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ABSTRACT

Outcomes after major surgery depend partly on patients’ physiological tolerance to
iatrogenic trauma. Objectively measured fitness assessments (cardiopulmonary exercise
testing; CPET) show a link between poor fitness and poor surgical outcome, especially in
major colorectal surgery. However evidence on fitness of surgical patients undergoing
neoadjuvant chemoradiotherapy (NACRT) and/or preoperative exercise training is lacking.
This thesis focuses on the physiological effects of NACRT and a preoperative structured
responsive exercise training programme (SRETP) on objectively measured physical fitness
using cardiopulmonary exercise testing, and the related effects on mitochondrial function
using 31-phosphorus magnetic resonance spectroscopy (**P MRS) in operable advanced
rectal cancer patients.

First, CPET variables (oxygen uptake (V 0,) at estimated lactate threshold (6 ) and at peak

exercise) were measured in advanced rectal cancer patients pre and post-NACRT and were

followed up to 1 year postoperatively. A reduction in V o,at 6 ,_and V o, at Peak exercise
was observed (-1.5 and -1.4 mlkg'.min? respectively; p<0.0001), both significantly
associated with in-hospital complications. This is the first direct evidence that the benefits of
NACRT in tumour downsizing may be partly offset by increased perioperative risk due to a

reduction in physical fitness.

A SRETP was then constructed, and a feasibility and tolerability study carried out. The
SRETP improved physical fitness within 6 weeks following NACRT (V o, at 6, +3.3
ml.kg™.min" and V o, Peak by +5.8 ml.kg’.min™), enough to reverse the deleterious effects

of NACRT. A 98% adherence proves the SRETP both feasible and tolerable, with no

adverse events encountered.

Next, locally advanced rectal cancer patients were recruited to an interventional pilot study
scheduled to undergo standardised NACRT and a 6-week SRETP (exercise group n=22) or a
control period (n=13). A significant benefit in Vo, at 6 _ of +2.12 ml.kg™.min™ (p<0.0001)
in the exercise group was observed. This study reinforces the benefits of prehabilitation with
exercise training to improve physical fitness after the deleterious effects of NACRT prior to

the added insult of major surgery.



Lastly, patients were randomized to the SRETP or to negative control after undergoing
standardized NACRT, serial measures of whole body fitness and in vivo mitochondrial

function by P MRS (measuring the rate constant of phosphocreatine recovery, ko).
Significant reductions in Vo, at 6 (-2.36 ml.kg™.min™) were observed with NACRT, after

which the SRETP improved fitness (V 0,at 6 . +3.85 ml.kg™.min™"). A significant reduction
in kpc, of -0.34 was found with NACRT, improved by +0.66 after SRETP.

These novel, clinically relevant findings show a significant decline in fitness with NACRT
in an advanced rectal cancer cohort, reversible by a tailored exercise intervention post-
NACRT. Concomitant changes in muscle mitochondrial function may account for this acute
loss in fitness. The improvement in mitochondrial function observed with exercise, might
indicate that a structured intervention immediately after NACRT is necessary to rescue and
reverse NACRT’s deleterious effect on mitochondrial function and fitness in this patient

cohort.
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CHAPTER 1 - Introduction and Thesis Overview

11 INTRODUCTION

This thesis reports the results of investigations into the effects of preoperative (heoadjuvant)
chemoradiotherapy (NACRT) and an exercise training programme (SRETP) on objectively
measured physical fitness (fitness and physical fitness are used interchangeably throughout
this thesis) in patients with locally advanced rectal cancer who are about to undergo major
elective oncological resection. It describes the impact of NACRT and SRETP on in vivo
mitochondrial function in human skeletal muscle using a non-invasive magnetic resonance

(MR) based approach.

Major abdominal surgery is associated with a substantial burden of postoperative morbidity
and mortality particularly in the elderly or those with significant co-morbidity. Large audits
in the United Kingdom reveal 30-day mortality rates of 5.6% for elective colorectal cancer
surgery (1). A recent study estimated that in the United Kingdom more than 4 million
surgical procedures are performed annually, 12.3% of which are performed on patients
classified as “high-risk” (expected mortality >5%) (2). These “high risk” patients can be
clearly identified by utilizing subjective (e.g. American Society of Anesthesiologists Scores
- ASA) or objective measures of physical fitness (e.g. cardiopulmonary exercise testing —
CPET). Patients deemed unfit on preoperative CPET are reliably linked to a higher
proportion of adverse postoperative surgical outcomes i.e. morbidity or mortality (3-5). This
group accounts for the large majority of the observed postoperative mortality (83.4%), and
also has a significantly longer hospital stay which is a surrogate marker of in-hospital
morbidity. Outcome after major surgery is dependent on both controllable factors, such as
the medical care received before, during and after surgery, as well as fixed factors, such as
the patient’s physiological ability to tolerate surgical trauma. Accurate perioperative risk
assessments allows the multidisciplinary team (MDT) to ensure appropriate modification of
patients’ preoperative status as well as optimising intra and postoperative management for
these high risk surgical patients. Therefore, the preoperative identification of patients unable
to withstand physiological trauma from neoadjuvant cancer treatments or major surgery

should be a priority.

In the United Kingdom colorectal cancer is the third commonest cause of cancer death (6,7).
In 2010, 33,218 new cases were registered (58 new cases per 100,000 men and 37 new cases
per 100,000 women), with 15,776 deaths (6,7). In 2012, of ~9000 patients diagnosed with



rectal cancer (35% above age of 75 years), 75% underwent major resection (8). Twenty-five
per cent of cases are locally advanced (TNM stage - T3/T4) cancers considered for NACRT
to control local disease, improve operability, achieve tumour downsizing and negative
resection margins (9-13). Only two trials suggest that rectal cancer patients with a lower
subjective performance status (WHO Score >1) have a worse postoperative outcome after
combined chemotherapy or chemo-radiation and surgery (14,15). It is therefore important to
understand quantitatively the impact of NACRT on general physical fitness and also its
clinical implications on surgical outcome. The mechanism of changing fitness with cancer
therapies is currently unknown and needs to be explored. Impairment of skeletal muscle
mitochondrial function will greatly affect muscle bioenergetics, decreasing the efficiency of
whole body exercise performance and potentially affecting overall patients’ capability in
dealing with surgical stress. Furthermore, other mechanisms e.g. cancer-induced cachexia,
cancer related fatigue, oxidative stress (16—18) (which causes muscle weakness and fatigue),
chemotherapy induced loss of muscle mass (19,20), reactive oxygen species (ROS) (21),
reduced antioxidant levels (22) and mitochondrial death (23) may be the cause of reduced

fitness.

