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Abstract

Objectives

To identify mechanisms improving clinical outcomes for patients with unresectable locally
advanced non-small-cell lung cancer (LA-NSCLC) treated with photon and proton

radiotherapy.

Strategies explored include 1. Investigating using routine healthcare datasets to estimate
survival outcomes for patients with LA-NSCLC treated with definitive radiotherapy, in order to
assess the effectiveness of current strategies; 2. Assessing the physical advantages of
protons by conducting a retrospective planning study comparing volumetric modulated arc
therapy (VMAT) and pencil beam scanning (PBS) proton plans of superior sulcus tumours
(SSTs), a rare subset of LA-NSCLC; 3. Exploring potential biological advantages of protons
by examining major cell death pathways following XRT, high and low linear energy transfer
(LET) proton irradiation of NSCLC cells.

Methods
Workflow 1:

LA-NSCLC patients receiving definitive radiotherapy were identified. For each, key time points
(date of diagnosis, recurrence, death or last clinical encounter) were used to calculate overall
survival (OS) and progression free survival (PFS) from manual-data (hospital notes) and
compared to estimated OS and PFS from routine-data (electronic databases). Dataset
correlations were then tested to establish if routine-data were a reliable proxy measure for

manual-data.

Workflow 2:

Patients with SSTs treated with 4D radiotherapy were identified. Tumour motion was assessed
and excluded if >5 mm. Comparative VMAT and PBS plans were generated retrospectively.
Robustness analysis was assessed for both plans involving: 1. 5 mm geometric uncertainty
scenarios, with an additional 3.5% range uncertainty for proton plans; 2. verification plans at

breathing extremes. Comparative dosimetric and robustness analyses were carried out.



Workflow 3:

Human NSCLC cell lines were irradiated with single doses of 2-15 Gy photon radiotherapy,
high- or low-linear energy transfer (LET) protons (12 keV/um and 1 keV/um, respectively) and
analysed 24-144 hours post-irradiation. DNA damage foci and cell death mechanisms were

investigated.

Results
Workflow 1:

In forty-three patients, routine data underestimated PFS by 0.09 months (p=0.86; 95% CI -
0.86-1.03) and OS by 1.02 months (p=0.00; 95% CI 0.34-1.69) but there was good correlation
with a Pearson correlation coefficient of 0.94 (p=0.00, 95% CI 0.90-0.97) for PFS and 0.97
(p=0.00, 95% CI 0.95-0.98) for OS.

Workflow 2:

In ten patients, both modalities achieved similar target coverage with mean clinical target
volume D95 0f 98.1% + 0.4 (97.5-98.8) and 98.4% + 0.2 (98.1-98.9) for PBS and VMAT plans,
respectively. The same four PBS and VMAT plans failed robustness. Proton plans significantly
reduced mean lung dose (by 21.9%), lung V5, V10, V20 (by 47.9%, 36.4%, 12.1%,
respectively), mean heart dose (by 21.4%) and vertebra dose (by 29.2%) (p<0.05).

Workflow 3:

XRT predominantly induced mitotic catastrophe, autophagy and senescence. Senescence,
established via the p53/p21 pathway, was the major cell death pathway by which protons more
effectively reduce clonogenic potential compared to XRT in NSCLC cell lines. High LET
protons at a dose of 10 Gy(RBE) resulted in the lowest cell survival. The mechanisms driving
the LET- and dose-dependent senescence was unclear but did not appear to be related to

differential DNA repair machineries.

Conclusions

Proton radiotherapy could be pivotal in improving outcomes in select cases of LA-NSCLC.
These studies demonstrate that 1. survival-outcomes are reliably estimated by routine data
and such a methodology could enable rapid outcomes analysis to keep pace with trial

development; 2. robust PBS plans are achievable in carefully selected patients and



considerable dose reductions to the lung, heart and thoracic vertebra are possible without
compromising target coverage; 3. ldentification of LET- and dose-dependent proton-induced
cellular senescence may guide radiotherapy optimisation and drug-radiotherapy

combinations, maximising tumour cell kill.

This work contributes to important preliminary research required to understand the physical

and biological strengths and weaknesses prior to trials.



Impact Statement

In the UK, survival from lung cancer is poor, reported to having been amongst the lowest in
Europe with a 5-year survival of approximately 10% compared to up to 20% in other countries
[1], [2]. Non-small cell lung cancer (NSCLC) is the most common subtype and approximately
70% of patients present with locally advanced or metastatic disease [3]. For patients with
locally advanced NSCLC, survival has improved with modern radiotherapy techniques and 2-
year survival rates of 55.6% can be expected when combined with chemotherapy, and up to

66.3% with further consolidation immunotherapy [4].

The incorporation of algorithm-driven mechanisms into healthcare systems and proton
radiotherapy for lung cancer treatment are two major broad themes that will dominate research
efforts in the immediate future. Proton radiotherapy is expected to play a pivotal role in
improving outcomes for patients with locally advanced NSCLC as this promises both physical
and biological advantages over state-of-the-art photon radiotherapy. Unfortunately, clinical
evidence supporting an advantage of proton therapy is currently lacking. The UK is poised to
set up lung proton clinical trials with the first high energy proton centres opened/opening in
The Christie (Manchester, 2019) and University College London Hospital (London, 2021),

featuring the latest technology, pencil beam scanning (PBS) protons.

Using routine data to estimate survival outcomes and its potential application into Al
algorithms enables rapid large scale analysis of lung cancer strategies. Not only does this
have important health economic implications for radiotherapy centres, due to the outcomes-
based commissioning framework, but this same methodology can be tailored to auto-analyse
outcomes for other stages of NSCLC and other tumour types. This would have a huge impact

on healthcare systems and will support the pace of evolving research.

Patients with superior sulcus tumours (SSTs) seem likely candidates to benefit from scanning
protons and present a unique opportunity to develop PBS techniques in locally advanced
NSCLCs because 1) their invasion of local structures limits motion, circumventing the
challenging issues of interplay 2) their apical location results in smaller volumes of aerated
tissue surrounding them, reducing heterogeneity along proton paths. Demonstrating the
feasibility of PBS proton therapy in SSTs will form the basis for prospective clinical trials
investigating if dosimetric advantages translate in to superior outcomes. These principles can

be applied to other locally advanced NSCLCs with limited movement.



Key biological differences, particularly in the context of high and low LET proton irradiation,
are thought to be tissue-, cell line- and endpoint-specific [5]-[9]. It is biologically important and
relevant to distinguish cellular responses to high and low LET protons due to non-uniformity
within a clinical proton beam; and the consequence of predominant cell death mechanisms
that include varying immunogenicity and clonogenic potential. Understanding how they differ
can guide radiotherapy optimisation and enable advantage to be taken of the biological
benefits by identifying optimal drug-radiotherapy combinations to maximise tumour cell Kill.

State-of-the-art proton therapy is anticipated to show significant advantages over photon
therapy in select cases of lung cancer treatment. This work forms part of the crucial preliminary
research required to understand the physical and biological strengths and weaknesses prior

to trials that will identify new indications over state of the art photon therapy.
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Lung cancer is a global health challenge and leading cause of cancer-related mortality world-
wide (18.4% of total cancer deaths) (Globocan 2018). Although paradigm-shifting systemic
treatments have recently been discovered [4], [10], improved long-term survival continues to
be hindered by major hurdles existing at both ends of the management pathway: lack of
established screening programmes that enable detection of early stage cancer and late
presentation that make current curative treatment options difficult or impossible.

Efforts to establish lung cancer screening programmes include the Dutch-Belgian NELSON
study [11] and the US-based National Lung Screening Trial [12], [13]. Both have demonstrated
reduced mortality from lung cancer in high-risk individuals [11]-[13] of up to 20% using low-
dose CT compared to screening with chest radiography [12], [13]. In the UK, the SUMMIT
Study (NCT03934866) [14] is an ongoing trial and the largest lung screening programme in
the UK. However, until routine screening becomes standard practice, the majority of patients
are likely to continue presenting late with locally advanced or metastatic disease, the rates of
which can be as high as 70% [3].

Non-small cell lung cancer (NSCLC) is the most common lung cancer subtype and there is an
unmet need to improve the outcomes for patients with locally advanced NSCLC. An important
first step is to assess the effectiveness of the current standard of care. Historically, such a
process would have relied on analysing patients’ notes (known as manual data), which is both
time-consuming and inefficient. The value of easy and rapid analysis of survival outcome
measures is widely recognised and means that they can be undertaken frequently and on a
large scale. This is particularly useful when the treatment landscape is rapidly evolving [10],
[15].

Information from routinely collected electronic datasets (known as routine data) can be used
to estimate survival by identifying clinical codes that act as surrogates for landmark events.
The methodology of synthesising and interpreting these sets of clinical codes are unique to
cancer type and disease stage, requiring knowledge of the tumour-specific management
pathway. This has not been done before for in lung cancer and this task is undertaken as one
work stream of this thesis. Not only is this an inexpensive solution but this process can be built
into an automated algorithm, an important application of artificial intelligence that has huge

potential to improve oncologic care.

Up till recently, photon radiotherapy, with or without chemotherapy, was the standard of care
for patients with locally advanced NSCLC that is surgically unresectable. Modern radiotherapy
techniques and immunotherapy has improved survival for these patients and 2-year survival
rates of up to 66.3% can be achieved with chemoradiotherapy and consolidation

immunotherapy [4]. However, despite these advances in precision photon radiotherapy,
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image-guidance and motion mitigation strategies, outcomes for patients with locally advanced

can still be improved.

Radiotherapy is often challenging in patients with locally advanced disease. The difficulties
are both physical and biological: disease can be bulky requiring large volumes to be irradiated,;
and geometrically heterogeneous resulting in differential motion within different parts of the
tumour. In addition to this, innate or acquired radioresistance results in loss of locoregional

tumour control, which is strongly correlated with NSCLC survival [1], [2].

Global interest lies in developing proton radiotherapy in lung cancer as this promises both
physical and biological advantages over state-of-the-art photon radiotherapy. Due to its Bragg
peak, proton therapy results in a relatively low entrance dose and minimal exit dose, achieving
superior conformality at the tumour site with reduced dose to surrounding tissues [18]-[20].
This means it is possible for safe dose escalation to the tumour, which can improve local
control by overcoming radioresistance, whilst sparing normal tissues. Most clinical experience
with proton therapy has come from using older technology passively scattered protons [21]-
[26]. Over the past decade, proton technology has significantly advanced with the introduction
of pencil beam scanning protons (PBS) that enable superior precision and modulated proton
therapy, as well as image guidance systems.

However, it has yet to be determined which patients will benefit most from these advanced
proton technologies. A better understanding of both proton physical capabilities and proton-
induced biological differences at the cellular and intra-cellular level will help identify patient
groups, optimal planning and delivery strategies as well as combination treatments to
maximise enhance cell kill.

Because locally advanced NSCLC encompasses a range of complex anatomical varieties,
one approach is to conduct planning studies that focus on subtypes based on geometry.
Planning studies allow the physical limitations and advantages of proton therapy to be
examined. Patients with superior sulcus tumours, a select cohort of locally advanced NSCLC,
seem likely candidates to benefit from scanning protons due to their characteristic apical
location, proximity to critical structures (like the spinal cord and brachial plexus) and their
limited motion [27]-[29]. A retrospective planning study comparing robust pencil beam
scanning proton therapy to state-of-the-art photon volumetric modulated arc-therapy (VMAT)

for this select cohort is another work stream of this thesis.

The biological advantages of proton therapy is not well known. It has been established that
proton therapy has a higher radiobiologic effect (RBE) resulting in increased cell kill [30] and
preclinical studies have demonstrated that protons result in more complex DNA lesions [31]—

[33], different cellular responses to DNA damage and immunogenicity [34]. However, although
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non- uniformity within clinical proton beams is known, with high linear energy transfer (LET)
occurring at the end and lateral edges of the beam (resulting with different biological
consequences) [35]-[37], most in-vitro studies have only compared high LET irradiation from
heavy ion particles [38] or low LET protons [39], [40] to photon therapy, which may not be
biologically relevant. The final work stream of this thesis examines major death pathways in
NSCLC cells to identify key differences in their cellular response to DNA damage following

photon therapy compared to high and low LET proton irradiation.

This thesis aims to identify methods to improve radiotherapy outcomes in locally advanced
NSCLC by 1. assessing current outcomes, using novel data-mining and algorithm-generating
applications 2. review current lung radiotherapy practice 3. explore the role of proton
radiotherapy in the treatment of locally advanced NSCLC, by examining gaps in lung proton
radiotherapy research and identify its physical advantages, as well as 4. elucidate cell death
mechanisms by which high and low LET proton therapy kills NSCLC cells.
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Chapter 2

Current outcomes in patients with locally advanced non-
small cell lung cancer: Using routine data to estimate

outcomes
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2.1 Background

Assessing outcomes is important for analysing the effectiveness of current practice. National
cancer strategies have been implemented to incentivize centres to formally assess
radiotherapy outcomes with the introduction of an outcomes-based commissioning framework
[41]. As a result, there is a recognised need to be able to assess, qualify and quantify the
quality of radiotherapy practice which is valuable for research and strategic planning of service
provision. However, data collection is laborious and challenging as data quality is inconsistent.
Furthermore, with advancing radiotherapy technologies emerging and systemic therapies
rapidly evolving, there is critical need for frequent and efficient large scale outcomes analysis

to assess the effectiveness of such treatments.

Progression free survival (PFS) and overall survival (OS) are key outcome measures for lung
cancer that are important assessment tools of the effectiveness of an institution’s lung cancer
strategy. PFS has become an increasingly important outcome measure in clinical trials, used
as a surrogate for OS that is less influenced by subsequent therapies, and important for
evaluating treatment response. Measuring PFS is in itself a challenge due to an inconsistency
of definition and use in the literature and measurement accuracy [42], [43]. To reliably
determine these outcomes measures, the quality, completeness and consistency of data
recording is important as well as the ability to efficiently interpret these. Manually collected
prospective data taken from patients’ notes, as collected in trials, is considered the gold
standard in most accurately identifying clinically significant dates for patients’ investigation
and management pathways. However, data quality can be inconsistent and collecting it is
labour-intensive, making assessment of large numbers time-consuming. Routine datasets are
nationally collected patient data, including hospital episodes statistic (HES), radiotherapy
database (RTDS), systemic anti-cancer therapy (SACT) and personal demographics service
(PDS).

Information from routinely collected electronic datasets is inexpensive and its use in
population- based studies to investigate disease incidence, mortality and public health issues
has long been established. There has been growing interest in using routine data to assess
clinical outcomes [44], particularly in cancer management, in the hope that regular feedback
will facilitate improved outcomes [45]-[49]. Whilst dates of diagnosis and recurrence may not
be directly captured in the data it is possible to identify information to serve as surrogates for
these relevant time points and Ricketts et al recently demonstrated that routine data could be
used to estimate OS and PFS in patients with head and neck cancers treated with radical
radiotherapy [50], [51].

This project aims to develop and optimise a methodology to extract OS and PFS from routinely
collected electronic healthcare data for patients treated with primary radical radiotherapy for LA

NSCLC that will enable information to be evaluated effectively and efficiently.
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2.1.1 Aims

This chapter will focus on assessing current survival outcomes for patients with stage I1A/B

NSCLC treated with radical radiotherapy with or without chemotherapy, using routine data.

2.1.2 Objectives

e Assess current survival outcomes in patients treated with definitive radiotherapy for
LA NSCLC using a methodology developed to perform large scale data analysis by
extracting information from routine data to analyse survival estimates

o Work with our hospital informatics team to collect data

o Learn to interpret coded data from routine data sets and correlate them to
relevant time points in patients’ diagnostic and management pathways

o Develop a mechanism for back-dating codes that act as proxy measures for

key events to improve accuracy of survival estimates

2.2 Methods

All patients with LA NSCLC, taken to be any patient with stage IIIA/B disease (appendix 1),
treated with primary radical radiotherapy in a 2 year period (August 2013 to August 2015) in
University College London Hospital, a regional referral centre, were identified for this initial
pilot study of 43 patients.

For each patient, routine data was obtained via the hospital informatics team. Key time points
were identified and extracted from the integrated routine data to form a timeline that reflected
the Gold standard manual data (table 1). OS and PFS, based on manual data, was then

compared to estimated OS and PFS, based on paired routine data (figure 1).
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[ Patients with stage IIA/B NSCLC treated with primary radical radiotherapy identified ]
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[ Patients with lung cancer treated with radical radiotherapy between August 2013- August 2015 }

'

Routine data analysis
Nationally collected patient data:

HES (Hospital Episodes Statistics)*
PDS (Personal Demographics
Service)

SACT (Systemic Anti-Cancer
Therapy)"

RTDS (Radiotherapy Dataset)”
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\dentify key time points ’ (refer to table 1) and time interval
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l l (refer to fig. 2)
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Figure 1. Flow chart showing the process of manual and routine data analysis for patients with LA NSCLC. *

Patients were identified from RTDS data by searching lung cancer ICD10 codes. ¥ Data obtained via the Hospital
Informatics team. ¥ Data obtained from the hospital prescribing Chemocare system. fData obtained via the
radiotherapy department. Relevant time points were identified (* date of diagnosis, recurrence, death or last clinical
encounter) and used to calculate PFS and OS intervals for the data sets which were then compared to assess

agreement. Backdating and time interval optimisation was then used to refine the process and improve correlation.

2.2.1 Manual Dataset

The manual data was extracted from hospital notes which included clinic letters,
multidisciplinary team (MDT) meetings, histopathology and radiology reports, and
chemotherapy and radiotherapy treatment records. The relevant time points required to
calculate PFS and OS were the date of diagnosis, recurrence, and death or last known

appointment.

a. Manual diagnosis date: The diagnostic biopsy date was chosen to most accurately
represent the date of diagnosis as this is when histological confirmation of disease is
obtained. If the biopsy date was not available (eg. if the biopsy was performed in a
different hospital) then other dates were used following a hierarchy, as defined by the
UK National Lung Cancer Audit, of date of: i) imaging in the form of CT (computed
tomography) and PET CT (positron emissions tomography CT) ii) admission to
hospital due to this malignancy iii) patient’s evaluation at an out-patient clinic relating

to this malignancy and iv) referral [52] (table 1).
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b. Manual

recurrence date: The recurrence date was taken to be the date of

recognized progression, recurrence, metastases, death, or last known clinical

encounter (if no progression occurred). Progression, recurrence or metastatic disease

was determined by dates of any investigative procedure, including radiological scans

or biopsies, which first positively identified disease recurrence (table 1).

Time Points

Definitions for Manual Data

Definitions for Routine Data

Diagnosis date

In order of preference [52]:

% Date of first histological or
cytological confirmation of
malignancy.

- date when specimen taken
- date of receipt by pathologist
- date of pathology report

o

% Date of imaging from a CT, PET
scan or other form of clinical
diagnosis

*%* Date of admission to hospital

because of this malignancy.

#*  When evaluated at an oncology out-
patient clinic only: date of first
consultation at out-patient clinic

because of this malignancy

% Date of referral

L)

HES
< Date of biopsy (taken as the
optimal date of diagnosis) within
pre-specified time window of X

weeks of treatment initiation

If not available, then the earliest within a pre-
specified time window of X weeks of

treatment initiation:

% First code

(appendix 2)

relevant ICD10

% OPCS identifying relevant time
points and proxy measures for
investigation (appendix 4a) and

management (appendix 4b)

** Date of request on booking form
date for
(This
correspond to treatment that is

consent secondary

treatment. date must

also documented in the RTDS
with “Category: Radical”)

SACT

2
o

Start date

Recurrence date

Any of the following that first positively
identifies recurrent, progressive or metastatic

disease:

% Date of radiological scan identifying
recurrence,  progressive,  or
metastatic disease

R

*%* Date of biopsy procedure

confirming recurrence

The earliest within a pre-specified time

window of X weeks of *secondary treatment

initiation:
HES
% ICD10 codes for secondary
malignancies (appendix 3)
% OPCS and ICD10 codes

identifying relevant time points
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«* Date of clinic if a clinical diagnosis and  proxy measures for
of recurrence, progressive, or recurrent,  progressive  or
metastatic disease is made and metastatic disease investigation
no scans or biopsies undertaken (appendix 5a).

RTDS
«* Date of request on booking form
consent date. (This date must
correspond to treatment that is
also documented in the RTDS
with “Category: Palliative”
If there are no secondary treatment codes
(appendix 5b) but there are ICD10 codes for
secondary malignancies (appendix 3), these
can be used to identify recurrence dates.
If there are no ICD10 codes for secondary
malignancies or investigative procedures
then the start date of secondary treatment
can be used:
HES
< OPCS identifying secondary
management for recurrent,
progressive  or  metastatic
disease (Appendix 5b)
RTDS
«»  Start date
SACT
«»  Start date
Death date «* Date of recorded death from «»* Date of recorded death on PDS
medical notes or clinical letters
Endpoint if no % Last known clinical encounter with % Date of last HES, SACT, RTDS

recurrence or
death

any specialty (in the hospital or
community) based on clinical
letters or letters of
correspondence from the patient

or their next of kin

entry.

Table 1. Definitions of key time points used to calculate PFS and OS for manual data and the ICD-10 (international

classification of diseases) and OPCS (Office of population censuses and surveys classification of surgical operations

and procedures) codes used for diagnosis and recurrence flag events from the routine data. * Secondary treatment

is defined as any treatment being initiated 10 weeks following completion of primary treatment, identified using

relevant codes (appendix 5b).
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2.2.2 Routine Dataset

Routine data was collected from HES, SACT, RTDS, and PDS (table 2).

Routine Dataset

Information available

PDS (Personal Demographics Service) ® Name
National  electronic  database  and ®  Address
component part of the NHS Spine (the ® Date of birth
national databases of information regarding
. , ® NHS Number
patients’ health and care)
® Date of death
HES (Hospital Episodes Statistics) ® Dates of all hospital encounters including admissions and
Patient care data of all patients treated by discharge dates, outpatient appointments, and A&E
the NHS in England (including private attendances.
patients treated in NHS hospitals and ®  Diagnoses
patients resident outside England receiving
®  Operations
treatment funded by the NHS) P
®  Age group
®  Gender
®  FEthnicity
®  Area of patient’s residence
SACT (Systemic Anti-Cancer Therapy) ®  Demographics- including commissioner and provider
. . . initiating treatment
Clinical management information on
patients undergoing chemotherapy in (or ®  (Clinical status-diagnosis, performance status, treatment
funded by) the NHS in England. intent
®  Programme and regimen- drug details, cycle and regime
number, supportive medications , treatment dates
®  Qutcome- regimen modification eg. dose reductions, cycle
delays, early termination of treatment, and outcome
summary.
RTDS (Radiotherapy Dataset) ® Demographics- commissioner and provider initiating
o . . . treatment
Clinical management information on patients
undergoing radiotherapy treatment collected ® (Clinical status- diagnosis, treatment intent, history of
locally by radiotherapy centres and submitted to previous radiotherapy (diagnosis relating to that
the National Clinical Analysis and Specialised treatment, treatment intent, dose, fractionation, site
Applications Team. treated, dates of referral and of treatment).
® Dose prescription- dose and fractionation regime,
treatment site
®  Outcome- actual dose delivered, treatment dates

Table 2. Routine datasets. This shows the national datasets available for analysis, their intended function and the

patient-specific information that can be collected from the different databases.
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Surrogates were identified as suitable proxy measures for dates of diagnosis and recurrence

events.

a. Routine diagnosis date: This was taken to be the corresponding date of biopsy
OPCS codes (appendix 4a) (available for all patients investigated within our centre),
so long as it fell within a pre-specified time window of x weeks of lung cancer treatment
initiation (appendix 4b) (see section “Interval definitions for back-dating”). If biopsy
codes were not found on routine data , proxy time points were used as surrogates as
long as they occurred within this pre-specified time window from start of primary
treatment: the earliest of (i) the first relevant ICD10 codes denoting lung malignancy

(appendix 2) or (ii) other investigative OPCS codes (appendix 4a).

b. Routine recurrence date: The date of progression, recurrence or metastases was
identified using (i) ICD 10 codes for secondary malignancies (appendix 3) or
investigative procedures (appendix 5a) which occurred within a pre-specified time
window prior to secondary treatment (appendix 5b) initiation (i) ICD10 codes
identifying secondary malignancies if no secondary treatment codes appeared (iii) the
start date of secondary treatment if no ICD10 codes for secondary malignancies or

investigative procedures were seen on routine data.

Secondary treatment was defined as any treatment event occurring more than 10 weeks after
the end of primary treatment (last day of radiotherapy or chemotherapy, whichever occurred

last) and further identified by OPCS codes in appendix 5b.

2.2.3 Survival Intervals

PFS was taken to be the time interval between the diagnosis date and the date of progression,
recurrence or metastases. If no progression occurred the date of last known clinical encounter

or death was used.

OS was taken to be the time interval between the diagnosis date to the date of death from any
cause or date of last known clinical encounter (if the patient was still alive at the time of

analysis).

Key code tables were generated to aid interpretation of the routine data (appendices 2-5b),
enabling the identification of codes signifying the relevant time points. The datasets were

analysed separately in this manner and then merged to create a timeline.
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2.2.4 Code identification and classification

Codes were identified and sorted according to diagnostic ICD 10 codes consistent with lung
malignancy (appendix 2 and 3) and OPCS codes consistent with diagnostic investigations
(including biopsies and CT or CT PET imaging) (appendices 4a and 5a) and management
strategies (appendices 4b and 5b), separated into radiotherapy, chemotherapy and
interventional treatment.

a. ICD-10 codes indicating primary site lung malignancies (appendix 2)

All codes relating to “malignant neoplasm of bronchus or lung” [C34], “malignant neoplasm of
heart, mediastinum and pleura” [C38], and “Secondary and unspecified malignant neoplasm
of intrathoracic lymph nodes” [C77.1] were identified as the majority of patients with LA
NSCLC have mediastinal lymph node involvement. The additional code, “Abnormal findings
on diagnostic imaging of lung” [R91] was included given the first suspicion of lung malignancy
arises from abnormalities seen on chest x-rays or CTs, acknowledging this does not confirm
diagnosis.

b. OPCS codes identified for primary diagnostic event (appendix 4a)

Codes identified as surrogates for the diagnosis of LA NSCLC included biopsies of the lung,
pleura and mediastinal lymph nodes and procedures whereby specimens are obtained for
cytological confirmation of malignancy. Imaging with body and head CT and PET CT are
important for staging of disease and glomerular filtration rate testing is standardly performed

for any patient being considered for chemotherapy.

c. OPCS codes identifying primary management (appendix 4b)

Primary management codes included those denoting treatment with radical radiotherapy
(identified as intensity modulated radiotherapy [X67.1] and complex conformal radiotherapy
[X67.7]) and chemotherapy. Interventional codes included endovascular stent placement
[L76.9] and insertion of stent into vena cava [L79.3] (which means the patient experienced
superior vena cava obstruction secondary to a locally advanced tumour in the lung apex) and

required treatment with stent insertion.
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d. ICD-10 codes indicating secondary site malignancies or complications from

recurrent/ progressive/ metastatic disease (appendix 3)

The codes identified for the diagnosis of recurrent, progressive or metastatic disease mostly
included those with “Secondary & unspecified malignant neoplasm of-“ as this implies that
malignant disease has metastasized to this site; and codes that identified complications from
metastases, such as cerebral oedema [G93.6], which can result from cerebral metastases.
Additionally, there were codes that overlapped with those identifying primary presentation as
recurrent and metastatic disease can present with similar complications depending on the
location of disease.

e. OPCS codes identified for recurrent, progressive or metastatic disease

diagnhostic event (appendix 5a)

Codes identified as surrogates for the diagnosis of recurrent, progressive or metastatic
disease overlapped codes for primary presentation, as biopsies are used to confirm
recurrence and imaging is used to re-stage disease. Additional imaging OPCS codes included
those denoting MRI spines ([U211 AND Z06.1], [U21.1 AND Z06.2], [U21.1 AND Z99.2],
[U21.1 AND Z06.3]) and bone scans [U14.1], as these are not routinely done at initial staging

but are performed to investigate metastases to the spine and bones, respectively.

f. OPCS codes identifying secondary management for recurrent, progressive or

metastatic disease (appendix 5b)

Radiotherapy OPCS codes for “simple radiotherapy” ([X67.5], [Y91.2]) were used as they
indicate that treatment is non- curative (as opposed to “complex radiotherapy” [X67.7], which
indicates treatment is radical with the intention of cure). The only exception to this rule is that
“Preparation for intensity modulated radiation therapy” [X67.1] (considered complex
radiotherapy that is usually delivered in the radical setting) is also used to code for SABR
(stereotactic ablative radiotherapy), which can be used to treat oligometastatic (single or few

systemic metastases that are amenable to surgery or ablative therapy) disease.

For chemotherapy OPCS codes, only “Delivery of exclusively oral chemotherapy for
neoplasm” [X73.1] is exclusive to patients being treated for recurrent or metastatic disease
because there are no oral chemotherapy drugs currently used in the radical setting. The SACT
data can be used in conjunction with the OPCS codes as it details the specific chemotherapy
drugs delivered to patients and this information can be used to help discriminate curative or
non-curative (palliative) treatment as some drug regimens are used exclusively as palliative

treatment.
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Interventional codes for endovascular stent placement and insertion of stent into vena cava
were also included here as superior vena cava obstruction can be a complication of locally

recurrent or metastatic disease requiring treatment with stent insertion.

