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ABSTRACT  

 

Computed tomographic colonography (CTC) is a diagnostic technique involving helical volume 

acquisition of the cleansed, distended colorectum to detect colorectal cancer or potentially 

premalignant polyps. This Thesis summarises the evidence base, identifies areas in need of 

further research, quantifies sources of bias and presents novel techniques to facilitate 

colorectal cancer diagnosis using CTC. 

CTC literature is reviewed to justify the rationale for current implementation and to identify 

fruitful areas for research. This confirms excellent diagnostic performance can be attained 

providing CTC is interpreted by trained, experienced observers employing state-of-the-art 

implementation. The technique is superior to barium enema and consequently, it has been 

embraced by radiologists, clinicians and health policy-makers. Factors influencing 

generalisability of CTC research are investigated, firstly with a survey of European educational 

workshop participants which revealed limited CTC experience and training, followed by a 

systematic review exploring bias in research studies of diagnostic test accuracy which 

established that studies focussing on these aspects were lacking.  Experiments to address these 

sources of bias are presented, using novel methodology: Conjoint analysis is used to ascertain 

ǇŀǘƛŜƴǘǎΨ ŀƴŘ ŎƭƛƴƛŎƛŀƴǎΩ ŀǘǘƛǘǳŘŜǎ ǘƻ Ŧalse-positive screening diagnoses, showing that both 

groups overwhelmingly value sensitivity over specificity. The results inform a weighted 

statistical analysis for CAD which is applied to the results of two previous studies showing the 

incremental benefit is significantly higher for novices than experienced readers. We have 

employed eye-tracking technology to establish the visual search patterns of observers reading 

CTC, demonstrated feasibility and developed metrics for analysis. We also describe 

development and validation of computer software to register prone and supine endoluminal 

surface locations demonstrating accurate matching of corresponding points when applied to a 

phantom and a generalisable, publically available, CTC database. Finally, areas in need of future 

development are suggested. 
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THESIS OVERVIEW:  
BACKGROUND, HYPOTHESES AND STRATEGY 

 

 

BACKGROUND 

Timely and efficient colorectal cancer diagnosis is an international healthcare priority; the 

disease is responsible for over 600,000 deaths worldwide each year (1). Diagnosis and removal 

of potentially premalignant adenomatous polyps has been shown to reduce the lifetime risk of 

colorectal cancer death by over 25% (2) yet, uptake of colorectal cancer screening remains 

poor (3). The gold-standard whole-colon examination, optical colonoscopy, is expensive, time-

consuming and invasive, carrying a small, but well recognised mortality (4). Therefore, it has 

been suggested that a safer, less invasive investigation could increase screening uptake and 

hence, reduce missed cancer diagnosis. However, for many years, the radiological colorectal 

examination of choice has been the double contrast barium enema (BaE) which has been 

shown to be insufficiently sensitive for screening (5) and, despite being relatively safe, is 

disliked by many patients(6). Consequently, there has been considerable interest in developing 

an alternative radiological technique that could serve as a viable substitute for colonoscopy. 

 

Computed tomographic colonography (CTC) is a relatively novel diagnostic technology used to 

examine the large bowel. The technique combines helical CT scanning and three-dimensional 

(3D) image rendering of the cleansed, distended colorectum mimicking the view of the 

ŎƻƴǾŜƴǘƛƻƴŀƭ ŎƻƭƻƴƻǎŎƻǇƛǎǘΣ ƘŜƴŎŜ ǘƘŜ ŀƭǘŜǊƴŀǘƛǾŜ ǘƛǘƭŜ ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ(7). Studies have 

shown CTC to be safe (8) and acceptable to patients (9).  Moreover, CTC is more accurate than 

BaE and preferred by patients(10). Furthermore, multicentre comparative studies from the USA 

have suggested that CTC could rival the sensitivity and specificity of colonoscopy for the 

detection of polyps and cancer in populations with a high incidence of colorectal cancer (11, 

12) and asymptomatic subjects (13, 14); meta-analysis also suggests diagnostic performance is 

comparable to colonoscopy in certain circumstances (15). While these data are encouraging, 
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the results of large trials in academic institutions may not be generalisable to daily practice: 

Several sources of bias that influence the transferability of diagnostic test performance studies 

ŦǊƻƳ ǘƘŜ ΨƭŀōƻǊŀǘƻǊȅΩ ǎŜǘǘƛƴƎ ǘƻ ǘƘŜ ΨŦƛŜƭŘΩ ŀǊŜ ǊŜŎƻƎƴƛǎed but their impact remains unquantified 

presently. For example, observers involved in CTC validation studies have usually undergone 

extensive training and, in some cases, stringent examinations prior to trial participation (16). 

Conversely, the level of training and experience of those interpreting CTC in European clinical 

practice is unknown and, at present, there is no requirement for formal accreditation. 

Moreover, while it is recognised that experienced, trained observers outperform novice 

readers, the mechanism behind this remains poorly understood(17) and a coherent strategy for 

CTC training remains elusive. Other branches of diagnostic imaging such as mammography 

have medical image perception literature to inform implementation(18) yet, to date, this has 

not been applied to complex 3D interpretation tasks such as CTC. 

 

Reacting to the need to improve diagnostic sensitivity, particularly among less experienced 

readers, research groups have developed and validated computer aided detection (CAD) 

technology (19, 20). However, the largest multicase, multireader trials have also utilised 

experienced observers from large academic centres (20, 21). While studies have suggested CAD 

can narrow the gap between novice and experienced readers, sufficiently powered research 

remains awaited(22). Moreover, where CAD increases sensitivity, there is usually an 

accompanying reduction in specificity(23) yet the potential clinical implications of this trade-off 

are poorly understood. While the consequences of a false negative diagnosis (e.g. missed polyp 

or cancer) usually outweigh a false positive detection (e.g. unnecessary colonoscopy) standard 

statistical analyses may not account for this and, hence, underestimate the clinical benefit of 

such technology. For example, regulatory approval often requires comparison of the area under 

the receiver operating characteristic curve (ROC AUC) to approve new diagnostic technology, 

yet this method inherently combines sensitivity and specificity with equal weighting and, 

consequently, may not be appropriate where the clinical consequences of reductions and gains 

in sensitivity and specificity are not equivalent(24). Collaborators have devised a novel 

statistical method (19) to incorporate a weighting based upon the clinical consequences of 

changes in sensitivity vs. specificity but at present, the relative value clinicians and patients 

ascribe to these test attributes remains speculative. 
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Finally, despite correct annotation by CAD, even experienced readers incorrectly disregard true 

positive pathology (25). This reinforces the interpretative challenge and suggests there remains 

a need for further developments in human-computer interaction to maximise reader 

performance. By way of example, the importance of matching endoluminal locations between 

prone and supine CT acquisitions to differentiate mobile colonic residue from fixed mural 

pathology is well recognised (26). However, this task is complicated by considerable colonic 

deformation which takes place when the patient changes position (27). Therefore, 

development of computer software which can accurately match endoluminal surface loci 

between prone and supine datasets has the potential to facilitate interpretation. 

  

In summary, extensive research has brought CTC from an experimental technique in specialised 

academic units to everyday radiological practice yet there remains considerable scope to 

improve training, interpretation, CAD and to develop novel computer technologies to improve 

diagnostic accuracy using CTC. 
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RESEARCH QUESTIONS, RATIONALE, HYPOTHESES AND AIMS 

WHAT IS THE RATIONALE FOR CURRENT CTC IMPLEMENTATION?  

 

AIM: 

i) Summarise the history and development of CTC from its inception to present day. In 

particular, to review landmark evidence that has shaped current practice. 

ii) Review CTC literature published between 1st April 2010 and 31st March 2011 to describe 

present status, limitations and areas requiring further research.  

 

 

WHAT IS THE LEVEL OF CTC EXPERIENCE AND TRAINING AMONG EUROPEAN RADIOLOGISTS? 

 

RATIONALE: 

Comparative studies from the USA and Europe have suggested that CTC can achieve high 

sensitivity for the detection of polyps and cancer in at-risk populations (11, 12) and screening 

populations (13, 14). However, the data are heterogeneous and some trials have shown 

discrepant performance (28, 29). While the reasons for this are multifactorial, the level of 

reader training and experience are widely accepted as contributory. Each participating 

radiologist in the ACRIN National CTC trial (16) had experience of >500 CTC cases (or took part 

in 2 daysΩ focused individual training) and had to achieve a sensitivity of at least 0.90 for large 

polyps in a qualifying examination. Conversely, current European and UK consensus statements 

(30, 31) recommend a minimum experience of just 50 validated datasets and no formal process 

of accreditation exists.  
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HYPOTHESIS: 

At present, the level of training and experience of European radiologists reporting CTC is 

insufficient; diagnostic accuracy suggested by research studies is likely non-generalisable to 

daily clinical practice.  

 

AIM: 

To survey European radiologists attending directed CTC training workshops with a view to 

establishing their level of experience, prior training, and CTC implementation.  

 

TO WHAT EXTENT DOES RESEARCH METHODOLOGY BIAS STUDIES OF DIAGNOSTIC TEST ACCURACY?  

RATIONALE: 

Performing researŎƘ ƛƴ ŀƴ ŀǊǘƛŦƛŎƛŀƭ ΨƭŀōƻǊŀǘƻǊȅΩ ŜƴǾƛǊƻƴƳŜƴǘΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ōȅ ōƭƛƴŘƛƴƎ 

observers to the a priori expectation of disease or by enriching the ǎŀƳǇƭŜΩǎ prevalence of 

abnormality, can introduce bias. Although essential for evidence-based application of CTC 

performance studies, these sources of bias are poorly researched. Conversely, attempts to 

minimise additional potential sources of bias ǎǳŎƘ ŀǎ ΨƻōǎŜǊǾŜǊ ǊŜŎŀƭƭΩ increase time, expense 

and complexity of CTC research but without compelling evidence to support the practice. 

 

HYPOTHESIS: 

Currently employed research methodology may introduce potential sources of bias into studies 

of diagnostic test accuracy but these are poorly researched and their impact, unquantified. 

 

 AIM:  

To perform a systematic review to identify sources of bias in studies of diagnostic test accuracy. 

In particular, to quantify those influencing the generalisability of research performed in the 

ΨƭŀōƻǊŀǘƻǊȅΩ ǘƻ ǘƘŜ ΨŦƛŜƭŘΣΩ via manipulating sample prevalence and reporting intensity.  
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WHAT IS THE RELATIVE VALUE OF TRUE VS. FALSE POSITIVE DIAGNOSIS WHEN SCREENING USING CTC? 

 

RATIONALE: 

Qualitative research confirms that patients and clinicians value gains in sensitivity far beyond 

losses in specificity; the clinical consequences of misclassification are profoundly different (32, 

33). However, customary quantitative methods such as Likert scales are unable to determine 

the relative value of these two attributes as there is no requirement for the respondent to 

compromise when test attributes are inter-related. Conjoint analysis is a relatively novel 

technique that could be employed to ascertain the relative weightings clinicians and patients 

ascribe to false positive vs. false negative detection at CTC. This, in turn could be used to inform 

novel statistical methods. 

 

HYPOTHESIS: 

Conjoint analysis can be applied successfully to CTC research to determine the opinions of 

patients and clinicians to false positive and false negative diagnosis.  

 

AIM: 

To develop and perform a discrete choice experiment to determine the relative weighting 

clinicians and patients ascribe to diagnostic sensitivity vs. specificity in the context of colorectal 

cancer screening with CTC.  

 

CAN A NOVEL WEIGHTED STATISTICAL ANALYSIS BE APPLIED TO STUDIES OF CAD FOR CTC? 

RATIONALE: 

CAD increases reader sensitivity, particularly among inexperienced observers, but often at the 

expense of reduced specificity (19, 34). CAD software alerts the reader to suspicious areas on 

the endoluminal surface that may represent genuine polyps or spurious residue. While this can 
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enable detection of pathology, otherwise overlooked, it also increases the likelihood of FP 

characterisation. If CAD increases sensitivity but with a corresponding reduction in specificity, 

contingent upon the statistical analysis used, these chaƴƎŜǎ Ƴŀȅ ΨŎŀƴŎŜƭ ŜŀŎƘ ƻǘƘŜǊ ƻǳǘΩ 

leading to non-significant results. However, the clinical consequences of FP and FN diagnoses 

differ markedly (i.e. unnecessary colonoscopy vs. missed cancer) and statistical analysis should 

be able to account for this.  

 

HYPOTHESIS: 

A weighted statistical measure that considers the discrepant clinical consequences of 

diagnostic misclassifications can be applied to CAD studies.  

 

AIM: 

To apply this novel analysis using the weighting determined by conjoint analysis to the results 

of two previous multireader, multicase CTC CAD studies (19, 34) and compare the incremental 

benefit of CAD when used by experienced readers and inexperienced readers.  

