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EAD: early allograft dysfunction 

ECD: extended criteria donors 

GGT: gamma glutamyltransferase 

HA: hepatic artery 
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IL-8: interleukin 8 

IL-10: interleukin 10 

ILP: isolated liver perfusion 
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LDH: lactate dehydrogenase 

LT: liver transplantation 
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PNP: purine nucleoside phosphorylase 

pO2: partial pressure of oxygen 

TNF-α: tumor necrosis factor alpha 
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Abstract: 

 

Background: Understanding ischemia reperfusion injury (IRI) is essential to further improve 

outcomes after liver transplantation (LT). Porcine isolated liver perfusion (ILP) is increasingly 

used to reproduce LT-associated IRI in a strictly controlled environment. However, whether ILP 

is a reliable substitute of LT was never validated. 

Methods: We systematically reviewed the current experimental set-ups for ILP and parameters of 

interest reflecting IRI. 

Results: ILP was never compared to transplantation in animals. Considerable variability exists 

between set-ups and comparative data are unavailable. Experience so far suggests that centrifugal 

pump(s) with continuous flow are preferred to reduce the risk of embolism. Hepatic outflow can 

be established by cannulation of the inferior vena cava or freely drained in an open bath. Whole 

blood at ~38°C, hematocrit ≥ 20%, and the presence of leukocytes to trigger inflammation is 

considered the optimal perfusate. A number of parameters related to the 4 liver compartments 

(hepatocyte, cholangiocyte, endothelium, immune cells) are available; however, their significance 

and relation to clinical outcomes is not well described. 

Conclusions: Porcine ILP provides a reproducible model to study early IRI events. As all models 

it has its limitations. A standardization of the set-up would allow comparison of data and progress 

in the field.  
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Introduction 

Isolated liver perfusion (ILP) is a procedure in which a liver is normothermically perfused ex situ 

with an oxygenated and nutrient-enriched perfusate. ILP has been used to investigate hepatic 

pathophysiology and metabolism
(1,2)

, test drug toxicity
(3)

 or to develop bridge-therapy for patients 

suffering from acute liver failure
(4,5)

.  

 

In the Liver Transplantation (LT) setting, ILP has been used to investigate Ischemia-Reperfusion 

Injury (IRI) as a substitute for LT and recently also implemented as a technology to preserve liver 

grafts, generally referred to as machine perfusion preservation or dynamic preservation
(6)

. 

Although ILP was initially used to replace LT in rodents
(7)

, the last decades have seen a rise in 

porcine models, especially in studies investigating protective strategies by means of liver 

dynamic preservation. The pig seems an appropriate animal to establish ILP and LT models, 

since the porcine liver is anatomically and physiologically close to humans, with comparable 

organ dimension and similar bile composition
(8,9)

. The study of IRI during LT is important as IRI 

invariably takes place in every transplant with injuries that may vary from minimal to complete 

graft destruction, and may either go clinically unnoticed or present as dysfunction or absence of 

life-sustaining hepatic metabolic activity. Ischemia leads to the disruption of hepatocyte aerobic 

respiration and a cascade of cellular and metabolic disturbances
(10,11)

. Static cold storage, the 

standard preservation technique involving cooling and storing of the graft at 4-6°C, reduces but 

does not abolish oxygen dependent metabolism. Subsequent graft reperfusion with warm 

oxygenated blood triggers the formation of reactive oxygen species and sterile inflammation, 

amplifying ischemia-induced damages
(12)

.  

Large animal models of LT are labor intensive, technically challenging, and carry a high financial 

burden
(13)

. In contrast, ILP allows the reduction of the number of experimental animals since a 

recipient is not needed. Indeed, all steps preceding the transplantation of the graft can be 
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replicated during ILP and the liver reperfused mimicking the sequence of events of LT
(13)

. 

Therefore, ILP can be used to investigate the impact of (i) warm/cold ischemia, or (ii) protective 

strategies (ie drugs, dynamic preservation) since the reperfusion phase takes place in a controlled 

environment. Additionally, ILP offers the possibility to serially sample perfusate, bile, and liver 

tissue, monitoring various parameters to evaluate IRI. Therefore, ILP constitutes a valuable 

alternative for LT research in large animals, and is particularly attractive as a preclinical tool to 

test new approaches to protect organs from IRI. 

 

Experience with porcine ILP is nowadays considerable; however, this model was never validated 

before and comparative interpretation of published studies is difficult due to a wide variation in 

model design, parameters of interest and endpoints. The aim of our study was (i) to review the 

methodology of ILP, (ii) to evaluate it as a model to replace LT experiments in animals, and (iii) 

to summarize the most promising parameters to evaluate IRI during ILP. We also highlight 

benefits and limitations of the model and discuss possible future developments.  

 

Materials and methods 

Experimental studies reporting on methodology and results of porcine ILP as a substitute for LT 

were considered regardless of the type of graft preservation (ie cold storage, dynamic 

preservation) or protective strategy investigated (SDC, Methods, http://links.lww.com/TP/B545). 

 

Data source, search strategy and eligibility criteria 

Details are given in SDC, Methods, http://links.lww.com/TP/B545. 
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Data extraction 

Methods details the criteria for data acquisition, SDC, http://links.lww.com/TP/B545. The 

extracted data were summarized in a descriptive review of the methodology of ILP and possible 

(bio)markers of IRI. 

 

Quality assessment 

Details of the quality assessment are given in SDC, Methods, http://links.lww.com/TP/B545.  

 

Results 

The search identified 257 articles of which 32 were eligible for further full text screening. 

