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Abstract

:

Median arcuate ligament syndrome (MALS) is an uncommon condition characterized by the compression of the celiac trunk by the median arcuate ligament. Due to the anatomical proximity to the foregut, MALS has significant implications in hepato-pancreato-biliary (HPB) surgery. It can pose complications in pancreatoduodenectomy and orthotopic liver transplantation, where the collateral arterial supply from the superior mesenteric artery is often disrupted. The estimated prevalence of MALS in HPB surgery is approximately 10%. Overall, there is consensus for a cautious approach to MALS when embarking on complex foregut surgery, with a low threshold for intraoperative median arcuate ligament release or hepatic artery reconstruction. The role of endovascular intervention in the management of MALS prior to HPB surgery continues to evolve, but more evidence is required to establish its efficacy. Recognizing the existing literature gap concerning optimal management in this population, we describe our tertiary center experience as a clinical algorithm to facilitate decision-making. Research question: What is the significance and management of median arcuate ligament syndrome in patients undergoing hepato-pancreato-biliary surgery?
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1. Introduction


Median arcuate ligament syndrome (MALS) occurs when the celiac trunk is compressed by the median arcuate ligament (MAL). It is also closely synonymous with Dunbar syndrome, celiac axis compression syndrome, or median arcuate ligament compression. MALS can be asymptomatic or manifest as abdominal pain, nausea, vomiting, and/or weight loss [1]. The exact prevalence of MALS remains unclear, with reported rates of 33% in autopsy studies and up to 49.7% in patients with non-specific abdominal pain [2,3]. Given its anatomical implications, MALS holds particular importance in patients undergoing hepato-pancreato-biliary (HPB) procedures, especially during pancreatoduodenectomy (PD) and orthotopic liver transplant (OLT). The reported prevalence of MALS in PD and OLT is approximately 10% [4]. This narrative review aims to explore the implication of MALS in HPB surgery and the current management approach of MALS.




2. Etiology, Anatomy, and Diagnosis of Median Arcuate Ligament Syndrome


The MAL is a part of the diaphragmatic crura, arising from the anterolateral surface of the bodies of the upper lumbar vertebrae (L1). The fibers arch over the abdominal aorta connecting two sides of the aortic hiatus usually at the twelfth thoracic level (T12). The origin of the celiac trunk is also situated in front of the body of the twelfth thoracic vertebrae but slightly caudal to where the MAL crosses vertebrae [5]. During embryogenesis, the celiac trunk undergoes caudal migration from the seventh cervical level due to the differential growth and descent of abdominal viscera, which results in variations in arterial anatomy [6,7]. In patients with MALS, the origin of the celiac trunk is higher relative to the insertion of the MAL. This misalignment results in the compression of the proximal part of the celiac trunk.



In cases of MALS, blood flow from the celiac trunk is reduced, affecting its three main branches: the common hepatic artery, splenic artery, and left gastric artery. Collateral blood supply from the superior mesenteric artery (SMA) through the pancreatoduodenal arcade, gastroduodenal artery (GDA), and sometimes the distal pancreatic artery or aberrant arterial supply, helps prevent ischemia (Figure 1a). The adequacy of the hepatic collateral circulation can be assessed intraoperatively by occluding the GDA whilst either palpating the hepatic arterial flow or by using Doppler ultrasound [8]. Sugae et al. proposed a morphological grading to classify MALS into three types based on the degree of stenosis, length of stenosis, and distance from the aorta, which may be useful in predicting the likelihood of requiring treatment for MALS during primary HPB procedures [9]. However, this classification system is not sensitive and has not been clinically validated.



MALS is typically diagnosed after an extensive workup for non-specific gastrointestinal symptoms and is often considered a diagnosis of exclusion. In patients with biliary or pancreatic pathology, it is frequently diagnosed incidentally during radiological investigations [10]. MALS can be detected using computed tomography angiography, magnetic resonance angiography, or digital subtraction angiography. It is characterized by an indentation on the superior aspect of the celiac trunk [5]. The indentation tends to alleviate during inspiration as the celiac trunk moves caudally with lung expansion and accentuates during expiration as the celiac trunk moves in the opposite direction. Therefore, mesenteric arterial duplex ultrasound is useful for the dynamic assessment of stenosis and can demonstrate elevated peak flow velocities and abnormal deflection angle [11]. In addition, while aneurysmal degeneration of pancreaticoduodenal arcades, gastroepiploic, or celiac arteries is an uncommon (~2%) complication of MALS, approximately half of the splanchnic artery aneurysms are associated with MALS [12,13,14,15]. These aneurysms carry a high risk of rupture, with mortality rates up to 30%, thus necessitating urgent embolization and division of the MAL [13,15,16].