2.2.5 Interval definitions for back-dating

The process of interval back-dating was used to optimize the correlation of manual and routine
intervals when using proxy time points from the routine data and filter out diagnostic events
that yielded negative results (Figure 2). For the date of diagnosis, a back-dating window of 6
weeks (1.5 months) was chosen as the interval during which a diagnostic event might occur
prior to the initiation of primary treatment (denoted by a relevant investigative OPCS code), or
ICD10 code indicating primary diagnosis (whichever occurred earliest). If a biopsy OPCS code
was available, this was taken to be the date of diagnosis, so long as it occurred within 6 weeks
prior to the start of primary treatment, with no further back-dating to other investigate codes.
The same backdating interval was used to identify the diagnostic events for secondary

malignancy presentation prior to initiation of secondary treatment.

Secondary treatment: Any treatment occurring 10
weeks after completion of primary treatment

-i?--»

Diagnostic event Diagnostic event
Start of primary Start of secondary treatment for progressive,
) radical treatment ‘} recurrent, or metastatic disease
L
Diagnosis date: Recurrence date:
* Back-dating from the start of primary treatment: using *  Back-dating from the start of secondary treatment using:
relevant ICD 10 codes (Appendix 2) or relevant relevant ICD 10 codes (Appendix 3) or relevant investigative
investigative OPCS codes (Appendix 4a) OPCS codes (Appendix 5a)

+ If a biopsy date is available within the 6 week interval,
no further backdating to other investigative codes is
required

Figure 2. Schematic showing back-dating intervals used for optimization of key time points extracted from
routine data. The date of biopsy is taken to be the date of diagnosis, so long as this date is within a 6 week period
of an OPCS code indicating the start of primary treatment. If there is no biopsy date, then any diagnostic event or
relevant ICD 10 code (whichever occurs first) occurring within a 6 week period prior to an OPCS code indicating the
start of primary treatment is taken to be the date of diagnosis of primary disease. For example, an OPCS code for
investigative imaging occurring within 6 weeks prior to treatment, implies there was already clinical suspicion of
malignancy at the time of that scan. For the date of recurrence, progressive or metastatic disease, any diagnostic

event or ICD10 code (whichever occurs first) occurring within a 6 week period prior to an OPCS code indicating the
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start of secondary treatment is taken to be the date of recurrence. Any treatment event occurring after 10 weeks after
completion of primary treatment was interpreted as secondary treatment. If no secondary treatment has been given

then a secondary malignancy ICD 10 code (appendix 3) can be used to identify recurrent disease.

Correlation of these datasets were then tested on the key clinical outcome indicators of OS
and PFS to establish if routine data could be used as a reliable proxy measure for manual
data.

2.3 Results

One hundred and sixty patients were identified as receiving radical radiotherapy, 43 of whom
were patients with stage 111A/B NSCLC.

The manual data showed a median age of 67 years (range 46- 89years) and all patients had
stage IlIA/B disease. Using the manual data, the median PFS was 10.78 months (range 1.58-
37.49 months) and median OS was 16.36 months (range 2.69- 37.49 months).

Based on routine data, using proxy measures, the estimated median PFS was 10.68 months
(range 1.61- 31.93 months) and estimated median OS was 15.38 months (range 2.14- 33.71

months).

Overall, the routine data underestimated the PFS and OS of the manual data but there was

good correlation with a Pearson correlation coefficient of 0.94 for PFS and 0.97 for OS.

2.3.1 Patients’ characteristics

We identified 43 consecutive patients for this pilot study, 27 of whom were men and 16 women.
Patient demographics are displayed in Table 3. The median age was 67 years (range 46-
89years) and all patients had stage IlIA/B disease. The majority of patients were PS
(performance status) 0-1 but for 6/43 patients the PS was not recorded and 3/43 patients had
a PS of 2. 20/43 patients had the optimal cCRT (concurrent chemoradiotherapy) [53], 9/43
patients had sCRT (sequential chemoradiotherapy), 13/43 patients had radical radiotherapy
alone, and 1 patient unconventionally received gefitinib followed by radical radiotherapy (table
3).

22 patients had adenocarcinomas (18 of whom had no sensitizing mutations and 3 with
unknown EGFR/ALK status), 19 had squamous cell carcinomas, in 1 patient it was not

possible to further differentiate the tumour beyond determining that it was a NSCLC.1 patient
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had no definitive invasive malignancy demonstrated on biopsy but was treated due to high

clinical suspicion.

Age
Patient 9 PS Stage Histology Treatment
range
45- . .
1 49 pPS1 1A Squamous cell carcinoma CCRT (CVx4; 64Gy in 32#)
y
65- . .
2 69 PSoO A Squamous cell carcinoma SCRT (GCarb x4; 64Gy in 32#)
y
70- ) cCRT (CV x1-stopped due to AE;
3 PS1 1A Squamous cell carcinoma )
74y 64Gy in 32#)
70- . . .
4 74 PS1 1A Squamous cell carcinoma SCRT (GCis x4; 55 Gy in 20#)
y
5 80- ps1 A Adenocarcinoma. EGFR sCRT (pemcarbo x2- stopped due to
84y WT AE; 64Gy in 32#)
55- Adenocarcinoma EGFR .
6 PS1 1A cCRT (CV x4, 64Gy in 32#)
59y WT
70- . SCRT (GCarbo x3- stopped due to AE;
7 PS1 1B Squamous cell carcinoma .
74y 55Gy in 20#)
65- . .
8 69 PSO 1A Squamous cell carcinoma cCRT (CVx3; 55gy in 20#)
y
65- . .
9 69 NR 1A Squamous cell carcinoma RT alone: 55gy in 20#
y
55- . .
10 5o NR 1A Squamous cell carcinoma RT alone: 64Gy in 32#
y
65- ) SCRT (GCisx2 switched to GCarbo x 2
11 NR 1B Squamous cell carcinoma )
69y due to AE; 64Gy in 32#
65- Adenocarcinoma. EGFR )
12 NR A cCRT (CV x4, 64Gy in 32#)
69y and ALK WT
75- Adenocarcinoma. EGFR o )
13 PS1 1A ) Gefitinib x6 followed by 55 in 20#
79y mutation
1 65- SO A Adenocarcinoma. EGFR cCRT (CVx1 switched to CarboV x3
69y and ALK WT due to AE; 64Gy in 32#)
65 High grade dysplasia at
15 69 PS1 1A least; no definitive invasive cCRT (CV x4; 64Gy in 32#)
y malignancy
55- . .
16 59 PS1 1A Squamous cell carcinoma cCRT (CV x2; 64Gy in 32#)
y
70- Adenocarcinoma. EGFR )
17 NR 1B RT alone: 64Gy in 32#
74y and ALK WT
75- Adenocarcinoma. EGFR
18 PSO 1B cCRT (CisN; 64Gyin 32#)
79y and ALK WT
80- . .
19 84 pPS2 1B Squamous cell carcinoma RT alone: 64Gy in 32#
y
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50- Adenocarcinoma. EGFR )
20 PS1 A CCRT (CV x4; 64Gy in 32#)
54y and ALK WT

[Adenocarcinoma. EGFR and

21 50-54y | PSO 1A CcCRT (CV x3; 64Gy in 32#)
ALK WT
Adenocarcinoma. EGFR and )

22 55-59y | PS1 1B RT alone: 64Gy in 32#
ALK WT

23 70-74y | PS1 A Squamous cell carcinoma RT alone: 55Gy in 20#
[Adenocarcinoma. EGFR and )

24 75-79y | PS1 A SCRT (CVx4; 64Gy in 32#)
ALK WT
PD carcinoma(no comment on )

25 80-84y | PS1 1A RT alone: 55Gy in 20#
EGFR/ALK)
Adenocarcinoma. EGFR and [sCRT (CV x2 switched to CarboV x2 due

26 60-64y | PSO A .
ALK WT to AE; 64Gy in 32#)

27 80-84y | PSO 1A Squamous cell carcinoma cCRT (CV x4; 64Gy in 32#)

28 45-49y | PS1 1B Squamous cell carcinoma CCRT (CV x4; 64Gy in 32#)

29 65-69y | PS1 1A Squamous cell carcinoma cCRT (CarboVx3; 64Gy in 32#)
/Adenocarcinoma-insufficient . .

30 45-49y | PS1 1A . ) SCRT (cispem x4; 64Gy in 32#)
material for ALK/EGFR testing
/Adenocarcinoma. EGFR and .

31 65-69y | PSO 1A CCRT (CV x4; 64Gy in 32#)
ALK WT
Adenocarcinoma. EGFR and | sCRT (cispemx2 switched to CV x2 due

32 60-64y | PS1 1A
ALK WT to AE; 64Gy in 32#)

33 60-64y | PS1 1B Squamous cell carcinoma cCRT (CV x4; 64Gy in 32#)

34 70-74y | PS1 1B Squamous cell carcinoma RT alone: 64Gy in 32#
[Adenocarcinoma. EGFR and )

35 60-64y | PS1 nB _ cCRT (CV x4; 64Gy in 32#)
ALK WT, KRAS mutation
NSCLC-not possible to further .

36 45-49y | PS1 1A ) ) cCRT (CV x4; 64Gy in 32#)
differentiate tumour type

37 70-74y | PS2 1A Squamous cell carcinoma RT alone: 55Gy in 20#
/Adenocarcinoma. EGFR and )

38 65-69y | PS1 1B cCRT (CV x4; 64Gy in 32#)
ALK WT
Adenocarcinoma. EGFR and

39 55-59y | PS1 nB CCRT (CV x6; 64Gy in 32#)
ALK WT

40 80-84y | PS1 1A [Adenocarcinoma RT alone: 55Gy in 20#
Adenocarcinoma. EGFR and ) )

41 75-79y | NR 1B RT alone: 64Gy in 32#; declined chemo
ALK WT
Adenocarcinoma. EGFR and .

42 60-64y | PS2 A RT alone: 55Gy in 20#
ALK WT

43 85-89y | PS1 1A Squamous cell carcinoma RT alone: 55Gy in 20#

Table 3. Patients’ characteristics. NR (Not recorded). PS (Performance status)* (index 4 [54]), EGFR (epidermal
growth factor receptor), EGFR mutation (epidermal growth factor receptor with a sensitizing mutation to targeted

therapy), ALK (anaplastic lymphoma kinase), Kras (K-rat sarcoma), WT (wild type) meaning no sensitizing mutations
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are found. cCRT (concurrent chemoradiotherapy), sSCRT (sequential chemoradiotherapy). RT (radiotherapy). 4 cycles
of chemotherapy are usually given. CV (cisplatin and vinorelbine), CarboV (carboplatin and vinorelbine), GCis
(gemcitabine and cisplatin), GCarb (gemcitabine and carboplatin), Pemcarbo (pemetrexed and carboplatin), CisN

(cisplatin and navelbine). AE (adverse event).

2.3.2 Survival and Recurrence

Using the manual data, the median PFS was 10.78 months (range 1.58- 37.49 months) and
median OS was 16.36 months (range 2.69- 37.49 months). Based on the routine data, using
proxy measures, the median PFS was estimated at 10.68 months (range 1.61- 31.93 months)
and median OS was estimated at 15.38 months (range 2.14- 33.71 months) (figure 3a and
3b).
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Figure 3. A. Kaplan Meier Curve for PFS (in months). Survival curves for the routine (green line) and manual (blue

line) data are shown. 27/43 events censored from the manual data and 31/43 events censored from the routine data.
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Wilcoxon signed-ranks test statistic 1.10, p(0.29). B. Kaplan Meier Curve for OS (in months). Survival curves for the
routine (green line) and manual (blue line) data are shown. 27/43 events censored from the manual data and 30/43

events censored from the routine data. Wilcoxon signed-ranks test statistic 0.080, p(0.78).

The routine methodology failed to detect 4 recurrences and 3 deaths resulting in increased
censoring of events and a separation of the curves that was not statistically significant for

either endpoint.

2.3.3 Data correlation

Overall the routine data underestimated the PFS (manual (mean=13.88 months, SD= 9.31);
routine (mean= 13.79 months, SD=8.95) and OS (manual (mean=16.49 months, SD= 9.33);
routine (mean= 15.48 months, SD=9.17) of the manual data. A paired sample t-test for the
mean PFS showed a difference of 0.09 months (p=0.86; 95% confidence interval -0.86- 1.03)
and 1.02 months (p=0.00; 95% confidence interval 0.34- 1.69) for the difference in the mean
OS. However, there was good overall correlation of 0.94 (p=0.00, 95% confidence interval
0.90- 0.97) for PFS (figure 4a) and 0.97 (p= 0.00, 95% confidence interval 0.95- 0.98) for OS
(figure 4b).

The routine methodology correctly identified 32/43 routine diagnosis dates to within 2 weeks
accuracy of the manual diagnosis dates, and of those, 21/43 dates matched exactly. 5/43
routine diagnosis dates were earlier than the manual dates (ranging from 1-6 days earlier).
5/43 routine diagnosis dates were outside of 2 weeks but within 4 weeks of the manual data;
and for 6/43 patients, there was a >28 day difference in routine and manual diagnosis dates,
with the routine dates occurring later than the manual. 3 patients had a difference in diagnosis
dates of >100 days. Whilst the paired sample t test showed that routine data tend to suggest
later diagnosis dates compared to that identified by manual data (t=-2.45; p=0.02) and the

overall correlation was 0.98 (p=0.00, 95% confidence interval 0.96- 0.99) (figure 4c).

The sensitivity and specificity of using routine data instead of manual data to determine
recurrences was 0.75 and 1, respectively. 12/16 recurrences were correctly detected when
assessing the routine data alone. 4/16 routine recurrence dates were within 2 weeks of the
manual diagnosis dates, and of those, 3/16 dates matched exactly. 6/16 routine diagnosis
dates were outside of 4 weeks but less than 100 days of the manual data. For 2/16 patients,

there was a >100 day difference in routine and manual diagnosis dates (figure 4c).

The sensitivity and specificity of using routine data instead of manual data to determine death

event was 0.81 and 1, respectively. 13/16 death events were correctly detected on the routine
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data and of those, 12/13 dates of death matched exactly and for the remaining other patient,
the routine date fell within 1 week of the manual death date. For 27 patients who were still
alive at the time of assessment and for whom the last clinical encounter was used as the end-

interval, the manual and routine dates matched exactly for 24/27 patients (figure 4b).
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represents the line of best fit for the data points.

For patients 13 and 11, diagnosis and chemotherapy (as part of SCRT) were initiated in other

hospitals and followed-up continued there, resulting in missing clinical episodes on routine
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data but detection on manual data (as clinical correspondence letters were available). The
result was later routine diagnosis dates and shorter overall routine PFS and OS. Patient 36
similarly continued follow-up in another hospital. For patients 23 and 6 a late routine diagnosis
date resulted from positive diagnostic investigations falling outside the 6 week back-dating
interval from treatment and alternative surrogates being used, resulting in a shorter PFS and
OS. For patient 38, the routine PFS was shorter as recurrence was not detected on routine
data due to individualised treatment which was not listed as a standard treatment code.

Excluding patients with missing data (patients 11, 13, 36- referred from other hospitals),
correlation in PFS and OS increased to 0.96 and 0.99, respectively (figure 5).
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2.4 Discussion

In this pilot study, we analyzed the PFS and OS for 43 patients with LA NSCLC treated in our
regional referral centre in north London over a 2 year period. The results suggest that routine
data can potentially be used to reliably estimate survival outcomes for patients with LANSCLC
treated with primary radical radiotherapy. This method relies on identifying relevant ICD-10
and OPCS codes that are used as surrogates for diagnosis and recurrence dates followed by

a refining process that involves back-dating interval optimization to improve correlation.

There are some crucial considerations in defining the key time points both for the manual data
and routine data interpretation: 1. Manual diagnosis dates: These followed a hierarchy with
imaging following the preferred diagnostic biopsy date due to certain limitations: Whilst
imaging can give a strong indication of malignancy, patients with lung cancer often have
background lung disease that makes them prone to recurrent chest infections. Radiological
changes seen during active chest infections make identifying malignancy less reliable. This is
in contrast to identifying recurrence and/or metastatic disease when malignancy is already
known, and diagnosis is often done radiologically without repeat biopsies, unless diagnosis is
uncertain. 2. Manual and routine recurrence interval dates: Taken to be the date of
progression, recurrence, metastases, death, or last known clinical encounter (if no progression
occurred) for practical reasons- so that events would be reached. 3. Identifying secondary
treatment in routine data: Any therapy starting after a 10 week interval from the last day of
radiotherapy or chemotherapy (whichever was completed last) was chosen as an indicator of
secondary treatment because it is standard practice for patients to have reassessment
imaging at 8- 12 weeks following completion of treatment. At this point, progressive or
metastatic disease can be observed so a 10 week interval was selected as a compromise-
too short an interval might pick up delayed primary treatment events, and too long an interval

might miss the start of secondary treatment.

OS and PFS values derived from our routine data methodology correlated well with that
derived from the gold standard manual data with the Wilcoxon signed-rank test results
suggesting no statistically significant difference between the survival curves when assessed
by manual versus routine data. Based on the manual data, the median PFS and OS was 10.78
months and 16.36 months, respectively. Using the proxy measures from the routine data, the
estimated median PFS and OS was 10.68 months and 15.38 months, respectively. The paired
sample t-tests showed the difference in the mean PFS to be small and non-significant but the
difference in the mean OS to be larger and significant. However, these results correlated well
overall with the manual data, giving a statistically significant correlation coefficient of 0.94 for

PFS and 0.97 for OS. The high sensitivity and specificity of our method indicate that analyzing
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routine data does not tend to falsely identify recurrence or death events so survival estimates

are less likely to be underestimated.

All discrepancies between the manual and routine data sets could be attributed to 1.Missing
or inaccurately entered OPCS or ICD10 codes due to a) patients having diagnosis and/or
recurrence detected with treatment initiation in other hospitals b) codes appearing on patients’
admission dates rather than the dates of the procedures themselves or c. treatment of
recurrence being non-standard (eg. oligometastatic disease being treated surgically) and 2.
Delays in initiation of treatment beyond the NHS England target of 31 days due to, for example,
patients becoming unwell, resulting in alternative surrogates having to be used for dates of
diagnosis or recurrence. The reasons for deaths escaping detection on routine data were
mostly unclear although 1 patient died abroad, a situation that is perhaps less reliably updated
on to the system. However, there is a time lag between the occurrence of death and its record
being updated on the system, and it is possible that this affected the ability to detect death
events on routine data. These all led to late diagnosis dates, late or absent recurrence dates,
and/or absent death dates and subsequently inaccurately calculated PFS and OS. Although
this resulted in an increased censoring of events and a separation of the survival curves, the

differences were not statistically significant (figure 3a and b).

Our back-dating strategy, used to optimize correlation between manual and routine primary
diagnosis and recurrence event dates, utilized time intervals tailored to reflect clinical practice
and the clinical target times set out by NHS England (2013). This framework recommends that
the maximum time from diagnosis to first definitive treatment is 1 month (or 31 days); and that
for all subsequent treatments for new cases or primary and recurrent cancer, the maximum
time interval is 1 month (or 31 days). Therefore, ICD10 codes consistent with a primary
diagnosis or recurrent, progressive or metastatic disease, are likely to be preceded by
diagnostic investigation codes within a period of up to 31 days. A longer interval of 6 weeks
was chosen to avoid potentially missing relevant investigative and diagnostics flag for patients
who may have started treatment beyond the 31 day target. This meant we still captured
patients who may have had delays in starting treatment due to 1. patients’ choice 2. becoming
unwell 3.radiotherapy re-planning requirements resulting from significant changes in anatomy
or 4.an inability to start in the preferred time period due to patient load exceeding treatment

capacity at that time.

Our findings are similar to Ricketts et al [50] who used routine data to estimate survival
outcomes in patients with head and neck cancer treated radically in a single-institution. Their
methodology also showed good correlation between the datasets for OS, with a correlation
coefficient of 0.97 (p<0.0001) and 0.82 (p<0.0001) for PFS. Similarly, they noted that
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recurrence rates were underestimated with routine data but only 21 of 40 recurrences were
correctly identified compared to our 12 out of 16 recurrences. They attributed the missed
recurrences to incorrect diagnosis ICD10 codes, miscoding of treatment, and very early
recurrences that was not captured within their optimization window. This reinforces the known
limitations of routine data when data integrity is compromised - although Ricketts et al
minimized some of these issues by only including patients diagnosed and followed up in a
single center, data inaccuracies still resulted in reduced correlation.

There is no ideal solution to missing data but strategies have been developed to address this,
which is especially important when handling large datasets. One pragmatic approach is
complete-case analysis (CCA), whereby cases with missing data are eliminated. For this
study, the missing data is not dependent on the survival outcomes (known as missing not at
random- MNAR) and tend to be missing at random (MAR). Where data is MAR, CCA can be

used although can introduce bias [55].

An alternative approach would be to use multiple imputation (MI), which can be adapted for
survival data [56], and works by replacing the missing data with plausible values. These values
are derived from imputation models that contain all variables in the analysis model, including
outcomes, those that predict missing data (for example, when using multicentre data and
treatment initiation or follow-up occur elsewhere, interim iliness resulting in delays to start of
treatment) and proxy data. In order to account for uncertainty of these imputed datasets,
multiple completed dataset versions are generated, analysed separately and then combined
[571-[59].

The completeness of recorded information is a fundamental limitation of both manual and
routine data. Manual data not only most reliably determines outcome measures but contains
important details such as histological subtype, mutation status, lung function, detailed smoking
status (ex-smoker, recent ex-smoker, and quantification by pack-years), response to
treatment demonstrated on CT (stable disease, partial response, progressive disease), and
grading of side effects from treatment. At present such information can only be identified in
manual data as these are not coded in routine data. However, clinical outcome measures can
be inferred or used as proxy indicators. For example, it would be reasonable to assume that
ICD10 codes for oesophagitis or neutropenia in a patient receiving chemotherapy and
radiotherapy might be experiencing these side effects as a direct result from their treatment.
The caveat is that there may be confounding factors or comorbidities causing these problems,
the severity of these side effects are not coded, and the absence of these ICD10 codes does
not mean they were not experienced. Adverse effects from treatment have an important

impact on patients’ ability to complete treatment and their quality of life.
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Additional limitations include potentially confusing routine information for patients who have
other synchronous or metachronous malignancies (eg. head and neck and bladder cancers)
where recurrences and treatment may occur. For these patients with dual pathology, where
“Secondary & unspecified malignant neoplasm of-" or “Secondary malignancy of-" codes
appear in the HES data, referring to the RTDS and SACT data can help distinguish if treatment
is being initiated for disease relating to the lung cancer or to the other malignancy as 1) the
RTDS data will state the site being treated and the relevant ICD-10 diagnosis code relating to
that treatment (eg. Pelvic metastases from a lung cancer primary will have “pelvis”
documented as the treatment site and an ICD10 code denoting a lung cancer primary) 2) the
SACT data would inform us as to what chemotherapy is being delivered (which, in itself, might
be indicative of the primary, if the regime is exclusive to lung cancer) and the primary diagnosis
relating to that chemotherapy regime.

Interestingly, although it is well recognized that PS impacts OS [1], [52], [60], is used to help
determine the most appropriate management course [61], and is required to be recorded in
manual and routine databases, this appears to be poorly recorded in both. This perhaps
reflects a view that the usefulness of a PS score is limited by the degree of subjectivity and

inter-observer variability in assessment [60], [62].

There has been a recognized need to improve the quality of routine data in order to broaden
its clinical application. An example of one such database developed for quality improvement
is the Cancer Outcomes and Service Dataset (COSD) that has recently been introduced as
the new national standard for reporting cancer in the NHS in England, having replaced the
National Cancer Dataset. This system will enable the clinical details and outcomes from
multidisciplinary team meetings (where all patients diagnosed with and being considered for
cancer treatment are discussed) to be entered in to COSD. This has begun to be in use in our
hospital and one of the changes this will have on outcomes analysis will be to ascertain a more

accurate diagnosis date.

In addition, national cancer strategies [41], [63] have placed increasing emphasis on recording
of clinical outcome measures to help monitor if national targets are being met which will drive
the enrichment of the available clinical databases, and focus more attention on developing
methods to analyse routine datasets. This will not only promote the clinical usefulness of
routine data for survival outcomes but potentially for treatment toxicity and patient-screening
for entry into trials.
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Future work includes integrating new national datasets and testing our method on a larger
cohort to see if accuracy can be improved. Whilst the identified event flags used as proxy
measures and the chosen back-dating intervals reflect our local practice, we have deliberately
ensured they are not specific to it such that this method is transferable to other centres. As
the management of NSCLC in the UK is standardized by NICE guidelines any nuances in
practice across the country are unlikely to limit the application of this technique although
adjustments for optimization may be required. Once this technique has been sufficiently
refined, a computational algorithm will be developed to automate this process such that large

scale routine data can be processed more efficiently.

25 Conclusions

This is a novel approach to use routine datasets to determine outcome indicators in patients
with LA NSCLC that will be a surrogate to analysing manual data. The ability to enable efficient
and large scale analysis of current lung cancer strategies has a huge potential impact on the
healthcare system.

e Published in BMC Health Services Research- Appendix 6
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Chapter 3

Photon radiotherapy in lung cancer

48



3.1 Background

Current standard practice is to use photon radiotherapy to treat locally advanced NSCLC that
is limited to the thorax and surgically unresectable. For those fit enough, optimal concurrent
chemoradiotherapy gives a 4.5% absolute OS benefit at 5 years compared to sequential

chemoradiotherapy [53].

The major challenges with lung radiotherapy is tumour motion, changes in anatomy and
tumour location over the course of treatment and tissue inhomogeneity. Four- dimensional
computed tomography imaging, motion mitigation techniques and adaptive strategies using
image- guidance systems, as well as improved delivery systems in the form of volumetric
modulated arc therapy (VMAT), have all worked to minimise the impact of these uncertainties,
improve treatment accuracy and reduce side effects [64]. Although these advances have
enabled a larger population of patients with locally advanced disease to receive curative-
intent doses, this has not translated into improved survival rates. This is because disease

volume is often bulky, requiring large volumes to be irradiated.

The physical characteristics of photon irradiation are such that dose is deposited from
entrance, builds up to a maximum before exponentially declining as it exits the patient [65].
The consequences of these features are both positive and negative. It is advantageous that
photons are more forgiving of the uncertainties previously mentioned. On the other hand, large
low-dose bath volumes result from multiple beams required to achieve precision therapy,
making it more difficult to deliver curative doses to the tumour without compromising normal
tissue tolerances. The detrimental consequences of this low-dose bath exposure to normal
tissue has been highlighted by dose-escalation studies. Patients receiving higher radiation
dose to the tumour showed poorer survival due to increased dose to the lungs and heart, as
well as increased overall treatment time, all of which negatively impact survival and negate
benefit [66].

Accumulating evidence has emphasised the importance of sparing dose to the heart, lungs
and thoracic vertebrae. Radiation- induced cardiac toxicity is an independent risk factor for
reduced survival [67], [68] and studies are currently attempting to identify specific
substructures that are critically important, such as the base of the heart, with appropriate dose
limits to guide radiotherapy planning and reduced the risk of cardiac-related mortality [68],
[69]. Similarly, post-radiotherapy lymphopenia has emerged as a poor prognosticator with
increasing attention being paid to limiting dose to lymphopenia related organs in the thorax,

which includes the thoracic vertebra, heart and lungs [66], [70]-[75]. These organs contain
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pools of circulating lymphocytes, which are critical to the body’s tumour surveillance [66], [70],
[71] and are extremely radiosensitive. Significant correlation between lung V5-10 and
lymphocyte nadir [76]; and integral heart doses and decline in post-treatment lymphocyte
counts[72] have been shown. Unsurprisingly, limiting dose to the thoracic vertebra, where
35% of haematopoietic bone marrow is located, has also been shown to reduce the risk of

lymphopenia [74], [75].

The findings of the PACIFIC trial has thrust immunotherapy into the forefront of NSCLC
treatment and prompted even greater emphasis on limiting radiation-related toxicity. Patients
with stage Il NSCLC who received PD-L1 inhibitor, durvalumab, following radical
chemoradiotherapy showed an improved progression free survival of 11.2 months compared
to placebo [10]. However, patients needed to have resolved grade 2 or above toxicity prior to
initiating durvalumab. Furthermore, minimizing dose to organs that harbour circulating
lymphocytes (ie. Heart, lungs and thoracic vertebra) may improve response to immunotherapy

and improve patients’ survival.

3.1.1 Aims

This chapter will review the role of advanced photon radiotherapy techniques in lung cancer

management, its strengths and limitations, and potential applications to proton radiotherapy.

3.1.2 Objectives

e A literature review that will examine current standard of care when using photon
irradiation for LA NSCLC

o |drew upthe VMAT lung planning protocol for patients with NSCLC for UCLH

to aid service development- appendix 7 (This planning protocol was the first

UCLH VMAT lung planning protocol. It involved working with medical

physicists and planning radiographers and was sanctioned for

implementation in 2017.)
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3.2 Challenges in current practice

3.2.1 Motion management

Lung tumour motion is well documented. The amplitude is greatest in the superior-inferior
direction and dependent on location, with lower lobe tumours moving more that upper lobe
tumours where the maximum amplitude is up to 30 mm compared to 10 mm, respectively [77]-
[79]. Additionally, larger tumours tend to demonstrate less motion than smaller tumours; and
hilar and mediastinal nodes commonly move more than 5 mm with respiration and are known
to move distinctly from the primary creating additional uncertainty [80]. This motion results in
artefacts and image degradation leading to errors in tumour localization. Motion mitigation
strategies are therefore imperative to minimise uncertainties required for high precision

treatment.

