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Abstract 

 

Colorectal cancer (CRC) is a common, important disease with a mortality 

approaching 50%. Outcomes can be improved by screening because early 

CRC has an excellent prognosis and there is a long, easily treatable 

premalignant phase. England has a national bowel cancer screening 

programme (BCSP) based on faecal occult blood testing (FOBt), followed 

by colonoscopy for those testing positive. However, not all subjects can 

undergo colonoscopy due to frailty or technical failure. The preferred 

alternative is computed tomographic colonography (CTC), an X-ray scan of 

the cleansed, gas-distended colon. Little is known regarding performance 

characteristics and other attributes of CTC in the English BCSP, the subject 

of this thesis.  

 

The thesis is structured as follows: 

 

Section A provides an overview of CRC screening and the BCSP, followed 

by a systematic review and meta-analysis of the diagnostic performance of 

CTC for FOBt-positive subjects.  

 

Section B describes current usage of CTC in the BCSP via a national 

survey of current practice and an analysis of neoplasia detection rates in 

comparison to colonoscopy, including sub-analyses of the effects of (a) 

variable FOBt positivity and (b) terminal digit preference bias. 

 

Section C evaluates patient experience via comparative analysis of 

national questionnaires for CTC and colonoscopy. Reasons for non-
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attendance for colonic testing (despite a positive FOBt result) are 

investigated via an interview study, and a discrete choice experiment tests 

the influence of extracolonic abnormalities on the acceptability of CTC (for 

both patients and healthcare professionals). 

 

Section D evaluates methods to improve diagnostic accuracy, using eye-

tracking to investigate why radiologists miss polyps, and the effect of 

increased viewing speeds. The different spectrum of disease encountered 

in a screening population is explored via comparison of the CTC 

appearances of screen-detected and symptomatic colorectal cancers. 

 

Section E concludes and summarises the thesis, and makes 

recommendations for future research. 
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Thesis Overview: Background, Hypotheses and Strategy 

Introduction 

 

Colorectal cancer (CRC) is both common and important: 1 in 20 people will 

develop the disease and nearly half of these will die1. CRC is second only 

to lung cancer as the leading cause of cancer-related deaths in the UK1, 

Europe2 and the United States of America3. Worryingly, the 49.9% five-year 

survival in England placed it only 18th out of 23 European countries 

surveyed4 and significantly below the average of 54.5%. Comparable 

survival in the USA was 63.3%5. Delayed diagnosis was implicated as a 

substantial contributor to these relatively poor survival figures6,7.  

 

Colorectal neoplasia refers to two separate but related histological entities; 

(i) CRC itself and (ii) colorectal adenomas. The prevailing hypothesis of 

colorectal carcinogenesis argues that the majority of CRC develop slowly 

from colorectal adenomas, which are believed to be non-malignant 

precursor lesions8. This “adenoma-carcinoma sequence” implies that there 

is an asymptomatic “window” period (of several years, or perhaps decades) 

during which early neoplasia can be detected and removed, before 

malignancy develops and symptoms finally ensue. Even if disease is not 

detected until CRC has developed, prognosis is strongly related to stage at 

diagnosis; earlier detection improves outcomes and patients with 

asymptomatic cancer do better than those with symptoms. Early stage 

CRC (confined to the bowel wall: Dukes’ stage A9) has a 5-year survival of 

94% whereas late stage CRC (with distant metastases) has a 5-year 

survival of only 7%8. These data suggest that screening for early stage 

disease might reduce disease-specific mortality.  

 

When screening for CRC, there are two broad strategies that can be 

adopted. Firstly, the colonic endoluminal surface can be interrogated 

directly, most commonly by optical inspection (i.e. endoscopy), although 

radiological techniques (barium enema or computed tomographic 

colonography, CTC) are alternatives. The second approach is to examine 

the stool for secondary evidence of neoplasia, such as bleeding. The most 

extensively studied approach uses guaiac faecal-occult blood testing 

(gFOBt)10 to detect blood loss from the gastrointestinal tract. Individuals 
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testing positive are assumed to have a colonic lesion, and are subjected to 

further testing (usually colonoscopy) to search for this. Such testing has 

been proven effective, with meta-analysis of randomised trials confirming 

that gFOBT screening reduces disease-specific mortality by up to 25% for 

those who participate11. These data provoked the inception of a national 

Bowel Cancer Screening Programme (BCSP) in England, based on 

gFOBT. 

 

Although stool testing can reduce CRC-related mortality, any reduction is 

contingent on whole-colon testing (usually with colonoscopy) to confirm and 

treat cancers and adenomas revealed by bleeding (or detected 

serendipitously due to a positive test for other reasons). Unfortunately, 

colonoscopy is not suitable for all screenees, since it is invasive and 

requires intensive bowel purgation. Furthermore, colonoscopy may be 

incomplete in a proportion of individuals, either due to an obstructing 

neoplasm or technical failure. When this occurs, one option is to offer a 

radiological alternative test. CT colonography (CTC) is the preferred 

alternative to colonoscopy12, since randomised data show barium enema 

misses significantly more cancers and large polyps13. Although CTC is a 

rapidly maturing technology, its application to this particular clinical niche 

(i.e. investigating those who are unable to complete colonoscopy, either 

due to failure or safety) is less well-studied. This thesis explores the current 

and potential future role of CTC in the English BCSP. 

 

Thesis structure 

 

This thesis defines and answers several research questions. I present each 

below, with associated hypotheses and aims. 

 

Research question 1: What are the available techniques and evidence 

base for CRC screening? 

Rationale 

To understand the role of CTC in a population screening programme, a 

fundamental understanding of the principles of CRC screening and the 

research literature to date is required.  
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Aims 

i) Summarise the concepts and key research evidence underpinning 

various methods for CRC screening. 

ii) Perform a directed review of relevant research relating to CTC as a 

population screening tool. 

 

Research question 2: What is the sensitivity and specificity of CTC for 

colonic neoplasia in gFOBt/FIT-positive individuals? 

Rationale 

Meta-analysis suggests CTC has excellent sensitivity for colorectal 

cancer14 and large polyps15. However, analysed studies comprised 

heterogeneous patient populations, spanning both average-risk screening 

cohorts and high-risk groups. The application of CTC to gFOBt/FIT-positive 

screenees requires specific demonstration of acceptable diagnostic 

performance in this particular population, since the prevalence of 

abnormality is much higher than average risk screenees (approximately 

10% have cancer and a further 40% have polyps). 

Hypothesis 

CTC is highly sensitive and specific for cancer and large (>10mm), and 

intermediate (6-9mm) polyps in gFOBt/FIT-positive individuals. 

Aim 

Perform a systematic review of the available biomedical literature to 

estimate the diagnostic performance of CTC in gFOBt/FIT-positive 

subjects, focusing on sensitivity, specificity, positive- and negative-

predictive value. 

 

Research question 3: What is the current level of expertise amongst 

radiologists interpreting CTC for the English BCSP? 

Rationale 

Previous questionnaire studies have shown variable levels of experience 

and training for CTC interpretation both in the UK16 and Europe17. However, 

these studies do not focus on BCSP centres or radiologists specifically. 
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Such estimates are important, as CTC is a challenging technique requiring 

substantial training and experience for optimal performance18,19. 

Hypotheses 

BCSP radiologists have received basic training in CTC interpretation and 

are sufficiently experienced to practice safely. CTC hardware and 

interpretation software are available across the BCSP. 

Aim 

Undertake a national survey of all BCSP sites and determine their referral 

practices, imaging and interpretative technique, training and experience. 

  

Research question 4: What are the current detection rates of 

colorectal neoplasia for CTC in the English BCSP? 

Rationale 

The success of a screening programme relies on early detection and 

treatment of pre-malignant lesions or early-stage malignancy. Detection 

rates following CTC are unknown currently, meaning it is unclear if it will be 

beneficial when investigating those for whom colonoscopy is undesirable or 

not possible. 

Hypotheses 

Detection rates of advanced neoplasia after CTC are comparable to those 

after colonoscopy in the BCSP. Neoplasia detection rates vary according to 

screenee and radiologist factors.  

Aim 

To complete a retrospective observational study of detection rates of 

neoplasia in the BCSP for screenees investigated with CTC rather than 

colonoscopy, and determine factors associated with variability in detection. 

 

Research question 5: Does the magnitude of gFOBt positivity affect 

the diagnostic yield of CTC in the BCSP? 

Rationale 

Although patients testing positive to gFOBt are treated similarly, this binary 

decision conceals the fact that a single gFOBt test requires 3 separate stool 
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samples, each tested twice. A single gFOBt kit therefore may have 

between zero and six positive “windows”, a variable that influences the 

positive predictive value (PPV) of the test for colorectal neoplasia20,21. The 

effect of variable positivity on detection rates following CTC is unknown. 

Hypothesis 

Detection rates of colorectal neoplasia by CTC increase with greater gFOBt 

positivity, and this variation may contribute to differences in detection rates 

between CTC and colonoscopy. 

 Aim 

To document detection rates of neoplasia by CTC in the BCSP stratified by 

magnitude of gFOBt positivity, and compare with colonoscopy. 

 

Research question 6: Does terminal digit preference bias recording of 

maximal polyp diameters in the BCSP? 

Rationale 

Clinical management decisions for colorectal polyps are largely governed 

by maximal polyp diameter22-24, which is inherently related to biological 

importance. Previous studies from other areas of sociology and medicine 

have documented observer bias when recording numeric data, primarily via 

rounding to pleasing digits (often multiples of ten). Such bias, if applied to 

colorectal polyp sizes, might influence clinical management decisions 

erroneously. 

Hypothesis 

Terminal digit preference biases colorectal polyp size measurements at 

CTC, endoscopy and histopathology in the BCSP and in the published 

literature. 

 Aim 

To estimate the magnitude of digit preference bias, if any, in the BCSP and 

in published research trials, and to determine the effect this might have on 

clinical management. 
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Research question 7: What is the level of patient acceptance of CTC 

as currently applied in the BCSP? 

Rationale 

CTC is often viewed as a less invasive alternative to colonoscopy25,26, 

although the published literature is inconclusive. Many studies employ a 

tandem design in which participants undergo both tests sequentially, 

usually on the same day. Conversely, in clinical practice, CTC and 

colonoscopy are alternatives and a small minority (those with positive 

findings at CTC) will require both procedures. Screenees investigated by 

CTC are generally frailer and/or have had incomplete colonoscopy, 

meaning that tolerability of CTC may be diminished. 

Hypotheses 

Screenee experience of CTC (in terms of communication of test risks and 

benefits, understanding of results and procedural discomfort) are similar to 

those for colonoscopy in the BCSP. 

Aim 

Analyse patient experience data from the BCSP and compare to 

colonoscopy, with particular reference to procedural discomfort. 

 

Research question 8: What are the reasons for non-attendance at 

colonoscopy after a positive gFOBt result, and might the offer of CTC 

increase colonic testing rates? 

Rationale 

Although all subjects testing positive to gFOBt in the BCSP are offered 

colonoscopy, between 15-20% of these individuals ultimately fail to 

complete such testing27-29. CTC is often perceived as less invasive than 

colonoscopy and therefore might be appealing to such individuals.  

Hypotheses 

Non-completion of colonic testing after a positive gFOBt in the BCSP is 

partly due to fear of colonoscopy, and the availability of CTC might increase 

the proportion of screenees who ultimately complete colonic testing 
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Aim 

To use BCSP records to determine reasons for non-attendance among 

those who do not complete colonic testing, and to assess the potential 

benefit of offering CTC to such non-attenders. 

 

Research question 9: What is the influence of detecting extracolonic 

findings on patients’ and healthcare professionals’ opinions of CTC 

acceptability? 

Rationale 

CTC unavoidably examines structures beyond the colon and so may 

diagnose conditions that were not the original target of screening. 

Screenees requiring CTC rather than colonoscopy are likely to be older and 

more co-morbid than average, meaning this situation will arise frequently. 

Most findings will be unimportant but some may provoke additional tests for 

no ultimate benefit30. At present, it is not known whether patients or 

healthcare professionals regard diagnosing extracolonic conditions as a 

benefit or a disadvantage. 

Hypothesis 

Screening-age patients and healthcare professionals believe the potential 

benefit of serendipitous diagnosis of important extracolonic pathology 

outweighs the downsides of unnecessary additional diagnostic testing 

provoked by indeterminate extracolonic findings. 

Aim 

To apply discrete-choice methods to determine the relative weighting 

clinicians and patients place on early extracolonic diagnosis versus 

unnecessary additional testing for screening CTC. 

 

Research question 10: What are the morphologies of screen-detected 

versus symptomatic cancers at CTC? 

Rationale 

The commonest application of CTC in the UK is for the assessment of 

patients with colorectal symptoms. Accordingly, most radiologists 

interpreting CTC are familiar with the spectrum of pathology detected in 
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such patients. However, the BCSP deals with screen-detected rather than 

symptomatic neoplasia; such tumours are more likely to be an earlier 

histological stage31. This implies they may be more subtle and difficult to 

detect at CTC, although this is unproven.  

Hypothesis 

Tumours detected by CTC within the BCSP are smaller, earlier stage and 

subjectively more subtle than tumours presenting symptomatically. 

Aim 

To compare the morphology, histological characteristics and conspicuity of 

tumours detected in the BCSP with those detected in a randomised trial of 

symptomatic patients. 

 

Research question 11: What are the characteristics of polyps missed 

by radiologists at endoluminal CTC interpretation? 

Rationale 

No test is perfect; CTC is no exception and missed lesions are inevitable. 

Polyps might be missed because they are not seen at all (“search error”), 

seen and then dismissed without appropriate recognition of their 

significance (“recognition error”), or recognised but erroneously 

misclassified (“decision error”). The relative contribution of these 

possibilities is unknown, particularly for endoluminal interpretation. 

Hypothesis 

Missed polyps are predominantly due to non-visualisation of the lesion 

(search error) rather than recognition or decision errors. 

Aims 

To perform eye-tracking of radiologists during endoluminal CTC 

interpretation to determine if missed lesions are due to radiologists failing to 

look at the polyp, or incorrect decision-making despite visualising the 

lesion.   
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Research question 12: What is the effect of increased navigation 

speed at endoluminal CTC on radiologist eye movement patterns and 

polyp identification rates? 

Rationale 

Evidence from interpretation of 2D radiographs suggests sensitivity may fall 

but specificity may increase as interpretation speed increases. During CTC 

interpretation, radiologists are able to vary the speed at which they navigate 

along the colonic centreline, which may have a similar effect; but how this 

influences both diagnostic accuracy and eye movement patterns is 

unknown.  

Hypothesis 

Higher navigation speeds cause reductions in polyp identification rates, 

lower false positive rates, and affect eye gaze distribution. 

Aims 

To extend the eye-tracking work described above to document and quantify 

the effect of varying navigation speed on endoluminal CTC interpretation. 

 

Thesis strategy 

 

The thesis is composed of 14 chapters documenting the programme of 

work conducted for this research degree submission. Relevant peer-

reviewed publications arising from the thesis are outlined in Appendix 1. 

The chapters are grouped into five sections as follows: 

 

Section A provides context for the thesis with an overview of CRC 

screening in general and the use of CTC as a screening test specifically, 

both internationally and within the BCSP. Chapter 1 introduces CRC 

screening with a narrative review of the relevant literature regarding 

colorectal carcinogenesis, the concepts underpinning CRC screening, 

possible options for testing and data supporting the use of CTC. Chapter 2 

expands on these themes by discussing the structure, organisation and 

management of the BCSP, including the role of CTC. Chapter 3 provides a 

systematic review and meta-analysis of the published literature regarding 
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the diagnostic accuracy of CTC when used for gFOBt-positive individuals, 

as for the BCSP. 

 

Using the overview of the literature provided in section A, Section B 

documents the existing use of CTC in the BCSP. Chapter 4 provides a 

snapshot of current radiological practice for the programme via a national 

survey of all BCSP sites. Chapter 5 then documents these sites’ detection 

rates for colorectal neoplasia in comparison to colonoscopy. Chapter 6 

investigates the effect of variable FOBt positivity on these detection rates. 

Chapter 7 considers whether terminal digit preference bias occurs in the 

BCSP and in research studies, and the effect this might have on the 

accuracy of published detection rates. 

 

Section C focuses on patient experience, a particularly important facet of 

screening due to its link with participant uptake and adherence. Chapter 8 

provides a comparative analysis of national questionnaire data for CTC and 

colonoscopy in the BCSP. Reasons that some screenees do not attend for 

colonic testing even after a positive FOBt result are explored in Chapter 9. 

Recognising that CTC is fundamentally different to colonoscopy by imaging 

beyond the colon as well as inside it, in Chapter 10 I use discrete choice 

experiments to investigate the acceptability of such extracolonic diagnoses, 

as judged by both patients and healthcare professionals. 

 

Section D investigates means of improving radiologist diagnostic 

performance for the BCSP. Since the vast majority of UK CTC 

examinations are performed for patients with colorectal symptoms rather 

than the BCSP, it is critical to consider whether or not CTC appearances of 

CRC differ between these two groups. Therefore, Chapter 11 compares 

CTC appearances of CRC diagnosed within the BCSP with cancers found 

in the SIGGAR randomised trials of CTC. Expanding on the theme of 

missed lesions, Chapter 12 uses eye-tracking technology to determine 

whether missed polyps at endoluminal CTC are due to errors of visual 

search or of decision-making. As radiologist workload increases, there is 

increasing pressure to report more rapidly and increase throughput, but this 

risks errors, which would be highly detrimental to the BCSP. In Chapter 13, 

the eye-tracking work is extended to determine the effect of increasing 
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navigation speed at endoluminal CTC on polyp detection and eye 

movement. 

 

Section E concludes the thesis; Chapter 14 summarises the entire corpus 

of work performed during the research programme and contexualises the 

thesis in current English practice. The original contributions to the research 

literature are highlighted, and gaps suitable for further study are identified, 

along with strategies to address them. 

 

 

 

  



 36 

 

 

 

 

 

 

 

 

 

SECTION A: BACKGROUND 

 

 

 

The following Section sets the scene for the thesis, in three separate 

Chapters. Firstly, I discuss the general principles and background to CRC 

screening. Second, the specifics of the BCSP itself will be detailed. Finally, 

evidence supporting the use of CTC in gFOBt-positive subjects will be 

reviewed and analysed. 
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Chapter 1: An overview of colorectal cancer screening 

Contribution statement 

All of the work presented in this Chapter was undertaken by the author of 

this thesis. A version of this Chapter has been published as follows: Plumb 

AA, Halligan S (2015). Colorectal cancer screening. Seminars in 

Roentgenology, 50:101-10. 

 

Introduction 

 

Colorectal cancer (CRC) is well-suited to screening. It is a common 

disease, affecting approximately 1 in 20 adults in the USA and Europe, 

ultimately proving fatal in almost 50% of cases in the UK7. Symptoms are 

frequently non-specific32, and are often common (e.g. change in bowel 

habit, abdominal pain), leading many patients to ignore the condition until a 

relatively late (and hence incurable) stage. Like most cancers, prognosis is 

strongly related to disease stage at presentation, with early tumours (i.e. 

confined to the bowel wall) having nearly 95% 5-year survival compared to 

less than 50% when there is nodal involvement8. Therefore, detection of 

early stage cancer can reduce mortality by curing the patient of a disease 

that would likely be fatal if detected later. 

 

However, cure is not the only potential benefit of CRC screening; cancer 

can also be prevented. Most CRC is believed to develop from benign, but 

potentially pre-malignant, precursor lesions – adenomatous polyps. By 

definition, adenomas contain dysplasia i.e. intraepithelial neoplasia. 

Although the natural history of colonic adenomas is not fully understood, a 

proportion progressively accumulate genetic damage and undergo 

malignant transformation to carcinoma (the “adenoma-carcinoma 

sequence”, figure 1.1), a process that is believed to account for up to 70% 

of all CRC. In the majority of cases, this transformation occurs slowly, 

averaging approximately 10 years33. Hence, there is a window of 

opportunity during which the removal of adenomas could potentially prevent 

carcinoma from ever developing. The key target for screening is the so-

called “advanced adenoma” – one that is either large (≥10mm maximal 

diameter) or shows significant dysplastic or villous components 
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histologically, since these have the highest risk of subsequent malignant 

transformation33,34. Accordingly, CRC screening programmes can reduce 

both disease incidence and disease-specific mortality, which may also 

prove cost-saving as well as clinically beneficial. Depending on the 

particular test employed, screening programmes combine the two 

approaches to varying degrees – prevention of cancer by removal of its 

precursor, or improved cure rates for established cancer via early detection. 

Figure 1.1: The “adenoma-carcinoma sequence”. Over time, progressive 

accumulation of genetic damage in colonic epithelium leads to development 

of carcinoma from pre-malignant precursors. This process is believed to 

take many years, meaning disease can be prevented by timely 

polypectomy. 

 

 

Population-scale national screening programmes are expensive, 

particularly so for CRC since (unlike breast, cervical or prostate cancer) 

both sexes need to be screened. Furthermore, the majority of CRC develop 

in patients with no known specific risk factors, and adenomas are similarly 

sporadic, meaning that we do not know in advance which individuals to 

target (unlike lung cancer screening, which can be restricted to smokers). 

Overall, the strongest risk factor is age, which increases the prevalence of 

CRC exponentially. Hence, the most sensible option is to offer screening to 

all individuals above a certain age threshold. Adenomas are also extremely 
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common (approximately 30% of screenees aged over 50 years will have at 

least one adenoma35), and any of these might potentially develop into CRC. 

Since the most effective predictor of which adenomas will ultimately 

become CRC is their maximal diameter, they require either removal 

(especially if ≥10mm) or close surveillance. This is expensive because 

techniques to resect adenomas by polypectomy or measure their size 

(which requires direct visualisation) are inherently expensive. Polypectomy 

also carries small but clinically-important risks of bleeding, colonic 

perforation and even death. Despite all of these barriers, CRC screening 

has been proven in large-scale randomised trials to reduce disease-specific 

mortality11,36, level-1 evidence that underpins implementation of CRC 

screening. CRC therefore fulfills the Wilson and Jungner principles37 for a 

suitable screening target (Table 1.1). 

 

Table 1.1: Wilson and Jungner principles as originally described and how 
they relate to CRC screening 

Principle Application to CRC screening 

The condition sought should be an 

important health problem 

3rd most common cancer in the UK1, 

over 500,000 deaths annually 

worldwide38 

There should be an accepted 

treatment for patients with 

recognised disease 

Polypectomy or surgery are well-

established and acceptably safe39,40 

Facilities for diagnosis and treatment 

should be available 

Faecal testing29, colonoscopy21,41 

and surgery can be delivered 

successfully on a national scale 

There should be a recognisable 

latent or early symptomatic stage 

Adenomatous polyps and early 

cancers are readily recognised 

There should be a suitable test or 

examination 

Multiple options exist (see text) 

The test should be acceptable to the 

population 

Uptake of faecal tests frequently 

exceeds 60%29 

The natural history of the condition, 

including development from latent to 

declared disease, should be 

adequately understood 

The adenoma-carcinoma sequence 

accounts for >70% of CRC42,43 

There should be an agreed policy on 

whom to treat as patients 

Subject to national guidance by 

organised screening programmes 

The cost of case-finding (including 

diagnosis and treatment of patient 

diagnosed) should be economically 

balanced in relation to possible 

Faecal testing costs approximately 

£3000 per quality-adjusted life 

year44, well below the National 

Institute for Health and Care 
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expenditure on medical care as a 

whole 

Excellence (NICE) general  

threshold of £30,00045 

Case-finding should be a continuing 

process and not a “once and for all” 

project 

Centrally-funded population 

screening programmes allow 

ongoing screening on a rolling basis 

Options for testing 

 

The variety of tests available for CRC screening perhaps underlines the 

fact that none is perfect. Each has strengths and weaknesses and this has 

generated disagreement amongst both clinicians and policy-makers about 

which strategy to implement. Accordingly, different nations have proceeded 

with different strategies, with no robust international consensus regarding 

the optimum method46-48. 

 

Since the development of adenomas (particularly in the distal colon) rises 

sharply above the age of 50 years, if the goal is to reduce cancer incidence 

by prophylactic polypectomy, intuitively we must employ a test that detects 

both polyps and CRC from approximately this age. These relatively young 

individuals will derive the most benefit from reduction in incidence, since 

(on average), they will have fewer co-morbidities and are likely to live 

longer if their CRC is prevented by polypectomy. They are also at less risk 

of adverse events, with the result that more aggressive interventions can be 

employed safely. 

 

Conversely, since CRC incidence lags behind adenoma development by 

10-15 years, if the goal is to improve CRC mortality by detecting early 

cancers, older individuals must also be screened. Less invasive options 

should be considered at this point, since hazards of invasive testing 

increase with age. Such screenees are less likely to benefit from 

polypectomy, since (on average) they have a greater chance of dying 

sooner from other diseases. Detection of asymptomatic established cancer 

remains important due to significant short-term mortality if not identified. 

 

Faecal occult blood testing 

 

CRC often bleeds, resulting in detectable blood products in the faeces. 

Unfortunately, such bleeding is often intermittent, and early cancers may 
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not bleed at all. Similarly, most adenomas do not bleed. As a result faecal 

blood tests primarily detect CRC rather than polyps and impact more on 

disease prevalence than incidence. The most extensively studied technique 

for faecal blood testing is based on a wood resin derived from Guaiacum 

trees (Figure 1.2), and hence is termed the “guaiac faecal occult blood test” 

(gFOBt).  

 

Figure 1.2: The guaiacum tree, the wood resin of which is used to 

manufacture gFOBt kits. Painting by Marianne North “Foliage, Flowers, and 

Fruit of Lignum Vitae, Jamaica by Marianne North (1830 –1890)”. Lignum 

vitae is the common name for Guaiacum officinale. This image was 

provided courtesy of the Royal Botanic Gardens, Kew, Surrey. © Royal 

Botanic Gardens, Kew  
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The haeme component of hemoglobin catalyses the oxidation of colorless 

alpha-guaiaconic acid to a blue quinone and so a positive test can be 

identified by this colour change. Unfortunately, various foods also catalyse 

the reaction, notably red meat and some uncooked vegetables, causing 

false-positive results. Conversely, vitamin C and citrus fruits can inhibit the 

oxidative reaction and cause false-negatives. Even when used correctly 

and three samples are completed (as generally recommended), sensitivity 

for cancer varies widely in the published literature, with so-called “highly 

sensitive” gFOBt kits reaching perhaps 70-75%49. Furthermore, of those 

who test positive, only approximately 10% will actually have cancer and 40-

50% will have adenomas, even in the prevalent (i.e. first screening) 

round29, so the test also has imperfect positive predictive value. 

Importantly, the test is indirect – it does not visualise polyps or cancers 

directly, but instead detects them via a secondary phenomenon, i.e. 

bleeding. A positive result therefore mandates a further test to confirm or 

refute the diagnosis and either biopsy a cancer or treat polyps via excision 

biopsy; a costly addition, since half of these subsequent tests will be 

normal. Positive tests also cause anxiety and subject screenees to risks 

from endoscopy that may not be necessary. This additional step also 

introduces the potential for attrition from the screening pathway if 

screenees do not attend their follow-up test.  

 

Despite all of these problems, gFOBt has several key advantages. It is 

relatively cheap to administer (the test can be posted to the screenee, 

completed at home and then posted back for interpretation), widely 

available, completely safe if used correctly, and causes minimal discomfort. 

Furthermore, it can be repeated on multiple occasions, which improves 

sensitivity. Most crucially, there is undoubted evidence that such screening 

is effective. Several large randomised trials, each of thousands of 

screenees, have shown a reduction in disease-specific mortality (Table 

1.2). Meta-analysis of data from 327,043 screenees from 4 countries 

(Denmark, Sweden, the USA and the UK) showed mortality reduction of 

approximately 16% overall (23% for those who actually adhered to 

screening)11.  
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Table 1.2: Key randomised trials of screening for colorectal cancer and adenomas using faecal blood testing and reporting long-term follow-up. 
Results are statistically significant unless otherwise stated. CONFIRM = Colonoscopy vs. faecal immunochemical test in reducing mortality; 
COLONPREV = colon cancer prevention; SCREESCO = Screening of Swedish colons. 

 

Location Recruitment 

period 

Design Target 

popu-

lation 

Number of participants 

invited 

Test kit Follow-

up 

Effect on CRC 

incidence 

Effect on 

CRC 

mortality 

Minnesota
50

 1975 to 1978; 

and 1986 to 

1992 

1:1:1 randomisation 

between biennial gFOBt 

screening, annual 

gFOBt screening and 

control (no screening) 

 

Most 

50-80 

years 

15,550 in biennial 

screening arm; 15,532 in 

annual screening arm; 

15,363 in control arm 

Rehydrated 

gFOBt 

(Haemoccult) 

18 years 17% for 

biennial 

screening; 

20% for annual 

screening 

21% for 

biennial 

screening; 

33% for 

annual 

screening 

Nottingham
51

 1981 to 1991 1:1 randomisation 

between biennial gFOBt 

screening and control 

(no screening) 

45-74 

years 

76,466 in screening arm; 

76,384 in control arm 

Non-rehydrated 

gFOBt 

(Haemoccult) 

19.5 

years 

No effect 13% 

Goteborg
52

 1982 to 1990 1:1 randomisation 

between biennial gFOBt 

screening and control 

(no screening) 

60-64 

years 

34,144 in screening arm; 

34,164 in control arm  

Rehydrated 

gFOBt 

(Haemoccult-II) 

15.5 

years 

No effect 16% 
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Funen
53

 1985 1:1 randomisation 

between biennial gFOBt 

screening and control 

(no screening) 

45-75 

years 

30,967 in screening arm; 

30,966 in control arm 

Non-rehydrated 

gFOBt 

(Haemoccult-II) 

17 years No effect 11% 

COLONPREV
5

4
 (multicentre 

Spain) 

Commenced 

2009, in 

progress 

1:1 randomisation 

between biennial FIT 

and one-off colonoscopy 

50-69 

years 

26,703 in colonoscopy 

arm; 26,599 in FIT arm 

OC-Sensor FIT, 

75ng/ml cut-off 

10 year 

follow-

up due 

2021 

Awaited Awaited 

CONFIRM
55

 

(multicentre 

USA) 

Commenced 

2012, in 

progress 

1:1 randomisation 

between annual FIT and 

one-off colonoscopy 

50-75 

years 

25,000 in each arm Not specified in 

trial protocol 

10 year 

follow-

up due 

2025 

Awaited Awaited 

SCREESCO
56

 

(multicentre 

Sweden) 

Commenced 

2014, in 

progress 

1:3:6 randomisation 

between one-off 

colonoscopy, FIT at 

years 1 and 3, and 

control (no screening) 

59-62 

years 

20,000 in colonoscopy 

arm, 60,000 in FIT arm 

and 120,000 in control 

arm 

Not specified 15 year 

follow-

up due 

2034 

Awaited Awaited 
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Because of these data, and the comparative simplicity of a stool testing-

based screening programme, any test that might combine the 

administrative benefits of gFOBt with greater sensitivity for CRC and 

adenomas is an attractive proposition. Faecal immunochemical testing 

(FIT) is one possibility. Instead of a chemical reaction catalyzed by haeme, 

FIT relies on detecting globin via immunochemical methods. Although both 

qualitative and quantitative methods are available, most interest has 

surrounded the latter, since it allows the interpreter to vary the threshold at 

which a screenee becomes positive. As a result, test sensitivity and 

specificity can be tailored to disease prevalence in the target population; for 

example, if even very low levels of faecal hemoglobin are defined as a 

positive result, sensitivity will increase, albeit at the cost of reduced 

specificity. Notwithstanding this, in general most immunochemical tests are 

more sensitive than guaiac-based alternatives, at approximately 80% 

overall for one-off testing57. Although to date there is no direct RCT 

evidence supporting use of FIT, benefits are presumed by extension from 

the gFOBt literature. Both FIT and gFOBt are endorsed as viable screening 

options by many expert bodies, both in the USA and Europe. Multiple large-

scale screening programmes based on faecal testing have been 

implemented successfully, including many European countries, parts of the 

Americas and Australasia. 

 

More recently, interest has focused on detecting the underlying genetic 

aberrations that lead to the development of CRC, e.g. by harvesting DNA 

from exfoliated colonocytes in the stool (sDNA testing). Early results were 

limited by suboptimal sensitivity, although a recent report of a “multitarget” 

test, which combines assessment of several DNA markers with 

immunochemical testing for human hemoglobin showed high sensitivity for 

CRC of 92% (versus only 74% for FIT)58, although sensitivity for advanced 

premalignant lesions was only 42% 

 

Endoscopy 

 

Unlike faecal testing, endoscopy inspects the colonic mucosa directly, 

allowing even tiny adenomas to be detected and thereby achieving 

extremely high sensitivities for larger adenomas and colorectal cancer. 



 46 

Indeed, sensitivity for established cancer likely exceeds 95%14, and the 

sensitivity for large (>10mm) adenomas, as determined by tandem 

colonoscopy (i.e. initial colonoscopy followed by an immediate repeat 

examination) is estimated at approximately 98%59. Furthermore, 

polypectomy may be performed at the same sitting, preventing future 

cancer development. The two options for endoscopic screening are either 

flexible sigmoidoscopy or colonoscopy.  

 

Intuitively, colonoscopy seems the logical best choice since the entire colon 

(rather then just the distal portion) is examined. However, colonoscopy 

requires complete bowel cleansing rather than simply a rectal enema, 

sedation is frequently required, the perforation risk is higher, and the 

procedure is technically more challenging and takes longer than flexible 

sigmoidoscopy, limiting throughput. Colonoscopy is also usually performed 

by medical practitioners rather than nurses, which increases expense 

further. Approximately two-thirds of cancers are left-sided and hence within 

reach of a flexible sigmoidoscope. Additionally, the presence of left-sided 

CRC or adenoma may be used as a marker of patients at high risk of 

colorectal neoplasia, and hence provoke investigation of the right colon in 

any case. Moreover, even with colonoscopy, right-sided adenomas may be 

difficult to detect, since the bowel is more difficult to cleanse, intubation of 

the proximal colon is technically challenging and the adenomas themselves 

are less conspicuous. Furthermore, a different (and more rapid) pathway of 

colorectal carcinogenesis occurs more commonly in the right colon (the 

“serrated pathway”), rendering such tumours relatively less suitable for 

screening because they are more likely to arise in the interval between 

screening tests. As a result, observational data suggest that colonoscopy 

affords more protection against left-sided CRC than right-sided60. Since 

much of this benefit can be provided by sigmoidoscopy at lower cost and 

with greater patient acceptance, the choice between these two alternatives 

is not clear-cut. 

 

In recent years, the evidence in favor of flexible sigmoidoscopy (versus no 

screening) has become overwhelming. Three large randomised controlled 

trials have demonstrated that flexible sigmoidoscopy reduces disease-

specific mortality by approximately 25% overall (Table 1.3)61-63, confirmed 

by meta-analysis36. 
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Table 1.3: Key randomised trials of screening for colorectal cancer and adenomas using endoscopy and reporting long-term follow-up. 
Presented results are statistically significant unless otherwise stated. PLCO = prostate, lung, colon, ovary; UK-FSST = United Kingdom Flexible 
Sigmoidoscopy Screening Trial; SCORE = SCreening for COlon REctum; NORCCAP = Norwegian colorectal cancer prevention; NordICC = 
Nordic-European Initiative on Colorectal Cancer; other abbreviations as per Table 1.2. 

 

Study Recruitment 

period 

Design Target 

popu-

lation 

Number of 

participants 

invited 

Follow-

up 

Effect on CRC incidence Effect on CRC mortality 

PLCO
62

 1993-2001 1:1 randomisation between 

FSIG (at baseline and 

repeated at 3 or 5 years) and 

control (no screening) 

55-74 

years 

77,445 assigned to 

each arm 

12 years 21% overall; 29% for 

distal cancers 

26% overall; 50% for 

distal cancers 

UK-FSST
61

 1994-1999 1:2 randomisation between 

one-off FSIG and control (no 

screening) 

55-64 

years 

57,237 in the FSIG 

arm, 113,195 in the 

control arm 

11 years 23% overall; 36% for 

rectosigmoid cancer 

31% for all CRC 

SCORE
63

 1995-1999 1:1 randomisation between 

one-off FSIG and control (no 

screening) 

55-64 

years 

17,148 in the FSIG 

arm, 17,144 in the 

control arm 

11 years 18% overall; 34% for 

distal cancers 

22% for all CRC (not 

significant); 27% for distal 

cancers (not significant) 

NORCCAP
64

 1999-2000 1:3 randomisation between 

one-off FSIG and control (no 

screening) 

50-54 

years 

13,823 in the FSIG 

arm; 41,913 in the 

control arm 

7 years No effect overall; 27% 

for rectosigmoid cancers 

(not significant) 

27% for all CRC (not 

significant); 37% for 

rectosigmoid cancer (not 

significant) 
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COLONPREV
54

 Commenced 

2009, in 

progress 

1:1 randomisation between 

biennial FIT and one-off 

colonoscopy 

50-69 

years 

26,703 in 

colonoscopy arm; 

26,599 in FIT arm 

10 year 

follow-up 

due 2021 

Awaited Awaited 

NordICC
65

 Commenced 

2009, in 

progress 

1:2 randomisation between 

one-off colonoscopy and 

control (no screening) 

55-64 

years 

22,000 in 

colonoscopy arm; 

44,000 in control 

arm 

10 year 

follow-up 

due 2024 

Awaited Awaited 

CONFIRM
55

 Commenced 

2012, in 

progress 

1:1 randomisation between 

annual FIT and one-off 

colonoscopy 

50-75 

years 

25,000 in each arm 10 year 

follow-up 

due 2025 

Awaited Awaited 

SCREESCO
56

 Commenced 

2014, in 

progress 

1:3:6 randomisation between 

one-off colonoscopy, FIT at 

year 1 and year 3 and control 

(no screening) 

59-62 

years 

20,000 in 

colonoscopy arm, 

60,000 in FIT arm 

and 120,000 in 

control arm  

15 year 

follow-up 

due 2034 

Awaited Awaited 
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Moreover, subsequent incidence of CRC is also reduced by approximately 

30%, confirming the hypothesis that removing adenomas prevents cancer. 

A further randomised study showed a non-significant reduction in CRC 

incidence and mortality64, although this may be due to the relatively shorter 

follow-up period masking the effect of adenoma removal (which may take 

many years for any effect on mortality to become apparent66). The three 

studies reporting a benefit found that this primarily arose from a reduction in 

distal CRC incidence and mortality. However, there was some impact on 

proximal CRC, likely due to subsequent total colonoscopy contingent on 

distal abnormalities found at initial sigmoidoscopy. In the light of these 

studies, the English BCSP is currently introducing phased roll-out of a 

national flexible sigmoidoscopy screening programme (termed “Bowel 

Scope”), to be offered as a single screen at age 55 years. 

 

What of colonoscopy? Unlike gFOBt and flexible sigmoidoscopy, there is 

no direct randomised controlled trial evidence to confirm that it reduces 

either CRC incidence or mortality. Nonetheless, just as arguments in favor 

of FIT extrapolate from the gFOBt literature, proponents of colonoscopy cite 

the powerful evidence from the sigmoidoscopy trials to support their 

position. Furthermore, observational data imply strongly that screening 

colonoscopy is protective against subsequent CRC36. Follow-up of both 

high-risk and asymptomatic cohorts who underwent colonoscopy found 

lower than expected rates of subsequent CRC when compared to expected 

rates for the general population, with the reduction in both incidence and 

mortality estimated at between 50 and 66%67. Case-control series have 

shown that patients presenting with colorectal cancer are less likely to have 

had previous colonoscopy than controls (without CRC), implying that 

undergoing colonoscopy is protective 68. Thus, the indirect evidence that 

colonoscopy prevents CRC is compelling. Nonetheless, this does not 

necessarily mean that population screening with colonoscopy is guaranteed 

to be effective: Observational studies are inherently biased. Furthermore, 

low adherence to screening (particularly for an invasive test such as 

colonoscopy) may negate any beneficial effect, and the balance with 

adverse events needs to be considered as does cost. Fortunately, large 

randomised trials are in progress to address this. The NordICC trial 

(Nordic-European Initiative on Colorectal Cancer) will test colonoscopy 

versus no screening, and two trials will test colonoscopy against FIT (the 
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COLONPREV trial from Spain54, using biennial FIT; and the CONFIRM 

trial55 from the USA, using annual FIT). Finally, the SCREESCO (Screening 

of Swedish Colons) trial56 will randomise between, colonoscopy, FIT and no 

screening. 

 

Baseline results from COLONPREV show equivalent diagnostic yield of 

CRC for colonoscopy and FIT (despite a 10% lower uptake of colonoscopy) 

but higher adenoma detection rates in the colonoscopy arm54. Whether this 

will translate to a greater reduction in incidence for those screened by 

colonoscopy (or, conversely, whether subsequent FIT screening rounds will 

narrow the gap) is unclear. Results from the first three trials are expected in 

the early to mid 2020s, with SCREESCO due to report in the mid 2030s. 

 

Radiological tests 

The preceding paragraphs show that the bar has been set high for any 

radiological alternative: Large randomised trials, some exceeding a 

hundred thousand participants, have demonstrated the benefits of both 

faecal tests and endoscopy. What role, then, for the radiologist? The 

traditional test for radiological investigation of the colon, the double-contrast 

barium enema, falls well short of the mark. Not only is it poorly tolerated26, 

radiologists have lost the skills necessary to perform and interpret it 

accurately 69. Randomised data show that it misses more cancers and large 

polyps than alternatives13, albeit in older symptomatic patients rather than 

screenees. When employed as a surveillance test following screen-

detection of adenomas, barium enema detected only 35% of polyps 

subsequently proven at colonoscopy70. Barium enema cannot be 

recommended, and should be abandoned. 

 

However, there is a viable radiological alternative. Computed tomographic 

colonography (CTC) combines rapid, thin-collimation CT scanning of the 

gas-distended, prepared and cleansed colon with (at least) dual patient 

positioning, usually accompanied by spasmolytics to enhance luminal 

distension. Reductions in the cost and increased availability of more 

powerful computing allows the internal endoluminal surface of the colon to 

be rendered and displayed for interpretation on demand. Thus, the 

radiologist may choose to “fly-through” the colonic lumen, as if following the 



 51 

course of a virtual colonoscope, detecting pathology en route (figure 1.3). 

Such images, now acquired within a few seconds and at sub-millimetre 

resolution, potentially allow polyps to be depicted with high sensitivity. The 

remainder of this chapter will focus on the attributes of CTC that suggest it 

is a viable option for CRC screening. 

 

Figure 1.3: 2D (A) and 3D (B) images from a CT colonography examination 

depicting a mass in the caecum (arrows) in a patient with intermittent 

melaena. This was confirmed at colonoscopy to be a moderately-

differentiated adenocarcinoma, and was resected by laparoscopic right 

hemicolectomy. 

 

 

Accuracy 

A large number of studies have shown convincingly that CTC is sensitive 

for CRC, at least when interpreted by a sufficiently experienced reader. 

Two meta-analyses have suggested that sensitivity for colorectal cancer is 

96%14,71, similar to the estimate for colonoscopy (95%)14. The sensitivity for 

large (≥10mm) polyps is also likely around 90%, estimated at 93% in one 

meta-analysis71 and 83% in another15 (which dealt solely with studies 

describing screening populations). Importantly, these results seem to be 

generalisable, since 90% sensitivity for ≥10mm neoplasms was achieved in 

the multicentre ACRIN-2 study of average-risk screenees72 which recruited 

from 15 separate US centres. Consistent with these meta-analyses and 

cohort studies, the recent randomised SIGGAR trial (of symptomatic 

patients rather than a screening population) found that detection rates for 

colorectal cancers and large polyps was not significantly different between 

CTC and colonoscopy, across 21 separate centres 73. CTC is clearly well 



 52 

able to demonstrate these clinically relevant lesions with high sensitivity. 

Specificity is also high in the right hands, allowing positive predictive values 

to exceed 90% in routine screening practice74. 

 

Small (6-9mm) polyps are less well depicted, but even so CTC is 

approximately 68% sensitive for such lesions and 79% sensitive for 

adenomas within this size bracket15, with adenomas arguably being the 

more relevant target. The precise reason for the difference in sensitivity for 

polyps and adenomas is not clear, but one hypothesis is that benign 

hyperplastic polyps may be more deformable than adenomas, and so are 

compressed flat by the intraluminal pressure of colonic gas insufflation, 

rendering them less conspicuous75. Irrespective, there is clearly a 20-30% 

miss rate for 6-9mm lesions. At this point, it is instructive to reiterate the 

fact that back-to-back colonoscopies suggest that initial colonoscopy may 

miss approximately 10-15% of 5-10mm adenomas and over 20% of 

adenomas<5mm59. Although such tandem colonoscopy studies suggest the 

miss rate for adenomas of 10mm is around 2%59, if CTC is used as an 

independent reference standard (reducing incorporation bias), as many as 

10% of large adenomas may be missed at colonoscopy76. Therefore the 

commonest criticism of CTC, a relatively diminished sensitivity for small 

adenomas, also applies to colonoscopy, albeit to a lesser degree. Debate 

regarding the utility of CTC as a screening option has often been clouded 

by a focus on sensitivity for smaller polyps, ignoring that this is only a single 

facet of CRC screening, and arguably a relatively unimportant one. A small 

increase in screening uptake, for example predicated by improved 

acceptability, would almost certainly outweigh a minor reduction in 

sensitivity for small adenomas, the majority of which will remain stable or 

regress over time in any case77. Conversely, failure to achieve polypectomy 

after CTC (e.g. due to non-compliance with colonoscopy) could render the 

test useless as a screening option, even if sensitivity were perfect. Clearly, 

a more sophisticated approach is needed. 

Acceptability, uptake and diagnostic yield 

 

Whether or not screenees find the screening test acceptable is crucial to 

the success (or otherwise) of any programme; if the target population will 

not complete the test, there can be no impact on outcomes. Direct colonic 
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tests are less well tolerated and accepted than indirect tests, simply 

because they are more invasive and inconvenient. As a result, screening 

uptake is generally greater for faecal testing than endoscopy. However, as 

described already, indirect tests have limited ability to detect smaller 

adenomas and hence affect CRC incidence. A well-tolerated direct colonic 

test is therefore desirable.  

 

Among the screening population, CTC seems to be perceived as relatively 

less burdensome than colonoscopy. For example, a randomised trial 

comparing colonoscopy and reduced-laxative CTC found that a 

substantially greater proportion of those randomised to colonoscopy 

expected it to be painful than did those undergoing CTC (only 5% expected 

no pain with colonoscopy versus 35% for CTC). Similarly, expected levels 

of embarrassment and overall burden were greater in those randomised to 

colonoscopy than CTC78. Perhaps because of these expectations, 

participation rates were 22% for colonoscopy compared with 34% for 

CTC79. However, this increase in participation for CTC was almost exactly 

counterbalanced by a lower per-patient detection rate of advanced 

neoplasia. CTC was conducted without laxative bowel preparation in an 

attempt to maximise acceptability but perhaps reducing sensitivity for 

smaller lesions. Additionally, only screenees with polyps ≥10mm at CTC 

were referred for polypectomy, a situation arising in 9% of participants 

undergoing CTC overall. This approach sacrifices short-term diagnostic 

yield for lower polypectomy rates (and thus costs). Ultimately, the overall 

yield of advanced neoplasia per screenee invited was not significantly 

different between CTC and colonoscopy79. Conversely, an Australian 

randomised trial of (full-laxative) CTC versus colonoscopy80 found no 

significant difference in either test uptake (18% for CTC and 16% for 

colonoscopy) or advanced neoplasia detection (9.0% and 8.4% 

respectively). However, a 6mm threshold for colonoscopy after CTC was 

used in this study, resulting in a relatively high referral rate of 30% – a 

potentially costly addition to the screening pathway. A large non-

randomised US screening series using full-laxative bowel preparation found 

that CTC and colonoscopy had equivalent detection rates for advanced 

neoplasia despite considerably lower polypectomy and complication rates 

in those who underwent CTC81, and at an acceptably low referral rate for 

colonoscopy of 8%. The precise impact of reduced-laxative or full-laxative 



 54 

bowel preparation on the balance between diagnostic yield and screening 

participation rates is unclear. The forthcoming Italian SAVE (Screening for 

colorectal cAncer with FOBT, Virtual colonoscopy and optical colonoscopy. 

A randomizEd clinical trial in the Florence District) randomised trial of CTC, 

FIT and colonoscopy82 will include a nested randomisation between full- 

and reduced-laxative CTC to help clarify this. Irrespective, currently 

available data from randomised trials support the hypothesis from non-

randomised series that screening CTC detects similar levels of advanced 

neoplasia to colonoscopy. There are no randomised data comparing CTC 

with flexible sigmoidoscopy, although this will be addressed by an ongoing 

Italian RCT that will invite 20,000 screenees and compare participation 

rates, diagnostic yield and acceptability between CTC and flexible 

sigmoidoscopy83. 

 

These data pertain only to the first (prevalent) screening round; some CRC 

screening tests must be repeated in order to achieve maximum 

effectiveness. The optimal screening interval following a negative CTC (and 

indeed colonoscopy) is not known precisely, but figures of 5 years for CTC 

and 10 for colonoscopy are suggested84. To date, there are limited data 

regarding adherence to subsequent screening rounds following CTC. When 

participants are deciding whether or not to undergo repeat screening, it is 

likely that they will be influenced by how tolerable they found the original 

procedure. In the Dutch trial, those randomised to CTC expected relatively 

little burden in comparison to colonoscopy, but the reality was somewhat 

different. After the test had been completed, average levels of pain, 

embarrassment and burden were lower in the colonoscopy arm than the 

CTC arm, perhaps because of preconceptions about each test. 

Nonetheless, both groups reported they were equally likely to undergo 

repeat screening when required. Unlike the Dutch data, a large randomised 

trial of symptomatic patients from the UK found that those randomised to 

CTC were more satisfied and suffered less physical discomfort than those 

randomised to colonoscopy 85. This may reflect greater age in the UK trial. 

