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Abstract

Word count: 300 words

Prevalence and detection of serrated colorectal neoplasia in a screened 

population

Introduction: Serrated lesions (SL), precursors of colorectal cancer (CRC), 

account for 15 to 30% of all CRC cases. Post-colonoscopy CRC (PCCRC) may

occur due to missed proximal serrated neoplasia. Existing heterogeneity in SL 

reporting and detection makes the actual prevalence uncertain. This study aims

to assess the feasibility of introducing enhanced colonoscopy and estimating 

proximal SL detection and prevalence.

Method: A multicentre randomised controlled trial was conducted in bowel 

cancer screening centres in Wales. Participants aged 60-74, testing positive for

faecal occult blood, were randomised to undergo standard white light 

colonoscopy or chromocolonoscopy. All removed proximal colon polyps were 

centrally reviewed by expert pathologists. Data analysis included serrated 

neoplasia detection rate, procedural time, resource utilisation, and 

interobserver variability among pathologists. A subsequent genetics exploratory

study was conducted using Next Generation sequencing.

Results: The study recruited 741 patients, achieving 82% patient participation 

and 87% colonoscopists. The chromocolonoscopy procedure was marginally 

longer (6.3 minutes) and showed enhanced detection rates for proximal sessile 

serrated lesions (11.8% vs 6.4%) and significant serrated lesions (4.2% vs 

1.9%). Central histopathology review revealed a higher prevalence of 

significant serrated neoplasia in the proximal colon (7.6% vs 3.3%). 
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There was good concordance for non-dysplastic SLs however this was fair for 

dysplastic SLs. Lastly, an exploratory study revealed the feasibility of extracting

DNA from FFPE blocks with a weak mutational signature in ex-smokers, albeit 

with significant background noise.

Conclusions: This study demonstrated that chromocolonoscopy could be 

implemented in a UK-based population bowel screening programme for 

improved detection of proximal serrated neoplasia with acceptable time and 

resource usage, and bias minimisation. Further trials and longitudinal studies to

assess clinical effectiveness, economic evaluation, translational studies, and 

the impact on surveillance and reducing PCCRC is necessary.
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Chapter 1: Introduction
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1.1 Introduction

According to global cancer statistics 2018 (2), Colorectal cancer (CRC) ranks

third in terms of cancer incidence (10.2 %) after lung and breast cancer in both

sexes but is the second most frequent cause of death in both sexes (9.2%) after

lung cancer in the world. In the United Kingdom, CRC is the second most

common cause of cancer death accounting for 10% of all cancer deaths. It is the

third most common cancer in the UK in both males and females (2-4).

1.2 Prevalence and anatomical distribution of CRC

There remains a wide geographical variation in the incidence of CRC and related

mortality with similar patterns noted in both genders (5). Age standardised

incidence rates (ASRi) vary significantly when comparing world regions classified

by the United Nations. For example, the highest rates occur in Australia and New

Zealand (ASRi 44.8 and 32.2 per 100,000 in men and women respectively)

whereas it is the lowest in Western Africa (ASRi 4.5 and 3.8 per 100,000 in men

and women respectively) (5, 6). However, CRC estimates in Africa are

heterogenous and may be underestimated as there is a possibility of

underreporting due to the known lack of consistent and systematic ascertainment

and cancer registries. (5, 7).

In the United Kingdom where there has been an established organised CRC

screening programme using stool-based screening tests since 2006 (England

2006, Scotland 2007, Wales 2008, and Northern Ireland 2010) the ASRi is 30.2

per 100,000 in both genders with the age standardised mortality rates (ASRm)

being 10.7 per 100,000. 
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According to the bowel cancer incidence statistics from cancer research UK 2020

(CRUK) (4), age specific incidence rates rise steeply from (4) ages 50 to 54 with

the highest rates in the 85 to 89 age group for males and females. The rate of

bowel cancer incidence has increased by 48% in the younger age group (25 to

49 age) and in the 60 to 74 age group has decreased by 6% (4, 8). The incidence

of CRC in this older age group is possibly attributable at least partly to the

population-based screening programme that have been ongoing for over a

decade and a half.

The majority of CRCs in the UK are located in the distal or left colon with a slight

preponderance in males (65% in males and 56% in females) of which the most

common location is the rectum (22% in females and 31% in males). However

the incidence in the right or proximal colon (caecum including appendix to splenic

flexure) has a preponderance in females (44% females and 35% males). (4, 8).

A study using the Data from the National Cancer Institute’s surveillance,

epidemiology and end results (SEER) registry (9, 10) showed that female sex,

age over 60, and black ethnicity were associated with an increased risk of

proximal CRC.

Though population-based bowel screening programmes have been shown to

reduce the incidence and mortality of bowel cancer, this seems to have had a

substantial impact on distal CRC but only a modest impact on proximal CRC (11,

12). Post colonoscopy colorectal cancers (PCCRC) also seem to occur more in

the proximal location (13, 14).
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The factors that may contribute to less accurate detection of proximal CRC at

colonoscopy include quality related issues such as colonoscopists key

performance indicators, missed polyps and cancers due to poor bowel

preparation (15), failure to detect polyps due to morphology i.e. flat polyps (16),

incompletely resected polyps (17) and a small proportion of accelerated biology

related cancer (e.g. those progressing via the serrated neoplasia pathway) that

could result in either a PCCRC or new CRC (18-21).

The other potential factor that impacts on the detection of proximal colon cancer

during screening is the poor sensitivity of stool-based screening tests (gFOBT

and FIT) to detect flat non-bleeding polyps such as significant serrated lesions

which are predominantly located in the proximal colon and more common in

women. (22-24)

There is no doubt that CRC is a huge burden on healthcare and the society and

early detection strategies such as screening seem cost-effective (25) and may

enable the prevention of the development or progression of cancer and thereby

reduce morbidity and mortality. 

1.3 The rationale and limitation of the current CRC screening Strategies

CRC screening is cost-effective and may decrease the incidence and mortality

of CRC by detection and removal of cancer precursors and early-stage detection

associated with lower mortality and morbidity. 

Stage of CRC is one of the most important predictors of survival and the office

for National statistics (ONS) in the United Kingdom (4, 8) shows that the five-year

survival rate for stage I and II is 91 to 93 % (both genders), around 60% in stage

III and 10 % in case of stage IV (distant metastases). 
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Hence early detection is key to reduce mortality. However despite this it is not

widely accessible throughout the world as only a small proportion of the target

population is offered this (5). Globally there remains a widespread difference in

the implementation status and CRC screening strategy. This is thought to be due

to a geographical variation in CRC incidence, availability of economic resources,

infrastructure, and healthcare systems to support screening such as having the

ability to identify a population at risk and being able to maintain a cancer registry

(5).

The current CRC screening strategies in the world include the use of different

screening methods such as organised or opportunistic screening (5) and the use

of different screening modalities such as invasive and non-invasive tests (26).

Organised screening (27, 28) is distinguished from opportunistic screening as

invitations for screening are offered for a defined population and there exists a

centralised process for quality assurance, eligibility requirements including target

population, follow-up, and further evaluation. 

The target population for an average risk population group includes an

asymptomatic population that is at an average risk of CRC and the age range for

this population has been influenced by national and international guidelines (5,

26, 29, 30) and though most screening programmes commence mainly over the

age of 50 years, it remains constantly over the age of 40 years. 
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Globally, there appears to be a variation in the type of screening modality used

for an average risk population. These modalities (5) can include either a non-

invasive test or an invasive test. Non-invasive testing includes stool-based

testing (faecal immunochemical tests-FIT, guaiac faecal occult blood test-

gFOBT and newer tests such as stool DNA, RNA and protein biomarkers) and

blood tests (the detection of methylated DNA in blood) (31). Invasive tests include

colonoscopy which is considered to be the gold standard for the detection of

CRC, virtual colonoscopy, or CT colonography (CTC).

However, in most of the organised screening programs, a stool-based test is

used initially and if the test is positive (FOBT) or if the quantification satisfies the

threshold criteria for screening (FIT), then this usually triggers a further invasive

test such as a colonoscopy examination. Opportunistic screening which is what

is predominantly practised in the USA and some European countries depends

on members of the public or healthcare providers initiating screening and hence

involves fewer formal decisions on appropriateness and follow-up (27). This often

involves the primary screening test being either a stool test or a primary invasive

test such as a colonoscopic examination. In 2015, 24/28 European Union

countries had established or were in the process of establishing a nationwide

organised or opportunistic CRC screening programme (5).

1.3.1 Rationale of screening in the UK

The United Kingdom began implementation of the National Health Service bowel

cancer screening programmes by using gFOBT in 2006 for England and the

programme achieved full roll-out in England and Wales in 2010 (32).
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This was supported by evidence from multiple large randomised controlled trials

that showed that FOBT-based CRC screening showed a reduction in CRC

mortality of 15 to 33% (33-39).

The programme identified eligible people within the target population (age range

of both genders 60 to 74 years) who were invited to complete a home FOBT

biennially. Following a positive test, the participants were subsequently

contacted and directed to a specialist screening practitioner (SSP) who then

provided more information on the implications of a positive test, including clinical

evaluation of the participant assessing fitness to undergo a colonoscopic

examination and discussing the risks and benefits of having a colonoscopy

examination. In more recent years, the FOBT has been replaced by the more

sensitive quantitative test called the faecal immunochemical test (FIT) which has

the advantage of not being as influenced by factors such as diet and medications

and being a quantitative test allows the sensitivity and specificity to be varied by

adjusting the cut off of a positive test (40).

There is considerable variability in the procedural quality of a colonoscopy

examination (41-43) amongst operators hence to ascertain quality based on

evidence there are key performance indicators (KPI) that help to achieve the

necessary standard needed for colonoscopy. Screening colonoscopy in England

and Wales are only undertaken by accredited colonoscopists who satisfy certain

quality KPIs which are regularly reviewed by screening programmes to ensure

consistent performance at a very high standard.
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CRC screening programmes aim to reduce mortality and longer-term incidence

and allow the early-stage detection (3, 44-47). Populations that have

implemented screening strategies and programmes have shown an overall

reduction in mortality from CRC varying between 22 to 68% (46-52). Though the

effect of FOBT-based screening does not influence all-cause mortality, the

sustained reduction in CRC mortality is likely to be due to the colonoscopic

detection of adenomas/polyps and polypectomy (33).

The British Society of Gastroenterology (BSG) had recommended surveillance

guidelines following the removal of adenomas which was published in 2009 (53)

(Figure 1) following an update from 2002. This has recently been updated in

2020 (54) and have included recommendation for surveillance for serrated

polyps alongside adenomas. 

My research study was completed prior to the recent updated guidelines and

hence the 2009 guidance was followed (Figure 1).

Figure 1: Previous BSG Surveillance Guidelines following adenoma removal 2009 (54)

"Reproduced from [Guidelines for colorectal cancer screening and surveillance in moderate and high risk
groups (update from 2002), Stuart R Cairns et al, developed on behalf of The British Society of 
Gastroenterology, and the Association of Coloproctology for Great Britain and Ireland, Volume 59, Issue 
5, 666-689. Gut 2010 with permission from BMJ Publishing Group Ltd. "

https://gut.bmj.com/content/59/5
https://gut.bmj.com/content/59/5
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1.3.2 Limitations of strategies used in screening programmes:

Though national screening programmes that use faecal occult blood and

subsequent colonoscopy have reduced the incidence and mortality of CRC,

participation in the programme could be improved and there remains a relatively

high false positive rate in faecal tests. 

There also is high variability in the FIT test thresholds set for screening and

possible laboratory variation in reporting unless standardised and external quality

assured (48). Though FIT is a sensitive test to detect CRC at lower thresholds,

the sensitivity is low to detect adenomas and even poorer to detect serrated

polyps. 

FIT sensitivity for CRC varies between 71-91% depending on the Hb cut off used

with a specificity of 90-95% (48) however the sensitivity for advanced adenomas

reduces to 25-40% (55, 56) and for serrated lesions reduces further to 4 to 16.3%

(22, 57).

Hence in stool-based screening programmes, the prevalence of serrated lesions

may not be accurate and variable in comparison to countries such as USA that

adopt primary colonoscopy as a screening strategy. 

However primary colonoscopy is resource dependent, expensive, invasive and

the quality of the procedure is dependent on patient and operator factors.

Standard colonoscopy can miss polyps particularly flat polyps due to variation in

technique, equipment, standards, and detection rates amongst colonoscopy

operators. This could explain the variation in the detection of proximal colon

cancers to distal CRCs particularly missing flat precursor polyps that follow the

serrated pathway to carcinogenesis. 
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1.4 Biology and its relation to the anatomical distribution of CRC

Overview: this section aims to briefly describe the biology and molecular

pathways that lead to CRC. It also aims to discuss the anatomical distribution of

CRC i.e., proximal colon versus distal colon and the differences between them

along with briefly describing hereditary CRC and family risk as relevant to the

topic of this dissertation.

CRC occurs due to an accumulation of genetic abnormalities in the nuclei of

clones of colonocytes that allow these cells to escape the normal regulatory

mechanisms that control cell growth, death, and differentiation (58). The causes

of these genetic abnormalities include chance events that happens during cell

division, pattern of inheritance and other factors including lifestyle and personal

characteristics. 

Sporadic CRC i.e., CRC with no apparent genetic predisposition accounts for

nearly 75% of the cases (6) and only 3 to 5% of new CRC diagnosis are related

to hereditary conditions such as Lynch syndrome or familial adenomatous

polyposis (FAP). 

Around 20% of the cases report a family history of CRC with no known germline

mutation (59). Inherited syndromes of CRC and the presence of a readily

identifiable precursor lesion such as an adenoma has facilitated research into

genetic mechanisms responsible for tumorigenesis (60).
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1.4.1 Molecular heterogeneity of CRC:

The pathogenesis of CRC is due to the progressive accumulation of genetic and

epigenetic alterations some of which are implicated for activating oncogenes or

inactivating oncosuppressor genes that has the potential to change normal

epithelium to early neoplastic lesions finally leading to the development of CRC

(61-63).

The ongoing process of classifying CRC based on these molecular changes is

crucial in understanding the essential events in CRC evolution and the clinical

significance (64).

With advancements in molecular and genomic technologies CRC has been

classified into different subtypes over the years. Earlier molecular classification

was mainly based on genetic and epigenetic parameters with the recognition of

two distinct morphological pathways of carcinogenesis that results in the

neoplastic transformation in the colonic epithelium. These are the conventional

adenoma-carcinoma sequence pathway and the alternative pathway i.e., the

serrated neoplastic pathway (62, 65).

More recently, The Cancer Genome Atlas (TCGA) project has shown crucial

relationships among genetic, epigenetic, and transcriptional changes (66).

Recent classifications (67) have incorporated transcriptional signatures that

resulted in a new classification system comprising of four consensus molecular

subtypes (CMS 1-4) to provide more robust clinical implications (66, 68, 69).

Despite the genetic heterogeneity of CRC, the conventional classification of CRC

is based on molecular pathways that cause genomic instability and epigenetic

molecular features such as methylation.
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Each of these mechanisms result in different types of CRC biology and clinical

phenotypes (70, 71).

1.4.2 Molecular mechanisms of CRC development:

Conventional pathway: The precursor lesion for CRC can either be an adenoma

or serrated polyp and the molecular events that lead to carcinogenesis are

through one of the three molecular pathways (Figure 2) i.e., 1. Chromosomal

instability (CIN), 2. Microsatellite instability (MSI) or the 3. CpG island methylator

phenotype (CIMP) or Serrated pathway. 

In addition to this there is also inflammatory bowel disease (IBD) associated CRC

that in contrast develops through the “inflammation-dysplasia-carcinoma”

sequence and the dysplastic lesions in IBD have increased chromosomal

instability compared to sporadic adenomas (72).

The conventional pathways lead to the development of both hereditary and

sporadic cases of CRC and each pathway is underpinned by mutations in key

tumour suppressor genes and oncogenes. Based on the current body of

evidence and understanding most CRCs develop from a precancerous lesion

such as an adenoma or serrated polyp. 
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At a molecular level, Fearon and Vogelstein in 1990 (73) described this

conventional model called the adenoma-carcinoma sequence of colorectal

carcinogenesis which describes a multi-step process that leads to transformation

of normal colon epithelium into the earliest dysplastic lesion called the aberrant

crypt focus that then develops into a premalignant adenomatous polyp that

transforms into low-grade, high-grade dysplasia and subsequently into a

carcinoma based on a series of cumulative genetic mutations over a period of

time (Figure 2).

1.4.2.1 Chromosomal instability (CIN):

CRC with CIN is frequently located in the distal colon (74). Errors that occur

during cell division can lead to loss of parts of a chromosome called loss of

heterozygosity (LOH) or an abnormal number of chromosomes called

aneuploidy. Aneuploidy and loss of heterozygosity are the hallmarks of tumours

displaying CIN in CRC (58).

Figure 2: Conventional adenoma to carcinoma sequence (63).

Abbreviations: APC-Adenomatous Polyposis Coli; MMR-Mismatch Repair; MLH1-MutL Homolog 1; 
KRAS- Kirsten rat sarcoma virus; BRAF- B-Raf proto—oncogene; SMAD-Suppressor mothers against 
decapentaplegic; TP53- Tumour Protein 53; TGFbR2-Transforming Growth Factor Beta Receptor 2; 
BAX-BCL2 associated X.  Copyright © 2019 by the authors. De Palma FDE, D’Argenio V, Pol J, Kroemer 
G, Maiuri MC, Salvatore F. The Molecular Hallmarks of the Serrated Pathway in Colorectal Cancer. 
Cancers. 2019;11(7):1017. Licensee MDPI, Basel, Switzerland.

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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CIN can be observed in around 70% of CRC cases (75, 76). The first event that

happens in this pathway is bi-allelic mutations of the tumour suppressor gene

APC within the normal colonic mucosa. This is followed by mutation of the KRAS

gene (75).

The key genes involved in CIN include APC, TP53, KRAS, PI3KCA (76) with

consequent dysregulation of the WnT/β-catenin, MAPK, PI3K and TGF-β

signalling pathways (62).

LOH in chromosome 18q containing tumour suppressor genes SMAD2, SMAD4

and DCC is also common as these genes are transcriptional mediators of the

transforming growth factor (TGF) beta signalling pathway that regulates cell

growth, differentiation and apoptosis and promotes MYC activation (64).

An APC mutation can occur either in sporadic CRC or if a germline APC mutation

occurs then this leads to hereditary familial adenomatous polyposis (FAP). 

1.4.2.2 Signal transduction pathways:

In CRC, although multiple gene mutations occur, only a few are responsible for

driving the cancer process and are known as driver genes. The mutated genes

that do not contribute to the progression of cancer are called passenger genes.

According to Vogelstein (77) , only three driver mutations are required to produce

CRC.

The first driver gene is a gateway gene that initiates the breakthrough phase, the

second leads to neoplasia or the expansion phase and the third enables invasion

and metastasis. These driver genes are part of a limited number of key signal

transduction pathways that must be inactivated for neoplasia to progress. 
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The WnT pathway (driver genes APC, CTNNB1/ β catenin), MAPK pathway

(driver genes KRAS and BRAF), of PI3K-AKT pathway (PIK3CA and PTEN),

TGF-β pathway (SMAD) and p53 mediated pathways (TP53 driver gene) are

signal transduction pathways that contribute to the development of the CIN

phenotype in CRC. The TP53 pathway is responsible for cell cycle arrest,

apoptosis and DNA repair (78).

1.4.2.2.1 WnT Pathway:

This pathway is frequently activated in CRC due to mutations in the APC or β-

catenin genes. In normal cells, the WnT/β-catenin pathway is tightly regulated,

but in CRC cells, this pathway is constitutively activated leading to the

stabilization of β-catenin, which translocate to the nucleus and activates the

transcription of various target genes involved in cell proliferation, survival, and

differentiation. Dysregulation of this pathway has been implicated in the initiation

and progression of CRC (73).

The WnT signalling pathway is altered in the majority (up to 92%) of all CRCs

(66). Multiple genes are affected in this pathway however the main driver

mutations occurs either through the inactivation of the tumour suppressor gene

(APC) or through the activation of the proto-oncogene (CTNNB1) (66). This

pathway consists of three subtypes, 1. Canonical pathway 2. Noncanonical

planar cell polarity pathway and 3. Noncanonical WnT/calcium pathway. The

canonical pathway is the most understood pathway(Figure 3).



24

When there is absence of WnT signalling during normal cell function the following

processes occur. Beta catenin forms a destruction complex that contains

proteins such as AXIN and APC along with GSK3beta and CK1alpha. This is

then subjected to phosphorylation and degradation which allows the regulation

of gene expression in the cell nucleus and subsequent suppression of WnT

signalling. 

However, if there are mutations in APC or CTNNB1 then this subsequently leads

to disruption and inactivation of the destruction complex that leads to the

accumulation of beta catenin in the nucleus that initiates the transcription of

genes linked to tumourigenesis (79, 80).

Figure 3: Canonical WnT signalling (80)

Abbreviations: FZD: Frizzled receptor; LRP5/6: Low-density lipoprotein receptor-related protein 5/6; DVL:
Dishevelled protein; GSK3β: Glycogen synthase kinase 3 beta; APC: Adenomatous polyposis coli protein; 
CK1α: Casein kinase 1 alpha; β-catenin: Beta-catenin; TCF/LEF: : T-cell factor/ lymphoid enhancer factor; 
Axin: Axis inhibition protein; TCF7L2: Transcription factor 7-like 2; R-Spondin: Roof plate-specific 
spondin; R-Spondin: Porcupine protein; LGR: Leucine-rich repeat-containing G-protein coupled receptor; 
RNF43: Ring finger protein 43; ZNRF3: Zinc and ring finger 3; YAP: Yes-associated protein;  LEF (lymphoid
enhancer factor) ; TLE/Groucho:  transducing-like enhancer protein 

“Material from: Zhan T, Rindtorff N, Boutros M, Wnt signalling in cancer, Oncogene, published [2017], 
[Publisher: Springer Nature, CC BY license]”

https://creativecommons.org/licenses/by/4.0/
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1.4.2.2.2 MAPK/ERK pathway:

The Mitogen- Activated Protein Kinase pathway (Figure 4) is key in the control

of the cell cycle and is a critical mechanism for cell signal conduction and for

transmitting signals from the extracellular environment into the cell nucleus

where specific genes are activated for cell growth, cell proliferation, migration

and apoptosis or programmed cell death (81). The activation of this pathway

occurs when a signalling molecule binds to a protein receptor tyrosine kinase

(RTK) such as epidermal growth factor receptor (EGFR) on the surface of the

cell. EGFR is most frequently altered in carcinoma. This subsequently results in

the phosphorylation of a cascade of signalling proteins such as RAS, RAF, MEK

and ERK. The family of RAS proto-oncogenes consists of three oncogenes in

human beings namely KRAS, NRAS (neuroblastoma RES viral oncogene

homolog) and HRAS (Harvey rat sarcoma viral oncogene homolog). 

Figure 4: MAPK Pathway (82)

This simplified diagram of the MAPK 
pathway shows the RAS/Raf-1/ MEK/ERK 
pathway. RAS mutations are found in 
36% of serrated polyps, and Raf-1 
mutations are found in 9%-11%. These 
mutations promote gene transcription 
and cellular growth that results in 
cellular adhesion, invasion, metastasis, 
and angiogenesis.

Abbreviations: MAPK: Mitogen-Activated
Protein Kinase; RAF: Rapidly Accelerated 
Fibrosarcoma; MEK: Mitogen-Activated 
Protein Kinase Kinase; ERK: Extracellular 
Signal-Regulated Kinase; RAS: Rat 
Sarcoma; GRB2: Growth Factor Receptor-
Bound Protein 2; RTK: Receptor Tyrosine 
Kinase; EGFR: Epidermal Growth Factor 
Receptor

Copyright © Murcia O, Juárez M, 
Hernández-Illán E, Egoavil C, Giner-
Calabuig M, Rodríguez-Soler M, et al
2016. Published by Baishideng Publishing
Group Inc. 
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BRAF (B-raf proto-oncogene) mutations occur in the RAF oncogene most

commonly resulting from a V600E substitution. Uncontrolled cell proliferation

occurs due to mutations in RAF and RAF oncogenes that result in constitutive

activation of downstream signalling components (82) .

The activation of the MAPK/ERK pathway is frequently observed in CRC due to

mutations in the KRAS, BRAF, or PIK3CA genes. Dysregulation of this pathway

has been implicated in the development of CRC and resistance to targeted

therapies (83).

1.4.2.2.3 PI3K-AKT pathway:

The PI3K-AKT pathway is involved in regulating cell growth, survival, and

metabolism. The PI3K-AKT pathway can be triggered by signals that bind to cell

surface receptors, such as the EGFR receptor. This initiates a series of events

that activate kinases within the phosphatidylinositide 3-kinase (PI3K) family.

Consequently, AKT is phosphorylated by PI3K proteins and mTOR complexes.

AKT influences several downstream targets that regulate cell growth,

differentiation, tumorigenesis, and apoptosis prevention. Alterations in the AKT

or PIK3CA proto-oncogenes, or the PTEN tumour suppressor gene, can cause

AKT signalling activation and subsequent cancer cell proliferation (84-86).

1.4.2.2.4 TGF-β pathway:

This pathway is involved in the control of several biological processes that

include cell proliferation, differentiation, migration, apoptosis, and adhesion. 
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The TGF-β family of proteins is activated when various ligands bind to

transmembrane receptors on the cell surface, leading to the activation of SMAD

proteins. SMAD4 protein then moves to the nucleus, where it plays a role in

regulating transcription during DNA replication. 

TGF-β signalling encourages apoptosis, and mutations in the SMAD genes can

lead to a loss of tumour suppression properties, with SMAD4 being the most

commonly implicated gene(87).

Loss of heterozygosity (LOH) involving chromosome 18q is connected to

mutations in the SMAD2 and SMAD4 genes, which are located on this

chromosome (88).

1.4.2.2.5 P53 mediated pathways:

The TP53 tumour suppressor gene produces the p53 protein, which manages

gene targets involved in DNA repair, cell cycle arrest, and apoptosis through

various pathways (89).

Under normal cell conditions, p53 levels are regulated by negative regulators

MDM2 and MDM4. However, when cells experience stress (such as DNA

damage), the interaction between p53 and MDM2/MDM4 is disrupted, enabling

p53 activation and the corresponding tumour suppression activity (90) .

TP53 mutations lead to a loss of this tumour suppression function. TP53

mutations are more frequently found in carcinomas than adenomas, suggesting

they are a later event in the development of CRC via the adenoma-carcinoma

sequence, as well as being a crucial driver gene for CRC development (91, 92).

1.4.2.3 Microsatellite instability (MSI):
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Microsatellites are short repeating nucleotide base sequences that occur both in

noncoding and coding parts of the genome. During DNA replication these

microsatellites are prone to slippage and results in loop mismatches (58). MSI

refers to the shortening or lengthening of such repetitive sequences that

happened during DNA replication. This primarily occurs as a result of DNA

polymerase slippage that causes insertion or deletion (Indel) of one or more

repeating unit which causes frameshift of the sequence and can also happen as

a result of DNA damage due to insults such as methylation, alkylation and base

deamination (93).

Mismatch repair (MMR) proteins play a crucial role in the maintenance of normal

cell function, recognition and correction of base mismatches and insertion and

deletion loops that are randomly generated during the DNA replication process

(94). Loss of function of one or more of the mismatch repair proteins leads to

MMR deficiency (dMMR) and this leads to accumulation of spontaneous gene

mutations that leads to either activation of oncogenes or impairment of tumour

suppressor genes (95). If either of these occurs, then this leads to hypermutability

and the molecular hallmark of this being an MSI-H tumour.

MSI develops due to the inactivation of DNA mismatch repair genes and

accounts for 15 to 20% of sporadic CRC (64). Based on the number of

microsatellites associated, MSI tumours have been subclassified into three

groups: 1. High MSI (MSI-H) 2. Low MSI (MSI-L) and microsatellite stable (MSS)

(64).



29

Sporadic MSI-H occurs due to somatic hyper methylation of both alleles of MLH1

with the initiating event that could be BRAF mutation leading to tumours that

could share characteristics from MSI and serrated neoplasia pathway. CRC with

MSI-H status is more frequently reported in the proximal colon and in contrast to

MSI-H tumours CIN tumours are not hypermethylated and MSS (74).

Figure 5: Molecular Pathways to CRC development (98)

Abbreviations: CIN: Chrmosomal instability; MSI: microsatelite instability; FAP: Familial adenomatous polyposis;
CIMP: CpG island methylator phenotype; MSS: microsatelite stable; IGF2R: insulin-like growth factor 2 receptor;
MGMT: 06-methylguanine-DNA methyltransferase; TGFRβ2: transforming growth factor receptor beta 2

"Reproduced from [British Society of Gastroenterology position statement on serrated polyps in the colon and 
rectum,  James E East, Wendy S Atkin, Adrian C Bateman, Susan K Clark, Sunil Dolwani, Shara N Ket, Simon J 
Leedham, Perminder S Phull, Matt D Rutter, Neil A Shepherd, Ian Tomlinson, Colin J Rees, 66 (7): 1181–1196, 
Gut. 2017 Jul;] with permission from BMJ Publishing Group Ltd. "

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5530473/
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Inherited germline mutations can also occur in mismatch repair genes (MSH1,

MSH2, MSH6 and PMS2) which predispose to Lynch syndrome which accounts

for about 20 % of MSI CRC (64).

Hereditary CRC-Lynch syndrome results from the germline mutation of one of

the two alleles of any MMR gene followed by somatic inactivation of the other

wild-type allele (96). Hence Lynch- CRC can develop from precursor lesions by

the adenoma carcinoma pathway with mutations in APC, CTNNB1 or TP53 as

well as being MSI-H and not from a serrated precursor. 

1.4.2.4 CpG-island methylator phenotype (the serrated pathway):

DNA methylation is a physiological process that has a wide-ranging functions

that include genomic imprinting, the timing of DNA replication and in the

regulation of chromatin and structure and gene transcription (81). In some

circumstances DNA methylation can lead to silencing of a gene. CpG sites are

regions in the DNA where a cytosine nucleotide occurs next to a guanine

nucleotide separated by a phosphate group in the linear sequence of bases

along its length (C-Phosphate-G). 

The regions of the genome that have a high concentration of CpG sites are called

CpG Islands (97). These islands are found in the promoter regions of DNA that

usually initiates transcription of a particular gene and DNA replication. In the

normal physiological state CpG Islands are not methylated however methylation

of CpG sites (addition of methyl group) also known as hypermethylation within

promoters of genes can lead to the inactivation of promoter sequence and

corresponding gene that can cause loss of gene function or inactivation of the

gene silencing (95).
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As many tumour suppressor genes such as P16 and MLH1 harbour CpG Islands

in the promoter regions, CpG island methylation is a potential mechanism for

carcinogenesis (81, 98). Methylation is one of the hallmarks of serrated pathways

to colorectal carcinogenesis. The serrated molecular pathway will be discussed

in detail in the following section 1.4.

1.4.3 Transcriptional subtypes and the relation to conventional 
subtypes:

CRC is a heterogenous disease with distinctive gene expression patterns. The

standard classification of CRC described above is a crucial starting point for

comprehending the molecular mechanisms behind CRC and directing

therapeutic approaches and response patterns. Nonetheless this classification

does not cover the range of CRC phenotypes or the impact of the transcriptional

landscape on these molecular genetic phenotypes (64). Based on transcriptome

classification (67) CRC can be classified into the consensus molecular subtypes

(CMS) that has widened understanding of the biological and molecular properties

of the various types of CRC. Based on this around 80- 90% of CRC falls into one

of the four major transcriptional subgroups termed as CMS 1-4 (Figure 6) with

the remaining cases of CRC being heterogenous with indeterminate gene

expression patterns (64). The CMS classification not only assists in classifying

CRC into molecular pathways but also helps to understand the site of the colon

at which the cancer originates (99).

1. CMS1 or MSI immune, is characterised by hypermutated state, CIMP-H, high

MSI, BRAF mutation and increased expression of genes associated with diffuse

immune infiltrate and clinically has good prognosis however worse survival after

relapse. This is also predominantly located in the right colon.
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2. CMS2, this is the canonical subtype and characterised by CIMP-H/MSI-L or

MSS, CMS 2 has a strong epithelial signature with marked activation of WnT

and MYC pathways.

3. CMS3, Metabolic Subtype: this is characterised by deregulation of metabolic

signature pathways. 

4. CMS4, Mesenchymal Subtype: this is the worst overall survival among all

stages and worst relapse-free survival amongst those who initially stage I-III.

This is enriched for signatures of epithelial-mesenchymal transition (EMT),

pro-EMT transforming growth factor beta and angiogenic pathways.

Figure 6: Consensus molecular subtypes (CMS) classification (101)

 

CMS1 CMS2 CMS3 CMS4

Alternate 
name

MSI immune 
subtype

Canonical subtype Metabolic subtype Mesenchymal 
subtype

Incidence 14% 37% 13% 23%

Molecular 
features

MSI, CIMP-high, 
hyper mutation SCNA high

Mixed MSI 
status,SCNA 
low,CIMP low

SCNA High

Mutations BRAF KRAS

Signatures Immune infiltration 
and activation

WNT and MYC 
activation

Metabolic 
dysregulation

Stromal 
infiltration,TGF-

βactivation, 
angiogenesis

Clinical 
features

Worse survival after 
relapse

Was relapse free 
and overall survival

Potential 
precursor 

lesion
Serrated Tubular adenoma

Uncertain 
(tubulovillous 
adenoma with 

serrated features)

Serrated

Location

Proximal colon Distal Colon rectum No specific 
localisation

Distal Colon 
rectum

Abbreviations: CMS: Consensus Molecular Subtypes; MSI: Microsatellite Instability; CIMP: CpG 
Island Methylator Phenotype; BRAF: B-Raf Proto-Oncogene, Serine/Threonine Kinase; SCNA: 
Somatic Copy Number Alteration; KRAS: Kirsten Rat Sarcoma Viral Oncogene Homolog; TGF-β: 
Transforming Growth Factor Beta. 

Copyright © 2020 by the authors. Cervena K, Siskova A, Buchler T, Vodicka P, Vymetalkova V. 
Methylation-Based Therapies for CRC. Cells. 2020;9(6). Licensee MDPI, Basel, Switzerland.

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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1.4.4 Anatomical distribution of CRC: (Right sided versus Left sided 
CRC)

CRC is a heterogeneous disease that arises from different regions of the colon

and rectum, which have distinct embryological origins and different molecular

characteristics. There is no uniform definition of the dividing point between right

and left CRCs and the most common distinction defines cancers proximal to the

splenic flexure as being right-sided or proximal CRC and that distal to the splenic

flexure as left-sided or distal CRC (66, 99).

In 1990, Bufill (100) proposed the existence of two distinct categories of CRC

according to the location of the tumour in the proximal and distal segments of

the large bowel and his review article was the first to comprehensively review

the evidence in favour of this concept (101). Subsequent research has shown

distinct differences in epidemiology, pathogenesis, molecular pathways,

alterations in genetic and epigenetic factors and clinical outcomes depending on

the location of the CRC and hence understanding the differences between the

two is important in the management of CRC (102).

Though it may be convenient to categorise CRC into proximal or distal location

relative to splenic flexure any definition related to the anatomical region of the

colorectum cancer is an oversimplification (101) and the molecular features are

responsible for determining the phenotype of the tumour whereby there is likely

to be overlap between right and left-sided cancers (101).

The potential factors related to differences between the normal right and left

colon include: 

1. Differences in embryological origin,
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2. Apparently distinct environmental milieus such as the

a). Difference in mucosal microbiota such as bacterial biofilms (defined as mucin

layers with associated bacteria on the luminal surface of the colonic epithelium)

where majority of invasive bacterial biofilms were present in CRCs proximal to

the hepatic flexure (99) and

b). Differential bile acid levels where epidemiological studies have shown that

the luminal level of bile acids in the metabolites can be carcinogenic and

epidemiological studies have called related elevated faecal bile acid levels with

increased CRC incidence. There is a tenfold increase in concentration of primary

bile acid conjugated colon cancer in the right colon compared to the left colon

and therefore the differential concentrations of bile acid in the right and left colon

may contribute to the differential mechanisms in tumour formation. 

3. Differential gene expression and methylation in the normal right and left colon.

The right colon has a higher expression of cytochrome P-450 family genes than

the left colon and there are significant differences in the pattern of gene

methylation between the right and left colon (99). The prevalence of promoter

methylation of hMLH1 mismatch repair genes and MGMT (O-6-methylguanine

DNA methyltransferase) is significantly greater than normal right colon mucosa

in older women (103) which indicates that the epigenetic aberrations increased

neoplastic right colon mucosa that may be reflected in the subsequent biology of

right-sided CRC (99).

A summary of the differences in right and left sided CRC is shown in Figure 7.
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1.4.4.1 Right-sided CRC

Epidemiology: Sporadic right-sided CRC occurs predominantly in females and

older people(101, 104).

Morphology and histology: right-sided CRCs are more likely to have flat

morphology that may be difficult to detect (105, 106). These cancers tend to

exhibit different histology such as origin from sessile serrated lesions or

mucinous adenocarcinoma. They also tend to have advanced tumour pathology

and are often poorly differentiated mucinous tumours. Mucinous

adenocarcinomas have a faster progression in comparison to adenomatous

polyps and are commonly seen in inflammatory bowel disease (74).

Genetics: Right CRCs have more microsatellite instability high (MSI-high)

tumours which are characterised by mutations or inactivation of DNA mismatch

repair system. Sessile serrated lesions and mucinous adenocarcinoma are

frequently observed in the right side and are MSI high and have mismatch repair

deficiency (17). Hereditary cancer syndromes with the exception of FAP tend to

occur in the right side of the colon particularly in Lynch syndrome (102).

Presentation: This tends to present at a higher TNM stage and larger tumours

are more of the mucinous type.

Immunology: MSI high tumours also have more T cell infiltrates and hence carry

more immunogenic mutations in histologically many of these tumours have

shown clones like lymphoid reaction in the invasive front of the tumour. Presence

of T cells in these tumours has a better prognosis and a low chance of

metastases. 
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Metastases tend to occur in the peritoneum (107). Targeted therapies-MSI high

tumours which are located mainly in the right side are highly activated

lymphocytic microenvironment and have a high degree of neoantigens (74).

Tumours with high antigenic load seem to benefit from immunotherapy. Hence

immunotherapy is a promising therapeutic option for MSI high tumours resistant

to systemic chemotherapy (108).

Clinical outcomes: Higher incidence of poorly differentiated tumours, mucinous

histology, and a higher frequency of BRAF mutations. It is also associated with

a higher risk of developing synchronous and metachronous tumours in other

regions of the colon, and it has a worse prognosis compared to left-sided CRC.

Right-sided CRC is more commonly observed in older patients and is more often

diagnosed at an advanced stage (107). This may be attributed to delay in

symptomatic of the earliest stage for example bleeding is less frequently

associated with right-sided colon cancers and more so with advanced staging

abdominal mass or obstructive symptoms are common in this group (104).

1.4.4.2 Left-sided CRC

Epidemiology: The incidence is higher than right sided CRC though has been

decreasing in incidence over the years and more common in males. Left-sided

CRC is more commonly observed in younger patients and is more often

diagnosed at an early stage. Patients with left-sided CRC have a better prognosis

compared to those with right-sided CRC (102).
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Morphology and histology: Left-sided CRC is characterized by a higher

incidence of well-differentiated tumours, signet-ring cell histology, and a higher

frequency of KRAS mutations. They are more likely to be polypoid in morphology

and hence easier to detect in the early stages (104) in comparison to the flat

morphology that is difficult to detect in the right side. 

Presentation: They usually present at a lower TNM stage and are smaller

tumours.

CIMP-H MSI-H MLH1
methylation

BRAF
mutation

CIN

Pre-
neoplastic
lesions

Sessile 
serrated 
lesions (right
sided)

+ +/- +/- + -

Conventional
adenoma 
(right and left
sided)

- - - - +

CRCs
Right-sided 
CRC

High 
prevalence

High 
prevalence

High 
prevalence

High 
prevalence

Low 
prevalence

Left-sided 
CRC

Low 
prevalence

Low 
prevalence

Low 
prevalence

Low 
prevalence

High 
prevalence

Table 1: Molecular features of preneoplastic lesions and CRCs by anatomical site -
adapted from(99)

Abbreviations: CRC-colorectal cancer; CIMP-CpG island methylator phenotype; MSI-
microsatellite instability; CIN-chromosomal instability; MLH: MutL homolog.
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Genetics: common site for CRC and FAP. They predominantly follow the CIN

molecular pathway are CIN high tumours (17).

Clinical outcomes: They have an overall better survival outcome. There is a

stark difference in genomic make-up of right and left CRC (Table 1) Right sided

CRC tends to be microsatellite instability high tumours and left tend to have CIN

high tumours (17).

Figure 7: Summary of the differences between right and left-sided CRC (100, 104, 111)
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In summary, right and left sided CRC have markedly different molecular

characteristics (Figure 7) with right-sided CRCs being CIMP high, MSI high and

BRAF mutated cancers which is different from left-sided (distal) and rectal

cancers (Table 1).

The characteristics are also included in the CMS1 genomic subtype which is

predominantly present in the right sided CRC and also in the CMS3 subtype

which again is predominantly present in right sided CRCs (99). In addition to the

differences in molecular characteristics, anatomical, embryological and

biological differences exist between right-sided and left-sided CRC. 

Understanding the location of CRC has a key role in metastatic cancer as this is

increasingly being recognised as a predictor marker of response to anti-eGFR

drugs (109). Right-sided and left-sided CRC tumours exhibit different histological

and molecular characteristics. The location of the tumour in the colon and rectum

plays an important role in the clinical and molecular characteristics of CRC.

Understanding these differences is important for tailoring treatment strategies

and improving patient outcomes.

1.4.5 Hereditary CRC

Hereditary CRC accounts for 3 to 5% of all CRCs and develops in patients that

have germline mutations associated with well-defined cancer predisposing

syndromes. These syndromes include familial adenomatous polyposis (FAP)

and Lynch syndrome. 

FAP occurs in less than 1% of cases of CRCs and is caused by mutations in the

adenomatous polyposis coli (APC) gene which controls the activity of the WnT

signalling pathway (110).
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This disease is characterised by a very large number of colorectal adenomas

that develop in the colon that predisposes the individual to CRC at a very young

age.

Lynch syndrome is the most common form of hereditary CRC constituting 1 to

3% of cases and is characterised by microsatellite instability (MSI) as a

consequence of a germline mutation in a DNA mismatch repair (MMR) gene

(111, 112). It is an autosomal dominant condition affecting males and females in

the same family equally. The cancers associated with Lynch syndrome tend to

affect the caecum or the right colon and constitute 70% of the 40% of the

sporadic cases. They appear in polyps or adenomas which are large and flat

with a high degree of dysplasia and possess hereditary mutations in MMR, MSH

2, MLH 1, MSH 6, PMS 2 and PMS 1 repair genes. 

Patients with Lynch associated CRC develop a finite number of adenomas which

could become malignant in a short period of time compared to those with FAP

where the polyps are more diffuse. The tumours most often show a mucinous

histology with lymphocytic infiltration and are usually poorly differentiated having

similar characteristics to sporadic tumours that have high microsatellite

instability. Lynch syndrome occurs due to mutation in one of the DNA mismatch

repair genes (MMR) which are MLH1, MSH1, MSH2, MSH6, PMS2 or EPCAM

deletion mediated MSH2 hyper methylation (6, 110, 113).

This impaired mismatch repair that occurs during replication leads to an

accumulation of DNA mutations particularly in microsatellite DNA fragments with

repetitive nucleotide sequence. 
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This MSI can be identified by polymerase chain reaction (PCR) testing that

compares normal and tumour DNA of the same patient. Patients with Lynch

syndrome historically used to be identified by clinicopathological criteria such as

Amsterdam and Bethesda criteria however more recently clinical practice has

shifted to using MSI PCR and immunohistochemistry for lack of expression of

MMR proteins (6, 113). The other rare forms of hereditary CRC include

hamartomatous polyposis syndrome (i.e., Peutz-Jeghers syndrome, juvenile

polyposis and Cowdens disease) and MYH-associated polyposis (MAP) which

constitutes less than 1% of all CRCs globally (59).

1.4.6 Family history of CRC:

In the Western world, the average risk of developing CRC in the general

population is estimated to be between 3 and 5%. The average lifetime risk of

CRC has been estimated to have a 4.7% for men and 4.4% for women (114).

However, this risk increases significantly for individuals with a first-degree family

member who has been diagnosed with CRC, particularly if the diagnosis

occurred between the ages of 50 and 70 years of age. In these cases, the risk of

developing the disease nearly doubles, and it triples if the relative was diagnosed

before age 50. Furthermore, individuals with two or more affected family

members have an even higher risk of developing CRC. Low penetrance genetic

factors contribute to this increased risk in cases of sporadic CRC with affected

family members (6). As a result, a positive family history is a factor in

approximately 15 to 20% of CRC cases.

1.4.7 Probable Non-Genetic Risk factors for CRC

Consumption of red and processed meat, obesity, alcohol and smoking are all

linked to an increased risk of CRC (4).
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There is evidence that physical activity, consuming wholegrains, fibre, and

calcium supplements reduce the risk of CRC. While the review reported a

nonsignificant reduction in CRC mortality, low-dose aspirin significantly reduced

mortality from proximal CRC by 66% (115). In summary, CRC is a heterogenous

disease that has established molecular pathways to carcinogenesis. There are

differences between proximal and distal CRCs. The CMS classification aids in

defining the molecular pathways are clinical prognostic factors associated with

this.

1.5 The pathogenesis of serrated neoplasia

It has been estimated that approximately 15 to 30% of all CRCs arise from a

range of precursor serrated lesions (71, 97, 116). These lesions histologically

are characterised by a serrated or saw-toothed appearance of epithelial

glandular crypts within the precursor lesions which have previously been thought

to lack malignant potential (81, 97, 117). Current literature shows that serrated

lesions could be responsible for post colonoscopy CRC (PCCRC) or interval

cancers and are associated with synchronous and metachronous advanced

colorectal neoplasia (62, 118).

Figure 8:  Factors contributing to the serrated pathway in CRC (62)

© 2019 by the authors. De Palma FDE et al. The Molecular Hallmarks of the Serrated Pathway 
in Colorectal Cancer. Cancers. 2019;11(7): 1017.Licensee MDPI, Basel, Switzerland. Open access
article distributed under the terms and conditions of the Creative Commons Attribution license.
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The serrated pathway to carcinogenesis involves a combination of molecular

genetic factors that include epigenetic alterations and genetic mutations along

with risk factors that can trigger the above mechanisms such as environmental,

lifestyle, presence of inflammation and alteration in gut microbiota (Figure 8).

This section outlines the pathogenesis of serrated neoplasia and includes an

outline of histopathology (a further detailed review will be described in chapter

3). It goes on to summarise the molecular genetic pathways that lead to

carcinogenesis including the molecular subtypes of CRC in relation to precursor

serrated lesions and finally describes the risk factors associated with serrated

neoplasia. 

1.5.1 Histopathological classification of serrated polyps:

Serrated neoplasia is histologically classified by the recent updated WHO criteria

2019 (119) into 3 morphological categories. This includes, 1. Hyperplastic polyp

(HP) which further includes microvascular type (MVHP) and goblet cell-rich type

(GCHP).

The 2010 WHO criteria also included another subtype which was mucin poor

type (MPHP), but this is now deleted from the terminology. 2. sessile serrated

lesion (SSL) and SSL with dysplasia (SSLD) 3. traditional serrated adenoma

(TSA) 4. serrated adenoma unclassified (this is a new entity).

These subtypes have distinct endoscopic appearance (described in Chapter

1.5), share some histological features, and have unique molecular pathology and

biology. The various histological types and characteristics will be described in

detail in chapter 3. The molecular features of individual serrated precursor

lesions along with pathways will be discussed in this chapter.
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1.5.2 Molecular Pathways-the serrated neoplasia pathway:

In the previous Section 1.3, the molecular pathways of conventional adenomas

including a detailed description on signal induction pathways and brief

introduction into CIMP was described. This chapter will mainly focus on the

molecular pathways involved in the serrated neoplasia pathway.

The serrated neoplasia pathway leads to CRC through a range of precursor

serrated lesions (Figure 9). At a molecular level, there are multiple interrelated

serrated pathways to carcinogenesis. The serrated neoplasia pathway combines

three major molecular mechanisms that include the CpG island methylator

phenotype (CIMP) , the major mechanism that drives the serrated neoplasia

pathway (120) and microsatellite instability pathway (MSI) which are both

consequences of epigenetic DNA changes and the alteration of the MAPK

pathway (121). As precursor serrated lesions progress through the pathways

from the early-stage to the malignant stage, (Figure 9) they are characterised by

molecular signatures (81) at each stage. The molecular mechanisms that

underpin the serrated neoplasia pathway have been described below:

1. MAPK pathway activation (Figure 4): MAPK pathways moderate the

extracellular signals from the cell surface to the nucleus to control growth,

proliferation, differentiation, migration, and apoptosis. Activation of the

MAPK-ERK pathway induces apoptosis arrest, proliferation of colonocytes

and overexpression of P16 and IGFBP7 (122). This initiating event results in

BRAF/KRAS mutation that leads to the constitutive activation of this pathway

causing the normal colonic mucosa to develop into either MVHP, SSL, TSA

or GCHP (73, 123-125).
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Moreover BRAF and KRAS activity mutations have been found to be mutually

exclusive in both the precursor lesions and CRCs (126).

2. Following BRAF mutation, aberrant promoter hyper methylation of CpG

Islands occurs and is the major oncogenetic mechanisms that drives the

serrated pathway to colorectal neoplasia. The MLH1 gene and its promoter

methylation is the most relevant and is found in 75% of cases (127).CpG

island methylator phenotype (CIMP) can either be at high level (CIMP-H) or

low level (CIMP-L). 

3. Sporadic MSI Pathway: This pathway is complex and involves multiple

interrelated pathways that overlap with the MSI pathway which is not fully

understood however eventually lead to CRC (Figure 9). Sporadic MSI-H

occurs due to somatic hyper methylation of both alleles of MLH1 that leads to

CRC (64).

Abbreviations: MLH1: MutL Homolog 1; APC: Adenomatous Polyposis Coli; KRAS: Kirsten Rat 
Sarcoma Viral Oncogene Homolog; BRAF: B-Raf Proto-Oncogene; CIMP: CpG Island 
Methylator Phenotype; MMR: mismatch repair
"Reprinted from Modern Pathology, Vol 32/ edition number 10, Author (s) Rish K. Pai, Mark 
Bettington, Amitabh Srivastava, Christophe Rosty, An update on the morphology and 
molecular pathology of serrated colorectal polyps and associated carcinomas, Pages No. 
1390-1415., Copyright (2019), with permission from Elsevier.”

Figure 9: The serrated pathway to carcinogenesis (131)
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BRAF Serrated Pathway: Microvesicular hyperplastic polyp and sessile serrated

lesions share molecular features with the initiating event being BRAF mutation

that occurs by activation of the MAPK pathway. CRC that arises from these

polyps typically have high levels of methylation that results in CIMP. Following

BRAF mutation, there are two routes in which carcinogenesis can occur: One

route is through the MSI pathway that leads to methylation of the mismatch repair

genes MLH1 which is a key epigenetic change in this pathway that then leads to

sporadic CRC (BRAF mutated, MMR deficient or MSI high and hyper methylated

(CIMP-high tumours). These CIMP high tumours tend to occur in the proximal

colon with a preponderance in the older age group and women (128). In contrast

to CIN tumours that are usually MSS and are not hypermethylated (74).

The other route to colorectal carcinogenesis in the BRAF serrated pathway is

the mutations that results in inactivation of TP53 gene and methylation of other

genes such as MCC, AXIN2 and SFRP (129) involved in the WnT pathway.

Unlike in conventional adenomas where APC inactivation occurs, in the serrated

neoplasia pathway APC mutation is less common (64, 73). Following this, BRAF

mutated, MSS, CIMP-H CRC that generally has a poorer prognosis. SSLs or

TSAs are the precursor serrated lesion in this type of CRC.

TSAs can arise as a result of BRAF mutation or KRAS mutation and progression

through dysplasia leads to CRC that is microsatellite stable (MSS). BRAF

mutated TSA can either arise denovo from normal colonic mucosa or from SSL

and the KRAS counterpart TSA can arise de novo or from a goblet cell

hyperplastic polyp.

The following describes the molecular features of precursor serrated lesions.
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1.5.3 Molecular features of serrated precursor Lesions:

The molecular features of precursor serrated lesions are summarised in Table 2.

1.5.3.1 Hyperplastic polyps (HP):

These are histologically subclassified into goblet cell hyperplastic polyp (GCHP)

and Microvesicular hyperplastic polyp (MVHP) as per the updated WHO

classification (119). MVHP is molecularly characterised by BRAF V600E which

induces the constitutive activation of the MAPK pathway that leads to proliferative

activity and inhibition of apoptosis (81).

They also have CIMP-H without promoter methylation of MLH1 gene and hence

do not have microsatellite instability (MSS). They are therefore considered to be

a precursor of sessile serrated lesions (130, 131). GCHP is linked to KRAS

mutation and is CIMP-Low and is MSS (131).

1.5.3.2 Sessile serrated lesions (SSLs):

At a molecular level where the precursor lesion is Microvesicular hyperplastic

polyp (MVHP) this has the characteristic of having BRAF mutation, CIMP-H,

MSS and unmethylated MLH1 and is the molecular hallmark of the sessile

serrated pathway that subsequently leads to carcinogenesis (Figure 9) (Table

2). However the mechanism that underlies spontaneous hypermethylation from

normal colonic mucosa to SSL that results from BRAF mutation and CIMP-H that

synergistic facilitate carcinogenesis, is poorly understood (122).

1.5.3.3 Sessile Serrated Lesion with Dysplasia (SSLD):

SSLDs exhibit BRAF V600 mutation along with CIMP-H which is regarded as

the molecular hallmark of the serrated neoplasia pathway. 
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Seen in Figure 9, SSLD develop from 2 pathways, one by MLH1 gene silencing

leading to MSI and secondly by activation of the WnT signalling pathway which

usually occurs with the CIN pathway leading to MSS and the progression of an

SSL to a dysplastic SSL (81).

CIMP-H causes genetic silencing of tumour suppressor genes by

hypermethylation of their promoter regions (132). MLH1 gene silencing (133)

causes an SSL to acquire dysplasia and leads to MSI-H status. The acquisition

of MLH1 silencing and MSI status in SSLs is the molecular hallmark of

progression of dysplastic SSLs into CRC. MLH1 hypermethylation and CIMP-H

pattern also occurs in the elderly who have large SSLs in the proximal colon (122,

134, 135).

As a result of MSI-H status these lesions also harbour other different genetic

mutations (132) this includes increased mutational rate of FBXW7 and alterations

in the WnT signalling pathway associated genes such as the protein truncating

mutations of RNF43, APC, ZNRF3 and the hypermethylation of AXIN2, MCC

(122, 134, 136-138). The SSLD that is MLH1 proficient or MSS display the TP53

mutations without FBXW7 mutations (62). The serrated pathway has two end

results i.e., the serrated adenocarcinoma or the sporadic colorectal carcinoma

showing molecular features of MSI-H. Both of these differ in their molecular

profile, prognostic and clinical characteristics (122).

1.5.3.4 Traditional Serrated Adenomas (TSA):

There are two different pathways recognised in the molecular pathogenesis of

TSA. The first pathway is the KRAS mutation pathway and the second pathway

BRAF mutation pathway (Figure 9) (139, 140). 
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The majority of the TSAs are located in the distal colon and follow the KRAS

mutation pathway. These TSAs are usually CIMP-L or CIMP-H and are MSS

(139, 140). Conversely, the TSAs that follow the BRAF mutation pathway are

most likely located in the proximal colon and either undergo transformation from

normal colonic mucosa or from an SSL. 

They show features of CIMP-H and MLH1 expression is preserved and hence

MSS. Both BRAF/KRAS mutated TSAs can progress to carcinoma by the TP53

inactivating mutations (71). In both the pathways, there is nuclear β-catenin

accumulation and impairment of the WnT signalling pathway that leads to the

transition to a dysplastic TSA (122, 139, 140).

Table 2: Molecular features of precursor serrated lesions modified from (62)

Molecular features of precursor serrated lesions
BRAF

Mutation
KRAS

Mutation
CpG island
methylation Gene Methylation MSI rate

Microvascular 
hyperplastic 
polyp

70 - 80% 0% CIMP-H MLH1 not
methylated MSS

Goblet cell 
hyperplastic 
polyp

0% 50% CIMP-L MLH1 not
methylated MSS

Sessile serrated
lesion >90% 0 - 5% CIMP-H MLH1 not

methylated MSS

Sessile serrated
lesion with 
dysplasia

>90% 0% CIMP-H MLH1
Hypermethylated MSI

Traditional 
serrated 
adenoma

20 - 40% 50 - 70% CIMP-H /
CIMP-L

MLH1 not
methylated MSS

Sessile serrated
adenoma 
unclassified

Uncertain Uncertain Uncertain Uncertain Uncertain
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However, WnT pathway activation that occurs in TSA differs from conventional

adenomas in that it does not occur due to APC inactivation but probably due to

PTPRK-RSPO3 fusions or RNF43 mutations (141). PTPRK-RSPO3 fusions-

positive TSAs are usually KRAS mutated and located in the distal colon whereas

RNF43 mutations are more likely to be found in the BRAF mutated TSA (142,

143).