Knowledge of the effects of cancer and cancer therapies on physical fitness and
mitochondrial function is critical in developing interventions to promote recovery of
physical fitness, especially as these effects may impair fitness for surgical intervention.
These issues will be addressed in subsequent chapters. To date there is no evidence linking
the deleterious effects of cancer therapies on physical fitness and surgical outcome, and there
is only some evidence showing that preoperative exercise training improves surgical
morbidity and mortality after major surgery. This present thesis originates from a study that |
led in 2009 whilst undergoing my surgical training in University Hospitals Aintree. This
consisted of a cohort of colonic surgical patients about to undergo major surgery. CPET was
in its infancy and | wanted to undertake a study which aimed to investigate any relationship
between short term in hospital surgical outcomes and objectively measured CPET variables
in these high risk patients. One hundred and ninety eight patients were recruited in this trial.
Selected CPET variables were found to be associated with postoperative morbidity and a
risk stratification model was developed. This trial led to further hypothesis generation
around the effects of neoadjuvant cancer therapies in colorectal cancer patients and novel
ways to counteract its effects. Hence this thesis consists of independent studies in which
objective measures of physical fitness (assessed by means of CPET) and in vivo
mitochondrial energetics (assessed by means of 31-Phosphorus Magnetic Resonance
Spectroscopy — *'P MRS) are utilised to derive quantitative measures of the impact of

NACRT and a preoperative exercise training programme on inter-related global physical
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fitness and mitochondrial muscle function. These studies will attempt to elucidate the
complex links between observed changes in whole body cardiopulmonary physiology and
muscle mitochondrial energetics in rectal cancer patients during NACRT and exercise
(Figure 1.1).

MUSCLE 0s £ €05 VENTILATION
ACTIVITY TRANSPORT (Va+ Vp = Ve)
PERIPH. PULM.
CIRC. CIRC.

Muscle

pyr —Lo¢c
CongP

Figure 1.1 — Gears represent the complex functional interdependence of physiological components
(musculoskeletal, cardiovascular and respiratory systems) resulting in physical fitness assessment (Wasserman
and colleagues).

Each study addresses important clinical issues which are largely unexplored in the literature.
Detailed physiological and pathophysiological background will be presented in Chapter 2,
whilst the rationale of each study will be presented in the individual chapters. An outline is

provided here to orientate the reader.
There are 4 major components presented in this thesis:

o The first study objectively defines changes in physical fitness after NACRT prior to
elective surgery for locally advanced rectal cancer. The study hypothesises that long-
course NACRT prior to elective surgery would impair physical fitness as objectively
assessed by CPET. Secondary aims include determining the relationship of CPET
variables (Oxygen uptake (V 0,) at estimated lactate threshold (6 ) and V 0, at Peak
exercise) to Day 5 postoperative in-hospital morbidity, 180-day morbidity and 1 year
mortality.

o The second study outlines the development of the iterative process around the

structured, responsive, exercise training programme (SRETP). It also reports the



evaluation of its feasibility, tolerability, safety and adherence amongst patients’
immediate post-NACRT and for the subsequent 6 weeks.

o The SRETP was then applied to a cohort of rectal cancer patients in the third study.
This is a consecutive, non-randomised, parallel group study to investigate the effects
of NACRT and a 6-week training programme or standard care (negative control) on
objectively measured physical fitness and surgical outcomes. Here the aim of this pre-
pilot study was to observe changes in physical fitness and their relationship to
postoperative outcome after a period of standard care (no intervention) or a 6-week
SRETP (structured intervention).

o In the fourth study, physiological methods of measuring physical fitness and
assessments of in vivo mitochondrial function were applied together in the same
cohort of patients. Here | describe the relationship between changes in physical fitness
and changes in mitochondrial function pre- and post-NACRT, as well as, after
randomization to standard care (no intervention) or a 6-week SRETP (structured
intervention). The main aim of this study is to identify the biochemical mechanism for
the observed changes in physical fitness.

1.2 GENERAL AIMS OF THIS RESEARCH

The aims of this current research work are:

1. To explore changes in physical fitness after NACRT prior to elective surgery for
locally advanced rectal cancer using objective CPET methodology, and to
subsequently attempt to establish a preliminary relationship between change in
fitness and postoperative morbidity and mortality (Day 5 postoperative in-hospital
morbidity, 180-day morbidity and 1 year mortality).

2. To develop a novel post-NACRT training protocol (SRETP) which is feasible, safe
and tolerable in the pre-operative period of this surgical population.

3. To explore the changes in physical fitness and surgical outcomes after a period of
SRETP or routine care (negative control) in a pre-pilot parallel group non-
randomized setting.

4. Finally, to apply *P MRS and CPET methods to study in vivo skeletal muscle
mitochondrial function and whole body physical fitness assessments in an attempt to
identify a biochemical mechanism for these changes in physical fitness using a

randomized controlled design (negative control vs. structured intervention).



1.3

ORGANIZATION OF THESIS CHAPTERS

This thesis is presented in 8 chapters.

Chapter 1: The present chapter - this briefly outlines the introduction, general aims
of this research, organisation of the chapters presented in this thesis, the setting of the
study and how these integrate into the National Health Service (NHS) colorectal
cancer care pathway.

