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Abstract

The incidence of oesophageal adenocarcinoma (OAC) has rapidly increased, and its prognosis remains
poor. Barrett’s oesophagus (BO) is considered the precursor to OAC, however, BO is not apparent
adjacent to tumour in nearly half of OAC patients. We have previously demonstrated that patients
with BO-adjacent tumours (BO+ve OAC phenotype) have a favourable prognosis compared to those
without evidence of BO adjacent to the tumour (BO-ve OAC phenotype). It has been suggested
that the BO-ve OAC tumour phenotype may arise independently of BO. Recent experimental and
computational studies show that all OACs likely arise from BO, even if this precursor lesion is not
histologically apparent adjacent to the tumour. However, there is a lack of consolidated clinical,
epidemiological and molecular data to examine this question.

In this thesis, I used orthogonal approaches to examine the overlap between the BO+ve OAC and
BO-ve OAC phenotypes and explain the aetiology and the observed altered prognosis. To achieve
this, I assembled a large cohort (n=4,695) comprising BO+ve OAC cases (n=1,235), BO-ve OAC
cases (n= 880), OAC cases with an unascertainable BO status (BO(?) OAC; n= 985), cancer-free
BO cases (n=1,091) and reflux controls (n=554). A subset of the OAC cases (n=950) with available
clinical, epidemiological and whole-genome sequencing data was also examined.

There was little to no association between most of the 34 clinical and epidemiological factors
and the OAC phenotypes. Weak associations were observed for cigarette smoking and gender with
self-reported ever-smoking and female cases being more likely in the BO-ve OAC phenotype group
relative to the BO+ve OAC phenotype group. However, tumour stage, lymph node spread and
metastasis (TNM) was strongly associated with increased risk of BO-ve OAC. Higher TNM stage was
strongly correlated with BO-ve OAC with an adjusted odds ratio of 2.4 (95% CI:1.8-3.3), 2.9 (95%
CI:2.2-3.9) and 3.2 (95% CI: 1.7-5.9) for stages II, III and IV, compared to stage I. The improved
survival associated with BO+ve OAC persisted in survival analyses adjusted for the tumour stage and
location as well as the effects of smoking, obesity and heartburn (adjusted hazard ratio=0.88, 95%
CI: 0.77-0.95, p=0.015). Of note, the BO-ve OAC phenotype was reported for 21 OAC cases with a
history of undergoing endoscopic surveillance for BO.

Seven different types of genomic alterations were examined in relation to the OAC phenotypes.
BO+ve OAC tumours had a slightly higher tumour mutation load relative to BO-ve OAC tumours,
which was not explained by the effects of ageing and cigarette smoking. There were no differences
in the distribution of driver gene alterations, frequency of whole-genome doubling events, or rates
of aneuploidy between the OAC phenotypes. Similarly, the prevalence of complex events such as
breakage-fusion-bridges and extrachromosomal DNA did not differ according to OAC phenotype.
Importantly, signature 17, which is shown to be preserved across the BO-OAC continuum, was
equally enriched among the BO+ve OAC and BO-ve OAC tumours.

This thesis presents the first comprehensive evaluation of epidemiological, clinical and molecular
factors between the two defined OAC phenotypes. While certain epidemiological factors differ
between the phenotypes, they do not explain the observed prognostic difference. The genomic
landscapes of these tumour phenotypes were remarkably similar. Taken together, it is likely that
all OACs arise from BO even if this precursor lesion is no longer apparent at the time of diagnosis
or resection pathology. The advanced-stage tumours suggest that the precursor lesion is overgrown
in BO-ve OACs. This work contributes evidence for screening strategies focused on identifying
individuals with BO to reduce the public health burden of OAC.
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Chapter 1

Introduction

1.1 Overview of oesophageal cancer

Oesophageal cancer is the seventh most common cancer type and the sixth leading cause
of cancer-associated mortality worldwide (Bray et al., 2018; Smyth et al., 2017). The two
main histological subtypes of this cancer include oesophageal squamous cell carcinoma
(OSCC), which generally occurs in the proximal and middle segments of the oesophagus, and
oesophageal adenocarcinoma (OAC), which typically develops near the gastro-oesophageal
junction (Pennathur et al., 2013). Globally, OSCC is the predominant subtype with the
highest incidence seen along the two so-called oesophageal cancer belts, one that stretches
from central China to northern Iran and one from eastern to southern Africa (Abnet et
al., 2018). The incidence of OAC has dramatically increased (>6-fold) over the past five
decades, especially among men, and is now the most common subtype of oesophageal cancer
diagnosed in the United Kingdom, the United States and most Western populations (Coleman
et al., 2018). While the incidence of OSCC is projected to decline, the number of new OAC
cases is expected to continue to rise (Arnold et al., 2017; Offman et al., 2018). Despite their
distinct biology and epidemiology, the aggressive nature of these tumour subtypes coupled
with advanced-stage presentation leads to a poor prognosis with less than 20% of patients
surviving beyond five years after diagnosis (Gavin et al., 2012). This thesis will focus on
OAC within the geographic scope of the United Kingdom (UK).
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1.2 Epidemiology and overview of oesophageal
adenocarcinoma

In the UK, the incidence of OAC increased by more than five-fold between 1971 to 2009
(Edgren et al., 2013). Recent studies estimate a total of 6,562 new cases were diagnosed in
2018 which is expected to grow to about 8,600 cases per year by 2030 (Arnold et al., 2017,
2020). This incidence is among the highest in the world and is predicted to be exceeded only
by The Netherlands. There is a striking male predominance in the incidence of OAC with a
male-to-female ratio of 6:1 and as high as 9:1 in North America (Xie & Lagergren, 2016;
Xie et al., 2016). The reasons for this difference are not fully understood but likely involve a
complex interaction between environmental, hormonal and host factors. Furthermore, the
incidence of OAC is highest among individuals with European/white ancestry compared
to other racial and ethnic groups. For example, the incidence of OAC is five times greater
among non-Hispanic white men relative to Black men in the US (Cook et al., 2009). Similar
to most other epithelial cancers, the incidence of OAC increases with age such that 99% of
cases occur among individuals over the age of 40 in most Western countries (Edgren et al.,
2013). Between 2001-2009 in England, the mean age at diagnosis remained stable at 68
years old (Gajperia et al., 2009).

Patients with OAC typically present with swallowing difficulties referred to as dysphagia,
and significant weight loss. Other symptoms may include odynophagia (pain on swallowing),
worsening heartburn and anaemia. When patients present with these so-called “alarm
symptoms” an oesophagogastroduodenoscopy (OGD) procedure with biopsies is indicated to
make a diagnosis. A histopathological diagnosis is essential to confirm whether the tumour
is OAC or OSCC and to determine the grade of differentiation, meaning the extent to which
the tissue architecture is preserved, graded as well, moderate or poor. Subsequently, tumour
staging is performed to determine the extent of the tumour. Tumours are assessed for the
depth of invasion through the walls of the oesophagus (T stage), lymph node involvement
(N stage) and distant metastatic spread to more distant lymph nodes or other organs (M
stage) (Figure 1.1). These individual stages are then combined into an overall staging (Table
1.1) according to the International Cancer Control (UICC) Tumour, Nodes and Metastases
(TNM) Guidelines which is the same methodology as the Eighth Edition of the American
Joint Committee on Cancer (AJCC) staging manual (Rice et al., 2017).
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Figure 1.1 – Depiction of tumour, node and metastasis stages (adapted from Rice et al., 2017). Tumour 
(T) stage is determined by the extent of tumour invasion as shown using Tis-T4b. Lymph node 
involvement (N) is measured according to the number of nodes with metastasis as defined by N0-N3. 
The presence of distant metastasis (M) is denoted using M1. Abbreviations: HGD, high-grade dysplasia. 

 

 
 
 
Table 1.1 – TNM staging of oesophageal adenocarcinoma. Stages are defined according to the eighth 
edition of the AJCC/UICC cancer staging manual.  

 N0 N1 N2 N3 M1 
T1 I IIA IVA IVA IVB 
T2 IIB III IVA IVA IVB 
T3 III III IVA IVA IVB 

T4a III III IVA IVA IVB 
T4b IVA IVA IVA IVA IVB 
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Tumour stage and grade are strongly associated with survival. An analysis from the
Northern Ireland Cancer Registry demonstrated that patients with stage I tumours had a five-
year survival rate of 80.5%, while patients with stage II, III, and IV tumours had lower survival
rates of 45.1%, 17.6%, and 2.1%, respectively (Coleman et al., 2018). Further, staging is used
to guide the treatment and management of OAC. Stage I or earlier-stage tumours are generally
resected using endoscopic procedures such as endoscopic mucosal or submucosal resection.
Patients with stage II or III typically receive neoadjuvant chemotherapy and/or radiotherapy
followed by oesophagectomy which is then often followed by further chemotherapy. At
advanced stage IV with metastases, palliative chemotherapy or best supportive care are used
to manage symptoms and prolong life. Increasingly targeted therapies are being offered in
the palliative setting for patients over-expressing growth factors such as HER-2 or the PD-L1
receptor which is an indication for immunotherapy (Smyth et al., 2017).
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1.3 Epidemiology and overview of Barrett’s oesophagus

Barrett’s oesophagus (BO) is considered the precursor to OAC and is named after Norman
Rupert Barrett, a surgeon who described the condition in the 1950s (Barrett, 1950). Given the
poor outcomes associated with OAC, there has been considerable interest in characterising the
epidemiology of BO in order to better identify those at risk of OAC and improve outcomes.
However, the population prevalence of BO remains largely unknown because most individuals
with heartburn are not offered an endoscopy and some individuals may have silent reflux,
meaning that they do not experience heartburn and so again do not receive an endoscopy
(Fitzgerald et al., 2001). Few studies have quantified the prevalence of BO in unselected
populations and the estimated prevalence ranges from 0.5% to 1.6% in the general population
(Cameron et al., 1990; Ronkainen et al., 2005; Zagari et al., 2008). Not unexpectedly, the
prevalence of BO in selected groups such as those undergoing endoscopy is estimated to
be higher at 10-15% (Qumseya et al., 2019; Westhoff et al., 2005). Given the substantial
number of undiagnosed BO cases, the incidence of BO may not be accurately estimated. The
best possible estimates are based on data from gastroenterology clinics and should be viewed
as a proxy for the relative incidence and the number of undiagnosed cases. Using primary
care data, the most recent estimate of the incidence of BO in the UK was 12,312 cases from
2000 to 2011 which translates to approximately 32 BO cases per 1,000 endoscopies (Masclee
et al., 2014). Similar to OAC, the incidence of BO is higher among men, with a male-to-
female ratio of approximately 2:1 (Cook et al., 2005). Additionally, BO predominantly
affects individuals of European/white ancestry (Abrams et al., 2008), and the incidence of
the disease increases with age, peaking in the fifth to seventh decades of life (Runge et al.,
2015). Most BO patients do not progress to OAC, however, one population-based study has
estimated a 10 to 55-fold increased risk of OAC for BO patients compared to the generation
population (Cook et al., 2018).

The management of BO involves controlling gastro-oesophageal reflux disease (GORD),
often experienced as heartburn, using acid-suppressing medications to lower further damage
to the oesophageal lining. In addition, individuals diagnosed with BO in the UK are offered
endoscopic surveillance accompanied by biopsies at regular intervals as outlined in the most
recent British Society of Gastroenterology (BSG) guidelines (Fitzgerald et al., 2014). In
these guidelines, the endoscopic surveillance intervals for patients with non-dysplastic BO
range from every 2 to 5 years depending on the clinical assessment of the BO lesion as well
as patient fitness and preference. The objective of BO surveillance is to identify any evidence
of dysplastic progressive cases and intervene in a timely manner. For patients with dysplastic
BO or stage I OAC, endoscopic treatment options such as endoscopic mucosal resection may
be used to remove the abnormal tissue (Haidry et al., 2013).
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1.4 Multi-stage model of pathogenesis

BO is characterised by the transformation of the normal squamous epithelial lining into a
metaplastic columnar mucosa which typically occurs in the distal oesophagus (Spechler,
2002). This metaplastic transformation and the presence of goblet cells indicate intestinal
metaplasia (IM) which is a histological hallmark of BO that resembles the cells which
line the intestine. When goblet cells are absent, the transformed tissue is referred to as
gastric metaplasia (GM). Although current guidelines of the BSG regard both IM and GM
as BO, because IM may be missed due to sampling bias (Fitzgerald et al., 2014), all other
Gastroenterology Societies require IM for diagnosing BO. This thesis focuses on BO defined
by the presence of IM and the use of BO in the text means containing IM.

The development of BO is strongly associated with long-standing GORD which is
typically experienced as heartburn by affected individuals (Cook et al., 2005). Chronic
GORD causes gastric acid and bile to flow backwards into the oesophagus, leading to chronic
inflammation, oxidative stress and DNA damage injury in the epithelial lining (Cook et al.,
2014; Smith et al., 2005). Therefore, GORD is considered a key risk factor for BO, and most
screening guidelines rely on GORD-associated symptoms to determine eligibility for BO
screening (Sawas et al., 2022). The role of GORD/heartburn will be discussed in detail in the
chapter on risk factors for BO and OAC. At the metaplastic stage, indolent non-dysplastic BO
(NDBO) can further progress through low-grade dysplasia (LGD) and high-grade dysplasia
(HGD) stages which involve progressively higher cellular abnormalities and architectural
disorganisation (Peters et al., 2019). At each stage, the risk of progression to OAC increases:
patients with NDBO have an annual progression risk of 0.1-0.3% (Desai et al., 2012; Hvid-
Jensen et al., 2011); while the patients with LGD and HGD have a progression risk of 1-10%
and 13-30% per year, respectively (Bhat et al., 2011; Duits et al., 2015; Phoa et al., 2014;
Rastogi et al., 2008).
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1.5 Risk factors for oesophageal adenocarcinoma and
Barrett’s oesophagus

1.5.1 Gastro-oesophageal reflux

As described, gastro-oesophageal reflux disease (GORD) is the primary risk factor for BO
and OAC. GORD is a common chronic condition characterised by regular and persistent
reflux of gastric contents into the oesophagus that can cause acid-induced damage to the
epithelial lining of the oesophagus. GORD may be experienced as symptoms of heartburn
and regurgitation, or it can be ‘silent’ where the burning sensation is absent.

In a meta-analysis of five case-control studies conducted in Australia, Northern Ireland,
the Republic of Ireland and the US, weekly symptoms of GORD increased the risk of
OAC by nearly five-fold (odds ratio (OR)=4.92, 95% CI: 3.90-6.22) and daily frequency of
symptoms increased the risk seven-fold (OR=7.40, 95% CI: 4.94-11.10) compared to those
not experiencing symptoms (Rubenstein & Taylor, 2010). Data from Barrett’s Esophagus
and Esophageal Adenocarcinoma Consortium (BEACON) confirmed these associations by
demonstrating that those with at least weekly had five-fold (OR=4.81, 95% CI: 3.39-6.82)
and those with daily symptoms eight-fold (OR=7.96, 95% CI:4.51-14.04) higher risk of OAC
compared to individuals with infrequent or no GORD symptoms (Cook et al., 2014). In the
same study, it was also demonstrated that the duration since the onset of heartburn symptoms
was associated with OAC risk in a linear manner with ORs of 2.80, 3.85, and 6.24 for
symptom durations of <10 years, 10 to <20 years, and ≥20 years. A meta-analysis of studies
of GORD in relation to BO found that GORD is strongly associated with long-segment BO
(≥3 cm in length; OR=4.92, 95% CI: 2.01-12.0) but not associated with short-segment BO
(OR=1.15, 95% CI: 0.76-1.73) (Taylor & Rubenstein, 2010).

Despite the association of GORD with BO and OAC, approximately 30-50% of OAC
occurs among persons without chronic heartburn and regurgitation (Farrow et al., 2000;
Lagergren et al., 1999; Vaughan & Fitzgerald, 2015).

1.5.2 Demographic factors

The risk of developing OAC has been associated with several demographic factors, such as
age, gender, ethnicity, family history and socioeconomic status. Similar to other epithelial
cancers, the incidence of OAC rises gradually with increasing age, with the highest rates
reported among individuals between 70-80 years old (Falk, 2009; A. P. Thrift, 2018). Data
from Sweden show that among men, the incidence rate in this age group was 7.10 (95% CI:
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6.21-8.08) per 100,000 person-years, whereas among women, the corresponding rate was
1.98 (95% CI: 1.61-2.40) (Rutegård et al., 2010).

The epidemiology of OAC is characterised by a remarkably strong male predominance
which remains unexplained. In Western populations, the male:female incidence ratio ranges
from 6.1 in Europe to as high as 9 in the US (Thrift, 2021; Xie & Lagergren, 2016). Likewise,
BO is more common among older individuals, and nearly twice as prevalent among men
(Cook et al., 2005). For both BO and OAC, incidence rates are 3-5-fold higher in white
individuals than in non-white individuals (Runge et al., 2015; Xie & Lagergren, 2016). A
family history of BO or OAC among first or second-degree relatives also increases the risk of
developing BO and progressing to OAC. In a study of a family with extensive BO and OAC
history, the odds of BO or OAC among family members were 12.23 (95% CI: 3.34-44.76)
times greater than among individuals without a family history of either condition (Groves et
al., 2005).

Income, education and socioeconomic status are associated with risk of OAC. A nation-
wide study in Sweden found that compared to primary school education level, the highest
level of education (university level) was associated with a 33% decrease in relative risk
(RR=0.67, 95% CI: 0.56-0.79) of OAC among men and a non-significant 26% reduction
among women (RR=0.74, 95% CI: 0.49-1.11) (Lagergren et al., 2016). Additionally, com-
pared to the lowest quintile of income, the highest quintile was associated with a 17%
reduction (RR=0.83, 95% CI: 0.71-0.97) among men and a non-significant 7% reduction
among women (RR=0.93, 95% CI: 0.64-1.36).

1.5.3 Obesity, diet and physical activity

Elevated body mass index (BMI, defined as weight in kilograms/height in meters squared)
and measures of central adiposity, such as waist circumference or waist-to-hip ratio (WHR),
have been associated with increased risk of both BO and OAC.

In a meta-analysis of 22 studies, a five kg/m2 increase in BMI was associated with
increased risk of OAC (RR=2.73, 95% CI: 2.16-3.46) (Turati et al., 2013). A pooled analysis
of 12 case-control studies from BEACON demonstrated that obese individuals with a BMI
of 30.0-34.9 kg/m2 (class I obesity) and ≥40.0 kg/m2 (class III obesity) had a two-fold
(OR=2.39, 95% CI: 1.86-3.06) and a nearly five-fold (OR=4.76, 95% CI: 2.96-7.66) higher
risk of OAC, respectively, in comparison to those with BMI 18.5-<25.0 kg/m2 (normal BMI)
(Hoyo et al., 2012). Additionally, in the prospective NIH-AARP cohort, a BMI of ≥35.0
kg/m2 was associated with a hazard ratio (HR) of 2.11 (95% CI: 1.09-4.09) compared to a
normal BMI (Abnet et al., 2008). In the same study, compared to the lowest quartile, the
highest quartile of WHR was associated with increased risk of OAC (HR=1.81, 95% CI:



1.5 Risk factors 9

1.24-2.64). The association of BMI and waist circumference with OAC risk was also observed
in the European Prospective Investigation into Cancer and Nutrition cohort study (Steffen et
al., 2015). In this study, mutual adjustment for BMI and waist circumference attenuated the
association of BMI while waist circumference showed a strong positive association (highest
vs. lowest quintile HRBMI=1.19, 95% CI: 0.63-2.22 and HRwaist circumference=3.76, 95% CI:
1.72-8.22). Lastly, a meta-analysis of seven studies examining elevated BMI during early
life stages (age ≤30 years) with OAC has shown that each five kg/m2 increase in BMI was
associated with increased risk of OAC (RR=1.88, 95% CI 1.37-2.56) although the effect size
was larger (RR=3.13) when restricted to only case-control studies (Hidayat et al., 2018).

In BO, a meta-analysis showed that the highest category of central adiposity measured
using visceral adipose tissue area, WHR or waist circumference was associated with increased
risk (OR=1.98, 95% CI: 1.52-2.57) compared to the lowest category (Singh et al., 2013a).
This association persisted after adjusting for BMI (OR=1.88) and BMI alone was associated
with a borderline significant risk of BO (highest vs. lowest quartile OR=1.24, 95% CI:
1.02-1.52). Further, a pooled analysis from the BEACON Consortium showed a similar
increased risk association between high waist circumference and BO (highest vs. lowest
quartile OR=1.87, 95% CI: 1.22-2.87) and no association between BMI (as a continuous
measure) and risk of BO (OR=0.95, 95% CI: 0.88-1.03) (Kubo et al., 2013). Taken together,
elevated body fatness is a risk factor for both BO and OAC. The processes linked to this
association are not fully understood, however, possible mechanisms may include obesity-
induced GORD and molecular processes related to metabolism and systemic inflammation
(Lagergren, 2011; Thrift et al., 2014).

Systematic reviews and meta-analyses examining the role of diet in OAC development
have primarily focused on meat, vegetable and micronutrient intake, yielding results with
varying degrees of heterogeneity. Of the studies investigating meat consumption, all have
reported increased risk of OAC related to processed meat consumption. However, the
association of total red meat with OAC risk has been less consistent in these studies. The
most recent meta-analysis of meat consumption estimated a 23% increased risk of OAC
comparing the highest category of intake to the lowest (RR=1.23, 95% CI: 1.01-1.50) (Huang
et al., 2013; Salehi et al., 2013; Zhu et al., 2014).

The association of vegetable and fruit intake in relation to BO and OAC risk has been
evaluated in three recent reviews and meta-analyses (Vingeliene et al., 2017; Vingeliene
et al., 2016; Zhao et al., 2016). In the 2017 review by Vingeliene et al., diets high in
vegetable intake were correlated with an 11% reduced risk of OAC (highest vs. lowest
quartile RR=0.89, 95% CI: 0.80-0.99). Reviews of fruit intake and OAC risk have produced
less consistent results without an apparent effect on OAC risk.
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Micronutrients may play a role in OAC development. In one systematic review and
meta-analysis of vitamin intake in a Northern European population, reduced risk of OAC
incidence was associated with the highest quartile compared to the lowest for intake of
Vitamin A/β carotene (OR=0.46, 95% CI: 0.36-0.59), Vitamin C (OR=0.49, 95% CI: 0.39-
0.62) and Vitamin E (OR=0.80, 95% CI: 0.63-1.03) (Kubo & Corley, 2007). In a review of
ten case-control studies, dietary fibre intake was associated with a 34% reduction in risk of
BO (OR=0.66, 95% CI: 0.44-0.98) for the highest quartile compared to the lowest quartile of
intake (Coleman et al., 2013).

Limited studies exist for the association between physical activity and risk of OAC and no
studies have examined this in BO. A meta-analysis of nine studies demonstrated that physical
activity was associated with a 29% reduced risk of OAC comparing the most physically
active individuals compared to the least active (OR=0.71, 95% CI: 0.57-0.89) (Singh et al.,
2014).

Lastly, while drinking hot tea and other high-temperature beverages has been associated
with increased risk of OSCC, they are unrelated to OAC. In two small meta-analyses, no
association was seen between the consumption of hot foods and drinks or consumption of
tea, coffee or tea and coffee and risk of OAC (Andrici & Eslick, 2015; Turati et al., 2011).

1.5.4 Alcohol

Alcohol consumption is an established risk factor for many cancers, but it is not associated
with risk of OAC or BO (Boffetta et al., 2006; Whiteman & Wilson, 2016). The most recent
systematic review and meta-analysis update from the World Cancer Research Fund/American
Institute for Cancer Research confirmed that alcohol consumption measured in 10 grams/day
increments was not associated with OAC risk (RR=1.00, 95% CI: 0.98-1.02) (Vingeliene et
al., 2017). A pooled analysis of nine case-control studies and seven cohort studies from the
BEACON found no association between any type of alcoholic beverage consumption (beer,
wine and spirits) and risk of OAC development comparing the highest frequency category
(≥7 drinks per day) to lowest (OR=0.97, 95% CI: 0.68-1.36) (Freedman et al., 2011). A
separate analysis in BEACON also showed no relation between alcohol consumption and
risk of BO (Thrift et al., 2014). It is important to note that while no associations have
been observed for OAC, alcohol consumption is a risk factor for the development of OSCC
(Armstrong et al., 2018).
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1.5.5 Cigarette smoking

Cigarette smoking is a risk factor for BO, OAC and neoplastic progression. A meta-analysis
of 23 studies reported that compared to non-smokers, the risk of OAC was more than doubled
among current cigarette smokers (RR=2.34, CI: 2.04-2.69) and only marginally lower among
former smokers (RR=1.66, CI: 1.48-1.85) (Wang et al., 2017). A pooled analysis of ten
case-control and four cohort studies from the BEACON Consortium found that the risk of
OAC was nearly doubled in ever-smokers compared to never-smokers (OR=1.96, 95% CI:
1.64-2.34) and confirmed a dose-response relationship with pack-years of smoking (Cook et
al., 2010). A separate analysis also from BEACON showed that ever-smoking was associated
with increased risk of BO, whether compared to controls with heartburn (OR=1.61, 95% CI:
1.33-1.96) or to population controls (OR=1.67, 95% CI: 1.04-2.67), but risk of BO was not
related to increasing pack-years of smoking (Cook et al., 2012). In a large registry-based
study (n=3,167) of BO patients, cigarette smoking was correlated with increased risk of
progression to dysplasia and OAC (HR=2.03, 95% CI:1.29-3.17) regardless of smoking
intensity (Coleman et al., 2012).

