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Abstract
Although vascular complications (VCs) following orthotopic liver transplantation (OLT) seldom occur, they are the most feared complications with a high incidence of both graft loss and mortality, as they compromise the blood flow of the transplant (either inflow or outflow). Diagnosis and therapeutic management of VCs constitute a major challenge in terms of increasing the success rate of liver transplantation. While surgical treatment used to be considered the first choice for management, advances in endovascular intervention have increased to make this a viable therapeutic option. Considering VC as a rare but a major and dreadful issue in OLT history, and in view of the continuing and rapid progress in recent years, an update on these uncommon conditions seemed necessary. In this sense, this review comprehensively discusses the important features (epidemiological, clinical, paraclinical, prognostic and therapeutic) of VCs following OLT.
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Core tip: Although vascular complications (VCs) following orthotopic liver transplantation (OLT) seldom occur, they are the most feared complications with a high incidence of both graft loss and mortality, as they compromise the blood flow of the transplant (either inflow or outflow). Diagnosis and therapeutic management of VCs constitute a major challenge in terms of increasing the success rate of liver transplantation. This review comprehensively discusses the important features (epidemiological, clinical, paraclinical, prognostic and therapeutic) of VCs following OLT.
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INTRODUCTION
Although vascular complications (VCs) following orthotopic liver transplantation (OLT) are seldom, they are one of the most dreaded complications with a high incidence of both graft loss and mortality, as they compromise the blood flow of the transplant (either inflow or outflow). Khalaf, in 2010, reported that patient who presented VCs had significantly inferior graft and patient survival rates[1]. The overall incidence of VCs in adults varies widely among transplant centers worldwide, but remains around 7% in various series of deceased donor liver transplantation (DDLT), and around 13% involving living donor liver transplantation (LDLT)[1-5]. Bleeding, stenosis and thrombosis can arise at any of the vascular anastomoses, as well as aneurysms at the arterial anastomosis and exceptionally on the portal vein[6,7], with an overall reported incidence of 7.2%-15% in adults (mainly arterial 5%-10%, following by portal 1%-3% and caval < 2%) (Table 1)[5,8-10]. In this sense, diagnosis and therapeutic management of VCs constitute a major challenge in terms of increasing the success rate of liver transplantation. This explains why, currently, many transplant teams perform close surveillance of all vascular anastomoses using Doppler ultrasonography, which allows prompt detection and treatment before ineluctable graft failure. All vascular problems must be treated aggressively, particularly in- or outflows and sudden vascular occlusions (i.e., thrombosis or kinking), such as hepatic artery thrombosis (HAT) and portal vein thrombosis (PVT), which are the most common, and more rarely hepatic veins or cavo-caval thrombosis. Indeed, they can suddenly interrupt hepatic blood supply with both high graft loss and retransplantation rates[1,5,10]. Usually, therapeutic options include surgical revascularization, percutaneous thrombolysis, percutaneous angioplasty, retransplantation and a conservative approach. Although surgical treatment used to be considered the first choice for management, advances in endovascular intervention have increased to make this a viable therapeutic option following OLT. In recent decades, huge advances in the field of interventional radiology have radically changed the diagnostic and therapeutic approaches to VCs in liver transplant patients. For example, technical improvements made in the catheterization of hepatic vessels and computed imaging allow a specific and localized intervention on these pathological vessels, in a less invasive way[1,5,11-18]. As a matter of fact, percutaneous endovascular therapies (i.e., catheter-based thrombolytic intervention, balloon angioplasty and stenting) provided by an experienced interventional radiologist are commonly employed and have supplanted surgery as the therapy of choice in almost all cases[18-20]. 
Considering VCs as rare but as major and dreadful issues of OLT history, and in view of the continuing and rapid progresses in recent years, an update on these uncommon conditions seems necessary. In this sense, this review comprehensively presents the important features (either epidemiological, clinical, paraclinical, prognostic and therapeutic) of VCs following OLT. In this review, only VCs following adult OLT (DDLT or LDLT) are presented, excluding pediatric liver transplantation. Taking into account that biliary complications following OLT also constitute a major therapeutic challenge, and that they are intrinsically linked with hepatic arterial pathology, they are beyond the subject of this article and therefore will not be discussed herein.

ARTERIAL COMPLICATIONS
Arterial complications are still a major source of morbidity and mortality after OLT. Normally, the liver allograft maintains a dual inflow blood supply: Portal and arterial. Hepatic artery (HA) plays a major physiological role, because it provids the blood supply for both the liver parenchyma and the biliary tree. Arterial reconstruction is a frequent therapeutic option after the ligation of different collaterals until, finally, the celiac trunk remains the only arterial vascular supply to the transplanted liver[21]. In patients with traumatic liver rupture with currative ligation of the hepatic artery, it has been reported that bile duct necrosis is not always associated[22]. On the contrary, the interruption or the reduction of arterial flow during liver transplant is frequently associated with biliary tree complications due to ischemic processes (i.e., bile duct necrosis, liver abscesses and graft dysfunction)[23]. This discrepancy can be explained by the absence of collaterals in an OLT recipient[2,24]. In the native liver, HAT or even acute ligation, is usually well-tolerated due to the abundant arterial collateral sources which avoid ischemia of the liver parenchyma. In contrast, disruption of these collaterals inevitably occurs when performing total hepatectomy for OLT. Thus, the allograft may survive by portal and arterial inflows via portal and hepatic artery anastomoses. In cases of hepatic artery complications (HAC) perturbing the arterial inflow, the allograft may survive by portal inflow, but only if arterial collaterals exist[2,24,25]. These facts explain why recognition and prompt management of HAC is of great importance for graft and patient survival. The etiology underlying most HAC involves the anastomosis, including: (1) HAT: 1.9%-16.6% (the most frequent and pejorative); (2) anastomotic stricture (i.e., hepatic artery stenosis HAS): 0.8%-9.3%; (3) pseudoaneurysm formation (i.e., hepatic artery pseudoaneurysm HAP): 0%-3%; and (4) hepatic artery rupture (HAR): 0.64%[8,9,18,26]. These complications can be classified into two categories (Table 1): Early (< 1 mo) or late (delayed, i.e., > 1 mo). Very particular attention should be focused on early complications, because they are associated with graft loss and a high mortality rate. In different studies, the definition of early and late complications continues to be discussed. Most of the authors have defined late complications as those occurring after 4 wk, and others after 6 mo[13,25,27,28]. In this review, we consider the recent consensus which defines early complication when it appears within the first month[10,13,18,27,28].

HAT
HAT represent more than 50% of all arterial complications. It is the most frequent and severe vascular complication following OLT. Table 2  usually more frequent after pediatric liver transplantation[5,10,16,17,28-31]. It is the first cause of primary non-function (PNF) of the liver transplant, which can lead to allotransplant loss and patient death in the early postoperative period. HAT is associated with a high incidence of liver transplant failure (more than 50%) and carries a mortality of more than 50% in the absence of revascularization or retransplantation. In recent years, early revascularization by means of endovascular catheter-based intervention has been a viable option for graft salvage before considering retransplantation. Indeed, the retransplantation rate is very high in untreated HAT (25%-83%) compared to graft revascularization treated patients (28%-35%)[3,10,13,16,17,30,32-40].

Definition: HAT is defined as a thrombotic occlusion of the hepatic artery. It has been classified, as described above, into two types depending on the time of presentation following OLT: Early HAT (within the first 30 d of liver transplantation LT) and late HAT (after 30 d of LT)[13,17,28]. The hepatic artery supplies the biliary tree of the transplant, explaining the high frequency of biliary complications in HAT (i.e., biliary ischemia, necrosis, stricture, sepsis) and eventually hepatic insufficiency and graft loss[31].

Incidence: The true incidence of early HAT following OTL is unknown, but it varies widely from 0% to 12% in adults[5,9,24,25,27,30,38,41]. Bekker et al[28] (2009) reported in a systematic review comprising 21822 OLT cases an incidence of 843 cases (adults and children) of early HAT with an overall incidence of 4.4%. In adults, the incidence of HAT was 2.9%. They also showed that the incidence of early HAT had decreased over time since the first report in 1982 by Starzl (6.9% in 1996 vs 3.2% in 2006) with improvements in perioperative care. They reported that there were no differences in incidence among transplantation centers worldwide[2,28]. Median times to the occurrence detection of early and late HAT were respectively 6.9 postoperative days (range: 1-17.5) and 6 mo (range: 1.8-79 mo)[17].
In literature, it does not confirm that HAT incidence in LDLT is significantly lower or higher compared to HAT incidence in DDLT. Many studies show contradictory results[1,9,17,28,41] but, a meta-analysis on HAT found no significant difference with an incidence of 3.1% and 4.6% in LDLT and DDLT, respectively[28]. Furthermore, it was reported that arterial anastomosis with operation microscope or loupe mangnification did not show any difference in incidence HAT[9,17,28,41].
Late HAT shows a lower incidence, ranging from 1% to 25%[38,42]. Torras et al[34] (1999) reported an incidence of 7.5% (35/413) following OLT. Sixteen cases occurred during the first month (early HAT): Diagnosis made from 1 to 13 d after OLT (median: 2.5). Nineteen cases were late HAT (> 30 d, from 2 to 79 mo after OLT (median: 5 mo)[34].