Twenty-three papers were included in the quality assessment (SDC, Results and Figure S1, 

http://links.lww.com/TP/B545) and 11 different set-ups were identified (Figure 1).  

All set-ups performed ILP as a substitute for LT to test various approaches to prevent/reduce the 

severity of IRI: 17/23 papers investigated the effects of dynamic preservation, while the 

remaining studied different types of preservation solutions. No study included a LT group as 

control. All studies largely underreported various characteristics of the experimental setting, 

configuring an overall unclear risk of biases. Additional details are given in SDC, Results, 

http://links.lww.com/TP/B545.  

 

Mimicking liver transplantation  

LT involves 4 surgical phases: (i) organ procurement, including flushing, cooling, and 

hepatectomy, (ii) preservation, (iii) anastomosis with progressive rewarming of the graft, and (iv) 

reperfusion with whole blood in the recipient. Ideally, these prereperfusion steps should be 

reproduced during ILP. As shown in Table 1, various methods have been published, the 

suitability of which may depend on the specific experimental setting. Following procurement, 
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porcine grafts are generally flushed and cooled with different solutions at variable temperatures. 

To mimic the graft rewarming during the anastomosis, livers are slowly re-warmed to 25-37°C 

by submerging in warm fluid
(14)

, or kept at room temperature for a brief period
(15)

. Finally, the 

reperfusion phase is simulated by connecting the liver to the ILP circuit with recirculation of 

warm oxygenated perfusate. 

 

Table 2 summarizes details of the experimental settings used in the different models of porcine 

ILP reported to date. A wide variation is seen in key parameters, such as (a) circuit design, (b) 

perfusion pressure and flow, (c) nature of perfusate, (d) perfusate temperature, (e) oxygenation, 

and (f) duration of perfusion. 

a. Circuit design 

Both the Hepatic Artery (HA) and Portal Vein (PV) provide blood flow to the liver integrating at 

the sinusoids with efferent blood collected in the Inferior Vena Cava (IVC). Physiological hepatic 

flow in pigs is approximately 1 mL/min per gram of liver, with 75% of total blood flow delivered 

by the PV and 25% by the HA
(16)

. Any ILP circuit provides this dual inflow but models vary with 

respect to the type and number of pumps, closed versus open system, heater-coolers, and 

oxygenators used (Figure 1).  

Flow during ILP is generated either by roller or by centrifugal pumps. Both exert mechanical 

stress with destruction of red blood cells and platelets
(17–20)

, although this risk is lower with 

centrifugal pumps
(21)

. Which pump to choose might be determined by the anticipated ILP 

duration; eg for a short-lasting ILP, hemolysis and platelet destruction by roller pumps might be 

less relevant. Both roller and centrifugal pumps can generate laminar or pulsatile flow; although 

clinical experience with cardio-pulmonary bypass has not yet revealed significant advantage of 

pulsatile flow
(22)

.   
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Hepatic inflow is generated by a single pump
(23–28)

 for both portal and arterial circulation, or by 2 

separate pumps
(29–31)

. Alternatively, portal perfusion can be achieved by gravity
(23–26,32,33)

 (Figure 

1). Typically, ILP using blood as perfusate is performed at 1 mL/min/g
(16,32–34)

, whereas the flow 

rate is generally increased with acellular solution perfusates in order to achieve sufficient 

oxygenation
(28)

. 

The design of the hepatic outflow circuit varies between ILP settings. In most models, the IVC 

freely drains in the organ receptacle which functions as a reservoir (open circuit)
(14,16,29,30,34–38),

 

while in a fully closed system the IVC is cannulated and connected directly to the pump or a 

venous reservoir
(23–26,32,39)

 (Figure 1). Such a fully closed system allows thorough hemodynamic 

monitoring including measuring IVC flow and pressure. In a closed system, the IVC wall can 

collapse by negative pressure generated by the pump causing congestion in the sinusoids.  

 

b. Pressure and flow 

Pressure and flow are intertwined hemodynamic parameters and adequate regulation is essential. 

Elevated pressure may provoke excessive shear-stress, barotrauma, and sinusoid endothelial 

damage, whilst low pressure might lead to sinusoidal space collapse and inhomogeneous 

perfusion
(7,16)

. Dual pressure-controlled perfusion aiming at near-to-physiological upper pressure 

limits (5-15 mmHg for PV, 60-130 mmHg for HA) is used by most groups (Table 2). Some use a 

flow-controlled perfusion
(32,33)

 though this carries a risk of barotrauma if intrahepatic pressures 

rise, or heterogeneous perfusion if lower flows are generated. In the models of Cleveland and 

Göttingen the flow is adjusted within a physiologic range by increasing pump speed upon 

reaching the target pressure
(16,35,37,38)

. However, it is unclear if further adjustments of flow are 

needed since „auto-regulation‟ of hepatic circulation has been described
(27,43)

. In the Oxford 

model, portal perfusion only relies on gravity and its pressure is determined by the height of the 

column of perfusate in the reservoir. As such, portal flow is „auto-regulated‟ by the intrahepatic 
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resistance and IVC pressure
(27,43)

, although the physiological ratio between portal and arterial 

flow might not be respected constantly.  

Finally, a hybrid system with flow-controlled perfusion for the PV and pressure-controlled 

perfusion for the HA has also been described by few groups
(36,40)

. 

 

c. Perfusate 

The perfusate for ILP can be either an acellular solution or a solution containing erythrocytes. 

However, acellular perfusates are unlikely to reproduce the full IRI cascade as leukocytes, 

platelets, and other soluble factors are missing. The majority of authors (12 research groups out 

of 16) therefore use whole blood
(16,23,24,28,29,32–37,41–43)

 aiming to reproduce the complex cascade of 

events during IRI
(43,44)

.  