3. Significance of Median Arcuate Ligament Syndrome in Hepato-Pancreato-Biliary Surgery


Pancreatoduodenectomy, commonly known as the Whipple procedure, is the standard operation for resectable cancer located within the head or uncinate process of the pancreas [17]. Less frequently, it may be indicated for conditions such as chronic pancreatitis, trauma, duodenal neoplasm, and distal biliary pathology [18,19]. The classical PD involves the resection of the head of the pancreas, duodenum, common bile duct, gallbladder, and partial gastrectomy [20]. During PD, three new anastomoses are created: hepaticojejunostomy, pancreatojejunostomy, and gastrojejunostomy [21,22]. The success of these new anastomoses relies on adequate blood supply from the hepatic artery, splenic artery, and left gastric and gastroepiploic arteries.



Foregut ischemia is not seen in MALS as there is typically a chronic and compensatory collateral circulation arising from the SMA and its branches. However, in patients undergoing PD, vessels supplying the pancreaticoduodenal arcade are routinely sacrificed with the duodenum and head of the pancreas, indicating that the blood supply for the new anastomoses then relies solely on the celiac trunk (Figure 1b). In patients with concomitant MALS, this can result in subsequent downstream ischemia postoperatively [8]. The major concern with this from a surgical perspective is the implication of local ischemia increasing the risk of anastomotic leak. Additionally, in patients with MALS, the SMA may be the dominant supply to the liver, and if this is not recognized pre-operatively, routine sacrifice of the GDA can result in devastating hepatic ischemia [23].



The contemporary indications for liver transplantation are expanding beyond the traditional pathologies of acute and chronic liver failure. Many units are also offering transplants to patients suffering from malignant pathologies, including cholangiocarcinoma, colorectal liver metastases, and hepatocellular carcinoma [24,25,26]. OLT is the approach of choice, wherein the recipient’s native liver is removed and replaced by the donor liver in the same anatomical position. The most commonly used technique for arterial reconstruction involves end-to-end anastomosis at the level of the common hepatic artery [27,28].



MALS is considered an anatomical abnormality that impedes adequate hepatic arterial flow. Similar to PD, dissection of the recipient hepatic artery often divides the collateral circulations, particularly the GDA, thereby making the celiac trunk the sole arterial supply to the liver graft. Reduced blood flow predisposes the graft to hepatic arterial thrombosis, a dreadful complication that can lead to cholangitis, poor graft function, graft loss, and death [29]. The prevalence of MALS during OLT is reported to be up to 10%, and contemporary well-powered studies on its management are scarce in the literature [30,31,32,33]. Gialamas et al. demonstrated no statistically significant difference in graft survival or post-operative biliary complications between patients with and without MALS in their retrospective case–control study [30]. They concluded that if the arterial flow to the graft is adequately established, the choice of treating MALS might not influence the overall outcome and development of complications [30]. Another single-center European study also showed no differences in short- and long-term outcomes between OLT patients with surgically treated MALS or without MALS [31]. On the contrary, a recent study reported that untreated MALS is associated with increased biliary complications and reduced graft survival highlighting the potential importance of MALS management prior to OLT [32]. Noticeably, the decision to treat MALS during OLT is arbitrary in these studies, with varied degrees of stenosis of the celiac trunk reported. These studies also differ in arterial reconstruction techniques, management of the GDA, ischemic time, and donor and recipient characteristics, which make them less comparable. The retrospective nature of these studies also precluded the exploration of a causal relationship between MALS, MAL release, and post-operative complications.



The implications of MALS are less frequently reported in other HPB procedures, such as distal pancreatectomy and Roux-en-Y hepaticojejunostomy, as they are open or performed laparoscopically with minimal disruption to the collateral blood supply.




4. Management of Median Arcuate Ligament Syndrome and Our Experience


In the general population, patients with asymptomatic MALS likely do not require aggressive management of MALS. Counseling regarding MALS symptoms and the inherent risk associated with MAL release itself is an important aspect of managing this patient population. For symptomatic patients, limited evidence is available in selecting patients for MAL release and predicting symptomatic relief [34,35]. In the context of high-risk hepatobiliary surgery, although the majority of cases are detected preoperatively and the threshold for treating MALS is generally lower, there is a lack of consensus on whether and when to manage MALS. Some surgeons opt to perform it preemptively on all patients, while others base the decision on intraoperative assessment [36,37].



Open, laparoscopic, and robotic-assisted MAL release assisted by adjunctive endovascular procedures have been described [38,39,40,41]. The principle of MAL release involves the opening of the lesser sac, division of the hepatogastric ligament, and dissection of the crura until exposing the anterior wall of the aorta. The three branches of the celiac trunk, i.e., the common hepatic artery, the left gastric artery, and the splenic artery, are isolated and used to identify the celiac trunk. The skeletonization of the celiac trunk continues until it is circumferentially free of fibrous, lymphatic, and nerve attachments.