Clinical presentation: The clinical presentation of HAT range from a mild elevation in serum amino transferase (most frequently in patients with HAT) and bilirubin levels to fulminant hepatic necrosis. HAT is associated with elevated transaminases in 75%, biliary complications in 15%, fever and sepsis in 6% and graft dysfunction or failure in 4% of cases[5]. The clinical expression depends on the timing of the onset of HAT as well as on the existence of collaterals[5,25,27]. Usually, initial non-function or severe allograft dysfunction predominately occurs in patients with early HAT. This explains the importance of symptomatic expression, whereas biliary tract complications (i.e., bile duct strictures or bile leaks sometimes leading to biliary hepatic abscesses) are more frequently, but not exclusively, associated with late HAT. Indeed, clinical expression depends on the existence of collaterals, which can develop as early as within two weeks[17,24,27]. Therefore, two main forms of HAT are recognized: (1) acute presentation (early HAT) characterized by a severe clinical course; and (2) delayed presentation (late HAT) generally associated with a milder clinical course[25]. 
In every cases, early HAT clinically manifests with fever, increase leukocytosis and a important elevation in liver enzyme levels. The natural history of early HAT could be summarized as biliary tract necrosis followed by uncontrolled septic shock in the immunosuppressed population, and even by the patient’s death[17,27,28,31,38]. The pathophysiological process of early HAT results in injury to the bile duct epithelium and to hepatocytes. This leads to massive necrosis in the allograft, partly due to the disruption of arterial inflows (i.e., main flow by HA and accessory physiological collaterals), explaining the high incidence of biliary sepsis in early HAT [25,27,28].
It is usually assumed that late HAT is due to ischemic or immunological dammages with a more insidious onset. Up to 50% of patients with late HAT can be asymptomatic with elevated liver function tests only[10,19,27,36]. Symptomatic patients often present with biliary complications including recurrent cholangitis, bile duct stricture/stenosis, biliary leakage, biliary tract necrosis and abscess formation revealed by relapsing fever and bacteremia. The presentation may be insidious. Liver graft ischemia and liver failure are other classical insidious clinical outcomes revealing late HAT[17,27,28,36,38,42,43].  

Risk factors: Several reports studied the risk factors associated with HAT[5,10,17,19,25,27,28,34,44,45]. They can be divided into several categories. It is usually considered that technical problems are mainly associated with early HAT. Conversely, risk factors for late HAT are less well-defined. However, a donor positive CMV status and a recipient negative CMV status have repeatedly been shown to be a possible risk factor for late HAT[27,45]. Moreover, specific factors of late HAT reported include the association of female donor and male recipient, HCV positive recipients, episodes of rejection, tobacco consumption and retransplantation[10,17,27,45,46]. Besides, while some authors believe that HAS and HAK are the initiating factors, others suggest a perioperative hypercoagulable state as a possible underlying cause[5,10,17,28,29].
Truly, the cause of early HAT is still under debate and remains unknown in most cases. Up to 20% of HAT cases are probably due to surgical causes (technical problems) in the arterial anastomosis, such as difficult anastomosis, technical imperfections with the anastomosis, kinking, stenotic anastomosis, small vessel size, reduction in a disparate diameters of the arteries, dissection of the hepatic arterial wall, celiac stenosis or compression by the median arcuate ligament, the presence of multiple arteries, aberrant or complex donor/recipient arterial anatomy or arterial abnormalities requiring complex arterial reconstructions, complex backtable arterial reconstruction of the allograft, poor quality donor and recipient vessels and high-resistance microvascular arterial outflow caused by rejection or severe ischemia-reperfusion injury (IRI). Those problems are more common among centers performing fewer than 30 OLT a year; the incidence of HAT diminishes with the surgical team’s experience. Therefore, surgical causes probably do not represent the main risk factor for HAT[17,28,29,31,38]. 
It has been reported that HAT can occurs within a few hours after LDLT, which indicates a population at higher risk of HAT. Indeed it has been shown that these patients displayed a higher rate of VCs explained by the complexity vascular reconstructions linked to smaller and shorter caliber of donor and recipient vessels[1,10,47].
Regarding the non-surgical risk factors involved in the occurrence of HAT, donor age > 60 years, extended cold ischemia time, lack of ABO compatibility, cigarette smoking, hypercoagulability state, donor positive for cytomegalovirus (CMV) in a CMV-negative recipient, rejection, regrafts and transplant for primary sclerosing cholangitis have been shown to be statistically linked with the occurrence of HAT[17,28,38,46]. However, the literature review dealing with this issue displayed conflicting results. Indeed, some authors reported that some parameters like cold ischemic time, donor age and the presence of rejection were not found to be factors related to the development of HAT[34]. This emphasizes the difficulty in accurately determining the risk factors associated with early HAT. In a recent study, Panaro et al[48] (2014) have shown a statistical association between TACE and the radiological and histological arterial wall injury, as in the past 25 years TACE has been widely used in the treatment of HCC. This procedure may potentially cause vascular lesions in the arterial wall (catheterization and drug infusion), suggesting that previous TACE could constitute a risk factor of HAT when future OLT is performed[5,48]. 
Some practices could prevent the occurrence of HAT, and the data reported by Duffy et al[5] (2009) demonstrates that arterial reconstructions which restore the normal anatomy and gentle handling of vessels are of great importance in the accompplishment of hepatic arterial anastomosis. Some studies reported that recipients with multiple anastomoses for arterial reconstruction should receive aspirin and DUS assessment to screen the patency of the reconstructed hepatic artery. Moreover, the use of aortic conduits for arterial reconstruction is a risk factor that warrants the initiation of prophylaxis in the post-transplant period[5,10,17,19,25,31,44]. For patients with inheritable thrombophilic diseases; given the devastating effects of HAT on graft outcomes, it should be necessary to identify these to prevent thrombotic complications. It is likely that patients who present both hematological and operative factors are most at risk, and routine anticoagulation in the post-OLT setting should be instituted. In sum, many studies recommand peritransplantation anticoagulation with heparin or an antiplatelet agent in patients with extraanatomic conduits, complex backtable reconstruction, or pre-OLT transarterial chemoembolization (TACE). However, the best prophylactic approach is controversial, and this should be clarified by randomized, controlled trials[5,10,17,19,31,44,25]. An interesting report by Marin-Gomez et al[40] (2012) demonstrates that intraoperative blood flow allows for a prediction of the occurrence of HAT when it is less than 100 mL/min with 84.5% sensitivity and a predictive positive value of 97.8%.

Diagnosis: Early diagnosis is mandatory to allow immediate treatment and to prevent graft loss. The detection of these patients includes biological (serum transaminase levels) and morpholgical (DUS) exams, while visceral angiography allows to confirm the diagnosis. DUS is a proven non-invasive technique and the gold standard investigation to assess hepatic artery patency. It detects the absence of hepatic artery flow, even in its intrahepatic branches. The DUS  diagnosis comprize the lack of HA signal (Se = 92%) or an increased resistive index (RI)[25,17,38]. Even though the screening protocol varies between liver transplant centers, a DUS surveillance protocol of the hepatic artery can detect reduced hepatic arterial flow and to allow for prompt revascularization management, which may result in transplant salvage[17]. In sum, in case of an abnormal elevation in liver enzymes and suggestive findings on DUS, abdominal CT angiogram or angiography confirmed diagnosis and it can precisely shows an underlying anatomical defects (stenosis or kinking) with a high sensitivity and specificity specificity (Figure 1)[17]. Parejai[38] (2010) established a screening protocol for early HAT, consisting of a first Doppler ultrasound within 48 h of OLT and in another Doppler ultrasound 7 d later. If the first examination is conclusive, they perform contrast ultrasound (microbubbles) or computed tomography. When HAT is confirmed, arteriography should be performed[38]. Intimal hyperplasia causing progressive HAS may precede late HAT and may be screen by regular (yearly) post-OLT DUS assessment. In some cases, HAS is likely to stimulate the development of arterial collaterals that protect the liver from ischemia at the time of HAT[25,48].

