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1

Transplantation is the transfer of human tissues or organs from a donor to a 
recipient with the aim of restoring essential functions where no alternative of 
comparable effectiveness exists (World Health Organization). Ever since the first 
successful human organ transplant in 1954, the field of organ transplantation has been 
greatly developing. New surgical techniques and the introduction of post-operative 
immunosuppression regimens have greatly improved patient outcome. Nowadays, 
organ transplantation remains the only life-saving treatment for patients with end-stage 
organ failure, conferring immense benefit to hundreds of thousands of patients each 
year. The increasing success of organ transplantation has, however, ironically become 
one of the biggest challenges the transplant community is facing to date. According 
to recent data of United Network for Organ Sharing (UNOS), over 114 000 patients are 
waitlisted for organ transplantation, while only 13 000 organ donors were able to donate 
in 2018. The worldwide discrepancy between supply and demand of suitable organs 
for transplantation, has resulted in high waiting list mortality. In fact, every candidate 
who is accepted for organ transplantation has a 10-30% chance of dying on the waitlist, 
depending on the organ (1). In an attempt to minimize organ scarcity, the criteria for 
organ donation are progressively being extended. These so called ‘extended criteria 
donor’ (ECD) organs once thought to be too high-risk for transplantation include grafts 
of elderly donors, donors with a higher body mass index, or grafts that are donated 
after circulatory death (DCD) (2–4). These suboptimal grafts are, however, more prone to 
preservation and reperfusion related injury and are associated with in inferior transplant 
outcomes. For example, liver transplantation of DCD grafts is associated with higher 
incidence of primary graft non-function, early graft dysfunction, and increased rates of 
severe biliary tract complications after transplantation, compared to transplantation of 
organs from donation after brain death (DBD) donors (5, 6). Thus, to successfully utilize 
ECD grafts and to achieve satisfactory post-transplant outcomes, innovative methods 
to better preserve and even improve organ viability prior to reperfusion are needed.

The current gold standard in organ preservation is based on cooling the organ with a 
cold preservation solution and storing it in a box of ice until transplantation, referred 
to as static cold storage. Hypothermia has long been the cornerstone in preservation 
as it successfully lowers the metabolic rate of mammalian cells, thereby lowering the 
demand for oxygen (7). This creates a limited time window wherein organs can be kept 
outside of the body. The maximum cold ischemia time a graft can tolerate, however, 
greatly depends on the tissue type and graft quality; i.e. a maximum of 10-12 hours 
for livers and ideally no longer than 4-6 hours for muscle-containing grafts such as 
extremities (8, 9). However, cold ischemia itself is also harmful to the organ as it causes 
cellular damage. During cold ischemia, the lack of oxygen supply causes cells to switch 
to anaerobic cellular respiration causing adenosine triphosphate (ATP) depletion and a 
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decrease in cellular pH. As a consequence, ATPase-dependent ion transport mechanisms 
are disrupted, contributing to mitochondrial dysfunction (calcium overload), cellular 
swelling and cell membrane perturbations, resulting in ischemic cell death (10). 
Moreover, ischemic injury is further exacerbated upon reperfusion with the formation 
of reactive oxygen species and proinflammatory cytokines. Endothelial cells lining the 
vasculature are especially challenged during cold ischemia. The endothelium plays a 
key role in the control of vascular tone and hemostasis. Upon reperfusion, damaged 
endothelial cells initiate a variety of unwanted events including blood coagulation and 
inflammation, while repressing production of the vasodilator nitric oxide, resulting in 
poor tissue perfusion, prolonged hypoxia, cell death and even immune activation (11, 
12).

Machine perfusion is gaining increasing (renewed) attention as an alternative method 
of organ preservation as it hold many advantages over static cold preservation. Machine 
perfusion is the technique by which a perfusion solution (cellular or acellular and non-
oxygenated or oxygenated) is pumped through the vasculature of the donor organ ex 
situ by a mechanical device. The dynamic nature of machine perfusion provides many 
advantages over static cold storage (SCS), as it has the opportunity to provide essential 
nutrients, “wash out” toxins and waste products, resuscitate the organ, and assess its 
viability prior to transplantation. In the clinical setting, machine perfusion is increasingly 
explored as an alternative method of preservation of marginal donor grafts (13–15). 

Moreover, animal studies show promising results with the implementation of the 
technique of machine perfusion in a new area of transplantation; vascularized composite 
allotransplantation, such as limbs (16). 

The aim of this thesis is to study the effects of oxygenated machine perfusion on both 
donor livers and limbs in more detail, in part A and B respectively. The main focus is 
on the effects of machine perfusion on endothelial activation and function, and study 
the effects of new perfusion solutions on graft function both ex situ and in vivo (after 
transplantation).

PART A: OXYGENATED MACHINE PERFUSION AND 
TRANSPLANTATION OF HUMAN LIVERS

In Chapter 2, we aimed to discuss the role of machine perfusion as an alternative 
method of DCD liver preservation in more detail. In this chapter, the different modalities 
and technical aspects of liver machine perfusion that have emerge as clinically relevant 
are discussed. Temperature is an important discriminating factor between the different 
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types of machine perfusion. Three main temperature ranges at which machine perfusion 
of livers is often preformed are hypothermic (0–12°C), subnormothermic (25–34°C), or 
normothermic machine perfusion (35–38°C) (17).

Hypothermic machine perfusion (HMP) of donor livers has shown to increase ATP 
levels up to 15-fold prior to reperfusion (18). Previous studies have shown that ATP 
levels prior transplantation strongly correlate with graft function upon reperfusion 
(19). Furthermore, a short period of end-ischemic HMP offers better preservation of the 
hepatobiliary excretory function and peribiliary vascular plexus upon re-oxygenation 
of the liver, compared to liver grafts only preserved by SCS (18, 20, 21). However, the 
effect of end-ischemic HMP on vascular endothelial cells remains largely unexplored. 
In Chapter 3, we aimed to study the effect of end-ischemic oxygenated HMP on 
endothelial cell function of extended criteria donor livers. 