In the general population, laparoscopic and robotic-assisted MAL release is considered the standard surgical management for MALS. In one study, 96% of patients who underwent laparoscopic MAL release experienced immediate symptomatic relief, compared to 85% of those who underwent open surgical release [42]. The clinical outcomes and rate of complications between approaches were comparable [41,42]. Regardless of the treatment approach, intraoperative assessment of the celiac flow through an ultrasound probe or arteriography is imperative to confirm the restoration of flow following the intervention. On the other hand, stenting with a balloon-expandable stent is a useful alternative, especially when the stenosis of the celiac trunk is atherosclerotic in nature, although this occurrence is less common than extrinsic compression from the MAL. Additionally, primary endovascular stenting alone is not considered the first-line management for MALS due to factors such as the dynamic position of the celiac trunk with respiration, high-grade occlusion, the risk of dislodgement with manipulation during subsequent surgery, and the potential for dissection, fracture, or occlusion following angioplasty. Rather, stenting is an adjunct to open, robotic, or laparoscopic release or as a rescue management strategy in patients with persistent stenosis after initial surgical release [43,44]. This hybrid approach has become increasingly popular in recent years [40,43,44,45,46]. Small observational studies have shown that persistent stenosis requiring stent placement occurs in 30–40% of patients after MAL release, with satisfactory outcomes observed from the endovascular intervention [43,45]. Nevertheless, in the absence of large-scale studies, future, prospective, and interventional studies specifically investigating the role of endovascular intervention in MALS are warranted.



In the context of radical HPB surgeries, which often necessitate an open surgical approach, the management of MALS can be approached in two ways: concurrently with the HPB procedure or as a two-stage procedure, wherein celiac trunk decompression is performed before the HPB surgery [10]. Concurrent MAL release offers certain advantages, such as cost-effectiveness and avoiding the need for a second-stage procedure, which can reduce waiting time and minimize the risk associated with general anesthesia, particularly in those patients with elevated anesthetic risk profiles. However, this approach may require extensive pre-operative planning and improvisation based on intraoperative findings. On the other hand, the staged approach, where laparoscopic MAL release is performed before the HPB procedure, provides additional benefits. Firstly, it allows for the assessment of the anatomy of the celiac trunk and MAL without any prior surgical manipulation that may alter the findings. Secondly, laparoscopy permits the evaluation of intraperitoneal or hepatic metastases in patients with cancer, thus avoiding laparotomy and its associated mortality and morbidity. Thirdly, MAL release alone may not suffice in restoring hepatic blood flow in more than 20% of patients undergoing PD, mainly due to a combination of atherosclerotic changes, chronicity of MALS, or scarring of the arterial wall [10,47]. Thus, the two-stage procedure allows an opportunity to confirm the restoration of adequate arterial blood flow to the celiac trunk and its branches after MAL release. In the event of failed MAL release, additional vascular reconstruction or endovascular intervention can be planned to avoid a scenario where perfusion is not completely restored prior to major foregut resection.



Various open approaches to arterial reconstruction have been described during PD including jejunal artery-to-GDA, middle colic artery-to-GDA, celiac trunk to hepatic artery, aorto-hepatic artery, reimplantation of the celiac trunk, and bypass grafting [9,48,49,50]. The release of MAL in OLT patients with portal hypertension carries significant risk due to the presence of gastroesophageal varices and extensive collateral blood flow between the celiac trunk and SMA [4,31,51]. In some patients with extensive collateral supplies, preservation of collateral arteries and GDA without performing MAL release may provide adequate blood flow in the hepatic artery [51]. However, if surgical release fails to restore hepatic artery flow, options for hepatic artery reconstruction will be limited. Certain techniques, such as ilio-mesenteric bypass or aorto-hepatic artery anastomosis, can be challenging and have been associated with an increased risk of hepatic artery thrombosis [4,52].



In HPB patients, experience with the hybrid approach of MAL release and endovascular stenting is limited. Patient selection, outcomes, and optimal timing between endovascular intervention and radical HPB surgery have not been thoroughly studied. In contrast to the general population, preoperative intervention poses a higher risk of stent dislodgement with more extensive surgical manipulation and more severe consequences with restenosis in patients with an upcoming HPB procedure. In addition to the concerns about the feasibility and reliability of primary endovascular stenting, the necessity of antiplatelet therapy can complicate operative planning and increase the risk of bleeding. Two groups chose to perform stenting prior to PD to ensure adequate flow of the celiac trunk without dividing MAL [53,54]. Balakrishnan et al. reported an unsuccessful attempt at upfront endovascular stenting of the celiac trunk prior to PD, leading the patient to undergo subsequent MAL release and arterial reconstruction [55]. Endovascular intervention during neoadjuvant chemotherapy has been described in another case study [10]. However, MAL release was not performed in this study due to adequate flow in the hepatic artery [10]. Patients’ recoveries in the aforementioned studies were predominantly uneventful. In patients awaiting OLT, preoperative stenting can generally be avoided, as MAL release combined with arterial reconstruction offers reduced risk and superior outcomes in the majority of cases [31]. In rare cases, post-OLT stenting may be required for patients with undetected stenosis of the celiac trunk or employed as a rescue therapy for recurrent stenosis despite previous MAL release [56,57].