Chapter 2: Background — Physiology and Pathophysiology — this chapter provides a
background of the appropriate theory and reviews the literature around all methods
and techniques used in this thesis.

Chapter 3: General Methods and Experimental Setup - this chapter provides a
description of the general experimental protocols, equipment set-up, as well as data
acquisition, interpretation and analysis of methods used i.e. Cardiopulmonary exercise
testing, the exercise training programme and *'P MRS.

Chapter 4: The Effect of NACRT on Physical Fitness and Morbidity in Rectal
Cancer Patients — this study explores the changes in objectively measured physical
fitness using CPET after NACRT in a cohort of locally advanced rectal cancer
patients. This study also explores the relationship between changes in physical fitness
and surgical outcome at 5, 180 and 365 days postoperatively. This addresses the novel
way of observing changes in physical fitness in this homogenous group of patients.
The physiological and clinical relevance of these observations are further discussed in
this chapter.

Chapter 5: Development of a Structured Responsive Exercise Training Programme
(SRETP) and Feasibility Study — this study details the iterative processes that led to
the development of the exercise training programme. Additionally, the feasibility and
tolerability of the SRETP is explored.

Chapter 6: Prehabilitation — A Pre-Pilot Parallel Group Controlled Study — this
study is designed to further define the effects of neoadjuvant chemoradiotherapy
(NACRT) and to pilot the SRETP derived in Chapter 5. This chapter specifically
focuses on a pre-pilot, non-randomised, parallel group controlled study investigating
the changes in objectively measured CPET derived variables and their relationship to
in-hospital morbidity.

Chapter 7: Effects of Neoadjuvant Chemoradiotherapy and a 6-Week Structured
Exercise Programme on In Vivo Mitochondrial Function — A Randomised

Controlled Study — this chapter specifically focuses on a randomised controlled study



investigating the effects of NACRT and SRETP on in vivo mitochondrial muscle

function and objectively measured physical fitness.

o Chapter 8: Summary, Conclusion and Future Work — this concluding chapter
presents a summary of results from each individual study and their implications to
clinical practice. The strengths and potential methodological limitations are also
addressed. The conclusions from the research work as well as future studies are

presented.

1.4 STUDY SETTING AND INTEGRATION INTO NHS CANCER PATHWAYS

This thesis deals with rectal cancer patients who are recruited from within NHS cancer care
pathways. This section is aimed to firstly acquaint the reader with both the previous (Figure
1.2) and current rectal cancer pathway (Figure 1.3) used at Aintree University Hospitals
NHS Foundation Trust (AUH is the hospital where these patients are recruited from), and
secondly, to illustrate the integration of the research investigations/interventions (presented

in Chapters 4 to 7) into the aforementioned NHS rectal cancer pathway (Figure 1.2 and 1.3).

During the course of my PhD work the standard cancer care pathway for locally advanced
rectal cancer was changed. Two main changes involved the re-staging scans which were
moved from week 7 to week 9 post-NACRT, and the surgery which was also moved from
week 9 to week 15 post-NACRT. These changes were undertaken to be in line with recently
published evidence illustrating the effects of delaying time of surgery for locally advanced
rectal cancer patients after neoadjuvant chemoradiotherapy (24-26). The rationale for the
timing for surgical intervention post-NACRT, as well as the radiobiological sense for using
NACRT will be discussed in Sections 2.3 and 2.4.

Figures 1.2 and 1.3 show the integration of research investigations and interventions
presented in Chapters 4-7. These do not alter the standard NHS cancer pathways. All
research investigations and interventions were specifically designed to fit around the
standard cancer pathway used at AUH, mainly utilizing the waiting times between standard
care investigations and the hiatus between end of NACRT and surgery. Ethical approval for
this project was granted by the Northwest Regional Ethics Committee on the 18" March
2011(REC Reference Number 11/H1002/12), and further favourable ethical approval was
given for two amendments on the 20™ June 2011 and 30" January 2012 (REC Reference
Number 11/H1002/12a and 11/H1002/12b).
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CHAPTER 2 - Background — Physiology and Pathophysiology

2.1 ANATOMY OF THE RECTUM

The rectum is continuous with the sigmoid colon at the level of the third sacral vertebra, the
junction being at the lower end of the sigmoid mesocolon. It descends along the
sacrococcygeal concavity, with an anteroposterior curve, then curves down and backwards,
and finally down and forwards to join the anal canal by passing through the pelvic
diaphragm. The adult rectum is 18-20cm in length and is divided into three equal parts: the
upper third, which is mobile and has a peritoneal covering; the middle third, which is the
widest part and is confined within the bony pelvis, covered by peritoneum only on the
anterior and part of the lateral surfaces; and the lowest third, which lies within the muscular
floor of the pelvis and has important relations to fascial layers (Figure 2.1).

Superior & Superior
rectal artery e . transverse
Middle rectal rectal fold
artery g Superior
/ rectal vein 1
% Middle
Obturator rectal vein
internus 2
Levator
al - Internal
Internal pudendal S0V % pudendal
artery 02, N vein
Inferior rectal N\ 3
aileiy N {_____ Inferior rectal
External anal vein
sphincter Internal rectal
venous plexus
Anal canal

‘\\\’/ External rectal

venous plexus

Figure 2.1 — Anatomy of the rectum; 1 — upper rectum, 2 — middle rectum; 3 — lower rectum

The lowest part of the rectum is separated from the prostate in front by a fascial
condensation called Denonvilliers’ fascia and from the coccyx and last two sacral vertebrae
behind by another fascial layer called Waldeyer’s fascia. These layers are surgically
important as they are a barrier to malignant penetration and are valuable guides at operation.
Blood supply of the rectum is mainly from the superior rectal artery which is a continuation

of the inferior mesenteric artery. This divides into anterior and posterior branches and is
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accompanied by lymphatics which are all kept applied to the back of the rectum by dense
mesorectal connective tissue. The lymphatic drainage of the mucosal lining of the rectum
interchanges freely with those of the muscular layers. They flow upwards (only to a limited
extent laterally and downwards). This is important in surgical excision of malighant disease

as the surgeon aims to achieve wide clearance of proximal lymph nodes.

