Name of Journal: World Journal of Clinical Cases
Manuscript NO: 64065
Manuscript Type: SYSTEMATIC REVIEWS

Dealing with hepatic artery traumas: A clinical literature review

Dilek ON et al. Dealing with hepatic artery traumas

Osman Nuri Dilek, Arif Atay

Osman Nuri Dilek, Department of General Surgery, Division of Hepatopancreatobiliary Surgery, İzmir Katip Celebi University School of Medicine, İzmir 35150, Turkey

Arif Atay, Department of Surgery, İzmir Katip Celebi University School of Medicine, İzmir 35150, Turkey

Author contributions: Dilek ON wrote the majority of paper, critically revised the manuscript, and also coordinated the writing and correspondence of the paper; Atar A collected data and performed analysis and interpretation of data. 

Corresponding author: Osman Nuri Dilek, FACS, Professor, Department of General Surgery, Division of Hepatopancreatobiliary Surgery, İzmir Katip Celebi University School of Medicine, Basin Sitesi, İzmir 35150, Turkey. osmannuridilek@gmail.com

Received: February 9, 2021
Revised: April 5, 2021
[bookmark: OLE_LINK15][bookmark: OLE_LINK33][bookmark: OLE_LINK48]Accepted: August 11, 2021
Published online: October 6, 2021

41 / 38

Abstract
BACKGROUND
[bookmark: OLE_LINK6]The hepatic artery (HA) is one of the most threatened vascular structures during hepatopancreatobiliary (HPB) surgeries and interventional procedures. It can be affected by many clinical pictures, especially tumors, due to its anatomical position and neighborhood. 

AIM
To reveal the evolution and recent developments in the management of HA traumas in the light of the literature.

METHODS
In this article, 100 years of MEDLINE (PubMed) literature and articles including cases and series of HA injuries were reviewed, and the types of injury occurrence, treatment, and related complications and their management were compiled. 

RESULTS
The risk of HA injury increases during cholecystectomies and pancreatoduodenectomies, among the most common operations. HA anatomy shows anomalies in approximately 15%-25% of the cases, further increasing this risk. The incidence of HA injury is not precisely known. Approaches that have evolved in recent years in managing patients with HA injury (laceration, transection, ligation, resection) with severe morbidity and mortality risk are reviewed in light of the current literature. 

CONCLUSION
In conclusion, complications and deaths due to HA injury are less common today. The risk of complications increases in patients with hemodynamic instability, jaundice, cholangitis, and sepsis. Revealing the variations in the preoperative radiological evaluation will reduce the risks. In cases where HA injury is detected, arterial flow continuity should be tried to maintain with primary anastomosis, arterial transpositions, or grafts. In cases where bile duct injury develops, patients should be directed to HPB surgery centers, considering the possibility of accompanying HA injury. Large-scale and multicentric studies are needed to understand better the early and long-term results of HA ligation and determine preventive procedures.
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Core Tip: The hepatic artery (HA) is one of the most threatened vascular structures during hepatopancreatobiliary surgeries and interventional procedures. Complications and deaths due to HA injury are less common today. The risk of complications increases in patients with hemodynamic instability, jaundice, and cholangitis. Revealing the variations in the preoperative radiological evaluation will reduce the risks. In cases where HA injury is detected, arterial flow continuity should be tried to be maintained with primary anastomosis, arterial transpositions, or grafts. In cases where bile duct injury develops, patients should be directed to hepatopancreatobiliary surgery centers, considering the possibility of accompanying HA injury. Large-scale and multicentric studies are needed to understand better the early and long-term results of HA ligation and determine preventive procedures.


INTRODUCTION
The hepatic artery (HA) is one of the most threatened vascular structures during hepatopancreatobiliary (HPB) surgeries and interventional procedures. HA can be affected by many clinical pathologies, especially tumors, due to its anatomical position and neighborhood. HA injury was one of the deadliest complications in the 1940s. In Edgecombe and Gardner's studies, it was found that 40 HA ligations were reported until 1950, and mortality developed in 50%-75% of them. They reported that HA was ligated during artery aneurysm, bile duct tumor, stomach tumor, and pancreatic tumor surgeries[1,2]. Although significant improvements in complications and mortality rates due to HA injuries have been detected in recent years, it continues to cause severe morbidity and mortality[3].
It has been reported that almost all animals (rats, rabbits, pigs) who underwent artery ligation experimentally died[4,5]. In experimental studies with dogs, it was reported that dogs were much more resistant to HA ligation. Especially in dogs that were given antibiotics (penicillin), it was better tolerated[5-7]. The use of antibiotics reduces the damage to the liver. Unlike other animals, it has been found that dogs have too much collateral in their liver. If collaterals are ligated, the dogs die within 24 h[5]. In the same period, it was reported that humans' average survival is 9-10 d due to artery ligation[1,2]. 
HA anomalies can also increase the risk of injury. HA anomalies are seen in 15%-25% of the population[2,3,8]. The most common anomaly is the replaced right HA (rRHA) anomaly. In the studies conducted, there is a common belief that more HA lacerations occur in patients with abnormalities[3,9,10].
In autopsy studies, it has been stated that deaths seen as a result of HA injury are mainly due to liver necrosis. Necrosis that occurs in the liver is diffuse or patchy[2,3,11]. Better results are obtained today with a better understanding of liver physiology, antibiotics, and improved intensive care conditions.
In this study, we aimed to examine the problems related to HA injuries, ligations, and resections encountered during our HPB operations, the approaches we applied, and the prevention methods.