Therapeutic management: Classically, we consider several treatment modalities for HAT: (1) revascularization (surgical or endovascular); (2) retransplantation; and (3) observation. Currently, the most effective treatment approach remains controversial and the choice of any of these treatments depends on the time of diagnosis. Early diagnosis, prompt revascularization and retransplantation have been considered the only solution to rescue patients with HAT. Historically, retransplantation is the treatment of choice for most groups, offering the best survival results[5,16]. However, this possibility is strongly conditioned by the shortage of donors and by the patient’s condition[16,17,27,38,39]. Percutaneous endovascular treatments including intra-arterial thrombolysis (IAT), percutaneous transluminal angioplasty (PTA) and stent placement have shown hopeful outcomes in the literature. Finally, some patients survive without revascularization or retransplantation by developing collateral circulation distal to the thrombosis, but this occurs in rare cases[17,20,24,38,39]. Despite these encouraging results of endovascular interventions, the efficacy and risk of complications (mainly represented by hemorrhage risk) make this therapeutic option still controversial. Moreover, in some cases these are ineffective and surgical intervention (including anastomotic revision and retransplantation) must be applied. The complications of PTA include thrombosis, vascular dissection and rupture. Thus, urgent revascularization by means of endovascular interventions as a primary option offers could give a chance to avoid rLT, but only in asymptomatic patients[8,10,17,20]. Despite the proof of efficacy and safety of thrombolytic treatment with different products and regimens (urokinase, streptokinase, alteplase), the best protocol is not still known and there are currently no specific guidelines for thrombolytic therapy application. Furthermore, several studies recommend low dose of heparin in association with thrombolytic despite incresing the risk of adverse bleeding. Indeed, hemorrhage is the most frequent adverse effect and concern about 20% of patients: Ranging from blood in the drainage to intra-abdominal hemorrhage, which could be fatal in some cases. This is mainly true in early postoperative period, but selective thrombolysis via the hepatic artery presents several advantages, such as a smaller thrombolytic dose, a highly localized concentration and little influence on systemic coagulation[17,20]. Endoluminal IAT with restoration of flow should be associated with underlying anatomic defects treatment if present, including reduction of kinking, treatment of an anastomotic stenosis and often requires balloon angioplasty and/or stent placement[16,20]. Association of IAT with PTA and/or stenting showed better efficacy and survival rates when compared to IAT alone. In summary, PTA and stent placement are currently tried first to resolve the problem in many centers[10,20]. Open surgical revascularization of thrombosed liver transplant is considered a viable option to save the transplant and to avoid retransplantation. Open surgical revascularization can be performed in various ways depending on the length and on the integrity of the recipient and on the graft arterial stumps. The procedure in its simplest form can be a Fogarty thrombectomy and a primary resuture of the end-to-end hepatic artery anastomosis[16]. Duffy and colleagues evaluated 4234 LT from 1984 to 2007: 203 (5%) developed HAT including 133 early and 70 late HAT; the occurrence of HAT was 3.9% in adults. Overall 90 patients were treated with surgical exploration, thrombectomy, or anastomotic revision. Nine patients were treated with catheter-based thrombolysis and 13 patients received anticoagulation. Of the patients with early HAT who underwent thrombectomy and anastomotic revision, only nine (10.5%) had graft salvage, and the remaining patients needed re-transplantation. Overall, re-transplantation was necessary in 153 (75%) patients with HAT. Therefore, retransplantation after HAT has a better survival rate compared with revision or thrombolysis[5,10]. 
In contrast, some patients with late HAT survive without revascularization or retransplantation by developing a collateral circulation distal to the thrombosis. The mean time between the diagnosis of HAT and the neovascularized liver is 4.1 mo (range: 3-5.5 mo). Four factors are associated with the development of a neovascularized liver: Late HAT, early HAS, site of thrombosis, and Roux-en-Y anastomosis[24,39]. These results confirm that a slow arterial obstruction process allows for the formation of arterial substitute pathways, but this striking neoangiogenesis capacity, only significant in cases of chronic ischemia, is insufficiently rapid in the case of early HAT. Given the improved outcome of the conservative treatment of liver transplant recipients, in whom late HAT develops without revascularization or retransplantation, revascularization in this condition is controversial. Based on two limitations (the relative lack of utility of revascularization of late HAT and the contraindication to early postoperative thrombolysis), Saad et al[16] (2007) proposed that the clinical window of the applicability of transcatheter thrombolysis should be most likely from 1 to 3 wk to 1 to 3 mo post-transplantation, respecting contraindications to avoid fatal bleeding complications. However, successful and safe pharmaceutical thrombolysis was described by Figueras et al[11] (1995) 3 d after OLT. In the literature, the time interval between the transplant and thrombolysis procedures ranges from 2 to 120 d (mean, 53 d)[11,16,27,49-51].

Prognosis: At the time of revascularization, survival rates is 40% in symptomatic vs 82% in asymptomatic patients[17]. The incidence of HAT has a significant impact on transplant and recipient survivals. Indeed, Silva et al[17] (2006) reported an overall mortality rate of 23% in those developing HAT post-OLT. In the meta-analysis reported by Bekker et al[28] (2009) HAT was a major cause of graft loss (53.1%) and mortality (33.3%) in the early postoperative period.

Conclusion: HAT is rare but it represent the most common vascular complication following LT. A definitive diagnosis is achieve by angiography, which may detect predisposing  anatomical anomalies. Moreover, it allows prompt therapeutic management in the same time. IAT can be performed alone and an eventual anatomical anomaly may then be corrected by endovascular procedures such as balloon angioplasty and /or stent placement, or a surgical intervention. Currently, it seems reasonable to propose endovascular treatment first, mainly due to organ shortage and the high mortality related to retransplantation, considering the highly individualized outcome and depending of the competence of the transplant center. However, in the early post-transplant period, it is widely accepted that symptomatic patients with severe allotransplant dysfunction and symptoms related to arterial thrombosis need retransplantation.

Hepatic artery stricture/stenosis 
Definition: HAS following OLT is defined as a narrowing of the transverse diameter of the HA, more or less extended, resulting in graft ischemia mainly revealed by elevated liver function tests[2,16,52-56]. Significant HAS is usually defined as a narrowing of the transverse diameter > 50% on angiogram associated with clinical suspicion and a resistive index (RI) < 0.5 (defined by peak systolic flow-end diastolic flow/peak systolic flow) and a peak systolic velocity (PSV) > 400 cm/s detected by DUS[16,57,58]. HAS and HAT are the most common hepatic arterial complications, with high rates of morbidity and mortality[56,58] (Table 3).

Incidence: HAS occurs in 2% to 13% of transplants and has been suggested to progress to HAT implicating, at least in part, that HAS and HAT are two contiguous components of the broader allotransplant ischemic spectrum[2,16,30,52,53,55,56,58-60]. Wozney et al[2] (1986) reported three cases in which untreated anastomotic strictures of the hepatic artery progressed to HAT. Saad et al[52] (2005) emphasized the correlative progression of untreated significant HAS to HAT with an incidence rate of 65% at six months for untreated HAS[2,16,52]. Abbasoglu et al[57] (1997) reported an incidence of 4.8% in a cohort of 857 consecutive OLT from 1988 to 1995. The median time to diagnosis was 100 d (range: 1-1220 d) following OLT, which was also reported by Denys et al[60] (2002) with a mean time to diagnosis at 94 d post-OLT[57,60]. Similar to HAT, HAS may be divided in two groups: HAS occurring within 30 d after OLT (early HAS), and HAS occurring more than 30 d after OLT (late HAS). Chen et al[61] (2009) reported an overall HAS incidence of 2.8%, with an early HAS incidence of 40% vs a late HAS incidence of 60% (mean time elapsed between transplantation to diagnosis: 91 d; range: 1-430 d). Abbasoglu et al[57] (1997) reported that stenosis occurred in 59% of cases at the level of the anastomosis with a median time of diagnosis at 75 d post-OLT, in 41% of cases at the level of the graft HA with a median time of diagnosis at 160 d post-OLT, and in 2.6% at the level of the recipient HA[57]. Saad et al[52] (2005) did not confirm these results[52]. Indeed, the literature has established that the anastomotic stenosis is the most common place for the development of HAS within three months after LT[10,62].

Clinical presentation: The clinical presentation of HAT range from normal liver function to transplant failure secondary to ischemia or necrosis. Moreover, HAS can lead to an insidious form of graft disorder, both in the early and later postoperative stages. Many patients with HAS are asymptomatic and most commonly present only with abnormal liver function tests (LFT)[16,52,57,58,60,63,64]. Indeed, Abbasoglu et al[57] (1997) reported that an elevation in LFT was the main clinical presentation. Most asymptomatic patients are detected during routine US screening. In fact, the non-specific and insidious clinical presentation of HAS mandates to perform routine screening DUS at regular time intervals. In contrast, it is obvious that DUS screening should be highly required for OLT asymptomatic patients presenting elevated LFT.
Compared with HAT, the risks of developing biliary complications, including biliary strictures and bile leaks, are less frequent with HAS. Ideally, HAS should be diagnosed before the occurrence of biliary complications, because of the significant impact on both graft and patient survival[10,19,57]. Indeed, incidence of biliary complications is reported to be as high as 67% in liver transplant recipients with HAS[52,63,64]. 

Risk factors: The risk factors of HAS are not really known and seem to have a multifactorial origin[60]. Many authors suggest perioperative factors (technical) of vascular injury (clamp injury, intimal dissection, faulty placement of anastomotic sutures), donor and recipient factors (excessive length with kinking and angulation, differences in vessel caliber that require oblique anastomosis), and others, such as extrinsic compression and microvascular injury, i.e., vasa vasorum disruption or acute cellular rejection[52]. Abbasoglu et al[57] (1997) demonstrated that a low mean initial HA flow (less than 400 mL/min) after OLT is a risk factor for developing anastomotic HAS, but they did not identify a risk factor. Moreover, they showed that the presumed immunological bases, such as autoimmune hepatitis, primary biliary cirrhosis and primary sclerosing cholangitis for their OLT, were not risk factors for HAS[57].

Diagnosis: DUS is a well-established non-invasive method for the assessment of HA patency, and its efficiency in the early diagnosis of HAS has been reported in several studies[52,57]. Abbasoglu et al[57] (1997) showed a DUS sensitivity of 85% in detecting HA stenosis. DUS showed a sensitivity of 100%, a specificity of 99.5%, a positive predictive value of 95% and a negative predictive value of 100%, and an overall accuracy of 99.5% in early HAS diagnosis[10,57,62,65]. Many teams also use MDCTA and standard angiography to confirm the diagnosis, which is the gold standard for HAS diagnosis[10,62,65].