No motion management strategy completely eliminates breathing-related uncertainty and the
simplest method is to add margins to the target volume to encompass this. However, when
disease volume is already bulky, adding unnecessarily large margins can result in target
volumes that cannot be encompassed by a radical dose or unacceptable side effects. Patient
immobilisation to minimise external motion is commonly achieved with a combination of
vacuum bags and lung boards [81]. Strategies to manage internal motion can be divided into
1. Imaging organ motion by 4D CT or 4D MRI 2. Motion surrogates such as respiratory bellows
or Varian real-time patient position management system or 3. Motion compensation using
gating, deep inspiratory breath hold and abdominal compression and real-time motion
tracking. | will focus on compensation strategies as the first two methods simply assess and

verify patient-specific tumour motion rather than reduce motion.

Limiting diaphragmatic movement allows smaller internal target volumes to be applied.
Abdominal compression (AC) involves use of a belt or plate that applies sustained pressure
to the patient’s upper abdomen [82]. Whilst this is effective in many cases, it is not easily
tolerated in patients with poor respiratory function or obese patients; restricting abdominal
movement can cause a reduction in lung volume, which could inadvertently result in larger
doses of normal lung volume being irradiated [80]; respiratory motion can actually increase in

some patients [83]; and it can cause erratic breathing and intra-fraction variation [83], [84].

Alternatives include voluntary breath hold (deep inspiratory breath hold- DIBH), Activated
Breathing Control (ABC) system and gated radiotherapy, where radiation is delivered only
when the tumour is in the target field and turns off when outside it [85]. However, these

strategies limit acquisition and intervention times, which lengthens overall treatment time and
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this is not always tolerated by patients. Furthermore, there is evidence suggesting that
treatment time (greater than 34minutes) [86] has a greater impact on intra-fractional

uncertainties than degree of immobilisation [87] or extent of tumour motion [88].

Intra-treatment real-time dynamic tumour tracking is the optimal form of motion management
but currently requires invasive procedures in order to implant radio-opaque fiducials which
have risks of pneumothorax and marker migration. A potential solution to this problem is using
markerless tracking techniques which incorporate motion modelling, a process of using
surrogate data as input, such as respiratory waveform, and producing a motion estimate as
an output [89]. Markerless tracking techniques are not currently available clinically but there
have been studies investigating the use of MV electronic portal imaging devices (EPID) [90]-
[92], which are limited by treatment field size and poor contrast; or use of enhanced KV
imaging systems [93], [94] [95], which enable larger views, better image quality and have
demonstrated mean tracking errors as low as 2 mm using a 4DCT based templated matching
method on cone beam CT projection images [93]. However all these methods require the
tumour to be visible on KV images at all times, which can be problematic for locally advanced
disease where proximity and/ or attachment to central structures are more likely or when

radiological path length varies due to gantry rotation.

Using the 18F-FDG-PET signal is one example for PET-guided tumour tracking. Most studies
investigating the feasibility of PET for dynamic lung tumour tracking have focused on the 18F-
FDG tracer as this is routinely used for tumour staging, making data more readily available for
analysis [96]. Although 18F-FDG PET imaging has not yet been incorporated into commercial
radiotherapy systems, the introduction of the PET-Linac is imminent. However, two important
considerations are: 1. slow imaging time (typically 3-5minutes per bed position, time-averaged
over numerous respiratory cycles, each of which are approximately 4-5 seconds) and image-
based reconstruction that present a significant computational burden and hurdle for real-time
PET [96]; 2. the reliability of the 18F-FDG-PET signal. Abravan et al showed no significant
change in FDG signal over the course of treatment in patients with stage I11-1IV NSCLC treated
with radiotherapy (30Gy in 10fractions) and erlotinib [97]. In contrast, Masaccesi et al found
differential changes in the maximum standardized uptake value (SUVmax) of the primary
tumour and lymph nodes that was dose-dependent [98]. MRI-guided tumour tracking solutions

[99]-[102] may be a suitable alternative in the future.

Proper immobilisation and optimizing motion management strategies are critical and

translatable to all forms of precision radiotherapy.
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3.2.2 Adaptation

Anatomical changes in the tumour and patient can occur between the planning scan and
treatment and over the course of treatment. Advanced image-guidance systems like
kilovoltage (KV) cone-beam computed tomography (CBCT) and megavoltage (MV) CBCT and
tomotherapy have made radiotherapy treatment more robust by enabling verification of tumour
location and assessment of changes in anatomy [103]. Adaptive radiotherapy is the process
using such image-guidance to deliver accurate treatment in response to changes in anatomy.
Such measures are crucial for high precision radiotherapy techniques where steep dose-
gradients means potentially under-dosing the tumour or over-doing organs at risk if there is

target misalignment.

It has been reported that tumour shrinkage can be greater than 40% in up to 50% of tumours
[104], [105] and approximately one third of those having chemoradiotherapy show significant
regression by the end of treatment [106]. In their study of 210 patients receiving definitive lung
radiotherapy, Kwint et al demonstrated that intra-thoracic anatomical changes (ITAC) are time-
dependent and treatment-dependent. More than 50% of ITACs occur in the first 1-2 weeks of
treatment and are seen more commonly in those receiving concurrent (77% of ITAC) or
sequential chemoradiotherapy (74% of ITAC). One or more of the following anatomical
changes may be seen in the same patient during their treatment course: tumour regression or
progression, tumour baseline shift, pleural effusions, atelectasis developing or resolving and
infiltrative changes [105]. Interesting, despite the high incidence of anatomical changes, a

significantly smaller proportion of patients (9%) require an adapted plan [105].

The incidence and variability of anatomical changes makes it important to repeat CBCTs over
the course of treatment. Corrections can be done offline (between fractions) or online
(immediately prior to a fraction) using linac-integrated CBCT for online isocentre corrections.
Offline review help rectify systemic errors but random errors need online review and decision-
trees [107]. Most commonly, the criteria to initiate adaptive planning is qualitative eg.
anatomical changes are assessed by visual examination alone [108] but semi-quantitative
traffic light systems have been proposed [105]. Robust image verification protocols and
decision support systems are necessary to guide radiographers and clinicians on how to
prioritise changes. As yet, there is no global consensus on how best to identify which patients
might need adaptive planning, which anatomical landmarks plans should be made robust to
eg. bony anatomy, carina, trachea, mediastinal contour, frequency of imaging or thresholds

that should trigger adaptation. Currently, such protocols are department-specific.
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Online adaptive replanning that can address systemic and random anatomical changes is the
next step in adaptive radiotherapy evolution. The introduction of MR-linacs has meant high
soft-tissues contrastimages can be exploited and used for replanning [109]. However a critical
limitation for any linac is the scanning and treatment planning turn-around time. For online
adaptive replanning to be feasible, this needs to be minutes rather than days. Software to
enable such rapid processing is under research. Examples include using deformation of
treatment plans onto the “image of the day” as an online correction mechanism [110], [111];
or the segment aperture morphing (SAM) approach whereby beams are adjusted by applying
“the spatial relationship between the planning target contour and the apertures to the new

target contour” [112].

With new technologies on the horizon, the hope is that dosimetric gains from advanced
adaptive replanning will translate into improved clinical outcomes. However, it is critical that
the strengths and limitations are comprehensively evaluated prior to clinical implementation.
A further hope is that we learn from evolving photon-based adaptive radiotherapy mechanisms
and identify which strategies can be applied appropriately to new proton technology where

image-guidance has only just been introduced.

3.3 Clinical developments in photon radiotherapy -Combination

treatment with immunotherapy

The latest in personalised combination therapy is immunotherapy [10], [15]. Targeting the anti-
programmed death protein-1 (PD-1) and programmed death ligand-1 (PD-L1) has been at the
forefront of immune- oncology in light of the recent PACIFIC trial. This phase 3 randomised
trial established immunotherapy in the radical setting for patients with stage 11l NSCLC treated
with durvalumab following definitive chemoradiotherapy by demonstrating a 11.2 month
progression free survival benefit [10] and a 24 month overall survival advantage of 10.7%

(66.3% versus 55.6%) in the durvalumab group compared to the placebo group [4].

Despite these practice-changing findings, a large group of patients show primary or acquired
resistance to PD-L1 inhibitors [113]. Recent research efforts have focused on improving
response to immunotherapy by investigating combination treatment with chemotherapy, other

immunotherapeutics or radiotherapy.

The rationale behind combining chemotherapy and immunotherapy is that there will be
improved antigen presentation to T cells and a reduction in the tumour’s immunosuppressive

microenvironment [114]. Evidence supporting a synergy between these treatment modalities
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have come from studies in patients with metastatic NSCLC and show response rates of up to
approximately 60% at best. These include pembrolizumab-based trials (Cohort G of the phase
I KEYNOTE-021 trial [115]; the phase IIl KEYNOTE-189 trial [116]); and atezolizumab-based
trials (IMpower 150 [117] and IMpower 132 [118]).

Combination immunotherapeutics, such as nivolumab and ipilimumab, have also been
investigated but have only shown marginal benefit of 1.7 month PFS advantage compared to
chemotherapy in patients with tumour mutational burden (ie. increased number of
nonsynonymous mutations that result in unique tumour neoantigens, triggering tumour

recognition and killing by adaptive immune cells) [119].

Recent data has shown that radiotherapy induces immunogenic cell death and
immunomodulation [120], prompting reassessment of how conventional radiotherapy can
boost anticancer immunity. Radiotherapy can enhance immunotherapy by two major
mechanisms. Firstly, via the increased production of pro- inflammatory cytokines resulting
from increased expression of calreticulin that encourage phagocytosis by dendritic cells
(known as immunogenic cell death) [121] and 2. Stimulation of cyclin guanosine
monophosphate- adenosine monophosphate synthase (cGAS)-stimulator of interferon genes
(STING) pathway and production of type | interferons, that is triggered by DNA-damaged
cytosolic DNA [122], [123]. So far, trials investigating concurrent immunotherapy and
radiotherapy for patients with locally advanced NSCLC have not demonstrated any benefit
[124]-[126]. However, the optimal sequencing of treatment (ie. concurrent or following
radiotherapy), radiation dosing and fractionation are unknown but might be quite different to

classic radiotherapy paradigms.

Further steps to improve the radio-immunotherapeutic response has led investigators to
explore use of proton therapy with immunotherapy. Proton radiotherapy has the advantage of
having higher tumour immunogenicity and lower normal tissue immunosuppressive effects,
compared to photon radiotherapy [34], which could translate into improved tumour control and
enhanced patient survival. There are currently three ongoing proton trials investigating
combination treatment with protons and immunotherapy [127]-[129] to address this and is

discussed further in chapter 4.

3.4 Limitations

The greatest advantage of photon therapy is that its use has been well established such that
physical and biological strengths and weakness are mostly known [130]. In lung cancer
treatment, its depth-dose characteristics make photon radiotherapy more forgiving to tumour

motion and tissue heterogeneity, thereby reducing uncertainties in dose distribution. However,
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this same characteristic behaves as a limitation when it comes to dose-escalation and sparing

critical organs.

Even with the most accurate technology to image tumour location, robustly manage motion
and deliver treatment with high precision, doses required to overcome radioresistance will
inevitably compromise toxicity to critical organs. Such toxicities often have significant impact

on patients’ quality of life, especially when treated with concurrent chemotherapy.

Critical organs include the heart, normal lung tissue, oesophagus, thoracic vertebra, spinal
cord and the brachial plexus. Although it is well known that sparing these organs from high
dose irradiation is important, more recently, there has been accumulating evidence that even
low dose to the heart, lungs and thoracic vertebra impact not only toxicity but survival [67],
[68], [72], [75], [131]. For this reason, | will focus on these organs.

3.4.1 Cardiac toxicity

Cardiovascular disease following radiotherapy to malignancies of the thorax is well-
documented [66], [67], [131], [132]. Cardiac toxicity from radiation therapy can encompass
pericardial effusions, arrhythmia, acute coronary syndrome, valvular disease, congestive
cardiac failure and death [67], [133]. Previous studies have suggested that at high dose levels,
cardiac toxicity risk shows a linear response occurring within 1-2 years [134], [135]; whereas
at moderate dose levels a linear-quadratic function is demonstrated [136]. More recently, low
dose has been shown to negatively impact survival [66], [68]; and an increase in 1 Gy to the
mean heart dose (MHD), to be associated with an increase risk of ischaemic heart disease by
7.4% [134]. Complications tend to have a long latency but increase in a radiation dose-
dependent fashion [136], [137]. Studies investigating which cardiac substructures might be
particularly important have highlighted the left anterior descending (LAD) artery and left
ventricle (LV), linked to coronary stenosis [133], [138], and the base of the heart [69].

Advanced photon radiotherapy techniques, such as image-guided radiotherapy [139],
intensity modulated radiotherapy [140] and stereotactic body radiotherapy [141] combined
with motion management techniques like deep inspiration breath hold can reduce the mean
heart dose by about 50% when treating left- sided breast cancer [142], [143]. However, with
no clear threshold dose studies the most sensible approach would be to keep dose as low as
possible; and to determine quantifiable predictive and prognostic markers (eg. blood markers,

such as troponin, BNP, NT-pro-BNP, CRP; and imaging using cardiac MR scans) to identify
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patients most at risk of cardiac toxicity so that appropriate therapeutic intervention can be
undertaken [68], [132], [144].

Proton therapy may spare dose to the heart and reduce cardiac damage for patients needing
chest radiotherapy. When comparing photon to proton studies, Sun et al’'s study of VMAT
compared to IMRT, helical therapy and IMPT for synchronous bilateral whole breast irradiation
using IMPT plans improved target coverage and cardiac sparing (V5, V10 and V20) compared
to VMAT, IMRT and helical therapy [131]. There is little evidence proving that reduced dose
to the heart translates into diminished toxicity. The ongoing PRONTOX trial is a randomised
controlled trial comparing photon and proton therapy to treat stage II-lll NSCLC with
concomitant chemotherapy to answer this question, assessing if better sparing of normal
tissues translates into a reduction of radiation—induced side effects [145]. The PARTICLE-D
proton trial [127] is specifically investigate cardiac sparing in patients with unresectable
NSCLC receiving definitive accelerated fractionated proton radiotherapy with concurrent
durvalumab [127].

Whilst it is known that photon irradiation causes biological damage to the heart by endothelial
dysfunction, resulting in accelerated atherosclerosis [146]; and microvascular damage leading
to chronic myocardial ischaemia and fibrosis [147], significantly less is known about the
radiobiological responses of cardiovascular tissues to proton radiotherapy. There are limited
studies analysing the effects of protons compared to photons on cardiovascular tissue.
Ricciotti et al used RNA sequencing to analyse changes gene expression in mice thoracic
aorta cells following proton and photon irradiation as a cardiovascular-model. They reported
that proton irradiation upregulated fewer dose-responsive genes than photon radiation but the
upregulation of these genes (including those related to DNA repair, apoptosis, cell growth and
inflammation) was greater. Photon radiation appeared to upregulate more genes and those of
a broader range of functions, including angiogenesis signalling. This divergence in genomic
response pathways suggesting photon-induced cardiovascular- risk- models may not be

applicable to that associated with proton irradiation [148].

3.4.2 Haematological toxicity- thoracic bone marrow, lungs and heart

Shifts in treatment paradigms encompassing immunotherapies has led to increased emphasis
on minimising irradiation of circulating lymphocytes (CL), which play a crucial role in tumour
surveillance [66], [70], [71]. Lymphopenia- related organs include the functional bone marrow
of the thoracic vertebra, the heart and the lungs. By limiting irradiation of the thoracic

vertebrae, where 35% of haematopoietic bone marrow (HMB) is located and CL are produced
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[71], [74]; and the heart and lungs, which harbour pools of circulating lymphocytes (CL)

haematological, toxicity can be minimised.

Studies have shown that a reduction in pre-treatment CL and decreased lymphocyte infiltration
in pathologically resected NSCLC specimens are associated with a reduction in disease-free
survival and overall survival [71]. Significant correlation between lung V5-10 and lymphocyte
nadir [76]; and integral heart doses and decline in post-treatment lymphocyte counts [72] have
been shown. Unsurprisingly, limiting dose to the thoracic vertebrae has also been shown to
reduce the risk of lymphopenia. The downstream effect of being able to minimizing dose to

CLs is that patients may respond better to immunotherapy and show improved survival.

Despite being well- established that haematopoeitic bone marrow (HBM) is extremely
sensitive to irradiation [149], [150], there are no standardised protocols for delineating it and
no consensus on suitable radiation dose parameter limits. Identifying HBM requires functional
imaging techniques, such as MR, [*8F]fluorodeoxyglucose (FDG)-PET, or %MTc-sulfur colloid
single-photon emission computed tomography [150]-[152]. However, most studies have
contoured entire bone, which is arguably a more reliable and reproducible surrogate,
accepting that dose to HBM may be over-estimated. Of the studies that have attempted to
outline HBM, different studies have taken different approaches as there is no evidenced-based
SUV threshold definition. More recently emerging studies focusing on radiation dose to
thoracic bone marrow (BM) have suggested that it is the dose to thoracic vertebral volume
that correlates with HT, with the mean thoracic vertebral dose (MTVB) and volumes of thoracic
vertebrae receiving various cut-off values correlating with greater than or equal to grade 3 HT
[73]-[75], [153].

Sparing dose to these lymphopenia-related organs that are located in the central thorax when
treating stage Ill NSCLC is almost always impossible when using photon therapy given
mediastinal involvement is common. Proton therapy may be able to achieve what photons
cannot. Evidence has demonstrated an advantage of passively scatted protons in reducing
the median BM volume receiving 10 Gy (CGE) by 30% compared to 3D conformal
radiotherapy (3DCRT) and by 27% for volumes receiving 10 Gy (CGE) compared to intensity
modulated radiotherapy (IMRT) [154]. Similarly Warren et al retrospectively compared 3DCRT
with volumetric modulated arc therapy (VMAT) and PBS using for patients receiving CRT for
oesophageal cancer and showed that PBS significantly reduced bone V10 and mean BM dose
[155]. Based on previous studies, we can hypothesize that if the V5, V10 , V20 (percentage
volume of lung receiving 5, 10 and 20Gy, respectively) and mean thoracic vertebral dose to

thoracic BM are kept under approximately 65%, 55%, 45%, and 23Gy, respectively, then these
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translate into a potential 2-fold increased risk of grade 3 (or higher) HT being avoided [73]-

[75].

35 Conclusions

There have been significant advances in photon radiotherapy over the past one to two
decades. The emergence of immunotherapy in lung cancer has revived interests in the
therapeutic gains of photon radiotherapy but has also highlighted its limitations. At present,
the lack of clinical evidence for proton therapy, means that photon radiotherapy remains the

mainstay treatment for patients with unresectable locally advanced non-small cell lung cancer.
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Chapter 4

Proton radiotherapy in lung cancer
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4.1 Background

Proton irradiation was first recognised as a valid therapeutic in 1946 [156] and the first patient
was treated in 1954 [157]. Since then proton technology has evolved significantly and photon
technology appears to have reached its limit, dosimetrically. Despite its long history and
advancing technology, there is no high quality clinical evidence supporting proton therapy as
advantageous and globally, approximately less than 1% of patients are treated with protons
[65]. In this chapter, | will examine the merits of proton therapy, particularly in lung cancer,
why current clinical evidence does not reflect its theoretical advantages and how advancing

technology may address some of its historical limitations.

Proton beam therapy (PBT) has a number of advantages over state-of-the art photon
treatment. It is a form of charged patrticle therapy whose unique depth-dose characteristics
result in a relatively low entrance dose and minimal exit dose. This achieves superior
conformality of the high-dose region at the tumour site, enabling dose escalation and improved
local control; whilst sparing dose to adjacent critical organs and limiting the low-dose bath,
thereby minimizing toxicity [18]-[20]. Pencil beam scanning (PBS) is the latest technology
whereby narrow proton beams are scanned across the tumour volume by scanning magnets.
This offers even higher precision than passively scattered protons (PSP) [158], as well as
reduced neutron-scattered dose [159], and enables intensity-modulated proton therapy
(IMPT) to be delivered.

However, protons are more vulnerable to uncertainties so treating lung tumours present a
combination of challenges- tumour motion and tissue heterogeneity. Together, these
compound range uncertainties due to variation in radiological path lengths [18], [79], [104].
Subsequent motion-related target dose degradation [160] and potential overdose to critical

organs, make robust planning and treatment delivery difficult.

Pre-clinical planning studies have demonstrated dosimetric advantages of PBT for both early
stage and locally advanced NSCLC. For early stage disease, studies have demonstrated
median relative differences in lung dose of up to 10%, with reduction in volumes of lower-dose
regions of irradiation in the lungs and a reduction in mean lung dose of up to 3.2 Gy compared
to stereotactic body radiotherapy [161]-[163]. The clinical experience of PBT for early stage
disease has been encouraging, demonstrating local control rates of up to 90% with minimal
toxicity [23], [164]-[167]. For locally advanced disease, significant dose sparing to normal
lung, spinal cord, heart and oesophagus is possible when treating stage Ill NSCLC with PBS
compared to passive scattering proton therapy or IMRT [158], [168] and the ongoing
PRONTOX trial aims to assess if this translates into reduced radiation-induced toxicity [145].

These findings are consistent with Nichols (2011) [169] who demonstrated the particular
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advantage of protons in enabling larger target volumes that encompass high risk lymph node

regions.

Recent research efforts have particularly focused on patients with LA NSCLC with aim of
improving local control and survival and improving toxicity to normal tissue. A number of single
arm clinical trials have been encouraging for patients with stage Ill disease treated with PSP
and concurrent chemotherapy [21], [22], [24]-[26], [170]-[172]. Chang's (2011) [25]
prospective clinical Phase 2 study investigating chemoradiation with PBT for patients with
stage Il NSCLC demonstrated local recurrence of 20.5% and overall survival (OS) of 86% at
1 year with a median survival of 29.4 month and no grade 4 or 5 adverse side effects. Oshiro
(2012) [172] reported OS of 21.3 months and local control at 2 years of 64.1% when PBT is
used alone for stage lll disease. When combining PBT with chemotherapy, the median

survival was 26.7 months [171].

Unfortunately, to date, there is no clinical evidence supporting an advantage of proton
radiotherapy over state-of-the-art photon radiotherapy for patients with LA NSCLC. Few large
scale randomised trials have been conducted and the recent study in patients with stage II-1V
NSCLC reported no reduction in local failure after passively scattered protons [173]. However,
heterogeneity of disease stages treated, outdated proton technology and lack of image-
guidance used in these trials have meant that there is sustained interest in developing lung

proton radiotherapy.

It is clear that lung proton radiotherapy is largely considered to be in its infancy. We have yet
to explore the full advantages of advanced proton techniques that incorporate recently

developed image- guidance systems and we have yet to identify key niche cohorts.

4.1.1 Aims

This chapter will focus on reviewing current understanding and experience of proton therapy

in the treatment of lung cancer and its potential role in LA NSCLC.

4.1.2 Objectives

e A gap analysis will review current evidence for proton therapy in lung cancer and
identify research gaps to guide future work
o Review on published clinical trials

o ldentify ongoing clinical trials
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(¢]

Assess how the global lung proton community prioritise these research gaps

using a survey

e A planning study comparing volumetric modulated arc therapy (VMAT) and pencil

beam scanning (PBS) proton radiotherapy plans of superior sulcus tumours will

examine robust planning strategies in this rare subset of stage Il NSCLC.

o

Demonstrate the feasibility of delivering PBS protons to patients with superior
sulcus tumours

Be proficient in independent PBS proton planning and have a better
understanding of the benefits and limitations of proton therapy compared to
photon therapy in lung cancer

Be able to quantify dosimetric advantages of using PBS protons in degree of
tumour coverage and sparing of normal tissue by assessing radiotherapy
plans compared to VMAT photon radiotherapy plans.

Learn to be proficient in PBS proton planning

Learn to be proficient in photon VMAT planning

Quantify dosimetric differences of PBS proton radiotherapy planning
compared to VMAT planning in tumour coverage and normal tissue sparing
Quantify the impact of dosimetric uncertainties due to motion in proton plans

compared to photon plans

4.2 Gap analysis

This work was undertaken as a co-ordinated effort with the Advanced Radiotherapy

Technologies Network (ART-NET) group. It is a systematic literature review analysing publish

and ongoing studies in lung proton radiotherapy. My contributions are as follows:

1. Analysis of published work- | worked within a core team of four to identify and analyse

relevant published work using the PRISMA approach.

2. Analysis of ongoing trials- | searched, identified and analysed trials registered in

ClinicalTrials.gov

Survey design- | contributed to the format and questions posed in the survey

For the manuscript submitted to the International Journal of Radiation Oncology

Biology Physics, | am the joint first author, having played a central role in structuring

the manuscript and being the lead author of the following sections:

a.

b.

C.

Results subsections: “Ongoing ftrials”, “Gaps in ongoing trials”, “Survey
results”
“Ongoing trials table”

Discussion subsections: “Clinical priorities” and “Physics”
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The full contents of the gap analysis has not been included here as some themes are beyond
the scope of my thesis. Only the sections that are relevant to my thesis and that | have

authored are included in this chapter. For the full manuscript please refer to Appendix 8.

4.2.1 Introduction

Many questions remain regarding the clinical benefit of proton radiotherapy in lung cancer and
challenges to safe and robust optimization and delivery are yet to be fully resolved. As it
stands, there is huge scope for future clinical trials. With the opening of new high-energy
proton radiotherapy centres in the UK, the global research capacity is growing, but the number
of proton centres are still limited so research efforts need to be prioritized.

This gap analysis is aimed at identifying thoracic proton radiotherapy research gaps via a
systematic literature review, a review of the ongoing trials and an analysis of the results from
a survey sent to international radiotherapy healthcare professionals. In identifying gaps we
hope to help direct future research priorities.

4.2.2 Methods

i) Literature review method

"We used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines[174] to identify original research from 01/01/2008 to 01/01/2019.
Search terms included “proton therapy/ particle therapy/ passive scatter/ PSPT/ pencil beam/
PBS/ pencil scan AND lung cancer/ lung carcinoma/ lung tumour/ NSCLC”. Articles were
accepted if they met this inclusion criterion; prospective research with assessment of survival,
toxicity and/or disease recurrence parameters. Retrospective studies, case reports, non-
proton studies, letters and review articles were excluded. Of 1779 abstracts, we identified 22

papers which met these criteria.” - authored by David Cobben and Clare Dempsey

An initial 32 active and recruiting trials were identified using the search terms “Lung cancer”
and “protons” in ClinicalTrials.gov. Of those, only 9 trials focused on proton therapy in lung
cancer. Trial details were extracted from ClinicalTrials.gov or the trial protocol (if available via

personal communication with chief investigators).

i) Survey method

“Open and close-ended questions addressing the following topics were formulated based of
feedback from a multi-disciplinary team (oncologists, physicists and radiographers). In

summary, we aimed to cover the following:
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What are the key gaps/ research needed?
What are the appropriate clinical endpoints, populations and trial design?
What are the research challenges and barriers?

The survey was constructed using Google forms (Google LLC, Mountain View, Ca, USA) and
circulated online. The target was international lung cancer proton experts (defined as
healthcare professionals with direct experience in treating patients with thoracic proton
radiotherapy and/or setting up proton radiotherapy services; expert group) and lung cancer
healthcare professionals (no prior direct proton experience; non-expert group). “- authored by
Ahmed Salem

4.2.3 Results

It is felt that research priorities should lie in clinical studies that compare protons and photons,
particularly in patients with stage Il NSCLC, investigating fractionation regimes and

combination therapies; but also the physical and radiobiological aspects of proton therapy.

i. a) Published trials (2008 - 2019)

“The 22 studies that met the inclusion criteria recruited over an average of 3 years (table 4).
In the majority of the studies, passive scattering was used as the beam delivery method. One
used pencil scanning beams. The majority were single arm prospective studies. Only 4 studies
were randomised controlled trials (RCT), comparing proton and photon radiotherapy. Patient
accrual varied greatly; the lowest enrolment was 9 with the largest study recruiting 212

patients.

These trials included stage I-IV NSCLC, with the exception of 2 small trials investigating SCLC
and one was open to all thoracic malignancies. In around two-third of the studies, patients
were treated with concurrent chemo-radiotherapy with or without induction therapy. The
fractionation schemes employed were highly variable between studies, both the dose and

fractionation regimen.

