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[bookmark: _GoBack]Abstract 
Capsule endoscopy (CE) has transformed investigation of the small bowel providing a non-invasive, well tolerated means of accurately visualising the distal duodenum, jejunum and ileum. Since the introduction of small bowel CE thirteen years ago a high volume of literature on indications, diagnostic yields and safety profile has been presented. Inclusion in national and international guidelines has placed small bowel capsule endoscopy at the forefront of investigation into suspected diseases of the small bowel. Most commonly, small bowel CE is used in patients with suspected bleeding or to identify evidence of active Crohn’s disease (in patients with or without a prior history of Crohn’s disease). Typically, CE is undertaken after upper and lower gastrointestinal flexible endoscopy has failed to identify a diagnosis. Small bowel radiology or a patency capsule test should be considered prior to CE in those at high risk of strictures (such as patients known to have Crohn’s disease or presenting with obstructive symptoms) to reduce the risk of capsule retention. CE also has a role in patients with coeliac disease, suspected small bowel tumours and other small bowel disorders. Since the advent of small bowel CE, dedicated oesophageal and colon capsule endoscopes have expanded the fields of application to include the investigation of upper and lower gastrointestinal disorders. Oesophageal CE may be used to diagnose oesophagitis, Barrett’s oesophagus and varices but reliability in identifying gastroduodenal pathology is unknown and it does not have biopsy capability. Colon CE provides an alternative to conventional colonoscopy for symptomatic patients, while a possible role in colorectal cancer screening is a fascinating prospect. Current research is already addressing the possibility of controlling capsule movement and developing capsules which allow tissue sampling and the administration of therapy.
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Core tip: First introduced more than 10 years ago, capsule endoscopy has been a major technical innovation, directly influencing investigation and management of small bowel diseases. A vast quantity of research has been published during this time, firmly cementing capsule endoscopy as the investigation of choice for suspected diseases of the small bowel. Technology is swiftly progressing, supporting the broadening indications and clinical applications of capsule endoscopy. This review summarises the current position and main indications for small bowel, oesophageal and colon capsule endoscopy while providing detailed insights into the future of this exciting field of gastroenterology.
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INTRODUCTION
The introduction of capsule endoscopy (CE) in 2000 provided a new non-invasive means of imaging the, previously difficult to access, small bowel. A swallowable pill camera acquires images (subsequently converted to a video format on a computer) as peristalsis propagates it through the gastrointestinal (GI) tract. It is now established as the first-line investigation for diseases of the small bowel. Uptake has been swift in the United Kingdom with 91% of gastroenterologists using CE in a survey in 2010[1]. Promising data from newer capsules to image the oesophagus and colon suggest that the role and clinical application of CE will continue to expand, while interactive manoeuvrable capsules able to take biopsies or deliver targeted therapy are an exciting prospect on the horizon.
Although CE is generally considered a safe and straightforward procedure, there are a few limitations. CE is contraindicated in patients with swallowing disorders and known gastro-intestinal obstruction due to the risks of aspiration and retention of the capsule. Capsule retention is reported in up to 2% of procedures and risk factors include prolonged use of non-steroidal anti-inflammatory drugs, previous abdomino-pelvic irradiation and Crohn’s disease[2,3]. Occasionally the capsule may be retained in the stomach as a consequence of gastroparesis; specifically designed “capsule delivery systems” are available to deliver the capsule directly into the small bowel in such circumstances[4]. The concern with capsule retention is that it may lead to intestinal obstruction or perforation. In fact, it seems capsule retention is mostly asymptomatic and rarely causes obstruction[5,6]. In some cases one can follow an expectant approach, although future MRI examinations are contraindicated[7]. In most cases retrieval is eventually required and this can be done with medical, endoscopic or surgical methods[8,9]. There is a theoretical risk of interference with permanent pacemakers, and implantable cardiac defibrillators by the radiofrequency of the capsule and data recorder, however several studies have failed to demonstrate interference with a wide range of cardiac devices[10-12]. Finally, CE reporting can be a time consuming exercise for gastroenterologists and despite its worthy diagnostic potential, CE currently has no biopsy or therapeutic capability.  