Therapeutic management: The therapeutic management of HAS includes either surgical revision, retransplant or percutaneous endovascular interventions, such as PTA with or without stent placement[52,57,60,63,64,66] (Figures 2 and 3). Abbasoglu et al[57] (1997) reported 35 cases of surgical revision, including aortohepatic iliac artery graft (from banked donor vessels), autologous saphenous vein patch angioplasty and resection of the stenotic segment either with primary reanastomosis or with interposition of a banked iliac artery or saphenous vein graft. In this group, HA flow was reestablished successfully in all patients. At a mean follow-up of 25 mo, 67% of patients were asymptomatic with normal liver function. Six patients were treated with PTA. Five of them were found to be asymptomatic at a mean follow-up of 25 mo[57]. Indeed, balloon angioplasty can be an effective treatment option in these cases[10,19]. Similar to Abbasoglu et al[57] (1997), Saad et al[52] (2005) also reported 81% successful treatment of cases in a series of 42 cases of significant HAS treated by PTA, with an incidence of immediate complication of 7% including dissection and arterial rupture[52,57]. Delayed complications (i.e., HAT) within 30 d of PTA occurred in 5% of cases, yielding a total complication rate of 12% and 12% total failed attempts without consequences. In this treatment modality, very different rates of restenosis have been reported from no restenosis to rates as high as 75%[60,63,64,67,68]. Denys et al[60] (2002) reported a low rate of HAT among 13 HAS patients treated by HA stent placement, which may be attributed to anticoagulation and/or antiplatelet regimens that were routinely given to their patients[52,60]. In their study, they also reported a post-HA stent placement HAT in one patient, and four patients with intra-stent restenosis in whom restenosis was dilated successfully. Other teams showed that primary stenting of the HA is feasible and offers a low complication rate with an acceptable one-year patency rate[60,69]. Ueno et al[69] (2006) reported an incidence of restenosis of 25% after stent placement, which is significant, but Sommacale et al[56] (2013) demonstrated that repeated endovascular treatment of recurring HA stenosis carries a high rate of success[56,69]. However the best time for the earliest endovascular intervention after liver transplant is currently still discussed. Boyvat et al[66] (2008) reported endovascular intervention performed within seven days after transplant in nine patients, with a mean intervention time of 34.6 d (range: 6 h-210 d). They experienced extravasation or HAR in five patients and used graft-covered stents to solve this issue in all patients. They suggested that this technique should allow for safer endovascular intervention with no restriction time after surgery and with an acceptable benefit/risk ratio[66]. Finally, a recent published meta-analysis of case series has reported that interventional radiological procedures are often used to treat post-transplant HAS, and that PTA with balloon dilation alone or associated to stent placement are both efficacious and show similar complication rates and decrease the retransplantation rate[55].

Prognosis: In the study by Abbasoglu et al[57] (1997) the overall mortality was 20%, mainly in the surgical revision group. Nineteen percent of patients with HAS had retransplantation with a median time of four months (range: 11 d-21 mo). It is interesting to note that among these, five had chronic rejection not diagnosed prior to HA revision, suggesting that HA stenosis should be an early sign of chronic rejection[57]. Therefore, Abbasoglu et al[57] (1997) recommended that every HAS patients should be screened for chronic rejection. The patient and graft survival rates at four years in the revised HA group were 65% and 56%, respectively; these rates were not significantly different from those of the control group[57].

Conclusion: To conclude, HAS requiring revision is an uncommon condition after OLT. Early diagnosis by means of systematic DUS in the postoperative period and prompt revascularization procedures, with percutaneous endovascular methods with or without stent placement first, are usually successful with long-term graft and patient survival[56]. Individualized therapeutic regimens should be applied to treat HAS according to the technical platform available within transplant centers. When endovascular intervention fails to rescue arterial blood inflow, surgical revascularization should be attempted, especially if HAS is associated with biliary complications before considering retransplantation, which carries a higher mortality rate[70]. Finally, a meticulous arterial anastomosis suture with careful attention of a sufficient arterial flow into the liver transplant seems prevent this complication.

Hepatic artery pseudoaneurysm
Definition: Hepatic artery pseudoaneurysm (HAP) is defined as a dilated hepatic artery, which occurs after iatrogenic injury in most cases, causing blood to leak and pool outside the artery wall into surrounding tissue, with a persistent communication between the HA and the resultant adjacent cavity (Table 4). This is a very unusual event, with a reported incidence of 0.27%-3%[26,30,71-80]. 

Incidence: In the retrospective cohort studied by Volpin et al[81] (2014) on 787 liver transplantations (LT) performed between January 1990 and 31 December 2005, a HAP incidence of 2.5% was reported, uniformly distributed over the 16-year period. The authors showed that this complication did not significantly affect any specific indication for liver transplantation. In the 16 patients that were concerned, the anatomical localization of HAP was extra-hepatic and occurred after the first liver transplant. In fact, most HAP occurred in the early postoperative period around one month post-OLT: 69% presented within 20 d and 81% within 35 d following LT. The median time of presentation of HAP was 13 d. This corresponds to the median time reported by many authors, varying from 13.4 to 29 d post-LT[26,30,78,80,81]. 

Clinical presentation: The clinical presentation of HAP varies from the asymptomatic state and incidental diagnosis upon imaging to abdominal pain associated with fever, gastrointestinal bleeding (25% of cases), massive bleeding through the abdominal drain in the very early post-LT period (31% of cases) and acutely with hemorrhagic shock (81% of cases, the most frequent in the series of Volpin et al[81], 2014). These imply additional investigations, such as emergent abdominal imaging.

Risk factors: Several predisposing factors have been suggested, including peritoneal infections, technical difficulties during the completion of arterial anastomosis and biliary leak[26,30,71-83]. The rate of patients with extra-hepatic HAP and with bacterial or fungal organisms isolated from the peritoneal fluid or from the arterial wall is very high. In the series of Volpin et al[81] (2014), these patients accounted for 81% of the total (microorganisms cultured from the HAP wall: 50% of cases; cultured from the abdominal fluid: 31% of cases), and other authors report a rate varying from 66% to 100%[26,30,71,73-81,84,85]. Four patients of the Volpin series had a biliary leak discovered before or at the same time as HAP. Indeed, bile leak and bilio-digestive anastomosis were found to be risk factors for HAP, suggesting that enterotomy, bile and digestive leaks could be a source of peritoneal contamination, be considered very seriously and treated promptly because of the risk of HAP formation. In contrast, LDLT, reduced size, split, auxiliary LT and retransplantation were not risk factors for HAP.

Diagnosis: In the study by Volpin et al[81] (2014), the diagnosis of HAP was made by DUS, contrast-enhanced CT scan or angiography (Volpin et al[81], 2014) (Figure 4). 

Therapeutic management: Treatment of HAP can be achieved by reoperation or interventional radiology[26,75,78,81,86]. In the series of Volpin et al[81] (2014), five patients underwent urgent laparotomy for HA ligation; three of them died in the immediate postoperative course with a mortality rate of 60%. The two survivors had biliary complications[81]. Among patients treated by HA ligation, other authors confirmed this unfavorable outcome: 28% mortality in the series of Madariaga et al[73] (1992), 75% in the series of Marshall et al[78] (2001) and 85% in the series of Bonham et al[74] (1999). Moreover, this treatment exposes survivors to impaired liver function, graft loss and finally retransplantation[81,85]. Despite these poor outcomes, Boleslawski et al[26] (2013) reported that HA ligation without revascularization is regarded as a reasonable option, with no early mortality in 10 patients with HAP rupture treated by ligature without revascularization. Six of them were still alive without retransplantation after a median follow-up of 70 mo[26]; seven patients underwent HAP excision and immediate revascularization. The arterial continuity was directly restored in five cases and cryopreserved arterial allograft conduits were interposed in two cases. In three cases, concomitant biliary complication was treated simultaneously by bilio-enteric anastomoses. Two patients died postoperatively (mortality rate of 28%). In this subgroup of treated patients, 66% of cases had an uneventful outcome, which seems to offer the best outcome in an emergency setting. Finally, two patients were treated by interventional radiology. One patient underwent embolization with a coil for deliberate HA occlusion; at 10.5 years of follow-up, this patient has good liver function without biliary complications. Another patient had HAP exclusion with a covered stent inserted into the HA; this patient has good liver function at 10 years of follow-up[81].

Prognosis: Volpin et al[81] (2014) reported an overall mortality of 50%. Among patients who presented with HAP rupture, the mortality rate was 53%. The three patients treated before HAP rupture occurred are still alive after 10 years of follow-up[81]. In the literature, HAP is associated with a high mortality rate, ranging from 69% to 100%[26,30,71-81].

