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Summary

Human Papillomavirus associated Oropharyngeal Squamous Cell Carcinoma (HPV positive
OPSCC) tends to affect younger and fitter patients and has a superior prognosis compared to
the HPV negative OPSCC. Treatment of OPSCC can be surgical and/or non-surgical, and both
modalities are associated with high levels of toxicity in the acute and chronic setting. Given
the improved survival in a younger and healthier population of patients, contemporaneous
HPV positive OPSCC research has largely focused on methods of de-intensifying treatment

whilst retaining high cure rates with the aim of reducing the rate of long-term toxicity.

As part of my thesis, | wrote a study protocol for a novel PET-based adaptive radiotherapy trial,
PEARL. This is a phase 2 feasibility study for HPV positive OPSCC patients. It aims to look at the
dosimetric advantages of adapting radiotherapy plans based upon primary tumour response
after 2 weeks of concurrent chemoradiotherapy seen on Fluorodeoxyglucose Positron
Emission Tomography CT (FDG PET-CT) scans. In my thesis | show the dosimetric impact of
adaptation in a pilot study and the re-working of the initial planning method to improve the
adaptive planning process. In addition, | look at whether Proton Beam Therapy - based
radiotherapy offers an additional dosimetric advantage in this cohort of patients. Finally, |
investigate whether more can be done to refine the Planning Target Volume (PTV) margins
implemented for set-up error by exploring the relationship between the position of the hyoid

bone and primary tumour volume as seen on verification imaging.
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Chapter 1: Deintensification of
radiotherapy for HPV positive
Oropharyngeal Squamous Cell
Carcinoma through biological response-
based adaptation: Introduction



1.1 UK OPSCC epidemiology

There are approximately 12,200 new cases of head and neck cancer a year in the United
Kingdom (UK); 3% of total new cancer cases. The highest incidence occurs in people aged 70
— 74 years. It is the 4™ most common cancer in men, 14™ most common in women, and
accounted for 4,143 deaths in the UK between 2017 - 2019. Over the last 2 decades, head and
neck cancer incidence has increased by a third; a greater increase has been seen in women
(43%), than men (23%). Whilst the most common head and neck cancer originates in the
larynx, the second most common head and neck cancer, and with the largest rise in incidence,

is oropharyngeal squamous cell carcinoma (OPSCC)(1).

The incidence of OPSCC is rising in many countries worldwide. The UK incidence doubled
between 1990 — 2006 and again in 2006 — 2010 (2). Historically a disease of traditional risk
factors including smoking and alcohol excess, the current trend is primarily due to the
increasing rates of infection with Human Papilloma Virus (HPV). HPV positive OPSCC is a
separate disease entity to HPV negative OPSCC, with different epidemiology, disease biology
and outcomes from treatment (3). HPV positive OPSCC tends to affect younger and fitter

patients and has a superior prognosis compared to the HPV negative OPSCC (4).

Whilst a significant cause of OPSCC, HPV infection does not completely explain the current rise
in the incidence of OPSCC. Schache et al (5) carried out a retrospective study to determine the
proportion of HPV positive and negative OPSCC across the UK. They looked at archival blocks
of over 1600 patients from 11 UK centres. The group found that 51.8% of cases were positive
for HPV and this remained a constant throughout the decade 2002 — 2011. The OPSCC
incidence, however, doubled in the same timeframe, suggesting a multifactorial aetiology.
Other smoking related head and neck cancers did not exhibit the same rise and so it has been
postulated that alcohol may well play a larger role in the development of OPSCC than

previously thought.



1.2 HPV associated disease

HPV positive OPSCC is characterised by the presence of a high-risk HPV genomic DNA in the
tumour. HPV is a small circular DNA virus with a genome of approximately 8 Kilobases. The
viral genome is typically found either integrated as a single genome into cellular DNA, or as
tandem repeats of the genome at a single genomic locus. In 95% of HPV positive OPSCC cases,
the DNA is from the HPV-16 sub-type (6). There are over 100 subtypes of HPV including HPV18;

infection with HPV-18 is also a risk factor for developing OPSCC.

HPV infection is an early event in the carcinogenesis process. The majority of the cancers arise
from deep crypts in the lingual and palatine tonsillar region; primary cancers of the base of
tongue and palatine tonsils are the predominant clinical presentation. Pathologically, the HPV
infection typically gives rise to poorly differentiated basaloid squamous cell carcinoma

histology (7).

In 2008 Gillison et al (8) described the predominant risk factors for HPV-16 positive OPSCC as
sexual behaviour, HPV-16 exposure and HPV-16 oral infection. Incidence did not correlate with
tobacco smoking, alcohol intake, reduced oral hygiene or a family history of head and neck
cancer. HPV positive disease is genetically distinct from HPV negative with distinct patterns of
loss of heterozygosity, chromosomal abnormalities and gene expression profiles. Like the
common carcinogens’ alcohol and tobacco, HPV inactivates the tumour suppressor genes p53
and pRb. It does this through the expression of oncoproteins E6 and E7. Stable integration of
the viral genome into the host genome and subsequent action of E6 and E7 on the reduction
of levels of p53 (Fig 1.1) and pRb leads to cellular transformation (9). Additional genetic
changes are then required for full carcinogenesis, including the acquisition of invasive and
metastatic phenotypes. Positive HPV-16 in situ hybridisation assays strongly correlate with the
expression of E6 and E7 oncogenes, however 5 — 10% of HPV positive OPSCC are HPV-16
negative and associated with different HPV subtypes. To mitigate for this, the expression of

P16 is now an established immunohistochemical biomarker for the function of E7 and a good



surrogate for all HPV subtypes (10). P16, also known as P16'NK*A is a protein that highly
correlates with HPV infection in OPSCC. Itis encoded by the tumour suppressor gene, CDKN2A.
In OPSCC and other HPV-driven cancers, P16 is overexpressed. This is due to the HPV
oncoprotein E7 binding to and inactivating the tumour suppression gene Rb. Rb regulates P16

and the inactivation of Rb results in an overexpression of P16 in the tumour.
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Figure 1.1 Molecular interactions of HPV oncoproteins E6 and E7 highlighting upregulation of p16 due to the
inactivation of pRb by E7

Credit: Katherine Wai et al Molecular diagnostics in Human Papilloma Virus related Head and Neck Squamous

Cell Carcinoma Cells 2020, 9, 500

In 2010, Ang et al (11) concluded HPV positivity to be a strong and independent prognostic
factor for survival in OPSCC and endorsed clinical trials be specifically designed for HPV

positive or negative patients — the diseases being separate entities with regards to prognosis.

The superior prognosis of HPV positive OPSCC versus HPV negative disease is multi factorial.
Whilst an increased intrinsic sensitivity to radiation or improved radiosensitisation by cisplatin

is reflected by longer periods of locoregional control, no specific molecular mechanism has



been found to account for the differences in rate of response to radiotherapy. HPV positive
OPSCC also responds better to induction chemotherapy, although there is no difference in the
impact of cisplatin on occult distant metastases (12). Although the rates of secondary
malignancy are lower in HPV positive OPSCC patients compared to HPV negative OPSCC
patients (mainly because the rate of smoking is much lower in patients with HPV positive
OPSCC), the rates of death from a second malignancy are similar. This suggests the improved
prognosis with HPV positive OPSCC is inherently due to the nature of the cancer, rather than

patient specific biological factors namely genetic and physiological variables (13).

Whilst it is anticipated that the prophylactic HPV vaccination program, which covers both HPV
16 and 18 subtypes, will ultimately reduce the incidence of HPV positive OPSCC in the UK by

a significant degree, there is likely to be a 30-year lag before we see cases fall in the clinic (14).

1.3. Oropharyngeal cancer staging and anatomy

1.3.1 Anatomy

The oropharynx involves the middle part of the pharynx (Fig 1.2). It extends vertically down
from the soft palate to the superior aspect of the hyoid bone. It includes the posterior and
lateral pharyngeal walls, the posterior third and base of tongue, the soft palate and the tonsils.
Over 90% of oropharyngeal cancers are squamous cell carcinomas, arising from the squamous

epithelium that lines the oropharynx (15).

The oropharynx is primarily responsible for swallowing and speech and is part of both the
digestive and respiratory systems. The location of the oropharynx creates a challenge for the
planning of surgical and non-surgical treatment. Many normal tissue structures — defined as
Organs at Risk (OARs) - are in proximity including the spinal cord, brain stem, major salivary

glands (parotid glands and submandibular glands) and structures involved in swallowing —



SWOARs — which include the superior, middle and inferior pharyngeal constrictor muscles,
supraglottis, glottis and oesophagus. Damage to OARs can result in clinically apparent damage

and detriment to their function in the early and late phases which can be severe.

Soft palate

Side and back wall
of the throat

Tonsil’

" Back 1/3 of
the tongue

o

Figure 1.2 Anatomy of the oropharynx

Credit Terese Winslow LLC 2016 National Cancer Institute

Anterior border Circumvallate papillae of the tongue and

anterior tonsillar pillars

Posterior border Soft palate cranially and pharyngeal

constrictor muscles caudally

Inferior border Epiglottis and glosso-epiglottic fold (larynx)

and the pharyngoepiglottic fold
(hypopharynx)

Table 1.1 Anatomical borders of the oropharynx



1.3.2 Staging

OPSCC is staged as per the American Joint Committee on Cancer TNM staging system. In

response to the significant difference in prognosis, the latest edition of TNM staging (TNM 8)

(16) distinguishes between HPV-positive and HPV-negative OPSCC (Table 2).

AJCCstage | Stage ) p16 (HPV)-positive oropharynx cancer stage description
grouping
TO, Tl or The cancer is no larger than 4 cm (TO to T2) AND any of the
T2 following:
NO or N1 « It has not spread to nearby lymph nodes (NO) OR
+ Ithasspreadto 1 or more lymph nodes on the same side
MO as the primary cancer, and none are larger than 6 cm
(N1).
It has not spread to distant sites (MO).
TO, T1 or The cancer is no larger than 4 cm (TO to T2) AND it has spread
T2 to 1 or more lymph nodes on the opposite side of the primary
I cancer or both sides of the neck, and none are larger than 6
N2 cm (N2). It has not spread to distant sites (MO).
MO




OR

T3 orT4

NO or N1

MO

The cancer is larger than 4 cm (T3) OR is growing into the
epiglottis (the base of the tongue) (T3) OR is growing into the
larynx (voice box), the tongue muscle, or bones such as the
medial pterygoid plate, the hard palate, or the jaw (T4) AND
any of the following:

+ It has not spread to nearby lymph nodes (NO) OR

» Ithasspreadto 1l or more lymph nodes on the same side
as the primary cancer, and none are larger than 6 cm
(N1).

It has not spread to distant sites (MO).

T3 orT4

N2

MO

The cancer is larger than 4 cm (T3) OR is growing into the
epiglottis (the base of the tongue) (T3) OR is growing into the
larynx (voice box), the tongue muscle, or bones such as the
medial pterygoid plate, the hard palate, or the jaw (T4) AND it
has spread to 1 or more lymph nodes on the opposite side of
the primary cancer or both sides of the neck, and none are
larger than 6 cm (N2). It has not spread to distant sites (MO).

Any T

Any N

M1

The cancer is any size and may have grown into nearby
structures (Any T) AND it might or might not have spread to
nearby lymph nodes (Any N). It has spread to distant sites such
as the lungs or bones (M1).

Table 1.2 Staging of HPV positive OPSCC (AJCC 8" edition)




1.3.3 Summary of changes between the American Joint Association of Cancer TNM 7t

and TNM 8" editions of staging of HPV positive versus negative OPSCC

1. T Classification: Largely unchanged except carcinoma in situ (Tis). This reflects the
nonaggressive pattern of invasion in P16 positive OPSCC and the absence of a distinct
basement membrane in the Waldeyer’s ring epithelium. T4b was removed as a result

of the survival curves between T4a and T4b being indistinguishable.

2. N Classification: There is a newly defined difference between clinical and pathologic
staging. Clinical staging is based on the laterality and size of nodes; the number of
lymph nodes is no longer significant if radiotherapy is the primary mode of treatment,
whereas contralateral nodes have an impact. Pathologic staging is based on the
number of nodes and relevant for patients who have had surgery as their definitive

form of treatment.

3. M Classification: Unchanged

4. Overall Stage: Stage IV reserved for M1 disease only

1.4 Management of HPV positive OPSCC

The currently recommended treatment for radically treatable OPSCC does not take into
consideration HPV status. Outside of clinical trials, the recommended treatment of HPV
positive and HPV negative OPSCC remains the same across consensus guidelines (17). As with
most cancers, tumour stage and patient fitness play the most influential roles when selecting

the most appropriate course of management.



1.4.1 Definitive treatment

For T1 — 2 OPSCC tumours with no nodal involvement, or a single node <3cm, single modality
treatment with either surgery or radiotherapy is the recommended option. In retrospective
analyses both have been shown to produce comparable survival outcomes (18). Patient choice
is often a deciding factor when weighing up the practicalities involved for each modality as
well as the risk of potential adverse effects each carries. Base of tongue tumours treated with
surgery for example, leads to similar survival outcomes but poorer functional outcomes when

compared to patients who received primary radiotherapy (19).

For locoregionally advanced tumours, the treatment is multimodality often involving surgery
followed by post-operative (chemo)radiotherapy or definitive chemoradiotherapy with the
option of salvage neck dissection or resection of the primary should an incomplete response
be demonstrated. In definitive non-surgical management of locoregionally advanced OPSCC,
a 5-year survival benefit of 6.5% was seen when concurrent cisplatin was given alongside
radical radiotherapy (20), and this is the gold standard non-surgical treatment of locally
advanced OPSCC in fit people under the age of 70 years. No survival advantage has been
demonstrated with neoadjuvant chemotherapy despite a possible reduction in occurrence of
distant metastases in patients with large primary tumours or multiple pathological nodes at

presentation (21).

1.4.2 Post operative treatment

Standard post operative radiotherapy protocols are based upon results of studies including
RTOG 73-03 (22) that demonstrated improved local control in locally advanced head and neck
cancer following post-operative radiotherapy. A subsequent randomised study (23) explored

the optimum dose for post-operative radiotherapy and recommended a minimum dose of
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57.6Gy to the post operative tumour bed and involved lymph node areas, increasing the dose
to 63Gy in 1.8Gy fractions to areas of higher risk including involved margins (<1mm) around
the primary tumour and extra nodal extension of nodal disease in the neck. In the UK, most
centres prescribe a dose of 60Gy in 30 fractions over 6 weeks to most patients who require
post-operative radiotherapy (24), with the option of boosting high risk areas up to 66Gy.
Historical studies on which these doses are based, are likely to contain only a small proportion

of HPV positive patients.

Practices vary concerning the addition of chemotherapy to post-operative radiotherapy.
Current practice is informed by two international studies; EORTC 22931 (25) and RTOG 9501
(26) which demonstrated an overall survival benefit when chemotherapy was added to
postoperative radiotherapy in patients where there is evidence of involved margins or
extranodal extension in the post-surgical specimen. It is unclear how relevant these results are
to the HPV-positive OPSCC patient cohort. The question of whether doses of postoperative
radiotherapy can be safely reduced, or chemotherapy omitted in HPV positive OPSCC is being

addressed in current ongoing studies including PATHOS (27).

I will now outline the current standard of practice for definitive radiotherapy in OPSCC and its

toxicity profile.

1.5 Radiotherapy: The therapeutic ratio and common toxicities in OPSCC

1.5.1 The therapeutic ratio

The objective of radiotherapy is to achieve tumour control whilst minimising damage to

normal tissues manifesting as treatment-related toxicity.
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The dose response curve (Fig 1.3) is based upon results of cellular level radiobiological studies
(28). The curve predicts that the higher the dose of radiation, the higher the chance of
destroying tumour cells and curing the patient. Unfortunately, increasing the delivered dose
without changing radiotherapy techniques also leads to higher rates of side effects. The
challenge is to deliver as high a dose as possible to the target volumes whilst minimising dose

to the OARs.

Tumor control

Complication

OO0 TOR

Dose (Gy)

Figure 1.3 The therapeutic window Credit: Chang D,S et al Basic Radiotherapy Physics and Biology (Springer, Cham.
2021)

The therapeutic window is a description of the theoretical gap between the 2 sigmoidal curves
representing the relationship between the dose required to cure or control a tumour (tumour
control probability — TCP), and the likelihood of causing harm to the patient (normal tissue
complication probability — NTCP). Above a threshold, the probability of tumour control and
toxicity increases steeply with minimal increase in dose. The wider the separation between
the 2 curves, the more the benefit/risk ratio tips towards benefit of treatment. The therapeutic

ratio can be widened in several ways.
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1. Concurrent radiosensitisers can move the TCP curve towards the left, with lower doses
of radiation exerting the same impact as higher doses in the absence of
radiosensitisers, assuming they don’t increase the rate of dose-limiting side effects.

2. The fractionation of a course of radiotherapy can also impact upon the therapeutic
ratio. By allowing a degree of normal tissue recovery from sublethal damage between
fractions, the NTCP curve can be moved to the right.

3. Increased damage by radiotherapy to the tumour cells is also facilitated by
fractionation by the reassortment of cells into more radiosensitive phases of the cell

cycle (Fig 1.4c), and through reoxygenation. Both these processes move the TCP curve

to the left.
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Figure 1.4 Biological rationale for the fractionation of radiotherapy Credit: Zeman E,M Biological basis of radiation oncology

(Elsevier-Saunders 2012)
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1.5.2 Dose Volume Histograms (DVHs)

Dose Volume Histograms (DVHs) are histograms that relate radiation dose to tissue volume in
radiotherapy planning by summarising 3D dose distribution in a 2D graphical format (Fig 1.5).
A DVH for clinical use will include all the target volumes and structures of interest in the

radiotherapy plan, each plotted in a different colour.

DVHs can be used to compare outcomes of treated patients with or without critical late
toxicities and form the derivatives of dose volume constraints. These constraints can then be
used prospectively to reduce the incidence of toxicity for future patients by optimising
radiotherapy plans and exploring new radiotherapy techniques by comparing different plans
represented in a DVH format. Clinical studies have shown DVH metrics correlate with patient
toxicity outcomes although a DVH cannot offer spatial information regarding whereabouts in
a structure the dose is deposited. In addition, if there are changes to patient anatomy or the

volume of the structures during a course of radiotherapy, the accuracy of the DVH reduces.

—PTV
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Volume (%)
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Dose (Gy)

Figure 1.5 An example of a DVH

Credit: Teguh, D 2010 ‘Late morbidity in Head and Neck Cancer after radiotherapy using various treatment techniques.
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An important concept to reduce dose received by normal tissues is to enable deposition of
dose in a more accurate location. Intensity modulated radiotherapy (IMRT) including

Volumetric Modulated Radiotherapy (VMAT) offers this opportunity.

1.5.3 Intensity modulated radiotherapy (IMRT)

Intensity modulated radiotherapy (IMRT) advances 3D conformal radiotherapy by delivering a
more conformal dose distribution. By varying the intensity of multiple beams — classically 5 or
7 — and by shaping the beams with multi-leaf collimators, IMRT can mould the shape of the
isodoses closely around the target volume, avoiding OARs more effectively and reducing dose
received by them. IMRT can also deliver a simultaneous integrated boost so that different
targets can be treated to different doses in the same number of fractions. The UK PARSPORT
randomised controlled trial showed the advantages of IMRT in head and neck cancer
treatment with reduced rates of xerostomia (dry mouth) following parotid sparing plans (30).
Further improvement is required to tackle the other common head and neck radiotherapy
related toxicities including dysphagia (swallowing dysfunction). The DARS study, reported in
abstract form at the time of writing (40), investigated the impact of dysphagia optimised IMRT
on swallowing outcomes. This is the first study to demonstrate that a reduction in dose to

dysphagia related OARs improves swallowing outcomes.

1.5.4 Volumetric modulated arc therapy (VMAT)

Volumetric modulated arc therapy (VMAT) is a form of IMRT which delivers radiotherapy
continuously as the treatment head rotates on the gantry around the patient. The beam
shape, gantry speed and dose rate can all alter resulting in a more efficient delivery of
radiotherapy. VMAT generally delivers the same dose in a shorter time, and with improved

dose distribution, compared to standard IMRT.
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1.5.5 Clinical dose constraints

The advent of IMRT and VMAT techniques has given rise to more conformal target coverage
compared to 3D conformal radiotherapy, and the ability to limit the exposure of organs near
high doses of radiation. Consequently, clinically apparent reductions in toxicity have been
demonstrated, particularly a reduction in long term xerostomia (30).

To offer the optimal radiotherapy plan for patients, robust data is required regarding the
relationship between dose received by an OAR, the volume of the OAR receiving it, and
whether it makes any objective (clinician-graded) or subjective (patient-reported) impact on

normal tissue complications and clinical outcomes.

An important point of reference for radiation dose-volume effects covering a large range of
OARs is the Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) initiative
published in 2010 (32). It produced an update of the Emami paper (33) and suggested

dosevolume parameters and their association with probability of normal tissue complications

(Table 1.3).
OAR Endpoint Suggested dose-| Expected
volume constraint complication rate if
constraint met
Pharyngeal Dysphagia Mean dose <50Gy <20%

constrictors

(superior pharyngeal
constrictor muscle,
middle pharyngeal
constrictor muscle,
inferior pharyngeal
constrictor muscle)
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Larynx Aspiration Mean dose <50Gy <30% <20%
Oedema Mean dose <44Gy
Parotid Glands Xerostomia Mean dose <25Gy <20%
for both glands
Mean dose <20Gy <20%
for single gland
Oesophagus Acute Oesophagitis | V35 <50% <30% <30%
V50 <40% <30%
V70 <20%

Table 1.3 QUANTEC recommended dose-volume parameters

SPCM = Superior Pharyngeal Constrictor Muscle, MPCM = Middle Pharyngeal Constrictor Muscle, IPCM = Inferior

pharyngeal constrictor muscle

QUANTEC was largely based upon conformal 3D radiotherapy data and published over 10
years ago. IMRT has now become the established radiotherapy delivery method of choice in
the UK for head and neck cancer (24). Various studies have been published since QUANTEC,
attempting to clarify and identify important dose volume constraints which, if achieved, could
significantly reduce toxicity experienced by patients. Brodin et al (34) reviewed the evidence

published since QUANTEC and recommended additional dose volume constraints, highlighting

additional key issues (Table 1.4).
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Critical OARs | Toxicity/common Common Important Important
definition or | validated dosimetric nondosimetric
endpoint measuring thresholds risk factors

instruments

Larynx Dysphagia/aspiration | EORTC QLQ-| Larynx: V50 Xerostomia

H&N35 patient | <27%, mean | Older age

Supraglottic reported dose <40Gy Concurrent

larynx outcomes Supraglottis: | chemotherapy

superior CTCAE Mean  dose| Pretreatment
pharyngeal MDADI <55Gy dysphagia
constrictor superior

muscle/midd| pharyngeal

e pharyngeal constrictor

constrictor muscle/middl

muscle e pharyngeal

constrictor
muscle: Mean
dose <50-
60Gy, V55
important*

Parotid gland | Xerostomia/reduction | Patient reported | Both parotid | Pretreatment

(both) in salivary function to | outcomes score | glands: Mean | xerostomia

C/l  parotid| <25% after 6 dose <26Gy | Older age

gland months V30 <50%

contralateral
Parotid
Gland: Mean
dose <20Gy

Oral cavity Oral mucositis CTCAE Mean  dose| Concurrent
Grade 2/3 EORTC/RTOG ALARP chemotherapy

scales V30 <73% Weight loss
D21cc >5%
<10.25Gy/wk

Oesophagus | Oesophagitis CTCAE V35 <20% Concurrent
Grade 2/3 EORTC/RTOG V50 chemotherapy

scales important* Female
(Data often from gender

lung patients)

Tumour stage
T3/T4
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Thyroid gland | Hypothyroidism Elevated TSH/ V30 Female
(Primary; NPC Reduced free T4 | important* | gender

patients at risk of Mean  dose| Neck/thyroid
secondary  dueto 45Gy =50% | surgery
dose to pituitary NTCP (lack of | caucasian
gland) data) Elective nodal
irradiation
Mandible Osteoradionecrosis Exposed  bone | V50 Smoking
failing to heal; | important Alcohol Poor
Manxilla variety of V44 <42% periodontal
grading/timefram| ys50 status
es important
No PROMs

*Important dosimetric value; Lack of consensus among studies regarding percentage volume, but this dose volume is
consistently shown to be a distinguishing factor of toxicity

Table 1.4 Summary of contemporary studies and recommendations Brodin et (34)

1.5.6 The relationship of toxicity to dose

The high dose of radiation required to radically treat OPSCC combined with the close proximity
of many OARs in the head and neck results in the potential for high levels of treatment related
toxicity, both reported by the patient and objectively measured in the clinic. Identifying the
toxicities that have the greatest impact on the patient’s symptoms or quality of life, relating
them to specific OARs and the radiation dose the OARs receive, is a crucial step to innovating

treatments which can reduce toxicity.

Radiotherapy-related toxicity is standardly referred to as either acute or late. Acute toxicity
describes side effects experienced by the patient during a course of radiotherapy, or within 90
days following its completion. Common acute toxicities in radiotherapy treated head and neck
cancer patients include oral mucositis and pain. Late toxicity describes side effects and
detriment to function experienced after 90 days post-radiotherapy and can have a lasting

impact on quality of life for the rest of a patient’s life. Common late toxicities in radiotherapy
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treated head and neck cancer patients include dysphagia, xerostomia and osteoradionecrosis

(ORN).

Traditionally toxicity has been graded objectively by clinicians using scores including those

developed by the World Health Organisation - CT/CAE - and EORTC/RTOG scores (Table 1.5).

More interest and emphasis are now placed on Patient Reported Outcomes (PROs) including

the EORTC QLQ H&N 35 score (35) and MDADI questionnaire (36). Patient Reported Outcomes

are now frequently represented in clinical studies.
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Toxicity/
1 2 3 4 5
Grade
Acute | Mucositis
' Moderate pain;| Severe pain; Life threatening| Death
As.yllénptomatlc orl ot interfering consequence;
m! interfering with oral | urgent
.symptom.s, with oral | intake intervention
intervention not | . T
i dicated intake; indicated
indicate . .
modified diet
indicated
Skin
reaction
. Moderate: Severe or Life threatening | Death
Asymptomaticor | . | medically consequence;
] minimal, local| =~
mild . .| significant but | urgent
or noninvasive .
symptoms, . . not life intervention
- intervention .
clinical . threatening; | jndicated
. indicated; o e
observations o hospitalisation
limiting age
only, - or
appropriate .
intervention not | 2PP P prolongation of
oo instrumental _
indicated ADL existing
hospitalisation
indicated.
Debilitating;
limiting  self
care ADLs




Late

Dysphagia | Symptomatic, Symptomatic Severely Life Death
able to eat and altered altered threatening
regular diet eating/drinking eating/swall consequence;

owing; tube urgent
feeding or intervention
TPN or indicated
hospitalisation

indicated

Xerostomia - -
Symptomatic Moderate Inability to
without symptoms, adequately
significant oral intake ailment or'aIIy.

. . Tube feeding
dietary alterations. ot TPN
alteration. Unstimulated |. .

indicated,
Unstimulated saliva 0.1 — unstimulated
saliva flow 0.2ml/min saliva
>0.2ml/min 0.1ml/min

Table 1.5 CTCAE toxicity score version 5 for common toxicities of head and neck radiotherapy

1.5.7 Dysphagia

Swallowing is a complex process involving the pharyngeal constrictors, base of tongue, glottis,

upper oesophageal sphincter and floor of mouth. Consistently the radiation dose to these

structures increases the risk of dysphagia. Dysphagia is the late toxicity proven to have the

greatest impact on quality of life (37). Dose to the pharyngeal constrictor muscles and the

glottis is significantly correlated with functional outcomes (38). Dose received by the superior

pharyngeal constrictor muscle, is the most significant risk factor overall for dysphagia (39). A

mean dose of 56Gy gives a 25% aspiration risk and a mean dose of 63Gy gives a 50% aspiration

risk. Multiple papers show that mean doses over 50 — 55Gy lead to a steep rise in aspiration

risk, which can be used to derive NTCP curves. Amongst contemporary clinical studies, the

commonly recommended mean dose to superior and middle pharyngeal constrictor muscle is

<50Gy.
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Dose received by the glottis also plays an important role in the development of dysphagia. A
mean dose of 39Gy is associated with a 25% aspiration risk and a mean dose of 56Gy gives a

50% aspiration risk (39).

Recently, the DARS trial became the first to demonstrate reduced radiotherapy dose to
dysphagia/aspiration related OARs improved swallowing (40). For its experimental arm, DARS
set a mandatory dose constraint for the superior pharyngeal constrictor muscles lying outside
of the high dose target volume to create a plan for dysphagia optimised IMRT (DO-IMRT). The
median mean dose to the inferior pharyngeal constrictor muscle (28.4Gy versus 49.8Gy
p<0.0001), and the superior/middle pharyngeal constrictor muscle (49.7Gy versus 57.2Gy
p<0.0001), was significantly lower in patients randomised to DO-IMRT. Patient-reported
swallowing function (MDADI score) at 12 months post-radiotherapy was significantly higher in
patients randomised to the DO-IMRT arm compared to the standard arm (MDADI score

77.7 versus 70.3 (p=0.016).

Other factors that contribute to the risk of dysphagia include older age, the use of concurrent
chemotherapy and the site of the primary tumour (41). On an individual patient level, it is the
anatomical site of the primary tumour that influences which of the swallowing structures will
receive the highest dose. Subsequently, minimising the dose to these structures is likely to
have the largest impact on reducing toxicity. In OPSCC, the superior pharyngeal constrictor
muscle is the most important, whereas in series of head and neck cancers including larynx
cancer, dose to the inferior pharyngeal constrictor muscle is most significantly correlated with

dysphagia (42) in keeping with where the highest dose is targeted anatomically.

1.5.8 Xerostomia

The most common definition of xerostomia has traditionally been a long-term reduction in

salivary function to <25% of baseline (43). More recent years, however, have seen a shift to
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the utilisation of patient reported outcomes to inform the assessment of the impact of
treatment as experienced by the patient. As there is usually some degree of recovery over
time following radiotherapy, xerostomia is often assessed and scored after 6, 12 and 24

months.

The risk of developing xerostomia is related to dose to the major salivary glands (parotid and
submandibular glands), and minor salivary glands within the oral cavity. As a parallel organ,
function of the parotid gland may depend upon a critical percentage receiving a low dose.
Eisbruch found that a mean dose threshold of <24Gy preserved unstimulated saliva flow, and
<26Gy preserved stimulated flow (38). As a result of this data, the commonly recommended
mean dose to the contralateral parotid gland is <26Gy. The contralateral parotid gland is
focused on for organ sparing as it is often assumed the ipsilateral parotid gland lies very close
to, or is within, the primary and high dose nodal clinical target volumes (CTV) and so it’s
sparing is not possible without compromise to coverage of the planning target volumes (PTV).
Quantitative analysis of normal tissue exposure found that with a mean dose to one parotid

gland of <20Gy or to both of <25Gy, 40% of patients experienced significant xerostomia (44).

An important consideration for any fractionated course of radiotherapy attempting to
calculate dose received by the parotid gland is that they tend to shrink and move medially
with increasing radiation dose thus making the planned DVH less predictive of received dose

than if the parotid gland did not change volume or position (45).

Whilst the mean dose to either the contralateral or combined parotid gland has been
demonstrated to reliably estimate risk, contemporaneous data points to the compartments
containing stem cells (stem cell rich regions) as being the most vital to function recovery. This
suggests a heterogeneous radiosensitivity within the parotid gland and regional dose
thresholds within the same OAR may be beneficial to preservation of organ function (46). This
could be hard to demonstrate objectively, however. Steenbakker et al performed a recent
study comparing salivary flow in patients randomised to stem cell rich region-sparing and
standard radiotherapy plans (47). The group defined the stem cell rich regions using an in

house METLAB algorithm and adapted it based upon the localisation of the main parotid gland
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duct. Parotid gland salivary flow measurements were taken before and after the radiotherapy
course up to 12 months. Whilst there was a trend to better flow, there was no statistical
difference between the prevalence of a >75% reduction in salivary flow at 12 months and so

the study was negative in terms of its primary end point.

Less is known about the dose response of the submandibular glands; Murdoch-Kinch showed
that stimulated flow from the submandibular gland reduced exponentially by 1.2% per Gy as
the mean dose increased up to 39Gy then plateaued near to zero at mean doses over 39Gy

(48).

1.5.9 Oral mucositis

Oral mucositis is often the predominant severe acute symptom experienced by patients with
OPSCC during radiotherapy. The pain of mucositis contributes to reduced nutritional intake,
reduced engagement in swallowing exercises, and subsequent weight loss. Whilst considered
a temporary side effect during treatment and after radiotherapy completion, it has a

considerable impact on quality of life and can manifest as long-term taste disturbance (49).

1.5.10 Oesophagitis

The grade of oesophagitis in OPSCC patients can be severe and is worse when the target
volumes are more central and caudal. Most data regarding dose volume constraints has been
collected from lung cancer patients and so has to be interpreted with a degree of caution
when applying them to head and neck cancer patients. Several dose-response models have
been derived for acute oesophagitis incorporating mean dose (49) and also V50 (the
percentage or absolute volume of an outlined structure that receives 50Gy), which maybe a
better predictor of >grade 2 oesophagitis than V35 (50). Models including the surface mapping
of the oesophageal wall dose have been trialled to see if they can improve predictions for
>grade 2 oesophagitis over and above the conventional mean dose model but have not yet

demonstrated an advantage (51).
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1.5.11 Osteoradionecrosis (ORN)

Irradiated bone reduces its capacity for defence against trauma and avoidance of infection.
Osteoradionecrosis (ORN) is a serious complication of radiotherapy in the head and neck when

irradiated bone becomes necrotic and exposed and fails to heal over 3 — 6 months.

Whilst failure of exposed bone to heal is a common theme, the timeframes and severity
scoring of osteoradionecrosis remains non-standardised with several different scales in
popular use including the CTCAE and Notani systems (52). As grading of osteoradionecrosis as
a toxicity varies widely between studies and clinicians, accurate NTCP models are difficult to
produce and dose constraints hard to define. Consequently, QUANTEC did not release any data

on dose constraints.

In general grade 1 osteoradionecrosis is minimal bone exposure, grade 2 requires minor
surgical debridement, grade 3 has in the past been managed with hyperbaric oxygen, although
this is no longer supported by the evidence, and grade 4 requires major surgical debridement.
Mandibular osteoradionecrosis is more commonly reported than maxillary although there are

some reports which include maxillary osteoradionecrosis (53).

Whilst there is evidence that poor periodontal care is a significant risk factor for
osteoradionecrosis, the extraction of teeth prior to radiotherapy is still an area requiring
further detail. Some studies have shown teeth extraction to be a risk factor rather than play a
preventative role in osteoradionecrosis genesis (54). Whilst common clinical practice is to clear
the mouth of teeth that are in poor condition prior to radiotherapy, the advantage of this may
be more nuanced and dependent upon the extent of the clearance, the overall health of the

oral mucosa, and patient behavioural factors including smoking and dental hygiene practices.
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The change in the demographic of OPSCC may also influence the rate of osteoradionecrosis.
Patients with HPV positive OPSCC is more likely to present with level 2 lymphadenopathy than
their HPV negative counterparts (55), necessitating greater mandibular coverage. These
patients also have more curable cancers and so may have many decades of risk for late

sequelae, such as osteoradionecrosis, to develop.

1.5.12 Normal Tissue Complication Probability modelling in head and neck cancer

Dose/volume metrics described above can also help establish the parameters of NTCP models
which can then be applied to individual plans for an estimation of toxicity risk. Comparing the
differences between NTCP models for 2 or more different radiotherapy plans can also inform

the clinician which plan has the lower risk of toxicity.

There are multiple types of NTCP models published in the literature with varying degrees of
validation. Mavroidis et al (56) applied 4 different NTCP models to patient treatment plans
from NCT01530997, an HPV positive OPSCC radiotherapy de-intensification study (57). Their
aim was to determine the radiobiological parameters of these models. They aimed to describe
the dose-response relationship of the pharyngeal constrictor muscles and major salivary

glands, to the severity of dysphagia and xerostomia at 6 and 12 months post radiotherapy.

They defined clinically significant toxicity as an increase of at least 2 points in the CTCAE

toxicity score.

The four models were generally equivalent with regards their ‘goodness of fit’ for xerostomia
at 6 and 12 months. They found the best correlations of dose/volume metrics to toxicity were
a combined volume of both the contralateral salivary glands with xerostomia at 6 and 12
months. The mean dose to combined salivary glands in those with/without toxicity was 33.8
+/-7.7Gy and 21.5 +/- 9.0Gy, and 33.1Gy +/- 8.8Gy and 25.2 +/- 9.4Gy at 6 and 12 months post

radiotherapy respectively.
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Figure 1.6 NTCP Curves for major salivary glands at 6 and 12 months Credit: Mavroidis et al (56)

The mean dose to both the combined pharyngeal constrictor muscles and superior pharyngeal
constrictor muscle was reported. The superior pharyngeal constrictor muscle metrics were
the better fit with an increase of at least 2 points on the dysphagia toxicity score at 6 months.
The mean dose to superior pharyngeal constrictor muscle in those with/without toxicity was
60.1 +/- 3.9 and 56.6 +/- 3.4, and 59.1Gy +/- 2.8 and 56.3 +/- 3.4Gy at 6 and 12 months post
radiotherapy respectively. This suggests that a reduction in mean dose of around 3Gy is

theoretically enough to reduce the rate of clinically significant dysphagia in selected patients.

27



Pharyngeal Constrictors

1.0 b
"r”—/
> -,
£08 LA L
g I/I, /
206 /7
o /
/7
%04/ o 4 LKB ——
2 //' Logit = ——-
é 0.2 R RS imim ==
ke / RSL — --
50 60 70 80

Biological Dose (Gy)
Superior Pharyngeal Constrictors

1.0
>
208}
Ko
3
o 0.6}
a
<4}
§_ Légit ————
2 0.2 RS ---- |
(4 RSL, — ==
0.0 oo .
50 60 70 80

Biological Dose (Gy)

Figure 1.7 NTCP Curves for PCMs and superior pharyngeal constrictor muscle Credit: Mavroidis et al (56)

The dose response curve taken from the study, looking at all 4 NTCP models is shown in Figs
1.6 and 1.7 and illustrates the steep section of the curve where small changes in dose can
result in larger changes in risk of toxicity. In addition to the dose/volume relationship for whole
organ OARs, there is a growing interest in the heterogeneity of function within an OAR eg the
parotid glands. Depending upon where in the OAR volume the dose is reduced, a modest

reduction in dose may still have a clinically relevant impact on the dose response curves.

1.6 Standard Delineation in OPSCC

The definition of the target volume is the first step in determining how dose should be

distributed within a plan.
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1.6.1 Creation of the Clinical Target Volume (CTV)

In 2017 consensus guidelines were published for the delineation of the primary tumour clinical
target volume (CTV) in head and neck squamous cell carcinomas including OPSCC (56). The
CTV standardly includes macroscopic disease —the Gross Tumour Volume as defined by clinical
and radiological examination, expanded to include a volume of surrounding tissue at risk of
microscopic tumour infiltration. The consensus guidelines acknowledged several studies that
looked at the pattern of microscopic tumour cell infiltration surrounding the GTV and, whilst
they only included relatively small numbers of patients, they concurred that most of the
microscopic tumour infiltration occurs within the first 10mm radiating from the GTV. The
consensus group reviewed the Danish Head and Neck Cancer association (DAHANCA)
geometric ‘5 + 5mm’ expansion of the GTV and edited it to account for anatomy (57). The
consensus recommends two CTVs for the primary tumour based upon geometric expansion
of the primary GTV (GTV_P) (Fig 1.8): CTV1_P encompassing the area around the GTV at
highest risk of harbouring microscopic disease — an expansion around the GTV of 5mm, and
CTV2 encompassing a peripheral area at lower risk of microscopic disease — an expansion of
10mm from the GTV. CTV1 is prescribed a higher dose than CTV2. Whilst there is a risk that
the 10mm CTV margin may not include the entirety of microscopic tumour extension in some
cases, further enlargement of the CTV must be weighed against the potential increase in

toxicity due to a higher dose of radiation received by surrounding normal tissue.

Figure 1.8 Standard expansion of Primary GTV (GTV_P) to Primary CTV1 and 2 (CTV1_P and CTV2_P)
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The creation of the high dose nodal CTV (CTV_N) is based upon the pathologically and/or
radiologically involved nodes (GTV_N) and follows the same 5+5mm expansion format (58). It
has been demonstrated that the extent of extra nodal extension is <5mm in over 95% of
pathological nodes with extra nodal extension examined in a pathological series, and always

within 10mm. This creates nodal CTV1 and CTV2 (CTV1_N and CTV2_N).

In addition, there is a third nodal CTV, CTV3_N, which is a prophylactic anatomical CTV
including the draining cervical nodal levels at risk of involvement (58). CTV3_N is prescribed a
prophylactic dose intended to treat microscopic disease not yet manifesting as changes on
imaging. The nodal levels to be included in the CTV3_N are determined by the site of the
primary tumour, its proximity to the midline of the neck, and the site of any overtly involved

nodes (Table 1.6).

Figure 1.9 Standard geometric expansion of GTV_N to CTV1_N, CTV2_N, and anatomical expansion for CTV3_N

Nodal status CTV3_N
Lateralised tumour? Node negative Ipsilateral (1b)?, 11, Ill, IVa3 + Vlla
Node positive Uninvolved ipsilateral 1b, II, Ill, IVa, Va+b

Ipsilateral Vlla at the level of the oropharynx
Ipsilateral Vllb (when Il involved)
Ipsilateral IVb+Vc (when Iva or V is involved)

Non-lateralised Node negative Ipsilateral 11, 11, Iva
tumour? 1b?
Contralateral 11, Ill, Iva
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Node positive Uninvolved ipsilateral Ib, II, Ill, IVa, Va+b
Ipsilateral 11Va at the level of the oropharynx
Ipsilateral Vllb (when Il involved)

Ipsilateral IVb +Vc (when IV or V is involved)
Contralateral 11, lll, IVa

Contralateral 1IVa at the level of the oropharynx

1 Unilateral treatment is recommended for NO — N1 tonsillar fossa tumour not infiltrating the soft palate nor the
base of tongue.

2 Any tumour with extension to the oral cavity and/or the anterior pillar of tonsil and/or in the case of anterior
involvement of level Il.

3 Level IVbisincluded in case of involvement of level lva

4 Non lateralised tumours refer to tumours involving the soft palate and posterior pharyngeal wall, or base of
tongue tumours extending more than 1cm towards the midline.

Table 1.6 Recommended CTV3_N nodal levels according to clinical staging and laterality of the primary OPSCC tumour

(58).

1.6.2 Creation of Planned Target Volume

The planned target volume (PTV) is based upon the CTVs shown in Fig. 1.7 and 1.8 with a
margin of 3 - 5mm to account for machine inaccuracy and set up error. The PTV margin is
defined in accordance with the set-up confidence of a specific treatment centre’s equipment

and verification procedures.

1.6.3 Dose Prescription

There is no difference in the management of OPSCC due to HPV status according to American

(58) or European (59) guidelines.

Internationally the standard definitive radiotherapy dose of OPSCC is 70Gy in 35 fractions
delivered over 7 weeks. In the UK many treating centres have adopted a mildly hypo
fractionated equivalent regimen of 65-66Gy in 30 fractions over 6 weeks (24). In Velindre

Cancer Centre we standardly prescribe 66Gy to PTV1, 60Gy to PTV2 and 54Gy to PTV3 in 30
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fractions over 6 weeks. The gold standard treatment includes concurrent chemotherapy; 3

weekly cisplatin dosed at 100mg/m?2.

This section outlined the standard radiotherapy contouring method, the next section
describes a range of alterations to this standard method that have been explored within the

context of a clinical study with the aim of reducing toxicity.

1.7 Non-adaptive de-intensification of treatment in oropharyngeal

squamous cell carcinoma

The greater radiosensitivity and improved prognosis of HPV positive locally advanced OPSCC
has formed the basis for research into the de-escalation of treatment. Various strategies of
de-escalation are being tested in clinical trials, with the aim of maintaining high cure rates
whilst reducing treatment related toxicity. | have categorised them as adaptive and

nonadaptive methods.

1.7.1 Reduction of total radiotherapy dose

In NRG HN-002 (60), a randomized phase Il study, 295 patients with T1-2 N1 and T3 NO-N1
(stage I-Il TNM8) HPV-positive OPSCC and a minimal (<10 pack/year) smoking history were
randomised to receive one of two de-intensified chemoradiotherapy treatment regimens,
either reduced dose IMRT, 60Gy in 30 fractions over 6 weeks with concurrent weekly Cisplatin
(40mg/m2) or moderately accelerated reduced dose IMRT alone, 60Gy in 30 fractions over 5
weeks. In order to establish acceptability as compared to the standard of care, at least one
experimental arm had to achieve a 2-year progression free survival rate above the historical
control rate in addition to a 1 year mean composite MDADI score of at least 60. The reduced
dose IMRT with cisplatin arm demonstrated a 2-year progression free survival of 90.5%

(expected 91%), however the IMRT alone arm did not achieve acceptable control rates. This
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suggested that reduced dose radiotherapy of 60Gy in chemoradiotherapy regimens may be a

safe option for these patients. This is currently being tested in larger studies.

