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Abstract
Choledochoscopy, or cholangioscopy, is an endoscopic procedure for direct visualization within the biliary tract for diagnostic or therapeutic purposes. Since its conception in 1879, many variations and improvements are made to ensure relevance in diagnosing and managing a range of intrahepatic and extrahepatic biliary pathologies. This ranges from improved visual impression and optical guided biopsies of indeterminate biliary strictures and clinically indistinguishable pathologies to therapeutic uses in stone fragmentation and other ablative therapies. Furthermore, with the evolving understanding of biliary disorders, there are significant innovative ideas and techniques to fill this void, such as nuanced instances of biliary stenting and retrieving migrated ductal stents. With this in mind, we present a review of the current advancements in choledochoscopy with new supporting evidence that further delineates the role of choledochoscopy in various diagnostic and therapeutic interventions, complications, limitations and put forth areas for further study.
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Core Tip: The role of choledochoscopy (for extrahepatic biliary procedures) and cholangioscopy (for intrahepatic biliary procedures) is one and a half centuries old. It is a reliable tool in the visualization of indeterminate strictures and subsequent biopsy for diagnostic purposes. Furthermore, it serves as the “safety net” in therapeutic measures where endoscopic retrograde cholangiopancreatography cannot manage, such as biliary stone fragmentation and retrieving migrated equipment. With the advent of new techniques and adjuncts, its potential has further evolved to improve the procedure's accuracy. We provide a comprehensive update on the current and future potential of choledochoscopy.

INTRODUCTION
Choledochoscopy, or cholangioscopy, refers to an endoscopic procedure for direct visualization within the biliary tract for diagnostic or therapeutic purposes. Attempts to directly visualize the bile duct lumen began as early as 1879. However, it was only with the Wildegans choledochoscope in 1953 that choledochoscopes started having some interventional capabilities. Other milestones in choledochoscopy include developing a flexible choledochoscope by Shore and Lipman in 1965, improved imaging quality with the Hopkins rod lens system in 1975, and cameras attached to the choledochoscopes to televise images for simultaneous viewing in 1985[1]. 
Regarding currently available choledochoscopes, peroral choledochoscopy was introduced in 1976 using the dual-operator "mother-baby" scope. Subsequently, single-operator choledochoscopes such as the direct peroral choledochoscopes (D-POC) and SpyGlass Direct Visualisation system choledochoscopes (Boston Scientific Corporation, Natick, MA, United States) were introduced[2]. Table 1 enlists technical specifications and details of commonly available choledochoscopes. Spurred by an improved understanding of biliary disorders and innovative technological advances, choledochoscopy remains an evolving field. Choledochoscopy and cholangioscopy are used interchangeably in the literature. However, for this review, choledochoscopy refers to the extrahepatic biliary tree procedure, and cholangioscopy refers to the intrahepatic biliary tree procedure. This review aims to update the technical advances in choledochoscopy, new evidence that further delineates the role of choledochoscopy in various diagnostic and therapeutic interventions, complications, limitations, and put forth areas for further study.

LITERATURE RESEARCH
An electronic search of PubMed was conducted in February 2021 for literature published in English. The following terms were used, and relevant articles were considered: [(choledochoscopy) OR (cholangioscopy)]. The last date of the search was 28th February 2021. 

TYPES OF CHOLEDOCHOSCOPY
Choledochoscopy can be performed by peroral, percutaneous transhepatic, percutaneous transenteric via access loop, intra-operative transcystic, or intra-operative transcholedochal access (Figure 1). Table 2 summarizes types of choledochoscopy according to access routes, with each route's advantages and limitations. Peroral and percutaneous transhepatic access are the most widely discussed in the literature and are further elaborated on in this section.
Peroral choledochoscopes (POC) are further categorized into dual-operator or single-operator systems. Dual-operator systems require two endoscopists to operate "mother-baby" scopes, where a choledochoscope is inserted through the instrumentation channel of a duodenoscope. This includes original fibreoptic scopes and newer videocholangioscopes with Narrow Band Imaging (NBI) capacity. The original fibreoptic scopes were necessary for peroral choledochoscopy but have limited use currently due to its disadvantages: requires two endoscopists, low image quality with fibreoptic imaging, suboptimal working or irrigation channels, poor maneuverability with two-way tip deflection, and scope fragility[3,4]. In contrast, interest in videocholangioscopes (CHF-B260, latest version: CHF-B290; Olympus Medical Systems, Tokyo, Japan) remains despite the need for two endoscopists. Advantages include using NBI for improved image quality, the stability of baby scope positioning in bile ducts, and a small outer diameter for use in intrahepatic bile ducts[5,6]. However, its role, especially considering the latest CHF-B290 model, is still being defined and is not currently available for clinical use. 
To minimize drawbacks associated with the dual-operator technique, single-operator systems such as the SpyGlass Direct Visualisation peroral choledochoscopy system and D-POC using ultra-thin endoscopes were developed. Currently, three versions of SpyGlass are available – the first-generation SpyGlass Legacy 2007 (Fibre-optic) (FSOC), second-generation SpyGlass Digital System delivery, and access catheter 2015 (Digital) (DSOC) and third-generation SpyGlass Digital System II delivery and access catheter 2018 (Digital). Advantages of FSOC include a four-way deflectable tip for better maneuverability and a dedicated irrigation channel for continuous irrigation. It is limited by the inferior image quality and field-of-view (70˚), poor durability of the reusable fibreoptic probe, small therapeutic channel, and cumbersome setup[7].  Thus, DSOC improved on FSOC by having digital images with 400% greater resolution and 60% wider field-of-view (110˚), improved accessory channel, and easy "plug and play" set up[8]. The third-generation SpyGlass Direct Visualisation II delivery and access catheter 2018 (Digital) is touted to have 250% better resolution than DSOC and adjusted lighting to reduce flare. However, clinical data on its efficacy is not yet available[9]. 
D-POC utilizes a variety of ultra-slim endoscopes designed initially for pediatric and transnasal use. Key advantages are the variety of endoscopes already available, four-way deflectable tip, and the ability to use NBI for improved image quality. Disadvantages include relatively large outer diameters (5.0-5.9 mm), which may complicate scope insertion and advancement in smaller bile ducts, requiring prior large sphincterotomy to accommodate scope diameters gastric and duodenal looping[5].
Novel multi-bending choledochoscopes are developed to improve the ease of bile duct cannulation. This avoids accessory devices as two bending sections allow more acute angulation and control the choledochoscope while preventing choledochoscope dislodgement. Three prototype models exist. For the first two prototypes, freehand insertion had a 0% technical success rate in a study by Itoi et al[10] involving seven patients. Compared to the second prototype, the third prototype has more excellent distal tip angulation (200˚ vs 160˚) and a smaller outer diameter distal end (4.9 mm vs 5.2 mm) to improve the scope's pushability to minimize loop formation. This translated into improved technical success rates and shorter procedure time with reduced radiation exposure than conventional choledochoscopes and previous generations of multi-bending choledochoscopes. In a randomized controlled trial by Lee et al[11] involving 92 patients, while efficacy in diagnostic and therapeutic interventions was equivalent, multi bending choledochoscope had high technical success rates of freehand biliary insertion (89.1% vs 30.4%, P < 0.001) and shorter mean procedure time with reduced radiation exposure (3.2 ± 1.8 vs 6.0 ± 3.0 min, P = 0.004) than conventional D-POC.
Percutaneous transhepatic choledochoscopy (PTCS) is reserved for cases when peroral choledochoscopy is unsuitable, such as in complicated anatomy. This percutaneous approach permits shorter endoscopes with better maneuverability to reach areas that are less accessible perorally[12]. A variety of endoscopes can be used, such as those used for other indications (e.g., nephroscope, ureteroscope, bronchoscope) and those specifically designed for choledochoscopy (e.g., CHF-CB30 L/S; Olympus Medical Systems, Tokyo, Japan)[13]. However, it remains second-line to peroral choledochoscopy due to the invasive and time-consuming need to create and mature a large-diameter percutaneous tract several days before choledochoscopy and complications such as bile leak and bleeding metastatic spread to the peritoneum or sinus tract[14].

