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STUDY HIGHLIGHTS

What is the current knowledge?
· Optical technologies attempt to endoscopically predict the histology of colorectal polyps
· It is unclear if diagnostic accuracy is sufficient for routine clinical implementation

What is new here?
· Digital chromoendoscopy making high confidence predictions of diminutive recto-sigmoid polyps is currently the only application of optical technology with a negative predictive value for adenoma of greater than 90%
· Chronological assessment demonstrates that estimates of accuracy are falling over time
· Step-change innovation rather than incremental improvement of existing technologies is likely to be necessary


ABSTRACT

Introduction
Accurate, real-time, endoscopic risk stratification of colorectal polyps would improve decision-making and optimise clinical efficiency. Technologies to manipulate endoscopic optical outputs can be used to predict polyp histology in vivo, however it remains unclear how accuracy has progressed and whether it is sufficient for routine clinical implementation.

Methods
A meta-analysis was conducted by searching MEDLINE, Embase and the Cochrane library. Studies were included if they prospectively deployed an endoscopic optical technology for real-time in vivo prediction of adenomatous colorectal polyps. Polyposis and inflammatory bowel diseases were excluded. Bayesian bivariate meta-analysis was performed presenting 95% confidence intervals (CI).


Results
102 studies using optical technologies on 33123 colorectal polyps were included. Digital chromoendoscopy differentiated neoplasia (adenoma and adenocarcinoma) from benign polyps with sensitivity 92.2% (90.6-93.9% CI) and specificity 84.0% (81.5-86.3% CI), with no difference between constituent technologies (narrow-band imaging, Fuji intelligent chromo endoscopy, iSCAN) or with only diminutive polyps. Dye chromoendoscopy had sensitivity 92.7% (90.1-94.9%) and specificity 86.6% (82.9-89.9%), similarly unchanged for diminutive polyps. Spectral analysis of autofluorescence had sensitivity 94.4% (84.0-99.1% CI) and specificity 50.9% (13.2-88.8% CI). Endomicroscopy had sensitivity 93.6% (85.3-98.3% CI) and specificity 92.5% (81.8-98.1% CI).  Computer-aided diagnosis had sensitivity 88.9% (74.2-96.7% CI) and specificity 80.4% (52.6-95.7% CI). Prediction confidence and endoscopist experience alone did not significantly improve any technology. The only subgroup to demonstrate a negative predictive value (NPV) for adenoma above 90% was digital chromoendoscopy making high confidence predictions of diminutive recto-sigmoid polyps. Chronological meta-analyses show a falling NPV over time. Significant publication bias exists.

Discussion
This novel approach to meta-analysis demonstrates that existing optical technologies are increasingly unlikely to allow safe ‘resect and discard’ strategies and that step-change innovation may be required. A ‘diagnose and leave’ strategy may be supported for diminutive recto-sigmoid polyps diagnosed with high confidence however limitations exist in the evidence base for this cohort.  






MANUSCRIPT


Introduction
[bookmark: _GoBack]
Endoscopic resection of adenomatous colorectal polyps has been demonstrated to reduce mortality from cancer of the colorectum, the second highest cause of cancer death in the United States1,2. The global gold standard for diagnosis of a colorectal adenoma is ex-vivo histopathological microscopy, however 43% of resected polyps are identified as benign and up to 1% have already undergone malignant transformation3. Given such a range of polyp phenotypes and the risk of malignancy that they each confer, clinical management pathways are currently individualized to the risk profile of each encountered polyp post-hoc, most commonly through manipulation of surveillance intervals.

There is a need for accurate, real-time, endoscopic risk stratification of colorectal polyps; which could be achieved if histological subtype can be predicted in-vivo with low levels of error. This would allow real-time tailored management approaches based on risk, such as the ‘resect and discard’ strategy (low risk adenomas can be resected and discarded without histology) and the ‘diagnose and leave’ strategy (benign hyperplastic polyps of the recto-sigmoid can be left without polypectomy)4. Such approaches could improve the quality and safety of patient care by avoiding the risks associated with an unnecessary polypectomy and by shortening procedure times. Furthermore, cost efficiencies have been predicted to exceed $1bn annually5. 