As a tertiary hospital with interventional radiology, vascular surgery, and HPB services, our local experience highlights the importance of early multidisciplinary involvement when MALS is suspected. Drawing from the present literature review and our experiences, we have proposed a clinical algorithm for managing MALS in HPB patients (Figure 2). A multidisciplinary meeting should be convened involving radiology, vascular, and HPB surgery to determine the nature of celiac trunk stenosis (extrinsic compression vs. intrinsic stenosis), assess the need for hemodynamic evaluation on angiogram, and discuss management options while considering oncological safety or the estimated transplant date. We anticipate that patients with favorable radiological and clinical features, such as celiac trunk stenosis of <50%, a short segment of stenosis, or known asymptomatic MALS, may not require upfront intervention, as the circulation is less likely to be compromised and collateral circulation is less likely to develop [9,37]. However, it is worth mentioning that none of the mentioned features should be considered strict rules. Instead, they serve as indicators prompting surgeons to consider significant compression and a high probability of postoperative ischemia. The risk of this expectant management can be mitigated via thorough intraoperative assessment, which will be discussed later. Factors such as the chronicity and length of the stenosis, the location of the tumor, and the patient’s anatomy should also be considered. Patients should be encouraged to participate in making informed decisions and planning for their surgeries.



For patients requiring upfront treatment for MALS, which constitute a minority of cases, our preference is to perform MAL release with on-table mesenteric angiography and celiac artery stenting if required, prior to the radical surgery or transplantation, aiming to secure the hepatic arterial flow. Vascular reconstruction should be planned early, in instances of failed MAL release and stenting. In our institution, the majority of HPB patients with MALS will undergo concurrent MAL release and HPB procedures, recognizing that many cases of MALS have uncertain clinical and anatomical significance due to extensive arterial collateralization. Intra-operative assessment of the hepatic artery with trial clamping of the GDA is performed with Doppler ultrasound and palpation. Pulsation of the hepatic artery should remain consistent with respiration in the setting of successful management of MALS. Absent or inadequate flow of the hepatic artery with the above maneuverer warrants vascular reconstruction before ligating the GDA. Post-operatively, patients should be followed up by vascular surgery during the short-to-medium term to assess any changes in vascular anatomy on surveillance imaging. Rather than serving as a selection tool for MALS release, our algorithm aims to underscore the importance of case-by-case discussion in managing MALS in HPB patients and the mandatory steps in the decision-making process.



Upon reviewing the literature, we have identified significant gaps in the available research. For this high-risk patient population, several key questions remain unanswered: (1) Does endovascular stenting prior to radical HPB surgery improve patient outcomes? (2) Does the hybrid approach combining laparoscopic MAL release and endovascular intervention provide better outcomes compared to laparoscopic release alone in the general population? (3) Is the two-staged intervention superior to concurrent MAL release with HPB surgery? (4) Considering the risks of MAL release and endovascular stenting, what would be the optimal criteria for selecting low-risk HPB patients who would benefit from the expectant management of MALS? (5) How can we effectively stratify MALS patients who require complex vascular reconstruction during PD or OLT? Given that the current literature mainly consists of case reports, management of MALS in HPB patients is likely to vary among surgeons and different centers. This presents an opportunity for larger centers to conduct comprehensive, prospective, registry-based, or interventional studies.




5. Conclusions


In conclusion, HPB patients with MALS require thorough preoperative assessment and surgical planning. At our center, the majority of these patients undergo concurrent MAL release and HPB surgery. Intraoperative assessment of arterial flow in the hepatic artery and celiac trunk is crucial for all patients with MALS. Postoperatively, a high suspicion of ischemia should be maintained regardless of the chosen management approach. It is evident that there is a lack of clear evidence regarding the optimal management algorithm for these patients.




6. Search Strategies


We conducted an extensive literature search on PubMed MEDLINE, Scopus, and ClinicalTrials.gov using a combination of controlled keywords: “median arcuate ligament”, “celiac trunk”, “pancreatoduodenectomy”, “Whipple”, and “liver transplant”. We identified additional studies manually from pertinent studies. Only manuscripts published in English were included in the review. The screening of titles and abstracts, followed by full-text screening, was conducted by authors L.Y.L. and J.G.E.
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	MAL
	median arcuate ligament



	MALS
	median arcuate ligament syndrome



	PD
	pancreaticoduodenectomy



	SMA
	superior mesenteric artery







References


	