Overall, these data suggest that CTC is tolerated at least as well as 

colonoscopy and possibly better, and because the expected burden is 

lower, CTC may increase screening participation rates in the prevalent 

round without sacrificing future participation.  
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Extracolonic findings 

 

Unlike other screening tests for CRC (but similar to some other radiological 

screening tests), CTC may detect pathology beyond the colon, because the 

entire abdomen and pelvis is imaged unavoidably. Although low radiation 

dose (applied for screening examinations) limits sensitivity, in both a large 

clinical series86 and a randomised trial79, the detection rate of extracolonic 

cancer was similar to that for CRC itself. Other non-neoplastic but 

potentially life-threatening pathology such as abdominal aortic aneurysms 

(AAA) may also be diagnosed. As a result, the benefits of screening CTC 

may extend beyond any impact on CRC mortality. Although presumed to be 

advantageous, there are potential disadvantages to such extracolonic 

findings, since they may provoke further testing, resulting in patient anxiety, 

inconvenience and higher costs, all for no ultimate gain. Such tests may 

cause patient morbidity or even death if they are invasive, reducing or even 

outweighing the benefit of extracolonic detection in the first place. For these 

reasons, extracolonic imaging is considered both a strength and weakness 

of CTC. On average, however, the balance may be beneficial: Additional 

testing occurs in only 7-11% of patients and average costs are moderate87. 

Patients and their doctors may view extracolonic detection positively, even 

when made aware of the theoretical risks of further testing, a hypothesis 

that will be tested directly in Chapter 7. Further, health economic modeling 

suggests that such extracolonic detection saves lives, with additional costs 

being balanced so that cost-effectiveness is greater for a CTC-based 

screening strategy than one based on colonoscopy, even if colonoscopy is 

complemented by ultrasound screening for AAA88.  

 

Safety 

 

Safety is of crucial importance to any screening programme, since the 

target population is (ostensibly) healthy and the goal of the programme is 

largely preventative. The vast majority of those being screened will derive 

no ultimate benefit, since most people will never develop the disease. It is 

therefore paramount that adverse events affecting these “fellow travellers” 

are minimised, otherwise the risks of screening may outweigh any benefits. 
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Estimates of CTC perforation rates are largely derived from 3 large 

surveys, from Israel89, the UK90 and the USA91. When pooled, these 

describe 18 perforations from 50,860 CTC examinations (approximately 1 

in 2800), although many perforations were asymptomatic and only 6 

required surgical intervention subsequently (1 in 8500). A recent meta-

analysis has confirmed this estimate92. It is important to note that CTC is 

extremely sensitive for extraluminal gas, detecting perforations that would 

otherwise be missed at endoscopy. We do not know the true extent of 

“subclinical” perforation at colonoscopy but, inevitably, it will be higher than 

symptomatic perforation rates, which occur at a frequency of approximately 

1 in 1000, with death in perhaps 1 in 20,00093. At first glance therefore, it 

appears that CTC is considerably safer than colonoscopy, although 

absolute risks are low with both procedures. However, this naïvely 

considers CTC in isolation; in reality, polyps detected by CTC must be 

removed subsequently by colonoscopy if CTC screening is to reduce 

cancer incidence. Hence, screenees with CTC-detected adenomas require 

both procedures, considerably narrowing the difference in complication 

rates79. Nonetheless, a CTC-based screening strategy is no more risky 

than a colonoscopy-based alternative, and may be safer 81. 

 

The radiation dose from CTC should also be considered when evaluating 

its safety. The inherently high tissue contrast between the gas-filled colonic 

lumen and protruding cancers and adenomas means that imaging may be 

performed at low dose with no significant loss of sensitivity. Expert 

consensus guidelines now recommend a tube current of <50mAs for 

screenees of normal weight18, very roughly corresponding to an effective 

dose of 2mSv. Even assuming considerably higher radiation doses of 

approximately 8mSv (derived from older studies), modeling suggests that 

the number of radiation-induced cancers will be greatly outnumbered by the 

number of colorectal cancers prevented by screening94. As newer dose-

reduction techniques disseminate (such as iterative reconstruction), this 

balance will continue to move even further in favor of CTC. 

Impact on mortality 

 

From the description above, it seems that CTC is an excellent candidate for 

CRC screening (Table 1.4) – it detects polyps and cancers safely with high 
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sensitivity and good patient acceptability, with modeling suggesting that it is 

cost-effective. Large multicentre studies in both asymptomatic screenees72 

and symptomatic patients73 have helped assuage earlier concerns that 

acceptable diagnostic performance could only be achieved in expert hands.  

Table 1.4: Advantages and disadvantages of CRC screening with CTC 

Advantages Disadvantages 

Images the entire colorectum Requires further testing to confirm 

and/or treat CTC findings 
 

High sensitivity for advanced neoplasia 

≥6mm 

Relatively lower sensitivity for small 

adenomas 
 

Relatively long screening interval 

between tests (5-10 years) 

May need to be more frequent than 

colonoscopy 
 

Generally well tolerated May be no better tolerated than 

alternatives (particularly faecal testing) 
 

Can be performed with reduced 

laxation 

Still requires some dietary 

manipulation and bowel preparation 
 

Extremely safe Small risks of perforation and radiation 
 

Unit cost lower than colonoscopy Absolute cost effectiveness vs. 

alternatives is uncertain  
 

Views extracolonic structures 

(uncertain if beneficial or not) 

Views extracolonic structures 

(uncertain if beneficial or not) 

 

Yet one major question remains; does CTC actually lead to improved 

outcomes for patients, either by a reduction in CRC mortality or incidence? 

Despite an observational study showing an extremely low rate of interval 

cancer in the 5 years following screening CTC95, to date there are no 

randomised data to confirm this (although randomised data after CTC in 

symptomatic patients are encouraging13,73). Further, there are no trials 

currently in progress designed to measure the impact of CTC on disease-

specific mortality rather than the proxy endpoint of detection rates of 

(advanced) colonic neoplasia. Although the same is true of colonoscopy 

currently, large trials of that technology are in progress; analogous studies 

for CTC are unlikely in the foreseeable future due to the huge numbers of 

participants  and costs required.  

 

While this need not be an insurmountable barrier to either large-scale 

implementation or recommendation of CTC as a screening option, policy-
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makers may require such evidence before implementation. The United 

Kingdom National Screening Committee, for example, explicitly requires 

RCT data showing a reduction in mortality or morbidity, thereby excluding 

CTC. In 2008 the influential US Preventative Services Task Force (USPTF) 

judged there was insufficient evidence to issue a recommendation one way 

or another regarding CTC screening, although this decision is under review. 

The USPTF does not stipulate a need for RCT evidence before 

recommending a technique (since colonoscopy, for example, is 

recommended despite no RCT), meaning that once more recent data are 

incorporated, a positive recommendation for CTC screening is possible. 

Such a decision would bring the USPTF in line with other expert bodies 

including the American Cancer Society, the American College of Radiology 

and the US Multi-Society Task Force on Colorectal Cancer84, and would 

likely carry wider implications for funding of CTC screening throughout the 

USA and beyond.  

 

Conclusions 

 

Colorectal cancer is an excellent candidate for screening, and there is 

incontrovertible evidence that both faecal testing and sigmoidoscopy 

reduce disease-specific mortality. Removal of precursor adenomas is now 

proven to prevent subsequent cancer development, meaning that CTC-

based screening programmes hold considerable potential as population 

health interventions. If the public perception of CTC as a less invasive 

screening option translates to superior participation rates, diagnostic yield 

from a programme may match or even exceed that of colonoscopy, while 

simultaneously reducing costs. Concerns regarding generalisability are 

receding, and although there is no direct randomised trial evidence that 

CTC screening reduces mortality or incidence, the technique is 

unquestionably a viable screening option where the appropriate expertise 

exists.  
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Chapter 2: Structure of the English Bowel Cancer 

Screening Programme 

Contribution statement 

This Chapter is entirely the work of the thesis author. 

Introduction 

The previous chapter summarised the concepts underpinning screening for 

CRC and the various methods available to do this. Despite the enormous 

size of many of these research trials, the number of individuals invited to 

even the largest studies is several orders of magnitude smaller than that 

participating in a national programme. Successful delivery of an organised 

population screening programme on a national scale is a significant 

challenge, even within a centralised healthcare system such as the 

National Health Service (NHS). This chapter summarises the structure of 

the English Bowel Cancer Screening Programme (BCSP). 

 

History 

The fact that screening for colorectal malignancy was likely to be beneficial 

has been well-recognised for several decades, and by the mid-1990s there 

was sufficient data from the 4 large RCTs referenced in Chapter 1 

(Minnesota50, Nottingham51, Goteborg52 and Funen53) for meta-analysis96 to 

confirm that gFOBt screening reduces disease-specific mortality (see 

Chapter 1). These data precipitated the development of pilot bowel cancer 

screening sites to determine the feasibility of population screening using 

gFOBt in the NHS. A firm commitment to introduce such a screening 

programme nationally, contingent on the success of the pilots, was made 

by the Labour government in the NHS plan, published in the year 200097.  

 

The pilot sites were commissioned in 1999 at two sites in the UK; Tayside, 

Grampian & Fife in Scotland, and the West Midlands in England. The 

invitation process ran between early 2000 and mid 2002. Since no previous 

screening programme had been developed at either of these locations, this 

pilot dealt with the first (prevalent) round of screening, and is therefore 

known as the “first round pilot”. Partly due to political devolution and partly 

due to geographical differences, the English and Scottish pilots were 
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presented separately; all data summarised here relate to the English pilots 

unless otherwise stated.  

 

The key finding of the first round pilot27,98 was that the most important 

parameters of gFOBt, colonoscopy and overall programme performance 

were comparable to those observed in the RCTs of FOBt screening 

mentioned above. For example, FOBt uptake was 58.5%, the proportion of 

individuals testing positive was 1.6%, and the positive predictive value 

(PPV) for cancer and all neoplasia among those with a positive gFOBt 

result were 8.3% and 38.3% respectively. Importantly, over 40% of all 

detected cancers were Dukes’ stage A. These hugely encouraging results 

provided considerable reassurance that the results of the FOBt RCTs could 

be generalised and translated to NHS practice. 

 

However, although success in the prevalent round had been confirmed, 

gFOBt screening is periodic; patients are usually invited every two years. 

Therefore, a pilot of a subsequent (incident) screening round was needed. 

This “second round pilot” was continued at broadly the same sites as the 

first round, although the South Warwickshire NHS Trust declined to 

participate in the second round (see below). The second round pilot ran 

from February 2003 to April 2005, and was largely successful, although it 

uncovered several valuable lessons to inform roll-out of the main 

programme28,99. Firstly, uptake of gFOBt was lower than in the first round 

pilot (51.9% vs. 58.5%). Secondly, a greater proportion of individuals tested 

positive for gFOBt than in the first round (1.8% vs. 1.6%). Thirdly, the PPV 

of a positive gFOBt result was lower than in the first round, at 5.2% for CRC 

and 32.1% for all neoplasia (vs. 8.3% and 38.3% respectively). Finally, the 

withdrawal of South Warwickshire NHS Trust from the second round was 

found largely to be due to concerns regarding the practicality of delivering 

screening colonoscopy capacity without simultaneous deleterious effects 

on symptomatic services. Nonetheless, the second round pilot was again 

viewed as a success. 

 

Programme initiation and roll-out 

Even before the second round pilot had completed (and well before the 

final report was compiled in mid-200699), in October 2004, the then 
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Secretary of State for Health, John Reid, announced £37.5million funding 

for the NHS BCSP, to begin in April 2006100. This was the third population 

screening programme for cancer in England (following the breast and 

cervical cancer programmes), and the first to include both men and women. 

The programme was introduced gradually across the country, completing 

national coverage by 2010. Wales, Scotland and Northern Ireland have 

separate but analogous bowel screening programmes. At inception, all 

individuals aged between 60 and 69 years who were registered with a GP 

in England were invited for biennial gFOBt, mirroring the process in the 

pilot. In 2010, the programme was extended to those aged 70-74 years. 

Individuals aged 75 or older can still participate in the programme by 

requesting a gFOBt kit. The addition of one-off flexible sigmoidoscopy 

(“Bowel Scope Screening”) is being piloted currently; this has extremely 

limited impact for radiological services and will not be discussed further. 

 

Programme structure 

 

The BCSP is divided into multiple subdivisions that deal with different 

aspects of the testing process. This section summarises these subdivisions 

in order to provide context for the chapters that follow. 

 

gFOBt testing 

Currently, gFOBt kits are coordinated and processed at one of five 

administrative centres allied to a testing laboratory, termed “Screening 

Hubs”. Each Hub is responsible for a large geographical area or urban 

population (currently; North and West, North East, East, South and 

London). These Hubs co-ordinate the invitation process; distribution of the 

gFOBt kits; retrieval, processing and analysis of these kits; and 

organisation of the next step of the screening pathway (depending on the 

gFOBt result). Once a subject reaches eligibility for screening (i.e. after 

their 60th birthday), their local Hub posts a pre-invitation letter and 

information leaflet about bowel cancer and the BCSP. Approximately 1-2 

weeks later, an invitation letter and a gFOBt kit are dispatched 

automatically, accompanied by relevant instructions and a prepaid return 

envelope.  
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Each kit contains six screening “windows”; subjects are asked to collect two 

small faecal samples from each of three stools and place them on the 

windows using a spatula provided. No dietary restriction is required. The 

return envelope directs the kits back to the relevant screening hub for 

processing; those with 5 or 6 positive windows are immediately deemed 

abnormal and these individuals proceed to the next stage of the screening 

pathway (see below), whereas those with no positive test windows receive 

a negative screening result and return to routine screening recall. Subjects 

with 1 to 4 positive windows are sent a repeat kit; any positive window on 

this repeat kit is deemed a positive result overall (sometimes termed a 

“weak positive”). If this second kit is entirely negative, a third kit is sent; any 

positive window again denotes a “weak positive” result, whereas if all six 

windows are again negative, the patient is deemed negative overall and is 

discharged to routine screening (Figure 2.1). 

 

Further testing after a positive gFOBt result 

Irrespective of the route leading to an overall positive result (either a 

strongly abnormal initial kit, or a weak positive result on repeat gFOBt kits), 

all subjects testing positive in the gFOBt phase require further testing. The 

regional screening hubs send a result letter to the screenee with an 

appointment to attend a local “Screening Centre”. The number of these 

centres has increased over time (from 56 to 62) to accommodate 

programme expansion (Figure 2.2). Screenees with a positive gFOBt result 

travel to the relevant screening centre for a consultation with a trained 

Specialist Screening Practitioner (SSP), often a nurse. SSPs discuss the 

significance of the positive faecal test result and explain the need for further 

colonic testing (usually via colonoscopy). A general medical health 

assessment is also completed, allowing the SSPs (in conjunction with 

medically-qualified members of staff) to judge suitability for colonoscopy. 

Patients receive information about colonoscopy and initial consent is taken, 

and (for those who agree to proceed), a colonoscopy appointment is 

generated. Colonoscopy occurs at the same screening centre, although it 

may not be the same physical site as the SSP consultation because many 

Acute NHS Trusts have multiple outpatient facilities but fewer diagnostic 

testing sites (or vice versa). 
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Figure 2.1: Flow diagram summarising the gFOBt stage of the BCSP. 
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Figure 2.2: Location of the 58 national Screening Centres in the English 

BCSP as of 2012 (there are now 62 centres). Image drawn using the sp 

package101 for R v2.15.1102 with administrative boundaries supplied by the 

GADM global database of administrative areas103. The locations of 

screening centres were overlaid using postcodes entered into Google Earth 

 

 

 

 

Colonoscopists operating within the BCSP are highly trained and undergo 

continuous and rigorous quality assurance, overseen by a national BCSP 

Evaluation Group (currently chaired by Professor Matt Rutter, Durham 

University). Colonoscopists are required to have (a) completed over 1000 

colonoscopies, (b) passed a written multiple-choice question examination, 
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and (c) successfully complete an external evaluation of two observed 

colonoscopies104.  

 

For ongoing quality assurance and performance monitoring, colonoscopists 

are provided with metrics serving as performance indicators. These are 

collated using the national BCSP computer database, termed the Bowel 

Cancer Screening System (BCSS), which is discussed further below. 

Authorised users are able to interrogate the database to extract 

information. For example, individual colonoscopists’ adenoma detection 

rates (ADR) and caecal intubation rates (CIR) can be extracted, both of 

which serve as performance indicators39. Individual colonoscopists have 

their personal performance indicators scrutinised, both internally (each 

Screening Centre has a Director, usually a senior colonoscopist, and a 

Manager) and by an external team nominated by the regional Quality 

Assurance Reference Centre (QARC). Periodic Quality Assurance (QA) 

visits are also conducted to ensure adequate standards are maintained at 

all stages of the screening pathway. 

 

Screenees who are deemed unsuitable for colonoscopy (either due to 

frailty, comorbidity, or inability to complete bowel preparation), or in whom 

colonoscopy has incomplete, are referred for radiological testing. This will 

be discussed further below.  

 

After the colonic test 

Management following colonoscopy or CTC depends on the test result. 

Screenees with a normal colonoscopy are discharged back to routine 

screening, and will receive a repeat gFOBt kit in 2 years if they remain 

eligible for such screening. Screenees diagnosed with cancer are referred 

to their local cancer service, usually via direct referral to the relevant Trust’s 

Multi-Disciplinary Team (MDT) coordinator. Screenees with no colonic 

neoplasia but an alternative diagnosis (such as colitis) are discharged from 

the BCSP but with a recommendation for a GP referral to appropriate 

symptomatic services. Individuals with colonic adenomas enter the BCSP 

adenoma surveillance programme. This largely aligns with British Society of 

Gastroenterology (BSG) guidelines23, and requires that an individual’s 

future medium- to long-term risk of CRC is estimated, using their index 
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colonoscopy (in this case, the screening colonoscopy) as the risk 

stratification tool. Patients with “low risk adenomas” (1 or 2 adenomas, both 

<1cm) are invited for surveillance colonoscopy in 5 years. Patients with 

“intermediate risk adenomas” (3-4 adenomas of <1cm or at least one 

adenoma of ≥1cm) undergo surveillance colonoscopy at 3 years. Those at 

“high risk” (5 or more adenomas of <1cm, or more than 3 adenomas with at 

least one being ≥1cm) are invited to return at 1 year for repeat 

colonoscopy. Individuals investigated by CTC follow similar pathways, 

albeit dependent on confirmatory endoscopy following a positive CTC 

result. Finally, screened individuals receive a patient experience 

questionnaire 30 days after completion of screening. A summary of the 

overall screening pathway is shown in figure 2.3. 

 

Information Technology support for the BCSP 

 

Managing the information derived from a national screening programme of 

the scale of the BCSP is a hugely challenging task. At the time of writing, 

over 27.5 million gFOBt kits have been dispatched and over 290,000 

colonoscopies have been performed (personal communication: Bowel 

Cancer Screening Programme Evaluation Group). To ensure adequate 

tracking and audit of individual patient flow through the screening process 

(termed a “screening episode”), a large number of data points are captured. 

These include (but are by no means limited to) gFOBt kit dispatch, gFOBt 

result (including the number of positive windows), SSP clinic invitation, 

records of that clinic appointment (i.e. clinical notes), colonoscopy 

appointment, details of the colonoscopy procedure (including time taken, 

sedation use, depth of insertion, patient comfort), result of colonoscopy 

(including for polyps; diameter, morphology, segmental location, and 

histology), overall test outcome (e.g. high risk adenoma), any follow-up 

required, and results of the patient experience questionnaire.  

 

To assist the capture, recording and analysis of these data points, the 

BCSP uses a bespoke computer database termed the Bowel Cancer 

Screening System (BCSS). A substantial part of the data included in this  
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Figure 2.3: Flow diagram summarising the steps occurring after a positive gFOBt result 
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thesis was obtained from BCSS. The BCSS is a structured Oracle (Oracle 

Corporation, Redwood, CA, USA) database with an internet browser-based 

Java (Oracle Corporation) front end for user interaction. As individuals 

progress through each stage of the screening pathway, data are uploaded 

contemporaneously to the system by the relevant member of BCSP staff. 

The majority of gFOBt-related data are controlled by the screening hubs, 

and data relating to colonic testing (i.e. colonoscopy or CTC) are entered 

by SSPs. The data are entered prospectively and are comprehensive. 

Furthermore, the quality of these data is high; the proportion of incomplete 

data fields is generally <5%, and their accuracy has been validated against 

internal audits39.  

 

Access to BCSP data is restricted; requests to access data are submitted 

to the BCSP Research and Service Evaluation Committee (Chair: 

Professor John Scholefield), a subcommittee of the BCSP Evaluation 

Group. Approved research proposals are put forward to the Public Health 

England (PHE) Office for Data Release (ODR) who determine whether or 

not the data can be released under existing BCSP permissions. Once 

permission is granted, such data requests are then processed by the BCSP 

data management team, who work in conjunction with the relevant 

researcher to develop a data specification form. This is then used to 

perform a SQL (structured query language) interrogation of the database to 

extract the data. These (anonymised) data are then transferred securely to 

the researcher for their subsequent use (often using the NHS Secure File 

Transfer service).  

 

Role of CT colonography 

 

The above paragraphs show that the BCSP is a vast programme, but one 

that is built largely on gFOBt and colonoscopy – entirely appropriately, 

since this is the model proven to be successful by meta-analysis of high-

quality RCTs11. Understandably, given the logistical challenges of rolling 

out a new, enormous and extremely expensive cancer screening 

programme, radiological services were largely ignored at the inception of 

the BCSP. This was perhaps partly due to the findings of the first and 

second round pilots, which concluded that “…there has been less demand 
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for radiology services from screening patients in the second round of the 

Pilot and, as the level of demand was already low in the first round, this has 

had little impact on radiology workload.”  

 

However, the relevance of the pilots to modern NHS practice is limited, 

because of a paradigm shift in the method used to investigate the colon 

between 2000 (when the pilots commenced) and 2006 (when the BCSP 

commenced). In 2000, the standard radiological investigation for colorectal 

neoplasia at most UK hospitals was the double contrast barium enema 

(DCBE), a test that is often performed (and indeed reported) by 

radiographic staff. By 2006, the circumstantial evidence suggesting that 

CTC was superior was becoming overwhelming (later to be confirmed by 

the randomised SIGGAR trial13), and many institutions were withdrawing 

DCBE provision in favour of CTC. CTC is more time-consuming to perform, 

interpret and report than DCBE, and the burden of such reporting falls to 

radiologists rather than radiographers. The examination is difficult to report, 

requiring both experience and specific training for adequate diagnostic 

sensitivity to be achieved. For example, one controversial study using 

radiologists of highly variable experience and training found that 

inexperienced readers had only 24% sensitivity for 6mm polyps compared 

with 82% for experienced readers 105. The unit costs of the examination are 

also greater than DCBE. Therefore, delivering high-quality CTC to the 

BCSP is a considerable challenge. 

 

Despite these difficulties, the programme required a strategy for screenees 

who were unable or unwilling to undergo complete colonoscopy. Two main 

situations occur; either the colonoscopy is incomplete (whether due to 

technical failure or an impassable tumour), or it is deemed unsuitable (for 

example, due to comorbidities increasing the hazards of the test). At 

programme inception, barium enema, abdominopelvic CT or CTC were all 

permissible options when this situation arose106. Currently, only CTC is 

permitted within the programme12, and individuals judged unable to 

undergo CTC are discharged from the programme.  

 

In sharp contrast to the robust monitoring and Quality Assurance of 

colonoscopy (and colonoscopists) in the BCSP, radiological activity and 

individual radiologists have been monitored far less intensively. Although 
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this was recognised increasingly by the programme, culminating in the 

formation of a Radiology Quality Assurance Group in 2011 (Chair: Dr David 

Burling), even by 2011 there was no systematic analysis of BCSP CTC 

facilities, activity, training, imaging quality or interpretative skill. This thesis 

will help address this gap. 

 

Conclusions 

 

This chapter has summarised the history and current structure of the NHS 

BCSP in England. Implementing successful roll-out of such a large 

programme over a relatively short time, and simultaneously establishing 

high levels of quality and safety has been an extraordinary achievement 

and is very likely to deliver the expected reductions in CRC-related 

mortality predicted from RCTs. The role of radiological services, specifically 

CTC, is largely unknown, and will be explored for the remainder of this 

thesis. 
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Chapter 3: Sensitivity and specificity of CTC for the 

detection of colonic neoplasia in gFOBt/FIT-positive 

subjects 

Contribution statement 

 

This chapter presents a systematic review and meta-analysis. The primary 

data extraction was performed in conjunction with Dr Douglas Pendsé 

(University College London Hospitals). Statistical assistance was provided 

by Dr Susan Mallett (University of Birmingham). The author performed 

much of the primary data extraction and data analysis, conducted the study 

quality assessment and wrote the manuscript. This Chapter has been 

published as follows: Plumb AA, Halligan S, Pendsé DA, Taylor SA, Mallett 

S (2014). Sensitivity and specificity of CT colonography for the detection of 

colonic neoplasia after positive faecal occult blood testing: Systematic 

review and meta-analysis. European Radiology, 24(5):1049-58. 

 

Introduction 

 

The previous chapters have described the rationale for CRC screening in 

general and the structure of the English BCSP. Just like the BCSP, most 

population screening programmes internationally use faecal occult blood 

testing46,48, since it is proven in meta-analysis of randomised trials to 

reduce CRC-related mortality11. Faecal testing (whether by guaiac-based 

techniques, gFOBt, or immunochemical techniques, FIT) is widely 

available47, acceptable to screenees28 and cost-effective44. However, the 

use of CTC for FOBt-positive subjects requires further consideration. These 

individuals have a particularly high prevalence of disease, and may have a 

different spectrum of colonic lesions (since, by definition, a proportion of 

these lesions will be bleeding). 

 

As described in chapter 2, CT colonography (CTC) is recommended in the 

BCSP when colonoscopy is not feasible or incomplete12. This 

recommendation is largely based on meta-analysis of cohort studies14,15,71 

and two randomised trials of symptomatic older patients13,73. While 

extrapolation from such literature is intuitively logical, gFOBt/FIT-positive 
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screenees have such a high prevalence of abnormality that subsequent 

tests require extremely high sensitivity to achieve an acceptable negative 

predictive value. Additionally, screen-detected cancers are earlier stage 

than symptomatic tumours31, and could be more difficult to detect at CTC, a 

hypothesis that will be explored further in Chapter 13. Furthermore, 

advanced histologic features are more common in gFOBt/FIT-positives, 

even at equivalent adenoma diameter107,108. Since CTC has lower 

sensitivity for small polyps71,109, this implies more advanced neoplasia will 

be missed when testing gFOBt/FIT-positive subjects than unselected 

asymptomatic individuals, in whom subcentimetre adenomas rarely harbour 

advanced neoplasia110.  

 

If CTC is to be adopted widely following positive gFOBt/FIT throughout the 

BCSP and more widely, sensitivity and specificity for cancer and adenomas 

should be known with precision. The relevant comparator is colonoscopy, 

since it is accurate, widely available and generally safe39. Without this 

information, clinicians and patients are unable to balance the risks of 

colonoscopy against the chance of missing neoplasia with CTC. In this 

chapter, I report results of a systematic review and meta-analysis of the 

sensitivity and specificity of CTC for colorectal cancer and adenomatous 

polyps in gFOBt/FIT-positive individuals. 

 

Materials and Methods 

Data sources 

 

A literature search of the MEDLINE database was performed using 

Pubmed (http://www.ncbi.nlm.nih.gov/pubmed). All primary studies for the 

period January 1994 (the year CT colonography was first described) to 

February 2013 were considered. To retrieve articles relevant to stool 

testing, the Medical Subject Headings (MeSH) terms feces, Occult Blood 

and Immunologic Tests were combined with the free-text terms faeces, 

feces, faecal, fecal, FIT, iFOB*, FOB* and occult. This search was 

combined with a search for CTC-related literature using the MeSH terms 

colonography, colography, CT colonography, CT colonoscopy, CT 

pneumocolon, virtual colonoscopy or virtual endoscopy and the free text 
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terms colonography, colography, CTC, computerized tomographic 

colonoscopy, computed tomographic colonoscopy and CT pneumocolon. 

Subsequently, the Cochrane library, EMBASE, AMED and OVID were 

searched using the free text terms fec*, face*, FOB*, gFOB*, iFOB*, FIT, 

immunochem* and immunolog* combined with CT comput* tomogra*, 

colonogra*, virtua* colonosc* and virtua* endosc*. Reference lists from 

reports eventually selected were also searched manually. 

 

Study selection 

Studies were eligible if the patient population had tested gFOBt/FIT positive 

and been imaged by CTC. Other studies were potentially eligible if separate 

data were presented for gFOBt/FIT-positive participants. Only original 

reports from in vivo research in human subjects were included. Review 

articles, editorials, commentaries, book chapters, abstracts, guidelines and 

position statements were ineligible.  

 

Target disorder 

To be included, the focus of the study had to be the detection of colorectal 

neoplasia using CTC in comparison with a reference test. Studies 

assessing a technical development (for example, computer-assisted 

detection, CAD) or alteration in CTC technique were potentially eligible if 

results were presented for CTC examinations conducted according to 

consensus standards111, and if data for single-reader, unassisted 

interpretations were provided.  

 

CT test methods 

On the basis of consensus documents for the performance of CTC111, all 

patients had to undergo bowel preparation (either cleansing, tagging or 

both) prior to imaging in a minimum of two positions, with or without 

intravenous contrast. Interpretation of CTC before the reference test (or 

blinding of the observer to reference test findings) was required. No 

stipulation was made regarding the mode of interpretation used by CTC 

observers, nor regarding the use of CAD.  
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Reference test 

All CTC findings had to be verified by a reference test. Conventional 

colonoscopy, segmental unblinded colonoscopy, and surgery (with 

subsequent histopathology) were acceptable alternatives.  

Data extraction 

All abstracts of primary studies were independently screened by the author 

of this thesis and a collaborator, Dr Douglas Pendsé, who both excluded 

clearly ineligible studies. The full text of potentially eligible studies was 

retrieved and scrutinised. Differences in opinion regarding eligibility (n=2) 

were resolved by face-to-face consensus. From each eligible study, the 

following were extracted; (a) publication year, (b) number and age range of 

gFOBt/FIT-positive subjects, (c) single- or multi-centre study design, (d) 

CTC technique (reconstruction interval, use of cathartics, stool tagging, 

intravenous contrast medium and the approximate radiation dose), (e) 

approximate experience of CTC readers, (f) interpretation strategy 

(including two-dimensional or three-dimensional viewing, use of CAD, and 

double-reporting), (g) reference standard against which CTC and 

colonoscopy were compared, (h) number of patients with cancer by the 

reference standard, (i) per-patient sensitivity of CTC for cancer, (j) per-

patient sensitivity of colonoscopy for cancer, (k) number of patients with 

≥10mm and ≥6mm polyps and adenomas, including advanced adenomas, 

by the reference standard, (l) per-patient sensitivity of CTC for ≥10mm and 

≥6mm polyps, adenomas and advanced adenomas, (m) per-patient 

sensitivity of colonoscopy for ≥10mm and ≥6mm polyps, adenomas and 

advanced adenomas, (n) specificity of CTC for polyps, adenomas and 

advanced adenomas (at ≥10mm and ≥6mm thresholds) and (o) positive 

and negative predictive values of CTC for cancers, polyps, adenomas and 

advanced adenomas at ≥6mm and ≥10mm thresholds. Specificity of CTC 

for cancers cannot be calculated because large polyps and cancers are 

only distinguishable post-hoc (i.e. histologically). Article quality was judged 

using QUADAS-2 (quality assessment tool of diagnostic accuracy 

studies)112.  

 

Analysis 

Numbers of included and excluded studies (and reasons for exclusion), 

patient characteristics, study design, CTC technique, observer experience 
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and viewing mode were tabulated and analysed with descriptive statistics. 

The QUADAS-2 assessment was converted into a summary score of either 

“high risk”, “low risk” or “unclear”, for both the risk of bias and concern over 

applicability to the systematic review question, as recommended by the 

QUADAS-2 authors112. 

 

Per-patient 2x2 contingency tables were constructed for meta-analysis of 

sensitivity and specificity. Forest plots of sensitivity and specificity were 

generated using the forest command of the metafor package113 for R 

version 2.15.1102. Heterogeneity between primary studies was assessed 

using the I2 statistic, with values of 25%, 50% and 75% taken to indicate 

low, moderate and high heterogeneity respectively. Meta-analysis of paired 

sensitivity and specificity was conducted via a bivariate random effects 

model that enables estimation of a summary receiver operating 

characteristic curve using the R package mada. The results for single-

reader CTC were used, since this is the most frequent mode of 

interpretation in current clinical practice. Bivariate models allow for possible 

(negative) correlation between sensitivity and specificity114,115. The following 

factors that might increase heterogeneity were considered as moderator 

covariates in the bivariate model: (a) year of publication; (b) number of 

included participants; (c) prevalence of 6-9mm and ≥10mm adenomas or 

carcinoma; (d) single- or multi-centre design; (e) use of faecal tagging; (f) 

reader experience; and (g) use of three-dimensional interpretation. 

Covariates (a), (b) and (c) were treated as continuous variables, and (d) to 

(g) as binary variables. 

 

Results 

Search results 

A flow diagram of abstracts examined and articles retrieved, included and 

excluded (with reasons) is shown in Figure 3.1. In summary, 122 studies 

were identified from the Pubmed and Cochrane Library search and 416 

from the EMBASE, AMED and OVID search. 39 full-text articles were 

screened and ultimately 5 were included. Excluded studies are detailed in 

Appendix 2. 
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Figure 3.1: Flowchart of systematic review 

 

 

Characteristics of included studies 

Five articles were included, reporting four distinct studies116-120. Two of 

these articles reported different primary outcome measures for the same 

patient cohort116,117. All four studies were performed in Europe: One in the 

Netherlands116,117, one in Italy119, one in France120 and one international 

study in Italy and Belgium118. The Italian study was from a single centre, the 

Netherlands study used two centres, the French study used 26 centres and 

the international study used 21 centres initially, although only 12 

contributed patients to the final analysis. The two articles reporting the 

same patient group were both included (as relevant data were presented 

across the two articles) but individual subjects were not duplicated during 

analysis. 



 

7
7
 

Table 3.1: Characteristics of the included studies. RI = reconstruction interval, CAD = computer-assisted detection.  

 

Author Year Number of 

gFOB/FIT 

positive 

screenees 

Number (%) 

with ≥10mm 

adenoma or 

cancer (%)  

Number (%) 

with 6-9mm 

adenoma or 

cancer (%)  

Single/

multi 

Catharsis Tagging Dose 

(mAs) 

IV 

contrast 

RI 

(mm) 

Reader 

experience 

Reading 

strategy 

C

A

D 

Double 

reading 

Reference 

standard 

Liedenbaum

[28, 29] 

2009 302 137 (45.4) 60 (19.9) Multi No Yes <50 No 0.9 -

1.0 

 

Minimum 

100 cases 

Primary 

2D 

No Yes Segmental 

unblinded 

colonoscopy 

Regge[30] 2009 221 82* (37.1) 29* (13.1) Multi Yes In one-

third 

<50 No 0.6 -

1.5 

 

Minimum 50 

cases 

Either No No Segmental 

unblinded 

colonoscopy 

Sali[31] 2010 49 14 (28.6) 8 (16.3) Single Yes No 50 No 1.0 

 

Approx. 100 

cases 

Primary 

2D 

No No Segmental 

unblinded 

colonoscopy 

Heresbach[

32] 

2011 50 13 (26.0) 3 (6.0) Multi Yes Yes 50-75 No 1.0 -

1.25 

 

Minimum 50 

cases 

Either No No Segmental 

unblinded 

colonoscopy 

 

*Regge et al reported results for histologically advanced adenomas.  
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Patient characteristics and CTC technique 

A total of 622 gFOBt/FIT-positive patients were enrolled in the selected 

studies, ranging from 49 to 302 per study (Table 3.1). Two studies were 

designed specifically to assess gFOBt/FIT-positive patients116,117,119 

whereas the other two included gFOBt-positive patients as a subgroup of 

other high-risk populations118,120. Only the results of gFOBt/FIT-positive 

subjects are included here. The age range was 50 to 75 years (one study 

reported mean and interquartile range120). Prevalence of ≥6mm adenomas 

or cancer ranged from 32.0 to 65.3%. Cathartic bowel preparation was 

used by all except Liedenbaum et al, who used a reduced-laxative regime. 

Faecal tagging was used variably (see Table 3.1). All studies used dual 

patient positioning, multi-detector row CT scanners, low dose (<100mAs), 

unenhanced acquisition and narrow reconstruction intervals. Reading 

strategy was left to radiologist preference in two studies118,120 and primary 

2D in the other two116,117,119. Computer-aided detection (CAD) was not 

used. Liedenbaum et al reported results for both single- and double-

reporting117. A minimum level of radiologist experience was required by all 

studies, ranging from 50 to 100 cases. The reference standard was 

universally segmental unblinded colonoscopy (i.e. initial colonoscopy 

optimised by re-examination following intra-procedural revelation of CTC 

findings).  

 

Study quality 

Overall research study quality was good. In one study, 10 patients were 

excluded because CTC images were judged non-diagnostic and a further 2 

had incomplete colonoscopy116,117. In clinical practice, a variable proportion 

of patients will have poor quality CTC and it is not rational to simply exclude 

them. However, such cases were a small proportion of the total number 

included in this particular study (12 exclusions from 302 participants), 

implying a negligible effect on overall results. In another report, patient flow 

through the study was not reported separately for gFOBt-positive 

participants120. All studies used segmental unblinded colonoscopy as the 

reference standard, a practice which theoretically may lead to incorporation 

bias; although there is no clearly superior alternative. The summary 

QUADAS-2 results are presented in Table 3.2. 
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Sensitivity and negative predictive value 

Two studies 116,119 reported the sensitivity of CTC for colorectal cancer 

separately from the sensitivity for adenomas. Sensitivity for CRC was 100% 

in one study 119 (2 of 2 cancers detected) and 95.5% in the other (21 of 22 

cancers detected)116. The two studies describing CTC for high risk 

patients118,120 (including some gFOBt/FIT-positives) did not report sensitivity 

for cancer in the gFOBt/FIT-positive subset. Initial colonoscopy did not miss 

any cancers (when judged against the enhanced reference standard of 

colonoscopy plus CTC) in the included studies. 

 

Table 3.2: QUADAS-2 quality assessment of the included studies 

 

Study Risk of bias Applicability concerns 

Author Year Patient 

selection 

Index 

text 

Reference 

standard 

Flow 

and 

timing 

Patient 

selection 

Index 

test 

Reference 

standard 

Liedenbaum[28, 

29] 

2009 
       

Regge[30] 2009 
       

Sali[31] 2010 
       

Heresbach[32] 2011 
   ? 

   

 

 = low risk of bias / low concern regarding applicability 
? = unclear from manuscript 
 

 

Regarding sensitivity for adenomas, the four studies used slightly different 

outcome measures; nonetheless, heterogeneity between studies was low 

(I2 = 0.0%). Regge et al118 reported per-patient sensitivity for advanced 

adenomas or cancer measuring ≥6mm, with CTC detecting 96 of 111 such 

patients (86.5%). No data were presented at a ≥10mm threshold. 

Liedenbaum et al116 reported a 91% per-patient sensitivity of double-

reported CTC for ≥6mm lesions (of any histology), with 192 of 211 such 

patients being detected by CTC. Unusually for the CTC literature, this 

article used a post-hoc polyp diameter threshold in order to deem CTC 

true-positive or not: For example, a 4mm polyp reported at CTC that was 

ultimately measured as 6mm by the reference standard was classified as a 
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CTC false-negative, since a CTC finding of a 4mm polyp would not typically 

provoke colonoscopy. In the corresponding report of the same patients117, a 

more conventional polyp-matching algorithm was used and results were 

presented for both double-reported and single-reader CTC. The mean 

sensitivity of double-reported CTC for adenomas ≥6mm or carcinoma was 

93% versus 89% for a single radiologist. Corresponding sensitivities for 

adenomas ≥10mm or carcinomas were 95% and 92% for double- and 

single-reporting respectively. Heresbach et al120 described per-patient 

sensitivity at ≥6mm and ≥10mm thresholds. CTC was 88% sensitive at the 

6mm threshold (correctly diagnosing 14 of 16 patients) and 92% sensitive 

at the 10mm threshold (12 of 13 patients), for both polyps and adenomas. 

Finally, Sali et al119 reported per-patient sensitivity for cancer or adenomas 

measuring ≥6mm, CTC correctly identifying 21 of 22 patients (95.5%). No 

per-patient data were presented at a ≥10mm threshold. These data are 

summarised in table 3.3 and the forest plot in figure 3.2.  

 

Table 3.3: Per-patient sensitivity (95% confidence intervals) and negative 
predictive value (95% CI) of CTC. Sn=sensitivity, NR=not reported, 
NPV=negative predictive value. Data from the Liedenbaum et al studies is 
for single-reader CTC. 

 

Author Year Sn for 

≥6mm 

adenoma 

or cancer 

Sn for 

≥6mm 

polyp or 

cancer 

Sn for 

≥10mm 

adenoma 

or cancer 

Sn for 

≥10mm 

polyp or 

cancer 

NPV for 

≥6mm 

adenoma 

or cancer 

NPV for 

≥10mm 

adenoma 

or cancer 

Liedenbaum 2009 

 

89 

(85-94) 

NR
a
 

 

92 

(88-97) 

NR
a
 

 

79
b
 

(72-87) 

 

93
b
 

(90-97) 

Regge 2009 

 

86
c
 

(78-92) 

NR NR NR 

 

85
c
 

(76-91) 

NR 

Sali 2010 

 

96 

(77-100) 

NR NR NR 

 

93 

(68-100) 

NR 

Heresbach 2011 

 

88 

(62-98) 

 

88 

(62-98) 

 

92 

(64-100) 

 

92 

(64-100) 

 

94 

(80-99) 

 

97 

(86-100) 

 

a
No single reader data were provided at these endpoints. 

b
Liedenbaum et al did not report NPV for this endpoint in the published articles, but 

it has been calculated from the 2x2 contingency tables constructed from their data. 
c
Only histologically advanced adenomas were reported 
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Only one study reported the per-patient sensitivity of colonoscopy for 

adenomas in comparison to the segmental unblinded reference standard in 

gFOBt/FIT-positives: Liedenbaum et al117 found a 98% sensitivity of 

colonoscopy for adenomas or carcinomas ≥6mm and a 99% sensitivity at 

the ≥10mm threshold. Heresbach et al120 reported a per-patient sensitivity 

for colonoscopy of 99.5% and 99.7% for ≥6mm and ≥10mm polyps 

respectively, although did not stratify by gFOBt status. Regge et al118 found 

that blinded colonoscopy missed only two advanced adenomas (measuring 

13 and 18mm), although whether or not these patients were gFOBt-positive 

was not stated. 

 

Figure 3.2: Forest plot of included studies showing individual and pooled 

estimates of sensitivity and specificity of CTC for ≥6mm adenomas and 

cancers (Regge et al reported histologically advanced neoplasia). For each 

study, marker area is proportional to study precision, with greater precision 

indicated by larger area. Pooled values are derived from the bivariate 

random effects model. TP = true positive, FN = false negative, TN = true 

negative, FP = false positive. 

 

 

 

 

Specificity and positive predictive value 

 

Overall, specificity varied substantially between studies, ranging from 52% 

to 91% at the ≥6mm threshold. Consequently, heterogeneity was high (I2 = 

78.3%), summarised in Table 3.4 and the forest plot in figure 3.2.  
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Table 3.4: Per-patient specificity (95% confidence intervals) and PPV (95% 
CI) of CTC. Sp=specificity, NR=not reported, PPV=positive predictive 
value. Data for the Liedenbaum et al studies is for single-reader CTC. 

 

Author Year Sp for 

≥6mm 

adenoma 

or cancer 

Sp for 

≥6mm 

polyp or 

cancer 

Sp for 

≥10mm 

adenoma 

or cancer 

Sp for 

≥10mm 

polyp or 

cancer 

PPV for 

≥6mm 

adenoma 

or cancer 

PPV for 

≥10mm 

adenoma 

or cancer 

Liedenbaum 2009 

 

77 

(69-85) 

NR
a
 

 

93 

(90-97) 

NR
a
 

 

88
b
 

(83-93) 

 

92
b
 

(87-97) 

Regge 2009 

 

76
c
 

(67-84) 

NR NR NR 

 

79
c
 

(70-85) 

NR 

Sali 2010 

 

52 

(32-71) 

NR NR NR 

 

62 

(44-78) 

NR 

Heresbach 2011 

 

91 

(76-98) 

 

91 

(76-98) 

 

97 

(86-100) 

 

97 

(86-100) 

 

82 

(57-96) 

 

92 

(64-100) 

 

a
No single reader data were provided at these endpoints. 

b
PPV was not reported but has been calculated from the 2 x 2 contingency tables 

constructed from the published data. 
c
only histologically advanced adenomas were reported 

 

 

Since different radiologists in different studies may vary the point at which 

they judge a test positive, sensitivity and specificity may vary simply 

because of the internal threshold used by an individual radiologist. 

Furthermore, there may be differences in the spectrum of cases or sizes of 

polyps across studies. A bivariate model was used to construct a summary 

ROC curve of the included studies (figure 3.3), taking this into account. 

None of the moderator covariates (year of publication, number of included 

participants, prevalence of abnormality, single- or multi-centre design, use 

of faecal tagging, reader experience or use of three-dimensional 

interpretation) were found to be significant, perhaps due to the small 

number of primary studies. From this model, the operating point has 

average sensitivity of 88.8% (95%CI 83.6 to 92.5%) and specificity of 

75.4% (95%CI 58.6 to 86.8%) with the summary curve being reasonably 

close to the top left corner of ROC space. 
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Figure 3.3: Summary ROC curve of included studies. The sensitivity of 

each individual study for 6mm adenomas or cancer is plotted against 1-

specificity. Regge et al (square) reported advanced adenomas only. Data 

for Liedenbaum et al (circle) are for single reader CTC. Heresbach et al and 

Sali et al are represented by a triangle and diamond respectively. Grey 

lines show 95% confidence regions of each individual study. Black circle 

shows the overall estimate at the operating point. 

 

Discussion 

 

CTC is a relatively novel technology that has matured and is now available 

widely 121. The BCSP recommends CTC for gFOBt-positive patients who 

are unsuitable for colonoscopy12. However, it is striking how little evidence 

exists regarding the diagnostic accuracy of CTC in gFOBt/FIT-positive 

screenees. Only four studies have investigated this group, with only two 

having gFOBT/FIT-positive subjects as their direct focus. National policy is 

therefore governed largely by extrapolation from these small cohort studies 

and related reports of higher-risk patient groups. 
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Nonetheless, the estimated sensitivity of 88.8% (and range of 86-96% for 

the component studies) for adenomas or cancer ≥6mm suggests that CTC 

is sufficiently sensitive to substitute for colonoscopy when necessary. 

Furthermore, heterogeneity between studies for test sensitivity was low, 

implying the (limited) available literature is consistent. This relatively high 

sensitivity is greater than that reported in prior meta-analyses of CTC, 

which ranged from 69%109 to 86%71 for polyps ≥6mm. This is likely due to 

increased average lesion size in our meta-analysis as a consequence of 

pre-selection by gFOBt/FIT (which preferentially detects larger polyps and 

cancers via their greater propensity to bleed). For example, patients with 

adenomas/carcinomas ≥1cm  heavily outnumbered those with 6-9mm 

neoplasms in our meta-analysis (246 versus 100), whereas this pattern was 

reversed in a prior, unrestricted meta-analysis71. Since CTC is more 

sensitive for these large lesions, their relative over-representation inevitably 

increases the pooled estimate of CTC sensitivity.  

 

Although based on small numbers, pooled sensitivity for cancer was 96% 

(95%CI 79.8-99.8%), identical to that derived from a broader meta-analysis 

of the diagnostic accuracy of CTC14. Notably, the sensitivity of colonoscopy 

for cancer (judged against segmental unblinded colonoscopy) was 95% in 

that meta-analysis, implying the two tests have very similar sensitivity for 

established malignancy. Sensitivity for cancer is particularly important since 

a frequent indication for performing CTC over colonoscopy is co-morbidity. 

Detection of smaller adenomas is less crucial, particularly those lacking 

advanced features. The estimated progression rate of even histologically 

advanced adenomas to carcinoma is approximately 3-4% per annum122, 

implying that the small chance of missing an advanced adenoma may be 

acceptable. Although NPV for established CRC was not provided 

separately, assuming the point estimate of 96% to be accurate and at a 

plausible specificity of 98%, we can calculate NPV using the formula: 

 

NPV =    specificity x (1 – prevalence)    

 (1 – sensitivity) x prevalence + specificity x (1 – prevalence) 

 

Assuming prevalence of CRC to be 10% (realistic for the prevalent 

round29), this gives NPV of 99.5%, implying at least one CRC will be 

missed for every 200 CTC examinations. 
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Specificity and PPV were less good, with the latter ranging from 62 to 88%, 

somewhat lower than the 92-93% reported when CTC is used for 

asymptomatic screenees74,123. The pooled estimate of specificity was 

75.4%, although heterogeneity was high. Low specificities may partly reflect 

the high prevalence of abnormality in the gFOBt/FIT positive population, 

potentially encouraging radiologists to report equivocal findings as positive 

(to maximise sensitivity) rather than negative. Furthermore, the minimum 

level of radiologist experience (50 to 100 cases) was substantially lower 

than the studies reporting high PPV (minimum 300 cases) 74,123. 

Additionally, faecal tagging was not used in the study with the lowest 

specificity119, which reported that most of the false-positives were due to 

faecal residue. Conversely, Regge et al118 found that most false-positives 

were due to hyperplastic or diminutive polyps. Irrespective, the implication 

is that CTC may direct a substantial proportion of normal screenees to 

colonoscopy, an important observation since this is the very test that CTC 

is aiming to avoid when at all possible. 