 

 

IS IT POSSIBLE TO MEASURE VISUAL SEARCH STRATEGY DURING CTC INTERPRETATION USING EYE-TRACKING? 

 

RATIONALE: 

Radiological errors usually result from either failure to detect abnormalities (perceptive error) 

or incorrect characterisation of pathology (classification error). The majority of false negative 

diagnoses at CTC (i.e. missed polyps or cancers) have been shown to be perceptive errors, 

particularly among inexperienced readers (35). Therefore, training should focus on improving 

detection. However, CTC data display is complex and interpretation varies considerably 

between readers with little consensus existing regarding the optimum reading paradigm (30, 

31, 36). Consequently, a coherent training strategy remains unclear. Medical image perception 
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research has been central to optimising the display of chest radiographs, orthopaedic films and 

mammograms(37-39). However, eye-tracking technology is currently limited to plain 2D static 

radiographic images. The need to develop state-of-the art eye-tracking methodology has been 

identified (18)  but at present this is impossible for complex, moving 3D displays, such as CTC.  

 

HYPOTHESIS: 

Eye-tracking technology can be successfully applied to CTC; visual search patterns from readers 

with varying expertise can be recorded and compared.  

 

AIM 

To establish if eye-tracking technology can be applied to record visual search strategies during 

CTC interpretation. 

 

CAN AN AUTOMATED PRONE-SUPINE REGISTRATION ALGORITHM ACCURATELY MATCH CORRESPONDING 

ENDOLUMINAL SURFACE LOCATIONS? 

 

RATIONALE: 

Matching corresponding endoluminal locations between prone and supine datasets is a 

cornerstone of competent CTC interpretation (26). However, considerable colonic deformation 

takes place during patient repositioning (27) which complicates the radiologisǘΩǎ task, prolongs 

interpretation and may engender error. Current vendor platforms enable approximate prone-

supine registration by comparing the distance along the computed colonic centreline(40) but 

this is inherently one-dimensional and therefore cannot provide a 3D endoluminal surface 

location. Moreover, centreline methods are prone to error in cases with luminal collapse (41-

43). Development of a computer algorithm to automate endoluminal location matching would 

likely facilitate CTC interpretation and could improve existing CAD algorithms. 
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HYPOTHESIS: 

A novel computer registration algorithm can establish accurate corresponding endoluminal 

locations between prone and supine CTC acquisitions. 

 

AIM: 

To develop, train and validate computer software that can accurately match 3D endoluminal 

locations between prone and supine CTC acquisitions while remaining resistant to regions of 

colonic collapse or suboptimal distension.  
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THESIS STRATEGY 

 

This Thesis comprises twelve Chapters grouped into five Sections as outlined below. Unless 

otherwise stated, all work is that of the author. Peer-reviewed publications linked to each 

Chapter are outlined in Appendix A. 

 

Section A summarises the evidence base for CTC with a comprehensive review of published 

literature to date. In particular, this Section identifies limitations in existing research and areas 

requiring further development. This provides background to this Thesis and the motivation for 

the original research studies presented in the following Chapters. Chapter 1 introduces CTC 

with a narrative précis of the landmark publications which have shaped the technique from its 

first description as an experimental procedure to becoming the radiological examination of 

choice for detecting colorectal neoplasia. Chapter 2 discusses the current evidence for CTC 

implementation and performance with a review of the literature published during one year (1st 

April 2010 to 31st March 2011). This provides an overview of current CTC research and outlines 

the key themes providing the focus for future development. 

 

Drawing upon recurring themes identified in Section A, Section B attempts to address sources 

of bias and factors limiting the generalisability of CTC research. Chapter 3 aims to establish the 

level of CTC experience and training of European radiologists via a survey of participants 

attending a number of educational workshops. Chapter 4 provides a broader perspective on 

the limitations affecting studies of diagnostic test accuracy via systematic review. Sources of 

bias related to an ŀǊǘƛŦƛŎƛŀƭ ΨƭŀōƻǊŀǘƻǊȅΩ setting such as enriched disease prevalence, concealed 

clinical information and repeated interpretation of the same data are investigated and 

quantified. Recommendations from this Chapter inform the design of subsequent experiments 

within this Thesis. 

 

Section C builds upon limitations identified thus far and introduces three experimental 

techniques not previously applied to CTC research: Chapter 5 describes the use of ΨǇǊƻōŀōƛƭƛǘȅ 

ŜǉǳƛǾŀƭŜƴŎŜΨ conjoint analysis (discrete choice experiment) to determine the relative value of 

sensitivity vs. specificity in the context of screening for colorectal neoplasia. Chapter 6 employs 
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the results from chapter 5 to inform a novel statistical method; the results of the discrete 

choice experiment ǇǊƻǾƛŘŜ ǘƘŜ ΨǿŜƛƎƘǘƛƴƎΩ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ ŀƴŀƭȅǎƛǎΦ This statistical technique is 

applied to two previous multireader, multicase studies to determine the incremental benefit 

derived by novice and experienced observers when interpreting CTC with CAD. Chapter 6 also 

reinforces the marked discrepancy in polyp detection performance among observers of varying 

experience, despite the assistance of CAD. However, as identified in section A, the reasons for 

this disparity remain poorly researched. Therefore, Chapter 7 describes the technical 

development of eye-tracking methoŘƻƭƻƎȅ ǘƻ ŜƴŀōƭŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ƻōǎŜǊǾŜǊǎΩ Ǿƛǎǳŀƭ ǎŜŀǊŎƘ 

patterns during CTC.   

 

The results of Section C suggest that even experienced radiologists can benefit from computer 

assistance. Therefore, Section D describes the development and validation of computer 

algorithms to match endoluminal locations in prone and supine colonography data despite 

colonic deformation and luminal collapse. Chapter 8 summarises development of a technique 

for applying non-rigid registration of cylindrical representations of the endoluminal surface to 

provide surface correspondence between prone and supine acquisitions. Despite promising 

performance on a carefully selected validation dataset, limitations exist in terms of automation 

and overcoming poor luminal distension. Therefore, Chapter 9 describes a separate algorithm 

to match haustral folds using a Markov Random Field technique. The result of combining these 

algorithms is presented in Chapter 10 using a porcine phantom and Chapter 11 describes the 

results of clinical validation using a well characterised, publicly available CTC database.   

 

Section E concludes the Thesis; Chapter 12 summarises the key findings and suggests topics for 

future development. 



2 9  

 

SECTION A: 
HISTORY, DEVELOPMENT, 
CURRENT STATUS AND 
FUTURE DIRECTIONS OF CT 
COLONOGRAPHY  



3 0  

 

CHAPTER 1 
1.  HISTORY AND DEVELOPMENT OF CT COLONOGRAPHY  

 

 

 

AUTHOR DECLARATION 

The review presented in this Chapter was compiled and written by the author under the 

supervision of Professor Steve Halligan and Professor Stuart Taylor. Related work was published 

in the book chapter:  Boone D, Halligan S, Taylor SA (2013). CTC Background and Development 

in Cash, B. (Ed.), Colorectal Cancer Screening and Computerized Tomographic Colonography: A 

Comprehensive Overview (pp 41-58). New York, USA: Springer 

 

 

 

1.1 INTRODUCTION  

Colorectal imaging using CT coupled with full laxative bowel preparation and gaseous 

insufflation was first described in the early 1980s(44). However, the technique did not gain 

widespread recognition until 1994 when advances in computer processing technology enabled 

Vining and co-workers (45) to demonstrate the feasibility of using volumetric CT data to 

generate a 3D, endoluminal reconstruction, termed ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΦΩ {ƛƴŎe then, research 

relating to CTC has continued to gather exponential momentum, developing implementation, 

interpretation and diagnostic performance. Consequently, CTC has grown from a novel 

technique practiced in a handful of specialist academic centres to one that has widely 

surpassed the barium enema (BaE) as the preferred colorectal imaging modality in radiological 

departments. This Chapter charts the evolution of CTC over the last two decades, focusing in 

particular on research that has shaped current practice. 

 



3 1  

 

1.2 THE DECLINE OF THE BARIUM ENEMA 

Prior to the advent of CTC, the preferred radiologic investigation for suspected colorectal 

cancer (CRC) or adenomatous polyps was the double-contrast barium enema (BaE) (Figure 1). 

Compared to the gold-standard, colonoscopy, optimally performed BaE could achieve 

sensitivity for detecting cancer or large polyps in excess of 0.80 (46, 47). This was considered 

reasonable for a safe, relatively non-invasive examination. However, by the turn of the century, 

evidence was accumulating that enthusiasm for performing BaE was deteriorating (48) and 

consequently, so too was its interpretation; accuracy was considerably lower than believed 

previously (49). Confidence in the technique was diminished by the National Polyp Study(50), 

which found a sensitivity of 0.48 for large polyps (>1 cm) prompting an accompanying editorial 

to suggest that it was no longer appropriate to offer BaE for colorectal screening (51). Despite 

strong opposition(52), the radiological community  was unable to provide sufficient evidence to 

refute these claims and interpretation has continued to decline. 

 

Figure 1:  Single oblique, magnified projection 

from a double contrast, BaE examination.  This 

optimally prepared examination demonstrates a 

10mm pedunculated sigmoid polyp (arrow).  

 

 

 

1.3 THE RISE OF MULTI-DETECTOR CT 

Around this time, while BaE was falling out of favour, CT was enjoying a renaissance due to the 

development of helical, multi-detector scanners. The capability to acquire volumetric data 

within a single breath-hold stimulated research interest in abdominopelvic CT. For example, 

while seeking an alternative to BaE in frail, elderly patients, researchers from Cambridge, found 

CT could be used to demonstrate colorectal cancer, particularly after opacifying the colon by 

administering dilute oral contrast hours in advance of the study(53, 54). Therefore, it followed 
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naturally that established techniques to optimise BaE such as bowel catharsis, spasmolysis and 

gaseous insufflation were applied to CT (Figure 2); UK researchers named the resulting 

ǇǊƻŎŜŘǳǊŜΣ ΨCT pneumocolonΩ - a term which remains in sporadic use today(55). Although 

related research continued in specialist academic centres (particularly University College, 

London), BaE was well established in daily practice and remained the cornerstone of 

radiological colorectal investigation for several years.  

 

Figure 2:  Axial CT following full bowel catharsis, 

spasmolysis and carbon dioxide insufflation. 

Note the use of oral ΨŦŀŜŎŀƭ ǘŀƎƎƛƴƎΩ to opacify 

residual colonic content (arrow) and that 

intravenous contrast has been administered. 

Extensive research has taken place over recent 

years to optimise technical implementation (see 

below). 

 

 

1.4 THE BIRTH OF ΨVIRTUAL COLONOSCOPYΩ 

By 1994, the radiology community eagerly awaited a technique that could exploit the latest CT 

technology to provide a viable alternative to BaE. In the United States, in particular, there was 

an imperative to develop a radiological alternative to colonoscopic screening; in Europe, 

radiological investigation has historically been reserved for symptomatic patients. Therefore, 

the stage was set for a celebrated presentation at the 23rd Annual Meeting of the Society of 

Gastrointestinal Radiologists where Vining et al ƛƴǘǊƻŘǳŎŜŘ ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ ǇǊŜǎŜƴǘƛƴƎ ŀƴ 

endoluminal flythrough video accompanied by ²ŀƎƴŜǊΩǎ ΨCƭƛƎƘǘ ƻŦ ǘƘŜ ±ŀƭƪȅǊƛŜǎΩ. The 

subsequent publication (45) is widely regarded as the earliest description of CTC (Figure 3). 
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Figure 3:  Endoluminal CTC viewed from the caecum. 

Note the normal ileocaecal valve (arrow).  Although 

ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ ƛƴƛǘƛŀƭƭȅ ǊŜǉǳƛǊŜŘ Ƴŀƴȅ ƘƻǳǊǎ ƻŦ 

painstaking rendering , three-dimensional 

representations can be obtained almost immediately 

on most modern workstations. 

 

 

 

 

1.5 OPTIMISING TECHNICAL IMPLEMENTATION 

Following this dramatic introduction, ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ ǎǳōǎŜǉǳŜƴǘƭȅ gained international 

exposure. However, in reality, access to computer technology capable of endoluminal 

reconstruction was limited and where available, processing remained time-consuming. 

