In order to summarise these
results, and decide on the optimum parameters for validation, a mean TRE for all
registration strategies and control point spacing’s was calculated. These results are
shown in Table 4.6 and as a summary clustered bar chart in Figure 4.12. The algorithm

with the lowest mean TRE across all image registrations and parameter options was a
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deformable registration, with a 35mm B-spline control point spacing, and Mutual

information (MI) as similarity metric.

Registration approach | MSD  NCC MI NMI | Mean
couch shifts 2.820 2.82 2820 2.820 | 2.820
Rigid 2026 2.039 2.053 2.045 | 2.041
Similarity 2424 2,065 2.006 2.003 | 2.125
Translation 2.251 2246 2242 2242 | 2.245
Affine 3.785 2925 2214 2247 | 2.793
B-spline 5mm 3.149 2304 2810 2822 | 2.771
B-spline 10mm 2417 2.008 2.039 2120 | 2.145
B-spline 15mm 2309 2.0383 1.923 1.999 | 2.066
B-spline 20mm 2.169 1.970 1.893 1.916 1.987
B-spline 25mm 1.924 1.820 1.835 1.867 1.861
B-spline 30mm 1.894 1.812 1.805 1.802 1.828
B-spline 35mm 1.835 1.773 1.761 1.781 1.788
B-spline 40mm 1.844 1.781 1.788 1.789 1.800
B-spline 45mm 1.849 1.782 1.829 1.834 1.824
B-spline 50mm 1.875 1.834 1.863 1.865 1.859
B-spline 75mm 1955 1.964 1976 1.974 | 1.967
B-spline 100mm 2125 2.083 1.907 1.908 | 2.006
B-spline 500mm 3.879 3.098 2.169 2.206 | 2.838
Mean 1.913 1.824 1.825 1.836

Table 4.6: Target registration error (TRE) — summary results. Non-deformable
(couch shifts, rigid, similarity, translation, affine) and deformable (B-spline) with
different control point spacing’s (5 — 500mm) are tested. Four similarity metrics are
tested; mean squared distance (MSD), normalised cross correlation (NCC), mutual
information (MI) and normalised mutual information (NMI). Reported data are mean
values for all 7 TRE points, across all 7 scans/registration, for all 5 patients. The
lowest mean TRE (MI/B-spline 35mm) is shown in bold.
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TRE - summary results

EMSD sNCC =Ml =NMI
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Target registration error (mm)
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Registration method

Figure 4.12: Target registration error (TRE) — summary results of data presented in
Table 4.6 presented as a clustered bar chart.

4.4.2.2 Conformity metrics

As indicated in table 4.2, TG 132 recommends using DSC and MSD as metrics by
which to train and assess the performance of registration algorithms [20]. However,
this guideline also emphasises that in the process of commissioning, it is important to
consider what the image registration application will be used for. In the context of large
scale automated segmentation of OARs for dose accumulation, it was therefore

important to consider other aspects of segmentation accuracy.

Specifically, it was important to try and measure the ‘worst case scenario’ contour with
each approach — and the 95% surface distance metric was thought to be a good
surrogate for this. Another relevant consideration, especially the steep dose gradients
generated with IMRT plans, was the possibility of a vector translation of the contour,

relative to the gold standard. This notion is also pertinent given the systematic
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anatomical change often seen with HNC patients. Therefore DBC with each approach
was measured. Finally, it is known that salivary glands shrink over treatment [69]. As
the final objective of Elastix for this work was to generate a delivered dose volume
histogram, it was therefore important to consider how well the algorithm tracked
volume change over time. Therefore percentage volume differences between the
deformed contour and the manual reference contours were computed. For this
calculation, in contrast to the PVD metric used in the Intra- and InterOV anlaysis, my
manual segmentation is taken to be the ‘gold standard’ contour. Therefore the reported
results are simply a mean of differences between the deformed contour and the

reference contour, divided by the volume of the reference contour, as a percentage.

Results for each structure are combined for each of the 5 metrics DSC, Mean SD, 95%
SD, DBC, volume difference, and shown as clustered bar charts with registration

strategy and similarity metric as variables in Figures 4.13 — 4.17.

Elastix training - dice similarity coefficient

EMSD =NCC =Ml =NMI

Registration method

Figure 4.13: Dice similarity coefficient results - automated vs. gold standard contours
for all registrations, similarity metrics, and control point spacing’s.
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Elastix training - mean surface distance
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Figure 4.14: Mean surface distance results - automated vs gold standard contours
for all registration approaches, similarity metrics, and control point spacing’s.
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Figure 4.15: 95 centile surface distance results - automated vs. gold standard
contours for all registrations, similarity metrics, and control point spacing’s.
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Elastix training - distance between centres

EMSD =mNCC =Ml =NMI

Registration method

Figure 4.16: Distance between centre results - automated vs. gold standard
contours for all registrations, similarity metrics, and control point spacing’s.

Elastix training - volume difference
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Figure 4.17: Volume difference results - automated vs. gold standard contours for all
registration approaches, similarity metrics, and control point spacing’s.
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Some general trends are apparent from these data. Firstly, deformable strategies
outperform non-deformable approaches for all metrics. Secondly, using MI and NMI
as similarity metrics seems to produce marginally superior results than MSD or NCC.
Next, conformity metrics (DSC & surface distance) and DBC results appear to reach
an optimum around a control point spacing of 45-50mm. However, it is also clear, that

the best control point spacing for accurate volume rendering is around 25-30mm.

In order to produce a single, generalisable result to make a final selection of algorithm
parameters for validation, results were combined to a single score. Three scores were
used for this work: DSC, mean SD and volume difference. The first reason for this was
to try and adhere as closely as possible to the recommendations of TG 132. Secondly,
and as discussed, it was important to consider the effect of accurate tracking of volume
changes over time, especially as this results were somewhat in conflict with the
conformity data. Finally, it is clear that the results for 95% SD follow a similar trend to
those for mean SD. They are taken from the same distribution of underlying results,
thus using both for a summary result would be to place too great an emphasis on this

metric. Similarly, there is a clear overlap between the results for DBC, and DSC.

A single ‘normalised score’, to summarise these results was produced in the following
way. For each metric (DSC, mean SD and volume difference), the results for each
algorithm parameter were collated into a single table. A mean metric score, across all
Elastix options was then produced. Next, each individual algorithm result was divided
by the metric mean score, to give a per-metric normalised score. As DSC values closer
to 1 imply better performance, whilst lower mean SD and volume difference scores are
preferable, the reciprocal of the DSC division was taken, such that higher (> 1), and
lower (< 1) normalised scores, imply inferior and superior performance respectively.
The average of the 3 metric normalised scores was then taken, to give an overall result,

as shown in Figure 4.18 and Table 4.7.

Overall, these results are broadly in agreement with the findings of the TRE analysis.
Deformable registration approaches confer better results than non-deformable
alternatives, and optimum results appear to be achieved with B-spline control point

spacing’s around 35-45mm.
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Elastix training - summary results
1.3 -

EMSD =mNCC =Ml =NMI

mean normalised score

Registration method

Figure 4.18: Elastix training summary results — mean of normalised scores for DSC,
mean SD and volume difference, for automated vs. gold standard contours for all
registration approaches, similarity metrics, and control point spacing’s.

As seen with the TRE data, Ml as a similarity metric performs consistently well. NCC
also performs consistently well across different registration strategies, especially the

smaller control-point spacing’s.

Results for 5mm should be interpreted with caution, particularly those for NCC. Such
small control point spacing clearly produced very poor results with both Ml and NMI as
similarity metrics, with a trend consistent with the data seen for 10, 15 and 20mm
control point spacing’s. However, the results for NCC appear to be spuriously good,
an observation made more interesting by the fact that this combination of Elastix
parameters produced fewer completed registrations than any of the other approaches.
One possible explanation is that for NCC-based registrations in which the algorithm

was struggling to find an optimum, Elastix simply didn’t produce a completed result.
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Registration approach | MSD  NCC MI NMI Mean
couch shifts 1.121 1.121 1.121 1.121 1.121
Rigid 1.104 1.101 1.090 1.092 1.097
Similarity 1.081 1.050 1.072 1.075 1.070
Translation 1.103 1.096 1.089 1.090 1.095
Affine 1.068 1.059 1.050 1.053 1.058
B-spline 5mm 1.010 0909 1217 1.294 | 1.108
B-spline 10mm 1.078 0950 1.101 1.115 | 1.061
B-spline 15mm 1.065 0.957 1.020 1.052 | 1.021
B-spline 20mm 1.014 0950 0.943 0.980 | 0.972
B-spline 25mm 0.954 0.904 0.907 0.935 | 0.925
B-spline 30mm 0918 0.895 0.887 0.904 | 0.901
B-spline 35mm 0.911 0.890 0.883 0.889 | 0.893
B-spline 40mm 0906 0890 0.886 0.885 | 0.892
B-spline 45mm 0.895 0.887 0.902 0.892 | 0.894
B-spline 50mm 0.898 0.898 0.905 0.897 | 0.899
B-spline 75mm 0.957 0953 0.972 0.967 | 0.962
B-spline 100mm 0.990 0992 0987 0.985 | 0.989
B-spline 500mm 1.065 1.057 1.050 1.049 1.055
Mean 1.007 0.976 1.004 1.015

Table 4.7: Elastix training summary results — mean of normalised scores for DSC,
mean SD and volume difference. Non-deformable (couch shifts, rigid, similarity,
translation, affine) and deformable (B-spline) with different control point spacing’s (5
—500mm) are tested. Four similarity metrics are tested; mean squared distance
(MSD), normalised cross correlation (NCC), mutual information (MI) and normalised
mutual information (NMI). The lowest mean normalised score
(MI/B-spline 35mm) is shown in bold.

In contrast, for both Ml and NMI, more data were available for analysis, suggesting
that this combination of parameters allowed more poor quality registrations to

complete, thereby skewing the results.

These observations notwithstanding, the general concordance between the data from

both the TRE and conformity metric analysis is reassuring. On the basis of these
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results, the decision was taken to proceed to validation using M| based deformable

registration, with a control point spacing of 35mm.

4.4 .3 Elastix validation

It was important to validate the performance of the deformable registration solution
within Elastix, using these parameters. Results of the TRE analysis for a single
randomly selected MVCT of 5 patients are shown below in Figure 4.19. Results for
both deformable registration and translation from daily radiographer couch shifts are

shown by way of comparison.
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Figure 4.19: Elastix validation - TRE data for all anatomical points — sample of 5
patients with a single, randomly selected MVCT. Results of the deformable registration
(Mutual information, B-spline 35mm) are shown in cyan, and translation from daily
radiographer couch shifts in red for comparison.

Mean TRE values, in millimetres, for deformable registration and radiographer couch
shifts respectively were; 1.81(+0.30) & 2.01(+0.27) for C2/3, 3.31(+0.94) & 4.96(+0.83)
for anterior parotid, 1.61(+0.20) & 1.86(+0.36) for parotid mastoid, and 1.94(+0.43) &

2.26(+0.38) for pterygoid plates. The mean TRE value, for all anatomical points, in the
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validation cohort was 2.22mm (+0.20) for deformable registration, entirely in line with
the 2-3mm target specified in TG 132 [20].

Conformity analysis was also repeated for validation. Previously unseen
segmentations of all 30 MVCTs for one patient, and a randomly selected MVCT for a
further 10 patients were used. Results for the 1x30 and 10x1 image samples are shown
separately as boxplots, in figures 4.20 and 4.21 below, and combined in summary in
Table 4.8.
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Figure 4.20 (A-E): Elastix validation — contour conformity data — sample of 1 patient,
all 30 MVCTs. A-DSC, B - Mean SD, C —95% SD, D — DBC, E — volume difference.
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A - Dice similarity coefficient

B - Mean surface distance
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Figure 4.21 (A-E): Elastix validation — contour conformity data — sample of 10 patients,
final fraction MVCT. A — DSC, B — Mean SD, C — 95% SD, D — DBC, E — volume

difference.

Jacobian determinants for all registrations between the kVCT and all 30 MVCTs, for 2

patients, were also calculated. Results are shown in Figure 4.22, where the mean

value of Jacobian determinants of all voxels in the structure are plotted as a function

of treatment fraction. Values <1 infer shrinking voxels in Iy, and >1 voxels growing in

size. Absolute values in this context are not that meaningful, but trends are broadly as

expected; Jacobian determinants for all parotid glands, and 2 of 3 submandibular

glands trended down over treatment, whilst both pharyngeal constrictor muscles

showed slight upward trends.
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1 patient, 30 MVCTs 10 patients, 1 MVCT Combined

Structure PGs SMGs PCs PGs SMGs PCs PGs SMGs PCs
VTR 0.81 0.59 0.61 0.77 0.60 0.43 0.80 0.59 0.56
(£0.002) (x0.01) (£0.007) | (x0.01) (20.02) (+0.02) | (x0.004) (x0.01) (0.02)
Mean SD (mm) 1.3 2.6 0.84 15 2.4 1.2 1.4 2.5 0.92
(£0.02)  (x0.1)  (20.02) | (£0.07) (x0.2)  (x0.06) | (£0.02) (£0.09) (+0.04)
3.7 6.5 2.4 45 5.9 4.1 3.9 6.3 2.8
95% SD (mm) (20.07) (£0.2) (20.07) | (#0.3) (205) (£0.3) | (20.09) (+0.2)  (20.2)
1.6 5.6 3.3 2.9 5.0 3.0 1.9 5.4 3.2
Mean DBC (mm) (x0.1)  (x0.2)  (20.3) | (x0.2) (20.5) (x0.3) | (z0.1) (x0.2)  (x0.2)
Mean DTC (mm 0.27 046  -0.08 | 0.09 029  -039 | 022 042  -0.16
ea (mm) (x0.01)  (x0.04) (x0.02) | (x0.05)  (+0.1)  (x0.05) | (z0.02) (x0.04) (+0.03)
e [V (o 11.9 10.6 8.4 12,5 9.8 10.3 12.0 10.4 9.0
© ( ) (x0.1) (x0.3) (x0.2) (+1.0) (x0.7) (x0.4) (x0.3) (x0.3) (+0.3)
24.1 32.2 6.2 13.9 29.1 24.9 21.5 31.4 10.9

Mean Volume difference (%) | 14y  (125) (20.7) | (24) (71) (2.2) | @1.1) (225 (+1.6)

Table 4.8: Elastix validation — contour conformity data for 1 patient x 30 scan sample, 10 patients x 1 scan sample, and results combined. Data
presented per structure; parotid glands (PGs), submandibular glands (SMGs) and pharyngeal constrictors (PCs). Metrics are: Dice similarity
coefficient (DSC), mean surface distance (mean SD (mm)), 951 centile surface distance (95% SD)), distance between centres (DBC), distance
to conformity (DTC), Hausdorff distance (HD) and volume difference (%). Standard errors reported in parentheses.
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Figure 4.22: Elastix validation — Jacobian determinant data. Mean values of Jacobian
determinants (with standard errors), per structure, for registrations between kVCT and
every daily MVCT, for 2 patients. Line colours denote structures: red — pharyngeal
constrictor muscles, purple — right parotid glands, orange — left parotid glands, blue —
left submandibular gland, green — right submandibular gland (only 1 — structure absent
in patient 1). Lighter shades denote data from patient 1, darker shades data from
patient 2.

Overall therefore, the validation data were reassuring, with results similar to those
observed with training data. Examples of both ‘good’ and ‘bad’ auto-contours
generated from Elastix registrations with finalised parameters are shown in Figure
4.283.
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4.23 (A&B): Examples of ‘good’ and ‘bad’ Elastix derived automated contours (darker
shades) on MVCT images, with manual gold standard (lighter shades). Caption A —
right parotid (pink v purple) DSC = 0.94, left parotid (yellow v orange) DSC 0.94, spinal
cord (cyan v cerulean) DSC = 0.95, superior pharyngeal constrictor (red v claret) DSC
=0.75. Caption B —right parotid (pink v purple) DSC = 0.63, right submandibular gland
(blue v navy) DSC = 0.59, left submandibular gland (lime v forest green) DSC = 0.76,
middle pharyngeal constrictor (fuscia v burgundy) DSC = 0.75, spinal cord (cyan v
cerulean) DSC = 0.80.

4.5 Discussion

4.5.1 Automated segmentation — swallowing OARs.

A number of trends are apparent from Elastix validation data for swallowing OARs.
First, it is clear from both the 1 x 30 and 10 x 1 samples that MVCT parotid gland
contours generated by Elastix are better than either submandibular gland, or
pharyngeal constrictor contours. The combined data for the parotids show results very
similar to those seen in the inter-observer variability analysis For example, mean DSC

scores were 0.82 and 0.80 for inter-observer variability and Elastix respectively.
Results for the pharyngeal constrictor muscles also compare favourably. The mean

DSC score is again similar — 0.54 for inter-observer and 0.56 for Elastix, and whilst the

DBC is worse with image registration than a second human observer (3.2mm vs
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1.4mm), this metric is of limited use for the pharyngeal constrictors given its horseshoe
shape, and this deficiency is more than offset by better performance with volume
difference (10.9% vs 22%), and mean Hausdorff distance (9mm vs 13.5mm). It should
be noted that the method for calculating volume difference is subtly different for inter-
observer and Elastix validation analyses; in the latter the volume of my first contour is
taken as ‘gold-standard’, and the reference (denominator) by which to generate a
percentage result, in the former the denominator is the mean volume of the 2
observer’s contours. However, this means that reported mean volume differences are
likely to be lower for inter-observer variability, meaning the result for the pharyngeal

constrictors is potentially even more favourable for Elastix.

Results for the submandibular glands compare least well with the inter-observer
variability results. Mean DSC is clearly lower (0.59 compared with 0.66), and whilst
mean HD is better (10.4mm vs. 13.3mm), DBC is also worse (5.4mm vs. 2.8mm).
These results are heavily influenced by the 1 x 30 MVCT sample, from a single patient,
and it is clear that the data for the 1 x 10 MVCT sample is better for the SMG’s than

the 1 patient sample, in contrast to the other 2 structures.

Nonetheless, close review of the training data do confirm that deformable registration
within Elastix with these parameters (B-spline, 35mm, MI) consistently performs less
well with the SMGs than for other structures, both absolutely, and compared to
alternative approaches, and it must be concluded that automated SMG contours
generated by Elastix with these settings are inherently less robust than either parotid
gland or pharyngeal constrictor contours. This conclusion is supported by the Jacobian
determinant validation data. It is well documented that in most patients the SMGs
shrink during treatment [69, 79, 80], with a mean value of 22% across studies
suggested [81]. However, in this analysis, computed Jacobian determinant values
appear to show that 1 of 3 structures assessed increased in volume during treatment,
whilst the remaining 2 shrank slightly. In contrast, Jacobian determinant results for the
parotids and pharyngeal constrictors conform better to literature-derived a-priori
expectations. A mean value for parotid gland shrinkage of 26% has been reported [81],
and all four glands saw clear trends to decreasing Jacobian determinant values during

treatment. Interestingly, previous authors have reported an increase in the volume of

151



pharyngeal constrictor muscles during treatment [82], an effect inferred by the

Jacobian data in this work.

Elastix has previously been validated in the head and neck, in the context of disease
recurrence [43]. In this work, DSC scores were 0.58 and 0.62 for the SMGs, 0.72 and
0.74 for the parotids, and 0.79 for the spinal cord were reported. However, registrations
in this study were between 2 kVCT images — the planning scan, and that done at
recurrence. There is also data reporting the accuracy of DIR between IG CT and kVCT.
Li and colleagues recently assessed ten different algorithms in this context, and
specifically compared the performance of optical-flow, demons, level-set and spline
based approaches in a sample of 21 HNC patients with matched planning and CBCT
scans [83]. Conformity data for PGs and SMGs are not overtly stated in the paper, but
reading from boxplots, typical DSC scores seem to be around 0.75-0.8 for the parotids
and 0.6-0.7 for the SMGs.

Further data is available from Hvid et al, who used an intensity based free-form
deformation as part of the commercially available MIM software package to look at a
range of structures including the parotids, SMGs and pharyngeal constrictor muscles
[84]. Their results were excellent, with DSC scores of 0.95 for the parotids, 0.85 for the
SMGs, and 0.7 — 0.8 for pharyngeal constrictor muscles. The result may in part be
explained by the fact that the reference contours in this work were amendments made
to the transposed contours, rather than de-novo segmentations. Further comparators
for deformation of parotid contours from kVCT to CBCT include DSC scores of
0.78/0.79 for Peroni et al. [85], and 0.81 for Eiland and colleagues [86].

Although there are no studies that report TRE data using the image anatomical fiducial
markers described here, there is published data that provides a useful comparator.
Mencarelli and colleagues implanted 4-10 small gold seeds around the primary tumour
in a sample of 13 patients with oropharyngeal cancer, and tested the accuracy of
registrations from planning CTs to CBCT [41]. A B-spline based deformable
registration was also used for this work. Interestingly, their data show that the mean
fiducial-to-fiducial 3-D vector post registration was 2.2mm — identical to the result in

the validation cohort.
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There is also previous work looking at this technique in the context of kVCT planning
scans and TomoTherapy MVCT images [63]. Faggiano and colleagues used a B-
spline free-form deformation based algorithm to auto-propagate contours from kVCT
to daily MVCT images, and found a mean DSC score for the parotids of 0.77, with a

mean HD value of 9.5mm — results similar to those presented here.

Overall, these results concord well with the data presented in this work. Perhaps even
more importantly, most of these results satisfy suggested tolerance values stipulated
in TG 132. DSC scores for the parotids align with the numerical target of 0.8-0.9, and
aside from the previously outlined problems with the SMGs, all 3 structures have Dice
scores comparable to the ‘contouring uncertainty of the structure’. Furthermore, mean
MDA values for all structures, are all within the target of 2-3mm suggested by TG 132.
For example, for the pharyngeal constrictors, this result means that the mean distance

from the Elastix contour to my reference is less than 1mm.

Overall therefore, these results were sufficiently robust to proceed to the next step in

the process — calculation of delivered dose.

4.5.2 Automated segmentation — spinal cord.

For the reasons outlined in section 4.1, this Chapter does not contain any data
pertaining to the training of Elastix for automated contouring of the spinal cord, and
key data from this work have been published [1]. However, Chapter 5 will describe the
process of dose accumulation to the spinal cord using automated contours from
Elastix, and analyse the delivered dose data derived from this process. Therefore, the

key results from this work bear brief discussion, to set the next Chapter in context.

The data suggest that conformity indices for both training and validation datasets are
very similar to those observed in the inter-observer variability contouring work. Mean
JCI results for Elastix training, testing and validation respectively were 0.79, 0.73 and
0.73, compared with a range of mean JCI values of 0.64 — 0.75 for 6 human observers
[1]- There is limited literature on this specific subject. Two relatively recent studies have
used a similar approach to segment the spinal cord [84], and spinal canal [87] on CBCT

images. Results in these studies report DSC values between 0.85 and 0.9, whereas
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conformity data in our paper were presented as JCI values [1], making direct
comparison difficult. However, it is true to say that if computed from the same pair of
matched structures, JCI values are always lower than DSC, and the difference
converges as they trend towards 1. Thus, whilst it is not possible to compare directly,
it is reasonable to assert that DSC values for Elastix would be >0.8, and broadly

comparable to the results published by Hvid and Landry [84, 87].

4.6 Conclusions

This chapter describes work in which an open source deformable image registration
software toolbox - Elastix - was trained and validated for the purposes of contour
propagation from planning kVCT to image-guidance MVCT, to permit subsequent
computation of delivered dose. The data presented show that with optimised
parameter settings, the algorithm performed comparably to published results in the
literature, in line with the uncertainty of expert observers, and within the thresholds
defined by a consensus guideline. Therefore, the methodology developed in Chapter

4 was used for all subsequent delivered dose calculations.
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Chapter 5 — Delivered dose to the spinal cord

5.1 Overview

The spinal cord is a critical, dose-limiting OAR in radiotherapy for HNC patients. Radiation
induced damage to the spinal cord can lead to transverse myelitis — a potentially catastrophic
condition manifest by paresis, and sensory and autonomic dysfunction distal to the lesion. With
modern radiotherapy techniques, this phenomenon is extremely rare, but dose-response
curves are steep. Furthermore, there is widespread adherence to the idea that weight loss and
anatomical change during treatment may lead to significant differences between planned and
delivered dose to OARs, including the spinal cord. Despite this, there is little published data
that quantifies delivered spinal cord dose, and still less to identify which patients are at most
risk of delivered spinal cord dose exceeding that which was intended at planning. This chapter
presents the methodology and results of a large-scale analysis of spinal cord delivered dose,

and the factors that might predict important differences.

5.1.1 My Role

| developed all the hypotheses examined in this work, and the overall design of the study to
address them was mine. | did all manual segmentations of the spinal cord on kVCT planning
scans described in this chapter. These contours were used to define planned dose, and as
prior structures for DIR to generate automated contours, and delivered dose calculations, on
MVCTs.

| retrieved, checked and collated all data pertaining to patient staging, dose gradient, weight
loss and anatomical change. | interpreted and processed raw DICOM data, generated by Karl
Harrison at the Cavendish lab, in order to generate simulations of zero-IG. | undertook all
analyses of planned and delivered dose, and designed and executed all experiments in which
relationships between hypothesised predictors and dose differences were assessed. The

results of this work were published as [1]:

Anatomical change during radiotherapy for head and neck cancer, and its effect on
delivered dose to the spinal cord. DJ Noble, PL Yeap, SY Seah, K Harrison, LEA Shelley,
M Romanchikova et al. Radiother Oncol. 2019 Jan;130: 32-38.

And the Chapter contains a number of figures, tables and sections of text from this paper.
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5.1.2 Acknowledgements

As described in detail in Chapter 4, work to develop and optimise the DIR algorithm used for
automated contouring and dose accumulation was led by Lin Yeap (MPhil student, Cavendish
laboratory), with significant input from myself, Karl Harrison (Research Associate, Cavendish
laboratory) and Shannon Seah (MPhil student, Cavendish laboratory). Karl Harrison designed
the architecture to curate all the DICOM imaging, dose and structure set data on the Cavendish
laboratory High Energy Physics cluster. Shannon Seah undertook final implementation of the
Elastix code within python, and executed the final run to generate the delivered dose data

presented in this chapter.

Marina Romanchikova, computer scientist, wrote the software for extracting images, structure
sets and dose cubes from vendor archive, as described in Chapter 2. Marina Romanchikova
also transferred DICOM structure set files from a research database to the Cavendish
Laboratory. The algorithm for calculating daily dose on MVCT images (CheckTomo) was
written by Simon Thomas (head of medical physics, Addenbrooke’s Hospital). Amy Bates
(clinical trials radiographer) recruited all patients to the VoxTox study, and gathered baseline
data on weight and staging. Final treatment week weight data was collected by dieticians from
the Addenbrooke's H&N unit.

| am grateful to Dr Eliana Vasquez-Osorio (Senior Research Fellow, University of Manchester)
and Professor Jan-Jacob Sonke (Adaptive Radiotherapy group leader, NKI, Amsterdam) for

helpful discussions about deformable image registration for dose accumulation.

5.2 Introduction

5.2.1 The spinal cord as an OAR in H&N radiotherapy

The spinal cord is a critical, dose-limiting OAR in radiotherapy for HNC patients [2]. In the pre-
IMRT era, radiotherapy techniques for HNC were designed to avoid irradiating the cervical
spinal cord in excess of its tolerance dose [3]. This caution remains paramount with modern
techniques. Whilst optimising IMRT plans, most centres will prioritise adequate dose coverage
of target volumes over sparing of glandular, muscular, or bony OARs such as parotid glands,
pharyngeal constrictors, or mandible. In contrast however, adequate sparing of neurological

OARs, including the spinal cord and brainstem, is given the highest priority in the TPS
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optimiser. Thus, in the vast majority of clinical scenarios, radiotherapists will prioritise adequate
protection of these neurological structures over full dose coverage of the target volumes. This
principle is manifest in the protocols of contemporary H&N radiotherapy trials, where planning

objectives and constraints are frequently lower than the stated organ tolerance [4-6].

This approach is ubiquitous in modern radiotherapy, because the consequences of exceeding
these dose constraints are potentially catastrophic. Transverse myelitis is a condition
characterised by paresis, and both sensory and autonomic dysfunction below the level of the
lesion [7]. Irradiation of the spinal cord is a well-recognised cause [8], and the underlying

radiobiology has been extensively studied in animal models [9-12].

L’Hermitte's syndrome (LS) is a more benign self-limiting condition, which is also an
established toxicity following irradiation of the spinal cord [13]. It is characterised by electric
shock-like sensations, down the spine and into the limbs on neck flexion, and is also a
symptom of demyelinating conditions such as Multiple Sclerosis [14]. It is thought to be due to
transient inhibition of oligo-dendrocyte activity, with subsequent reversible demyelination [15,
16]. LS risk is higher in patients whose spinal cords receive >40Gy [17, 18], although there is
evidence to suggest that the incidence of LS has risen in the IMRT era. Reported risk in
patients treated with field-based techniques was 3-13% [19-21], compared with 15-36% in
patients treated with IMRT [13, 17, 18, 22]. It is hypothesised that this observation may be

related to inhomogeneous dose distributions and dose gradient across the spinal cord [18, 22].

There are historical, single-institution series from the pre-IMRT era that report a low, but
measurable risk of transverse myelitis following radiotherapy for HNC [8, 23-26]. These studies
were assessed and synthesised in a review of 2008, and in the Quantec report of 2010 [27,
28]. A conclusion of this work was the clear relationship between radiotherapy dose, and the
risk of transverse myelitis. These papers therefore produced a logistic dose-response model
relating the risk of transverse myelitis to maximum spinal cord dose, assuming 2Gy/fraction,
and a/B3 = 0.87 [27, 28]. The model shows a typical, steep, dose-response curve. The quoted
risk of transverse myelitis at 45Gy (2Gy/fraction) is 0.03%, at 50Gy it is 0.2%, whilst at 69.4Gy
the risk is 50%. It is therefore clear that modest increases in spinal cord dose can lead to a

dramatic increase in the risk of transverse myelitis.

5.2.2 Potential differences in spinal cord dose

As discussed in Chapter 1, significant anatomical change and weight loss are common during

radical radiotherapy for HNC [29-33]. It is thought that such changes may lead to differences
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between planned radiation dose, and that which is actually delivered [34]. It is further
hypothesised that all internal structures, including the spinal cord, may therefore be subject to
significant differences between Dp and Da. Available literature on this topic is surprisingly
scarce, and studies to date have been relatively small [33, 35-38]. Furthermore, some have
focussed on the spinal canal as a surrogate for the spinal cord itself. The results of these
studies suggest that dose differences are generally small, and depend on the frequency and
quality of IG [35, 36].

However, to the best of my knowledge, no previous studies have examined dose differences
to the spinal cord in a large prospectively collected cohort. Additionally, none have done so by
accumulating dose from daily IG imaging, and no systematic attempts have been made to
identify potential associations between weight loss and anatomical change and differences in
spinal cord dose, or to search for alternative predictors of such differences. Furthermore, in
my own clinical experience, concerns about the impact of weight loss, anatomical change and
setup uncertainty on dose to the spinal cord are a common reason for instigating ART, often

in the absence of any data to inform the decision.

Therefore, the primary hypothesis of this chapter was that patients experiencing significant
weight loss and anatomical change during their radiotherapy treatment would be more likely

to have a delivered maximum spinal cord dose higher than that anticipated at planning.

5.2.3 Aims of chapter 5:

1. To calculate delivered dose to the spinal cord in a large cohort, and quantify differences
between planned and delivered dose.

2. To examine hypothesised links between weight loss, anatomical change, and spinal
cord dose differences.

3. To search for links between other factors, and spinal cord dose differences. Specifically
these will include; T and N stage, treatment laterality, dose gradient, and the role of
image guidance.

4. To use this data to make recommendations about how to manage uncertainties around

spinal cord dose during radical radiotherapy for HNC patients.
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5.3 Methods

5.3.1 Cohort selection and treatment details

All patients included in this analysis were recruited to the VoxTox study, as outlined in Chapter
2. However, data in Table 2.3 show that the overall VoxTox H&N cohort is somewhat
heterogeneous in terms of primary disease site, and treatment technique. Therefore, for this
sub-study, it was necessary to define specific inclusion criteria to produce a cohort of patients
in which these hypotheses could be adequately addressed. These inclusion criteria were:
e Treatment between 2010 and 2016
e Primary sites:
o SCCs of the oropharynx, oral cavity, nasopharynx, hypopharynx, or larynx.
o SCCs histologically compatible with H&N mucosal origin, but no clear primary
site.
o Primary salivary gland tumours requiring post-operative radiotherapy.
¢ Minimum prescription dose of 60Gy in 30 fractions.
¢ Neck irradiation to include at least levels Il and lll ipsilaterally.

e Daily TomoTherapy treatment, with all IG-MVCT images available for analysis.

Exclusion criteria for this cohort were as follows:
e Other HNC primary disease sites including skin, sinus, paraganglioma, lacrimal gland.
¢ No, or minimal, neck irradiation.

e Prescription dose of <60Gy in <30 fractions.

These criteria yielded a final study cohort of 133 patients, whose characteristics are
summarised in table 5.1. The use of concomitant systemic therapy did not affect eligibility for
this sub-study, and patients were treated with weekly cisplatin, cetuximab, or no concomitant

therapy as clinically indicated.

Radiotherapy treatment for all patients in the study was in line with standard Addenbrooke's
protocols, as described in Chapter 2. In brief, patients were immobilised with a 5-point fixation
thermoplastic shell for their planning CT and treatment. Target volume and OAR definition
were in accordance with published atlases, and a current UK trial protocol [5, 39]. For treatment
planning, the spinal cord was expanded by 3mm axially to a prv. A dose objective of 46Gy and
a constraint of 50Gy were defined, and given top priority, in the TPS optimiser. All patients

were treated on TomoTherapy Hi-Art units, with daily IG and positional correction, with a zero-
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action level approach (DIPC) [40]. The specifics of the |G workflow are shown in Appendix
A2.3.

Although the VoxTox protocol stipulates that IG-MVCTs done for study patients are longer than
standard, the FoV is substantially shorter than planning kVCTs, as shown in Figure 5.1.
However, the superior limit of the spinal cord, at the level of the tip of the dens of C2 [39], was

included in all scans.

Figure 5.1 (A&B): Imaging field of view (FoV) for kVCT planning scan (A) and MVCT IG
scan (B). Spinal cord contours shown in cyan.

5.3.2 Planned and delivered dose calculation

5.3.2.1 Data transfer

Patient imaging data, including all KVCT planning scans and MVCT IG images, structure set
data, and treatment delivery data were exiracted from vendor archive by Marina
Romanchikova, as described in Chapter 2. For the purposes of this sub-study, retrieved and
anonymised kVCT planning scans for this 133 patient cohort were uploaded to the research
database of the department’s segmentation software (Prosoma 3.3, MEDCOM, Darmstadt,

Germany).
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Characteristic Number
Age 58.5 (10.1)
Gender
Male 112 (84.2%)
Female 21 (15.8%)

Baseline weight (kg)

Disease

SCC
T0-2
13-4
NO-1
N2a-3
Oropharynx
Oral cavity
Larynx
Hypopharynx
Nasopharynx
Unknown primary

Salivary Gland

Dose/Fractionation
70/35
68/34*
65/30*
60/30

Neck Irradiation
Unilateral
Bilateral

Systemic therapy
Cisplatint
CetuximabT
None

87.7 (19.3)

123 (92.5%)
77 (62.6%)
46 (37.4%)
45 (36.6%)
78 (63.4%)
84 (68.3%)
12 (9.8%)
11 (8.9%)
5 (4.1%)
3 (2.4%)
8 (6.5%)
10 (7.5%)

3 (2.3%)
13 (9.8%)
88 (66.1%)
29 (21.8%)

38 (28.6%)
95 (71.4%)

75 (56.4%)
11 (8.3%)
47 (35.3%)

* primary SCC’s of the oro/hypopharynx, and larynx treated
with 68Gy/34# prior to November 2011, 65Gy/30# thereafter.
T dose: cisplatin — 40mg/m? weekly, cetuximab 400mg/m2
loading dose, 240mg/m? weekly thereafter.