 

Because the randomised trials supporting gFOBt population screening 

(discussed in Chapter 2) employed colonoscopy to investigate a positive 

faecal test result, large-scale screening programmes follow a similar model. 

CTC is commonly used when colonoscopy is incomplete or contraindicated 

(including screenee refusal). Patients included in our meta-analysis were, 

by definition, able to undergo both CTC and colonoscopy. These data are 

therefore most applicable to a patient population deemed fit for 

colonoscopy, i.e. those with an incomplete colonoscopy or who refuse it for 

reasons unrelated to their general health. Conversely, the sensitivity of 

CTC in frailer individuals with relative contraindications to colonoscopy is 

unknown. The high sensitivity and moderate specificity of CTC found in our 

systematic review may not generalise to frailer patients. This subject will be 

discussed further in Chapter 5. 

 

Our review focused on sensitivity and specificity, and did not consider other 

factors such as safety, patient acceptability or cost. Furthermore, the 

impact on overall screening compliance by introducing an additional step in 

the diagnostic pathway (i.e. faecal testing, then CTC, then colonoscopy) is 

unknown. The high prevalence of abnormality after positive gFOBt/FIT 

suggested to the authors of one component study116 that adoption of CTC 
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as a “triage test” would not be cost-effective. Conversely, a recent cost 

analysis concluded that savings would arise when using CTC triage by 

avoiding unnecessary colonoscopy124. The precise cost:benefit ratio will 

depend on the prevalence of abnormality following a positive gFOBt/FIT 

result, a topic to be discussed further in Chapter 6. 

 

The major limitation of this study is the small number of studies available in 

the primary literature for review and meta-analysis. While this is 

unavoidable, it does raise the possibility that our estimates of heterogeneity 

may be over-optimistic, and that the summary estimates may be 

substantially affected by a single outlying study. It is therefore reassuring 

that the two largest studies included by us116-118 had almost identical 

sensitivity and specificity. Additionally, such a small number of component 

studies precludes meaningful assessment of publication bias via funnel 

plots or alternatives, meaning that the result of our meta-analysis should be 

treated with appropriate caution. Assessment of moderator covariates in 

the bivariate model is also potentially limited by the small number of 

studies, meaning we may have erroneously discounted these factors as 

affecting sensitivity or specificity. 

 

In summary, systematic review of the literature shows that few studies have 

directly addressed investigation of gFOBt/FIT-positive populations by CTC. 

Nonetheless, available studies suggest that the sensitivity of CTC for 

adenomas ≥6mm or cancer following a positive gFOBt/FIT result is 88.8% 

(95%CI 83.6-92.5%). Specificity is more variable between studies and the 

summary estimate is lower, at 75.4% (95%CI 58.6-86.8%). These data 

suggest that CTC may adequately substitute for colonoscopy when the 

latter is undesirable or incomplete. The high rate of subsequent testing 

(predicated by high prevalence of abnormality) and relatively reduced 

sensitivity of CTC compared to colonoscopy suggests the latter should 

remain the preferred test where feasible.  
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SECTION B: CURRENT PRACTICE OF CTC IN THE 

BCSP 

 

 

The prior Section showed that CRC screening can reduce disease-specific 

mortality and incidence, and that England has a well-established, organised 

population screening programme. CTC has a small role in this programme 

but the published literature supports its use when colonoscopy is 

incomplete or not possible. The following Section evaluates the current use 

of CTC in the BCSP by investigating the practicalities of how it is applied 

and the detection rate of CTC. The effect of two potential biases on 

diagnostic yield at CTC (variable gFOBt positivity and terminal digit 

preference bias) will also be explored. 
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Chapter 4: What is the current level of expertise amongst 

radiologists undertaking CTC for the English BCSP? 

 

Contribution statement 

The study presented in this Chapter was designed by the author of this 

thesis  in conjunction with both supervisors and Dr David Burling (St Mark’s 

Hospital, Harrow). The author gathered all data, analysed it, and wrote the 

manuscript, which was later modified between all collaborators. The work 

has been published as follows: Plumb AA, Halligan S, Taylor SA, Burling D, 

Nickerson C, Patnick, J (2013). CT colonography in the English Bowel 

Cancer Screening Programme: National survey of current practice. Clinical 

Radiology, 68:479-487 

 

Introduction 

 

Adequate sensitivity of CTC for clinically relevant colonic neoplasia 

depends on high standards of image acquisition and interpretation. Patient 

preparation, data acquisition, image display, reader experience, aptitude, 

and training are all important125. Multicentre research studies evaluating 

CTC have used radiologists meeting pre-specified criteria for 

competence72, highly experienced readers126 or selected motivated 

subspecialists13,73. Replicating high sensitivity in disparate and non-

academic centres may be challenging, and depends heavily on local 

expertise and training. It is known that individual radiologist performance is 

highly variable; sensitivity for lesions 1cm+ varied from 67% to 100% in the 

influential ACRIN-2 multicentre study72. A sample of UK consultant 

radiologists had accuracy varying between 53 and 93% when tested using 

validated cases127. 

 

Consensus guidelines recommend specific training prior to embarking on 

CTC interpretation111,125, since training improves diagnostic performance 

substantially128. Experience is also important, as trained but inexperienced 

readers perform less well than experienced readers127,129. Despite a clear 

need for both training and experience, a recent survey of attendees at 

European CTC training workshops from 2007 to 2010 found that 69% who 
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were already providing a CTC service had interpreted fewer than 50 cases 

personally, and 54% had not received any prior formal training17. 

 

In contrast to the use of mammography in the English Breast Screening 

Programme, relatively little is known currently concerning the acquisition 

and interpretation of non-endoscopic imaging in the BCSP. This is a 

concern, because at the time the programme of work reported in this thesis 

was initiated, over 6000 CTC examinations had already been performed in 

the BCSP (Ms Claire Nickerson, BCSP Project Manager, personal 

communication). In particular, data are lacking regarding referral criteria, 

radiographer training, CTC protocols, radiologist training, experience and 

approaches to interpretation. To rectify this, we undertook a national survey 

of sites performing CTC for the English BCSP. 

 

Materials and Methods 

 

A waiver to publish anonymised data performed as part of a service 

evaluation was obtained from the Joint Research Office, UCL/UCLH. No 

patients were approached directly for this study. The survey (Appendix 2) 

was designed by the author in conjunction with the principal and secondary 

supervisors of this thesis and the Chair of the BCSP Radiology Quality 

Assurance Group over a series of face-to-face meetings and was based 

upon the existing guidelines for imaging in the BCSP12. 

 

A list of English Bowel Cancer Screening Centres and their contact details 

were provided by the Screening Programme. A Specialist Screening 

Practitioner (SSP) from each centre was contacted by the author via email 

and a subsequent telephone conversation scheduled during which the 

author posed the pre-specified questions and noted the responses. The 

questions were grouped broadly into those for the SSPs at each centre and 

those for the lead radiologist: The SSPs were asked which hospital(s) 

provided their CTC service (if any) and for the name of the lead radiologist 

responsible for the service. They were also asked questions regarding the 

referral process and selection criteria for CTC, and for details of SSP 

training with regard to knowledge of the CTC procedure (Appendix 2).  
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Following the SSP interview, the named lead radiologist at each centre was 

contacted via email and a time scheduled for a telephone call to complete 

the questionnaire. Radiologists were asked for details of the CTC service, 

grouped into the following categories: Selection of BCSP patients for CTC; 

CTC service provision; CT scanning technique; CTC interpretation; 

radiographer and radiologist training, and experience; funding and auditing 

of the service; views on accreditation for performing CTC (Appendix 2).  

 

The questionnaire was conducted in a semi-structured fashion so that there 

was the opportunity to explore and document additional opinions regarding 

other aspects of CTC provision that emerged during conversation. 

Responses were collated and descriptive statistics derived. 

 

Results 

 

There were 58 Screening Centres in the English BCSP at the time this work 

was initiated (now increased to 62); 57 participated in the survey, a 

response rate of 98%. Of the Centres responding, 43 provided their post-

FOBt services (i.e. appointments with FOBt positive screenees, 

colonoscopy, and CTC) at more than one hospital site. All of the 57 

Screening Centres responding had access to CTC, although not at all 

hospital sites: Overall, CTC for the 57 Centres was provided at 110 

different hospital sites (figure 4.1). 6 of these did not have a BCSP clinic or 

colonoscopy service onsite and therefore provided a “stand-alone” CTC 

service for the BCSP because CTC was not available at the referring 

Centre; i.e. patients had to travel if CTC was needed. Of the 110 individual 

hospitals providing CTC for the 57 Screening Centres, 107 SSPs 

responded to the survey (97% response rate) and 103 radiologists 

responded (94% response rate). 

 

SSP responses: Referral and indications for CTC 

 

At the majority of sites responding (n = 66 of 107, 62%), the initial decision 

to refer a screenee for CTC was made by a SSP following the screenee’s 

clinic appointment, although this decision was ratified with a medical 
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practitioner before the referral was made. 101 sites (94%) provided SSP 

training regarding CTC and its applications. In most of these (94 sites, 

88%) this was via informal conversations with radiologists, 

gastroenterologists or surgeons from the relevant Screening Centre. 7 site 

(6%) provided formal training, often as part of a non-medical requester 

course to satisfy IR(ME)R regulations. Thus, 6 sites (6%) provided no SSP 

training regarding CTC.  

 

Figure 4.1: Location of sites offering CTC to the English BCSP. Compare 

with figure 1.1, which shows screening centres rather than CTC sites. 

 

All sites performing CTC did so for either failed colonoscopy or where 

colonoscopy was contraindicated. A minority of sites (n = 26, 24%) 

performed CTC as the first line test for patients on anticoagulants or where 

screenees effectively refused colonoscopy (n = 18, 17% of sites). Clinician 

preference or patient preference short of refusal was not identified by any 
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SSP as a referral criterion for CTC (although 3% of radiologists believed 

this to happen in reality; see subsequent sections).  

 

Radiologist responses: Service organisation and workload 

 

At 62 of 103 (60%) sites responding, CTCs were allocated to specific CT 

sessions or performed in dedicated lists of consecutive patients. Often, 

these lists did not occupy an entire 4 hour session, with the median number 

of cases being 4 (range 1 to 10, interquartile range 2-5). Further, lists 

usually comprised a mix of both screening and symptomatic CTC cases. 

For those sites running dedicated lists, the median number of such lists per 

week was 2 (range 1 to 9, interquartile range 2-3). 100 radiologists were 

able to estimate annual CTC caseload at their hospital (both screening and 

symptomatic). This was highly variable between sites (figure 4.2), ranging 

from 50 to 2000 CTC studies per annum, with a median of 400. Overall, 

Screening Programme scans accounted for 4.5% of total activity, although 

this varied from 0.25% to 80% per individual site, corresponding to 1 to 300 

CTC per annum with a median of 10 per site (figure 4.3). Written consent 

for CTC was obtained at 12 sites (12%). 

 

Figure 4.2: Total number of CTC performed per department per annum. 
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Figure 4.3: Number of CTC performed per department for the BCSP per 

annum 

 

Imaging protocols 

 

All CTC was acquired using multi detector-row machines, with the majority 

of sites (n = 69, 68%) using a 64-slice or greater scanner for the majority of 

studies. Axial reconstruction thickness was 1 to 3mm at 98 sites (95%) with 

the other 5 (5%) using submillimetre reconstruction. An automated carbon 

dioxide insufflator was used for colonic distension at 97 sites (94%); at the 

remainder, a radiologist or trained deputy insufflated room air manually. 

 

Full colonic cleansing was used prior to CTC at 72 sites of the 103 

surveyed (70%), whereas the other 31 (30%) used a reduced laxative 

approach in combination with a low residue diet (occasionally with 

additional mild laxatives such as senna). All 31 sites using a reduced 

laxative regime employed faecal tagging. Of the 72 sites using full 

purgation, faecal tagging was employed by 43 (60% of those using full 

purgation). Most sites tailored bowel preparation to individual patients’ co-

morbidities. However, in general patients referred from the Screening 

Programme received the more intense bowel cleansing regimen where 

more than one was available, unless they were particularly frail. 
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Intravenous contrast was used routinely at 55 sites (53%) for screening 

patients whereas almost all sites used it routinely for symptomatic patients. 

Prone and supine acquisitions were standard at all sites unless the patient 

was unable to turn prone. Contemporaneous review of the images to 

determine the need for an additional series (for example, due to persistent 

collapse of a segment) was also universal: At 65 sites (63%), review was 

by a radiographer, with radiologists supervising the remainder.  

 

CTC interpretation 

 

98 sites (95%) used a dedicated workstation and CTC software for 

interpretation with the remainder using a PACS workstation. 52 sites (50%) 

were equipped with computer-assisted detection (CAD); of these, 26 lead 

radiologists used CAD as a second reader, 2 used it as a concurrent reader 

and the remaining 24 avoided using the CAD at all (often due to the 

problem of false positive CAD marks when employing a reduced laxative 

CTC protocol). 45 radiologists (44%) stated they used 2D and 3D equally; 

41 (40%) used a primary 2D approach; 17 (17%) used a primary 3D 

approach, although 77 radiologists (75%) did perform a full fly-through 

(often as a “final check” for those adopting a primary 2D approach). The 

estimated mean time taken to interpret a single case is shown in figure 4.4, 

with 16-20 minutes being most frequent.  

 

Figure 4.4: Estimated mean time taken to interpret a single CTC  
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77 of the 103 (74.8%) lead radiologists described themselves (and their 

colleagues reporting CTC for the Screening Programme) as having a sub-

specialty interest in gastrointestinal radiology. The median number of 

radiologists interpreting CTC for the BCSP at each site was 2 (Table 4.1). 

 

Table 4.1: Departmental workload and staffing 

 Median (IQR) Range 

Estimated departmental total number of 

CTC performed per annum 

 

400 (200-560) 50-2000 

Estimated number of CTC for the BCSP 

per annum 

 

10 (5-20) 1-300 

Number of radiologists per department 

(total) 

 

12 (9-18) 3-56 

Number of radiologists per department who 

interpret CTC 

2 (2-3) 0*-6 

 

*Several sites performed CTC at one location but which were interpreted 

elsewhere  

 

Staff training and experience 

 

At most sites (n = 94, 91%), radiographers had received specific training in 

CTC image acquisition: For 54 (52%) this was via a dedicated course; the 

remainder were trained in-house by radiologists or more experienced 

radiographers. Radiologists had almost universally been specifically trained 

in CTC: 101 of the 103 survey respondents (98%) were either teaching 

faculty on, or had attended a dedicated CTC training course. The other 2 

radiologists had learned from other, more experienced colleagues, with one 

of these supplementing this with a sub-specialty fellowship in GI radiology. 

87 (84%) of the lead radiologists believed that their colleagues reporting 

CTC for the BCSP had undergone similar training; 8 (7%) thought their 

colleagues were less highly trained, 1 (1%) was not sure and 7 (7%) did not 

have other colleagues reporting for the BCSP. 101 radiologists (98%) 
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believed that the quality of their training was either “excellent” or 

“satisfactory”. The 2 radiologists with reservations regarding the quality of 

their initial training were satisfied that subsequent in-house “mentoring” had 

subsequently allowed them to achieve good diagnostic performance. 

 

96 radiologists were able to estimate how many cases (in total) they had 

interpreted in clinical practice, shown in figure 4.5. The most frequent 

estimate (36 radiologists) was 300 to 999 individual cases. 5 (5%) of 

radiologists had reported fewer than 100 individual cases. Radiographers 

double-reported intra-colonic CTC findings with a radiologist at 3 sites (3%), 

radiographers making the initial interpretation. At one further site with only a 

single CTC-trained radiologist, a proportion of examinations were reported 

by two radiographers, who double-reported intra-colonic findings and 

provided the final intra-colonic report. The extra-colonic findings were 

interpreted separately by a radiologist (not necessarily a GI subspecialist).  

 

Figure 4.5: Self-estimated lifetime total of CTC examinations interpreted 

personally by BCSP radiologists 

 

 

Funding and auditing of the service 

 

CTC was instituted following a specific business case at 16 sites (16%). In 

7 sites (7%) the CTC funding was separated from general CT, for example 

being partly or wholly funded from the surgical/gastroenterology budget.  
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A dedicated, prospective database of Screening Programme CTC cases 

was kept at 19 sites (18%). 64 sites (62%) had audited their CTC service 

previously, generally focusing on the frequency of scans with intracolonic 

cancer or polyps, subsequent need for colonoscopy and outcome, 

significant extracolonic findings, and technical quality. 32 radiologists (31%) 

believed that their CTC service had never been audited. 11 sites (11%) had 

previously accessed local or regional cancer registries to estimate the rate 

of false-negative CTC. 

 

Views on accreditation 

 

96 radiologists provided views on accreditation. Of these, 78 (81%) were 

broadly in favour. The majority (n = 64, 67%) felt that symptomatic and 

screening CTC should be accredited together, with the other 14 (15%) 

suggesting that screening CTC needed more rigorous accreditation in view 

of the asymptomatic population, higher prevalence of neoplasia (in gFOBt 

positive individuals), and likely earlier stage cancers than symptomatic 

patients. There was a wide range of opinion on how accreditation could and 

should be organised. The most favoured strategy (n = 27, 28%) was 

periodic testing with cases. Several radiologists referenced PERFORMStm 

(PERsonal perFORmance in Mammographic Screening) for breast 

radiology. Respondents suggested testing could be integrated into 

“refresher” or “update” courses as part of Continuing Medical Education 

programmes at conferences or dedicated CTC courses. Positive opinions 

on accreditation generally reflected a belief that that training and 

experience are pre-requisites for good diagnostic performance (“…people 

can’t just start having a go…” and “…people shouldn’t dabble…”) or as a 

means to raise standards (“…accreditation is the only way of improving 

standards…” and “…people need to up their game or get out of it…”). 

Several respondents particularly welcomed the potential to validate their 

own personal performance and that of their department (“…the difficult 

thing is, you really have no idea how good you are…[accreditation] might 

help with that…”).  

 

Those with negative opinions regarding accreditation often felt it 

inappropriate to view CTC differently to other imaging tests (“…I don’t see 
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the logic [of accreditation]…you can say the same thing for CT urography 

or anything else…” and “…no different to anything else…”) or that existing 

accreditation processes are sufficient (“…What is the FRCR for?” and 

“…just another tick-box exercise…”). Irrespective of their overall opinion, 

respondents stated frequently that any accreditation process be practical, 

individually-tailored (for example, using a familiar workstation), and funded 

sufficiently for the time required. 

 

Discussion 

 

This study has investigated the organisation, workload, experience and 

training at sites undertaking CTC for the English national Bowel Cancer 

Screening Programme. High quality CTC is particularly important for the 

BCSP because individuals have tested FOBt-positive. Consequently, the 

pre-test probability of neoplasia is high, with prevalences of 10% for cancer 

and a further 40% for adenomas, established via colonoscopic audit29. The 

prevalence of neoplasia might be expected to be similar in patients referred 

for CTC, so both sensitivity and specificity will also need to be high. 

Moreover, screen-detected cancers are earlier stage than those from 

symptomatic populations, with proportionally more polyp cancers and T1 or 

T2 neoplasms31, which are likely more difficult to detect than larger lesions. 

It is therefore crucial that CTC is performed and interpreted optimally in the 

BCSP.  

 

Perhaps unsurprisingly, since the role of radiological investigation in the 

BCSP is subject to national guidance12, we found that CTC was indicated 

largely when colonoscopy was either incomplete or contra-indicated. While 

anticoagulation is regarded by the BCSP as a valid indication for CTC as 

opposed to colonoscopy, only 24% of sites exercised this option. Instead, 

most chose to perform colonoscopy but refrained from biopsy or 

polypectomy if a lesion was found (in accordance with the British Society of 

Gastroenterology guidelines130). Although 3% of radiologists believed that 

CTC was offered to patients who preferred a less invasive alternative to 

colonoscopy, the BCSP does not regard this procedure as valid, and no 

SSP stated doing so was normal practice at their Screening Centre. 

However, while simple patient preference was not a criterion for offering 
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CTC, many sites did offer CTC to those patients who were judged by the 

SSP to have a very substantial fear of colonoscopy and who might refuse. 

The distinction between phobia and simple preference is difficult to draw, 

and may be problematic to convey on a CTC request, which might explain 

the discrepancy between radiologist and SSP responses regarding this 

issue. 

 

Encouragingly, the hardware necessary for high-quality CTC was widely 

available across the Screening Programme. All sites had multidetector CT 

and almost all had a CO2 insufflator and a dedicated CTC workstation with 

specific software. Infrastructure had advanced since a prior 2004 survey131, 

where only 54% of departments had MDCT and 59% had a CTC 

workstation, although that survey was of departments with a CTC service, 

whereas the current study reflected practice in a subgroup (i.e. those 

departments allied to the BCSP). 

 

It is surprising that the vast majority of radiologists reporting for the BCSP 

had attended a CTC training course, because such comprehensive training 

contrasts with the results of a pan-European survey in which 54% of 

respondents (many from the UK) actively interpreting CTC in daily practice 

had no formal prior training17. This difference may reflect the population of 

radiologists being surveyed: The current study surveyed radiologists 

offering a CTC service to the BCSP. These radiologists are therefore self-

selected and likely to be motivated. Radiologists from non-BCSP sites were 

(intentionally) not surveyed. The rate of radiographer training exceeded 

90%, although almost half was in-house and will inevitably vary in quality. 

Furthermore, having any “non-trained” staff (even only 10%) performing 

examinations in a national screening programme is problematic, and 

requires immediate corrective action. 

  

In terms of experience, radiologists broadly fell into one of three groups of 

approximately equal size: Those who had interpreted fewer than 300 

cases, those who had interpreted 300-999 cases, and those with 

experience of >1000 cases. There has been a clear increase in average 

experience of CTC in the UK since 2004, when only 12% of departments 

had performed more than 300 studies in total131; 67% of radiologists in the 

present survey had interpreted more than 300 studies. Although the 
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majority appeared to have adequate training and experience, there was a 

small number who were less experienced: 5% of radiologists interpreting 

CTC in the BCSP had interpreted fewer than 100 cases; for mammographic 

screening, 5000 cases per annum must be reported132. Furthermore, given 

the annual workload of CTC at each site and the number of reporting 

radiologists, we estimate that 28% of sites perform fewer than the 

suggested minimum 100 cases per annum per radiologist suggested by the 

BCSP12. Even assuming a favourable case-load split (to maximise the 

number of radiologists reporting 100 cases per annum), 20% of radiologists 

may not achieve this requirement without double-reporting.  

 

Auditing of CTC services was variable, and few sites had a formal program 

for repeated service evaluation, many citing time pressure as the reason. 

Despite this, the concept of accreditation was well-received by over 80% of 

radiologists, mirroring findings from a prior survey that pre-dated the BCSP, 

in which 70% were in favour of external accreditation16. Indeed, many 

respondents welcomed the ability to validate their own practice 

independently. There was a recurrent concern that if accreditation were 

introduced, it should be unobtrusive. Many felt that without adequate 

funding for radiologist time, accreditation would not be viable.    

 

The main strength of this survey is the comprehensive coverage and very 

high response rate. We present data from over 90% of centres offering 

CTC to the BCSP. However, it may not be valid to generalise these data 

and radiologists’ opinions to patients or centres outside the BCSP. It is 

noteworthy, however, that symptomatic workload at the sites surveyed 

outweighed screening CTC by an overall ratio of 20:1 and therefore these 

radiologists should have an excellent understanding of general 

symptomatic CTC practice.  

 

This study does have limitations. Although telephone administration 

allowed us to schedule the survey at a time convenient for radiologists, this 

meant that the answers to some of the questions were estimates that 

potentially could have been improved by allowing time to gather precise 

data (for example, workload figures from the hospital Radiology Information 

System). Respondents were not anonymous (to the researcher) at the time 
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of conducting the survey, which may have generated a tendency, even if 

only subconsciously, to portray departmental performance favourably.  

 

In summary, this survey demonstrates that CTC in the BCSP is performed 

with modern equipment and interpreted with appropriate viewing software. 

The great majority of radiographers and radiologists have been trained in 

acquisition technique and interpretation respectively. The number of studies 

being performed for the BCSP is vastly outweighed by symptomatic 

practice. Experience and annual workload is variable, with 5% having 

reported fewer than 100 cases in total. It is likely that in excess of 20% of 

radiologists reporting for the BCSP interpret fewer than 100 cases per 

annum. Service evaluation and audit is generally intermittent and relatively 

informal. Over 80% of this selected group of radiologists are in favour of 

some form of accreditation for CTC interpretation. 
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Chapter 5: What is the detection rate of colorectal 

neoplasia in the English BCSP currently? 

Contribution statement 

Data presented in this Chapter were extracted by Ms Claire Nickerson 

(Public Health England). The author conceived the study, analysed the data 

(in conjunction with Mr Paul Bassett, University College London Research 

Support Office) and wrote the report, later modified with thesis supervisors 

and Dr Andrew Goddard, Derby Hospitals. The work has been published as 

follows: Plumb AA, Halligan S, Nickerson C, Bassett P, Goddard AF, Taylor 

SA, Patnick J, Burling D (2014). Use of CT Colonography in the English 

National Bowel Cancer Screening Programme. Gut, 63(6):964-73. 

Introduction 

 

The national survey reported in Chapter 4 showed that basic CTC training 

and infrastructure are in place nationally. However, levels of experience 

and workload are variable, as are CTC acquisition parameters and 

interpretive technique. These factors are thought to affect the sensitivity of 

CTC and partly explain the poor sensitivity of CTC reported in some 

trials105,133. Whether or not this might apply to the BCSP is not known. 

Since CTC is already used widely in the BCSP, and its results are recorded 

centrally on the BCSP computer system BCSS (as described in Chapter 2), 

we aimed to determine (a) overall detection rates across the BCSP for CTC 

in comparison to colonoscopy and (b) whether these centre factors related 

to CTC affect detection rate. 

 

Methods 

Data identification 

 

As CTC results become available, they are entered manually at the 

Screening Centres onto BCSS, described in Chapter 2. We used these 

routinely-coded data to perform a service evaluation approved by the BCSP 

Evaluation Group and the BCSP Radiology Quality Assurance Group, 

focusing primarily on CTC abnormality rates, subsequent confirmatory 

testing, detection of cancers and polyps and adenomas. A waiver to publish 
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anonymised data gathered retrospectively was obtained from the Joint 

Research Office of the author’s primary supervisor.  

 

A collaborator from Public Health England (Ms. Claire Nickerson) identified 

screenees having CTC within the BCSP as their first-line whole-colon 

investigation following positive gFOBt between June 2006 and July 2012. 

From this complete list, I excluded screenees undergoing completion CTC 

after incomplete colonoscopy since many of these will be due to an 

obstructing tumour (and hence would inflate the CTC cancer detection rate 

via inclusion bias). The original data extraction performed by Ms. Nickerson 

recorded patient details (age, sex, American Society of Anesthesiologists 

(ASA) grade, screening centre attended and number of times screened 

previously), abnormalities found at CTC (suspected polyps and cancers, 

their diameter and segmental location), further tests performed after CTC, 

results from subsequent endoscopy (including polyp diameter and 

locations) and histology for resected polyps and cancers. The same BCSP 

database was used to extract polyp and cancer diameter, morphology and 

histology for all colonoscopies performed as the first whole-colon test for 

evaluation of positive gFOBt in 2011 and 2012, encompassing the first two 

full calendar years after programme roll-out. The largest cancer/polyp 

diagnosis made in each individual was recorded, allowing comparison of 

per-screenee detection rates. 

 

Statistical analysis 

 

Data were analysed using R version 2.15.1102. The CTC “abnormality rate” 

was defined as the proportion of screenees undergoing CTC at which a 

polyp or cancer was recorded on BCSS. Abnormality rates were calculated 

for suspected colorectal cancer (CRC) or large (10mm+) polyps, suspected 

6-9mm polyps or suspected diminutive (≤5mm) polyps. CRC and 10mm+ 

polyps were grouped together since large polyps were described variably 

by different radiologists; i.e. as a cancer or large polyp. “Detection rate” was 

then defined as the proportion of individuals undergoing CTC who 

ultimately had a histologically-confirmed CRC or adenoma that matched the 

CTC abnormality described initially. Matching was permitted if the CTC and 

endoscopic diameters were within 50% and lesions were in the same or 
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adjacent colonic segment134. Advanced neoplasia was defined as CRC, 

adenoma of 10mm or greater, a >20% villous component, or high-grade 

dysplasia. Positive predictive value (PPV) was defined as the number of 

screenees believed to have CRC or a polyp on CTC and in whom at least 

one matched lesion was subsequently confirmed, divided by the total 

number of screenees undergoing such additional diagnostic testing 

following abnormal CTC. Analysis was performed on a per-screenee basis. 

Sensitivity cannot be calculated because a reference result is unavailable 

for all participants, particularly those testing negative initially. 95% 

confidence intervals for proportions were calculated from 2,000 random 

bootstrap samples to account for clustering by centre. 

 

To determine screenee and centre factors associated with detection, 

multilevel (random effects) binary logistic regression was performed, with a 

matched polyp or cancer as the outcome variable. Screenee-level 

covariates included screenee age, gender, screening round for the 

individual (i.e. number of times that individual had previously been 

screened) and centre-level covariates were average radiologist CTC 

experience, preferred reading strategy (2D or 3D), centre CTC workload 

and bowel preparation technique. Screenee-level covariates were taken 

directly from the central database whereas centre-level covariates were 

taken from the prior national survey of CTC practice within the BCSP 

described in Chapter 4. Since data were grouped by Screening Centre, a 

hierarchical model incorporated Centre as a random effects term using the 

package hglm135. Funnel plots were used to compare Centre variations in 

CTC abnormality rate, detection rate and PPV. We identified individual 

Centres whose detection rates were more than 2 and 3 standard deviations 

(corresponding to calculated 95% and 99.9% control limits) from the overall 

average. Plots were drawn in R using ggplot2136, according to 

Spiegelhalter137, using exact binomial control limits. Risk-adjusted detection 

rates were calculated by analogy with risk-adjusted mortality used for 

monitoring surgical performance40,138. The number of observed neoplasms 

diagnosed by each centre was divided by the expected number of positives 

predicted by the logistic regression model. This observed:expected ratio 

was then multiplied by the national average neoplasia detection rate to give 

a risk-adjusted detection rate for each centre. 
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Results 

Screenee characteristics and overall use of CTC 

 

From June 2006 to July 2012, 2753 FOBt-positive screenees were 

investigated with CTC as their first whole-colon test in the BCSP; 1521 men 

and 1232 women, spread over 3 screening rounds. 22 subjects withdrew 

prior to whole-colon investigation, leaving 2731 for subsequent analysis. 

Screenee demographics are summarised in table 5.1. The reduction in 

numbers in each successive screening round is due to the gradual 

Programme roll-out, which did not complete national coverage until 2010.  

 

Table 5.1 – Sex and age of screenees investigated by CTC, split by the 
individual’s round of screening 

 

 Screening round 

Characteristic 1 2 3 Total 

Males 60-64 yrs 370 184 6 560 

65-69 yrs 299 284 42 625 

70-74 yrs 123 122 34 279 

75+ yrs 36 5 0 41 

Total 828 595 82 1505 

Females 60-64 yrs 307 146 2 455 

65-69 yrs 218 236 36 490 

70-74 yrs 100 115 30 245 

75+ yrs 33 2 1 36 

Total 658 499 69 1226 

Grand total (M + F) 1486 1094 151 2731 

 

Median age was 66.5 years (interquartile range 63.3 to 69.5 years); males 

median 66.4 years (IQR 63.2 to 69.5 years), females median 66.6 years 

(IQR 63.3 to 69.5 years). CTC was used as the initial whole-colon 

investigation following positive gFOBt in only 2.3% of screenees overall, 

although this figure varied substantially across the 58 centres (0.039% to 

9.7%, IQR 0.80% to 3.1%).  
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CTC abnormality rates, confirmatory tests, and detection rates 

 

Overall, 1027 individuals were suspected to have CRC or polyps at CTC, 

an abnormality rate of 37.6% (95%CI 33.8 to 41.4%). 462 screenees were 

diagnosed at CTC with CRC or a 10mm+ polyp (16.9%), 176 screenees 

were suspected to have 6 to 9mm polyps (6.4%) and 115 individuals were 

felt to have diminutive polyps (4.2%). In 274 screenees (10.0%), the size 

and location of the CTC abnormality provoking endoscopy was absent from 

the database, although endoscopic size was available. 427 of the 462 

screenees with suspected CRC or 10mm+ polyp underwent endoscopy or 

surgery (92.4%), 371 of whom were found to have at least one matched 

abnormality (PPV=86.9%; 95%CI 82.7 to 90.9%). A smaller proportion of 

those with suspected 6 to 9mm and polyps ≤5mm underwent confirmatory 

tests, with PPV also declining as lesion size reduced (Table 5.2). 

Ultimately, of the 1027 screenees with suspected CRC or polyp on CTC, 

911 underwent confirmatory testing (88.8%; 95%CI 86.2 to 91.4%) and 657 

had at least one matched abnormality (24.1% of the total; 95%CI 21.5 to 

26.6%), a per-patient PPV of 72.1%; 95%CI 66.5 to 77.8% (Table 5.2). 

Table 5.2 – CTC abnormalities, confirmatory tests and detection of 
matched abnormalities stratified by diameter of abnormality shown by CTC 

 Largest abnormality suspected at CTC in 2731 gFOBt-positive individuals 
 

 CRC or 
10mm+ polyp 

6 to 9mm 
polyp 

≤5mm polyp Size not 
recorded 

Any suspected 
polyp/cancer 

Number (% of total, 
[95% CI]) 
 

462 (16.9% 
[14.9 to 
18.9%]) 
 

176 (6.4% [5.1 
to 7.7%]) 

115 (4.2% [3.2 
to 5.2%]) 

274 (10.0% 
[7.2 to 13.1%]) 

1027 (37.6% 
[33.8 to 41.4%]) 

Number (% of those 
with CTC 
abnormality) 
undergoing 
confirmatory test  
[95% CI] 
 

427 of 462 
(92.4% [89.6 
to 95.1%]) 

136 of 176 
(77.3% [70.8 
to 83.7%]) 

76 of 115 
(66.1% [53.2 
to 79.7%]) 

272 of 274 
(99.3% [98.3 
to 100%]) 

911 of 1027  
(88.7% [86.2 to 
91.4%]) 

Number (% of total) 
with matched 
abnormality [95% CI] 
 

371 (13.6% 
[11.4 to 
15.7%]) 

99 (3.6% [2.6 
to 4.6%]) 

40 (1.5% 0.9 
to 2.0%]) 

147 (5.4% [3.6 
to 7.2%]) 

657 (24.1% 
[21.5 to 26.7%]) 

Histological 
diagnoses 

106 CRC 
247 adenomas 
18 non-
adenomatous 
polyps 

87 adenomas 
12 non-
adenomatous 
polyps 

22 adenomas 
18 non-
adenomatous 
polyps 

18 CRC 
112 adenomas 
17 non-
adenomatous 
polyps 

124 CRC 
468 adenomas 
65 non-
adenomatous 
polyps 
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Positive predictive 
value for matched 
CRC or polyp [95% 
CI] 

86.9% [82.7 to 
90.9%] 

72.8% [62.8 to 
82.7%] 

52.6% [43.5 to 
61.4%] 

54.0% [46.1 to 
62.2%] 

72.1% [66.6 to 
77.6%] 

Positive predictive 
value for matched 
CRC or adenoma 
[95% CI] 

82.7% [78.6 to 
86.5%] 

64.0% [52.3 to 
74.9%] 

28.9% [18.3 to 
39.5%] 

47.8% [38.8 to 
53.6%] 

64.9% [59.3 to 
70.5%] 

 

The 116 screenees with abnormal CTC but not undergoing confirmatory 

testing included 10 screenees with suspected CRC, 25 screenees with 

10mm+ polyps, 40 screenees with 6 to 9mm polyps, 39 with suspected 

diminutive polyps and two screenees in whom the CTC polyp diameter was 

missing. The reasons for no further testing included death, loss to follow-

up, patient refusal, and clinical decisions to not resect small polyps. 

 

Additionally, 57 endoscopies were performed without a prior CTC diagnosis 

of cancer or polyp. 12 of these were for suspected submucosal lesions, 3 

for suspected colitis, and no reason was recorded for the remaining 42. 

These 42 endoscopies detected 8 further polyps, of which 5 were 

adenomas (including an 11mm and a 7mm adenoma; Figure 5.1). 

 

Figure 5.1: Flowchart of screenees included in the present study 

 

Polyp location and morphology was available from CTC for 1062 polyps in 

629 screenees. Most polyps (740; 69.7%) were distal to the splenic flexure; 
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150 (14.4%) rectal, 447 (42.1%) sigmoid, 107 (10.1%) descending colon 

and 36 (3.4%) splenic flexure. The remaining 322 (30.3%) were split as 

follows: 119 transverse (11.2%), 47 hepatic flexure (4.4%), 87 ascending 

colon (8.2%) and 69 caecal (6.5%). Polyps were generally either sessile 

(688; 64.8%) or pedunculated (328; 30.9%), with relatively few flat lesions 

(46; 4.3%). Cancer location was available for 110 of the confirmed 124 

tumours and showed a similar distal predominance, with 30 (24.2%) rectal, 

48 (38.7%) sigmoid, 6 (4.8%) descending colon, 2 (1.6%) splenic flexure, 7 

(5.6%) transverse, 4 (3.2%) hepatic flexure, 7 (5.6%) ascending colon, 6 

(4.8%) caecal and 14 (11.3%) missing data. 

Comparison to colonoscopy detection rates 

 

Colonoscopy data were available for 72,817 screenees. 6,577 were found 

to have CRC (9.0%), 14,992 had a 10mm+ polyp as the largest colonic 

abnormality (20.6%), 5,773 had 6 to 9mm polyps (7.9%) and 16,085 had 

only diminutive polyps (22.1%). Advanced neoplasia was detected in 

23,830 (32.7%). Table 5.3 shows colonoscopic and CTC detection rates at 

various diameter thresholds. For screenees with no polyp diameter 

recorded at CTC, the endoscopic size was used. 

Table 5.3 – Per-screenee detection rates at CTC and colonoscopy by the 
largest lesion demonstrated. For CTC, at each diameter threshold the 
number of screenees with a matched lesion at confirmatory testing 
(endoscopy or surgery) is reported. For colonoscopy, the size categories 
are the endoscopic size for polyps and histologic size for adenomas.  

 CTC 
(n=2,731) 

Colonoscopy 
(n=72,817) 

p** 

Colorectal cancer 124* (4.5%) 6,577 (9.0%) <0.0001 

10mm+ polyp 340 (12.4%) 14,992 (20.6%) <0.0001 

10mm+ adenoma 320 (11.7%) 13,571 (18.6%) <0.0001 

6-9mm polyp 119 (4.4%) 5,773 (7.9%) <0.0001 

6-9mm adenoma 103 (3.8%) 5,243 (7.2%) <0.0001 

≤5mm polyp 75 (2.7%) 16,085 (22.1%) <0.0001 

≤5mm adenoma 45 (1.6%) 10,870 (14.9%) <0.0001 

6mm+ adenoma or CRC 547 (20.0%) 25,391 (34.9%) <0.0001 

10mm+ adenoma or CRC 444 (16.3%) 20,148 (27.7%) <0.0001 

Advanced neoplasia 504 (18.5%) 23,830 (32.7%) <0.0001 
* 10 additional screenees had no confirmatory testing but suspected CRC on CT 
**probability value for chi-squared test 
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Factors associated with variable CTC abnormality rates, detection 

rates and PPV 

 

Outcome after CTC stratified by sex and screening round is shown in table 

5.4. CTC abnormality was commoner in males than females (632 of 1505 

males, 42.0% versus 395 of 1226 females, 32.2%, 2=27.0, p<0.001). 

Detection rates were also greater in men: 395 of 1505 (26.2%) males had 

adenoma/CRC confirmed compared with 197 of 1226 (16.1%) females 

(2=40.6, p<0.001). PPV was greater for males, with 436 matched 

abnormalities detected at 564 endoscopies or resections (77.3%) 

compared to 221 from 347 for women (63.7%, 2=19.1, p<0.001). 

 

 

 

Both the CTC abnormality rate and subsequent detection rate diminished in 

successive screening rounds, with detection of adenomas and cancers 

falling from 24.4% in round 1 to 19.0% in round 2, and 13.9% in round 3 

(test for equality of proportions, p<0.001), a finding consistent across all 

age categories. Conversely, combined adenoma/CRC detection rate 

increased with age (table 5.5), ranging from 20.6% in the youngest group to 

37.7% in those aged 75 or more (who, since they exceeded the upper 

boundary for automatic invitation, had “opted-in”). PPV for CTC was 

unaffected by screening round or age, although there was a non-significant 

trend for higher PPV in the oldest age category when compared to younger 

screenees (p=0.08).  

 

 

  



 

1
1
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Table 5.4 – Total screenees imaged by CTC, subsequent abnormalities found at CTC (abnormality rate), and ultimate detection rates for 
cancer, large polyp (10mm+), medium-sized polyp (6-9mm), any polyp or cancer, any adenoma or cancer and advanced neoplasia, each split 
by sex and individual’s screening round. To calculate percentages for each cell, the total number of screenees of the corresponding gender and 
screening round was used as the denominator. 

  First round Second round Third round Total 

Total imaged by CTC Males 828 595 82 1505 

Females 658 499 69 1226 

 Total 1486 1094 151 2731 

Number (%) with polyp or cancer suspected on CTC Males 373 (45.0) 235 (39.5) 24 (29.3) 632 (42.0) 

Females 231 (35.1) 148 (29.7) 16 (23.2) 395 (32.2) 

Total 604 (40.6) 383 (35.0) 40 (26.5) 1027 (37.6) 

Number (%) with proven cancer Males 55 (6.6) 32 (5.4) 2 (2.4) 89 (5.9) 

Females 21 (3.2) 14 (2.8) 0 (0.0) 35 (2.9) 

Total 76 (5.1) 46 (4.2) 2 (1.3) 124 (4.5) 

Number (%) with matched 10mm+ polyp Males 142 (17.1) 79 (13.3) 6 (7.3) 227 (15.1) 

Females 78 (11.9) 31 (6.2) 4 (5.8) 113 (9.2) 

Total 220 (14.8) 110 (10.1) 10 (6.6) 340 (12.4) 

Number (%) with matched 6-9mm polyp Males 36 (4.3) 31 (5.2) 4 (4.9) 71 (4.7) 

Females 24 (3.6) 21 (4.2) 3 (4.3) 48 (3.9) 

Total 60 (4.0) 52 (4.8) 7 (4.6) 119 (4.4) 

Number (%) with any matched polyp or cancer Males 263 (31.8) 159 (26.7) 14 (17.1) 436 (29.0) 

Females 142 (21.6) 72 (14.4) 7 (10.1) 221 (18.0) 

Total 405 (27.3) 231 (21.1) 21 (13.9) 657 (24.1) 

Number (%) with any matched adenoma or cancer Males 237 (28.6) 144 (24.2) 14 (17.1) 395 (26.2) 

Females 126 (19.1) 64 (12.8) 7 (10.1) 197 (16.1) 

Total 363 (24.4) 208 (19.0) 21 (13.9) 592 (21.7) 

Number (%) with advanced neoplasia Males 209 (25.2) 119 (20.0) 12 (14.6) 340 (22.6) 

Females 106 (16.1) 50 (10.0) 8 (11.6) 164 (13.4) 

Total 315 (21.2) 169 (15.4) 20 (13.2) 504 (18.5) 



 

1
1
1
 

Table 5.5 – Number of screenees imaged by CTC, subsequent referrals for further testing, and ultimate detection for cancer, large polyp 
(10mm+), medium-sized polyp (6-9mm), any polyp or cancer, any adenoma or cancer and advanced neoplasia, split by age and sex. 
Percentages use the total number of screenees imaged by CTC of that sex and age category as the denominator. 

  60-64 years 65-69 years 70-74 years 75+ years 

Total imaged by CTC Males 560  625 279 41 

Females 455 489 246 36 

Total 1015 1114 525 77 

Number (%) with suspected polyp or cancer on CTC Males 227 (40.5) 252 (40.3) 131 (47.0) 22 (53.7) 

Females 134 (29.5) 164 (33.5) 77 (31.3) 20 (55.6) 

Total 361 (35.6) 416 (37.3) 208 (39.6) 42 (54.5) 

Number (%) with proven cancer Males 25 (4.5) 38 (6.1) 19 (6.8) 7 (17.1) 

Females 14 (3.1) 12 (2.5) 8 (3.3) 1 (2.8) 

Total 39 (3.8) 50 (4.5) 27 (5.1) 8 (10.4) 

Number (%) with matched 10mm+ polyp Males 86 (15.4) 91 (14.6) 46 (16.5) 4 (9.8) 

Females 45 (9.9) 43 (8.8) 19 (7.7) 6 (16.7) 

Total 131 (12.9) 134 (12.0) 65 (12.4) 10 (13.0) 

Number (%) with matched 6-9mm polyp Males 27 (4.8) 28 (4.5) 14 (5.0) 2 (4.9) 

Females 14 (3.1) 20 (4.1) 9 (3.7) 5 (13.9) 

Total 41 (4.0) 48 (4.3) 23 (4.4) 7 (9.1) 

Number (%) with any matched polyp or cancer Males 158 (28.2) 180 (28.8) 83 (29.7) 15 (36.6) 

Females 78 (17.1) 89 (18.2) 41 (16.7) 13 (36.1) 

Total 236 (23.3) 269 (24.1) 124 (23.6) 28 (36.4) 

Number (%) with any matched adenoma or cancer Males 141 (25.2) 159 (25.4) 80 (28.7) 15 (36.6) 

Females 68 (14.9) 78 (16.0) 37 (15.0) 14 (38.9) 

Total 209 (20.6) 237 (21.3) 117 (22.3) 29 (37.7) 

Number (%) with advanced neoplasia Males 115 (20.5) 145 (23.2) 69 (24.7) 11 (26.8) 

Females 58 (12.7) 63 (12.9) 32 (13.0) 11 (30.6) 

Total 173 (17.0) 208 (18.7) 101 (19.2) 22 (28.6) 
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Age, sex, and individual’s screening round were highly significant predictors 

of CTC detection rates in both univariate and multivariate analysis (table 

5.6). 

 

Table 5.6 – Screenee factors associated with detection of adenomas or 
CRC, derived by logistic regression and expressed as odds ratios.  

 

Screenee factor Univariate odds 

ratio (95% CI) 

Multivariate odds 

ratio (95% CI) 

p* 

Male gender vs. 

female 

1.83 (1.52 to 2.22) 1.84 (1.52 to 2.23) <0.001 

Screened for 

second time vs. first 

time 

0.73 (0.60 to 0.89) 0.72 (0.59 to 0.87) <0.001 

Screened for third 

time vs. first time 

0.49 (0.30 to 0.76) 0.44 (0.26 to 0.69) <0.001 

Age (per year 

increase) 

1.03 (1.01 to 1.05) 1.04 (1.02 to 1.06) <0.001 

 

*probability value for the Wald z-score for both univariate and multivariate 

analysis.  

 

Between-centre variation for CTC abnormality rates, detection of 

adenomas and cancers, and PPV 

 

Rates of CTC abnormality (figure 5.2a), subsequent detection of adenomas 

or cancers (figure 5.2b), and PPV for CTC (figure 5.2c) were relatively 

homogeneous across Screening Centres: Only one centre showed a 

significantly lower detection rate than the average.  
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Figure 5.2: (a) Unadjusted CT colonography (CTC) abnormality rate, (b) 

unadjusted detection rates of matched adenomas and cancer and (c) 

positive predictive value (PPV) of CTC by screening centre. The dashed 

lines correspond to upper and lower 95% control limits and the dotted lines 

show 99.9% limits. Two centres had a high abnormality rate at CTC but 

both lay within the control limits when considering proven adenomas or 

cancers (arrows in (a) and (b)). One of these centres had a PPV that was at 

the lower control limit (arrow in (c)). A different centre had a borderline CTC 

abnormality rate and low adenoma/cancer detection (arrowheads in (a) and 

(b)). 

 

 

 

 

 

 

 

 

(a) 

(b) 
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Overall, PPV at each Centre showed moderate positive correlation with that 

Centre’s detection rate (Spearman rho=0.63). Because it is possible that 

different categories of screenee were referred for CTC at different centres 

(for example, a greater proportion of females or young screenees, both of 

which would reduce prevalence of abnormality: Table 5.6) thereby 

influencing subsequent detection rates, we calculated a risk-adjusted 

detection rate for each centre by correcting for these covariates with logistic 

regression. The risk-adjusted funnel plot is shown in figure 5.3 and is 

similar to the unadjusted data: The low detection centre retains a lower 

detection rate when adjusting for the population being imaged. Supporting 

this, the regression model estimate for this centre gave an odds ratio of 

0.55 (95%CI 0.20 to 0.96) for detection of adenomas or cancer, implying 

that the lower detection rate was not simply due to case-mix. 

 

 

 

 

 

 

 

(c) 
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Figure 5.3: Adjusted detection rate at CTC by screening centre with 95% 

(dashed) and 99.9% (dotted) control limits. The low-detection outlier shown 

in figure 5.2b is unchanged (arrowhead). 

 

 

Centre factors associated with referral rates, detection rates and PPV 

 

Although not available from BCSS, the prior survey of the 58 Screening 

Centres (described in Chapter 4) gathered information regarding CTC 

technique, estimated annual Centre workload per radiologist (including 

symptomatic as well as screening practice), and average experience of the 

interpreting radiologists at that centre (both symptomatic and screening 

cases). Two of the 58 centres provided incomplete responses, accounting 

for small differences from the data presented above. 

 

Average radiologist experience strongly influenced the proportion of CTC 

examinations reported as abnormal, combined adenoma/CRC detection 

rate, and PPV: All of these metrics increased in line with experience (table 

5.7). Similarly, centres performing more CTC overall (i.e. including 

symptomatic practice) reported more abnormalities, detected more 

adenomas/CRC and had a higher PPV than lower volume centres. 3D 

interpretation (either a primary 3D strategy or equal use of 3D and 2D) was 

also beneficial, with significantly higher CTC abnormality rates and 

adenoma/CRC detection, at equivalent PPV, when compared to centres 
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using a 2D approach. Bowel preparation had no significant effect on 

detection rates. PPV was significantly lower when purgatives were 

combined with faecal tagging rather than either alone (table 5.7).  

