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Abstract 

 Waitlist mortality resulting from a shortage of transplantable liver grafts has led to 

increased use of donation after circulatory death (DCD) grafts. However these marginal grafts 

are associated with higher complication rates. Normothermic ex-situ perfusion of DCD livers has 

shown encouraging results in both animal and clinical trials as a potential preservation strategy to 

expand safe use of DCD grafts. Following procurement, initial flush with a cold preservation 

solution is the standard of care. There is concern that initial cold flush followed by warming may 

lead to additional liver injury, however the optimal initial flush temperature has not yet been 

identified. We hypothesized that avoiding hypothermia during initial organ flush will lead to 

better quality DCD liver grafts. Following simulated DCD with 60 minutes of warm ischemic 

time, 24 pigs underwent liver procurement and initial organ flush for a period of 5 minutes. The 

current clinical standard of 4°C histidine-tryptophan-ketoglutarate (HTK) served as the control 

group. Livers were also flushed with HTK at 25°C and 35°C (n=4 per group). For additional 

comparison a normokalemic adenosine-lidocaine crystalloid solution (AD) at the same 

temperatures (n=4 per group) was also used. Livers then underwent 12 hours of normothermic 

perfusion. Adenosine triphosphate, lactate and hepatocellular injury markers were determined. In 

the HTK groups hepatocellular injury markers and hemodynamic parameters were lower in the 

4°C group while the AD groups demonstrated the opposite pattern. There was no statistical 

difference in these parameters when all groups were compared. All groups demonstrated similar 

recovery of ATP levels and lactate clearance after warm ischemic time. These results suggest 

that altering the temperature of the initial flush solution alone does not provide added benefit 

over the current clinical standard of cold initial flush with HTK for DCD livers preserved with 

normothermic perfusion. However, larger powered studies to investigate the effects of alternative 

solutions such as AD at warmer initial flush temperatures may be warranted. 



 iii 

Preface 

 

The research project, of which this thesis is a part, received research ethics approval from the 

University of Alberta Research Ethics Board, Project name “Improving Liver Preservation in a 

Large Animal Model by NPM”, AUP00001036. 

 

Chapter 2 is adapted from a manuscript that was submitted for publication March 16, 2019. 

Jordan Nostedt performed the literature review and was the primary author of this review Dr. 

Darren Freed, Dr. James Shapiro, and Dr. David Bigam also contributed to the final manuscript.  

 

Chapter 3 is adapted from:  

Nostedt, JJ., Skubleny, DT., Shapiro, AMJ., Campbell, S., Freed, DH., Bigam, DL., 

"Normothermic Ex Vivo Machine Perfusion for Liver Grafts Recovered from Donors after 

Circulatory Death: A Systematic Review and Meta-Analysis," HPB Surgery, vol. 2018, Article 

ID 6867986, 8 pages, 2018. 

JN designed the study, reviewed abstracts/articles for inclusion, analyzed data and was the 

primary author of the manuscript. DTS reviewed abstracts/articles for inclusion. SC assisted with 

the literature search. DHF, AMJS, DLB contributed to the study design. All co-authors 

contributed to the final version of the manuscript.  

 

Chapter 4 describes the main project of this thesis. It is in preparation for publication. Jordan 

Nostedt had a primary role in experimental design, performed all experiments, data collection, 



 iv 

and data analysis and was the primary author of the final manuscript. Dr. Jessica Hopkins and 

Dr. Mackenzie Lees provided assistance with performing experiments. Dr. Thomas Churchill 

assisted with data collection. Dr. Sunita Ghosh provided statistical assistance. Dr. Aducio 

Thiesen and Dr. Benjamin Adam provided histologic assessments. Dr. Darren Freed, Dr. James 

Shapiro and Dr. David Bigam provided guidance with experiment design, and data analysis. All 

co-authors contributed to the final version of the manuscript.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

Acknowledgements 

I would first like to thank my supervisor Dr. Bigam. I am grateful for your support and 

guidance throughout the completion of this project, but also for your ongoing mentorship. I have 

the highest respect for you as a clinician, researcher, and overall mentor.  

I would also like to thank Dr. Freed and Dr. Shapiro for being a part of my supervisory 

committee. I appreciate your input and guidance for this project. Your inquisitive approach has 

developed from a long history of research experience and I have a learned a great deal from you 

both.  

I would also like to acknowledge Xiuhua (Sue) Wang for your daily support in the lab. 

Additionally I would like to thank Dr. Jessica Hopkins and Dr. Mackenzie Lees for your 

assistance in the operating room without which this project would have been much more 

difficult, and certainly less enjoyable. Lastly, I would like to thank Tomiko McCall and Tracey 

Zawalusky for your help with navigating my way through the CIP program.  

 

 

 

 

 

 

 

 

 

 



 vi 

Table of Contents 

Chapter 1: A Brief History of Liver Preservation for Transplantation………...page 1 - 42 

References……………………………………………………………………………page 34 - 42 

 

Chapter 2: Addressing Organ Shortages: Progress in Donation after Circulatory Death for 

Liver Transplant…………………………………………………………………..page 43 - 55 

References…………………………………………………………………………..page 53 - 55 

 

Chapter 3: Normothermic Ex-vivo Machine Perfusion for Liver Grafts Recovered from 

Donors after Circulatory Death: A Systematic Review and Meta-Analysis…..page 56 - 79 

Supplementary info: systematic review literature search strategy…………………page 74 - 76  

References………………………………………………………………………….page 77 - 79 

 

Chapter 4: Avoiding Initial Hypothermia Does Not Affect Liver Graft Quality in a Porcine 

Donation after Circulatory Death Model of Normothermic Perfusion……….page 80 - 109  

References………………………………………………………………………….page 107 - 109 

 

Chapter 5: Initial Organ Flush Temperature in Liver Preservation: Summary & Future 

Directions………………………………………………………………………….page 110 – 112 

Comprehensive Reference List…………………………………………………….page 113 - 124 



 vii 

List of Tables 

Table 1-1: Composition of Commonly Used Preservation Solutions……………...page 30 

Table 1-2: Histologic Scoring System for Ischemia Reperfusion Liver Injury……page 31 

Table 1-3: Maastricht Categories of Non Heart-Beating Donor…………………...page 32 

Table 3-1: Summary of Pig Liver Perfusion Study Results………………………..page 69 

Table 3-2: Summary of Pig Orthotopic Liver Transplant Studies………………….page 70 

Table 4-1: Composition of Initial Flush Solutions………………………………….page 99 

Table 4-2: Hepatocellular Histologic Injury Scoring System………………………page 100 

Table 4-3: Electron microscopy assessment of sinusoidal endothelial cells……….page 101 



 viii 

List of Figures 

Figure 1-1: Example of Experimental NMP circuit………………………………...page 33 

Figure 3-1: Study Selection…………………………………………………………page 71 

Figure 3-2: Pooled AST, ALT, and Bile Production Results from Porcine Liver Perfusion 

Studies ……………………………………………………………………………….page 72 

Figure 3-3: Pooled peak AST Results from Porcine Transplant Studies……………page 73 

Figure 4-1: Tissue ATP during NMP………………………………………………..page 102 

Figure 4-2: Hepatocellular Injury Markers during NMP…………………………….page 103  

Figure 4-3: Tissue Lactate during NMP……………………………………………...page 104  

Figure 4-4: Hemodynamic parameters during NMP…………………………………page 105 

Figure 4-5: Electron Micrographs of Endothelial Cells………………………………page 106 



 ix 

List of Abbreviations 

AD adenosine-lidocaine crystalloid solution 

ALT alanine transaminase 

ANOVA analysis of variance 

AST aspartate transaminase 

ATP adenosine triphosphate 

°C degrees Celsius  

COR controlled oxygenated rewarming 

DAMP damage associated molecular pattern 

DBD donation after brain death 

DCD donation after circulatory death 

EAD early allograft dysfunction 

EC Euro-Collins solution 

ECD extended criteria donor 

H&E hematoxylin & eosin 

HES hydroxyethyl starch 

HMGB-1 high mobility group box 1 

HMP hypothermic machine perfusion 

HTK histidine-tryptophan-ketoglutarate  

IC ischemic cholangiopathy 

IL-6 interleukin 6 

IGL-1 Institut George Lopez -1  

IR ischemia reperfusion 

LDH lactate dehydrogenase  

MD mean difference 

MPT mitochondrial permeability transition pore 



 x 

NADPH reduced nicotinamide adenine dinucleotide phosphate 

NECMO normothermic extracorporeal membrane oxygenation 

NMP normothermic machine perfusion 

NO nitric oxide 

NRP normothermic regional perfusion 

PNF primary non-function 

PRR pattern recognition receptor 

ROS reactive oxygen species 

SCS static cold storage 

SD standard deviation 

SNMP subnormothermic machine perfusion 

SYRCLE Systematic Review Centre for Laboratory Animal Experimentation 

TLR toll-like receptor 

TNF-α tissue necrosis factor alpha 

tPA tissue plasminogen activator 

UW University of Wisconsin solution 

WIT warm ischemic time 



 1 

Chapter 1 

A Brief History of Liver Preservation for Transplantation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

Introduction 

In the 1930s Carrel and Lindbergh were the first to describe ex-vivo perfusion of organs 

with the intent of organ preservation and study.(1) Subsequently in 1960 Lapchinsky 

demonstrated successful kidney re-implantation was possible after prolonged preservation using 

perfusion with hypothermic blood. (2) This sparked interest in the field of organ preservation 

with multiple studies published utilizing ex-vivo hypothermic perfusion to preserve kidneys for 

increasing periods of time.(3-5) However, in 1969 using a combination of surface cooling and 

Collins Solution, Collins et al. were able to successfully preserve kidneys for up to 30 hours.(6) 

This static cold storage (SCS) technique proved to be less expensive and technically much 

simpler than machine perfusion. With the subsequent development of University of Wisconsin 

Solution (UW) in 1987 after prolonged preservation of the canine pancreas,(7) this became the 

preferred method of organ preservation. Despite the later development of other solutions, UW 

continues to be a commonly used solution for the preservation of intra-abdominal organs and its 

discovery was a major stimulus for the cold preservation era in transplantation. More recently, as 

a result of quality organ shortages, there has been an increased utilization of extended criteria 

donors (ECD).(8) These marginal grafts, which do not tolerate SCS well, have led to resurgence 

in research looking at the use of machine perfusion for organ preservation in recent years. This 

chapter will review both cold storage and the current status of machine perfusion, as they relate 

to liver preservation, and particularly donation after circulatory death (DCD) grafts as compared 

to donation after brain death (DBD). The key difference between DCD and DBD grafts is that 

DCD livers endure a period of warm ischemic time (WIT) from the point of cardiac arrest until 

organ procurement. This WIT is variable depending on local regulations and logistics, however 
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during this period the liver suffers ischemic damage. On the other hand, DBD grafts experience 

minimal WIT as the liver is perfused right up until the time of procurement. 

 

Static Cold Storage 

Effects of Hypothermia 

The premise of cold storage relies on depressed metabolic function. A 1.5-2 fold drop in 

metabolic activity is observed for each 10 degree drop in temperature, the “Q10 effect.”(9) While 

this temperature change allows for prolonged periods of storage it also generates injury to the 

organ. During the process of liver procurement the inciting ischemia results in anaerobic 

metabolism and a resulting depletion in adenosine triphosphate (ATP).(10) With lower 

temperatures, although slowing metabolic rate, the cell remains metabolically active to some 

degree, but its ability to regenerate ATP cannot keep up to the metabolic requirements during 

this ischemic period and cellular energy levels are depleted.(11, 12) The sodium/potassium 

ATPase pump, which is responsible for maintaining the cell membrane potential(13), is impaired 

by the low levels of ATP and it’s loss of  function leads to disruption of the cell’s membrane 

leading to accumulation of intracellular sodium, altered membrane charge and a reversal in flow 

of potassium and chloride ions.(14) The overall result of these membrane changes is calcium 

influx(15), cellular edema(14), and leukocyte adhesion leading to subsequent activation of the 

inflammatory cascade and further cell damage. (16) These cellular changes also prime the cell 

for further damage upon reperfusion.(17) 
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Ischemia-Reperfusion injury 

Following ischemic cold storage, the reperfusion phase is an additional critical period for 

significant cell damage during organ transplantation. Ischemia-reperfusion (IR) injury is a 

multifaceted process that leads to inflammation and cell death. IR injury results both from direct 

oxidative stress injury mediated through the generation of reactive oxygen species (ROS), as 

well as the resulting inflammatory reaction leading to further cell damage and additional ROS 

production that creates a cycle of cellular damage during reperfusion. (18) 

ROS are generated from multiple sources including Kupffer cells(19), neutrophils(20), 

and intracellular sources including the mitochondria(17), xanthine oxidase(21), and phagocytes 

in endothelial cells and hepatocytes called NADPH oxidases.(22) ROS lead to a sequence of 

direct oxidative stress damage to cells that includes a rise in intracellular calcium, oxidation of 

pyridine nucleotides, and activation of mitochondrial membrane permeability transition pores 

(MPT).(23) When the MPT is inhibited pharmacologically there is a protective effect with 

respect to IR injury highlighting the importance of this step as a catalyst for IR injury.(24) The 

opening of MPTs disrupt the mitochondrial cell membrane potential leading to creation of 

superoxide molecules, and cell death with resultant release of damage associated molecular 

patterns (DAMPS).(17)  

DAMPS are newly described components of, or cellular metabolites of damaged cells 

that are recognized by pattern recognition receptors (PRR).(25) Toll like receptor 4 (TLR-4) is a 

PRR that has been shown to play a prominent role in IR injury.(26) High mobility group box 1 

(HMGB-1) is a key DAMP released by hypoxic hepatocytes during IR injury(27) and leads to 

up-regulation of transcription factors responsible for the expression of cytokines, chemokines, 
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and cellular adhesion molecules.(25) While Kupffer cells contribute early in IR injury, release of 

cytokines and chemokines attracts and activates neutrophils, and increased cellular adhesion 

molecules allow for neutrophil extravasation, a crucial step required for neutrophils to cause 

further cellular injury.(28) Neutrophils are more prominent later on in the IR process and damage 

cells via the release of proteases and further ROS generation.(17) CD4 lymphocytes also 

contribute by amplifying the Kupffer cell and neutrophil response.(29) 

Changes in the microvasculature also contribute to IR injury. Activation of Kupffer cells 

can lead to microvascular endothelial damage with resulting adhesion of neutrophils and platelets 

in the microcirculation leading to worsening ischemia.(30) Prostaglandin E-1 has been shown to 

reduce IR injury by preventing leukocyte adhesion to damaged endothelial cells.(31) Within the 

microcirculation, nitric oxide (NO) is produced from two sources, endothelial nitric oxide 

synthetase, present only in endothelial cells, and inducible nitric oxide synthetase, which can be 

up-regulated in endothelial cells and hepatocytes.(32) NO is a vasodilator in the sinusoidal and 

post sinusoidal vasculature.(18) Both adenosine, which prevents a drop in NO levels, and 

exogenous use of NO have been suggested to be beneficial in limiting IR injury.(33, 34) As such, 

the summative impact of NO during IR injury is thought to be protective.(35) Endothelin on the 

other hand counters the effect of NO and results in vasoconstriction.(36) During the IR process, 

there is increased sensitivity to endothelin leading to excessive vasoconstriction above and 

beyond what can be balanced out by NO leading to hypoperfusion of liver tissue. (37) 

IR injury is a complex process with mechanistic details still being investigated. However, 

the generation of ROS, inflammatory response, immune response and microcirculatory changes 

discussed above all play a role in IR injury during liver transplantation. Regarding organ 
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preservation, interventions at these steps in the IR injury pathway aimed toward limiting IR 

injury remain an active area of research.  