In order to achieve this goal, technological innovations have been progressively integrated into the endoscopy suite over the past two decades, with the manipulation or augmentation of optical outputs showing promise6. Optical technologies such as Narrow Band Imaging (NBI) can now be found in a host of endoscopy suites worldwide, however several questions remain regarding their diagnostic accuracies and how they can be deployed effectively and safely in different clinical scenarios. Previous reviews have been limited by pre-defining a small number of technologies, including post-hoc predictions from images or videos, methodological incorporation of heterogeneity and presenting incomplete measures of diagnostic accuracy4,6,7. Furthermore, the impact of recent implementation studies needs to be assessed whilst identifying how such technologies have developed over time. This review will use the novel approach of chronological meta-analyses in order to track if current rates of improvement are sufficient to exceed diagnostic thresholds required for clinical implementation and re-defining of management pathways. 


Aim

To compare the diagnostic accuracy of optical technologies in the real-time endoscopic histological assessment of colorectal polyps.


Methods

A systematic review with meta-analysis was carried out in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy Studies (PRISMA-DTA) statement8. No review protocol has been published in advance of this review. 


Search Strategy

Electronic database search, appraisal of review article bibliographies and broad internet search was conducted to identify relevant peer-reviewed studies in humans. Medline (1946-present), EMBASE (1947-present) and the Cochrane Database were searched on the 1st March 2018 using a strategy including but not limited to the following terms and Boolean operators: ((exp Intestine, Large/ OR colon* OR rect*) AND (dysplas* OR adenoma* OR polyp* OR lesion*) OR exp Colonic Polyps/) AND (exp Colonoscopy/ OR Endoscop*) AND (Real adj time OR in adj vivo OR spectroscop* OR narrow adj band OR optical) AND (diagnos* OR detect* OR classif* OR histology*; full search strategy in Appendix 1). Bibliographies of relevant review articles were hand-searched and a Google Scholar search was conducted to identify any additional articles of relevance. 


Criteria for Study Inclusion

Two authors (S.M. and L.P.) independently reviewed the search results and applied inclusion criteria after manuscript review. Any disagreement between the authors was resolved by the senior author (J.K). For inclusion, studies must have prospectively compared the real-time diagnostic accuracy of a single endoscopically deployable optical technology to gold standard histopathological assessment of colorectal lesions, with respect to at least one of the following outcomes: presence of adenoma, differentiation of high- and low-grade dysplasia in conventional adenomas, identification of adenoma subtype or presence of adenocarcinoma. Formal histopathological validation using haemotoxylin and eosin staining with microscopy was required in all cases. It was expected that diagnosis was made in accordance with internationally recognised guidelines such as the Vienna criteria9. The intervention must have been used in at least 10 adult patients in-vivo, with studies using procedural photographs or videos for post-hoc interpretation excluded. Patient cohorts suffering with polyposis syndromes or inflammatory bowel disease were excluded. No limitation was placed on the language or date of publication. Studies were excluded if more than one optical technology was used, they did not provide data suitable for meta-analysis (components of a 2x2 diagnostic accuracy contingency table, or data from which this can be calculated), data were not primary (review articles, editorials) or where there was no full peer-reviewed manuscript (conference proceedings).


Data Extraction and Statistical Analysis

Two reviewers independently extracted raw data from manuscripts as absolute values of a diagnostic contingency table, with adenocarcinoma or adenoma being defined as ‘positive’, and benign tissues considered ‘negative’. Where insufficient data was presented to determine these values (such as sensitivity and specificity without a disease prevalence), authors were contacted directly to provide the necessary data. Additional data collected included the country, technical details of the technology used, if endoscopists were sufficiently experienced (defined as having undergone a training course or having previously performed at least 50 cases with the specific technology), whether a separate analysis is presented for polyps less than 5mm and diagnostic accuracies for a subgroup of predictions made with high confidence. Quality scoring was conducted for each study included in a meta-analysis using the QUADAS-2 tool10.