Recently, end-ischemic oxygenated HMP of donor livers has been introduced into clinical 
practice as an alternative method of organ preservation. Orthotopic liver transplantation 
of SCS-preserved livers is often accompanied by acute hyperkalemia during 
reperfusion. When untreated, hyperkalemia may cause life-threatening arrhythmias 
and anesthesiologists therefore often take preventive measures to counteract this 
expected rise in serum potassium levels. However, during our first clinical series of 
dual end-ischemic oxygenated HMP we noted that in vivo graft reperfusion resulted in 
hypokalemia, instead of hyperkalemia, in three out of ten recipients (22). Therefore, in 
Chapter 4, we aimed to determine to the effect of dual end-ischemic oxygenated HMP 
on potassium and sodium shifts in human donor livers during machine perfusion and 
subsequent warm reperfusion in both a preclinical ex situ reperfusion model as well as 
in patients.

Normothermic machine perfusion (NMP) is a technique human donor livers are 
perfused ex situ at physiological temperature. During NMP, the graft is functioning 
at full metabolic pace, allowing for both resuscitation and viability testing prior to 
transplantation. During NMP, adequate oxygen delivery is an absolute must. In Chapter 
5, we aimed to develop a machine perfusion solution which allows for optimal oxygen 
delivery, without the need of human blood products. Hemoglobin-based oxygen 
carriers (HBOCs) are an interesting substitute for packed red blood cells (RBC). However, 
concerns have been raised about the potential nitric oxide scavenging properties of 
HBOCs (23). The aim of Chapter 6 was, therefore, to study the effect of polymerized 
bovine HBOC-201 on liver endothelial cell function during ex situ NMP of donor livers.
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Vascular endothelial cells are the first interface between donor and recipient (24). In 
organ transplantation, this dynamic layer of cells plays a key role in initiating ischemia/
reperfusion injury related damage, which makes the endothelium an interesting 
therapeutic target (24, 25). Recombinant human soluble thrombomodulin (ART-123) 
is a novel drug composed of the active, extracellular domain of thrombomodulin. 
Thrombomodulin is a transmembrane glycoprotein ubiquitously expressed on vascular 
endothelial cells, and it is known to play a key role in both coagulation and inflammation 
(26). In previous animal studies, it has been shown that ART-123 has important 
organ protective effects as well as cytoprotective effects on endothelial cells (27, 28). 
However, for safe application of ART-123 in transplant recipients, the anticoagulant and 
profibrinolytic effects of ART-123 first have to be investigated in vitro. This is especially 
important in the transplant population as the hemostatic system of patients with 
end-stage liver disease substantially differs from healthy individuals (29). Therefore, 
in Chapter 7,  we aimed to study the in vitro effects of ART-123 on coagulation and 
fibrinolysis in plasma samples taken from patients during and after liver transplantation.

PART B: OXYGENATED MACHINE PERFUSION AND 
TRANSPLANTATION OF LIMBS

The idea of replacing diseased or damaged body parts prevailed for millennia (30). 
As early as in the third century, the idea of complex transplants were envisioned in 
miracle tales. The ‘Miracle of the Black Leg’ describes the story of two sainted doctors, 
Cosmas and Damian, who amputated the diseased leg of a verger and ‘successfully’ 
replaced it with the leg of a recently died man (31). Complex tissue reconstructions, 
such as limb transplantation, have long been considered pure experimental and 
controversial procedures. Decades of continued successes and advances in organ 
transplantation have, however, enabled complex tissue reconstruction to expand as 
a new field of transplantation that holds great promise (32). Vascularized composite 
allotransplantation (VCA) is an emerging area of reconstructive transplantation that 
focusses on the reconstruction of severe tissue defects not amendable to conventional 
reconstruction. The term VCA is used as an umbrella term for vascularized grafts 
comprised of different tissue types such as skin, muscle, nerve, vessels and bone (e.g., 
hand, face, penis et cetera). In 2014, VCA grafts were added under the definition of 
‘organs’ in the Organ Procurement and Transplantation Network Finale Rule. While the 
field if rapidly growing, broad application of VCA is constrained by the very limited cold 
ischemia time that is tolerated by VCA grafts (32). In chapter 8, we aimed to discuss 
the latest advances in organ preservation, machine perfusion and cryobiology (subzero 
temperatures) and lay out a vision of how advancements in solid organ preservation 
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can help to overcome practical hurdles in VCA. In chapter 9, we aimed to develop a 
protocol for 6 hours of subnormothermic machine perfusion of VCA grafts. We have 
compared different perfusion solutions and aimed to validate the most optimal protocol 
in a heterotopic transplant model.

PART C: ADDENDUM

In chapter 10 the details of a new subzero non-freezing protocol that hasve been 
developed for extended preservation of VCA grafts are described. Part of the subzero 
non-freezing protocol is the technique of machine perfusion as developed and studied 
in chapter 9. The results of all chapters are summarized and discussed in chapter 11, 
followed by a discussion and future perspectives. This section is concluded by a Dutch 
summary of this thesis in chapter 12.
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CHAPTER 2
The use of machine perfusion in  donation after 

circulatory death (DCD) liver transplantation

Laura C. Burlage 
Vincent E. de Meijer

Robert J. Porte

Adapted from chapter in: Wu and He (eds). Principles and clinical 
practice of organ donation after cardiac death (2018, in press).

16251-burlage-layout.indd   23 05/04/2019   15:37



24

Machine Perfusion in DCD Liver Transplantation

ABSTRACT

Orthotopic liver transplantation is the only curative treatment for patients with end-
stage liver disease. The success of liver transplantation, however, had led to a large 
discrepancy between the number of patients in need of a liver transplant and the number 
of good quality donor grafts available. The scarcity of optimal donor grafts has led to a 
progressive liberalization of donor acceptance criteria. Over the past years, donation 
after circulatory death (DCD) donors are gaining increased attention as a potential 
and underutilized source of donor organs. The success of DCD liver transplantation 
depends, however, heavily on preservation methods to maintain viability of the organ 
prior to transplantation. In this chapter we discuss the role of machine perfusion as 
an alternative method of organ preservation. Liver machine perfusion holds multiple 
advantages over the traditional method of static cold preservation, especially in DCD 
liver transplantation. Technical aspects of liver machine perfusion that have emerged as 
clinically relevant are being discussed, and clinical implications of machine perfusion of 
donor livers are summarized. 
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1. INTRODUCTION

Orthotopic liver transplantation is the only life-saving therapy for patients with end-
stage acute or chronic liver disease, as well as selected patients with a malignancy in the 
liver. Unfortunately, the persistent gap between the number of patients in need of a liver 
transplant, and the number of good quality donor grafts available is the most pressing 
problem in transplantation. In the Unites Stated alone, nearly 8100 patients received a 
liver transplant in 2017 and still 14,244 patients are currently waiting for a liver on the 
waiting list of the United Network for Organ Sharing (UNOS) according to the Organ 
Procurement and Transplantation Network (OPTN) data 8th January, 2018. The pressing 
organ shortage has led to a progressive liberalization of donor acceptance criteria over 
the last years. Livers that do not meet standard criteria are also described as extended 
criteria donor (ECD) livers. Whilst use of spilt livers and live donor transplantation failed 
to have a major impact on waiting list number, increased acceptance of ECDs over 
the last few years significantly expanded the donor pool in some countries (1,2). In 
particular, donation after cardiac death (DCD) donors, are gaining increasing interest as 
a potential and underutilized source of organs. 

