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Preface 

 

This thesis is based on studies carried out between 2015 and 2019 at Odense University Hospital, in close 

collaboration with our colleagues of the Group of Applied AI and Data Science from the Mærsk Mc-Kinney 

Moller Institute at the University of Southern Denmark. The studies of this thesis were published in peer-

reviewed journals and have been presented at several international and national conferences. I am 

delighted to share the results of my hard work with my family, friends, colleagues and other readers.  

The last six years have been a roller coaster. I moved to Denmark in November 2015 and needed to figure 

out all the practicalities of working and living in another country, and learn a new language. Steven and I 

had a long distance relationship for almost 1.5 years, until he followed me to Denmark and we resumed 

living together in Svendborg. Meanwhile I started working as a surgical resident at the hospital in 

Svendborg, mainly performing colonoscopies. From September 2017 I started surgical training, the first two 

years as a 50/50 job combined with my PhD, and from September 2019 full-time. Steven and I married in 

2018 and welcomed our daughter Sophie in 2020. After my maternity leave I started working full-time at the 

hospital, meanwhile finishing this thesis in my spare time. 

During these years I have learned what qualifies good research, formed an opinion on what I find most 

essential in research, as well as get acquainted with my own strengths and weaknesses when it comes to 

performing research. The expectations I have for myself tend to be a bit high, but my supervisors and 

Steven helped me to be more realistic in my goals. 

 

This thesis would not have been possible without the guidance and support of these people: 

 

I want to start by thanking my family: Steven and Sophie, since finishing this thesis has meant less spare 

time together and possibly a less pleasant wife and mom. I am going to enjoy our time together so much, 

now that I do not need to be thinking and working on my PhD thesis anymore! Steven, thank you for all 

your help and support during my PhD. You are my rock, and in-house IT-support ;). Since living in Denmark 

I value my family more than ever, I love you Steven, Sophie, Pauline, mama, papa, Marian, Hans, Anneke, 

Peter and Krijn.  

  

I also want to thank my supervisors Gunnar, Morten and Bob for their support during these years, as well 

as their feedback and advise that helped me along the way.  

I have been grateful to collaborate with the researchers at MMMI, especially Esmaeil, Victoria and Jürgen. I 

also want to thank all my co-authors, thanks for your invaluable feedback on and all the suggestions for the 

articles.  

I want to thank Professor Joost Klaase for introducing me to clinical research, especially in collaboration 

with other disciplines, and enabling me to visit the SSO conference in Phoenix, Arizona, USA, in 2014 to 

present my first research project. 
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During these years I met a lot of different colleagues that have made the office a pleasant work place: 

Issam, Lasse, Ulrik, Thomas, Rasmus, Charlotte, Lene, Christina, Anja, Mette, Serena, Anneline, 

Marianne, Celina, Anne-Kirstine, Tanja, Marianne, and a lot of others. Thanks for all the coffee, hygge and 

cake! Especially bord game nights with Lasse, Ulrik and Steven account for good memories, even though 

the men always conspire against me...  

I am grateful for all the great colleagues of Afdeling A, both in Nyborg and Svendborg on the wards, 

endoscopy center and the surgical floor. Work is a lot more pleasant with you as my colleagues!  

Rianne, Willemien, M

and Anna. I am very grateful for 

happy to have met you!  

 

Marleen Buijs, October 4th 2021  
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Abbreviations 
 

AI artificial intelligence 

ADR adenoma detection rate 

CCE colon capsule endoscopy 

CI confidence interval 

CNN convoluting neural network 

CPU central processing units 

CTC computed tomography colonography 

EMR endoscopic mucosal resection 

ESD endoscopic submucosal dissection 

ESGE European Society of Gastrointestinal Endoscopy 

FIT fecal immunochemical test 

gFOBT guaiac-based fecal occult blood test 

GPU graphic processing units 

HD high-definition 

HP histopathologic 

ICC intraclass correlation coefficient 

LA limits of agreement 

OC optical colonoscopy 

OR odds ratio 

PDR polyp detection rate 

SEER Surveillance, Epidemiology, and End Results 

SIR standardized incidence ratio 

SSL sessile serrated lesion 

WHO World Health Organization 
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Introduction 
 

Colon capsule endoscopy is a relatively new diagnostic technique to assess the large intestines. Essential 

is a more extensive bowel cleansing procedure than in colonoscopy, since fecal matter cannot be removed 

during the investigation. During the investigation the inside of the bowel is assessed through liquid instead 

of gas in colonoscopy. This means that non-flat colorectal polyps can appear to be floating, instead of 

hiding behind the natural folds in the bowel. The camera in the tip of the scope is directed by movements of 

the endoscopist in colonoscopy. Assessment of dead spaces is therefore dependent upon to the skill and 

precision of the endoscopist, as reflected in the large range of adenoma detection rates among 

endoscopists. Colon capsule endoscopy is performed with one capsule with two camera heads with an 

angle of view of nearly 360 degrees, which should reduce the amount of dead spaces. In theory colon 

capsule endoscopy would thus be able to detect more colorectal pathology than colonoscopy, making it an 

exciting alternative diagnostic investigation.  

Another advantage is that it is a non- invasive investigation and appears to be more likely to be accepted 

by patients than colonoscopy. A possible higher acceptance rate prompts the question whether the use of 

colon capsule endoscopy can increase colorectal cancer screening uptake, and thus increase the effect of 

screening on colorectal cancer morbidity and mortality. 

When I started as a PhD student our research group just started researching the possibility of implementing 

colon capsule endoscopy in colorectal cancer screening. The initial topic of this PhD project was comparing 

the polyp sizes between colonoscopy and colon capsule endoscopy. The focus was on how polyp sizes of 

polyps in both investigations are correlated, and the big question was: what is the true polyp size? In 

literature the opinions on what should be regarded as true polyp size vary between in-situ measurement 

during colonoscopy, fresh polyp size after resection and post-fixation polyp size as measured by the 

pathologists. The only consistent factor in this is that polyp sizes vary between all these different 

measurements, so one can conclude that something as simple as polyp size appears not to be simple in 

reality. In clinical guidelines post-fixation size has become the gold standard of polyp size, even though it is 

commonly recognized that this size might be slightly smaller than the in-situ polyp size.  

An essential step in comparing polyp sizes between colon capsule endoscopy and colonoscopy is the 

matching of polyps seen in both investigations. As described previously polyps can appear differently in the 

two investigations, as well as that a polyp could be detected several times during colon capsule endoscopy 

because of oscillation in especially the right and left colon. Another challenge is determination of polyp 

location in capsule endoscopy. This is based on recognition of landmarks like the ileocecal valve, 

hemorrhoid veins, and flexures which are identified by the shape of the lumen and bends of the colon and 

have a certain individual anatomic variation. Assessment of polyp location is complicated further by 

oscillating movements of the capsule because to peristalsis, especially in the right and left colon. Polyp 

matching will therefore be based on varying amounts and morphology of polyps in CCE and colonoscopy, 

with uncertain polyp localization. In order to match polyps between this investigations, we explored the 

possibilities of artificial intelligence in collaboration with computer engineers.  



8 
 

During my PhD program we developed a fruitful collaboration with the Applied AI and Data Science Group 

from the University of Southern Denmark. The use of artificial intelligence in evaluating images from colon 

capsule endoscopy, in order to determine capsule location, polyp detection and bowel cleansing quality, 

would be extremely valuable in daily clinical practice. A completely automated real-time assessment of 

colon capsule videos reduces the number of images a medical doctor has to assess severely. This will 

reduce the costs of colon capsule endoscopy significantly, which is currently one of the limitations of colon 

capsule endoscopy. This automated colon capsule endoscopy assessment would need to out-perform a 

human observer.  

I was intrigued by the possibilities of implementing artificial intelligence in colon capsule endoscopy, and 

have therefore chosen to focus on this topic during my PhD program. This thesis starts with two studies 

focusing on observer variability in both colonoscopy and colon capsule endoscopy, followed by three 

studies in collaboration with the Applied AI and Data Science Group from the University of Southern 

Denmark.  

 

This PhD thesis aims to: 

I. Assess the variation of in-situ polyp size measurement of large colorectal polyps in colonoscopy 

II. Assess intra- and interobserver agreement on polyp detection and polyp size measurement in CCE 

videos 

III. Match polyps detected by colonoscopy and CCE, and evaluate how they differ in size, morphology 

and location 

IV. Assess bowel cleansing quality in CCE by algorithms, compared to human CCE readers 

V. Develop a convolutional neural network to autonomously detect polyps in CCE 

 

The following hypotheses are tested: 

I. Polyp size measurement of large colorectal polyps during colonoscopy will show less variation with 

postfixation polyp size when measured by an expert, as compared to a regular endoscopist  

II. Experts have a good inter- and intraobserver agreement of polyp detection of CCE videos 

III. Polyps detected by CCE have a significantly different morphology and size compared to 

colonoscopy 

IV. An algorithm can be trained to reliably assess bowel cleansing quality, in comparison to human 

readers 

V. A convolutional neural network can be trained to reliably detect colorectal polyps in CCE images 
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Background 
 

Colorectal polyps 

Colorectal polyps are protrusions from the inner linings of the colon and rectum, called mucosa (Figure 1 A-

B). The majority of these polyps can be categorized by histopathology as adenomas or serrated colorectal 

lesions (1). Adenomas are neoplastic polyps that are caused by epithelial proliferation and dysplasia. 

Based on epithelial architecture they can be divided in three subtypes: tubular (containing mainly tubular 

glands), villous (with villous projections) and tubulovillous (mixed type). The tubular adenomas are most 

common, while villous (1 %) and tubulovillous (5-10 %) adenomas account for a minority of adenomas (2). 

All adenomas contain dysplasia, which is currently classified as low-grade, high-grade or adenocarcinoma 

(1). Adenomas that contain villous histology and/or high grade dysplasia, as well as larger adenomas are 

considered to have the greatest malignant potential (3). Therefore are adenomas with villous histology, 

high-grade dysplasia and/or a size  commonly referred to as advanced adenomas (4, 5).  

Other colonic epithelial lesions such as hyperplastic and inflammatory polyps used to be referred to as non-

neoplastic or benign polyps (2). The last decades multiple studies have uncovered that some hyperplastic 

polyps are actually sessile serrated lesions, which are considered to have malignant potential when 

containing dysplasia (6, 7). According to the updated WHO classification of 2019 serrated colorectal lesions 

can be divided into hyperplastic polyps, sessile serrated lesions (SSLs, prior known as sessile serrated 

polyps/adenomas) with or without dysplasia, traditional serrated adenomas and unspecified serrated 

adenomas (8). SSLs have at least one unequivocal distorted crypt, with prominent dilatation or horizontal 

growth of the crypt base, in comparison to hyperplastic polyps that have straight crypts (9). A small 

percentage of SSLs harbor dysplasia, and those are suspect for rapid progression to colorectal cancer (10). 

Traditional serrated adenomas are rare, and often mistaken for tubulovillous adenomas in pathology 

assessment (11). Unspecified serrated adenomas have both characteristics of (dysplastic) adenomas and 

Figure 1 A: A pedunculated polyp in colonoscopy Figure 1 B: A sessile polyp in colonoscopy 
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serrated colorectal lesions. A minority of polyps are neither adenomas nor serrated colorectal lesions, such 

as hamartomatous polyps, inflammatory polyps, lymphoid polyps, normal tissue and submucosal lipomas. 

Currently 70-90 % of colorectal cancers are thought to arise in adenomas, and 10-20 % in SSLs (12). SSLs 

have often been overlooked, or mistaken for hyperplastic polyps by both endoscopists and pathologists. 

Multiple studies re-evaluated polyps previously classified as hyperplastic polyps, and detected a significant 

proportion (10-29 %) of SSLs (6, 7). Only 12-35 % of colorectal cancers are considered hereditary, of which 

only 5-7 % with a known hereditary syndrome as Lynch syndrome, familial colorectal cancer and polyposis 

syndromes. Molecular and genetic studies continue to detect new mutations that contribute to the 

development of cancer (12).  

Another way of describing polyps is by their shape or morphology. The Paris classification was developed 

in 2002, based on the Japanese description of gastric neoplasia (Figure 2) (13). The purpose of this 

classification is to assess the risk of submucosal invasion and lymph node metastases, in order to 

determine the best treatment for a polyp. In daily practice this classification might be difficult to implement, 

as even experts after training only moderately agreed on classification of polyp images (14, 15). The 

majority of polyps is classified as pedunculated (Ip), sessile (Is) or non-polypoid (IIa and IIb). Polyps with 

depression (III) or excavation (IIC) are often described as suspected of malignant transformation.

Figure 2: The Paris classification for polyp morphology

Proving the adenoma-carcinoma sequence

Colorectal adenomas had been suspected to be the predecessors of colorectal cancer for decades, when

Muto et al. discovered evidence for a probable transformation from adenomas to carcinomas. Adenoma 

tissue was detected in a minority (14.2%) of resected colorectal tumors, indicating that these tumors likely 

progressed from pre-existing adenomas (16, 17). Based on data of patients with familial polyposis and thus

over hundred adenomas, they thought it likely that the development from adenoma to cancer takes 10-15 

years, as well as that the vast majority of adenomas never progresses to cancer.

Stryker et al. subsequently investigated the natural history of untreated colonic polyps (18). They 

retrospectively identified 2 polyps that were followed at the Mayo Clinic by an 

average of 5.2 barium enema examinations, for an average of 68 ± 5 months. During follow-up 107 
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neoplasia were removed, of which 38 (35.5 %) showed advanced pathology (villous adenoma, carcinoma 

in situ or invasive carcinoma). Twenty-one carcinomas were detected at the location of the index polyp and 

11 at a different location. The risk of detecting colorectal cancer during follow-up was 4 % at 5 years, 14 % 

at 10 years and 35 % at 20 years. The risk for developing colorectal cancer was higher in index polyps over 

2 cm (7/27 patients, 26 %) versus polyps under 2 cm (14/199 patients, 7 %).  

At St. Marks Atkin et al. assessed the risk of colorectal cancer in 1618 patients who had rectosigmoid 

adenomas removed from 1957-1980 (3). Patients were retrospectively followed for an averaged 13.8 years, 

during which no routine follow-up was planned. Fourteen rectal cancers and 35 colon cancers were 

detected. The risk of rectum cancer as compared to the standardized incidence ratio (SIR) was 1.2 (95% 

confidence interval (CI): 0.7-2.1), and colon cancer 2.1 (95% CI: 1.5-3.0). Most of the rectum cancers 

(12/14) developed in a high-risk index -grade 

dysplasia); of which the majority was incompletely resected (11/14). In the 842 patients with large index 

adenomas or (tubulo)villous histology the SIR of colon cancer was 3.6 (95% CI: 2.4-5.0). This risk 

increased to 6.6 if multiple adenomas were detected at the index rigid sigmoidoscopy. In those with one 

small tubular adenoma the risk of colorectal cancer was reduced to 0.4 (95% CI: 0.1-1.0), since only 5/697 

patients were diagnosed with colorectal cancer. And none of the 64 patients with multiple small adenomas 

were diagnosed with colorectal cancer. The ADR was 38 % in the 192 patients that underwent a 

colonoscopy during follow-up, with a higher risk of detecting high-risk adenomas in those with high-risk 

index adenomas as compared to those with low-risk index adenomas (20 % vs 8 %, p = 0.01).  