SMALL BOWEL CAPSULE 
Obscure gastrointestinal bleeding
The commonest indication for small bowel CE is GI bleeding (obscure or overt), conventionally after non-diagnostic upper and lower GI endoscopic investigation. CE identifies pathology in 46%-60%[13] of such patients and is more sensitive than small bowel barium contrast radiology, small bowel computed tomography (CT), MRI, push enteroscopy and angiography[14]. Double balloon enteroscopy (DBE) has similar diagnostic yields to CE in this context[15] but is considerably more invasive, procedure times can be lengthy (1-2 h), sedation or general anaesthesia is often required and completion rates are less compared to CE (62.5% compared to 90.6% respectively; P < 0.05) [16]. As such DBE remains the interventional counterpart to CE, allowing direct visualisation, biopsy or therapy to abnormal areas already identified and located by CE. A recent meta-analysis demonstrated that the yield at DBE is significantly higher (75%) after a positive CE compared to after a negative CE (28%)[17]. Flat vascular lesions, angioectasia (Figure 1A) and inflammatory lesions are the most common findings while small bowel tumours (Figure 1B) account for 5%-9.6% of patients presenting with obscure gastrointestinal bleeding[18]. Factors associated with a higher diagnostic yield with CE include low haemoglobin measurements/transfusion dependence, older age and closer proximity of CE to the bleeding episode[19-22].

Crohn’s disease 
CE can be used to assist with diagnosis of Crohn’s disease (CD) or assessment of disease activity and extent in patients with known CD. CE has superior diagnostic yields to small bowel barium studies, ileo-colonoscopy, push enteroscopy and CT enterography in both suspected and established small bowel CD[23-25]. CE appears to be better than magnetic resonance enterography (MRE) at identifying small bowel mucosal lesions, while MRE is more accurate at diagnosing mural, peri-mural and extra-enteric manifestations[26,27]. With capsule retention occurring in 5%-13% of those with CD[3], small bowel MR is seen as the mainstay of investigation for those with established penetrating or stenosing disease as transmural involvement can be defined in cross section, but CE remains useful to assess mucosal activity. Radiology may not exclude short strictures in all cases[28] and therefore to confirm functional patency of the GI tract, a dissolving capsule (the same size and shape as the capsule endoscope) containing a radiofrequency tag has been developed (PillCam Patency capsule, Given Imaging, Yoqneam, Israel). Absence of the radio frequency signal 30 h post ingestion predicts safe GI transit of the capsule endoscope[29]. 
CE findings suggestive of CD can be rather non-specific and include ulceration, erythema, mucosal oedema and strictures (Figure 1C). This presents a significant challenge to the interpreting physician since minor mucosal breaks may occur in 10%-15% of normal individuals while mucosal erosions are present in two thirds of patients taking non-steroidal anti-inflammatory drugs[30]. Characteristics of small bowel injury due to NSAIDS include multiple petechiae, loss of villi, erosions, and ulcers with round, irregular, and punched-out shapes, and thus can be difficult to distinguish from Crohn’s disease endoscopically (Figure 1D)[31]. However, concentric diaphragmatic strictures are considered pathognomonic of NSAID mucosal injury and can present with obstructive symptoms. Endoscopic balloon dilatation is an effective strategy for such strictures since the muscularis propria remains intact leading to a low perforation rate[32,33].

Coeliac disease
Typical mucosal changes of coeliac disease such as scalloping, nodularity, loss of mucosal folds and mosaicism can be seen at CE (Figure 1E) with a sensitivity of 89% and specificity of 95% as reported in a recent meta-analysis[34]. Although CE may be considered in coeliac antibody positive patients unwilling to undergo endoscopy, duodenal biopsy remains the gold-standard for the diagnosis of coeliac disease. However, a recent study found CE useful in equivocal cases of coeliac disease, particularly in patients with antibody negative villous atrophy in whom findings either confirmed the suspected diagnosis or provided evidence of an alternative diagnosis such as Crohn’s disease[35]. CE may also be of benefit in those with known coeliac disease on a gluten free diet with on-going symptoms or alarm symptoms to exclude complications such as ulcerative jejunitis and small bowel lymphoma (Figure 1F)[36,37].

Small bowel tumours
Most small bowel tumours present with anaemia or obscure GI bleeding, but may present late with abdominal pain or weight loss[38,39]. They include malignant or potentially malignant (gastrointestinal stromal tumours, adenocarcinoma, carcinoid, lymphoma), benign (haemangioma, hamartoma, adenoma, lipoma) and metastatic lesions (particularly from melanoma, lung, renal or breast primaries) (Figure 1F and G). CE is more accurate than small bowel barium radiology at detecting small bowel tumours and can also detect smaller lesions in comparison to MRI[³]. CE can miss some lesions which are largely submucosal and thus if there is a high index of suspicion, cross-sectional imaging such as a contrast enhanced CT scan is recommended[40,41]. CE and DBE are comparable for detecting small bowel tumours, while DBE has the advantage of biopsy plus therapeutic potential, such as stenting, balloon dilatation and localization prior to surgery[34].