 

Porcine blood can be collected during organ procurement via cannulation of cervical or 

abdominal vessels or a blood donor pig can be used
(16,23,24,33,35,41)

. Blood is typically heparinized 

or mesh-filtered to prevent clotting
(42)

. It can be used immediately or stored in citrate, phosphate 

or dextrose for up to 1 week
(16,23,24,34–37,41,45)

. The use of heterologous blood would include the 

allo-immune reactivity and inflammation typically observed during IRI and LT
(46)

. Using large-

size pigs (70-80 Kg) allows for sufficient blood collection for 2 ILP runs
(16,35)

. In case the total 

volume retrieved is insufficient for multiple perfusions, some authors reported the dilution of 

whole blood provided that the hematocrit is kept sufficiently high to ensure oxygen delivery. 

Indeed, the hematocrit is typically maintained around 20%
(16,23,33–35)

, although lower and higher 

targets are reported
(14,28,44)

.  

 

Whole blood perfusate is usually supplemented (Table 3). To maintain physiological pH and ion 

balance, most groups add sodium bicarbonate and calcium chloride before starting ILP
(16,23–
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26,29,35,36,39,40,47,48). 
Antibiotics were added by some groups

(16,28,35,47,48)
 to prevent bacterial 

contamination. Heparin is also almost universally infused to prevent clotting
(23–

26,28,30,31,35,37,38,47,48)
.  

After starting ILP, most groups regard the supplementation of nutrients, such as glucose and 

amino-acids, critical to optimally sustain liver metabolism
(16,23–26,35,36,39,40,47,48)

. Insulin is added 

by some as it is believed essential to support the glucose metabolism
(23–26,36,40)

.  

During ILP, neural, hormonal, and metabolic feedbacks regulating the intrahepatic vascular 

resistance are absent. Therefore prostacyclin is infused to ensure arterial vasodilation
(16,23–

26,28,35,39,47,48)
. A potential drawback is that prostacyclin may inhibit platelet activity and blunt 

IRI
(49)

, but a minimal concentration seems needed to keep flows within acceptable ranges
(48)

.   

In the absence of the enterohepatic recirculation, a continuous infusion of bile salts can be given 

to counteract declining bile production typically observed after 10 hours of ILP
(24–26,36,40,50)

. 

However, during ILP of human livers for shorter periods (eg 6 hours) without bile salts infusion, 

bile flow was not altered
(51)

. Whether bile salt depletion may only become relevant during longer 

periods of ILP (eg ≥ 6 hrs) is not known. 

To prevent acidosis or hyperkalemia during ILP, a dialysis unit was added to the circuit by some 

groups
(31,37,38) 

but regarded unnecessary by others who observed a stable acid-base equilibrium 

and ion balance during ILP without dialysis when adequate supply of glucose, insulin, and other 

metabolic substrates is provided
(41,45)

.  

 

d. Temperature 

Minor temperature changes may affect the process of IRI
(52,53)

. It is therefore imperative to use 

heat exchangers, usually coupled to the oxygenator, to keep the perfusate temperature within the 

average range of body temperature in pigs(37-39.6°C)
(54)

.  
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e. Oxygenation 

Physiological partial oxygen pressure (pO2) in pigs ranges between 72-95 mmHg in the HA
(54)

 

and 44-58 mmHg in the PV
(55)

. Yet, higher pO2 targets are commonly used in order to 

compensate for the low perfusate hematocrit, especially in acellular perfusates lacking oxygen 

carrying capacity. Hollow fiber oxygenators are typically used delivering identical pO2 for the 

HA and PV
(14,16,34–36,45)

. A lower portal pO2 can be generated with 2 separate circuits and 

oxygenators
(29)

 or by mixing oxygen-saturated arterial and desaturated IVC blood to perfuse the 

PV
(43)

. In the clinical setting there is evidence that hyper-oxygenation (>600 mmHg) might be 

harmful
(56)

.  

 

f. Duration of perfusion 

The duration of perfusion has been variously reported from 1 up to 24 hours, with the exception 

of 1 report in which nonischemic livers underwent ex situ dynamic preservation for 72 hours
(45)

.    

 

Parameters of interest during isolate liver perfusion 

Table 4 summarizes all parameters of interest related to the 4 liver compartments (hepatocytes, 

cholangiocytes, endothelium, immune).  

 

Hepatocellular compartment 

Hepatocellular injury: 

Cytoplasmic hepatic enzymes such as aspartate aminotransferase (AST), alanine 

aminotransferase (ALT) and lactate dehydrogenase (LDH) are released when hepatocyte 

damage occurs. AST, ALT and LDH levels are well-known to be related to the severity of graft 

injury after ischemia. Similarly, a rise in the concentration of these markers was consistently 

observed in all models of ILP
(14,16,23,24,27–36,38–43,47,48,57)

.  
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Hepatocellular function: 

The concentration of adenosine tri-phosphate (ATP) can be used as a measure of recovery of 

energy balance during IRI and ILP
(36,40)

. Ischemia causes the adenine nucleotide metabolism in 

the liver to shut down
(58)

. Good functioning grafts showed a faster recovery of ATP after IRI, 

whereas graft failure was associated with adenine nucleotide production
(59)

.  

The consumption of oxygen, the last effector for ATP synthesis, can approximate hepatic 

metabolism, and can be inferred using the formula of Tolboom et al
(60)

. Changes in oxygen 

consumption might be related to changes in metabolic activity, although their interpretation in the 

isolated setting has not been elucidated yet. 