Table 5.1: patient characteristics — spinal cord delivered dose cohort (n = 133). For
continuous variables, means and standard deviations are reported, absolute numbers and
percentages for proportions.
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5.3.2.2 Spinal cord segmentation

Although clinical contours were available for many patients, | re-segmented the spinal cord for
all 133 patients, according to contouring guidelines [39]. For many patients in the cohort, the
spinal cord contour that was used for treatment planning was an automated segmentation
generated by the commercial ABAS system, SPICE. Subjectively, many of these contours
appeared to delineate spinal canal, rather than spinal cord, as shown in Figure 5.2. Therefore,
| decided to repeat all segmentations myself, to maximise consistency in contouring approach,
and reduce potential sources of error and bias. Intra-observer contouring consistency data,
and inter-observer data relative to consultant oncologist’s expert in treating HNC are presented
in chapter 2. Completed segmentations were then sent to the Cavendish laboratory for curation

and processing.

Figure 5.2: Comparison of my spinal cord contour (cyan) with ABAS based auto-contour
(yellow), which appears to be defining spinal canal rather than spinal cord on this slice.

5.3.2.3 MVCT auto-contouring

An open-source deformable image registration toolbox, Elastix [41], was used to propagate
spinal cord contours from kVCT to all daily MVCT images, for every patient. This process was
implemented in the python coding language. The approach to training and validating Elastix
for this task was very similar to that described in Chapter 4. Data on the accuracy and
uncertainties associated with Elastix generated spinal cord auto-contours on Daily MVCT

images are presented in the MPhil thesis of Lin Yeap'' and the subsequent publication [42].

5.3.2.4 Daily dose calculation

Daily dose cubes, in the geometrical frame of references of the IG-MVCT, were calculated

using an in-house algorithm known as CheckTomo [43]. This software was written in MATLAB

11 MPhil Thesis: Mr. Ping Lin Yeap, Jesus College, University of Cambridge, 2016.
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(MathWorks, Natick, Massachusetts, USA) by Simon Thomas (head of Medical Physics,
Addenbrooke’s Hospital), although the code is deployed within Python for all work in the
VoxTox programme. CheckTomo was designed to be an independent check of dose
calculations produced by vendor software (Accuray), and has been in use clinically in the
department since 2012. It takes the DICOM image data, the treatment sinogram, tables of
measured beam data, patient setup correction data, and a fast ray-trace algorithm to compute
dose in each voxel of the image. Although it was written for clinical use with kVCT planning
scans, TomoTherapy MVCT scans have stable HU to electron-density curves, which permit
direct dose calculation against these images, thus permitting computation of daily dose cubes
at scale [44]. Once daily dose cubes were computed, automated segmentations derived from

Elastix were used to calculate daily delivered dose to the spinal cord.

5.3.2.5 Dose accumulation

It was also necessary to accumulate dose from every treatment fraction to a final summary
representation of delivered dose (D4). DIR, and the Elastix toolbox, lends itself well to solving
this problem. As described in section 4.2.1, the image registration process defines the MVCT
as Iy, so once the registration is completed, the anatomy of the MVCT will have been warped
in such a way as to minimise differences with the planning kVCT (lf). Furthermore, the
transformation parameters that determine the deformation vector field of Iy, relate the
geometry of each voxel of this image to the geometry of Ir — the kVCT. The daily delivered
dose cube, also in DICOM format, has the same geometrical frame of reference. Thus, Elastix
defines two important characteristics about the daily dose cube; firstly, which dose voxels
represent which structure, and secondly the geometry of that daily dose cube in the frame of
reference of the kVCT, including any changes relative to the original, undeformed MVCT frame
of reference. Warping of Iy (and therefore the dose cube) is controlled by a series of connected
points. As the distances between these points move in the deformation process, the effect on
the dose grid is solved by linear interpolation. Thus, as the deformation produces a daily DVH
in the frame of reference of the planning scan, it is anatomically plausible, and mathematically
straightforward to simply sum individual daily voxel dose values over each fraction, to a final
summary D4DVH. That was the approach taken for this work. An overview of the workflow for
propagating contours to daily MVCT scans, calculating daily dose, and accumulating to a final

summary D4DVH is shown in Figure 5.3.
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CONTOUR
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Figure 5.3: Overview of contour propagation and dose accumulation using DIR (Elastix).
Contours are propagated from kVCT planning scan to daily MVCTs following image
registration. Daily dose is calculated for each MVCT using CheckTomo. Finally, transformation
parameters from Elastix accumulate daily dose in the geometric frame of reference of the
planning kVCT, to give summary delivered dose (D) DVH.

5.3.2.6 Dose reporting

In order to minimise potential sources of error in comparison of planned and delivered dose,
DpDVHs were also recalculated using my repeated manual segmentations, and CheckTomo
software. Delivered and planned dose data for the spinal cord, for all 133 patients in this study
were sent from the Cavendish laboratory to me for further analysis. As the spinal cord is a
serial organ [28], maximum dose, represented by D»«, was assessed. This dose metric is in-
line with ICRU 83 [45]. The difference between DaD2., and DpD2s, (ASCp2) was defined as
(Da — Dp), as the clinically relevant difference in this context is higher delivered dose. These

results were also used for all subsequent comparison with predictive variables.

5.3.3 Anatomical change, and predictors of dose differences

Disease staging data was recorded in VoxTox baseline CRFs, as shown in Appendix A3.1.

Where this was missing, or incomplete, | used the MOSAIQ data management software
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(Elekta, Stockholm, Sweden), to retrieve radiotherapy booking and prescription paperwork that
included this information. In line with previous work [38], binary classification was used for both
T and N-stage (T0-2 vs T3-4, and NO-1 vs N2-3). Using MOSAIQ, | recorded whether or not

irradiation of neck node regions had been unilateral or bilateral.

Patients in VoxTox are weighed at baseline, and weekly weights are recorded in MOSAIQ.
Weight loss (AWL) was simply the weight recorded in the final treatment week subtracted from
baseline weight. There were missing weight data for 28 patients, thus 105 were included in the
analysis of AWL against ASCp2... Based on a previously published methodology [38], changes
in patient separation were measured as a surrogate of anatomical change. First and final
fraction MVCTs were loaded into Prosoma, and caliper measurements of the lateral neck
diameter (LND) were made at the level of the C1 vertebra, and the superior thyroid notch (TN),
as shown in Figure 5.4 (A-D). Using an automated function within Prosoma, external skin
contours were produced on the same CT slices, and the surface area of this segmentation was
recorded as slice surface area (SSA) (Figure 5.4 E-H). For each metric, changes between
fractions 1 and 30 were recorded as AC1LND, AC1SSA, ATNLND and ATNSSA. One patient
with very atypical setup (extreme cervical kyphosis; axial plane at Cl included maxillary sinus

anteriorly, and spinous process of C3 posteriorly) was excluded, leaving 132 for this analysis.

In order to assess the impact of DIPC on dose differences, the impact of no IG was simulated.
The MVCT scan DICOM headers include the daily couch shifts made by radiographers and
the TomoTherapy system, after IG has been done. These values were combined to compute
a mean per-patient couch shift. Using Prosoma, the spinal cord was translated by the inverse
of this mean shift, relative to the geometry of the planning kVCT and the planned dose cube,
and D2, recorded in this position. Planned D2, was then subtracted from this value to give a

simulated ‘No |G’ D4D2., value.

Finally, Prosoma was used to calculate dose gradient in the vicinity of the spinal cord. First,
the spinal cord contour was grown axially by 6mm — twice the prv margin. Next, the dose wash
was interrogated to find the scan slice with the maximum spinal cord dose. On this slice, the
point dose on the spinal cord + 6mm ring structure (Ring structure) was recorded, at 0, 90, 180
and 270 degrees relative to the spinal cord centroid. Point dose on the corresponding vector
on the spinal cord contour was also recorded, and subtracted from the 4 Ring structure point
dose values. These 4 results were summed, and divided by 24 to give an overall dose gradient,

in Gy/mm. This method is shown in cartoon form in Figure 5.5.
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FIRST DAY FINAL DAY

LND = 113mm

Figure 5.4 (A-H): Anatomical change parameters; lateral neck diameter (LND, captions A-D)
and slice surface area (SSA, captions E-H), — measured on the IG-MVCT at the C1 vertebra
(C1) and thyroid notch (TN) on the first and final treatment day.
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Figure 5.5 (A-D): Methodology for generalising dose gradient in the vicinity of the spinal cord.
A — expansion of spinal cord contour to ‘Ring structure’, B — Point dose on Ring structure at 0,

90, 180 and 270 degrees recorded. C — corresponding point dose on spinal cord recorded. D
— dose gradient calculation.

5.4 Results

5.4.1 Dose results

Mean DeDoe in this cohort was 36.1Gy (95% CI 35.4 to 36.9, range 22.4 to 46.4Gy). Mean
DaD29, was also 36.1Gy (95% CI 35.3 to 36.8, range 22.4 to 46.3Gy). For the whole cohort of
133 patients, ASCp2q, was normally distributed, with a mean value of -0.07Gy (95% CI -0.28
to 0.14, range -5.7 to 3.8Gy). The mean difference between D4 and Dp, independent of
difference direction, was 0.9Gy (95% CI 0.76 to 1.04Gy). These data are shown as a Bland-
Altmann plot and Histogram in Figures 5.6 and 5.7 respectively.

172



47 A A Delivered dose higher
A Planned dose higher
+1.96SD
24222 s A S L LT
. ry A A . A A
- A ‘AA AA A
9 A AA AA AA A, A
= N a AL LA A N
§ 0 Mean A A N AA‘ ‘AAA A A’ N
y —
Q -0.07 AﬂA s 3 A: ‘tA N :‘AA a AA
2 A AA A A A‘ AA A
A A}A A
A A A t ‘A‘ A
A A A
-2--1.96SD A a A N
-2.35 A
-4 -
T T T 1 T T T
20 25 30 35 40 45 50

Planned D, (Gy)

Figure 5.6: Bland-Altmann plot showing ASCnp2 as a function of DrD2... Red triangles denote
cases where delivered dose was higher, blue triangles those in which planned dose was

higher.

Planned D2¢, was higher in 72 (54.1%) of patients; delivered Dz, was higher in 61 (45.9%).

There were only 4 patients in the cohort where D4 was 2Gy or more higher than Dp, and there

were no instances where planned cord dose was within OAR tolerance, but delivered cord

dose was not. As shown in Figure 5.5,

there was no relationship between the absolute value

of DrD2¢, and the direction of dose difference. Most importantly, there was no trend to suggest

that patients with higher DrD2s, were more likely to have a positive ASCpas..
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Figure 5.7: Histograms of calculated ASCp2v (blue), and simulated ‘No |G’ ASCp2 (red),
with Gaussian distribution functions fitted to the data.
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Figure 5.7 also shows data for the simulation of no image-guidance. The sample mean is
similar to that seen for calculated ASCp22, but the distribution is much broader (st. dev. 2.39Gy
compared with 1.17Gy, range -8.1 to 6.4Gy compared to -5.7 to 3.8Gy). Thus, the mean,
direction agnostic, difference between planned and delivered dose was double that for
calculated ASCpz+ (1.8Gy vs 0.9Gy).

5.4.2 Anatomical change and weight loss

Results for weight loss and anatomical change during treatment are shown in Table 5.2.
Relationships between weight loss and anatomical change metrics were also investigated with
univariate linear regression (Table 5.3). This was firstly to understand how closely linked these
changes are, and secondly to exclude potentially confounding co-linearity when conducting
univariate analysis of change metrics against dose differences. Even allowing for multiple
testing, all relationships were statistically significant (p<0.005), and most correlations were
moderate (range for Pearson’s product moment correlations coefficient, R, 0.28 — 0.61). Those
between weight loss and shape metrics (0.28 — 0.40) were generally weaker than those
between shape change metric themselves (0.37 — 0.61). There was no evidence of sufficient

co-linearity to preclude separate analysis of all metrics against dose differences.

Start of End of Change (End-Start) Paired t-test
Metric treatment treatment (Abs, Rel. values) (P value)
(95% CI) (95% CI) (Range, [%]) (95% CI)
weight (kg) 86.0 79.2 -6.8, -7.9 < 0.001
(n =105) 825-89.6 75.9-82.4 -22.1-6.8 5.8-8.0
C1LND 154.3 141.4 -12.9, -8.4 < 0.001
(mm) 152.1 - 1391 — -22.1-0.8 11.8 - 14.1
156.5 143.7 ' ' ’ |
C1SSA 22l Azt -12.1,-5.4 < 0.001
(cm?) Al = 2l B -152-8 10.5-13.7
230.3 217.6 ' ' '
TN LND 1234 118.1 -5.3,-4.3 < 0.001
(mm) 118.7 = 113.7 - -171-75 41-6.5
128.1 122.6 ) ) ’ )
TN SSA e [ -11.2, -6.7 < 0.001
(cm?) 1998 = UasDulf = -20.7 - 13.6 9.2-13.3
177.5 165.6 ' ' ' '

Table 5.2: Anatomical change during treatment: weight loss (WL), lateral neck diameter
(LND) and slice surface area (SSA). Measurements made at the level of C1 vertebra and

superior thyroid notch (TN). n = 132 unless otherwise stated.

174



95%Cl for

Test P value R R

weight loss vs. C1 LND < 0.001 0.40 0.22 to 0.55
weight loss vs. C1 SSA < 0.001 0.36 0.19t0 0.52
weight loss vs. TN LND 0.003 0.28 0.10to0 0.45
weight loss vs. TN SSA < 0.001 0.40 0.23 10 0.55
C1LND vs. C1SSA < 0.001 0.50 0.36 to 0.62
C1 LND vs. TN LND < 0.001 0.37 0.22 to 0.51
C1LND vs. TN SSA < 0.001 0.50 0.36 to 0.62
C1 SSA vs. TNLND < 0.001 0.47 0.33t0 0.60
C1 SSA vs. TN SSA < 0.001 0.48 0.34 to0 0.60
C4 LND vs. C4 SSA < 0.001 0.61 0.49t0 0.71

Table 5.3: Univariate relationships between weight loss during treatment
and individual anatomical change metrics
(Pearson’s product moment correlation coefficient, R)

5.4.3 Predictors of spinal cord dose differences

Relationships between neck irradiation strategy, T and N stage are shown in Figure 5.8.
Patients who received radiotherapy to neck nodal regions on both sides of the neck were no
more likely to see delivered spinal cord D29, being higher than planned (Relative ASCpze. was
0.23% for UNI, -0.34% for BNI, two-sample t-test p = 0.39, 95% CI -0.73 to 1.88%). Neither
did higher T-stage predict for higher ASCpzs; mean ASCpzs was -0.31% for T0-2, and 0.04%
for T3-4 (p = 0.56, 95% CI -1.56 to 0.86%). The data suggest a weak relationship between
higher N-stage and higher ASCpzv values (ASCp2v was -0.86% for NO-1, 0.20% for N2-3),
although this did not reach statistical significance (p = 0.088, 95% CI -2.29 to 0.16%).

Steeper dose gradient in the vicinity of the spinal cord did predict for higher ASCp2-, (Figure
5.9). On univariate linear regression r2 = 0.27 (p < 0.001). Mean dose gradient in patients for
whom ASCpsy, Was positive was 0.74Gy/mm, compared with 0.28Gy/mm in patients where
ASCnp29, Was negative (95% ClI for difference in means 0.34 — 0.57Gy/mm, p < 0.001, two-

sample t-test).

175



10

—

N - -

R —
——— ——— ———

ASCD,

-5

- (o] (o] o
| | I I ! !

UNI BNI TO-2 13-4 NO-1 N2-3

-10

Figure 5.8: Univariate relationships between neck irradiation strategy (unilateral — UNI vs.
bilateral — BNI, staging (T and N) and relative dose differences (Da — Dp, ASCp2+) to the spinal
cord.
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Figure 5.9: Scatter plot of relative spinal cord dose differences (ASCp2«) as a function of
dose gradient in the vicinity of the spinal cord.

Univariate linear regression was also used to look for potential relationships between weight
loss and anatomical change and ASCp2«. These data are shown as scatter plots in Figure 5.10
(A-E), and summarised in Table 5.4. As can be seen from these results, no meaningful

relationships were observed (r? < 0.05 for all models).
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Model Intercept B r2 P

AWL vs. ASCD22 -0.27 0.006 < 0.001 0.90
AC1LND vs. ASCD2% 0.02 -0.017 < 0.001 0.80
AC1SSA vs. ASCD2% 0.59 -0.14 0.02 0.08
ATNLND vs. ASCD22 0.13 -0.06 0.002 0.26
ATNSSA vs. ASCD2 -0.12 < 0.001 < 0.001 0.99

Table 5.4: Summary results of univariate linear regression models of weight loss (WL) and
shape change (lateral neck diameter — LND, slice surface area — SSA) during treatment
against changes in spinal cord dose (SCD2).
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C — Slice surface area change at C1 versus ASCp2%
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Figure 5.10 (A-E): Scatter plots of univariate relationships between weight loss &
anatomical change and spinal cord dose.
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5.5 Discussion

5.5.1 Spinal cord dose

This is not the first attempt to quantify differences between planned and delivered dose to the
spinal cord in HNC patients [36, 37, 46-50]. However, the cohorts analysed in these studies
were factors smaller (10-20 patients), than the sample of 133 used for this work. Furthermore,
this is the first study to analyse spinal cord delivered dose at scale, whilst systematically
measuring anatomical change and weight loss during treatment, and attempting to understand

relationships between the two.

The magnitude of differences in SC dose seen in this work (0.9Gy, 2.5% of planned dose) is
broadly similar to previously reported data (2.1% - 4.9%) [37, 46-50]. However, these studies
found SC delivered dose to be systematically higher than planned, in contrast to data
presented here. Other authors have not observed such clear systematic differences; Robar
and colleagues report a sample mean of 0.3% (sd. 4.7%) for ADmax 1 cc, Similar to our mean
ASCDyq, of -0.07Gy (-0.2% of mean DpD2«, sd. 3.4%) [32], and a more recent study found a
mean SCADmax of 0.4Gy (in plans with a 5mm CTV to PTV margin) [50]. Differences between
planned and delivered dose on the TomoTherapy system have also been reported. Using daily
MVCT-IG on a cohort of 20 HNC patients undergoing BNI, Duma et al found that 51% of
treatment fractions had a Dmax higher than planned, and an overall difference of 1.2% from the
plan [35]. The same authors found a ‘systematic deviation’ between planned and accumulated
Dmax in 75% of patients [36], similar to the 74.4% (99/133) of patients in this study who had a
delivered SCD2q, > 1% different to planned Ds..

Nonetheless, the discrepancy between data presented here, and studies in which delivered
SC dose is systematically higher, merits further discussion. One possible explanation is the
frequency of imaging for dose accumulation. Some researchers have accumulated dose from
scheduled (kVCT) rescans, and interpolated dose between timepoints (Castadot - 4 scans,
Ahn — 3 scans, Bhide — 4 scans, Cheng — 2 scans) [37, 46, 47, 49], whilst others use weekly
CBCT [48]. Interestingly, all these studies reported systematically higher delivered dose. In
contrast, authors using daily IG images to accumulate dose saw smaller systematic differences
(Duma et al (MVCT), D40.16Gy higher; van Kranen et al (CBCT), D4 0.4Gy) [36, 50].

PRV margins may also be relevant, and reporting on their use is inconsistent. Graff and
colleagues did not find greater dose differences for a 4mm PRV than for the SC itself [51].
However, Castadot et al found that the difference in SC-PRV (4mm margin) Dmax (1.9Gy) was

more than twice that seen for the cord [46], lending credence to the notion that PRV driven
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optimization results in steep dose gradients away from the cord itself, and a more
homogeneous ‘dose-island’ within. Thus anatomical change and setup error may result in
significant differences to PRV dose, without substantial changes to cord dose itself. The data
presented here support this logic; delivered SC dose was systematically higher than planned

in patients with a steep dose gradient in the vicinity of the cord itself.

Image guidance policy may also be important. In the ‘No |G’ simulation, mean (direction
agnostic) ASCD», was found to be double the calculated values where daily IG was used
(1.8Gy vs 0.9Gy). This supports the findings of previous studies, where daily IG use is
associated with smaller dose differences [36, 50], and where a direct relationship between
frequency of IG, and the magnitude of dose difference is shown [35]. In line with these data, a
plausible explanation for the small dose differences seen in this cohort is the policy of DIPC
that is used by the H&N unit at Addenbrooke's hospital.

5.5.2 Anatomical change and predictors of dose differences

The data provide no evidence to suggest that patients undergoing bilateral neck treatment
would be more likely to see higher delivered SC doses. Furthermore, the results show no effect
of disease T-stage on ASCD2, in line with previous work [38]. A possible relationship between
more advanced nodal disease and higher SC dose is suggested, although statistical
significance was not reached. Interestingly, N-stage is an important parameter in models that
predict for the need for ART [52].

The observed mean weight loss of 7.9% is similar to previously published figures (5 to 11.3%)
[29, 30, 47, 48, 53, 54]. Crucially, no relationship was seen between weight loss, and higher
than planned SC doses, a point on which the literature lacks consensus. The general notion
that weight loss leads to significant dosimetric changes is commonly held [34, 55], and one
study has shown a link between weight loss and changes in SC dose [56]. Others have not
[38, 48], a finding replicated here. This study is substantially larger than any which has

previously addressed this question, and helps to clarify this point.

Patients undergoing radical RT for HNC may undergo shape change that is independent of
weight loss, and studies have shown that reducing neck diameter is common during treatment
[38, 54, 57]. In-silico models have suggested that reducing neck diameter may lead to higher
than planned dose to the SC and brainstem [58]. Capelle et al found a significant correlation
between reducing LND at the TN and ASCD2, although no relationship for reduction at C1
[38]. Ahn and colleagues found a significant correlation (R = 0.3) between reduction at the

level of the ‘mandibular joint’ and increased SC dose, a surprising result given that this
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structure is superior to the foramen magnum in most patients (in the axial plane) [37, 38]. In
this work, significant reductions in both lateral separation and axial surface area at the level of
both the C1 vertebra, and the Thyroid Notch were observed. The shape change data presented
here are similar in magnitude to those previously reported [37, 38, 57], but no relationships

between these changes and a systematic increase in cord dose were seen.

| suggest three possible explanations for this observation. Firstly the concept suggested by
Graff and colleagues [51], that the spinal cord may be preserved from significant dosimetric
change due to its central location, and the use of a PRV margin. This leads to the second point,
that dosimetric differences are likely to be random, with minimal impact from systematic error
[32]. Finally, perhaps most importantly, and based on our simulation of D4 in the absence of
IG and the logic of Duma et al [35], the fact that these patients underwent DIPC as part of their

treatment protocol may be crucial to the small dose differences observed.

5.5.3 Problems and limitations of dose accumulation

The data presented in our published work on automated contouring of the spinal cord with DIR
[42], and in Chapter 4, illustrate that whilst there is uncertainty associated with the geometrical
transposition of segmentations from one image to another, these uncertainties can at least be
understood, and quantified [59]. However, there are also uncertainties associated with the
subsequent processes of dose deformation and accumulation. The uncertainties are sufficient

that there is debate as to whether or not it is reasonable to do it at all [60].

Opponents make the valid point that, as yet, there is no way to directly calibrate dose
accumulation calculations against measurement [60]. Others argue that dose calculations are
based on equations that divide energy by mass, and in many clinical scenarios, mass may be
gained or lost. Whilst this is unlikely to be the case for the spinal cord it is highly likely in the
case of shrinking glands. Thus, where dose is warped based on intensity informed
deformations of underlying anatomy, the principle of conservation of energy may be violated
[61]. The counter-argument to this assertion is that where mass is lost between time points,
the biological material that constituted this mass is also lost. Importantly, the energy that led
to this process — presumably via a cell death mechanism — is also ‘lost’, meaning that where

mass is lost in such a system, there is no need to conserve energy [62].

These arguments are theoretical and abstract, but research has also been done to develop
methods for quantifying computational uncertainties [63, 64]. Using these approaches, Veiga

and colleagues tested 4 different DIR algorithms and used each to warp the geometry of ‘dose
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of the day’ calculations back to the planning CT space [65]. They found that whilst geometrical
matching was similar, the mean squared dose difference of deformed dose cubes was
approximately 2%, and that observed discrepancies were greater in regions of poorer image

quality, and higher dose gradients.

In summary, it is clear that this remains a controversial topic, and further research is needed
in the field. Better, more anatomically realistic DIR algorithms are needed, as well as improved
understanding of the underlying physical, biological and anatomical processes that drive
change during radiotherapy [65]. However, the methodology described in this chapter
represents the most sophisticated, robust, and evidence based approach currently available
for computing delivered dose at scale, in order to test the fundamental underlying hypotheses

concerning delivered dose.

5.6 Conclusions

This chapter describes what is, to the best of my knowledge, the biggest study of delivered
dose to the spinal cord in patients undergoing radical radiotherapy for HNC. Observed

differences between planned, and delivered maximum dose to the spinal cord were small.

In designing this study, | hypothesised that patients who experienced greater weight loss
during treatment, and those who underwent greater anatomical change, would be more likely
to receive a delivered dose to the spinal cord that was higher than anticipated at planning. The
data presented in this chapter clearly show that this is not the case. Furthermore, there was
no evidence to suggest that patients receiving bilateral neck irradiation are more likely to have
higher delivered cord dose than those receiving unilateral treatment only. Higher T-stage did
not predict higher delivered cord dose, but whilst it did not reach statistical significance the
data suggest that patients with more advanced nodal disease maybe at slightly greater risk of
delivered dose to the cord being higher than planned. The only metric that clearly predicted for

higher delivered dose was a steeper dose gradient in the region of the spinal cord itself.

All the patients whose data was analysed in this work were treated with daily IG with positional
correction, and a zero-action level policy. By simulating the effect of no IG, it has been shown
that this policy is a key reason for the small dose differences observed. Thus, in patients who
undergo radical radiotherapy for HNC using this technique, weight loss and shape change

during treatment do not mandate replanning for spinal cord safety.
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Chapter 6 — Delivered dose to the swallowing OARs

6.1 Overview

Toxicity following radical radiotherapy for HNC remains a significant problem. Radiation dose
to crucial OARs, including salivary glands, oral cavity, and swallowing structures predicts the
risk of long-term side effects. The dose response curves that model these risks are steep, so
small differences in dose may be clinically important. It is a widely thought that the weight loss
and anatomical change seen in HNC patient during treatment may lead to differences between
planned and delivered dose. Studies have attempted to quantify these differences, and to
identify factors that predict them. However, many of these studies have been small, and have
used sparse timepoint imaging data during treatment to estimate delivered dose. This chapter
presents the methodology and results of a large-scale analysis to estimate delivered dose to
swallowing OARs, to investigate previously suggested predictors of dose differences, and to

try and find new ones.

6.1.1 My Role

All the hypotheses investigated in this chapter were mine. | did all the manual segmentations
of OARs for the calculation of both planned and delivered dose as described in 6.3 Methods.
| collated and analysed all the baseline, demographic, disease and treatment information
presented in this chapter, and defined the final patient cohort for analysis. All the analysis of
dose data, and relationships between hypothesised predictors and dose differences were done
by me. The work presented in this chapter formed the basis of a number of conference

abstracts, including the following published abstract:

Predictors of dose differences to swallowing OARs in patients undergoing
radiotherapy for HNC. Noble DJ, Harrison K, Wilson M, Hoole A, Thomas SJ, Burnet NG,
Jena R.
e Poster presentation: International Conference of Head & Neck Oncology, Barcelona,
March 2019.
e Published in: Radiotherapy and Oncology 132:65-66.

6.1.2 Acknowledgements

Amy Bates (clinical trials radiographer) and her team recruited all the patients whose data is

used in this chapter to the VoxTox study, and collected all the baseline, demographic, disease
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and treatment information presented in this chapter. Dieticians and Speech & Language
Therapists from the clinical H&N team recorded the patient weight data used in this work. As
described in Chapter 2, computer codes for extraction of radiotherapy data from archive,
anonymisation and transfer from the hospital to the Cavendish Laboratory were written by
Marina Romanchikova (computer scientist) and executed by her, and Andrew Hoole (computer
scientist). Work on the training and validation of the DIR software for automated segmentation
of MVCT images, and dose accumulation, was done by very close collaboration between
myself and Karl Harrison (Research Associate, Cavendish laboratory), with valuable input from
Megan Wilson (Physics PhD student, UCL)

6.2 Introduction

Radical radiotherapy for HNC remains an effective but morbid treatment [1]. Despite advances
in radiotherapy techniques, persistent side effects and reduced quality of life remain a
significant problem [2]. Dry mouth (xerostomia) and swallowing dysfunction are amongst the
most common, and most disruptive toxicities experienced by patients [3-7]. Radiation dose to
parotid, submandibular, and minor salivary glands in the oral cavity predicts long-term side
effects such as xerostomia, thick sticky saliva and taste disturbance [8-12], whilst dose to the
pharyngeal constrictor muscles and supraglottic larynx determines the risk of long-term
swallowing dysfunction [13-17]. Furthermore, the curves of NTCP models that attempt to
quantify relationships between radiation dose to these OARs and toxicity endpoints are steep

[8, 14], meaning that small increases in dose may have clinically important consequences.

As described in Chapters 1 and 5, HNC patients can undergo significant anatomical change
during treatment. Changes include weight loss [18], shrinkage and shape change [19-21],
involution and shrinkage of the tumour, and also changes in the size, shape and position of
OARs themselves [22-25]. This can lead to differences between the dose of radiation that both
the tumour and OARs receive over a course of treatment, and that which was anticipated at
planning [26, 27]. Adaptive radiotherapy — ART — has been suggested as a way of mitigating
these changes [2], by maintaining dose coverage in the presence of anatomical change, by
escalating dose to the tumour, reducing dose to OARs, or by a combination of these objectives
[28].

These ideas are based on research in which authors have attempted to quantify dose
differences, and to find factors that can reliably predict these differences [20, 21, 29-37].

However, many of these studies looked at small cohorts of patients (20 or less), and have used
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a limited number of images of patient anatomy during treatment in their attempts to estimate
delivered dose [20, 21, 29-34]. Furthermore, whilst there are a number of studies that have
assessed the parotid glands, there are far fewer data looking at dose differences to other
OARs, including the submandibular glands, oral cavity, pharyngeal constrictor muscles and
laryngeal substructures [36]. Partly because of this, ART workflows in current practice are

heterogeneous, and clinicians lack definitive data on which to base ART protocols.

Therefore, the objectives of this chapter were as follows:

e To quantify dose differences to all the OARs involved in long term xerostomia and
swallowing dysfunction — specifically both parotid and submandibular glands, the oral
cavity, superior and middle pharyngeal constrictor muscles, and the supraglottic larynx.

e To do so in a systematic way, using daily imaging to track anatomical change, in as
large a cohort as possible.

e To investigate previously published relationships between these dose differences, and
factors that may influence them.

e To investigate other potential predictors of dose differences.

e To use these results to make suggestions as to which patients may benefit from ART

for toxicity reduction.

6.3 Methods

6.3.1 Cohort selection and treatment details

All data used in this chapter were collected from patients recruited to the VoxTox study, as
described in Chapter 2. Patients were treated according to standard departmental techniques
and protocols as outlined in Chapters 2 and 5. Key objectives of this chapter were to calculate
Da for as a large cohort as possible, and to try identify patterns of dose differences based on
parameters such as weight loss, primary site, use of concomitant systemic therapy, pre-RT
surgery. Therefore, in contrast to the approach taken in Chapter 5, the inclusion criteria for this
sub-study were broadened to include the full range of primary sites and treatment regimens

shown in Table 2.4.

However, the methodology for calculating both planned and delivered dose involved manual
segmentation of all OARs on the pCT, and was time-consuming. Therefore, the focus was on
the consolidation cohort, as these patients also had toxicity data available for analysis, as

described in Chapter 2. There were therefore 253 patients with a full structure set of OARs.
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For 10 of these patients, it was not possible to compute Da, for a combination of reasons.

Seven of these patients started, but did not complete treatment due to inter-current iliness or

disease progression. For the remainder, there were issues relating to the IG scans, and

deformable image registration workflow. These included; large numbers of missing IG scans,

IG scans with truncated FoVs, and errors in the way information about post-IG couch shifts

were encoded in DICOM header information. Therefore, 243 patients had both Dp and Da

available for analysis, and the demographic, disease, and treatment details of cohort are

summarised in Table 6.1.

Characteristic Number
Age 58.8 (10.6)
Gender
Male 201 (82.7%)
Female 42 (17.3%)

Baseline weight (kg)

Histology & Primary site

SCC
Oropharynx
Larynx
Oral cavity
Sinus
Nasopharynx
Hypopharynx
Unknown primary
Skin

Salivary gland
Adenocarcinoma
Acinic cell
Adenoid cystic
Mucoepidermoid

Others

T-stage
Tis/T1
T2
T3
T4

N-stage
NO
N1
N2a
N2b

84.2 (17.6)

223 (91.8%)

147 (60.5%)

21 (8.6%)
19 (7.8%)
9 (3.7%)

71 (29.2%)
83 (34.2%)
35 (14.4%)
54 (22.2%)

72 (29.6%)
31 (12.8%)
35 (14.4%)
80 (32.9%)
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N2c 20 (8.2%)
N3 5(2.1%)
Surgery
Neck dissection 73 (30.0%)
Parotidectomy 14 (5.8%)
Laryngectomy 5(2.1%)
Dose/Fractionation
70/35 6 (2.5%)
68/34* 16 (6.6%)
65/30* 159 (65.4%)
60/30 53 (21.8%)
55/20 4 (1.6%)
50/20 5 (2.1%)

Neck Irradiation

Unilateral 68 (28.0%)

Bilateral 169 (69.5%)

None 6 (2.5%)
Systemic therapy

Cisplatin® 133 (54.7%)

CetuximabT 17 (7.0%)

None 93 (38.3%)

*

primary SCC’s of the oro/hypopharynx, and larynx treated
with 68Gy/34# prior to November 2011, 65Gy/30# thereafter.
T dose: cisplatin — 40mg/m? weekly, cetuximab 400mg/m2
loading dose, 240mg/m? weekly thereafter.

Table 6.1: patient characteristics — swallowing OAR delivered dose cohort
(n = 243). For continuous variables, means and standard deviations are reported, absolute
numbers and percentages for proportions.

6.3.2 Dose calculation

Patient imaging data, including all KVCT planning scans and MVCT IG images, structure set
data, and treatment delivery data were extracted from vendor archive by Marina
Romanchikova, as described in Chapter 2. Anonymised, downsampled kVCTs for all 253
patients were uploaded the research database of segmentation software (Prosoma 3.3,
MEDCOM, Darmstadt, Germany). Structures were contoured by a single observer according
to recognised guidelines [38, 39], with intra- and inter-observer variability data as shown in
Chapter 2. Where structures had been surgically resected prior to RT planning, the same ROI
descriptor with the suffix ‘_resected’ (e.g. “Right SMG_resected”) was used in the structure set

to ensure confidence in data completeness rather than error by omission. Radiotherapy
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planning imaging and planned dose data were used to define primary tumour laterality for each
patient, so that ‘right’ and ‘left’ salivary gland structures could be encoded as ‘ipsilateral’ and

‘contralateral’ for analysis.