There are no specific biomarkers for TSA however a recent study (144) (122)

demonstrated that there was an overexpression of LEFTY1 which is a protein

that down regulates the TGF-β pathway in TSAs.

1.5.4 Molecular Subtypes of CRC and the role of precursor serrated 

lesions

The precursor lesions of SSLs and TSAs show unique molecular features that

can be matched to the consequential molecular subtypes of CRC (145). In 2015,

Phipps et al (146, 147) proposed a CRC classification of five molecular subtypes

based on CIMP, MSI status and KRAS/BRAF mutation status with successful

validation of prognostic significance in large scale cohort studies (Figure 10). The

molecular subtypes were defined into five types as follows (Figure 10):

Type 1: MSI +, CIMP+, BRAF-mutated, KRAS-wild-type,

Type 2: MSI -, CIMP+, BRAF-mutated, KRAS-wild-type,

Type 3: MSI -, CIMP-, BRAF-wild-type, KRAS-mutated,

Type 4: MSI -, CIMP-, BRAF wild-type, KRAS-wild-type,

Type 5: MSI +, CIMP-, BRAF- wild-type, KRAS-wild-type,
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The prognosis of the above-described subtypes was ranked from best to worst

as the following order: types 1,5,4,3,2 (145-147). The types that originate from

serrated precursor lesions are 1, 2 and 3.

Type 1 CRC indicates sporadic MSI-H caused by promoter methylation

associated MLH1 silencing. The majority of type 5 CRC arises as Lynch

syndrome whereby there is hereditary/germline MSI-H that occur due to

mutations in one of the MMR genes. Since type 1 and 5 have MSI-H, they have

a favourable prognosis and survival outcome (132).

Type 2 CRCs have molecular features similar to SSLs that are MSS (MLH1

proficient) and BRAF mutated TSAs that are located in the proximal colon and

have the worst prognosis compared to the other types (146, 147). Type 3 CRC

also has a poor prognosis though survival is slightly better than type 2 CRC. The

precursor lesions include distal Colon TSA that are mostly KRAS mutated along

with other types that potentially harbour KRAS mutation i.e. unclassified serrated

adenomas, serrated Tubulovillous adenoma, superficial serrated adenoma and

can also include some subsets of conventional adenomas (145) (Figure 10).

Type 4 CRC has the common subtype that develops through the classical

adenoma carcinoma sequence molecularly characterised by a chromosomal

instability and hence the precursor lesions are subtypes of conventional

adenomas (145).
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Types 1, 2 and 3 whereby the main precursor is an SSL can either have the best

or the worst prognosis. Though type 1 and 2 CRC share CIMP and BRAF

mutation, the difference in prognosis is related to the presence of MSI (145).

(MLH 1 methylation). If an SSL has undergone MLH1 methylation, then this

lesion is at high risk of progressing to an advanced lesion (SSLD) which can then

transform into a type 1 CRC that has a favourable prognosis. However, if the

SSL progresses to a high-risk dysplastic lesion without MLH1 methylation (148)

then the eventual progression to a type 2 CRC has a poor prognosis.

Hence the use of molecular and immunohistochemical tests to determine the

CIMP status and MLH1 methylation status in those patients who have proximal

SSLs could be used as part of risk stratification and inform precision surveillance

strategies to reduce the risk of interval cancers (145)

Figure 10: Molecular subtypes of CRC and the role of precursor serrated lesions (145)

Abbreviations: SSL-sessile serrated lesion, TSA-traditional serrated adenoma, TA-Tubular 
adenoma, TVA-Tubulovillous adenoma, VA-villous adenoma; MrTSA-mucin rich traditional 
serrated adenoma, USA-unclassified serrated adenoma; sTVA-serrated Tubulovillous adenoma;
SuSA-superficially serrated adenoma, MSI-, microsatellite instability negative, MSI +, MSI 
positive, CIMP-CpG island methylator phenotype, CIMP +, CIMP positive; CIMP -, CIMP 
negative; mt-mutant type, wt- wild-type

Copyright © 2020 The Korean Society of Pathologists/The Korean Society for Cytopathology.  Kim JH, 
Kang GH. Evolving pathologic concepts of serrated lesions of the colorectum. J Pathol Transl Med. 
2020;54(4):276-89. Open Access article distributed under the terms of the CC BY-NC 4.0.

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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1.5.5 Risk factors for serrated neoplasia

The approaches to reduce CRC incidence include primary prevention strategies

such as dietary changes or increasing physical activity and secondary prevention

strategies which include screening (149).

The role of various modifiable and lifestyle risk factors has been described for

colorectal pathologies particularly colorectal adenomas (150). These include

modifiable factors such as alcohol intake, smoking, consumption of processed

and red meat and obesity. Non-modifiable factors showing a positive association

with CRC include inflammatory bowel disease (IBD), a family history of CRC and

advancing age (149).

This section outlines the risk factors for serrated neoplasia in particular and this

includes the following:

1. Inherited risk – serrated polyposis syndrome.

2. Lifestyle -related risk factors such as obesity, sedentary lifestyle, Dietary 

factors, alcohol intake and tobacco smoking, medications (NSAIDs, aspirin, 

hormone replacement therapy (HRT), folate, calcium).

3. Factors that contribute to epigenetic changes in colonocytes such as 

ageing, inflammation, microbial dysbiosis that can lead to DNA methylation 

and eventually CRC.

4. Underlying bowel conditions such as IBD.
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1.5.5.1 Serrated polyposis syndrome (SPS)

SPS was first described in 1980 as hyperplastic polyps which were the only

recognised serrated polyps at the time and these were considered benign and

non-neoplastic lesions (151). Although there were only reports of an association

between CRC and SPS they received little attention (81). In 1996 (152) it was

demonstrated that there were histological differences between polyps in SPS

and sporadic hyperplastic polyps. 

SPS is characterised by the presence of multiple serrated lesions distributed

throughout the colon that has an increased risk of developing into CRC (122).

This is diagnosed by colonoscopy appearance and histological confirmation of

the polyps removed. The criteria used for diagnosis has been described by the

WHO. 

The 2010 World Health Organization (WHO) criteria (153) for SPS encompassed

three criteria: (I) presence of at least 5 Serrated Polyps (SP) located proximal to

the sigmoid colon, with at least two measuring ≥10mm in size; (II) presence of at

least 1 SP located proximal to the sigmoid colon in a patient with a first-degree

relative diagnosed with SPS; or (III) presence of >20 SPs distributed throughout

the colon. 

The updated 2019 (119) WHO SPS criteria now include patients who meet either

of the following conditions: (I) presence of at least 5 SPs located proximal to the

rectum, all measuring ≥5mm in size, with at least two being ≥10mm; or (II)

presence of >20 SPs of any size distributed throughout the colon, with at least 5

being located proximal to the rectum.
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The updated criteria now encompass SPs located in the sigmoid colon as well

as more proximal regions, as opposed to the previous criteria which only

considered SPs above the sigmoid colon and more proximal areas. This revision

was informed by several cohort studies conducted in the past decade, which

revealed that nearly 50% of CRCs in patients with SPS arise in the rectosigmoid

region. It is crucial to note that CRC in SPS can develop from either SPs or

adenomas, and this awareness is essential in clinical practice (154).

The reported prevalence of SPS in a screening population is estimated to be

0.5% at baseline colonoscopy increasing to 0.9% on follow up examination as

per international studies from CRC screening programs (154-156).

However SPS largely remains underdiagnosed due to lack of awareness of the

condition, difficult detection due to the subtle appearance of SSLs, absence of

an efficient process to obtain previous colonoscopy/pathology results and poor

tracking systems to calculate the individuals cumulative polyp count, size,

location of SSLs (154).

In one study (157), the use of high definition endoscopes with

chromocolonoscopy (the use of indigo carmine dye spray) showed an increased

detection of serrated lesions compared to standard colonoscopy (1.19 vs 0.49

per patient , p<0.001). 

The genetic background of SPS remains largely unknown however a small

proportion of patients less than 3% who have SPS have a germline mutation in

RNF43 which is involved in the WnT pathway. 
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The other genes that are thought to potentially have a role in the pathogenesis

of SPS include EPHB2 (158), ATM, PIF1,TELO2 and XAF1 (122). However, the

exact role in carcinogenesis remains unconfirmed. SPS appears to be familial

and very rarely have a strong autosomal dominant pattern with frequency of

germline pathogenic variants in RNF43 reported to be 1.76% (3/170) (154, 159).

Management of SPS is mainly endoscopic clearance by repeated colonoscopies

however in those with unmanageable polyp burden, surgical options could be

considered. The current recommendations for surveillance as per the BSG (97,

160) is 1-3 yearly after polyp clearance along with recommendations for first

degree relatives to have a screening colonoscopy from the age of 35-40 every 5

years till the age of 75.

1.5.5.2 Lifestyle risk factors for serrated neoplasia

Bailie et al (150) showed in their large systematic review and meta-analysis that

collectively investigated modifiable lifestyle factors in the influence of the risk of

serrated colorectal polyps. The meta-analysis reported statistically significant

increased risk of having a serrated polyp associated with smoking, alcohol

consumption, obesity, dietary factors and meat intake, with a statistically

significant inverse relationship with NSAIDs, aspirin and dietary folate.

1.5.5.2.1 Tobacco Smoking

Studies have consistently identified tobacco smoking as a risk factor for MSI high

or CIMP- high CRCs (161) which are part of the serrated pathway. It is also

associated with the risk of sporadic serrated neoplasia (162-164) and the risk of

SPS (165).
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Smoking cessation of 10 years is associated with a decreased risk of all polyps

compared with current smokers and the risk was similar to people who had never

smoked. This was particularly strongly noted for serrated lesions versus

adenomas (166-168). Cigarette smoking status, duration and intensity were

associated with increased polyp risk for all types of polyps with a strong

association associated with serrated neoplasia (OR 1.74, 95% CI 1.16-2.624

current smokers versus never smoked (166).

In a meta-analysis that compared the highest versus lowest exposure of

smoking, there was a 2.5-fold increased risk of serrated polyps (RR, 2.47; 95%

CI, 2.12-2.87) (150). And when the risk of SSL was analysed, this risk increased

to 3.4 fold (RR, 3.40; 95% CI, 1.90 - 6.07) compared to hyperplastic polyp risk

(RR, 2. 34; 95% CI, 2.00-2.73) (150). There was high heterogeneity present in

all analysis. The causes for this could be explained at a molecular level. A

population-based cohort study(169) that investigated smoking and CRC overall

risk by mutation status showed a strong correlation between cigarette smoking

and MSI high, CIMP-H and BRAF mutations. Smoking increases the risk of DNA

mutations within the cells of the colon that may eventually undergo malignant

transformation through the serrated pathway.

1.5.5.2.2 Alcohol

Alcohol is a known risk factor for a number of cancers. Increased alcohol intake

revealed a statistically significant 33% increase in the risk of serrated polyps (RR,

1.33 ; 95% CI, 1.17-1.52) for highest versus lowest intakes however this

increased to 85% (RR, 1.85 ; 95% CI, 1.03 -1.32) for SSL risk specifically (150)

(167, 168).
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1.5.5.2.3 Obesity

There are a wide range of inflammatory cytokines produced from adipose tissue,

of which some can be procarcinogenic. Those individuals who have high BMI

also have a high level of C-reactive protein (CRP). A systematic review in 2008

showed a direct association between CRP and CRC risk (170). And meta-

analysis also showed that there was a 42% increased risk of serrated polyps

(RR, 1.42; 95% CI, 1.24 -1.63) in those with high BMI versus those with low BMI

(150). The meta-analysis also showed that there was almost a twofold increased

risk of hyperplastic polyps in individuals with the highest waste to hip ratio and

visceral adipose volumes (150).

1.5.5.2.4 Dietary factors

A meta-analysis of observational studies showed a significant increased risk of

serrated neoplasia for individuals consuming highest compared to lowest intakes

of fat (RR, 1.25; 95% CI, 1.10-1.41), red meat and processed meat (RR, 1.23;

95% CI, 1.07-1.41) with associated low heterogeneity (150). In another study

red meat intake was strongly associated with serrated neoplasia risk (OR 2.59,

95% CI 1.41-4.74) highest versus lowest intake with the association being

stronger with serrated neoplasia compared to conventional adenoma (166).

Other dietary factors such as calcium, fibre and folate showed reduced serrated

neoplasia risk (150) for individuals consuming highest compared with lowest

intakes of the above with the latter (folate) showing significance (R, 0.65; 95%

CI, 0.49-0.85). Vitamin D intake was not associated with serrated polyp risk

(150).
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1.5.5.2.5 Medications

The use of non-steroidal anti-inflammatory drugs (NSAIDs) or aspirin associated

with a significant 19 to 23% decreased risk of serrated neoplasia corroborating

results from a randomised controlled trial of aspirin (150, 171). One RCT

demonstrated a significant protective association for proximal and not distal

colon for serrated neoplasia when 81 mg or 325 mg of aspirin was taken

compared to placebo (150, 171). One study of pooled data from three trials found

that aspirin, family history of polyps and folate treatment were all associated with

the incidence of serrated polyps in the proximal colon at follow-up (171).

Other factors that associated with serrated neoplasia include female sex,

smokers with more than 20 pack year history, diabetes, and obesity (171, 172)

1.5.5.3 Factors that contribute to epigenetic changes in colonocytes

As has been described above certain subsets of colorectal serrated neoplasia

have a malignant potential that can progress to CRC. The hallmark of the

serrated neoplasia pathway is methylation. There are multiple factors such as

environmental and physiological risk factors that contribute to DNA methylation

alterations and linked to the risk for CRC development. 

These factors (Figure 11) contribute to the early acquisition of epigenetic

alterations that occur over a period of time and lead to the dysregulation of signal

transduction pathways that cause genetic driver mutations to eventually lead to

CRC (64). This includes physiological factors and environmental factors such as

ageing, obesity and diet, inflammation and the microbiome (64).



60

The mechanisms that cause accumulation of age-related hypermethylation or

hypomethylation are not entirely clear. However, the constant cell division occurs

in the context of environmental exposures (tobacco smoke, infection) and

physiological exposures (obesity, hormonal changes) are an important

component of ageing. Multiple studies have shown that constant cell divisions

lead to methylation changes (64).

Microbial Dysbiosis: The gut microbiome represents an important micro-

environmental exposure component essential for the normal functioning of the

colon (64). Dysbiosis is defined as pathogenic changes that occur in the micro-

biome profile and functions. Intestinal Dysbiosis is recognised in patients with

CRC (173).

Alterations in healthy intestinal microbes can promote chronic inflammatory

conditions in the gut that lead to the production of carcinogenic metabolites that

subsequently lead to neoplasia (173). Dysbiosis in the gut can occur due to

antibiotic use. Dietary factors such as red meat are associated with hostile gut

microbiome compared to high-fibre fruits and vegetables (64).

Epidemiological studies involving patients with premalignant lesions and CRC

have shown association with Fusobacterium nucleatum with specific clinical and

molecular features that include right-sided anatomical location, hypermutation

with microsatellite instability and mutations in BRAF (173) and given that these

features characterise serrated neoplasia, the overgrowth of Fusobacterium

nucleatum might be implicated in the progression of serrated lesions to CRC

(174, 175).
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Metabolic influences such as obesity is one of the major risk factors for colon

cancers. Adipose tissue is enriched with immune cells such as macrophages that

secrete pro inflammatory adipokines such as human process factor that can

result in chronic low-grade systemic inflammation (64).This can subsequently

lead to gene expression changes that occur as a result of an increase in

prooncogenic signals due to alterations in histone modification. Histones are

proteins that package DNA into compact structures called chromatin and

modification to these proteins can affect gene expression which can contribute

to colorectal tumourigenesis.

Figure 11: Environmental, Physiological, and other risk factors that contribute to CRC 
through DNA Methylation(64).

Abbreviations: CRC, colorectal cancer; TF, transcription factor

Copyright © The Author(s) Parmar S, Easwaran H. 2022. Genetic and epigenetic dependencies 
in colorectal cancer development. Gastroenterol Rep (Oxf). 2022;10: goac035. Published by 
Oxford University Press and Sixth Affiliated Hospital of Sun Yat-sen University. Open Access 
article distributed under the terms of the CC BY-NC 4.0.

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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Inflammation can occur in the colon either due to conditions such as IBD,

changes in the gut microbiome or as a result of diet and obesity. Chronic

inflammation increases the risk of cancer initiation and progression and leads to

an inflamed microenvironment. 

Future larger studies are required to determine the potential interaction between

risk factors with genetic or molecular risk factors to determine whether

preventative strategies can be adopted in serrated carcinogenesis (150, 166).

1.5.5.4 Role of inflammatory bowel disease in serrated neoplasia

Serrated lesions are not uncommon in patients with IBD (176) however the

incidence of serrated lesions in colitis is unknown as robust data is still lacking.

Molecular studies have shown that all serrated lesions in IBD demonstrate either

KRAS or BRAF mutation. KRAS mutation was frequently found in the part of the

colon that was associated with inflammation particularly on the left side (177,

178).

1.5.6 Summary

This section briefly describes the morphological features of serrated lesions with

more discussion of this in chapter 3. It also describes the molecular pathways

involved in the serrated neoplasia pathway and explores the neoplastic potential

of the different precursor serrated lesions. Although the preneoplastic potential

of hyperplastic polyps have not been established completely, it is apparent that

the precursor lesions that have true neoplastic potential are the SSL and TSA

which are the important precursors in the serrated pathway.
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The morphology of the serrated polyp pathway partially matches with specific

driver molecular alterations with the most frequent mutation being in the BRAF

proto-oncogene and additional epigenetic changes such as the hyper

methylation of the MLH1 gene that leads to microsatellite instability and

subsequent development of CRC.

The classification of CRC based on molecular subtypes is helpful to understand

the prognosis of CRC and clinical outcome of the individual patient. It can be

used to complement the traditional histopathological classification of CRC

providing a more accurate and comprehensive prognostic assessment for

individual patients. 

This section also briefly explores the apparently non-genetic risk factors such as

smoking, alcohol, increased BMI and consumption of dietary fat or meat which

were shown to be associated with an increased risk of serrated polyps. Although

epigenetic changes seem to play important role in the classical pathway, early

epigenetic changes seem to be important in the serrated pathway. Mutational

Signatures will be discussed in chapter 4 which describes this in context of the

molecular genetic study performed in this research study (CONSCOP).

In summary, right-sided CRCs probably originate from serrated neoplasia. They

are flat polyps that are often difficult to detect due to their morphology. There

seems distinct molecular pathway, histopathology, and other risk factors that

along with epigenetics can contribute to the development of serrated neoplasia.

The following section will discuss the endoscopic features of serrated neoplasia

and the current surveillance strategies followed globally.
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1.6 Endoscopic characteristics and appearance of colorectal serrated 

neoplasia

The flexible fibre-optic endoscope was introduced in the 1960s, since then there

has been a quest to develop new techniques to enable better visualisation of the

colonic mucosa. This has evolved over the years from fibreoptics to the charged

coupled device (CCD) to acquire images and thereafter the focus has been on

high resolution image acquisition(179).The use of dye spray to stain the colonic

mucosa was first introduced and described in Japan in the 1970s. This technique

is now popularly known as chromoendoscopy/ chromocolonoscopy (180). In the

last two decades, advanced imaging endoscopy techniques such as narrow

spectrum endoscopy and auto fluorescence imaging are used as standard to

assess images and all modern endoscopes have this inbuilt by merely pushing

a button on the endoscope. Narrowband spectrum imaging and

chromoendoscopy helps to improve visualisation of the superficial details of

polyps that include highlighting the micro-vessel network on the surface of the

polyp and defining the surface mucosal pit pattern that helps to distinguish

between neoplastic and non-neoplastic lesions in comparison to standard white

light colonoscopy (181).

The paris classification system has been classically used to describe the

morphology of a colonic polyp which broadly includes sessile, pedunculated, and

flat or non-polypoidal lesions. There are several classification systems used to

describe pit pattern, microvascular and surface patterns such as Kudo, Sano,

Japan NBI expert team (JNET) and narrow banding imaging international

colorectal endoscopic (NICE) NBI classification (179).
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The NICE NBI classification was a consensus derived validated classification

system that used colour change, vessel thickness and surface pattern of the

polyp. Based on these criteria, polyps are classified into type I (hyperplastic),

type II (adenoma) and type III (deep submucosal invasion or cancer). 

The endoscopic differentiation of serrated lesions from hyperplastic polyps and

adenomas has been difficult even with the presence of advanced and enhanced

imaging techniques/NBI (182) and there were no available validated

classification systems to distinguish between the above using NBI till the work

group serrated polyps and polyposis (WASP) classification was introduced in

2016 (183).

The WASP classification (Figure 12) combines the NICE classification and for

sessile serrated lesion like features i.e., cloud -like surface, indistinct border,

irregular shape, and dark spots inside the crypts (179, 182). To diagnose a

serrated lesion at least two of the above features is sufficient.

Figure 12: The WASP classification (182).

"Reproduced from [Development and validation of the WASP classification system for optical 
diagnosis of adenomas, hyperplastic polyps and sessile serrated adenomas/polyps, Joep E G 
IJspeert et al, Dutch Workgroup serrAted polypS & Polyposis (WASP), Gut. 65(6):963-70,2016] 
with permission from BMJ Publishing Group Ltd. "



66

1.6.1 Endoscopic appearance

1.6.1.1 Hyperplastic polyps

Hyperplastic polyps are usually diminutive (<= 5 mm) and the majority of them

are located in the sigmoid colon and rectum. Morphologically on white light

endoscopy they appeared to be flat elevated lesions and are pale in colour. On

narrowband imaging (NBI) they appear whitish lesions (NICE type I) without

expanded, brown meshed capillary vessels (MC vessels) which are also seen in

conventional adenomas(184). The surface pit pattern on chromoendoscopy is

described as a Kudo Type II asteroid pit pattern.

1.6.1.2 Sessile Serrated lesions (SSL)

The endoscopic appearance of an SSL includes a size often though not always

>=10 mm, proximal location, irregular shape, indistinct border, cloud like surface,

the presence of a mucus cap and rim of debris on white light endoscopy (185).

On NBI magnification endoscopy, a red cap sign (186), dilated and branching

vessels (187) along with expanded crypt openings (188). The dilated crypts that

are seen with NBI and magnification chromoendoscopy are described as type II-

O (189). They are usually interspersed with star like pits (type II). Most of the

crypts are filled with mucus and are dilated giving the appearance of the mucus

cap. Distinguishing between hyperplastic polyps and SSLs endoscopically

remains challenging in clinical practice as they often resemble each other. 

1.6.1.3 SSL with dysplasia (SSLD)

SSLD are high risk lesions, and they can rapidly progress to CRC hence it is

important to recognise these lesions endoscopically.
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SSLs (Figure 13) are often incompletely resected (17) and incomplete resection

of an SSLD due to failure to recognise the full extent and margins of the lesion

may be responsible for a proportion of interval CRCs(190). Endoscopically, some

indicators of dysplasia described in a study with 93.3% accuracy (191) were

small or large nodules on the surface and partial protrusion an SSL. Other studies

(192) have reported 71% accuracy for dysplasia when there is presence of a

nodular or sessile component (0-1s) within an SSL over 20 mm in size. In the

same study (192), on examination with chromoendoscopy, SSLD had the

appearance of an adenoma with Kudo type III, IV and V. The adenomatous pit

pattern along with type II or type II-O has also been described in other studies

(193, 194). On NBI endoscopy, a demarcated area which is often hyper vascular

or dark compared to the surrounding serrated tissue is seen. There is a transition

area from Type II pit pattern to type III or type IV typical of a tubular or

tubulovillous adenoma (190).

1.6.1.4 Traditional Serrated Adenoma (TSA)

TSAs (Figure 14) are mostly seen in the left colorectum with a similar distribution

to hyperplastic polyps. Endoscopically on white light imaging they appear to be

reddish, pedunculated lesions and have a “branch coral like” or a “pinecone like”

appearance (195). On NBI, expanded brown capillary vessels that differ from

MC vessels in adenomas are seen around the crypts. They are described as

“leaf vein like” and in fact resemble conventional adenomas (NICE type II). On

chromoendoscopy they have Kudo type IIIL, or Kudo type IV pits accompanied

with serration in the crypt margin (195, 196).
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Figure 13: Sessile serrated lesion 1a: sessile serrated lesion on white light 
imaging; 1b: SSL with Indigo carmine dye; 1c: SSL following submucosal lift 
where margins appear well defined; 1d: Type II-0 pit pattern.

Figure 14: TSA and hyperplastic polyp.2a: traditional serrated adenoma NBI; 2b:
TSA on white light imaging- "pinecone like "  appearance; 2c: NBI image of 
hyperplastic polyp; 2d: white light image of hyperplastic polyp.

*All photo Images taken from own practice with patients consent

Figure 15: TSA and hyperplastic polyp.2a: traditional serrated adenoma NBI; 2b: TSA on white light imaging- 
"pinecone like "  appearance; 2c: NBI image of hyperplastic polyp; 2d: white light image of hyperplastic polyp

*All photo Images taken from own practice with patients consent
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1.6.2 Endoscopic management and surveillance of serrated neoplasia

Although there is no conclusive evidence-based guideline on the management

of serrated polyps, new guidelines recommend that all serrated polyps should

be endoscopically removed the exceptions being diminutive hyperplastic polyps

in the rectosigmoid area due to their negligible malignant potential. 

Sessile serrated lesions are reported to have a higher incomplete resection rate

due to the flat shape and as the borders are not well demarcated (182). As

discussed above, chromoendoscopy contrast dye helps to define the margins

and border of serrated lesions (197, 198) and submucosal lifting of the lesion

can also help to accurately identify the margin of the lesion (Figure 13; 1c).

Endoscopic mucosal resection is often used to remove these polyps >10 mm

(197, 199). In larger lesions between 10 to 20 mm, piecemeal endoscopic

mucosal resection can be performed to ensure that the margin of the serrated

lesion is completely resected. The CARE study (17) revealed that the residual

(incomplete resection) rate for serrated lesions is much higher than for

adenomas. Hence serrated lesions as with other similar adenomas that are

removed by piecemeal resection should have a resection site check performed

between 2 to 6 months after removal of the polyp (97).

Surveillance guidelines following removal of serrated polyps are based on expert

opinion and observational data due to the lack of prospective control data and

surveillance intervals differ in various countries (200).
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A summary of the recommended guidance for the surveillance of serrated polyps

by the British Society of gastroenterology (BSG) position statement (97) versus

the European Society of gastrointestinal endoscopy (ESGE) (201) versus the US

multi-Society task force (US MSTF) (202) is represented in Table 3.

Table 3: Recommendations for surveillance sessile serrated polyps adapted from (203).

Baseline colonoscopy finding BSG ESGE US MSTF

Non-Dysplastic SSL <10mm No surveillance
10

years
5 years

Non-Dysplastic SSL >10mm or 

SSLD

One off colonoscopy at 3 

years
3 years 3 years

TSA
One off colonoscopy at 3 

years
3 years 3 years

Serrated Polyposis Syndrome 1- 2 years following polyp 

clearance

3 years 1 year



71

1.6.3 Artificial intelligence and serrated neoplasia

One of the causes of post-colonoscopy interval CRC or missed lesions is the

failure of the endoscopist to recognise a lesion or polyp on the screen. This can

occur due to incomplete exposure of the colonic folds and mucosa combined

with a suboptimal withdrawal technique of the scope (203, 204).

Artificial intelligence (AI) assistance may help to increase the detection of polyps

and thereby reduce the risk of miss rates and consequently interval cancers by

alerting the endoscopist to the presence of a polyp on the screen. This is done

by the adoption of convoluted neural networks (CNN) or deep learning that has

led to the feasibility of real-time detection by computers (CADe-computer-aided

detection) that are capable of highlighting polyps on the screen to the

endoscopist by a visual or acoustic alarm (205).

A recent meta-analysis (206) looked at five randomised control studies that

evaluated the role of CADe systems in lesion detection or mucosal exposure and

the main features of the detected lesions. This meta-analysis showed that there

was a 44% increase in adenoma detection rate and 70% relative increase in

detection of adenoma per colonoscopy when adding CADe to colonoscopy. 

CADe led to a statistically significant increase in the detection rate of diminutive,

small, and large adenomas both in the proximal and distal colon. Additionally,

there was an increase in detection of sessile serrated lesions per colonoscopy in

the CADe group compared to the control group with low level of heterogeneity in

all four RCTs (207-211) and a twofold increase in detection of advanced

neoplasia. 
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Hence incorporating the use of AI in the future may help to improve optical

diagnosis and detection of polyps and further help to improve the quality of a

colonoscopy examination.

1.7 Current methods of estimating prevalence of serrated neoplasia

Serrated polyps are precursors of CRC and are probably responsible for 15-30

percent of all colorectal malignancies. They also have a similar molecular genetic

pattern to some PCCRCs giving rise to the theory that missed proximal serrated

polyps could be responsible for a significant proportion of PCCRC (12, 18, 212).

Though it is increasingly recognised that certain types of serrated polyps can be

precursors to CRC through the serrated neoplasia pathway, there remains a

heterogeneity in the reporting of prevalence of serrated lesions and hence the

true or actual prevalence of serrated neoplasia is uncertain (155). This is due to

among other reasons the variation in the way in which the prevalence rates for

serrated neoplasia have been described in the literature due to inconsistent

diagnostic criteria, lack of consensus among histopathologists and inappropriate

histological classification of different subtypes, variation in polyp detection rates

amongst colonoscopists, use of different and endoscopic enhancing modalities

and population selection criteria (97).

The prevalence of serrated neoplasia may be influenced by the detection rate of

these lesions. Improved detection methods that include screening modalities,

improved techniques and increased awareness affects the observed prevalence

rates. Prevalence can also be influenced by other factors such as the natural

progression of the disease, risk factors, the effectiveness of treatment and

population demographics.
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This section explores some of the current methods that are used to estimate the

prevalence of serrated neoplasia and describes the limitations of each method

that can have an impact on how prevalence has been reported. 

1.7.1 Methods of Estimating Prevalence:

The factors that influence the estimation of prevalence of serrated neoplasia will

be discussed under the following: 1. Diagnostic modalities used for detection 2.

Diagnostic accuracy i.e. The histological interpretation and 3. Epidemiology

1.7.1.1 Diagnostic modalities:

The diagnostic modalities that are currently used in screening and early detection

of colorectal polyps and cancer are faecal blood tests, colonoscopy, flexible

sigmoidoscopy, colon capsule and CTC. 

a) Stool markers:

The use of guaiac Faecal Occult Blood Test (gFOBT) in large, randomised

population screening studies has shown that CRC mortality is reduced by 30%

(34). gFOBT used in the UK until recently has been replaced by a more sensitive

quantitative faecal immunochemical test (FIT) that directly assays the presence

of haemoglobin in the stools. FIT is superior to gFOBT and has a much higher

sensitivity (73.3% in comparison to 33.3% in gFOBT). Faecal blood testing i.e.

either by gFOBT (55, 213) or FIT (214, 215) demonstrates low detection rates

for adenomas especially those located in the proximal colon. Studies have shown

that gFOBT. has a negligible or minimal effect on CRC incidence (20, 21) and

data is limited as to the sensitivity of detecting proximal serrated neoplasia.
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Though FIT is quite sensitive to detect CRC, it has modest sensitivity in the

detection of advanced adenomas at around 23.8% (216) and this is even lower

for serrated lesions. The sensitivity of FIT for SSLs using a threshold of 20ug

Hgb/g faeces was reported in one study to be 6.2% (in comparison to 20.9% for

advanced adenomas) (24).

Similarly, another study (217) that evaluated the quality and performance

indicators of endoscopists showed a high ADR at 45% in a FIT positive sample

and a low serrated lesion detection rate at 1.8%. Even if the FIT cut off is lowered

from 20 to 10 ug Hgb/g faeces this only modestly increases the sensitivity to

increase SL detection from 6.2 to 12.3% (24). In UK-based screening

programmes that use a much higher quantitative threshold these values could

be even lower. The low sensitivity of FIT for serrated lesions could be related to

the fact that they bleed less and are flat and not protruding with a predisposition

to be located in the proximal colon. Hence FIT appears to have very limited value

in serrated neoplasia detection as a primary diagnostic tool.

Stool DNA testing could potentially aid the detection of serrated neoplasia in

screening methods that use a stool test with a sensitivity higher than just using

FIT (213). In a large average risk cohort study (216) using FIT versus FIT plus

multitarget stool DNA, the latter significantly improved the detection of serrated

polyps over 1 cm in size (42.4% versus 5.1% if using FIT alone, P <0.001).

b) Colonoscopy:

Colonoscopy is the best current test for serrated lesion detection with other

diagnostic modalities performing less well.  



75

In the average risk population, there has been variability in reporting prevalence

rates. The prevalence rates of serrated neoplasia differ between centres and

colonoscopists reflecting a variation in practice and KPI.

The prevalence of sessile serrated adenoma/polyp has been described in

previous studies to range from 1% to 14% (124, 218-220). Most of the studies

have a retrospective design that include symptomatic patients or high-risk

patients. 

The prevalence rates of serrated lesions in the proximal colon, including

hyperplastic polyps (HPs) and sessile serrated polyps (SSPs), differ between

medical centres (221) and even among operators within the same centre (222,

223) (224).

In a study reported in the USA, the colonoscopic prevalence rate of serrated

polyps among 15 endoscopists performing screening colonoscopy ranged from

1-18% (223). A dutch study involving five endoscopists showed a range of 6-22%

(225). When a highly skilled colonoscopist and an experienced gastrointestinal

pathologist collaborated, an SSP prevalence rate of 8.1% was found in a series

of 1,910 screening colonoscopies, with 0.6% displaying cytological dysplasia

(226).

Many researchers opt to analyse all right-sided serrated lesions (HPs and SSPs)

collectively as the outcome measure, due to the unreliable distinction between

HPs and SSPs by pathologists (224). Prevalence rates of proximal serrated

lesions are higher in FOBT based colonoscopy programs to the link with

advanced synchronous conventional adenomas detected by FOBT (227, 228).
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These prevalence rates vary globally, from 2.8% to 13% (in countries such as

the Netherlands, Spain, USA, Hong Kong, and Korea) (221, 227-232). Even

within these estimates, there is variation between centres, with one study of 32

US and German centres reporting a range of 0-9.8% (221). Additionally,

differences in serrated lesion rates may be associated with ethnicity, with higher

rates reported in caucasian populations.

One study (233) described the prevalence and distribution of different serrated

polyp subtypes in individuals undergoing primary screening colonoscopy. The

report included hyperplastic polyps, serrated lesions and TSA were detected in

23.8%, 4.8% and 0.1% of individuals respectively. 

Sessile serrated adenomas comprised 7.3% of all histopathological classified

polyps. The prevalence and distribution of each subtype was evaluated within

an invitational population-based colonoscopy screening programme. This finding

is comparable to a study which demonstrated a prevalence of 2.3% in a

symptomatic average risk patients (234)

In a meta-analysis (235), high-definition colonoscopy (HDC) in comparison to

standard definition colonoscopy only provides a marginal incremental increase

in serrated polyp detection rates of 3.8% (95% CI, 1-6.7%). Hence HDC is

unlikely to be of major benefit. Narrow spectrum endoscopy regardless of type

has also not shown any promising results (224). Chromocolonoscopy improves

adenoma detection rate and in studies prior to the recognised definition of

serrated lesions as shown an improved detection of 9 to 16% of hyperplastic

polyps in the proximal colon (236).
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A small proportion of sessile serrated lesions may progress into dysplastic

lesions (SSLD) that can progress to CRC in a relatively short interval (127). The

exact proportion of those lesions that become dysplastic is unknown, however

the prevalence of these lesions in the screening population has been reported in

the literature to be approximately 3.8-5.8% with the majority located in the

proximal colon (27, 32). Patients with a dysplastic SSL have a significantly

increased risk of CRC (237) (OR 4.76, 95% CI 2.59-8.73). Those with TSA also

had an increased malignancy risk (OR 4.8, 95% CI 2.4-9.9). Traditional serrated

adenomas (TSA) have a reported low prevalence in most series as 1-2% (238).

Larger serrated polyps have been found to be strongly associated with

synchronous CRC (239) and sessile serrated lesions to be associated with an

increased risk of metachronous CRC (240, 241). A meta-analysis(242) showed

that there was a strong risk relationship between the presence of proximal

serrated polyps and synchronous advanced neoplasia (OR = 2.77, 95% CI

1.71-4.46). The pooled prevalence of serrated polyps in this meta-analysis was

15.6%. Patients with proximal serrated polyps and larger serrated polyps were

found to be associated with a threefold increase in the detection of advanced

neoplasia (OR = 3.35, 95% CI, 2.51-4.46).

The meta-analysis did not find a significant association between serrated polyps

and synchronous CRC however there was high heterogeneity and limited studies

that were analysed (242). Based on this the authors concluded that serrated

polyps and synchronous advanced colorectal neoplasia may define a high-risk

phenotype leaving patients at highest risk for synchronous lesions and studies

are needed to determine whether these individuals would require more intensive

surveillance (242).
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Subsequent to this, (237) a population-based study showed that the estimated

10 year risk of CRC risk was high with serrated lesions with dysplasia, women

with serrated lesions, those with proximal serrated lesions and a history of TSA

with a low risk of CRC associated with hyperplastic polyps. These data generally

support the recommendation for closer follow-up for these individuals.

Inflammatory bowel disease (IBD): Serrated neoplasia occurs in colitis

however there are limited studies for any surveillance recommendations to be

made in this regard. Prevalence rates are variable ranging from 1-4% A

retrospective study in Canada (243) in 83 patients showed that the prevalence

of SSL was 1.39% and TSA 0.31% with the former located proximally and the

latter evenly distributed. 

Serrated polyposis syndrome (SPS): The prevalence estimates of SPS in a

screening population is higher than what it was previously thought to be, with it

being previously reported as exceeding 1:300 (244) (245) in FOBT-based

screening and approximately 1:2000 (223) and colonoscopy-based

programmes. Currently, In FIT/FOBT screening cohorts, the prevalence has

been noted to be 1: 111 to 1: 127 colonoscopies (156) and in screening

colonoscopy cohorts found to be 1 : 238 colonoscopies (155).

c) Flexible sigmoidoscopy:

Sigmoidoscopy is limited to visualisation of the left colon and hence has a limited

value and impact on detecting proximal CRC and proximal polyps (224, 246,

247). When sigmoidoscopy is used for screening, this generally leads to a

colonoscopic examination based on if there are any adenomas or advanced

lesions seen in the left colon (246, 247).
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One study found that the finding of conventional adenomas in the distal colon

did not predict the occurrence of advanced proximal serrated neoplasia (SSL >1

cm) (248).

d) CT Colonography (CTC) and Colon Capsule (CCE):

The sensitivity for CTC to pick up flat lesions was thought to be low in earlier

studies (249, 250) which may partly be due to lack of recognition of their

existence and clinical importance. One study (251), showed that CTC based

screening can detect sessile serrated lesions in the proximal colon with a non-

diminutive (6 mm) prevalence of 3.1%. However in a dutch RCT study (252) that

compared CTC with colonoscopy showed that CTC was outperformed by

colonoscopy and it underperformed for flat proximal and dysplastic SSL. 

A prospective single centre RCT (253) that compared CCE with CTC for FIT

positive patients in a screening programme showed that the sensitivity CCE

versus CTC for the detection of serrated lesions was 73.6 versus 32.9 (P

<0.001). 

1.7.1.2 Diagnostic accuracy i.e. the histological interpretation

The prevalence rates of serrated neoplasia in the published literature are

extremely variable and one of the main reasons for an effect on the prevalence

rates apart from detection modalities are the inconsistent diagnostic criteria that

has been used for serrated neoplasia. The recent WHO 2019 has helped to

standardise terminologies and the quality and comparability of emerging future

studies should improve as a result of this. 
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In addition to this there has been inappropriate histological classification or

misclassification where a number of hyperplastic polyps have been reclassified

as serrated lesions. Furthermore, there is significant interobserver variation

amongst GI pathologists in diagnosing SSL.

1.7.1.3 Epidemiology

The prevalence rates of serrated lesions based on autopsy studies have been

reported between 13 to 35% (97) with the common subtype being hyperplastic

polyps (24 to 42% of all respected colorectal polyps), SSL represented 2 to 4%

of all polyps and TSA less than 1%. The prevalence of serrated neoplasia has

also been shown to vary by geography based on a systematic review (254)

reporting prevalence rate of 2.6% in Asia, 3.9% in Europe, 5.1% in USA and

10.5% in Australia. Long-term follow-up studies are needed to obtain further

robust data.

1.7.2 Limitations:

Most data for colonoscopy detection of serrated lesions have been drawn from

studies where serrated neoplasia was detected incidentally with adenoma

detection being the primary endpoint (97). In addition to this many studies

predate the accurate pathological distinction of serrated lesions. Hence the data

for serrated lesion detection rate is not as robust as the ADR data (97).

The main limitation in detecting serrated neoplasia is a sensitivity of screening

methods. Stool based screening methods have a very low sensitivity which may

result in false-negative results. Similarly, image-based screening methods such

as CTC and CCE have limited evidence.
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Colonoscopy though is the gold standard test for identifying these lesions and is

dependent on high quality intra procedural factors such as bowel preparation,

operator factors such as polyp detection rate and visibility. 

Most studies that report prevalence are based on a retrospective study design

and the majority of them predate initiation of standardisation of terminology of

serrated neoplasia. Hence inconsistent terminology, misclassification of serrated

polyps and high interobserver variability between pathologists all contribute to

variable detection rate impacting on prevalence estimation.

The detection rate of serrated lesions has improved in recent years and the

factors associated with this include increased awareness amongst endoscopists,

histopathological awareness of classification and description and newer

endoscopy techniques to aid detection. There is significant variation in the

reported detection rate of serrated polyps based on endoscopic factors that

include studies using different imaging modalities, the quality of the procedure

(adequate bowel preparation, change in position to allow examination behind the

folds, sufficient withdrawal time) and based on the endoscopists key

performance indicators. (222, 226, 229, 255).

1.7.3 Summary:

In order to ensure adequate detection of serrated neoplasia, diagnosis, and

removal there is a need to have standardised diagnostic criteria that are adopted

universally, increased awareness and quality verification for endoscopists and

pathologists by way of training. 
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In addition to this using existing diagnostic modalities such as colonoscopy-

ensuring that high quality colonoscopy is performed along with the use of

additional newer emerging enhancement and assistive technologies. There is a

need for long-term follow-up studies (longitudinal studies) to determine

population prevalence in relation to demographics such as age, gender, ethnicity,

and geographical variation. 

In addition to this there are other factors that can influence detection such as a

lack of awareness and recognition of SPS, inadequate detection methodology

due to variation in screening modalities in different countries (FOB/FIT/primary

colonoscopy) and variation in surveillance strategies. Environmental and

demographic factors such as diet (red meat), smoking, high BMI, gender could

potentially increase the risk of serrated neoplasia. The relationship of these

factors to geographical variation within different countries is not fully understood.

Genetic factors such as the recognition of SPS (256, 257) is important as this

increases the risk of CRC and hence important to recognise to be able to advise

on surveillance intervals and screening of first-degree family members. 

Adenomas were previously thought to be lone precursors of CRC and hence the

adenoma detection rate (ADR) is an established key performance indicator (KPI)

in a colonoscopy (258). ADR is inversely associated with the risk of developing

post colonoscopy CRCs and colonoscopists who have a high ADR can reduce

the risk of PCCRC by up to 50 to 90%. (259, 260).
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Now that serrated lesions are also recognised to be precursors of CRC, the focus

should be on reporting of serrated polyp detection rate as a performance

indicator with the goal to help to improve the overall quality of a colonoscopic

examination in order to reduce serrated lesion related PCCRC (261). However,

it is only recently (262) in 2021 that the American Gastroenterology Association

(AGA), is the first society to recommend serrated polyp detection rate (SDPR)

as a parameter to measure KPIs.

1.8 Post colonoscopy colorectal cancer (PCCRC)

PCCRC can occur as a result of poor-quality colonoscopy or from missed polyps

due to their morphology or de novo development after colonoscopy which may

be attributed to the biology of polyps. They are most likely to be located in the

proximal (right colon) colon having a flat macroscopic appearance and share

genetic characteristics such as microsatellite instability (MSI) and have CpG

island methylator phenotype (CIMP) similar to serrated neoplasia (18, 19). Hence

one of the causes of proximal PCCRC could be related to missed serrated

neoplasia. This chapter explores the possible aetiology and factors associated

with PCCRC, however prior to this, understanding the current definitions and

standardisation of terminology is necessary.

1.8.1 Definitions and standardisation of terminology

Interval CRCs are cancers that occur in patients after they have had an initial

(index) examination test that has not identified CRC.  
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Hence this can occur in individuals screened by any modality used for colorectal

screening which can include faecal occult blood testing, radiological imaging, and

colonoscopy. The terminology PCCRC which was coined in 2010, is specifically

used for those interval cancers that occur after patients have undergone a

colonoscopy where no cancer was initially diagnosed (20, 21).

The PCCRC nomenclature is designed for colonoscopy detected colorectal

adenocarcinoma and does not include those cancers for which colonoscopy is

not considered gold standard for their diagnosis. For example, neuroendocrine

tumours, squamous cell carcinomas of the anorectum or adenocarcinoma of the

appendix which may not be apparent on colonoscopy examination (21).

According to the world endoscopy organisation consensus statement group (21),

PCCRCs can be sub- categorised into the following: 

1. True interval cancers, which is a cancer identified before the next

recommended surveillance screening procedure. 

2. Non-interval cancers, which is further subdivided into-

i. Type A-CRC detected at the time of screening colonoscopy.

ii. Type B-CRC detected after recommended surveillance of screening

interval (this could be due to poor adherence to surveillance intervals,

sub optimal bowel preparation, incomplete colonoscopy).

iii. Type C-CRC detected where there was no screening or surveillance

interval recommended for up to 10 years after a colonoscopy.
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The interval PCCRC is a measure of colonoscopy quality as it presumes that the

recommended surveillance interval would pre-empt the occurrence of a CRC

prior to the subsequent planned procedure (21). Non-interval PCCRC on the

other hand, would not just measure the quality of the colonoscopy but would also

reflect the adherence, appropriateness, or accuracy of the recommended

surveillance interval. 

1.8.2 Factors that may contribute to aetiology and potential 

mechanisms

It is very challenging to determine the precise aetiology of PCCRC due to the

uncertainties related to cancer biology and the multiple pathways that could lead

to the initiation and progression of cancer. However, there are other plausible

factors that could contribute to the development of PCCRC which include those

that can arise from missed cancers, missed premalignant lesions (polyps) and

incompletely resected benign polyps (21, 212, 263-265). In addition to this rarely

there could be a small proportion of accelerated biology -related cancer i.e.,

those progressing by the serrated neoplasia pathway that could contribute to

PCCRC or a new CRC (18, 21).

The reasons for missed lesions include patient dependent factors i.e., poor bowel

preparation and operator dependent factors such as incomplete colonoscopy,

rapid withdrawal time and inadequate inspection technique (265-268). It is well-

recognised that adenoma miss rates and incomplete polypectomy rates can vary

between operators and a low adenoma detection rate has been associated with

higher interval cancer rates (258, 266).
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The PCCRC rate is an important performance measure of the ability of

colonoscopist to detect and prevent CRC (21). The quality of a colonoscopy can

be determined by surrogate measures such as the caecal intubation rate,

adenoma or polyp detection rate and withdrawal times and associated patient

factors such as age, the presence of diverticular disease and significant

comorbidities (269) as these measures are easier to capture than the PCCRC

rate (21, 270, 271).

1.8.3 Proximal CRC versus distal CRC

Various population-based case-control and observational studies have

demonstrated that PCCRCs seem to occur more frequently in the proximal or

right colon than the distal colon. The factors include quality of the procedure and

biology.

The study by le Clercq 2013 (272) included a total of 5107 patients with CRC

over a 10 year period and defined PCCRC as cancers diagnosed within five

years after an index colonoscopy. They found that 2.9% (147 patients) had

PCCRC’s diagnosed on an average of 26 months after the index colonoscopy.

The centre in the Netherlands showed in their cohort that 86.4% of all PCCRC’s

could be explained by procedural factors especially missed lesions and

incompletely resected polyps. The majority (60%) were in the proximal colon and

were noted to be small and macroscopically flat in appearance in comparison to

the prevalent CRC’s leading to the suggestion that the cancers could have

originated from overlooked precursors at the initial colonoscopy.



87

Previous case-control or observational studies have shown that proximal CRC

was more common in patients with interval CRC over a 10 year follow-up (14)

and a subsequent study from Ontario (273) showed over the 14 year follow-up

period, a negative complete colonoscopy was associated with subsequent

reduced incidence of distal colon CRC however there was no reduction in the

incidence of proximal colon CRC until year 8 of follow-up. 

In a study from Ontario evaluating the association between colonoscopy and

CRC deaths, a population-based case-control study by Baxter et al. 2009 (15)

showed that colonoscopy was associated with fewer deaths from CRC and this

association was primarily limited to deaths from cancer developing in the left side

of the colon. The study identified that the right colon may not be evaluated

completely due to poor bowel preparation and quality -related issues. In addition

to this it suggested that the biology of right and left colonic neoplasia may be

different. For example right sided colonic polyps are less pedunculated and more

flat (274) and hence difficult to detect in comparison to left colon polyps. In

addition to this the histology and molecular features of right sided cancers may

be different due to different genetic pathways.

In another population-based case-control study from Germany, Brenner et al.

2011 (275) aimed to assess the characteristics and predictors of interval cancers

occurring within 10 years after a negative colonoscopy. They demonstrated that

interval cancers were more common amongst women and the location being in

the proximal colon (caecum or ascending colon OR 1.98). 
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They also occurred often after incomplete negative colonoscopy where the

caecum was not reached particularly in women and after a negative colonoscopy

following a positive faecal occult blood tests particularly amongst men. The

conclusion of the paper suggested that a substantial proportion of interval

cancers were due to neoplasms missed at colonoscopy which could potentially

be prevented by enhancing the quality of the colonoscopy.

Hence the associations with previous FOBT positivity and accompanying

incompleteness of a previous negative colonoscopy support that missed

detection could be one of the causes of interval cancers following a negative

colonoscopy (16).

Most gFOBT deductible CRCs seem to be located in the left colon and rectum

and the sensitivity of gFOBT due to adenomas seem to be higher in men,

particularly those using low-dose aspirin than in women (275).

1.8.4 PCCRC and serrated neoplasia:

It appears that missed polyps particularly serrated neoplasia contributes to

PCCRC. Biological factors such as the endoscopic appearance of serrated

neoplasia and screening methodologies such as low sensitivity of faecal occult

blood tests and quality assurance issues during the procedure (poor bowel

preparation, incomplete resection etc.) poses challenges in detection and

resection. 
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Molecular and genetic factors of proximal CRC share characteristics similar to

some sessile serrated lesions i.e., microsatellite instability (MSI) and have CpG

island methylator phenotype (CIMP +) supporting the theory that some SSLs

could be precursor missed lesions (18, 19). In addition to this advanced stage of

PCCRC found in cancers less than 3 years indicates biology or an accelerated

(serrated) pathway could also be responsible for this.(275)

In conclusion, PCCRC seem more common in the proximal colon and the

reasons include quality -related factors such as inadequate bowel preparation,

the endoscopists key performance indicators, missed lesions and incompletely

resected lesions along with poor sensitivity of gFOBT in detecting certain lesions.

Hence improving colonoscopy quality could help in detection of proximal

neoplasia and serrated neoplasia which could help to reduce the occurrence of

post colonoscopy CRCs.

The following section briefly describes the influence of colonoscopy quality in

the detection of proximal and serrated neoplasia. 

1.9 The influence of colonoscopy quality on the detection of Proximal colon 

neoplasia and Serrated neoplasia

Colonoscopy along with the recognition and removal of precancerous polyps has

been shown to decrease the incidence, mortality and morbidity associated with

CRC. However, despite advancement in technology, it is recognised that it is not

a perfect tool in completely preventing CRC as there are various factors that

influence the quality of a colonoscopic examination. 
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This includes intra procedural factors such as the quality of the bowel

preparation, operator factors such as the colonoscopists knowledge and

technique, and other technical factors such as the use of adjunctive devices that

can help to improve mucosal visualisation. In the bowel screening programmes

there are a number of quality assurance measures to assess the quality of a

colonoscopy that include the quality of the bowel preparation, caecal intubation

rate, complications, detection of cancer, adenoma detection rate (ADR) and

withdrawal time. 

One of the most important quality indicators is the ADR of a colonoscopist. This

is defined as the proportion of colonoscopies that pick up a histologically

confirmed adenoma in an endoscopist’s practice. A high-quality colonoscopy

minimises the risk of missed lesions and hence reduces the risk of PCCRC. 

Studies have shown that colonoscopists with a high ADR had a reduced risk of

developing PCCRC (258, 266, 276) compared to those who have an ADR below

20% where there was an increased risk of PCCRC noted (Figure 16). The quality

of bowel preparation is also an important factor as a higher quality bowel

preparation also significantly improves ADR (277). Additionally, morphologically

flat, and depressed lesions are subtle and are often difficult to detect

endoscopically and are more likely to harbour dysplasia or malignancy

regardless of size (278, 279). These polyps are also often located in the proximal

colon which could explain why colonoscopy has not helped to reduce CRC

mortality in the proximal colon in comparison to the benefit it has had in the distal

colon (15, 275).
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In order to maximise the detection and visualisation of these flat polyps the

following factors needs to be taken into consideration which inadvertently helps

to improve the quality of colonoscopy and thereby improve the detection of

proximal neoplasia and serrated neoplasia.

This includes improving the cognitive knowledge of the endoscopist by means of

training. Studies have shown that there is a learning curve (280-282) associated

with recognising flat polyps that include serrated neoplasia and adenoma

detection rate. Along with improving knowledge other operator dependent factors

to enable adequate visualisation of the mucosa around colonic folds and to

minimise missed polyps that could be in “blind spots” include changing the

position of the patient, adequate insufflation, suctioning liquid, and good

colonoscopy technique enabling adequate withdrawal time. A longer withdrawal

time of around eight minutes has been shown to be associated with a high ADR

(283) and studies have shown a withdrawal time of nine minutes is associated

with a higher detection of serrated neoplasia (284).

Copyright © Bond A, Sarkar S. 2015. New technologies and techniques to improve adenoma detection in 
colonoscopy. World Journal of Gastrointestinal Endoscopy. 2015;7(10):969. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Figure 16: Cumulative hazard rates for 
PCCRC according to the endoscopist ADR 
(1).

The graph shows the cumulative hazard rates for 
PCCRC among participants undergoing a screening
colonoscopy performed by an endoscopist with an 
ADR in the following categories-<11%, 11-14.9%, 
15-19.9%, >= 20%. ADR = adenoma detection rate;
PCCRC = post colonoscopy colorectal cancer

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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There are other factors including the use of techniques to help to improve

mucosal visualisation such as dye-based chromoendoscopy. This involves

spraying the surface of the colon with dyes such as methylene blue or cresyl

violet which can get absorbed through the mucosa and indigo carmine which is

a food colouring agent and is not absorbed by the mucosa. Indigo carmine is

usually diluted and acts by pooling in the mucosal crevices and thereby

highlighting various patterns over the surface of the polyp. 

Studies have consistently shown that chromoendoscopy improves ADR

particularly flat adenomas compared to standard definition or high-definition

white light colonoscopy (157, 285, 286).

There are other techniques that could help to improve the visual contrast of the

mucosa, including the use of high definition colonoscopes that help in

narrowband imaging, flexible spectral imaging colour enhancement and I-Scan.

There are other newer technologies that can help to improve the field of view

and thereby improving visualisation of the blind mucosal areas such as Endocuff

device, cap assisted colonoscopy, balloon colonoscopy, third eye retroscope and

the use of artificial intelligence that could also help to improve proximal colon

ADR and consequentially serrated polyp detection rate. However more data is

required for the evaluation of the above before any definitive conclusions can be

made.

This section provides a brief overview of the importance of ensuring colonoscopy

quality to help to improve the detection of proximal colon neoplasia. The

exploration of the individual factors including the pros and cons of each of the

newer techniques will be discussed in detail in section 2.1 of Chapter 2. 
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1.10 Research gaps and questions:

While serrated polyps are known to play a significant role in the development of

CRC particularly PCCRC as discussed in detail in the previous sections, there

are still many gaps in the understanding of their prevalence, risk factors, and

natural history. The following section briefly considers the existing

comprehension of the literature and describes the research gaps in

understanding the epidemiology, prevalence, and malignant potential of serrated

neoplasia. The section will thereafter discuss the research questions pertinent to

my thesis.

1.10.1 Research gaps:

1.10.1.1Epidemiology:

Understanding the precise prevalence estimates of serrated neoplasia:

The current challenges include detection strategies in screening programmes,

variation in detection during colonoscopic examination and the variation in

terminology that has been used for reporting serrated neoplasia. As a result of

this there have been variable prevalence rates reported and hence

understanding the precise prevalence estimates of serrated neoplasia has been

challenging. 