Table 5.7 – Institutional factors associated with varying CTC abnormality 
rates, detection of adenomas and cancers, and PPV. 

 

 

Variable Abnormality 

rate at CTC 

(%) 

Detection of 

adenomas 

and cancers 

(%) 

PPV  

(%) 

Average 

radiologist 

experience 

<300 cases 154/474 

(32.5) 

82/474  

(17.3) 

82/134  

(61.2) 

 

300-999 cases 

 

384/1006 

(38.2) 

205/1006 

(20.4) 

205/340 

(60.3) 

 

1000+ cases 

 

450/1119 

(40.2)§ 

282/1119 

(25.2)§ 

382/400 

(70.5)§ 

Average 

radiologist 

workload 

<175 cases / 

radiologist / annum 

291/851 

(34.2) 

145/851 

(17.0) 

145/247 

(58.7) 

 

≥ 175 cases / 

radiologist / annum 

697/1748 

(39.9)* 

424/1748 

(24.3)* 

424/627 

(67.6)* 

Interpretation 

strategy 

Primary 2D 

interpretation 

316/973 

(32.5) 

183/973 

(18.8) 

183/286 

(64.0) 

 

3D interpretation 711/1758 

(40.4)* 

409/1758 

(23.3)* 

409/625 

(57.5) 

Bowel 

preparation 

Either purgation or 

tagging 

493/1456 

(33.9) 

301/1456 

(20.7) 

301/439 

(68.6)* 

 

Both purgation and 

tagging combined 

495/1143 

(43.3)* 

268/1143 

(23.4) 

268/435 

(61.6) 

 

§
Chi-squared test for trend in proportions, p<0.05 

*Chi-squared test, p<0.05 when compared to the other category of the same 
variable. 
 

The logistic regression model used screenee age, gender and screening 

round, with additional covariates of average radiologist experience (coded 

as either <300 total CTC experience, 300-999 cases, or 1000+ cases), 

centre workload (<175 CTC / radiologist / annum vs. ≥175 CTC / radiologist 

/ annum), bowel preparation (cleansing and tagging combined vs. either 

alone) and reading strategy (2D vs. 3D). All except the method of bowel 
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preparation remained significant in the random effects model (table 5.8). 

The interaction between experience and reading strategy was also 

modeled, but was not significant. 

 

Table 5.8 – Screenee and institutional factors associated with detection 
rates following CTC, derived via a multilevel logistic regression model and 
expressed as odds ratios. 

 

 Variable Random effects 

model odds 

ratio 

p* 

Screenee 

factors 

Male gender (vs. female)  1.83 (1.50 to 

2.23) 

<0.001 

Screened for second time (vs. first 

time) 

0.75 (0.61 to 

0.93) 

<0.001 

Screened for third time (vs. first time) 0.43 (0.26 to 

0.70) 

<0.001 

Age (per year increase) 1.04 (1.02 to 

1.06) 

<0.001 

Institutional 

factors 

3D review of images (vs. primary 2D) 

 

1.38 (1.02 to 

1.95) 

0.023 

Experience of radiologist (vs.  <300 

cases) 

  

High (1000+ cases) 

 

1.44 (1.02 to 

2.04) 

0.038 

Medium (300-999 cases) 

 

1.22 (0.87 to 

1.72) 

0.26 

High workload (≥175 cases per 

radiologist per annum, vs. less than 

this) 

 

1.41 (1.02 to 

1.93) 

0.032 

Use of purgation combined with 

tagging (vs. either alone) 

1.12 (0.85 to 

1.48) 

0.40 

 

*probablility value for the Wald z-score. Underlined values are significant at the 5% 
level. 

 

Stage of cancers detected 

 

Dukes’ stage was available for 116 of the 124 patients with histologically-

proven cancer. 7 of the 8 cancers with a missing Dukes’ stage were T1 

lesions but had no N stage, possibly due to local resection (precluding a 

pathological N stage). Stage compared to distribution in the whole BCSP 
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(reported by Morris et al31) is shown in table 5.9. Overall stage distribution 

was similar, suggesting that CTC-diagnosed neoplasms are equally likely to 

be found at an early, curable stage. 

 

Table 5.9 – Stage distribution of cancers confirmed by endoscopy following 
CTC alone compared to cancer stage across the whole BCSP. 

 

Stage CTC total* CTC 

percentage 

BCSP total** BCSP 

percentage 

Dukes A 37 29.8% 614 28.9% 

Dukes B 38 30.6% 517 24.4% 

Dukes C 34 27.4% 497 23.4% 

Dukes D 7 5.6% 121 5.7% 

Missing 8 6.5% 374 17.6% 

* 10 further cancers were suspected radiologically but not confirmed histologically 
**Data taken from Morris et al

31
. This total will include a small number of cancers 

diagnosed by CTC, albeit likely fewer than 15 

 

Discussion 

 

The data in this chapter show that BCSP neoplasia detection rates for CTC 

were significantly lower than for colonoscopy. Cancer detection rates were 

4.5% for screenees undergoing CTC and 9.0% for those having 

colonoscopy. Similarly, whereas 20.6% of screenees undergoing 

colonoscopy had a 10mm+ polyp as the largest colonic abnormality, only 

12.4% of screenees undergoing CTC had a large polyp confirmed. 

Detection of advanced neoplasia was 32.7% and 18.5% respectively.  

 

There are several possible explanations for this. Most obviously, 

populations undergoing CTC or colonoscopy are different since CTC is 

performed when colonoscopy is contraindicated. Because referral criteria 

for CTC are subject to interpretation, selection bias might reduce the 

prevalence of neoplasia in those having CTC. For example, CTC might be 

used preferentially in those deemed low-risk because of recent normal 

colonoscopy or a strong alternative explanation for a positive gFOBt. 
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Atlhough we have no direct evidence of this, such biases are possible and 

cannot be discounted. Additionally, 11% of screenees with pathology 

suspected at CTC did not undergo further testing, thereby reducing 

detection rates of confirmed neoplasia. Differences between polyp 

diameters at CTC and colonoscopy may also alter detection rates at 

various size thresholds, since neither technique measures diameter 

precisely139. We observed a tendency for recorded polyp diameters to 

cluster at 5mm intervals (investigated in chapter 6), implying “rounding” to 

the nearest 5mm, which might skew detection rates based on diameter 

thresholds. Furthermore, many subjects investigated with CTC take 

anticoagulants such as warfarin or antiplatelets, including clopidogrel. 

Whether these affect gFOBt is controversial140-142, but clopidogrel in 

particular is implicated as a cause of false-positive gFOBt143. Women are 

also relatively over-represented at CTC when compared to colonoscopy 

(1.2:1 M:F ratio in our study vs. 1.5:1 in the report of the first million 

individuals screened)29. Since women also have lower prevalence of 

neoplasia, this will serve to diminish CTC detection rates overall.  

 

However, lower detection rates may be because CTC, as currently 

practiced in the BCSP, has unexpectedly low sensitivity relative to 

colonoscopy. Interval cancer rates may help determine if indeed CTC 

misses significantly more cancers than colonoscopy; these data are being 

collected currently. Although the available literature suggests CTC has 

similar sensitivity to colonoscopy for cancers and large polyps, these data 

may not generalise to the BCSP. BCSP endoscopists have undergone 

extensive quality assurance. Conversely, CTC as practiced in the BCSP is 

relatively novel and has not been subject to similar stipulations. Multicentre 

studies of CTC have used radiologists meeting specific training 

requirements72, highly experienced readers126 or motivated subspecialists 

with additional training13,73. Radiologists in the BCSP, while almost 

universally trained in basic CTC interpretation and frequently subspecialists 

in gastrointestinal imaging (see Chapter 4), may not have attained a similar 

degree of experience or training. Like colonoscopy prior to the BCSP144, it 

is known that radiologist performance may be highly variable, with 

sensitivity for 1cm+ lesions ranging between 67 and 100% in one 

multicentre study72. Although a recent analysis of detection rates from a 

single US centre showed relatively little variation in neoplasia detection 
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between radiologists145, replicating such consistency across multiple 

centres will likely be more difficult.  

 

A quality assurance programme for CTC, as exists for colonoscopy, should 

help minimise differences in diagnostic accuracy. Despite CTC having 

lower detection rates than colonoscopy, it remains the preferred 

radiological investigation in the BCSP when colonoscopy is not desirable12. 

It is important to note that this is a difficult population to image: These 

screenees are frail and have already been judged unsuitable for 

colonoscopy. Therefore, achieving optimal CTC image quality and 

diagnostic performance is challenging. Even if the lower detection rates we 

describe are partly due to missed lesions at CTC, there is no guarantee 

that an alternative test (including colonoscopy) would fare better – these 

individuals will likely be difficult to endoscope safely, and neoplasia 

detection rates might be no different. We would therefore caution against 

interpreting our data to argue for or against CTC in frailer screenees, since 

the outcomes for the alternative (colonoscopy) are unknown. 

 

We found that centres with increasing average radiologist experience and 

higher CTC workload had higher detection rates, supporting the hypothesis 

that CTC requires considerable experience to maximise diagnostic 

performance. Our data raise the possibility that less experienced BCSP 

radiologists are missing lesions, although this has not been directly proven 

because our data are unrandomised. An alternative explanation is further 

selection bias: Less experienced radiologists are likely to work at centres 

whose CTC service is nascent. The presumed selection biases contributing 

to lower CTC detection rates (versus colonoscopy) nationally might be 

particularly marked at these centres because referrers have less 

confidence in CTC. Notably, average radiologist experience did not become 

significant in our study until the number of cases interpreted exceeded 

1000, substantially greater than previous training recommendations111. It is 

worth considering that adenoma detection rates by endoscopists continues 

to increase over several hundred examinations146. A higher total CTC 

caseload per-radiologist per-annum was also associated with superior 

detection. Interestingly, it did not appear that radiologists with higher 

detection rates were simply over-reporting equivocal findings at CTC. In 

fact, the converse was true: Radiologist experience was associated with 
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significantly higher PPV, suggesting that not only were more experienced 

radiologists more likely to report an abnormality at CTC, they were also 

more likely to be correct when doing so. 

 

Interpretation using 3D images (i.e. “virtual colonoscopy”) was associated 

with higher detection rates. While this may be because 3D visualisation 

helps detect polyps, it may also be a proxy for other measures associated 

with improved diagnostic performance; for example, a high-quality medical 

image display workstation, adequate training, or sufficient reporting time to 

incorporate 3D search. Existing literature is unclear if 3D interpretation is 

superior147 or not148, when all other factors are taken into account. 

Nevertheless, whether directly associated or not, we found a primary 2D 

strategy was associated with lower abnormality and detection rates. The 

precise method used for bowel preparation did not seem to be a significant 

factor after adjusting for age, sex and the individual’s prior screening 

history. 

 

PPV in our study was lower at 72.1% than most prior studies of both FOBt-

positives (62-88%, see Chapter 3) and average-risk individuals (92-

96%74,123,149), although we found PPV for CRC and 1cm+ polyps was good 

(87%). The difference may partly be due to different patient populations – 

our study describes screenees with relative contraindications to 

colonoscopy whereas the existing literature does not pre-select in this 

manner. As noted above, these individuals are difficult to image and 

therefore equivocal findings may have been reported preferentially as 

positive, lowering PPV. 

 

Our study is limited by the fact we used routinely coded data, the accuracy 

of which is unknown currently. Of note, analysis of other large databases 

(including the National Bowel Cancer Audit Project, NBOCAP) suggested 

inadequate performance (in that case, higher post-operative mortality) that 

was ultimately due to upload of inaccurate data99. A local audit at two of the 

largest centres in terms of CTC volume (UCLH and St Mark’s Hospital) 

suggests the database accuracy exceeds 90%. However, this may not 

apply to all centres. The planned introduction of a minimum dataset for 

CTC reporting in the BCSP should improve accuracy of centrally-held data. 

A further limitation is that centre-level data regarding specific CTC factors 
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(e.g. average radiologist experience and reading strategy) were inferred 

from a separate survey (see Chapter 4).  

 

In summary, screenees undergoing CTC as their primary investigation 

following positive gFOBt in the English BCSP had an 18.5% rate of 

advanced neoplasia, compared with 32.7% for colonoscopy. The reasons 

for this difference are likely to be multifactorial, but selection bias and/or 

suboptimal diagnostic performance of CTC are possible. Radiologist 

inexperience was associated with lower detection rates and positive 

predictive values. A primary 2D reading strategy was also associated with 

lower detection rates. These data strongly support the need for the rigorous 

Quality Assurance process for radiology in the BCSP currently being 

instituted nationally.  
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Chapter 6: What is the effect of varying degrees of FOBt 

positivity on the diagnostic outcome of CTC in the BCSP? 

 

Contribution statement 

Data in this Chapter were extracted by Ms Claire Nickerson and analysed 

by the thesis author. The Chapter has been published as follows: Plumb 

AA, Taylor SA, Halligan S (2015). Diagnostic yield of CT colonography 

varies according to degree of faecal occult blood test positivity when 

screening for colorectal neoplasia. Clinical Radiology, 70(10):1104-9. 

 

Introduction 

 

The previous chapter showed that detection rates of clinically relevant 

neoplasia are substantially lower for CTC than for colonoscopy in the 

BCSP. However, the groups undergoing the two tests are inherently 

different, since CTC is only performed when colonoscopy is not feasible. 

Accordingly, selection biases might contribute to the observed differences 

in detection rate. One potential bias is the amount of occult blood in a given 

individual’s stool. As explained in Chapter 2, when screening with FOBt, it 

is common practice to use a test kit with two separate windows in which to 

place the stool sample and to repeat the test on three occasions, thereby 

yielding six separate results150. A “positive test” may therefore vary from 

only a single window to all six being positive. This variability influences the 

positive predictive value (PPV) for CRC, which ranged from 1% to 6% in 

the Minnesota randomised trial of FOBt screening, increasing with each 

additional positive window20. More recent observational studies have 

confirmed this, although generally with much higher rates of CRC for a 

given number of positive FOBt windows21,99. 

 

Although much lower detection rates of CRC and advanced adenomas by 

CTC in comparison to colonoscopy was described in the previous chapter, 

results were not stratified according to the number of positive FOBt 

windows. If, for example, CTC were only conducted when the gFOBt result 

was a weak positive (1 to 4 windows) whereas colonoscopy tended to 

occur after 5 or 6 positive windows, then this stratification might affect 
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overall detection rates for the two modalities. Therefore, this chapter 

investigates whether detection rates of CRC and advanced neoplasia for 

CTC are affected by the degree of FOBt positivity. 

 

Materials and Methods 

A waiver to publish anonymised data was obtained from the UCL/UCLH 

Joint Research Office. Data were again collated from the Bowel Cancer 

Screening System (BCSS) as per the previous chapter. As described in 

Chapter 2, in the BCSP positive FOBt results can be stratified by the 

number of positive windows. If the initial test kit shows 5 or 6 positive 

windows, the result is deemed a “strong positive” and further colonic testing 

is immediately recommended. Alternatively, if 1 to 4 windows are positive, 

the test is repeated twice: If either subsequent kit shows any positive 

windows, the patient is categorised as having a “weak positive” FOBt result 

overall. In either case (weak or strong positive), consenting individuals are 

referred for colonoscopy (or CTC). Two consecutive kits, each with six 

negative windows, are required to “over-rule” an initial FOBt kit with 1 to 4 

positive windows and obviate the need for further colonic testing. 

 

Data selection 

Using anonymised data from BCSS, we identified 4601 screenees who had 

undergone CTC as their first whole-colon investigation following a positive 

FOBt, between April 2006 and December 2013 inclusive. For each 

screenee, the following were extracted: (a) age, (b) sex, (c) screening 

centre attended, (d) screening hub processing the FOBt kit, (e) number of 

positive FOBt windows on the initial test kit (and, if required, on subsequent 

follow-up test kits for those with a weak positive initial result), (f) CTC result 

(including size, location and morphology of any polyp(s) diagnosed), (g) 

result of subsequent endoscopy (again including size, location and 

morphology of polyp(s) found), (h) histological type and degree of dysplasia 

of resected polyp(s) and (i) staging information for confirmed carcinomas.  

 

Statistical analysis 

Data were collated using Microsoft Excel for Mac 2011 (Microsoft Corp, 

Redmond, WA, USA) and analyzed with R version 2.15.1 (R Foundation for 
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Statistical Computing, Vienna, Austria). As histological endpoints, we 

analysed the proportion of screenees with either histologically confirmed 

cancer or advanced neoplasia according to the number of positive FOBt 

windows on their first test kit. Advanced neoplasia was defined as either 

CRC or an advanced adenoma (diameter ≥10mm, >20% villous features, 

and/or high-grade dysplasia34). Results of subsequent test kits (for 

screenees with an initial weakly positive result) were examined as a 

separate subgroup. We also analysed the proportion of screenees with 

CRC or any polyp ≥6mm suspected at CTC as a radiological endpoint, to 

account for the fact that not all screenees with abnormal CTC will undergo 

confirmatory colonoscopy. Analyses used the most advanced lesion in a 

given individual for the histological endpoints and the largest lesion for the 

radiological endpoint. Per-patient positive predictive value (PPV) of CTC for 

advanced neoplasia was calculated as the number of screenees with 

advanced neoplasia divided by the number in whom CTC diagnosed a 

lesion ≥6mm (on the basis that this would generally trigger colonoscopy in 

the BCSP); binomial 95% confidence intervals were derived using the 

Wilson method151.  

 

To test whether detection rates were affected by the number of positive 

FOBt windows on the initial test kit, we performed multilevel binary logistic 

regression using the lmer package152 for R version 3.0.1102. The model 

accounted for the fact that screenees are grouped within screening centres, 

which themselves are grouped into screening hubs: Such clustering means 

there may be greater correlation between individuals within each group 

than those drawn from other groups. Separate models were built for the two 

histological endpoints and the radiological endpoint. The number of positive 

FOBt windows on the initial test kit was entered as a screenee-level 

explanatory variable. Covariates were age and sex; screening centre and 

screening hub were entered as nested random effects terms152. Since the 

effect of FOBt positivity might not be linear, we also grouped the FOBt 

result into “weakly positive” (1 to 4 windows) and “strongly positive” (5 or 6 

windows) as per current BCSP practice. Between-group comparisons were 

by the chi-squared test or Mann-Whitney U-test, as appropriate. Results 

were considered significant at the 5% threshold. 
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Results 

Screenee characteristics and FOBt results 

4601 screenees were included, 2109 females (45.8%) and 2492 males. 

Mean age was 66.7 years and was not significantly different between males 

(mean 66.8 years) and females (mean 66.7 years, p=0.33). The majority of 

individuals who underwent CTC did so following a weakly positive result, 

i.e. 1 to 4 positive windows (3724 of 4601 screenees, 80.9%). The most 

common FOBt result precipitating CTC was a single positive window (1431 

of 4601 screenees, 31.1%) followed by 2 windows (1339 screenees, 

29.1%). The proportion of individuals undergoing CTC who had tested 

weakly positive showed no significant variation by gender (females: 1717 of 

2109, 81.4%; males: 2007 of 2492, 80.5%, p=0.47, Table 6.1). However, 

there was significant variation by screening hub, with the proportion of 

individuals testing weakly positive ranging from 78.8% (430 of 546 

screenees) to 84.2% (1471 of 1747, p<0.001). 

 

Table 6.1: Demographics and overall FOBt result for included participants 

  Average number of positive FOBt windows Overall Total 
(any 
positive 
FOBt 
result) 

Number of 
screened 
individuals 

 
 
1 

 
 
2 

 
 
3 

 
 
4 

 
 
5 

 
 
6 

 
 

Unknown 

Weakly 
positive 
(1 to 4 
windows) 

Strongly 
positive 
(5 or 6 
windows) 

 
Males 
(% of all 
males) 
 

 
667 

(26.8) 

 
734 

(29.5) 

 
394 

(15.8) 

 
162 
(6.5) 

 
210 
(8.4) 

 
317 

(12.7) 

 
8 

(0.32) 

 
2039 
(81.8) 

 
453 

(18.2) 

 
2492 

Females 
(% of all 
females) 
 

534 
(25.3) 

689 
(32.7) 

318 
(15.1) 

147 
(7.0) 

178 
(8.4) 

238 
(11.3) 

5 
(0.24) 

1749 
(82.9) 

360 
(17.1) 

2109 

 
Both 
sexes (% 
of total) 

 
1201 
(26.1) 

 
1423 
(30.9) 

 
712 

(15.5) 

 
309 
(6.7) 

 
388 
(8.4) 

 
555 

(12.1) 

 
13 

(0.28) 

 
3788 
(82.3) 

 
813 

(17.7) 

 
4601 

Variation in detection rates and PPV by gender and FOBt result 

Histologically confirmed lesions  

Overall, 226 participants were diagnosed with CRC (4.9%) and 827 

(18.0%) with either CRC or advanced adenoma (i.e. advanced neoplasia). 

CTC abnormalities of ≥6mm were found in 1115 individuals (24.2%). Males 

had higher rates of cancer than females (153 of 2492 males, 6.1% vs. 73 of 
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2109 females, 3.5%; 2=17.0, p<0.001). Rates of advanced neoplasia and 

of radiologically-suspected lesions ≥6mm were also significantly higher in 

males (both p<0.001, Table 6.2). 

Table 6.2: Detection rates of CRC, advanced neoplasia, radiologically-
suspected lesions ≥6mm, and positive predictive value (PPV) according to 
gender and average number of positive FOBt windows. Percentages use 
the number of screenees of the relevant gender and FOBt result as the 
denominator (Table 6.1). 

 Average number of positive FOBt windows  Overall Total (any 
positive 
FOBt 
result) 

  
1 

 
2 

 
3 

 
4 

 
5 

 
6 

Weakly 
positive  

Strongly 
positive  

Both sexes          
CRC (%) 30 

(2.5) 
 

37 
(2.6) 

30 
(4.2) 

34 
(11.0) 

38 
(9.8) 

58 
(10.5) 

150 
(4.0) 

78 
(9.6) 

228 
(5.0) 

Advanced 
neoplasia (%) 

174 
(14.5) 
 

206 
(14.5) 

146 
(20.5) 

78 
(25.2) 

96 
(24.7) 

135 
(24.3) 

641 
(16.9) 

195 
(24.0) 

836 
(18.2) 

Any radiology 
lesion ≥6mm 
(%) 

226 
(18.8) 

309 
(21.7) 

197 
(27.7) 

110 
(35.6) 

109 
(28.1) 

174 
(31.4) 

883 
(23.3) 

243 
(29.9) 

1126 
(24.5) 

PPV for 
advanced 
neoplasia 
(95% CI) 

77.0 
(71.1-
82.0) 

66.7 
(61.2-
71.7) 

74.1 
(67.6-
80.0) 

70.9 
(61.8-
78.6) 

88.1 
(80.6-
92.9) 

77.6 (70.8-
83.1) 

72.6 
(70.0-
75.4) 

80.2 
(74.8-
84.8) 

74.2 
(71.6-
76.7) 

Males          
CRC (%) 24 

(3.6) 
 

19 
(2.6) 

19 
(4.8) 

22 
(13.6) 

24 
(11.4) 

46 
(14.5) 

98 
(4.8) 

57 
(12.6) 

155 
(6.2) 

Advanced 
neoplasia (%) 

125 
(18.7) 
 

133 
(18.1) 

97 
(24.6) 

45 
(27.8) 

63 
(30.0) 

102 
(32.2) 

426 
(20.9) 

140 
(30.9) 

566 
(22.7) 

Any radiology 
lesion ≥6mm 
(%) 

140 
(21.0) 

182 
(24.8) 

128 
(32.5) 

59 
(36.4) 

68 
(32.4) 

118 
(37.2) 

536 
(26.3) 

160 
(35.3) 

696 
(27.9) 

PPV for 
advanced 
neoplasia 
(95%CI) 

89.3 
(83.1-
93.4) 

73.1 
(66.2-
79.0) 

75.8 
(67.7-
82.4) 

76.3 
(64.0-
85.3) 

92.6 
(83.9-
96.8) 

86.4 (79.1-
91.5) 

79.5 
(75.9-
82.7) 

87.5 
(81.5-
91.8) 

81.3 
(78.3-
84.0) 

Females          
CRC (%) 6 

(1.1) 
 

18 
(2.6) 

11 
(3.5) 

12 
(8.2) 

14 
(7.9) 

12 
(5.0) 

52 
(3.0) 

21 
(5.8) 

73 
(3.5) 

Advanced 
neoplasia (%) 

49 
(9.2) 
 

73 
(10.6) 

49 
(15.4) 

33 
(22.4) 

33 
(18.5) 

33 
(13.9) 

215 
(12.3) 

55 
(15.3) 

270 
(12.8) 

Any radiology 
lesion ≥6mm 
(%) 

86 
(16.1) 

127 
(18.4) 

69 
(21.7) 

51 
(34.7) 

41 
(23.0) 

56 
(23.5) 

347 
(19.8) 

83 
(23.1) 

430 
(20.4) 

PPV for 
advanced 
neoplasia 
(95%CI) 

57.0 
(46.4 
to 
66.9) 

57.5 
(48.8 
to 
65.7) 

71.0 
(59.4 
to 
80.0) 

64.7 
(51.0 
to 
76.4) 

80.5 
(66.0 
to 
90.0) 

58.9 (45.9 
to 70.8) 

62.0 (56.7 
to 66.9) 

66.3 (55.6 
to 75.5) 

62.8 (58.1 
to 67.2) 
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Screenees with strongly positive FOBt had higher rates of CRC (78 of 813, 

9.6%) and advanced neoplasia (195 of 813, 24.0%) than those with weakly 

positive FOBt (CRC: 148 of 3724, 4.0%, 2=43.3, p<0.001; advanced 

neoplasia: 632 of 3724, 17.0%, 2=21.6, p<0.001; Table 6.2). Furthermore, 

there was a progressive increase in rates of cancer and advanced 

neoplasia as the number of positive FOBt windows increased (Table 2, 

Figure 6.1). These increases were statistically significant in the multilevel 

logistic regression model, with the odds ratio for the detection of advanced 

neoplasia being 1.14 (95%CI 1.09 to 1.19, p<0.001); i.e. for each additional 

positive FOBt window, the odds of advanced neoplasia increased by 1.14. 

This effect was even stronger for the detection of CRC (OR 1.33, 95%CI 

1.23 to 1.42, p<0.001). When considering FOBt as either weakly or strongly 

positive, the odds ratio for a strongly positive result (versus a weakly 

positive test) was 1.55 (95%CI 1.29 to 1.87, p<0.0001) for advanced 

neoplasia and 2.55 (95%CI 1.91 to 3.40, p<0.0001) for CRC (Table 6.3). 

Table 6.3: Factors associated with diagnosis of CRC, advanced neoplasia 
and any ≥6mm radiologically-diagnosed lesion following a positive FOBt 
result, derived by logistic regression, expressed as odds ratios.  

 

  CRC 

(95%CI) 

p Advanced 

neoplasia 

(95%CI) 

p Any ≥6mm 

radiology 

lesion 

(95%CI) 

p 

Considering the FOBt result as a linear variable (i.e. 1 to 6 positive windows) 

Age (per year 

increase) 

1.06 (1.03 

to 1.09) 

<0.001 1.03 (1.01 

to 1.05) 

<0.001 1.04 (1.03 

to 1.06 

<0.001 

Male sex (vs. 

female) 

 

1.82 (1.37 

to 2.43) 

<0.001 2.00 (1.71 

to 2.35) 

<0.001 1.52 (1.32 

to 1.74) 

<0.001 

Number of positive 

FOBt windows (per 

additional positive 

window) 

1.41 (1.31 

to 1.52) 

<0.001 1.17 (1.12 

to 1.23) 

<0.001 1.16 (1.11 

to 1.21) 

<0.001 

Considering the FOBt result as a binary variable (i.e. weakly or strongly positive) 

Age (per year 

increase) 

1.06 (1.03 

to 1.09) 

 

<0.001 1.03 (1.01 

to 1.05) 

<0.001 1.04 (1.03 

to 1.06) 

<0.001 

Male sex (vs. 

female) 

1.83 (1.37 

to 2.43) 

 

<0.001 2.00 (1.70 

to 2.34) 

<0.001 1.52 (1.32 

to 1.74) 

<0.001 

Strongly positive 

FOBt result (vs. 

weakly positive) 

2.56 (2.21 

to 2.96) 

<0.001 1.56 (1.29 

to 1.87) 

<0.001 1.42 (1.19 

to 1.68) 

<0.001 
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Radiologically-detected abnormality 

Consistent with endpoints based on histological confirmation, the 

magnitude of FOBt positivity was significantly associated with the 

proportion of screenees with a lesion ≥6mm at CTC. Of the 813 individuals 

testing strongly positive, 243 (29.9%) had a lesion ≥6mm reported at CTC, 

compared to 872 of 3724 (23.4%) screenees who had tested weakly 

positive (2=14.7, p<0.001). This difference remained significant in the 

regression models, whether FOBt status was treated as a linear variable 

(OR 1.12, 95%CI 1.08 to 1.17, p<0.001) or categorised as strongly vs. 

weakly positive (OR 1.41, 95%CI 1.19 to 1.67, p<0.001, Table 6.3).    

 

Per-patient positive predictive value for advanced neoplasia (PPV) 

increased with stronger FOBt positivity. Overall, 1115 individuals had a 

lesion ≥6mm suspected at CTC and 827 had advanced neoplasia 

confirmed, a PPV of 74.2% (95%CI 71.5 to 76.7%). This figure was 

significantly greater for those with a strongly positive FOBt result (195 

advanced neoplasms from 243 positive CTC examinations, 80.2%, 95%CI 

74.8 to 84.8%) than a weakly positive FOBt (632 advanced neoplasms from 

872 positive CTC examinations, 72.5%, 95%CI 69.4 to 75.3%, p=0.014, 

Figure 6.1). PPV was significantly higher in males (560 advanced 

neoplasms from 689 positive scans, 81.3%, 95%CI 78.2 to 84.0) than 

females (267 advanced neoplasms from 426 positive scans, 62.7%, 95%CI 

58.0 to 67.1%, p<0.001).   

 

For the subgroup of participants who had initially returned a weakly positive 

FOBt result (and hence required repeat FOBt testing), the magnitude of 

positivity on the repeat kits was also positively associated with diagnostic 

yield. Participants with a second weak positive result on repeat testing 

(n=3414) had 559 advanced neoplasms diagnosed (16.4%) whereas those 

who had a strongly positive repeat test (n=310) had 73 advanced 

neoplasms confirmed (23.5%; 2=9.9, p=0.002). Similarly, those with a 

second weak positive result had lower rates of cancer (weak positives: 112 

of 3414, 3.3%; strong positives 36 of 310, 11.6%; 2=49.5, p<0.001) and 

radiologically-suspected lesions ≥6mm, although the latter was not 

statistically significant (weak positives: 711 of 3414, 20.8%; strong 

positives: 75 of 310, 24.2%; 2=1.7, p=0.19).  
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Figure 6.1: Left vertical axis: Percentage of screenees with cancer (triangle) 

or advanced neoplasia (circle). Right vertical axis: Positive predictive value 

of CTC for advanced neoplasia (diamond) 

 

 

 

Stage and location of cancers detected according to FOBt result 

Of the 226 cancers detected, both staging and FOBt results were available 

for 163 (72.1%). Overall, the stage distribution of cancers detected 

following strongly- and weakly-positive FOBt results were similar (Table 

6.4). There was no evidence to suggest that Dukes’ stage was related to 

either the strength of test positivity (p=0.30) or the number of positive 

windows, although numbers in each category were small (Table 6.4). 
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Table 6.4: Number (percentage) of patients with cancer of each Dukes’ 
stage, according to degree of FOBt positivity. Percentages use the total 
number of patients with a given FOBt result as the denominator. 

  

 Average number of positive FOBt windows Overall FOBt result Total 

Dukes’ 

stage 

1 2 3 4 5 6 Weakly 

positive 

Strongly 

positive 

 

A 
(%) 

9 
(26.5) 

 

9 
(24.3) 

6 
(20.0) 

9 
(26.5) 

11 
(28.9) 

8 
(13.8) 

37 
(24.7) 

15 
(19.2) 

52 
(22.8) 

B 
(%) 

7 
(20.6) 

 

8 
(21.6) 

7 
(23.3) 

9 
(26.5) 

9 
(23.7) 

21 
(36.2) 

36 
(24.0) 

25 
(32.1) 

61 
(26.8) 

C 
(%) 

3 
(8.8) 

 

8 
(21.6) 

6 
(20.0) 

7 
(20.6) 

4 
(11.5) 

12 
(20.7) 

26 
(17.3) 

14 
(17.9) 

40 
(17.5) 

D 
(%) 

2 
(5.9) 

 

0 
(0.0) 

0 
(0.0) 

2 
(5.9) 

2 
(5.3) 

5 
(8.6) 

5 
(3.3) 

6 
(7.7) 

11 
(4.8) 

Missing 
(%) 

10 
(29.4) 

 

12 
(32.4) 

11 
(36.7) 

7 
(20.6) 

12 
(31.6) 

12 
(20.7) 

46 
(30.7) 

18 
(23.1) 

64 
(28.1) 

Total 
(%) 

31 
(100) 

 

37 
(100) 

30 
(100) 

34 
(100) 

38 
(100) 

58 
(100) 

150 
(100) 

78 
(100) 

228 
(100) 

 

 

Locations of screen-detected cancers were available in 216 cases (95.6% 

of all cancers): 53 (23.5%) cancers were right-sided (proximal to the splenic 

flexure) and 163 (72.1%) were left-sided (at or distal to the splenic flexure). 

The median number of positive windows for patients with right-sided 

cancers was 4 out of a possible 6 (interquartile range 2 to 6); for those with 

left-sided cancers it was 3 (interquartile range 2 to 5); this difference was 

not statistically significant (p=0.20).   

 

Discussion 

 

In Chapter 5, detection rates of both cancer and advanced neoplasia were 

found to be 50% lower for screenees who were investigated by CTC rather 

than colonoscopy. However, patients undergoing CTC were, by definition, 

unsuitable for colonoscopy, meaning it is unclear whether this discrepancy 

represents lesions missed at CTC or simply differing populations 

undergoing investigation (i.e. a greater FOBt false-positive rate in patients 

undergoing CTC). It seems highly unlikely that different quantities of faecal 
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occult blood contribute to the explanation, for two main reasons. Firstly, 

even patients with a strongly positive FOBt result (5 or 6 windows) had only 

a 24.0% detection rate of advanced neoplasia following CTC, well below 

the 32.7% reported for colonoscopy in Chapter 5. Secondly, the proportion 

of screenees with strongly positive FOBt results is almost identical for both 

CTC and colonoscopy; 17.7% had strongly positive FOBt prior to CTC in 

the current study compared to 17.3% for colonoscopy21. Therefore, since 

FOBt status varies little between the two groups, it is unlikely to contribute 

to substantial selection bias. 

 

We found that screenees with only a single positive FOBt window had 

relatively low rates of cancer (34 of 1431 individuals, 2.4%) and advanced 

neoplasia (228 of 1431, 15.9%). In general, CTC is currently viewed as a 

relatively ineffective triage technique when employed for all FOBt-positive 

patients – the high prevalence of advanced neoplasia means that relatively 

few colonoscopies are avoided116,117. One cost-effectiveness study 

assessing CTC after positive FOBt124 estimated only minor savings 

(£776,283 over 10 years for 100,000 screening invitations), which would be 

outweighed significantly by the costs of implementing such large-scale CTC 

infrastructure and training.  

 

However, it is possible that in the scenario of very weak positivity, CTC 

could become attractive because subsequent colonoscopic referral would 

be uncommon – assuming that the diagnostic sensitivity of CTC were 

adequate. If, for example, CTC were restricted to younger women with few 

positive windows (or low levels of faecal hemoglobin at quantitative 

immunochemical testing153,154), the lower rates of neoplasia that we would 

expect might mean that CTC would become cost-saving. Furthermore, 

women are more difficult to colonoscope than men73 and find it more 

painful85; CTC might therefore improve overall acceptability of the 

programme, and this improve uptake. Conversely, even very frail patients 

with 6 positive FOBt windows will very likely be better served by immediate 

colonoscopy, as their chance of cancer will likely outweigh the risks of 

serious colonoscopic complications in all but the most extreme 

circumstances. In theory, such strategies might increase acceptability of the 

programme as a whole while also reducing overall costs. Health economic 
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modeling studies or large prospective trials would be required to determine 

if this is likely to be net cost saving. 

 

The positive predictive value (PPV) of CTC for advanced neoplasia also 

increased in line with the number of positive FOBt windows, presumably 

partly because cancers and large adenomas bleed most154 and partly 

because of higher disease prevalence. The anatomical location of detected 

cancers (just over 70% left-sided) was very similar to that described in prior 

reports of FOBt screening29,51. We found there was no difference in FOBt-

positivity for left- and right-sided cancers, contrasting with a colonoscopy 

report documenting greater FOBt-positivity for right-sided cancers21. There 

are many possible explanations for this, including differences in populations 

under investigation, variable sensitivity of CTC and colonoscopy for right- 

and left-sided lesions, and underpowering due to the relatively small 

number of cancers included.  

 

The main limitation of this study is the fact that the true disease status of 

screenees who underwent CTC alone is unknown, since those having 

negative CTC were not investigated further. Theoretically, any bias might 

be greater in screenees with weakly positive FOBt results, since they may 

have more subtle, early stage lesions, perhaps more easily missed by CTC. 

However, since our findings are consistent with the colonoscopy 

literature20, it seems unlikely that this is the sole explanation for detection 

varying according to FOBt positivity. However, given the concerns 

regarding the low detection rate of CTC compared to colonoscopy raised in 

Chapter 5, it seems unlikely that the true rate of cancer in those with a 

single FOBt-positive window is as low as reported here: We do not know 

the rate of missed cancers. A further limitation is sample size: Although at 

the time of writing this is (to our knowledge) the largest reported series of 

CTC in FOBt-positive patients, the absolute number of cancers is relatively 

small at 226, meaning differences in cancer location or stage according to 

number of positive FOBt windows may be undetected due to low statistical 

power. Although data regarding FOBt status and location of cancers were 

almost complete, cancer staging information was frequently missing from 

the BCSP database. Finally, as for Chapter 5, conclusions are dependent 

on the accuracy of the data recorded: Although BCSP audit suggests 

accuracy of data input exceeds 90%, this may not be universal. 
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In summary, both the detection rate of CTC and its positive predictive value 

for advanced neoplasia increase in line with the number of positive 

windows in screenees testing positive for FOBt. In contrast, cancer stage 

and location were unrelated to the magnitude of FOBt positivity. Future 

studies should consider the cost-effectiveness of CTC for lower risk 

patients (such as younger females with a single positive FOBt window or 

small amounts of faecal hemoglobin on FIT), who are relatively less likely to 

harbor advanced neoplasia. However, the differences in detection rates 

between CTC and colonoscopy reported in Chapter 5 cannot be explained 

solely by differing levels of occult blood in the two populations.  

  



 135 

Chapter 7: What is the effect of terminal digit preference 

bias on reporting of abnormality by radiologists, 

endoscopists and histopathologists? 

 

Contribution statement 

Data in this chapter were gathered in collaboration with the BCSP (Ms 

Claire Nickerson) and the Special Interest Group in Gastrointestinal and 

Abdominal Radiology (SIGGAR) trial investigators (Professors Steve 

Halligan and Wendy Atkin). Data were provided by members of the trial 

data management and statistics groups (Mr Ed Dadswell and Ms Kate 

Wooldrage) and analysed by the author of this thesis. Statistical support 

was provided by Professor Douglas G Altman and Mr Paul Bassett.  

 

Introduction 

The data presented in Chapter 5 showed that CTC has a substantially 

lower detection rate for both CRC and advanced neoplasia than 

colonoscopy. In Chapter 6, it was demonstrated that this difference is not 

simply due to differences in the degree of patient FOBt positivity. One 

further contributing factor might be measurement bias, particularly at the 

10mm diameter threshold, which is the focus of this Chapter. 

 

Referral for colonoscopic polypectomy after CT colonography (CTC) is 

essentially a clinical decision based on the risk of advanced neoplasia, 

balanced against the risks of polypectomy and intrusiveness of 

colonoscopy. Because CTC documents the size, number, morphology and 

distribution of polyps, these factors can be combined to estimate the risk of 

advanced histology108, and therefore the need for endoscopy. Guidelines 

for endoscopic referral after CTC generally focus on maximal polyp 

diameter, since this is the most crucial biomarker of advanced histology, 

and their number22. However, phantom155 and clinical studies156 have 

shown that neither CTC nor endoscopy assess diameter precisely. Any 

bias in diameter measurement at CTC will affect referral rates, particularly if 

it occurs close to a commonly-applied threshold provoking colonoscopy 

such as 10mm. 
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Furthermore, detection rates for advanced neoplasia, similar to those 

reported in Chapter 5, also depend on specific diagnostic thresholds. 

Advanced adenomas are partly defined by a diameter of ≥10mm34, and 

unimportant polyps by a diameter of ≤5mm. Such thresholds are well 

known to clinicians both in the BCSP and outside it, and it is possible that 

this knowledge might bias estimates of maximal polyp diameter. For 

example, if 9mm polyps are up-rated to 10mm consistently, advanced 

adenoma rates will be overestimated (or vice-versa). This might contribute, 

at least in part, to the differences in advanced neoplasia rates between 

CTC and colonoscopy reported in Chapter 5. A similar effect might also 

affect published data comparing different screening modalities79,81; any 

such bias might impact on the validity of such comparisons.  

 

It is not just radiologists and colonoscopists who can influence the ultimate 

record of a given polyp’s maximal diameter; histopathologists also measure 

colorectal polyps, providing a reference pathological measurement of the 

adenomatous portion of polypectomy specimens157. Since adenomas are 

only confirmed as such once they have been examined histologically, any 

measurement bias at this stage will also influence the ultimate size (and 

hence risk) categorisation of a polyp, again impacting on follow-up 

schedules. Ultimately, therefore, radiologists, colonoscopists and 

histopathologists are all required to measure polyp sizes in the BCSP, and 

there is the potential for bias in any of these measurements to affect the 

diagnostic yields of advanced neoplasia reported in Chapter 5. If this bias 

exists, it may be manifest as “terminal digit preference”. This phenomenon 

describes over-representation of certain numbers, usually those digits 

ending with 5 or 0, and has been reported in studies of hypertension158, 

colorectal cancer159, renal cancers160 and emergency department waiting 

times161. 

 

This chapter therefore aims to determine if (a) radiologists, (b) 

endoscopists and (c) pathologists exhibit terminal digit preference bias 

when measuring colorectal polyp diameters; and, if present, the impact on 

per-patient detection rates of polyps ≥10mm. Although the thesis is 

primarily concerned with the BCSP, it is clearly of interest to determine if 

the same phenomenon exists beyond the screening programme; therefore, 

both symptomatic and screening patient populations were included.  
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Materials and Methods 

Ethical permission was granted by the Northern and Yorkshire Research 

Ethics Committee and the UCL/UCLH Joint Research Office. 

 

Data sources 

Participants were accrued from: (a) centrally-held data from the BCSP 

(“screening cases”) and (b) two randomised controlled trials of symptomatic 

patients, the Special Interest Group in Gastrointestinal and Abdominal 

Radiology (SIGGAR) trials13,73 (“trial cases”). The BCSP has been 

described in previous chapters. Polyp diameters are recorded on the BCSS 

central database (see Chapters 2 and 5). The SIGGAR trials were parallel, 

multicentre randomised trials of barium enema versus CTC13 and 

colonoscopy versus CTC73 for diagnosis of colorectal cancer and polyps 

≥10mm in symptomatic patients. 

CTC and endoscopy procedures 

CTC technique for the BCSP varies according to local practice but is 

subject to central guidance. During the study period, this required 

multidetector-row CT at a slice thickness of 1 to 3mm, dual positioning, gas 

insufflation and a colonography image display workstation. Oral contrast, 

faecal tagging, and antispasmodics were recommended but not 

mandatory106. Endoscopists must be nationally-accredited and have 

completed >1000 colonoscopies, passed a written multiple-choice question 

examination, and been assessed during two peer-observed 

colonoscopies104. 

 

CTC protocols in the SIGGAR trials were allowed to vary within the 

boundaries of certain stipulations, including full bowel purgation, 

multidetector-row CT at a minimum collimation of 2.5mm, dual patient 

positioning, gas insufflation and a colonography image display workstation. 

CTC interpretation was by 41 gastrointestinal radiologists with prior 

experience of CTC, including a 2-day training course where 

supplementation was felt necessary. There were 217 endoscopists who 

performed examinations using modern videoendoscopes and 

sedoanalgesia as needed. They measured polyp diameters according to 

their routine local practice. Maximal polyp diameters for both CTC and 
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colonoscopy were recorded on a case report form (CRF), to the nearest 

millimeter. 

Data selection 

Polyp diameters for BCSP cases were extracted from the programme 

database by Ms. Claire Nickerson for patients who had polyps detected by 

CTC from April 2006 to March 2013, and by colonoscopy and 

histopathology from January 2011 to December 2012. The SIGGAR trial 

database was searched by a statistician, Ms. Kate Wooldrage, who 

identified and extracted polyp diameters diagnosed by CTC, endoscopy 

(including those who had endoscopy contingent on an initial CTC 

abnormality) and histopathology. For both screening and trial cases, if the 

same polyp was visualised at multiple endoscopic examinations (for 

example, a diagnostic procedure followed by endoscopic excision), all 

measurements were included, on the basis that each individual 

measurement might be subject to terminal digit preference. Data were 

collated in Microsoft Excel 2011 for Mac (Microsoft Corp, Redmond, WA) 

and analyzed using R version 2.15.1 (R Foundation for Statistical 

Computing, Vienna, Austria).  

Statistical analysis 

In order to estimate over-representation of a particular terminal digit we 

required assumptions regarding the true distribution of polyp diameters, 

which is unknown with precision, but which is non-linear. Small polyps are 

more common than large polyps, meaning there will be more polyp 

diameters with terminal digits of 1 or 2 than 8 or 9. We therefore used two 

previously-published methods of correcting for digit preference162,163. The 

method described by Camarda et al162 uses a composite link model to 

estimate the probability of misreported data and reassigns these to a 

neighboring category, thereby providing an estimate of the true underlying 

distribution. The Wang et al method 163 smooths the observed distribution 

by using a kernel density estimator. Neither method requires any 

assumptions regarding the underlying distribution of polyp diameters other 

than smoothness. Both methods were implemented in R version 2.15.1 

using code provided by the authors of each method (Camarda: available at 

https://sites.google.com/site/carlogiovannicamarda/r-stuff/digit-preference-

model; Wang: bda package 164). For the Camarda method, we manually 

https://sites.google.com/site/carlogiovannicamarda/r-stuff/digit-preference-model
https://sites.google.com/site/carlogiovannicamarda/r-stuff/digit-preference-model
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adjusted the smoothing parameters in order to optimise model fitting at 

polyp sizes of <15mm.  

 

Having estimated the distribution of polyp sizes without digit preference 

using the methods described above, we compared this to the observed 

number of polyps at 1mm diameter increments, pooled across all terminal 

digits (e.g. 2mm, 12mm, 22mm and so forth = terminal digit of 2). The 

difference between the observed number of polyps at each terminal digit 

and that predicted by the models was taken as an estimate of the number 

of polyps “reallocated” due to bias. Since the absolute number of polyps 

measured by each technique (CTC, endoscopy or histopathology) was 

different, this was converted to a percentage of the total number of polyps 

measured by that modality, to allow comparison between the three. 

 

Since colonoscopy referral after CTC is governed primarily by the diameter 

of an individual’s largest polyp, we also calculated the effect that any 

observed bias might have on detection rates of polyps ≥10mm on a per-

patient basis. We used the Camarda and Wang models to predict the 

correct distribution of polyps with diameters measuring between 7mm and 

13mm, and compared this to the number observed. We only considered 

polyps of 7 to 13mm since we judged that larger degrees of “rounding” 

were clinically implausible, and bias at measurements further from 10mm 

would not affect clinical decision-making (i.e. all large polyps are referred 

for colonoscopy). Statistical significance testing was not performed 

because the very large number of polyps included meant that even small 

deviations from the model were highly significant. We did not attempt to test 

which modality was most “accurate”, or agreement between the three 

methods of polyp measurement, since our interest was to document and 

quantify the phenomenon of “rounding” or digit preference, rather than 

polyp measurement accuracy by comparison against a reference standard. 

Results 

Screening cases 

CTC measurements 

Polyp diameters were available for 1665 polyps in 892 individuals. Mean 

diameter was 9.5mm (range 1 to 91mm). 1108 (66.5%) polyps were 
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sessile, 494 (29.7%) pedunculated and 62 (3.7%) flat. Diameter distribution 

is shown in figure 7.1a, and clusters at 5mm intervals, beginning at 10mm.  

Figure 7.1(a) Histogram of CTC-measured polyp diameters in the BCSP, 

(b) number of reallocated polyps grouped by terminal digit, expressed as a 

percentage of all reallocated polyps, estimated by the Camarda method, 

and (c); as for (b), but estimated by the Wang method 

 
Positive deviation from the fitted model of polyp diameters was substantially 

greater for zero terminal digits (i.e. multiples of 10mm) than for all other 

diameters. A similar, but less marked effect was present for polyp 
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diameters with a terminal digit of 5mm. There was a relative deficiency of 

polyps with a maximum diameter ending in either 1 or 9 (figure 7.1b, 

Camarda model and figure 7.1c, Wang model). Approximately 8% of all 

reallocated polyp diameters occurred for a terminal digit of zero (estimate 

by Camarda method: 8.0%, estimate by Wang method: 8.3%), and 

approximately 5% of reallocation occurred for a terminal digit of 5 (estimate 

by Camarda method: 5.1%, estimate by Wang method: 5.3%). 