Where three or more studies had employed a specific optical technology to determine identical clinical outcomes, these underwent Bayesian bivariate meta-analysis using Laplace approximation in RStudio (v1.1.442) using the meta4diag program11. Diagnostic accuracy was evaluated using sensitivity, specificity and the area under a summary receiver operator curve (SROC). Heterogeneity was assessed following visual interpretation of forest plots. Publication bias was assessed by creating funnel plots. Statistical significance was defined with =0.05 and 95% confidence intervals (CI) were presented where appropriate. Subgroup analyses were pre-defined and based on factors of clinical relevance: experience of endoscopist, endoscope specifications, confidence of prediction, polyp size and recto-sigmoid location of polyps. Studies which were not suitable for meta-analysis underwent narrative review. The historical and predicted future progress of technological development towards meeting the adenoma NPV clinical implementation threshold of over 90% was addressed by plotting aggregate meta-analyses chronologically by year with logarithmic trend identification.


Results

The database and hand-searching returned 4084 studies, which after screening identified 284 manuscripts to be assessed for eligibility in the study (Figure 1). It was not possible to source three manuscripts either through our institutional access or the British Library and as a result, these studies could not be included. 102 studies were deemed suitable for inclusion, consisting of 129 patient cohorts analysing a total of 33 123 colorectal polyps. 

89% of studies were conducted in the healthcare systems of developed countries, with Japan (21%) and the United States (17%) the two most popular locations. China was the most prevalent developing country, conducting 6% of included studies. The indication for colonoscopy was not always defined, however the vast majority of studies described it as either for cancer screening or polyp surveillance. 

Nine different optical technologies were suitable for inclusion, falling within five broad categories: digital chromoendoscopy, dye-based chromoendoscopy, fluorescence analysis, microscopic imaging and computer-aided recognition. 

Digital Chromoendoscopy

Digital chromoendoscopy was the most deployed type of optical technology, referring to selection of specific wavelengths of light that are to be presented in the video output. Three constituent technologies were employed on 23099 colorectal polyps in 84 cohorts across 71 studies - Narrow-Band Imaging (NBI; Olympus Medical Systems), Fuji Intelligent Chromo Endoscopy (FICE; Fujinon) and i-SCAN (PENTAX Medical). 

NBI endoscopes only emit light with the absorption spectrum of hemoglobin (blue 415nm and green 540nm light), acting to increase the contrast between vessels and mucosa12. 48 studies13-60 suitable for meta-analysis used NBI to assess 17568 colorectal polyps, with the majority using the enhancement of visual features such as pit pattern and microvascular patterns to classify based on the Kudo, Sano or NICE criteria61-63. The diagnostic accuracy of NBI in the identification of neoplastic versus non-neoplastic polyps can be seen in table 1. The definition of neoplasia differed between studies, with the vast majority of neoplastic lesions defined as conventional adenomas or invasive adenocarcinoma. 23 studies included serrated adenomas and polyps in their analysis, with an average prevalence of 2.8%. Traditional serrated adenomas or serrated polyps with cytological dysplasia were included as neoplastic lesions in all but one study42.  Five additional studies (n=497) used NBI in the assessment of only sessile serrated adenomas, the presence of dysplasia in sessile serrated polyps, differentiating grades of dysplasia in adenomas and diagnosing invasive carcinoma; which could not be meta-analysed due to insufficient numbers64-68. 

FICE and i-SCAN use spectral estimation from white light endoscopy to present images with selected wavelengths, with the latter specifically aiming to enhance structure surface, contrast or tone 69. These findings can then be classified using similar criteria to NBI. The 12 FICE14,49,70-79 and nine i-SCAN21,80-87 studies suitable for meta-analysis have a diagnostic accuracy as seen in table 1. Serrated adenomas were included in half of the studies with a prevalence of 2.1% and were included as neoplastic lesions in all. Serrated polyps with no mention of presence of dysplasia were included as non-neoplastic lesions in one study85.   