 

Liver Preservation Solutions 

Commonly used preservation solutions include Euro-Collins (EC), UW, Histidine-

tryptophan-ketoglutarate (HTK), and newer solutions that have been developed include Celsior 

and Institut Georges Lopez-1 (IGL-1). The compositions of these preservation solutions are 

outlined in Table 1-1. These solutions aim to reduce cellular edema, limit oxidative stress and 

buffer shifts in acid-base status. The key differences amongst available solutions will be 

highlighted here.  

To prevent cellular edema UW has the large molecules raffinose, lactobionate and 

hydroxyethyl starch (HES) to maintain oncotic pressure. (38) To limit damage of ROS the 

reducing agent glutathione and xanthine oxidase inhibitor allopurinol are included.(38) To limit 

cellular acidosis hydrogen ions are buffered by phosphate, and adenosine is added as an energy 

substrate. (38) 

 HTK uses mannitol to prevent cellular edema, which also, alongside tryptophan and 

histidine function to limit ROS injury. Buffering is through histidine, and glutamate is added as 

an energy precursor.(39)  
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EC limits edema with glucose and mannitol, while mannitol also has antioxidant 

capacity. (39) EC contains both phosphate and bicarbonate to buffer hydrogen ions and does not 

contain a cellular energy substrate. (39) 

 Celsior is a relatively new solution that combines mannitol and lactobionate for oncotic 

pressure, buffers hydrogen ions with histidine and utilizes glutamate for an energy substrate, 

while glutathione, mannitol and histidine protect against oxidative damage.(39) IGL-1 is a newer 

solution with higher sodium relative to other solutions, as well as polyethylene glycol added for 

its microcirculatory and antioxidant properties in place of HES in UW. (40) Other additives in 

IGL-1 include adenosine for an energy substrate and allopurinol to limit ROS production. (40) 

 

Preservation Solutions: Clinical Outcomes  

UW is commonly used in the preservation of abdominal organs for transplant but it has 

the disadvantages of being difficult to flush due to high viscosity, hyperkalemic cardiac arrest 

due to high potassium concentration, impaired microcirculation preservation as a result of 

particle deposition, higher cost and a possible increased rate of ischemic type biliary 

complications in the setting of DCD liver transplantation.(40) HTK has seen increased use as it 

has lower viscosity, lower potassium and potentially improved biliary and microcirculatory 

preservation with lower costs. (41) However when directly compared the clinical outcomes for 

UW and HTK have shown mixed results.  

Multiple studies show clinical equivalence between HTK and UW with respect to 

primary non-function (PNF), primary dysfunction and overall patient and graft survival. (42-46) 

A systematic review by Feng et al. showed no significant difference in patient or graft survival, 
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PNF or primary dysfunction. (47) However, in a retrospective review of the United Network for 

Organ Sharing database comparing HTK (n=4755) and UW (n=12673), Stewart et al. reported 

an increased risk of graft loss, particularly in DCD livers and those with more than eight hours of 

cold ischemic time when preserved with HTK.(48) A meta-analysis in 2013 showed no 

significant difference in primary graft dysfunction and patient or graft survival when comparing 

UW to HTK. (49) Overall no reproducible difference between UW and HTK regarding primary 

graft function, and overall patient and graft survival has been demonstrated.  

 Biliary complications are one area where HTK and UW are thought to differ.(50) Yet 

again, the literature is mixed in this regard. In some studies, biliary complications have been 

found to be more common in livers preserved with UW.(43, 46, 51) Due to the high viscosity of 

UW solution it causes aggregation of red blood cells, which leads to stasis, possible incomplete 

organ washout and lower penetration into the biliary tissues.(52) Poor flush can lead to biliary 

stasis, increased bile salt toxicity,(53) and a higher bile salt to phospholipid ratio which has been 

linked to non-anastomotic biliary strictures.(54) HTK on the other hand is much less viscous, 

resulting in easier and more rapid tissue penetration although at the expense of requiring more 

solution volume.(43) However, Meine et al. in a randomized prospective study showed increased 

biliary complications in the HTK group when compared to UW.(55) The authors note that 

donors from the HTK group were older and that low volumes of HTK were used which may 

contribute to the increased biliary complication rate.(55) A subsequent meta-analysis showed no 

statistically significant difference regarding biliary complications between UW and HTK.(47) 

Although more recently, increased biliary complications were also seen in the HTK group from a 

single center study comparing HTK to UW for DCD liver transplants.(56) More evidence is 

needed to definitively conclude the correlation between either UW or HTK and increased biliary 
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complications in DCD transplants, however given these graft’s known susceptibility to biliary 

complications this is an important question to be answered. 

  While UW and HTK remain the two most common solutions used in liver transplantation 

(50), there has also been interest in Celsior. Two early prospective trials comparing UW and 

Celsior showed no significant difference in primary graft function or overall graft and patient 

survival. (57, 58) Garcia-Gil et al. confirmed this in a randomized trial with long term five-year 

follow up data. (59) This study also showed no difference in biliary complications between the 

two solutions after five-year follow up. (59) 

 In a randomized trial comparing IGL-1 (n=48) to UW (n=92) no significant difference in 

PNF, biliary strictures or ICU stay were reported and the IGL-1 was associated with lower costs. 

(60) More clinical studies will be required before it extends to more broad clinical use.  

 

Machine Perfusion   

Waitlist mortality remains a major concern in liver transplantation. This has led to 

pressure to expand the donor pool through utilization of DCD and other ECD grafts as well as 

living donor liver transplantation. Machine perfusion offers the possibility to salvage, repair and 

provide a more detailed assessment of these marginal organs prior to transplant. While machine 

perfusion was previously studied in the early history of transplant, the limited technologies 

available in the 1960s and 1970s made this approach impractical, especially after the advent of 

SCS. 
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Transplant is the only definitive therapy for end stage liver disease, and this has led to the 

search for novel solutions to improve organ preservation and organ quality. The total number of 

transplants performed in the US continued to increase in 2016, however 11,340 candidates were 

added to the waiting list and the organ shortage remains severe with 1399 patients dying while 

on the waitlist and a further 1205 removed, too sick to undergo transplant. (8, 61) This shortage 

has resulted in increased use of ECD, particularly DCD grafts. However, the percentage of DCD 

grafts recovered but not transplanted remains high.(8) (61) DCD grafts seem to be more 

vulnerable to cold storage and reperfusion injury with early-published data showing ischemic 

biliary cholangiopathy and lower patient and graft survival.(62) More recent results have 

improved graft and patient survival, though ischemic cholangiopathy is still a frequent 

complication of DCD grafts.(63) DCD grafts show early histological changes during WIT prior 

to organ removal and storage, including vacuolization, sinusoidal swelling and morphologic 

changes to biliary epithelial cells which may be the early changes leading to long term biliary 

complications in these grafts.(64) During WIT, cells are ischemic yet have not been cooled so 

these cells are working under normal metabolic rates and must rely on anaerobic 

metabolism.(65) This leads to increased lactate levels and acidosis prior to preservation, and 

depleted cellular energy precursors during cold storage.(65) This primes the cell for further 

damage upon reperfusion, and DCD grafts demonstrate higher rates of cell death proportional to 

WIT upon reperfusion relative to DBD grafts. (66)  

 The discard rate of liver grafts reflects the fact that the current preservation technique of 

SCS is not adequately preserving DCD grafts and as a result, in recent years, there has been 

significant interest in investigating machine perfusion techniques to reverse some of the 
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physiologic damage incurred by these grafts during WIT. There is a growing amount of research 

both in animal models and clinical studies exploring new perfusion technologies.  

 

Assessing Liver Grafts During Machine Perfusion 

Machine perfusion has been classified by temperature of perfusate. Regardless of the 

technique used, a common requirement is the ability to assess the quality of the organ while on 

the perfusion circuit. Several parameters are used across most experimental and clinical studies, 

while other more technically challenging techniques have been utilized in the experimental 

setting to further the understanding of IR injury mechanisms. A set of reliable assessment criteria 

to predict successful transplantation following machine perfusion is an important goal in ex-vivo 

perfusion.  

 Hepatocellular injury markers aspartate aminotransferase (AST), alanine 

aminotransferase (ALT) and lactate dehydrogenase (LDH) are used clinically and thus are a 

natural starting point for assessing these grafts during ex-vivo perfusion. These enzymes are 

released into the perfusate as parenchymal cell damage occurs and the severity of rise correlates 

to the degree of IR injury seen histologically.(67) These markers are easy to measure, translate 

well from animal models to the clinical setting and have been used consistently across animal 

and clinical studies making comparisons easy to draw between studies.  

Beta-galactosidase, and hyaluronic acid can be used as indicators of Kupffer cell damage, 

and sinusoidal endothelial damage respectively. Beta- galactosidase is an intracellular enzyme 

that is released when Kupffer cells are damaged in the face of IR injury.(68) Hyaluronic acid is a 

glycosaminoglycan that is a component of the protective covering in the sinusoids(17), increased 
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levels of hyaluronic acid are used in machine perfusion studies as it is a marker of sinusoidal 

endothelial cell damage.(69) 

During ischemic periods cells experience decreased ATP levels.(11, 12) With the added 

insult of WIT in DCD grafts ATP levels have also been studied during ex-vivo perfusion. Xu et 

al. demonstrated a drop in ATP levels to 30% of baseline following 60 minutes of WIT with 

levels recovering to 80% after normothermic machine perfusion (NMP).(70) ATP levels have 

also been recovered using hypothermic machine perfusion (HMP)(71) and a gradual re-warming  

perfusion technique(72) however, others have suggested that ATP levels are not recovered 

following longer WIT.(73) ATP levels in the peri-transplant period have been shown to correlate 

to post transplant outcomes, particularly early allograft dysfunction.(74) The ability to recover 

ATP levels in DCD grafts thus is an important measure in ex-vivo preservation. 

 Histologic changes have also demonstrated consistent features of IR injury. Parenchymal 

cells damaged from IR injury show ischemic vacuolization, hemorrhage, necrosis, mitochondrial 

injury, and cellular edema on hematoxylin and eosin staining. Sinusoidal endothelial cells are 

also susceptible to injury from both hypothermia and IR injury.(9) Histologic liver injury scales 

have been developed for reporting IR changes.(75) (Table 1-2) 

 Bile production has been suggested to be a key criterion in predicting post transplant 

function as it was linked to lower transaminase levels and improved lactate clearance.(76) It has 

been routinely measured in animal and clinical perfusion studies. However, more recent studies 

have suggested that bile production does not correlate with graft function post transplant.(75, 77, 

78) Therefore, in addition to total bile production, the quality of bile and bile duct histology has 

also been suggested to be important in predicting clinical outcomes. The ability to produce bile 
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with pH greater than 7.4 correlated with reduced risk for development of cholangiopathy.(77) 

LDH in the bile has been measured as well as an indicator of biliary endothelial injury.(79) This 

is of particular interest in DCD grafts, as they have demonstrated a propensity for ischemic type 

biliary complications. Biliary regeneration following damage incurred during the transplant 

process has been investigated by histologic assessment of the peribiliary glands(80) and Ki67 

staining as a marker of biliary cell proliferation.(81) 

 There have been multiple different markers of liver function utilized in perfusion studies 

with the most common being bile production and lactate clearance. The MEGX test measures the 

livers ability to convert lidocaine to its metabolite monoethylglycinexylidide(82) and has been 

used to measure liver function during ex-vivo perfusion.(81, 83) Clearance of indocyanine green 

(83) and factor V levels (84, 85)  have also been used to assess hepatic clearance and synthetic 

functions respectively.  

 Hemodynamic stability is key for monitoring machine perfusion of liver grafts. Not only 

is it important to ensure the system is functioning properly, changes in hepatic artery, and portal 

vein flow and vascular resistance are indicative of reperfusion damage and flow rates during 

machine perfusion have been proposed in criteria to assess viability for transplant. (75, 86) 

 The advancement of machine perfusion preservation for clinical liver transplantation 

depends on understanding of the ischemic reperfusion injury mechanism. As our knowledge in 

this area expands, more assays are being utilized to elucidate the details of this process including 

but not limited to cellular energy levels, cytokine levels and gene regulation. Many of these 

techniques are complex, expensive, time consuming and not readily available clinically. The use 

of clinically available biochemical markers of hepatocellular injury and liver function, in 



 14 

addition to histological assessment will remain important not only for comparison between 

studies to draw meaningful conclusions, but also to be used clinically to assess marginal grafts 

for transplantation as this technology progresses toward more regular clinical use. 

 

Hypothermic Perfusion 

Hypothermic machine perfusion (HMP) has shown better graft survival in kidney 

transplant relative to SCS.(87) With the increasing liver shortage driving more frequent use of 

ECD, this technology has been revisited in recent years to see if benefits seen in kidney 

transplantation are translatable to liver grafts.  

 Early studies established the capacity of HMP to preserve large animal livers for up to 24 

hours. (88, 89) In these studies HMP showed superiority with respect to ALT levels and bile 

production(88) as well as improved intravascular resistance when compared to SCS. (89) In 2007 

Monbaliu et al. using non-oxygenated kidney preservation solution-1 perfusate found increased 

vascular resistance in the first 6 hours, increased AST and LDH during perfusion as well as 

significant increased lactate and decrease in pH. (90) The authors concluded that the addition of 

oxygen would be beneficial in the perfusate.(90) Vekemans et al. confirmed the importance of 

oxygen in the perfusion system after showing improved histology with the presence of an 

oxygenated system.(10) In addition, this study also revealed increased sinusoidal cell damage 

when a high flow system was used relative to sub-physiologic flow parameters. This effect was 

thought by the authors to be secondary to increased shear stress on the sinusoidal endothelial 

cells created by higher flow states during hypothermic conditions.(90)  
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Subsequent to these studies, the role of oxygen and flow were assessed in more detail in a 

DCD large animal pig model.(91) Following 60 minutes of WIT, livers were preserved either for 

seven hours with SCS or for 6 hours of SCS followed by 1 hour of HMP. There were HMP 

groups with high flow, low flow, oxygen and no oxygen. The grafts exposed to oxygenated HMP 

displayed decreased Kupffer cell activation, decreased leukocyte adhesion and less 

mitochondrial and nuclear injury.(91) Those perfused under low flow conditions showed even 

greater mitochondrial protection in addition to preservation of sinusoidal cells.(91) These are 

important steps in the IR injury cascade and highlight HMP’s capacity to protect liver grafts 

from IR damage.  

