An unmet medical need: Advances in endoscopic imaging of colorectal neoplasia
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Abstract 

Gastrointestinal cancer is a major public health problem worldwide. Detection of early neoplastic lesions in gastrointestinal tract is essential for cure, because prognosis and survival are related to the size and stage of malignant lesions. Endoscopic screening and treatment of polyps could prevent approximately 80% of colorectal cancer (CRC). However, white light endoscopy is an imperfect technology since miss rates of up to 25% have been reported and polyps without malignant potential were treated without benefit but with additional costs and risks to the patient.  There are several known “human” predictors of an inadequate colonoscopy. These include patient characteristics such as poor bowel preparation, female gender, or inpatient status. Skills of the endoscopists are an important issue, as well. Therefore, a variety of advanced technologies has been attempted to overcome these issues. These new endoscopic imaging techniques allow a more precise classification of mucosal alterations with selection of patients for invasive therapy or surveillance. Further, molecular and functional imaging techniques could identify novel targets for therapies and new prospects to access response to therapies. However, at the “end of the day” a better endoscopic approach for CRC screening and surveillance depends on a good bowel preparation, a trained endoscopist spending sufficient time on a detailed examination together with an advanced endoscope.

“Healing is a matter of time, but it is sometimes also a matter of opportunity."— Hippocrates 

Malignant disease is the second most frequently cause of death in Europe and the North America. Despite all previous prevention campaigns the Deutsche Krebshilfe (“German Cancer Aid”) forecasts that the annual incidence rate of cancer patients worldwide will increase to 15.7 million until 2020.  It has been estimated that CRC accounted for 142.570 new cancer cases and 51.370 cancer deaths in the United States in 2010 [1]. The majority of CRC develops from normal tissue, followed by adenomatous polyps, which evolve from pre-invasive, to invasive and finally to metastatic carcinomas. In addition 10-15% of sporadic CRCs would have their origin in serrated polyps. These lesions include hyperplastic-type aberrant crypt foci, hyperplastic polyps, sessile serrated adenomas, admixed polyps and serrated adenomas, and constitute the so-called 'serrated pathway', which is characterized by early involvement of oncogenic BRAF mutations, excess CpG island methylation and subsequent low- or high-level DNA microsatellite instability (for review see [2]).  Perhaps 30-50 % of the German population will develop adenomatous polyps during their life; about 7% of these people will develop an apparent carcinoma. Several data indicate that more than 2/3 of the persons could be retrieved through a consistent early diagnosis of CRC 


[3] ADDIN EN.CITE  [4] [5]. 
The central requirement for healing of tumour patients is an early diagnosis; only then are time frames for curative treatments opened. For gastrointestinal tumours, particularly the CRC, endoscopic examinations are established as diagnostic standard for early detection. The efficiency of the screening colonoscopy for early detection of CRC and consequently decreased CRC-associated mortality has been proven through a multiplicity of clinical studies. In addition to patients with a sporadic CRC other groups of patients, who have a higher risk for colon cancer, can be identified, i.e. patients with chronic inflammatory bowel disease (IBD) (ulcerative colitis and Crohn’s Disease), first-degree relatives of patients with colon carcinoma and a range of genetic determinate familial syndromes [6] [7]. In IBD, according to recent research invasive carcinoma develops also out of inflammatory diseases in line with a malignant transformation from intraepithelial neoplasias (IEN)/dysplasias [8] [9].  The early detection of an IEN/dysplasia identifies high risk patients and is therefore important for the prognosis of the patients.

The Problem

Endoscopic screening doubtlessly reduces CRC-related mortality 


[10] ADDIN EN.CITE . Two previously - non-randomized - published trials showed that the incidence of CRC may be decreased by polypectomy by 66 - 90%. A randomized controlled trial in UK demonstrated that only one flexible sigmoidoscopy screening between 55 and 64 years of age resulted in a reduced incidence of colorectal cancer by 33% (0.67, 0.60-0.76) and mortality by 43% [11]. Therefore colonoscopy seems to be well accepted by the experts of the guideline conference from 2004 with high sensitivity and specificity rates for adenomas and carcinomas - especially for neoplasias localized in the proximal colon. However, white light endoscopy is an imperfect technology, since adenomas, the premalignant condition, can be missed during colonoscopy and polyps without malignant potential can be removed without benefit but additional costs and increased risk to patients 


[12] ADDIN EN.CITE .  Critical studies document, that up to 25% of the polyps in the colon will be missed as possible precancerous lesions by the classic surveillance endoscopy [13] [14] [15]. Interval carcinomas can also develop after an apparently “clear colonoscopy” in which significant neoplastic lesions were not recognized. Robertson et al. assumed that about 50% of the interval carcinomas were missed at the initial colonoscopy. Further, approximately 25% were classified as a relapse of an adenomatous polyp with incomplete polypectomy and about 25 % were judged as fast-growing de novo-carcinomas 


