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Abstract
Primary sclerosing cholangitis (PSC) is a premalignant condition and a well-documented risk factor for cholangiocarcinoma (CCA) which is the most common malignancy in this setting and the leading cause of deaths in the recent years, with an increasing incidence. PSC-associated CCA has a geographical distribution that follows the incidence of PSC, with an observed ascending gradient from the Eastern to the Western and from the Southern to the Northern countries. It may arise at any location along the biliary tree but is most common in the perihilar area. Patients with PSC and intrahepatic or perihilar CCA are typically not suitable for liver resection, which is otherwise the treatment of choice with curative intent in patients with resectable tumours, providing a radical resection with clear margins can be achieved. This largely relates to the commonly advanced stage of liver disease at presentation, which allows consideration for liver resection only for a very limited number of suitable patients with PSC. On the other hand, remarkable progress has been reached in the last decades with the implementation of a protocol combining neoadjuvant chemoradiation and orthotopic liver transplantation (OLT) for the treatment of perihilar CCA, within specific criteria. Excellent results have been achieved particularly for PSC patients with this cancer, who seem to benefit the most from this treatment, having converted this into an accepted indication for transplantation and the standard of care in several experienced centres. Intrahepatic CCA as an indication for OLT remains controversial and has not been accepted given disappointing previous results. However, as recent studies have shown favourable outcomes in early intrahepatic CCA, it may be that under defined criteria, OLT may play a more prominent role in the future. Distal CCA in the context of PSC requires aggressive surgical treatment with curative intent, when feasible. This review provides insight about particular features of CCA in the setting of PSC, with a main focus on its incidence, considerations relating to its anatomical location and implications to treatment and outcomes, through the viewpoint of historical evolution of management, and future perspectives.
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Core Tip: Cholangiocarcinoma (CCA) in primary sclerosing cholangitis (PSC) has become the leading cause of death. Major hepatic resection is commonly not possible in PSC patients to treat CCA, but overwhelming progress with excellent results in the last two decades has established an increasing role of protocolised combination of neoadjuvant chemoradiation and orthotopic liver transplantation. We review in detail, the incidence, as well as aspects of treatment and outcomes according to the different anatomical locations of CCA in PSC, through the viewpoint of historical evolution of treatment paradigms.


INTRODUCTION
Cholangiocarcinoma (CCA) is a highly malignant and commonly fatal cancer originating from the bile ducts[1]. Three decades ago, the association between primary sclerosing cholangitis (PSC) and CCA was not clear and the question remained as to whether PSC is a premalignant condition[2]. Towards the end of the last century, the premalignant nature of PSC had been ascertained[3]. CCA is the most common malignancy in PSC patients and a major cause of mortality, accounting for 24%-58% of deaths[4-8]. Effective management options are known to be limited[9]. When CCA is diagnosed early, the prognosis appears to be better. However, patients with CCA are frequently diagnosed at an advanced stage, when surgical options are no longer available[7,9-12]. This appears to be the case for more than 50% of PSC-associated CCAs[13-15]. Different locations of CCA along the biliary tree have direct implications to treatment and outcomes, and this is particularly applicable in PSC patients who have distinct features in this regard, dictating different approaches and resulting in partly different outcomes compared to the general population. This review provides insight about various aspects of CCA in the setting of PSC, with a main focus on its incidence, particular considerations relating to its anatomical location and implications to treatment and outcomes, through the viewpoint of historical evolution of management, and future perspectives.

INCIDENCE AND PREVALENCE
PSC is an immune-mediated chronic cholestatic liver disease characterised by chronic inflammation, patchy peribiliary fibrosis causing regional cholestasis and damage to the intra- and/or the extrahepatic bile ducts, which leads to multifocal bile duct stricturing and liver fibrosis[16-18]. The disease is generally progressive and can eventually result in liver cirrhosis and the related complications[19-22]. PSC is considered a rare disease, with an estimated prevalence of around 1 per 10000, which appears to be increasing over time, and an increasing geographical gradient from South-East towards North-West. The incidence of the disease, in population-based studies, ranges between 0.4 and 2.0 per 100000 person-years in Northern Europe and the United States[23-31]. PSC is more common and usually more severe in male sex (male to female ratio of approximately 2:1), and the mean age at diagnosis is 32-41 years[19,25,27,32,33]. Up to 80% of PSC patients have concomitant inflammatory bowel disease (IBD), in the majority of cases ulcerative colitis (UC)[23]. Patients affected by concomitant Crohn’s disease seem to have a better prognosis compared to those with UC[32]. In 6%-16% of PSC patients, only the small intrahepatic bile ducts are affected by the disease. This variant is called small duct PSC and is characterised by milder disease course and better prognosis, but may eventually progress towards large duct disease, in about 20-25% of cases[34-36]. The natural history of PSC is variable and unpredictable; the disease may present with a longstanding indolent course or have a more aggressive and rapidly progressive phenotype[22]. Unfortunately, no effective medical treatment has been identified so far[37], and orthotopic liver transplantation (OLT) remains the only available curative option for these patients[33]. Reported mean time from diagnosis to death or OLT differs between population-based studies and transplant centre cohorts, and ranges between 10 and 22 years[19,23,27,31,38,39]. Furthermore, the disease recurs after OLT in up to 47% of cases[40,41]. 
PSC patients have a well-established increased risk of developing malignancy, in particular CCA, colorectal cancer, hepatocellular carcinoma, gallbladder cancer, and pancreatic cancer[42-47]. While this risk is double compared to the general population, for primary hepatobiliary cancer, in particular, is as higher as 40 times[48]. In the largest multicentre PSC cohort, which included subjects from European and American centres, hepatobiliary malignancy was diagnosed in 10.1% of cases[32]. Lower prevalence rates have been reported in Southern Europe and Asia (3.3%-5.7%)[45,49-51].
CCA is the second most common malignancy in the liver after hepatocellular carcinoma (HCC) and has generally a poor prognosis[52], with a median survival of less than 24 mo[53,54]. Its incidence varies between geographical areas, with 0.35-3.36 cases per 100000 a year in the western countries, where PSC is the leading risk factor[42,55-58], and increases dramatically in Asian endemic regions, such as Thailand, where the incidence is 50-113 per 100000 person-years[59-62]. The incidence of CCA appears to be increasing over time[52,61,63-68]. Most patients have advanced-stage disease at presentation[61], which limits the therapeutic options[69]. 
CCA represents a major threat to PSC patients, who have a reported 400-fold increased lifetime risk compared to the general population[23,70]. In fact, being the most common malignancy in PSC, it occurs in 6-20% of cases, has a generally poor prognosis and a very high rate of mortality at 1 year (up to 80%)[69], representing the most frequent cause of death in PSC patients[19,23,32,43,71]. The incidence of PSC-associated CCA ranges from 0.5 to 1.5 per 100 person-years, and varies between geographical areas[7,33,42,55,72]. CCA is detected within the first year of PSC diagnosis in approximately one third of cases[19,33,73], but in a European multicentre study of almost 400 PSC patients followed up for a median of 18 years, 50% of CCAs were diagnosed within the first year[56]. CCA can also occur late in the course of the disease, although the risk reduces 2-10 years after the diagnosis of PSC (7%)[74]. The estimated cumulative risk at 5 and 10 years from diagnosis is 7% and 8-11%, respectively[7]. After the first year of PSC diagnosis, the estimated yearly incidence of CCA is 0.5%-1.5%, the prevalence 6-13%, and the lifetime risk reaches 20%[22,42,55,56,75]. The reported prevalence of CCA seems to be higher in liver transplant series than in population-based studies, suggesting that patients with more advanced disease may have a higher risk of developing CCA[42]. In up to 30%-42% of cases, PSC-associated CCA is found incidentally, on autopsy or liver explants following OLT[76,77]. CCA may even develop de novo in the liver following OLT[78-80], or in the native common bile duct (CBD), when this has been preserved[4,81,82]. CCA occurs in up to 20% of patients with post-transplant recurrent PSC[83,84].
Studies reporting on incidence and prevalence of CCA in PSC patients are shown in Table 1. The geographical distribution of incidence risk of CCA in PSC patients, based on available studies, is depicted in Figure 1.

RISK FACTORS
Several risk factors have been reported to be potentially associated with CCA in PSC patients. The association of ageing with biliary tract cancer is well established[59,85]. With a median age at diagnosis of 38-54 years, PSC patients develop CCA at much younger age (20 years earlier, on average) than non-PSC patients. CCA in the non-PSC population (de novo) is commonly diagnosed in the seventh decade of life[43,86,87].
In the 7210-patient cohort from the international PSC Study Group, the incidence of CCA in patients younger than 20 years was 1.2 per 100 patient-years, and increased gradually for each decade of age, reaching 21.0 per 100 patient-years for patients older than 60[32]. On the other hand, age at PSC diagnosis[88] is an important risk factor for the development of CCA[32], while the duration of PSC does not appear to be relevant[42]. 
PSC-associated CCA is much rarer in children, with a reported incidence between 0.2 and 1.2%[89,90], as compared to 0.6%-2.7% in adults[35,36,38,42,43,87,91]. Male sex has also been reported as a determinant of risk for CCA[32,43,87,92]. Patients with small-duct PSC have a much lower risk of CCA, unless they progress to large-duct disease. The incidence in this group ranges between 0.6% and 1.7%[32,35,42,93,94]. 
In PSC patients, the presence of cirrhosis is not necessary for the development of CCA[4]. In fact, the majority of patients with PSC have not developed cirrhosis at the time of CCA diagnosis[8,69,86]. Furthermore, cirrhosis in patients with PSC has been reported to be associated with the absence of CCA[95]. On the other hand, the presence of concomitant liver diseases, such as HCV or HBV infection, may further increase the risk[7]. 
The presence of dominant strictures, increases the risk of biliary malignancy significantly[5] (estimated risk of any dominant stricture harbouring a CCA of about 5%[96]). In fact, most of PSC-associated CCAs develop from a dominant stricture (defined as a stricture with a diameter < 1.5 mm in the CBD or < 1.0 mm in the intrahepatic ducts[97])[7,22,98]. Dominant strictures of the extrahepatic bile ducts are the most frequent (about 80% of cases) and associated with a higher mortality[5,45,86,99]. In a European single centre study of 128 PSC patients with a mean follow-up of 9.8 years, more than a 25% of patients with a dominant stricture developed CCA[5].
The impact of IBD severity on the risk of CCA in PSC remains controversial[39,42,56,100-103]. The largest multicentre retrospective study on PSC, with more than 20 years follow-up, revealed a CCA incidence of 1.25 (95%CI: 0.90-1.60) per 100 patient-years among patients with large-duct PSC. An increased risk of hepatobiliary malignancy (mainly CCA) was noted in PSC patients with concomitant UC. The risk in patients with Crohn’s disease, instead, did not differ from that in patients without IBD[32]. A prolonged duration of concomitant IBD, as well as a history of colonic dysplasia or carcinoma, have been related to an increased risk of CCA[100]. 
Smoking and excessive alcohol intake have also been suggested as additional risk factors[76].