 A potential advantage of machine perfusion over cold storage is the ability to assess liver 

viability prior to transplantation. Several studies have investigated evaluation parameters that 

could potentially be used to assess viability during HMP.  Obara et al. concluded that monitoring 

of hepatic artery pressure drop rate during HMP could be used to assess viability after this 

parameter was found to correlate with LDH release from grafts at various durations of WIT.(92) 

Liu et al. using mathematical curve fitting developed a damage index score based on AST and 

pH values that correlated with WIT and morphological changes as another possible tool for graft 

assessment.(67) There has been no consensus on the ideal assessment criteria for liver graft 

viability during HMP and one of the criticisms of this modality is that graft metabolic rate is 

slowed due to hypothermia. Thus assessing graft function poses a significant challenge under 

these non-physiologic conditions where metabolic activities are suppressed. Conversely the 

ability to evaluate graft viability under more physiologic conditions where metabolic processes 

are active has been proposed as one of the advantages of SNMP and NMP. 
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 Regarding biliary complications, Op den Dries et al. showed in a large animal porcine 

simulated transplant model that after 30 minutes of WIT oxygenated HMP improved hepatic 

arterial flow and prevented arteriolonecrosis of the peribiliary plexus in extra hepatic ducts 

relative to grafts preserved by SCS.(93) There were no differences between these groups with 

respect to biliary epithelial lining, however the improvements in peribiliary vasculature and 

hepatic arterial flow, were concluded by the authors to be important mechanisms in potentially 

preventing biliary complications that currently limit the use of DCD liver grafts.(71)  

PNF and graft survival have been studied in several animal transplant models. Guarrera et 

al. concluded HMP was superior to SCS with 100% survival of HMP pigs to post operative day 

5.(94) The results in DCD transplant models however have been more variable. After 30 minutes 

of WIT there was 75% survival in the HMP group and no pigs surviving when livers were 

preserved with SCS.(95) Another group compared HMP after a period of cold storage, to cold 

storage alone. HMP did demonstrate improved ATP levels, better lactate clearance, and 

improved architectural preservation after reperfusion.(96) When the post transplant observation 

period was extended, HMP treated animals were able to be extubated, but did not survive beyond 

18 hours.(96) Fondevila et al. showed higher rates of sinusoidal endothelial and Kupffer cell 

injury relative to cold storage groups and only 20% five-day survival of HMP treated DCD graft 

recipients.(97)  

 Following these animal studies, HMP technology has made its way to the clinical realm. 

Guarrera et al. were the first group to publish results for the clinical use of HMP.(98) In a 

prospective cohort study they compared 20 human livers preserved with HMP to a control group 

of patients preserved with SCS using UW. There were no cases of PNF but one early allograft 

dysfunction (EAD) in the HMP group. Two HMP patients developed biliary complications.  
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However, the HMP group did show improved biochemical signs of hepatocellular injury and had 

shorter hospital stays overall leading the authors to conclude HMP is a safe option in human liver 

transplant.(98) Further analysis of this group of patients suggested the improved preservation of 

these grafts was a result of decreased IR injury.(99) This study however did not specifically 

evaluate DCD grafts, which is arguably the area that may potentially lead to the greatest 

expansion of the donor pool. In another study involving 8 clinical DCD transplants preserved by 

HMP there was no PNF, no biliary strictures at 6-month follow up, and no difference in ICU or 

hospital stay relative to DBD controls.(100) These livers did have a relatively short storage time 

with mean cold time of 4.6 hours, which may have contributed to the positive results.(100) In a 

more recent clinical series of DCD grafts, HMP demonstrated lower rates of ischemic 

cholangiopathy, increased survival and reduced re-transplant rate relative DCD grafts preserved 

with SCS.(101) A current randomized trial will provide further information regarding the use of 

this modality for DCD liver preservation. (NCT02584283) Another advantage of HMP relative 

to other machine perfusion approaches is simplicity and lower cost. Dutkowski reported lower 

costs in DCD HMP group relative to SCS controls (100) however; little has been reported on the 

costs of implementing this technology clinically.  

 Another clinical area where HMP has been introduced to potentially aid in expanding the 

donor pool is for uncontrolled DCD grafts (Maastricht category II). Maastricht category II 

donors are when cardiac arrest occurs suddenly, often out of hospital and then procurement 

occurs after unsuccessful resuscitation.(102) (Table 1-3) The majority of DCD grafts are from 

category III donors, where cardiac arrest is induced in a controlled setting by removing ventilator 

support.(103) However, as a result of the organ shortage for liver transplantation, there has been 

increased interest in developing strategies to increase utilization of category II grafts. A recent 
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clinical study combined normothermic regional perfusion (NRP) with HMP in uncontrolled 

DCD grafts.(104) In 6 uncontrolled DCD grafts that were preserved by NRP and HMP there 

were no cases of PNF, no ischemic cholangiopathy and 100% patient and graft survival at 6 

month follow up.(104) Uncontrolled DCD liver grafts while offering a potential source to expand 

the donor pool do also present significant logistical challenges. The benefits of regional 

perfusion in these cases are becoming more apparent, and the addition of machine perfusion 

preservation may be beneficial for safely prolonging storage times while other logistics can be 

sorted out in this population.(104) This combined approach may offer a tool to utilize more 

uncontrolled DCD grafts, and has also been trialed with NMP which will be discussed later, 

however more experience in this regard is required prior to more widespread implementation. 

 The period of HMP perfusion extends the period where the liver is exposed to 

hypothermic conditions. Not only does this promote ongoing hypothermic injury, as evidenced 

by increased sinusoidal endothelial cell damage and Kupffer cell activation during HMP (97), 

but it also maintains the liver in a state of minimal metabolic activity limiting the capacity for 

improving cellular function, which may be particularly important in DCD grafts that have 

already suffered cellular damage during the period of WIT. As such, for DCD grafts there is also 

interest in investigating SNMP, and NMP where the liver is perfused under more metabolically 

active conditions.  

 

Subnormothermic perfusion and rewarming machine perfusion 

By perfusing at warmer temperatures, hypothermic injury is avoided and the liver is 

metabolically active. However, the sub-physiologic temperatures do reduce the metabolic rate 
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enough that oxygen and metabolic substrate requirements are reduced, translating to a simplified 

perfusion setup relative to perfusion at normothermia. This balance has made SNMP a 

technology of interest, particularly in the preservation of DCD grafts. 

 In early large animal studies SNMP at 20°C for 6 hours resulted in lower transaminase 

levels, better lactate clearance and reduced ischemic vacuolization and necrosis relative to 

the same duration of SCS following 60 minutes of WIT.(105) Most clinical transplant 

situations still require a period of SCS following WIT while the organ is transported to the 

transplant center for machine perfusion. With previous results showing that periods of SCS 

following WIT are deleterious to DCD grafts(84), gradual rewarming in combination with 

SNMP for DCD grafts was proposed as a new strategy for these cold preserved livers and 

showed promising results.(72, 73, 106-108) In a porcine simulated transplant model, 

Minor et al. compared SCS, HMP, SNMP and gradual rewarming SNMP after a prolonged 

period of SCS.(72) Gradual rewarming reduced post-reperfusion AST and necrotic tissue 

scores, improved bile production, improved portal vein resistance and reduced tissue 

necrosis factor alpha (TNF-α) and caspase-3 levels. In addition, ATP levels were improved 

in the gradual rewarming group.(72) Similar findings were revealed when comparing 

gradual rewarming to NMP following 18 hours of SCS.(109) After the period of SCS livers 

were perfused for three hours with Custodial-N solution and temperature gradually 

increased from 8 to 20 degrees versus diluted blood at 37 degrees in the NMP group. The 

gradual rewarming group showed lower transaminase levels, greater bile production, 

improved ATP levels and mitochondrial function relative to the NMP group.(109) 

Mitochondria play a key role in IR injury, the improved energy profiles and reduced oxygen 
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consumption on reperfusion suggest mitochondrial preservation leading to reduced IR 

injury with gradual rewarming to sub-physiologic temperatures during preservation. (109)  

Morito et al. compared constant oxygen concentration and flow rate to a graduated 

increase of flow rate and oxygen concentration to match the temperature increase. By altering 

oxygenation with the progressive increase in temperature these DCD grafts showed lower ALT 

and LDH levels, with improved hepatic artery pressures.(107) Thus suggesting benefit to 

matching oxygenation with the level of metabolic activity at different temperatures during 

rewarming machine perfusion. However, determining the optimal oxygenation strategy will 

require further study. 

 SNMP has demonstrated recovery of metabolic function and minimization of IR damage 

in discarded human livers following combined WIT and SCS. (110) However, this technology 

has not yet been studied in clinical trials to the extent of other machine perfusion strategies and 

thus its effect on long-term outcomes for DCD grafts, particularly biliary complications are not 

yet known.  

 

Normothermic perfusion 

NMP aims to recreate physiologic conditions during liver preservation. The potential 

benefits of such a system prevent further injury from hypothermia, allow potential regeneration 

of cellular energy stores and provide a possible platform to assess liver grafts for their ability to 

function and be safely transplanted. However, perfusing at physiologic temperatures does come 

with inherent risks. If there were to be a technical failure, the graft would be lost, physiologic 



 21 

temperatures also increase the risk of infection and the metabolic activity of grafts during NMP 

necessitate a more complex perfusion system relative to HMP or SNMP. 

  While some have used perfusate without an oxygen carrier(111), the majority of NMP 

studies have been done using either whole blood, or dilute blood in the perfusate. The need for 

an oxygen carrier was emphasized in a study by Liu et al.(83) Cold stored livers were used as 

controls with three experimental groups compared based on perfusate used: 1: Steen solution, 2: 

Steen with washed RBC and 3: whole blood. Steen solution is a buffered extracellular solution 

containing human serum albumin for regulating osmotic pressure first used to prevent pulmonary 

edema during ex-vivo lung perfusion.(112) Groups 2 and 3 were superior to group 1 with respect 

to hepatocellular injury, bile production and hemodynamic stability with no significant 

difference noted between group 2 and 3.(83) This is the only trial directly comparing different 

perfusates head to head and provides supportive evidence for including an oxygen carrier during 

NMP.  

Other regular additives in the perfusate include heparin, antibiotics, and insulin. Bile salts 

are added to simulate entero-hepatic recirculation, particularly in prolonged perfusions where 

studies show depleted bile salts.(113) After periods of 12 hours the supply of bile salts required 

for bile production are significantly depleted and bile production rates fall.(114) Parenteral 

nutrition is utilized in clinical ex-vivo circuits after it had been used in early studies for a 

prolonged 72 hour perfusions based on the premise that the liver would require nutritional 

substrate for such a long perfusion.(113) Since an early study by Schon et al. that showed less 

hepatocellular damage with the addition of metabolic substrates relative to control groups(115), 

there has not been further evidence to suggest the optimal nutrient supplementation strategy 

during ex-vivo perfusion.  
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Vasoactive drugs, namely prostaglandin have also been included in ex-vivo circuits after 

being shown in clinical trials to reduce IR injury when given prior to procurement.(116) Since 

that time Nassar et al. demonstrated lower transaminases, increased bile production and 

improved preservation of hepatic architecture when a prostacyclin analog was added to the 

perfusate relative to the addition of adenosine or NMP with no vasoactive additives.(117)  

 NMP studies have utilized dual perfusion through the hepatic artery and portal vein 

trying to simulate normal physiology, either utilizing pulsatile hepatic arterial flow, or 

continuous flow through both portal vein and hepatic artery. The perfusion system pumps are 

controlled to maintain physiologic pressure and flow through the hepatic artery and portal vein 

where as some systems utilize gravity to perfuse the portal vein.(111, 118) Contrary to HMP 

where higher flow rates have shown shear stress and endothelial damage(90), the vascular 

compliance at normothermia mimics that of physiologic conditions allowing for similar pressure 

and flow rates seen in-vivo.  NMP systems utilize an oxygenator and heat exchanger to control 

oxygenation and temperature respectively. (Figure 1-1) 

 The results of NMP have been encouraging thus far. One of the concerns for NMP was 

that if there were to be a malfunction at physiologic temperatures the graft would be lost. 

However, NMP circuits have proven to be safe and reliable, demonstrating consistent ability to 

maintain target physiologic parameters.(119) Early studies showed feasibility of NMP for 

preserving grafts after a period of WIT(115) and even superior preservation in NMP groups 

relative to SCS.(120) Schon et al. showed that after a WIT of 60 minutes all grafts stored via 

SCS demonstrated PNF, whereas those preserved with NMP were all functional grafts following 
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porcine orthotopic liver transplant.(121) Since that study there has been significant interest in 

this technology as a potential vehicle for expanding the donor pool, particularly for DCD grafts. 

NMP has shown significantly improved hepatic arterial flow, and biliary endothelial cell 

regeneration in DCD grafts relative to SCS(81), and superior parenchymal and biliary 

preservation of DCD grafts relative to SNMP.(122) These findings are suggestive that NMP may 

be the optimal perfusion strategy to preserve the biliary system and protect DCD grafts from 

cholangiopathy, however additional short and long-term data from clinical trials will be required 

before definitive conclusions can be drawn. 

 Another important breakthrough was establishing the capacity of NMP to preserve grafts 

exposed to WIT for extended periods of time, 24 hours in some cases(118, 123) and even up to 

72 hours(113) in large animal models. In more recent years, prolonged perfusion of discarded 

human grafts has also been demonstrated for greater than 24 hours (124, 125) and even 86 hours 

in a single case.(126) This has important implications clinically as it would remove some of the 

time constraints on preservation of marginal organs, simplify coordinating transplant logistical 

considerations, while also providing time to assess recovery of the graft and possibly provide 

treatments to optimize the graft.(124)  

In order to move toward clinical use liver grafts would either require a portable NMP 

system, or have exposure to a period of SCS until they could be perfused ex-vivo at a transplant 

center. This is problematic as the marginal DCD liver grafts are very susceptible to cold ischemia 

following WIT. Reddy et al. showed that even a brief one-hour period of SCS prior to NMP 

significantly increased IR injury.(84) However, NMP has shown some promise in recovering 

DCD grafts following a period of SCS in an animal model.(111) There have also been discarded 

human liver studies where NMP has been successfully used to resuscitate grafts after exposure to 
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both WIT and SCS (76, 127) with some planned for discard livers going on to be utilized in 

human transplant. (77, 86) These human transplant case series have shown variable success. 

Mergental et al. in a series of 5 cases had all patients well with normal liver function at 7-month 

follow up.(86) More recently Watson et al. had 3 DCD recipients develop cholangiopathy.(77) 

The aforementioned strategy of gradually rewarming cold stored livers prior to NMP has shown 

promise, and portable perfusion systems do exist and could potentially eliminate the cold storage 

state in the clinical transplant sequence. More clinical studies will be needed not only to confirm 

the efficacy of these different strategies for DCD grafts, but also to provide an estimate of the 

costs of implementing such systems in our current clinical setting, as this will be another obstacle 

to overcome prior to this technology entering regular clinical use. 