Completed segmentations were exported to the Cavendish laboratory using the data
framework described in Chapter 2. B-spline based deformable image registration (Elastix) [40],
and a ray-tracing dose calculation algorithm [41], were used to compute daily dose on IG-
MVCTs, as described in Chapter 5. In a small number of cases, daily MVCT imaging datasets
were missing. In such circumstances, interpolation was used. Specifically, per-voxel dose
values from the previous fraction were doubled in the dose accumulation process. Where more
than 50% of IG MVCTs were missing, patients were excluded from analysis. For some
patients, the superior extent of the MVCT was too low, missing off the top few slices of the
gland. This was a much greater problem for the discovery cohort than the consolidation. In
these cases, missing MVCT data were substituted in from the pCT. The numbers of missing
slices for both cohorts are shown in Table 6.2 (data for the full cohort of VoxTox patients with
imaging data at the Cavendish lab — 319 patients). Where more than half the ‘expected’
numbers of slices were missing, the |G scan was discarded, and dose interpolation from the
previous fraction was used. This happened with 8% of MVCT scans for patients in the

discovery cohort, and did not occur for patients in the consolidation cohort.

No. of missing Discovery Consolidation
slices per scan (2888 total) (6224 total)
0 544 (18.9%) 4313 (69.3%)
1 357 (12.4%) 1265 (20.3%)
2 483 (16.7%) 517 (8.3%)
3 420 (14.5%) 103 (1.7%)
4 504 (17.5%) 26 (0.4%)

5 362 (12.5%) 0

6 168 (5.8%) 0

7 50 (1.7%) 0

Table 6.2: Number of MVCT scans missing superior (cranial) slices
with parotid gland tissue (data for all 319 patients with imaging data on
Cavendish laboratory servers shown).

Daily delivered dose values were accumulated to a final summary DADVH. Previous work has
examined relationships between a number of dose volume parameters to OARs, and their
resultant toxicities [10, 15, 42]. However, the most widely used dose parameter in the literature

is mean dose to a structure [8, 10, 13, 14]. Furthermore, co-linearity between dose metrics is

191



a well-known problem when examining dose-response relationships [43, 44]. Therefore, the
decision was made to summarise both Dr and D4 as mean dose to each structure. Similar to
the spinal cord work, dose differences were defined as (Dmeana — Dmeanr), @s higher delivered

dose is more clinically important.

6.3.3 Dose difference predictors

Weight loss and anatomical change data were collected and assessed using the same
methodology as described in Chapters 2 and 5. As the cohort used for this work was
substantially larger than that in Chapter 5, weight loss data on more patients (206) were
available for analysis. The same anatomical change data (LND and SSA at the level of the C1
vertebra and thyroid notch) collected for the work on spinal cord dose difference predictors
were used (data on 132 patients were available). Information on disease primary site, staging,
concomitant therapy and any pre-RT surgery were all collected during the baseline VoxTox
assessment, as described in Chapters 2 and 5. Neck irradiation strategy was recorded by

checking RT booking paperwork and plan information in Mosaig.

Previous work has suggested a link between changes in parotids during treatment and dose
differences to the gland [20, 29]. In these studies, patient sample sizes were 23 and 10
respectively, and volume was calculated by manual ROl segmentation. That approach was
not practical for the sample size in this work, and an automated approach was needed. As
described in Chapter 4, the matrix of Jacobian determinant values generated following a
deformable registration provides information about per-voxel volume differences between the
two images in the registration. The absolute value of a Jacobian determinant for any given
voxel is degenerate, and a number of different mappings can exist. However, taken as a mean
value over thousands of voxels representing the parotid glands, we hypothesised that this
would be a reasonable surrogate of volume change in the gland. Therefore, for each patient,
the mean Jacobian determinant value of all voxels regarded as belonging to the parotid glands
on the final treatment fraction MVCT image was recorded, and correlation statistics between

mean Jacobian determinant to each gland, and dose differences, were calculated.

6.3.4 Statistical analysis

Descriptive statistics (mean, standard deviation, 95% confidence intervals, median and IQR)
were used to assess Dp, Da, and dose difference data. An unsupervised dendrogram and
heatmap approach were used to visualise patterns in dose differences between different

OARs. Relationships between binary and ordinal variables (primary site, staging, concomitant
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therapy and surgery) and dose differences were assessed by student t-test and ANOVA, and
visualised as box-plots. Parametric data distributions were checked by histogram and manual
inspection. Hypothesised relationships between continuous variables (weight loss, anatomical
change, final fraction parotid ROl mean Jacobian) and OAR dose differences were
investigated with univariate linear regression models, and Pearson’s product-moment
correlation coefficient (r), and visualised with scatter plots. Data distributions were plotted as
histograms to confirm parametric distributions [36]. All statistical analysis in this work was done
in R statistical software (R Notebook, R version 3.4.0). P-values <0.05 were considered
statistically significant, and Bonferroni corrections to account for multiple testing were used

where appropriate.

6.4 Results

6.4.1 Dose differences to swallowing OARs

Table 6.3 shows mean (with standard deviation) and median (with IQR) cohort values of both

planned and delivered mean dose to each of the 8 swallowing OARs.

Planned dose (Gy) Delivered dose (Gy)

Mean (s.d.) Median (IQR) Mean (s.d.) Median (IQR)
::c: 231) A {116} (35.4‘11 2—'?:17.2) SAHS (01142 (37.14 Ci'(j,g.s)
(C|np=G 243) 254 (12.6) (13.5%%5.0) 26.3 (13.2) (14.5 9—-(:)36.7)
:ﬁl\:c:m) st (1182 (59.9? 2—.863.9) e (ke (60.16 i%s.?)
ﬁ,slw 2%7) 43.8 (19.1) (30.5 ?:‘;6.6) 45.0 (19.9) (so.é3 i'%7.7)
?rrf 243) 535 (12.8) (50.4? " 7 | 543030 (50.5193 %862.6)
mp=c243) 535(18.7) (54 6 Ej'?507) 54.1(14.0) (52.15 %%2.0)
?nG=L 233) 52.7(147) (54 .65 (3'21 3 | 238050 g, .85 Ei1232.0)
(cr)mc= 243) 48.9 (12.8) (44.65 C):%7.3) 49.3 (13.0) (45.(? Té?.e;)

Table 6.3: Average (mean and median) mean doses in Gy to each swallowing OAR.

IPG = Ipsilateral parotid gland, CPG = Contralateral parotid gland, ISMG = Ipsilateral

submandibular gland, CSMG = Contralateral submandibular gland, SPC = Superior

pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor muscle, SGL =

Supraglottic larynx, OC = Oral cavity. The number of patients with valid dose data for
analysis is shown in parentheses.
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These data are shown as a single summary boxplot in Figure 6.1, and histograms showing the

distribution of dose differences for each structure are shown in Figure 6.2.
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Figure 6.1: Boxplot of (mean) planned (Dp) and delivered (D) dose values for each swallowing
OAR. IPG = Ipsilateral parotid gland, CPG = Contralateral parotid gland, ISMG = Ipsilateral
submandibular gland, CSMG = Contralateral submandibular gland, SPC = Superior
pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor muscle, SGL =
Supraglottic larynx, OC = Oral cavity.
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Figure 6.2 (A-H): Histograms of differences between planned (D) and delivered (D) dose for
each swallowing OAR. A = Ipsilateral parotid gland, B = Contralateral parotid gland, C =
Ipsilateral submandibular gland, D = Contralateral submandibular gland, E = Superior
pharyngeal constrictor muscle, F = Middle pharyngeal constrictor muscle, G = Supraglottic
larynx, H = Oral cavity.
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Mean differences between planned and delivered dose, with 95% confidence intervals, were
as follows: IPG = 1.56Gy (1.37 — 1.74), CPG = 0.94Gy (0.77 — 1.11), ISMG = 1.24Gy (1.11 —
1.36), CSMG = 1.17Gy (1.05 — 1.29), SPC = 0.81Gy (0.71 — 0.91), MPC = 0.68Gy (0.55 —
0.82), SGL = 0.98Gy, OC = 0.44Gy (0.30 — 0.57).

Data distributions of per-patient delivered minus planned dose, for each OAR, are shown in
Figure 6.2. It can be seen that for some OARs (e.g. CPG and OC), distributions are broader
than was seen for others (e.g. SPC). Thus, whilst mean dose differences across the full sample
are relatively small for all OARs, there is much greater range in the number of individual
patients with potentially clinically significant dose deltas to different OARs. Numbers of patients
with a dose difference of 2Gy or more by OAR were as follows: IPG = 78 (32.1%), CPG = 46
(18.9%), ISMG = 31 (12.8%), CSMG = 39 (16%), SPC = 8 (3.3%), MPC =25 (10.3%), SGL =
14 (5.8%), OC = 54 (22.2%). A threshold difference of 2Gy was chosen for 2 reasons, firstly
because it approximates to the delivery of an extra treatment fraction to a high-risk (60Gy)

CTV, and secondly on the basis of similar work in the literature [45].
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Figure 6.3: Unsupervised dendrogram and heatmap of dose differences to all swallowing
OARs. IPG = Ipsilateral parotid gland, CPG = Contralateral parotid gland, ISMG = Ipsilateral
submandibular gland, CSMG = Contralateral submandibular gland, SPC = Superior
pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor muscle, SGL =
Supraglottic larynx, OC = Oral cavity. Red = Da higher, Blue = Dp higher.
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A relevant clinical question is whether or not potentially clinically significant dose differences
occur in the same, or in different patients. Therefore, an unsupervised dendrogram and
heatmap analysis, showing OARs clustered by dose differences was done, and is shown in
Figure 6.3. This shows that some patients had delivered doses that were higher than planned
to all OARs, whilst other patients saw predominantly lower doses. No patients had a dose
difference of 2Gy or more to all 8 OARs. One patient saw a dose differences of 2Gy or more
to 6 OARs, only the IPG (1.40Gy) and SGL (1.22Gy) being under this threshold. Nine patients
(3.7%) had a dose difference of 2Gy or more to 5 OARs. Interestingly, these 9 cases shared
a number of features. All 9 had SCCs of the oropharynx, all of them had an N-stage of 2b or
greater, and received radiotherapy to both sides of the neck. Eight of 9 received concomitant

cisplatin, whilst only 1 underwent neck dissection prior to radiation.

6.4.2 Anatomical change and weight loss vs. dose differences

Data on anatomical change at the level of the C1 vertebra and thyroid notch are the same as
those presented in Chapter 5. Weight loss data was available for 206 patients in this cohort.
Mean weight loss (with standard errors) was 5.6(+0.34)kg, 6.8(+0.36)%. Results of univariate
linear regression, and correlation statistics, between absolute dose differences (in Gy) and
relative weight loss (in %) are given in Table 6.4. With Bonferroni correction, a p-value <0.0063
is regarded as statistically significant. Therefore, weak but significant correlations were found
between relative weight loss, and dose differences to the pharyngeal constrictor muscles,

contralateral SMG, and supraglottic larynx.

OAR r 95%CI (r) p-value
IPG 0.16 0.01-0.29 0.033
CPG 0.068 -0.07 - 0.21 0.33
ISMG 0.21 0.05-0.35 0.011
CSMG 0.25 0.11-0.37 <0.001
SPC 0.23 0.10-0.36 <0.001
MPC 0.31 0.17-0.43 <0.001
SGL 0.23 0.09 - 0.36 0.001
oC 0.02 -0.12-0.16 0.77

Table 6.4: Univariate relationships between relative weight loss (%) and absolute dose
differences (Gy) to all swallowing OARs. IPG = Ipsilateral parotid gland, CPG = Contralateral
parotid gland, ISMG = Ipsilateral submandibular gland, CSMG = Contralateral submandibular
gland, SPC = Superior pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor
muscle, SGL = Supraglottic larynx, OC = Oral cavity. Bonferroni correction: p-value <0.0063

considered statistically significant.
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Results of univariate analysis between anatomical change metrics at the level of the ClI

vertebra and thyroid notch are shown in Table 6.5 and 6.6 respectively.

C1 vertebra ALND (%) C1 vertebra ASSA (%)
r 95%CI (r) p-value r 95%CI (r) p-value
IPG 0.19 0.01 -0.36 0.035 0.16 -0.02 -0.33 0.080
CPG 0.16 -0.02 -0.32 0.077 0.15 -0.02 -0.32 0.086
ISMG 0.28 0.08 — 0.46 0.0078 0.23 0.02 — 0.41 0.033
CSMG 0.37 0.21 - 0.51 <0.001 0.28 0.11-0.43 0.002
SPC 0.29 0.12-0.44 <0.001 0.15 -0.02 - 0.32 0.087
MPC 0.43 0.28 - 0.56 <0.001 0.27 0.11-0.43 0.002
SGL 0.33 0.17-0.48 <0.001 0.21 0.04 - 0.37 0.017
oC 0.06 -0.11-0.24 0.47 0.01 -0.16 - 0.19 0.88

Table 6.5: Univariate relationships between relative anatomical change at the level of the C1
vertebra (lateral neck dimension — LND, slice surface area — SSA) (%) and absolute dose

differences (Gy) to all swallowing OARs.

Thyroid notch ALND (%) Thyroid notch ASSA (%)
r 95%CI (r) p-value r 95%CI (r) p-value
IPG 0.06 -0.12-0.23 0.51 0.11 -0.06 — 0.29 0.21
CPG 0.30 0.13-0.45 <0.001 0.14  -0.03-0.31 0.11
ISMG 0.18 -0.03 - 0.37 0.10 0.22 0.02 — 0.41 0.033
CSMG 0.28 0.11-0.44 0.001 0.27 0.10-0.43 0.002
SPC 0.17 0-0.33 0.05 0.11 -0.07 - 0.28 0.23
MPC 0.37 0.20 -0.51 <0.001 0.40 0.24 -0.54 <0.001
SGL 0.27 0.10-0.43 0.002 0.37 0.21 - 0.52 <0.001
ocC -0.05 -0.22-0.12 0.56 0 -0.17-0.17 0.99

Table 6.6: Univariate relationships between relative anatomical change at the level of the
Thyroid notch (lateral neck dimension — LND, slice surface area — SSA) (%) and absolute
dose differences (Gy) to all swallowing OARs. IPG = Ipsilateral parotid gland, CPG =
Contralateral parotid gland, ISMG = Ipsilateral submandibular gland, CSMG = Contralateral
submandibular gland, SPC = Superior pharyngeal constrictor muscle, MPC = Middle
pharyngeal constrictor muscle, SGL = Supraglottic larynx,

OC = Oral cavity. Bonferroni correction: p-value <0.0063
considered statistically significant.
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6.4.3 Primary disease site vs. dose differences

Separate ANOVA tests were undertaken, to investigate hypothesised relationships between
primary disease site, and dose differences to each organ. Due to low numbers in some disease
primary sites, some were grouped together to maintain statistical power. Groupings were made
on the basis of anatomical proximity, and similar RT planning and delivery techniques. The
disease primary site groups (with patient numbers) were as follows: carcinoma unknown
primary (CUP) 7, hypopharynx & larynx 27, nasopharynx 8, oral cavity 19, oropharynx 147,
salivary gland & sinus & skin 35. Data are shown in Figure 6.4, and results of ANOVA analyses

for each OAR are shown in Table 6.7.

OAR DF Sum Sq F value p-value
IPG 5 45.2 5.0 <0.001
CPG 5 58.9 7.4 <0.001
ISMG 5 18.7 4.4 <0.001
CSMG 5 35.6 8.6 <0.001
SPC 5 17.5 7.0 <0.001
MPC 5 36.4 4.5 <0.001
SGL 5 33.8 2.4 0.036
ocC 5 5.11 0.9 0.47

Table 6.7: Results of ANOVA tests of differences between planned and delivered dose by
primary disease site. IPG = Ipsilateral parotid gland, CPG = Contralateral parotid gland,
ISMG = Ipsilateral submandibular gland, CSMG = Contralateral submandibular gland, SPC =
Superior pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor muscle, SGL =
Supraglottic larynx, OC = Oral cavity. Bonferroni correction: p-value <0.0063
considered statistically significant.

Although the p-values for all ANOVA tests apart from that for the oral cavity suggest significant
differences between groups, visual inspection of the data in Figure 6.4 suggest no clear pattern
for most OARs. The exceptions are both parotid glands where dose differences are
conspicuously higher in patients with nasopharyngeal primary disease, and this observation

was born out on Tukey sub-group analysis.
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Figure 6.4 (A-H): Boxplots of swallowing OAR dose differences by primary disease. CUP =
carcinoma unknown primary, NPC = nasopharynx, OPC = oropharynx. A - Ipsilateral parotid
gland, B - Contralateral parotid gland, C - Ipsilateral submandibular gland, D - Contralateral
submandibular gland, E - Superior pharyngeal constrictor muscle, F - Middle pharyngeal
constrictor muscle, G - Supraglottic larynx, H - Oral cavity.
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6.4.4 T&N stage vs. dose differences

Potential relationships between T and N staging and dose differences to OARs were also
investigated. With Bonferroni corrections for 8 student t-tests, statistical significance was
defined by a p-value <0.0063. Data for both variables were binarised (T0-2 vs. T3-4 & NO-1
vs. N2-3) in line with previous methodologies [37, 46]. Table 6.8 shows mean values for Dmeana
— Dmeane (Gy), and the p-value and 95% Cls of the t-test assessing their significance, for T-
stage. Table 6.9 shows data in the same format for N-stage. The same data are shown as
boxplots in Figures 6.5 and 6.6. For T-stage, the only OAR for which higher T-stage predicted
higher Da with statistical significance (given multiple testing) was the supraglottic larynx.
Differences for the oral cavity narrowly missed the pre-defined alpha value of 0.0063, but the
relationship is certainly suggestive. For N-stage, highly significant relationships between more
advanced nodal disease in the neck, and higher delivered dose, were seen for both
submandibular glands, both superior and middle pharyngeal constrictor muscles, and the
supraglottic larynx. The relationship was borderline for the contralateral parotid (p=0.009), and

not significant for either the ipsilateral parotid, or oral cavity.

T-stage 0-2 T-stage 3-4

Da-De (Gy) Da-Dpe (Gy)
IPG 1.48 1.69 0.28 -0.59100.17
CPG 0.93 0.96 0.84 -0.39t0 0.32
ISMG 1.19 1.30 0.42 -0.36 10 0.15
CSMG 1.14 1.23 0.50 -0.341t00.17
SPC 0.81 0.81 0.96 -0.20t0 0.19
MPC 0.56 0.87 0.028 -0.58 10 -0.03
SGL 0.75 1.38 0.003 -1.02 to -0.21
oC 0.30 0.68 0.007 -0.66 to -0.11

Table 6.8: Differences between planned and delivered mean dose to all swallowing OARs,
with data split by binarised T-stage (T0-2 vs T3-4). IPG = Ipsilateral parotid gland, CPG =
Contralateral parotid gland, ISMG = Ipsilateral submandibular gland, CSMG = Contralateral
submandibular gland, SPC = Superior pharyngeal constrictor muscle, MPC = Middle
pharyngeal constrictor muscle, SGL = Supraglottic larynx,

OC = Oral cavity. Bonferroni correction: p-value <0.0063
considered statistically significant.

200



N-stage 0-1 N-stage 2+

Da-De (Gy) Da-Dr (Gy)
IPG 1.39 1.68 0.12 -0.66 to 0.08
CPG 0.68 1.13 0.009 -0.80 to -0.11
ISMG 0.84 1.61 <0.001 -0.99 to -0.53
CSMG 0.75 1.49 <0.001 -0.97 to -0.51
SPC 0.53 1.02 <0.001 -0.67 to -0.30
MPC 0.25 0.99 <0.001 -0.99 to -0.49
SGL 0.48 1.31 <0.001 -1.21 t0 -0.44
oC 0.30 0.54 0.074 -0.52 t0 0.02

Table 6.9: Differences between planned and delivered mean dose to all swallowing OARs,
with data split by binarised N-stage (NO-1 vs N2+). IPG = Ipsilateral parotid gland, CPG =
Contralateral parotid gland, ISMG = Ipsilateral submandibular gland, CSMG = Contralateral
submandibular gland, SPC = Superior pharyngeal constrictor muscle, MPC = Middle
pharyngeal constrictor muscle, SGL = Supraglottic larynx,

OC = Oral cavity. Bonferroni correction: p-value <0.0063
considered statistically significant
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Figure 6.5: Boxplot of dose differences to swallowing OARs by T-stage, binarised as T0-2
(cyan boxes) vs. T3-4 (red boxes). Ipsilateral parotid gland, CPG = Contralateral parotid gland,
ISMG = Ipsilateral submandibular gland, CSMG = Contralateral submandibular gland, SPC =
Superior pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor muscle, SGL =
Supraglottic larynx, OC = Oral cavity.
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Figure 6.6: Boxplot of dose differences to swallowing OARs by N-stage, binarised as NO-1
(cyan boxes) vs. N2+ (red boxes). Ipsilateral parotid gland, CPG = Contralateral parotid gland,
ISMG = Ipsilateral submandibular gland, CSMG = Contralateral submandibular gland, SPC =
Superior pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor muscle, SGL =
Supraglottic larynx, OC = Oral cavity.

6.4.5 Neck dissection vs. dose differences

Figure 6.7 shows a boxplot of dose differences to each OAR, with data split by whether or not
patients underwent a neck dissection prior to definitive radiotherapy. On direct inspection of
the data, no clear pattern was apparent for most OARs. Nonetheless, separate student t-tests
were performed for each OAR, and statistical significance determined by a p-value <0.0063.
Mean Da — Dp to the Ipsilateral parotid was 1.68Gy in patients who did not have a neck
dissection, and 1.26Gy in patients who did (p=0.025). For the contralateral parotid, respective
values were 1.04Gy and 0.71Gy (p=0.052). P-values for all other OARs were >0.2. Thus, with
Bonferroni correction, neck dissection prior to RT was not a statistically significant predictor of
dose differences to any OARs, although suggestive relationships for both parotid glands were

seen.
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Figure 6.7: Boxplot of dose differences to all swallowing OARs, split by whether or not patients
underwent a primary neck dissection (ND) — red boxes, or not (no ND) — cyan boxes. IPG =
Ipsilateral parotid gland, CPG = Contralateral parotid gland, ISMG = Ipsilateral submandibular
gland, CSMG = Contralateral submandibular gland, SPC = Superior pharyngeal constrictor
muscle, MPC = Middle pharyngeal constrictor muscle, SGL = Supraglottic larynx, OC = Oral
cavity.

6.4.6 Planned OAR dose vs. dose differences

Previous studies have shown relationships between planned dose to parotid glands and dose
differences [19, 35, 47]. Putative relationships between planned (mean) dose and dose
differences to all swallowing OARs were investigated with univariate linear regression models,
and Pearson correlation coefficients. Clearly significant relationships were seen for both
submandibular glands, superior and middle pharyngeal constrictors, and the contralateral
parotid gland. Weak/borderline relationships were seen for ipsilateral parotid gland, and

supraglottic larynx. The results are summarised in Table 6.10:
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Planned dose vs dose difs to OARs

r 95%CI (r) p-value
IPG 0.19 0.06 — 0.31 0.004
CPG 0.38 0.26-0.48 <0.001
ISMG 0.36 0.22-0.48 <0.001
CSMG 0.34 0.23-0.45 <0.001
SPC 0.29 0.17-0.40 <0.001
MPC 0.29 0.16 - 0.40 <0.001
SGL 0.19 0.06 — 0.31 0.005
oC 0.14 0.02-0.26 0.027

Table 6.10: Pearson product-moment correlation coefficients (with 95% confidence intervals
and p-values) for univariate relationships between mean planned dose (Gy), and absolute
dose differences (Gy) to all swallowing OARs. IPG = Ipsilateral parotid gland, CPG =
Contralateral parotid gland, ISMG = Ipsilateral submandibular gland, CSMG = Contralateral
submandibular gland, SPC = Superior pharyngeal constrictor muscle, MPC = Middle
pharyngeal constrictor muscle, SGL = Supraglottic larynx, OC = Oral cavity. Bonferroni
correction: p-value <0.0063 considered statistically significant.

6.4.7 Neck RT strategy vs. dose differences

For this analysis, radiotherapy plans were considered as either treating both sides of the neck
or not. Therefore patients were considered as having undergone unilateral or bilateral
treatment. It seems intuitive that this factor might affect differences between planned and
delivered dose to OARs, and it too has been investigated in previous studies. Therefore, each
OAR was tested separately to ascertain whether neck RT strategy might predict higher than
planned delivered dose. Results of each test are presented in Table 6.11, and the data are

shown in Figure 6.8.
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Unilateral Bilateral
Mean Mean p-value 95% ClI

Da-Dr (Gy) Da-De (Gy)
IPG 0.95 1.80 <0.001 0.51 to 1.20
CPG 0.23 1.25 <0.001 0.791t0 1.26
ISMG 0.70 1.41 <0.001 0.47 to 0.95
CSMG 0.74 1.33 <0.001 0.311t0 0.88
SPC 0.38 1.00 <0.001 0.40 to 0.84
MPC 0.24 0.87 <0.001 0.33t0 0.91
SGL 0.55 1.14 0.010 0.14 to 1.04
ocC 0.28 0.49 0.12 -0.06 to 0.49

Table 6.11: Differences between planned and delivered mean dose to swallowing OARs by
neck irradiation strategy (unilateral vs. bilateral). P-values and 95% confidence intervals from
t-tests between distributions. IPG = Ipsilateral parotid gland, CPG = Contralateral parotid
gland, ISMG = Ipsilateral submandibular gland, CSMG = Contralateral submandibular gland,
SPC = Superior pharyngeal constrictor muscle, MPC = Middle pharyngeal constrictor
muscle, SGL = Supraglottic larynx, OC = Oral cavity. Bonferroni correction: p-value <0.0063
considered statistically significant.
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Figure 6.8: Boxplot of swallowing OARs dose differences by neck RT strategy - Unilateral
neck RT (Uni, cyan boxes) or bilateral neck RT (Bil, red boxes). IPG = Ipsilateral parotid gland,
CPG = Contralateral parotid gland, ISMG = Ipsilateral submandibular gland, CSMG =
Contralateral submandibular gland, SPC = Superior pharyngeal constrictor muscle, MPC =
Middle pharyngeal constrictor muscle, SGL = Supraglottic larynx, OC = Oral cavity.
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6.4.8 Systemic therapy vs. dose differences

Receipt of concomitant systemic therapy was also investigated as a predictor of dose
differences to OARs. As shown in Table 6.1, the numbers of patients receiving concomitant
cisplatin, cetuximab, or no concomitant therapy were 133, 17 and 93 respectively. Due to the
(relatively) low number of patients receiving cetuximab, the data were first plotted as 8
separate boxplots to visualise the relationship between each group (plots not shown). For most
OARs, the dose difference data distributions for patients receiving cisplatin and cetuximab
were very similar. Therefore, to simplify the analysis and improve statistical power these 2
groups of patients were combined to a single group who received systemic concomitant
therapy (SCT). As previous, 8 separate t-tests (with Bonferroni corrections) were performed,

with the results presented in Table 6.11. The data are shown in Figure 6.9.

No SCT SCT
Da-De (Gy) Da-Dr (Gy)
IPG 1.22 1.77 0.004 0.18 t0 0.92
CPG 0.52 1.22 <0.001 0.51t01.22
ISMG 0.78 1.48 <0.001 0.45 10 0.96
CSMG 0.73 1.41 <0.001 0.44 10 0.92
SPC 0.48 1.02 <0.001 0.351t00.73
MPC 0.27 0.94 <0.001 0.40t0 0.93
SGL 0.54 1.21 0.002 0.2510 1.08
oC 0.32 0.50 0.18 -0.09t0 0.45

Table 6.12: Differences between planned and delivered mean dose to swallowing OARs by
use of concomitant systemic therapy - cisplatin or cetuximab (SCT) vs. none (no SCT). P-
values and 95% confidence intervals from t-tests between distributions. IPG = Ipsilateral
parotid gland, CPG = Contralateral parotid gland, ISMG = Ipsilateral submandibular gland,
CSMG = Contralateral submandibular gland, SPC = Superior pharyngeal constrictor muscle,
MPC = Middle pharyngeal constrictor muscle, SGL = Supraglottic larynx, OC = Oral cavity.
Bonferroni correction: p-value <0.0063 considered statistically significant.
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Figure 6.9: Boxplot of swallowing OARs dose differences by concomitant systemic therapy —
no systemic therapy (none, cyan boxes) or cisplatin/cetuximab (SCT, red boxes). IPG =
Ipsilateral parotid gland, CPG = Contralateral parotid gland, ISMG = Ipsilateral submandibular
gland, CSMG = Contralateral submandibular gland, SPC = Superior pharyngeal constrictor
muscle, MPC = Middle pharyngeal constrictor muscle, SGL = Supraglottic larynx, OC = Oral
cavity.

6.4.9 Parotid gland volume change vs. dose differences

Mean per-gland Jacobian determinant values were calculated as described in section 6.3.3.
Matched Jacobian determinant and dose difference data were available for 218 patients. As a
smaller Jacobian value indicates greater shrinkage, and previous work has found a positive
correlation between shrinkage and dose differences, a value of 1 — Jacobian determinant was
taken for analysis for each patient. Both relationships were statistically significant, although
the relationship was stronger for the ipsilateral parotid gland. The Pearson product-moment
correlation coefficient was 0.34 (95% CI 0.22-0.46, p<0.0001), for the ipsilateral parotid, and
0.20 (95% 0.07-0.32, p=0.004) for the ipsilateral parotid gland. These data are shown in Figure
6.10.
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Figure 6.10 (A&B): Relationship between volume loss, and dose differences to the parotid
gland. Scatter plots of 1 — Jacobian determinant against dose differences for the ipsilateral
(A) and contralateral (B) parotid glands.
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6.5 Discussion

6.5.1 Dose Differences

These data show that delivered dose is greater than planned for the swallowing OARs studied
in this chapter. The greatest difference was to the ipsilateral parotid gland (1.56Gy, 95%CI
1.37 — 1.74), and the least was seen by the oral cavity (0.44Gy, 95%CI 0.30 — 0.57). These
data broadly concur with previous studies, although the magnitudes of differences for some
OARs are smaller than has been previously observed. For example, a review by Brouwer et
al found that mean dose difference to the parotid glands was 2.2Gy [36]. There are fewer
published data on other OARs, although one study reported submandibular gland dose

difference results similar to those shown here (Dr 51.9Gy vs. Da 52.8Gy) [29].

There are a number of possible explanations for this discrepancy. Two factors, discussed in
Chapter 5 as possible reasons for observed differences in spinal cord statistics, may also be
relevant here. The first is that all patients in this study were treated with DIPC and a zero-
action level policy [48], in contrast to some comparable studies [23, 49, 50], leading to smaller
dose differences due to setup error. The second is that daily imaging was used for dose
calculation, meaning that substantial possible dose differences calculated on a ‘one-off’
imaging timepoint are not magnified by interpolation. Interestingly, the dose difference results
to most OARs are more similar to those reported by a more recent publication in which daily

IG was used both for setup correction and dose calculation [45].

The intrinsic uncertainties associated with DIR, as outlined in Chapter 4, may also be
important, although the ‘summary’ performance statistics for Elastix in this work are
comparable to other studies where similar data are available. Another explanation is the
attempt to make the cohort as broad and representative by including patients with a range of
primary disease sites. In contrast to other groups in which narrower cohorts of patients with
pharyngeal SCC’s have been studied [34, 45], there were a significant number of patients in
this work who had undergone treatment for primary disease of the sinuses, salivary glands, or
skin. Treatment plans for primary disease at these sites tend to have smaller target volumes,
often treating only unilaterally, and lower prescription doses. They are also less likely to receive
concomitant systemic therapy, or undergo significant weight loss. The data in this chapter
show relationships between these factors and higher delivered dose to most of the OARs being
studied. Therefore it is logical to suggest that the inclusion of these patients into the final cohort

may have reduced mean dose differences to most OAR
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6.5.2 Predictors of dose differences

The relationship between primary disease site and dose differences to all swallowing OARs
was assessed by ANOVA. Primary site was found to be a statistically significant predictor of
dose differences to all OARs except the supraglottic larynx and oral cavity. On inspection of
the boxplots in Figure 6.4, there is certainly the suggestion that mean dose differences to all
OARs are consistently lower for patients with primary disease of the salivary glands, skin or
sinuses, as suggested in the previous section. This result is as expected, as treatment plans
for these disease sites rarely included elective target volumes in the neck. This means that
absolute doses to some OARs are likely to be lower, and that plan dosimetry is less likely to
be affected by changing neck anatomy. Despite the statistical significance, the only other
relationship that clearly appears from inspection of the data is that patients with primary
nasopharynx cancer (NPC) have bigger dose differences to both parotid glands. It should be
noted that there were only 8 NPC patients in the cohort. Therefore, despite the large overall

sample size, the numbers for this specific question are small.

Nonetheless, this result is both entirely plausible, and supported by the literature. Two
comparable but smaller studies were based on cohorts in which half the patients had NPC [32,
51], and found mean dose differences the parotids of 3Gy and 5Gy respectively. Another study
in which all 19 patients had NPC saw dose differences of up to 10Gy to the parotids [52]. NPC
treatment plans tend to have higher parotid gland doses, with mean doses often >30Gy [32].
Higher planned dose may well be an independent risk factor for greater dose differences [31],
and it may also lead to very steep dose gradient in the region of the parotid glands. Thus, if
there is anatomical change in the region of the parotids due to shrinkage of primary of nodal
tumour, or involution of the glands themselves [19, 20, 47, 53], this will lead to greater dose
deltas. Furthermore, patients with nasopharyngeal primary disease are more likely to have
bulky nodal disease, more likely to undergo concomitant systemic therapy, and less likely to
undergo primary neck dissection, all factors associated with greater dose differences

according to previous work, and the data in this chapter.

Relationships between planned dose to OARs and dose differences were assessed.
Significant associations between planned dose and dose differences were found for all OARs
except the oral cavity, and strongly significant relationships were found for the submandibular
glands, pharyngeal constrictor muscles, and contralateral parotid glands. Absolute planned
dose to the parotid glands has been shown to correlate with eventual dose differences [31],

but there are no comparable data for other structures. Planned SMG dose has been shown to
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correlate with volume changes in one study [35], although this finding was not replicated

elsewhere [25].

The notion that volume change per-se may be an independent risk factor for greater dose
differences is supported both by previous research [29], and by data presented in this chapter.
However, it is worth noting that there is an important methodological difference. Previous
studies have measured volume change in small patient samples with manual segmentation of
parotid glands [49, 50]. In contrast, the parameter used in this work was the Jacobian
determinant [54], which was calculated in an automated fashion for a large sample. Whilst the
Jacobian determinant is an inherently noisy metric, this is an interesting finding, as it relates a
direct numerical output from the DIR process directly to a clinically relevant endpoint — dose
differences to OARs. This approach was only undertaken for the parotid glands because of
concerns about noise in the Jacobian data, and because it was novel. However, the findings

suggest it would be an interesting approach to follow for the other swallowing OARs.

The effect of both weight loss and anatomical change on dose differences was also
investigated. Both have been widely investigated as predictors of dose differences to a number
of H&N OARs, and found to be significant predictors in most cases [20, 21, 30, 34]. Overall,
these findings are supported by this work, although there are a number of discrepancies.
Statistically significant associations between weight loss and dose differences were found for
both superior and middle pharyngeal constrictors, contralateral submandibular gland, and
supraglottic larynx, but not other OARs. In contrast, Lee et al [32], and Wang and colleagues
[34], both found strong correlations between weight loss and dose increase to the parotid
glands. Relationships between anatomical change metrics and dose differences were, in
general, stronger than those observed for weight loss, and were comparable to those reported
in the literature [20, 21, 30]. Again, the strongest relationships were seen for the pharyngeal

constrictor muscles, contralateral submandibular gland, and supraglottic larynx.