In another prospective single-arm phase |l study (61), 43 patients with stage I-ll (TNMS8)
HPVpositive OPSCC and a minimal (€10 pack/year) smoking history were treated with reduced
dose IMRT (60Gy/30 fractions to the primary tumour and involved nodal PTVs and reduced
dose (30mg/m?) concomitant weekly cisplatin. The primary end point was pathological
complete response based on the primary site biopsy and neck node dissection. Biopsies of the
tumour sites following treatment demonstrated a complete pathological response rate of 98%
at the primary site and 84% in the neck nodes. The one case of a positive primary site biopsy
was resected, and no viable tumour was found. At a median of 36 months follow up for 42
patients, regional control was 100%, local control was 100% and overall survival was 95%.
Whilst definitive comparisons require randomised controlled studies, treatment was
associated with reduced toxicity rates when compared with contemporary studies (e.g.,

PARADIGM (62) where patients received 70Gy of radiation: 39% of patients (compared to 85%)

required a feeding tube for a median of 15 weeks (range 5-22 weeks).

1.7.2 Induction chemotherapy-response based radiotherapy

Three studies show rates of loco-regional control after reduced total dose radiotherapy in

patients following induction chemotherapy.

In one single arm phase Il study (63), the 24 out of 44 patients with stage I-1ll (TNM8) HPV
positive OPSCC who had a complete or partial response to two cycles of induction
chemotherapy with carboplatin and paclitaxel, received 54Gy in 27 fractions of radiotherapy
to the planning target volume encompassing the primary tumour and involved nodes, and
43Gy to the prophylactically treated uninvolved nodes, representing a ~20% reduction in total
dose compared to standard doses of radiotherapy. Weekly paclitaxel chemotherapy was given

alongside the radiotherapy. The trial demonstrated a 2-year progression free survival of 92%
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(95% Cl: 77-97%) and 2-year loco-regional control rate of 95% (95% Cl: 80-99%), which

compared favourably with historical studies, in addition to a reduced toxicity profile.

In another single arm phase Il study of 80 patients with TNM8 Stage | (50 — 60%), Stage 11 (30
— 40%) and Stage Ill (10% T4 — no N3) HPV-positive OPSCC patients underwent 3 cycles of
induction chemotherapy with docetaxel, cisplatin and 5-fluorouracil (64). The 70% of patients
who had a complete clinical response went on to receive 54Gy in 27 fractions of radiotherapy
to the primary tumour and involved nodes, and 51.3Gy to the uninvolved nodes, together with
concurrent cetuximab. The trial demonstrated a 2-year progression free survival rate of 80%
(95% Cl: 65-89%) which was lower than expected. However, when they analysed the data,
patients with T1-T3 N2 (stage I-Il TNM8) disease who had a minimal (<10 pack/year) smoking
history did extremely well, with a 2-year progression free survival and 2-year overall survival
rate of 96% (95% Cl: 76-99%). It also demonstrated better swallowing and nutritional

outcomes compared with contemporaneous controls.

In a third single arm phase Il study, OPTIMA (65), 62 patients with HPV-positive OPSCC were
staged according to the TNM 7t edition and stratified as having low risk disease (<T3, <N2b,
<10 pack year smoking history) or high-risk disease (T4, 2N2c, >10 pack year smoking history).
Patients received 3 cycles of induction chemotherapy with nab-paclitaxel; radiotherapy and
concurrent carboplatin treatment was based upon response to induction chemotherapy. Low
risk patients with more than 50% response to induction chemotherapy had 50Gy radiotherapy.
Low risk patients with 30 — 50% response, or high-risk patients with >50% response received
chemoradiotherapy with 45Gy. All other patients received standard chemoradiotherapy with
70Gy in 35 fractions. All patients who underwent de-escalated treatment had a biopsy of the
primary and a neck dissection following treatment. The pathological complete response rate
for 50Gy of radiotherapy and chemoradiotherapy with 45Gy was 94.7% and 89.3%
respectively. After a mean follow up of 29 months, 2-year progression free survival and overall
survival was 95% and 100% for the low-risk patients, and 94% and 97% for the high risk
patients. Acute toxicity and long-term feeding tube use was significantly reduced compared

to standard of care data.
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These studies illustrate the importance of selecting the right risk group of patients for
deintensification whilst appreciating that they are small single centre studies with a large

potential for bias.

1.7.4 Reduced target volume expansion

An approach to reducing side effects is to reduce the volume receiving high dose radiotherapy
therefore limiting the amount of irradiated normal tissue. The expansion of the GTV to high
dose CTV is a significant contributor to the level of radiation received by normal tissues due
to the impact on volume and surface area an increase in diameter has. In the context of the
improved outcomes of HPV positive OPSCC, one group in Wisconsin, limited expansion of the
GTV to a direct 3mm geometric growth to form the high dose PTV (66) without prior expansion
to CTV. An intermediate CTV was created using a 10mm expansion from the GTV. They
reported the outcomes in 134 cases treated with this reduced margin at a median follow up
of 56 months. Local and regional control at 5 years remained high (91.5% and 90.8%) in line
with expected rates. Of the 14 locoregional failures, 10 were in field. As this was a
retrospective study the only objective toxicity data analysed was gastrostomy tube use at a
year post-treatment (6%). This is in keeping with tube use rates seen in standard practice.
These results supported the findings of other groups that 60 — 63Gy in the immediate
periphery of the PTV (calculated from the expected dose fall-off that radially surrounds the
PTV) is enough to sterilise the treatment volume of microscopic spread. The authors
concluded that prospective evaluation was indicated to further explore this method of

deintensification.

1.7.3 Positron Emission Tomography (PET) - based dose painting

Traditionally, the aim of radiotherapy is to deliver a homogenous radiation dose to a defined
tumour volume. The response of tumour cells to treatment within the same tumour can be

heterogenous, and a different approach, known as ‘dose-painting’, has been developed in
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several settings in order to match up the magnitude of dose with the appropriate parts of the

tumour.

A UK phase | study (FIGARO) (67) used pre-treatment PET scans to identify the PET-avid
(biological) GTV left after 1 cycle of induction chemotherapy for a 10% dose escalation, in
patients with poor prognosis (predominantly HPV-negative) OPSCC. Their results reported
higher than expected late toxicity rates although comparative to other studies using standard
dose radiotherapy. There was improved overall survival at 3 years compared to historical data
on poor prognosis patients leading the authors to conclude further work was needed to

explore the role of dose escalation in this patient cohort.

Another group performed a dose painting case matched control study (68). 72 patients who
received boosts of up to 85Gy guided by FDG PET-CT scans were matched to controls. 5-year
local control rates were higher in the dose escalation cohort (82.3% versus 73.6%) although
this was non-significant (p = 0.82). Grade 3 dysphagia was seen in half the dose escalation
patients with acute and late dysphagia being more common compared to controls (p = 0.004).
The group concluded that having demonstrated the feasibility of increasing dose to tumour
sub-volumes, tailoring of the volume and escalated dose was required to reduce the increased

toxicity experienced by these patients.

Whilst these dose painting studies have investigated PET-based dose escalation in high risk or
unselected risk patients, there are no published studies looking at PET-based deintensification
of treatment specifically in better prognosis HPV positive OPSCC patients. As increased toxicity
has been demonstrated with PET-based dose escalation, it is reasonable to anticipate a
reduction in toxicity may be possible in patients where PET imaging informs a deintensification

of treatment.
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1.8 Adaptive PET-based de-intensification of treatment in OPSCC

Adaptive radiotherapy generally refers to making alterations to treatment volumes between
fractions to account for inter-fractional organ motion caused by random or systemic changes
in anatomy. It can also include alteration of the total treatment dose or time based on changes
seen during treatment. When designing a novel adaptive radiotherapy protocol, it is
paramount that safety is the first consideration, and that the adaptive strategy is carefully
designed to fit the underlying clinical issues. Adaptive protocols can be used as a strategy to
de-intensify treatment in responding patients, with the aim of improving long term functional

and quality of life outcomes for patients without detrimental impact on tumour control.

1.8.1 Use of FDG PET-CT as basis for biological adaption

18F-fluorodeoxyglucose (FDG) PET is the most widely available method of functional imaging
in the UK and the most used in head and neck cancer. FDG is a radio-labelled analogue of
glucose which is preferentially taken up by cells with a high level of metabolic activity. FDG
PET combined with CT can be helpful in the diagnosis of head and neck cancers; 90 - 100% of
them can be detected using FDG-PET (69). There are alternative tracers that can be used e.g.
18F-fluoromisonidazole (FMISO), which is a hypoxia-associated tracer, and there is published
work exploring the effect of chemoradiotherapy on FMISO PET scans, and the role of FMISO
in identifying areas of the tumour that may respond to higher doses of radiation. Despite on
going work in this field, results are mixed in terms of it’s reproducability and correlation to
long term head and neck cancer outcomes (152). There is also evidence that FDG-PET may be
a valid surrogate for FMISO (153). In addition to the wider availability of FDG, most relapses
after chemoradiotherapy occur in areas of tumour that were initially FDG-avid (70). In
addition, FDG-PET avid volumes have been shown to represent tumours seen in

histopathological samples following surgery more accurately than CT and/or MRI (71).

An ongoing European phase Il study (ARTFORCE) (72) is recruiting patients diagnosed with

lung or head and neck cancers. The head and neck project arm is a randomised phase Il study
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with a factorial design. It is comparing weekly concomitant cisplatin with weekly cetuximab,
and conventional radiotherapy with a dose redistribution arm that redistributes dose based

upon a pre-treatment PET CT with adaptive re-planning after 2 weeks using a repeat CT.

GTVs of head and neck tumours delineated based on PET scan images are significantly smaller
than GTVs based upon CT and MRI (73). This is true for pre-treatment imaging and on imaging
performed during radiotherapy. In one study of 8 patients, the average FDG PET defined GTV
was shown to reduce during radiotherapy to approximately 70% of its original volume after
14Gy and to 55% of its original volume after 25Gy. The increase in volume between 14 and
25Gy may be attributable to radiotherapy-induced inflammation of the tumour (74).
Reimaging with CT and MRI during treatment led to a less prominent reduction in GTV.
Importantly, the FDG PET based GTV translated into subsequent reductions in both

prophylactic and therapeutic CTVs and PTVs.

Residual FDG activity during chemoradiotherapy appears to be predictive for unfavourable
local control and survival (75). FDG-PET CT scans therefore offer an imaging modality which
could enable us to target the area in which most relapses will occur i.e., the volume that
remains PET-avid after a proportion of radiotherapy treatment has been given. Re-planning
based on changes in the disease seen on imaging during treatment offers the opportunity to
dose-paint or re-distribute the dose to residual active (FDG avid) tumour, whilst reducing the

dose to other areas of the initial tumour which have already responded to treatment.

One study looked at 18 patients with head and neck squamous cell cancer and repeated the
FDG PET scan after a mean dose of 46Gy (76). They demonstrated that the irradiated volume
defined by FDG PET was reduced by 15 — 40% when adaptive planning based on interim PET
was used. It also demonstrated that by using FDG PET based adaptive radiotherapy, significant
dose sparing to the ipsilateral parotid could be achieved (mean dose 38.6Gy vs 30.7Gy with a
p value = 0.004). So adaptive radiotherapy based on interim PET-CT also has the potential to

reduce dose to critical structures and lower toxicity.
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1.8.2 Timing of prePET and iPET

In addition to potential prognostic information from baseline FDG-PET-CT, a small number of
studies have investigated the role of FDG-PET-CT during radical radiotherapy for head and neck
cancer in predicting response to treatment and prognosis. They have performed intra-
treatment PET-CT scans at different time points and published some conflicting results. As
described in a recent systematic review, various published reports demonstrate differing
degrees of predictive and prognostic capabilities of FDG-PET-CT in the setting of head and neck
cancer and it is yet to be determined at what time point(s), and with which parameters, PET

scans during radiotherapy should be performed (77).

Castaldi et al (78), published their prospective study conducted on 26 head and neck cancer
patients of varying subsites. Patients underwent a baseline FDG-PET-CT, another at 2 weeks
into radiotherapy and finally one at 8 — 12 weeks post-completion of treatment. The post
treatment FDG-PET-CT was predictive of clinical outcome, correlating with both relapse free
survival and disease specific survival. The group was unable to confirm a role of the mid-
treatment FDG-PET-CT as it did not have any features that significantly correlated with patient

outcome and that further investigation of PET-CT after 2 weeks of radiotherapy is warranted.

In contrast to this study, in 2002 Brun et al (79) performed an FDG-PET-CT at baseline (PET1)
and 5 — 10 days into radical head and neck cancer treatment (PET2) with radiotherapy (n=45)
or chemotherapy (n=2) in a heterogenous head and neck cancer patient group. At a median
follow up of 3.3 years, local control rate was 80%, 5-year overall survival 54%. Within this
small population of patients, a low metabolic rate at PET2 in the primary tumour was strongly
associated with complete remission, local control rate and survival. Survival was 72% and 35%
in patients who had a low metabolic rate at PET2 vs a high one respectively. The hazard ratio

for death was 4.5 vs 2.8.
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These results were supported by more recent work performed by another group on a cohort
of 37 patients with advanced head and neck cancer. Hentschel et al (80) found that the
decrease in the maximum standard uptake value (SUVmax) from baseline FDG-PET-CT to the
FDG-PET-CT performed after week 1 or 2 into radical radiotherapy, to be a potentially
prognostic biomarker. 2-year overall survival and 2-year locoregional control were improved
for patients who demonstrated a decrease in SUV max of the primary tumour of over 50% at

the second FDG-PET-CT (88% vs 38% and 88% vs 40% respectively).

Despite the above findings Ceulemans et al (81) concluded that they could not replace the
post-treatment FDG-PET-CT with an earlier, intra-treatment scan. When they compared FDG
PET-CT conducted at the end of week 4 of radiotherapy (47Gy) to that of a scan at 4 months
post- completion of treatment, the sensitivity, NPV and accuracy of detecting complete
response was reduced (28.6% vs 42.5%, 31.0% vs 60.0% and 80.0% vs 88% respectively).
Although the positive predictive value (PPV) and specificity was slightly higher in the week 4
scan (81.8% vs 75.0% and 80.0% vs 77%), this was not enough to warrant a change of imaging
scheduling. One possible explanation of this difference in findings in the higher amount of
radiation the Ceulemans patients were exposed to. It is now widely considered that after 2 —
3 weeks of radiotherapy, background radiation-induced inflammation can become an issue for

the interpretation of FDG-based imaging.

1.8.3 Parameters of PET

Another important area of debate surrounds the choice of parameter to use when using
interim FDG-PET-CT for predictive and prognostic means. Parameters most widely studied
include the maximum SUV of the tumour (SUVmax), the Metabolic Tumour Volume (MTV) (the
metabolically active volume of tumour segmented using FDG-PET-CT), and Total Lesion
Glycolysis (TLG), which is the MTV multiplied by the mean SUV. Most work on this has been

performed on the pre-treatment (pre_PET).
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The primary tumour SUVmax on pre-PET has been demonstrated to be predictive of survival
regardless of the size and stage of the tumour (80) although studies differ on their reported
cut-off values, which range from SUVmax 4 — 10. The work by Hentschel et al used a relative

reduction of 50% in SUVmax between pre_PET and iPET.

In some studies, the MTV has been shown to be more accurate in the prediction of outcome
compared to SUVmax (69). One suggested explanation for this is that SUVmax may have less
bearing on outcome because highly avid disease may be expected to have a better response
to radiotherapy treatment. The MTV can be broadly determined in two ways. The first by a
fixed background SUV cut off e.g MTV2.5, or 2 standard deviations of normal liver activity; or
by using the SUVmax of individual tumour site regions up to a prefixed percentage of the
SUVmax e.g., MTV40%. Dibble et al (84) showed the MTV (and TLG) on pre-PET to be
significantly associated with survival and outcome. An MTV equal or greater than 7.7ml was
predictive of overall survival. Kao et al (85) looked at the pre_PET of 64 patients with mixed
pharyngeal tumours and found the MTV2.5 to be predictive of primary recurrence and DFS.
Lim et al (86) looked at 176 patients with oropharyngeal cancer. They used an SUV42% to
delineate MTV and compared SUVmax, MTV and TLG. They found the MTV and TLG to be
strongly correlated with the development of distant metastases or death. An MTV of over
19.7cm3 was strongly predictive of a high risk of death. Abgral et al (87) looked at 80 patients
with mixed head and neck cancer and demonstrated a pre_PET MTV5.0 to be the best
predictor of recurrence and death following treatment and an MTV5.0 of over 4.9ml to be

predictive of poor event free survival and overall survival.

1.8.4 Definition of PET-avid disease on iPET

Key to the definition of residual PET-avid disease, is the use of a validated scoring system to
define PET avidity in the context of background radiation-induced changes to the normal

tissue.
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A variety of groups have looked to validate a visual therapy response interpretation criterion,
The Hopkins Criteria (82), for use on FDG-PET-CTs performed on head and neck patients during
a course of radiotherapy. This objective and standardised visual grading system was intended
to reduce inter-observer variability in assessing PET scans. Non-complete metabolic response
on iPET is classed as avidity equal to or greater than the focal uptake of the liver and non-
complete metabolic response on post-PET is classed as avidity equal to or greater than the
mediastinum. Min et al (83) looked at 69 patients with head and neck cancer treated with
radical radiotherapy. An FDG-PET-CT was performed at baseline, during week 3 of
radiotherapy, and post-completion of treatment after a median interval of 13 weeks. They
assessed the residual FDG uptake using the 5-point visual grading system and concluded that
the Hopkins criteria was a useful predictor of response to treatment and patient outcome
based both on the post-treatment FDG-PET-CT and the interim FDG-PET-CT. Whilst it did not
demonstrate the same level of prognostic power as the post-treatment FDG-PET-CT, the
interim PET had a very high negative predictive value. In the patients who had a complete
metabolic response on the interim FDG-PET-CT, the Hopkins Criteria had an NPV of 91% for
the primary site alone, and 100% if both primary and nodal disease demonstrated a complete
metabolic response. The group postulated that it potentially offered a mechanism on which
to base adaptive de-escalated radiotherapy. They also established optimal thresholds for the
definition of the non-complete metabolic response group as focal grade 3 uptake more than,
or equal to that of the liver. This is a higher threshold than that of the post-treatment FDGPET-
CT to account for elements of increased FDG-uptake attributable to inflammation as a result

of radiotherapy treatment.

1.8.5 Automated contouring with the Automatic Decision Tree-based Learning Algorithm

(ATLAAS)

Being able to reliably identify and outline or segment the metabolically active tumour on a
PET scan is of paramount importance. This can be done manually by a clinician, or it can be

done automatically, using an automatic segmentation algorithm.
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Manual outlining is prone to intra- and inter-observer variability but, despite its limitations, is

still regarded as the ‘gold standard’ for clinical use.

A variety of PET automated segmentation methods have been proposed to overcome the
limitations of manual outlining. However, one of their limitations is the large number of
algorithms available and a lack of a standard protocol between centres. In addition to this,
head and neck cancers are highly heterogenous and may not all be best segmented with the

same PET algorithm.

ATLAAS (88) is a machine learning tool, designed and developed by our co-investigators in the
department of engineering at Cardiff University using simulated and phantom based PET
images; it can select the optimal PET automate segmentation method for use in each clinical
setting as it contains nine algorithms that perform differently in differing conditions. ATLAAS
estimates the tumour characteristics in the given PET images and uses a predictive model to
select the most appropriate segmentation methodology for the given PET image. Initially
developed and validated on oesophageal carcinomas, ATLAAS was applied to the PEARL pilot
study head and neck cases and subsequently used on the PEARL study cases within a validation

sub-study outlined in the PEARL protocol.

1.8.6 The PEARL Study

Most studies carried out to date evaluating the role of FDG-PET-CT as a basis for adaptive
radiotherapy have included heterogenous patient groups, using a variety of PET assessment
parameters. This may go some way to explain the disparate conclusions and cut offs that the

research has produced.

The PEARL study, described in this thesis, was set up to build on the published data available
and analyse the utility of an iPET for adaptive radiotherapy in a well-defined cohort of good

prognosis patients with HPV-positive OPSCC.
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As detailed in this chapter so far, the hypothetical advantage of reducing the high dose
treatment volume based on FDG-based biological tumour response 2 weeks into a course of
chemoradiotherapy is the consequential reduction of dose to OARS and toxicity experienced
by the patient. Toxicity secondary to dose received by swallowing structures (dysphagia) and
salivary glands (xerostomia) results in reduced quality of life for patients. The main OARs of
interest in the PEARL study were therefore the major salivary glands and swallowing structures
(SWOARs): the superior pharyngeal constrictor muscle (superior pharyngeal constrictor
muscle), the middle pharyngeal constrictor muscle (middle pharyngeal constrictor muscle),
and the glottis. Optimal dose constraints for these OARs were set based on published data and

aligned as far as possible with other studies involving comparable patient cohorts.

The studies described in section 1.7.1 suggest that a reduction in prescribed dose to the
primary PTV from an equivalent 2Gy per fraction dose (EQD2) of 70Gy, to an EQD2 of 60Gy
appears safe, with no increased rates of treatment failure in phase Il studies, although this
awaits confirmation in randomised phase Il trials. In PEARL, the total dose to the high dose
PTV is maintained at EQD2 70Gy, although the volume receiving 70Gy is reduced in
responders, based upon biological response on interim PET. Where some groups have used
response to induction chemotherapy as a basis for treatment de-intensification, the strategy
used in the PEARL study is using the PET-based response midway through chemoradiotherapy
as a basis for adaptive radiotherapy. Patients in whom there is no response on iPET will not
undergo adaptation. Re-planning based on changes in the disease seen on imaging during
treatment offers the opportunity to dose-paint or re-distribute the dose to residual active
tumour, whilst reducing the dose to other areas of the initial tumour which have already

responded to treatment.

The PEARL study is also used to prospectively apply ATLAAS for the first time to PET-CT scans

taken during treatment with chemoradiotherapy.

Due to the increased complexity of adaptive radiotherapy deigned for the PEARL study, and
the pressures of the COVID-19 pandemic, we designed a method of automated planning to

improve the turnaround of PEARL phase 2 plans.
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1.9 Automated Planning

Automated planning of radiotherapy plans is a growing research field and automated planning
is already being implemented within the clinical setting. The benefits of automated planning

have been widely documented in the literature (89, 90).

The general concept of planning was described by Kevin Moore (91) as ‘the process by which
a radiotherapy device is programmed to deliver an amount of radiotherapy to a patient’. Over
the past 2 decades, this process has transitioned from simply the length of time a beam is left
on, to more complicated processes including conformal radiotherapy and VMAT whereby
simulation of dose deposition into tissues is part of the planning method. For the purposes of
planning, the patient is a set of digital medical images, and the delivery device is a computer
algorithm. The quality of the modern planning process can be defined as the extent to which

the simulated treatment maximizes the therapeutic ratio.

The planning process has commonly been classed as a manual task — machines have aided
humans in achieving this task, but it has been generally steered by humans (Fig. 1.10). Manual
planning places high demands on time and workforce. In busy healthcare settings, these can
manifest as delays to patient treatment and potentially substandard treatment, as well as

acting as hurdles to the research and implementation of adaptive radiotherapy.

A simplified model of the planning process can be described as Fig 1.9 below:

Simulation
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disease X g > g . machlpe
instructions

A

Known RT
treatment for

disease X

Figure 1.10 Simplified diagram of the radiotherapy planning process, adapted from Moore et al 2018 (91)
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1.9.1 Automated Planning with EdgeVCC

EdgeVCC was developed at Velindre Cancer Centre (VCC) to address issues with the manual

planning of radical radiotherapy treatments (92).
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| clinical aims |
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Run inverse IMRT 7 N

Adjust optimisation
objectives

optimization and -
produce plan

v

Plan acceptable?

Approve plan and
treat

Figure 1.11 Simplified process of manual IMRT or VMAT planning, adapted from Moore et al 2018 (91)

To build the EdgeVCC automated planning protocol, the team initially used prostate VMAT
cases. 10 prostate plans which had been previously clinically approved were acquired and
used as ‘calibration’ patients. The plans were labelled VMATclin. The plan with the most
representative anatomy of the 10 was chosen as a ‘navigator’ plan. The EdgeVCC protocol was
developed on the navigator with clinical input, using ‘trade offs’ in the balance of dose

between target volumes and OARs, to produce the most clinically acceptable plan. This
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protocol was then applied to the rest of the calibration cases, using the exact same arc

configurations as the VMATclin, to generate 10 VMATauto plans.

The VMATclin and VMATauto plans for each of the 10 cases were compared on local centre
clinical goals and additional indices including D98%, D2% and a conformality index. In addition,
clinicians performed a blindly qualitative study of the VMATclin and VMATauto plans for each
patient, scoring them using a 5-point scale (1 — unacceptable, 2-poor, 3-satisfactory, 4-good,
5-excellent) and ranked them in order of preference. The overall results were favourable
towards the VMATauto. The EdgeVCC team concluded that the automated protocol had
incorporated the clinical decision-making on trade-off balancing successfully. | joined the
EdgeVCC team to provide the clinic input whilst the process was repeated for head and neck
patients. We demonstrated similarly favourable results towards VMATauto in this tumour site

(unpublished data).

1.9.2 Role of automated planning in trial Quality Assurance (QA)

Most contemporary radiotherapy trials now include a mandatory radiotherapy quality
assurance (RTQA) standard which must be passed by an investigator or treatment centre in
order to treat patients within the trial. Whilst the passing of such a standard ensures an
acceptable level of PTV coverage and OAR sparing, it does not guarantee a plan is at its
optimum. In addition, a lack of conformality in plan quality across different planners and
institutions is widely referenced in the literature. In large, randomised trials, this difference in
quality, and sub optimal plans, is not considered in stratification. It could introduce bias,
influence outcomes, and result in a need for higher sample sizes to demonstrate a difference

between treatment arms.

The patient-specific nature of planning presents difficulties in quality assurance across

different patient plans to assess plans as ‘good’ or ‘bad’. A good plan essentially requires the
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planner to maximise the therapeutic ratio for that patient, similarly a bad plan does not meet

the accepted clinical goals for that patient.

The RTQA process appraises patient specific and patient independent factors. Patient
independent factors include simulation errors whereby patient, or radiation distribution is
incorrectly represented, and treatment delivery errors concerning a mismatch between the
treatment that is simulated, and that which is delivered to the patient. Errors of patient
specific factors include the inaccurate contouring of the target or normal tissue structures,
and problems with optimization where the planner fails to meet achievable plan quality for
that patient. Patient specific factors are considerably more challenging to standardize and,

consequently, apply RTQA to.

The most important patient specific factor determining plan quality is the anatomy of the
patient. Human planners use a trial-and-error format to move the plan closer towards the
limiting tradeoff between competing parameters e.g., target coverage and normal tissue
sparing, or sometimes between 2 different OARs. Each patient has a different point at which
the plan is at its most optimal but human planners do not know what this point is. A
consequence of this is the challenge to objectively score individual patient plans. Features
such as the distance to the 50% isodose line can be used but this is not sufficient. Whilst the
DVH provides a way of representing dose distribution across targets and OARs, it can be

misleading. ‘Bad’ DVHs can look good on a favourable patient plan, and vice versa.

Generally, once dose constraints are met, manual planning doesn’t standardly push planning
objectives further. This was illustrated in the QA for the RTOG 0126 study (93); the best plans
were those which had been difficult to meet the criteria for and the planners had had to keep
adding further iterations to bring the doses closer to the constraints. The worst plans were the
cases which had easily met the constraints and so the planners had stopping pushing the

planning objectives.
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Automated planning removes the time spent on producing a manual plan. Instead of
comparing a manual plan to a library or knowledge-based model, automated planning applies
the patient specific model DVH to the initial plan optimization. Inverse optimization is DVH
based. An estimated DVH from a modelled plan, based upon patient specific features in the
database, can be entered into the optimization process. A single plan is then produced which
has already been optimized to obtain the optimal dose distribution according to the DVH from

the automated library or knowledge-based machine.

Examples of the assessment and validation of various automated planning methods are
already in the literature. The complexity of head and neck planning makes it an ideal tumour
site to explore the use of automated planning. Tol et al (94) performed a retrospective analysis
of radiotherapy plans generated within the EORTC-1219-DAHANCA-29 Study. They used the
Varian RapidPlan automated planning system which is based upon a library of 177 plans. By
generating predicted DVHs for the actual plans used within the study, they found that they
could reduce the mean dose to OARs including the parotid glands, submandibular gland and

pharyngeal constrictor muscles by up to 9Gy.

1.10 Proton Beam Therapy

Proton beam therapy (proton beam therapy) as an alternative to photon beam radiotherapy
is gaining in prominence and interest in head and neck cancer treatment. Whilst
improvements to dosimetry have been by the introduction of IMRT and VMAT, there may be
a ceiling to the conformality achieved by photons due to the limitations of their physical
properties in addition to evidence that other toxicities including fatigue, hair loss and oral
mucositis may be increased compared to 3D conformal radiotherapy due to IMRT/VMAT

methods of delivery (30).
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Protons have a physical profile distinct to photons and as a result, different radiobiological
properties. The increased mass of protons offers a sharper lateral dose distribution compared
to photons due to a sudden increase in dose deposition at the end of the particles range, giving
rise to a feature known as the Bragg Peak (Fig.1.12 and 1.13). These steep dose gradients
reduce the integral dose received by surrounding tissues and minimises to an insignificant
amount the exit dose beyond the target volume.
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Figure 1.12 The Bragg Peak profile of a single proton beam compared to photon Credit:

www.provisionhealthcare.com/about-proton-therapy
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Figure 1.13 The beam profile of the Bragg Peak spread out to cover the tumour compared to single beam profiles

of photons and protons Credit: Leeman, J et al The Lancet Oncology 2017
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The delivery of proton beam therapy can be broadly divided into passive scanning and active

scanning (pencil beam and intensity modulated proton therapy (IMPT)) techniques.

Passive Scanning

Active Scanning/IMPT

Less flexible than active scanning and

requires patient specific devices

Protons of different energies have different

ranges.

Scattering foil spreads out the beam, which
results in the spreading out of the Bragg
peak (SOBP) to ensure dose at depth and can

lead to a higher entrance dose.
Depth modulated by range compensators

Beam conformed laterally by brass apertures
which can be adjusted for range and set up

uncertainty
Creates secondary neutrons

Reduced capacity or adaptive replanning

Most widely used method of proton beam

therapy.
Relies on magnetic properties of protons

Different energies treat different depths

within tumour

A small beam creates a ‘spot’ the size of

which impacts upon the penumbra

therefore volume of peripheral tissue

receiving a significant dose.

More conformal than PS and more skin

sparing

Magnets deflect beam and conform it to the

target volume

Table 1.7 Common methods of proton beam therapy delivery

Proton beam therapy is not without relative disadvantages. It is more sensitive to the physical

and geometric uncertainties of a radiotherapy plan compared to IMRT and so this needs to be

mitigated for both prior to, and during, treatment. The cost of proton beam therapy is also an

important factor to consider. It generally costs 2-3 times as much as IMRT however in the right

patients, this may be countered by an overall reduction in the cost of patient care on account

of reduced toxicity (95).
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Theoretical benefits of proton beam therapy must also be weighed up against the potential
requirement for treatment volumes to be larger in order to offset lack of confidence in patient
set up and proton range. With photon treatment, geometric uncertainties are dealt with by
applying a margin to the CTV and creating a PTV. It does not account for anatomical changes
during treatment and is known as a static dose cloud approximation. It is adequate for photons
as it does not need to consider changes in tissue density, motion or variation of particle range.
The magnitude of the CTV-PTV margin is in part dependent upon image guidance for
treatment verification and with advances in imaging, it is likely these margins can continue to
be reduced. In IMPT, uncertainties are mitigated for using robust optimization rather than the
application of a PTV margin. ‘Robustness’ is how well the plan mitigates for uncertainties of
set up, particle range and stopping power. Robust plan optimisation algorithms consider any
range or set up variation that may occur during a course of treatment prior to treatment
delivery. There are broadly two types of robustness; worst case scenario and
stochastic/probabilistic programming which is based upon several different potential

scenarios and how likely they are to occur.

IMPT optimisation can either be single field or multifield. Single field is when each field is
optimised individually whereas in multifield, all fields are optimised simultaneously. Multifield
is more conformal however incorporates a higher level of uncertainty and has more infield
dose gradients. It can provide better organ sparing but is more vulnerable to changes in set up
and anatomy. Inter- and intra-fractional motion can change the tissue density along the proton
beam path and have significant ramifications for the position of the Bragg Peak and

subsequent dose distribution.

1.10.1 Proton beam therapy toxicity and NTCP

The first published study in proton beam therapy to cancers involving the pharynx was Slater
et al in 2005 (98). They used proton beam therapy to deliver a concomitant boost to a 3D

conformal photon plan in 29 patients. At 5 years there was an acceptable locoregional control
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rate of 88% and disease-free survival of 65%. Subsequent studies looking at clinical outcomes
have been published including a case matched control study by Blanchard et al (99) which
compared 50 IMPT plans with 1000 control IMRT plans. At 2 years overall survival was
equivalent but G3 weight loss and PEG usage at 3 months and 1 year was significantly reduced

in the IMPT group.

Whilst retrospective, there is accumulating evidence that IMPT reduces toxicity in a clinically
meaningful way. Sio et al (100) collected and analysed patient reported outcomes of
oropharyngeal cancer patients, 35 who were treated with IMPT and 46 treated with IMRT.
Patient reported outcomes were assessed by the MD Anderson Symptom Inventory Head and
Neck module (MDASI-HN). Changes in taste and appetite during the early and late phase
favoured IMPT. The mean of the top 5 MDASI-HN scored symptoms (taste, xerostomia,

swallowing/chewing, reduced appetite and fatigue) was reduced by 22% in the IMPT group.

One late toxicity where proton beam therapy may have a significant impact is in reducing the
incidence of osteoradionecrosis which is notoriously challenging to treat. Known risk factors
for the development of osteoradionecrosis include total radiation dose, dose per fraction and
field size. It is often difficult to reduce radiation dose to the mandible in oropharyngeal cancer

cases with photons due to the proximity of the primary or pathological nodes to the mandible.

The Introduction of 3D conformal radiotherapy, and then IMRT, has reduced the risk of
osteoradionecrosis compared to parallel opposed photon fields, but the risk remains. A
retrospective analysis by Zhang et al (101) looked at mandible dose and osteoradionecrosis
rates in 534 patients with oropharyngeal cancer treated with IMRT and 50 with IMPT plans.
IMPT reduced the minimal, mean and median dose to the mandible; the mean dose difference
was 25.6Gy versus 41.2Gy. V5 — V70 were all reduced. They found the osteoradionecrosis
events to be significantly associated with increasing mandible volumes V45 —V70. At a median
follow up of 33.8 months, the clinical outcomes reflected the dosimetric data with 7% IMRT

patients having G1 — G4 osteoradionecrosis and 2% IMPT patients having G1 only.
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The results of 2 large prospective randomised controlled studies comparing IMRT with IMPT,
TORPEDO (102) and NCT01893307 (103), will hopefully help to elucidate what benefits proton

beam therapy may have and in patients with OPSCC.

Numerous acute and late adverse effects of radiotherapy have been shown to be dose and
volume related. An increased dose to an increased volume escalates both the probability and

severity of toxicity and organ dysfunction.

Considering the financial and practical implications of access to proton beam therapy, models
have been developed with the purpose of predicting who is most likely to benefit from proton
over photon-based radiotherapy. Normal Tissue Complication Probability (NTCP) scoring is a
model-based approach designed to improve the cost effectiveness of proton beam therapy,
which carries a considerably higher cost than IMRT (96). Patients are selected for proton beam
therapy if the model calculates a reduction in NTCP of a certain amount or more e.g., a 10%

reduction in grade 2 complications.

This system is limited as many models have been developed using cohorts of patients treated
with an outdated method of photon-based radiotherapy and so may over-estimate the benefit
of proton beam therapy. In addition, while contemporaneously, IMPT is the most widely used
form of proton beam therapy, much of the head and neck proton beam therapy data published

has been based upon passive scatter methodology.

Arts et al (97) looked at IMRT and IMPT plans generated for 78 patients with a range of margins
and robust settings used respectively. When different levels of accuracy were applied to these
plans, patient selection was affected, with differing patients reaching the threshold NTCP for
proton beam therapy selection. The largest impact on the NTCP was from the degree of set
up robustness. They concluded that treatment accuracy must be considered on a case-by-case

basis when establishing which patients should be recommended for proton beam therapy.
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They also acknowledged that it is not straightforward to compare margins to robustness
settings for a fractionated course of radiotherapy of similar accuracy. Ultimately the plan is
limited by what is clinically deliverable and the final decision must be taken with review of the

plan once reconstructed by the treatment planning system.

In Chapter 6, the advantages of adaptive radiotherapy based on biological response seen on
iPET are compared when planned with IMPT compared to VMAT, to examine whether

additional organ sparing can be produced.

1.11 Treatment Verification

The improved conformality of radiotherapy methods such as IMRT, adaptive and proton beam
therapy, requires optimal on-set verification to ensure the target volumes are covered
appropriately by the 95% isodose, and irradiation of OARs are kept within mandatory dose
constraints and as low as reasonably possible. Improved on set verification may also allow a
smaller margin to be added to CTVs, reducing the volume receiving the prescribed dose and

complementing the impact of adaptive radiotherapy.

Head and neck squamous cell carcinomas treated radically with radiotherapy are classed as
category 1 tumours. There is evidence that prolonged treatment time leads to less favourable
outcomes in this category. Re-planning midway through a course of radiotherapy treatment in
a timely manner is very resource intensive and can take several days to turn around. Category
1 patients should not have unplanned breaks in their treatment course (103). Consequently,
head and neck cancer patients who require replanning are treated on the original plan until
the new one is ready, resulting in suboptimal radiotherapy accuracy during this time.
Identification of features predictive for set up errors and the need for re-planning

requirements could inform treatment pathways that then prospectively factor in a re-plan.

This would allow for a more streamlined and efficient process.
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1.11.1 Treatment verification in head and neck radiotherapy

In-room imaging of the patient on the treatment couch is performed to verify patient position
prior to treatment. Onboard imaging with either kilovoltage (kV) or megavoltage (MV) imaging
modalities allows visualisation of the target volume, or a surrogate, in relation to OARs. 2D
imaging with MV electronic portal imaging devices and KV planar imaging, or 3D imaging with
linear accelerator-based kV cone beam CT (CBCT) or MV CBCT on tomotherapy units can be
obtained. In Velindre Cancer Centre we use daily kV CBCT for verification of radical VMAT head
and neck plans. KVCT imaging is generally viewed as having advantages over MVCT due to its
higher resolution, reduced photon scatter and fewer artefacts. Despite these benefits, the
supplementation of daily MVCBCT by a mid-course kVCT may not necessarily convey an
advantage (105). MVCBCT can be optimized to allow for deformable image registration and
delineation and recalculation of dose with up to 2 — 3% accuracy for clinically relevant

parameters (106).

Treatment verification can be offline or online. Offline verification is performed to monitor
systemic errors. The verification image is obtained prior to the radiotherapy treatment fraction
and reviewed after the fraction has been delivered to assess set up error. Measurements and
the correction of systemic errors regarding target positioning can then be performed by way
of treatment couch shifts and applied to subsequent treatment sessions. Online verification,
with adjustments performed whilst the patient is still on the treatment couch, and shortly
before the treatment fraction delivery, allows for significantly more accurate correlation and

can correct for both systemic and random errors.

1.11.2 PTV Margins

A major factor in the degree of toxicity experienced by patients undergoing head and neck

radiotherapy is the size of the irradiated volume. Whilst the size of the tumour is not a variable
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that can be changed, treatment margins added onto the GTV may well offer an opportunity
for reducing the irradiated volume. As previously detailed in earlier chapters, the requirement
for these margins is to account for invisible, microscopic tumour spread (GTV to CTV) and
mitigate for uncertainty around set up and treatment delivery (CTV to PTV). On a practical
basis, the CTV-PTV margin is employed to compensate for variability in treatment set up. It
applies to specific delivery systems and verification protocols and is dependent upon the
accuracy of radiotherapy delivery. The PTV margin can be adjusted according to the level of
uncertainty and intensity of verification, and with the improvement of both these factors over

recent years, it is a potential target for margin reduction.

i =y
r K.
Gross Tumor Volume
Clinical Target Volume
¢ Treated Volume
\ ~/ | Irradiated Volume
. J

Figure 1.14 ICRU50 margins credit: Lena Sprecht

Reduction in the PTV margin has been demonstrated to have clinical benefits. Navran et al
(107) compared 3mm to 5mm PTV margins in a retrospective study. In a cohort of over 400
Head and Neck cancer patients, the first half were treated with a PTV margin of 5mm, the
latter half, 3mm. Daily online set up corrections were based on CBCT and any residual
misalignment or anatomical change flagged up and evaluated by a radiation oncologist for
consideration of adaptive planning. Locoregional control at 2 years for 5mm and 3mm was
79.9% and 79.2% respectively. The reduced margin was independently predictive for a
reduction in any acute grade 3 toxicity, acute grade 3 mucositis and acute and late grade 3
dysphagia in a multivariate analysis. There was a significantly reduced mean dose to the

parotid glands and pharyngeal constrictor muscles particularly in oropharyngeal primaries.
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Mean dose was reduced by approximately 1Gy per 1mm reduction in margin. This study
showed that reducing the PTV margin can produce clinically significant benefits to patients

without jeopardizing disease control.

1.11.3 Common changes to anatomy during head and neck treatment and implications for
target coverage and dose to OARs

1.11.3.1 Changes to coverage of the Target Volume

It is common for the primary GTV to be larger on the week 1 CBCTs than the planning CT due
to tumour growth in the interval between the planning CT and starting treatment (108) — in
practice an interval of up to 2 -3 weeks. In addition, weight loss/external contour change is
often seen later in a course of radiotherapy in head and neck patients due to tumour response
in the neck or reduced oral intake leading to weight loss. Weight loss is a significant predictor

for a rise in cumulative D95 to the primary PTV (109).

1.11.3.2 Changes in delivered dose to OARs

In common practice, the ipsilateral parotid gland volume changes to a greater extent than the
contralateral parotid gland due to the higher dose it receives as a result of its proximity to the
primary tumour (110). Wu et al (111) demonstrated on modelled re-plans based on serial
CBCTs, that the change in volume of parotid glands is more prominent than the CTV. In
addition to gland shrinkage, parotid glands move position tending to drift medially, cranially
and dorsally during a course of head and neck radiotherapy. Mean dose can increase by up to
10% if patients are not re-planned to mitigate for this change in size and location. Wu found
the main benefit of re-planning was to preserve parotid sparing over target volume coverage
and that by minimizing the CTV-PTV margin and re-planning when indicated, the mean dose

to the parotids could be reduced by up to 30%. Whilst the percentage change can be large, it
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is important to concede that the absolute change in mean dose received by the parotid glands
may not be significant regarding correlation with the risk of xerostomia. Despite this,
xerostomia is known to impact upon a head and neck patient’s quality of life as mentioned
earlier in this chapter, and any reduction in mean dose to parotid glands could contribute to

reducing this impact.

1.11.4 Image guided radiotherapy (IGRT) and adaptive planning

Geographical target miss refers to when some— or all— of a tumour, or the intended margin
around the tumour, is excluded from the delivered irradiated volume. Image Guided
radiotherapy with onboard kilovoltage or megavoltage imaging facilities reduces the risk of
geographical target miss and offers the potential to reduce the CTV to PTV margins by

minimizing setup uncertainty.

Reactive re-planning can also be employed to reduce set up errors resulting from non-rigid
anatomical deformations e.g weight loss and TV shrinkage by replanning radiotherapy on a

new planning CT at a point during treatment.

Whereas conventional IGRT only corrects for set up errors, dose guided radiotherapy
recalculates dose delivered per fraction and can identify patients who require adaption to

mitigate for the underdosing of the target volume or overdosing of OARs.

A dose guided radiotherapy model was proposed by Von Kranen et al (112) who carried out a
small retrospective study on 19 OPSCC patients. Delivered dose was modelled and evaluated
using daily CBCT. Adaptive planning was employed if coverage of the target volume fell below
a threshold. For each fraction, anatomy on CBCT was deformably registered with the planning
CT and delivered dose calculated. This process was modelled with 3 different CTV-PTV margins
(Omm, 3mm and 5mm). Candidates for adaption were identified if the accumulated dose to

99% of the volume (D99) to the CTV dropped by more than 2Gy. In nearly all the target
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volumes identified, coverage was improved by more than 3Gy with a single adaptive
intervention at fraction 10. Target volume coverage throughout the course of treatment was
also more robust than predicted. The group hypothesized this may be due to multiple CTVs or
concave TVs shifting into other PTVs as the deformations developed. Another reason is that
the planned dose distribution doesn’t perfectly conform with the PTV and consequently the
treated volume (within the 95% isodose) is often larger than the PTV, allowing for an additional

degree of set up error to be absorbed.

Close monitoring of the delivered dose and accurate prediction of the expected final dose to

CTVs and OARS is required identify candidate patients for meaningful adaptive intervention.

To justify the increased resources required for verification and re-planning, there is a need for
better clarification over what significant clinical benefit re-planning leads to. Noble et al (113)
demonstrated that weight loss or shape change doesn’t mandate radiotherapy replanning for
spinal cord safety. This agreed with findings from Wu et al (111) who showed the dose to the

spinal cord remained stable during treatment despite other anatomical changes occurring.