While DCD transplants are now being implemented in donation and transplant 
programs worldwide, concerns have been raised about the quality and yield of organs 
form DCD donors. Compared to transplant outcomes of donation after brain death 
(DBD), incidence of post-transplant complications such as primary non-function and 
biliary complications, especially post-transplant cholangiopathy, are higher after DCD 
transplantation (3,4). Preserving viability of the graft after donation until transplantation 
is key for optimal post-transplant outcomes (5). To ensure safe use of DCD livers, new 
strategies of organ preservation are therefore needed. 

In this chapter we will discuss the introduction of DCD donation in liver transplantation 
as well as the development and use of liver machine perfusion, a better method of 
organ preservation for, in particular, DCD livers. Furthermore, technical aspects of 
liver machine perfusion will be discussed as they dictate the different purposes of this 
technique.
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2. DONATION AFTER CIRCULATORY DEATH 

2.1 Terminology and Definitions
Over the last 20 years, the term non-heart beating (NHB) or donation after circulatory 
death, and the term heart-beating in case of brain death have been used interchangeably 
to distinguish two types of post-mortal organ donors. However, impracticality of these 
terms became apparent, as the terms resulted in general misunderstanding about the 
definition of death being based on a single organ (e.g. the brain or the heart) rather 
than a whole person (6). These misconceptions led the Institute of Medicine - American 
National Academy of Sciences to introduce the terms donations after circulatory death 
(DCD) and donation after brain death (DBD) in 2006, to clarify that death can be declared 
by a physician using either neurologic or circulatory criteria (7).

2.2 Maastricht Classification
Donation after circulatory death (DCD) is a procedure during which organs are 
surgically retrieved following pronouncement of death based on ‘irreversible cessation 
of circulatory and respiratory functions’. According to the ‘Maastricht classification for 
Non-Heart Beating Donors’ (introduced in 1995, hence the outdated terminology), 
DCD donation can be mainly categorized in either controlled or uncontrolled donation 
(Table 1) (8). 

2.2.1 Controlled and Uncontrolled Donation
The terms ‘controlled’ and ‘uncontrolled’ were added to the Maastricht classification 
to highlight the difference in organ quality and transplant outcomes. Controlled DCD 
refers to donation that follows an ‘anticipated’ death occurring after planned removal 
of life-sustaining treatment such as mechanical ventilation, and circulatory support. 
Whilst uncontrolled DCD, on the other hand, involves a sudden, unexpected cardio-
pulmonary arrest and unsuccessful resuscitation. Over the last 10 to 20 years, mainly 
controlled DCD livers (Maastricht category III) have been developing as a new source 
of liver grafts in countries with the necessary legal framework across Europe and the 
US (9). Consequently, DCD nowadays represents up to 30% of the liver donor pool in 
some European countries (10). During controlled donation, warm ischemia time can 
be accurately assessed and cold ischemia can be kept as short as possible. This has 
shown to be extremely important as it strongly correlates with outcome (11). If donor 
warm ischemia time is restricted to <30 minutes and cold ischemia does not exceed 10 
hours, 1 and 3 year graft survival of DCD livers is 81% and 67% respectively, which is not 
significantly different from graft survival of DBD livers (12).
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TABLE 1: The Maastricht Classification of Donation after Circulatory Death Donors

Category Situation Definition

Category I Uncontrolled Dead on arrival at hospital

Category II Uncontrolled Death with unsuccessful resuscitation

Category III Controlled Awaiting circulatory death

Category IV Uncontrolled Circulatory arrest while brain dead

Category V Uncontrolled Circulatory determined death after euthanasia

3. ORGAN PRESERVATION RATIONALE

To translocate an organ from a donor to the recipient, it is indispensable that the graft is 
placed outside the human body for a certain amount of time. To optimize preservation 
techniques and to improve viability of the graft during the preservation period or directly 
thereafter, understanding of the physiological changes under ischemic conditions are 
necessary. 

3.1 Ischemia/Reperfusion Injury
Once the graft is outside of its physiological environment, circulation is absent and 
oxygen supply is lacking. To maintain function during anoxic conditions, cells quickly 
shift from aerobic to anaerobic metabolism, which is a highly inefficient way to 
generate adenosine triphosphate (ATP) as it requires nearly twenty times more glucose 
substrate than aerobic metabolism (13). As a consequence, cellular energy substrates 
are rapidly depleted, toxins are accumulating and ATP dependent cellular functions 
are impaired. Due to the impaired function of Na/K-ATPase, the ionic trans membrane 
potential is disrupted which causes potassium to leave and sodium to enter the cell. 
Eventually, irreversible swelling of the cells will follow (14). Moreover, calcium will 
enter the cell, initiating pro-inflammatory pathways via activation of phospholipase 
of particularly Kupffer cells and endothelial cells, thereby promoting cell death. While 
the exact mechanisms of ischemia/reperfusion (I/R) injury are highly complex, it has 
become apparent that formation of reactive oxygen species (ROS) upon reperfusion 
initiates damage and signalling pathways that lead to cellular injury of the graft (15). 
Great sources of oxidative stress are intravascular Kupffer cells and attracted neutrophils 
as well as intracellular xanthine oxidase and mitochondria (16). For a more detailed 
overview of intercellular changes during ischemia and reperfusion, which is beyond the 
scope of this chapter, the reader is referred to high quality review papers focussing on 
I/R injury of the liver (17,18).
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3.2 Static Cold Storage: Gold Standard in Organ Preservation
The current method of organ preservation is based on cooling and subsequent storage 
in a box with ice, referred to a static cold storage (SCS). The rationale behind cold 
preservation is lowering temperature to 0-4 degrees Celsius to slow down metabolism, 
thereby minimizing cellular energy consumption and oxygen requirement. Metabolism 
at 0-4 degrees Celsius is, however, not zero which explains why ischemic damage to the 
graft does occur during SCS. During SCS, the graft is flushed with and submerged in a 
preservation solution and placed in a box with ice. The most widely used preservation 
solution, University of Wisconsin solution is a high potassium, low sodium fluid that 
contains large molecules to mimic the oncotic pressure normally provided by blood, 
to minimize cellular swelling, and a buffer to counteract metabolic acidosis (19). Graft 
preservation by SCS is still the gold standard today as it used to overrule more refined 
methods of organ preservation like machine perfusion by its simplicity and cost-
efficiency. However, a paradigm shift is occurring. 