Therefore, initial research focused on 2D interpretation (55, 56) that could be carried out on a 

regular CT workstation directly after image acquisition. Moreover, it soon became apparent 

that further technical refinement was required to realise CTC Ωǎ Ŧǳƭƭ ǇƻǘŜƴǘƛŀƭΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ 

research groups formed and published the initial groundwork which is largely responsible for 

modern CTC. For example, initial research demonstrated that performing scans with the patient 

both prone and supine (Figure 4) could improve colonic distension overall (26) and that 

insufflation with CO2 was superior to room air (57). Nevertheless, research was less conclusive 

regarding the use of intravenous contrast(58), spasmolytics (59, 60) and differing bowel 

preparations (61)Φ CǳǊǘƘŜǊƳƻǊŜΣ ŜŀǊƭȅ ŀǘǘŜƳǇǘǎ ŀǘ ΨǘŀƎƎƛƴƎΩ ǊŜǎƛŘǳŀƭ ǎǘƻƻƭ ǳǎƛƴƎ ƻǊŀƭ ōŀǊƛǳƳ ƻǊ 

iodine gave conflicting results, with some groups finding it improved sensitivity (62) while 

others finding it less helpful (63). Nevertheless, these studies raised the possibility of ΨǇǊŜǇƭŜǎǎΩ 

CTC  (64) which remains the goal for many researchers today. 

 

Another consideration since the outset has been the anticipated increase in diagnostic 

radiation exposure compared to BaE, a factor that continues to raise concerns today. Initial 
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research employing phantom models (65-67) was instrumental in optimising acquisition 

parameters and low dose protocols exploiting the intrinsic contrast between soft tissue and gas 

were introduced with promising results (68). Once individual research groups had settled upon 

suitable preparation and scanning parameters, it was not long before they began to perform 

CTC on patients undergoing subsequent colonoscopy in order to compare appearances of 

various colorectal lesions (69, 70). Having demonstrated feasibility (71), exploratory reader 

studies rapidly followed to establish the diagnostic accuracy of this new technique. 

 

 

 

Figure 4:  Left: Supine, axial CTC. The lumen is collapsed around the rectal insufflation catheter 

(arrow).  Right: The same patient was re-examined in the prone position. Note the improved rectal 

distension has revealed irregular mural thickening (arrow); colonoscopy confirmed a 35mm carcinoma. 

 

1.6  EARLY OBSERVER STUDIES 

Initial studies, predominantly conducted in the USA, used small retrospective samples of high-

risk patients scheduled for colonoscopy. For example, Royster et al (72) studied 20 high-risk 

patients and found CTC detected all colonic masses (>2cm) and 12 of 15 polyps (>6mm). 

Similarly, Dachman et al performed CTC in 44 high-risk patients(73) achieving a per-polyp 

sensitivity of 0.83 and 1.00 for two observers compared to the colonoscopic reference 

standard. CŜǊǊǳŎŎƛΩǎ ƎǊƻǳǇ ǿŀǎ ŀƭǎƻ ƛƴǎǘǊǳƳŜƴǘŀƭ ƛƴ ǇǊƻǾƛŘƛƴƎ ǘƘŜǎŜ ƛƴƛǘƛŀƭ ǇŜǊŦƻǊƳŀƴŎŜ Řŀǘŀ 

from small, high prevalence cohorts (69, 72). However, while remarkable sensitivity was 
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demonstrated, a prospective trial was needed, preferably without such high disease 

prevalence. This was provided in 1997 by Hara et al (74) who compared 70 patients undergoing 

CTC  to routine abdomino-pelvic CT and to colonoscopy. Two observers read the cases and each 

achieved 0.75 sensitivity and 0.90 specificity for polyps 10mm or larger. Furthermore, this was 

the first study to demonstrate superiority over standard CT, which obtained a sensitivity of 0.58 

for polyps җ10mm. Interestingly, patients were scanned only in the supine position, illustrating 

that consensus had not been reached regarding what is now established as a fundamental 

element of CTC practice. Indeed, it was seven years before convincing research by Yee et al 

closed the debate on the value of prone and supine acquisitions (75).  Prone/supine matching 

is now considered pivotal to competent interpretation and is the focus of Section D of this 

Thesis. 

 

 

1.7 NEW MEETING, NEW NAME 

.ȅ ǘƘŜ ƭŀǘŜ мффлΩǎ ǎŜǾŜǊŀƭ ǊŜǎŜŀǊŎƘ ƎǊƻǳǇǎ ǿŜǊŜ ǇƛƻƴŜŜǊƛƴƎ ǘƘƛǎ ƴŜǿ ǘŜŎƘƴƛǉǳŜ independently, 

so in October 1998, key researchers arranged the first international meeting dedicated to CTC: 

The International Symposium on Virtual Colonoscopy(VC) (76) in Boston. It is also worthy of 

note that many opinion leaders in CTC research at this time were gastroenterologists.  Later 

ǘƘŀǘ ȅŜŀǊΣ ǘƘŜ ŎƻƳƳǳƴƛǘȅ ǎŜǘǘƭŜŘ ƻƴ ΨCTCΩ ŀǎ ǘƘŜ ŀŎŎŜǇǘŜŘ ǎŎƛŜƴǘƛŦƛŎ ǘŜǊƳƛƴƻƭƻƎȅ (77). Although 

ƻǘƘŜǊ ŘŜǎŎǊƛǇǘƛǾŜ ǘŜǊƳǎ ǎǳŎƘ Ψ/¢ ŎƻƭƻgraphyΣΩ Ψ/¢ ǇƴŜǳƳƻŎƻƭƻƴΣΩ ŀƴŘ ΨǾƛǊǘǳŀƭ ŜƴŘƻǎŎƻǇȅΩ ǿŜǊŜ 

ǎǳōǎŜǉǳŜƴǘƭȅ ŀōŀƴŘƻƴŜŘΣ ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ ǊŜƳŀƛƴǎ ƛƴ ǿƛŘŜǎǇǊŜŀŘ ǳǎŜΣ ƴƻǘ ƭŜŀǎǘ ōŜŎŀǳǎŜ ƛǘ 

is readily understood by the public.   

 

 

1.8 INTERNATIONAL INTEREST  

The following year, CTCΩǎ ƛnternational profile was elevated considerably by research published 

in the New England Journal of Medicine led by Dr Helen Fenlon (11), an Irish radiologist 

undertaking a fellowship with Dr Joseph Ferrucci in Chicago. This prospective trial of 100 high-
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risk patients (49 with endoscopically proven colorectal neoplasia, 51 with negative 

colonoscopy) was the largest to date and utilisŜŘ ΨǎǘŀǘŜ-of-the-ŀǊǘΩ ǘŜŎƘƴƛǉǳŜΦ CƻǊ ŜȄŀƳǇƭŜΣ 

interpretation used both 2D and 3D assessment in all patients - a factor some considered 

instrumental in achieving excellent performance. CTC achieved a sensitivity of 1.00 for cancer, 

0.91 for polyps 10mm or larger and 0.82 for polyps 6ς9 mm in diameter. On a per-patient basis, 

a 10mm threshold would have resulted in 0.96 sensitivity and 0.96 specificity. Publication of 

CŜƴƭƻƴΩǎ ǿƻǊƪ ǎǘƛƳǳƭŀǘŜŘ ŎƻƴǎƛŘŜǊŀōƭŜ ǿƻǊƭŘǿƛŘŜ ƛƴǘŜǊŜǎǘΤ ǿƛǘƘƛƴ ŀ ŦŜǿ ƳƻƴǘƘǎ ǘƘŜ .ǊƛǘƛǎƘ 

Medical Journal commissioned a review of the technique (7). Thereafter, several other 

European radiologists undertaking Fellowships in the USA returned home and introduced CTC 

to their practice. Subsequently, European research groups formed and began conducting their 

own studies. 

 

 

1.9 EARLY EUROPEAN RESEARCH 

In common with North American research described above, European studies initially focused 

on optimising technical aspects such as acquisition parameters(57, 67, 78, 79), bowel 

preparation(80-82), effect of spasmolytics, and insufflation(60, 83). European researchers were 

also early to recognise that ionising radiation exposure could hinder CTC uptake and developed 

low-dose techniques (84, 85). On the surface, repeating this groundwork may appear excessive, 

yet it was mandatory to account for 9ǳǊƻǇŜΩǎ ŘƛŦŦŜǊƛƴƎ ƭŜƎƛǎƭŀǘƛƻƴΣ ǊŜƎǳƭŀǘƛƻƴ ŀƴŘ ǇŀǘƛŜƴǘ ŎŀǎŜ-

mix. For example, in the UK, hyoscine butylbromide is licensed for diagnostic spasmolysis and 

researchers soon showed it improved distension during CTC (83). In addition, European studies 

have paid particular attention to patient acceptability (9, 86-89), particularly by reducing or 

avoiding cathartic bowel preparation (64, 90).  Around this time, European CTC researchers 

began to collaborate with their neighbours via the European Society of Gastrointestinal and 

Abdominal Radiology (ESGAR).  

 

 

In 2003, opinion leaders from the UK (Halligan, Taylor, Frost, Breen), Italy (Laghi), Belgium 

(Lefere), and the Netherlands (Stoker), established the ESGAR CTC committee and initiated 



3 7  

 

training workshops. The committee has since expanded and has been instrumental in 

promoting pan-European academic collaboration and training. Subsequently, ESGAR has 

actively facilitated CTC research and has funded multicentre studies (91-93). Indeed, research 

outlined in Chapters 3 and 7 of this Thesis would not have been possible without the 

collaborative efforts of ESGAR CTC committee members. 

 

 As described above, the most striking international difference in CTC research has related to its 

potential clinical role; the focus in the USA has been to establish a viable screening tool while in 

Europe there has been an additional focus on symptomatic patients. Inevitably, studies 

specifically investigating patients at increased colorectal cancer risk soon followed (13, 94-96). 

However, European researchers also recognised that the vast majority of published studies 

from the USA had actually examined symptomatic patients even though the emphasis of 

interpretation was directed towards screening. ESGAR funded a systematic review and meta-

analysis that established CTC had high sensitivity for diagnosis of symptomatic colorectal 

cancer (15) (Figure 5) and paved the way for CTC  implementation in Europe. 

 

 

 

Figure 5:  2D coronal (Left) and 3D endoluminal CTC (right) at the level of the mid-rectum. Although 

the emphasis of early research focused upon polyp detection in screening populations, CTC can be 

used to detect polyps or invasive cancer in symptomatic patients. Here, a large annular carcinoma is 

clearly demonstrated (arrow) 
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1.10  THE FIRST LARGE MULTI-CENTRE TRIALS 

While European research was still gaining momentum, in the USA further prospective trials 

continued to demonstrate good sensitivity for large polyp detection (12, 97). Moreover, 2003 

saw the publication of the largest and most influential CTC study to date: 5Ǌ tŜǊǊȅ tƛŎƪƘŀǊŘǘΩǎ 

Department of Defence (DoD) trial(14). This three-centre prospective study of 1233, 

asymptomatic, average-risk adults compared CTC against a new, enhanced reference standard: 

ΨǳƴōƭƛƴŘŜŘ ŎƻƭƻƴƻǎŎƻǇȅΦΩ Prior to this, studies had been subject to potential verification bias 

due to an imperfect gold-standard (i.e. a polyp seen on CTC that is not subsequently verified at 

colonoscopy would be considered a CTC FP whereas, in reality, it could represent ao OC FN). 