The mixed results for NMP after periods of SCS also highlight the importance of 

establishing reliable criteria to predict successful transplantation as this technology allows for 

biochemical, functional and histologic assessment prior to proceeding with transplantation. This 

is of particular importance when using marginal DCD grafts. As this technology advances, it will 

be important to have reliable, standardized criteria to select marginal organs that are safe for 

transplantation. This has become an area of increasing interest. Bile production has been used as 

a marker of liver function during many animal studies. Sutton et al. after trials with human 

discarded livers, showed grafts with bile output measured by weight, of 30 grams or more after 6 

hours of perfusion also had lower markers of hepatocellular injury, better lactate clearance and 

improved histological scores with respect to necrosis and venous congestion.(76) Another study 

utilizing NMP in discarded human livers, with a large number of DCD grafts, was also able to 

show strong correlation between bile production and histological grading.(124) However, in one 

study, where discarded human livers went on to clinical transplant following preservation with 
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NMP, 2 out of 3 grafts that went on to develop cholangiopathy produced significant levels of bile 

while on the perfusion circuit suggesting that bile production alone is insufficient to predict graft 

viability.(77) Furthermore, multiple studies have now suggested bile production ex-vivo does not 

predict post transplant outcomes.(75, 77) Nasralla et al. in the first clinical randomized control 

trial comparing NMP to SCS found no correlation between bile production and post transplant 

liver function or ischemic cholangiopathy.(78) Given that ischemic cholangiopathy remains a 

problematic complication of DCD liver transplant, there is ongoing research interest in 

determining better predictors of risk for ischemic cholangiopathy.(80)  

The ideal viability criteria would accurately predict graft function based on simple, 

inexpensive and easily available testing. Discarded livers were selected for transplant based on 

their ability to clear lactate to levels less than 2.5 mmol/L or produce bile and additionally 

maintain perfusate pH greater than 7.3, stable arterial flow greater than 150 ml/min and portal 

flows greater than 500ml/min with satisfactory gross appearance of the liver graft.(86) There 

were 4-discarded DCD livers meeting these criteria, which were then transplanted and at 7-

month follow up all were doing well clinically with normalized liver function tests.(86) Although 

this is a small number of patients, they are encouraging results for NMP’s utility as a tool for 

assessing grafts. However, no standardized set of viability criteria has yet been agreed upon and 

this will be crucial for widespread clinical implementation to ensure safety of patients receiving 

these potentially marginal grafts. Another important logistical question will be how long must 

these organs be perfused in order to confidently make an assessment of viability. Sutton et al. 

suggested that significant conclusions could be drawn after only 2.5 hours of NMP(76), however 

there is no consensus on how much time is considered reasonable to decide on the safety of a 

graft for transplant.   
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Fueled by the significant organ shortage and promising early results in large animal 

models, NMP progressed to phase-I clinical trials(128-130). The 3 phase-I clinical trials done up 

to this point have been similar in their design, comparing NMP preservation to matched control 

liver transplants preserved with SCS. Two studies perfused with Gelofusine (a volume expander 

that utilizes succinylated gelatin as an intravenous colloid) with PRBC(128, 130) and the other, 

Steen solution with PRBC.(129) Ravikumar et al. had 100% 30-day survival in the NMP group, 

with all NMP grafts and patients alive at 6-month follow up and there was no difference in ICU 

or hospital stay when NMP was compared to SCS matched controls.(128) Similar results were 

seen in a study by Selzner et al. leading these authors to conclude Steen solution NMP was as 

safe as SCS for liver preservation.(129) The clinical results from Bral et al. were also similar in 

that there was no PNF, and 30-day and 6-month survival were equivalent between groups, 

however there was a longer median ICU and overall hospital stay in the NMP group.(130) 

Transaminase levels in all three studies were higher in SCS groups, reaching statistical 

significance in only one study.(128) Transaminase levels were higher in DCD grafts relative to 

DBD in all three studies. This was thought to be contributory to the overall higher transaminase 

levels seen in the study by Bral et al. where the proportion of DCD grafts was higher than the 

other two studies.(130) There was also increased cold ischemia time due to vascular 

reconstruction and prolonged NMP periods reported, which both also could have contributed to 

the higher enzyme levels seen in this study.(130) Subsequent to these studies, and despite the 

optimal protocol still being a target of ongoing research, NMP has quickly reached clinical use. 

In the first randomized control trial comparing NMP to SCS there was a reduction in peak AST, 

a decrease in EAD and an increase in graft utilization. These effects were more pronounced for 

DCD grafts, however there was no significant difference between modalities in preventing 
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ischemic cholangiopathy.(78) Finding further ways to optimize NMP for DCD grafts remains a 

significant research focus. 

 Similar to HMP, another area where NMP has started to be used is in uncontrolled DCD 

(Maastricht category II). This is more prominent in some European countries, especially in Spain 

where the use of normothermic extracorporeal membrane oxygenation (NECMO) has been 

shown to improve outcomes from these grafts.(131) NMP has now been studied in combination 

with NECMO with hopes that this combined methodology may allow for more extensive use of 

category II donors. In a pig transplant model, the combination of NECMO with NMP showed 

preservation of endothelial cells, reduced inflammatory response and minimal histologic signs of 

IR injury with 100% 5-day survival following transplant.(132) Further clinical studies are 

required to confirm these results and investigate long-term outcomes, however the combination 

of these technologies may allow for more countries to adopt this technique and expand the donor 

pool through utilization of more category II donors. Similar to other machine perfusion 

technologies, the question of economic impact of implementing this will also need to be 

investigated prior to its more widespread use. 

 

Summary and future directions 

Significant shortage of quality organs remains a challenge within liver transplantation 

and has led to utilization of ECD. DCD grafts represent a significant potential resource to expand 

the donor pool, however current preservation strategies are not ideal for these marginal grafts, 

which have demonstrated sensitivity to SCS. As a result, machine perfusion has come to the 

forefront of liver transplantation research with recent and ongoing studies in hypothermic, 
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subnormothermic and normothermic ex-vivo perfusion strategies in search of the optimal 

preservation technique to safely expand the donor pool through the utilization of DCD, and other 

ECD grafts. Hypothermic and normothermic perfusion, have shown promising results in large 

animal models, and more recently have expanded into clinical trials with encouraging results. 

Normothermic perfusion with its benefit of physiologic conditions seems to be favored in DCD 

grafts as it offers the benefit of assessing the viability and safety of these grafts for clinical 

transplant. However NMP has not yet been able to demonstrate a reduction in ischemic 

cholangiopathy and this will remain an important area of ongoing research efforts. A set of 

standardized, reliable viability assessment criteria will also be crucial for utilizing this 

technology clinically.  

 Despite promising results with NMP, there still exists questions regarding the safety of 

this preservation technique following periods of cold storage required to get the liver to the 

transplant center. Portable perfusion machines now exist to potentially eliminate this step, 

however logistical and economic details will still need to be worked out before this technology 

becomes mainstream in clinical practice. An alternative strategy that has shown promising 

results is to gradually rewarm cold stored livers and perfuse at sub-normothermic temperatures. 

More clinical studies with long-term outcomes will be important in establishing this technique as 

a reliable modality for cold stored DCD livers. 

 Once the optimal preservation conditions have been established, NMP also will provide a 

platform to administer therapies to these damaged liver grafts. There is a growing interest in gene 

modification therapy(133) and some early work in trying to reverse steatosis while on the 

perfusion circuit.(134) This would potentially expand the donor pool to include more steatotic 

livers, which are becoming increasingly common with rising obesity rates. In addition to 
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targeting steatosis, the NMP system provides a platform for an unlimited number of 

pharmacological interventions to further optimize liver preservation and function prior to 

transplantation. This will likely be another area of future research should this technology gain 

wider utilization in the clinical realm.  

 Initial organ flush has traditionally been with a cold preservation solution (UW, HTK 

etc.) immediately after the organ is procured. However in grafts being preserved with NMP, this 

results in rapid cooling for a brief period, to then warm the organ again on the NMP circuit. This 

has been called in to question for DCD heart perfusions.(135) The effect of temperature of 

initial organ flush of DCD livers prior to NMP has not yet been studied in a porcine model, 

and may be another period in the transplant timeline that can be optimized to improve the 

preservation of DCD grafts following periods of WIT. We hypothesize that avoiding the 

rapid temperature shifts during initial organ flush of DCD livers will lead to improved liver 

graft quality. The main work of this thesis focuses on testing this hypothesis.  

 

 

 

 

 

 

 



 30 

Table 1-1: Composition of commonly used preservation solutions 

 
University of 

Wisconsin 

Histidine-

tryptophan-

ketoglutarate 

Euro-

Collins 
Celsior 

Institut 

Georges 

Lopez-1 

Na 25 15 10 100 125 

K 125 10 115 15 30 

pH 7.40 (25.0° C) 7.02-7.20 (25° 

C) 

7.30 (0° C) 7.30 (20° C) 7.40 (25° C) 

Buffer Phosphate Histidine Phosphate 

Bicarbonate 

Histidine Phosphate 

Energy 

Source 

Adenosine Glutamic 

acid/glutamate 

 Glutamic 

acid/glutamate 

Adenosine 

Osmotic 

Agents 

Lactobionate 

Raffinose 

Hydroxyethyl 

starch 

Mannitol Glucose 

Mannitol 

Lactobionate 

Mannitol 

Polyethylene 

glycol, 

Raffinose 

Osmolality 320 310 340 242-368 320 

Additional 

Additives 

Insulin, 

Dexamethasone, 

Allopurinol, 

Glutathione 

Tryptophan, 

ketoglutarate 

  Allopurinol 

Units are mmol/L unless otherwise specified.  

 

 

 

 



 31 

Table 1-2: Histologic scoring system for ischemia reperfusion liver injury.(75) 

Score Hemorrhage Necrosis Cholestasis Sinusoidal 

Dilatation 

0 Absent Absent Absent None 

1 Focal Peri-central Present Mild 

2 Zonal Zone 2 + 3 __ Moderate 

3 Pan-lobular Pan-lobular __ Severe 
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Table 1-3: Maastricht categories of Non Heart-Beating Donor(102) 

Category Description 

I Dead on arrival at hospital 

II Death with Unsuccessful resuscitation 

III Awaiting cardiac death 

IV Cardiac arrest while brain dead 
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Figure 1-1: Example of experimental NMP circuit
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Abstract 

 

Reducing waitlist mortality in liver transplantation remains a significant challenge due to 

organ shortages. In efforts to expand the donor pool there has been a trend toward increased use 

of donation after circulatory death (DCD) liver grafts. However these marginal grafts are prone 

to higher complication rates, particularly biliary complications. In addition many procured DCD 

livers are then deemed unsuitable for transplant and do not end up going on to be transplanted. 

Despite these limitations, DCD grafts represent an important resource to address current organ 

shortages and as such there are significant research efforts directed toward improving the 

utilization and outcomes for transplantation of these grafts. This article reviews the current 

progress in DCD liver transplantation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 45 

Liver transplant remains the definitive treatment for end stage liver disease. During 2017, 

182 Canadians either died on the waitlist or became too sick to undergo the operation. (136) A 

recent Canadian Medical Association Journal article by Shemie highlighted the current trend 

toward increasing utilization of donation after circulatory death (DCD) grafts to address organ 

shortages. (137) In 2017 53 Canadians underwent liver transplant with DCD grafts, the highest 

number to date. (136) DCD grafts differ from the more common donation after brain death 

(DBD) donors in that before procurement, livers are exposed to a period of warm ischemic time 

(WIT) after cardiopulmonary arrest where the organ is no longer perfused. This contrasts to 

DBD donors where perfusion of the organ persists right up until the moment of procurement in 

the operating room.  

As a result, higher complication rates persist. (103) Although DCD liver transplants have 

increased in recent years, in 2017 15% of the DCD liver grafts procured in Canada were 

subsequently discarded before transplantation.(136) The high discard rate and higher 

complication rates induced by WIT suggests that the current preservation strategy of static cold 

storage (SCS), is not well tolerated by these injured grafts. We present a brief overview of DCD 

liver transplant outcomes and review progress made in improving DCD outcomes (donor 

selection, use of thrombolytic medications, and machine perfusion preservation strategies).  

We searched PubMed for the Medical Subject Heading (MESH) terms “donation after 

circulatory death” and “liver transplant”. This resulted in 211 articles of which the best matched 

were reviewed. Relevant articles from the references listed in select articles were also reviewed.  

When possible we discussed the highest level of evidence in randomized controlled trials 

although this level of evidence was limited and therefore observational data was also reviewed.  
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Current outcomes in DCD liver transplantation 

A 2011 meta-analysis which included 489 DCD and 4455 DBD recipients revealed a 1.6 

times increase in 1-year mortality and 2.1 times increased risk of 1-year graft failure for DCD 

grafts when compared to DBD.(138) More recently however in a meta-analysis inclusive of over 

12000 patients, there was no difference found in patient or graft survival when comparing DCD 

and DBD liver transplants.(139)  

The same improvement has not been observed regarding ischemic cholangiopathy (IC). 

IC is defined as the occurrence of multiple intra-hepatic strictures in the absence of hepatic artery 

thrombosis or stenosis. (140) IC is 2.5 times more likely in DCD liver grafts relative to 

DBD.(139) While hepatocytes receive dual blood supply from both the portal vein and hepatic 

artery, biliary cells receive only arterial blood.(141) Both DBD and DCD livers demonstrate loss 

of intra-luminal biliary epithelium as a result of procurement and preservation however only 

those with significant damage to the deep peribiliary plexus, the site of progenitor cells for 

regeneration of the biliary ducts show an increased risk of IC.(80) Thus it has been hypothesized 

that IC develops from an impaired ability to regenerate biliary cells after revascularization 

secondary to peribiliary vascular plexus injury in DCD grafts.(80)  

IC leads to higher rates of graft failure, longer hospitalizations, increased biliary 

procedures, re-transplantation and overall increased health care costs.(142) Improving IC rates in 

DCD transplants remains a significant challenge for ongoing research efforts.  

 

Donor factors impacting DCD liver transplant outcomes 
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Donor Age 

 Advanced donor age has been identified consistently as a risk factor for complications in 

DCD liver transplantation.(143) Increased donor age above 50 has been shown to predict risk for 

IC (144) and graft failure.(143) However when other risk factors were minimized, Schlegel et al. 

showed no difference in biliary or overall complications in DCD liver grafts between cohorts 

above or below 60 years. (145) This led the authors to conclude that older DCD donors may 

provide viable grafts when other risk factors are optimized.  

 

Donor Obesity 

 Rising obesity rates have resulted in increasing numbers of steatotic donors.(146) DCD 

liver grafts from obese donors have shown poor tolerance of SCS evidenced by worse transplant 

outcomes.(146) Elevated body mass index (BMI) has been associated with increased IC as well 

as lower graft and patient survival.(143-145, 147) Liver steatosis leads to lower ATP levels, 

microcirculatory dysfunction, increased inflammation and reactive oxygen species production 

with ultimately more severe ischemia reperfusion injury. (146) Improving outcomes of this 

expanding subset of donor livers has become an area of keen research interest for machine 

perfusion. 