2.2 ORIGIN OF CARCINOMA

Colorectal cancer is now thought to originate through a multistep process called the
adenoma-carcinoma sequence, a term that describes the stepwise progression from normal to
dysplastic epithelium to carcinoma associated with the accumulation of multiple clonally
selected genetic alterations (27). This concept provides an excellent model to study
precursor lesions and their transition into invasive cancer. 40% of the western population
will develop adenomatous polyps, but only 3% will go on to suffer from colorectal cancer.
The evidence supporting the adenoma-carcinoma sequence can be classified as
epidemiological, clinicopathological and genetic, with the most recent body of evidence
relating to molecular genetic events i.e. oncogenes, tumour suppressor genes and DNA
repair genes and their cellular effects i.e. methylation status and microsatellite instability
(27), however the origins and precursors of colorectal cancer are beyond the scope of this

thesis.

221 RECTAL CANCER

In the United Kingdom colorectal cancer is the third commonest cause of cancer death (6,7).
In 2010, 33,218 new cases were registered (58 new cases per 100,000 men and 37 new cases
per 100,000 women), with 15,776 deaths (6,7). In 2013, of ~9000 diagnosed with rectal
cancer (35% above age of 75 years), 75% underwent major resection (28). Twenty-five per
cent of cases are locally advanced (TNM stage - T3/4 N+) cancers considered for long-
course neoadjuvant chemoradiotherapy as these cancers are considered to threaten the
circumferential resection margins, which is associated with a poor prognosis (9-13,29).
Different types of histopathological variations exist with the most common being; well-
differentiated adenocarcinomas, moderately differentiated adenocarcinomas and poorly
differentiated adenocarcinomas. Rectal cancer can spread in 4 ways; local spread, lymphatic

spread, venous spread and peritoneal dissemination (30).
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Local spread: This occurs circumferentially rather than longitudinally. After the
muscular coat has been penetrated, the growth spreads into the surrounding
mesorectum, but is still limited by the perirectal fascia. If penetration occurs
anteriorly, the prostate, seminal vesicles or the bladder may become involved in the
male, whilst in a female, the vagina or the uterus may become invaded. In either sex,
with lateral extension, a ureter may become invaded, whilst posterior extension may
involve the sacrum or the sacral plexus.

Lymphatic spread: Rectal cancer above the peritoneal reflection spreads almost

exclusively upwards, whilst below that level to within 1-2cm of the anal orifice
lymphatic spread is still upwards, however pararectal lymph nodes of Gerota might
become involved. The exception to this rule is when the neoplasm lies within the
field of the middle rectal artery, i.e. between 4 and 8 cm from the anus, in which
case primary lateral spread along the lymphatics that accompany the middle rectal
vein might ensue. Metastasis at a higher level than the main trunk of the superior
rectal artery occurs late in the disease. A radical operation should ensure that the
highest lying lymph nodes are removed by ligation of the inferior mesenteric artery
and vein as close to their aortic origin as possible. Surgical technique is discussed in
Section 2.3.2.

Venous spread: Cancer spread via the venous system is a late phenomenon. The
principal sites for blood-borne metastasis are liver (34%), lungs (22%) and adrenals
(11%). The remainder is divided among remaining sites.

Peritoneal dissemination: This occurs following penetration of the peritoneal coat by

a high lying rectal cancer.

In 1932, the Dukes classification (Figure 2.2) was introduced to stage colorectal cancers
(31). This has been subsequently modified by Astler in 1954 (32). Dukes classified
carcinoma of the rectum into three stages, with the fourth added by Astler:

A
B

The growth is limited to the rectal wall. Prognosis is excellent.

The growth is extended to the extrarectal tissues, but no metastasis to the regional
lymph nodes. Prognosis is reasonable.

There are secondary deposits in the regional lymph nodes. These are subdivided into
C1, in which the local pararectal lymph nodes alone are involved, and C2, in which
the nodes accompanying the supplying blood vessels are implicated up to the point
of division. Prognosis is poor.

Widespread metastases.

13
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Figure 2.2 — Duke’s Classification of the three cardinal stages of colorectal cancer progression

The TNM (Tumour, Node, Metastasis) classification is now the gold standard staging tool
used by the Royal College of Pathologists (33); T-stage represents the extent of local spread
and there are four grades — T1 — 4, depending on whether the tumour is confined to the
mucosa or has penetrated the rectal wall. N-stage describes nodal involvement and M-stage

describes the presence of distant disease.

2.2.2 CLINICAL FEATURES

Signs and symptoms from rectal cancer are often considered insignificant and so patients
might not seek medical advice for some time. Bleeding is the earliest and most common
symptom. Tenesmus (a feeling of incomplete emptying) is a very important early symptom
which is almost invariably present in tumours of the lower half of the rectum. Alteration in
bowel habit is also a frequent symptom, with patients having a change in stool consistency
or habit of defecation. Pain is a late symptom, but pain of a colicky character may
accompany some degree of intestinal obstruction. Infiltration into prostate or bladder may
cause severe pain, as well as back pain or sciatica if sacral plexus infiltration occurs. Weight

loss and reduced appetite is suggestive of systemic disease.

2.3 MANAGEMENT OF LOCALLY ADVANCED RECTAL CANCER

Locally advanced rectal cancer is defined as tumours which are operable, non-metastatic,
T3/4 N+ rectal adenocarcinomas and threaten the circumferential resection margins (34).
The gold standard of treatment for this cancer type is neoadjuvant chemoradiotherapy

followed by definitive total mesorectal excision surgery (35,36).
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2.3.1 INVESTIGATIONS

Abdominal examination is negative in early cases, whilst the liver may become palpable
when metastases occur. In approximately 90% of cases, the tumour may be felt digitally.
Ulceration, raised and everted edges, together with induration is a frequent and unmistakable

finding.