The National Polyp Study was one of the first large prospective multicenter studies to gather information on 

the effect of different follow-up strategies in average risk individuals (exclusion criteria: prior polypectomy, 

inflammatory bowel disease, family or personal history of colorectal cancer or polyposis) after a complete 

colonoscopy with polypectomy of benign adenomas smaller than 3 cm (19, 20). Patients were randomized 

to follow-up with both barium enema and colonoscopy after 1 and 3 years, or after 3 years. All patients 

were offered a follow-up examination after 6 years. The colorectal cancer incidence in this population of 

1418 patients was compared to that of the populations of the previous named studies (3, 18) and the 

average risk in the general population based on the Surveillance, Epidemiology, and End Results (SEER) 

Program of the National Cancer Institute (21). During follow-up only 5 asymptomatic early stage colorectal 

cancers were detected, three after 3 years, one after 6 and one after 7 years. This was lower than the 

expected number of cases based on the data from t

(20.7). This was seen as conformation of the adenoma-carcinoma sequence theory, since removing 

adenomas appeared to reduce the risk for subsequent colorectal cancer. It also reduced the risk of 

colorectal cancer with at least 66 % in individuals with large adenomas compared to the average-risk 

population in the USA. The long term follow-up after a median of 15.8 years, detected only 12/2602 

patients died from colorectal cancer, which suggested a reduction of 53% (95% CI: 20-74 %) in colorectal 

cancer mortality (22).  
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Preventing colorectal cancer by screening 

The National Polyp Study was one of the driving forces in the development of colorectal cancer screening 

programs, since colorectal cancer seemed to be prevented by removing premalignant adenomas (21, 22). 

The first large randomized controlled screening trials investigated either guaiac-based fecal occult blood 

test (gFOBT) or flexible sigmoidoscopy (23-30).  

The four large randomized controlled annual or biennial gFOBT studies showed a reduction of 13-33 % in 

colorectal cancer mortality, and indicated that screening reduces cancer mortality (23-26, 31). In recent 

years the use of gFOBT in screening has been drastically reduced, since it has limitations due to dietary 

restrictions and interactions with specific medications. Most countries use the newer FIT in their current 

colorectal screening programs, which appears to be at least as sensitive for adenomas and cancers as 

gFOBT (32).  

The long term results of the once-only sigmoidoscopy trials have been published in recent years, and show 

a lasting effect on colorectal cancer incidence and colorectal cancer mortality (27, 29, 30). A large study in 

the UK including 57.098 citizens that were offered a once-only sigmoidoscopy, showed a reduction of 

cancer incidence in 26 % and reduction of mortality in 30 % (5). The 71% that accepted screening obtained 

reductions of respectively 35 % and 41 %. The protective effect was highest for those with distal colorectal 

cancer with a reduction of 41 % of cancer incidence in the intention to treat analysis and 56 % in per-

protocol analysis. Proximal cancers were only reduced by 4 and 5 % respectively. The number needed to 

screen to detect one cancer was 98 (95% CI: 81-125) after 17 years. 

The long term results of a similar trial in Norway also showed a protective effect of a once-only 

sigmoidoscopy (27). However, in the intention to treat analysis of 20.552 citizens a significant effect could 

only be obtained in males. They had a reduction of 34 % in colorectal cancer incidence, 41 % of 

rectosigmoid cancer incidence and 37 % in colorectal cancer mortality. A per protocol analysis did not 

reach significant results in females either.  

In the USA a flexible sigmoidoscopy was offered twice in the Prostate Lung Colorectal and Ovarian Cancer 

screening trial (30). The 17 years follow-up results show a reduction of 18 % in colorectal cancer incidence 

and 25 % in colorectal mortality. Like the other two studies the effect was only significant for distal 

colorectal cancer with a reduction 29 % of cancer incidence of 49 % of mortality. As in the Norwegian study 

the effect was stronger in males with a reduction of 33 % in colorectal incidence and 32 % on cancer 

mortality, compared to 11 % and 13 % (non-significant) in females. 

Colonoscopy is generally regarded as the most sensitive investigation for detecting advanced adenomas 

and cancers, as well as having the advantage that therapeutic polypectomies or diagnostic biopsies can be 

performed in the same session. Even though colonoscopy is used as a primary screening modality in some 

countries, the number of high-quality studies with long term follow up is still lacking. In Europe a large 

randomized controlled trial has been conducted in Poland, the Netherlands, Norway and Sweden (33). 

31.420 citizens aged 55-64 were invited to a once-only colonoscopy screening between 2009 and 2014. As 

expected the acceptability of this screening varied from 22.9  60.7 %in the different countries, which is one 

of the challenges of primary colonoscopy screening. The long-term results on cancer incidence and 

mortality will be published after a 10 and 15 year follow-up.  
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Guidelines on colorectal cancer screening are different worldwide. In the USA screening is recommended, 

with colonoscopy and annual FIT as the preferred methods (34). However, no national population based 

colorectal cancer screening programs are implemented in the USA. The European Society of 

Gastrointestinal Endoscopy (ESGE) supports implementation of population-based screening for individuals 

aging 50-75 years, preferably with FIT, sigmoidoscopy or colonoscopy (35). The timing of surveillance 

colonoscopy after resection of adenomas is based on polyp size, number of polyps and histology. The 

ESGE recommends return to FIT- enomas or serrated polyps 

serrated polyp, adenoma with high-grade dysplasia or serrated polyp with dysplasia; and after piecemeal 

m adenoma surveillance colonoscopy is recommended after 3-6 months, as well as 

after one year (36).  

The Danish national guidelines are recommending return to FIT-screening in case of one or two 

tubular adenomas or serrated polyps of any size without dysplasia; surveillance colonoscopy after three 

years in case of of 3- -grade dysplasia; and 

surveillance colonoscopy after one year in case of 

adenomas (37).  

 

The natural history of adenomas 

Studies on the adenoma-carcinoma sequence and colorectal cancer screening indicate a preventative 

effect of polypectomies. However, the natural history of adenomas remains unclear due to the custom of 

removing all detected polyps during colonoscopy. A few studies been performed studying the growth of 

polyps, especially in subcentimeter polyps since these are regarded as low-risk polyps. A recent systemic 

literature review included 9 studies with 721 patients that were observed for 2-3 years (38). Only one of 

1034 polyps might have progressed to cancer in these studies (39-47) . A total of 6% progressed to 

advanced adenomas over time, of which the majority based on an increase in size rather than histology. 

Another interesting finding in these studies is the number of polyps that disappear (2-14%) or reduce in size 

(2-35%). One study specifically found that those polyps that increased in size were (advanced) adenomas 

and none of these polyps progressed to cancer (48). Stryker et al. reported polyp growth by least 25 % in 

diameter in 83/226 polyps (37 %), while 8 (4 %) could not be detected on follow-up barium enema 

examinations (18). The number of detected adenomas in the National Polyp Study also suggests that the 

adenoma-carcinoma sequence is a dynamic process of continuous formation and regression of adenomas 

(49). A challenge in the polyp growth studies, is that histology can first be ascertained after resection of the 

polyp. Modern techniques like Narrow Band Imaging and chromoendoscopy (in which a dye is used to 

enhance mucosal features) could be used to endoscopically assess polyp histology. In future studies a 

more reliable follow-up of in-situ polyps could be possible with these techniques, to determine the natural 

history of different types of adenomas. 

Polyps and adenomas are very common in the general population over 50 years of age. A colonoscopy 

screening study in Poland, Norway, Sweden and the Netherlands including 12.475 asymptomatic 

participants aged 55-64, detected polyps in 48.1 % of the population, specifically adenomas in 30.7 %, of 



15 
 

which 10.4% high ri

(33). The incidence of adenomas is dependent on the population, increasing with 

age, and in case of a positive FIT (50). The prevalence of colorectal adenomas is multiple times higher than 

that of colorectal cancer. Thus, only a minority of adenomas develops into colorectal cancer during a 

identified and removed that have the highest probability for malignant progression. A large proportion of 

screening colonoscopies detect small adenomas with low-risk and the current guidelines require 

surveillance colonoscopy after resection of these polyps. It is possible that a less vigilant surveillance 

guideline, or surveillance by non-invasive emerging techniques like CT colonography and colon capsule 

endoscopy (CCE) could be implemented in order to reduce the risk of harming these screening 

participants.  

The detection of colorectal polyps has been improving since the development of colonoscopy in the early 

seventies. Prior the colon could only be investigated by rigid sigmoidoscopy (to the sigmoid colon), flexible 

sigmoidoscopy (of the left colon) and imaging of the colon by barium enema. Many of the early studies on 

the effect of colorectal polypectomy have been performed using these investigations (3, 18). The quality of 

colonoscopy has improved greatly over the past decades, by implementing higher definition cameras, 

electronic chromoendoscopy like Narrow Band Imaging, improved equipment, adjuvant magnetic 

endoscopic imaging, improved bowel preparations, as well as a training of endoscopists with focus on 

improving cecal intubation rates and adenoma detection rates (ADR; percentage of colonoscopies with at 

least one adenoma) (51). This is probably reflected by the increasing numbers of detected polyps and 

adenomas in recent years, rather than an actual steep increase in incidence of colorectal polyps (52).  

 

Colorectal imaging 

Double contrast barium enema 

One of the first radiologic diagnostic tests for the colon was a series of x-ray images performed after 

applying contrast to the colonic mucosa. Most centers started with single contrast barium enema, without 

contrasting air. In the sixties double contrast barium enema became the standard, since it detected up to 5 

times as many polyps (53). To perform a double contrast barium enema the patient needed a thorough 

bowel cleansing. Afterwards a barium suspension was introduced in the rectum, and distributed throughout 

the whole colon by slowly turning the patient. Then the excess barium was drained, hypotonic drugs like 

Buscopan ® were given, and the colon was insufflated with air. Multiple images were obtained in different 

positions, in order to reliably assess all the segments of the colon. A substudy within the National Polyp 

Study compared the diagnostic yield of double contrast barium enema with colonoscopy, in which the latter 

detected many more polyps, of which over 50 % were adenomas (54). The lower diagnostic yield of double 

contrast barium enema, as well as the development of CT colonography have rendered it obsolete in most 

Western countries.  
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Colonoscopy 

Endoscopy has been in constant development since the early 1800s. Philipp Bozzini was the first to 

develop a functioning endoscope in 1805, which was a short rigid endoscope with a candle as light source 

(55). This principle was combined with magnification by Maximillian Nitze, who collaborated with opticians 

to develop the first cystoscope in 1877. This cystoscope was subsequently improved after the invention of 

electrical light in 1879 (56). All these inventions were essential for the development of the first gastroscope 

in 1957. The development of a scope able to perform a complete colonoscopy turned out to be more 

difficult, due to the multiple bends in the colon. First after the development of scopes that could bend at the 

colonic flexures without breaking glass fibers, this problem could be solved (57). In the early 70s the first 

colonoscopes in which the endoscopist had to look through an eyepiece became commercially available. 

Since then the instruments have been adapted to several new technologies like videocolonoscopy (since 

1983) and magnetic position of the scope (since 1993). 

Colonoscopy is still regarded the gold standard, since no other imaging method has yet surpassed the 

diagnostic yield of colonoscopy. Another advantage of colonoscopy in comparison to other imaging studies, 

is the ability to perform diagnostic biopsies and therapeutic polypectomies in the same session.  

The quality of colonoscopy has improved immensely in the past decades, both with technical innovations 

like narrow band imaging and HD-camera, as well as with endoscopy training focusing on increasing 

completion rates, quality of polypectomy and ADR (51). The number of detected polyps and adenomas is 

regarded as a quality measure of colonoscopy, with a significant lower risk of interval cancers in 

endoscopists with an ADR of at least 30 % (58, 59). Certain populations like the high-risk population in 

bowel cancer screening will have a higher incidence of adenomas. In the FIT-positive population of the 

Danish colorectal cancer screening program an ADR of 40 % is regarded acceptable and an ADR of 50 % 

desirable (60). The ADR in the Danish colorectal cancer screening program has increased from 39.7 % in 

2014 to 48.9 % in 2018 (60, 61). Multiple papers have suggested that a too stringent focus on ADR might 

adenoma to detect multiple adenomas (62). Therefore it has been suggested to also include polyp 

detection rate (PDR), or average number of detected adenomas as measurement of colonoscopy quality 

A disadvantage of colonoscopy are the adverse events of the investigation. One third of the patients 

experiences minor adverse events like abdominal pain, bloating and abdominal discomfort in first week(s) 

after colonoscopy (63, 64). Often these minor adverse events go undetected, since most centers do not 

routinely follow-up after an out-patient colonoscopy. Severe adverse events like bleeding (0.24 %), 

perforation (0.06 %), or colonoscopy-specific death (0.007 %) are very rare, but are thought to be well 

documented (65). A validation review in the Danish screening program determined an incidence of severe 

complications in 0.51 % (66). And a review of the Dutch registries indicated a possible 30-day mortality of 

0.91 per 10.000 screening participants, of which 0.69 was not reported in the screening database, thus 

indicating a underreporting of colonoscopy-related mortality (67). The risk of severe adverse events is 

higher for advanced polypectomies like endoscopic mucosal resection (EMR) or endoscopic submucosal 

dissection (ESD). These techniques are usually performed on larger polyps that otherwise would require a 
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surgical bowel resection with a significant higher incidence of severe adverse events than these 

polypectomies (65).  

All colonoscopies require a thorough bowel cleansing, which might be precarious in those with for example 

severe kidney disease or heart failure. Most colonoscopies are being performed with a sedative or in 

general anesthesia, with relatively minimal risks, although not risk-free.  

Another disadvantage of colonoscopy is that a substantial number of polyps are overlooked, even though it 

is regarded as the gold standard for detection of colorectal neoplasia A recent systematic review and meta-

analysis of over 15.000 tandem colonoscopies describes that up to 26 % (95 % CI: 23-30 %) of adenomas 

are missed upon first colonoscopy (68). This number is especially high for serrated polyps (24 %), tubular 

study describes a miss rate of approximately 6 % (2-

reputation of colonoscopy, it is still a subjective and operator-dependent investigation in which polyps are 

 

Current practice is to remove all detected polyps during colonoscopy which is likely to increase the risk of 

discomfort due to a prolonged time of the colonoscopy and adverse events like bleeding and perforation. It 

therefore also increases the costs of these colonoscopies, as well as the costs for the pathologic evaluation 

of all removed polyps. In recent years it has become more common to leave

hyperplastic polyps based on narrow band imaging, since these are regarded harmless especially in the 

rectosigmoid colon (69). As described in the previous section, only a minority of polyps appears to develop 

into cancer which is usually a slow process likely to take at least 10 years from start of the growth of a 

polyp. It might be ethically defensible not to remove all small polyps, since the risk of removing the polyp 

could be higher than the risk of it harboring cancer or developing into cancer. One could argue that the 

current colonoscopy practice contains elements of defensive medicine and might lead to unnecessary harm 

to patients as well as increasing health care costs without health benefit for the large majority of patients. 