 

Warm Ischemic Time 

 For DCD procurement the WIT cut off in many centers is 30 minutes. Both graft failure 

and IC have been linked to prolonged WIT.(63, 143, 147) Tun-Abraham et al. evaluated their 
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single center series dividing their cohort into early: 2006-2011, and late: 2011-2016. The late 

group showed reduced times from incision to arterial cannulation and organ flush.(148) This was 

accompanied by a statistically significant reduction in IC for the late group.(148) These 

improvements were attributed to a learning curve, suggesting procurements done by DCD 

experienced staff could improve outcomes.(148) In addition a meta-analysis looking at DCD 

liver transplant outcomes between those who had life support withdrawn in the intensive care 

unit compared with the operating room. Both graft survival and rate of IC were improved by 

withdrawal of life support in the operating room.(149) This varies by institution however a shift 

in policies to allow withdrawal of life support in the operating room may contribute to improved 

outcomes.  

 

Cold Ischemic Time 

 Cold ischemic time has been identified as a significant risk factor for poor outcomes in 

DCD liver transplantation.(51, 150) In order to reduce risk of IC and graft failure, cold ischemic 

time is suggested to be limited to less than 10 hours.(150) Where as other authors suggest even 

more strict time limits of less than 9 hours of total ischemic time.(144)  

 

Thrombolytic medications during DCD transplantation  

 The addition of thrombolytic medications has received recent research interest. Tissue 

plasminogen activator (tPA) was injected via the hepatic artery on the back table based on the 

hypothesis that micro-thrombi from stasis during WIT led to damaged peribiliary vasculature and 
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ultimately contributed to IC.(151) In this initial study 22 DCD transplants were carried out with 

the tPA protocol, 9% developed IC, lower than previously reported, however excessive bleeding 

was encountered in 14 of the 22 recipients.(151) Subsequent studies modified the tPA protocol 

and injected the drug via the hepatic artery after venous reperfusion in the recipient.(152, 153) A 

description of the approaches for tPA administration in DCD liver transplant has been described 

elsewhere.(154) The more recent studies using tPA showed improved 1 and 3 year patient and 

graft survival and a significant reduction in IC relative to controls.(152, 153) These studies did 

not show the same increased transfusion requirement previously described by Hashimoto et 

al.(151) A detailed meta-analysis that included 249 patients in the tPA group and 178 patients 

not receiving tPA showed a significant reduction in IC and re-transplant rates for the tPA group 

without increased transfusion requirements leading the authors to conclude that tPA provides an 

advantage for preventing IC.(154) Further supporting the use of tPA protocols for DCD liver 

grafts is the recent demonstration of cost savings with this intervention.(155)  

 

Progress in ex-situ machine perfusion  

The higher incidence of biliary complications and graft failure with DCD grafts has been 

attributed to the damage incurred during WIT and subsequent SCS. Machine perfusion has made 

significant gains as an alternative preservation strategy. Machine perfusion is classified by 

temperature of the perfusate: hypothermic machine perfusion (HMP), sub-normothermic 

machine perfusion (SNMP), and normothermic machine perfusion (NMP).  

  

Hypothermic Machine perfusion 
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 Providing oxygen in the perfusate, at sub-physiologic flow rates and temperatures allows 

for improved mitochondrial and endothelial protection.(91) In a large animal model, DCD livers 

undergoing HMP showed lower alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) levels(156), and improved preservation of the biliary microvasculature relative to 

SCS.(157) There were also significant improvements in ATP levels, bile production, bile 

composition, and lactate levels relative to those transplanted after SCS.(158, 159) A clinical 

series compared 50 DCD livers treated with HMP to 50 DCD SCS livers and 50 DBD controls. 

There was a significantly lower rate of IC relative to the DCD SCS group with increased survival 

and reduced re-transplant rate at 1 year.(101) At 5 year follow up graft survival was 94% 

compared to 78% in DCD grafts without HMP.(160)  

A criticism of this modality is that it remains difficult to assess liver function during 

perfusion, as metabolic activity is minimized under hypothermic conditions. Thus defining 

criteria of organs suitable for transplantation will be an important goal if this modality is to be 

utilized more widely in clinical practice. HMP has shown benefit following periods of SCS, 

which in the Canadian population where organs are being transported long distances, would 

allow for implementation without significant alteration of current procurement strategies. An 

ongoing randomized trial (NCT02584283) will shed further light on the potential of this 

technology. 

 

Subnormothermic machine perfusion and controlled oxygenated rewarming 
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 In animal studies controlled oxygenated rewarming (COR) with gradual rewarming 

followed by perfusing at subnormothermic temperatures (20-21°C) was superior to HMP and 

SCS with improved serum enzyme levels, portal vein resistance, bile production and histological 

injury scores.(72) It also demonstrated improved ATP recovery relative to NMP or SCS. (109) 

The first clinical series involved 6 patients that underwent COR for 90 minutes following SCS 

and were compared to a historic cohort. COR had a statistically significant reduction in peak 

AST and at 6 month follow up all patients had normal liver function tests.(161) However this 

series did not include any DCD grafts. There is limited data regarding SNMP or COR for DCD 

liver grafts. In a series of perfusions consisting of 5 discarded DCD human livers, SNMP 

demonstrated increased ATP levels and clearance of lactate during 3 hours of SNMP.(110) More 

evidence is required in order to make any conclusions regarding the utilization of SNMP/COR 

for DCD liver grafts.  

 

Normothermic machine perfusion 

 

 NMP aims to recreate physiological conditions to recover and assess liver grafts prior to 

transplantation. Large animal models have demonstrated lower transaminase levels, improved 

lactate clearance and better histologic preservation of hepatocytes relative to SCS.(81, 111) In 

addition, NMP has shown improved preservation of biliary endothelial regeneration capacity, 

which is hypothesized to prevent the development of IC.(81) It is also being investigated as a 

modality to “de-fat” livers from obese donors.(146) However, consensus on the optimal NMP 

perfusate composition, circuit set up, and viability criteria have not yet been reached.(162) 
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Nonetheless, results of animal studies have led to multiple phase 1 clinical trials and more 

recently the first clinical randomized control trial comparing NMP to SCS.(78) One hundred-

seventy livers (63 DCD) and 164 livers (64 DCD) were randomized to NMP and SCS 

respectively. There was a statistically significant reduction in peak AST and early allograft 

dysfunction in the NMP group relative to SCS.(78) An important finding highlighted by the 

authors was an increase in organ utilization.(78) Fifteen percent of DCD grafts procured never 

went on to be transplanted in Canada in 2017(136), thus if NMP could increase the number of 

these grafts that are successfully transplanted, further progress could possibly be made to reduce 

waitlist mortality. However, biliary complications after transplantation remain a significant 

problem in DCD grafts and Nasralla et al. demonstrated no statistically significant difference in 

IC between NMP and SCS preserved DCD liver grafts.(78) Reducing IC in DCD grafts remains 

a major research target for NMP, but it remains unclear whether any interventional strategies will 

ultimately mitigate the risk of IC.  

 

Conclusions 

 DCD liver transplantation has resulted in an increase in transplants being performed in 

Canada however discard rates are significant and higher rates of IC persist. Donor selection 

remains critical, while thrombolytic protocols have shown early benefits for graft survival and 

IC. Machine perfusion has promise in both increasing utilization and improving outcomes 

however clinical data is still emerging and ongoing research aims to optimize machine perfusion 

protocols, establish reliable viability criteria and demonstrate consistent long-term outcomes 

prior to widespread clinical implementation.  
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Abstract 

 As a result of donation after circulatory death liver grafts’ poor tolerance of cold 

storage, there has been increasing research interest in normothermic machine perfusion. 

This study aims to systematically review the current literature comparing normothermic 

perfusion to cold storage in donation after circulatory death liver grafts and complete a 

meta-analysis of published large animal and human studies.  A total of nine porcine 

studies comparing cold storage to normothermic machine perfusion for donation after 

circulatory death grafts were included for analysis. There was a significant reduction in 

AST; mean difference -2291 U/L, CI= (-3019, -1563); p=<0.00001 and ALT; mean 

difference -175 U/L, CI= (-266, -85); p=0.0001, for normothermic perfusion relative to 

static cold storage, with moderate (I2=61%) and high (I2=96%) heterogeneity 

respectively. Total bile production was also significantly higher, mean difference =174 

ml, CI= (155, 193) p<0.00001. Further research focusing on standardization, performance 

of this technology following periods of cold storage, economic implications, and clinical 

trial data focused on donation after circulatory death grafts will be helpful to advance this 

technology toward routine clinical utilization for these grafts. 
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Introduction 

Liver transplant remains the only definitive therapy for end stage liver disease. 

However the shortage of quality organs remains significant in the United States with 

1673 patients dying while on the waitlist and a further 1227 removed, too sick to undergo 

transplant during 2015. (61) Due to organ shortage, there has been a rise in the use of 

extended criteria donors (ECD). These donors include those with significant steatosis, 

advanced age and donation after circulatory death (DCD) liver grafts.(163)  

DCD grafts represent an important source of organs to expand the donor pool. 

The number of DCD grafts used continues to increase however there is also a rise in the 

percentage of DCD grafts recovered but not transplanted.(61) This is a result of these 

grafts’ poor tolerance of static cold storage (SCS)(84), the current standard for organ 

preservation. DCD grafts are more prone to reperfusion injury and susceptible to 

ischemic biliary cholangiopathy. As a result, outcomes of DCD transplants have 

traditionally been marginal showing lower long-term patient and graft survival and 

increased biliary complications.(62) More recent results show improved graft and patient 

survival, though ischemic cholangiopathy is still a frequent complication of DCD 

grafts.(63) 

Ex-vivo perfusion is now being studied as a method of increasing use of DCD 

grafts.  Studies using hypothermic and subnormothermic perfusion have shown 

promising results both in large animal (10, 71, 105, 164), and clinical studies(98), 

however in marginal grafts such as those from DCD, normothermic machine perfusion 

(NMP) showed superior graft function and preservation of biliary epithelium in animal 
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models.(111, 122) In addition to organ preservation, NMP offers the advantage of being 

able to assess graft viability during perfusion under physiologic conditions where the 

graft is metabolically active.  It also provides opportunity to deliver and monitor response 

to therapies in order to resuscitate marginal grafts prior to transplantation.  These added 

benefits have led to growing research interest in NMP for DCD grafts in an effort to 

expand the organ donor pool. NMP for DCD grafts has been studied primarily in large 

animal studies where resource allocation only allows for small study subject numbers, 

and study design is critical to advance this complex technology.  Although not used often 

in animal research, systematic reviews can have an important role for the development of 

future studies.(165) To our knowledge this is the first systematic review of NMP for 

DCD liver grafts with a meta-analysis of published data. 

The aim of this paper is to systematically review the current literature comparing 

NMP to SCS in DCD liver grafts in large animal (pig) and human studies. The secondary 

aim is to complete a meta-analysis of NMP vs. SCS livers in published DCD porcine 

liver perfusions. 

 

Methods 

Search Strategy 

Searches were conducted in Ovid MEDLINE, OVID EMBASE, EBSCO 

CINAHL, WOS, SCOPUS, Proquest Dissertations and Theses, PROSPERO by an expert 

librarian (SC) June, 2017 and updated in July, 2017.   Searches employed both controlled 

vocabularies (eg:  MeSH,. EMTREE, etc.) and key words such as: (DCD livers) and (ex-



 60 

vivo perfusion or normothermic perfusion) Search strategies were adapted for each 

database. Search strategies are available in the supporting information (S1).  No limits 

were applied.   

 All full text, porcine and human trials comparing NMP to SCS for the 

preservation of DCD livers were included for analysis. Studies that did not include DCD 

livers, and those that focused only on hypothermic or sub-normothermic machine 

perfusion were excluded.  

 

Selection of Studies 

Titles and abstracts from the primary search were reviewed independently by two 

authors (JN, DS) for studies that met inclusion criteria. When this was not clear from the 

titles and abstracts, full text articles were reviewed to determine inclusion.  

 

Outcome measures 

Primary outcomes in ex-vivo perfusion studies included assessment of alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) levels as markers of 

hepatocellular damage, as well as bile production and lactate clearance as markers of 

liver function. Secondary outcomes were histological preservation, and hemodynamic 

stability indicated by hepatic arterial flow. Primary outcomes in orthotopic pig liver 

transplant studies included post-transplant peak AST, bile production and graft-survival.  

Secondary outcomes included histologic preservation. Where there was missing data for 
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quantitative analysis, this information was requested via email from the publication 

corresponding authors. We received two responses, but no further data for inclusion. 

Where possible, this data was estimated from published figures using Adobe Acrobat 

Reader DC software. 

 

Assessment of Bias 

 Articles were assessed by two authors (JN, DS) using the Systematic Review 

Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias assessment 

tool.(166)  

 

Statistical Analysis 

 A trained statistician performed statistical analysis. Outcomes assessed in the 

meta-analysis included AST, ALT, total bile production and hepatic artery flow for 

perfusion studies, as well as peak AST for transplant studies. They are all continuous 

variables expressed as mean ± standard deviation (SD). The mean difference (MD) was 

used as a summary measure of efficacy between groups treated by NMP and SCS. When 

no SD was provided, a pooled SD was estimated as previously described.(167) Meta-

analysis was performed using RevMan 5.3 software. Heterogeneity of studies was 

assessed and the following cut-offs were applied, low (>25%), moderate (>50%), and 

high (>75%) as described by Higgins et al.(168)  

Results 
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Search Results 

Three hundred and eighty-six titles were identified through our primary search, 

with 228 remaining for screening after the removal of duplicates. Of these, 201 titles 

were excluded for the following reasons: published abstract with no complete full text 

article, comparison of hypothermic or subnormothermic perfusion without NMP and 

studies without DCD grafts. Nine articles that directly compared cold storage to NMP for 

DCD grafts were included for analysis (Figure 3-1). Six articles were perfusion 

studies(81, 118, 119, 122, 169, 170), and two pig-transplant models(121, 132). One 

article published results of both a perfusion model, and pig transplant model(111). There 

are no clinical trials directly comparing SCS to NMP specifically for DCD livers and as 

such the studies included for analysis were limited to porcine experimental studies. The 

results of included studies are summarized in Table 3-1 and Table 3-2. 

 

Pig liver ex-vivo perfusion studies  

 Pooled data showed a significant reduction in AST at the end of the simulated 

transplant phase in the NMP group relative to SCS. MD= -2291 U/L, CI= (-3019, -1563); 

p=<0.00001. A similar trend was seen in ALT MD= -175 U/L, CI= (-266, -85); 

p=0.0001. However the heterogeneity was moderate (I2=61%) and high (I2=90%) 

respectively for these two variables. (Figure 3-2) 

 Total bile production following the simulated transplant phase was significantly 

higher in the NMP group, MD=174 ml, CI= (155, 193) p<0.00001. There was low 

heterogeneity (I2=45%).  (Figure 3-2) 
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 There was insufficient data available to perform meta-analysis for lactate 

clearance. 