CHOLEDOCHOSCOPE ADJUNCTS AND ACCESSORIES
This section will discuss the advancements in accessories that facilitate choledochoscope advancement, optimize view, improve image quality and efficacy in specific interventions. 

Choledochoscope advancement
Devices are developed to guide the advancement of D-POC into bile ducts. An example is how in a study by Yang et al[15] involving 79 patients, the use of D-POC enabled high rates of scope insertion (72.0%). Another device to increase choledochoscope stability is a hybrid balloon catheter anchoring device using a 0.021-inch guidewire attached to a balloon catheter's distal end. In a single-center retrospective study by Li et al[16] involving 55 patients, this device-guided D-POC achieved significantly higher technical success rates compared to the conventional wire-guided method (92.7% vs 47.1%, P < 0.05). Another anchoring technique is advancing D-POC over a reusable guide probe of the Kautz device (MTW, Wesel, Germany), designed initially for non-transendoscopic placement of biliary stents. This method increases probe stiffness to prevent choledochoscope looping and had an 85% technical success rate[17]. 

Optimize view by medications
Ways to optimize view across various modes of choledochoscopy have been described. In D-POC, intraductal simethicone reduces the surface tension of gas bubbles and improves mucosal visualization by anti-foaming action. This is particularly useful in the presence of pneumobilia following a sphincterotomy for choledochoscope access[18]. 

Optimize view by structural modification
In percutaneous choledochoscopy, Demmert et al[19] devised a novel choledochoscopy expander using microwires to create a flexible whisk-like shape to distend the gallbladder lumen before visualization by choledochoscopy mechanically. A case report showed its use improved gallbladder visualization with reduced infolding of gallbladder lumen and minimal mucosal injury. Other accessories include a transparent cap to the choledochoscope in gallbladder-preserving surgery. According to Jian et al[20] in a retrospective study of 50 patients, the addition of a transparent cap for patients undergoing laparoscopic choledochoscopy significantly reduced gallbladder exploration time (12.04 ± 6.01 min vs 27.96 ± 12.24 min). Reasons put forth include eliminating blind spots as the transparent cap promoted distance between the lens and mucosa, allowing complete visualization. Other benefits include protection of the scope. Sometimes direct visualization by choledochoscopy is not possible due to complete ductal obstruction. In such instances, microcatheters made of the 3-French outer sheath of a basket catheter (MicroCatch; MTW Endoskopie, Düsseldorf, Germany) and 3-French endoscopic nasobiliary drainage tube (Daimon-PTCD set, Hanaco Medical, Saitama, Japan) can aid injection of contrast medium to facilitate guidewire manipulation[21]. 

Image-enhanced function systems
To improve direct visualization capabilities, choledochoscopy can harness various preexisting image-enhanced function systems, such as NBI, probe-based confocal laser endomicroscopy, i-Scan, chromocholangioscopy, and autofluorescence imaging. NBI utilizes filtered light to improve visualization of ductal mucosa and vessels compared to conventional white-light imaging. It is compatible with videocholangioscopes and D-POC[5]. NBI can improve visual differentiation of benign from malignant strictures[22]. However, improved visualization via NBI may not translate into improved rates of malignancy detection. Dysplasia detection rate did not increase even when 48% more suspicious lesions were biopsied when using NBI in patients with primary sclerosing cholangitis (PSC)[23]. i-Scan, a computed virtual chromoendoscopy system, may also improve visualization of ductal mucosa and vasculature compared to conventional white-light imaging. While diagnostic accuracy using i-Scan was not significantly better, surface structure, surface microvascular architecture, and margins were significantly better visualized[24]. Probe-based confocal laser endomicroscopy captures microscopic images of living tissue for real-time histological tissue assessment under direct visualization. Compatibility with DSOC was demonstrated in a study by Tanisaka et al[25] involving 30 patients with indeterminate biliary strictures (IBS). While probe-based confocal laser endomicroscopy during DSOC had lower sensitivity compared to DSOC alone (94.1% vs 100%), higher specificity (92.3% vs 76.9%) and accuracy [93.3% (95%CI, 78.7%-98.8%) vs 90% (95%CI, 74.4%-96.5%)] was reported. Chromocholangioscopy can show differences between inflamed, ischaemic, and dysplastic biliary lesions based on different gross surface staining patterns using methylene blue injections during choledochoscopy[26]. However, data on the efficacy of chromocholangioscopy in IBS are limited. Lastly, autofluorescence imaging, which compares colors of lesions when blue excitation light and green and red field cameras, are utilized to distinguish between normal and neoplastic mucosa. Itoi et al[27] evaluated autofluorescence imaging as an adjunctive imaging technique during PTCS. Amongst 65 biliary tract lesions, PTCS with autofluorescence imaging had higher specificity (87.5% vs 52.5%) and accuracy (87.7% vs 70.8%) than PTCS alone, though sensitivity decreased (88% vs 100%). 
Nevertheless, most image-enhanced function systems have not yet been validated for clinical use in choledochoscopy. Further studies need to evaluate different choledochoscopes with these current imaging systems and if better biliary visualization indeed translates into improved diagnostic and therapeutic accuracy.

Tissue diagnosis
For the acquisition of larger tissue samples, the SpyBite Max biopsy forceps acquire twice the amount of tissue than the SpyBite biopsy forceps[9]. This is particularly promising given how the diagnostic accuracy of biopsy samples of IBS obtained via the legacy SpyBite biopsy forceps has been hampered by inadequate tissue samples[28]. 

Stone retrieval and fragmentation
For stone retrieval, a variety of equipment is available for the retrieval of stones. Commonly, stone retrieval baskets are the foremost choice, as there are many variable shapes and sizes that can suit most situations. These include Dormia baskets, SpyGlass Retrieval Basket (SpyBasket), and SpyGlass Retrieval Snare (SpySnare)[29]. However, the baskets require expansion and retraction to securely surround the stones, which may be difficult due to limited space[13]. In those cases, open-ended graspers such as alligator forceps are an option.  
When the stone is too large to fit into a retrieval basket or difficult to remove after securing the forceps, fragmentation of the stones is possible[30]. Lithotripsy, either electrohydraulic lithotripsy (EHL), extracorporeal shockwave lithotripsy (ESWL), or laser lithotripsy (LL), can aid fragmentation. Traditionally, mechanical lithotripsy is less commonly used due to its limitations in breaking large pigment stones and challenging maneuverability[31]. In addition, EHL has a higher risk of duct damage due to relative imprecision. Furthermore, the probe's caliber may be too large to enter more miniature endoscopes if needed[13]. LL probes are small caliber and allow accurate and precise fragmentation. Commonly, pulse and non-pulsed lasers are available depending on the penetration depth required. However, LL is notably more expensive than EHL. 