Metabolically active livers self-regulate glucose concentration in the perfusate
(23)

. Thus, a stable 

glucose concentration with a progressive decline of lactic acid indirectly reflects aerobic 

metabolism. The perfusate pH and bicarbonate concentration may be used as indirect markers of 

hepatic metabolism, although these data need to be interpreted at the net of the oxygen and 

carbon dioxide delivery during ILP
(41)

. 

Protein catabolism generates ammonium and bicarbonate, which buffers the acid-base 

equilibrium
(27)

. Ammonium and urea can both be added to the perfusate and its clearance 

monitored as a parameter of functional recovery during ILP
(27)

. Similarly, metabolism of both 

indocyanine green, which depends on functional hepatocyte mass, and lidocaine, which is 

metabolized in the liver via cytochrome P450, is used to assess overall hepatic function
(47,61)

. 

Factor V, a pro-coagulant protein produced by hepatocytes, is clinically known as a sensitive 

marker of synthetic function. Factor V can be monitored in the perfusate during ILP, keeping into 

account that pigs can produce 5-fold the amount of Factor V produced by humans
(62)

.   

The production of bile is directly related to hepatocyte viability, metabolism and synthesis
(42,45)

 

and can be monitored during ILP by cannulation of the bile duct
(45)

.  
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Histology:  

A uniformly accepted histological scoring system to evaluate IRI severity is currently 

unavailable. The Oxford group designed a semi-quantitative score considering the degree of 

sinusoidal dilatation and congestion, hepatocellular vacuolization, mitosis, apoptosis and 

percentage of nonviable tissue
(25,26)

. Addressing specific features of donation after circulatory 

death, our group developed a similar score evaluating sinusoids dilatation, anoxic vacuoles 

formation, enlargement of the space of Disse, loss of parenchymal cells and cellular cohesion, 

and neutrophils infiltration
(14,63)

. 

 

Endothelial compartment 

Endothelial injury: 

Vascular resistance, which can be assessed real-time, increases during ILP in damaged livers
(23)

. 

A vascular resistance increase results from disruption of the endothelial cell lining and so-called 

no flow phenomenon and can therefore be regarded as an indirect marker of IRI
(16,23–

27,33,35,36,40,47,48)
.  

Hyaluronic acid, a glycosaminoglycan metabolized by sinusoidal endothelial cells
(64,65)

 

accumulates in the hepatic microcirculation with ischemic endothelial injury and graft 

dysfunction
(59)

. Likewise, increased levels of hyaluronic acid have been observed during ILP and 

considered a marker of endothelium viability
(25,26)

. 

 

Cholangiocyte compartment 

Cholangiocyte injury: 

Biliary epithelial injury can be monitored by measuring the biliary concentration of cytoplasmic 

cholangiocyte enzymes including gamma-glutamyl transferases (GGT), alkaline phosphatase 

(ALP), and LDH
(16,29)

.  
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Biliary concentrations of thiobarbituric acid reactive substances as a marker of oxidative stress 

of cholangiocytes
(29)

 have been also reported.  

A composite score assesses the amount of bile duct wall necrosis, peribiliary vascular lesions, 

intramural bleeding and arteriolonecrosis of the peribiliary vascular plexus
(66)

. Integrity and 

proliferation of peribiliary glands were later integrated in this score
(67)

 and used to asses bile duct 

viability after IRI during ILP
(16)

. 

 

Cholangiocyte function: 

Bile production requires energy dependent secretion of bicarbonate by cholangiocytes as a buffer 

to the potentially detrimental bile acids. Some groups proposed assessment of cholangiocyte 

function by measuring biliary concentration of glucose, bicarbonates, and pH
(16,29)

.  

Analysis of the concentration of bile acids in bile fluid (along with their clearance in the 

perfusate)
(24)

, and the bile salt-to-phospholipid ratio
(68)

 may provide additional information on 

hepatic synthesis.  

 

Immune compartment 

IRI typically triggers inflammation with recruitment of leukocytes into the liver parenchyma, pro-

inflammatory cytokine production, sinusoidal congestion, and edema. An increase in liver weight 

at the end of ILP may be related to the presence and severity of inflammation
(16,23–26,32,33,35,47,48)

.  

The appearance of the cytokines Tumor Necrosis Factor-alfa (TNF-α), Interleukin-8 (IL-8) and 

Interleukin-10 (IL-10) in the perfusate directly indicates activation of pro-inflammatory 

pathways
(47)

.  

Oxidative stress during IRI can also be evaluated by quantifying the concentration of lipid 

peroxides
(36,40)

.  
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Inflammation in the liver may lead to hepatocyte necrosis, apoptosis or autophagy: Beclin 1 and 

Caspase 3 may be measured as indicators of hepatocyte autophagy and apoptosis, 

respectively
(29,36)

. 

 

Discussion. 

Our systematic review identified 23 articles in which pig ILP replaced LT to investigate IRI or to 

explore novel approaches to optimize liver preservation (the majority of which involved dynamic 

preservation). All the studies carried an unclear risk of bias as they generally underreport 

different aspects of the experimental environment and outcomes interpretation. Importantly, none 

of the studies compared ILP to actual liver transplantation in pigs and some of the steps and 

methodology undertaken by the different groups rely on assumed best practice rather than 

acquired evidences. Porcine ILP is not a standardized model and the variability in the 

methodology inhibits any direct comparative analysis between different settings. Indeed, pending 

uncertainties on circuit design, hemodynamic settings, and perfusate should be addressed in order 

to facilitate the comparison of results reflecting injury and function of the 4 main liver 

compartments.  