 Limited data was available for hepatic arterial flow. The NMP group did 

demonstrate higher flows, although this did not reach statistical significance (p=0.09). 

(Figure 3-2) 

 Different histological scoring systems were used by different centers, thus were 

not suitable for meta-analysis.  All perfusion studies showed less necrosis and improved 

architectural preservation in the NMP group relative to SCS.(81, 83, 111, 118, 119, 122, 

169) Similarly, NMP demonstrated improved preservation of the biliary epithelium and 

peribiliary plexus (81, 83, 122) 

  

Pig liver orthotopic transplant Studies  

 Post transplant peak AST was lower in the NMP group MD= -1019, CI= (-1276, -

762) p<0.00001. There was a high level of heterogeneity (I2=78%). (Figure 3-3) There 

was insufficient data available to compare bile production. Graft survival also was not 

assessed in the meta-analysis, as the recovery period in each of these studies were 

different (Table 3-2).  Boehnert et al. reported no difference in bile production in the 

eight hours following transplant after perfusing with acellular solution.(111) Schon et al. 

showed all grafts transplanted after 60 minutes WIT and SCS suffered primary graft non-

function.(121) In an uncontrolled DCD transplant model where normothermic 

extracorporeal membrane oxygenation was combined with either NMP or SCS, there was 
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100% five-day survival in the NMP group relative to 83% survival in the SCS 

group.(132) 

 NMP groups demonstrated less necrosis, sinusoidal swelling and improved 

overall architectural preservation relative to SCS groups.(121, 132) One pig transplant 

model did not report histologic data.(171) 

 

Risk of Bias Assessment 

 The allocation process of animals was unclear in several studies (111, 118, 121, 

132) however no other significant sources of bias within the included studies were 

identified.   

 

Discussion  

The results of this review and meta-analysis must be interpreted with caution, as 

heterogeneity was high within the perfusion studies limiting the strength of conclusions 

that can be drawn. Experimental design for the included perfusion studies varied in 

several fundamental parameters. Major differences included surgical model, duration of 

preservation and reperfusion, and ex-vivo circuit design. 

  Pigs used as liver donors were 30-40kg and included Landrace(118, 169) and 

Yorkshire(81, 83, 111, 119, 122), with male pigs used only by Boehnert et al.(172) and 

gender unspecified in one study.(118) The DCD model also varied between studies with 
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the majority inducing cardiac arrest with potassium chloride injection(81, 83, 118, 119, 

122, 169), while one study induced cardiac arrest via exsanguination.(111)   

Boehnert et al. was the only perfusion study to compare SCS to NMP following a 

period of SCS.(111) The WIT in all included perfusion studies was 60 minutes except 

Banan et al.(169) who compared SCS after 40 minutes WIT to NMP following 20, 40 

and 60 minutes of WIT.  Following WIT livers were flushed with histidine-tryptophan-

ketoglutarate (81, 83, 119, 122, 169), University of Wisconsin (111) or Euro Collins 

(118) cold preservation solutions. Livers were flushed in-situ (111, 118, 119, 122, 169) or 

ex-situ (81, 83) with dual perfusion through the hepatic artery and portal vein (81, 83, 

119, 122, 169) or single arterial flush.(118) One study did not specify if dual vessel flush 

was used.(111) 

NMP was then carried out for either 6 (169), 8(111), 10(81, 83, 119, 122), or 24 

(118) hours. Simulated transplant with whole blood reperfusion was for either 2 (169), 12 

(111) or 24 (81, 83, 118, 119, 122) hours. Which is of important note as transaminase 

levels were reported at the end of the reperfusion stage.  

One study included a dialysis circuit as part of their perfusion set up.(169) Flow 

was driven by either dual centrifugal pumps(169), the combination of a centrifugal pump 

and roller pump(81, 83, 119, 122) or a centrifugal pump to perfuse the hepatic artery and 

the portal vein perfused by gravity.(111, 118)   With regards to perfusate used: three 

studies used whole blood (81, 118, 122), two dilute whole blood(119, 169), and one used 

acellular perfusate.(111) The study by Liu et al. is the only to directly compare different 

perfusates (83), using Steen solution, Steen solution with washed red blood cells, and 
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whole blood compared to SCS. Hepatocellular injury and liver function were 

significantly better in the Steen solution with red blood cells, and whole blood groups 

relative to both SCS or Steen solution alone. There was no significant difference between 

the whole blood or Steen solution with washed red blood cells.(83) Within the included 

studies there was not enough available data to perform subgroup analysis based on type 

of perfusate used. However, the results with acellular perfusion(111) to our knowledge 

have not been replicated and more studies are still needed to determine the optimal NMP 

perfusate composition for DCD livers, however the results from Liu et al(83) suggest the 

need for an oxygen carrier. 

In porcine liver transplant models there was also significant study heterogeneity. 

The post transplant observation period ranged from eight hours to seven days. Fondevila 

et al.(132) compared NMP to SCS following a period of normothermic extracorporeal 

machine oxygenation, which was significantly different from the other included 

transplant studies. Schon et al. compared SCS to NMP with no period of SCS and all 

grafts that were exposed to 4 hours of cold storage following 60 minutes WIT suffered 

primary non function.(121) This is in keeping with previous data suggesting that even 

brief periods of cold storage can impact positive effects of NMP.(84) The study by 

Boehnert et al. however, compared SCS alone to a period of SCS followed by NMP and 

reported less hepatocellular injury in the NMP group(111), but data from these grafts 

were only reported for eight hours post transplant and longer-term survival of the grafts 

was not assessed. In discarded human liver studies, NMP has shown the ability to recover 

function of damaged livers even after extensive periods of cold storage.(124) Further 

research to address NMP’s ability to safely recover and transplant DCD grafts following 
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periods of cold storage is needed. Devices available for NMP were reviewed by 

Ravikumar et al. (173) and portable perfusion devices are now available to try and 

eliminate cold storage time in the transplant sequence for these marginal organs. Whether 

NMP can successfully recover DCD grafts after periods of cold storage remains an 

important question that will impact the clinical implementation of ex-vivo NMP. The 

economic impact of these systems has not yet been studied and will also remain a factor 

in clinical implementation of NMP for DCD grafts. The use of gradual rewarming has 

shown promise for this population of liver grafts (72, 106, 174, 175) and may play an 

important role moving forward in utilizing machine perfusion after periods of SCS. 

 NMP has shown capacity to recover function in discarded DCD human liver 

studies (76, 124, 125, 127, 176), and has been used to recover these grafts for clinical 

transplant.(77, 86) NMP has also been studied as a method to assess which marginal 

DCD grafts are safely transplantable. A set of viability criteria has been proposed by 

Mergental et al. (86) Establishing a standardized set of criteria will be an important goal 

for clinical implementation of NMP for DCD grafts.  

There are phase-I clinical trials comparing NMP to SCS (128-130), however these 

studies have only limited numbers of DCD and otherwise marginal grafts. To date no 

randomized control trials have been published comparing NMP to SCS specifically in 

DCD grafts. Results of a multicenter European randomized control trial 

(ISRCTN39731134) comparing NMP to SCS, once published, may be pivotal for this 

technology moving forward into clinical practice. 
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Limitations 

There was a large amount of heterogeneity amongst the small number of studies 

as outlined above. These significant differences in experimental design limit the strength 

of conclusions that could be drawn from meta-analysis. Furthermore, multiple data points 

included for meta-analysis were estimated from published figures which may differ 

slightly from the measured values.  

 

Conclusion 

Meta-analysis of published porcine perfusion studies demonstrates NMP is 

superior to SCS regarding the preservation of liver architecture and function in DCD 

grafts. Given significant differences between studies, these results are to be taken with 

caution. Further study is still required in order to optimize and standardize perfusate 

composition and to evaluate NMP’s role in preservation following periods of cold 

storage. Clinical studies involving more DCD grafts will help bring this technology 

closer to clinical implementation. Economic factors need to be considered in subsequent 

studies to ensure feasibility within current healthcare systems. 
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Table 3-1: Summary of Pig Liver Perfusion Study Results 
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Table 3-2: Summary of Pig Orthotopic Liver Transplant Studies 
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Figure 3-1: Study selection 
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Figure 3-2: Pooled AST, ALT, and bile production results from porcine liver 

perfusion studies 
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Figure 3-3: Pooled peak AST results from porcine transplant studies 
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S1: Description of literature search strategy 

 

 

Database: Ovid MEDLINE(R) Epub Ahead of Print, In-Process & Other Non-Indexed 

Citations, Ovid MEDLINE(R) Daily and Ovid 

MEDLINE(R) <1946 to Present> 

Search Strategy: 

-------------------------------------------------------------------------------- 

1     liver transplantation after organ preservation.m_titl. (1) 

2     superior preservation of DCD livers.m_titl. (1) 

3     criteria for viability assessment of discarded.m_titl. (1) 

4     non heart beating donor porcine livers.m_titl. (1) 

5     Sanguineous normothermic machine perfusion improves hemodynamics.m_titl. (1) 

6     (normothermic machine perfusion and viability testing).m_titl. (1) 

7     First human liver transplantation using a marginal allograft.m_titl. (2) 

8     ". Impact of Temperature on Porcine Liver Machine Perfusion".m_titl. (1) 

9     or/1-8 (9) 

10     exp Liver Transplantation/ or exp Liver/ (462813) 

11     (liver or livers).mp. [mp=title, abstract, original title, name of substance word, 

subject heading word, keyword heading word, protocol supplementary concept word, rare 

disease supplementary concept word, unique identifier, synonyms] (1012778) 

12     hepatic.mp. (282677) 

13     10 or 11 or 12 (1078000) 

14     ((donat* adj2 circulat* death) or (donat* adj2 cardiac* death)).mp. [mp=title, 

abstract, original title, name of substance word, subject heading word, keyword heading 

word, protocol supplementary concept word, rare disease supplementary concept word, 

unique identifier, synonyms] (1178) 

15     ("non heart beat*" or NHBD).mp. [mp=title, abstract, original title, name of 

substance word, subject heading word, keyword heading word, protocol supplementary 

concept word, rare disease supplementary concept word, unique identifier, synonyms] 

(1272) 

16     dcd.mp. (2013) 

17     ((discarded or marginal or declined or rejected) adj5 liver*).mp. [mp=title, abstract, 

original title, name of substance word, subject heading word, keyword heading word, 

protocol supplementary concept word, rare disease supplementary concept word, unique 

identifier, synonyms] (1048) 

18     14 or 15 or 16 or 17 (4764) 

19     (exvivo or "ex-vivo" or exsitu or "ex-situ" or excorporeal or extracorporeal or 

http://hepatic.mp/
http://dcd.mp/
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"extra corporeal" or cold storage).mp. [mp=title, abstract, original title, name of 

substance word, subject heading word, keyword heading word, protocol supplementary 

concept word, rare disease supplementary concept word, unique identifier, synonyms] 

(109551) 

20     ("normo therm*" or normotherm* or warm perfusion*).mp. [mp=title, abstract, 

original title, name of substance word, subject heading word, keyword heading word, 

protocol supplementary concept word, rare disease supplementary concept word, unique 

identifier, synonyms] (7886) 

21     13 and 18 and 19 and 20 (78) 

22     exp Rats/ or (rat or rats).mp. (1679155) 

23     21 not 22 (60) 

 

 

Database: Embase <1974 to 2017 July 20> 

Search Strategy: 

-------------------------------------------------------------------------------- 

1     exp liver transplantation/ or exp liver/ (671770) 

2     (liver or livers).mp. [mp=title, abstract, heading word, drug trade name, original title, 

device manufacturer, 

drug manufacturer, device trade name, keyword, floating subheading word] (1382551) 

3     hepatic.mp. (359985) 

4     1 or 2 or 3 (1453549) 

5     ((donat* adj2 circulat* death) or (donat* adj2 cardiac* death)).mp. [mp=title, 

abstract, heading word, drug trade 

name, original title, device manufacturer, drug manufacturer, device trade name, 

keyword, floating subheading word] 

(2430) 

6     ("non heart beat*" or NHBD).mp. [mp=title, abstract, heading word, drug trade 

name, original title, device 

manufacturer, drug manufacturer, device trade name, keyword, floating subheading 

word] (1768) 

7     dcd.mp. (4169) 

8     ((discarded or marginal or declined or rejected) adj5 liver*).mp. [mp=title, abstract, 

heading word, drug trade 

name, original title, device manufacturer, drug manufacturer, device trade name, 

keyword, floating subheading word] 

(1564) 

9     5 or 6 or 7 or 8 (8072) 

10     (exvivo or "ex-vivo" or exsitu or "ex-situ" or excorporeal or extracorporeal or 

http://hepatic.mp/
http://dcd.mp/
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"extra corporeal" or cold 

storage).mp. [mp=title, abstract, heading word, drug trade name, original title, device 

manufacturer, drug manufacturer, 

device trade name, keyword, floating subheading word] (162280) 

11     ("normo therm*" or normotherm* or warm perfusion* or NMP or "37 adj 

degree*").mp. [mp=title, abstract, heading 

word, drug trade name, original title, device manufacturer, drug manufacturer, device 

trade name, keyword, floating 

subheading word] (11768) 

12     4 and 9 and 10 and 11 (192) 

13     exp rat/ or (rat or rats).mp. (1875464) 

14     12 not 13 (159) 

15     remove duplicates from 14 (156) 
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Chapter 4 

 

Avoiding Initial Hypothermia Does Not Affect Liver Graft Quality in a Porcine Donation 

After Circulatory Death Model of Normothermic Perfusion  

 

 

This chapter is in preparation to submit for publication. 
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Abstract 

Background: 

Normothermic machine perfusion (NMP) of liver grafts donated after circulatory death (DCD) 

has shown promise in large animal and clinical trials. Following procurement, initial flush with a 

cold preservation solution is the standard of care. There is concern that initial cooling followed 

by warming may exacerbate liver injury, and the optimal initial flush temperature has yet to be 

identified. We hypothesize that avoidance of the initial cold flush will yield better quality liver 

grafts. 

 

Methods:  

Twenty-four anaesthetized pigs were withdrawn from mechanical ventilation. After 60 minutes 

of warm ischemia to simulate a DCD procurement, livers were flushed with histidine-

tryptophan-ketoglutarate (HTK) at 4°C, 25°C or 35°C (n=4 per group). For comparison, an 

adenosine-lidocaine crystalloid solution (AD), shown to have benefit at warm temperatures in 

heart perfusions, was also used (n=4 per group). During 12 hours of NMP, adenosine 

triphosphate (ATP), lactate, transaminase levels, and histological injury were determined. Bile 

production and hemodynamics were monitored continuously. 

 

Results: 

ATP levels recovered substantially following 1-hour of NMP reaching pre-ischemic levels by the 

end of NMP with no difference between groups. There was no difference in peak aspartate 
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aminotransferase (AST) or in lactate dehydrogenase (LDH). Portal vein resistance was lowest in 

the 4°C group reaching significance after 2 hours (0.13 CI -0.01,0.277, p=0.025). Lactate levels 

recovered promptly with no difference between groups. Comparison to AD groups showed no 

statistical difference in the abovementioned parameters. 