[16] ADDIN EN.CITE . In patients with IBD this problem is even greater. In these diseases, which come along with a high risk of malignant transformation, the identification of inflammation associated neoplastic mucosal alterations during the colonoscopy is difficult, because these alterations can be found in macroscopic normal as well as in inflamed mucosa. In many cases non-neoplastic inflammatory alterations can be found, e.g. so-called pseudopolyps or inflammatory, which don’t have necessarily malignant potential. White light colonoscopy is not able to readily differentiate between chronic inflammation, regenerative changes or flat growing neoplasia.

In summary, it would be preferable pre-neoplastic lesions were detected with techniques with the highest sensitivity using a “red flag technology” and afterwards to classifying these lesions according to their malignant potential (“detect and characterize”). 
The Patient

As the rate of colonoscopic examinations in respect of annually performed screening procedures has increased, so has the total number of inadequate or incomplete colonoscopy. Patient factors that have been identified to be associated with insufficient colonoscopy are female sex, increasing patient age, diverticular disease, and history of abdominal surgery.  Additional factors that have been reported are a low body mass index, history of constipation, or laxative use [17] [18] [19]. Much of endoscopy training is aimed at ourvercoming these unfavourable feature so that all patients recieve and high quality, safe colonoscopy. Among these, poor bowel preparation is the most consistently reported factor predictive of an inadequate colonoscopy. Since diagnostic accuracy of colonoscopy strictly depends upon the quality of bowel cleansing, the ideal preparation for colonoscopy should reliably empty the large intestine from all faecal material allowing the optimal visualization of the mucosa without causing great patient's discomfort.  However, bowel preparation is very often perceived as the most unpleasant part of the procedure in individuals undergoing screening colonoscopy. Data from a recent study showed a good correlation between colon cleanliness and detection rate of adenomas [20]. So a sufficiently cleaned colon using standard preparation techniques is the conditio sine qua non of an informative endoscopy. In a recently published study describing 8328 colonoscopies, 1243 (15%) were judged as be inadequate because of worst/absent intestinal toilette [21]. Therefore, there is an urgent need for increased patient education for adequate bowel preparation to permit a higher rate of sufficient colonoscopies. Currently, there are three different new medical devices available, which allow improved intraprocedural bowl cleansing [22] [23] 


[24] ADDIN EN.CITE . It can be speculated that these devices will facilitate effective screening and surveillance colonoscopy. 
The Endoscopist

Besides patient associated criteria, the skill of the colonoscopist has a major influence on specificity and sensitivity of the procedure to detect colorectal neoplasias.  It is very important to detect all neoplasias, to recognize these as such and not to misinterpretate them. Already basic factors like colonoscopy withdrawal time influence the quality of the endoscopy. Toruner and co-workers demonstrated a significant correlation between examination time and flat dysplasia detection rate [25]. Higher rates of detecting adenomas were observed among endoscopists who had a longer colonoscopy withdrawal time (at least 6 minutes). Further, not only time but timing is relevant for high detections rates of colorectal neoplasia. Sanaka et al. described significantly higher adenoma detection rates in the morning (29.3%) compared with the afternoon (25.3%). There was a significant decline in adenoma detection rate with each subsequent hour of the day. Endoscopist fatigue is postulated as a factor leading to lower polyp detection rates in the afternoon compared with the morning [26].  
Another important determinant of the success of the colonoscopy is the experience of the endoscopist (for review see [27]). Sonnenberg summarizes the problems of experience, education and visual cognition in his excellent short statement “We only see what we already know” [28]. Therefore, a good medical training and the learning how pathological findings could be detected are of great importance. Different education and sensitivity for small changes may result in the major differences between western and eastern endoscopists in how they interpret the shape of lesions of the colorectal mucosa. In Japan there will be detected clearly more preliminary stages and early stage carcinomas as in Europe or North America. Concerning this there were marked differences in determination of flat lesions, depressed lesions and those deemed "no polyp”. 
The problem of failed detection of small or flat lesions can be minimized by using enhanced imaging technologies.