As elaborated in chapter 1.6, the prevalence of serrated neoplasia particularly

sessile serrated lesions is difficult to determine accurately as the results of the

published literature are variable (97). This is because of various factors that

cause a limitation in the detection rate. 
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This includes inconsistent terminology and nomenclature, changing taxonomy,

variations in polyp detection by colonoscopy endoscopists (222, 287), resection

practices and the use of different types of endoscopic enhancing modalities and

the different criteria used for population selection for screening (97).

Hence it is quite difficult to draw conclusions from epidemiological studies that

group all serrated class lesions together (288).

The published literature on colonoscopy detection of serrated lesions in the

average risk screening population (97, 221, 222, 229, 289) are mostly

retrospective studies which have reported serrated polyp detection rate between

.6% to 20%. Some retrospective studies (230, 289) that have reported proximal

serrated polyp prevalence rates at 11% and 2.7%. 

Diagnostic modalities such as stool-based faecal blood tests (23) (290) (23), CT

imaging (249, 250), colon capsule (253) have not shown promising results in the

accuracy of detecting proximal colon serrated neoplasia. 

High quality colonoscopy remains the best method to detect these lesions.

However, colonoscopy is not a perfect test (224) as this is subject to operator

factors such as technique and adenoma detection rate, patient factors such as

bowel preparation, anatomical factors and procedural factors including difficult

access and visualisation, all of which can lead to missed polyps that include

serrated neoplasia and hence contribute to the occurrence of post colonoscopy

CRCs in the proximal colon (17, 258, 291).

There is a considerable variation in the histopathological interpretation of

serrated polyp subtypes that can influence the precise categorisation of the

potential precursors to the serrated pathway (226, 292).
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Significant interobserver variability has been recognised with the pathological

reporting of serrated lesions arising from variation in terminology and diagnostic

criteria between hyperplastic polyps and SSLs (97, 221, 293, 294). This can

result in a variation or inconsistencies in the surveillance interval

recommendation given to participants.(295-299).

Discrepancies in classification of those polyps that have a higher risk of cancer

particularly those with high grade dysplasia or dysplastic serrated lesions or

dysplastic TSA could lead to a recommendation of a longer surveillance interval

that could contribute to the development of interval cancers due to the underlying

biology of these polyps. Hence developing an understanding that would help to

limit the variation in practice along with developing further knowledge that can

reduce interobserver variability would impact on prevalence rates and clinical

outcome.

Therefore, more research is needed to develop technologies and methods that

help to improve the detection of serrated neoplasia in the proximal colon and

understand the precise prevalence of proximal serrated neoplasia.

In addition to this, there is a need for long-term longitudinal studies to answer

the question as to whether proximal colon cancers and PCCRC can be reduced

by improving the detection and management of proximal serrated neoplasia.

Risk Factors:

The complete understanding of the absolute risk associated with inherited,

environmental or lifestyle factors for CRC that results from the serrated pathway

remains incomplete. 
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Studies (171) including meta-analysis and systematic reviews (150) have

identified that there are some risk factors associated with serrated neoplasia

such as an increased risk with smoking (162-164, 166), alcohol consumption,

body fatness, dietary factors and meat (150). The meta-analysis also showed a

statistically significant inverse relationship with NSAIDs, aspirin and dietary

folate. However, a greater understanding is needed to understand the interplay

between these factors including gut microbial dysbiosis that can contribute to

epigenetic changes in the colonocytes. Uncertainty remains as to how these

factors exactly initiate and enable the development and progression of serrated

neoplasia and CRC along with understanding any potential benefit of

prophylactic interventions such as aspirin and lifestyle modification.

There also remain gaps in knowledge regarding the genetic background of

serrated polyposis syndrome with less than 3% having a germline mutation in

RNF43 with identification of a few other genes (122, 158) that may play a role in

the pathogenesis of SPS. 

However, the exact role in carcinogenesis is not confirmed and though there is

observation that it can be familial there is rarely a strong autosomal dominant

pattern with the frequency of germline pathogenic variants in RNF43 being less

than 2% (154, 159). The current recommendation of colonoscopy surveillance

(97, 160) for these individuals and their 1st degree relatives is based on expert

opinion only.

Age and gender: The proportion of proximal CRC and PCCRC increases with

age and has a preponderance in women which could be related to proximal

serrated neoplasia (237).
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Racial and ethnic disparities:

There is limited information on the epidemiology of serrated neoplasia among

different racial and ethnic groups and further research is needed to explore

potential disparities in prevalence and risk factors in outcomes which could

inform targeted prevention and screening efforts. Trying to identify the groups of

population that could potentially be at risk of developing serrated neoplasia is

also key. 

A single centre, single endoscopist study from Australia showed that detection

rate of sessile serrated lesions was significantly higher in caucasians when

compared to the Chinese population (97, 300).

A cross-sectional study (301) that looked at the occurrence of colorectal

neoplasia in different ethnic and social economic groups in the United States,

interestingly showed that with the exception of Japanese patients serrated

neoplasia was less prevalent among East Asians and contrary to adenomas and

adenocarcinoma was positively associated with markers of high social economic

status.

Hence future larger studies including large sample longitudinal studies with long

follow-up periods are required to determine the prevalence of serrated neoplasia

in different population groups and age groups. 

In addition to this to understand the potential interaction between risk factors with

genetic or molecular risk factors to determine whether preventative strategies

can be adopted in serrated carcinogenesis (150, 166). This may help to inform

appropriate surveillance and screening methods that can help in early diagnosis

and improve survival.
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1.10.2 Malignant potential:

There is a lack of consensus on the natural history and progression to CRC of

serrated polyps. While adenomatous polyps are well-known to progress from

benign to malignant over time, the natural history of serrated polyps is less clear.

Some studies have suggested that serrated polyps may have a more aggressive

natural history, with a higher risk of progression to CRC compared to

adenomatous polyps (81, 123, 139). However, other studies have found

conflicting results, with some serrated polyps remaining stable or regressing over

time (302).

Studies from the last two decades have suggested that serrated neoplasia are

precursors of CRC and can be responsible for up to 15 to 30% of all CRC (71,

98, 116, 303). The serrated neoplasia precursor lesions are hyperplastic polyps,

SSLs, and TSAs.

Hyperplastic polyps are the commonest subtype accounting for 70 to 80% of

serrated neoplasia and per se are thought to have little risk of malignant potential.

However, molecular events such as BRAF and KRAS mutation can initiate

transformation of these subtypes of polyps into more significant lesions such as

the microvesicular hyperplastic polyp that follows the BRAF serrated pathway

and the goblet cell hyperplastic polyp that can progress via the KRAS serrated

pathway (73, 123-125).

SSLs which constitutes about 10 to 20% of serrated polyps along with TSAs

which represents around 1% of SPs and have a risk of malignant transformation

occurring through the serrated neoplasia pathway (122).
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However, only certain types of SSLs undergo malignant transformation through

this pathway which follow an accelerated pathway to carcinogenesis. The time

taken for this transformation is uncertain and more data is required to risk stratify

high risk serrated lesions. 

TSA and SSLs with dysplasia have significant malignant potential (129, 139).

There are no current specific surveillance guidelines when superimposed

dysplasia is diagnosed in either particularly if they do not satisfy the number and

size of polyps that triggers surveillance guidelines (129).

A Danish population-based case-control study (237) showed that there was an

increased risk of CRC associated with dysplastic serrated lesions and TSA with

the 10-year CRC risk being 4.4% and 4.5% respectively in comparison to

conventional adenomas that had a risk of 2.3%.

There is limited data on the optimal management and surveillance strategies for

serrated polyps. Current guidelines recommend surveillance colonoscopy for

individuals with serrated neoplasia, but the optimal timing and frequency of

surveillance is based on expert consensus view due to lack of high-quality

evidence. There is also a lack of consensus on the management of advanced

serrated polyps that have higher malignant potential.

One of the major differential diagnoses of sessile serrated lesions is the

microvascular hyperplastic polyp (MVHP) and distinguishing between the two

can be difficult (221, 304, 305). This is not just in the case of non-specialised

pathologists but also in expert centres where GI pathologists have an interest in

serrated polyps (129).
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Though it is exceedingly rare to find MVHP that are >=10 mm in size which is the

size that is used to help to decide on surveillance strategies, the problem arises

with polyps that are less than 10 mm in size that are in the proximal colon. If all

hyperplastic polyps in the proximal colon were assumed to be sessile serrated

polyps or sessile serrated lesions then this may lead to increased frequency of

colonoscopic surveillance and burden on surveillance programs (129).

Equally precursor lesions that have a high malignant potential such as dysplastic

sessile serrated lesions and traditional serrated adenomas can be of varying

sizes and can be less than 10 mm in size and diminutive and may not satisfy the

criteria that triggers surveillance that includes the number of polyps detected and

the size of the polyp. Individuals who have the above may not have optimal

surveillance as a result.

Further research is needed to determine the specific genetic and epigenetic

changes that drive malignant transformation and to identify which serrated

lesions have the highest risk of progression to cancer. The current guidelines for

the detection and management of serrated neoplasia primarily based on expert

opinion and limited evidence. Additional research is needed to optimise

screening and surveillance strategies including the identification of high-risk

populations, the most effective methods for lesion detection and removal and

the optimal surveillance intervals. More research is required to elucidate the

specific molecular mechanisms and biomarkers associated with serrated

neoplasia development and progression.
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The CRC risk associated with proximal hyperplastic polyps remains poorly

understood (302). More robust data is needed in different population subgroups

in order to understand and inform screening and prevention strategies. 

In summary, further research is needed to understand:

1. The natural history of serrated polyps, including their prevalence, progression

rates, factors that influence progression, and potential differences in

outcomes based on polyp size, location, histological and molecular features.

2. The key molecular and genetic alterations associated with serrated

neoplasia, including specific gene mutations, interplay of lifestyle and

environmental risk factors with epigenetic modifications, and other molecular

changes that may contribute to the development of serrated adenocarcinoma.

3. The malignant potential of various subtypes of serrated neoplasia. This

includes a deeper understanding of the difference between the different types

of serrated polyps and to better predict which lesions are at higher risk to

progression. This includes the validation of potential biomarkers and

identification of new biomarkers that can reliably risk stratify the malignant

potential of the subtypes of serrated neoplasia. 

4. The most effective and cost-effective clinical management and surveillance

strategies for serrated neoplasia. This includes the best approaches and

modalities for detection, removal, and surveillance intervals. To determine

evidence-based surveillance strategy minimises the risk of malignant

transformation whilst balancing potential harm such as overtreatment or

complications from invasive procedures. 
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There is a lack of high-quality evidence to inform the risk benefit ratio of

surveillance procedures due to largely retrospective study designs, a lack of

long follow-up data and hence large prospective studies are needed to

identify high-risk patients who may benefit from shorter surveillance intervals

versus low-risk patients.

5. Understanding the long-term outcomes and prognosis of serrated neoplasia

which includes the rate of malignant transformation and the recurrence rates

after removal. Long-term longitudinal studies with longer follow-up are

needed to understand the prognosis of serrated neoplasia and whether

strategies to help reduce the risk of serrated neoplasia has an impact on

reducing proximal CRC and PCCRC. 

The following section discusses research questions pertinent to the thesis.

1.10.3 Research Questions

1. How can we improve the detection and diagnosis of sessile serrated

neoplasia in a screening population?

a. What cost-effective technologies and techniques will help to

increase the detection of serrated lesions at colonoscopy?

b. Does chromocolonoscopy improve the detection of serrated

lesions and if so, is it cost-effective and possible to implement in

a population-based screening programme with acceptability from

healthcare professionals and participants undergoing screening?
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c. What is the interobserver variability in the histological diagnosis

of serrated neoplasia in expert pathologists and how does this

compare to local pathologist reporting in real world surveillance

programs?

2. If there is standardisation of technique, monitored quality indicators for

operators, implementation of technology that may help to improve detection

i.e., chromocolonoscopy, reduction of variation of the reporting of serrated

neoplasia by the intervention of pathologists then What would be the

prevalence of serrated neoplasia in a screened population that uses a

stool-based tests as the initial test to offer further colonoscopy?

3. What is the malignant potential of serrated neoplasia?

a. What would be the appropriate surveillance interval for

proximal sessile serrated lesions with and without coexisting

CRC and coexisting adenomas or if high risk serrated lesions

such as SSL with dysplasia or TSA LGD are found. 

b. Are there risk factors associated with serrated neoplasia and

are there chemo preventative measures that would reduce the

development and growth of sessile serrated lesions and

associated cancers?

c. What molecular markers and mutational signatures can

predict the future malignant potential of sessile serrated

lesions?
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4. Finally, If by adopting strategies that can accurately help to detect,

diagnose, manage, and identify the risk of serrated neoplasia in the proximal

colon and thereby reduce their incidence help to reduce the incidence of

interval cancers/post colonoscopy CRC in the proximal colon? 

1.11 The Aims of the Research:

1. Chromocolonoscopy:

a) The impact of chromocolonoscopy on the detection of serrated colorectal

lesions b) The acceptability of chromocolonoscopy to colonoscopists and

participants and c) The feasibility of chromocolonoscopy for wider application in

a population based CRC screening programme.

2. Histopathology:

a) To understand the prevalence of serrated neoplasia in the proximal colon in a

FOB positive screened population following endoscopic removal and rigorous

histopathological assessment and review by expert pathologists using both WHO

and AGA criteria b) To report the inter-observer variability of serrated

neoplasia between expert GI pathologists and the interobserver variability

between the local pathologists and expert pathologists.

3. Mutational Signatures:

To explore the mutational signatures in serrated neoplasia (exploratory dataset)

and explore the feasibility of using Fixed formalin paraffin embedded (FFPE)

samples for next generation sequencing (NGS) in a selected cohort. 
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Chapter 2:  Feasibility and acceptability of 

chromocolonoscopy for the detection of proximal 

serrated neoplasia in a population-based screening 

programme (CONSCOP study)

This study was conducted as a part of my MD and a paper resulting from this 

work was published in the Lancet Gastroenterol Hepatol 2019; 4: 364-75 

(Appendix A)

Feasibility and economic assessment of chromocolonoscopy for detection of 

proximal serrated neoplasia within a population-based colorectal cancer 

screening programme (CONSCOP): an open-label, randomised controlled non-

inferiority trial. 

Authors: The details on author contribution are listed in Appendix A.

R Ramaraj*, C Hurt*, A Farr, M Morgan, N Williams, CJ Philips, GT Williams, G 

Gardner, C Porter, J Sampson, S Hillier, H Heard, S Dolwani

*Joint first authors
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2.1 Introduction

In the United Kingdom (England and Wales) the population-based bowel 

cancer screening programme implemented between 2006-2008 initially invited 

people aged between 60 and 74 years. It was based on gFOBT followed by 

colonoscopy for patients deemed fit for the procedure after a positive screening

test result. This has recently in 2019 changed to quantitative FIT testing with an

aim to reduce age thresholds for invitation to screen to 50 years. 

The CONSCOP study (Feasibility of reduction of right sided bowel cancer 

through CONtrast Enhanced colonoSCOPy.

This was a feasibility randomised open controlled trial (RCT) comparing dye 

enhanced colonoscopy (chromocolonoscopy) to standard white light 

colonoscopy. It was conducted at index procedures in the bowel cancer 

screening programme in Wales, United Kingdom between 2014-2017. An index

procedure is the first colonoscopy that is performed after a positive screening 

stool test which was the gFOBT used at the time of the study. 

The data obtained from this study informed the assessment of feasibility and 

design of a future RCT that would be powered to look for reduction in bowel 

cancer mortality.

This chapter will begin with an introduction that provides essential background 

information to enable understanding of the rationale for the CONSCOP study. 

This will be described considering the following points:
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2.1.1 The challenges in detecting proximal colon neoplasia and serrated 

neoplasia. 

2.1.2 The influence of colonoscopy quality on the detection of proximal 

serrated neoplasia.

2.1.3 The known and potential impact of chromocolonoscopy in the detection

of colorectal neoplasia.

2.1.4 The current understanding of methods in improving colonoscopy 

quality and finally,

2.1.5 The rationale and aims of the CONSCOP study.

The following sections thereafter will describe the study methodology, results, 

and definitive discussion of findings of the study.

2.1.1 The challenges in detecting proximal colon neoplasia and 

serrated neoplasia

As described in the introductory chapters, serrated polyps can be responsible 

for around 15 to 30% of sporadic cases of CRC (123) and have distinct 

differences from adenomas by way of their morphology, endoscopic 

appearance, histopathological features and biology (306). Serrated lesions 

pose multiple challenges in clinical practice particularly in relation to detection 

(224). SSLs are an important subset of serrated neoplasia and usually located 

in the right side of the colon. They are very subtle and difficult to detect flat 

lesions hence detection by any diagnostic modality including colonoscopy is a 

challenge. 
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In addition to this SSLs are associated with synchronous and metachronous 

advanced neoplasia (238) and have a higher risk of incomplete resection (307).

The detection and accurate characterisation of proximal colon serrated 

neoplasia have several challenges which can impact screening, surveillance 

and management strategies for CRC prevention and also directly relates to the 

reduction and prevention of PCCRC. 

The challenges in detection of proximal colon neoplasia and serrated neoplasia

have been described below by the diagnostic modalities used to detect 

colorectal polyps and cancer. In a population-based screening programme this 

would include faecal occult blood stool tests (gFOBT, FIT), colonoscopy, CT 

Colonography, and capsule endoscopy.

2.1.1.1 Stool Based tests

The National Health Service (NHS) bowel cancer screening programme started

using gFOBT in 2006 for England and full roll-out in 2010 supported by 

evidence from multiple large RCTs that showed a reduction in CRC mortality of 

15 to 33% (33-39).

The gFOBT was used in the UK until recently and this has been replaced by a 

more sensitive quantitative Faecal immunochemical test (FIT) that directly 

assays the presence of Haemoglobin (Hb) in the stools. FIT is superior to 

FOBT and has a much higher sensitivity (308) (73.3% in comparison to 33% in 

FOBT). FIT has been in use in the bowel cancer screening programme in 

Wales since June 2019 by a phased implementation process based on age.
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FIT sensitivity for CRC varies between 71-91% depending on the Hb cut off 

used with a specificity of 90-95% (48) however the sensitivity for advanced 

adenomas reduces to 25-40% (55, 56). The sensitivity reduces further in the 

detection of serrated lesions including larger ones (23).

For example in one study, the sensitivity for any sessile serrated lesion was 

6.2% and for advanced adenomas 20.9% with a FIT threshold of 20 µg Hgb/g 

faeces (24). In another study EQuIPE (290) (evaluating quality indicators of the 

performance of endoscopy) showed a high adenoma detection rate of 45% in a 

FIT positive sample but they also observed a very low serrated lesion detection 

rate of 1.8%. This is probably because serrated lesions are less likely to bleed 

than conventional adenomas (23).

In a multicentre retrospective series of 70,000 colonoscopies reporting 

significant association of sessile serrated lesions with caecal intubation rate, 

presence of at least one adenoma and ADR. The study showed no association 

between FIT and the detection of sessile serrated lesions (217). There is some 

promise in using multitarget stool DNA testing alongside FIT testing which may 

improve the sensitivity of detection of serrated polyps (97). The large study in 

average risk cohort using FIT versus FIT plus multitarget stool DNA testing, the 

latter outperformed (42.4% versus 5.1% respectively, p <0.001) just using a FIT

test for the detection of serrated polyps of >1 cm in size (216).

Strategies such as the use of flexible sigmoidoscopy as a primary screening 

tool may not detect these polyps and hence are likely to be missed in a 

screening programme that use faecal blood tests. 
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Moreover, in stool-based screening programmes particularly where the 

threshold for FIT values may be set slightly higher alongside the lower 

sensitivity anyway with lower thresholds, the prevalence of serrated lesions and

proximal adenomas may not be accurate and variable in comparison to 

countries such as USA that adopt primary colonoscopy as a screening strategy 

(34).

2.1.1.2 Colonoscopy

The main colonoscopy related factor that poses a challenge in detecting 

proximal colonic adenomas and serrated neoplasia is poor quality colonoscopy.

This includes operator factors such as those endoscopists with a poor ADR and

technique. Procedural factors that impede adequate mucosal visualisation of 

the colon thereby leading to missed polyps. This can occur due to poor bowel 

preparation, anatomical factors, and difficult visualisation of flat and subtle 

polyps.

The caecum and proximal colon are challenging areas to achieve complete 

visualization during colonoscopy due to anatomical factors such as angulation, 

looping, and inadequate bowel preparation, which can limit the detection of 

neoplastic lesions (309). In addition to this proximal serrated neoplasia, can be 

difficult to detect due to the endoscopic appearance appearing subtle or flat 

with indistinct borders and a pale surface and can be concealed by a mucous 

cap or stool debris. They are often located in haustral folds or behind flexures 

and predominantly found in the right colon where bowel preparation can be 

poor (162, 306, 310, 311).
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Hence these polyps can be easily missed or incompletely resected which then 

could result in PCCRCs (17, 258, 291).

Suboptimal Imaging Techniques: Conventional white light endoscopy (WLE) 

may have limitations in detecting subtle or flat serrated neoplasia, especially in 

the proximal colon. High definition colonoscopes and image enhancing 

modalities such as chromoendoscopy (virtual or dye spray) techniques have 

shown promise in improving lesion detection, but their routine use and 

standardised application in clinical practice are still evolving (312, 313).

Histopathological variation has been described in the nomenclature of serrated 

lesions in different countries and more recently the WHO criteria developed in 

2019 has addressed these issues. However, preceding the WHO 2019 criteria, 

the lack of consensus has been one of the challenges in the accurate 

identification, detection and in reporting prevalence of proximal serrated 

neoplasia.

2.1.1.3 CT Colonography (CTC) and Colon Capsule Endoscopy 

(CCE)

The sensitivity for CTC to pick up flat lesions was thought to be low in earlier 

studies (249, 250) which may partly be due to lack of recognition of their 

existence and clinical importance. A Japanese national CTC trial (314) reported

65% sensitivity for > 1 cm non-polypoidal lesions and in a Dutch randomised 

screening trial (252) there was significantly lower detection rate of high risk 

serrated polyps. However one study (251), showed that CTC based screening 

can detect sessile serrated lesions in the proximal colon with a non-diminutive 

(6 mm) prevalence of 3.1%. 
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The authors claimed that the adherent contrast material coating on these 

polyps aided the detection despite them having a flat appearance. 

Whilst detecting serrated neoplasia can be challenging for CTC perhaps with 

meticulous bowel preparation, distension, and scrutiny along with the above 

could potentially help to improve sensitivity of detection of serrated neoplasia.

A prospective single centre RCT (253) that compared CCE with CTC for FIT 

positive patients in a screening programme showed that CCE was more 

sensitive than CTC for detecting significant lesions (96.1% vs 79.3%).

In summary, there are diagnostic challenges in detecting proximal colon 

neoplasia particularly serrated neoplasia. The following section describes the 

influence of colonoscopy quality in the detection of serrated neoplasia.

2.1.2 The influence of colonoscopy quality on the detection of 

proximal serrated neoplasia

Colonoscopy is gold standard for the detection and prevention of CRC through 

the identification and removal of precursor lesions such as adenomas and 

serrated neoplasia. However, despite advancement in technology, it is 

recognised that it is not a perfect detection tool for serrated neoplasia and 

detection rates are variable (224).

There are various interventions at colonoscopy that may influence colonoscopy 

quality and thereby have an impact on serrated lesion detection rates (97). 

These include a). operator factors such as the Colonoscopists adenoma 

detection rate (ADR) and withdrawal technique and time, proximal colon 

retroflexion (224)
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b). Intra procedural quality assurance factors such as the quality of the bowel 

preparation and c). Other factors to help improve mucosal visualisation. This 

includes the use of devices or techniques such as high definition colonoscopes,

chromoendoscopy, narrow spectrum endoscopy. 

2.1.2.1 Operator factors

The skill and experience of the endoscopist plays a crucial role in the detection 

of proximal serrated neoplasia. The ADR is an accepted and important quality 

indicator of a colonoscopy for both screening colonoscopy as well as for 

general or symptomatic colonoscopy (97, 270). Colonoscopists with a high 

ADR had a reduced risk of developing PCCRC (258, 266, 276) compared to 

those who have an ADR below 20% where there was an increased risk of 

PCCRC noted. There is some evidence to suggest that ADR correlates with the

sessile serrated lesion detection rate (222) and proximal serrated lesion 

detection rate. (225, 240). The overall detection rates for serrated neoplasia 

i.e., the percentage of colonoscopies that have at least one serrated neoplastic 

lesion have variable reports in the average risk screening populations and 

range between 4%-35% (221, 227, 229, 231, 234, 238, 315, 316). However in 

both screening and symptomatic population this has been reported to be 13 to 

21% (315, 317), and 10% in the surveillance patient group (229).

Along with this a good withdrawal technique that enables adequate 

visualisation of the mucosa around colonic folds is likely to minimise the risk of 

missing polyps that could be in “blind spots”. This would also include dynamic 

position change of the patient, adequate insufflation, suctioning of excess 

liquid, and good colonoscopy technique enabling adequate withdrawal time. 
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A longer withdrawal time of around 8 minutes has been shown to be associated

with a high ADR (283) and studies (225) have shown the detection rate of 

serrated neoplasia increases each minute of withdrawal time above 6 minutes 

with maximum benefit noted at 9 minutes as demonstrated in one study (284) 

(incident rate ratio 1.77; 95% CI, 1.15- 2.72).

An observational study showed the benefits of increased detection of serrated 

polyps with a second look after caecal intubation and retroflexion in the right 

colon (caecum to hepatic flexure) with meticulous mucosal examination and 

cleaning for enhanced detection of adenomas and SSLs (97, 318).

The quality of bowel preparation is also an important factor as a higher quality 

bowel preparation also significantly improves ADR (277).

2.1.2.2 Quality of Bowel preparation in colonoscopy

There have been very few studies that have looked at the quality of bowel 

preparation with the detection of serrated neoplasia as the primary outcome 

(30). One screening study in the Netherlands (225) showed that there was no 

association with the quality of bowel preparation with lower proximal serrated 

lesion detection rates. Another cross-sectional US registry based study that 

looked into the effect of bowel preparation quality on adenoma and serrated 

polyp detection and did not show significant differences in overall of proximal 

area or serrated polyp detection rate between colonoscopies with fair versus 

optimal bowel preparation however concluded that poor preparation may 

reduce proximal ADR (319). This may be explained by the effect of thicker 

mucous cap on serrated lesions which may be evident with lower preparation 

quality that may assist with detection (97, 319).
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However a study thereafter (320) showed the detection rate of serrated lesions 

with intermediate quality bowel preparation versus high quality bowel 

preparation respectively was reported to yield an overall detection of 4.6% 

versus 12% (odds ratio, 0.37; 95% CI, 0.15-0.87) and in the proximal colon 

1.5% versus 7.9% (OR, 0.19; 95% CI, 0.05-0.81). The study showed that any 

bowel preparation that was below the level of high quality showed a significant 

decrease in the detection of sessile serrated lesions whereas intermediate 

quality preparation was still adequate for adenoma detection. Hence high 

quality bowel preparation is important for optimal detection of conventional 

adenomas as well as serrated neoplasia (320).

2.1.2.3 Other factors to help improve mucosal visualisation

In addition to the above factors, other devices and techniques can help to 

improve mucosal visualisation in the proximal colon and thereby improve the 

detection of proximal serrated neoplasia. 

High definition (HD) colonoscopy, in a recent retrospective study of average 

risk screening population, HD colonoscopy significantly improved sessile 

serrated lesion detection rate (321). In another prospective randomised study 

(322) that assigned three endoscopy systems (Fujinon, Olympus and Pentax) 

in combination with 4 modalities i.e., conventional white light endoscopy (WLE),

high-definition white light endoscopy (HD WLE), virtual chromoendoscopy (CE) 

and HD virtual CE, there were no significant differences noted between the 

three endoscopy systems. 
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There was also no difference found in the ADR between the four imaging 

modalities however HD WLE resulted in significantly higher detection of sessile 

serrated lesions (8.2% versus 3.8%; p <0.01) compared with conventional WLE

(322).

However, some trial studies (205) have not shown any difference between HD 

and conventional WLE for high-risk adenomas and hence though HD WLE may

be beneficial the trial results are not consistent. A RCT (323) that investigated 

the use of narrowband imaging (NBI) compared to HD WLE for detecting 

serrated lesions showed that though more proximal serrated lesions were 

detected by NBI compared to HD WLE this did not achieve statistical 

significance. A subsequent randomised multicentre trial found no difference in 

polyp miss rates using HD-WLE or NBI in patients with serrated polyposis 

syndrome (324).

Interventions such as narrow spectrum colonoscopy (NBI, FICE, iSCAN) (97, 

325), underwater colonoscopy have not shown clear benefit in improving 

detection rates of proximal serrated neoplasia (30). Dye-based 

chromoendoscopy has consistently shown to improve ADR particularly flat 

adenomas compared to standard definition or HD WLE (157, 285, 286).

Endoscopic detection of serrated neoplasia can be assisted by HD scopes, 

chromoendoscopy with or without image enhancement, adoption of quality 

criteria for colonoscopy and possibly the use of ancillary devices (307).
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In a study that looked at chromocolonoscopy with indigo carmine (0.4%) versus

standard colonoscopy for the detection of neoplastic lesions (157) using high 

definition (HD) colonoscopes in both groups, the overall detection of adenomas 

(0.95 versus 0.66 per patient) and serrated lesions (1.19 versus 0.49 per 

patient) was found to be higher in the chromocolonoscopy group. The 

difference between the two groups was statistically significant. This study was a

two-centre trial with the primary aim to detect adenomas.

In summary, studies have shown that the endoscopists ADR, longer withdrawal

times, the use of techniques and technology that can improve mucosal 

visualisation that include withdrawal technique, proximal colon retroflexion, the 

use of high definition colonoscopes and enhancing mucosal visualisation with 

the use of dye can enhance the visualisation of proximal neoplasia and can 

potentially improve serrated neoplasia detection rates. However other 

techniques such as narrow spectrum imaging have not shown promising 

results. 

2.1.3 The known and potential impact of chromocolonoscopy in

the detection of colorectal neoplasia

Chromocolonoscopy (CC) or Chromoendoscopy is an image enhanced 

endoscopy technique that improves detection and characterisation of subtle 

mucosal abnormalities by providing a detailed contrast enhancement of the 

surface of the colonic mucosa. It can either be topical dye-based or 

electronic/virtual chromocolonoscopy. 
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Dye-based chromoendoscopy involves spraying the surface of the colon with 

absorptive dyes (methylene blue, cresyl violet) or contrast dye such as indigo 

carmine which is a food colouring agent and is not absorbed by the mucosa.

Indigo carmine is usually diluted by water to 0.2- 0.4% and acts by pooling in 

the mucosal crevices and thereby highlighting various patterns over the surface

of the polyp (Figure 17). This technique was first described in 1976 and has 

been used to detect dysplasia in ulcerative colitis where the dysplastic polyps 

are flat and very subtle (180, 326).

Virtual chromoendoscopy (VCE) (327) is an electronic endoscopy imaging 

technology that provides detailed contrast enhancement of the mucosal surface

and blood vessels. This includes optical technologies such as narrowband 

imaging (NBI-Olympus), flexible spectral imaging colour enhancement (FICE, 

Fujinon), blue light imaging (BLI) and iSCAN (Pentax). 

The new generation image enhancing endoscopy (IEE) has incorporated 

special filters along with laser technology to help in visualisation of the mucosa 

such BLI and LCI (Linked Colour Imaging). 

The role of dye-based CC is established in detecting flat dysplastic colorectal 

lesions in inflammatory bowel disease and is one of the recommendations to be

used as for surveillance in longstanding IBD in Europe and UK (53, 205, 328-

331). Virtual CC with or without HD has not shown consistent evidence yet 

(332-334).

A meta-analysis in 2011 showed that CC was significantly better than WLE in 

detecting dysplasia in experienced centres with an increased procedure time of 

11 minutes overall in comparison to standard colonoscopy (335).
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In another study in colitis, withdrawal time decreased as experience with CC 

increased (336).

In hereditary non polyposis colorectal cancer syndrome (HNPCC) or Lynch 

syndrome, though studies have shown that indigo carmine based 

chromoendoscopy with WLE helps in the detection of flat diminutive polyps in 

the proximal colon for lynch syndrome (337, 338) however one multicentre 

randomised controlled trial did not show that dye-based CC was superior to 

WLE (339) and another study showed that high definition WLE was not inferior 

to pancolonic CC (340). However, in both these studies experienced high 

detector endoscopists using HD scopes could have shown a decrease in the 

advantageous effect of dye-based CC (205).

In serrated polyposis syndrome, there has been a recent single RCT study in 

2019 (341) that evaluated dye-based CC (using indigo carmine) using HD WLE

in comparison to just HD WLE and found that there were significantly higher 

additional serrated lesion detection rate in the group where dye-based CC was 

used (40% vs 24 %, P<0.001). 

Hence based on this one RCT, the use of HD scopes with dye-based CC is 

associated with an increase in detection of polyps and serrated lesions in the 

colon in SPS. The role of virtual CC in SPS has not been proven yet (324, 342).

A Cochrane systematic review in 2016 (343) that analysed 7 RCTs that 

assessed the role of dye-based CC in the detection of colorectal neoplasia 

outside the setting of colitis or polyposis, found that pan-colonic CC significantly

increased the number of patients with at least one polyp detected that was 

either adenomatous in nature or cancer. 
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One of the limitations of the systematic review was that there was significant 

heterogeneity between studies and lack of blinding between studies.

A study from the United States (286) that looked at high definition 

chromocolonoscopy versus high-definition white light colonoscopy for average 

risk CRC screening. It found a marginal increase in overall adenoma detection 

and a modest increase in flat adenomas and small adenoma detection 

compared with HD WLE. The findings did not support the routine use of HD 

chromocolonoscopy for CRC screening in average risk patients. It was 

hypothesised that the high adenoma detection rate observed in the study could 

have been due to HD technology used in both groups (286).

Another study from Germany (157), looked at pan colonic chromoendoscopy 

with indigo carmine versus standard colonoscopy in a prospective two centre 

randomised controlled trial and showed that chromoendoscopy increased the 

overall detection rate of adenomas (0.95 versus 0.66 per patient), flat 

adenomas (0.56 versus 0.28 per patient) and serrated lesions (1.19 versus 

0.49 per patient) with P = <0.001. The study showed that there was a 

significant trend towards increased detection of advanced adenomas and the 

withdrawal time was significantly higher in the chromoendoscopy group (11.6 

vs 10.1 min). The study included not just average risk population but also 

surveillance and symptomatic patients.

Virtual chromoendoscopy such as narrow spectrum endoscopy (NBI (324, 342),

FICE (344), I-SCAN (345)), have not shown any clear benefit in improvement in

adenoma or polyp detection rates and hence unlikely to benefit in the detection 

of serrated lesions according to meta-analysis studies (97, 325).
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A study that combined HD colonoscopy with I-SCAN found that this was 

superior in detecting advanced adenomas >= 10 mm compared to HD 

colonoscopy (346). However, it was not clear as to whether the increased 

sensitivity of ADR was due to HD colonoscopy or I-SCAN.

The data on IEE technology such as BLI and LCI for the detection of colorectal 

lesions are preliminary (205). Recent RCTs and LCI have shown an increased 

per patient ADR compared to HD-WLE (37% versus 28%) (347) and a 

reduction in miss polyp rate in the proximal colon (348). A RCT on BLI have 

shown an increased mean adenoma per patient rate but no increase in ADR or 

PDR compared to HD-WLE (349).

The implementation of the widespread use of dye based chromocolonoscopy in

a screening population maybe associated with limitations or barriers as 

discussed below.

2.1.3.1 Limitations or Barriers to dye based chromocolonoscopy

Though dye-based CC may provide some benefit in the detection of colorectal 

neoplasia, there may be several perceived limitations associated with 

implementation particularly on a large-scale in population-based screening 

programs. 

Time and resources: The additional time and resources required for 

chromoendoscopy may not be perceived to be feasible in busy clinical settings 

and there is also a learning curve associated with the use of chromoendoscopy.
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The equipment that is used to perform CC includes one of the dye stains 

(absorptive or contrast reactive stains) and whilst these dye stains are relatively

inexpensive, ensuring availability at all times can occasionally be challenging. 

In addition to this the dye can be dispensed either by a spray catheter or via a 

pump that dispenses through the colonoscope. These costs need to be 

factored in along with the cost of additional time to perform high-quality CC 

which can be much harder to quantify (350).

Additional time to undertake the procedure may discourage colonoscopists to 

perform this routinely. It can be quite messy which may not be acceptable to 

the endoscopist or assistant and inadequate training in the use of dye-based 

CC may result in a variable baseline.

The question on whether CC offers a cost savings when used in real-world 

surveillance programs remains unanswered and more longitudinal studies are 

required to clarify whether it actually reduces cancer incidence or improves 

survival (350).

In summary, dye-based chromocolonoscopy increases the adenoma detection 

rate and polyp detection rate and suggests some advantage in inflammatory 

bowel disease and serrated polyposis syndrome. 

Virtual chromocolonoscopy has not shown consistent and reproducible results 

in the same setting as yet. Although CC has been shown to improve detection 

rates (343). The effectiveness of such an intervention in a national screening 

programme is not known particularly in increasing the yield of serrated lesions 

in the proximal colon.
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Hence it is important to assess whether interventions such as CC can help to 

improve outcomes by improving detection and removal of serrated neoplasia 

and thereby reduce the incidence of PCCRC in the long-term. As serrated CRC

may account for up to 15% of all CRCs, perhaps better detection, and removal 

of these might help to reduce the incidence of PCCRC considerably.

The following section describes the current methods used and available to help 

to improve colonoscopy quality.

Figure 17: Chromocolonoscopy can highlight flat lesions like serrated lesions.

Endoscopy pictures used with permission from training slides.
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2.1.4 The current understanding of methods in improving 

colonoscopy quality

The current methods used to improve colonoscopy quality are described under 

the following categories: 

1. Technical factors that include improving the intra procedural quality and 

visualisation of the mucosa in colonoscopy. 

2. Devices that are used as an adjunct to aid in mucosal visualisation and

3. Training of the operator that enables improvement of their key performance 

indicators. 

2.1.4.1 Technical factors

In order to improve the visualisation of the colonic lumen and thereby improve 

the detection of colonic polyps and serrated lesions, the following may help to 

improve colonoscopy quality. These include good quality bowel preparation, 

good withdrawal technique, slower withdrawal time, the use of antispasmodics 

and the use of techniques such as chromoendoscopy and water exchange 

colonoscopy.

2.1.4.1.1 Bowel preparation

Good bowel preparation is essential for visualisation of mucosa in detection of 

lesions. Poor bowel preparation has been associated with an adenoma miss 

rate of 43% (351).

There is an increase in ADR of almost 35% and an associated increase in 

caecal intubation rate (93.6- 95.5%) with good bowel preparation and the use of

split dose preparation for colonoscopy (352).
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2.1.4.1.2 Withdrawal Technique

The essential components of a good withdrawal technique include adequate 

luminal distension or insufflation, cleaning and suctioning of fluid and solid 

debris and repetitive inspection behind the folds (353). Adequate luminal 

distension enables good visualisation and thereby increases polyp detection. 

Dynamic position change helps to open the angles of the flexures and shifts the

fluid away from the area of interest (354).

Studies (353-355) including a systematic review and meta-analysis have shown

that dynamic position changes during colonoscopy withdrawal helps to improve 

luminal distension and therefore increases adenoma and polyp detection rate 

compared to a static left lateral position.

2.1.4.1.3 Withdrawal time

Analysis of data from the English national bowel cancer screening programme 

have shown that a low ADR was associated with withdrawal times of less than 

seven minutes and a high ADR is associated with withdrawal time of 9-11 

minutes (41, 225, 277, 283, 284)

2.1.4.1.4 Antispasmodic agent

Hyoscine butylbromide (Buscopan) is a relatively safe antispasmodic that is 

routinely used in colonoscopy(1). A study conducted in the bowel cancer 

screening programme in England showed that it did improve ADR (277) and in 

another RCT showed an increased polyp detection rate in the right colon (0.43 

vs 0.31, P=0.01 (97, 356).
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However two meta-analysis studies, one that reviewed five RCTs (357) and the

other that reviewed eight RCTs (358) conducted in three continents (Europe, 

Asia, and Australia) did not show any significant increase in ADR with the use 

of hyoscine. 

2.1.4.1.5 Water infusion techniques

Water infusion colonoscopy, which involves using water infusion either in 

conjunction with or as a replacement for air insufflation, is primarily employed 

as an innovative method to ease caecal intubation and minimize patient 

discomfort (1).

A systematic review revealed varying ADR patterns when comparing water 

infusion with traditional colonoscopy, with a higher ADR observed proximal to 

the splenic flexure when using water exchange (359).

Additionally, a single-centre observational study demonstrated an increased 

detection of adenomas during colonoscopy when the water exchange 

technique was combined with cap-assisted colonoscopy (P = 0.002). However, 

despite the higher ADR in this group, the difference was not statistically 

significant (360).

2.1.4.2 Device factors

These include the following technology and techniques to:

1. Enhance optical images inbuilt into the endoscope and

2. ancillary devices to improve mucosal visualisation and polyp detection (dye 

spray, distal attachment devices, accessory video processing devices). 

2.1.4.2.1 Technology used to enhance optical Images
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These include 1. wide field White Light Endoscopy (WLE) which includes High 

Definition (HD) colonoscopes, near focus/dual focus. 2. virtual 

chromoendoscopy (NBI, RDI, BLI, I-SCAN, FICE, LCI). 3. Fluorescence 

Endoscopy (Autofluorescence- AFI, Infra-Red Imaging)

High-definition colonoscopy (HDC): HDC enhances the ADR, particularly for 

colonoscopists with a low ADR (<20%); however, there is no improvement in 

detecting high-risk, flat polyps or proximal lesions for those with a high ADR 

(>20%) (361). Other research (362) has demonstrated that HDC, when 

compared to standard colonoscopy, significantly improves detection rates, 

particularly for flat and sessile polyps.  A recent retrospective study from 2022 

(321) revealed that HDC significantly increased the detection rate of sessile 

serrated lesions during population-based average risk group screening 

colonoscopy compared to standard colonoscopy. 

Narrow spectrum endoscopy includes narrowband imaging (NBI) on Olympus 

scopes, Fujinon intelligent colour enhancement (FICE) and I- scan on Pentax 

scopes.

Meta-analysis studies that have looked at RCTs evaluating conventional white 

light endoscopy versus narrowband imaging has shown no increase in ADR nor

does it decrease the miss rates of adenomas in patients undergoing screening 

surveillance colonoscopy(363-366).

Autofluorescence imaging (AFI): A meta-analysis (367) assessed 

Autofluorescence Imaging (AFI) for detecting colorectal neoplasia in average-

risk patients and found no difference between AFI and White Light Endoscopy 

(WLE) in terms of ADR or Polyp Detection Rate (PDR). 
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A randomised controlled trial (368) that examined the updated AFI for detecting

flat lesions showed a significant increase in the detection of right-sided flat 

lesions, primarily adenomas and carcinomas, but not sessile serrated lesions. 

Furthermore, there was no overall increase in ADR or PDR. Consequently, AFI 

appears to offer no substantial additional value for polyp detection in the 

average-risk population (205).

2.1.4.2.2 Ancillary technology and techniques to improve 

mucosal visualisation and polyp detection

These include the following (307), 1. dye based chromocolonoscopy (as 

discussed above). 2. distal attachment devices: distal attachment devices are 

disposable attachments at the end of the colonoscope such as transparent 

caps and Endocuff device. 3. specialised colonoscopes such as full-spectrum 

endoscopy, extra wide-angle view colonoscope, G-EYE balloon colonoscope. 

4. accessory video processors-Third Eye Retroscope and Third Eye Panoramic

Standard distal attachment caps have not consistently demonstrated 

improvements in polyp detection (369). However the Endocuff device may 

result in an increase in ADR (370) particularly for polyp detection the right colon

(35.4% to 53.5%). A multicentre RCT in the UK (371) showed that Endocuff 

significantly improves ADR in bowel cancer screening patients (36.2% to 

40.9%; P = 0.02). 
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A network meta-analysis (372) in 2019 compared the various devices and 

endoscopy techniques used to help to increase ADR reviewed 74 randomised 

controlled trials to compare the efficacies of different approaches. These 

studies compared the efficacies of add-on devices such as the use of a cap, 

Endocuff, Endo rings, G-EYE, enhanced imaging techniques such as 

chromoendoscopy, NBI, FICE, BLI and newer endoscopes such as full-

spectrum endoscopy, extra wide-angle view colonoscopy, dual focus and low-

cost optimising existing resources such as water aided colonoscopy, second 

observer, dynamic position change alone or in combination with HD 

colonoscopy or each other. 

The results of this network meta-analysis showed that the low-cost optimising 

of existing resources (OR, 1.29; 95% CI, 1.17-1.43), enhanced imaging 

techniques (OR, 1.21; 95% CI, 1.09-1.35) and add-on devices (OR, 1.18; 95% 

CI, 1.07-1.29) were associated with a moderate increase in ADR compared 

with HD colonoscopy. The use of newer endoscopes was not associated with 

significant increases in ADR compared with high-definition colonoscopy (OR, 

0.98; 95% CI, 0.79-1.21). 

In the comparative efficacy analysis, there was no single specific technology for

increasing ADR that was superior to others. There was also no significant 

difference found between the technologies in the detection of advanced ADR, 

polyp detection rate or the number of adenomas per patient. 

The conclusion was that low-cost optimisation of existing resources is as 

effective as enhanced endoscopy imaging or add-on devices and increasing 

ADR during high-definition colonoscopy.
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2.1.4.3 Training

In order to maximise the detection and visualisation of these flat polyps the 

following factors need to be taken into consideration which inadvertently helps 

to improve the quality of colonoscopy and thereby improve proximal and 

serrated neoplasia detection. This includes improving the cognitive knowledge 

of the endoscopist by means of training. Studies have shown that there is a 

learning curve (280-282) associated with recognising flat polyps that include 

serrated neoplasia and ADR.

A study examining the impact of screening colonoscopy quality discovered that 

a colonoscopists volume and life experience did not influence ADR. 

Interestingly, those who frequently attended continuing medical education 

meetings exhibited the highest ADR (373). Another study showed that simple 

educational efforts can improve ADR (281). In a study called the Endoscopic 

Quality Improvement Program (EQUIP), colonoscopists who participated in an 

additional training program were randomly assigned to the EQUIP program, 

and their baseline and post-training ADRs were measured. Following the 

training, the ADR of endoscopists in the EQUIP group increased to 47%, while 

the ADR for those who did not receive the training remained constant at 35% 

(281).

In summary, the key to improving colonoscopy quality and optimising serrated 

neoplasia detection seems to include high quality bowel preparation, 

meticulous examination technique and endoscopists with high ADR along with 

the use of HD scopes (307).
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Endoscopists with high ADR are less likely to gain significant improvements in 

ADR by using additional technologies and ancillary devices currently available 

(307).

2.1.5 The Rationale and Aims of the CONSCOP Study

2.1.5.1 Rationale

Bowel cancer screening started in 2006 in the UK subsequent to evidence from

large-scale randomised trials on stool-based faecal occult blood testing 

followed by colonoscopy for those individuals testing positive (34, 36, 39, 374). 

The strategy has been proven to reduce mortality from bowel cancer by 15% 

however its effectiveness seems to be variable and seems to have a limited 

impact in the reduction of proximal colon cancers (15, 269, 375).

Some studies have cast doubt over the effectiveness of colonoscopy reducing 

the incidence and mortality of proximal colorectal carcinomas with a relatively 

high incidence rate of PCCRC in the proximal colon (14, 15). As discussed in 

the preceding chapter, the factors that can contribute to the occurrence of 

PCCRC include technical factors which include the quality of the procedure, 

operator factors and biology dependent factors, for example failure to detect flat

lesions such as serrated polyps in the proximal colon (258, 376).

There has been a wide variation in the reporting of the prevalence of serrated 

lesions in the proximal colon and this has been mainly based on retrospective 

studies during the time of this study (255, 303, 377). Serrated polyps are 

thought to account for a significant proportion of missed polyps that eventually 

can lead to PCCRC (303).
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Unlike conventional colonic adenoma surveillance appropriate surveillance 

interval for serrated polyps is uncertain and is mainly based on expert and 

consensus recommendation with a low evidence-base (287).

The technique of chromocolonoscopy with the use of dye spray has been 

investigated in a number of studies in different settings and all studies have 

consistently demonstrated increase in polyp detection rates (157, 285, 378, 

379). In contrast methods of digital contrast enhancement though very helpful 

to characterise polyps morphologically have failed to conclusively demonstrate 

an increase in polyp detection rates when controlled for other variables (380).

Most of the evidence of adjunctive devices were published after the completion 

of this study. Digital contrast enhancement technology also varies between 

commercial processes for colonoscopy unlike dye spray technique that is 

universally applicable. A Cochrane review (285) of chromocolonoscopy has 

also analysed studies using dye spray technique though not in the setting of 

screening and found a positive correlation between polyps detected and 

technique. Pancolonic chromocolonoscopy already forms a part of standard 

practice in other settings such as surveillance for high-risk cases and IBD in 

this part of the national guidelines and the setting (328).

Various studies as described in the preceding subchapters have demonstrated 

that there are a number of variables that can potentially affect adenoma, polyp, 

and cancer detection rate such as the quality of bowel preparation, quality of 

the procedure including withdrawal times, withdrawal technique and training 

and experience of the colonoscopist.
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In the national bowel cancer screening programme, colonoscopists in England 

and Wales have to undergo a rigorous assessment and accreditation process 

in order to achieve and maintain a high-quality minimum standard for KPIs 

(381) such as ADR, caecal intubation, withdrawal time which are closely 

monitored. Patient -related outcomes that include quality of bowel preparation, 

comfort scores, lesion detected, and plans and outcomes of management are 

also strictly monitored. 

Therefore, the UK bowel cancer screening programme provides the appropriate

setting to investigate and provide real-life data, whether colonoscopy 

(chromocolonoscopy) can improve detection and removal of serrated lesions in 

the proximal colon and in the long-term the incidence of post-colonoscopy 

interval cancers with the best current standardisation of these variables.

However, prior to committing resource to any intervention to potentially reduce 

PCCRC, this study is a feasibility study to justify the clinical and cost 

effectiveness of chromocolonoscopy in the screening programme. If deemed 

feasible the outcomes would help to inform a larger study to be able to assess 

outcomes for PCCRC and inform surveillance programs for serrated neoplasia. 

This study aims to test the feasibility of undertaking such an intervention within 

the bowel cancer screening programme in Wales in order to inform the above.

Research question: Is it feasible and acceptable to participants, professionals,

and the screening programme to undertake an enhanced colonoscopy 

technique during bowel screening and is the time taken and resource needed 

for this likely to be considered feasible and acceptable by organisations in 

charge of screening?
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2.1.5.2 Aims of the study

1. To assess feasibility of implementation of Chromocolonoscopy 

within a population wide screening programme (Uptake by both 

participants and screeners).

2. To assess whether the Chromocolonoscopy takes an acceptable 

length of additional time to conduct within the screening 

programme.

3. To estimate the proximal serrated polyp detection rate in the 

intervention arm (with standardised and monitored operator and 

procedure quality and rigorous histopathology assessment) in the 

trial arms to inform the sample size calculation of a future trial by 

allowing an assessment of the possible magnitude of improvement 

in cancer detection.

4. To assess the feasibility of incorporating an economic evaluation 

into a larger scale trial by exploring issues relating to collection of 

data relating to resource utilization, costs, and outcome measures.

Once the feasibility of the trial has been established, this will help in the design 

of a future trial that will allow the estimation of the proportion of samples 

needed for long-term longitudinal studies and to also inform the design of the 

translational element of a future trial.
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2.2  Methodology

2.2.1 Funding and ethical approval

The CONSCOP trial was funded by the National Institute for Social Care and 

Health Research (NISCHR), research for patient and public benefit Wales and 

hence was a part of the NIHR/NISCHR portfolio of clinical trials. The trial was 

supported by Cancer research UK core funding at the Wales Cancer trials unit 

(WCTU). The trial protocol was approved by a UK Multi-Centre Research 

Ethics Committee Appendix B (reference 14/WA/0004) and was sponsored by 

Cardiff University. 

The main trial management group consisted of the trial manager, statistician, 

patient representative, chief investigator, and clinical research fellow (RR). The 

research fellow was responsible for completion of the application for approval 

through the integrated research application system (IRAS), design of the 

database for data collection, design of the case report form (CRF), the trial 

protocol, participant information sheet (PIS), material for the training days, 

(Appendix F,G) individual site initiation and troubleshooting with the individual 

sites alongside the trial manager and  data collection of polyp histopathology, 

coordination and chair for the pathology meetings to discuss polyp histology 

and achieve consensus opinion including recording data from the pathology 

meetings.

2.2.2 Study Design and Participants
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The study was a multicentre, randomised, open-label, non-inferiority, feasibility 

trial of dye enhanced colonoscopy (chromocolonoscopy) versus standard white 

light colonoscopy in the bowel screening programme in Wales recruiting for a 

period of 18 months.

All Bowel Screening Wales (BSW) centres (N=14), all bowel cancer accredited 

screening colonoscopists (N=23) around Wales, and eligible participants 

(between the age 60 and 74 years) were encouraged to participate in the trial. 

2.2.2.1 The Inclusion criteria for participants

This included participants between the age of 60 and 74 years who tested 

positive on the faecal occult blood test (FOBT) in the bowel cancer screening 

programme in Wales who were eligible for an index screening colonoscopy 

procedure.

2.2.2.2 Exclusion criteria

The following participants were deemed ineligible to participate in the trial:

1. Participants with a known diagnosis of hereditary polyposis syndrome 

(Lynch syndrome, polyposis syndrome) and those with known chronic 

inflammatory bowel disease 

2. Any participant not deemed fit for colonoscopy in the screening 

programme and/or undergoing alternative investigations such as CT 

Colon or minimal prep CT scan in place of their index procedure.

3. Participants who had previously undergone colorectal surgery were 

excluded from the study however their standard management in the 

screening programme was unaltered.
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4. Any participant with a known allergy to a food colouring agent

2.2.3 Recruitment Process

The following describes the recruitment process for bowel screening sites, 

practitioners, and participants. 

2.2.3.1 Colonoscopists and local assessment bowel screening 

centres in Wales

At least 3 training days were organised and screening colonoscopists and 

specialist screening practitioners (SSPs) from all over Wales were invited to 

participate. The day-long training event which was delivered by the chief 

investigator and research fellow included quizzes of images and videos before 

and after the training, a training resource (Appendix D) for reference, and 

lectures and video tutorials on technique and lesion detection with and without 

indigo carmine dye spray. A refresher training on Paris classification, Kudo 

classification, and lesion characterisation with virtual and dye-based 

chromocolonoscopy was also included.

The purpose of the training days for colonoscopists and screening practitioners,

was to ensure standardisation of technique of dye dilution and spray, and 

detection, identification, and removal of polyps under indigo carmine dye. 
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Although colonoscopists who undertake bowel cancer screening in this cohort 

were all accredited to the same standard and some had previous experience of 

pancolonic dye spray use in the context of chronic inflammatory bowel disease 

and Lynch syndrome. This was not standard practice in the symptomatic 

service and there were some who did not have this experience. Hence it was 

necessary to ensure standardisation of technique prior to the initiation of the 

trial. The protocol used for dye dilution to 0.2% was provided in the training 

pack (Appendix H)

The sites that agreed to participate then had local ethical approval process in 

place and thereafter each site had a trial initiation day where the chief 

investigator, research fellow and trial manager visited each site to relay and re-

emphasise information and also be able to allow access to troubleshoot any 

issues in the sites.

Participating sites were also provided with resources such as irrigation pumps, 

supply of dye and stop watches. SSPs were offered further support by training 

days, trial initiation days and email support if any further queries. 

2.2.3.2 Recruitment process of participants

A summary of this process has been described in the trial schema (Figure 18).

2.2.3.2.1 Before the procedure

The SSP conducts a telephone interview for those participants who have a 

positive faecal occult blood test as routine prior to organising a colonoscopy 

test. (Appendix I).
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Eligible people had the study described to them and, if they were interested in 

participating, were sent more information (Appendix F,L,M,)  along with 

standard information about the screening colonoscopy. Informed consent was 

taken by an SSP when the patient attended for colonoscopy, prior to the patient

being told which trial arm they had been allocated to (Figure 18). No consent 

was taken at this point and the participant was allocated to a list as usual. 

Around 2-3 days before the designated list, the SSP checked that the list was 

complete and online randomisation was done by a web link. The SSP did not 

share this information with the participant or the colonoscopist until the day of 

the procedure just before the commencement of the procedure. (Appendix J)

Consent was confirmed with the participant on the day of the procedure. 

Information regarding which trial arm was not shared with the participant or 

colonoscopist until the start of the procedure. Colonoscopists were made aware

of the trial arm only when the procedure was commenced. The endoscopy staff 

had diluted dye prepared in advance. 