PATHOGENESIS
Although the pathogenetic mechanisms leading to the development of PSC-associated CCA are largely unknown, its origin is likely multifactorial and involves a combination of genetic background, chronic inflammation and immunological dysfunction[7,104,105]. Substantial differences exist in the molecular characteristics and biology of different anatomical subtypes of CCA[53]. It has been demonstrated that patients with chronic biliary disease have an impaired secretion of the potentially toxic bile acids, as well as a reduced efficacy of some protective mechanisms, such as the bicarbonate umbrella[106,107]. Episodes of bacterial cholangitis stimulate the release of nitric oxide and other reactive oxidant species[108], as well as the activation of the epidermal growth factor receptor (EGFR) and, subsequently, pathways such as cyclooxygenase-2 and K-ras, which are involved in the carcinogenesis process[6,109]. Moreover, cholestasis and, in particular, dominant biliary strictures, favour the accumulation of toxic bile acids in the biliary tree and subsequent prolonged exposure of cholangiocytes to bile, therefore promoting chronic inflammation, reduction of the biliary pH and damage to the cholangiocytic lining of the bile ducts, with subsequent DNA damage, metaplasia and low-grade dysplasia[6,7,108]. The persistence of those stimuli may lead to progression to high-grade dysplasia and cancer. The reduction of the biliary pH also favours apoptosis[110]. The fact that metaplasia and dysplasia of cholangiocytes are more frequently identified in PSC livers with rather than in those without CCA seems to support this hypothesis[111]. Several genetic and epigenetic factors, as well as other molecular mechanisms are also involved and are discussed elsewhere[105,112-114].

ANATOMICAL LOCATION AND MACROSCOPIC MORPHOLOGY OF CCA 
CCA can arise from any site along the biliary tract[115], namely, from the left and right hepatic ductal systems, their confluence, the common hepatic duct and its confluence with the cystic duct (CD), or the CBD[116]. In order to better characterise and manage CCA, it is commonly classified into three subtypes according to its anatomical location: (1) Intrahepatic (IHCCA), which is located proximally to the second order branches of the left or right hepatic duct; (2) Perihilar (PHCCA) or Klatskin tumour, which is located between the second order branches of the left or right hepatic duct and the CD confluence; and (3) Distal (DCCA), which is located between the CD confluence and the ampulla of Vater[4,117]. PHCCA is the most common type (50%), followed by DCCA (40%) and IHCCA (10%)[10]. According to its pattern of growth and macroscopic appearance, CCA may present in three different types: Mass-forming (which presents with a mass), periductal-infiltrating (growing along the wall of the bile duct) and intraductal-growing (with intraluminal growth)[117,118]. The mass-forming type is by far the most frequent[118](Figure 2). 

LOCATION OF CCA IN PSC PATIENTS
As more than 80% of dominant strictures develop in the extrahepatic ducts, it is not unexpected that most PSC-associated CCAs affect the hilum and CBD[7,22,98,119]. Studies reporting features of PSC-associated CCA by location are very limited and there is marked heterogeneity as regards the various definitions and classifications, which limits the ability of meaningful comparison[4]. The incidence of various locations of PSC-associated CCA is variable among different studies and, while there are series reporting no distal[1,8] or intrahepatic tumours[1,5], other studies conclude that intrahepatic tumours appear to be more frequent in the setting of PSC[4]. Nevertheless, among series with all types of CCA, there seems to be a clear prevalence of PHCAA (57%-76%)[5,6,22], followed by DCCA (20%-43%)[5,6] and IHCCA (15%)[6].