The Endoscope (enhanced imaging technologies)
A variety of new technologies have been attempted to overcome these issues based on advances in physics and biomedical engineering, these new technologies of endoscopic imaging include

· (virtual) chromoendoscopy

· autofluorescence

· light-scattered spectroscopy (LSS)

· Raman spectroscopy

· confocal laser endoscopy (cLE)

Since a recently published review [29] describe these technologies in detail, we will summarize only some aspects and discuss impacts on clinical strategies to improve quality of colonoscopic examination, both in diagnostic or surveillance settings.
(Virtual) chromoendoscopy

In chromoendoscopy, intravital dyes like indigo carmine or methylene blue are topically applied onto the mucosal surface to enhance superficial patterns and contrast of pathologic versus normal mucosa. Kudo et al. firstly described the value of chromoendoscopy combined with magnifying endoscopy, which unmask surface “pit-pattern” structure, which can be used to predict histology [30]. Chromoendoscopy is generally used in a targeted fashion to detect flat sporadic adenoma. However, in long lasting ulcerative colitis pan-chromoendoscopy is recommended [29].

There is convincing evidence from a multitude of studies that the detection of flat, circumscribed colitis-associated neoplasias is enhanced in patients with long-standing ulcerative colitis by a factor of 3 to 5 


[24] ADDIN EN.CITE  [31]. The most recent ECCO guideline endorse chromoendoscopy as the better alternative as standard colonoscopy with random biopsies [32].

The success of chromoendoscopy has triggered research activities towards “virtual chromoendoscopy” by new light filters, such as narrow band imaging (NBI) or post processing techniques, such as i-scan or Fujinon intelligent chromoendoscopy which mimic chromoendoscopy. 

NBI, FICE and i-scan could not show an enhanced adenoma detection rate compared to white light endoscopy [33] (see also figure 1). Probably high-definition per se contributed to high adenoma detection rates, but virtual chromoendoscopy may induce a learning effect even in experienced endoscopists as to the appreciation of flat adenomas in WLE 


[34] ADDIN EN.CITE . However, virtual chromoendoscopy can be used to characterize colorectal lesions as precisely as chromoendoscopy [33].
Autofluorescence (AFI)
After exposure of tissues to light of a defined short wavelength, excitation of endogenous fluorophores results in the emission of light of a longer wavelength, which is termed autofluorescence. Due to changes of endogenous fluorophores in dysplastic tissue, the altered autofluorescence spectrum can be translated into a pseudo-coloured image in which normal tissue appears greenish in contrast to a purple rendering of dysplastic tissue.

AFI has been combined with high-resolution endoscopy and NBI in a single endoscope with 2 charge-coupled devices, a combination termed endoscopic trimodal imaging. AFI images are composed of total emitted autofluorescence after blue light excitation (390-470 nm) and green reflectance (540-560 nm). In screening colonoscopy, AFI was not able to significantly enhance the diagnostic yield in a randomized tandem colonoscopy trial on 100 patients [35]. The adenoma miss rates of AFI and high-definition endoscopy were 20% and 29%, respectively. In contrast, a study on 50 patients with ulcerative colitis from the same center found a significantly lower neoplasia miss rate for AFI than for WLE (0% vs 50%; P=.036), and every intraepithelial neoplasia was coloured purple on AFI (sensitivity 100%) [36]. However, despite promising results to date autofluorescence has not enhanced diagnostic yield and further research is required.
Light-scattered spectroscopy (LSS)

Light scattering spectroscopy is a type of reflectance spectroscopy that determines tissue structures by examining elastic scattering. Elastic light scattering is a process in which the illumination light does not undergo a shift in wavelength during the scattering event. Each wavelength of the illumination light is scattered to a different degree by dense structures in the tissue, such as nuclei. A portion of the light incident on the tissue is backscattered, or scattered directly in the backward direction, and can be collected by the fiberoptic probe that delivered the light to the tissue or a distinct collection optical fiber. Because no energy is lost during these scattering events and, therefore, no wavelength shift occurs, this type of spectroscopy is termed elastic. By analyzing the varying degree to which individual wavelengths are backscattered across a spectral range, it is possible to determine the size, number, and optical density of the dense structures within a tissue [29].

This light scattering information can be utilized to detect developing abnormalities in a tissue. For example, neoplastic tissue, which is characterized by enlarged nuclei, can be accurately detected at its earliest stages by elastic scattering spectroscopy. Even the field defect within the colon can be analyzed at any site within the colon if the colon harbours somewhere else cancer or advanced adenomas. The field defect is detected based on micro skeleton and capillary changes and was proven in animal and human studies [37].