2.2.3.2.2 During the procedure

Participants randomly assigned to the standard group had a colonoscopy 

performed as per standard practice. For participants randomly assigned to the 

chromocolonoscopy group, once the caecum was reached, indigo carmine dye 

(0·2% as used in standard clinical practice; manufactured by Diagmed, Thirsk, 

UK) was sprayed on the surface of the proximal colon (caecum to splenic 

flexure) with a pump-assisted spray through the colonoscope on withdrawal. 
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In participants allocated to the chromocolonoscopy group, with inadequate 

bowel preparation on the day (Appendix K) dye was used at the subsequent 

adequately prepared colonoscopy, otherwise repeat procedures in the standard

arm used standard white light colonoscopy. 

Colonoscopists were allowed to use the irrigation pump with water for washing 

colonic mucosa, without any restriction in both trial groups. Ten sites used high 

definition colonoscopes (not mandated), one used a high-resolution 

colonoscope, and one used a standard definition colonoscope. Polyps retrieved

from all index colonoscopies and at associated index associated clearance 

procedures up to 1 year after were included in the analysis. Surveillance 

procedures (including high risk one year surveillance as per previous BSG 

2009 guidelines) were not included. Polyps found on CT colonography, 

performed for incomplete procedures, were excluded from the analysis. Data 

collection and process during the procedure and after has been described in 

the following section. 

2.2.4 Randomisation and masking

Randomisation and masking all potential participants were randomly assigned 

(1:1; with the use of minimisation stratified by centre with an 80:20 random 

element) to either standard white light colonoscopy (the standard group) or 

chromocolonoscopy (the chromocolonoscopy group) for their index procedure 

with the use of a secure, internet-based, computerised, randomisation system 

that used centralised, dynamic allocation. 
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It was not possible to mask either the patient or colonoscopist to trial group, but

the expert panel of three gastrointestinal pathologists who classified every 

proximal colon polyp were blinded to the local pathologists reports and to each 

other’s reports (Appendix E).

Figure 18: Trial Schema.

Abbreviations: F.O.B-faecal Occult Blood; PIS-Patient Information Sheet, IC-informed consent
form; SSP-Specialist Screening Practitioner; WCTU-Wales Cancer trials unit; BSIMS-Bowel 
Screening Information Management System; CRF- Case Report Form; SAE-Serious Adverse 
Events
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2.2.5 Data Collection and Process

The Bowel Screening Information Management System (BSIMS) is a database 

that contains all the clinical information of a participant that has undergone a 

procedure or participated in the programme by returning a positive FOB test. 

Each bowel screening participant had an identifier number assigned to them 

called a BSW number. The SSPs in usual practice entered details of the 

participant onto BSIMs from the point of contact or consultation.

The SSP was also responsible for recording details of their procedure, 

outcome, and management. SSPs were advised to upload scanned 

histopathology reports onto the BSIMS system as a part of the trial. 

This was done for the research fellow (RR) to be able to extract accurate polyp 

histology information from a final report which included the unique histology 

number, data regarding location and size of the polyp, pathology report and 

details of the assessment centre and reporting pathologist. If the pathological 

size was not available (in case of piecemeal removal of polyp or fragmentation) 

then the endoscopic size of the polyp was recorded. This has been described in

detail in Chapter 3 which describes the histopathological aspects of the trial 

(Appendix C). 

The time taken to perform the colonoscopy along with the data on colonoscopy 

outcomes, polyps found, bowel preparation, sedation, and technical quality 

indicators were collected by SSPs as part of routine data collection. Additional 

data that was needed for the trial was recorded on a trial specific case report 

form (CRF) that included smoking, family history of bowel cancer, endoscopist 

assessment of procedural difficulty and details on dynamic position change. 
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The participant comfort levels were recorded as scores (1-no discomfort, 2-

minimal, 3-mild, 4-moderate, 5-severe discomfort) by the SSP as per the 

modified Gloucester comfort scale (382).

In addition to this data on resource use during index colonoscopy (e.g., probes, 

coagraspers, clips, snares, specimen pots) which were not routinely collected in

clinical practice, was collected from one site and recorded on the CRF 

(Appendix N).

CRFs were completed by the SSP, and copies faxed to WCTU within a 4- week

period. Complications that occurred immediately or within 30 days were 

highlighted by SSPs or clinicians and the clinical trials management group 

completed serious adverse events (SAE) and AE as per protocol within the time

frame. Data monitoring was managed by the trial management group on a 

periodic basis. All SAEs were reported until 30 days after colonoscopy.

All proximal polyps were included in the analysis, regardless of initial reported 

histology and were collected from local centres and assigned a unique polyp 

number by the research fellow (RR) and presented for central review by an 

expert panel of three gastrointestinal consultant pathologists. The process of 

data collection and methodology of the histopathological aspect of the study 

has been detailed in chapter 3. 

All three pathologists were part of the national referral pathways for the bowel 

cancer screening programme reviews of pathology and were involved in 

pathologist training and accreditation and regular review of second opinion 

lesions as part of a national pathology expert panel. 
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In order to avoid variation in the final reports, predefined standard diagnostic 

criteria based on WHO 2010 (153) classification and the AGA criteria (162) for 

serrated lesions were agreed. 

In accordance with the UK guidance, the term sessile serrated lesion was used 

for lesions, which are described elsewhere as sessile serrated adenomas or 

polyps. The expert panel reviewed all slides independently and were masked to

the original report. Cases without diagnostic agreement were re-reviewed by all

three pathologists to reach a consensus diagnosis. If an agreement was not 

achieved, the lesion was deemed unclassifiable. 

An advanced adenoma was defined as a conventional adenoma with either 

high-grade dysplasia, more than 25% villous histology, or measuring 10 mm or 

larger in size. (153) Significant serrated lesions included either sessile serrated 

lesion with dysplasia, non-dysplastic sessile serrated lesions measuring >=10 

mm, and all traditional serrated adenomas. The term advanced neoplasia 

incorporated all advanced adenomas and significant serrated lesions. 

The health economics aspect of the trial was performed by the health 

economics team in Swansea. 

A cost-consequence analysis was done to evaluate the costs associated with 

colonoscopy procedures within the study to compare resource use. The costs 

were assessed from the perspective of the UK National Health Service in two 

parts: the additional costs of providing new resources required to implement 

chromocolonoscopy and resources used during routine practice. 
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Implementation costs of chromocolonoscopy included additional resources in 

the form of staff time (both trainee and trainer) to train in the new procedure, 

and the cost of the contrast dye and dispersion equipment. 

Resource use data regarding staff time performing the procedure and 

medications or bowel preparation administered during a procedure were 

collected from all participating screening sites. The data on resources and 

consumables used were collected from only one site during index 

colonoscopies. Details of resource use analysis methods can be found in 

Appendix N.

2.2.6 Statistical Analysis

This was performed by the statistician in the trial management group with 

clinical advice from the PI and research fellow. This feasibility study was 

powered to assess non-inferiority of time taken to perform the colonoscopy 

procedure. The experience from previous studies had suggested that 

chromocolonoscopy might take 12 minutes longer than standard colonoscopy 

however may not exceed 15 minutes. 

The power calculation was performed on the assumption that for a common 

standard deviation (SD) of 15 min (normally distributed based on BSW data), 

858 patients would be required for the trial (90% power, one-sided α=0·05) 

based on a two-group t test. 
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The protocol initially aimed to recruit 1052 patients to allow for about 18% loss 

to follow-up for any reason. However, the trial management group decided to 

stop recruitment when 741 participants had been recruited because set up of 

some centres took longer than anticipated. There were no patients who were 

lost to follow-up after consent, and 741 patients still gave a power of 86%.

The statistical analysis of data was performed by the statistician of the trials 

management group according to a prespecified analysis plan using the Stata 

SE 14 statistical package. 

The analysis included the primary outcome, analyses of colonoscopy 

performance, and technical quality indicators (Appendix N) An intention-to-treat 

population was used for all other analyses. The primary endpoint was assessed

by calculating the 95% CIs around the mean difference and comparing them to 

the non-inferiority margin. 

The proportions were compared using chi-square (χ²) tests. For detection rates,

univariable logistic regression was used to calculate the odds ratios for the trial 

group effect and important prognostic variables (smoking, obesity, sex, family 

history of cancer). These variables were used in all multivariable models, and 

screening centres as a random effect, using multilevel mixed-effects logistic 

regression. Patients found to have cancer also had polyps removed if found 

and we included these patients in the analyses of polyp detection rates. 

The cost analysis and health economics was done by the College of Human 

and Health Sciences, Swansea centre for Health Economics in Swansea 

University (Appendix N).

2.3 Results
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2.3.1 Recruitment and participation

The trial was open for recruitment over an 18-month period between November

20, 2014, and June 16, 2016. Figure 20 demonstrates the trial profile and 

CONSORT diagram. 

During this time, 86% (12/14) bowel cancer screening centres in Wales (Figure 

19) and 87% (20/23) bowel screening colonoscopists agreed to participate in 

the trial following attendance at the pre-initiation training days. 

1031 participants from 12 screening sites who were gFOBT positive and 

expected to proceed to colonoscopy after discussion with a SSP were offered 

participation in the trial. Of these participants, (Figure 20), 903/1031 (88%) 

were considered eligible for the trial (958/1031-93% met the eligibility criteria, 

N=55 was excluded due to nonparticipating colonoscopist) and 741/903 (82%) 

consented to participate in the trial. 

Following randomisation, the consent rates were similar in each group with 

87% (360/416) in the standard colonoscopy (SC) group and 90% (381/424) in 

the chromocolonoscopy (CC) group. 

Figure 19: Participating bowel cancer screening sites with distribution of eligible 
participants into different arms.

(N = no Dye or standard colonoscopy; Y = use of dye or Chromocolonoscopy)
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Figure 20: CONSORT diagram-Trial Profile

2.3.2 Baseline demographics and pre-procedure characteristics

The baseline demographics of the participants between the trial groups has 

been detailed in Table 4.

The median age in both arms for both sexes was 68 years. There was a 

preponderance of males (65%, 67%) versus females (35%, 33%) in both arms 

over this was well balanced. Similarly, BMI, family history of bowel cancer, 

presence of diverticular disease, distribution of smoking status and aspirin use 

were well balanced between the two arms of the trial.
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The following demographic characteristics were noted in the standard 

colonoscopy (SC) versus the chromocolonoscopy (CC) trial arms. The mean 

BMI was 28.8 vs. 28.9 with 37.2% vs 33.3% of participants that had a BMI over 

30. Those participants that had a family history of bowel cancer was 12.5% vs. 

12.6%. Those that had previous abdominal and pelvic surgery and diverticular 

disease were 26.7% vs. 28.3% and 55.8% vs. 51.2%.

The current smoking status that was recorded on the CRF demonstrated that 

majority of the participants had stopped smoking (ex-smokers) with current 

smokers (10.3% vs. 11.8%), ex-smokers (50% vs. 51.4%), those who had 

never smoked (39.7% vs. 36.5%). The median pack year history for both 

smokers and ex-smokers was 20 versus 16 in the SC and CC arms 

respectively. 

Aspirin data was only collected after the first 210 participants (N =531) with 

similar participants noted in both arms (SC vs. CC, 254 vs. 277). The majority 

of participants (71.3% vs. 70.8%) had never taken aspirin and 20.5% versus 

20.6% were currently taking aspirin, and 95.4% in both groups were taking 

aspirin at a dose of 75 mg once a day. 

Table 4: Baseline Demographics of the participants

Abbreviation: BMI-body mass index, SD-standard deviation, IQR-into quartile range (median).

Demographics
Standard
colonoscopy
(N=360)

Chromocolonoscopy
(N=381)

 

Age Median (IQR) 67.6 (62.6-70.7) 67.7 (62.7-70.8)

Sex
Male 234 (65.0%) 256 (67.2%)

Female 126 (35.0%) 125 (32.8%)

BMI mean (SD); Obese 
≥30 - n (%)

28.8 (5.1); 134 
(37.2) 28.9 (5.6); 128 (33.6)
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Missing 2 (0.6%) 5 (1.3%)

 

Family history of 
bowel cancer

No 302 (83.9%) 318 (83.5%)

Second degree 9 (2.5%) 13 (3.4%)

First degree 45 (12.5%) 48 (12.6%)

Both 3 (0.8%) 0 (0.0%)

Missing 1 (0.3%) 2 (0.5%)

Family history of 
bowel polyps

No 340 (94.4%) 349 (91.6%)

Second degree 2 (0.6%) 2 (0.5%)

First degree 15 (4.2%) 29 (7.65)

Missing 3 (0.8%) 1 (0.3%)

Previous 
abdominal/pelvic 
surgery

Yes 96 (26.7%) 108 (28.3%)

Missing 5 (1.4%) 4 (1.0%)

Presence of 
diverticular 
disease

Yes 201 (55.8%) 195 (51.2%)

Missing 6 (1.7%) 5 (1.3%)

 

Current smoking 
status

Smoker 37 (10.3%) 45 (11.8%)

Ex-smoker 180 (50.0%) 196 (51.4%)

Never smoker 143 (39.7%) 139 (36.5%)

Missing 0 (0.0%) 1 (0.3%)

Pack years for 
smoker/ex-smoker – 
median (IQR, n, 
missing data)

20 (10-39, n=205
,12) 16 (8-34, n=231, 10)

Aspirin data was only collected after the first 210 patients

  N=254 N=277

Does the patient 
take daily aspirin?

Currently 52 (20.5%) 57 (20.6%)

Previously 21 (8.3%) 24 (8.7%)

Never 181 (71.3%) 196 (70.8%)

 

If currently taking 
aspirin, what is 
daily dose?

75mg 49/52 (94.2%) 55/57 (96.5%)

>75mg 3/52 (5.8%) 1/57 (1.8%)

Missing 0/57 (0.0%) 1/57 (1.8%)



151

2.3.3 Intra-procedural characteristics for index colonoscopy

The mean volume of fluid sprayed (diluted indigo carmine dye 0.2%) in the 

chromocolonoscopy group was 165.8 mL (SD 62.3). No participants withdrew 

consent during the colonoscopy procedure.

2.3.3.1 Quality Indicators

The bowel preparation scores, completion rates, endoscopist assessment of 

procedural difficulty, and comfort scores were similar in each arm. Technical 

quality indicators, percentage of participants who had a position change and 

other manoeuvres during the procedure, and use of antispasmodic and 

sedation at first colonoscopy were also well balanced between the trial groups. 

The following intraprocedural characteristics for index standard colonoscopy 

(SC) versus chromocolonoscopy (CC) were noted. In over 99% of participants 

in both groups had excellent to adequate bowel preparation (99.7% vs. 99.2%).

The caecal intubation rate was 96.4% vs. 96.8%. In terms of technical quality 

indicators, colonoscopist demonstrated a high-quality procedure in over 95% of 

participants in both arms. This included dynamic position change (96.4% vs. 

95.8%, adequate insufflation (98% vs. 97.1%), repetitive examination of colonic

segment (95.8% in both arms), examination of flexures and proximal sides of 

folds (96.9% vs. 96%), the use of torque to flatten folds (96.9% vs. 95.2%) and 

suctioning of excess liquid (97.8% vs. 96.3%).

The patient comfort score, rated as per the modified Gloucester comfort score 

showed that 64.5% vs. 66.6% of the participants in SC vs.CC groups no 

discomfort or minimal discomfort.
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The use of conscious sedation that included a benzodiazepine (midazolam) 

along with an opiate (fentanyl or pethidine) in participants was 48.9% vs.47.6% 

in SC vs.CC arm respectively. Entonox was used in 22.3% vs. 24.3% and 

buscopan and was used in 43.3% vs. 44.4% of participants in both groups.

In about 78% of participants in both groups, the colonoscopist found the 

procedure easy to average to perform however the procedure was rated difficult

in 16.2% vs.17.5% and 3.6% vs. 3.2% the procedure was not completed in SC 

vs.CC groups.

Table 5: Quality indicators including Bowel Preparation quality, technical factors, sedation, 
procedural difficulty, and patient comfort score.

 Standard
colonoscopy Chromocolonoscopy

Index colonoscopy with adequate bowel 
preparation 358 378

Inadequate bowel preparation at index 
then no further colonoscopies 2 (0.6%) 3 (0.8%)

    

Bowel 
preparation
score

Adequate 237 (66.2%) 240 (63.5%)

Excellent 120 (33.5%) 135 (35.7%)

Missing 1 (0.3%) 3 (0.8%)

Completion
rate

Complete 
(caecum/ileum) 345 (96.4%) 366 (96.8%)

Incomplete (other) 13 (3.6%) 12 (3.2%)

 

Colonoscopy 
technical 
quality 
indicators

Patient position 
change required 345 (96.4) 362 (95.8)

Missing 1 (0.3) 3 (0.8)

Adequate insufflation 351 (98.0) 367 (97.1)

Missing 5 (1.4) 10 (2.6)

Repetitive 
examination of colonic
segment

343 (95.8) 362 (95.8)

Missing 5 (1.4) 11 (2.9)
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Examination of 
flexures/proximal 
sides of folds

347 (96.9) 363 (96.0)

Missing 5 (1.4) 11 (2.9)

Use of torque to 
flatten folds 347 (96.9) 360 (95.2)

Missing 5 (1.4) 11 (2.9)

Suctioning of excess 
liquid 350 (97.8) 364 (96.3)

Missing 5 (1.4) 10 (2.6)

Use of mucolytic / 
simethicone over 
polyp

172 (48.0) 186 (49.2)

Missing 6 (1.7) 11 (2.9)

    

Type of bowel
prep

Moviprep 225 (62.8) 228 (60.3)

Kleenprep 127 (35.5) 146 (38.6)

Picolax 2 (0.6) 1 (0.3)

Missing 4 (1.1) 3 (0.8)

 

Sedation

Entonox 80 (22.3) 92 (24.3)

Missing 5 (1.4) 7 (1.9)

Midazolam 175 (48.9) 180 (47.6)

Missing 1 (0.3) 0 (0.0)

Pethidine 17 (4.7) 22 (5.8)

Missing 2 (0.6) 1 (0.3)

Fentanyl 159 (44.4) 162 (42.9)

Missing 1 (0.3) 0 (0.0)

Other 
medication 

Buscopan 155 (43.3) 168 (44.4)

Missing 2 (0.6) 1 (0.3)

   

Endoscopist 
assessment 
of procedural 
difficulty

Easy 108 (30.2%) 106 (28.0%)

Average 172 (48.0%) 190 (50.3%)

Difficult 58 (16.2%) 66 (17.5)

Unable to complete 13 (3.6%) 12 (3.2%)

Missing 7 (2.0%) 4 (1.1%)
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Procedure 
comfort score
(Gloucester) 

1- No discomfort 73 (20.4%) 72 (19.0%)

2- Minimal 158 (44.1%) 180 (47.6%)

3- Mild 107 (29.9%) 101 (26.7%)

4 -Moderate 17 (4.7%) 23 (6.1%)

5- Severe 2 (0.6%) 2 (0.5%)

Missing 1 (0.3%) 0 (0.0%)

N.B. Numbers in cells are n (%)

2.3.3.2 Procedure time and withdrawal time:

In the first (index) colonoscopy with adequate bowel preparation, the procedure

time was longer in the chromocolonoscopy arm (mean 36.8 vs 30.6 minutes) 

(Table 6). However, the difference did not exceed the 15 minutes specified a 

priori as the non-inferiority margin (mean difference 6.3 minutes, 95% CIs: 4.2-

8.4). The data showed some evidence of positive skew, but bootstrapping 

produced the same estimate for the confidence interval. 

The magnitude of this difference was reflected in the withdrawal times (mean 

24.1 vs 18.7 minutes). The difference in withdrawal times was smaller when no 

polyps were removed (mean 28.6 vs 24.2 minutes) compared to when polyps 

were removed (mean 41.3 vs 35.2 minutes). 

The procedure time was also longer in the CC arm when the colonoscopist 

assessed the procedure as being difficult (66 vs.58 minutes) with a mean 

difference of 6 minutes.
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Table 6: Procedure and withdrawal time by mean, median and inter quartile range (IQR).

Procedure Time

  No of procedures Mean SD Median Min IQR Max IQR

Average procedure time in 
minutes

WLE 358 30.6 13.7 28 22 36

CC 378 36.8 15 34 27 45

When polyps removed
WLE 207 35.2 14.2 33 25 42

CC 244 41.3 15.2 39 30 50

When no polyps removed
WLE 151 24.2 9.8 24 17 28

CC 133 28.6 10.5 28 21 34

When endoscopist assessed
procedure as difficult 

WLE 58 41.4 14.8 40 31 48

CC 66 47.4 15.9 44 36 58

Withdrawal Time

Average withdrawal time in 
minutes

WLE 358 18.7 11.3 16 11 22

CC 378 24.1 12.7 21 15 31

When polyps removed
WLE 204 23 12.2 20 15 28

CC 242 28.5 12.8 25.5 19 35

When no polyps removed
WLE 141 12.5 5.6 11 8 16

CC 123 15.4 6.6 15 10 18
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2.3.4 Post- Procedure findings

This included repeat procedures (repeated due to previous incomplete 

procedure, poor bowel preparation and for polyp clearance) and polyp detection

rate following confirmation from histological reports and expert consensus view 

of the proximal polyps. 

2.3.4.1 Repeat Procedures

Participants in the chromocolonoscopy arm had more procedures (477 vs 427) 

than in the standard arm (Table 7). This was due to more repeat procedures to 

remove polyps (therapeutic indication) or check completeness of previous 

excisions in line with the BSG guidelines (Figure 21). In the 

chromocolonoscopy arm, more participants (76/381 (19.9%) vs 48/360 (13.3%);

post hoc χ2=5.812, p=0·016) had a final outcome of requiring high risk 

surveillance as per the previous BSG guidelines (53) 2009 which had 

recommended a 12 month surveillance. 

Fewer participants had an outcome of discharge back to routine FOBT testing 

(159/381 (41.7%) vs 162/360 (45.0%)). 

Figure 21: Repeat procedures following index colonoscopy-white light endoscopy (WLE) 
versus Chromocolonoscopy
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Participants that required a further polyp clearance procedure continued to 1 

year after the last participant had their index procedure.

Table 7: Repeat Procedures for the different trial arms

Procedure outcome Standard
colonoscopy Chromocolonoscopy

Number of participants 360 381

Number of 
procedures

Total number 427 477

Per person rate 1.19 1.25

Number of people 
receiving >1 procedure 53 (14.7%) 65 (17.1%)

Repeat 
Procedures

Check Procedure after 
piecemeal removal 26 33

Incomplete previous 
procedure 2 0

Poor bowel preparation at 
previous procedure 11 8

Therapeutic indication 28 55

Type of repeat 
procedure

Colonoscopy 399 430

Flexible sigmoidoscopyA 28 47

Final outcome

Repeat 21 (5.8%) 20 (5.2%)

Discharge back to routine 
FOBT screening 162 (45.0%) 159 (41.7%)

No further colonoscopies 
required due to age 
limit/other bowel condition

22 (6.1%) 19 (5.0%)

3-year surveillance – 
intermediate risk 64 (17.8%) 63 (16.5%)

12-month surveillance – 
high risk 48 (13.3%) 76 (19.9%)

Refer to surgery for non-
cancer indication 2 (0.6%) 4 (1.0%)

CancerB 41 (11.4%) 40 (10.5%)
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2.3.4.2 Polyp and Cancer Detection

Table 8 shows the WHO classification of all polyps retrieved at index 

colonoscopy and associated polyp clearance procedures up to one year 

afterwards. All but five proximal polyps were reviewed centrally by the expert 

panel. More polyps overall (903 vs 570), and more polyps of each type were 

found in the chromocolonoscopy arm. The polyp detection rate in the whole 

colon was 67.7% (258/381) in the CC arm vs. 60.3% (217/360) in the standard 

arm.

The number of cancers (Table 8) that were detected were similar in both 

groups (SC vs.CC) with 11.4% (N = 41) vs. 10.5% (N=40). Predominantly 

proximal CRC was detected in both groups (33 vs. 26).

None of the patients had serrated polyposis as defined by WHO criteria though 

it was thought that it would be likely that some cases may fulfil these criteria at 

subsequent colonoscopy.

2.3.4.3 Adenoma detection rate

Higher adenoma detection rates anywhere in the colon (Table 8,  Figure 22) 

was found in the chromocolonoscopy arm 60.9% (232/381) vs 56.4% 

(203/360). Advanced adenomas defined as those adenomas of size 10 mm or 

above or with villous features or high-grade dysplasia were similar in both the 

arms of the study. Advanced adenomas located anywhere in the colon was 

30.3% (109) vs. 33.6% (128) and in the proximal colon 8.3% (30) vs. 7.1% (27) 

in the chromoendoscopy and standard arm respectively.
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2.3.4.4 Serrated neoplasia detection rate

The detection rate of serrated neoplasia which includes all types of serrated 

neoplasia i.e., serrated lesions (SL), significant serrated lesions and sessile 

anywhere in the colon and the proximal colon between chromocolonoscopy and

standard colonoscopy groups. The findings are also summarised in Figure 

22,Table 8 and Table 10.

The univariate and multivariable logistic regression for serrated neoplasia which

analyse the variables by gender, BMI, smoking history, and a family history of 

bowel cancer has been presented in Table 10,11 and 12 which is described in 

the following sections.

2.3.4.4.1 Serrated Lesion (SL)

A significantly higher detection rate in the chromocolonoscopy arm for SLs was 

found anywhere in the colon: 81/381 (21.3%) vs 51/360 (14.2%), multivariable 

OR 1.66, 95% CI: 1.12-2.46, p=0.012. 

The detection rates for proximal SLs were significantly higher in the 

chromocolonoscopy arm than in the standard arm in both univariable and 

multivariable analyses: 45/381 (12%); vs 23/360 (6%) univariable OR 1.96, 

95% CI: 1.16-3.32, p=0.012; multivariable OR 2.04, 95% CI: 1.18-3.50, 

p=0.010) (Table 10) (Figure 22).

SLs were more common in smokers (for proximal SLs multivariable OR 1.79, 

95% CI: 1.00-3.22, p=0.050) and for all serrated lesions in the colon; 

multivariable OR 1.58, 95% CI: 1.03-2.42, p=0.038).
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2.3.4.4.2 Significant SL

Secondary regression analyses compared other rates of polyp detection. While 

absolute polyp numbers are small there is a suggestion that detection rates of 

“significant” SLs anywhere in the colon were higher in the chromocolonoscopy 

arm (Table 11) (multivariable OR 2.18, 95% CI: 0.88-5.37, p=0.092) and also in

males (multivariable OR 3.23, 95% CI: 0.94-11.2, p=0.063). 

When the AGA definition of SSL was used, 13 proximal hyperplastic polyps 

were re-classified as SSLs (one ≥10mm in the chromocolonoscopy arm). This 

marginally increased the detection rate of “significant” SLs in the 

chromocolonoscopy arm: 17/381 (4.5%) vs 7/360 (1.9%); multivariable OR: 

2.31, 95% CI: 0.94-5.67, p=0.066). 

2.3.4.4.3 Sessile Serrated Lesion (SSL)

The detection rate of proximal SSLs was significantly higher in the 

chromocolonoscopy arm (Table 12) (multivariable OR 1.91, 95% CI: 1.02-3.59, 

p=0.045), but this difference disappeared when the AGA definition of SSL was 

used: 34/381 (8.9%) vs 22/360 (6.1%), multivariable OR 1.58, 95% CI: 0.90-

2.78, p=0.114. 

Of the 85 SSLs identified in both arms of the study combined, six of the ten 

polyps with dysplasia were ≥10mm compared with only 13 of the 75 without 

dysplasia. Interestingly, the 4 proximal SSLs with dysplasia were diminutive 

with size being <=5mm while all 6 distal SSLs with dysplasia were ≥10mm.
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Figure 22: Key Polyp detection rates.

Number of individuals with one or more lesion detected by treatment group. Uni variable 
ORs are given with 95% CIs, with standard colonoscopy as the reference group. OR = odds 
ratio.
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 Standard colonoscopy (N=360) Chromocolonoscopy (N=381)
 Number of participants % Number of participants %

No polyps or cancer 116 32.2 98 25.7
Cancers 41 11.4 40 10.5
Proximal 33 9.2 26 6.8
Distal 8 2.2 14 3.7
 Number of polyps Polyp detection rate Number of polyps Polyp detection rate
 n per patient n % n per patient n %
Polyps (any) 570 1.583 217 60.3 903 2.370 258 67.7
Adenomas 482 1.339 203 56.4 734 1.927 232 60.9
1. HGD or villous features 36 0.100 33 9.2 39 0.102 34 8.9
2. Other 446 1.239 193 53.6 695 1.824 220 57.7
a. Other ≥ 10mm 122 0.339 85 23.6 152 0.399 105 27.6
Serrated lesions (SL) 78 0.217 51 14.2 141 0.370 81 21.3
1. Any SSL 24 0.067 21 5.8 61 0.160 34 8.9
a. SSL no dysplasia 20 0.056 17 4.7 55 0.144 31 8.1
ai. SSL no dysplasia ≥ 
10mm 2 0.006 2 0.6 11 0.029 8 2.1

b. SSL with dysplasia 4 0.011 4 1.1 6 0.016 5 1.3
bi. SSL with dysplasia ≥ 
10mm 2 0.006 2 0.6 4 0.010 3 0.8

2. TSA 1 0.003 1 0.3 5 0.013 5 1.3
3. HP 53 0.147 37 10.3 75 0.197 54 14.2
Other 8 0.022 8 2.2 27 0.071 21 5.5
1. Mixed polyp A 2 0.006 2 0.6 4 0.010 4 1.0
2. Inflammatory 3 0.008 3 0.8 14 0.037 11 2.9
3. Dysplasia and  
inflammation 0 0.000 0 0.0 3 0.008 1 0.3

4 .Unclassifiable 3 0.008 3 0.8 6 0.016 6 1.6
Proximal SLs 28 0.078 23 6.4 60 0.157 45 11.8
1. Any SSL 18 0.050 16 4.4 39 0.102 30 7.9
a.. SSL no dysplasia 16 0.044 14 3.9 37 0.097 28 7.3
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ai. SSL no dysplasia ≥ 
10mm 1 0.003 1 0.3 9 0.024 7 1.8

b. SSL with dysplasia 2 0.006 2 0.6 2 0.005 2 0.5
bi. SSL with dysplasia ≥ 
10mm 0 0.000 0 0.5 0 0.000 0 0.0

2. TSA 0 0.000 0 0.0 1 0.003 1 0.3
3. HP 10 0.028 9 2.5 20 0.052 19 5.0
“Advanced neoplasia” B

Overall 164 0.456 114 31.7 214 0.562 136 35.7
Proximal 45 0.125 33 9.2 57 0.150 32 8.4
“Advanced adenomas” C

Overall 156 0.433 109 30.3 190 0.499 128 33.6
Proximal 42 0.117 30 8.3 43 0.113 27 7.1
“Significant SLs” D

Overall 7 0.019 7 1.9 22 0.058 16 4.2
Proximal 3 0.008 3 0.8 12 0.031 9 2.4
At least one SL and 
adenoma
Overall 39 10.8 61 16.0
Proximal 13 3.6 28 7.3

Table 8: Polyps (WHO classification) retrieved over first and repeat procedures.

AOne polyp in standard arm was advanced, two in chromo colonoscopy arm were advanced ;
B Advanced adenoma or “Significant SL” or advanced mixed polyp; CHGD or villous features or ≥10mm ; DSSL with dysplasia or any SSL≥10mm or TSA
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2.3.4.4.4  Serrated lesion and synchronous advanced adenoma

An univariable logistic regression analysis (Table 9) identified statistically 

significant associations between the finding of any SSL and the presence of 

synchronous advanced adenoma(s) (OR 2.42, 95% CI: 1.19-4.93, p=0.015) 

and between any proximal significant SL and advanced adenoma(s) (OR 4.10, 

95% CI: 1.01-16.7, p=0.049) in the chromocolonoscopy arm but not in the 

standard arm. 

2.3.4.4.5 Advanced neoplasia

This group included those participants that had either (or synchronous) 

advanced adenoma and significant serrated lesion. Advanced neoplasia was 

similar in both arms of the study where the detection rate being 36% (136) 

versus 32% (114) anywhere in the colon and in the proximal colon being 8% 

(32) versus 9% (33) in the chromoendoscopy and standard colonoscopy arm 

respectively. (Table 8).

A univariate (OR 1.98, 95% CI 1.19-3.31; P =0.009) and multivariate (N = 730, 

OR = 1.87, 95% CI 1.10-3.16, p = 0.020) logistic regression analysis for 

advanced neoplasia detection rate in the proximal colon suggest that obesity 

may be an important risk factor (Table 13). The univariate (OR 1.50, 95% CI 

1.08-2.08; P =0.016) and multivariate (N = 730, OR = 1.45, 95% CI 1.03-2.05, p

= 0.033) also showed that male gender may be an important risk factor for 

advanced neoplasia located anywhere in the colon.
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Aspirin: A sensitivity analysis was conducted in the subset of patients with 

aspirin data (n=521) and the trial arm effect in the multivariable regression was 

still found to be significant (OR 1.98, 95% CI: 1.05-3.74, p=0.036), but the 

effect of aspirin was not (OR 1.79 in favour of taking aspirin, 95% CI: 0.72-4·50,

p=0.212). 

A further multivariable analysis of advanced neoplasm detection rates 

conducted in the subset of patients with aspirin data (n=521) in both arms of 

the trial combined found a significant protective effect of aspirin (23/103 

(22.3%) vs 153/418 (36.6%), OR 2.11 95% CI: 1.27-3.51, p=0.004).
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Table 9: Univariable logistic regression for advanced adenoma detection rates by 
categories of serrated lesions

Variable Categor
y

Standard Chromocolonoscopy
n (%) with
advanced
adenoma

Univariable n (%) with
advanced
adenoma

Univariable
OR 95%

CIs
p OR 95%

CIs
p

Any SSL No 103/339 
(30.4)

110/347 
(31.7)

Yes 6/21 
(28.6)

0.92 0.35-
2.43

0.861 18/34 
(52.9)

2.42 1.19-
4.93

0.015

Any 
significant 
SL

No 106/353 
(30.0)

120/365 
(32.9)

Yes 3/7 (42.9) 1.75 0.38-
7.94

0.470 8/16 (50.0) 2.04 0.75-
5.57

0.164

Any 
proximal 
significant 
SL

No 108/357 
(30.3)

122/372 
(32.8)

Yes 1/3 (33.3) 1.15 0.10-
12.8

0.908 6/9 (66.7) 4.10 1.01-
16.7

0.049

Any SSL or 
significant 
SL

No 102/338 
(30.2)

110/343 
(32.1)

Yes 7/22 
(31.8)

1.08 0.43-
2.73

0.871 18/38 
(47.4)

1.91 0.97-
3.75

0.061
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Table 10: Univariable and multivariable logistic regression for Serrated Lesions

a. Serrated lesions

Variable Category N Proximal Anywhere
n (%)
with

lesion

Univariable Multivariable
(N=730)

n (%)
with

lesion

Univariable Multivariable
(N=730)

OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p

Trial arm Standard 360 23 (6.4) 51
(14.2)

Chromocolonosco
py

381 45
(11.8)

1.96 1.16-
3.32

0.01
2

2.04 1.18-
3.50

0.01
0

81
(21.3)

1.64 1.11-
2.40

0.01
2

1.66 1.12-
2.46

0.01
2

Sex Female 251 21 (8.4) 37
(14.7)

Male 490 47 (9.6) 1.16 0.68-
1.99

0.58
5

1.06 0.60-
1.87

0.85
4

95
(19.4)

1.39 0.92-
2.11

0.11
9

1.30 0.84-
2.01

0.23
8

Obese No 472 36 (7.6) 77
(16.3)

Yes 262 31
(11.8)

1.63 0.98-
2.70

0.06
0

1.58 0.93-
2.68

0.09
2

54
(20.6)

1.33 0.91-
1.96

0.14
6

1.31 0.87-
1.96

0.19
3

Smoker Never 282 20 (7.1) 39
(13.8)

Ever (current and 
ex- smokers)

458 48
(10.5)

1.53 0.89-
2.64

0.12
3

1.79 1.00-
3.22

0.05
0

93
(20.3)

1.59 1.06-
2.39

0.02
6

1.58 1.03-
2.42

0.03
8

First degree
relative with
bowel 
cancer

No 642 56 (8.7) 113
(17.6)

Yes 96 12
(12.5)

1.49 0.77-
2.90

0.23
5

1.56 0.77-
3.14

0.21
4

19
(19.8)

1.16 0.67-
1.99

0.60
2

1.17 0.66-
2.05

0.59
0
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Table 11: Univariable and multivariable logistic regression for Significant Serrated Lesions

b. Significant SL

Variable Category N Proximal Anywhere
n (%)
with

lesion

Univariable Multivariable
(N=730)

n (%)
with

lesion

Univariable Multivariable
(N=730)

OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p

Trial arm Standard 360 3 (0.8) 7 (1.9)
Chromocolonosco
py

381 9 (2.4) 2.88 0.77-
10.7

0.11
5

2.81 0.75-
10.5

0.12
5

16 (4.2) 2.21 0.90-
5.44

0.08
4

2.18 0.88-
5.37

0.09
2

Sex Female 251 2 (0.8) 3 (1.2)
Male 490 10 (2.0) 2.59 0.56-

11.9
0.22

1
2.17 0.46-

10.2
0.32

7
20 (4.1) 3.52 1.04-

12.0
0.04

4
3.23 0.94-

11.2
0.06

3
Obese No 472 7 (1.5) 15 (3.2)

Yes 262 5 (1.9) 1.29 0.41-
4.11

0.66
4

1.42 0.44-
4.57

0.55
9

8 (3.1) 0.96 0.40-
2.29

0.92
6

1.06 0.44-
2.55

0.90
4

Smoker Never 282 2 (0.7) 6 (2.1)
Ever 458 10 (2.2) 3.13 0.68-

14.4
0.14

3
2.68 0.57-

12.5
0.21

1
17 (3.7) 1.77 0.69-

4.55
0.23

4
1.46 0.56-

3.81
0.43

4
First degree
relative with
bowel 
cancer

No 642 11 (1.7) 21 (3.3)
Yes 96 1 (1.1) 0.60 0.08-

4.73
0.63

1
0.63 0.08-

5.06
0.66

5
2 (2.1) 0.63 0.15-

2.73
0.53

6
0.70 0.16-

3.07
0.63

5
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Table 12: Univariable and multivariable logistic regression for Sessile Serrated Lesions

c. SSL

Variable Category N Proximal Anywhere
n (%)
with

lesion

Univariable Multivariable
(N=730)

n (%)
with

lesion

Univariable Multivariable
(N=730)

OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p

Trial arm Standard 360 16 (4.4) 21 (5.8)
Chromocolono
scopy

381 30 (7.9) 1.84 0.98-
3.43

0.05
6

1.91 1.02-
3.59

0.04
5

34 (8.9) 1.5
8

0.90-
2.78

0.11
1

1.60 0.91-
2.82

0.10
5

Sex Female 251 14 (5.6) 15 (6.0)
Male 490 32 (6.5) 1.18 0.62-

2.26
0.61

1
1.12 0.57-

2.20
0.74

3
40 (8.2) 1.4

0
0.76-
2.58

0.28
4

1.31 0.70-
2.46

0.40
5

Obese No 472 25 (5.3) 33 (7.0)
Yes 262 21 (8.0) 1.56 0.85-

2.84
0.14

8
1.54 0.83-

2.87
0.16

9
22 (8.4) 1.2

2
0.70-
2.14

0.48
9

1.24 0.70-
2.20

0.45
7

Smoker Never 282 14 (5.0) 15 (5.3)
Ever 458 32 (7.0) 1.44 0.75-

2.74
0.27

1
1.51 0.77-

2.96
0.23

5
40 (8.7) 1.7

0
0.92-
3.14

0.08
9

1.64 0.87-
3.11

0.12
5

First degree 
relative with 
bowel cancer

No 642 39 (6.1) 47 (7.3)
Yes 96 7 (7.3) 1.22 0.53-

2.80
0.64

6
1.21 0.51-

2.86
0.66

4
8 (8.3) 1.1

5
0.53-
2.52

0.72
5

1.15 0.52-
2.56

0.72
8
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Table 13: Univariable and multivariable logistic regression for advanced neoplasm detection rates

Variable Category N Proximal Anywhere
n (%)
with

lesion

Univariable Multivariable (N=730) n (%)
with

lesion

Univariable Multivariable
(N=730)

OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p OR 95%
CIs

p

Trial arm Standard 360 33 (9.2) 114
(31.7)

Chromocol
onoscopy

381 32 (8.4) 0.91 0.55-
1.51

0.71
2

0.91 0.54-
1.54

0.73
3

136
(35.7)

1.20 0.88-
1.63

0.24
7

1.16 0.85-
1.58

0.35
7

Sex Female 251 21 (8.4) 70
(27.9)

Male 490 44 (9.0) 1.08 0.63-
1.86

0.78
0

1.06 0.60-
1.87

0.84
2

180
(36.7)

1.50 1.08-
2.08

0.01
6

1.45 1.03-
2.05

0.03
3

Obese No 472 32 (6.8) 161
(34.1)

Yes 262 33
(12.6)

1.98 1.19-
3.31

0.00
9

1.87 1.10-
3.16

0.02
0

85
(32.4)

0.93 0.67-
1.28

0.64
7

0.94 0.68-
1.31

0.71
6

Smoker Never 282 21 (7.5) 89
(31.6)

Ever 458 44 (9.6) 1.32 0.77-
2.27

0.31
5

1.26 0.72-
2.22

0.41
5

161
(35.2)

1.18 0.86-
1.61

0.31
6

1.11 0.80-
1.54

0.54
6

First degree 
relative with 
bowel cancer

No 642 53 (8.3) 214
(33.3)

Yes 96 11
(11.5)

1.44 0.72-
2.86

0.30
1

1.35 0.67-
2.75

0.40
4

34
(35.4)

1.10 0.70-
1.72

0.68
7

1.11 0.70-
1.75

0.67
1
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2.3.5 Serious Adverse Reactions (SARs)

Six SARs were reported in the trial, two in the standard arm and four in the 

chromocolonoscopy arm of the trial with five of these being incidences of post 

polypectomy bleeding and one case of anxiety and hyperventilation). The rates 

of post-polypectomy bleeding were: 1/358 (0·3%) vs 2/378 (0·5%) in the 

standard and chromocolonoscopy arms respectively. None of these cases 

required any further interventional procedures related to the bleeding. There 

were no allergic reactions or deaths. 

2.3.6 Health Economic Evaluation (HEE)

The HEE analysis was done by the HE team based in Swansea with clinical 

input and data provided by the research fellow (RR), statistician and PI. 

The economic evaluation case analysis included 899 procedures (904 index 

and associated non-surveillance repeat procedures conducted within one year 

(Table 14) minus five procedures (four from the chromocolonoscopy arm and 

one from the standard arm) with missing data). 183 (20%) of these (91 

standard arm and 92 chromocolonoscopy arm) were first procedures conducted

at the site that documented the use of consumables constituted the complete 

case analysis. The mean training cost per procedure was £4.94 and mean 

equipment cost £47.99 (a total implementation cost per procedure of £52.93). A

spray catheter attached to the pump was used in only 30% of procedures with a

higher cost of £40 per colonoscopy. 

This compared to the technique used in 70% of procedures of adapting existing

pumps with tubing and a valve which added £8.88 to the cost of the 

colonoscopy. 
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 Table 14 and 15, show the higher costs associated with chromocolonoscopy. 

This is primarily due to the extra time required by staff to perform the 

chromocolonoscopy (£26.15 per procedure) and additional implementation 

costs (£52.93 per procedure). 

The cost incurred (ICER) in securing a 1% likelihood increase in additional SL 

retrieved due to the chromocolonoscopy was £11.41. Subgroup ICERs 

produced the following results: Any SSL: a 1% likelihood increase in additional 

polyp retrieval would cost £26.13. Significant SLs overall: a 1% likelihood 

increase in additional polyp retrieval would cost £35.22. 

Table 14: Cost analysis of all index and repeat procedures (£ per procedure)

Component 
costs of the 
procedure:

Standard 
colonoscop
y

Chromocolon
oscopy

Mean Cost 
difference
(95% CI) £

P value

Staff cost
Mean cost (SD)
Min, max

n=425
114.27 
(61.78)
7.48, 561.00

n=471
140.42 (75.95)
11.22, 546.04

26.15
(17.02 to 35.29)

<.0001

Medication
Mean cost (SD)
Min, max

n=426
0.68 (0.64)
0, 2.49

n=473
0.73 (1.42)
0, *28.39

0.05
(-0.10 to 0.20)

.511

Bowel prep
Mean cost (SD)
Min, max

n=415
9.00 (1.55)
3.39, 10.83

n=464
9.24 (1.43)
3.39, 10.83

0.24
(0.05 to 0.44)

.015

Consumables
Mean cost (SD)
Min, max

n=91
66.65 (84.39)
0, 435.32

n=92
78.57 (79.72)
0.19, 458.22

11.92
(-12.02 to 35.86)

.327

Implementatio
n
Mean cost (SD)
Min, max

N/A n=110
52.93 (14.77)
40.91, 91.38

N/A N/A

Overall Total Cost
**Available 
cases Mean 
cost (SD)
Min, max

N=426
190.60 
(78.89)
81.01, 
655.88

N=473
271.60 (89.42)
99.03, 713.31

81.00
(69.91 to 92.09)

<.0001

*1 patient received 200mcg flumazenil cost 13.50 per 100mcg, **mean imputation for
implementation and consumables variables where data collection only occurred at 
one site. 5 procedures excluded due to missing data across all cost variables.
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Table 15:  Cost analysis of all repeat procedures only (£ per procedure)

Component 
costs of the 
procedure:

Standard
colonoscopy

Chromocolonos
copy

Mean Cost
difference
(95% CI)

P
valu

e
Staff cost
Mean cost (SD)
Min, max

N=66
119.23 
(105.00)
18.70, 561.00

N=92
155.66 (126.39)
11.22, 546.04

36.43
(-1.15 to 74.01)

.057

Medication
Mean cost (SD)
Min, max

N=66
0.56 (0.70)
0, 2.49

N=92
0.62 (0.66)
0, 2.29

0.06
(-0.15 to 0.28)

.562

Bowel prep
Mean cost (SD)
Min, max

N=59
9.07 (2.34)
3.39, 10.83

N=85
9.80 (1.53)
3.39, 10.83

0.73
(0.09 to 1.36)

.026

Consumables
Mean cost (SD)
Min, max

66.65 78.57 11.92

Overall Total Cost
**Available 
cases 
Mean cost (SD)
Min, max

N=66
195.49 
(105.66)
94.35, 637.21

N=92
244.60 (126.97)
99.03, 635.73

49.11
(11.33 to 86.88)

.011

**mean imputation for consumables variables where data collection only occurred 
at one site. 5 procedures are excluded due to missing data across all cost 
variables 
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2.4 Discussion

This multicentre, open-label, non-inferiority RCT study demonstrated the 

feasibility of implementation of chromocolonoscopy within a population-based 

CRC screening programme in Wales. The study showed a recruitment of 82% 

of those eligible patients, acceptability among 86 % of screening centres and 

87% of colonoscopists.

Some screening colonoscopists are already familiar with the concept of 

chromocolonoscopy from their IBD surveillance procedures and will 

consequently have fewer training requirements (383). With 20 of 23 

colonoscopists from 12 of 14 screening centres in the BSW programme 

participating in the current study, the study has shown the feasibility and results

from a real-world programme-wide roll out of chromocolonoscopy. Conversely, 

previous studies have largely focused on expert centres and expert 

colonoscopists (384).

The study also demonstrated that quality standards for the technical aspects 

and patient factors including comfort scores and the quality of bowel 

preparation during the colonoscopy procedure exceeded the national 

benchmarks. This indicated high quality procedures and performance that was 

similar in each trial group.

The dye (indigo carmine) was found to be safe and consequent polyp detection 

and resection was associated with a very low rate of post-polypectomy 

bleeding, similar to the standard group. 
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Although the procedure took approximately 6 min longer in the 

chromocolonoscopy group, the 95% CI suggested that chromocolonoscopy 

would be unlikely to increase procedure times by more than 10 min. There were

more repeat procedures in the chromocolonoscopy arm which was mainly due 

to a therapeutic indication for polyp removal and to check the polypectomy site 

as part of surveillance.

The chromocolonoscopy group showed higher detection rates for proximal 

serrated lesions and sessile serrated lesions and all serrated lesions in the 

colon. In addition to this, more advanced neoplasias and significant serrated 

lesions were found in this group than the standard group. 

The health economics evaluation reported that the additional costs of adopting 

the chromocolonoscopy technique would be £81.00 per procedure. However 

further follow-up work would be required in order to assess the extent of further 

costs involved in screening surveillance as a result of improved detection. 

With the lack of reduction in mortality from proximal colon cancer with 

screening, an intervention that improves detection of proximal serrated lesions 

must be feasible within a screening programme and any increase in the 

proportion of significant proximal precursor lesions detected must be of the 

order that might affect surveillance and outcomes in the longer term. This study

also identified several other interesting findings.
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First, although distal SSL with dysplasia (SSLD) occurred only in lesions >=10 

mm, all proximal SSLD were diminutive with an average size of <=5 mm. This 

finding was consistent with another study (127) which found that most proximal 

SSLDs to be smaller than 10 mm and hence suggests the need for caution in 

setting guidelines for clinical significance based solely on the size of serrated 

lesions.

Second, in the chromocolonoscopy group (but not in the standard group), 

synchronous advanced conventional adenomas were more common in 

individuals with SSLs. There were significant associations for synchronous 

advanced adenomas with an SSL located anywhere (OR 2.42, 95% CI: 1.19-

4.93, p=0.015) or with a proximal significant SL (OR 4.10, 95% CI: 1.01-16.7, 

p=0.049) in the chromocolonoscopy arm but not in the standard arm. 

These findings are consistent with a meta-analysis (242) that showed that there

was a strong risk relationship between the presence of proximal serrated 

polyps and synchronous advanced neoplasia (OR = 2.77, 95% CI 1.71-4.46). 

Patients with proximal serrated polyps and larger serrated polyps were found to

be associated with a threefold increase in the detection of advanced neoplasia 

(OR = 3.35, 95% CI, 2.51-4.46).

Larger serrated polyps have been found to be strongly associated with 

synchronous CRC (239) and sessile serrated lesions to be associated with an 

increased risk of metachronous CRC (240, 241).
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Hence though the reasons for this finding are unclear, but the improved 

identification of otherwise occult serrated lesions by chromocolonoscopy might 

go some way in explaining the appearance of post-colonoscopy interval 

cancers in conventional screening programmes. 

Thirdly, some evidence suggested that aspirin protects against advanced 

neoplasia. Chromocolonoscopy is perceived to be time consuming, and this 

study provides quantification of the additional time taken per procedure and of 

the additional costs associated with chromocolonoscopy. The cost-

consequence analysis provides an indication of the additional resources 

required to adopt this technique and shows that additional costs are primarily 

due to implementation. 

Previous estimates of prevalence of serrated lesions have shown significant 

variation possibly partly due to inconsistency in histopathological categorisation

of these lesions.(296, 305, 385). To address this variation, unlike the previous 

randomised controlled trials involving chromocolonoscopy, this study included 

an expert gastrointestinal central pathology panel reviewing all slides of 

proximal colonic polyps (343). This will be described in detail in Chapter 3.

Randomisation was stratified by centre to ensure that any centre effects were 

balanced across trial groups. There was very little difference between groups in

technical factors affecting mucosal visualisation and consequent polyp 

detection and addressed most major sources of bias in previous studies due to 

procedure quality. This study is also the first to estimate the resource use 

associated with training and implementation of this intervention in routine 

clinical practice.
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It is difficult to completely remove bias in chromocolonoscopy because it is 

impossible to mask assessors. Withdrawal times in both groups, even where 

polyp resection was not required, were higher than the prespecified minimum 

withdrawal time of 7 min in the quality assurance criteria for BSW. 

Previous studies (225),(41) suggest that longer withdrawal times might improve

detection rates for serrated polyps. It could be that the dye promotes longer 

withdrawal times, which in turn led to the higher detection rates. However, none

of the previous studies suggest that a withdrawal time greater than 11 min 

would be effective in independently achieving a significant improvement in 

detection rates for both adenomas and serrated lesions, supporting the findings

of an independent and significant positive effect of the chromoendoscopy (284).

The use of high definition (HD) colonoscopes was not specified as a 

prerequisite, but the majority of centres and colonoscopists used HD 

colonoscopes in this study and some data from previous studies suggest that 

impact of HD colonoscopes would be uncertain in influencing the results of this 

study (386),(235).

The use of Aspirin was not specified, and data was collected for only a subset 

of patients and hence the results should be treated with caution, especially in 

this selected screening population— although sensitivity analysis in that subset 

supported the main finding of the study in proximal serrated polyp detection 

rate. This study was a feasibility study not powered to find differences in 

detection rates and a definitive trial with longer follow-up and high-definition 

colonoscopy mandated in both groups is planned. Finally, some variables were 

subject to recall bias—e.g., smoking and family history of cancer or polyps.
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In summary, Index chromocolonoscopy is safe and feasible within the CRC 

screening setting, with an acceptable increase in procedure time of 

approximately 6 minutes. It is also feasible (in terms of safety, recruitment 

rates, procedure time, and trial logistics) to do a larger randomised trial 

comparing chromocolonoscopy to standard white light colonoscopy. Such a trial

could be powered to find a difference in significant sessile serrated lesion 

detection rate at index colonoscopy as a useful surrogate end point since a 

study powered to detect a difference in PCCRC would require tens of 

thousands of participants. The higher proximal serrated polyp detection rates 

and advanced neoplasia found with chromocolonoscopy in this study contribute

data to the discussion around its effect on colonoscopy quality and PCCRC.
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Chapter 3: Histopathological aspect of serrated 

neoplasia (CONSCOP study)
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 Chapter 3 overview:

The CONSCOP study (Feasibility of reduction of right sided bowel cancer

through CONtrast Enhanced colonoSCOPy was a feasibility RCT that

compared chromocolonoscopy to standard white light colonoscopy. It was

conducted at index procedures in the bowel cancer screening programme

in Wales following a positive faecal occult blood test. Chapter 2 has

described the rationale for the study and the findings from the endoscopic

aspect of the study. This chapter describes the second part of the study

i.e., the histopathological aspect which involved the collection and central

review of the histology of all proximal colon polyps by expert pathologists.

It aims to report on the interobserver variability of serrated neoplasia

between the pathologists and understand the prevalence of serrated

neoplasia in the proximal colon following rigorous histopathological

assessment.

This chapter will start with an introduction that will describe the background

and rationale along with the varying terminologies used and the

histopathology findings in serrated neoplasia and then the aim of the study.

This will be followed by the methodology used and discussion on the

findings of the study.
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3.1 Introduction

It is widely accepted that the adenoma carcinoma sequence is the main

pathway for the evolution of adenomatous polyps to CRC. However, there

are different pathways involved in the development of CRC which include

the serrated neoplasia precursor pathway that may be responsible for up to

20% of all the sporadic CRCs particularly in the proximal colon (123). In

this pathway the precursors responsible for CRC include sessile serrated

lesions (SSLs) and the traditional serrated adenoma (TSA) (123, 387).

SSLs are endoscopically challenging to detect because of their flat and

non-polypoidal morphology. There is also a wide variation in the

histopathological interpretation of serrated polyp subtypes that can affect

the accurate categorisation of the potential precursors to the serrated

pathway (226, 292).

In view of this it is important to accurately identify these lesions

endoscopically by improving detection techniques but also there needs to

be a consistent and accurate pathological diagnosis in order to accurately

report the prevalence of these premalignant polyps (388).

In addition to the variability in recognising and reporting SSLs, there have

been two different pathological descriptions and criteria used to diagnose

SSLs. One described by the World Health Organisation (WHO) 2010 (153)

and the other by the American Gastroenterological Association (AGA)

(162). Therefore, due to inconsistent nomenclature and terminology

reported prevalence rates in studies may vary depending on the criteria

used (97, 305, 389).
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3.1.1 Terminology and histological features of serrated neoplasia

There has been significant evolution in the nomenclature of serrated

colorectal polyps over the last two decades with some differences of opinion

between the UK, European and US pathologists regarding the optimal

terminology and pathological features required to make a diagnosis of a

serrated lesion (97).

In the past all flat polyps were referred to as hyperplastic polyps until a full

appreciation of the pathological differences was established. Hyperplastic

polyps were in fact thought to be inconsequential when first described in

1971 by Lane et al (390).

It was only in 1990 that Longacre recognised that they may have some

neoplastic potential associated with serrated glandular pattern seen in

hyperplasia and coined the term serrated adenoma (117). The WHO 2000,

first used the terminology for hyperplastic polyps as encompassing all

serrated polyps without overt nuclear dysplasia and serrated adenomas

were described as superficial dysplasia in a serrated polyp.