Migrated hardware retrieval
Choledochoscopic visualization of the hepatobiliary ducts is also valuable for retrieving migrated hardware such as stents using SpyBasket and SpySnare[32], broken baskets[33,34], and migrated coils[35]. However, such instances have yet to be reported on a larger scale and currently lack power. With the garnering of more reported cases, it would then be possible to truly delineate the potential of choledochoscopy in therapeutic interventions and other instances.

Stricture ablation
Choledochoscopy can perform therapeutic interventions like ablation of cholangiocarcinoma (CCA) via photodynamic therapy or radiofrequency ablation. Choledochoscopy can confirm successful radiofrequency ablation administration and immediate post-procedure complications. Novel choledochoscopy-guided balloon-radiofrequency ablation techniques demonstrated in animal models also show potential for clinical use[36]. Case reports by Chandrasekar  et al[37] and Brunaldi et al[38] describe the use of digital cholangioscopy to evaluate photodynamic therapy. 

Scope handling techniques
The use of different techniques when handling the choledochoscope has also been proposed in lithotripsy. For example, Zhang et al[39] proposed the J maneuver when performing choledochoscopy in a freehand technique, described as retroflection of the upper endoscope while in the second part of the duodenum, simultaneous rotation and retraction of the endoscope towards the papilla. Zhang et al[39] claimed that this maneuver would eliminate the need for surgical bile duct exploration. 

CLINICAL APPLICATIONS
Choledochoscopy can be used for diagnostic and therapeutic indications (Table 3), with main indications in diagnosing IBS and lithotripsy. This section will discuss the efficacy of choledochoscopy compared to conventional methods and recent advances in various diagnostic and therapeutic indications. 

IBS
IBS is defined as biliary strictures with aetiologies that cannot be established after standard diagnostic investigations such as laboratory tests, imaging (such as computed tomography or magnetic resonance cholangiopancreatography), or procedures (such as endoscopic retrograde cholangiopancreatography (ERCP)-guided tissue biopsy)[40]. This section will discuss the role of choledochoscopy in diagnosing IBS, specifically when along with the diagnostic algorithm it should be done, optimal choledochoscope choice, the two main ways choledochoscopy can be used, and factors affecting its diagnostic accuracy. 
The imperative in biliary strictures is to exclude malignancies, where ERCP with brush cytology is the initial modality of choice. However, despite its high specificity with brush cytology (> 95%), sensitivity remains low. In a review of 16 studies involving 1556 patients, Burnett et al[41] reported that ERCP brush cytology had a sensitivity of 41.6% ± 3.2% (99%CI) and a negative predictive value (NPV) of 58.0% ± 3.2% (99%CI). Thus, adjunctive diagnostic modalities such as choledochoscopy are required. Per the 2018 Asia-Pacific ERCP Club consensus guidelines, choledochoscopy-guided biopsies are recommended to improve diagnostic accuracy in situations where conventional ERCP-based brush cytology and forceps biopsy are inconclusive despite clinical suspicion[42].  
Choledochoscopy is a valuable diagnostic modality as it can affect the aggressiveness of management. In a multicentre study by Prat et al[43] involving 61 IBS patients, choledochoscopy prevented unnecessary surgical resection in 33 out of 57 patients with initially-suspected carcinoma, and significantly improved management adequacy rates (P < 0.001) than before choledochoscopy despite a moderate overall diagnostic sensitivity (52%-63.6%). Hence given differences in morbidity in surgical compared to conservative management, there is value in choledochoscopy for patients with unclear diagnoses.  
Stricture location determines if choledochoscopy should be done at all and, if done, when along with the diagnostic algorithm after ERCP-based sampling[42]. Firstly, strictures can be intrinsic (e.g., cholangiocarcinoma, periampullary bile duct cancer) or extrinsic to bile duct (e.g., pancreatic cancer, gallbladder cancer, metastatic disease)[44]. Peroral choledochoscopy is more helpful in evaluating intrinsic than extrinsic strictures. The sensitivity for diagnosing malignancy in intrinsic strictures was higher than extrinsic strictures in both FSOC visual impression and FSOC-guided biopsy[44]. Secondly, strictures are either proximal or distal strictures. Martinez et al[45] recommend that peroral choledochoscopy can be used immediately after the first inconclusive ERCP-based sampling for proximal biliary strictures. On the contrary, for distal biliary strictures, peroral choledochoscopy is recommended only if both ERCP-based sampling and endoscopic ultrasound-guided fine-needle aspiration are negative.   
Choledochoscopy should be used in both ways for the diagnosis of IBS – visual impression and choledochoscopy-guided biopsies. Direct visualization by choledochoscopy permits the identification of mucosal features suspicious for malignancy and targeted biopsies. In a recent meta-analysis by Wen et al[40] involving 356 patients across 11 studies, the visual impression was more sensitive than choledochoscopy-guided biopsy across DSOC, FSOC, and D-POC (95% vs 74%, 84.5% vs 60.1%, 83%-92% vs 43%-89.5%). However, specificity was higher in choledochoscopy-guided biopsy than visual impression across DSOC, FSOC and D-POC (98% vs 92%, 98% vs 82.6%, 97% vs 84%-92%)[40]. Furthermore, the lack of a standardized visual classification system necessitates that biopsy results confirm visual findings. Thus, it is insufficient to use either visual impression or biopsy findings alone. 
Various choledochoscopes have been studied in the diagnosis of IBS. However, an ideal choledochoscope has not yet been established for IBS diagnosis in clinical practice. POC are more frequently used in IBS. However, PTCS can also be used when POC instability prevents adequate bile duct visualization[46]. When comparing POC without the use of image-enhanced function systems, DSOC has an excellent diagnostic yield in both visual impression and choledochoscopy-guided biopsies[40,47,48]. In a study by Mizrahi et al[47] involving 324 patients, DSOC had a significantly higher diagnostic yield of visual impression for malignancy than FSOC (78% vs 37%, P = 0.004).  However, studies comparing the efficacy of different choledochoscopes when image-enhanced function systems are used are lacking. For instance, NBI, which is compatible only with videocholangioscopes and D-POC, may significantly improve the efficacy of these two choledochoscopes compared to others. 
Several factors confound the diagnostic accuracy of choledochoscopy in IBS. This section will explore these confounders in visual impression and choledochoscopy-guided biopsies and advances made to mitigate them. 
For both visual impression and biopsies, the diagnostic accuracy of choledochoscopy may decrease with increasing hyperbilirubinemia levels[49] and in specific patient populations such as patients with PSC[50]. This highlights the importance of patient optimization pre-procedure and identification of other confounding patient factors. Other factors include inadequate experience amongst endoscopists (< 25 cases performed)[49].
A major drawback of visual impression using choledochoscopy is the lack of a standardized visual classification system[40], especially because diagnostic accuracy is experience and operator-dependent. Several studies have proposed novel classification systems. However, there is a lack of comparative studies to standardize one classification system. Tumor vessels, which are dilated and tortuous vessels, are markers of malignancy that provide moderate diagnostic accuracy when coupled with biopsy[51]. Other malignant characteristics include nodular mucosa, neovascularization, friability, and papillary characteristics[52]. More recently, in 2018, a new classification system by Robles-Medranda et al[53] classified lesions based on morphological and vascular characteristics (i.e., polypoid, ulcerated, honeycomb, etc.). This had a high sensitivity (96.3%) and specificity (92.3%) amongst 106 patients. However, there was a discrepancy in an inter-observer agreement between experts and non-experts (κ > 80% and 64.7%-81.9% respectively). Better inter- and intra-observer agreement between both expert and non-expert operators (κ > 80%; P < 0.001) was seen in the use of neovasculature morphology, defined as irregular or ‘spider’ vascularity as proposed by Robles-Medranda et al[53] in 2020. This had a sensitivity of 94%, a specificity of 63%, a positive predictive value (PPV) of 75%, NPV of 90% amongst the 95 patients studied[54]. In 2020, Sethi et al[55] proposed the Monaco Classification, which combined eight observable criteria (presence of stricture, lesion, mucosal features, papillary projections, ulcerations, abnormal vasculature, scarring, pronounced pit pattern). A fair diagnostic accuracy (70%) and inter-observer agreement (κ = 0.31, SE = 0.02) was reported, with ulceration (OR = 10.3, P = 0.01) and papillary projections (OR = 7.2, P = 0.02) being most associated with malignancy. 
Two main issues limit the use of choledochoscopy-guided biopsies in IBS – challenges in analyzing small biopsy samples obtained during choledochoscopy and lack of consensus on the optimum number of sample sizes required. 
Firstly, choledochoscopy-guided tissue samples are often too small for accurate offsite histopathological examination and thus decrease sensitivity. Adequate tissue acquisition is primarily limited by the technical ability of choledochoscopy forceps jaw[28]. Other factors include age less than 65 years old (OR = 0.170, 95%CI, 0.044–0.649, P = 0.010) and previous biliary stenting before POC (OR = 0.199, 95%CI, 0.053–0.756, P = 0.017)[56]. Thus, one approach improves the choledochoscopy forceps jaw's technical ability to acquire large tissue samples per bite, such as in the SpyBite Max biopsy forceps[57]. Alternatively, specimen processing techniques that can process smaller tissue samples have been proposed as adjuncts to conventional histopathological examination. One method is rapid onsite evaluation of touch imprint cytology (ROSE-TIC) during choledochoscopy-guided biopsies. Touch imprint cytology is useful as an adjunct in cases where clinical suspicion for malignancy is high, but offsite sampling is negative or indeterminate[58]. In a study by Varadarajulu et al[59] involving 31 FSOC- and DSOC-guided biopsy procedures, ROSE-TIC provided an additional opportunity for onsite specimen processing and demonstrated sensitivity (100%), specificity (88.9%), PPV (86.7%), NPV (100%), and diagnostic accuracy (93.5%). However, the use of ROSE-TIC in the context of choledochoscopy has yet to be validated in large-size trials. Another method already used for processing smaller specimens is cell block cytology. A study by Baars et al[60] involving 240 SpyBite specimens from the upper gastrointestinal tract in 10 patients found that cellblock cytology results in fewer crush artifacts and requires a significantly smaller specimen to achieve equivalent diagnostic accuracy (1.49 mm vs 2.02 mm, P < 0.001) compared to standard histopathology. However, as this comparative analysis was performed using gastrointestinal samples, a pilot study involving six IBS patients was performed. All 20 SpyBite samples were successfully processed by cell block cytology[60]. 
Secondly, the optimum number of biopsies to be taken during choledochoscopy remains unestablished. This may depend on specimen processing techniques (onsite vs offsite) and stricture location (intrinsic vs extrinsic). In a randomized control trial using DSOC by Bang et al[58] involving 62 patients, three biopsies were recommended for offsite specimen processing and one biopsy for onsite specimen processing to achieve equivalent diagnostic accuracy (90%). Additional biopsies for offsite specimen processing did not improve diagnostic accuracy. However, other retrospective studies by Onoyama et al[28] and Varadarajulu et al[59] recommend minimally four biopsies when using offsite and onsite[60] processing techniques, respectively. Furthermore, Varadarajulu et al[59] observed that extrinsic strictures required more biopsies than intrinsic strictures for onsite processing techniques.  