4. MACHINE PERFUSION RATIONALE

4.1 A Short History of Liver Machine Perfusion
The idea of recreating an ex situ circulation for a graft as an alternative method of 
organ preservation is as old as the beginning of the transplantation era. Donor kidneys 
were the first organs successfully preserved using machine perfusion. In 1968, Belzer 
et al. published a landmark paper on the successful transplantation of a kidney after 
17 hours of hypothermic machine perfusion (HMP) using cryopercipitated plasma in 
a pulsatile fashion (20). This initial success let this group to translate the same kidney 
perfusion technique to liver graft preservation. This method involved continuous flow 
via the portal vein and pulsatile flow via the hepatic artery with a hypothermic acellular 
perfusion fluid. Yet consistent success was lacking. Meanwhile, Brettschneider and 
colleagues, working in Starzl’s group, experimented with HMP of livers using a perfusion 
solution based on diluted, heparinised, autologous blood. Livers were preserved via 8-9 
hours of machine perfusion leading to excellent survival rates and hepatic function of 
all five canine transplant recipients (21). Promptly thereafter, Starzl et al. applied this 
technique for the first 11 human liver transplants (22). Livers were preserved for 4-7 
hours and all human recipients survived the first postoperative week. However, despite 
the first successes with machine perfusion, the technique of liver machine perfusion did 
not gain broad clinical interest as an alternative method of organ preservation in those 
pioneering years. 
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4.2 Renewed Interest in Machine Perfusion: Transplanting Extended 
Criteria Donor Livers
As mentioned before, over the last decades, livers of suboptimal quality donor are 
being used more extensively to overcome organ shortage. According to the UNOS 
database, progressive utilization of ECD livers resulted in a twofold increase of DCD liver 
transplantation from the beginning of 2001 until the end of 2010 (23). DCD livers are, 
however, associated with an increased risk of preservation and reperfusion injury related 
biliary complications after transplantation, compared to good quality donor livers (24). 
While hypothermic static preservation used to be sufficient to preserve viability of 
optimal donor livers, the use of DCD livers demands a more refined method of organ 
preservation to preserve viability. As the benefits of machine perfusion are most clearly 
seen in organs of suboptimal quality donors, machine perfusion is nowadays regaining 
both experimental and clinical interest to improve outcome of transplantation of ECD, 
and in particular, DCD donor livers.

4.3 Advantages of Machine Perfusion of the Liver
Machine perfusion of the liver beholds many advantages over static cold preservation. 
The main arguments that support the use of machine perfusion in liver transplantation, 
can be categorized as follows: 

• Reduction I/R injury of liver grafts.
• Opportunity to test viability and function of the graft prior to transplantation.
• Improvement of regenerating capacity (opportunity of pharmacological 

manipulation, addition of stem cells et cetera).
• Extending preservation time without causing additional preservation damage.

5. LIVER MACHINE PERFUSION: A DIVERSE TECHNIQUE

Machine perfusion of the liver is a preservation method in which a fluid is mechanically 
pumped through the vessels of the donor liver by a mechanical device. We will describe 
the most fundamental parameters of machine perfusion and their effect on graft 
preservation and transplant outcome (when applicable).

5.1 Timing and Duration

5.1.1 In Situ Machine Perfusion
The time window in which machine perfusion can play a role, is between the beginning 
of organ procurement at the donor site and implantation of the graft at the recipient 
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site. Restoration of circulation in situ in the donor is probably the earliest application 
of machine perfusion technique. During normothermic regional perfusion (NRP) 
abdominal organs are perfusion with oxygenated, heparinised autologous blood of the 
donor, using extracorporeal membrane oxygenation (ECMO) or a similar device (25). 
NRP has been developed and successfully used in Barcalona, Spain, in uncontrolled DCD 
donation (Maastricht type II) (26). Clinical results of NRP seems promising in reducing 
ischemic cholangiopathy rates, yet phase III evidence is lacking (27).

FIGURE 1: Timing of Machine Perfusion Between Liver Procurement and Transplantation. 
Machine perfusion can be performed at different time points during the process from organ 
procurement until liver transplantation. Abbreviations: SCS = static cold storage, MP = machine 
perfusion.

5.1.1 Ex Situ Machine perfusion 
Ex situ liver machine perfusion can be initiated before or after ischemic SCS, or it can 
replace SCS completely as the only method of preservation prior to implantation (28) 
(Figure 1). Pre-ischemic preservation had the potential benefit that energy levels are 
optimized prior to the period of ischemic SCS, thereby making the graft more capable 
to withstand preservation injury and subsequent reperfusion injury. Post-ischemic 
preservation, on the other hand, has the ability to resuscitate ATP depleted grafts 
prior to implantation. Even a short period of two hours of end-ischemic hypothermic 
oxygenated perfusion is sufficient to completely restore ATP levels in livers (29). 
However, it is possible that irreversible ischemic injury has then already occurred. In 
terms of clinical application, post-ischemic preservation seems the most practical form 
of preservation as it does not interfere with the logistics at the donor hospital or with 
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the transport phase. In 2016, ex situ machine perfusion of donors livers during the entire 
preservation time, from retrieval to transplantation, including transplantation, was first 
described (30). In that study, livers were still cooled with a cold in situ flush in the donor 
and a cold ex situ flush prior to transplantation. Only recently, the first successful liver 
transplantation using a modified surgical procurement and implantation technique in 
combination with normothermic machine perfusion completely avoiding ischemia has 
been described, referred to as ischemia-free organ transplantation (IFOT) (31).