The endpoints for the majority of trials were overall survival (OS), progression-free (PFS) and
disease-free survival (DFS) and dose-limiting toxicity (DLT). Only half of the trials reported the
dose to the organs at risk (OAR), notably the lung, heart and oesophagus. Acute toxicity was
reported in lung (pneumonitis), oesophagus (oesophagitis) and skin (dermatitis). Very few
papers reported on long term toxicity, mainly restricted to pneumonitis. “- authored by David

Cobben and Clare Dempsey
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RCTvs Comparing
Study Inclusion  Technique Single arm No Stage Endpoints OAR Dose Acute Late studies
1[17] _ 2009-2013 PSPT Single 14 1l 08, PFS NA LO L NA
2[18]  2006-2010 PSPT Single 134 lltolll 08, DFS LOD LOD NA
[¢]
3162]  2011-2013  NA Single 9 1] DLT oD NA
4[163] 2010-2013  NA Single 15 1 0S8, PFS NA oD LD NA
No
5[167] 2009-2013 PSPT vs IMRT RCT 212 IV LRF NA NA difference
6[168] 2006-2008 NA Single 62 IV, DLT NA LOD L NA
IMRT vs IMPT
T[169] NA SIB RCT 15 lltolllb 0S, DFS, LRF L H LOD NA
8[170] 2012-2014 PSPT vs IMRT RCT 19 Itollb lack of accrual  NA NA closed
9[156] NA NA Single 115 IAtollb 08 NA NA NA
10 [171] 2009-2012  PSPT Single 56 1 08, PFS L oD L NA
11[19] 2003-2007 PSPT 2 plans 80 | 08, CSS, LC NA LD NA
12[20] 2009-2011 _PSPT Single 64 Il 08, PFS NA LOD LO NA
Reduced
heart dose
13 [172] 2009-2014 PSPT RCT 149 11V RP, LF LHO L
14 [173] 2006-2011  PSPT Single 35 IA-IIB 0S8, RFS NA LOH NA
15 [174] 2008-2010 PSPT Single 19 lIB-lIB 08§, PFS LHO oD LOD NA
16 [175] 2011-2016 PSPT Single 30 limited stage OS, RFS LHOSC LOD NA
17 [21] _2006-2009 PSPT Single 44 Il 08 LHO LOD NA
18 [176] 2001-2008 NA Single 55 | 08, PFS NA L NA
19 [177] NA PSPT Single 18 Il DLT,LC,LN, DMLH O L ODBT NA
20 [178] 2009-2012  PSPT Single 6 limited stage OS, PFS,DLT L OD LOD NA
21[22] 2006-2009 PSPT Single 44 1l LC, RC, 0OS LHO LODSC NA
LODBP
22 [179] 2010-2012 NA Single 25 T1-4,N0-3 DLT LHO SC K Li NA

Table 4. Summary of prospective lung proton clinical trials. Not applicable (NA). Passively scattered proton

therapy (PSPT).Intensity modulated proton therapy (IMPT). Intensity modulated radiotherapy (IMRT). Overall survival

(OS). Progression free survival (PFS). Relapse free survival (RFS). Dose limiting toxicity (DLT). Local control (LC).

Regional control (RC). Distant metastases (DM). Lymph nodes (LN). locoregional failure (LRF). Disease free survival

(DFS). Cancer specific survival (CSS). Radiation pneumonitis (RP). Lung (L). Heart (H). Oesophagus (O). Dermatitis
(D). Spinal cord (SC). Brachial plexus (BP). Kidney (K). Liver (Li). Bronchial tree (BT).
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i. b)Gapsin previous trials

“Dosimetric analyses were uncommonly reported (n=11). Only one trial reported better heart
sparing with proton radiotherapy, compared to photons. None of the studies reported on
patient reported outcome measures or performed a comparative health economical

evaluation. “- authored by David Cobben and Clare Dempsey

ii. a) Ongoing trials- authored by Swee-Ling Wong

To date, no clear clinical advantage of proton therapy over state-of-the-art photon therapy has
been demonstrated. For instance a randomised trial comparing passive scattering proton
radiotherapy with state-of-the-art photon (intensity modulated) radiotherapy both delivered
concurrently with chemotherapy in stage II-11l NSCLC failed to detect benefit of a decreasing
of grade =3 radiation pneumonitis and local tumour recurrence [1]. This negative result could
be explained by the use of outdated proton technology (beam delivery and lack of image
guidance), an imbalance in trial arms as well as the learning curve effect associated with
proton radiotherapy delivery over the course of the trial, since improvements in both trial
endpoints were reported in proton-treated patients recruited after trial midpoint. In addition,
the biological effects of proton radiotherapy on organs at risk, particularly in the Bragg peak,
are likely to differ from computational models on the planning systems [2]. For these reasons,
there is sustained worldwide interest in image-guided proton radiotherapy in NSCLC and

clinical trials are ongoing (table 5).

67



Patient

. . . . Fractionation .
TrialID  Inclusion Technigue RCTwsSinglearm  no. Stage Endpoints  OAR Dose Acute Late
NCT00875 2019 NS Single arm 23 Peripheral: 12 CGyE/# for MTD LODHSC LODH LOHD
901 onwards 4#, 2-3 treatments/week Bp
| over 2 w;
Central: 6CGyE/# for 104,
S#/week over 2-3w
NCTO1770 2019 PS/IMPT  Single arm 61 Dose 1: 60 Gy (RBE) at 2.5 MTD, 0512 LOH LOD LO
418 onwards Gy (RBE) per fractionx 24 months
fractions;
Dose 2: 60Gy (RBE) at 3Gy
RBE)/# x 20%#;
/i (REE)/
Dose 3: 60.01Gy (RBE) at
3.53Gy (RBE)/#x 17#;
Dose 4: 60Gy (RBE) at 4Gy
(RBE)/# x 15#
NCT02731 2019 Passive RCT 1:1 98 PBT: 66 Gy (RBE) in 6%/w; Early &late LOH LODH LOHD
001 onwards  scattering /i . toxicity Gl
IMRT; 66Gy in 6#/w
NCTOL629 2019 IMPT RCT 60 Phase | starting dose: 1) NS LOH NS
60Gy (RBE) in 304# over
498 onwards w;
Il Starting SIB Dose: 72 -
240Gy (RBE);
Phase II: 66-72Gy (RBE) in
304
NCTO3818 2019 NS Non-randormised 7 Arm 1:B0CGYEIN 208 g oy Heart  LH NS
(3+3 participants, 3-6
776 onwards total);
I/
Arm 2: 65 CGyE in 238
(3+3 participants, 3-6
total)
NCT03132 2019 NS RCT 120 . 60Gy V 66Gy V 72Gy in PFS NS NS N5
532 onwards 7 2Gyf# daily
NCT03087 2019 NS Single arm 41 Previo PFS NS NS NS
I
760 ul Not stated
onwards treated
NSCLC
NCT01993 2013 NS Randomised 330 ) 0§, Toxicity NS H N5
70Gy(RBE) in 2Gy/# over
10 (I,
onwards
NCTO1165 2019 NS Single arm 30 1 of 3 dose regimes MTD NS LODH NS
NS ranging from 45Gy in
658 onwards

3Gy/#s - G0Gy in 4Gy/#

Table 5. Summary of ongoing lung proton clinical trials. Not specified (NS). Randomised controlled trial (RCT).

Overall survival (OS). Progression free survival (PFS). Maximum tolerated dose (MTD). Lung (L). Heart (H).
Oesophagus (O). Dermaititis (D). Spinal cord (SC). Brachial plexus (BP). Gastrointestinal (Gl).

Nine ongoing trials are investigating proton therapy in lung cancer and collectively address

some of the gaps identified in previous trials.

Four are randomised, 3 of which compare

protons to photons and the fourth comparing different doses of proton irradiation. All studies

focus on patients with NSCLC except one, which includes various thoracic malignancies. Of
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the 8 studies in patients with NSCLC, 6 focus on patients with stage IlI-lll disease, 1
investigates hypofractionated proton therapy in those with stage | NSCLC and the remaining
trial examines PBT as salvage treatment for thoracic recurrence. The majority of the trials are
single arm studies investigating variable optimal overall doses and fractionation regimes [127],
[175], [176]. Five trials combine proton therapy with concurrent chemotherapy and 3 trials

incorporate concurrent [127] and consolidation immunotherapy [128], [177].

Most of the trials do not fully disclose planning and delivery techniques but four describe
image-guided, motion management and adaptive strategies. These include combinations of
4DCT imaging and fiducial markers; breath-holding, gating, or compression techniques; and
repeat 4DCTs, daily orthogonal xray imaging and weekly CTs [175], [178]-[180]. Despite
IMPT demonstrating dosimetric superiority over passively scattered proton techniques, only 2
of the ongoing studies are utilising IMPT. Two trials employ passively scattered protons and

the remaining trials have not declared the technique planned for use.

All trials aim to report on toxicity and/or survival outcomes. Four of the studies state their intent
to report on dose to the OARSs, all focusing primarily on dose to the heart, and the PRONTOX
trial [179] is investigating if the dosimetric benefits of PBT result in reduced radiation-induced
toxicity. Only 2 trials will further assess toxicity utilising objective cardiac and pulmonary
functional measures [127], [177] and three will utilise patient- reported quality of life
assessments [177]-[179]. Prior to initiating consolidation durvalumab, it is necessary for >2
grade adverse events to be resolved. Therefore, investigating if PBT can significantly reduce
toxicity and improve patient functionality is especially important given the increasing

prominence of immunotherapy in lung cancer treatment.

ii. b) Gaps in ongoing trials- authored by Swee-Ling Wong

A critical gap is the need for more randomised clinical trials with quality assurance measures
to ensure uniformity of research outputs and enable comparability. In need are trials
comparing state of the art image-guided proton therapy to the latest in photon technology,
particularly in patients with locally advanced disease, dosimetric analyses and toxicity
reporting, combination treatment with immunotherapy, investigating the safety of
hypofractionated and dose-optimised regimes in locally advanced disease and the need for

health economic evaluation.
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iii. a) Survey Results - authored by Swee-Ling Wong

Nineteen international lung cancer healthcare community members, based in various cancer
centres in the United Kingdom, United States of America and Netherlands, responded to our
survey to identify key research gaps. There were 10 members (8 clinicians, 1 physicist and 1
radiographer) in the “non-expert” group and nine members (all radiation oncologists) in the

“expert” group, 4 of whom have treated more than 50 patients.

The majority of participants agreed that that the highest research priorities are to: 1. Identify
patients most likely to benefit from proton therapy by developing and validating predictive
biomarkers and/or dosimetric models and 2. establish comparative photon and proton clinical
trials in a Phase Il design, with or without randomisation and that late toxicity was a key

outcome of interest.

It was felt that proton radiotherapy trials were most warranted for patients with stage Il NSCLC
suitable for concurrent chemoradiotherapy or trimodality treatment. One hundred percent of
responders identified the heart as the critical organ most likely to benefit from dose-sparing
capabilities of proton therapy, and predicted additional advantages to be reduced immune,
lung and oesophageal toxicity. Other areas where it was agreed that current evidence is poorly
established include outcome data on acute toxicity and overall survival, investigating
combination therapies, optimizing fractionation and investigating the role and safety of proton

hypofractionation.

Differences in opinions between the “expert” and “non-expert” groups arose in whether or not
further research efforts should prioritise focusing on the role of protons in the re-irradiation
setting, the impact of respiratory motion on dose, 4D robust optimisation, range verification,
and relatively biological effectiveness of proton irradiation. The “non- expert” group felt that
these were all areas that warranted more interrogation (the majority giving priority scores of
4) whereas the “expert” group considered these lower priority (the majority giving priority
scores of 2- 3). The need for health economic data was another point of contention with
significant disparity in opinions regarding its relevance- 7 of 10 “non-expert” responders
assigning priority scores of 4-5 compared to only 2 of 9 “expert” responders assigning high

priority scores of 4-5.
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iii) b) Gaps identified in survey

“Interestingly, research gaps identified by the expert and non-expert group were different.
Non-experts placed more importance on the development and validation of robust motion
mitigation approaches, comparative clinical trials and health economic analyses. Non-experts
thought that future trials are warranted the most in the re-irradiation setting in NSCLC and in
stage Ill NSCLC patients treated with concurrent chemoradiotherapy. Experts on the other
hand placed more emphasis on the development and validation biomarkers to predict patient
benefit from proton radiotherapy and combination therapy trials. Experts thought that stage Il
NSCLC patients treated with concurrent chemoradiotherapy represented the highest priority
target population for a future trial. This was followed by stage Ill NSCLC patients treated with

sequential chemoradiotherapy and limited-stage small-cell lung cancer.

Window of opportunity radiobiology studies and research addressing the relative biological
effectiveness (RBE) of proton RT were classified as moderate priorities. Biomarker analyses,
to improve patient selection in future phase lll trials, were reported as important. “-authored
by Ahmed Salem.

4.2.4 Discussion- authored by Swee-Ling Wong

In this gap analysis we identified thoracic proton radiotherapy research gaps via a systematic
literature review, a review of the ongoing trials and an analysis of the results from a survey
sent to international radiotherapy healthcare professionals. Based on gaps identified, the
following will be discussed in this section: clinical trial design and quality, utilising advanced
proton technology, patients with locally advanced disease and identification of further niche
cohorts most likely to benefit from proton therapy, combination treatment with immunotherapy,
investigating the safety of hypofractionated and dose-optimised regimes.

4.2.4.1 Clinical priorities- recommendations for future research - authored by

Swee-Ling Wong
i) Clinical trial design and quality

There is a pressing need for more randomised clinical trials comparing state-of-the art proton
technology to the latest photon technology in order to justifying complex PBT treatment. We
will first discuss trial design. Whilst large randomised controlled trials are the gold standard,
these are not always possible or the most practical approach. This is because the standard of
care is ever changing and different between countries-access to targeted drug therapy is an

example. This makes defining a “standard” treatment arm challenging. Furthermore,
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developing personalised oncological treatment, which encompasses risk-adapted radiation
treatment as well as mutation-driven targeted drug therapy, requires more contemporary trial
designs to be considered so that results can be generated efficiently and cost-effectively.
Examples include Bayesian adaptive randomisation [181], [182] that adjusts patient allocation
ratios to the more favourable treatment according to real-time assessment; and umbrella
studies testing multiple targeted therapies, such as the Lung-MAP study (NCT03851445)
[183]. It is likely that future trials will employ such designs so that complex questions regarding
different fractionation regimes, and multimodality therapeutics and their sequencing can be

answered.

Furthermore, patient recruitment may be difficult due to limited numbers of centres offering
proton therapy thus imposing travel implications, patients may refuse entering randomisation,
and insurance policies may affect the ability to randomise patients. Co-ordinated multi-centre

and international participation will facilitate sufficient patient recruitment.

Uniformity and transparency of research outputs thus far have been lacking. This is critical to
enable valid comparability across trials. Standardisation of radiotherapy planning (including
OAR-contouring by using internationally accepted atlas), treatment delivery, quality assurance
and consistency of dose, fractionation, and outcome-reporting will address this. Equally
important is the clear reporting of chemotherapy and immunotherapy regimes prescribed and

achieved; and criteria used to determine patient eligibility for immunotherapeutic agents.

i) Patient cohorts in which to focus clinical trials

Patients with stage Ill LA-NSCLC, in whom there is an unmet need to improve outcomes, are

a high priority gap, as well as identifying niche groups who will benefit from proton therapy.

Emerging clinical evidence from large prospective trials in patients with LA-NSCLC have been
disappointing with no improvement in local or regional failure [173], [184]. However, the
advantages of proton therapy may have been obscured by the heterogeneity of inclusion
groups [185]. Identifying patients most likely to benefit may be aided by predictive biomarkers
and/or model-based approaches, as highlighted by our survey. This would be particularly
helpful given the spectrum of anatomical geometry encompassed by the American Joint
Committee of Cancer (AJCC) definition of stage Il disease. Future trial designs could then

consider grouping patients according to various geometric permutations.
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Patients with thoracic recurrences requiring re-treatment are another select cohort who may
benefit. Surprisingly, our survey revealed a divided opinion regarding thoracic re-irradiation
trials- 9 of 10 non-experts, compared to only 4 of 9 experts, gave a priority scale of 4-5. The
ongoing NCT03087760 Phase Il study [128], which combines PBT with pembrolizumab for in-
or near-field recurrent thoracic disease, will provide the basis for future trials needed to further
investigate achievable doses, characterise treatment toxicity and assess survival outcomes in

this context.

iii) Study of radiotherapy regimes in patients with LA-NSCLC

Optimal fractionation regimes and the safety of proton hypofractionation in patients with LA-
NSCLC remain unclear. Two ongoing trials are assessing hypofractionation [175], [178]
although only one investigates this in locally advanced disease [175]; and the ongoing Phase
I/11 trial (NCT01629498) [180] is assessing dose escalation. So far, proton dose- escalation
trials [170], [186] have not shown an advantage but these studies have been small. Photon
studies have shown that a dose increase of 1 Gy-BED is associated with an approximate 4%
relative increase in survival [187]; but that increased dose to the lungs and heart and increased
overall treatment time negatively impact survival and negate benefit [66]. For this reason,
future trials investigating various fractionation regimes and dose-escalation should be mindful
of maintaining or reducing overall treatment time, as well as sparing dose to the heart and

lungs.

iv) Immunotherapy

Recent landmark trials have brought immunotherapy to the forefront of lung cancer treatment
[10], [15] and the potential for proton radiotherapy to enhance the immunogenic response is
a key research gap. Three ongoing trials investigate various sequencing of immunotherapy in
combination with proton therapy: as concurrent definitive radio-immunotherapy [127], [128],
adjuvantly following concurrent chemoradiotherapy [129] and as consolidation treatment
following proton irradiation for thoracic recurrence [128]. More randomised trials are necessary

to elucidate optimal sequencing of therapy and immunotherapeutic agent.

4.2.4.2 Physics recommendations for future research - authored by Swee-Ling

Wong

Shifts towards the most advanced PBS technique for lung cancer have been hindered by

concerns regarding the impact of respiratory motion on dose and inadequate image guidance.
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We will discuss research gaps in motion management, on-board imaging and adaptation

approaches, and robust optimisation.

1) State of the art proton technology

Pencil beam scanning protons that enable IMPT delivery is the latest in proton technology.
Although the dosimetric advantage of IMPT over IMRT is well documented, only one
prospective clinical study utilises IMPT for patients with stage II-11l NSCLC [186] and there are
no randomised controlled trials comparing IMPT to state-of-the-art photon technology, VMAT.
Such trials should be explored in combination with robust motion management strategies and

improved image-guidance in proton systems that are now available.

i) Motion management

Motion management strategies employed in some of the ongoing lung proton trials include
breath-holding, abdominal compression and gating. Although these are established
techniques to overcome target motion, logistically they may prove difficult in centres with a
single proton accelerator and multiple treatment rooms. New strategies under development
are, prolonged inspiratory breath-hold using pre-oxygenation and hypocapnia which can
enable multiple prolonged breath-holds of up to 6 minutes at a time [188], [189]; and high
frequency jet-ventilation whereby rapid, low tidal volume gas is exchanged during simulation
and treatment, to virtually stop breathing [190]. Methods such as these, or combination motion
mitigation approaches, as well as rescanning and increasing the spot size [191] may need to
be considered.

iii) On-board imaging -Marianne Aznar is a co-author of this paragraph

“Until recently, one of the gaps has been the lack of 3D image guidance (e.g. Cone Beam CT)
on proton systems. This has limited the comparison between photon and proton arms in
comparative studies, as well as inclusion in proton arms- only tumours visible on 2D imaging
could be included in studies. The availability of 3D on-board image guidance on newer proton
delivery systems, such as those used in some of the ongoing trials, will address this, and will
enable a more detailed investigation of anatomical changes over a treatment course, and of
the need for adaptation and motion management. It will also allow a better estimate of the
doses delivered to organs at risk, and a more reliable assessment of the robustness
requirements. On board 4D imaging for proton therapy remains to be developed, but will be
valuable to assess changes in respiration patterns. Repeat 3D/4D after treatment delivery
would also offer possibilities to assess intra-fraction changes (such as baseline drifts during a

single fraction), which have not been investigated in the setting of proton therapy to date. ¢
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iv) Robustness

Robustness encompasses a multitude of factors from 4D robust optimization and analysis of
dose degradation due to respiratory motion, to motion management and image-verification
required throughout the course of treatment. All components of this pathway have been

identified as requiring further research.

For true “robustness” a quantitative assessment of all uncertainties must be carried: this will
depend on the clinical application (e.g fractionation), choice of image-guidance (e.g. bone
versus soft tissue registration) as well as patient specific parameters (e.g weight loss, tumour
shrinkage). While a vast body of literature covers these uncertainties in photon therapy, they
need to be re-investigated in the context of proton therapy. Interestingly, the “expert” group
felt that preparatory steps, such as 4D robust optimization and plan evaluation; and analysing
degradation of proton dose due to respiratory motion, were not such high research priorities
(4 of 9 giving a priority score of >4 and 1 of 9 giving a priority score of >4, respectively),
compared to the “non-expert” group (6 of 10 giving a priority score of >4 and 7 of 10 giving a
priority score of >4). However, this may be because the “expert” group consisted entirely of
physicians without input from physicists or radiographers/ radiation therapists; and/or reflect
the “expert” group’s experience that have highlighted to them where “robustness” challenges

have been more pressing.

Studies thus far have lacked transparency in their methods or criteria for robustness analysis
and/or varied in their assessment methods- if plans are made robust to the tumour, bony
anatomy or surrogates. Various margin recipes (eg. in passive scattering techniques) and
robust optimisation strategies have been developed but a lack of standardisation makes a
direct comparison between approaches challenging. While reporting standards are being
developed, a way to facilitate this comparison may be to systematically report GTV, CTV and

irradiated volumes (i.e. at the 95% of dose prescription) in addition to robustness parameters.

4.2.4.3 Radiobiology recommendations for future research
i) DNA damage and repair from proton radiotherapy

The gap analysis identified that a global assessment of the quality of DNA damage induced

by low and high LET protons needs to be assessed.
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| will later address this gap in the context of my experiment comparing the cellular responses
of NSCLC cell lines following photon and low and high LET proton irradiation (Chapter 5 of
this thesis).

i) Proton radiotherapy immunological interactions

“The immunological impact of proton irradiation has been reported in a limited number of
publications. Preclinical evidence suggests that proton radiotherapy has higher tumour
immunogenic and lower normal tissue immunosuppressive effects, compared to photon
radiotherapy [34]. Tumour immunogenicity is associated with long-tern tumour control.
Overall, these effects could enhance tumour response and patient survival, particularly if
proton radiotherapy is sequenced prior to- or in combination with- immunotherapy. Proton-
immunotherapy combination trials, which represented a high research priority among our

survey respondents, are as such urgently needed.

Gameiro et al. have demonstrated similar effects on the levels of HLA and calreticulin
upregulation, molecules involved in antigen presentation and immune recognition, and T cell
mediated cytotoxicity from both photons and proton irradiation [34]. Others have demonstrated
greater micronuclei formation following proton irradiation, compared to photons [192], [193].
This is pertinent in light of recent papers that show that cytosolic DNA sensing of radiation
induced micronuclei is responsible for cGAS-STING signalling and a type 1 immune response
[194]. Several studies have also looked at the impact of proton irradiation induced bystander
effect as a result of cytokine release. However recent advances in techniques to assess the
complexity of the tumour microenvironment such as mass cytometry mean there is opportunity
for more comprehensive study of the immunological effects of proton irradiation in realistic

tumour models and in patient samples. “- authored by Crispin Hiley.

iii) Relative biological effectiveness (RBE)

It is acknowledged that the widely accepted use of a generic RBE of 1.1 for proton
radiotherapy is an inaccurate oversimplification. However, RBE is a function of multiple factors
including cell type, dose, dose fractionation used, LET and clinical end point meaning there is
too much uncertainty to propose RBE values that accurately take into account all these factors
[195]. As a consequence unexpected toxicity can arise due to underestimated radiobiological
effects as well as proton range uncertainties. Critically, proton RBE is dependent on depth of
penetration resulting in inhomogeneous biological dose distribution through the tumour- eg.

higher in the centre of target compared to peripheral regions uncertainties [196].
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RBE-based proton planning is considered a moderated research priority based on our survey
feedback.

iv) Proton radiotherapy and hypoxia

Hypoxia is a known cause of radioresistance which negatively impacts survival in lung cancer.
The physical properties of proton therapy may allow safe dose escalation to hypoxic regions
of the tumour and the reduced oxygen enhancement ratio of high LET protons may improve
effective cell kill[197]. Hypoxia- adapted treatment planning, known as Kill painting, is under

investigation [198].

V) Future radiobiology research

“Investment in preclinical proton radiotherapy infrastructure is lagging behind worldwide.
Challenges of accessing charged particle facilities for preclinical research need to be
overcome. Equally important is the integration of robust translational endpoints in lung cancer
proton radiotherapy trials. The aim should be to direct research aimed at improving patient
selection for proton radiotherapy. Biomarker development and validation featured as high
research priorities by our survey participants. Our ultimate aim should be to improve lung
cancer patient outcomes and healthcare delivery through a multidisciplinary approach
involving clinicians, physicists, biologists, commissioners and health economists. “authored

by Ahmed Salem.

4.25 Conclusions

This gap analysis has identified key areas to further investigate in lung cancer proton research.
Priorities have been stratified to guide trial resources and encourage globally co-ordinated

future efforts by the proton community.

e The complete and revised version of this manuscript is planned for submission to

Clinical Oncology- Appendix 8.
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4.3 Planning study- Retrospective planning study of patients with
superior sulcus tumours comparing pencil beam scanning protons to

volumetric modulated arc therapy

One of the highest research priorities from the gap analysis survey was to conduct studies
identifying patients most likely to benefit from proton therapy. This planning study was
undertaken to explore if patients with superior sulcus tumours (SSTs), a rare subset of stage
Il disease, might benefit from pencil beam scanning protons. By assessing the feasibility and
dosimetric benefits of robust PBS planning thereby laying the foundation for conducting a

clinical trial in patients with SSTs using PBS protons.

4.3.1 Introduction

Superior sulcus tumours (SSTs) are rare subtypes of locally advanced non-small cell lung
cancers (NSCLCs), representing 5% of all bronchogenic carcinomas. Outcomes are poor with
local recurrence in 40-50% of patients[16], [17], [199] and 5 year overall survival between 5-
30% [200], [201]. They present a unique treatment challenge by characteristically invading the
chest-wall and structures of the thoracic inlet, including the parietal pleura, 1t and 2" ribs and
vertebral bodies; as well as (but not necessarily) the brachial plexus and stellate ganglion
[27]-[29]. This makes surgical resection difficult and their close proximity to the spinal canal,
means that dose coverage by photon radiotherapy is often compromised. When disease is

unresectable, radiotherapy (with or without chemotherapy) is the principal treatment modality.

Proton-beam therapy (PBT) has a number of advantages over state-of-the-art photon-based
volumetric-arc therapy (VMAT). Its physical characteristics result in a relatively low entrance
dose and minimal exit dose, potentially achieving superior target conformality whilst reducing
dose to surrounding tissues [18]-[20]. Pencil beam scanning (PBS) is the latest technology
whereby narrow proton beams are magnetically scanned across the tumour volume,
promising better conformality than passively-scattered protons [158]. Reservations regarding
PBT, particularly PBS, are due to motion and tissue heterogeneity. These impact uncertainties
in radiological path-lengths [18], [79], [104], [202]and subsequently robustness of treatment
delivery, as motion results in interplay-related dose degradation [160] and potential overdose

to organs-at-risk (OARS).

Although an increasing number of studies investigating the use of PBT in locally advanced
NSCLC have emerged over the last decade very few have used PBS [186], the vast majority
utilising passively-scattered protons [21], [22], [26], [170], [171], [173], [184], [203]. From
limited studies that do exist, PBS is suggested to better spare OARs [158], [168]. A number
of ongoing single-arm [175], [176], [178] and randomised control trials [177], [180] intend to
report toxicity following thoracic irradiation with PBT. The ongoing PRONTOX trial specifically
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aims to establish if dose-sparing translates into reduced radiation-induced toxicity [145]. Of
particular interest is the potential for PBT to improve survival outcomes by sparing dose to the
heart, thereby minimising risk of cardiac toxicity, and limiting dose to additional lymphopenia-
related organs such as the lungs and thoracic vertebra. Disappointingly, Liao’s recent trial
reported no reduction in local failure after passively-scattered protons [173]. However, this
may be due to heterogeneity of disease stages treated (II-1V), outdated technology, or
inadequate image-guidance at the time the study was conducted. It is clear that we have yet
to identify key niche cohorts where the advantages of advanced proton techniques can be

fully exploited.

Patients with SSTs seem likely candidates to benefit from scanning protons and present an
opportunity to develop PBS techniques in locally advanced NSCLCs because 1) their invasion
of local structures limits motion, circumventing the challenging issues of interplay 2) their
apical location results in smaller volumes of aerated tissue surrounding them, reducing

heterogeneity along proton paths.

This retrospective planning study will explore robust PBS planning of SSTs, assessing if target
coverage is improved and if dose to normal tissue can be significantly spared compared to
VMAT.

4.3.2 Methods

Patients with SSTs treated with radical radiotherapy between 2010-2015 were identified. All
patients were positioned supine on wing boards, arms above the head and immobilised with
customised vacuum bags. Four-dimensional-CTs using the Real-time Position Management
system were used to acquire their free-breathing trace during acquisition and treatment

delivery.