Conclusion: To conclude, the early recognition of HAP in a high risk population (patient presenting with a documented peritoneal infection, bacteremia, bile and/or digestive leak, or bilio-digestive anastomosis) is crucial to expressly carry out diagnostic assessment and therapeutic management by percutaneous endovascular techniques first. Surgical intervention for HAP excision should be followed by immediate revascularization, even in an infected field, if endovascular management has failed. Recognition before rupture should allow a successful outcome in 100% of cases. Keeping in mind that HAP is usually asymptomatic before rupture, that it occurs most often within the first five weeks post-LT and the poor performance of DUS[87], Volpin et al[81] (2014) suggested that a contrast-enhanced CT scan or magnetic resonance angiography should be performed

HAR
Definition, incidence and risk factors: HAT is defined as a severe hemorrhage from the trunk or from a main branch of the HA. It is a very serious complication that results in the disruption of the arterial blood supply of the transplant. This is a very exceptionnal but a dramatic complication after OLT which carries very high incidence of liver transplant loss and high mortality rate. In most cases, this condition complicates a pseudoaneurysm of the HA, leading to major bleeding that requires emergency operation. Many reports reported the role of infectious pathogens as the cause in the development of pseudoaneurysms. Diagnosis of pseudoaneurysms is accessible with various radiological techniques, but in half of cases, HAP is not recognized before rupture, requiring immediate surgery[26] (Table 5).
In cases of acute bleeding, many therapeutic possibilities are available: endovascular intervention with embolization with or without stenting, surgical intervention for anastomotic revision, aorto-hepatic grafting, HA ligation or emergency/elective retransplantation. In case of HAR, mortality remains very high and currently there is no consensus on the indications for these procedures[26,73,78,80,88]. Boleslawski et al[26] (2013) published the largest series of ruptured post-transplant HAP; they highlighted the efficacy of primary HA ligation on both early and late survival. They reported an HAR incidence of 0.64% (17 patients out of 2649 OLTs from 1997 to 2007). The mean age was 47.9 years (range: 27-65 years; 13 men and 4 women). The median time between transplant and HAR occurrence was 29 d (range: 2-92 d), but the distribution of events was bimodal with only four late HA ruptures occurring after two months[26].

Clinical presentation and diagnosis: In the study by Boleslawski et al[26] (2013), clinical presentation was always sudden hemorrhage: Hemoperitoneum in ten patients, gastrointestinal bleeding in five patients, hematoma in one patient and hemobilia in one patient. The presence of a fungal infection in the arterial wall was confirmed in six patients. Biliary leak was observed in seven patients[26].

Therapeutic management: In the study by Boleslawski et al[26] (2013), immediate treatment included urgent laparotomy (15 patients) with definitive ligation of the HA (10 patients), anastomotic revision (3 patients) and aortohepatic grafting (2 patients). One patient had a percutaneous embolization and one patient died before treatment. Treatment of the associated biliary leak was performed either synchronously or after the first surgery in seven patients. In this series, the early mortality rate was 35% (0-80 d from HAR and 16-172 d from transplantation) because of hemorrhagic relapse or sepsis[26].

Prognosis: Boleslawski et al[26] (2013) also studied the effect of HA ligation on survival. They compared patients with (n = 10) and without (n = 6) HA ligation treatment. Of the 6 patients that received percutaneous embolization or revascularization, only 1 survived beyond 90 d (mortality rate: 83%). The 10 patients with HA ligation survived after postoperative day 90. Additionally, the one- and three-year graft survival rates for patients without HA ligation were 14% and 14%, respectively, vs 80% and 70%, respectively, in patients with HA ligation. The one- and three-year overall survival probabilities were 14% and 14%, respectively, in patients without HA ligation vs 100% and 80%, respectively, in patients with HA ligation[26]. 

Conclusion: Finally, in this retrospective study, Boleslawski et al[26] (2013) recommended that HA revascularization should be avoided, especially when mycotic pseudoaneurysm is suspected (i.e., if there was a gastrointestinal wound during liver procurement, documented systemic candidiasis prior to HAR, or if HAR occurred several weeks after transplant with associated lesions, such as biliary leak or gastroduodenal perforation). In contrast, HA ligation seems to be a reasonable life-saving option because it prevents hemorrhagic recurrence and should achieve a successful long-term outcome, with or even without retransplantation. Expected biliary complications, such as ischemic cholangitis, following HA ligation could be managed afterward by percutaneous and/or endoscopic interventions[26].

VENOUS COMPLICATIONS
Compared to arterial complications, venous complications are less frequent with an estimated overall incidence of less than 3%[4,5,8,9,62,89-91]. They can be potentially devastating and lead to graft failure, and therefore represent an important source of morbidity and mortality after OLT, especially if they occur in the early post-operative period[9,90,91]. Numerous literature reports have demonstrated that the incidence of venous complications in pediatric transplants is higher than in adult transplants[9,62,92,93]. Venous complications following OLT include: Portal (1%-3%) and caval (< 2%) problems[5,8,9,91]. The etiology underlying most of these involves the anastomosis, including: (1) PVT: < 3% (the most pejorative), portal vein stenosis (PVS): 2%-3%; (2) caval and hepatic veins with specific complications depending to the type of anastomosis either end to end caval anastomosis: Thrombosis, stenosis (< 2%); or piggyback: thrombosis, stenosis, kinking < 2%[4,5,8,9,91,94,95]. In the same fashion as HACs, they can be classified into two categories (Table 1): Early (< 1 mo) or late (delayed, i.e., > 1 mo). In the recent years, the literature has been in favor of endovascular intervention management of venous complications, with very good outcomes[8,9,10,62,91].

Portal vein complications
The incidence of portal vein complications (PVCs) following liver transplantation is relatively uncommon, occurring in 1% to 3% of patients[4,5,8,9,89-91,96]. These complications are associated with high morbidity and graft loss[8,9]. An another important fact to mention is that PVCs are more common with split liver and LDLT and also in pediatric transplantation[91,97]. Regarding PVCs, DUS, contrast enhanced ultrasound (CEUS) and contrast-enhanced CT are the usual tools for diagnosis; more recently, magnetic resonance venography (MRV) using the gadofosveset trisodium agent has been proposed[8,9,98]. Therapeutic PVCs management ranges from thrombectomy and anastomosis revision to retransplantation depending to the delay of occurrence after OLT. Nowadays, except early PVT, endovascular procedures are now considered to be the first line treatment for post-transplant PVCs, and many studies have shown highly successful results[62,93,99,100].

PVT: The incidence of PVT in OLT ranges from 0.3%-2.6%[1,90] (Table 6). From the UCLA experience, Duffy et al[5] (2009) reported a PVT incidence of 2% in more than 4200 patients. However, the incidence of PVT is close to 4% in adult LDLT due to technical difficulties in PV reconstructions, mainly related to a shorter vessel pedicle and limited vessel graft[101]. In LDLT, PVT occurs more frequently in the early period, defined as within 3 mo by Kyoden et al[101] (2008) (73% of cases from Kyoden’s series; median, 58 d; range, 1-68 d).
The clinical presentation depends on the time the thrombosis occurs. When it occurs early, severe acute liver insufficiency or graft failure predominates. If it occurs late, clinical symptoms depend of the portocaval collateral circulation existence. Portal hypertension manifestations including upper gastrointestinal bleeding due to esophagogastric varices and ascites are the most frequent clinical presentations. In contrast, liver failure is rare[30,90,96]. Langnas et al[30] (1991) reported a mean diagnosis time of 5 d following OLT (range: 1 to 15 d), which was confirmed by Kyoden et al[101] (2008), who reported that PVT occurred more frequently in the early period, i.e., 8/11 cases (72%).
The most common causes of PVT are technical errors related to venous redundancy and kinking and/or stenosis of the anastomosis[90]. Other reported risk factors include prior surgery on the portal or splanchnic venous system or a pre-transplant portal thrombosis requiring thrombectomy during the operation, a small diameter of the portal vein (< 5 mm), previous splenectomy, hypoplastic portal vein, large portosystemic collaterals and the use of venous conduits for portal vein reconstruction[90,96]. Specific risk factors found in adult LDLT are: Small PV size, liver graft position and the type of venous conduits used to connect the PV of the donor to the recipient such as a cryo-preserved vein, the use of which is discouraged by Kyoden et al[101] (2008)[30,90,96,102-105].
DUS should be the first imaging tool used and is easily employed to evaluate vascular patency. It allows, in most cases, for an immediate non-invasive diagnosis and provides a rapid evaluation of vascular flow patency. DUS protocols vary widely worldwide among liver transplant centers, but most teams recommend performing DUS daily (some authors recommend twice daily) in the immediate post-operative period until POD 5 or in the presence of abnormalities of liver function tests or a clinical suspicion of the diagnosis[106-109]. Recently, other authors have proposed the use of CEUS to avoid frequent false-positive results after DUS[108,110]. CEUS may help in assessing the severity of portal insufficiency, based on evidence of parenchymal perfusion status. It allows to show small thrombus in a peripheral portal branch[108,110]. In a retrospective evaluation of 23 patients, CEUS was used as an additional diagnostic method to US, CT and MRI[110]. The authors reported new clinically relevant findings in 52% of cases, such as PVT confirmed during surgery or other radiological results.
Therapeutic options for PVT range from systemic anticoagulation to catheter-based thrombolytic therapy, to surgical revision until retransplantation. The three percutaneous options presented in the literature include transhepatic portal vein angioplasty (with or without stent placement), percutaneous thrombolytic therapy via TIPS creation and the transplenic approach[111-114]. In practice, three different therapeutic situations that require specific care may be distinguished: (1) complete PVT within the first 48 h post-OLT; (2) PVT (complete or partial) at 48 h and not more than at 30 d (early PVT); and (3) after more than at 30 d (late PVT). 
Early complete PVT within the first 72 h post-LT: In a patient who shows signs of multiorgan failure, surgical revision of the anastomosis is mandatory. In the presence of kinking or twisting that caused the thrombosis, anastomotic revision and systemic anticoagulation are sufficient to resolve this condition. If this procedure is unsuccessful in obtaining satisfactory portal transplant revascularization, emergent retransplantation should be indicated.
Early PVT (PVT > 72 h and < 30 d): Independently of PVT presentation (partial or complete), non-surgical treatment should be reasonably attempted. The most frequent procedure is percutaneous thrombolysis associated with stent placement[111,113,115-117]. Cherukuri et al[113] (1998) reported the necessity that thrombolytic doses should be relatively low and maintained for only a few hours for efficacy and safety Concerning the modality for stent placement, two different possibilities are described in the literature: the classical percutaneous transhepatic approach and the transjugular approach. It is obvious that the latter should be preferred in patients with a coagulopathy or ascites, to minimize the risk of bleeding from transhepatic puncture[118-120]. This method has already been used in transplanted patients in the presence of decompensated cirrhosis, veno-occlusive disease or portal hypertension. The success rate with different endovascular methods ranges from 68%-100% and the mortality and morbidity rates are between 0% and 11%, respectively[121].
Late PVT (PVT > 30 d): Two clinical presentations should be distinguished. Late PVT involving or not the superior mesenteric vein and normal liver function tests develop de novo hepato-portal collaterals and cavernoma formation. In these cases, observation may be justified, because of the appropriate venous inflow from the splenic circulation[19]; Late PVT with symptomatic manifestations such as acute gastroesophageal bleeding or ascites that should be treated with percutaneous or transjugular transhepatic procedures. Regarding the transjugular experience, Lodhia et al[122] (2010) reported 3 cases of acute PVT occurring years following LT treated with an approach combining a transjugular intrahepatic portosystemic shunt (TIPS) and mechanical thrombectomy. To reduce the risk of periprocedural pulmonary emboli, the authors performed direct PV thrombolysis prior to placing the TIPS stent in order to allow time for clot dissolution[122]. Another possibility reported by Guckelberger et al[123] (1999) was described for cases of late PVT with complete recanalization using a systemic low dose recombinant tissue plasminogen activator (rt-PA). The authors reported their experience with late PVT 45 mo after LT and justified the use of systemic low dose rt-PA lysis continuously for 10 d, along with 25000 IU heparin per day to adjust the partial thromboplastin time to favorable administration[123]. In fact, although, streptokinase (SK) and urokinase (UK) have been shown to be largely effective for thrombolytic therapies, both are characterized by limited thrombolytic potencies and major clinical disadvantages compared to rt-PA[124]. While streptokinase has a high antigenicity, both SK and UK, unlike rt-PA, lack fibrin-specific action which results in systemic consumption of plasminogen and decreased thrombolytic efficacy. Furthermore, it may increase bleeding complications[124].
PVT is associated with poor survival without treatment, but in cases of prompt diagnosis and adequate management, the literature shows good results in terms of morbidity and mortality.
To conclude, PVT is a rare but serious complication when it occurs in the early post-operative period. Diagnosis is mandatory as soon as possible by DUS screening protocols or with suspicious clinico-biological findings including abnormal abdominal pain and/or elevated liver enzymes and unexpected decrease PT. Surgical thrombectomy is traditionally required in the early post-operative period, but percutaneous radiological intervention has progressively become the best therapeutic option with good outcomes and safety.