1.11.5 Features predictive for re-planning on treatment verification imaging

If radiological features early on in treatment were predictive of verification issues later,
replanning and adaption could be factored into a course of radiotherapy up front. This could
increase the efficiency of the treatment course, scheduling in the time for re-planning
prospectively. Alternatively, PTV margins could be adapted on a patient-by-patient basis,
accommodating for differences in set up tailored to the patient. In some patients this may

reduce the irradiated volume and subsequent toxicity to normal tissues.

Hunter et al (114) looked at cumulative parotid dose throughout a course of treatment on
daily online imaging. They demonstrated that the difference in parotid position between the

planning CT and day 1 online imaging was highly correlated to the final discrepancy between
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planned and delivered dose to the parotid glands. Van Kranen’s (112) modelling study on 19
oropharyngeal cancer VMAT plans found where the CTV coverage was reduced by >2Gy due
to reduced PTV margins, this could be corrected for by replanning based upon the average

anatomy on the first 10 CBCTs.

Both Hunter and Van Kranen’s work suggests that most re-planning is required due to systemic
local misalignment e.g., neck flexion, rotational error, shoulder mal-position or physical
tumour features, rather than progressive change (regression, weight loss,) as plans adapted

early in the course of treatment were then accurate enough for the rest of the course.

Conversely, Van Beek et al (115) noted non-rigid anatomical changes including shape change,
in addition to shifts in rigid internal structures e.g., thyroid cartilage or the hyoid bone,
contributed to the need to re-plan. These types of anatomical changes cannot be corrected
for by couch shifts and in most centers are observed and assessed daily by the treatment
radiographers. Out of 416 consecutive head and neck patients, Van Beek’s center replanned
9% due to anatomical changes either by recontouring on a new planning CT or adjusting
existing TVs and OARs on the new planning CT. In the early weeks the most likely reason for
replanning was an increase in TVs due to a reduction in external contour, or local shifting of

target volumes.

In standard clinical practice, CBCT images are reviewed by the treatment radiographers and
compared to the planning CT. A treatment couch correction can then be made to improve the
correlation of bony anatomy demonstrated on the verification images with that seen on the
planning CT. If couch correction does not improve the correlation of bony anatomy, or there is
additional concern about coverage of the TV as a result of altered hyoid position or soft tissue
anatomy changes, treatment radiographers refer the CBCT to the imaging team for further
review. At this point clinicians alongside the imaging radiographers and physicists can assess

the set-up error and decide if a repeat planning CT is required.
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Figure 1.15 CBCT (green) at fraction 5 of a course of radical chemoradiotherapy demonstrating a hyoid drop from its

position on the baseline scan (purple). In this example, the base of tongue also appears to have dropped.

1.11.7 Hyoid anatomy

The visualization of the hyoid bone on CBCT is an important frame of reference for treatment

verification for radiographers on set.

The hyoid is unique in that it is the only bone in the body that does not directly articulate with
another bone. It is a horseshoe structure in the anterior neck and at rest lies inferiorly to the
skull, below the mandible at the level of the C3 vertebra (Fig. 1.16). The hyoid bone is
suspended in the neck by the stylohyoid ligament which attaches the lesser horns to the
styloid process, part of the temporal bone. It provides a surface for the attachment of

ligaments and muscles. These, in turn stabilize and move the tongue and larynx (Fig. 1.17).

The hyoid is made up of the body, 2 greater horns— or cornua— and 2 lesser horns. The hyoid
body is the central rectangular portion of bone with an anterior convex structure and posterior
concave structure. A transverse ridge travels across the rough anterior body, dividing into a
superior and inferior portion. This surface forms the base for multiple muscle attachments
(table 8). The back of the body is smooth and is separated from the epiglottis by the hyothyroid

membrane and loose areolar tissue.
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The greater horns are the larger processes, extending laterally in the supra-posterior axis from
either distal end of the hyoid body. The lesser horns are conical processes extending either
side of the superior aspect of the hyoid body and are connected to the body by fibrous tissue

in line with the transverse ridge. They point supra-posteriorly towards the styloid processes

and are the attachments for the stylohyoid ligament.

Mastoid process
{temporal bone)

Styloid process
(temporal bone)

Digastric muscle ligarment
(antenor belly} Stylohyoid

Greater horn muscile

Digastric muscle
(posterior belly)

\_f\ Thyroid cartilage

Lesser horn
Thyrohyoid ligament

(@) Anterior view

Figure 1.16 Anterior view of the hyoid bone and its relationship to surrounding structures.

Credit: www.anatomyinfo.com/hyoid-bone/

A Sternohyoid  Thyrohyoid

Hyaglassus Greater horn

Figure 1.17 Superior view of the hyoid bone and the sites of muscle attachments.

Credit: Ha, J pLoS-ONE 2013
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Muscle Hyoid insertion Attachment Function
Suprahyoid
Stylohyoid Lesser horns Styloid process Pushes tongue up
Greater horns against the palate
in swallowing
Digastric Greater horns Digastric fossa of| pushes tongue up
mandible/mastoid notch against the palate
in swallowing
Geniohyoid Anterior Interior mental spine of Pulls hyoid up and
surface of | symphysis menti forwards in
body swallowing
Mylohyoid Anterior
yiohy Mylohyoid line of | Elevates hyoid in
surface of ) )
mandible swallowing
body
Oral Cavity/Pharynx
middle pharyngeal | Greater and | Median pharyngeal
constrictor muscle lesser horns raphe
Hyoglossus Anterior and Lateral tongue Depresses tongue

posterior surface
of body

Greater horns

during swallowing

Genioglossus

Posterior surface
of body Tongue

Mandible

Tongue position

Infrahyoid
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Thyrohyoid Greater horns Superior thyroid
cartilage
Posterior surface
of body
Omohyoid Anterior
Y Superior  border of
surface of scapula
body P
Sternohyoid Anterior .
Posterior sternal
surface of .
manubrium
body

Table 1.8 Anatomy and function of the dominant muscle attachments to the hyoid bone

1.11.8 Hyoid function

By providing anchorage for numerous muscles and ligaments of the larynx, pharynx, floor of
mouth, and tongue, the hyoid bone plays a crucial role in many critical physiological functions

including swallowing and phonation.

There is a paucity of published data on the movement of the hyoid throughout a course of
OPSCC radiotherapy, and its relationship to the position of the primary GTV. Improved
understanding of both these factors may allow for a more tailored approach to patient set up,

better confidence in verification and potential reduction in the CTV-PTV margin.

1.12 Conclusion

Worldwide, efforts are ongoing to determine the optimal strategy to reduce late toxicity in
patients with good prognosis HPV positive OPSCC who are undergoing definitive

chemoradiotherapy. There is yet no consensus on the best way forward.
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In my thesis, | explore three novel strategies that have the potential to reduce toxicity in these
patients, namely FDG-PET-CT guided adaptive, proton beam therapy planning and predicting
hyoid bone movement to improve treatment plan verification and reduce margins. The
findings will contribute towards a better understanding of how toxicity can be reduced in this

patient population, who want to survive their cancer whilst retaining their quality of life.

Hypotheses:

Hypothesis 1: Adaptive radiotherapy based on biological response to treatment seen on
interim FDG-PET-CT scan during chemo-radiotherapy treatment can be used to reduce the
dose received to the Swallowing Related Organs at Risk (SWOARs) and major salivary glands

in patients with HPV positive OPSCC.

Adaptive radiotherapy using intra-treatment FDG-PET (iPET) creates an individualised,
responsive treatment plan based on an individual patient’s tumour biology and
responsiveness to chemo-radiation. This adaptation has the potential to reduce the dose of
radiotherapy received by SWOARS and major salivary glands thereby potentially reducing
toxicity. As part of this MD, | will develop the protocol for PEARL: PET-based Adaptive
Radiotherapy study, aiming to establish the feasibility of adapting radiotherapy plans based
on PET-CT response after 2 weeks of chemoradiotherapy. Furthermore, | will perform
dosimetric modelling studies on both pre-trial and on-trial plans to explore how a biologically

adapted plans translate into reduced normal tissue irradiation.

Hypothesis 2: Adaptive radiotherapy based on biological response to treatment seen on
interim FDG-PET-CT scan during chemo-radiotherapy treatment will be superior using proton
beam therapy compared to VMAT in terms of sparing dose to organs at risk in patients with

HPV positive OPSCC.
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Proton beam therapy has physical characteristics that may improve dose conformality and
normal tissue sparing compared to photon therapy. | will perform dosimetry modelling studies
on pre-trial cases to determine whether proton beam therapy-based adaptive results in

greater sparing of dose to OARs compared to photon-based adaptive.

Hypothesis 3: Hyoid bone movement can play a part in radiotherapy treatment verification,
and better understanding hyoid movement during treatment may allow a reduction in CTV to

PTV margins.

Reduction of intra- and inter-fraction movement offers the potential to reduce PTV margins
and consequently the volume of tissue receiving high dose radiotherapy. | will explore how
the hyoid bone may be used as a surrogate for the position of OPSCCs during radiotherapy
and how a better understanding of how the hyoid bone moves during a course of treatment
may allow optimal verification and the minimisation of set up uncertainty, which is essential

with improved treatment conformality and adaptive radiotherapy.
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CHAPTER 2: Development of a protocol
for a novel PET-CT based Adaptive
Radiotherapy Clinical Trial — The PEARL
Study
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2.1 The PEARL Study

As the PEARL Clinical Research Fellow, | developed a Clinical Trial Protocol and Radiotherapy
Trials Quality Assurance (RTTQA) Program for PEARL, a Phase 2 PET-CT based adaptive

radiotherapy clinical trial. In this chapter | will outline the following:

* Study Rationale

* Inclusion/Exclusion Criteria

* Primary and Secondary Objectives

* Planning PET-CT Protocol

*  Benchmark Outlining and Planning Quality Assurance (QA)
* Development of PEARL Outlining Protocol

* Development of PEARL Planning Protocol

» Statistical Considerations

* Ethical Approval

*  PEARL Sub-Studies

The full PEARL protocol and radiotherapy guidance document are in Appendices 1 and 2

2.2 PEARL Rationale

HPV-positive oropharyngeal squamous cell carcinoma (OPSCC) has a better response to
chemoradiotherapy and has a younger average demographic compared to HPV-negative
disease. Following radical treatment, good-risk HPV-positive OPSCC has a better prognosis;
nearly double the survival of high-risk HPV negative OPSCC (4). The current standard of care
for locally advanced OPSCC is 6— 7 weeks of radical chemoradiotherapy. Chemoradiotherapy
results in high cure rates, however many patients are left living with long term side effects that
impact upon their quality of life (37). With high cure rates in radically treated HPVpositive

OPSCC, survivorship issues become a focus for improvement.
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The higher the dose of radiotherapy received by a volume of normal tissue, the greater the
risk of significant toxicity. There is clear evidence for this dose volume effect, otherwise known
as the therapeutic ratio. Radiobiological studies (38) of patients treated with the standard
radiotherapy dose of 70Gy to a head and neck cancer demonstrate that when the composite
volume of the pharyngeal constrictor muscles receiving 70Gy exceeds 30%, longer term
feeding tube dependency increases with a higher number of patients requiring feeding tubes
1 — 2 years post-completion of radiotherapy. When the volume of pharyngeal constrictor
muscle exceeds 50%, the risk of pharyngeal strictures increases. If >50% of the pharyngeal
constrictor muscle volume receives 65Gy, aspiration increases. Finally, the probability of
dysphagia increases with every 10Gy above 55Gy to the middle pharyngeal constrictor muscle
and superior pharyngeal constrictor muscle. Minimizing this dose volume effect has recently
been substantiated in a Phase 3 randomised controlled trial. The DARS study (NCT 25458988)
demonstrated improved patient reported swallowing function in patients with head and neck
cancer when dysphagia optimised IMRT (Do-IMRT) was used (40). This was the first

randomised study to demonstrate improved functional outcomes from swallow sparing IMRT.

One strategy to improve the therapeutic ratio is to use adaptive radiotherapy. By adapting the
treatment volume to imaging throughout a course of treatment, anatomical, metabolic, and
morphological changes can be taken account of, and the resulting radiotherapy distribution
become more conformal to the persistent tumour volume. Adaptive radiotherapy also offers
the chance to escalate or de-escalate the prescribed treatment dose based upon
individualized tumour response during treatment. There have been several dose escalation
studies which demonstrate the challenges of dose escalation in head and neck cancer
radiotherapy in delivering an acceptable therapeutic ratio. The Figaro study boosted the
persistently PET-avid volume, following one cycle of induction chemotherapy, up to 77.9Gy
EQD2. They have recently reported their late toxicity rates were higher than expected,

although comparable to contemporary data for standard dose IMRT (76).
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In contrast, dose de-intensification studies have demonstrated that reducing the treatment
dose in good prognosis HPV-positive OPSCC patients can result in disease control rates
equivalent to those seen with conventional dosing. As outlined in Chapter 1, there is emerging
evidence that it could be safe to de-intensify treatment in these good-risk patients, however
most are small phase 2 studies, many of which involve assessing response to induction
chemotherapy which is not standardly used for treating OPSCC in the UK. In addition, the
radiotherapy was not individually adapted based on response during treatment. Not all
deintensification studies have been positive, however. The replacement of concurrent
cisplatin with cetuximab in the De-Escalate HPV (118) and RTOG 1016 (117) studies showed
inferior outcomes with concurrent cetuximab. It is therefore of paramount importance that
any attempts to reduce toxicity with de-intensification of treatment are performed cautiously

and not at the expense of reduced tumour control rates.

The increasing incidence of HPV-positive OPSCC, and the need to reduce the high toxicity rates
in these patients, underpins the design of PEARL PET-based Adaptive Radiotherapy trial
(NCT03935672). PEARL aims to maintain high cure rates in good prognosis HPV-positive

OPSCC patients, whilst reducing dose to the normal tissue.

2.3 PEARL Design

Rather than reducing the prescription radiotherapy dose, or changing concurrent systemic
therapy, PEARL offers personalised radiotherapy based upon the metabolic response of the
primary tumour on an 18-F- Fluorodeoxyglucose (18-FDG) PET scan performed 2 weeks into a
course of chemoradiotherapy. As discussed in Chapter 1, 18-FDG PET is the most common
form of functional imagining routinely used for the assessment of response to treatment in
head and neck cancer. The PET avid volume is the part of the primary tumour most likely to
recur following treatment (70). When a primary tumour responds to treatment, the avid
volume on 18-FDG PET reduces and offers the opportunity for adapting the high dose volume
during a course of radiotherapy (74); ensuring the highest dose is delivered to the volume at

greatest risk of recurrence.
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In PEARL, a mid-treatment planning PET-CT (iPET) is performed after 2 weeks of
chemoradiotherapy. A new plan is generated and implemented from the start of the fourth
week of radiotherapy. This delivers the second phase (18 fractions) of the treatment course
(Fig. 2.1). The central hypothesis of PEARL is that by reducing the primary tumour volume
which receives the highest dose of radiation for the second phase of treatment, the total dose
to the surrounding normal tissues, including the SWOARs and the major and minor salivary

glands, will also be reduced, potentially lowering the rate of late toxicity for patients.

There are 2 main reasons why the nodal volumes will not be adapted based on response on
PET in PEARL. The first is that most published data on head and neck cancer metabolic
response to treatment on FDG PET has been on the primary tumour. The second reason is that
cystic, necrotic nodes are common in HPV-positive OPSCC and may not have uniform 18FDG
uptake consequently. This would make the interpretation of the activity of nodal disease

challenging.

With the aim of reducing late toxicity rates, PEARL explores the feasibility of adapting an
individual patient’s radiotherapy plan based upon response of the tumour on interim PET scan
(iPET_CT) after 2 weeks radical chemoradiotherapy. PEARL is the first study of its kind to
redistribute radiotherapy in patients with HPV-positive OPSCC, based on FDG-PET-CT

performed a third of the way through treatment.

]

Day 1 Day 22
Cisplatin iPET-CT Cisplatin
(" Planning PET-CT ractom 1
Contouring +/- Fractions | | Fractions Contour-ng Fractions | | Fractions | | Fractions
ATLAAS 1-5 6-10 e || as-2n 22-27 28-33
\_ Planning of Phase 1 Phase 2
(: Week 1 Week 6
Preparation for [ ee ] [ Week 2 ] [ Week 3 ] [ Week 4 ] [ Week 5 ] [ eel
I treatment [ PHASE 1 ] [ PHASE 2 ]

Fig. 2.1 Schema of radiotherapy treatment pathway in PEARL
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The inclusion and exclusion criteria for PEARL reflects the good risk patient cohort most

appropriate for de-intensification as per the survival-based risk stratification by Ang et al (4),

as well as patient-specific appropriateness for radical treatment with chemoradiotherapy.

Patients must have stage 1-2 disease as defined by TNM 8% edition.

2.3.1 Inclusion and exclusion criteria

Inclusion criteria

1.

2.

Histologically confirmed squamous cell carcinoma of the oropharynx
Positive p16 Immunohistochemistry on local testing

UICC TNM (8t edition) stage 1-2 (T1— T3 NO — N1-N2 MO)
Multidisciplinary team decision to treat with primary chemoradiotherapy

Patients considered fit for radical treatment with primary chemoradiotherapy

(including sufficient renal function (GFR>50ml/min)
Aged 18 years or older

Not smoked in the last 2 years

Written informed consent provided

Patients with reproductive potential (male or female), who are sexually active during
the duration of the trial consent to using a highly effective method of contraception

for at least six months after the last dose of chemoradiotherapy.

Exclusion criteria

1.

2.

3.

Known HPV negative squamous cell carcinoma of the head and neck

T1 — T3 tumours where primary treatment with chemoradiotherapy is not considered

appropriate
T4 disease
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4. Distant metastatic disease

5. Current smokers or smokers who have stopped within the past 2 years. Vaping is

permitted and is considered as non-smoking status.

6. Any pre-existing medical condition likely to impair swallowing function and/ or a

history of pre-existing swallowing dysfunction prior to index oropharyngeal cancer
7. Previous radiotherapy to the head and neck

8. History of malignancy in the last 5 years, except basal cell carcinoma of the skin, or

carcinoma in situ of the cervix

9. Tumour non-avid on PET-CT or not visible on cross sectional imaging

2.4 PEARL study aims and objectives

Aim
To reduce doses to OARs implicated in late toxicity following chemoradiotherapy for HPV
positive OPSCC by adapting radiotherapy treatment based on biological response seen on

interim FDG-PET-CT scan carried out after 2 weeks of treatment.

Primary objective
To maintain a 2-year progression free survival rate of 90% (77 — 97% 95%Cl) with biologically

adapted radiotherapy in patients with good prognosis HPV positive OPSCC.

Secondary objectives:

- To demonstrate feasibility of recruitment

- To test if individualised, adaptive, biologically based radiotherapy planning is feasible

and results in a significant change in the radiotherapy plan
- To maintain a complete response rate of over 88% 3 months after treatment

- To assess acute and late toxicity rates and in particular the effect of treatment on

swallowing function using MD Anderson Dysphagia Inventory (MDADI) and CTCAE
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toxicity scores at 1, 3-, 6-, 12- and 24-months post treatment, and feeding tube use at

1-, 3-, 6- and 12-months post treatment.

The PEARL study is designed to achieve the above aim through the re-contouring of the
primary Gross Tumour Volume (GTV_P) after 2 weeks of chemoradiotherapy (Fig. 2.2), based
on FDG-PET response. Re-planning with the new contours aims to reduce dose to the high
dose primary PTV (PTV_P) and consequently the total dose received by significant OARs

implicated in toxicity.

<. cwae

Standard PEARL

Colour key of total dose to CTV

B sscy
] eoay
D 54Gy

Fig. 2.2 Volume expansions based upon the Primary Gross Tumour Volume (GTV_P) in standard 5+5 expansion,
and the Primary Biological Gross Tumour Volume (bGTV_P) in Phase 2 of PEARL. In the PEARL study, the total
prescription dose remains the same (66Gy to the highest dose Primary Clinical Target Volume, (CTV) but the
volume of tissue receiving 66Gy is reduced in Phase 2 if there is a biological response on PET-CT scan after 2
weeks of treatment. The original CTV1_P receives at least 60Gy (intermediate dose), the original CTV2_P receives

at least 54Gy (prophylactic dose).
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2.5 Statistical considerations

The statistical considerations for the PEARL Study are led by Dr Chris Hurt at the Centre for

Trials Research at Cardiff University.

2.5.1 Sample size

To be certain that PEARL is not having a negative impact on progression free survival by
adapting the radiotherapy plan, we must ensure that the progression free survival will be at
least as high as expected after treatment with chemoradiotherapy in patients with similarly
staged HPV-positive OPSCC. The E1308 trial (64) estimated the 2-year progression free survival
to be between 95% (less than 10 pack year smoking history and lower stage than T4N2c) and
84% (non-T4a tumours) with 95% confidence in similar subgroups of patients who will be
recruited to PEARL (T1 — T3, N1 (TNMS8), low smoking history). If we assume that our point
estimate may be as high as 90% then 44 patients would allow us to calculate confidence
intervals that exclude 76% (77-97%). Comparable phase Il studies have used similar
assumptions. We have therefore decided to recruit 50 patients in order to allow for ~10% loss

to follow up.

2.5.2 Main analysis

All patients who have an interim PET-CT (iPET_CT) are to be included in the main analysis.

2.5.2.1 Primary endpoint

Progression free survival will be calculated using Kaplan Meier estimation methods with 95%

confidence intervals.
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2.5.2.2 Secondary endpoints

1 To demonstrate feasibility of recruitment. Feasibility of recruitment will be demonstrated
by rate of accrual, the percentage of patients screened who enter the trial, and achieving

the recruitment of 50 patients within the 2-year time frame.

2 Totestif individualized, adaptive, biologically based radiotherapy planning is feasible and
results in a change in the radiotherapy plan. This will be demonstrated by the adaption of
the radiotherapy plan based on the interim PET-CT resulting in a difference to the mean

dose received by the organs at risk.

3 To maintain high complete response rates 4 months after treatment. The proportion of
patients who have no residual tumour on PET-CT at 4 months as per the Hopkins response

criteria will be presented.

4  To assess acute and late toxicity rates and the effect of treatment on swallowing function

Cumulative acute CTCAE toxicity score percentages during and up to 3 months after treatment
will be presented. Toxicity scores will be presented at 6, 12, 18 and 24 months.

Water swallow test, MDADI and quality of life scores will be plotted over time (Fig. 2.3).
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2.5.4 Trial schema

T1-T3, NO-N2 (TNM v8), Oropharyngeal squamous cell carcinoma (OPSCC),
informed consent, Registration

2

[H PV-positive (central testing; HPV positivity must be confirmed before any trial-specific assessments are carried out]

PEARL-T: Additional histology slides collected.

Pre-CCRT assessments:
Water Swallow test, PSS-H&N
Patient questionnaires: EORTC QLQ-C30, EORTC QLQ-H&N35, MDADI, UW-Qol
FDG PET-CT (prePET), toxicity review, conmeds
PEARL-T: Translational sampling (plasma and saliva) (Baseline)

Weeks 1-3
CCRT to radiotherapy phase 1, 30Gy/#15/Weeks 1-3,
Toxicity review, conmeds, feeding tube use assessment (weekly)
FDG PET-CT (iPET),
PEARL-T: Translational sampling (plasma and saliva) (Week 2)

Weeks 4-6
CCRT to radiotherapy phase 2 based on iPET, 36Gy/#18/Weeks 4-6
Toxicity review, conmeds, feeding tube use assessment (weekly)

(- 4 Weeks Post-CCRT
Water Swallow test, PSS-H&N
Patient questionnaires: EORTC QLQ-C30, EORTC QLQ-H&N35, MDADI, UW-Qol
Toxicity review, conmeds
\o PEARL-T: Translational Sampling (plasma and saliva)

ol 12 Weeks Post-CCRT N\
Water Swallow test, PSS-H&N
Patient questionnaires: EORTC QLQ-C30, EORTC QLQ-H&N35, MDADI, UW-Qol
Toxicity review, conmeds
FDG PET-CT (postPET)
PEARL-T: Translational Sampling (plasma and saliva)

\_ Clinical Follow-up J

6, 12 & 24 Months Post CCRT
Water swallow test, PSS-H&N
Patient questionnaires: EORTC QLQ-C30, EORTC QLQ-H&N3S, MDADI, UW-Qol
Toxicity review, conmeds
PEARL-T: Translational Sampling (plasma and saliva) (12 and 24 months)
Clinical Follow-up for atotal of 2 years

Fig. 2.3 Schema of trial including patient assessments and their time points
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2.6 Trial Assessments

Whilst COVID-19 is a public health issue, the latest version of the COVID-19 PEARL recruitment
policy should be followed as part of the screening and study procedures. This may include

some trial visits or assessments being done remotely.

2.6.1 Baseline (pre-chemoradiotherapy) assessments

Patients should undergo the following assessments prior to chemoradiotherapy*:

1. PET-CT scan (prePET)

2. Toxicity assessment

3. Quality of life questionnaires - EORTC QLQ-C30 and EORTC QLQ-H&N35 (Appendix 4)
and UW-QOL (Appendix 5)

4. A panel of swallowing assessments (Appendix 2)
MDADI score (MDADI questionnaire is in Appendix 3)

6. PSS-H&N
100mL Water swallow test

Recording of feeding tube use

Clinical Review

*For centres where p16 and/or HPV testing is standard practice and the patient has been
confirmed as HPV positive locally, trial specific assessments can be carried out prior to

receiving confirmation of central HPV testing result.

Questionnaire-based assessments should be conducted prior to the water swallow test so that
responses to questionnaires are not influenced by this procedure. The timing of assessments
will be documented in the Case Report Form. All assessments can be carried out on the same
day or staged, according to local resources. Speech and Language Therapists in individual
centres may delegate functional assessments to appropriately trained research nurses or
other members of the team. A member of the site Speech and Language Therapist team
should oversee those performing study assessments to ensure temporal consistency in the

results.
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Baseline translational blood and saliva samples should be collected from participants who
consented to take part in the PEARL-T sub study. Additional histology slides taken from the

diagnostic biopsy should be sent to the All Wales Genetic Laboratory.

2.6.2 Assessments during treatment

The assessment schedule is outlined in Table 2.1. The worst grade toxicity as per CTCAE criteria

v4.03 should be recorded weekly during chemoradiotherapy.

Toxicity should also be recorded 4 weeks (+/- 2 weeks), 6 months (+/- 4 weeks), 12 months

(+/- 4 weeks) and 24 months (+/- 8 weeks) after the end of chemo-radiotherapy.

Recording of feeding tube to be performed weekly during chemoradiotherapy.

In addition, at two weeks into chemoradiotherapy, translational blood and saliva samples

should be collected from participants who consented to take part in the PEARL-T sub-study.

PET-CT scan and disease assessment to be performed after 10 fractions of radiotherapy (at 2
two weeks into chemoradiotherapy) and the radiotherapy plan adapted based upon the

remaining avid biological GTV (bGTV_iP) on the iPET.

2.6.3 Post-chemoradiotherapy assessments (4 weeks and 6, 12, and 24 months
postradiotherapy)

All post-radiotherapy assessment time points should be timed from the end of

chemoradiotherapy.

After 4 weeks post-treatment, visits can be conducted telephonically, and questionnaires
emailed or posted where this remains in the best interest of the participant and the visit does
not include statistically relevant assessments where hospital attendance is needed for them

to be carried out.
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4 weeks (+/- 2 weeks) post-chemoradiotherapy assessments:

As described above for pre-chemoradiotherapy assessments apart from the FDG-PET-CT scan.
CTCAE toxicity should be recorded. Translational blood and saliva samples should be collected

from participants who consented to take part in the PEARL-T sub-study.

12 weeks (+/- 2 weeks) post chemoradiotherapy assessments:

As described above for pre-chemoradiotherapy assessments including the post treatment PET-
CT scan (postPET). The PostPET can be completed within 10 and 16 weeks. Disease assessment
should also be performed. Translational blood and saliva samples should be collected from

participants who consented to take part in the PEARL-T sub-study.

6 months (+/- 4 weeks) post-chemoradiotherapy assessments:

As described above for pre-chemoradiotherapy assessments apart from the FDG-PET-CT scan.

CTCAE toxicity should be recorded.

12 months (+/- 4 weeks) post-chemoradiotherapy assessments:

As described above for pre-chemoradiotherapy assessments apart from the FDG-PET-CT scan.
CTCAE toxicity should be recorded. Clinical review and Swallowing support summary is also
required. Translational blood and saliva samples should be collected from participants who

consented to take part in the PEARL-T sub-study.

24 months (+/- 8 weeks) post-chemoradiotherapy assessments:

As described above for pre-chemoradiotherapy assessments apart from the FDG-PET-CT scan.
CTCAE toxicity should be recorded. Clinical review is also required. Translational blood and
saliva samples should be collected from participants who consented to take part in the PEARLT

sub-study.

As before, questionnaire-based assessments should be conducted prior to water swallowing
testing so that responses to questionnaires are not influenced by these investigations.
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Procedures Screening | During CCRT Post CCRT
Baseline | Weekly Fraction |4 Weeks | 12weeks | 6 months | 12 24 months
10 months

Informed consent X

Demographics X

Medical History X

Eligibility Assessment X

Pregnancy test* X

Central HPV testing X

FDG PET-CT X X b e

MDADI Score X X X X X X

PSS- H&N X X X X X X
Procedures Screening | During CCRT Post CCRT

Baseline | Weekly Fraction |4 Weeks | 12weeks | 6 months | 12 24 months
10 months
Water Swallow test X X X X X X
Feeding tube use X X X X X X X
Swallowing support X
summary
QoL (EORTC QLQ-C30, X X X X X X
EORTC H&N35 and UW-
QoL)
CTCAE Toxicity (v 4.03) X X X X X X X
Clinical review X X X X X X X
Disease assessment X X X
Procedures Screening | During CCRT Post CCRT
Baseline | Weekly Fraction |4 Weeks | 12weeks | 6 months | 12 24 months
10 months

Translational Blood X X X X X X
Sampling
Translational Saliva X X X X X X
sampling
Histology slides from the XES
diagnostic biopsy

Table 2.1 PEARL schedule of assessments
*As applicable

** Histology slides should be cut for PEARL-T at the same time as cutting the slides for the HPV centralised test provided
the participant has consented to tissue collection.
***PostPET scan can be completed within 10 to 16 weeks post treatment.
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2.7 Chemotherapy

All patients must have sufficient renal function (GFR>50mI/min) to receive concurrent
chemotherapy with the radiotherapy. If Cisplatin is not appropriate, carboplatin may be

substituted.

Chemotherapy will be administered according to local practice in each centre. Precise

scheduling and dose reductions are at the discretion of the treating oncologist.

Whilst COVID-19 is a public health issue, the latest version of the COVID-19 PEARL recruitment

policy should be followed as part of the screening and study procedures.

2.7.1 Scheduling

Cisplatin is delivered as per local practice in each centre, according to the following
recommended schedule: Cisplatin 100 mg/m2 administered intravenously on day 1 for 2

cycles, that is day 1 (day 1 of cycle 1) and day 22 (day 1 of cycle 2) of the radiotherapy schedule
(Fig. 2.1). Cisplatin given within 24hrs of the required day for cycle 1 and within 48hrs for cycle

2 is acceptable.

On the day of chemotherapy, Cisplatin should, whenever possible, be administered prior to

radiotherapy.

In the event of Cisplatin substitution by Carboplatin, Carboplatin is delivered as per local

practice in each centre, using AUCS to calculate dose.

2.8 Safety reporting

The Principal Investigator is responsible for ensuring that all site staff involved in this trial are

familiar with the content of this section.
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All SAEs must be reported immediately (and within 24 hours of knowledge of the event) by
the PI at the participating site to the CTR PV and safety specialist or Trial team unless the SAE

is specified as not requiring immediate reporting.

The Principal Investigator (or another delegated medically qualified doctor from the trial team)
will assess each SAE to determine the causal relationship and the Chief Investigator (or
another appropriately qualified member of the Trial Management Group) can also provide this

assessment where necessa ry

The Chief Investigator (or another delegated appropriately qualified individual) will assess

each SAE to perform the assessment of expectedness.
2.8.1 Termination of the trial

To alleviate concern that we are having a detrimental impact on treatment efficacy, we will
have an early stopping rule based on complete response at the primary site at 4 months
following treatment (defined as having no disease at the 4-month PET and no disease on any
subsequent biopsy). A recent study (63) found that 43/44 (98%, 95% Cls: 88%-100%) of
patients had complete response. This correlated with excellent outcomes at 2 years with local
control, regional control, cancer specific survival, distant metastasis free survival and overall
survival rates at 100%, 100%, 100%, 100% and 95% respectively. Any accumulated data will be
reviewed regularly at Interim Data Monitoring Committee meetings. When presenting data to
the Interim Data Monitoring Committee we will generate 95% confidence intervals around our
estimate of 4-month complete response rate and ensure that they include 88%.

We will conduct an interim analysis after 15 patients complete 3 months of follow-up and are
assessed for complete response and the IDMC will have the mandate to stop the trial for harm

if we see less than 10 complete responders.

2.9 Follow-up

Clinical follow up after treatment (for disease recurrence/death) should be carried out as per
routine practice for at least 5 years in accordance with National guidelines (NICE IOG guidance

2004). Specifically, patients should undergo regular full examination of the head and neck
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according to the following schedule: year 1 — every 4 — 6 weeks; year 2 — every 8 — 10 weeks;
year 3 —every 3 - 5 months; years 4 and 5 — approximately every 6 months. The patient will
be followed up by the trial team for the first 2 years after treatment. Patient status will be
collected at the end of the trial in order to obtain up to date progression free survival data.
Translational blood and saliva samples should be collected from participants who consented

to take part in the PEARL-T sub-study as per Section 14.5 Trial assessment table.

2.10 Ethical approval

Ethical approval was sought from the Wales Research Ethics Committee (REC) in November

2018 and PEARL was assigned a REC registration reference: 18/WA/0391.

2.11 Informed consent

The participant’s written informed consent must be obtained using the PEARL trial Consent
Form, which follows the Participant Information Sheet. The participant should be given at least
24 hours after the initial invitation to participate before being asked to sign the Consent Form.
Informed consent must be obtained prior to the participant undergoing procedures that are

specifically for the purposes of the trial.

2.12 The PEARL radiotherapy guidance

The development of the radiotherapy protocol for PEARL considered international consensus
guidelines on the contouring of the primary and nodal clinical target volumes (CTVs) in OPSCC
and trial protocols including the PATHOS swallowing atlas previously developed by the team
at Velindre University NHS Trust (Appendix 3). The radiotherapy guidance was designed to be
applicable to multiple cancer centres outside of Velindre, including centres in London, Bristol

and Glasgow. The full version is in Appendix 2.
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I led on specific pieces of work performed to inform the development of the radiotherapy
guidance. These included an RTTQA workshop and the pilot study for PEARL. The pilot study
is described in Chapter 3.

2.12.1 Planning PET-CT scan protocol for PEARL

Patients have baseline and interim planning PET-CT scans performed in a head and neck
immobilisation shell and treatment position. Patients are immobilised in a thermoplastic shell
with their neck in a neutral position. No mouth bite is used. The planning PET-CT scans are
performed in the shell and reconstructed at appropriate thickness (2 to 3 mm). Use of
intravenous contrast is recommended in order to facilitate accurate delineation. The PET-CT
scan includes both shoulders and extends from vertex to liver as a minimum. Follow up PETCT

scan (postPET) is carried out as per standard protocol.

2.12.2 CT Quality Assurance (QA)

A quality assurance program is in place to assess the quality of the CT data (including
geometry, image quality and electron density). The CT component of the PET-CT scanner is
subject to the same rigorous testing as a conventional radiotherapy-dedicated CT simulation
machine. The daily QC is performed weekly (on account of reduced throughput of patients)
but must be carried out on the day of scanning a patient in the radiotherapy treatment

position.

2.12.3 Planning PET-CT process QA

The input of all patient data and scanning parameters is the responsibility of the PET-CT staff.
On a quarterly basis a quality assurance check is commissioned by a member of medical
physics from the treating centre, and it is the responsibility of medical physics at the treating

centre to liaise with the PET-CT centre to ensure suitable access to the scanner.
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2.12.4 Determining the optimal timing of the interim PET (iPET)

It is crucial for accurate adaptive radiotherapy planning that interim imaging is performed at
the optimal time. The timing of the iPET scan is based both on the predictive nature of the
scan at this time point, and to minimise the impact of radiation-induced inflammation on PET

image interpretation.

As covered in detail in Chapter 1, a variety of different research groups have found background
inflammation to be significant only after three weeks of radiotherapy and others have found
the 2-week time point a favourable time to re-contour the GTV due to low levels of radiation-
induced inflammation at that point (77). Based on this data, 2 weeks was selected as the
optimal time point for the iPET in the PEARL protocol, after the high dose primary CTV has
received 18Gy. This allows a week within which to turn around the phase 2 plan, before

starting phase 2 treatment in week 4.

2.12.5 Planning PET-CT data acquisition and transfer to Velindre for contouring

For patients recruited at Velindre Cancer Centre the planning PET-CT scans are performed at
The Positron Emission Tomography Imaging Centre (PETIC) at Cardiff University. The patients
are set-up in the radiotherapy treatment position on a flat top couch with full immobilisation
for both PET and CT scans. To get the most accurate alignment between PET and CT data, the

planning CT scan is acquired directly after the PET scan using an integrated PET-CT scanner.

Once the PET-CT data is acquired it is transferred to the Prosoma Treatment Planning System
at Velindre by a direct DICOM link. This is then transferred to Velocity by a direct DICOM link
and the biological primary GTV (bGTV_P) delineated on the PET scan. The dataset is then

transferred back to Prosoma by direct DICOM link for completion of contouring (Fig 4).
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PETIC

#10

Fig 2.4 Pathway of datasets of a patient in the PEARL Study at Velindre Cancer Centre

2.12.6 Primary Tumour Categorisation

Prior to target volume delineation, the primary tumour is categorised as lateralised or
nonlateralised, based on the site of primary and the extent of involvement of midline
structures. The recommendation is that this categorization be based on clinical examination
findings including flexible nasendoscopy and pandendoscopy under anaesthetic, and imaging
including CT and MRI. For ease of comparison with outcomes from suitable studies, the
definitions are in line with those of other appropriate head and neck studies including PATHOS

(NCT02215265), NIMRAD (NCT01950689), and CompARE (NCT04116047).

Definition of a lateralised tumour
Tumour confined to the tonsillar fossa/lateral pharyngeal wall extending onto or into the

adjacent base of tongue and/or soft palate by <1 cm and with >1cm clearance from midline
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Definition of a non-lateralised tumour

Tonsillar/lateral pharyngeal wall tumour that involves the adjacent base of tongue and/or soft
palate by 21 cm or with <1cm clearance from midline

OR

A tumour that arises from a midline structure (base of tongue, soft palate or posterior

pharyngeal wall primary tumour)

2.12.7 Treatment of the neck

All patients with lateralised tumours receive unilateral neck radiotherapy, regardless of the
nodal stage of the ipsilateral neck, and all patients with non-lateralised tumours undergo

bilateral neck radiotherapy.

2.12.8 Definition of Treatment Volumes

To maintain the highest clinical standards, outlining of the target volumes is carried out using
a geometric approach as per the current international consensus guidelines. Diagnostic
imaging, clinical findings including pan-endoscopy reports, and pathology information are to
be used to delineate target volumes. To maximise accuracy, the diagnostic CT and MRI scans

can be co-registered with the planning PET-CT scan (prePET).

So that adaption of the primary GTV can be based upon response to treatment on iPET,

radiotherapy is prescribed in 2 phases.

Phase 1 includes #1 — 15 (week 1 to 3 of treatment) and is prescribed prior to the start of
treatment. Phase 2 includes #16 — 33 and is prescribed after the radiotherapy plan has been

adapted based on the iPET.
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The nodal volume is not adapted based on biological tumour activity seen on iPET. However,
the nodal volumes can be transferred across from prePET to iPET and edited, when required,
for anatomical change, or re-outlined de novo on the CT component of iPET without reference

to avidity.

2.13 Guidelines for target volume and organ at risk delineation

2.13.1 Nomenclature and definition of targets and avoidance structures

Standardization of the nomenclature for target volumes, and organs at risk ensures accurate
dose reporting and structure definition between treatment centres, and practitioners within

the same centre. It also allows for clear bilateral communication within the RTTQA review

process.
bGTV_preP Clinician defined biological primary GTV in Phase 1
GTV_P Gross Primary Tumour Volume
CTv1_P GTV_P +5mm
CTv2_P GTV_P +10mm
bGTV_iP Biological primary GTV in Phase 2
bCTV1_P bGTV_iP + 5mm
GTV_N Gross Nodal Tumour Volume
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CTV1_N GTV_N +5mm

CTV2_N GTV_N + 10mm

CTV3 N Prophylactic Nodal Volume
SpinalCord Spinal Cord

BrainStem Brainstem

Parotid_IL Ipsilateral Parotid Gland
Parotid_CL Contralateral Parotid Gland

submandibular
gland_CL

Contralateral Submandibular Gland

PCM_Superior

Superior Pharyngeal Constrictor Muscle

PCM_Middle

Middle Pharyngeal Constrictor Muscle

PCM_Inferior

Inferior Pharyngeal Constrictor Muscle

Cricopharynx

Cricopharyngeus Muscle

Oeso_lInlet

Oesophageal Inlet

Cervical_Oeso

Cervical Oesophagus

Larynx_SG

Supraglottic Larynx
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Larynx_G

Glottic Larynx

Oral_Cavity

Oral Cavity

Table 2.2 Nomenclature of target volumes and organs at risks for the PEARL clinical trial

2.13.2 Primary target volume delineation

2.13.2.1 First Phase

Primary biological Gross Tumour Volume (bGTV preP) (Orange)

It is the FDG uptake on the PET component of the prePET-CT that directs the drawing of the
bGTV_preP, rather than any abnormality seen on the CT component. The definition of the avid
volume is performed by a nuclear medicine consultant in collaboration with the clinical
oncologist. The nuclear medicine consultants contributing to PEARL have been accredited by

the RTTQA(UK) PET QA group based at Guys and St Thomas’s Hospital NHS Foundation Trust

to ensure standardised definition of the avid volumes.

The bGTV_preP does not include areas of soft tissue/tumour on CT that have low grade FDG
uptake or areas not FDG avid. The bGTV_preP may include areas which do not contain tumour
e.g., the airway, because of scatter. This is adjusted by the clinical oncologist or nuclear

medicine consultant in the radiotherapy treatment planning system and the volume edited

out of bone (unless involved) and/or air (Fig. 2.5).
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2.5a 2.5b

Fig. 2.5a and 2.5b Cross sectional imaging of the phase 1 planning PET-CT. Avid area contoured as bGTV_preP is marked
by the blue arrow in Fig. 5a. bGTV_preP is seen in orange in Fig. 5b

Primary Gross Tumour Volume (GTV P) (Red)

This volume includes the primary tumour. It is delineated taking into consideration all the
information available from the diagnostic CT (and MRI if available) as well as the bGTV_preP
generated from the prePET scan, and findings from clinical examination including the

panendoscopy report (Fig. 2.6).

Fig. 2.6 Cross sectional imaging of the phase 1 planning CT. bGTV_preP contoured in orange, final GTV_P in red
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Primary Clinical Target Volume 1 (CTV1 P) (Green)

This volume includes the primary tumour (GTV_P) with an isotropic margin of 5mm, edited for
anatomical barriers e.g. air, fascia and bone. The editing for platysma is permissible. The CTV

margin allows for potential microscopic spread around the primary tumour (Fig.2.7).

Fig. 2.7 Cross sectional imaging of the phase 1 planning CT. bGTV_preP contoured in orange, final GTV_P in red
and CTV1_P in green.

Primary Clinical Target Volume 2 (CTV2 P) (Pink)

This volume includes the primary tumour (GTV_P) with an isotropic margin of 1cm, edited as

above (Fig. 2.8).

Fig. 2.8 Cross sectional imaging of the phase 1 planning CT. bGTV_preP contoured in orange, final GTV_P in red,
CTV1_Pin green, and CTV2_P in pink
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2.13.2.2 Second Phase

Phase 2 is to be commenced at fraction 16 but is outlined & planned on an interim planning
PET-CT scan which is carried out after fraction 10 of radiotherapy. Phase 1 treatment continues

during fractions 11-15 as the phase 2 is outlined and planned.

Primary biological Gross Tumour Volume (bGTV iP) (Blue)

Defining the bGTV_iP: The region of the GTV_P that remains avid on PET-CT after fraction 10
of radiotherapy (Fig. 2.9a and 2.9b). If there is a complete metabolic response at this time
point, no bGTV_iP is created. If there is clinical concern about any residual avidity, the decision
to include a bGTV_iP defined by the nuclear medicine consultant and the clinical oncologist is

made at the treating clinician’s discretion.

2.9a 2.9b

Fig. 2.9a and 2.9b Cross sectional imaging of the phase 2 planning PET-CT. Remaining avid area contoured as

bGTV_iP marked by the blue arrow on the PET component and contoured in blue on the CT component.