OESOPHAGEAL CAPSULE
Now in its second generation, PillCam Eso 2 (Given Imaging, Yoqneam, Israel) was introduced in 2008. Unlike the small bowel capsule it has a camera at both ends, acquiring simultaneous bidirectional images at a higher rate (14 compared to 2/s) to overcome rapid transit through the oesophagus. PillCam Eso has a reported sensitivity of up to 80% for diagnosing reflux oesophagitis and up to 100% for Barrett’s oesophagus compared to conventional endoscopy[42]. Although well tolerated the procedure is limited by poor gastric visualisation and the inability to take biopsies.
Varices screening appears a more viable indication with a reported sensitivity of 83% in a recent meta-analysis compared to conventional endoscopy[43]. (Figure 1H) Detection of varices by CE allows informed decisions regarding surveillance and primary bleeding prophylaxis to be made and since oesophageal CE has a favourable patient tolerability profile[44], it may also improve compliance with screening and surveillance. 

COLON CAPSULE
Colon capsule endoscopy utilises the concept of a double headed capsule and a wider angle of view (172°) to enable visualisation behind haustral folds. The problem of variable, and sometimes rapid transit noted with the first version of the colon capsule has been addressed in an updated model, PillCam Colon 2 (PCC2, Given Imaging Ltd) which adjusts the frame acquisition rate according to the speed of transit (to between 4 and 35 frames per second). Bowel preparation is critical and currently most regimens include an oral pro-kinetic agent and two additional "booster" doses of phosphosoda on top of a conventional polyethylene glycol- electrolyte solution regimen. Compared to the first colon capsule model, recent multicentre trials suggest a much improved sensitivity of PPC2 in detecting polyps of over 6mm of between 84%-89%[45]. (Figure 1I and J) Bowel cleanliness scores were "good" or "excellent" in 78%-81% of cases. The position of PPC2 compared to other colonic imaging modalities remains to be established, but these early data compare favourably to those for virtual colonoscopy and even to conventional colonoscopy when performed in "tandem" or "back to back" colonoscopy trials[46]. Colon capsule may present a feasible alternative to colonoscopy based colorectal screening programmes where the invasive nature of colonoscopy limits patient uptake. Indeed Hassan et al[47] calculated that if a colon capsule based screening programme were associated with a 30% better compliance rate, it would be as equally cost-effective as faecal occult blood screening. The study was performed using the data from trials of the original colon capsule model, which had a much reduced sensitivity of 64% in detecting polyps of over 6 mm.

FUTURE DIRECTIONS
Technical improvements
Relentless technical progression has allowed considerable improvements to capsule endoscopes. Superior quality multi-element lenses and adaptive illumination allow a wider angle of view and enhanced picture clarity. Power management strategies have increased the duration and performance of capsule endoscopes and are imperative to facilitate other capsule technological advancements. The CapsoCam SV1 (Capso Vision Inc, Saratoga, United States) has four side-viewing (as opposed to end-viewing) lenses allowing a 360° panoramic view to improve mucosal visualisation. In the first study of this new capsule, 100% of small bowel examinations were complete. The duodenal papilla, identified in only 18%-43% of conventional CE due to its’ angular position, was visualised in 70% of examinations using CapsoCam SV1[48-50]. 

Software and data analysis: Accurate reporting of a CE examination is time consuming and requires focussed attention since abnormalities may be evident in only a small number of frames[51]. This has prompted attempts to produce software tools to enable a shorter capsule reading time while maintaining diagnostic accuracy. The Suspected Blood Indicator automatically highlights frames containing multiple red pixels as a marker of bleeding or vascular abnormalities. However, with a reported sensitivity of < 60% in the presence of active bleeding it cannot be recommended as anything more than a supportive tool[52,53]. Quick View allows time efficient capsule reading by selecting 2%-80% of frames (as set by the reader), producing a condensed video for review. Results are promising with excellent lesion detection rates and significantly shorter reading times[54,55]. Fujinon intelligent chromoendoscopy (FICE) enhances surface contrast in three specific wavelengths (red, green and blue) and appears to improve the definition and surface texture of small bowel lesions already detected with white light. Whether this actually influences detection rates or clinical outcomes still remains uncertain[56,57].
3-Dimensional reconstruction of the GI tract seems to assist diagnosis at conventional endoscopy by enhancing mucosal textural features and abnormalities[58-60]. A version for small bowel CE using a software-enabled technique to convert a 2-D CE image to a 3-D representation has been trialled. It improved visualisation of a significant proportion of vascular lesions but, surprisingly, was less beneficial for inflammatory and protruding lesions[61]. Encouraging early results have also been reported from automated tumour recognition software algorithms[62,63]. Such innovations are not isolated to small bowel CE. Ankri et al[64] recently reported a new optical detection method specifically designed for colorectal cancer. The technique uses immune-conjugated gold nanorods to differentiate between normal and cancerous tissue and could be integrated into standard colon capsule endoscopy systems. Further research is required to define the utility of these advances in clinical practice.