1.5.6 Medication use

Proton pump inhibitors (PPIs) and histamine H2-receptor antagonists (H2RAs) are widely
used acid-suppressant medications in the management of GORD. In a systematic review
and meta-analysis of five cohort studies and two case-control studies of BO patients, PPI
use was associated with a lower risk of BO-OAC progression risk (OR=0.29, 95% CI:0.12-
0.79) compared to no PPI use (Singh et al., 2013b). Only two studies, one cohort and one
case-control, reported on H2RA use and both demonstrated no significant effect; these were
not included in the meta-analysis due to reporting limitations. The association between
the use of non-steroidal anti-inflammatory drugs (NSAIDs) and of BO or OAC is unclear.
Several observational studies have reported an inverse relation between NSAID use and risk
of OAC, prompting a meta-analysis that showed NSAID use was associated with a 32%
reduced risk of OAC (OR=0.68, 95% CI: 0.56-0.83) compared to no NSAID use (Liao et
al., 2012). However, in BO, no association was observed between NSAID use and risk of
BO in a pooled analysis from BEACON (Thrift et al., 2016). Findings from the AspECT
trial, a multicentre randomised controlled trial that allocated BO patients to high-or low-dose
PPI with or without aspirin, did not show a benefit for aspirin alone in preventing OAC
(Jankowski et al., 2018). The role of aspirin and NSAIDs in chemoprevention of BO and
OAC remains uncertain.
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1.6 Genomic characteristics of oesophageal adenocarcinoma
and Barrett’s oesophagus

Studies of germline genetic variants (inherited) and somatic genomic alterations (acquired)
have revealed molecular changes associated with risk of BO and OAC. It has been estimated
that approximately 7% of BO and OAC cases are familial (Chak et al., 2006; Verbeek et al.,
2014). Genome-wide association studies have identified 24 germline variants of small effect
that are associated with risk of BO and OAC (Gharahkhani et al., 2016). Furthermore, such
studies have shown BO/OAC are highly polygenic with many shared germline variants associ-
ated with disease susceptibility. In parallel to germline studies, the advent of next-generation
sequencing technologies has enabled in-depth characterisation of somatic alterations in BO
and OAC genomes. Overall, the somatic alteration landscapes of BO and OAC are highly
heterogenous with limited commonly occurring mutations seen across patients.

1.6.1 Point Mutations and copy number alterations

Human tumour development, as described by Hanahan and Weinberg (2011), is a multistage
process where cells acquire the hallmarks of cancer amidst a background of genomic in-
stability. Large international research projects, such as the International Cancer Genome
Consortium (ICGC) and The Cancer Genome Atlas (TCGA), have provided comprehensive,
high-resolution analyses of tumour genomes, leading to the discovery of a plethora of ge-
nomic alterations, such as somatic point mutations. By combining both ICGC and TCGA
resources, the Pan-Cancer Analysis of Whole Genomes (PCAWG) Consortium has revealed
substantial insights across a range of tumours. The PCAWG analysis of OAC genomes
further confirmed the significantly mutated and heterogenous landscape of this disease.

Whole-genome sequencing (WGS) studies in OAC have revealed an abundance of single
nucleotide variants (SNVs) and small insertions or deletions (INDs) in OAC (Dulak et al.,
2013; Frankell et al., 2019; Weaver et al., 2014). The median number of SNV/IND is 6.4 per
megabase (Mut/Mb) in OAC and similar to that seen in melanoma and lung cancer which
are strongly associated with environmental mutagens (Akdemir et al., 2020). Despite a high
frequency of point mutations in OAC, few genes are recurrently mutated across tumours.
These genes, called ‘driver genes’, promote tumorigenesis and cancer progression (Martínez-
Jiménez et al., 2020). Mutations outside of such genes are typically referred to as ‘passenger’
mutations and are generally inconsequential (Stratton et al., 2009). WGS data show that
SNVs drive the mutations of TP53 which is recurrently found in 72% of OAC tumours
(Frankell et al., 2019). Besides this gene, SNV-driven mutations of other genes were found
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in under 15% of patients. In BO, the SNV/IND mutation load gradually increase across the
progression continuum with non-dysplastic BO exhibiting the lowest (~1.5 Mut/Mb) and
dysplastic BO having a mutation load (~4.0 Mut/Mb) similar to OAC (Katz-Summercorn et
al., 2022; Newell et al., 2019). In non-dysplastic BO, CDKN2A is the most frequently altered
driver gene, occurring in approximately 50% of cases, and TP53 mutations are typically
absent and mark progression to dysplasia (Ross-Innes et al., 2015; Stachler et al., 2015, 2018;
Weaver et al., 2014).

The highly heterogeneous landscape of point mutations presents challenges in identifying
genomic variations between tumours based solely on SNV/IND mutations. Therefore, it is
important to also examine copy number alterations (CNAs) as these mutations have been
found to play a significant role in the genomic landscape of OAC (Noorani et al., 2017;
Secrier et al., 2016). CNAs are characterised by an increase (gain) or decrease (loss) in the
number of copies of a genomic region such as a protein-coding region. In OAC, recurrent
CNAs have been identified, involving gains in regions containing oncogenes (e.g., ERBB2,
VEGFA and MYC) and losses in regions harbouring tumour suppressor genes (e.g., CDKN2A,
SMAD4 and TP53) (Frankell et al., 2019). Both SNVs and CNAs result in altered cellular
states via different mechanisms: SNVs can affect the function of genes, while CNAs can
lead to changes in the dosage of genes. SNVs and CNAs are analysed in tandem to address
the heterogeneity of mutations and identify driver events. For example, SNV/IND mutations
alone caused CDKN2A mutations among 12% of tumours but with copy number losses
also included this gene was altered in 28% of tumours. To date, 77 driver genes have been
identified in 551 OAC genomes analysed with a median of 5 events in driver genes per
genome (Table 1.2).

Table 1.2 – Driver genes in oesophageal 
adenocarcinoma. Only genes recurrently mutated in ten 
percent or more of cases are presented. 

Gene % mutated Gene % mutated 
TP53 72 GATA6 14 

CDKN2A 28 SMAD4 14 
KRAS 19 CDK6 14 
MYC 19 ARID1A 13 

ERBB2 18 EGFR 12 
GATA4 15 CCNE1 10 
CCND1 14 CCND3 10 

Data from Frankell et al. (2019). 
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1.6.2 Mutational signatures

First described in 2013, mutational signatures are unique patterns of somatic mutations that
arise from the effects of various endogenous and exogenous processes, such as DNA repair
mechanisms and exposure to environmental mutagens (Alexandrov et al., 2013). Mutational
signatures include all mutations and not are confined to gene regions alone, thus enabling a
holistic view of mutations across the genome. Given the highly heterogeneous landscape of
mutations in OAC, mutational signatures provide an ideal approach to understanding the role
of point mutations and their related aetiology in this disease.

Single base substitutions (SBS) can be represented using six major types (C>A, C>G,
C>T, T>A, T>C, T>G) and according to the immediate flanking bases (5’ and 3’ positions)
which results in 96 possible mutation combinations. The relative frequency of mutations
within each trinucleotide context is used to identify SBS signatures present in a tumour. A
recent PCAWG analysis of 23,829 tumour samples, including 4,645 whole-genome and
19,184 whole-exome sequences, revealed a total of 49 SBS signatures with a likely biological
origin as catalogued in the COSMIC database (Alexandrov et al., 2020; Tate et al., 2019).
The aetiology of most signatures remains unknown; however, a collection of signatures has
been consistently associated with ageing, reactive oxygen species (ROS), tobacco smoking
and anti-cancer drugs. The PCAWG analysis demonstrated that SBS1, 2, 5, 13, 17a, 17b, 18
and 40 were predominant across 347 OAC tumours (Figure 1.2).
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In early studies of mutational signatures in OAC as well as in PCAWG (347 OAC
tumours), SBS17a/b emerged as hallmark signatures of OAC as these were relatively specific
to this disease with a prevalence of 50-65% across the analysed tumours (Alexandrov et
al., 2020; Dulak et al., 2013; Secrier et al., 2016). As the same exposure may lead to
mutational processes with highly correlated downstream effects, some signatures may be
split to reflect such a possibility. This is true for SBS17 which was split into two signals of
SBS17a (T>C in a CTT context) and SBS17b (T>G in a CTT context) which are speculated
to be associated with gastric acid reflux and mutations related to ROS (Pich et al., 2019;
Secrier et al., 2016). Importantly, in a cross-sectional WGS study of pre-cancer BO samples,
SBS17a/b were uniformly distributed across all samples ranging from non-dysplastic BO to
low and high-grade dysplasia and intramucosal carcinoma (Katz-Summercorn et al., 2022).
This suggests that the mutational processes related to SBS17a/b are active from early in BO,
irrespective of progression to dysplasia.

SBS1 is correlated with the age at cancer diagnosis and is seen in >95% of OAC tumours
as catalogued among 347 OAC tumours in PCAWG. This signature is characterised by
spontaneous deamination of 5-methylcytosine to thymine, which can occur due to errors in
DNA replication. The aetiology of SBS5 and 40 is largely unknown, but these signatures
are correlated with age in about half of all examined cancer types and 20% of OAC tumours
from PCAWG. In a study from our group under submission at the point of writing, we found
that SBS1 was already present in 95% of all pre-cancer BO (n=161) and similarly prevalent
in OAC genomes (n=777) (Abbas et al., 2023). Furthermore, the mutational contribution of
SBS5 decreased while SBS40 increased between matched BO and OAC samples.

Lastly, SBS2 and 13 are related to a high level of APOBEC enzyme activity and have
been observed in about 30% of OAC genomes in PCAWG. SBS18 is observed in nearly 20%
of OAC tumours and is possibly associated with ROS. Overall, mutational signatures can
help to reduce the heterogeneity of point mutations in BO and OAC. So far, the analyses
of mutational signatures in BO and OAC have generated important insights across the
progression continuum and the possible underlying mutational processes.

1.6.3 Large-scale and catastrophic events

In addition to point mutations and copy number alterations, catastrophic and large-scale struc-
tural events have also emerged as important features in BO and OAC. These events involve
genomic regions larger than 50 basepairs and can modulate the expression of oncogenes
or tumour suppressor genes thus causing genomic instability and leading to carcinogenesis.
Structural variations (SVs), whole-genome duplication (WGD), breakage–fusion–bridge
(BFB) processes and the formation of extrachromosomal DNA (ecDNA) are commonly
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found large-scale genomic events in BO/OAC (Hadi et al., 2020; Ng et al., 2022; Nones et
al., 2014; Stachler et al., 2015; Turner et al., 2017).

OAC tumours exhibit a notable abundance of structural variations (SVs), with a median
count of 289 per tumour (Ng et al., 2022). SVs are genomic events that can lead to large-scale
structural rearrangements spanning individual genes up to entire chromosome arms (Li
et al., 2020). SVs are also present in NDBO (median=43 per sample) which accumulate
across dysplasia grades and are significantly enriched in dysplastic samples (median=141 per
tumour) (Katz-Summercorn et al., 2022).

WGD is characterised by a complete duplication of a cell’s genome, resulting in tetraploid
cells that have double the complete set of chromosomes. In OAC, WGD is observed in
50-65% of tumours and has been associated with increased chromosomal instability and
modified gene expression patterns (Campbell et al., 2020; Secrier et al., 2016; Stachler et al.,
2015). WGD often follows the loss of TP53 and is significantly more common in dysplastic
(18%) than non-dysplastic BO (4%) (Newell et al., 2019; Paulson et al., 2022).

The BFB cycle process typically initiates with the loss of telomeres, which can cause
unprotected chromosomal ends to fuse (Murnane, 2012). During anaphase, these fused
chromosomes are torn apart, which can repeat over several cell cycles resulting in inverted
duplications with significant copy number increases (Murnane, 2012). In cases where the
amplified regions contain oncogenes, this can provide a growth advantage to tumour cells.
BFB events have been identified in 25-55% of OAC and are generally not present in NDBO
(Hadi et al., 2020; Luebeck et al., 2023; Newell et al., 2019; Nones et al., 2014).

ecDNA is circular DNA that is detached from chromosomal DNA and can result in
oncogene activation thus accelerating tumorigenesis (Wu et al., 2022). The mechanism of
ecDNA generation has not been fully characterised but may involve mechanisms such as
DNA replication errors, chromosomal breakage and replication stress (Wu et al., 2021). Fur-
thermore, ecDNA-mediated oncogene amplification has been associated with poor survival
across various cancers, including oesophageal cancer (Turner et al., 2017). In a recent study
of ecDNA in BO and OAC, ecDNA was absent in NDBO/LGD samples (0/42) while it was
found in 25% of early-stage (T I, 13/51) and 43% in late-stage (T II-IV, 38/88) OAC tumours
(Luebeck et al., 2023).

To summarise, large-scale and catastrophic genomic events are frequent in OAC and
generally accumulate across the BO-OAC continuum, becoming most prevalent in late-stage
OAC tumours. Investigating these events adds important information to understanding the
molecular mechanisms related to the aetiology and outcomes of OAC.
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1.7 Prognostic phenotypes in oesophageal adenocarcinoma

In a collaborative study from our group, it was demonstrated that OAC cases had improved
survival if BO tissue was present adjacent to the tumour compared to cases without apparent
BO tissue next to the tumour (Figure 1.3) (Sawas et al., 2018). These tumour phenotypes
will be referred to as BO+ve OAC and BO-ve OAC hereafter, respectively.

a b c 

Figure 1.3 – Prognostic phenotypes of oesophageal adenocarcinoma. a, endoscopic image showing 
Barrett’s oesophagus (dashed border) and tumour (arrow). b, endoscopic image of a tumour with no visible 
Barrett’s oesophagus segment. c, microscopic visualisation of an H&E stained slide of a tumour with 
adjacent Barrett’s and tumour histology highlighted. d, survival benefit observed for patients with BO
+ve compared to BO-ve OAC tumours in the UK cohort (adapted from Sawas et al  ., 2018). 
Abbreviation: H&E, heaematoxylin and eosin. 

d 
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In the study by Sawas et al. (2018), the UK cohort (n=1,417; 634 BO+ve OAC) and
the US cohort (n=411; 204 BO+ve OAC) were analysed separately, yet the findings were
similar. In the UK cohort, patients with BO+ve OAC tumours had a reduced risk of mortality
compared to those with BO-ve OAC tumours (HR=0.59, 95% CI: 0.50-0.69) and a similar
association was observed in the US cohort (HR=0.44, 95% CI: 0.34-0.57). In the UK cohort,
this association remained significant after adjusting for patient age, gender, tumour stage and
tumour location (HR=0.77, 95% CI: 0.64-0.93), and in the US cohort, the association also
persisted after adjusting for the same factors as well as tumour length (HR=0.66, 95% CI:
0.50-0.88).

Several aetiologic possibilities may explain this survival difference. First, some OAC
tumours may overgrow extant BO. While OAC overgrowth was observed in specific tumour
stage subgroup analysis, the notation of BO was independent of tumour length and stage.
Second, sudden and complex somatic alterations trigger genomic instability that rapidly
transmutes BO to OAC thus inhibiting endoscopic detection. To date, genomic studies
of BO/OAC have produced mixed and inconclusive findings regarding the existence of an
‘aggressive’ aetiology, likely due to the heterogonous nature of both conditions. Third and
finally, some OACs may progress through a different pathway that does not involve BO.

A recent experimental study from our group investigated if all OACs, regardless of
BO+ve or BO-ve OAC phenotype, originate from BO cells (Nowicki-Osuch et al., 2021).
Single-cell RNA-seq profiles of NDBO were used to interrogate bulk RNA-seq data from
OAC phenotypes. Both OAC phenotypes showed equal expression of undifferentiated BO
cell markers, which were genes specific to BO undifferentiated and endocrine-like cells,
while the expression of differentiated markers, BO columnar and goblet cell markers, was
lower in both phenotypes. Thus, suggesting a shared metaplastic origin even when BO was
not detected adjacent to the tumour (Figure 1.4).
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Figure 1.4 – Contribution of undifferentiated or differentiated markers of Barrett’s oesophagus 
to phenotypes of oesophageal adenocarcinoma (adapted from Nowicki-Osuch et al., 2021). 
Undifferentiated and endocrine-like (left) or differentiated (foveolar-like/goblet; right) 
phenotypes of BE to transcriptomes of NE, NG, BE, and EAC samples with or without adjacent 
BE (EAC+ and EAC–). Abbreviations: BE, Barrett’s esophagus; NE, normal esophagus; NG, 
normal gastric. EAC+ and EAC– correspond to BO+ve and BO-ve OAC. 

Curtis et al. (2020) used a mathematical modelling approach to evaluate if the estimated
prevalence of BO could explain the incidence of OAC in the US. Given the prevalence of
GORD and the incidence of OAC in the US, a stochastic model was calibrated to estimate the
expected number of OAC cases in defined populations and time periods. Additionally, the
outputs included the prevalence of BO and its progression rates as extrapolated using the pub-
lished epidemiology of GORD and BO/OAC. The estimated number of OAC cases (n=9,970,
95% CI: 9,140-11,980) closely approximated the incidence reported in the Surveillance,
Epidemiology and End Results registry (n=9,400) during the study period, as well as previous
prior estimations of 10,000 incidence OAC cases annually. These findings suggest that it is
improbable that OAC tumours can arise from a pathogenic pathway which is independent of
BO.
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The prognostic difference observed for OAC phenotypes is an important finding that
raises questions about the aetiology and outcomes of OAC. Recent evidence suggests that all
OACs arise from BO. However, epidemiological and genomic investigations are needed to
further elucidate the characteristics of these tumour phenotypes and understand factors that
may explain the altered prognosis between these two phenotypes.





Chapter 2

Hypothesis and aims

Epidemiological studies have identified major risk factors for Barrett’s oesophagus (BO)
and oesophageal adenocarcinoma (OAC) including increasing age, male gender, obesity,
cigarette smoking and chronic heartburn. Furthermore, genomic investigations have revealed
important molecular changes across the BO-OAC progression continuum. The identification
of prognostic phenotypes of OAC has raised questions about the aetiology of OAC, which
have been scrutinised in recent experimental and computational studies. The current knowl-
edge base lacks consolidated epidemiological, clinical and molecular data in the context of
OAC phenotypes. To address this, I formulated the hypothesis that an epidemiological and
molecular investigation would further determine whether all OAC arises from BO or whether
there are additional pathogenic pathways. To evaluate this hypothesis, I assembled a large
molecular epidemiological cohort, characterised by OAC phenotype as determined by the
appearance or lack of visible BO adjacent to OAC (BO+ve OAC or BO-ve OAC) to address
the following aims:

1. Confirm the prognostic difference between BO+ve and BO-ve OAC phenotypes in a
larger cohort and comprehensively examine other potential prognostic factors.

2. Elucidate the association of epidemiological factors with BO+ve and BO-ve OAC
phenotypes compared to BO and GORD cases.

3. Evaluate the genomic landscape of mutations, mutational signatures, copy number
alterations and other genomic events in BO+ve and BO-ve OAC phenotypes.

4. Determine whether other epidemiological and/or molecular factors influence the altered
prognosis in these phenotypes.





Chapter 3

Methods

3.1 Cohort design

3.1.1 Overview

All cases of OAC were recruited through the Oesophageal Cancer Classification and Molecu-
lar Stratification (OCCAMS) study, a UK-based consortium with 25 study centres that was
created in 2010 to develop a robust clinical and molecular prospective dataset for prevention,
detection and treatment of oesophageal cancer (occams.org.uk). Data from OCCAMS was
used in the initial study of prognostic OAC phenotypes by Sawas et al. in 2018 and this
dataset is independent of the US-based Mayo Clinic cohort which is not included in this
thesis. Since the 2018 study, the OCCAMS study has expanded in size and nearly 4,500
oesophageal cancer patients have been recruited at the time of writing. The clinical centres
that span the UK and constitute OCCAMS ensure the patient cohort is representative on a
regional level.

Cases of BO and reflux controls were ascertained from Barrett’s oEsophagus Screening
Trial 2 (BEST2) which was a multi-centre case-control study examining the performance,
safety, sensitivity and specificity of the Cytosponge™–Trefoil Factor 3 test in detecting
BO compared to the standard-of-care endoscopy and biopsy (Ross-Innes et al., 2017). The
trial aimed to recruit 500-700 cases and 500-700 controls across 11 study centres in the UK
between June 2011 to September 2013. Similar to OCCAMS, the BEST2 study centres were
distributed across the country to recruit a representative group of patients.

The OCCAMS study was registered and approved by relevant research ethics entities
(UKCRNID-8880, REC 07/H0305/52 and 10/H0305/1). The BEST2 trial was approved
by the East of England–Cambridge Central Research Ethics Committee (10/H0308/71) and
registered in the UK Clinical Research Network Study Portfolio (No. 9461). All participants

https://www.occams.org.uk/
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provided individual informed consent and all data was anonymised. All studies were initiated
and coordinated by the Fitzgerald Research Group at the University of Cambridge.

Using the methodology detailed below, an overall cohort of 4,695 cases and controls with
epidemiological data, pathology annotation and a sub-cohort with whole genome sequencing
data was assembled as shown in Figure 3.1.
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3.1.2 Oesophageal adenocarcinoma cohort

Selection of cases

The inclusion criteria for the OCCAMS study select patients with a confirmed diagnosis
of adenocarcinoma of the oesophagus, stomach and gastro-oesophageal junction suitable
for therapy which was generally neo-adjuvant chemotherapy and surgery (oesophagostomy
or extended total gastrectomy). For these cases, we aimed to collect pre-treatment samples
for sequencing but where this was not possible a sample was taken from the surgical re-
section specimen. For patients with early disease, treatment comprised endoscopic therapy
(endoscopic mucosal resection with or without radiofrequency ablation). A small number of
advanced-stage patients were included who were initially deemed to be curative but in whom
the full staging showed more advanced disease not suitable for a curative pathway.

Comprehensive clinical research guidelines were developed in the Fitzgerald Research
Group and followed by trained clinical and research staff at all OCCAMS study centres.
At each study centre, eligible OAC patients were identified and approached regarding
participation in the OCCAMS study and their desire to join as a participant. Alternatively,
an OCCAMS research staff in the clinic asked the patient’s permission to be contacted with
more information via mail and a follow-up phone call. Patients had the opportunity to ask
questions, to think about their involvement by talking to their GP, for example, and could
return the signed form later. Consent was obtained from patients to contact their GP to inform
them of their participation in OCCAMS and to obtain relevant medical information from the
cancer registries and other NHS data controllers.

Figure 3.2 describes the flow of OAC cases from the initial database to the final study
sample included here. Patients with pathologically assessed tumours and diagnosed with
any adenocarcinoma of the stomach, oesophagus and gastro-oesophageal junction between
2002-2022 were included – these were classified according to their Siewert type. The
Siewert-Stein classification system provides the anatomical location of OAC tumours relative
to gastric cardia (Siewert & Stein, 2003). Patients with tumour histology other than OAC
were excluded, and a majority (n=233, 67%) were OSCC cases. Furthermore. Patients with
‘open & shut’ surgery with more advanced disease than expected were also excluded. This
was because a tumour sample was generally not collected for these patients, therefore tumour
phenotype ascertainment would have not been possible. In addition, little data was recorded
on the baseline questionnaire forms for such patients. A small number of cases (n=22, <1%)
were missing age or gender and these were excluded. Of note, the cohort included 214
(5%) patients with a history of undergoing BO surveillance. This information was either
self-reported or abstracted from medical records by OCCAMS research staff. These cases
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are later excluded as part of sensitivity analyses and also examined separately in survival
analysis.

 

Figure 3.2 – Flow diagram for selecting oesophageal adenocarcinoma cases. All cases 
originated from the OCCAMS database. Abbreviations: OCCAMS, Oesophageal Cancer 
Classification and Molecular Stratification; BO, Barrett’s oesophagus.  

 

4,431 (100%) cases consented into the OCCAMS
study and completed the baseline questionnaire

4,082 (92%) cases of oesophageal
adenocarcinoma (OAC)

349 (8%) with histology other than adenocarcinoma
233 squamous cell carcinoma
20  adenosquamous carcinoma
96 other epithelial carcinoma

3,122 (70%) cases of OAC with pathological
assessment performed:

2,124 with BO adjacent status
1,240 (58%) BO+ve
884 (42%) BO-ve 

998 with unascertainable BO status

960 (22%) did not complete surgery

3,100 (70%) cases of OAC:

2,115 with BO adjacent status
1,235 (58%) BO+ve
880 (42%) BO-ve

985 with unascertainable BO status
OAC cohort

22 (<1%) missing age or gender

214 (5%) in a BO surveillance programme

Enrolment

Selection

Filtering

Analysis

2,886 (65%) cases of OAC:

1,949 with BO adjacent status
1,090 (56%) BO+ve
859 (44%) BO-ve

937 with unascertainable BO status
Sensitivity analysis cohort
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Pathology review

A strict expert pathology review was performed for all cases. At least two pathologists
reviewed each OAC case: one pathologist from the referring study centre and another
pathologist from the OCCAMS central study centre at Cambridge University Hospitals who
had more than 20 years of experience in upper GI cancer. Tumours were staged based on
the UICC/AJCC Tumour, Nodes and Metastases (TNM) Guidelines (7th edition) (Edge &
Compton, 2010). The T, N and M stages were assigned using the available information in
the patient’s medical records including clinical chart notes, endoscopic ultrasound, positron
emission tomography, endoscopic mucosal resection and histopathological reports following
surgical resection. We used the most advanced stage prior to or at the time of surgery for
patients that received neoadjuvant therapy.

The presence of BO adjacent to OAC for OCCAMS cases based on endoscopic (macro-
scopic) visual changes observed at pre-staging evaluation with pathology review showing
IM at the time of surgical resection which was assessed by expert GI pathologists of the
recruiting OCCAMS sites. IM was also identified in cases without macroscopic evidence
of BO upon expert review of the pathology specimen. All pathologists followed a specific
synoptic report proposed by the College of American Pathologists. Additionally, pathologists
followed the OCCAMS study protocol which required thorough assessment for BO in the
proximal and distal resection margins and tumour. Tumour sampling was done for all borders
of the resected tumour and the tumour bed to minimise sampling error. The number of biopsy
specimens varied based on tumour size.

From the 3,100 cases, a total of 2,115 (68%) tumours could be evaluated for BO adjacent
status according to the outlined pathology review process. Among these tumours, 1,235
(58%) were classified as BO+ve OAC if IM was detected and confirmed and 880 (42%) were
classified as BO-ve OAC if IM was not detected as outlined above. Although we performed
a thorough evaluation for IM, it is important to note the possibility that extant IM may
have been overgrown by the tumour or very small IM segments may have been missed and
indeed this is the hypothesis being tested. Hence, these tumours may be more appropriately
described as having no visible adjacent BO present rather than being BO/IM-absent tumours.