PSC
Diagnosis of current studies on choledochoscopy in PSC has focused on identifying CCA in PSC strictures and subtyping PSC through visual impression and choledochoscopy-guided biopsies. While the accuracy of visual impression and choledochoscopy-guided biopsies have been well-studied in IBS, the same conclusions cannot simply be applied to PSC. Underlying ductal inflammation and scarring may mimic CCA visually and complicate the passage of choledochoscopes through bile ducts to evaluate strictures[61]. However, large-scale studies specifically on PSC patients are limited.  
The ability to accurately exclude CCA in PSC is critical as PSC patients have an increased CCA risk[61]. Various investigations such as imaging and serological tumor markers such as carbohydrate antigen 19-9 are possible but lack sufficient sensitivity and specificity when used alone[62]. Tissue diagnosis is thus crucial in this workup. A meta-analysis by Njei et al[61] across 21 studies found that single-operator choledochoscopy-guided biopsies are the most accurate in diagnosing CCA in PSC patients as compared to brush cytology, fluorescence in situ hybridization, and probe-based confocal laser endomicroscopy, with a sensitivity of 65% (95%CI, 35%-87%) and specificity of 97% (95%CI, 87%-99%). A study by Majeed et al[63] involving 225 PSC patients found that the use of DSOC in addition to second brush cytology improved sensitivity than second brush cytology alone (100% vs 82%) in detecting CCA in PSC. However, another retrospective study by Kaura et al[64] involving 36 PSC patients found that the addition of SpyGlass choledochoscopy-guided biopsy to fluorescence in situ hybridization did not significantly increase sensitivity compared to brush cytology alone. Hence, there remains uncertainty on whether choledochoscopy with other diagnostic investigations can improve CCA detection in PSC. 
Furthermore, choledochoscopy findings on visual inspection can subtype PSC into early or late stages of the disease. Sandha et al[65] proposed the novel Edmonton Classification, which categorizes PSC's visual impression features on FSOC and DSOC into three phenotypes – “inflammatory type”, “fibrostenotic type”, and “nodular or mass-forming type”. Fujisawa et al[66] further correlated these findings with time course – “'inflammatory type” correlated to active phase and early-stage PSC, “fibrostenotic type” with chronic phase and late-stage PSC, and “nodular or mass-forming type” in either phase. Stratification into the disease stages is vital in informing each patient's disease and guiding targeted treatment[65].
In the management of PSC, the role of POC has also been considered, specifically when managing patients with dominant strictures. A dominant stricture is defined as a stricture of ≤ 1.5 mm in the common bile duct or ≤ 1 mm in the hepatic duct within 2 cm of the intrahepatic confluence. In a prospective study by Awadallah et al[67] involving 55 patients with PSC, POC was able to help with the diagnosis of PSC-associated biliary strictures and discovered the presence of choledocholithiasis, which was missed in 30.0% of similar patients undergoing cholangiography, improving therapeutic yield. In bacterial cholangitis superimposed, temporary drainage and flushing measures to keep the biliary ducts patent can be performed. This includes the use of naso-biliary tubes for drainage, biliary lavage for decanting and flushing[68], as well as percutaneous transhepatic cholangioplasty for relief of jaundice[69]. 