There was no statistically significant difference between the diagnostic accuracy of NBI, FICE or i-SCAN, which can be seen when the Summary Receiver Operator Curves (SROC) are plotted (Figure 2). Furthermore, within each technology, subgroup analysis based on confidence of prediction, adequate experience of the endoscopist, use of high magnification or use of high definition did not significantly change the diagnostic potential. When only diminutive polyps were assessed, all technologies showed a similar diagnostic ability compared to polyps of all sizes.

A funnel plot was created for all studies using digital chromoendoscopy (Figure 3). This implies presence of a significant publication bias, where there a relative absence of studies with a lower diagnostic odds ratio and higher standard deviation. This would act to over-estimate the true diagnostic accuracy of digital chromoendoscopy.

A subgroup analysis was conducted of trained endoscopists using NBI to make high confidence predictions of diminutive colorectal polyps, demonstrating an NPV of 86.8% (80.9-91.6% CI). When limited to only those on the left side the NPV was 92.7% (88.3-96.1% CI) and for only recto-sigmoid polyps, seven studies demonstrated an NPV of 93.8% (90.9-96.4% CI).

The majority of studies included in the meta-analysis were found to be of high quality, with 57% of patient cohorts scoring full marks on the QUADAS-2 tool (Appendix 2). The most common potential sources of bias were a lack of clarity regarding how patients were sampled (with no indication of whether a random or consecutive approach was taken) and a lack of endoscopist experience with digital chromoendoscopy prior to the study commencing. In 5 patient cohorts, there were abnormally high incidences of conventional adenomas or serrated lesions, reducing the applicability of the findings to usual clinical practice. Furthermore, 4 studies were deemed at high risk of bias when lesions had been assessed with another technology directly prior to the digital chromoendoscopy. Subgroup analysis of only studies which scored full marks on the QUADAS-2 tool did not significantly change the diagnostic accuracy (data not shown). 


Dye Chromoendoscopy

Dye Chromoendoscopy refers to the application of a dye (instilled via the colonoscope) to the colorectal mucosa, which was applied to 8336 polyps in 32 cohorts across 30 studies. The majority of studies used Indigo Carmine (a non-absorptive dye) to enhance mucosal morphology and allow histological prediction based on the Kudo criteria62. Crystal violet (an absorptive dye of eukaryotic nuclei) and acetic acid (not a true dye but causative of colour changes through reversible protein denaturing) were used to provide contrast in one study each. 

29 studies22,25,70-74,76,79,88-107 assessed the diagnostic accuracy of dye chromoendoscopy in differentiating neoplastic and non-neoplastic polyps (Table 2). The majority of neoplastic lesions were conventional adenomas or adenocarcinomas, with seven studies including serrated adenomas as neoplastic at a prevalence of 1.5%.
No difference was evident in the diagnostic accuracy comparing dye and digital chromoendoscopies. When only diminutive polyps were analysed, dye chromoendoscopy has a trend towards a lower diagnostic accuracy, however this was not statistically significant. Only one study presented predictions with high confidence and therefore could not be included in a subgroup analysis. There was no change in diagnostic accuracy for the other subgroups (experienced endoscopists, use of high magnification or use of HD endoscopes). Funnel plotting implies a significant publication bias to over-estimate the true diagnostic power (Figure 3). 

A single study64 used crystal violet dye for the prediction of adenocarcinoma in adenomatous polyps, showing a sensitivity and specificity of 82.9% and 67.7% respectively. 

Quality assessment was conducted using the QUADAS-2 tool, with 29% of patient cohorts scoring full marks (Appendix 3). A lack of sufficient endoscopist training with dye chromoendoscopy was the most common source of potential bias, in addition to a lack of clarity regarding how patients were sampled. It was evident that a different optical technology had been used for histological prediction immediately prior to the dye chromoendoscopy in 5 patient cohorts, resulting in a high risk of bias. Subgroup analysis of only patient cohorts which scored full marks on the QUADAS-2 tool did not significantly change the diagnostic accuracy (data not shown). 