The studies identified reported largely different circuit design and hemodynamic settings equally 

ensuring adequate perfusion of the liver and mimicking of IRI. However, none of the studies 

compared diverse ILP settings (ie open vs close system, flow-controlled vs pressure-controlled 

perfusion, 1 pump vs 2 pumps), hence it is not possible to comment on the superiority of a 

specific circuit design or hemodynamic to reproduce IRI and mimic LT.  

Our knowledge of the nutritional needs of a liver isolated from a metabolically demanding 

organism is limited, and it is difficult to establish whether the liver displays active metabolism 

during ILP as, for example, elevated oxygen consumption has been associated to both functioning 

and failing livers
(33,45)

. Some groups infused insulin and glucose to support hepatic metabolism 
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during perfusion; however, the glucose transporter 2 (GLUT2) expressed on the surface of 

hepatocytes is not regulated by insulin
(69)

. Additionally, insulin does not stimulate glycolysis in 

the liver, but triggers glycogen synthesis and inhibits gluconeogenesis. Therefore, insulin and 

glucose infusion might replete the hepatocytes with glycogen rather than fueling the chain of 

aerobic oxidation to support the physiological needs of the liver.  

Heparin is also commonly infused; however, the (anti)coagulative status of the liver during ILP is 

not well-studied. Some authors reported stable synthesis of coagulative factor V during 

perfusion
(23,25,26,45)

, whilst others observed prolonged prothrombin time
(31)

. Currently, data on the 

effective production of fibrinogen (last effector of the coagulation cascade) and antithrombin 

(heparin-cofactor) during pig ILP are lacking. 

 

Despite the existing uncertainties, ILP can be used to study events occurring in the early phases 

of reperfusion. Indeed, parameters of interest and biomarkers released during ILP tend to reflect 

mainly hepatocellular, endothelial, and -to a lesser extent- cholangiocyte injury, showing a 

pattern that fairly resembles our current knowledge on the sequence of events occurring in early 

stages of IRI in both animal experiments and clinical transplantation. Since ILP was never 

compared to LT, how to interpret parameters and biomarkers released during ILP or how to 

correlate them to relevant clinical outcomes, including recipient survival, graft function, and 

posttransplant complications remains unknown.  

Obviously, ILP has its advantages and limitations, especially regarding the reproduction and the 

evaluation of late phases of reperfusion injury. Indeed, at present a maximum of 72 hours, with 

most studies not extending perfusions over 24 hours, has been reported. Short ILP might not 

capture all the events occurring during IRI, whilst during extended ILP the absence of hormonal, 

neural, and metabolic feedback might become more relevant. Although those who described ILP 

lasting 24 hours did not observe such disturbances, it is yet unclear whether perfusion mimicking 
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the first day after LT would be enough to simulate the most relevant changes occurring at graft 

reperfusion, as the exact kinetics of IRI are still unknown
(70)

. Secondly, monocytes and other 

immune cells are usually mobilized in the late reperfusion phase from primary and secondary 

lymphoid organs (ie lymph-nodes, spleen, and bone marrow) actively contributing to the 

pathophysiology of IRI
(16)

, and the lack of this immune interaction might blunt IRI.  

Finally, remote injuries related to IRI or long-term drawbacks after LT, such as renal impairment, 

cannot be evaluated. Nonanastomotic biliary strictures represent a clinically relevant problem, 

typically occurring within 1 month up to 1 year after transplantation. However, our understanding 

of the pathogenesis is still limited and reproducible animal models of nonanastomotic strictures 

are currently missing
(71)

. 

 

The limitations on investigating the reperfusion injury during ILP, might also be related to the 

lack of reliable biomarkers. Indeed, markers of cholangiocytes injury, function, and regeneration 

are only reported sporadically and early surrogate of biliary complications have never been 

described during porcine ILP. Similarly, our capacity to monitor injury and functional recovery 

of sinusoidal endothelial cells, known to be the least resistant to ischemia and to play a pivotal 

role in IRI
(72)

, is also very limited.  

 

In summary, porcine ILP can be considered a valuable model to study events of the early 

reperfusion phase of the ischemia reperfusion cascade that occurs during organ transplantation 

and a particularly convenient method to explore novel approaches to protect or optimize liver 

grafts. The advent of dynamic preservation holds potentials to revolutionize the present LT 

practice. However, a lot of our current knowledge on the effects and benefits of liver dynamic 

preservation are deduced from ILP models. As all models, ILP has limitations of which 

researchers need to be aware while interpreting and comparing results. Animal transplantation 
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models should still be considered to further confirm ILP findings, to explore longer-term 

outcomes, and to evaluate graft and recipient survival.  

A standardization of the ILP model is desired and would allow direct comparison of results. The 

scarce available knowledge on the physiology of an isolated liver (ie metabolism, coagulative 

status, endothelial and cholangiocyte function) limits progress in both our understanding of 

hepatic IRI and development of alternative preservation methods by means of dynamic 

preservation. To advance the field, further studies are needed to compare ILP to LT and to 

deepen our knowledge of mechanisms by which technical aspects of perfusion might influence 

IRI.
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Figure Legend: 

 

Figure 1. Schematic illustration of the porcine ILP models identified after systematic 

literature review. Wide variation in the design exists among the 11 set-ups considered and the 

drainage of the Inferior Vena Cava (IVC) constitutes the major difference. Open circuits (from A 

to H) passively drain the IVC outflow either in the liver receptacle or in a venous reservoir, while 

in closed circuits (from I to K) the IVC is cannulated and directly connected to the pump. 