 

CT Colonography  

CT colonography (CTC) was developed in the mid-90s, based on the concept of double contrast barium 

enema (70). The technique consists of four similar consecutive steps: bowel cleansing, distention of the 

colon, CT scan and image analysis. Bowel cleansing is performed by a laxative, as well as a contrast agent 

to tag residual stools, in order to distinguish between polyps and fecal matter. The colon is distended with 

automatic insufflation with carbon dioxide through a rectal catheter, but can also be obtained by using room 

air. A CT scan is performed with low-dose radiation, and subsequently a 3D reconstruction is generated by 

dedicated software to enable a virtual colonoscopy. A combination of the 3D and 2D images of the CTC are 

subsequently reviewed by a radiologist in order to describe colonic and extracolonic pathology (71). 

CTC has a similar detection rate for advanced neoplasia as colonoscopy, but a lower risk of severe 

adverse events and a lower rate of polypectomies since only patients with larger polyps are referred to 

colonoscopy (71, 72). Moreover, multiple screening studies have detected a higher acceptance rate of CTC 

compared to colonoscopy screening. Both an advantage and disadvantage is the detection of extracolonic 

findings like kidney cancer, aneurysms and adrenal lesions. These findings require follow-up in up to 11 % 
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of screening cases to detect potentially important extracolonic findings in 1.2-5 % of cases (73). These 

work-ups increase costs of CTC screening, but detecting relevant findings might increase the health benefit 

of CTC in these patients.

A disadvantage is the

with a risk of missing pre-malignant lesions and preventing the development of colorectal cancer. Another 

disadvantage is the radiation risk, however low radiation protocols are usually implemented, leading to 

doses of less than 1 mSv (73). 

The most recent ESGE guidelines recommend CTC after incomplete colonoscopy, as well as an alternative 

for patients with alarm symptoms in which colonoscopy is contraindicated or not possible, or as an 

alternative for patients without alarm symptoms. In areas without organized colorectal screening with FIT, 

CTC is regarded as an option for colorectal cancer screening. CTC is also viewed as an acceptable 

surveillance test after colorectal cancer or polypectomy of high-risk polyps, in patients that cannot undergo 

colonoscopy. Contra-indications for CTC are acute colonic inflammation and recent colorectal surgery. All 

with CTC could be considered based on patients preference, comorbidity or low-risk for advanced 

neoplasia. (73)

Colon capsule endoscopy

Colon capsule endoscopy (CCE) is a technique based largely 

on the small bowel capsule, which was first introduced in 2000 

(74). The small bowel capsule has earned its place in the 

diagnostic assessment for gastrointestinal bleeding, when 

gastroscopy and colonoscopy are without possible cause. The 

small bowel capsule was adjusted for colonic assessment, by 

adding a second camera head and increasing the field of view 

of each camera to be able to look behind the colonic folds. 

They also increased the number of images that could be taken 

per second and increased the depth of view (75). Capsule 

endoscopy is performed with water instead of air in the bowel. 

Fecal matter cannot be removed during CCE, making a good 

bowel cleansing a necessity in CCE. In colonoscopy fecal 

matter can be suctioned through the scope, unless there are 

formed stools in the bowel. Another advantage of colonoscopy 

in comparison to CCE is the possibility to investigate an area Figure 3: Colon capsule endoscopy 

more closely with for example Narrow Band Imaging, as well including: camerapill with two camera

as taking biopsies and resecting polyps in the same session. heads, belt recorder and software 

A CCE investigation that is incomplete, with insufficient bowel program Rapid Reader

cleansing, or with detection of relevant polyps, will therefore 

require a colonoscopy. 
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The first generation colon capsules became available in 2006 and performed significantly inferior to 

colonoscopy in terms of sensitivity and specificity for detection of colonic neoplasia. The second generation 

was adjusted to increase the field of view of each camera head to 172 degrees, obtaining an almost 360 

degree of view, as well as a variable number of images (4-35 per second) based on speed of the capsule 

(Figure 3). These colon capsules have an increased polyp detection rate as described in the most recent 

meta-analyses with a sensitivity of 87 % for polyps over 6 and 10 mm, and specificities of 88 % and 95% 

respectively (76, 77).

CCE has been studied as possible filter test in colorectal screening and surveillance at the colorectal 

research unit of Odense University Hospital. The first study was performed from 2015 to 2016 and 

compared the diagnostic yield of CCE and colonoscopy after a positive FIT-test in 253 screening 

participants (78). The results of this study are limited due to an excretion rate of 57 %, of which 54 % also 

had an acceptable bowel cleansing. However, polyp detection rate was 74 % in all CCE investigations, 

which was significantly higher than that in colonoscopy (64 %). In complete investigations with acceptable 

bowel cleansing the number of detected polyps was even higher, 86 % (95 % CI: 80  92). Sensitivity and 

respectively. In those with complete investigations sensitivity for large polyps in CCE was in fact higher 

than in colonoscopy, 97 % versus 89 %. A cut-off of 11 mm polyps, and/or detection of three or more 

polyps was suggested to obtain the highest possible accuracy (79 %) of CCE. 

The second study included patients between 2016 and 2018 after an incomplete colonoscopy to undergo 

both the current standard CTC and CCE (79). A total of 105 patients were included, of which 97 received 

both CTC and CCE. Completion rates were 96% and 68 % for CTC and CCE respectively. Since 75 % of 

the CCE investigations had overlap with the incomplete colonoscopy, these investigations were regarded 

ed to 15 % 

in CTC, leading to a relative sensitivity of 2.67 (95 % CI: 1.76  

% of CCE investigations, compared to 11 % in CTC, leading to a relative sensitivity of 1.91 (1.18  3.09). 

An algorithm was developed that could detect the localization of CCE, with an agreement to the CCE 

reader with a mean of 77 %.  

The third study investigated boosters, a part of the bowel preparation that promotes peristalsis to increase 

excretion rates, in patients 18  70 years of age that were due for a surveillance colonoscopy based on 

family history or previous resected adenomas (80, 81). The results of this study show a slightly improved 

bowel cleansing, with excretion rates varying between 68 - 73 % and completion rates (excreted and 

acceptable cleansing) between 62 - 72 % depending on the booster. A sulfate based booster (Eziclen) 

obtained the highest completion rate of 72 %, and was suggested to be the primary choice of booster for 

subsequent studies. 

Since September 2020 a large study is implemented in the Danish bowel cancer screening program in the 

Region of Southern Denmark. Citizens in the screening program are randomized between the possibility of 

undergoing CCE as a filter test after a positive FIT or the ordinary screening with colonoscopy after a 

positive FIT. Citizens are randomized per week, when the invitations for FIT are sent out. A total of 124.214 

citizens will be randomized, of which 2532 need to be included in each group based on sample size (82). 
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Polyp size measurement in CCE can be performed in the CCE reader software (Rapid ®), and is based on 

the surface of the polyp in comparison to the whole image. Most studies have recognized a size difference 

of up to 50% between colonoscopy and CCE to be a true match. Since polyp size is one of the variables 

that determine whether patients are referred to colonoscopy, it is important to remember that a 10 mm CCE 

polyp might be appear as a 5 mm or 20 mm colonoscopy polyp. 

Due to the limited amount of quality research on CCE, as especially the amount of incomplete 

investigations, CCE is not yet accepted as a filter test in colorectal screening. The most recent ESGE

guidelines state that CCE might be considered as a diagnostic test in case of incomplete colonoscopy, 

patients with non-alarm symptoms and unfeasible colonoscopy after a positive FIT in colorectal screening 

programs (73). 

A challenge for CCE is that up to 15 % of detected CCE polyps cannot be detected with a subsequent 

colonoscopy (78, 83). These polyps could have been detected multiple times by CCE, truly be a false-

positive CCE polyp, as well as have been overlooked in colonoscopy. This poses the question whether a 

second colonoscopy should be indicated in these cases. Would it be more ethical to keep trying to detect 

these polyps with the subsequent risks of colonoscopy, or accept the risk of possibly leaving polyps in order 

not to expose patients to the risks of colonoscopy? 

 

Colorectal polyp size 

s malignant potential and its size, as described in the section 

on colorectal neoplasia. The risk that a polyp contains cancer increases with polyp size, from less than 1 % 

in polyps up to one centimeter to 10 % in polyps over 2.5 cm (84). The resection of larger polyps is also 

correlated to an increased risk for developing colorectal cancer at a later stage, compared to the resection 

of subcentimeter polyps (3, 18).  

Regardless of this clear correlation, polyp size is still not uniformly being measured during colonoscopy. In 

the most recent ESGE guideline on quality of endoscopy, polyp size during colonoscopy is assessed by 

visual estimation, which is nothing more than an educated guess by the endoscopist (59). These polyp 

sizes are used to determine the method to remove polyps, for which a biopsy forceps is recommended for 

nt of 

post-polypectomy surveillance (36). Especially the difference between 9 and 10 mm can mean either no 

follow-up or a surveillance colonoscopy in 3 years. Many polyp size studies have therefore focused on the 

threshold of 10 mm. Anderson et al. described 222 polyps larger than 1 cm on endoscopic estimation, of 

which 46 % was actually smaller than 1 cm in pathology (85). A study of 230 10 - 25 mm polyps showed a 

mean size variation of 74 % between endoscopic and pathologic size (86). The endoscopic size caused a 

deviation from surveillance interval recommendations, regardless of histology and other retrieved polyps in 

35 % of all cases. Another retrospective study including adenomas of at least 6 mm, also found a relevant 

size variation in 57 % of cases leading to inappropriate surveillance in 18 % of cases (87). The vast 

majority of missized polyps were oversized (55 %) rather than undersized (1.6 %).  

The majority of studies on endoscopic polyp sizes have included small populations, small polyps and 

compared visual estimation with or without an instrument to compare size with, with fresh polyp size and 
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pathologic or fixated polyp size (88-93). Most authors chose the fresh polyp size, just after resection, as the 

true polyp size. The authors describe either under- or overestimation of polyp sizes by visual estimation. 

Generally, comparing the polyp with an instrument of known size improves polyp size estimation, but some 

studies describe that this effect is reduced in experienced endoscopists (92).  

Factors that complicate polyp size estimation in comparison to an instrument of known size, are alignment 

of the polyp and instrument due to colonic folds and position of the polyp, and the wide-angle lens of the 

colonoscope that might lead to overestimation of polyp size. Another matter is the variation of size of 

 mm. Several authors have also 

postulated that polyp size might shrink due to vascular collapse after snare cauterization, change shape 

when being extracted through the endoscope channel, or shrink because of fixation in formalin (90). 

Moreover, pathologic polyp size might be increased by resection of extra colonic tissue or reduced by 

incomplete polyp resection (94). Another problem is the extra time required for estimating polyp size, when 

using an instrument not used for resection of the polyp, which makes it highly unlikely to be implemented in 

clinical praxis. 

Several authors have suggested an adjusted measuring device, like a ruler snare, graduated biopsy 

forceps or a calibrated hood (92, 93, 95). All claim an increased accuracy compared to a gold standard 

majority of endoscopists underestimating polyp size and the accuracy of the graduated instruments was 

also significantly lower in larger polyps. 

Some studies tried to reduce several possible confounding factors, for example by assessing video clips of 

polyps with and without open biopsy forceps (96). The use of an open biopsy forceps significantly improved 

polyp size estimation measured by interobserver agreement and diagnostic accuracy between beginners 

and experts. The gold standard in this study was polyp size measured endoscopically by use of a 

graduated catheter, which is probably also affected by human error.  

A similar study had 49 gastroenterologists assess nine images of polyps with optimal placed open biopsy 

(94). The majority (68 %) of measurements was within a 25 % margin of error, wheras only 43 % of 

endoscopists estimated all 9 polyp sizes within a 25 % margin of error. 

These studies confirm that even in optimized situations polyp sizes are inevitably measured with a certain 

margin of error, which might be reduced slightly by comparing polyp sizes to an instrument with known size.   

Rubio et al. have performed several studies assessing reliability of measuring polyps, on both artificial 

polyps and photographs of polyps (97-99). These studies show that even measuring polyps with a ruler in 

vitro or on photographs is obtained with a certain variation. Three experienced pathologists measuring 148 

polyps only agreed in 50-62 % on the exact polyp size (rounded up to largest mm) (99). An artificial model 

with 12 polyps was used in another study, performing tandem colonoscopies by 7 endoscopists (98). 

Almost all (99.4%) polyp measurements were underestimated. In the first round of endoscopies by an 

average of 40 % and in the second round by 34 %. Visual estimation caused an increase in 

underestimation compared to open biopsy forceps, whereas experience did not significantly affect polyp 

size estimation. Agreement between mean estimated polyp size (in the two colonoscopies) and the true 

size of the artificial polyps was 0.54 (0.44-0.66). These 12 artificial polyps were subsequently measured 
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using a pathologic ruler, by 18 pathologists and 4 surgeons (97). This study shows that 31.4 % of these 

Especially larger polyp volumes and irregular shapes appeared to complicate polyp size measurements. 

The variation in polyp size measurements had a range from 1.5 to 8 mm.  

Concluding, even in perfect ex vivo circumstances polyp sizes are not measured consistently by specialists. 

Therefore, estimating polyp size in vivo during colonoscopy without a perfectly aligned ruler will surely be 

imprecise. How to define true polyp size remains unclear, however an optimal size measurement will be 

aligned to the risk of harboring advanced histopathology.  

Polyp size is one of the variables used in CCE and CTC to determine which patients will be referred to 

colonoscopy. Most studies and clinical guidelines accept a difference of 50 % in polyp size as a possible 

match. However, if polyp size in CCE and CTC is overestimated patients risk to be referred to a possible 

unnecessary colonoscopy.  

 

Bowel cleansing classification 

A good bowel cleansing quality is essential to all colorectal imaging techniques, but probably most essential 

in CCE since fecal matter blocks the view on the colorectal mucosa without the possibility of removing it. 

Many authors stress the importance of bowel cleansing in colonoscopy, like for example the U.S. Multi-

Society Task Force on Colorectal Cancer (100). They state that all polyps over 5 mm should be visible 

during colonoscopy, otherwise the procedure should be rescheduled. This statement is supported by a 

recent published Italian study on the quality of colonoscopy in the colorectal cancer screening program 

(101). More colonoscopies detected at least one adenoma, OR 1.53 (95 % CI: 1.42-1.65), if bowel 

cleansing was regarded adequate as compared to inadequate.  

Different bowel cleansing scales have been published, like the Boston Bowel Preparation Scale, the 

Harefield Cleansing Scale, the Chicago Scale and the Ottowa Scale (102-105). Due to the lowest variability 

in interpretation of the Boston Bowel Preparation Scale, this one is generally regarded as the preferred 

bowel cleansing scale (106, 107). Another important reason is that it correlates well with other quality 

measures like adenoma detection rate and polyp detection rate.  