 

Endoscopic measurements 

 

Endoscopic diameters were available for 91,671 polyps in 36,850 

individuals, with a mean diameter of 6.6mm (range 1-200mm). 67,453 

polyps were sessile (73.6%), 21,890 (23.9%) pedunculated and 2327 

(2.5%) flat. Like CTC diameters, endoscopic diameters clustered at 5mm 

intervals (figure 7.2a) and there was substantially greater deviation from the 

fitted models at terminal digits of zero and five (figures 7.2b and 7.2c for 

Camarda and Wang models respectively), being approximately 10% for 

terminal digits of zero (estimate by Camarda method: 10.1%, estimate by 

Wang method: 9.5%) and 7% for a terminal digit of 5 (Camarda estimate: 

6.9%, Wang estimate: 7.3%). There was also a relative deficiency of polyps 

recorded as having a diameter with a terminal digit of 1 (Camarda estimate: 

-6.5%, Wang estimate: -7.9%) or of 9 (Camarda estimate: -4.4%, Wang 

estimate: -5.7%).  

 

Histopathologic measurements 

 

Diameters were available for 78,783 polyps in 33,891 individuals. The 

discrepancy in number from endoscopically-detected polyps is partly due to 

incomplete data entry and partly due to polyp non-retrieval. Mean polyp 

diameter was 6.4mm (range 1 to 190mm). Once again, the recorded 

diameters clustered at 5mm intervals (figure 7.3a) with an excess of polyps 

with a diameter with a terminal digits of zero (approximately 4.0% of 

reallocated polyps by both Camarda and Wang methods) or five (Camarda 

estimate: 2.9%, Wang estimate: 3.5%) and relative under-representation of 

polyps with a diameter measurement ending in 1 or 9mm (figures 7.3b and 

7.3c). 
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Figure 7.2 (a) Histogram of endoscopically-measured polyp diameters in 

the BCSP, (b) number of reallocated polyps grouped by terminal digit, 

expressed as a percentage of all reallocated polyps, estimated by the 

Camarda method, and (c); as for (b), but estimated by the Wang method.

 
 

 

 

 



 143 

Figure 7.3 (a) Histogram of histologically-measured polyp diameters in the 

BCSP, (b) number of reallocated polyps grouped by terminal digit, 

expressed as a percentage of all reallocated polyps, estimated by the 

Camarda method, and (c); as for (b), but estimated by the Wang method. 

 

 

Estimated impact on per-patient detection rates of lesions ≥10mm. 

 

Of the 892 screenees with polyps diagnosed at CTC, 483 (54.1%) had at 

least one polyp measured as ≥10mm. Assuming the fitted models represent 
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the true distribution of polyp diameters, the Camarda method suggests that 

only 463 (51.9%) patients would have polyps truly ≥10mm. The Wang 

method estimated this figure to be 447 (50.1%) patients. For endoscopy, of 

the 36,850 screenees with polyps diagnosed, 15,952 (43.3%) had one or 

more polyps ≥10mm. The Carmarda model suggests that this figure would 

be 14,593 (39.6%) without digit preference bias, and the Wang method 

estimates the true figure to be 14,924 (40.5%) without bias. Finally, for 

histological measurement, 14,282 of 33,891 (42.1%) screenees had polyps 

≥10mm. This figure would fall to 13,653 (40.3%) under the assumption of a 

smooth distribution of polyp diameters using the Camarda method, and 

12,660 (37.4%) using the Wang method (Table 7.1).  

Table 7.1 Observed and estimated (i.e. corrected for digit preference) 
number (percentage) of patients with a polyp ≥10mm as their largest 
measured lesion, split by diagnostic modality, for both screening and trial 
cases. The mean difference is the difference between the number of 
patients who were recorded to have at least one polyp ≥10mm and the 
arithmetic mean of the estimate by the two smoothing methods.  

 Screening cases Trial cases 

 Endoscopy 

(n=36,850) 

CTC 

(n=892

) 

Pathology 

(n=33,891) 

Endoscopy 

(n=169) 

CTC 

(n=333) 

Pathology 

(n=162) 

Observed (%) 15,952 

(43.3) 
 

483 

(54.1) 

14,282 

(42.1) 

81 

(47.9) 

192 

(57.7) 

102 

(63.0) 

Camarda 

estimate (%) 
 

15,223 

(41.3) 

463 

(51.9) 

13,653 

(40.3) 

73 

(43.2) 

194 

(58.3) 

98 

(60.5) 

Wang 

estimate (%) 
 

14,924 

(40.5) 

447 

(50.1) 

12,660 

(37.4) 

72 

(42.6) 

191 

(57.4) 

96 

(59.3) 

Mean 

difference (%) 

-878.5 

(-2.4) 

-28 

(-3.1) 

-1125.5 

(-3.3) 

-8.5 

(-5.0) 

0.5 

(0.26) 

-5 

(-3.1) 

 

Trial cases 

CTC measurements 

Data were available for 721 polyps, of which 680 had diameters recorded: 

41 polyps had either no recorded diameter or a size category only (<5mm, 

5 to 9mm or ≥10mm). Mean diameter was 13.6mm (range 2 to 110mm). 

Like the BCSP data, clustering at 5mm intervals was evident (figure 7.4a), 

particularly for terminal digits of zero (figure 7.4b), with approximately 

18.3% (Camarda) to 22.4% (Wang) of estimated reallocation occurring for 

polyps with a maximum diameter of a multiple of 10mm. 
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Figure 7.4 (a) Histogram of CTC-measured polyp diameters in the 

randomised trials, (b) number of reallocated polyps grouped by terminal 

digit, expressed as a percentage of all reallocated polyps, estimated by the 

Camarda method, and (c); as for (b), but estimated by the Wang method. 

Endoscopic measurements 

454 polyps were recorded, of which 329 had diameters available. Mean 

diameter was 10.2mm (range 1 to 115mm), again with clustering at 5mm 

increments (figure 7.5a). 24.0% (both Camarda and Wang methods) of 

reallocated polyps measured a multiple of 10mm (figures 7.5b and 7.5c). 
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Figure 7.5 (a) Histogram of endoscopically-measured polyp diameters in 

the randomised trials, (b) number of reallocated polyps grouped by terminal 

digit, expressed as a percentage of all reallocated polyps, estimated by the 

Camarda method, and (c); as for (b), but estimated by the Wang method. 

 

Histopathologic measurements 

489 polyps were documented, 244 of which had diameters recorded (mean 

18.8mm, range 1 to 230mm). As for other modalities, the number of polyps 

at multiples of 5mm was greater than expected (figure 7.6a). Reallocated 
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polyps were considerably more common at terminal digits of five (Camarda 

estimate: 17.0%, Wang estimate: 19.7%) or zero (Camarda estimate: 

19.4%, Wang estimate: 20.9%).  

 

Figure 7.6 (a) Histogram of histologically-measured polyp diameters in the 

randomised trials, (b) number of reallocated polyps grouped by terminal 

digit, expressed as a percentage of all reallocated polyps, estimated by the 

Camarda method and, (c); as for (b), but estimated by the Wang method. 
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Estimated impact on per-patient detection rates of lesions≥10mm. 

 

333 patients had their largest polyp diameter recorded to 1mm precision at 

CTC; a further 20 patients had their largest polyp only recorded within a 

size bracket (i.e. <5mm, 6-9mm or over 10mm). 192 of these 333 patients 

(57.7%) had their largest polyp measured as ≥10mm, whereas the 

Camarda model predicted that this figure should be 194 (58.3%) without 

digit preference. The Wang model gave a very similar estimate of 191 

patients (57.4%). Endoscopic data were available for 169 patients, of whom 

81 (47.9%) had polyps ≥10mm. No patient had a 9mm polyp or a 11mm 

polyp recorded as their largest lesion yet 24 patients had polyps recorded 

as measuring precisely 10mm. The two models predicted that 73 (Camarda 

method: 43.2%) or 72 patients (Wang method: 42.6%) of patients would 

actually have polyps ≥10mm. For pathology, 162 patients had pathologic 

diameters recorded; 102 (63.0%) harbored polyps recorded at ≥10mm. This 

figure dropped to 98 patients (60.5%) by the Camarda method and 96 

(59.3%) when using the Wang estimate (Table 7.1) to estimate bias. 

 

Discussion 

 

This Chapter has shown that measurement of polyps by radiologists, 

endoscopists and histopathologists in both screening and symptomatic 

practice is highly likely to be subject to substantial terminal digit preference 

bias. The biological significance of the 10mm diameter for adenomas has 

long been appreciated and usually defines the threshold at which excision 

is mandated. However, the data presented here suggest that terminal digit 

preference may incorrectly increase the proportion of patients with polyps 

measured at CTC as ≥10mm by up to 3%, increasing the colonoscopy 

referral rate inappropriately. Furthermore, since the same phenomenon 

occurs at colonoscopy and histopathology, patients may be referred 

erroneously for unnecessarily intensive colonoscopic surveillance. Our data 

suggest this occurs in between 2 to 5% of patients. However, it is important 

to appreciate that the size of this effect is clearly insufficient to account for 

the difference in diagnostic yield between CTC and colonoscopy in the 

BCSP described in Chapter 5, where a difference in detection rates of over 

10% for lesions ≥10mm was documented. Furthermore, digit preference 
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cannot explain the difference in CRC detection rates observed between the 

two modalities, since this is underpinned by a histological diagnosis rather 

than a simple diameter measurement. 

 

Terminal digit preference has been described in many areas of medicine 

and epidemiology. The phenomenon of “age heaping”, whereby census-

takers incorrectly record the age of the population, has been recognised for 

decades165, and demonstrates clustering at digits ending in 0 or 5 in the 

West and multiples of 12 in China (corresponding to preferred years of the 

Chinese animal calendar)166. Medical practitioners are equally affected, with 

studies from disparate areas such as blood pressure monitoring158, 

neonatal birth weight167, tumour size measurement159 and emergency 

department waiting times161 all reporting the phenomenon. 

 

The effect remains when small differences in measurement make a 

substantial difference to patient care, and are indeed likely to arise because 

of the perceived clinical significance. For example, Hayes160 described digit 

preference in the measurement of renal cancers, for which maximal 

diameter determines tumour stage (and hence treatment). Similarly, while 

biases in polyp diameter may only be of 1 or 2mm, when consistent, they 

can affect subsequent management. Referral for colonoscopy after CTC22 

and subsequent surveillance colonoscopy intervals are governed primarily 

by maximal polyp diameter23. Overestimating diameter may subject patients 

to unnecessary endoscopy for excision biopsy whereas underestimation 

may withhold potentially valuable treatment. It is very plausible, although 

unproven, that such bias also occurs in other areas of radiological 

measurement, also precipitating unnecessary over-investigation (e.g. lung 

nodule follow-up). 

 

Whether polyps are measured most accurately by CTC or colonoscopy is 

unclear139. Both techniques are subject to measurement error, although in 

one phantom study multiplanar 2D CT showed the narrowest limits of 

agreement with the reference standard, and so was judged preferable 

overall155. An in vivo study comparing CTC and several colonoscopic 

measurement techniques found that 2D CTC was the most reproducible 

between observers, although tended to record larger diameters than 

colonoscopy156. The particular technique used at endoscopy influences size 
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measurement considerably, with comparison against open biopsy forceps 

(the commonest technique in clinical practice) being the least accurate in 

one study168. Even the measurement of polyp phantoms ex vivo (to mimic 

the receipt of a polypectomy specimen in the pathology laboratory) is 

subject to measurement error and poor reproducibility169. 

 

Irrespective of which technique is most accurate, current referral criteria for 

colonoscopy after CTC are based largely on colonoscopic literature, 

reporting the risk of histologically advanced neoplasia within polyps of 

various diameters (measured colonoscopically and pathologically)22. Since 

the data presented here demonstrate that digit preference bias occurs for 

both colonoscopists and histopathologists, it is very possible that this 

historical literature also incorporates digit preference. If so, this might have 

the effect of erroneously placing many 9mm polyps into the ≥10mm 

category, which would (counter-intuitively) lower the proportion of lesions 

with advanced histology in both groups via the “Will Rogers 

phenomenon”170. Since 9mm polyps are, on average, higher risk than the 

rest of the 6 to 9mm group, moving them into the ≥10mm category will 

reduce the overall proportion of advanced histology in the remaining pool of 

polyps. Furthermore, since these same 9mm polyps will, on average, be 

less likely to harbor advanced histology than most lesions ≥10mm, their 

reallocation will also reduce the proportion of advanced neoplasia here. In 

contrast, 11mm polyps being “rounded down” to 10mm would have no 

effect, since they remain within the same size category. The degree to 

which this affects rates of histologically advanced neoplasia in the historical 

literature is not clear but our data certainly suggest that such an effect is 

possible. Supporting this, Lieberman et al performed a sensitivity analysis 

on their colonoscopy data to account for possible systematic error in polyp 

diameter measurement and found that the rate of advanced neoplasia in 6 

to 9mm and polyps ≥10mm could vary by as much as 5% and 10% 

respectively171.  

 

This study does have limitations. Polyp diameters recorded onto a central 

database or research trial case report forms may not necessarily reflect the 

measurements given on a contemporaneous clinical radiological, 

endoscopic or pathological report. It is possible that clinicians are more 

precise in their routine practice than when recording data for the BCSP or 



 151 

in research studies, although this seems unlikely, and the reverse may be 

more common. Transcription errors are also possible, although given the 

number of polyps described in this Chapter, this is very unlikely to affect the 

results significantly. Additionally, the technique of polyp measurement was 

not stipulated in detail, either for CTC or endoscopy, although arguably this 

reflects real-world practice more closely. Furthermore, the behavior of 

practitioners reported here, although likely broadly representative of UK 

clinical practice, may not generalise more widely. Finally, statistical 

methods for estimating terminal digit preference are relatively under-

developed. Accordingly, the techniques used may not accurately model the 

genuine distribution of polyp diameters with great precision, potentially 

under- or over-estimating the magnitude of digit preference.  

 

In summary, terminal digit preference occurs when radiologists, 

endoscopists and pathologists measure the maximal diameter of colorectal 

polyps, and that this occurs in both research trials and the BCSP. The 

magnitude of the effect was similar between the three specialities in terms 

of diagnostic yield at the ≥10mm threshold. This bias may influence the 

decision to allocate a patient to polyp surveillance or to refer for endoscopic 

excision, and will also affect comparisons of diagnostic rates between tests 

in research studies, including the data presented in Chapter 5. All relevant 

practitioners should be aware of this phenomenon when estimating the 

maximal diameter of colorectal polyps in an attempt to reduce biases 

introduced by mis-classification. However, the magnitude of this effect is 

too small to explain the discrepancy in detection rates between CTC and 

colonoscopy for lesions ≥10mm described in Chapter 5. 
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SECTION C: PATIENT ACCEPTABILITY OF BCSP CTC 

 

 

 

The previous Section described the availability, current practice and 

detection rates of CTC in the BCSP. An important additional facet of CTC 

practice is the overall experience that patients have of the screening 

process. This topic will be considered further in the following section. 
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Chapter 8: What is the patient experience of CTC in the 

BCSP currently? 

 

Contribution statement 

 

This data presented in this chapter represent collaborative research 

conducted in conjunction with Dr Christian von Wagner, Senior Lecturer at 

the Health Behaviour Research Centre, University College London (HBRC 

UCL) and Dr Alex Ghanouni, Research Associate (HBRC UCL). Dr von 

Wagner applied for permission to access the data from the BCSP (the 

author of this thesis was a co-applicant) and data were extracted by Ms 

Claire Nickerson (Public Health England). The author analysed the data in 

conjunction with Dr Ghanouni and wrote the initial draft of this chapter, 

which was modified in conjunction with Dr von Wagner, Professor Colin 

Rees (Durham University) and the supervisors of this thesis. 

 

Introduction 

 

Patient experience is fundamental to high quality healthcare, and is 

important to both patients172 and policy-makers173. Although healthcare 

services are increasingly scrutinised, many service quality assessments 

overlook patient experience. Patient experience is particularly important for 

screening programmes such as the BCSP since they are predicated on 

high uptake. Given that CTC in the BCSP is employed specifically when we 

would expect that a high quality patient experience would be particularly 

difficult to achieve (i.e. when colonoscopy has either failed or been deemed 

relatively contraindicated), it is even more important to measure and 

document both patient experience and safety.  

 

Studies of CTC acceptability have generally found it well-tolerated in 

comparison to colonoscopy174-176. However, most studies report the relative 

burden of each test when judged by a single individual who has undergone 

both. Such tandem comparisons do not reflect the normal situation in 

clinical practice, in which most participants undergo one test or the other. 

Two randomised studies, one of asymptomatic screenees79 and one of 



 154 

symptomatic older patients73 reported similar acceptability of CTC and 

colonoscopy, with the balance marginally in favor of colonoscopy for 

screenees78 and CTC for symptomatic patients85, although absolute 

differences were small. However, it is unknown whether these findings can 

be generalised to established screening programmes with broader target 

populations than in randomised trials. Furthermore, the relevance of these 

findings to FOBt-based programmes, in which direct colonic investigation is 

a second-stage test, is also unknown. As noted in Chapter 5, it is known 

that clinical outcomes between patients undergoing CTC and colonoscopy 

are different, either due to test limitations or selection bias. It is therefore 

possible that patient experience of the two tests will also differ. Concerning 

CTC specifically, the two situations in which it is offered in the BCSP are 

fundamentally different (i.e. incomplete/failed colonoscopy vs. clinically 

assessed as unsuitable for colonoscopy), and it is likely that patient 

experience will also differ between these scenarios.   

 

This chapter describes patient experience of CT colonography in the 

BCSP, and how it compares to the experience of those undergoing 

colonoscopy.  

Methods 

Ethical permissions 

Permission to access anonymised, routinely-coded data was granted by the 

Bowel Cancer Screening Programme Research and Audit Committee. 

Following Health Research Authority guidance, Research Ethics Committee 

approval was not required for this retrospective service evaluation. 

 

Participants 

All participants undergoing a colonic diagnostic test in the BCSP are sent a 

standard questionnaire 30 days after completion of screening to gather 

opinions regarding the screening process. We analysed data for screenees 

tested between January 1st, 2011 and December 31st, 2012 inclusive, 

thereby encompassing the first two full calendar years after complete 

coverage. We included only those participants who had undergone colonic 

testing to investigate a positive FOBt result, and excluded those undergoing 

surveillance of previous screen-detected adenomas. 
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Procedures 

Both CTC and colonoscopy are subject to quality-assurance stipulations 

within the BCSP (see Chapters 4 and 5). To summarise, colonoscopies are 

performed by screening-accredited colonoscopists, who are monitored via 

multiple quality assurance metrics, including caecal intubation rate (CIR), 

withdrawal time and adenoma detection rate (ADR). High levels of both 

safety and quality have been documented previously39. Sedoanalgesia is 

administered as required, titrated to patient symptoms, judged by the 

colonoscopist in conjunction with a trained endoscopy nurse. During the 

study period, sedation was used for 87.9% of procedures (78.9% 

intravenous sedation and 9.0% nitrous oxide/oxygen 50:50 mix). The mean 

unadjusted CIR was 96.7% and mean ADR was 46.8% during the study 

period. CTC requirements include the use of multislice scanners, trained 

staff and an adequate CTC image-display workstation, detailed further in 

Chapter 4.  

 

Outcome measures 

The patient questionnaire (Appendix 4) is intended to capture elements of 

the entire screening process; here we focus solely on measures related to 

direct whole-colon testing. Very slightly modified versions of the 

questionnaire are sent to screenees undergoing colonoscopy, radiological 

testing, or both procedures, although most items are consistent across all 

versions. Screenees are asked to complete structured questions regarding 

the screening invitation, the pre-colonic test assessment with SSPs, the 

preparation for their colonic test, the test itself (including discomfort), post-

test symptoms, communication of results and privacy/dignity. Most items 

are answered with a five-point Likert-type scale (“strongly agree” to 

“strongly disagree”). Other items require only a binary “yes/no” response. 

 

Data recording and extraction 

Questionnaire data for the BCSP data are handled by the Bowel Cancer 

Screening System (BCSS), exactly as for diagnostic test results explained 

in previous Chapters. A data manager (Ms Claire Nickerson) extracted: 

Participant age, sex, date of screening, screening centre used, screening 

round (i.e. number of times previously screened via FOBt), colonic test 

performed, test result, need for any subsequent tests (e.g. colonoscopy 
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following a positive CTC result), recorded complications and questionnaire 

results. Socioeconomic deprivation was estimated using the index of 

multiple deprivation (IMD) from 2007, a composite measure of income, 

education, employment, environment, health and housing, via linkage to 

postcode. Complications arising from colonic investigations are recorded 

onto the same database at each individual screening centre by BCSP staff, 

usually SSPs. 

 

Data analysis  

Data were cleaned and coded using SPSS v21 for Windows (IBM Corp, 

Armonk, New York) and exported to R version 3.0.1 for Mac (R Foundation 

for Statistical Computing, Austria, Vienna) for analysis. Participants not 

responding to any questionnaire item were excluded from the patient 

experience analysis but were included when calculating test complication 

rates. Missing questionnaire data for those who responded to at least one 

questionnaire item were handled via 10 multiple imputations using the mice 

package for R under the missing at random assumption177. Variables used 

in the imputation model were patient age, sex, level of socio-economic 

deprivation, round of screening, test used, screening outcome and 

questionnaire results (each question was treated as a separate variable). 

Continuous variables were modeled using predictive mean matching, 

ordinal variables via ordered logistic regression and categorical variables 

using multinomial logistic regression. Imputed results were calculated for all 

outcomes other than complications, for which a complete case analysis 

was performed. Complications for CTC were divided into “direct” (i.e. 

occurring after the CTC procedure itself) and “downstream” (i.e. occurring 

after an additional test following CTC).  

 

Following imputation, questionnaire data with a Likert-type scale were 

collapsed into binary categories of those who expressed agreement (either 

"strongly agree" or "agree") and those who did not ("neither agree nor 

disagree", "disagree" or "strongly disagree") because initial analysis 

showed the data violated the proportional odds assumption. Subsequently, 

multilevel binary logistic regression was used, with the diagnostic test being 

performed (i.e. CTC or colonoscopy) as the explanatory variable. 
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Covariates in the regression model were the same as those used for the 

imputation model, although the occurrence of complications and other 

questionnaire responses were excluded. The model accounted for the fact 

that screenees were clustered into screening centres by including this as a 

random intercept term. All statistical tests were conducted on each imputed 

data set and pooled according to Rubin178.  

 

Since we expected that screenees undergoing CTC following colonoscopy 

(i.e. having experienced incomplete colonoscopy) and those who 

underwent CTC as a “first-line” colonic test (i.e. relatively unsuitable for 

colonoscopy) may have had differing experience, we compared these 

subgroups directly. Additionally, we expected that those who underwent 

colonoscopy following CTC were more likely to require polypectomy 

(contingent on a CTC abnormality) which increases risk and procedural 

length; hence, subgroup analysis was also performed here. 

 

CTC questionnaire results for individual centres were compared using 

funnel plots constructed with exact binomial control limits at 2 and 3 

standard deviations from the mean137. We also used logistic regression to 

examine whether use of non-laxative preparation regimes for CTC (bowel 

preparation data taken from Chapter 4) were associated with differences in 

test discomfort.  

 

Results  

67,114 screenees were potentially eligible for inclusion. Questionnaire 

responses were received from 52,805 individuals (78.7% overall; 51,554 / 

65,197=79.1% for colonoscopy; 2018 / 2946=68.5% for CTC; some 

patients had both tests, Figure 8.1). Of these, 603 were excluded due to 

administrative errors resulting in the incorrect questionnaire being issued 

(e.g. colonoscopy questionnaire for a screenee undergoing radiological 

testing) or test and questionnaire dates being inconsistent (likely data entry 

errors). 197 patients had no record of undergoing either CTC or 

colonoscopy despite referral. Ultimately, 52,202 questionnaires were 

analysed, comprising 50,975 for colonoscopy and 1970 for CTC (some 

patients underwent both tests; see Figure 8.1).  
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Figure 8.1 – Study flowchart of inclusions and exclusions (also see text). 

The term “other test” refers to flexible sigmoidoscopy, barium enema and 

non-colonographic abdominopelvic CT scanning, all of which were 

occasionally used in the programme during the study period (the latter two 

tests have since been removed as testing options). 

 

 

 

Demographics and screening characteristics are summarised in Table 8.1. 

Individuals who underwent CTC were more likely to be female 

(1017/1970=51.6% females for CTC versus 21111/50975=41.4% for 

colonoscopy, p<0.0001). This difference was particularly marked for 

patients requiring CTC following incomplete colonoscopy (465/779=59.7%  
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Table 8.1: Characteristics of screenees undergoing CTC and optical colonoscopy (OC). Deprivation quartiles are derived from the entire 
English national dataset. Between group comparative p values are for all CTC patients vs. all colonoscopy patients (far right) and between CTC 
subgroups (middle column).  

Variable Test performed p value (CTC vs 
OC) 

CTC (n=1,970) OC (n=50,975) 

Unsuitable for OC 
(n=1191) 

Incomplete OC 
(n=779) 

Both groups 
(n=1970) 

p value 
(between CTC 
subgroups) 

Females 552 (46.3%) 465 (59.7%) 1017 (51.6%) <0.001 21111 
(41.4%) 

<0.001 

Age (median, IQR) 66 (63 to 70) 66 (63 to 69) 66 (63 to 69) 0.08 66 (63 to 69) <0.001 

Deprivation score 

 Lowest quartile (least 
deprived) 

265 (22.2%)  200 (25.7%) 465 (23.6%) 0.09 15000 (29.4%) <0.001 

 2
nd

 quartile 334 (28.0%) 213 (27.3%) 547 (27.8%) 0.77 14569 (28.6%) 0.45 

 3
rd

 quartile 305 (25.6%) 215 (27.6%) 520 (26.4%) 0.35 12388 (24.3%) 0.036 

 Highest quartile (most 
deprived) 

283 (23.8%) 151 (19.4%) 434 (22.0%) 0.03 8925 (17.5%) <0.001 

 Missing 4 (0.34%) 0 (0.0%) 4 (0.20%) 0.16 93 (0.18%) 0.78 

Year screened 

 2011 691 (58.0%) 482 (61.9%) 1173 (59.5%) - 29595 (58.1%) - 
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 2012 500 (42.0%) 297 (38.1%) 797 (40.5%) 0.10 21380 (41.9%) 0.20 

Screening round 

 Prevalent (individual’s first 
screening) 

527 (44.2%) 358 (46.0%) 885 (44.9%) - 22159 (43.5%) - 

 Incident (subsequent 
screening of that individual) 

664 (55.8%) 421 (554.0%) 1085 (55.1%) 0.48 28816 (56.5%) 0.21 
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female) rather than those judged unsuitable for colonoscopy initially 

(552/1191=46.3% female, p<0.0001 vs incomplete colonoscopy subgroup). 

The CTC group were marginally but significantly older than those who 

underwent colonoscopy (CTC: mean age 66.9 years; colonoscopy: mean 

age 66.3 years, p<0.0001) with no significant difference between the two 

CTC subgroups (Table 8.1). Average socio-economic deprivation was 

greater for those who underwent CTC (median deprivation score = 48th 

percentile) compared to those who underwent colonoscopy (median 

deprivation score = 42nd percentile), with no difference between the CTC 

subgroups.  

 

Relatively few responses were missing, ranging from 0.6% to 15.6% for the 

different questionnaire items. There were no differences between complete-

case analysis and multiply-imputed analysis for any items; multiply-imputed 

responses are reported here, with complete-case data shown in the tables. 

 

Items regarding pre-test experience 

Overall, satisfaction with the communication of risks and benefits of CTC 

was high. Respondents agreed or strongly agreed they understood both 

risks (1712 / 1970=86.9%) and benefits (1844 / 1970=93.6%) of the test. 

However, understanding was greater for colonoscopy, with 48,783 / 

50,975=95.7% agreeing they had understood its risks (odds ratio=3.01, 

95%CI 2.59 to 3.51, p<0.0001) and 50,057 / 50,975=98.2% understanding 

colonoscopy benefits (OR=3.31, 95%CI 2.61 to 4.19, p<0.0001). 

Respondents almost universally agreed that the information provided 

regarding bowel preparation was clear, for both CTC (1875 / 1970=95.2% 

agreement) and colonoscopy (49,905 / 50,975=97.9%), although again this 

was a statistically significant difference in favor of colonoscopy (OR=1.89, 

95%CI 1.50 to 2.40, p<0.0001, Table 8.2). 

 

Items regarding the test procedure 

Approximately one-quarter (506 / 1970=25.7%) of respondents found CTC 

more uncomfortable than they had expected. This was a significantly larger 

proportion than for colonoscopy (10,705 / 50,975=21.0%; OR=0.81, 95%CI 

0.72 to 0.91, p<0.0001). 114 / 1970=5.8% of those who had undergone 

CTC and 2600 / 50,975=5.1% of those who had completed colonoscopy   
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Table 8.2: Comparison between responses for CTC and optical colonoscopy (OC). For each questionnaire item, the number (and percentage) 
answering either “strongly agree” or “agree” is presented, split by test modality, for both multiple imputation and complete case analysis. Items 
marked by an asterisk required binary (yes/no) responses. For complete case analysis, the number of patients responding to each 
questionnaire item is shown as the denominator. For multiply imputed analyses, numerators and denominators are averages across all 
imputations. Odds ratios, 95% confidence intervals and associated p values are derived from the logistic regression model for each item. The 
odds ratio is the odds of agreement with a given question being greater for OC than CTC.  

 

 

Item Complete cases Multiple imputation 

Number agreeing 
(percentage) 

Odds 
ratio 
(95% 
CI) 

p value Number agreeing 
(percentage) 

Odds 
ratio 
(95% 
CI) 

p value 

CTC (%) OC (%) CTC (%) OC (%) 

Items regarding the pre-test experience 
 
I found the test kit easy to use 1752/1958 

(89.5%) 
46055/50750 
(90.7%) 

1.12 
(0.96 to 
1.30) 

0.21 1765/1970 
(89.6%) 

46285/50975 
(90.8%) 

1.14 
(0.98 to 
1.33) 

0.09 

I understood the risks of having the 
colonoscopy / radiology test 

1561/1786 
(87.4%) 

47811/50007 
(95.6%) 

3.12 
(3.01 to 
3.19) 

<0.0001 1712/1970 
(86.9%) 

48783/50975 
(95.7%) 

3.01 
(2.59 to 
3.51) 

<0.0001 

I understood the benefits of having the 
colonoscopy / radiology test 

1677/1786 
(93.9%) 

49126/50033 
(98.2%) 

4.09 
(3.94 to 
4.24) 

<0.0001 1844/1970 
(93.6%) 

50057/50975 
(98.2%) 

3.31 
(2.61 to 
4.19) 

<0.0001 

I was given clear information on how to 
take bowel prep medicine (laxative) 

1824/1913 
(95.3%) 

49069/50135 
(97.9%) 

1.55 
(1.44 to 
1.65) 

<0.0001 1875/1970 
(95.2%) 

49905/50975 
(97.9%) 

1.89 
(1.50 to 
2.40) 

<0.0001 

I signed the consent form before 
entering the room* 

1363/1917 
(71.1%) 

46370/50369 
(92.1%) 

4.74 
(4.25 to 
5.29) 
 

<0.0001 1365/1970 
(69.3%) 

47050/50975 
(92.3%) 

4.69 
(4.19 to 
5.28) 

<0.0001 
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Item Complete cases Multiple imputation 

Number agreeing 
(percentage) 

Odds 
ratio 
(95% 
CI) 

p value Number agreeing 
(percentage) 

Odds 
ratio 
(95% 
CI) 

p value 

CTC (%) OC (%) CTC (%) OC (%) 

Items regarding the test procedure itself 
 
The colonoscopy / radiology test was 
more uncomfortable than I expected 

425/1695 
(25.1%) 

10253/50091 
(20.5%) 

0.77 
(0.70 to 
0.84) 

<0.0001 506/1970 
(25.7%) 

10705/50975 
(21.0%) 

0.81 
(0.72 to 
0.91) 

<0.0001 

I asked for the colonoscopy / radiology 
test to be stopped or paused* 

94/1694 
(5.5%) 

2409/50127 
(4.8%) 

0.86 
(0.69 to 
1.07) 

0.17 114/1970 
(5.8%) 

2600/50975 
(5.1%) 

0.90 
(0.70 to 
1.11) 

0.28 

I feel that my privacy was maintained 
as much as possible during my visit to 
hospital 

1726/1811 
(95.3%) 

49016/50050 
(97.9%) 

2.26 
(2.13 to 
2.40) 

<0.0001 1879/1970 
(95.4%) 

49905/50975 
(97.9%) 

2.30 
(1.82 to 
2.91) 

<0.0001 

I feel I was treated with respect during 
my visit to hospital 

1743/1813 
(96.1%) 

49190/49981 
(98.4%) 

2.17 
(2.01 to 
2.33) 

<0.0001 1895/1970 
(96.2%) 

50159/50975 
(98.4%) 

2.27 
(1.75 to 
2.87) 

<0.0001 

Items regarding the post-test experience 
 
After the colonoscopy / radiology test, I 
suffered with pain in my bottom and/or 
stomach* 

246/1666 
(14.8%) 

7235/49714 
(14.6) 

0.96 
(0.83 to 
1.11) 

0.61 288/1970 
(14.6%) 

7544/50975 
(14.8%) 

1.01 
(0.83 to 
1.16) 

0.77 

The Screening Practitioner rang me 
within 7 days, to discuss my results* 

1307/1645 
(79.5%) 

39432/47691 
(82.7%) 

1.29 
(1.14 to 
1.47) 

<0.0001 1564/1970 
(79.4%) 

42105/50975 
(82.6%) 

1.24 
(1.12 to 
1.47) 

<0.0001 

I understood what my colonoscopy / 
radiology results meant 

1511/1663 
(90.9%) 

47819/49367 
(96.9%) 

3.17 
(3.01 to 
3.30) 

<0.0001 1783/1970 
(90.5%) 

49395/50975 
(96.9%) 

3.26 
(2.71 to 
3.91) 

<0.0001 
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asked for the test to be stopped or paused; this difference was not 

statistically significant (p=0.28). Almost all patients agreed they had been 

treated with both privacy and respect during both tests, although again 

there were small but statistically significant differences in favor of 

colonoscopy (Table 8.2). 

Items regarding the post-test experience 

There was no significant difference in the proportion of respondents who 

recalled suffering rectal or abdominal pain following their diagnostic test 

(CTC: 288 / 1970,14.6%, colonoscopy: 7544 / 50,975,14.8%; p=0.55). 

Patients who had undergone CTC were less likely to have received their 

results within seven days (1564 / 1970=79.4%) than those who had 

completed colonoscopy (42,105 / 50,975=82.6%; p<0.0001). A greater 

proportion of those who underwent colonoscopy agreed they understood 

their results (49,395 / 50,975=96.9%) than for CTC (1783 / 1970=90.5%; 

OR=3.26, 95%CI 2.71 to 3.91, p<0.0001; Table 8.2).  

 

Variation by screenee factors  

There was no statistically significant difference in levels of unexpected 

discomfort between females and males (females: 277 / 1017=27.2% 

experienced greater than expected discomfort; males: 228 / 953=23.9%). 

Age and socio-economic status had no discernable effect on discomfort 

levels. Post-test discomfort was greater in females, with 185 / 1017 (18.2%) 

reporting subsequent rectal or abdominal pain versus 111 / 953 (11.6%) for 

males (p<0.001). Again, age and socioeconomic status exerted no 

significant effect. 

 

Variation by indication for CTC  

There were few differences between questionnaire results for the two CTC 

subgroups (Table 8.3). Only the assessment of clarity of bowel preparation 

and signing of informed consent were significantly different, both being 

judged superior for the group with prior incomplete colonoscopy.  
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Table 8.3:Comparison between CTC subgroups. For each questionnaire item, the number (and percentage) answering either “strongly agree” 
or “agree” is presented, split by the indication for CTC, for both multiple imputation and complete case analysis. Items marked by an asterisk 
required binary (yes/no) responses. For complete case analysis, the number of patients responding to each questionnaire item is shown as the 
denominator. For multiply imputed analyses, numerators and denominators are averages across all imputations. Odds ratios, 95% confidence 
intervals and associated p values are derived from the logistic regression model for each item. The odds ratio is the odds of agreement with a 
given question being greater for patients having CTC after incomplete optical colonoscopy (OC) rather than because they had been judged 
unsuitable for OC.  

 

Item Complete cases Multiple imputation 

Number (percentage) 
agreeing 

Odds 
ratio 
(95% 
CI) 

p 
value 

Number (percentage) 
agreeing 

Odds 
ratio 
(95% 
CI) 

p 
value 

Unsuitable 
for OC (%) 

Incomplete 
OC (%) 

Unsuitable 
for OC (%) 

Incomplete 
OC (%) 

Items regarding the pre-test experience 
 
I found the test kit easy to use 1059/1183 

(89.5%) 
693/775 
(89.4%) 

0.96 
(0.70 to 
1.31) 

0.79 1066/1191 
(89.5%)
  

697/779 
(89.4%) 

0.96 
(0.69 to 
1.32) 

0.88 

I understood the risks of having the radiology 
test 

969/1105 
(87.7%) 

592/681 
(86.9%) 

0.90 
(0.66 to 
1.23) 

0.51 1042/1191 
(87.5%) 

675/779 
(86.6%) 

0.91 
(0.65 to 
1.25) 

0.54 

I understood the benefits of having the 
radiology test 

1046/1113 
(94.0%) 

631/673 
(93.7%) 

0.91 
(0.59 to 
1.41) 

0.67 1117/1191 
(93.8%) 

729/779 
(93.6%) 

0.95 
(0.61 to 
1.45) 

0.79 

I was given clear information on how to take 
bowel prep medicine (laxative) 

1083/1150 
(94.2%) 

741/763 
(97.1%) 

1.84 
(1.09 to 
3.08) 

0.02 1123/1191 
(94.2%) 

756/779 
(97.1%) 

1.84 
(1.08 to 
3.10) 

0.03 

I signed the consent form before entering the 
room* 

699/1090 
(64.1%) 

469/638 
(73.5%) 

0.60 
(0.48 to 
0.75) 

<0.00
1 

781/1191 
(65.6%) 

574/779 
(73.7%) 

0.71 
(0.55 to 
0.88) 

0.005 
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Item 

 
Complete cases 

 
Multiple imputation 

Number (percentage) 
agreeing 

Odds 
ratio 
(95% 
CI) 

p 
value 

Number (percentage) 
agreeing 

Odds 
ratio 
(95% 
CI) 

p 
value 

Unsuitable 
for OC (%) 

Incomplete 
OC (%) 

Unsuitable 
for OC (%) 

Incomplete 
OC (%) 

Items regarding the test procedure itself 
 
The radiology test was more uncomfortable 
than I expected 

263/1061 
(24.8%) 

162/634 
(25.5%) 

1.08 
(0.85 to 
1.38) 

0.52 299/1191 
(25.1%) 

205/779 
(26.3%) 

1.07 
(0.84 to 
1.37) 

0.54 

I asked for the radiology test to be stopped or 
paused* 

51/1056 
(4.8%) 

43/638 
(6.7%) 

1.02 
(0.61 to 
1.70) 

0.35 58/1191 
(4.9%) 

54/779 
(6.9%) 

0.97 
(0.59 to 
1.60) 

0.40 

I feel that my privacy was maintained as 
much as possible during my visit to hospital 

1052/1114 
(94.4%) 

674/697 
(96.7%) 

1.54 
(0.90 to 
2.63) 

0.12 1126/1191 
(94.5%) 

752/779 
(96.5%) 

1.44 
(0.87 to 
2.40) 

0.15 

I feel I was treated with respect during my 
visit to hospital 

1069/1117 
(95.7%) 

674/696 
(96.8%) 

1.25 
(0.72 to 
2.15) 

0.42 1140/1191 
(95.7%) 

752/779 
(96.6%) 

1.15 
(0.67 to 
2.00) 

0.45 

Items regarding the post-test experience 
 
After the radiology test, I suffered with pain in 
my bottom and/or stomach* 

162/1048 
(15.5%) 

84/618 
(13.6%) 

1.19 
(0.87 to 
1.62) 

0.33 187/1191 
(15.7%) 

108/779 
(13.9%) 

1.23 
(0.90 to 
1.66) 

0.17 

The Screening Practitioner rang me within 7 
days, to discuss my results* 

810/1039 
(78.0%) 

497/606 
(82.0%) 

0.96 
(0.72 to 
1.28) 

0.26 928/1191 
(77.9%) 

633/779 
(81.3%) 

0.97 
(0.73 to 
1.29) 

0.39 

I understood what my radiology results 
meant 

954/1051 
(90.8%) 

557/612 
(91.0%) 

0.98 
(0.66 to 
1.44) 

0.91 1078/1191 
(90.5%) 

705/779 
(90.5%) 

0.91 
(0.62 to 
1.36) 

0.90 
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CTC performed because colonoscopy judged unsuitable 

Of the 1191 patients who underwent CTC after being judged unsuitable for 

colonoscopy, 161 underwent a subsequent colonoscopy (to investigate 

CTC-diagnosed abnormality). These patients reported no significant 

difference in discomfort between their CTC (30 / 161 = 18.6% experienced 

greater than expected discomfort) and colonoscopy procedures (32 / 161 = 

19.9%, p=0.89). Similarly, there was no significant difference in rates of 

asking for the test to be stopped or paused (CTC: 6 / 161 = 3.7%, 

colonoscopy: 5 / 161 = 3.1%, p>0.99) or post-test anorectal or abdominal 

pain (CTC: 21 / 161 = 13.0%, colonoscopy: 24 / 161 = 14.3%, p=0.75). 

 

CTC performed after incomplete colonoscopy 

779 questionnaires were completed by screenees who had CTC following 

colonoscopy (i.e. CTC was done as a completion test); this subgroup 

described considerable discomfort at colonoscopy, with 444 / 779 (57.0%) 

agreeing or strongly agreeing that the test was more uncomfortable than 

expected, and 187 / 779 (24.0%) recalling anorectal or abdominal pain. 

Conversely, only 205 / 779 (26.3%) agreed that CTC was more 

uncomfortable than expected and 108 / 779 (13.9%) described post-test 

anorectal or abdominal pain, neither of which were significantly different 

from the CTC responses as a whole (figure 8.2).  

 

Variation across screening centres 

 

There was moderate variation between different centres regarding the 

proportion of screenees reporting pain that was more than expected 

(median centre = 25.0%, IQR = 20.0 to 31.8%), anorectal or abdominal 

pain after the procedure (median = 13.8%, IQR = 7.8 to 19.2%), and 

requirement for the test to be stopped or paused (median = 5.0%, IQR = 

2.6 to 9.7%). However, absolute numbers of responses from individual 

centres were small, meaning that these variations remained largely within 

control limits (see funnel plots, figure 8.3). After adjustment for age and 

gender, reduced-laxative bowel preparation was not associated with any 

difference in greater than expected levels of test discomfort, post-test pain, 

requirement for the test to be stopped/paused, or perceived clarity of the 

bowel preparation instructions. 
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Figure 8.2 – Responses to the question “The test was more uncomfortable 

than I expected” for all respondents (top panel) and those who had 

undergone CTC after a previous attempt at colonoscopy (bottom panel). 

 

 

 

Figure 8.3 – Funnel plots depicting variation between screening centres for 

the three “discomfort-related” measures of CTC. Each circle represents the 

response for a given screening centre, plotted against the number of 

respondents at that centre, for (a) greater than expected discomfort, (b) 

asking for the test to be stopped or paused and (c) rectal or abdominal pain 

after the test. Dashed and dotted lines represent 95% and 99.9 % control 

limits respectively. 
 

 

(a) 
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Post-procedural complications 

Data regarding complications were available for 2947 individuals who had 

undergone CTC (since complications were recorded even for those who 

had not returned a questionnaire). A total of 2988 CTC examinations were 

performed (due to repeat studies where necessary). 15 screenees had 

complications recorded that were attributed directly to CTC, giving a per-

test and per-screenee complication rate of 0.5%. These complications were 

as follows: 9 screenees reported significant pain, 4 had adverse reactions 

to intravenous medication, 1 suffered an adverse reaction to bowel 

preparation, and 1 sustained a venous thromboembolism. An additional 20 

screeenees suffered complications as a result of further tests provoked by 

either abnormal or incomplete CTC, giving a total complication rate 

(including downstream complications) of 1.2%. 15 of these were pain, and 

(b) 

(c) 
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the other 5 were bleeding (the severity of which was not specified). No 

patient suffered perforation. 66,783 colonoscopies were performed in 

64,312 individuals, of whom 683 suffered complications, corresponding to a 

per-test rate of 1.0% and a per-patient rate of 1.1%. However, more serious 

complications were recorded after colonoscopy, including 34 perforations, 

10 cardiac arrhythmias, and 2 respiratory arrests. 

 

Discussion 

 

Colonoscopy and CTC are the preferred methods of pan-colonic 

investigation for both screening and symptomatic patients. Most reports of 

large-scale implementation have focused on detection rates and safety, but 

patient experience is also an important facet. Using self-reported patient 

questionnaires, we compared experience in the BCSP, which uses both 

colonoscopy and CTC in accordance with international consensus 

recommendations179,180. Overall satisfaction was high when either CTC or 

colonoscopy was used to investigate a positive FOBt result. 

Communication of risks, benefits and test results was judged slightly poorer 

for CTC than colonoscopy. Furthermore, CTC was more likely to be judged 

unexpectedly uncomfortable than was colonoscopy. There was no 

difference in the rate of intolerable symptoms requiring either test to be 

stopped or paused, or in anorectal or abdominal pain after the procedure. 

Complication rates were similar between the two tests. These data show 

the relative “real-world” acceptability between the two tests, when 

employed as per current clinical practice recommendations, in a national 

screening programme. It is reassuring that although CTC is reserved 

specifically for individuals who are pre-categorised as challenging to 

investigate, overall acceptability and safety of the test is high. 

 

Clearly, the BCSP is a highly structured mass screening programme that 

follows well-defined patient care pathways. Prior to colonic investigation, all 

patients have pre-procedural counselling by trained SSPs and receive 

standard information literature. This is based largely upon colonoscopy, 

since it is the standard test used to evaluate a positive gFOBt result in the 

BCSP. Information provision for colonoscopy is therefore more formalised 

and robust than for CTC, which may partly explain the differences between 
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the two tests for questionnaire items regarding communication of risks, 

benefits and results. The discrepancy between the two tests regarding pre-

procedural informed consent is also to be expected, since this is universal 

for colonoscopy but not mandated currently for CTC in the BSCP. 

 

Conversely, differences in items relating to patient comfort are more 

surprising. When compared with colonoscopy, screenees were more likely 

to report that CTC was unexpectedly uncomfortable, although the absolute 

difference was small (~5%). Rates of pain following the two tests were not 

significantly different. Since the questionnaire does not record patients' 

opinions regarding absolute test-related discomfort (only relative discomfort 

in comparison to expectations), we are unable to draw conclusions 

regarding which procedure actually causes more discomfort. However, the 

fact that a similar proportion of screenees requested that CTC be stopped 

or paused to colonoscopy, implies similar levels of absolute test-related 

discomfort. Furthermore, patients who required colonoscopy after CTC (to 

confirm CTC-diagnosed abnormality) tolerated colonoscopy well, with no 

significant differences in comfort-related measures in comparison to their 

initial CTC. This observation in particular suggests that many subjects 

triaged to CTC (for perceived contraindications to colonoscopy) could 

probably have been referred directly for colonoscopy.   

 

There are several possible explanations for this apparent discrepancy in 

discomfort. Firstly, respondents may have had an unrealistic impression of 

the nature of CTC, leading to any level of discomfort being greater than 

expected. Conversely, prior expectations of colonoscopy may have tended 

towards substantial discomfort. A previous randomised trial of CTC versus 

colonoscopy showed that participants expected significantly greater burden 

from colonoscopy than they did from CTC78. We therefore feel it is likely 

that expectations of CTC were for minimal discomfort, and even fairly mild 

symptoms may have breached this threshold. 

 

A second major explanation for this variation is inherent differences 

between individuals undergoing CTC and colonoscopy. Those undergoing 

CTC were, on average, marginally older than those having colonoscopy 

(albeit only by an average of 6 months), and more likely to be female. 

Furthermore, by definition CTC was only performed when colonoscopy was 
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incomplete or deemed unsuitable initially. Such individuals may be 

particularly prone to finding any colonic procedure uncomfortable. 

Nonetheless, it is important to emphasise that this is the precise manner in 

which CTC is generally employed in FOBt-based screening programmes, 

not just the BCSP – therefore, these data directly reflect current clinical 

practice internationally. Importantly, individuals who had colonoscopy prior 

to CTC (i.e. failed endoscopy) had high levels of discomfort at colonoscopy, 

but tolerated CTC well, with no significant difference when compared to 

CTC being used as a first-line test after positive FOBt. We hope that this 

finding will allow clinicians to reassure patients who have had a difficult 

experience at colonoscopy that they are likely to tolerate their completion 

test (i.e. CTC) as well as any other individual. Finally, patients undergoing 

colonoscopy were frequently offered sedoanalgesia (in 87.9% of cases), a 

factor which might mitigate any potential differences in perceived test 

discomfort. 

 

Respondents reported greater levels of privacy and respect during their 

attendance for colonoscopy than for CTC, although absolute differences 

remained small at around 2%. These factors may reflect the relatively 

mature and streamlined nature of BCSP colonoscopy, with several hundred 

such procedures occurring at each screening centre annually. Conversely, 

most sites conduct fewer than 25 BCSP CTCs per annum, with differing 

levels of CTC expertise across the Programme (see Chapter 4). Timely 

communication of results was a further factor favouring colonoscopy, an 

inherent advantage of the test being interpreted at the time it is being 

performed (vs. subsequently, for CTC) 85,181. 