Fluorescence Analysis

Histological prediction based on the analysis of tissue fluorescence was conducted on 558 colorectal polyps across four studies. Autofluorescence was most commonly used (n=525), where fluorescence after excitation with light at 390-470 and 540-560nm can be used to either enhance tissue images with green or magenta (normal and neoplastic respectively); or for prediction based on the red:green ratio. Three studies13,19,108 were suitable for meta-analysis, demonstrating a sensitivity, specificity, PPV and NPV of 94.4% (84.0-99.1% CI), 50.9% (13.2-88.8% CI), 72.7% (31.8-95.9% CI) and 85.6% (68.6-96.6% CI) respectively in the differentiation of neoplastic and benign polyps. No studies analysed only diminutive polyps and there were insufficient studies to conduct any subgroup analyses. Keller and colleagues109 used fluorescence analysis to differentiate adenocarcinoma from adenoma using a fluorescein labelled antibody to carcinoembryonic antigen; with low diagnostic accuracy in a small cohort. Two of the three studies suitable for meta-analysis were found to have a high risk of bias, as lesions were also assessed with NBI; potentially influencing the prediction made with fluorescence analysis (Appendix 4). 

Microscopic Imaging

Technologies to endoscopically detail polyps on a cellular level are referred to as microscopic imaging and often incorporate variations of technologies described earlier in this review. The most commonly used technique was confocal laser endomicroscopy (4 studies, n=519), a technology where probe or scope-based laser light is emitted, and images are constructed from the detection of reflected fluorescence. Meta-analysis of these four studies110-113 shows that confocal laser endomicroscopy can differentiate neoplastic and non-neoplastic polyps with a sensitivity, specificity, PPV and NPV of 93.6% (85.3-98.3% CI), 92.5% (81.8-98.1% CI), 92.8% (83.5-98.1% CI) and 93.1% (82.5-98.5% CI) respectively. No studies assessed only diminutive polyps and no predictions were presented with high confidence. It was not possible to conduct a subgroup analysis on the role of high endoscopist experience due to insufficient numbers. Funnel plot of these studies demonstrates significant publication bias (data not shown). Quality assessment of the included studies with the QUADAS-2 tool demonstrated two studies suffering from both unclear endoscopist experience with confocal laser endomicroscopy prior to the study start and uncertain patient sampling methods (Appendix 5). 

Endocytoscopy was used to assess 149 colorectal polyps across two studies114,115. This technology utilizes nuclear dyes (toluidine blue or methylene blue) for supra- and sub-cellular imaging, through the use of ultra-high magnification (x450). The live images give an appearance similar to haemotoxylin and eosin stained slides and can be interpreted using criteria based on those for formal histopathological diagnosis116.  These two studies show this technology has high initial levels of diagnostic accuracy, however further interpretation is limited by the small sample size. 


Computer-Aided Recognition

Three studies used computer-aided recognition of optical inputs to predict adenomatous pathology in colorectal lesions. Laser-induced fluorescence with the wavSTAT4 probe (SpectraScience, USA) releases 337nm light and uses a proprietary algorithm to provide a binary outcome of ‘suspect’ or ‘non-suspect’ for neoplasia; deployed by two studies on 344 colorectal polyps117,118. Kominami et al. ran machine-learning algorithms on 2247 training images to ‘teach’ a computer the NBI endoscopic features of neoplasia and then performed real-time histological prediction in vivo on 118 polyps119. Meta-analysis of these studies demonstrates a sensitivity, specificity, PPV and NPV of 88.9% (74.2-96.7% CI), 80.4% (52.6-95.7% CI), 76.9% (38.8-96.5% CI) and 88.7% (67.3-98.1% CI) respectively. There was no high risk of bias or significant concerns with applicability on quality assessment (Appendix 6). 


Chronological Analysis

The NPV for the diagnosis of adenoma in colorectal polyps using both digital and dye chromoendoscopy was subjected to chronological aggregate meta-analyses, with reference to a clinical implementation threshold of greater than 90%. Given there was no difference in the diagnostic accuracy of the three digital chromoendoscopy technologies, these were pooled to increase the power of the analysis. Figure 4 demonstrates that the estimated NPV of digital chromoendoscopy has never been above 90% and since 2008 has either plateaued or decreased. As the confidence intervals have narrowed with increased power, the NPV has been statistically significantly below the implementation threshold since 2012, with logarithmic trend analysis implying it will continue to retreat from the threshold. 