MATERIALS AND METHODS
In this article, 100 years of MEDLINE (PubMed) literature was reviewed. A clinical approach algorithm was developed by reviewing articles, including cases and series of HA injuries. In the study, keywords containing "hepatic artery" and (trauma or injury or resection or ligation or avulsion or transection or reconstruction) and their various combinations were researched.
Articles on HA transection and reconstruction, a challenging stage of liver transplantation, were not included in the study. Planned ligation, resection, and reconstructions for HA aneurysms were also briefly discussed. HA embolization has found many more clinical applications with the developing technological applications, and more studies have been reported in recent years (Figure 1). Here, therapeutic HA embolization is also mentioned because of its similarity to liver damage seen in HA traumas.

RESULTS
It was found that there were 6314 articles as a result of the Medline research. While one to two articles were published annually in the first 50 years, this number has increased gradually in the last 50 years and reached 109-237 articles per year (Figure 1). There are 1555 articles with the keywords "hepatic artery injury" or "hepatic artery trauma" and 468 articles with the word "hepatic artery ligation". In the first half of the century, it was found that HA traumas were mostly applied with unintentional ligations during gallbladder and stomach surgeries and in patients who underwent planned ligation for HA aneurysm. Fifty-seven studies with the phrase "hepatic artery resection" were identified; most of them conducted in the last 20 years. "Hepatic artery embolization" was the subject of 406 studies, and most of them were published in the previous 2 decades.

DISCUSSION
HA can be affected by many pathological conditions, especially tumors, due to its anatomical position and neighborhood (Figure 2). It is one of the most threatened vascular structures during HPB surgeries. The risk of injury is higher during Laparoscopic cholecystectomy (LC), pancreaticoduodenectomy (PD), and bile duct surgeries, which are among the most commonly performed operations in the abdomen[3,10,12,13]. HA can rarely be injured during stab wounds. HA has become an essential tool for diagnosis and treatment, and injuries occur in various forms depending on interventional procedures[14]. The incidence of HA injury is not precisely known. There is minimal data on this subject in the literature.

HA injury patterns
HA is injured mainly during HPB surgeries (Figure 3). However, injury can also occur during interventional procedures and with penetrant tools or blunt abdominal injuries. HA injury may develop with laceration, transection, avulsion, and unintended ligation/resection. Arterial blood flow can also be impaired with planned embolization, ligation, and resection of HA. Damage and invasion of HA by pathological processes such as infections and tumors may be another form of trauma. However, such injuries and interruption of HA blood flow cause less liver damage with collaterals and compensation mechanisms that come into play when developing in a chronic process[10,11,14,15].

Liver damage
The degree of liver damage after HA trauma depends on many factors (Table 1)[6,7,15-17]. Some of these are; 1-artery anatomy, 2-location of injury/ligation, 3-tissue bacteriology, 4-portal vein capacity, 5-collateral system and variations, 6-hemodynamic stability and complications, and 7-duration of HA trauma. The location of the injury/ligation is one of the most critical factors. Naturally, the blood supply tries to be preserved by prehepatic, intrahepatic, and perihepatic collateral mechanisms. The size of the damage caused by HA injury/ligation may vary depending on the size of the dissection performed in or around the liver's hilum. Collaterals are more likely to be involved in injuries at the right gastric artery or gastroduodenal artery level. However, where the injury/ligation site goes towards the periphery, the risk of developing damage increases[4,5]. Bacterial contamination also increases the risk of infection and sepsis in necrotic liver tissue. The risk of developing infection also increases in patients with endoscopic retrograde cholangiopancreatography or percutaneous transhepatic cholangiogram stents[18]. Studies in the literature have been mostly carried out for patients with malignancy, but there is no study on the outcome of HA injury and catheterization association.
Damage to the liver resulting from impaired hepatic artery blood flow for any reason has similar characteristics. The fact that HA injury is acute or chronic is another factor affecting the outcome. Many studies have been reported without reconstruction following resections in patients with the HA invasion by the tumor[19,20]. The collateral system, which occurs in cases where arterial occlusion develops slowly, is thought to reduce/prevent liver damage after resection. However, many factors such as the size of the operation, accompanying procedures, patient's comorbidity, hemodynamic stability, cholangitis (sepsis), jaundice, and liver residue may affect the degree of liver damage and the clinical picture[16,20,21].