Bowel cleansing scales can be used as a variable to assess the quality of colonoscopy, and give additional 

information that might be used to adjust bowel cleansing regimens and colorectal screening programs (51). 

Bowel cleansing scales are also valuable for research purposes, for example in order to evaluate specific 

bowel preparations or compare endoscopy results of multiple centers and/or countries. 

In CCE it is imperative that the colon is clean enough for a thorough evaluation, since it cannot be cleaned 

during the investigation. Leighton and Rex were the first to propose a bowel cleansing scale for CCE (108). 

This scale is based on colonoscopy bowel scales and evaluates five segments of the colon: cecum, right 

colon, transverse colon, left colon and rectum. The cleansing levels are poor (mucosa largely obscured), 

fair (polyps over 5 mm possibly obscured), good (polyps under 5 mm possibly obscured) and excellent 

(almost no debris). A simplified version of this scale regards poor and fair as inadequate, and good and 

excellent as adequate bowel cleansing quality. Two expert readers validated the scale by evaluation of 196 

segments with a good interobserver agreement. In this study quality of bowel cleansing was not correlated 
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to diagnostic yield, which is the most important reason for evaluating bowel cleansing. Furthermore, overall 

quality of bowel cleansing was determined based on clinical judgement, rather than based on the 

assessment of the colon segments. One might argue that the evaluation of bowel cleansing for the whole 

CCE video is the most important in bowel cleansing qualification, since it determines if the patient should 

undergo further investigations in the diagnostic follow-up. 

Since CCE videos cannot be manipulated during investigation, like with colonoscopy where one can pause 

and insert the scope again, it might be even easier to develop a software program that can assess bowel 

cleansing quality for CCE than for colonoscopy. Several authors have proposed programs that can detect 

bowel cleansing quality, of which our collaboration with the robotics department (109) (study IV) was one of 

the first published studies. Others have proposed a color based evaluation, in which an optimal sensitivity 

of 96 

images (110). De Sousa Malgahães et al. propose a new bowel scale, CC-CLEAR, based on the Boston 

Bowel Preparation Scale (111). This scale consists of assessment of three segments (right, transverse, 

left), in four scales based on percentage of visible mucosa. In their validation study, interobserver 

agreement was higher on CC-CLEAR, than on the Leighton-Rex scale. An advantage of the CC-CLEAR is 

the strict guidelines to determine inadequate bowel cleansing, based on the total score and/or < 75 % 

visibility in one segment. This scale has not yet been verified in comparison to diagnostic yield of CCE.   

 

Assessing agreement and variability 

Statistics are used to determine how likely it is that two or more groups are truly different. Often one will set 

the P-

they statistically are different, also known as a type I error. Most data can be analyzed using a normal 

distribution, in which the data have a mean and standard deviation. An important variable in this case is 

variance, the difference of each measurement to the mean. If the variance is large, the standard deviation 

will be larger, making it is less likely that two groups are statistically different (112).  

A specific kind of analyses are reliability or variability studies, in which the chances of detecting the same 

results between measurements of the same variable in one subject by one or multiple observers are 

analyzed. Measurement errors amongst others can be due to the instrument used to measure the variable, 

underlying variability of the variable itself, the respondent, the observer and data processing (113). When 

determining the reliability of a measurement one uses specific statistic tests.  

A well-known test is the Kappa statistic, which is a rate of the observed agreement minus the expected 

agreement, divided by 1 minus the expected agreement. This is very suitable for binary data, but more 

complicated when analyzing multiple categories, since the value of the Kappa statistic is dependent on the 

number of categories (113, 114).  

Another way to assess agreement is the intraclass correlation coefficient (ICC). With this calculation one 

determines a rate of true variance divided by the sum of true variance and error variance. However, 

currently there are 10 different forms of ICC, dependent on the number and selection of observers, number 

of measurement and the definition of agreement, making it important to choose the correct form. For 
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example, the different tests can with the same data obtain a value varying from 0.320 and 0.881, which will 

be interpreted very differently (115). 

Many authors use correlation coefficients when describing agreement, this is misleading and inappropriate, 

since it is to be expected that there is a correlation between the similar measurements of the same 

variable. Any straight line among the plotted dots will give a perfect correlation, but does not provide 

information on agreement. Bland and Altman have therefore proposed another method to assess 

agreement between pairs of measurements (113, 116). In their method one primarily plots the 

measurements against another, with a scatter plot. The second step is to plot the differences of each 

measurement to the mean, by average measurement. The third step is to calculate the 95% limits of 

agreement, which contain the values within two standard deviations from the mean. This interval contains 

95 % of the measurements, giving an impression of how large the variation between measurements is 

within this population. This test does not provide a P-value, leaving the investigator to draw conclusions 

from the analysis.  

Agreement between observers are generally described as interobserver agreement: agreement between 

different observers; and intraobserver agreement: agreement within one observer when performing multiple 

measurements of the same variable. Inter- and intraobserver studies are often performed in medical 

science, for example for validating possible new measurement techniques, and because variation of 

measurements can have severe consequences for clinical decisions. An example is the variation in results 

using different bowel scales, which will lead to repeat-colonoscopy in a percentage of the population (107). 

The higher the interobserver agreement, the more consistent are patients referred to a repeat-colonoscopy, 

with the intention that the lowest amount of relevant pathology will be missed, depending on the reliability of 

the specific bowel scale, whether it is used appropriately as well as if the physician refers appropriately 

according to the results of the bowel cleansing scale. 

A possibility to reduce observer related measurement errors is the implementation of artificial intelligence, 

since it is likely that a machine is more consistent in the way it measures a variable than a human is.  

 

Networks and learning-based algorithms 

Artificial intelligence (AI) is a broad term, describing all kinds of algorithms and machines that have a 

human-like intelligence. The definition of intelligence is a matter of debate, since performing complex tasks 

can be defined as intelligent or as something that does not require intelligence after one has learned the 

task. Several characteristics are attributed to intelligence: learning, reasoning, problem solving, perception 

and language understanding (117). 

Artificial intelligence has been in development for many decades, in which machines were developed that 

could learn based on feedback from previous outputs. An essential hindering in the development of AI was 

the calculating power of graphic processing units (GPUs) and central processing units (CPUs), which has 

exponentially increased during the last two decades. This lead to an equal exponential increase of short-

term possibilities of artificial intelligence.  

Some algorithms use mainly mathematical intelligence, performing multiple calculations according to 

instructions of the operator. An example is an algorithm calculating similarity of two groups, and 
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determining the best matches for all available data. The Gower similarity coefficient calculates similarity 

based on multiple variables and can be used for a variety of data types (118). It calculates a rate 

comparable to indicating no similarity to perfect similarity. The weight of 

the different variables can be adjusted, so that more important variables have a higher influence on 

 that it is suitable for computer programs, and 

can easily be implemented to a dataset. 

The advantage of artificial intelligence is that machines might detect connections that humans cannot see. 

Especially unsupervised machines, that are not specifically instructed to assess data in a certain way, but 

-vector 

machine can assess data of multiple groups, and will independently divide them into classes, based on how 

the differences between the groups are the largest (119). In this case the machine determines the cut-off 

values for classification instead of a researcher that pre-determines the cut-off.  

A typical form of artificial intelligence are neural networks, which are especially suited for image analysis. 

Neural networks are artificial simulations of the human brain, in which neurons or kernels have multiple 

connections to other neurons (120). Most neural networks consist of different layers of neurons that 

communicate with some or all neurons in the next layer. A convolution layer reduces the amount of data for 

the next layer. However, neural networks are a very simplified model of the brain, and have a large 

dependency on the kind of data that is applied to them. A neural network will be able to develop its own 

rules to distinguish between different classes of images, however it will need millions of images in order to 

develop a database or knowledge representation that can be used to learn from. Important to remember is 

that the input for machines is human-based and assessed, and thus never 100% objective. What machines 

learn is largely dependent on expert input and in some cases the programmed output. 

In recent years artificial intelligence has been introduced to both endoscopy and capsule endoscopy. 

Several studies indicate that AI-assisted colonoscopy increases the number of detected polyps and 

adenomas, meaning that it can help to increase the quality of colonoscopy (121). In especially small bowel 

capsule endoscopy neural networks appear to have a better accuracy for detecting pathology than human 

readers (122). The amount of published work in CCE is limited up to this date, but includes study III, IV and 

V of this thesis (109, 123, 124). These studies assess the matching of polyps between colonoscopy and 

CCE, classification of bowel cleansing quality and polyp detection in CCE 
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Study I: Reproducibility and accuracy of visual estimation of polyp size in large 
colorectal polyps 
 

Objective 

The objective was to assess interobserver variation of in situ measurements of large colorectal polyps in 

colonoscopy. 

 

Methods 

This study was conducted as a single-center prospective interobserver study, from July 1st to December 

31st 2016. The majority of colonoscopies in our unit, 8.000-10.000 annually, are performed at our 

endoscopy center in Nyborg. Patients with large colorectal adenomas are referred for advanced 

polypectomy (EMR or ESD) to the endoscopy center in Svendborg. This created a possibility to assess the 

quality of polyp size measurement in two subsequent colonoscopies, without exposing patients to 

unnecessary investigations. All patients referred for advanced polypectomies were offered to participate in 

this study. In-situ measurements, by means of visual estimation, of polyp sizes during the primary 

colonoscopy were retrospectively retrieved from the electronic patient file. The in-situ measurements during 

the secondary colonoscopy by dedicated endoscopists were prospectively collected, as were the pre-

fixation polyp sizes by medical doctor and post-fixation polyp sizes by pathologist. In advanced 

polypectomies in-situ polyp size was already routinely measured, since post-fixation polyp size 

measurement is not always possible due to piecemeal resections and/or disintegrated polyps. The data 

was collected in this way to evaluate real-life quality of polyp size measurements, without influencing the 

daily routines. Variation of polyp size measurements was assessed by calculating limits of agreement. The 

post-

size in international and national guidelines.  

 

Results 

Forty patients with a total of 45 polyps were 

included in this study. Ten patients were excluded 

because of multipiecemeal resections 

or multiple polyps at the same location  

Fifty-five % (22) of the patients were male, and the 

average age was 70.6 ± 8.6. Dedicated 

endoscopists used a snare to estimate polyp size in 

79% of cases. The vast majority (84%) of polyps 

were treated with EMR. The average amount of 

days between the colonoscopies was 29.3±32.4. 

(See Figure 1) The distribution of polyp location and  Figure 1: The distribution of the amount of days  

morphology in both colonoscopies are presented in  between the two colonoscopies. 

Figure 2A and B.  
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Figure 2A 

Figure 2A and 2B. Distribution of polyp location and 

morphology in the primary and secondary 

colonoscopy.      Figure 2B 

 

The average polyp size was 23.9±9.3 during the primary colonoscopy and 21.1±8.5 mm during the second 

colonoscopy. Pre-fixation and post-fixation sizes were 21.7±8.5 mm and 19.3±8.5mm. Figure 3A-C and 

Table 1 show scatterplots and limits of agreement for two polyp size measurements, in order to visualize 

the relation between the measurements. Measurements are compared between the two colonoscopies, as 

well as each colonoscopy in comparison to post-fixation size and pre-fixation versus post-fixation size. The 

limits of agreement show the interval enclosing 95 % of the variations between the two measurements.  

 

Figure 3A    Figure 3B 

 

Figure 3A-C. A. Limits of agreement on polyp size 

measurements between the two colonoscopies.  

B. Limits of agreement on polyp size measurements 

between the primary colonoscopy and postfixation 

measurements. C. Limits of agreement on polyp size 

measurements between the secondary colonoscopy and 

postfixation measurements. 

OC1: primary optical colonoscopy 

Figure 3C                                                            OC2: secondary optical colonoscopy   
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The limits of agreement were substantially wider in the primary colonoscopy compared to both the 

secondary colonoscopy and post-fixation polyp sizes. 

polyps was significantly lower in primary colonoscopy compared to secondary colonoscopy (Table 1). 

These results indicate that the quality of polyp size measurement was better during secondary 

colonoscopy, since these also were more in agreement with post-fixation sizes. The difference between 

pre- and post-fixation measurements was only 1 mm, with small limits of agreement, with a good 

 

Table 1 Agreement between the different measurements 

 95% LA 
Difference in mm 

(mean, 95% CI) 
P-value 

(95% CI) 

OC1 vs OC2 (n=37) -14.2  19.0 2.4 (-0.4  5.2) 0.09 0.65 (0.60-0.70) 

OC1 vs post-fixation (n=26) -13.2  16.9  1.8 (-1.2  4.9) 0.23 0.63 (0.56-0.69) 

OC2 vs post-fixation (n=33) -8.9  9.1 0.1 (-1.5  1.8) 0.88 0.88 (0.76-0.94) 

Pre-fixation vs post-fixation (n=33) -5.6  7.6 1.0 (-0.2  2.2) 0.09 0.88 (0.83-0.93) 

LA: limits of agreement. CI: confidence interval. OC1: primary optical colonoscopy. OC2: secondary optical 

colonoscopy. P-value of a two-sided paired t-test comparing the means of different size measurements. 

 20 mm polyps 

 

Critical assessment 

This study is unique in that it focuses on large colorectal polyps, which might be more clinically relevant 

than subcentimeter polyps, since polyp size thresholds for clinical decisions are usually 10 and 20 mm (36, 

37). 

This study shows a difference of in-situ polyp size measurement of large polyps up to almost 2 cm. Precise 

polyp size measurement is important if there are consequences based on in-situ polyp size, for example 

when there is no reliable post-fixation polyp size or whether a patient should be referred for advanced 

polypectomy. In the literature polyps over 2 cm are regarded as having a significant higher malignant 

potential, making 2 cm a relevant threshold (5, 84). Agreement on this threshold was significantly lower 

primary colonoscopy, than in the secondary colonoscopy. This indicates that differences 

in polyp size estimation can have relevant clinical consequences, especially in cases where post-fixation 

sizes are unknown due to for example piecemeal resections that are more common in large polyps and 

surveillance intervals are based on the in-situ polyp size measurement instead.  

Another important conclusion is that even in experts the limits of agreement varied up to 9 mm compared to 

post-fixation sizes, which is a large and clinically relevant variation for polyps averaging 21 mm. One could 

conclude that even though experts estimate polyp sizes more in alignment with post-fixation sizes than 

-situ polyp size measurement. The differences 

between pre-fixation and post-fixation polyp size measurement were the smallest in this study, and they 

also had a good agreement on which sizes were over 2 cm. This is interesting since previous studies 

showed that polyps often shrunk between these measurements, which was largely attributed to fixation with 

formaldehyde (91).  
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In this study one can see there is a clustering in specific polyp sizes in the primary colonoscopy, similarly 

as seen by Sakata et al (125)

when estimating in-  

The results of this study are not necessarily transferable to other populations, because this is a pilot study. 

However, other studies focusing on polyp size measurements indicate that there truly is a large difference 

between in-situ and post-fixation polyp size measurements, especially in large colorectal polyps (86). A 

study on variation on assessing polyp size of polyp phantoms showed a significant underestimation of 

 reduced intra-observer agreement on polyp size, regardless of experience and 

the use of instruments (98).  