Manoeuverability: The development of steerable capsules represents a major leap in the evolution of capsule technology. If the capsule motion through the gut was an active process, areas of interest could be inspected carefully, while interaction with the capsule could allow targeted biopsy or even drug delivery. Furthermore, a steerable capsule could overcome the problems encountered examining the capacious stomach allowing accurate pan-enteric examination to become a reality. 

Remote manipulation: Swain et al[65] first reported this novel technology in 2010, using a modified Pillcam Colon with one camera replaced by magnets. The magnetically manoeuvrable capsule appeared to be easily manipulated in the oesophagus and stomach using a handheld external magnet. A second study found encouraging results with > 75% of gastric mucosa visualised in 7 out of 10 patients undergoing the examination and no adverse events reported[66]. 
Further studies using a magnetically steerable capsule with a magnetic guidance system similar to standard magnetic resonance imagers have been reported. In this case the capsule is manipulated using a joystick rather than a hand held paddle. Promising results were also achieved with all major areas of the stomach identified in > 85% of examinations. Comparison with conventional upper GI endoscopy was also encouraging with 58.3% of gastric lesions detected by both modalities, while 14 lesions were missed by MSCE and 31 lesions missed by OGD (that were seen on MSCE) [67]. The relative high cost of installing such a system is a major drawback to this technique. 

Self-propelling capsules: Self-locomotion strategies using paddling, legs, fish-like movement and external magnets have been tried on in vivo models of the stomach and colon with some element of success. However, extensive work is required for these to become clinical reality. Most utilise internal actuation mechanisms to mobilise attached legs or paddles. An externally connected cable allows a continuous power supply, steering mechanisms and retrieval of data images[68,69]. 

Biopsy
Obtaining a tissue sample is the next logical step once the capsule can be accurately manoeuvred around a lesion and thus would prevent the need for a flexible endoscopy and biopsy when an abnormality is noted at CE reporting. The Nano-based capsule-Endoscopy with Molecular imaging and Optical biopsy (NEMO) project is a collaboration between academic and industry pioneers to produce a capsule with recognition, anchoring and bio-sensing capabilities to enable accurate pathology detection and diagnosis. Similarly the Versatile Endoscopic Capsule for gastrointestinal TumOr Recognition and therapy (VECTOR) project, funded by the European Commission, is developing a mini-robot comprising sensors, controls, and a human–machine interface aiming to detect and intervene in early GI cancer. Other capsules using “micro-grippers” to fold and grab tissue samples are also being prototyped[70]. 

Targeted therapeutics
With the advent of real-time viewing and external manipulation the notion of targeted drug delivery becomes feasible. Potentially this could be applied to a number of clinical situations; localised application of steroid or immunomodulation for isolated Crohn’s disease for instance or targeted use of haemostatic spray to an actively bleeding lesion. One prototype can deliver an injection of 1 mL of targeted medication while using a holding mechanism to resist movement by peristalsis[71]. Whereas the iPill (Phillips Research, Eindhoven, The Netherlands) uses bowel transit time and pH sensors to gauge gut location before drug delivery and is being trialled in Crohn’s disease and colorectal cancer[72].

CONCLUSION
Capsule endoscopy is now an invaluable tool for investigating the small bowel since it outperforms other investigation modalities while remaining acceptable to patients. Oesophageal, colon and potentially gastric capsule examination have some way to go in order to challenge their traditional investigational counterparts. Ultimately underlying these issues, the fact remains that intubational endoscopy is uncomfortable for patients and incurs risk. Despite having good patient tolerability and safety profiles capsule examination outside of the small bowel will need to match these conventional tests in both diagnostic yields and cost-effectiveness in order to compete. Technology is swiftly advancing and therefore if these standards can be met CE would have a clear advantage over conventional endoscopy particularly in the context of screening.
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Figure 1 Endoscopy images. A: Multiple angioectasia; B: Adenocarcinoma of the small bowel; C: Ulceration due to Crohn’s disease – deep ulcer indicated by arrow; D: Circumferential ulceration and stenosis due to non-steroidal anti-inflammatory drug use; E: Typical mucosal changes associated with coeliac disease; F: Enteropathy associated T-cell lymphoma; G: Peutz Jeghers syndrome; H: Oesophageal varix with associated regenerative nodule; I: Colonic polyp; J: Colorectal adenocarcinoma.
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