A total of 985 tumours comprising 32% of 3,100 cases in the analysis cohort were
unascertainable for BO adjacent status. This was because tumours were not evaluated for IM
during pre-staging, did not have information regarding IM on the pathology report or did not
have pathology reports on file. These tumours were defined as BO(?) OAC tumours meaning
BO adjacent status was unascertainable. This group of tumours likely represents a mixture of
tumours with adjacent BO and tumours without visible adjacent BO so these were kept in
the analysis to use as a comparison group.
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Baseline data collection

Trained research staff collected baseline characteristics using chart review or during struc-
tured face-to-face interviews using a uniform case report form (CRF) across the 25 sites in
the OCCAMS Consortium. All covariates used in the analysis originated from the study
CRF. Patient baseline characteristics were collected on demographic, anthropometric and
environmental exposures. Weight and height were measured objectively at the baseline
visit or the from the next closest record to baseline. Overall survival time (in years) was
calculated from the date of diagnosis to the date of death or the date patient was last seen in
the clinic. Vital status was ascertained from all-cause mortality. All patients who consented
to participate provided the minimum reporting standard which required demographic and
clinical details.

Research staff transcribed and entered data captured on the OCCAMS CRFs into the
study database. These data were anonymised and stored in a secure central database hosted
on Cambridge University Hospitals NHS Foundation Trust servers. Several data management
issues should be noted as the data collection process may introduce errors or biases. Errors
during the baseline interview (e.g., failure to ask questions or record a response) or lack of
information in the case notes/electronic records may contribute to missing data. As many
patients are of advanced age, recall bias may also introduce discrepancies (e.g., answers to
history of heaving drinking or smoking).

A history of undergoing BO surveillance was assessed using self-report or medical chart
review by study staff, however, the source of this information was not recorded.

Nested questionnaire cohort

In February 2018, an additional questionnaire instrument was introduced as part of the
baseline enrolment data collection when the OCCAMS study began contributing to the Cancer
Grand Challenges Mutographs project (mutographs.org). As part of this effort, a subset of
patients recruited to the OCCAMS study was asked to complete an extensive questionnaire
on their demographics, lifestyle and environmental exposure factors. This questionnaire
was originally developed by researchers involved in the Mutographs project. I revised the
questionnaire in 2020 to include more detailed questions and simplify the questions to reduce
respondent burden. The questionnaire collects information about patients in 12 domains
including demographics, body size, medical history, family medical history, smoking history,
alcohol use patterns, consumption of hot drinks, dietary patterns, occupational history,
non-occupational physical activity, oral health and reproductive history.

https://www.mutographs.org/
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The questionnaire was completed 1) during the same visit where patients were enrolled
in the OCCAMS study and completed the baseline OCCAMS CRF, 2) during a later visit
within the first month following the initial diagnosis, or 3) mailed to patients within a
month following the initial diagnosis and returned to the OCCAMS central study centre in
Cambridge. OCCAMS patients who completed this questionnaire were included in a sub-
cohort called the Mutographs Questionnaire Cohort (MQC). Similar to the data entry process
for OCCAMS CRFs, paper questionnaires for the MQC were transcribed into an electronic
form per patient. Data entry was completed by multiple research staff including myself
between 2018 to 2023 and different versions of the questionnaire were used. Therefore, there
was significant variation in the raw data that needed to be standardised before any analysis
could be conducted. I exported the raw data from the electronic forms into a master dataset
(comma-separated values file format, .csv) using Adobe Acrobat Pro software (Adobe Inc.,
Mountain View, California, US). Following data export, I completed pre-processing steps to
clean the raw dataset. The pre-processing step cleaned all variable values by isolating the
response and denoting the units in the variable name (a total of 313 variables). For example,
as many fields allowed free-text entry, variables such as height were recorded as a numeric
value followed by different abbreviations of the unit (e.g., feet, f, ft, ‘, etc.). Following the
pre-processing step and development of a processed dataset, variables were further recoded,
converted or calculated. For example, height was self-reported using metric or imperial
system measures and it was converted into meters for all patients. After data cleaning, 10%
of questionnaires were randomly selected and manually corroborated against the cleaned
dataset to ensure data quality and integrity. This process was completed per each batch of
exports. All data pre-processing and processing steps were carried out using R Version 4.2.3
on macOS Ventura 13.3.1.

3.1.3 Barrett’s oesophagus cases and reflux controls

Selection of cases and controls

Cases and controls were recruited across 11 BEST2 study centres in the UK. At these centres,
consecutive patients who were clinically indicated for an endoscopy procedure were asked
to participate. Cases were defined as patients with a previous diagnosis of BO undergoing
endoscopic surveillance. Controls were patients who were referred for endoscopy due to
dyspepsia and/or reflux symptoms. Incident BO cases among controls were crossed over to
the case arm. Patients with bleeding diatheses, using an anticoagulant medication, or with
known cirrhosis, oesophageal varices or dysphagia were excluded.
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Figure 3.3 – Flow diagram for selecting Barrett’s oesophagus and reflux controls. All 
cases and controls originated from the BEST2 database. Abbreviation: BO, Barrett’s 
oesophagus. 

 

Enrolment

Selection

Filtering

Analysis

1,099 (100%) BO cases and 561 (100%) reflux controls
consented into the BEST2 study and completed the

baseline questionnaire

1,099 (100%) BO cases and 509 (91%) reflux controls

52 (10%) controls crossed over to cases

1,091 (99%) BO cases and 504 (90%) reflux controls

8 (<1%) cases and 5 (<1%) controls 
missing age or gender

The flowchart for selecting cases and controls for the cohort used here is described in
Figure 3.3. Controls that were found to have BO and crossed over to cases were excluded
(10%) to avoid introducing bias, as they may have different characteristics or risk factors
than other controls that did not cross over. Few cases and controls (<1%) were missing age
or gender and these were also excluded.

Pathology review

BO was defined as an endoscopically visible columnar-lined oesophagus that measured
at least 1 cm circumferentially or at least 3 cm in non-circumferential tongues (Prague
classification ≥ C1 or ≥ M3), with documented histopathological evidence of IM on at least
one biopsy in the course of their endoscopic history.
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Baseline data collection

At each study centre and during a single office visit, trained research staff administered the
uniform CRF to cases and controls to collect patient baseline characteristics on demographics,
risk factors exposures and reflux symptoms using a validated reflux questionnaire (Jones et
al., 2007). Each paper CRF was then entered by the study centre’s research nurse using a
secured web-based application with the primary dataset hosted on Cambridge University
Hospitals NHS Foundation Trust servers.
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3.2 Data preparation and variable construction

3.2.1 Processing of baseline clinical and epidemiological data

The raw and fully anonymised baseline data for OCCAMS (R Data file format, .Rdata) and
BEST2 (comma-separated values file format, .csv) were exported to my university-furnished
computing device in June 2022. The files containing the data for OCCAMS and BEST2
were collated, processed and screened for completeness, accuracy and consistency. Data
were cleaned, removing or correcting any inconsistencies, inaccuracies or implausible values.
All pragmatic strategies to minimise missing data were implemented. The cleaned dataset
was then carefully checked against the raw data to ensure quality data pre-processing. The
datasets and data-cleaning code were saved as plain-text files and tracked and managed
using version control software (Git/Subversion). All data processing was carried out using R
Version 4.2.3 on macOS Ventura 13.3.1.

The following common methodology was used to clean data for both OCCAMS and
BEST2 studies. Due to the inclusion criteria, age at diagnosis and gender were complete.
Ethnicity was recoded into white or other as there were too few observations in other ethnicity
codes which is not unexpected for BO/OAC patient population.

The age at diagnosis for OAC and BO cases and age at recruitment for reflux controls,
as well as BMI at baseline, were categorised into groups. This was done to create a more
meaningful comparison for these measures. Age at diagnosis was categorised into four groups
of under 50 years old, 50-59 years old, 60-69 years old and 70 years or older. BMI was
calculated using the baseline weight and height (weight in kg/height in m squared) and BMI
categories were defined according to standard ranges of underweight (<18.5 kg/m2), normal
(18.5-24.9 kg/m2), overweight (25-29.9 kg/m2) and obese (≥30 kg/m2). Underweight cases
were included among normal weight due to very small frequencies in the cohort (<2.5%).
The continuous distribution and the grouped frequencies were used in descriptive analyses
and only the categorical variables for age and BMI were included in regression models.

Cigarette smoking was collapsed into a binary variable with ‘former’ and ‘current’
recoded as ‘ever’ smoker and ‘never’ remaining as defined. Additionally, if the average
number of cigarettes per day was recorded as zero, smoking status was set to ‘never’ and if it
was a non-zero value then smoking was recoded to ‘ever’. The number of pack-years was
calculated by multiplying the number of packs of cigarettes smoked per day by the number
of years of smoking.

The self-reported responses for medication use frequency of aspirin, NSAIDs, PPIs,
H2RAs and over-the-counter acid (OTC) suppressants included ‘Never,’ ‘No,’ ‘Past Use,’
‘Occasional Use,’ and ‘Current Use.’ However, responses such as ‘Past Use’ and ‘Occasional
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Use’ are open-ended, so to mitigate this issue, responses were recoded to binary ‘Ever Use’
and ‘Never Use’. The duration of medication use was recorded in years, months, weeks
and days. The total duration of use (in years) was calculated for each medication type by
summing the individual measures. Additionally, if the frequency was set to ‘Never’ and a
non-zero total duration of use was reported, the total was set to null. Conversely, if a non-zero
duration was recorded, then the frequency of use was set to ‘Ever Use’. Aspirin and NSAID
frequency of use were combined into a single variable measuring use of either medication.
Similarly, a single variable for the use of any acid suppressant medication was derived using
the frequency of use of PPIs, H2RAs and OTC acid suppressants.

Alcohol intake was recorded as the number of units of beer, wine and spirits consumed
per week. These individual measures were summed into a single continuous variable for
the total number of alcoholic drink units consumed per week. Heavy drinking status was
self-reported by patients in both studies.

In both studies, frequency of reflux symptoms was reported as ‘Never’, ‘Sometimes’,
‘Often’, ‘Daily’ and ‘Unknow/sporadic’. Duration of reflux symptoms was harmonised
into an ordinal variable with four ranges (Never, 5 years, 5-10 years, > 10 years and un-
known/sporadic). A single variable was created that combined all measures related to reflux
symptoms and acid-suppressant medication use. This variable is referend to as the “derived
heartburn symptoms status” variable (Figure 3.4). In addition, a single variable for use of any
acid-suppressant medications was derived based only on the acid-suppressant medication
use variables (patient on acid suppressant and use or duration of PPIs, OTC acid suppressant
medications or H2RAs).

For variables that contained responses with undefined free text or numeric ranges instead
of a single value, the response was either set to missing or the mid-range was calculated.
For example, a free text input of ‘undistilled only’ for total alcohol unit intake was set to
missing and a response of ‘3-5’ cigarettes per day was recalculated to ‘4’ per day. Continuous
variables where a negative numeric value was recorded were recoded to missing as per CRF
instructions.

The UK regions for OCCAMS and BEST2 study centres were determined based on
their locations and classified using the International Territorial Level 1 (Office of National
Statistics). Finally, for OAC cases only, combined TNM staging was created according to the
UICC/AJCC 7th edition guidelines (Edge & Compton, 2010).
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Figure 3.4 – Schematic for deriving the heartburn variable using a 
combination of reflux-related variables. Abbreviations: PPIs, proton 
pump inhibitors; H2RAs, histamine H2-receptor antagonists; OTC, over-
the-counter.  
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3.2.2 Variable selection

Following baseline data cleaning and screening in the OCCAMS cohort and as informed by
the results of the literature review, a total of 34 variables across five domains were deemed
relevant and included (Table 3.1). To select variables for inferential analysis, a purposeful
selection process was followed:

1. Unconditional logistic regression was used to obtain univariable ORs and 95% CIs for
the association of each variable with BO-ve OAC compared to BO+ve OAC cases.

2. Variables with a p-value <0.25 and missing data <60% overall were pre-selected and
included in a multivariable logistic regression model with BO-ve OAC as the outcome
compared to BO+ve OAC.

3. Only variables with a p-value <0.05 or those deemed to have epidemiological or
clinical importance were selected in the final stage. Directed acyclic graphs were also
used to determine which variables should be included as potential confounders.

4. Variables from the BEST2 study were then harmonised to match the selected variables
from the OCCAMS data as outlined.
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Table 3.1 – List of variables included for the analysis from the OCCAMS study. Bold 
indicates variables which were selected for further analysis using the selection process.  

Domain Variable 

Demographics 
Age at diagnosis 
Gender 
Ethnicity 

Risk factor exposures 

BMI at baseline; kg/m2 
BMI five years prior to diagnosis; kg/m2 
BMI difference (prior to baseline); kg/m2 
Cigarette smoking status 
Number of cigarettes smoked per day 
Years of smoking cigarettes 
Number of pack-years of smoking 
Heavy alcohol drinking status 
Units of alcohol intake per week 

Anti-inflammatory 
medications 

Aspirin use status 
Years of aspirin use 
NSAID use status 
Years of NSAID use 
Any use of aspirin or NSAID 

Reflux symptoms 
& 

acid suppressant 
medications 

Frequency of reflux symptoms 
Duration since reflux symptoms began 
Currently taking acid suppressant medications 
Currently symptomatic for reflux while on acid-suppressants 
PPI medication use status 
Years of PPI medication use 
OTC acid suppressant medication use status 
Years of OTC medication use status 
H2RA medication use 
Years of H2RA medication use 
Use of any acid suppressant/reducing medications status 
Derived heartburn symptom status 

Clinical factors 

Tumour length, cm 
Siewert-Stein classification 
Tumour location (resection pathology) 
Tumour growth (T stage pre-op to T stage post-op) 
TNM 
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3.3 Whole-genome sequencing

3.3.1 Cohort, processing and sequencing of samples

A total of 950 tumours had undergone WGS through the OCCAMS study. Of these, a
total of 496 (52%) were part of the ICGC sequencing project, 214 (23%) were from the
Mutographs study and 240 (25%) were included in the Exploring oeSophageal CAncer
using informative popuLATion sEquencing study (ESCALATE). Strict pathology consensus
review was observed for these samples, with a minimum 70% cellularity requirement before
inclusion in the ICGC or Mutographs projects or a minimum 50% cellularity for ESCALATE.
All tissue samples were snap frozen. Peripheral blood was used as the germline reference
and in cases where this was not possible, a sample of normal squamous epithelium located at
least 5 cm away from the tumour was used as the germline reference.

Methods for sample quality control, DNA extraction and WGS were as previously de-
scribed (Abbas et al., 2023; Frankell et al., 2019). Briefly, samples in the ICGC/Mutographs
projects underwent WGS at an average depth of 50X under contracts by Illumina (San
Diego, US) and ESCALATE samples were sequenced at an average depth of 150X by Ge-
nomics England (GEL, London, UK). Matched tumour samples were sequenced at 30X
and 75X for samples in the ICGC/Mutographs or ESCALATE projects, respectively. Reads
were then aligned with BWA-MEM to GRCh37 (ICGC/Mutographs) or GRCh38 (ESCA-
LATE) (Li, 2013). Quality checks were conducted using the FastQC package (bioinfor-
matics.babraham.ac.uk/projects/fastqc) and duplicated reads were removed using Picard
(broadinstitute.github.io/picard).

3.3.2 Single nucleotide and copy number variant calling

Somatic variants were called using Strelka version 2.0.15 (Kim et al., 2018) and Variant
Effect Predictor (VEP) version 78 (McLaren et al., 2016). For ICGC/Mutographs samples,
mutation burden was derived from each VEP file by summing the number of SNVs and
INDs across the genome. Multiple samples per case were sequenced in ESCALATE and
mutation burden was calculated by taking the average across each case’s VEP file. Mutations
per megabase were calculated using the length of the reference genome (3,137,454,505 bp).
GISTIC2.0 was used to detect recurrently deleted or amplified regions of the genome using
raw copy number values obtained from ASCAT (Mermel et al., 2011; Van Loo et al., 2010).

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://broadinstitute.github.io/picard/
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3.3.3 Selection and calling of driver genes

Previously reported driver genes in OAC were derived from genes listed in Frankell et al.
(2019) and genomic regions were identified using Ensembl BioMart (Cunningham et al.,
2022). These gene regions were then used to extract alterations from the outputs of VEP
and GISTIC2.0. Driver mutation status was determined based on the alteration type (e.g.,
missense, nonsense or frameshift) using Strelka and VEP. One or more affected copies were
deemed as a mutation.

3.3.4 Mutational signatures

Mutational signatures discovery within the cohort was carried out using SigProfilerExtractor
(Alexandrov et al., 2013). The optimal signature configuration was determined by selecting
from a range of signature combinations (from 5 to 17) based on the highest stability and
lowest Frobenius reconstruction error for a signature combination. The optimal configuration
was composed of 14 signatures, and its validity was confirmed by independent analysis using
Bayesian methodology from Sigminer (Wang et al., 2021). Subsequently, deconstructSigs
was employed to deduce the mutational contributions of these processes to each sample,
following the identification of the primary mutational processes in the cohort (Rosenthal et
al., 2016).

3.3.5 Whole-genome duplication and aneuploidy

Raw copy number values from ASCAT and the PCAWG-11 consensus purity pipeline
(github.com/PCAWG-11) were used to determine samples with whole-genome duplication
based on tumour ploidy and the extent of loss of heterozygosity (Dentro et al., 2021). Per
sample ploidy and purity were also inferred using this method.

3.3.6 Identification and classification of amplicon events

Copy number segments were called using CNVkit version 0.9.8 and regions of amplifications
of size 50kb, copy number > 4.5 were used as input for the identification of amplified regions
and reconstructed using Amplicon Architect (Deshpande et al., 2019; Talevich et al., 2016).
The classification of amplicons into ecDNA and BFB events was done using Amplicon
Classifier (github.com/jluebeck/AmpliconClassifier).

https://github.com/PCAWG-11/
https://github.com/jluebeck/AmpliconClassifier
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3.4 Study design

3.4.1 Comparsion of phenotypes

The baseline characteristics were compared between pairs of OAC phenotypes, as well as
between each OAC phenotype and BO cases and reflux controls. This resulted in nine
comparison pairs (Table 3.2). The cases-case and case-control analyses aimed to investigate
the degree of similarity or difference between the baseline characteristics of OAC phenotypes
and their association with BO and reflux controls. BO cases were not compared to reflux
controls as this was not an aim of the study. The analysis of genomic characteristics was
only conducted for the first three comparison sets and used a different number of samples as
previously outlined (3.1.1).

Table 3.2 – Comparison sets and group sizes used for the 
analysis of baseline characteristics.  
 

Reference 
group 

Outcome 
group 

Comparison 
set 

n reference vs. 
n outcome 

    BO+ve OAC BO-ve OAC Primary 1,235 vs. 880 
    

BO(?) OAC BO+ve OAC 2 985 vs. 1,235 
BO-ve OAC 3 985 vs. 880 

    
BO cases 

BO+ve OAC 4 1,091 vs. 1,235 
BO-ve OAC 5 1,091 vs. 880 
BO(?) OAC 6 1,091 vs. 985 

    
Reflux 

controls 

BO+ve OAC 7 504 vs. 1,235 
BO-ve OAC 8 504 vs. 880 
BO(?) OAC 9 504 vs. 985 

    
 

3.4.2 Statistical analysis

Logistic regression

Since the outcome in each comparison was dichotomous and the association of covariates
was non-linear, logistic regression was appropriate. Multinomial logistic regression was
also considered; however, it was determined that binary logistic regression would be more
appropriate due to its simpler interpretation. The statistical independence of the outcomes
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was assumed based on the absence of repeated events and the binomial distribution of the
residual variation. It is rare for this assumption of logistic regression to be violated.

The process of selecting variables for these comparisons was described in 3.2.2 (Table 3.1).
To ensure that the assumption of multiplicativity was satisfied, effect measure modification
was assessed between BMI and heartburn and aspirin/NSAID use and heartburn. A priori it
was known that BMI may modulate heartburn. The latter interaction was tested because the
heartburn variable was partly derived from PPI use and NSAIDs may modify the effects of
PPI in relation to OAC (Jankowski et al., 2018).

For each comparison set, crude and adjusted OR and 95%CI were obtained for the
association of the age group, gender, BMI group, cigarette smoking, aspirin/NSAID use,
heartburn symptoms and TNM (OAC only) with the outcome phenotype. We performed
three separate adjusted analyses per comparison: 1) minimally adjusted for age and gender
only, 2) fully adjusted for all covariates and 3) fully adjusted model eliminating heartburn
as a covariate. As heartburn may be on the causal pathway, if its elimination as a covariate
changed the log odds ratio by more than 10%, then it could be considered a confounder.
Missing data were coded as indicator variable.

Three sensitivity analyses were performed to assess the robustness of the estimates
obtained using the fully adjusted model for each comparison set. The first sensitivity analysis
involved excluding any observations with missing data for the variables in the fully adjusted
model, adopting a complete case approach. The second sensitivity analysis utilised estimates
derived from multiple imputation data (detailed below). Lastly, a sensitivity analysis was
conducted by excluding OAC cases with a history of undergoing BO surveillance.

Missing data

Missing data for baseline characteristics was calculated as a percentage of the total number
of cases. The percentage of the recorded values is reported as a fraction of complete cases.
For variables dependent on the response to other variables, the missing percentage was
calculated as a fraction of cases where the first response variable was available. For example,
the proportion of missing data for the duration of cigarette smoking was based on the total
number of cases who self-reported current or former cigarette smoking.

Multiple imputation (MI) was performed on the datasets corresponding to each com-
parison group to assess how missing data might bias the observed associations. Age and
gender were complete and therefore not included in MI. BMI group, cigarette smoking,
aspirin/NSAID use, heartburn symptoms and TNM (OAC only) were imputed using multiple
imputation by chained equations with the appropriate method selected based on the variable
type (van Buuren & Groothuis-Oudshoorn, 2011).
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The missing data were assumed to be missing completely at random, meaning that the
probability of a value being missing is not related to other data. This assumption was based
on the similar distribution observed for recorded and imputed data. Furthermore, baseline
data were collected by numerous research staff, and based on our experience, we assumed
that variations in the order of the CRF questions, completeness of each section and other
factors may have impacted the quality and accuracy of the data collected. Therefore, we
assumed that systematic exclusion of data was unlikely. The number of imputations (m)
was set to the percent value of the variable with the highest amount of missing data in each
dataset which was aspirin/NSAID use with approximately 50-60% missing data. The number
of iterations (n) was set to 20 as typically recommended (Nguyen et al., 2017).

Survival analysis

Kaplan-Meier curves and the log-rank test were used to examine OAC phenotypes as a
univariable predictor of overall survival and Cox proportional hazards regression models
were used to obtain unadjusted and adjusted HRs and 95% CIs for this association. The
proportional hazards (PH) assumption was tested by using Kaplan-Meier curves and an
interaction term between covariates and follow-up time. There was no violation of the PH
assumption. The minimal adjustment set was identical to Sawas et al. (2018) which included
age, gender, TNM and Siewert Classification. The full adjustment set was further adjusted
for BMI group, smoking status, aspirin/NSAID use and heartburn symptoms. Missing data
were coded as indicator variable.

Sensitivity analyses were performed by excluding OAC cases with a history of partici-
pating in a BO surveillance programme or excluding cases with under one year of recorded
follow-up time. In OCCAMS, overall survival time (years) was calculated from the date
of diagnosis to the date of death, or the date patient was last seen in the clinic. Vital status
was ascertained from all-cause mortality. Person-years was calculated by summing the total
follow-up time for all cases. Crude mortality rates (per 100 person-years) were calculated
using by dividing the number of deaths by the total number of person-years.

Non-parametric data, transformations and multiple hypothesis testing

Statistical comparisons between groups were performed using either the Kruskal-Wallis
test or the Mann-Whitney U test, as indicated by the normality of the data distribution.
When applicable, data were log-transformed to ensure normality. In cases where multiple
comparisons were made, adjustment for false discovery rate using the Benjamini-Hochberg
(BH) procedure was applied.
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Computing environment

All analyses were performed using R Version 4.2.3 (R Foundation, Vienna, Austria) on
macOS Ventura 13.3.1 with packages ‘rstatix’, ‘mice’, ‘survival’, ‘survminer’ and ‘coxme’.





Chapter 4

Results

4.1 Confirmation of the prognostic difference

First, we sought to confirm the survival advantage observed for cases with BO+ve OAC
tumours compared to those with BO-ve tumours as previously described by Sawas et al.
(2018). When examined according to OAC phenotype, the median overall survival time
was 6.23 years among BO+ve OAC (95% CI: 5.21-6.96) compared to 4.19 years (95% CI:
3.54-5.12) among BO-ve OAC cases (log-rank p=0.00025; Figure 4.1). This observation is
consistent with the findings reported in that by Sawas and colleagues in 2018. Although BO
status was available for a total of 2,115 OAC cases, 15 cases had no vital status or follow-up
time recorded, therefore, 2,100 cases were included in this analysis. Of note, the cohort of
BO+ve OAC and BO-ve OAC cases used here is substantially in sample size (n=2,100) than
the published Mayo and Cambridge cohorts combined (n=1,828). Additionally, the median
survival for both phenotypes increased by approximately 2.5 years and nearly twice as many
BO+ve OAC cases were annotated in this analysis (n=1,223) compared to the published
Cambridge cohort (n=634) (Sawas et al., 2018). Having established that the prognostic
difference has persisted over time and in a larger cohort, we next analysed the clinical and
epidemiological characteristics of the cohort.
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Figure 4.1 – Kaplan-Meier survival curve showing survival probability for BO+ve OAC and BO-ve 
OAC cases. Vertical ticks on the curve indicate an event (death) and shaded areas indicate the 95% 
confidence interval. Median survival time is marked with the dashed lines. The life table at the bottom 
shows the number of patients at risk at the beginning of each follow-up year. 
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4.2 Descriptive statistics

4.2.1 Baseline characteristics of oesophageal adenocarcinoma cases

A total of 3,100 cases of OAC were included in the cohort. Of these, tumour phenotype
was ascertained for 2,115 (68.2%) cases while the phenotype was unascertainable for the
remaining 985 (31.8%) cases. Among the tumours with an ascertained phenotype, 880
(41.6%) were classified as BO-ve OAC and 1,235 (58.4%) as BO+ve OAC cases. The
distribution of baseline characteristics across the entire cohort and according to tumour
phenotype is summarised in Tables 4.1-4.6.