One should therefore always regard estimated or in-situ polyp sizes carefully, and be critical on the clinical 

decisions that depend on these sizes. 

Other studies focusing on polyp size estimation have mainly focused on how polyp sizes were different 

between different measurements, mainly in-situ polyp size and post-fixation polyp size (88-91, 126). In the 

majority of these studies the average polyp size was small, varying from 6-9 mm. Some studies have used 

different kind of instruments to compare polyp size with, in order to improve polyp size estimation (92, 93, 

96). Most of these studies indicate that a linear probe with markings improves polyp size estimation 

compared to post-fixation polyp size (91, 95, 127). Nevertheless, the majority of these studies included 

small populations, and very few used Bland-Altman graphs to evaluate agreement between the 

measurements (126). Another important argument is that the polyp sizes are usually compared to a gold 

standard of pre-fixation or post-fixation sizes, which also are known to have their own variation due to both 

inter- and intraobserver variations (97, 99). This 

quality, making it even harder to draw reliable conclusions from these studies. Small measuring differences 

of a few millimeters will have a relatively large effect, if the included polyps are small, whereas an 

absolutely small difference will have a relative small effect on large polyps. However, in this study a large 

variation was observed, that has a sizable effect on polyp size measurements of large colorectal polyps, 

since it is more likely that they are improperly classified and receive an inappropriate surveillance interval 

recommendation (86).  

The expert endoscopists in this study often used an instrument with known size during polyp size 

estimation, which is a possible explanation for the smaller variation in limits of agreement. The use of a 

snare or other instrument, is likely to improve polyp size measurement, similarly to a linear probe (91, 95, 

127).  

A weakness of this study is that the polyp sizes of the primary colonoscopy were retrieved retrospectively 

from the patient journals, which caused a significant amount of missing data on polyp size. It was also 

unknown how the polyp size was estimated during the primary colonoscopy, even though it is likely that 

most endoscopists did not use an instrument to compare polyp size with. The experts on the other hand 

were informed of the study, and might have been motivated to measure polyp size more precise than usual.  

Secondly, the study included a relatively small number of polyps and was not based on a sample size 

calculation, which make any results and conclusions not directly transferable to other populations.  
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Thirdly, because of piecemeal resections data are missing for pre- and post-fixation polyp sizes, causing a 

large proportion of polyps in this study not to be available for comparison with the gold standard post-

fixation polyp size. However, especially in large colorectal polyps, it is common in daily practice that a large 

proportion of these polyps have no reliable post-fixation polyp sizes.  

Another pitfall is the time delay between the primary and secondary colonoscopy, which could have caused 

polyps to grow in the meantime. The average delay was only one month, which makes significant growth 

unlikely. Furthermore, the average in-situ polyp size was actually lower in the secondary colonoscopy, 

making time between the colonoscopies unlikely to be a relevant factor in this study. If there had been a 

significant polyp growth between the two colonoscopies, the differences in measurements would have been 

even larger, rather than smaller. 

Strengths of this study on the other hand are that the study was based on daily clinical routines, in which 

we had a clinical reason to perform a second endoscopy in order to remove large colorectal polyps. 

Patients were therefore not exposed to unnecessary endoscopies. The use of daily clinical routines also 

delivers a realistic insight in the quality of polyp size measurements.  

This study focuses on large colorectal polyps that have a higher malignant potential than small polyps. The 

risk for malignancy increases with size, especially after 2 cm, therefore it would be most important to have 

a reliable size assessment of these larger polyps (84, 86). Larger polyps are furthermore more likely to be 

removed with piecemeal resections, in which the postfixation size cannot be determined. Polyp size after 

piecemeal resection is usually determined by the in-situ size measurement, making a reliable size 

estimation especially important in these polyps.  

This study is one of very few studies assessing polyp size measurements in repeat colonoscopy. Rubio et 

al. studied polyp size assessment in a phantom by repeat colonoscopy (98). Others have evaluated polyp 

size assessment based on video fragments (96). The advantage of measuring polyp size in repeat 

colonoscopies is that it gives a more reliable assessment of differences in polyp size measurements. The 

conditions for polyp measurement vary from colonoscopy to colonoscopy, for example because of the 

quality of bowel preparation and how much the bowel is inflated by the endoscopist, which is not taken into 

account when assessing video fragments.  

The results of this study are realistic, since the variation in in-situ polyp size measurements varies largely 

between the first and second colonoscopy. This makes it more likely that there truly is a significant variation 

in size estimation between both colonoscopies. This large variation prompts a critical assessment of 

guidelines based on in-situ size. A significant variation of polyp size measurements was also detected by 

pathologists that measured polyp size on photographs with a ruler, indicating that human measurement 

comes with a certain error, even in the most optimal circumstances of polyp size measurement (99). The 

variation in pathology assessments is still smaller than in in-situ measurements, and polyp size did not 

appear to be significantly affected by formaldehyde. Therefore post-fixation measurement by a pathologists 

still appear to be the most reliable polyp size measurement.  
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Conclusion 

This study shows a large variability in polyp size estimation of large colorectal polyps, even in dedicated 

endoscopists. This indicates that polyp size estimations are not reliable and endoscopists should be critical 

when basing clinical decisions on these sizes. It is likely that artificial intelligence could be used to reduce 

observer error and perform a more uniform and reliable polyp size assessment than even the most concise 

endoscopist. 
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Study II: Intra- and interobserver agreement on polyp detection in colon capsule 
endoscopy evaluations 
 

Objective 

The objective was to assess intra- and interobserver agreement on evaluations of colon capsule endoscopy 

videos among expert readers, and beginners in comparison to these expert readers. 

  

Methods 

This variability study was performed in forty-two complete CCE videos that were randomly selected from 

the 250 case study (78). The majority of these videos (32) had a good or fair quality of bowel cleansing as 

classified by an expert company, the remaining 10 videos had a poor or unacceptable bowel cleansing. The 

CCE videos were assessed by five readers from November 2016 to March 2017: two expert readers, one 

expert company and two beginners. The two expert readers each had experience with over 1500 cases, 

the staff of the expert company had at least two years of experience and the two beginners had completed 

an e-learning course beforehand. One of the beginners (Beginner 2) had previous colonoscopy experience, 

the other did not. The videos were assessed a second time by the two expert readers and the two 

beginners to assess intraobserver agreement in these readers. Intra- and interobserver agreement was 

classified as poor, moderate, good or excellent based on the intraclass correlation coefficient (ICC). The 

participants were referred for a therapeutic colonoscopy if three or more polyps, or  was 

detected, or if the bowel cleansing quality was classified as unacceptable.  

 

Results 

The results of the primary video assessments by the five readers are presented in Figure 1 and Table 1. 

The amount of videos with large polyps was slightly higher in the expert company (Expert 3) and the 

beginners compared to the other two experts. The number of CCE videos with no polyps ranged from 5-8 

videos, small polyps from 10-16 videos and large polyps from 19-25 videos.  

 

Figure 1. Distribution of amount of videos with no polyps, only small polyps or at least one large polyp per 
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The number of polyps per video varied from 3.0 ± 1.9 to 4.6 ± 2.8 and the average maximal polyp size 

varied from 10.6 ± 4.6 mm to 13.3 ± 6.0. The bowel cleansing was regarded unacceptable in 0-6 videos. 

Based on the different variables study participants would have been referred for a colonoscopy in 25-31 

cases. In order to assess whether the same 25-31 participants would have been referred for a colonoscopy 

by the different CCE readers, interobserver agreement was determined (Table 2).  

 

Table 1 Results of the primary evaluations per CCE reader

 Expert 1 Expert 2 Expert 3 Beginner 1 Beginner 2 

Colonoscopy indicated° 30 videos 29 videos 25 videos 29 videos 31 videos 

Number of polyps* 
3.5 ± 2.4 

(34/42) 

4.6 ± 2.8 

(35/42) 

3.0 ± 1.9 

(36/42) 

3.9 ± 2.5 

(35/42) 

4.2 ± 3.0 

(37/42) 

Average maximal size* 
10.6 ± 4.6 

(34/42) 

10.8 ± 5.0 

(35/42)  

11.8 ± 6.2 

(36/42) 

13.3 ± 6.0 

(35/42) 

10.9 ± 6.1 

(37/42) 

Unacceptable cleansing 6 0 1 5 4 

The mean number and maximal size of the polyps are based on all videos in which polyps were detected 

and presented with the corresponding standard deviations.  

one or more polyps 

unacceptable bowel cleansing. *Based on videos with at least one polyp, the number of videos is noted in 

parentheses. 

 

Table 2 Interobserver agreement 

 Experts Beginners All 

Colonoscopy 

indicated 

0.51 (0.33  0.67) 0.54 (0.29  0.72) 0.55 (0.42  0.69) 

Large polyps  

 

0.81 (0.71  0.89) 0.62 (0.39  0.77) 0.74 (0.63  0.83) 

Number of polyps 0.70 (0.52  0.82) 0.62 (0.40  0.78) 0.67 (0.55  0.78) 

Bowel cleansing 

quality 

0.53 (0.33  0.70) 0.70 (0.51-0.83) 0.53 (0.33  0.70) 

The interobserver agreement among three experts, two beginners and all 5 CCE readers, assessed with 

ICC with 95% confidence interval. The values printed in bold show moderate agreement, the other values 

present poor agreement. 

 

The interobserver agreement was determined by ICC, which was considered poor (lowest value of 

confidence interval < 0.5), moderate (lowest value of confidence interval > 0.5), good (lowest value of 

confidence interval > 0.75) or excellent (lowest value of confidence interval > 0.9)(115). The interobserver 

readers. Experts had a moderate agreement on detection of large polyps and the number of polyps, the 
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beginners did agree poorly with each other, but moderately with the experts as seen in the agreement of all 

readers. Both experts and all readers had a poor agreement on bowel cleansing quality, which was 

significantly lower than the agreement on detection of large polyps by the experts. 

The intraobserver agreement was determined for the two experts and beginners, by repeat assessments of 

the 42 videos (Table 3). Experts had an excellent or moderate agreement on polyp detection (number of 

polyps and detection of large polyps). The assessment of bowel cleansing quality was of inferior quality in 

varied from poor to good among the four readers. All readers had a similar agreement of bowel cleansing 

quality, indicating that experience did not contribute much to the assessment of bowel cleansing quality. 

 

Table 3 Intraobserver agreement 

 Expert 1 Expert 2 Beginner 1 Beginner 2 

Colonoscopy 

indicated 

0.79 (0.64  0.88) 0.89 (0.81  0.94) 0.73 (0.55  0.85) 0.56 (0.31  0.74) 

Large polyps  

 

0.95 (0.92  0.97) 0.81 (0.68  0.89) 0.71 (0.53  0.84) 0.62 (0.39  0.78) 

Number of 

polyps 

0.98 (0.96  0.98) 0.99 (0.98  0.99) 0.76 (0.60  0.87) 0.74 (0.56  0.85) 

Bowel cleansing 

quality 

0.75 (0.57  0.85) 0.69 (0.49  0.82) 0.69 (0.50  0.82) 0.69 (0.49  0.82) 

Intraobserver agreement in two experts and two beginners, assessed with ICC with 95% confidence 

interval (in parentheses). Values printed in bold show good and excellent agreement, the other values show 

moderate and poor agreement. 

 

Critical assessment 

This study was the first published study to assess inter- and intraobserver variability in CCE evaluations. 

, which is because it is based on the 

other variables, and could therefore not be better than the worst results of the other variables. Exclusion of 

- 

and interobserver agreement in experts as well as all observers.  

The experts in this study have an excellent intraobserver agreement for polyp detection, which is indicative 

of high consistency in their individual evaluations. Nevertheless, the experts had only a moderate 

interobserver agreement on polyp detection, and a poor agreement on bowel cleansing quality. So even 

when the experts were consistent in their own repeat assessments, they differed significantly when 

compared to each other, which affects the reliability of CCE video assessments.  

The beginners had a poor interobserver agreement on polyp detection when compared to each other, but 

s. Even though beginners  differed 

significantly from each other, collectively they did not differ significantly from the experts .  
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The intra- and interobserver agreement on bowel cleansing quality was clearly inferior to that on polyp 

detection, even in experts. This indicates that unlike with polyp detection, the consistency of bowel 

cleansing evaluation did not improve with experience. Assessment of bowel cleansing quality is a more 

subjective evaluation than the detection and measurement of polyps, and therefore likely to have a lower 

intra- and interobserver agreement. It is possible that bowel cleansing assessment can be improved by the 

new CC-CLEAR scale -Rex 

scale (108, 111). Nonetheless, this scale also depends on the subjective assessment of the individual 

observer.  

One of the biggest challenges in studies with CCE is the lack of gold standards. Colonoscopy is often used 

as a gold standard, but as described in the introduction, colonoscopy is also a flawed investigation in which 

polyps are missed and the accuracy of polyp size estimation is suboptimal. Furthermore, polyps appear 

different in CCE and colonoscopy, and one cannot be certain that the same polyp was identified in both 

investigations. These difficulties cause colonoscopy to be an impaired gold standard, which is why 

agreement was assessed between observers, rather than with colonoscopy findings. This study does not 

take into account whether the detected CCE polyps are true polyps that were detected by colonoscopy, as 

well as whether the histology of these polyps showed true neoplasia. This study reports the consistency of 

reporting between different CCE readers and within the readers. Another way to assess CCE agreement 

would be to assess the same patients with multiple CCE investigations, similar to tandem-colonoscopy. 

This would give an impression of instrument or test reliability of CCE, rather than observer agreement on 

identical videos as in this study. This study would be immensely valuable, in order to assess the variation in 

subsequent CCE videos, however the costs of this study are a limiting factor.  

All observers were asked to assess bowel cleansing of the complete video by four bowel cleansing classes 

without clearly defined study guidelines. The commonly used Leighton-Rex scale does not provide a 

description on how to assess the complete video, especially on what constitutes unacceptable bowel 

cleansing for the complete video (108). It is possible that the agreement would have been better, if specific 

guidelines on bowel cleansing assessment had been provided to all observers, for example like in the CC-

CLEAR scale in which a percentage of visibility is used as a cut-off for the different bowel cleansing classes 

(111).  

A disadvantage in this study is the relative low number of paired videos, which makes it possible that an 

observer could have remembered CCE videos. This could lead to an inaccurate high intra-observer 

agreement, based on recollection rather than consistency in assessment. Recollection of the videos cannot 

be excluded with certainty, though the observers were instructed to assess the video with an interval of at 

least one week in order to minimize the risk of recollection. 

Another issue is the 10 mm cut-off for polyp size that was used in this study. The current ESGE guidelines 

recommend a colonoscopy if one or more polyps over 6 mm are detected with CCE (73). In this study we 

do not use this cut-off, which might affect the clinical relevance and usability of our results. However, we 

focus mostly on comparing the variability in CCE assessments, therefore a cut-off of 10 mm is theoretically 

just as relevant as a cut-off of 6 mm.  
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As stated before this is the first study to assess variability in CCE evaluations and is giving a first 

impression of quality of CCE reading. The quality of intraobserver agreement in experts appears to be good 

to excellent for polyp detection, indicating that experts consistently assess CCE videos which advocates for 

a reliable assessment of CCE videos by experts. However, the interobserver agreement among experts on 

polyp detection was only moderate, indicating significant differences in CCE reading by different experts. 