A colonoscopy is required in all patients to exclude synchronous tumour and to obtain a
biopsy of the tumour for pathological assessment. Local and distant assessment of the
tumour is performed by computed tomography (CT) of the chest, abdomen and pelvis. This
is usually coupled with MRI of the pelvis. In recent years magnetic resonance imaging
(MRI) has emerged as the dominant method of pelvic imaging in rectal cancer (37,38). The
MDT is using MRI to better plan surgical resection and neoadjuvant treatments. With better
availability of neoadjuvant options, preoperative staging used to differentiate between good-
versus poor-prognosis tumours is very useful, as this translates into optimized outcomes
(39). The relationship between the tumour and the sphincter complex and the ability to
achieve clear radial and distal margins is key to success of rectal cancer surgery (37). MRI
offers superb soft tissue contrast between tumour and other soft tissues on T2-weighted MRI
(Figure 2.3) (40-44), while CT has difficulties in this regard (38,44).

Figure 2.3 — A T2-weighted sagital MR image of a male with rectal cancer. The image shows a typical
appearance of the tumour with raised rolled edges (white arrowheads). The lower black arrowhead is the point at
which the lower most edge of tumour can be measured to the anal verge and the height measured (white dotted

line)

15



2.3.2 SURGICAL TREATMENT

Radical excision of the rectum, together with the mesorectum and associated lymph nodes is
the mainstay of rectal cancer surgery (30). When the tumour appears to be locally advanced,
the administration of a course of preoperative radiotherapy or combination
chemoradiotherapy may reduce its size and make it more amenable to radical excision. This

will be reviewed in more detail in Section 2.4.

Patients who are unfit for radical surgery or have wide-spread metastases may still benefit
from a local procedure such as transanal excision, laser destruction or local radiation to
control symptoms; however this is outside the scope of this thesis and will not be discussed.
The main focus of this section is to discuss surgery for locally advanced rectal cancer
patients.

When a tumour appears to be locally advanced, the administration of neoadjuvant
(preoperative) radiotherapy or combined chemoradiotherapy has been shown to be beneficial
in preventing local recurrence. This will be discussed further in Section 2.4. When rectal
excision is possible, whenever feasible, the aim should be to restore gastrointestinal
continuity and continence by preserving the anal sphincter. A sphincter-saving operation
(anterior resection) is usually possible for tumours of the upper two-thirds of the rectum,
although removal of the rectum with a permanent colostomy (abdominoperineal excision) is
often required for tumours of the lower third of the rectum. The introduction of the stapling
gun has enabled many more of these patients to be treated by a sphincter-saving procedure.
Provided a minimum distal margin of clearance of 2 cm can be secured, it is safe to restore
gastrointestinal continuity. Because of the much wider degree of local spread by anaplastic
tumours and the high risk of local recurrence, it has been customary not to perform
restorative operations when these carcinomas are in the lower third of the rectum. However,
with the realisation that a preoperative biopsy is often inaccurate with respect to the degree
of histological differentiation, coupled with the more widespread use of preoperative and
postoperative radiotherapy, many more anaplastic lesions are being treated by sphincter-

saving procedures.

Low anterior resection (LAR) is now performed in least two-thirds of patients presenting
with carcinoma of the rectum. The principles of the operation involve radical excision of the
neoplasm, with at least a 2-cm margin of normal bowel below the lower edge of the tumour,
removal of all the mesorectum, i.e. total mesorectal excision (TME) (45) and high proximal

ligation of the inferior mesenteric lymphovascular pedicle. The plane of dissection follows
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the relatively avascular areolar plane, between the mesorectal fascia surrounding the
mesorectum and parietal tissues (Figure 2.4). This plane is usually terminated at the pelvic
floor, having dissected the mesorectum off the levator muscles. However, this plane of
dissection can be continued into the intersphincteric plane, with low anastomosis to restore
intestinal continuity. To produce uninvolved margins, the tumour must not extend to >1 mm
of the mesorectal fascia. If the tumour extends into the sphincter complex, then the
intersphincteric plane should be tumour-free and the tumour should not extend to within 1
mm of the outer border of the internal sphincter. This plane can be further extended distally
to perform an intersphincteric abdomino-perineal excision (APE) —essentially the same
plane as low AR, but intestinal continuity is not maintained. Once the rectum has been
mobilised adequately, it is removed, and the remaining bowel and rectal stump are washed
out proximally and distally. Restoration of continuity by direct end-to-end anastomosis
(manually or by stapling) must be carried out by a meticulous technique to reduce risks of

suture line breakdown.

Mesorectal
fascia

Levator
Insertion

4— Puborectalis
Intersphincteric and external

2 plane sphincter

Internal
sphincter

Figure 2.4 — A coronal diagram depicting the two anatomical levels (Level 1 and 2) of the distal rectum to help

define the surgical approach

The main indications for an extra-levator APE procedure are extension of tumour into or
beyond the levator muscles and/or tumour involving the intersphincteric plane plus or minus
the external anal sphincter. This operation is typically carried out in two phases and has been

well described by Holm and colleagues (46).
Finally a pelvic exenteration can be performed when extensive local invasion by a T4

tumour is found; however this is beyond the purpose of this thesis as all of the patients

recruited in Chapters 4 to 7 underwent LAR or APE procedures.
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2.4 EVIDENCE FOR UTILISING CANCER THERAPIES PRIOR TO
LOCALLY ADVANCED RECTAL CANCER SURGERY

In this next section | will attempt a summary of the evidence for utilizing neoadjuvant cancer
treatment prior to major rectal cancer surgery. In the 2012 National Bowel Cancer Audit (8),
4684 patients were diagnosed with rectal cancer and had major surgery, of which 24.2% had
neoadjuvant long-course radiotherapy and 14.8% had neoadjuvant short-course
radiotherapy. 7.9% had a positive circumferential resection margin (assuming all missing
values were negative). The effectiveness of any form of preoperative therapy is dependent
on the subsequent quality of surgery. As described in 2.3.2, TME is now the accepted
standard resection for most rectal cancers, whilst an APE may be required for lower rectal
tumours. The value of neoadjuvant therapy for low rectal tumours is debatable at present and

requires further evaluation.