¢ƘŜ 5ƻ5 ǎǘǳŘȅ ΨǳƴōƭƛƴŘŜŘΩ ǘƘŜ ŎƻƭƻƴƻǎŎƻǇƛǎǘ ǘƻ CTC findings after their initial assessment, to 

allow re-evaluation of each colonic segment in the light of CTC findings. Primary 3D 

endoluminal reading was performed in all cases; most studies thus far had used 3D for 

problem-solving only. CTC achieved sensitivities of 0.94 and 0.89 for polyps at least 10 mm and 

сƳƳ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¦ǎƛƴƎ ǘƘŜ ǎŀƳŜ ǘƘǊŜǎƘƻƭŘǎΣ ŎƻƭƻƴƻǎŎƻǇȅΩǎ ǎŜƴǎƛǘƛǾƛǘȅ ǿŀǎ 0.88 and 0.92. The 

impact of these results was moderated by the ensuing publication of preliminary findings from 

the American College of Radiology Imaging Network (ACRIN) National CTC trial(98) led by Dr 

Daniel Johnston: Johnson et al studied 703 higher-than-average risk, asymptomatic patients 

who underwent CTC followed by same-day colonoscopy. Results were disappointing with wide 

intra-observer variability and sensitivities for detecting large polyps of only 0.34, 0.32, 0.73, for 

three experienced readers. The following year, Cotton et al (29) published further disappointing 

results in a multicentre study which examined 615 patients undergoing CTC  and same-day, 

unblinded colonoscopy. CTC achieved a sensitivity of 0.55 for polyps at least 10 mm, compared 

to 0.99 for colonoscopy. Furthermore, CTC missed 2 out of 8 cancers. Finally, in 2005 Rockey et 

al (28) obtained similar results to Cotton in a prospective evaluation of high risk patients: CTC 

achieved a sensitivity of only 0.59 for polyps of 10mm or larger compared to 0.99 for 

colonoscopy. The reasons for these conflicting results were debated fiercely; overall the success 

of the DoD trial was attributed to well-trained, experienced observers using primary 3D 

interpretation of fluid-tagged cases. Lǘ ƛǎ ǘƘŜ ŀǳǘƘƻǊΩǎ ƻǇƛƴƛƻƴ ǘƘŀǘΣ ǳƴŦƻǊǘǳƴŀǘŜƭȅ ǘƘŜ DoD 

results do not reflect current performance in daily practice, which provides the rationale for 

Section B of this Thesis. In any event, these discrepant results prompted the development of 

clearly defined standards for both implementation and interpretation. 
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1.11 INTERNATIONAL CONSENSUS ON CTC   

Discussion of these recent trials at the 2005 annual Boston VC symposium led to the 

development of the first international CTC standards document. Barish et al (36) surveyed 31 

ƪŜȅ ƻǇƛƴƛƻƴ ƭŜŀŘŜǊǎΩ ŀǘǘƛǘǳŘŜǎ ǘƻ ŎŀǘƘŀǊǘƛŎ ǇǊŜǇŀǊŀǘƛƻƴΣ ŦŀŜŎŀƭ ǘŀƎƎƛƴƎΣ ǇǊƻƴŜ ŀƴŘ ǎǳǇƛƴŜ 

positioning, intravenous contrast, scanning parameters, spasmolytics, optimal reading 

paradigm and polyp size threshold for reporting. The results were collated, drafted, sent to 

respondents for approval, and a consensus statement published. At around the same time, 

Zalis et al published the CRADS system for CTC reporting (99)and shortly thereafter, ESGAR 

commissioned its own consensus statement to provide a European perspective (30). It is 

important to note at this juncture that in 2006, the American Gastroenterological Association 

(AGA) released a position statement (100), aimed primarily at gastroenterologists with an 

interest in reporting CTC . Disappointingly, the ensuing controversy provided clear evidence of 

ŀƴ ŜǾƻƭǾƛƴƎ ΨǘǳǊŦ ōŀǘǘƭŜΩ between specialties which has inevitably shaped the direction of 

research over recent years. Therefore, it is encouraging to note that the most recent guidelines 

from the International Collaboration for CTC Standards have been developed in direct 

collaboration between a radiologist, Dr David Burling and the UK National Lead for Endoscopy 

Services, Dr Roland Valori, supported by an extensive multidisciplinary team (31).  

 

 

 

1.12 ONGOING RESEARCH THEMES  

By 2005, comparative trials and meta-analysis had suggested that CTC could achieve a 

sensitivity approaching that of colonoscopy for large polyps and the technique was starting to 

disseminate outside academic environments(101). Furthermore, publication of consensus 

guidelines shifted research focus away from technical issues and towards several discrete 

themes: Training, reading technique, CAD, patient experience, and reducing bowel preparation. 

The current status of these topics is covered in greater detail in Chapter 2; important 

milestones are described briefly below. 
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1.12.1 TRAINING, VALIDATION AND AUDIT 

It is unsurprising that the earliest CTC performance studies suggested a learning curve for this 

novel technique. Indeed, some authors experienced this first hand while collating their initial 

data. For example, Spinzi et al (102) studied a random selection of 96 patients undergoing CTC  

followed by colonoscopy and failed to detect five out of six polyps during review of the first 25 

cases, with a resulting sensitivity of just 0.32. However, by the final 20 patients, they obtained a 

far more satisfactory sensitivity of 0.92.  The authors openly attributed their poor initial 

performance to inexperience. In 2005 an editorial by Soto et al (103) reviewed the available 

evidence and concluded a variable learning curve exists for all readers and that many readers 

may never achieve satisfactory performance regardless of training. Nevertheless, the nature of 

the learning curve remains elusive, as does the optimal training programme: For example, an 

early study of 3 radiologists of differing general experience revealed interesting results; 

performance varied considerably and one observer actually deteriorated after training(17). The 

authors extended this work to a multi-centre European setting, funded by ESGAR, investigating 

the effect of administering a directed training schedule of 50 cases to novice readers and then 

comparing their performance to that of experienced observers. Again the authors found that 

there was considerable variation and that competence could not be assumed after training. 

aƻǊŜƻǾŜǊΣ ǘƘŜ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǎƻƳŜ ŜȄǇŜǊƛŜƴŎŜŘ ǊŜŀŘŜǊǎ ǿŀǎ ŦŀǊ ŦǊƻƳ ΨŜȄǇŜǊǘΩ (104).  

In allied radiological sub-specialties, such as mammography, medical image perception studies 

have provided valuable insight into the interpretation technique of readers with varying 

expertise(18). Despite extensive eye-tracking of plain radiographic interpretation, none exists 

currently for complex cross-Sectional imaging, least of all 3D modalities where the image is 

moving. The development of new eyetracking metrics for this scenario and a feasibility study 

provide the focus of Chapter 7 of this Thesis.  

 

Guidelines from The American College of Radiology (105), the American Gastroenterological 

Association Institute(106) and the International Collaboration for CT Colonography Standards 

(31) have all recommended individual training with exposure to a range of endoscopically 

validated pathology. Hands-on training workshops are now well established to meet this need; 

ESGAR CTC courses have trained over 1000 radiologists worldwide (Chapter 3) while in the 

USA, the Society of Gastrointestinal Radiologists, American Roentgen Ray Society, and 
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American College of Radiology all offer hands on workshops. However, the level of prior 

experience and training of those attending workshops and details of their clinical practice are 

unknown. Therefore, while there is professional and political imperative for European 

radiologists to interpret CTC, it remains unclear how many have sufficient training or 

experience to do so at present. This is explored in Chapter 3 of this Thesis. 

 

Once outside of a research environment, assessment of CTC performance becomes more 

challenging, not least because it is impossible in most cases to establish a reference standard. 

To address this, in 2009, the American College of Radiology recommended quality metrics 

including complication rates, the proportion of technically inadequate studies, and significant 

extracolonic findings (Figure 6) to establish benchmarks against which departments can audit 

their performance in the absence of same-day comparisons with colonoscopy(105). Given the 

heterogeneous response to training, it is likely that only ongoing performance review will 

enable readers to ascertain their fitness to practice the technique. 

 

 

 

Figure 6:  Coronal CTC. Note 

the calcified, ectatic 

abdominal aorta detected 

incidentally on this 

unenhanced CTC 

examination. The potential 

impact of these 

serendipitous extracolonic 

detections has become the 

subject of extensive debate. 
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1.12.2 OPTIMAL READING PARADIGM 

It is difficult to speculate about what would have become of CTC without the advent of 3D 

endoluminal reconstructions; it was the ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ aspect that sparked medical and 

media interest in the technique. However, by necessity many researchers with neither the time 

nor resources to generate 3D reconstructions, initially published research using a 2D reading 

approach alone. Subsequently, computer hardware developed rapidly and it was not long 

before workstations capable of rapid endoluminal reconstruction were readily available (albeit 

at considerable expense) and debate surrounding the relative benefits of 2D and 3D reading 

has existed ever since. The explanation for this revolves primarily around reading time: Even 

once resource-intensive 3D reconstructions could be generated rapidly, studies soon confirmed 

what many researchers already suspected ς primary 3D reading was considerably slower than 

2D interpretation (107). Indeed, as early as 1998, Dachman et al had suggested using a 

ŎƻƳǇǊƻƳƛǎŜ ƻŦ н5 ƛƳŀƎŜǎ ŦƻǊ ǘƘŜ ǇǊƛƳŀǊȅ ǊŜŀŘ ǿƘƛƭŜ ǊŜǎŜǊǾƛƴƎ ŜƴŘƻƭǳƳƛƴŀƭ ǾƛŜǿǎ ŦƻǊ ΨǇǊƻōƭŜƳ 

ǎƻƭǾƛƴƎΩ(73). Nevertheless, studies by Fenlon et al and Pickhardt et al (14) that used primary 3D 

interpretation prompted some authors to claim that their interpretation technique was 

responsible for the impressive sensitivity in these trials. Furthermore, perceived limitations of 

2D reading provided a plausible explanation for the poor performance achieved by Johnson et 

al (98), Cotton et al (29) and Rockey et al(28) around the same time. Nonetheless, in 2005, the 

majority of key opinion leaders were familiar with 2D interpretation and, given the 

considerable differences which existed between software platforms (40), despite relatively 

compelling evidence, the International Consensus Statement recommended 2D reading(36).  

However, before long, most software platforms were considered 3D-ready and by the time the 

ACRIN II protocol was designed, readers were encouraged to read cases using the paradigm 

with which they were most familiar/comfortable. Subgroup analysis showed no significant 

difference in diagnostic performance between reading paradigms(16) and recent consensus 

guidelines do not favour one primary method over another (31). The debate subsequently 

subsided and the matter has largely become one of personal preference (108); all agree that a 

combination of 2D and 3D visualisation is optimal. 
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1.12.3 COMPUTER AIDED DETECTION 

The time-consuming, laborious nature of interpretation, together with the well-documented 

problems of perceptive error, makes CTC an ideal candidate for computer-aided detection 

(CAD). Indeed, development and validation of CAD algorithms began in tandem with the early 

observer studies outlined above (Figure 7). In 2000, Summers et al reported one of the first 

documented CTC CAD systems by applying  a ǇǊƻǘƻǘȅǇŜ ǎȅǎǘŜƳ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ΨǾƛǊǘǳŀƭ 

ōǊƻƴŎƘƻǎŎƻǇȅΩ ǘƻ ŀǊǘƛŦƛŎƛŀƭƭȅ ƎŜƴŜǊŀǘŜŘ ǇƻƭȅǇǎ ƛƴ CTC  datasets (109). The following year, the 

same group published a preliminary validation study using 20 patients with 50 endoscopically 

proven polyps and achieved a sensitivity of 0.64 for polyps 10mm or larger(110). These cases 

were optimally prepared but nonetheless, the sensitivity was comparable with many human 

readers at that time. Within months, Yoshida and Nappi, validated a different CAD system with 

43 endoscopically confirmed cases and achieved comparable results (111). 

 

Figure 7:  Endoluminal CTC with  CAD. The CAD 

prompt (arrow) correctly alerts the reader to a 6 

mm sessile polyp.  

 

 

 

 

 

 

 

By now, CAD was well established for assisting mammographic interpretation yet research from 

this field suggested that unless a CAD system could achieve near-perfect sensitivity, its role 

would remain one of alerting the reader to potentially missed regions (i.e. ΨǎŜŎƻndςǊŜŀŘŜǊΩ 

/!5ύ ǊŀǘƘŜǊ ǘƘŀƴ ŀŎǘƛƴƎ ŀǳǘƻƴƻƳƻǳǎƭȅ όΨŦƛǊǎǘ- ǊŜŀŘŜǊ /!5ΩύΦ ¢ƘŜ ŦƛǊǎǘ ǎǘǳŘȅ ǘƻ ŜȄǇƭƻǊŜ ǇƻǘŜƴǘƛŀƭ 

ΨǎŜŎƻƴŘ-ǊŜŀŘŜǊΩ ƛƴǘŜǊŀŎǘƛƻƴ ŀƭǎƻ ŎŀƳŜ ŦǊƻƳ {ǳƳƳŜǊǎΩ ƎǊƻǳǇ ǿƘƻ ŀǇǇƭƛŜŘ /!5 ǘƻ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ 

an observer study in which readers had relatively poor sensitivity (0.48 for polyps >10mm.) 
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CAD detected four large polyps out of 13 which had not been reported by human readers, 

allowing the authors to infer that CAD could potentially increase reader sensitivity by alerting 

them to polyps which they had missed during their unassisted read (112). Because observer 

studies to assess the direct effect of CAD ƻƴ ǊŜŀŘŜǊǎΩ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴǎ are time-consuming and 

expensive, algorithm ΨstandaloneΩ performance is usually used as a surrogate to gauge its 

potential impact on interpretative accuracy. Consequently, several such studies have been 

published in recent years, their size reflecting the ever increasing availability of algorithms and 

endoscopically validated data. For example, a screening cohort of 1186 well-characterised 

datasets, all of which had undergone unblinded colonoscopy, was used to test standalone CAD 

performance (113), which achieved a sensitivity of 0.89 for polyps >1cm and, on average, 2.1 

FP detections per patient.  

 

However, excellent standalone performance does not necessarily translate into equivalent 

levels of diagnostic accuracy when integrated with radiologist interpretation in clinical practice. 