Unintended HA injuries (transection, ligation, resection, etc.)
The frequency of vascular injury during LC was reported as 0.25%, and the frequency of HA injury was reported as 0.06% in the literature[10,12,13]. In other words, 10%-47% of the patients who develop bile duct injury can also develop HA injury[10,12,13,15]. Interestingly, it is estimated that right HA injury is more than predicted in the evaluations[10,15,22,23]. This is because LC is a widespread and ubiquitous surgery. Also, more surgical interventions are performed for biliary tract and hilar region malignancies than in the past. A publication by Gordon-Taylor[11] in 1943 reported that surgery in some patients who died after cholecystectomy was performed by inexperienced surgeons (amateurs); the cause of death might be clamping or ligating the RHA. In their series of 261 cases of bile duct injury developed during LC by Stewart et al[10], they found that right HA injury occurred in 84 patients. They reported that HA injury is more common in Class 3 and 4 type bile duct injuries (Stewart-Way classification). They also noted that additional new HA injuries were more likely to occur in cases in which the primary surgeon tried to repair them. The risk of injury was much lower in experienced centers. Interestingly, they found 11% of RHA-injured cases in the series developed liver ischemia. Preoperative or intraoperative Doppler ultrasonography may help understand whether artery revision is required in patients undergoing reconstruction due to bile duct injury. In the postcholecystectomy biliary stricture series of 55 cases by Alves et al[15], they found HA injury in 47% of the cases, mostly RHA and rRHA. Li et al[12] found that HA injury developed in 10 patients in their series of 60 postcholecystectomy biliary strictures. 
The incidence of HA injury during PD ranges from 0.1% to 4.4%. During resections in patients with chronic pancreatitis or locally advanced tumors, the risk of vascular injury increases due to intense adhesions and inflammation[12,20,24]. In large tumors, the risk of trauma may increase due to the displacement of anatomical structures and tumor invasion. Gaujoux et al[24] performed angiographies in their PD series of 545 cases to investigate postoperative ischemic conditions. They performed reconstructions on four patients with HA trauma and detected thrombus in angiographies taken in the postoperative period. Although 2 of the patients with thrombus underwent stenting, 1 thrombectomy, and 1 surgical revision, 3 died from liver necrosis and abscesses. They reported that 3%-4% of the cases after PD might develop liver ischemia. Also, ischemic conditions may cause deaths whose cause cannot be determined after surgery[3,24]. 
HA anomalies are another factor that increases the risk of injury[20,25]. Intertwined anatomical relationships between the pancreas and regional vessels become more complicated with the anomaly, increasing vascular injury risk. According to Michel's classification, a typical anatomical structure (Type 1) is present in 52%-80% of cases. In cadavers and clinical trials, HA anomaly was found in 15%-25% of the cases. Shukla et al[26] stated that HA variations might show in 55%-79% of patients. 
The incidence of rRHA was reported in the literature as 6.7%-19%[8,9,19,25-27]. Rubio et al[28]'s series stated that 73% of HA injury occurs in anomaly arteries. Eshuis et al[9] detected rRHA (18.8%) in 143 cases in the PD series of 758 cases and found injuries in 13 of them. At the same time, 10 patients had severe morbidity, while 1 patient died. 
Accessory left HA (aLHA) incidence varies between 3%-34.2%. LHA or aLHA injury is more likely to occur during the celiac region's dissection for gastric cancer[29,30]. 
HA trauma (rupture, thrombus, embolus, aneurysm, fistula) may develop accidentally and dislocated coils and stents during the interventional procedures. Vascular occlusion may impair HA blood flow. Blocking of the celiac trunk with thrombus can also interrupt HA blood flow. Lacerations, avulsions, and transections may develop due to sharp or blunt traumas[14,31].