The gains in local control from preoperative radiotherapy are well established (47,48) but
this needs to be balanced against the significant late effects in terms of sexual, urinary and
bowel dysfunction and also the potential risk of second malignancies. Although preoperative
chemoradiotherapy and Short-Course Preoperative Radiotherapy (SCPRT) are widely used
to reduce the risks of local recurrence over surgery alone, and have similar biological
equivalent radiation doses, there is uncertainty over which schedule to use in which
particular clinical setting. SCPRT is a brief (typically 5 days) treatment with high dose
radiotherapy. Short term side effects are minimal though there is some risk from long-term
morbidity. Chemoradiotherapy involves a protracted (minimum of 5 weeks) course of
radiotherapy with concomitant chemotherapy. Short term side effects are more marked and
although long term effects do occur, there are less published data to establish their extent.
Since this section only addresses preoperative and not postoperative therapy, the results of
the large MRC CRO7/NCIC-CTG CO016 trial (49) of preoperative radiotherapy versus
selective postoperative chemoradiotherapy in patients with rectal cancer are not considered

in this evidence review.

Three systematic literature searches were conducted to look for available evidence. These
are presented in Appendix 1 and 2. The literature search found in Appendix 1 relate to
Sections 2.4.1 and 2.4.2, whereas the literature search found in Appendix 2 relate to Section
2.4.3.
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24.1 PREOPERATIVE RADIOTHERAPY VERSUS SURGERY ALONE FOR
OPERABLE RECTAL CANCER

The evidence for this comparison comprised a systematic review (47) and data from long
term follow-up of randomised trials (48,50,51). In addition there was a systematic review
(52) which addressed the late adverse effects of preoperative (and postoperative)
radiotherapy (RT) in patients treated for rectal cancer.

Wong et al. (47) calculated pooled hazards ratios (HR) for overall survival from fourteen
studies (HR: 0.93 [95%CIl. 0.87-1.0] (p=0.04)). They conclude that short-course
preoperative RT was superior to surgery alone; however this could not be replicated using
individual patient data. Long term data from the Dutch TME trial also found no significant
difference in the rate of overall survival between patients who had SCPRT compared with
those patients who had surgery alone (64.2% versus 63.5%) (51).

Pooled data for disease-specific survival indicated an advantage of SCPRT in improving
disease-free survival (HR: 0.87 [95%CI: 0.78-0.98] (p=0.02)) but there was high
heterogeneity between studies so the results may not be reliable. The data for local
recurrence were highly heterogeneous and were not appropriate for pooling. However, an
overall reduction in the rate of second malignancies was in favour of SCPRT (HR: 0.89
[95%CI: 0.82-0.97] (p<0.001). The most common side effect of preoperative RT is
diarrhoea (20%) (47) and patients in the surgery only group experienced more post-surgical

toxicity.

Peeters et al. (51) analysed long term data from the Dutch TME trial and found no
significant difference in the rate of overall survival between patients who had preoperative
RT compared with those patients who had surgery only (64.2% versus 63.5%). They also
found no significant difference in 5 year cancer specific survival in irradiated versus non-
irradiated patients (75.4% versus 72.4%). However, there was a 49% reduction in local
disease recurrence (p<0.001) for irradiated patients but no significant difference in the rate
of distant recurrence after 5 years of follow-up. Quality of life comparisons showed a non-
significant trend towards worse outcomes in irradiated patients. There was more scarring of
the anal sphincters in this group (33%) when compared with the non-irradiated group (13%)
and most also suffered some a degree of incontinence. The maximum resting and squeezing
pressures were significantly lower in the irradiated group (47). Birgisson et al. (50) observed
an increased risk of infections among irradiated patients during the first 6 months after
treatment (RR: 7.67 (95%CI: 1.76-33.39)) and similarly in gastrointestinal diagnoses (RR:
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2.57 (95%CI: 1.55-4.26)). There was an increase in the risk of non-specific infections (n=10;
RR: 8.06 (95%CI: 1.02-63.69) in the irradiated group although the risk of cardiac arrhythmia
was reduced (RR: 0.57 (95%CI: 0.36-0.91). In relation to gastrointestinal diagnoses,
increased relative risk was observed in irradiated patients for bowel obstruction, nausea and
non-specific abdominal pain whereas the risk for inguinal hernia was lower. This systematic

review was the first to collate outcomes post-radiotherapy and rectal cancer surgery.

24.2 PREOPERATIVE CHEMORADIOTHERAPY VERSUS PREOPERATIVE
RADIOTHERAPY FOR OPERABLE RECTAL CANCER

Evidence for this comparison arises from four papers (53-56) which report different
outcomes from the same trial comparing conventionally fractionated neoadjuvant
chemoradiotherapy (NACRT) with SCPRT. Patients were randomised to receive either
preoperative 5.5 Gy irradiation with subsequent TME performed within 7 days or NACRT
(50.4 Gy, 1.8 Gy per fraction plus bolus 5-fluorouracil and leucovorin) followed by TME

after 4— 6 weeks.

Bujko et al. (53) reported no significant difference in the rate of 4 year survival (HR: 1.01
(95%CI: 0.69- 1.48) or 4 year disease free survival (HR: 0.96 (95%CI: 0.69-1.35) between
patients having received NACRT compared with RT. There was also no significant
difference in the 4 year incidence of local recurrence (HR: 0.65 (95%CI: 0.32-1.28), the
crude incidence of distant metastases, late toxicity (RR: 1.05 (95%ClI: 0.72-1.53) or late
severe toxicity (RR: 1.43 (95%CI: 0.67-3.07). The same authors in 2004 (54) found no
significant difference in the rate of sphincter preservation between patients having had RT
and those having NACRT (61% versus 58%), whilst in 2005 (55) they found no significant
difference in the rate of postoperative complications or severe complications, including
death. Unfortunately, as this was not the primary outcome of the trial, the study was

underpowered to have detected a difference between the interventions had one existed.