Dunbar, J.D.; Molnar, W.; Beman, F.F.; Marable, S.A. Compression of the celiac trunk and abdominal angina: Preliminary report of 15 cases. Am. J. Roentgenol. 1965, 95, 731–744. [Google Scholar] [CrossRef] [PubMed]

	



Szilagyi, D.E.; Rian, R.L.; Elliott, J.P.; Smith, R.F. The celiac artery compression syndrome: Does it exist? Surgery 1972, 72, 849–863. [Google Scholar] [PubMed]

	



Lindner, H.H.; Kemprud, E. A clinicoanatomical study of the arcuate ligament of the diaphragm. Arch. Surg. 1971, 103, 600–605. [Google Scholar] [CrossRef] [PubMed]

	



Jurim, O.; Shaked, A.; Kiai, K.; Millis, J.M.; Colquhoun, S.D.; Busuttil, R.W. Celiac compression syndrome and liver transplantation. Ann. Surg. 1993, 218, 10. [Google Scholar] [CrossRef] [PubMed]

	



Horton, K.M.; Talamini, M.A.; Fishman, E.K. Median arcuate ligament syndrome: Evaluation with CT angiography. Radiographics 2005, 25, 1177–1182. [Google Scholar] [CrossRef] [PubMed]

	



Gray, H.; Standring, S. Gray’s Anatomy: The Anatomical Basis of Clinical Practice; Elsevier Churchill Livingstone: Edinburgh, Scotland, 2005. [Google Scholar]

	



Loukas, M.; Pinyard, J.; Vaid, S.; Kinsella, C.; Tariq, A.; Tubbs, R.S. Clinical anatomy of celiac artery compression syndrome: A review. Clin. Anat. Off. J. Am. Assoc. Clin. Anat. Br. Assoc. Clin. Anat. 2007, 20, 612–617. [Google Scholar] [CrossRef]

	



Bull, D.A.; Hunter, G.C.; Crabtree, T.G.; Bernhard, V.M.; Putnam, C.W. Hepatic ischemia, caused by celiac axis compression, complicating pancreaticoduodenectomy. Ann. Surg. 1993, 217, 244. [Google Scholar] [CrossRef] [PubMed]

	



Sugae, T.; Fujii, T.; Kodera, Y.; Kanzaki, A.; Yamamura, K.; Yamada, S.; Sugimoto, H.; Nomoto, S.; Takeda, S.; Nakao, A. Classification of the celiac axis stenosis owing to median arcuate ligament compression, based on severity of the stenosis with subsequent proposals for management during pancreatoduodenectomy. Surgery 2012, 151, 543–549. [Google Scholar] [CrossRef]

	



Yoshida, E.; Kimura, Y.; Kyuno, T.; Kawagishi, R.; Sato, K.; Kono, T.; Chiba, T.; Kimura, T.; Yonezawa, H.; Funato, O. Treatment strategy for pancreatic head cancer with celiac axis stenosis in pancreaticoduodenectomy: A case report and review of literature. World J. Gastroenterol. 2022, 28, 868. [Google Scholar] [CrossRef]

	



Gruber, H.; Loizides, A.; Peer, S.; Gruber, I. Ultrasound of the median arcuate ligament syndrome: A new approach to diagnosis. Med. Ultrason. 2012, 14, 5–9. [Google Scholar]

	



Stanley, J.C.; Thompson, N.W.; Fry, W.J. Splanchnic artery aneurysms. Arch. Surg. 1970, 101, 689–697. [Google Scholar] [CrossRef] [PubMed]

	



Sugiyama, K.; Takehara, Y. Analysis of five cases of splanchnic artery aneurysm associated with coeliac artery stenosis due to compression by the median arcuate ligament. Clin. Radiol. 2007, 62, 688–693. [Google Scholar] [CrossRef] [PubMed]

	



Jibiki, M.; Inoue, Y.; Iwai, T.; Sugano, N.; Igari, T.; Koike, M. Treatment of three pancreaticoduodenal artery aneurysms associated with coeliac artery occlusion and splenic artery aneurysm: A case report and review of the literature. Eur. J. Vasc. Endovasc. Surg. 2005, 29, 213–217. [Google Scholar] [CrossRef] [PubMed]

	



Chiang, K.S.; Johnson, C.M.; McKusick, M.A.; Maus, T.P.; Stanson, A.W. Management of inferior pancreaticoduodenal artery aneurysms: A 4-year, single center experience. Cardiovasc. Interv. Radiol. 1994, 17, 217–221. [Google Scholar] [CrossRef] [PubMed]

	



Chaer, R.A.; Abularrage, C.J.; Coleman, D.M.; Eslami, M.H.; Kashyap, V.S.; Rockman, C.; Murad, M.H. The Society for Vascular Surgery clinical practice guidelines on the management of visceral aneurysms. J. Vasc. Surg. 2020, 72, 3S–39S. [Google Scholar] [CrossRef] [PubMed]

	