5.2 Temperatures
Until today, hypothermia is still the cornerstone in organ preservation for 
transplantation. However, with the ability to support metabolism with oxygen supply 
via machine perfusion, cold preservation is no longer the only given temperature in 
organ preservation. 

5.2.1 Hypothermic Machine Perfusion
As mentioned before, metabolism slows down with decreasing temperature, but even at 
1 degree Celsius there is still cellular metabolic activity and thus loss of ATP when there is 
no supply of oxygen(32). In the presence of oxygen, however, mitochondria are still able 
to produce ATP even at low temperatures (33, 34). Therefore, oxygenation during HMP 
is key in preventing loss of ATP (or restoring ATP) and avoiding ischemia/reperfusion 
associated injury. Guarrera et al. reported the first clinical series of hypothermic machine 
perfusion livers. During HMP, these livers were not actively oxygenation yet the oxygen 
tension of the perfusion fluid remained stable throughout perfusion (35). Few studies 
comparing oxygenated versus non-oxygenated perfusion suggest that oxygenation of 
the perfusion fluid is necessary for optimal hypothermic preservation (36, 37). Since the 
oxygen demand of cold tissues is low, oxygenation of most colloid perfusion solutions 
provides an adequate oxygen tension, despite the presence of an oxygen carrier (38). 
In a clinical trial in DCD liver transplantation, , median hepatic ATP content increases 
>10-fold during oxygenated HMP and all HMP preserved livers showed excellent early 
function (39). 

A potential down side of active oxygenation during in the cold is the formation of ROS. 
However, extremely high oxygen concentrations are needed to initiate ROS formation 
during oxygenated HMP (40). While different authors do not describe the formation of 
ROS during oxygenated HMP, antioxidants such as gluthatione of deferoxamine can be 
added to the perfusion solution out of precaution (41,42). 

The sinusoidal endothelium is a side of critical care in all types of cold perfusion as 
these endothelial cells are easily damaged under hypothermic conditions. In the cold, 
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endothelial cells are more rigid and microvascular resistance is increased as a result 
of vasoconstriction and a reduction in the fluidity of the cellular lipid membranes. 
However, in contrast to former believes, it has been shown that oxygenated HMP 
increases endothelial function and improves endothelial integrity compared to SCS 
alone (43). Yet, it should be noted that accurate adjustment of pressure and perfusion 
settings are necessary to ensure optimal perfusion of the graft while at the same time 
preventing severe pressure and shear stress on the endothelium during HMP (44). At 
hypothermic temperatures (4-10 degrees Celsius), studies describe pressure settings of 
the portal vein between 3-5 mmHg and a low arterial pressure of 20-30 mmHg in case 
of dual perfusion (45). 

5.2.2 Normothermic Machine Perfusion
Normothermic machine perfusion (NMP) is characterized by ex situ perfusion of the 
liver at physiological temperature. At 37 degrees, the liver is metabolically active and 
demands a perfusion solution with an oxygen carrier and nutrients. The search for 
the optimal perfusion solution is ongoing, but investigators have experimented with 
washed autologous blood, packed red blood cells, or hemoglobin derived solutions 
(46,47,48). Friend and co-workers, pioneers in the field of NMP, reported successful 
transplantation of 20 patients using NMP of the graft from retrieval until transplantation 
(30). 

During NMP, well-functioning livers produce bile and cumulative bile production as well 
as lactate clearance have been shown to be a marker of viability of the graft (49). NMP 
is therefore not only a method of organ preservation and resuscitation, but can also be 
used to assess viability of the graft prior to transplantation. Especially in ECD or DCD 
liver transplantation, NMP could play an important role in the decision making whether 
to transplant a graft. Furthermore, metabolic activity also provides the opportunity to 
add medication to the graft prior to implantation (25). However, a fully active organ 
outside of the human body is also extremely depending on good function and use of 
the machine. 

There is an ongoing debate as to whether the resuscitative capacity of normothermic 
machine perfusion is sufficient after static cold storage or whether cold ischemia should 
be completely ameliorated (50). In the current logistics of multi-organ donations with 
cold in situ flushing during the donor operation this is certainly impractical. Moreover, 
a second ischemic period is inevitable if the liver has to be disconnected from the 
machine at the end of perfusion and prior to implantation. As mentioned previously, 
only recently a case report was published on an ischemia-free organ transplantation 
using a modified surgical technique in combination with NMP (31). 
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5.2.3 Subnormothermic Machine Perfusion
The term subnormothermic machine perfusion (SNMP) is usually used for machine 
perfusion at room temperature (21 degrees Celsius), but the term covers temperatures 
between 20 and 30 degrees Celsius (28). In this temperature range, livers are metabolically 
active which enables viability testing while ameliorating some of the drawbacks of 
hypothermia (51,52). A large animal study showed a benefit of NMP over SNMP in terms 
of hepatocellular integrity, biliary function and microcirculation (53). Yet the advantage 
of SNMP over NMP lays in its logistical simplicity in terms of preservation solution (e.g. 
no oxygen carrier needed) and lower technical failure risk. Clinical application of SNMP 
remains yet to be established. 

5.2.4 Controlled Oxygenated Rewarming
The rationale of controlled-rewarming using machine perfusion is based on the 
experimental evidence that the abrupt shifts in temperature accelerate cellular apoptosis 
initiated by mitochondrial failure (54). With a controlled-rewarming protocol, machine 
perfusion was used to gradually rewarm livers from 8 degrees Celsius to 20 degrees 
Celsius prior to transplantation. A study in of Minor et al. using porcine livers, showed 
a significant benefit of controlled oxygenated rewarming (COR) over hypothermic 
oxygenated preservation with regards to bile production and injury markers upon 
reperfusion (55). First in man studies have recently been conducted, proving clinical 
feasibility of COR (5). The optimal delta in temperature change and the best preservation 
solution for COR remain to be elucidated. 

6. OTHER TECHNICAL ASPECTS OF MACHINE PERFUSION 

Apart from timing, duration and temperature of machine perfusion, a few other 
technical aspects of the machine are worth discussing.