Patients were excluded if tumour motion was >5mm (figure 6). All were planned to 64 Gy
(RBE) in 32 fractions using Eclipse (Varian Medical Systems, Palo Alto, CA), version: 13.7.33
for VMAT plans and version: 13.7 for proton plans. PBS plans were recalculated using the

Monte Carlo dose calculation algorithm as a verification dose check.
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Identify patients with superior sulcus
tumours treated with radical conformal
photon therapy

v

{ Assess tumour motion using 4D J

CT scan

Respiratory motion
<5mm?

Excluded

‘ GTV, iGTV, CTV, OAR contouring ‘

v

Treatment planning and
optimisation

:

v

PBS plan |
Single field optimisation VMAT plan

Repeat Assess dose coverage of target
optimization volume and DVHs of OARs
A *

Robustness assessment
(i) Worst case scenarios (i) Verification plans

v

worst case scenarios

No
CTV and OAR criteria »  Accept plan
met?

Figure 6. Flowchart of case selection and planning procedures. GTV (gross tumour volume). iGTV (internal gross

‘ Assess dose to CTV and OARs in ‘

tumour volume as assessed by 4DCT). CTV (clinical target volume). OAR (organs at risk).

i) Tumour motion assessment

Range of tumour motion was verified to be <5 mm, which was considered acceptable [204]—
[206] by assessing z-axis motion of the most inferior part of tumour and delineating the Gross
Tumour Volume (GTV) in each phase of the 4DCT scan to assess centre-of-mass movement

in the x, y and z-axis.
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For one test case, the OARs were also contoured on CTO (max-inhalation) and CT50 (max-
exhalation) and their centre-of-mass location noted so that their range of motion could be

assessed.

i) Volume delineation

The internal GTV (iGTV) was defined as the envelope of GTV motion and delineated using
the Maximume-Intensity Projection (MIP) dataset. In cases where the tumour moved into
nearby soft tissues of a similar density the MIP was not appropriate. Here delineation was
aided by all phases, especially max-inspiration and -expiration. The clinical target volume
(CTV) was defined as the iGTV+5 mm in all directions- as such, the CTV is synonymous with
the internal target volume (ITV). A technical optimisation volume was created to account for
external variation in set-up, as per department tolerance guidelines, and was defined as the
CTV+ 5 mm in all directions.

iii) Organs at risk tolerances

OARs were delineated on the average intensity projection image datasets and tolerances are
defined in table 6 [207].

Tumour target volumes were delineated by two clinicians, one of whom delineated all the

OARs. All final patient volumes were verified by a third independent clinician.
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Organs at Risk Method of Delineation Dose constraint
(2Gyl#)
Spinal canal Contoured on the bony limits of the canal. Dmax point dose <46GYy
Spinal canal planning SC+5mm < 50Gy to 1cc
risk volume
Mean lung dose As above <20Gy
Lungs Contoured using lung windows and include inflated and collapsed V20 < 30%
lung. GTV and trachea and ipsilateral bronchi should be
V10 < 50%
excluded.
V5 < 50- 60%
considered desirable
but not at the expense
of target coverage
Contralateral lung As above As low as reasonably
possible
Heart Contoured along the pericardial sac, starting from the superior V40 < 30%
aspect of the pulmonary artery, extending inferiorly to the apex of
the heart.
Oesophagus Contoured on mediastinal windows. Start from the cricoid to the V35 < 50%

gastro-oesophageal junction.

Brachial plexus

Contouring using a 0.5cm paint tool from C8-T1 nerve roots
extending to the main trunks, divisions and cords. Higher cervical
nerve roots may need to be contoured depending on how

superior the technical optimisation volume extends.

The subclavian and axillary vessels are used as surrogates. Both
the artery and vein are contoured to ensure the whole

neurovascular bundle is encompassed.

Medially, begin at the neural foramen and extend laterally to and
encompass the space between the anterior and medial scalene
muscles. On slices where there is no neural foramen imaged,
delineate the space between the anterior and medial scalene
muscles alone. Inferiorly, the lateral extent of the volume is where

the neurovascular bundle passes the 1% rib.

Dmax <66Gy to 1cc

Table 6. Dose constraints to OARs and method of contouring. All OARs were delineated on the average intensity

projection image datasets. Lung V5, V10, V20 (percentage combined normal lung volume receiving 5 Gy, 10 Gy and

20 Gy, respectively). Heart V40 (percentage volume of the heart receiving 40 Gy). Oesophagus V35 (percentage

volume of the oesophagus receiving 35 Gy).
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iv) Planning method

VMAT plans were generated as per our departmental protocols using target and OAR
structures and dose constraints, as above (table 6), to set planning objectives. Two partial-

arcs were used to minimise unnecessary dose to normal lung.

For lung proton plans it has become commonplace to apply an inhomogeneity correction (IC)
to ensure density correction and target coverage [208] but this may not be necessary for SSTs.
Thus, for cases 1-3 two nominal plans were created with either an IC applied to the whole
iGTV (by assessing the average density within the tumour’s centre and assigning a uniform
CT Hounsfield unit override); or no IC (fig 7). Only if robustness analysis demonstrated an

advantage of applying an IC would we continue for the remaining cases.

Y: 278

Figure 7. Diagram showing method of applying an inhomogeneity correction. The density across the central tumour

mass is assessed and an averaged density override is uniformly applied to the whole iGTV.

Two to three beams of equal weighting were used for all plans. Beam angles were selected
with consideration of robustness and conformality. The aim was to ensure: 1. shortest, most
homogenous path to the target based on a visual check; 2. beam entry through stable tissue;
3. avoiding critical OARs immediately distal to the target [209]; 4. avoiding high-Z materials
(such as metal clips or prostheses). If it was felt that the more robust option resulted in
compromise to conformality that was clinically unacceptable, then angles were adjusted.
Beams did not overlap at the skin surface, to avoid skin toxicity, and not more than 2 of 3 of

prescribed dose came from beams directed towards a critical structure.

A single-field optimisation (SFO) approach was used rather than multi-field optimisation (MFO)
despite limited reports that it might have a dosimetric advantage [26] as MFO is exquisitely

sensitive to motion and therefore considered potentially less robust.

The spot- and layer-spacing was nominally set to 5mm.
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V) Optimisation approach

Inverse plan optimisation was used for both photon and proton plans. The technical
optimisation volume was used to optimize CTV coverage. The optimisation went through
iterations in order to achieve OAR tolerances (highest priority) and target coverage. The target

coverage assessment is described in the following paragraphs.

Dose distribution was calculated on the average CT datasets.

Vi) Robustness assessment

Two strategies were used to assess robustness for both VMAT and PBS plans. Firstly, we
performed robustness analysis based on worst-case scenario. A geometric uncertainty of
5mm, based on our centre’s lung set-up tolerance, was done for proton and photon plans
[210]. Range uncertainty of 3.5% was considered for protons only [202], [211]-[213]. The
worst-case scenarios (defined as the minimum target coverage and maximum dose to OAR
across the various scenarios) were assessed to ensure adequate target coverage and that
dose tolerances were met. The spinal canal dose constraints were more restrictive for the
nominal plan optimisation (point dose <46 Gy (RBE)) as a pragmatic decision to ensure it
would pass robustness assessment, where up to 50 Gy (RBE) to 1cc of the spinal canal was

accepted.

Secondly, verification plans were calculated in order to assess the impact of motion. These
were recalculations of the nominal plan on CTO (max-inhalation) and CT50 (max-exhalation)
keeping the exposure parameters constant. Dosimetric changes affecting target coverage led

to further optimisation iterations and if necessary, beam angle changes.

vii) Plan evaluation

Nominal plans were considered acceptable if the CTV D95 was >95%, acknowledging that
SST CTVs can infiltrate the spinal canal, creating a conflict of dose limitations; and OAR

criteria were met.

Plans passed robustness assessment if the maximum percentage difference in target
coverage (difference between CTV D95 in the worst-case scenario and CTV D95 in the

nominal plan) was <5%; and if OAR tolerances were maintained.
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viii)  Statistical Analysis

The Mann-Whitney U test was used to calculate statistical significance (p-values) of mean
dose parameters from the VMAT compared to PBS plans using the statistics software
programme R.

A value of p<0.05 was considered statistically significant.

4.3.3 Results

Ten patients were identified as suitable out of seventeen- four patients were excluded as they
did not have 4D-CTs and three had large tumours extending into the lower lobes where motion
was >5 mm. The median CTV volume was 274.4 cm3 (101.4cm3- 645.8 cm?) (table 7, figure
8).
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Patient

1 2 3 4 5 6 7 8 9 10
TNM stage (AJCC Tth
Ed) T3NOMO T4NZMO TANOMO T4N3MO T3N2MO T3N2MO TINZMO TAN2MO Locally recurrent disease T3IN3MO
Histological
confirmation of
diagnosis Adenocarcinoma Sauamous cell carcinomaAdenocarcinoma Squamous cell carcinomaSguamous cell carcinomaAdenocarcinoma Adenocarcinoma Adenocarcinoma Squamous cell carcinomaAdenocarcinoma
OTV volume (cm?) 20013 958.79 286.48 59552 585.83 766.30 315.86 499.39 223.30 389.00
Right apex and Right apex and Right apex and Right apex and Right apex and Left apex and Right apex and
Tumour location Right apex mediastinum Left apex mediastinum mediastinum mediastinum mediastinum mediastinum Left apex mediastinum
Abuts mediastinal and
Involves mediastinal and peripheral pleura. Abuts 2 rib, 4 vertebral Abuts 3 - 6" ribs Abuts chest wall and 1+- Abuts 1=- 3 ribs and the
Invades mediastinal peripheral pleura Infiltration of mediastinum bodies and pericardial posteriorly and the T4-6 2 ribs anteriorly over a Abuts 1#- 3 ribs thoracic vertebral bodies
Abutting or invasion of pleura medially. No Encases superior vena  at the level of the aorte  sac superiorly to bottom thoracic vertebral bodies longitudinal length of Invades chest wall along posteriorly and invades  anteriorly aver a length of
structures brachial plexus invasion. cava. pulmonary window. of pulmonary trunk Invades 3" rib posteriorly anteriorly 2.5cm 1t 4" ribs posteriorly _2nd rib 2.25cm
Minimum GTV- to-
spinal canal distance
[cm) 075 155 3.00 091 150 070 350 1.00 0.50 1.50
um GTV-to- Abutting the brachial
brachial plexus Abutting the brachial Abutting and displacing  Abutting the brachial plexus and within 0.5cm Within 0.5cm over a Abutfing and within 0.5cmAbutting and within 0.5cm
distance (cm plexus on 1 CT slice the brachial plexus plexus over a length of 1.00 cm_1.54 0.40cm at two points lenath of 1.50cm over alength of 1.50cm __over a length of 1.75cm 1,50

Abutting pericardial sac
superiorly to bottom of
pulmenary trunk ever a

Abutting pericardiac sac
superiory to bottom of

Abutting and overlapping

Minimum GTV- to- heart pericardium superiorly

Abutting and within 0.5cmAbutting and within 0.5em Abutting over a length of

Abutting and within 0.5cm

distance (cm 3.25 0.25 pulmonary trunk length of 2.75cm over a length of 5em over a length of 2.25cm _over a lenath of 5.25cm _3.00cm 5.00 over a length of 1cm
Minimum GTV-to- Within 0.5cm from Abutting or overlapping
oesophagus distance Abutting and within 0.5cmoesophagus over a Within 0.5cm over a oesophagus over a Within 0.5cm over a Abutting and within 0.5cm
(cm) 2.30 1.04 Abutting for 1cm length _over a length of 5cm length of 1.25cm length of 1cm length of 4cm length of 2cm over a length of 2. 75cm 0,60
Adjacent to 2nd rib Invading 3rd rib Within 0.5cm of 1st and
extending to the posteriorly, tracking along 2nd ribs anteriorly over a abufting the 1st to 4h ribs abutting 1st to 3rd ribs

Minimum GTV-to-rib  costovertebral junction  Abutting 1st, 2nd and 3rd 2nd and 4th ribs Abutting 3rd to 6thribs  longitudinal length of posteriorly over a length  posteriorly and invading  Abutfing the 1st, 2nd and
distance (cm but no bone invasion ribs posteriory Abutting 1st and 2nd rib_Abutting 2nd rib posteriorly posteriorly 2.5cm of 5.75cm 2nd rib 3rd ribs
Abutting and within 0.5cm Abutting the anterior Within 0.5cm of the
Minimum GTV-to- Adjacent to thoracic Adjacent to thoracic of the anterior part of the Abutting the anterior part bodies of the thoracic  anterior bodies of the
thoracic vertebrae vertebra. Within 0.5cm vertebra. Within 0.5cm  Within 1.3cm over a thoracic vertebra overa  Within 0.5cm over a of the thoracic vertebra  Within 0.5cm over a Within 0.5cm over a vertebra over a length of thoracic vertebrae along
distance (cm over a length of 2 50cm__over a length of 5.25cm _length of 0.25cm length 6.25cm length of 0.25cm over a length 6cm length of 4 00cm length of 5 00cm 5.00cm alength of 2 25cm
CTV immediately
adjacent to or
overlapping spinal
canal Yes No No No No Yes No No Yes No
OTV immediately
adjacent to or
overlapping spinal
canal PRV Yes Yes No Yes Yes Yes No Yes Yes Yes
CTV immediately
adjacent to or
overlapping brachial
plexus Yes Yes Yes Yes No Yes Yes Yes Yes No
OTV immediately
adjacent to or
overlapping brachial
plexus Yes Yes Yes Yes No Yes Yes Yes Yes Yes

Table 7. Showing anatomical tumour characteristics for each case. Optimisation target volume (OTV). Gross tumour volume (GTV). Clinical target volume (CTV). All patients had histological confirmation of their

diagnosis of non- small cell lung cancer. All patients had PET CT and brain imaging as part of their staging imaging.

Patient 1 had an MRI thorax as additional imaging.
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(a) Axial CT Image (b) Full dose 5- 68.5 Gy(RBE) (c) D95 coverage

VMAT plan
I =
5 10 20 30 40 50 60 68.5 Gy(RBE)

Figure 8. Graphic showing (a) axial images (b) full doses 5- 68.5 Gy (RBE) (c) D95 coverage of case 1. The
PBS plan is shown in the top row. The VMAT plan is shown in the bottom row. Series (a) shows the tumour’s proximity
to the spinal canal and canal planning at risk volume in each case. Structures seen include: CTV (magenta), brachial
plexus (red), spinal canal (pink), canal PRV (dark blue), oesophagus (light green).

4.3.3.1 Effect of inhomogeneity correction (IC) on target coverage

Applying the IC had little effect on target volume coverage and OARs. Mean CTV D95 was
98.0% (range 97.6-98.7%) compared to 98.1% (range 97.5-98.7%) with no correction.
Importantly, there was minimal effect on the robustness of target coverage- mean maximum
percentage difference in CTV D95 (no IC) of 1.65% (range 0.93- 2.23%) compared to a mean
of 3.74% (range 1.54-7.37%) when IC was used (figure 9). Surprisingly, applying the IC for
case 1 made robustness worse, resulting in a CTV D95 deviation from the nominal plan of up
to 7.37% (IC ) versus 1.79% (no IC). Based on these findings, the override method was not

used for the remaining 7 cases.
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Figure 9. Graph showing the worst case scenario doses to the target and OARs for the nominal PBS plans
with and without an inhomogeneity correction. CTV (clinical target volume). TV (thoracic vertebra). BP (brachial
plexus). SC (spinal canal).

4.3.3.2 Dosimetric Assessment

For all plans Dmax was <107%. CTV D95 was >97% for all cases and all the mean of the
dose parameters of OARs for proton plans were lower than those for VMAT plans, except
heart V40 (mean: 7.1% versus 6.3%, p=0.24) and brachial plexus Dmax (1cc) (mean: 62.3 Gy
versus 62.0 Gy, p=0.23).

Proton plans almost completely spared the contralateral lung, on average, reducing the V5 by
79.0% (p<0.01). Compared to VMAT plans, proton plans reduced the mean lung dose by
21.7% (mean 9.4 Gy (RBE), p<0.01), lung V20 by 12.1% (mean 17.4%, p<0.05), lung V10 by
36.4% (mean 21.8%, p<0.01), lung V5 by 47.9% (mean 25.5%, p<0.01), mean heart dose by
21.4% (mean 6.4 Gy (RBE), p<0.05) and mean thoracic vertebra dose by 29.2% (mean 10.0
Gy (RBE), p<0.01) (table 8, fig 10). The Monte Carlo dose check revealed a 3.9% reduction
in mean CTV D95, as expected.
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VMAT PBS Difference (%)

Assessment parameter Mean Range Mean Range
cTv D95 (%) 98.4+ 0.2 98.1-98.9 98.1+0.4 97.5-98.8 0.3
D98 (%) 97.5+1.2 94.1-98.1 97.2+0.6 96.2-98.2 0.3
V5 (%) 48.9+15.4 13.9-68.7 25.549.9 7.8-43.4 47.9%*
Lung V10 (%) 343+12.8 8.9-50.2 21.8+8.4 6.4-36.7 36.4%*
V20 (%) 19.8 + 8.3 4.7-29.6 17.4 +6.3 4.7-25.8 12.1*
Mean dose (Gy[RBE]) 12.0+4.1 3.6-16.3 9.4+3.4 2.7-13.2 21.9%*
V5 (%) 486+165 104711  102#150  0.0-496 79.0%*
Contralateral lung (%) 2744141 5.9.59.0 6.7412.2 0.0-39.9 75.4%%
V20 (%) 74485 0.0-31.4 3.247.2 0.0-23.3 56.5%*
V5 (%) 26.1+13.2 0.0-50.3 19.3 +11.3 0.0-37.8 26.0
V10 (%) 20.6 + 10.9 0.0-41.3 15.9 +9.7 0.0-32.6 23.0
Heart V20 (%) 14.7+ 8.1 0.0-28.0 11.847.7 0.0-26.3 19.8
V30 (%) 9.8+5.7 0.0-17.5 9.2+6.4 0.0-21.6 6.7
V40 (%) 6.3+4.0 0.0-12.3 7.1+5.1 0.0-17.2 +12.8
Mean dose (Gy[RBE]) 8.1+39 0.4-13.5 6.4+4.1 0.0-14.0 21.4*%
Thoracic vertebra Mean dose (Gy[RBE]) 14.1+3.4 9.2-18.1 10.0+2.8 5.5-14.1 29.2%*
Oesophagus V35 (%) 32.8+49.9 146431  298+12.0  82-433 9.2
Brachial plexus  Dmax (1cc)(Gy[RBE]) 62.0+5.0 48.2-65.0 62.3+5.4 47.2-65.1 +0.5
Spinal canal Dmax (point dose) (Gy[RBE]) 434+22 38.6-45.6 41.4+36 33.6-45.3 4.6
PRV Dmax (1cc) (Gy[RBE]) 459+38 405496 451439  35.6-48.3 16

Table 8. Mean dose to target and OARS for the nominal photon VMAT and PBS single field optimization plans.
CTV (clinical target volume). All percentage differences show a reduction in dose or volume in the PBS plans
compared to the VMAT except for values preceded by (+) indicating a percentage increase in the PBS plan compared
to the VMAT plan.*p(<0.05). **p(<0.01).
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Figure 10. Box plot of distributions of dose-volume indices for the lungs, heart and thoracic vertebrae (TV)
when planned with PBS protons compared to VMAT for 10 patients with superior sulcus tumours. Whiskers
show range and boxes show quatrtile 1, 2, and 3. PBS protons reduced the mean lung dose by 21.9% (mean 9.4 Gy
(RBE), p<0.01), lung V20 by 12.1% (mean 17.4%, p<0.05), lung V10 by 36.4% (mean 21.8%, p<0.01), lung V5 by
47 .9% (mean 25.5%, p<0.01), mean heart dose by 21.4%(mean 6.4 Gy (RBE), p<0.05) and mean thoracic vertebra
dose by 29.2% (mean 10.0 Gy (RBE), p<0.01).

4.3.3.3 Robustness Assessment

Six scenarios were generated for the photon plans following isotropic shifts. Incorporating
range uncertainty as well resulted in twelve scenarios being generated for the proton plans.
Figure 11 shows the resulting CTV and OAR variation for case 1 as an example. On
robustness analysis the mean CTV D95, in the worst-case scenario, was 93.9% +3.0 (range
89.5-97.8%) for proton plans (maximum percentage difference 0.9-9.0%) and 97% +1.3
(range 93-98%) for VMAT plans (maximum percentage difference 0.26-5.49%). For all photon
and proton verification plans, the CTV D95 was >95%, except the proton plan for case 9 where
CTV D95 was 91.9%.
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Relative OAR motion at the extremes of breathing on the test-case was <3 mm, except for the
heart and lungs (table 9). As such, OAR dosimetry on verification plans were not done,

especially as uncertainty scenarios identified breaches in OAR constraints.
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Figure 11. (a) proton and (b) photon plan dose volume histograms for (i) CTV (ii) lung (iii) heart (iv) thoracic
vertebrae and (v) oesophagus generated from robustness scenarios for patient 1 as a case example.
Robustness analysis for the proton plan involved 12 scenarios of varying 5 mm isocentre shifts and +3.5% range
uncertainty. Robustness analysis for the photon plans involved 6 scenarios of varying 5 mm isocentre shifts.
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CTAve-CTO Change in Centre- of- Mass  JCTAve-CT50 Change in Centre- of- Mass |CT0O- CT50 Change in Centre- of- Mass
x axis (cm) y axis (cm) zaxis (cm) paxis (cm) yaxis (cm) zaxis (cm) axis (cm) _y axis {cm) 7 axis (cm)
TV 0.04 0.03 -0.05 0.03 -0.04 0.01 0.07 0.07 -0.06
Ipsilateral Lung 0.04 -0.25 0.17 0.03 0.00 0.01 0.07 -0.25 0.16
Contralateral
Lung -0.02 -0.06 1.00 0.08 0.18 -1.60 0.1 -0.24 2.6
Heart -0.23 0.18 0.16 H0.05 -0.16 -0.35 -0.18 0.34 0.51
Oesophagus  0.00 0.06 -0.07 0.13 -0.06 0.15 -0.13 0.12 -0.22
Spinal Canal _0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Brachial plexus 0.09 0.03 0.02 0.11 0.01 0.06 -0.02 0.02 -0.04
Thoracic
vertebra -0.01 0.00 -0.01 L0.01 0.00 -0.01 0.00 0.00 0.00

Table 9. Changes in centre- of- mass of the clinical target volume (CTV) and organs- at-risk (OARSs) for case

2. Within the resolution limits of the planning CT, minimal change in the centre- of- mass position is demonstrated at

the extremes of breathing relative to their position as seen on the CT Ave. In particular, there is <2mm change in the

centre-of-mass position of the brachial plexus. The maximal change in position at the extremes of breathing was seen

in lungs and heart.

The same 4 proton and photon plans failed robustness assessment (table 10). Cases planned

using VMAT primarily failed due to lung V20 tolerance being exceeded in 1 scenario, whereas

inadequately robust CTV coverage was the dominant reason for the proton-planned cases not

passing assessment. Both VMAT and PBS plans failed robustness assessment for case 9, a

likely result of the CTV abutting the spinal cord.

Case VMAT

PBS

Reason(s) for failing robustness assessment

Reason(s) for failing robustness assessment

Lung V20 tolerance exceeded on 1 worst case

Spinal canal tolerance exceeded on 1 worst case

2
scenario from robustness analysis scenario from robustness analysis

4 Lung V20 tolerance exceeded on 1 worst case  Maximum percentage difference in CTV coverage on
scenario from robustness analysis robustness analysis >5%

. Lung V20 tolerance exceeded on 1 worst case  Maximum percentage difference in CTV coverage on
scenario from robustness analysis robustness analysis >5%

9 Maximum percentage difference in CTV coverage Maximum percentage difference in CTV coverage on

on robustness analysis >5%

robustness analysis >5%

Table 10. VMAT and PBS plans that failed robustness assessment.
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4.3.4 Discussion

Our results suggest it is feasible to deliver robust PBS treatment in select SST cases where
tumour motion <5mm and tissue heterogeneity along the proton paths is minimal. Comparable
CTV coverage and considerable reduction in lung, mean heart dose and mean thoracic
vertebra dose can be achieved.

Most studies investigating proton beam therapy in LA NSCLC have used passive scattering
techniques [21], [22], [26], [171], [172], [182], [214], [215] and Liao’s recent study comparing
IMRT to passive scattering protons concluded no difference in treatment failure rates between
the two groups [182].

SSTs are a rare subset of LA NSCLC which present similar challenges for photons and
protons. These include image quality needed for accurate tumour and OAR delineation,
motion and the proximity of critical organs. Additional considerations for protons are inherent
uncertainties such as range, lateral scattering and exquisite sensitivity to changes in anatomy
[18], [79], [104], [202].

Magnetic resonance imaging (MRI) helps evaluate SSTs as higher contrast resolution results
in superior anatomical visualisation, especially the brachial plexus. MR image-guided
radiotherapy (MR-linac) is an evolving technology incorporating MRI sequences to improve
delineation accuracy. It can enable uncertainty margins to be reduced, thus better sparing
OARs [216]. However, respiratory motion can cause ghosting artefacts and compromise
resolution [217]. Furthermore, although advanced MRI-to-4DCT registration algorithms exist,
they are not used in clinical practice yet [218] and assessment on an individual basis, in order
to minimise error propagation, is recommended [219]. Studies comparing MR-linac and PBT

for SSTs should be explored.

Motion is problematic for any form of high-precision radiotherapy where steep dose gradients
can result in dose uncertainty. Our motion monitoring strategy relied on external devices
tracking chest wall movement but this can be smaller than that of the tumour [77], [79].
Subsequent analysis assessed overall and maximal motion but rotational or tumour deformity
analysis, was not possible. Our study only included apical tumours with motion <5 mm,
therefore negating the need to evaluate interplay [204]-[206], [220]. The impact of motion on
dosimetry was analysed by robustness assessment and considered for both VMAT and PBS.

To our knowledge, this has not been performed in previous comparative lung planning studies.
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Protons are particularly sensitive to motion as their radiological path length is effected, not
only by tumour movement but also normal lung tissue- at different phases of breathing,
variable filling of airways and blood vessels results in variable relative stopping power ratio
values [211]. This interplay between the scanned beam and target motion not only causes
degradation of dose homogeneity, due to misplacement of individual spots relative to planned
positions, but it also affects the dose to critical organs [202], [221], [222]. Dose-repainting has
been proposed to reduce this but it is not effective alone [204],[222] and questions remain
about the effect of washout [160], [220], [223], [224].

Our proton planning approach focused on maximising robustness. Considerations included
defining margins, choosing robust beam angles and investigating the use of an IC. The
concept of beam-specific margins that incorporate proximal and distal uncertainties have been
implemented in passive scattering protons but their translation to PBS is not well established
[225] so was not applied here. Another strategy to allow for uncertainties is to use minimax
optimization [226]. Here, uncertainties are entered into the planning system and multiple
scenario-based plans are generated. This bypasses the need for a technical optimisation
volume and coverage is thought to be equivalent to technical optimisation volume-based
plans [227]-[229]. Although it is recognised that technical optimisation volume margins
effectively only take lateral uncertainties into account, we compensated for this by
retrospectively assessing target coverage before re-optimising areas of under-coverage [230].

All proton plans were achieved using a 2-3 field arrangement, which is in keeping with previous
studies [19], [154], [168], [231], [232] who have used between 2-4 beams. In principle, an
increased number of beams increases robustness, at the expense of an increased integral
dose and dose to certain OARs.

The main purpose of an IC is to account for motion-induced tissue density variation to minimise
the risk of under-dosing the target and widely used in passively scattered techniques [222],
[233], [234]. However, this is an artificial scenario and our study showed that its effect on plan
robustness was minimal-likely due to SSTs being more fixed and their apical location.
Unexpectedly, the IC resulted in reduced CTV robustness for one case due to the complex
geometry and relative position of the tumour limiting choices of beam angles. This meant part
of a beam was directed through the shoulder blade. Under uncertainties, the amount of bone
in the path increased. The effect was less detrimental when no IC was used as the extra bone
was counteracted by more lung in the path length. This extra lung was overridden with the IC
and resulted in under coverage observed. On visual assessment, it was clear that the IC effect
became more noticeable in parts of tumours that were spiculated and extended lower into the

thorax where movement was greater. The most important factor affecting target coverage and
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robustness was the target volume overlapping with the spinal canal. The need to compromise
target coverage in order to adhere to spinal canal tolerance remains as much a problem for
PBS protons as it does for VMAT. This lack of improved target conformality may be explained
by the lateral penumbra for PBS being worse than for photons and range straggling blunting
the sharpness of distal dose fall-off such that safety margins are still needed [5]. In contrast to
other reports [171], our results did not demonstrate size impacting target coverage or
robustness.

Robustness analyses tools within treatment planning systems are commonly used for
assessment of proton plans [158] and can be applied to photon plans [210]. In Chang et al’s
study (2014) comparing PBS-MFO, passive scattering protons and intensity-modulated
radiotherapy (IMRT) for thoracic tumours, robustness was assessed by verification plans and
9 scenarios of +3 mm shifts (although set-up error was 5mm) and +3.5% range uncertainty,
with a prescription criteria of CTV D95 >95%. They concluded that MFO enabled a dosimetric
advantage in sparing OARs but no advantage in CTV coverage [158]. Similarly, we used a
combination 12 scenarios with various permutations of +5 mm isocentre shifts and +3.5%
range uncertainty [211] as well as verification plans at CTO and CT50. In this way target
coverage and OAR doses could be assessed in worst-case scenarios and at the extremes of
the breathing cycle- a necessary 2-step check. Verification plans on repeat CT datasets were
not calculated, however, so the impact of inter-fractional rotational variation was not accessed

with this initial cohort.