Interestingly, the strongest relationships between N-stage and dose differences were found for
the same structures. T-tests on dose differences for patients with N2+ compared with NO-1
disease were highly significant for the pharyngeal constrictors, submandibular glands and
supraglottic larynx. P-values for the other 3 OARs did reach statistical significance with an a
of 0.0063, but visual inspection of the data for all OARs in Figure 6.6 does suggest that
delivered dose is consistently higher to all OARs for patients with more advanced neck
disease. Although this finding per-se is new, it is worth noting that previous authors have found

higher N-stage to be an independent risk factor for clinician-directed ART [45].
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T-stage was less predictive than N-stage. The only relationship that reached clear statistical
significance was the supraglottic larynx (p=0.003), and the oral cavity was borderline
significant (p=0.007). This is not entirely surprising. Firstly, pathological lymph nodes tend to
have fairly isotropic shapes, being either spherical or ellipsoid, meaning that maximum single
dimension, as used in staging, is a good surrogate for volume. In contrast, primary disease
may have a more complex shape, whereby the link between maximum single dimension and
volume is much less robust. Furthermore, T-stage is also affected by the relationship of the
tumour with nearby normal anatomy, meaning that a relatively small tumour may be staged T4
due to invasion into neighbouring structures. It therefore follows that the link between N-stage
and internal anatomical change during treatment — and therefore dose differences — may be

less noisy than that for T-stage.

The data relating pre-RT neck dissection to dose differences hint at support for this hypothesis.
For both parotid glands, patients who underwent neck dissection for bulky neck disease before
radiotherapy appeared to experience lower dose differences than those who did not (both
relationships borderline significant, IPG p=0.025, CPG p=0.052). However, pre-RT neck
dissection did not appear to affect the risk of higher delivered doses to other OARs, and to the

best of my knowledge, there are no published data addressing this specific question.

Other aspects of treatment strategy clearly do influence the risk of greater dose differences to
swallowing OARs. Patients receiving concomitant systemic therapy were significantly more
likely to have higher D to all OARs except the oral cavity. Brouwer et al found that concomitant
chemotherapy was a significant univariate predictor of greater dose differences to the parotids
[387], but the effect on other OARs has not been studied. A similar pattern was seen for neck
irradiation strategy. As might be expected, bilateral neck treatment was significantly associated
with higher delivered dose to all OARs except the supraglottic larynx and oral cavity. However,
what is interesting and perhaps counter-intuitive is to note that differences were highly
significant for both ipsilateral paired structures. Dose differences to the ipsilateral parotid and
submandibular gland in patients undergoing bilateral neck treatment were double those found

in patients whose treatment was unilateral.

Perhaps the best explanation is a theme that runs through all these univariate analyses, that
of co-linearity and confounding. In this instance, it is likely that patients undergoing bilateral
treatment are also more likely to have more advanced disease, to receive concomitant
systemic therapy, and to have nasopharyngeal primaries, all of which have been shown to be
predict higher delivered doses. This problem is pertinent elsewhere in the analysis. For

example, it is well known that concomitant systemic therapy worsens side effects [55-57],
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which may lead to greater weight loss and anatomical change, which are independent
predictors of dose differences [20, 32, 34]. Therefore, whilst the data presented in this chapter
are interesting and of value, the next step is to undertake multivariate analysis of which factors

predict significant dose differences to all swallowing OARs.

6.6 Conclusions

This is the largest study to assess differences between planned and delivered dose to the key
OARs associated with dry mouth, thick sticky saliva, and swallowing problems, in patients who
have undergone radical RT for HNC. It is one of few to have done so using daily imaging for
dose accumulation, and to assess OARs other than the parotid glands. Calculated dose
differences to the parotids are slightly lower than those previously reported, which may reflect
greater heterogeneity in this patient cohort. Dose differences to other OARs appear
comparable to those reported in the literature, although there are fewer data available for
comparison. Although mean dose differences across the cohort were relatively small (range
0.44Gy to 1.56Gy), a substantial proportion of patients in the cohort had potentially clinically
significant dose differences to some OARs, of 2Gy or more. These patient’s would therefore

have benefited more from treatment adaptation to reduce the risk of toxicity.

A number of factors were found to predict dose differences to OARs, although different factors
were relevant for each OAR. Patients with NPC appear to be at greater risk of larger dose
differences to the parotid glands, a finding that validates similar published results, and supports
planned ART for patients with NPC in an attempt to reduce the risk of moderate to severe late
xerostomia. Weight loss, anatomical change and more advanced neck disease all predicted
greater dose differences to the SMGs, and the midline structures — pharyngeal constrictor
muscles and supraglottic larynx, suggesting that these factors may help to select patients for
ART, if reduction of swallowing dysfunction is an important clinical objective. Concomitant
systemic therapy seems to increase risk of higher delivered dose to all OARs. Interestingly,
patients who had clinically significant dose differences to more than half of the OARs studied
shared similar case features. All of them had primary SCC of the oropharynx, with advanced
neck nodal disease, and were treated with bilateral neck RT, whilst the majority (8/9) also
received concomitant cisplatin. ART for these patients is likely to have reduced the risk of late

toxicity.
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Chapter 7 — Is Delivered Dose a Better Predictor of Toxicity?

7.1 Overview

Adaptive radiotherapy is widely regarded as a promising approach for reducing toxicity
following radiotherapy for HNC. Although a number of studies have shown that delivered dose
to H&N OARs may be different to planned, and that treatment adaption can reduce these dose
differences, there are very few data showing any clinical benefit from ART. Crucially, there is
no published work asking whether delivered dose is a better predictor of toxicity than planned.
This chapter presents work in which an NTCP modelling approach, using both planned and
delivered dose metrics, was used to address this hypothesis, in an attempt to provide much

needed clinical endpoint data to support ART as a worthwhile approach in HNC patients.

7.1.1 My Role

Although the underlying hypothesis regarding relationships between planned and delivered
dose and toxicity were core to the broader VoxTox programme, ideas regarding its specific
implications for HNC patients, and how they might fit into the broader landscape of ART for
HNC were exclusively mine. Furthermore, | developed and executed all of the methodologies
described in this chapter. Collation, curation, and carpentry of all baseline demographic,
disease, and treatment data used in this chapter were done by me. Planned and delivered
dose data were produced by the processes described in Chapters 4, 5 and 6, and toxicity
results were generated by the workflow described in Chapter 3. | then undertook all the data

analysis and toxicity modelling work described in the chapter.

7.1.2 Acknowledgements

As described in Chapters 2 and 3, Amy Bates (Research Radiographer) and members of her
team recruited all the patients whose data is used in this Chapter to the VoxTox study, and
undertook follow up interviews to collect raw toxicity data. Karl Harrison (Research Associate,
Cavendish Laboratory), with assistance from Lin Yeap (MPhil Student, Cavendish Laboratory),
Shannon Seah (MPhil Student, Cavendish Laboratory), and Megan Wilson (PhD student,
University College London) had a significant role in the generation of planned and delivered
dose data used in this Chapter. Leila Shelley (Medical Physicist, Edinburgh Cancer Centre)
provided guidance in the process of developing the methodology for using NTCP modelling as

a tool for comparing planned and delivered dose metrics as toxicity predictors, and | am
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grateful to Professor Hans Langendijk (Professor of Radiation Oncology, University Medical

Centre, Groningen) for helpful conversations on this topic.

7.2 Introduction

The data presented in Chapter 6, and similar studies in the literature, have all looked at
differences between planned and delivered dose, and tried to finds ways of predicting these
differences [1-3]. This work is largely based on the underlying premise that dose differences
are important, and where dose to an OAR of interest is higher than anticipated at planning,
this scenario should be avoided if possible. There is plentiful indirect evidence to support this
notion; not least clinical data where dose reductions to specific OARs have resulted in
substantially lower toxicity rates [4-7]. The idea that dose is an important and independent
predictor of toxicity is also extensively supported by in-silico modelling work [8-11], and on-
going randomised trials hypothesise that dose reduction will also reduce toxicity [12].
Therefore, it is uncontroversial to state that dose matters, and the strength of this assertion
has underpinned the design of studies which have tried to test the efficacy of ART in the clinic
[13-15].

This research has taken place at the level of individual patients; the common concept being
that once dose differences exceed a pre-defined level in a given patient, replanning should
occur, because an inferred threshold in the difference of toxicity probability has been breached.
This is the notion of either ARTex_aequo, OF ARToar as defined by Heukelom and Fuller [16], and
seems a logical approach to improve outcomes in HNC, where cure rates are improving, but
late toxicity remains a significant problem [6, 17]. However, to the best of my knowledge, the
question of whether D4 predicts toxicity more accurately than Dr on a population basis remains
unanswered, and has been highlighted as a research priority [18]. This is potentially important,
as it could improve the quality and accuracy of toxicity prediction models, an important
objective per-se. Furthermore, such a result would emphasise that whilst differences between
Dr and D4 to most OARs, in most patients, are small, larger differences are clinically relevant,

because they can affect toxicity outcome prediction at a population level.

In prostate cancer, there is published work from the VoxTox group showing that delivered
rectal dose surface map-based metrics predict rectal bleeding and proctitis more accurately
than equivalent planned dose metrics [19]. However, these findings have not been replicated
in other OARs and toxicities in other tumour sites. Furthermore, the methodology used in this

study only looked at direct univariate relationships between radiotherapy dose and toxicity
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endpoints. Other important patient, treatment and disease factors that may have affected
outcome were not considered. For the work in this chapter, it was therefore decided to
investigate univariate relationships between planned and delivered radiotherapy dose and

toxicity, but also to assess dose-toxicity relationships in the context of multivariate analyses.

The classic approach to multivariate modelling of dose-toxicity response relationships is
generically known as normal tissue complication probability (NTCP) modelling [20, 21].
Different NTCP modelling approaches assume different underlying mathematical relationships
between radiation dose and the probability of a given event, but most generate sigmoidal
curves to describe the relationship between dose to OARs and toxicity risk [21-24]. The best
known technique for predicting toxicity following RT for HNC is the Lyman-Kutcher-Burman
model [22], but this has been criticised for over-simplifying dose-volume effects, and failure to
capture the complex relationships between dose, treatment time, clinical factors and toxicity
outcomes [21]. The use of logistic regression-based models is theoretically sound [21, 24], is
now the standard methodology for HNC toxicity modelling [8-10, 25, 26], and was the approach

taken in this work.

Therefore, the research questions of this chapter were, firstly, to test the hypothesis that
univariate relationships between delivered radiotherapy dose to relevant OARs and specific
toxicity endpoints would be stronger than equivalent planned dose relationships. Secondly to
investigate whether or not both planned and delivered OAR dose metrics could be used to
build, test and validate multivariate toxicity prediction (NTCP) models. And finally, to see if Da-
based NTCP models would predict toxicity significantly more accurately than their Do-based

equivalents.

To address these questions, the objectives of this Chapter were as follows:

e To examine univariate relationships between demographic, disease and treatment
variables, as well as planned and delivered dose metrics, and toxicity.

e To incorporate candidate variables from univariate analysis into multivariate NTCP
models that relate planned radiation dose to important OARs to toxicity events in HNC
patients recruited to the VoxTox study.

e To use the same methodology to produce equivalent models for delivered dose
metrics.

e To compare the performance of planned and delivered dose-based models to address
the hypothesis that delivered dose predicts toxicity events more accurately than

planned dose.
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7.3 Methods

7.3.1 Cohort selection and treatment details

The patient population for this analysis was based on the same cohort used for analysis of
toxicity results in Chapter 3, and dose differences in Chapter 6. However, in order to build
robust predictive models of endpoints of interest, it was necessary to optimise homogeneity in
the final dataset for analysis. Previous multivariate toxicity modelling studies have included a
range of baseline factors such as pre-RT surgery and pre-treatment symptoms, smoking and
drinking habits and staging information [8-10]. Therefore, only patients recruited to the
consolidation cohort of the VoxTox study were included in this sub-study. The timepoint chosen
for toxicity assessment was 1-year point-prevalence — this is discussed in more detail in section
7.3.3. As shown in Chapter 3, 200 patients had 1 year follow up data. Of these, it was not
possible to compute Da for 2 patients, for reasons described in Chapter 6 (section 3.1).
Therefore, a final cohort of 198 patients was available for analysis, and details are shown in

Table 7.1.

Characteristic Number
Age 58.9 (10.6)
Gender
Male 164 (82.8%)
Female 34 (17.2%)
Weight
Baseline (kg) 85.2 (18.1)
Weight loss (%) 7.4 (5.2)
Histology & Primary site
SCC 180 (90.9%)
Oropharynx 120 (60.6%)
Larynx 16 (8.8%)
Oral cavity 13 (6.6%)
Sinus 9 (4.5%)
Nasopharynx 6 (3.0%)
Hypopharynx 4 (2.0%)
Unknown primary 7 (3.5%)
Skin 5 (2.5%)
Salivary gland 15 (7.6%)
Acinic cell 6 (3.0%)
Adenocarcinoma 5 (2.5%)
Adenoid cystic 3 (1.5%)
Mucoepidermoid 1 (0.5%)
Others 3 (1.5%)
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T-stage

Tis/T1 56 (28.3%)
T2 67 (33.8%)
T3 30 (15.2%)
T4 45 (22.7%)
N-stage
NO 59 (29.8%)
N1 22 (11.1%)
N2a 29 (14.7%)
N2b 67 (33.8%)
N2c 18 (9.1%)
N3 3 (1.5%)
Surgery
Neck dissection 57 (28.8%)
Parotidectomy 13 (6.6%)
Laryngectomy 4 (2.0%)
Dose/Fractionation
70/35 6 (3.0%)
65/30 137 (69.2%)
60/30 47 (28.7%)
55/20 3 (1.5%)
50/20 5 (2.5%)
Neck Irradiation
Unilateral 58 (29.3%)
Bilateral 134 (67.7%)
None 6 (3.0%)
Systemic therapy
Cisplatin 108 (54.5%)
Cetuximab® 14 (7.1%)
None 76 (38.4%)
Smoking
Current smoker 13 (6.6%)
Ex-smoker 100 (50.5%)
Never smoker 57 (28.8%)
Missing data 28 (14.1%)
Mean pack years 17.5 (21.1)
Alcohol
Current drinker 117 (59.1%)
Ex-drinker 41 (20.7%)
Never drinker 12 (6.1%)
Missing data 28 (14.1%)
Mean units/week 14.2 (23.6)

" dose: cisplatin — 40mg/m? weekly, cetuximab 400mg/m2 loading
dose, 240mg/m? weekly thereafter.

Table 7.1: Patient characteristics — planned and delivered dose versus toxicity cohort (n =
198). For continuous variables, means and standard deviations are reported, absolute
numbers and percentages for proportions.
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Radiotherapy treatment planning and delivery, including immobilisation, simulation, target
volume definition, dose/fractionation schedules, and concomitant therapy were all done

according to standard departmental protocols as described in Chapter 2.

7.3.2 OAR segmentation and dose calculation

Workflows for the computation of planned and delivered dose were as described in Chapters
2, 4, 5 and 6. For each patient in this analysis, RT treatment planning CTs were restored to
the research database of Prosoma (v3.3 MEDCOM, Darmstadt, Germany). | undertook
segmentation of a defined set of relevant OARs for each patient, according to recognised
contouring atlases [27, 28]. Quality control data for these segmentations is shown in Chapter
2. Once completed, finalised structure sets of segmented OARs and planning CT datasets
were used to calculate planned dose DVHSs, as described in Chapter 2. Daily MVCT-IG images,
and deformable image registration, were then used to compute delivered dose to each OAR,
as described in Chapters 4 and 5. Both planned and delivered dose calculation were done

using the same dose calculation algorithm — CheckTomo [29] - in order to ensure consistency.

7.3.3 Toxicity endpoints

Studies investigating and reporting late effects of radiotherapy for HNC consistently show that
point prevalence for most toxicities peak around 6-12 months, and gradually improve thereafter
[4]. This finding has been replicated in VoxTox, as shown by the data in Chapter 3. Therefore,
assessment of point-prevalence at 12 months meant that the majority of moderate to severe
toxicity events in a study population will have been captured, and the literature supports this

approach [25].

Although clinical trials often report toxicity data across a range of side effects [4, 30-32], most
toxicity modeling papers focus on either a single endpoint [10, 26], or a small number [8, 25].
For this work, the starting objective was to investigate relationships between radiotherapy dose
to a number of OARs and a range of toxicities. Furthermore, the data presented in Chapter 7
show that mean differences between planned and delivered dose are small, in the order of
1Gy for many OARs. With dose differences of these magnitudes, we hypothesised that it would
be unlikely to find big differences in the predictive capacities of delivered and planned dose
metrics, and there were a number of reasons for this assertion. First, whilst many published
predictive models appear to perform well, they are not perfect, and model performance metrics

such as area under receiver-operator characteristic (ROC) curves have substantial confidence
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intervals [8-10], partly because toxicity endpoint data are inevitably noisy. It could also be
argued that as model performance improves, the incremental benefit from superior predictor
metric data declines. Another reason for a theoretical limit on the performance of dose-toxicity

response models is that they take no account of individual radiosensitivity [33].

Therefore, a more realistic objective for this work was to examine a range of toxicity endpoints,
and look for a trend in the pattern of model performance. On this basis, multivariate logistic
regression toxicity prediction models, using both planned and delivered dose metrics, were
constructed and validated for the following endpoints:

e 12 month_CTCAEv4.03_xerostomia_Gr2+

e 12 month_CTCAEv4.03_salivary duct inflammation_Gr2+

e 12 month_CTCAEv4.03_dysphagia_Gr2+

e 12 month_EORTC H&N35_Q41 — Have you had a dry mouth?_Gr3+

e 12 month_EORTC H&N35_Q42 — Have you had sticky saliva?_Gr3+

e 12 month_EORTC H&N35_Q44 — Have you had taste disturbance_Gr3+

e 12 month_LENT/SOM_Salivary gland subjective_Gr2+

e 12 month_LENT/SOM_Salivary gland management_Gr2+
In order to undertake logistic regression, toxicity results for each endpoint were binarised as
outlined above. Thresholds for binarisation were chosen on the basis of literature precedent

[8, 25], and to define a set of moderate-to-severe toxicity events.

7.3.4 Statistical analysis

7.3.4.1 General approach

For the reasons described in section 7.3.3, it was thought unlikely that the predictive power of
delivered dose-based dose-toxicity models would substantially outperform planned dose
equivalents. Therefore, the approach taken was to repeat the same methodology for 8 toxicity
endpoints, and observe for a trend in differences of model performance. A brief overview of
the methodology used is described below, with more detailed explanations in the following

sections.

First, univariate regression was undertaken between all hypothesised predictors and binarised
toxicity endpoints. This included all baseline factors such as age, baseline weight and weight
loss as continuous variables, gender as a binary variable, and baseline symptoms as an
ordinal variable. Staging data were included, and binarised such that T-stage was recorded as

TO-2 (0) vs. T3-4 (1), and N-stage as NO-1 (0) vs. N2+ (1). Analysis also included smoking
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(pack years), and alcohol consumption (estimated units/week) as continuous variables.
Treatment factors were assessed, including the use of concomitant systemic therapy (by
cisplatin vs. cetuximab vs. none as a nominal variable, and binarised as cisplatin Y/N, and
systemic therapy Y/N), and pre-RT surgery (neck dissection and parotidectomy as binary
variables, removal of SMGs as an ordinal variable). Finally, univariate relationships between
mean Dp, and mean D, to each OAR were recorded. Next, correlation statistics between
candidate variables showing statistically significant or borderline univariate relationships with
toxicity were calculated, and where co-linearity occurred, the variable with weaker association
was excluded. All remaining variables were then included in a multivariate logistic regression,
the output of which was a regression equation [21, 24, 26], expressed as shown in Equation
7.1:

S= Bot+ (BiV)..+(BnVp) (7.1)

Normal tissue complication probability values were then calculated from this parameter

according to the formula shown in Equation 7.2 [8, 10].

1

NTCP = (7.2)
In the first instance this process was undertaken with planned dose metrics, and delivered
dose metrics were not used. Planned dose models were optimised, calibrated and internally
validated, and model performance was recorded. At this point, construction of the multivariate
logistic regression model for each endpoint was repeated, directly substituting delivered dose
metrics for planned dose. The process of variable selection was not repeated in this step, so
non dose-based variables were simply retained in model construction. Delivered dose-based
models were then optimised, calibrated and internally validated in an identical fashion to
planned dose-based equivalents. Performance metrics were recorded and compared with

planned dose model data.

All data storage and carpentry for this work was done in Microsoft excel. Forrest plots for model
ROC curve AUCs and histograms of discrimination slope performance (section 7.4.5) were
also produced in Microsoft excel. All univariate and multivariate regression analysis, and
receiver operator characteristic (ROC) curve analysis was done in SPSS version 25 (IBM,
Armonk, New York, USA). Most model calibration, discrimination and performance data were

derived directly from SPSS output. Discrimination slope analyses were done in R version 3.4.0.
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7.3.4.2 Univariate analyses and variable selection

In order to characterise crude relationships between each variable and the outcomes of
interest, univariate logistic regression analyses were done for each binarised endpoint [34].
Analysis output included a Wald chi-squared value, odds ratio with 95% confidence intervals,
and p-value. Results were recorded and collated, and all metrics with a p-value <0.1 were
considered candidate variables for multivariate analysis. However, there was a significant risk
of co-linearity between candidate variables [8], and this was quantified as follows. First, a
matrix of Pearson correlation coefficients between each candidate variable was constructed.
Next, tolerance and variance inflation factor (VIF) [25, 34], were calculated as shown in
Equations 7.3 and 7.4:

Tolerance (T) = 1 — R? (7.3)
VIF = - (7.4)

A threshold VIF of 5 [34], equivalent to correlation coefficient of 0.8 [25], was used. Where
such co-linearity existed, the variable with the stronger univariate relationship with outcome

was retained, and the co-linear metric was discarded.
7.3.4.3 Model building, and internal validation

Selected candidate variables were then included in a multivariate logistic regression model.
Again, the risk of over-fitting to training data is high, and the choice of methodology for variable
selection with the multivariate model is important [21, 35]. Based on similar work in this field,
forward variable selection by likelihood ratio was used [8, 26]. In this process, variables are
added to the model in a stepwise fashion, and the statistical significance of differences in
model performance is tested at each step. Once the p-value of adding parameters exceeds
0.05, variable selection is completed, and no further parameters are added. Rather than
randomly splitting the dataset into training and validation cohorts, internal validation was done
with 1000 bootstraps for each analysis, and 10-fold cross validation [8, 10, 25]. Analysis output
was a logistic regression equation as shown in Equation 7.1, and NTCP values for each value

were calculated with equation 7.2.

7.3.4.4 Assessing model performance

Model performance was assessed using standard tools [36, 37]. Overall model performance

was summarised by Nagelkerke’s R? statistic [8, 38], and the -2 log-likelihood ratio [25]. The
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capacity of equivalent planned and delivered dose-based models to discriminate between
cases with and without the endpoint of interest was tested using the respective area under the
curve (AUC) of the ROC curves [8, 10, 25, 39, 40]. The discrimination slope — the absolute
difference between NTCP values in patients with and without the endpoint of interest — was
also calculated for both planned and delivered dose models [8, 10, 25]. An example

discrimination slope plot is shown in Figure 7.1.
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NTCP scores
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|
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Toxicity results

Figure 7.1: Example boxplot for computation of discrimination slope score. Mean NTCP values
are calculated for those patients with (1) and without (0) the toxicity endpoint of interest (all
endpoints for this analysis are binary).

Overall model calibration was analysed with a Hosmer-Lemeshow test with 10 groups [8, 10,
25], in which the expected and observed proportions of patients with toxicity are recorded.
The 10 groups are partitioned to ensure that the observed event rates span the spectrum of
predicted risk. From this 10x4 contingency table, a scatter plot of observed vs. expected risk

was produced, with a line of best-fit. An example is shown in Figure 7.2.
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Figure 7.2: Example NTCP model calibration plot, showing slope and intercept of calibration
slope.
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The slope and intercept of this line were recorded and the Brier score was calculated, as

shown in Equation 7.5:

Y (0bs—Exp)?
N

Brier score = (7.5)

7.4 Results

7.4.1 Toxicity data

Baseline and 1-year point prevalence toxicity data for all 8 endpoints were available for 198
patients. The mean age was 59 (range 26 to 88), and full details of the cohort are shown in
Table 7.1. Full toxicity data, including baseline symptoms, are shown in Chapter 3. In order to
undertake logistic regression analysis, toxicity results were split into binary groups, as
described in section 7.3.3, although baseline toxicity scores were treated as ordinal variables
in the regression analysis. Proportions of patients with the binary toxicity endpoint of interest,

at baseline and at 12 months, for all endpoints, are shown in Table 7.2.

CTCAEV4.03
Xerostomia Gr2+ SDI Gr2+ Dysphagia Gr2+
baseline 7 (3.5%) 5 (2.5%) 11 (5.6%)
12 month 75 (37.9%) 88 (44.4%) 39 (19.7%)
EORTC H&N35

Q41 Gr3+ Q42 Gr3+ Q44 Gr3+
baseline 16 (8.1%) 12 (6.1%) 16 (8.1%)
12 month 95 (48%) 62 (31.3%) 74 (37.4%)

LENT/SOM
Salivary gland subj. Gr2+ Salivary gland man. Gr1+

baseline 16 (8.1%) 1 (0.5%)
12 month 94 (47.5%) 82 (41.4%)

Table 7.2: Proportions of patients with binary outcomes of interest, at baseline and 12
months, for all 8 toxicity endpoints.
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7.4.2 Univariate analyses

Full results of all univariate regression analyses are shown in Appendix A5. Truncated tables
of univariate analysis results, showing only relationships with p-values <0.1, are shown in
Tables 7.3 — 7.10 (for all tables, standard abbreviations are used: IPG = Ipsilateral parotid
gland, CPG = Contralateral parotid gland, ISMG = Ipsilateral submandibular gland, CSMG =
Contralateral submandibular gland, SPC = Superior pharyngeal constrictor muscle, MPC =
Middle pharyngeal constrictor muscle, SGL = Supraglottic larynx, OC = Oral cavity. Dp

indicates mean planned dose to an OAR, Daindicates mean delivered dose).

Variable Nature Wald p-value OR 95% ClI
weight loss (%) cont 5.49 0.019 1.073 1.012-1.137
N stage binary 9.84 0.002 2.71 1.453 - 5.040
cisplatin nominal 10.9 0.001 2.99 1.562 — 5.730
SACT Y/N binary 10.2 0.001 2.83 1.494 — 5.344
cisplatin Y/N binary 10.4 0.001 2.71 1.476 — 4.957
parotidectomy binary 3.91 0.048 0.13 0.016 —0.982
IPG_Dp cont 9.60 0.002 1.0583 1.019-1.088
CPG_Dp cont 28.8 <0.001 1.083 1.052-1.116
ISMG_Dpr cont 412 0.042 1.050 1.002-1.101
CSMG_Dpr cont 21.1 <0.001 1.056 1.032 -1.081
SPC_Dpr cont 17.3 <0.001 1.100 1.052-1.151
MPC_Dp cont 11.9 0.001 1.083 1.035-1.132
OC_Dp cont 15.8 <0.001 1.073 1.036-1.111
SGL_Dp cont 12.5 <0.001 1.078 1.034-1.124
IPG_Da cont 9.89 0.002 1.0583 1.020 - 1.087
CPG_Da cont 30.8 <0.001 1.084 1.053-1.115
ISMG_Da cont 418 0.041 1.050 1.002-1.100
CSMG_Da cont 21.1 <0.001 1.055 1.031-1.080
SPC_Da cont 17.4 <0.001 1.099 1.051-1.149
MPC_Da cont 12.2 <0.001 1.078 1.034-1.125
OC_Da cont 16.3 <0.001 1.073 1.087-1.111
SGL_Da cont 12.7 <0.001 1.079 1.035-1.125
baseline Xer ordinal 6.47 0.011 1.976 1.169 —3.342

Table 7.3: Results of univariate logistic regression analyses with grade 2+ CTCAEv4.03
xerostomia as the primary endpoint. Candidate variables only shown.
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Variable Nature Wald p-value OR 95% ClI
gender (male) binary 3.36 0.067 0.49 0.234 - 1.050
cetuximab nominal 6.90 0.009 5.04 1.508 — 16.84
cisplatin nominal 14.0 <0.001 3.37 1.785 — 6.367
SACT Y/N binary 15.7 <0.001 3.53 1.891 - 6.575
cisplatin Y/N binary 9.79 0.002 2.53 1.415-4.533
CPG_Dr cont 11.8 0.001 1.043 1.018 — 1.068
CSMG_Dp cont 13.0 <0.001 1.032 1.015-1.050
SPC_Der cont 6.56 0.010 1.036 1.008 — 1.064
MPC_Dp cont 7.26 0.007 1.037 1.010 — 1.065
SGL_De cont 8.01 0.005 1.036 1.011 —1.063
CPG_Da cont 13.9 <0.001 1.045 1.021 — 1.069
CSMG_Da cont 13.1 <0.001 1.032 1.014 — 1.049
SPC_Da cont 6.75 0.009 1.036 1.009 — 1.063
MPC_Da cont 7.66 0.006 1.038 1.011 —1.065
SGL_Da cont 8.25 0.004 1.037 1.012 - 1.062
baseline SDI ordinal 3.70 0.054 1.81 0.989 — 3.296

Table 7.4: Results of univariate logistic regression analyses with grade 2+ CTCAEv4.03
salivary duct inflammation as the primary endpoint. Candidate variables only shown.

Variable Nature Wald p-value OR 95% ClI
N stage binary 3.17 0.075 2.00 0.932 —4.300
cisplatin nominal 5.26 0.022 2.61 1.150 — 5.905
SACT Y/N binary 4.62 0.032 2.43 1.081 —5.450
cisplatin Y/N binary 5.60 0.018 2.51 1.171 - 5.394
alcohol (units/wk) cont 3.60 0.058 1.006 1.000 - 1.012
IPG_Der cont 7.25 0.007 1.060 1.016 —1.105
CPG_Dp cont 8.01 0.005 1.046 1.014-1.079
CSMG_Dp cont 7.65 0.006 1.039 1.011 —1.068
SPC_Dp cont 10.5 0.001 1.129 1.049 - 1.215
MPC_Dp cont 6.82 0.009 1.094 1.023-1.170
OC_Der cont 8.01 0.005 1.069 1.021 -1.120
SGL_Dp cont 712 0.008 1.082 1.021 — 1.147
IPG_Da cont 7.52 0.006 1.060 1.017 - 1.106
CPG_Da cont 8.35 0.004 1.045 1.014-1.077
CSMG_Da cont 7.87 0.005 1.040 1.012 -1.069
SPC_Da cont 10.6 0.001 1.130 1.050 - 1.217
MPC_Da cont 7.20 0.007 1.090 1.024 - 1.162
OC_Da cont 8.67 0.003 1.073 1.024 -1.124
SGL_Da cont 7.30 0.007 1.084 1.022 - 1.148

Table 7.5: Results of univariate logistic regression analyses with grade 2+ CTCAEv4.03
dysphagia as the primary endpoint. Candidate variables only shown.
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Variable Nature Wald P value OR 95% ClI

gender (male) binary 4.45 0.035 0.44 0.203 — 0.943
weight loss cont 4.21 0.040 1.067 1.003-1.134
weight loss (%) cont 5.65 0.017 1.072 1.012-1.136
N stage binary 8.01 0.005 2.32 1.295 - 4.157
cisplatin nominal 4.07 0.044 1.85 1.017 — 3.350
SACT Y/N binary 3.55 0.060 1.75 0.978 —3.127
cisplatin Y/N binary 418 0.041 1.81 1.025-3.184
IPG_Dp cont 6.69 0.01 1.039 1.009 — 1.069
CPG_Dp cont 14.5 <0.001 1.048 1.023 -1.073
ISMG_Dp cont 4.80 0.028 1.043 1.004 — 1.082
CSMG_Dp cont 16.4 <0.001 1.036 1.018 — 1.054
SPC_Dr cont 17.8 <0.001 1.079 1.041 -1.117
MPC_Dp cont 13.4 <0.001 1.068 1.031 - 1.107
OC_De cont 15.6 <0.001 1.060 1.030 — 1.092
SGL_Dp cont 12.5 <0.001 1.055 1.024 — 1.087
IPG_Da cont 7.75 0.005 1.041 1.012-1.071
CPG_Da cont 15.7 <0.001 1.048 1.024 - 1.072
ISMG_Da cont 4.94 0.026 1.044 1.005 — 1.084
CSMG_Da cont 16.6 <0.001 1.036 1.018 - 1.053
SPC_Da cont 18.4 <0.001 1.079 1.042-1.118
MPC_Da cont 13.7 <0.001 1.066 1.030-1.103
OC_Da cont 16.0 <0.001 1.060 1.030 — 1.091
SGL_Da cont 12.5 <0.001 1.055 1.024 — 1.086

Table 7.6: Results of univariate logistic regression analyses with grade 3+ EORTC H&N35
Q41 — have you had a dry mouth? as the primary endpoint. Candidate variables only shown.
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Variable Nature Wald p-value OR 95% ClI

gender (male) binary 3.06 0.080 0.50 0.239 - 1.085
weight loss (%) cont 3.07 0.080 1.055 0.994 - 1.119
cetuximab nominal 2.88 0.089 2.81 0.853 —9.278
cisplatin nominal 5.27 0.022 2.21 1.122 - 4.336
SACT Y/N binary 5.89 0.015 2.27 1.171 — 4.400
cisplatin Y/N binary 3.58 0.059 1.82 0.979 — 3.378
CPG_Dp cont 11.2 0.001 1.046 1.019 - 1.074
ISMG_Dp cont 2.83 0.093 1.035 0.994 - 1.077
CSMG_Dpr cont 12.3 <0.001 1.039 1.017 —1.061
SPC_Dp cont 5.20 0.023 1.037 1.005 - 1.071
MPC_De cont 7.27 0.007 1.054 1.014 - 1.095
OC_Dp cont 3.35 0.067 1.027 0.998 — 1.056
SGL_Dp cont 8.92 0.003 1.063 1.021 - 1.107
CPG_Da cont 12.5 0.000 1.047 1.021 - 1.074
ISMG_Da cont 2.75 0.097 1.033 0.994 - 1.073
CSMG_Da cont 12.4 0.000 1.039 1.017 — 1.061
SPC_Da cont 5.40 0.020 1.038 1.006 — 1.070
MPC_Da cont 7.41 0.007 1.052 1.014 - 1.091
OC_Da cont 3.61 0.058 1.027 0.999 — 1.056
SGL_Da cont 9.03 0.003 1.064 1.022 -1.108

Table 7.7: Results of univariate logistic regression analyses with grade 3+ EORTC H&N35
Q42 — have you had sticky saliva? as the primary endpoint. Candidate variables only shown.