IgG4-sclerosing cholangitis
Choledochoscopy is primarily used to visually differentiate IgG4-related sclerosing cholangitis (IgG4-SC) from PSC and CCA. Accurate differentiation is essential as the prognosis and management of the three conditions differ[66]. A study by Itoi et al[70] using peroral videocholangioscopes on 33 patients found a significant discrepancy in the incidence of visual findings such as the presence of dilated and tortuous vessels, scarring, and pseudodiverticula between patients with IgG4-SC and PSC (P = 0.015, P = 0.001, P = 0.0007 respectively). There is a significant discrepancy in the incidence of partially enlarged vessels and dilated vessels between IgG4-SC patients and distal CCA (P = 0.004) and hilar CCA (P = 0.015)[70].  Another study by Ishii et al[71] using peroral videocholangioscopes on 17 IgG4-SC and 53 CCA patients reported that the use of vessel morphology seen on choledochoscopy could distinguish IgG4-SC patients from CCA patients with sensitivity (96%), specificity (89%), interobserver agreement (κ = 0.719), and the intraobserver agreement (κ = 0.768 and 0.754). 

CCA
Choledochoscopy may be helpful in the precise preoperative mapping of CCA before surgical resection. This section will discuss the utility of choledochoscopy regarding its rate of adequate tissue acquisition, diagnostic accuracy in mapping the lateral extent of tumor involvement, ability to impact management, therapeutic interventions, and caveats to its use in CCA. 
Choledochoscopy allows good access laterally along the bile duct to reach lateral margins of CCA. For example, in a study by Ogawa et al[72] involving 118 target sites along the extrahepatic bile duct, DSOC-guided mapping biopsies could reach 100% of target sites compared to fluoroscopy-guided mapping biopsy (78%). 
Diagnostic accuracy of the preoperative mapping of CCA using choledochoscopy requires further validation, owing to the small sample sizes studied[73]. In a study by Pereira et al[74] involving 43 patients, the accuracy of DSOC-guided visual impression and DSOC-guided biopsy was 95% and 81% respectively in the diagnosis of CCA.  To further increase diagnostic accuracy in identifying the superficial spread of CCA based on visual impression, Fukasawa et al[75] proposed the novel Form-Vessel Classification (F-V scores), stratifying the form of biliary surface and vessel structure seen on peroral choledochoscopy into four and three grades, respectively. Amongst the 30 biopsy samples from 11 patients, higher F-V scores corresponded with a higher histological malignancy rate and frequency of mutant alleles[75]. 
Furthermore, choledochoscopy has been shown to alter management. Tyberg et al[76] reported that DSOC-guided mapping biopsy altered the surgical plan in 32 out 105 patients, where six patients required less extensive surgery, 12 had more extensive disease precluding surgery, and 14 were found to have the benign disease. 
Caveats to the use of choledochoscopy in the preoperative mapping of CCA include suboptimal rates of successful biopsies attributable to inadequate sample size[72] and limited ability to visualize proximal tumor margin and submucosal tumor extension in all patients[77].  
The use of choledochoscopy to perform therapeutic interventions in CCA has also been explored. As mentioned in the section on adjuncts to choledochoscopes above, the use of radiofrequency ablation, photodynamic therapy, and modalities like Nd-YAG laser ablation or Argon plasma coagulation in treating hemobilia have been explored in recent years[78]. However, further studies should be reported to broaden the currently lacking literature as therapies like photodynamic therapy are currently rarely used due to their complex logistical requirements and unclear role in managing biliary pathologies such as malignant biliary strictures[12].

Extrahepatic stones
The primary use of the choledochoscopy resides as an option in managing large or complicated extrahepatic stones in the biliary tree after endoscopic measures have been considered or found unsuitable. Endoscopic treatment via ERCP with standard sphincterotomy or endoscopic papillary large balloon dilatation (EPLBD) is currently recognized as the first-line treatment for extrahepatic bile duct stones, using a combination of basket or balloon catheterization for the exploration and then extraction[79]. 
Choledochoscopy can be considered for the removal of difficult extrahepatic bile stones. POC-guided clearance is was highly effective in clearing difficult bile stones defined as large stones ≥ 15 mm in diameter and with a prior attempt at stone clearance or impacted multiple stones[80]. Any stones in the hepatic duct or above a stricture were also considered difficult. Choledochoscopy has also been touted to have surpassed the previous second-line therapy of mechanical lithotripsy. In a study involving 32 patients with huge common bile duct stones, defined as stones not cleared by endoscopic sphincterotomy and EPLBD or not amenable to EPLBD, Angsuwatcharakon et al[81] claimed a higher success rate in choledochoscopy-guided laser lithotripsy over mechanical lithotripsy in the first session (63.0% vs 100%, P < 0.01) and lower radiation exposure (20989 vs 40745 mGycm2). 
Additionally, the use of EHL and LL assisted by POC also has excellent duct clearance rates. Both EHL and LL had higher ductal clearance rates when compared to ESWL in dealing with retained biliary stones[82]. However, complications and length of hospital say were similar between the two. In a meta-analysis of 49 studies, Korrapati et al[83] noted the accuracy of POC to be 89.0% (95%CI, 84%-93%) for the visualization of the pathology and a clearance rate of 88.0% (95%CI, 85%-91%). 
The safety and reduced radiation exposure make choledochoscopy an excellent alternative to conventional management of extrahepatic biliary stones. In a study by Franzini et al[4] involving 100 patients, the use of choledochoscopy-guided EHL was non-inferior to ERCP with EPLBD in the removal of complex biliary stones (defined as > 15 mm, > 10 stones, the disproportion of ≥ 2 mm between stone and distal common bile duct or biliary stricture with a stone upstream)[84]. However, some still consider POC to be relatively complicated and time-consuming despite its safety and benefits compared to the conventional and more straightforward mechanical lithotripsy technique[85]. In a study by Buxbaum et al[86] consisting of 60 patients comparing POC-assisted lithotripsy and conventional therapy (defined as mechanical lithotripsy), the duration for lithotripsy procedure was significantly longer (120.7 vs 81.2 min, P = 0.0008). In contrast, Angsuwatcharakon et al[81] claimed that there was no significantly different procedure time (66 vs 83 min, P = 0.23) between POC-assisted lithotripsy and mechanical lithotripsy in stone management after the failure of EPLBD. While more trials with higher power should be performed to establish the significance of this disparity in procedural time, the efficacy and non-inferior complications rate of POC-assisted lithotripsy against manual lithotripsy in the management of large bile duct stones has been established. Therefore, it can be used as a standard of care after failing endoscopic treatment with ERCP and sphincterotomy. 
The efficacy of different types of POC in stone removal is also a consideration. In a retrospective study involving 32 patients who failed conventional ERCP for stone removal, Murabayashi et al[87] noted that both DSOC and videocholangioscope (CHF-B260) achieved a 100% complete stone removal with similar adverse event rates. However, DSOC was noted to have significantly shorter procedural time (67 ± 30 minutes vs 107 ± 64 min), and a lesser number of endoscopic sessions were needed (1.35 ± 0.49 vs 2.00 ± 0.85)[87].  
Alternative therapeutic options like ESWL, where direct contact with the stone is unnecessary, are valuable when patients cannot undergo endoscopic therapy[88]. However, the risk of recurrence was notably higher when compared to POC. A prospective study of 58 patients by Aljebreen et al[89] compared ESWL and SpyGlass-guided EHL. Bile duct stone clearance rate was 100% in the SpyGlass-guided EHL group and 64.4% in the ESWL group. Historically, the role of chemical dissolution (such as methyl) of stones had been entertained by perfusing the common bile duct with solvents. However, the success rate remains low (66%-74%), with high complication rates (67%), including haemorrhage, duodenal ulceration, acute pancreatitis, and anaphylaxis[90]. 