DIAGNOSIS
In PSC patients, CCA may present as clinical and biochemical deterioration and signs of obstruction or progressive biliary stricturing (e.g., weight loss, persistent abdominal pain, intractable pruritus, fever, night sweats, worsening of the cholestatic enzymes compared to the baseline, jaundice) or, as previously mentioned, as an incidental finding at surgery or transplantation, or during endoscopic or radiological investigations/follow-up[76]. As the symptoms often overlap with those of PSC itself, the diagnosis of CCA can be particularly challenging in this setting and a high index of suspicion and routine surveillance are required to increase the chance of CCA diagnosis[120]. CCA should be suspected in all PSC patients with a sudden clinical and/or biochemical deterioration or with a new dominant stricture[97]. However, at the time of the diagnosis of PSC, 15%-20% of patients present with biliary strictures, which can be malignant in 10%-15% of the cases[121]. 
In a cohort of 370 PSC patients followed up at a British tertiary centre during the period 1981-2004, 48 patients (13%) were diagnosed with a CCA within a median time of 0.51 mo from the initial presentation. Among these, 29% had inoperable tumours at diagnosis, 19% presented as dominant strictures in the context of follow-up investigations for PSC, 10% during transplant work-up and 10% during surveillance whilst on the transplant waiting list. In 27% of cases, CCA was an incidental finding in the liver explant, and in one case an incidental finding at cholecystectomy (tumour arising from the CD)[87]. At the time of CCA diagnosis, no specific clinical or biochemical characteristic could distinguish patients potentially eligible for radical treatment from those with more advanced disease. Accordingly, all newly-diagnosed PSC patients should be screened for CCA[33], especially as early detection of CCA is associated with significantly better outcomes. 
Abnormal liver biochemistry, and in particular an elevation of ALP, GGT, bilirubin and/or transaminases, can be an early indicator of CCA in PSC[7]. A normalisation of the ALP has been reported to be associated with a reduced risk of developing CCA, in some studies[122,123], but not in others[124]. Other currently used biomarkers, such as serum carbohydrate antigen (CA) 19-9 (the most widely used tumour marker in patients with PSC) and carcinoembryonic antigen (CEA), have low positive predictive value and are inadequate for CCA surveillance in PSC patients[15,70,119]. CA 19-9 has limited utility in the diagnosis of CCA both in PSC and non-PSC patients. In fact, it lacks specificity for the diagnosis of CCA or other biliary tract cancers, it can be elevated in other malignancies and is not adequately synthesised in some individuals, depending on their fucosyltransferase 2 and 3 genotypes. Furthermore, CA 19-9 can be raised in benign biliary obstruction or in the presence of bacterial cholangitis, both not uncommon conditions in PSC[61]. A CA 19-9 cut-off of 129 U/mL (corresponding to 3 times the upper limit of normal) has been reported to have a 79% sensitivity and a 99% specificity by Levy et al[125], although the adjusted positive predictive value (PPV) was only 57%. However, in the study conducted at the Mayo Clinic by Sinakos et al[95], more than one third of PSC patients with a CA 19-9 higher than 129 U/mL, did not have CCA. The presence of cirrhosis and a total bilirubin lower than 34 µmol/L (2 mg/dL) at the time of initial detection of elevated CA 19-9 were associated with the absence of CCA during follow-up. Other authors advocated the utility of the ratio of the fold-increase of CA19-9 to the fold-increase of total bilirubin for the diagnosis of CCA[126]. 
CEA has a lower performance than CA 19-9 for the diagnosis of CCA, with levels > 5 ng/mL having a sensitivity of 33%-68% and specificity of 82%-89%[15]. 
The pancreatic autoantibody against glycoprotein 2 (anti-GP2) has been recently proposed as a novel prognostic/diagnostic tool for PSC-associated CCA. In two independent cohorts, anti-GP2 IgA was associated with a more severe PSC phenotype, reduced transplantation-free survival and a high frequency of CCA[127]. A combination of biomarkers containing pyruvate kinase M2, cytokeratin 19 fragment, mucin 5AC, and GGT allowed to distinguish CCA from PSC with a sensitivity of 82% and a specificity of 90%[128]. Proteomic analyses on serum extracellular vesicles[129], metabolomics studies analysing changes in serum concentrations of certain metabolites potentially useful for the differentiation between CCA and PSC[130] and, more recently, studies of micro-RNA expression[131] have also been performed[120]. However, the utility of these markers for the differentiation of PSC and PSC-associated CCA requires further validation, in particular as the above mentioned studies included patients without PSC[120]. A number of bile and urine biomarkers are also under current evaluation and have shown, alone or in combination, good sensitivity and specificity profile for CCA, although most of those studies have been done in heterogeneous groups of patients and did not explicitly focus on the difference between PSC and PSC-associated CCA, and also included patients with de novo CCA[132]. It has been recently shown that the Enhanced Liver Fibrosis (ELF) score, a serum biomarker of fibrosis that has shown prognostic utility in PSC, is increased in patients with CCA compared with those without CCA[133]. In a retrospective study comparing patients with PSC alone, PSC and CCA, and CCA alone, ELF score was significantly higher in the presence of CCA, regardless of PSC. In the subgroup of patients affected by PSC, an ELF score ≥ 9.8 was found to be an independent predictor of CCA[134].
Imaging modalities including abdominal ultrasound (US), computed tomography (CT), magnetic resonance imaging/magnetic resonance cholangiopancreatography (MRI/MRCP) are used to assess and characterise dominant strictures in PSC[135]. Appearances of CCA on imaging may be that of a mass lesion (in particular for IHCCA), hilar stricture (PHCCA) or distal bile duct stricture (DCCA), with or without biliary duct dilatation and/or extrahepatic metastases[33]. MRI and CT may potentially detect early features of CCA in PSC, although they are often unable to distinguish inflammatory, benign and malignant lesions[33]. US, CT, and MRI have all shown elevated specificity (all 100%) but low sensitivity (10%, 25%, and 32%, respectively), as well as, alone or even in combination with serum CA 19-9, suboptimal PPV for the diagnosis of CCA[136]. Also 18F-fluorodeoxyglucose positron emission tomography, which is useful in identifying lymph node involvement, presence of distant metastases, and postoperative disease recurrence[137], is often unable to definitively confirm the neoplastic nature of a dominant stricture, and histological confirmation is required in the majority of cases, with the exception of biliary strictures associated with a hilar mass, hypertrophy-atrophy complex and vascular encasement, which is a rather rare presentation[114].
Endoscopic retrograde cholangiopancreatography (ERCP) is complementary to non-invasive imaging modalities and recommended for the evaluation of suspected significant strictures identified at MRCP and endoscopic treatment in symptomatic patients who will likely benefit from the procedure[97]. ERCP allows to obtain histological and cytological samples required for the diagnosis of biliary dysplasia or CCA. CCA has highly desmoplastic, paucicellular nature, which limits the sensitivity of cytological and pathological diagnostic approaches[53]. Accordingly, brush cytology obtained with ERCP has a high specificity (95%-99%), but relatively low sensitivity (43%-67%)[138-140]. Similarly, histology obtained via fluoroscopy-guided intraductal biopsies at ERCP has poor outcomes, even when combined with brush cytology, as shown in a recent meta-analysis[140]. Endoscopic ultrasound with fine needle aspiration demonstrated a good diagnostic performance in establishing the diagnosis of CCA in patients with negative or unavailable brush cytology[140]. The addition of fluorescent in situ hybridisation (FISH) for detection CCA in PSC has an increased sensitivity (up to 68%), compared to ERCP and brush cytology, but significantly reduces the specificity (70%), and has therefore uncertain utility[141]. In a retrospective study of 102 patients with PSC, with an equivocal brush cytology, the combination of elevated CA 19-9 (≥ 129 U/mL) and polysomy on FISH was found to be predictive of biliary tract cancer at 2 years (HR 10.92; P < 0.001)[142]. Peroral cholangioscopy allows direct visualization of extrahepatic bile duct strictures and offers more defined views compared to fiberoptic cholangioscopy. It has been shown to have a higher diagnostic accuracy compared to ERCP with biopsy/brushing, but has not been evaluated specifically in PSC-associated CCA[97]. SpyGlass single-operator cholangioscopy has been prospectively evaluated in a relatively small Swedish PSC cohort[143], but its value in the diagnosis of indeterminate biliary strictures in PSC requires further evaluation. In this study of 47 PSC patients with a total of 64 biliary strictures, SpyGlass allowed targeted biopsies from otherwise inaccessible strictures. However, despite the high percentage of technical success (96%) and the adequacy of the samples obtained both with brushing cytology (98%) and mini-forceps biopsies (95%), the procedure showed high specificity (100%) but low sensitivity (33%)[143].
In summary, the diagnosis of CCA requires a combination of clinical, radiological and histological and/or biochemical markers[114]. While patients with a newly diagnosed PSC should be screened and regularly followed-up for CCA, in particular during the first two years, there is no validated approach for further routine follow-up. On the basis of test properties, availability and costs, 6-12 monthly assessment with a combination of serum CA 19-9 (cut-off 20 U/mL) and abdominal imaging with US or MRI has been proposed as sensible strategy for the screening/surveillance of CCA in PSC[33,45,135]. ERCP with biliary brush cytology and endobiliary biopsies (and FISH, if available) should be performed as part of the initial investigation for the diagnosis and staging of suspected PSC-associated CCA[97].

CHEMOPREVENTION
To date, there is no effective pharmacological agent recommended for the prevention of CCA. The role of ursodeoxycholic acid in preventing clinical outcomes in PSC has been evaluated in three randomised placebo-controlled trials, which all failed to prove significantly beneficial effects on OLT-free survival or development of CCA[144-147]. Furthermore, a recent meta-analysis of randomised clinical trials of pharmacological treatments in PSC, found no significant difference between any of the interventions and placebo in reducing the incidence proportion of CCA[37]. 

TREATMENT AND OUTCOMES 
General considerations
PSC-associated CCA is not diagnosed until intended OLT or at autopsy, in up to 40% of patients[10]. Surgery is the only potentially curative treatment for all anatomical subtypes of CCA, either in the form or resection or OLT with or without neoadjuvant or adjuvant therapy, which is mainly offered in highly selected patients with early stage PHCCA[10,11,98,117,148]. Overall, the prognosis of CCA is dismal, with an overall survival of 12-16 mo, without surgical treatment[10,149], while long-term survival is rare with medical therapy alone, owing to the paucity of effective medical and locoregional therapies[12,150]. In the setting of PSC, historically and in the pre-transplant era, most patients succumbed to complications of cirrhosis, while most recently CCA appears to be the leading cause of deaths for the general PSC population (58%)[22,151], as well as for those on a transplant waiting list[22]. As such, it has been strongly recommended that PSC patients with suspected CCA should be promptly referred to the appropriate regional hepatopancreatobiliary (HPB) multidisciplinary cancer meeting or liver transplant centre for review[22].
Until the beginning of this century, particularly for PSC patients with CCA as opposed to those without, survival was poor regardless of OLT[152]. However, in the following decade, the results of surgical resection and OLT for CCA, recorded continuous improvement[116]. OLT has gained momentum in the treatment of malignant disease[153] and the current therapeutic approaches which combine principles of surgical oncology and transplant surgery outline the concept of “Transplant Oncology”, which has the purpose of treating or even curing complex malignant disease in a multidisciplinary setting[154]. Particular considerations exist in the context of organ scarcity and in need of an ethical distribution of graft resources[11,153,154]. Many authors advocate that any potential indication for OLT should be associated with equal survival outcomes as all other accepted indications. Commonly, a 50% 5-year survival is considered acceptable and is currently the accepted threshold in most centres worldwide, for patients undergoing OLT for cancer[11]. 
CCA is a complex and aggressive disease and, particularly in the context of significant underlying disease as is PSC, warrants collaboration of specialists from different fields, including HPB and liver transplant surgeons, radiologists, hepatologists, medical oncologists, radiation oncologists, interventional radiologists, gastroenterologists, endoscopists and pathologists[150,155].

The notion of resectability of CCA in PSC
Despite resectional surgery offering a chance for cure in suitable patients with CCA, this is usually not possible in patients with PSC, particularly those with PHCCA or IHCCA[22]. While surgical exploration was generally advised in this setting a few decades ago in patients with favourable oncological features[8], this concept has been largely abandoned in the recent years, for a number of reasons. Namely, PSC is commonly associated with complex biliary strictures, coexistent advanced parenchymal liver disease with extensive periductal fibrosis and hepatic dysfunction, while CCA in this setting has a predilection for skip cancer lesions, compounded by the biliary field defect which makes metachronous lesions a common manifestation[9,12,22,117,154-156]. PSC-associated CCA is not uncommonly multifocal[12,155,157]. A recent retrospective study found that among 49 patients with PSC-associated CCA and available preoperative liver biopsy, 92% had histological stage III-IV at the time of OLT or resection[158]. Additionally, as PSC is considered a premalignant condition, a high-risk of CCA recurrence remains in case of liver resection (LR) for PHCCA or IHCCA[14]. Furthermore, these tumours are also usually technically unresectable owing to the local extent[119]. Moreover, in some cases the presence of decompensated cirrhosis or significant portal hypertension is sufficiently prohibitive[11,159]. Most patients with IHCCA or PHCCA require major or extended LR, while the recommended future LR (FLR) is at least 25% of liver volume for patients with normal parenchyma, and 30%-40% on grounds of chronic liver disease and in the absence of portal hypertension[118,159]. Owing to the above, patients with PSC are usually poor candidates for LR even in the context of apparently early disease[12]. From a functional point of view, the underlying liver disease impedes the ability of postoperative regeneration, resulting in poor tolerance of extensive surgical resection and a high-risk of liver failure, while from a technical perspective the overall features may make the acquisition of clear surgical margins (R0) extremely difficult[157,159]. At present, for the majority of specialist centres, particularly in the transplant setting, PSC-associated PHCCA or IHCCA equals unresectable disease and is directly precluded from hepatic resection[5,9,12,14,22,149,160,161]. PSC-associated CCA was included in the original indications for neoadjuvant chemoradiotherapy and OLT, described by the Mayo Clinic[162], and has remained among the inclusion criteria of this protocol ever since[118]. Notably, the ongoing prospective, randomised, multicenter “TRANSPHILL” study which aims to compare OLT with neoadjuvant radiochemotherapy vs standard of care liver and bile duct resection for PHCCA, lists PSC among the exclusion criteria[163]. Even though LRs in the context of PSC are largely discouraged, some authors accept that for a subset of patients who may present with surgically resectable CCA in the absence of advanced hepatic fibrosis and candidacy for transplant, an attempt at surgical resection should be considered[4,150,154,156]. Furthermore, in 2008, a retrospective study from Birmingham in the UK (where CCA is still not an accepted indication for OLT[22]), reported good outcomes with 7 major LRs and 1 Local excision of the extrahepatic biliary tree, for PSC-associated CCA. The authors advocated that surgical treatment at an early stage offers good long-term outcomes, hence, early detection might increase the number of eligible patients before they develop end-stage liver disease and become unsuitable for resection. In their experience, early surgical treatment was the best means of increasing survival[87].