Variable Nature Wald p-value OR 95% CI
cisplatin nominal 7.75 0.005 2.49 1.310 — 4.738
SACT Y/N binary 7.86 0.005 2.46 1.312 - 4.623
cisplatin Y/N binary 6.39 0.011 2.16 1.189 — 3.922
CPG_Dr cont 8.95 0.003 1.038 1.013 - 1.064
CSMG_Dr cont 11.4 0.001 1.032 1.013 - 1.051
SPC_Dr cont 10.7 0.001 1.059 1.023 - 1.097
MPC_Dp cont 7.18 0.007 1.043 1.011 -1.076
OC_De cont 5.32 0.021 1.033 1.005 — 1.061
SGL_Dp cont 7.25 0.007 1.039 1.011 - 1.069
CPG_Da cont 8.71 0.003 1.036 1.012-1.060
CSMG_Da cont 11.5 0.001 1.032 1.013 - 1.051
SPC_Da cont 10.7 0.001 1.058 1.028 — 1.094
MPC_Da cont 7.32 0.007 1.042 1.012 - 1.074
OC_Da cont 4.65 0.031 1.029 1.003 — 1.056
SGL_Da cont 6.86 0.009 1.037 1.009 — 1.065
baseline_Q44 ordinal 8.31 0.004 2.08 1.264 — 3.428

Table 7.8: Results of univariate logistic regression analyses with grade 3+ EORTC H&N35
Q44 — taste alteration? as the primary endpoint. Candidate variables only shown.
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Variable Nature Wald p-value OR 95% ClI
gender (male) binary 4.72 0.030 0.43 0.198 — 0.920
weight loss cont 4.00 0.046 1.065 1.001 - 1.132
weight loss (%) cont 5.73 0.017 1.073 1.013-1.137
N stage binary 10.7 0.001 2.68 1.486 — 4.833
cisplatin nominal 4.80 0.028 1.95 1.073 — 3.549
SACT Y/N binary 4.25 0.039 1.85 1.031 - 3.313
cisplatin Y/N binary 4.84 0.028 1.89 1.072 — 3.341
IPG_Dp cont 8.50 0.004 1.046 1.015-1.077
CPG_Dp cont 15.6 <0.001 1.050 1.025 - 1.076
ISMG_Dp cont 4.91 0.027 1.044 1.005 - 1.085
CSMG_Dp cont 15.6 <0.001 1.035 1.017 — 1.053
SPC_Dr cont 17.3 <0.001 1.077 1.040-1.115
MPC_Dpe cont 12.6 <0.001 1.063 1.028 — 1.100
OC_Dp cont 16.1 <0.001 1.063 1.032 — 1.094
SGL_Dp cont 11.8 0.001 1.052 1.022 — 1.083
IPG_Da cont 8.92 0.003 1.045 1.015-1.076
CPG_Da cont 17.1 <0.001 1.050 1.026 — 1.075
ISMG_Da cont 5.04 0.025 1.046 1.006 — 1.088
CSMG_Da cont 16.0 <0.001 1.035 1.018 — 1.052
SPC_Da cont 17.7 <0.001 1.077 1.040-1.115
MPC_Da cont 12.7 <0.001 1.061 1.027 — 1.096
OC_Da cont 16.4 <0.001 1.062 1.031 —1.093
SGL_Da cont 12.1 0.001 1.053 1.023 — 1.083
baseline_LSXer  ordinal 2.76 0.097 1.46 0.934 — 2.295

Table 7.9: Results of univariate logistic regression analyses with grade 2+ LENT/SOM

Salivary gland subjective as the primary endpoint. Candidate variables only shown.
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Variable Nature Wald p-value OR 95% ClI

N stage binary 7.70 0.006 2.34 1.283 — 4.250
cisplatin nominal 20.0 <0.001 4.50 2.328 - 8.716
SACT Y/N binary 17.4 <0.001 3.96 2.074 — 7.552
cisplatin Y/N binary 21.1 <0.001 4.26 2.296 — 7.920
neck diss binary 2.90 0.089 0.59 0.322 - 1.083
parotidectomy binary 3.35 0.067 0.24 0.051 -1.107
IPG_Dp cont 3.31 0.069 1.026 0.998 — 1.056
CPG_Dp cont 19.3 <0.001 1.059 1.032 - 1.087
ISMG_Dp cont 5.60 0.018 1.078 1.013-1.147
CSMG_Dp cont 22.4 <0.001 1.053 1.031 - 1.076
SPC_Dp cont 17.7 <0.001 1.092 1.048 —1.137
MPC_Dp cont 13.4 <0.001 1.086 1.039 - 1.135
OC_Dp cont 15.9 <0.001 1.068 1.034 - 1.104
SGL_De cont 11.3 0.001 1.059 1.024 — 1.096
IPG_Da cont 3.24 0.072 1.025 0.998 — 1.053
CPG_Da cont 19.3 <0.001 1.056 1.031 —1.082
ISMG_Da cont 6.19 0.013 1.087 1.018 - 1.162
CSMG_Da cont 22.5 <0.001 1.053 1.031 - 1.075
SPC_Da cont 18.2 <0.001 1.093 1.049 - 1.139
MPC_Da cont 14.3 <0.001 1.087 1.041 -1.135
OC_Da cont 16.0 <0.001 1.067 1.033 - 1.101
SGL_Da cont 11.8 0.001 1.063 1.027 — 1.101

Table 7.10: Results of univariate logistic regression analyses with grade 2+ LENT/SOM
Salivary gland management as the primary endpoint. Candidate variables only shown.

A number of variables consistently appeared as univariate predictors of many of these toxicity
endpoints, with a p-value threshold for significance <0.05. Correction for multiple testing was
not done for these analyses, as the primary purpose of this analysis was variable pre-selection

for multivariate testing.

Male gender was associated with lower risk of EORTC H&N35 Q41 (OR 0.44, p=0.035) and
LENT/SOM subjective xerostomia (0.43, p=0.03), whilst more advanced N-stage was
associated with CTCAE xerostomia (OR 2.71, p=0.002), EORTC H&N35 Q41 (OR 2.32,
p=0.005), and LENT/SOM subjective xerostomia (OR 2.68, p=0.001) and xerostomia
management (OR 2.34, p=0.006). Proportional weight loss during treatment was found to
increase the risk of CTCAE xerostomia (OR 1.073, p=0.019), EORTC H&N35 Q41 (OR 1.072,
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p=0.017), and LENT/SOM subjective xerostomia (OR 1.073, p=0.017), whilst pre-RT
parotidectomy seemed to be protective for CTCAE xerostomia (OR 0.13, p=0.048). Not
surprisingly, the use of concomitant systemic therapy also increased the risk of various

toxicities.

The use of cisplatin specifically (as a nominal variable) had the strongest associations for dry
mouth across endpoints; CTCAE xerostomia (OR 2.99, p=0.001), EORTC H&N35 Q41 (OR
1.85, p=0.044), and LENT/SOM subjective xerostomia (OR 1.95, p=0.028) and xerostomia
management (OR 4.50, p<0.001). This was also true for CTCAE dysphagia (OR 2.61,
p=0.022). However, Cetuximab use was also independently associated with CTCAE salivary
duct inflammation (OR 5.04, p=0.009). For this endpoint, the use of any systemic therapy as a
binary variable had a stronger univariate association than the use of cisplatin as a binary
variable (OR 3.53, p<0.001 vs OR 2.53, p=0.001), and this was also true of EORTC H&N35
Q42 — have you had sticky saliva? (OR 2.27, p=0.015 vs OR 1.82, p=0.059).

A range of dosimetric parameters were associated with higher risk of all toxicity endpoints.
Broadly, patterns were as expected. For planned dose metrics, dose to the contralateral
parotid gland had the strongest associations with CTCAE xerostomia (OR 1.083, p<0.001),
EORTC Q41 (OR 1.048, p<0.001) and LENT/SOM subjective xerostomia (OR 1.050,
p<0.001). Dose to the contralateral submandibular gland had the strongest relationships with
CTCAE salivary duct inflammation (OR 1.032, p<0.001) and EORTC H&N35 questions 42
(sticky saliva) (OR 1.039, p<0.001) and 44 (taste disturbance) (OR 1.032, p=0.001). Dose to
the superior pharyngeal constrictor muscle had the strongest association with CTCAE
dysphagia (OR 1.129, p=0.001). It is also worth noting that across all endpoints, there was a
trend for Wald chi-squared statistics, odds ratios and p-values to be marginally stronger for
delivered dose metrics than for planned. Examples include dose to the contralateral parotid
with CTCAE xerostomia (Wald 28.8, OR 1.083 vs Wald 30.8, OR 1.084), and dose the superior
pharyngeal constrictor muscle with CTCAE dysphagia (Wald 10.5, OR 1.129 vs. Wald 10.6,
OR 1.130).

Co-linearity diagnostics were run between all parameters classified as candidate variables
across all endpoints. The only association that breached the pre-defined threshold was
between mean dose to the middle pharyngeal constrictor muscle, and supraglottic larynx,
which had a tolerance of 0.092, and a VIF of 10.82. Thus, mean dose values to these 2
structures were never included in the same multivariate analysis. One or the other was
selected on a model-by-model basis depending on the stronger univariate relationship. Full

details are given in Appendix A5.
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7.4.3 Multivariate analyses and model specifics

Full details of all the parameters included in the first step of model production are given in
Appendix A5. This includes significance p-values of adding each parameter to the model. Final
logistic regression equations after internal validation with bootstrapping, with finalised

parameters and coefficients, are shown below for all 8 toxicity endpoints:

Grade 2+ CTCAEvV4.03 xerostomia:
e Planned dose: S = 1.263(baseline_xer) + 0.097(CPG_Dp) — 3.546
e Delivered dose: S = 1.307(baseline_xer) + 0.098(CPG_D,) — 3.688

Grade 2+ CTCAEV4.03 salivary duct inflammation:
e Planned dose: S = 0.918(SACT Y/N) + 0.019(CSMG_Dp) — 1.660
e Delivered dose: S = 0.912(SACT Y/N) + 0.018(CSMG_D,) — 1.662

Grade 2+ CTCAEV4.03 dysphagia:
o Planned dose: S = 0.004(alcohol units/wk) + 0.086(SPC_Dp) + 0.071(SGL_Dp) -
10.401
e Delivered dose: S = 0.004(alcohol units/wk) + 0.089(SPC_D,) + 0.068(SGL_Dx) -
10.597

Grade 3+ EORTC H&N35 Q41 — have you had a dry mouth:
e Planned dose: S = 0.037(weight loss %) + 0.052(0OC_Dpg) + 0.023(CPG_Dp) — 3.535
e Delivered dose: S = 0.036(weight loss %) + 0.051(OC_Dx) + 0.025(CPG_D,4) — 3.569

Grade 3+ EORTC H&N35 Q42 — have you had sticky saliva:
¢ Planned dose: S = 0.038(CSMG_Dp) —2.559
e Delivered dose: S = 0.038(CSMG_Dp) —2.596

Grade 3+ EORTC H&N35 Q44 — have you had taste disturbance:
e Planned dose: S = 0.815(baseline_H&N35_Q44) + 0.033(CSMG_Dp) — 3.072
e Delivered dose: S = 0.815(baseline_H&N35_Q44) + 0.033(CSMG_D,) — 3.104

Grade 2+ LENT/SOM Salivary gland xerostomia subjective:
¢ Planned dose: S = 0.696(baseline_LS_SubXer) + 0.041(CPG_Dp) + 0.043(OC_Dp) —
3.534
o Delivered dose: S = 0.714(baseline_LS_SubXer) + 0.043(CPG_Dj) + 0.041(OC_Da)
—3.560
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Grade 2+ LENT/SOM Salivary gland xerostomia management:
e Planned dose: S = 0.912(cisplatin Y/N) + 0.040(CSMG_Dp) — 2.731
e Delivered dose: S = 0.895(cisplatin Y/N) + 0.040(CSMG_Dx) — 2.753

It is worth noting that the inclusion of alcohol consumption as a factor in the CTCAE dysphagia
model is a new finding, which has not been reported elsewhere in the literature. Given the
absence of a clear causal relationship between alcohol consumption and swallowing
dysfunction, and the risk of false positive findings with multiple testing, it may be that this is a

spurious finding.

7.4.4 Model performance

Overall performance for both planned and delivered dose-based models was assessed with
Nagelkerke’s R? statistic and -2 log likelihood (-2LL) scores. These data are summarised in
Table 7.11. Overall, the best performing models were for CTACE xerostomia and LENT/SOM
xerostomia management. It can be seen that higher Nagelkerke R? statistics for delivered
dose-based models, indicating better model performance, were found for 6/8 toxicity
endpoints, with identical performance for 2. Lower -2LL scores also indicate superior model
performance, and the same pattern was observed, with lower scores for the same 6/8

endpoints, and identical scores for 2.

Planned dose models Delivered dose models

Toxicity endpoint
Nagelkerke’s R? -2LL  Nagelkerke’s R2  -2LL

CTCAE xerostomia 0.316 211 0.336 207
CTCAE SDI 0.137 245 0.137 245
CTCAE dysphagia 0.195 150 0.203 149
EORTC H&N35 Q41 0.171 237 0.180 236
EORTC H&N35 Q42 0.111 224 0.112 224
EORTC H&N35 Q44 0.149 234 0.151 233
LENT/SOM Subj Xer 0.200 242 0.210 240
LENT/SOM Man Xer 0.240 225 0.240 225

Table 7.11: NTCP model performance summary, for planned and delivered dose-based
models. (-2LL = -2 log likelihood statistic)
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7.4.5 Model discrimination

The capacity of models to predict which patients would, and would not develop the toxicity

endpoint of interest was tested with ROC curves, and discrimination slope scores. Results for

AUCs of ROC curves are summarised in Table 7.12. ROC curves for both planned and

delivered dose-based models for each endpoint are shown in Figure 7.3 — 7.10. These data

are summarised in a Forrest plot in Figure 7.11.

Toxicity endpoint

Planned dose models

Delivered dose models

AUC 95% Cl AUC 95% Cl
CTCAE xerostomia  0.787 0.723-0.851 0.801 0.739 - 0.863
CTCAE SDI 0.670 0.595-0.746 0.668 0.593-0.744
CTCAE dysphagia 0.749 0.666-0.831 0.752 0.668 —0.836
EORTC H&N35 Q41 0.690 0.616-0.764 0.697 0.624 —0.771
EORTC H&N35 Q42 0.636 0.557-0.715 0.641 0.563 —0.720
EORTC H&N35 Q44 0.681 0.604-0.758 0.682 0.605—0.758
LENT/SOM Subj Xer 0.735 0.665-0.804 0.741 0.673-0.810
LENT/SOM Man Xer 0.735 0.665-0.805 0.735 0.665—0.804

Table 7.12: Areas under ROC curves, with 95% confidence intervals, for both planned and
delivered dose-based NTCP models for all 8 toxicity endpoint
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Figure 7.3: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 2+ CTCAE v4.03 xerostomia
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Figure 7.4: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 2+ CTCAE v4.03 salivary duct inflammation.
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Figure 7.5: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 2+ CTCAE v4.03 dysphagia.
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Figure 7.6: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 3+ EORTC H&N 35 Q41 — have you had a dry mouth?
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Figure 7.7: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 3+ EORTC H&N 35 Q42 — have you had sticky saliva?
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Figure 7.8: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 3+ EORTC H&N 35 Q44 — have you had taste disturbance?
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Figure 7.9: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 2+ LENT/SOM salivary gland subjective xerostomia
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Figure 7.10: Receiver operator characteristic curves for both planned and delivered dose-
based NTCP models, for grade 1+ LENT/SOM salivary gland subjective xerostomia

241



CTCAE Xerostomia

CTCAE SDI

CTCAE Dysphagia

H&N 35 Q41

H&N 35 Q42

H&N 35 Q44

LENT/SOM Subjective Xerostomia

LENT/SOM Management Xerostomia

|
I
I
I
I
I
I
| o
I
I
I
I
I
I
I
I
|

Planned dose NTCP
= Delivered dose NTCP

0.3 0.4

0.5 0.6

ROC curve AUC (95% Cls)

0.9 1

Figure 7.11: Forrest plot of ROC curve AUCs and 95% confidence intervals for both planned
and delivered dose-based NTCP models.

Discrimination slope results for both planned and delivered dose-based NTCP models for all

8 toxicity endpoints are summarised in Table 7.13, and shown as a clustered bar chart in

shown in Figure 7.12.

Planned dose models Delivered dose models

Toxicity endpoint

Disc. slope Disc. slope
CTCAE xerostomia 0.241 (+0.031) 0.259 (+0.032)
CTCAE SDI 0.103 (+0.022) 0.104 (+0.022)
CTCAE dysphagia 0.057 (+0.020) 0.058 (+0.02)
EORTC H&N35 Q41 0.126 (+0.024) 0.128 (+0.024)
EORTC H&N35 Q42 0.071 (x0.016) 0.073 (+0.016)
EORTC H&N35 Q44 0.110 (20.023) 0.111 (20.023)
LENT/SOM Subj Xer 0.154 (x0.025) 0.162 (x0.026)
LENT/SOM Man Xer 0.176 (+0.026) 0.178 (+0.026)

Table 7.13: Discrimination slope results for planned and delivered dose-based NTCP models

for all 8 toxicity endpoints. Standard errors shown in parentheses.
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Figure 7.12: Clustered bar chart of discrimination slope results (with standard errors) for
both planned and delivered dose-based NTCP models, for all 8 toxicity endpoints.

Similar trends to those in the multivariate model performance summary results are seen. The
best performing models with both planned and delivered dose metrics, using AUC of ROC
curves and discrimination slope data, were for CTCAE xerostomia, and LENT/SOM subjective
xerostomia, and xerostomia management. Models predicting more severe symptoms of thick,
sticky saliva using both CTCAE (salivary duct inflammation) and EORTC H&N 35 (Q42) were
less discriminatory. A trend observed in result of the univariate analysis was also seen with
multivariate models. Although differences are minimal, AUCs were superior for delivered dose-
based models for 6/8 toxicity endpoints, whilst discrimination slope results suggested

marginally better capacity to distinguish cases from controls for all 8 delivered dose models.

7.4.6 Model calibration

Calibration data for all models are shown in Table 7.14. Overall model calibration is
summarised by the Hosmer-Lemeshow (HL) chi-squared statistic, and p-value. A lower HL
score, and higher p-value indicate better calibration. Data for calibration slope, intercept and
Brier score are also presented. Perfect model calibration would result in a calibration slop of

1, intercept of 0, and Brier score of 0.
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Toxicity Planned dose models Delivered dose models
endpoint | HL 4,2 pval CS  Int BS |HLy2 pval CS Int BS
CTCAE . 283 095 1.02 -001 <0.01 | 791 044 102 -0.01 <0.01

xerostomia

(SDE?AE 544 071 102 -0.01 <001 | 781 045 1.03 -0.01 <0.01
CTCAE . 268 095 1.08 -0.02 <0.01 | 434 083 1.06 -0.01 <0.01
dysphagia

EORTC

H&N35._ Q41 10.2 0.25 0.96 0.02 0.13 44 082 094 0.03 <0.01
EORTC

H&N35._ Q41 801 043 09 002 <001 | 104 024 0.96 0.01 0.01
EORTC

H&N35._ Q41 3.62 089 098 001 <0.01| 539 072 097 0.01 <0.01
LENT/SOM | 951 030 102 -001 001 | 600 065 1.04 -0.02 <0.01
Subj Xer

RO 409 085 097 001 <001 | 554 070 0.97 0.01 <0.01
Man Xer

Table 7.14: Calibration results for both planned and delivered dose-based models. HL 2=
Hosmer Lemeshow chi-squared statistic, p-val = p-value, CS = calibration slope, Int =
intercept, BS = brier score.

Overall, model calibration results were reassuring; all Hosmer-Lemeshow tests were
negative (all p-values >0.2), and all Brier scores were <0.25, indicating adequate calibration

of all models.

7.5 Discussion

7.5.1 Toxicity data

Toxicity endpoints were selected to reflect moderate to severe symptoms 12 months after
radiotherapy completed. Although a number of NTCP modelling studies have used 6-month
data [8-10, 26], others have used 12-month results [25], and this seemed a pragmatic
compromise between peak event rate and a slightly larger sample with 6-month data, and the
more persistent lasting symptoms seen at later timepoints. Where possible, the thresholds
chosen to define presence of a specific toxicity were based on literature precedent. For
example, the threshold of grade 3+ for EORTC H&N 35 questions 41 and 42 was based on

the work of Beetz et al [8].
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An exception was the choice of grade 2+ CTCAEv4.03 dysphagia. The NTCP model of
Wopken and colleagues predicts the probability of on-going PEG-tube dependence at 6
months [10]. However, this endpoint has 2 disadvantages. Firstly, a low event rate of 10.7%,
partially compensated for by a larger sample size of 355 patients. Secondly, whilst this
threshold improves the objectivity of the endpoint, it does not include a number of patients with
significant, life-altering symptoms. Of note, an earlier analysis of the same cohort was based
on grade 2+ toxicity outcomes [9]. Grade 2 CTCAEv4.03 dysphagia is defined as “symptomatic
and altered eating/swallowing”. Therefore, this threshold was chosen to ensure this degree of
toxicity was being measured, and to optimise the event rate for analysis. Where no precedent
existed, selected thresholds were also based on a balance between sufficient event-rate for
robust model training and validation, and ensuring that the predicted phenotype was clinically
relevant. For example, grade 2 LENT/SOM salivary gland xerostomia management is defined
as “Occasional saliva substitute, sugarless candy or gum, sialagogues”. Therefore, any patient
with this grade (or worse) requires some degree of active management to cope with their

xerostomia, with resultant lifestyle consequences.

As discussed in Chapter 3, toxicity results presented here are similar to published data from
similar cohorts, and in clinical trials [4]. Importantly, event-rates for many of the binary toxicity
endpoints chosen were comparable to those in previous NTCP-modelling work. For example,
the 6-month event rates used for the Beetz xerostomia model were very similar to data in this
cohort [8]. This is important, as it makes metrics for model performance, discrimination and
validation seen in this work more comparable with literature precedent. The discrepancy with
the event-rate in the Wopken dysphagia model is an exception [10], but the results of the earlier
Christianen analyses are more directly comparable, as they were based on grade 2+ events
[9].

7.5.2 Univariate analysis

A number of baseline demographic, disease and treatment factors were associated with all the
toxicity endpoints assessed. Percentage weight loss as a continuous variable was associated
with CTCAEvV4.03 xerostomia, EORTC H&N 35 dry mouth and sticky saliva and LENT/SOM
subjective xerostomia. Previous NTCP models for xerostomia and sticky saliva did not find this
effect [8], although this may be because weight loss data were not available for analysis.
Weight loss was previously found to be a univariate predictor of dysphagia by Wopken et al
[10]. There are 2 plausible mechanisms for this effect. The first is to hypothesise that patients
treated with large high-dose volumes, bilateral neck treatment and concomitant systemic

therapy would develop more severe acute side effects earlier in treatment, leading to poor
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alimentation and greater weight loss. These patients would also be likely to receive higher
doses to the parotid glands. Another is that weight loss leads to higher delivered doses to the
parotid glands, although data in Chapter 6 show that the relationship between weight loss and

CPG dose differences are non-significant.

The data in this Chapter suggest that men were less likely to develop xerostomia and thick
sticky saliva, although these relationships were all of borderline significance. This effect was
not observed in previous NTCP models [8-10], and there is no clearly plausible mechanism to
explain it. If anything the contrary might be expected — with men (relatively) more likely to have
SCC'’s, hence higher absolute doses and bilateral neck treatment, and women more likely to
have salivary gland primaries, with lower doses and unilateral neck treatment. The fact that
parotidectomy was protective for CTCAEv4.03 xerostomia and LENT/SOM xerostomia
management strongly suggests that this cannot be the mechanism. The most likely explanation
therefore is that this is a statistical anomaly, due to the substantial gender imbalance in the
sample (83% men, 17% women), an imbalance that is broadly similar to that observed in
similar NTCP modelling work [8, 10, 25].

Staging consistently appears as a univariate predictor of toxicity outcomes, with N-stage
specifically associated with xerostomia, thick sticky saliva and dysphagia [9, 10, 25]. This effect
was also observed in these data, where strong univariate associations between more
advanced N-stage, and higher probabilities of moderate to severe xerostomia and dysphagia
were observed. A similar pattern was seen for baseline symptoms. The presence or absence
of symptoms before radiotherapy consistently predicts subsequent toxicity [8-10, 25, 26], and
again this finding was replicated here, where strong univariate associations between baseline

symptoms and xerostomia, salivary duct inflammation and taste disturbance were observed.

On univariate analysis, the use of concomitant systemic therapy increased the risk of all toxicity
endpoints. This is entirely in keeping with the literature, which has consistently reported the
same effect [30, 41-43]. Interestingly however, there may be some deeper subtleties apparent
from the data, partly limited by the small patient numbers treated with cetuximab. The use of
cisplatin specifically — as a nominal variable - has the strongest univariate association with
CTAEv4.03 xerostomia and dysphagia, and LENT/SOM xerostomia scores. Odds ratios for
the use of any systemic therapy (including cetuximab) are still significant but weaker.
Furthermore, the use of cetuximab as a nominal variable was not significantly associated with
toxicity for any of these endpoints. This suggests that using cisplatin as a concomitant therapy
increases the risk of moderate to severe late toxicity for these endpoints more than cetuximab,

a finding not substantiated by 2 large recent RCTs [32, 44].
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In contrast, the opposite effect is seen for CTCAEv4.03 salivary duct inflammation. The use of
cetuximab has an odds ratio of 5.04, higher than that for cisplatin, and the strongest univariate
effect for concomitant therapy is the use of any systemic therapy as a binary variable. The
same is true for EORTC H&N35 sticky saliva. This infers that whilst cisplatin confers the
greatest risk for xerostomia and dysphagia, cetuximab use may be particularly associated with
an increased risk of this very specific toxicity. It should be restated however that the number
of patients receiving cetuximab was small (14/198), therefore these data are no more than

suggestive.

Strong relationships between OAR dose and side effects were observed for most endpoints.
However, 2 important trends emerge. Firstly, when looking at planned dose metrics, the
strongest univariate relationships between OAR doses and most toxicity endpoints were those
expected, either a-priori, or from the literature [8-10, 45-48]. Examples include CPG dose for
CTCAEV4.03 xerostomia, CSMG dose for salivary duct inflammation, and SPC dose for
dysphagia. Secondly, direct comparison of univariate relationships for equivalent planned and
delivered OAR doses consistently show very marginally stronger associations with delivered
dose metrics. For all 8 endpoints, the Wald chi-squared statistic for the strongest univariate

OAR planned dose-response relationship is lower than the delivered dose equivalent.

However, it is important to emphasise that absolute differences between univariate toxicity
relationships for both planned and delivered dose were very small, and none were statistically
significant. In some cases odds ratios were identical, and in all cases confidence intervals
overlapped. Given the meagre differences between planned and delivered dose in the cohort,
this result is not surprising. Therefore, whilst the result is interesting and suggestive, it cannot

be definitively concluded that delivered dose is a better univariate predictor of toxicity.

7.5.3 Multivariate models

All NTCP models were relatively simple, and the maximum number of terms in any model
(excluding constants) was 3. This is reassuring as it reduced the likelihood of major over-fitting
to training data, and the recommended limit of =10 events per variable was respected for all
models [49]. Robust model validation is also crucial to reduce the risk of over-fitting [50-52].
The TRIPOD statement describes 4 levels of quality and robustness in prognostic modelling
[50]. Level 1 models are produced from a single dataset with no validation attempted. In level

2 analyses, internal validation is done, whilst level 3 and 4 involve genuine external validation
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on datasets that are entirely separate to the training cohort. As the NTCP models produced in
this work included delivered dose metrics, and this is the first study to do so, true external
validation was, by definition, not possible. In such circumstances, there has been a vogue to
split a single dataset into training and validation cohorts. However, the TRIPOD consensus
statement on prognostic modelling states that “randomly splitting a dataset into training and
validation cohorts is thought to be external validation — but is in fact a weak form of internal
validation” [50]. This is equivalent to the example of an erroneous type 2 analysis in the opinion
piece of Zwanenburg and Léck [51]. The TRIPOD statement also advises that internal
validation methods include calibration and discrimination, with boot-strapping and cross-
validation as expected approaches for internal validation [50]. The methodology used in this

work was designed to follow these consensus guidelines as closely as possible.

The parameters included in the planned dose NTCP models were similar to previous
publications in many cases. For example, the CTCAEv4.03 and LENT/SOM subjective
xerostomia models included only baseline symptoms and mean dose to the contralateral
parotid gland, identical to the Beetz xerostomia model [8] (although it should be reiterated that
the endpoint for this analysis was EORTC H&N35 Q41). A study by Van Dijk and colleagues
sought to improve xerostomia prediction by incorporating CT texture features of the parotid
glands into their models, which also included baseline toxicity scores [25]. NTCP values for
the Beetz sticky saliva model were most affected by mean dose to the contralateral
submandibular gland, as were the CTCAEv4.03 SDI and EORTC H&N35 Q42 models in this
work. The dysphagia regression equation in this work included mean dose to the superior
pharyngeal constrictor muscle, as did the models of both Christianen [9], and Wopken et al
[10]. As noted in section 7.4.3, this model also included alcohol consumption, which may have

been a spurious result.

Model performance was satisfactory. All planned and delivered dose models were significant
predictors of toxicity outcomes (ROC curve AUC lower 95% CI > 0.5 in all cases). Planned
dose-based model performance and discrimination scores were consistent with previously
published results in some cases, and slightly inferior in others. Xerostomia prediction using
EORTC H&N35 Q41 in this work is summarised by a ROC curve AUC and discrimination slope
of 0.69 and 0.13, very similar to values of 0.68 and 0.10 in the Beetz model [8]. For sticky
saliva the model in this work was slightly inferior to the Beetz equivalent [8]; ROC curve AUCs
and discrimination slopes were 0.64 vs. 0.70 and 0.07 vs. 0.12 respectively. Interestingly,
performance for both CTCAEv4.03 and LENT/SOM xerostomia models was superior to the
EORTC endpoint in this work. More recent EORTC endpoint based xerostomia and sticky

saliva models from Van Dijk et al reported respective AUCs of 0.75 and 0.74, more similar to
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the CTCAEv4.03 and LENT/SOM based results reported here. ROC curve AUC and
discrimination slope scores for the CTCAEv4.03 dysphagia model in this work (0.75 and 0.06)
are lower than those seen in similar work by Christianen and Wopken et al [9, 10], but it should

be noted that these studies had access to a larger sample of patients (~350).

Similar to the univariate analysis, the NTCP model results suggest that delivered dose-based
multivariate toxicity prediction models consistently perform marginally better than planned
dose-based equivalents. In 6/8 cases, both Nagelkerke R? and -2LL statistics for delivered
dose models were slightly better than their planned dose equivalents, and in 2/8 cases they
were identical. This is despite the fact that preliminary model building and training was done
with planned dose metrics. Delivered dose-based models had higher ROC curve AUCs in 6/8
cases, with 1 identical result, and 1 case where the planned dose model was marginally
superior. The discrimination slope result was better for all 8 delivered dose models. Calibration
results were satisfactory in all cases, with consistently close alignment between predicted and

observed event rates for both planned and delivered dose based models.

However, it is important to reiterate that all these differences were very small, with substantial
overlap of all confidence intervals. Overall model performance is similar for both planned and
delivered dose models, and no statistical significance of the differences that were observed
was sought or tested for. However, this was entirely expected. As shown in Chapter 6, mean
differences between planned and delivered dose across this patient sample were relatively
small, and it was therefore highly unlikely that large differences in model performance would
be seen. There is literature precedent for this approach, observation and subsequent
conclusions. In the Van Dijk study of parotid gland CT IMBs, the authors concluded that
including textural features improved predictive performance on the basis of ROC curve AUCs
for xerostomia and sticky saliva respectively improving from 0.75 t0 0.77 and 0.74 t0 0.77, and
discrimination slope scores of 0.19 to 0.21 and 0.15 to 0.18 [25]. In all cases 95% confidence

intervals overlapped substantially.

These data therefore suggest that whilst mean dose differences to H&N OARs across a
population may be small, they may be significant enough to cause a very subtle effect in the
predictive capabilities of predictive toxicity models. The very similar performance of planned
and delivered dose-based models shows that they predict the same outcome for most patients.
It is only in the relatively rare cases where dose differences are substantial that model
predictions will be noticeably different. Therefore, if the objective of ART is toxicity reduction,

careful patient selection is crucial.
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7.6 Conclusions

In this work, relationships between mean planned and delivered radiotherapy dose to OARs
crucial for saliva production and swallowing, and patient toxicity measured with 3 scoring
systems and 8 discrete endpoints, were assessed. On both univariate and multivariate
analysis, delivered dose metrics were marginally superior predictors of toxicity outcomes than
planned dose equivalents, but differences were very small, and not statistically significant.
Given the small OAR Dr versus D dose deltas at a population level, such subtle differences
in toxicity prediction are not surprising emphasising that many patients do not need ART, and

careful patient selection is crucial to identify those that do.
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Chapter 8 — Multiple timepoiNt mri tO Track organ at risk (OAR) changes in
patients undergoing radical radiotherapy for head and neck cancer: the MINOT-
OAR study

8.1 Overview

Chapters 2-7 all describe work whose underlying principle is better targeted ART for toxicity
reduction, based on a greater understanding of delivered dose to important OARs. However,
this approach may be driven by other sources of information, not least advanced imaging
techniques such as MRI. In this Chapter, | describe the methodology and some preliminary
results from the Minot-OAR study — a sub-study of VoxTox. In this study, participants were
invited to undergo MRI scans immediately prior to their first fraction of radiotherapy, and before
fractions 6, 16, and 26. The imaging protocol was designed to include a detailed anatomical
sequence, diffusion-weighted imaging, and a sequence to permit estimation of the relative fat
fraction within a given structure. Concurrent with this, the side effects experienced by patients
were recorded using the standard VoxTox toxicity assessment tools and methods as described
in Chapters 2 and 3. The objectives of this work were to improve our understanding of the
nature, and mechanisms of change within the major salivary glands during radiotherapy
treatment, to try and validate previously published imaging biomarkers of toxicity and to try and
find such IMBs as early as possible in a course of treatment, in order to maximise the

theoretical benefit of ART for toxicity reduction.

8.1.1 My Role

The idea for the Minot-OAR sub-study was mine. Whilst conducting the literature review to
understand both current state-of-the-art, and areas where more research were required, my
understanding of the role of MRI in H&N radiotherapy increased significantly, not the least the
potential and problems associated with combined MRI-linear accelerator units — MR-Linac. A

synthesis of this understanding was published as the following opinion piece:

The future of image-guided radiotherapy — is image everything?
Noble DJ, Burnet NG. Br J Radiol. 2018 Jul;91(1087):20170894

I undertook all necessary consultations with experts and stakeholders prior to drafting the initial
study proposal, and led on the process of gaining regulatory and ethical approval for the study
via a substantial amendment to the VoxTox study itself. Along with Amy Bates (Research

Radiographer), | led on recruitment to the study, and undertook many of the toxicity
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assessment interviews. | completed a course in MRI safety in order to personally supervise
study scans. | undertook all the data collation, image and data analysis described in this
chapter. Although recruitment to the Minot-OAR study has completed, image analysis is
ongoing, and toxicity data continue to mature. The data presented in this chapter represent

the most up to date progress with this work.

8.1.2 Acknowledgements

Amy Bates and staff from the CCTC (Cambridge Cancer Trials Centre) provided assistance in
the process of drafting, editing and submitting necessary documents for the substantial
amendment to the HRA. Vicky Lupson (Superintendent Radiographer, Wolfson Brain Imaging
Centre - WBIC) provided support, assistance and guidance in providing relevant costings, and
documentation, to undertake imaging on WBIC scanners. Karen Welsh (WBIC radiographer)
helped to design the imaging protocol, and undertook many of the scans in the study. All scans
were done by members of the WBIC radiographer team. Recruitment to Minot-OAR, as well
as toxicity assessments, were undertaken by Amy Bates, other members of the research
radiographer team, and myself. Dr Tilak Das (consultant H&N radiologist) provided input into
the imaging protocol, as well as governance reports for study scans, and inter-observer
variability data. All other governance reports were performed by Dr Dan Scoffings (consultant
H&N radiologist). | received assistance in the process of extracting imaging data from PACS,
as well as anonymisation and storing of images in the University Department of Radiology from
Dr Fulvio Zaccagna (PhD student, Department of Radiology), and the Department of Radiology
IT team, and Dr Zaccagna also provided input and advice on the methodology for image
analysis. | am grateful for the input of Drs Ferdia Gallagher (CRUK Senior Cancer Research
Fellow, Honorary Consultant Radiologist, PhD second supervisor), Andrew Priest (MRI
physicist and Affiliated Lecturer, Department of Radiology), and Martin Graves (MRI physicist
and Affiliated Lecturer, Department of Radiology, Head of MR Physics and Radiology IT,

CUHNFT) in discussions regarding the science, and implementation of the imaging protocol.