In 2010, WHO re-classified serrated colorectal lesions into three categories

(153). The classification included 1. Hyperplastic polyp (HP) 2. Sessile

serrated adenoma/polyp (SSA/P) with or without cytological dysplasia and

3. Traditional serrated adenoma (TSA). 
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The feature that distinguishes SSL from a hyperplastic polyp is the

distortion in architecture as a result of alteration in the proliferative zone of

the crypts. The 2010 WHO diagnostic criteria defined SSA/P that satisfy

the criteria of overall distortion and normal architecture in 2 to 3 contiguous

crypts.

This classification has recently been updated by the WHO in 2019 which is

consistent with the UK guidance for pathological reporting of serrated

lesions of the colorectum (391). The updated WHO 2019 diagnostic criteria

describes the presence of a single unequivocally distorted crypt as being

diagnostic for an SSL (119) which is similar to the AGA criteria which

describes that only one crypt showing the characteristic features is

sufficient for the diagnosis of SSLs.

The updated WHO 2019 classification summarised in Table 16, includes

the following categories (119): 1.Hyperplastic polyp (HP) which

encompasses microvesicular type (MVHP) and goblet cell-rich type

(GCHP) (in the 2010 WHO criteria this also included another subtype which

was mucin poor type (MPHP), this is now deleted from the terminology) 2.

SSL and SSL with dysplasia (SSLD) 3. traditional serrated adenoma (TSA)

4. serrated adenoma unclassified (this is now a new entity).

It is recognised that there is significant interobserver variability with the

pathological reporting of serrated lesions which is also not helped by

variation in terminology and diagnostic criteria between hyperplastic polyps

and SSLs (97, 221, 293, 294).

The key histological characteristic of serrated neoplasia is summarised in 
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Table 16 with images of these features demonstrated in Figure 23.

Types of serrated lesions (as per WHO 
2019)

Histological features

1. Hyperplastic polyp (HP)
A). Microvesicular HP (MVHP) Narrow, uniform basal crypt

serration in the upper crypt
Eosinophilic mucin droplets in the cytoplasm

B). Goblet cell HP (GCHP) Less serration than MV HP
predominantly goblet cells in the epithelium

Sessile serrated lesion (SSL) Dilatation and serration at the crypt bases
branching of the crypts
horizontal extension of crypt bases (L-shaped or
inverted T shaped crypts)

Sessile serrated lesion with dysplasia 
(SSLD)

eosinophilic cytoplasm and tightly packed small 
glands
nuclear atypia

Traditional serrated adenoma (TSA) Pseudo-stratification
villous pattern with stretched or pencillate nuclei
eosinophilic predominance
ectopic crypts

Serrated adenoma unclassified

Table 16: Histological types and features of serrated lesions (WHO 2019)
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In particular, the histological features described for SSL in Table 16 and

Figure 23 are: Irregular distribution of crypts, dilatation of crypt bases,

serration present at the crypt bases, branched crypts, horizontal extension

of crypt bases (‘L’ shaped or inverted ‘T’ shaped crypts), dysmaturation of

crypts, herniation of crypts through muscularis mucosa.

Fig A: Haematoxylin eosin stain
magnification 200x of a hyperplastic
polyp with arrow highlighting mucin

vesicles

Fig B: SSL, T and L shaped crypts (arrows). H&E
stain magnification 40x

Fig C: SSL with Dysplasia (red arrow)
and pseudoinversion pattern (black

arrow). H&E, Magnification 40x

Fig D: Traditional Serrated Adenoma (TSA).
Arrow shows Penicillate nuclei. H&E stain

magnification 20x

            Figure 23: Histopathological images of serrated lesions adapted  from (122)

Copyright © 2022 by the authors. Mezzapesa M  et al. Serrated Colorectal Lesions: An Up-
to-Date Review from Histological Pattern to Molecular Pathogenesis. International 
Journal of Molecular Sciences. 2022;23(8):4461.Licensee MDPI, Basel, Switzerland.

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
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The WHO 2010 criteria (392) states that at least three crypts or at least two

adjacent crypts must show one or more of these features to enable a

diagnosis of SSL. On the other hand , the AGA criteria (393), required only

one crypt showing the characteristic features above to sufficiently diagnose

an SSL.

The prevalence of serrated neoplasia has been underestimated for many

years and has a wide reported variation in the literature from 1% to 14.7%

(124, 218-220). Since the identification of morphological and molecular

pathways that indicate an accelerated pathway to carcinogenesis i.e., the

serrated pathway, it is important to accurately differentiate the histology of

these lesions. Moreover, the malignant potential differs for the different

subtypes of serrated neoplasia. A study (237) that estimated the 10-year

CRC risk for different polyp subtypes showed that non-dysplastic SSLs

carries 2.56% risk. Dysplastic SSL and TSA are those subtypes that have

a significant malignant potential with a 10-year CRC risk of 4.43% and 4.5%

respectively (Table 17).

Hence accurate histological diagnosis is important due to different

prognosis, follow-up and response to treatment when compared to

traditional CRCs (394).
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Table 17: Estimated 10-year risk of CRC for polyp subtypes (237)

3.1.2 Aim of the study

1. To report the interobserver variability (IOV) of serrated

neoplasia between expert gastrointestinal pathologists and the

IOV between the local and expert pathologists.

2. To understand the prevalence of serrated neoplasia in the

proximal colon in a screening population following rigorous

histopathological assessment by expert gastrointestinal

pathologists using both the WHO 2010 and AGA criteria.

"Reprinted from Gastroenterology. 2016;150(4):895-902 e5., Erichsen R et al., Increased Risk 
of Colorectal Cancer Development Among Patients With Serrated Polyps. 150, (4):895-902 
e5.Copyright (2016);with permission from Elsevier”
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3.2   Methodology

The study included all participants who underwent an index screening

colonoscopy procedure and had polyps removed as a part of the

CONSCOP study. This study was a prospective, multicentre, randomised

population-based feasibility trial of dye enhanced chromocolonoscopy

versus standard white light colonoscopy involving 12 participating bowel

cancer assessment sites. All proximal colonic (defined as polyps at or

above the splenic flexure) polyps were included in the study and collected

from the local assessment centres (LAC) for central pathology review by

an expert panel. All proximal polyps reported by the local pathologists were

included regardless of the initial reported histology.

The expert panel formed part of the central review team and consisted of

three expert gastrointestinal pathologists (A, B and C). All three experts

were nationally and internationally recognised in their work in

gastrointestinal histopathology. Pre-defined standard diagnostic criteria

were agreed by the experts to avoid any variation in the final reports.

Polyp histology was based on the revised Vienna criteria and categorised

into adenomas including the grade of dysplasia and the presence of a

villous component (395). Sessile serrated lesions that fulfilled both the 2010

WHO criteria (392) and American Gastroenterology Association (AGA)

criteria (393) were categorised separately. In accordance with UK

guidance,(97) the term ‘sessile serrated lesion’ (SSL) was used for lesions

described as ‘sessile serrated adenoma/polyp’ (SSA/P). 
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The following terminology was used as pre-defined criteria for pathological

diagnosis:

1. Hyperplastic micro-vesicular (MVHP) type

2. Hyperplastic goblet cell type

3. SSL type 2 (WHO 2010 criteria-a serrated lesion where distortion

in 2 to 3 contiguous crypts demonstrate the features of an SSL)

4. SSL type 2a (AGA criteria-a serrated lesion with distortion in one

crypt)

5. Mixed polyp

6. Traditional serrated adenoma (TSA)

7. Tubular adenoma (TA)

8. Tubulovillous adenoma (TVA)

9. Villous adenoma (VA)

10.Carcinoma

11.Other (includes Normal, fibro epithelial polyps, inflammatory

polyps)

12.Other-Unclassifiable

The above was further classified by the type of dysplasia into:

a) No dysplasia

b) Low-grade dysplasia (LGD)

c) High-grade dysplasia (HGD)
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d) Dysplasia not otherwise specified (NOS) i.e., unclassifiable.

Exclusions:

Any polyp that was reported as normal deemed by consensus (there were

some slides reported as normal initially that were reclassified as having a

pathology and these were included), inadequate specimen, specimen too

damaged to characterise due to diathermy, carcinoma, slides that were not

obtained from the centre due to being lost in file or unable to retrieve were

excluded from the analysis. 

Inflammatory polyps were not excluded from the original report (because

some pathologists from the local centre thought they were Inflammatory

polyps whilst the expert pathologists did not necessarily think so).

3.2.1 Data collection method:

The methodology used to collect and process histopathology data has been

summarised in Figure 24 and Figure 25.

The case report forms (CRF) from the assessment sites were sent into the

trials unit (WCTU) and the trial manager (TM) then collated this information

onto a database. Thereafter on a weekly basis, the TM sent data with three

identifiers containing the trial number, Bowel Screening Wales (BSW)

number and date of birth to the clinical research fellow (RR) who was part

of the central study team and not a pathologist.
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The Bowel Screening Information Management System (BSIMS) is a

database that contains all the clinical information of a participant that has

undergone a procedure or participated in the programme by returning a

positive gFOBT test.

Each bowel screening participant has an identifier number assigned to them

called a BSW Number. The Specialist Screening Practitioners (SSPs) in

usual practice input details of the participant onto BSIMs from the point of

contact or consultation. The SSP is also responsible for recording details of

their procedure, outcome, and management. SSPs were advised to upload

scanned histopathology reports onto the BSIMS system as a part of the

trial. This was done to be able to extract accurate polyp histology

information from a final report which included the unique histology number,

data regarding location and size of the polyp, pathology report and details

of the assessment centre and reporting pathologist. If the pathological size

was not available (in case of piecemeal removal of polyp or fragmentation)

then the endoscopic size of the polyp was recorded (97).

By using the BSW number provided on the weekly excel spreadsheets, RR

then retrieved information from the BSIMS that included polyp data from

endoscopy reports and histopathology data of all polyps extracted from the

scanned reports and recorded this on to an Excel database. For those

reports that were not uploaded, the research fellow (RR) contacted the

individual SSPs by email requesting them to provide this data. 
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All right-sided or proximal polyps were identified as those located from the

caecum to the splenic flexure. Each histology report had a unique

identifying histology number which was required for the pathology

administrator (PA) to request slides or blocks from the local assessment

centre. RR designated a unique polyp identifier number (P number) and

assigned this to the individual proximal polyps.

On a weekly basis, RR sent a list of identified proximal polyps which

included details of the BSW number, trial number, histology specimen

identifier number, bowel screening assessment centre detail and the “P”

number to the PA who then requested for the haematoxylin and eosin-

stained slides that were then obtained from any of the 12 bowel screening

centres centrally in the pathology dept at Cardiff and Vale UHB.

Once the slides were received in Cardiff, the PA labelled the slides with the

“P” number along with the trial number, this was to ensure blinding was

complete and to prevent any bias or influence pathological diagnosis that

may potentially arise due to recognition of the centre or patient by the

individual expert histopathologists. The PA would then update the database

for the slides that were received and anonymised and set this aside in a file

ready for expert review. RR would then collate the list on a Microsoft Excel

spreadsheet which would include the P number and the trial number with

columns for the expert pathologists (EP) to report based on pre-agreed

criteria described above and sent this to the individual EP for independent

reporting. 
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The expert panel reviewed all slides independently and were blinded to the

original report. The panels individual reports were recorded on a Microsoft

Excel spreadsheet that had only the polyp number (P-which was uniquely

assigned to each slide) along with pre-populated drop-down boxes of the

pre-defined criteria. Once RR received the assessments from the 3

individual EPs, all the reports were collated, and the database was updated

to reflect those polyps that had a consensus report and those that had

differing reports. 

At regular intervals (6-8 weekly), RR organised a ‘non-consensus’ face to

face meeting during the 2-year period (2015-2017) where these slides were

discussed using multi-view microscopes till a consensus was obtained. For

those polyps where diagnostic agreement could not be obtained, these

were either discussed again at another meeting or deemed as

‘unclassifiable’.

For those slides that required to be discussed again further endoscopic

images or clinical detail regarding how the polyp was removed (for e.g.,

diathermy was used or if there was underlying inflammation in the colon)

was obtained to help come to a final decision. 

The slides that were eventually selected for the subsequent genetic study

for extraction of DNA and sequencing for mutational signatures, had the

areas of interest marked on the slides. 

The methodology involved with this has been discussed in chapter 4.
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3.2.2 Data collection and statistical analysis

Data collection included the original pathology report of all available right

and left sided polyps from the local assessment centres, expert reports of

right sided polyps as described above, location of the polyps within the right

colon, size of the polyps (pathological size recorded unless fragmented in

which case endoscopy size used), demographic data including gender,

local assessment centres in Wales (anonymised by numbers) and the

number of local pathologists. 

Data was collected onto a Microsoft Excel spreadsheet and further

statistical analysis performed using IBM SPSS Version 27. The Fleiss

Kappa statistic was used to assess and determine the interrater reliability

(IRR) or inter-observer variability (IOV) between multiple observers

(experts and local pathologists) for the polyp type, dysplasia grade and final

conclusion.

Landis and Koch (1977) (396) described Kappa value interpretation to

evaluate agreement between raters such as the following: <0 = no

agreement, 0-0.20 = slight agreement, 0.21-0.40 = fair agreement and

0.41-0.60 = moderate agreement, 0.61-0.81 = substantial agreement and

0.81-1.0 =almost perfect agreement and 1 = perfect agreement.

Any additional unusual features noted by the expert pathologists were also

described as “novel” findings from the review.
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CRF sent to WCTU CRF 
Collated 
Data Points

BSIMS 
Excel Data 
Points

CRF collated and TM to send trial No. with 
3 identifiers (BSW, initial, DOB) to RR 
every week (Friday)

BSIMS Data
download on Excel

to look for data
discrepancies.

BSW IT Team (3
identifiers:

BSW,Initials,DOB)1.RR extracts histology data from BSIMs 
&allocates ‘P’ No. to suitable polyps (right 
sided) and sends to AC and TM by email 
(Natasha to link P numbers with other 
numbers) 

2.PA uploads Linkage spreadsheet to 
server: \\cav-mort01\linkage spreadsheet

1. PA to request slides from LAC (template
letter)-Reminder letter tbs if no response in
2 weeks 

2. Attach CONSCOP labels (trial no and 
polyp No) onto slides and sends to 
pathologists 3. Update linkage sheet/dates
on server

1. 3 Pathologists to individually report on 
slides and upload onto pathology database
and send to PC and RR by email. Copy 
saved on server. 

2. RR sends path database to TM WCTU 
who merges reports onto main 
spreadsheet (once in 4 weeks) & sends 
back to RR

1. RR identifies slides with and without 
consensus and sends sheet to PC (to save
on server) 

2. Slides without consensus collated and 
RR organises 6-8 weekly meetings with 
the 3 pathologists for further discussion

1. PA to request blocks from LAC for all 
agreed serrated polyps (template letter)

2.sections from blocks identified and RR to
select for FFPE DNA extraction in genetic 
lab (PA to add dates to linkage 
spreadsheet)

Histology 
Data points

Abbreviations:

CRF-case report form, PA-pathology administrator, TM-
trial manager, WCTU-Wales Cancer trials unit, BSW-
bowel screening Wales, BSIMS-bowel screening 
information management system, DOB-date of birth, RR-
Ramaraj (researcher)
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Figure 24: Flow diagram to demonstrate the methodology used to collect histopathology data
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Figure 25: CONSCOP-Polyp Processing Flowchart
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3.3Results

3.3.1 Demographics

The total number of participants in both arms of the study (white light and

chromocolonoscopy) was 736. Of these 303/736 participants had proximal

colon polyps and 367 participants had 711 distal polyps (excluding cancers,

inflammatory polyps, unclassifiable and normal reported polyps). The

following describes the participant characteristic of those who had proximal

colon polyps. 

Around two thirds (73%) of the participants were male (N = 220) and

approximately one third (27%) were identified as female (N = 83). With

respect to smoking history, 13% were smokers (N = 38), 51% were ex-

smokers (N = 154) and 36% had never smoked (N = 110) (Table 21). The

distribution of polyps as per location in the colon is summarised in Figure

26. 

            Figure 26: Distribution of polyps by location in the proximal colon
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3.3.2 Central Pathology review of proximal polyps

A total of 772 slides of proximal colon polyps were requested from the local

assessment centres of which 757 slides were received at the centre in

Cardiff. Each of the 757 slides that were received were reported by 35

histopathologists at the 12 local assessment centres. 

Over a period from July 2015 to March 2017, 11 face-to-face meetings were

organised to discuss polyps that failed to reach a consensus on diagnosis

alongside reviewing all serrated lesions on a 6 to 8 weekly interval basis.

A total of 61/757 slides were excluded from the analysis for reasons such

as being reported as normal, unable to characterise due to diathermy

artefact or it being a damaged specimen, presence of carcinoma, distal

polyp slides sent by mistake and inflammatory polyps (N =12). Hence in

total 696 slides of proximal colon polyps were included in the final analysis,

and this was in 303 participants. 

A consensus in diagnosis was obtained in 83.3% (N = 580) of the slides at

the first reading in assessment by the experts. The remaining 116/696

(16.6%) that did not have an immediate consensus were discussed at

meetings and on further discussion a consensus was obtained in 105/116

whilst in 11/116 a consensus could not be obtained despite repeated

discussions. 

Hence in total following first and repeated reads and consensus meetings

685 out of 696 (98.4%) of the experts had an agreement with the final

diagnosis. Please refer to Figure 27 for a summary.
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Figure 27: Flowchart demonstrating slides discussed among 3 GI Experts (LAC-local 
assessment centre)
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Around 39% of serrated lesions (N = 34) needed a repeated discussion to

obtain consensus amongst experts and interestingly this included

traditional serrated adenoma (N = 1) and all of the sessile serrated lesions

with dysplasia (N = 4). Table 18 illustrates the consensus in diagnosis

amongst experts broken down by polyp type.

Polyp Type Consensus at first
read

Consensus after discussion

Total

No Yes

Adenoma 526  68 594

Mixed Polyp   3 3

HP 10  7 17

SSL 44  26 70

TSA   1 1

Other-UC  11  11

           Table 18: Consensus in polyp diagnosis among 3 GI Expert Pathologists.

Around 37% (26/70) SSLs needed to be rediscussed (Table 19) for a

consensus opinion and this included 100% of the dysplastic SSLs (N=4). 

SSLs that needed to be re-discussed

SSL Type 2 (WHO) No Dysplasia 10

SSL Type 2 (WHO) with Dysplasia 4

SSL Type 2a   No dysplasia 12

           Table 19: SSLs that needed discussion at the consensus meeting.

Of the 11 polyps where a consensus could not be reached, (N = 5) were

unclassifiable due to inadequate specimen and artefact damage. In over

half (N = 6) there was at least one expert who reported a serrated lesion

but were unable to agree on a final diagnosis (Table 20).
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LAC
Report Expert A Expert B Expert C After discussion

1 SSL LGD SSL Type 2a   
No dysplasia

SSL Type 2 
(WHO) LGD

Tubular 
Adenoma LGD

Serrated tubular 
adenoma

2 HP Hyperplastic 
Microvesicular

SSL Type 2 
(WHO) No 
Dysplasia

Hyperplastic 
Microvesicular

Hyperplastic 
Microvesicular 
(with SSL features-
difficult to say) 
hence 
unclassifiable

3 Other Other Dysplasia 
NOS

Dysplasia NOS Other-exclude 
inadequate 
specimen

4 Other-
diathermy

Tubular 
Adenoma LGD

Other-
damage

Normal Other-inadequate

5 Adenoma Normal Other-
damage

Hyperplastic 
Microvesicular

Other-inadequate

6 Other-
diathermy

Tubular 
Adenoma LGD

Other-
damage

Tubular 
Adenoma LGD

Other-inadequate

7 Adenoma Other Other-? 
SSL

Hyperplastic 
Microvesicular

Other-
unclassifiable too 
much damage 

8 HP Normal Other Hyperplastic 
Microvesicular

Other-
Unclassifiable

9 HP Normal SSL Type 
2a   No 
dysplasia

SSL Type 2a No 
dysplasia

Other-
Unclassifiable

10 Normal Hyperplastic 
Microvesicular

SSL Type 
2a   No 
dysplasia

Normal Other-
Unclassifiable

11 Adenoma Other Tubular 
Adenoma 
LGD

Other Other-
Unclassifiable

          Table 20: Proximal Polyps that did not reach a consensus after review by the Experts 
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Total No of Participants in the study *** 736
No of participants with Proximal colon 

Polyps
Distal Colon

Polyps
303 367

Characteristics of participants with proximal polyps
Gender  

 Male 220
 Female 83

Smoking History Smoker 38
 Ex- Smoker 154
 Never 110
 Unknown 1
No of Proximal Colon Polyps included 696
Consensus obtained by 
Expert Pathologists

First Read 580

Total No. with expert consensus-final read 685
Distribution by Site in the Proximal Colon
 Ascending 

Colon 
213

 Caecum 128
 Hepatic 

Flexure
53

 ICV 1
 Splenic 

Flexure
35

 Transverse 
Colon

266

Average size of Polyps in mm 5.5
No of Polyps by Size in mm <10mm 604
 10-19mm 73
 >20mm 18
 Unknown 1
Polyp Type (Proximal Colon) Dysplasia Experts  LAC
Adenoma (Total) 594 573
Adenoma HGD 3 1
Adenoma LGD 591 570
Adenoma LGD+HGD 0 2
Mixed Polyp (MP) 3 6

MP LGD 2 6
MP LGD+HGD 1
Serrated Lesion (SL) Total 88 96
SL LGD 4 5

No Dysplasia 83 24
Other-UC 11 16

Serrated Lesions – subtype Hyperplastic 1 63
 Hyperplastic 

Goblet Cell
5 3
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 Hyperplastic 
Microvesicular

11 0

 SSL Type 2 
(WHO)

57 24

 SSL Type 2a 13 N/A
 TSA 1 1
Advanced adenoma* 84
Advanced SSL*  17

* An advanced adenoma’ was defined as a conventional adenoma with either high grade 
dysplasia (HGD), >25% villous histology, or measuring >10mm in size. ‘Serrated lesions’ 
(SLs) incorporated hyperplastic polyps, SSLs and traditional serrated adenomas (TSAs). 
‘Significant SLs’ incorporated SSLs with dysplasia of any size, SSLs measuring >10mm 
and all TSAs. The term ‘advanced neoplasia’ incorporated all advanced adenomas and 
all significant SLs.***Participants with adequate bowel preparation 

Table 21: Summary of Polyp characteristics including demographics, location and
histology

3.3.3 Reclassification of Hyperplastic Polyps and 

SSLs:

The histopathological distinction between hyperplastic polyps and sessile

serrated lesions can be quite challenging (397) and there is often discrepant

classification interchanging the two types of serrated neoplasia. Of the 13

polyps that had a final histological diagnosis of SSL type 2a, 12 polyps

needed to be rediscussed to obtain a consensus opinion. 2 out of 3 experts

were of the opinion that 6/12 polyps were hyperplastic micro vesicular type

and the remaining expert reported 1/12 polyps to be hyperplastic (subtype

not specified). 
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There was only 1/13 polyp that had concordance. However, In comparison

to the local assessment centre, all 13 polyps were reported to be

hyperplastic polyps. It also appears that the local assessment centres

reported a larger number of hyperplastic polyps in comparison to the expert

centres.

Table 22 demonstrates that the expert centre reported 70 SSLs (both WHO

2010 and ACG which is the current WHO 2019) in comparison to 30 SSLs

at the local centres. 

However, 65 hyperplastic polyps were reported at the local centres in

comparison to 17 at the expert centre. Of the 65 hyperplastic polyps that

were initially reported by the LPs (Figure 28), when reviewed by the EPs, 8

were reclassified as adenomas, 30 (46.1%) were reclassified as SSLs

(Figure 28) and 3 were reclassified as other or unclassifiable. There were 2

SSLs from the LP that were reclassified as hyperplastic polyps by the EP.

Polyp type

Local pathologists Total-
expert
reportAdenoma MP HP SSL TSA UC

Final read 

expert 

pathologists

Adenoma 566 3 8 2 0 15 594
MP 2 1 0 0 0 0 3
HP 1 0 12 2 0 2 17
SSL 1 2 42 25 0 0 70
TSA 0 0 0 0 1 0 1
UC 3 0 3 1 0 4 11

Total LAC 573 6 65 30 1 21 696

Table 22: Comparison of individual polyp type reports between the experts and LAC
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Figure 28: Serrated neoplasia reported by Local assessment centre (LAC) vs. Experts
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3.3.4 Inter-observer variability (IOV) of serrated 

neoplasia

Three expert pathologists independently reported 696 slides/polyps as per

stringent criteria and their opinions were blinded to each other as well as

blinded to the local histopathology report. There were no identifying factors

such as patient ID or origin from hospital on the slide and this was masked

by a label that had the trial number and the unique Polyp ID assigned. On

the first read between the experts there was 83.3% overall concordance

that improved to 98.4% concordance on subsequent discussions and

reads.

3.3.4.1 IOV by polyp type

Polyp type included the following categories: tubular adenoma,

tubulovillous adenoma, villous adenoma, hyperplastic, SSL type 2 (WHO),

SSL type 2a and TSA. 

3.3.4.1.1 Between expert pathologists

The overall Kappa coefficient for the above categories on first read was

0.70 (95% CI 0.67-0.73) indicating an overall substantial agreement

between the experts in the categorisation of all polyp types. When this was

applied to the individual polyp type categories the following observations

were made (Table 23). The mean interobserver agreement was almost

perfect with a Kappa value of 0.83 (95% CI 0.78-0.86) for tubular adenoma,

substantial agreement in tubulovillous adenoma (K=0.61; 95% CI 0.56-

0.65) and fair agreement in the reading of villous adenoma (K=0.33; 95%

CI 0.28-0.37). 
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For serrated neoplasia the following observations were made. For

hyperplastic polyp type there was moderate agreement (K=0.53; 95% CI

0.48-0.57), almost perfect agreement for SSL type 2 WHO polyps 0.86

(95% CI 0.81-0.90), fair agreement for SSL Type 2a (K=0.33; 95% 0.28-

0.37) and TSA (K=0.30; 95% CI 0.25-0.34). 

There was fair agreement in the reading of SSL type 2a (ACG criteria)

amongst the experts This study predated the updated WHO 2019 criteria.

Hence if the WHO 2019 criteria were used to categorise SSLs (includes

both SSL Type 2 and 2a) then there would be almost perfect agreement (K

= 0.88; CI 0.83-0.92).

3.3.4.1.2 Between Experts and Local Pathologists

The overall Kappa coefficient for polyp type between the final read of the

experts and the Local Pathologists (LP) was 0.78 (95% CI 0.70-0.85) which

was a substantial agreement. However, when applied to individual polyp

types (Table 23), for adenomas, there was substantial, fair, and moderate

agreement for tubular adenomas (K=0.83; 95% CI 0.78-0.86), tubulovillous

adenomas (K 0.61, 95% CI 0.56-0.65) and villous adenomas (K=0.33, 95%

CI 0.28-0.37) respectively.

For serrated neoplasia, as the LAC did not have pre-agreed criteria as the

experts, IOV was analysed for hyperplastic, SSL type 2 and TSA polyp

types. The IOV was fair for hyperplastic polyps (K=0.27, 95%CI 0.20-0.34),

moderate for SSL Type 2 (WHO) (K=0.55, 95% CI 0.48-0.63) and perfect

for TSAs (K=1, 95% CI 0.93-1.07, N=1). 
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Polyp type

Total no
of polyps
that at
least one
expert
classified
in this
category

IOV of Polyp type
between 3 EPs on first
Read (Fleiss Kappa)

Percentage
agreement
between EP

IOV between final read of
EP and LP

First
Read
IOV
Kappa
(95%
CI)

Interpretation
of Kappa score First Read %

EP and
LP
Kappa
(95%
CI)

Interpretation
of Kappa score

Tubular
Adenoma 558

0.83
(0.78-
0.86)

Almost perfect
92.1

0.71
(0.64-
0.79)

Substantial

Tubulovillous
Adenoma 31

0.61
(0.56-
0.65)

Substantial
35.5

0.39
(0.32-
0.47)

Fair

Villous
Adenoma 5

0.33
(0.28-
0.37)

Fair
20

0.42
(0.35-
0.50)

Moderate

Hyperplastic
17

0.53
(0.48-
0.57)

Moderate
58.8

0.27
(0.20-
0.34)

Fair

SSL Type 2
(WHO) 57

0.86
(0.81-
0.90)

Almost perfect
75.4

0.55
(0.48-
0.63) Moderate

SSL Type 2a
13

0.33
(0.28-
0.37)

Fair
7.7

NA NA

TSA
1

0.30
(0.25-
0.34)

Fair
0

1
(0.93-
1.07) Perfect

SSL WHO 2019
70

0.88
(0.83-
0.92)

Almost Perfect
83.1

NA NA

Table 23: IOV of Polyp type between Expert Pathologists (EP) and IOV between EP and   
Local Pathologists (LP)
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3.3.4.2 IOV of grade of dysplasia:

3.3.4.2.1 Between the experts

There was strong (almost perfect) agreement for the interpretation of no

dysplasia and low-grade dysplasia and moderate agreement for high-grade

dysplasia (Table 24) amongst the experts.

3.3.4.2.2 Experts and LAC

The overall agreement between the final read of the experts and LAC for

the grade of dysplasia was substantial (K=0.78 (95% CI 0.71-0.85). 

When this was analysed further, no dysplasia and low-grade dysplasia had

substantial agreement and high grade had a fair agreement (K=0.28, 95%

CI 0.21-0.36). 

Dysplasia
type

No. of slides
that at least 
one expert 
classified in 
this category

Dysplasia IOV first read EP Dysplasia IOV final read EP and
LP

Kappa (95% 
confidence 
interval)

Interpretation 
of K value

Kappa (95% 
confidence 
interval)

Interpretation of 
K value

None 94 0.88 (0.84-
0.92)

Almost perfect 0.80 (0.73-
0.87)

Substantial

Low 
grade 

598 0.87 (0.82-
0.91)

Almost perfect 0.78 (0.70-
0.85)

Substantial

High 
grade 

4 0.53 (0.49-
0.57)

Moderate 0.28 (0.21-
0.36)

Fair

Table 24: Based on Dysplasia grade, IOV between EP and IOV between EP and LP
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3.3.4.3 IOV between the subtypes of serrated lesions:

Figure 29 shows the shows the interobserver variability (IOV) between the

different subtypes of serrated lesions between the three expert pathologists

(EP). There was almost perfect agreement for SSL type 2 (WHO) no

dysplasia (K= 0.87, 95% CI 0.83-0.91), there was fair agreement for

hyperplastic goblet cell type (K= 0.36, 95% CI 0.32-0.40), TSA (K = 0.30,

95% CI 0.25-0.34) and SSL type 2 (WHO) with dysplasia (K= 0.22, 95% CI

0.18-0.26). There was moderate agreement for hyperplastic Microvesicular

type (K= 0.51, 95% CI 0.47-0.56).

Figure 29: Interobserver variability of serrated neoplasia subtypes between the 3
experts
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The IOV between the final read of the EPs and the LPs revealed a fair

agreement for hyperplastic and SSL with dysplasia (Figure 30, Table 25),

perfect agreement for TSA and moderate agreement for SSL with no

dysplasia.

IOV between the final read of the EP vs. LP

Histology Kappa 95% CI

HP 0.248 0.17 – 0.32

SSL without

dysplasia

0.424 0.35 – 0.49

SSL with dysplasia 0.217 0.14 – 0.29

TSA 1.000 0.92 – 1.07

Table 25: Interobserver variability of serrated neoplasia between the expert 
and local pathologists

Abbreviations: IOV-interobserver variability; HP-Hyperplastic Polyp; SSL-sessile 
serrated lesion; TSA-traditional serrated adenoma
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Figure 30: Comparison of Kappa agreement of serrated neoplasia between 
expert     pathologists (EP) and EP vs local assessment centre (LAC) pathologists
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3.3.5 Prevalence of serrated neoplasia

Following a review by the expert pathologists (Table 26), the total number

of serrated lesions (HP, SSL, TSA) was N = 88 in 68 participants. Hence

the prevalence of serrated lesions in the proximal colon where a participant

had at least one serrated lesion was estimated to be 9.2%. 

However, if hyperplastic polyps were to be discounted and only significant

serrated neoplasia was to be included i.e., SSL type 2/2a, SSLD and TSA

then this would be N= 56, with a prevalence of significant serrated lesions

in the proximal colon calculated to be 7.6% (56/736).

Figure 31: Distribution of serrated 
lesions in the proximal colon

(88/696)

Prevalence of SL proximal colon= ℎ  ( =68)

ℎ  ( =736)
=9.2%



216

Without rigorous histopathological assessment by the expert pathologists,

if the prevalence of serrated neoplasia (HP, SSL, TSA) in the proximal colon

was based on the local pathology reports then this would be estimated to

be 7.9% (58/736). 

However, the prevalence of significant serrated lesions in the proximal

colon (SSL with and without dysplasia and TSA) would be reduced further

to 3.3% (number of participants with a significant serrated lesion= 24). 

This would not have altered surveillance intervals as there were

concomitant proximal colon adenomas present in this cohort. 

 
Expert Pathology Review Local Pathology Review

Polyp Type
Pts with >

1 SL
Pts with

1 SL
Total

Pts with
> 1 SL

Pts with
1 SL

Total

Hyperplastic 1 1 42 8 50

Hyperplastic Goblet Cell 1 4 5

Hyperplastic 
Microvesicular

3 8 11

SSL Type 2 (WHO) with 
and without dysplasia

13 44 57
16 7 23

SSL Type 2a 1 12 13

TSA 1 1 1 1

Total 20 68 88 59 15 74

Table 26: Distribution of serrated neoplasia in participants based on expert and local 
pathology review
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3.3.6 Novel findings:

There have been several suggestions regarding the morphological variation

in serrated lesions in the recent years (145). There have been minor

morphological variants with distinct molecular features that have been

defined recently. This includes (145) serrated tubulovillous adenoma,

mucin rich variant of traditional serrated adenoma and superficially serrated

adenoma. Additionally, dysplasia not otherwise specified (NOS) has been

added to the dysplasia subtypes of SSLs. The above morphological

variants have not been added to the recent WHO 2019 criteria as further

clinicopathological and molecular data is required of the above for it to be

included.

During the period when the above study which was conducted between

2015-2017, we were aware that there was description of serrated

tubulovillous adenoma (sTVA) in the literature published in 2016 (398).

Bettington et al from Brisbane, described a subset tubulovillous adenomas

with prominent serrated architecture along with ectopic crypt formations

(ECF) with distinct morphological features from TSA (for which these polyps

can be misdiagnosed as however the absence of typical TSA type cytology

and slit light serration is key to make the correct diagnosis) and

conventional tubulovillous adenomas. 

The group demonstrated that with set criteria for diagnosis of sTVA

reliability and reproducibility of diagnosis was feasible and the authors

hypothesised that KRAS mutation is associated with the development of

morphological serration in these polyps. 
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In addition to this they found that sTVA was most commonly found in the

proximal colon and larger in size with presence of advanced histology

compared to conventional TVAs. They also harboured KRAS mutation

more frequently and showed more frequent CIMP in comparison with

conventional TVA. There were no cases that showed MLH1 loss or BRAF

mutation in the sTVA. Hence the group collectively hypothesised that these

polyps may be precursors of KRAS-mutated, microsatellite stable (MSS)

colorectal carcinomas.

Our group were unaware of any other morphological descriptions of

serration in conventional adenomas apart from what has been described

as above in the literature at the time of our study.

It was observed in the cohort analysed that in addition to serrated TVA

(‘Brisbane lesion’) that there were some tubular adenomas (TA) that also

had some serrated features which varied from conventional TAs. This

included presence of serrated features either greater than or less than 50%,

occasional or prominent ectopic crypts and a grade of mucinous component

present as well. Around 252 slides of tubular adenomas were reviewed by

the group again to attempt to categorise these tubular adenomas for

subsequent analysis for their molecular characterisation. Hence one of the

novel findings in this study was an attempt to describe another

morphological entirety called serrated tubular adenoma (sTA) or the

‘Cardiff’ Lesion.
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Based on this the following diagnostic criteria was recommended for both

sTVA and sTA. 

Scoring of mucinous components for both Cardiff and Brisbane 
Lesions

Grade % Mucinous component
1 0-25%
2 25-50%
3 50-75%
4 76-95%
5 >95%

Categorisation of Tubular Adenomas for molecular characterisation
1 Conventional Tubular Adenoma
2 Tubular Adenoma with serrated features <50%

2a with occasional/ seldom Ectopic crypts
2b Prominent Ectopic Crypts

3 Tubular Adenoma with serrated features >50% (Cardiff 
lesion)- %mucinous 

Categorisation of Tubulovillous Adenomas for molecular 
characterisation

1 Conventional Tubulovillous Adenoma
2 TVA <50% Serrated features
3 TVA >50% Serrated features
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Based on the above, categorisation the expert pathologists reviewed 252

tubular adenomas and attempted to categorise them based on the above

classification system. These slides were also marked for future molecular

and genetic studies.

Categorisation of serrated TVA: there were 22 TVA polyps reviewed of

which,  

1. Conventional TVA (N = 2)

2. TVA with less than 50% serrated features (N= 6) and

3. Serrated TVA (N=22)
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Since our study which has not been published yet, there has been a group

that has describe superficially serrated adenomas (N = 20) (399) however

these lesions are mostly located in the distal colon and there was no

diagnostic criteria for categorisation used however further studies on these

polyps have shown high frequencies of KRAS mutations similar to

precursors of KRAS-mutated MSS CRC. There was in fact a case report in

2019 that reported a sigmoid colon cancer with KRAS mutation originating

from a superficially serrated adenoma (400).

In summary, there appear to be distinct morphological variants of

adenomas with serrated features that appear to have features that might

contribute to CRC. This is an observation from the study and the

significance of this would require additional research including a larger

study that would include further validation and analysis of the above

alongside immunohistochemistry and molecular genetic studies that may

add more information to inform cancer risk that may contribute to the

literature. 

3.4Discussion

This chapter attempts to explore the histopathological and morphological

features of colorectal polyps and in particular serrated neoplasia and tries

to firstly, understand the prevalence of serrated neoplasia in the proximal

colon in an organised CRC screening programme in Wales. This is

following rigorous histopathological assessment by expert pathologists

using both WHO 2010 and AGA categorisation.
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Secondly to understand the interobserver variability in the histological

diagnosis of serrated neoplasia and other colorectal polyps between

pathologists (both expert and local pathologists) following rigorous review

of polyp histology in proximal colon. This is important, as variation in

histopathological classification of colorectal polyps by pathologists could

result in a variation or inconsistencies in the surveillance interval

recommendation given to participants (295-299).

In this study, a consensus in histopathological diagnosis was obtained in

83.3% of the 696 polyp slides that were discussed. Around one third of the

slides that were rediscussed (34/116) were serrated lesions that included

all SSLD (N = 4) and TSA (N =1). The polyp slides whereby a consensus

could not be obtained (11/696), majority (9/11) a consensus could not be

obtained as there was too much damage to the specimen however in 2/11,

a consensus could not be obtained despite repeated discussion and

deemed to be unclassifiable. These 2/11 included serrated tubular

adenoma and a hyperplastic Microvesicular polyp with serrated features. 

Even though this is a smaller cohort, it demonstrates the difficulty to obtain

a histological diagnosis in serrated lesions even amongst expert

pathologists.

The study highlights the role of clear and unambiguous criteria in the

assessment of serrated neoplasia. The IOV using kappa values between

the three expert pathologists showed a fair concordance rate with TSA, SSL

type 2a however an almost perfect concordance with the diagnosis of SSL

type 2 (WHO 2010).
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Whilst there was fair agreement in the reading of SSL type 2a (ACG criteria)

amongst the experts which is the involvement of at least one crypt as per

the criteria used by the AGA and incorporated into the current study. This

study predated the updated WHO 2019 criteria. Hence if the WHO criteria

2019 was used to categorise SSLs (includes both SSL Type 2 and 2a) then

there would be almost perfect agreement (K = 0.88; CI 0.83-0.92).

When the experts were compared to the local pathologists, the

concordance was fair for hyperplastic polyps, moderate for SSL type 2

(WHO) and perfect for TSA (N=1). The poor concordance in hyperplastic

polyps has been described in the literature and it is estimated that 20 to

30% of lesions previously classified as hyperplastic polyp currently

correspond to SSLs and TSAs (394, 401).

In the study, there were only 4 dysplastic SSLs, and the concordance was

fair amongst the experts and the local pathologist. Interestingly all these

polyps occurred in males and the average size of these polyps was 5 mm.

The review of the additional comments that were made by the individual

expert pathologists reveal the diagnostic difficulty with these polyps. These

included a differential diagnosis of traditional serrated adenoma with low

grade dysplasia, a mixed polyp with both adenomatous and serrated

features with low grade dysplasia and hyperplastic micro vesicular polyp.

This may be reflective of the histological heterogeneity of sessile serrated

lesions with dysplasia (402).
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We also observed in this study that around 46% of hyperplastic polyps that

were reported at the local assessment centre were re-classified as sessile

serrated lesions. Though as a result of reclassification this did not

significantly impact surveillance intervals of these participants.

The prevalence of significant serrated neoplasia in the proximal colon with

rigorous review by the experts revealed a rate of 7.6% versus 3.3% if

stringent criteria and review were not applied as in the local pathologists’

report. In this study, this would not have led to a change in surveillance

strategy given that all the participants who had significant proximal serrated

lesions also had synchronous proximal adenomas.

Hence although this did not lead to a change in surveillance due to the

presence of concomitant adenomas in this study, it has significant

implications for those who may not have synchronous adenomas.

According to the literature (292-294, 391, 394, 403, 404) there remains a

difficulty related to the adoption and interpretation of the classification of

serrated lesions by pathologists probably related to a degree of subjectivity

of existing histological criteria but also due to the different classification

systems (previously ACG and WHO 2010 which has now been unified by

the recent WHO 2019 criteria). In addition to this there might be unique

polyp characteristics that might lead to a potential diagnostic dilemma in all

types of colorectal polyps.
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The interobserver variability in different series of studies show that most

report a poor to fair concordance for serrated neoplasia in studies from

2009 (293, 405, 406), 2011(407), 2014 (295). In a few studies (2008) there

was good interobserver concordance (408) and fair to good in a study in

2014 (292). Ensari et al (294) also reported very good concordance for

serrated lesions, hyperplastic and TSA.

Sessile serrated lesions with dysplasia (SSLD) are also thought to be

precursors of interval CRC as they are rapidly progressive, difficult to detect

endoscopically and can sometimes be incompletely resected (291).

Dysplastic SSL and TSA also have a significant malignant potential with a

10-year CRC risk (237) of 4.43% and 4.5% respectively (Table 17).

Histologically, these lesions have also been described to have different

patterns of dysplasia including subtle architectural and cytological changes

and often requires immunohistochemical studies to identify the MLH1 loss

of expression (402) which is the critical molecular event underpinning lesion

progression.

Discrepancies in classification of those polyps that have a higher risk of

developing CRC particularly those with high grade dysplasia or dysplastic

serrated lesions or TSA could lead to a recommendation of a longer

surveillance interval that could contribute to the development of interval

cancers due to the underlying biology of these polyps.
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Surveillance guidelines following the removal of serrated polyps have

different recommendations in the UK, Europe and the USA. For example a

sessile serrated lesion less than 10 mm without dysplasia has no

recommended surveillance if in the UK, 10 years if in Europe and five years

if in USA. For high risk lesions such as SSLD it is a one of colonoscopy at

three years for all three continents (200).

Hence the strategies for surveillance of these polyps can only be

adequately used after accurate histological diagnosis (394).

Strategies that may help to improve the accuracy of histological diagnosis

of SSLD and TSA could include a second gastrointestinal pathology review.

In addition to this, addition to this MLH1 immunohistochemistry could be a

useful ancillary test to support the diagnosis of dysplasia in SSLs however

this should only be recommended in certain situations that include

equivocal cytological atypia secondary to inflammation, those with mild

morphological changes and minimal deviation dysplasia (402) however this

may not be useful in those lesions that have unequivocal architectural and

cytological dysplasia as MLH1 may not alter the final diagnosis. 

The other factor that could potentially help in accurate identification of these

high risk lesions is endoscopic recognition of these lesions and with the

advent of AI could potentially improve in the future and a close collaboration

between the endoscopist and histopathologist to ensure accurate reporting

(291).
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The fair concordance of at-risk lesions between the centre and local centres

could be reflective of training. However, all pathologists in Wales who report

polyps in the bowel screening programme undergo regular specialist

training. Setting key performance indicators for diagnosis of these lesions

in pathology units similar to colonoscopy may help to understand standards

and improvement of diagnosis.

We also observed in this study that around 46% of hyperplastic polyps that

were reported at the local assessment centre were re-classified as sessile

serrated lesions. This has also been widely reported in the literature and

one large retrospective study done in 2013 (409) over a four-year period

reclassified 30 to 60% of hyperplastic polyps into sessile serrated lesions.

This study did not include inter observer variability.

Due to the inherent difference in the risk of malignant transformation of

serrated polyps located in the proximal colon and the consequence on

colonoscopic surveillance (294, 410, 411), distinguishing between

hyperplastic polyps and sessile serrated lesions is important (294). SSLs

are more common in the proximal colon and hyperplastic polyps are more

common in the distal colon (97). Reclassifying hyperplastic polyps as

serrated lesions has important clinical implications such as interval cancer

risk depending on presence of dysplasia and surveillance guidelines for the

individual. Patients with serrated lesions, especially SSLs, may have a

higher risk of synchronous or metachronous colorectal neoplasia (412)

compared to those with conventional adenomas.
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Accurate pathological diagnosis is important to help to identify risk to the

individual but also to inform surveillance intervals particularly in those

participants who isolated advanced serrated neoplasia or those who have

hyperplastic polyps misclassified as serrated lesions which can potentially

reduce the frequency of surveillance intervals or in the vice versa increase

surveillance intervals thereby reducing the potential for developing interval

cancers.

In this cohort, as a result of the reclassification this did not change

surveillance interval significantly due to small numbers and presence of

concurrent polyps. However, if the current UK surveillance guidance is

applied for high-risk criteria, then N=5 would have changed to 3-year

surveillance from the previously recommended one year surveillance.

The possible future solutions to improve interobserver concordance of

serrated neoplasia could include the following: 

1. Access to training, Although there are national guidelines and training

days for histopathologists perhaps it would be helpful if each unit were to

have nationally agreed key performance indicators based on population

prevalence and method of ascertainment of these lesions 

2. There is a need to reduce subjectivity and introduce standard criteria for

improving the diagnostic accuracy of serrated neoplasia (for example the

presence of ectopic crypts). Perhaps the development of diagnostic tools

to help like microscopic criteria for diagnosis of serrated lesions and

practical application could be helpful. 
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3. Diagnostic reproducibility of serrated neoplasia improves when

diagnostic criteria have been adopted. For example, increased recognition

of criteria like crypt distortion or whole length serration leads to increase

agreement (297). In addition to this this also improves with time and

educational emphasis on criteria.

4. The use of immunohistochemistry in appropriate cases such as MLH1,

BRAF, Annexin 10, A10 and molecular markers such as methylation assays

could potentially help in the future. 

5. The use of artificial intelligence (AI) augmented digital system could

potentially help with the improvement and accuracy in classification of

colorectal polyps and reproducibility by pathologists compared with a

standard microscopic assessment (413).

A study (413) demonstrated that pathologists using the microscope digital

system did not outperform the stand-alone deep learning model and

recognise the importance of pathologist knowledge and experience to bring

value especially in challenging cases where a deep learning model without

adequate training and validation may be inaccurate. 

Hence future directions could include refinement of both underlying deep

learning models and development of further pathological diagnostic criteria

that could potentially lead to gains when an AI augmented system is

utilised.
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The limitations of the study were: 1. Reproducibility or intraobserver

variability amongst the experts was not assessed. This would have helped

to understand whether specific additional criteria would have been needed

to ensure reproducibility of diagnosis particularly in those difficult to

diagnose polyps such as the sessile serrated lesions with dysplasia and

traditional serrated adenomas. Though these slides were discussed at

consensus meetings it involved discussion as a group as opposed to review

of these the slides individually. When strictly defined and standardised

diagnostic criteria is used there is considerable improvement in the

diagnostic reproducibility of reporting serrated neoplasia (294).

2. The second limitation was that the local pathologists did not have the

standard pre-defined criteria that was agreed amongst the expert

pathologists. This could potentially explain significant variation and the fair

concordance for hyperplastic polyps as local reporting had to be

standardised retrospectively for analysis.

3. Thirdly – the study (CONSCOP) was set up for proximal polyps only and

perhaps rigorous histological process should have been included distal

polyps as well which may have helped to answer any difference in

surveillance intervals.
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4. The other limiting factor to take into consideration in determining the

prevalence of serrated neoplasia in this particular study of a screened

population is the low sensitivity of gFOBT which was the screening test

used during this study. Faecal blood testing i.e. either by gFOBT (55, 213)

or FIT (214, 215) demonstrates low detection rates for adenomas especially

those located in the proximal colon. Studies have shown that gFOBT. has

a negligible or minimal effect on CRC incidence (20, 21) and data is limited

as to the sensitivity of detecting proximal serrated neoplasia. The sensitivity

of FIT for SSLs using a threshold of 20ug Hgb/g faeces was reported in

one study to be 6.2% (in comparison to 20.9% for advanced adenomas)

(24).

In conclusion, this prospective study demonstrated the interobserver

variability in the reporting of serrated neoplasia and also explores the

possible factors that can help to improve concordance. It also reports the

prevalence of serrated neoplasia in a screening population. The future

direction could include the use of digital technology and artificial intelligence

alongside molecular studies to help to reduce subjectivity of interpretation

and recognition of morphological variants that can potentially help in the

further determination of risk of these polyps alongside molecular genetic

analysis.



232



233

Chapter 4- Mutational Signatures in Serrated Neoplasia
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4.1 Introduction:

C R C   i s   a   h e t e r o g e n o u s   d i s e a s e ,   a n d   t w o   t h i r d s   o f   C R C s   a r i s e   t h r o u g h   t h e   

c l a s s i c a l   c h r o m o s o m a l   i n s t a b i l i t y   p a t h w a y   h o w e v e r   1 5   t o   3 0 %   a r i s e   t h r o u g h   

t h e   s e r r a t e d   n e o p l a s i a   p a t h w a y ( 7 1 ,   8 1 ,   1 2 3 ) .   T h i s   r e s u l t s   i n   C R C   t h a t   o c c u r s 

f r o m   p r e c u r s o r   s e r r a t e d   l e s i o n s   w i t h   d i f f e r e n t   h i s t o p a t h o l o g i c a l ,   

m o r p h o l o g i c a l   a n d   m o l e c u l a r   d i f f e r e n c e s   f r o m   t h e   t r a d i t i o n a l   a d e n o m a s   

( 4 1 4 ) . 

I n   t h e   l a s t   t w o   d e c a d e s   t h e   l a n d s c a p e   o f   C R C   h a s   b e e n   m o d i f i e d   b y   t h e   

e x p l o s i o n   o f   m o l e c u l a r   b i o l o g y   t e c h n i q u e s   ( 4 1 5 ) . 

T h e   m o l e c u l a r   p a t h o g e n e s i s   o f   s e r r a t e d   n e o p l a s i a   h a s   b e e n   d e s c r i b e d   i n   

d e t a i l   i n   c h a p t e r   1 . 4   a n d   i n c l u d e s   t h e   l i f e s t y l e ,   e n v i r o n m e n t a l   f a c t o r s   t h a t   

i n f l u e n c e   s e r r a t e d   n e o p l a s i a   d e v e l o p m e n t   t h r o u g h   t h e   i n t e r p l a y   w i t h   

e p i g e n e t i c s . 

T h i s   c h a p t e r   w i l l   d e s c r i b e   t h e   c o n c e p t   o f   m u t a t i o n a l   s i g n a t u r e s   i n   r e l a t i o n   t o   

s e r r a t e d   n e o p l a s i a   a n d   t h e r e a f t e r   d e s c r i b e   t h e   a i m s ,   m e t h o d o l o g y ,   r e s u l t s   

a n d   c o n c l u s i o n s   o f   t h e   s t u d y   t h a t   w a s   u n d e r t a k e n . 

4.1.1 Mutational signatures:

T h e   m e t a m o r p h o s i s   f r o m   a   n o r m a l l y   f u n c t i o n i n g   c o l o r e c t a l   c e l l   t o   a n   i n v a s i v e   

c a r c i n o m a   i s   f u e l l e d   b y   t h e   a c q u i s i t i o n   o f   s o m a t i c   m u t a t i o n s   ( 4 1 6 ) .   T h e   

m a j o r i t y   o f   s o m a t i c   m u t a t i o n s   f o u n d   i n   a   c a n c e r   g e n o m e   a r e   c o n s i d e r e d   

p a s s e n g e r   m u t a t i o n s   a s   t h e y   d o   n o t   p l a y   a   d i r e c t   r o l e   i n   c a r c i n o g e n e s i s   

h o w e v e r   t h e r e   a r e   a   s m a l l   n u m b e r   o f   s o m a t i c   m u t a t i o n s   c a l l e d   d r i v e r   

m u t a t i o n s   t h a t   a r e   p o s i t i v e l y   s e l e c t e d   a c r o s s   c a n c e r   g e n o m e s   a n d   c o n f e r   a   

c l o n a l   g r o w t h   a d v a n t a g e   ( 4 1 6 ,   4 1 7 ) . 
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T h e r e   a r e   s p e c i f i c   p a t t e r n s   o f   s o m a t i c   m u t a t i o n s   w h i c h   a r e   c a l l e d   m u t a t i o n a l   

s i g n a t u r e s   t h a t   a r e   i m p r i n t e d   b y   d i f f e r e n t   m u t a t i o n a l   p r o c e s s e s   o p e r a t i v e   

t h r o u g h   t h e   l i n e a g e   o f   a   c a n c e r   c e l l   ( 4 1 6 ,   4 1 7 ) . 

S o m a t i c   m u t a t i o n s   t h a t   a r e   p r e s e n t   i n   c a n c e r   g e n o m e s   m a y   a r i s e   d u e   t o   

v a r i o u s   f a c t o r s   s u c h   a s   a n   i n t e r p l a y   a m o n g   D N A   d a m a g e ,   D N A   r e p a i r   a n d   

D N A   r e p l i c a t i o n ( 4 1 8 ) .   T h e s e   s o m a t i c   m u t a t i o n s   c a n   b e   a t t r i b u t e d   t o   s p e c i f i c   

e x p o s u r e s   s u c h   a s   t o b a c c o   s m o k i n g   a n d   l u n g   c a n c e r   a n d   u l t r a v i o l e t   l i g h t   i n   

s k i n   c a n c e r s   ( 4 1 8 ,   4 1 9 )   o r   t o   a b n o r m a l i t i e s   o f   D N A   m a i n t e n a n c e   s u c h   a s   

d e f e c t i v e   D N A   m i s m a t c h   r e p a i r   i n   s o m e   C R C s   ( 4 1 8 ,   4 2 0 ) .   B u r i e d   w i t h i n   t h e   

s o m a t i c   m u t a t i o n   s p e c t r u m   o f   a   c a n c e r   g e n o m e   l i e s   s i g n a t u r e s   o f   b i o m a r k e r s 

o f   t h e   m u t a t i o n a l   p r o c e s s   t h a t   r e s u l t e d   i n   t h e   f o r m a t i o n   o f   t h e   t u m o u r .   

D i f f e r e n t   m u t a t i o n a l   m e c h a n i s m s   c a n   r e s u l t   i n   a   v a r i e t y   o f   c o m b i n a t i o n   o f   

d i f f e r e n t   m u t a t i o n a l   t y p e s   t h a t   c a n   p r o d u c e   a   m u t a t i o n a l   s i g n a t u r e . 

E a c h   m u t a t i o n a l   s i g n a t u r e   i s   d e r i v e d   f r o m   c o m p o s i t i o n a l   c h a n g e s   o f   s i n g l e   

b a s e   s u b s t i t u t i o n s   ( S B S ) ,   i n d e l   ( I D )   a n d   d o u b l e t   b a s e   s u b s t i t u t i o n s   ( D B S )   

( 4 2 1 ) . 

A   l a n d m a r k   s t u d y   a n a l y s e d   m i l l i o n s   o f   s o m a t i c   m u t a t i o n s   f r o m   t h o u s a n d s   o f   

d i f f e r e n t   c a n c e r   t y p e s   u s i n g   t h e   l a t e s t   n e x t - g e n e r a t i o n   s e q u e n c i n g   

t e c h n i q u e s   a n d   r e v e a l e d   t h e   e x i s t e n c e   o f   2 0   d i s t i n c t   m u t a t i o n a l   s i g n a t u r e s   

( 4 1 8 ) . 
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I n   t h e   l a s t   f e w   y e a r s ,   l a r g e   a m o u n t   o f   c a n c e r   s e q u e n c i n g   d a t a   h a s   b e e n   

p r o d u c e d   a n d   t h e   r e f e r e n c e   s e t   o f   m u t a t i o n a l   s i g n a t u r e s   w a s   d e v e l o p e d   a n d   

p r o v i d e d   t o   u s e r s   w i t h i n   t h e   c a t a l o g u e   o f   s o m a t i c   m u t a t i o n s   a n d   c a n c e r   

( C O S M I C )   d a t a b a s e   ( 4 1 7 ,   4 2 2 ) .   T h i s   d a t a b a s e   i s   t h e   m o s t   d e t a i l e d   a n d   

c o m p r e h e n s i v e   r e s o u r c e   f o r   t h e   e x p l o r a t i o n   o f   t h e   e f f e c t   o f   s o m a t i c   

m u t a t i o n s   i n   h u m a n   c a n c e r . 