IHCCA 
Resection
IHCCA has recorded an increasing incidence worldwide, but despite several advances and efforts to develop effective treatment strategies, its prognosis remains poor[159]. Its resectability varies from 18% to 70%, while postoperative 5-year survival is 20%-40%[159,164]. After diagnosis of IHCCA the median survival is 12-37.4 mo[164]. Among surgical candidates, at the time of intended resection, up to 27% are diagnosed with metastatic disease[164]. In general terms, R0 LR is the only established and widely accepted potentially curative treatment option for IHCCA, however, this materialises in less than 30% of cases due to a great proportion of advanced stage and irresectability at diagnosis[11,98,159]. Nevertheless, this is the mainstay of treatment and should be offered when feasible[153,159]. R0 resection has been reported to be associated with a median overall survival of 80 mo, in some series[150]. More than 70% of cases require major LR to achieve clear margins[118,159]. Pre-operative portal vein embolization (PVE) has appeared to be beneficial in suitable cases[118]. Lymphadenectomy with a minimum of 6 harvested nodes is increasingly advised as adequate, due to presence of microscopic involvement in more than 40% of cases[159]. However, on a background of cirrhosis, lymphadenectomy is associated with a complication rate of up to 71%, thus limiting its wider applicability[159]. Neoadjuvant systemic or locoregional therapies may be used in locally advanced IHCCA, with a view to downstaging the disease to achieve eligibility for surgical management[159]. The probability of cure by means of LR has been estimated at 9.7%, while 95% certainty of cure can only be reached 9.5 years postoperatively[159]. Median disease-free survival following hepatectomy is about 26 mo, while recurrence will develop in 60%-65% of patients[11]. However, owing to considerations mentioned earlier, although LR may be curative, in the setting of PSC this is largely discouraged. As such, reported data regarding treatment of PSC-associated CCA with LR are extremely rare. A retrospective analysis from the Mayo Clinic over a 20-year period, reported 19 cases of PSC-associated IHCCA, 7 of which were treated with LR, and two of them received adjuvant chemotherapy. The remaining 12 patients were not surgical candidates because of advanced or metastatic disease, and 5 of them received palliative treatment. Three patients developed recurrence at a median of 4 mo post-diagnosis. The overall 5-year survival for all 19 patients was 12.1%[158]. In the experience of Birmingham with 8 resections for PSC-associated CCA, 3 patients had IHCCA and underwent right hepatectomy (n = 2) or left hepatectomy (n = 1). Six out of 8 resected patients were alive 5-years postoperatively, with a reported median survival of 52.8 mo[87]. In a retrospective study of 25 patients with PSC-associated CCA from the John Hopkins (US), only one patient was treated with left hepatectomy for IHCCA, without mortality[8]. In a US multicentre study of 26 patients with PSC-associated CCA, a single patient was treated with right hepatectomy and was alive 26 mo postoperatively[152]. For the very few reported cases, no operation-related morbidity and mortality have been described and survival data specifically for patients who underwent LR for IHCCA are extremely scarce. In the absence of alternative options, patients with PSC-associated IHCCA may be evaluated for potential LR if the liver disease is not too advanced[98]. This may be particularly applicable when a limited resection is required and under the understanding that hepatic resection remains, to date, the treatment of choice particularly for IHCCA smaller than 2 cm in non-cirrhotic livers[9].

OLT
Even though OLT appeared to be a promising treatment offering a wider surgical margin and a chance for cure of the underlying liver disease, the initial experience with IHCCA showed very poor outcomes, which led to abandonment of this approach[11]. Until the late 2000s, the available published results demonstrated a 5-year actuarial survival between 10 and 18%[11]. As such, IHCCA is considered a formal contraindication for OLT in most centres worldwide[11,118]. In 2004, a retrospective multicenter study of 23 patients who underwent OLT for IHCCA reported an overall 5-year survival of 42%, while in 10 cases IHCCA was diagnosed incidentally in the explant[165]. Subsequently, a series of 10 patients who underwent OLT for known IHCCA showed a 5-year survival of 33%[166]. In 2011, Sapisochin et al[167] reported that in patients with a preoperative diagnosis of HCC who underwent OLT and were ultimately diagnosed with IHCCA or mixed hepato-CCA from the explant pathology, the 5-year survival was 47%. Despite encouragingly improved outcomes from these studies, the 5-year survival rates fell short of what is considered acceptable for OLT in the context of organ scarcity[153]. Moreover, many publications showed high rates of recurrence (60%-90%), which was the main cause of death[11]. Based on this, in 2014, the International Liver Cancer Association (ILCA) reported that OLT is not recommended for IHCCA[150]. In the same year, a Spanish consortium reported a series of 29 patients with IHCCA in explant pathology, in which patients with “very early” IHCCA (≤ 2cm) had a 5-year recurrence-free survival of 73%, while patients with either tumours >2cm or multifocal disease had a 40% 5-year overall survival[168]. To validate these promising results suggesting that patients with “very early” IHCCA should possibly be considered as a formal indication for OLT, in 2016, Sapisochin et al[167] conducted a multicentre international study. In a total of 48 patients with exclusively IHCCA on explant pathology, 15 patients with “very early” IHCCA were compared with 33 patients with advanced disease (single tumour > 2 cm or multifocal disease). The 5-year actuarial survival in the “very early” IHCCA group was 65% vs 45% in the advanced group. The 5-year cumulative risk of recurrence was 18% vs 61%, respectively[169]. These studies showed promising results for early IHCCA, comparable to those in OLT for HCC[159], suggesting it might become an accepted indication for OLT[11,153]. These studies only included patients who were not eligible for LR, and suggested that this potential treatment should only be reserved for this group of patients[153]. However, early IHCCA as an indication for OLT still remains highly controversial[11,117]. In 2018, the group from Houston Methodist and MD Anderson Cancer Center (US) published the first prospective series of patients with IHCCA undergoing OLT after neoadjuvant chemotherapy. Of 21 referred non-cirrhotic patients with locally advanced anatomically unresectable IHCCA, 12 were accepted and 6 ultimately received OLT. Neoadjuvant chemotherapy consisted of first-line platinum-based regimen and gemcitabine until OLT. OLT was offered after a minimum of 6 mo of radiological response or stability. Adjuvant chemotherapy with capecitabine, gemcitabine, or both, was given in the presence of active disease on explant. The overall survival was 100%, 83.3% and 83.3% at 1, 3 and 5 years post-OLT, respectively. Recurrence-free survival was 50% at 1, 3, and 5 years[170]. These excellent results showed that in patients with liver-confined unresectable advanced IHCCA, who demonstrate a sustained response to neoadjuvant treatment, OLT may be a reasonable option within prospective protocols[118,159]. While this may prove to be a viable strategy in this setting and in early tumours in the context of chronic liver disease[159], more data from clinical trials are needed to fully elucidate its role and define the best tools for prognostication of the outcomes[118,153]. A predictive risk index of recurrence post-OLT for IHCCA highlights the importance of tumour biology over size[9]. Locoregional therapies and molecular profiling are expected to offer better prognostic assessment, patient selection and risk stratification[159]. A paradigm shift for OLT for IHCCA may ultimately become reality as has previously been observed for PHCCA[11,150,154]. In 2020, a consensus statement of an international group of multidisciplinary experts in CCA recommended that OLT is a potentially curative option for IHCCA, and acknowledging the promising reported overall survival, recommended it must be considered for patients with cirrhosis and IHCCA ≤ 2 cm[148]. Importantly, even though all the above considerations appear directly applicable for PSC-associated IHCCA, it has to be noted that there are no studies reporting OLT outcomes specifically for this subgroup of patients.