The chronological NPV analysis for dye chromoendoscopy is presented in Figure 4. This technology has also never met the clinical implementation threshold and appears increasingly unlikely to do so given the falling NPV estimate as time progresses. The 95% CI currently spans 90% (84.0-91.5%), with logarithmic trend analysis predicting the NPV estimate will remain below the threshold and continue to fall in the coming years. 


Discussion

This comprehensive meta-analysis assesses the diagnostic accuracy of optical technologies in the real-time in vivo endoscopic histological prediction of colorectal polyps. It demonstrates that the diagnostic accuracy in differentiating neoplastic from benign tissue is currently insufficient for most routine clinical applications and it appears unlikely to meet clinical implementation thresholds in the near future.

Digital chromoendoscopy continues to be the most tested optical technology in polyp characterisation; with NBI alone accounting for greater than half of all polyps studied. Identification of adenoma in colorectal polyps is the most prevalent research question, primarily given its direct relevance to clinical practice. This meta-analysis found no difference between the accuracies of the different digital chromoendoscopy technologies, which is expected considering they work in similar manners with application of the same diagnostic criteria. NBI has been the technology of choice in the largest implementation studies to date20,23,37,53, likely as a result of this technology being more commonly found in endoscopy suites and a support from a greater wealth of published series; rather than because of presumed higher accuracy. The estimated 92.2% (90.6-93.9% CI) sensitivity, 84.0% (81.5-86.3% CI) specificity and 85.7% (82.9-88.4% CI) NPV of digital chromoendoscopy was similar to that of previous reviews, however this must be considered within the context of a significant limitation. Publication bias in these studies was stark, inevitably over-estimating diagnostic value. This is evident on inspection of funnel plots but also from the more recent, well powered, implementation studies; where the diagnostic accuracies are below what would be expected from reading many previously reported cohorts. 

Dye chromoendoscopy has been historically used for detection of dysplastic lesions in inflammatory bowel disease rather than for characterisation of polyps in low-risk populations, however when applied in this setting it may have a greater diagnostic accuracy than digital chromoendoscopy. This could not be distinguished statistically as insufficient power was evident from significantly fewer polyps being analysed. The reasons for dye chromoendoscopy not being implemented as frequently as digital chromoendoscopy is likely to include the increased time required for instillation, risk of allergic reaction to dye agents (albeit low) and a greater learning curve for application and interpretation. The technology benefits from not requiring any specialist equipment and can be conducted using any colonoscope with an instrument channel, increasing the scope for use in healthcare settings with limited resources. Heterogeneity exists where different dyes are used, given that they have varying methods of action and therefore may differently reflect underlying pathology. It was not possible to determine an optimum dye here due to low numbers of studies. This technology was also shown to suffer from a distinct publication bias.

Fluorescence analysis and microscopic imaging are relatively new optical technologies and are limited in their penetration into the endoscopy suite and therefore into clinical studies. This is likely as a result of requiring specialist equipment, the cost of which may not be justified without clinical evidence underpinning the clinical use. Estimates of diagnostic accuracy were impacted by low power and therefore large confidence intervals which make direct comparisons problematic. It was evident that fluorescence imaging suffers from a high level of false positives. Unlike the other optical technologies in this review, which use inputs to make inferences about the underlying tissue structure and therefore histological subtype; microscopic imaging attempts to visualize cells directly. Given that histological criteria are the gold-standard for diagnosis of adenoma, this is a promising approach if it can be demonstrated to be accurate and can be reliably incorporated into a clinical setting. The diagnostic accuracy in the initial studies appears high and comparable with digital and dye chromoendoscopy, however this low number of polyps analysed limits any further interpretation. 