Pietrzak et al. (56) specifically addressed quality of life (QoL) and observed no significant
difference in the mean scores for the global health/quality of life status (p=0.22) or for
anorectal and sexual function in patients having had NACRT or RT. Approximately two-
thirds of patients complained of faecal and gas incontinence, urgency and inability to
differentiate between stool and gas. Approximately two-thirds of respondents stated that the
disturbances in anorectal function had a negative impact on their QoL, with approximately

20% stating the impact was considerable. There was no significant difference between the
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two groups in relation to the impact on sexual function (p=0.56 for males; p=0.10 for

females).

Fiorica et al. (57) presented a systematic review and meta-analysis of long term follow-up
data from seven trials, including one abstract, comparing NACRT and preoperative RT in
patients with resectable rectal cancer. The conclusions of the study were that the addition of
chemotherapy to preoperative radiotherapy reduced the risk of local recurrence (RR: 1.05;
95%Cl: 1.01- 1.10; p=0.02) but did not improve overall survival (RR: 1.02; 95%CI: 0.94-
1.09; p=0.68) or the risk of distant metastases (RR: 0.97; 95%CI: 0.93-1.02; p=0.21).
Treatment-associated toxicity was also higher with NACRT.

24.3 PREOPERATIVE RADIOTHERAPY OR PREOPERATIVE
CHEMORADIOTHERAPY IN LOCALLY ADVANCED RECTAL CANCER
VERSUS IMMEDIATE SURGERY

This section deals with a large volume of evidence which addresses the issue of preoperative
treatment (radiotherapy or chemoradiotherapy) versus immediate surgery in locally
advanced, high risk rectal cancer patients. In relation to preoperative NACRT versus
preoperative RT alone, two Cochrane reviews (58,59) were available along with a number of
randomised trials. In relation to preoperative chemoradiotherapy versus surgery alone there
were a number of case series studies available. One Cochrane review (47) was available to
provide evidence for preoperative radiotherapy versus surgery alone, which was already

discussed in Section 2.4.1.

There was no evidence available to address the issue of preoperative chemotherapy versus
surgery alone, nor were there any studies comparing preoperative chemotherapy with

preoperative radiotherapy for patients with locally advanced rectal cancer.

2.4.3.1 PREOPERATIVE CHEMORADIOTHERAPY VERSUS PREOPERATIVE
RADIOTHERAPY ALONE

Two Cochrane reviews specifically reviewing this topic found no significant differences
between the two treatment groups in terms of overall survival (pooled odds ratio, 1.01; 95%
Cl, 0.85-1.20, p=0.88 (59) and odds ratio, 0.79-1.14, p=0.58 (58)) at five years. However, a

more clinically relevant and significant difference in the rates of local recurrence at 5 years
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was observed for patients in the RT group compared to patients in the NACRT group (OR
0.39-0.72, p<0.00001 (58) and OR 0.56, 95% CI 0.42-0.75, p<0.0001 (59)). Using data from
2 randomised controlled studies, De Caluwe et al. (58) reported no significant difference in
5-year disease free survival between the radiotherapy and chemoradiotherapy groups (OR
0.92-1.34, p=0.27). Pooled analysis from the same Cochrane review showed a significant
difference in pathological complete response in favour of NACRT with an OR of 2.12-5.84,
p<0.00001. Pooled analysis by McCarthy et al (59) showed significantly higher rates of
grade HI/1V toxicity in the NACRT group (OR 3.96, 95%CI 3.03-5.17, p<0.000001). This
was confirmed by the updated review by De Caluwe et al. (58) (OR 1.68-10, p=0.002);
although a limitation of this review is the significant heterogeneity found on data pooling
from the two reviews. The increased toxicity reported marginally affected postoperative
overall morbidity (OR 0.67-1.00, p=0.05), whilst it did not affect postoperative mortality and
anastomotic leak rates.

2.4.3.2 PREOPERATIVE CHEMORADIOTHERAPY VERSUS [IMMEDIATE
SURGERY

For this comparison, there was little evidence available. Evidence was drawn from a small
number of case series, both prospective and retrospective. Patient numbers in these studies
were relatively small and this was considered to be a major limitation. Chessin et al. (60)
showed no significant difference in either overall survival (p=0.09) or relapse free survival
(p=0.10) between patients experiencing major complications and those with no
complications. From a second case series, Coco et al. (61) observed that the actuarial overall
survival at 5 years was 75.5%, 7 year survival was 67.8% and 10 year survival was 60.4%;
actuarial cancer-related survival at 5 years was 77.9%, at 7 years was 70% and at 10 years
was 65.8%. Mermershtain et al. (62) reported a 5-year overall survival of 70% and 8-year
overall survival of 58% in a retrospective case series of 30 people. In a retrospective case
series of 43 patients, Twu et al. (63) compared patients that responded to chemoradiotherapy
with patients that did not respond and found no significant difference between the two
groups in relation to overall survival, though a significant difference in local recurrence rate
was observed in favour of the patients responding to NACRT (p=0.002). They also observed
that disease-free survival was higher in the group of patients responding to NACRT

compared with those patients not responding to NACRT (p=0.06).

The largest retrospective review of 390 patients treated for rectal cancer presenting with T3

or T4 disease and/or involved lymph nodes receiving neoadjuvant chemoradiotherapy (5’-

22



FU) before TME compared patients with T1 and T2 disease with no suspicion of involved
nodes received TME directly. Time to death, local or distant recurrence was not significantly
different between groups but the prognosis was more unfavourable for those patients who

had positive nodes regardless of group (64).

Most retrospective case-series (62,63,65) observed pathological complete response rates of
12-13% in patients treated with NACRT.