Incidental CCA in PSC explants
The reported outcomes of OLT with incidental CCA in the explants have been controversial. Moreover, studies reporting outcomes specifically in PSC explants are limited. Early studies reported favourable prognosis in PSC patients with small incidental CCA and negative margins, reaching even an 83% 5-year survival, which was comparable to that in PSC patients without CCA[3,8,171-173]. A better 2-year survival of 55% in case of incidental CCA in PSC patients compared to 29% in known PSC-associated CCA, was also reported[174]. Other studies reported a significant decrease in the post-OLT survival of PSC patients in the presence of CCA[175]. In 2000, the Cincinnati Transplant Tumor Registry identified 43 cases of incidental CCA predominantly in PSC explants, without superior survival to those with known CCA[176]. In 2005, a Canadian study reported 10 cases of incidental stage I or II CCA, 8 of which were in PSC explants. In PSC explants the incidence of incidental CCA was 3%. A 3-year survival of 30%, an 80% recurrence rate, a median time-to-recurrence of 26 mo and a median time-to-death of 30 mo were reported, concluding that although early survival appeared to be good, intermediate- and long-term survival were similar to that of historical OLTs with known CCA[177]. In the experience of Birmingham, there were 6% incidental CCA in PSC explants and the actuarial 5-year survival was 46% for this group of 13 patients[87]. Another UK study from Cambridge reported 9 cases of incidental CCA accounting for 0.7% of all explants. Seven of 9 cases were PSC-related. The overall 1-year survival was 100% and 3-year survival was 66.7%. The overall 3-year survival for all PSC OLTs over the same period was 79%[178]. In 2008, the United Network of Organ Sharing (UNOS) database identified 77 cases of incidental CCA, with a 5-year survival of 20% compared with 38% in OLT for known CCA[179]. Overall, incidental CCA is found in 3%-21% of PSC liver explants[15]. The 5-year survival generally ranges between 20%-46% and the recurrence rates are high, with an overall poor prognosis[155,178]. Understandably, as coordinated efforts in the context of multidisciplinary approaches have improved the outcomes of OLT for known CCA in the last two decades, the notion of good outcomes for incidental CCA in liver explants is following the opposite direction, even more since these outcomes have to be compared to those of transplanted PSC patients without malignancy. Considering the global organ donor shortage, and the evolving advances of transplant oncology, it is important that rigorous assessment is undertaken to maximise the diagnostic yield for CCA before transplantation, especially in PSC patients[178].

CCA discovered during OLT for PSC 
Very little has been commented on with regards to CCA being discovered during intended OLT for PSC. A number of reports have apparently described detection of CCA during OLT in order to indicate incidental finding of CCA in liver explants, which complicates interpretation. Nevertheless, the prognosis of CCA discovered during OLT has been expected to be poor, in historical reports[3]. A study of Scandinavian PSC patients from 2004, suggested no difference in survival between patients with a cancer diagnosis made during OLT and those with an incidental finding of CCA on explant pathology. Hence, it was suggested that when CCA is discovered intraoperatively, in the absence of extrahepatic spread, OLT should not be mandatorily abandoned[77,180]. Clearly, the intraoperative decision-making in such cases will be driven by the individual findings and the accepted guidelines and protocols, in the given national and local transplant setting.

PHCCA
Resection
As regards PHCCA, it is well documented that an R0 resection is the most important determinant of survival, but this surgical goal often proves to be elusive[9,154]. Radical resection is associated with a 5-year survival of 20%-45%[11,150] and a median overall survival of 30 mo in some series[150], but this is only achieved in 25%-40% of cases[118,153,154,181], owing to the frequent extensive hilar invasion and/or bilateral vascular or liver involvement[9,154]. Among those who undergo resection, 53%-79% present with recurrence, with 83% of recurrences developing within two years postoperatively[150]. In the absence of R0 resection, the 5-year survival rate drops to 0%[118].
A consensus meeting of expert panellists in 2014 recommended that the management of patients with PHCCA requires a coordinated, multidisciplinary approach to optimise the chances for both long survival and successful palliation[155]. Treatment of the disease is challenging and involves complex surgery in combination with neoadjuvant or adjuvant therapies, including external beam radiation and systemic chemotherapy[154]. In general terms, for suitable patients with resectable PHCCA, the ideal treatment option is surgical resection[118,155]. The main goal of surgery is to achieve an R0 resection with a complex procedure involving a major hepatectomy with caudate lobectomy and en-bloc biliary resection, a hepaticojejunostomy and lymphadenectomy. Vascular resection and reconstruction may also be undertaken, when necessary and feasible[118,155]. Pre-operative PVE may improve postoperative outcomes[118,155]. Preoperative biliary drainage of the FLR is highly recommended and should preferably be offered by means of percutaneous transhepatic access[118,155]. Unfortunately, only 20%-25% of patients are suitable candidates for curative resection. Neoplastic invasion of the vascular structures (portal vein and hepatic arteries) at the liver hilum is the main reason for unresectability[118]. Neoadjuvant therapy has shown effectiveness in downstaging unresectable PHCCA to allow for R0 resection in selected cases with locally advanced disease[150]. Studies of combined surgical resection for PHCCA (but not only in PSC patients) have described a 3-year survival of 40%-48% and 5-year survival which rarely exceeds 40%[11,116,153,154]. Owing to the complexity of surgical resection of PHCCA, it is recommended that these operations are undertaken by high-volume, experienced HPB centres[164], but even so, the 30-day mortality ranges between 5%-15% with the main cause of death being postoperative liver failure[118]. High preoperative bilirubin is a significant risk factor for postoperative morbidity and mortality with a cut-off value of 42 µmol/L (2.5 mg/dL) and 106 µmol/L (6.2 mg/dL) for morbidity and mortality, respectively[118]. 
Understandably, all previously discussed considerations concerning hepatic resection in PSC patients are more strongly applicable in relation to PHCCA, which always requires complex major hepatectomy, compounded by unfavourable physiological aspects. It is therefore not surprising that data from experience with LR for PSC-associated PHCCA are extremely limited, even more since, for this group of patients, OLT is clearly the standard-of-care. Hence, in this era of OLT, PSC-associated PHCCA is largely considered unresectable[117]. In the experience of Birmingham 5 patients with PSC-associated PHCCA were treated with right trisectionectomy (n = 3) and right hepatectomy (n = 1) combined with excision of the extrahepatic biliary tree and lymphadenectomy, while one patient with localised extrahepatic tumour underwent local excision without hepatectomy. Good survival was achieved, as previously mentioned[87]. In the experience of John Hopkins from 1999, among 9 patients with PHCCA who were surgical candidates, 3 underwent extrahepatic biliary duct excision and one underwent left hepatectomy and extrahepatic biliary duct excision. Microscopic residual tumour was present at the surgical margin in 3 out of a total of 5 patients who had biliary and/or LR. There was no operative mortality in these 5 patients, despite a reported complication rate of 71%. The median survival was 9 mo, while the actuarial 1-, 3- and 5-year survival was 40%, 20% and 0%, respectively. All patients died of recurrent cancer[8]. The Mayo Clinic treated two patients with PSC-associated CCA, one of which with carcinoma in situ, with major hepatectomy, excision of the extrahepatic duct and gallbladder, and regional lymphadenectomy[182]. A retrospective multicentre study found 8 cases with early detected PSC-associated CCA, and one patient with localised disease underwent resection[183]. In a retrospective US multicentre study from 2018, comparing OLT vs resection for PHCCA, the two groups consisted of PSC patients in 61% and 2%, respectively. Three patients with PSC underwent major LR, in the form of CBD resection and either hemihepatectomy, extended hepatectomy or trisectionectomy[184]. 