 

CTC generated relatively few direct complications, as expected for such a 

safe procedure. While the complication rate of CTC itself was lower than for 

colonoscopy, this difference disappeared once downstream complications 

due to further tests precipitated by CTC were considered. No patient 

suffered perforation as a result of CTC (either directly or downstream), 

whereas perforation occurred at a rate of approximately 1 in 1900 following 

colonoscopy, a rate comparable with existing literature39,41,182. Therefore, 

although overall complication rates are similar, it is likely that those from 

colonoscopy are more serious. However this must be balanced against its 

increased diagnostic yield of cancers and adenomas (see Chapter 5).  
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Strengths of this analysis include the large sample size and its multicentre 

nature with national coverage. Although missing data were noted, this was 

not problematic, and complete case analysis generated the same 

conclusions as multiple imputation. However, our study has limitations. 

Most importantly, participants were not randomised, and therefore the 

differences we report may be due to inherent variation (i.e. selection bias) 

between the two populations rather than directly reflecting test 

characteristics, as for Chapter 5. Arguably, this is unimportant from a 

clinical perspective: Screenees reported more unexpected discomfort at 

CTC and were less well informed about it. Our results reflect directly how 

the test is used in current BCSP clinical practice. Irrespective of the reason, 

these findings suggest improvements are needed. However, it would be 

inappropriate to use these data to argue that CTC or colonoscopy is the 

better-tolerated test when employed as a primary screening tool for 

asymptomatic subjects, as occurs in opportunistic screening programmes 

elsewhere around the world. These data derive from the clinical scenario in 

which CTC is reserved for those who are unsuitable for colonoscopy (for 

whatever reason); it was well-tolerated overall, supporting its use in the 

BCSP for this role. It is impossible to know whether or not these potentially 

vulnerable individuals would have found colonoscopy more or less tolerable 

than CTC if the former had been performed first. These BCSP data are 

likely generalisable to other mass screening programmes based on 

FOBt/FIT but will not reflect the patient experience of colonoscopy or CTC 

when employed as primary screening tests. 

 

A further limitation is response rates: Overall response rate was good 

(79%) but it is possible that the data were skewed by non-responders. 

Additionally, the BCSP patient experience questionnaire was designed by 

clinicians rather than patients, and so may not necessarily capture patient 

priorities183. Furthermore, irrespective of the precise tool used to measure 

experience, it is not clear to what extent such data influence intentions to 

participate in subsequent screening rounds. Theoretically, this could be 

addressed in the future by linking questionnaire results to actual 

subsequent screening uptake on a per-screenee basis. Although 

complication rates are recorded centrally, we cannot be certain that all 

relevant complications were captured and uploaded successfully. Finally, 
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due to the large size of the dataset, most comparisons were highly 

statistically significant, even when absolute differences were small. It is 

therefore largely a matter of judgement whether or not the differences we 

report here are clinically meaningful or not. Even so, it is our belief that the 

fact that 20 to 25% of individuals undergoing either CTC or colonoscopy in 

the BCSP found the test more uncomfortable than they expected is 

noteworthy, and suggests more nuanced patient communication is required 

in order to reduce the risk of this unexpected discomfort from affecting 

future screening participation. 

 

In summary, this study demonstrates that both CTC and colonoscopy have 

high levels of satisfaction when used to investigate a positive FOBt result in 

the BCSP. Although patients directed to CTC are pre-selected for co-

morbidity, overall test tolerability was good, with only a small increase in 

test discomfort and no difference in post-procedural pain or complication 

rates when compared to colonoscopy. Communication of test risks, benefits 

and results were rated as superior for colonoscopy. Individuals referred for 

CTC require detailed information regarding the test, particularly regarding 

levels of discomfort expected. A standardised national patient information 

leaflet (as has been designed currently), and universal training of SSPs 

regarding the nature of CTC, may help address these issues. 
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Chapter 9: What is the influence of detecting extracolonic 

findings on patients’ and professionals’ opinion of CTC 

acceptability? 

 

Contribution statement 

The work presented in this Chapter was conceived by the supervisors of 

this thesis in conjunction with Dr Darren Boone (Colchester Hospital), the 

author, statistical collaborators Dr Susan Mallett (University of Birmingham) 

and Professor Douglas Altman (Oxford University). The author obtained 

ethical approval; identified and recruited patients and conducted the 

majority of the experimental testing, aided by research assistants (Ms 

Heather Fitzke and Ms Nichola Bell) and Dr Emma Helbren; performed the 

statistical analysis; interpreted the data; and drafted this Chapter, which 

was subsequently modified in conjunction with the collaborators listed 

above. The work has been published as follows: Plumb AA, Boone D, 

Fitzke H, Helbren E, Mallet S, Zhu S, Yao GL, Bell N, Ghanouni A, von 

Wagner C, Taylor SA, Altman DG, Lilford R, Halligan S (2014). Detection of 

extracolonic pathology with CT colonography: A discrete choice experiment 

of perceived benefits versus harms. Radiology, 273(1):144-52. 

 

Introduction 

 

Chapter 5 showed that detection rates at CTC as used in the BCSP are 

substantially lower than those for colonoscopy. However, for many 

screenees, particularly those who are very frail, CTC is the only viable 

option due to the risks of adverse events or impracticality of colonoscopy. 

Furthermore, CTC is commonly applied when colonoscopy is incomplete 

(rather than contraindicated), to which the data in Chapter 5 do not apply. 

Additionally, it is important to consider the other implications of using CTC, 

particularly the detection of abnormality outside the colon. This facet of 

CTC is not covered by the patient experience questionnaires discussed in 

Chapter 8. The current chapter therefore considers the acceptability of 

uncovering extracolonic pathology at CTC. This is particularly important for 

the BCSP, in which patients undergoing CTC often have significant 

comorbidities. 
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Diagnostic tests used for cancer screening programmes usually target a 

specific organ. Screening for CRC with CTC is different since extracolonic 

abdominal and pelvic tissues are imaged unavoidably, potentially detecting 

disease in organs other than the primary target. For example, a systematic 

review of 24 studies estimated that approximately 20% of indeterminate 

renal masses detected by CTC ultimately prove malignant30. While some of 

these findings will be clinically important, the majority will not – for example, 

the same systematic review estimated false-positive diagnoses of 

extracolonic malignancy by CTC in 4.6% men and 6.8% women30. 

Clarification often requires further investigations including biopsy and even 

surgery, which may be worrisome, costly and occasionally harmful, all for 

no ultimate benefit in most patients. Balancing benefit and harm is 

important because further tests precipitated by extracolonic findings are 

common, occurring in 7 to 11% of all screenees following CTC81,86,87,126,184-

188. One US series estimated average costs for additional tests at just under 

$100 per patient screened87. However, evidence suggests that more 

asymptomatic cancers are detected beyond the colon than within it: A 

retrospective study of 10,286 screenees found that CTC detected 

extracolonic malignancies in 0.35% versus colorectal cancer in 0.21%86. 

 

The benefits or otherwise of extracolonic imaging has been debated 

widely189,190, and neither clinicians191 nor policy-makers192 are clear whether 

it is helpful or not for population screening. Furthermore, little research has 

investigated whether clinicians or their patients regard extracolonic imaging 

as desirable. Specifically, it is unclear how individual patients and 

healthcare professionals balance the possibility of detecting life-threatening 

extracolonic pathology against the larger chance of fruitless (or even 

harmful) testing precipitated by extracolonic findings. While qualitative 

studies have found that screening-age patients generally view the ability of 

CTC to visualise extracolonic organs as advantageous193, we do not know 

at what point (if at all) perceived benefit is outweighed by the 

inconvenience, worry and risks of unnecessary further investigation. We 

therefore aimed to establish the relative value that patients and healthcare 

professionals place on detection of extracolonic malignancy versus 

incidental but unimportant extracolonic findings, when using CTC for 

colorectal cancer screening.  
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Methods 

 

Ethical committee approval was granted (REC reference 10/H0715/56). All 

participants gave written informed consent. Opinions were elicited using a 

discrete choice experiment (DCE), where participants chose between two 

alternatives. Each alternative has characteristics (“attributes”, e.g. 

sensitivity or discomfort) that are presented at different “levels” (e.g. 

sensitivity 80%, 85%, 90%) during the experiment. Repeating the choice 

task with systematic variation of the levels allows the relative importance of 

each attribute to be quantified194. Since DCE are difficult to administer 

remotely195, we used face-to-face interviews.  

 

Recruitment 

 

Consecutive adults of CRC screening age (55 to 69 years), scheduled to 

attend for unrelated ultrasound investigations, were identified via the 

radiology department booking system. A research assistant mailed 

information and consent forms beforehand and responders were 

interviewed on their appointment day. Individuals with a history of CRC or 

undergoing investigations for suspected CRC were excluded to avoid 

bias85. Additionally, radiologists, colorectal surgeons, gastroenterologists, 

specialist nurses and radiographers who requested, performed, or 

interpreted colorectal imaging were recruited via hospital e-mail. The study 

was conducted at a single institution, University College London Hospitals 

NHS Foundation Trust. Participants were offered a £10 voucher. Because a 

previous study found no difference for healthcare professionals between 

online and face-to-face completion196, this group were permitted to 

complete the DCE online. All patient participants were interviewed face-to-

face by either radiology research fellows (the author or Dr. Emma Helbren), 

or research assistants (Ms. Heather Fitzke or Ms. Nichola Bell) 

 

Attributes 

 

The DCE focus was extracolonic false-positive diagnosis by CTC at CRC 

screening, described to participants as “false-alarms”. While some 
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extracolonic findings are fully characterised via further imaging (e.g. 

ultrasound for indeterminate renal lesions), others require invasive tests 

(endoscopy, biopsy, even surgery). To address both situations, participants 

undertook two separate experiments. In the first (the “radiological testing” 

experiment), participants were told that false-positive extracolonic diagnosis 

would precipitate unnecessary further imaging. Participants were instructed 

to assume the rates of such imaging to be 50% ultrasound, 45% CT and 

5% MRI, as per published literature87. Disadvantages of imaging were 

explained: Ultrasound and MRI were described as safe but resulting in 

inconvenience and potential anxiety. Noise and claustrophobia were 

described additionally for MRI. CT was described as carrying a very small 

chance of cancer induction several years afterwards197. In the second (the 

“invasive testing” experiment), false-positives led to 

biopsy/endoscopy/surgery. Participants were instructed to assume that 

approximately 50% of “invasive tests” would be operative, 25% needle 

biopsy (either Fine Needle Aspiration or core) and 25% endoscopy87. Pain, 

bleeding, perforation and a small risk of death were mentioned as possible 

complications. Participants were told that all tests for “false-alarms” were 

unnecessary, i.e. the screenee derived no benefit from the ultimate 

diagnosis; that the hypothetical population being tested was asymptomatic; 

and that the focus was purely on findings outside the colon. 

 

We then presented two hypothetical tests: Test A evaluated both the colon 

and extracolonic organs whereas Test B was confined to the colon. 

Participants were told that diagnostic accuracy for colonic neoplasia was 

identical for both tests81. Test A was assumed to detect extracolonic 

malignancy at an early/curable stage in 1 in 600 cases (a conservative 

estimate derived from literature86), whereas Test B did not. Participants 

were informed that the impact of early diagnosis on overall survival was 

unknown, and that even using Test A, many extracolonic malignancies 

would remain undetected by a one-off screening examination. Across the 

scenarios presented, the specificity (false-positive rate) of Test A was 

varied from 100% to 0.17%, corresponding to a rate of additional testing 

ranging between 0 and 599 extra tests necessary to diagnose 1 

extracolonic malignancy per 600 screenees (table 9.1).  
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Table 9.1: Attributes and levels presented in the “radiological testing” (9.1A) 
and “invasive testing” (9.1B) experiments 

Table 9.1A: “Radiological testing” experiment 

“Radiological 

testing” 

question 

number 

Test A – 

looks inside 

and outside 

the colon 

Test B – 

only looks 

inside the 

colon 

  

 False 

positive rate 

False 

positive rate 

Curable extracolonic 

cancers detected per 

600 screening 

examinations 

Additional false 

positive detections 

per 600 screening 

examinations 

1r 0 0 1 0 

2r 0.17 0 1 1 

3r* 4 0 1 24 

4r* 4 0 1 24 

5r 10 0 1 60 

6r 20 0 1 120 

7r 40 0 1 240 

8r 60 0 1 360 

9r 80 0 1 480 

10r** 99.8 0 1 599 

*Questions are identical to test for internal consistency 
**Participants choosing Test A in response to question 10 were considered non-
traders 

 

Table 9.1B: “Invasive testing” experiment 

“Invasive 

testing” 

question 

number 

Test A – 

looks inside 

and outside 

the colon 

Test B – 

only looks 

inside the 

colon 

  

 False 

positive rate 

False 

positive rate 

Curable extracolonic 

cancers detected per 

600 screening 

examinations 

Additional false 

positive detections 

per 600 screening 

examinations 

1i 0 0 1 0 

2i 0.17 0 1 1 

3i* 1 0 1 6 

4i* 1 0 1 6 

5i 2 0 1 12 

6i 4 0 1 24 

7i 10 0 1 60 

8i 20 0 1 120 

9i 40 0 1 240 

10i 60 0 1 360 

11i 80 0 1 480 

12i 99.8 0 1 599 

13i** 99.8 0 1 599 + 1 death 

*Questions are identical to test for internal consistency 
**Participants choosing Test A in response to question 13 were considered non-
traders 
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Experiment format 

 

Background information regarding CRC, screening, CTC, and risk were 

presented via a laptop presentation. Consequences of false-positive results 

were described in terms of need for additional imaging or biopsy (e.g. 

resection of indeterminate ovarian cysts). The nature of needle, endoscopic 

and surgical excision biopsy was explained. The chance of requiring an 

extra test was presented graphically and via text, using both absolute risks 

and natural frequencies to maximise understanding198 (figure 9.1).  

 

Figure 9.1: Example question from the “invasive testing” experiment. A 

hypothetical screening population of 600 individuals were presented and 

participants invited to choose between a test generating a variable rate of 

false-positives (pink) but a 1 in 600 chance of finding an early stage 

extracolonic malignancy (green) or a test that generated no false-positives 

but no chance of finding an extracolonic malignancy (yellow). Participants 

were informed that their chance of receiving any particular result could not 

be predicted in advance and was essentially random. Relative and absolute 

percentages were presented. This image corresponds to the median 

“tipping point” for patients and professionals combined: On average, Test A 

was preferred to this level of false-positive invasive tests, but not beyond. 
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Patients were told to assume they were asymptomatic and at average risk 

of both intracolonic and extracolonic pathology, and to pick the test they 

would choose for themselves or a close friend or relative. No opt-out was 

permitted – a choice had to be made. Healthcare professionals were asked 

to pick the test they felt was best suited to population screening. The 

“radiological testing” DCE was performed first, followed by the “invasive 

testing” DCE. For each experiment, the differing false-positive rates for Test 

A were presented in a non-sequential order (i.e. the rate did not rise or fall 

incrementally). One choice was repeated to test response consistency. If 

inconsistent, the response was clarified with the participant; the second 

response was used for online participants. Test A was also presented with 

a zero false-positive rate and those participants then choosing Test B in 

this scenario labeled as “irrational” responders. If this occurred, the reason 

for choosing Test B was recorded after qualitative exploration, but the 

response was retained for the subsequent analysis. Participants who 

preferred Test A despite a false-positive rate of 599/600 in the “invasive 

testing” scenario were presented with additional information emphasising 

potential harms (including death) arising from this situation. The risk of 

death was stated as 1 in 600119; participants were therefore choosing 

between a 1 in 600 chance of early extracolonic malignancy diagnosis 

versus an equivalent risk of death plus the near-certainty of unnecessary 

additional invasive procedures. 

 

Pilot testing 

To confirm comprehensibility, estimate completion time, and inform sample 

size, 15 individuals (10 professionals) were piloted. This confirmed that 

attributes and levels, and the concept of choosing between two scenarios 

(“trading” test benefits versus harms) were comprehensible. However, 

simultaneous consideration of false-positives leading to both radiological 

follow-up and invasive testing was judged too confusing, explaining why 

these were presented ultimately as separate experiments.  

 

Analysis 

The primary outcome measure was the maximum false-positive rate that 

the average participant was willing to accept in exchange for a 1 in 600 

chance of diagnosing an extracolonic malignancy; the “tipping point”. The 



 182 

pilot suggested a mean acceptable false-positive rate of 11% for invasive 

testing with a standard deviation of 0.23. To determine the median tipping 

point +/- 5% at two-sided alpha 0.05 and 90% power required 81 

participants (N=4σ2(zcrit)
2/D2 where D=0.10, σ =0.23 and zcrit=1.960)199. 

Since pilot data were non-normal, we aimed to recruit a further 15%. A pre-

specified secondary outcome to compare subgroups of patients versus 

healthcare professionals required 56 participants each for 90% power to 

detect a 20% difference in the maximum false-positive rate. 

 

Participants’ overall median tipping-point was calculated for each 

experiment, and for patients/professionals individually. Since the numbers 

of patients and professionals differed, the overall tipping-point was 

calculated using 2000 bootstrap estimates of medians and interquartile 

ranges using equally sized samples from each group (n=50). Tipping-points 

were non-normal and were therefore summarised with medians and 

interquartile ranges. Non-traders were regarded as requiring higher tipping-

points than were offered in the DCE but their responses were still included. 

The Mann-Whitney U test and Wilcoxon signed rank sum test were used for 

unpaired and paired comparisons respectively. Data were collated using 

Microsoft Excel 2011 for Mac v14.3.4 (Microsoft Corp, Redmond, WA) and 

analysed with R version 2.15.1102 (R Foundation for Statistical Computing, 

Vienna, Austria). 

 

Results 

 

318 patients and 96 healthcare professionals were invited. 79 patients 

participated (25%) but only 52 were interviewed due to scheduling conflicts. 

50 professionals participated, a response rate of 52%; 21 (42%) were 

interviewed face-to-face and 29 (58%) responded online. On average, 

patients were older than professionals (median 64.5 vs 29.5 years; 

p<0.001) and had discontinued education earlier (50% educated to degree 

level vs 94%; p<0.001; Table 9.2). There were no significant differences in 

gender ratio (p=0.54) or ethnicity (p=0.14). 
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Table 9.2: Demographic characteristics of patient and professional 
participants 

 

Characteristic Patients (n=52) Professionals* (n=50) Total (n=102) 

 N (%) N (%) N (%) 

Gender    

Male 27 (52) 29 (58) 56 (55) 

Female 25 (48) 21 (42) 46 (45) 

    

Age (years)    

<25 0 (0) 1 (2) 1 (1) 

25-34 0 (0) 31 (62) 31 (30) 

35-54 0 (0) 18 (36) 18 (18) 

55-59 1 (2) 0 (0) 1 (1) 

60-69 51 (98) 0 (0) 51 (50) 

    

Ethnicity    

White 42 (81) 34 (68) 76 (75) 

Non-white 10 (19) 16 (32) 26 (25) 

    

Education    

Degree-level 26 (50) 47 (94) 73 (72) 

Other 26 (50) 3 (6) 29 (28) 

 

*Comprising 10 radiologists, 5 gastroenterologists, 4 surgeons, 19 registrars in 
these specialties, 2 specialist colorectal nurses and 10 radiographers. 

 

Non-traders 

For the “radiological testing” DCE, 61 participants of the 102 interviewed 

(60%; 41 patients, 20 professionals) were deemed non-traders (i.e. they 

always chose Test A), 24 of whom (24% overall; 23 patients, 1 

professional) were also non-traders for the “invasive testing” DCE. The 

“invasive testing” DCE included a scenario where the chance of death was 

directly equivalent to the chance of diagnosing extracolonic malignancy and 

carried the additional disadvantage of the near-certainty of an unnecessary 

invasive procedure; nonetheless, the 24 non-traders felt unable to choose 

Test B, which was confined to the colon. Conversely, a single patient 
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participant never chose Test A (even for the zero false-positive scenario), 

stating that colorectal cancer screening should examine the colon alone. 

On average, non-traders were significantly older (median age 64.5 vs. 29.5; 

p<0.001), significantly more likely to be patients (41 [79%] vs. 20 [40%]; 

p<0.001), and were less educated than traders (38 [62%] degree-level 

education vs. 35 [85%]; p<0.01). We found no significant difference in sex 

(52% vs. 59% male; p=0.55) or ethnicity (79% vs. 68% white; p=0.24).  

 

Radiological testing DCE 

 

When the consequence of extracolonic findings was radiological testing, 

the median tipping-point occurred at a false-positive rate of >99.8% (IQR 

10 to >99.8%; Table 9.3). Thus, the average participant was prepared to 

tolerate at least a 99.8% rate of unnecessary additional radiological tests in 

order to diagnose a single additional extracolonic malignancy. At a 

prevalence of 1 in 600 for potentially curable extracolonic malignancy, this 

corresponds to >599 (IQR 60 to >599) unnecessary additional radiological 

tests to find one curable extracolonic malignancy.  

Table 9.3: Tipping points and number of FP deemed acceptable in each 
scenario, for patients, professionals, and the two groups combined. 

 

 Tipping point (Maximum false 

positive rate acceptable to 

find one extracolonic cancer) 

Average number of additional 

FP tolerated per additional 

extracolonic cancer found 

 Median IQR Median IQR 

Patients     

Scans >99.8 >99.8 to >99.8 >599 >599 to >599 

Invasive tests >99.8 20 to >99.8 >599 120 to >599 

Professionals     

Scans 40 10 to >99.8 240 60 to >599 

Invasive tests 5 2 to 10 30 12 to 60 

Combined     

Scans >99.8 10 to >99.8 >599 60 to >599 

Invasive tests 10 2 to >99.8 60 12 to >599 

 



 185 

Patients were prepared to accept a significantly higher number of false-

positives (median >599, IQR >599 to >599; figure 9.2A) than professionals 

(median 240, IQR 60 to >599, p<0.001; figure 9.2B). 

 

Figure 9.2: Cumulative plot of tipping-points expressed as absolute 

numbers of additional unnecessary tests for patients (upper panel) and 

professionals (lower panel) in the “radiological testing” experiment. Each 

grey dot shows an individual’s tipping-point. Large red square shows the 

median value, corresponding to “an average participant”. Blue squares 

show 25 and 75 percentage points. 
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Invasive testing DCE 

 

When the consequence of extracolonic findings was invasive, the median 

tipping-point occurred at a false-positive rate of 10% (IQR 2 to >99.8%). 

Thus, the average participant was prepared to tolerate a 10% rate of 

unnecessary additional invasive tests in exchange for diagnosis of a single 

extracolonic malignancy. At population prevalence of 1 in 600, this 

corresponds to 60 (IQR 12 to >599) additional invasive tests per 

extracolonic malignancy. Again, patients were prepared to tolerate higher 

numbers of false-positives (median >599, IQR 120 to >599 plus risk of 

death; figure 9.3A) than professionals (median 30, IQR 12 to 60, p<0.001; 

figure 9.3B).  

 

 

Figure 9.3: Cumulative plot of tipping-points expressed as numbers of 

additional unnecessary tests for patients (this page) and professionals (next 

page) in the “invasive testing” experiment: Colour-codes are the same as in 

figure 9.2. 
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The median number of false-positives tolerated per extracolonic 

malignancy was significantly higher for the “radiological testing” DCE than 

the “invasive testing” DCE (p<0.001), demonstrating that additional imaging 

was deemed more acceptable than additional invasive tests. 

 

There was no significant difference between the median tipping-points for 

patients interviewed by either radiologists or research assistants (p=0.57), 

or between professionals who gave their responses online as opposed to 

face-to-face (p=0.81). 

 

Discussion 

 

Extracolonic findings at CTC present a clinical dilemma: Early diagnosis of 

important pathology might be curative but unnecessary investigation of 

ultimately irrelevant findings has physical, psychological and financial costs. 

How patients and healthcare professionals balance these costs is not 

known with precision, hence our decision to conduct these experiments. 

We found that patients were prepared to tolerate an extremely high rate 

(>99.8%) of unnecessary additional imaging or invasive tests subsequent 

to screening CTC in order to reap the potential benefits of finding early-

stage extracolonic malignancy. While healthcare professionals were less 
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tolerant of unnecessary follow-up testing than patients, nevertheless we 

were surprised by the very high rates they endured; on average 40% was 

deemed acceptable for radiological follow-up. Invasive tests were deemed 

less acceptable by healthcare professionals, with the median “tipping point” 

at 5%. Nevertheless, these rates are substantially greater than occur in 

published series, where approximately 7-11% of individuals required further 

diagnostic testing following CTC with only 1-2% requiring an invasive test30. 

Our data therefore suggest that the specificity of screening CTC for 

extracolonic findings in current clinical practice is likely to be highly 

acceptable to both patients and healthcare professionals.  

 

Previous studies quantifying patients’ perceptions of false-positives have 

shown an overwhelming preference for improved sensitivity despite the 

costs of diminished specificity. When considering breast cancer screening 

with mammography, one study200 found that 63% of women were prepared 

to accept 500 or more additional false-positive mammograms to save a 

single life by early breast cancer diagnosis. A more recent UK survey of 

1000 participants confirmed that the median rate of false positives deemed 

tolerable was between 11 and 31% at a hypothetical cancer prevalence of 

5%201. A study of CTC for colorectal cancer screening found patients would 

tolerate over 4000 false-positive diagnoses to avoid a single missed 

colorectal cancer196; however, the issue of extracolonic malignancy was not 

examined. We found patients equally tolerant in the context of extracolonic 

malignancy, confirming that detection of important pathology outweighs the 

perceived disadvantages of subsequent testing, irrespective of the organ 

under consideration.  

 

Our data, while framed in the context of colorectal cancer screening, 

potentially have wider implications for incidental findings discovered by 

other imaging modalities. Such “incidentalomas” are common in CT 

urography202, CT coronary angiography203, thoracic CT when screening for 

lung cancer204, and abdominopelvic CT, provoking the American College of 

Radiology white paper for management guidance205. Our results suggest 

that both patients and healthcare professionals are likely to tolerate 

additional work-up in these different clinical settings, but we have not tested 

this directly. We chose a prevalence of incidentally-detected extracolonic 

malignancy of 1 in 600, based on available data for CTC screening 
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populations30; we would expect tipping-points to differ if this prevalence 

changed. For example, our 10% invasive test rate deemed acceptable 

overall might be unacceptably high if the chance of uncovering an 

unexpected malignancy fell to 1 in 2,000 (as was found in one large lung 

cancer screening trial206).  

 

When completing simple rank-order preferences, patients almost always 

choose the most accurate, comfortable, convenient and cheapest test. In 

contrast, DCE reflects “real-world” choices, where different attributes must 

be traded against each other207. Since DCEs are complex to comprehend, 

we interviewed patient participants face-to-face, provided extensive 

background information using laptops and graphical aids, and were 

available to answer questions. Despite this, many patients made the 

(apparently irrational) decision to choose Test A for the scenario where it 

was presented alongside a risk of death from unnecessary further 

investigations equal to the chance of detecting extracolonic malignancy, 

and the near-certainty of an unnecessary invasive procedure. Such 

counter-intuitive behavior may arise from prior belief208; many patients 

could not deviate from their conviction that early cancer diagnosis is always 

preferable, irrespective of associated risks. Others stated an unwillingness 

to live with the uncertainty of not knowing whether an equivocal 

extracolonic lesion was significant or not, apparently overlooking the fact 

that such uncertainty could be avoided entirely by choosing Test B, which 

was unable to image beyond the colon. 

 

Limitations of our study include the necessary simplifications required to 

render DCEs comprehensible. For example, attributes of intracolonic 

performance, bowel preparation, discomfort during the examination, and 

radiation dose were not included other than as background information; 

increasing the number of attributes and their levels renders DCE 

impracticable in terms of both cognitive complexity and the number of 

individual scenarios required to achieve statistical power. Our piloting 

confirmed this, so we examined radiological and invasive follow-up via 

separate experiments whereas, in reality, a false-positive result might 

generate both. Also, participants’ responses may not reflect their real-life 

behavior, a limitation of all stated-preference methodologies. We could not 

estimate an upper boundary to patients’ tolerance of false-positives 
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because the non-trade rate was so high; higher than suggested by our pilot. 

Consequently, estimates of the median tipping point had a broader IQR 

than anticipated. Future researchers should consider treating patients and 

professionals as separate groups from the outset, and power accordingly. 

The response rate for patients was also lower than expected, perhaps 

because of the cognitive complexity posed by the DCE. Costs arising from 

additional testing was not investigated. Finally, we studied outpatients 

attending hospital for unrelated investigations, who may not fully represent 

an unselected screening population. 

 

In summary, via discrete choice experiment we found that both patients and 

healthcare professionals believe diagnosis of extracolonic malignancy by 

screening CTC greatly outweighs the potential disadvantages of 

subsequent radiological or invasive investigation precipitated by false-

positives. This belief was held more strongly by patients than healthcare 

professionals. The specificity of CTC for extracolonic malignancy in clinical 

practice is likely to be highly acceptable to both patients and healthcare 

professionals. 
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Chapter 10: What are the reasons for non-attendance for 

colonic testing after a positive FOBt result? 

Contribution statement 

 

Data for this chapter were collected in collaboration with Dr Christian von 

Wagner and Dr Alex Ghanouni, both from the UCL HBRC; Dr Sandra 

Rainbow and Dr Natasha Djedovic, both from the London BCSP Hub; Ms 

Sarah Marshall from the St Mark’s Hospital BCSP Screening Centre and 

Ms Judith Stein from the UCLH Screening Centre. The author sought 

ethical permission and approval from the BCSP research committee, 

organised data collation, analysed the data and drafted the report, which 

was modified with collaboration of the individuals named above and the 

supervisors of this thesis.  

 

Introduction 

 

The previous chapters have shown that BCSP CTC is well-accepted by 

patients despite being targeted at frail patients, and that diagnosis of 

extracolonic pathology is viewed as a potential advantage by both patients 

and doctors. One possible explanation for the higher perceived discomfort 

levels at CTC relates to patient expectation of a less burdensome test when 

compared with colonoscopy. Such expectations raise the possibility of 

using CTC to boost adherence to screening – screenees who expect the 

test to be less uncomfortable might be more likely to complete screening. 

This chapter addresses this by investigating the reasons for non-

attendance at colonic testing in the BCSP following a positive gFOBt result.  

 

Non-completion of screening is a significant problem for gFOBt-based 

programmes. Randomised trials of FOBt screening found non-completion 

rates of between 7-17% after a positive FOBt result20,51,53,209. Similarly, 

analysis of both the UK national CRC screening pilot28 and its roll-out to the 

first million patients29 found non-completion rates of 15-18% after positive 

FOBt. Comparable data from the French programme report a rate of 

12%210; in Ontario, Canada, the figure is approximately 1 in 3211.  Therefore, 

depending on the precise structure of the programme, between 10-33% of 
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screenees testing positive for FOBt ultimately do not undergo confirmatory 

testing. These “epidemiological signals” suggest there may be missed 

diagnostic opportunities212 in FOBt-based CRC screening at or around the 

time of colonoscopy – which might be targets to improve uptake. 

Maximising screening completion (i.e. colonoscopy) is crucial for these 

patients, because approximately 10% will have CRC and another 40% will 

have adenomas at their first screen29. 

 

In general terms, missed diagnostic opportunities may be due to 

organizational factors (e.g. insufficient endoscopy resource, poor referral 

guidelines) or patient factors (e.g. cognitive, emotional or physical barriers). 

However, organizational factors are of less relevance to modern population 

screening programmes such as the BCSP in which endoscopy capacity is 

assured, referral guidelines are established, and the administrative burden 

is often centralised29,210,211. Conversely, there are few data regarding 

patient-specific factors underpinning non-completion of colonoscopy after a 

positive screening FOBt result. A recent systematic review213 found only 

two studies214,215 investigating this topic specifically. One of these derived 

from an opportunistic rather than organised screening programme and 

included mainly physician-related rather than patient-related factors214; and 

the other only dealt with hypothetical attendance at screening rather than 

actual attendance215. 

 

So, FOBt-positive individuals who do not attend for subsequent 

colonoscopy represent a relatively large group at very high risk of colonic 

abnormalities. Most importantly, existing literature regarding reasons for 

non-completion of diagnostic testing is scant and largely irrelevant to the 

BCSP, which does not rely on primary care referrals to complete colonic 

evaluation after a positive FOBt result. Effective interventions to decrease 

colonoscopy non-attendance in this group would be of considerable benefit 

to population health in the UK. However, planning such interventions is 

difficult without an understanding of the reasons underpinning non-

attendance. 

 

This chapter investigates reasons for non-attendance for colonic testing 

after positive FOBt in the BCSP via retrospective review of screening 

records.  
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Materials and Methods 

This study was approved by the BCSP Research Committee. Permission to 

access anonymised data of screening participants that was acquired as 

part of routine care was waived by the UCL/UCLH Joint Research Office. 

Participant recruitment 

The BCSP structure has been described in chapter 2. This study was 

conducted within two of the 62 screening centres; the St Marks’ Hospital 

and University College London Hospitals centres.  

 

Potentially eligible participants were identified by using the BCSP in-house 

database, BCSS, by the Hub Director, Dr Sandra Rainbow or her 

successor, Dr Natasha Djedovic. Individuals were considered eligible for 

inclusion if they had returned a positive FOBt result between November 

2011 and April 2013 but had not undergone whole-colon testing during that 

screening episode. This could be due to either (i) non-attendance at the 

SSP clinic, or (ii) non-participation at colonoscopy. Regarding the former, 

routine BCSP practice is for two appointment letters to be sent for the SSP 

clinic.  If no contact has been made after this, the screenee is considered a 

non-attender and the screening episode is closed. Non-participation at 

colonoscopy among those who have seen a SSP and booked an 

appointment is followed up by a telephone call (and a letter if non-

contactable by telephone), inviting the screenee to re-arrange the 

appointment; non-response precipitates episode closure.  

 

Patients who had fulfilled either of these criteria were deemed potentially 

eligible for our study (Figure 10.1). Both types of non-attenders would be 

re-invited for FOB testing two years after their last episode has been closed 

(as per normal practice) as long as they remain within the eligible age 

range (up to 75th birthday).   

 

Data extraction 

We subsequently undertook a medical records review of eligible 

participants in order to obtain recorded information about non-attendance.  

 



 

1
9
4
 

Figure 10.1: Definitions of non-attendance at the SSP clinic and at the colonoscopy appointment (arrows). 
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Each event within a given screening episode (whether a test result, care 

decision, or clinical interaction, including telephone consultations) is 

recorded on the BCSS database. Free text entries are encouraged and, 

after patient consultation, such notes are kept meticulously by SSPs. In 

combination with structured entries regarding test completion / non-

completion, these clinical notes constitute a detailed and valuable resource 

for monitoring and assessing patient behavior in the BCSP. 

 

To complete the screening records review, the Screening Hub Director 

reviewed the clinical entries for patients meeting our inclusion criteria on 

BCSS and extracted the following; (i) screenee age and sex; (ii) point of 

departure from the screening pathway (i.e. non-attendance at the SSP 

clinic vs colonoscopy); (iii) previous CRC screening history; (iv) subsequent 

CRC screening history; and (v) free-text entries recording reasons for non-

attendance. Free text entries were made by Screening Centre Staff and 

summarised telephone or face-to-face conversation with the patient or their 

representative. Subsequently, these free-text entries were coded by the 

author of this thesis and Dr Alex Ghanouni, a psychology researcher. 

Initially, each researcher independently analysed the free-text data and 

developed interim hierarchies of themes emerging as reasons for non-

attendance216,217. The two researchers then harmonised these themes by 

face-to-face discussion. Any disagreements were resolved in consensus, 

arbitrated by Dr Christian von Wagner, Senior Lecturer in Health 

Psychology, UCL who was blinded to the initial coding steps.  

 

Finally, for each individual subject, the single most important reason for 

non-attendance was recorded, as judged subjectively by the raters based 

on information in the medical records. Data were summarised with 

descriptive statistics.  

 

Results 

Characteristics of study population 

During the study period, 177,863 individuals were invited to participate in 

the programme across the two screening centres. 87,664 completed FOBt 

screening (49.3%) and 2,404 had a positive result (2.7% of those who 
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returned a test kit). Records review identified 170 individuals (7.1% of those 

with a positive result) who ultimately did not undergo colonoscopy prior to 

screening episode closure (see Figure 10.1 for routes leading to episode 

closure). Of these, 88 individuals (51.8% of all non-attenders for 

colonoscopy) were excluded by the screening hub director prior to data 

extraction because they had died, left the country, moved to another part of 

the country or had withdrawn from the screening programme, leaving 82 

cases for further analysis. Patient characteristics are summarised in Table 

10.1. Included individuals had a median age of 64.5 years (interquartile 

range 62.2 to 69.2 years) and there was an approximately equal gender 

split (42 females, 40 males). Patients often had a previous history of non-

adherence to screening: 36 kits had been returned from the 72 previous 

episodes for which data were available, giving an overall previous gFOBt 

uptake of 50.0%. Approximately half of all non-attenders did not attend the 

SSP clinic appointment (38/82, 46.3%) and the other half did attend the 

SSP clinic but declined colonoscopy (44/82, 53.7%).  

 

Table 10.1: Characteristics of patients included in the study. 

 

Characteristic Number (%) 

Sex  

 Females 42 (51.2) 

 Males 40 (48.8) 

Screening centre  

 Centre 1 43 (52.4) 

 Centre 2 39 (47.6) 

Point of attrition  

 Before SSP clinic 38 (46.3) 

 After SSP clinic, before colonoscopy 44 (53.7) 

 

 

Patients frequently made repeated telephone contact with screening 

services, despite ultimately not attending for colonic testing. The median 

number of times a non-attending screenee was in contact with the 

screening centre was 2 (interquartile range: 1 to 4); of those who actually 

contacted the centre, the median number of contacts was 3. Furthermore, 
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family members often also telephoned screening centres on the behalf of 

the patient; this occurred for 15 of the 82 individuals (18.3%). Most 

commonly, this was to explain non-attendance. 8 patients (or family 

members) requested an interpreter (9.8%).  

39 individuals had been sent a further FOBt kit by the time of data analysis 

(i.e. had entered their next biennial round of FOBt screening). Of these, 

only 17 (43.6%) completed this further round of screening.  

 

 

Reasons for non-participation at screening colonoscopy 

For 66 of 88 patients (80.5%) it was possible to extract at least one reason 

for non-participation from the clinical records. 16 individuals had no relevant 

information recorded. The remaining 66 individuals had a total of 93 

recorded reasons for non-participation, summarised in Table 10.2.  

 

Most patients had a single recorded reason for non-participation (43/66, 

65.2%), 18 subjects (27.3%) had 2 recorded reasons and 5 individuals 

(7.6%) had 3 recorded reasons. Explanations for non-participation fell into 

seven broad categories: unwillingness to have the test (28 of 93 reasons, 

30.1%), other commitments (21 of 93 stated reasons, 22.6%), belief that 

the FOBt result was a false-positive (16 of 93 reasons, 17.2%), another 

health issue taking priority (14/93 reasons, 15.0%), already having 

investigation planned elsewhere (7 of 93 reasons, 7.5%); practical barriers 

(5 of 93 reasons, 5.4%) and patient errors in bowel preparation / dietary 

restriction (2/93 reasons, 2.2%) (see Table 10.2). 

 

Reasons for non-participation were largely similar for either SSP clinic or 

colonoscopy non-participation, with the exception that SSP clinic non-

attenders were more likely to have already arranged colonoscopy outside 

the BCSP (SSP non-attenders: 5 of 23 total reasons for non-attendance, 

21.7%; Colonoscopy non-participants: 2 of 70 total reasons, 2.9%, 

p=0.0079; Table 10.2).  
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Table 10.2: Reasons for non-attendance for further colonic testing, as 
stated by 66 individuals; 22 SSP clinic non-attenders and 44 colonoscopy 
non-attenders. For patients giving more than reason for non-attendance, all 
reasons are recorded here. 16 further individuals (all of whom did not 
attend the SSP clinic) had no recorded explanation for non-attendance. 
Percentages use the total number of reasons given for non-attendance by 
that category of patient (i.e. SSP-clinic non-attenders or colonoscopy non-
attenders) as the denominator. 

 

Reason for non-attendance SSP clinic 
non-attenders, 
n=22 (%) 

Colonoscopy 
non-attenders, 
n=44 (%) 

All non-
attenders 
(%) 

 
Other commitments 
 

   

 Away / out of country 2 (8.7) 8 (11.4) 10 (10.8) 
 Due to leave country 0 (0.0) 1 (1.4) 1 (1.1) 
 Family wedding 0 (0.0) 1 (1.4) 1 (1.1) 
 Family emergency 0 (0.0) 1 (1.4) 1 (1.1) 
 Family member unwell 0 (0.0) 1 (1.4) 1 (1.1) 
 Work 1 (4.3) 1 (1.4) 2 (2.2) 
 Not otherwise specified 2 (8.7) 3 (4.3) 5 (5.4) 
     

 Total 5 (21.7) 16 (22.9) 21 (22.6) 

 
Unwilling to have test 
 

   

 Anxiety     
  - About pain 0 (0.0) 1 (1.4) 1 (1.1) 
  - About risks 0 (0.0) 2 (2.9) 2 (2.2) 
  - Not otherwise specified 2 (8.7) 2 (2.9) 4 (4.3) 
 Does not want bowel preparation 0 (0.0) 1 (1.4) 1 (1.1) 
 Fasting for Ramadan  0 (0.0) 1 (1.4) 1 (1.1) 
 Fasting  0 (0.0) 1 (1.4) 1 (1.1) 
 Wanted FOBt instead 0 (0.0) 1 (1.4) 1 (1.1) 
 Wanted female endoscopist 0 (0.0) 1 (1.4) 1 (1.1) 
 Not otherwise specified 4 (17.4) 12 (17.1) 16 (17.2) 
     

 Total 6 (26.1) 22 (31.4) 28 (30.1) 

 
Feels FOBt was false-positive  
 

   

 Haemorrhoids 1 (4.3) 1 (1.4) 2 (2.2) 
 Touched stool with bloody tissue 1 (4.3) 0 (0.0) 1 (1.1) 
 No symptoms 0 (0.0) 2 (2.9) 2 (2.2) 
 Normal screening 2 years prior 0 (0.0) 1 (1.4) 1 (1.1) 
 Normal recent endoscopy 1 (4.3) 9 (12.9) 10 (10.8) 
     

 Total 3 (13.0) 13 (18.6) 16 (17.2) 

 
Other health issue took priority 
 

   

 Breast mass 0 (0.0) 1 (1.4) 1 (1.1) 
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 Cardiological problem 0 (0.0) 1 (1.4) 1 (1.1) 
 Common cold 0 (0.0) 1 (1.4) 1 (1.1) 
 Dementia 1 (4.3) 0 (0.0) 1 (1.1) 
 Feverish 1 (4.3) 0 (0.0) 1 (1.1) 
 Mild hypokalaemia 0 (0.0) 1 (1.4) 1 (1.1) 
 Temporarily high warfarin dose 1 (4.3) 0 (0.0) 1 (1.1) 
 Unstable angina 0 (0.0) 2 (2.9) 2 (2.2) 
 Not otherwise specified 1 (4.3) 4 (5.7) 5 (5.4) 
     

 Total 4 (17.4) 10 (14.3) 14 (15.1) 

 
Patient error 
 

   

 Did not comply with diet 
restriction 

0 (0.0) 1 (1.4) 1 (1.1) 

 Took bowel preparation 
incorrectly 

0 (0.0) 1 (1.4) 1 (1.1) 

     

 Total 0 (0.0) 2 (2.9) 2 (2.2) 

 
Practical barrier 
 

   

 Distance to travel 0 (0.0) 1 (1.4) 1 (1.1) 
 No escort available 1 (4.3) 2 (2.9) 3 (3.2) 
 Unable to fast 0 (0.0) 1 (1.4) 1 (1.1) 
     

 Total 1 (4.3) 4 (5.7) 5 (5.4) 

 
Planning treatment elsewhere 
 

   

 NHS symptomatic service 2 (8.7) 2 (2.9) 4 (4.3) 
 Private sector 3 (13.1) 0 (0.0) 3 (3.2) 
     

 Total 5 (21.7) 2 (2.9) 7 (7.5) 

    
GRAND TOTAL 23 (100.0) 70 (100.0) 93 

(100.0) 

 

Author interpretations of free-text data entries  

While interpreting SSP-recorded free text records, we noted that many 

stated reasons for non-attendance were temporary rather than permanent. 

Examples included short-term illnesses (such as a cold, fever or a problem 

with medication) or brief trips away, neither of which would preclude colonic 

testing at a later date. In these cases, patients may have subsequently 

forgotten about their appointment. However, some individuals later refused 

colonoscopy even after a telephone reminder (e.g. “SSP contacted patient: 

she said she could not come because she's got a bad cold. She was asked 

if she wanted to rebook. She said she will call when she feels 
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better…[weeks later]…SSP phoned patient to rebook test but she does not 

want to proceed”; female, 71 years). Another common theme was denial 

and disbelief that the FOBt result might indicate CRC, and instead must 

have been a false-positive (e.g. “Patient opted out – insists results were 

positive due to a bloody tissue she placed on faeces”; female, 69 years; 

“Patient has piles and she is convinced that the bleeding was just due to 

that”; female, 69 years).  

 

Discussion 

For this study, I (and collaborators) retrospectively reviewed medical 

records of patients who had not completed colonic testing despite a positive 

screening FOBt result. Reasons for non-attendance could be grouped into 

several broad categories, with the largest of these being unwillingness to 

have colonoscopy, other commitments, the belief that the FOBt test result 

was a false-positive, or other health issues taking priority.  

 

Previous research regarding non-attendance for colonoscopy has often 

focused on its use as a first-line test213. Although this provides information 

regarding colonoscopy-specific barriers, it does not necessarily apply to a 

screening programme based on FOBt such as the BCSP, in which patients 

testing positive are at higher risk of CRC and may be more motivated to 

overcome obstacles218,219. A recent systematic review213 found only two 

studies214,215 investigating barriers to colonoscopy after a positive FOBt. 

Shields et al214 reported on patients in a US municipal opportunistic 

screening programme: Those with a positive family history of CRC, greater 

worry regarding cancer or with a more strongly positive FOBt result were 

more likely to undergo colonoscopy. Zheng et al215 found that patients who 

perceived fewer barriers to screening, greater benefits of screening and 

had greater knowledge of CRC risk factors reported higher intention to 

complete screening. More recently, observational data from a centralised 

population screening programme in Ontario, Canada, found that 

participants with recent prior colonoscopy, hospital admission or having 

repeat FOBt were less likely to complete colonic testing211. However, this 

study only investigated screenees’ medical histories rather than their actual 

opinions or stated reasons for non-attendance. 

 



 201 

We found that the test itself (i.e. colonoscopy), constituted one of the main 

barriers to participating in following up a positive FOBt result in the BCSP. 

This finding may be relevant for CTC which might be perceived as less 

invasive. Data from a Dutch randomised trial suggested that non-

attendance at colonoscopy was more likely to be due to concerns regarding 

the test, whereas non-attendance at CT colonography was more likely to be 

due to lack of time220. US data suggests that non-attenders at colonoscopy 

would accept an offer of CT colonography221, and a small randomised study 

from Italy found that FOBt-positive patients who declined colonoscopy were 

more likely to attend when offered CTC than those who were re-offered 

colonoscopy222. Taken together, these data suggest that an offer of CTC 

may have at least some role to play in boosting adherence to the screening 

pathway in the BCSP. 

 

However, altering the test used will not address the fundamental reasons 

for non-attendance in all patients. For example, 16 patients felt there were 

alternative explanations for their positive FOBt result (including 

haemorrhoids) or that the result was somehow “incorrect” (for example, 

having had a normal previous colonoscopy). A recent analysis of the FOBt-

based screening programme in Ontario, Canada, found a significantly lower 

rate of colonoscopy completion in FOBt-positive subjects who had a recent 

(<2 years) previous colonoscopy211, mirroring our findings. Offering an 

alternative test will not address such misconceptions. Instead, it is 

important to improve awareness of the concept and principles of CRC 

screening, particularly with regard to previous colonoscopy. 

 

The vast majority of reasons for non-completion could have potentially 

been overcome. For example, a temporary need to fast during Ramadan or 

incorrect use of bowel preparation could be resolved by rescheduling 

colonoscopy. Similarly, while some of the other health issues taking priority 

were serious, others were much less so (such as temporary problems with 

medication, having a fever or the common cold), and would not ordinarily 

prevent a patient from having a colonoscopy at a later date. It is possible 

that these stated reasons often masked the true underlying causes of non-

attendance. Previous studies have described that patients often present 

superficial explanations for non-attendance that obscure genuine concerns, 

such as fear of being diagnosed with cancer223.  
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A strength of this study was the fact that we were able to identify reasons 

for non-attendance among a particularly difficult-to-access group of 

individuals, often neglected by prior research. Furthermore, these are 

patient-triggered case notes, meaning that the contents are likely to align 

with the patient’s own interpretations and beliefs. However, the fact that we 

found a much smaller proportion of patients who did not complete colonic 

testing (7.1%) than has previously been reported, both in the BCSP 

specifically29 and internationally210,211,223 and because we only recruited a 

relatively small number of patients from only two screening centres, 

potentially mitigates against the generalizability of our findings. The much 

lower 7.1% non-attendance rate we documented here is likely due to 

different methods of data extraction and “filtering” of our dataset by the 

screening Hub Director to ensure patient confidentiality; it is therefore 

possible that we have not captured some important reasons for non-

attendance. 

 

Our study is also limited by the fact that we were required to use 

retrospective reviews of medical records to overcome the difficulties of 

contacting and interviewing non-adherent patients. Although detailed, it is 

possible that these medical records do not capture all relevant reasons for 

non-attendance. Furthermore, there is a degree of subjectivity when 

assessing and coding these reasons, although we reduced this by using 

two independent coders and resolving disagreements in consensus with a 

third arbitrator.  