Planned HA ligation, resection, or embolization
Many procedures and clinical studies in which HA was linked due to liver-derived pathologies (hepatocellular carcinoma, cirrhosis, portal hypertension, hemangioma, liver trauma, hemobilia) have been described[22,32-36]. It is predicted that by ligating HA, the amount of blood coming to the liver will decrease by 35%, whereas 95% of the blood requirement of a metastatic tumor in the liver will be reduced[32]. This effect is observed more in hypervascular metastases (hypernephroma, leiomyosarcoma, carcinoid, papillary adenocarcinoma of the pancreas)[32]. In their 19-disease invasive hepatocellular carcinoma series by Elsanousi et al[34], 13 of the patients who underwent ligation of HA on the lesion side and extrahepatic collateral divisions (HALED) received a complete response. They also reported that there were no abscesses and necrosis in the liver. However, there is not enough literature on this subject, and prospective studies are needed.
HA ligation, resection, and reconstruction can also be performed in HA aneurysm, pseudoaneurysm, abdominal aortic dissections, and HELLP syndrome[1,2,37,38]. In a meta-analysis including 374 hilar cholangiocarcinoma cases with HA resections performed by Chen et al[39], they found that the rate of R0 resection was higher in those who had HA resection. They found that mortality and morbidity were higher in the group with HA resection. However, there was no statistically significant difference in terms of complications. They also reported that the group's survival with R0 resection and HA resection was much better when combined with adjuvant chemotherapy. During Appleby or Whipple procedures performed in borderline pancreatic tumors, aggressive tumor resections and artery resections have been increasingly performed due to tumor invasion[12,20,24,40]. Kleive et al[20] performed planned HA resection in 22 (1.43%) cases in a pancreatectomy series of 1535 cases. They reported that complications developed in a total of 16 (73%) cases, 10 of them (45%) being severe (thrombosis, bleeding, stenosis, liver necrosis, bile leakage). In the PD series of 323 patients by Asano et al[19], they detected rRHA anomaly in 51 patients. They performed planned resections in eight of them, and they reported that accidental injury occurred in one. They found that liver abscess developed in only 1 case in the series without reconstruction. There was no statistical difference with other patients in terms of demographics. 
When compared with the complications seen after HA trauma, it was determined that fewer complications developed after planned HA resections[19,20]. The reasons for this may be technological developments, use of antibiotics and improvements in intensive care conditions, less liver damage in hemodynamically stable patients, and the contribution of collateral networks that develop during the invasion of the HA.
Angiography, stenting, coiling, and embolization are increasingly preferred methods for diagnosing and treating patients with hemodynamically stable liver trauma. Blood supply of the liver may also be impaired in patients who have been embolized for treatment purposes (tumor, metastasis, hemangioma, aneurysm, postoperative bleeding, etc.) or due to HA trauma. Selective embolization is better tolerated. It has been reported in the literature that the procedure is generally well-tolerated, and serious complications such as liver necrosis, cholangitis, and liver abscess are much less common[14,41,42]. In the Transarterial chemoembolization series of 2300 sessions applied by Sakamoto et al[42] to 850 patients, it was reported that complications (4 liver necrosis, 5 liver abscesses, 7 cholecystitis, 20 biloma, 6 aneurysms, and others) developed in 4.4% (n = 102 procedures) of the applications. Minimally invasive intervention and preservation of hemodynamic stability may contribute to better results.

Complications/concomitant procedures
Brittain et al[16] described the striking color change in the right liver lobe as an ominous sign in a patient who developed RHA laceration during cholecystectomy in 1964. The dimension of the damage varies according to the surgical intervention and the size of the HA injury. While most isolated HA injuries heal without symptoms, 11%-76% of patients with both RHA and bile duct trauma have been reported to have ischemic damage to the liver[3,12,15,43]. HA adventitia can be damaged by excessive manipulation, traction, and compression, and the risk of developing pseudoaneurysm increases, especially in pancreatic fistula cases[9,26].
As a result of HA injury, liver abscess, liver failure, anastomosis opening, late liver atrophy, and bile duct stenosis are the most common complications[3,9,35,41,44]. In the HA injury series of 21 cases, Landen et al[3] detected in the PubMed screen complications: Liver necrosis/abscess (n = 14), liver failure (n = 3), and anastomotic dehiscence (n = 6) were reported in 16 patients (76%), 3 of which had artery variations. They also noted that 11 of the patients were re-operated, and five (24%) died.
Due to ischemia of the bile duct wall caused by HA injury, anastomotic leakage may occur in the early period, and biliary stricture may develop in the long term[15,43]. The mucosal damage due to ischemia in the bile duct mucosa heals with inflammation, and fibrosis also leads to biliary stricture. Recurrent cholangitis and hepatolithiasis can also be seen in patients with biliary stricture. In an autopsy study, stenosis in the biliary tract was found in 7% of cadavers with open cholecystectomy[10,45].
Right lobe atrophy can also be seen as a result of RHA injury or ligation. Alves et al[15] reported that in a series of 55 cases of postcholecystectomy biliary stricture after HA injury, they detected right lobe atrophy in 12 patients and performed right hepatectomy and Roux-en-Y hepaticojejunostomy. 
Left lobe atrophy mainly develops due to left HA injury. Due to the high incidence of aLHA injury (36%-43%), it is accepted that liver left lobe atrophy is more common after radical gastric resections. LHA injury is less common following PD surgeries. However, aLHA and LHA injuries can be seen more during dissections for stomach tumors[15,29].