The same 4 cases failed robustness assessment for photon and proton planning- the photon
plans primarily due to lung V20 tolerance being exceeded and the proton plans due to CTV
D95 variation being unacceptable, highlighting the specific challenges faced by both
techniques. It was not possible to create VMAT or PBS plans that robustly covered the CTV
for case 9, emphasising that the most critical factor effecting target robustness was the CTV
entering the spinal canal. One proton-planned case failed due to an uncertainty scenario
where the isocentre shift resulted in the spinal canal being placed into the beam’s path
resulting in an excess dose to it. In reality, such a scenario would be avoided by ensuring
patients are shifted to “0” position following verification imaging prior to each fraction- this
technique is applied to all patients with tumours close to the spinal canal. These results
demonstrate that it is not practically possible to resolve all uncertainties in the planning phase
and it does not diminish the need for diligent image-guidance and adaptive strategies during

treatment.

The most significant dosimetric advantage of protons was in sparing central structures such

as the heart and thoracic vertebra (in addition to lungs), suggesting that SSTs with associated
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mediastinal involvement are likely to show the greatest benefit from PBS. There is
accumulating evidence correlating low-dose to lungs and heart to poorer survival [235]. This
is thought to be a result of irradiation of circulating lymphocytes [66], [70], [71] as well as
cardiac toxicity. Tang et al 2014 demonstrated significant correlation between lung V5-10 and
lymphocyte nadir [76] and Joseph et al 2017 showed in their retrospective analysis that higher
integral heart doses correlated with decline in post-treatment lymphocyte counts [72].
Additionally, limiting dose to the thoracic vertebra, where 35% of haematopoietic bone marrow
is located, also reduces the risk of lymphopenia. Based on previous studies, if the lung V5,
V10, V20 and mean thoracic vertebra dose are kept under approximately 65%, 55%, 45% and
23 Gy, respectively, the risk of grade 3 (or higher) haematological toxicity can be dramatically
reduced [73]-[75]. We demonstrated a significant reduction in dose to these lymphopenia-
related organs which may be the most advantageous role of PBS-PBT in this era of

immunotherapy.

Limitations

The Monte Carlo calculation algorithm is considered more accurate in heterogeneous
environments like the lung cohort [236]. As expected, Monte Carlo calculations had little effect
on the OARs but demonstrated an approximate 5% reduction in mean CTV D95 compared to
the clinical algorithm utilised, which is in agreement with other reports [237], [238].
Unfortunately, Monte-Carlo-based optimisation is not currently available within the Eclipse

treatment planning system but follow-up studies utilising this are warranted.

4.3.5 Conclusions

In our planning study we demonstrated that robust PBS plans are achievable in carefully
selected patients. Significant dose reductions to the lung, heart and thoracic vertebra are
possible without compromising target coverage. Sparing these lymphopenia-related organs
may be particularly important in this era of immunotherapy. Identifying suitable cases most
likely to benefit from scanning protons is crucial and further analyses on a larger patient cohort

is required.

e Manuscript accepted for publication in the Clinical Oncology journal- Appendix 6

97



Chapter 5

Study of photon and proton radiotherapy treatment of non-

small cell lung cancer cells
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5.1 Background

The physical advantages of proton therapy and its potential role in treating locally advanced
NSCLC have been discussed in chapters 3 and 4. In this chapter, | will examine biological
differences in the responses of NSCLC cells to proton irradiation compared to photon
irradiation.

Following definitive radiotherapy treatment, relapse occurs in up to 40% of NSCLC patients
[1], [2] due to innate or acquired radioresistance. For proton beam therapy, it is known that
the physical advantages of the Bragg peak, makes it possible to safely escalate dose to the
tumour to overcome radioresistance, whilst sparing adjacent normal tissue [18], [20], [239].
However, at a cellular level, it is crucial to consider differences in ionization patterns between
protons and photons and subsequent differences in cellular responses. The density of
ionization events, or linear energy transfer (LET), is higher for PBT than X-rays and this
increased relative biological effectiveness (RBE) results in lower cell survival for the same
absorbed dose[30].

Key biological differences, particularly in the context of high and low LET proton irradiation,
have not been comprehensively assessed and effects are thought to be tissue-, cell line- and
endpoint-specific [5]-[9]. In-vitro studies have only compared high LET irradiation from heavy
ion particles [38] or low LET protons [39], [40] to XRT, the findings of which may not be directly
translatable to clinical practice. Moreover, within a clinical proton beam, there is non-
uniformity: high LET occurs at the lateral edges of the beam and in the distal regions of the
spread-out Bragg peak (SOBP), becoming maximal in the distal fall- off of the Bragg-peak,
resulting in different biological consequences to both the tumour and normal tissues lying in
close proximity [35]-[37], [240].

lonizing radiation (IR) induces single strand breaks (SSBs) and double strand breaks (DSBs).
Irreparable or mis-repaired DSBs [6], [9] are the major cause of cell death. DSBs can be
repaired via 2 pathways: Homologous repair (HR), responsible for 20% of DBS repairs; and
non- homologous end joining (NHEJ), responsible for 80% of DSB repairs [241], [242]. High
and low LET radiation cause distinct patterns of DNA damage, with the former causing more
complex clustered lesions, making them more lethal [31]-[33]. Some studies have suggested
differential induction of DNA damage repair pathways following XRT and PBT with enhanced
susceptibility to proton irradiation in the setting of homologous recombination deficiency.
However, reports have been conflicting, which may be a consequence of different LET
radiation being delivered or reflect differences in cell line-specific responses [5]-[9], [242]. The

nature and severity of DNA injury affects the modality of induced cell death. These death
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mechanisms can substitute for each other and include apoptosis, necrosis, mitotic catastrophe

(MC), autophagy, senescence or necroptosis [121], [243].

51.1 Aims

By examining major cell death pathways following XRT in radioresistant and radiosensitive
NSCLC cell lines, we aimed to identify key differences in their cellular responses to high and

low LET proton therapy.

5.1.2 Objectives

e Hypothesis Tested:
o Photon and high and low LET proton irradiation result in different
mechanisms of cell kill and different cellular responses to DNA damage.

e All results presented were from experiments | independently designed, conducted
and analysed.

52 Cell death mechanisms

5.2.1 Apoptosis

Apoptosis is the most well- described form of programmed cell death and is initiated when
DNA damage is slow or incomplete. It is composed of 2 pathways: the extrinsic and intrinsic
pathway, induced through activation of caspase-8 or caspase-9, respectively [244]. Caspase-
independent apoptosis can also occur, mediated through apoptosis-inducing factor (AlF) but

it is only seen in certain cells [244].

Apoptosis only accounts for up to 20% of radiation-induced cell death [245] and the
contribution of other modes of cell death are becoming increasingly apparent. Tumour
suppressor gene TP53 plays a central role in apoptosis. Phosphorylation at Ser46 results in
its transcriptional activation and pro-apoptotic target gene expression [246]. Additionally, p53
can stimulate mitochondrial outer membrane permeabilization and caspase activation, after
translocating to the cytoplasm, as well as directly antagonizing anti-apoptotic Bcl-2 and BCI-
XL [247]. TP53-independent mechanisms involving p53 homologs, p63 and p73, can also
activate apoptosis in response to DNA damage: 1. by the mitochondrial pathway as well as
p73 sharing pro-apoptotic target genes with p53 e.g. Noxa, casp-6 and CD95 [248]; or 2. via

the nuclear transactivation of protein Nur77 (also known as TR3 or NGFI-B) [249].
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Importantly, p53 is a critical regulator that can direct cell fate towards apoptosis, senescence
or autophagy. However, precise molecular mechanisms governing this, particularly those
concerning mitotic catastrophe [246], [250]-[252]and necroptosis [253], are yet to be

elucidated.

Methods of analysing apoptosis

Different methods for analysing apoptosis include Annexin V- FITC and PI staining for FACs,
detecting cells with sub-G1 content by flow cytometry, terminal deoxynucleotidyl transferase
dUTP nick-end labelling (TUNEL) staining, caspase activation and cleaved PARP detectable
by western blotting, DNA laddering and identification of morphological characteristics by

electron microscopy [254].

Apoptosis can be of variable duration, lasting between 1-8 hours and tending to peak within
the first 24 hours, depending on inducer and cell type. Choice of assay method can affect
optimal time windows for analysis and can also result in different percentages of apoptotic

cells for same population.

5.2.2 Senescence

Senescence, a state of permanent cell cycle arrest, is critical for homeostasis and plays an
important role in ageing, fibrosis and cancer [255]. It is a terminal stress- activated programme
controlled by p53 and p16'Nk42tumour suppressor proteins, and their expression is required to
induce the characteristic senescence-associated secretory phenotype following irradiation
[121], [256], [257]. Active p53 is needed for both the establishment and maintenance of

senescence; and p16'Nk4a expression usually increases at the late stage of senescence.

DNA damage induces expression of p53 via ATM/ATR kinase activation. P21%af is a cyclin-
dependant kinase inhibitor whose transcription is activated by p53. This results in the inhibition
of cyclin-CDK2,-CDK1 and CDK4/6 complexes leading to cell cycle arrest at G1/S [258].
Whilst p21+af can also be induced by several p53-independent signalling pathways, it is the
p53-dependent activation thought to be particularly important for senescence after IR- induced
DNA damage [259], [260] (fig 12).

The pl44RF of the Ink4a/pl6 locus has a central role in senescence via its reciprocal
relationship with p53. It negatively regulates p53 by reducing its transcription and increasing
Mdm2- mediated p53 degradation[261]; whilst also being the target of p53-mediated

suppression [258], [262], [263]. Following senescence-inducing stimuli, p16 demonstrates
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delayed expression, only being observed once p53 levels start to decline back to baseline
levels. P16 inhibits cyclin D-dependent kinase CDk4 activity and CDK6 [264], [265], which
prevents phosphorylation of Rb (as well as suppressing transcription of RB) and subsequent
release of transcription factor E2F that is required for G1 to S progression and DNA replication
[266].

There is also evidence suggesting p16 serves as a back-up tumour suppressor to p53 [267].
Studies have observed that stress-induced premature senescence (SIPS) induction in p16
deficient cells are associated with p53/p21 pathway induction and nuclear accumulation of
p21; whilst cell lines proficient in p16 and deficient in p53 show nuclear accumulation of p16
[268]-[270]. Absence of expression of p16'Nk4a due to methylation or homozygous deletion,
is seen in more than 70% of NSCLC [271], [272] and making p53/p21 the main pathway
through which SIPS is induced in the majority of NSCLC.
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Figure 12. Diagram summarising mechanisms underlying ionizing radiation-induced senescence in non-

small cell lung cancer cell lines. Senescence is controlled by p53 and p16™“2 tumour suppressor proteins: DNA

damage induces expression of p53 via ATM/ATR kinase activation. P53 induces transcription of p21, which results

in the inhibition of cyclinE/CDK2 complex leading to cell cycle arrest at G1/S. P16 inhibits cyclin D-dependent kinase

CDk4 activity and CDK®6 [264], [265], which prevents phosphorylation of Rb and suppression of its transcription,

resulting in cell cycle arrest at G1/S. SASP (senescence associated secretory phenotype). DDR (DNA damage

response).
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Methods of analysing senescence

Senescent cells are a heterogeneous population and several phenotypic traits are used to
identify cells undergoing senescence. Markers used to assess stress-induced premature
senescence include permanent cell cycle arrest [273], persistent DNA damage response
[274], senescence-associated heterochromatic foci (SAHFs) [275], senescence associated
secretory phenotype (SASP) [276] and increased lysosomal and proteasomal activity [277].
Senescence-associated gene expression profiles have also been considered but appear to

be cell-specific and stimuli-specific, making their use as a comparative biomarker limited [278].

Biomarker Indicator Detection method Limitations
Secretory SASP Enables evaluation FACS, ELISA SASP may vary between
profile of general tissue or cell types and at different
cell culture stages of senescence.
senescence Not able to isolate single-
cell secretory phenotypes.
[279]
Damage B galactosidase Increased Cytochemical or B-galactosidase activity
and repair  activity lysosomal activity histochemical increases in quiescence
detection and in response to other
forms of stress resulting in
Fluorescence false-positives[281]
detection
[280]
Cell cycle P53/p21 pathway Expression is Western blotting P53 is also responsible
genes required to induce for apoptosis so cannot
cell cycle arrest discriminate cells
P16/Rb pathway Expression is undergoing apoptosis or
required to induce senescence[282]
cell cycle arrest and
thought to be a Cells in quiescence also
back-up tumour depend on p53 induction
suppressor to
p53[267]
DNA- Telomere length Quantitative PCR,
associated FISH
DNA damage DNA damage which  Immunohistochemistry ~ Not a direct measure of
markers is a key trigger of senescence and not
(eg.YH2AX, senescence exclusive to senescence
RAD51, 53BP1, [283]
ATM, ATR)

Table 11. Summary of senescence biomarkers, methods of analysis and limitations.
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There is no singular biomarker for senescence used across the majority of studies. A
combination of B-galactosidase activity with p53/p21 and pl6/Rb pathway analyses and
telomere length assessment is considered the most reliable method to accurately identify cells
undergoing senescence [284].

5.2.3 Necrosis

Necrosis is a rapid nonspecific form of unregulated cell death triggered by energy loss and
loss of membrane permeability. Primary necrosis occurs within the first hour following toxic
stimuli and secondary necrosis occurs beyond 24 hours later when apoptotic cells are not
efficiently cleared, resulting in loss of membrane integrity and associated release of danger
associated molecular patterns (DAMPS) [285]. A third form of necrosis is regulated necrosis
and includes necroptosis, which will be discussed later. There is no simple test able to

distinguish between primary and secondary necrosis [286].

High dose per fraction radiotherapy regimens (greater than 8-10 Gy per fraction) has been
demonstrated to cause preferential cell death via necrosis, in contrast to doses of 5 Gy per
fraction that are thought to primarily induce MC, apoptosis and autophagy [287], [288].

Methods of analysing necrosis

Dual staining combinations for flow cytometry or cytochemical analysis are commonly used to
identify and quantify necrosis.

Annexin-V Pl staining, as previously described, can discriminate necrotic from apoptotic cells.
Here, loss of membrane permeability allows the impermeable nuclear dye, PI, to bind to
necrotic cells (Annexin V+/Pl+) and not apoptotic (Annexin V+/PI-) or viable cells (Annexin V-
/ Pl-). However, at later stages, apoptotic cells also lose membrane permeability as well as
their ability to bind Annexin-V due to severe membrane damage [289].

Another very common approach is dual staining with PI/Hoechst. Hoechst 33342 is a cell
permeable DNA binding dye used to observe nuclear condensation. When Hoechst binds to
DNA complex it fluoresces light blue. Propidium iodide (PI) specifically binds double-stranded
nucleic acids in apoptosis and necrosis and cannot enter normal living cells. When PI binds
the DNA complex, it fluoresces light red. When living cells are stained with Hoechst and PI at

same time, nuclei that stain with high Hoechst (and low PI) are viable. Nuclei that stain with
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low Hoechst (and low PI) are apoptotic. Cells that stain with high PI are in secondary necrosis

or necrosis.

5.2.4 Mitotic catastrophe

Mitotic catastrophe (MC), an aberrant form of mitosis, resulting from defective cell-cycle
checkpoints that fail to arrest ineffectively repaired DNA before they enter mitosis. The final
step characteristically features the formation of chromatin surrounded by their own nuclear
envelope or cytosolic DNA, also known as micronuclei. It is sometimes considered more of a
process leading to apoptosis, rather than a distinct mechanism of cell death itself as aberrant
chromosomal segregation initiates the activation of caspase-2 and/or mitochondrial

membrane permeabilization, release of cytochrome C and ultimately apoptosis [244], [246].

MC is typically demonstrated 2-6 days post-irradiation [290]. Studies have suggested that MC
is the main avenue of cell death induced by ionizing radiation, especially in p53-deficient cells
and where Chk1/2 are depleted or inhibited. However, the precise mechanisms directing cell
fate towards MC, such as the nature of DNA damage or presence of dysfunctional alternative
cell death machinery, are yet to be fully elucidated [246], [250]-[252].

It is well known that at the same dose, densely ionizing particles are more effective at inducing
micronuclei formation [122] than XRT. Studies have shown that the concentration of cytosolic
DNA increases with increasing radiation dose up to approximately 15-18 Gy, beyond which it

decreases due to degradation by activated DNA exonuclease Trex1 [122].

Methods of analysing mitotic catastrophe

Mitotic catastrophe can be analysed using immunofluorescence staining for mitotic markers,
including MPM2, TUNEL staining and time- lapse video microscopy to observe cells in real
time [254], [291]. The most common method is by light or electron microscopy to identify the
presence of micronuclei [292], multilobulated nuclei, and multinucleated cells. However, this
method is limited in that micronuclei only indicate that cells have undergone an aberrant
mitosis- so some cells with micronuclei may not undergo MC because they survive and do not
die.
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5.2.5 Necroptosis

Necroptosis is a form of programmed necrotic cell death that morphologically appears like
necrosis but is induced by apoptotic death stimuli such as TNF-alpha and Fas ligand [244],
[293]. However, it remains a caspase- independent pathway and the precise mechanisms

leading to necroptosis are currently poorly understood.

Key proteins involved in necroptosis are: Mixed-lineage kinase domain-like protein (MLKL),
receptor interacting protein kinase 3 (RIP3), receptor interacting protein kinase 1 (RIP1),
caspase 8 [294]-[296] and lack of expression determined by IHC analysis or silencing confers

resistance to necroptosis [294].

Protein Role in necroptosis Notes
RIPK1 Protein kinase that recruits RIPK3 to RIP1 involvement in apoptosis & necroptosis
the necrosome, resulting in mutual
. RIP1 is not always required for necroptosis[297]
phosphorylation of RIPK1 and RIPK3
RIPK3 Protein kinase that phosphorylates MLKL. Functions solely in necroptosis
Activated when phosphorylated by RIPK1
. o Inhibition of RIP3 expression results in reduced
and subsequent oligomerization
sensitivity of lung cancer cells to high dose
radiotherapy [294]
RIP3 deficiency contributes to necroptosis
resistance in malignant melanomas [298]
MLKL Phosphorylation by RIPK3 results in MLKL
translocating to cell membrane to mediate
cell death
Caspase Inhibits necroptosis by proteolytic cleavage Inhibition may be required for necroptosis
8 and inactivation of RIP1 and RIP3 leads to induction under some circumstances but is not

pro-apoptotic caspase activation instead of

a pro-necrotic cascade

Table 12 Key proteins in the necroptotic pathway.
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Some in vivo studies have shown necroptosis in

presence of caspase 8 [299]-{301]

Deficiency in caspase 8 results in increased
RIP3 expression [302]



Wang et al's 2018 [294] study in NSCLC in vitro and in vivo suggested that ablative
hypofractionated radiotherapy (>10 Gy per fraction) resulted in preferential cell death via
necroptosis in a RIP3-dependent manner, a finding that is consistent with previous studies
[287], [288], [303], and that inhibition of RIP3 expression results in reduced sensitivity to high

dose radiation.

Methods of analysing necroptosis

There is no one specific marker distinguishing necroptosis from other cell death modalities so
a combination of approaches are generally required [304]-[306]. These are summarised in

the table below.

Key feature of necroptosis Reagents for detection Method
Loss of membrane integrity DAPI, Hoechst, PI Flow cytometry, microscopy
Phosphatidylserine flipping Annexin-V conjugates Flow cytometry, microscopy

(Distinguishes from

apoptosis)

Morphology Swelling of cell and cytoplasmic Microscopy
organelles, followed by rapid loss of
plasma membrane integrity

Key protein detection RIPK3, RIPK1, MLKL, procaspase-8 Western blot, microscopy,
cleaved caspase-8 flow cytometry

Death receptor activation TNFR1,TNFR2, FAS, TWEAK receptor, Western blot, flow cytometry

TRAIL receptors

Table 13. Assays for detecting hallmarks of necroptosis[304]-[306]

5.2.6 Autophagy

Autophagy is an intracellular degradation and recycling system whereby cellular component
are wrapped within double- membrane autophagosomes and delivered to lysosomes for
degradation. It is a complex process, involving more than 16 proteins, that also acts to promote

cell survival during starvation and other stresses [307].
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Key protein Role in Autophagy

LC3-I LC3 forms stable association with membrane of autophagosomes.

(Microtubule-associated protein 1A/1B LC3-I found in cytoplasm
light chain 3B)

LC3-lI Membrane-bound and is converted from LC3-l, to initiate formation

and lengthening of autophagosome.
(LC3- phosphatidylethanolamine

conjugate) Differs from LC3-1 in that it is covalently modified with lipid

extensions and has undergone removal of a short amino acid.

Beclinl Promotes autophagosome formation

Table 14. Key proteins involved in autophagy [307], [308]

Autophagic cell death is also known as type Il programmed cell death and a major intracellular
degradation and recycling system- cellular components are enwrapped within double-
membranes autophagosomes and delivered to lysosomes for degradation [309]. The
autophagic response is characterised by two fluxes: the first being a survival response in an
attempt to remove dead unwanted protein, and the second is a pro-death response. When
there is increased autophagy beyond a threshold point, cells undergo autophagic death. If the
autophagic response is inadequate, then cells undergo senescence [255].

The role of autophagy in lung cancer are currently limited with contradicting results. It is known
to exhibit a pro-survival response, in an attempt to remove dead unwanted proteins, followed
by a pro-death response that ensues when the autophagic response increases beyond a
threshold. Studies support both positive correlations with radiosensitivity, whereby increased
autophagy, via mammalian target of rapamycin (mTOR) inhibitors, radiosensitize A549 cells
due to delayed DNA damage repair and downregulation of RAD51 and Ku80 expression [310],
[311]; and negative correlation, whereby p53 upregulation, mediated by reduced autophagy

increases radiosensitivity [312].

Methods of analysing autophagy

Autophagic activity can be assessed by Western blotting of key related proteins such as
microtubule-associated proteins 1A/1B  light chain 3B (LC3-1) and LC3-
phosphatidylethanolamine conjugate (LC3-1l) - the conversion of intracytoplasmic soluble
LC3-I to lipid-bound LC3-II, indicates autophagosome formation [311], [313].
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Quantification of autophagy can be done via transient transfection with green fluorescent
protein (GFP)-LC3 plasmid whereby autophagic cells show increased punctuate pattern of
LC3 fluorescence in immunofluorescence positive cells [313]; or using green detection
reagents that fluoresce when incorporated into pre-autophagosomes, autophagosomes and

autolysosomes [314].

53 Materials and Method
5.3.1 Cell culture

Four human non-small cell lung cancer cell lines obtained from The Francis Crick Institute, UK
(A549 [ATCC CCL-185], H2122 [ATCC CRL-5985], H1975 [ATCC CRL-5908] and H1792
[ATCC CRL-5895]) (table 15) were cultured in RPMI media supplemented with 10 % FBS and
100 units/ml penicillin and 100 ug/ml streptomycin (all from Gibco, USA) and maintained in a
5 % CO2/ 95 % air atmosphere humidified incubator at 37°C. Cells were grown as monolayers

in 75 cm?flasks maintained in exponential growth.

Cell Derivation P53 status Kras status Other mutations MSI/MSS

Line

A549 Carcinoma- WT Mut MSS
primary

Gene sequence: substitution
missense p Gly125er

Zygosity: Homozygous

H1975  Adenocarcino  Mut WT EGFR MSS
ma- primary Gene sequence: ¢.2369C>T
Gene sequence: ¢ 818G>A Protein sequence: p.T790M
3 Heterozygous
Protein sequence: p.R273H (GAIN EGFR
FUNCTION) Gene sequence: ¢ 2573T>G
substitution - Missense Protein sequence: p.L858R
Heterozygous
Zygosity: Homozygous
H1792  Adenocarnino  Mut Mut MSS
ma-
metastases Intron Gene sequence: ¢.34G>T
pleural effusion Gene sequence: c.672+1G>A Protein sequence: p.G12C
Protein sequence: p ? substitution - Missense
Zygosity: Homozygous Zygosity: Homozygous
H2122  Adencarcinom Mut Mut MSS
a- pleural
effusion Gene sequence: c47A>T Gene sequence: ¢.34G>T
amino acid mutation: p Q16L amino acid mutation: p.G12C
Substitution - Missense, Substitution - Missense

position 16, Q—L)

Zygosity- Homozygous
gene mutation: ¢.527G>T
amino acid mutation: p.c176F

Zygosity: Heterozygous (substitution
missense for both)

Table 15. Human non-small cell lung cancer cell lines studied.
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5.3.2 lIrradiation
5.3.2.1 X-ray irradiation

All cells were seeded a day prior to irradiation. Cells were irradiated at room temperature with

single doses of 2-15 Gy per fraction and analysed 24-144 hours after irradiation.

Photon irradiation was delivered by a Small Animal Radiation Research Platform (Xstrahl,
USA) at a dose rate of 2.83 Gy/min (220 kVp, 13 mA, filtered with 0.15 mm Cu) at a source-
to-surface distance of 35 cm, with 1.25 cm backscatter. Quality assurance checks on output
and targeting were performed every two months. Dosimetry was measured using a PTW
30012 Farmer ionisation chamber, and a UNIDOSE electrometer (both from PTW- UK Ltd.),
corrected and calibrated to the National Physical Laboratory (Teddington, UK) primary X-ray
reference standard. Reference conditions: open field; source to surface distance (SSD), 33
cm; phantom thickness, 5.5 cm; detector’'s geometric centre at 2 cm depth, 35 cm; and half-

value layer, 0.658 mm Cu.

5.3.2.2 Proton irradiation

Cell death assays were first optimised for XRT irradiation. The dominant death mechanisms
and their peak time points were identified and comparative proton irradiation experiments

carried out under these conditions.

All cells were seeded a day prior to irradiation. Cells were irradiated at room temperature and
analysed at optimal time points after irradiation. A horizontal, passively scattered beam line of
60 MeV maximal energy from the Douglas Cyclotron at Clatterbridge was used for proton
irradiation of cells, as previously described [315]. Low LET (high energy) PBT was delivered
by a 1 keV/um pristine beam, of 59 MeV effective energy (dose rate of approximately 10
Gy/min). High LET (low energy) proton irradiation was achieved using a modulator to generate
a 27 mm spread-out Bragg peak (SOBP) and a 24.4 mm Perspex absorber to position the
cells at the distal edge of the SOBP, corresponding to a mean energy of 11 MeV at a dose-
averaged LET of 12 keV/um.

The dosimetry of the proton beam was performed at the beginning of each irradiation session.
The collimator was made of a 43 mm diameter annulus which was inserted into the brass
nozzle. Measurements were performed with a flat ion chamber (PTW Classic Markus) placed
at the isocentre situated on the beam axis, 70 mm from the collimator. The proton calibration
factor (in Gy/nC) was previously obtained using the IAEA TRS-398 Code of Practice and a

local secondary standard chamber traceable to the National Physical Laboratory. Prior to
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irradiations, the beam area homogeneity was checked by X-Y scanning with compact diode,

and making corrections with the final steering magnets, as required.

All cell plating needed to be in 35 mm dishes or 96 well plates in order to fit specially tailored

mounting slides required for irradiation by the horizontal beam.

5.3.3 Cell survival

Colony- forming assays were performed as described in Franken et al [316]. Briefly, for X-ray
irradiation, 1500 exponentially growing cells were plated in 10 cm petri dishes and irradiated
with increasing doses of 0, 2, 4 and 6 Gy (RBE) X-rays. Cells were cultured until colonies were
visible. The surviving fraction was determined by dividing the number of colonies following

irradiation by the number of non- irradiated colonies grown.

For PBT irradiation, up to 1500 exponentially growing cells were plated in 35 mm dishes and

subjected to the same conditions and analysed as described above.

5.3.4 Apoptosis analysis

Cells were seeded at a density of 5x 105 cells per 6cm petri dish and mock irradiated or
irradiated with a single doses of 5 Gy and 10 Gy XRT. At 24 hours, 48 hours and 72 hours
after irradiation, cells were harvested and the Alexa Fluor® 488 Annexin V/Dead Cell
Apoptosis Kit (ThermoFisher) was used to detect apoptotic cells in accordance with the

manufacturer’s instructions.

Briefly, cells were washed with cold PBS, resuspended in 100 pl of 1X binding buffer and
incubated with 5 pL AlexaFluor 488 annexin V and 1 puL 100 pg/mL Pl working solution for 15
minutes at room temperature in the dark. Immediately after, binding buffer (1X, 400 pul) was
added to each sample tube and the sample analysed by flow cytometry using the BD Fortessa

X20B flow cytometer.

Cells that stain positive for fluorescein (FITC) Annexin V and negative for Pl are undergoing
apoptosis. Percentage of apoptotic cells were quantified using FlowJo version 10 software.