Takaori, K.; Bassi, C.; Biankin, A.; Brunner, T.B.; Cataldo, I.; Campbell, F.; Cunningham, D.; Falconi, M.; Frampton, A.E.; Furuse, J. International Association of Pancreatology (IAP)/European Pancreatic Club (EPC) consensus review of guidelines for the treatment of pancreatic cancer. Pancreatology 2016, 16, 14–27. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, C.M.; Shalhub, S.; DeBoard, Z.M.; Maier, R.V. Revisiting the pancreaticoduodenectomy for trauma: A single institution’s experience. J. Trauma Acute Care Surg. 2013, 75, 225. [Google Scholar] [CrossRef] [PubMed]

	



Büchler, M.W.; Friess, H.; Müller, M.W.; Wheatley, A.M.; Beger, H.G. Randomized trial of duodenum-preserving pancreatic head resection versus pylorus-preserving Whipple in chronic pancreatitis. Am. J. Surg. 1995, 169, 65–70. [Google Scholar] [CrossRef]

	



Hüttner, F.J.; Fitzmaurice, C.; Schwarzer, G.; Seiler, C.M.; Antes, G.; Büchler, M.W.; Diener, M.K. Pylorus-preserving pancreaticoduodenectomy (pp Whipple) versus pancreaticoduodenectomy (classic Whipple) for surgical treatment of periampullary and pancreatic carcinoma. Cochrane Database Syst. Rev. 2016. [Google Scholar] [CrossRef]

	



Strasberg, S.M.; Drebin, J.A.; Soper, N.J. Evolution and current status of the Whipple procedure: An update for gastroenterologists. Gastroenterology 1997, 113, 983–994. [Google Scholar] [CrossRef]

	



Whipple, A.O.; Parsons, W.B.; Mullins, C.R. Treatment of carcinoma of the ampulla of Vater. Ann. Surg. 1935, 102, 763. [Google Scholar] [CrossRef] [PubMed]

	



Karabicak, I.; Satoi, S.; Yanagimoto, H.; Yamamoto, T.; Hirooka, S.; Yamaki, S.; Kosaka, H.; Kotsuka, M.; Inoue, K.; Matsui, Y. Acute median arcuate ligament syndrome after pancreaticoduodenectomy. Surg. Case Rep. 2016, 2, 113. [Google Scholar] [CrossRef] [PubMed]

	



Hagness, M.; Foss, A.; Line, P.-D.; Scholz, T.; Jørgensen, P.F.; Fosby, B.; Boberg, K.M.; Mathisen, Ø.; Gladhaug, I.P.; Egge, T.S. Liver transplantation for nonresectable liver metastases from colorectal cancer. Ann. Surg. 2013, 257, 800–806. [Google Scholar] [CrossRef] [PubMed]

	



Goldaracena, N.; Gorgen, A.; Sapisochin, G. Current status of liver transplantation for cholangiocarcinoma. Liver Transplant. 2018, 24, 294–303. [Google Scholar] [CrossRef]

	



Mazzaferro, V.; Bhoori, S.; Sposito, C.; Bongini, M.; Langer, M.; Miceli, R.; Mariani, L. Milan criteria in liver transplantation for hepatocellular carcinoma: An evidence-based analysis of 15 years of experience. Liver Transplant. 2011, 17, S44–S57. [Google Scholar] [CrossRef]

	



Tzakis, A.; Todo, S.; Starzl, T. Orthotopic liver transplantation with preservation of the inferior vena cava. Ann. Surg. 1989, 210, 649. [Google Scholar] [CrossRef]

	



Lladó, L.; Figueras, J. Techniques of orthotopic liver transplantation. HPB 2004, 6, 69–75. [Google Scholar] [CrossRef] [PubMed]

	



Oh, C.-K.; Pelletier, S.J.; Sawyer, R.G.; Dacus, A.R.; McCullough, C.S.; Pruett, T.L.; Sanfey, H.A. Uni-and multi-variate analysis of risk factors for early and late hepatic artery thrombosis after liver transplantation. Transplantation 2001, 71, 767–772. [Google Scholar] [CrossRef]

	



Gialamas, E.; Assalino, M.; Elkrief, L.; Apostolidou-Kiouti, F.; Piveteau, A.; Oldani, G.; Compagnon, P.; Berney, T. Impact of the presence of median arcuate ligament on biliary complications after liver transplantation. Clin. Transplant. 2022, 36, e14771. [Google Scholar] [CrossRef]

	



Czigany, Z.; Boecker, J.; Morales Santana, D.A.; Bednarsch, J.; Meister, F.A.; Amygdalos, I.; Isfort, P.; Liebl, M.; Neumann, U.P.; Lurje, G. Median arcuate ligament compression in orthotopic liver transplantation: Results from a single-center analysis and a European survey study. J. Clin. Med. 2019, 8, 550. [Google Scholar] [CrossRef]