Machine learning techniques can powerfully identify relationships in data with a greater depth than that of the human mind and are increasingly being developed and applied within healthcare120. Not only does the computing power now exist to run these algorithms on video inputs in real-time using inexpensive hardware, but the diagnostic accuracy theoretically improves over time as the machine is exposed to new data. The flexibility of the approach is such that a variety of inputs can be subjected for analysis, with studies in this review interpreting the shape of fluorescence spectra and the morphological features identified on NBI. A similar approach has been presented by Byrne and colleagues121 on 125 diminutive polyps, however this was not suitable for inclusion in this review as the predictions were not made in vivo. Mori et al. have recently published a notable study, using real time computer-aided interpretation of endocytoscope images to predict the histology of diminutive polyps, with high diagnostic accuracy. This is an exciting field in its infancy and it is likely that further studies will be published using machine-learning techniques, but caution must be taken when interpreting the headline diagnostic accuracies. The statistical models are prone to over-fitting when created and tested on a single dataset and there is high risk of even small selection biases or batch effects being incorporated. These issues can be addressed using rigorous external validation methods once the models have been created. 

Subgroup analyses were conducted to identify the clinically relevant technical and polyp features that may influence diagnostic accuracy. The lack of difference when only diminutive polyps are analysed implies that the technical challenges of optical technologies analysing a smaller surface area are not clinically relevant and perhaps are superseded by a bias from the endoscopist knowing adenomatous risk based on the size of the polyp. Studies where endoscopists predicted histology with ‘high confidence’ were largely restricted to NBI and did not show an increase in the diagnostic accuracy. This finding may be a type II error, however is consistent with other meta-analyses6. If such an error does exist, it may demonstrate that the diagnostic accuracy of subconscious histological prediction at initial white light inspection is sufficiently high that post-test accuracies with high or low confidence are difficult to distinguish. This meta-analysis did not replicate the findings of Rees et al. 53 who showed that more experienced endoscopists may make more accurate predictions, however this may be related to a lesser definition of experience used here.  

Colorectal polyps can have a variety of histological subtypes and it was evident that study authors sometimes differed in their definition of neoplastic and non-neoplastic lesions. In order to address a research question driven by clinical need, the vast majority of studies compared neoplastic (conventional adenomas or adenocarcinoma) with non-neoplastic lesions (such as hyperplastic, lymphoid aggregates or normal mucosal folds). However, as would be expected in clinical care, a small number of serrated adenomas were encountered. These were removed from the meta-analysis where the data allowed, however for the studies where these were included, it was in relatively small numbers with them almost always defined as neoplastic. Given that sessile and traditional serrated adenomas tend to have differing appearance to conventional adenomas122, it may be that diagnostic accuracy for these lesions is suboptimal in a study optimised to identify conventional adenomas. This is a potential source of heterogeneity in some of the included studies, however given the small numbers of serrated lesions this should not significantly impact the interpretation of the presented diagnostic accuracies. 

A novel approach in this meta-analysis is a chronological analysis to detail how diagnostic accuracy has evolved over time, giving an indication as to whether optical technologies are improving at a rate sufficient to meet a threshold for clinical implementation. Defining such a threshold can be challenging as it can feel arbitrary, is difficult to determine from an evidence-base and is problematic when applying it across different polyp types, sizes and locations. An NPV for adenomatous histology of greater than 90% is the most frequently defined threshold in the literature and was used in this review. Although it is likely 90% is an inadequately low level to gain widespread acceptance123, unfortunately it is beyond the scope of this review to suggest changes to such a threshold and this will be a keen area of research interest in the future. This meta-analysis indicates that neither digital nor dye chromoendoscopy are currently meeting the clinical implementation threshold and appear increasingly unlikely to do so over time. As increasingly powerful, pre-registered clinical studies are being published, the estimated NPV is either decreasing or plateauing; often diluting the effect of a previous publication bias. In order to identify niches of clinical practice where optical technologies will have sufficient accuracy for clinical use, there is a move towards defining more restrictive subgroups of interest based on size and polyp location such as in the Preservation and Incorporation of Valuable endoscopic Innovations (PIVI) statements4. This approach makes recruiting patients for sufficient power increasingly difficult and simultaneously limits the scope for use in clinical practice. Trained endoscopists making high confidence predictions of diminutive recto-sigmoid polyps with digital chromoendoscopy significantly improves the NPV such that it is over 90% and as such, this could support a ‘diagnose and leave’ strategy as endorsed by the American and European Societies for Gastrointestinal Endoscopy124,125. This may represent a true accuracy of the technology in this cohort however the number of studies was low, many analyses were conducted post-hoc and this data is still limited by a significant publication bias. This review cannot suggest routine clinical implementation given these limitations and prospective studies need to be designed with accuracy in this cohort as the primary outcome. 