Three sets of independent experiments were performed.
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5.3.5 Senescence analysis
5351 Senescence- associated B galactosidase staining

Cells were seeded not to exceed 50 % confluency in 24 well plates and mock irradiated or
irradiated with a single doses of 5 Gy (RBE) and 10 Gy (RBE) of X-rays. At 72 hours and 144
hours after irradiation, cells were stained with senescence 3-Galactosidase staining kit (#9860
Cell Signaling) following the standard protocol outlined by manufacturer. Briefly, cells were
PBS-washed, fixed in paraformaldehyde, and stained overnight incubated at 37 °C, wrapped

in parafilm to minimise CO2 exposure.

Senescent cells were identified as those with blue cytoplasmic staining and counted as a
percentage of at least 100 cells from randomly sampled fields under a light microscope at x20
magnification. The results are shown as the average percentages from 3 independent

experiments.

For proton irradiation, cell-seeding was adapted to a 96-well plate formation, subjected to the

same conditions and analysed as described above.

5.3.5.2 Western blotting

Cells were seeded at a density of 5x10° cells per 35 mm culture dish plate and mock irradiated
or irradiated with single doses of 10 Gy (RBE) of X-rays or protons. Cells were collected and
lysed with RIPA lysis buffer at 4 hours, 24 hours and 96 hours. Samples were centrifuged and
total protein concentrations determined from supernatants using the BCA protein assay kit
(#500-0206 Bio-Rad). Thereafter, samples were separated by denaturing gel electrophoresis
on NuPAGE Novex 4-12 % Bis-Tris gels (Invitrogen, UK), and analysed by quantitative
Western blotting using the Odyssey image analysis system (Li-cor Biosiences, Cambridge,
UK). The antibodies employed in this study were mouse anti-p53 (ab1101, Abcam), rabbit
anti-p21 (ab109520, Abcam), rabbit anti-p16 (ab108349, Abcam), rabbit anti-phospho-Rb
(D59B7, Cell Signaling), mouse anti-RB (554136, Becton Dickinson), rabbit p14ARF (A300-
340A-2, Bethyl laboratories) and rabbit anti-beta-tubulin (ab108342, Abcam). Primary

antibody incubation was conducted overnight at 4 °C.

Further primary antibodies used to analyse related pathways were anti-phospho-STING
(Ser366) (D7C3S, Cell Signaling), anti-LKB1 (ab 15095 abcam), and anti-GATA4 antibody
(ab84593 abcam).
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Secondary antibodies conjugated with Alexa Fluor 680/800 (Invitrogen, UK) were incubated

for 1 hour at room temperature.

5.3.6 Necrosis analysis

Cells were seeded at a density of 10,000 cells per well on 12 well plates and mock irradiated
or irradiated with single doses of 5 Gy, 10 Gy and 15 Gy of XRT. At 24 hours, 72 hours and
144 hours after irradiation, cells were dual stained with 4 ug/mL propidium iodide (PI) and 1

pg/mL Hoechst.

Cells undergoing necrosis were identified as those with high Pl and counted as a percentage
of at least 100 cells from randomly sampled fields under an Evos FL Auto confocal microscope
using DAPI and RFP filters at x20 magnification. The results are shown as the average

percentages from 3 independent experiments.

5.3.7 Mitotic catastrophe analysis

Cells were seeded at a density of 5000 cells per well in a 24 well plate and mock irradiated or
irradiated with single doses of 2 Gy (RBE), 5 Gy (RBE) and 10 Gy (RBE) of X-rays or protons.
At 48 hours, 72 hours and 96 hours after irradiation, cells were fixed with methanol/acetone
for 15 minutes at 4°C. Cells were then washed with PBS twice, stained with 4’, 6-diamidino-

2-phenylindole (DAPI) for 15 minutes at room temperature and washed again with PBS twice.

Cells with multinucleated enlarged nuclei, micronuclei and multilobulated nuclei were
considered to be in mitotic catastrophe [256], [317]. Cells in MC were counted as a percentage
of at least 100 cells from randomly sampled fields under a Zeiss Z1 Inverted confocal
microscope at x20 magnification. The results are shown as the average percentages from 3

independent experiments.

For proton irradiation, cell were seeded in 96 well plates at a density of 3000 cells per well,

subjected to the same conditions and analysed as described above.
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5.3.8 Necroptosis analysis

Cells were seeded at a density of 5x10e5 cells per 6 cm culture dish and mock-irradiated,
irradiated with 10 Gy XRT or treated with cisplatin 10 uM (as a positive drug control). Protein
extraction from cells and western blotting were done as described earlier at 4 hours, 24 hours,
48 hours and 72 hours following treatment. The antibodies employed in this study were rabbit
anti-mixed lineage kinase domain-like (MLKL) (ab187091, Abcam), rabbit anti-receptor-
interacting protein kinase 3 (RIP3) (ab209384, Abcam), rabbit-anti pro-caspase 8 (ab32397,
Abcam) and mouse anti-GAPDH (ab8245, Abcam). Primary antibody incubation was
conducted overnight at 4 °C. Secondary antibodies conjugated with Alexa Fluor 680/800

(Invitrogen, UK) were incubated for 1 hour at room temperature.

5.3.9 Autophagy analysis

Cells were seeded at a density of 3000 cells per well in a 96 well plate and mock irradiated or
irradiated with a single dose of 5 Gy (RBE) and 10 Gy (RBE) of X-rays or protons. At 72 hours
and 96 hours after irradiation, cells were stained with green detection reagent (autophagy
detection kit (ab139484, Abcam) following the standard protocol outlined by manufacturer.
Cells with multiple (more than 2) green vacuoles around nucleus and staining in the cytoplasm,
indicating incorporation of green detection reagent into pre-autophagosomes,
autophagosomes and autolysosomes, were considered to be undergoing autophagy.
Autophagic cells were counted as a percentage of at least 100 cells from randomly sampled
fields under an Evos FL Auto confocal microscope using DAPI and GFP filters at x20
magnification. The results are shown as the average percentages from 3 independent

experiments.

5.3.10 Micronuclei assay

When DNA damage occurs fragments can get separated from the nucleus due to mis-
segregation of DNA during cell division. The result is the formation of chromatin surrounded
by their own nuclear envelope or cytosolic DNA, also known as micronuclei. This triggers rapid
accumulation of cGAS which can penetrate these micronuclei and bind to DNA, activating the

CGAS-STING pathyway that initiates inflammation.
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5.3.11 Immunofluorescence staining of DNA damage response foci

Cells were grown on coverslips in 35 mm dishes overnight and mock irradiated or irradiated
with 5 Gy (RBE) of photons or protons. At 0.5 hours, 4 hours and 24 hours after irradiation
cells were washed with PBS, fixed in methanol-acetone for 10 minutes in 4 °C and washed
twice with PBS.

Cells were incubated with primary antibodies mouse anti-yH2AX (JBW301, EMD Millipore
Corp), rabbit anti-53BP1 (A300-272A, Bethyl) and rabbit anti-Rad51 (ab133534, Abcam)
overnight at 4 °C. Secondary antibodies conjugated with Alexa Fluor 680/800 (Invitrogen, UK)
were incubated for 1 hour at room temperature. Cells were then washed 3 times with PBS
before being mounted in DAPI. Images were obtained using a Zeiss Z1 Inverted confocal

microscope at x40 magnification.

A mean number of foci per cell was determined by analysing 25 cells in randomly sampled

fields from 3 independent experiments using ImageJ.

5.3.12 Statistical Analysis

All experiments were repeated at least 3 times and the values shown on graphs represent the
means +/- SD. The statistics software programme Prism version 7.0a was used to perform
two- way ANOVA, Tukey’'s multiple comparisons tests, to compare percentages of cells

undergoing MC, autophagy or senescence following XRT, low LET and high LET PBT.

A value of p<0.05 was considered statistically significant.

5.4 Results

5.4.1 XRT predominantly induces mitotic catastrophe, autophagy and

senescence

The major cell death pathways induced by XRT in the NSCLC cell lines studied were MC,
senescence and autophagy (fig 14. D). Percentage cell death by these modes of death
increased with increasing IR dose. Relatively low levels of apoptosis and necrosis were
observed following XRT (fig 13. B, C). Peak apoptosis was seen at 72 hours and necrosis at
144 hours (fig 13. Di, ii). No necroptosis was demonstrated due to low expression of RIP3,
which is needed to phosphorylate MLKL, a critical step in necroptosis. A549 cells transfected
with RIP3 subjected to the same treatment did express phosphorylated MLKL, confirming that

RIP3-deficiency confers resistance to necroptosis [298] (fig 13. E).
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Clonogenic survival assays following XRT identified A549 and H2122 as the most
radioresistant and radiosensitive cell lines, respectively (fig 13. A). Examining differences in
modes of death in these two cell lines, we found that H2122, showed higher levels of
autophagy and senescence, whereas A549 showed higher levels of MC (fig 14. D).
Percentage autophagy in H2122 cells compared to A549 at its peak of 96 hrs following 10 Gy
was 54.0 % versus 33.0 % (p<0.01) (fig 14. B, E ii); and percentage senescence at its peak
following 10 Gy at 144 hours was 38.0 % versus 19.2 % (p<0.01) (fig 14. C, E iii). Percentage
MC in A549 cells compared to H2122 at its peak was 47.4 % versus 32.3 % (p< 0.05) (fig 14.
A Ei).
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Fig 13. A. Clonogenic survival following increasing doses of XRT.
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blot of A549, H2122 and RIP3- transfected A549 cells treated with 10 Gy XRT and 10uM cisplatin. No RIP3 expressed
in A549 and very low RIP3 expression in H2122 making them necroptosis- resistant. RIP3- transfected A549 cells
show increased RIP3 and phosphorylated MLKL following irradiation and cisplatin indicative of necroptosis. The RIP3-

transfected A549 cell line was obtained from a partner laboratory.
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Fig 14. A. Quantification of cells undergoing mitotic catastrophe following XRT irradiation. B. Quantification of cells undergoing autophagy following XRT irradiation. C. Quantification
of cells undergoing senescence following XRT irradiation.
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Fig 14. D. Comparative cell death pathways induced by XRT in A549, H1975, H1792 and H2122 cell lines at peak
time points (Apoptosis: at 72h following 10 Gy; necrosis: at 144 h following 15 Gy; Autophagy: at 96 h following 10
Gy; Senescence: at 144 h following 10 Gy; Mitotic catastrophe: at 96 h following 10 Gy). E. In the cell lines studied,
XRT-induced cell death was predominantly via MC (observed maximally at 96 h), autophagy (observed maximally at
96 h) and senescence (observed maximally at 144 h). (i). Comparative quantification of cells undergoing mitotic
catastrophe following XRT irradiation at peak time point of 96 h. (ii). Comparative quantification of cells undergoing
autophagy following XRT irradiation at peak time point of 96 h. (iii). Comparative quantification of cells undergoing
senescence following XRT irradiation at peak time point of 144 h. Compared to the radioresistant cell line A549, the
radiosensitive H2122, showed higher levels of autophagy, statistically significant at 96 h following 10 Gy (54.0%
versus 33.0% (p<0.01); and senescence following 10 Gy at 144 h (38.0% versus 19.2% (p<0.01). A549 cells showed
a higher percentage of MC compared to H2122 following 10 Gy at 96 h (47.2% V 32.3%, p<0.01).

Having identified the major XRT-induced cell death mechanisms, we assessed these
pathways following proton irradiation of the radioresistant A549 cell line so that responses

could be compared to the radiosensitive H2122 cell line.
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5.4.2 High LET proton irradiation more effectively induces senescence

compared to low LET proton and X-ray irradiation

Clonogenic survival assays showed a trend toward proton irradiation inhibiting colony
formation more effectively than XRT in both cell lines, with high LET PBT resulting in the
greatest reduction in survival fraction (fig. 15. A). Senescence was the major cell death
pathway responsible for this for both cell lines. High LET PBT caused significantly more
senescence compared to low LET PBT and XRT and this increase was most significant at 144
hours and greater at 10 Gy (RBE) than 5 Gy (RBE) (fig 15. B i). In A549, the percentage of
senescent cells following 10 Gy (RBE) high LET PBT compared to XRT at 144 hours, was
38.5 % versus 19.2 % (p<0.01) (fig 15. B ii). In H2122, the percentage senescent cells was
significantly increased following 5 Gy (RBE) and 10 Gy (RBE) at 72 hours and 144 hours.
Percentage senescence at 144 hours following 5 Gy (RBE) high LET PBT compared to XRT
was 29.3 % versus 15.1 % (p<0.01); and 56.5 % versus 38.0 % (p<0.01) after 10 Gy (RBE)
(fig 16. B).

On the other hand, similar levels of MC was induced following PBT compared to XRT in H2122
cells (fig 15. Ciii- iv). In A549 cells, less MC was shown following 5 Gy (RBE) PBT compared
to XRT but was only statistically significant at 96 hours following low LET PBT (9.4 % versus
32.1 %, p<0.01) (fig 15. C i- ii).

Interestingly, IR-induced autophagy observed at 72 hours following 5 Gy (RBE) was higher in
both cell lines for XRT compared to PBT (fig 15. D i and iii). By 96 hours, 5 Gy (RBE) high
LET showed a higher percentage of autophagy, although not statistically significant, compared
to XRT (fig 15. D ii and iv). These results suggest the autophagic response following 5 Gy
(RBE) high LET PBT may be delayed compared to XRT. Following 10 Gy (RBE) there was no
statistically significant difference following XRT or PBT except in H2122 cells where high LET
irradiation was associated with a relatively dramatic reduction in autophagic response
compared to XRT (32.0 % V 54.0 %, p<0.01).
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Fig 15. Increased radiosensitivity of non- small cell lung cancer cell lines to PBT compared to XRT irradiation
is not due to differences in mitotic catastrophe or autophagy. A. Clonogenic survival following increasing doses
of high (HLET) and low LET (LLET) PBT compared to XRT for A549 and H2122. At least 3 sets of independent
colony-forming assays were performed and error bars represent standard error. The dose following XRT, LLET PBT
and HLET PBT irradiation required for 10% and 20% survival was interpolated and a one-way ANOVA, Dunnett’s
multiple comparisons statistical test for significance following those doses for A549 and H2122 was conducted. A
trend towards increased lethality following HLET compared to LLET and XRT was seen but no statistically significant
difference was demonstrated. Only the dose required for 20% survival in A549 cells was statistically significant
following HLET compared to XRT (p<0.05) (but not LLET compared to XRT). B. Comparative cell death pathways
induced by XRT, LLET protons and HLET protons in (i) A549 and (ii) H2122 cell lines at peak time points (Autophagy:
at 96 h following 10 Gy (RBE); Senescence: at 144 h following 10 Gy (RBE); Mitotic catastrophe: at 96 h following 10
Gy (RBE)).C. Quantification of cells undergoing mitotic catastrophe following irradiation: A549 cells at (i) 72h and (ii)
96 h; and in H2122 cells at (iii) 72 h and (iv) 96 h. D. Quantification of cells undergoing autophagy following irradiation:
A549 cells at (i) 72 h and (ii) 96 h; and in H2122 cells at (iii) 72 h and (iv) 96 h. *Indicates a significant difference of

p<0.05. **indicates a significant difference of p< 0.01.
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Our results suggest that senescence is the major pathway responsible for the increased
lethality of high LET proton irradiation.

5.4.3 Senescence is mainly established through p53/p21 pathway

We investigated the contribution of senescence-associated cell-cycle proteins to the observed
increase in senescence following PBT. We demonstrated up-regulation of p53 and p21 that
persisted at high levels for longer after proton irradiation (fig 16. C). Although RB and pRB
(phosphorylated RB) protein levels were down-regulated, p16'Nk4a protein levels were hardly
detectable in cells, regardless of treatment.
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Fig 16. Senescence is the major cell death pathway by which PBT more effectively inhibits clonogenic
survival compared to XRT in NSCLC cell lines. A. SA- 8- Gal staining of H2122 cells 6 days following irradiation
with (i) 5 Gy (RBE) and (ii) 10 Gy (RBE). B. Quantification of mean number of SA- 8- Gal positive cells in A549 cells
following irradiation at (i) 72 h and (ii) 144 h; and in H2122 cells at (iii) 72 h and (iv) 144 h. Both cell lines show
increased senescence following 10 Gy (RBE) HLET compared to XRT (**p< 0.01). Peak response at 144 h following
10 Gy (RBE). C. Western blot showing senescence induction following 10 Gy (RBE) (i) Western blot of irradiated
A549 cells and; (i) Western blot of irradiated H2122 cells at 24 h and 96 h. (+H) denotes high LET irradiation. (+L)
denotes low LET irradiation. (-) denotes mock- irradiated cells. No p16 or p14 expression was seen on the blots,
regardless of treatment.
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Our results suggest that radiation- induced cellular senescence in A549 and H2122 is mainly

established through the p53/p21 pathway.

5.4.4 Difference in radiation- induced cellular senescence is not related to

differential repair machineries

We used DNA double strand break (DSB) marker, y-H2AX foci, and DSB repair markers
53BP1 and RADS51 (fig 17. A) to investigate if proton irradiation influenced differential induction
of the 2 major DSB repair machineries- non-homologous end joining (NHEJ) and homologous

repair (HR); and if the increased senescence was related to persistent DSB.

In A549 cells, rapid induction of the DNA damage response (DDR) machineries was observed,
following both XRT and PBT, with the peak in mean number of foci per cell seen at 0.5 hours
(fig 17. B). In H2122 cells, the peak in mean YH2AX and RAD51 foci/cell occurred later at 4
hours following XRT. PBT irradiation was associated with faster DNA repair foci induction,
peaking at 0.5 hours (fig 17. C). No clear differential DDR machinery induction was observed
between XRT and high or low LET PBT in either cell line.

Mean foci levels that had not returned to untreated levels at 24 hours were considered to be
indicative of persistent DNA damage. Following XRT, both A549 and H2122 cells showed
persistently raised RAD51 (p<0.05) and 53BP1 (p<0.01) foci at 24 hours. After high LET PBT,
only H2122 cells demonstrated a statistically significant increased mean number of RAD51
foci (p<0.01) 24 hours after irradiation; whilst all foci reached untreated levels by 24 hours in
A549 cells (fig. 17 B, C. This suggests more persistent DNA damage and delayed HR repair
kinetics following high LET PBT in H2122 cells compared to A549.
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Fig 17. Difference in radiation- induced cellular senescence is not related to activation of differential repair
machineries. A. Representative micrographs of YH2AX, 53BP1 and RAD51 foci in A549 cells exposed to 5 Gy XRT
at indicated time points. B. Average number of DNA foci per cell in A549 cells following 5 Gy (RBE) XRT and high
LET (HLET) and low LET (LLET) proton irradiation at 0.5 h, 4 h and 24 h. * Indicates a significant difference of p<0.05.
** indicates a significant difference of p< 0.01. C. Average number of DNA foci per cells in H2122 cells following 5 Gy
(RBE) at 0.5 h, 4 h and 24 h.
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5.4.5 Difference in radiation- induced cellular senescence is not related to

differences in micronuclei formation or activation of STING pathway

We investigated if the LET-associated increase in senescence was related to increased MN
formation and activation of the cGAS-STING pathway following high LET PBT compared to
low LET PBT or XRT. Whilst HLET PBT showed a trend towards an increase in MN formation,

this was not statistically significant.

No STING expression was observed in A549 cells, regardless of treatment. Increased STING
expression was demonstrated in H2122 cells following PBT compared to XRT. High LET PBT
resulted in an early (24 h) and sustained increased expression of STING. Low LET PBT was
observed to cause a late (96 h) increased expression of STING (fig 18). However, there was
no associated changes in LKB1 expression detectable in either cell lines with or without

treatment, suggesting LKB1-independent activation of the STING pathway.
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Fig 18. Western blot showing changes in STING expression following 10 Gy (RBE) irradiation of (A) A549 cells and
(B) H2122 cells at 24 h and 96 h. (+H) denotes high LET proton irradiation. (+L) denotes low LET proton irradiation.
(-) denotes mock- irradiated cells. No STING expression was seen in A549 cells with or without irradiation treatment.

LKB1 expression was undetectable in both cell lines regardless of treatment.

5.4.6 Difference in radiation- induced cellular senescence is not related to

changes in GATA4 expression

We investigated if a change in GATA4 expression, a key switch linking senescence and
autophagy, following XRT compared to high and low LET PBT might contribute to the increase
in senescence following high LET PBT. No GATA4 expression was found in either A549 or
H2122 cells, regardless of treatment.
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55 Discussion

Key findings from this study are that MC, autophagy and senescence are the dominant cell
death mechanisms induced by XRT; and senescence is the major cell death pathway by which
PBT more effectively reduces clonogenic potential compared to XRT in NSCLC cell lines
grown in vitro. Proton- induced cellular senescence is mainly established through the p53/p21
pathway and is both LET- and dose-dependent but does not appear to be related to differential

DNA repair machineries.

Previous in vitro studies have shown MC, apoptosis, senescence and autophagy to be the
dominant modes of cell death following low to moderately fractionated XRT (1.8-8 Gy per
fraction) and necrosis or necroptosis following hypofractionated XRT (greater than or equal to
10 Gy per fraction) [287], [288], [303], [318]. In the NSCLC cell lines studied, our findings
agree that MC, senescence and autophagy are dominant mechanisms but not apoptosis; no
necroptosis was observed due to RIP3-deficiency; and we did not observe a clear dose-
dependent differentiation of cell death mechanisms. Reasons for these incongruences are

likely to be tissue and cell line-specific.

The relatively low percentages of apoptosis seen is not surprising as many cancers have an
inherent resistance to apoptosis, reportedly only accounting for up to 20 % of radiation-
induced cell death [245]. Instead, senescence was more prominent and is an alternative cell
fate to apoptosis, although the ultimate determinants switching from one to the other are
unclear. Some studies have shown that the decision is related to cell type-specific regulators
[319], [320]; whilst Probin et al demonstrated that busulfan, an agent that produces bulky DNA
adducts, causes senescence but not apoptosis irrespective of dose in lung fibroblasts,

suggesting it is the nature of DNA damage driving a preference for senescence [321].

Autophagy in lung cancer is not well understood and evidence is conflicting. It is known to
exhibit a pro-survival response, in an attempt to remove dead unwanted protein, followed by
a pro- death response that ensues when the autophagic response increases beyond a
threshold. Studies support both positive correlations with radiosensitivity, whereby increased
autophagy, via mammalian target of rapamycin (mTOR) inhibitors, radiosensitizes A549 cells
due to delayed DNA damage repair and downregulation of RAD51 and Ku80 expression [310],
[311]; and negative correlation, whereby p53 upregulation, mediated by reduced autophagy
increases radiosensitivity [312]. Our study showed more autophagy in the radiosensitive
H2122 cell line compared the radioresistant A549 following XRT. However, both cell lines
showed similar percentages of autophagy following XRT and high LET PBT, despite increased
clonogenic death from high LET PBT. The only exception to this was in H2122 cells following
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high LET PBT of 10 Gy (RBE) at 96 hours where a significant reduction in autophagy was
noted. Associated with this was an increase in senescence, a known consequence of an
inadequate autophagic response [255]. These results suggest that autophagic cell death is

context- and cell-dependent.

The observed trend of increased lethality of protons compared to XRT has previously been
demonstrated [30], [40]. A statistically significant difference was only seen for the dose
required for 20 % survival in the A549 cells following HLET compared to XRT; and none was
seen in the H2122 cell line. Whilst both cell lines have known genomic instability [322]—[324],
clonogenic survival reproducibility in the H2122 cell line was particularly challenging, which
may be due to requiring a longer incubation period for cell attachment. We showed that
senescence was the principle cause of the increased lethality. Similarly, in their study of head
and neck cancer cells, Wang et al [40] showed senescence and also MC to be the major types
of cell death induced by 4 Gy (RBE) of both XRT and low LET PBT, but reported PBT was
more effective. In contrast to our findings, others have reported high LET PBT to result in
earlier and more MC than XRT in V79 Chinese hamster cells [325].

Mitotic catastrophe one of the main avenues of cell death induced by IR [246], [250]-[252]. It
is an aberrant form of mitosis following DSB, characterised by the formation of chromatin
surrounded by their own nuclear envelope or cytosolic DNA, also known as micronuclei. It is
well known that densely ionizing particles more effectively induce micronuclei than XRT [122].
Furthermore, studies have shown that the concentration of cytosolic DNA increases with
increasing radiation dose up to approximately 15-18 Gy, beyond which it decreases due to
degradation by activated DNA exonuclease Trex1 [122]. So, it is unclear why proton irradiation
was not associated with an increase in percentage MC in our study, even following high LET
PBT. However, MC can direct defective cells to various anti-proliferative fates, one of which
is senescence [292]. Therefore, one possibility is that the peak response following PBT was
much earlier than the time at which the cells were analysed for MC. Another reason might be
because irradiation was delivered as single fractions, which may be less effective than

fractionated treatment at inducing micronuclei formation [6].

We demonstrated that increased stress- induced premature senescence (SIPS) in these
NSCLC cell lines was dose and LET-dependent and established through the p53/p21
pathway. Zhang et al reported similar findings following irradiation of human uveal melanoma
92-1 cells, although much higher LET-associated carbon ions (LET 80 keV/um) and iron ions
(LET 400 keV/um), were used to compare against XRT [38].
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Senescence is controlled by p53 and pl16'™NK42 tumour suppressor proteins, and their
expression is required to induce the characteristic senescence-associated secretory
phenotype (SASP) following irradiation [121], [256], [257]. DNA damage induces expression
of p53 via ATM/ATR kinase activation, which subsequently activates transcription of p21. This
results in the binding of CDK4 and cyclin E dependant kinase CDK2, inhibiting their kinase
activities leading to cell cycle arrest at G1/S [258]. Whilst p21 can also be induced by several
p53-independent signalling pathways, it is the p53-dependent activation that is particularly

important for senescence after IR-induced DNA damage [259], [260].

The p14ARF of the Ink4a/pl6 locus also has an important role in senescence via its reciprocal
relationship with p53. It negatively regulates p53 by reducing its transcription and increasing
Mdm2- mediated p53 degradation [261]; whilst also being the target of p53-mediated
suppression [258], [262], [263]. P16 inhibits cyclin D-dependent kinase CDk4 activity and
CDK®6[264], [265], which prevents phosphorylation of Rb (as well as suppressing transcription
of RB) and subsequent release of transcription factor E2F that is required for G1 to S
progression and DNA replication [266]. Evidence suggests that pl6 serves as a back-up

tumour suppressor to p53 [267].

The expression of pl6'Nk4a js absent in more than 70 % of NSCLCs, due to methylation or
homozygous deletion [271], [272]. Studies have shown that SIPS induction in p16 deficient
cells are associated with p53/p21 pathway activation and nuclear accumulation of p21; whilst
cell lines proficient in p16 and deficient in p53 show nuclear accumulation of p16 [268]—[270].
Unsurprisingly, we found p53/p21 to be the main pathway through which SIPS was
established- A549 cells (wild-type p53 and p16 deficient) and H2122 cells (although known to
be TP53- mutant) both demonstrated p53 and p21 induction that was maintained at high levels
but no p16 expression. This also proves that H2122 cell line’'s Q16L and C176F p53 mutations
(considered as neutral and partially deleterious mutations) allows it to retain some p53/p21

pathway functions [326].

5.5.1 Senescence and DNA damage

We investigated the cause of the increased senescence by analysing DSB as the DNA
damage response is a critical event triggering senescence. Whilst PT and PBT result in similar
initial DNA damage, high LET irradiation has been shown to cause more complex clustered
DNA damage which is more difficult to repair, resulting in persistent damage [327], [328].
Reports have suggested that low LET irradiation preferentially induces NHEJ whilst high LET
irradiation predominantly induces HR [6], [9], [242], [329].
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However, we did not demonstrate predominant DDR machinery induction and no preferential
switching following XRT compared to high or low LET PBT. This may be because KRAS-
mutant cell lines, such as A549 and H2122, are known to be relatively autophagy- impaired
and therefore tend to rely mostly on NHEJ, given autophagy is required for HR function [330].
Also, high LET-induced DNA damage studies have mostly used heavy patrticle therapy, in the
form of Fe ions and C ions [38], [242], which have much higher LET than the high LET PBT
used here. Additionally, complex cluster DNA lesions can be non-DSB oxidative clustered
DNA lesions, which can be a mixture of base modifications and SSB [331], or DSB [31]. Our
study focused on analysing DSB but it may be that non-DSB complex clusters were occurring

from the high LET protons used and this should be further investigated.

Alternative potential causes for the observed LET-dependent senescence are related to the
complex interplay between senescence and autophagy and MC [332], [333]. Understanding
these pathway interactions and key mechanisms directing cell fate could help exploit

additional biological advantages over the known physical advantages of protons.

We investigated if radiation quality affected key switches that link senescence, autophagy and
MC.

5.5.2 Senescence and autophagy

There is increasing evidence that autophagy is both a negative and positive regulator of
senescence [255], [334]. The tumour suppressor gene, GATA4, has been identified as a key
link connecting autophagy and DDR to senescence and inflammation [335]. It is widely
epigenetically silenced in lung cancer [335]-[337] and normally regulated by p62-dependent
selective autophagy. DDR releases GATA4 from p62 control by ATM-induced phosphorylation
allowing the activation of NF-kB and resulting in the release of senescence associated
secretory proteins (SASP) [334]. It acts independently of the typical executors p53/p21 and
pl6'Nk4a/pRB pathways [335]. Decreased GATA4 levels in clinical specimens are significantly
associated with poor prognosis and ectopic expression of GATA4 has been shown to

significantly inhibit colony formation in A549 cells and increase senescence [335].