 

Conclusions: 

Avoidance of the initial cold flush failed to demonstrate added benefit over standard 4°C HTK in 

this DCD model of liver perfusion.  
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Introduction 

Liver transplant remains the only definitive therapy for end stage liver disease. However 

growing waitlist mortality has necessitated increased use of extended criteria (8) and donation 

after circulatory death (DCD) donors to address the shortage of transplantable livers.(163) 

Higher complication rates have been associated with use of DCD livers, most notably ischemic 

cholangiopathy.(63) The poor tolerance of prolonged static cold storage (SCS) for DCD liver 

grafts has led to recent growing interest in normothermic machine perfusion (NMP) as an 

alternative preservation strategy. Relative to SCS, NMP has shown improved preservation of 

DCD liver grafts in animal models(81, 83, 111, 121, 122) and promising results more recently in 

a large UK-European adequately powered randomized clinical trial.(78) As a result, this 

technology is progressing rapidly into the clinical realm.  However the optimal perfusion strategy 

still remains a key focus for ongoing research. The initial liver flush before establishment of 

NMP represents an opportunity to further potentially optimize recovery and preservation of DCD 

liver grafts. The current clinical standard is to flush livers flushed with a cold (4°C) preservation 

solution at the time of procurement and then store in cold preservation solution on ice until 

implantation. This practice of cold initial flush has continued in clinical trials where grafts are 

being preserved with NMP. Rapid cooling of organs before rewarming during NMP preservation 

has recently been found to be detrimental in experimental cardiac preservation, (135) but has not 

been explored previously to our knowledge in DCD liver grafts. 

The aim of this study is to determine if avoidance of hypothermia at the time of initial 

organ flush could improve liver graft quality for DCD liver grafts preserved using NMP. 
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Methods 

Twelve DCD pigs were block randomized based on initial flush protocol. Histidine-

tryptophan-ketoglutarate (HTK) solution (Servator H, Global Transplant Solutions, Ontario 

Canada), the standard clinical preservation solution, was used at 4°C (control), 25°C or 35°C 

(n=4 per group). For comparison, using an additional 12 pigs, an adenosine-lidocaine 

crystalloid solution (AD) shown to have benefit at warmer temperatures in heart perfusions(135) 

was used at similar temperatures (n=4 per group). Solution compositions are shown in Table 4-

1. All animals received humane care in compliance with the National Institute of Health’s Guide 

for the Care of Laboratory Animals. The Institutional Animal Care Committee approved the 

experimental protocol.  

 

Liver procurement 

Pigs were sedated with intramuscular injection of ketamine (20mg/kg) (Bimeda, Ontario, 

Canada) and anesthesia induced with inhaled isoflurane (Fresenius Kabi Canada Ltd, Ontario, 

Canada) with subsequent orotracheal intubation performed. General anesthesia was maintained 

with 2-3% isoflurane. A neck cut-down was performed for placement of an arterial pressure line 

in the left carotid artery for continuous pressure monitoring. A midline laparotomy was 

performed and a 10-gauge angiocath placed in the infra-renal vena cava for venous access. 

Hemodilution using 1 liter of Ringer’s Lactate was performed to allow for later extraction of 

maximal blood to prime the NMP circuit. The porta hepatis was dissected to isolate the common 

bile duct, portal vein and common hepatic artery. A baseline liver parenchyma biopsy was 

obtained and then 500 units/kg of sodium heparin (Fresenius Kabi, Ontario, Canada) was 
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administered.  Approximately 800 ml of whole blood was extracted via the vena cava line and 

processed with a cell saver (Sorin Xtra, Germany). The washed red blood cells were used to 

prime the NMP circuit.  Inspired oxygen was decreased to room air and the isoflurane increased 

to 5% to deepen anesthesia and then mechanical ventilation discontinued. Circulatory death was 

declared when a pulse on the arterial line waveform was no longer present and loss of 

cardiorespiratory activity confirmed with auscultation. The abdomen was closed using towel 

clips with intra-abdominal temperature measured throughout the warm ischemia period. A 

second liver biopsy was taken immediately following warm ischemia. The previously dissected 

vascular and biliary structures were divided and the liver taken to the back table for cannulation 

of the hepatic artery  (RMI 8 French PED-A-008, Edwards Life Sciences, California, United 

States) and portal vein (Intersept Tubing Connector, Medtronic, Minnesota, United States).  

The warm ischemic time (WIT) was 60 minutes starting from the point where mean 

arterial pressure dropped below 50mmHg or oxygen saturation below 70% and extended to the 

onset of initial perfusion. 

 

Initial Organ Flush 

The liver was flushed on the back table with dual perfusion through the hepatic artery and 

portal vein for 5 minutes. Temperature and composition of the flush solution was as per the 

groups described above. Temperature of the initial flush solution was controlled via a circuit that 

included a heat exchanger (Trillium Myotherm XP, Medtronic, Minnesota, United States), 

controlled water bath circulator (Poly Science PD07R-20-A11B, Illinois, United States), a 

centrifugal pump (BPX-80 Bi-Medicus, Medtronic, Minnesota, United States) and Affinity 
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Fusion cardiotomy/venous reservoir (Medtronic, Minnesota, United States). During the 5-minute 

initial flush, temperature of the liver parenchyma was continually monitored.  After the initial 

perfusion phase, livers were transferred to the primed NMP circuit and perfused continuously for 

12 hours. 

 

Normothermic Perfusion Circuit 

Perfusate consisted of Krebs-Henseleit based solution with albumin (glucose, sodium 

chloride, potassium chloride, calcium chloride, magnesium chloride, sodium bicarbonate, sodium 

phosphate and 8% bovine serum albumin) and autologous red blood cells in a 3 to 1 ratio. The 

circuit was primed with 3.375g Piperacillin-tazobactam (Sandoz, Quebec, Canada), 500mg 

methylprednisolone (Pfizer Canada, Quebec, Canada), and 10,000 units of sodium heparin 

(Fresenius Kabi, Ontario, Canada). Sodium bicarbonate 8.4% (Hospira, Quebec, Canada) was 

titrated to maintain pH of ≥7.30. Insulin was infused at 2 units/hour (NovoRapid, Novo Nordisk, 

Ontario, Canada). Glucose (Sigma Aldrich, Missouri, United States) was added as required based 

on hourly blood gas glucose readings titrating to 4-10mmol/L. Hepatic temperature was 

maintained at 37°C. Hepatic artery pressure was maintained at 60mmHg and the portal vein was 

perfused at a constant weight adjusted flow.  

The experimental circuit was composed of a Dideco D764 cardiotomy reservoir (Dideco 

Inc. Italy) two BPX-80 Bi-Medicus centrifugal pumps (Medtronic, Minnesota, United States) for 

the hepatic artery and portal vein respectively, water bath circulator (Lab companion CW-05G, 

Jeio Tech, Korea) heat exchanger (Trillium Myotherm XP, Medtronic, Minnesota, United States) 

and Dideco D903 Avant Oxygenator (Dideco Inc. Italy). The vena cava flowed freely with 
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venous outflow draining back to the reservoir. The bile duct was cannulated and bile production 

continuously monitored. 

 

Cellular Energy Levels 

 Biopsies were taken prior to the onset of WIT, following WIT, and at 1, 2, 4, 8 and 12 

hours of NMP. Tissue samples were immediately frozen using Wollenberger clamps and liquid 

nitrogen then stored at -80°C.  The frozen tissue was homogenized using 6% perchloric acid. 

Fifty microliters of homogenate was extracted and transferred to 0.15 M sodium hydroxide for 

measurement of protein content using the Lowry method as previously described.(177) The 

remaining homogenate supernatant was neutralized and ATP levels determined 

enzymatically.(178) Values were calculated in millimoles of ATP per gram of protein.  

 

Measurement of Hepatocellular injury and Inflammation 

 Alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate 

dehydrogenase (LDH) were measured in the perfusate every 2 hours during NMP in our clinical 

laboratory using an enzymatic rate method on a Beckman Coulter DxC 800 analyzer (Beckman 

Coulter Canada, Ontario Canada). Inflammatory markers included tumor necrosis factor-α (TNF-

α) and interleukin 6 (IL-6) levels in the perfusate, which were determined using porcine 

TNF-alpha and IL-6 ELISA kits (R&D Systems, Minnesota, United States). To further assess 

parenchymal injury a biopsy was taken at the end of dissection (pre-ischemia), and again at the 

end of 12 hours NMP. Samples were preserved in 10% formalin for hematoxylin and eosin 
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(H&E) staining. H&E specimens were assessed by a blinded pathologist using light microscopy 

to assign injury score based on necrosis, hemorrhage, cholestasis and sinusoidal dilatation (Table 

4-2).(75)  

 

Liver Function 

Bile production was monitored continuously throughout perfusion. Tissue lactate was 

determined enzymatically.(178)  

 

Hemodynamics and Endothelial Injury 

 Pressure, flow and vascular resistance were continuously monitored for both the hepatic 

artery and portal vein. 

Hyaluronic acid, a marker of sinusoidal endothelial cell injury(179), was measured using 

an ELISA kit (R&D Systems, Minnesota, United States). A random subset of biopsies taken 

after 12 hours of NMP (3 per group) was examined using electron microscopy for 

endothelial injury. Biopsies were fixed with a 2.5% glutaraldehyde/2% paraformaldehyde 

solution and then 1% osmium tetroxide. Samples were subsequently dehydrated and embedded 

in Spurr’s Resin. Two blocks from each sample (n=6 per group) were sectioned and stained with 

uranyl acetate and lead citrate and photographed with a Philips Morgagni 268 transmission 

electron microscope (North American NanoPort, Hillsboro, Oregon, United States). A 

pathologist blinded to the experimental group assignment assessed maximum sinusoidal 

diameter, endothelial cell thickness at the nucleus and endothelial cell thickness at the thinnest 
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point to determine endothelial cell edema. All measurements were taken perpendicular to the 

basement membrane.  

 

Statistical Analysis 

Graphs display data as mean values with standard error. ANOVA with Tukey Test for 

multiple comparisons was used to compare temperature groups for each solution. To compare all 

6 groups, repeated measures ANOVA was used to include assessment of changes over time. 

Ordinal scale data was analyzed with the Kruskal-Wallis test. Statistical significance was defined 

as a p value of <0.05. Analysis was performed using SPSS (IBM Corp. Released 2013. IBM 

SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.). 

 

Results 

Cellular Energy Levels 

ATP levels as a fraction of pre-ischemia values are shown for the duration of the 

perfusion in Figure 4-1. Perturbations in ATP level were observed in all groups and found to be 

significant over time (P<0.001). There was a significant decrease following 60 minutes of WIT 

with partial recovery after 1 hour of perfusion followed by more gradual recovery to pre-

ischemic levels, or higher by 8 hours of NMP. AD groups followed a similar pattern. There was 

no significant difference at any time point between temperature groups for any of the study 

solutions. When all groups were compared there was also no significant difference between 

groups (p=0.88). 
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Hepatocellular Injury and Inflammation 

 Hepatocellular enzyme levels in the perfusate are shown in Figure 4-2. In the HTK 

groups, the mean peak AST was lowest in the 4°C group although there was no statistically 

significant difference between groups (p=0.51). Peak ALT and LDH levels showed a similar 

pattern with no significant difference between groups for either peak ALT (p=0.76) or peak LDH 

(p=0.14). Though LDH was significantly lower at 4 (p=0.04), 8 (p=0.03) and 10 hours (p=0.03) 

in the 4°C group relative to the 25°C, it did not reach significance relative to 35°C. For AD, the 

4°C group showed the highest perfusate enzyme levels but no statistically significant difference 

between groups for peak AST (p=0.53), ALT (p=0.50) or LDH (p=0.74). When all groups were 

compared there was no statistically significant difference in peak AST (p=0.63), ALT (p=0.80) 

or LDH (p=0.31). 

 

 Histologic injury scores after 12 hours of NMP were lowest in the 4°C initial flush groups 

for both solutions. The HTK4°C and AD4°C groups scored 4.75 and 5 respectively on the 10 

point injury scale (Table 4-2), where as the highest scores were seen in the HTK35°C and 

AD35°C groups at 6 and 6.25 respectively. This difference did not reach statistical significance 

(p=0.78). 

 

 TNF-α levels were similar across temperatures in the HTK groups. For AD, the 4°C 

group had significantly lower levels of TNF-α in the first 2 hours of perfusion compared to 
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both 25°C (p=0.004) and 35°C (p=0.002). When all groups were compared there was a 

significant difference between groups (p<0.001) with warm AD groups showing the highest 

levels, while IL-6 also showed elevated but non-significant levels in the warm AD groups 

(p=0.08). 

 

Liver Function 

 Tissue lactate levels changed significantly over time in all groups (p<0.001) with a 

significant rise following 60 minutes WIT (Figure 4-3). Lactate was cleared rapidly in the first 2 

hours of perfusion for all groups and remained low for the duration of perfusion in all of the 

HTK and AD groups with no differences between temperatures for either solution. There was 

also no statistically significant difference when all groups were compared  (p=0.95). 

The cold initial flush groups HTK4°C and AD4°C had the highest mean bile production 

of 117 grams (95% CI 0, 234) and 171 grams  (95% CI 63, 279) over the 12 hours of NMP 

respectively, however there was no statistically significant difference between groups with 

respect to volume of bile produced (p=0.67) (data not shown). 

 

Hemodynamics and Endothelial Injury 

 Hepatic artery pressure was maintained at 60 mmHg and the arterial flow showed a 

similar pattern across all 6 groups with an initial increase over the first 2 hours of perfusion. 

Flows then decreased to reach steady flows by hour 6 for the remainder of the perfusion (Figure 

4-4).  The 4°C group showed initially higher flows for HTK but similar steady state flows to 
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the warm groups were reached by 6 hours. Statistically there was no significant difference 

noted between temperature groups at any time point. The AD4°C group had lower flows 

throughout the perfusion relative to the AD25°C and AD35°C groups though this difference 

did not reach statistical significance at any time point. When all 6 groups were compared there 

was no statistically significant difference between groups (P=0.60). 

 Portal vein flow was kept constant. Portal vein resistance decreased significantly over the 

first 2 hours of perfusion (p<0.001) and remained stable for the remainder of the 12-hour 

perfusion (Figure 4-4).  For HTK, portal vein resistance was lowest in the 4°C group, reaching 

statistical significance at 2 hours of perfusion relative to 25°C (p=0.03) but not statistically 

significant relative to 35°C (p=0.21). For AD, the 25°C group had the lowest portal vein 

resistance throughout the perfusion though this did not reach statistical significance at any 

time point. When all groups were compared there was no statistical difference between 

groups (p=0.26).  

Electron microscopy demonstrated a significant difference in sinusoidal dilatation 

between the HTK groups (Figure 4-5) with the largest diameter seen in the 35°C group (7.60μm 

95% CI 5.70, 9.5, p=0.04). There was no difference in endothelial cell thickness (p=0.40) 

(Table 4-3). In the AD groups there was no significant difference in sinusoid diameter 

(p=0.28) though endothelial cell thickness trended higher in the 4°C group (p=0.09). 