6.1 Single or Dual Route of Perfusion
Hepatic circulation is unique by its double afferent blood supply. Perfusion of the liver 
can thus be realized via two routes: via either the portal vein alone (only in the case of 
HMP), or the portal vein and the hepatic artery: single and dual perfusion, respectively. 
In case of HMP, advocates of single perfusion state that perfusion via the portal vein 
alone is sufficient to equally perfuse a liver graft. Therefore, the risk of arterial injury 
and subsequent hepatic artery thrombosis after transplantation should be avoided by 
not perfusion the hepatic artery (56). On the other hand, proponents of dual perfusion 
argue that arterial perfusion is important for complete perfusion of the microcirculation, 
especially perfusion of the vascular plexus of the biliary tree. Perfusion of the biliary tree 
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is particularly important in resuscitation of marginal grafts as the bile ducts remains 
the Achilles heel of DCD liver transplantation. The reliance of the biliary tree on artery 
supply is demonstrated by a high incidence of biliary necrosis and strictures after hepatic 
artery thrombosis (HAT) in patients after liver transplantation (57). A randomized study 
comparing dual versus single perfusion is still lacking to date. 

6.2 Pulsatile Versus Non-pulsatile Perfusion
Physiologically, endothelial cells lining the arterial vasculature are exposed to pulsatile 
flow while flow in venous vessels as the portal vein is continuously. Data from animal 
studies comparing non-pulsatile versus pulsatile machine perfusion suggest a benefit 
for the latter (58).

7. FUTURE PERSPECTIVES

Superiority of machine perfusion over SCS as an alternative method of organ preservation 
is becoming more and more evident. As several methods of machine perfusion are now 
being used in the clinic, the next step would be to compare the efficacy of different 
methods of machine perfusion to improve post-transplant outcome. 

Another aspect that would greatly influence whether machine perfusion once will 
become part of standard care, is whether use of machine perfusion is cost efficient and 
leads to a reduction in postoperative costs (i.e. reduction of graft failure, post-operative 
hospital stay et cetera). Fortunately, machine preservation of donor kidneys has yet 
been proven to be cost effective (59). Introduction of this technique in clinical practice 
will also lead to the introduction of a new profession: an organ perfusionist. Nowadays, 
livers perfusion are mostly performed by researchers, but introduction of this technique 
in routine clinical practice will require specialized, dedicated professionals to perform 
these procedures. Liver machine perfusion devices that are being clinically used at the 
moment are: Liver Assist ® of Organ Assist, Groningen, The Netherlands; OrganOx metra 
®, OrganOx, Oxford, UK; LifePort Liver Transporter by Organ Recovery Systems, Itasca, IL, 
US and Organ Care System™ (OCS) Liver by TransMedics, Andover, MA, US. 

Few centers around the worlds have already actively integrated machine perfusion in 
the logistics of their transplant programs. In our center in Groningen, the Netherlands, 
we recently constructed and opened a dedicated Organ Preservation & Resuscitation 
(OPR) unit where machine perfusion of the liver, but also of kidneys and lungs, can be 
performed simultaneously (Figure 2). 
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FIGURE 2: Organ Preservation & Resuscitation (OPR) Unit. Picture of the Organ Preservation 
& Resuscitation (OPR) unit at the University Medical Center Groningen. A dedicated room where 
machine perfusion of the liver, but also of kidneys and lungs, can be performed simultaneously.

8. CONCLUSION

In conclusion, liver machine perfusion holds multiple advantages over static cold 
preservation, especially in ECD and DCD liver transplantation. All forms of machine 
perfusion have their advantages and disadvantages. The currently conducted clinical 
studies will provide more evidence about the efficacy and safety of the various types 
of machine perfusion in liver transplantation. It is likely that ultimately a combination 
of different methods of machine perfusion will be used, depending on the specific 
requirements of an individual liver graft.
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ABSTRACT

Background: Lack of oxygen and biomechanical stimulation during static cold storage 
(SCS) of donor livers compromises endothelial cell function. We investigated the effect 
of end-ischemic oxygenated hypothermic machine perfusion (HMP) on endothelial cell 
function of extended criteria donor (ECD) livers.

Methods: Eighteen livers, declined for transplantation, were transported to our center 
using static cold storage (SCS). After SCS, 6 livers underwent two hours of HMP, and 
subsequent normothermic machine perfusion (NMP) to assess viability. Twelve control 
livers underwent NMP immediately after SCS. mRNA expression of transcription 
factor Krüppel-like-factor 2 (KLF2), endothelial nitric oxide synthase (eNOS), and 
thrombomodulin (TM) was quantified by RT-PCR. Endothelial cell function and injury 
were assessed by nitric oxide (NO) production and release of TM into the perfusate.

Results: In HMP livers, mRNA expression of KLF2 (p = 0.043), eNOS (p = 0.028), and TM 
(p = 0.028) increased significantly during NMP. In parallel, NO levels increased during 
NMP in HMP livers but not in controls. At the end of NMP cumulative TM release was 
significantly lower HMP livers, compared to controls (p = 0.028).

Conclusion: A short period of two hours oxygenated HMP restores endothelial cell 
viability after SCS and subsequent normothermic reoxygenation of ECD livers.
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INTRODUCTION

The discrepancy between the demand for liver transplants and organs available for 
transplantation is a worldwide problem. In an endeavor to reduce organ scarcity and its 
associated waitlist mortality, livers of extended criteria donors (ECD) are being

transplanted more often (1). ECD livers are, however, of suboptimal quality and are 
less capable to withstand ischemia/reperfusion (I/R) injury. I/R injury is generally 
described as a biphasic continuum of processes that cause injury to cells during 
preservation, and which is aggravated upon restoration of blood supply (2,3). During 
cold preservation, hypothermia changes the structure of cell organelles and disrupts 
the cytoskeleton, whilst lack of oxygen results in depletion of cellular energy levels via 
mitochondrial dysfunction (3). As a result, cells are unable to maintain a membrane 
electrical potential gradient via the energy-dependent Na/ K-ATPase. Subsequently, 
swelling of both sinusoidal endothelial cells and Kupffer cells narrows sinusoids, thereby 
enhancing leukocyte entrapment and microcirculatory dysfunction (4). During I/R, the 
microcirculation is also endangered by diminished production of nitric oxide (NO) via 
eNOS (4,5) as NO is an important substance that promotes vasodilatation and inhibits 
platelet aggregation (7).