Intrahepatic stones
The use of cholangioscopy for hepatolithiasis is limited due to relatively smaller hepatic ducts and strictures within the intrahepatic lumens[12]. Consequently, the literature is scarce, with few large patient studies. In a case series involving 190 patients, Cheng et al[91] reported a high intrahepatic stone clearance rate via POC (88.4%). However, a higher recurrence rate is reported with such an approach. In a retrospective study by Huang et al[92] of 245 patients undergoing PTCS to treat hepatolithiasis, recurrence rates was 63.2% overall, depending on the type of hepatolithiasis. Cholangioscopy via a percutaneous transenteric approach via access loop is another alternative for hepatolithiasis extraction. Access loops are preemptively created during hepaticojejunostomy for ease of future biliary interventions. This is particularly relevant for patients with intrahepatic strictures, predisposed to recurrent hepatolithiasis and cholangitis requiring repeated biliary intervention[93]. In cases with altered surgical anatomy, the use of cholangioscopy is valuable, allowing access to pathology sites without a choledochotomy, hence sparing the patient from a T-tube insertion. This helps lower complication rates and operative duration, and the length of hospital stay[94]. 

Other indications
In terms of diagnostic indications, choledochoscopy has also been used in diseases with a higher probability of malignant transformation, such as in the detection of dysplasia[95] and intraoperative determination of resection planes[96] in choledochal cysts, or diagnosis of malignant lesions such as intraductal papillary neoplasms of the bile duct[97].  In addition, recent reports demonstrate a role in the diagnosis of benign biliary pathologies such as cholangioadenoma[98], biliary papillomatosis[99], eosinophilic cholangitis[100], choledochal varices[101], right hepatic artery syndrome[102], congenital pancreaticobiliary maljunction[103], post-transplant ductal ischemia[104], infections such as cytomegalovirus and human immunodeficiency virus-associated cholangiopathy[105,106] and intraoperative evaluation for intrahepatic biliary duct injury during surgery[107]. 
For therapeutic interventions, choledochoscopy is useful in visualization and subsequent guidewire placement in the context of surgically altered anatomy. One example is PTCS in severe biliary-enteric strictures that have failed conventional fluoroscopic techniques[108]. Other examples include DSOC-guided direct visualization of late fibrotic strictures of anastomotic regions after deceased donor transplantation. This enabled guidewire placement, followed by subsequent dilation and stent placement[109,110].  Other surgically altered anatomy to which choledochoscopy is used successfully includes strictures in hepaticojejunostomy, afferent loop syndrome[111], and other complex biliary strictures that previously failed conventional guidewire placement[112]. Treatment of haemobilia has also been reported[78].
Choledochoscopy-assisted endoscopic transpapillary gallbladder stenting (ETGS) and subsequent drainage in acute cholecystitis is a potential use that has been recently explored. ETGS is an alternative for acute cholecystitis patients with significant co-morbidity who are at prohibitive risk for cholecystectomy or even percutaneous cholecystostomy[113]. However, ETGS is commonly limited by poor cystic duct cannulation rates. In a retrospective study by Cao et al[114] of 226 patients with acute cholecystitis requiring ETGS, the use of single-operator choledochoscope guidance increased the overall technical success of cannulation rates to 75%-86.4%. 

COMPLICATIONS
Complications arising from choledochoscopy can be divided into procedure-related complications (including preparatory and intra-procedure complications) as well as technical complications of choledochoscopy. We will discuss a possible preventive measure that can be taken.

Procedure-related 
For percutaneous choledochoscopy, complications occur during preparatory procedures such as percutaneous transhepatic biliary drainage and tract dilation than during choledochoscopy itself [115]. Regarding mild complications, a study by Wang et al[116] on 826 patients reported bleeding (1.9%), T-tube dislodgement (0.8%), infection (0.7%), basket incarceration (0.6%), and bile leaks (0.4%). Additionally, post-operative choledochoscopy could result in damage to T-tube systems, preventing extraction of retained stones, and causing bleeding and intestinal fistulas[117]. Severe complications include severe haemobilia, haemoperitoneum, sinus tract rupture, and ductal injury[115].
Peroral choledochoscopy is generally regarded as a low-risk procedure. Complications such as cholangitis, pancreatitis, haemobilia, bile leak, air embolization, bile duct perforation have been reported[44]. A meta-analysis by Korrapati et al[83] involving 2193 patients across 49 studies who underwent peroral choledochoscopy reported an overall adverse event rate of 7% (95%CI, 6%–9%), where complications primarily included cholangitis, followed by pancreatitis and perforation. However, Lenze et al[118], reported a 16.4% adverse event rate (pancreatitis, cholangitis, or significant bleeding) amongst 67 patients who underwent DSOC. While all complications in this study were successfully treated conservatively, it reinforces that choledochoscopy should only be used in patients failing conventional procedures. 

Technical-related
Rates of adverse events arising from choledochoscopy have been compared against conventional procedures used in biliary disorders.  A large retrospective study by Sethi et al[119] compared the adverse event rates occurring in 3475 ERCP procedures and 402 ERCP with additional choledochoscopy. It was found that the additional choledochoscopy contributed to a significantly higher rate of cholangitis than when the only ERCP was done (1.0% vs 0.2%; OR = 4.98; 95%CI, 1.06-19.67), which is postulated to be secondary to intermittent intraductal irrigation during choledochoscopy[119]. A caveat when comparing adverse events rates across procedures is the selection bias in patients undergoing choledochoscopy. They are likely to have failed conventional methods like ERCP, possibly due to underlying complicated anatomy or lesions, which in itself may predispose to complications[83]. 