8.2 Introduction

8.2.1 Imaging-driven ART

Chapters 5, 6 and 7 have shown that delivered dose to OARs can differ from doses anticipated

during planning, that these differences may be clinically significant, and that patient, disease

and treatment factors may all help to guide clinicians in the broader objective of delivering
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personalised radiotherapy. However, Heukelom and Fullers recent and thorough review shows
that other sources of data may also be very helpful in driving intelligent ART [1], specifically
imaging modalities which are not currently standard components of radiotherapy workflows,
such as PET-CT and MRI done specifically for treatment adaptation. There has already been
considerable interest in deriving and validating IMBs from both of these modalities [2], and

active research continues in this space [3, 4].

Much of this research has focussed on disease, both the primary tumour and loco-regional
lymph nodes [5, 6]. PET-CT IMBs such as changes in the avidity of FDG and F-MISO [3, 7],
and functional MRI techniques such as dynamic contrast enhancement (DCE) [8-12] and
diffusion weighted MRI [13-21], have been studied extensively. The underlying aim of this
research is ARTampiio, ARTreduco, OF ARTiotale, as defined by Heukelom and Fuller [1]; target
volumes and doses are amended on the basis of new information about disease, no new
information about the morphology or physiology of OARs is derived, and any reduction in
treatment toxicity results from reduced dose to OARs from this process, rather than by
selecting patients for preferential or enhanced OAR sparing based on new data about that

structure.

However, both imaging modalities have also been used to study the effect of radiation on
OARs themselves, especially the salivary glands [22-25], with the overall aim of finding IMBs
that are sensitive and specific for toxicity events. MRI in particular has been used to study
changes in the morphology, function and physiology of salivary glands [24]. Techniques that
have been used, and measured parameters include quantification of morphological change
[24, 26, 27], DCE [22, 23, 27], and diffusion weighted imaging (DWI) [21, 24, 27-30].

8.2.2 Diffusion-weighted imaging theory

DWI is a technique whereby images are created from differences in the signal characteristics
of water diffusion in different tissues. Given a large enough sample of water molecules,
followed for a sufficient duration of time, the distribution of individual vectors will be normally
distributed around a mean of 0 [31]. The standard deviation of this distribution will be
proportional to the diffusion coefficient, and the time over which the sample is studied. In
human tissues, the movement of water molecules is not ‘free’, but restricted by microstructures
such as cell membranes, and organelles [31]. In DWI, a pair of opposing magnetic fields
dephase and rephase water molecules [29]. If water molecules are stationary, no dephasing
will occur. However, if there is movement, then dephasing will occur, and this is depicted as

signal loss on DWI [29]. The magnitude of signal loss depends on 2 factors; firstly, the amount
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of water molecule movement, and secondly the strength and duration of the gradient pulse

[29]. This latter factor can be summarised as the b-value of the imaging sequence [30].

The complexity of this system in tissues is increased by the presence of blood vessels, and
tissue perfusion. At the level of individual voxels, the organisation of capillary networks is
thought to be pseudo-random, hence the motion of fluid in these vessels should be incoherent
[32, 33]. This leads to the notion of Intravoxel Incoherent Motion (IVIM), or imaging of
microscopic translational motion that occurs in voxels on MR imaging [32, 33]. Therefore, this
motion has 2 distinct components; random Brownian diffusion of water molecules, and tissue
perfusion within capillary beds [32]. The summary quantification of these 2 processes together
is known as the Apparent Diffusion Coefficient (ADC) [34]. However, the relative contribution
of these 2 components of ADC varies, depending on the b-values used in the acquisition of
the images. At lower b-values (50-150mm/s2) blood flow, and hence perfusion contribute
significantly to the acquired signal [30]. At higher b-values (500-1000mm/s2) contribution from
perfusion to overall signal is suppressed [25]. Furthermore, by using multiple b-values, it is
possible to model the signal decay, and estimate the relative contributions of both perfusion

fraction (f) and diffusion coefficient (D) from the summary ADC statistic [30].

Using multiple b-values not only permits quantification of mean diffusion in tissues, but also
interrogation of the shape of the diffusion data distribution. In Diffusion Kurtosis Imaging (DKI),
the underlying principle is that tissues with a higher degree of cellular complexity, for example
with more densely packed cell membranes or organelles, will deliver a less Gaussian
distribution of water diffusion data [35]. The degree of kurtosis quantifies how Gaussian (or
not) the distribution of data is, and a high degree of diffusional kurtosis is thought to associate
with greater complexity at a microstructural level [35, 36]. However, these effects are more
prominent with stronger gradients, hence higher b-values are required for this technique, with

typical protocol for DKI involving multiple b-values up to 2500mm/s2 [37].

Therefore, a number of research groups have hypothesised that radiation effects upon salivary
glands may have caused microstructural changes within these organs, such as necrosis,
atrophy, and inflammation, that could be quantified by these imaging techniques, and might
predict subsequent toxicity events [24, 25]. For example, research groups have studied
absolute values of ADC, and relative changes in this metric, before and after radiation [24, 25,
29]. ADC values before and after stimulation of the salivary glands [25, 29, 38] have been
studied, and more recently DKI techniques have also been used to study radiation induced
salivary gland damage [39, 40]. Much of this work has studied the changes in such metrics

before and after radiotherapy [24, 25, 29]. A smaller number of papers report on changes
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during a course of treatment [21, 27, 41], but to the best of my knowledge, none have studied

how these metrics change at multiple timepoints during a course of treatment.

Furthermore, uncertainty remains as to the biological mechanisms that underlie the
considerable morphological changes that occur during treatment, and the toxicity that many
patients continue to experience [24, 25, 42]. In-vitro and animal model work suggests that
damage to the plasma cell membrane of acini cells is followed by DNA damage, then death
and subsequent lysis of acinar progenitor cells [24, 43-47], and suggested mechanisms of
volume reduction following radiotherapy include acinar loss [24, 45, 46] and fibrosis [24, 46].
The fact that parotid glands can recover their volume up to a year or more after radiotherapy
goes some way towards supporting this idea. It is also supported by animal model work
showing that volume recovery post-radiation is heavily dependent on dose to the glands stem
cell compartment [48]. Despite this work however, a better understanding of the aetiology of
radiation induced salivary gland injury is needed [25, 42], and would help to improve the design

of clinical studies whose objective is toxicity reduction.

8.2.3 Objectives of the Minot-OAR study

We hypothesised that studying changes in parotid volume and ADC at multiple timepoints
during treatment might help to better elucidate some of these mechanisms. We further
hypothesised that having an estimate of how the relative fat content of salivary glands changed
during treatment, in parallel with volume and ADC data, might augment this analysis. A number
of authors have demonstrated a relationship between weight loss and reduction in gland
volume [49-52]. Therefore, it could be suggested that in most patients, relative fat fraction
would reduce during a course of radiotherapy, as patients lose weight and become catabolic.
If this were true, it would follow that there would therefore be a negative correlation between
gland volume reduction, and changes in estimated fat fraction. Conversely, studies have
shown that IMBs inferring greater fat content in parotid parenchyma at baseline associate with
toxicity [53-55]. Thus, it could also be hypothesised that gland volume reduction is due to loss
of acini, from a direct cytotoxic effect [24, 45, 46], and in these circumstances, an increase in
relative fat fraction during treatment might follow. Therefore, we hypothesised that attempts to
quantify the relative fat content of salivary glands over the course of treatment might, in addition

to ADC data, help to inform the underlying mechanisms of volume loss, and potentially toxicity.

Another gap in the literature is the relative lack of studies directly comparing these MR IMBs
with toxicity events. An exception is the work of Juan et al, who showed a negative association

between parotid volume and toxicity grade, and a positive one with parotid gland ADC [24].
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Whilst interesting, these findings have 2 problems. Firstly, the timing of MRIs showing these
relationships was >1 year after radiotherapy, well beyond the point at which meaningful
intervention could reduce the risk of the event. Secondly, they have not been externally

validated by other datasets and research groups.

Therefore, this piece of work aimed to address the following objectives:

1. To measure imaging metrics including volume, ADC and an estimate of fat fraction in
salivary glands at multiple timepoints during treatment, thereby trying to deduce a
pattern of how they change over time, and gain fresh insight into mechanisms of
damage of the salivary glands.

2. To measure gland volume and ADC values towards the end of treatment, alongside
toxicity data, to permit external validation of previously reported post-RT IMBs of
toxicity.

3. To study these IMBs early enough in treatment, that if they subsequently proved to be
reliable predictors of toxicity events, they could guide early treatment adaptation, and

thus maximum benefit, in selected patients.

This work was undertaken as a sub-study of the broader VoxTox study — called ‘Multiple
timepoiNt mri tO Track organ at risk (OAR) changes in patients undergoing radical

radiotherapy for head and neck cancer: the Minot-OAR study’.

8.3 Methods

8.3.1 Study design

8.3.1.1 Ethical approval, governance and funding

The underlying aims and objectives of Minot-OAR were very similar to those of the broader
VoxTox study. Furthermore, the research infrastructure for collection and curation of toxicity
data was already in place. Therefore, it was decided to open Minot-OAR as a sub-study of

VoxTox, rather than opening as a stand-alone project.

To this end, a substantial amendment to VoxTox was submitted to the HRA on 17t March
2017. In addition to tracked and clean versions of the VoxTox study protocol, this also included
a patient information sheet (PIS), consent form and GP letter specific to Minot-OAR.

Confirmation of approval for the amendment, by both the HRA and relevant research ethics
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committee (REC), was received on 28" March 2017. Copies of the amended VoxTox protocol,
PIS, consent form and GP letter are included in Appendix A6. As Minot-OAR was a sub-study
of VoxTox, it was co-sponsored by the University of Cambridge and Cambridge University
Hospitals NHS Foundation Trust. It was conducted according to the principles of Good Clinical
Practice (GCP) guidelines, the spirit and the letter of the declaration of Helsinki, ICH-GCP

Guidelines, the protocol study protocol, and applicable local regulatory requirements.

All MR imaging within the Minot-OAR sub-study was performed in collaboration with, and on
hardware belonging to the Wolfson Brain Imaging Centre (WBIC — a facility of the Department
of Clinical Neurosciences, University of Cambridge). Written confirmation of the research
agreement with the WBIC, pending receipt of confirmatory communication from the HRA/REC,
and defining the cost of scans, was also received on the 28" March 2017. With written
permission from responsible persons representing the Cambridge Cancer Centre, the study
was funded via the consumables budgets of my Addenbrooke’s Charitable Trust (ACT), and

Cancer Research UK Clinical Research Fellowships.

8.3.1.2 Study schedule

As outlined in the introduction, a point of difference for Minot-OAR in comparison with
published literature was the idea of MR imaging at multiple timepoints during treatment. A key
objective was to search for MR IMB’s early in treatment, as a tool for guiding toxicity-reducing
ART, and it was therefore important to schedule a scan that could address this hypothesis.
However, it was also important to have a scan at, or near to the end of treatment, so that
previously described anatomical changes, and links between IMBs and toxicity could be
assessed and potentially validated. Another important consideration was to try and maximise
homogeneity of scan timings between study participants, thereby reducing the potential for
temporal noise in the imaging metrics measured. Although there was no literature precedent
in this regard, we postulated that delivery of concomitant chemotherapy shortly before MRI
scans could affect results, potentially by iatrogenically affecting patient’s hydration status, or
by enhanced cytotoxic, or anti-inflammatory effects. Timings were therefore scheduled to
ensure that scans were not being done within 48 hours of delivery of concomitant
chemotherapy. Therefore, taking all these considerations into account, the schedule for the
Minot-OAR study was to perform MRI at timepoints, as outlined below:

e Baseline —immediately prior to fraction 1 (baseline)

e Beginning of week 2 — fraction 6 (timepoint 1)

e Beginning of week 4 — fraction 16 (timepoint 2)

e Beginning of week 6 — fraction 26 (timepoint 3)
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It was decided not to make any changes to the standard VoxTox schedule of events with
regards to toxicity assessments. These were therefore collected according to the schedule
outlined in Chapter 2. The only subtle difference was to stipulate collection of toxicity data
within Minot-OAR for a minimum of 2 years, compared with 5 years in the broader VoxTox
study. Figure 8.1 shows a cartoon schema of the Minot-OAR study (this is the same as Figure
2.4 — with the addition of the MRI study schedule).

STUDY (MRI1 MRI2 MRI 3 MRI4
IMAGING

--------------------- I

STANDARD (i) O

TREATMENT ‘

____________ (cewo] 4 4 4 4 edTeatmen

SIDE EFFECT | BASELINE
ASSESSMENT | ASSESSMENT

| ASSESSMENT OF LATE SIDE EFFCTS ] Months: 3, 6,12 & 24

| ASSESSMENT OF EARLY SIDE EFFECTS |

Figure 8.1: Schedule of events for patients recruited to the VoxTox Minot-OAR sub-study.

8.3.1.3 Imaging protocol

All MR imaging within Minot-OAR was done on Siemens (Siemens Healthcare, Erlangen,
Germany) 3T MRI scanners at the WBIC. The vast majority of imaging was done on a Skyrafit
unit. However, unexpected machine maintenance during the conduct of the study, meant the
decision was taken to perform 2 scans on the WBIC 3T Prismafit unit. For all scans, patients
were positioned supine, supported by vendor’s cushions within a 64 channel head and neck

coil. It was not possible to image patients in their treatment position or thermoplastic shells

The specifics of the imaging protocol were devised to satisfy as many important objectives as
possible, within a limited timeframe. Fields of view for all scan sequences were defined to
ensure that both parotid, and submandibular glands were fully encompassed on all patients,
with a small safety margin superior and inferior. An a-priori expectation of the study was that
the severe acute side effects experienced by many patients undergoing radical RT for HNC in
the latter weeks of treatment, could make scans 3 and 4 difficult to tolerate, and reduce

concordance with the full study protocol. Therefore, it was decided to try and keep total time
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on the scanner within 20 minutes to make the protocol as tolerable as possible for patients,

and maximise participation with all 4 scans.

First, it was crucial to have a high quality anatomical sequence on which to measure volumetric
changes, and define regions of interest (ROIs) for other metrics. Based on literature precedent
[24], test images on healthy volunteers, and input from a consultant head and neck radiologist
(Dr Tilak Das), it was decided to use a fat-saturated heavily T2-weighted sequence (so called
BLADE — parameters: TE = 90ms, TR = 4380ms, matrix = 320 x 320, in-plane resolution =
0.6875 x 0.6875mm?2, slice thickness = 3mm, distance factor = 10%, FOV = 220mm).

To measure ADC, a readout-segmented multi-shot echo-planar imaging diffusion weighted
sequence (so called RESOLVE — parameters: TE1 = 117ms, TE2 = 162ms, TR = 7240ms,
matrix size = 200 x 200, in-plane resolution = 1.3 x 1.3 mm2, slice thickness = 4mm, distance
factor = 10%, FOV = 250mm) was performed with b values of 0, and 700s/mmz2. The b-value
of 700mm/s? was based on similar published work, and is a compromise between being low
enough to retain high signal intensity, whilst having high enough signal intensity to exclude
contributions from tissue perfusion [25, 56]. Previous groups working in this field have
investigated salivary gland ADC values before and after stimulation of salivary flow, using
ascorbic acid tablets or lemon juice [25, 29, 57], and we aimed to investigate the effects of
salivary gland stimulation in this work. However, these studies undertook imaging before, and
substantially after RT; thus scans were done in the absence of any acute mucositis. Using
ascorbic acid in the presence of significant mucositis would not have been ethical, and the link
between food cues, and increased salvation is well documented [58, 59]. Furthermore,
experiments have specifically shown increased salivation following simulated consumption of
sour food [60]. Therefore, we hypothesised that an audio-visual stimulus could be used instead
of ascorbic acid or lemon juice as a means of stimulating saliva flow. This was done in the
following way. Immediately after the pre-stimulation DWI sequence, the patient was shown a
video of a volunteer biting into a lemon. Concurrent with the video, this message was read out
over the intercom; “I want you to imagine now, eating a large, juicy lemon. Imagine how this
tastes in your mouth, how it feels. Really bite down into the lemon. Imagine the smell and citrus
taste “. On completion of the message, a second, post-stimulation DWI sequence was taken,

with identical parameters to the first.

Finally, we wanted a sequence that would give a robust numerical estimate of changes in
relative fat fraction during treatment. Recent work has shown that the mDIXON method can
used to estimate the fat fraction of salivary glands [61, 62]. Therefore, the imaging protocol
also included a DIXON sequence (so called VIBE-DIXON - parameters: TR = 6.68ms, TE1 =
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2.46ms, TE2 = 3.69ms, flip angle = 12.0 deg, matrix size = 352 x 352, in-plane resolution =
0.7 x 0.7mm, slice thickness = 1Tmm, distance factor = 20%, FOV = 250mm), which generated

both ‘fat’ and ‘water’ images, from which fat fraction could be estimated.

Therefore, the finalised imaging protocol, with scan times, was as follows:
e Localiser: 11 seconds
e Coronal T1: 41 seconds
e VIBE-DIXON: 3 minutes 57 seconds
e T2 BLADE: 4 minutes 16 seconds
e DWI (RESOLVE) — pre-stimulation: 2 minutes 47 seconds
e Audio-visual salivary gland stimulation: 30 seconds

e DWI (RESOLVE) — pre-stimulation: 2 minutes 47 seconds

Thus total time inside the scanner room for patient set-up and imaging was well inside the pre-

specified target of 20 minutes.

8.3.1.4 Patient and treatment details

Selection criteria for the study were defined in order to maximise homogeneity of the patient
sample, in terms of both disease characteristics, and treatment protocols, and to minimise the
possibility of confounding variables affecting toxicity rates. They were also intended to
minimise crossover with concurrent national clinical trials being run in the department at the

time recruitment [63, 64]. Therefore, finalised inclusion and exclusion were as follows:

Inclusion criteria:

o Age: between the ages of 18 and 75 (inclusive). The upper age limit reflects clinical
departmental protocol for the use of concomitant systemic therapy alongside RT (it is
very unusual for this to be given to patients over the age of 70).

e Histologically confirmed squamous cell carcinoma of the oropharynx, larynx or
hypopharynx.

¢ Undergoing treatment with radical radiotherapy to a dose of 65Gy in 30 fractions over
6 weeks (or equivalent radio-biological dose).

o Radiotherapy delivered as IMRT with daily image guidance using TomoTherapy or
equivalent technology.

e Radiotherapy treatment volumes including primary site and lymph node regions on at

least one side of the neck.
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Systemically well enough, and consented for concomitant weekly systemic therapy with
cisplatin (40mg/m2).
Baseline performance status 0 or 1.

Written informed consent.

Exclusion criteria:

Previous radiotherapy to the treated area.
Surgery prior to radiotherapy as part of definitive treatment for this malignancy:

o Specifically, neck dissection with or without pharyngo-laryngectomy prior to
radiotherapy.

o Staging surgery was not considered to be an exclusion criterion. Thus general
anaesthetic with pan-endoscopy, tonsillectomy and/or debulking biopsy of
primary site, or biopsy of involved lymph node did not exclude patients from the
Minot-OAR study.

Patients who did not require concomitant systemic therapy.

Patients receiving concomitant systemic therapy other than cisplatin (e.g. cetuximab)
Patients not fit enough for concomitant systemic therapy. Note that occasionally
patients have their weekly systemic therapy stopped before the full 6 cycles are
administered, due to concerns about toxicity. Patients who were consented to Minot-
OAR, and received at least 2 weekly cycles of concomitant systemic therapy, remained
in the study. Those who had their systemic therapy plan discontinued before starting
treatment, or after 1 concomitant cycle, were be removed from the study.

Patients whose treatment volumes did not include any neck nodal volumes.
Documented claustrophobia.

Implanted metal or electronic devices, which were a contra-indication to MRI.
Specifically:

o Heart pacemakers & implantable cardiac defibrillators.

o Insulin pumps.

o Implanted hearing aids.

o Implanted aneurysm clips.

o Neuro-stimulators.

o Metallic bodies in the eye.

The study was not designed to detect a specific effect size; therefore, a power calculation was

not necessary. Similar previous studies have recruited samples of 5-20 patients [21, 24, 25,

29], and based on their findings we hypothesised that a sample of 15 patients would address
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the study aims and objectives. Suitable patients were identified via the Addenbrooke’s Hospital
HNC MDT meeting.

Characteristic Number
Age (years) 55.1 (5.7)
Gender:
Male 16 (88.8%)
Female 2 (11.2%)
Primary site:
Oropharynx 16 (88.8%)
Larynx 1 (5.6%)
Hypopharynx 1 (5.6%)
T-stage:
Tis/T1 5 (27.8%)
T2 8 (44.4%)
T3 4 (22.2%)
T4 1 (5.6%)
N-stage:
N1 2 (11.2%)
N2a 5 (27.8%)
N2b 8 (44.4%)
N2c 3 (16.6%)

Salivary gland mean dose (Gy):

IPG 41.8 (8.7)
CPG 32.8 (7.8)
ISMG 63.3 (2.1)
CSMG 54.2 (5.0)
Baseline values:
Parotid gland volume (ml) 26.1 (6.2)
Submandibular gland volume (ml) 8.9 (1.9)
Parotid gland ADC (x10- mm/s?) 1.69 (0.19)
Submandibular gland ADC (x10-3 mm/s?) 1.77 (0.23)
MRI scans completed:
1 18 (100%)
2 17 (94.4%)
3 16 (88.8%)
4 11 (61.1%)

Table 8.1: patient characteristics — Minot-OAR sub-study (n = 18, 12 for ADC data). For
continuous variables, means and standard deviations are reported, absolute numbers and
percentages for proportions. IPG = ipsilateral parotid gland, CPG = contralateral parotid
gland, ISMG = ipsilateral submandibular gland, CSMG = contralateral submandibular gland.
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Using VoxTox recruitment data from the previous 12 months, it was estimated that with the
selection criteria outlined above, a recruitment rate of 50%, and an in-study attrition rate of
33%, 8 patients per year would complete the full study protocol. On this basis, the objective
was to recruit participants over a 2-year period. As anticipated, the study ran for 2 years, from
April 2017 to April 2019. During this time 18 patients were recruited. Patient and treatment

details are shown in Table 8.1.

8.3.2 Image Analysis

On completion of each scan, images were sent from the scanner software directly to the
hospital PACS system. At this point scans were not anonymised, and DICOM headers included
all patient specific details including name, date of birth and hospital humbers. They were
reviewed by a site-specialist radiologist to ensure there were no new or unexpected clinical
findings, and a governance report was issued. From PACS, | imported all anatomical (BLADE)
T2 sequences into the research database of the Prosoma system. Scan windowing was
optimised for each scan, and | used the segmentation tools within Prosoma to contour both
parotid and submandibular glands on a slice-by-slice basis. Examples of contours within
Prosoma are shown in Figure 8.2. Prosoma automatically generated volumes from these 2-D

contours, which were recorded in an excel spreadsheet.

Parotid Glands Submandibular Glands

Figure 8.2: Segmentations of salivary glands on T2-BLADE sequences using Prosoma
software, for volume measurement. Note the volume loss between scans 1 (baseline) and 2
(radiotherapy fraction 6).
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For work on ADC on fat-fraction calculations, images were anonymised, and imported into a
database of the University of Cambridge, Department of Radiology. From here, they were

loaded into Osirix software (Pixmeo SARL, Bernex, Switzerland) for further analysis.

Within Osirix, b0 and b700 images were used to calculate ADC maps on a pixel-by-pixel basis

using the following equation:

ADC — ln(SIO/SI700) (81)

b700— bo

Where Sly and Slzq0 respectively represent the signal intensities measured at b-values 0 and
700s/mm?. A split-screen user interface was used to load ADC maps next to T2-BLADE
sequences. Polygonal ROI’s for parotid and submandibular glands were segmented on the
BLADE sequence, and saved. Following previous methodologies [24, 25], and to reduce noise
from these structures on ADC analysis, large blood vessels and salivary duct structures were
excluded from contours, unless completely surrounded by gland parenchyma. A rigid image
registration tool within Osirix was then used to fuse the BLADE and ADC map to the same
geometric frame of reference. Manual corrections of registrations were possible, and
performed to optimise relative positions of blood vessels and salivary duct structures, and CSF
surrounding the spinal cord. Once optimised, registrations were locked, and ROIs were copied
from BLADE images onto ADC maps. This workflow is shown in Figure 8.3. Per-slice ADC

data were then exported in csv format, and mean values for each ROl were calculated.

8.3.3 Inter-observer variability

To ensure reproducibility of both gland volume and ADC data, measurements were made by
a second expert observer (consultant head & neck/neuro-radiologist). For 2 patients, the
parotid and salivary glands were segmented in Osirix on the T2-BLADE images, for baseline
and final (timepoint 3) scans. Volumes of these ROIs were recorded. Image fusion was then
performed between the T2-BLADE and ADC maps, ROIls were transposed over, and ADC
measurements made using the same methodology described in section 8.3.2. Therefore 16
datapoints were available for direct comparison with my observations, for both gland volume
and ADC.

8.3.4 Toxicity measurement

As described in section 8.3.1.2, the Minot-OAR sub-study used the standard VoxTox toxicity

assessment workflow, as described in detail in Chapters 2 and 3. CTCAEv4.03 was used for

267



toxicity reporting, with 2 endpoints of interest — xerostomia and salivary duct inflammation
(SDI). As discussed in section 3.3.3, SDI describes the clinical phenotype of thick, sticky ropey

saliva and oropharyngeal secretions, with or without alterations in taste.

Due to the relative immaturity of the toxicity data, both acute and toxicity results were of
interest. However, there were challenges associated with using acute toxicity data as an
endpoint. First, all systems for scoring radiotherapy toxicity (and this applies to CTCAEv4.03)
are relatively low resolution Likert scales. Second, in this cohort of 18 patients all of whom
received concomitant cisplatin and radiation to both sides of the neck, moderate to severe
acute toxicity rates by the latter weeks of treatment were predictably high (see Figure 8.11 for
details). This meant that event rates would have been too high to provide a good discriminative
endpoint for hypothesised IMB’s. Furthermore, it was not clear how to choose a specific
timepoint during treatment at which to measure acute toxicity. Therefore, for acute toxicity, it
was decided to measure the total cumulative burden of acute side effects over treatment, in
the hope that this would give a broader spread of results against which to compare imaging
data. This was done by adding toxicity scores recorded at each weekly assessment during
treatment, and the 6-week post-treatment score, for each endpoint, to give a cumulative acute
toxicity score (CATS). For late toxicity, 6 and 12-month point prevalence were collated, and

12-month data are reported consistent with the methodology used in Chapter 7.
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Figure 8.3 (A-D): Technique for measuring ADC. A — Anatomical sequence (T2 Blade) and
ADC map loaded side by side (split screen). ROIs completed on T2 image and saved. B —
ADC switched to hot/cold render, rigid registration between T2 and ADC map. C — minor
manual corrections of registration, based on relative positions of salivary ducts, blood vessels
and CSF surrounding the spinal cord. D — ROls copied from T2 to ADC map, and ADC data
exported in csv format.
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8.4 Results

Between April 2017 and April 2019, 18 patients were recruited to participate in the Minot-OAR
sub-study. Their details, including study MRI completion rates are shown in Table 8.1. 11/18
participants (61%) completed all 4 study MRI scans, confirming a-priori concerns regarding
scan tolerability in the latter stages of treatment. One patient had the baseline scan, but
suffered a surgical emergency (perforated colon), unrelated to HNC treatment, shortly after
radiotherapy commenced, and was not fit enough for scans 2-4. Therefore, there were 36
parotid glands for analysis at baseline, 34 at timepoint 1, 32 at timepoint 2, and 22 at timepoint
3. One patient had an absent left submandibular gland. Therefore, respective numbers of this

structure for analysis were 35, 33, 31 and 21.

8.4.1 Salivary gland volume changes over time

Mean baseline values for both parotid and submandibular gland volumes are shown in Table
8.1, and subsequent relative volume reduction are reported. Mean volume reductions (with
standard errors), for the parotid glands at timepoints 1, 2 and 3 respectively were: 10.8%,
23.0%, 30.6%. Mean volume reductions (with standard errors), for the submandibular glands
at timepoints 1, 2 and 3 respectively were: 11.4%, 25.4%, 32.2%. These data are shown in

Figure 8.4.

The effect of radiotherapy mean [planned] dose on relative reduction in gland volume at
timepoints 1 and 3 was investigated. These data are shown as scatter plots in Figure 8.5.
Observed relationships were weak, or non-existent. For the parotid glands, R?2 for dose versus
gland shrinkage at timepoints 1 and 3 respectively were 0.14 and 0.08, with p-values of 0.030
and 0.20. For the submandibular glands, R? values were 0.02 and 0.01, with p-values of 0.43

and 0.70 respectively.

However, on inspection of the raw data, it was clear that in most patients, the gland receiving
the higher dose saw greater volume reduction at both timepoints. For the parotids, the gland
with the higher mean planned dose shrunk more at timepoint 1 in 14/17 cases (p=0.013, two-
tailed binomial test), and 9/11 cases at timepoint 3 (p=0.065, two-tailed binomial test). For the
submandibular glands, respective proportions were 12/16 (p=0.077, two-tailed binomial test),
and 6/10 (p=0.75, two tailed binomial test).
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Figure 8.4 (A&B): Salivary gland volume reduction during treatment. A — parotid glands, B —
submandibular glands. Marker sizes are proportional to sample size at each timepoint (18,
17, 16, 11 respectively). Error bars are standard error.
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Figure 8.5 (A-D): Relationships between mean dose to salivary glands (A&B — parotid
glands, C&D — submandibular glands), and relative volume reduction at timepoints 1 (A&C)
and 3 (B&D).

To test this further, mean dose to, and mean volume reduction of both paired structures was
calculated for each patient. For each gland, mean dose and volume reduction values were
subtracted from observed values, and plotted against each other. These data are shown in
Figure 8.6, and relationships are much more convincing. For the parotid glands, R? and p-
values at timepoint 1 were 0.38 and <0.001 respectively. At timepoint 3, results were 0.44 and
<0.001. For the submandibular glands, R? and p-values at timepoint 1 were also significant

(0.29 and 0.001), but this was not the case at timepoint 3 (R? = 0.01, p=0.67).

These results suggest that whilst dose may be an important determinant in gland volume
reduction, the strength of the effect is reduced by substantial variation between patients,
independent of dose. To test this hypothesis further, volume reduction in all paired glands (right
v left, parotid and submandibular glands together), at timepoints 1, 2 and 3, was compared.
The data are shown in Figure 8.7, and results appear to confirm this idea — relatively strong
and statistically significant relationships were observed at timepoints 1 and 2, with a

weaker/borderline relationship seen for timepoint 3.

272



normalised vol. reduction (%)

normalised vol. reduction (%)

10

-5

-10

A - Parotids, timepoint 1

R?-0.38
p < 0.001

normalised vol. reduction (%)

-15 -10 -5 0 5 10

normalised dose (Gy)

C - SMGs, timepoint 1

normalised vol. reduction (%)

normalised dose (Gy)

B - Parotids, timepoint 3

normalised dose (Gy)

D - SMGs, timepoint 3

R?-0.01
- *
o p=0.67 . .
*
3 * .
o —//’_/_,‘/—/‘/"_/o/_/
* * .
*
© o .
*
=3
' T T T T T
-10 5 0 5 10

normalised dose (Gy)

Figure 8.6 (A-D): Relationships between mean gland dose and relative volume reduction,
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Figure 8.7 (A-C): Relationships between right and left salivary gland (both parotids and
submandibular) volume reduction in each patient, at timepoints 1 (A), 2 (B), and 3 (C).
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8.4.2 ADC changes over time

ADC data was available for 12 patients. All 12 had the baseline, and timepoint 1 scans. Ten
had the timepoint 2 scan, and 8 managed all 4. Mean baseline ADC values for both parotid
and submandibular glands are shown in Table 8.1. Mean ADC values in both structures
increased over time. For the parotids, mean ADC values (x103, standard errors in
parentheses) were 1.79 (0.03), 1.92 (0.04) and 2.03 (0.04) s/mm? at timepoints 1, 2 and 3. For
the submandibular glands, respective values were 1.78 (0.03), 1.94 (0.05) and 2.14 (0.06)
s/mm?2. A summary of these data is presented in boxplot format in Figure 8.8. Differences
between distributions at timepoints 2 and 3 versus baseline are apparent from the plot, but
differences at timepoint 1 were formally tested with paired t-tests. For the parotid glands the
difference (1.69 vs. 1.79) was statistically significant (p<0.001). There was no difference for
the SMGs (1.78 vs. 1.78, p=0.82). Data for individual patients, for both structures, are shown
as spaghetti plots in Figure 8.9 (A&B).
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Figure 8.8: Absolute ADC values for parotid (blue) and submandibular glands (green) at
baseline, and MRI timepoints 1, 2 and 3.

Proportional changes in ADC values, relative to baseline values, or a per-patient basis, are

shown in Figure 8.10 (A&B). Changes in parotid gland ADC are apparent at timepoint 1

(fraction 6), and mean values appear to increase in a linear fashion throughout the rest of
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treatment. For the SMGs, changes at timepoint 1 are minimal, but a noticeable increase in

ADC is observed thereafter.
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Figure 8.9 (A&B): Trend in mean parotid (A) and submandibular gland (B) ADC values over
time, for each individual patient. Right glands shown in red, left in blue.
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Figure 8.10 (A&B): Mean relative changes in parotid (A) and submandibular gland (B) ADC
values over time. Marker sizes are proportional to sample size at each timepoint (12, 12, 10,

8 respectively). Error bars are standard error.
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8.4.3 Toxicity results

Weekly CTCAEV4.03 acute toxicity results for patients in the Minot-OAR study are shown in
Figure 8.11. In both cases there is a clear trend for worsening side effects during treatment.
Whilst there was partial resolution by week 12 (6 weeks post treatment), 13/17 (76.5%)
patients still reported Grade 2+ xerostomia, and 11/17 (64.7%) Grade 2+ salivary duct
inflammation. The acute toxicity result used for comparison with imaging metrics was the
cumulative score over all 7 timepoints — cumulative acute toxicity score (CATS) — for reasons
discussed in section 8.3.4. Mean CATS for xerostomia and SDI were 9.7 and 10.8
respectively. Importantly, ranges for these means were 6 - 15 (xerostomia), and 7 - 15 (SDI),
emphasising that this endpoint gives a finer resolution representation of the overall burden of

acute side effects.

Late toxicity results at 6 and 12 months post-treatment were collated and reviewed. 6-month
data were available for 11 patients, 12-month data for 9, although one of these was the patient
who was unable to participate in scans at timepoints 1-3 due to a surgical emergency, so
numbers available for analysis against imaging data were 10 and 8 respectively. Even though
the sample size was slightly smaller, a preliminary analysis of the 12 month toxicity data was
done, firstly because of the changing nature of event rates over time as shown in Chapter 3,
and the fact that 12 month data is a more reliable measure of true late toxicity, and secondly
as this was the temporal endpoint used for the core analyses in Chapter 7. At 12 months, 3/8
patients had grade 1 CTCAEV4.03 xerostomia, and 5/8 grade 2. Two of 8 had grade 0 salivary
duct inflammation, 2/8 grade 1, and 4/8 grade 2.