Beginners were to our surprise in moderate agreement with the experts on polyp detection, indicating that 

an e-learning course can be an excellent starting point and possibly sufficient to learn to read CCE videos. 

The differences in assessments were larger when comparing bowel cleansing quality, which is likely the 

most subjective assessment in CCE reading. Bowel cleansing quality could be assessed by artificial 

intelligence, especially if a similar cut-off was used as in the CC-CLEAR, based on the percentage of 

visibility in each image, in order to make the assessment as objective as possible. 

A strength of this study is that the number of included videos was based on a sample size calculation, 

which makes our significant results reliable and transferable to other populations. 

 

Conclusion 

readers, however a high intra- and interobserver agreement for polyp detection could be seen among 

experts, as well as a moderate agreement between beginners and experts. 
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Study III: Capsule endoscopy vs. colonoscopy vs. histopathology in colorectal 
cancer screening: matched analyses of polyp size, morphology and location 
estimates 
 

Objective 

To develop an algorithm that is able to objectively match polyps identified by CCE and colonoscopy, based 

on their size, location and morphology. This algorithm will be used to match polyps and analyze if systemic 

differences occur between these matched polyps. 

 

Methods 

Data from the 250 case was used for this analysis. All 131 participants with at least 1 polyp in both 

colonoscopy and CCE were included.  

Polyp size was determined as largest diameter in CCE, colonoscopy (OC) and histopathologic (HP or post-

fixation size) evaluation. Location was determined as right (caecum till hepatic flexure), transverse or left 

(splenic flexure till rectum). Morphology was categorized as pedunculated, broad based, flat, cancer 

suspicion or unknown.   

An algorithm was developed which c

similarity coefficient between CCE and colonoscopy (118). The best possible match was considered as a 

true match and extracted from the dataset of that patient. All polyps with at least a Gowe

coefficient of 0.5 were matched.  

The matched polyps were subsequently used in an analysis, in order to compare size, morphology and 

location, between matched polyps. The post-fixation size was used as the gold standard for polyp size, 

since this is commonly used in risk assessment to determine appropriate colonoscopy surveillance 

intervals.  

 

Results 

The 131 participants that had at least one polyp in both investigations were included. A total number of 375 

polyps were detected with CCE in these participants, but only 331 with colonoscopy. Based on a limit of the 

 was 151. The majority of these 

(67.5 %, n = 102), only 18.5 % (n = 28) was 6  9 mm and 13.9 % (n = 21) 

mm. The differences between the different polyp sizes are presented in Figure 1 and Table 1.  

 

 

 

 

 

 

 

Figure 1. The relative size differences in all matched polyps:  

CCE  HP size, CCE  OC size and OC  HP size.      
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Table 1 The absolute size differences in all matched polyps 

 

The absolute differences in polyp sizes of the matched polyps are presented from all polyps, and based on 

polyp size classification by post-fixation (HP) polyp size or colonoscopy polyp size (in the CCE-OC 

comparison). 

 

All measurements overestimated polyp size in comparison to HPsize, except CCEsize and OCsize of large 

polyps. CCEsize was significantly larger than HPsize, especially in the diminutive  polyps (135%). 

CCEsize was also significantly larger than OCsize in diminutive and large  polyps, in small (6-9 

mm) polyps the average difference was only 0.5 mm. OCsize was significantly larger than HPsize in 

diminutive polyps (average difference 1.8 mm) and significantly smaller in large polyps (average difference 

-2.7 mm), no difference could be proven in small polyps.  

A significantly higher proportion of pedunculated polyps and a significantly lower proportion of flat polyps 

were detected in CCE compared to colonoscopy (Figure 2). Morphology of polyps was classified 

significantly more often as peduncular in CCE, while the amount of flat polyps was significantly higher in 

colonoscopy than CCE (p < 0.001). There were no significant differences in the location of the matched 

polyps. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Morphology of the matched polyps in CCE and OC  

 

Critical assessment 

Many studies comparing the results between CCE and colonoscopy have been published, in which the 

criteria for polyp matching are the same or next location, and a maximum size difference of 50 % (83, 128). 
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in one investigation, or if there is only one polyp but the size difference is over 50 %. This study was the 

first study to focus on polyp matching, and is currently still one of two published studies on this topic (129). 

The second study is a follow-up article from our research group. Polyp matching is a very important aspect 

in CCE, since it determines whether or not all polyps seen in CCE have been detected at a subsequent 

colonoscopy, or whether repeat colonoscopy is indicated. 

An interesting conclusion of this study is that the rate of pedunculated polyps was significantly higher and 

the rate of flat polyps significantly lower in CCE. A possible explanation is that the colon is inflated by 

carbon dioxide gas in colonoscopy, as opposed to non-inflated and liquid-filled in CCE which cause flat 

polyps to appear like sessile polyps and sessile polyps to float like pedunculated polyps in CCE.  

Currently the ESGE-guideline recommends a colonoscopy for CCE polyps over 6 mm. This study indicates 

that polyp sizes of diminutive polyps ( ) are largely overestimated and 

polyps, causing referrals for very small polyps of which 99.1 % is benign (130). The referral-strategy affects 

the cost-effectiveness of CCE. The average 21 % and the average 

10 mm CCE polyps is 9 %, indicating that increasing the threshold to 10 mm will reduce the number of 

referrals by approximately 12 % (76, 131, 132).  

This study indicates that 6-9 mm colonoscopy polyps are usually overestimated with CCE, thus a 10 mm 

proportion of 6-9 mm colonoscopy polyps. Increasing the referral-threshold for CCE polyps will thus reduce 

the rate of referrals for colonoscopy, with a very low risk of missing relevant pathology. CCE as a filter test 

only adds value if it significantly reduces the number of referrals for colonoscopy. If a large proportion of 

those receiving CCE have to be referred for a colonoscopy anyway, CCE will only prolong time to 

therapeutic colonoscopy, increase costs and patient burden because of multiple investigations and bowel 

preparations. 

The polyps in this study are matched based on a similarity coefficient, which is dependent on the weights 

that are appropriated to the different categories. If the weights would be adjusted, the polyps could be 

matched differently in a subsequent analysis. It is important to keep in mind that the matches are a 

theoretical match rather than a certain s is apparent from the fact that less than 50 % 

of available polyps were matched between the two investigations. The differences in appearance and size 

measurement between the two investigations pose a challenge on polyp matching, and need to be taken 

into account when performing colonoscopy to remove CCE-detected polyps. 

A possibility for the low amount of reliably matched polyps, could be that different polyps have been 

detected in CCE and colonoscopy n the other investigation. A 

secondary colonoscopy in 53 screening participants with false positive CCE polyps, has detected true 

positive CCE polyps in 85 % of these participants (78). It is therefore likely that a significant amount of false 

positive CCE polyps, are in fact false negative colonoscopy polyps, and the sensitivity of CCE for polyps is 

likely higher than in published studies that have defined colonoscopy as the gold standard. Most CCE 

studies do not mention that colonoscopy is an imperfect gold standard that affects the sensitivity and the 

specificity calculated based on this gold standard. False negative colonoscopy polyps account for a 

reduced sensitivity of CCE, since   
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CCE is already accepted as a possible colorectal imaging technique, therefore most studies or hospitals 

only refer to colonoscopy on indication. The knowledge of how a CCE polyp could appear in subsequent 

colonoscopy is very useful for the endoscopists that perform a colonoscopy after CCE. This study indicates 

that CCE polyps have large differences in size and morphology as compared to matched polyps in 

colonoscopy. Possibly the algorithm could be adjusted for clinical purposes to calculate the likelihood that 

identified colonoscopy polyps are the detected CCE polyps, in order to reduce the number of missed polyps 

in colonoscopy.

 

The algorithm can be adjusted by changing the weights for the different variables in order to improve polyp 

matching, as well as that the number of variables could be increased by including for example bowel 

cleansing quality in the different segments to account for missing polyps. We are currently working on a 

more advanced characterization of polyps based on AI analysis, which might be used to adept this 

matching algorithm.  

 

Conclusion 

Based on the matched polyps in this study, there is an overestimation of polyp size in CCE, especially in 

subcentimeter polyps, which unnecessarily increases the number of referrals for therapeutic colonoscopy. 
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Study IV: Assessment of bowel cleansing quality in colon capsule endoscopy using 
machine learning: a pilot study  
 

Objective 

To assess a pixel analysis model and a machine learning-based model in classifying bowel cleansing 

quality in CCE videos, and compare with human analyses. 

 

Methods 

Data from the interobserver study (Study II) was used for this analysis. Bowel cleansing quality was 

assessed in all 42 videos by the 4 observers (2 experts and 2 beginners). Bowel cleansing for the whole 

video, as well as per section, was classified as unacceptable, poor, fair and good. 

A published pixel analysis model (Clean Colon Software Program) for colonoscopy that distinguishes 

between clean and dirty pixels based on the amount of red, green and blue per pixel, was used to develop 

a similar pixel-analysis model for CCE (133).   

A learning-based model was trained by examples of 

images by medical doctors and learned to 

distinguish between clean and dirty pixels (Figure 1). 

Subsequently this model was trained to classify CCE 

images as clean or dirty, dependent on the 

percentage of clean pixels, based on the number of 

informative pixels (excluding overexposed and 

underexposed pixels). The complete video was 

subsequently assessed as the median cleansing grade of     Figure 1. Difference between clean and dirty 

all available CCE images in that video.              pixels on the RBG-spectrum according to the 

               learning-based model    

Results 

Due to technical problems, one of the CCE videos could not be analyzed by the models. The remaining 41 

videos were included in analysis.  

Figure 2 shows how the different models perform in comparison to average of the four human CCE 

readers. The majority of the videos were classified as good by the pixel-analysis model, whereas the 

machine learning-based model seemed more sensitive to detection of poorer bowel cleansing quality. The 

machine learning-based model classified 47% of the videos in agreement with the averaged classification 

by CCE readers, as compared to 32% of the pixel-analysis model. 
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Figure 2. Performance of the pixel analysis model (Non-linear Index) and the learning-based model (SVM) 

in comparison to CCE readers. Bowel classification per video as 0 (unacceptable), 1 (poor), 2 (fair) and 

good (3). Exp. 1: expert 1; Exp. 2: expert 2; Beg. 1: beginner 1; Beg. 2: beginner 2 

The red lines show the average agreement of the human readers and the dotted lines the standard 

deviation. 

 

A sensitivity analysis was performed for both models, 

comparing results of both video heads of the capsule. This 

analysis showed that an overwhelming majority images in 

the videos were classified as fair or good in videos that 

were classified as fair or good. The variation in bowel 

cleansing classification was larger in videos with a poorer 

videos, showed that the pixel analysis classified the majority of these   Figure 3. Interobserver analysis 

videos as fair or good, whereas the machine learning-based model        

identified 5/11 as unacceptable (Figure 3).   

  

Critical assessment 

This study shows that the learning-based model is more sensitive for lower grades of bowel cleansing 

quality and more in agreement with the different human observers than the pixel-analysis algorithm. These 

results indicate that it should be possible to develop a model that can reliably and consistently assess 

bowel cleansing quality. However, such a model will always be based on human input, and there is a large 

variation in human assessment of bowel cleansing quality as shown in Figure 3.  

This was one of the first studies using artificial intelligence to objectively assess bowel cleansing quality in 

CCE. One other study has been published, that proposes an algorithm based on a pixel analysis method, 

which according to this study is likely to be less sensitive for poor and unacceptable bowel cleansing (110). 

Previous to this study the Clean Colon Software Program was suggested for colonoscopy, but there appear 

to be no other automation programs for bowel cleansing qualification in colonoscopy (133). 
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A weakness in this study is the lack of a robust gold standard that can be used to compare to the model, 

and validate the quality of the model. Imperative for improving the model is the availability of a good bowel 

cleansing scale in CCE. After this study was published the CC-CLEAR scale was developed that is based 

the Boston Bowel Preparation Scale, on one of the most reliable bowel cleansing scales in colonoscopy 

(102, 106, 111). The CC-CLEAR uses a cut-off of visible percentage of each image in the segments, which 

is likely easily implemented our learning-based model. CC-CLEAR appears to improve inter- and 

intraobserver agreement, compared to the Leighton-

bowel cleansing quality in CCE (111).  

Another pitfall is that the models only have been used to assess the whole video, whereas assessment of 

different segments could add relevant information. I

cleansing the majority of images have a similar quality, making it unlikely that one of the segments in those 

videos would be qualified as unacceptable. The large variation in the videos with unacceptable and poor 

bowel cleansing indicates that these videos contain also images with fair and good bowel cleansing quality. 

If the proximal side of the colon has a good bowel cleansing, one could suffice with a sigmoidoscopy to rule 

out polyps in the left side of the colon. Our learning-based model needs to be adapted to also assess 

segmental bowel cleansing quality, in order to refer to targeted sigmoidoscopies and colonoscopies based 

on segmental bowel cleansing.  

As named before, the trained model is dependent on input and set-output of human observers. This model 

has been trained by two inexperienced CCE readers, which might have contributed to a certain bias of the 

model based on their opinion of bowel cleansing. Nonetheless, the sub-analysis of unacceptable bowel 

cleansing quality shows that the algorithm is in similar agreement with expert 1 and both beginners and not 

clearly favoring the assessment of the beginners over the experts.  

This is the first study that focused on the assessment of bowel cleansing quality in CCE by both human 

observers and two algorithms. Comparing multiple human assessments of bowel cleansing in comparison 

to the algorithms is one of the strong suits of this study, since it makes the results easily interpretable, as 

well as that it highlights the variation in assessment by human readers. In our previous study (study II) the 

inter- and intraobserver agreement on bowel cleansing quality was significantly lower than on polyp 

detection (109).This variability in human assessment is why especially bowel cleansing quality would be 

perfectly suitable for assessment by an algorithm that guarantees consistent and consequent assessment, 

as well as improves comparability for clinical routines and clinical studies.  

A benefit of the use of models is that they can be modified quite easily. Most models are based on machine 

learning and are able to adapt and adjust over time, based on their previous findings and conclusions. If the 

model can be combined with a polyp detection algorithm, both algorithms can be used to assess the 

relation between bowel cleansing quality and polyp detection. This can subsequently be used to set off new 

thresholds for bowel cleansing quality based on diagnostic yield. This would be similar to bowel scales in 

colonoscopy which preferably correlate bowel cleansing quality with polyp and adenoma detection rates 

(106). Another possibility would be an expert panel that evaluates bowel cleansing quality in CCE images 

and video segments, in order to provide the model with more standardized set-output.  
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Conclusion 

The learning-based model was clearly superior to the pixel-analysis model in identifying unacceptable and 

poor bowel cleansing quality. The model can be improved in the future by increasing input in the form of 

pixels and images, implementing the CC-CLEAR scale, as well as training it to analyze segments and/or 

videos in agreement with an expert panel. For clinical practice a binary classification is sufficient in order to 

identify unacceptable bowel cleansing of segments and complete videos, since these will require further 

diagnostic colorectal investigations.
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Study V: Application of deep learning for autonomous detection and localization of 
colorectal polyps in wireless colon capsule endoscopy 
 

Objective 

To develop a convolutional neural network for autonomous detection of colorectal polyps.  