2.4.3.3 CHEMORADIOTHERAPY UTILISING CAPECITABINE

5-Fluorouracil (5-FU) is a fluorinated analogue of uracil that has been commercially
available since 1957. 5-FU’s molecular activity is quite complex, showing interference with
DNA synthesis and mRNA translation. 5-FU is transformed to 5-fluorodeoxyuridine by the
action of thymidine phosphorylase. This then binds to thymidylate synthetase and to
tetrahydrofolate, forming a stable complex which prevents the formation of thymidine from
thymine. Finally DNA synthesis is blocked leading to cell death (66). Because of its
unpredictable gastrointestinal absorption and degradation 5-FU must be administered
intravenously. The drawbacks of continuous infusions are hospital and/or home health costs,
infection risk, and patient burden. To overcome these disadvantages whilst preserving the
benefits of continuous-infusion doses, and oral pro-drug was developed. Capecitabine is a
carbonated derivative of doxifluoridine (5’-DFUR) that is absorbed via the intestine in pro-
drug form. This is then activated both in the tumour and in normal tissues, however the
converting enzyme thymidine phosphorylase is found in higher concentrations in most
tumour tissues than in normal tissues, hence allows for the theoretical advantage of

Capecitabine to have a selective activation within the tumour with a lower systemic toxicity.

Numerous phase Il trials with a total of 953 patients, all with similar inclusion/exclusion
criteria, were found (14,67-83). All studies reported grade I11/1V toxicity. This was observed
in 27% (260/953) of patients (range 0-34.5%). The most commonly reported toxicity was
diarrhoea; other reported toxicities included anaemia, radiation dermatitis and
leucocytopenia. Sphincter preservation rate was reported in all studies and ranged from 33%
to 84% (mean 62%). Pathological complete response rate was 17.1% (range 9.1-26%),
whilst tumour and node down staging was 59.2% (range 32-84%). All studies conclude that
neoadjuvant Capecitabine and radiation therapy is better tolerated than bolus 5-FU and is

more effective in the promotion of both down-staging and sphincter preservation in patients
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with locally advanced rectal cancer. Capecitabine was also shown to be more cost-effective

than other standard intra-venous treatments.

I conducted a literature search (Appendix 3) looking specifically for an association between
preoperative markers of physical fitness and surgical outcome in gastrointestinal cancer
patients treated with RT or NACRT undergoing surgical interventions. Interestingly, only
Swellengrebel et al. (14) and Cunningham et al. (84) comment on the association of poor
preoperative World Health Organisation (WHOQO) performance status and surgical
complications. Swellengrebel et al. observed that a poor WHO performance status (>2 at
diagnosis) and the extent of surgery in locally advanced rectal cancer patients were
associated with postoperative complications. They make inferences to the role of baseline
physical fitness on surgical outcome and wound healing. Cunningham et al. also observed an
association between WHO performance status and death following neoadjuvant
chemotherapy in operable gastro-oesophageal cancer patients. Although this did not reach
statistical significance, they demonstrate that less fit patients (WHO PS >1) may receive less
benefit from NAC than fitter patients.

244 CHEMORADIOTHERAPY REGIME USED LOCALLY

All patients recruited to the studies presented in this thesis were recruited from Aintree
University Hospitals NHS Foundation Trust, via the colorectal MDT. All patients received
their neoadjuvant chemoradiotherapy at the Clatterbridge Cancer Centre, Wirral, UK, under
the supervision of one medical oncologist (RS — acknowledged). All recruited patients
received a standardised NACRT regime. This was kept constant for all recruited patients, in
an attempt to obtain a homogenous patient sample and to remove any potential treatment
bias. Patients receiving non-standard NACRT were excluded from the results presented in
this thesis.

Preoperative radiotherapy consisted of 45 Gy in 25 fractions on weekdays using a three-
dimensional conformal technique with CT guidance. Patients were treated prone (on a belly-
board) to spare small bowel, with a comfortably full bladder. The clinical target volume
included the primary tumour, the mesorectum and mesorectal lymph nodes, including the
perirectal, presacral and internal iliac nodes. The upper radiation extent was 3 cm above the
tumour but no further than the sacral promontory. The perineum was included if an APE was
planned, while for LAR the lower radiation border was 3 cm below the tumour. A boost

dose was given (5.4 Gy in 3 fractions) to the primary tumour only. 825 mg.m? oral
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capecitabine was given twice daily on radiotherapy days. No patients received
brachytherapy. Patients recruited in Chapter 4 had their surgery planned on the 9" week
post-NACRT, whilst patients recruited in Chapters 5-7 had their surgery planned on the 15"
week post-NACRT.

2.5 MEASURES OF SURGICAL RISK AND PREOPERATIVE FITNESS FOR
SURGERY

Major abdominal surgery is associated with a substantial burden of postoperative morbidity
and mortality particularly in elderly patients and those with co-morbidities. The 2012 the
UK National Bowel Cancer audit documented 90-day mortality rates of 3.8% for elective
colon cancer surgery, 4% for recto-sigmoid cancer and 2.5% for elective rectal cancer
surgery (8). When considering emergency surgery this increased to 13.4% for colonic cancer
patients and 13.9% for rectal cancer patients. Approximately 4 million surgical procedures
are performed annually in the UK, 12.3% of which are performed on patients classified as
“high-risk” (expected mortality >5%) (2,85). In this analysis, the “high-risk” group
accounted for the majority of postoperative mortality (83.4%), and had a significantly longer
hospital stay and therefore increased resource usage. These high risk individuals need to be
risk-assessed preoperatively and have their perioperative management tailored so as to

reduce avoidable surgical morbidity and mortality.

Outcomes after major surgery are dependent on modifiable factors, such as the medical care
received before, during and after surgery, as well as more fixed factors, such as the patient’s
physiological tolerance of surgical trauma. Accurate risk prediction allows the
multidisciplinary team to ensure appropriate modification of patients’ preoperative status as
well as optimising intra- and postoperative management for high-risk surgical patients. Such
risk prediction also facilitates the most efficient use of scarce resources (e.g. intensive care
beds). Importantly, better risk pred