OLT
As already mentioned, PSC-associated PHCCA is largely considered unresectable[117]. The role of OLT in the management of unresectable PHCCA including PSC-associated PHCCA has gone through different phases over time. The initial experience which did not include any adjunctive therapy was disappointing, with high rates of recurrence and poor survival, which deemed PHCCA a contraindication for OLT[3,152,171,172,180]. At the end of the previous century, published results showed a 5-year survival rate of 23% and cancer recurrence rate of 51%, with 84% occurring in the first two years. Survival after recurrence was less than one year, and patients with PSC-associated PHCCA did not benefit any advantage in survival[118]. In 2004, a Scandinavian study, reported 1-, 3- and 5-year survival rates following OLT for PSC-associated PHCCA of 65%, 35% and 35%, respectively[77]. Even though patient selection in these initial studies was ambiguous, the dismal results in the context of a worldwide donor organ shortage prevented PHCCA from becoming an established indication to OLT[9]. The turning point that significantly improved outcomes occurred in the early 2000s, when building on the observation that the Mayo Clinic achieved a 5-year survival of 22% for unresectable PHCCA treated with primary radiotherapy and chemosensitization alone, the University of Nebraska pioneered a strategy of neoadjuvant chemoradiotherapy prior to OLT. Subsequently, they published a study demonstrating significant improvements in survival using their protocol, while half of the enrolled patients had PSC-associated PHCCA[185]. This approach was embraced by the Mayo Clinic group, who established a neoadjuvant protocol for the treatment of confirmed unresectable PHCCA and PSC-associated PHCCA with a maximum tumour diameter of 3cm, including external beam radiation therapy together with intravenous fluorouracil (5-FU), followed by intraluminal brachytherapy with endoscopically placed iridium-192 beads, and maintenance chemotherapy with oral capecitabine until the time of transplantation. Additionally, prior to proceeding to OLT, a staging procedure is undertaken (currently in the form of hand-assisted laparoscopic staging[117]), to assess locoregional lymph nodes and rule out metastatic disease. The initially reported outcomes were very encouraging[12,162]. Further to the known response of CCA to high-dose radiotherapy, the rationale for the protocol included the oncological radicality of OLT, which is not limited by vascular involvement, the obviation of the hepatotoxicity of high-dose radiotherapy by OLT, the treatment of the underlying liver disease, such as PSC, without the limitations set by residual liver volume and function, and the potential of neoadjuvant therapy to prevent tumour dissemination during staging and transplantation. The protocol involves thorough selection of patients with unresectable de novo PHCCA or PSC-associated PHCCA without intrahepatic or extrahepatic metastases. Lymph node involvement is an absolute contraindication[117,186]. Diagnostic transperitoneal biopsy must be avoided as it typically excludes the patient from transplant consideration, due to the risk of tumour seeding[7,117,155,186]. As of 2004, the initial experience comprised 71 patients enrolled in the protocol, of which 38 ultimately underwent OLT (58% had PSC). Outcomes of OLT were 92%, 82%, and 82% at 1-, 3-, and 5-year survival, respectively. No difference was noted in survival between patients with and without PSC[182]. The excellent results of these protocol-driven approaches, the lack of effective alternative therapeutic options, and the natural history-related mortality prompted Gores et al[149] to propose, in 2006, a model of end-stage liver disease (MELD) score exception for patients with unresectable de novo PHCCA or PSC-associated PHCCA, to improve the allocation of liver grafts[149]. In 2009, as a result of the outcomes from the Mayo Clinic protocol, the UNOS/Organ Procurement and Transplantation Network offered the allocation of a MELD exception score for patients with PHCCA after completion of an approved neoadjuvant therapy protocol. Owing to lack of data, the MELD score was set to equal the standard assigned score for HCC, corresponding to an expected 10% increase in waitlist mortality every 3 mo. In 2012, a multicentre retrospective study of 12 Large volume US Centres, including patients with PHCCA who received neoadjuvant therapy followed by OLT (NCR-OLT) as per the Mayo Clinic protocol, showed a 65% 5-year disease-free survival, a 11.5% dropout rate after 3.5 mo of therapy, and an intention-to-treat 5-year survival of 53%. Recurrence after OLT was 20% which compared very favourably against a known 53%-84% recurrence when OLT has not been combined with any neoadjuvant protocol. The study demonstrated that the therapeutic protocol was highly effective and validated the hypothesis that for selected patients with PHCCA it is appropriate to offer the proposed MELD exception score and therefore a faster access to OLT. Of note, patients with PSC-associated PHCCA were 52% of the dropout group, and 66.7% of ultimately eligible patients for OLT[187]. 
In 2012, an updated study of the Mayo Clinic outcomes reported that pretreatment pathological confirmation of PHCCA specifically in PSC patients was associated with significantly worse 5-year survival after start of therapy and worse 5-year survival after transplantation (50% vs 80% and 66% vs 92%, respectively), compared to absence of pathological confirmation. This was not evident in the de novo PHCCA. Additionally, pretreatment pathological confirmation in PSC patients was associated with a considerably higher risk of falling out at staging. The difference in the PSC patients was not attributable to recurrent cancer. Absence of pretreatment pathological confirmation was not accompanied by reduced detection of residual CCA in the explants or lower recurrence rate after OLT. It was hypothesised that, possibly, attributes of the primary tumour lending it to biopsy/brushing, are negated by neoadjuvant therapy providing that metastases have not developed. In this regard, it was concluded that, despite a desirable pretreatment pathological confirmation, this should not be a requirement for enrolment to treatment. PSC patients showed a trend towards higher but not statistically significant survival compared to the de novo PHCCA patients, both after the start of neoadjuvant therapy and after OLT. It was commented that the recent results of the Mayo Clinic showed higher survival for PSC-associated PHCCA, in contrast with the results of earlier studies showing that underlying PSC is not an independent prognostic factor. It was suggested that the presence or absence of PSC is of paramount importance, with the main consideration for PSC patients being whether or not they have cancer and should therefore undergo neoadjuvant therapy prior to OLT. The reported results were excellent, especially under the understanding that no effective alternative therapy exists. The efficacy of NCR-OLT had already become apparent[186]. 
In 2020, the Mayo Clinic group published their experience with 376 patients enrolled in the CCA transplant protocol between 1993-2019. After 14% dropout due to disease progression, 237 have received OLT[117]. Upon being listed for NCR-OLT, patients are listed on the UNOS and assigned MELD exception points. The goal for NCR-OLT for unresectable PHCCA is to obtain R0 margins and complete histological response (i.e., no residual tumour on explant). The Mayo Clinic group noted that PSC-associated PHCCA comprises a distinct patient population[117]. At staging operation for PSC-associated PHCCA, 14% of the patients staged positive, in contrast with 27% in de novo PHCCA, hence resulting in lower rates of dropout. Remarkably, they found that long-term survival after OLT is better in PSC-associated PHCCA (74% 5-year survival and 67% 10-year survival) compared with de novo PHCCA (58% and 47%, respectively). This was in accordance with a significantly lower recurrence rate in PSC patients (22% vs 45%), but also likely due to PSC patients having less advanced disease at the time of enrolment, as a result of routine screening in that patient population. When controlled for risk factors, the risk of disease recurrence for PSC and non-PSC patients was found to be similar[117]. Even in the absence of direct evidence to support this concept, it has been assumed that one of the reasons for the significantly better outcomes in PSC patients could be a higher responsiveness to radiation therapy for PHCCA occurring in the setting of PSC[117,188]. The study concluded that NCR-OLT is the only curative treatment for patients with PHCCA who meet the specific criteria of the protocol and leads to much higher long-term survival than either treatment alone[117]. The same transplant unit published their experience with living donor liver transplantation (LDLT) under the same protocol in 2020[188]. They described how a low division of the recipient CBD with frozen section to assess the margin is warranted, especially in PSC patients, followed by Roux-en-Y choledochojejunostomy for biliary reconstruction. Forty-nine patients (66.2%) received LDLT for PSC-associated PHCCA and had 1-, 3-, 5-, and 10-year survival of 89.8%, 75.9%, 75.9%, and 73.2%, respectively, which was better than in de novo PHCCA. Residual tumour was found in 32.7% of PSC explants which was significantly less frequent than in de novo PHCCA. When no residual tumour was found, the survival was similar, with PSC patients surviving 93.9%, 90.3%, 90.3%, and 90.3% at 1, 3, 5, and 10 years, respectively. In the presence of residual tumour, outcomes were similarly inferior, with PSC patients surviving 81.3%, 45.1%, 45.1%, and 36.1% at 1, 3, 5, and 10 years, respectively. PSC patients experienced recurrence in 12.2% of cases[188]. A recent retrospective comparative study on the outcomes of NCR-OLT for PHCCA treated between 2010-2017 as per the Mayo Clinic protocol showed that well-experienced centres (≥ 6 OLTs) had significantly better post-OLT outcomes in terms of survival, mortality, and recurrence-related mortality compared to non-experienced centres. In patients with PSC, the well-experienced centres showed significantly better patient survival (P = 0.048)[161]. 
A recent meta-regression and meta-analysis showed that in unresectable PHCCA, NCR-OLT confers long-term survival in highly selected patients who are able to complete the protocol, while PSC patients appear to have the most favourable outcomes[189]. Acceptable survival rates are only achieved if a neoadjuvant regime is completed. At 5 years there was a positive correlation between a diagnosis of PSC and enhanced survival which was not apparent for 3-year survival. The number of available studies was not sufficient to assess whether the proportion of patients with PSC affected recurrence of CCA[189].
The gradual accumulation of favourable data made OLT for PHCCA a promising option[153,184]. In the last two decades, owing to a strict selection process and a neoadjuvant chemoradiation protocol, OLT for patients with non-resectable PHCCA demonstrated excellent outcomes and this strategy has been adopted worldwide as an accepted indication for OLT, in selected transplant centres with both a transplant and surgical oncology expertise. In this setting, survival after OLT is comparable to the results of OLT for other indications[11,153]. For PSC-associated PHCCA, current data are overwhelmingly in favour of NCR-OLT as the optimal treatment strategy, which offers superior outcomes compared with de novo PHCCA[9,161]. For this group of often young patients with early-stage disease, the Mayo Clinic protocol appears to be most applicable, and represents the sole therapeutic option[9]. At present, NCR-OLT is considered the standard of care for the management of unresectable PHCCA, in several experienced centres[117,155,184]. Further advancements in OLT and postoperative patient care compounded by novel chemotherapeutics and biological drugs may further improve the outcomes[181]. 
Of course, general considerations regarding outcomes of OLT in PSC patients are applicable to the group of patients with PSC-associated PHCCA. Notably, CCA can occur at any stage of PSC including after OLT, which, however, does not preclude successful re-transplantation, when feasible[4,7,80,190]. 

DCCA
Resection
Standard treatment with curative intent for resectable DCCA involves a classic Whipple’s pancreatoduodenectomy or variations of the procedure. Postoperative 5-year survival ranges between 27%-37%[164]. There are no ample reports on outcomes of isolated pancreatoduodenectomy specifically in PSC patients, as common aspects are standard. PSC patients with resectable DCCA should be treated aggressively, while long-term outcomes will depend on the histological stage, and particularly the lymph node status[191]. However, one point to be kept in mind is that, as this is a major procedure, in patients with PSC, assessment for eligibility will need to include evaluation of the stage of their liver disease[98]. Early experience from the Mayo Clinic identified a single patient eligible for surgery among 30 cases of PSC-associated CCA. This 32-year-old woman with DCCA and negative lymph nodes underwent potentially curative pancreatoduodenectomy and was alive and disease-free 26 mo postoperatively[2]. The King's College Hospital in London reported on two PSC patients, a 49-year-old woman and a 50-year-old man, who were treated with Whipple’s procedure having been diagnosed with DCCA from the distal bile duct margin following previous OLT for PSC. Interval from OLT was 2 mo for both cases. The first patient had an uneventful recovery and died after 5 years and 7 months post-Whipple’s, from an unrelated cause, without evidence of recurrent cancer. The second patient’s Whipple’s was complicated by pneumonia. He died with peritoneal recurrence 5 months post-Whipple’s. Of note, the same team treated another 2 PSC patients with Whipple’s, for pancreatic adenocarcinoma, one at the same time with OLT and one sequentially, without mortality, and with low morbidity in the form of a wound infection. The authors concluded that pancreatoduodenectomy after OLT can be performed safely in specialist centres with expertise in both OLT and major pancreatic surgery[191]. When a patient with PSC who requires OLT is diagnosed with DCCA or other distal pancreatobiliary tumours, curative resection is possible only by combining OLT with pancreatoduodenectomy. This is a major undertaking, especially in the context of immunosuppression, although good long-term results have been published in small case series and reports[183,191]. Some reports have recommended a staged approach to reduce perioperative morbidity[191]. 
More recently, the Mayo Clinic published their experience with 79 patients diagnosed with PSC-associated cancers. Three patients were diagnosed with DCCA exclusively, and only one who was surgical candidate was treated with OLT and pancreatoduodenectomy. This type of combined operation was performed in 5 cases of this cohort[158]. 