Prevention of complications
Risks of complications can be mitigated.  A retrospective multicentre study by Ang et al[120] analyzing 250 DSOC procedures found that prophylactic pre-procedural antibiotics significantly decreased the rate of cholangitis in patients who received antibiotics (n = 102) than those who did not (n = 148) (1% vs 12.8% respectively, P < 0.001).

Special considerations 
Choledochoscopy has demonstrated good safety profiles in diverse patient groups – the elderly, pregnant women, and children. In a multicentre study by Bernica et al[121] across 209 patients, there was no significant difference in adverse events rates even in patients above 75 years old when compared with younger patients (7.30% for patients aged below 65 years, 6.98% for patients aged 65–75 years, and 7.79% for patients aged above 75 years; P < 0.17). Choledochoscopy is a promising alternative procedure for choledocholithiasis in pregnant women who require minimal radiation exposure. Pregnant women with choledocholithiasis have significant radiation exposure when treated conventionally via ERCP.  A case report demonstrated the ability to completely reduce radiation exposure during choledocholithiasis identification and removal using DSOC. This combination of DSOC with ERCP was not associated with adverse maternal and fetal outcomes[122]. Case series have also reported successful choledochoscopy with no significant complications in children for indications such as intrahepatic lithotripsy[123], evaluation of biliary strictures, and management before and after liver transplant[124]. While choledochoscopy in children is beyond the scope of this review, it can be extrapolated to be a safe and effective modality used in pediatric biliary pathologies such as Caroli disease, biliary atresia, and monitoring post-Kasai procedure.
In summary, choledochoscopy is generally a low-risk procedure that can be used even in the elderly, pregnant women, and children when indicated. However, given that patients undergoing choledochoscopy have a higher risk of complications than conventional biliary procedures, choledochoscopy should only be used in patients failing conventional procedures. 

LIMITATIONS
Overall limitations of choledochoscopy include operator-dependency, cost, and technical limitations in choledochoscopes and accessories. 
Firstly, the accuracy of choledochoscopy is highly operator-dependent and may be affected by insufficient endoscopy experience (< 25 cases performed)[49]. Increased choledochoscopy volume could result in a less steep learning curve. This is supported by the concept that repetition allows for accurate anatomical recognition and more straightforward instrumentation guidance[125]. Simulated training models are proposed to improve inter-operator discrepancy. A randomized control trial by Li et al[126] involving 20 resident trainees found that the use of physical three-dimensional printed models for simulated choledochoscopy led to significantly higher accurate anatomical structure identification (P < 0.05) and reduction in time taken to complete simulated choledochoscopy. Other training models include a three-dimensional printed model of a biliary tree integrated with augmented reality by Tang et al[127]. This allows for spatially accurate real-time simulated choledochoscopy. A training model for the freehand double-bending D-POC technique is also reported[128]. The advent of artificial intelligence to aid in customized, individualized learning should also be considered in surgery[129]. Larger studies are needed to validate these training models, determine optimum training time to achieve competency in choledochoscopy and compare if training translates to reduced inter-operator discrepancy in clinical practice. 
Another limitation lies in the cost-benefit analysis of choledochoscopy compared to conventional procedures. High capital costs for the initial purchase of processors, scopes, and repair costs are cited as factors against choledochoscopy. For recurring costs for performing a single procedure, Loras et al[130] found that additional choledochoscopy use during ERCP in 2018 can increase procedural costs alone by $3662.71 and $2637.02 for stone extraction and stricture diagnosis, respectively. ERCP with choledochoscopy was the most expensive among advanced endoscopic procedures studied, even though ERCP alone was not more expensive than most other procedures[130]. However, there is an argument for cost-efficacy in choledochoscopy. Choledochoscopy may reduce the need to perform costlier procedures. In a study by Sandha et al[131] across 51 patients with difficult-to-access choledocholithiasis, choledochoscopy-guided lithotripsy circumvented the need for laparoscopic and open surgical bile duct exploration. This decreased costs per procedure by $1619 and $3210 respectively[131]. However, it is essential to consider the potential reusability of the equipment. While it is thought that reusable devices are more cost-effective and environmentally less damaging[132], the use of disposable equipment in other laparoscopic surgeries is noted to be associated with more significant intraoperative problems caused by technical difficulties[133]. Thus, proper handling and technical maintenance of reusable equipment should be emphasized and taught to benefit financially, economically, and technically. 
Other limitations include the technical aspects of fiberoptics and accessories. Suboptimal image quality, size of therapeutic channels of current systems, ease of use, and various accessories still limit choledochoscopy use[12]. However, given how new technology could overcome previous models' limitations and develop new accessories quickly, it is promising that current technical limitations can similarly be overcome. 

FUTURE DIRECTIONS
Future studies can develop quality indicators to prove the adequacy of choledochoscopy, validate technological advances, and identify factors affecting choledochoscopy efficacy and methods to overcome limitations in specific indications such as IBS diagnosis and preferred management of complex bile stone disease.  
First, future studies can focus on ways to improve the accuracy of choledochoscopy. Other than hyperbilirubinemia and endoscopists’ experience, patient and procedural factors should be identified[49]. This can guide ways to optimize patients pre-procedure and improve the quality of choledochoscopy. Specifically, studies are still needed to determine the optimal number of biopsies for IBS diagnosis while considering technical improvements in choledochoscopy forceps jaws (e.g., SpyBite Max). Regarding visual impression, many studies have developed novel visual classification systems such as the “tumor vessel sign”[51], characterization of mucosal and vascular features[52-54], and the Monaco Classification[55]. However, these are done using specific choledochoscopes like DSOC. Given how different choledochoscopes have variable imaging quality, studies need to determine if such visual classification systems can be accurately applied even when using choledochoscopes with lower imaging quality. Subsequently, comparative studies are needed to determine a standardized classification system with the highest accuracy and least inter-observer variability. 
Secondly, there is a lack of quality indicators to demonstrate the biliary system's complete visualization in real-time during each choledochoscopy. Good advancement of the choledochoscope for complete visualization is often presumed[134]. Zimmer et al[134] proposed the visualization of the “bilio-papillary Z line” as a quality indicator. As it represents the distal-most end of the common bile duct at the bilio-papillary junction, visualization of the “bilio-papillary Z line” is thought to confirm visualization of the entire common bile duct. However, this marker is limited due to occasional difficult access and prolapsing papillary mucosa at this junction[134]. Future studies should evaluate this marker's accuracy and develop other quality indicators easily adaptable in clinical use. 
Thirdly, studies can further clarify the role of novel enhanced imaging systems and new video display techniques. Some studies involving NBI and i-Scan reported no increase in diagnostic accuracy rate despite improved duct visualization[23,24]. Future studies need to explore if improved biliary visualization correlates to improved diagnostic or therapeutic efficacy.  
To further improve image quality, studies can explore the use of new display techniques during choledochoscopy, which may negate any loss of three-dimensionality and poor spatial orientation associated with choledochoscopy. These include three-dimensional (3D) and two-dimensional-4K ultra-high definition (2D-4K), which has four-fold more pixels than two-dimensional high definition (2D-HD)[135]. While 3D and 2D-4K display techniques have not been studied in choledochoscopy, advantages are reported in laparoscopic surgery. The 3D display enables better laparoscopic performance compared to conventional 2D-HD monitors[136]. However, it is less clear whether 3D or 2D-4K display is better. Some studies demonstrated significantly better laparoscopic performance in 3D display than 2D-4K display, lower operative time, error rates[136], and increased precision in tasks[137]. Other studies found no significant difference in either operative time or error rates[138]. Nevertheless, given that 3D and 2D-4K displays may optimize scope-guided procedures, studies can consider evaluating these new display techniques in choledochoscopy.
Lastly, the role of artificial intelligence in choledochoscopy can be explored. Artificial intelligence has shown good accuracy in automating the detection of polyps, neoplasia, and blind spots and documentation of the procedure's technical details when used for colonoscopy and oesophagogastroduodenoscopy[139]. Given how it has shown potential in improving efficiency, particularly in gastrointestinal endoscopy, future studies may consider applying machine learning models to automate certain aspects of choledochoscopy. 