Treatment/reconstruction
Management changes according to the type of HA injury (Figure 4). Reconstruction should be done in unintended HA traumas encountered during surgery[12,15,20,24]. If possible, reconstruction should be performed in the same session. Primary reconstruction of the laceration area should be tried first. In cases where proper HA transection develops, continuity of blood flow can be achieved by transposing the gastroduodenal artery, left gastric artery, or splenic artery. Reconstruction can also be performed using an allogeneic prosthetic graft (polytetrafluoroethylene, Dacron) or autografts (saphenous vein, gonadal vein, inferior mesenteric vein, renal vein, gastroepiploic artery) for long distances[12,45-48]. Anastomoses to be made with a microscope will increase the success. HA reconstruction can be beneficial in early postoperative injuries since liver necrosis occurs within the first 4 d. Li et al[12] reported that liver ischemia could be resolved before liver necrosis and atrophy develop in patients who undergo reconstruction within 4 d. However, reconstruction may not always be possible. 
In planned ligations and embolizations, there is no need for additional procedures. In cases where artery resection is performed due to tumor invasion, there are different approaches regarding whether reconstruction is performed or not[12,15,20,45,47,48]. Primary reconstruction should be performed in planned resections due to benign pathologies (pseudoaneurysm, aneurysm, etc.). There is no need for additional procedures and clinical follow-up of the patient in planned ligations and embolizations. All patients with or without reconstruction should be closely monitored for liver ischemia and early diagnosis and management of potential complications (Figure 4).
In HA injuries caused by penetrating or blunt trauma, the patient's hemodynamic status and the presence of acute abdominal findings (perforation) determine the treatment approach to be performed. Embolization is the first procedure to be performed in hemodynamically stable patients who develop HA injury during perforating injuries or blunt traumas and invasive procedures[35]. It has also been reported that blood flow can be achieved, and bleeding can be controlled with an endovascular stent in selected cases[14,48]. In the series of 32 patients by Tzeng et al[14], they reported that initial hemostasis was achieved in 30 of the patients due to embolization applied to patients referred with liver trauma and HA injury. Cholecystitis development after embolization is rare and varies according to the location of the trauma. Cholecystitis is also seen very rarely in selective embolizations. The conservative approach is primarily recommended in cases with cholecystitis. Cholecystectomy is recommended in patients with gallbladder necrosis and emphysematous cholecystitis[42,49].
Problem-oriented approaches should be preferred in the management of complications. Antibiotics and percutaneous drainage procedures are recommended in cases with liver abscesses[41]. In liver necrosis cases and subsequent hepatic failure, early prostaglandin E1 administration, hemodiafiltration, and plasma exchange can help recover the liver[50]. However, liver transplantation remains the only option in patients with extensive necrosis and liver failure[3,51].
Primary reconstruction is recommended first for the injuries of rRHA, but there is no consensus on this issue[19,52]. There are many series that are not reconstructed in rRHA injuries or after resections (Table 2). Okada et al[52] think differently about rRHA resections. They reported that trying to protect the rRHA reduces the chances of R0 resection and concluded that resection should be performed when the tumor is adjacent to or very close to rRHA. 
Reconstruction could not be performed considering the resection area's width, the possibility of local recurrence, the occlusion of the arteries due to the tumor invasion process, and the liver's collateral compensation system.