Combined OLT-pancreatoduodenectomy (Whipple’s procedure)
In the context of OLT for CCA, a combined OLT-Whipple’s is justified to achieve a R0 resection, and this is particularly applicable for PSC-associated CCA. The Mayo Clinic protocol includes this indication in the presence of microscopic involvement of the CBD[182]. In 2008 a retrospective study presented results from the application of en bloc total hepatectomy-pancreatoduodenectomy and OLT (OLT-Whipple’s) following neoadjuvant radiotherapy in a standardised fashion, to achieve complete eradication of early-stage PSC-associated PHCCA. All 6 patients had PHCCA, while in 2 cases this was involving the distal CBD, and in 3 there was atypia in the distal CBD. One patient died 55 mo postoperatively without recurrence and the remaining 5 were well without recurrence 5.7 to 10.1 years postoperatively. All patients recovered well[183]. A further case series reported results from 4 patients with early-stage PSC-associated PHCCA who were treated with OLT-Whipple’s combined with perioperative chemoradiotherapy. Three patients had a staged procedure and one patient had en block combined procedure. One patient died with metastatic disease following a 3-year recurrence-free survival, and 3 patients remained recurrence-free after 23, 19, and 11 mo, respectively[192]. The authors of these studies advocated that OLT combined with en block pancreatoduodenectomy can be a reasonable approach in patients with PHCCA on a background of dysplastic biliary epithelium, in order to prevent development of CCA post-OLT in the native distal CBD, particularly as CCA in PSC may be a diffuse disease, arising from multifocal areas of dysplasia. They highlighted that this approach is most appropriate in early stage PHCCA, as the outcomes in patients with higher stage disease have not been equally good[183,192]. This preemptively aggressive approach has not been widely adopted. While it is commonly agreed that a combined procedure in the presence of DCCA is rational, it has been argued that in the setting of PHCCA without any malignant of premalignant changes in the distal CBD, it may be overly aggressive[119]. 
In the early experience of the Mayo Clinic, 5 of 22 (23%) patients undergoing OLT for PSC-associated PHCCA, were found to have unsuspected tumour involvement of the CBD margin. Four were treated with pancreatoduodenectomy at the time of OLT. Three patients were alive and disease-free 24 to 72 mo postoperatively, one patient died of late hepatic artery thrombosis without recurrence, and one patient was not amenable to pancreatoduodenectomy, due to technical reasons but was alive and recurrence-free 8 mo postoperatively. The authors concluded that in up to 23% of patients with PSC-associated PHCCA, pancreatoduodenectomy may be necessary at the time of OLT to achieve complete eradication when there is microscopic involvement of the CBD[182]. A recent study from the Mayo Clinic reporting results of LDLT for PHCCA identified 4 patients (5.4%) who underwent excision of intrapancreatic bile duct and 5 patients (6.8%) who required pancreatoduodenectomy for positive distal CBD margins[188].

Adjuvant therapies
Treatment with radiation and/or chemotherapy following surgical management of CCA, including in patients with PSC, was reported to be ineffective in preventing recurrence, in early reports[171,176]. The prospect of adjuvant therapies for patients with incidental CCA in liver explants has been an intriguing issue[177]. In further retrospective studies, chemoradiation appeared to reduce local recurrence, which prompted an expert consensus panel in 2015 to recommend that it should be offered to patients with resected PHCCA and high-risk histological features (i.e. positive margins or lymph nodes), who appeared to have the greatest benefit[155,164]. In 2017, the BILCAP study involving 447 patients with resected either CCA of any location or gallbladder cancer, showed significant difference in overall survival in patients treated with adjuvant capecitabine vs the no drug control group (53 mo vs 36 mo)[193]. In IHCCA, even though the role of adjuvant therapies is still under debate, it has been recommended that adjuvant chemotherapy is offered after surgical resection with curative intent, particularly to patients with high-risk features (positive margins or lymph nodes, multifocal disease, large lesions)[148,159]. It needs to be noted that the applicability of any recommendations in the transplant setting is unclear, and probably difficult to extrapolate, as studies assessing the effectiveness of adjuvant therapy after OLT for PHCCA or IHCCA are very limited. Hence, this remains to be explored in future research protocols[153,159]. In 2011, the University of California, Los Angeles, in a retrospective study of patients treated for IHCCA and PHCCA, including PSC patients, published results of a subgroup of 38 patients who were treated with OLT combined or not with adjuvant ± neoadjuvant therapy. Chemotherapeutic agents used for adjuvant and neoadjuvant protocols involved a combination of a fluorouracil- or capecitabine-based regimen with oxaliplatin, leucovorin calcium, and gemcitabine hydrochloride. Patients who received OLT combined with both neoadjuvant and adjuvant therapies had significantly less CCA recurrence compared to those who received OLT and adjuvant therapy and those who received OLT only (28% vs 40% vs 50%, respectively), and significantly better 5-year survival (47% vs 33% vs 20%, respectively)[194]. In the prospective study of the group from Houston Methodist and MD Anderson Cancer Center from 2018, of 6 patients with IHCCA who underwent NCR-OLT, all patients received adjuvant chemotherapy with capecitabine, gemcitabine, or both, commenced 4-6 wk post-OLT with a duration of a minimum of 4-6 mo, on grounds of active disease on explant. The overall survival was 100% at 1 year, and 83.3% at 3 and 5 years post-OLT, and recurrence-free survival was 50% at 1, 3, and 5 years[170]. The aggressive nature of CCA commonly warrants a multimodal approach to reduce the risk of recurrence following resection or OLT. However, in PSC patients, the toxicity of systemic and liver-directed therapies has to be balanced with the functional hepatic reserve, in order to minimise potential morbidity that may preclude definitive therapy[150].

Palliative treatments in unresectable cases/non-surgical candidates/metastatic disease
For patients with unresectable disease who are not surgical candidates or patients with metastatic disease, palliative options can be considered, including chemotherapy, stenting and targeted radiation[164]. Chemotherapy remains the main palliative treatment and may improve the quality of life, but only offers a modest improvement in overall survival[10,22]. The median survival for unresectable PSC-associated CCA is 5-12 mo after diagnosis with or without chemotherapy[7,11,150]. Patients with PSC-associated CCA may require meticulous optimization of biliary drainage and photodynamic therapy in the palliative setting. These modalities can offer symptom control and potentially improve survival[14,155,195]. For patients with advanced, locally recurrent, and metastatic PHCCA or patients with unresectable IHCCA the standard of care is first-line chemotherapy with combined gemcitabine and cisplatin, with a median survival rate of less than one year[13,118,148,150,155]. FOLFOX (folinic acid, fluorouracil and oxaliplatin) can be utilised as second-line chemotherapy[148]. Chemoradiation with or without intraluminal brachytherapy can also be utilised in locally advanced, unresectable PHCCA, and has produced modest results with median survival ranging from 10.7-14.6 mo[155]. In unresectable DCCA, palliative biliary drainage and systemic chemotherapy confer a median survival of 12 mo[157]. 
Various locoregional therapeutic modalities can be used in the palliative setting of CCA, such as radiofrequency ablation, microwave ablation and irreversible electroporation, photodynamic therapy, hepatic artery-based therapies such as selective internal radiotherapy, hepatic artery infusion and transarterial chemoembolization (TACE), stereotactic body radiotherapy and proton beam therapy, but data on their efficacy are limited and no relevant guidelines exist[150,195], while, specifically in the PSC setting, outcomes are largely unknown. TACE has shown some survival benefit in unresectable CCA, with overall 1-year survival of 52% after TACE independent of chemotherapy[164]. However, its response rates in unresectable IHCCA are around 20%, which is lower than with intra-arterial chemotherapy and selective internal radiotherapy. This may be a reflection of the hypovascular nature of IHCCA featuring extensive fibrosis and predominantly non-arterial blood supply[159]. Studies on stereotactic body radiotherapy in the management of unresectable CCA have been limited. The largest so far retrospective multicentre study of 64 patients with 82 lesions (IHCCA and PHCCA) demonstrated a median overall survival of 15 mo, with 2-year and 3-year overall survival rates of 32% and 21%, respectively. Higher doses achieved a significantly improved overall survival and local control, while tolerance was excellent[196]. A previous retrospective series of 34 patients with 42 lesions, reported a local control rate of 79%, and a median overall survival of 17 mo with median progression-free survival of 10 mo[197]. 