The QUADAS-2 tool was used to assess the quality of studies that underwent meta-analysis. Due to the restrictive inclusion and exclusion criteria in this review, the studies were generally of high quality and it was rare that a high source of bias or lack of applicability was encountered. The greatest risk of bias was caused when an optical technology was used to assess a lesion directly after another technology had been used on the same lesion. It is likely that this approach would bias the second interpretation. Furthermore, many studies did not adequately describe how patients were sampled and assigned to the intervention, raising the possibility of a selection bias. Studies in this field are well suited to a randomized approach with one technology used in each arm, which should be applied to future studies to resolve many of the quality issues identified in this review. The progressive decline in diagnostic accuracy as studies of higher quality are published has marked implications for future research. It shows that the current practice of incremental technological improvement with more focused patient cohort definition is unlikely to be sufficient in changing clinical practice in the near future. In order to disrupt the practice of real-time polyp diagnosis, new clinical implementation studies should be pragmatically designed and conducted once step-change technological innovation has occurred. 

A range of additional technologies at an earlier stage of development were identified but were did not meet the inclusion criteria. These were largely based on spectroscopic analysis (Raman and elastic scattering spectroscopies) and novel approaches to digital chromoendoscopy including blue laser imaging. A technology which could finally achieve diagnostic accuracies sufficient for clinical implementation may not necessarily use optical manipulation but may gather biological data to predict the underlying tissue type. Detailing a polyp’s biological profile has benefits beyond real-time diagnosis and may complement the histopathological analysis by giving new insights into future risk. Such data may then be integrated into clinical decision-making pathways to improve patient care, such as by manipulating surveillance durations based on new risk profiles. Being able to sample biological features such as the lipid profile of mucosal cellular membranes can now be conducted in real-time using ambient mass spectrometry approaches such as Rapid Evaporative Ionisation Mass Spectrometry. This technique has demonstrated an NPV of 98.6% on ex vivo samples and is due to be prospectively validated in vivo126. Such technological innovations can also be used to resolve other weaknesses in current optical approaches such as requiring a learning curve for interpretation by using binary computerized outputs. 

This meta-analysis was designed to avoid many of the weaknesses of previous reviews, including being limited by pre-defining a small number of technologies, including predictions that were not made in real-time, methodological incorporation of heterogeneity and presenting restricted measures of diagnostic accuracy4,6,7. Despite this, it is a significant challenge to understand the role of optical technologies when such heterogeneity and publication bias exists. Heterogeneity of constituent study diagnostic accuracies may be due to variations in the underlying prevalence of adenomas, where narrow inclusion criteria could not account for different population ages, use of previous screening practices or ethnicity. In addition, inter- and intra-observer variability may result from differing endoscopist experience, innate skill level and technological availability. Such factors need to be clearly measured and defined in future studies of implementation to increase quality and external validity. 


Conclusions
This meta-analysis demonstrates that despite publication bias over-estimating diagnostic potential, optical technologies are generally insufficient for routine clinical implementation in the prediction of colorectal polyp histology. NBI making predictions of diminutive recto-sigmoid polyps with high confidence appears to be sufficiently accurate to support a ‘diagnose and leave’ strategy, however, concerns over study numbers and methodologies are likely to warrant future prospective trials.  Chronological analysis has identified a falling diagnostic power over time and step-change technological innovation is likely to be required. 
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