Protection
Some various applications and procedures can be made to protect and increase liver blood supply and oxygenation. In the preoperative period, revealing HA and SMA's anatomy by radiological imaging plays a key role in preventing injury, preventing unnecessary procedures, and confirming the indication. Turrini et al[53] reported a preoperative radiological evaluation in which most of the radiologists reported that they saw the HA anomaly but did not reflect it in their reports. For this purpose, a detailed description of vascular formations in magnetic resonance angiography and computed tomography angiography will be instructive. Doppler ultrasonography may also contribute to the evaluation of arterial flow. It is even stated that deaths can be reduced by detecting embolism, thrombus, and stenosis (median arcuate ligament syndrome) with angiography performed in selected cases after surgery. Compliance with the radiological evaluation guidelines recommended by The Society of Abdominal Radiology and the American Pancreatic Association can minimize postoperative liver blood supply disorders[20,24,25]. 
In recent years, studies on the definition of vascular structures in three dimensions using three-dimensional (3D) imaging and 3D printing technology have been started[54-56]. Detailed information about lesions, vascular anatomy, anomalies, the relationship with the lesion, and anatomical structures can be obtained, especially with the simulation studies to be performed in the preoperative period. In addition to revealing the pathologies and vascular anatomy with great accuracy, 3D imaging methods are also used to calculate the remnant liver volume (Figure 5). Training of residents with 3D imaging and 3D printing products and simulation applications for preoperative evaluation guide in determining the path to be followed in interventional procedures and surgeries. There are studies on the application of more radical and more protective procedures during surgery by obtaining specific models specific to patients and adapting them to the navigation systems to be applied[55,57].
It is vital to meet the oxygen demand of the liver. Twenty-five percent of the cardiac output (1250-1500 cc/min) goes to the liver. While 20%-25% of the blood coming to the liver is supplied by HA, 75%-80% of it is supplied by the portal vein. Forty percent to 50% of oxygen is provided by HA, and the portal vein provides 50%-60%. While the portal vein blood's oxygen saturation is 50%-60%, the HA oxygen saturation is over 90%[3,58]. In case of interruption of HA flow, the deficiency is compensated by portal vein flow. In a patient with impaired hemodynamics, the portal vein's oxygen parameters deteriorate further, and the liver's oxygenation is disrupted. The presence of hypovolemia, dehydration, anemia, lung problems, pain, excessive sedation, limitation of movement, or heart problems will further increase the risks associated with artery ligation[44,58]. Struggle with shock and providing oxygenation are the first protective and therapeutic procedures.
Exposing the HA and SMA and controlling HA pulses by closing the flow before cutting the gastroduodenal artery are among the first procedures to be performed. The most important reasons for the development of HA trauma are careless dissection and inadvertent transection. The posterior approach in surgery (arteria is first) can prevent the rRHA injury[59]. The development of portal vein injury with HA is frequently mortal[3,60].
The extent of liver tissue damage that will occur as a result of HA trauma in patients with obstructive jaundice is greater. This is due to the high bilirubin levels and increased bile acids in the blood, further aggravating ischemia in liver cells. The presence of sepsis also aggravates this situation. HA blood flow plays a vital role in the clearance of bacteria from the portal vein to the liver. Necrosis resulting from the cessation of current also facilitates bacterial colonization. In experimental studies, it has been shown that animals whose HA was ligated and given antibiotics had a higher survival chance[16].
Portal blood flow and collaterals also gain critical importance in cases of HA injury. Oxygenation of the portal vein and collaterals will play an essential role in preventing the development of necrosis and survival[16,21,61]. It has been demonstrated that there are 26 different collateral pathways around the liver[21]. The presence of collaterals can be demonstrated with enhanced computed tomography. The inferior phrenic artery, superior falciform ligament artery, right triangular ligament artery, and omental and subcapsular collaterals can significantly contribute to preventing necrosis[62]. Yoshida et al[63] found dense collaterals (communications) between the capsular arterial plexus and intrahepatic isolated hepatic arteries. There is also a blood supply between the right and left hepatic arteries through the hilar plate plexus. Hilar plate plexus also provides blood supply of the collateral network around the common bile duct confluence and contributes to healing the hepaticojejunostomy anastomosis[64]. In cases where the artery revision is not successful, it should be tried to make the hepaticojejunostomy anastomosis close to the hilar plate, considering that the blood supply may be better[12]. In cases where artery reconstruction cannot be performed, (subhepatic) drainage is also recommended[16].
Arterialization of the portal vein was applied as a salvage procedure to increase portal blood oxygenation in HA thrombosis after liver transplantation. It has been applied from time to time in borderline pancreatic tumors and selected cases. It can be applied when HA repair is not possible or after resections[65,66]. The anastomosis can be performed in many places included in the portal system. The anastomosis can be made with autologous or synthetic (Gore-Tex, polytetrafluoroethylene graft) grafts or between arteries and veins (e.g., iliac artery-middle colic vein / superior mesenteric vein, colic artery branches, and ileocolic vein, etc.). It should be preferred to do it with a microscope/loop. It can also be done using the transected HA stump. In cases where the arterial flow rate is high, portal hypertension clinics may develop. In such cases, the anastomosis may need to be closed by interventional methods (embolization, coiling)[65,66].
Control and follow-up of transaminases in the early postoperative period can provide important clues. In the case of high transaminases (> 2000 U/L), additional radiological imaging methods are recommended to investigate the extent of the ischemic condition and to perform reconstruction in cases with HA trauma[67]. Serum transaminases controlled serially in the early period in the follow-up of patients with or suspected HA trauma might be instructive about the extent of the damage and prognosis. In the 2894 PD series conducted in 25 years by John Hopkins, it was emphasized that there might be a serious relationship between the increase in serum transaminases and clinical progression and prognosis. In this study, it has been shown that if the serum transaminases peak level rises from < 500 U/L to 2000 U/L and above, the mortality may increase from 0.9% to 29%[67]. They also reported that almost all patients could recover if transaminases remained below 1000 U/L. In the same series, mortality was reported to be 7%, 3%, and 0.9% in patients with low albumin (< 2.5 g/dL), medium (2.6-3.5 g/dL), and high (> 3.5 g/dL), respectively.
It has been reported in experienced centers that HA trauma will be extremely rare. In the PD series of 434 cases by Kulkarni et al[47], they reported only 2 HA trauma. In the PD series of 1535 cases published in Oslo, Sweden, it was reported that only 8 patients (0.52%) had HA trauma[20].
Since HA trauma may develop in some of the patients who develop bile duct trauma[12,13,10], it is more appropriate to perform the intervention in experienced centers for patients who are planned to undergo reoperation for revision purposes.
The weaknesses of our study are the scarcity of clinical series in the literature and the fact that there are studies mostly in the form of case reports. Another point is that prospective studies on HA trauma are limited to experimental and subjects only, and these studies cannot be performed in humans. More comprehensive data can be obtained with the follow-up and evaluation of HA traumas encountered with multicentric study protocols.