CONCLUSION
Choledochoscopy (for extrahepatic biliary procedures) and cholangioscopy (for intrahepatic biliary procedures) is a dynamic instrument, adapting to a myriad of different circumstances. While the two phrases are used interchangeably, a distinction has to be acknowledged. It serves a diagnostic purpose in the evaluation of biliary pathologies and aids in histology sampling. It also serves a therapeutic purpose in stone fragmentation and extraction and manages malignant lesions in the biliary tree. Collectively, the utility of this instrument has advanced tremendously in recent years, potentially overtaking conventional methods of diagnosis and treatment in the near future. Choledochoscopy is complementary to other endoscopic, interventional radiology, and operative techniques for biliary intervention as well. With the increasing ability of artificial intelligence to automate the detection of pathologies and individualise training for endoscopists, a future pioneered by choledochoscopy and cholangioscopy is promising.
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Figure Legends
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Figure 1 Laparoscopic transcholedochal common bile duct stone extraction by operative choledochoscopy.

Table 1 Technical specifications of commonly discussed choledochoscopes
	Type of choledochoscope
	Fibreoptic or digital-based imaging systems1
	Outer diameter (mm)
	Accessory working channel diameter (mm)
	Tip deflections

	Percutaneous

	CHF-CB30 L/S (Olympus Medical Systems, Tokyo, Japan)[13] 
	Digital
	2.8
	1.2
	2-way (up-down)

	Peroral – dual-operator

	Mother-baby[4]
	Fibreoptic
	“Mother”: 12.6 mm
“Baby”: 2.8–3.4 mm
	0.8 – 1.2
	2-way (up-down)

	Short-access-mother-baby (Karl Storz, Tuttlingen, Germany)[4]
	Fibreoptic
	“Mother”: 12.6 mm
“Baby”: 3.4 mm
	1.5
	2-way (up-down)

	Videocholangioscope (CHF-B290; Olympus Medical Systems, Tokyo, Japan )[6]
	Digital
	3.3
	1.3
	2-way (up-down)

	Peroral – Single-Operator

	SpyGlass Legacy 2007 (Boston Scientific Corporation, Natick, MA, United States)[5]
	Fibreoptic
	3.3
	1.2
	4-way (up-down, left-right)

	SpyGlass Direct Visualisation 2015 (Boston Scientific Corporation, Natick, MA, United States)[5]
	Digital
	3.6
	1.2
	4-way (up-down, left-right)

	SpyGlass Direct Visualisation II 2018 (Boston Scientific Corporation, Natick, MA, United States)
	Digital 
	Data has not been published yet

	Direct peroral choledochoscopy using variety of ultra-thin endoscopes[5]
	Digital 
	5.0 – 5.9
	2.0
	4-way (up-down, left-right)


Fibreoptic and digital catheters differ in the modality used to illuminate, acquire and transmit endoscopic images back to the camera.  Fibreoptic catheters utlitise multiple individual fibre-optic bundles to reflect light off cable walls and into a camera. Digital catheters use imaging chips to convert reflected light into a digital signal, to produce a higher resolution digital image.

Table 2 Types of choledochoscopy
	Type of choledochoscopy
	Advantages
	Disadvantages

	Peroral (endoscopic)
	Natural orifice
	(1) Technical expertise; (2) Sedation or anesthesia; and (3) Not possible in patients with previous gastric resections or Roux-en-Y gastric bypass

	Percutaneous transhepatic (interventional radiology)
	(1) Shorter scope length; (2) Repeated with ease; and (3) Therapeutic interventions
	(1) Need dilated intra-hepatic ducts; and (2) Risk of bleeding, bile leak, tumor seeding, biliary fistula and skin excoriation

	Percutaneous transenteric via access loop (interventional radiology, surgical)
	(1) Shorter scope length; (2) Repeated with ease; (3)Therapeutic interventions; (4) Ductal dilatation not necessary;  and (5) In patients with RPC 
	(1) Previous access loop creation; and (2) Risk of small bowel injury, peritonitis, biliary fistula and skin excoriation

	Intra-operative transcystic (surgical)
	(1) Avoid CBD incision; (2) Therapeutic interventions; (3) Can document CBD  clearance;  and (4) It can be done laparoscopically
	(1) The spiral valve of Heister; (2) Anatomy of the cystic duct; (3) Size of the cystic duct; (4) Need thin scopes (3 mm); (5) Technical expertise; and (6) Risks of bleeding, bile leak

	Intra-operative transcholedochal (surgical)
	Most direct access
	(1) Need dilated extra-hepatic biliary system; (2) Risk of bleeding, bile leak; (3) Can put an internal stent; and (4) Can put T tube 


RPC: Recurrent pyogenic cholangitis; CBD:  Common bile duct.

 Table 3 Diagnostic and therapeutic indications for choledochoscopy
	Diagnostic indications
	Therapeutic indications

	Visual impression and visually-guided biopsies of: (1) Indeterminate biliary strictures (IBS); (2) Dominant strictures in primary sclerosing cholangitis (PSC); and (3) IgG4-related sclerosing cholangitis (IgG4-SC)
	Stone fragmentation: (1) Electrohydraulic lithotripsy (EHL); and (2) Laser lithotripsy (LL)

	Precise preoperative mapping of the extent of tumor involvement in CCA
	Ablative therapies in cholangiocarcinoma (CCA): (1) Radiofrequency ablation; (2) Photodynamic therapy; (3) Nd:YAG laser ablation; and (4) Argon plasma coagulation

	Choledochal cysts
	 Cystic duct stent placement

	Intraductal papillary neoplasms of the bile duct
	Guidewire passage through strictures, surgically altered anatomy

	Cholangioadenoma
	Resection of ductal masses

	Biliary papillomatosis
	Retrieval of migrated ductal stents

	Eosinophilic cholangitis
	Gallbladder stenting and drainage

	Biliary varices
	

	Right Hepatic Artery Syndrome
	

	Congenital pancreaticobiliary maljunction
	

	Post-liver transplant ductal ischemia
	

	Tissue sampling and visual evaluation for infections: (1) Cytomegalovirus; and (2) HIV
	

	Evaluation of intrahepatic biliary tracts during minimally invasive surgery
	


HIV: Human immunodeficiency virus.
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