Raman Spectroscopy

New molecular based techniques for the detection of protein profiles, such as Raman imaging spectroscopy have an enormous potential for the detection of molecular information from cells. Raman spectroscopy is a technique used to study vibrational and rotational conditions of molecules and relies on the inelastic scattering of monochromatic light (photons) on molecules. Light of a known frequency and polarization interacts with the sample and the scattered light is then analyzed for its frequency and polarization, which provides information on the characteristics of the sample [38]. The shifts in wavelengths are expressed as wave numbers and correspond to specific vibrations or rotations of particular molecular bonds. Tissues contain biomolecules that have distinct vibrational energies in their molecular bonds. Raman detects molecular components of tissue in a qualitative and quantitative way and subtle changes at a molecular level can be examined. In gastrointestinal oncology, Raman has been investigated as a diagnostic tool for characterizing cancer cells and early malignant changes. Raman spectroscopy has been used on single cells [39] and tissue [40] [41], and has been applied in vivo towards better diagnostics for dysplastic diseases in humans. Very recently, Michael A. Short and coworkers presented at the Digestive Disease Week 2011 in Chicago an Endoscopic Raman Spectroscopy System for the improving detection of early colonic neoplasias.  They demonstrated that malignant ad benign tissues could be separated with 100% sensitivity and 89% specificity based on the high frequency region spectra.  Even a simple comparison of ratios of lipid and protein peaks had a significant discrimination power [42]. Nevertheless future intensive research work and clinical studies are necessary before this promising technique could get clinical value.

Confocal laser endoscopy (CLE)
Confocal laser endomicroscopy (CLE) can be achieved with two different endoscopic models. First, a miniaturized confocal scanner has been integrated into the distal tip of a flexible endoscope [43]. Second is the use of confocal microscopy miniprobes. These probes can be fitted through the working channel of most endoscopes for clinical use [44]. Endomicroscopy with both techniques provides in vivo histology during ongoing endoscopy at subcellular resolution.  

CLE mandates use of fluorescent agents. Most studies in humans have been performed with intravenous fluorescein sodium. Fluorescein quickly distributes within all compartments of the tissue, and CLE is possible within seconds after injection. It contrasts cellular and subcellular details, connective tissue, and vessel architecture at high resolution, but does not stain nuclei. Acriflavine as an alternative or additional contrast medium is applied topically to the colonic mucosa and predominantly stains nuclei and, to a lesser extent, cytoplasm [29].
Multiple trials have proven the high accuracy with which CLE can differentiate non-neoplastic from neoplastic tissue by using fluorescein aided endomicroscopy and simplified endomicroscopic criteria have been established [45] , [45] (see figure 2). 

The combination of topical acriflavine and systemic fluorescein administration also allowed reliable differentiation of low-grade from high-grade intraepithelial neoplasia with high accuracy. Endomicroscopy is well suited for patients with high risk to develop colon cancer. In patients with long lasting ulcerative colitis, chromoendoscopy in combination with endomicroscopy enabled to significantly increase the diagnostic yield of intraepithelial neoplasias 


[24] ADDIN EN.CITE .
Molecular Imaging with Endomicroscopy

Currently, only a limited number of fluorescent staining protocols have been evaluated for CLE in humans, and new protocols are just being tested. Animal models do not face such constraints, and many of the staining protocols used in bench top confocal microscopy can be transferred to in vivo imaging. Even molecular imaging, that is, the fluorescent labeling of individual cells by their molecular signature, has been possible in vivo.

Molecular targeting of somatostatin receptor-positive tumor cells in vivo was demonstrated in a nude mouse xenograft model after injection of a carboxyfluorescein-labeled ligand [46]. More recently, differentiation of tumor cells based on their epithelial growth factor receptor and vascular epithelial growth factor expression patterns was achieved in vivo in a rodent model with human colorectal cancer xenografts [46]. In humans, the targeted labeling of neoplastic crypts has been possible during colonoscopy using a labeled heptapeptide derived from a phage library, showing a sensitivity and specificity on neoplastic lesions thereby coming close to in vivo immunohistochemistry [47].

A Short Summary and Perspectives

With the increasing demand for colonoscopy for CRC screening and surveillance of patients at risk, there as been an increasing interest in quality of colonoscopy.  The “bottom line” for endoscopic detection of pre-neoplastic or neoplastic alterations depends on a good bowel preparation, and an experienced endoscopist spending sufficient time on a detailed examination.  However, even under ideal conditions, conventional colonoscopy still fails to detect small neoplastic alterations, particularly in inflamed tissue.  Several of novel technologies have the potential to improve detection rates of colorectal neoplasia in surveillance programs and in patients at increased risk.  Image enhancement methods such as autofluorescent endoscopy or narrow-band-imaging have the potential to act as “red flat techniques” which enhance the recognition of mucosal alternations. The application of molecular specific stains such as fluorescent monoclonal antibodies or fluorophores should further increase the accuracy of these technologies.  However, intensive research is necessary to evaluate sensitivity, specificity and most important safety of these new agents. These new technologies must be both effective and efficient in order to be incorporated on a widespread basis in an already economically stressed health system.
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