Primary biological Clinical Target Volume (bCTV1 P) (Green)

This volume includes the bGTV_iP with an isotropic margin of 5mm edited for anatomical

barriers (Fig. 2.10).
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Fig. 2.10 Cross sectional imaging of the phase 2 planning CT. bGTV_iP contoured in blue, bCTV1_P in green
Primary Clinical Target Volume 1 (CTV1 P) (pink) and Primary Clinical Target Volume 2 (CTV2 P)
(light blue)

Volumes are defined as per phase one. To mitigate for the mismatch of CTV_P volumes between

the prePET and iPET, the phase one GTV_P can be rigidly registered with the iPET. The geometric
expansion by 5mm and 10mm in all directions to form CTV1_P and CTV2_P respectively can then
be performed again. CTV1_P and CTV2_P can then be edited for anatomical barriers as previously

described (Fig. 2.11).

Fig. 2.11 Cross sectional imaging of the phase 2 planning CT. bGTV_iP contoured in blue, bCTV1_P in green, CTV1_P
in pink and CTV2_P in light blue
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2.13.3 Nodal target volume delineation

The nodal volumes are either transferred from the Phase 1 scan (prePET_CT) to the Phase 2
scan (iPET_CT) and edited, or they are re-contoured on the CT component of the iPET_CT for
anatomical volume changes. They are not adapted based upon any biological response seen
on the iPET_CT. The definitions and nomenclature of all the nodal target volumes remain the

same.

Nodal Gross Tumour Volume (GTV N) (red)

This volume includes the pathologically involved nodes. It is delineated taking into consideration
all the information available from the diagnostic CT (and MRI if available), USS and FNA/core

biopsy, as well as the prePET_CT scan and findings from clinical examination (Fig. 2.12).

Fig. 2.12 Cross sectional imaging of the phase 1 planning CT. GTV_N contoured in red

Nodal Clinical Target Volume (CTV1 N) (green)

This volume includes the GTV_N with a 5mm margin in all directions edited for anatomical
barriers as detailed above. The CTV margin allows for potential microscopic spread around the

involved nodes (Fig. 2.13).
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Fig. 2.13 Cross sectional imaging of the phase 1 planning CT. GTV_N contoured in red, CTV1_N in green

Nodal Clinical Target Volume (CTV2 N)

This volume includes the GTV_N with a 10mm margin in all directions edited for anatomical

barriers (Fig. 2.14).

Fig. 12.4 Cross sectional imaging of the phase 1 planning CT. GTV_N contoured in red, CTV1_N in green, CTV2_N in
pink

Prophylactic Nodal Clinical Target Volume (CTV3 N) (light blue)
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This volume includes the rest of the involved nodal level(s) and all at risk non-pathological

nodal levels appropriate for prophylactic irradiation as defined by the updated consensus

guidelines and atlas (Table 4). The contours for CTV3_N include the entire level regardless of

any overlap with CTV1_N or CTV2_N (Fig. 2.15).

Nodal status

CTV3_N

Node negative

Ipsilateral (1b)?, 11, I1l, Va3 + Vila*

Lateralised
tumour
Node positive Uninvolved ipsilateral 1b, II, I, IVa, Va+b

Ipsilateral Vlla at the level of the oropharynx
Ipsilateral VIIb (when Il involved)
Ipsilateral IVb+Vc (when IVa or V is involved)

Non-lateralised Node negative .
Ipsilateral Il, lll, IVa, 1IVa

tumour

1b?

Contralateral Il, I, IVa, Vlla

Node positive

Uninvolved ipsilateral Ib, II, I, IVa, Va+b
Ipsilateral IIVa at the level of the oropharynx
Ipsilateral VIIb (when Il involved)

Ipsilateral IVb +Vc (when IV or V is involved)
Contralateral Il, 111, IVa

Contralateral Vlla at the level of the
oropharynx

Table 2.3 Levels for prophylactic nodal irradiation according to lateralisation of tumour, and pathological nodal

involvement
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*In PEARL, the recommendation is that the cranial border of the retropharyngeal nodal level (level Vlla) be
defined as the upper edge of the body of C1 or the upper extent of the hard palate, whichever was more cranial.

This is in line with other UK contemporaneous head and neck clinical trials including the PATHOS and NIMRAD

studies.

Fig. 2.15 Cross sectional imaging of the phase 1 planning CT. GTV_N contoured in red, CTV1_N in green, CTV2_N
in pink, and bilateral CTV3_N in light blue

2.13.4 Contouring of OARs and SWOARs

OARs are outlined on prePET_CT and can be transferred by deformable fusion methods onto
iPET_CT for Phase 2 planning. They can then be modified on iPET_CT by the consultant clinical
oncologist as appropriate. Alternatively, the OARS for phase 2 can be outlined de novo on the
iPET_CT if this is felt to be a more accurate method of maintaining consistency between the 2

phases.

The following normal tissue structures should be delineated as per Table 2.4.

Spinal Cord
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The spinal cord (not the spinal canal) from the lower border of foramen magnum to 2.5 cm inferior to
PTV is included. Isotropic expansion of 3-5mm (depending on local practice and immobilisation) to
create the PRV. Please contact the RTTQA team if your centre wishes to create a PRV volume outside of
3-5mm.

Brainstem

The entire brainstem up to the lower border of foramen magnum is included. Isotropic expansion of
35mm (depending on local practice and immobilisation) to create the PRV. Please contact RTTQA team
if your centre wishes to create a PRV volume outside of 3-5mm.

Parotid Glands (ipsilateral and contralateral)

Both superficial and deep lobes should be included. When blood vessels (external carotid artery and
retromandibular vein) are encased by the gland, these should be included. If there is an accessory lobe
to the parotid, this should be included in the volume. Outline the visible parotid glands with reference
to the diagnostic MRI if available.

Submandibular Glands (ipsilateral and contralateral)

The submandibular glands should be included bilaterally with reference to the diagnostic MRI if available.

Swallowing-related Structures

The swallowing-related structures (SWOARS) are outlined for every patient according to published
guidelines and the PATHOS atlas for contouring swallowing related structures. These structures include
the pharyngeal constrictor muscles (superior PCM, middle PCM and inferior PCM), supraglottic/glottic
larynx, cricopharyngeus, oesophageal inlet, cervical oesophagus and oral cavity. The superior and
middle pharyngeal constrictor muscles will often be in the treated volume but the other SWOARs can
all be used for treatment plan optimisation.

Table 2.4 Normal Tissue Structures for delineation in PEARL
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Comprehensive guidelines for outlining the swallowing-related structures in PEARL are

included in Appendix 3.

The dose constraints for OARs and their planning OAR volume (PRV) are given in Table 2.5. No
constraint is given for the ipsilateral parotid gland as it often overlaps or abuts the PTV; this

should be kept as low as possible but not at the expense of PTV coverage.

All doses to critical OARs must be within tolerance for both phases, as though each phase is

being planned for the entire 33 fractions.

Structure .
Volume Optimal Dose
Constraint | Constraint
Spinal cord Max <48Gy*
1cm3
<46Gy*
1cm3
Spinal cord PRV <48Gy*
Brain stem Max <55Gy*
1cm3
<54Gy*
Brain stem PRV 1cm3 <55Gy*
Contralateral Parotid (Lateralised Tumour) Mean <14Gy
Contralateral Parotid (Non-lateralised Tumour) Mean <24Gy
Ipsilateral Parotid Mean ALARP
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Contralateral Submandibular Gland Mean <35@Gy
Supraglottic Larynx Mean <55Gy
Glottic Larynx Mean <45Gy
Superior Pharyngeal Constrictor Muscles Mean <50Gy
Middle Pharyngeal Constrictor Muscles Mean <50Gy
Inferior Pharyngeal Constrictor Muscles Mean <20Gy
Cricopharyngeus/oesophageal inlet Mean <20Gy
Cervical oesophagus Mean <20Gy
Oral Cavity (low priority for optimisation) Mean <30Gy

*Mandatory dose constraint

Table 2.5 Dose constraints for OARs and PRVs

2.14 RTTQA workshop

To mitigate for variables other than the study intervention, and to ensure compliance with the
PEARL Radiotherapy Trials Quality Assurance (RTTQA) process, | designed and led a
multicentre RTTQA workshop. All clinical and planning staff involved in the set-up of PEARL at
their centre were invited. The aim of this workshop was to familiarise participating clinicians

and planners with the PEARL contouring and planning methods, to review submitted
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benchmark cases, and discuss feedback and points of contention in order to reach a

consensus.

Itis widely accepted that radiotherapy protocol compliance plays a crucial role in the outcome
of clinical studies. Studies, including head and neck trials, have demonstrated that
noncompliance to trial protocols can lead to a significant reduction in tumour control and
survival (118). Consensus building for contouring is a critical step in assuring the highest

possible trial RTTQA, safeguarding the subsequent relevance and objectivity of trial results.

Prior to opening PEARL at a participating centre, a programme of pre-trial quality assurance
must be completed, and centres must achieve VMAT credentialing from the PEARL RTTQA
group in order to enter patients into the PEARL trial. Attendance at the RTTQA workshop was

accepted as adequate pre-trial QA for clinical attendees.

Attending clinical oncologists, planners, and physicists were sent the draft PEARL radiotherapy
guidance document. This was used to contour and plan the benchmark cases | provided. All
attendees were encouraged to submit the benchmark cases prior to the workshop. The final
contours and plans were reviewed anonymously at the workshop collaboratively by all the
attendees. The outcomes of subsequent discussions assisted in honing the contouring and
planning guidance to ensure it was robust, clear to follow, and reflected a consensus of the

multiple practices of the attendees.

2.15 Pre-Accrual Target Delineation Benchmark Case

The local Principal Investigator (Pl) at participating centres is required to complete the target
delineation benchmark case and to be involved in completion of all on-trial cases by any

noncredentialed clinicians at their centres.

104



The aim of outlining the benchmark cases is to ensure consistency of outlining across study

centres.

Primary and nodal GTVs are contoured by the PEARL RTTQA team based on pre_PET-CT and
iPET-CT from the PEARL pilot study cases and sent to the Principal Investigator (PI) being

accredited.

As the benchmark cases were chosen from prePET_CT and iPET_CT data sets transferred from
another treatment centre, and the GTVs predefined, only basic clinical and radiological

information was provided alongside them.

2.15.1 Analysis of the submitted contours

All structures delineated and submitted were transferred onto the same scan so conformality
and comparison between different practitioners could be assessed (Fig. 2.16). Though
anonymised, each practitioner was informed of the colour of their contours so they could see
how they related to others. The datasets were scrolled through in the axial, sagittal and
coronal plains so that the extent of each volume could be assessed, comparisons made, and
deviations discussed. Whilst the volumes were scrolled through, analysis of the contours took
the form of a verbal discussion regarding any deviations. For all submitted CTVs, there was
clinical consensus that they were passable with only minor deviations from the RTTQA team

contours.
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Fig. 2.16 Example of submitted CTV1_P contours from 2 PI’s using the RTTQA group defined GTV_P. Red contour =

RTTQA team, green and blue contours = Pls.

Issues discussed and alterations made to the radiotherapy guidance document as a result of

the RTTQA day:

Contouring issues

- Clarification of CTV3_N structure: Where the same nodal level has sections in CTV1_N and
CTV2_N; CTV3_N will be one structure, encompassing the entire nodal level rather than
divided up into sections abutting parts of the level already included in higher dose CTVs.

- Trimming of the platysma is permissible

- Nodes can be re-outlined on iPET-CT de novo for phase 2, if the transfer of phase 1 structures
onto the iPET-CT does not result in acceptable contours.

RTTQA issues

- Confirmation that PEARL QA will require submission of the phase 1 and phase 2 outlines for

the first patient per clinician for real time RTTQA

- Confirmation that GTV_N will be provided for future benchmark cases
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Radiotherapy guidance content issues

- Addition of screenshots displaying the nodal contouring process

- Improve phrasing so it is clear the nodal GTVs are not to be adapted based upon biological
response on iPET.

Table 2.6 Consensus alterations to radiotherapy guidance as a result of RTTQA workshop discussions

2.16 Development of the PEARL planning protocol

During the set-up of the PEARL study and recruiting the initial patients during the COVID
pandemic, the PEARL planning protocol evolved to make it easier for physics departments
across different sites to implement. The initial adaptive radiotherapy method, ‘ADAPTIVE’, is
described in this chapter. This was used for the PEARL pilot study and for planning the first 6
patients recruited to PEARL. In later chapters this initial planning solution developed for the
Pilot Study and used for the first 6 patients recruited to PEARL, will be referred to as
‘ADAPTIVE_A’ for comparison to the subsequently implemented ‘ADAPTIVE B’ protocol which
will be described in Chapter 5.

The PEARL planning protocol was developed alongside physics and planning colleagues using
Prosoma and RayStation in a pilot study of 4 pre-trial cases. The pilot study was based upon

cases from Leeds and is explained in more detail in Chapter 3.

2.16.1 Adaptive radiotherapy in the PEARL study: The ‘ADAPTIVE’ planning method

ADAPTIVE uses 5 dose/fraction levels in phase 2 to reduce the total dose to PTV1_P and
PTV2_P (Fig. 2.17).
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Phase 1 Phase 2

\ P ‘/

CTV2_N
Phase 1 Phase 2

The dose/fraction to the prophylactic nodal level is not altered between Ph1 and Ph2 and is

treated at 1.63Gy per fraction across both phases

Colour key of dose per fraction

B ] 163Gy
|:| 1.8Gy ] 136y
| verey

Fig. 2.17 Schematic diagram representing the different dose per fraction levels for phase 1 and phase 2 for the

primary and nodal CTVs in ADAPTIVE. Note there is no adaption of the nodal volumes between phases.
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Phase 1 Phase 2 Total
Dose/Fraction | BED Dose/Fraction | BED | Dose/Fraction | BED
2Gy 2Gy 2Gy
bPTV1_P | N/A N/A N/A | 36Gy/18F | 2 43 66Gy/33F 79
PTV1_P 30Gy/15F | 2 36 30Gy/18F | 1.67 35 60Gy/33F
PTV2_P 30Gy/15F | 2 36 24Gy/18F | 1.3 27 54Gy/33F

Table 2.7 Total dose and dose/fraction to primary PTVs for Phase 1 and Phase 2 using the ADAPTIVE planning

method

2.16.1.1 ADAPTIVE Phase 1

Planning phase 1 for ADAPTIVE broadly follows standard practice. Target coverage and OAR
doses are initially planned for the full treatment course to ensure adequate coverage and

overall plan safety.

2.16.1.2 ADAPTIVE Phase 2

This phase is more complex due to introduction of new dose levels. There is a total of 5 dose
levels for phase 2 (Fig. 2.17). The dose per fraction to some areas within Phase 1 volumes is
reduced as a result of the high dose volume being adapted (Table 2.7). As for Phase 1, it is

planned as if to be used for the full 33 fractions.

2.16.2 Pre-Accrual Planning Benchmark Case

Participating centres are required to submit two planning benchmark cases — one for each
phase of treatment (Fig. 2.18). The plan is optimised on a pre-outlined case (targets and OARs)

provided by the RTTQA group. Cases are imported and optimised by the physics and planning
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team as described in the PEARL trial Radiotherapy Guidance document (Appendix 2). Centres
grow the PTVs and PRVs using their own margins as determined by their local immobilisation
and set up techniques. On completion, the Plan Assessment Form is completed, and approval
sought for submission from the local Pl. This is returned to the RTTQA group to assess

adherence to protocol, suitability of the planning technique and quality, in addition to

agreement of dose/volume recording between participating centre and RTTQA group.

% of 30.00 Gy % of 36.00 Gy
105 105

a5 |}

90

““I

Fig. 2.18a Fig. 2.18b

Fig 2.18a and 2.18b Axial CT slices of Phase 1 and Phase 2 plans for the PEARL planning benchmarking case and
their respective isodose keys. For simplicity, only the bPTV_1 (yellow), PTV_1 (black) and PTV_2 (cerise) are

shown.

2.16.3 Verification of Electronic Transfer of Data

During the typical patient pathway, data is transferred both anonymised and nonanonymised.
As such, transfer between participating centres and the RTTQA group is undertaken via the

NHS Wales Informatics Service (NWIS) Fileshare Service.
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The intended transfer method between RTTQA and participating centre is followed using the
benchmark case in the trial setup stage to ensure this transfer is successfully achieved and to

identify any issues that require resolution prior to commencing on-trial cases.

2.17 Radiotherapy Treatment Quality Assurance

2.17.1 Dosimetry Audit

Audits are carried out either by the RTTQA group in person (with participating centre support)
or via a postal audit using RTTQA equipment and performed by the participating centre.

Centres can start entering and treating patients into the trial prior to the dosimetry site visit.
However, the dosimetry audit should be completed as soon as possible following general

pretrial QA approval.

2.17.2 Streamlining of Outlining, Planning and Audit process

There is no streamlining of target delineation or planning from having completed credentialing
for other head and neck radiotherapy trial(s). Phase 1 and Phase 2 delineation must be
completed and submitted for structure baseline case. As Phase 2 is the more complex, centres
are only required to submit a baseline planning case for Phase 2, and standardly, only the first

Phase 2 cases undergo real-time target delineation and planning quality assurance.

A dosimetry audit is required per technique, not per trial. As such, completion of a dosimetry
audit for the purposes of a previous trial within an appropriate timescale is suffice for

credentialing subsequent trials. This is checked by the RTTQA centre.
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2.17.3 On-Trial Prospective Case Review

All trial cases undergo a real-time QA of target delineation prior to plan optimisation.
Independent review is conducted by any available Trial Management Group Clinical
Oncologist. To allow for this, the delineation and submission must be completed in a timely
manner, especially in the case of the more tightly time-bound phase 2 turnaround, and

sufficient clinical history had been submitted to include as a minimum:

* Site of primary disease

* Categorisation of primary tumour
* Involved nodal levels on pathology
* TNM stage

* Treatment start date

Review is organised by the RTTQA centre to ensure that timescales and communication
methods are agreed in advance of submission to allow for maintenance of required trial

planning timescales.

Following successful completing of target delineation QA, real-time plan QA is completed
through submission of the optimised plan and completed plan assessment form and review

by RTTQA. This must be successfully completed prior to patient commencing radiotherapy.

A map of the real-time review process for phase Il is shown below in Fig. 2.19.
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Direct DICOM link Direct DICOM link Direct DICOM link

Local treatment

PET/CT in PET/CT imported RTTQA Centre: centre: Complete
treatment setup to Prosoma at Delineate bGTV target delineation
and RTTQA Centre based on PET SUV on local
immobilization Intermediate using Velocity contouring

at PETIC stage

software

NWIS Fileshare

Export to local
Treatment
Centre TPS

Optimise plan
and anonymise
data

Return to RTTQA
Centre

Review plan and
provide
feedback to local
Treatment
Centre

Fig. 2.19 Map of the real time RTTQA review process

2.18 PEARL ATLAAS Sub-Study

As detailed in chapter 1, the PEARL study offers an opportunity to validate the machine
learning tool ATLAAS by comparing it’s automatically generated bGTV_P with those manually
defined by the nuclear medical and clinical oncology consultants (Fig. 2.20). Practically, the
ATLAAS segmentation is not performed in real time in the PEARL Study due to time pressure
of adaptive radiotherapy and the limited availability of the ATLAAS software across the local

treatment centres.
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= bGTV_preP
&> bGTV_preP_ATLAAS

Fig. 2.20 Example of ATLAAS segmentation of the four pilot study cases. Top row images are taken from the
prePET and bottom row from the iPET. Contours of the PET avid primary tumours (red) are compared to clinician

defined contouring (blue).

The results of the ATLAAS sub-study are not within the scope of my MD and will be presented

by the ATLAAS group separately.

2.18.1 Process for bGTV_P segmentation by ATLAAS

The region of the primary that is avid on prePET-CT and iPET-CT is defined by ATLAAS to create
bGTV_preP_ATLAAS and bGTV_iPET_ATLAAS respectively. The PET and CT scans are reviewed
with all relevant clinical information to inform the subsequent review of the segmented
volumes. This distinguishes tumour uptake from physiological uptake or causes for increased
FDG uptake such as any infective/inflammatory causes. If there is a complete metabolic

response at this time point, ATLAAS will not generate a bGTV _iP.

Further technical detail concerning the ATLAAS sub-study can be found in the PEARL Study

Protocol in Appendix 1.
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2.19 Conclusion

| have presented the protocol for a novel adaptive radiotherapy study, PEARL. Following the
presentation of the PEARL Study to the Regional Ethics Committee, the team was praised for
a clear protocol to deliver research that explores an important research question. Subsequent
feedback from the Trial Steering Committee includes the comment that PEARL is a very well-

designed study.

| have outlined the rationale for PEARL; a novel method of de-intensifying the radical
treatment of good prognosis, HPV associated OPSCC, through adaptation of the primary target
volume based on biological response. For the novel ADAPTIVE plan to be deliverable within
multiple cancer centres, clear radiotherapy guidance was developed to ensure the
standardisation of processes regarding patient set up, image acquisition, target volume and

OAR contouring, and radiotherapy planning.

During the development of the PEARL Radiotherapy Guidance, a pilot study was required to
test the guidance for clarity, robustness and reproducibility. Given the complexity of the trial
set up, the pilot study was run contemporaneously with the trial set up process. This allowed
dynamic development of the trial protocol and helped ensure that PEARL could be open to
patient recruitment soon after any issues raised by the pilot study were addressed. My next
chapter will present the design, set up and results of the PEARL pilot study. This was a
modelling planning study based on PET datasets of patients previously treated at an external
site but imaged with PET-CT at 2 weeks into chemoradiotherapy for an unrelated research

project.
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Chapter 3: A pilot planning study to test
the feasibility of PEARL, investigate tumour

response, and analyse the dosimetric
impact of the PEARL protocol
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3.1 Introduction

The concept of de-escalating therapy in patients with good prognosis head and neck cancer
having radical chemo-radiotherapy is attractive as toxicity rates of treatment are high. Our
concept of individualising de-escalation based on each patient’s response to the initial phase

of treatment is highly novel.

In this chapter | define an optimised treatment planning protocol that considers dose to
swallowing OARs (SWOARs) for use as a non-adaptive comparison to the ADAPTIVE plans
produced as per the PEARL protocol.

| investigate the degree of clinical benefit that may be seen by adaptation with a modelling
study comparing non-adaptive to adaptive plans. To do this, | compare mean doses received

to OARs in modelled adaptive plans to mean doses received in modelled non-adaptive plans.

In addition, | look at the impact of radiotherapy on the volume of salivary glands. The dose
received by the salivary glands during a course of radiotherapy may be greater than originally
planned due to the change in position of the glands as they shrink in response to irradiation.
Performing an iPET-CT after two weeks of chemoradiotherapy offers the opportunity to
measure the volume of salivary glands during treatment, record their degree of shrinkage, and
look at any movement in their position that occurs consequently on the CT component of the

iPET-CT.

As | did not have any appropriate local datasets, | conducted my pilot planning study using

FDG-PET-CT datasets from an external collaborating centre.
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3.1.1 Objectives

The main objectives of the modelling pilot study:

1. Define a non-adapted radiotherapy plan that is optimized to reduce dose to
Swallowing Organs At Risk (SWOARs) and salivary glands

2. Demonstrate an objective response to treatment can be seen on an iPET-CT scan
carried out 2 weeks into the course of chemoradiation

3. Show it is feasible to adapt radiotherapy based on primary tumour (GTV_P) response
to chemoradiation seen on iPET-CT

4. Demonstrate objective dosimetric advantage to i) Optimizing standard radiotherapy
plans to reduce dose to the SWOARS and ii) Adaptive Radiotherapy in which the high
dose CTV is adapted after 2 weeks of radiotherapy to a shrinking biological tumour
volume (bGTV) seen on iPET-CT as per the PEARL study protocol.

5. Compare volumes of the parotid and submandibular glands on planning CT to their

volumes on iPET_CT

3.2 Methods

3.2.1 Identifying datasets for the modelling planning study

| performed a literature search for studies that included an iPET-CT scan at 2 weeks of
chemoradiation. | identified a study that presented data on changes in the primary GTV
volume comparing pre-treatment PET-CT with a PET-CT performed after 2 weeks of
chemoradiotherapy, the same timeline as we had designed for PEARL. It had also been
conducted in the UK and so any data transfer was likely to be more straightforward. |
approached the authors, a research group in Leeds led by Dr Robin Prestwich. They had
published a study that included PET-CT scans performed at similar times during radiotherapy

to those stipulated in the PEARL protocol (74). The Leeds study was an observational study
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evaluating the changes in the size of the GTV_P between baseline and interim PET-CTs
performed after fraction 11 and fraction 21 of chemoradiation. Unlike PEARL, the group did
not adapt the patient’s treatment based upon an interim response and so the Leeds patients
had standard non-adapted treatment. | led a modelling planning study to look at the
theoretical changes to target volumes and to the doses received by the OARs if plans had been

adapted based upon the fraction 11 iPET-CTs in these patients, as per the PEARL protocol.

As a result of the agreed collaboration, 8 diagnostic imaging datasets of patients previously
treated in Leeds were anonymised and sent by the Leeds team in DICOM format over the NHS
Wales Informatics Service (NWIS) file share system. These were then downloaded and
imported into RayStation at Velindre Cancer Centre. In addition to the DICOM files, we
received an MS excel spreadsheet containing anonymised scan reports and clinical summaries
for each case. The imaging datasets included a prePET-CT and iPET-CT for each patient. The
prePET-CT was a standard hemibody and contrast enhanced diagnostic CT with PET acquisition
of the head and neck region in a beam-directing shell. The iPET-CT was a contrast enhanced
CT and head and neck region PET, also performed in the shell. Out of the 8 patient cases sent,
4 were selected for our pilot study based on anatomical site of primary being in the
oropharynx, and completeness of the data sets on electronic transfer. Clinical and radiological

information of the selected 4 cases is outlined in Table 3.3.

| used the Leeds prePET-CT and iPET-CT scans to contour the target volumes and OARs for each
of the 4 patient cases as per the PEARL protocol described in Chapter 2, in order to perform
the modelling planning study. The GTVs, CTVs, PTVs and OARs were all contoured by me then
manually planned by Dr Owain Woodley, a Velindre radiotherapy planner with clinical
guidance from myself and Dr Thomas Rackley, Consultant Clinical Oncologist and Co-Chief

Investigator for PEARL.
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3.2.2 Defining the standard non-adaptive planning technique

In order to accurately establish the impact PEARL adaptive has on dosimetry, it was paramount
that the non-adapted plan, which served as the standard, was optimised to reduce the dose
to normal tissue as much as possible. This served to mitigate for potentially incorrectly

attributing dose reduction in the PEARL adaptive plan to the adaptation.

In standard practice, Velindre Cancer Centre’s routine head and neck planning protocol
considered dose to the contralateral submandibular gland and parotid glands with optimal
mean dose constraints of <35Gy to the contralateral submandibular gland, and <14Gy
(lateralised tumour) and <24Gy (non-lateralised tumour) to the contralateral parotid gland.
Dose constraints to swallowing OARs (SWOARs) however, were not part of our centre’s head
and neck class solution. Even if delineated by the clinician, they were not added as an objective
to the optimisation and therefore dose to the SWOARs was not specifically minimised. We
produced a standard plan for each of the Leeds cases, using our standard class solution. In
order to establish the impact of optimising to the SWOARS, we also produced a plan which
included optimal dose constraints for the SWOARs as per Table 3.2. Finally, we produced a

third plan which optimised to the SWOARS and included adaptive radiotherapy.

In summary, the following plans were produced for each of the 4 pilot study cases:

1. Non-optimised for SWOARS, ‘NON-OPTIMISED’

Standard treatment plan i.e. For the primary and nodal targets, 66Gy prescribed to PTV1
(GTV4+5mm=CTV1), 60Gy to PTV2 (GTV + 10mm = CTV2), 54Gy to PTV3 (prophylactic nodal

volume). The CTV to PTV margin is 4mm.

2. Optimised for SWOARS, ‘OPTIMISED’

As per NON-OPTIMISED but considering dose to SWOARs in the optimisation process as per
Table 3.2.
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3. Adaptive radiotherapy as per the PEARL protocol, ‘ADAPTIVE’

A 2-phase adaptive radiotherapy plan based upon the PEARL protocol described in Chapter 2.
Optimisation for SWOARs as per Table 3.2. For the primary target, 66Gy was prescribed to
bPTV1, 60Gy to PTV1 and 54Gy to PTV2.

Primary CTV| Number Dose/fraction to | Total dose
definition of high dose PTVs | to high dose
fractions | (Gy) PTVs (Gy)
NON- GTV+5mm 33 2 66
OPTIMISED GTV+10mm 33 1.82 60
OPTIMISED GTV+5mm 33 2 66
GTV+10mm 33 1.82 60
ADAPTIVE
Phase 1 GTV+10mm 15 2 30
Phase 2 bGTV+5mm 18 2 36
GTV+10mm 18 1.67 30

Table 3.1 Summary of primary CTV margins and dose/fractionation for the 3 different plans: NON-OPTIMISED,
OPTIMISED, AND ADAPTIVE. CTV to PTV margin is 4mm.

3.2.3 Quantification of biological primary GTV (bGTV_P) response to radiotherapy

using the SUVmax

The SUV is a simple image-based measure widely used in clinical practice to represent
metabolic activity of biological tissue. It is a semi-quantitative measurement of uptake of a
radioactive isotope in tissue and can be significantly influenced by the accuracy of dose
calibration, time between injection and imaging as well as the weight of the patient, motion
artefacts and blood glucose levels. | concluded that the SUVmax as defined by the Leeds

nuclear medical consultant analysing the scans in real time, would be the most accurate
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compared to retrospectively reviewing the scan datasets we had been sent. The reasons for

this include:

* The Leeds reporting nuclear radiologist would have had access to all the information
needed to report the SUVmax on their reporting software.

* The SUVmax is the most widely reported SUV-related variable in the analysis of
malignancy on PET-CT and refers to the highest SUV signal in a particular volume of
interest. It therefore makes my results more comparable to published literature.

* The SUVmax has very high inter-observer reproducibility, providing a useful parameter

for PET comparison studies.

SUVmax is calculated as the maximum ratio of tissue radioactivity concentration (in kBg/ml)
at a given time, divided by the administered dose at the time of injection (MBq) divided by
the body weight (Kg). | use the change in SUVmax of the bGTV_P on the prePET and iPET as a

surrogate for biological tumour response, in addition to the change in the PET-avid volume.

3.2.4 Defining the biological GTV (bGTV)

The bGTV is defined as the region of primary tumour avid on PET-CT and consists of the high

FDG uptake volume based upon suitable windowing levels.

All PET images are displayed in the SUV scale on the Velocity platform. The standardised
display settings for the PET are:

a. Zoom: 150-200%

The zoom tool is used to better define the bGTV but it is with awareness that increasing the
zoom too much meant that larger volumes were likely to be outlined, which may overestimate

the metabolic volume.
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b. SUV scaling: 0- 10

c. Colour scale: Inverse Linear

In preparation for defining the biological GTV (bGTV), the PET-CT is reviewed by myself in
collaboration with Dr Nicholas Morley, Consultant in nuclear medicine. PET and CT
components of the scans are reviewed with any relevant clinical information to inform review
of the bGTV e.g., to distinguish tumour uptake from physiological uptake or causes for
increased FDG uptake such as any infective/inflammatory causes. In addition, a volume
produced by automated contouring with the ATLAAS software (bGTV_ATLAAS) as per the
PEARL Sub Study, is used to inform the final manually contoured bGTV (described below).

3.2.4.1 Use of ATLAAS to define bGTV_ATLAAS

The ATLAAS contouring uses CERR software and is transferred to Velocity. The FDG uptake on
the PET directs the drawing of the bGTV_ATLAAS, rather than the CT abnormality. If there is a
discrepancy (i.e., the tumour is not well visualised on the CT scan) the volume defined as the
bGTV_ATLAAS remained the metabolically active volume. The bGTV_ATLAAS sometimes

includes areas which did not contain tumour e.g., the airway because of scatter.

3.2.5 Measurement of dosimetric impact on SWOARs and major salivary glands for

OPTIMISED and ADAPTIVE plans

To demonstrate the dosimetric impact of different planning methods, | focus on the mean
dose of radiotherapy (Gy) received by the SWOARs, contralateral parotid and contralateral
submandibular glands over the course of treatment. The mean dose is the most widely
published dosimetric parameter of head and neck SWOARs and salivary glands in the
literature, and is the parameter derived from normal tissue complication probability (NTCP)

models most used in clinical practice to define the optimal dose constraints for these head
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and neck OARs. By looking at the differences in mean doses due to a change in optimization
or adapted radiotherapy, | can look at whether optimal dose constraints are met as a result of

the ADAPTIVE plans.

Optimal dose constraints for SWOARS and contralateral parotid and submandibular glands
used for OPTIMISED and ADAPTIVE plans are shown in Table 3.2. It is important to note that
the optimal dose constraint to the contralateral parotid gland is already included in the

NONOPTIMISED plan.

Structure Volume constraint Optimal dose constraint

Mean <14Gy
Contralateral Parotid Gland

(lateralised primary)

) Mean <24Gy
Contralateral Parotid Gland
(non-lateralised primary)
Contralateral Mean <35@Gy
Submandibular Gland
(lateralised and non-
lateralised primaries)
Supraglottic Larynx Mean <55@Gy
Glottic Larynx Mean <45Gy
Superior Pharyngeal | Mean <50Gy

Constrictor Muscle
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Mean <50Gy
Middle Pharyngeal

Constrictor Muscle

Mean <20Gy
Inferior Pharyngeal
Constrictor Muscle
Oral cavity Mean <30Gy

Table 3.2 Optimal dose constraints for contralateral major salivary glands and SWOARs for OPTIMISED and
ADAPTIVE plans.

The mean dose is also the simplest way to sum the dose received to OARs across 2 phases
delivered on 2 different planning scans in the ADAPTIVE plans.

To calculate mean dose to OAR in the ADAPTIVE plans:

Mean dose to OAR in phase 1 Mean dose to OAR in phase 2
x 15 + X 18
33 33

= Total mean dose for ADAPTIVE plan

3.2.6 Measurement of parotid and submandibular gland volumes

| contoured the parotid and submandibular glands on Raystation for Phase 1 and 2 of the

ADAPTIVE plans and used the volumes generated in cm3 to compare the phases.

3.3 Results

3.3.1 Comparison of OPTIMISED and NON-OPTIMISED plans for pilot study cases
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The OPTIMISED plans reduced the mean dose to the majority of OARs in all 4 cases when
compared to the NON-OPTIMISED plans (Fig. 3.1). The magnitude of reduction was between
0.13 - 2.87Gy with the greatest reduction was seen in the oral cavity in Case 1 (2.87Gy). The
optimal dose constraint was met because of this reduction. No additional optimal dose
constraints were met for OPTIMISED versus NON-OPTIMISED plans. The mean dose to glottis
was reduced by 1.22 — 2.48Gy in all four cases but the optimal dose constraint had already
been met in the NON-OPTIMISED plan. The oral cavity and inferior pharyngeal constrictor
muscle also had reduced mean doses in all 4 cases. Smaller changes were seen in the major

salivary glands and no dose reduction seen in the ipsilateral parotid gland in any of the cases.
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Clinical information Radiological information prePET-CT iPET-CT (after 11 fractions)
Case
1 Nasendoscopy — Bulky base of| MRl — Base of tongue tumour 3.5cm | Large  primary  tumour | Significant reduction in size
T4AN1IMO tongue/vallecular tumour diameter extending into the vallecular | within base of tongue | of primary tumour. Primary
Squamous cell and supraglottis. arising on the left but|tumour 2.5 x 2.9cm and
carcinoma base of extending across midline | syymax 3.3.

tongue/vallecula

measuring 4.8 x 4.3cm.
SUVmax 21.9.

2

T2N2bMO Squamous
cell carcinoma right
base of tongue

Clinical exam — Subtle mass felt in
the right posterior tongue.

CT — Soft tissue mass in the right tongue
base measuring 3.8cm in  maximal
dimension. Extends inferiorly into the
right side of the vallecula, crosses the
midline in the region of the lingual tonsils
which are involved. Involves the palatine
tonsil superiorly and right oropharyngeal
wall.

Right sided base of tongue
mass  extending  across
midline and into right
vallecula. 4.1cm in longest
dimension with an SUVmax
11.9.

Primary tumour measures
2.9cm in longest axis and has
an SUVmax of 9.1.

3

T2N2bMO Squamous
cell carcinoma right
base of tongue

Nasendoscopy - Nothing
abnormal to see on clinical
examination. Full tongue
movements.

EUA — Subtle abnormality of right
tongue base.

MRI — Multiple enlarged cystic level II/lll
lymph nodes. Irregularity of the mucosa
region of the right lingual tonsil and
vallecula which shows asymmetric
increased enhancement. Slight
asymmetry of the soft tissues in the right
lateral oropharynx.

Right base of tongue tumour
2.6cm in longest axis and
SUVmax 14.8. No invasion
into surrounding structures.

Primary tumour has not
significantly changed in size
— 2.6cm - but SUVmax has
reduced to 10.9.

4

T1N2bMO Squamous
cell carcinoma left
base of tongue

Not available

MRI — 18mm enhancing mass arising in
the left tongue base and bulging into the
left vallecula. Numerous necrotic left
sided lymph nodes

Left base of tongue primary
tumour 2.5cm in longest
axis. SUVmax 13.3.

Primary has not significantly
changed in size —2.5cm — but
there is an interval reduction
SUVmax to 4.1.

Table 3.3 Clinical and radiological characteristics of the 4 Pilot Study cases
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Fig 3.1 Waterfall plots demonstrating the difference in mean dose received by OARs in non-adapted pilot study
plans as a result of implementing a planning class solution optimized to reduce dose to SWOARs (OPTIMISED
plans) compared to a planning class solution not optimized for the SWOARs (NON-OPTIMISED plans). * Optimal
dose constraint met as a result of optimisation

Key: OC = Oral Cavity, SPCM = Superior pharyngeal constrictor muscle, MPCM = Middle pharyngeal constrictor
muscle, IPCM = Inferior pharyngeal constrictor muscle, SG = Supraglottis, G = Glottis, C/L PG = Contralateral
parotid gland, I/L PG = lIpsilateral parotid gland, C/L SMG = Contralateral submandibular gland, I/L SMG =

Ipsilateral submandibular gland

3.3.2 Quantifying tumour responses using SUVmax on interim iPET-CT scans after 2
weeks of chemoradiation in pilot study patients.

An SUV max of 2.5 or higher is generally considered indicative of malignancy although a range
of values are reported. It is also widely recognised that non-malignant tissue can have SUV

max of over 2.5, in addition to malignant tumours having values below 2.5. In all 4 cases, the

128



SUVmax

primary demonstrated an SUVmax value on prePET consistent with malignancy (123). In all 4
pilot study cases, the SUVmax of the primary tumour was reduced after 2 weeks of

chemoradiotherapy (range of SUVmax 23.5 — 84%; mean 50.7%) (Fig. 3.2).
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Fig 3.2 SUVmax of primary tumours on prePET and iPET for the 4 pilot study cases

3.3.3 Changes in PET-avid primary tumour volumes on interim iPET-CT scans after 2
weeks of chemoradiation in pilot study patients.

The PET-avid GTV reduced in volume in Cases 1 and 2 by 66.12 and 33.98%. For cases 3 and 4,
which had much smaller bGTV_preP volumes, the volume increased by 2.64 —4.44% (Fig. 3.3).
The reduction in size for cases 1 and 2 is demonstrated on the axial and sagittal CT components
of the prePET-CT and iPET-CT (Fig. 3.4 and 3.5) and reflected in the PTV, which is created by
GTV expansion (Fig. 3.6, 3.7, 3.8).
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30 Fig. 3.3 Graphical representation of the change
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Fig 3.4 Transverse and sagittal slices of prePET (a+b) and iPET (c+d) CT components for case 1. GTV_P outlined in

red, bGTV_iP outlined in blue.
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Case 2

Fig 3.5 a — d Transverse and sagittal slices of prePET-CT (Fig. 3.5 a+b) and iPET-CT (Fig. 3.5 c+d) CT components for
case 2. High dose GTV_P outlined in red, bGTV_iP in blue

3.3.4 Changes in high dose primary PTVs in Pilot Study cases 1 - 4

The volume of the high dose PTV_P is reduced in Phase 2 across all 4 cases with a mean of
33.97% (range 9.5 — 56.74%). The largest percentage reductions are seen in case 1 and 2,

which also had the largest PTV_P volumes prior to starting radiotherapy. It is feasible to adapt
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Volume cm?

radiotherapy based on tumour (GTV_P) response to head and neck radiotherapy seen on

iPETCT.
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Fig 3.6 Graphical representation of the change in high dose PTV_P after 10 fractions of chemoradiation for the 4
cases from Leeds. Volume of high dose PTV_P on prePET-CT (blue) and iPET-CT (orange).

Case 1l
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C d
Fig. 3.7 a — d Transverse and sagittal slices of prePET-CT (Fig. 3.7 a+b) and iPET-CT (Fig. 3.7 c+d) CT components for

case 1. PTV1_P outlined in green, bPTV_P in yellow

Case 2
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C d
Fig 3.8 a-d Transverse and sagittal slices of prePET-CT (Fig. 3.8 a+b) and iPET-CT (Fig 3.8 c+d) CT components for
case 2. PTV1_P outlined in green, bPTV1_P in yellow.

3.3.5 Modelled dosimetric changes resulting from PEARL adaptive in pilot study cases

Fig. 3.9 cand d is an example of changes in dose distribution following re-planning to the new
primary target volumes after 2 weeks of chemoradiation. The 95% (orange) isodose lines
demarcate a smaller area around the primary site in phase 2. There is a shrinkage of the
isodoses particularly around the medial and anterior aspect of the high dose PTV in Fig. 3.9 ¢
and d corresponding to the tumour response and reduction in the GTV_P demonstrated in Fig.

3.9 and b.

9a 9b
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Fig 3.9 a — d Axial CT slices showing primary and nodal CTVs for Phase 1 (Fig. 3.9a) and Phase 2 (Fig. 3.9b) of
ADAPTIVE and the corresponding plans (Fig. 3.9c and Fig. 3.9d) for Case 2. Isodose level key demonstrated in fig.

3.9e for percentage of prescribed dose.

3.3.6 Comparison of the OPTIMISED and ADAPTIVE plan for pilot study cases

The ADAPTIVE plan reduced the mean dose to SWOARS consistently across all 4 pilot study
cases by a mean of 3.1Gy per SWOAR (range 0.6 — 7.47 Gy) (Table 3.4 and Fig. 3.10). The
greatest reductions were seen in the glottis and supraglottis. In Case 3, the optimal dose
constraint to the supraglottis was met as a result of ADAPTIVE planning (mean dose 54.63Gy).
The optimal dose constraint for the glottis had already been met by OPTIMISED planning for
all cases but was further reduced by ADAPTIVE. There were reductions in mean dose to the
pharyngeal constrictor muscles (SPCM range 0.6 — 3.42Gy, MPCM range 1.63 — 2.61Gy, IPCM

range 1.92 — 4.61Gy) but no additional dose constraints were met as a result.
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The impact on the major salivary glands was more variable and of generally smaller magnitude
(range 0.15 —2.89Gy). In Case 1, the optimal dose constraint to the contralateral parotid gland
was met due to the ADAPTIVE planning (mean dose 23.48Gy). The contralateral
submandibular gland had the most consistent benefit from ADAPTIVE with the mean dose

reduced in 3 out of the 4 cases (range 0.56 — 2.64Gy).
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Case | Oral Cavity SPCM MPCM IPCM Supraglottis Glottis
OoP AD AD-OP opP AD AD-OP OP AD AD-OP OP AD AD-OP | OP AD AD-OP | OP AD AD-OP

1 2899 |30.22 |1.23 57.27 | 5477 |-25 61.83 | 59.57 |-2.26 4233|3870 |-363 |6291 |5662 |-6.29 |39.83 |35.09 -4.74
2 36.96 34.22 | -2.74 60.65 57.23 -3.42 57.08 55.18 -1.9 43.02 | 40.63 -2.39 51.58 46.16 -5.42 42.75 40.69 -2.06
3 32.74 30.23 | -2.51 48.54 46.84 -1.7 58.34 56.71 -1.63 44.56 | 42.64 -1.92 57.03 54.63 -2.4 35.11 33.66 -1.55
4 26.55 27.49 | 0.94 43.52 42.92 -0.6 60.45 57.84 -2.61 43.53 | 38.92 -4.61 60.07 57.99 -2.08 38.87 314 -7.47

Case | C/L parotid I/L parotid C/LSMG I/L SMG

OP AD AD-OP OP AD AD-OP (0] AD AD-OP OP AD AD-OP

1 26.37 23.48 -2.89 37.98 41.26 3.38 61.14 58.5 -2.64 62.95 63.92 0.97

2 28.31 29.6 1.29 35.24 35.95 0.71 53.17 53.73 0.56 65.28 64.35 -0.93

3 29.91 28.88 -1.03 50.6 50.89 0.29 52.26 51.33 -0.93 64.6 65.39 0.79

4 25.85 24.62 -1.23 45.41 46.31 0.9 50.4 49.18 -1.22 65.19 65.04 -0.15

Table 3.4 Absolute values and change in mean dose (Gy) to SWOARS and major salivary glands for ADAPTIVE (AD) compared to OPTIMISED (OP)

for the pilot study cases. Blue shading demonstrates a reduction in mean dose to OAR with ADAPTIVE.
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Fig 3.10 Waterfall plot demonstrating change in mean dose received by OARs in pilot study plans as a result of

ADAPTIVE compared to OPTIMISED.

* Optimal dose constraint met as a result of ADAPTIVE planning.