CONCLUSION
Complications and deaths due to HA trauma are less common today. Repair should be attempted in all cases where HA trauma is detected (during surgery and early postoperative period). Arterial flow can be maintained with primary anastomosis, arterial transpositions, or grafts.
Liver failure, liver abscess, anastomotic opening, and bile duct stricture are the most common complications. The risk of complications increases in patients with hemodynamic instability, jaundice, cholangitis, and sepsis. The cause of death is often liver necrosis, sepsis, and liver failure. Antibiotic use and drainage reduce the risks.
To be protected from HA trauma, performing adequate radiological evaluation before the operation, revealing the variations, and determining the appropriate approach plan will minimize the risks.
HA trauma is a much less common complication, especially in HPB surgery centers. Considering the possibility of accompanying HA trauma in cases where bile duct trauma develops, the patient should be directed to HPB surgery centers if possible.
Large-scale and multicentric studies are needed to understand better the early and long-term consequences of HA trauma and develop preventive procedures.

ARTICLE HIGHLIGHTS
Research background
The hepatic artery (HA) has been used more and more for diagnosis and treatment in recent years. Besides, HA is one of the most threatened vascular structures during hepatopancreatobiliary (HPB) surgeries and interventional procedures. The incidence of HA injury is not precisely known.

Research motivation
There are many studies reporting that more than half of the cases died in the case of HA trauma or involuntary ligation until the last 3-4 decades. There is still a risk of serious morbidity and mortality as a result of injury to the HA during an increasing number of interventional procedures and HPB surgeries in recent years. There is a need for algorithmic approaches to HA-related problems and their solutions, which can be encountered for many different reasons.

Research objectives
Most of the studies related to HA in the literature are in the form of case reports. There are no algorithms developed for solving HA problems that surgeons, internists, gastroenterologists, hepatologists, and interventional radiologists often encounter sporadically. There is no consensus established for the solution of the problems encountered. Since there are no experimental studies in humans, there is a need for the analysis of data from case reports and a limited number of clinical series.

Research methods
The authors have reviewed 100 years of MEDLINE (PubMed) literature. The clinical approach algorithm was tried to define by reviewing the papers, including cases and series of HA injuries. The study researched keywords containing "hepatic artery" AND (trauma OR injury OR resection OR ligation OR avulsion OR transection OR reconstruction) and their various combinations. Approaches that have evolved in recent years in managing patients with HA injury (laceration, transection, ligation, resection) with severe morbidity and mortality risk are reviewed in the light of current literature. 

Research results
The authors found 6314 articles as a result of the MEDLINE research. While one to two articles were published annually in the first 50 years, this number has increased gradually in the last 50 years and reached 109-237 articles per year. There are 1555 articles with the keywords "hepatic artery injury" or "hepatic artery trauma" and 468 articles with the word "hepatic artery ligation". In the first half of the century, we detected that HA traumas were applied mainly with unintentional ligations during gallbladder and stomach surgeries and patients who underwent planned ligation for HA aneurysm. We have identified 57 studies with the word "HA resection", and "HA embolization" was the subject of 406 studies; most of them have been published in the previous 2 decades. Articles on HA transection and reconstruction, a challenging stage of liver transplantation, ligation, resection, and reconstructions for HA aneurysms were also discussed. HA embolization has found many more clinical applications with the developing technological applications, and more studies have been reported in recent years. Here, HA pathologies, therapeutic procedures, and also HA embolization will be shortly described in the paper.

Research conclusions
With the technological developments in the last 2-3 decades and their contribution to diagnosis and treatment, positive developments have been identified in the prevention and management of HA trauma and related complications. The risk of HA injury increases during cholecystectomies and pancreatoduodenectomies, among the most common operations. HA anatomy shows anomalies in approximately 15%-25% of the cases, further increasing this risk. Complications and deaths due to HA injury are less common today. The risk of complications increases in patients with hemodynamic instability, jaundice, and cholangitis. Revealing the variations in the preoperative radiological evaluation will reduce the risks. In cases where HA injury is detected, arterial flow continuity should be tried to maintain with primary anastomosis, arterial transpositions, or grafts. In cases where bile duct injury develops, patients should be directed to HPB surgery centers, considering the possibility of accompanying HA injury.

Research perspectives
Due to the high risks it contains, the inability to conduct prospective studies in humans remains a problem. However, experimental studies in animals are needed regarding identified pathological processes. Besides, large-scale and multicentric clinical prospective studies are needed to understand better the early and long-term results of HA ligation and determine preventive procedures.
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Figure Legends
[image: ]
Figure 1 One-hundred-year distribution of publications associated with hepatic artery trauma (PubMed).
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Figure 2 Types of hepatic artery trauma. HA: Hepatic artery.
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Figure 3 Schematic description of pathologies and procedures that can lead to hepatic artery injury in hepatopancreatobiliary surgery. HA: Hepatic artery; HPB: Hepatopancreatobiliary.
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Figure 4 Algorithmic approach in the management of hepatic artery traumas. HA: Hepatic artery.
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Figure 5 This picture shows the three-dimensional imaging of a patient with hepatocellular carcinoma lesion in the liver to reveal the relations of the lesion with vascular structures (taken from the private archive of Prof. Osman Nuri Dilek). HCC: Hepatocellular carcinoma.