In all set-ups, the perfusion of the liver is performed via both the Portal Vein (PV) and the 

Hepatic Artery (HA), except for the model of Amsterdam (A) where only the PV is perfused. The 

majority of the groups divert the flow generated by a single pump into both PV and HA 

circulation, with the exception of the model from Guangzhou (C), Groningen (E), and 

Washington (G) in which 2 distinct circuits separately perfuse PV and HA. In the model 

proposed by the groups from Oxford (I), Toronto (J), Leicester and Lyon (K), the PV is 

connected to a reservoir and perfused by gravity only. A dialysis unit was included in the circuits 

described by the group of Berlin (B), and Washington (G). The concentration of administered 

oxygen was identical in the PV compared to the HA circulation in most of the circuits, with the 

exception of the models of Guangzhou (C), Göttingen (D), Groningen (E), and Washington (G), 

in which the partial oxygen tension was kept lower in the PV. 

Note that the model of Pittsburgh
(36)

 could not be included in the figure due to insufficient details 

on circuit design reported in the original paper.  

In the figure - HA: hepatic artery; Heat: heat exchanger; CV: caval vein; O2: oxygenator; P: 

pump; PV: portal vein. 

  

ACCEPTED



Copyright © Wolters Kluwer Health. Unauthorized reproduction of this article is prohibited.

29 
 

 

  

ACCEPTED



Copyright © Wolters Kluwer Health. Unauthorized reproduction of this article is prohibited.

30 
 

 

  

ACCEPTED



Copyright © Wolters Kluwer Health. Unauthorized reproduction of this article is prohibited.

31 
 

Table 1 Summary of different approaches to reproduce the steps occurring before graft 

reperfusion described in porcine ILP set-ups identified after systematic review of the literature. 

Research Group Graft flush Preservation phase Anastomoses phase 

Amsterdam  
(30) 

5 L cold Ringer’s lactate 
solution 

24 h cold storage 30 min rewarming 

Berlin  
(40,41) 

5 L cold Euro-collins solution 3 h cold storage - 

Bonn  
(39) 

500 mL cold saline solution - 30 min at room temperature 

Cleveland  
(19,38,55,56)

 
1 L saline solution at 21°C - - 

Essen  
(44) 

2 L new-HTK 18 h cold storage 30 min at room temperature 

Göttingen 
(49) 

5 L cold HTK 0.5 – 20 h cold storage - 

Groningen 
(32) 

2 L cold HTK 2 h cold storage, 
 
or 2 h cold dynamic 
preservation 

- 

Guangzhou 
(33) 

- 10 h cold storage, 
 
or 10 h warm dynamic 
preservation 

- 

Leicester 
(42) 

3 L cold water Cold storage - 

Leuven  
(17) 

5 L cold HTK  - Livers immersed in warm 
preservation solution 
progressively rewarmed up to 
37°C in 30min 

Lyon 
(35) 

500 mL Ringer’s lactate 
solution,  
or 500 mL 
Hydroxyethylamidon,  
or 1 L UW 

Cold storage - 

Oxford  
(26–29) 

2 – 3 L cold Euro-collins 
solution, 
 
or 3 L cold hyperosmolar 
citrate solution 

1 – 24 h cold storage, 
 
or 20 – 24 warm dynamic 
preservation 

45 – 60 min at room 
temperature 

Padova 
(67) 

2 L cold Celsior 6 h cold storage, 
 
or 6 h subnormothermic 
dynamic preservation 

- 

Pittsburgh 
(36) 

2 L cold Ringer’s lactate 
solution 

24 h cold preservation - 

Toronto 
(31) 

cold UW solution 4 – 12 h cold storage - 

Washington 
(34) 

3 L cold HTK solution 6 h cold storage, 
 
or 6 h warm dynamic 
preservation 

- 

HTK: histidine tryptophan ketoglutarate solution; UW: university of Wisconsin solution 
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Table 2 Summary of the experimental settings of different set-ups of porcine ILP identified after systematic review of the literature 

Research 
group 

Animal 
Weigh
t 

Circuit 
Design 

Portal vein Circulation Hepatic Artery Circulation Temperatur
e 

Perfusate Duration 

Hemodynami
c 

Pressure Flow Oxygenatio
n 

Hemodynami
c 

Pressure Flow Oxygenatio
n 

Amsterdam 
(30) 

35-45 
Kg 

Open 
circuit 

Not described Not 
describe
d 

500 
mL/min 

SpO2 95% Not 
performed 

Not 
performe
d 

Not 
performe
d 

Not 
performed 

39°C Krebs-
Henseleit 
solution 

1 h 

Berlin 
(41,48) 

50±5 
Kg 
106±1
2 Kg 

Open 
circuit 

Pressure 
controlled 

8  
mmHg 

0.42 
mL/min/
g 

SpO2 100% Pressure 
controlled 

60-120 
mmHg 

0.18 
mL/min/g 

SpO2 100% 38.5°C Whole 
blood 
diluted in 
Krebs-
Henseleit 
solution 
Hb 5-9 
g/dL 

3 h 

Bonn 
(39) 

25-30 
Kg 

Open 
circuit 

Flow 
controlled 

Not 
describe
d 

1  
mL/min/
g 

pO2 150-
200 mmHg 

Pressure 
controlled 

80  
mmHg 

Not 
described 

pO2 150-
200 mmHg 

38°C Whole 
blood 
diluted in 
saline 
solution 
Hb 5-6 
g/dL  

4 h 

Cleveland  
(19,38,55,56) 

31-38 
Kg 

Open 
circuit 

Pressure 
controlled 

5-15 
mmHg 

0.75 
mL/min/
g 

pO2 >350 
mmHg 

Pressure  
controlled 

70-105 
mmHg 

0.25 
mL/min/g 

pO2 >350 
mmHg 

38°C Whole 
blood 

24 h 

Essen 
(44) 