PVS
The true incidence of PVS after LT is not really known, and the only data reported in the literature concerning the incidence of venous complications is < 3%[91] (Table 7). 
When PVS occurs, it can be present with graft failure or the complication of portal hypertension[125]. In practice, the majority of patients with PVS are asymptomatic and the diagnosis of stenosis is an incidental finding detected on routine screening ultrasound. Conversely, when the patients are symptomatic, they may present with signs of portal hypertension, which include upper gastrointestinal tract bleeding from gastroesophageal varices, ascites and splenomegaly. Abnormal liver function tests are not constant, and are therefore not a reliable sign for PVS diagnosis[91].
Regarding the risk factors of PVS, similar to PVT, it is well-established that the major concern is surgical technical errors[91]. Classically, the portal anastomosis is end-to-end and is usually simple in OLT, though a tapered anastomosis may be required when a significant size mismatch exists between the recipient and the donor, which constitutes a risk factor of stenosis. It explains in part why the pediatric population represents a population highly at risk to PVS[91]. In most cases, early PVS is the consequence of a surgical mistake due to technical difficulties in the anastomosis and could evolve into an early thrombosis if not treated promptly. In contrast, it is assumed that late PVS is secondary to fibrosis or intimal hyperplasia[126]. Schneider et al[125] (2011) reported some cases of PVS after neoadjuvant radiotherapy for cholangiocarcinoma, and highlighted radiotherapy as a predisposing factor in venous complications; 21% of the patients who received a LT following the Mayo protocol for cholangiocarcinoma developed PVCs[125,127]. 
Concerning a positive diagnosis, although DUS is the first screening morphological tool to use, its definition is still controversial because of the lack of definite and objective criteria. Moreover, DUS is sensitive for PVS but it is not specific. The PVS criteria for diagnosis include portal caliber size, velocities at the anastomotic site, as well as the preanastomotic and postanastomotic gradients. Recently Huang et al[107] (2010) reported a formula that can estimate the portal stenosis ratio in LDLT: They calculated the portal stenosis ratio (SR) = PRE-AS/PRE > 50% (AS - anastomotic stenosis; PRE - pre-stenotic stenosis);  significant PVS was defined as a PVS with an SR > 50%. The portal velocity ratio (VR) was also calculated between AS and PRE, such that > 3:1 is defined as a significant VR value correlating with the SR evaluation. If these are confirmed, the patient should undergo contrast-enhanced CT to confirm the diagnosis[107]. Some authors consider the pressure gradient (PG) between the pre- and post-stenosis site. Wei et al[126] (2009) considered a gradient of > 5 mmHg to initiate treatment, while Shibata et al[128] (2005) used a significant gradient of > 3 mmHg. Other authors did not measure gradients if the stenosis was noted to be greater than 75% of the main portal vein diameter.
Surgical treatment, including anastomotic revision or retransplantation, is usually preferred for early portal inflow abnormalities following OLT[129]. In cases of asymptomatic patients with normal hepatic function test results, PVS may be solely observed with no therapeutic intervention[102]. In these particular cases, and in view of the possible evolution to PVT, it is reasonable to screen regularly by DUS to check for the patency of the PV. Moreover, in this condition, the use of anticoagulant therapy is still discussed and there is no international consensus or recommendation on this issue. In patients with clinical manifestations and radiological confirmation of significant stenosis, therapeutic intervention is mandatory to avoid graft loss, retransplantation and mortality. Interventional radiology has become widely recognized as the first choice for treatment for PVS after LT[103-105,111,125,126,128-132]. Regarding PVS management, it is possible to use the transhepatic access or transjugular access[133], but most authors choose a transhepatic approach, usually from the right side. Shibata et al[128] (2005) reported that a single balloon dilatation was sufficient to maintain patency in 77.7% of patients, with a mean follow-up of 24.8 mo. In some series, stent placement associated with PTA was used to prevent recurrence. However, problems related to stent placement have been reported by Zajko et al[130] (1994), i.e., a thrombus that developed around the stent that could not be lysed, requiring retransplantation. However, Ko et al[129] (2007) reported on their experience in PVS management by percutaneous transhepatic primary stent placement after LDLT. In this series, technical and clinical success was obtained in 77.8% by using this method with a complication rate of 33% (including hemoperitoneum caused by blood oozing from the transhepatic tract and intrahepatic pseudoaneurysms)[129]. Finally, regarding the recurrence rate, this ranges between 0%-100%. Shibata et al[128] (2005) reported the most important series in the literature where the recurrence rate was 28.6%. Some authors recommend the use of anticoagulant therapy for the prevention of recurrent PVT[134]. Recently, Sanada et al[134] (2010) concluded that the use of three anticoagulant therapies, i.e., low-molecular-weight heparin, warfarin and aspirin, significantly reduced the recurrence of thrombosis with a median follow-up of three months[134]. Additionally, some authors have coupled endovascular treatment with surgical PV access[106].
To conclude, PVS represents an uncommon venous complication following OLT. This condition is more specific to pediatric LT and LDLT. As described earlier, a DUS screening protocol is an important diagnostic tool to help the clinician because the majority of asymptomatic cases can progress until PVT if not promptly treated, with negative effects on the prognosis of the graft and ultimately patient survival. Currently, it is obvious that percutaneous transhepatic radiological intervention with stent placement is the method of choice to address this complication with a high rate of success and a low rate of recurrence and/or complications.
	