There are likely two main reasons for this: readers may be misled by FP CAD prompts, reducing 

their specificity, or they may incorrectly classify a true positive CAD prompt as false-negative, 

reducing potential gains in sensitivity. Taylor et al examined 111 polyps that had been 

incorrectly dismissed by radiologists despite appropriate CAD prompting(25) and found, 

surprisingly, that large polyps were often disregarded incorrectly when atypical. Also, the 

optimal reading paradigm for integrating CAD into workflow is yet to be established (114, 115). 

 

Therefore, realistic estimates of CAD utility in clinical practice require that large numbers of 

observers interpret cases with and without CAD assistance. Recently, two groups have 

published multi-reader, multi-case studies (19, 20) and these are described in greater detail in 

Chapter 2. However, common to large trials involving unassisted observers, these studies 

recruited experienced readers who are unlikely to reflect those interpreting CTC in daily 

practice. While one could reasonably speculate that novice readers with low baseline 

performance may benefit more from CAD than those with extensive CTC experience (who may 

already be performing optimally) as yet, no published study has sufficient statistical power to 

confirm this (22). This is the subject of Chapter 6 of this Thesis.  
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1.12.4 PATIENT EXPERIENCE 

Although early diagnosis and removal of adenomatous polyps can reduce colorectal cancer 

mortality significantly (116), fewer than 50% of eligible patients attend colorectal screening 

(117). The reasons for this are poorly understood but inconvenience, embarrassment, 

discomfort and safety concerns are all likely to contribute. Given that patients may expect 

ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ ǘƻ ōŜ ƭŜǎǎ ƛƴǾŀǎƛǾŜ ǘƘŀƴ ƻǘƘŜǊ ǿƘƻƭŜ-colon tests, high hopes exist that a 

CTC screening program could increase compliance. Consequently, recent years have seen 

considerable efforts to compare patient preferences for CTC, colonoscopy, and BaE.  

Early questionnaire surveys (86, 89) comparing the attitudes of patients who had undergone 

both CTC and colonoscopy found the majority favoured CTC.  Subsequently, more elaborate 

studies also suggested patients would prefer subsequent investigation with CTC rather than 

colonoscopy (118) or BaE (9). However, in common with diagnostic performance studies 

conducted at the time, research relating to patient preference was rapidly evolving from small, 

high-risk cohorts to large screening populations. In 2003, Glueker et al  published a large 

prospective study of asymptomatic individuals(88);  696 patients scheduled to undergo 

colonoscopy and 617 patients due to have BaE were offered additional CTC . Patients 

completed questionnaires exploring their attitudes to inconvenience, discomfort, preparation, 

willingness to repeat examinations and examination preference. Overall, patients preferred CTC 

to colonoscopy (72% vs 5%) and to BaE (97% vs 0.4%). Moreover, regardless of the modality, 

the majority of patients found bowel preparation the most uncomfortable and inconvenient 

aspect. 

 

Most patient preference surveys thus far had been led by a radiologist with an interest in CTC 

(often without gastroenterologist co-authors) which prompted accusations of bias; studies led 

by gastroenterologists found that CTC failed to offer any advantage over colonoscopy (29).  

Consequently, multidisciplinary research has been considered essential for ensuring the 

modality is presented fairly and ǇŀǘƛŜƴǘǎΩ ǾƛŜǿǎ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ correctly. For example, in 2005, 

a study by van Gelder(119), working with health psychologists and gastroenterologists, 

obtained interesting results: While patients initially preferred CTC  to colonoscopy, this was no 

longer the case after a five week interval. The authors suggested that once short-term concerns 

such as pain and inconvenience had subsided, long-term considerations such as test accuracy 
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became more influential. Moreover, a recent qualitative study has suggested that patients may 

be willing to trade considerable discomfort for very modest increases in sensitivity (32) yet no 

quantitative preference survey to date has provided patients with crucial diagnostic 

performance information.  

 

In any event, the rationale for comparing CTC to colonoscopy is questionable; patients with 

positive or equivocal CTC findings will continue to need therapeutic colonoscopy regardless. 

Therefore, stimulated by cost-effectiveness debate, research focus has returned to the 

germane consideration: Can CTC increase screening uptake? Recent research addressing this 

question is presented in Chapter 2. 

 

1.12.5 OPTIMISING BOWEL PREPARATION 

Although a certain degree of overlap exists with patient acceptability research, studies 

investigating reduced bowel preparation have a somewhat different emphasis: Although 

reducing the laxative burden during CTC preparation may improve the experience, ensuring 

comparable sensitivity with full laxative preparation is the primary concern. Initially, bowel 

preparation prior to CTC reflected that used for BaE or colonoscopy. Although this varied from 

ƻƴŜ ƛƴǎǘƛǘǳǘƛƻƴ ǘƻ ǘƘŜ ƴŜȄǘΣ ŀǎ ŀ ƎŜƴŜǊŀƭ ǊǳƭŜΣ ƭŀȄŀǘƛǾŜ ΨǿŜǘΩ ǇǊŜǇŀǊŀǘƛƻƴǎ ƛƴǾƻƭǾƛƴƎ two or more 

litres of polyethylene glycol (PEG) were favoured in the USA ǿƘƛƭŜ ΨŘǊȅΩ ǇǊŜǇŀǊŀǘƛƻƴǎ ōŀǎŜŘ 

around sodium picosulfate were preferred in Europe. However, it soon became apparent that 

residual faecal fluid and residue represented a barrier to accurate diagnosis and researchers 

began to investigate alternative preparations. An early study confirmed picosufate resulted in 

less residue than PEG (61) while others found drinking large volumes of PEG was disliked by 

some patients more than the ensuing diarrhoea(120). Subsequently dryer preparations 

replaced PEG in many centres. 

 

While studies continued to compare the quality of various laxative regimens(82), a small 

number of researchers directed their efforts on avoiding catharsis altogether. The first study 

suggesting adequate performance could be achieved by non-laxative CTC was published in 

2001(64) and since then a limited number of studies have continued to produce impressive 
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results(90, 121, 122). Despite the obvious attraction of non-laxative CTC, it remains unpopular 

with readers who favour primary endoluminal interpretation (which necessitates a clean 

colon). Nevertheless, it is likely that early research into laxative-free preparation was 

responsible for the introduction of positive oral contrast faecal tagging during full-preparation 

CTC (123), which is considered routine practice today. From experience with BaE, colonoscopy 

was considered unsatisfactory in the presence of colonic barium, so to enable same-day 

colonoscopy, oral iodine solutions were included in the DoD(14) and ACRIN(16) study protocols 

instead of barium. Given the performance demonstrated by these studies, full colonic cleansing 

coupled with ƛƻŘƛƴŜ ǎƻƭǳǘƛƻƴǎ ƛǎ ƎŜƴŜǊŀƭƭȅ ǊŜƎŀǊŘŜŘ ŀǎ ǘƘŜ ΨƎƻƭŘ ǎǘŀƴŘŀǊŘΩ(31) (Figure 8).  

 

 

Figure 8:  Axial CTC following oral contrast. 

HƻƳƻƎŜƴƻǳǎ ŦƭǳƛŘ ΨǘŀƎƎƛƴƎΩ ŜƴŀōƭŜǎ 

confident diagnosis of a 10mm 

pedunculated polyp (arrow) despite being 

partially submerged in colonic residue. Note 

the fat attenuation in this endoscopically 

proven lipoma. 

 

 

 

However, it is important to note that some oral iodinated contrast (e.g. melgumine diatrizoate) 

acts as a strong osmotic laxative in its own right, and in combination with full catharsis may 

give a rather harsh preparation. Nevertheless, these additional laxative properties have been 

used to advantage by several groups for designing new regimens: These so-ŎŀƭƭŜŘ ΨǊŜŘǳŎŜŘ 

ǇǊŜǇŀǊŀǘƛƻƴΩ ǘŜŎƘƴƛǉǳŜǎ ƘŀǾŜ ǇǊƻǾŜŘ Ǉŀrticularly popular in Europe where CTC is generally 

used to investigate symptomatic patients(87, 124-126). However, in common with non-laxative 

preparations, the main obstacle to reduced preparation is the difficulty in reading 3D 

endoluminal CTC in ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǊŜǎƛŘǳŀƭ ŦƭǳƛŘΦ ¢ƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ΨŘƛƎƛǘŀƭ ŎƭŜŀƴǎƛƴƎΩ (62, 

121) aims to make reduced preparation CTC a realistic compromise between diagnostic 
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performance and tolerability.  Nagata et al (127) published convincing claims that full purgation 

is no longer required: One-hundred and one consecutive high-risk patients scheduled to 

undergo CTC were alternately assigned to either full (2l PEG) or ΨminimalΩ preparation (45ml 

sodium diatrizoate for 3 days and 10ml sodium picosulfate solution the night before CTC). 

ΨaƛƴƛƳŀƭΩ preparation CTC achieved a comparable, high sensitivity for detecting polyps 6 mm or 

larger (0.88 compared to 0.97 for full laxative CTC). While the regimen could not be described 

as Ψƴƻƴ-ƭŀȄŀǘƛǾŜΣΩ a questionnaire survey indicated a strong preference for the reduced 

preparation. However, as previously demonstrated, retaining high sensitivity comes at a cost: 

Specificity was markedly reduced from 0.92 to 0.68. Intriguingly, the authors concluded that 

patients should be offered the reduced laxative CTC if they were willing to accept the decrease 

in specificity ς very little is known about patientǎΩ understanding of specificity, least of all how 

they might trade-off against side-effects. TƘŜ ŎƻƳǇƭŜȄ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǇŀǘƛŜƴǘǎΩ ŀǘǘƛǘǳŘŜǎ 

to sensitivity and specificity is the focus of Chapter 5 of this Thesis.  

 

 

1.13 MULTICENTRE PERFORMANCE STUDIES; EVIDENCE BASED TECHNIQUE 

While research described above was instrumental in shaping current practice, three recent 

studies have been central to validating CTC performance when conducted using evidence-

based technique in asymptomatic populations. In particular, the ACRIN II(16), IMPACT(128) and 

Munich(129) study groups, all performed prospective trials comparing CTC against an 

enhanced reference standard comprising same-day colonoscopy with segmental unblinding 

(p.38) (Table 1): The ACRIN National CTC Trial (16) recruited 2600 average risk, screenees from 

15 centres. The primary end point was detection of endoscopically proven large adenoma or 

adenocarcinoma (җ10mm). The trial employed meticulous technique and highly experienced 

observers achieving a mean per-patient sensitivity of 0.90 (SD 0.03) and specificity of 0.86 (SD 

0.02). However, despite either completing a 1.5 day training course or reading over 500 cases, 

more than half of would-be observers in the ACRIN II study(16) failed to meet the basic entry 

requirements for the trial (0.90 sensitivity for polyps >1cm over 50 cases) leading to concerns 

regarding the generalisability of these results into daily practice. 
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The IMPACT study(128) recruited patients at increased risk of colonic neoplasia such as those 

with a personal history of adenomatous polyps, a family history of advanced colorectal 

neoplasia, or a positive faecal occult blood test (FOBT). Overall, 1103 patients were recruited 

from 11 Italian sites and one in Belgium. CTC detected 151 of 177 participants with advanced 

neoplasia (җ 6 mm) resulting in a sensitivity of 0.85 (95% CI, 0.79 to 0.90) and a specificity of 

0.88; (95% CI, 0.85 to 0.90)Φ /ƻƴǎƛŘŜǊƛƴƎ ƭŀǊƎŜǊ ǇƻƭȅǇǎ όҗмлƳƳύΣ /¢/ ƘŀŘ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ 0.91 

(95% CI, 0.84 to 0.95) with positive and negative predictive values of 0.62 and 0.96, 

respectively. Subgroup analysis of the FOBT-positive group found a significantly lower negative 

predictive value (0.85; 95% CI, 0.76 to 0.91; p < 0.001), which is of concern given the high 

prevalence of important colonic abnormalities in these patients.  

 

Table 1:  Diagnostic performance of CTC compared to same-day, unblinded colonoscopy; Comparison 

of three recent trials. 

  Johnson et al, 2008 (16) Regge et al, 2009 (128) Graser et al, 2009 (129) 

Risk of neoplasia Predominantly average risk (89%) All considered at increased risk 

(see text) 

All considered average risk 

Mean age (years) 58 60 61 

    

Per patient sensitivity    

Cancer 86% 95% 100% 

Per patient specificity     

Adenoma җ6 mm* 88% 88% 93% 

Adenoma җ10 mm* 86% 85% 98% 

*Munich trial(129) used >5 and >9mm thresholds  

 

 

The Munich Colorectal Cancer Prevention Trial (129) examined asymptomatic patients with an 

average colorectal cancer risk. 307 patients with 511 endoscopically detected adenomas 

underwent five different screening tests in parallel: CTC, colonoscopy, flexible sigmoidoscopy, 
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and guaiac-based FOBT and immunochemical stool tests. Akin to the IMPACT study, 

performance was compared to same-day colonoscopy as the reference standard. CTC detected 

94% of adenomas larger than 9mm and although sensitivity for sub-centimetre adenomas 

(including those less than 5mm) was lower at 0.66, only one missed adenoma showed 

advanced histology, enabling the authors to report a sensitivity of 0.94 ŦƻǊ ΨŀŘǾŀƴŎŜŘ 

ƴŜƻǇƭŀǎƛŀΦΩ 9ƴŎƻǳǊŀƎƛƴƎƭȅΣ ǇŜǊ-patient specificity for polyps larger than 5 mm was 0.93. 