 

Methods 

Images from the 250 case were collected to develop a convolutional neural network (CNN). A total number 

of 1645 images without polyps and 1200 images with polyps were identified. The polyps in the images were 

annotated manually. The amount of available images was increased by rotation, cropping and mirroring to 

respectively 4800 images with polyps.  

Polyp recognition was subsequently tested in 5 pre-trained CNNs, of which the ZF-Net had the highest 

sensitivity for polyps (134). This network was modified to a Faster R-CNN by adding a region proposal 

network. This means that the network not only identifies images with polyps, but also presents where in the 

image the polyp is detected and with what confidence (Figure 1). 

 

Results 

After modifying the ZF-Net, 15 % of the images in the 

database were used to test the network. The 

modified CNN scored an accuracy of 98.0%, 

sensitivity of 98.1% and specificity of 96.3% for polyp 

detection. In some cases the network missed a 

polyp, these false negative polyps occurred generally 

in either very small polyps or very large polyps 

(Figure 2). 

The network was also tested in three complete CCE 

videos (each containing approximately 50.000 

images). All polyps in the videos were successfully 

detected by the modified CNN. However, multiple 

images of the mucosa were identified as polyps 

Figure 1 Detected polyps with confidence of detection  attributing to a specificity of 86% in these videos.  

 

Critical assessment 

CNNs have been extensively used for polyp detection in colonoscopy (135). Several authors have showed 

promising results, even though most studies use a retrospective design. A recent systematic review 

assessing three randomized controlled trials concluded that artificial intelligence assisted colonoscopy can 

increase both adenoma detection rate and polyp detection rate with over 10 % (121). Few studies have 

been published on polyp detection in CCE, probably partly because image detection is more complicated 

due to the low image quality in CCE compared to colonoscopy and the lack of clinical images for 
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development of learning-based models. Yamada et al. used a deep CNN that recognized polyps with an 

accuracy of 83.9 %, which is significantly lower than the 98.0 % in this study (136).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Examples false negative and false positive polyps  

 

The most important result of this study is that polyp detection by CNN is feasible. If polyp detection in CCE 

can be automated, the time to read CCE videos will significantly be reduced. Studies in small bowel 

capsule endoscopy show that a reduction of capsule reading time from 97 to 6 minutes could be achieved 

with artificial assisted reading (135). A similar reduction could be achieved in CCE, leading to a decrease in  

costs of CCE reading and thus reduce costs of a CCE investigation, making it a more attractive colorectal 

investigation. 

Important to remember with all artificial intelligence systems is that they always rely on human input and 

output, thus making them susceptible to bias. To train a CNN properly millions of images should be used, 

so in order to develop the best possible CNN the amount of CCE images should be as high as possible. In 

this study a pretrained network was used, so that we could suffice with fewer images. However, increasing 

the amount of training images will increase the quality and reliability of the CNN.  

The sensitivity for polyps is still under 100 %, therefore polyps could be missed if the CNN was the only 

observer of the images. Ideally an automated reader will have a perfect sensitivity, but for clinical use a 

sensitivity that is at least as good as an exp

CNN were either large or very small. The large polyps are likely to be detected on CCE images prior or 

after this specific image, and the very small polyps have probably no clinical relevance since they are 

unlikely to contain malignant cells (130). pected to have very little 

clinical relevance.   

In order to test the quality of the CNN an interobserver study with several human expert CCE readers 

should be performed, so that the risk of missing relevant pathology by the CNN can be calculated.  
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Currently the CNN only recognizes polyps and cancers, ideally it will be adjusted over time to also 

recognize other colorectal pathology like diverticula and angiectasia, as well as assess bowel cleansing 

quality.   

This CNN has a higher sensitivity and accuracy for polyp detection in CCE than any other published CNN. 

The high sensitivity means that the risk of missing polyps is low, thus making it a promising assessment of 

CCE. The use of this CNN could reduce reading time and consequently costs, which are an important 

aspect for the possible implementation of CCE in daily clinical routines. It will also increase the quality of 

CCE by reducing human observer variation and other human factors like tiredness (137).  

Another asset of this CNN is that it marks the detected polyps, giving the reader insight in what the CNN 

recognizes as a polyp. If the algorithm would be implemented in CCE reading, it would help the reader to 

focus on certain areas where the CNN detects polyps.  

 

Conclusion 

This network outperforms all state of the art networks in autonomous detection of colorectal polyps in CCE 

images and shows high interpretability by marking the polyps in the images.  
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Conclusions and future perspectives 
 

This thesis shows that human observers are fallible and assess colonoscopy and CCE with a certain 

variability. It appears from both this thesis and current literature that the implementation of artificial 

intelligence can reduce variability and is likely to improve the quality of endoscopy. There is an increasing 

focus and implementation of learning-based algorithms that can reduce human error. The advantage of 

algorithms is that they can easily be modified by new information to further increase to quality of 

assessment. Even though artificial intelligence is promising, it is important to remember that machines are 

trained based on human input and thus sensitive for faulty input. As medical doctors it is therefore 

important to keep focusing on increasing quality of performance and develop quality standards, in order to 

optimize the quality of artificial intelligence in medicine. Furthermore, it is important not to solely trust on 

machines for clinical assessments, since individual patient variables should be taken into account when 

making clinical decisions.  

In order to develop a machine that can reliably assess CCE videos, this machine needs to be trained for all 

possible pathology, as well as be able to assess bowel cleansing quality. The results of the machine need 

to be compared to human expert CCE readers, since automated CCE reading can only be implemented in 

daily clinic routines if it outperforms human experts. A benefit for a real-time automated assessment of CCE 

videos is that it will significantly reduce the time to CCE evaluation, so that an eventual colonoscopy can be 

booked the next day sparing the patient a complete new bowel cleansing for colonoscopy.  

CCE remains a very attractive colorectal investigation, since it is minimally invasive, can be performed at 

home and has virtually no severe adverse effects. Furthermore, it appears to be at least as sensitive for 

colorectal neoplasia as colonoscopy, thus diagnostic yield is not a limitation (77). However, a significant 

percentage of CCE investigations is currently incomplete and/or inconclusive due to unacceptable bowel 

cleansing. This problem poses a limitation for the implementation of CCE in daily clinical routines.  

Another challenge is determining which patients should be referred for a colonoscopy with polypectomy, 

since not all CCE-polyps can be re-detected with colonoscopy and the size of CCE-polyps is likely 

overestimated in comparison to polyp size in colonoscopy (123). The current guidelines of the ESGE state 

that all CCE polyps with a polyp size of 6 mm should be referred for colonoscopy, which would lead to a 

referral rate of averaging 21 %. A cut-off of 10 mm would however lead to a referral rate of 9 %, which is an 

acceptable referral rate (77). One should take into account that the number of referred patients is increased 

by the rate of incomplete investigations and unacceptable bowel cleansing quality, and thus significantly 

higher than just patients with polyps.  

Another issue would be to discuss the possibility not to remove subcentimeter polyps, but observe the 

natural development of polyps with control-CCE. Multiple studies highlight that the risk of small polyps is 

very low, as accepted in the remove and discard theory, as well as other studies that show that only a small 

percentage (6 %) of surveilled small polyps develop into advanced adenomas (43, 48, 49, 69, 138). We 

might need to re- st century. The quality of colonoscopy 

and CCE has been increased in the last decades to improve adenoma and polyp detection rates (59). Does 

the risk of polypectomy outweigh the risk of the development of cancer in small polyps? Or could it be 
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ethically defendable to follow-up on small polyps rather than removing all visible polyps? The current 

burden of proof with a very low risk of cancer in subcentimeter polyps (0.1%) might point towards an 

overtreatment of these polyps, especially since up to 14 % disappear and up to 34 % reduces in size (38). 

A follow-up study of these small polyps by CCE would be incredibly exciting, since it can reduce the 

amount of colonoscopies as well as the correlated risk of adverse events.  

Another interesting aspect is the effect COVID-19 has had on the availability of colonoscopy worldwide. 

MacLeod et al. propose the use of CCE to reduce the amount of colonoscopies and to identify patients with 

colorectal cancer as soon as possible in order to start treatment (139). Especially in countries where 

patients have to wait more than one month for a colonoscopy, the possibility of a CCE-filter test seems like 

an excellent suggestion to detect significant pathology as early as possible.  
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Summary 
 

Introduction: Colon Capsule Endoscopy was introduced in 2006, as a less invasive diagnostic colon 

investigation. The most recent guideline of the European Society of Gastrointestinal Endoscopy (ESGE) 

approves the use of CCE in patients for whom colonoscopy is inappropriate or not possible and after 

incomplete colonoscopy not caused by stenosis. 

Since 2015 our research group at Odense University Hospital has been studying the use of CCE in 

different clinical settings. The main focus of these studies is the detection of polyps, especially adenomas, 

and cancers. Colorectal adenomas can develop into cancer and this risk increases with polyp size. 

Surveillance colonoscopies are indicated after removal of large adenomas (over 1 cm), since these are 

regarded as high-risk adenomas.  

A recent systematic review and meta-analyses describes a sensitivity and specificity of 85 % of CCE for the 

detection of colorectal polyps. These assessments are based on the gold standard colonoscopy, thus 

polyps that are only detected by CCE are regarded as false positive. Some studies performed second 

colonoscopies in patients with these polyps and detected polyps that were missed during primary 

colonoscopy in the majority of these patients. This indicates that the sensitivity of CCE for colorectal polyps 

might be even better than 85 %. However, multiple challenges for the implementation of CCE as a routine 

investigation were demonstrated. The challenge that is addressed in this thesis is variability. What is the 

repeatability of evaluations of CCE videos, when performed twice by the same doctor, or by different 

doctors? What is the effect on experience on the quality of these assessments? Would it be possible to use 

artificial intelligence (AI) to assess CCE videos, in order to reduce this variability? The thesis consists of a 

review of relevant literature and the following five publications: 

 

Study I: Polyp size estimation of large colorectal polyps during colonoscopy was assessed in repeat 

colonoscopies in order to assess interobserver variability in daily practice. The first colonoscopy was 

performed by general endoscopists whereas the second was performed by a dedicated expert who used an 

instrument with known size to compare polyp size with. Estimated polyp sizes during colonoscopy were 

subsequently compared to post-fixation measurements by a pathologist. The study showed a variability of 

up to 17 mm in the primary colonoscopy compared to post-fixation sizes that was reduced to 9 mm in the 

secondary colonoscopy. This study indicates that clinical estimation of polyp sizes of large polyps is likely 

to be unreliable, which cautions a critical appraisal of polyp sizes and clinical decisions based on these 

polyp sizes. 

 

Study II: Evaluations of CCE videos were performed by three experts and two beginners, in order to assess 

variability in these evaluations. The experts agreed moderately on number of polyps and detection of large 

polyps, as did the beginners compared to the experts. Intraobserver agreement was excellent for the 

number of polyps in experts, and detection of large polyps in one expert. Beginners had a poor to moderate 

intraobserver agreement for the detection of polyps. The intra- and interobserver agreement of bowel 

cleansing quality was poor to moderate in all observers. This study indicates excellent intraobserver and 
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acceptable interobserver agreement in experts, but difficulties in determining bowel cleansing classification 

in both experts and beginners. 

 

Study III: Polyps detected by CCE and colonoscopy need to be matched, in order to compare detected 

polyps between both modalities, as well as identify those polyps that have been detected multiple times in 

CCE. An algorithm was developed to match polyps based on size, morphology and location. A subsequent 

analysis of these matched polyps showed that polyp size was overestimated in both colonoscopy and CCE 

in comparison to post-fixation % 

by CCE was observed. Large polyps were not significantly overestimated by CCE. There were significantly 

more pedunculated polyps in CCE and fewer flat polyps. This is likely because the colon is not inflated 

during CCE as in colonoscopy. This study beckons caution when using the current reported CCE polyp 

sizes for clinical decisions, especially in the smallest polyps. 

 

Study IV: Bowel cleansing classification in CCE appears to be a challenge, as observed in Study II. 

Therefore an algorithm was trained to distinguish between dirty and clean images in order to assess bowel 

cleansing in CCE. This trained algorithm was compared to an algorithm that determined cleansing based 

on the color distribution per pixel. The pixel analysis was less sensitive for detecting poorer bowel cleansing 

quality, and classified the vast majority of videos as good. The trained algorithm classified almost half (47 

%) of the videos in agreement to the averaged classification by human CCE readers (from study II). An 

additional 41% differed only one class from the human average. The main challenge in this study is the 

absence of a gold standard, which complicates training an algorithm. This study shows that an algorithm is 

likely to be able to classify bowel cleansing quality accurately. An expert panel could be used to set the 

right thresholds for the different bowel cleansing classes. Implementation of capsule localization to the 

algorithm can improve bowel cleansing quality classification per segment, which could be presented as the 

percentage of clean images per segment to give a tangible assessment of cleansing quality.  

 

Study V: The possibility of detecting colorectal polyps autonomously in CCE videos was studied by 

developing a convolutional neural network (CNN) that was trained by CCE images. The accuracy for 

detecting polyps in single CCE images was 98.0%, sensitivity 98.1% and specificity 96.3%. This is 

significantly better than all current state-of-the-art CNNs. The modified CNN needs to be trained 

continuously to perform CCE evaluations of complete videos. The sensitivity for polyps needs to approach 

100%, if the modified CNN is to be the primary reader in daily clinical practices in order not to miss any 

neoplasias. One could also argue that as long as the CNN detects more polyps than a human reader, it has 

achieved an acceptable level of polyp detection for independent assessment of CCE videos.  

 

Discussion and conclusions: This thesis shows that human observers are fallible and assess colonoscopy 

and CCE with a certain variability. The studies in this thesis report a large variability in polyp size estimation 

in colonoscopy and an acceptable variability in expert evaluations of CCE videos. Bowel cleansing 

classification in CCE has a poor interobserver agreement, and might be improved by implementing artificial 
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intelligence. Artificial intelligence also appears to be promising in polyp detection in CCE videos, but will 

need to be validated before clinical implementation is possible. It appears from both this thesis and current 

literature that the implementation of artificial intelligence can reduce variability and is likely to improve the 

quality of endoscopy. Even though artificial intelligence is promising, it is important to remember that 

machines are trained based on human input and thus sensitive for faulty input. As medical doctors it is 

therefore important to keep focusing on increasing quality of performance and develop quality standards, in 

order to optimize the quality of artificial intelligence in medicine. 