Key: OC = Oral Cavity, SPCM = Superior pharyngeal constrictor muscle, MPCM = Middle pharyngeal constrictor
muscle, IPCM = Inferior pharyngeal constrictor muscle, SG = Supraglottis, G = Glottis, C/L PG = Contralateral
parotid gland, I/L PG = Ipsilateral parotid gland, C/L SMG = Contralateral submandibular gland, I/L SMG =

Ipsilateral submandibular gland

3.3.7 Changes in salivary gland volumes on interim PET-CT (iPET-CT) compared to pre-
treatment PET-CT

In general, there is shrinkage in the volume of all major salivary glands across all 4 cases. The
exceptions are case 3 where all the glands increased in volume, and the contralateral parotid

gland which increased in volume in all cases apart from case 1.
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CASE contralateral ipsilateral contralateral ipsilateral
parotid gland | parotid gland | submandibular | submandibular gland
gland
1 -12.67 -1.2 -9.27 -20.53
2 12.03 -1.09 -5.92 -12.23
3 2.28 4.9 16.92 29.3
4 2.9 -6.05 -12.51 -10.4

Table 3.5 Modelled Percentage change in volume of contralateral and ipsilateral parotid and submandibular
glands using anatomical information from CT component of iPET-CT compared to CT component of pretreatment

PET-CT

3.4 Discussion

To inform the PEARL clinical trial development and set up, | conducted an exploratory
modelling planning study using PET-CT datasets from an external centre to model theoretical

dose distribution to target volumes and OARS as a result of ADAPTIVE planning.

| defined the standard radiotherapy planning method as OPTIMISED planning, which considers
dose to SWOARS, for comparison to ADAPTIVE.

The pilot study demonstrated that an iPET-CT performed after 2 weeks of chemoradiotherapy
can demonstrate a biological response to treatment through reduction in SUVmax, and
volume of the FDG-avid primary tumour in the two largest tumours. The study also showed
the feasibility of adapting radiotherapy based on this response, and that there are dosimetric
advantages in doing so, to the OARs implicated in dysphagia (superior/middle/inferior
pharyngeal constrictor muscles, supraglottis, glottis, and oral cavity) and xerostomia (parotid

and submandibular glands).
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3.4.1 Impact of considering dose constraints to SWOARS in modelled planning

process: OPTIMISED versus NON-OPTIMISED

As mentioned in Chapter 1, in 2020 the DARS study (NCT 25458988) was the first randomised
study to demonstrate improved functional outcomes from dysphagia-optimised IMRT which
included a mandatory dose constraint to the pharyngeal constrictor muscles (DO-IMRT) (40).
There are important differences between the contouring the pharyngeal constrictor muscles

in DARS and in PEARL.

1. PEARL requires the superior, middle and inferior pharyngeal constrictor muscles to be
contoured as separate OAR volumes. Optimal dose constraints to the superior and
middle pharyngeal constrictor muscles in PEARL are identical; a mean dose < 50Gy. For
the inferior pharyngeal constrictor muscle, the optimal dose constraint is a mean dose
of < 20Gy.

2. Optimal, and not mandatory dose constraints are set to all SWOARs in PEARL, and only
oropharyngeal primaries are included.

3. DARS reports dose to the OAR volume that remains once the primary PTV is subtracted
from the pharyngeal constrictor. PEARL reports mean dose to the entire constrictor
including regions within the primary PTV.

4. DARS includes both oropharyngeal and hypopharyngeal primaries and specified how
the constrictor muscle OARs were contoured according to the site of the primary. For
OPSCC, the superior and middle pharyngeal constrictor muscles were delineated as
one OAR volume with a mandatory dose constraint to the region of OAR outside of the
primary PTV. For hypopharyngeal primaries, DARS delineated the inferior pharyngeal

constrictor muscle as the OAR with a mandatory dose constraint.

To assess the impact of ADAPTIVE planning as per the PEARL protocol compared to
nonadaptive radiotherapy, | had to first define a standard radiotherapy method so that any
advantage seen with the ADAPTIVE plan could be ascribed to the adaptive element of PEARL

alone. In my pilot study, | compare the dosimetry between a non-SWOARs optimised method
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(NON-OPTIMISED), and a SWOARs optimised method as per the PEARL protocol dose
constraints (OPTIMISED) to assess what, if any dosimetric advantage optimising for SWOARs

conveyed.

Overall, the general trend was a reduction in mean dose to SWOARs and the major salivary
glands across all 4 cases with OPTIMISED planning. Dose to the glottis demonstrated the
largest and most consistent reduction with OPTIMISED overall (Fig. 3.1) with a mean reduction
in the mean dose of 1.9Gy (range 1.22 — 2.48Gy). The optimal dose constraint for the glottis
had already been met by the NON-OPTIMISED plans in all cases.

Mean dose to the oral cavity was also reduced by a mean of 1.28Gy (range 0.45 — 2.87Gy) and
in Case 1, the optimal dose constraint was met in the OPTIMISED plan. There was a smaller
change to the mean dose to the superior and middle pharyngeal constrictor muscles in all
cases. For Cases 3 and 4, the mean dose was already less than the optimal dose constraint
using NON-OPTIMISED but for cases 1 and 2, OPTIMISED did not bring the superior pharyngeal
constrictor muscle mean dose below the <50Gy objective. None of the cases achieved the
dose constraint for middle pharyngeal constrictor muscle with either NON-OPTIMISED or
NON-OPTIMISED due largely in part to the position of the high dose primary PTV which

overlapped with the middle pharyngeal constrictor muscle volumes.

The optimal dose constraint placed on the contralateral parotid gland (mean dose <24Gy) was
not met in Cases 1- 4 with either NON-OPTIMISED or OPTIMISED. In general, there was not
much improvement in dose to the contralateral parotid in any of the cases by applying
OPTIMISED (Fig 3.1). This is to be expected given that the NON-OPTIMISED method already
includes the contralateral parotid gland in its optimization priorities. What is reassuring is that
in all cases apart from Case 3, there was not an increase in mean dose to the contralateral

parotid gland as a result of optimising dose to the SWOARs.
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As a result of the improved dosimetry for the glottis and oral cavity, without any sizeable increase
in mean dose to other OARS, we selected OPTIMISED as our standard non-adaptive radiotherapy
plan to use for comparison to ADAPTIVE. OPTIMISED will be referred to as the ‘NON-ADAPTIVE’

plan for the remainder of the thesis.

3.4.2 SUVmax response of primary tumour

All four pilot study cases demonstrated varying degrees of SUVmax reduction in the primary
tumour on iPET compared to the prePET in keeping with a metabolic response to treatment.
The largest response in the primary disease was seen in case 1 with a relative reduction in
SUVmax of 84% (Table 3.2). Case 1 also started with the highest prePET primary SUVmax
(21.9), and the largest volume of disease (4.8cm) (Fig. 3.3). These results should be interpreted
with a degree of caution as the number of cases is so small, and other factors can influence
the SUVmax. The volume of a tumour can have an impact upon the SUVmax due to the Partial
Volume Effect. Soret et al (119) explains that two components of the Partial Volume Effect can
influence the SUV and alter its value. The first component is the 3D image blurring. This is a
consequence of the detector design and reconstruction process which limits the spatial
resolution capabilities of the imaging system. 3D image blurring can distort the 3D shape of
the structure in question and result in smaller volumes appearing larger and with a lower
SUVmax than they really have. The second component is image sampling. This relates to the
discordance between the sampled radiotracer on a voxel grid and the actual contours of the
area the tracer involves. This is compounded by most voxels containing different types of
tissue. “Spilling out” and ‘spilling in” of the tracer throughout voxels peripheral to the target
can lead to active parts of a tumour appearing less aggressive and necrotic areas looking more
active. The overall Partial Volume Effect can be challenging to predict as the spilling out is
rarely balanced by the spilling in. A certain amount of mitigation against Partial Volume Effect
can be performed by ensuring a large enough volume is drawn around the tumour as Partial

Volume Effect doesn’t affect the total activity of the tumour.
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In addition to SUV signal, the Partial Volume Effect can also have an impact upon the apparent
size of the tumour. The actual tumour volume may well be larger than the metabolically active
part due to the limits of spatial resolution of fused PET-CT. Likewise, the CT aspect doesn’t
always include the entire metabolically active part of the tumour as it is restricted to

demonstrating the attenuating properties of the tumour only.

Whilst Partial Volume Effect can impact upon the tumour’s perceived size, the size of the
tumour can conversely impact upon the influence of Partial Volume Effect. Smaller tumours
can produce underestimations of the uptake value and so different sized tumours with the
same uptake value may produce images with different degrees of brightness, leading to
changes in the apparent uptake. Several studies have shown a non-linear correlation between
SUV and tumour size; small tumour appearing less aggressive than they are. This is important
to bear in mind when interpreting tumour response on PET. If the size of the tumour shrinks,

it could give the impression that the SUV has reduced more than it has.

3.4.3 Volumetric response of primary tumour

In all four cases, the bGTV_P reduced in volume on iPET compared to prePET. The largest
baseline GTV_P, in case 1, had the largest absolute and relative reduction in volume (71.99%)
whereas Cases 3 and 4 had much more subtle reduction of 7.54% and 9.27% respectively. The
largest GTV_P volume response correlated with the largest SUV response in the example of
Case 1 but the other cases did not demonstrate this relationship. There remain many
guestions around why some tumours respond better, or faster than others during

radiotherapy. Many published studies report differential responses on mid treatment PET-CT.

Not only was there variation in the magnitude of volumetric response, but there were also
differences in how the GTV_P reduced in terms of its gross morphology. Case 1, a T4a base of

tongue/vallecula tumour reduced in size predominantly in the craniocaudal dimension. Case
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2, a smaller T2 base of tongue tumour shrunk more significantly in the transverse dimension.
In theory both directions of shrinkage could result in a lower dose to the OARs and subsequent
reduction in toxicity. A craniocaudal reduction will reduce the length of pharynx receiving a
higher dose of radiation and a transverse reduction could reduce dose to parotid glands and,

depending on the degree of shrinkage, spare normal tissue on the contralateral side.

There is a paucity of published data concerning the change in shape of a tumour as it responds
to radiotherapy. It is of interest because changes in tumour volume, in addition to other
anatomical changes such a weight loss, will impact upon the dosimetry to the surrounding
tissues. Random motion during a course of radiotherapy can cause a blurring of dose
distribution but systemic changes can lead to a shift of dose. This can lead to under treatment
of the target or overdosing to critical structures. The anatomical changes due to tumour
response are not only longitudinal but are progressive and may well impact more upon

dosimetry than random or systematic changes.

Most publications concern computerised modelling using CT scans and look at ways to predict
shape change, rather than comment on the actual way the tumour changes shape. One study
(120) that gave information on changes of the actual tumour dimensions during radiotherapy
looked at the primary or nodal disease of 14 head and neck cancer patients with GTVs over
4cm. They performed 3 CT scans a week during treatment and determined the volume and
positional changes relative to a central bony reference point. Overall, the centre of mass of
the shrinking tumours changed position with time suggesting the GTV reduction was
asymmetrical. At completion of treatment, the median centre of mass displacement was
3.3mm (0 — 17.3mm) and the GTV volume reduced by 1.8% a day (0.2 — 3.1%). Contrary to
this, Takao et al (121) studied pathological lymph nodes in 6 patients using surface geometry
mapping. During treatment with 66 — 70Gy in 2Gy/F, they concluded that the tumours reduced
uniformly. Yock et al (122) looked at whether the morphological pattern of tumour response
could be predicted. A total of 35 tumour volumes were studied, 17 primary and 18 nodal.
Morphologies were mapped using landmarks at the surface. 3 computer models were used to

forecast the changes in morphology during 70Gy of radiotherapy and concurrent
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chemotherapy. The models were able to anticipate longitudinal changes and to some extent
characterise the patient specific response. A greater understanding of how tumours reduce in
size and volume and whether there is any correlation with stage or site of primary could help

improve treatment verification in future and refine PTV margins.

Interestingly, in addition to size and SUV uptake, the Partial Volume Effect also depends upon
the shape of the volume. A compact shape has a lower surface area: volume ratio and forms
a shape closer to a sphere. The less compact a shape is, the more susceptible it is to being
affected by the Partial Volume Effect as a larger part of the volume is close to the edge of the

tumour and so more prone to the spilling in/out phenomenon.

3.4.4 Dosimetric impact of ADAPTIVE plans on Organs At Risk

Apart from the contralateral parotid in Case 2, the mean dose to the superior and middle
pharyngeal constrictor muscles, the supraglottis, glottis and contralateral parotid gland was
reduced by adaptive planning using the PEARL protocol. Case 1 contralateral parotid gland
achieved the optimal dose constraint (mean dose < 24Gy) by adaption, with a reduction in
mean dose of 2.89Gy, from 26.37Gy to 23.48Gy. This was an unexpected benefit of adaptation,
as the contralateral parotid gland was already considered in the optimisation of the NON-

ADAPTIVE plan.

Case 2 was a T2N2b right base of tongue tumour that crossed the midline and involved the
nodes on the ipsilateral side. The dose to the contralateral parotid increased in this case
despite a reduction of the primary tumour volume in the transverse dimension (Fig. 3.5). One
possible factor is that the re-contoured volume of the contralateral parotid increased by

12.03% (Table 3.4), which increased its proximity to the high dose volume.
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Case 1 T4aN1
Base of

tongue/vallecula

All mean doses across the OARs were reduced in case 1 apart from the oral cavity.
Apart from the contralateral parotid gland, no other OARs were brought into
tolerance by the ADAPTIVE plan, although all the SWOARs had a reduction in dose.
This may reflect the magnitude of response seen on iPET; Case 1 had

the largest absolute and percentage change in PTV_P volume on iPET (61.94cm?3,

56.74%) as well as reduction in SUVmax (from 21.9 to 3.3, an 84% reduction).

ADAPTIVE reduced the mean dose in all OARs apart from the contralateral parotid
gland, as previously mentioned. The largest impact seen on the superior pharyngeal
constrictor muscle (3.42Gy). The superior pharyngeal constrictor muscle remained
over the optimal dose constraint. Case 2 had the second largest reduction in PTV_P
volume on iPET (32.52cm?3, 41.35%) and a modest SUVmax reduction of 2.8 (11.9
to 9.1).

SqCC

Case 2 T2N2b
Right base of
tongue SqCC
Case 3 T2N2b
Right base of

tongue SqCC

ADAPTIVE reduced the mean dose in all SWOARs, despite the modest reduction in
the PTV_P volume on iPET (3.25cm3). The mean superior pharyngeal constrictor
muscle dose was already in tolerance from the OPTIMISED plan and was reduced
from 48.54Gy to 46.84Gy. All other SWOARs mean doses remained over the optimal

dose constraint.

Case 4 TIN2b Left
base of tongue

SqCC

ADAPTIVE reduced the mean dose in all SWOARs. The most marked reduction was
seen in the glottis. This may be due in part to the reduction in the cranio-caudal
dimensions of the PTV_P. Case 4 had the third largest reduction in PTV_P volume
(7.21cm3, 28.3%).

Table 3.6 Summary of impact of ADAPTIVE on dose to OARs
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One limitation to my analysis of the impact of ADAPTIVE planning is that | compare it to NON-
ADAPTIVE plans which are single phase treatments based on the pre-treatment PET-CT (preCT-
PET). The NON-ADAPTIVE plans do not account for changes in anatomy during treatment and
may well generate more favourable dosimetry to OARs across the 6 weeks of chemoradiotherapy
than is the case. A greater magnitude of impact by ADAPTIVE may be seen by comparing the
phase 2 of ADAPTIVE treatment, to NON-ADAPTIVE plans transferred onto iPET-CT. At the time
of my data gathering, this was not a feasible option as resource constraints meant that
experienced planners were not available to collaborate on this work with me. Whilst | have
trained in head and neck VMAT planning, | am unlikely to produce plans of the standard of
experienced planners. This would have created bias in my results. It is important to note however,
that in everyday clinical practice, we make decisions to accept plans based on dosimetry
calculated on the pre-treatment planning scan alone in many cases. Since my initial work on the
pilot study for PEARL, physics colleagues Dr Philip Wheeler and Dr Salvatore have presented
modelled data using the phase 2 comparisons | have outlined above. | will summarise their work

in Chapter 8.

3.4.5 Salivary gland volume changes

Several studies have tracked the size and position of the parotid glands during radiotherapy
treatment. The general expectation is for parotid glands to shrink and move medially as the
radiation dose received builds up. This has implications for parotid sparing in head and neck
cancer radiotherapy as the glands tend to move closer to the high dose volume. Barker et al

(124) demonstrated parotid gland volume reduced on average by 0.19cm3/day (0.04 —
0.84cm3) and shifts medially by 3.1mm over the course of treatment. This correlated with
patient weight loss. Similar findings were published by Castelli et al (125). Brouwer et al (126)
who performed a systematic review of publications reporting anatomical changes of OARs in
head and neck cancer radiotherapy treatment. Again, the most common anatomical change
was a reduction in parotid gland volume and a medial shift of the whole parotid gland.
Ricchetti et al (127) performed weekly kV CT on 26 patients and by week 7 the average

absolute change in parotid volume was 10ml, the largest relative change was 30%. Some
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studies found there was also carinal and dorsal shift. Unfortunately, there was little reference
to whether the glands studied were ipsilateral/contralateral to the primary tumour being
treated, and whether the treatment involved high dose radiotherapy to both sides of the neck
or just unilaterally. Sanguineti et al (128) found that parotid gland shrinkage was not linearly
distributed throughout radiotherapy, and that most of the volume change occurred during the
first half of the treatment course. The average dose increased to the parotid glands because
of these anatomical changes, across all 24 papers reviewed, was 2.2Gy +/- 2.6Gy. Depending
on what the intended dose was, an increase of 2.2Gy to the parotid could be significant and
move a mean dose into a higher risk bracket for xerostomia. No clear relationship was found
between weight loss, parotid volume loss and parotid gland dose; but volume loss and an

increased parotid dose had the strongest association.

There is far less information available on radiation induced submandibular gland changes.
Brouwer’s review concluded submandibular gland lose an average of 22% of their volume by
the end of a radical course of head and neck radiotherapy. Wang et al (129) demonstrated
significant correlation between planned submandibular gland dose and volume reduction and
concluded irradiated submandibular glands tended to move superiorly as well as medially

which may result in them having a closer proximity to the high dose region.

The change in volume of the salivary glands is hard to appreciate on cross-sectional imaging.
The absolute differences in volume (V) are small; if we assume the glands are spherical-like in

shape, the calculation of a sphere is V=4/371r3, the r (radius) is an even smaller component.

In the 4 pilot study cases, there was no unifying pattern of volumetric change for the parotid
or submandibular glands. Generally, most glands showed a degree of shrinkage on the CT
component of the iPET-CT; the submandibular glands had a greater percentage reduction in
volume than the parotids. The exception to this was case 3 which demonstrated enlargement
of all 4 major salivary glands. This could be indicative of early radiation induced inflammation.
One limitation of our pilot study, however, was that the majority of the OAR delineations were

transferred across from the baseline planning PET-CT scan and adjusted on the iPET-CT, rather
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than being re-contoured. It may be there is an element of inaccurate delineation or poor
volume reconstruction. Based on this, we stipulated in the PEARL trial protocol that all OARS
should be reviewed and re-contoured for phase 2 if the conformation is poor on transfer of

the OAR volumes from phase 1 to phase 2.

There are 2 possible reasons for the higher degree of submandibular gland volume reduction
versus the parotid. The first is that the Leeds planning system may have been optimized to
prioritise a reduced dose to the contralateral parotid gland and so it may be that more dose
was deposited by the clinical plans more inferiorly at the level of the submandibular glands.
Alternatively, because the primary and nodal disease are commonly in closer proximity to the
submandibular glands than the contralateral parotid gland, they are exposed to higher doses
due to their position. | do not have the delivered dosimetric data for these cases so was unable

to correlate volume change to the actual dose the salivary glands received.

In all cases apart from Case 1, the contralateral parotid gland increased in volume with
treatment. The increase in size of the contralateral parotid gland may be due to inflammatory
effects as it has occurred at an early timepoint to be explained by compensatory mechanisms.
One explanation for the shrinkage of the contralateral parotid in case 1 may be the higher
dose it received. Case 1 has the largest high dose PTV which crosses the midline, so the

contralateral parotid is likely to have been exposed to a high dose.

3.5 Conclusion

| have demonstrated that optimising radiotherapy plans to consider dose to SWOARs, and
adapting radiotherapy plans as per the PEARL protocol, have dosimetric advantages. As a

result, both methods were taken forward as the standard comparator and the intervention.
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Adapting the radiotherapy plan based upon the primary GTV response on iPET reduced most
of the dose parameters to the SWOARs in all 4 pilot cases. Crucially, the mean dose was
consistently reduced, with a very few exceptions. In some cases, optimal constraints were met
when the ADAPTIVE planning was applied. The greatest impact of adaptation was seen in case
1, which demonstrated the largest volumetric, and SUVmax reduction of the bGTV_P. For the
other cases there were other aspects to consider, such as the position and size of the primary

tumour, as well as its pattern of volume reduction.

Whilst | have demonstrated a broad benefit of adaptation as per the PEARL Study, further
cases and more data is required to make more specific conclusions and recommendations for
future treatment. My next chapter applies ADAPTIVE planning to the first 4 patients
prospectively recruited to the PEARL study, to determine whether there is a continued
dosimetric benefit to adaptive radiotherapy within the context of real-world patients recruited

to a clinical trial.
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Chapter 4: Evaluating tumour response
and the dosimetric impact of the PEARL

protocol in the first four patients
recruited to the PEARL clinical trial.
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4.1 Introduction

By modelling plans for the Leeds datasets, the PEARL pilot study outlined in Chapter 3
demonstrated the feasibility of adapting the high dose primary GTV to the FDG avid volume
remaining after 2 weeks of chemoradiotherapy. This pilot study also produced objective
evidence that adapting radiotherapy as per the PEARL Study protocol, reduced mean dose to
OARs associated with toxicity detrimental to quality of life including the superior and middle
pharyngeal constrictor muscles, the supraglottis, glottis and contralateral parotid gland. In
addition, the optimal dose constraint was reached as a result of adaptation for a proportion

of OARs across the pilot study cases.

The PEARL study opened at its first centre, Velindre University NHS Trust, in January 2020. 4
patients were recruited within the first 3 months. Recruitment was subsequently suspended
for over 4 months in response to the re-prioritisation of resources within the NHS during the
COVID pandemic. In this chapter | present the dosimetric data from these first 4 patients
treated on ADAPTIVE plans and compare it to modelled NON-ADAPTIVE plans.

Once PEARL recruitment was open again, the pace of accrual was limited by constraints on
numbers of patients that could be accommodated by the radiotherapy department due to the
ongoing effects of the pandemic on the department. Other sites due to open PEARL were

delayed due to research resources prioritising COVID-related studies.

Subsequent workforce restrictions at Velindre University NHS Trust, in addition to my secondment

back to clinical work during the pandemic, impacted on my ability to deliver the original research

plan for my MD work. Consequently, | adapted my research plan to accommodate these changes

and developed new research questions. One alteration involved the replacement of manual

planning with automated planning to produce modelled NONADAPTIVE plans using a novel in-

house automated planning system, EdgeVCC. These NONADAPTIVE plans were compared to the

manually planned ADAPTIVE plans PEARL patients were treated on. Because of this alteration, in
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this chapter | include an assessment of whether automated planning results in dosimetric

differences compared to manual planning.

4.1.1 Objectives

1. To apply the novel PEARL adaptive radiotherapy protocol to treatment planning in an NHS
clinical setting and deliver ADAPTIVE plans to patients prospectively recruited to the PEARL
study.

2. Quantify tumour response seen on iPET-CT after 2 weeks of chemoradiotherapy within the
PEARL Study with regards to the size of the primary FDG-avid tumour volume, and its
intensity of FDG uptake.

3. Model the potential impact of using a novel in house automated planning technique
(EdgeVCC) compared to manual planning in PEARL study patients.

4. Investigate the dosimetric impact of ADAPTIVE plans by reviewing the mean dose received
by OARs associated with xerostomia, dysphagia and comparing to NONADAPTIVE plans.

5. Quantify impact of 2 weeks of chemoradiotherapy on the volume of major salivary glands.

4.2 Methods

4.2.1 Prospective recruitment of the first patients to the PEARL Study

The PEARL Study opened to recruitment in January 2000 at the Velindre University NHS Trust.
Patients presented at the Southeast Regional Head and Neck Multidisciplinary Meeting are
screened for eligibility. The first 4 patients eligible for recruitment accepted the study and have

their planning PET-CT scan (pre_PET-CT) performed at The PETIC Centre at Cardiff University.
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The PEARL study radiotherapy protocol is subsequently applied, and the patients are treated
with ADAPTIVE plans as set out in the PEARL study protocol (Chapter 2). Manual planning was

used to generate the ADAPTIVE plans these patients were treated on.

4.2.2 Assessment of tumour metabolic response and the impact on the volume of

primary tumour targets after 2 weeks of chemoradiotherapy

4.2.2.1 Defining the biological GTV (bGTV)

The biological GTV (bGTV) is defined as the region of primary tumour avid on PET-CT and

consists of the high FDG uptake volume based upon suitable windowing levels.

In preparation for defining the biological Gross Tumour Volume (bGTV), the PET-CT is reviewed
by myself in collaboration with Dr Nicholas Morley, Consultant in nuclear medicine. PET and
CT components of the scans are reviewed with any relevant clinical information to inform
review of the bGTV e.g., to distinguish tumour uptake from physiological uptake or causes for
increased FDG uptake such as any infective/inflammatory causes. In addition, a volume
produced by automated contouring with the ATLAAS software (bGTV_ATLAAS) is used to

inform the final manually contoured bGTV (described fully in Chapter 2).

4.2.2.2 Tumour response according to biological GTV (bGTV) volume

The volume of the primary tumour bGTV on the baseline PET-CT (bGTV_preP) is compared to
the volume of the primary tumour bGTV on the PET-CT performed after 2 weeks of

chemoradiotherapy (bGTV_iP). Volume measurements calculated by RayStation are recorded.

4.2.2.3 Tumour response according to SUVmax
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| use the change in SUVmax of the bGTV_P on the prePET and iPET as a surrogate for tumour
response, in addition to the change in the PET-avid volume. For each case, metabolic tumour
response is calculated by comparing the SUVmax for the primary tumour reported by Dr
Nicholas Morley, nuclear medicine expert, on the PET component of the pre-PET-CT and
iPETCT. The PET-avid primary target volume for each case is defined following the PEARL
protocol were calculated within Raystation for the biological GTV on the pre-treatment
planning PETCT (bGTV_preP) and biological GTV on the interim PET-CT scan performed after 2

weeks of chemoradiotherapy (bGTV_iP).

4.2.3 Contouring of target volumes and organs at risk

The target volumes and OARs for each of the 4 patient cases are contoured as per the PEARL
protocol described in Chapter 2. The primary and nodal GTV, clinical target volumes (CTV),
planning target volumes (PTV) and organs at risk (OARs) are contoured by me and Dr Thomas
Rackley, Consultant Clinical Oncologist and Co-Chief Investigator for PEARL, then manually
planned by Dr Owain Woodley, a Velindre radiotherapy planner with clinical guidance from

myself and Dr Thomas Rackley.

The schematic previously presented in Chapter 2 is shown again below in Fig. 4.1,
demonstrating the expansion of the primary and nodal GTVs for the ADAPTIVE plans as per
the PEARL protocol. ADAPTIVE uses 5 dose/fraction levels in phase 2 to reduce the total dose
to PTV1_P and PTV2_P. The dose levels for ADAPTIVE and NON-ADAPTIVE plans are outlined
in Table 4.1.
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Phase 1 Phase 2

CTV2_N

Phase 2

The dose/fraction to the prophylactic nodal level is not altered between Phase 1 and Phase 2

and is treated at 1.63Gy per fraction across both phases

Colour key of dose per fraction

[ LY ] 163Gy
[ ] 1.8Gy ] 136y
[ ] 1.67Gy

Fig. 4.1 Schematic diagram representing the different dose per fraction levels for phase 1 and phase 2 for the

primary and nodal CTVs in ADAPTIVE. Note there is no adaption of the nodal volumes between phases.
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Primary CTV | Number Dose/fraction to | Total dose
definition of high dose PTVs | to PTVs (Gy)
fractions | (Gy)
NON- GTV+5mm 33 2 66
ADAPTIVE GTV+10mm 33 1.82 60
ADAPTIVE
Phase 1 GTV+10mm 15 2 30
Phase 2 bGTV+5mm 18 2 36
GTV+5mm 18 1.67 30
GTV+10mm 18 1.3 54

Table 4.1 Dose levels for the primary CTVs for ADAPTIVE and NON-ADAPTIVE radiotherapy plans

4.2.4 ADAPTIVE plan generation

ADAPTIVE plan generation including the planning prioritisation of non-critical OARs and
definition of mandatory dose constraints followed the PEARL Study protocol developed in

chapter 2. Dose levels to target volumes are summarised in Fig. 4.1.

4.2.5 Dosimetric impact of adaptive radiotherapy on mean dose to OARs: ADAPTIVE
plans compared to NON-ADAPTIVE plans

To demonstrate the dosimetric impact of different planning methods, | focus on the mean
dose of radiotherapy (Gy) received by the SWOARs, contralateral parotid and contralateral
submandibular glands over the course of treatment. | also look at whether optimal dose

constraints are met as a result of the adaptation compared to non-adaptive plans
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Identical optimal dose constraints for SWOARS and contralateral parotid and submandibular
glands are used for NON-ADAPTIVE and ADAPTIVE plans and are previously described in
Chapter 3, Table 3.2.

In order to evaluate the dosimetric impact of ADAPTIVE plans in the first 4 patients treated
within the PEARL study, we generated modelled NON-ADAPTIVE plans for comparison.
Manually generating NON-ADAPTIVE plans for comparison with ADAPTIVE plans were not
feasible at the time due to COVID workforce constraints within the physics department.
Instead, an automated planning solution developed in-house at Velindre, EdgeVCC (described
in Chapter 1) alongside the physics team led by Dr Philip Wheeler, was used to produce
modelled NON-ADAPTIVE plans for each PEARL patient. These are referred to in this chapter

as ‘NON-ADAPTIVE_AUTO’ plans, to distinguish them from manually planned equivalents.

| had been involved in developing the automated solution for head and neck planning
(EdgeVCC, described in Chapter 1), alongside the physics team led by Dr Philip Wheeler at
Velindre University NHS Trust, to produce modelled non-adaptive plans for each PEARL patient
(NON-ADAPTIVE_AUTO).

| was the clinical reviewer in the EdgeVCC team in the development of the automated planning
protocol for head and neck NON-ADAPTIVE_AUTO plans. We used the Leeds datasets from
the PEARL pilot study to develop the head and neck automated planning protocol and used it
to generate automated plans for the first 4 patients recruited to PEARL

(Fig. 4.3).

| looked at the average mean dose to each OAR across the four patients for
NONADAPTIVE_AUTO and ADAPTIVE_AUTO.In addition, | looked at whether any optimal dose

constraints were met as a result of the adaptation of the plans.
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4.2.6 The impact of automated planning on mean dose to organs at risk: Automated

ADAPTIVE_AUTO compared to manual ADAPTIVE

Comparing manual ADAPTIVE plans to automated NON-ADAPTIVE plans may introduce
confounding factors due to the two different planning methods. To avoid the potential for
automated planning to affect the dosimetric impact of adaptation, we also produced
automated adaptive plans for each patient which were used for the planning study but not for
treatment, referred to in this chapter as ‘ADAPTIVE_AUTO’ plans. By comparing
ADAPTIVE_AUTO plans to ADAPTIVE plans | was able to examine the impact of automated

planning on mean dose to OARs.

| used EdgeVCC to generate adapted model plans (ADAPTIVE_AUTO) to compare to modelled
NON-ADAPTIVE_AUTO plans, eliminating the potential bias of comparing different planning
techniques. This allowed me to ascribe any differences between the two, to the impact of

PEARL adaptation alone.

To investigate the impact of using automated and manual planning, | compared the manually
planned ADAPTIVE plans used for treatment, to modelled automatedly planned

ADAPTIVE_AUTO plans.

| looked at the mean dose to each OAR across the four patients for ADAPTIVE_AUTO and
ADAPTIVE. In addition, | looked at whether any optimal dose constraints were met as a result

of the automated planning of the plans.
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[ First 4 patients recruited to PEARL Study ] Plans generated

NON ADAPTIVE_AUTO =1
bGTV_preP W
outlined on prePET_CT at Phase 1 ADAPTIVE*
baseline J
Phase 1 ADAPTIVE_AUTO
J
N
bGTV_iP outlined on iPET_CT Phase 2 ADAPTIVE*
after 2 weeks of
chemoradiotherapy J LPhase 2 ADAPTIVE_AUTO
S
* Plan used for treatment
Completion of
chemoradiotherapy

Fig. 4.2 Outline of different plans generated for the first 4 patients recruited to assess impact of adaptive planning and

automated planning
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PEARL pilot study
cases used as
calibration cases

"
/1 case chosen as the \
navigator
and automated
planning protocol
developed with

clinically-decided

\_ trade-offs /

~

Automated protocol
applied to all 4 cases
to produce NON-
ADAPTIVE_AUTO and
ADAPTIVE_AUTO plans
| for each case

N

Fig. 4.3 Simplified process of developing the EdgeVCC automated protocol for Head and Neck VMAT planning

4.2.7 Impact of automated planning on PEARL planning workflow compared to manual

planning

The planners and physicists working on the PEARL Study were consulted on what differences,

if any, the introduction of automated planning had on the turnaround of the Phase 2 plans for

PEARL.
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4.2.8 Impact of 2 weeks of chemoradiotherapy on major salivary gland volumes

The change in parotid and submandibular gland volumes were calculated from Raystation’s
measurements of the gland volumes on the CT component of baseline pre-PET_CT and interim

iPET_CT.

4.3 Results

4.3.1 Recruitment to the PEARL clinical study and application of the PEARL protocol to

patients within a real-world NHS setting

Clinical and radiological details of the first 4 patients recruited to PEARL are described below
in Table 4.2. Patients were recruited between January and March 2020, before the PEARL
Study had to halt recruitment due to the COVID-19 pandemic. The acceptability rate of the
first 4 patients was 100%. Whilst the patient pathway was more complex than a standard
treatment pathway, the incorporation of the interim PET-CT after 2 weeks of treatment did

not result in any delays to treatment or any missed scanning appointments.

Case

Radiological information Clinical Information

T3N1MO L tonsil

Large left tonsillar mass fixed to lateral
pharyngeal wall and involving
glossotonsillar sulcus. Extends to soft
palate and anterior tonsillar pillar

Well defined tumour left tonsillar fossa.
Additional portion fills the vallecula.
5cm long, fixed to pharyngeal wall.
Multiple partially necrotic ipsilateral
lymph nodes
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T2N1MO R tonsil

Asymmetric  right tonsil, 4.1cm.
Contacts right inferior soft palate.
Abuts  glossotonsillar  fossa  and
posterior pharyngeal wall. 2 ipsilateral
level 2 lymph nodes up to 1.9cm.

Large right tonsil tumour into soft
palate fixed to posterior pharyngeal
wall.

T2N1MO L tonsil

Large left tonsil mass involving
ipsilateral glossotonsillar fossa,
posterior pharyngeal wall and soft
palate. Large nodal mass involving level
2 and 1b in addition to nodes in levels 3
and 4.

Enlarged and firm left tonsil

4

T2N1MO R tonsil

Large well defined right tonsil mass
extending from the soft palate to just

above the epiglottis. Fills the
glossotonsillar fossa and involves
posterior pharyngeal wall. Multiple
ipsilateral lymph nodes including

retropharyngeal and levels 1b, 2 — 4.

4cm firm irregular right tonsil mass.
Invades lateral soft palate but not base

of tongue.

Table 4.2 Clinical details of first 4 patients recruited to the PEARL study using UICC TNM 8" edition staging

4.3.2 Quantifying tumour response based on SUVmax of the primary seen on iPET-CT

scans after 2 weeks of chemoradiation in PEARL patients

In all 4 cases, the primary demonstrated an SUVmax value on prePET consistent with

malignancy. In Cases 2 - 4, the SUVmax of the primary tumour was reduced by approximately
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SUVmax

50% after 2 weeks of chemoradiotherapy whereas the avidity of the primary tumour in Case

1 increased by 28.5% (Fig. 4.4).

35
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BSUVmaxPrePET B SUVmaxiPET

w

Fig. 4.4 PEARL Patients 1 — 4 comparing SUVmax of biological GTV on pre_PET and iPET

4.3.2 Quantifying tumour response based on the change in volume of the biological
GTV on the interim PET-CT scans after 2 weeks of chemoradiation in PEARL patients

In all four patients, the PET-avid volume of the primary tumour on the iPET was reduced
compared to the prePET volume, with patients 2 — 4 demonstrating the largest reductions,
over 73% reduction in each case (Fig. 4.5). The Phase 2 high dose PTV was consequently

reduced for all patients (range 32.43 — 69.38%) (Fig. 4.6).
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Fig 4.5 Volume of bGTV_prePET and bGTV_iPET for PEARL patients 1 - 4
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Fig 4.6 Volume of high dose primary PTVs for phase 1 and 2 for PEARL patients 1 - 4

All 4 patients demonstrated a reduction of the FDG avid volume in both the radial and craniocaudal

direction after 2 weeks of chemoradiation (Fig. 4.7 — 4.10).
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Patient 1

4.7a 4.7b

4.7c

Fig. 4.7 a — d Transverse and sagittal slices of the CT components of prePET (Fig. 4 a+b) and iPET (Fig. 4 c+d) for Patient
1. GTV_P outlined in red, PTV1_P in green, bGTP_iP in blue, bPTV1_P in yellow.
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Patient 2

4.8c 4.8d

Fig 4.8 a- d Transverse and sagittal slices of the CT components of prePET (Fig. 4.8 a+b) and iPET (Fig. 4.8 c+d) for
Patient 2. High dose GTV_P outlined in red, PTV1_P in green, bGTV_iP in blue, bPTV1_P in yellow.
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Patient 3

4.9c 4.9d

Fig. 4.9 a - d Transverse and sagittal slices of the CT components of prePET (Fig. 4.9 a+b) and iPET (Fig. 4.9 c+d) for
Patient 3. GTV_P outlined in red, PTV1_P in green, bGTV_iP in blue, bPTV1_P in yellow.
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Patient 4

Fig. 4.10 a — d Transverse and sagittal slices of the CT components of prePET (Fig. 4.10 a+b) and iPET (Fig. 4.10 c+d)
for Patient 4. GTV_P outlined in red, PTV1_P in green, bGTV_iP in blue, bPTV1_P in yellow.

4.3.3 Modelled dosimetric changes resulting from ADAPTIVE plans in PEARL Patients 1-4:
ADAPTIVE_AUTO compared to NON-ADAPTIVE_AUTO

Fig. 4.11 demonstrates differences in dose distribution following modelled adaptation as per

the PEARL protocol using automated planning in Patient 3. Fig. 4.11 a and c show the
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NONADAPTIVE plan (synonymous with Phase 1 of the ADAPTIVE_AUTO plans). Fig. 4.11 b+d
show Phase 2 of the ADAPTIVE_AUTO plan. In both axial and coronal planes, the 95% isodose
(green) is reduced in the Phase 2 ADAPTIVE_AUTO plan based the biological GTV shrinking

after 2 weeks of chemoradiotherapy.

¢ “‘

4.11c Patient 3 NON-ADAPTIVE_AUTO 4.11d Patient 3 Phase 2 ADAPTIVE_AUTO

Fig. 4.11 a — d Example slices of plans for Patient 3 demonstrating differences in the dose distribution of
NONADAPTIVE_AUTO and Phase 2 ADAPTIVE_AUTO in both the axial and coronal plans. Colour key demonstrates

percentage of prescribed dose.
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4.3.4 Modelled impact of adaptation on mean dose to organs at risk: ADAPTIVE_AUTO
compared to NON-ADAPTIVE_AUTO

The average mean dose to each OAR across all 4 patients for adapted plans was compared to

non-adapted plans.

Automated planned adaptive plans resulted in an average mean dose reduction to SWOARs
of -0.02Gy per SWOAR (range +3.81Gy - -3.37Gy) when compared to automated planned non-

adaptive plans.

A large proportion of SWOARs received a higher mean dose due to adaptation. The superior
pharyngeal constrictor muscle was the only SWOAR to have a reduced mean dose in all 4
patients (-0.27 - -2.08Gy), conversely the mean dose to the inferior pharyngeal constrictor

muscle was consistently increased by adaptation (0.21 — 3.77Gy).

The greatest reduction in mean dose due to adaptation was seen in the oral cavity and the
superior pharyngeal constrictor muscle in Patient 4 (-3.37Gy and -2.08Gy respectively), and
the supraglottis in Patient 1 (-3.5Gy). Whilst the supraglottis and glottis had already met
optimal dose constraints in all patients with NON-ADAPTIVE_AUTO plans, Patient 4’s oral
cavity was the only SWOAR to achieve its dose constraint as a result of ADAPTIVE_AUTO (Fig.
4.12 d).

Patient 1 appeared to benefit most consistently from ADAPTIVE_AUTO in terms of reduction
in mean dose to SWOARS. Patient 1 also had the highest reduction in any mean dose, 3.5Gy

reduction to the supraglottis.

The contralateral parotid gland had already met optimal dose constraints with the

NONADAPTIVE_AUTO plans, the ADAPTIVE_AUTO plans generally had a negligible impact on
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the glands mean dose. An exception was Patient 3 where the dose was reduced by 2.66Gy. The
contralateral submandibular gland was reduced in all 4 patients (range -0.43 - -1.56Gy) but no

optimal dose constraint was met.

The ipsilateral parotid gland and submandibular glands displayed a general rise in mean dose
in all the cases, up to 3.9Gy increase to the ipsilateral parotid gland in Patient 4 and a 6.73Gy
increase to the ipsilateral submandibular gland in Patient 1.

No patient had a consistent reduction in mean dose across all the major salivary glands with
adaptive planning.
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Fig. 4.12 a — d Waterfall plots demonstrating change in mean dose received by OARs in PEARL Patients 1 —4 as a
result of ADAPTIVE_AUTO compared to NON-ADAPTIVE_AUTO

* Optimal dose constraint met as a result of adaptation

Key: OC = Oral Cavity, SPCM = Superior pharyngeal constrictor muscle, MPCM = Middle pharyngeal
constrictor muscle, IPCM = Inferior pharyngeal constrictor muscle, SG = Supraglottis, G = Glottis, C/L PG =
Contralateral parotid gland, I/L PG = Ipsilateral parotid gland, C/L SMG = Contralateral submandibular gland,

I/L SMG = Ipsilateral submandibular gland
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Difference in mean dose for OARs (ADAPTIVE_AUTO — NON-ADAPTIVE_AUTO)

Patient | Superior Middle Inferior
haryngeal haryngeal haryngeal C/L Parotid | I/L Parotid
pharyng pharyng Pharyngeal | ¢ oraglottis| Glottis / / C/LSMG | I/LSMG Oral Cavity
constrictor constrictor constrictor gland gland
muscle muscle muscle
1 0.27 1.5 -0.21 3.5 1.83 -0.1 -0.97 0.43 -6.73 1.07
2 1.52 -1.43 -2.64 -2.32 0.23 0.3 -0.79 1.7 -1.63 1.07
3 0.94 -0.51 -0.82 1.98 1.86 2.66 -0.27 -0.2 1.2 -1.33
4 2.08 -0.27 -3.77 -3.81 -3.77 0.28 -3.91 1.56 1.2 3.37

Table 4.3 Average mean dose to OARs for the first 4 patients recruited to PEARL with modelled adaptive and non-adaptive automated plans C/L

= Contralateral

I/L = Ipsilateral

SMG = Submandibular gland




4.3.5 Modelled impact of automated planning on mean dose to organs at risk:
Manual ADAPTIVE compared to automated ADAPTIVE_AUTO plans

The average mean dose to each OAR across all 4 patients for manually planned adapted plans

was compared to automated planned adapted plans(Table 4.4).

There was a trend of reduction in the mean dose to most SWOARs across all 4 patients with
automated planning when compared to manual, with a mean reduction of 2.9Gy per SWOAR
(range +5.03Gy - -17.42Gy). Patient 2 was the only patient not to have a reduced mean dose

due to automated planning across all SWOARs.

The greatest absolute benefit of automated over manual planning was seen in the more caudal
structures; inferior pharyngeal constrictor muscle, supraglottis and the glottis, which saw a
reduction in mean dose across all four patients. The glottis was the OAR to benefit the most
from automated planning and had dose reductions up to 17.42Gy (range -13.36 — -

17.42Gy) compared to manual planning.

Smaller differences between manually and automated planning methods were seen in the
superior pharyngeal constrictor muscle and middle pharyngeal constrictor muscle. For patient

2, automated planning conferred a higher mean dose compared to manual.

The only optimal dose constraint met as a result of automated planning was the oral cavity in
Patient 4. The supraglottic and glottic mean doses were already within optimal constraints

with manual ADAPTIVE plans.

Automated planning produced a lower mean dose to the major salivary glands compared to

the manually planned. The contralateral submandibular gland in Patient 4 had the greatest



absolute reduction in mean dose (-9.33Gy) with automated planning and in the same patient,
the contralateral parotid gland mean dose was reduced by 7.38Gy, meeting the optimal dose
constraint as a consequence. The contralateral parotid mean dose was consistently lower with

automated planning compared to manual across all 4 patients with a range of -1.19 - 7.38Gy.
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Fig 4.13 Waterfall plots demonstrating change in mean dose received by OARs in PEARL Patients 1
— 4 as a result of ADAPTIVE_AUTO compared to manually planned ADAPTIVE plans.