 

 

1.14 SO WHAT EVER HAPPENED TO THE BARIUM ENEMA? 

By now, the reader would be forgiven for assuming the appetite and justification for BaE among 

radiologists and referring clinicians has all but disappeared; the evidence is compelling that CTC 

is far superior (130) and more acceptable (88). However, barium examinations have been, by 

no means, consigned to the pages of history. Indeed, it is estimated that 3.7 million procedures 

were performed worldwide in 2008 (pers. comm. Bracco Diagnostics Inc.) The reasons for this 

are beyond the scope of this Thesis, but it is important to note that the examination is often 

performed by radiographic technicians using fully depreciated fluoroscopic equipment with 

minimal impact on valuable radiologist resources or CT capacity. Given the economic climate at 

the time of writing, even convincing evidence is not always sufficient to ensure policymakers 

endorse a potentially expensive, resource-intensive technique. Moreover, in the USA, BaE 

remains approved for colorectal cancer detection while the recent landmark decision by the 

Centers for Medicare and Medicaid Services (CMS) has declined approval of CTC for screening 

(131). The main criticism levelled at CTC ǿŀǎ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ΨƭŜǾŜƭ мΩ ŜǾƛŘŜƴŎŜ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ŀ 

randomised controlled trial (RCT). However, as no RCT supports BaE, some authors have 

claimed new health technologies are being subjected to tougher standards than existing 

techniques, provoking international debate (132). 

 

The UK Department of Health, via the Health Technology Assessment programme (HTA), 

commissioned a RCT to determine the likely future role of CTC within the NHS, via comparison 

with BaE or colonoscopy. The resulting SIGGAR trial(10), (named after the UK Special Interest 

Group in Gastrointestinal and Abdominal Radiology) was led by the supervisor of this Thesis, 
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Professor Steve Halligan and Professor Wendy Atkin with the first patient randomised in April 

2004 and accrual completed by November 2007: The primary end point was detection rates for 

colorectal ŎŀƴŎŜǊ ƻǊ ǇƻƭȅǇǎ җмŎƳ ƛƴ ǎȅƳǇǘƻƳŀǘƛŎ ŀŘǳƭǘǎ (133). The results of this trial (10, 133-

136) are described in detail in Chapter 2 but suffice it to say that as a result of these data, the 

DH has deleted BaE from its colorectal cancer national screening program and recommends 

CTC in its place. The repercussions are expected to have worldwide impact on CTC 

implementation. 

 

 

1.15 THE END OF THE BEGINNING 

Advances in both CT and computer technology have allowed techniques established for BaE to 

be successfully transferred to CTC. Since then, developments in the USA and later worldwide, 

have seen CTC grow from feasibility studies in academic units to international daily practice 

(Table 2). Recent research has established excellent comparative performance with 

colonoscopy and accuracy which supersedes BaE but concerns exist regarding generalisability 

of these results to daily practice. This is explored in greater detail in Section B of this Thesis. 

Research continues apace to refine technical implementation, particularly reduced preparation 

methods which may increase adherence with screening programs and to ensure that readers, 

potentially with the assistance of CAD, achieve the same diagnostic performance as those from 

successful multicentre trials.  
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Table 2:  Milestones in the history of CTC 

Year Milestone in the history of CT Colonography development 

1983  First report of CT imaging of the cleansed, distended colorectum (44) 

1994 Vining et al  ǇǊŜǎŜƴǘ ΨǾƛǊǘǳŀƭ ŎƻƭƻƴƻǎŎƻǇȅΩ (45) 

1997  First exploratory observer study of CTC  performance (74)  

1998 Feasibility demonstrated in patients with endoscopically proven findings (69) 

1998 Boston International Symposium on Virtual Colonoscopy introduced (76). 

1998  ΨCTCΩ ōŜŎƻƳŜǎ ǇǊŜŦŜǊǊŜŘ ǘŜǊƳƛƴƻƭƻƎȅ (77) 

1999 Landmark study shows very favourable performance for CTC  and initiates  international interest (11)  

2000  The National Polyp Study published; poor performance brings BaE use into question (50) 

2000 First CAD systems developed for CTC  (109) 

2001 Iodine tagging of liquid stool shown to benefit (62, 121)   

2001 First attempts at non-laxative CTC  reported (64)  

2001  CAD undergoes preliminary clinical validation (110) 

2003 Prospective patient attitude survey finds CTC  preferable colonoscopy and to BaE(88) 

2003  ESGAR form CTC  working group  

2003  DoD trial published (14).  

2003  ACRIN trial published (98) 

2004  Comparative study shows CTC  superior to Barium enema (130)  

2005 Metaanalysis of CTC  performance for cancer detection published (15)  

2005 First International CTC  standards document published (36)  

2007 AGA release own guidelines (106)  

2007  ESGAR publish consensus statement (30) 

2008  ACRIN II study published (16)  

2009 CMS declines coverage of CTC for screening (131)  

2010 Studies prƻǾƛŘŜ ŎƻƴǾƛƴŎƛƴƎ ŜǾƛŘŜƴŎŜ ŦƻǊ ΨǎŜŎƻƴŘ ǊŜŀŘŜǊΩ /!5 (19, 20)  

2010 Preliminary results of first RCT of CTC  presented (SIGGAR trial) (133) 

2010 UK Department of Health discontinues Barium enema in favour of CTC  for CRC screening program 
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CHAPTER 2 
2. CTC: CURRENT STATUS AND FUTURE DIRECTIONS 

 

AUTHOR DECLARATION 
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Taylor SA. Evidence review and status update on computed tomography colonography. Curr 

Gastroenterol Rep. 2011; 13(5):486-94. (Appendix A) 

 

 

2.1 INTRODUCTION 

Chapter 1 summarised the key milestones which have shaped current CTC practice; inevitably, 

for an emerging technique, early studies concentrated on optimising technical implementation 

and providing sufficient evidence to ΨvalidateΩ CTC for routine clinical use. Subsequently, the 

landscape of CTC research has changed considerably: The focus has moved towards 

generalisability of CTC into daily practice (the focus of Section B), cost effectiveness and the 

impact of extra-colonic findings (137). Furthermore, the debate over who is should interpret 

CTC (radiologists, gastroenterologists, radiographic technicians or even computer algorithms) 

continues to intensify. The focus of this Chapter is to present the current status of CTC research 

with review of literature published between 1st April 2010 and 31st March 2011. 

 

 

2.2 DIAGNOSTIC PERFORMANCE 

As outlined in Chapter 1, excellent sensitivity for detecting advanced colorectal neoplasia has 

been reported in several large comparative studies. However, until recently, randomised 
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controlled trail data have been unavailable to support this evidence base. Therefore, 

presentation of preliminary results from the UK Special Interest Group in Gastrointestinal and 

Abdominal Radiology (SIGGAR) trial (133) was one of the most significant developments during 

the period under review.  

 

2.2.1 DIAGNOSTIC PERFORMANCE IN SYMPTOMATIC PATIENTS: THE SIGGAR TRIAL 

The SIGGAR multi-centre study comprised two parallel randomised controlled trials (RCT) 

comparing CTC to BaE and CTC  to colonoscopy(10); a total of 5,448 patients were randomised. 

The primary end point was the detection rate for colorectal cancer or polȅǇǎ җ мŎƳ ƛƴ 

symptomatic adults. In the BaE subtrial, patients aged 55 or over with symptoms suggestive of 

colorectal cancer who were referred by their clinician for BaE were randomised (in a 2:1 ratio) 

to either BaE (2,541) or CTC (1,280). In an intent-to-treat analysis, colorectal cancer or polyps җ 

10mm were diagnosed significantly more frequently in patients assigned to CTC than to BaE 

(7.4%  vs. 5.6% , p=0.0312). Using national registry data to capture cancer miss rates 

(diagnosed within 2-years of randomisation), BaE had twice the miss rate of CTC (14% vs. 7%). 

Additional colonic investigations occurred significantly more frequently following CTC than BaE 

(23% vs. 18%), mainly due to higher polyp detection rates. 1,338 previously unknown extra-

colonic findings were reported in the 1,206 patients who underwent CTC as their randomised 

procedure. Eighty-six patients were referred for further tests as a result of their extra-colonic 

findings, leading to diagnosis of a malignant tumour in 12 patients (13).  

The colonoscopy subtrial (12) found a much higher prevalence of endpoints amongst those 

randomised (11% vs 4% for the BaE subtrial). In an intent to treat analysis, there was no 

significant difference in the detection rate of significant colorectal neoplasia between the two 

arms (11.6% for colonoscopy vs. 10.7% for CTC, p=0.61) but the referral rate for a subsequent 

confirmatory procedure was much higher after CTC (31.4% for CTC  vs. 7.2% for colonoscopy), 

raising important questions regarding cost efficiency and the need for well-defined, evidence-

based criteria for referral following CTC  in symptomatic patients. As stated in Chapter 1, 

consequent upon these data, the UK Department of Health no longer endorses BaE for 

screening but recommends CTC instead in those patients in whom colonoscopy is 

contraindicated or cannot be performed. 
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2.2.2 DIMINUTIVE LESIONS 

Few authors, if any, would disagree that the sensitivity and specificity of CTC is relatively poor 

for diminutive polyps and the focus has therefore been on detecting polyps larger than 5mm, 

ideally those with high-grade dysplasia (i.e. advanced adenomas). Benson et al compared 1700 

average-risk screening patients undergoing colonoscopy and 1,307 having CTC (138) finding 

nearly five times more non-advanced adenomas were removed in the colonoscopy group. 

However, while all referrals were made from the same patient population, groups were not 

randomised. Moreover, no significant difference was observed for detection of advanced 

adenomas. Furthermore, while much is known about the natural history of colorectal cancer, it 

remains unclear whether detection and excision of small adenomas is clinically desirable. For 

example, a meta-analysis of four studies comprising 20562 screening patients by Hassan et al 

(139) found that advanced adenomas were detected in 1155 (5.6%) subjects, with the overall 

incidence of advanced histological characteristics in polyps <6mm, 6-фƳƳ ŀƴŘ җмлƳƳ ƻf 4.6%, 

7.9% and 87.5% respectively. They concluded that a 10-mm threshold for colonoscopy referral 

would identify 88% of advanced neoplasia while a 6-mm polyp size threshold would identify 

over 95%. Additional complexity results from the well-documented systematic differences in 

polyp measurement between radiological and endoscopic techniques. De Vries et al assessed 

endoscopic and colonographic measurement of 51 polyps (140) and found CTC judged polyps 

to be between 0.7 to 2.3 mm larger than equivalent endoscopic estimates. Debate also 

continues as to how endoscopic and colonographic definitions of flat neoplasia can be 

reconciled to allow meaningful comparisons. Ignjatovic et al performed a comprehensive 

review of the subject (141), and suggested the most appropriate  radiological definition was 

that based upon a well-established pathological description (i.e. the Paris classification) and 

that flat neoplasia should be defined on CTC  as lesions with a vertical height of 3mm or less 

above the surrounding mucosa. In support, a single centre study of 5107 consecutive CTC  

screening patients found that 125 (93.2%) lesions characterised as flat at endoscopy measured 

less than 3mm at CTC (142). Interestingly, the study also noted that flat lesions between 6 and 

30 mm in size were less likely to be neoplastic than similar sized sessile polyps (25.0% vs. 

60.3%).  
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2.3 COST-EFFECTIVENESS OF CTC FOR PRIMARY SCREENING 

Although CTC has proven efficacy for advanced adenoma detection, whether it represents a 

cost-effective primary screening tool remains under scrutiny. Just prior to the period reviewed, 

conflicting recommendations were published by two North American consensus guideline 

groups: A joint statement by the American Cancer Society, the Multi-Society Task Force on 

Colorectal Cancer and the American College of Radiology, recommended CTC as a first-line 

preventive screening test in patients at average risk of developing colorectal cancer (143). 

Conversely, the US Preventive Services Task Force considered the existing evidence insufficient 

(144) and CTC  has been rejected for coverage by the Centers for Medicare and Medicaid 

Services(131). Although full discussion of this debate is beyond the scope of this Thesis, 

excellent commentaries are provided by Cash (145) Schoen (146) and Burke (147). 