Table 1 Factors affecting the extent of liver damage in hepatic artery injury
	Factors affecting the extent of liver damage in hepatic artery trauma

	1. Artery anatomy

	2. Location of injury

	3. Portal vein capasity

	4. Collateral system and variations

	5. Hemodynamic stability

	6. Complications/comorbidities

	7. Duration of HA trauma (injury invasion)

	8. Dimensions of the operation/intervention

	9. Cholangitis (sepsis) ?

	Tissue bacteriology

	Hyperbilirubinemia


HA: Hepatic artery.

Table 2 Selected and summarized hepatic artery injury, ligation, resection, or embolization series in the literature
	Ref.
	Cases, n
	Etiology
	Anomaly
	HA injuries (laceration/transection, ligation/embolization)
	Treatment options ligation/embolization reconstruction 
	Morbidity, n
	Mortality, 90-d

	Edgecombe and Gardner[2]
	40
	Review of the literature including cholecystectomy aneurysm and EHBT tumor
	NA
	40 ligation
	Ligation? Drainage
	LF? LA?
	50%-75%

	Brittain et al[16]
	5
	Cholecystectomy
	NA
	5 injury/ligation
	No reconstruction, drainage
	1% LA
	1%

	Alves et al[15]
	55
	Postcholecystectomy biliary tract stricture series (Bismuth type 3-4-5)
	20?
	20 rRHA/RHA injury?, 2 HA pseudoaneurism, 4 portal vein injury
	43 HJ, 12 right Hx
	1% LA, 12% atrophy
	NA

	Stewart et al[10]
	261
	Biliary tract injury during LC
	NA
	84 RHA injury
	4 Hx, HJ, drainage 
	12% LA, 9% LN, 17% bleeding, 7% hemobilia, …
	2%

	Gaujoux et al[24]
	545
	PD series
	NA
	4 injury (Postoperative detection)
	4 (Thrombectomy, stenting, reconstruction) 2 left Hx
	2% LN, 4% thrombosis, 1% HJ
	3%

	Tzeng et al[14]
	32
	Liver trauma (15) + Interventional HA injury (17)
	NA
	32 injury
	32 Embolization (2 fail)
	2% LA, drainage
	-

	Li et al[12]
	60
	Biliary tract injury during LC 
	NA
	8 RHA injury; 2 PHA injury
	5 Reconstruction (2 fail)
	3 LN, 3 Hx, 2 LA, 3 others
	3%

	Turrini et al[53]
	471
	PD series
	47
	1 injury? 2 planned resection
	2 Reconstruction
	-
	-

	Eshuis et al[9]
	758
	PD series
	143 
	8 planned resection, 5 injury
	3 Reconstruction
	3 PF, 4 DGE, 1 LA, 3 Rlp
	2%

	Okada et al[52]
	180
	PD series
	25
	6 preop embolization and planned resection
	No-reconstruction
	1 POPF
	-

	El Amrani et al[27]
	2278
	Systematic analysis for PD (1950-2014)
	440 
	49 injury; 6 embolization (preop)
	18 Reconstruction
	POPF 15%, DGE 39%, 
	0%-10%

	Landen et al[3]
	NA
	Systematic review for PD (1990-2016)
	3
	21 injury (8 PHA, 3 RHA, 3 rRHA, 4 HA thrombosis, 3 HA injury)   
	5 Reconstruction (1 fail)
	14 LA, 3 LF, 6 AL,11 Rlp
	5 (24%)

	Asano et al[19]
	343
	PD series
	51
	1 rRHA injury; 8 rRHA planned resection
	No reconstruction; 1 drainage
	1 LA
	-

	Kleive et al[20]
	1535
	Pancreatectomy series
	NA
	14 injury (5 SMA, 5 RHA, 2 CHA, 2 Celiac trunk); 22 planned resection
	Embolectomy, Hx, re-reconstruction, drainage
	4 thrombosis, 2 PPH, 1 POPF, 5 LN, 11 Rlp
	2 injured; 1 planned

	Elsanousi et al[34]
	19
	Invasive HCC series
	NA
	19 HALED
	19 HALED1
	8 Ascites-controlled, 2 jaundice
	1 Pulmonary embolism


1Ligation for therapeutic purpose. 
Three patients died of LA at postoperative 5-7-12 mo. AL: anastomotic leakage; CHA: common HA; DGE: delayed gastric emptying; EHBT: Extrahepatic bile tract; HJ: Hepp-Couinaud hepaticojejunostomy; Hx: Hepatectomy, HALED: Hepatic artery ligation and extrahepatic collateral division; LA: Liver abscess; LC: Laparoscopic cholecystectomy; LF: Liver failure, LHA: Left HA; LN: Liver necrosis; n: Number of cases in series; NA: Not available; PD: Pancreaticoduodenectomy; POPF: Postoperative pancreatic fistula; PHA: Proper hepatic artery; PPH: Post pancreatectomy haemorrhage; Rlp: Relaparotomy; rRHA: Replaced right hepatic artery; SMA: Superior mesenteric artery.
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