* Optimal dose constraint met as a result of automated planning

Key: OC = Oral Cavity, SPCM = Superior pharyngeal constrictor muscle, MPCM = Middle pharyngeal
constrictor muscle, IPCM = Inferior pharyngeal constrictor muscle, SG = Supraglottis, G = Glottis, C/L PG =
Contralateral parotid gland, I/L PG = Ipsilateral parotid gland, C/L SMG = Contralateral submandibular

gland, I/L SMG = Ipsilateral submandibular gland
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Difference in mean dose for OARs (ADAPTIVE — ADAPTIVE_AUTO)

Patient | Superior Middle Inferior
haryngeal haryngeal haryngeal C/L Parotid | I/L Parotid
pharyng pharyng pharyngeal | ¢ olottis| Glottis | </ / C/LSMG | I/LSMG Oral Cavity
constrictor constrictor constrictor gland gland
muscle muscle muscle
1 -2.64 -0.71 -5.18 -0.33 -13.36 | -4.59 -6.21 -6.48 -0.3 0.39
2 4.42 5.03 -6.16 1.86 -15.33 | -5.61 -4.58 -7.09 4.84 2.7
3 -2.17 0.08 -3.27 -7.3 -13.31 | -1.19 4.0 -5.2 -0.1 -0.61
4 -1.15 -0.5 -6.31 -2.55 -17.42 | -7.38 -6.43 -9.33 -1.1 -3.08

Table 4.4 Average mean dose to OARs for the first 4 patients recruited to PEARL with manual adaptive and modelled automated adapted plans

C/L = Contralateral

I/L = Ipsilateral

SMG = Submandibular gland




4.3.6 Impact of automated planning on PEARL planning workflow compared to manual
planning

Time to plan an automated plan was reduced compared to manual planning by up to 360
minutes. In addition, 3 members of the physics team were able to independently produce
automated plans following the PEARL protocol, whereas only one member of staff was

independent at manual planning.

4.3.7 Changes in salivary gland volumes as a result of 2 weeks of chemoradiation

There was an inter- and intra-individual variety of different responses seen in regard to volume
of the major salivary glands at 2 weeks of chemoradiation across the 4 cases. The contralateral
parotid gland volume reduced in two cases by 6.11% and 39.1% and increased in the
remaining two by 0.6% and 45.34%. In two cases, the contralateral submandibular glands
shrunk by 4.82% and 21.95% and increased by 0.57% and 14.76% in the other two. The
ipsilateral parotid glands reduced in size (range 9.23 — 40.53%) after 2 weeks of
chemoradiation in 3 of the 4 cases, and the ipsilateral submandibular glands reduced in all 4
cases by 4.43 — 62.19%. The ipsilateral submandibular glands were the only major salivary
glands to shrink in all 4 cases. Case 3 demonstrated the largest percentage reductions and was

the only case to show a reduced volume of all 4 major salivary glands after 2 weeks of

treatment.
Patient Contralateral | Ipsilateral Contralateral Ipsilateral
Parotid Gland | Parotid Gland | Submandibular | Submandibular gland
gland

1 0.6 -1.35 -4.82 -12.68

2 -6.11 -9.23 0.57 -4.43

3 -39.10 -40.53 -21.95 -62.19

4 45.34 28.65 14.76 -19.02
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Table 4.5 Percentage change in volume of parotid (parotid gland) and submandibular glands (submandibular gland) on

iPET-CT.

4.4 Discussion

In this chapter | have presented work that meets the objectives set out in Section 4.1. The
PEARL study opened to recruitment, and | was involved in the successful recruitment of the
first four patients. Currently the PEARL trial is still open and recruiting new patients in 4 sites
across the UK. An additional site is about to open. Across the UK recruitment is below target,
partly due to covid-19, although recruitment within Velindre has been excellent with 100%

percent of eligible patients approached to enter the trial accepting enrolment.

Challenges to recruitment include resource constraints on clinical trial units resulting in trials
sitting in set up pipelines for prolonged amounts of time. Other difficulties arise from
variations in treatment paradigms between cancer centres e.g., whole tonsillectomies in place
of targeted tonsillar biopsies. The removal of the primary tumour makes the patient ineligible

for PEARL as there would be no avid primary on the baseline PET-CT.

| have demonstrated the feasibility of applying the novel PEARL adaptive radiotherapy
protocol to patients in a real time NHS setting, and the treating of them with manually planned

adaptive radiotherapy.

| have quantified the response of the tumour after 2 weeks of chemoradiation both in terms
of avid tumour volume, and the intensity of the FDG uptake by this volume. | have presented
data on changes to dosimetry as a result of adaptive manual planning. | have also assessed
the impact of automated planning by producing automated adaptive plans to compare with

manual adaptive plans.
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4.4.1 Treatment response in the primary tumour

The baseline biological primary GTV in all 4 PEARL cases had a SUVmax of 13.6 — 29.2 on the
baseline planning scan, consistent with a diagnosis of primary OPSCC and in line with the
SUVmax seen on the prePET-CT of the pilot study case studies presented in Chapter 3 (11.9 —
21.9).

Patients 2 — 4 all demonstrated a similar percentage reduction in the SUVmax on the iPET-CT
after 2 weeks of chemoradiation (-49.0 - -50%) which was less varied than the percentage
reduction seen in the pilot study (-23.4 - -84%). Patient 1 was an outlier and demonstrated an

increase in SUVmax on the iPET-CT.

As previously discussed in Chapter 2, the optimal timing of the iPET-CT was defined after
reviewing the literature. The consensus is that performing the iPET-CT after 10 — 14 days of
chemoradiotherapy, or up to approximately 20Gy of radiotherapy is the optimal time,
balancing the opportunity for impact of radiotherapy on the tumour with the potential for
radiotherapy-induced inflammation causing a temporary rise in SUVmax. It is likely that the
increase in avidity for case 1 was caused by radiotherapy-induced inflammation. For the
purposes of the PEARL study however, the impact of PEARL adaptive radiotherapy relies more
on the volumetric change in the avid tumour rather than the change in avidity. Patient 1 did
demonstrate a reduction in the avid volume (bGTV_P) on iPET-CT, even though it had the
smallest percentage change (-4.9%) of all the cases. The percentage change of the bGTV_P

volume for Cases 2 — 4 was very similar (83.1 - 86.9%).

It is probably more relevant to PEARL adaptive, and potential to organ spare, to look at the
absolute changes in volumes of the bGTV between the prePET-CT and iPET-CT as this will result
in the change in volume of the high dose primary PTV which receives the full treatment dose.

This varied more widely amongst the cases, from 6.1 —40.27cm3 with Case 2 having the largest
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absolute reduction in volume and translating in the largest reduction of the high dose primary

PTV (140cm?3 to 47cm3).

The morphological changes in the avid volumes between the prePET-CT and iPET-CT included
shrinkage in both the craniocaudal and radial directions with a larger reduction generally seen
in the caudal and lateral extensions of the avid tumour. This offers the potential for both
sparing of the pharyngeal lumen in addition to the more lateral structures including the

parotid glands.

4.4.2 Impact of adaptation on modelled mean dose to OARs: ADAPTIVE_AUTO versus
NON-ADAPTIVE_AUTO

The impact of adaptive planning compared to non-adaptive planning on the mean dose to
SWOARs and xerostomia-associated OARs using automated planning was not as | had
expected from the results of the PEARL Pilot Study presented in Chapter 3. No patient
benefitted from automated adaptive planning to the same extent in terms of absolute
reduction in mean doses to SWOARs compared to the pilot cases which had all been manually

planned.

The greatest differences in the mean dose to OARs between the automated adaptive and
automated non-adaptive plans was seen in the more caudal swallowing structures; inferior
pharyngeal constrictor muscle, supraglottis and glottis. The impact was mixed however, with
some patients having a mean dose reduction and others an increase. This could be the result
of a combination of different tumour locations and the way the different planning methods

drive down dose to OARs to achieve optimal dose constraints.

The two cases with the largest absolute reduction in high dose PTV volume (Patient 2 and 4),
also showed the greatest reduction in mean dose to superior pharyngeal constrictor muscle

as a result of adaptive radiotherapy but this came at the expense of an increase in mean dose
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for the other SWOARs. There are a few possible reasons for this. The first is that the superior
pharyngeal constrictor muscle is often in very close proximity to the primary oropharyngeal
tumour. Consequently, adapting the radiotherapy plan for any reduction in the volume of the
primary is likely to reduce the dose away from the midline in a similar axial plane to the
superior pharyngeal constrictor muscle resulting in its exposure to a lower dose. Another
explanation is that because the superior pharyngeal constrictor muscle is often so close to the
oropharyngeal primary, the optimal superior pharyngeal constrictor muscle dose constraints
are rarely met, and so the optimisation algorithm works harder to bring the mean dose to the
superior pharyngeal constrictor muscle down at the expense of other OARs where the dose

constraint is already met, or at a lower priority.

The superior pharyngeal constrictor muscle was the only OAR which benefited from
automated adaptive planning, compared to automated non-adaptive planning, across all
cases (mean dose reduced by 0.27 — 2.08Gy) although no optimal dose constraint was met as

a result.

3 of the 4 patients had a reduction in mean dose to the contralateral salivary glands with the
automated adaptive plan compared with the automated non adaptive plan. The mean dose
to the ipsilateral salivary glands increased, possibly because of the prioritisation of the
contralateral glands and the primary tumour regressing away from the pharyngeal lumen and
contralateral OARs, but not moving position in relation to the ipsilateral parotid gland and

submandibular gland due to constraints by the anatomy.

After review of these initial results, the case for continuing recruitment into the PEARL study
was carefully considered. Manual adaptive planning did not demonstrate the benefit
compared to automated non-adaptive planning that was expected based on the results of the
PEARL Pilot Study presented in Chapter 3. | concluded that it was likely that the impact of
adaption as per the PEARL protocol, is confounded by the difference in planning technique,
with automated planning per se resulting in reductions in mean doses to OARs that were

greater than those seen with adaption. | therefore collaborated with the EdgeVCC team to
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produce automated adaptive plans to compare with manual adaptive plans to investigate the

extent to which mean OAR dose is altered by the different planning techniques.

Considering the observed limited impact of ADAPTIVE compared to NON-ADAPTIVE_AUTO,
and on the advice of the PEARL Trial Steering Committee, the PEARL RTTQA team are currently
in the process of looking at the dosimetry of Phase 2 for the first 20 patients recruited to PEARL
to assess the impact of adaption in a prospective cohort of patients where automated adapted
and non-adapted plans were generated. The results of the first 10 patients demonstrate that
adaptation significantly reduced dose to the superior and middle pharyngeal constrictor
muscles, and the supraglottic larynx, with no increased dose to other OARs. Whilst the mean
dose metrics were reduced by <1.2Gy, the reduction in the high (prescription) dose was
reduced by up to 12%. This provided objective data that PEARL was producing a dosimetric

benefit and reassurance that the PEARL study should remain open to recruitment.

4.4.3 Impact of automated planning on mean dose to OARs

The trend in lower mean dose to OARs with automated adaptive plans compared to manual
adaptive plans suggests that automated planning improves organ sparing compared to
manual planning in keeping with published literature appraised in Section 1.9. This may
explain why a smaller benefit to adaptation is seen when automated non adaptive plans are
compared to automated adaptive plans. To assess the impact of adaptation without the
influence of automation, manually - planned non-adapted plans are required, as presented in
the results of the PEARL Pilot study in Chapter 3. As a clinician trained in planning but with
limited planning experience, | was unable to produce these plans myself with sufficient
expertise to avoid introduction of bias. The standard of plan | can produce would not be as
high as plans produced by the experience planner who produced the manual adaptive plans
for PEARL. The unavailability of these manual nonadaptive plans, alongside the small number
of patient cases, is an important limitation to this chapter. | discuss on going work by a

collaborating physics team responding to this limitation in Chapter 8.
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4.4.4 Changes in volume of major salivary glands

As demonstrated in the pilot study, there was no uniform pattern of volume change in the
parotid and submandibular glands (submandibular glands) in Cases 1 — 4 of the PEARL study.
It is common for salivary glands exposed to radiation to shrink and move medially.
submandibular glands can also move superiorly. In the context of primary oropharyngeal
cancers, this change in size and position often brings the glands closer to the primary and
therefore areas of high dose. This change may well offset any advantage of a smaller high dose
volume. The other issue is that when using the metric of mean dose, the reduction in glandular
volume will influence the mean dose value if a greater percentage of the glands are in the high

dose region.

The ipsilateral submandibular gland consistently shrank to a greater extent than the
contralateral (-4.43 — 62.19% versus 14.76 - - 21.95%). This is logical as it would be expected
for the ipsilateral submandibular gland to be closer to the primary and so receive a greater
dose of radiotherapy than the contralateral submandibular gland. Brower et al (143) showed
that the submandibular glands lose an average of 22% of their volume by the end of a course

of radiotherapy in line with my findings.

The parotid glands were more variable, and in some cases, increased in volume between the
prePET-CT and iPET-CT. This may be as a result of radiotherapy-induced inflammation and/or
due to technical artefacts including poor reconstruction of the OARs onto the iPET-CT.
Sanguineti (145) showed that due to their change in position and morphology during a course
of radiotherapy, parotid glands could receive an additional 2.2Gy on average. | have shown in
my dosimetry results that re-planning after a proportion of radiotherapy has been received,
can reduce the mean dose received by the contralateral parotid glands. This may be in part

due to the adaption of the parotid gland contours to their new size and positions.
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4.4.5 Impact of automated planning on PEARL planning workflow compared to manual
planning

In addition to dosimetric advantages, automated planning reduces the preparation time for
patient radiotherapy treatment. Based on the Velindre Cancer Centre’s experience to date,
the average automated planning time for a typical head and neck VMAT plan is 60 — 80 mins,
approximately a third of the time spent manually planning the same case. This has obvious
benefits for a radiotherapy department in terms of human resources in addition to improved
availability of hardware and treatment planning system software licences. The NHS
radiotherapy department | was based in at the time was already over-stretched regarding
number of treatment planners trained to manually plan head and neck VMAT plans. The
impact of the COVID pandemic compounded this pressure. The option of a planning method
that was quicker and required less human input was an important mitigating factor for this.
Working with Phillip Wheeler and the automated planning development team allowed me to
use the automated planning technique to plan NON-ADAPTIVE_AUTO and ADAPTIVE_AUTO
plans for use in my research whilst simultaneously assisting their work towards gaining

approval for the clinical implementation of EdgeVCC into the clinical workstream.

Automated planning looks very promising in regard to its role in RTTQA for studies and in the
potential benefits to patients if the OAR sparing converts into clinically significant reductions
in toxicity. However, it is also likely that the use of automated planning may also reduce the
impact of adaptive planning as demonstrated by my results so far. As far as | am aware, there
is no published data comparing the impact of adaptive versus automated planning to a manual

non adapted plan.

4.4.6 Unexpected findings on interim PET-CT (iPET-CT) and subsequent changes in patient
management
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The performing of an interim PET-CT after 2 weeks of chemoradiotherapy offered a unique
opportunity to assess the tumour’s response to treatment. In some cases, it also added additional

information that changed the patient’s treatment in a variety of ways.

4.4.6.1 Radiological diagnosis of COVID-19

In one case, the iPET-CT scan demonstrated new bilateral lung changes consistent with
pneumonitis. The patient was asymptomatic at the time, but a radiological diagnosis of COVID-
19 was made. Subsequent testing by polymerase chain reaction confirmed the diagnosis of
COVID-19. Consequently, the patient was advised to self-isolate as per the national guidance
and take the precautions mandated at the time. In addition, their treatment slots in the
radiotherapy and chemotherapy departments were moved to the final slot of each day to
allow for deep cleaning after each session to reduce the risk of infecting staff and other

patients.

4.4.6.2 New contralateral avidity on iPET

In another case, the iPET-CT demonstrated avidity in the contralateral neck which had not
been seen on the pre-PET-CT. The imaging was reviewed by both a nuclear medical expert,
and head and neck radiologist. The consensus was that this was likely to represent a
pathological lymph node. Because of the change in staging, the high dose nodal CTVs were
changed to include the contralateral avid lymph node and additional contralateral nodal levels

included in the prophylactic nodal volume.

Had the patient been diagnosed with contralateral disease at the time of staging, they would
not have been eligible for the PEARL study as the exclusion criteria for nodal staging at the
time was N2 or N3 disease. However, the PEARL study was planned for an intention to treat
analysis and so, after discussion with the PEARL statistical team, the patient has been included

in the study for follow up of results.
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4.4.7 Limitations

My work has several important limitations to consider when interpreting the results.

1. Small patient numbers: This means | can only perform limited analyses on my data,

and report trends rather than statistical significance. To partly mitigate for this, | have
presented data on 3 different plans for each patient, assessing both the impact of

adaptation and automated planning on mean dose to OARs.

Mean Dose metric: It is possible that by using the mean dose metric, there are
dosimetric advantages of adaptive radiotherapy that are hidden from my analysis. As
explained in Chapter 2, mean dose is the most uniformly used metric when defining
optimal dose constraints for SWOARs and major salivary glands. This is based on the
NTCP modelling work referenced to earlier in my thesis. Mean dose, however, does
not allow for analysis of the impact of a heterogenous dose within an OAR. As | have
mentioned in Section 4.4.4, work performed by the PEARL RTTQA team which looked
further into other dose/volume metrics may revealed additional dosimetric
advantages of PEARL adaptive radiotherapy. | outline on-going research addressing this

in Chapter 8.

Lack of manually planned non-adapted plans: | have demonstrated that the method of
planning — manual versus automated - can impact on the mean dose to OARs to a
similar or greater extent as the PEARL adaptation process and must be factored into

future analyses looking at the dosimetric impact of adaptive radiotherapy.

4.5 Conclusion

The PEARL Study opened and recruited the first 4 patients eligible to enter.
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The clinical implementation of the PEARL Study protocol was successful in delivering biological
response-adapted radiotherapy to the first 4 patients recruited. The impact of the COVID
pandemic resulted in the need to re-think my research plan and working with the automated
planning development group at Velindre, | was able to develop model nonadapted VMAT plans
for comparison. The impact of PEARL adaptation seen in the pilot study was not reflected in
the findings of this comparative study, consequently, | altered my research question to include
a closer look at the potential confounding impact of using automated planning instead of

manual planning.

The potential benefit of automated planning is clear, from a practical perspective, and a
dosimetric advantage. Practically, automated planning reduces the time of planning by up to
3 — 4 hours compared to manual VMAT planning. It is also easier to train additional planners
to plan automatedly compared to manually. Considering these advantages, patients
subsequently recruited to PEARL from Velindre Cancer Centre, were planned with an
automated technique. Automated planning also has an important role to play in the
standardisation of patient plans for trial QA and presents an efficient alternative to manual
planning which many pressured healthcare systems could benefit from. Its superior dosimetry
— particularly in head and neck planning - has been described in the literature and this is
reflected in my work to date. This dosimetric advantage may well translate into clinical benefit

to the patient.

In this chapter, | have demonstrated that automated non-adaptive plans often produce similar,
if not greater, reductions in mean dose to OARs compared to manually planned adaptive and

so may negate the advantage of PEARL adaptive radiotherapy to some extent.

It will be of utmost importance that the results of the PEARL study, with the benefit of greater
patient numbers, are analysed with this as a consideration before final conclusions about the

impact of PEARL adaptation are drawn.
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Chapter 5: Development of an
alternative planning protocol for The
PEARL Study
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5.1 Introduction

After the first 4 PEARL Study patients were recruited and completed their treatment, the
PEARL Trial Management Group reviewed the protocol. There were 2 main concerns

highlighted:

1. The length of time the manual planning of Phase 1 and Phase 2 was taking the planners
to complete. As presented in Chapter 4, the manually planned adaptive VMAT
radiotherapy plans (ADAPTIVE) took approximately 360 minutes of planner time to
fully plan. Moreover, due to the complexity of Phase 2 of the PEARL planning protocol,
there was only one planner who was fully skilled to independently plan for PEARL in
Velindre at the time PEARL was opened. There was also a reduced number of general
head and neck planners in the department which resulted in pressure on the time
spent planning head and neck plans. When the COVID pandemic started, this pressure
increased, and the process of planning became more complicated, due to constraints
on the number of planners able to work in the department at any one time. In addition,
the need to open PEARL in multiple centres across the UK meant that simplicity and

ease of adoption of the protocol was of upmost importance.

2. The second concern was that the dose per fraction to PTV2_P in Phase 2 of ADAPTIVE
receives 1.3Gy (Table 7, Chapter 2, p53). Some members of the TMG felt this was

potentially suboptimal for effecting a microscopic tumoricidal impact.

The TMG wanted to simplify the PEARL planning process whilst increasing the minimal dose/fraction.
Throughout discussions regarding alterations to the PEARL planning protocol, consideration was given
to the potential impact on radiation dose received by OARs due to a new planning protocol, and
whether any planning protocol change could be a confounding factor in the interpretation of the

results of PEARL and their attribution to adaptive radiotherapy.
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5.1.1 Objectives

1. To simplify the PEARL planning process by adjusting the prescription doses per fraction for
Phase 1 and 2, with the intention of reducing time required for planning PEARL patients,
and simultaneously increasing the prescription to all PTVs above 1.3Gy/fraction
throughout treatment.

2. To assess the impact of the new PEARL planning protocol by comparing mean dose

received by OARs with original PEARL protocol.

5.2 Methods

| formed a working group including the PEARL chief investigators, physics leads, and
radiotherapy planners, in addition to head and neck clinical oncologists at Velindre Cancer
Centre, to discuss ways to simplify the PEARL planning process. | chaired a meeting to discuss
the impact of PEARL planning on resources, and the low dose per fraction to PTV2_P in Phase

2. Potential solutions were presented and debated.

The PEARL planning method (ADAPTIVE) was studied. A smaller number of dose/fraction
levels in Phase 2 ADAPTIVE was identified as the adjustment most likely to reduce the time
taken to plan and simplify the training of other head and neck planners for PEARL both within

Velindre and in additional sites across the UK.

5.2.1 Simplification of the PEARL planning process

The initial PEARL planning protocol (from now on referred to as ‘ADAPTIVE_A’) included the
prescription of a total of 3 different dose per fraction levels in Phases 1, and 5 dose levels for

Phase 2 (Fig. 5.1). This enabled a reduction in dose to the areas of the primary CTV that could
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be safely de-intensified due to biological response on the PET component of the iPET_CT in

Phase 2.

Following consensus from the working group, a new planning protocol ‘ADAPTIVE_B’ was
developed with only 3 dose levels for Phase 1 and 2. This is achieved by keeping the dose to
PTV1_P and PTV2_P consistent between Phase 1 and Phase 2 and using a simultaneous
integrated boost to increase dose to the bPTV1_P and PTV1_N in Phase 2. Primary and nodal
dose levels are aligned and are all prescribed to a minimum of 1.63Gy/F (Fig. 5.2). The total
dose delivered to each PTV at the end of both phases remained the same in ADAPTIVE_B as it
was in ADAPTIVE_A (Table 5.1).

PHASE 1 PHASE 2

—

Fig 5.1 Schematic diagram
representing the 5 different
dose per fraction levels for

primary (_P) and nodal (_N)

PTVsin Phase 1 and Phase 2 of
planning method

/ﬁ\
PTVL_ N ADAPTIVE _A
PTV2_N

~~—PTV3_N

Colour key of dose per fraction

o

1.63Gy

[ ]
] 186y T 136y
[:::] 1.67Gy

191



PHASE 1 PHASE 2

PTV1_N PTV1_N
PTV2_N PTV2_N
PTV3_N PTV3_N

Colour key of dose per fraction

- 2.15Gy
] 136y
| 16306y

Fig 5.2 Schematic diagram representing the 3 different dose per fraction levels for primary (_P) and nodal (_N)

PTVs in Phase 1 and Phase 2 of planning method ADAPTIVE_B
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PTV ADAPTIVE_A ADAPTIVE_B
Total dose| Total dose | Total dose | BED Total dose Total dose Total dose| BED
Ph 1 Ph 2 Ph 1+2 Ph 1 Ph 2 Ph 1+2
bPTV1_P | (30Gy/15F)* | 36Gy/18F 66Gy/33F | 79.20 (27.3Gy/15F)* | 38.7Gy/18F 66Gy/33F 79.25
PTV1_P 30Gy/15F 30Gy/18F 60Gy/33F | 71.01 27.3Gy/15F 32.7Gy/18F 60Gy/33F 70.90
PTV2_P 30Gy/15F 24Gy/18Gy | 54Gy/33F | 63.12 24.5Gy/15F 29.5Gy/18F 54Gy/33F 62.80
PTV1_N | 30Gy/15F 36Gy/18F 66Gy/33F | 79.20 27.3Gy/15F 38.7Gy/18F 66Gy/33F 79.25
PTV2_N | 27Gy/15F 30Gy/18F 60Gy/30F | 66.87 27.3Gy/15F 32.7Gy/18F 60Gy/33F 70.90
PTV3_N | 24.5Gy/15F | 29.5Gy/18F | 54Gy/30F | 61.87 24.5Gy/15F 29.5Gy/18F 54Gy/33F 62.80

Table 5.1 Total dose and the Biological Equivalent Dose (BED) to the primary and nodal PTVs for Phase 1 and Phase 2 using ADAPTIVE_A and ADAPTIVE_B

*Included within PTV1_P
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5.2.2 Ensuring coverage of target volumes by ADAPTIVE_B and comparison of mean

dose to OARs with ADAPTIVE_A and ADAPTIVE_B planning protocols

In order to ensure that the new planning protocol resulted in clinically acceptable plans,
manual ADAPTIVE_B plans were planned for the 4 pilot study cases previously planned with
ADAPTIVE_A in Chapter 3. The coverage of the PTVs by ADAPTIVE_B was checked, and the
mean doses received by OARs with ADAPTIVE_B were compared to those from the original

ADAPTIVE_A, to look for differences between the two different planning protocols.

5.3 Results

5.3.1 Comparison of mandatory PTV coverage with PEARL A and PEARL B planning

protocols

The mandatory goals for primary and nodal PTV coverage (D99 >90% and D95 >95%) were
met by ADAPTIVE_B for all the PTVs across all 4 patients (data not shown). The primary PTVs
and PTV1 N received a lower total dose in phase 1 and a higher total dose in phase 2 with
ADAPTIVE_B compared to ADAPTIVE_A due to the different division of dose between the 2

phases for each.
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5.3.2 Comparison of mean dose to OARs with ADAPTIVE_A and ADAPTIVE_B planning protocols

The average mean dose for each OAR was compared between ADAPTIVE_A and ADAPTIVE_B techniques for each case. Fig. 5.3 a — d show the
individual mean doses to OARs for each case. Most dots representing ADAPTIVE_A and ADAPTIVE_B are close or overlap. The range of difference

is -1.44 — 2.61Gy. The largest difference is seen in Case 3 middle pharyngeal constrictor.

Casel Mean dose (Gy) Case 2 Mean dose (Gy)
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Fig. 5.3 a — d Scatter plots for Pilot Study Cases 1 — 4 showing mean dose to OARs for ADAPTIVE_A (yellow) and ADAPTIVE_B planning methods
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Superior Middle Inferior L L
haryngeal haryngeal haryngeal
pharyng pharyng Pharyngeal | o oraglottis | Glottis | parotid | parotid | C/LSMG | I/LSMG | OC
constrictor | constrictor | constrictor
gland gland
muscle muscle muscle
ADAPTIVE_
58.84 54.23 35.64 39.76 20.98 17.5 32.2 39.33 60.33 32.03
A
ADAPTIVE_
B 57.55 53.17 35.31 38.86 20.7 17.4 32.14 39.05 60.77 30.96

Table 5.2 Average mean doses (Gy) across the four PEARL patients: Mean doses received to OARs in modelled adapted plans: ADAPTIVE_A and ADAPTIVE_B
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5.4 Discussion

Time and human resource pressures, and a concern over a low dose per fraction (1.3Gy) delivered
to the PTV2 in phase 2, drove the development of an alternative planning protocol, ADAPTIVE_B.
Here | have presented the rationale for altering the protocol and the dosimetric effects of
implementing the ADAPTIVE_B method. | achieved the objectives set out at the start of this
chapter. ADAPTIVE_B is a simplified planning method which also increases the minimum
dose/fraction to 1.63Gy. In addition, | have demonstrated that any difference between
ADAPTIVE_A and ADAPTIVE_B in PTV coverage, and difference in dose to SWOARs and major

salivary glands, is unlikely to result in clinically relevant differences in toxicity.

5.4.1 Simplification of the PEARL planning protocol

To reduce the time burden on an overstretched planning department, and allow for planners to
be trained on the PEARL protocol in a shorter amount of time, | led the development of a new
planning protocol, ADAPTIVE_B. The previous 5 dose levels in ADAPTIVE_A were reduced to 3 for
ADAPTIVE_B which was based upon a more traditional design with a sequential boost to the high
dose PTV in Phase 2. ADAPTIVE_B uses the same volumes and expansions as ADAPTIVE_A and
has the same total dose delivered to the low, intermediate and high dose PTVs across both

phases.

Whilst not formally timed, when compared to planning the ADAPTIVE_A method, planners felt
that time taken to plan Phase 2 for ADAPTIVE_B was reduced by up to 10-15%. An additional
unexpected benefit was clinical review of Phase 2 plans was more straightforward for the
clinicians due to the reduced dose levels that required coverage checking. This was also not

formally timed but was an observation commented on.
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5.4.2 Increase of the dose/fraction delivered to prophylactic nodal volume

As well as simplifying the planning technique and reducing the time taken to plan, ADAPTIVE_B
also eliminated the 1.3Gy/F dose level to the prophylactic nodal volume in Phase 2 of
ADAPTIVE_A, which had been highlighted as a concern by the Trial Management Group in their

review because of the risk of undertreatment.

Other than total dose, the size of the fraction is the most important influence on risk of late tissue
effects, the larger the fraction size, the greater the risk of late toxicity. Too small a dose per
fraction could theoretically fail to cause lethal damage to tumours, encouraging the emergence

of radioresistant clones to dominate.

Whilst there is some evidence (130) that a fraction size of 1.4Gy may be effective enough for
eliminating microscopic disease in prophylactic levels, there is no phase 3 data demonstrating
this. The consensus of the Trial Management Group was that a smaller fraction size of 1.3Gy may
undertreat microscopic disease despite it being delivered within the same overall treatment time
as common UK practice. It was of paramount importance that every effort taken to ensure trial
participants are not put at risk of under treatment. In accordance with this, the increased

minimum dose/fraction size in ADAPTIVE_B of 1.63Gy provided additional reassurance.

5.4.3 Comparison of ADAPTIVE_A and ADAPTIVE_B on PTV coverage

PTV coverage for ADAPTIVE_A and ADAPTIVE_B was adequate and in line with ICRU regulations.
The decrease in dose to PTV1_P and bPTV1_P in phase 2 of ADAPTIVE_B reflects the difference
in dose per fraction between the 2 planning methods (data not shown). Whereas ADAPTIVE_A
starts with a higher dose per fraction to the PTV1_P and PTV2_P, then reduces it in phase 2 to
the non-avid volume, ADAPTIVE_B starts with a lower dose per fraction in phase 1 then increased,
or ‘boosted’ the area defined by the residual avidity. The dose and dose per fraction to PTV2_N
and PTV3_N are unchanged.
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5.4.4 Comparison of PEARL A and PEARL B on mean dose to OARs

Theoretically, the combination of a change in dose per fraction to the dose levels across 2 phases,
and simultaneous change in volume and position of OARs between Phase 1 and 2, could impact
upon a difference in mean dose received by the OARs comparing ADAPTIVE_A and ADAPTIVE_B.
For example, in ADAPTIVE_A Phase 1, 2Gy per fraction is delivered to the primary PTV2. In
ADAPTIVE_B Phase 1, primary PTV2 is treated at 1.63Gy per fraction. OARs close to the primary
PTV2 will receive a higher dose in ADAPTIVE_A compared to ADAPTIVE_B during Phase 1. Whilst
total dose to PTV2 across Phase 1 and 2 remains the same, the higher dose per fraction in Phase
1 may exert a greater impact for OARs that change volume and position with radiotherapy e.g.,
the ipsilateral parotid gland. To ensure that the change in the planning protocol did not introduce
bias into the PEARL results, | assessed the mean doses to OARs for the ADAPTIVE_A and
ADAPTIVE_B in the 4 cases used in the pilot study.

5.5 Conclusion

The alteration in the PEARL planning protocol allowed for a more efficient and more
straightforward turnaround of PEARL plans. This was especially important for the PEARL Phase 2
plans that need to be completed within 3 — 4 days. The benefits of a shorter planning process,
and approval of plans, to an overstretched and pressured department are clear. Any differences
between ADAPTIVE_A and ADAPTIVE_B are unlikely to have any noticeable impact on the patient
or the results of PEARL. In addition, the new minimal dose per fraction level was increased to
1.63Gy which was felt by the Trial Management Group to be a more acceptable dose to treat

potential microscopic disease.

The ADAPTIVE_B method was subsequently taken through as the new planning method for
subsequent patients recruited to the PEARL Study and ratified by a minor amendment to the

protocol.
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Chapter 6: Modelling the dosimetric
impact of the PEARL protocol using

Intensity Modulated Proton Beam Therapy
(IMPT) planning
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6.1 Introduction

6.1.1 Proton Beam Therapy

With the wider availability of proton beam therapy in the form of Intensity Modulated Proton
Therapy (IMPT) as a potential option for radiotherapy in the management of OPSCC, in addition
to substantial cost implications, improving methods to determine the patients who will benefit
most from proton beam therapy is required. The organ sparing benefits of proton beam therapy
are well documented and summarised in Section 1.10. In this chapter | investigate if these
benefits of proton therapy can be improved by applying biological response-based adaptation as

per the PEARL Study planning method.

6.1.2 Normal tissue complication probability (NTCP) modelling in proton beam therapy

The development of radiotherapy toxicity is multi-factorial and not purely dictated by dosimetry
i.e., toxicity experienced by two patients may vary even when the dosimetry is identical. For these
reasons, not all patients will derive the same level of benefit from proton beam therapy
compared to IMRT/VMAT. The comparison of Dose Volume Histograms (DVHs) alone to assess
differences between plans is limited as a result of OAR contouring discrepancies between
clinicians, differences between various Treatment Planning Systems software, and corrupt
dosimetry information. Normal Tissue Complication Probability (NTCP) models aim to determine
which patients are at low or high risk of developing toxicity in a more sophisticated way than
simple DVH comparison. NTCP modelling can consider patient specific factors and tumour
characteristics to estimate an individualised risk for the development of toxicities and assist the
clinician in selecting the optimal radiotherapy plan for their patient. Various NTCP models have

been validated and are already in use to select the patients with the most to gain from IMPT.

Whilst the foundation of an NCTP model is the DVH for a specific OAR, clinical factors including

the smoking status, age/sex of the patients, as well as whether concurrent chemotherapy will be

202



given, may affect the risk of toxicity development and can be included in NTCP models too. For
these reasons, differences between NTCPs (ANTCP) are expected to better represent actual

clinical outcomes compared to DVH comparisons alone.

The widely published theoretical benefits of proton beam therapy in some head and neck cancer
patients has been supported by, and driven the development of, a range of different NTCP models
for head and neck cancer radiotherapy plans. In most cases, these models have been internally

validated in single centre studies.

6.1.2.1 Impact of proton beam therapy on risk of dysphagia and xerostomia

A recent systematic review (131) reported 48 studies and 8 validation studies of NTCP modelling
to predict late effects of proton beam therapy in head and neck cancer patients. Most studies
(25) focus on xerostomia, 7 on dysphagia and the remainder on other toxicities including taste
change and hearing loss. There were no studies published at that time on osteoradionecrosis. In
line with my thesis, the most used dose parameter for the parotid glands, submandibular glands
and pharyngeal constrictor muscles, is the mean dose. Some of the models incorporate additional
information including baseline xerostomia, weight loss and the use of chemotherapy. Over half
the studies (58%) used patient cohorts of over 100 patients but the majority lacked any degree
of internal or external validation. 5 models across 4 studies included patients treated with proton

beam therapy, the remaining were based upon patients who had been treated with IMRT/VMAT.

One modelling study by Rwigema et al (132) aims to develop an NTCP model to predict any acute
toxicity benefit with proton beam therapy. They calculated the NTCP based upon 175 IMRT and
30 proton beam therapy OPSCC patients and validated it on a comparison of the 30 proton beam
therapy plans and modelled equivalent IMRT plans. The NTCP model predicted differences in the
mean NTCP values for each endpoint at 6 months, the most significant differences corresponding
to grade 2 or above dysphagia and xerostomia at 6 months post-radiotherapy. When compared
to actual clinical data, the model over predicted the rate of xerostomia. The group concluded

larger clinical cohorts were required to validate their model.
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The Netherlands have been at the forefront of proton beam therapy in head and neck cancer, and
in the development of NTCP models to inform which patients will benefit the most from proton
beam therapy over IMRT/VMAT. Approximately 2000 head and neck cancer patients a year have
radiotherapy treatment in the Netherlands of which 30 — 40% are deemed eligible for proton
beam therapy funding. The National Protocol for proton beam therapy for head and neck cancer
Patients — ‘NIPP-head and neck cancer’ - was developed by Langendijk et al and published in 2021
(96). The protocol compares estimated NTCP profiles of optimal photon and proton beam therapy
plans for xerostomia, dysphagia and feeding tube dependency based upon dose distribution
parameters in OARs, and other clinical/treatment factors including the use of any chemotherapy
and changes in weight. Prioritisation of OAR sparing is both parotid glands, superior pharyngeal
constrictor muscle/inferior pharyngeal constrictor muscle/cricopharyngeus, and the oral cavity.
The expected clinical benefit from the ANTCP profile between the IMRT/VMAT and proton beam

therapy plans is calculated for each patient.

The NTCP models used in the NIPP-head and neck cancer are selected on the basis that they had
been externally validated on large numbers within similar patient cohorts, receiving similar
treatment techniques. They use the mean dose for the contralateral parotid glands, and the
superior pharyngeal constrictor muscle and supraglottis, as a predictor for xerostomia and
dysphagia respectively. The thresholds of the ANTCP are based upon CTCAE toxicity scores Grade
1 - 4. Minimal thresholds arbitrarily chosen and approved by the NIPP-head and neck cancer
working group are set at 210% G2, >5% G3 or 22% G4 for xerostomia and dysphagia, in
recognition of the increasing impact upon activities of daily living with grade severity. The
patients who reach any of these thresholds are eligible for reimbursement of the cost of proton

beam therapy (Fig 6.1).
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Patient meets general eligibility

criteria for proton therapy:

e Primary tumor originating in
the pharynx, larynx or oral
cavity
No distant metastases

Curative intent
$ 4{ Plan comparison indicated
+
Generate PHOTON plan Generate PROTON plan
1 Il
NTCP,,,.-photons for dysphagia _m ANTCP for dysphagia graad 2 Il
grade 2 11 >10% 210%
NTCP,,,.-photons for moderate- ANTCP for moderate-to-severe
to-severe xerostomia >10% xerostomia 2 10%
INTCP,..-photons for dyshagia + IANTCP for dysphagia +
xerostomia >15% xerostomia 215%
nmeimass [ | VRSNSe |He
feeding dependence >5% dependence 25%

PHOTON THERAPY PROTON THERAPY |0—

Fig. 6.1 NIPP-head and neck cancer pathway Courtesy of Langendijik et al (96)

Flowchart for selecting patients for a plan comparison and proton beam therapy as per The
Netherlands national system. For each toxicity endpoint, the maximum ANTCP (ANTCPmax)

between VMAT and proton beam therapy techniques must be calculated.
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Clinical details of patients assessed by the NIPP-head and neck cancer from January 2018 to
September 2019 (133) demonstrate those who qualify for proton beam therapy are more likely
to have more locally advanced disease, pharyngeal tumours, receive concurrent chemotherapy,
and have a higher degree of PTV overlap with the parotid gland, superior pharyngeal constrictor
muscle, oral cavity and ipsilateral submandibular gland on their radiotherapy plans. The mean
dose to these OARs is also higher for the IMRT/VMAT plans in those who qualified for proton
beam therapy compared to those who did not (Fig. 6.2). The most common NTCP criteria for
proton beam therapy was the reduction in the risk of dysphagia or the summed risk of >grade 2

toxicity.
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Fig 6.2 Radar diagrams demonstrating the average mean doses of OARs as a result of VMAT and IMPT Courtesy of
Tambas et al (133)

Radar diagrams demonstrating the average mean doses of OARs as a result of VMAT and IMPT
planning in the population of patients between January 2018 to September 2019 qualifying for

proton beam therapy in the Netherlands, and the population of patients who did not.
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6.1.2.2 Impact of proton beam therapy on risk of osteoradionecrosis

The reduced distal beam path dose of a proton beam therapy beam supports the theory that the
risk of osteoradionecrosis could be significantly reduced by proton beam therapy. NTCP
prediction could play a role in the tailoring of follow up schedules specifically to patients
identified at increased risk with the incorporation of radiological and clinical review. This may
facilitate the early detection of disease recurrence and optimise the number of options available
for intervention including salvage surgery. Various dosimetric parameters have been suggested
as optimal constraints for the mandible in efforts to lower the risk of osteoradionecrosis. A

particular issue is the lack of consensus of osteoradionecrosis definition and grading.

The mean dose, V50 and V60 have all been proposed from osteoradionecrosis rates in large
retrospective studies (134, 135). Despite this, there was no published NTCP model for the risk of
osteoradionecrosis until Van Dijk et al in 2021 (136). To develop an NTCP model for
osteoradionecrosis, they reviewed 1259 head and neck cancer patients treated with IMRT
radiotherapy at the MD Anderson Cancer Centre between 2005 — 2015. To mitigate for the
complexity of defining osteoradionecrosis, the endpoint was defined as osteoradionecrosis of any
grade developed at any time point after radiotherapy. Variables including age, sex, subsite and

smoking were also included.
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Fig. 6.3 Courtesy of Van Djik et al 2021 (136)
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Average DVH for patients who develop osteoradionecrosis, n = 173, (red) versus those who do not, n = 1086, (green)
for volume and dose parameters to the mandible. Blue shading indicates univariate significance of parameters. D2%

- D98% and V15Gy — V70Gy were significant with a P<0.0001.

Patients who didn’t get osteoradionecrosis (n = 1086) had an average D30 of 46Gy +/- 16Gy, those
who did get osteoradionecrosis (n = 173) had an average D30 of 57Gy +/- 9Gy (Fig. 6.3). As a result
of their finding, the final NTCP model was based around 2 parameters; tooth extraction prior to
radiotherapy and the D30%. The group suggested that to reduce the risk of any grade
osteoradionecrosis to <5%, the D30% should be kept below 42Gy if no tooth extractions were

performed prior to radiotherapy, and below 35Gy if they were.
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Fig. 6.4 osteoradionecrosis NTCP models courtesy of Van Dijk (136). NTCP curves plotted against D30% split into
patients with pre-treatment dental extractions (orange lines) and those without (green lines) for NTCP models for
osteoradionecrosis of any grade (left) and Grade 4 (right). The dotted line indicates the most outer 95% confidence

interval (Cl) limits of the NTCP curves.

Compared to the Mavroidis (56), NTCP curves included in Chapter 1 (Fig. 1.6 and 1.7), the Van
Dijk osteoradionecrosis NTCP curves in Fig. 6.4 are shallower, reflecting the lower rates of
incidence of osteoradionecrosis compared to xerostomia and dysphagia in OPSCC patients

following chemoradiotherapy.
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Small differences in mean dose to mandible have also been demonstrated to impact upon
whether a patient develops osteoradionecrosis. A retrospective study (137) compared 534 IMRT
patients to 50 IMPT patients. Mean dose received to mandible in the IMRT group was 41.2Gy,
compared to 25.6Gy in the IMPT group. Those without osteoradionecrosis received a mean dose

of 39.3Gy compared to 46.8Gy in those who developed it, a difference of 7.1Gy.

6.1.2.3 Role of NTCP modelling in the clinic

Ultimately the NTCP model only considers a proportion of factors that inform treatment decision
making and provides only an estimation of risk. NTCP values must be used only as an adjunct to,

rather than a replacement for, the clinician’s clinical assessment.

6.1.3 Adaptive techniques in proton beam therapy

The physical and radiobiological features of proton beam therapy give it an inherent susceptibility
to uncertainties regarding dose deposition (as discussed in Section 1.10). Anatomical changes in
patients during a course of proton beam therapy leads to up to 40% of head and neck cancer

patients requiring plan adaption (138).

6.1.3.1 Adaption for anatomical changes

The most widely published studies in adaptive radiotherapy for proton beam therapy look at
reactive replanning of proton beam plans in response to anatomical changes e.g. weight loss

rather than tumour response to treatment.

The optimal frequency of replanning for anatomical changes throughout a course of proton beam

therapy has not yet been defined. Bobic et al (139) compared daily to weekly online adaptation
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by retrospectively evaluating the daily CBCTs of 10 patients. They tracked the doses to CTVs and
OARs with no adaption and compared with a theoretical adaption on a daily, and weekly basis.
They concluded that whilst daily re-planning reduced random delivery errors, weekly replanning
was equivalent in terms of clinical goals. Both daily and weekly replanning improved the CTV
coverage and OAR sparing to the same extent compared to no adaption. They concluded that

weekly replanning was sufficient for these patients.