Although these developments primarily concern North American practice, their impact on CTC 

implementation and future research has international ramifications. In particular, recent 

research has focussed extensively upon addressing uncertainties in baseline assumptions used 

to drive cost-effectiveness modelling analyses, notably the impact of low specificity, extra-

colonic findings, management of diminutive polyps and the potential to increase patient 

compliance with colorectal cancer screening. These topics are considered separately 

throughout this Chapter. 

 

 

2.4 TRAINING, STANDARDS, AND VALIDATION  

A consistent theme in the CTC literature, even amongst the larger successful studies, has been 

notable variation in diagnostic accuracy for individual radiologists. It is therefore surprising that 

recent research has contributed relatively little to our understanding of the effects of reader 

experience and training on interpretative accuracy. Fletcher et al compared the performance of 

ten radiologists during a one-day educational workshop with their subsequent diagnostic 

accuracy in a prospective multi-centre screening study (148) and found a 1.5-fold increase in 

the odds of making a true positive diagnosis for every additional 50 validated cases studied.  
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The latest CTC  standards document, developed by the International CT Colonography 

Standards Collaboration(31), has reinforced the need for adequate training and has suggested 

formal accreditation. Furthermore, the American college of Radiology has recently published 

guidance on recommended quality metrics(105) including rates of complications, inadequate 

studies and significant extracolonic findings. Where patients undergo subsequent colonoscopy 

they advise registering sensitivity and per-patient ǎǇŜŎƛŦƛŎƛǘȅ ŦƻǊ ǇƻƭȅǇǎ җмŎƳΦ ¢ƘŜ ŀƛƳ ƛǎ ǘƻ 

establish benchmarks against which departments can audit their performance. 

 

 

2.5 PATIENT ACCEPTABILITY AND BOWEL PREPARATION  

Early research regarding patient acceptability was described in Chapter 1. While these initial 

studies remain widely cited, methodology has improved considerably over recent years, in 

particular, minimising bias through multidisciplinary collaboration. Moreover, there has been a 

ŎƘŀƴƎŜ ƛƴ ŦƻŎǳǎ ŦǊƻƳ ŜǎǘŀōƭƛǎƘƛƴƎ ǇŀǘƛŜƴǘǎΩ Ǉƻǎǘ-procedural experience to gauging the potential 

for CTC to increase screening uptake. For example, analysis by Knudsen et al (149) concluded 

that a substantial increase in screening attendance (>25%) would be required for CTC to be cost 

effective in comparison to colonoscopy. In response, Pickhardt et al argued that CTC screening 

would increase compliance comfortably, notably amongst patients who currently refuse 

colonoscopic screening (150). They cite a survey by Moawad et al, which found 40% of patients 

attending CTC screening would have foregone investigation altogether had the examination not 

been available (151) and a survey of colonoscopy non-attendees, of whom over 80% stated 

that they would have attended CTC if offered (152). However, caution must be applied to both 

surveys - the first was prone to selection bias as all respondents had already chosen to attend 

CTC and the second had a response rate of only 39% raising concerns about the generalisability 

of results. Moreover, patient preference for CTC is by no means universal or consistent in the 

indexed literature. 

It is worth noting at this juncture that qualitative patient preference studies are particularly 

susceptible to framing bias. For example, the sensitivity quoted for CTC varies considerably but 

the value presented to participants (and the manner in which they are presented) will have 
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considerable impact on their attitudes and responses. The methodological challenge involved 

in minimising bias when designing quantitative research is explored in Chapter 5.   

 

Recent abstracted data (153) (subsequently published in 2012 by Stoop et al (154)) provide the 

most convincing evidence to date that CTC can enhance screening adherence. A recent RCT 

recruited 2920 asymptomatic screenees to reduced-preparation CTC and 5924 to colonoscopy, 

completing accrual in August 2010. Significantly fewer invitees attended screening with 

colonoscopy compared to CTC (22% vs 34%; p<0.0001) (34%). However, detection rate for 

advanced neoplasia was significantly higher for colonoscopy than CTC (8.7 vs 6. 1 per 100 

examinations; p=0.02). Consequently, overall diagnostic yield per 100 invitees did not differ 

significantly (1. 9 vs 2.1 detections for CTC and colonoscopy respectively; p=0. 56) suggesting 

primary screening with reduced preparation CTC would be effective, in part due to improved 

uptake. 

 

 

2.6 SAFETY 

While it is widely accepted that CTC is safe, with a perforation rate considerably lower than 

that of colonoscopy, risks do exist, both related to bowel preparation and colonic insufflation, 

and knowledge of these continues to inform best practice. A meta-analysis by Atalla et al, 

supplemented by a retrospective multicentre study (155), identified only two cases of 

perforation from 3458 CTC procedures resulting in an incidence of 0.06%. Risk factors common 

to both cases were older age, manual colonic insufflation, diverticulosis, recent colonoscopy 

and biopsy. The potential relationship to prior colonoscopic biopsy is of interest, but given the 

low rates of CTC-related perforations in the literature, there remains insufficient evidence on 

which to base clear guidelines for the timing of CTC following endoscopic biopsy. This issue will 

likely become of increasing importance as many institutions attempt to offer same-day CTC 

following incomplete colonoscopy. Likewise, CTC has been shown to be safe following metallic 

stent placement for obstructive colorectal cancer (156). It is well established that aggressive 

bowel purgation carries a risk of biochemical disturbance, particularly in frail elderly patients. 

However, a retrospective study of patients aged over 70 years demonstrated no significant 



5 9  

 

changes in serum urea, sodium, potassium or estimated glomerular filtration rate when using 

sodium picosulphate-magnesium citrate catharsis prior to CTC  (157). Finally, although it has 

been suggested that bacteria introduced during insufflation could risk infection of prosthetic 

vascular grafts, a study of 100 consecutive patients subject to serial blood cultures following 

CTC  failed to showed significant bacteraemia and suggested antibiotic prophylaxis is not 

required (158).  

 

 

2.7 WHO SHOULD REPORT CTC? 

Due to pressure of work, European radiologists have studied the feasibility of delegating CTC 

interpretation to radiographers, albeit with the assistance of computer aided detection (CAD) 

software (159). Radiographers performed the primary interpretation in 303 consecutive 

symptomatic patients detecting 100% cancers, 72% of large polyps and 70% medium (6-9mm) 

sized polyps. However, observer specificity was poor and would have resulted in inappropriate 

referral for colonoscopy in 37% of the patients studied. Overall, the authors concluded that CTC 

interpretation by radiographers may be useful for rapid patient triage post-procedure, but 

ultimately not for independent reporting.  

 

 

2.8 EXTRACOLONIC FINDINGS 

One factor which cannot be ignored when considering who should report CTC is the high 

prevalence of incidental extra-colonic findings. The additional cost and patient morbidity from 

the work-up of extra-colonic findings is likely to be considerable; a recent study of 2777 

ǎŎǊŜŜƴƛƴƎ ǇŀǘƛŜƴǘǎ ƛŘŜƴǘƛŦƛŜŘ ŜȄǘǊŀ ŎƻƭƻƴƛŎ ŦƛƴŘƛƴƎǎ ƛƴ пс҈Σ ŀƴŘ ΨǎƛƎƴƛŦƛŎŀƴǘΩ ŦƛƴŘƛƴƎǎ ƛƴ 

11%(160). Further evaluation resulted in 280 radiological examinations and 19 surgical 

operations. Conversely, the incidence of unexpected extracolonic malignancy is relatively low: 

A retrospective review of 10,286 outpatient adults undergoing screening CTC (137) reported 36 

unexpected extra-colonic malignancies (0.35%) including 11 renal cell carcinomas, eight lung 
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cancers and six cases of non-IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀΦ In addition, Pickhardt et al assessed 

incidental indeterminate adnexal masses in 2869 asymptomatic women undergoing 

colonography screening (161) and found that while ovarian lesions were common (4.1%), 

subsequent work-up revealed no ovarian cancers. Moreover, a normal CTC did not exclude 

subsequent development of ovarian cancer.  

 

Intuitively, the serendipitous discovery of incidental extra-colonic malignancy should be of 

benefit to patients yet long term data on improved patient outcomes are currently lacking and 

the financial implications are complex.  

 

 

2.9 COMPUTER AIDED DETECTION (CAD) 

As described briefly in  Chapter 1, CAD has been applied to CTC for over 12 years (109) but akin 

to research relating to  CTC diagnostic performance, sufficiently powered observer studies have 

only emerged relatively recently due to the resource requirement for such studies. Therefore, 

for several years, standalone CAD detection characteristics were utilised by extrapolation as a 

surrogate measure for diagnostic performance when used by radiologists, often with striking 

results. For example, a recent retrospective study of a cohort of 3042 screening patients, 373 of 

whom had medium or large polyps, found standalone per-patient sensitivities for CAD of 93.8% 

and 96.5% at 6 and 10mm thresholds respectively (162). Moreover, the median FP rate was 

only 3 per CTC series. Similar high levels of CAD performance were obtained in a much smaller 

study of 29 patients at high-risk of colorectal neoplasia (with 86 polyps) (163). However, as 

discussed in Chapter 1 (p43) standalone performance does not necessarily translate into 

diagnostic accuracy when CAD is used by a radiologist in daily clinical practice: Readers may be 

misled by FP CAD prompts, reducing their specificity, or they may incorrectly classify a TP CAD 

prompt as false-negative, reducing potential gains in sensitivity. Therefore, realistic assessment 

ƻŦ /!5Ωǎ ƛƳǇŀŎǘ ƻƴ ǊŜŀŘŜǊ ǇŜǊŦƻǊƳŀƴce requires studies where observers read cases both with 

and without CAD assistance.  
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Two groups have recently published multi-reader, multi-case studies using CAD as a Ψsecond 

readerΩ, i.e. the CAD prompts are only interrogated by the reader only after a thorough 

unassisted review has been performed first.  Dachman et al (20)used a cohort of 100 

endoscopically-validated cases, 48 of which were normal and 52 of which contained 74 polyps. 

19 readers interpreted each case unassisted and with CAD as a second-reader. Readers' per-

segment, per-patient, and per-polyp sensitivity were significantly higher (p < 0.011, 0.007, 

0.005, respectively) with CAD compared to unassisted readings when using a ROC AUC analysis. 

IƻǿŜǾŜǊ /!5 ǊŜŘǳŎŜŘ ǊŜŀŘŜǊǎΩ ǎǇŜŎƛŦƛŎƛǘȅ ōȅ 0.025 (p =0.05). Halligan et al found similar results 

(19): Sixteen experienced radiologists interpreted CTC  from 112 patients (132 polyps in 56 

patients) on three separate occasions either unassisted, using CAD concurrently, or with CAD as 

a second-reader (Please see Chapter 6 for a more detailed explanation). CAD significantly 

increased mean per-patient sensitivity both when used as a second-reader (mean increase, 

0.07; 95% confidence interval (CI): 0.04 to 0.098) or when used concurrently (mean increase, 

0.045; 95% CI: 0.008 to 0.082). Furthermore, CAD resulted in no significant decrease in per-

patient specificity for these readers. These are the largest reader studies of CAD to date and 

argue strongly that CAD would be beneficial if used in clinical practice by experienced 

radiologists.  

 

Nevertheless, there remains considerable scope for research into how CAD should best 

integrate into radiologistǎΩ workflow (115). Furthermore, a ǊŜŎŜƴǘ Ǉƛƭƻǘ ǎǘǳŘȅ ōȅ {ǳƳƳŜǊǎΩ 

group found that TP CAD prompts were more likely to be correctly classified by readers when 

prompts were present on both the prone and corresponding supine acquisitions (164). 

Therefore, there is growing interest in automating the registration task between prone and 

supine acquisitions(165) and this forms the focus of Section D of this Thesis. 
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2.10 CONCLUSION 

Recent research has continued to demonstrate that CTC has excellent sensitivity compared to 

colonoscopy and is significantly more accurate than BaE, which should be abandoned. Adverse 

events are uncommon and patient acceptability is good. Reduced bowel preparation regimens 

continue to show considerable promise. Evidence is mounting that the impressive stand-alone 

detection rates of CAD translate into improved radiologist accuracy. Controversy continues 

regarding the impact of incidental extra-colonic detections, who should interpret CTC, whether 

compliance with screening programmes is genuinely enhanced by CTC, and whether the 

technique is ultimately cost effective. Moreover, doubt remains whether results from those 

trials cited as exemplars by the radiology community can be generalisable to daily practice. This 

is explored in further detail in Section B. An additional recurring theme is the trade-off 

between sensitivity and specificity for CTC, particularly when assessing adjuncts to 

interpretation such as CAD. This forms the main focus of Section C.  