Distribution of OAC cases per centre and region

The number of OAC cases included from across the OCCAMS study centres is shown in
Table 4.1. Study centres were grouped based on geographic regions to provide a pooled
estimate for the regional distribution of OAC phenotypes. This also helped to derive a more
meaningful estimate for the distribution of OAC phenotypes as some centres had relatively
smaller cases. Three regions (East of England, London and South East England) contributed
more than half of all cases included in the thesis cohort. Across nine regions and 25 study
centres, the proportion of BO+ve OAC and BO-ve OAC phenotypes was generally similar.
In regions comprising 10% or more of the total cohort (n>310), the proportion of BO+ve
OAC cases ranged from approximately 50% to 60% which is consistent with the literature.
However, there was more variation in regions with a smaller share of cases. For example,
in South West England, nearly 75% of tumours were classified as BO+ve OAC and only
25% were BO-ve OAC. Overall, there was a wide variation in the distribution of BO(?) OAC
phenotype which ranges from 11.0% in Scotland to 57.3% in South West England.
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For Tables 4.2-4.6, the univariable odds ratio (OR) and 95% confidence interval (95%
CI) were calculated using unconditional logistic regression for the association of baseline
characteristics with BO-ve OAC cases as the outcome compared to the BO+ve OAC cases
(primary comparison group). As mentioned in Methods (3.2.2, Table 3.1), variables showing
statistical significance or deemed clinically important in this analysis were included in
subsequent analyses. Additionally, data on BO cases and heartburn controls were harmonised
according to the retained variables in this analysis.

Demographics of OAC cases

As expected, patients were predominately over 60 years old (74.5%, n=2,309) male (84.5%,
n=2,618) with white British ethnicity (98.2%, n=2,902). Increasing age was associated with
reduced risk of the BO-ve OAC phenotype (OR=0.99, 95% CI: 0.98-1.00, p=0.003). Of note,
male cases were less frequent in the BO-ve OAC phenotype group compared to the BO+ve
OAC phenotype (OR=0.69, 95% CI: 0.55-0.88, p=0.003). Ethnicity was not associated with
either phenotype (Table 4.2).

 

Table 4.2 – Baseline demographics of OAC cases overall and according to tumour phenotype. The univariable odds ratios 
and 95% confidence intervals are for the association of characteristics with risk of BO-ve OAC phenotype compared to 
BO+ve OAC (primary comparison set). 

Characteristic BO+ve OAC BO-ve OAC BO(?) OAC Overall Univariable OR (95% CI, p) 
(n=1,235) (n=880) (n=985) (n=3,100) BO-ve OAC vs. BO+ve OAC 

Age at diagnosis; years     
Mean [SD] 66.7 [9.2] 65.5 [9.8] 65.3 [10.2] 65.9 [9.7] 0.99 (0.98-1.00, p=0.003) 
Median [Q1, Q3] 67.5 [61.4, 73.5] 66.7 [59.0, 72.6] 66.7 [58.6, 72.9] 67.0 [59.8, 73.0] - 

Age group at diagnosis, n (%)     
< 50 years old 67 (5.4) 59 (6.7) 75 (7.6) 201 (6.5) 1.00 (Referent) 
50 - 59 years old 193 (15.6) 184 (20.9) 213 (21.6) 590 (19.0) 1.08 (0.72-1.62, p=0.700) 
60 - 69 years old 497 (40.2) 317 (36.0) 333 (33.8) 1147 (37.0) 0.72 (0.50-1.06, p=0.094) 
70+ years old 478 (38.7) 320 (36.4) 364 (37.0) 1162 (37.5) 0.76 (0.52-1.11, p=0.155) 

Gender, n (%)     - 
Female 163 (13.2) 158 (18.0) 161 (16.3) 482 (15.5) 1.00 (Referent) 
Male 1072 (86.8) 722 (82.0) 824 (83.7) 2618 (84.5) 0.69 (0.55-0.88, p=0.003) 

Ethnicity, n (%)      
Other 20 (1.71) 11 (1.32) 23 (2.42) 54 (1.83) 1.00 (Referent) 
White British 1152 (98.3) 822 (98.7) 928 (97.6) 2902 (98.2) 1.30 (0.63-2.82, p=0.491) 
Missing 63 (5.1) 47 (5.3) 34 (3.5) 144 (4.6) 1.36 (0.60-3.19, p=0.470) 

Risk factor exposures among OAC cases

The distribution of risk factors is presented in Table 4.3. The mean BMI at baseline was 27.1
(standard deviation [SD]=4.9) kg/m2 with 42.3% (n=1,046) and 26.5% (n=654) of patients
in the overweight or obese BMI range, respectively. BMI five years prior to diagnosis
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was slightly more elevated than the baseline with a mean of 29.2 (SD=5.7) kg/m2 and a
higher proportion of obese cases (37.0%, n=338). Furthermore, cases lost an average of
2.20 (SD=3.8) kg/m2 of BMI from five years prior to OAC diagnosis. This BMI shift likely
reflects cancer-associated dietary and metabolic changes leading to weight loss which tends
to be profound in this disease due to oesophageal obstruction. Relative to BO+ve OAC
cases, cases with BO-ve OAC tumours were more likely to have a lower BMI and while this
association was statistically significant, it was not substantial (OR=0.96, 95% CI: 0.94-0.98,
p<0.001). Similarly, when examined based on BMI groups and against normal BMI, BO-ve
OAC cases were more likely to be underweight (OR=2.45, 95% CI: 1.12-5.76, p=0.029) and
less likely to be obese at baseline (OR=0.56, 95% CI: 0.43-0.73, p<0.001). Neither BMI five
years prior to diagnosis nor the difference in BMI was associated with the outcome of BO-ve
OAC phenotype. This lack of association may be due to the reduced statistical power as both
variables had a high proportion of missing data.

Self-reported cigarette smoking was prevalent in the cohort with 62.5% (n=1,759) of
cases having ever smoked. Compared to BO+ve OAC cases, BO-ve OAC cases were only
marginally more likely to report ever smoking (OR=1.21, 95% CI: 1.01-1.46, p=0.041). The
mean number of cigarettes smoked per day was 18.1 (SD=11.5) which is nearly equivalent
to a standard pack of cigarettes (20 cigarettes/pack). In addition, the mean length of time
for cigarette smoking was 29.7 (SD=15.1) years and the mean number of pack-years was
calculated to be 28.7 (SD=24.3). No association was observed for the number of cigarettes
smoked per day, years of cigarette smoking and the number of pack-years and risk of either
phenotype. This may be due to the relatively small number of cases with recorded pack-years
of smoking.

Overall, current heavy drinking was self-reported by 14.2% (n=300) of cases. The
mean units of any alcoholic beverage intake (beer, wine and/or spirits) per week was 20.4
(SD=30.1). However, the distribution of units of alcohol intake per week was left-skewed
due to 119 cases with outlying values (≥ 30 units/week), the median and interquartile range
(IQR) are more robust measures (median=12.0, IQR: 5.0-24.0). Not unexpectedly, none of
the alcohol intake measures were associated with risk of BO-ve OAC compared to BO+ve
OAC.
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Reflux and acid-suppressing medication use among OAC cases

The variables related to reflux and acid-suppressing medication use are summarised in
Table 4.4. The history of reflux symptoms was assessed using the frequency and duration of
symptom occurrence. Of note, 23.9% (n=310) of cases reported a ‘never’ frequency for reflux
symptoms. For these cases, the duration since reflux symptoms began was also set to ‘never’
if other values were recorded. Most cases (25.9%, n=335) experienced a sporadic/unknown
pattern followed by sometimes (22.5%, n=292), daily (16.3%, n=211) and often (11.4%,
n=147). The most common duration since heartburn symptom occurrence began was under 5
years (43.9%, n=569) followed by greater than 10 years (18.2%, n=236) and between 5-10
years (9.7%, n=125). The sporadic/unknown duration was only observed among 55 cases
overall (4.3%). No difference was seen in the frequency of reflux symptoms when comparing
BO-ve OAC to BO+ve OAC cases. However, reflux symptoms duration of greater than 10
years was less prevalent among BO-ve OAC than BO+ve OAC cases (OR=0.51, 95% CI:
0.33-0.78, p=0.002).

On the OCCAMS CRF, two questions were asked related to patterns of reflux symptoms
prior to diagnosis. The first question asked if patients were using any acid-suppressant
medication prior to their OAC diagnosis, which was then followed up by a subsequent
question asking if they experienced any symptoms despite using acid suppressants during that
time. Overall, most cases (58.0%, n=1,288) reported using any acid-suppressant medication
prior to baseline and most (57.9%, n=711) also reported not having experienced symptoms
when using such medications. BO-ve OAC cases were less likely than BO+ve OAC cases
to report use of acid suppressant medications prior to diagnosis (OR=0.73, 95% CI: 0.59-
0.89, p=0.002). There was no association for persistent reflux symptoms while using such
medications.

Not unexpectedly, acid suppressant medication use at baseline was ubiquitous in the
cohort. Use of PPI, OTC and H2RA medications was reported by 76.4% (n=1,568), 56.1%
(n=670) and 15.1% (n=177), respectively. On average, cases used PPI medications for 3.6
(SD=5.9) years, OTC medications for 8.0 (SD=10.3) years and H2RA medications for 3.3
(SD=5.4) years prior to diagnosis. The median estimates for years of use of these medications
were much lower than the mean, therefore, it is likely that most patients were prescribed
the medication close to diagnosis. A slightly shorter duration of PPI usage was reported by
BO-ve OAC cases compared to BO+ve OAC cases (OR=0.95, 95% CI: 0.92-0.99, p=0.008).
Similarly, OTC acid suppressant medications were less frequently reported by BO-ve OAC
cases (OR=0.53, 95% CI: 0.40-0.70, p<0.001). There was no association between PPI use,
duration of OTC medication use, or H2RA use frequency or duration and BO-ve OAC.
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As described in Methods (3.2.1, Figure 3.4), two variables were constructed based on
combinations of reflux and acid suppressant medication use variables. These variables are
included under the “derived variables” label in Table 4.4. The first variable was based on
the use and duration of all acid suppressant medications and is a single measure for use
of any acid suppressant medications. The second variable combined the formerly derived
variable with variables related to reflux symptoms to construct a single measure to infer
overall whether cases had experienced heartburn symptoms. Both variables were constructed
to address missing data and limitations in medication or symptom reporting (e.g., patients
not remembering medication names or types). Based on the first variable, 77.5% (n=1,861)
of cases reported using any acid suppressant medications up to diagnosis or baseline. The
derived heartburn symptom status was positive for 81.2% (n=1,960) of cases, suggesting that
heartburn or acid-suppressant medication use is relevant for most of the patient population.
As expected, the association of any acid suppressant medications use with BO-ve OAC was
similar to that seen for OTC acid suppressant use (OR=0.63, 95% CI: 0.50-0.79, p<0.001).
Similarly, BO-ve OAC cases were less likely to have a positive response of ‘present’ for the
derived heartburn symptom measure than BO+ve OAC cases (OR=0.62, 95% CI: 0.49-0.80,
p<0.001). This association was driven mostly due to the association of the ever-use of any
acid suppressant medications.

To summarise, across all statistically significant univariable associations, BO-ve OAC
cases were less likely than BO+ve OAC cases to report symptoms of reflux or use of acid
suppressant medications. Moreover, the former group was also less likely to have reported
longer usage durations of such medication.
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Anti-inflammatory medication use among OAC cases

Table 4.5 shows the summary statistics for measures of aspirin and NSAID use. The
information on use of aspirin and other NSAIDs was recorded separately and also combined
into a single measure. Ever-use of aspirin was observed among 42.1% (n=561) of cases
overall with a mean duration of 6.9 (SD=7.1) years of use. For non-aspirin NSAIDs (i.e.
ibuprofen, naproxen and diclofenac), 37.0% reported ever-use with a mean of 5.3 (SD=7.7)
years of use. When combined, 57.4% (n=834) of cases overall reported ever-use of aspirin or
other NSAIDs (aspirin/NSAID use). While no association was observed for the measures of
aspirin use, ever-use of other NSAIDs was more likely to be reported among BO-ve OAC
than BO+ve OAC cases (OR=1.50, 95% CI: 1.11-2.02, p=0.008). This effect was attenuated
when aspirin and NSAIDs were combined into a single measure and did not reach statistical
significance (OR=1.18, 95% CI: 0.91-1.53, p=0.202). There was no difference in the duration
of use of aspirin or NSAIDs between the phenotypes.
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Clinical and pathological characteristics of OAC cases

The clinical and pathological characteristics of the OAC cases are presented in Table 4.6.
Overall, the mean tumour length was 4.0 (SD=3.0) centimetres. Predominately, tumours were
located in the gastro-oesophageal junction (GOJ) region (66.9%, n=796) with Siewert-Stein
Type II tumours (straddling the junction) tumours being the most common (48.7%, n=524),
followed by predominantly oesophageal Type I (36.8%, n=396) and predominantly proximal
stomach Type III (14.5%, n=156). As expected due to the late stage at presentation for this
disease (stage III or higher), and since these cases had to be deemed suitable for a curative
pathway (stage III or lower, with some exceptions for stage IV) to be recruited into OCCAMS,
most tumours were diagnosed with TNM stage III (52.2%, n=1352) followed by stage II
(25.9%, n=671), stage I (19.2%, n=497) and stage IV (2.7%, n=70). Following treatment and
as measured by the change in T-stage from clinical-stage to resection pathology stage, the
majority of tumours (50.7%, n=1,431) had no change in size to resection pathology stage
while 31.1% (n=879) of tumours shrank and 18.2% grew (n=515). Lastly, 16.5% (n=214)
of all patients had a history of enrolment in a BO surveillance programme. The effect of
including these patients is examined in a sensitivity analysis in subsequent results.

No association was observed between the length of tumours and risk of BO-ve OAC
compared to BO+ve OAC phenotype. Relative to the GOJ, BO-ve OAC tumours were less
frequently located in the oesophagus (OR=0.60, 95% CI: 0.43-0.81, p=0.001) and more
frequently located in the gastric region although the CI was wide (OR=3.20, 95% CI: 1.63-
6.63, p=0.001). In addition, relative to the Siewert Type I, BO-ve OAC tumours were more
likely to be classified as Type II (OR=2.29, 95% CI: 1.67-3.14, p<0.001) and even more
likely to be Type III (OR=3.83, 95% CI: 2.48-5.95, p<0.001).

The TNM stage was strongly and linearly associated with the risk of BO-ve OAC relative
to the BO+ve OAC phenotype. Cases with the BO-ve OAC phenotype were 2.42, 3.14 and
3.38 times more likely to be diagnosed with TNM stage II, III, or IV, relative to stage I,
respectively (p-trend <0.001, Cochran-Armitage test). In addition, BO-ve OAC tumours
were less likely to shrink in size following neo-adjuvant chemotherapy as measured using the
change from clinical to resection pathology T stage (OR=0.71, 95% CI: 0.58-0.86, p=0.001).
As expected, a history of participation in a BO surveillance programme was unlikely among
the BO-ve OAC cases compared to the BO+ve OAC cases (OR=0.17, 95% CI: 0.10-0.27,
p<0.001).
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Distribution of selected baseline characteristics of OAC cases per region

Based on the observed univariable associations presented to this point, seven variables
were selected using the previously outlined steps (3.2.2 and Table 3.1). These variables
are included in Table 4.7 which shows the distribution of baseline characteristics across
the geographic regions covered by OCCAMS study centres. Across all centres, the mean
age at diagnosis and BMI at baseline were very similar. Similar to the overall descriptive
statistics, the medians for age and BMI were close to their means (data not shown). Male
cases accounted for greater than 80% of all cases within each region. There was a wider
variation in the distribution of cigarette smoking status, aspirin/NSAID use and heartburn
symptoms. The proportion of missing data for these factors also varied substantially between
regions, and the London region had the highest share of missing data. The distribution of
TNM was in line with expectations with TNM III tumours being most common in each
region.
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Distribution of selected baseline characteristics of OAC cases with a history of BO
surveillance

An important finding was that 214 cases or 7% of the 3,100 total cases had a history of
participating in a BO surveillance programme. Of these, BO phenotype for the tumour was
ascertainable for 166 (75.6%) with 145 (87.3%) classified as BO+ve OAC and 21 (12.7%)
classified as BO-ve OAC. BO phenotype was unascertainable for 48 of the 214 tumours
(22.4%) which were classified as BO(?) OAC.

We separately examined the baseline characteristics of these BO-ve OAC cases given
their relevance to our hypothesis (Table 4.8). Due to the relatively small size of this group,
only the baseline characteristics noted above are shown for this group. Similar to the overall
cohort, male cases were less likely to be among the BO-ve OAC group compared to the
BO+ve OAC group (OR=0.30, 95% CI: 0.11-0.88, p=0.022). Importantly, OAC cases in this
group were diagnosed at earlier TNM stages compared to the overall cohort.
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4.2.2 Baseline characteristics of Barrett’s oesophagus cases and reflux
controls

The BEST2 cohort included 1,595 patients comprised of 1,091 (68.4%) cases of BO and
504 (31.6%) controls with reflux symptoms. Tables 4.9-4.13 summarise the baseline char-
acteristics across cases and controls. The baseline characteristics of BO cases and reflux
controls were not directly compared as the scope of the hypothesis did not include evaluating
differences between these two groups.

Distribution of BO cases and reflux controls per centre and region

The distribution of BO cases and reflux controls included from across 11 BEST2 study
centres and regions is shown in Table 4.9. Close to half of all BO cases and reflux controls
were from East of England and almost all of these were from Addenbrooke’s Hospital in
Cambridge. Within East of England, BO cases and reflux controls were nearly equally
included with 436 (56.5%) BO cases and 336 (43.5%) reflux controls. In all other regions,
the difference between the proportion of BO cases and reflux controls was greater.
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Demographics of BO cases and reflux controls

BO cases were generally older and more likely to be male than reflux controls (Table 4.10).
Additionally, the proportion of patients with white British ethnicity was slightly higher among
BO cases compared to the reflux controls.

Table 4.10 – Baseline demographics of BO cases and reflux controls. 

Characteristic Barrett’s Cases Reflux Controls 
(n=1,091) (n=504) 

Age at BO diagnosis or  
recruitment as control; years 

Mean [SD] 60.1 [12.1] 54.7 [14.8] 
Median [Q1, Q3] 61.0 [53.0, 69.0] 56.0 [44.0, 66.0] 

Age group at BO diagnosis or  
recruitment as control, n (%) 

< 50 years old 203 (18.6) 169 (33.5) 
50 - 59 years old 281 (25.7) 123 (24.4) 
60 - 69 years old 353 (32.3) 132 (26.2) 
70+ years old 254 (23.3) 80 (15.9) 

Gender, n (%)   
Female 217 (19.9) 275 (54.6) 
Male 874 (80.1) 229 (45.4) 

Ethnicity, n (%)   
Other 15 (1.4) 39 (7.7) 
White British 1071 (98.6) 465 (92.3) 
Missing 5 (0.5) 0 (0) 

 

Risk factor exposures among BO cases and reflux controls

The distribution of baseline risk factors is shown in Table 4.11. As expected, overweight and
obesity were more prevalent among BO cases (45.3% and 33.9%, respectively) compared to
reflux controls (37.6% overweight and 26.8% obese).

Cigarette ever-smoking was reported by 63.6% (n=686) of BO cases compared to 48.7%
of reflux controls (n=243). The mean number of pack-years of smoking was greater among
BO cases (25.6, SD=24.8) than among reflux controls (14.0, SD=15.8).

Current or recent heavy drinking of alcoholic beverages was self-reported by 20.5% of
BO cases and 11.6% (n=54) of reflux controls. The mean units of any alcoholic beverage
intake (beer, wine and/or spirits) per week was 12.0 (SD=14.0) for BO cases and 10.1
(SD=15.3) for reflux controls.
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Table 4.11 – Baseline risk factors of BO cases and reflux controls. 

Characteristic Barrett’s Cases Reflux Controls 
(n=1,091) (n=504) 

BMI at baseline; kg/m2  
Mean [SD] 28.3 [4.9] 27.2 [5.5] 
Median [Q1, Q3] 28.0 [25.0, 31.0] 26.0 [23.0, 30.0] 
Missing n (%) 47 (4.3) 23 (4.6) 

BMI group at baseline, n (%)  
Normal 213 (20.4) 160 (33.3) 
Underweight 4 (0.4) 11 (2.29) 
Overweight 473 (45.3) 181 (37.6) 
Obese 354 (33.9) 129 (26.8) 
Missing 47 (4.3) 23 (4.6) 

Cigarette smoking status, n (%)  
Never 392 (36.4) 256 (51.3) 
Ever 686 (63.6) 243 (48.7) 
Missing 13 (1.2) 5 (1.0) 

Number of cigarettes smoked per day 
Mean [SD] 18.1 [13.0] 12.0 [9.4] 
Median [Q1, Q3] 20.0 [10.0, 20.0] 10.0 [5.0, 20.0] 
Missing n (%) 483 (44.3) 278 (55.2) 

Duration of smoking cigarettes; years 
Mean [SD] 24.2 [15.1] 19.2 [14.8] 
Median [Q1, Q3] 23.0 [13.0, 36.0] 17.0 [8.00, 30.0] 
Missing n (%) 538 (49.3) 321 (63.7) 

Number of pack-years of smoking 
Mean [SD] 25.6 [24.8] 14.0 [15.8] 
Median [Q1, Q3] 20.0 [7.00, 36.0] 8.40 [2.5, 21.0] 
Missing n (%) 590 (54.1) 333 (66.1) 

Heavy alcohol drinking status, n (%) 
Never 839 (79.5) 413 (88.4) 
Ever 216 (20.5) 54 (11.6) 
Missing 36 (3.3) 37 (7.3) 

Units of alcohol intake per week 
Mean [SD] 12.0 [14.9] 10.1 [15.3] 
Median [Q1, Q3] 8.0 [3.0, 15.0] 6.00 [2.0, 14.0] 
Missing n (%) 346 (31.7) 190 (37.7) 

 

Reflux and acid-suppressing medication use among BO cases and reflux controls

The distribution of reflux-related variables and acid-suppressant medication use is described
in Table 4.12. As expected, most BO cases and reflux controls reported a history of reflux
symptoms. The majority of BO cases (59.1%, n=634) reported a sporadic/unknown pattern
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for the frequency of reflux symptoms and this pattern was also most frequent among the
controls (33.9%, n=169). Among BO cases, other patterns of ‘sometimes’, ‘often’ and ‘daily’
were experienced by 31.2% (n=335), 6.2% (n=66) and 4.9% (n=52), respectively. Among
reflux controls with a known pattern for frequency of reflux symptoms, most experienced
a ‘sometimes’ pattern (30.9%, n=154) followed by daily (17.2%, n=86) and often (11.0%,
n=55). The ‘never’ frequency of reflux symptoms was reported by a small proportion of BO
cases (7.8%, n=84) and reflux controls (7.0%, n=35). Most BO cases experienced reflux for
greater than 10 years since symptom occurrence (59.1%, n=634) followed by 5-10 years
(17.0%, n=182) and fewer than 5 years (14.7%, n=158). Among reflux cases, most reported
experiencing reflux symptoms for fewer than 5 years (55.5%, n=277) followed by greater
than 10 years (22.6% n=113) and 5-10 years (13.2%, n=66) since symptom occurrence.

A majority of both BO cases (78.6%, n=857) and reflux controls (52.8%, n=266) reported
using at least one type of acid suppressing medication at baseline. The average duration of
PPI use was 4.9 (SD=3.9) years for BO cases and 2.6 (SD=1.5) years for reflux controls. Use
of OTC and H2RA medications was much less frequent with 3.0% (n=33) and 0.2% (n=2) of
BO cases reporting the use of these medications, respectively. A small proportion of reflux
controls reported using OTC medications (2.6%, n=13) while none reported use of H2RA
medications. The duration of use for OTC or H2RA medications was not estimable as none
of the users reported a value for the number of years of use.

When the three measures of acid suppressant medication use were combined, a majority
of BO cases (78.9%, n=861) and reflux controls (53.4%, n=269) reported using any type of
these medications. This distribution nearly mirrors the distribution of PPI medication use as
these medications were highly prevalent among both groups.

As before, to address limitations in the reporting of heartburn symptoms as well as
missing data, the derived variable for any acid suppressant medication use was combined
with the measures of reflux symptoms (frequency and duration of symptoms) to create a
single measure for the presence of heartburn symptoms at baseline. Not unexpectedly, nearly
all BO cases (96.6%, n=1,054) and reflux controls (93.3%, n=470) had likely experienced
symptoms of heartburn at baseline.
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Table 4.12 – Baseline reflux symptoms characteristics and acid-suppressant 
medication use of BO cases and reflux controls. 

Characteristic Barrett’s Cases Reflux Controls 
(n=1,091) (n=504) 

Frequency of reflux symptoms, n (%) 
Never 84 (7.8) 35 (7.0) 
Sometimes 335 (31.2) 154 (30.9) 
Often 66 (6.2) 55 (11.0) 
Daily 52 (4.9) 86 (17.2) 
Unknown/sporadic 536 (50.0) 169 (33.9) 
Missing 18 (1.6) 5 (1.0) 

Duration since reflux symptoms began, n (%) 
Never 84 (7.8) 35 (7.0) 
< 5 years 158 (14.7) 277 (55.5) 
5-10 years 182 (17.0) 66 (13.2) 
> 10 years 634 (59.1) 113 (22.6) 
Unknown/sporadic 15 (1.4) 8 (1.6) 
Missing 18 (1.6) 5 (1.0) 

PPI medication use, n (%) 
Never 234 (21.4) 238 (47.2) 
Ever 857 (78.6) 266 (52.8) 

OTC acid suppressant medication use, n (%) 
Never 1058 (97.0) 491 (97.4) 
Ever 33 (3.0) 13 (2.6) 

H2RA medication use 
Never 1089 (99.8) 504 (100.0) 
Ever 2 (0.232) 0 (0) 

Derived variables 
Derived any acid suppressant medications use, n (%) 

Never 230 (21.1) 235 (46.6) 
Ever 861 (78.9) 269 (53.4) 

Derived heartburn symptom status, n (%) 
Absent 37 (3.4) 34 (6.7) 
Present 1054 (96.6) 470 (93.3) 

Abbreviations: PPI, proton pump inhibitor; OTC, over-the-counter; H2RA, 
histamine H-2 receptor antagonist. 