	



Lazzarotto-da-Silva, G.; Santos, L.M.; Lucena, I.R.; Rabolini, B.B.; Hallal, C.P.; Feier, F.H.; Grezzana-Filho, T.J.; Chedid, M.F.; Leipnitz, I.; Chedid, A.D. Celiac trunk stenosis by median arcuate ligament in orthotopic liver transplantation: A potential hidden foe to the biliary tree. HPB 2023, 26, 137–144. [Google Scholar] [CrossRef]

	



Lubrano, J.; Scatton, O.; Randone, B.; Molinier, N.; Massault, P.; Legmann, P.; Soubrane, O.; Dousset, B. Median Arcuate Ligament in Orthotopic Liver Transplantation: Relevance to Arterial Reconstruction, Transplantation Proceedings; Elsevier: Amsterdam, The Netherlands, 2008; pp. 3532–3535. [Google Scholar]

	



Reilly, L.M.; Ammar, A.D.; Stoney, R.J.; Ehrenfeld, W.K. Late results following operative repair for celiac artery compression syndrome. J. Vasc. Surg. 1985, 2, 79–91. [Google Scholar] [CrossRef]

	



Williams, S.; Gillespie, P.; Little, J. Celiac axis compression syndrome: Factors predicting a favorable outcome. Surgery 1985, 98, 879–887. [Google Scholar] [PubMed]

	



Farma, J.M.; Hoffman, J.P. Nonneoplastic celiac axis occlusion in patients undergoing pancreaticoduodenectomy. Am. J. Surg. 2007, 193, 341–344. [Google Scholar] [CrossRef] [PubMed]

	



Gaujoux, S.; Sauvanet, A.; Vullierme, M.-P.; Cortes, A.; Dokmak, S.; Sibert, A.; Vilgrain, V.; Belghiti, J. Ischemic complications after pancreaticoduodenectomy: Incidence, prevention, and management. Ann. Surg. 2009, 249, 111–117. [Google Scholar] [CrossRef] [PubMed]

	



Delis, K.T.; Gloviczki, P.; Altuwaijri, M.; McKusick, M.A. Median arcuate ligament syndrome: Open celiac artery reconstruction and ligament division after endovascular failure. J. Vasc. Surg. 2007, 46, 799–802. [Google Scholar] [CrossRef]

	



Fernstrum, C.; Pryor, M.; Wright, G.P.; Wolf, A.M. Robotic surgery for median arcuate ligament syndrome. JSLS J. Soc. Laparosc. Robot. Surg. 2020, 24. [Google Scholar] [CrossRef]

	



Michalik, M.; Dowgiałło-Wnukiewicz, N.; Lech, P.; Majda, K.; Gutowski, P. Hybrid (laparoscopy+ stent) treatment of celiac trunk compression syndrome (Dunbar syndrome, median arcuate ligament syndrome (MALS)). Videosurg. Other Miniinvasive Tech. 2016, 11, 236–239. [Google Scholar] [CrossRef]

	



Do, M.V.; Smith, T.A.; Bazan, H.A.; Sternbergh, W.; Abbas, A.E.; Richardson, W.S. Laparoscopic versus robot-assisted surgery for median arcuate ligament syndrome. Surg. Endosc. 2013, 27, 4060–4066. [Google Scholar] [CrossRef]

	



Jimenez, J.C.; Harlander-Locke, M.; Dutson, E.P. Open and laparoscopic treatment of median arcuate ligament syndrome. J. Vasc. Surg. 2012, 56, 869–873. [Google Scholar] [CrossRef]

	



Columbo, J.A.; Trus, T.; Nolan, B.; Goodney, P.; Rzucidlo, E.; Powell, R.; Walsh, D.; Stone, D. Contemporary management of median arcuate ligament syndrome provides early symptom improvement. J. Vasc. Surg. 2015, 62, 151–156. [Google Scholar] [CrossRef] [PubMed]

	



Garriboli, L.; Miccoli, T.; Damoli, I.; Rossini, R.; Sartori, C.A.; Ruffo, G.; Jannello, A.M. Hybrid laparoscopic and endovascular treatment for median Arcuate ligament syndrome: Case report and review of literature. Ann. Vasc. Surg. 2020, 63, 457.e7–457.e11. [Google Scholar] [CrossRef] [PubMed]

	



Baccari, P.; Civilini, E.; Dordoni, L.; Melissano, G.; Nicoletti, R.; Chiesa, R. Celiac artery compression syndrome managed by laparoscopy. J. Vasc. Surg. 2009, 50, 134–139. [Google Scholar] [CrossRef] [PubMed]

	