8.4.4 Volume changes and acute toxicity

An advantage of using CATS as the acute toxicity metric was that it provided a broader spread
of results to be used a dependant variable in analyses against hypothesised IMBs. Figure 8.12
shows CATS results for xerostomia plotted against parotid gland volume reduction (A&B), and
salivary duct inflammation plotted against submandibular gland volume reduction (C&D), at
timepoints 1 (A&C) and 3 (B&D). In all analyses, the independent variable is mean per-patient
gland volume reduction, so that there is one observation per patient. As the sample sizes were
relatively small, and the dependent variable was ordinal rather than truly continuous,
Spearman’s rank correlation tests were done in each case. None were statistically significant.
For parotid gland volume reduction against xerostomia, Spearman’s rho (with p-values in

parentheses) at timepoints 1 and 3 respectively were 0.40 (0.11) and 0.37 (0.26). For
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submandibular gland volume reduction against salivary duct inflammation, Spearman’s rho

(with p-values in parentheses) at timepoints 1 and 3 respectively were 0.16 (0.55) and -0.02

(0.96).
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Figure 8.11 (A&B): Weekly CTCAEV4.03 acute toxicity scores for patients in the Minot-OAR
sub-study. A — xerostomia, B — salivary duct inflammation.
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Figure 8.12 (A-D): Salivary gland volume reduction and cumulative acute toxicity (CATS).
A&B — parotid gland volume reduction and xerostomia at timepoints 1 and 3. C&D —
submandibular gland volume reduction and salivary duct inflammation at timepoints 1 and 3.
Gland volume reduction data mean values of both paired structures, per-patient.

Data were also split into two independent groups based on a pragmatic threshold CATS of
<10, and 10 and above. Gland volume reductions at each timepoint, split by this threshold, are
shown in Figure 8.13. For this analysis, the volume of both glands, rather than a mean of paired
structure values, were included. Wilcoxon signed rank tests were used to test the null
hypothesis that the ranks of gland volume reduction were no different in both groups, and
results were as follows. At timepoint 1, median parotid gland volume reduction for patients with
a xerostomia CATS <10 was 9.35 (range 0.3 — 25.1), compared with 10.75 (2.5 — 21.9) for
those with a score of 10 and above (p=0.44). At timepoint 3, equivalent results were 28.15
(15.8 — 46.3), and 35.15 (20.8 — 45.7) (p=0.17). For submandibular gland volume reduction
and salivary duct inflammation, median values were 11 (-2 — 21.9) for <10 and 10.5 (3.4 —
28.6) for 10 and above (p=0.61) at timepoint 1, and 34.1 (27.2 — 41.5) and 30.15 (15.2 - 50)
(p=0.13) at timepoint 3.
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Figure 8.13: Salivary gland volume reduction split by a CATS threshold of <10 and 10 and
above. Box-and-whisker plots 1-4 show parotid gland volume reduction at timepoints 1 (1 and
2) and 3 (3 and 4), with a toxicity endpoint of xerostomia. Box-and-whisker plots 5-8 show
parotid gland volume reduction at timepoints 1 (5 and 6) and 3 (7 and 8), with a toxicity endpoint
of salivary duct inflammation.

8.4.5 Volume changes and late toxicity

Mean reduction in salivary gland volume of patients who reported grade 0-1 toxicity at 12
months was compared with that observed in patients with grade 2+ side effects. Parotid gland
volumes were assessed against xerostomia, and submandibular gland volumes with salivary
duct inflammation. Results suggested that gland volume loss was greater in patients who
experience Gr 2+ toxicity, but sample sizes were small, and formal statistical testing was
therefore not done. Mean parotid gland volume reduction (with standard errors in parentheses)
at timepoints 1 and 3, for patients with grade 0-1 and 2+ toxicity respectively were 9.7+3.9%
and 13.5+2.4%, and 29.4+3.9% and 34.2+4.8%. Results for submandibular gland volume
reduction were 12.8+3.1% and 14.7+2.9%, and 34.7+1.6% and 37.5+4.8% respectively. These
data are shown in Figure 8.14.
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Figure 8.14: Salivary gland volume loss versus late toxicity (12 month point prevalence), at
MRI timepoints 1 (TP1) and 3 (TP3). CTCAEv4.03 xerostomia for changes in parotid glands
(PG), and salivary duct inflammation for submandibular glands (SMG). Cyan columns
represent mean volume loss of all glands in patients with grade 0-1 toxicity, red columns those
with grade 2+ toxicity. Error bars are standard error of mean value.

8.4.6 ADC changes and toxicity

A preliminary investigation of hypothesised relationships between changes in ADC values
during treatment, and both acute and late toxicity, was done. Changes in mean parotid gland
ADC values (mean value for paired structure) were analysed against xerostomia scores, and
submandibular gland results were assessed against salivary duct inflammation data. However,

these analyses were limited by the immaturity of the toxicity data, and small sample size.

For acute toxicity, matched CATS and MRI timepoint 1 ADC change data were available for
12 patients. For MRI timepoint 3, 8 datasets were available. As an initial screening analysis,
data for each hypothesised relationship were plotted as scatter plots (not shown), with ADC
change, and CATS as independent and dependent variables respectively. No patterns
emerged for parotid gland ADC change and xerostomia CATS (R2 <0.05 for both timepoint 1,
and timepoint 3 data). There was a suggestion that patients whose SMGs had a greater rise
in ADC at timepoint 1 (fraction 6), had less acute toxicity. Mean ADC change for patients with
a CATS of <10 (n=5) was 6.2(x1.9)%, compared with -2.1(x2.4)%, for those with a CATS of

10 or greater (n=7). Due to the small sample size, no formal significance testing was
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undertaken, the observation was not borne out on the MRI timepoint 3 data, and no

conclusions should be drawn from this result at this stage.

Twelve-month point prevalence was used for assessment of late toxicity. Again this was a
preliminary analysis given the sample size available, and statistical testing was not done.
However, the data suggest that patients with lower rises in ADC values relative to baseline
experience worse side effects. Mean parotid gland ADC increase (with standard errors in
parentheses) at timepoints 1 and 3, for patients with grade 0-1 and 2+ toxicity respectively
were 6.5+3.6% and 3.0+2.3%, and 26.4+2.5% and 21.3+5.5%. Results for submandibular
gland volume reduction were 6.7+0.6% and -2.7+2.8%, and 25.0+5.8% and 11.8+10.6%

respectively. These data are shown in Figure 8.15.
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Figure 8.15: Salivary gland ADC change versus late toxicity (12 month point prevalence), at
MRI timepoints 1 (TP1) and 3 (TP3). CTCAEVv4.03 xerostomia for changes in parotid glands
(PG), and salivary duct inflammation for submandibular glands (SMG). Cyan columns
represent ADC change of all glands in patients with grade 0-1 toxicity, red columns those with
grade 2+ toxicity. Error bars are standard error of mean value.

8.4.7 Inter-observer variability

Concordance between the gland volumes measured by myself (Obs 1) and a consultant

radiologist (Obs 2) were generally good. For all 16 structures, the mean difference between
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the measurements made by myself, and my colleague (Obs 1 — Obs 2) was 0.44mis (st dev
1.67), or 7.1% (st dev 18.0%) of the mean of the 2 observations. Mean proportional volume
differences for the SMGs were larger (8.3%) than those of the parotid glands (5.9%). These
data are summarised in a Bland-Altmann plot in Figure 8.16. Agreement for ADC
measurements was also reassuring. Across 16 observations, the mean value of (Obs 1- Obs
2) was 0.046 x 108 s/mm? (st dev 0.124) as shown in a further Bland-Altmann plot in Figure

8.17. The mean proportional difference between the observations was 2.0% (st dev 6.6%).
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Figure 8.16: Minot-OAR sub-study, inter-observer variability — gland volume measurement.
Data from 2 patients, at 2 timepoints (baseline, and timepoint 3)
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Figure 8.17: Minot-OAR sub-study, inter-observer variability — ADC measurement. Data from
2 patients, at 2 timepoints (baseline, and timepoint 3).
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8.5 Discussion

8.5.1 Study recruitment

This is the first study to use MRI to investigate the major salivary glands in detail at multiple
timepoints during radiotherapy for HNC. The rate of participant enrolment into the study was
satisfactory, the final sample size of 18 matched our pre-defined objective, and recruitment
completed within 2 years. As anticipated, there was a significant attrition rate within the study,
despite having an imaging protocol carefully designed to minimise patient discomfort and time
on the scanner. Only 11 of the 18 patients who underwent the baseline MRI were well enough
to have the final MRI at fraction 26.

8.5.2 Gland volume change

A convincing pattern of volume decrease over time was apparent for both parotid and
submandibular glands. As shown by the data in Figure 8.4, the rate at which volume is lost in
both structures appears to follow an exponential decay curve. This finding fits with in-vitro and
animal models of cytotoxicity [43, 48, 65, 66], but it is the first time it has been convincingly
shown in human patients, because of the need for high-quality, multiple timepoint imaging
during treatment. Interestingly, the mean parotid gland volume loss of 18.2% at fraction 10

measured by Marzi and colleagues fits extremely well with the data presented here [27].

It is also clear that in both structures, and most patients, there is significant volume loss by
fraction 6; mean volume loss in both structures was greater than 10%. Two important and
interesting conclusions can be drawn from this observation. The first is that conformational
changes in these OARs happens early in treatment, so if ART is being undertaken because of
concerns about this evolving geometry, and its impact on dosimetry, it would also be logical to
perform this early in treatment. Second, it suggests that if volume change transpires to be a
predictive IMB of toxicity, relevant differences between patient groups may also be apparent

early in a course of treatment.

The data in Figure 8.5 suggest that the relationship between mean radiotherapy dose to
salivary glands, and volume reduction, is unconvincing, in contrast to previous studies.
However, the results in Figure 8.6 show that in most patients, the (paired) gland receiving the
higher radiation dose shrinks more. This suggests that dose is an important predictor of volume

reduction, but that its effect may be weaker than that of individual radio-sensitivity. This notion
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is supported by the data in Figure 8.7, which shows a convincing correlation between paired
gland volume reduction in each patient, independent of dose. This further supports the widely
accepted concept that individual radio-sensitivity is important, and may have a substantial

impact upon toxicity phenotype [67].

8.5.3 ADC changes during treatment

The data presented in section 8.4.2 demonstrate clearly that both parotid and submandibular
glands undergo substantial changes in ADC during treatment. By fraction 26, the mean
increase in ADC in the parotid glands was 25.5%, whilst for the SMGs it was 22.0%. These
results are broadly similar to previously published data. Juan et al found a 35.7% increase in
parotid gland ADC on scans between the last fraction of radiotherapy, and 100 days later [24],

whilst Loimu et al found a 22.3% in pre-stimulated gland ADC 6 months after radiation [25].

The data in Figures 8.8, and 8.10A show a visible rise in ADC by fraction 6, and this was found
to statistically significant. This effect was not seen for the SMG’s, where mean ADC at fraction
6 was the same as that observed at baseline (1.78mm/s?). Figure 8.10 suggests that the ADC
increase of the parotid glands during treatment follows a linear trend, whilst the pattern for the

SMGs is less clear.

8.5.4 Predictors of toxicity

Patterns of acute toxicity suffered by participants in the study followed a typical pattern. The
data in Figure 8.8 show a gradual progression of side effect severity during radiotherapy, with
partial improvement by week 12 (6 weeks post treatment). In most cases, neither volume, nor
ADC change, at timepoints 1 or 3, showed a convincing relationship with acute toxicity, as
measured by the CATS. A possible exception is shown in the boxplot in Figure 8.10, in which
the distribution of volume changes for patients with a CATS of 10+ (median 35.2%) appears
to be different to those with a CATS <10 (median 28.2%). However, this was not significant on
Mann-Whitney U test (p=0.16). Furthermore, the same plot suggests a possible relationship in
the other direction between SMG volume change and SDI CATS, with less gland shrinkage in
patients with worse side effects. Therefore, it must be concluded that no clear or significant

relationship between gland volume change and acute side effects were observed in this study.

Relationships between IMBs and late toxicity are potentially more interesting and clinically
significant. However, the immature toxicity data, and incomplete ADC dataset, mean that this

was only a preliminary analysis, and no firm conclusions can yet be drawn. The data in Figure
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8.11 suggest that there was more gland shrinkage in patients who experienced Gr2+ toxicity
compared with those who did not. This is similar to patterns seen in a similar study [24], but it
must be re-iterated that the sample size was small, as were absolute differences between the
2 groups, and no formal significance testing was done — therefore no clear conclusions can be

drawn from this preliminary analysis.

As the toxicity data matures, 12 month point prevalence data will become available for the full
cohort, increasing the statistical power of the analysis. Furthermore, data for later timepoints
will also accumulate, potentially aiding future analyses. As shown in Chapter 3, the point
prevalence of both the toxicity endpoints used in this Chapter gradually declines over time. It
could therefore be argued that toxicity measured at later timepoints may be more useful for
distinguishing between those patients with a truly ‘severe’ phenotype, and those in whom there
has been some recovery of normal tissue architecture and function. If this is the case, it may

relationships with the IMBs measured in this study are clearer and stronger.

Intriguingly, the results seen in Figure 8.12 hint at a relationship between ADC and late toxicity
events counter to published results [24, 25, 68]. Previous authors have presented data
suggesting that higher parotid gland ADC on DWI done post-radiotherapy correlates with
worse toxicity [24, 25, 68]. In contrast the data shown in Figure 8.12 infer the opposite, that
patients who experience a greater rise in gland ADC during treatment (at fraction 6 and 26)
are less likely to experience significant late toxicity. Again, this is a preliminary analysis, with
immature toxicity data, with an incomplete ADC dataset, and because of this, tests for
statistical significance have not yet been done, and no firm conclusions can yet be drawn from

these results.

However, if this pattern in the data persists with a larger sample size, and statistical
significance is found, it may not be conceptually incompatible with previous results. Juan et
al’s study of ADC and toxicity in patients treated for nasopharyngeal carcinoma found higher
ADC values in the parotid glands of patients with more xerostomia [24]. However, this
measurement was on DWI done more than 1-year post treatment. The authors suggest a
number of possible mechanisms for this observation, including loss of gland acini, and
vasogenic oedema [24]. Although acute inflammation leads to increased vascular permeability,
which in turn should lead to higher ADC values, authors have shown that acute inflammation
can also cause a fall in ADC, in conditions such as acute Multiple Sclerosis [69], and acute
demyelinating encephalomyelitis [70], as increasing cellularity from immune infiltrates restrict
the Brownian motion of water. Therefore, one possible explanation is that in the hyper-acute

phase (during treatment), radiation induced parenchymal injury leads to an acute inflammatory
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reaction with an immune infiltrate and a fall in ADC. Over time, this regresses, and the loss of
acini reduces the restriction of diffusion, leading to a rise in ADC. If this proves to be the case,
it further suggests that DWI early in treatment may not prove to be a specific IMB of salivary
gland related side effects, because of the variability of ADC changes in the presence of acute

inflammation [69, 70].

8.5.5 Study strengths and weaknesses

A major strength of this study is the scheduling of 3 MRI scans during treatment, and the fact
that all imaging was done on a 3T scanner. The specific scan timing protocol is also strength,
reducing possible noise from day-to-day changes in imaging parameters. The cohort is
homogeneous in terms of primary disease site, radiotherapy treatment details and the use of
concomitant therapy. The fact that inter-observer variability for both volume and ADC
measurements was tested, and found to be low and acceptable is also a strength. Weaknesses
include the use of only 2 b-values for DWI sequences, although this decision was based on
similar previous work [25]. The use of a new and untested technique for salivary gland
stimulation is a potential weakness, although it was necessitated by the ethical concerns of
using established methods in the acute setting. Immature late toxicity data mean that analyses
with these endpoints were only preliminary, and will be repeated as data mature. Finally, the
participant attrition rate through the study, whilst anticipated, did limit the sample size available

for timepoint 3 images.

8.6 Conclusions

This is the first study to use MRI to investigate changes in the major salivary glands at multiple
timepoints during radiotherapy for HNC. The data show that both parotid and submandibular
glands lose volume over treatment, and that the rate of volume change is highest early in
treatment. Similarly, ADC values in both structures increased steadily during therapy, with a
measurable difference between mean ADC at baseline and fraction 6, observed for the parotid
glands. No associations between these imaging metrics and acute toxicity were observed, and

data were insufficiently mature to permit full analysis of late toxicity results.
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Chapter 9 — Summary & directions for future research

9.1 Summary of presented work

Radiotherapy treatment for HNC has evolved almost beyond recognition in recent decades.
The widespread implementation of IMRT, along with ever-better IG techniques has helped to
reduce treatment toxicity [1]. However, the incidence of HNC is rising, driven by the HPV
epidemic [2, 3]. It is now known that cure rates for many of these patients are expected to be
higher than historical series, independent of treatment techniques, because of the inherent
biological characteristics of the disease [4]. Concurrent with this, radiation-based radical
treatment regimens for HNC are toxic, the prevalence of moderate to severe late sequelae
remains unacceptably high, and there is consensus within the community that de-escalation
strategies are urgently needed [5-7]. ART allows treatment teams to modify radiotherapy plans
once a course of treatment is underway, and is a promising option for achieving this objective
[8]. ART may be achieved with a variety of techniques, and for different reasons, many of which
are based on the fundamental underlying premise that the dose of radiation that is finally
delivered to important structures such as the tumour target, and healthy organs at risk, is
different to that which was anticipated at treatment planning [9]. However, with contemporary
workflows it is laborious, resource intensive, and available data suggest that it will have
minimal benefit for many patients [10]. Therefore, research to better understand the potential
dosimetric implications of ART, and to find ways of intelligently targeting this approach to the

patients who will benefit most, is much needed [11].

The CRUK-funded VoxTox programme recruited patients with prostate and CNS tumours, as
well as those undergoing radical treatment for HNC. The over-arching objectives of the study
were to calculate both planned and delivered radiation dose to OARs in patients recruited to
the study, to prospectively collect high-resolution toxicity data, and analyse relationships
between the two. This was technically possible because of the deployment of 2 TomoTherapy
units at Addenbrooke’s Hospital in 2007 and 2009, and the use of daily MVCT IG.

Chapter 2 provides technical background on TomoTherapy technology, details as to the design
and conduct of the VoxTox study, and standard treatment pathways for patients with HNC in
Addenbrooke’s Hospital. The study opened to recruitment in April 2013, and closed in April
2019. During this time, a total of 337 patients were recruited to the VoxTox head & neck cohort.
For 319 of these patients, all available imaging and radiotherapy treatment data were

anonymised and stored at the Cavendish laboratory. For 253 of these patients, | undertook
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manual contouring of the following OARs; bilateral parotid glands, bilateral submandibular
glands, superior and middle pharyngeal constrictor muscles, oral cavity, and supraglottic
larynx, and spinal contours for 133 patients. These segmentations permitted calculation of
planned dose, and a crucial step in the process of calculating delivered dose. Conformity
metrics of my contours relative to other expert observers, and intra-observer consistency with

myself were consistently good, with most DSC scores >0.8.

Chapter 3 describes the methodologies by which treatment toxicity data were collected, stored
and processed. Because recent trials and modelling studies in HNC have used a wide range
of toxicity endpoints, VoxTox investigators aimed to ensure that results could be presented
with as many of these validated scoring systems as possible. Therefore, raw data in the study
were collected using study specific reporting forms, populated at interviews or telephone calls
between study participants, and the research radiographer team. A parsing code, based on a
series of human interpretable logical rules written by me, translated these data into scoring
system results, in an automated fashion. Point prevalence, and cumulative incidence to 5 years
follow up are presented for the following toxicity endpoints: CTCAEv4.03 xerostomia, salivary
duct inflammation and dysphagia, LENT/SOM subjective xerostomia, xerostomia
management, subjective dysphagia, and subjective taste alteration, RTOG salivary gland and
oesophagus, and EORTC H&N-35 question 41 — dry mouth, question 42 — sticky saliva, and
question 44 — taste disturbance. Peak point prevalence of all toxicities was found at 6 months
post-treatment, and gradually improved thereafter. Results were found to be broadly consistent

with those reported in the literature [1, 12-15].

The process of calculating delivered dose is non-trivial, and controversial [16-18]. Amongst a
number of problems was the challenge of providing accurate segmentation of multiple OARs,
on around 10000 images, a task that clearly required substantial automation. The most widely
used methodology in this field is deformable image registration (DIR), a technique that
attempts to provide a common geometric frame of reference between images at different
timepoints in treatment in a way that reflects underlying anatomical changes. Chapter 4
describes the process by which an open-source DIR toolbox (Elastix) was trained, tested, and
validated to map planning kVCT and IG MVCT images, together. By providing this geometric
frame of reference, my manual contours performed on planning CT images could be
transposed to image guidance scans, permitting the calculation of daily dose, which could then
be accumulated to an estimation of total delivered dose. Experiments testing the performance
of Elastix, whilst systematically changing both assumptions and parameters within the

algorithm were performed, and a pragmatic optimum found for use within the rest of the project.
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According to my clinical experience, and the literature [19-21], a common reason for replanning
radiotherapy for HNC patients during a course of treatment is concern about excess dose to
the spinal cord. Often, this is due to an a-priori assumption that weight loss and anatomical
change during treatment will lead to delivered doses to the spinal cord that are higher than
planned. In Chapter 5, delivered dose to the spinal cord was calculated, compared to planned
dose, and this hypothesis was directly tested. Data from 133 patients was used of this analysis,
and dose differences were found to be small. Mean absolute difference between planned and
delivered dose in this cohort was 0.9Gy, and only 4 patients had delivered spinal cord dose
>2@Gy higher than planned. Calculated delivered spinal cord dose did not breach organ
tolerance in any of the patients in this cohort. Importantly, no relationships between weight loss
or any other measured metric of anatomical change, were found. The only factor that did
predict for higher spinal cord delivered dose was a steeper dose gradient in the vicinity of the

spinal cord. The work presented in Chapter 5 was published in Radiotherapy & Oncology [22].

The same methodology was used to compute both planned and delivered dose to other normal
tissue, the so-called ‘swallowing OARS’; parotid glands, submandibular glands, superior and
middle pharyngeal constrictor muscles, oral cavity, and supraglottic larynx. A larger cohort of
253 patients was used for this work, which is presented in Chapter 6. The data in this Chapter
show that delivered dose is greater than planned for all of the swallowing OARs, with most
(mean) differences in the order of 1Gy. The greatest difference was to the ipsilateral parotid
gland (1.56Gy, 95%CI 1.37 — 1.74), and the least was seen by the oral cavity (0.44Gy, 95%ClI
0.30 — 0.57). These data broadly concur with previous studies, although the magnitudes of

differences for some OARs were smaller than has been previously observed.

Univariate analyses were undertaken to look at individual factors that may influence whether
or not delivered dose is higher than planned to specific organs. On ANOVA, patients with
primary disease of the nasopharynx (NPC) were more likely to have higher delivered doses to
the parotid glands. Although the sample size was small (there were only 8 patients with NPC
in the study), these results fit with previously published data [23, 24]. Both weight loss and
anatomical change during treatment showed statistically significant associations with higher
delivered dose to the midline OARs (pharyngeal constrictor muscles and supraglottic larynx),
and SMGs. However, relationships were relatively weak (Pearson’s product moment
correlation coefficient, r, ranged from 0.11 — 0.43). Other factors that consistently predicted for
higher OAR dose were higher N-stage, and the use of concomitant systemic therapy. There
was also a suggestion that pre-radiotherapy neck dissection may be protective for some OARs.
However, it should be noted that there may be co-linearity between these factors, and

multivariate analysis is needed to improve characterization of the factors that predict clinically
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significant dose differences between planned and delivered. This is discussed in greater detail

in section 9.2.

Despite this, work was done to try and find common factors in cases with clinically relevant
dose differences. Because radical radiotherapy for HNC is generally delivered in fraction sizes
of around 2Gy, a dose difference of 2Gy or greater was deemed to be clinically significant,
because it implies that the OAR in question is receiving the equivalent of an extra fraction of
treatment. There is also precedent for this approach [25]. No patients had a dose difference of
2Gy or more to all 8 swallowing OARs, but 9 of 253 patients (3.7%) had a delivered minus
planned dose difference of 2Gy or more, to more than half (5/8) of the OARs considered. All
of these patients had advanced nodal disease in the neck (N2b or greater), and received
radiotherapy to both sides of the neck. Eight of 9 also received concomitant cisplatin

chemotherapy.

All of this work depends on the premise that radiotherapy dose to OARs is a crucial biomarker
of treatment toxicity. By this logic, it could be hypothesised that delivered radiation dose to
OARs should predict toxicity outcomes more accurately than planned dose. This was a core
hypothesis of the VoxTox study, and was directly tested in Chapter 7. Because a number of
factors including patient demographics, co-morbidities, and disease and treatment
characteristics may influence toxicity events in addition to radiotherapy dose, a multivariate
analysis was used for this work. The standard approach to this problem in the literature is
logistic regression-based Normal Tissue Complication Probability (NTCP) modeling [14, 15,
26], and this method was employed in this work. NTCP models predicting the occurrence of
moderate to severe symptoms of dry mouth, changes to the quality and consistency of saliva,
and swallowing difficulties, 1-year post treatment, were trained and validated for 8 toxicity
endpoints. In the first step, this was done using planned dose to OARs. The process was then
repeated using delivered dose metrics, and the performance of planned and delivered dose-
based models were compared and contrasted. Overall model performance was satisfactory,
and comparable to published results [14, 15, 27]. Although absolute results for delivered dose-
base models were marginally superior to planned for most endpoints, the models themselves
were very similar, with substantial overlap of performance metric confidence intervals, and no
statistically significant differences were observed. These results were not surprising given the
small differences between planned and delivered dose results themselves, and emphasise

that ART for toxicity reduction is unlikely to be useful in most patients.

Chapter 8 presents preliminary data from Minot-OAR, a substudy of the broader VoxTox

programme. This study approaches the same problem — how best to select patients for ART
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to reduce toxicity — from a different angle. The concept was to use both anatomical and
functional MRI sequences to better characterise and understand the changes that salivary
glands undergo during a course of radiotherapy treatment, and to identify imaging features
that might predict toxicity events, by scanning patients at multiple timepoints during treatment.
To do this, a cohort of 18 patients were invited to be scanned on a 3T MRI scanner with an
anatomical T2 sequence, as well as diffusion weighted and fat-fraction quantifying sequences,
at fractions 1, 6, 16 and 26 of radiotherapy. Data from this study confirm previous findings that
the salivary glands shrink, but also show that apparent diffusion coefficient (ADC) rises, as
patients progress through their radiotherapy treatment. Interestingly, these changes appear to
start as early as the first week. No clinically, or statistically significant associations between
imaging parameters and cumulative acute radiation toxicity over the full course of treatment
were observed. Immature late toxicity data meant that analyses of imaging features as

predictors of these endpoints were undertaken with small numbers, and were preliminary only.

9.2 Synthesis & conclusions

Until such time as new technology and workflows permit accurate, rapid, and robust on-set
imaging, segmentation, and dose re-optimisation in a near fully automated fashion, ART for
patients being treated for HNC will remain time, effort, and resource intensive. In addition,
there is limited clinical data showing a clear benefit for this technique in unselected
populations. It is therefore important to understand better what the dosimetric impact of ART
might be, which patients have the greatest differences between planned and delivered dose
to important OARs, and whether other imaging techniques undertaken during treatment can
predict toxicity events, and thus help to identify patients who will benefit most from this
approach. The key results of this thesis provide much needed data to help address some of
these questions, and are listed below:
o Differences between planned and delivered maximum dose to the spinal cord in
patients treated with daily image guidance are small, and rarely clinically relevant.
e Contrary to widely held a-priori assumptions; weight loss and anatomical change during
treatment do not increase the risk of higher than planned dose to the spinal cord.
e Delivered dose to all other OARs assessed in this work is consistently higher than
planned, although differences are small in most patients.
e A small number of patients do have clinically significant dose differences to salivary

glands, oral cavity, supraglottic larynx, and swallowing muscles.
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¢ Univariate analyses suggest that factors including N-stage, and the use of concomitant
systemic therapy, in addition to weight loss and anatomical change may pre-dispose
to bigger differences between planned and delivered dose.

¢ Toxicity prediction models based on delivered dose data have very similar performance
metrics to those generated with planned dose, emphasising that dose differences
across the full cohort were small, and that ART is unlikely to confer clinically significant
reductions in toxicity risk for most patients.

e Multi-timepoint MRI during radiotherapy shows architectural and functional changes in
salivary glands starting soon after radiotherapy starts, and evolving as treatment
progresses. However, data were insufficiently mature to adequately address whether

these changes in imaging features predict for toxicity events.

9.3 Future directions

As indicated in section 9.1, the next logical step from work done in this thesis is a multivariate
analysis of factors that predict clinically significant differences between planned and delivered
dose to OARs. In the first instance, | would envisage defining clinical thresholds of patients
who experience the biggest dose differences, and are therefore likely to benefit most from
replanning. These thresholds might be based on absolute dose differences between planned
and delivered dose, such as the 2Gy threshold used in Chapter 6, or combinations of dose
differences to different OARs. The methodology could also be extended to use either published
NTCP models, or the NTCP models generated in this work, to estimate the difference in toxicity
risk that these dose differences confer. Thereafter, different approaches might be taken to
multivariate analysis. A logistic regression approach similar to that used in Chapter 7 would be

appropriate, but more unsupervised categorisation approaches could also be used.

The striking similarity between planned and delivered dose based NTCP models in Chapter 7
suggest that further work on delivered dose-based toxicity prediction is unlikely to be of much
value, outwith clinical situations in which bigger differences between planned and delivered
dose might be expected. One such scenario is Proton Beam Therapy (PBT). Because of the
very steep dose gradients generated by proton Bragg peaks, and the importance of range
uncertainty, PBT plans are much more sensitive to subtle differences in patient anatomy and
setup than X-Ray plans [28]. Therefore, if similar contouring, immobilisation, and |G strategies
are used for a PBT and X-Ray plan for the same patient, one might anticipate bigger dose

deltas with the former. Therefore, as PBT is increasingly used to treat HNC [29], research into
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delivered PBT dose based NTCP modelling may be an interesting and useful avenue to

pursue.

Another interesting development in radiation oncology in recent years is the field of radiomics
— asking whether the large quantities of information encoded within an image, and the patterns
therein, can help to predict clinical outcomes. This approach has already been tried in HNC,
with imaging modalities including pre-RT PET-CT, MRI, and planning CT [30-32]. There is less
published data in which radiomics approaches have been applied to IG scans in an attempt to
improve outcome prediction, although it is an area of interest, and has been tried with CBCT
during RT for lung cancer [33]. One reason for this is that IG scans are inherently noisier and
of lower quality than diagnostic, or treatment planning equivalents. Conversely however, 1G
scans may contain previously untapped imaging information on inherent radiosensistivity. It is
known that there is a substantial spread in individual radiosensitivity within the population [34],
but finding a simple, reliable and cheap test to measure this has proved difficult. It may be that
radiomic analysis of |G scans, taken after a patient has started RT - and which they will be

having anyway — can help to bridge this gap.

Finally, there is a clear and obvious need for greater automation in this field. If it were possible
to automatically segment structures of interest on an |G scan, and re-compute daily dose, in
an accurate, robust manner, in near real-time with the patient on-set, most research into ART
would become obsolete. This would be 4D, rather 3D radiotherapy, and provided the workflows
could be shown to be reliable, and without significant cost implications, it would be difficult to
justify not using such an approach to treat patients. However, the technical challenges in
reaching this destination remain daunting, and we are a long way from achieving this objective.
However, work into fully automated machine-learning based auto-segmentation approaches
is starting to appear [35, 36]. If these are shown to robust and reliable, and can be implemented
across a range of hardware and software infrastructures, the light at the end of the tunnel will

have come a little closer.

298



9.4 References:

[1] Nutting CM, Morden JP, Harrington KJ, Urbano TG, Bhide SA, Clark C, et al. Parotid-sparing
intensity modulated versus conventional radiotherapy in head and neck cancer (PARSPORT): a phase
3 multicentre randomised controlled trial. Lancet Oncol. 2011;12:127-36.

[2] Dahlstrand H, Nasman A, Romanitan M, Lindquist D, Ramqvist T, Dalianis T. Human
papillomavirus accounts both for increased incidence and better prognosis in tonsillar cancer.
Anticancer Res. 2008;28:1133-8.

[3] Gillison ML, Chaturvedi AK, Anderson WF, Fakhry C. Epidemiology of Human Papillomavirus-
Positive Head and Neck Squamous Cell Carcinoma. J Clin Oncol. 2015;33:3235-42.

[4] Ang KK, Harris J, Wheeler R, Weber R, Rosenthal DI, Nguyen-Tan PF, et al. Human
papillomavirus and survival of patients with oropharyngeal cancer. N Engl J Med. 2010;363:24-35.

[5] Mehanna H, Robinson M, Hartley A, Kong A, Foran B, Fulton-Lieuw T, et al. Radiotherapy plus
cisplatin or cetuximab in low-risk human papillomavirus-positive oropharyngeal cancer (De-
ESCALaTE HPV): an open-label randomised controlled phase 3 trial. Lancet. 2019;393:51-60.

[6] Gillison ML, Trotti AM, Harris J, Eisbruch A, Harari PM, Adelstein DJ, et al. Radiotherapy plus
cetuximab or cisplatin in human papillomavirus-positive oropharyngeal cancer (NRG Oncology RTOG
1016): a randomised, multicentre, non-inferiority trial. Lancet. 2019;393:40-50.

[7] Owadally W, Hurt C, Timmins H, Parsons E, Townsend S, Patterson J, et al. PATHOS: a phase
[I/111 trial of risk-stratified, reduced intensity adjuvant treatment in patients undergoing transoral surgery
for Human papillomavirus (HPV) positive oropharyngeal cancer. BMC Cancer. 2015;15:602.

[8] Gregoire V, Jeraj R, Lee JA, O'Sullivan B. Radiotherapy for head and neck tumours in 2012 and
beyond: conformal, tailored, and adaptive? Lancet Oncol. 2012;13:292-300.

[9] Jaffray DA, Lindsay PE, Brock KK, Deasy JO, Tome WA. Accurate accumulation of dose for
improved understanding of radiation effects in normal tissue. Int J Radiat Oncol Biol Phys.
2010;76:5135-9.

[10] Brouwer CL, Steenbakkers RJ, Langendijk JA, Sijtsema NM. Identifying patients who may benefit
from adaptive radiotherapy: Does the literature on anatomic and dosimetric changes in head and neck
organs at risk during radiotherapy provide information to help? Radiother Oncol. 2015;115:285-94.
[11] Heukelom J, Fuller CD. Head and Neck Cancer Adaptive Radiation Therapy (ART): Conceptual
Considerations for the Informed Clinician. Semin Radiat Oncol. 2019;29:258-73.

[12] Mehanna H, Robinson M, Hartley A, Kong A, Foran B, Fulton-Lieuw T, et al. Radiotherapy plus
cisplatin or cetuximab in low-risk human papillomavirus-positive oropharyngeal cancer (De-
ESCALaTE HPV): an open-label randomised controlled phase 3 trial. Lancet. 2019;393:51-60.

[13] Gillison ML, Trotti AM, Harris J, Eisbruch A, Harari PM, Adelstein DJ, et al. Radiotherapy plus
cetuximab or cisplatin in human papillomavirus-positive oropharyngeal cancer (NRG Oncology RTOG
1016): a randomised, multicentre, non-inferiority trial. Lancet. 2019;393:40-50.

[14] Beetz |, Schilstra C, van der Schaaf A, van den Heuvel ER, Doornaert P, van Luijk P, et al. NTCP
models for patient-rated xerostomia and sticky saliva after treatment with intensity modulated
radiotherapy for head and neck cancer: the role of dosimetric and clinical factors. Radiother Oncol.
2012;105:101-6.

[15] Wopken K, Bijl HP, van der Schaaf A, van der Laan HP, Chouvalova O, Steenbakkers RJ, et al.
Development of a multivariable normal tissue complication probability (NTCP) model for tube feeding
dependence after curative radiotherapy/chemo-radiotherapy in head and neck cancer. Radiother
Oncol. 2014;113:95-101.