FUTURE PERSPECTIVES
Advances achieved over the last decades in the surgical management of CCA, with particular reference to the use of neoadjuvant therapy and OLT, imply that introduction of novel biomarkers for early detection could further improve the outcomes[7,10]. Continued efforts to standardise best practices, broaden the present treatment options and tailor treatment choices, warrant a coordinated multidisciplinary approach, as well as input from translational research[155]. Moreover, given that CCA is a rare disease, the collaboration of international consortia is required to collate large-scale data[118]. As regards the role of OLT, it has been suggested that a minimum expected dataset should be established for all future studies, to improve the quality of data and allow adequate interpretation of outcomes[189]. For IHCCA, future prospective studies should explore the role of adjuvant and neoadjuvant therapies combined with OLT in the context of standardised selection criteria, which may change the management of this entity, should previous favourable results be confirmed[11]. Moreover, further prospective studies in patients with CCA are expected to further outline which patients may benefit most from OLT[9]. 
Detailed evaluation of genetic and epigenetic determinants is expected to outline useful insights and provide guidance in prioritising targetable molecules and pathways for the prevention, diagnosis and treatment of PSC-associated CCA[6]. It has been suggested that significant differences may exist between patients with de novo PHCCA and those with PSC-associated PHCCA, who have an aberrant DNA methylation profile and may be noted to have oncogenic mutations prior to clinical manifestations[198]. Non-surgical management of PSC-associated cancers remains a therapeutic conundrum, partly because of their genetic heterogeneity and rapid development of therapeutic resistance with genetic evolution of the tumour. The genetic aberrations of PSC-associated CCA, as well as the clinical implications of such differences with de novo CCA, have yet to be elucidated[119,198]. Molecular profiling of CCA tissue is highly recommended, as it could lead to effective, personalised treatment options[148]. Potentially actionable events such as mutations, which are present in nearly 40% of patients with biliary cancers, may become candidates for targeted therapy[119,159]. Chemotherapy directed at the aberrant pathway has shown evidence of disease regression in recent reports[119]. Furthermore, novel drugs, such as checkpoint inhibitors and molecular-targeted molecules, either alone or combined with locoregional therapies, may provide future options for adjuvant and neoadjuvant treatments. Several ongoing trials are exploring the efficacy and safety of promising targeted therapies, particularly those combining different molecules[118,159]. Equally, the efficacy of locoregional therapies remains to be clarified through future clinical trials[195]. Moreover, in the last years the interest in immunotherapy has grown, as CCA is a malignancy with rich neoplastic stroma[118]. 

CONCLUSION
CCA is the most common malignancy in PSC and represents the leading cause of mortality in these patients. The incidence appears to be increasing worldwide and, as PSC, follows a South-to-North and East-to-West gradient. 
CCA often occurs within the first year of PSC diagnosis, but may present later over the course of the disease, with clinical features overlapping with those of PSC itself. Surgery is the only potentially curative treatment for all anatomical subtypes. Without surgical treatment, the prognosis is dismal. Unfortunately, PSC-associated CCA is frequently diagnosed late, when no surgical options are available. Therefore, vigilant surveillance is fundamental to detect early cancers potentially amenable to curative treatment. LR in usually unsuitable for PSC patients, but may be reserved for a limited number of patients with early stage liver disease, in the absence of effective alternative options. A chance of cure exists only in the presence of radical resection with clear margins, which is feasible in a minority of patients. OLT for IHCCA remains controversial and currently contraindicated, but its role remains to be further explored, particularly as recent results with early tumours ≤ 2 cm are promising. Hence it may play a more prominent role in the future, in PSC patients. For incidentally discovered CCA in PSC liver explants, recurrence rates are commonly high, with an overall unfavourable prognosis. Remarkable progress has been made in the treatment of PHCCA over the last decades, after the implementation of a protocol of neoadjuvant chemoradiation followed by OLT, in suitable patients within specific criteria. Excellent outcomes prompted the conversion of PHCCA into an accepted indication for OLT in several selected experienced transplant centres. Patients with PSC-associated PHCCA have the most favourable outcomes with high long-term survival rates and low recurrence rates. Suitable patients with PSC-associated DCCA may benefit long-term survival from aggressive radical resection with pancreatoduodenectomy, depending on histological features. A combined OLT and pancreatoduodenectomy may be suitable in patients with PSC-associated PHCCA when there is involvement of the distal CBD, with good outcomes in experienced centres. In the palliative setting, patients may benefit from chemotherapy and biliary stenting, but the prognosis remains poor. Future prospective studies are expected to further outline which patients with PSC-associated CCA may benefit most from OLT. Molecular profiling of PSC-associated CCA may guide the introduction of targeted therapies. 
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Figure 1 Geographical distribution of incidence risk of cholangiocarcinoma in primary sclerosing cholangitis patients, based on available studies[5,8,19,21,33,36,38,39,42,43,46,47,51,58,74,87,88,91,92,136,158,171,173].
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Figure 2 Types of cholangiocarcinoma according to anatomical location along the biliary tree and macroscopic morphology/pattern of growth. Thick black lines delimit the tree anatomical sections of the biliary tree corresponding to the anatomical locations of cholangiocarcinoma. IHCCA: Intrahepatic cholangiocarcinoma; PHCCA: Perihilar cholangiocarcinoma; DCCA: Distal cholangiocarcinoma.

Table 1 Studies on the incidence and prevalence of primary sclerosing cholangitis-associated cholangiocarcinoma
	Ref.
	Year
	Country
	No of PSC patients
	Median/mean age (yr) of PSC patients
	Percentage of male PSC patients
	No of PSC patients with CCA1
	Incidence of PSC-associated CCA (%)
	Prevalence of PSC-associated CCA (%)
	Median/mean age (yr) of the CCA cohort
	Percentage of males in the CCA cohort
	Study design

	Stieber et al[171]
	1989
	United States
	111
	NS
	NS
	10
	N/A
	9
	45
	70
	Retrospective (Tx cohort)

	Broome et al[39]
	1996
	Sweden
	305
	39
	63.9
	24
	1.5
	7.8
	NS
	NS
	Retrospective

	Goss et al[173]
	1997
	United States
	127
	47
	68.5
	14
	3.4
	11
	NS
	NS
	Retrospective (Tx cohort)

	Ahrendt et al[8]
	1999
	United States
	139
	47
	64.2
	25
	N/A
	18
	46
	48
	Retrospective

	Björnsson et al[36]
	2002
	Sweden
	260
	41
	72.3
	28
	1.2

	10.8
	NS
	NS
	Retrospective

	Ponsioen et al[38]
	2002
	Netherlands
	174
	40
	60.3
	18
	1.6
	10.3
	NS
	NS
	Retrospective

	Brandsaeter et al[77]
	2004
	Scandinavian
	255a
	45
	68.6
	37
	N/A
	14.5
	NS
	Male preponderance
	Multicentre retrospective

	Burak et al[42]
	2004
	United States
	161
	41
	67.7
	11
	0.6
	6.8
	NS
	NS
	Retrospective

	Tischendorf et al[19]
	2007
	Germany
	273
	32
	71.4
	36
	2.1
	13.2
	NS
	NS
	Retrospective

	Bjornsson et al[35]
	2008
	International
	176
	38
	55.1
	20
	1.1
	11.4
	NS
	NS
	Retrospective

	Tanaka et al[92]
	2008
	Japan
	391
	50
	58b
	14
	0.7
	3.6
	NS
	57.1
	Retrospective

	Charatcharoenwitthaya et al[136]
	2008
	United States
	230
	42
	59.6
	23
	1.2
	10
	51
	73.9
	Retrospective

	Morris-Stiff et al[87]
	2008
	United Kingdom
	370
	49
	71.6
	48
	2.7
	13
	50
	75
	Retrospective

	Claessen et al[74]
	2009
	Netherlands
	211
	35
	67.8
	15
	0.8
	7.1
	NS
	NS
	Retrospective

	Ataseven et al[51]
	2009
	Turkey
	35
	42
	60
	2
	1.2
	5.7
	72
	0
	Retrospective

	Chapman et al[5]
	2012
	United Kingdom
	128
	49
	63.2
	21
	1.7
	16.4
	NS
	67
	Retrospective

	de Valle et al[88]
	2012
	Sweden
	199
	39
	71.3
	17
	1.3
	8.5
	NS
	NS
	Retrospective

	Fevery et al[43]
	2012
	Belgium
	200
	39
	59
	13
	0.5
	6.5
	41
	46.1
	Retrospective

	Ngu et al[46]
	2012
	New Zealand
	79
	49
	62
	7
	1.1
	8.9
	NS
	NS
	Retrospective + Prospective

	Boonstra et al[33]
	2013
	Netherlands
	590
	39
	63.5
	41
	0.9
	6.9
	47
	NS
	Retrospective

	Geramizadeh et al[78]
	2015
	Iran
	181
	37
	67.2
	16
	N/A
	8.8
	49
	75
	Retrospective (Tx cohort)

	Liang et al[58]
	2017
	United Kingdom
	244
	57
	63.5
	10
	0.8
	4.1
	NS
	NS
	Retrospective

	Liu et al[91]
	2017
	Australia
	208
	41
	60.5
	16
	0.7
	7.7
	NS
	NS
	Retrospective

	Weismuller et al[32]
	2017
	International
	7121
	39
	65.4
	594
	1.1
	8.3
	NS
	NS
	Retrospective

	Saffioti et al[47]
	2018
	United Kingdom
	281
	48
	64
	13
	N/A
	4.6
	NS
	NS
	Retrospective

	Ali et al[158]
	2018
	United States
	830
	NS
	NS
	56
	N/A
	6.7
	55
	66
	Retrospective

	Freeman et al[21]
	2019
	Australia
	39
	45
	69.2
	3
	1.0
	7.7
	NS
	100
	Retrospective


1Incidences have been estimated by number of cholangiocarcinoma (CCA)/total person years, or number of CCA/[number of primary sclerosing cholangitis (PSC) × mean or median follow-up time (yr)].
alisted for transplantation.
bavailable data for 345 patients. Appropriate calculations were made where required. No studies with exclusively small duct PSC or studies in paediatric cohorts were included. PSA: Primary sclerosing cholangitis; CCA: Cholangiocarcinoma; N/A: Not applicable (where estimation is not feasible); NS: No significance; Tx: Transplant.
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