Tulloch, A.W.; Jimenez, J.C.; Lawrence, P.F.; Dutson, E.P.; Moore, W.S.; Rigberg, D.A.; Derubertis, B.G.; Quinones-Baldrich, W.J. Laparoscopic versus open celiac ganglionectomy in patients with median arcuate ligament syndrome. J. Vasc. Surg. 2010, 52, 1283–1289. [Google Scholar] [CrossRef] [PubMed]

	



Doyle, A.J.; Chandra, A. Chronic mesenteric ischemia in a 26-year-old man: Multivessel median arcuate ligament compression syndrome. Ann. Vasc. Surg. 2012, 26, 108.e5–108.e9. [Google Scholar] [CrossRef] [PubMed]

	



Berney, T.; Pretre, R.; Chassot, G.; Morel, P. The role of revascularization in celiac occlusion and pancreatoduodenectomy. Am. J. Surg. 1998, 176, 352–356. [Google Scholar] [CrossRef] [PubMed]

	



Machado, M.A.C.; Herman, P.; Montagnini, A.L.; Costa, M.L.M.; Nishinari, K.; Wolosker, N.; Machado, M.C.C. A new test to avoid arterial complications during pancreaticoduodenectomy. Hepato-Gastroenterol. 2004, 51, 1671–1673. [Google Scholar]

	



Hayashibe, A.; Sakamoto, K.; Shinbo, M.; Makimoto, S.; Nakamoto, T.; Higashiue, S.; Toyonaga, T. A resected case of advanced duodenal carcinoma with occlusion of the celiac artery. J. Surg. Oncol. 2005, 91, 270–272. [Google Scholar] [CrossRef] [PubMed]

	



Lv, G.-Y.; Tian, G.-Y.; Fan, Y.-H.; Li, S.-X. Feasible management of median arcuate ligament syndrome in orthotopic liver transplantation recipients. World J. Gastrointest. Surg. 2022, 14, 976–985. [Google Scholar]

	



Gaudio, M.D.; Grazi, G.L.; Ercolani, G.; Ravaioli, M.; Varotti, G.; Cescon, M.; Vetrone, G.; Ramacciato, G.; Pinna, A.D. Outcome of hepatic artery reconstruction in liver transplantation with an iliac arterial interposition graft. Clin. Transplant. 2005, 19, 399–405. [Google Scholar] [CrossRef]

	



Hasegawa, K.; Imamura, H.; Akahane, M.; Miura, Y.; Takayama, T.; Ohtomo, K.; Makuuchi, M. Endovascular stenting for celiac axis stenosis before pancreaticoduodenectomy. Surgery 2003, 133, 440–442. [Google Scholar] [CrossRef] [PubMed]

	



Halazun, K.; Kotru, A.; Menon, K.; Patel, J.; Prasad, K. Stenting of coeliac axis stenosis facilitates pancreatectomy. Eur. J. Surg. Oncol. (EJSO) 2006, 32, 811–812. [Google Scholar] [CrossRef] [PubMed]

	



Balakrishnan, S.; Kapoor, S.; Vijayanath, P.; Singh, H.; Nandhakumar, A.; Venkatesulu, K.; Shanmugam, V. An innovative way of managing coeliac artery stenosis during pancreaticoduodenectomy. Ann. R. Coll. Surg. Engl. 2018, 100, e168–e170. [Google Scholar] [CrossRef] [PubMed]

	



Yilmaz, S.; Çeken, K.; Gürkan, A.; Erdoğan, O.; Demirbaş, A.; Kabaalioğlu, A.; Sindel, T.; Lüleci, E. Endovascular treatment of a recipient celiac trunk stenosis after orthotopic liver transplantation. J. Endovasc. Ther. 2003, 10, 376–380. [Google Scholar] [CrossRef]

	



Sharafuddin, M.J.; Olson, C.H.; Sun, S.; Kresowik, T.F.; Corson, J.D. Endovascular treatment of celiac and mesenteric arteries stenoses: Applications and results. J. Vasc. Surg. 2003, 38, 692–698. [Google Scholar] [CrossRef]








[image: Jcm 13 02598 g001] 





Figure 1. Schematic diagram of the celiac trunk. (a) Schematic diagram showing the celiac trunk and collateral blood supply from the superior mesenteric artery via pancreaticoduodenal arcade. (b) Schematic diagram showing altered blood supply after pancreaticoduodenectomy. Abbreviations: CHA, common hepatic artery; GDA, gastroduodenal artery; MAL, median arcuate ligament; PHA, proper hepatic artery; SMA, superior mesenteric artery. 
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Figure 2. Ideal management algorithm in hepato-pancreato-biliary patient with median arcuate ligament syndrome. a favorable anatomy is defined as stenosis of the celiac trunk < 50%, preservable collateral circulation, a short segment of stenosis, and stenosis located more distal to the aorta. Abbreviations: GDA: gastroduodenal artery; HA, hepatic artery; HPB, hepato-pancreato-biliary; MAL: median arcuate ligament; MALS: median arcuate ligament syndrome. 
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