Anti-inflammatory medication use among BO cases and reflux controls

Table 4.13 presents the summary statistics for aspirin and NSAID use among BO cases and
reflux controls selected from BEST2. In BO cases, 22.8% (n=174) reported ever-use of
aspirin, while 17.4% (n=124) reported ever-use of other NSAIDs. When both aspirin and
other NSAID use were combined, 32.2% (n=279) reported ever-use of either medication.
Among reflux controls, 14.9% (n=41) reported ever-use of aspirin, and 28.4% (n=93) reported
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ever-use of other NSAIDs. When aspirin and other NSAID use were combined, 34.3%
(n=122) reported ever-use of either medication.

Table 4.13 – Baseline anti-inflammatory medication use of 
BO cases and reflux controls. 

Characteristic Barrett’s Cases Reflux Controls 
(n=1,091) (n=504) 

Aspirin use, n (%)  
Never 588 (77.2) 234 (85.1) 
Ever 174 (22.8) 41 (14.9) 
Missing 329 (30.2) 229 (45.4) 

NSAID use, n (%) 
Never 588 (82.6) 234 (71.6) 
Ever 124 (17.4) 93 (28.4) 
Missing 379 (34.7) 177 (35.1) 

Aspirin/NSAID use, n (%) 
Never 588 (67.8) 234 (65.7) 
Ever 279 (32.2) 122 (34.3) 
Missing 224 (20.5) 148 (29.4) 

Abbreviation: NSAID, non-steroidal anti-inflammatory drugs.  
 

Distribution of selected baseline characteristics of BO cases and reflux controls per
region

The baseline variables selected for BO cases and reflux controls are the same as those
selected after analysing the OAC phenotypes. These include age at diagnosis for BO
cases or recruitment for reflux controls, gender, BMI at baseline, cigarette smoking status,
aspirin/NSAID use and heartburn symptoms using the derived variable. TNM was not
applicable to this patient population.

Table 4.14 presents the distribution of these variables across the geographic regions
covered and according to participant type (BO case or reflux control). The mean age was
generally higher among BO cases than reflux controls in each region. The proportion of
male patients was higher among BO cases than reflux controls by at least 20% in all regions
except for South East (England), however, this region only had two reflux controls and both
were male. The mean BMI and self-reported cigarette smoking was also generally higher
among BO cases than among reflux controls across regions. There was no distinct pattern for
self-reported aspirin/NSAID use. While the proportion of those reporting ever-use was lower
among BO cases than among reflux cases in East of England (24.5% vs. 36.7%) and East
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Midland (44.7% vs 5.0%), it was nearly equal for the London region (28.3%) but higher for
North East (38.5 vs. 22.0%). The presence of heartburn symptoms was derived for at least
94.5% of BO cases and at least 85.9% of reflux controls across regions, with 100% of both
in the East Midlands region.



4.2 Descriptive statistics 75

Ta
bl

e 
4.

14
 –

 D
is

tri
bu

tio
n 

of
 s

el
ec

te
d 

ba
se

lin
e 

ch
ar

ac
te

ris
tic

s 
of

 B
O

 c
as

es
 a

nd
 re

flu
x 

co
nt

ro
ls

 a
cc

or
di

ng
 to

 g
eo

gr
ap

hi
c 

re
gi

on
. T

he
 

re
gi

on
s 

ar
e 

ar
ra

ng
ed

 in
 d

es
ce

nd
in

g 
or

de
r f

ro
m

 le
ft 

to
 ri

gh
t b

as
ed

 o
n 

th
e 

to
ta

l n
um

be
r o

f p
ar

tic
ip

an
ts

. 

C
ha

ra
ct

er
is

tic
 

Ea
st

 o
f E

ng
la

nd
 

(n
=7

72
) 

Lo
nd

on
 

(n
=3

32
) 

N
or

th
 E

as
t, 

En
g.

 
(n

=2
70

) 
Ea

st
 M

id
la

nd
s,

 E
ng

. 
(n

=1
74

) 
So

ut
h 

Ea
st

, E
ng

. 
(n

=4
7)

 
B

O
 c

a.
 

n=
43

6 
(5

6.
5%

) 

R
ef

lu
x 

co
. 

n=
33

6 
(4

3.
5%

) 

B
O

 c
a.

 
n=

27
0 

(8
1.

3%
) 

R
ef

lu
x 

co
. 

n=
62

 
(1

8.
7%

) 

B
O

 c
a.

 
n=

20
6 

(7
6.

3%
) 

R
ef

lu
x 

co
. 

n=
64

 
(2

3.
7%

) 

B
O

 c
a.

 
n=

13
4 

(7
7.

0%
) 

R
ef

lu
x 

co
. 

n=
40

 
(2

3.
0%

) 

B
O

 c
a.

 
n=

45
 

(9
5.

7%
) 

R
ef

lu
x 

co
. 

A
ge

*;
 y
ea
rs

 
M

ea
n 

[S
D

] 
61

.9
 [1

1.
6]

 5
7.

0 
[1

4.
6]

 5
9.

5 
[1

3.
5]

 4
8.

2 
[1

5.
2]

 5
8.

0 
[1

1.
1]

 5
2.

3 
[1

3.
2]

 6
1.

6 
[1

1.
9]

 5
3.

0 
[1

5.
2]

 6
0.

5 
[1

0.
2]

 
55

.0
 [2

.8
] 

G
en

de
r, 

n 
(%

) 
Fe

m
al

e 
85

 (1
9.

5)
 

19
4 

(5
7.

7)
 

43
 (1

5.
9)

 
23

 (3
7.

1)
 

58
 (2

8.
2)

 
32

 (5
0.

0)
 

23
 (1

7.
2)

 
26

 (6
5.

0)
 

8 
(1

7.
8)

 
0 

(0
) 

M
al

e 
35

1 
(8

0.
5)

 1
42

 (4
2.

3)
 2

27
 (8

4.
1)

 
39

 (6
2.

9)
 

14
8 

(7
1.

8)
 

32
 (5

0.
0)

 
11

1 
(8

2.
8)

 
14

 (3
5.

0)
 

37
 (8

2.
2)

 
2 

(1
00

.0
) 

B
M

I a
t b

as
el

in
e;

 k
g/
m
2  

M
ea

n 
[S

D
] 

28
.3

 [4
.7

] 
26

.9
 [5

.3
] 

27
.9

 [4
.9

] 
26

.6
 [4

.5
] 

28
.6

 [5
.2

] 
29

.2
 [7

.2
] 

28
.1

 [3
.8

] 
27

.0
 [4

.9
] 

29
.2

 [6
.9

] 
22

.5
 [2

.1
] 

M
is

si
ng

 n
 (%

) 
27

 (6
.2

) 
16

 (4
.8

) 
11

 (4
.1

) 
2 

(3
.2

) 
6 

(2
.9

) 
4 

(6
.2

) 
2 

(1
.5

) 
1 

(2
.5

) 
1 

(2
.2

) 
0 

(0
) 

C
ig

ar
et

te
 s

m
ok

in
g 

st
at

us
, n

 (%
) 

N
ev

er
 

15
8 

(3
6.

8)
 1

77
 (5

3.
0)

 1
01

 (3
8.

0)
 

31
 (5

0.
0)

 
92

 (4
5.

1)
 

29
 (4

7.
5)

 
31

 (2
3.

1)
 

17
 (4

2.
5)

 
10

 (2
2.

2)
 

2 
(1

00
.0

) 
Ev

er
 

27
1 

(6
3.

2)
 1

57
 (4

7.
0)

 1
65

 (6
2.

0)
 

31
 (5

0.
0)

 
11

2 
(5

4.
9)

 
32

 (5
2.

5)
 

10
3 

(7
6.

9)
 

23
 (5

7.
5)

 
35

 (7
7.

8)
 

0 
(0

) 
M

is
si

ng
 

7 
(1

.6
) 

2 
(0

.6
) 

4 
(1

.5
) 

0 
(0

) 
2 

(1
.0

) 
3 

(4
.7

) 
0 

(0
) 

0 
(0

) 
0 

(0
) 

0 
(0

) 
A

sp
iri

n/
N

SA
ID

 u
se

, n
 (%

) 
N

ev
er

 
21

6 
(7

5.
5)

 1
40

 (6
3.

3)
 1

62
 (7

1.
7)

 
39

 (7
0.

9)
 

12
0 

(6
1.

5)
 

39
 (7

8.
0)

 
68

 (5
5.

3)
 

14
 (5

0.
0)

 
22

 (5
9.

5)
 

2 
(1

00
.0

) 
Ev

er
 

70
 (2

4.
5)

 
81

 (3
6.

7)
 

64
 (2

8.
3)

 
16

 (2
9.

1)
 

75
 (3

8.
5)

 
11

 (2
2.

0)
 

55
 (4

4.
7)

 
14

 (5
0.

0)
 

15
 (4

0.
5)

 
0 

(0
) 

M
is

si
ng

 
15

0 
(3

4.
4)

 1
15

 (3
4.

2)
 

44
 (1

6.
3)

 
7 

(1
1.

3)
 

11
 (5

.3
) 

14
 (2

1.
9)

 
11

 (8
.2

) 
12

 (3
0.

0)
 

8 
(1

7.
8)

 
0 

(0
) 

D
er

iv
ed

 h
ea

rt
bu

rn
 s

ym
pt

om
 s

ta
tu

s,
 n

 (%
) 

Ab
se

nt
 

24
 (5

.5
) 

22
 (6

.5
) 

7 
(2

.6
) 

3 
(4

.8
) 

5 
(2

.4
) 

9 
(1

4.
1)

 
0 

(0
) 

0 
(0

) 
1 

(2
.2

) 
0 

(0
) 

Pr
es

en
t 

41
2 

(9
4.

5)
 3

14
 (9

3.
5)

 2
63

 (9
7.

4)
 

59
 (9

5.
2)

 
20

1 
(9

7.
6)

 
55

 (8
5.

9)
 

13
4(

10
0.

0)
 4

0 
(1

00
.0

) 
44

 (9
7.

8)
 

2 
(1

00
.0

) 
* A

ge
 a

t d
ia

gn
os

is
 fo

r B
O

 c
as

es
 o

r a
t r

ec
ru

itm
en

t f
or

 re
flu

x 
co

nt
ro

ls
.

Ab
br

ev
ia

tio
ns

: C
a.

, c
as

es
; C

o.
, c

on
tro

ls
; E

ng
., 

En
gl

an
d;

 N
SA

ID
, n

on
-s

te
ro

id
al

 a
nt

i-i
nf

la
m

m
at

or
y 

dr
ug

s.
 

n=
2

(4
.3

%
) 



76 Results

4.2.3 Summary

We first re-established the previously reported prognostic effect of OAC phenotypes by Sawas
et al. (2018) in a larger and updated cohort used here. Next, examined the distribution of OAC
cases by region and found that the overall distribution of cases, as well as the distribution by
phenotype, was largely consistent across all regions covered by OCCAMS study centres.

Descriptive statistics were calculated for the entire cohort (n=3,100) and stratified by
OAC phenotype: 58.4% with BO+ve OAC (n=1,235), 41.6% with BO-ve OAC (n=880) and
31.8% (n=985/3,100) with BO(?) OAC. The distribution of 34 baseline variables among the
OAC cases was consistent with previous reports of this disease. Upon comparison of BO-ve
OAC to BO+ve OAC cases, we observed that older age, male gender, higher BMI and reflux
symptoms were less likely among BO-ve OAC cases, while self-reported ever-smoking and
use of aspirin/NSAIDs were more likely. In addition, TNM stage among clinical variables
and it was linearly associated with increased risk of BO-ve OAC compared to BO+ve OAC.
Among all clinicopathological variables, TNM had the lowest missing data. The variables
highlighted here comprise the set of covariates which will be used in subsequent analyses.

Among 214 OAC cases with a history of participating in BO surveillance, BO phenotype
was ascertained for 166 tumours. Of these, the finding of BO-ve OAC for 21 (12.7%) patients
supports the tumour overgrowth hypothesis. It is worth noting that the pathologists evaluating
BO adjacent status for tumours were blind to the patient’s history of participating in a BO
surveillance programme, making it unlikely that these cases were subjected to more scrutiny
when determining BO adjacent status. However, due to the small sample size, this finding
should be interpreted with caution.

The regional distribution of variables with a significant univariable association was also
examined. Similar to the distribution of cases and phenotypes, baseline characteristics were
mostly consistent between regions but there was wide variation in missing data. Lastly,
the prevalence of baseline characteristics among the BO(?) OAC group generally falls
between those of BO-ve and BO+ve OAC phenotypes. This suggests that the group with
unascertainable BO adjacent to OAC is likely a mixture of both phenotypes.

The baseline characteristics of BO cases and reflux controls were as expected for these
conditions. The rate of missing data was lower for the BO cases and reflux controls compared
to the OAC cases. The prevalence of heartburn symptoms was very high across the cohort
(95.5%) which was expected as BO patients may have long-standing reflux and controls were
indicated for endoscopy due to dyspepsia and/or reflux symptoms. However, lower rates of
heartburn were observed among OAC cases (81.2%). These differences may be explained by
distinctions in study design and CRF structure between BEST2 and OCCAMS. With this in
mind, we compared OAC phenotypes to BO cases and reflux controls to understand whether
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these OAC phenotypes are part of the same disease or a different aetiology related to risk
factor exposures.
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4.3 Association of clinical and epidemiological
characteristics

4.3.1 Factors associated with prognostic phenotypes

As described, a collection of 34 variables collected in OCCAMS were screened for inclusion
in the fully adjusted models (Methods, 3.2.2). From these variables, age at diagnosis, gender,
BMI at baseline, smoking, aspirin/NSAID use, heartburn and TNM (for cancer only) were
selected and are included in the primary comparison of BO-ve OAC vs. BO+ve OAC as well
as other comparison sets. To provide a more interpretable comparison for age at diagnosis
and BMI at baseline, these continuous measures were categorised into groups as described in
3.2.1. These categories were used in all other comparison sets.

Table 4.15 presents the association of baseline characteristics with OAC phenotypes
in the primary comparison set that included BO-ve OAC as outcome vs. BO+ve OAC as
reference. The OR and 95% CI estimates were derived using univariable (unadjusted/crude),
minimally adjusted (age and gender as covariates) and fully adjusted (all covariates included)
models. A fully adjusted model that excluded heartburn symptom status as a covariate was
used to examine the effect of adjusting for heartburn.

Age group at diagnosis was not statistically significantly associated with risk of BO-ve
OAC in any of the models. As reported in the results of descriptive analysis, the univariable
association for gender showed that male cases were less prevalent among the BO-ve OAC
group compared to the BO+ve OAC group (OR=0.69, 95% CI: 0.55-0.88, p=0.003). This
association persisted in subsequent adjusted models with a fully adjusted OR (aOR) of 0.67
(95%CI: 0.52-0.86, p=0.002).

In the analysis of BMI groups, the underweight BMI group was merged with the normal
BMI group due to its few observations (n=29). The overweight group was weakly associated
with a decreased risk of BO-ve OAC compared to BO+ve OAC in the unadjusted model
(OR=0.79, CI: 0.63-0.99, p=0.039). However, this association became null in the adjusted
models. Compared to BO+ve cases, BO-ve OAC cases were consistently less likely to
be obese at baseline with similar estimates in the univariable model (OR=0.54, 95% CI:
0.41-0.69, p<0.001) and in the fully adjusted model (aOR=0.57, 95% CI: 0.44-0.75, p<0.001).
The self-reported cigarette smoking status slightly differed between BO+ve OAC and BO-ve
OAC, with the BO-ve OAC group being more likely than the BO+ve OAC group to report
ever smoking (aOR=1.26, 95% CI: 1.03-1.54, p=0.022).

The univariable association between aspirin/NSAID use and risk of BO-ve OAC was
not significant. This association became weakly statistically significant in the fully adjusted
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model (aOR=1.35, 95% CI: 1.03-1.76, p=0.031), suggesting that the BO-ve OAC cases were
slightly more likely to have reported use of such medications compared to BO+ve OAC cases.
However, this association was the only one that became null in the fully adjusted model
with heartburn excluded as a covariate (aOR=1.28, CI: 0.98-1.67, p=0.072). Therefore, it
is possible that the association of aspirin/NSAID and increased risk of BO-ve OAC reflects
the confounding effects of the covariates in the fully adjusted model, specifically heartburn,
which can affect the association between aspirin/NSAID use and the risk of BO-ve OAC.

Similar to the inverse association of male gender and obesity with BO-ve OAC cases,
these cases were also less likely than BO+ve OAC cases to exhibit heartburn symptoms as
measured using the derived variable (aOR=0.63, CI: 0.49-0.82, p=0.001). Lastly, there was
a strong association between increasing TNM stage and BO-ve OAC as the outcome when
compared to the reference BO+ve OAC phenotype, with an aOR of 2.42, 2.93, and 3.19 for
stages II, III, and IV, respectively, relative to stage I.

As noted above, except for aspirin/NSAID use, the derived OR and 95% CI estimates for
all other variables remained virtually unchanged between the fully adjusted model and the
fully adjusted model that excluded heartburn as a covariate. A likelihood ratio test between
these models resulted in a p-value of 0.856, indicating an equal model fit. There were no
significant interactions between the variables included in the fully adjusted models.
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4.3.2 Sensitivity analyses

Three sensitivity analyses were conducted to evaluate the effects of missing data and the
influence of the OAC cases with a history of BO surveillance on the point estimates obtained
using the fully adjusted model. In the first analysis, missing data were imputed using multiple
imputation (MI) as described in 3.4.2. In the second analysis, a complete case approach
was taken to exclude any observation with missing data for the variables included in the
fully adjusted model. In the third analysis, the OAC cases with a history of participation in
BO surveillance programmes (n=214) were excluded from the fully adjusted model. The
results of the sensitivity analyses were compared against results from the fully adjusted
model reported in the section above.

Table 4.16 summarises the results of the sensitivity analyses conducted for the primary
comparison set (BO-ve OAC as outcome vs. BO+ve OAC). Overall, results remained highly
robust across all three sensitivity analyses. Using imputed data, the adjusted odds ratios for
the associations of all variables but one remained statistically significant and changed in
magnitude by less than 10%. Only the association of ever-smoking became non-significant
(MI aOR=1.21, 95% CI: 0.99-1.47, p=0.060). In complete-case analysis, the aORs for the
association of male gender, aspirin/NSAID ever-use and presence of heartburn symptoms
remained statistically significant and did not change by more than 10%. The association of
obese BMI was affected and became null (aOR=0.78, 95% CI: 0.52-1.16, p=0.222). Similarly,
the observed higher likelihood of self-reported ever-smoking among BO-ve OAC compared
to BO+ve OAC cases was no longer statistically significant (aOR=1.34, 95% CI: 0.97-1.86,
p=0.082). Finally, no material deviation was observed in the fully adjusted estimates when
OAC cases with a history of undergoing BO surveillance were excluded compared to the
results with these patients included.

As the results obtained from the fully adjusted model were similar to the other adjusted
models and remained robust in the sensitivity analyses, only the results from the fully
adjusted model (aOR) with missing data as an indicator variable will be reported to ease the
interpretation of the results.
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4.3.3 Similarity of prognostic phenotypes with unascertainable
phenotype

It is likely the unascertainable BO(?) OAC group is a mixture of both tumour phenotypes
that with an excess of BO-ve OAC. To confirm this, we compared the baseline characteristics
of BO+ve OAC and BO-ve OAC to the BO(?) OAC cases. We expected that the associations
observed in the primary comparison group would weaken when BO+ve was compared to
BO(?) OAC cases while the associations seen for BO-ve OAC would disappear. The results
for the association of baseline characteristics comparing the BO+ve OAC and BO-ve OAC to
BO(?) OAC cases are presented in Table 4.17 and Table 4.18, respectively.

Indeed, all aORs previously noted when comparing BO-ve OAC to BO+OAC cases were
attenuated when the later phenotype was compared to BO(?) OAC. For example, male cases
were less likely to be in the BO-ve OAC phenotype group than the BO+ve OAC group
(aOR=0.67, 95% CI: 0.52-0.86, p=0.002; Table 4.15). When the BO+ve OAC phenotype
group was compared to the BO(?) OAC group, this association became less prominent,
indicating a nearly equal likelihood of male cases in either group (aOR=1.32, 95% CI:
1.03-1.70, p=0.026; Table 4.17).

When the BO-ve OAC phenotype was compared against the BO(?) OAC group, nearly
all statistically significant associations seen in the primary comparison set disappeared. Simi-
larly, symptoms of heartburn were less likely to be ‘present’ in the BO-ve OAC phenotype
group compared to the BO+ve OAC group (aOR=0.63, 95% CI: 0.49-0.82, p=0.001; Table
4.15). However, when comparing BO-ve OAC to BO(?) OAC, this association was no
longer statistically significant (aOR=0.80, 95% CI: 0.61-1.03, p=0.085; Table 4.18). Similar
attenuations occurred for the association of BMI group and cigarette smoking previously
observed in the primary comparison set. Only TNM III versus I remained correlated with
BO-ve OAC cases, but this was a weak effect (TNM III vs. I OR=1.41, 95% CI: 1.03-1.94,
p=0.031). Taken together, it is likely that the BO(?) OAC phenotype is comprised of an
excess number of BO-ve OAC than BO+ve OAC cases.

The same three sensitivity analyses conducted for the primary comparison set (BO-ve
OAC vs. BO+ve OAC) were also performed for the comparison set described here. The
results of these analyses were not substantially different from the adjusted associations
described above (Tables A.1 and A.2).
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4.3.4 Comparison of characteristics between prognostic phenotypes
and Barrett’s oesophagus

We next compared the characteristics of OAC phenotypes to BO cases to determine if certain
factors associate more strongly with one phenotype than the other. We rationalised that if the
BO-ve OAC phenotype does not involve BO during its progression, then the association of
risk factors for this phenotype compared to BO cases may be more distinct than associations
for BO+ve OAC against BO cases. Table 4.19 and Table 4.20 present the association of
baseline characteristics comparing BO+ve OAC and BO-ve OAC cases to BO cases. The
sensitivity analysis results excluding OAC cases with a history of undergoing BO surveillance
are also presented in these tables to ease interpretation.

As anticipated, older age groups were found to be associated with an increased risk of
both OAC phenotypes when compared to BO cases, and the strength of these associations
was similar for both OAC phenotypes. BO+ve OAC cases were more likely to be male than
BO controls (aOR=1.51, 95% CI: 1.16-1.97, p=0.003; Table 4.19), but the proportion of male
cases was equal among BO-ve OAC cases and BO controls (aOR=1.05, 95% CI: 0.79-1.40,
p=0.737; Table 4.20). This is in line with earlier results showing that male cases were less
frequent in the BO-ve OAC phenotype group compared to the BO+ve OAC phenotype.

Compared to BO cases, no association was observed between BMI groups and risk of
BO+ve OAC. This lack of association may be explained by BO-ve OAC cases having a
higher TNM stage and therefore being frailer, however, TNM was not included in the model
as it does not apply to BO cases. By excluding OAC cases with a history of undergoing
BO surveillance, who were more likely to be diagnosed at an earlier stage, the association
of overweight and obese moved to favour BO cases more than BO+ve OAC but results
did not reach statistical significance (Table 4.19). In contrast, BO-ve OAC was less likely
among overweight (aOR=0.64, 95% CI: 0.49-0.84, p=0.001; Table 4.20) and obese groups
cases (aOR=0.39, 95% CI: 0.29-0.53, p<0.001; Table 4.20). Taken together, it is likely
that compared to BO cases, both OAC phenotypes have a lower likelihood of including
overweight or obese cases. The lack of an association between BMI groups and BO+ve OAC
cases compared to BO cases is likely attributed to early tumour-stage patients who did not
experience significant weight loss, thus masking the association.

Similar to BMI, smoking is also a risk factor for both BO and OAC. Compared to BO
cases, smoking was not associated with risk of either BO+ve OAC or BO-ve OAC phenotype
across adjusted models. The associations of aspirin/NSAID use and reflux symptoms with
OAC phenotypes were generally similar in magnitude.

The results of the other two sensitivity analyses (MI and complete case) and for the fully
adjusted model with heartburn symptoms excluded as a covariate are presented in Tables A.3
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and A.4 for BO+ve OAC and BO-ve OAC compared to BO cases, respectively. The results
did not differ substantially from the adjusted estimates presented here.

Furthermore, we compared the BO(?) OAC phenotype to BO cases (Table A.5) and, as
expected, saw generally similar point estimates obtained from comparing BO-ve OAC cases
to BO cases. This further confirms the excess number of BO-ve OAC among the BO(?) OAC
group for which BO phenotype was unascertainable. Results remained robust in sensitivity
analyses (Table A.6).
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4.3.5 Comparison of characteristics between prognostic phenotypes
and reflux controls

There is substantial overlap between the risk factors for BO and OAC as reviewed earlier. The
case-case analyses presented above may be limited in disentangling significant differences in
the association of baseline factors for the OAC phenotypes. Therefore, we compared all three
OAC phenotypes against reflux controls without BO/OAC to further evaluate the strength of
the observed associations for these phenotypes.

When compared against reflux controls, both BO+ve OAC and BO-ve OAC phenotypes
were more likely to include cases that were older, male, reported ever-use of aspirin/NSAIDs
and were inferred to have heartburn symptoms using the derived variable. As expected, these
associations were strengthened in magnitude compared to previous results and the aORs were
largely similar for BO+ve OAC and BO-ve OAC cases. Only the association of BMI groups
and cigarette smoking status differed between the phenotypes. Compared to reflux controls,
the BO+ve OAC group was more likely to include obese cases (aOR=2.10, 95% CI:1.45-3.05,
p<0.001; Table A.7). However, similar to the comparison against BO cases, this association
was weakened when OAC cases with a history of undergoing BO surveillance were excluded
(aOR=1.90, 95% CI: 1.30-2.80, p=0.001; Table A.8). The BO-ve OAC group was more likely
than reflux controls to report ever-smoking (aOR=1.85, 95% CI: 1.38-2.48, p<0.001; Table
A.9), but there was considerable variation for this association in sensitivity analyses (Table
A.10). Finally, as expected, the observed associations were attenuated when comparing the
BO(?) OAC to reflux controls (Table A.11) with sensitivity analyses demonstrating some
variations in results (Table A.12).