 

Given that many patients in their interactions with the screening center 

cited surmountable barriers, it is important to consider how uptake of 

diagnostic follow-up could be increased. Some possible approaches to 

address the specific barriers we uncovered are shown in Table 10.3.  A 

“hybrid” approach, with primary care endorsement of a centrally-

administered screening process might unify the advantages of both 

strategies. Such primary care endorsement has been shown to boost FOBt 

uptake224 and so it is plausible that it might also be effective for 

colonoscopy non-attenders. Nonetheless, some patients still do not adhere  
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Table 10.3: Possible approaches to increasing uptake of colonic testing 
based on apparent barriers 

 

Barrier: Concern regarding the test 

 Examples: Anxiety / fear of pain or of bowel preparation 

 

 Possible approaches 

   Establish whether concern is of the test itself or fear of 

cancer diagnosis 

   Target specific concerns raised by patients (e.g. provide 

data regarding test tolerability and sedoanalgesia) 

   Consider alternative tests (e.g. CT colonography, possibly 

with reduced laxative bowel preparation) 

Barrier: Belief FOBt result is a false positive 

 Examples: Haemorrhoids; previous normal endoscopy 

 

 Possible approaches 

   Education regarding the nature of FOBt screening 

   Probe if this explanation is masking other fears / barriers 

Barrier: Temporary practical, health or lifestyle barrier 

 Examples: Busy time at work; family holiday; short-term illness 

 

 Possible approaches 

   Reschedule appointment 

   Automated reminders, to trigger after temporary barrier has 

resolved 

   Explain the importance of timely colonic testing 

   Probe if temporary barrier obscures other concerns 

Barrier: Other health issue taking priority 

 Examples: Illness  

 

 Possible approaches 

   Reschedule appointment 

   Establish priority / severity of other health concerns 

   Engage primary care provider 

Barrier: Informed refusal 

 Examples: Autonomous decision not to undergo screening 

 

 Possible approaches 

   Ensure patient fully informed of screening risks / benefits 

   Provide information regarding how to re-enter screening at 

a later date if desired 

   Respect autonomy 
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to screening. Direct contact with health professionals who can present the 

case for screening, support informed decision-making, and assist people 

through the process, may be essential for patients who do not engage with 

reminder letters. US research with “hard-to-reach” groups suggests that so-

called “patient navigation” can achieve greater effects compared with those 

reported for more conventional low-intensity interventions225. 

 

In summary, the most frequently stated reasons for non-completion of 

colonic testing after a positive BCSP FOBt kit were unwillingness to have 

colonoscopy, the perception that the FOBt result was a false positive or 

other commitments and health issues taking priority. These individuals 

have low adherence to subsequent FOBt screening rounds, meaning they 

remain a difficult-to-screen group. Education regarding the nature of FOBt 

screening and offering alternative tests such as CTC with flexible 

scheduling at a range of locations might address some of these concerns. 
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SECTION D: APPROACHES TO OPTIMISE CTC 

INTERPRETATION IN THE BCSP 

 

 

 

The research presented in Section B shows that detection rates by CTC in 

the BCSP are considerably lower than for colonoscopy, and this cannot be 

explained by either the magnitude of gFOBt positivity or terminal digit 

preference bias. One possible explanation is missed lesions, which may in 

turn be related to radiologist factors such as lack of experience with 

cancers in gFOBt-positive patients; or incorrect CTC viewing and 

interpretation technique. The following Section investigates some of these 

possibilities. 
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Chapter 11: Comparison of the morphologies of screen-

detected versus symptomatic cancers at CTC 

Contribution statement 

 

Data in this chapter were gathered in collaboration with Prof Wendy S 

Atkin, co-Chief Investigator of the SIGGAR trials and members of her 

statistical and support team (Ms Kate Wooldrage, statistician; Ms Urvi 

Shah, statistician; Ms Laura Turner, research coordinator). BCSP data 

were collated with the assistance of Ms Claire Nickerson, Professor Julietta 

Patnick, Dr David Burling, all members of the BCSP Radiology Quality 

Assurance Group and many radiologists across the BCSP. Dr Fiona 

Pathiraja (Specialty Registrar, University College Hospital) acted as a 

reader in this study. The author secured permissions, co-ordinated scan 

retrieval, reviewed the scans, analysed the data and wrote the report. 

 

Introduction 

 

Although CTC is now disseminated widely, the morphological features, if 

any, distinguishing screen-detected from symptomatic cancers have 

received little attention. Notably, data presented in Chapter 4 suggest that 

screening cases account for only approximately 5% of CTC workload, 

meaning that any individual BCSP radiologist will rarely gain enough 

personal exposure to BCSP-diagnosed CRC to make a meaningful 

comparison with cancers presenting symptomatically. Epidemiological 

series show that gFOBt screen-detected cancers are typically of earlier 

stage than non-screen detected tumours31, having superior survival as a 

result226. Similarly, cancers detected by screening CTC are generally of 

earlier histological stage than the national average86.  

 

These data suggest that symptomatic cancers and those detected by 

gFOBt screening are likely to appear different at CTC; for example, 

screening cases being smaller and/or more subtle. This may contribute to 

the lower detection rates of CTC in comparison to colonoscopy described in 

Section B. Additionally, although computer-assisted detection (CAD) is 

designed to detect polyps rather than cancer, many cancers have polypoid 
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features and are therefore marked by CAD systems fortuitously227. The 

relative performance of standalone CAD in screen-detected versus 

symptomatic tumours is also unknown currently. 

 

Therefore, in this study we aimed to document and compare the 

morphology, radiological stage, subjective conspicuity, and CAD 

characteristics of cancers detected by CTC in both gFOBt screening (i.e. 

BCSP) and symptomatic populations. 

  

Materials and methods 

Ethical permissions 

CTC imaging data were derived from two sources: prospective collection 

via two paired randomised trials of CTC performed in symptomatic patients, 

the SIGGAR trials; and retrospective collection of screening cases from the 

BCSP. Ethical permission was granted for use of CTC data for future 

research in the randomised trials and waived by the UCL/UCLH Joint 

Research Office for the use of anonymised, retrospective CTC images for 

BCSP cases. All patients in the randomised studies gave written informed 

consent. The study was approved by the BCSP Research Committee.  

 

Patient selection 

Symptomatic cases 

The SIGGAR trials were parallel, multicenter randomised trials of CTC 

versus barium enema and CTC versus colonoscopy for the diagnosis of 

colorectal cancer and polyps ≥10mm in symptomatic patients. The primary 

outcomes have been published13,73. Patients were recruited at 21 hospitals 

following referral for investigation of symptoms suggestive of CRC. Eligible 

patients were 55 years or older, fit for bowel preparation, had no history of 

inflammatory bowel disease or a known genetic predisposition to cancer 

and were not in active follow-up for previous CRC. For the current study, a 

trial statistician (Ms Kate Wooldrage) identified all patients enrolled in either 

trial who had (a) undergone CTC and (b) were diagnosed with CRC within 

the trial. Anonymised CTC images for these patients were retrieved for 

analysis by SIGGAR trial office staff. Images were available for 35 patients, 
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depicting 36 cancers. The images of 39 further patients with CRC had not 

been returned to the trial office for review. 

Screening cases 

A data manager (Ms Claire Nickerson) interrogated the BCSP database to 

identify all individuals screened from April 2006 to March 2014 who (a) 

underwent CTC as their first colonic investigation after a positive gFOBt 

result and (b) were ultimately diagnosed with CRC. We excluded screenees 

undergoing colonoscopy prior to CTC, since the majority are requested for 

colonic imaging upstream of a known obstructing tumour, introducing 

spectrum bias towards larger/stenotic tumours. The images of 98 patients, 

depicting 100 cancers, were transferred successfully to the study office; 

images of a further 132 patients were requested but not received. 

 

CTC imaging procedures 

The SIGGAR trials required full bowel purgation for CTC, multidetector 

acquisition at 2.5mm minimum collimation and dual patient positioning. Oral 

faecal tagging agents were discretionary. The BCSP requires multidetector-

row CTC at slice thickness between 1 and 3mm and dual positioning. 

Faecal tagging, antispasmodics and use of carbon dioxide rather than air 

were recommended at programme inception and mandated since 2012. 

 

Readers and viewing conditions 

CTC dataset order (both screening and symptomatic combined) was 

shuffled randomly using the sample command in R version 3.0.1 (R 

Foundation for Statistical Computing, Vienna, Austria). Subsequently, 

datasets were uploaded to both a commercial CTC workstation (Vitrea, 

Vital Images, Zoetermeer, The Netherlands) and an open-source DICOM 

viewer (Osirix, Pixmeo SARL, Bernex, Switzerland). Both 2-dimensional 

and 3-dimensional (i.e. endoluminal) displays were available on both 

platforms.  

 

Two post-fellowship radiologists (the author of this thesis, 7 years 

experience of CTC; and Dr Fiona Pathiraja, 2 years experience of CTC) 

reviewed the CTC images independently. Each radiologist used the prone 

and supine acquisitions to record: (a) tumour morphology, described as 
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either annular (defined as covering ≥90% of the colonic circumference), 

saddle-shaped or polypoid; (b) for polypoid lesions, their morphology sub-

type using the Paris classification228; (c) tumour dimensions (long axis 

dimension and tumour thickness for annular and saddle-shaped tumours; 

long axis and orthogonal short axis for polypoid lesions), using software 

calipers, and recorded to the nearest millimeter; (d) presence/absence of 

luminal stenosis (defined as ≥50% diameter reduction compared to the 

colonic segment immediately distal); (e) radiological T stage, according to 

the TNM 7th edition187; (f) for T3 and T4 lesions, extramural depth of spread 

(EMD) beyond the muscularis propria; (g) presence/absence of 

radiologically-involved lymph nodes; (h) presence/absence of vascular 

invasion; (i) subjective image quality of the entire study (1 = good, 2 = 

moderate or 3 = poor), (j) use of faecal tagging and; (k) subjective 

conspicuity of the tumour on a 100-point scale (1 = “barely visible”; 100 = 

“immediately obvious”). Tumour segmental location was extracted from 

either SIGGAR or BCSP records as appropriate and confirmed using the 

images. We defined left-sided tumours as those in the rectum, sigmoid, 

descending colon or splenic flexure and right-sided tumours as those in the 

cecum, ascending colon, hepatic flexure or transverse colon. Radiologists 

followed the criteria of Burton et al.229 when determining nodal and vascular 

involvement (enlargement >1cm and/or clustering of 3 or more normal-

sized nodes; nodular enlargement of colic veins). 

 

Differences between radiologists regarding their assessments of tumour 

morphology, T stage, EMD, nodal status and vascular invasion were 

resolved by face-to-face discussion with images available for review, 

although we also recorded each radiologists’ original opinion to document 

inter-observer agreement. TNM stage estimated by CT is known to be 

unreliable compared to histopathology; however, CT can differentiate 

between good- and poor-prognosis tumours by depth of EMD230. 

Specifically, tumours of either T1, T2 or T3 stage with <5mm of EMD are 

regarded as good prognosis, whereas T4 tumours and T3 tumours with 

either (a) radiologically-involved lymph nodes or (b) ≥5mm of EMD have 

poor prognosis231,232.  We therefore coded all tumours using these criteria. 

 

Since radiologist opinions are inherently subjective, we generated more 

objective measures of tumour location, ease of detection and volume. To 
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achieve this, the author of this thesis recorded (a) workstation-derived 

distance along the colonic centerline between the distal edge of the tumour 

and the rectal insufflation catheter; (b) presence or absence of at least one 

CAD mark on the tumour (for both prone and supine datasets combined); 

(c) the total number of CAD marks for each patient position (both on the 

tumour and overall); and (d) tumour volume, calculated by manually 

outlining the tumour on each image slice and using the workstation’s 

volume calculation function. The CAD package used was iCAD version 

1.4.1 (iCAD Inc., Nashua, New Hampshire). 

 

Statistical analysis 

Data were collated using Microsoft Excel 2011 for Mac (Microsoft, 

Redmond, WA) and analysed using R version 3.0.1 for Mac. Since 3 

patients had more than one tumour, analysis was on a per-case basis for 

case-level variables (e.g. scan quality, demographics) and on a per-lesion 

basis for tumour-level variables (e.g. dimensions, conspicuity).  

 

Patient age and subjective image quality (averaged between readers) were 

compared between symptomatic and screening groups using the Mann-

Whitney-Wilcoxon test. Patient sex and use of faecal tagging were 

compared using chi-squared and Fisher exact tests respectively. To 

determine imaging features that differed significantly between symptomatic 

and screen-detected tumours, multivariate regression was applied, using 

linear regression for continuous variables, binary logistic regression for 

binary variables and ordered logistic regression for ordinal variables. 

Tumour dimensions, volumes and conspicuity scores were log transformed 

to approximate normality prior to modeling. The consensus opinion of both 

radiologists was used when constructing these models. Case origin (i.e. 

symptomatic vs screening) was used as the predictor variable and patient 

age and sex as co-variates. The image quality score was added as a 

covariate for analysis of subjective conspicuity.  

 

To estimate inter-observer agreement between radiologists’ initial 

independent reads for the assessment of tumour stage, nodal stage and 

presence of vascular invasion, we calculated the quadratic weighted kappa 

for tumour stage and the unweighted kappa for nodal and vascular stage 
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(since the latter were binary variables). Probability values of <0.05 were 

taken as statistically significant. 

 

Results 

Patient characteristics and CTC image quality 

Overall, 133 patients were included; 98 screening (34 female) and 35 

symptomatic (19 female). Patients in the BCSP were significantly younger 

than those in the SIGGAR trials (mean age: 68.2 years versus 71.9 

respectively, p=0.02). Subjective image quality was not significantly 

different between the two groups (screening patients, mean score: 1.5 out 

of 3; symptomatic patients: 1.4 out of 3, p=0.35). Faecal tagging was used 

for 72 of 98 patients in the screening programme (73.5%) but not for any 

patients in the randomised trials (0/35 = 0.0%, p<0.001). 

 

Imaging features of tumours 

Segmental location and distance from the rectum 

Most tumours were left sided in both groups (screening patients: 69/100 

tumours, 69.0%; symptomatic patients: 26/36 tumours, 72.2%, OR=0.78, 

95%CI 0.36-1.69, p=0.52, Table 11.1, Figure 11.1). Similarly, there was no 

significant difference in mean distance along the colonic centerline from the 

rectum to the tumour (screening patients: mean=68.5cm; symptomatic 

patients: mean=66.3cm, p=0.45; 13 cases [11 screening, 2 symptomatic] 

excluded due to colonic collapse in both positions). 

Morphology, dimensions and volume 

Screen-detected tumours were significantly more likely to be polypoidal 

than symptomatic tumours (screen-detected: 34/100, 34.0%; symptomatic: 

5/36, 13.9%, OR=3.80, 95%CI 1.26 to 11.49, p=0.02). The Paris 

classification of these polyp cancers is shown in Table 11.1. Screen-

detected cancers were also less likely to be annular than symptomatic 

tumours (screen-detected: 27/100 tumours, 27.0%; symptomatic: 21/36 

non-polypoid tumours, 58.3%; OR=0.26, 95%CI 0.11 to 0.60, p=0.002) and 

less likely to cause ≥50% luminal stenosis (screen-detected: 17/100, 

17.0%; symptomatic: 14/36, 38.9%, OR= 0.33, 95%CI 0.13 to 0.81, p=0.01, 

Figure 11.1).  
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Table 11.1: Morphology, dimensions and subjective conspicuity of 
symptomatic and screen-detected cancers. Percentages use the number of 
tumours of that category (i.e. symptomatic or screening) as the 
denominator. 

   Screen-detected 

tumours (n=100) 

Symptomatic 

tumours (n=36) 

p value 

 

Location 

 Left-sided (%) 69 (69.0) 26 (72.2) 0.52 

  Rectum (%) 18 (18.0) 2 (5.6) - 

  Rectosigmoid (%) 9 (9.0) 2 (5.6) - 

  Sigmoid colon (%) 34 (34.0) 18 (50.0) - 

  Descending colon 

(%) 

5 (5.0) 3 (8.3) - 

  Splenic flexure (%) 3 (3.0) 1 (2.8) - 

 Right sided (%) 31 (31.0) 10 (27.8) 0.52 

  Transverse colon (%) 5 (5.0) 1 (2.8) - 

  Hepatic flexure (%) 6 (6.0) 1 (2.8) - 

  Ascending colon (%) 12 (12.0) 3 (8.3) - 

  Cecum (%) 8 (8.0) 5 (13.9) - 

Morphology 

 Annular (%) 27 (27.0) 21 (58.3) 0.002 

 Saddle-shaped (%) 39 (39.0) 10 (27.8) 0.32 

 Polypoidal (%) 34 (34.0) 5 (13.9) 0.02 

  Is; sessile (%) 18 (18.0) 2 (5.6) - 

  Isp; semi-

pedunculated (%) 

8 (8.0) 1 (2.8) - 

  Ip; pedunculated (%) 7 (7.0) 2 (5.6) - 

  0-IIa; flat (%) 1 (1.0) 0 (0.0) - 

Luminal stenosis 

 Present (%) 17 (17.0) 14 (38.9) 0.015 

 Absent (%) 

 

 

83 (83.0) 22 (61.1) - 

Dimensions 

 Median long axis, cm 

(IQR) 

3.0 (2.1-3.9) 4.3 (3.2-5.3) <0.001 

 Median thickness/short 

axis, cm (IQR) 

1.3 (0.9-1.8) 1.5 (1.2-1.9) 0.07 

 Median volume, cm3 (IQR) 9.1 (3.5-20.1) 23.2 (9.5-43.6) 0.001 

Conspicuity 

 Reader 1, median (IQR) 75.0 (25.0-86.3) 95.0 (79.5-100) <0.001 

 Reader 2, median (IQR) 

 

52.0 (25.0-64.0) 70.0 (44.3-75.0) 0.001 
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Figure 11.1: Bar charts showing tumour features that were recorded as 

binary variables; all charts show the percentage of tumours with (dark grey) 

or without (light grey) a given imaging feature. Asterisks indicate statistical 

significance at the 5% level. “Advanced T stage” refers to either a T4 

tumour or a T3 tumour with ≥5mm of extramural spread. Scr = screen-

detected tumours, Symp = symptomatic tumours.  

 

 

 

Tumours in screening patients were also significantly larger than 

symptomatic CRC. Median long-axis dimension of screen-detected tumours 

(averaged between both radiologists, for both scan positions) was 3.0cm 

(IQR 2.1 to 3.9cm), compared to 4.3cm (IQR 3.2 to 5.3cm) for symptomatic 

tumours (p<0.001). 5 screen-detected cancers were less than 10mm in 

long axis (5.0%) whereas none of the symptomatic cancers were <10mm. 

Tumour volume was also significantly lower for screen-detected tumours 

(median 9.1cm3, IQR 3.5-20.1cm3) than symptomatic CRC (median 

23.2cm3, IQR 9.5 to 43.6cm3, p=0.002, Table 11.1, Figure 11.2). 

 

Relative conspicuity 

Screen-detected tumours were judged significantly less conspicuous than 

symptomatic tumours by both radiologists (Reader 1, screen-detected 

tumours: median 75.0, symptomatic tumours: 95.0, p<0.001; Reader 2, 
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screen-detected tumours: 52.0, symptomatic tumours: 70.0, p=0.001, Table 

11.1, Figure 11.2).  

 

 

Figure 11.2: Box plots depicting tumour features that were recorded as 

continuous variables. Measurements have been averaged between the two 

radiologists; boxes indicate the interquartile range, thick horizontal lines 

within in each box show the median and whiskers show the range. 

Asterisks indicate statistical significance at the 5% level. Scr = screen-

detected tumours, Symp = symptomatic tumours. 

 

 

 

 

Twelve tumours were assigned a conspicuity score of 10 or lower by 

Reader 1; all were screen-detected cancers. Reader 2 scored 9 tumours as 

having a conspicuity of 10 or lower; all except one were screen-detected 

tumours, Figure 11.3. 
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Figure 11.3: Examples of different cancers; “subtle” screening (top panel), 

“subtle” symptomatic (second panel), “obvious” screening (third panel) and 

“obvious” symptomatic (lower panel) tumours (arrows); supine images on 

the left, prone images on the right. The “subtle” tumours were assigned a 

mean conspicuity score of 10 (screening case) and 12 (symptomatic case); 

The screening case (top panel) was not detected by CAD. The “obvious” 

tumours were assigned a mean conspicuity score of 97.5 (screening case) 

and 100 (symptomatic case).  
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Sensitivity of standalone CAD 

CAD processing was successful for 91 of 98 patients from the screening 

programme, including both patients with 2 tumours, meaning there were 93 

screen-detected tumours for analysis of standalone CAD sensitivity. 30 of 

35 symptomatic patients (depicting 31 tumours) had successful CAD 

processing. We were unable to resolve the reason for CAD failure in 

unsuccessful cases.  

 

The total number of CAD marks per patient was not significantly different 

between screening and symptomatic cases (screening: mean of 19.5 CAD 

marks/patient, range 4-32; symptomatic: 19.4 CAD marks/patient, range 6-

46, p=0.72). However, the proportion of cancers missed by CAD was 

significantly greater for screen-detected vs. symptomatic tumours. 

Specifically, the CAD system identified only 72/93 screen-detected tumours 

with at least one CAD mark, giving a standalone sensitivity of 77.4% 

(95%CI 67.9 to 84.7%). Conversely, 30/31 symptomatic tumours were 

marked by CAD, giving a significantly higher sensitivity of 96.9% (95%CI 

83.8 to 99.4%, p=0.02, Figure 11.4).  

 

Figure 11.4: Example of an upper rectal tumour missed by CAD in a 

screening patient. Image quality was judged to be good by both readers, 

with a small amount of residual fluid which was well tagged. 
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There was no significant difference between location, morphology or size of 

cancers that were missed by CAD when compared to those that CAD 

detected successfully (Table 11.2). However, the cancers that were missed 

by CAD were judged significantly less conspicuous than those detected by 

CAD, by both readers (Reader 1, median conspicuity score of cancers 

missed by CAD=21.0 (IQR 15.0 to 60.0) vs. 80.0 (IQR 53.8 to 94.5) for 

cancers detected, p<0.001; Reader 2, median conspicuity score of cancers 

missed by CAD=36.0 (IQR 22.0 to 57.8) vs. 58.0 (IQR 40.0 to 68.8) for 

cancers detected, p=0.001).  

Table 11:2: Characteristics of cancers detected and missed by the CAD 
system. All percentages refer to the proportion of tumours within that 
detection category (i.e. detected or missed). 

 

 Detected 

tumours 

(n=102) 

Missed 

tumours (n=22) 

p 

value 

Segmental location    

 Left sided (%) 71 (69.6) 14 (63.6) 0.44 

  Rectum (%) 15 (14.7) 4 (18.2) - 

  Rectosigmoid (%) 8 (7.8) 1 (4.5) - 

  Sigmoid colon (%) 37 (36.3) 9 (40.9) - 

  Descending colon (%) 7 (6.9) 0 (0.0) - 

  Splenic flexure (%) 4 (3.9) 0 (0.0) - 

 Right sided (%) 31 (30.4) 8 (36.4) 0.44 

  Transverse colon (%) 4 (3.9) 1 (4.5) - 

  Hepatic flexure (%) 6 (5.9) 1 (4.5) - 

  Ascending colon (%) 10 (9.8) 4 (18.2) - 

  Cecum (%) 11 (10.8) 2 (9.1) - 

Morphology    

 Annular 38 (37.3) 6 (27.3) 0.42 

 Saddle-shaped 34 (33.3) 9 (40.9) 0.52 

 Polypoid 30 (29.4) 7 (31.8) 0.63 

  Is; sessile (%) 17 (16.7) 3 (13.6) - 

  Isp; semipedunculated 

(%) 

5 (4.9) 2 (9.1) - 

  Ip; pedunculated (%) 8 (7.8) 1 (4.5) - 

  O-IIa; flat (%) 0 (0.0) 1 (4.5) - 
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Dimensions 

 

   

 Median long axis, cm (IQR) 3.3 (2.4-4.5) 2.9 (1.7-5.3) 0.74 

 Median short axis, cm 

(IQR) 

1.3 (1.0-1.8) 1.2 (0.9-1.8) 0.31 

 Median volume, cm3 (IQR) 12.2 (4.9-27.8) 5.2 (1.5-35.5) 0.94 

 

Conspicuity    

 

 

 Reader 1, median (IQR) 80.0 (53.8-94.5) 21.0 (15.0-60.0) <0.001 

 Reader 2, median (IQR) 58.0 (40.0-68.8) 36.0 (22.0-57.8) 0.01 

 

 

 

TNM stage and prognostic group 

 

There was “reasonable” to “good” agreement between the radiologists’ 

initial independent reads for tumour stage (kappa=0.77), presence of 

involved lymph nodes (kappa=0.74) and overall prognostic category 

(kappa=0.78). Agreement for the presence of macroscopic venous invasion 

was “moderate” (kappa=0.54).   

 

Screen-detected tumours were of significantly earlier radiological local 

stage than symptomatic tumours (OR=0.17, 95%CI 0.07 to 0.41, p<0.001, 

Table 11.3). They were also significantly less likely to have radiologically-

involved lymph nodes (screening 28/100, 28.0%; symptomatic: 20/36, 

55.6%; OR=0.31, 95%CI 0.13-0.72, p=0.006) or macroscopic vascular 

invasion (screening: 13/100, 13.0%; symptomatic: 12/36, 33.3%, OR=0.26, 

95%CI 0.10-0.67, p=0.01). When considering overall CT-derived prognostic 

group, screening patients were significantly less likely to have poor-

prognosis tumours (screening: 24/100, 24.0%; symptomatic: 21/36, 58.3%, 

OR=0.21, 95%CI 0.09-0.50, p<0.001). 
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Table 11.3: Radiological tumour and nodal staging, according to the TNM 
7th edition, presence of macroscopic vascular invasion, and overall CT-
estimated tumour prognostic category, split by case origin (i.e. symptomatic 
vs screening). All percentages use the number of tumours of that category 
as the denominator. 

 

  Screen-detected 

tumours (n=100) 

Symptomatic 

tumours (n=36) 

p value 

Tumour stage 

 T1 22 (22.0) 4 (11.1) <0.001 

 T2 47 (47.0) 5 (13.9) - 

 T3 29 (29.0) 24 (66.7) - 

 T4 2 (2.0) 3 (8.3) - 

Nodal involvement 

 Node negative 72 (72.0) 16 (44.4) 0.006 

 Node positive 28 (28.0) 20 (55.6) - 

Vascular invasion 

 Absent 87 (87.0) 24 (66.7) 0.006 

 Present 13 (13.0) 12 (33.3) - 

Prognostic category 

 Good prognosis 76 (76.0) 15 (41.7) <0.001 

 Poor prognosis 24 (24.0) 21 (58.3) - 

 

Discussion 

 

CTC is employed frequently to diagnose CRC, both for patients with 

colorectal symptoms and asymptomatic screenees. The present study has 

shown significant differences in the morphology, size, volume, and 

frequency of luminal stenosis between screen-detected and symptomatic 

cancers. Furthermore, screen-detected cancers were of an earlier 

radiological local stage, were less likely to have involved lymph nodes or 
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vascular invasion, and were less likely to meet CT criteria for poor 

prognosis. Importantly, screen-detected cancers were judged significantly 

less conspicuous than symptomatic CRC, and were less likely to be 

identified by a commercially-available CAD system. 

 

CTC is a highly sensitive technique to detect CRC, with two meta-analyses 

suggesting sensitivity of 96%14,71. The CTC features of CRC are well-

documented, with the majority of cancers being either large polyps or 

masses86,233. However, few reports draw a distinction between screen-

detected and symptomatic cancers. Regarding screening, a large USA 

series reported the findings of colonic and extracolonic malignancy in 

10,286 asymptomatic individuals, describing 22 cases of CRC86. Although 

detailed morphological parameters of these 22 cancers were not provided, 

the authors noted that the majority were large (mean 3.3cm) and appeared 

as “frankly invasive masses or malignant polyps”. Similarly, we found a 

median size for screen-detected CRC of 3.0cm, although 5 cancers were 

subcentimetre (5.0%) and one case of CRC was found in a 5mm polyp.  

 

We found significant differences in conspicuity between screening and 

symptomatic CRC. A substantial proportion of screen-detected tumours 

were judged hard to detect, with 14 of 100 cases receiving a conspicuity 

score of 10 or less by one or other of the radiologists. Although the 

“average” or “typical” screen-detected cancer is relatively obvious (with the 

median conspicuity score being over 50 for both radiologists), subtle cases 

of CRC are much more common in the BCSP. 

 

Not only were screen-detected CRC more difficult to detect by human 

readers, we found that detection was also significantly decreased for CAD. 

CAD systems are primarily designed to detect polyps rather than CRC, 

although many cancers have polypoid features and are detected 

fortuitously as a consequence: Prior work suggests that most CRC is 

detected by CAD227. While our findings agree with this observation for 

symptomatic patients (standalone CAD sensitivity of 96.8%), we found that 

CAD missed a significant proportion (22.6%) of CRC in screenees. We 

think this is unlikely a result of CTC data quality, since this was not 

significantly different from symptomatic patients. Although the majority of 

the BCSP datasets used faecal tagging, modern CAD systems are 
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designed to operate under such conditions, including the system we used 

234. It is more plausible that BCSP tumours have inherently different 

morphologic characteristics that render CAD less effective, for example 

being flatter. Supporting this, the cancers missed by CAD were also judged 

subjectively more subtle than those detected by CAD, a finding that agrees 

with prior work evaluating the conspicuity of colorectal polyps (as opposed 

to established CRC)235. 

 

We found that screen-detected cancers were of an earlier radiological 

stage than CRC in symptomatic patients. This agrees with Pickhardt et al, 

who used screening CTC to detect CRC at a significantly earlier stage than 

the US average (where the majority of cancers are symptomatic)86. We 

compared radiological staging rather than histopathological staging since 

the purpose of the present study was to compare CTC appearances of 

screen-detected vs symptomatic cancers; the earlier histopathological 

stage of tumours detected by CTC following gFOBt screening is already 

known (and is the work reported in Chapter 5). 

 

This work has limitations. The BCSP is based on gFOBt screening and 

therefore by definition all patients had occult blood loss, whether due to the 

proven CRC or synchronous unrelated pathology. The extent to which 

these findings will extend to other screening programmes that employ CTC 

as a first-line screening test (for example, in the USA) is unknown. 

However, it is highly unlikely that CRC in average-risk screening 

populations (i.e. gFOBt-negative or status unknown) would be larger than in 

gFOBt-positive individuals, meaning that our primary conclusions regarding 

the relative size and conspicuity of screen-detected vs symptomatic 

tumours (i.e. the former being smaller and more subtle) are likely 

generalizable. Indeed, we may have underestimated this difference for 

such programmes. 

 

Secondly, CTC examinations performed in the SIGGAR trials did not use 

faecal tagging, reflecting the earlier timescale during which cases were 

recruited. Approximately three-quarters of the BCSP examinations did use 

faecal tagging. However, this fact would tend to make symptomatic cancers 

more difficult to detect, the exact opposite of what we found. It is plausible 

that the differences in contemporary practice are greater than we observed 
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here. Thirdly, conspicuity is by definition a subjective measure, although we 

guarded against this by using more than one reader and employed 

measurements of tumour size/volume and CAD detection as more objective 

outcomes. Fourthly, although we accessed colonoscopy records to 

determine the segmental location of tumours and matched these with the 

CTC images, it is impossible to be absolutely certain that the lesions we 

evaluated at CTC were indeed the cancers diagnosed ultimately (for 

example, which of two polyps in the same colonic segment harbored the 

CRC), although the scale of any such mismatching will be small. Finally, 

radiological assessment of both CRC TNM stage and prognostic category 

are imperfect, although inter-reader agreement in our study was good and 

compared favorably with the existing literature231,232. 

 

In summary, colorectal cancers detected by CTC in the BCSP were 

significantly smaller, more subtle and of earlier radiological stage than 

symptomatic tumours. They were also more likely to go undetected by 

CAD. Radiologists interpreting both CTC for the BCSP and symptomatic 

patients should be aware of the differences in morphology and conspicuity 

of CRC that distinguish between the two patient populations.  
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Chapter 12: Why do radiologists miss small polyps at 

endoluminal CT colonography? 

Contribution statement 

 

The work presented in this Chapter uses infra-red eye-tracking to monitor 

radiologists’ gaze during CTC interpretation. This is a relatively novel 

application of eye-tracking, and so was conducted in conjunction with 

numerous colleagues. Dr Darren Boone (Colchester Hospital) and Dr 

Emma Helbren (The Royal London Hospital) gained ethical permission. 

The author and Dr Emma Helbren recruited participants. Dr Peter Philips 

(University of Cumbria) and Dr Susan Mallett (University of Birmingham) 

acquired the eye tracking data. Dr Peter Phillips post-processed much of 

the data and Dr Susan Mallett and Dr Thomas Fanshawe (University of 

Oxford) provided statistical assistance. The author of this thesis designed 

the study concept, analysed the raw CTC data and collated it with the eye-

tracking data, and drafted this chapter, which was later modified in 

conjunction with the aforementioned colleagues. The work has been 

published as follows: Plumb AA, Helbren E, Philips P, Fanshawe T, Mallett 

S, Boone D, Taylor SA, Halligan S. Small polyps at endoluminal CT 

colonography are often seen but ignored by radiologists. American Journal 

of Roentgenology, Oct;205(4):W424-31. 

 

Introduction 

 

The previous chapters have shown that the published literature suggests 

that CTC should have good sensitivity for clinically-relevant colorectal 

neoplasia in FOBt-positive subjects (Chapter 3). However, the lower 

detection rates observed in the BCSP (reported in Chapter 5) raise the 

possibility that lesions are being missed. Errors during radiological image 

interpretation are inevitable, and determining why they occur can be 

challenging. False-negative diagnoses may be categorised by their cause: 

Errors may be technical (i.e. a polyp is not visible due to imaging technique 

or artifact), occult (i.e. a polyp is not visible even in retrospect despite 

adequate image quality, equating to a failure of the modality to resolve the 

abnormality), or perceptual (a polyp was missed but visible in retrospect). 
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Perceptual errors may be subclassified further: Pathology may not be seen 

by the reader (“scanning” or “search” error), may be seen briefly but not 

recognised as important (“recognition” error) or seen and recognised as 

potentially important, but subsequently dismissed incorrectly 

(“classification” or “decision” error)236. To distinguish between these 

subcategories, we need to know whether a polyp has been looked at 

directly by the reader. Eye-tracking addresses this problem by determining 

whether a reader’s gaze has, or has not, been directed at a potential 

lesion237.  

 

Although computer-aided detection (CAD) systems have been shown to 

improve reader sensitivity overall234,238-241, errors persist, even when polyps 

are marked correctly by CAD242. Importantly, we do not know why 

radiologists do not respond to some correct CAD marks. A further limitation 

is false-positive diagnosis: Normal patients may be referred erroneously for 

colonoscopy or surgery, with resultant patient anxiety, morbidity and cost. 

Again, eye-tracking allows the precise imaging finding provoking a false-

positive to be determined and subsequently classified since it is known 

where the reader’s gaze fell when the diagnosis was made. 

 

In order to investigate the cause of false-negative and false-positive 

diagnoses, we eye-tracked readers asked to interpret endoluminal CTC 

studies. We included both experienced and inexperienced radiologists, both 

with and without computed-aided detection (CAD), with the objectives of (a) 

describing the characteristics of polyps viewed but then dismissed 

incorrectly by radiologists at endoluminal CTC, (b) eye movements during 

such errors, and (c) features provoking false-positive diagnoses. 

 

Materials and Methods 

Ethical permission 

 

Ethical approval was granted by the Cambridgeshire 1 Research Ethics 

Committee (reference: 09/H0304/66) to gather eye-tracking data from 

consenting volunteers. Anonymised CTC images were derived from 
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Institutional Review Board (IRB) and Research Ethics Committee (REC)-

approved studies 238,239. 

 

CTC datasets 

 

CTC data from 112 patients (symptomatic: 11; screening: 101) had 

previously been collated from three US and two European centres. 56 

patients had a total of 132 polyps, ranging from 2-25mm in maximum 

diameter. A reference standard for the presence and location of these 

polyps was established in consensus by three radiologists, each of whom 

read the CTC datasets in their entirety twice, assisted by colonoscopy 

reports to help establish polyp segmental location239. From the 56 true-

positive cases, a selection of 15 fly-through videos (each lasting 30 

seconds) were generated by using a commercially-available CTC 

workstation equipped with a CAD package (Vitrea, Vital Images, Minnesota 

USA) by a collaborator, Dr Emma Helbren. These 15 CTC examinations 

were acquired on either 16-row (n=14, GE Lightspeed Plus or Ultra) or 4-

row systems (n=1, Philips MX8000) using a slice thickness of 1.5-3mm, a 

reconstruction interval of 1mm, variable mAs (typically 50-100mAs) and 

120kVp. 11 patients received oral contrast tagging.  

 

Polyps were selected to be between 5 and 8mm in maximum diameter, on 

the basis that this represents the threshold of clinical significance. Videos 

were also selected so that the location of the polyp was sufficiently distant 

from the caecum or rectum to permit at least 5 seconds of endoluminal fly-

through video time before the polyp was displayed on screen. Videos were 

edited so that each depicted a single polyp: Two versions of each video 

were then assembled, one with and one without CAD, making 30 videos in 

total. Only a single CAD mark was present on the with-CAD videos (i.e. 

there were no false-positive CAD marks), which identified the polyp 

correctly in all cases.  

 

Readers and data collection 

 

We recruited experienced (>200 cases experience, n=17) readers over a 2 

day period at a subspecialty radiology conference (the British Society of 
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Gastrointestinal and Abdominal Radiology Annual Meeting 2012). 

Inexperienced readers (<100 cases) were recruited at the same conference 

(n=9) or at University College London Hospital (n=16) over a separate 2-

day period, giving a total of 42 readers. Approximately 10-15 readers were 

recruited and examined per day. Both groups interpreted the same videos 

in a quiet environment. All videos were displayed using a 1280x1024 pixel 

thin-film transistor (TFT) monitor (Samsung SyncMaster 971P, Fujitsu E19–

5 or Iiyama ProLite B1902S-B1) with a 19 inch viewable display. 

 

Readers viewed all 30 videos but were unaware that the no-CAD/with-CAD 

videos were of the same patients. Video display order was randomised for 

each reader. All readers received the following instructions: “You are about 

to see some CTC fly-throughs. Some will have CAD markers, some will not. 

Please click the mouse if you see a lesion you consider highly likely to 

represent a real polyp or cancer.” Readers were asked to identify all polyps, 

not restricted by size. Identification was achieved solely by clicking a 

computer mouse when the reader considered they had seen a polyp. The 

mouse was not used by the reader to identify the position of the polyp on 

the screen. Videos were displayed at fixed size (512x512 pixels;15x15cm), 

navigation speed (1.0-1.5cm/second along the colonic centreline) and 

viewing angle, while a Tobii X50 or X120 infra-red eye-tracker (Tobii 

Technology AB, Danderyd, Sweden) was used to capture pupil 

movements. These eye-trackers use a pupil-centre corneal reflection 

(PCCR) technique. The device is positioned under a standard monitor and 

emits near infra-red light via an array of Light Emitting Diodes (LEDs). This 

incident light is then reflected from the readers’ eyes, both from the cornea 

and the retina. The retinal light reflections illuminate the entire pupil 

(analogous to the “red-eye” effect with visible light during photography). 

The corneal reflection provides the location of the cornea itself. By 

comparing the location of the cornea with that of the centre of the pupil, the 

tracker can calculate the direction of gaze using trigonometry in conjunction 

with additional post-processing techniques.  

 

Readers had no access to additional images or the source 2D CTC 

datasets and were unable to stop or pause the videos. Initial eye-tracker 

calibration was performed to ensure data capture was successful; readers 

were excluded if calibration failed. 
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False-negative polyp analysis 

 

To determine if readers had seen a polyp/CAD marker or not, we used a 

previously validated method237,243 to measure whether their eyes had 

followed the polyp (or CAD marker). After eye-tracking data were collected, 

a visual perception scientist (Dr Peter Phillips) examined each video frame-

by-frame and recorded the location of each polyp by drawing a circular 

region-of-interest (ROI) around it. When eye gaze fell within a 50 pixel 

radius of this ROI for at least 100 milliseconds (termed a “pursuit”), the 

reader was deemed to have looked at the polyp (Figure 12.1).  

 

Figure 12.1: Video post-processing. Early in the video (top left), the polyp is 

on screen (black circle) but has not yet attracted reader gaze (blue circles). 

By 1.80seconds (top right), the reader’s gaze is moving towards the polyp, 

and by 2.00seconds (bottom left), gaze has reached the polyp boundary 

and remains there until 2.27seconds (bottom right). This example was 

classified as a genuine polyp pursuit (reader gaze within 50 pixels of the 

polyp boundary for >100ms). 
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Following this post-processing step, we defined polyp classification errors 

as case viewings in which eye tracking data confirmed that a reader’s eyes 

had pursued the polyp, but where this visualisation had not provoked a 

mouse click to signify that the reader believed it genuine. We allowed 500 

milliseconds leniency after the polyp had left the screen to account for 

reaction time.  

 

We then divided polyps into “difficult to classify” or “easy to classify” 

depending on how frequently classification errors had occurred. We defined 

“difficult” polyps as those with >15% classification errors (averaged across 

all readers); the remainder were defined as “easy”. This threshold was 

chosen on the basis of the approximately 15% false-negative rate of CTC 

for significant polyps, derived by meta-analysis71. An experienced 

(>800cases) radiologist (the author of this thesis) viewed the polyps using a 

freely-available DICOM viewer (Osirix, version 5.5.1, Pixmeo244) and then 

using the endoluminal videos. The following characteristics were recorded: 

Maximum polyp diameter and height from the mucosal surface (measured 

using multiplanar reformats at a window width of 1500 and level of -500139); 

morphology (sessile, peduculated or flat); relative conspicuity on 3D 

endoluminal videos using a 5-point scale (1=obvious, 2=relatively obvious, 

3=neither obvious nor subtle, 4=relatively subtle, 5=subtle); presence or 

absence of other distracting features on the endoluminal view (diverticula, 

faecal residue, artifact); the absolute length of time the polyp or CAD mark 

(where appropriate) was on screen; and the length and proportion of time 

the polyp or CAD mark spent in the central 256x256 pixels of the screen 

(representing 25% of video area). Colonoscopic size and morphology were 

available for 13 polyps – where this was absent, the CTC size was used.  

 

We also analysed eye movements during the time a misclassified polyp 

was on screen. We considered several eye tracking metrics, averaged for 

each reader during all their classification errors: The mean number of eye 

gaze pursuits of each polyp (“number of polyp eye pursuits”); the mean 

length of time spent pursuing each misclassified polyp (“total pursuit time”); 

and the mean proportion of time spent pursuing a misclassified polyp in 

comparison to how long it was on screen (“percentage total pursuit 

time”)245. 
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False-positive polyp diagnoses 

 

False-positive diagnoses were defined when a reader indicated they had 

detected an abnormality that was not confirmed by reference standard. For 

each video, eye-tracking data for the 1 second period prior to a mouse click 

were overlaid on a screenshot of the endoluminal images by a visual 

perception scientist (Dr Peter Philips), depicting exactly where the reader 

had been looking immediately prior to their mouse click. An experienced 

radiologist (the author of this thesis) reviewed all screenshots with these 

eye positions so as to define endoluminal features across all videos that 

had provoked 3 or more mouse clicks, at least 2 of which were from 

different readers. These features were defined as false-positives, and their 

true nature determined by cross-referencing to the original 2D CTC data set 

and reference standard. 

 

Statistical analysis 

 

Data were collated in Microsoft Excel for Mac 2011 (Microsoft Corp, 

Redmond, WA) and exported to R version 2.15.1 for analysis. “Difficult” and 

“easy” polyp characteristics were compared with descriptive statistics and 

the Mann-Whitney U test. Eye movement data (number of pursuits, polyp 

total pursuit time and percentage total pursuit time) were compared via a 

multilevel model using the lme4 package152 for R. We compared eye 

movements prior to a classification error with those prior to a correct polyp 

identification, for both easy and difficult polyps. The model used random 

intercepts for reader and case and fixed effects for polyp category (easy vs. 

difficult), reader experience and availability of CAD. Continuous variables 

(total pursuit time and percentage total pursuit time) used a linear model 

Count data (number of polyp eye pursuits) used a Poisson model. The 

model for the number of polyp eye pursuits included an offset for the total 

time that the polyp was on screen. Total pursuit time was log-transformed 

to approximate a Gaussian distribution prior to modeling.  

 

To determine statistical significance for each fixed effect in these models 

(i.e. polyp category, reader experience and availability of CAD), each model 

was compared to a simpler model with that variable removed, using the 
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likelihood ratio test; p-values of less than 0.05 were defined as significant. 

Endoluminal features provoking false-positive diagnoses were compared 

with descriptive statistics and the chi-squared test when comparing 

proportions. 

Results 

False-negative interpretations and classification errors 

 

Eye-tracking data were acquired successfully for 1182/1260 case viewings 

(93.8% of total; 42 readers, each viewing 15 cases twice). One reader was 

excluded because of poor eye-tracking data acquisition (despite passing 

initial calibration). Readers found some polyps difficult to detect and others 

easy: For example, averaged across all readers and both viewing 

conditions (with and without CAD), one polyp was only missed on 3.9% of 

case viewings whereas another was missed on 75.3% of viewings. The 

median miss rate for all polyps (averaged across all case viewings by all 

readers) was 12.5%. Eye-tracking revealed that, for the great majority of 

false-negative cases, the readers had looked directly at the polyp – across 

all 1182 case viewings, at least one pursuit of the polyp occurred in 1149 

cases (97.2%).  

 

When averaged across all polyps, classification error accounted for the 

majority of false negatives, with a median classification error rate of 10.0% 

for all polyps (range 0.0% to 52.5%). “Easy” polyps (n=10) had a median 

classification error rate of 5.7% (range 0.0% to 12.7%) and “difficult” polyps 

(n=5) had a median classification error rate of 44.9% (range 19.2% to 

52.5%: Table 12.1). Two polyps were frequently misclassified without CAD, 

but rarely once CAD was available; overall, one of these polyps was “easy” 

and one was “difficult” when averaged across both viewing modes.



 

2
3
1
 

Table 12.1: False negative and polyp misclassification rates for polyps included in the study. E = easy polyps, D = difficult polyps. Polyp E10 
was “easy” overall but “difficult” without CAD, whereas polyp D1 was “difficult” overall but “easy” when CAD was available. 

Case  Number of case viewings Number of false negative 

viewings 

Number of polyp classification 

errors 

False negative rate (%) Polyp classification error rate 

(%) 

No CAD With CAD Total No CAD With CAD Total No CAD With CAD Total No CAD With CAD Total No CAD With CAD Total 

E1 38 37 75 3 5 8 0 0 0 7.9 13.5 10.7 0.0 0.0 0.0 

E2 39 40 79 2 2 4 0 1 1 5.1 5.0 5.1 0.0 2.5 1.3 

E2 38 39 77 3 4 7 0 1 1 7.9 10.3 9.1 0.0 2.6 1.3 

E4 38 39 77 0 3 3 0 1 1 0.0 7.7 3.9 0.0 2.6 1.3 

E5 39 40 79 5 1 6 3 1 4 12.8 2.5 7.6 7.7 2.5 5.1 

E6 41 39 80 5 0 5 5 0 5 12.2 0.0 6.3 12.2 0.0 6.3 

E7 39 40 79 4 4 8 2 4 6 10.3 10.0 10.1 5.1 10.0 7.6 

E8 40 40 80 7 4 11 6 2 8 17.5 10.0 13.8 15.0 5.0 10.0 

E9 39 41 80 7 3 10 5 3 8 17.9 7.1 12.5 12.8 7.3 10.0 

E10 39 40 79 12 7 19 7 3 10 30.8 17.5 24.1 17.9 7.5 12.7 

D1 38 40 78 14 7 21 11 4 15 36.8 17.5 26.9 28.9 10.0 19.2 

D2 41 40 81 29 24 53 18 16 34 70.7 60.0 65.4 43.9 40.0 42.0 

D3 39 39 78 33 9 42 27 8 35 84.6 23.1 53.8 69.2 20.5 44.9 

D4 38 41 79 33 9 42 29 9 38 86.8 22.0 53.2 76.3 22.0 48.1 

D5 40 41 81 37 24 61 23 19 42 92.5 58.5 75.3 57.5 46.3 51.9 
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Characteristics of polyps provoking classification errors 

 

Frequently misclassified (i.e. “difficult”) polyps were, on average, of smaller 

diameter than “easy” polyps (difficult: mean colonoscopic size 5.4mm, 

easy: 8.2mm; p=0.014, Table 12.2). Mean height was not significantly 

different (difficult: 3.1mm, easy: 4.0mm, p=0.16). There was no significant 

difference in polyp morphology between the two groups (easy: 2/10 

pedunculated; difficult: 0/5 pedunculated, p=0.52; no flat polyps in either 

group).  

Table 12.2: Characteristics of “easy” and “difficult” polyps. 

 Easy polyps (n=10) Difficult polyps (n=5)  

 Mean (range) Mean (range) p 

    

False negative rate
a
 (%) 10.3 (3.9-24.1) 55.2 (26.9-76.3) - 

Search error rate
b
 (%) 4.7 (3.9-11.4) 14.1 (7.7-23.8) - 

Polyp classification error 
rate

c
 (%) 

5.6 (0.0-12.7) 41.3 (19.2-52.5) - 

    
Morphology 8 sessile, 2 

pedunculated 
5 sessile 0.52 

Colonoscopic size (mm) 8.2 (7-12) 5.4 (4-7) 0.014 

CTC size (mm) 7.2 (5-10) 5.2 (5-6) 0.015 

Height (mm) 4.0 (2.0-6.6) 3.1 (2.4-3.9) 0.16 

3D conspicuity score* 2 (1-3) 4 (2-5) 0.0032 

Time spent on screen 
(seconds) 

8.5 (4.0-19.0) 6.8 (2.4-11.7) 0.68 

Time spent in central 25% 
of screen (seconds) 

5.4  (0.1-16.7) 4.5 (0.1-10.3) 0.76 

 
*denotes characteristic described by median (range) 
a
False negative rate = percentage of case viewings without a mouse click 

b
Search error rate = percentage of case viewings without a mouse click and 

without an eye pursuit of the polyp 
c
Polyp classification error rate = percentage of case viewings without a mouse click 

but with an eye pursuit of the polyp  

 

Subjective polyp conspicuity was significantly lower for “difficult” polyps 

compared to “easy” polyps (median conspicuity score 4 versus 2, 

p=0.0032: Figure 12.2). Three polyps were accompanied by potentially 

distracting features on the endoluminal view, and all 3 were classified as 

“difficult” (one diverticulum, one faecal residue and one motion artifact).  
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Figure 12.2: Screen-capture from two of the fly-through videos presented to 

participants. Red square = CAD mark, correctly marking the polyp in each 

case. The polyp in (a), case E1 in Table 11.1, was not misclassified by any 

reader, whereas (b), polyp D3 in Table 11.1, was misclassified at 45% of 

reads. Polyp (a) was assigned a conspicuity score of 1 (obvious) whereas 

polyp (b) was scored 5 (subtle). 