Caval vein complications
Currently, transplant outflow obstruction by kinking, stenosis or thrombosis of the inferior vena cava (IVC) or hepatic vein, especially in LDLT, are relatively uncommon complications following liver transplantation with an reported incidence of less than 3%[94,95] (Table 8 and Figure 5). 
Clinical presentation ranges from lower limb edema, hepatomegaly, ascites, pleural effusions, Budd-Chiari syndrome, liver and renal failure to hypotension leading to allograft loss and multiorgan failure[4,89,135].
The main risk factor leading to caval anastomosis complications (CACs) is represented by technical errors in the connection of caval anastomoses, which lead to kinking or thrombosis in the early post-operative course. In the late post-operative period, chronic stenosis in the anastomotic area is the result of fibrosis, hyperplasia and/or extrinsic compression from the enlarged liver graft[2,136,137]. 
Diagnosis should be achieved by DUS, contrast-enhanced CT, and finally by cavography which allows for providing treatment.
Many techniques for caval anastomosis connection can avoid these complications, such as piggyback (PB) and subsequently modified-PB, first described by Starzl et al[138] (1968). The method described by Starzl et al[138] (1968) consists of a complete resection of the recipient IVC and interposition of the donor intrahepatic part of the vena cava with two end-to-end anastomoses[138-144]. The preservation of the recipient IVC with the PB technique has been associated with an increased risk of suprahepatic IVC thrombosis or stenosis, leading to acute or chronic Budd-Chiari syndrome in 0% to 1.6%, venous congestion of the liver allograft in 1%, and with an increased incidence of post-transplant ascites[89,135]. To avoid such complications, techniques for optimizing outflow with the piggyback technique have been described; the main of these in undoubtfully the width of the caval anastomosis, while other authors have reported methods using either the two-vein or the three-vein technique for anastomosis with a low rate of CACs[89,94,135,145-149]. Finally, several studies have demonstrated the superiority of modified-PB with the three-hepatic vein technique, which should be routinely used in OLT because it is safe and efficient and involves few surgical complications[89,94,143]. Hepatic venous stenosis (HVS) is specific to LDLT with an incidence of 2% to 4%, because of the different techniques of donor graft outflow venoplasty, leading to Budd-Chiari syndrome or outflow block syndrome after LDLT[150]. 
Therapeutic management of CACs depends on the time of the presentation and the delay following OLT. In the case of severe allograft dysfunction or multiorgan failure, retransplantation is always indicated. Beyond this particular situation, percutaneous radiological intervention is the method of choice, where mortality after interventional transplant salvage procedure is 11.1% as compared with 41.6% mortality for those patients managed by retransplantation[121,137]. Treatment can be performed by transjugular approach, but percutaneous transhepatic access may be necessary when the anastomosis cannot be catheterized from the jugular access. Angioplasty by balloon dilatation can restore anastomotic patency in almost 100% of cases, but recidive of stenosis is frequent and repeat angioplasties may be applied[137]. PTA associated with stent placement may be the better solution with a high rate of success ranging from 73% to 100% in the literature; this technique is safe and apparently durable[121,130,136,137,151-157].
To conclude, the incidence of CACs is very low, and particular attention should be paid to the caval anastomosis connection. Currently, modified-PB using the three-hepatic vein technique seems to show better outcomes. As with other VCs, prompt diagnosis and management are required if the patient is clinically symptomatic. The percutaneous endovascular method should be attempted to rescue the outflow patency, reserving surgical revision in unresolvable cases and ultimately retransplantation in patients presenting multiorgan failure.

CONCLUSION
VCs continue to be a major problem following transplantation with a relatively frequent incidence (7%). They carry a high rate of morbidity and mortality, especially if they occur in the immediate post-operative period (first month) and if diagnosed late. The only solution to reduce their gravity is to prevent it by controlling risk factors and, if this is not possible, to diagnose them as early as can be, even in asymptomatic or paucisymptomatic patients. Many transplant teams worldwide advocate the routine use of complementary explorations such as DUS and, if in doubt, a contrast-enhanced CT scan or classical arteriography, which is the reference. Currently, if recognized promptly, and if there is no graft or multiorgan failure, endovascular treatment should be attempted first if a technical plateau is available, because this has demonstrated efficacious and safe outcomes. Conversely, if there are severe liver repercussions, the most efficient therapeutic procedure is an emergency retransplant which shows better outcomes in terms of efficacy and survival, but the organ shortage dramatically limits this therapeutic option.
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Figure 1 Contrast-enhanced-multidetector-row computed tomography-scan showing hepatic artery thrombosis after an endovascular intervention with stent placement. Thrombus (white arrow).




Figure 2 Arteriography showing an anastomotic hepatic artery stenosis after orthotopic liver transplantation. Stenosis (white arrow).




Figure 3 Contrast-enhanced-multidetector-row computed tomography-scan showing a HAP following orthotopic liver transplantation. Pseudoaneurysm (white arrow).




Figure 4 Arteriography showing a hepatic artery stenosis due to a kinking following orthotopic liver transplantation. Kinking stenosis (black arrow).



Figure 5 Contrast-enhanced-multidetector-row computed tomography-scan showing median and left thromboses hepatic veins following orthotopic liver transplantation (white arrow).




Table 1 Vascular complications following orthotopic liver transplantation

	Type
	Delay 
(incidence)
	Clinical presentation
	Diagnosis
	Treatment

	Arterial complications
	
	
	
	

	





HAT 
incidence: 3.5%
	Early HAT (2.9%)
	Abnormal transaminase
Fever
Biliary complications
Graft failure
Coagulopathy
	DUS
ce-MDCT
Angiography
	Emergent revascularization 
by
endovascular intervention 
or
surgical revascularization 
or
rLT

	
	Late HAT (2.2%)
	Asymptomatic
Fever
Abnormal transaminase
Bile leak
Hepatic abscess
Cholangitis
	
	

	

HAS
incidence: 2%-13%
	Early HAS
	Graft failure
Biliary complications
	DUS
ce-MDCT
Angiography
	Endovascular intervention 
or
surgical revascularization 

	
	Late HAS
	Asymptomatic
Fever
Abnormal liver function
	DUS
ce-MDCT
Angiography
	Endovascular intervention 
or
surgical revascularization 

	HAP
incidence: 2.5%
	
	Asymptomatic
Abdominal pain
Fever
	DUS
ce-MDCT
Angiography
	Endovascular intervention
or 
surgical resection and revascularization

	HAR
incidence: 0.64%
	
	Gastrointestinal bleeding
Massive bleeding through abdominal drains
Hemorrhagic shock
	None in emergency
	Emergent surgical hemostasis and surgical repair

	Portal vein complications
	
	
	
	

	



PVT
incidence: < 3%
	Early
	Abnormal transaminase
Graf dysfunction
Multi-organe failure
Variceal  bleeding
	DUS
ce-MDCT
(portal  phase)
Portography
	rLT
or
surgical repair
or
endovascular interventions

	
	Late
	Ascite
Portal vein hypertension
Splenomegaly
Variceal  bleeding
	DUS
ce-MDCT
(portal  phase)
Portography
	Curative anticoagulant therapy

	
 PVS
incidence: 2%-3%
	Early
	Asymptomatic
Portal vein hypertension
Abnormal transaminase
	DUS
ce-MDCT
(portal  phase)
Portography
	Endovascular interventions

	
	Late
	Asymptomatic
Ascite
Abnormal liver test function
	DUS
ce-MDCT
(portal  phase)
Portography
	Anticoagulant therapy
and/or
Endovascular interventions

	Caval anastomosis complications
	
	
	
	

	




Caval resection and end-to-end cavo-caval anastomosis
	Early
	Acute Budd-Chiari syndrome
Graf failure
Intestinal congestion
Renal dysfunction
Lower limb edema
	DUS
ce-MDCT
Cavography
	Endovascular intervention
or
 surgical repair
or 
rLT

	
	Late
	Moderate Budd-Chiari syndrome
Ascite
	DUS
ce-MDCT
Cavography
	Endovascular
intervention

	





Piggy-back
	Early
	Acute Budd Chiari
Graf failure
Intestinal congestion
Renal dysfunction
Lower extremity edema
	DUS
ce-MDCT
Cavography
	Surgical repair
or
rLT

	
	Late
	Moderate Budd-Chiari
Ascite
Lower extremity edema
Renal dysfunction
Abdormal liver test function
	DUS
ce-MDCT
Cavography
	Endovascular
intervention


 
Clinical characteristics of arterial and caval complications (LT: Liver transplantation; rLT: Re-liver transplantation). DUS: Doppler ultrasound; HAT: Hepatic artery thrombosis; HAS: Hepatic artery stenosis; HAP: Hepatic artery pseudoaneurysm; HAR: Hepatic artery rupture; PVT: Portal vein thombosis; PVS: Portal vein stenosis; MDCT: Multi-detector computed tomography.





Table 2 Hepatic artery thrombosis highlights
Summary of the clinical characteristics about HAT
1 HA supplies exclusively the bile duct, so HAT is associated with a high frequency of biliary complications
2 HAT represents more than 50% of all arterial complications following OL
3 The incidence of HAT following OLT is 3.5% with early and late HAT incidences of 2.9% and 2.2%, respectively
4 HAT carries an incidence of graft failure and mortality of more than 50% without prompt treatment
5 The median time to detection of early and late HAT was 6.9 d (range: 1-17.5 POD) and 6 mo (range: 1.8-79 mo), respectively.
6 No differences in HAT incidences were observed between DDLT and LDLT
7 Clinical presentation spectrum: mild elevation of serum transaminase and bilirubin levels (75%), biliary complications (15%), fever and sepsis (6%), graft dysfunction or failure (4%)
8 Risk factors of early HAT are mainly represented by technical problems, LDLT, cigarette smoking and hypercoagulability state, while late HAT is usually related to ischemic or immunologic injury: CMV positive donor, female donor and male recipient and hepatitis C seropositive recipient
9 Early diagnosis is achieved by assessing the serum transaminase level and performing Doppler ultrasound monitoring in the postoperative period and confirmed by contrast-enhanced abdominal CT scan and/or visceral angiography
10 Currently, the literature on the curative management of early HAT suggests the following procedures: First endovascular radiological intervention (IAT, PTA and stent placement), secondly open surgical revascularization, and finally retransplantation, which is associated with the best survival rate compared with revision or thrombolysis, but is a limited therapeutic option due to organ shortage
HA: Hepatic artery; HAT: Hepatic artery thrombosis; OLT: Orthotopic liver transplantation; DDLT: Deceased donor liver transplantation; LDLT: Living donor liver transplantation; CMV: Cytomegalovirus; IAT: Intra-arterial thrombolysis; PTA: Percutaneous transluminal angioplasty; CT: Computed tomography.