4.3.6 Summary

To summarise the work to this point, after selecting the most significant and well-recorded
variables to include in a fully adjusted model, we first compared the cancer phenotypes to
each other to determine the degree of overlap between the epidemiological characteristic
of BO+ve OAC and BO-ve OAC. We observed similar age group distribution for these and
a higher likelihood of self-reported cigarette smoking and aspirin/NSAID use among the
BO-ve OAC cases compared to BO+ve OAC cases. Additionally, male cases, overweight
or obese BMI, and inferred reflux symptoms were more common among BO-ve OAC cases
than BO+ve OAC cases. The association of these epidemiological factors was generally
weak or modest and was likely explained by other factors (e.g., BMI and tumour stage) or
was not robust in sensitivity analyses, such as the association of smoking with BO-ve OAC
using MI. However, the strongest and most significant association was between higher TNM
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and increased risk of BO-ve OAC, demonstrating a linear trend. Thus, it could be that the
tumour overgrew the extant BO in these cases. Furthermore, by comparing the characteristics
of BO+ve and BO-ve to the BO(?) OAC, we confirmed that this group includes an excess of
BO-ve OAC tumours.

We then moved to compare the OAC phenotypes with BO cases to better understand the
degree of shared characteristics between them. Similar to before, male gender was more
strongly associated with the BO+ve OAC than the BO-ve OAC phenotype. The cause of
this observation is unclear, but study design and selection bias should be considered as the
BO cases were sourced from a different study (BEST2) than the OAC cases (OCCAMS).
OAC phenotypes were also compared against reflux controls who were otherwise healthy.
In this analysis, we observed a similar magnitude of the aOR for most baseline risk factors
in relation to BO+ve OAC or BO-ve OAC. Only cigarette smoking was more likely to be
self-reported among BO-ve OAC, but not BO+ve OAC, compared to reflux controls. Taken
together, there is considerable overlap in the association of the characteristics between the
OAC phenotypes.
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4.4 Predictors of survival in prognostic phenotypes

We first re-established the persistence of the favourable prognosis related to BO+ve OAC
patients compare to BO-ve OAC patients. This association was similar to that observed in
the study by Sawas et al. (2018) to further evaluate our hypothesis and address the aims, we
conducted additional analyses to interrogate whether the observed prognostic difference is
explained by the factors which were associated with the OAC phenotypes as described in
previous chapters.

4.4.1 Survival trends among oesophageal adenocarcinoma cases

The survival metrics for OAC cases overall and according to tumour phenotype are presented
in Table 25. Of 3,100 OAC cases included in this study from the OCCAMS cohort, vital
status and follow-up data were complete for 2,566 cases, resulting in an 82.8% follow-up
rate as of June 4th, 2022. No vital status was recorded for 510 cases (16.4%), and these were
right censored. Vital status and follow-up duration were not recorded for 24 cases (0.8%)
and therefore were excluded from survival analyses. Among the 2,566 cases with complete
survival data, a total of 862 deaths due to all causes were documented during the follow-up
period: 335 (38.9%) of deaths occurred in the BO+ve OAC group, 283 (32.8%) in the BO-ve
OAC group and 244 (28.3%) in the BO(?) OAC group. A total of 6,885.1 person-years of
follow-up was collected with BO+ve OAC, BO-ve OAC and BO(?) OAC cases contributing
2,974.7, 1,907.6 and 2,002.8 person-years, respectively.

Table 4.21 – Survival statistics of OAC cases, overall and according to OAC phenotype. 

Metric BO+ve OAC 
n=1,235 

BO-ve OAC 
n=880 

BO(?) OAC 
n=985 

Overall 
n=3,100 

Follow-up rate†, n (%) 1053 (85.2) 773 (87.8) 740 (75.1) 2566 (82.8) 
Right censored, n (%) 170 (13.7) 104 (11.8) 236 (23.9) 510 (16.4) 

Excluded*, n (%) 12 (0.9) 3 (0.3) 9 (0.9) 24 (0.8) 
Deaths, n (%) 335 (27.1) 283 (32.1) 244 (24.7) 862 (27.8) 
Person-years 2974.7 1907.6 2002.8 6885.1 

Crude mortality rate# 11.2 14.8 12.2 12.5 
Years of follow-up, 
median (min-max) 1.9 (0.1-12.0) 1.7 (0.1-9.2) 1.5 (0.1-10.9) 1.7 (0.1-12.0) 

†Cases with complete vital status and follow-up duration. 
*Cases with missing vital status and follow-up duration.
#Per 100 person-years

Tables 4.22-4.29 present summary survival statistics according to the selected baseline
characteristics for all OAC cases and by OAC phenotypes. Although Siewert Classification
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was not included among these, it was analysed in relation to survival because it was one of
the variables originally used by Sawas et al. (2018). We collected all-cause mortality for
OAC cases, therefore, survival refers to overall survival (OS).

Demographic factors

Overall, a similar follow-up rate and proportion of deaths were observed across the age
groups (Table 4.22). Cases in the 60-69 age group contributed the highest number of person-
years (2665.5) followed by the 70+ group (2452.7), the 50-59 group (1341.8) and the <50
group (425.1). A similar crude mortality rate (CMR) was observed across the three youngest
age groups, however, a slightly higher rate was seen among those in the 70+ age group.
When examined according to OAC phenotype, a lower follow-up rate was seen for all age
groups among BO(?) OAC tumours.

The survival metrics overall and by OAC phenotypes according to patient gender are
presented in Table 4.23. Overall, these metrics were similar between female and male
cases. Consistent with the results for age group, BO-ve OAC tumours had an elevated CMR.
However, the crude mortality rate for female BO-ve OAC cases was slightly higher than for
male cases.
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Risk factors

Table 4.24 shows the survival statistics for all OAC cases based on the OAC phenotype and
according to BMI group at baseline. Overall, a similar follow-up rate was achieved for across
BMI groups, however, those missing BMI had the lowest follow-up rate (73.6%). Overweight
cases provided the greatest number of person-years (2388.4) followed by cases with normal
(1659.1) and obese (1517.5) BMI. As expected, the CMR was highest among cases with a
normal BMI (14.8) followed by overweight (11.7) and obese (9.7) cases. This trend is likely
explained by the severe weight loss experienced by patients with more advanced tumours at
baseline when BMI was measured. Indeed, among patients with early-stage tumours (I/II)
20.3% had a normal BMI while this prevalence was 27.6% among patients with late-stage
tumours (III/IV). Conversely, 24.3% of early-stage patients were obese relative to 18.2% of
late-stage patients. The CMR was elevated across all BMI groups among the BO-ve OAC
phenotype compared to the other phenotypes.
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Table 4.25 summarises the survival metrics for the cohort according to cigarette smoking
status. Overall, these metrics were similar between those reporting ever- and never-smoking.
Similar to other characteristics examined above, the CMR was higher among both never- and
ever-smokers in the BO-ve OAC group compared to BO+ve OAC and BO(?) OAC.

Table 4.25 – Survival statistics of OAC cases by cigarette smoking group, overall and according to tumour 
phenotype. 

Phenotype BO+ve OAC BO-ve OAC BO(?) OAC Overall 

Smoking 
status N

ev
er

 

Ev
er

 

M
is

si
ng

 

N
ev

er
 

Ev
er

 

M
is

si
ng

 

N
ev

er
 

Ev
er

 

M
is

si
ng

 

N
ev

er
 

Ev
er

 

M
is

si
ng

 

Frequency, n 448 658 117 297 531 49 301 557 118 1046 1746 284 
Follow-up 

rate†, 
n (%) 

398 
(88.8) 

588 
(89.4) 

67 
(57.3) 

265 
(89.2) 

475 
(89.5) 

33 
(67.3) 

241 
(80.1) 

441 
(79.2) 

58 
(49.2) 

904 
(86.4) 

1504 
(86.1) 

158 
(55.6) 

Right 
censored, 

n (%) 

50 
(11.2) 

70 
(10.6) 

50 
(42.7) 

32 
(10.8) 

56 
(10.5) 

16 
(32.7) 

60 
(19.9) 

116 
(20.8) 

60 
(50.8) 

142 
(13.6) 

242 
(13.9) 

126 
(44.4) 

Deaths, 
n (%) 

117 
(26.1) 

189 
(28.7) 

29 
(24.8) 

103 
(34.7) 

163 
(30.7) 

17 
(34.7) 

78 
(25.9) 

138 
(24.8) 

28 
(23.7) 

298 
(28.5) 

490 
(28.1) 

74 
(26.1) 

Person-years 1668.7 164.6 657.4 1181.6 68.6 645.4 1196.1 161.4 2444.2 4046.4 394.6 

CMR# 10.3 11.3 17.6 15.7 13.8 24.8 12.1 11.5 17.3 12.2 12.1 18.8 
Years of 

follow-up, 
median 

(min-max) 

2.1 
(0.1-
12.0) 

2.1 
(0.1-
10.0) 

0.7 
(0.1- 
6.2) 

1.8 
(0.1- 
9.0) 

1.7 
(0.0- 
9.2) 

1.1 
(0.2-
4.2) 

1.5 
(0.1-
10.9) 

1.6 
(0.1-
9.8) 

0.6 
(0.1-
5.5) 

1.8 
(0.1-
12.0) 

1.8 
(0.0-
10.0) 

0.7 
(0.1-
6.2) 

†Cases with complete vital status and follow-up duration. 
#Per 100 person-years. 
Abbreviation: CMR, crude mortality rate. 

1141.4 

Table 4.26 provides descriptive survival statistics, which are presented both overall and
by OAC phenotypes, according to aspirin/NSAID use. Overall, the follow-up rate was
slightly higher for ever users than never users. Additionally, ever-users contributed more
Person-Years (2014.4) than never-users (1430.4) and the CMR was slightly higher among
ever-users (10.8) compared to never-users (9.3). Among BO-ve OAC tumours, the CMR was
found to be greater for both never- and ever-users was higher than the other tumour groups
and the CMR was also greater in ever-users than never-users in this tumour phenotype group.

The survival statistics overall and by tumour phenotype are summarised according to
heartburn status in Table 4.27. Overall, little difference was observed in these statistics
between those with and without heartburn symptoms. As expected, the CMR was again
elevated among BO-ve OAC tumours compared to other tumour groups.
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Table 4.26 – Survival statistics of OAC cases by aspirin/NSAID use status, overall and according to tumour 
phenotype. 

Phenotype BO+ve OAC BO-ve OAC BO(?) OAC Overall 

Aspirin/NSAID 
use N

ev
er

 

Ev
er

 

M
is

si
ng

 

N
ev

er
 

Ev
er

 

M
is

si
ng

 

N
ev

er
 

Ev
er

 

M
is

si
ng

 

N
ev

er
 

Ev
er

 

M
is

si
ng

 

Frequency, n 256 323 644 160 243 474 198 259 519 614 825 1637 
Follow-up  

rate†,  
n (%) 

221 
(86.3) 

294 
(91.0) 

538 
(83.5) 

134 
(83.8) 

221 
(90.9) 

418 
(88.2) 

148 
(74.7) 

211 
(81.5) 

381 
(73.4) 

503 
(81.9) 

726 
(88.0) 

1337 
(81.7) 

Right  
censored,  

n (%) 
35  

(13.7) 
29  

(9.0) 
106 

(16.5) 
26 

(16.2) 
22  

(9.1) 
56 

(11.8) 
50 

(25.3) 
48 

(18.5) 
138 

(26.6) 
111 

(18.1) 
99 

(12.0) 
300 

(18.3) 

Deaths,  
n (%) 

60  
(23.4) 

82 
(25.4) 

193 
(30.0) 

35 
(21.9) 

80 
(32.9) 

168 
(35.4) 

38 
(19.2) 

55 
(21.2) 

151 
(29.1) 

133 
(21.7) 

217 
(26.3) 

512 
(31.3) 

Person-years 662 874.3 1438.3 354.9 571.2 981.5 413.4 568.9 1020.5 1430.4 2014.4 3440.3 
CMR# 9.1 9.4 13.4 9.9 14.0 17.1 9.2 9.7 14.8 9.3 10.8 14.9 

Years of  
follow-up, 

median 
(min-max) 

2.3  
(0.1- 
8.2) 

2.3  
(0.1- 
9.7) 

1.7  
(0.1- 
12.0) 

2.0  
(0.1- 
6.9) 

1.8  
(0.1-
9.0) 

1.6  
(0.0-
9.2) 

1.5  
(0.1-
7.1) 

1.7  
(0.1-
9.8) 

1.3  
(0.1-
10.9) 

1.9  
(0.1- 
8.2) 

1.9  
(0.1- 
9.8) 

1.5  
(0.0-
12.0) 

†Cases with complete vital status and follow-up duration. 
#Per 100 person-years. 
Abbreviation: CMR, crude mortality rate. 

 

Table 4.27 – Survival statistics of OAC cases by derived heartburn symptoms status, overall and according to 
tumour phenotype. 

Phenotype BO+ve OAC BO-ve OAC BO(?) OAC Overall 

Heartburn  
symptoms 

A
bs

en
t 

Pr
es

en
t  

M
is

si
ng

 

A
bs

en
t 

Pr
es

en
t 

M
is

si
ng

 

A
bs

en
t 

Pr
es

en
t  

M
is

si
ng

 

A
bs

en
t 

Pr
es

en
t  

M
is

si
ng

 
Frequency, n 149 810 264 159 543 175 142 593 241 450 1946 680 

Follow-up 
rate†,  
n (%) 

127 
(85.2) 

734 
(90.6) 

192 
(72.7) 

136 
(85.5) 

492 
(90.6) 

145 
(82.9) 

109 
(76.8) 

480 
(80.9) 

151 
(62.7) 

372 
(82.7) 

1706 
(87.7) 

488 
(71.8) 

Right 
censored,  

n (%) 
22 

(14.8) 
76 

(9.4) 
72 

(27.3) 
23 

(14.5) 
51 

(9.4) 
30 

(17.1) 
33 

(23.2) 
113 

(19.1) 
90 

(37.3) 
78 

(17.3) 
240 

(12.3) 
192 

(28.2) 

Deaths,  
n (%) 

40 
(26.8) 

210 
(25.9) 

85 
(32.2) 

46 
(28.9) 

163 
(30.0) 

74 
(42.3) 

32 
(22.5) 

147 
(24.8) 

65 
(27.0) 

118 
(26.2) 

520 
(26.7) 

224 
(32.9) 

Person-years 349.7 2094 531 359.9 1202.4 345.3 287.2 1313.3 402.3 996.8 4609.7 1278.7 
CMR# 11.4 10.0 16.0 12.8 13.6 21.4 11.1 11.2 16.2 11.8 11.3 17.5 

Years of  
follow-up, 

median 
(min-max) 

2.2 
(0.1-
8.6) 

2.2 
(0.1-
11.2) 

1.2 
(0.1-
12.0) 

1.9 
(0.1-
9.2) 

1.7 
(0.0-
9.0) 

1.7 
(0.2-
8.4) 

1.5 
(0.1-
10.9) 

1.6 
(0.1-
9.8) 

0.8 
(0.1-
8.3) 

1.8 
(0.1-
10.9) 

1.8 
(0.0-
11.2) 

1.3 
(0.1-
12.0) 

†Cases with complete vital status and follow-up duration. 
#Per 100 person-years. 
Abbreviation: CMR, crude mortality rate. 
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Clinical factors

Table 4.28 shows the descriptive survival statistics, overall and by tumour phenotype, accord-
ing to the TNM stage. Overall, these statistics were largely consistent across TNM stages.
The CMR showed an upward trend from stage I to IV, in line with expectations, and this trend
was also observed among the tumour phenotypes. As observed for other baseline factors
examined above, the CMR was generally higher among BO-ve OAC tumours compared to
other tumour groups. Lastly, the survival metrics were generally similar according to Siewert
Classification (Table 4.29).
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Overall survival

The median overall survival for all OAC cases in this cohort was 5.52 years (95% CI: 5.02-
6.13) as shown on the Kaplan-Meier survival curve in Figure 4.2. It should be noted that
patients recruited into OCCAMS are on a curative pathway, therefore, the survival for OAC
cases included here is longer than the overall survival seen for all OAC cases (approximately
<20% at 5 years).

 
Figure 4.2 – Kaplan-Meier survival curve showing survival probability for all OAC 
cases. Vertical ticks on the curve indicate an event (death) and shaded areas 
indicate the 95% confidence interval. Median survival time is marked with the 
dashed lines. The life table at the bottom shows the number of patients at risk at 
the beginning of each follow-up year. 
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The median overall survival for BO+ve OAC or BO-ve OAC cases was similar to BO(?)
OAC cases, as expected (Figure 4.3). The median overall survival among BO(?) OAC cases
was 5.87 years (95% CI: 5.04-not estimable) which was more similar to the observed survival
among BO+ve OAC tumours.

 
Figure 4.3 – Kaplan-Meier survival curves showing survival probability for all three 
tumour phenotypes. Vertical ticks on the curve indicate an event (death) and 
shaded areas indicate the 95% confidence interval. Median survival time is marked 
with the dashed lines. The life table at the bottom shows the number of patients at 
risk at the beginning of each follow-up year. 
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4.4.2 Association of characteristics with survival in prognostic
phenotypes

After identifying the association of the selected baseline characteristics with the OAC
phenotypes and individually reviewing these factors in relation to survival, we performed
follow-up survival analyses to evaluate if other factors explain the prognostic effect of the
OAC phenotypes. Table 4.30 presents the characteristics of the cases included in the survival
analysis and the unadjusted and adjusted hazard ratios for the association of the BO+ve OAC
phenotype with overall survival compared to the BO-ve OAC phenotype. Previously, BO-ve
OAC were compared to BO+ve OAC cases to characterise the association of baseline factors.
This comparison is reversed here to align with the study by Sawas et al. (2018) and ease the
interpretation of results.

In unadjusted analysis, BO+ve OAC was associated with a significantly reduced risk of
overall mortality compared to the BO-ve OAC cases (HR=0.75, 95% CI: 0.64-0.87, p<0.001).
This association was attenuated but persisted in the model adjusted for age group at diagnosis,
gender, TNM and Siewert classification (HR=0.85, 95% CI: 0.76-0.94, p=0.001). Further
adjustment for BMI group, smoking status, aspirin/NSAID use and heartburn symptoms
dampened the hazard ratio slightly more, however, the association of BO+ve OAC tumours
and reduced risk of mortality was significant (HR=0.88, 95% CI: 0.77-0.95, p=0.015).

Among the baseline characteristics, TNM was strongly correlated with an increased risk
of mortality in a stepwise manner in univariable and adjusted models. In unadjusted analysis,
improved survival was observed for overweight (HR=0.79, 95% CI: 0.64-0.96, p=0.020) and
obese (HR=0.61, 95% CI: 0.48-0.78, p<0.001) cases compared to those with a normal BMI.
This is likely reflecting that cases with low BMI at diagnosis were at an advanced cancer
stage. While the association of overweight BMI attenuated and did not reach significance in
adjusted models, obese BMI was significantly associated with reduced risk of mortality in
the minimally adjusted model (HR=0.76, 95% CI:0.60-0.97, p=0.030) and the fully adjusted
model (HR=0.75, 95% CI:0.59-0.97, p=0.025). No significant association was observed
between other baseline characteristics and risk of mortality.

4.4.3 Sensitivity analyses

A sensitivity analysis was performed which excluded the OAC cases with a history of
undergoing BO surveillance (n=211). As described previously, a majority of these cases
were BO+ve OAC (67.8%, n=145), but BO-ve OAC was not completely absent (9.8%, n=21)
and BO(?) OAC was frequent (22.4%, n=48). Initially, a total of 214 cases reported a history
of undergoing BO surveillance but no vital status or follow-up data was recorded for 3 cases
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(1.4%, all BO+ve OAC) which were excluded from the analysis, therefore resulting in 211
cases with a history of undergoing BO surveillance.

After excluding cases undergoing BO surveillance, the median overall survival of the
cohort was 5.12 years (95% CI: 4.77-5.92; Figure 4.4) which was not significantly different
from the overall median survival of 5.52 years (95% CI: 5.02-6.13) obtained when these
cases were included (p=0.455, log-rank test). Initially, the median overall survival time
was 6.23 years among BO+ve OAC (95% CI: 5.21-6.96) compared to 4.19 years (95% CI:
3.54-5.12) among BO-ve OAC cases (log-rank p=0.00025; Figure 4.1). After excluding the
BO surveillance cases, the difference in median overall survival between BO+ve OAC and
BO-ve OAC cases became smaller but remained statistically significant. The median survival
was 5.32 years (95% CI:4.75-6.62) among BO+ve OAC and 4.25 years (95% CI: 3.54-5.73)
among BO-ve OAC cases (Figure 4.5).

  
Figure 4.4 – Kaplan-Meier survival curve showing survival 
probability among all OAC cases after excluding cases 
with a history of undergoing BO surveillance (n=211). 
Vertical ticks on the curve indicate an event (death) and 
shaded areas indicate the 95% confidence interval. 
Median survival time is marked with the dashed lines. The 
life table at the bottom shows the number of patients at 
risk at the beginning of each follow-up year. 

Figure 4.5 – Kaplan-Meier survival curve showing survival 
probability for BO+ve OAC and BO-ve OAC cases after 
excluding cases with a history of undergoing BO 
surveillance (n=211). Vertical ticks on the curve indicate 
an event (death) and shaded areas indicate the 95% 
confidence interval. Median survival time is marked with 
the dashed lines. The life table at the bottom shows the 
number of patients at risk at the beginning of each follow-
up year. 
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The results of the Cox regression survival analysis excluding OAC cases with a history
of undergoing BO surveillance are shown in Table 4.31. After excluding OAC cases with
a history of undergoing BO surveillance, the association of the BO+ve OAC phenotype
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with survival relative to the BO-ve OAC phenotype became attenuated as evidenced by the
unadjusted and adjusted HRs. Relative to BO-ve OAC cases, the unadjusted HR for the
association of the BO+ve OAC phenotype demonstrated a 20% reduced risk of mortality
(HR=0.80, 95% CI: 0.68-0.95, p=0.009; Table 4.31). This association was weakened
compared to the association seen for the BO+ve OAC cases before excluding cases with a
history of undergoing surveillance (HR=0.75, 95% CI: 0.64-0.87, p<0.001; Table 4.30). The
fully adjusted association for the BO+ve OAC phenotype and risk of mortality compared to
the BO-ve phenotypes was borderline statistically significant (HR=0.92, 95% CI: 0.82-1.01,
p=0.052; Table 4.31).
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Lastly, we also performed a sensitivity analysis which excluded cases that were followed
up for less than one year (n=1,046). This excluded 378 of 1,223 (31.0%) BO+ve OAC, 265
of 877 (30.2%) BO-ve OAC and 403 of 976 (41.3%) BO(?) OAC tumours. After excluding
these cases, the obtained median overall survival estimates remained very similar to those
obtained when all cases were included. For example, the median overall survival among all
BO+ve OAC cases was 6.23 years (95% CI:5.21-6.96) and this was slightly increased to 6.58
(95% CI: 5.87-8.21) after removing cases with less than one year of follow-up. The results
of the sensitivity analysis are provided in Table 4.32.

Table 4.32 – Frequency distribution and median overall survival among all OAC cases and by phenotype before 
and after excluding cases (n=1,046) with less than one year of follow-up. 

Statistic BO+ve OAC BO-ve OAC BO(?) OAC Overall 
All cases, n (%) 1,223 (100.0) 877 (100.0) 976 (100.0) 3,076 (100.0) 

Excluded cases, n (%) 378 (31.0) 265 (30.2) 403 (41.3) 1,046 (34.0) 
OS among all cases, median (95% CI) 6.23 (5.21-6.96) 4.19 (3.54-5.12) 5.87 (5.04-6.62) 5.52 (5.02-6.13) 

OS after case exclusion, median (95% CI) 6.58 (5.87-8.21) 5.08 (4.06-6.37) 6.27 (5.87-NE) 6.19 (5.73-6.88) 
Abbreviations: OS, overall survival; NE, not estimable. 

 

As shown in Figure 4.6, the favourable prognosis persisted for BO+ve OAC versus BO-ve
OAC (log-rank p=0.00084). While no significant difference in prognosis was observed in
comparing BO+ve OAC to BO(?) OAC tumours (log-rank p=0.85), there was a statistically
significant difference between BO-ve OAC and BO(?) OAC tumours (log-rank p=0.0057).

The results of the survival analysis using the unadjusted and adjusted Cox PH models for
BO+ve OAC and BO-ve OAC are shown in Table 4.33. These results essentially mirrored
those observed in the analysis that included all cases, indicating that the results were not
significantly influenced by cases with a short duration of follow-up.



4.4 Predictors of survival in prognostic phenotypes 111

 
Figure 4.6 – Kaplan-Meier survival curves showing survival probability for all three tumour 
phenotypes in a sensitivity analysis excluding cases with less than one year of follow-up 
(n=1,046). Vertical ticks on the curve indicate an event (death) and shaded areas indicate 
the 95% confidence interval. Median survival time is marked with the dashed lines. The life 
table at the bottom shows the number of patients at risk at the beginning of each follow-up 
year. 
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4.4.4 Survival among oesophageal adenocarcinoma cases undergoing
surveillance

To further evaluate the association of OAC phenotypes with survival, we examined the group
of cases with a history of participating in a BO surveillance programme. The aim of this
analysis was to examine if the association of OAC phenotypes with survival would persist,
even among a group of OAC cases with a history of BO. Table 4.34 presents the survival
statistics of these OAC cases.

Table 4.34 – Survival statistics of OAC cases with a history of undergoing BO surveillance, overall and 
according to tumour phenotype. 

Metric BO+ve OAC BO-ve OAC BO(?) OAC Overall 
History of BO surveillance; n (row %) 145 (67.8) 21 (9.8) 48 (22.4) 214 (100.0) 

Follow-up rate†; n (col. %) 130 (92.4) 20 (95.2) 42 (87.5) 194 (91.0) 
Right censored; n (col. %) 12 (8.3) 1 (4.8) 6 (12.5) 19 (8.8) 

Excluded*; n (col. %) 3 (2.1) 0 (0) 0 (0) 3 (1.4) 
Deaths; n (col. %) 26 (17.9) 10 (50.0) 10 (20.8) 46 (21.5) 

Person-years 418.7 54.8 119.0 592.5 
Crude mortality rate# 6.3 18.2  8.4 7.8 

Years of follow-up, median (min-max) 2.8 (0.1-9.7) 1.8 (0.3-9.0) 1.8 (0.2-8.5) 2.5 (0.1-9.7) 
†Cases with complete vital status and follow-up duration.  
*Cases with missing vital status and follow-up duration. 
#Per 100 person-years. 
 