4.1.2 Methods of detecting mutational signatures:

N e x t - g e n e r a t i o n   s e q u e n c i n g   ( N G S ) ,   a l s o   k n o w n   a s   h i g h - t h r o u g h p u t   

s e q u e n c i n g ,   i s   a   m o d e r n   a n d   p o w e r f u l   t e c h n o l o g y   t h a t   e n a b l e s   r a p i d   a n d   

a c c u r a t e   s e q u e n c i n g   o f   D N A   a n d   R N A   m o l e c u l e s .   N G S   a l l o w s   f o r   t h e   

p a r a l l e l   s e q u e n c i n g   o f   m i l l i o n s   o f   D N A   f r a g m e n t s   s i m u l t a n e o u s l y ,   m a k i n g   i t   

f a s t e r   a n d   m o r e   e f f i c i e n t   t h a n   t r a d i t i o n a l   S a n g e r   s e q u e n c i n g   ( 4 2 3 ) . 

T h e   r e c e n t   a d v a n c e s   i n   n e x t - g e n e r a t i o n   s e q u e n c i n g   ( N G S )   h a v e   e n a b l e d   t h e 

i d e n t i f i c a t i o n   a n d   c h a r a c t e r i s a t i o n   o f   m u t a t i o n a l   s i g n a t u r e s   a n d   c a n c e r .   T h e   

t w o   m a i n   m e t h o d s   t o   d e t e c t   m u t a t i o n a l   s i g n a t u r e s   i n c l u d e   w h o l e   G e n o m e   

S e q u e n c i n g   ( W G S )   a n d   w h o l e   E x o m e   S e q u e n c i n g   ( W E S ) . 

N G S   i n v o l v e s   s e v e r a l   m a j o r   s t e p s   i n   D N A   s e q u e n c i n g .   T h i s   i n v o l v e s   D N A   

f r a g m e n t a t i o n ,   l i b r a r y   p r e p a r a t i o n ,   m a s s i v e   p a r a l l e l   s e q u e n c i n g ,   

b i o i n f o r m a t i c s   a n a l y s i s   a n d   v a r i a n t   a n n o t a t i o n   a n d   i n t e r p r e t a t i o n   ( 4 2 4 ) . 

D N A   f r a g m e n t a t i o n   i s   u s e d   t o   b r e a k   t a r g e t e d   D N A   i n t o   s h o r t e r   s e g m e n t s   t o   

m e a s u r e   1 0 0 - 3 0 0   b p   i n   l e n g t h   a n d   t h e   d i f f e r e n t   m e t h o d o l o g i e s   i n c l u d e   

p o l y m e r a s e   c h a i n   r e a c t i o n   ( P C R )   a m p l i f i c a t i o n   ( 4 2 4 ) .   I n   t h i s   m e t h o d   p r i m e r   

p a i r s   a r e   u s e d   t o   a m p l i f y   t a r g e t e d   D N A   u s i n g   P C R   a n d   t h e   P C R   p r o d u c t s   

t h e n   s e r v e   a s   s h o r t   s e g m e n t s   o f   t a r g e t e d   D N A .   T h e   D N A   s e g m e n t s   a r e   t h e n   

u s e d   f o r   l i b r a r y   p r e p a r a t i o n   ( 4 2 4 ) . 
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I n   t h e   l i b r a r y   p r e p a r a t i o n   p r o c e s s ,   D N A   s e g m e n t s   a r e   m o d i f i e d   s o   t h a t   e a c h   

s a m p l e   h a s   a   u n i q u e   s p e c i f i c   i n d e x   c o d e   a l l o w i n g   s e q u e n c i n g   a d a p t e r s   t o   b e 

a d d e d   t o   t h e   D N A   s e g m e n t s .   T h i s   a l l o w s   t h e   s e q u e n c i n g   p r i m e r s   t o   f i n d   a l l   

t h e   D N A   s e g m e n t s   a n d   t h e r e a f t e r   e n a b l e s   m a s s i v e   p a r a l l e l   s e q u e n c i n g   

( 4 2 4 ) . 

M a s s i v e   p a r a l l e l   s e q u e n c i n g   i s   u s u a l l y   p e r f o r m e d   b y   a   N G S   s p e c i f i c   

s e q u e n c e   w h e r e b y   t h e   l i b r a r y   i s   l o a d e d   o n t o   a   s e q u e n c i n g   m e t r i c s   i n   a   

c e r t a i n   s e q u e n c e   o f .   T h e r e   a r e   d i f f e r e n t   t y p e s   o f   s e q u e n c e r s   a n d   m e t h o d s   

a v a i l a b l e .   I l l u m i n a   N G S   s e q u e n c e r   u s e s   f l o w   c e l l s   a n d   a n o t h e r   s e q u e n c e r   

c a l l e d   t h e   I o n   T o r r e n t   u s e s   c h i p s   i n s t e a d . 

T h e   d a t a   t h a t   i s   g e n e r a t e d   f r o m   s e q u e n c i n g   i s   t h e n   a n a l y s e d   b y   

b i o i n f o r m a t i c s   a n a l y s i s   w h i c h   i s   a   p r o c e s s   i n v o l v i n g   b a s e   c a l l i n g ,   r e a d   

a l i g n m e n t ,   v a r i a n t   i d e n t i f i c a t i o n   a n d   a n n o t a t i o n   ( 4 2 5 ) 

4.1.3 Whole genome sequencing (WGS):

W G S   p r o v i d e s   a   c o m p r e h e n s i v e   v i e w   o f   t h e   e n t i r e   g e n o m e   e n a b l i n g   t h e   

i d e n t i f i c a t i o n   o f   b o t h   c o d i n g   a n d   n o n - c o d i n g   m u t a t i o n s .   T h i s   m e t h o d   a l l o w s   

f o r   t h e   d e t e c t i o n   o f   a l l   t y p e s   o f   m u t a t i o n s   i n c l u d i n g   s i n g l e   n u c l e o t i d e   v a r i a n t s , 

i n s e r t i o n s   a n d   l e s i o n s   a n d   s t r u c t u r a l   v a r i a t i o n s .   I t   i s   l e s s   f r e q u e n t l y   u s e d   i n   

c a n c e r   s o m a t i c   m u t a t i o n   b e c a u s e   t h e   a v e r a g e   d e p t h   u s e d   h e r e   i s   l i m i t e d   

d e t e c t i o n   a n d   d i f f e r e n t   m u t a t i o n s   w i t h   d i f f e r e n t   a l l e l i c   f r e q u e n c i e s   o f t e n   n e e d   

d e e p   s e q u e n c i n g   w h i c h   c a n   b e   c h a l l e n g i n g   t o   d o   u s i n g   t h i s   m e t h o d   ( 4 2 4 ) .   

w h o l e   g e n o m e   s e q u e n c i n g :   t h i s   i s   q u i t e   e x p e n s i v e   w i t h   c o v e r a g e   a c h i e v e d   

3 0   t i m e s .   T h e   D N A   i n p u t   i s   1   µ g . 

4.1.4 Whole Exome Sequencing (WES):
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W E S   f o c u s e s   o n   t h e   p r o t e i n   c o d i n g   r e g i o n s   o f   t h e   g e n o m e   w h i c h   r e p r e s e n t s   

a p p r o x i m a t e l y   1   t o   2 %   o f   t h e   e n t i r e   g e n o m e .   A l t h o u g h   l e s s   c o m p r e h e n s i v e   

t h a n   W G S ,   W E S   i s   m o r e   c o s t - e f f e c t i v e   a n d   h a s   b e e n   w i d e l y   u s e d   t o   i d e n t i f y   

m u t a t i o n a l   s i g n a t u r e s .   W E S   i s   l i k e l y   t o   b e   m o r e   e x p e n s i v e   t h a n   t a r g e t e d   

D N A   s e q u e n c i n g   w i t h   t h e   c o v e r a g e   a c h i e v e d   t o   b e   a r o u n d   1 0 0   t i m e s   g r e a t e r . 

T y p i c a l l y ,   t h e   D N A   i n p u t   f o r   W E S   i s   u s u a l l y   0 . 5 - 1   µ g . 

T a r g e t e d   p a n e l   s e q u e n c i n g   a l s o   o f f e r s   a n   o p p o r t u n i t y   f o r   g r e a t e r   d e p t h   o f   

s t u d y   i n   t h e s e   r e g i o n s   d u e   t o   r e d u c e   s e q u e n c i n g   b u r d e n .   

N G S   p l a t f o r m s ,   s u c h   a s   I l l u m i n a ' s   H i S e q   a n d   M i S e q ,   h a v e   r e v o l u t i o n i z e d   

g e n o m i c s   r e s e a r c h   b y   p r o v i d i n g   a   c o s t - e f f e c t i v e   a n d   h i g h - t h r o u g h p u t   

a p p r o a c h   t o   s t u d y   t h e   g e n e t i c   b a s i s   o f   d i s e a s e s . 

H i s e q -   A   c o m p r e h e n s i v e   g e n e   p a n e l   f o r   C R C   o n   t h e   H i S e q   p l a t f o r m   w o u l d   

t y p i c a l l y   c o n t a i n   a   l a r g e r   s e t   o f   g e n e s   c o m p a r e d   t o   a   t a r g e t e d   g e n e   p a n e l   o n   

t h e   M i S e q   p l a t f o r m .   T h e s e   c o m p r e h e n s i v e   p a n e l s   a r e   d e s i g n e d   t o   p r o v i d e   a   

m o r e   i n - d e p t h   a n a l y s i s   o f   t h e   g e n o m i c   l a n d s c a p e   o f   C R C ,   i n c l u d i n g   g e n e s   

a s s o c i a t e d   w i t h   d e v e l o p m e n t ,   p r o g r e s s i o n ,   t r e a t m e n t   r e s p o n s e ,   a n d   

r e s i s t a n c e . 

M i S e q -   A   t a r g e t e d   g e n e   p a n e l   f o r   C R C   o n   t h e   M i S e q   p l a t f o r m   t y p i c a l l y   

c o n t a i n s   a   s e t   o f   g e n e s   t h a t   a r e   k n o w n   o r   s u s p e c t e d   t o   b e   a s s o c i a t e d   w i t h   

t h e   d e v e l o p m e n t ,   p r o g r e s s i o n ,   o r   t r e a t m e n t   r e s p o n s e   o f   c o l o n   c a n c e r . 
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T h e r e   a r e   s e v e r a l   c o m p u t a t i o n a l   t o o l s   a n d   d a t a b a s e s   t h a t   h a v e   b e e n   m a d e   

a v a i l a b l e   w h i c h   h a s   a   c a t a l o g u e   o f   m u t a t i o n a l   s i g n a t u r e s   s u c h   a s   t h e   

c a t a l o g u e   o f   s o m a t i c   m u t a t i o n s   a n d   c a n c e r   ( C O S M I C )   ( 4 2 2 )   a n d   M u t a G e n e   

w h i c h   i s   a n   o n l i n e   c o m p u t a t i o n a l   f r a m e w o r k   t h a t   e x p l o r e s   D N A   c o n t e x t   

d e p e n d e n t   m u t a t i o n a l   p a t t e r n s   a n d   u n d e r l y i n g   s o m a t i c   c a n c e r   m u t a g e n e s i s   

w h i l s t   a n a l y s i n g   m u t a t i o n a l   p r o f i l e s   o f   c a n c e r   s a m p l e s   a l s o   i d e n t i f i e s   o t h e r   

e n d o g e n o u s   a n d   e x o g e n o u s   m u t a g e n i c   f a c t o r s   ( 4 2 6 ) . 

4.1.5 FFPE samples:

T h e   t y p e   o f   s p e c i m e n   u s e d   f o r   N G S   d e p e n d s   o n   w h a t   s o r t   o f   t u m o u r s   

a s s a y e d .   F o r   e x a m p l e   i n   a   h a e m a t o l o g i c a l   m a l i g n a n c y   f r e s h   t i s s u e   s a m p l e s   

a r e   m o r e   l i k e l y   t o   b e   u s e d   h o w e v e r   f o r   a   s o l i d   t u m o u r   F F P E   s a m p l e s   a r e   

w i d e l y   u s e d .   F F P E   s a m p l e s   a r e   u s u a l l y   p r o v i d e d   a s   a n   s t a i n e d   s l i d e s   w i t h   

t h e   h a e m a t o x y l i n   a n d   e o s i n   s t a i n e d   s l i d e   t h a t   g i v e s   a   m i c r o s c o p i c   r e v i e w   o f   

a b n o r m a l   a r e a s   a n d   e n a b l e s   o f   t h e s e   a r e a s   f o r   D N A   e x t r a c t i o n . 

D N A   p r e p a r a t i o n   f r o m   F F P E   t i s s u e   f o r   n e x t - g e n e r a t i o n   s e q u e n c i n g   i s   

a s s o c i a t e d   w i t h   s e v e r a l   c h a l l e n g e s .   T h e   y i e l d s   a r e   o f t e n   l i m i t e d   d u e   t o   t h e   

p r e c i o u s   n a t u r e   o f   t h e   s a m p l e   a n d   t h e   c o m p r o m i s e   s t a t e   o f   t h e   D N A .   I n   

a d d i t i o n   t o   t h i s   a r t e f a c t s   i n t r o d u c e d   b y   f i x a t i o n   a n d   e m b e d d i n g   c o n d i t i o n s   

a n d   l o n g - t e r m   s t o r a g e   a r e   m o s t   p r e v a l e n t   i n   s e q u e n c i n g   r e s u l t s   w h e n   

s t a r t i n g   w i t h   l i m i t e d   m a t e r i a l .   O n e   p a r t i c u l a r   p r o b l e m   i s   t h e   d e a m i n a t i o n   o f   

c y t o s i n e   b a s e s   t o   d e o x y u r a c i l .   T h i s   c a n   l e a d   t o   C - T   c o n v e r s i o n   i n   

s e q u e n c i n g   r e a c t i o n s .   T h e   G e n e r e a d   D N A   F F P E   k i t   a l l o w s   f o r   p u r i f i c a t i o n   o f   

h i g h   y i e l d   o f   D N A   f r o m   s m a l l   a m o u n t s   a n d   i n c l u d e s   t h e   r e m o v a l   o f   

d e a m i n a t e d   c y t o s i n e   t o   p r e v e n t   f a l s e   r e s u l t s   i n   D N A   s e q u e n c i n g . 
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T h e   c h a l l e n g e s   o f   N G S   l i e s   i n   t h e   i n t e r p r e t a t i o n   o f   t h e   r e s u l t s   a s   m a n y   

v a r i a n t s   c a n   b e   i d e n t i f i e d . 

T h e   s t r a t e g i e s   f o r   m i n i m i s a t i o n   o f   s e q u e n c e   a r t e f a c t s   f r o m   F F P E   D N A   ( 4 2 7 ) 

i n c l u d e   a t   t h e   :   

D N A   e x t r a c t i o n   s t a g e :     p r e - a n a l y t i c a l   a s s e s s m e n t   o f   F F P E   D N A   b y   

p a t h o l o g i s t s   t o   i d e n t i f y   t u m o u r   e n r i c h e d   a r e a s ,   m a c r o d i s s e c t i o n   o f   t h e   t u m o u r 

e n r i c h e d   a r e a s ,   h e a t   t r e a t m e n t   t o   r e m o v e   f o r m a l d e h y d e   i n d u c e d   c r o s s   l i n k s   

t o   f a c i l i t a t e   t i s s u e   d i g e s t i o n s   w i t h   p r o t e i n a s e   a n d   e x t e n d e d   p r o t e i n a s e   K   

t r e a t m e n t   d i g e s t i v e   i s s u e   a n d   r e m o v e   c r o s s   l i n k s   t o   D N A .   D N A   a s s e s s m e n t :   

e n s u r i n g   t h e r e   i s   a d e q u a t e   a s s e s s m e n t   o f   d o u b l e - s t r a n d e d   D N A   u s i n g   

f l u o r o m e t r y   a n d   q u a n t i f i c a t i o n   o f   a m p l i f i a b l e   t e m p l a t e s   u s i n g   q   P C R . 

I n   t h e   s a m p l e   l i b r a r y   p r e p a r a t i o n   p h a s e :   e n s u r i n g   t h e r e   i s   i n   v i t r o   r e m o v a l   o f   

u r a c i l   p r i o r   t o   P C R   a m p l i f i c a t i o n   o f   F F P E   D N A ,   u s e   o f   a s s a y s   t h a t   g e n e r a t e   

s h o r t   a m p l i c o n s   t o   i n c r e a s e   t h e   n u m b e r   o f   t e m p l a t e s   f o r   P C R ,   e n s u r i n g   t h a t   

s p e c i f i c   p r i m e r s   a r e   u s e d   f o r   e a c h   s t r a n d   o f   D N A   t e m p l a t e   i n   a m p l i c o n   - 

b a s e d   t a r g e t   e n r i c h m e n t   a p p r o a c h .   T h e   u s e   o f   h i g h   f i d e l i t y   D N A   p o l y m e r i s e   

t o   r e d u c e   p o l y m e r a s e   e r r o r s   i n   P C R   a m p l i f i c a t i o n .   
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4.1.6 Aim of the study:

T h e   a i m   o f   t h e   s t u d y   w a s   t o   – 

1 . E x p l o r e   t h e   f e a s i b i l i t y   o f   e x t r a c t i n g   D N A   f r o m   f o r m a l i n - f i x e d   p a r a f f i n - 

e m b e d d e d   ( F F P E )   s a m p l e s   i n   a   s e l e c t e d   c o h o r t   f o r   n e x t - g e n e r a t i o n   

s e q u e n c i n g   ( t a r g e t e d   g e n e   p a n e l   a n d   c o m p r e h e n s i v e   p a n e l ) 

2 . T o   e v a l u a t e   w h o l e   E x o m e   s e q u e n c e   d a t a   f r o m   a   s m a l l   n u m b e r   o f   p a t i e n t   

s a m p l e s   c o l l e c t e d   a s   p a r t   o f   t h e   C O N S C O P   f e a s i b i l i t y   s t u d y   t o   a s s e s s   t h e 

k n o w n   m u t a t i o n   b u r d e n   a n d   i d e n t i f y   m u t a t i o n a l   s i g n a t u r e s   a n d   i t s   

a s s o c i a t i o n   w i t h   s m o k i n g 
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4.2 Materials and Methods:

4.2.1 Reagents and Equipment:

T h e   m a t e r i a l s   a n d   r e a g e n t s   u s e d   f o r   t h i s   s t u d y   a r e   a s   f o l l o w s : 

Supplier Reagent /Product

Agilent®
Agilent® 2100 Bioanalyzer®

Agilent High Sensitivity DNA Kit (Agilent cat. no. 5067-
4626) 

Beckman Coulter cat. no. A63880 Agencourt® AMPure® XP Kit

Fisher brand

Microcentrifuge tube conical snap cap natural 2.0mL

50-Well Microtube Rack Assorted

12603145 - Cryobox 133mm x 133mm base, 
50mm/75mm height 2-in-1 slip lid adjustable for height 
natural

illumina
Illumina Nextera Rapid Capture Enrichment kit

Life technology

Qubit® dsDNA HS Assay Kit (Life 
technologies/catalogue no: Q32851)

Qubit® assay tubes are 500 µl thin-walled 
polypropylene tubes for use with the Qubit® 
Fluorometer. (Life technologies catalogue no: Q32856)

Qiagen

GeneRead DNA FFPE Kit

For 50 preps: QIAamp MinElute Columns, Collection 
Tubes (2ml), Deparaffinization Solution, Uracil-N-
Glycosylase, RNase-Free Water, RNase A, and 
Buffers 

GeneRead DNAseq Targeted Panels
High-quality, nuclease-free water

GeneRead DNA QuantiMIZE Array or Assay Kit 
(QIAGEN cat. nos. 180642/180654) 

Microcentrifuge 1.5 ml LoBind tubes

0.2 ml PCR tubes, 96-well reaction plates, or PCR 
strips and caps 

DNase-free pipet tips and
0.2 ml 96-well PCR plate

GeneRead DNA Library L Core Kit (QIAGEN cat. no. 
180462)

GeneRead DNA L Amp Kit (QIAGEN cat. no. 180485)
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 GeneRead Adapter L Set 12-plex (QIAGEN cat. no. 
180994)

GeneRead DNAseq Library Quant Kit for Ion PGM 
Sequencer (QIAGEN cat. no. 180601)

Rainin LTS Sterile Tips (anachem 
website) 

Part No: 17014961
Model No: TR-L10F

Tips 0.1-20uL Sterile Racked pk960 LTS

Part No: 17014963
Model No: TR-L200F

Tips 5-200uL Sterile Racked pk960 LT

Part No: 17014967
Model No: TR-L1000F

Tips 100-1000uL Sterile Racked pk768 LTS

Sigma-Aldrich Tough-Tags™ microcentrifuge tube labels

Thermo Fisher Scientific

Sterile disposable Swann Morton Blade No 10

Swann-Morton-Handle No.3 surgical stainless steel

Eppendorf® Safe-Lock microcentrifuge tubes, volume 
1.5 mL, natural

12688336 - Slide box to store 76mm x 26mm slides, 
100 slide capacity 210mm x 160mm x 33mm (w x d x 
h)

Marker pen secure line marker II, permanent, nontoxic 
black

DynaMag™-96 Side Magnet (cat no. 12331D)
Ethanol

Multichannel pipette, Single channel pipettor

Misc. (Cardiff University)

Ethanol
Thermocycler
Water bath
Single and multi-channel pipettes
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4.2.2 Case Cohort

T h i s   s t u d y   w a s   p a r t   o f   t h e   C O N S C O P   t r i a l   a n d   a s   d e s c r i b e d   i n   c h a p t e r   3 ,   a l l   

p r o x i m a l   p o l y p   F F P E   s l i d e s   w e r e   r e v i e w e d   b y   t h e   e x p e r t   g a s t r o i n t e s t i n a l   

h i s t o p a t h o l o g i s t s .   O f   a l l   t h e   s l i d e s   t h a t   w e r e   r e v i e w e d ,   5 0   s l i d e s   w e r e   

s e l e c t e d   f r o m   t h i s   c o h o r t   b a s e d   o n   f o u r   g r o u p s   d e s c r i b e d   i n   t h e   c a s e   c o h o r t   

b e l o w .   

T h e   s e l e c t i o n   o f   g r o u p s   w a s   b a s e d   o n   t h e   f o l l o w i n g   p o l y p   i n f o r m a t i o n : 

G r o u p   1 -   p a r t i c i p a n t s   w h o   h a d   o n l y   S S L s   w i t h o u t   d y s p l a s i a   ( w i t h o u t   t h e   

p r e s e n c e   o f   a n y   o t h e r   t y p e   o f   p o l y p ) ,   N = 1 1   ,   g r o u p   2 -   D y s p l a s t i c   S S L   ( w i t h   o r 

w i t h o u t   a d e n o m a s ) ,   N = 5 ,   G r o u p   3 - N o n   d y s p l a s t i c   S S L   w i t h   c o n c o m i t a n t   a n d   

m a t c h e d   a d e n o m a ,   N = 1 7 ,   G r o u p   4 -   A d e n o m a s   o n l y   ( N = 1 7 ) . 

T h e   s e l e c t i o n   o f   s l i d e s   f r o m   t h e s e   g r o u p s   a l s o   i n c l u d e d   i n f o r m a t i o n   o n   

g e n d e r   a n d   s m o k i n g   s t a t u s .   T h e   a i m   w a s   t o   o b t a i n   a s p i r i n   d a t a   a s   w e l l   

h o w e v e r   t h i s   w a s   e x c l u d e d   a s   m a j o r i t y   o f   t h i s   d a t a   f o r   t h e   b e l o w   g r o u p s   w e r e 

m i s s i n g .   

P r i o r   t o   a p p l i c a t i o n   o f   t h e   f o l l o w i n g   d e s c r i b e d   m e t h o d   t o   e x t r a c t   a n d   p u r i f y   

D N A   f r o m   t h e   s e l e c t e d   g r o u p s   F F P E   s a m p l e s ,   f i v e   r a n d o m   a d e n o m a s   w e r e   

c h o s e n   a n d   i m p l e m e n t a t i o n   o f   t h e   f o l l o w i n g   d e s c r i b e d   D N A   e x t r a c t i o n   

m e t h o d   w a s   p e r f o r m e d   s u c c e s s f u l l y .   I t   w a s   f o l l o w i n g   c o n f i r m a t i o n   o f   t h i s   t h a t   

i t   w a s   t h e n   a p p l i e d   t o   t h e   m a i n   s t u d y   s a m p l e s . 



245

T h e   s e l e c t e d   H & E   s l i d e s   w e r e   e x a m i n e d   u n d e r   a   m i c r o s c o p e   b y   D r   M e l e r i   

M o r g a n   a n d   a b n o r m a l   a r e a s   w e r e   h i g h l i g h t e d   w i t h   a   m a r k e r   p e n   ( F i g u r e   3 2 ) .   

T h e s e   s l i d e s   w e r e   t h e n   p h o t o c o p i e d   b y   m e   a n d   f i l e d   w i t h   t h e   v i e w   t o   u s e   

a f t e r   b l o c k s   o b t a i n e d   f r o m   t h e s e   p o l y p s   ( f r o m   t h e   l o c a l   a s s e s s m e n t   c e n t r e s )   

a n d   w e r e   s e c t i o n e d   b y   m i c r o t o m e 

Figure 32: Marking of areas of interest on H&E slides.
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4.2.3 Workflow of FFPE sample DNA extraction and sequencing:

4.2.9.1 Identification of abnormal areas on the FFPE sectioned slide:

T h e   a r e a   o f   i n t e r e s t   o n   e a c h   o f   t h e   u n s t a i n e d   s l i d e s   w a s   i d e n t i f i e d   b y   

o v e r l a y i n g   w i t h   t h e   s t a i n e d   s e c t i o n   ( F i g u r e   3 2 )   t h a t   w a s   p h o t o c o p i e d . 

4.2.9.2 Macro dissection of tissue from FFPE sections:

A   s c a l p e l   w a s   u s e d   t o   d i s s e c t   t h e   a b n o r m a l   a r e a s   o n   t h e   s l i d e .   T h e s e   

s c r a p i n g s   w e r e   t h e n   c o l l e c t e d   i n   a   c l e a n   m i c r o   c e n t r i f u g e   t u b e   ( 1 . 5 m l   

E p p e n d o r f )   a n d   l a b e l l e d .   

4.2.10 DNA extraction, purification, and quantification from FFPE samples:

G e n e R e a d   D N A   F F P E   K i t   ( b y   Q I A G E N )   w a s   u s e d   t o   e x t r a c t   a n d   p u r i f y   D N A   

f r o m   t h e   F F P E   s a m p l e s . 

T h e   k i t   u s e s   s i l i c a - b a s e d   m e m b r a n e   t e c h n o l o g y   i n   c o m b i n a t i o n   w i t h   

o p t i m i z e d   b u f f e r s   a n d   r e a g e n t s   t o   e f f i c i e n t l y   i s o l a t e   h i g h - q u a l i t y   D N A   f r o m   

F F P E   s a m p l e s .   T h e   p u r i f i e d   D N A   i s   s u i t a b l e   f o r   d o w n s t r e a m   a p p l i c a t i o n s ,   

s u c h   a s   P C R ,   q P C R ,   a n d   n e x t - g e n e r a t i o n   s e q u e n c i n g   ( N G S ) .   

T h e   w o r k f l o w   f o r   p u r i f y i n g   D N A   f r o m   F F P E   s a m p l e s   u s i n g   t h e   G e n e R e a d   

D N A   F F P E   K i t   i n v o l v e s   s a m p l e   p r e p a r a t i o n ,   d e p a r a f f i n i s a t i o n ,   l y s i s ,   c r o s s - 

l i n k e d   r e v e r s a l ,   b i n d i n g ,   w a s h i n g ,   e l u t i o n   a n d   f i n a l l y   q u a n t i f i c a t i o n   a n d   q u a l i t y 

a s s e s s m e n t   u s i n g   f l u o r o m e t e r   ( Q u b i t   d s D N A   a s s a y   a n d   2 . 0   f l u o r o m e t e r ) .   
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T h i s   w a s   u n d e r t a k e n   b y   m y s e l f   w i t h   a s s i s t a n c e   f r o m   a   l a b   t e c h n i c i a n ,   D r   

G a r e t h   M a r l o w .   F i g u r e   3 3   b r o a d l y   d e m o n s t r a t e s   t h e   w o r k f l o w   a n d   o v e r a l l   a i m 

o f   t h e   s t u d y   t o   o b t a i n   p u r i f i e d   D N A   f r o m   F F P E   s a m p l e s   a n d   t h e r e a f t e r   

p r e p a r e   t h i s   f o r   n e x t - g e n e r a t i o n   s e q u e n c i n g   u s i n g   I l l u m i n a ,   f o r   

c o m p r e h e n s i v e   g e n e   p a n e l   t e s t i n g   ( H i S e q )   a n d   t a r g e t e d / s m a l l   p a n e l   t e s t i n g   

( M i S e q )   t o   e x p l o r e   w h e t h e r   t h i s   i s   f e a s i b l e   t o   d o   t o   d e t e r m i n e   m u t a t i o n a l   

s i g n a t u r e s .   T h e   f o l l o w i n g   w i l l   d e s c r i b e   t h e   s t e p s   i n v o l v e d   i n   t h e   a b o v e   

p r o c e s s . 

Figure 33: Workflow for FFPE DNA extraction and sequencing
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4.2.17 Preparation of slides from FFPE Blocks

4.2.17.1FFPE Block sectioning:

T h i s   i n v o l v e d   p r e p a r i n g   f r e s h   s l i d e s   f r o m   F F P E   b l o c k s   w h i c h   w a s   d o n e   b y   

t h e   t e a m   i n   t h e   p a t h o l o g y   D e p a r t m e n t   w h i c h   I   o b s e r v e d . 

A t   l e a s t   f i v e   s e c t i o n s   o f   1 0   µ m   t h i c k n e s s   w a s   t a k e n   f r o m   e a c h   b l o c k .   E a c h   

s e c t i o n   w a s   f l a t t e n e d   b y   f l o a t i n g   i n   w a r m   w a t e r   a n d   t h e n   f i x e d   t o   a   

m i c r o s c o p e   s l i d e   b y   a i r   d r y i n g   a t   r o o m   t e m p e r a t u r e   o v e r n i g h t .   T h e   l a b   

t e c h n i c i a n   w a s   u n a b l e   t o   d o   t h i n n e r   s e c t i o n s   ( 5   µ m )   a s   t h e   b i o p s y   s p e c i m e n s 

w e r e   v e r y   s m a l l . 

4.2.17.2Identification of abnormal areas on the FFPE sectioned slide:

T h e   a r e a   o f   i n t e r e s t   o n   e a c h   o f   t h e   u n s t a i n e d   s l i d e s   w a s   i d e n t i f i e d   b y   

o v e r l a y i n g   w i t h   t h e   s t a i n e d   s e c t i o n   ( F i g u r e   3 2 )   t h a t   w a s   p h o t o c o p i e d . 

4.2.17.3Macro dissection of tissue from FFPE sections:

A   s c a l p e l   w a s   u s e d   t o   d i s s e c t   t h e   a b n o r m a l   a r e a s   o n   t h e   s l i d e .   T h e s e   

s c r a p i n g s   w e r e   t h e n   c o l l e c t e d   i n   a   c l e a n   m i c r o   c e n t r i f u g e   t u b e   ( 1 . 5 m l   

E p p e n d o r f )   a n d   l a b e l l e d .   

4.2.18 DNA extraction, purification, and quantification from FFPE samples:

G e n e R e a d   D N A   F F P E   K i t   ( b y   Q I A G E N )   w a s   u s e d   t o   e x t r a c t   a n d   p u r i f y   D N A   

f r o m   t h e   F F P E   s a m p l e s . 

T h e   k i t   u s e s   s i l i c a - b a s e d   m e m b r a n e   t e c h n o l o g y   i n   c o m b i n a t i o n   w i t h   

o p t i m i z e d   b u f f e r s   a n d   r e a g e n t s   t o   e f f i c i e n t l y   i s o l a t e   h i g h - q u a l i t y   D N A   f r o m   

F F P E   s a m p l e s .   T h e   p u r i f i e d   D N A   i s   s u i t a b l e   f o r   d o w n s t r e a m   a p p l i c a t i o n s ,   

s u c h   a s   P C R ,   q P C R ,   a n d   n e x t - g e n e r a t i o n   s e q u e n c i n g   ( N G S ) .   
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T h e   w o r k f l o w   f o r   p u r i f y i n g   D N A   f r o m   F F P E   s a m p l e s   u s i n g   t h e   G e n e R e a d   

D N A   F F P E   K i t   i n v o l v e s   s a m p l e   p r e p a r a t i o n ,   d e p a r a f f i n i s a t i o n ,   l y s i s ,   c r o s s - 

l i n k e d   r e v e r s a l ,   b i n d i n g ,   w a s h i n g ,   e l u t i o n   a n d   f i n a l l y   q u a n t i f i c a t i o n   a n d   q u a l i t y 

a s s e s s m e n t   u s i n g   f l u o r o m e t e r   ( Q u b i t   d s D N A   a s s a y   a n d   2 . 0   f l u o r o m e t e r ) .   

T h i s   w a s   u n d e r t a k e n   b y   m y s e l f   w i t h   a s s i s t a n c e   f r o m   a   l a b   t e c h n i c i a n ,   D r   

G a r e t h   M a r l o w .   

4.2.18.1DNA extraction and purification:

P r i o r   t o   c o m m e n c i n g   t h e   e x p e r i m e n t s ,   t h e   b u f f e r s   w e r e   p r e p a r e d   ( a s   p e r   t h e   

p r o t o c o l - a p p e n d i x   O )   a n d   e q u i l i b r a t e d   i n   a d v a n c e   a t   r o o m   t e m p e r a t u r e .   T h e   

d e p a r a f f i n i z a t i o n   s o l u t i o n   n e e d e d   t o   b e   i n c u b a t e d   a t   3 0 °   i n   o r d e r   t o   e n s u r e   

l i q u i d a t i o n . 

T o   e a c h   o f   t h e   m i c r o   c e n t r i f u g e   t u b e   t h a t   c o n t a i n e d   F F P E   t i s s u e ,   1 6 0   µ l   o f   

d e p a r a f f i n i z a t i o n   s o l u t i o n   w a s   a d d e d   a n d   v o r t e x e d   f o r   1 0   s e c o n d s   a n d   t h e n   

c e n t r i f u g e d   a t   1 3 , 0 0 0   r p m   f o r   1   m i n u t e   i n   o r d e r   t o   b r i n g   t h e   s a m p l e   t o   t h e   

b o t t o m   o f   t h e   t u b e . 

T h e   s a m p l e s   w e r e   t h e n   i n c u b a t e d   a t   5 6 ° C   i n   a   w a t e r   b a t h   f o r   3   m i n u t e s   a n d   

t h e n   a l l o w   t o   c o o l   a t   r o o m   t e m p e r a t u r e .   F o r   t h o s e   s a m p l e s   t h a t   s t i l l   h a d   a   

w a x y   a p p e a r a n c e ,   m o r e   d e p a r a f f i n i z a t i o n   s o l u t i o n   w a s   a d d e d   a n d   t h e   

i n c u b a t i o n   c o n t i n u e d   a t   5 6 ° C   a s   d e s c r i b e d   a b o v e . 

T o   t h e   s a m p l e s   t h e n   5 5   µ L   o f   R N a s e - f r e e   w a t e r ,   2 5   µ L   B u f f e r   F T B ,   2 0   µ L   

p r o t e i n a s e   K   ( a   m a s t e r   m i x   c o m p r i s i n g   o f   t h e   a b o v e   w a s   p r e p a r e d   i n   

a d v a n c e ) .   T h i s   w a s   b r i e f l y   v o r t e x e d   a n d   c e n t r i f u g e d   f o r   f i v e   s e c o n d s .   T h e n   

i n c u b a t e d   a t   5 6 ° C   f o r   1   h o u r .   
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T h e   s a m p l e s   t h e n   f u r t h e r   i n c u b a t e d   a t   9 0 ° C   f o r   1   h o u r .   T h e r e a f t e r   t o   r e m o v e   

t h e   d r o p l e t s   f r o m   i n s i d e   t h e   l i d   b r i e f   c e n t r i f u g a t i o n   a t   1 3 , 0 0 0   r p m   w a s   d o n e   

f o r   f i v e   s e c o n d s . 

F o l l o w i n g   t h i s ,   t h e   l o w e r   c l e a r   p h a s e   i n   t h e   m i c r o   c e n t r i f u g e   t u b e   i s   

t r a n s f e r r e d   i n t o   a   n e w   1 . 5   m l   m i c r o   c e n t r i f u g e   t u b e   a n d   1 1 5   µ L   o f   R N a s e   f r e e 

w a t e r   i s   a d d e d   a n d   m i x e d .   T o   t h i s   3 5   µ L   o f   U N G   ( u r a c i l   N - g l y c o s y l a s e   w h i c h   

i s   s t o r e d   a t   -   2 0 ° C )   i s   a d d e d   a n d   b r i e f l y   v o r t e x e d   a n d   i n c u b a t e d   a t   5 0 ° C   f o r   1 

h o u r   i n   a   t h e r m o m i x e r . 

F o l l o w i n g   a   b r i e f   c e n t r i f u g e   o f   t h e   a b o v e   s a m p l e ,   2   µ L   R N a s e   A   i s   a d d e d   a n d 

f u r t h e r   i n c u b a t i o n   f o r   t w o   m i n u t e s   a t   r o o m   t e m p e r a t u r e .   2 5 0   µ l   o f   b u f f e r   A L   

w a s   a d d e d   a n d   m i x e d   t h o r o u g h l y   b y   V o r t e x ,   2 5 0   µ L   o f   e t h a n o l   ( 1 0 0 % )   w a s   

a d d e d   a n d   v o r t e x e d .   T h i s   m i x t u r e   w a s   t h e n   c e n t r i f u g e d   b r i e f l y . 

E a c h   s a m p l e   ( 7 0 0   µ L )   w a s   t h e n   t r a n s f e r r e d   t o   a   Q I A a m p   M i n E l u t e   c o l u m n ,   

p l a c e d   i n s i d e   a   2   m L   c o l l e c t i o n   t u b e   a n d   t h e n   c e n t r i f u g e d   a t   m a x i m u m   s p e e d 

f o r   1   m i n u t e .   T h e   s u p e r n a t a n t   w a s   d i s c a r d e d   a n d   t h e   M i n E l u t e   c o l u m n s   w e r e 

p l a c e d   i n   a   c l e a n   2   m L   c o l l e c t i o n   t u b e s .   5 0 0   µ l   o f   b u f f e r   A W   1   w a s   a d d e d   t o   

t h e   M i n E l u t e   c o l u m n   a n d   c e n t r i f u g e d   a t   6 0 0 0   r p m   f o r   1   m i n u t e . 

T h e   s u p e r n a t a n t   w a s   t h e n   d i s c a r d e d   a n d   t h e   M i n E l u t e   c o l u m n s   p l a c e d   i n s i d e 

a   c l e a n   2   m L   c o l l e c t i o n   t u b e   a n d   5 0 0   µ L   o f   b u f f e r   A W 2   w a s   a d d e d   t o   t h e   

c o l u m n   a n d   c e n t r i f u g e d   a t   6 0 0 0   r p m   f o r   o n e   m i n u t e .   T h e   s u p e r n a t a n t   w a s   

d i s c a r d e d   a n d   t o   t h e   c o l l e c t i o n   t u b e   2 5 0   µ L   o f   1 0 0 %   e t h a n o l   w a s   a d d e d   t o   

t h e   c o l u m n   a n d   f u r t h e r   c e n t r i f u g e d   f o r   o n e   m i n u t e .   T h e   s u p e r n a t a n t   a n d   t h e   

c o l l e c t i o n   t u b e   w a s   t h e n   d i s c a r d e d . T h e   M i n i E l u t e   c o l u m n   w a s   t h e n   p l a c e d   i n   

a   c l e a n   2   m L   c o l l e c t i o n   t u b e   a n d   c e n t r i f u g e d   f o r   1   m i n u t e . 
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T h e   Q i A m p   M i n E l u t e   c o l u m n   w a s   t h e n   p l a c e d   i n   a   c l e a n   1 . 5   m L   m i c r o   

c e n t r i f u g e   t u b e   d i s c a r d i n g   t h e   c o l l e c t i o n   t u b e   t h a t   c o n t a i n e d   t h e   s u p e r n a t a n t . 

T o   t h e   c o l u m n ,   2 2   µ L   o f   b u f f e r   A T E   w a s   t h e n   a d d e d   t o   t h e   c e n t r e   o f   t h e   

m e m b r a n e   a n d   i n c u b a t e d   a t   r o o m   t e m p e r a t u r e   f o r   5   m i n u t e s   a n d   t h i s   w a s   

t h e n   c e n t r i f u g e d   a t   1 4 , 0 0 0   r p m   f o r   1   m i n u t e .   

T h e   v o l u m e   o f   D N A   o b t a i n e d   f r o m   t h e   a b o v e   p r o c e s s   w a s   2 0   µ L .   F r o m   t h i s   1 

µ L   w a s   u s e d   t o   q u a n t i f y   D N A   u s i n g   a   f l u o r o m e t e r   ( Q u b i t   2 . 0 )   i m m e d i a t e l y   

a n d   a n o t h e r   1   µ L   s t o r e d   i n   a   s e p a r a t e   t u b e   t o   q u a n t i f y   D N A   a g a i n   j u s t   p r i o r   

t o   l i b r a r y   p r e p a r a t i o n .   H e n c e   t h e   f i n a l   v o l u m e   o b t a i n e d   a n d   w a s   1 8   µ L   t h a t   

w e r e   s t o r e d   a t   - 2 0 ° C . 

4.2.18.2DNA quantification:

F o r   q u a n t i f i c a t i o n   o f   D N A ,   p r i o r   t o   s t o r a g e ,   t h e   Q u b i t   d s D N A   H S   ( h i g h - 

s e n s i t i v i t y )   a s   a   k i t s   w e r e   u s e d   a l o n g   w i t h   t h e   Q u b i t   2 . 0   F l u o r o m e t e r .   T h e   

p r o t o c o l   ( F i g u r e   3 4 )   w a s   a s   f o l l o w s .   1   µ L   o f   t h e   Q u b i t   r e a g e n t   a n d   1 9 9   µ L   o f   

t h e   Q u b i t   B u f f e r   w e r e   m i x e d   t o   m a k e   t h e   Q u b i t   w o r k i n g   s o l u t i o n .   

T w o   v o l u m e s   o f   t h e   q u b i t   w o r k i n g   s o l u t i o n   w a s   p r e p a r e d   a n d   1 9 9   µ L   w a s   

m i x e d   i n   1   µ L   o f   t h e   D N A   s a m p l e   a n d   i n   a n o t h e r   t u b e ,   1 9 0   µ L   o f   t h e   w o r k i n g   

s o l u t i o n   w a s   a d d e d   t o   1 0   µ L   o f   t h e   s t a n d a r d   s o l u t i o n   f r o m   t h e   k i t   a s   c o n t r o l .   

T h e   a s s a y   t u b e s   w e r e   t h e n   v o r t e x e d   f o r   t w o   s e c o n d s   a n d   i n c u b a t e d   a t   r o o m   

t e m p e r a t u r e   f o r   2   m i n u t e s .   T h e   t u b e   w a s   t h e n   p l a c e d   i n   t h e   Q u b i t   2 . 0   

f l u o r o m e t e r   t o   o b t a i n   a   D N A   q u a n t i f i c a t i o n   r e a d i n g . 
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F o r   e a c h   s a m p l e ,   t h e   p o l y p   n u m b e r ,   t r i a l   n u m b e r ,   g r o u p ,   y i e l d   o f   D N A ,   t o t a l   

v o l u m e ,   s i z e   i n   m i l l i m e t r e s   s q u a r e   o f   t h e   a r e a   r e m o v e d   f r o m   t h e   s l i d e ,   

n u m b e r   o f   s l i d e s ,   t h i c k n e s s   o f   t h e   s l i d e ,   p r o t o c o l   n o t e s   ( i n c l u d i n g   w h e t h e r   

t h e r e   w a s   a n y   d e v i a t i o n   f r o m   p r o t o c o l )   w a s   r e c o r d e d   i n   m y   l a b o r a t o r y   w o r k   

a n d   t h e n   t r a n s c r i b e d   o n t o   E x c e l   ( a p p e n d i x   P ) .   T h o s e   s a m p l e s   t h a t   d i d   n o t   

h a v e   e n o u g h   D N A   q u a n t i t y   ( < 0 . 5   n g /   µ L )   w e r e   n o t   i n c l u d e d   f o r   t h e   f o l l o w i n g   

s t e p   i . e .   l i b r a r y   p r e p a r a t i o n . 

Q u b i t   s a m p l e   p r e p a r a t i o n   w o r k f l o w 

Figure 34: Workflow of purification of DNA from FFPE samples using gene read and 
quantification of DNA using Qubit assay.

Vortex all assay tubes for 2 to 3 seconds

incubate at room temperature for two minutes.

read tubes in Qubit 2.0
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4.2.19 DNA Library preparation for next-generation sequencing:

F o l l o w i n g   t h e   e x t r a c t i o n   a n d   p u r i f i c a t i o n   o f   D N A ,   t h i s   w o u l d   n e e d   t o   b e   

c o n v e r t e d   i n t o   a   s e q u e n c i n g   l i b r a r y   w h i c h   i n v o l v e s   s e v e r a l   e n z y m a t i c   a n d   

c h e m i c a l   s t e p s .   T h e   o b j e c t i v e   o f   l i b r a r y   c o n s t r u c t i o n   i s   t o   a c h i e v e   t h e   h i g h e s t 

c o v e r a g e   d e p t h   a n d   e n s u r e   u n i f o r m i t y   o f   D N A .   T h e   p r o t o c o l   t h a t   e n s u r e s   l o w 

f r a g m e n t a t i o n   a n d   a m p l i f i c a t i o n   b i a s   o f f e r s   t h e   h i g h e s t   l i b r a r y   y i e l d s .   

P r i o r   t o   t h i s ,   t a r g e t e d   e n r i c h m e n t   t e c h n o l o g y   e n a b l e s   n e x t - g e n e r a t i o n   

s e q u e n c i n g   p l a t f o r m   u s e s   t o   s e q u e n c e   s p e c i f i c   r e g i o n s   o f   i n t e r e s t   i n s t e a d   o f   

t h e   e n t i r e   g e n o m e ,   e f f e c t i v e l y   i n c r e a s i n g   s e q u e n c i n g   d e p t h   a n d   t h r o u g h p u t   

w i t h   l o w   c o s t .   G e n e   r e a d   D N A   s e q   t a r g e t e d   p a n e l   V 2   u s e s   m u l t i p l e x   P C R - 

b a s e d   t a r g e t e d   e n r i c h m e n t   t e c h n o l o g y   i n   c o m b i n a t i o n   w i t h   a   s o p h i s t i c a t e d   

p r i m e r   d e s i g n   a l g o r i t h m   t o   e n a b l e   a m p l i f i c a t i o n   a n d   e n r i c h m e n t   o f   a n y   g e n e   

o r   t a r g e t e d   r e g i o n   i n   t h e   h u m a n   g e n o m e   i n   o r d e r   t o   d e t e c t   g e n e t i c   v a r i a t i o n s   

u s i n g   N G S . 

T h e   p r o t o c o l   u s e d   f o r   t h i s   s t u d y   w a s   G e n e R e a d   D N A s e q   t a r g e t e d   p a n e l   f o r   

t a r g e t e d   e n r i c h m e n t   p r i o r   t o   n e x t - g e n e r a t i o n   s e q u e n c i n g   ( a p p e n d i x   Q ) . 

T h i s   w a s   c o n d u c t e d   b y   D r   G a r e t h   M a r l o w   w h i l s t   I   m a i n l y   o b s e r v e d   a n d   

a s s i s t e d   w h e n   p o s s i b l e   d u r i n g   t h e   l i b r a r y   p r e p a r a t i o n   p r o c e s s . 

T h e   f o l l o w i n g   s t e p s   w e r e   i n v o l v e d   ( F i g u r e   3 5 ) : 
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Figure 35: Workflow for Generead DNAseq Targeted Panel V2 Procedure 

Sample QC Library QC Variant Verification
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4.2.19.1Target enrichment:

T h i s   c o n s i s t s   o f   t w o   p r o c e s s e s   1 .   P C R   s e t   u p   a n d   2 . S a m p l e   p o o l i n g   a n d   

p u r i f i c a t i o n 

4.2.19.1.1PCR set up:

D N A   f r o m   t h e   s a m p l e   w a s   d i l u t e d   t o   5   n g / µ L   w i t h   D N a s e - f r e e   w a t e r   i n   a   t u b e   

a f t e r   q u a n t i f y i n g   e a c h   D N A   s a m p l e .   A   4   p o o l   p a n e l   w a s   u s e d   f o r   e a c h   

s a m p l e .   E a c h   P C R   p l a t e   c o n t a i n e d   9 6   w e l l s .   H e n c e   2 4   s a m p l e s   c o u l d   b e   

u s e d   p e r   p l a t e .   A   P C R   m i x   ( F i g u r e   3 6 )   w a s   p r e p a r e d   f o r   e a c h   p r i m e r   ( A ,   B ,   

C ,   D )   b y   t h e   a d d i t i o n   o f   t h e   f o l l o w i n g   v o l u m e   p e r   s a m p l e :   G e n e R e a d   D N A s e q 

p a n e l   P C R   b u f f e r   ( 4 . 4   µ L ) ,   p r i m e r   m i x   p o o l   ( 1 1   µ L ) ,   G e n e R e a d   H o t S t a r   T a q   

D N A   p o l y m e r a s e   ( 1 . 5   µ L )   a n d   D N a s e - f r e e   w a t e r   ( 2 . 7   µ L ) .   O n c e   t h e   p r i m e r   

m i x   p o o l   i s   p r e p a r e d ,   a l i q u o t   1 8   µ L   o f   t h e   P C R   p r i m e r   m i x   i n t o   e a c h   o f   t h e   

w e l l s   a n d   a n d   2   µ L   o f   D N A .   H e n c e   e a c h   a v a i l a b l e   c o n t a i n e d   2 0   µ L   v o l u m e   

e q u i v a l e n t   t o   1 0   n g / µ L   o f   D N A   ( F i g u r e   3 7 ) . 

Figure 36: Preparation of PCR Master mix for each primer mix pool

MM = master mix
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F o l l o w i n g   t h i s   t h e   w e l l s   w e r e   s e a l e d   w i t h   P C R   s t r i p s   t o   p r e v e n t   e v a p o r a t i o n   

a n d   t h e r e a f t e r   p l a c e d   i n   a   t h e r m o c y c l e r .   T h e   P C R   p r o g r a m   ( T a b l e   2 7 )   w a s   

t h e n   s e t   b y   a   p r e p r o g r a m m e d   c y c l e   a n d   a l l o w e d   t o   r u n   f o r   2 . 3 3   h o u r s . 

Figure 37: 4- pool panel

Note that unlike the diagram 18 µL master mix (MM) added and 2 µL of DNA.

Cycle Temperature Time
1 95°C 15 minutes

26 95°C
60°C

15 seconds
4 minutes

1 72°C 10 minutes
1 4°C Till Completion

Table 27: PCR program

PCR- Polymerised Chain Reaction
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4.2.19.1.2Sample pooling and purification using AMPure XP beads:

T h e   P C R   p l a t e   w a s   r e m o v e d   f r o m   t h e   t h e r m o c y c l e r   a n d   4 0   µ L   f r o m   e a c h   

s a m p l e   w a s   t r a n s f e r r e d   t o   a   9 6   w e l l   P C R   p l a t e   f o r   p u r i f i c a t i o n   ( t h e   r e m a i n i n g   

4 0   µ L   f r o m   e a c h   s a m p l e   w a s   s t o r e d   a s   e x t r a   a t   - 2 0 ° C ) .   3 6   µ L   o f   A M P u r e   X P   

b e a d s   w e r e   a d d e d   t o   e a c h   s a m p l e   a n d   m i x e d   w e l l   b y   p i p e t t i n g .   T h i s   w a s   

i n c u b a t e d   a t   r o o m   t e m p e r a t u r e   f o r   f i v e   m i n u t e s . 

T h e r e a f t e r   t h e   P C R   p l a t e   w a s   p l a c e d   o n   a   m a g n e t i c   r a c k   f o r   5   m i n u t e s   a n d   

t h e   b e a d s   s e p a r a t e d   f r o m   t h e   s u p e r n a t a n t .   7 0   µ L   o f   t h e   s u p e r n a t a n t   w a s   

t h e n   t r a n s f e r r e d   t o   a n o t h e r   p l a t e   a n d   t h e   b e a d s   a r e   d i s c a r d e d . 

T h e r e a f t e r   6 4   µ L   o f   A M P u r e   X P   b e a d s   w a s   a d d e d   a g a i n   t o   t h e   s u p e r n a t a n t   

a n d   m i x e d   w e l l   b y   p i p e t t i n g   a n d   i n c u b a t e d   f o r   5   m i n u t e s   a t   r o o m   

t e m p e r a t u r e .   T h e   p l a t e   w a s   p l a c e d   o n   a   m a g n e t i c   r a c k   f o r   5   m i n u t e s   a n d   

t h e r e a f t e r   w a s   c a r e f u l l y   r e m o v e d   a n d   t h e   s u p e r n a t a n t   w a s   d i s c a r d e d .   T h e   

r e m a i n i n g   b e a d s   a r e   n o t   d i s t u r b e d   a s   t h e y   c o n t a i n   t h e   D N A   t a r g e t . 

T h e   b e a d s   w e r e   t h e n   w a s h e d   b y   a d d i n g   2 0 0   µ L   o f   8 0 %   e t h a n o l   t o   e a c h   w e l l   

w h i l s t   o n   t h e   m a g n e t i c   t r a c k   a n d   w a s   m o v e d   f r o m   s i d e   t o   s i d e   t o   m i x   a n d   

w a s h   t h e   b e a d s .   T h e   s u p e r n a t a n t   w a s   t h e n   c a r e f u l l y   d i s c a r d e d .   T h i s   p r o c e s s 

w a s   r e p e a t e d   o n e   m o r e   t i m e .   T h e r e a f t e r   e t h a n o l   w a s   c o m p l e t e l y   r e m o v e d   

a n d   t h e   b e a d s   w e r e   d r i e d   f o r   1 5   m i n u t e s   o n   t h e   p l a t e   o n   t h e   r a c k .   

T h e   D N A   t a r g e t   b e a d s   w e r e   t h e n   e l u t e d   i n   2 8   µ L   o f   n u c l e a s e   f r e e   w a t e r   

w h i c h   w a s   m i x e d   w e l l   b y   p i p e t t i n g .   T h e   p l a t e   i s   p l a c e d   o n   t h e   m a g n e t i c   r a c k   

u n t i l   t h e   s o l u t i o n   w a s   c l e a r .   
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T h e r e a f t e r   2 5   µ L   o f   s u p e r n a t a n t   w a s   t r a n s f e r r e d   t o   a   c l e a n   P C R   p l a t e .   T h e   

s a m p l e s   w e r e   c h e c k e d   f o r   D N A   q u a n t i t y   b y   Q u b i t   f l u o r o m e t e r   t e c h n i q u e .   T h e 

a i m   o f   q u a n t i f i c a t i o n   i s   t o   e n s u r e   t h a t   t h e r e   i s   a t   l e a s t   1 0   t o   2 0 0   n g   P C R   

e n r i c h e d   D N A   p r e s e n t   a s   a n y   q u a n t i t y   t h a t   i s   l e s s   t h a n   1 0   o r   o v e r   2 0 0   n g   

d e c r e a s e s   t h e   e f f i c i e n c y   o f   t h e   l i b r a r y   c o n s t r u c t i o n .   T h i s   w a s   t h e n   s t o r e d   i n   a 

f r e e z e r   a t   - 2 0 ° C   p r i o r   t o   l i b r a r y   c o n s t r u c t i o n .   ( p r e   a n d   p o s t   l i b   q u b i t   e x c e l ) 

A p p e n d i x   P 

4.2.19.2Library construction:

F o r   l i b r a r y   c o n s t r u c t i o n   t h e   f o l l o w i n g   s t e p s   w e r e   f o l l o w e d   a s   p e r   t h e   p r o t o c o l   

( a p p e n d i x   Q ) : 

4.2.19.2.1End repair of DNA:

A   2 5   µ L   ( p e r   s a m p l e   v o l u m e )   r e a c t i o n   m i x   c o n s i s t i n g   o f   2 0 . 5   µ L   o f   P C R   

e n r i c h e d   D N A ,   2 . 5   µ L   o f   e n d   r e p a i r   b u f f e r   a n d   2   µ L   o f   e n d   r e p a i r   e n z y m e   m i x 

w a s   p r e p a r e d   f o r   a l l   t h e   s a m p l e s .   T h i s   2 5   µ L   r e a c t i o n   m i x   w a s   a d d e d   t o   e a c h 

s a m p l e   o n   t h e   P C R   p l a t e   a n d   t h o r o u g h l y   m i x e d   b y   p i p e t t i n g   u p   a n d   d o w n   

s e v e r a l   t i m e s .   T h i s   w a s   t h e n   i n c u b a t e d   i n   a   t h e r m o c y c l e r   f o r   3 0   m i n u t e s   a t   

2 5 ° C   f o l l o w e d   b y   2 0   m i n u t e s   a t   7 5 ° C .   T h e   p l a t e   w a s   p u l s e   s p u n   a n d   r e t u r n e d 

t o   i c e . 