6.1.3.2 Response based adaption in proton beam therapy

The improved conformality conveyed by IMPT may synergise with response-based adaption and
result in a greater degree of dosimetric improvement. Conversely, the improved dosimetry by
IMPT at baseline, may mean that the impact of adaption is reduced, as seen with automated

planning in Chapter 4.

There is a paucity of published studies looking at response-based adaption of the high dose CTV
during proton beam therapy treatment. There are no published studies looking at the dosimetric
impact of PET-based response adaption in head and neck cancer proton beam therapy. In this
chapter | demonstrate the organ sparing benefits of IMPT by comparing non-adaptive manual
VMAT to IMPT plans for my pilot study cohort cases. | then model the dosimetric impact of
biological response-based adaptive planning following the PEARL protocol, on IMPT plans and
compare to non-adaptive IMPT plans. Finally, | compare dosimetric differences between non
adapted and adaptive IMPT to published data, and address whether biological response-based

adaption in IMPT is likely to confer additional benefit regarding the probability of toxicity.

6.1.4 Objectives
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1. Investigate the dosimetric impact of IMPT by comparing mean dose received by OARs
between non-adaptive VMAT and non-adapted IMPT plans

2. Investigate the dosimetric impact of adaptation by comparing dose received by OARs
between non-adaptive IMPT and adapted IMPT plans

3. Investigate the relative dosimetric impact of adaptation by comparing dose received by

OARs between adaptive VMAT and IMPT plans

4. Identify whether adaptation as per the PEARL Study protocol would influence the ONTCP

threshold for proton beam therapy funding in The Netherlands

My hypothesis is that non-adapted IMPT will show dosimetric advantages in terms of OAR
avoidance compared to VMAT for non-adapted planning, and that adapted IMPT will be superior
to both non-adaptive IMPT and adaptive VMAT planning.

6.2 Methods

| performed a dose modelling study using IMPT to investigate the impact of IMPT and adaptation,
on dose received to OARs including OARs associated with dysphagia, xerostomia and
osteoradionecrosis. | specifically look at the mean doses to dysphagia and xerostomia-associated

OARS, and D30 to the mandible, to align my data to published literature on proton beam therapy.

This modelling study was performed in collaboration with Jamil Lambert, Principal Physicist at
The Rutherford Cancer Centre in Newport, Wales. The Rutherford Cancer Centre is a private

healthcare provider with IMPT planning and delivery capability.

6.2.1 Identifying datasets for the IMPT modelling planning study
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To allow accurate comparison of VMAT and IMPT techniques, the anonymized patient datasets
used in the pilot study to model VMAT plans were used for the IMPT modelling study. Datasets

included the planning PET-CT images, target volumes and OAR structures for each patient.

6.2.2 The standard and PEARL adaptive planning techniques

The ADAPTIVE_B planning method was used for work presented in this chapter.

The following plans were generated based upon the PEARL Pilot Study cases:

1. ‘NON-ADAPTIVE’: Manually planned non-adapted VMAT — Previously planned at Velindre
Cancer Centre using RayStation VMAT planning protocol for the PEARL pilot study detailed
in Chapter 5.

2. ‘ADAPTIVE’: Manually planned adapted VMAT — Previously planned at Velindre Cancer
Centre using RayStation VMAT planning protocol for the PEARL pilot study detailed in
Chapter 5.

3. ‘NON-ADAPTIVE_PROTON’: Manually planned non-adapted IMPT — Specifically planned
at The Rutherford Cancer Centre for this project using RayStation proton beam therapy

planning protocol.

4. ‘ADAPTIVE_PROTON’: Manually planned adapted IMPT — Specifically planned at The
Rutherford Cancer Centre for this project using RayStation proton beam therapy planning

protocol.

The target volumes and organ at risk structures defined for the VMAT pilot study in Chapter 3 were

used for the IMPT modelling study.
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High dose | CTVto | Robustness Number | Dose/fraction | Total dose to
CTv PTV parameters of to high dose high dose
definition margin fractions CTV (CGE*)
cTv
(CGE*)
Nonadaptive| GTV+5mm 10mm | N/A 33 2 66
VMAT
Adaptive GTV+10mm | 10mm | N/A 15 1.8 27
VMAT bGTV+5mm 18 515 387
Nonadaptive| GTV+5mm N/A 3mm positional | 33 2 66
IMPT uncertainty
3.5% range
uncertainty
Adaptive GTV+10mm | N/A 3mm positional | 15 1.8 27
IMPT bGTV+Smm uncertainty 18 2.15 38.7
3.5% range
uncertainty

Table 6.1 Comparison of adapted and non-adapted VMAT and IMPT plans’ high dose CTV and dose/fractionation *Cobalt

Gray Equivalent

N/A = Not applicable

6.2.3 Transfer of pilot study datasets and structures to RCC

The planning and interim PET_CT datasets and structures were exported from Raystation at

Velindre Cancer Centre as DICOM files and sent to RCC via the NWIS Fileshare system. The DICOM

files were then imported into The Rutherford Cancer Centre’s Raystation system.
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6.2.4 IMPT plan generation (in collaboration with Jamil Lambert, Principal Physicist at

Rutherford Cancer Centre, Newport)

Multifield optimisation on RayStation version 9A was used to generate the IMPT plans. We

modelled the delivery of IMPT with pencil beam scanning using the IBA ProteusONE cyclotron.

The IMPT plans were robustly optimised such that doses received by target volumes and OARs
were recalculated based upon multiple scenarios to take into consideration set up error (3-5mm)
and range uncertainty, which functions as the equivalent of adding a PTV margin in photon

planning. This leads to multiple CTV and OAR doses from each plan as discussed below.

For my study, the combined primary and nodal target volume was split into an inferior section
extending to 2cm inferior to the chin, and a superior section from above the shoulders. The
inferior section was treated with a single anterior beam and the superior section with either two
posterior oblique beams to spare the parotids, or two posterior oblique beams and an anterior
oblique beam on the side of the primary. Specific beam angles were selected during manual
planning based upon several factors due to the specific physical and radiobiological nature of
proton beams. These factors vary between individual patients and include regions of tissue
density heterogeneity, termination of multiple beams at the same point in critical structures and

the presence of non-biological implants e.g., dental amalgam.

The anterior beam was positioned to avoid travelling through the chin or teeth and the posterior
obligue beams positioned to avoid the shoulders, due to the day-to-day variability in the
positioning of the body. The posterior oblique beams only treated the nodes on the same side,
e.g., the right posterior oblique beam did not treat the left nodal volume. The section in the neck
where both the anterior and posterior oblique beams covered the target had a gradient dose

junction to minimise the risk of over- or under treatment.
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The plan was created by robustly optimising the dose to the CTV volume with a 3mm positional
uncertainty and a 3.5% range uncertainty. The RayStation planning system had the option to shift
the beams independently from each other as part of the robust optimisation process, which was

used in the superior-inferior direction only, to create the gradient dose junction.

For the adaptive IMPT plans, the two phases were planned independently. The planning priority
order for the optimisation of non-critical OARs, and the mandatory dose constraints, were as per
the PEARL protocol used for the VMAT pilot study. The mandatory dose constraints were applied
to the worst-case scenario generated during the robust IMPT planning rather than the planning

organ at risk volume (PRV) used in VMAT planning.

The total dose for each IMPT plan was calculated as:
Phase 1 dose on baseline planning PET- CT x 15F/33F
+
Phase 2 dose on interim planning PET-CT x 18F/33F

The phase 2 dose was optimised based on the sum of the phase 1 plan and the phase 2 plan on
the interim planning scan as was the standard process for planning phase 2 IMPT plans at The

Rutherford.

6.2.5 Target volume coverage and OAR dose constraints

As per the PEARL protocol and previously detailed in Tables 2.5 and 5.1.

6.2.6 Transfer of IMPT plans from RCC to VCC for analysis

The IMPT plans generated on Raystation at RCC were sent back to Velindre Cancer Centre by
email as DICOM files. The DICOM files were then imported into the Velindre Cancer Centre

Raystation planning system for review and analysis.
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6.2.7 Assessment of dose to OARs

Mean dose to OARs are reported for NON-ADAPTIVE_PROTON and ADAPTIVE_PROTON plans.
There were compared to ADAPTIVE and NON-ADAPTIVE VMAT plans presented in Chapter 3.

Optimal dose constraints to OARS achieved using IMPT or adaptive planning were recorded.

6.2.8 NTCP calculations for dysphagia risk in non-adapted and adapted VMAT plans for

comparison with non-adapted IMPT plans

NTCP calculations for dysphagia risk we performed using the validated dysphagia model
described by Christianen et al (140). Individual calculations were performed on each case
comparing adapted and non-adapted VMAT plans to non-adapted IMPT plans to explore whether
they reached the threshold for proton beam treatment funding as per The Netherlands scheme.
Mean dose to the superior pharyngeal constrictor muscle and the supraglottis is entered into the

following calculation:

1

NTCP = (14+e)-s

where s = -6.09 + (mean dose to the superior pharyngeal constrictor muscle x 0.057) + (mean dose

to the supraglottis x 0.037)

6.3 Results

6.3.1 Comparison of non-adapted VMAT and non-adapted IMPT plans

6.3.1.1 Impact on OARs by IMPT planning

All the mean doses to all studied OARs in the 4 pilot study cases were markedly lower with the

non-adaptive IMPT plans compared to the equivalent VMAT plans (Fig 6.5a-d) and (Table 6.2).
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The most marked difference was seen in the more caudal structures (inferior pharyngeal
constrictor muscle and glottis) and the oral cavity. The mean dose to the glottis was markedly

reduced by 17.99 — 24.73 Gy across the 4 cases.

In the pharyngeal constrictor muscles the largest degree of sparing by IMPT was seen in the superior
pharyngeal constrictor muscle with reductions in mean dose between 10.07 — 19.31Gy. The oral

cavity was spared by IMPT up to 25.16Gy in every case (range -9.59Gy - -25.16Gy).

Multiple optimal dose constraints were met across the different cases and SWOARs as a result of
non-adaptive IMPT planning. The inferior pharyngeal constrictor muscle dose constraint was met
in all 4 cases. 3 out of 4 cases met constraints to the middle pharyngeal constrictor muscle and
supraglottis. Constraints to the superior pharyngeal constrictor and oral cavity were met in 2

cases.

The contralateral submandibular gland (9.67 — 18.46Gy) and ipsilateral parotid gland (11.76 -
21.21Gy) had the greatest reductions in mean dose with IMPT planning. One case achieved the
optimal dose constraint to the contralateral submandibular gland with IMPT planning. The mean
dose to the contralateral parotid gland was reduced by 1.99 — 9.24Gy and the optimal dose
constraint was met for all 4 cases as a result. The smallest difference between non adapted VMAT

and IMPT plans was seen in the ipsilateral submandibular gland (0.8 — 2.71Gy).

IMPT reduced the mean dose to the mandible across all 4 cases compared to VMAT with a
reduction of 9.57 — 21.28Gy (Table 6.7). The D30 was >42Gy for all cases planned with
nonadapted VMAT plans and was improved by non-adaptive IMPT planning; Cases 1 and 2 met
the dose constraint of D30 <42Gy, cases 3 and 4 had D30 <35Gy.
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Fig. 6.5 Waterfall charts demonstrating change in mean dose received by OARs for Pilot Study cases 1 — 4 as a result of

IMPT non adaptive planning compared to VMAT non-adaptive planning

Key: OC = Oral Cavity, SPCM = Superior pharyngeal constrictor muscle, MPCM = Middle pharyngeal constrictor muscle, IPCM

= Inferior pharyngeal constrictor muscle, SG = Supraglottis, G = Glottis, C/L PG = Contralateral parotid gland, I/L PG = Ipsilateral

parotid gland, C/L SMG = Contralateral submandibular gland, I/L SMG = Ipsilateral submandibular gland
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Difference in mean dose for OARs (NON-ADAPTED IMPT — NON-ADAPTED VMAT)

Patient | Superior Middle Inferior
haryngeal haryngeal haryngeal C/L Parotid | I/L Parotid
pharyng pharyng pharyngeal | ¢ olottis| Glottis | </ / C/LSMG | I/LSMG Oral Cavity
constrictor constrictor constrictor gland gland
muscle muscle muscle
1 -10.07 -12.48 -30.09 -13.97 -20.46 | -2.57 -13.69 -18.46 -0.8 -9.59
2 -11.99 -11.68 -25.44 -11.36 -24.73 | -8.81 -14.54 -9.67 -2.71 -25.16
3 -15.04 -6.59 -25.21 -9.98 -18.83 | -9.24 -11.76 -11.63 -2.19 -13.56
4 -19.31 -11.3 -24.63 -6.73 -17.95 | -1.99 -21.21 -15.52 -1.61 -19.84

Table 6.2 Average mean doses to OARs across all 4 Pilot Study cases comparing non-adaptive VMAT plans to non-adaptive IMPT plans.

229




Mandible

Case 1 Case 2 Case 3 Case 4

Mean D30 Mean D30 Mean D30 Mean D30

NON-ADAPTIVE
39.81 | 46.67 38.82 44.25 | 38.17 | 42.79 35.98 42.64

NON 22.71 | 36.33 21.95 37.97 | 28.6 16.14 14.16 31.55

ADAPTIVE_PROTON

NON -17.1 | -10.34 | -16.87 | -6.28 | -9.57 | -26.65 -21.82 | -11.09

ADAPTIVE_PROTON —
NON-ADAPTIVE

Table 6.3 Mean dose and D30 to mandible for NON-ADAPTIVE(Gy), NON-ADAPTIVE_PROTON (Gy/RBE) and the

difference between the two techniques (Gy).

6.3.2 Comparison of non-adapted IMPT and adapted IMPT planning

6.3.2.1 OARs

In most OARs across all 4 cases, the dose with IMPT was reduced further with adaptive IMPT
planning compared to non-adaptive IMPT planning (Table 6.4). Overall difference in doses was
smaller than the difference seen between the non-adaptive VMAT and non-adaptive IMPT
plans. Across the 4 cases adaptation also increased the dose to 14 OARs. This was <1Gy in 9
OARs and most pronounced in the ipsilateral parotid gland, ipsilateral submandibular gland

for cases 2 — 4, and the oral cavity in case 2.

Mean dose to the middle pharyngeal constrictor muscle was consistently reduced by adaptive
IMPT planning (1.53 — 8.62Gy) as was dose to the supraglottis (0.12 — 19.42Gy) and glottis
(0.28 — 5.29Gy) although there was wide inter-individual variation. The effect on the mean

dose to the superior pharyngeal constrictor muscle was inconsistent, reducing dose in cases 1



and 4 by up to 1.72Gy and increasing the dose in Cases 2 and 3 by less than 0.5Gy. In addition
to most optimal dose constraints being met by non-adaptive IMPT planning, adaptation did
attain an extra dose constraint for the middle pharyngeal constrictor muscle in Case 3 by

reducing the mean dose from 51.75Gy to 43.13Gy.

Mean dose to the contralateral parotid was reduced in Cases 1 and 4, and to the contralateral
submandibular gland in Cases 2 and 3 with small increases in mean dose in the other cases.
The ipsilateral parotid was spared 3.04Gy in mean dose by adaptation in case 1 but received

a greater mean dose in the other cases (0.43 —5.29Gy).

Adaptive IMPT planning had a mixed impact on the mandible mean dose, from a reduction by
10.45Gy in Case 3, to an increase of 1.98Gy for case 4 (Table 6.5). D30 was reduced for 2 cases
to under 35Gy and was increased for Case 3 although the absolute value was low (22.15Gy),

and Case 4 was only minimally changed, remaining under 35Gy.

Case 1 Case 2

6

4

2

0 [ | = 1 ]
2 OC  seCM Nlr»;. |Fl1 I C/LPG |/LPG lla"LSMG
4

6

5MG

L A -]

I S!JI IV.!IV. Ilﬂ\d ; I C_.-IG I,."IG GL Ia"L!/IG

da

Difference in dose {Gy)

-12
-14
16 -16
-18 -18
-20 -20

Difference in dose (Gy)

Case 3 Case 4

— _ R I -
SPCM I\;IIV. IPCH I G C/LPG I/LPG l LSMG
SMG

oc s@n I\-’.I\-’. IPCIM I I C_.-HG I/LPG  C/L I/LSMG

SMG

- S T R
hobo M oEm

-8
-10
-12
-14

-8
-10
-12
-14

Difference in dose (Gy)
Difference in dose (Gy)

16 -16
-18 -18
-20 -20

Fig. 6.6 Waterfall charts demonstrating change in mean dose received by OARs for Pilot Study cases 1 —4 as a

result of IMPT adaptive planning compared to IMPT non-adaptive planning



Key: OC = Oral Cavity, SPCM = Superior pharyngeal constrictor muscle, MPCM = Middle pharyngeal constrictor
muscle, IPCM = Inferior pharyngeal constrictor muscle, SG = Supraglottis, G = Glottis, C/L PG = Contralateral
parotid gland, I/L PG = Ipsilateral parotid gland, C/L SMG = Contralateral submandibular gland, I/L SMG =

Ipsilateral submandibular gland



Difference in mean dose for OARs (ADAPTED IMPT — NON-ADAPTED IMPT)

Patient | Superior Middle Inferior
haryngeal haryngeal haryngeal C/L Parotid | I/L Parotid
P y.g P y.g P y.g Supraglottis | Glottis / / C/LSMG | I/LSMG Oral Cavity
constrictor constrictor constrictor gland gland
muscle muscle muscle
1 -1.72 -1.53 -1.19 -0.12 -5.29 |[-3.78 -3.04 0.52 -1.37 -5.49
2 0.36 -1.96 -2.81 -19.42 -435 |[1.33 2.33 -3.46 1.08 2.3
3 0.44 -8.62 -0.15 -4.87 -0.28 [0.32 5.29 -2.45 1.02 -10.98
4 -2.0 -2 0.42 -2.99 -6.86 |-1.42 0.43 0.08 0.60 0.11

Table 6.4 Average mean doses to OARs across all 4 Pilot Study cases comparing adaptive IMPT plans to non-adaptive IMPT plans.
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Dose (Gy/RBE
(Gy ) Mandible

Case 1 Case 2 Case 3 Case 4

Mean D30 Mean D30 Mean D30 Mean D30

NON 22.71 36.33 21.95 37.97 28.6 16.14 14.16 31.55

ADAPTIVE_PROTON

ADAPTIVE_PROTON | 22.14 34.74 22.23 24.82 18.15 22.15 16.14 31.86

-0.57 -1.59 0.28 -13.15 | -10.45 | 6.01 1.98 0.31
ADAPTIVE_PROTON

- NON-
ADAPTIVE_PROTON

Table 6.5 Mean dose to mandible for NON-ADAPTIVE_PROTON (Gy/RBE), ADAPTIVE_PROTON (Gy/RBE), and the

difference between the two techniques (Gy/RBE).

6.3.3 Comparison of adaptive VMAT and adaptive IMPT planning



6.3.3.1 OARs

Adaptive IMPT planning resulted in lower mean doses to all the studied OARs across all 4 cases
compared to adaptive VMAT planning. The largest differences were seen in the oral cavity
(mean difference 19.78Gy), glottis (20.63Gy) and inferior pharyngeal constrictor muscle
(23.89Gy).

Adaptive IMPT planning resulted in lower mean dose to the mandible compared to adaptive
VMAT planning across all the cases. The D30 was also lower with ADAPTIVE_PROTON
compared to ADAPTIVE. None of the ADAPTIVE cases had a D30 <35Gy but cases 3 and 4 had
D30 less than 42Gy. All the ADAPTIVE_PROTON cases had a D30 of <35Gy.
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Difference in mean dose for OARs (ADAPTED — ADAPTED IMPT)

Patient | Superior Middle Inferior
haryngeal haryngeal haryngeal C/L Parotid | I/L Parotid
pharyng pharyng pharyngeal | o olottis| Glottis | </ / C/LSMG | I/LSMG Oral Cavity
constrictor constrictor constrictor gland gland
muscle muscle muscle
1 -9.29 -11.79 -26.67 -7.8 -21.01 | -3.46 -20.01 -15.3 -3.14 -16.31
2 -8.21 -11.74 -25.86 -25.36 -27.02 | -8.77 -12.92 -13.69 -0.7 -20.12
3 -12.9 -13.58 -23.44 -12.45 -17.11 | -7.89 -6.76 -13.15 -1.96 -22.03
4 -19.83 -10.69 -19.6 -7.64 -17.38 | -2.18 -22.00 -14.22 -0.86 -20.67

Table 6.6 Average mean doses to OARs across all 4 Pilot Study cases comparing adaptive IMPT plans to adaptive VMAT plans.
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Mean dose (Gy/RBE

and Gy) Mandible

Casel Case 2 Case 3 Case 4

Mean D30 Mean D30 Mean D30 Mean D30
ADAPTIVE 38.03 44.6 39.82 453 36.51 41.1 34.52 39.54

ADAPTIVE_PROTON | 22.14 34.74 22.23 24.82 18.15 22.15 16.14 31.86

-15.89 | -9.86 -17.59 | -20.48 |-18.36 |-18.95 |-18.38 | -7.68
ADAPTIVE_PROTON

— ADAPTIVE

Table 6.7 Mean dose to mandible for Adaptive VMAT plans (Gy), Adaptive IMPT plans (Gy/RBE) and the difference between the two techniques (Gy).

6.3.4 Impact of adaptation on OAR mean dose for VMAT compared to IMPT plans

The difference adaptation has on average mean doses for VMAT and IMPT planning is similar, suggesting adaptation as per the PEARL protocol

conveys a comparable impact on both. The average mean dose is reduced for all OARs apart from the ipsilateral parotid gland (Table 6.7).

227



Adaptation has greater impact on mandible sparing when used with VMAT in Cases 1 and 4. In Case 3 the impact on the mean dose was larger
for IMPT although the D30 was raised. The converse occurred with VMAT where adaptation resulted in a reduction of the D30 by 10.45Gy. Case

2 did not show improved mandible sparing with adaptation regarding mean dose although the D30 was reduced in the adaptive IMPT plans (Table

6.8).
Dose (Gy) Oral Cavity | Superior Middle Inferior Supraglottis | Glottis C/L I/L Parotid | C/LSMG I/L SMG
pharyngeal pharyngeal | pharyngeal Paroti | gland
constrictor constrictor | constrictor d gland
muscle muscle muscle
Adaptive- Non| -0.8 -2.1 -2.2 -3.2 -4 -39 -1 1.3 -1 0.2
adaptive VMAT
Adaptive IMPT —| -3.51 -0.51 -3.52 -0.93 -6.85 -4.2 -0.89 1.25 -1.32 0.33
Non adaptive
IMPT

Table 6.8 Difference in average mean dose (Gy) to each OAR between adaptive and non-adaptive VMAT, and adaptive and non-adaptive IMPT plans.
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Dose (Gy)

ADAPTIVE_PROTON —
ADAPTIVE_PROTON

Mandible

Case 1l Case 2 Case 3 Case 4

Mean D30 Mean D30 Mean D30 Mean D30

-1.05 1.66

NON-ADAPTIVE -
ADAPTIVE

0.57 1.59 -0.28 13.15 10.45 -6.01 -1.98 -0.31
NON-

Table 6.9 Difference in mean dose and D30 to the mandible between adaptive and non-adaptive VMAT, and

adaptive and non-adaptive IMPT plans to mandible

Blue shading indicates when mean dose reduction due to adaptation for IMPT plans was greater, red shading for

when dose reduction was greater for adaptation of VMAT plans.




6.3.5 NTCP calculations for dysphagia risk in non-adapted and adapted VMAT plans for comparison with non-adapted IMPT plans

The NTCP complication risk of dysphagia as per Christianen (140) was calculated for non-adaptive and adaptive VMAT plans for each case and
compared to non-adapted IMPT plans to generate A NTCP (Table 6.10). The mean A NTCP for non-adaptive VMAT compared to non-adaptive
IMPT was 17.1% (range 13.9 — 20.85%). The mean A NTCP for adaptive VMAT compared to non-adaptive IMPT was 11.37% (range 9.48 — 12.64%).

Case ) Adaptive VMAT Non-adaptive Non-adaptive VMAT — Adaptive VMAT — non
Non-adaptive
VMAT NTCP  complication protons nonadaptive protons adaptive protons
1 [v)
risk (%) NTCP  complication | A NTCP A NTCP
NTCP risk (%)
complication risk
(%)
1 37.80 29.59 16.95 20.85 12.64
2 32.64 23.32 13.84 18.8 9.48
3 22.92 18.99 8.02 14.9 10.97
4 19.99 18.48 6.09 13.9 12.39
Mean | 28.34 22.6 11.23 17.1 11.37

Table 6.10 NTCP complication risks and A NTCP for cases 1 — 4 non-adaptive and adaptive VMAT plans, and non-adaptive IMPT plans.
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| produced radar diagrams (Fig. 6.7) to compare data from the pilot cases to radar diagrams
from Tambas et al (133) (Fig. 6.2) and visually assess if the pilot cases were likely to have been

approved for proton beam therapy in The Netherland.

Case 2
Case 1
B Mean dose VMAT B Mean dose IMPT ®
B Mean dose VMAT M Mean dose IMPT ;
Oral Cavity
Oral Cavity
Q
Cricophar C/LPG
IPCM I/LPG
Supraglottis C/L SMG
Case 3 Case 4
B Mean dose VMAT ~ ® Mean dose IMPT B Mean dose VMAT @ Mean dose IMPT
Ol Cayity Oral Cavity
Cricophar C/LPG Cricophar C/LPG
IPCM I/LPG IPCM I/LPG
Supraglottis C/LSMG Supraglottis C/LSMG
MPCM 1/L SMG MPCM 1/LSMG

Fig 6.7 Radar diagrams for Cases 1 — 4 in the style of Tambas et al (133) demonstrating the difference in mean

dose to OARs in modelled non-adaptive VMAT and IMPT plans
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6.3.6 Relative impact of optimisation for SWOARs, adaptation and IMPT planning on
total dose to OARs for cases 1 —4

All cases had a reduction in their total mean dose to OARs when optimised for SWOARs,
adapted as per PEARL, and planned with IMPT. The magnitude of impact was ranked in the
same order for all cases, with optimisation reducing the total mean dose the least, and
adapted IMPT the most. Cases 1 and 2, and Cases 3 and 4, demonstrated similar total mean
dose reductions despite having different degrees of biological GTV reduction on the iPET-CT.
Adaptation had the greatest impact on Cases 2 and 3 for both VMAT and IMPT plans (Fig. 6.8).

400
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300 s i
200 = k
100 b I I !
0 - il |
1 2 3 4

B NON-OPTIMISED = NON-ADAPTIVE VMAT mADAPTIVE VMAT = NON-ADAPTIVE(PROTON) m ADAPTIVE(PROTON}

0

Combined mean dose to all studied OARs (Gy)

Fig. 6. 8 Combined mean dose to studied OARs for Pilot Study Cases 1 — 4 for non-optimised, non-adaptive VMAT
plans and subsequent comparators: Optimised non-adaptive VMAT plans, adaptive VMAT, non-adaptive IMPT
and adaptive IMPT plans
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6.4 Discussion

This piece of work was a modelling planning study designed to look at the dosimetric
differences between VMAT and IMPT plans using the cases from the PEARL pilot study.
Specifically, mean dose to OARs was studied, to look for an indication of potential benefits of
both standard IMPT, and adaptive IMPT, when compared with the standard of care method,
non-adaptive VMAT planning. Finally, the magnitude of impact of PEARL adaptive on an IMPT

plan was compared to the impact of PEARL adaptive on the VMAT technique.

6.4.1 NON-ADAPTED VMAT versus NON-ADAPTED IMPT plans

IMPT uniformly reduced the mean dose to OARs across all four cases when non-adaptive
VMAT and non-adaptive IMPT were compared, in line with published data. The superior
pharyngeal constrictor muscle, glottis, supraglottis, oral cavity, contralateral and ipsilateral
parotids and contralateral submandibular gland all demonstrated markedly large reductions

in mean dose because of model planning with IMPT.

A notable IMPT-related reduction in mean dose to the superior pharyngeal constrictor muscle
between 10.07 — 19.31Gy, and the contralateral submandibular gland and parotid gland by a
mean of 13.83Gy and 5.65Gy respectively is likely to result in improved toxicity rates when
compared to published modelled NTCP curves. The ipsilateral parotid gland had improved
sparing with Cases 2 and 4 achieving optimal dose constraints (mean dose <24Gy) when
planned with IMPT. The smaller difference seen for the contralateral parotid compared to the
ipsilateral parotid may be a result of the different beam arrangements standardly used in
VMAT and IMPT planning. As described by Behrends et al (141), dose to the contralateral
parotid can be relatively higher with IMPT plans due to the common use of lateral beams.
These are utilized to reduce dose through the oral cavity which is in line with the sparing of

the oral cavity seen in the pilot non-adaptive IMPT cases. VMAT on the other hand uses
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multiple beams in an arc arrangement, and therefore spreads out the dose distribution more

evenly across the axial plane.

The NTCP differences between non-adaptive VMAT plans and non-adaptive IMPT plans were
>10% suggesting these cases would be candidates for IMPT funding as as per the NIPP-head
and neck cancer criteria in The Netherlands. Both the pilot cases and Tambas data radar
diagrams demonstrate the largest predicted differences are seen in the more inferior
structures and oral cavity. Visually, there is a larger difference in mean dose to most of the
OARs between the VMAT and IMPT plans in my pilot cases compared to the Tambas data.
There is improved sparing of the contralateral submandibular gland and parotid glands with

IMPT in the pilot cases compared to Tambas.

In Section 6.1, | explain the difficulties in defining osteoradionecrosis, and therefore the
challenge of establishing important dosimetric constraints by NTCP modelling for the
mandible in IMPT. In the literature the D30 metric has been suggested as an important
predictor of osteoradionecrosis. To keep the risk of osteoradionecrosis of any grade to under
5%, suggested the D30 needs to be below 42Gy if teeth extractions have not occurred prior to
radiotherapy, and 35Gy if they have. When assessing my results, it is important to appreciate
that D30 was not prospectively defined as an optimal dose constraint at the time of planning.

Had it been, there may have been greater impact on the D30 by IMPT and adaptation.

Non-adaptive IMPT delivered a lower mean dose and D30 compared to non-adaptive VMAT
across the four pilot cases. In Cases 1 and 2, IMPT reduced the D30 to <42Gy and in cases 3
and 4, to <35Gy. | do not have the teeth extraction information for the pilot cases and
therefore cannot comment on which was the more important constraint for each case. It is
clear, however, that IMPT planning reduced the modelled risk of osteoradionecrosis for all
cases when compared to VMAT. As previously mentioned earlier in the chapter, a retrospective
study found that patients who developed osteoradionecrosis received an average mean dose
of 46.8Gy compared to 39.3Gy in those who did not. With average mean doses of 38.2Gy and
16.86Gy for non-adaptive VMAT and non-adaptive IMPT respectively, our modelled standard
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plans could be expected to confer a low risk of osteoradionecrosis had they been used to treat

patients.

The global reduction in mean dose to OARs with IMPT is in keeping with consensus in the
literature that the greatest dosimetric benefit of IMPT is the reduction of low to middle dose

to normal tissues, as opposed to an improved conformality of high dose to the target volume.

6.4.2 The impact of biological response-based adaptation on IMPT plans

Whilst the magnitude of impact of adaptation on mean dose to OARs varied across the IMPT
plans, most OARs had reduced mean doses because of IMPT adaptive planning. There was a
trend for the largest reductions in the more caudal OARs with consistent reductions of up to
19Gy in the supraglottis, glottis and 8.62Gy in the middle pharyngeal constrictor muscle
compared to non-adaptive IMPT plans. There was less reduction for the superior pharyngeal
constrictor muscle (range 0.36Gy - - 1.72Gy) which may be due to the fact it is closer to or
included within the high dose primary CTV whereas the middle pharyngeal constrictor muscle
and more caudal structures benefited from reduced low and middle dose due to adaption.
Even where large reductions in mean dose had been made by non-adaptive IMPT, e.g the oral
cavity in Case 3, further reduction was seen with adaptation with an additional reduction of
10.98Gy. This suggests that adaptation as per the PEARL protocol may still of benefit regarding

organ sparing in IMPT plans.

Many examples where PEARL adaptive increased the mean dose were changes of less than
1Gy. The ipsilateral parotid and submandibular gland received an increased dose with
adaptation. These structures are often near the nodal target volumes. Unlike the primary
target, the nodes were not adapted. Dose may have been moved from the area of the primary
towards the peripheral, nodal volumes during the phase 2 planning, increasing the dose to
OARs nearby. In addition, the ipsilateral parotid and submandibular gland are lower down on

the list of priorities for OAR sparing and so limited effort may have been made to spare them.
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The mean dose and D30 to the mandible for NON-ADAPTIVE_PROTON were already lowered
by IMPT compared to NON-ADAPTIVE. This may in part explain why there was limited effect
of PEARL adaptive. There was potential for clinical benefit seen in case 3 where the mean dose

was reduced by 10.45Gy, and in case 2 where the D30 was reduced by 13.15Gy.

6.4.3 Impact of PEARL adaptation VMAT and IMPT plans

The magnitude of organ sparing by IMPT was far greater than the organ sparing effects of
adaptation on VMAT and IMPT plans (Fig. 6.7). The mean doses were consistently lower with
non-adaptive IMPT than non-adaptive VMAT, and adaptive IMPT plans had the lowest mean
doses overall. Whereas both VMAT and IMPT techniques benefited from adaptation by
reducing mean dose to the more cranial dysphagia associated OARs, IMPT was able to also

reduce dose to the caudal OARs where VMAT appeared to have pushed dose inferiorly.

Response based adaption of IMPT plans produced more organ sparing than adaptation of
VMAT plans. This could be expected given the amount of organ sparing already seen with non-
adaptive IMPT. All cases had lower mean doses to the xerostomia and dysphagia associated

OARs when planned with adaptive IMPT.

PEARL adaptation had a larger impact on the superior pharyngeal constrictor muscle, middle
pharyngeal constrictor muscle, inferior pharyngeal constrictor muscle and ipsilateral parotid

gland in the VMAT plans, and on the supraglottis, glottis, and oral cavity in the IMPT plans.

Cases 2 and 3 had the greatest reduction in combined mean dose to OARs with adaptation,
both for their VMAT and IMPT plans. This is of interest as Case 3 had very limited reduction in
the biological GTV on iPET. Combining mean doses may not reflect meaningful differences

resulting from adaptation. For example, Case 1 had the largest bGTV reduction of 66% and
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benefited the most from adaptation of the IMPT plans regarding the pharyngeal constrictor

muscles which may be more clinically relevant.

That the combination of adaption and IMPT should work synergistically on organ sparing, and
should be further explored, was championed in a recent review by Gamez and Ma (142). They
noted that deintensification of radical radiotherapy for OPSCC by reduction in dose and or
irradiated volume, is complimentary to the radiobiological characteristics of proton beam
therapy which already limit normal tissue exposure. They called for future studies to better
define which patients will benefit most from the combination of proton beam therapy and
deintensification. PET-CT assessed response of the primary during treatment offers a potential

option for further investigation.

6.4.4 Limitations

Whilst many papers have suggested aiming for a variety of dosimetry metrics to reduce acute
and late toxicity, and NTCP curves calculated and applied, no consensus currently exists
regarding what merits a ‘significant’ change in mean dose to head and neck OARs. It is not
possible to determine what true clinical benefit resulting from the improved dosimetry seen
in this study with adaptation using IMPT. With the follow up of the PEARL Study, the toxicity
data gathered from patients treated on adapted plans will allow us to compare dose delivered

to OARs with toxicity experienced by the patient.

As in previous chapters, a major limitation of this work is the low number of cases. Further
work involving a much larger cohort of modelled plans is needed to make my data more

robust.

The VMAT and IMPT plans were manually planned in different cancer centres and in
collaboration with different planners. There is therefore a potential for some of the differences
between the VMAT and IMPT plans to be due to human and system factors rather than the

planning technique alone. | planned the non-adaptive and adaptive VMAT plans, and non-
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adaptive and adaptive IMPT plans alongside the same planner however, so this should be

minimised.

The Phase 2 optimisation was performed differently when planning the VMAT and IMPT plans.
IMPT planning of Phase 2 took into consideration dose delivered by Phase 1 by deformably
fusing it with the iPET-CT, VMAT did not. Whilst this won’t affect the marked differences seen
when comparing non-adaptive VMAT to non-adaptive IMPT, it could affect the modelled

relative impact of adaptation between the 2 different types of radiotherapy delivery.

Finally, in order to facilitate the modelling of the IMPT plans, the pilot study imaging and
contoured structures had to be transferred twice between 2 different planning systems. This
can lead to distortion of structures which may result in minor differences in the volumes of
OARs | have studied. Changes in volumes may have an impact on the dosimetry | have

presented although in most cases, | believe the differences to be negligible.

6.5 Conclusion

Whilst primarily limited by the small number of cases, | have demonstrated that IMPT
markedly reduces doses to OARs compared to VMAT planning in line with widely published
studies. | have also demonstrated that adaptation based on the biological response to the
tumour after 2 weeks of chemoradiotherapy can further improve the tissue sparing already
achieved with IMPT. This is the first study to demonstrate that OAR sparing by IMPT can be

improved with biological response guided adaptive.

My results are in line with published data that IMPT can spare many head and neck OARs to a
greater extent than VMAT in the treatment of oropharyngeal cancers. From my data, the
impact of IMPT on the mean dose to OARs is greater than the impact of adaptation when
compared to standard VMAT planning, but there may be additional benefit to adapting IMPT
to tumour response during a course of radiotherapy treatment, especially to the OARs caudal

to the middle pharyngeal constrictor muscle. In my small cohort, adaptation on VMAT plans is
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unlikely to have affected a decision for IMPT treatment as per the Netherlands NTCP-based

algorithm.

Further work with a larger cohort of patients, as well as real-time studies to collect prospective
clinical data on xerostomia and dysphagia rates, is required to properly investigate the clinical

advantages of adaptive in IMPT.
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Chapter 7: A study looking at changes
in hyoid position during radiotherapy
for oropharyngeal squamous cell
carcinoma and potential use in
verification and decisions for re-
planning
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7.1 Introduction

7.1.1 Background

IMRT and VMAT improve the conformality of radiotherapy delivery according to the plan
calculated on the initial planning CT. They cannot, however, account for anatomical changes
during a course of treatment unless the plan is adapted to these changes throughout the
course of treatment with reactive re-planning. The steep dose gradients typical of highly
conformal IMRT/VMAT plans make target coverage vulnerable to small changes in position or
anatomy which can result in differences between the planned and delivered dose. This is of
relevance to OPSCC where the tumour is near large numbers of critical structures and OARs
within a small anatomical space. An additional challenge is the movement of normal
structures within the neck as part of normal physiological processes e.g., swallowing. The
introduction of the ‘5 + 5’ expansion of head and neck GTVs to produce high dose and
intermediate dose CTVs as adopted in the PEARL protocol, means the volumes planned to
receive the highest dose are smaller than those based upon the historical 1cm GTV to CTV
expansion. The further expansion of the CTV to the PTV with a non-edited margin is designed
to mitigate for set up error and treatment delivery inaccuracies. For head and neck patients,
the PTV margin is standardly defined by departmental assessment of their in-house levels of
accuracy for set up and treatment delivery. It is not standardly altered as a result of different

subsites of head and neck cancers.
Despite advancements in the quality of imaging and machine accuracy, there is no

standardized verification protocol in the UK and no current consensus on the implementation

of reactive or prospectively scheduled re-planning in head and neck radiotherapy.
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7.1.2 Reactive re-planning

Reactive re-planning is the unscheduled replanning of radiotherapy plans in response to
changes in patient anatomy during a course of radiotherapy to further reduce uncertainties
around internal organ motion and deformations. The implementation of reactive re-planning
to avoid excess dose to OARs and improve coverage of target volumes is routine practice in
most UK radiotherapy departments, although the threshold is not standardized. Re-planning
generally requires a second planning CT and mitigates for deformations such as tumor
regression and weight change. This additional work is an arduous process requiring several
hours of involvement by both clinician and physicist/planner. In many over-stretched
radiotherapy departments, it can be a challenge to produce a re-plan in a clinically acceptable
amount of time. ldentifying which patients are likely to need re-planning in a timely way so

that treatment can continue the original plan whilst re-planning is carried out is important.

7.1.3 Treatment verification in head and neck radiotherapy

The decision of whether a radiotherapy plan is acceptable to treat a patient on any given day
within the course of radiotherapy relies upon the verification process. Verification refers to
checks performed to ensure the patient and target volume positions are within an acceptable
range for the current plan to be delivered safely and effectively. Maintenance of target volume

coverage, and avoidance of breaching dose constraints is paramount.

Once the patient is on the treatment couch, imaging is performed to verify patient position
prior to treatment. Imaging is performed with either kilovoltage (kV) or megavoltage (MV)
imaging modalities and allows visualisation of the target volume, or its surrogate, in relation
to OARs. Either 2D or 3D imaging can be performed. Electronic portal imaging (EPI) devices
and KV planar imaging deliver 2D images whereas linear accelerator-based kV cone beam CT

(CBCT) or MV CBCT on tomotherapy units deliver 3D imaging.
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In ESTRO guidelines for Positioning, Immobilization and Position Verification of Head and Neck
Patients for radiation therapists published in 2016 (142) European cancer centres were sent
guestionnaires designed to investigate their immobilization, set up and verification processes.
Out of 32 countries surveyed, 24 responded, a total of 187 centres. Alongside

Germany and Greece, the UK was one of the highest responders, providing information from
31 cancer centres. In just over half the centres (51.2%), on treat imaging was performed with
CBCT alone, in 15.4% MV EPI was used alone, and for 35.2%, a mixture of both. Some of the
centres’ different set up and verification protocols were published as part of the introduction

to the ESTRO guidelines.

7.1.3.1 Anatomical structures used for set up verification

There are various structures listed in the literature which are used to help radiotherapists
optimise a head and neck cancer patient’s position for treatment. Common practice is to
match the CBCT to the planning CT at the skull base and C1/C2 vertebrae — as this is the most
stable bony anatomy when the patient is in the treatment position, immobilised with the
beam direction mask. Matching at one position alone, however, can mean other parts of the

anatomy are displaced relative to their position on the planning CT.

7.1.3.2 Multiple Regions of Interest for Head and Neck treatment verification

Matching up multiple locations, or regions of interest (ROI), can improve confidence of
matching for a larger proportion of the patient anatomy. The need for this is informed by
several studies demonstrating different degrees of movement at different points of the
anatomy. Ove et al (144) retrospectively reviewed 20 head and neck cancer patient’s CBCTs.
The daily CBCTs were matched at the C1/C2 vertebrae at the cranial end, and at the most
anterior aspect of the clavicles on the most caudal slice displaying both lobes of the thyroid
gland, at the caudal end. The group found that the mean systemic shift was 3.08mm in the

anterior-posterior direction for the lower part of the neck in relation to the C1/C2 vertebrae,
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with random shifts of up to 3.9mm anterior-posterior, 2.6m cranio-caudal and 3.3mm laterally.
They concluded that larger PTV margins may be required for plans involving the lower neck

with volumes some distance from the C1/C2 fusion.

Giske et al (145) retrospectively reviewed 45 head and neck cancer patient CBCTs to look at
the impact of weight loss on patient position. They defined a few local region boxes containing
anatomical structures expected to show inter-fractional position changes; the skull base, nose,
C1/C2 vertebrae, mandible, larynx, T2 vertebra and the medial aspect of the clavicle. They
found the skull base was the least susceptible to changes in weight but that the neck was more
affected by weight loss. They suggested that the use of local region boxes specific to the
location of the tumour and weighted in importance on an individual patient basis would be

more beneficial in verification than the use of general landmarks.

Van Kranen (146) sought to quantify the geometric uncertainties in 8 regions of interest
including the mandible and larynx. They defined the local set up accuracy for each region of
interest and compared to an overall accuracy of the clinically used larger region of interest.
Deformation was distinguished from rigid body movements by measuring movement relative
to the C1 — C3 vertebrae. The group showed that systematic deformation ranged from only
0.4mm near the C1 — C3 region of interest, to 3.8mm at the larynx. They concluded that their
current PTV margins may be inadequate to account for this degree of uncertainty and
proposed the introduction of smaller region of interests, and correction protocols that
accounted for movement in all of them, in addition to the implementation of re-planning to

reduce the frequency of set up errors.

The findings of these three groups suggest the need for a more tailored approach to
verification based upon the location of the target volumes and their distance from the most

stable region of head and neck anatomy, the skull base/C1, C2 vertebrae.
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7.1.4 Dosimetric impact of set up errors in Head and Neck Radiotherapy

High quality verification is required for radical head and neck radiotherapy as changes in set
up and anatomy can lead to dosimetric changes in a treatment plan. Neubauer et al (147)
looked at 10 patients who were matched by the neck (C2 — T3 vertebrae) and shoulder position
(head of humerus). They demonstrated that a superior couch shift of 5mm could result in loss
of target coverage by the 100% isodose of 2 — 24cm3. A superior shift of 15mm could reduce
coverage by the 95% isodose by 40cm? and the 100% isodose by 100cm3. In addition, the
group demonstrated that the loss of coverage was not mitigated for by a couch shift in the
opposite direction due to the beams passing through a different transverse section of the
body. Similarly work by Sieber et al (148) found that 3mm systemic errors had a negative effect
on target coverage and that the dose delivered to 98% of the GTV (D98%) was the metric most

sensitive to uncertainty in set up position.