 

Finally, alongside the high-profile multicentre studies described in this Section, there is a 

wealth of published literature that occupies the periphery of the CTC research field. Doubtless, 

some of this research which will evolve into the mainstream over the upcoming years. For 

example, over 30 papers were published over the 1-year period reviewed detailing algorithms 

designed to improve digital cleansing, 3D data display, and other complex computer 

applications. Therefore, while on the surface, the rate of progress may appear to have slowed, 

it has simply taken new directions. The development of novel computer algorithms to improve 

colonographic interpretation is explored in Section D of this Thesis.  
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SECTION B:  
IDENTIFYING AND 
QUANTIFYING LIMITATIONS 
IN CTC RESEARCH 
 

OVERVIEW 

As outlined in Section A, it is now widely accepted that CTC has undergone sufficient validation 

for widespread clinical implementation. However, most multicentre trials, upon which these 

assumptions are based, have been carried out on healthy screening populations using highly 

experienced observers in North American academic centres. It is unlikely that either the 

observers or patient sample reflect European daily practice. However, this remains speculative 

as practically nothing is known about the level of training and experience of those interpreting 

CTC in Europe. Likewise, while historically, radiological investigation in Europe has been 

reserved for symptomatic patients, there are no recent data to confirm this remains the case. 

In addition to factors influencing the generalisability of CTC research, studies of diagnostic test 

accuracy must make pragmatic compromises (such as repeat reading of the same cases or 

enriching sample prevalence to ensure adequate statistical power) to reduce the complexity 

and resource demands of the study. This may introduce further sources of bias, yet their 

impact remains unquantified.  

Thus, Section B consists of two Chapters exploring generalisability of research data and sources 

of bias in CTC research: Chapter 3 describes the level of training, experience and pattern of 

clinical practice across Europe via a survey of participants at educational CTC workshops. 

Chapter 4 encompasses a broad investigation into bias affecting studies of diagnostic test 

accuracy by means of a systematic review. 
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CHAPTER 3 
3. WHO ATTENDS CTC TRAINING? A SURVEY OF PARTICIPANTS AT EUROPEAN 
EDUCATIONAL WORKSHOPS 

 

 

AUTHOR DECLARATION 

Work presented in this Chapter was led by the author with the guidance of the ESGAR CTC 

committee (including both Supervisors). The online survey was distributed by ESGAR 

administrators; data collection, analysis and presentation were performed by the author. The 

manuscript was compiled under the supervision of Professor Steve Halligan and Professor 

Stuart Taylor. This research has been published in:  Boone D, Halligan S, Frost R, et al. CT 

Colonography: Who attends training? A survey of participants at educational workshops. Clin 

Radiol. 2011;66(6):510-6.(166) 

 

 

3.1 INTRODUCTION 

As described in Section A of this Thesis, the last two decades have seen sustained CTC research 

with several clinical trials confirming that the technique can detect colorectal polyps and 

cancers with high accuracy (14, 16, 167). Consequently, CTC is currently disseminating widely 

into clinical practice, both in Europe(101, 168) and the USA(169). Furthermore, recently 

released data from the SIGGAR trial (10, 133) have prompted the UK Department of Health to 

delete BaE from its FOBT-based, colorectal cancer screening programme, instead endorsing 

CTC. It is expected that other European states will follow suit. Increased public awareness and 

saturation of endoscopy services has placed clinical and political imperatives on radiology 

departments to provide a CTC service: In comparison to a 2006 study where just over one third 

of UK NHS hospitals were performing the technique (101), preliminary data from a recent UK 
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survey suggest over 80% of departments are now providing a service(170). However, it is well 

recognised that CTC is difficult and time-consuming to interpret, has a defined learning curve 

and that reader accuracy is closely related to experience (17, 102, 171). As a result, 

international expert consensus statements from both Europe(30) and the USA (36) agree that 

specific training is essential for competent interpretation. In particular, hands-on educational 

workshops, where participants receive face-to-face training using real case data, have been 

shown to measurably improve reader accuracy (172).  However, at present there is no formal 

requirement for training, validation or accreditation to interpret CTC in Europe, raising 

concerns about the standard to which the technique is being performed in daily practice.  

Moreover, despite clinicians, policy makers and well-motivated patients expecting CTC 

performance to reflect that seen in the North American literature, this is unlikely unless the 

local radiologist has equivalent expertise.   

While much is known about the opinions of key leaders in the field (30, 36), relatively little is 

known regarding those who interpret CTC in daily practice. In particular, data are lacking 

regarding the professional background of workshop attendees, their prior expertise and 

experience of CTC interpretation, their motivation for attending, and their future intentions. In 

order to obtain these data, the author surveyed participants attending hands-on educational 

CTC workshops.  

 

 

3.2 METHODS 

A waiver to publish an analysis of demographic data obtained anonymously from workshop 

attendees was obtained from ǘƘŜ ŀǳǘƘƻǊΩǎ local Research Ethics Committee; no patients were 

involved in this study. The author surveyed participants at five CTC workshops conducted in 

Edinburgh (UK), Malmo (Sweden), Amsterdam (Netherlands), Pisa and Stresa (Italy) between 

February 2007 and April 2010. Workshops were organised by ESGAR and advertised on their  

website several months in advance (www.esgar.org). Participants registering for the workshops 

were contacted by the course organisers via email one week prior to the event. The invitation 

contained a hyperlink that directed the recipient to an anonymous, online questionnaire 

(Appendix B). The most recent workshop (Amsterdam) was cancelled due to the volcanic 

http://www.esgar.org/
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environmental crisis of April 2010, but data from participants registered in advance are 

included below. 

The questionnaire was designed by members of the ESGAR CTC Workshop Committee, who are 

radiologists of consultant grade experienced in interpretation of CTC in day-to-day clinical 

practice. A multiple-choice format meant that the questionnaire could be completed in less 

than five minutes since minimal free text was required. The questionnaire was broadly divided 

into four sections relevant to this Thesis:  

¶ The professional background of the participant and their prior experience of CTC 

(including numbers of cases and preferred interpretation display if relevant). 

¶ The personal intentions for subsequent clinical practice of the technique. 

¶ Current CTC practice in the host institution(s) including details of how the examination 

was performed and subsequently interpreted.  

¶ RŜǎǇƻƴŘŜƴǘǎΩ ƻǇƛƴƛƻƴǎ ƻn the potential clinical role of CTC in their future practice.  

Responses were collated and raw frequencies calculated by the author.  

 

 

3.3 RESULTS  

Overall, 476 participants were registered for the five workshops and 348 of these completed 

the survey; a response rate of 73%. The workshops attracted a wide geographical variation 

(Figure 9) with a mean of 64% attendees working outside the host country (range 26% to 84%). 

Indeed, the two most recent workshops (Stresa, Italy; September 2009 and Amsterdam, 

Netherlands; April 2010) attracted registrants from 20 European member-states and seven 

countries outside Europe, namely North America (4 participants), Australia (5 participants), 

Brazil, Israel, United Arab Emirates, Singapore and Thailand (1 each).  

The courses were attended almost exclusively by radiologists (97%), with radiographic 

technologists and gastroenterologists representing only 3% and 0.6% respectively during the 

period studied (Table 3). Overall, 20% of the radiologists were trainees. The remainder where 

staff radiologists of whom 40% considered themselves subspecialists in gastrointestinal 

radiology. The remainder was approximately equally divided between general radiologists and 

radiologists with a subspecialty interest in cross-sectional imaging (Table 3).  
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Figure 9:  Geographical distribution of delegates attending ESGAR CTC courses.  Mean number of 

delegates per workshop:  Blue 1 to 10; orange 11 to 20; red 21 or above.  

 

Three-quarters (63%-85%) of respondents were already providing a CTC service in their own 

hospital (Table 4) and practically all remaining participants (99%) intended to practice CTC in 

the near future.  

Practice setting, split by workshop, is shown in Figure 10. Overall 69% reported CTC exclusively 

in the public sector; 23% were restricted to private practice; 8% reported in both settings. Of 

those reporting in the private sector, 45% were carrying out screening investigations only.  

Prior to the course, 86% of respondents had been reporting CTC. Amongst these, there was a 

broad range of prior experience; 76% had interpreted less than 50 cases, and of those, 63% had 

reported less than 10. In contrast 6% of respondents stated they had already personally 

interpreted over 300 cases). 
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Figure 10:  tŀǊǘƛŎƛǇŀƴǘǎΩ CTC practice 

  

Table 3:  Occupation of workshop participants 

 Edinburgh 

 (Feb 07) 

Pisa   

(Sep 07) 

Malmo      

(Sep 08) 

Stresa     

 (Sep 09) 

Amsterdam 

 (Apr 10) 

Total Mean 

Occupation Number(%) Number (%) Number (%) Number (%) Number (%) Number  (%) 

Trainee radiologist 19(20) 12(16) 19(23) 7(15) 12(27) 69 20 

Staff radiologist 

with interest in GI 

imaging 

29(31) 28(36) 24(29) 14(29) 13(29) 108 31 

Staff radiologist 

with interest in CT 

28(30) 9(12) 12(14) 11(23) 5(11) 65 18 

Staff radiologist 

with general 

interest 

17(18) 24(31) 24(29) 15(31) 14(31) 94 28 

Non-radiologist 

physician 

0(0) 0(0) 1(1) 1(2) 0(0) 2 1 

Radiographic 

technician 

2(2) 4(5) 3(4) 0(0) 1(2) 10 3 
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Table 4:  CTC ǎŜǊǾƛŎŜ ǇǊƻǾƛǎƛƻƴ ŀǘ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ƭƻŎŀƭ ƘƻǎǇƛǘŀƭǎ 

 Edinburgh 

 (Feb 07) 

Pisa       

 (Sep 07) 

Malmo  

(Sep 08) 

Stresa   

(Sep 09) 

Amsterdam  

(Apr 10) 

Total Mean 

CTC service Number(%) Number(%) Number(%) Number(%) Number(%) Number  (%) 

Do not offer a 

service 

24(25) 21(37) 21(25) 7(14) 6(13) 79 23 

Public sector 

service 

63(66) 36(63) 52(63) 37(77) 34(76) 222 69 

Private sector 

service 

26(27) 0 (0) 13(16) 11(23) 9(20) 59 17 

 

Table 5:  ²ƻǊƪǎƘƻǇ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ǇǊŜǾƛƻǳǎ CTC training and experience 

 Edinburgh 

(Feb 07) 

Pisa       (Sep 

07) 

Malmo (Sep 

08) 

Stresa   (Sep 

09) 

Amsterdam 

(Apr 10) 

Total Mean 

Previous training in 

CTC 

Number(%) Number(%) Number(%) Number(%) Number(%) Number  (%) 

None whatsoever 27(28) 19(25) 27(33) 3(6) 13(29) 89 24 

Watched others 

report locally 

21(22) 20(26) 22(33) 15(31) 11(29) 89 24 

Interpreted cases 

independently 

49(52) 41(53) 34(27) 25(52) 20(24) 169 49 

Attended a 

previous workshop 

0(0) 0(0) 5(6) 13(27) 3(7) 21 8 

Interpreted 

validated datasets 

6(6) 9(12) 6(7) 8(17) 9(20) 38 12 

Validated cases        

<10  24(38) 22(38) 50(60) 17(35) 31(69) 144 48 

10-49 27(42) 21(36) 16(19) 15(31) 4(9) 83 28 

50 ς 99 5(8) 6(10) 5(6) 5(10) 7(15) 28 10 

100-299 7(11) 4(7) 7(8) 5(10) 2(4) 25 8 

300 or more 1(2) 5(9) 5(6) 6(13) 1(2) 6 13 
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 Likewise, the level of prior hands-on training was highly variable.  Of those currently practicing 

CTC, 8% had attended a previous dedicated workshop, 12% had interpreted educational 

datasets and 26% had observed others reporting. Surprisingly, the remaining 54% had no prior 

formal training 

Table 5). Indeed, 8% of those reporting CTC independently at the time of their course 

registration had no prior training and had reported less than 10 cases (Figure 11). 

 

 

Figure 11:   Level of prior training among inexperienced readers 

 

Full cathartic colonic cleansing was adopted by the majority of respondents (88%) with the 

remainder using a reduced preparation regimen in young and elderly patient groups equally 

(Figure 12). There was a slight increase in the use of water-soluble contrast material for tagging 

residual faecal material and fluid over the study period, with one third (97; 35%) routinely 

using such preparation. Moreover, there had been a sustained upward trend with only 11% 

tagging in 2007 compared with 44% in 2010. Half of respondents were using carbon dioxide to 

insufflate the colon rather than room air and 76% routinely used an antispasmodic in the 

majority of cases (Figure 12).  

 






























































































































































































































































































































