Upon re-oxygenation of the graft, mitochondrial dysfunction and Kupffer cell activation 
facilitate formation of reactive oxygen species (ROS). This oxidative environment induces 
apoptosis and necrosis of both hepatocytes and endothelial cells (8,9). Apoptotic and 
swollen endothelial cells, together with leukocyte accumulation may lead to reperfusion 
no-reflow, which is associated with delayed graft function and primary non-function 
(9). To date, the high incidence of I/R injury associated complications in ECD liver 
transplantation, such as primary nonfunction, non-anastomotic biliary strictures and 
hepatic artery thrombosis after transplantation, still greatly compromise the success of 
ECD liver transplantation (10–13). A promising technique to improve outcome of ECD 
liver transplantation is endischemic hypothermic machine perfusion (HMP) (14,15). 
Previous studies have shown that a short period of end-ischemic HMP increases hepatic 
ATP content and hepatobiliary excretory function upon re-oxygenation of the liver graft, 
compared to livers preserved by conventional static cold storage (SCS) (16). However, 
the effect of end-ischemic HMP on the endothelial cells lining the hepatic vasculature 
remains largely unexplored.

Endothelial cells are dynamic cells that actively play part in the regulation of vascular 
tone and hemostasis, in response to the hemodynamic forces of the blood flow.17 Blood 
flow-induced shear stress on endothelial cells leads to up regulation of transcription 
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factor Krüppel-like-factor 2 (KLF2) (18,19). KLF2 expression results in downstream 
expression of cytoprotective genes, such as the anti-thrombotic and anti-inflammatory 
molecule thrombomodulin (TM), as well as endothelial nitric oxide synthase (eNOS) 
(20,21). During conventional SCS, the vascular endothelium is deprived of both oxygen 
and biomechanical stimulation, which would greatly impair endothelial cell function via 
down regulation of transcription factor KLF2 and downstream TM and eNOS. Moreover, 
KLF2 induction down regulates expression of vasoconstrictor endothelin-1 (ET-1) (22). 
Thus, while NO production via eNOS is already decreased as a consequence of I/R injury, 
absence of biomechanical stimulation will aggravate vasoconstriction even more. 
Lack of oxygen triggers endothelial cells to quickly induce the transcription of hypoxia 
inducible factors (HIF-2a). One of the downstream effects of induced HIF-2a is an 
increase of vascular endothelial growth factor A (VEGF-A). Via regulation of the vascular 
tone, VEGF-A up regulation minimizes the harmful effects caused by low oxygen levels 
(23). Moreover, during oxidative stress, cells rely on the quick up regulation of heme 
oxygenase-1 (HO-1), which negatively affects the catabolism of free radicals via free 
heme, thereby preventing induction of programmed cell death (24).

Since end-ischemic oxygenated HMP of donor livers provides endothelial cells with both 
oxygen and biomechanical stimulation, valuable stimuli that are absent during SCS, we 
hypothesized a beneficial effect of end-ischemic HMP on endothelial cell function. The 
aim of this study was to investigate the effect of two hours of end-ischemic oxygenated 
HMP on endothelial cell function of ECD livers.

MATERIALS & METHODS

Study design
This study is designed as an experimental substudy of a project previously published by 
Westerkamp et al. (16).

Donor livers
In the period from 2012 until 2014, a total of 18 human livers that were declined for 
transplantation, were assigned to our institute for machine perfusion research after 
informed consent was obtained from the donor’s relatives. Approval of the study 
protocol was provided by the medical ethical committee of the University Medical 
Center Groningen (METc 2012.068) and the Dutch Transplantation Foundation (NTS), 
the competent authority for organ donation in the Netherlands. Livers were procured 
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by regional multi-organ procurement teams using topical iced cooling in situ and 
aortic flush out with preservation solution (University of Wisconsin [UW] or histidine–
tryptophan–ketoglutarate solution [HTK]).

Machine perfusion
HMP and NMP were performed using a pressure- and temperature-controlled machine 
perfusion device (Liver Assist, Organ Assist, Groningen, The Netherlands) as described 
previously (16). Dual perfusion was established through a continuous flow via the portal 
vein and pulsatile flow via the hepatic artery. 

HMP was established using oxygenated Belzer-UW Machine Perfusion solution (Bridge-
to-Life, Ltd. Northbrook, IL, USA).The temperature of the perfusion fluid was 10 °C and 
portal and mean arterial pressure were set at 5 and 25 ± 5 mmHg, respectively. To 
oxygenate the cold perfusion fluid 100% oxygen (1 L/min) was used, resulting in an 
oxygen pressure of 50–80 kPa (375–600 mmHg).

After two hours of HMP, the same machine perfusion device was used for NMP. For this 
reason, the liver had to be disconnected from the machine. While the perfusion device 
was being primed for NMP, the liver was preserved in a bowl of ice-cold UW cold storage 
solution (Bridge-to-Life, Ltd. Northbrook, IL, USA) for a maximum of 90 min. Prior to the 
start of NMP, the liver was flushed with 1 L of cold, and subsequently 0.5 L of warm, NaCl 
0.9% solution (16,26).

NMP was performed at physiological temperature (37 °C) with portal and mean arterial 
pressure set at 11 and 70 ± 14 mmHg, respectively (25). During NMP, oxygenated of the 
perfusion fluid was achieved with a carbogen mixture of 95% oxygen and 5% carbon 
dioxide (2 L/min), also resulting in an oxygen pressure of 50–80 kPa (375–600 mmHg). 
The perfusion fluid used for NMP was a mixture of red blood cells, heparinized human 
plasma with the addition of nutrients, trace elements, and antibiotics as described 
previously (26).