These studies support the need for accurate treatment set up and demonstrate the potentially
clinically significant impact inaccurate set up can have on the dosimetry of a plan. In line with
this, the ESTRO guidelines recommend that the anatomical structures chosen for matching
should be surrogates for the target volume and may need to vary between head and neck
cancer patients according to the location of their tumour. They also suggest it may be prudent
to define primary and secondary matching structures; the primary structures being those
closest to the target volumes and therefore prioritized. They would also be the optimal

location to place the clipbox in the use of CBCT.

There is very little published on the individualization of verification protocols for individual
patients. In this chapter, | explore the use of the hyoid bone as a potential surrogate for
oropharyngeal tumour position and consider which patients it may be appropriate for as part

of a patient-tailored verification protocol.
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7.1.5 Role of the hyoid in OPSCC treatment verification

The complexity of head and neck anatomy and the variety of internal organ movement and
external shape change commonly seen in head and neck cancer patients during a course of
radical radiotherapy points to the need for a more complex verification of patient position on

the treatment couch.

Van Beek et al (149) published their first clinical experience of multiple regions of interest
(region of interests) used to verify OPSCC patient set up. In a cohort of 50 patients, 12 — 13
region of interests containing bony structures seen on the planning CT were defined. Each
region of interest was individually registered to subsequent daily CBCT and global and local
(individual region of interest) set up errors were quantified. Thresholds of either >5mm shift
or >50 rotation were set. In 40% of CBCT there was at least 1 or more region of interest which
met the threshold. The majority were seen at the hyoid, 31% demonstrating a rotational error
and 14% a translational error. Overall, the set-up errors led to 52 consultations with the
treating radiation oncologist. This study demonstrated the labour intensity of head and neck
cancer patient treatment verification required for optimal set up and suggested the hyoid
bone position is the source of a substantial number of set up errors. The same group outlined
their local protocol — based on this work - in the ESTRO guidelines. Their centre used 9 bony
structures (Fig 7.1) including the hyoid bone to set up their head and neck cancer patients by
rigidly registering them to the planning CT. Average local set up errors then informed the couch

shift correction, or the need for re-planning.
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Fig. 7.1 Demonstration of the 9 regions of interest for matching head and neck cancer patients. The red box
demonstrates the hyoid region of interest. Figure courtesy of Suzanne Van Beek, NKI Cancer Centre, The
Netherlands (Published in the ESTRO Guidelines for positioning, immobilization and position verification of Head

and Neck Patients for RTTs)

The hyoid bone is an attractive option for oropharyngeal tumour position checks as it is often
near the primary cancer (GTV_P) and seen easily on CBCT. In some OPSCC cases, the hyoid
bone is directly involved with tumour, in other cases it is indirectly involved. Indirect
involvement can be via tumour invasion of hyoid muscle attachments including the middle
pharyngeal constrictor muscle and extrinsic tongue muscles (ETMs). Whilst the hyoid bone
normally moves with physiological processes such as swallowing, pathological involvement of
the hyoid by direct or indirect tumour invasion can fix its position, impairing or preventing its

normal movement.
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7.1.6 Importance of coverage of the hyoid bone

Locally advanced OPSCCs can involve the extrinsic tongue muscles which attach to the hyoid.
Farzal et al (150) found that in P16 positive primaries, the most common muscles invaded were
the hyoglossus (57.8% of patients, and genioglossus (56.3%), both of which insert onto the
hyoid bone. Coverage of the hyoid by the prescribed dose is therefore important to ensure
the primary PTV is adequately covered. Heaton et al (150) retrospectively examined the
prognostic influence of hyoid bone involvement by base of tongue cancers treated with
chemoradiotherapy in 37 patients. 11 patients had evidence of hyoid bone involvement on
pre-treatment imaging. When compared to the 26 patients who did not have hyoid
involvement, these 11 patients had a reduction in all measured survival metrics. 2-year
locoregional relapse was 63.6% versus 12.5%- and 5-year locoregional relapse was 86.4%
versus 36.4%. This demonstrates the poor prognosis of tumours involving the hyoid bone and
whilst that is likely to be due to multiple factors including advanced tumour stage, it is possible
that unreliable coverage of the hyoid bone during a fractionated course of radiotherapy may

have an effect.

A change in hyoid position on CBCT compared to baseline planning CT is a concern as it may
reflect a change in the position of the target volume and OARs. It is a common reason for an
imaging specialist radiographer referral for Head and Neck patients at Velindre Cancer Centre.
If the baseline hyoid position or tumour specific factors were predictive for a future
displacement of the hyoid, re-planning could be prospectively factored into a patient’s
treatment pathway. It may also allow for the reduction of PTV margin in patients whose hyoid
position on the planning CT predicts a stable position throughout treatment or signal a need

to increase PTV margins in the lower neck to account for hyoid position variability.

7.1.7 Rationale for study

In my clinical practice, | noted a large proportion of OPSCC referrals to the imaging verification

meeting were triggered by a change in the position of the hyoid bone on CBCT compared to
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the planning CT. Due to the relationship between the position of many oropharyngeal tumours
and the hyoid bone, the hyoid position can change as the tumour responds to treatment e.g.,
it may move inferiorly over the course of radiotherapy as base of tongue tumours respond to
radiotherapy and release extrinsic muscles of the tongue, or the hyoid itself. If the hyoid bone
is used as a surrogate for the primary GTV position, we may well inaccurately verify treatment
during the latter fractions of radiotherapy as the hyoid moves more independently of the
primary GTV. Alternatively, if we don’t consider the hyoid bone in verification and match to
other bony landmarks in patients where the primary tumour moves with the hyoid, we could
risk geographical miss, or an unplanned increase in dose to OARs. Finally, hyoid position at
baseline or its relationship to the primary GTV may well predict for the need to re-plan midway

through treatment in some patients, or the need for an adjusted PTV margin.

There is a paucity of literature addressing the relationship between primary GTV and hyoid
movement during radiotherapy. No standard protocols to reduce its prevalence and impact
upon verification exist to my knowledge. In this chapter, | explore the use of the hyoid bone
as a potential surrogate for oropharyngeal tumour position and consider which patients it may

be appropriate to create a patient-tailored verification protocol for.

7.1.8 Objectives

1. Retrospectively investigate the prevalence and magnitude of hyoid position change in
radically treated OPSCC patients in our cancer centre referred for image review during

2018 and 2019.

2. Determine how many patients referred for hyoid movement were at risk of geographic
miss of the high dose primary clinical target volume (CTV) or primary GTV due to hyoid

movement.

3. Investigate potential tumour and patient features that predicted hyoid movement: the

presence of cranio-caudal overlap of primary GTV and hyoid; the position of the hyoid
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in relation to the mandible as a surrogate for how high the hyoid sits during patient

set up; the involvement of extrinsic muscles of the tongue by the tumour.

7.1.9 Hypotheses

1. When the hyoid bone is a surrogate for an OPSCC primary tumour, hyoid bone
displacement in some patients may risk the geographical miss of the part of the
primary GTV and/or primary CTV.

2. The magnitude of the hyoid bone displacement is larger in patients with larger
tumours, and tumours involving structures anatomically attached to the hyoid bone
including the epiglottis and floor of mouth muscles i.e., T3 and T4 primaries, and base

of tongue tumours.

7.2 Methods

7.2.1 Identification of the 2018 and 2019 patient cohort, their tumour specific
features and prevalence of hyoid position change

At Velindre Cancer Centre, radically treated head and neck patients who have persistent onset
changes to the hyoid position on CBCT at verification, are referred for review and discussion
of potential geographical miss. If clinically indicated, a dosimetric study is performed on the
CBCT by the physics team. This involves the deformable registration of the initial treatment
plan onto the CBCT. This is used to assess whether PTV coverage is adequate, and whether
dose to critical structures e.g., the spinal cord, remain within their mandatory tolerance. If
there is concern about either of these issues, the patient has a repeat planning scan

performed and a new plan is produced based on up-to-date contouring. Usually, the patient
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is treated on the initial plan whilst the new plan is calculated. This urgent re-planning takes 1

— 2 days.

The records of all OPSCC patients treated with radical radiotherapy at Velindre from
01.01.2018 — 31.12.2019 were collected from the electronic patient (Canisc) database. The
radiographer database of patients referred for set-up imaging review during the same time
period was screened. The reasons for referral were concern over target coverage and/or
excess dose to OARs, occurring as a result of factors including weight loss, tumour regression,
random set up errors, and a change in hyoid position. All patients who were referred on
account of hyoid movement during 2018 and 2019 were identified. The date of referral was
recorded as the date of the on-set CBCT demonstrating hyoid displacement compared to the
planning CT scan which triggered referral to the imaging team. T stage and subsite of primary
tumour was also recorded. To assess whether more T4 and base of tongue tumours were
referred for hyoid displacement than expected from the total number treated, Chi squared

tests were performed.

7.2.2. Measurement of magnitude of hyoid bone displacement

7.2.2.1 Importing of CBCT from X-ray Volumetric Imaging (XVI) software and fusion
with planning CT

| imported the CBCT for each patient that had been referred to the imaging team from the
treatment linear accelerator XVI software to the Prosoma treatment planning system. | fused
the CBCT fused by automatic rigid registration with the planning CT on Prosoma (Fig. 7.2a).
When necessary, | made manual adjustments to the fusion. The priority areas for match were
those standardly used at Velindre Cancer Centre; the skull base and C1/C2 vertebra. These are

immobile structures in the neck and have high levels of positional reproducibility.
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7.2.2.2 Contouring of the hyoid bone

| contoured the baseline hyoid bone position in its entirety (cornua and body) on the axial

slices of the planning CT (Fig. 7.2b), and the interim hyoid position on the on-treatment CBCT

(Fig. 7.2c).

Fig. 7.2a Fig. 7.2b

Fig. 7.2c

Fig. 7.2a - c: An example of axial CT slices showing the fusion of the planning CT and on-treatment CBCT, and the

contouring of the interim hyoid (orange) and baseline hyoid (red) position.

7.2.2.3 Measurement of hyoid movement

Using the CT slice numbers obtained from Prosoma, the position of the primary GTV, baseline

hyoid position and interim hyoid position at the time of referral were recorded. The most
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cranial axial CT slice with any part of the hyoid visible on it was recorded as the cranial extent
of hyoid, and the most caudal axial CT slice was recorded as the caudal extent. In addition to
the body of hyoid, the cornua were also included so that rotational shifts in hyoid position

could be better accounted for.

7.2.2.4 Primary GTV/hyoid overlap

The amount of cranial/caudal overlap between the primary GTV and baseline hyoid position
was also recorded by recording the axial CT slices on the planning CT they were visible on,
multiplying by 2mm for the thickness of the CT slice, and deriving, if any, the degree of overlap.
Fig. 7.3a + b shows the fused planning CT and CBCT from the case in Fig. 7.2, in the sagittal
plane. The planning CT slices demonstrate the position of the hyoid bone contoured on the
planning CT scan (red) compared to the position of the hyoid bone contoured on the on-
treatment CBCT scan (orange). The fusion of the CBCT hyoid onto the planning CT scan shows

the difference in position of the hyoid.

Fig. 7.3a Fig. 7.3b

Fig. 7.3a: An example of a sagittal CT slice showing the interim hyoid (orange) displacement from the baseline
hyoid (red) position. Fig 7.3b is a zoomed in image of the hyoid contours. The red arrow points to the caudal
extent of the hyoid bone on the planning scan. The orange arrow points to the caudal extent of the hyoid bone

on the CBCT.

To create a standard high dose PTV from the GTV, a 5-6mmto form the high dose CTV, then a

further a 3-5mm margin for PTV, is added circumferentially, caudally and cranially to account
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for microscopic spread and internal movement/set up error respectively. At Velindre Cancer
Centre, we use 5mm. The total margin added onto the primary GTV is therefore 8-11mm

depending on the treating centre specific margin protocols.

| studied the magnitude of hyoid displacement in head and neck patients at our centre to
identify those whose hyoid moved superiorly or inferiorly by 8mm or more and so were at risk
of geographical miss of the primary GTV by the high dose coverage by the 95% isodose if the
PTV margin was 3mm, the minimal margin used standardly in the UK for head and neck VMAT
with daily imaging. By measuring deviation of both the cranial and caudal extent of the hyoid

bone | also captured any rotational movement that may have occurred with the deviation.

Displacement of the hyoid was measured by recording the most superior and inferior axial
CT slice any part of the body or cornua of the hyoid was visible on the planning CT and CBCT

and comparing the planning CT and CBCT measurements.

7.2.3 Determining the position of hyoid bone in relation to mandible

If the hyoid lies more cranially on the planning CT, it may suggest fixation by the oropharyngeal
tumour and potential for the hyoid to drop caudally as the tumour responds. To investigate
this, | designed a novel method to measure how high the hyoid was positioned relative to the
fixed position of the cervical spine. Whilst this is a single time point regarding the position of
the hyoid, | have assumed that the impact of swallowing and respiration is minimal given how
short a period of time these functions occur for, within a 10 — 15 minute treatment. In
addition, these were only referred after systemic set up errors occurred over 3 consecutive
days therefore unlikely to be due to transient physiological changes in hyoid position. | used
the sagittal slice of the planning CT corresponding to the midline of the axial slice the caudal
extent of the hyoid was visible on (Fig. 7.4). On the sagittal slice, | drew a red line from the

caudal border of the mandible to the postero-caudal edge of the C2 vertebra. | then drew a
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yellow line perpendicularly from the red line to caudal extent of the hyoid body. This distance

was recorded as a measure of how cranial the hyoid was positioned on the planning CT.

-t f
/ 32 mny

Fig. 7.4 Measurement of hyoid position in relation to the mandible to measure how high the hyoid sits. In this
example, the distance from the most caudal extent of the hyoid, to the line drawn between most caudal extent

of the mandible and posterior edge of the C2 vertebra, is 32mm.

7.2.4 Measuring the extent of tumour infiltration into the floor of mouth

Radiology reports of the diagnostic MRI and CT scans were reviewed for evidence of floor of
mouth or extrinsic tongue muscle involvement by the primary. The involvement of the

following extrinsic muscles of tongue was recorded:

* Hyoglossus
* Genioglossus

* Styloglossus
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*  Mylohyloid

In patients with radiological evidence of extrinsic tongue muscle involvement, the maximum
anterior-posterior extent of the primary GTV was measured on the CT slice at the level of the
lingual septum with reference to complementary MRI imaging. This measurement was used
as a surrogate measure of extrinsic tongue muscle involvement. The level of the lingual
septum was chosen as it corresponds with a level where hyoglossus, genioglossus and

mylohyoid muscles are visible (Fig. 7.5a+b).

2'mm

Fig. 7.5a Fig. 7.5b

Fig 7.5a Maximum Anterior — Posterior dimension measured perpendicularly from the anterior pharyngeal air

lumen (green line) to anterior extent of primary GTV (red contour) at the level of the lingual septum.

Fig 7.5b Marked extrinsic muscles of tongue at level of the lingual septum (red arrow): Green = Mylohyoid, Pink
= Genioglossus, Yellow = Hyoglossus, Purple = Submandibular Glands. Courtesy of Eneva, M et al from their

poster ‘MDCT of the floor of the mouth’ exhibited at the European Congress of Radiology 2019.

| looked at the proportion of patients who had tumour involvement of any extrinsic tongue
muscle, and then specifically at whether the hyoglossus was involved, either in addition to the
other extrinsic tongue muscles, or alone. The hyoglossus muscle directly connects the base of
tongue to the hyoid body, and entire length of the greater cornua, and so could be expected

to be the muscle with the greatest impact on hyoid position.
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7.2.5 Statistics

| performed Chi squared tests to look for over representation of tumours with associated
features in those referred for hyoid displacement, compared to those not referred. | calculated
the Chi squared test taking into account the multiple data points on an excel spreadsheet. The

raw data is not included in this thesis.

7.3 Results

7.3.1 Number and staging of OPSCC patients referred with hyoid displacement in
2018 - 2019

A total of 232 patients with OPSCC were referred for definitive radiotherapy from 01.01.2018
—31.12.2019 through the Southeast Wales network and treated with definitive radiotherapy
or chemo-radiotherapy (Fig. 7.6). 47 (20.3%) patients were referred for hyoid bone
displacement, 29 in 2018 and 18 in 2019. Of these, 13 (27.7%) were T3 and 29 (61.7%) T4,
compared to 41.4% T3 and 40.9% T4 of the total number of patients. The chi squared test for
T4, base of tongue tumours, and involvement of extrinsic tongue muscles was statistically
significant at <0.001, 0.048 and 0.002 respectively. | had complete CBCT imaging histories

(planning CT and CBCT referred for hyoid displacement) on 38 referred patients.
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232 OPSCC patients
96 T3

95T4

126 BoT

47 referred (20 3%) 185 not referred (79.7%)
13T3(27.7%) 83 T3 (44.9%)

29 T4 (61.7%) 66 T4 (35.7%)

32 BoT (68.1%) 94 BoT (50.8%)

38 complete imaging
histories

1173

21T4

%

24 hyoid movement
=/>8mm
16 T4
17 BoT
12 ETM involvement

. S \—/ / )

Fig. 7.6 OPSCC patients treated with radiotherapy 2018 — 2019: Those referred because of hyoid displacement
during radiotherapy versus those not referred. Percentages do not add up to 100% in each arm due to some

tumours being both a T3, or a T4, and a base of tongue primary.
BoT = Base of Tongue

ETM = Extrinsic Tongue Muscle

7.3.2 Comparison of radiological features in the OPSCC patients referred to imaging
team for hyoid displacement vs those not referred.

The pre-defined radiological features of the tumours referred to the imaging team were

compared to those in the non-referred group (Table 7.1).

258



Referred

Non referred

Chi Squared Test

Total number of patients 47 (20.3%) 185 (79.7%) N/A
% With overlap of primary 45 (95.7%) 123 (66.5%) 0.012
GTV and hyoid
Mean overlap 9.4mm 6.4mm
10.2mm 16.4mm N/A
Mean distance mandible to
hyoid at baseline
21 (44.7%) 56 (30.3%) 0.002
Radiological evidence of
extrinsic tongue muscle
involvement
) ) ] ) 16 (34%) 28 (15.1%) <0.001
% With radiological evidence
of any hyoglossus
involvement
% With radiological evidence | 7 (14.9%) 11 (5.9%) <0.001

of hyoglossus involvement
and no other extrinsic
tongue muscle

Table 7.1 Characteristics of patients receiving radical radiotherapy for OPSCC during 2018 -2019

7.3.2.1 Magnitude of hyoid displacement
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26 of the 38 referred patients with complete imaging histories had displacement of either the
cranial, caudal, or both borders of the hyoid of 8mm or more (reaching the red lines on Fig
7.7). They represent 11.2% of the total number of OPSCC radically irradiated during 2018 and
2019 and 55% of patients referred for hyoid displacement. The mean displacement of the
cranial hyoid border was a caudal displacement of 7.8mm, and caudal hyoid border was a

caudal displacement of 6.5mm.

For all patient studied, the cranial and caudal borders of the hyoid bone move in the same
direction. In 2 cases there was cranial displacement of the hyoid, all others were referred for
caudal displacement. In 30 cases, the cranial and caudal hyoid borders moved to differing
extents in the same patient. The largest displacements were seen for the superior border of

the hyoid moving caudally.

With the adoption of the ‘5+5" geometric expansion of the GTV in many UK cancer centres,
the margin of primary GTV to PTV in many departments is a minimum of 8mm (5mm for high
dose CTV and 3mm for HD PTV). Patients with a hyoid deviation of 8mm or more are therefore
at risk of geographical miss of the primary GTV if we assume the hyoid movement is
representative of tumour movement. | classified patients with hyoid drop of 8mm or more as
having a ‘significant” hyoid drop. Of those with a significant hyoid drop, 16 (67%) are staged as
T4 and 17 (70.8%) were base of tongue primaries which suggests the primary tumour is near

the hyoid bone.

260



Hyoid border deviation

15 Cranial deviation
10 »

1

A

Caudal deviation

-20

Patients referred for hyoid displacement

Black horizontal line = +/- 3mm (risk of TV miss) Red horizontal line = +/- 8mm (risk of GTV
miss)

Fig 7.7 Deviation of the hyoid’s superior (blue) and inferior border (orange) on the imaging team referral CBCT

compared to planning CT for each referred patient with complete imaging histories (n=38).

7.3.2.3 Anatomical features: GTV_P and hyoid cranio-caudal overlap

The primary GTV overlapped with the hyoid bone on the planning CT in 95.7% of referred
patients versus 66.5% of patients not referred with a significant Chi squared test of 0.012.

(Table 7.1). The mean extent of primary GTV and hyoid overlap was 9.4mm versus 6.4mm.

7.3.2.4 Extent of tumour infiltration into the floor of mouth

21 (46.7%) of patients referred to the imaging team had radiological evidence of floor of

mouth / extrinsic tongue muscle invasion. Maximum anteroposterior dimension of tumour
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invasion into the floor of mouth was used as a surrogate for extent of extrinsic tongue muscle

invasion.

16 out of 47 (35.5%) of patients referred to the imaging team had radiological evidence of
hyoglossus involvement compared to 22.8% not referred, and 7 (15.6%) patients had
radiological evidence of hyoglossus involvement alone, with no other extrinsic tongue muscle

invaded, compared to 8.9% in the non-referred group.

There was a significant difference in the involvement of extrinsic tongue muscles, and
hyoglossus involvement, between those referred for hyoid displacement, and those who were

not.

7.3.2.5 Relationship of height of hyoid on planning CT and hyoid displacement

The mean distance between the hyoid bone and the mandible was 10.2 mm in referred

patients (range 4 — 14mm) and 16.4mm in non-referred patients (range 4 — 25mm).

30

25

(

20

15

10

1

Referred Non referred

Distance between hyoid and mandible mm

Fig. 7.8 Box and whisker plot of distance (mm) between hyoid and mandible.
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7.3.2.6 The use of hyoid position as a surrogate for position of the primary GTV

3 patients referred for hyoid deviation were re-scanned with a kV planning CT which was used
to generate a second mid-treatment plan. | looked at these cases and assessed if the primary
GTV moved with, or independently of, the hyoid. If the hyoid drop is a result of tumour
response and the subsequent release of extrinsic tongue muscles, it would be rational to
expect the primary GTV to remain in its original position after the hyoid drop. Out of the 3
patients re-planned, 2 had a caudal shift of the primary GTV to correspond with the change in
position of the hyoid bone. Below is an example of a patient in whom the hyoid drop is

associated with a caudal shift in the primary GTV (Patient A, Fig. 7.9), and a patient in whom

the hyoid drop is independent of the primary GTV position (Patient B, Fig. 7.10).

Fig. 7.9a Patient A: planning CT. Fig. 7.9b Patient A: Re-scan CT.

GTV outlined in yellow, hyoid in blue GTV outlined in red, hyoid in green

Fig. 7.9c Patient A: planning CT structures added to the re-scan. The GTV and hyoid remain near each other on

both scans but on the re-scan, the hyoid (green) and GTV (red) have both dropped from their original position.
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Fig. 7.10a Patient B: planning CT. Fig. 7.10b Patient B: Re-scan CT

GTV outlined in yellow, hyoid in blue GTV outlined in red, hyoid in green

Fig. 7.10c Baseline structures added to the mid-treatment scan. On the re-scan, the hyoid has dropped but the

GTV has retained its original position.

7.4 Discussion

The full benefit of adaptive radiotherapy for OPSCC can only be delivered when treatment
verification is optimised. Patient set up uncertainty is a regular challenge to the head and neck
radiotherapy team in every day clinical practice. There is a growing amount of published
literature defining deviations in the planning CT anatomy seen on CBCT, calling for a more

nuanced consideration of PTV margins with an altered ITV to mitigate for this.

In this chapter | set out to investigate a specific set up issue commonly referred for imaging

review; displacement of the hyoid bone compared to its position on the planning CT. This is a
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particular concern in OPSCC patients as the primary tumour is often near, or involving, the
hyoid bone. As primary tumours have the density of soft tissue, their position can be difficult

to determine on a CBCT; the hyoid bone may offer a potential surrogate for tumour location.

As per my objectives, | determined the prevalence of referrals to the imaging team for hyoid
displacement in OPSCC patients, and the degree of displacement that triggered referral. |
calculated that out of the patients with full imaging available, 63% may have been at risk of
geographical miss of the CTV and GTV if the hyoid is a true surrogate for the primary GTV

position as per my first hypothesis.

7.4.1 Prevalence of hyoid displacement triggering referral to imaging team

During 2018 and 2019, 20.3% (47/232) of the OPSCC patients treated with radical radiotherapy
in our cancer centre were referred for movement of the hyoid during a course of radical
radiotherapy. This proportion of patients has important consequences for treatment timelines
and radiotherapy department resources, particularly if a change in hyoid position triggers a
re-plan. On average, a radical head and neck plan can take up to 2 — 3 hours to contour, and

up to 6 — 8 hours to produce an optimised plan.

7.4.2 Magnitude of hyoid displacement triggering referral to imaging team

| have shown that the hyoid bone can move considerably throughout a course of radiotherapy
for OPSCC, particularly in patients with T3/T4 staged primaries, and involving the base of
tongue. As expected, in the majority of patients the hyoid displacement was in a caudal
direction — a ‘hyoid drop’ — reflecting the release of the hyoid from direct or indirect tumour
involvement as it responds to the radiotherapy. In two patients, the hyoid bone moved

cranially. In one of these cases, the tumour extensively involved the lateral pharyngeal walls
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so may have fixed the hyoid bone in a different way that resulted in it originally being pulled

down from its natural position.

There was often a difference in the extent of displacement between the superior and inferior
border of the hyoid bone. | recorded both to capture any antero-posterior tilting of the hyoid
bone. The difference in superior and inferior border displacements suggests that the hyoid
moves in more than one plane with tumour response, both moving cranio-caudally and

pitching antero-posteriorly.

If the hyoid bone is a surrogate for tumour position, part of the CTV or GTV may lie outside of
the 95% isodose leading to a risk of undertreatment. Limitations of kV CBCT imaging and the
poor image resolution meant | could not assess with meaningful accuracy the position of the
GTV_P on the CBCTs in most patients. As a result, | have been unable to prove that this is the
case for all patients with a hyoid displacement at or over the 5mm and 8mm threshold, but |
have demonstrated that it was the case in 2 of the 3 patients who were re-planned, and
therefore underwent a planning CT scan with enough resolution to see the primary tumour.
Further work is needed to determine the true impact of hyoid movement on CTV coverage,

done using better resolution verification imaging (e.g., MRI Linac).

7.4.3 Predictive features

7.4.3.1 Primary stage of tumour

T3 and T4 oropharyngeal tumours are either larger (>4cm) or have grown into adjacent
structures including the epiglottis/extrinsic tongue muscles/larynx, or both. In addition, they
would also be expected to reduce the most with radiotherapy, in relation to their pre-
treatment volume. | therefore hypothesized that they would make up most of the referrals for

hyoid movement and my results supported this hypothesis.
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A significantly higher proportion of patients who were referred for hyoid movement had T4

tumours and base of tongue primaries compared to the patients not referred; 61.7% versus

35.7% (Chi Squared <0.001), and 68.1% versus 50.8% (Chi Squared 0.048). In these patients, a
mid-treatment repeat planning CT could be factored into the initial patient appointment
schedule to help workforce planning for a worse-case scenario. This would have to be a clinical
decision as a proportion of T4 and base of tongue patients will not be referred and therefore

would be exposed to extra radiation unnecessarily.

7.4.3.2 Indirect hyoid involvement by tumour

There is a suggestion from my data, that patients who have tumours invading the hyoglossus
muscle, but no other extrinsic tongue muscle, are more likely to be referred for hyoid
displacement. This may be explained because it removes the possible influence of the other
extrinsic tongue muscles which could indirectly displace the hyoid in an opposing direction to
the hyoglossus if also involved by tumour. Dedicated radiological reviews reporting on the
specific extent of extrinsic tongue muscle involvement of large tumours, or those in the base
of tongue, could highlight patients at increased risk of hyoid displacement throughout a

course of treatment.

7.4.3.4 Height of hyoid on planning CT relative to the mandible

The average distance between the mandible and the hyoid was smaller in the patients referred
compared to those patients who were not. These results are in keeping with my hypothesis
that a hyoid bone fixed by tumour in a more cranial position at set up — demonstrated by a
smaller mandible to hyoid distance — is likely to demonstrate a larger displacement once

released during tumour response. Like those with T4 and base of tongue tumours, patients
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who have a higher hyoid on planning scan could also have a re-scan scheduled into their

pathway for a predicted hyoid displacement later in the treatment course.

7.4.4 Reduced referrals in 2019

Fewer patients were diagnosed with OPSCC and referred for radical radiotherapy in 2019
compared to 2018. This may be due to a natural fluctuation in patient numbers year on year.
A lower percentage of the 2019 cohort were referred for imaging review. This may be due to
natural variation in patients but could indicate changes in radiographer experience, or an
improved confidence in the visualisation of the GTV_P and subsequent reassurance of target
volume coverage despite hyoid movement. The low numbers of patients referred with hyoid
displacement and ultimately re-planned during 2018 may have also informed a reduced rate

of referral during 2019.

7.4.5 Relationship of hyoid to the primary tumour mid-treatment

The question of whether the change in hyoid position acts as a surrogate for the position
change of the primary GTV cannot be resolved by my study. It was very difficult to assess the
primary GTV on the vast majority of the CBCT with any accuracy due to the poor resolution of
the CBCT despite looking through them with an experienced image guidance radiographer.
There were three patients who had repeat planning CTs performed, and | could compare
primary tumour and hyoid bone position on the repeat planning CT, to the initial one. All three
patients had base of tongue tumours. In two of these patients, the primary tumour moved
with the hyoid bone. The patient whose hyoid bone moved independently of the tumour had
radiological evidence of hyoglossus and genioglossus involvement. It is reasonable to suggest
that tumour response resulted in the freeing of hyoglossus and indirect release of the hyoid
bone. Of the two patients where the hyoid bone and primary tumour remained in the same
relative positions, neither patient was reported as having radiological evidence of direct hyoid
bone involvement. One patient had radiological evidence of hyoglossus and genioglossus

involvement, but the re-plan was performed after 8 fractions, and it is possible that not
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enough radiotherapy had been received at this point to elicit enough tumour response for

release of the hyoid.

It is unexpected, given the high percentage (63%) of patients referred for hyoid displacement
who demonstrated a displacement of 8mm or more, that only 3 patients were formally
replanned. It is possible that many of these patients presented at a late stage in their course
of treatment and it was decided by clinicians that there would only be minimal benefit to
replanning and delivering only a small number of fractions on the second plan. Another reason
may be that the dosimetric analysis was reassuring, that OARs remained within tolerance and
there was adequate coverage of the PTV, or the CTV. Finally, it is also possible that some
patients would have benefited from a re-plan, but it was decided against for external reasons

including patient frailty or a high number of random set up errors.

7.4.6 Predicting the need for re-planning

My work suggests patients with T3/T4 and base of tongue primary cancers, particularly those
tumours which have a larger length of overlap between the primary GTV and the hyoid bone
on the planning CT, involve the external tongue muscles, or where the hyoid is closer to the
mandible on planning CT, are more likely to be referred to the imaging team for hyoid
displacement during treatment. These are the patients where re-planning could be
prospectively built into their treatment schedules, then removed should the need not arise. |
did not look at the impact of large nodal disease in this study. It is feasible that large volume
nodes particularly with extranodal extension, in addition to primary tumours, could involve

extrinsic tongue muscles and influence hyoid position and mobility.

7.4.7 Tailored PTV margins

My findings regarding the magnitude of hyoid displacement are in keeping with published

studies discussed at the beginning of this chapter. When considering PTV margins for OPSCC
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primaries, the location of the primary and its involvement of adjacent structures with the
propensity to move e.g., the hyoid bone, should be considered as the ITV. As per the findings
of other groups, | have shown that the hyoid bone is a region of interest that moves enough
to be clinically significant in patients with locally advanced OPSCC and moves to the extent

that it can result in unfavourable dosimetric consequences.

The requirement for re-planning could be reduced if the inferior PTV margin is increased and
the risk of geographical miss minimised. On the other hand, an expanded PTV margin will
increase the volume of normal tissue irradiated at a high dose and consequently increase the
likelihood of toxicity. On balance, prospectively planned re-planning is a more appealing

strategy.

If a group of tumours could be demonstrated to have a more stable position throughout a
course of treatment, it may be reasonable to explore a reduction in PTV margins. Whilst the
need for PTV margins is in part due to the degree of uncertainty around treatment delivery by
the treatment machines, the internal target movement (ITV) is also a factor. My work suggests
that T1 and T2 tumours are very rarely referred for hyoid movement and the inferior PTV
margin for these may be safely reduced. Further work specifically looking at the position of
T1/T2 OPSCC tumours throughout a course of radiotherapy is required, alongside the
improvement in imaging quality, so that treatment radiographers can deliver treatment to a

smaller target with confidence.

7.4.8 Limitations

| acknowledge several limitations to my study.

| did not account for large nodal disease. In retrospect, including large volume nodes and any
nodes with substantial extranodal extension would have been an informative addition to my
study.

My definition of external tongue muscle involvement relied upon historical radiological

reports to discern which patients had tumours with extrinsic tongue muscle involvement.
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Whilst extrinsic tongue muscle involvement is a feature of describing the staging of a primary
OPSCC cancer, the reporting radiologist was not specifically asked to report on this at the time.
If tumours were T4 for other reasons, extrinsic tongue muscle involvement may not have been
specifically mentioned even if present. When extrinsic tongue muscles were mentioned in
some reports, often the detail did not include individual muscles and so my subdivision of
patients based on which extrinsic tongue muscles were involved may be inaccurate as | used
reports to record them. In addition to whether the extrinsic tongue muscles were involved at
all, my method for measuring the extent of involvement was novel and un-validated. A blind
radiology review of the non-referred and referred patients to specifically assess their
involvement would be a more accurate method to investigate any relationship between
extrinsic tongue muscle involvement and displacement of the hyoid during a course of

radiotherapy treatment.

The inability to visualise the primary on CBCT with any degree of certainty in this piece of work
was disappointing. A key question | planned to address is whether the hyoid bone remains an
accurate surrogate for an OPSCC primary throughout a course of radiotherapy; | have not been
able to answer this so far. Further work involving better verification imaging e.g., improved
CBCT resolution, or the use of an MRI linear accelerator, would improve visualisation of the
primary tumour and ascertain its relationship with the hyoid throughout 6 — 7 weeks of
radiotherapy. An opportunity to study this relationship further presents itself with the repeat
imaging after 2 weeks of chemoradiotherapy within the PEARL Study. While not all PEARL
patients may be referred to the imaging team for hyoid displacement, using the interim PET-
CT (iPET-CT) to visualise the hyoid and primary after 2 weeks of treatment will provide an

improved imaging method with which to look at any change in their respective positions.

7.5 Conclusion

Hyoid movement is commonly seen in OPSCC patients during radical courses of radiotherapy.

This movement cannot be corrected by treatment couch shifts and often involves significant

271



use of radiotherapy department resources in the review of verification images and in some
cases, the generation of a new plan. Further work needs to be done to better elucidate the
relationship of the hyoid and primary GTV, and whether tumour or radiological features may
offer a way to predict which patients are most likely to have a significant hyoid drop during
treatment, and which of them may require a subsequent re-plan. Prospective identification of
these patients could help streamline patient treatment pathways by factoring in replanning

time and improving the efficiency of a radiotherapy department’s resources.
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Chapter 8: Summary of thesis and
future directions
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8.1 Hypothesis 1: Adaptive radiotherapy based on biological response
to treatment on interim FDG-PET-CT scan during chemoradiotherapy
treatment can be used to reduce the dose received to the Swallowing
Related Organs at Risk (SWOARS) and major salivary glands in patients
with HPV positive OPSCC

8.1.1 Feasibility of recruitment to the PEARL Study

My thesis is based upon work | led on writing the study protocol for PEARL, a Phase 2 study of
de-intensification of radical radiotherapy for HPV positive oropharyngeal squamous cell
carcinoma. The PEARL study introduces a novel method of deintensification for this good
prognosis group of patients where survival rates are high and survivorship issues paramount.
By adapting the primary GTV to the avid volume visible on PET-CT after 2 weeks of
chemoradiotherapy, the aim is to demonstrate a reduction in delivered dose to organs at risk,

specifically those involved in toxicities known to impact on patient quality of life.

PEARL opened to recruitment in January 2020 and whilst initially a single centre study,

recruited the first 4 eligible patients within the first 2 months.

Like many other clinic studies, the PEARL study recruitment was severely affected by the
impact of the COVID-19 pandemic. PEARL closed to recruitment within 3 months of opening,
and other centres in set up suspended the process. Now open again, with a total of 4 centres
currently recruiting, there remain challenges to attaining the target number of participants.
Examples include the difficulties in NHS service provision and staffing levels exacerbated by
the pandemic, in addition to patients presenting with more advanced tumours and thus

ineligible for deintensification studies.

Changes to the planning method were explored to improve simplicity of planning PEARL
patients, specifically Phase 2, and my thesis lays out the design of a new adaptive planning
method, ADAPTIVE_B which was conceived to simplify planning whilst increasing the minimal
dose per fraction to the prophylactic nodal volume. In my thesis | have demonstrated that this

change to the planning method is unlikely to impact on the results of the PEARL study, with
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no significant difference in the mean dose to the OARs under study between the original
planning method and ADAPTIVE B. ADAPTIVE B is now the planning method used for all

patients recruited to the study.

8.1.2 Impact of adaptation on mean dose to OARs

To inform the PEARL protocol, | developed a pilot study modelling the adaptive PEARL planning
protocol on datasets from an external centre. In work presented in this thesis, | have
demonstrated the feasibility of adapting the primary GTV as mandated in PEARL, and using
modelled plans, have demonstrated dosimetric benefits to this method of adaptation. The
pilot study results show a reduction in mean dose to swallowing associated OARs and major
salivary glands of up to 7Gy, and the achievement of multiple optimal dose constraints
suggesting a clinically evident reduction in toxicity could be expected from this

deintensification.

| performed another dosimetric study on the first 4 patients recruited to PEARL to look for
differences compared to non-adaptive plans. | was able to demonstrate biological response

adaptation was feasible in real world patients recruited to a clinical study.

Due to the constraints and working conditions in the pandemic, | was unable to build on my
experience of planning VMAT head and neck plans and produce high quality non-adaptive
plans to compare to the patient’s adaptive plans they were treated with. This was a major
limitation to my original research plan. In response to this, | changed my research plan to
collaborate with Dr Philip Wheeler’s team at Velindre Cancer Centre. | worked with them on
their automated planning software, EdgeVCC, to refine the process for head and neck patients.
Once validated (data not yet published), we used EdgeVCC to produce automated non-

adaptive plans to compare with the adaptive PEARL plans

The comparison of the manually planned adaptive plans the first 4 PEARL patients were
treated on, with the modelled automated non-adaptive plans produced by EdgeVCC showed

a less uniform benefit of adaptation. Whilst the mean dose to various OARs was reduced,
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there was no significant difference between the 2 plans in any of the 4 patients. In some cases,

the mean dose to OARs was increased by up to 3Gy.

| adjusted my research plan a second time, to include work that explored the impact of
automated planning and if it could be a confounding factor in the reduced benefit seen in the
first 4 PEARL patients. The dosimetric benefits of automated planning are well published, and
it is a rapidly growing area of research. | performed a second modelling study, producing
automated adaptive plans to compare to manual adaptive plans. In Chapter 3 | show
automated planning results in a global reduction in mean dose compared to the manually
planned equivalent. Whilst not significant, the often-superior dose distribution of automated
planning is likely to explain in part why the comparison of manual plan to automated
nonadaptive plans was diminished compared to the pilot study, which had manual plans for

comparators.

Current ongoing work led by Dr Phillip Wheeler’s team involves taking a closer look at the
whole dose volume histogram data to further explore the dosimetric impact of PEARL. By
focusing on Phase 2, they are producing non-adaptive comparators by fusing the Phase 1 plan
onto the interim PET-CT to generate a more accurate model of the dose distribution to the
patient in the second half of chemoradiotherapy (38.7Gy in 18 fractions over 3 weeks), had
they not had adaptation. Results so far suggest that the impact of PEARL significantly reduces
the amount of high dose received by the supraglottis, middle and superior pharyngeal

constrictor muscles with reductions in the volume receiving 38.7Gy (V38.7) of up to 50%.

An additional benefit of automated planning is the speed with which high quality plans can be
produced. The development of the head and neck automated planning that | was involved
with has since been validated for clinical use and has become a standard planning method for

head and neck cancer patients treated at Velindre both within and outside the PEARL study.

Once PEARL has completed recruitment and follow up, the dosimetric advantages modelled
can be compared to real world toxicity data and conclusions drawn as to whether organ

sparing by PEARL adaption provides meaningful benefit to our patients.
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8.2 Hypothesis 2: Adaptive radiotherapy based on biological response
to treatment on interim FDG-PET-CT scan during chemoradiotherapy
treatment will be superior using Proton Beam Therapy compared to
VMAT in terms of sparing dose to the Swallowing Related Organs at
Risk (SWOARS) and major salivary glands in patients with HPV positive
OPSCC

8.2.1 Impact of non-adaptive IMPT planning

| collaborated with the only proton facility in Wales, The Rutherford Cancer Centre, to model

IMPT plans based on the pilot study cases.

The sizeable difference in mean dose to OARs, and the achievement of nearly all optimal dose
constraints in all 4 cases is in line with current literature on the superior organ sparing
capability of IMPT compared to photon based VMAT for head and neck cancers. Mean dose
to the supraglottis was reduced by up to 25Gy, and to the inferior pharyngeal constrictor

muscle by 30Gy.

| applied a validated Normal Tissue Complication Probability (NTCP) model to my pilot cases
and demonstrate that they would likely reach the criteria for proton therapy funding in The
Netherlands. Whilst adaptation reduced the NTCP by up to 50%, reflecting the biological
response volume reduction, it did not appear to reduce the NTCP by enough to change the

eligibility status for proton funding.

The Torpedo Study is currently open and recruiting in the UK. Results from Torpedo will
provide objective data on what benefits proton beam therapy provides OPSCC patients in a
UK setting. Should the results be positive, further collaboration with private proton centres
like The Rutherford Cancer Centre will be vital in order to improve access to NHS proton
treatment to a wider population of patients across the UK and ensure the appropriate

selection of patients for IMPT.
8.2.2 Impact of adaptive IMPT planning

Whilst the substantial potential for organ sparing by IMPT is undisputed, | have demonstrated

for the first time, that it can be improved by biological response based adaptive radiotherapy.
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Furthermore, the degree of dose reduction adaptation conveys appears to be of a similar scale
to the benefits of adaptation in VMAT planning. Adaptive IMPT plans were able to drive down
dose further by up to another 7Gy in the glottis and 10Gy in the oral cavity. The impact of

adaptation on average mean dose to OARs on IMPT plans reached significance.

8.3 Hypothesis 3: Hyoid bone movement can play a part in
radiotherapy treatment verification, and better understanding of
hyoid movement may allow a reduction in CTV-PTV margins

8.3.1 Hyoid displacement in real world head and neck cancer patients undergoing

radical radiotherapy

The improved conformality of radiotherapy techniques including VMAT and IMPT, and the
reduction in CTV margins standardly used in OPSCC radiotherapy plans emphasizes the
requirement for high quality treatment position and delivery verification. In clinical practice,
reviewing the on-set imaging is a common scenario but there is a paucity of data regarding

which patients are most at risk of set up errors.

In my thesis | present work | performed on 2 years of head and neck patients referred for on
set imaging review due to hyoid displacement. | have shown that over 60% of patients referred
are at risk of under treatment of the primary GTV, should the hyoid position be an accurate

surrogate for tumour position.

8.3.2 Predictive features for hyoid displacement

Larger tumours and those involving extrinsic tongue muscles (e.g., T4 and base of tongue
primaries), are overrepresented in the cohort referred and it is reasonable to suggest they are
more likely to have anatomical connection to the hyoid either directly or via muscle
infiltration. These patients may be considered for prospectively scheduled re-planning,

especially if they also display additional predictive factors e.g., a reduced mandible to hyoid
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distance. Likewise, patients without these features may be considered for reduced PTV

margins thus reducing the high dose volume receiving the prescription dose.

A limitation to my work in Chapter 7 is the lack of visibility of primary tumours on the CBCTs.
As such | am unable to definitively report if the hyoid movement is independent of the primary
tumour. | will be using the PEARL patients interim PET-CT to further explore the relationship
between the hyoid and the OPSCC primary tumour during a course of radical radiotherapy. T4
tumours are not eligible for PEARL so this next piece of work will provide me with a difference

cohort and allow me to explore if non-T4 tumours could have reduced ITV/PTV margins.

8.3 Conclusion

The better prognosis and younger, healthier cohort of patients with locally advanced HPV
positive oropharyngeal squamous cell cancer offers potential for reducing the intensity of
treatment and minimizing the risk of long term, disabling and life quality reducing toxicity. In
my work presented in this thesis, | have explored 3 different methods of radiotherapy
deintensification: biological response-based adaptation, IMPT planning, and towards a more
tailored verification protocol and PTV margins. | have demonstrated significant dosimetric
advantage to adaptation and the use of IMPT. The toxicity data from the PEARL study and
ongoing additional dosimetric modelling projects will provide additional insight into how

clinically relevant these deintensification methods could be.
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