 

 

There was no significant difference in the mean time that difficult and easy 

polyps were on screen (difficult: 6.8 seconds, easy: 8.5 seconds; p=0.68), 

or in the mean time they were positioned in the central 256x256 pixels of 

the display (difficult: 4.5 seconds, easy: 5.4 seconds; p=0.76). The 4 polyps 

that were frequently misclassified even with CAD were still, on average, 

smaller and subjectively less conspicuous than easy polyps (mean=7.0mm 

vs. 5.3mm, p=0.0095, Figure 12.3). 

 

Figure 12.3: Screen-capture from two endoluminal fly-through videos 

depicting challenging polyps. The polyp in (a), case D1 in Table 12.1, was 

misclassified at 28.9% of case viewings without CAD but only on 10.0% of 

occasions when CAD was available. The polyp in (b), case E10 in Table 

12.1, was misclassified at 17.9% of reads without CAD but only 7.5% of 

reads with CAD. 
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Eye movements during classification errors 

Correct vs. incorrect polyp identifications 

 

Overall, there was no significant difference between the number of times a 

radiologist looked at a polyp before making a classification error (mean=4.3 

pursuits) versus when making a correct polyp identification (mean=5.0 

pursuits, rate ratio=0.95, 95%CI 0.86-1.04, p=0.25). However, the total 

length of time spent viewing polyps (total pursuit time) was significantly 

shorter for classification errors (mean=2.4 seconds) than for correct polyp 

identifications (mean=3.8 seconds, p<0.0001). This difference remained 

significant after adjusting for the length of time each polyp was viewable on 

screen (percentage total pursuit time), with a mean of 34.5% for 

classification errors versus 48.5% for a correct polyp identification 

(p<0.0001). 

 

Difficult-to-classify vs. easy-to-classify polyps 

 

Overall, the mean total number of polyp eye pursuits prior to a classification 

error was lower for “difficult” than “easy” polyps (difficult: 3.7 pursuits per 

case; easy: 5.6 pursuits per case), but the difference in the rate of such 

pursuits was not statistically significant (rate ratio=0.95, 95%CI 0.74-1.23; 

p=0.71). Readers spent proportionally less time viewing “difficult” polyps 

during a classification error than they did viewing “easy” polyps; percentage 

total pursuit time was 29.0% for “difficult” polyps vs. 42.6% for “easy” 

polyps (p=0.01). This difference persisted irrespective of whether or not 

CAD was available (45.0% vs. 52.7% without CAD; 24.2% vs. 42.3% with 

CAD). CAD substantially increased the percentage pursuit time for all 

polyps (27.0% without CAD vs. 48.6% with CAD; p<0.001). These data are 

summarised in Tables 12.3 and 12.4. 
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Table 12.3: Eye tracking during polyp classification errors. Values are 
means (range) averaged for each reader across all case viewings, split by 
polyp category. 

 

 Without CAD With CAD Both viewing modes 

 
Experienced readers 
 
 Easy Difficult Easy Difficult Easy Difficult 

       
Number of 
polyp eye 
pursuits 
 

4.2 (1.8 - 
6) 

4.6 (2.0 -
8.7) 

7.3 (3.0 – 
13) 

3.8 (1.0 – 
7.3) 

7.9 (4.0  -
13) 

4.0 (2.3-
6.7) 

Total 
pursuit time 
(seconds) 
 

4.1 (2.6-
5.0) 

1.9 (0.46-
4.5) 

5.1 (1.8-
9.5) 

1.9 (0.62-
3.4) 

5.0 (4.0-
6.2) 

1.7 (0.63-
3.1) 

Percentage 
total pursuit 
time 
 

60.8 (45.3-
68.8) 

24.1 (6.6-
45.8) 

49.2 
(21.4-
73.9) 

41.7 
(13.1-
60.2) 

51.4 (25.8-
64.0) 

27.8 (8.8-
48.3) 

 
Inexperienced readers 
 
 Easy Difficult Easy Difficult Easy Difficult 

       
Number of 
polyp eye 
pursuits 
 

2.9 (1.0 – 
6.0) 

4.0 (1.0 – 
7.2) 

4.1 (1.0-
15.0) 

3.2 (1.0-
9.0) 

4.8 (1.0-
14.0) 

3.6 (1.5-
6.8) 

Total 
pursuit time 
(seconds) 
 

1.9 (0.38-
3.3) 

1.7 (0.36-
3.2) 

4.3 (0.52-
8.5) 

2.4 (0.12-
5.9) 

3.2 (0.38-
8.0) 

1.9 (0.55-
3.2) 

Percentage 
total pursuit 
time 
 

32.6 (7.3-
51.1) 

21.7 (5.3-
38.6) 

54.0 
(11.8-
71.5) 

46.5 (5.0-
67.3) 

39.4 (7.3-
71.5) 

29.7 (8.6-
45.4) 

 
All readers 
 
 Easy Difficult Easy Difficult Easy Difficult 

       
Number of 
polyp eye 
pursuits 
 

3.3 (1.0 – 
6.0) 

4.2 (1.0 -
8.7) 

5.0 (1.0 -
15.0) 

3.4 (1.0 -
9.0) 

5.6 (1.0 – 
14.0) 

3.7 (1.5 -
6.8) 

Total 
pursuit time 
(seconds) 
 

2.5 (0.38-
5.0) 

1.8 (0.36-
4.5) 

4.5 (0.52- 
9.5) 

2.2 (0.12-
5.9) 

3.6 (0.38-
8.0) 

1.8 (0.55-
3.2) 

Percentage 
total pursuit 
time 

42.3 (7.3-
76.0) 

24.2 (2.5-
64.4) 

52.7 
(11.8-
73.9) 

45.0 (5.0-
67.3) 

42.6 (7.3-
71.5) 

29.0 (8.6-
48.3) 

 



 236 

Table 12.4: Effects of polyp category, reader experience and availability of 
computer-assisted detection on eye movement metrics during polyp 
classification errors. 

Metric Mean 
for all 
readers 

Variable 

Polyp category Experience of 
radiologists 

CAD 

Effect size 
(95%CI)* 

p Effect size 
(95%CI)* 

p Effect size 
(95%CI)* 

p 

        
Number of 
polyp eye 
pursuits 
 

4.3 0.95 (0.74 to 
1.23) 

0.71 1.17 (1.02 to 
1.34) 

0.03 1.25 (1.08 to 
1.44) 

0.002 

Total pursuit 
time (seconds) 
 

2.4 0.57 (-0.30 to 
3.32) 

0.11 1.09 (-1.14 to 
1.34) 

0.46 1.97 (1.63 to 
2.38) 

<0.001 

Percentage 
polyp pursuit 
time (%) 

34.5 12.9 (5.72 to 
20.0) 

0.01 1.86 (-3.68 to 
7.40) 

0.51 20.7 (16.2 to 
25.3) 

<0.001 

 

False-positive interpretations 

 

A total of 22 endoluminal features each provoked at least 3 false-positive 

mouse clicks, resulting in 329 individual false-positive identifications. Of 

these 22, 21 were due to either residual fluid (8 instances, accounting for 

133 false-positives), diverticula (7 instances, 67 false-positives) or image 

reconstruction or motion artefacts (6 instances, 103 false-positives). No 

clear abnormality could be discerned for the single remaining feature 

provoking false-positives. Overall, there was no significant difference in 

false-positive rates between experienced readers (146 false-positives 

across 509 case viewings, 0.29 false-positives/case) and inexperienced 

readers (183 false-positives across 732 case viewings, 0.25 false-

positives/case, p=0.15). However, experienced readers made 

proportionally more false-positive clicks for residual fluid (67 false-positives, 

0.13 false-positives/case) than did inexperienced readers (66 false-

positives, 0.09 false-positives/case, p=0.02). There was no significant 

difference in false-positive rate for diverticula (experienced: 21 false-

positives, 0.04 false-positives/case, inexperienced: 46 false-positives, 0.06 

false-positives/case, p=0.10) or artefacts (experienced: 49 false-positives, 

0.10 false-positives/case, inexperienced: 53 false-positives, 0.07 false-

positives/case, p=0.13). Many of the residual fluid artefacts were, even in 

retrospect, indistinguishable from true-positive polyps when viewed 
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endoluminally because their true nature could only be discerned by 2D 

correlation (Figure 12.4). 

 

Figure 12.4: Example false-positive diagnosis. An apparent sessile polyp 

on a fold (arrow in (a)) was viewed and erroneously clicked on 34 

occasions (example eye-tracking data superimposed in (b)). Correlation 

with 2D data confirmed this was tagged faecal residue (arrow in (c)). 

 

 

 

Discussion 

 

CTC is sensitive for the diagnosis of larger colorectal polyps and cancers71. 

As for all diagnostic tests, performance is impaired by both false-negative 

and false-positive results. In this study, we used eye-tracking to determine 

the precise nature of these errors. Collaborators have previously reported 

the effects of CAD marks and reader experience on visual search and 

performance using these same 30 videos and readers246. In the present 

study, I have extended this work by describing the morphology of polyps 

that provoked interpretative errors and investigated eye movement patterns 

immediately before and during these errors, thereby providing information 

regarding the underlying cause. 

 

We found that the majority of false-negative interpretations were preceded 

by the reader looking at the polyp but then ignoring it subsequently. These 

data imply the commonest errors during endoluminal CTC interpretation are 

therefore of recognition or decision-making rather than search, a finding 

consistent with previous preliminary work237. Furthermore, we found that 

the polyps which were most difficult to classify were, on average, 

significantly smaller and subjectively less conspicuous than more easily-
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classified polyps. This finding is surprising because it is widely believed that 

small and inconspicuous polyps are missed because they are not seen 

rather than because they are seen but then categorised incorrectly. Our 

data suggest that the size and subjective conspicuity of a polyp exert 

considerable pressure on whether the radiologist believes the polyp is 

genuine. Radiologists spent a smaller proportion of time looking at difficult 

polyps than they did easy polyps, and less time than they did when making 

correct polyp diagnoses, implying that classification errors are made 

rapidly. In essence, despite looking at these polyps, radiologists dismissed 

them swiftly, even when they were marked correctly by CAD – suggesting 

that these brief inspections were too cursory to allow correct 

characterisation. 

 

The finding that misclassified polyps are, on average, smaller is different to 

a prior study that investigated incorrect decisions despite true-positive CAD 

prompts242. In that study, polyps marked correctly by CAD but incorrectly 

dismissed by radiologists were larger and more irregular than correctly 

characterised polyps. This difference may, in part, relate to the smaller 

number of polyps in the present study and we did not include any larger, 

irregular polyps like those described by Taylor et al242. 

 

Relatively few studies have addressed the reasons for errors made at CTC 

directly. Retrospective analysis of CTC images in comparison to 

colonoscopy has allowed perceptual errors to be distinguished from 

technical errors 247,248. However, this does not distinguish between different 

kinds of perceptual error (i.e. failures of image search, lesion recognition or 

characterisation). In a report describing 2D CTC interpretation, Slater et al 

requested that readers indicated all possible abnormalities as well as those 

felt to be real polyps249, and found that the majority of errors were of 

detection rather than characterisation. However, that study did not use eye 

tracking and therefore precluded the identification of recognition errors, 

which would have been indistinguishable from search errors. Conversely, a 

preliminary report of inexperienced readers viewing CTC videos while 

undergoing eye-tracking found that most errors occurred despite the reader 

having viewed the lesion237, a finding consistent with the present study. 

Differences in reader experience and viewing mode (2D vs 3D) may partly 

explain this apparent discrepancy. It has been argued that sole use of 2D 
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interpretation is likely to increase perceptual errors134. Furthermore, 

although we successfully used eye-tracking to distinguish errors of 

scanning from those of recognition and decision, it is not possible to further 

subdivide the latter with certainty. Although we presume that radiologists 

who look at a polyp make a conscious decision regarding whether or not it 

is genuine, it is possible that some eye movements are made 

subconsciously, or even serendipitously (for example, if the reader’s eye 

gaze landed fortuitously within our pre-specified region of interest). Hence, 

some of these errors may have been of recognition (i.e. realising that there 

was a lesion to characterise) rather than decision (i.e. the characterisation 

step per se). This is relatively unlikely, since false-negative errors occurred 

after looking at the polyp for, on average, over 2 seconds, a length of time 

which seems implausibly long to be purely a recognition phase. 

Furthermore, the findings persisted in the face of CAD marks: It is 

implausible that readers would see a CAD mark on a polyp and yet still fail 

to recognise that this was a lesion requiring a decision to be made.  

 

One possible reason for apparent “non-detection” of smaller polyps is the 

well-established link between polyp size and biological importance250, which 

is well-known to radiologists. Radiologists were asked to click their mouse 

for all lesions felt highly likely to represent a polyp, with no instructions to 

ignore smaller polyps. However, many of our readers were highly 

experienced at viewing endoluminal CTC and were likely able to judge 

when polyps were likely to be <5mm – which, in routine clinical practice, 

would often be purposely ignored22. They may therefore have intentionally 

disregarded such diminutive lesions by judging them of no clinical 

importance110. We cannot distinguish such intentional disregard from 

accidental or subconscious dismissal of true-positive small polyps. 

Although it is routine endoscopic practice to remove all polyps detected, 

this inevitably increases polypectomy rates and hence patient morbidity41. A 

more selective strategy in which only higher-risk polyps are referred for 

immediate colonoscopy allows similar detection rates of advanced 

neoplasia81, which is arguably the most important target when screening for 

CRC34. It is therefore reassuring that the polyps most likely to be 

overlooked in the present study tended to be smaller (and therefore of 

lower biological risk).   
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Eye-tracking moving 3D endoluminal CT colonography is relatively novel 

and technically challenging. Existing methods of analysis, applied to static 

2D images such as radiographs, cannot be transferred directly to moving 

videos since the target (in this case, a polyp) is constantly changing in both 

size and location on-screen. In order to permit eye-tracking in such 

circumstances, it was necessary to simplify clinical CTC interpretation. For 

example, readers viewed fly-throughs at fixed navigation speed and were 

unable to stop and analyze suspected pathology as per usual practice. It is 

likely some false-positives would be dismissed on more detailed 

endoluminal review or with 2D correlation and so would not, in routine 

practice, provoke colonoscopic referral, serving only to lengthen 

interpretation time. It is possible that future refinements in 3D endoluminal 

eye-tracking will allow data acquisition from images that better reflect the 

real-world scenario. A further limitation was the relatively small number of 

cases. Since the primary interest was to describe differences between 

readers’ gaze patterns, we presented a relatively small number of different 

cases to a relatively large number of readers. Future studies should use a 

larger number of different cases per reader to provide more information 

regarding classification errors. Although our CTC images were generally of 

high quality, some were acquired on older helical scanners, accounting for 

the relatively high rates of motion artefacts causing false-positives. 

 

In summary, using eye-tracking to monitor reader gaze during endoluminal 

CTC interpretation, this study showed that the majority of false-negative 

interpretations were errors of recognition or characterisation rather than 

detection. These errors were associated with a shorter length of time spent 

looking at the polyp. Smaller, less conspicuous polyps were seen but more 

likely to be characterised incorrectly, even when marked correctly by CAD. 

Efforts to improve CTC sensitivity should focus on classification decisions 

rather than image search alone.   
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Chapter 13: What is the effect of navigation speed at 

endoluminal CTC on polyp detection and eye movement 

patterns? 

Contribution statement 

 

Data in this chapter were gathered in conjunction with Dr Peter Philips and 

Dr Thomas Fanshawe. The study was designed by the author and 

supervisors of this thesis with Drs Philips and Fanshawe, Dr Susan Mallett 

(University of Birmingham) and Dr Graeme Spence (University of Oxford). 

The author wrote the study protocol, obtained ethical permissions, recruited 

participants, assisted with data collection and analysis (led by Drs Philips 

and Fanshawe) and drafted this chapter. 

 

Introduction 

 

The previous two chapters have shown that cancers diagnosed using CTC 

in the BCSP are often subtle (Chapter 11) and that subtle lesions are often 

ignored despite being brought into high-acuity vision (Chapter 12). A further 

factor that might affect polyp and cancer detection at endoluminal CTC 

interpretation is the speed of navigation through the virtual colon. 

Interpretation of CTC requires use of both 2-dimensional (2D) and 3-

dimensional (3D) images, although the relative contribution of each varies 

according to the preference of the radiologist. For most readers, 3D 

interpretation is more time-consuming than 2D interpretation251,252, which 

reduces reporting throughput and therefore adds to overall examination 

costs. As CTC disseminates throughout the NHS and replaces barium 

enema, the burden of reporting will return to radiologists rather than 

radiographers. Increasingly, interpreting radiologists will be under pressure 

to increase their speed of reporting to accommodate increased demand. 

 

Modern CTC interpretation software generally permits the reader to vary 

the speed at which the volume-rendered viewpoint (i.e. the “virtual 

endoscope”) progresses along the colonic centreline. Clearly, faster 

navigation will reduce the time taken to traverse the entire length of the 

colon, but radiologists’ preferred speeds for colonic navigation are 
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unknown. When interpreting 2D images such as chest radiographs253 or 

bone radiographs for trauma254, radiologists are capable of achieving high 

sensitivity even at viewing times that are considerably shorter than those 

used in clinical practice. In one study255, maximum sensitivity for pulmonary 

nodules during chest radiograph interpretation was achieved after just 4 

seconds of viewing, with longer viewings having no effect on sensitivity or 

specificity. It is therefore possible that radiologists could safely increase 

their navigation speed for CTC without compromising diagnostic 

performance. However, this is speculative – what is true for interpretation of 

static 2D images is not necessarily true for moving, endoluminal 3D CTC 

images. The effect that faster velocities have on polyp visual interrogation 

and detection is unknown currently. Eye-tracking (as described in the 

previous chapter) can be used to document and quantify these parameters. 

 

In this chapter, I investigate the effect of speed of navigation along the 

colonic centreline on eye movement patterns and polyp identification by 

eye-tracking radiologist interpretation of endoluminal CTC videos of varying 

speed. 

 

Materials and Methods 

 

Ethical permission 

 

Ethical approval was granted to gather eye-tracking data from consenting 

volunteers by the UCL research ethics committee (project ID: 5967/001). 

As for chapter 12, anonymised CTC images were derived from Institutional 

Review Board and Research Ethics Committee-approved studies238,239.  

 

CTC data sets and video generation 

 

The CTC imaging data sets were again selected from two previous studies 

assessing the performance of a CAD system238,239, as described in chapter 

12. From the cases described in chapter 12, I selected a subset of 8 true-

positive cases with the fewest motion and reconstruction artefacts (as 
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judged during the analysis of false-positive mouse clicks described in 

chapter 12). Additionally, a further 4 endoluminal videos which did not 

depict a polyp (i.e. true-negative cases) were generated in the same 

manner as chapter 12. For each of these 12 cases (8 true-positive and 4 

true-negative), we produced 4 separate videos of differing speeds of 

navigation along the colonic centerline. To achieve this, for each case, a 

source video was exported from a commercial CTC workstation (Vitrea, 

Vital Images, Minnesota, USA) and the position of colonic landmarks (such 

as diverticula or polyps) were noted. The author of this thesis then 

measured the distance along the colonic centerline between these fixed 

landmarks using the workstation. This fixed distance was then used to 

estimate the navigation speed of the original source video during standard 

playback (for example, if the distance between two diverticula is 10cm and 

the video takes 20 seconds to cover this distance, this implies a navigation 

speed of 0.5cm/second). This playback speed was then varied to achieve 

fixed navigation speeds of 1 cm/second, 1.5 cm/second, 3 cm/second and 

4.5 cm/second. These speeds were selected after discussion with several 

expert CT colonographers (including both thesis supervisors, each with 

several thousand cases’ experience) and following a successful pilot 

experiment using 3 cases and 5 readers, during which readers confirmed 

videos spanned a plausible range of CTC interpretation speeds. 

 

Eye tracking data collection 

 

We followed a procedure similar to that described in chapter 12 for data 

collection. Our pilot experiment had shown that viewing more than 40 

videos or for more than 25 minutes was fatiguing for readers, meaning that 

not all readers could view all videos at all speeds (since this would require 

12x4=48 case viewings). We selected the 40 videos for a given readers 

using block randomization (5 blocks, each of 8 videos). Within each block, 

1 video was a 1 cm/s example, 1 was a 1.5 cm/s example and there were 3 

videos each of 3 cm/s and 4.5 cm/s. This block structure imposed an 

adequate mix of differing speeds of video navigation while ensuring the 

experiment could be completed in a reasonable and consistent amount of 

time (whereas fully random selection might lead to a large number of 1 

cm/s videos, lengthening the experiment beyond tolerability). No case was 
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allowed to be displayed twice or more within 3 consecutive viewings (at any 

speed). Randomisation was performed separately for each reader by using 

the sample command in R version 3.0.1102. 

 

Case viewing was conducted in a quiet area at a societal CTC training 

workshop (European Society of Gastrointestinal and Abdominal Radiology 

[ESGAR] CTC Workshop, Leeds, 2014). Ambient light levels were not 

measured but were comparable subjectively to a standard radiology 

reporting room. Cases were displayed using the central 512x512 pixels of a 

1280x1024 pixel thin film transistor (TFT) monitor (SyncMaster 971P, 

Samsung) with a 4:3 aspect ratio and a 19-inch (diagonal) viewable display. 

During case viewing, a Tobii X120 infra-red eye-tracker (Tobii technology, 

Stockholm, Sweden) was used to monitor pupil movements. Readers 

received the following instructions prior to case viewing: 

 

“You are about to see some videos of CTC endoluminal “fly-through” 

examinations, some of which have polyps. These will be displayed at 

different speeds. Please click your mouse when you see a lesion that you 

think is highly likely to be a real polyp or cancer.” 

 

Prior to eye-tracking data collection, all readers performed a standard five-

point calibration procedure. Subsequently, we recorded their preferred 

navigation speed during interpretation of endoluminal CTC. To achieve this, 

a endoluminal CTC video was displayed at a velocity of 1.5 cm/s and 

participants were invited to alter the speed using a software control until the 

video playback matched their personal preference for clinical interpretation. 

By documenting the setting on the software control, we were able to 

calculate the preferred navigation speed (in cm/s) for each participant. This 

preferred speed was recorded both before and after viewing the selected 

videos. 

 

Participants 

 

Consenting participants were recruited at the 2014 ESGAR CTC workshop 

held in Leeds. We recruited both experienced (more than 2 years’ 

experience of CTC and >300 cases lifetime total experience, including 
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>100 cases in the past 12 months, n=13) and inexperienced (fewer than 

200 cases experience, n=10) readers. All participants had at least 3 years 

experience of cross-sectional imaging.  

Post-processing and analysis of eye-tracking data 

 

To determine if readers’ gaze had pursued a polyp, we followed a 

procedure similar to that described for previous experiments237,243,245,256 and 

in chapter 12. A visual perception scientist (Dr Peter Phillips) outlined the 

position of each polyp with a spherical region of interest (ROI) on each 

video frame for each case, ensuring that these were identically positioned 

for the four different video speeds. The author of this thesis reviewed all of 

these ROIs to ensure they were correctly placed around the polyp 

boundary. We again defined an eye pursuit of a polyp as occurring when a 

reader’s gaze fell within 50 pixels of a polyp boundary for 100ms or more. 

 

We treated all mouse clicks that a reader made while the polyp was 

displayed on screen (plus a 500ms subsequent window to account for 

reaction time) as representing a correct polyp identification. All mouse 

clicks that occurred before the polyp had been displayed on screen were 

treated as incorrect identifications. Mouse clicks occurring more than 

500ms after the polyp had moved off the screen were ignored, on the basis 

that we were unable to distinguish whether these were due to false-positive 

polyp identifications or due to a delayed correct click after a longer period of 

reader consideration. 

 

We also measured reader eye gaze distribution during video interpretation. 

We arbitrarily divided the 512x512 pixel video size into two areas; (a) the 

256x256 pixel central area of the video and (b) the periphery beyond this 

central area; the periphery was then subdivided unto upper and lower 

halves of equal size.  

 

Statistical analysis 

 

All data were collated using Microsoft Excel for Windows or Mac (Microsoft 

Corp, Redmond, WA, USA) and analysed using R for Windows or Mac (R 

Foundation for Statistical Computing, Vienna, Austria). We examined 
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whether demographic variables were associated with differences in 

preferred playback speed using the Mann-Whitney-Wilcoxon test. 

Percentages were calculated for binary outcomes, with 95% confidence 

intervals (95%CI) calculated according to the Wilson method151. The effect 

of speed of navigation along the colonic centreline on correct polyp 

identification was tested by multilevel logistic regression using the lme4 

package152 for R, with presence of a correct click as the outcome variable 

and speed of navigation as the predictor variable. The slowest video speed 

(1.0cm/s) was chosen as the baseline category, since early pilot data and 

data from the main experiment showed this was closest to most readers’ 

preferred interpretation speed. Age, sex and level of experience were 

added as covariates, with case number and reader as independent random 

effects terms to account for clustering effects. Probability values of <0.05 

were taken to be statistically significant. 

 

Results 

Preferred navigation speed 

The mean preferred navigation speed across all readers was 1.18cm/s 

(range 0.55 to 2.25cm/s), and showed no significant difference change 

before and after the eye-tracking experiment was completed (before eye-

tracking: 1.18 cm/s; after eye-tracking: 1.18 cm/s, p=0.88). None of age, 

sex or level of experience were associated with differences in preferred 

speed (Table 13.1). 

Table 13.1: Mean preferred playback speed, split by reader demographics 

Variable  Preferred playback 

speed (range; cm/s) 

p value 

Gender 

 Male 1.23 (0.56 to 2.25) 0.26 

 Female 0.97 (0.62 to 1.41) - 

Experience 

 Inexperienced 1.22 (0.72 to 1.62) 0.35 

 Experienced 1.12 (0.56 to 2.25) - 

Age 

 37 or younger 1.10 (0.56 to 2.25) 0.37 

 Over 37 

 

1.26 (0.72 to 1.62) - 
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Correct polyp identification 

 

Correct polyp identifications were significantly associated with video 

playback speed, with the proportion of case viewings with a correct polyp 

identification reducing progressively as video speed increased. The correct 

polyp identification rate (i.e. sensitivity) dropped from 72.7% (95%CI 61.9 to 

81.4%) at the slowest video speed of 1.0cm/s to 60.9% (95%CI 54.4 to 

67.0%) at the fastest speed of 4.5cm/s. After adjustment for reader age, 

experience, gender and case clustering, the odds of correct polyp detection 

at the fastest speed was 0.31 (95%CI 0.14 to 0.69) of that at the slowest 

speed (p=0.0044), with other speeds having intermediate, non-significant 

effects (Table 13.2). 

 

Table 13.2: Number and percentage of case viewings with correct polyp 
identifications, split by viewing speed. Odds ratios were derived by 
multilevel logistic regression and refer to the odds of polyp detection at that 
viewing speed, in comparison to the baseline category (a viewing speed of 
1.0cm/s) 

 

Video 

speed 

(cm/s) 

Number of 

viewings 

with a polyp 

Number of 

correct 

clicks 

Percentage (95% 

CI) 

Odds ratio (95% 

CI) 

p value 

      

1.0 77 56 72.7 (61.9 to 81.4) - - 

1.5 77 54 70.1 (59.2 to 79.2) 0.51 (0.19 to 1.35) 0.18 

3.0 231 155 67.1 (60.8 to 72.8) 0.53 (0.23 to 1.19) 0.12 

4.5 225 137 60.9 (54.4 to 67.0) 0.31 (0.14 to 0.69) 0.0044 

 

 

Age, sex and reader experience had no significant effect on correct polyp 

identification rates (age: OR=1.01, 95%CI 0.95 to 1.08, p=0.70; male sex: 

OR=1.96, 95%CI 0.75 to 5.11, p=0.17; experienced readers: OR=1.94, 

95%CI 0.70 to 5.35, p=0.20). 
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Incorrect polyp identification 

 

As video speed increased, there was a significant reduction in the 

proportion of cases precipitating an incorrect polyp identification. At the 

slowest video speed, the percentage of videos with at least one incorrect 

polyp identification (i.e. per-case false-positive rate) was 48.7% (95%CI 

39.8 to 57.7%), falling to 31.6% (95%CI 26.9 to 36.7%) at the fastest video 

speed.  

 

Table 13.3: Number and percentage of case viewings with incorrect polyp 
identifications, split by viewing speed. Odds ratios were derived by 
multilevel logistic regression and refer to the odds of an incorrect polyp 
detection at that viewing speed, in comparison to the baseline category (a 
viewing speed of 1.0cm/s) 

 

Video 

speed 

(cm/s) 

Number of 

case viewings 

Number of 

incorrect 

clicks 

Percentage (95% 

CI) 

Odds ratio (95% CI) p value 

      

1.0 115 56 48.7 (39.8 to 57.7) - - 

1.5 115 45 39.1 (30.7 to 48.3) 0.61 (0.33 to 1.11) 0.11 

3.0 345 114 33.0 (28.3 to 38.2) 0.44 (0.27 to 0.72) 0.0011 

4.5 345 109 31.6 (26.9 to 36.7) 0.40 (0.25 to 0.66) <0.0001 

 

Just as for preferred viewing speed and proportion of correct polyp 

identifications, age, sex and reader experience had no significant effect on 

incorrect polyp identifications (age: OR=1.06, 95%CI 0.99 to 1.14, p=0.065; 

male sex: OR=0.56, 95%CI 0.20 to 1.56, p=0.27; experienced readers: 

OR=0.75, 95%CI 0.26 to 2.21, p=0.61).  

 

 

Preferred viewing speed and the percentage of cases with correct and 

incorrect polyp identifications are summarised in Figure 13.1. 
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Figure 13.1: Percentage of cases with correct polyp identifications (circle) 

and incorrect polyp identifications (triangle) according to case viewing 

speed. Short dashed lines show 95% confidence intervals. The average 

preferred viewing speed for all readers is shown by the thin vertical dashed 

line. 

 

 

 

Reader eye gaze distribution 

 

As video speed increased, reader gaze distribution narrowed progressively 

towards the central portion of the video display (Figure 13.2). At the slowest 

video speed of 1.0cm/s, readers spent 76.8% of the time with their eye 

gaze within the central 256x256 pixels of the video frame. This figure rose 

to 80.7% at 1.5cm/s, 86.1% at 3.0cm/s and 91.4% at the highest video 

speed of 4.5cm/s. 
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Figure 13.2: “Heatmap” of reader eye gaze, showing the percentage of time 

reader gaze is distributed in the central 256x256 pixels of the screen. 

Regions with “cooler” colours (blue/grey) correspond to shorter eye dwell 

times on that region of the video; “hotter” colours (pink/red) correspond to 

video regions with longer eye gaze times. Both x and y axis labels refer to 

the number of pixels from the 0,0 co-ordinate, arbitrarily defined as the top 

left pixel of the video.   

 

 

Discussion 

 

Interpretation of all CT images requires the user to interact with the viewing 

workstation, allowing them to control which part of the image is displayed at 

any given time. Endoluminal CTC is generally displayed from the 

perspective of a virtual colonoscope, which allows the reader to “fly-

through” the colonic lumen at a speed selected by the reader. In this study, 

we found that as navigation speed increased, the percentage of correct 

polyp identifications, the percentage of incorrect polyp identifications and 
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the amount of time readers spent looking at the periphery of the image all 

reduced significantly. However, the size of the effect was relatively small for 

correct polyp identifications, only becoming significant at the fastest 

navigation speeds of 4.5cm/s (approximately 3.8x faster than readers’ 

mean preferred speed of 1.18cm/s). Conversely, incorrect polyp 

identifications dropped rapidly at higher speeds, becoming statistically 

significant at 3.0cm/s. 

 

Previous research investigating the effect of enforcing more rapid 

radiological image interpretation is relatively scant, particularly for 

modalities involving multiple images such as CT. One study asked 

radiologists to interpret static 2D radiographs performed following extremity 

trauma (typical of injuries that would present to the Emergency Department 

of a UK hospital)254. When reporting at twice their normal rate, observer 

sensitivity was unchanged but the false positive rate dropped from 7.4% to 

1.4%. A second study used chest radiographs with lung nodules as the 

interpretive task, with the time for interpretation varying from 0.25 seconds 

to unlimited time. There was no significant difference in sensitivity or 

specificity when radiologists were permitted only 4 seconds vs. when 

interpretation time was unlimited, although sensitivity dropped once viewing 

times were 1 second or less255. More recently, the effect of rapid image 

interpretation on error rate at CT of the abdomen and pelvis has been 

investigated257. Radiologists were asked to interpret a sample of 12 CT 

studies at their normal rate and a further 12 cases at twice their normal 

rate; the major error rate was 10.0% at normal speed and 26.6% at the 

faster speed. The effect on specificity or false-positive rate was not 

reported. Taken together, these studies suggest that faster interpretation 

leads radiologists to overlook both true positive lesions and lesions which 

would generate false-positives, meaning that both sensitivity and the false-

positive rate will drop at higher interpretation speeds. 

 

For endoluminal CTC specifically, we were able to demonstrate the likely 

underlying cause of this change in diagnostic test characteristics. As 

navigation speed increased beyond the slowest video rate of 1.0cm/s, 

reader gaze was directed increasingly at the centre of the video display. 

Accordingly, at high speed, any abnormality that is only displayed in the 

periphery of the lumen (such as might be the case for some polyps, 
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particularly if located behind a haustral fold) will not be brought into high 

acuity vision. At such speeds, detection will then be entirely reliant on 

peripheral vision, which is likely to be less sensitive than central gaze. It is 

interesting to note that in Chapter 12, we found that most errors of polyp 

identification were those of recognition or decision-making rather than of 

visual search; although this is likely to be true at slower video speeds, the 

present experiment suggests that this does not hold true for faster speeds. 

A CTC workstation feature that generated a warning at navigation speeds 

of faster than approximately 1.5cm/s might be a useful addition in clinical 

practice. 

 

We found that gaze begins to narrow even at speeds just above 1.0cm/s, 

and diagnostic sensitivity also begins to drop (albeit not by a statistically 

significant amount) above this speed. Yet, at such a slow speed, we found 

the false positive rate to be relatively high. These data present a dilemma 

for clinical practice; by interpreting at slow navigation speed, radiologists 

will likely maximise sensitivity, but their false-positive rate (and hence 

referral rate to colonoscopy) will rise. This will reduce productivity and 

throughput, and increase overall costs due to excessive (and unnecessary) 

colonoscopy. This is likely to be a particular problem if prevalence of 

underlying abnormality is low. In this situation, most patients will not have 

the disease (i.e. CRC or polyps) in any case, and so the chance of missing 

significant pathology is relatively small even at moderate test sensitivity. 

Conversely, where prevalence is high, sensitivity must be maximised to 

ensure an adequate NPV. Therefore, for the BCSP, where prevalence is 

enriched due to a prior positive gFOBt result, radiologists should be 

encouraged to interpret at a speed that are commensurate with adequate 

colonic visualisation; which our data suggests is between 1.0 and 1.5cm/s. 

It is notable that one performance indicator for BCSP colonoscopists is the 

“negative withdrawal time”39; the length of time an endoscopist spends 

inspecting the colon during examinations in which they did not find a polyp 

or cancer. This indicator recognises the fact that longer withdrawal times 

are positively correlated with higher adenoma detection rates. There is a 

clear analogy to be drawn with CTC interpretation, and further work to 

determine if either overall interpretation time or endoluminal navigation 

speed are associated with polyp detection at CTC may be warranted.  

 



 253 

This study has limitations, many of which have been discussed in Chapter 

12. The endoluminal CTC videos we used do not directly reflect the 

interpretative task of real world CTC interpretation, and therefore we cannot 

be certain that these effects would remain the same in clinical practice. We 

presented the videos at a pre-specified navigation speed, whereas in reality 

readers will vary their speed according to the complexity of the visual 

information being presented (for example, slowing down as flexures are 

navigated). Furthermore, we were only able to investigate a relatively 

limited number of different cases and speeds, because piloting showed that 

a larger number provoked reader fatigue. Although we selected these video 

speeds to encompass a plausible range of speeds that might be used in 

clinical practice, no reader selected a preferred navigation speed 

approaching our faster video velocities. We asked readers to click a mouse 

to identify a polyp, whereas in practice, a potential lesion noted on the 

endoluminal view requires detailed inspection and correlation with the 2D 

images before a diagnostic decision is made. Our “incorrect clicks” 

category, although a proxy for false-positives, does not directly reflect these 

because we assume many would be dismissed following subsequent 2D 

correlation. 

 

In conclusion, the average preferred navigation speed at endoluminal CTC 

interpretation is approximately 1.18cm/s. As navigation speed increases, 

correct and incorrect polyp identifications both reduce, and readers’ gaze 

becomes more restricted. Radiologists should consider reducing their 

navigation speed during interpretation of BCSP cases in order to maximise 

sensitivity.  
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Chapter 14: Discussion, summary and future directions 

Introduction 

 

This thesis describes collaborative research intended to evaluate the 

current status of CTC in the English BCSP. While a proportion of the work 

is observational and descriptive, these data must be placed in the context 

of the situation in early 2012 when the work commenced; virtually nothing 

was known on this topic, and the first step was to extract as much 

information as possible from the data sources available (particularly BCSS). 

Subsequently, it became clear that there was a significant risk that CTC 

was underperforming in the BCSP, which led to the focus of the latter 

chapters being directed towards methods to improve diagnostic 

performance. This chapter concludes the thesis with a discussion of the 

major results and novel findings, and proposes avenues for future study. 

 

Summary of results 

 

The opening pages of this thesis presented a series of research questions 

and hypotheses that were tested in the subsequent chapters via a series of 

research studies, grouped in sections. These sections will now be revisited 

in turn, and the relevant findings from the thesis discussed: 

 

Section A: Literature background 

 

CRC screening is now proven to reduce disease-specific mortality. Chapter 

1 presented the key research studies underpinning the implementation of 

the BCSP, most notably the four RCTs of gFOBt screening conducted in 

Minnesota20, Nottingham51, Goteborg52 and Funen53. The potential for CTC 

as a screening tool was also considered, and the excellent diagnostic 

performance of the test (when interpreted by trained readers as in the 

landmark DoD134, ACRIN72 and SIGGAR13,73 trials) was highlighted. 

Chapter 2 summarised the BCSP history and structure, including the role of 

CTC, which is used when colonoscopy is not possible. In Chapter 3, a 

systematic review and meta-analysis was performed to estimate the 

diagnostic sensitivity and specificity of CTC for gFOBt/FIT-positive 
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individuals. The point estimate of 89% sensitivity for ≥6mm adenomas and 

CRC implies that lesions of this size will be missed in roughly 1 in 20 

individuals at a clinically plausible 40-50% prevalence. One of the 

conclusions of Chapter 3 was that even well-conducted CTC (as in the 

studies included in the meta-analysis) will likely miss established CRC in 

roughly 1 in 200 gFOBt/FIT positive subjects. Such a miss rate may be 

unacceptable when a safe, widely-available, quality-assured alternative 

such as colonoscopy is already in place. So, a major conclusion of Section 

A is that the current indications for CTC in the BCSP are justified, but at 

present should probably not be expanded. 

 

Section B: Current practice of CTC in the BCSP 

 

As noted above, at the inception of this thesis, virtually nothing was known 

regarding how CTC was being conducted in the BCSP, nor its diagnostic 

characteristics. This gap was addressed via the national “snapshot” survey 

presented in Chapter 4. Unlike previous national surveys of CTC 

practice16,131, these data were specific to the BCSP and remarkably 

achieved almost 100% coverage (indeed, just a single screening centre 

failed to provide data). CTC was widely available across the BCSP, and 

BCSP radiologists had received basic training and relevant hard- and 

software were available. However, although many radiologists had 

considerable experience, around one-third had interpreted fewer than 300 

cases, and many sites had relatively low case throughput, meaning their 

radiologists could not be interpreting the required 100 cases per annum 

stipulated by the BCSP12.  

 

Chapter 5 presented perhaps the most concerning and controversial data 

of this thesis, that CTC detection rates of CRC and advanced neoplasia 

were approximately half that of colonoscopy. Although some of the 

difference might be due to selection bias, we also found that the centres 

with inexperienced radiologists, low case throughput or those using only 2D 

interpretation (using data collated in Chapter 4) had lower detection rates, 

suggesting strongly that radiologist factors were responsible for this 

discrepancy.  
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In Chapters 6 and 7, I investigated the possibility that either variable gFOBt 

status or digit preference bias might contribute to the observed difference in 

detection rates. However, even screenees with a strongly positive gFOBt 

result (5 to 6 windows) had lower detection rates at CTC than colonoscopy; 

and the proportion of patients with 1 to 4 positive windows and 5 to 6 

positive windows was similar for CTC and colonoscopy. It is therefore 

implausible that this explains the data observed in Chapter 5. Similarly, 

although terminal digit preference bias did occur for both CTC and 

colonoscopy, the magnitude of this effect was too small to explain the large 

difference in detection rates between the two tests observed in Chapter 5. 

 

Section C: Patient acceptability of CTC 

 

Although diagnostic test accuracy is a critically important facet of any 

screening test, use of CTC in particular is often predicated on the 

perception of superior acceptability to alternative tests. In Chapter 8, this 

was shown to be a qualified success for BCSP CTC. Overall satisfaction 

was high, although most measures were judged poorer than for 

colonoscopy. However, by definition, patients undergoing CTC in the BCSP 

are frailer and have more co-morbidity than patients having colonoscopy, 

meaning it is encouraging that there were only relatively small differences 

in perceived test discomfort and no difference in post-procedural pain or 

complication rates between CTC and colonoscopy.  

 

Extracolonic findings were considered in Chapter 9, and both healthcare 

professionals and patients of screening age considered this to be a relative 

benefit of CTC at clinically realistic specificities for extracolonic malignancy. 

Perhaps the most surprising conclusion of this chapter was the 

extraordinarily high rate of false-positives that patients were prepared to 

tolerate – far higher than would be either economically viable.  

 

In Chapter 10 I investigated reasons for non-attendance at colonic testing 

after a positive gFOBt. Although highly varied, the commonest reason for 

non-attendance was unwillingness to have colonoscopy, raising the 

possibility that offering CTC as an alternative might be able to address this 

gap, at least for some patients. 
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Section D: Approaches to optimise BCSP CTC interpretation 

 

Since Section B suggested strongly that the diagnostic performance of CTC 

in the BCSP might be deficient, in Section D I outlined some early work that 

might help design interventions to improve performance. Since Chapter 4 

showed that 95% of BCSP radiologists’ workload is for symptomatic 

patients, they will inevitably be less familiar with the spectrum of disease 

found in BCSP patients. In Chapter 11, I found that screen-detected 

cancers were significantly smaller and more subtle than those found in 

symptomatic patients and were more likely to be missed by CAD, perhaps 

partly explaining the lower detection rates shown in Chapter 5.  

 

The nature of interpretative errors was explored in Chapter 12 via eye-

tracking; most missed lesions were viewed by the radiologists but, even so, 

were not identified as polyps, implying the error is one of recognition or 

decision-making, with clear implications for CTC training. Finally, in Chapter 

13, the effect of increasing navigation speed along the colon was explored, 

and found to reduce both sensitivity and the false positive rate. Accordingly, 

BCSP radiologists should navigate the colon slowly, and the use of 

interpretation time as a metric for quality should be investigated. 

 

Suggestions for future research: 

 

1. Although this thesis suggests strongly that BCSP CTC is missing 

polyps and cancers, this remains unproven due to the possibility of 

selection bias. Direct retrieval and analysis of CTC imaging data 

should be performed, with the goal of identifying missed lesions. 

Given the size and importance of the BCSP, I believe this research 

should happen as an urgent priority. 

2. Interval cancer rates after CTC should be measured, and compared 

with colonoscopy, to estimate the effect of any missed lesions on 

clinical outcomes. This should occur both within the BCSP and the 

wider NHS. Linkage between BCSS, the national Diagnostic 

Imaging Dataset (DID) and cancer registry data is one means of 

achieving this. 
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3. Since lower detection rates at CTC than colonoscopy appear to be 

at least partly due to radiologist factors and interpretation skills 

(Chapter 5), there is an urgent need to devise methods to improve 

these skills. Such training methods will require testing to confirm 

that they are effective prior to widespread implementation. 

4. Patient experience in the BCSP should be measured using an 

instrument that captures absolute, rather than relative, patient 

discomfort, permitting more meaningful comparison between 

different BCSP sites (and with colonoscopy). 

5. Reasons for non-attendance at colonic testing after a positive 

gFOBt should be recorded prospectively, and the potential for 

structured interventions to reduce this (including primary care 

involvement and the offer of CTC) should be tested. The effect of 

such non-attendance on clinical outcomes (specifically, subsequent 

development of CRC and patient mortality) should be measured via 

linkage of BCSP records to cancer registry and mortality data. 

Conclusion 

 

The existing evidence supports use of CTC for gFOBt/FIT positive 

individuals in whom colonoscopy is not possible. Indeed, largely following 

the systematic review and meta-analysis conducted in Chapter 3, this is 

now the recommendation of both the European Society of Gastrointestinal 

and Abdominal Radiology (ESGAR) and the European Society of 

Gastrointestinal Endoscopy (ESGE)179,180. However, adequate diagnostic 

performance requires training, experience and ongoing quality monitoring. 

Detection rates of advanced neoplasia are lower at CTC than colonoscopy 

in the BCSP, and this requires urgent attention. Patient experience of 

BCSP CTC is currently good, but there is scope to improve further and 

potentially improve adherence to screening. BCSP cases are often only 

subtly abnormal even when cancer is present, and radiologist errors are 

usually due to decision-making rather than observation. Future research 

should devise methods to address possible deficiencies in interpretation 

skills, and test whether these interventions are effective. Such interventions 

will likely substantially improve the quality of CTC both in the BCSP and 

more widely. 
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Publications arising directly from this thesis, as of October 2015: 
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M, Kuipers EJ, Lefere P, Mang T, Neri E, Petruziello L, Plumb A, Regge D, 
Taylor SA, Hassan C, Laghi A (2014). Clinical indications for computed 
tomographic colonography: European Society of Gastrointestinal 
Endoscopy (ESGE) and European Society of Gastrointestinal and 
Abdominal Radiology (ESGAR) Guideline. Endoscopy, 46(10): 897-915.  
 

7. Spada C, Stoker J, Alarcon O, Barbaro F, Bellini D, Bretthauer M, De 
Haan MC, Dumonceau JM, Ferlitsch M, Halligan S, Helbren E, Hellstrom 
M, Kuipers EJ, Lefere P, Mang T, Neri E, Petruziello L, Plumb A, Regge D, 
Taylor SA, Hassan C, Laghi A (2014). Clinical indications for computed 
tomographic colonography: European Society of Gastrointestinal 
Endoscopy (ESGE) and European Society of Gastrointestinal and 
Abdominal Radiology (ESGAR) Guideline. European Radiology, 
25(2):331-45. 
 

8. Plumb AA, Halligan S (2015). Colorectal cancer screening. Seminars in 
Roentgenology, 50(2):101-10.  



 261 
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Appendix 2 

Details of studies excluded from systematic literature review (Chapter 3). 

 

Author Year Reason for exclusion 

Fenlon 1999 FOBt-positive patients not reported separately 

Pescatore 2000 FOBt-positive patients not reported separately 

Yee 2000 FOBt-positive patients not reported separately 

Laghi 2002 FOBt-positive patients not reported separately 

Laghi 2002 FOBt-positive patients not reported separately 

Macari 2002 FOBt-positive patients not reported separately 

Wong 2002 FOBt-positive patients not reported separately 

Iannaconne 2003 FOBt-positive patients not reported separately 

Iannaconne 2003 FOBt-positive patients not reported separately 

Pineau 2003 FOBt-positive patients not reported separately 

Yee 2003 FOBt-positive patients not reported separately 

Cohnon 2004 FOBt-positive patients not reported separately 

Cotton 2004 FOBt-positive patients not reported separately 

Hoppe 2004 FOBt-positive patients not reported separately 

Iannaconne 2004 FOBt-positive patients not reported separately 

Iannaconne 2005 FOBt-positive patients not reported separately 

Rockey 2005 FOBt-positive patients not reported separately 

Haykir 2006 FOBt-positive patients not reported separately 

Reuterskiold 2006 FOBt-positive patients not reported separately 

Selcuk 2006 FOBt-positive patients not reported separately 

Carrascosa 2007 FOBt-positive patients not reported separately 

Walleser 2007 FOBt-positive patients not reported separately 

Roberts-Thomson 2008 FOBt-positive patients not reported separately 

Sali 2008 Not all patients underwent reference test 

Fisichella 2009 FOBt-positive patients not reported separately 

Nagata 2009 FOBt-positive patients not reported separately 

Neri 2009 Not all patients underwent reference test 

Ozsunar 2009 FOBt-positive patients not reported separately 

Sali 2013 Not all patients underwent reference test 
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Appendix 3 

Survey administered to radiologists and specialist screening practitioners 

(Chapter 4). 
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Appendix 4 

BCSP patient experience questionnaire (Chapter 8) 
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