25-30 
Kg 

Open 
circuit 

Flow 
controlled 

Not 
describe
d 

1  
mL/min/
g 

pO2 150-
200 mmHg 

Pressure 
controlled 

80  
mmHg 

Not 
described 

pO2 150-
200 mmHg 

38°C Whole 
blood 
diluted in 
Willams E 
solution 
Hct 20% 

4 h 

Göttingen 
(49) 

25-35 
Kg 

Open 
circuit 

Not described 18 
mmHg 

350-475 
mL/min 

50-80  
mmHg 

Not described 100-130 
mmHg 

150-220 
mL/min 

90-120 
mmHg 

38°C Red 
blood 
cells 
Hct 30-
35% 

3.5 h 

Groningen 
(32) 

90-110 
Kg 

Open 
circuit 

Pressure 
controlled 

11 
mmHg 

Not 
describe
d 

Not 
described 

Pressure 
controlled 

60  
mmHg 

Not 
described 

Not 
described 

37°C Whole 
blood 

4 h 

Guangzhou 
(33) 

20-25 
Kg 

Open 
circuit 

Not described Not 
describe

Not 
describe

Not 
described 

Not described Not 
described 

Not 
described 

Not 
described 

39°C Whole 
blood 

4 h ACCEPTED
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d d 

Leicester 
(42) 

46-60 
Kg 

Closed 
circuit 

Not described Not 
describe
d 

Not 
describe
d 

SpO2 100% Not described Not 
described 

Not 
described 

SpO2 100% 39°C Whole 
blood 
diluted in 
saline 
solution 

6 h 

Leuven 
(17) 

25-40 
Kg 

Open 
circuit 

Pressure 
controlled 

7-9 
mmHg 

700 
mL/min 

pO2 330±60 
mmHg 

Pressure 
controlled 

60  
mmHg 

300 
mL/min 

pO2 330±60 
mmHg 

37°C Red 
Blood 
cells 
diluted in 
AQIZ RS-I 
solultion 
Hct 
7.3±0.8% 

2 h 

Lyon 
(35) 

25-30 
Kg 

Closed 
circuit 

Flow 
controlled 

11-20 
mmHg 

0.75 
mL/min/
g 

Not 
described 

Flow 
controlled 

80-100 
mmHg 

0.25 
mL/min/g 

Not 
described 

38°C Whole 
blood 

Not 
describe
d 

Oxford  
(26–29) 

40 Kg Closed 
circuit 

Pressure 
controlled 

5-10 
mmHg 

1.5  
L/min 

Not 
described 

Pressure 
controlled 

85-95 
mmHg 

300 
mL/min 

Not 
described 

38°C Whole 
blood 

24 h 

Padova 
(67) 

22-24 
Kg 

Open 
circuit 

Not described Not 
describe
d 

Not 
describe
d 

Not 
described 

Not described Not 
described 

Not 
described 

Not 
described 

Not 
described 

Whole 
blood 

2 h 

Pittsburgh 
(36) 

17-30 
Kg 

Not 
describe
d 

Flow 
controlled 

Not 
describe
d 

0.67 
mL/min/
g 

Not 
described 

Flow 
controlled 

Not 
described 

0.33 
mL/min/g 

Not 
described 

32-37°C Whole 
blood 
diluted in 
lactated 
Ringer’s 
solution 
Hct 20% 

Not 
describe
d 

Toronto 
(31) 

30-35 
Kg 

Closed 
circuit 

Not described 10 
cmH20 

950±110 
mL/min 

SpO2 100% Not described 60  
mmHg 

365±85 
mL/min 

SpO2 100% 38°C Whole 
blood 
Hct 15% 

12 h 

Washingto
n 
(34) 

30-34 
Kg 

Open 
circuit 

Pressure 
controlled 

12±4 
mmHg 

1.2±0.2 
L/min 

SpO2 95% Pressure 
controlled 

85±10 
mmHg 

0.5±0.1 
L/min 

SpO2 95% 38°C Leukocyt
e 
deprived 
blood 
diluted in 
saline 
solution 

2 h 

Hb: hemoglobin; Hct: hematocrit; pO2: partial pressure of oxygen; SpO2: partial saturation of oxygen. 

The design of the circuit was described as ‘closed’ when the inferior vena cava was cannulated.
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Table 3 Summary of additives infused during priming and perfusion in porcine ILP set-ups 
described by some of the studies identified after systematic literature review. When described 
in the original paper, the dosage of the compounds is given. 

Researc
h group 

Priming Perfusion 

Anticoag
ulant 

Bicarbo
nate 

Calciu
m 

Antibioti
c 

Steroid Anticoag
ulant 

Insu
lin 

Nutrition Vasodila
tor 

Bile 
salts 

Berlin 
(41,48) 

Heparin 
7 500 U 

- - - - - - - - - 

Bonn 
(39) 

Essen 
(44) 

Dextran 
40.4% 

Sodium 
bicarbo
nate 

Calciu
m 
chlorid
e 

- 
 
 
 

- Heparin 
1 000 U/h 

10 
IU 

Glucose 
5% 
80 mL 
 
Amino 
acids 
20 mL 

- Tauroch
olic acid 
1 mg 

Clevelan
d  
(19,38,55,56

) 