[16] Schultheiss TE, Tome WA, Orton CG. Point/counterpoint: it is not appropriate to "deform" dose
along with deformable image registration in adaptive radiotherapy. Med Phys. 2012;39:6531-3.

[17] Zhong H, Chetty IJ. Caution Must Be Exercised When Performing Deformable Dose Accumulation
for Tumors Undergoing Mass Changes During Fractionated Radiation Therapy. Int J Radiat Oncol Biol
Phys. 2017;97:182-3.

[18] Hugo GD, Dial C, Siebers JV. In Regard to Zhong and Chetty. Int J Radiat Oncol Biol Phys.
2017;99:1308-10.

[19] Han C, Chen YJ, Liu A, Schultheiss TE, Wong JY. Actual dose variation of parotid glands and
spinal cord for nasopharyngeal cancer patients during radiotherapy. Int J Radiat Oncol Biol Phys.
2008;70:1256-62.

[20] Duma MN, Kampfer S, Schuster T, Aswathanarayana N, Fromm LS, Molls M, et al. Do we need
daily image-guided radiotherapy by megavoltage computed tomography in head and neck helical
tomotherapy? The actual delivered dose to the spinal cord. Int J Radiat Oncol Biol Phys. 2012;84:283-
8.

299



[21] Duma MN, Schuster T, Aswathanarayana N, Fromm LS, Molls M, Geinitz H, et al. Localization
and quantification of the delivered dose to the spinal cord. Predicting actual delivered dose during
daily MVCT image-guided tomotherapy. Strahlenther Onkol. 2013;189:1026-31.

[22] Noble DJ, Yeap PL, Seah SYK, Harrison K, Shelley LEA, Romanchikova M, et al. Anatomical
change during radiotherapy for head and neck cancer, and its effect on delivered dose to the spinal
cord. Radiother Oncol. 2019;130:32-8.

[23] Nishi T, Nishimura Y, Shibata T, Tamura M, Nishigaito N, Okumura M. Volume and dosimetric
changes and initial clinical experience of a two-step adaptive intensity modulated radiation therapy
(IMRT) scheme for head and neck cancer. Radiother Oncol. 2013;106:85-9.

[24] Cheng HC, Wu VW, Ngan RK, Tang KW, Chan CC, Wong KH, et al. A prospective study on
volumetric and dosimetric changes during intensity-modulated radiotherapy for nasopharyngeal
carcinoma patients. Radiother Oncol. 2012;104:317-23.

[25] van Kranen S, Hamming-Vrieze O, Wolf A, Damen E, van Herk M, Sonke JJ. Head and Neck
Margin Reduction With Adaptive Radiation Therapy: Robustness of Treatment Plans Against Anatomy
Changes. Int J Radiat Oncol Biol Phys. 2016;96:653-60.

[26] Marks LB, Yorke ED, Jackson A, Ten Haken RK, Constine LS, Eisbruch A, et al. Use of normal
tissue complication probability models in the clinic. Int J Radiat Oncol Biol Phys. 2010;76:510-9.

[27] Christianen MEMC, Schilstra C, Beetz |, Muijs CT, Chouvalova O, Burlage FR, et al. Predictive
modelling for swallowing dysfunction after primary (chemo)radiation: Results of a prospective
observational study. Radiotherapy and Oncology. 2012;105:107-14.

[28] Miiller BS, Duma MN, Kampfer S, Nill S, Oelftke U, Geinitz H, et al. Impact of interfractional
changes in head and neck cancer patients on the delivered dose in intensity modulated radiotherapy
with protons and photons. Phys Med. 2015;31:266-72.

[29] Leeman JE, Romesser PB, Zhou Y, McBride S, Riaz N, Sherman E, et al. Proton therapy for head
and neck cancer: expanding the therapeutic window. Lancet Oncol. 2017;18:e254-e265

[30] van Dijk LV, Brouwer CL, van der Schaaf A, Burgerhof JG, Beukinga RJ, Langendijk JA, et al. CT
image biomarkers to improve patient-specific prediction of radiation-induced xerostomia and sticky
saliva. Radiother Oncol. 2017;122:185-91.

[31] van Dijk LV, Thor M, Steenbakkers RJHM, Apte A, Zhai TT, Borra R, et al. Parotid gland fat
related Magnetic Resonance image biomarkers improve prediction of late radiation-induced
xerostomia. Radiother Oncol. 2018;128:459-466.

[32] van Dijk LV, Noordzij W, Brouwer CL, Boellaard R, Burgerhof JGM, Langendijk JA, et al. 18F-
FDG PET image biomarkers improve prediction of late radiation-induced xerostomia. Radiother Oncol.
2018;126:89-95.

[33] van Timmeren JE, van Elmpt W, Leijenaar RTH, Reymen B, Monshouwer R, Bussink J, et al.
Longitudinal radiomics of cone-beam CT images from non-small cell lung cancer patients: Evaluation
of the added prognostic value for overall survival and locoregional recurrence. Radiother Oncol.
2019;136:78-85.

[34] Barnett GC, West CM, Dunning AM, Elliott RM, Coles CE, Pharoah PD, et al. Normal tissue
reactions to radiotherapy: towards tailoring treatment dose by genotype. Nat Rev Cancer. 2009;9:134-
42.

[35] Kosmin M, Ledsam J, Romera-Paredes B, Mendes R, Moinuddin S, de Souza D, et al. Rapid
advances in auto-segmentation of organs at risk and target volumes in head and neck cancer. Radiother
Oncol. 2019 Jun;135:130-140.

[36] Macomber MW, Phillips M, Tarapov |, Jena R, Nori A, Carter D, et al. Autosegmentation of prostate
anatomy for radiation treatment planning using deep decision forests of radiomic features. Phys Med
Biol. 2018;63:235002

300



Appendices

A1 Publications relating to thesis
A1.1 First author papers
A1.2 Other papers
A1.3 First author published abstracts



A1. Publications related to thesis

A1.1 First author papers

Squamous cell carcinoma of the oral cavity, oropharynx and upper oesophagus.
Noble DJ, Jefferies SJ. Medicine (United Kingdom) 47(5): 269-274.

Anatomical change during radiotherapy for head and neck cancer, and its effect on delivered dose
to the spinal cord. Noble DJ, Yeap PL, Seah SYK, Harrison K, Shelley LEA, Romanchikova M, Bates AM,
Zheng Y, Barnett GC, Benson RJ, Jefferies SJ, Tomas SJ, Jena R, Burnet NG. Radiother Oncol. 2019
Jan;130:32-38.

The future of image-guided radiotherapy —is image everything?
Noble DJ, Burnet NG. Br J Radiol. 2018 Jul;91(1087):20170894.

A1.2 Other papers

Target volume concepts in radiotherapy and their implications for imaging
Burnet NG, Noble DJ, Paul A, Whitfield GA, Delorme S. Radiologe. 2018 Aug;58(8):708-721.

Automatic contour propagation using deformable image registration to determine delivered dose
to spinal cord in head-and-neck cancer radiotherapy.

Yeap PL, Noble DJ, Harrison K, Bates AM, Burnet NG, Jena R, Romanchikova M, Sutcliffe MPF, Thomas
SJ, Barnett GC, Benson RJ, Jefferies SJ, Parker MA. Phys Med Biol. 2017 Jul 12;62(15):6062-6073.

Applying physical science techniques and CERN technology to an unsolved problem in radiation
treatment for cancer: the multidisciplinary VoxTox research programme.

Burnet NG, Scaife JE, Romanchikova M, Thomas SJ, Bates, AM, Wong E, Noble DJ, Shelley LEA, Bond
SJ, Forman JR, Hoole ACF, Barnett GC, Brochu FM, Simmons MPD, Jena R, Harrison K, Yeap PL, Drew
A, Silvester E, Elwood P, Pullen H, Sultana A, Seah SYK, Wilson MZ, Russell SG, Benson RJ, Rimmer YL,
Jefferies SJ, Taku N, Gurnell M, Powlson AS, Schonlieb C-B, Cai X, Sutcliffe MPF, Parker MA. CERN
IdeaSquare Journal of Expermiental Innovation, 2017; 1(1): 3

A1.3 First author published abstracts

Assessing dynamic change in salivary gland function using MRI during chemoradiation for head and
neck cancer (HNC). Noble DJ, Zaccagnia F,, Bates AM, Das T, LupsonV, Welsh K, Barnett GC, Rashmi
JadonR, BensonRJ, Burnet NG, JenaR, Gallagher FA.
e Oral presentation: UKIO, Liverpool, June 2019.
e Published in: BIR Publications: Short Paper Presentations | Proceedings of UK Radiological
Conference 2019. https://doi.org/10.1259/conf-pukrc.2019.A-short-paper-presentations

Univariate toxicity associations are stronger with delivered than planned dose in HNC patients.
Noble DJ, Harrison K, Hoole A, Wilson M, Thomas SJ, Bates AM, Shelley LEA, Burnet NG, Jena R.

e Poster presentation: Estro 39, Milan, April 2019.

e Published in: Radiotherapy and Oncology 133:5539-S540

Predictors of dose differences to swallowing OARs in patients undergoing radiotherapy for HNC.
Noble DJ, Harrison K, Wilson M, Hoole A, Thomas SJ, Burnet NG, Jena R.



e Poster presentation: International Conference of Head & Neck Oncology, Barcelona, March
2019.
e Published in: Radiotherapy and Oncology 132:65-66.

CTCAE-based comprehensive toxicity assessment following radical radiotherapy for head & neck
squamous cell carcinoma (HNSCC). Noble DJ, Bates AM, Scaife JE, Gemmill J, Benson RJ, Barnett GC,
Jefferies SJ, Burnet NG, Jena R.
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Radiotherapy Prescription — Head & Neck

Prescription — Head & Neck

Fields in RED are mandatory
Stage T:

N:
M:

Category CAT1* Treated Radically with curative intent with no breaks in treatment

Concession _H_
Concession No.

MO* No Distant Metastasis

Primary _N_
subC [ ]
SubE [ ]

Follow up OPA Hospital: Addenbrookes
If Other please specify:
Follow up 6 week post treatment

CP/Head&Neck Prescription

Hospital no:
Surname:
First names:

Date of birth:
NHS No:

{Ident.IDA@U}
{Patient.Last._ Name@U?}
{Patient.First_Name@U}

{Admin.Birth_Date@d6b}
{Ident.IDB@U}

Phase

1 -single phase

Target area

Head and Neck

Fields description As Planned
Field size (cm) As planned
Energy 6MV

Chemotherapy:
no chemotherapy

Total Dose (Gy)
State maximum dose prescription

Minimum

No. of fractions

interval to

RT: if chemo -2 hrs

Dose per fraction (Gy)

Bloods (please tick)
Where Specified Median Dose Mon [ ]| Tue []
Fractions per week 5 wWed []|Thur []
. Fri L]|None []

Overall treatment time Once Only _H_
Practitioner Initials

Additional Comments:

Allow non clinician authorisation of treatment plan provided clinical Protocol Followed [ ]
Cambridge University Hospitals NHS Foundation Trust Page 1 of 2

cp_headneck_prescription

Rev. No: 6

Approved: 06/06/2019
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CT Volume Definition Head and Neck Standard | Hospital {Ident.IDA@U}
no:
O (0 oo d Surname: {Patient.Last Name@U}
Dose PTV3 |70 |65 |- - - First {Patient.First_Name@U}
(Gy) PTV2 |60 |60 |60 |- - names:
PTV1 56 |54 |54 |55 |50 Date of {Admin.Birth_Date@d6b}

Fractions 35 |30 [30 |20 |20 birth:
Volumes defined in Prosoma NHS No:  {Ident.IDB@U}
Fields marked * are non standard

\ SP \ \ ProSoma Comment \ \
Additional Comments:
Margins to be used (cm) All AP Lateral Sup-Inf
CTV1 -PTV1 []0.5cm cm cm cm
CTV2 -PTV2 []0.5cm cm cm cm
CTV3 -PTV3 []0.5cm cm cm cm
OARSs not outlined will not be considered
Use? Organ Objective dose Absolute dose constraint

(i.e. soft limit, goal)
L] PTV1 / PTV2 / PTV3 97% - 105% to cover 95% - 107% to cover
L] Spinal Cord PRV 46Gy 50Gy
] Brainstem PRV 48Gy 52Gy
L] Hypothalamus 44Gy -
] Pituitary 45Gy -
] Optic chiasm PRV 50Gy 55Gy
L] Larynx 44Gy -
L] Pharyngeal Constrictors 50Gy (Mean Dose) -
L] Mandible No hot spots (102%) -
Right Left Right Left

L] Parotid 20Gy (Mean Dq 20Gy (Mean Dq - -
L] Submandibular Gland 35Gy (Mean Dq 35Gy (Mean Dc - -
L] Lens 6Gy 6Gy - -
L] Cornea 30Gy 30Gy - -
L] Retina 50Gy 50Gy - -
] Globe 40Gy 40Gy 45Gy 45Gy
L] Lacrimal Gland 26Gy 26Gy - -
] Optic Nerve PRV 50Gy 50Gy 55Gy 55Gy
] Cochlea 35Gy 35Gy 45Gy 45Gy

[ ] Tick here if plan has become more complex than originally indicated on Action Sheet.
Name of planner informed:

Cambridge University Hospitals NHS Foundation Trust

cp_headneck_prescription

Rev. No:6

Page 2 of 2
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Tomotherapy delivered dose assessment form

LA4.004

DDA REQUEST

Plan Name:

Machine:

Date of MVCT scan

Hospital no:

Surname:

First names:

{Ident.IDA@U}

{Patient.Last_ Name@U }
{Patient.First_ Name@U }

DOB: {Admin.Birth_Date@d6b}
Treatment site: NHS No: {Ident.IDB@U}
Fraction number
Reason for assessment a|-:r|l;l:i|:;:||:|| e Comments
Routine assessment as per protocol |:|
Check positional reproducibility |:|
Physics Request |:|
+ |
External shape change seen |:|
Target |:|
Internal structure changes seen
o |[]
Shape
. change |:|
Repeat - trends previously seen
Dose |:|
differences
Other |:|
Total shims added at this date? Head Shoulder
If yes, state amount
Quality Checklist request to Physics-Planning opened? TP:DDA |:|
Requested by: Date
ASSESSMENT PREPARATION
Data prep. & batched by:
(level 2 trained staff as per TP2.04) Date

Cambridge University Hospitals NHS Foundation Trust

f

la4_018_DDA_Linac

Page 1 of 2

Rev. No: 1 Approved: 27/07/15
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Tomotherapy delivered dose assessment form

LA4.004

‘ EVALUATION ANALYSIS RESULTS

Are there any new hot spots in any PTVs above tolerance?
Are there any new cold spots in any PTVs below 95%?
Are there any new hot spots in any OARs above tolerance?

| Comments (if required)

Is there a screenshot added to illustrate the above :

Add Screenshot

Action Tick applicable

Comments

None (within tolerances) |:|

Must review before next fraction
(must communicate to set)

(state date)

Review other
(state date by which you expect conclusion)

[]
Discuss at next review meeting |:|
[]

Signed:
(level 2 trained staff as per TP2.04)

Date

\ Oncologist Decisions

| Comments if required

Signed

Closed by:

Date

Cambridge University Hospitals NHS Foundation Trust
f la4_018_DDA_Linac

Page 2 of 2

Rev. No: 1 Approved: 27/07/15
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Cancer Directorate

Work Instruction LA3.110

April 2017

Treating with Tomotherapy

1 Scope
This document provides work instructions for Radiographer and Assistant
Practitioners in the use of Tomotherapy.

2 Purpose
To ensure safe and accurate radiotherapy treatment delivery

3 Undertaken By

Radiographers who have achieved the relevant competency levels.

3.1 To download a treatment

Open MOSAIQ by clicking on the Mosaiq icon located on the desktop

Change the Queue Location when calling the patient into the treatment
room by following SG3.10;

From the Home Screen > select Quick Schedule > Location > Patient
> Open Chart

The Chart screen will open with the patient selected;

Click on D and I icon > Site Set Up for immobilisation information.
Select RO Treat icon > on the Treatment Chart Page, check the correct
Gantry number is displayed for todays treatment. If this needs to be
changed select Tx calander > Change > Define then reschedule fields
as appropriate > click ok > ok then return to Tx chart > Treat.

In Treatment Delivery Table select Send Plan.

Reselect D and I icon > Site Set Up for immobilisation information.

Where Mosaiq does not communicate with tomotherapy and there are multiple
plans or phases please ensure the correct plan is selected.

Any re-plans and subsequent phases will all be active. Take extra care when
selecting plans by ensuring that the plan names are the same and correct
for that plan/ phase.

3.2 Viewing the Trt Plan
e Click on DOCUMENTS icon > pull window to extra screen and maximise to

fit.

¢ Click on Plan Document which will open plan in the Document Viewer

window.

e Scroll through plan to view DVH legends and/or dose wash pictures to inform

slice selection.

Cambridge University Hospitals NHS Foundation Trust Page 1 of 7
p_la3_110_treating_with_tomo
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3.3

3.4

6

To pull treatment detils onto Tomotherapy Opertaing System.

e Select OIS icon

Select Patient /Plan Box opens > check patient details > OK if correct.

Select slice thickness > C=6, N=4, F=2.

Select slices to identify PTV

Click on Accept Slices > Prepare Scan> in prepare patient/room box click Ok

if correct

On Mosaiq

e On the Chart screen select On Trt Info tab.
e Check Patient Quality Check List to see if any actions are required.
¢ Read annotations in Pre-Trt/On Trt Tabs in Quick Notes.

In the treatment room

Set up immobilisation as per Site Setup - the sliding bar on the right of
this box can be used to view additional information if required.

On Day 1 record location points for immobilisation devices in Site Set Up
Identify the patient as per OHR/I001 > check this with the information in
the Manual Patient Verification screen and personal equipment if being
used.

Patient Positioning

Instruct patient to avoid heavy breathing during the scan
Ensure the couch lateral is at zero
Position patient as per CT planning scan position
Using the Positioning Control Panel (PCP) touch screen: select Main >
Setup>Yes
Bed moves to approximate set up position
Align tattoos with the red lasers
o Set height first
o For large movements use manual arrow controls with the dead man
handle button
o For fine movements use touch screen: Step Move> set mm> Move
Y or Move Z
Ref Position > Reset Origin ( resets laser value to zero)
Record Y and Z couch values (planned set up position)
Touch screen: select Main > Ready > Yes (couch moves into bore ready
for scan)

If Treatment plan includes bolus, ensure bolus is positioned correctly prior to
scan

Perform Scan

Wait for prompt in What’s Next text box

On Status consol turn key to left (image) to Scan

When green light illuminated press Start

When scan complete wait for prompt in What's Next text box & turn key to
program

Cambridge University Hospitals NHS Foundation Trust Page 2 of 7
p_la3_110_treating_with_tomo
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7 TomolImage registration
e Wait for prompt in ‘What’s Next’ text box
e Select Registration tab
e In [Automatic Registration Control] select Bone & soft tissue technique
e Use Fine resolution
e Select Incomplete Field of View if patient contour outside FOV
e Select Translations + Pitch + Yaw + Roll
e Select Start
e Confirm pitch, yaw and roll are within tolerances.
e Select translational and /or rotational corrections to be applied
automatically (translations or translations and roll)
e Select Start > select Yes to re-set values to zero
e Using Orientation options check registration on slices throughout volume
in transverse, sagital and coronal planes
e To change colour right click the scan box [in Scan Image Control box]
e Use Balance and / or Checker slider to optimise registration
8 Treatment delivery
8.1 Post registration outside room
e Select Treat tab
e Use mouse to highlight the next available treatment fraction (date does
not have to match)
e Click on Prepare Treatment
e If dates conflict, warning message will appear, click Yes to continue
e Confirm patient position click OK
e Click on Apply (De-select any roll corrections <0.5°)
e Pop-up box appears indicating that system is connecting to the OCSS
e Couch control box opens (Fig 1)
' Couch Control Main Panel e
IEC X (IateraI; IECY ((Ion)gitud.) IEC Z (vertical)
u -0.5 +466.9
Expected Couch Position, Absolute Values (mm)
IEC X (lateral) IEC Y (longitud.) IEC Z (vertical)
+0.0 +0.0
Registration Offsets (mm)
IEC X (lateral) IEC Y (longitud.) IEC Z (vertical)
+0.0 +0.0
Setup Ready
Figure 1: Couch controls box
e When set-up tab is blue, select: this will apply any moves to the couch
displayed in the Registration Offsets display
e The user confirmation box will then open (Fig 2)
Cambridge University Hospitals NHS Foundation Trust Page 3 of 7
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e Confirm expected moves with current displayed, if correct select “Yes”
e On the couch control panel select "Ready” when blue and couch will move
into ready to treat position. Record couch longitudinal

Fian Lannrate

ctor

'anel

IEC Z (vertical)
+371.4

IEC Z (vertical)
+0.0

|EC Z (vertical)
+0.0

2ady

[Thickness

[

Move the couch to the Ready position inside the gantry bore?
Current Couch Position (mm)
IEC X IECY IEC Z
,,,,,,, -0.5 +466.9 +3714
Current Setup Position (mm)
IEC X IECY IEC Z
+0.0 +0.0 +0.0

Crrw

naining

IEC

Monitor Chamber 1 (Dose Monitor Units)

Cumulative (mu)

1
Figure 2: User Confi

rmation box

e Wait for prompt in What's Next text box
e Status console: turn key to Treat (right), press start when green light

illuminated

Rate (mu/mir

if the system requires more than 300secs to prepare a procedure, a dialog
box is displayed on the Treat tab
On dialog box, click, Wait, if box shows a second time linac will shutdown

e Treatment Status display displays time elapsed and remaining in
seconds as well as current Y values in mm. the current Z value should not

change during

treatment

e Ensure couch Y moving during treatment
e Monitor dose rate during treatment

o Open the on treatment assessment as per SG3.05 and fill out as per

LA3.135.

e Wait for prompt in What’s Next text box
e Status control: turn key to Program

8.2 Inside the room

The in-room controls in place of the OCSS can be used at

radiographer discretion or for an unrecoverable interrupt

e Touch screen:

press Main > Set up > Yes

e Red lasers and couch will be in treatment position. Lasers should be
running through tattoos
e Touch screen: press Ref. Position to verify correct adjustments have
been performed
e Laser Y and z values should agree with recorded shifts

e Touch screen:

select Reset Origin

|

Cambridge University Hospita

Is NHS Foundation Trust
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9.2

9.3

Record Y and Z couch positions (registered ready position)
Touch screen: press Main > Ready> Yes

Interrupts during Scanning & Treatment Delivery

Interruption during a scan

Will always require a rescan

Wait for prompt in What’s Next text box

Status control: turn key to Program

When system interruption message appears, click on Details
Annotate fault log

Interruption before treatment initiated

Touch screen: Main > Set up > Yes. Ensure couch position is the same as
the Set Up Y and Z values. If not manual adjustment will be required
Touch screen: Press Main> Ready > Yes

Recoverable Interruption during treatment

Record the Couch Y position and the remaining time in seconds

Wait for prompt in What’s Next text box

Status control: turn key to Program

When system interruption message appears, click on Details

Annotate in fault log

Enter password

Right click on the interrupted treatment fraction and Generate a
Completion Procedure

Type password, then click OK

A dialog box displays the duration of the completion procedure. Confirm
that the Duration Time Left is not more than 15 seconds longer than the
remaining time recorded at the time of the interruption

Select OK

A Scheduled Completion plan will appear and be automatically highlighted
Click on the Prepare Treatment icon

Read and acknowledge laser position, roll correction and rescan warning
messages.

Confirm patient position, press OK

In Room, Main > Set up > Yes. Ensure couch position is the same as the
Set Up Y and Z values. If not manual adjustment will be required.

Red lasers should coincide with tattoos unless patient has moved

If patient has moved cancel procedure, rescan, register then deliver
scheduled completion.

Touch screen: press Ref Position. Laser Y and Z values should be near to
zero.

Touch screen: Reset Origin

Record Y and Z positions Touch screen: Press Main> Ready > Yes

Couch will move into bore to start treatment. Record Y position and compare
to interrupted Y position.

Status console: turn key to Treat (right), when green light illuminated,
press Start.

Cambridge University Hospitals NHS Foundation Trust Page 5 of 7
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9.4 Unrecoverable
e Shutdown as per TS3.71 and restart the system
e Select patient, disease and plan number
e Red lasers will NOT be through tattoos. They should be opposite of the shifts
if the patient has not moved.
e Follow instructions as per 12.3 above

9.5 Removing a patient from the couch in an emergency

e If a scan or treatment has to be abandoned in an emergency patient can be
removed from couch using manual controls.

e The machine must be turned off before the emergency release button on the
couch will work.

e The Yellow couch horizontal release button located at foot of couch will allow
the couch to be retracted fully.

e To manually lower, retract couch top fully, and lower couch by pressing the
button on the left hand side under the feet end of the couch top.

10 Completion of treatment
Once a treatment has been completed the relevant status should be applied to
Mosaiq following SG3.11

Cambridge University Hospitals NHS Foundation Trust Page 6 of 7
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11 Monitoring compliance with the effectiveness of this

document

a) Process for monitoring compliance and effectiveness: Review of Safety
Learning Events, as recorded on the Trust QSIS reporting system, for non-
compliance and the results presented to the Patient Safety & Governance
group - the minutes of these meeting are retained for a minimum of 5

years.

b) Standards/Key Performance Indicators: This process forms part of a

quality system accredited to International Standard BS EN ISO

9001:2015. The effectiveness of the process will be monitored in
accordance with the methods given in the quality manual (QM1.00).

12 Associated documents
Tomotherapy (LA3 & LA4) start-up and shutdown
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A3 Toxicity data — collection & processing

A3.1 Baseline Head & Neck CRF

A3.2 Acute toxicity Head & Neck CRF

A3.3 Late toxicity Head & Neck CRF

A3.4 Baseline toxicity mapping rules — CTCAEv4.03
A3.5 Baseline toxicity mapping rules — LENT/SOM(A)
A3.6 Baseline toxicity mapping rules — EORTC QLQ H&N35
A3.7 Baseline toxicity mapping rules — RTOG

A3.8 Late toxicity mapping rules — CTCAEv4.03

A3.9 Late toxicity mapping rules — LENT/SOM(A)

A3.10 Late toxicity mapping rules — EORTC QLQ H&N35
A3.11 Late toxicity mapping rules — RTOG
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VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number Date of birth
Patients VoxTox
initials number

Obs View Label:

Obs View Desciption:
Active Date:

Code description

Please ensure that all information in red is completed as this is mandatory data

VOX:H&N baseline Assessment V2
VOX:H&N baseline Assessment

Vox:H&N base Ass (VHA2)

21/11/2013

VHB2:TREATMENT INFO
VHB2: HEIGHT (CM)
VHB2: WEIGHT (KG)
VHB2:SMOKING
VHB2:SMOKER
VHB2:SMOKING AGE
STARTED
VHB2:SMOKING AGE
STOPPED
VHB2:AVERAGE NO PER

DAY

VHB2:TYPE OF SMOKING

VHB2:ALCOHOL

VHB2:ALCOHOL

VOX:H&N Baseline assessment V2 (21/11/13)

0 - CURRENT SMOKER

1 - EX-SMOKER

2 - NEVER SMOKED

0 - CIGARETTES

1-ROLL UPS

2 - CIGARS

3 - PIPE

4 - OTHER

0 - CURRENT DRINKER

1 -EX-DRINKER

Page 1




VoxTox — Linking Radiation dose at the voxel level with toxicity X
Baseline toxicity clinical reported form for those within head and neck region
consolidation & discovery cohort
Visit Number Date of birth
Patients VoxTox
initials number
2 - NEVER DRUNK
VHB2:ALCOHOL AGE
STARTED
VHB2:ALCOHOL AGE
STOPPED
VHB2:AVERAGE UNITS PER
WEEK
VHB2:PRE-EXISTING
MORBIDITIES
VHB2:DIABETES MELLITUS 0. NO
1. YES
PLEASE CHECK ALL THAT VHB2: (DM)DIET CONTROL
APPLY VHB2: (DM)METFORMIN
VHB2: (DM)INSULIN
VHB2: (DM) OTHER
VHB2:CARDIOVASCULAR 0.NO
DISEASE 1. YES
VHB2:HYPERTENSION 0.NO
1. YES
VHB2: IS PT ON STATINS 0. NO
1. YES
VHB2: IS PT ON ACE 0. NO
INHIBITORS 1. YES
VHB2:CONNECTIVE TISSUE 0. NO
DISEASE 1. YES
VHB2:DERMATITIS 0. NO

VOX:H&N Baseline assessment V2 (21/11/13) Page 2




VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number Date of birth
Patients VoxTox
initials number
1. YES
VHB2: RETINOPATHY 0. NO
1. YES

VHB2: RETINAL

DETACHMENT 0.NO
1. YES
VHB2: CATARACT 0.NO
1. YES

VHB2:0THER DIAGNOSES

VHB2:DENTAL

VHB2:ANY TEETH IN SITU 0-NO

1- YES

VHB2: EXTRACTION PAST3 ONO

MONTHS 1. YES

VHB2:PEG/RIG

VHB2:PEG/RIG IN SITU 0- NO
1-YES
VHB2:OPERATIVE
INTERVENTION
OTHER THAN A TUMOUR BIOPSY, HAS THIS
PATIENT HAD SURGERY? PLEASE CHECK BOX FOR
INSTRUCTION: ALL RELEVANT PROCEDURES THAT APPLY.
VHB2:SURGERY TO 0-NO
PRIMARY TUMOUR 1-YES

VHB2:DATE OF SURGERY

VOX:H&N Baseline assessment V2 (21/11/13) Page 3



VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number

Date of birth

Patients
initials

VoxTox
number

VHB2:SURGERY INVOVED

BONE

VHB2: LARYNGECTOMY

VHB2:NECK DISSECTION

VHB2:DATE OF DISSECTION

VHB2:NEOADJUVANT
CHEMO

VHB2:NEOADJUVANT
CHEMOTHERAPY

VHB2: CHEMOTHERAPY
TYPE

VHB2: OTHER
CHEMOTHERAPY
VHB2:TUMOUR SITE

VHB2:TUMOUR SITE

VOX:H&N Baseline assessment V2 (21/11/13)

0-NO

1- YES

0- CISPLATIN & 5FU

1-TPF

2- OTHER

0 - SUPRAGLOTTIC OR SUBGLOTTIC LARYNX

1 - GLOTTIC LARYNX

2 - NASAL CAVITY

3 - PARANASAL SINUSES

4 - OROPHARYNX

5 - HYPOPHARYNX

6 - LIP

7 - ORAL CAVITY

8 - NASOPHARYNX

9 - MAJOR SALIVARY GLAND TUMOUR

10 - NOT KNOWN AT THIS TIME

11 - OTHER
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VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number Date of birth
Patients VoxTox
initials number

VHB2:IF OTHER PLEASE
STATE

VOX:H&N Baseline assessment V2 (21/11/13)
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VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number

Date of birth

Patients
initials

VoxTox
number

VHB2:STAGING

INSTRUCTION:

VHB2:STAGING T:
VHB2:STAGING N:

VHB2:TUMOUR
HISTOLOGY

INSTRUCTION:

VHB2:TUMOUR HISTOLOGY

VHB2:0THER HISTOLOGY

VHB2:TUMOUR GRADE

VHB2:TUMOUR GRADE

PLEASE REFER TO TNM 7.0 2010

PLEASE SELECT HISTOLOGY. IF NOT SHOWN
THEN PLEASE COMPLETE OTHER HISTOLOGY
BOX.

0 - SQUAMOUS CELL CARCINOMA

1 - UNDIFFERENTIATED CARCINOMA

2 - ADENOCARCINOMA

3 - ADENOSQUAMOUS CARCINOMA

4 - ADENOMA

5 - MUCOEPIDERMOID CARCINOMA

6 - ADENOID CYSTIC CARCINOMA

7 - NOT KNOWN AT THIS TIME

8 - OTHER

0 - WELL

1- MODERATELY

2 - POORLY DIFFERENTIATED

3 - NOT KNOWN AT THIS TIME

VOX:H&N Baseline assessment V2 (21/11/13) Page 6




VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number Date of birth
Patients VoxTox
initials number
VHB2:DIET CHANGES 0-NO
1- YES
VHB2:DIET (SELECT ALL OCC. SALIVA SUBSTITUTE
THAT APPLY) FREQ SALIVA SUBSTITUTE

NEEDS SUBS/WATER IN ORDER TO EAT

NON-ACIDIC FOODS ONLY

SMALL BITES

SEMI-SOFT FOOD

SOFT FOOD

EATS SOFT FOOD BUT DIFFICULT

LIQUIDS ONLY

TEMPORARY NG TUBE

IV FLUIDS

TPN IE NUTRITION INTO VEIN

PERMANENT FEEDING TUBE

VHB2:REASON FOR DRY MOUTH

ALTERED DIET (SELECT ALL ~ SALIVA

THAT APPLY) TASTE CHANGES
SWALLOWING DIFFICULTY
WEIGHT LOSS
TRISMUS

CHEWING DIFFICULTY

OTHER REASON

VHB2: DRUG FOR HEAD & 0-NO

NECK REGION 1- YES

VHB2: DRUGS FOR HEAD OCCASIONAL ANALGESIA

AND NECK (SELECT ALL REGULAR ANALGESIA
THAT APPLY) ANTACIDS
NUTRITIONAL SUPPLEMENTS

VOX:H&N Baseline assessment V2 (21/11/13)
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VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number Date of birth
Patients VoxTox
initials number
IRON
STEROIDS

FLUORIDES FOR TEETH

MUSCLE RELAXANTS

DIURETIC/WATER MEDICATION

OCC CREAMS AND MEDS FOR SKIN

DAILY CREAMS AND MEDS FOR SKIN

OCCASIONAL EARDROPS/OINTMENTS

REGULAR EARDROPS/OINTMENTS

VHB2:SKIN
PLEASE RECORD WORST SYMPTOMS DURING
INSTRUCTION: PAST MONTH

VHB2: SKIN DERMATITIS 0—-NONE

1 - FAINT ERYTHEMA OR DRY DESQUAMATION

2 — MODERATE/TENDER/BRIGHT ERYTHEMA/
PATCHY MOIST DESQUAMATION

3 — WIDESPREAD MOIST DESQUAMATION/
BLEEDING INDUCED BY MINOR TRAUMA

4 — SKIN NECROSIS/ ULCERATION OF FULL
THICKNESS DERMIS/ HAEMORRHAGE

VOX:H&N Baseline assessment V2 (21/11/13) Page 8



VoxTox — Linking Radiation dose at the voxel level with toxicity

Baseline toxicity clinical reported form for those within head and neck region

consolidation & discovery cohort

Visit Number Date of birth
Patients VoxTox
initials number

VHB2: SCALINESS AND
ROUGHNESS

VHB2: SKIN SENSATION

VHB2:PRURITUS

VHB2: SKIN PIGMENTATION

VHB2: TELANGIECTASIA

0 - NONE

1 - PRESENT BUT NOT CAUSING SYMPTOMS

2 - CAUSING SYMPTOMS

3 - REQUIRING CONSTANT ATTENTION

0 - NORMAL

1 - SENSITIVE OR ITCHY

2 - PAINFUL AT TIMES

3 - PAINFUL MOST OF THE TIME

0—-NONE

1 - MILD AND LOCALIZED

2 -INTENSE/ WIDESPREAD/
INTERMITTENT/SCRATCHING CHANGES/ORAL
MEDS

3. CONSTANT/ LIMITING SLEEP/ ORAL STEROIDS/
IMMUNOSUPRESSANTS

0 - NONE

1 -SLIGHT AREA LIGHTER/DARKER SKIN CAUSING
NO PSYCHOSOCIAL IMPACT

2 - SLIGHT AREA LIGHTER/DARKER SKIN CAUSING
PSYCHOSOCIAL IMPACT

3 - MARKED AREA LIGHTER/