No GATA4 expression was found in either A549 or H2122 cells, regardless of treatment

suggesting alternative mechanisms driving senescence.
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5.5.3 Senescence and mitotic catastrophe

A key link between MC and senescence is the cytosolic DNA by cGMP-AMP synthase (cGAS)-
Stimulator of Interferon Genes (STING) signalling pathway. It is triggered when cGAS senses
MN, which is more strongly induced by high LET irradiation, and results in a type 1 immune
response [338]-[340], leading to further accumulation of cytosolic DNA, amplification of DDR
and induction of senescence. KRAS-driven lung cancers frequently inactivate LKB1, which
supresses STING expression via the epigenetic silencing enzymes EZH2 and DNMT1 [341].
Low expression of cGAS and STING is correlated with poor survival in human lung
adenocarcinoma patients [342]. Interestingly, Kitajima et al further reported that if STING
expression was undetectable, as in A549 cells, then they could not be rescued by LKB1
reconstitution. However, if STING expression was just downregulated, as in H2122 cells, this
could be rescued by LKB1 reconstitution. Because KRAS-LKB1 mutant lung cancers also tend
to lack PD-L1 receptors that are restored upon re-induction of LKB1 and STING, therapies
that stimulate STING expression might also sensitize such tumours to immune check point
[341].

We investigated if the LET-associated increase in senescence was related to changes in
expression of these key proteins, enabling the activation of the cGAS-STING pathway and if
there was evidence of increased MN formation following high LET PBT compared to low LET
PBT or XRT.

Whilst there was a trend towards an increase in MN formation following high LET PBT
compared to XRT and low LET PBT, this was not statistically significant. This may be because
irradiation was delivered as a single fraction and fractionated treatment may be more effective
at triggering the STING- interferon pathway [6].

As expected, A549 cells showed no evidence of STING expression regardless of treatment.
However, in the strongly senescent H2122 cells we did observe a late and persistent increase
in STING expression following high LET PBT compared to low LET PBT and XRT. This was
most obvious at 96 hours. No detectable change in LKB1 expression was associated proving
that LKB1-independent pathways can release STING expression from suppression. These
observations show PBT triggers different signal responses compared to XRT, which are both
LET-associated and cell-specific. Previous studies have demonstrated that expression of
proteins associated with inflammation, cellular defence and cell cycle to be influenced by PBT
irradiation compared to XRT [343]-[345].
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The ability for PBT to trigger different protein expression profiles compared to XRT has
previously been demonstrated. Park et al reported increased EGFR expression in
radioresistant NSCLC cells when proton- irradiated, supporting combination treatment with
PBT and EGFR inhibitor to enhance radiation sensitivity [39]. Further studies characterising
epigenetic reprogramming and changes in expression of key switches that link these major
pathways following XRT and high and low LET PBT will be critical to identifying optimal

combination treatments although these are likely to be tumour and cell-specific [122].

Further studies characterising radiation-induced chromosomal aberrations as well as
identifying optimal doses and fractionations for sufficient MN formation and immune
stimulation via sGAS-STING versus Trex1l activation will be key to optimal radiotherapy

protocols during immunotherapy but are likely to be tumour and cell-specific [122].

5.5.4 Therapeutic implications

Our findings have a number of therapeutic implications. Firstly, the differential lethality and
biological consequences of high LET PBT further justifies LET-based optimisation for proton
radiotherapy planning, whereby physical and biological dose planning are integrated [346].
Furthermore, the observed LET-dependent senescence suggests that increased senescence
might be expected at the end and edge of the SOBP, where LET is greatest. Secondly,
senolytics that target senescent cells by inducing apoptosis [347] should enhance tumour
control if combined with high LET PBT irradiation. However, depending on cell type, multiple
anti-apoptotic pathways may be induced in senescent cells, resulting in significant variation in
the senolytic effect of these drugs. Navitoclax (ABT263), for example, has shown limited
success in small cell lung cancer (NCT00445198). Lastly, is the epigenetic reprogramming
triggered by high LET PBT that results in the senescent phenotype, which itself can drive gene

expression changes [348].

Further potential causes for the observed LET-dependent senescence are related to the
complex interplay between senescence and autophagy and MC [332], [333]. It was not
possible to fully investigate this via RNA analysis due to constraints of the proton irradiation

set-up and limited available beam-time in Clatterbridge Hospital.

Our findings can be validated using 3D cell culture as an intermediate model prior to
xenografts [349], [350]. Whilst many pre-clinical studies begin with 2D cell culture, its
limitations in adequately representing the cellular environment in organisms are recognised.
Several 3D cultures systems have been developed, including scaffolds, matrix gels and

hanging drops, some of which have been used in lung cancer studies [351]-[353]. This
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organoid technology means that cell-cell and cell-matrix interactions more closely represent
the original tumour in vivo, enabling more accurate data about response to mechanical and
biochemical cues and changes in gene expression profiles [351], [354]. Such preclinical

models will also enable the hypotheses generated by our experiments to be further examined.

Understanding these pathway interactions and key mechanisms directing cell fate could help

exploit additional biological advantages over the known physical advantages of protons.

5.6 Conclusions

In the NSCLC cell lines studied, MC, autophagy and senescence are the major cell death
pathways following XRT. High LET PBT results in lower cell survival than low LET PBT or
XRT as a result of more effective senescence induction, established via the p53/p21 pathway.
The mechanisms driving the LET- and dose-dependent senescence in these NSCLC cells is
unclear but it may be due to non- DSB complex clusters or epigenetic reprogramming affecting
cell death pathway dynamics.

The impact of these different cell death modalities include varying immunogenicity and
clonogenic potential. Understanding how they differ in response to high and low LET protons
can help guide radiotherapy optimisation and enable more advantage to be taken of the
biological benefits of proton therapy by identifying optimal drug-radiotherapy combinations
that will maximise tumour cell kill.
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Chapter 6

General Discussion and Final Conclusions
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The unmet need to improve outcomes in patients with locally advanced non-small cell lung
cancer has been has spurred intensive research efforts to develop new treatment strategies.
The large amounts of data generated during cancer management and trials need to be
synthesised and analysed efficiently to facilitate the pace of study developments and to guide

decision-making.

My novel approach of using routine datasets to estimate survival outcomes, refined by a back-
dating interval optimisation process, correlates well with that derived from the gold standard
manual data. This shows it is a reliable method that can be modelled by an algorithm to
determine survival outcomes for patients treated with locally advanced NSCLC and can be
adapted for other stages of lung cancer as well as other tumours. This single-institution-level of
data extraction, synthesis, and analysis is the first step in a multi-level process. To reach the
goal of a “live” automated decision support system that incorporates ongoing prospective data
farming and retrospective data mining, there needs to be broadening of data elements in
standardised extractable formats, aggregation of data across multiple institutions, and
implementation of artificial intelligence algorithms that are supported by deep learning

mechanisms.

Currently, the Public Health England’s National Cancer Registration and Analysis Service
(NCRAS) holds a vast network of data systems including Cancer Outcomes and Service
Dataset (COSD) feeds, such as the systemic anti-cancer therapy data (SACT) and radiotherapy
data set (RTDS); the Lung Cancer Data Audit (LUCADA) and the National Lung Cancer Audit
(NLCA), hospital episode statistics (HES) and diagnostic imaging dataset (DID) making it a very

rich data resource [355].

An important expansion of this network would be the incorporation of a next-generation
sequencing (NGS) database. NGS enables the detection of germline and somatic driver
mutations, resistance mechanisms and quantification of mutational burden. Advances in NGS
techniques, has driven the “genomic era” of cancer research and promises to enable
personalising treatment to an individual’s unique molecular profile, as well as being used to
identifying new biomarkers for early diagnosis of lung cancer [356]. As a consequence, huge
amounts of data is amassed requiring organisation into work-flows that are easy to navigate
and clinically relevant- the “Clinical NGS Database” is an example of one such model [357].
Ultimately, the usability of datasets, is dependent on data integrity and the evolution of practical

Big Data systems [358].
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Data-sharing across institutions, within and across nations, diversifies databases but is
notoriously difficult. The Personal Health Train is a proposed infrastructure that promises a
secure global data-sharing network set to enable rapid and easy analysis across separate

databases, without the need for data centralisation, via Distributed Learning [359].

Ultimately, the usability of routine datasets and breadth of clinical scope, is dependent on data
integrity; enriched and expanding clinical databases via global data-sharing infrastructures; and
the evolution of practical Big Data systems [358]. As part of future work, my methodology can
be applied to software programmes (eg. Python) written to automate analysis, which can then
be applied to a secure global data-sharing infrastructure, such as the Personal Health Train
[359].

Significant advances in photon radiotherapy over the past one to two decades and the
emergence of immunotherapy continue to shape the treatment landscape for unresectable
locally advanced NSCLC. Currently, clinical evidence for proton therapy is lacking but the gap
analysis has identified key research priorities. Those considered to be particularly high priority
include the need for high quality randomised controlled trials comparing proton and photon
technology to justify PBT with particular focus on patients with locally advanced disease;
identification of patients most likely to benefit using predictive biomarkers or model-based
approaches; improved reporting on radiation dose to organs at risk, acute and late toxicity and
patient-reported outcome measures; comprehensive analysis of the biological consequences
of PBT in lung cancer; examination of the immunological effects of proton irradiation; and health

economic evaluation.

There are nine ongoing prospective trials investigating proton therapy in lung cancer that
collectively address some of the gaps identified, such as randomized comparative photon and
proton clinical trials (NCT02731001, NCT01629498, NCT01993810); and trials investigating
various sequencing of combination proton and immunotherapy (NCT03818776, NCT01993810,
NCT03087760). All the trials intend to report on acute toxicity and survival outcomes. However,
critical gaps remain unaddressed and/ or require further examination. Only two trials intend to
use IMPT, the latest in proton technology (NCT01629498, NCT01770418); and only one trial
states clear intentions for translational biomarker development (NCT01629498). As identified
by the gap analysis, there is a clear need for further studies in these current themes, particularly
improving patient selection by developing predictive biomarkers or model-based approaches;
as well as evaluation of the health economic implications of proton therapy, reporting on patient-
related outcome measures, investigation of optimal fractionation regimes, robustness of
planning, and characterisation of DNA damage induced by low and high LET protons. The

scope for future trial development remain vast.
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My retrospective planning study demonstrates that robust PBS plans are achievable in
selected patients with SSTs, a rare subset of locally advanced NSCLC. The most significant
dosimetric advantage of protons is the sparing of lymphopenia-related central structures such
as the heart, lungs and thoracic vertebra, without compromising target coverage. This work
indicates that the greatest benefit from scanning protons is likely to be in well-defined tumours
where motion is <5 mm with associated mediastinal involvement. This may have particularly

important therapeutic implications when combining with immunotherapy.

Considering the dose-sparing capabilities of protons, a reasonable hypothesis is that tumour
geometry fundamentally influences which patients are mostly likely to benefit, although there
is currently no clear evidence that normal-tissue dose reduction actually improves patient
outcome. The Dutch health authorities accept the practice of using a normal tissue
complication probability (NTCP) model to select patients for proton therapy based on predicted
reduction of side effects. These model-based approaches, such as the one described by
Langendijk et al [360] could help improve patient selection and be incorporated into trial design
[361] but have recognised limitations. These include the need for dual planning which is time-
consuming, inability to account for individual prognostic or confounding factors and the need
for NTCP-models that have been developed in patients treated with photons to be validated

in those treated with protons before direct comparisons of toxicity rates [360].

Future work includes not only using Monte Carlo-based optimisation for a more accurate
representation of what is realistically achievable, but also assessing if an NTCP-model
predicts less toxicity using PBS protons in the SST cohort, as well as comparative studies with
advanced photon-based MR-Linac technology. These findings will form the basis for

prospective clinical trials.

My study of cell death mechanisms induced by high and low LET proton therapy compared to
XRT in NSCLC cell lines revealed differential lethality and biological consequences of these
distinct radiation qualities. High LET PBT most effectively inhibited colony formation and this
was done predominantly by senescence-induction through the p53-p21 pathway. The more
radiosensitive H2122 cell line showed more senescence following XRT that was augmented
further still following high LET PBT compared to the radioresistant A549 cell line. These results
support that response to radiation is biologically driven and allude to why individuals’
responses can vary quite significantly. ldentifying biomarkers of increased radiosensitivity to
PBT would improve selection of patients for this treatment. However, biomarker development

can be a long and iterative process.
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Based on my study, one approach would be to look for differentially expressed genes in these
cell lines before and after XRT and high and low LET PBT using RNA sequencing. Particular
attention would be paid to markers of senescence and key links between the different cell
death modalities, for example, changes in LKB1 and STING expression (as discussed in
chapter 5). Knowing that downregulated (but not absent) STING expression can be rescued
by LKB1 reconstitution (otherwise frequently inactivated in KRAS-driven lung cancers) and
that this is associated with PD-L1 receptor restoration [341], examining for differential changes
in STING expression in the context of senescence might elucidate the major mechanisms by
which increased lethality is achieved. Furthermore, this could be used to help identify which
cell lines are most likely to respond to high LET PBT in this manner and identify additional

biomarkers for cancers where PBT-enhanced immunotherapy is possible.

Another approach would be to focus on identifying biomarkers for impaired DNA repair
capacity, particularly those involved in complex clustered ssDNA break repair, which may be
the main mechanism of damage from high LET PBT, given no differential induction of dsDNA
repair mechanisms were observed in my study. This could be used to predict which patients

might benefit from specific DNA-repair inhibitors, in combination with PBT.

Collectively, these findings support the need to develop LET-based proton planning
optimisation and prompt future work to further elucidate precise mechanisms that result in
different cell death modalities and their impact on immunogenicity that will drive biologically

based clinical trials.

The incorporation of software programmes designed to automate analysis into healthcare
systems and proton radiotherapy for lung cancer treatment are two major broad themes that
will dominate research efforts in the immediate future. My novel methodology to estimate
survival outcomes for patients locally advanced NSCLC contributes to research efforts into
big data processing in oncology. From the gap analysis, critical gaps in lung proton therapy
research were identified and two of the work streams included in this thesis address two of
the major gaps: 1. the retrospective planning study in patients with SSTs forms part of the
work needed to help identify sub-groups within the locally advanced NSCLC group who might
benefit, but also highlighted the limitations of PBS protons; 2. my study of cell death
mechanisms in NSCLC cell lines following high and low LET protons contributes to the
international efforts for comprehensive analysis of the biological consequences of PBT in lung
cancer. Ultimately, multi-disciplinary inputs are essential to cover the huge scope of future

work still needed.
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Final Conclusions

Proton radiotherapy is likely to play a pivotal role in improving outcomes for patients with
locally advanced NSCLC. My retrospective planning study has highlighted the physical
dosimetric advantages of PBS protons and shown that robust plans are achievable in patients
with SSTs. My study of cell death mechanisms following XRT and PBT has demonstrated
biological advantages of high LET PBT. My methodology to determine outcome indicators
using routine data shows that it can be incorporated into an algorithm to reliably estimate
survival. Such Al applications will support the pace of evolving research in pre-clinical physics-

driven and radiobiology studies and will facilitate their translation into clinical trial designs.

With the advancement of proton radiotherapy technology, concerted global research efforts,
accumulating knowledge of proton radiobiology, supported by evolving Al infrastructures and
emerging immunotherapeutic agents, there are many promising treatment strategies that will
continue to be developed and every reason to be optimistic about the future of LA NSCLC

outcomes.
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Appendix 1. Lung Cancer Staging (AJCC 7" Ed)

TNM definitions

Tis Carcinoma in situ

T1 Tumour <3cm, surrounded by lung or visceral pleura, without bronchoscopic evidence of invasion
more proximal that the lobar bronchus

T2 Tumour more than 3cm but 7cm or less or tumour with any of the following features: involves
main bronchus, 2cm or more distal to the carina, invades visceral pleura; associated with
atelectasis or obstructive pneumonitis that extends to the hilar region but does not involve the
entire lung

T3 Tumour more than 7cm or one that directly invades any of the following: parietal pleura, chest
wall (including superior sulcus tumours), diaphragm, phrenic nerve, mediastinal pleural, parietal
pericardium; or tumour in the main bronchus less than 2cm distal to the carina but without
involvement of the carina; or associated atelectasis or obstructive pneumonitis of the entire lung
or separate tumour nodules(s) in the same lobe.

T4 Tumour of an size that invades any of the following: mediastinum, heart, great vessels, trachea,
recurrent laryngeal nerve, oesophagus, vertebral body, carina, separate tumour nodules (s) in a
different ipsilateral lobe

NO No regional lymph node metastases

N1 Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and intrapulmonary
nodes, including involvement by direct extension

N2 Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s)

N3 Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral scalene, or
supraclavicular lymph node(s)

MO No distant metastasis

Mla Separate tumour nodules(s) in a contralateral lobe, tumour with pleural nodules or malignant
pleural (or pericardial) effusion

M1b Distant metastasis (in extrathoracic organs)

Stage

1A Tla-1bNOMO

1B T2aNOMO

1A Tla-T2aN1MO
T2bNOMO

11B T2bN1MO
T3NOMO

1A T3N1MO
T1la-3N2MO
T4ANOMO

1B T4AN2MO
T1la-4N3MO

[\ Any T, any N, Mla-b
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Appendix 2. ICD-10 codes indicating primary site lung malignancies

ICD-10 codes indicating primary site lung malignancy
C34 Malignant neoplasm of bronchus or lung
C34.0 Main bronchus, Carina, Hilum of lung
C34.1 Upper lobe, bronchus or lung
C34.2 Middle lobe, bronchus or lung
C34.3 Lower lobe, bronchus or lung
C34.8 Overlapping lesion of bronchus and lung
C34.9 Malignant neoplasm of bronchus or lung, unspecified
C38 Malignant neoplasm of heart, mediastinum and pleura
C38.3 Malignant neoplasm of mediastinum, part unspecified
C38.4 Pleura
C38.8 Overlapping lesion of heart, mediastinum and pleura
C77.1 *Secondary & unspecified malignant neoplasm of intrathoracic lymph nodes
Additional indicator ICD-10 codes
R91 SAbnormal findings on diagnostic imaging of lung

*This code is included in the primary presentation list of codes as patients with locally
advanced NSCLC often have mediastinal lymph node disease. 8This code is used to denote
“coin lesions not otherwise specified” and “lung mass not otherwise specified” and whilst such
findings cannot confirm diagnosis, they are highly suggestive of lung malignancy and this is

often the first indication to clinicians that a patient may have a lung malignancy.
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Appendix 3. ICD-10 codes indicating secondary site malignancies or complications

from recurrent/ progressive/ metastatic disease

C77.0 Secondary & unspecified malignant neoplasm of lymph nodes of head, face & neck

Cr7.1 Secondary & unspecified malignant neoplasm of intrathoracic lymph nodes

C77.2 Secondary & unspecified malignant neoplasm of intra-abdominal lymph nodes

C77.3 Secondary & unspecified malignant neoplasm of axillary and upper limb lymph nodes

C77.4 Secondary & unspecified malignant neoplasm of inguinal and lower limb lymph nodes

C77.5 Secondary & unspecified malignant neoplasm of intrapelvic lymph nodes

C77.8 Secondary & unspecified malignant neoplasm of lymph nodes of multiple regions

C78.0 Secondary malignant neoplasm of lung

C78.1 Secondary malignant neoplasm of mediastinum

C78.2 Secondary malignant neoplasm of pleura; Malignant pleural effusion NOS

C78.3 secondary malignant neoplasm of other and unspecified respiratory organs

C78.6 Secondary malignant neoplasm of retroperitoneum & peritoneum

C79.0 Secondary malignant neoplasm of kidney & renal pelvis

C79.2 Secondary malignant neoplasm of skin

C79.3 Secondary malignant neoplasm of brain & cerebral meninges

C79.5 Secondary Malignant Neoplasm Of Bone And Bone Marrow

C79.7 Secondary malignant neoplasm of adrenal gland

C79.8 Secondary malignant neoplasm of other specified sites

C79.9 Secondary malignant neoplasm, unspecified site; Carcinomatosis (secondary); Disseminated
(secondary): cancer NOS, malignancy NOS; Generalized (secondary):cancer NOS, malignancy
NOS; Multiple secondary cancer NOS

ICD-10 codes indicating complications from disease

R91 SAbnormal findings on diagnostic imaging of lung

M50.1 Radiculopathy-Cervical

G54.0 Brachial plexus disorders

G55.0 Nerve root and plexus compressions in neoplastic disease

G95.2 Cord compression, unspecified

G83.4 Cauda equina syndrome

NOC (not otherwise classified). $This code is used to denote “coin lesions not otherwise

specified” and “lung mass not otherwise specified” and whilst such findings cannot confirm

diagnosis, they are highly suggestive of lung malignancy and this is often the first indication

to clinicians that a patient may have a lung malignancy.
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Appendix 4a. Table of OPCS codes identified for primary presentation & investigation.

Biopsy OPCS Codes

E59.1 Needle biopsy of lesion of lung

E59.3 Biopsy of lesion of lung NEC

T09.2 Open biopsy of lesion of pleura

T12.1 Drainage of lesion of pleura NEC

T12.3 Aspiration of pleural cavity

T87.4 Excision or biopsy of mediastinal lymph node
Y20.4 Fine needle aspiration NOC

Y21.1 Brush cytology of organ NOC

X55.1 Biopsy of lesion of unspecified organ

Other Diagnostic Procedure OPCS Codes

*Diagnostic fibreoptic endoscopic examination of lower respiratory tract and lavage of lesion of

E49.2 lower respiratory tract

E63.2 *Endobronchial ultrasound examination of mediastinum

E63.9 Unspecified diagnostic endoscopic examination of mediastinum
Y53.2 Approach to organ under ultrasonic control

Y74.4 Thoracoscopic video-assisted approach to thoracic cavity

Diagnostic Imaging OPCS Codes

U36.2 Positron emission tomography with computed tomography NEC

U26.1 Glomerular filtration rate testing

U05.1 Computed tomography of head

U21.2 AND

Y98.3 AND

792.4 Computed tomography NEC -Radiology of three body areas (or 20-40 minutes)- Chest NEC
U21.2 AND

Y98.3 AND

792.6 Computed tomography NEC -Radiology of three body areas (or 20-40 minutes)- Abdomen NEC
U21.2 AND

Y98.3 AND Computed tomography NEC -Radiology of three body areas (or 20-40 minutes)- Bone of pelvis
Z75.9 NEC

NEC (not elsewhere classified).NOC (not otherwise classified). 8Band numbers relating to the
chemotherapy are assigned for costing purposes and do not help identify tumour type or

origin, nor if the treatment is radical or palliative.
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Appendix 4b. Table of OPCS and ICD10 codes identifying primary management.

Radiotherapy OPCS Codes

X65.4 Delivery of a fraction of external beam radiotherapy NEC
Y92.1 Technical support for preparation for radiotherapy

X67.1 Preparation for intensity modulated radiation therapy
X67.7 Preparation for complex conformal radiotherapy

Y91.1 Megavoltage treatment for complex radiotherapy

Y91.4 Megavoltage treatment for adaptive radiotherapy

Chemotherapy OPCS Codes

Z51.1 Chemotherapy session for neoplasm

X70.3 SProcurement of drugs for chemotherapy for neoplasm for regimens in Band 3

Delivery of complex chemotherapy for neoplasm including prolonged infusional treatment at first
X72.1 attendance

X71.5 SProcurement of drugs for chemotherapy for neoplasm for regimens in Band 10
X71.1 $Procurement of drugs for chemotherapy for neoplasm for regimens in Band 6
X70.5 SProcurement of drugs for chemotherapy for neoplasm for regimens in Band 5

Interventional OPCS Codes

L76.9 Unspecified endovascular placement of stent
L79.3 Insertion of stent into vena cava NEC
T10.2 Endoscopic pleurodesis using talc

NEC (not elsewhere classified).NOC (not otherwise classified). $8Band numbers relating to the
chemotherapy are assigned for costing purposes and do not help identify tumour type or

origin, nor if the treatment is radical or palliative.
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Appendix 5a. Table of OPCS codes identified for recurrent, progressive or metastatic

disease presentation and investigation

Diagnostic Procedure OPCS Codes
E63.2 Endobronchial ultrasound examination of mediastinum
T87.4 Excision or biopsy of mediastinal lymph node
Y20.4 Fine needle aspiration NOC
Y53.2 Approach to organ under ultrasonic control
E59.1 Needle biopsy of lesion of lung
E63.9 Unspecified diagnostic endoscopic examination of mediastinum
T87.4 Excision or biopsy of mediastinal lymph node
E59.3 Biopsy of lesion of lung NEC
Y21.1 Brush cytology of organ NOC
Diagnostic fibreoptic endoscopic examination of lower respiratory tract and lavage of lesion of
E49.2 lower respiratory tract
T12.3 Aspiration of pleural cavity
T09.2 Open biopsy of lesion of pleura
Y21.1 Brush cytology of organ NOC
T12.1 Drainage of lesion of pleura NEC
Y74.4 Thoracoscopic video-assisted approach to thoracic cavity
X55.1 Biopsy of lesion of unspecified organ
Diagnostic Imaging OPCS Codes
U36.2 Positron emission tomography with computed tomography NEC
U26.1 Glomerular filtration rate testing
U21.1 AND
Z06.1 Magnetic resonance imaging NEC- Cervical spinal cord
U21.1 AND
Z06.2 Magnetic resonance imaging NEC- Thoracic spinal cord
U21.1 AND
799.2 Magnetic resonance imaging NEC- Intervertebral disc of thoracic spine
U21.1 AND
206.3 Magnetic resonance imaging NEC- Lumbar spinal cord
U05.1 Computed tomography of head
ul4.1 Nuclear bone scan of whole body
U21.2 AND
Y98.3 AND
792.4 Computed tomography NEC -Radiology of three body areas (or 20-40 minutes)- Chest NEC
U21.2 AND
Y98.3 AND
792.6 Computed tomography NEC -Radiology of three body areas (or 20-40 minutes)- Abdomen NEC
U21.2 AND
Y98.3 AND Computed tomography NEC -Radiology of three body areas (or 20-40 minutes)- Bone of pelvis
Z75.9 NEC

NEC (not elsewhere classified). NOC (not otherwise classified). $Band numbers relating to

the chemotherapy are assigned for costing purposes and do not help identify tumour type or

origin, nor if the treatment is radical or palliative. *Whilst “Preparation for intensity modulated

radiation therapy” implies complex radiotherapy that is usually delivered in the radical setting,

it is also used to code for SABR (stereotactic ablative radiotherapy), which can be a used for
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oligometastatic (single or few systemic metastases that are amenable to surgery or ablative

therapy) disease.
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Appendix 5b. Table of OPCS codes identifying secondary management.

Radiotherapy OPCS Codes

X65.4 Delivery of a fraction of external beam radiotherapy NEC

X67.5 Preparation for simple radiotherapy with imaging and simple calculation
Y91.2 Megavoltage treatment for simple radiotherapy

X67.1 Preparation for intensity modulated radiation therapy *

E59.5 Percutaneous radiofrequency ablation of lesion of lung

Chemotherapy OPCS Codes

Z51.1 Chemotherapy session for neoplasm

X70.3 SProcurement of drugs for chemotherapy for neoplasm for regimens in Band 3

Delivery of complex chemotherapy for neoplasm including prolonged infusional treatment at first
X72.1 attendance

X71.5 SProcurement of drugs for chemotherapy for neoplasm for regimens in Band 10
X73.1 Delivery of exclusively oral chemotherapy for neoplasm
X71.1 SProcurement of drugs for chemotherapy for neoplasm for regimens in Band 6

Interventional OPC Codes

L79.3 Insertion of stent into vena cava NEC
L76.9 Unspecified endovascular placement of stent
T10.2 Endoscopic pleurodesis using talc

NEC (not elsewhere classified).*Whilst “Preparation for intensity modulated radiation therapy”
implies complex radiotherapy that is usually delivered in the radical setting, it is also used to
code for SABR (stereotactic ablative radiotherapy), which can be a used for oligometastatic
(single or few systemic metastases that are amenable to surgery or ablative therapy) disease.
$Band numbers relating to the chemotherapy are assigned for costing purposes and do not

help identify tumour type or origin, nor if the treatment is radical or palliative.

Appendix 5: ECOG/ WHO Performance Status [54]

Score

0 Fully active, able to carry on all pre-disease performance without restriction

1 Restricted in physically strenuous activity, but ambulatory and able to carry out work of a light and
sedentary nature

2 Ambulatory and capable of all self-care but unable to carry out any work activities. Up and about more
than 50% of waking hours
Capable of only limited self-care, confined to bed or chair more than 50% of waking hours

4 Completely disabled. Cannot carry on any self-care. Totally confined to bed or chair
Dead

ECOG/ WHO Performance status is a graded score reflecting patients’ fitness. It is used by
clinicians to guide decisions on patients’ suitability for intensive radical treatment and their
prognosis. Patients with PS 0-1 are considered fit for radical treatment. There may be
exceptional cases where patients with PS2 are offered a radical dose of radiotherapy alone
but this is not standard practice and should be done with caution. It would not be appropriate
to offer radical treatment to patients with a PS of 3-4 and best supportive care is the mainstay

treatment for those patients[61].
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Appendix 6: Full published papers
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