Heparin 
4 000 U 

Sodium 
bicarbo
nate 
8.4% 
20 mL 

Calciu
m 
glucon
ate 
10% 
20 mL 

Cefotaxi
me 
1 g 
 
Vancom
ycin 
0.5 g 

Methylpredni
solone 
0.5 g 

Heparin 
5 U/h 

- Parental 
nutrition 
7 mL/h 
 
Trace 
elements 
1 mL 
 
Multivita
mins 
10 mL 

Prostacy
clin 
9 μg/h 

- 

Groning
en 
(32) 

- Sodium 
bicarbo
nate 
8.4% 

- - - - - - - - 

Guangz
hou 
(33) 

Heparin - - - - - - - - - 

Leiceste
r 
(42) 

- Sodium 
bicarbo
nate 

- - - - - Parental 
nutrition 

Prostacy
clin 

- 

Oxford  
(26–29) 

Heparin 
7 000 U 

Sodium 
bicarbo
nate 
20 
mmol 

Calciu
m 
chlorid
e 
9.2 
mmol 

- - Heparin 
3 000 U/4 
h 

100 
IU 

Parental 
nutrition 
17 mL/h 

Prostacy
clin 
4 μg/h 

Tauroch
olic acid 
1% 
7 mL/h 

Pittsbur
gh 
(36) 

- Sodium 
bicarbo
nate 

- - - - - - - - 

Toronto 
(31) 

- - - Cefazoli
n 
500 mg 

- Heparin 
1 000 U/h 

- - Prostacy
clin 
4 μg/h 

- 

Washin
gton 
(34) 

Heparin 
10.000 U 

- - - - Heparin 
500 U/h 

- - - - 
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Table 4 Summary of parameters of interest monitored during ILP in the different set-ups identified after systematic literature review. 

Research 
group 

Hepatocelllular compartment Endothelial compartment Cholangiocyte compartment Immune 
compartment 

Histology 

Injury Function Injury Function Injury Function 

Amsterdam 
(30) 

AST/ALT/LDH Bile volume 
 
Clearance of 
ammonium, urea, 
lactate 
 
Perfusate pH 

Vascular 
resistance 

- - - - - 

Berlin 
(41,48) 

AST/ALT/LDH Urea 
 
Oxygen consumption 

- - - - - H&E 

Bonn 
(39) 

AST/ALT 
 
 

Bile volume 
 
Oxygen consumption 
 
ATP 

Vascular 
resistance 

- - - TNF-α 
 
Caspase 3 
 
Becline 1 
 
Lipid peroxidation 

H&E 

Cleveland  
(19,38,55,56) 

AST/ALT/LDH Bile volume 
 
Oxygen consumption 
 
Lactate 
 
Clearance 
indocyanine green, 
lidocaine 

Vascular 
resistance 

- GGT/LDH in bile Bicarbonate in bile TNF-α 
 
IL-1b/IL-6/IL-8/IL-10 
 
Liver weight 

H&E 
 
Ki67 
 
Hansen’s 
score (90) 

Essen 
(44) 

AST/ALT 
 
 

Bile volume 
 
ATP 

Vascular 
resistance 

- - - Caspase 9 
 
Lipid peroxidation 

H&E 

Göttingen 
(49) 

AST/ALT 
 
TBARS 

- - - - - HSP70 - 

Groningen 
(32) 

AST/ALT/LDH Bile volume 
 
ATP 
 
GGT 
 

- - GGT/ALP/LDH in bile 
 
TBARS in bile 

pH/bicarbonate in bile Caspase 3 H&E 
 
Hansen’s 
score (90) ACCEPTED
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Total bilirubin 
 
Bile salts 

Guangzhou 
(33) 

ALT/LDH Bile volume 
 
Oxygen consumption 
 
Glucose 

- - - - - H&E 

Leicester 
(42) 

ALT Oxygen consumption 
 
Glucose 
 
Lactate 
 
ALP 
 
Total bilirubin 

- - - - - - 

Leuven 
(17) 

AST - - - - - - H&E 
 
Oxford’s score 
of IRI (26) 

Lyon 
(35) 

AST/ALT/LDH Bile volume 
 
Oxygen consumption 
 
Glucose 
 
ALP 
 
Total bilirubin 

- - - - Liver weight - 

Oxford  
(26–29) 

AST/ALT Bile volume 
 
GGT 
 
Factor V 
 
Urea 
 
Clearance of 
galactose 

Hyaluronic 
acid 

- - - β-galactosidase 
 
Liver weight 

H&E 
 
Oxford’s score 
of IRI (26) 

Padova 
(67) 

AST/LDH Lactate - - - - - H&E 
 ACCEPTED



Copyright © Wolters Kluwer Health. Unauthorized reproduction of this article is prohibited.

37 
 

Pittsburgh 
(36) 

AST/ALT/LDH Bile volume 
 
Oxygen consumption 

Vascular 
resistance 

- - - Liver weight H&E 

Toronto 
(31) 

ALT Bile volume 
 
Oxygen consumption 
 
Urea 

- - - LDH in bile 
 
Total bilirubin in bile 
 
Bile salts/phospolipids 
in bile 

- H&E 
 
Trichrome 
staining 

Washington 
(34) 

AST/ALT Bile volume 
 
Oxygen consumption 
 
Glucose 
 
Lactate 
 
Prothrombin time 

- - - - - - 

ALP: alcaline phosphatase; ALT: alanin transferase; AST: aspartate transferase; ATP: adenosine tri-phosphate; GGT: gamma glutamil transferase; H&E: hematoxiline and eosin staining; HSP70: heat shock protein 

70; IL: inter-leukin; IRI: ischemia reperfusion injury; LDH: lactate dehydrogenase; TBARS: thiobarbituric acid reactive substances; TNF-α: tumor necrosis factor alpha. 
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