Artificial intelligence requires continuous labour by adding more data to the database and improving the 

algorithm with current developments in artificial intelligence. Using primarily artificial intelligence instead of 

doctors to evaluate CCE videos will reduce reviewing time by medical staff, since only possible relevant 

pathology will need to be assessed. However, it can also lead to a vulnerable dependence on artificial 

intelligence, if doctors do not obtain enough experience with CCE to perform reliable capsule evaluations 

themselves. The most complicated issue for the assessment of CCE videos by artificial intelligence are the 

ethical and legal implications when relevant colorectal pathology is missed or wrong decisions are made 

based on an artificial intelligence assessment. Who is responsible for these mistakes, the engineers that 

have built the algorithm, the doctors that have implemented it or a third party like the hospital? Furthermore, 

it is important not to solely trust on machines for clinical assessments, since individual patient variables 

should be taken into account when making clinical decisions.  

Determining clinical consequences of CCE is not easy, since the sensitivity of CCE for polyps is likely to be 

higher than colonoscopy. Studies with repeat-colonoscopy and comparisons to CT colonography report that 

up to 6-24% of polyps are overlooked in colonoscopy. This limited sensitivity of colonoscopy is important to 

take into consideration when determining guidelines for CCE. It is plausible that polyps detected in CCE will 

not be found by a following therapeutic colonoscopy. One will have to decide whether a second 

colonoscopy will need to be performed in such cases. Since one of the arguments for the implementation of 

CCE is to reduce the amount of colonoscopies, only a minority of CCE patients should need a colonoscopy 

subsequently.  

Especially when addressing screening participants one needs to weight the risks of harming a healthy 

individual by one or more colonoscopies, versus the possible health benefits of having (pre)malignant 

polyps detected and removed. Risk stratification after CCE will be based on number and size of detected 

polyps, without taking pathology into account. Since a large proportion of the smallest polyps are 

has been to per

overestimating CCE polyp size in small polyps (Study III), one could say that a threshold of 10 mm might be 

acceptable, since the corresponding HP size is likely to be 4-5 mm smaller and might as such correspond 

 

An even more exciting though would be whether small polyps should be followed with control-CCE instead 

of being removed, to observe the natural development. Multiple studies highlight that the risk of small 

polyps is very low, as accepted in the remove and discard theory, as well as other studies that show that 
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only a small percentage (6 %) of surveilled small polyps develop into advanced adenomas. Does the risk of 

polypectomy outweigh the risk of the development of cancer in small polyps? Or could it be ethically 

defendable to follow-up on small polyps rather than removing all visible polyps? A follow-up study of these 

small polyps by CCE would be incredibly exciting, since it can reduce the amount of colonoscopies as well 

as the correlated risk of adverse events. 

The studies in this thesis show a large variation in bowel cleansing assessment in CCE, which calls for the 

need of improvement of the bowel cleansing scale and possibly the implementation of artificial intelligence 

to reduce the variation in these assessment. The risk of a poor or unacceptable bowel cleansing is 

overlooking polyps, therefore a specific threshold for unacceptable bowel cleansing should be determined 

in CCE, for example as defined by the CC-CLEAR classification. Ideally this classification would be 

implemented in a bowel cleansing algorithm that objectively assesses bowel cleansing quality.  
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Danish summary 
 

 

Introduktion: Kamerapillen til tyktarmen, eller Colon Capsule Endoscopy (CCE) blev introduceret i 2006, 

som en mindre invasiv diagnostisk undersøgelse af tyk- og endetarm. Retningslinjen fra European Society 

of Gastrointestinal Endoscopy (ESGE) accepterer brug af CCE til patienter, der ikke kan medvirke til 

koloskopi, samt efter inkomplet koloskopi.  

Vores forskningsgruppe har lavet studier på CCE siden 2015. Vores forskningsprojekter har fokuseret på at 

finde polypper, især adenomer, og tarmkræft. Da de fleste colorektale cancere udvikler sig fra adenomer, 

er det vigtigt at finde og fjerne disse. Risikoen for kræft øges med adenomets størrelse. Derfor bliver store 

adenomer -risiko polypper. De nuværende retningslinjer tilråder en kontrolkoloskopi 

efter man har fjernet store adenomer.  

En nyligt publiceret meta-analyse nævner, at CCE har en sensitivitet på 87 % og specificitet på 95 % for 

polypper der kun er set med CCE er vurderet til at være falsk positive, mens de muligvis kunne have været 

falsk negative ved koloskopi.  

Selvom CCE virker som en god undersøgelse til at finde polypper, er der en del udfordringer, der skal være 

løst inden brugen kan udbredes yderligere. Denne afhandling handler om variabilitet, som bruges til 

vurdering af en undersøgelses kvalitet. Hvordan måler man polypstørrelse ved koloskopi og CCE? Finder 

man de samme polypper, når forskellige læger kigger på CCE videoer, og når de samme læger vurderer de 

samme videoer flere gange? Er det muligt at bruge kunstlig intelligens til at vurdere CCE billederne, for at 

mindske variabilitet og øge konsistens af vurderingen? Denne afhandling giver et resumé på relevant 

litteratur, samt en resumé af de fem artikler der er inkluderet i denne afhandling: 

 

Studie I: Estimering af polypstørrelse på store kolorektale polypper, blev undersøgt ved to forskellige 

koloskopier, for at vurdere interobserver variabilitet i den nuværende daglige praksis. Den første koloskopi 

blev lavet af almindelige endoskopister, mens den anden koloskopi blev lavet af en ekspert endoskopist der 

brugte en instrument med kendt diameter, til at vurdere polypstørrelser. De estimerede polypstørrelser blev 

efterfølgende sammenlignet med polypstørrelsen vurderet ved patolog. Studiet viste en variation på 

maksimalt 17 mm mellem den første koloskopi og patologisk størrelse, ved den anden koloskopi var der en 

variation på maksimalt 9 mm i forhold til patologisk størrelse. Denne studie indikerer at estimering af 

polypstørrelse af store polypper er upræcis, selvom man er en ekspert endoskopist, og at man skal være 

kritisk på hvilke kliniske beslutninger man baserer på polypstørrelser.  

 

Studie II: CCE videoer blev læst af tre eksperter og to begyndere, for at analysere variabiliteten i deres 

vurderinger. Eksperternes enighed var moderat på antal sete polypper og detektion af store polypper; og 

begyndere var ligeledes moderat enig med eksperterne. Intraobserver enighed blandt eksperter var 

fremragende for antal af polypper, samt for opdagelse af store polypper ved en af eksperterne. Begyndere 

opnåede kun dårlig eller moderat intraobserver enighed for polypdetektion. Intra- og interobserver enighed 
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på udtømningskvalitet var dårlig eller moderat ved alle. Denne studie viser en fremragende intraobserver 

og acceptabel interobserver enighed ved eksperter, men at der især er udfordringer med at vurdere 

udtømningskvalitet hos både eksperter og begyndere.  

Study III: Polypper opdaget ved CCE og koloskopi blev matchet, med henblik på at sammenligne polypper 

mellem de to undersøgelser, og for at finde polypperne der er blevet set flere gange ved CCE. En algoritme 

blev udviklet der kan matche polypper baseret på størrelse, morfologi og lokalisation. Efterfølgende har 

man analyseret de matchede polypper, og set at polypstørrelse blev overvurderet ved både koloskopi og 

, blev 

størrelse overvurderet med 135 %. De store polypper 

underestimeret ved koloskopi. Man så signifikant flere stilkede polypper ved CCE, og mindre flade polypper 

sammenlignet med koloskopi. Baseret på denne studie skal man være forsigtig med at bruge de 

nuværende CCE polyp størrelser, til at basere kliniske beslutninger på, især når det handler om de mindste 

polypper.  

 

Study IV: Som beskrevet i studie II, kan vurderingen af udtømningskvalitet være en udfordring. Derfor blev 

der udviklet en algoritme, der er trænet til at skelne mellem beskidte og rene billeder, til at vurdere 

udtømningskvalitet ved CCE. Algoritmen er baseret på en vurdering af den enkelte pixel i et CCE billede, 

som enten beskidt eller rent. Efterfølgende bliver der lavet en vurdering af udtømningskvaliteten af hele 

billedet, og derefter af hele videoen. Algoritmen blev sammenlignet med en anden algoritme, der vurderede 

renhed baseret på fordeling af farverne i billedets pixels. Begge algoritmer blev sammenlignet med 

gennemsnittet fra de fire læger der havde deltaget i studie II, for at se hvordan algoritmerne vurderede 

udtømningskvalitet i forhold til læger. Farve-algoritmen var ikke sensitiv for at genkende dårlig udtømning, 

som er det vigtigste formål med klassifikation af udtømningskvalitet. Det nye algoritme, der var trænet til at 

vurdere renhed af den enkelte pixel, var i 47 % af videoer enig med lægerne, og i endnu 41 % kun en 

til at vurdere udtømningskvalitet af hele CCE videoer. Alligevel ser der ud til at den nye algoritme kan 

bidrage til vurdering af udtømningskvalitet, eventuelt med hjælp fra en ekspertgruppe, der stiller tydelige 

tærskler for de forskellige grader af udtømningskvalitet. Tilføjelsen af CCE lokalisation til algoritmen, kan 

sandsynligvis forbedre vurderingen af udtømningskvalitet, da man så kan vurdere udtømningen i hver 

forhold til alle billeder, for at give en nemt forståelig vurdering i den daglige praksis.  

 

Studie V: En af de ting der vil gøre CCE billigere og nemmere at implementere, er en algoritme der 

pålideligt analyserer om der er polypper, samt hvor mange polypper der er tale om. Der blev udviklet en 

såkaldt convolutional neural network (CNN), der efterligner den menneskelige hjerne. Den blev oplært i at 

genkende polypper ved CCE. CNN kunne genkende polypper i enkelte CCE billeder med en akkurathed på 

98.0 %, sensitivitet på 98.1 % og specificitet på 96.3 %. Det var meget bedre end alle andre publicerede 

CNNs på nuværende tidspunkt. Sandsynligvis kan CNNen forbedres yderligere, når den trænes med flere 

billeder og videoer. Ideelt skal sensitivitet for polypperne være 100%, for ikke at overse polypper. Man kan 
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dog argumentere for, at så længe at CNN har en højere sensitivitet for polypper end en menneskelig 

ekspert, at man har opnået en acceptabelt niveau for uafhængig polypdetektion ved kunstig intelligens i 

CCE. 

Diskussion og konklusioner: Denne afhandling viser at der er en stor variation i vurdering af polypstørrelse 

af store polypper ved koloskopi, og en acceptabelt variabilitet i ekspert vurderinger af CCE videoer. 

Udtømningskvalitet havde den dårligste interobserver enighed, og kan muligvis forbedres ved brug af 

kunstig intelligens. Kunstig intelligens virker også lovende for polypdetektion ved CCE videoer, men er nødt 

til at blive valideret som mindst lige så godt som menneskelige eksperter, inden det kan blive 

implementeret i dagligpraksis. Det er dog vigtig at huske, at kunstig intelligens er stærkt afhængig af 

kvalitet og mængde af information, der er brugt til at træne algoritmerne. Det betyder at de algoritmer der er 

udviklet kan fortsæt forbedres, når man tilføjer data til databasen, samt at algoritmer kan rettes til baseret 

på nye udviklinger i computerteknik. Brugen af kunstig intelligens til at vurdere CCE videoer, som første 

led, vil mindske hvor meget tid lægerne skal bruge til at vurdere CCE videoer, da de kun skal se på billeder 

algoritmen har selekteret. Ulempen vil være at der kan blive overset patologi, som algoritmen ikke er trænet 

til at genkende. Ydermere giver det en afhængighed af kunstig intelligens, hvor læger måske ikke længere 

er vant til at se på CCE videoer, og muligvis ikke selvstændig kan vurdere dem i fremtiden. Den største 

udfordring er dog de etiske og lovlige følger, hvis algoritmen overser relevant patologi. Er så 

computertekniker, læger eller en tredje part som sygehuset ansvarlig for denne fejl? 

En anden udfordring ved CCE, er hvilke kliniske konsekvenser bestemte resultater skal have. Ved CCE 

bliver der opdaget mange flere polypper end ved koloskopi, og man ved at 6-24% af polypper bliver overset 

ved koloskopi. Det betyder at det er muligt at en polyp er set flere gange ved CCE, og at der er en chance 

for at man faktisk ikke kan genfinde polyppen ved koloskopi. Vores tredje studie tyder også på at 

polypstørrelse sandsynligvis bliver overestimeret, især ved de mindste polypper. En 7 mm CCE polyp, 

kunne faktisk være 3 mm ved koloskopi. Det er vigtig at tage sensitivitet af koloskopi for polypdetektion 

med, når man laver retningslinjer for CCE. Hvis man ikke kan genfinde CCE polypperne ved koloskopi, vil 

man så lave en ny koloskopi, eller skal patienten bare fortsætter med det almindelig screeningsforløb? En 

af begrundelser for at implementere CCE, er at mindske antal af koloskopier, som nok ikke bliver opnået 

hvis man skal forsøge at genfinde alle CCE polypper. Derfor er det vigtigt at selektere de patienter hvor det 

er sandsynligt at genfinde CCE polypper, til en koloskopi.  

En ekstra komplicerende faktor, er hvad man skal gøre ved screeningsdeltagere, som i princippet er raske 

borgere, med en lidt øget risiko for at have store polypper og cancer end gennemsnittet af befolkning. Ved 

screeningsdeltagere skal det afvejes om risiko for komplikationer ved koloskopi, er acceptabelt i forhold til 

fordel ved at få fjernet polypperne.   

Den kliniske information man kan basere retningslinjer på, er antal og størrelse af polypper ved CCE. Da 

rfor ufarlige, kunne man godt forsvare ikke at 

få fjernet de små polypper i raske borgere. Retningslinjer fra ESGE nævner da også en størrelse på 6 mm 

som grænsen for koloskopi. Som tidligere nævnt har vi i studie III fundet, at det er sandsynligt at polypper 

bliver meget overestimeret ved CCE. Størrelsen målt ved patolog kunne være 4-5 mm mindre end ved 

virkeligheden. Vores forskningsgruppe 
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bruger på nuværende tidspunkt en grænse på 10 mm eller / og mindst 3 polypper for en henvisning til 

koloskopi.  

En anden mulighed vil være at lave en kontrol-CCE for at se hvordan små (< 10 mm) polypper udvikler sig. 

Der er flere studier der tyder på at risiko på kræft er meget lille i små polypper, og at kun 6 % af dem 

udvikler sig til store adenomer ved kontrol-undersøgelse efter 1-3 år. Kunne det være bedre for patienterne 

at lave en kontrol-undersøgelse, end at risikere komplikationer af polypfjernelse? Hvis man bruger CCE til 

at kontrollere polypperne efter et par år, kunne man sandsynligvis nedsætte antallet af lavede koloskopier, 

samt antal af tilhørende komplikationer.  

Risikoen ved en dårlig udtømningskvalitet, er at polypperne kan blive overset. Grænsen for hvornår 

udtømningen ved CCE er uacceptabelt, skal fastlægges, så man kan sammenligne resultaterne mellem 

forskellige sygehuser og lande. Derfor kunne man bruge den nye CC-CLEAR klassifikation, som 

forhåbentlig kan implementeres i vores udtømningsalgoritme.  
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