4.2.19.2.2A-addition:

3 1   µ L   o f   t h e   r e a c t i o n   m i x   f o r   c a p i t a l   a - a d d i t i o n   w a s   p r e p a r e d   b y   t h e   a d d i t i o n   

o f   2 5   µ L   o f   e n d - r e p a i r e d   D N A   ( f r o m   t h e   p r e v i o u s   s t e p ) ,   3   µ L   o f   A - a d d i t i o n   

b u f f e r   a n d   3   µ L   o f   K l e n o w   f r a g m e n t   ( 3 ’ - 5 ’   e x o - ) .   

T h i s   w a s   m i x e d   b y   p i p e t t i n g   u p - a n d - d o w n   s e v e r a l   t i m e s   a n d   t h e n   i n c u b a t e d   

i n   a   t h e r m o c y c l e r   f o r   3 0   m i n u t e s   a t   3 7 ° C   f o l l o w e d   b y   1 0   m i n u t e s   a t   7 5 ° C . 
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4.2.19.2.3Adapter ligation:

T h e   9 0   µ L   o f   r e a c t i o n   m i x   f o r   t h e   a d a p t e r   l i g a t i o n   w a s   p r e p a r e d   b y   m i x i n g   3 1   

µ L   o f   D N A   f r o m   t h e   p r e v i o u s   s t e p ,   4 5   µ L   o f   l i g a t i o n   b u f f e r ,   5   µ L   o f   t h e   

a d a p t e r ,   4   µ L   o f   T 4   D N A   L i g a s e   a n d   5   µ L   o f   D N a s e - f r e e   w a t e r .   T h e   r e a c t i o n   

m i x   w a s   t h e n   m i x e d   t h o r o u g h l y   b y   p i p e t t i n g   u p - a n d - d o w n   a n d   t h e n   i n c u b a t e d 

i n   a   t h e r m o c y c l e r   a t   2 5 °   f o r   1 0   m i n u t e s .   

4.2.19.2.4Clean-up of adapter ligated DNA with AM Pure XP beads:

T o   t h e   9 0   µ L   D N A   s o l u t i o n   o n   t h e   P C R   p l a t e ,   1 0 8   µ L   o f   A M P u r e   X P   b e a d s   

w a s   a d d e d   a n d   m i x e d   w e l l   b y   p i p e t t i n g   a n d   i n c u b a t e d   f o r   f i v e   m i n u t e s   a t   

r o o m   t e m p e r a t u r e .   T h i s   w a s   t h e n   p l a c e d   i n   a   m a g n e t i c   r a c k   t o   s e p a r a t e   t h e   

b e a d s   f r o m   t h e   s u p e r n a t a n t   f o r   1 0   m i n u t e s .   T h e   s u p e r n a t a n t   w a s   t h e n   

d i s c a r d e d .   T o   t h e   b e a d s ,   2 0 0   µ L   o f   f r e s h l y   m a d e   8 0 %   e t h a n o l   w a s   a d d e d   

w h i l s t   o n   t h e   m a g n e t i c   r a c k   a n d   t h e n   m i x e d   b y   m o v i n g   t h e   p l a t e   f r o m   s i d e   t o   

s i d e .   T h e   s u p e r n a t a n t   w a s   t h e n   d i s c a r d e d   a n d   t h i s   s t e p   w a s   r e p e a t e d   a g a i n .   

F o l l o w i n g   t h e   r e m o v a l   o f   e t h a n o l ,   t h e   b e a d s   w e r e   d r i e d   f o r   1 0   m i n u t e s   w h i l s t   

o n   t h e   r a c k .   T h e   D N A   t a r g e t   b e a d s   w a s   t h e n   e l u t e d   i n   1 9   µ L   o f   n u c l e a s e - f r e e 

w a t e r   a n d   m i x e d   w e l l   b y   p i p e t t i n g .   1 7   µ L   o f   s u p e r n a t a n t   w a s   t h e n   t r a n s f e r r e d   

t o   a   c l e a n   P C R   p l a t e   f o r   t h e   s t e p   o f   P C R   a m p l i f i c a t i o n . 

4.2.19.2.5Amplification of purified library:

T h e   5 0   µ L   r e a c t i o n   m i x   f o r   P C R   a m p l i f i c a t i o n   w a s   m a d e   b y   m i x i n g   t h e   

f o l l o w i n g   c o m p o n e n t s - P C R   M a s t e r   m i x   2 5   µ L ,   P r i m e r   m i x   1 . 5   µ L ,   R N a s e - f r e e 

w a t e r   6 . 5   µ L   a n d   l i b r a r y   D N A   1 7   µ L   i n   t h e   P C R   p l a t e .   T h i s   i s   t h e n   s e t   u p   i n   

t h e   c y c l e r   f o r   a m p l i f i c a t i o n   o f   t h e   D N A   l i b r a r y .   
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T h e   c y c l i n g   c o n d i t i o n s   a r e   a s   f o l l o w s   w h i c h   w a s   p r e s e t   o n   t h e   t h e r m o c y c l e r   

( A ) .   I n i t i a l   d e n a t u r a t i o n   a t   9 0 ° C   f o r   2   m i n u t e s ,   B )   5   c y c l e s   o f   9 0 ° C   a t   2 0   

s e c o n d s ,   6 0 ° C   a t   3 0   s e c o n d s ,   7 2 ° C   a n d   3 0   s e c o n d s   C ) .   1   c y c l e   a t   7 2 °   f o r   

o n e   m i n u t e   a n d   D ) .   T o   h o l d   f o r   4 ° C   t i l l   c o m p l e t i o n   o n   t h e   t h e r m o c y c l e r .   

T h e r e a f t e r   c l e a n u p   p r o c e s s   o c c u r s   b y   t h e   f o l l o w i n g . 

4.2.19.2.6Clean-up of amplified library with AM Pure XP beads:

4 0   µ L   o f   A M P u r e   X P   b e a d s   w a s   a d d e d   t o   5 0   µ L   o f   P C R   s o l u t i o n   a n d   m i x e d   

a n d   i n c u b a t e d   f o r   5   m i n u t e s   a t   r o o m   t e m p e r a t u r e .   T h i s   w a s   t h e n   p l a c e d   i n   a   

m a g n e t i c   r a c k   a n d   t h e   s u p e r n a t a n t   d i s c a r d e d .   

8 6   µ L   o f   t h e   s u p e r n a t a n t   w a s   t h e n   t r a n s f e r r e d   t o   t h e   p l a t e   w i t h o u t   d i s t u r b i n g   

t h e   b e a d s   a n d   b e a d s   a r e   t h e n   d i s c a r d e d   a s   t h e y   c o n t a i n   u n w a n t e d   l a r g e   

D N A   f r a g m e n t s . 

2 0   µ L   o f   A M P u r e   X P   b e a d s   w a s   a d d e d   t o   t h e   s u p e r n a t a n t   a n d   m i x e d   w e l l   

a n d   i n c u b a t e d   f o r   f i v e   m i n u t e s   a t   r o o m   t e m p e r a t u r e .   T h i s   w a s   t h e n   p l a c e d   o n 

t h e   m a g n e t i c   r a c k   a n d   a l l o w   t o   r e s t   f o r   f i v e   m i n u t e s   t i l l   t h e   s o l u t i o n   w a s   c l e a r . 

T h e   b e a d s   c o n t a i n e d   t h e   D N A   t a r g e t   a n d   h e n c e   n o t   d i s c a r d e d .   2 0 0   µ L   o f   

f r e s h   8 0 %   e t h a n o l   w a s   t h e n   a d d e d   t o   e a c h   w e l l   a n d   c a r e f u l l y   r o t a t e d   a n d   

p l a c e d   i n   t h e   m a g n e t .   T h e   s u p e r n a t a n t   w a s   t h e n   d i s c a r d e d   a n d   t h e   s t e p   w a s   

r e p e a t e d   a g a i n .   F o l l o w i n g   d r y i n g   t h e   b e a d s   f o r   1 0   m i n u t e s ,   3 0   µ L   o f   

n u c l e a s e - f r e e   w a t e r   w a s   t h e n   a d d e d   a n d   p l a c e d   i n   t h e   m a g n e t i c   r a c k   t i l l   

c l e a r .   2 8   µ L   o f   s u p e r n a t a n t   w a s   t h e n   t r a n s f e r r e d   t o   a   P C R   t u b e .   T h e   l i b r a r y   

w a s   s t o r e d   a t   - 2 0 ° C   p r i o r   t o   p e r f o r m i n g   q u a n t i t y   a n d   q u a l i t y   c h e c k   u s i n g   

Q u b i t   2 . 0   a n d   a g i l e n t   b i o a n a l y s e r . 

4.2.19.2.7Library quality control (QC):
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T h e   D N A   q u a n t i t y   w a s   c h e c k e d   u s i n g   Q u b i t   2 . 0   f l u o r o m e t e r   p r e   a n d   p o s t   

l i b r a r y   c o n s t r u c t i o n .   T h e   b i o   a n a l y s e r   w a s   u s e d   t o   v a l i d a t e   t h e   f r a g m e n t   s i z e   

a n d   c o n c e n t r a t i o n .   A   p e a k   ( F i g u r e   3 8 )   a r o u n d   2 8 0 b p   w o u l d   b e   a i m e d   f o r   

b e i n g   a d e q u a t e l y   p r e p a r e d   f o r   s e q u e n c i n g .   I f   t h e   p e a k   w a s   < 2 8 0 b p   t h e n   t h i s   

w o u l d   r e p r e s e n t   a d a p t e r   d i m e r s   w h i c h   w o u l d   t h e n   r e q u i r e   f u r t h e r   c l e a n u p   t o   

r e m o v e   t h i s .   H e n c e   a   p r e - a n d   p o s t   c l e a n u p   c h e c k   w a s   d o n e   p r i o r   t o   

s e q u e n c i n g . 

Figure 38:Sample Agilent bioanalyzer image of a MiSeq sequencer library for illumina. A peak
of around 280 bp is observed.
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4.2.19.3NGS Run:

T h i s   w i l l   b e   d i s c u s s e d   i n t o   s e c t i o n s - a s   p a r t   o f   t a r g e t e d   a n d   c o m p r e h e n s i v e   

g e n e   p a n e l   t e s t i n g   u s i n g   M i S e q   a n d   H i S e q   i l l u m i n a   p l a t f o r m   d o n e   w i t h   t h e   

h e l p   o f   D r   G a r e t h   M a r l o w .   A n d   i n   a   s e p a r a t e   s e c t i o n   o n   w h o l e   E x o m e   

s e q u e n c i n g   w h i c h   w a s   p e r f o r m e d   b y   t h e   W a l e s   g e n e   P a r k   t e a m . 

4.2.19.3.1Targeted and Comprehensive gene panel:

F o l l o w i n g   l i b r a r y   c o n s t r u c t i o n ,   t h i s   w a s   t h e n   r u n   o n   i l l u m i n a   p l a t f o r m   f o r   

M i S e q   i n i t i a l l y   a n d   t h e n   H i S e q .   T h i s   w a s   p e r f o r m e d   a n d   a n a l y s e d   b y   D r   

G a r e t h   M a r l o w   a n d   I   w a s   n o t   p r e s e n t   d u r i n g   t h i s   p r o c e s s .   

T h e   l i b r a r y   p r e p a r a t i o n   f o r   t h e   t a r g e t e d   s m a l l   p a n e l   a n d   t h e   c o m p r e h e n s i v e   

p a n e l   w a s   c o m p l e t e d   a n d   a t t e m p t e d   s e q u e n c i n g   t h r o u g h   M i S e q   w a s   

p e r f o r m e d   a n d   t h e   d a t a   o b t a i n e d   p u t   t h r o u g h   t h e   M u t a g e n e   p r o g r a m m e   t o   

l o o k   a t   m u t a t i o n a l   s i g n a t u r e s .   E n s e m b l   V a r i a n t   E f f e c t   P r e d i c t o r   ( V E P ) 

p r o g r a m m e   w a s   a l s o   u s e d   t o   d e t e r m i n e   t h e   e f f e c t   o f   v a r i a n t s   ( S N P ,   

i n s e r t i o n s ,   d e l e t i o n s , C N V   o r   s t r u c t u r a l   v a r i a n t s )   o n   g e n e s .   T h e   p e r c e n t a g e   

c o v e r a g e   p e r   t a r g e t e d   g e n e   w a s   r e c o r d e d   a l o n g   w i t h   a   p r e l i m i n a r y   r e p o r t   

g e n e r a t e d   f o r   p o s s i b l e   m u t a t i o n a l   s i g n a t u r e s   u s i n g   t h e   M u t a G e n e   

p r o g r a m m e .   
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P a n e l T a r g e t e d   g e n e s 

T a r g e t e d   2 4   g e n e   P a n e l   ( M i S e q ) A L K ,   R E T ,   P D G F R A ,   M A P 2 K 1 ,   

I D H 1 ,   I D H 2 ,   P T E N ,   B R A F ,   

E G F R ,   A R ,   N R A S ,   S T K 1 1 ,   

P I K 3 C A ,   G N A 1 1 ,   G N A Q ,   E R B B 2 , 

K I T ,   A K T 1 ,   C T N N B 1 ,   K R A S ,   

F G F R 3 ,   M E T ,   T P 5 3 ,   D D R 2 

H i S e q -   C o m p r e h e n s i v e   P a n e l e x p e r i m e n t   f a i l e d 

4.2.19.3.2Data analysis

D a t a   a n a l y s i s   w a s   d o n e   b y   u p l o a d i n g   t h e   f i l e s   t h a t   w e r e   o b t a i n e d   f r o m   

s e q u e n c i n g   o n t o   a   m u t a g e n e   p r o g r a m   a n d   s o m a t i c   s i g n a t u r e s   w e r e   

r e f e r e n c e d   t o   t h e   k n o w n   C O S M I C   c u r a t e d   m u t a t i o n a l   s i g n a t u r e s .   T h i s   w a s   

p e r f o r m e d   b y   D r   G a r e t h   M a r l o w   a n d   s u b s e q u e n t l y   r e v i e w e d   b y   

B i o i n f o r m a t i c i a n   D r   K e v i n   A s h e l f o r d .   

4.3 Results:

1 . D N A   p u r i f i c a t i o n   a n d   q u a n t i f i c a t i o n   f r o m   F F P E   b l o c k s :   D N A   w a s   e x t r a c t e d   

f r o m   5 0   F F P E   b l o c k s   u s i n g   t h e   m e t h o d o l o g y   d e s c r i b e d   a b o v e .   I n   4 4 / 5 0   

s a m p l e s ,   a   s u f f i c i e n t   y i e l d   o f   D N A   ( > 0 . 5   n g / µ L )   w a s   o b t a i n e d .   T h e   t a b l e   

b e l o w   s u m m a r i s e s   t h i s . 
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T h e r e   w a s   n o   s i g n i f i c a n t   d e v i a t i o n   f r o m   t h e   p r o t o c o l .   T h e   a v e r a g e   t i m e   t a k e n 

f r o m   t h e   m a c r o d i s s e c t i o n   o f   D N A   f r o m   F F P E   s l i d e s   t o   D N A   e x t r a c t i o n   w a s   

1 . 4 6   d a y s   ( r a n g e   0 - 3 ) .   A l l   s e c t i o n s   w e r e   t a k e n   a t   a   1 0   µ m   t h i c k n e s s .   T h e   

a v e r a g e   a r e a   o f   D N A   o b t a i n e d   f r o m   t h e   p a r a f f i n - e m b e d d e d   s l i d e   w a s   3 3 . 0 7   

m m ²   ( 9 - 1 6 0 ) .   I n   t h o s e   s a m p l e s   t h a t   d i d   n o t   h a v e   a   s u c c e s s f u l   a d e q u a t e   D N A   

y i e l d   ( N   =   6 ) ,   t h e   a v e r a g e   i n t e r v a l   f r o m   m a c r o   d i s s e c t i o n   t o   e x t r a c t i o n   w a s   

1 . 1 6   d a y s   a n d   a v e r a g e   a r e a   o n   t h e   s l i d e   f r o m   w h e r e   D N A   w a s   o b t a i n e d   w a s   

2 1 . 8   m m ² . 

2 . L i b r a r y   C o n s t r u c t i o n   a n d   Q C : 

T h e   t a b l e   i n   a p p e n d i x   p   s u m m a r i s e s   t h e   D N A   q u a n t i f i c a t i o n   o b t a i n e d   

f o l l o w i n g   l i b r a r y   c o n s t r u c t i o n   a n d   b i o a n a l y s e r   i n f o   f o r   M i S e q   a n d   t h e   

d e m o n s t r a t i o n   o f   a d e q u a t e   f r a g m e n t   s i z e   a n d   c o n c e n t r a t i o n .   A n   e x a m p l e   o f   

p r e - a n d   p o s t   c l e a n u p   d u r i n g   b i o a n a l y s e r   p r o c e s s   h a s   b e e n   d e m o n s t r a t e d   i n   

F i g u r e   3 9 . 
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Bioanalyzer (Pre clean up) Post clean up

Figure 39: Adequate fragment size noted for polyp 449 measured by bioanalyser.
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T h e r e   w a s   n o   d e v i a t i o n   i n   t h e   p r o t o c o l   u s e d   f o r   l i b r a r y   c o n s t r u c t i o n .   T h e   4 4   

s a m p l e s   u n d e r w e n t   b i o a n a l y s e r   r e v i e w   a n d   a l l   s a m p l e s   h a d   a d e q u a t e   f r a g m e n t   

s i z e   a n d   q u a n t i t y   r e q u i r e d   f o r   f u r t h e r   N G S   r u n . 

3 . N G S   r u n   :   t h e   4 4   s a m p l e s   w e r e   t h e n   p r e p a r e d   f o r   M i S e q   r u n   o f   t h e   t a r g e t e d 

s m a l l   p a n e l   a n d   t h e   c o m p r e h e n s i v e   g e n e   p a n e l .   T h e   l i b r a r y   p r e p a r a t i o n   

i n v o l v e d   e n s u r i n g   c o n c e n t r a t i o n   o f   D N A   a s   p e r   p r o t o c o l   ( f i n a l   l i b r a r y   

c o n c e n t r a t i o n   o f   b e t w e e n   6 - 9   n g / µ L ) ,   Q C   p r i o r   t o   t h e   r u n   a n d   u s e   o f   

p r i m e r s .   T h i s   w a s   s u c c e s s f u l   w i t h   s o m e   p r e l i m i n a r y   d a t a   o b t a i n e d   f r o m   t h e   

M i S e q   r u n .   

T h e   s a m p l e s   w e r e   p u t   t h r o u g h   a   s e q u e n c i n g   Q C   r u n   o n   a   M i S e q   n a n o   w h i c h   

i s   t h e   u s u a l   p r o c e s s   t o   c h e c k   o n   p e r f o r m a n c e .   H o w e v e r   t h e   s a m p l e s   f a i l e d   t o 

p a s s   t h i s   p r o c e s s   a n d   h e n c e   H i S e q   w a s   u n a b l e   t o   b e   p e r f o r m e d   f o r   t h e   

c o m p r e h e n s i v e   p a n e l . 

T h e   p r e l i m i n a r y   r e s u l t s   o f   t h e   t a r g e t e d   s m a l l   p a n e l   M i S e q   r u n   r e v e a l e d   t h a t   

t h e r e   w a s   a d e q u a t e   p e r c e n t a g e   c o v e r a g e   i n   a l l   s a m p l e s   e x c e p t   i n   t w o   

( s a m p l e   7 2 ,   4 9 1 )   a n d   t h e r e   w e r e   m u t a t i o n a l   s i g n a t u r e s   d e m o n s t r a t e d   w h e n   

t h i s   w a s   p u t   t h r o u g h   t h e   o n l i n e   M u t a g e n e   p r o g r a m m e . 

T h e   p e r c e n t a g e   c o v e r a g e   f o r   t h e   s m a l l   p a n e l   w a s   a s   f o l l o w s - 
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Percentage Coverage of targeted gene panel for samples (N=44)
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Group Gender Smoking Sample Mutational Signatures   
1 M Ex Smoker 55 3 20 12 28    23   7   
1 F Ex Smoker 85 3 20 12 28  26  23      
1 F Never Smoked 103 3 20 12 28          
1 F Never Smoked 168  20 12 28 1         
1 F Never Smoked 169 3 20 12 28 1         
1 M Ex Smoker 217 3 20 12 28 1  15       
1 M Ex Smoker 374 3 20 12    15       
1 M Ex Smoker 505 3 20 12   26        
1 M Ex Smoker 506 3 20    26        
2 M Never Smoked 71 3 20 12 28 1        16
2 M Never Smoked 72        23      
2 M Never Smoked 393  20 12 28     24  5   
2 M Current smoker 654 3 20 12 28 1  15    5   
3 F Current smoker 17 3 20 12  1         
3 F Never Smoked 128 3 20 12 28 1    24     
3 F Never Smoked 128.1 3 20 12 28 1    24     
3 F Current smoker 151 3 20 12  1         

3 M Current smoker 214 3 20  28  26   24     
3 M Current smoker 399 3 20 12    15       
3 M Current smoker 400 3 20 12 28          
3 M Ex Smoker 447 3 20 12 28 1         
3 M Ex Smoker 449 3 20 12 28 1         
3 M Ex Smoker 450 3 20 12  1         
3 F Ex Smoker 624 3 20 12 28 1    24     
3 F Ex Smoker 625 3 20 12 28 1    24     
3 M Ex Smoker 673 3 20   1 26 15       
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3 M Ex Smoker 677 3 20 12  1 26 15 23      
3 M Current smoker 708 3 20 12      24     
3 M Ex Smoker 715 3 20 12 28 1  15  24     
4 F Ex Smoker 172 3 20 12  1  15       
4 M Never Smoked 247 3 20 12 28  26  23  29    
4 M Ex Smoker 251 3 20 12  1         
4 F Current smoker 264 3 20 12 28   15 23      
4 M Ex Smoker 329 3 20 12 28  26   24     
4 M Ex Smoker 336 3 20 12 28 1       6  
4 F Ex Smoker 409 3 20 12 28 1         
4 M Ex Smoker 435  20  28  26    29    
4 M Ex Smoker 462 3 20 12 28 1         
4 M Current smoker 491    28 1  15       
4 M Never Smoked 493 3 20 12 28          
4 F Never Smoked 503 3 20 12 28 1 26    29    
4 M Ex Smoker 517 3 20 12 28 1         
4 F Never Smoked 634 3 20 12 28 1         
4 M Current smoker 686 3 20 12   26 15       

Signature Aetiology Mutational Features

1 endogenous mutational process initiated by 
spontaneous deamination of 5-methylcytosine

associated with small numbers of small insertions and deletions in most tissue 
types.

3 associated with failure of DNA double-strand 
break-repair by homologous recombination.

associates strongly with elevated numbers of large (longer than 3bp) insertions and 
deletions with overlapping microhomology at breakpoint junctions
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7

Based on its prevalence in ultraviolet exposed 
areas and the similarity of the mutational 
pattern to that observed in experimental 
systems exposed to ultraviolet light Signature 
7 is likely due to ultraviolet light exposure

associated with large numbers of CC>TT dinucleotide mutations at dipyrimidines. 
Additionally, Signature 7 exhibits a strong transcriptional strand-bias indicating that 
mutations occur at pyrimidines (viz., by formation of pyrimidine-pyrimidine photo 
dimers) and these mutations are repaired by transcription-coupled nucleotide 
excision repair.

12 The aetiology of Signature 12 remains 
unknown exhibits a strong transcriptional strand-bias for T>C substitutions.

15 associated with defective DNA mismatch 
repair.

associated with high numbers of small (shorter than 3bp) insertions and deletions at
mono/polynucleotide repeats.

20 believed to be associated with defective DNA 
mismatch repair

 is associated with high numbers of small (shorter than 3bp) insertions and deletions
at mono/polynucleotide repeats.

23 The aetiology remains unknown exhibits very strong transcriptional strand bias for C>T mutations

24

has been found in cancer samples with known
exposures to aflatoxin. Additionally, the 
pattern of mutations exhibited by the signature
is consistent with that previous observed in 
experimental systems exposed to aflatoxin.

exhibits a very strong transcriptional strand bias for C>A mutations indicating 
guanine damage that is being repaired by transcription-coupled nucleotide excision 
repair.

26 believed to be associated with defective DNA 
mismatch repair

 is associated with high numbers of small (shorter than 3bp) insertions and deletions
at mono/polynucleotide repeats.

29 The aetiology of Signature 28 remains 
unknown

exhibits transcriptional strand bias for C>A mutations indicating guanine damage 
that is most likely repaired by transcription-coupled nucleotide excision repair. 
Signature 29 is also associated with CC>AA dinucleotide substitutions.

5
Signature 29 has been found in cancer 
samples from individuals with a tobacco 
chewing habit. exhibits transcriptional strand bias for T>C substitutions at ApTpN context.

6
The aetiology of Signature 5 is unknown

associated with high numbers of small (shorter than 3bp) insertions and deletions at
mono/polynucleotide repeats.

16
Signature 6 is associated with defective DNA 
mismatch repair and is found in microsatellite 
unstable tumours.

exhibits an extremely strong transcriptional strand bias for T>C mutations at ApTpN 
context, with T>C mutations occurring almost exclusively on the transcribed strand.

 The aetiology of Signature 16 remains 
unknown  



272

H o w e v e r   w h e n   t h i s   w a s   f u r t h e r   s c r u t i n i s e d   b y   D r   K e v i n   A s h e l f o r d ,   

b i o i n f o r m a t i c i a n   i t   w a s   t h o u g h t   t h a t   m u t a t i o n a l   s i g n a t u r e s   t h a t   w e r e   p r o v i d e d   

i n   t h e   M u t a g e n e   P r o f i l e   w a s   u n r e l i a b l e .   

H i s   o p i n i o n   b a s e d   o n   t h e   l i m i t e d   i n f o r m a t i o n   t h a t   w a s   p r o v i d e d   f o r   f u r t h e r   

a n a l y s i s   w a s   a s   f o l l o w s . 

T h e   d a t a   w a s   p r o c e s s e d ,   f i l t e r e d   v a r i a n t   c a l l s   f r o m   4 4   s a m p l e s .     E a c h   V C F   

f i l e   c o n t a i n e d ,   o n   a v e r a g e ,   7 3   s o m a t i c   c a l l s   ( m i n   2 ,   m a x ,   1 0 2 ) .   D u e   t o   

f i l t e r i n g   o f   t h e   d a t a   i t   w a s   n o t   p o s s i b l e   t o   a s s e s s   t h e   l e v e l   o f   b a c k g r o u n d   

n o i s e .       T h e   v a r i a n t s   h a v e   b e e n   c a l l e d   w i t h   t h e   S o m a t i c   V a r i a n t   C a l l e r   

s u p p l i e d   w i t h   t h e   M i S e q   R e p o r t e r   s o f t w a r e   a n d   h a v e   b e e n   a n n o t a t e d   w i t h   t h e 

E n s e m b l   V a r i a n t   E f f e c t   P r e d i c t o r .     T h i s   m e a n s   e a c h   v a r i a n t   h a s   b e e n   

l a b e l l e d   i n   a   r a n g e   o f   w a y s   t h a t   c o u l d   b e   u s e d   t o   a s s e s s   p o t e n t i a l   p a t h o g e n i c 

i m p a c t .     A   b r i e f   e x p l o r a t i o n   o f   t h e   v a r i a n t s   s u g g e s t   t h a t   t h e y   m a y   b e   a   

p l a u s i b l e   c a l l s   h o w e v e r   a r e   t o o   f e w   i n   n u m b e r   t o   d e t e r m i n e   m u t a t i o n a l   

s i g n a t u r e s .   

I t   w a s   a l s o   t h o u g h t   t h a t   t h e   m u t a t i o n a l   s i g n a t u r e s   t h a t   w e r e   d e t e r m i n e d   b y   

t h e   M u t a G e n e   t o o l   w e r e   n o t   r e l i a b l e   w i t h   a   f e w   e r r o r s .   F o r   e x a m p l e ,   t h e   

a l l o c a t i o n   o f   ‘ S i g n a t u r e   2 3 ’   t o   s a m p l e   7 2   i s   b a s e d   o n   t w o   S N V s   a l o n e .   

( S i g n a t u r e   2 3   e x h i b i t s   h i g h   t r a n s c r i p t i o n a l   s t r a n d   b i a s   f o r   C > T   m u t a t i o n s ;   t h e   

t w o   S N V s   f r o m   s a m p l e   7 2   a r e   b o t h   C > T .   T h i s   w a s   t h o u g h t   t o   b e   a   p o o r   

j u s t i f i c a t i o n   f o r   a l l o c a t i o n   o f   a   m u t a t i o n a l   s i g n a t u r e . 
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T h e   v a r i a n t s   p r o v i d e d   a p p e a r   p l a u s i b l e   b u t   a r e   f a r   t o o   f e w   i n   n u m b e r   t o   

d e t e r m i n e   m u t a t i o n a l   s i g n a t u r e s .   T h e   v a r i a n t s   h a v e   b e e n   f i l t e r e d   h e a v i l y   a n d   

s o   l a c k   i n f o r m a t i o n   t h a t   c o u l d   b e   u s e d   t o   a s s e s s   F F P E - d e r i v e d   b a c k g r o u n d   

n o i s e .   I n   a d d i t i o n   t o   t h i s   t h e   s i g n a t u r e s   p r o v i d e d   t h r o u g h   t h e   M u t a g e n e   t o o l   

w e r e   u n r e l i a b l e .   

H e n c e   i t   w a s   d e c i d e d   t o   p r o c e s s   t h e   r e m a i n i n g   s a m p l e s   f o r   W E S   p e r f o r m e d   

b y   t h e   n e x t - g e n e r a t i o n   s e q u e n c i n g   l a b o r a t o r y   ( H i S e q )   i n   t h e   W a l e s   g e n e   

P a r k .   B i o i n f o r m a t i c s   w a s   d o n e   b y   D r   K e v i n   A s h e l f o r d .   

4.4 Whole Exome Sequencing:

W h o l e   E x o m e   S e q u e n c i n g   ( W E S )   o n   1 8   s a m p l e s   w a s   p e r f o r m e d   b y   t h e   

W a l e s   G e n e   P a r k   i n   O c t o b e r   2 0 1 9   f o r   t h e   C O N S C O P   s t u d y .   

B i o i n f o r m a t i c   A n a l y s i s   F o l l o w i n g   W h o l e   E x o m e   S e q u e n c i n g   B i o i n f o r m a t i c   

a n a l y s i s   w a s   p e r f o r m e d   b y   D r .   K e v i n   A s h e l f o r d   ( W G P ) . 

T h e   r e m a i n i n g   4 4   s a m p l e s   w h e r e   D N A   h a d   b e e n   p u r i f i e d   f r o m   F F P E   

s a m p l e s   w a s   f u r t h e r   s u b j e c t i v e   q u a n t i f i c a t i o n .   I n   o r d e r   t o   c o m m e n c e   t h e   

E x o m e   p r o c e d u r e   1 0 0   n g   o f   e a c h   D N A   s a m p l e   w a s   d i l u t e d   i n t o   5 0   µ L .   T h e   

r e q u i r e m e n t   f o r   e a c h   p r e p a r a t i o n   w a s   1 0 0   n g .   H e n c e   o n l y   1 8 / 4 4   s a m p l e s   

m e t   t h e   a b o v e   c r i t e r i a   f o r   f u r t h e r   t e s t s .   

T h e   T r u S e q   D N A   e x o m e   p r o t o c o l   w a s   u s e d .   I t   w a s   n o t e d   t h a t   t h e   

c o n c e n t r a t i o n s   w e r e   l o w e r   t h a n   n o r m a l l y   n e e d e d   a n d   t h e   l i b r a r i e s   w e r e   

q u e u e d   f o r   a   s e q u e n c i n g   Q C   r u n   o n   a   M i S e q   n a n o   w h i c h   i s   t h e   u s u a l   

p r o c e s s   t h a t   p r e c e d e s   i n   o r d e r   t o   c h e c k   t h e   s a m p l e s   a r e   p e r f o r m i n g   p r o p e r l y . 

T h e   s a m p l e s   t h a t   p a s s e d   t h i s   w e r e   t h e n   q u e u e d   f o r   m a i n   s e q u e n c i n g   r u n . 
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4.4.1 Methodology

B r i e f l y ,   5 0   n g   o f   g D N A   w a s   u s e d   a s   t h e   i n p u t   t e m p l a t e .   S e q u e n c i n g   l i b r a r i e s   

w e r e   p r e p a r e d   u s i n g   t h e   I l l u m i n a   N e x t e r a   R a p i d   C a p t u r e   E n r i c h m e n t   k i t .   

S u b s e q u e n t   s t e p s   i n c l u d e d   t a g m e n t a t i o n   o f   t h e   g D N A ,   c l e a n - u p   o f   t h e   

t a g m e n t e d   D N A ,   a m p l i f i c a t i o n   o f   D N A ,   c l e a n - u p   o f   a m p l i f i e d   D N A ,   

h y b r i d i s a t i o n   o f   p r o b e s ,   c a p t u r e   o f   t h e   h y b r i d i s e d   p r o b e s ,   s e c o n d   

h y b r i d i s a t i o n   o f   p r o b e s ,   s e c o n d   c a p t u r e ,   c l e a n - u p   o f   t h e   c a p t u r e d   l i b r a r y ,   

a m p l i f i c a t i o n   o f   e n r i c h e d   l i b r a r y ,   c l e a n - u p   o f   t h e   e n r i c h e d   l i b r a r y ,   v a l i d a t i o n   o f 

t h e   c o m p l e t e   l i b r a r y .   

T h e   m a n u f a c t u r e r ’ s   i n s t r u c t i o n s   w e r e   l a r g e l y   f o l l o w e d   w i t h   e x t r a   q u a n t i t a t i o n   

s t e p s   p r i o r   t o   t h e   h y b r i d i s a t i o n   o f   t h e   p r o b e s   t o   e n s u r e   t h a t   c l o s e   t o   5 0   n g   o f   

e a c h   s a m p l e   w a s   p o o l e d .   T h e   l i b r a r i e s   w e r e   v a l i d a t e d   u s i n g   t h e   A g i l e n t   2 1 0 0 

B i o a n a l y s e r   a n d   a   h i g h - s e n s i t i v i t y   k i t   ( A g i l e n t   T e c h n o l o g i e s )   t o   a s c e r t a i n   t h e   

i n s e r t   s i z e ,   a n d   t h e   Q u b i t   2 . 0   F l u o r o m e t e r   w a s   u s e d   f o r   q u a n t i t a t i o n .   

F o l l o w i n g   v a l i d a t i o n ,   t h e   l i b r a r i e s   w e r e   n o r m a l i s e d   t o   4   n M ,   p o o l e d   t o g e t h e r   

a n d   c l u s t e r e d   o n   t h e   c B o t ™ 2   f o l l o w i n g   t h e   m a n u f a c t u r e r ’ s   r e c o m m e n d a t i o n s . 

T h e   p o o l   w a s   s e q u e n c e d   u s i n g   a   7 5 - b a s e   p a i r e d - e n d   ( 2 x 7 5 b p   P E )   d u a l   

i n d e x   r e a d   f o r m a t   o n   t h e   I l l u m i n a   H i S e q   2 5 0 0   i n   h i g h o u t p u t   m o d e   a c c o r d i n g   

t o   t h e   m a n u f a c t u r e r ’ s   i n s t r u c t i o n s .   

4.4.1.1 Quality control

S e q u e n c i n g  q u a l i t y  w a s  h i g h :  a c r o s s  t h e  e i g h t e e n  s a m p l e s .   B e t w e e n  9 4 . 6  

a n d  9 8 . 6 %  o f   r e a d s   h a d   a n   a v e r a g e   p e r   b a s e   q u a l i t y   s c o r e   o f   3 0   o r   g r e a t e r . 

M a p p i n g  q u a l i t y  w a s  c o n s i s t e n t l y  h i g h  a c r o s s  a l l  s a m p l e s .  B e t w e e n  9 8 . 8  a n d  

9 9 . 9  %  o f   r e a d s   m a p p e d   t o   t h e   h g 3 8   h u m a n   r e f e r e n c e . 



275

R e a d   d u p l i c a t i o n   w a s   l o w ,   a n d   w i t h i n   a c c e p t a b l e   l i m i t s ,   w i t h   b e t w e e n   1 2 . 8   

a n d   1 8 . 7   %   o f   m a p p e d   r e a d s   r e d u n d a n t   ( m e a n ,   1 5 . 4   % ) . 

M e d i a n   i n s e r t   s i z e s   f o r   p a i r e d - e n d   r e a d s   w e r e   a p p r o p r i a t e   w i t h   i n s e r t s   

r a n g i n g   f r o m   1 3 6   t o   1 6 0   b p   ( m e a n ,   1 4 5   b p ) . 

O v e r a l l ,   t h e   q u a l i t y   o f   a l l   s e q u e n c i n g   w a s   g o o d   a n d   s u i t a b l e   f o r   f u r t h e r   

analysis.

4.4.1.2 Pre-processing

R e a d s   w e r e   t r i m m e d   f o r   a d a p t e r   s e q u e n c e   a n d   l o w   q u a l i t y   r e a d s   u s i n g   

T r i m m o m a t i c   v e r s i o n   0.39.

4.4.1.3 Mapping

R e a d s   w e r e   m a p p e d   t o   h u m a n   r e f e r e n c e   s e q u e n c e   G r c h 3 8 / H g 3 8 ,   s t a n d a r d   

v e r s i o n   a s   p r o v i d e d   b y   t h e   G A T K   r e s o u r c e   b u n d l e . 

M a p p i n g   w a s   p e r f o r m e d   w i t h   B W A   s o f t w a r e ,   v e r s i o n   0 . 7 . 1 7 - r 1 1 9 8 - d i r t y ,   

u s i n g   t h e   M E M   a l g o r i t h m   a n d   d e f a u l t   s e t t i n g s   w i t h   s e c o n d a r y   h i t s   m a r k e d   ( - M 

f l a g ) .   M a p p i n g   o u t p u t   w a s   c o n v e r t e d   i n t o   s o r t e d   i n d e x   B A M   f i l e s   u s i n g   

s a m t o o l s   v e r s i o n   1.9.

4.4.1.4 Post-processing

F o l l o w i n g   b e s t - p r a c t i c e   g u i d e l i n e s ,   b a s e   Q u a l i t y   S c o r e   R e c a l i b r a t i o n   ( B Q S R ) 

w a s   p e r f o r m e d   o n   a l l   s a m p l e s   w i t h   t h e   a i d   o f   t h e   G e n o m e   A n a l y s i s   T o o l k i t   

( G A T K ,   v e r s i o n   4 . 1 . 3 . 0 ) ,   u s i n g   t o o l s   B a s e R e c a l i b r a t o r ,   A p p l y B Q S R ,   a n d   

A n a l y z e C o v e r i a t e s ,   t o   r e m o v e   l i k e l y   s y s t e m a t i c   e r r o r s   i n   b a s e   q u a l i t y   s c o r e s . 

D u p l i c a t e   r e a d s   w e r e   m a r k e d   u s i n g   t h e   M a r k D u p l i c a t e s   t o o l   f r o m   t h e   P i c a r d   

t o o l k i t   ( v e r s i o n   2.20.5).
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4.4.1.5 Variant discovery  — identification of somatic variants

T h e   M u t e c t 2   t o o l ,   p a r t   o f   G A T K   4 . 1 . 3 . 0 ,   w a s   u s e d   t o   i d e n t i f y   p u t a t i v e   s o m a t i c 

v a r i a n t s   i n   t h e   a b s e n c e   o f   m a t c h e d   n o r m a l   s a m p l e s   a s   p e r   G A T K   b e s t - 

p r a c t i c e   g u i d e l i n e s   

( h t t p s : / / gatkforums.broadinstitute.org/gatk/discussion/24057/how-to-call-somatic-

mutations-using-gatk4-mutect2#latest).

I n   t h e   a b s e n c e   o f   m a t c h e d   n o r m a l   d a t a ,   M u t e c t 2   w a s   r u n   a s   p e r   i n s t r u c t i o n s , 

w i t h   g e n o m e   a g g r e g a t i o n   d a t a b a s e   d a t a ,   a s   p r o v i d e d   b y   t h e   G A T K   r e s o u r c e   

b u n d l e ,   u s e d   a s   a   s u i t a b l e   g e r m l i n e   r e s o u r c e . 

G A T K  t o o l s  L e a r n R e a d O r i e n t a t i o n M o d e l ,  G e t P i l e u p S u m m a r i e s ,  

C a l c u l a t e C o n t a m i n a t i o n ,  a n d   F i l t e r M u t e c t C a l l s   w e r e   a p p l i e d   a s   p e r   

i n s t r u c t i o n s   t o   p r o d u c e   f i n a l   v a r i a n t   c a l l s ,   i n   V C F   f o r m a t ,   a n n o t a t e d   f o r   

v a r i a n t   q u a l i t y . 

R e s u l t a n t   V C F   f i l e s   w e r e   t h e n   f i l t e r e d   t o   p r o d u c e   f i n a l   v a r i a n t   f i l e s   c o n t a i n i n g   

o n l y   S N V s   t h a t   p a s s e d   a l l   M u t e c t   f i l t e r s   a n d   l o c a t e d   o n   c a n o n i c a l   h u m a n   

c h r o m o s o m e s   c h r 1 - 2 2 ,   X ,   Y ,   a n d   M . 

T h e   s a m p l e s   v a r i e d   g r e a t l y   i n   t h e   n u m b e r   o f   p u t a t i v e   s o m a t i c   m u t a t i o n s   

d e t e c t e d ,   r a n g i n g   f r o m   a   l o w   o f   4 0 , 6 1 8   ( s a m p l e   4 9 3 )   a n d   a   h i g h   o f   1 8 2 , 6 8 8   

( s a m p l e   4 4 7 ) .   O n   a v e r a g e ,   7 5 , 9 3 4   s o m a t i c   m u t a t i o n s   w e r e   d e t e c t e d   p e r   

s a m p l e   ( T a b l e   2 8 ) . 

4.4.1.6 Inputs

E i g h t e e n  s a m p l e s  were p r o v i d e d  ( T a b l e   2 8 ). The  s a m p l e s   w e r e   c a t e g o r i s e d   

i n t o   o n e   o f   t h r e e   s m o k i n g   groups:
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1 . S m o k e r  ( n  =  7)

2 . N e v e r  s m o k e d  ( n  =  3)

3 . E x - s m o k e r  ( n  =  8)

T h e   s a m p l e s   w e r e   s e q u e n c e d   o n   t h e   I l l u m i n a   N o v a S e q   p l a t f o r m .   S u ffi c i e n t   

s e q u e n c e   d a t a   w e r e   g e n e r a t e d   w i t h   b e t w e e n   3 5 . 5   t o   7 3 . 7   m i l l i o n   2   x   1 5 0   b p   

p a i r e d - e n d   r e a d s   p r o d u c e d   ( m e a n ,   5 3 . 9   million).

Table 28: Samples processed, categorised by smoking status, with raw DNA yield from 
sequencing specified.

Wales Gene Park 
sample ID

Investigators’ 
sample ID

Smoking status Total number of
paired-end 
reads generated
(x 106)

Total yield (Mb)

E045-H-001 634 Never smoked 46.4 14,016.4

E045-H-002 393 Never smoked 42.0 12,687.1

E045-H-003 654 Smoker 63.9 19,300.1

E045-H-004 17 Smoker 64.5 19,475.8

E045-H-005 151 Smoker 56.7 17,125.0

E045-H-006 399 Smoker 66.8 20,172.0

E045-H-007 400 Smoker 61.3 18,514.7

E045-H-008 447 Ex-smoker 51.6 15,596.1

E045-H-009 450 Ex-smoker 73.7 22,272.2

E045-H-010 625 Ex-smoker 57.0 17,210.5

E045-H-011 708 Smoker 55.9 16,871.4

E045-H-012 715 Ex-smoker 46.6 14,082.3

E045-H-013 172 Ex-smoker 39.7 11,988.0

E045-H-014 435 Ex-smoker 55.1 16,633.9

E045-H-015 462 Ex-smoker 57.5 17,367.8

E045-H-016 491 Smoker 35.5 10,726.6

E045-H-017 493 Never smoked 54.9 16,591.2

E045-H-018 517 Ex-smoker 40.9 12,353.7

Mean 53.9 16,276.9
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Wales Gene 
Park sample 
ID

Investigators’ 
sample ID

Smoking
status

Raw variant 
count

Raw SNV
count

PASS SNV count — 
putative somatic 
mutations

E045-H-001 634 Never smoked 206,822.00 137,701.00 50,141

E045-H-002 393 Never smoked 197,042.00 130,555.00 43,020

E045-H-003 654 Smoker 378,006.00 252,200.00 86,599

E045-H-004 17 Smoker 406,723.00 270,560.00 87,036

E045-H-005 151 Smoker 415,805.00 274,224.00 81,182

E045-H-006 399 Smoker 519,321.00 342,895.00 105,059

E045-H-007 400 Smoker 511,407.00 341,614.00 112,736

E045-H-008 447 Ex-smoker 1,224,206.00 798,682.00 182,668

E045-H-009 450 Ex-smoker 389,573.00 258,774.00 88,471

E045-H-010 625 Ex-smoker 390,016.00 262,702.00 95,705

E045-H-011 708 Smoker 303,528.00 199,217.00 61,670

E045-H-012 715 Ex-smoker 392,053.00 248,083.00 58,404

E045-H-013 172 Ex-smoker 259,195.00 168,970.00 49,557

E045-H-014 435 Ex-smoker 187,671.00 124,235.00 44,283

E045-H-015 462 Ex-smoker 350,394.00 231,408.00 74,174

E045-H-016 491 Smoker 248,552.00 163,149.00 50,452

E045-H-017 493 Never smoked 187,925.00 121,715.00 40,618

E045-H-018 517 Ex-smoker 230,141.00 154,036.00 55,038

Table 29: Outcome of Mutect2 analysis.
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4.4.1.7 Mutational signatures inferred.

M u t a t i o n a l  s i g n a t u r e s  w e r e  i n f e r r e d  f r o m  t h e  f i l t e r e d  V C F  f i l e s  u s i n g  t h e  

SomaticSignatures  p a c k a g e  ( v e r s i o n  2 . 2 0 . 0 )  r u n n i n g  o n  R  v e r s i o n  3.6.1.

T h e   s a m p l e s   w e r e   p r o c e s s e d   ( i )   g r o u p e d   a c c o r d i n g   t o   t h e   s m o k i n g   s t a t u s   o f   p a t i e n t ,   

a n d   ( i i )   s e p a r a t e l y .   I n   e a c h   c a s e ,   m u t a t i o n a l   s p e c t r u m   w a s   c a l c u l a t e d   a n d   t h e n   

m u t a t i o n a l   s i g n a t u r e s   i n f e r r e d   u s i n g   b o t h   n o n - n e g a t i v e   m a t r i x   f a c t o r i s a t i o n   ( N M F )   

a n d   p r i n c i p a l   c o m p o n e n t   a n a l y s i s   ( P C A ) . 

4.4.2 Results and discussion

4.4.2.1 A. Inferring mutational signatures by group

I n   t h i s   s e c t i o n   w e   c o n s i d e r e d   t h e   e i g h t e e n   s a m p l e s   i n   t e r m s   o f   t h e   t h r e e   ‘ s m o k i n g   

s t a t u s ’   g r o u p s   t h e y   r e p r e s e n t :   ‘ n e v e r - s m o k e r ’ ,   ‘ s m o k e r ’ ,   a n d   ‘ e x - s m o k e r ’ .   T h i s   w a s   a   

t w o   s t a g e   p r o c e s s   i n   w h i c h   t h e   f i r s t   s t a g e   d e t e r m i n e d   t h e   f r e q u e n c y   o f   a l l   p o s s i b l e   

t r i n u c l e o t i d e   m u t a t i o n a l   m o t i f s   ( t h e   s o -   c a l l e d   m u t a t i o n a l   s p e c t r u m ) .   D u r i n g   t h e   

s e c o n d   s t a g e ,   t h e   m u t a t i o n a l   s p e c t r u m   w a s   d e c o m p o s e d   m a t h e m a t i c a l l y   t o   i n f e r   

p o s s i b l e   m u t a t i o n a l   s i g n a t u r e s . 

4.4.2.1.1 Stage  1.  Determine  mutational  spectrum.

F i r s t ,   f o r   e a c h   g r o u p ,   t h e   f r e q u e n c y   o f   a l l   9 6   p o s s i b l e   t r i n u c l e o t i d e   m o t i f s   w a s   

d e t e r m i n e d ,   t h e r e b y   p r o d u c i n g   a   m a t r i x   o f   o f   m o t i f s ,   w h i c h   w e r e   s o m e t i m e s   c a l l e d   t h e 

c a t a l o g   m a t r i x ,   C .   T h e   c a t a l o g   m a t r i x   d e f i n e s   t h e   m u t a t i o n a l   s p e c t r u m   o f   t h e   s a m p l e s , 

g r o u p e d   b y   s m o k i n g   s t a t u s ,   a n d   c a n   b e   v i s u a l i s e d   a s   a   b a r   c h a r t   a s   s h o w n   i n   F i g u r e   

4 0 . 
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Figure 40:Observed motif frequency for each of the three patient groups, collectively referred to as the 
mutational spectrum of the data.

T h e   m u t a t i o n a l   s p e c t r u m   p r o v i d e d   a   f i r s t   i m p r e s s i o n   o f   t h e   d a t a   a n d   r e v e a l e d   l i t t l e   

v a r i a t i o n   a m o n g   t h e   t h r e e   g r o u p s .   I t   w a s   t h o u g h t   t h a t   i f   t h e r e   w a s   a n y   d i ff e r e n c e   i n   

t h e   s o m a t i c   p r o f i l e   a m o n g   t h e   t h r e e   g r o u p s   t h e n   i t   w a s   t o o   s u b t l e   t o   b e   i n t e r p r e t e d   b y   

v i s u a l i s a t i o n   o f   t h e   g r a p h s .   H e n c e   i n   o r d e r   t o   d e t e r m i n e   i f   t h e r e   w a s   a n y   d i f f e r e n c e   

c o u l d   b e   d e t e c t e d ,   h i e r a r c h i c a l   c l u s t e r i n g   o f   t h e   m u t a t i o n a l   s p e c t r u m   w a s   p e r f o r m e d .   

T h i s   i s   d e m o n s t r a t e d   i n   F i g u r e   4 1 . 
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Figure 41: Hierarchical clustering of the mutational spectrum, according to motif.

H i e r a r c h i c a l   c l u s t e r i n g   F i g u r e   4 1 ,   v i s u a l l y   r e v e a l   t h e   d i f f e r e n t i a t i o n   b e t w e e n   t h e   t h r e e   

g r o u p s   w i t h   e x - s m o k e r s   s t a n d i n g   o u t   m o r e   f r o m   t h e   o t h e r   t w o   g r o u p s . H o w e v e r   t h e   

E u c l i d e a n   d i s t a n c e s   w e r e   n o t   l a r g e ,   r e f l e c t i n g   t h e   b a r   c h a r t   results. Hence the stage 

was to  m a t h e m a t i c a l l y   d e c o m p o s e   t h e s e   f r e q u e n c i e s   i n   o r d e r   t o   i n f e r   p o s s i b l e   

m u t a t i o n a l   s i g n a t u r e s   t h a t   m i g h t   b e t t e r   r e v e a l   d i ff e r e n c e s   a m o n g   t h e   t h r e e   g r o u p s . 
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4.4.2.1.2 Stage  2:  Identifying  mutational  signatures.

T h e r e   a r e   v a r i o u s   m a t h e m a t i c a l   a p p r o a c h e s   t h a t   a r e   a v a i l a b l e   t o   d e c o m p o s e   a   

s a m p l e ’ s   m u t a t i o n a l   s p e c t r u m   i n   o r d e r   t o   i n f e r   p o s s i b l e   m u t a t i o n a l   s i g n a t u r e s .   I n   t h i s   

s t u d y   t w o   a l t e r n a t i v e   a p p r o a c h e s   w e r e   u s e d :   ( i )   n o n -   n e g a t i v e   m a t r i x   f a c t o r i s a t i o n ,   

N M F   a n d   ( i i )   p r i n c i p a l   c o m p o n e n t   a n a l y s i s ,   P C A . 

A   f i r s t   s t e p   w a s   t o   d e t e r m i n e   r ,   t h e   n u m b e r   o f   s i g n a t u r e s   e x p e c t e d .   W i t h   t h e   t h r e e   

g r o u p s ,   t h e   m e t h o d o l o g y   w a s   l i m i t e d   t o   a   m a x i m u m   o f   t h r e e   s i g n a t u r e s .   ( I d e a l l y ,   t h i s   

w o u l d   n e e d   p r i o r   b i o l o g i c a l   k n o w l e d g e   o r   o t h e r   e x p e r i m e n t a l   d a t a   i n   o r d e r   t o   e s t i m a t e   

t h e   l i k e l y   n u m b e r   o f   s i g n a t u r e s ,   i n   t h i s   c a s e ,   i n f e r r i n g   r   f r o m   t h e   d a t a   s u g g e s t e d   t h a t   

t h r e e   w i l l   f u l l y   a c c o u n t   f o r   t h e   v a r i a t i o n   o b s e r v e d ) . 

T h e   n e x t   s t e p   i n v o l v e d   w a s   t o   a t t e m p t   d e c o m p o s i n g   t h e   m u t a t i o n a l   s p e c t r u m   b y   n o n - 

n e g a t i v e   m a t r i x   f a c t o r i s a t i o n ,   NMF.

T h i s   r e s u l t e d   i n   t h e   i d e n t i f i c a t i o n   o f   t h r e e   m u t a t i o n a l   s i g n a t u r e s ,   l a b e l l e d   S 1 ,   S 2 ,   a n d   

S 3 ,   a s   i l l u s t r a t e d   i n   F i g u r e   4 2 . 
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A. Inferring mutational signatures by group

B

Figure 42: Mutational signatures inferred with the NMF method, represented both as a bar chart (Panel
A) and a heat map (Panel B)

The three signatures do not differ, greatly nor do they correspond to any known mutational signature 
as documented by the Catalogue Of Somatic Mutations In Cancer, COSMIC.  As such they must be 
treated with caution — differences are detected through the likely background noise (? artefact)
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T h e   c o n t r i b u t i o n   o f   t h e   t h r e e   s i g n a t u r e s   t o   e a c h   p a t i e n t   g r o u p   c a n   b e   v i s u a l i s e d   a s   a   

h e a t   m a p   o r   b a r   c h a r t   a s   i l l u s t r a t e d   i n   F  i  g  u  r e    4 3 

A

B

Figure 43: Contribution of the three inferred mutational signatures to observed mutational 
spectrum, visualised as a heat map (Panel A) and a bar chart (Panel B)

All three signatures contribute to each group but mutational signature S1 contributes most to the 
ex-smoker mutational spectrum, S2 to the never-smoked spectrum, and S3 to the smoker 
spectrum.
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T h e   a l t e r n a t i v e   a p p r o a c h   t o   d e c o m p o s i t i o n   w a s   t o   i n f e r   s i g n a t u r e s   w i t h   p r i n c i p a l   

c o m p o n e n t   a n a l y s i s ,   P C A .   T h i s   r e s u l t e d   i n   a g a i n   ( d u e   t o   m e t h o d o l o g i c a l   l i m i t s )   t o   t h e 

i d e n t i f i c a t i o n   o f   a   m a x i m u m   o f   t h r e e   m u t a t i o n a l   s i g n a t u r e s ,   l a b e l l e d   S 1 ,   S 2 ,   a n d   S 3 ,   

a s   i l l u s t r a t e d   i n   F  i  g  u  r e    4 4 .   T h e   c o n t r i b u t i o n s   e a c h   s i g n a t u r e   m a d e   i s   i l l u s t r a t e d   i n   

F  i  g  u  r e    4 5   . 

A

B

Figure 44: Mutational signatures inferred with PCA, represented as a bar chart (Panel A) and a heat
map (Panel B)

Signature S1 is seen to dominate.  Does this represent background noise due to limitations of our 
experimental approach?  No signature corresponds to any known mutational signature as 
documented by the Catalogue Of Somatic Mutations In Cancer, COSMIC.