Overall survival was prolonged among cases undergoing BO surveillance and the median
overall survival was not reached within the follow-up period (75th percentile survival=3.31
years, 95% CI: 2.15-5.87; Figure 4.7).

Next, we examined the overall survival among OAC cases with a reported BO surveil-
lance history against all other cases in the cohort. The overall survival was significantly
longer among cases undergoing BO surveillance compared to all other cases (Figure 4.8).
Additionally, the prognostic benefit for BO+ve OAC tumours was also observed among the
cases with a history of undergoing BO surveillance, although the sample size was small
(Figure 4.9).
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Figure 4.7 – Kaplan-Meier survival curves showing survival probability for OAC cases with 
a history of undergoing BO surveillance (n=211). Vertical ticks on the curve indicate an 
event (death) and shaded areas indicate the 95% confidence interval. 75th percentile 
survival time is marked with the dashed lines. The life table at the bottom shows the number 
of patients at risk at the beginning of each follow-up year. 
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Figure 4.8 – Kaplan-Meier survival curve showing 
survival probability among all OAC cases and 
cases with a history of undergoing BO surveillance 
(n=211). Vertical ticks on the curve indicate an 
event (death) and shaded areas indicate the 95% 
confidence interval. Median survival time is marked 
with the dashed lines. The life table at the bottom 
shows the number of patients at risk at the 
beginning of each follow-up year. 

Figure 4.9 – Kaplan-Meier survival curve showing 
survival probability according to OAC phenotype 
among all cases with a history of undergoing BO 
surveillance (n=211). Vertical ticks on the curve 
indicate an event (death) and shaded areas 
indicate the 95% confidence interval. The life 
table at the bottom shows the number of patients 
at risk at the beginning of each follow-up year. 
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4.4.5 Summary

The results of the survival analyses largely show a persistent association between BO+ve
OAC and improved survival. In the overall analysis, adjusting for baseline factors in addition
to the adjustment set used in the initial analysis by Sawas et al. (2018) did not appreciably
change the results. However, excluding cases with a history of undergoing BO surveillance
attenuated the relation between BO+ve OAC status and improved survival compared to
BO-ve OAC cases, indicating that the observed association was partly driven by this group
of cases. Notably, among these cases with a history of BO surveillance, BO+ve OAC was
associated with better survival compared to BO-ve OAC phenotype. It is likely that the effect
of OAC phenotype on survival is independent of other factors.
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4.5 Genomic features of prognostic phenotypes

Attribution

Dr Sarah Killcoyne performed copy number calls using GISTIC2.0 and generated WGD,
ploidy and purity estimates using the PCAWG-11 pipeline. Mutational signatures were
extracted by Dr Maria Secrier and Dr Sujath Abbas. Dr Alvin Ng provided the data for
amplicon events. All this data was generated using the whole-genome sequencing cases
included in this thesis. I processed all the data for mutation load and cohort characteristics
and conducted all analyses.

4.5.1 Whole-genome cohort characteristics

Among all OAC cases with WGS data (n=950), the distribution of baseline characteristics
was generally similar to the overall study cohort of 3,100 OAC cases, although the amount of
missing data was generally lower in the WGS cohort. Table 4.35 provides a description of
the clinico-demographic characteristics of the WGS cohort. This WGS cohort was used in
the mutation load analysis described below and a subset comprising 710 cases was used for
analyses beyond mutation load. The baseline characteristics and OAC phenotype distribution
of this subset were similar larger WGS cohort (Table A.13). One tumour sample was included
for each patient.

In the cohort of 950 cases with WGS, the OAC phenotype was ascertained for 571
tumours with 332 (58%) of cases classified as BO+ve OAC and 239 (42%) classified as
BO-ve OAC. The OAC phenotype was unascertainable for the remaining 379 (40% of n=950)
which were classified as BO (?) OAC case. Although were small differences in baseline
characteristics such as in gender and cigarette smoking between the OAC phenotypes in the
overall cohort, these differences were not seen (p>0.05) except for TNM. The BO+ve OAC
group contained more stage I/II tumours, while the BO-ve OAC group had more stage III/IV
tumours (p=8.9×10-6, chi-squared test).
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Table 4.35 – Baseline characteristics of the OAC cases with WGS (n=950), overall and 
according to tumour phenotype. 

Characteristic BO+ve OAC BO-ve OAC BO(?) OAC Overall 
(n=332) (n=239) (n=379) (n=950) 

Age at diagnosis; years 
Mean [SD] 67.2 [9.3] 65.3 [9.6] 67.0 [10.4] 66.6 [9.8] 
Median [Q1, Q3] 67.8 [61.9, 73.9] 66.2 [58.5, 72.5] 68.0 [59.3, 75.5] 67.4 [60.1, 73.8] 

Age group at diagnosis, n (%) 
< 50 years old 14 (4.2) 13 (5.4) 21 (5.5) 48 (5.1) 
50 - 59 years old 54 (16.3) 56 (23.4) 78 (20.6) 188 (19.8) 
60 - 69 years old 124 (37.3) 91 (38.1) 117 (30.9) 332 (34.9) 
70+ years old 140 (42.2) 79 (33.1) 163 (43.0) 382 (40.2) 

Gender, n (%) 
Female 47 (14.2) 38 (15.9) 59 (15.6) 144 (15.2) 
Male 285 (85.8) 201 (84.1) 320 (84.4) 806 (84.8) 

Ethnicity, n (%) 
White 318 (95.8) 224 (99.6) 363 (98.6) 905 (99.3) 
Other 0 (0) 1 (0.4) 5 (1.4) 6 (0.7) 
Missing 14 (4.2) 14 (5.9) 11 (2.9) 39 (4.1) 

BMI group at diagnosis, n (%) 
Underweight 1 (0.4) 5 (2.6) 12 (4.3) 18 (2.4) 
Normal 77 (28.7) 58 (29.7) 88 (31.8) 223 (30.1) 
Overweight 97 (36.2) 85 (43.6) 107 (38.6) 289 (39.1) 
Obese 93 (34.7) 47 (24.1) 70 (25.3) 210 (28.4) 
Missing 64 (19.3) 44 (18.4) 102 (26.9) 210 (22.1) 

Cigarette smoking status, n (%) 
Never 106 (34.8) 77 (34.7) 112 (33.0) 295 (34.1) 
Ever 199 (65.2) 145 (65.3) 227 (67.0) 571 (65.9) 
Missing 27 (8.1) 17 (7.1) 40 (10.6) 84 (8.8) 

Aspirin/NSAID use, n (%) 
Never 75 (45.5) 46 (45.1) 59 (42.1) 180 (44.2) 
Ever 90 (54.5) 56 (54.9) 81 (57.9) 227 (55.8) 
Missing 167 (50.3) 137 (57.3) 239 (63.1) 543 (57.2) 

Heartburn symptoms status, n (%) 
Absent 50 (19.0) 39 (21.7) 60 (21.6) 149 (20.7) 
Present 213 (81.0) 141 (78.3) 218 (78.4) 572 (79.3) 
Missing 69 (20.8) 59 (24.7) 101 (26.6) 229 (24.1) 

Total alcohol intake/week; units 
Mean [SD] 25.6 [34.8] 22.0 [17.0] 25.5 [42.5] 24.5 [34.1] 
Median [Q1, Q3] 16.0 [6.0, 28.0] 19.0 [8.3, 31.0] 16.0 [7.0, 31.0] 18.0 [7.0, 30.0] 
Missing 267 (80.4) 181 (75.7) 304 (80.2) 752 (79.2) 

TNM, n (%) 
I 77 (26.1) 26 (12.3) 19 (10.8) 122 (17.9) 
II 75 (25.4) 48 (22.7) 36 (20.5) 159 (23.3) 
III 137 (46.4) 126 (59.7) 116 (65.9) 379 (55.6) 
IV 6 (2.0) 11 (5.2) 5 (2.8) 22 (3.2) 
Missing 37 (11.1) 28 (11.7) 203 (53.6) 268 (28.2) 



118 Results

4.5.2 Mutation load

Using the cohort of 950 WGS samples, we began by examining the distribution of mutation
load of single nucleotide variants (SNV) and small insertions or deletions (IND) across the
cohort.

Among all tumours (n=950), the median mutational load was 24,801 (IQR: 16,830-
37,851) across the genome and 7.9 mutations per megabase (Mut/Mb, IQR: 5.1-12.0) which
is consistent with published studies. The mutation load of each sample according to OAC
phenotype is shown in Figure 4.10a. The median mutation load among the 332 cases with
BO+ve OAC was 26,425 (IQR: 17,523-36,102), among the 239 with BO-ve OAC was
21,495 (IQR: 13,685-35,913) and among the 379 cases with BO(?) OAC was 25,537 (IQR:
16,501-40,467). The average proportion of mutations per genome attributed to IND was
9.9%, which was comparable across phenotypes with 10.1%, 9.3%, and 10.0% observed in
BO+ve, BO-ve, and BO(?) tumours, respectively.

The proportion of malignant tissue in samples undergoing WGS can affect the downstream
variant calling process. If the proportion of cancer cells is too low, too few variants may
be detectable. In this cohort, there was no correlation between the estimated fraction of
tumour cells and total mutations (Figure 4.10b). Cancer cell fractions were estimated using
the PCAWG-11 consensus purity pipeline for ICGC/Mutographs samples or Strelka for
ESCALATE/GEL samples (Methods).
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Figure 4.10 – Total mutation burden across the tumour phenotypes. a, waterfallplot showing the 
frequency of mutations per sample and by SNV/IND type according to OAC phenotype. The 
horizontal line indicates the median SNV/IND count across the tumour phenotype group.  
b, bivariate plot of mutation load and estimated cancer cell fraction of the sample 
(GISTIC2.0/Strelka). R, Pearson’s r. Samples: total 950 including 332 BO+ve OAC, 239 BO-ve 
OAC and 379 BO(?) OAC. 
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As shown in Figure 4.11, the median Mut/Mb was 8.4 (IQR: 5.6-11.5) for BO+ve tumours
which was significantly higher than the median of 6.9 (IQR: 4.4-11.4) among BO-ve tumours.
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The median Mut/Mb among BO(?) tumours was 8.1 (IQR: 5.3-12.9) which was significantly
higher than the BO-ve tumours, but similar to BO+ve tumours. This may suggest a higher
prevalence of BO+ve tumours among the pool of tumours with an unascertainable BO/IM
status.

Figure 4.11 – Mutational load compared between OAC phenotypes. P-
values calculated using the Mann–Whitney U test and adjusted using the 
BH procedure for multiple testing. Samples: total 950 including 332 BO+ve 
OAC, 239 BO-ve OAC and 379 BO(?) OAC. 
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In the analysis of baseline characteristics using the overall cohort (n=3,100) cases, the
mean age of BO+ve OAC cases was slightly higher than BO-ve OAC. Furthermore, cigarette
smoking was more strongly correlated with the BO-ve OAC than the BO+ve OAC phenotype.
Age and smoking status were similar between the phenotypes similar in this WGS cohort
(n=950), however, ageing and smoking have been associated with a higher mutational burden
in several cancer types. Thus, it might affect the observed difference here. Furthermore,
the BO+ve OAC phenotype showed a higher prevalence of early-stage tumours, thereby
necessitating a stratified analysis to adjust for potential confounders. It is important to
note that a stratified analysis could have affected the statistical power to detect significant
differences between the OAC phenotypes in some strata. Therefore, logistic regression was
also used to assess the impact of age, smoking and TNM.

To stratify by age. three age groups of ‘< 60 years old’ (25%, n=236), ‘60-69 years
old’ (35%, n=332) and ‘70+ years old’ (40%, n=382) were created. Figure 4.12 illustrates
the distribution of Mut/Mb among OAC phenotypes across different age groups, revealing
statistically significant differences only in the 60-69 years old age group. The median
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Mut/Mb of the BO+ve phenotype (8.6, IQR: 5.8-11.2) was significantly higher than that of
the BO-ve phenotype (6.2, IQR: 3.8-10.9). The median Mut/Mb of BO(?) OAC (8.7, IQR:
5.9-13.3) was comparable to that of BO+ve tumours but significantly higher than that of
BO-ve OAC tumours. Therefore, the association between the OAC phenotypes observed in
the overall analysis was partly driven by the 60-69 years old age group.

Figure 4.12 – Mutational load of OAC phenotypes according to age strata. 
P-values calculated using the Mann–Whitney U test and adjusted using the 
BH procedure for multiple testing. Samples: total 950 including 332 BO+ve OAC, 239 
BO-ve OAC and 379 BO(?) OAC. 
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When stratified by smoking status (Figure 4.13), no statistically significant difference
was seen in median Mut/Mb between the phenotypes according to smoking status.

Cases were also combined into TNM stage I/II (early) or stage III/IV (late) strata (Figure
4.14). After correcting for multiple hypothesis testing, the only statistically significant
difference was observed among stage III/IV cases where the median Mut/Mb for BO(?) OAC
tumours (8.6, IQR: 6.0-12.0) was higher than BO-ve OAC tumours (6.1, IQR: 4.3-10.6).
In the same stratum, BO+ve OAC appeared to have a higher median Mut/Mb compared to
BO-ve OAC tumours but this did not reach statistical significance. It may be that TNM stage
is at least partly driving the higher mutational burden seen among BO+ve and BO-ve relative
to BO(?) tumours.

Finally, two separate logistic regression models were used to obtain a single adjusted
effect estimate between OAC phenotypes and Mut/Mb using age, smoking and TNM as
covariates. As the distribution of Mut/Mb tended to be right-skewed, these values were
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Figure 4.13 – Mutational load of OAC phenotypes according to smoking strata. P-
values calculated using the Mann–Whitney U test and adjusted using the BH 
procedure for multiple testing. Samples: total 950 including 332 BO+ve OAC, 239 BO-
ve OAC and 379 BO(?) OAC. 
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Figure 4.14 – Mutational load of OAC phenotypes according to TNM strata. P-values 
calculated using the Mann–Whitney U test and corrected using the BH procedure for 
multiple testing. Samples: total 950 including 332 BO+ve OAC, 239 BO-ve OAC and 379 
BO(?) OAC. 
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log10-transformed. The BO-ve OAC phenotype was used as the reference group for BO+ve
or BO-ve OAC phenotypes.

Table 4-36 presents the unadjusted and adjusted association of log-transformed Mut/Mb
with BO+ve OAC in reference to the BO-ve OAC phenotype. In the unadjusted model, each
unit increase in Mut/Mb was associated with a 2.44-fold increased risk of BO+ve OAC
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(95% CI: 1.33-4.25, p=0.004). In the adjusted model, this association was attenuated but
remained statistically significant (aOR=2.22, 95% CI: 1.19-4.18, p=0.013). Therefore, the
higher mutation load among BO+ve OAC compared to BO-ve OAC tumours is likely to be
in part related to age, smoking status and TNM. Although there is a large overlap between
the confidence intervals of both unadjusted and adjusted models, the observed attenuation
could be due to random variability.

Table 4-36 – Association of mutation load and risk of BO+ve OAC compared to BO-ve OAC in 
unadjusted and adjusted models. 

Variable 
BO-ve 
OAC 

(n=239) 

BO+ve 
OAC 

(n=332) 
Univariable model  

OR (95% CI, p) 
Adjusted modela 
OR (95% CI, p) 

Mut/Mb; log10    
Mean (SD) 0.9 (0.3) 1.0 (0.3) 2.44 (1.33-4.52, p=0.004) 2.22 (1.19-4.18, p=0.013) 

Age at diagnosis; years    
Mean (SD) 65.3 (9.6) 67.2 (9.3) 1.02 (1.01-1.04, p=0.011) 1.02 (1.00-1.04, p=0.016) 

Cigarette smoking status, n (%)    
Never 77 (32.2) 106 (32.0) 1.00 (referent) 1.00 (referent) 
Ever 145 (61.0) 199 (60.0) 1.05 (0.73-1.52, p=0.782) 0.95 (0.65-1.38, p=0.778) 
Missing 17 (7.1) 27 (8.0) 1.21 (0.61-2.46, p=0.580) 1.17 (0.58-2.42, p=0.656) 

TNM, n (%)    
I/II 74 (30.1) 152 (45.8) 1.00 (referent) 1.00 (referent) 
III/IV 137 (57.3) 143 (43.1) 0.50 (0.35-0.72, p<0.001) 0.52 (0.36-0.75, p=0.001) 
Missing 28 (11.6) 37 (11.1) 0.63 (0.36-1.11, p=0.110) 0.65 (0.36-1.15, p=0.134) 

aadjusted for age at diagnosis, cigarette smoking status and TNM.  
 

The adjusted and unadjusted association of Mut/Mb with the BO(?) OAC compared
to the BO-ve OAC phenotype is shown in Table 4-37. There was a statistically significant
association between increasing Mut/Mb and odds of the BO(?) OAC phenotype in the
unadjusted model (OR=2.94, 95% CI: 1.65-5.34, p<0.001) which was also attenuated in the
adjusted model (aOR=2.70, 95% CI: 1.42-5.23, p=0.003). Taken together with the results
of the BO+ve and BO-ve phenotype comparison, it is likely that age, smoking and TNM at
least partially explain the higher Mut/Mb among BO+ve and BO(?) phenotypes compared to
BO-ve OAC.
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Table 4-37 – Association of mutation load and risk of BO(?) OAC compared to BO-ve OAC in 
unadjusted and adjusted models. 

Variable 
BO-ve 
OAC 

(n=239) 

BO(?) 
OAC 

(n=379) 
Univariable model  

OR (95% CI, p) 
Adjusted modela 
OR (95% CI, p) 

Mut/Mb; log10    
Mean (SD) 0.9 (0.3) 1.0 (0.3) 2.44 (1.33-4.52, p=0.004) 2.22 (1.19-4.18, p=0.013) 

Age at diagnosis; years    
Mean (SD) 65.3 (9.6) 67.0 (10.4) 1.02 (1.01-1.04, p=0.011) 1.02 (1.00-1.04, p=0.016) 

Cigarette smoking status, n (%)    
Never 77 (32.2) 112 (29.6) 1.00 (referent) 1.00 (referent) 
Ever 145 (61.0) 227 (60.0) 1.05 (0.73-1.52, p=0.782) 0.95 (0.65-1.38, p=0.778) 
Missing 17 (7.1) 40 (10.4) 1.21 (0.61-2.46, p=0.580) 1.17 (0.58-2.42, p=0.656) 

TNM, n (%)    
I/II 74 (30.1) 55 (14.5) 1.00 (referent) 1.00 (referent) 
III/IV 137 (57.3) 121 (31.9) 0.50 (0.35-0.72, p<0.001) 0.52 (0.36-0.75, p=0.001) 
Missing 28 (11.6) 203 (53.6) 0.63 (0.36-1.11, p=0.110) 0.65 (0.36-1.15, p=0.134) 

aadjusted for age at diagnosis, cigarette smoking status and TNM.  
 

4.5.3 Mutational signatures

Mutational signatures were extracted on a subset of the WGS cohort comprised of 710
tumours with 252 (58%) BO+ve OAC tumours and 183 (42%) BO-ve OAC. BO phenotype
was unascertainable for 275 (39% of 710) tumours. We explored mutational signatures to
better understand the patterns of mutations in the cohort and identify potential differences
in signature prevalence according to OAC phenotype. Compared to the total mutation load,
mutational signatures add context to each mutation by considering the flanking base pairs (3’
and 5’) thus enabling inference of specific endogenous or exogenous mutagenic processes.
As previously described, mutational signatures were identified across the cohort using non-
negative matrix factorisation (NMF) via the SigProfiler method (Alexandrov et al., 2013).
In total, 14 mutational signatures were reconstructed and compared against the database of
known mutational signatures (COSMIC) to determine their similarities (Tate et al., 2019).

Ageing-associated signatures (SBS1, 5 and 40) were found in more than 80% of tumours
regardless of phenotype. SBS2 (APOBEC-activity) and SBS18 (ROS) were also present
in approximately 80% of the cohort. The prevalence of SBS3 (13.5%) and SBS8 (69.3%)
which have been associated with DNA damage repair (DDR) impairment was consistent with
previous estimates. SBS17a/b which are considered hallmark signatures in BO/OAC were
also found in over 80% of cases. It has been shown that the mutational contribution of these
signatures is preserved across the BO to OAC continuum (i.e., from NDBO to dysplasia,
to OAC) as well as in tumour and extant/adjacent BO samples (Katz-Summercorn et al.,
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2022; Ross-Innes et al., 2015). Here, we observe an equal number of OAC cases harbouring
SBS17a/b mutations regardless of phenotype (≥90% of cases in each phenotype). SBS28,
30, 35, 41 and 44 are not fully characterised and, except for SBS41, were present in <75%
of cases. The aetiology of most of these signatures remains unknown, however, SBS30 has
been associated with mismatch repair (MMR) deficiency and SBS35 is related to platinum
treatment (Fluorouracil). No statistically significant difference was found in the proportion
of cases with at least one mutation attributed to each signature based on the OAC phenotype
(all p>0.05 (omitted), Mann–Whitney U test with BH adjustment; Figure 4.15).

Figure 4.16 shows the distribution of the fraction of mutations attributed to each signature
according to each OAC phenotype. As SBS3, 8, 28, 30, 35, 41 and 44 had low signature
proportions and some currently have an unclear aetiology, these were combined into “SBS
Other”.
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Figure 4.15 – Proportion of OAC cases harbouring mutational signatures 
according to phenotype. 
Samples: total 710 including 252 BO+ve OAC, 183 BO-ve OAC and 275 BO(?) 
OAC.  
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Figure 4.16 – Distribution of signature contributions in each OAC phenotype 
group. Signatures with light grey plots (SBS3, 8, 28, 30, 35, 41 and 44) were 
combined to create ‘SBS Other’ shown in dark grey.  
Samples: total 710 including 252 BO+ve OAC, 183 BO-ve OAC and 275 BO(?) 
OAC. 
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The number of mutations per case attributed to each signature is illustrated in Figure
4.17a. Little to no difference was observed in the proportion of each signature between
the OAC phenotypes (Figure 4.17b). Borderline significant differences were observed for
SBS17a and SBS5 after correcting for multiple hypothesis testing (BH procedure). The
median proportion of SBS17a mutations was slightly higher at 8.3% (IQR: 4.6-13.2) in
BO+ve OAC compared to 6.9% (IQR: 3.1-12.8) in BO-ve OAC tumours, however, this
difference was not statistically significant (p=0.068, Mann-Whitney U test, BH adjusted).
It is known that SBS17a mutations correlate with total mutation load which was seen in
these samples (Figure 4.17c). There was a weak yet statistically significant difference in
the median proportion of SBS5 mutations in BO+ve OAC tumours (8.5%, IQR: 4.4-15.0),
compared to BO-ve OAC tumours (11.0%, IQR: 5.7-16.0; p=0.042, Mann-Whitney U test,
BH adjusted).
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Finally, we analysed baseline characteristics (per Table 4.35) to identify potential ex-
ogenous factors associated with changes in signature mutations. This correlational analysis
should not be considered to link the aetiology of signatures with environmental exposure.

As the distribution of the total number of mutations for each signature was right-skewed
with some samples having zero mutations, one was added to this value and then log10-
transformed. Univariable generalised linear models were used to assess the correlation
between variables of interest (e.g., cigarette smoking status) and the transformed value for
mutation number per each signature. To ease the interpretation of the results, statistically
significant coefficients were transformed using e(coefficient)-1×100 to derive the percent change
(increase or decrease) in the number of mutations per one unit change in the variable of
interest. Correction for multiple hypothesis testing using the BH procedure was also applied.

The correlations between the baseline factors and mutational signatures are shown for all
OAC cases (Figure 4.18) and separately among OAC phenotypes (Figure 4.19). Compared
to never-smokers, cases with a self-reported history of cigarette smoking had a 23.6% higher
SBS17a 18.7% higher SBS17b mutations. This was also seen among BO+ve OAC cases
with those reporting ever-smoking having 25.4% higher SBS17a and 25.0% higher SBS17b
mutations than never-smokers. This association was most evident among BO-ve OAC cases
with smoking correlated with 51.2% and 42.9% increase in SBS17a and 17b mutations,
respectively, compared to never-smokers.

Self-reported ever-aspirin/NSAID use was correlated with a 22.1% lower SBS5 mutations
relative to never-use. Similarly, among BO+ve OAC tumours, aspirin/NSAID use was
correlated with a 40.2% lower number of SBS5 mutations. Among BO (?) OAC tumours,
aspirin/NSAID use was associated with a 32.8% reduction in SBS40 mutations. Among all
cases, TNM stage III/IV was related to 15.1% lower SBS17a mutations. Additionally, TNM
stage III/IV tumours had 22.0% lower SBS17a mutations as compared to TNM stage I/II
tumours. Similarly, TNM stage III/IV tumours correlated with a 41.7% lower number of
SBS5 mutations.
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4.5.4 Driver gene alterations

We analysed alterations in specific genes that have been identified as OAC driver genes to
investigate their potential association with OAC phenotypes. As driver gene analysis excludes
passenger (synonymous) mutations, this provides a more targeted approach to examining the
molecular history of each OAC genome, especially given the importance of such genes in
the BO-OAC continuum. To date, 77 recurrently altered genes have been found in OAC and
these were included in this analysis. This collection of genes is comprised of both oncogenes
and tumour suppressor genes. As mentioned, there is significant heterogeneity in driver gene
alterations between tumours, therefore we considered both single nucleotide variants (SNVs)
copy number alterations (CNAs) together as detailed in Methods. The results described here
are restricted to the driver genes which were found in >10% of the WGS subcohort (n=710).

First, we examined driver gene alterations in the cohort (n=710). The median number of
driver alterations was 5 (IQR: 3-8). Only 6 cases (<1%) had no identifiable driver mutations.
As expected, TP53 was the most recurrently altered gene (85%) in the cohort followed by
CDKN2A (22%). Consistent with published data, CNA gains predominated in GATA6, and
CNA losses were frequent in CDKN2A. Figure 4.20 depicts the landscape of altered driver
genes among all OAC cases (n=706).