There was no significant difference in hyaluronic acid levels in the perfusate between 

groups at any time point (data not shown).  
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Discussion 

DCD liver grafts represent a large potential resource for addressing the organ shortage 

currently facing liver transplantation. The results of recent clinical trials have expedited delivery 

of NMP technology in clinical liver transplantation. However optimal NMP protocols, especially 

for DCD grafts remain an ongoing target for research. Warm ischemia followed by immediate 

cooling endured by DCD grafts has been shown to be detrimental and leads to worse transplant 

outcomes.(103) Avoidance of initial cooling before establishment of NMP has not been 

investigated previously in DCD liver grafts to our knowledge, but has been shown to be 

beneficial in experimental cardiac preservation.(135) Our study in a large animal model suggests 

that altering the HTK flush temperature alone is insufficient to improve DCD liver graft quality. 

However warm initial flush with alternative solution compositions may indeed warrant further 

investigation.  

After withdrawal of life support, DCD livers are exposed to a period of WIT where cells 

quickly shift to anaerobic metabolism. However at normothermic temperatures ATP 

consumption rapidly outpaces ATP production leading to depletion of cellular ATP stores.(65) 

This was confirmed in our DCD model with low ATP levels following 60 minutes of WIT, and 

is consistent with previous studies.(70) Maintenance of normal ion gradients across the cell 

membrane is vital for cellular function and is dependent upon the membrane sodium-potassium 

ATPase which is impaired by these low ATP levels.(14) Altered ionic flows ultimately lead to 

calcium influx, cellular edema and overall damage of cells priming them for further injury upon 

reperfusion.(14, 17) ATP levels in the peri-transplant period have been correlated with clinical 

transplant outcomes, with early allograft dysfunction.(74) Rapidly cooling the liver during initial 
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flush reduces metabolic demands of the organ for subsequent SCS in accordance with the Q10 

effect where each 10°C reduction in temperature is accompanied by a 1.5-2.5 fold drop in 

metabolic activity.(9) During SCS the reduced metabolic rate slows down ATP depletion but 

levels continue to decline during SCS resulting in severely depleted levels at the time of 

reperfusion.(180) 

NMP has been shown in animal models to replenish cellular ATP levels in DCD liver 

grafts following WIT to levels nearly 80% of pre-ischemic values by 4 hours of perfusion.(70) 

Initial flush represents an important transition phase in the timeline of DCD liver grafts as they 

move from warm ischemia, to re-oxygenation on the NMP circuit. Reddy et al. found that even a 

brief one-hour period of SCS before NMP negated some of the positive effects of this 

modality.(84) SCS is eliminated in the setting where organs can be placed directly on the NMP 

circuit at the donor site as observed in clinical case reports. (78, 128-130) In this setting the 

period of initial flush is very short and the resulting negative effects of hypothermia may 

outweigh the benefit of a reduced metabolic rate for such a short period.(135) We hypothesized 

that rapid cooling during initial flush would impair the ability of the organ to recover cellular 

energy levels relative to liver grafts that were not exposed to hypothermic conditions. However, 

all of the groups in our study demonstrated significant recovery of ATP levels within the first 

hour of NMP, with ongoing recovery to pre-ischemic values by the end of the NMP period with 

no clear difference between temperatures for either HTK or AD. Additionally, comparing HTK 

and AD groups did not demonstrate a difference in ATP levels despite the presence of adenosine 

in AD, which has previously shown benefit for ATP levels in liver ischemia reperfusion 

injury.(181) The ATP results from this study confirm nearly total cellular ATP depletion 

following 60 minutes of WIT but also further validate previous studies (70) demonstrating NMP 
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is capable of restoring ATP levels prior to transplantation. ATP levels were not significantly 

different between groups suggesting warm initial flush strategies with either HTK or AD provide 

no additional benefit over the current practice of cold HTK with respect to recovering cellular 

ATP levels for DCD grafts being preserved with NMP. 

During WIT the depletion in ATP levels and the resultant disruption of membrane ionic 

gradients lead to hepatocyte damage that can be quantified by the measurement of transaminase 

release in the perfusate with transaminase levels during perfusion correlating with post transplant 

levels.(77) Kupffer cells in the liver clear transaminases from the circulation after they are 

released from hepatocytes.(182) A continuous rise in transaminase levels during NMP has been 

shown to predict poor graft viability.(183) Therefore the enzyme pattern during NMP gives an 

indication of the degree of hepatocellular damage, but also the recovery of the liver graft. 

Altering the initial flush strategy in our study did not significantly change the peak transaminase 

levels or the overall perfusate transaminase pattern over time with all groups demonstrating 

steady or declining transaminase levels by approximately 4 hours of perfusion. Enzyme levels in 

the HTK experiments appeared to be lower in the 4°C group, particularly LDH, while the 4°C 

initial flush seemed to have a pattern of higher enzyme levels in the AD groups. Reactive 

oxygen species (ROS) play a significant role in ischemic reperfusion injury. The AD solution 

contains reduced glutathione, absent from HTK; it plays a role in clearing ROS and has 

shown to be protective from ischemia reperfusion injury.(181) At cold temperatures 

during the transition to NMP where the tissue is first re-exposed to oxygen, glutathione 

peroxidase, which uses glutathione as a substrate to clear ROS, will function at a reduced 

capacity and thus, the benefit of this additive may be limited. That being said, we were 

underpowered to detect a significant differences when all groups were compared, and 
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comparison of HTK4°C, AD25°C and AD35°C with larger numbers may be warranted to 

further assess the degree of hepatocellular injury with these novel strategies relative to the 

current clinical standard. 

Of note, the warm AD groups did demonstrate higher TNF-α levels, which is suggestive 

of a higher degree of kupffer cell activation.(184) This would potentially place these grafts 

at risk for more significant ischemia reperfusion injury following reperfusion, however in 

the absence of a transplant phase this cannot be confirmed by this study.  

Recovery of hepatocellular function was not different between the initial flush strategies 

tested. Lactate levels have consistently been used as a marker of liver function during ex-situ 

perfusion and have been included as a key component of proposed clinical viability criteria for 

liver grafts preserved with NMP.(185) During WIT reliance on anaerobic metabolism causes 

lactate levels to increase significantly as seen in our DCD model.  Once NMP is initiated, rapid 

lactate clearance to within the normal range has been suggested to correlate with recovery of 

liver function and predict favorable transplant outcomes even in marginal grafts.(185) Our DCD 

model led to significant lactate accumulation following WIT followed by rapid clearance to low 

levels after only 1-2 hours of NMP. This pattern was consistently observed regardless of the 

initial flush strategy used, suggesting that altering the temperature of the brief initial flush does 

not impact recovery of hepatic function during NMP.  

Bile production during NMP was initially thought to be an important predictor of graft 

viability however more recent data has emphasized the variability of ex-situ bile 

production.(183) Although still included in proposed viability criteria(185) low or absent bile 

production does not seem to reliably predict graft outcomes.(78, 185) The variability within 
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groups in our study was significant making it difficult to draw any meaningful conclusions with 

respect to the effect of initial flush strategy on bile production.  

Proposed graft viability criteria also include flows greater than 150 ml/min for the hepatic 

artery, and 500ml/min for the portal vein during NMP with these values correlating to improved 

graft outcomes.(185) Portal vein flow was controlled in our study and thus the portal vein 

resistance, also suggested to be an important marker of subsequent post transplant viability(75), 

was monitored. Portal vein resistance was lowest in the control group, suggesting no added 

benefit of warm flush on portal resistance. Regarding arterial flow, all groups maintained hepatic 

artery flows higher than the abovementioned threshold. When looking at the AD groups, 

although not statistically significant there was a pattern of higher flows in the warm AD groups 

where as the same could not be said for HTK. Additional studies with a larger sample size may 

further characterize these patterns and would be important given hepatic artery flow has been 

hypothesized to be an important factor in ischemic cholangiopathy pathophysiology.(151) 

Ischemic cholangiopathy is the most unique and troubling complication of DCD grafts.  It often 

presents in a delayed fashion up to six months after transplant and thus assessing whether 

changes in flow could contribute to reducing ischemic cholangiopathy would require a far more 

complex longitudinal transplant model with a more focused assessment of biliary injury.    

Our study has several limitations. The primary operator in our experiments was not 

blinded to the conditions of each experiment due to logistical reasons regarding the set up of 

each experiment. Additionally, the conclusions drawn from this study are limited to the 

preservation phase, as we did not include a simulated transplant, or orthotopic transplantation 

phase. This limits our ability to determine whether or not altering the initial flush strategy would 

make a difference following transplantation. Furthermore, our experimental perfusion circuit was 
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created in our lab as described above. This perfusion setup differs in some ways from other 

experimental circuits and clinical set ups and thus may further limit the generalizability of these 

results. Additionally, DCD liver transplantation has commonly been limited by ischemic biliary 

cholangiopathy. As mentioned above, this complication tends to occur months after 

transplantation and is thus difficult to study in a large animal model.  In a recent study where 

immediate cooling following WIT in DCD liver grafts was avoided by the use of normothermic 

regional perfusion Watson et al. were able to show a significant reduction in ischemic 

cholangiopathy.(186) Thus the impact of avoiding immediate hypothermia during initial flush on 

the bile ducts of DCD liver grafts preserved with NMP may warrant further investigation. There 

were also some potential differences in hepatocellular injury markers and hemodynamic 

parameters that we were underpowered to show in our large animal model.  

 

Conclusion 

This study suggests that initial flush at warmer temperatures provides no added benefit 

relative to the current standard of care of initial cold flush with HTK or alternate standard 

preservation solutions. Although temperature alone may not significantly change graft quality, 

solutions such as AD at warmer temperatures, may warrant subsequent investigation in larger 

powered models in efforts to further optimize NMP for DCD liver grafts.  
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Table 4-1: Composition of initial flush solutions 

 HTK (mmol/L) AD (mmol/L) 

Sodium chloride 15 123 

Potassium chloride 9 5.9 

Magnesium chloride 4 13 

Histidine hydrochloride 18  

Histidine 180  

Tryptophan 2  

Mannitol 30 120 

Calcium chloride 0.015 0.22 

Potassium hydrogen 2-

oxopentadioate 

1  

Sodium bicarbonate  20 

Sodium phosphate  1.2 

Insulin  10 unit/L 

Pyruvate  1 

Reduced glutathione  3 

Adenosine  0.4 

Lidocaine  0.05 

Glucose   10 
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Table 4-2: Hepatocellular histologic injury scoring system(75) 

Score Hemorrhage Necrosis Cholestasis Sinusoidal 

Dilatation 

0 Absent Absent Absent None 

1 Focal Peri-central Present Mild 

2 Zonal Zone 2+3 - Moderate 

3 Pan-lobular Pan-lobular - Severe 
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Table 4-3: Electron microscopy assessment of sinusoidal endothelial cells 

Maximum sinusoidal diameter, endothelial cell thickness at the nucleus and endothelial cell 

thickness at the thinnest point were measured to assess endothelial cell edema. All measurements 

were taken perpendicular to the basement membrane.  

 

 thickest/nucleus 

measurement (μm) 

thinnest point 

measurement (μm) 

sinusoidal max 

diameter  (μm) 

HTK4°C 2.92 0.14 5.36 

HTK25°C 3.30 0.14 6.23 

HTK35°C 3.22 0.15 7.60 

P Value 0.41 0.90 0.04* 
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Figure 4-1: Tissue ATP during NMP 

ATP levels during NMP presented as a fraction of the pre-ischemia levels. The first 2 time points 

represent pre-ischemia and post 60 minutes WIT respectively. 
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A)  

B)  

C)  
Figure 4-2: Hepatocellular injury markers during NMP  

A) AST, B) ALT and C) LDH levels during NMP.  
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Figure 4-3: Tissue lactate during NMP  

Lactate levels measured enzymatically from tissue biopsies during NMP preservation. 
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A)  

B)  
Figure 4-4: Hemodynamic parameters during NMP  

A) Hepatic artery flow during NMP B) Portal vein resistance (PVR) during NMP  
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A)  

B)  
 

 Figure 4-5: Electron micrographs of endothelial cells 

Smaller sinusoidal luminal diameter was seen in HTK4°C groups (A), compared with HTK35°C 

groups (B). 
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Chapter 5 

Initial Organ Flush Temperature in Liver Preservation: Summary & Future 

Directions 
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Resulting from a shortage of quality liver grafts, waitlist mortality remains a significant 

issue in liver transplantation. In response, increasing use of extended criteria donors, particularly 

donation after circulatory death (DCD) livers, has followed. Higher complication rates and the 

risk of ischemic cholangiopathy has driven renewed interest in ex-situ machine perfusion as an 

alternative to static cold storage for preserving these injured grafts. Encouraging results in animal 

and clinical trials have quickly moved normothermic machine perfusion (NMP) into clinical use, 

however the optimal perfusion protocol to increase DCD graft utilization and reduce 

complications remains an area of ongoing research. Currently the clinical standard is an initial 

organ flush with a cold preservation solution immediately following procurement. In NMP, this 

process of rapidly cooling the organ only to warm it up again at the beginning of perfusion has 

been questioned in the setting of DCD heart perfusions. We explored the possibility that 

avoiding hypothermia at the time of initial organ flush for DCD liver grafts being preserved with 

NMP would lead to improved liver graft quality.  

 Using a large animal model we simulated DCD with 60 minutes of warm ischemia. As 

detailed in Chapter 4, altering the temperature of initial HTK flush did not show any difference 

in ATP recovery or lactate clearance.  The 4°C group demonstrated lower portal vein resistance 

and LDH levels. Taken together these results suggest that altering the temperature alone does not 

provide added benefit over the current clinical standard of cold HTK initial organ flush. For 

additional comparison another solution was tested. When an adenosine-lidocaine crystalloid 

solution (AD) was used there was again no difference in ATP recovery or lactate clearance 

however, in contrast to HTK there was a trend toward improved hemodynamics and lower 

hepatocellular injury markers in the warm AD flush groups.  No statistically significant 

difference was noted between the different solutions though we were underpowered in this 
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preliminary large animal study. Further investigation of solutions such as AD, which has shown 

promise at warmer temperatures in heart perfusion, may be warranted. A comparison looking 

only at the cold HTK and warm AD groups with larger numbers may provide further insight into 

potential hemodynamic and hepatocellular injury differences between this novel solution and the 

current clinical standard. Although animal models are limited in their ability to study ischemic 

cholangiopathy due to the often-delayed presentation by weeks to months after transplant, this 

complication remains a unique and troubling one for DCD liver transplants. Therefore in 

addition to assessing overall injury and graft function, which remain critical for successful DCD 

transplant outcomes, future studies looking at the initial flush strategy could also include specific 

investigation of the effects on the initial health of the bile ducts. Any additional benefits in 

biliary preservation will be important in hopes of moving to an optimal machine perfusion 

strategy to help improve successful DCD graft utilization and limit complication rates.  
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