Table 3 Hepatic artery stenosis highlights
Summary of the clinical characteristics about HAS
1 Significant HAS is defined as a narrowing of the transverse diameter > 50% on the angiogram associated with clinical suspicion, with a resistive index < 0.5 and a peak systolic velocity > 400 cm/s detected by DUS
2 HAS occurs in 2% to 13% of transplants, at the level of the anastomosis (59% of cases), graft HA (41%) or recipient HA (2.6%)
3 HAS has been speculated to progress to HAT in 65% of cases at 6 mo for untreated HAS
4 The median time to diagnosis is 100 (range: 1-1220) d following OLT
5 Most of patients with HAS are asymptomatic and most commonly present only with abnormal liver function tests and in rare cases with graft failure
6 Routine screening by DUS during the postoperative period is mandatory because of the insidious clinical presentation
7 The risk factors are not really known, but among these, technical and surgical factors (vascular injury such as clamp injury, intimal dissection, faulty placement of anastomotic sutures, excessive length with kinking and angulation, differences in the vessel caliber that require and oblique anastomosis, vasa vasorum disruption) or acute cellular rejection
8 DUS is a non-invasive method for the assessment of HA patency, but a contrast-enhanced CT scan and angiography are required to confirm the diagnosis
9 Radiological endovascular intervention by PTA with or without stent placement is often used to treat post-transplant HAS and are both efficacious, with 7% to 12% of complications including dissection and arterial rupture, restenosis or thrombosis (25%) and 12% failed attempts
10 Surgical revision and retransplant showed a high rate of success, but the overall mortality rate was as high as 20%. In some case, HAS may be an early sign of chronic rejection

DUS: Doppler ultrasound; HA: Hepatic artery; HAT: Hepatic artery thrombosis; HAS: Hepatic artery stenosis; OLT: Orthotopic liver transplantation; PTA: Percutaneous transluminal angioplasty; CT: Computed tomography.




Table 4 Hepatic artery pseudoaneurysm highlights
Summary of the clinical characteristics about HAP
1 The reported incidence of HAP is ranging from 0.27% to 3% following OLT
2 In most cases, HAP is localized extra-hepatic and occurred in the early postoperative period around 1 mo post-OLT (69% within 20 d and 81% within 35 POD)
3 Clinical presentation varies from the asymptomatic state and incidental diagnosis to abdominal pain with fever and gastrointestinal bleeding (25% of cases, massive bleeding through the abdominal drain or acutely with hemorrhagic shock)
4 Risk factors include peritoneal infection, biliary leak, bilbo-digestive anastomosis and digestive leak
5 Diagnosis of HAP is confirmed by DUS (with lower performance), contrast-enhanced CT scan, magnetic resonance angiography or angiography
6 Treatment of HAP includes reoperation (urgent laparotomy for HA ligation: mortality rate 60%; HAP excision and immediate revascularization with a cryopreserved arterial allograft: mortality rate 28%) or interventional radiology (HA embolization with a coil or HAP exclusion with a covered stent)
7 HAP has a worse prognosis with an overall mortality of more than 50% (ranging from 53% to 100%)
8 Early recognition of HAP in the population at high risk is mandatory and allows for a successful therapeutic outcome in 100% of cases

DUS: Doppler ultrasound; HA: Hepatic artery; HAP: Hepatic artery pseudoaneurysm; OLT: Orthotopic liver transplantation; CT: Computed tomography.



Table 5 Hepatic artery rupture highlights 
Summary of the clinical characteristics about HAR
1 HAT is defined as a severe hemorrhage from the trunk or from a main branch of the HA, resulting in disruption of graft arterial blood supply
2 This is a very rare (incidence of 0.64%) but a dramatic complication following OLT with a high mortality rate
3 In most cases, HAR complicates a pseudoaneurysm of the HA
4 The median time of HAR is 29 d (range: 2-92 d) following OLT
5 The clinical presentation is always a sudden hemorrhage: Hemoperitoneum, gastrointestinal bleeding, hematoma and hemobilia
6 Treatment comprises urgent laparotomy with definitive ligation of the HA, anastomotic revision and aortohepatic grafting or interventional radiology with percutaneous embolization
HA: Hepatic artery; HAT: Hepatic artery thrombosis; HAR: Hepatic artery rupture.



Table 6 Portal vein thombosis highlights
Summary of the clinical characteristics about PVT
1 The incidence of PVT is uncommon and ranges from < 3% following OLT
2 PVT incidence is higher in pediatric transplantation, LDLT and split liver transplantation
3 Early PVT is more frequent than late PVT with a median time to diagnosis of 5 d following OLT (range: 1 to 15 d)
4 The clinical presentation of early PVT ranges from portal hypertension manifestations (abdominal pain, ascites, gastrointestinal bleeding, splenomegaly) to severe allograft dysfunction and multiorgan failure
5 The most common causes leading to PVT are technical errors and anatomic complications such as venous redundancy, kinking and/or stenosis of the anastomosis
6 Risk factors are the presence of portal thrombosis prior OLT, small diameter of the portal vein, previous splenectomy, large portosystemic collaterals and the use of cryopreserved venous conduits for PV reconstruction
7 DUS, CEUS, contrast-enhanced CT, MRI and portography are imaging tools used for a positive diagnosis
8 PVT treatment includes systemic anticoagulation therapy, catheter-based thrombolytic therapy by percutaneous radiological intervention (transhepatic or transjugular access depending of the coagulation state) with or without stent placement to portosystemic shunting (TIPS) to retransplantation in highly unresolvable cases
9 PVT is associated with poor survival without treatment, but with prompt management, outcomes in terms of morbidity and mortality are satisfying

DUS: Doppler ultrasound; PVT: Portal vein thombosis; OLT: Orthotopic liver transplantation; LDLT: Living donor liver transplantation; CEUS: Contrast enhanced ultrasound; MRI: Magnetic resonance imaging; CT: Computed tomography; TIPS: Transjugular intrahepatic portosystemic shunt.



Table 7 Portal vein stenosis highlights
Summary of the clinical characteristics about PVS
1 The true incidence of PVS is not really known, but is thought to be < 3%
2 The major complication of PVS is the evolution to PVT if not treated
3 The majority of patients with PVS are asymptomatic and the diagnosis of stenosis is an incidental finding detected on routine DUS screening
4 Risk factors of PVS are almost exclusively represented by technical errors, particularly if a tapered anastomosis is required in the case of a vessel size mismatch between donor and recipient
5 Pre-OLT radiotherapy is another major predisposing factor of PVS
6 DUS with the finding of a stenosis ratio > 50% or a portal velocity ratio > 3:1 defines PVS. Contrast-enhanced CT and portography are used to confirm the diagnosis
7 If PVS is asymptomatic, no therapeutic intervention with close surveillance is possible, but anticoagulation therapy is recommended
8 In patients with clinical manifestations, percutaneous radiological intervention is the method of choice by transhepatic or transjugular access to perform angioplasty with our without stent placement; this prevents recurrence with a high rate of success and low rate of complications
PVT: Portal vein thombosis; PVS: Portal vein stenosis; DUS: Doppler ultrasound; OLT: Orthotopic liver transplantation; CT: Computed tomography.



Table 8 Caval anastomosis complication highlights

Summary of the clinical characteristics about CAC
1 The incidence of CAC is not known and is thought to be less than 3%
2 CAC is represented by stenosis, thrombosis and kinking depending on the type of caval anastomosis (cava resection or PB)
3 Clinical presentation of CAC ranges from lower limb edema, hepatomegaly, ascites, pleural effusions, Budd-Chiari syndrome, liver and renal failure, and hypotension, leading to allograft loss and even death
4 The main risk factor is a technical error in the creation of the anastomosis, which leads to kinking stenosis and thrombosis
5 Modified-PB with the three-hepatic vein seems to offer better outcomes because it has been demonstrated to be an efficient and safe method
6 Diagnosis tools include DUS, contrast-enhanced CT and cavography
7 Percutaneous radiological intervention is the method of choice via a transjugular approach or transhepatic approach if the anastomosis cannot be catheterized
8 It includes angioplasty by balloon dilatation and recurrences should be prevented by stent placement

CAC: Caval anastomosis complication; DUS: Doppler ultrasound; CT: Computed tomography; PB: Piggyback.
	
image1.tif




image2.png




image3.png




image4.png




image5.png




image6.tif




image7.png




image8.png




image9.png
Stenosis




image10.tif




image11.tif




image12.png
Stenosis




image13.png




image14.png




image12.tif




image16.png