Next, we examined the driver gene alterations in BO+ve OAC, BO-ve OAC and BO (?)
OAC phenotypes (Figure 4.21). Overall, the driver mutation landscapes of OAC phenotypes
were remarkably similar. The median number of driver alterations was not different between
the phenotypes with a median of 5 (IQR: 3-8) for BO+ve OAC, 5 (IQR: 3-7) for BO-ve
OAC and 5 (IQR: 3-7) for BO (?) OAC cases (p=0.542, Kruskal-Wallis test). As in the
overall cohort, TP53 and CDKN2A alterations were predominant across all three phenotypes.
Besides these two genes, seven additional genes – SMAD4, KRAS, LRRK2, MUC6, PCDH17,
KCNQ3 and ARID1A – were identified as recurrently mutated in over 10% of the entire
cohort as well as across all three phenotypes. No significant differences were observed in the
frequency of cases harbouring mutations in these according to OAC phenotypes (Figure 4.22,
all p>0.05 (omitted), Mann-Whitney U test with BH adjustment).
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Figure 4.22 – Proportion of OAC cases mutant for the set of genes with greater than 10% recurrence among each 
phenotype group. The plotted proportions indicate the number of samples with one or more alterations in each driver 
gene according to OAC phenotype. P-values (omitted) were calculated using the Mann–Whitney U test and adjusted 
using the BH procedure. Samples: total 710 including 252 BO+ve OAC, 183 BO-ve OAC and 275 BO(?) OAC. 
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4.5.5 Large-scale and catastrophic genomic events

In addition to a high burden of point mutations and copy number alterations, OAC is charac-
terised by whole-genome duplication (WGD), increased aneuploidy and markers of genome
catastrophes such as circular extrachromosomal DNA (ecDNA) events. Early mutations of
TP53 and CDKN2A IN BO are typically followed by WGD, seen in approximately 65% of
tumours, and high aneuploidy. Furthermore, catastrophic alterations such as breakage-fusion-
bridges (BFB) cycles and ecDNA are present in about 25-55% of tumours and have been
associated with poor prognosis. Based on this evidence, a model of catastrophe-driven OAC
development with rapid progression from BO has been proposed. Therefore, examining these
events in the context of OAC phenotypes is important for evaluating the questions of whether
alternative progression pathways exist and what may explain the difference in prognosis.
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Overall, among the 710 tumours included, WGD was seen for 75.0% of tumours and
for 73.8%, 77.0% and 72.7% of BO+ve OAC, BO-ve OAC and BO(?) OAC tumours. The
overall median ploidy was 2.9 (IQR: 2.2-3.6) and was 2.9 (IQR: 2.1-3.7), 2.9 (IQR: 2.4-3.6)
and 3.0 (IQR: 2.1-3.6) among BO+ve, BO-ve and BO(?) OAC tumours. ecDNA events were
identified in 44% of tumours (n=317) and BFB events in 39% (n=280) of OAC cases with
similar proportions according to OAC phenotype. There was no difference in the distribution
of WGD, aneuploidy, ecDNA or BFB events when examined according to OAC phenotype
(Figure 4.23a-d, all p>0.05 (omitted), chi-squared test or Kruskal-Wallis test as appropriate).

Figure 4.23 – Distribution of large-scale and catastrophic events across OAC phenotypes. a, proportion of 
samples with whole-genome duplication. b, distribution of ploidy estimated using the PCAWG-11 pipeline. c, 
proportion of samples harbouring extrachromosomal DNA. d, proportion of samples with Breakage-Fusion-Bridges 
events. Samples: total 710 including 252 BO+ve OAC, 183 BO-ve OAC and 275 BO(?) OAC. 
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4.5.6 Summary

In summary, mutation load was slightly higher in BO+ve OAC tumours compared to BO-ve
OAC tumours and adjusting for age and cigarette smoking factors only partially explained
this variation. Signature SBS17a/b were equally prevalent in both phenotypes and contributed
a similar number of mutations. Likewise, for each tumour phenotype, a similar proportion of
tumours was mutant for the selected driver genes and TP53 and CDKN2A were the dominant
driver genes. Lastly, there were no differences in the frequency or distribution of WGD,
aneuploidy, ecDNA or BFB events by tumour phenotype. Overall, the trends of genomic
features analysed significantly overlapped between the OAC phenotypes.



Chapter 5

Summary and discussion

It is currently debated whether all oesophageal adenocarcinoma (OAC) arise from Barrett’s
oesophagus (BO). There has been a lack of consolidated data and investigations to address
this question. The work in this thesis triangulated clinical, epidemiological and genomic
factors to comprehensively assess the prognostic phenotypes of oesophageal adenocarcinoma.
To evaluate the hypothesis of whether all oesophageal adenocarcinoma arise from Barrett’s
oesophagus or whether there are additional pathogenic pathways, we first assembled a large
UK-wide cohort comprised of OAC cases, BO cases and reflux controls.

5.1 Epidemiological characterisation of prognostic
phenotypes

We re-established the prognostic difference between OAC cases with BO tissue present
adjacent to the tumour (BO+ve OAC) and OAC cases without apparent BO tissue next to
the tumour (BO-ve OAC) in the cohort since it was first described in 2018. The size of our
cohort had increased substantially since then, giving us more statistical power to examine
this difference and evaluate the hypothesis. Next, we sought to elucidate the association of
epidemiological factors with the OAC phenotypes. In adjusted analyses, we observed weak
associations for male gender, high BMI and chronic heartburn symptoms which were more
strongly associated with reduced risk of BO-ve OAC phenotype compared to BO+ve OAC
phenotype. Conversely, cigarette smoking was and more strongly associated with increased
risk of BO-ve tumours. In addition, aspirin/NSAID use was more strongly associated with
BO-ve OAC compared to BO+ve OAC, however, the effect size was small and not observed
consistently. Finally, higher TNM stage was consistently and more strongly associated with
the BO-ve OAC phenotype than the BO+ve OAC phenotype. These results remained highly
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robust in sensitivity analyses and in comparisons of the OAC phenotypes against BO cases
or reflux controls.

The described associations should be interpreted in the context of OAC and our study
design. The association of BMI likely reflects the significant cancer-associated weight loss
and cachexia which tends to be profound in OAC. While BMI was objectively measured at
baseline, the finding that a higher BMI at baseline was less likely among BO-ve OAC cases
may be attributed to more advanced tumours in this group. The association of aspirin/NSAID
use may be confounded if a condition or an indication for use of such medicines is also
related to the outcome of BO-ve OAC. It may also be a spurious association. Although we
adjusted for several factors, including demographics and tumour stage, residual confounding
due to unmeasured factors cannot be ruled out. Furthermore, as aspirin/NSAID was missing
at a high rate, this association might be spurious and related to the missing data patterns. The
finding that male cases were more likely than female cases to have BO+OAC than BO-ve
OAC requires further evaluation, especially as evidence suggests poorer survival for female
individuals (Codipilly et al., 2021).

The high degree of overlap of the baseline epidemiological characteristics between the
phenotypes as well as with BO cases points to a shared aetiology for these phenotypes, thus
a non-BO progression pathway is unlikely. However, the increased risk of BO-ve OAC
associated with higher TNM suggests that extant BO tissue may have been overgrown by
the tumour at the time of diagnosis. This is in congruence with a recent meta-analysis
demonstrating that studies with only early-stage OAC had a 91.3% (95% CI: 82.4%-97.6%)
prevalence of concurrent BO compared to the 39.7% (95% CI: 33.7%-45.9%) in studies with
less than half early OAC (Tan et al., 2020). However, in the original study of the prognostic
phenotypes, and the data presented here, the prevalence of phenotypes was similar within
TNM stages.

It is plausible that extant BO was overgrown by the tumour, therefore, limiting macro-
scopic or microscopic identification of BO at diagnosis or resection. Furthermore, short-
segment BO might be even more readily overgrown by tumours, even in early-stage cancer.
As we lack longitudinally tracked cases that developed BO-ve OAC, examining this plausi-
bility is impossible. Regardless, any scenario where BO is overgrown still represents a BO
pathogenic pathway which is consistent with the current model of OAC pathogenesis, but
perhaps with a more aggressive tumour behaviour as has been suggested for BO-ve OAC
tumours.

We observed that chronic heartburn, a primary risk factor for BO/OAC, was less frequent
among BO-ve OAC cases than BO+ve OAC cases and given a more advanced TNM stage at
diagnosis, the BO-ve OAC might involve a compressed natural history with rapid progression
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to late-stage disease among individuals without chronic reflux. Moreover, experimental
evidence suggests cigarette smoke condensate may promote cellular proliferation, invasion
and metastasis in BO and OAC cell lines (Xi et al., 2023). Here, we observed an enrichment
of ever-smokers in the BO-ve OAC phenotype group, albeit the difference was small. The
theory that the BO-ve OAC phenotype may be more aggressive and rapidly progressive may
also be supported by the finding that 9.8% of BO surveillance participants (n=214) were
classified as BO-ve OAC at diagnosis or resection pathology. Such cases could be interval
cancers that developed between surveillance endoscopies. In breast tumours, interval cancers
tend to be larger, faster growing and have worse survival rates (Holm et al., 2015). This
observation should be interpreted with caution due to the small number of cases.

5.2 Evaluation of predictors of survival

We also examined if the prognostic difference was due to epidemiological factors. When
adjusted for factors such as smoking and BMI, the hazard ratio for the association of
OAC phenotype and risk of death did not change significantly. This confirms that while
epidemiological factors are differentially associated with the OAC phenotypes, these do
not explain the prognostic difference. However, we also found evidence for lead time bias
which may have contributed to the difference in survival. Specifically, 214 OAC cases
had a history of enrolment in BO surveillance programmes. Of these, a majority were
BO+ve OAC (67.8%, n=145), but BO-ve OAC was not completely absent (9.8%, n=21) and
BO(?) OAC was frequent (22.4%, n=48). When BO surveillance cases were removed from
the survival analysis, the median overall survival among BO+ve OAC tumours decreased
by nearly a year (from 6.2 to 5.3 years), but the favourable prognosis persisted in the
unadjusted analysis (HR=0.80, 95% CI: 0.68-0.95, p=0.009). Adjusting for age at diagnosis,
gender, TNM and Siewert Classification attenuated this association (HR=0.89, 95% CI:
0.79-0.97, p=0.023) and further adjustment for BMI, smoking status, aspirin/NSAID use and
derived heartburn symptoms resulted in an association with borderline statistical significance
(HR=0.92, 95% CI: 0.82-1.01, p=0.055). Therefore, there was some influence from cases
under BO surveillance on the prognostic difference.

The cases with a history of undergoing BO surveillance are a unique group to understand
whether all OAC, regardless of phenotype, progress through BO or if there are alternative
pathogenic pathways. As described, the BO-ve OAC phenotype was seen for approximately
10% of patients in this group. Furthermore, the survival benefit related to BO+ve OAC
persisted in this group, although the confidence intervals were wide due to the small sample
size. Nevertheless, this adds evidence to the hypothesis that all OAC arise from BO, regardless
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of OAC phenotype at diagnosis or resection. It may also be possible that among the 10%
of BO patients with BO-ve OAC, the tumour had overgrown the extant BO. It is important
to note that the history of BO surveillance was ascertained using medical record review or
self-reported by patients. Therefore, the potential influence of information bias or recall bias
should be considered.

5.3 Genomic landscape of prognostic phenotypes

We further examined the genomic landscape of the OAC phenotypes and found a remarkable
similarity between them. Among 950 OAC cases with whole-genome sequencing (WGS),
the mutational load was higher among BO+ve OAC than BO-ve OAC cases. This difference
persisted when adjusted for the effect of ageing and smoking, which are known to increase
the mutational load. A possible explanation for the higher mutation load among BO+ve
cases could be the higher subclonal diversity in early-stage tumours prior to clonal sweeps in
late-stage tumours (internal data). However, adjusting for TNM stage did not change this
association. Future investigations are needed to better understand what may be driving this
difference.

Subsequently, the relationship between mutational signatures and OAC phenotypes was
investigated in 710 WGS cases from the initial 950 cases. This drop in sample size was due
to time constraints and data availability. The distribution of all signatures was found to be
consistent across phenotypes. Notably, hallmark SBS17a/b mutations are present during
early pathogenesis even in non-dysplastic BO and remain proportionally preserved across
progression grades to OAC. In our analysis, no significant difference in the proportion of
SBS17a/b was observed between phenotypes, implying that the molecular history of both
phenotypes involves premalignant BO. We also characterised the correlation of signatures
with the epidemiological factors collected in the cohort and found consistent associations
between cigarette smoking and increased SBS17a/b mutations. However, this association
has not been previously described and smoking is instead related to SBS4 which was not
present in among our tumours. Therefore, robust investigations are needed to evaluate this
relationship. Increasing BMI was weakly associated with SBS17a/b among all tumours and
BO(?) OAC only. It has been shown that a high BMI increases the risk of gastro-oesophageal
reflux disease likely due to excess abdominal adipose tissue that can mechanistically promote
acid reflux. Given the speculation that SBS17 mutations are related to acid reflux, this
observation warrants further investigation. A decrease in SBS5 (ageing signature) was
seen among aspirin/NSAID users which was especially evident among BO+ve OAC cases.
Chemopreventive use of NSAID has been associated with lower mutations and risk of
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OAC (Galipeau et al., 2018). Lastly, as the molecular effect of alcohol consumption was
of particular interest, we examined the effect of total units of alcohol consumption per
week. Consistent with epidemiological studies, no association was observed between alcohol
consumption and any of the signatures.

Mutation load is a crude measurement of genomic instability as it includes the ‘passenger’
mutations which are unlikely to drive tumorigenesis and it does not consider copy number
alterations (CNA) which are important driver events in OAC. Therefore, to derive richer
information about the molecular history of tumours, we examined the landscape of known
OAC driver genes was examined in relation to the phenotypes. Both single nucleotide variants
and copy number alterations in driver genes were examined. Consistent with published data,
TP53 and CDKN2A were recurrently mutated in and dominated the landscape of mutations
in each phenotype. No significant differences were elicited in the proportion of mutant cases
for nine driver genes that had a recurrence of 10% or greater. Such results demonstrate a
high similarity in mutated driver genes between the phenotypes and again point to a shared
aetiology. However, more data is needed to compare the driver landscapes given the high
heterogeneity of driver alterations in OAC and relatively smaller sample sizes per phenotype.
Furthermore, the frequency of mutant cases by phenotype provides only a superficial driver
event analysis, therefore future work should focus on mutation type, diversity and timing to
provide a more in-depth comparison. Such analysis likely requires additional samples which
are now available to our research group through the recently sequenced cases by Genomic
England (n=250).

It has been hypothesised that the BO-ve OAC phenotype may be the outcome of rapid
progression of BO driven by catastrophic events. To explore this, we examined the prevalence
of select catastrophic events in OAC phenotypes. We would expect to see a higher prevalence
of catastrophic events in the BO-ve OAC. The scope of this analysis was limited since other
major catastrophic events in OAC such as chromothripsis, kataegis and chromoplexy were
not examined due to data availability and time constraints. In addition to expanding the
scope of this analysis, future work should consider the combinatorial effect of catastrophic
alterations as multiple events co-exist in each genome and contribute to other features such
as high-level copy number amplifications.

5.4 Strengths and limitations

The large size, detailed data collection and curation process is the primary strength of the
cohort used in this thesis. The OCCAMS Consortium enabled the inclusion of a large
number of the OAC cases and the BEST2 study provided the BO cases and reflux controls in
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order to assemble the cohort. For each study, baseline data were extensively and carefully
processed to ensure data quality. The cases included in this cohort were all prospectively
recruited from across the UK as both the OCCAMS and BEST2 were multi-centre studies.
Furthermore, each OAC case was evaluated by multiple expert pathologists to ascertain its
phenotype which was not known by the study staff who recorded baseline data. Therefore, the
risks of misclassification or differential biases were minimised. It is possible that sampling
error would result in the extant small focus of BO/IM being missed which would lead to
a misclassification bias that cannot be completely ruled out. Vital status and follow-up
data collection spanned over a decade for OAC cases, yielding over 6,800 person-years
of follow-up. Lastly, epidemiological and clinical data was well-recorded for cases with
whole-genome sequencing, which is uncommon in the majority of genomic cohorts. This
enabled orthogonal evaluations of our hypothesis.

This work was not without limitations. Missing data was high for some variables,
such as pack-years of smoking or BMI five years prior to diagnosis, therefore limiting our
assessment of these risk factors. Nevertheless, data on smoking status and BMI at baseline
were well-recorded and included in the analysis. Furthermore, all efforts were made to
recover missing data by combining and binarising variables or recoding values based on
related variables. Additionally, we performed sensitivity analyses using a complete case
or multiple imputation approach and the obtained estimates did not show large deviations,
thus it is unlikely that missing data significantly altered our results. In some instances,
information collected on the CRF was open-ended and not specifically defined. For example,
in the question about smoking history, “former smoking” was left to the patient’s or data
collector’s interpretations and was not defined based on a specific time period (e.g., 5 years)
since smoking cessation. However, we binarised smoking status to overcome this limitation.
In addition, we have also been collecting detailed lifestyle and epidemiological information
using a separate questionnaire which was improved compared to the CRF. More details about
this questionnaire instrument and the resulting dataset are presented in the future works
section. Whole-genome sequencing was performed using tissue collected from formalin-
fixed paraffin-embedded (FFPE) samples. DNA from FFPE has a low yield and is prone to
quality degradation over time. However, FFPE biopsies are used in clinical practice and data
generated from such samples would be better extrapolated into a clinical setting. Finally, the
potential for residual confounding by unmeasured or unrecognized factors is inherent due to
the nature of the observational data included here.
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5.5 Conclusion

In conclusion, the orthogonal lines of evidence presented here do not support major pathogenic
pathways in oesophageal adenocarcinoma that are independent of Barrett’s oesophagus.
Tumours without histologically apparent BO tissue may represent a more aggressive oe-
sophageal adenocarcinoma, necessitating further investigation. Our findings emphasise the
importance of Barrett’s oesophagus screening for the secondary prevention of oesophageal
adenocarcinoma. Screening strategies should focus on identifying and risk-stratifying preva-
lent cases of Barrett’s oesophagus which could in turn reduce the public health burden of
oesophageal adenocarcinoma.





Chapter 6

Ongoing and future work

The cohort and data generated in this project can be further utilised to examine questions
related to the OAC phenotypes and beyond. An additional 250 OAC cases were recently
whole-genome sequenced and while most of these were included in the mutation load analysis,
they were not included in other genomic analyses due to time constraints and data availability.
The inclusion of these cases would be very ideal, especially for the comparison of mutational
signatures and driver genes between the phenotypes. In the future, a more comprehensive
analysis of large-scale and catastrophic genomic events in relation to the OAC phenotypes
should include additional alterations such as structural variants, chromothripsis and kataegis
(Li et al., 2020; Ng et al., 2022). This would enable a deeper evaluation of the hypothesis
that BO-ve OAC tumour pathogenesis may be driven rapidly and non-linearly by major
genomic catastrophes. It would also be important to interrogate epigenomics as methylation
could also correlate with the phenotypes. Methylation profiling has been performed on
a subset of tumours (n=285) included in this cohort and could provide an extra layer of
information. Previous work from our group has demonstrated that methylation profiles are
related to subtypes of OAC (Jammula et al., 2020). One identified subtype showed a poor
prognosis and was associated with a higher macrophage and neutrophil infiltration. It would
be interesting to determine if this subtype is enriched with BO-ve OAC and examine the
immunogenomics of the OAC phenotypes.

Starting in 2018, we employed a comprehensive questionnaire instrument to gather pre-
diagnostic epidemiological and lifestyle data from OAC patients enrolled in the OCCAMS
Consortium. To date, a total of 423 patients across 20 OCCAMS study sites have completed
this questionnaire. Patients returned paper questionnaires to the Cambridge study site where
data was entered on digitised forms. As part of the work for this project, I developed a
processing pipeline to generate an analysis-ready dataset from these forms. We recently
conducted a thorough quality control to ensure data integrity and accuracy, resulting in
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a rich dataset for examining novel risk factors in relation to OAC phenotypes and other
research questions. In addition, WGS has been performed on 104 tumours comprised of 41
BO+ve, 24 BO-ve and 37 BO(?) OAC tumours. Future work utilising this dataset should
aim to 1) confirm the association of epidemiological factors identified here using more
detailed measurement variables such as pack-years of cigarette smoking, 2) examine the
association of novel factors such as physical activity, sedentary behaviours and dietary factors
as well as co-morbid conditions in relation to OAC phenotypes and survival, and 3) conduct
integrated molecular epidemiology analyses using questionnaire and WGS data to explore
associations between risk factors and genomic features, such as mutational signatures. Efforts
are underway to gather additional questionnaires, and it is hoped that this dataset will also
serve as a resource for future studies examining patient-reported factors in OAC. Finally,
work is ongoing to link mortality data (vital status, date and cause of death) for OAC cases
in the OCCAMS Consortium using data from the Office of National Statistics. This would
provide more complete, accurate and updated survival data for all OAC cases included here.
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Appendix A

Additional tables

A.1 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO+ve
OAC compared to BO(?) OAC cases using multiple imputation, complete case analysis and exclusion
of OAC cases with a history of undergoing BO surveillance, p. 172
A.2 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO-ve
OAC compared to BO(?) OAC cases using multiple imputation, complete case analysis and exclusion
of OAC cases with a history of undergoing BO surveillance, p. 173
A.3 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO+ve
OAC compared to BO cases using multiple imputation and complete case analysis, and the analysis
excluding heartburn as a covariate in the fully adjusted model, p. 174
A.4 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO-ve
OAC compared to BO cases using multiple imputation and complete case analysis, and the analysis
excluding heartburn as a covariate in the fully adjusted model, p. 175
A.5 – Associations of baseline characteristics with risk of BO(?) OAC phenotype compared to BO
cases, p. 176
A.6 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO(?)
OAC compared to BO cases using multiple imputation and complete case analysis, and the analysis
excluding heartburn as a covariate in the fully adjusted model, p. 177
A.7 – Associations of baseline characteristics with risk of BO+ve OAC phenotype compared to reflux
controls, p. 178
A.8 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO+ve
OAC compared to reflux controls using multiple imputation, complete case analysis and exclusion of
OAC cases with a history of undergoing BO surveillance, p. 179
A.9 – Associations of baseline characteristics with risk of BO-ve OAC phenotype compared to reflux
controls, p. 180
A.10 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO-ve
OAC compared to reflux controls using multiple imputation, complete case analysis and exclusion of
OAC cases with a history of undergoing BO surveillance, p. 181
A.11 – Associations of baseline characteristics with risk of BO(?) OAC phenotype compared to reflux
controls, p. 182
A.12 – Sensitivity analyses of the adjusted association of baseline characteristics with risk of BO(?)
OAC compared to reflux controls using multiple imputation, complete case analysis and exclusion of
OAC cases with a history of undergoing BO surveillance, p. 183
A.13 – Baseline characteristics of the OAC cases with WGS (n=710), overall and according to
phenotype, p. 184
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184 Additional tables

Table A.13 – Baseline characteristics of the OAC cases with WGS (n=710), 
overall and according to phenotype.   

Characteristic BO+ve OAC BO-ve OAC BO(?) OAC Overall 
(n=252) (n=183) (n=275) (n=710) 

Age at diagnosis; years 
Mean [SD] 67.2 [9.2] 65.6 [9.5] 67.4 [10.0] 66.9 [9.6] 
Median [Q1, Q3] 67.7 [61.4, 74.5] 66.9 [59.3, 72.7] 68.0 [60.4, 75.4] 67.6 [60.4, 74.0] 

Age group at diagnosis, n (%) 
< 50 years old 10 (4.0) 10 (5.5) 14 (5.1) 34 (4.8) 
50 - 59 years old 44 (17.5) 39 (21.3) 53 (19.3) 136 (19.2) 
60 - 69 years old 94 (37.3) 69 (37.7) 86 (31.3) 249 (35.1) 
70+ years old 104 (41.3) 65 (35.5) 122 (44.3) 288 (40.6) 

Gender, n (%) 
Female 33 (13.1) 27 (14.8) 47 (17.1) 107 (15.0) 
Male 219 (86.9) 156 (85.2) 228 (82.9) 603 (84.9) 

Ethnicity, n (%) 
White 241 (100) 175 (99.4) 266 (99.3) 682 (99.6) 
Other 0 (0) 1 (0.6) 2 (0.7) 3 (0.4) 
Missing 11 (4.4) 7 (3.8) 7 (2.5) 25 (3.5) 

BMI group at diagnosis, n (%) 
Underweight 0 (0) 2 (1.27) 10 (4.88) 12 (2.11) 
Normal 59 (28.6) 47 (29.7) 59 (28.8) 165 (29.0) 
Overweight 77 (37.4) 70 (44.3) 81 (39.5) 228 (40.1) 
Obese 70 (34.0) 39 (24.7) 55 (26.8) 164 (28.8) 
Missing 46 (18.3) 25 (13.7) 70 (25.5) 141 (19.9) 

Cigarette smoking status, n (%) 
Never 88 (36.8) 60 (33.9) 86 (33.7) 234 (34.9) 
Ever 151 (63.2) 117 (66.1) 169 (66.3) 437 (65.1) 
Missing 13 (5.2) 6 (3.3) 20 (7.3) 39 (5.5) 

Aspirin/NSAID use, n (%) 
Never 56 (42.4) 38 (44.7) 46 (43.8) 140 (43.5) 
Ever 76 (57.6) 47 (55.3) 59 (56.2) 182 (56.5) 
Missing 120 (47.6) 98 (53.6) 170 (61.8) 388 (54.6) 

Heartburn symptoms status, n (%) 
Absent 35 (17.2) 34 (24.1) 47 (22.8) 116 (21.1) 
Present 169 (82.8) 107 (75.9) 159 (77.2) 435 (78.9) 
Missing 48 (19.0) 42 (23.0) 69 (25.1) 159 (22.4) 

Total alcohol intake/week; units 
Mean [SD] 22.8 [32.6] 22.1 [17.1] 29.2 [51.4] 24.7 [36.7] 
Median [Q1, Q3] 15.0 [4.75, 22.5] 20.0 [9.00, 28.0] 18.0 [6.00, 35.0] 18.0 [7.00, 30.0] 
Missing 200 (79.4) 138 (75.4) 226 (82.2) 564 (79.4) 

TNM, n (%) 
I 62 (28.4) 21 (13.2) 12 (11.8) 95 (19.8) 
II 54 (24.8) 31 (19.5) 23 (22.5) 108 (22.5) 
III 98 (45.0) 97 (61.0) 66 (64.7) 261 (54.5) 
IV 4 (1.83) 10 (6.29) 1 (0.980) 15 (3.13) 
Missing 34 (13.5) 24 (13.1) 173 (62.9) 231 (32.5) 
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