286

A

B

Figure 45: Contribution of the three inferred mutational signatures to observed mutational 
spectrum, visualised as a heat map (Panel A) and a bar chart (Panel B)

Note how the dominant S1 signature contributes substantially to all three groups. Signatures S2 
and S3 reveal differences between the three groups but given the weak signal for these signatures 
are, this must be treated with caution.
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A s   w i t h   N M F ,   a   d i s t i n c t i o n   w a s   m a d e   a m o n g   t h e   t h r e e   g r o u p s ,   b u t   o n   t h i s   o c c a s i o n   

t h e   s i g n a t u r e s   a p p e a r e d   t o   b e   v e r y   d i f f e r e n t .   E x - s m o k e r s   a p p e a r e d   t o   b e   m o s t   

d i f f e r e n t   w i t h   a   l a r g e r   c o n t r i b u t i o n   f r o m   s i g n a t u r e   S 2   a n d   a   f a r   s m a l l e r   c o n t r i b u t i o n   

f r o m   s i g n a t u r e   S 3 .   H o w e v e r   s i g n a t u r e   S 1   a p p e a r e d   i n   a l l   t h r e e   g r o u p s   w h i c h   

s u g g e s t e d   t h a t   t h e r e   w a s   a   b a c k g r o u n d   s i g n a t u r e .   

H e n c e   t h e r e   w e r e   d i f f e r e n t   r e s u l t s   o b t a i n   d e p e n d i n g   o n   t h e   d e c o m p o s i t i o n   m e t h o d   

u s e d   h o w e v e r   t h e r e   w a s   a   c o n s i s t e n t   r e s u l t   i n   t h a t   t h e   t h r e e   g r o u p s   w e r e   

d i s t i n g u i s h a b l e ,   w i t h   e x - s m o k e r s   p a r t i c u l a r l y   p r o m i n e n t   i n   t h i s   g r o u p .   D u e   t o   a   l o t   o f   

b a c k g r o u n d   n o i s e   i t   w a s   d i f f i c u l t   t o   i n f e r   a s   t o   t h e   n a t u r e   o f   t h e   d i f f e r e n c e   h o w e v e r   a   

f a i n t   d i s c r i m i n a t i n g   s i g n a l   w a s   p o s s i b l y   s e e n . 

4.4.2.2 B. Inferring mutational signatures by sample

B y   g r o u p i n g   t h e   s a m p l e s   i n   t h e   a b o v e   m e t h o d s   t h e r e   i s   a   p o s s i b i l i t y   o f   i n t r o d u c t i o n   o f   

u n e x p l o r e d   c o n f o u n d i n g   v a r i a b l e s   s u c h   a s   ( e . g . ,   a g e ,   d u r a t i o n   o f   s m o k i n g ,   p u r i t y   o f   

t u m o u r   s a m p l e s ,   e t c . )   t h a t   w o u l d   a d d   t o   t h e   a n t i c i p a t e d   b a c k g r o u n d   n o i s e   a r i s i n g   f r o m 

l a c k   o f   p a i r e d - n o r m a l s   a n d   r e l i a n c e   o n   F F P E   s a m p l e s .   H e n c e   t h e   f o l l o w i n g   a n a l y s i s   

e x p l o r e s   w h e t h e r   b y   i g n o r i n g   t h e   g r o u p s   w h e t h e r   i n d i v i d u a l   s a m p l e s   w o u l d   p r o v i d e   

m o r e   i n f o r m a t i o n   o n   m u t a t i o n a l   s p e c t r u m . 

4.4.2.2.1 Stage  1:  Determine  mutational  spectrum  for  individual  samples

A s   w a s   d o n e   p r e v i o u s l y ,   t h e   m u t a t i o n a l   s p e c t r u m   o f   t h e   d a t a   w a s   d e t e r m i n e d   b y   

c a l c u l a t i n g   t h e   f r e q u e n c y   o f   t h e   9 6   m o t i f s   a c c o r d i n g   t o   e a c h   s a m p l e   a s   i l l u s t r a t e d   i n   

F  i  g  u  r e    4 6 . 
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Figure 46: Observed motif frequency for each of the eighteen samples, collectively referred to as 
the mutational spectrum of the data

Samples are labelled with WGP ids, colour-coded according to smoking history (green, no- smoker;
amber, smoker; red, ex-smoker).  Modest differences are observed but overall, the pattern of motif
frequency is essentially the same. Motif patterns cannot be grouped to smoking category by eye.
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T h e   m u t a t i o n a l   s p e c t r u m   s u g g e s t s   t h a t   t h e r e   a r e   p o s s i b l y   m u t a t i o n a l   s i g n a t u r e   

d i f f e r e n c e s   a m o n g   t h e   s a m p l e s   h o w e v e r   t h e r e   w a s   n o   o b v i o u s   t r e n d   t h a t   w a s   

v i s u a l i s e d .   T h i s   w a s   f u r t h e r   s u b j e c t   t o   h i e r a r c h i c a l   c l u s t e r i n g   t h a t   a l s o   c o n f i r m e d   a   

l a c k   o f   o b v i o u s   c o r r e l a t i o n   w i t h   t h e   s m o k i n g   g r o u p   w h e n   m o t i f s   w e r e   c l u s t e r e d ,   a s   

i l l u s t r a t e d   i n   F i g u r e   4 7 . 

Figure 47: Hierarchical clustering of the mutational spectrum per sample, according to motif

H e n c e   t h o u g h   t h e r e   w e r e   s o m e   d i f f e r e n c e s   n o t e d ,   n o n e   o f   t h e s e   d i f f e r e n c e s   

o b v i o u s l y   c o r r e s p o n d e d   t o   t h e   s m o k i n g   g r o u p .   H e n c e   t h e   o v e r a l l   i m p r e s s i o n   w a s   t h a t   

t h e   b a c k g r o u n d   n o i s e   t h a t   w a s   p r e s e n t   i n   a l l   t h e   s a m p l e s   o b s c u r e d   a n y   p o s s i b l e   

s i g n a l .   
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4.4.2.2.2 Stage  2:  Identifying  mutational  signatures  for  individual  samples.

S i m i l a r   t o   p r e v i o u s l y   w h e n   i d e n t i f y i n g   m u t a t i o n a l   s i g n a t u r e s   a s   p e r   g r o u p s ,   a   

m u t a t i o n a l   s i g n a t u r e   a n a l y s i s   w a s   p e r f o r m e d .   A s   w a s   d o n e   i n   t h e   p r e v i o u s   a n a l y s i s ,   i t 

w a s   n e c e s s a r y   t o   e s t i m a t e   r ,   w h i c h   i s   t h e   l i k e l y   n u m b e r   o f   e x p e c t e d   m u t a t i o n a l   

s i g n a t u r e s .   W i t h   t h e   a v a i l a b i l i t y   o f   1 8   s a m p l e s ,   t h e   m e t h o d o l o g y   a l l o w e d   f o r   a   f a r   

w i d e - r a n g i n g   p o t e n t i a l   s i g n a t u r e s   ( b e t w e e n   2   a n d   1 8 ) .   A l t h o u g h   i t   w a s   p r e f e r a b l e   t o   

e s t i m a t e   t h e   l i k e l y   n u m b e r   o f   s i g n a t u r e s   f r o m   p r i o r   b i o l o g i c a l   k n o w l e d g e   o r   p r e v i o u s   

e x p e r i m e n t a l   d a t a ,   i t   w a s   p o s s i b l e   t o   e s t i m a t e   r   s t a t i s t i c a l l y   f r o m   t h e   d a t a   a n d   t h e   

r e s u l t s   o f   t h e   a n a l y s i s   i s   s h o w n   i n   F i g u r e   4 8 . 

B y   p e r f o r m i n g   t h i s   a n a l y s i s ,   t h e r e   w e r e   s e v e n   o r   e i g h t   s i g n a t u r e s   t h a t   w e r e   p r e d i c t e d   

t o   e x p l a i n   t h e   d a t a .   T h i s   a p p e a r e d   t o   b e   a   p l a u s i b l e   s i g n a l   h o w e v e r   w i t h o u t   t h e   

g u i d a n c e   o f   a   p r i o r i   d a t a ,   t h e r e   r e m a i n s   u n c e r t a i n t y   i n   t h e   d e f i n i t i v e   i n t e r p r e t a t i o n   

w h i c h   s u g g e s t e d   a   d i f f i c u l t y   i n   d e t e c t i o n   o f   a   s t r o n g   s i g n a l .   B y   a c k n o w l e d g i n g   t h i s   

u n c e r t a i n t y ,   t h e   d a t a   w a s   e x p l o r e d   f u r t h e r   a n d   d e c o m p o s i t i o n   w a s   p e r f o r m e d   w i t h   

r = 8 ,   a n d   3   f o r   b o t h   N M F   a n d   P C A   a n a l y s i s   ( F i g u r e   4 9 ,   F i g u r e   5 0 ,   F i g u r e   5 1 , F i g u r e   

5 2 ) . 
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A

B

Figure 48: Summary statistics for selecting the number of signatures, determined for NMF (panel A) 
and PCA (panel B)

Here we are looking for the number of signatures that best approximates the data.  In this case, eight 
signatures seem to explain the bulk of the observed mutational spectrum. NMF-non-negative matrix 
factorisation. PCA-principal component analysis.
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Figure 49: Mutational signatures inferred with NMF assuming 8 signatures.

Represented as a bar chart (A) and a heat map (B).  Contribution of each signature to the 
eighteen samples is shown as a heat map (C) and bar chart (D). NMF-non-negative matrix 
factorisation

Figure 50:Mutational signatures inferred with NMF assuming 3 signatures.

Represented as a bar chart (A) and a heat map (B). Contribution of each signature to the 
eighteen samples is shown as a heat map (C) and bar chart (D). NMF-non-negative matrix 
factorisation
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Figure 51: Mutational signatures inferred with PCA assuming 8 signatures.

Represented as a bar chart (A) and a heat map (B).  Contribution of each signature to the 
eighteen samples is shown as a heat map (C) and bar chart (D). PCA-principal component 
analysis

Figure 52: Mutational signatures inferred with PCA assuming 3 signatures.

Represented as a bar chart (A) and a heat map (B).  Contribution of each signature to the 
eighteen samples is shown as a heat map (C) and bar chart (D). PCA-principal component 
analysis
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4.4.3 Conclusion from WES results:

I n f e r r i n g   m u t a t i o n a l   s i g n a t u r e s   f r o m   i n d i v i d u a l   s a m p l e s   i n   t h i s   e x p e r i m e n t   

g e n e r a t e d   p r e l i m i n a r y   d a t a   h o w e v e r   t h i s   h a d   s e v e r a l   l i m i t a t i o n s .   T h e r e   w a s   

i n s u f f i c i e n t   d a t a   t o   b e   a b l e   t o   d i s t i n g u i s h   t h e   s m o k i n g   c a t e g o r y   f r o m   t h e   

o t h e r   c a t e g o r i e s .   T h e   1 8   s a m p l e s   t h a t   w e r e   a n a l y s e d   i n d i v i d u a l l y   h a d   h i g h   

l e v e l s   o f   b a c k g r o u n d   n o i s e   h o w e v e r   t h e r e   w a s   s o m e   s i g n a l   t h a t   w a s   

a p p a r e n t   t h a t   c o u l d   p o t e n t i a l l y   b e   b i o l o g i c a l l y   i n f o r m a t i v e   b u t   t h i s   c o u l d   n o t   

b e   d i s t i n g u i s h e d   i n   t h e   s m o k i n g   c a t e g o r y .   T h i s   w a s   b e c a u s e   t h e r e   w a s   h i g h   

l e v e l s   o f   b a c k g r o u n d   n o i s e   f r o m   t h e   F F P E   s a m p l i n g . 

H o w e v e r   b y   u s i n g   t h e   m e t h o d o l o g y   o f   l i m i t i n g   t h e   s i g n a t u r e s   t o   3 ,   t h i s   

s u g g e s t e d   t h a t   t h e r e   w e r e   m u t a t i o n a l   s i g n a t u r e   p r o f i l e s   t h a t   a l i g n e d   w i t h   

t h e s e   s m o k i n g   g r o u p s   h o w e v e r   t h i s   i n t e r p r e t a t i o n   i s   f a r   f r o m   c o n c l u s i v e .   

S a m p l e   E 0 4 5 - H - 0 0 8   ( i d   4 4 7 ,   a n   e x - s m o k e r ) ,   s t o o d   o u t   a s   b e i n g   d i f f e r e n t   a n d 

N M F   a n a l y s i s   a n d   i n   a d d i t i o n   t o   t h i s   s a m p l e   a l s o   h a d   t h e   h i g h e s t   n u m b e r   o f   

p u t a t i v e   s o m a t i c   S N V s   d e t e c t e d .   H e n c e   t h e r e   m a y   b e   f u r t h e r   m e r i t   i n   

e x p l o r i n g   t h e   r e a s o n s   f o r   t h e   c l a r i t y   o f   t h i s   s i g n a l   i n   t h i s   s a m p l e   a s   o p p o s e d   

t o   o t h e r s .   

4.5 Discussion:

F F P E   s a m p l e s   a r e   c o m m o n l y   u s e d   f o r   s a m p l e s   t a k e n   f r o m   t h e   c o l o n   a n d   

t h i s   m e t h o d   i s   a n   i n v a l u a b l e   b i o b a n k   f o r   r e t r o s p e c t i v e   r e s e a r c h   w i t h   

m o l e c u l a r   m e t h o d s   s u c h   a s   P C R   a n d   n e x t - g e n e r a t i o n   s e q u e n c i n g .   O n c e   a   

p o l y p   i s   r e m o v e d   f r o m   t h e   c o l o n ,   t h i s   i s   t h e n   p l a c e d   i n   a   s p e c i m e n   p o r t   t h a t   

c o n t a i n s   f o r m a l i n   w h i c h   t h e n   g e t s   s e n t   t o   t h e   l a b   f o r   f u r t h e r   p r o c e s s i n g   

w h e r e   t h e   p o l y p   g e t s   e m b e d d e d   i n   p a r a f f i n   a n d   f i x e d   i n t o   b l o c k s . 
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H o w e v e r   t h e   u s e   o f   F F P E   m a t e r i a l   i n   n e x t - g e n e r a t i o n   s e q u e n c i n g   h a s   

s e v e r a l   c h a l l e n g e s   t h a t   i n c l u d e   a   l i m i t a t i o n   i n   q u a n t i t y   a n d   q u a l i t y   o f   D N A   

t h a t   i s   o b t a i n e d .   F F P E   t i s s u e s   s u s t a i n   D N A   d a m a g e   s u c h   a s   f o r m a l d e h y d e   

i n d u c e d   c r o s s   l i n k s ,   D N A   f r a g m e n t a t i o n ,   d e a m i n a t i o n   o f   c y t o s i n e   b a s e s   

l e a d i n g   t o   C   > T   m u t a t i o n s   ( 4 2 7 ) .   I n   a d d i t i o n   t o   t h i s   f i x a t i o n   t i m e   w i t h   f o r m a l i n 

i s   e s s e n t i a l   f o r   t i s s u e   p r e s e r v a t i o n   a n d   e i t h e r   o v e r   f i x a t i o n   o r   u n d e r   f i x a t i o n   

c a n   r e s u l t   i n   d e g r a d a t i o n   o f   n u c l e i c   a c i d s ,   p r o t e i n ,   c h a n g e   i n   g e n e   

e x p r e s s i o n   t h a t   c a n   a f f e c t   t h e   N G S   a n a l y s i s   ( 4 2 8 ,   4 2 9 ) . 

I n   o r d e r   t o   m i n i m i s e   t h i s ,   s p e c i a l i s e d   k i t s   ( G e n e R e a d   Q i a g e n )   t h a t   h e l p   t o   

o p t i m i s e   t h e   D N A   y i e l d   f o r   s u b s e q u e n t   N G S   w a s   u s e d   a n d   t h e r e   w a s   n o   

s i g n i f i c a n t   d e v i a t i o n   f r o m   t h e   p r o t o c o l   t h a t   w a s   u s e d .   I n   a d d i t i o n   t o   t h i s   t h e   

p r o t o c o l   u s e d   f o r   p u r i f i c a t i o n   o f   D N A   f o r   d o w n s t r e a m   N G S   w o r k f l o w   i n c l u d e s 

a   s t r i c t   p r o t o c o l   t o   e n a b l e   f r a g m e n t a t i o n ,   s i z e   s e l e c t i o n   a n d   l i b r a r y   

p r e p a r a t i o n   f o r   f u r t h e r   s e q u e n c i n g   ( M i S e q / H i S e q ) . 

F r o m   t h e   s t u d y ,   f r o m   4 4 / 5 0   s a m p l e s   a   s u f f i c i e n t   D N A   y i e l d   w a s   o b t a i n e d   t o   

e n a b l e   f u r t h e r   l i b r a r y   c o n s t r u c t i o n   f o r   n e x t - g e n e r a t i o n   s e q u e n c i n g   f r o m   

m a n u a l   m i c r o d i s s e c t i o n .   

T h e   r e a s o n s   f o r   a   l o w   y i e l d   i n   F F P E   s a m p l e s   a p a r t   f r o m   t h e   n a t u r a l   

d e g r a d a t i o n   t h a t   o c c u r s   f r o m   f o r m a l i n ,   c o u l d   b e   r e l a t e d   t o   o t h e r   f a c t o r s   

w h i c h   c o u l d   i n c l u d e   t h e   t y p e   o f   f o r m a l i n   ( 4 2 9 )   u s e d   ( b u f f e r e d   v e r s u s   

u n b u f f e r e d ) ,   p r o c e s s i n g   o f   s a m p l e s   a t   t h e   l o c a l   a s s e s s m e n t   c e n t r e s   

( d e l a y e d   p r o c e s s i n g )   e i t h e r   a t   t h e   t i m e   o f   e n d o s c o p y   ( w h e n   t h e   p o l y p   i s   

r e m o v e d )   p a t h o l o g y   l a b o r a t o r y .   
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I n   a d d i t i o n   t o   t h i s   t h e   q u a l i t y   o f   D N A   e x t r a c t e d   f r o m   F F P E   s a m p l e s   t e n d s   t o   

d e g r a d e   o v e r   t i m e   w i t h   a   s t u d y   s h o w i n g   t h a t   F F P E   s a m p l e s   u s e d   w i t h i n   

s e v e n   y e a r s   i s   s u i t a b l e   f o r   N G S   ( 4 2 9 ) . 

T h e   o t h e r   r e a s o n   s p e c u l a t e d   c o u l d   b e   r e l a t e d   t o   t h e   s i z e   o f   t h e   p o l y p ,   t h e   

n u m b e r   o f   s e c t i o n s   t a k e n   f r o m   t h e   p o l y p ,   l o s s   o f   D N A   m a t e r i a l   f r o m   

s e c t i o n i n g   o f   t h e   b l o c k s ,   t h e   i n t e r v a l   t a k e n   f r o m   m a c r o d i s s e c t i o n   t o   

c o m m e n c i n g   t h e   p r o c e s s   o f   D N A   p u r i f i c a t i o n .   

F o r   s u b s e q u e n t   l i b r a r y   c o n s t r u c t i o n   f o r   n e x t - g e n e r a t i o n   s e q u e n c i n g ,   

s u f f i c i e n t   y i e l d   o f   D N A   w a s   o b t a i n e d   f r o m   4 4   s a m p l e s   t o   e n a b l e   N G S   r u n   f o r   

t h e   t a r g e t e d   g e n e   p a n e l   s e q u e n c e .   H o w e v e r   t h e   l i m i t a t i o n s   o f   t h i s   s t u d y   w a s 

t h e   v a r i a n t s   h a v e   b e e n   f i l t e r e d   h e a v i l y   a n d   s o   l a c k   i n f o r m a t i o n   t h a t   c o u l d   b e   

u s e d   t o   a s s e s s   F F P E - d e r i v e d   b a c k g r o u n d   n o i s e .   I n   a d d i t i o n   t o   t h i s   t h e   

s i g n a t u r e s   p r o v i d e d   t h r o u g h   t h e   M u t a g e n e   t o o l   w e r e   u n r e l i a b l e .   

T h e   a d v a n t a g e   o f   u s i n g   t a r g e t e d   D N A   s e q u e n c i n g   i s   t h a t   m o r e   r e l e v a n t   d a t a 

o b t a i n e d ,   i t   i s   m o r e   c o s t - e f f e c t i v e   a n d   t h e   c o v e r a g e   a c h i e v e d   i s   h i g h e r   

c o m p a r e d   t o   t h e   o t h e r   m e t h o d s .   H e n c e   t h e r e   i s   i n c r e a s e d   c o n f i d e n c e   i n   

s e q u e n c i n g   r e s u l t s .   T h e r e   i s   u s u a l l y   a   l o w e r   D N A   r e q u i r e m e n t   ( 1 0   n g )   a n d   i t   

h a s   h i g h e r   m u l t i p l e x i n g   c a p a b i l i t i e s . 

A l t h o u g h   b e t t e r   q u a l i t y   D N A   c a n   b e   o b t a i n e d   f r o m   f r e s h   f r o z e n   t i s s u e   

s a m p l e s ,   t h e   d i s a d v a n t a g e   i s   t h a t   t h e y   c a n   d e g r a d e   s o o n e r   t h a n   F F P E   

s a m p l e s .   F F P E   s a m p l e s   o n   t h e   o t h e r   h a n d   c a n   b e   s t o r e d   a t   r o o m   

t e m p e r a t u r e   f o r   l o n g   p e r i o d s   o f   t i m e   a n d   i s   c o n v e n i e n t   a n d   c o s t - e f f e c t i v e ,   i n   

a d d i t i o n   t o   b e   b e i n g   m a d e   a v a i l a b l e   f o r   r e t r o s p e c t i v e   a n a l y s i s .   
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T h e   s t u d y   h a s   d e m o n s t r a t e d   t h a t   a d e q u a t e   q u a n t i t i e s   o f   D N A   c a n   b e   

e x t r a c t e d   f r o m   F F P E   s a m p l e s   w i t h   s t r a t e g i e s   u s e d   t o   m i n i m i s e   F F P E   

a r t e f a c t s   a n d   t h e   f a c t o r s   t h a t   w o u l d   n e e d   t o   b e   t a k e n   i n t o   c o n s i d e r a t i o n   f o r   

q u a l i t y   c o n t r o l .   I n   o r d e r   t o   e n s u r e   t h a t   t h e r e   i s   o p t i m i s a t i o n   o f   t h e   y i e l d   o f   

D N A   p r o d u c e d   f r o m   t h i s   m e t h o d   f a c t o r s   s u c h   a s   c a r e f u l   s a m p l e   s e l e c t i o n ,   

r e v i e w   o f   p r o c e s s i n g   o f   s a m p l e s   d o n e   i n   t h e   e n d o s c o p y   u n i t   i n   p a t h o l o g y   

l a b o r a t o r y   a l o n g   w i t h   t h e   i m p l e m e n t a t i o n   o f   s t r i c t   p r o t o c o l s   t h a t   a r e   u s e d   i n   

t h e   N G S   s t r e a m   f o r   D N A   p u r i f i c a t i o n   a n d   i s o l a t i o n .   

A   r e c e n t   s t u d y   ( 4 3 0 ) ,   h a s   s h o w n   p r o m i s i n g   r e s u l t s   t o   r e d u c e   t h e   b a c k g r o u n d 

n o i s e   f r o m   F F P E   s a m p l e s   b y   u s i n g   a   c o m p u t a t i o n a l   a l g o r i t h m   c a l l e d   

F F P E s i g   w h i c h   h a s   b e e n   d e s i g n e d   t o   r e c t i f y   t h e   f o r m a l i n   i n d u c e d   a r t e f a c t s   

t h a t   o c c u r s   i n   t h e   m u t a t i o n a l   c a t a l o g u e . 

I n   t h e   w h o l e   E x o m e   s e q u e n c i n g   p e r f o r m e d   o n   t h e   F F P E   s a m p l e s ,   t h e r e   w a s 

s i g n i f i c a n t   b a c k g r o u n d   n o i s e   d u e   t o   a r t e f a c t s   f r o m   F F P E   s a m p l i n g   h o w e v e r   

t h e r e   w a s   a   w e a k   m u t a t i o n a l   s i g n a t u r e   a s s o c i a t e d   w i t h   o n e   s a m p l e   w h e r e   

t h e   i n d i v i d u a l   w a s   a n   e x - s m o k e r .   

T h i s   i s   e n c o u r a g i n g   f o r   f u t u r e   s t u d i e s   w h e r e   s a m p l e s   w i l l   n e e d   t o   b e   

c a r e f u l l y   s e l e c t e d   w i t h   e n o u g h   n u m b e r s   p e r   g r o u p .   I n   a d d i t i o n   t o   t h i s   a   l a r g e r 

s t u d y   w i t h   b l o o d   s a m p l e s   a v a i l a b l e   f o r   w h o l e   g e n o m e   s e q u e n c i n g   w o u l d   

h e l p   t o   r e d u c e   t h e   n o i s e   a s s o c i a t e d   w i t h   F F P E   a n d   h e l p   t o   i n c r e a s e   

a c c u r a c y   o f   i n t e r p r e t a t i o n .   T h e   u s e   o f   c o m p u t a t i o n a l   p r o g r a m s   t h a t   a r e   

d e s i g n e d   t o   r e c t i f y   f o r m a l i n   i n d u c e d   a r t e f a c t s   m a y   a l s o   h e l p   i n   t h i s   r e g a r d . 
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T h e   s t u d y   w a s   a n   e x p l o r a t o r y   d a t a s e t   a n d   h a s   m a n y   w e a k n e s s e s   h o w e v e r   

t h e r e   a r e   a   l o t   o f   s t r e n g t h s   i n   t h e   s t u d y   t h a t   h i g h l i g h t   a r e a s   n e e d e d   t o   b e   

c o n s i d e r e d   f o r   a   f u t u r e   s t u d y . 
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5. Summary of Research and Future directions

My research set out to address the following objectives:

1. To assess the feasibility of implementation of chromocolonoscopy 

within a population-based screening programme.

2. To estimate the proximal serrated neoplasia detection rate in a 

population-based CRC screening programme with 

chromocolonoscopy.

3. To understand the prevalence of serrated neoplasia in the proximal 

colon following rigorous histopathological assessment by expert 

pathologists using both WHO 2010 and AGA criteria.

4. To report the interobserver variability of serrated neoplasia between

experts and compared to local pathologists.

5. To explore the feasibility of using FFPE samples for DNA extraction

and whole exome sequencing through next-generation sequencing 

and assess as to whether mutational signatures relevant to serrated

polyp pathogenesis can be identified.

The following summarises the research methodology and findings from the 

studies of this trial that were undertaken as a part of my thesis. It answers the 

above research questions and describes the implications, limitations, and future

direction for research.
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5.1    Overview of chapter structure:

The first part of my research is described in Chapter 2 i.e., the CONSCOP 

study (Feasibility of reduction of right sided bowel cancer through CONtrast 

Enhanced colonoSCOPy).

This was a multicentre feasibility open labelled randomised controlled trial 

(RCT) of dye enhanced colonoscopy using indigo carmine 

(chromocolonoscopy) in the proximal colon versus standard white light 

colonoscopy in an index procedure in the bowel cancer screening programme 

in Wales, United Kingdom between 2014-2017. This study assessed the 

feasibility of implementation of chromocolonoscopy within a population-based 

screening programme and also estimated the detection rate of proximal 

serrated neoplasia along with significant serrated lesions and advanced 

adenomas in this cohort selected via an initial screening faecal occult blood 

test. 

Chapter 3 described the second part of the study that involved the rigorous 

histopathological assessment of proximal colon polyps by three expert GI 

pathologists using both WHO 2010 and AGA criteria (the current WHO 2019 

criteria) and reported on the interobserver variability of serrated neoplasia 

between the experts and the local pathologists. This study also helped to 

understand the prevalence of serrated neoplasia in the proximal colon and its 

potential implications in clinical practice. 
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Chapter 4 described the third part of the study that involved exploring the 

mutational signatures of serrated neoplasia. This involved selecting a 

proportion of serrated polyps based on the presence and absence of dysplasia,

known non genetic factors thought to contribute to the development of serrated 

neoplasia such as smoking history along with adenomas. It explored the 

feasibility of being able to extract DNA from FFPE blocks and assessed 

whether mutational signatures could be identified using next-generation 

sequencing methods.

The following section describes the research methodology used in each of the 

studies. 

5.2     Research methodology:

5.2.1 Chapter 2

This was a feasibility study implemented in the bowel screening programme 

with the view to assessing the feasibility of a larger more definitive trial by 

examining factors such as recruitment, compliance, acceptability, and attrition 

rates. The advantage of having a multicentre design was to see if results could 

be generalisable to a broader population, to increase the sample size and 

hence come to more robust conclusions. 

In order to compare interventions a randomised controlled trial is a considered 

best practice. Randomly assigning participants to treatment groups can help to 

control confounding variables and ensure that results are less likely to be 

biased. The random variables included demographic factors and randomisation

was done electronically by the computer on a list basis whereby only a 

maximum of two patients on a list were randomised to the dye arm. 
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An open label design meant that both the patient and the investigators are 

aware of which treatment is being administered. However, to minimise this bias,

both the colonoscopist and the patient were not made aware of the trial arm 

until just before commencement of the colonoscopy procedure. 

During the consent process, participants were counselled in detail regarding the

rationale of the study and that they would not be able to choose which arm of 

the study they would be allocated to. The need for equipoise was emphasised 

during the informed consent process. 

Use of a central randomisation process ensured unbiased allocation of 

participants to the intervention groups. The participant was only told of which 

arm they were participating in just prior to the commencement of the procedure 

thereby minimising selection bias.

Around 13.7% and 11% in the standard arm and chromocolonoscopy arm 

respectively refused consent on the day of the procedure however none of 

these patients were aware of the trial arm that they were selected into.

There was no apparent report of participants withdrawing consent during the 

procedure. Hence there was no attrition bias. 

The Hawthorne effect is a phenomenon whereby individuals may modify their 

behaviour in response to being observed of being aware of being part of a 

study. For colonoscopist knowing the intervention arm could potentially lead to 

changes in their examination technique, vigilance of interpretation of findings 

due to the awareness of the performance being evaluated. However, it could be

argued that this performance bias was minimal as strict performance evaluation

in the bowel screening programme is a standard practice. 
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The colonoscopists participating in the screening programme already have high

adenoma detection rates as they are rigorously assessed before entering into a

screening programme alongside stricter monitoring of KPI at regular intervals to

ensure maintenance of standard. 

To further minimise this performance, detection and ascertainment bias, 

training days had been organised with attendance by all the participating 

Colonoscopists and specialist screening practitioners for one full day to ensure 

that there was a consistency in examination techniques, dye spray and 

interpretation of findings along with a clear definition of objectives. 

During a bowel cancer screening list there is always a specialist screening 

practitioner who assists with the procedure which includes documentation and 

confirmation of findings. This is part of ensuring high standard during bowel 

cancer screening procedures. Standardised data collection was done by the 

specialist screening practitioner (SSP) who recorded details of the colonoscopy

during a procedure on the IT management system for bowel screening. The 

trial specific data was collected on a case report form which I (RR) had 

designed with the trial group and this data was collated by the SSP. In addition 

to this the collection of data in terms of confirmation of histology and selection 

of polyps was done by RR who was blinded to the intervention arm. 

Data monitoring and quality control was done on a periodic basis which was 

managed by the trial management group for the trial.

5.2.2 Chapter 3:

This part of the study involved the histopathological aspect of the trial.
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As part of the trial the histology reports were uploaded onto the IT management

system of the bowel screening programme (BSIMS). The trial manager on a 

weekly basis sent trial numbers alongside the participating site detail to the 

research fellow (RR). Histopathology of the individual polyps was collected by 

RR (myself) and collated onto a spreadsheet. The proximal colon polyps were 

assigned unique ID numbers, which were given to individual expert GI 

pathologists. Expert pathologists were blinded to the local pathologists’ report 

independently reported on the pathology slides. 

In order to minimise bias, there were clear definitions of the terminology used 

that was agreed and decided prior to the trial. There was blinding of the local 

pathology report between the expert pathologists. There was no prior 

knowledge of the arm of the trial to any of the pathologists and the researcher 

presenting the data. Any disagreement between the expert pathologists was 

assessed independently by the research fellow (RR) and a meeting was then 

organised to discuss the disagreement with a view to obtaining consensus.

5.2.3 Chapter 4:

The selection of the FFPE samples was based on four groups: those patients 

that had 1. Non-dysplastic SSLs only, 2. Dysplastic SSLs (with or without 

adenomas), 3. Non-dysplastic SSLs with a matched adenoma, 4. Adenomas 

only. The aim of the selection of the groups was to include adequate 

representation of males, females, smokers, non-smokers, and ex-smokers 

along with aspirin data distributed equally amongst all the four groups. 
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DNA was then extracted from the FFPE blocks following sectioning and macro-

dissection which then underwent library construction for targeted gene panel 

sequencing and comprehensive gene panel sequencing in order to identify 

existing and novel genes involved alongside whole exome sequencing to 

identify mutational signatures in these groups.

5.3 Summary of research findings:

The CONSCOP study recruited 741 patients with a participation of 82% of 

patients and 87% of colonoscopists that agreed to participate in the trial. The 

participation, baseline demographics and pre-procedure characteristics were 

balanced between both the arms of the trial. 

As expected, the procedure time was longer in the chromocolonoscopy arm 

with a mean difference of 6.3 minutes. There was no difference found in the 

degree of difficulty of the procedure or difference in patient discomfort between 

the two arms. 

The following findings of polyps in the chromocolonoscopy arm versus standard

colonoscopy was as follows: there was an increase in the proximal sessile 

serrated lesion detection rate (11.8% vs 6.4% (P = 0.157)), Significant serrated 

lesion detection rate-4.2% vs 1.9% (p = 0.05), proximal significant serrated 

lesion detection rate (2.4% versus 0.8%; P = 0.03). There was also an overall 

increase in the number of adenomas in the chromocolonoscopy group in 

comparison to the standard group. 

Hence this answered the research objectives set out in the study which was 

that it is feasible for chromocolonoscopy to be implemented in a bowel cancer 

screening programme with acceptability from colonoscopists and patients. 
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The study also detected more proximal serrated neoplasia particularly 

significant serrated lesions. This is significant as sessile serrated lesions with 

dysplasia i.e., the significant SLs have an increased 10-year risk of CRC 4.43% 

(Adjusted OR 4.76, 95% CI 2.59-8.73)  (237) and hence recognition is quite 

important in order to reduce the risk of CRC.

This is the first study to demonstrate that with a rigorous trial design, 

chromocolonoscopy can be implemented within a UK-based population bowel 

screening programme that has specifically looked at the detection of proximal 

serrated neoplasia along with estimating the additional time and resources 

associated with this and minimisation of bias due to colonoscopy or pathology 

related factors.

A further trial is warranted to look at the difference in significant proximal 

serrated lesion detection with full economic evaluation. Longitudinal studies to 

follow-up and assess clinical effectiveness based on longer term outcomes of 

chromocolonoscopy over time and the impact on clinical practice for 

surveillance are necessary. 

The second part of the study i.e., the histopathology showed that following 

rigorous review of proximal polyps by the expert pathologists that the 

prevalence of significant serrated neoplasia in the proximal colon was 7.6% 

versus 3.3% if reviewed by local pathologists. This study also showed that 

though there was good interobserver concordance for non-dysplastic SSLs, this

was fair for dysplastic SSLs between the expert pathologists and also when 

compared with the local pathologists. Interestingly all of these dysplastic SSLs 

were diminutive with an average size of 5 mm.
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As a result of the rigorous review by the experts, 46% of hyperplastic polyps 

were reclassified as SSLs.

The novel part of the study included the description of a morphological variant 

of serrated neoplasia i.e., serrated features in tubular adenoma that had 

distinctly different morphological features compared to conventional tubular 

adenoma. This will need further exploration and characterisation in future 

studies.

The third part of the study i.e., The exploratory dataset looking at the mutational

signatures of serrated neoplasia showed that it was feasible to obtain 

quantifiable DNA from FFPE blocks. Whole exome sequencing potentially 

showed a weak mutational signature in samples where the individual was an 

ex-smoker. There was however significant background noise associated with 

FFPE samples. This is encouraging for future studies where improved 

techniques could be developed to extract DNA from FFPE samples.

The use of matched germline blood samples for whole genome sequencing can

potentially help to reduce the noise associated with FFPE and increase the 

accuracy of interpretation.

5.4 Limitations of the Studies:

The strengths of the study have been described in the research methodology 

which describes a rigorous trial design that has endeavoured to minimise bias 

and ensured blinding where feasible.

There are a few limitations to this study however as described below:
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The study was conducted between 2014-2016 and during this time gFOBT was

used in the bowel screening programme in Wales. This has recently been 

replaced by the more sensitive faecal immunochemical test (FIT) since 2019. 

The sensitivity of stool tests to detect advanced adenomas and serrated lesions

is very low. For example, for FIT for advanced adenomas reduces to 25-40% 

(55, 56). The sensitivity reduces further in the detection of serrated lesions 

including larger ones(22, 23). The sensitivity for detecting advanced adenoma 

was using gFOBT is lower than FIT and has shown to vary between 6 to 14% in

some studies (431) and hence likely to be even lower for serrated neoplasia. 

Hence the prevalence of the reported proximal serrated neoplasia rate may be 

influenced by this.

The second limitation is that though strategies were used to minimise the 

impact of the Hawthorne effect, it would have helped to measure if there was a 

sustained effect of detection of adenomas and serrated polyps amongst 

colonoscopists.

In order to do this, a sub study that measured the KPIs of individual 

colonoscopists prior to the trial, during the first half of the trial and towards the 

end of the trial would have helped to inform this. 

In addition to this comparing their KPI data on all their procedure in the 

symptomatic and bowel screening service would have been able to partly 

measure this effect. 

Though there was a significant uptake from patients and colonoscopists in the 

study, in order to qualify the acceptability levels, qualitative studies involving 

questionnaires could have helped.
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In the study involving the histopathologists, intraobserver variability or 

reproducibility was not assessed amongst the experts. This would have been 

helpful to understand whether specific additional criteria would have been 

needed to ensure reproducibility of diagnosis particularly in those difficult to 

diagnose polyps such as dysplastic SSLs and TSA where the inter observer 

concordance was only fair. In addition to this though there was strict pre-agreed

criteria for the expert histopathologists, this was not used for the local 

pathologists. During the time of the study the criteria for serrated neoplasia 

included the WHO 2010 and the AGA criteria. This is the strength of the trial as 

it holds relevance currently as subsequent to this the WHO 2019 criteria have 

now incorporated both of these.

This study was specifically set up for proximal polyps and hence distal polyps 

were not reviewed as part of the protocol. However inclusion of distal polyps for

rigorous pathology review would have helped to answer any difference in 

surveillance intervals.

In the genetic study, the groups were selected based on the type of serrated 

neoplasia along with demographic characteristics including smoking, gender 

and aspirin and the presence of matched adenomas. However, the groups 

were not equally represented in the final dataset due to the available samples, 

loss of samples as a result of inadequate DNA being extracted and failure of 

targeted and comprehensive panel sequencing. It would have also helped to 

have included some of the morphological variants of serrated neoplasia that 

were found during the study i.e., serrated Tubulovillous polyps and tubular 

adenomas with serrated features in the groups above.
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From 50 samples where DNA was attempted to be extracted from FFPE 

blocks, only 18 samples were feasible to use for whole exome sequencing. In 

addition to this there was significant background noise to interpret any 

mutational signatures and having blood samples and whole genomic 

sequencing would have helped to reduce this background noise. In addition to 

this, refinement of DNA extraction methods from FFPE blocks would need to be

considered for future studies.

Recently a study (430) has recognised that there is major missed assignment 

of signature activities by the use of uncorrected mutational catalogues of FFPE.

In order to overcome this, a computational algorithm called FFPEsig has been 

designed to rectify the formalin induced artefacts that occur in the mutational 

catalogue. The study demonstrated that the use of this algorithm could enable 

accurate mutational signature analysis in simulated and whole genome 

sequenced FFPE cancer samples. Hence this algorithm could potentially be 

used to explore future FFPE samples.

5.5 Future directions and research:

This study has shown that chromocolonoscopy is feasible to implement in a 

population-based screening programme and clearly helps to improve the 

detection of proximal significant serrated lesions and advanced adenomas. The

main value of this study is to improve our understanding of proximal colon 

cancer and PCCRC in the proximal colon and if this can be reduced by 

increasing the detection of proximal serrated neoplasia. 
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In addition to this there is lack of high-quality longitudinal studies that examine 

the malignant potential of serrated neoplasia that includes determining the 

cancer risk factors and molecular factors such as biomarkers in high-risk 

significant serrated lesions (dysplastic SSL, TSA). 

The current surveillance guidelines for serrated polyps are based on expert 

opinion and further studies are required to look at the evidence-based 

surveillance programme that determines the exact risk of developing CRC after 

removing these lesions. The surveillance strategy of serrated lesions in the 

absence of synchronous adenomas also needs to be determined.

In order to find out what the true prevalence of serrated neoplasia is in the 

screening population and to be able to understand the epidemiological factors 

and risk factors associated with serrated neoplasia, there is a need for high 

quality evidence, research collaboration and long-term longitudinal studies that 

can factor in the above to know the burden of serrated neoplasia i.e., the 

prevalence of serrated neoplasia. In order to understand the above there needs

to be a reduction in variation in polyp detection and categorisation in 

colonoscopy and histopathology. In addition to this there also needs to be 

methods to improve detection that include benchmarking serrated polyp 

detection rate as a key performance indicator, improving the sensitivity of stool-

based tests, improving techniques needed for detection of these polyps and 

incorporating new technology to aid this.

Serrated polyp detection rate (SPDR) should ideally be included as one of the 

parameters to assess key performance indicators (KPI).
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The American Gastroenterology Association (AGA) is the first society in 2021 to

recommend SPDR as a parameter to measure KPIs. The recommendation is 

~7% (however to aim for 10%) (262). This is an important KPI to aspire in all 

societies/ countries. 

Anderson et al in 2022 (432) showed that the PCCRC rate was statistically 

lower in those endoscopists who had a high clinically significant serrated polyp 

detection rate. The CONSCOP study was completed in 2017 and data from the 

study published in 2019, the above data was not available at the time.  

Since the CONSCOP study, there is already CONSCOP2 that is underway 

involving multiple centres (¬20) from three nations in UK (Wales, England and 

Scotland). This study is a randomised controlled trial which is set up within the 

bowel cancer screening programme recruiting for two years with the primary 

aim to assess the effectiveness of chromocolonoscopy within index screening 

colonoscopy and assess its impact on development of further colorectal 

neoplasia in this cohort (through routine data linkage). This study is currently 

looking at whether chromocolonoscopy is more effective in achieving improved 

proximal significant serrated polyp i.e., advanced forms of serrated polyps with 

detection of the initial procedure and thereafter looking at whether 

chromocolonoscopy is more effective and cost-effective and reducing the 

numbers of polyps and cancer is found at the subsequent surveillance 

colonoscopy. CONSCOP2 aims to do this by modelling the results of the study 

including results from follow-up in surveillance procedures and link it to routine 

healthcare data patient characteristics to determine optimal follow-up frequency

for different groups of patients.
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The aim is also set at a higher threshold in comparing detection rates between 

high-definition white light colonoscopy and chromocolonoscopy.

The secondary aims include comparing the overall lesion detection rates and to 

assess the impact of FIT thresholds on serrated lesion detection rate in three 

nations that have different FIT thresholds. 

This study will also assess the longer-term economic impact of 

chromocolonoscopy within the screening setting and assess the association 

between demographic and lifestyle factors of serrated lesions at index and 

surveillance colonoscopy. 

The longer-term follow-up of these participants will continue for three years 

thereafter. In addition to this a qualitative study that looks into the experiences of 

chromocolonoscopy, and training provided prior to the trial is planned to be 

undertaken with a view to obtaining opinions for the implementation of 

chromocolonoscopy into the screening programme. This will include a 

questionnaire that is done prior to training, during the study and post-trial. 

The study also aims to incorporate artificial intelligence into the trial to (FORE-AI 

study) enable comparison with AI assisted chromocolonoscopy and High-

Definition White light colonoscopy with corroborative data from histopathology. 

Other ongoing research initiated as a result of CONSCOP include translational 

research into serrated neoplasia including the consideration of prospective 

studies for dietary influences and the gut microbiome in these patients (CRUK 

Early Detection grant award). 
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CONSCOP2 has also incorporated digital pathology slides to evaluate the impact

of these on variation of interpretation and to test feasibility of this approach in a 

large screening program cohort. 

Artificial intelligence-based digital pathology is an emerging area and promises to

increase both the accuracy and quality in the interpretation of pathology (433).

Finally, this study helps in understanding the methods and challenged involved in

obtaining mutational signatures from FFPE samples for serrated neoplasia. The 

CONSCOP2 study will be able to overcome these challenges and further 

translational research into molecular markers, mutational patterns and signatures

associated with serrated neoplasia along with attempting to understand the 

carcinogenic risk, epigenetics, and epidemiological risk factors. 
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Appendix  G: Frequently asked questions for Patients
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Appendix  H: Protocol for Dye Dilution
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Appendix  J: List of activity required by Screening Practitioners
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Appendix  K: Early Repeat Procedures- scenarios
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Appendix  N: CONSCOP Cost Study – What are the likely costs associated with the 
introduction of enhanced colonoscopy techniques?

Aim

To assess the additional resources needed for successful implementation of enhanced colonoscopy 

techniques.

Approach

The costs associated with the colonoscopy procedures within the trial were assessed in two parts, the

additional costs to the NHS of providing new resources required to implement the new enhanced dye 

technique and those resources used during routine practice. The costs were assessed from the 

perspective of the UK NHS. The analysis was conducted on procedures with a complete set of 

original data across all resource use variables to assess the extent of cost variation between the 

groups and also on all available cases (intention to treat analysis) with mean imputation for sites that 

did not collect data on equipment and instruments related to the dye technique and used during a 

colonoscopy. 

Costing Methods - Implementation cost of chromocolonoscopy

All screening units in the Bowel Screening Wales programme were invited to join the trial – those who

were interested and had the resources and experience to carry out the trial were recruited and trained

in the use of the trial enhanced dye techniques.  Additional resources in the form of staff time to train 

in the new enhanced procedure are listed in Table 1 below. 

Table 1. Staff training required for chromocolonoscopy

Staff requiring training Training needs Trainin

g time

Unit cost

Source of costs: PSSRU 20161

Training for BSW 

Screening 

Colonoscopist

To carry out the colonoscopic

procedure using the contrast 

dye technique.

1 hour Hospital based doctors: 

Consultant surgical £137 Per 

working hour

Training for BSW SSP BSW SSPs need to be 

trained to provide adequate 

information to the patients, 

2

hours

Hospital based nurses - band 

6: £44 Per working hour 
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correct data collection, 

reporting of Adverse events 

(AE and SAEs) 

Screening unit staff Trained in preparation of the 

dye solution

1 hour Hospital based nurses - band 

6: £44 Per working hour 

Training provided by

Consultant grade 

colonoscopist already 

expert in the enhanced 

dye technique. 

All the above staff trained in 

one teaching session

2 hours Hospital based doctors: 

Consultant surgical

£137 Per working hour

PSSRU - Personal Social Services Research Unit

Also included in the implementation cost is the cost of the contrast dye and equipment necessary to 

disperse the dye during the colonoscopy procedure. Table 2 outlines the resources required and 

accompanying unit costs. The technique of spraying the colon with contrast dye can be done in two 

different ways, with a pump which is widely used to cleanse a colon with water during a standard 

colonoscopy but is adapted using bungs and tubing to allow the spraying of dye onto the colon walls 

or alternatively a spray catheter. This data was collected by one site only during the study (n=110 

procedures). The mean cost of dye and accompanying equipment calculated from the data collected 

at this site is applied to the remaining chromocolonoscopy procedures performed at sites that did not 

collect data. 

Table 2. Consumables required for the chromocolonoscopy

Consumable Use Unit cost

Source of costs: Trial team (April 

2017)
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1% indigo 

carmine dye

Each Ampoule of indigo carmine 

contains 10ml of dye, which needs 

40ml distilled water for dilution. The 

standard dye dose per procedure is 

175ml which requires 3.5 10ml dye 

ampoules.

Cost per 10ml ampoule is £7.74 which

is purchased in packs of 10 - £77.40 

(inc VAT).

Cost per standard dye dose per 

procedure = £27.09. 

Spray Catheter Specifically used to spray  the dye onto

the colon walls

£199.99 (inc VAT) for 5

£40 per spray catheter

Bung

BioShield Biopsy Valves with Irrigation 

Line 30mm (Box of 50) 22 boxes/year

£129.78 / £2.5956 per valve (inc VAT)

BioShield Biopsy Valves with Irrigation 

Line Pentax Scope (Box of 50) 1 

box/year

£129.78 / £2.5956 per valve (inc VAT)

Tubing costs Torrent Irrigation Tubing (Box of 25) 20

boxes/year

£314.40 / £12.576 per tube (inc VAT)

1 tube is used per list = 2 patients

Cost = £6.288 per patient

Note: When adapting the pump for dye spraying the bungs are changed per patient while the tubing

can be reused. A patient list contains 1 to 2 patients, therefore 2 bungs and 1 tube is used per 

patient list. 

Calculation of Implementation costs

The implementation costs to the NHS consist of specialist equipment to perform the 

chromocolonoscopy procedure and the required training to carry it out. The chromocolonoscopy 

technique is only performed during the first index colonoscopy and not during subsequent repeat 

procedures. Table 3 shows the mean training cost per procedure is £4.94 and the mean equipment 

cost per procedure is £47.99. In total the implementation cost per procedure is £52.93. The spray 
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catheter was used in only 30% of procedures with a cost of £40 per colonoscopy. This compares to 

the technique of adapting existing pumps with tubing and a valve which added £8.88 to the cost of the

colonoscopy and was the preferred method of clinicians in 70% or 77 procedures out of the 110 

performed. At the site elected to collect resource use related to the enhanced dye technique 143 

patients were randomised to the intervention index procedure. Data was collected for 110 procedures 

and 8 procedures did not use the enhanced dye technique. 

Table 3. Calculation of Implementation cost of chromocolonoscopy

Training costs per screening unit performing 110* 

procedures

Cost

Colonoscopist - 

consultant

I hour of training £137

SSP – Band 6 nurse 2 hours of training £88

Enoscopy nurse – band

6

1 hour of training £44

Expert colonoscopist 

trained in the new 

enhanced technique

2 hours to train the above £274

Total training cost per

screening unit

£543

Training cost per 

patient procedure

£543/110 procedures £4.94

Consumable cost

Contrast dye

(with <175ml samples 

corrected = 175ml)

£29.77 (s.d £5.52)

Min £27.09 max £54.18
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Bungs and tubing used 

with pumps

77 (70%) procedures £684.04

Spray catheter 33 (30%) procedures £1,320.00

Mean cost of Instruments used for dye 

dispersal

£2,004.04/110=£18.22

Total dye/consumable

cost per procedure

Dye plus dispersal instruments per 

procedure

£47.99 (s.d £14.77)

Min £35.97,

max £86.44

TOTAL 

IMPLEMENTATION 

COST PER 

PROCEDURE

Training plus dye/dispersal instruments £52.93 (s.d £14.77)

Min £40.91,

max £91.38

*Note: data on the resources used to perform the enhanced dye technique was collected at one 

site during the index colonoscopy – 228 patients were randomised with 110 to the standard 

colonoscopy group and 118 to the enhanced dye colonoscopy group, 8 of which did not receive the

dye thus leaving 110 in the enhanced colonoscopy group. 

Costing Methods - Resource use during colonoscopy procedure

Resource use data regarding staff time performing the procedure and medications administered 

during a procedure were collected from all participating screening sites. Resources classified as 

consumables were only collected at one site during index colonoscopies. At this site 183 procedures 

(20% of 904 total colonoscopies) documented the use of instruments as listed in the CRF during the 

colonoscopy - 91 standard arm and 92 chromocolonoscopy arm. As this is a feasibility study the 

mean consumable cost for each arm of the trial was calculated and used as a proxy cost for all 

procedures performed at sites which did not collect data related to consumables. This allows an 
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overall resource use comparative cost to be calculated for all patient procedures in the available 

cases analysis. 

Staff

The NHS staff required to perform the colonoscopy and associated unit cost are listed in Table 4. The

cost per working hour for NHS staff is taken from the PSSRU 20161 and a cost per minute calculated 

(cost per minute is rounded to the nearest whole number).  The cost per minute for each staff member

involved in the procedure is multiplied by the duration variable (measured in minutes) to produce a 

total staff cost per patient procedure. 

Table 4. RESOURCE USE COSTS: Staff

Source of costs: PSSRU 20161

Staff time Cost of staff performing procedure: Staff group Unit cost

 (Duration 

variable)

1.Colonoscopist Hospital based 

doctors: 

Consultant 

surgical

Per working 

hour £137

(£2.28 per 

minute)

2.Endoscopy Nurse and

3.Specialist Screening Practitioner - SSP

Hospital based 

nurses: Staff 

band 6

Per working 

hour = £44

(£0.73 per 

minute)

Consumables

Data recording the instruments used during a procedure specifically listed in the CRF was collected 

on patients receiving a colonoscopy at one treatment centre and are listed in Table 5. The unit costs 

for any consumables used are supplied by the trial team. A total consumables cost per patient 

procedure is calculated based on the total number of instruments required during the colonoscopy.  

For the purposes of calculating an overall resource use mean cost per patient procedure, the mean 
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cost from the sample data is used to impute a cost for procedures at sites that did not collect data – 

standard arm (n=91) mean cost = £66.65 (sd 84.39) and chromocolonoscopy arm (n=92) = £78.57 

(sd 79.72) – a non-significant difference of £11.92 (p=.327). The cost data reported in the results 

tables are based on the sample data only as imputation artificially reduces variation producing a false 

significant difference in cost.   

The cost per arm of ‘other’ consumable instruments is evaluated separately from the instruments 

considered to be integral to the procedure. The mean cost of other consumables for standard arm 

(n=91) is £7.08 compared to £8.34 for chromocolonoscopy arm (n=92), producing a non-significant 

difference of £1.26 (p=0.579). No further analysis is undertaken with this data as it is unknown if every

questionnaire respondent answered the question fully as the data gathered is rather patchy and some

instruments which would be expected to be reported were not. This factor maybe be perceived as a 

limitation to the study.

Table 5. RESOURCE USE COSTS: Consumables

Source of costs: Trial team (April 

2017)

Instrument  costs Notes Current Unit cost per item (£)

A P C Probes £86.70

Coagrasper £147.25

Injectors £22.90

Clips £40.80

Snares £19.99

Specimen pots £0.19

Medication

Costing medication used during the colonoscopy is based on the number of ampules used during the 

procedure based on the total quantity reported in either milligrams or micrograms. If total quantity of 
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medication reported included the half measure of an ampule, the cost of the whole ampule was 

applied. For example, if a total of 3mg of midazolam was reported, indicating the administration of one

and a half 2mg/ml, 5-ml ampules during the procedure, two ampules are included in the costs. Aside 

from the standard medications administered during the procedure Buscopan is the only other 

medication reported. Table 6 below shows the medications reported and associated unit cost.  A cost 

per patient is calculated based on all medication received during the procedure. Bowel preparation 

laxative medication was also calculated per procedure. 

Table 6. RESOURCE USE 

COSTS: Medication

Drug BNF2 Unit cost (May 2017)

Benzodiazepine

Sedation - Midazolam Injection, midazolam (as hydrochloride) 2 mg/mL, 5-mL amp = 65p;

Opioid

Analgesia - Pethidine Injection, pethidine hydrochloride 50 mg/mL, , 2-mL amp = 47p;

Analgesia – Fentanyl Injection, fentanyl (as citrate) 50 micrograms/mL, net price 2-mL 

amp = 45p, 

Reversal drugs

Naloxone Naloxone use was not reported

Flumazenil Injection, flumazenil 100 micrograms/mL, net price 5-mL amp = 

£13.50

Other medication – 

Buscopan 

Injection, hyoscine butylbromide 20 mg/mL, net price 1-mL amp = 

29p

Bowel prep costs Source: Trial team April 2017

Kleenprep £10.83
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Moviprep £8.01

Senna and citrameg £6.59

Picolax (two sachets per 

patient)

£3.39

Missing data

As consumables resource data relating to surgical instruments, equipment and contrast dye solution 

was only collected at one screening site for the initial index colonoscopy procedure, the mean cost 

per study arm from this sample is applied to the remaining sites that did not collect data. Where data 

is missing for staff time performing the procedure and type of bowel preparation medication 

prescribed, the mean cost per study arm is applied. Missing duration data includes 6 procedures from 

the enhanced dye group and 3 procedures belonging to the standard group. If data was not entered 

noting medication administered during the procedure it is assumed that medication was not 

prescribed and a zero cost applied. Five procedures are excluded from the analysis as no data was 

entered across any of the resource use categories.

Data Analysis

Available case analysis was conducted for procedures where the majority of resource use data has 

been collected and where mean imputation had been used to substitute missing data. A descriptive 

analysis reporting mean cost and standard deviation together with the minimum and the maximum 

resource use costs are reported. Independent samples T-Test is used to evaluate differences in 

resource use costs between the two trial arms and 95% confidence intervals show the lower and 

upper parameters of the cost difference between the standard and enhanced procedure. 
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Appendix  O: Protocol for DNA Extraction and Purification from FFPE samples
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Appendix  P: Datasheet for DNA extraction from FFPE samples
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Appendix  Q: Protocol for target enrichment and Library Construction prior to NGS 
(GeneRead DNAseq)
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