Gene expression of endothelial proteins
Liver parenchyma biopsies were obtained either at the end of SCS (in the SCS alone 
group), or after SCS plus two hours of HMP (in the SCS + HMP group), as well as after 
six hours of NMP. Biopsies were snap-frozen in liquid nitrogen. Total RNA was extracted 
from snap-frozen liver biopsies using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, 
USA) according to manufacturer’s instructions. The RNA concentration was determined 
with a NanoDrop ND–1000 UV–Vis Spectrophotometer (Nanodrop Technologies, 
Wilmington, DE, USA). Subsequently, equal amounts of RNA were converted to cDNA 
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using M-MLV Reverse Transcriptase (Invitrogen, Basel, Switzerland). For qualitative 
real-time detection, sense and antisense primers were designed using Primer Express® 
software (version 2.0, Applied Biosystems). Amplification and detection were performed 
with the ABI Prism 6900HT Sequence Detection System (Applied Biosystems). Relative 
expression of the mRNA of interest was normalized to the housekeeping gene GAPDH 
(sense ACCCACTCCTCCACCTTTGA and antisense CATACCAGGAAATGAGCTTGACAA). 
Primer sequences, sense and antisense respectively, were as follows: CD31 
(GACCTCGCCCTCCACAAA and CGTGTCTTCAGGTTGGTATTTCAC),
 KLF2 (GCAAGACCTACACCAAGAGTTCG and TCCCA GTTGCAGTGGTAGGG),
TM (TGATTCCCTCCCGAACAGTT and ACTCTACCGGGCTGTCTGTACTCT),
ENOS (TGTATGGATGAGTATGACGTGGTGT and TGCAAAGCTCTCTCCATTCTCC),
ET-1 (AACCATCTTCACTGGCTTCCAT and TTTCTGCTGAGAGGTCCATTGTC), 
VEGF-A (CCTGGGACTCGCCCTCA and CAGAACTAGTGGTTTCAATGGTGTG), HIF-2a 
(AGCTATGTGACTCGGATGGTCTTT and TGCATGAATTCCCGTCTAAACC) and HO-1 
(GCTCAGCCTCAAATGCAGTATTTT and ACCCACGCATGGCTCAA).

Assessment of endothelial function
Nitric oxide is rapidly oxidized to its stable oxidation products nitrate and nitrite. To 
determine nitrate concentration in the perfusate samples, endogenous nitrate was 
subtracted from the total nitrate value. A total nitric oxide and nitrate/nitrite parameter 
assay kit (R&D systems, Minneapolis, MN) was used to quantify nitrate and nitrite in 
the samples. Values were corrected for nitrate/nitrate levels present in the perfusate at 
baseline. Assays were performed according to manufacturer’s instructions.

Assessment of endothelial integrity 
Thrombomodulin (TM) is a transmembrane glycoprotein, and its extracellular part can be 
shed, for example during endothelial injury. Increased soluble TM (sTM) concentrations 
in the fluid phase are, therefore, a marker of decreased vascular integrity. Perfusate 
concentrations of TM were determined using a solid phase sandwich enzyme-linked 
immunosorbent assay (ELISA) kit, human thrombomodulin/BDCA-3 (DY3947) (R&D 
systems, Minneapolis, MN). Samples were diluted 1:40 and the ELISA was performed 
according to manufacturer’s instructions.

Immunohistochemistry
Liver parenchyma biopsies were obtained either at the end of SCS (in the SCS alone 
group), or after SCS plus two hours of HMP (in the SCS + HMP group), as well as after 
six hours of NMP. Samples were fixated in 10% formalin and paraffin embedded. 
Slides were prepared for hematoxylin and eosin (H&E) staining. Additional slides were 
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prepared for immunohistochemical detection of thrombomodulin and CD31. The 
antibody against thrombomodulin (QBEND/40, Novus Biologicals, Littleton, CO, USA) 
was applied in a dilution of 1:50. All steps were performed according tomanufacturer’s 
guidelines. The antibody against CD31 (Clone JC70A, DAKO, Glostrup, Denmark) was 
applied in a dilution of 1:40 in an automated immunoperoxidase staining system (Roche 
Ventana Medical Systems, Basel, Switzerland). All chemicals applied during this staining 
process were purchased from Roche Ventana Medical Systems. Pretreatment for CD31 
immunostaining was 36 min of treatment with Ultra CC1 which is integrated in the 
automated staining procedure.

Histological analysis of endothelial injury of the microvasculature
Intrahepatic degree of endothelial injury of the microvasculature was blindly assessed 
using a semi-quantitative histological scoring system for H&E stained slides using 
light microscopy. In the absence of a established histological scoring system for the 
assessment of endothelial cell and vascular injury, our experienced liver pathologist 
(ASHG) developed a semi-quantitative histological scoring system based on generally 
accepted microscopic characteristics of endothelial cell injury (Table 2). Per slide, 10 
portal venous and 10 arterial branches within a portal triad, as well as 10 central vein 
branches, of the same size were scored separately. The size of the portal triads was 
related to the diameter of the bile duct. In case multiple vessels of the same type were 
observed in one portal triad, the vessel with the worst injury score was chosen. Injury 
was scored with a minimum of five and a maximum of twelve points.

Statistical analysis
Continuous variables were presented as median and interquartile range (IQR). 
Comparison of unpaired continuous data was performed using the Mann–Whitney 
U test and paired continuous variables were compared using the Wilcoxon test. 
Categorical data were compared using the Pearson chi-square or Fisher’s exact test. The 
level of significance was set at a p value of 0.05. All statistical analyses were performed 
using IBM SPSS Statistics software version 22 for Windows (SPSS, Inc., Chicago, IL, USA).
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TABLE 2: Histological scoring system for microvascular injury. 

Vascular component Injury score 1 Injury score 2 Injury score 3

Presence of endothelial cells Present Absent -

Pyknotic endothelial cells None Present N/A

Lifted endothelial cells None Present N/A

Swollen vessel wall a None Present -

Necrotic vessel wall None Present -

Inflammation b None Mild Moderate

A histological injury score, developed by the authors, to assess microvascular injury of endothelial cells lining the vasculature 
and the vessel walls of hepatic arteries, portal veins and central veins in hematoxylin and eosin stained liver biopsies. 
Endothelial cells were scored were scored on presence (1 point) or absence (2 points), and on indications of cell death (pyknosis 
or endothelial lifting) (2 points). Vessel wall was scored on presence of swelling and/or necrosis (2 points). Inflammation was 
scored categorically: none (1 point), mild (2 points) or moderate (3 points). Abbreviations: N/A, not applicable.
a Only applicable for hepatic artery branches.
b Not applicable for hepatic artery branches.

RESULTS

Donor characteristics
The comparison of donor characteristics between livers only preserved by SCS and 
livers that underwent two hours of additional HMP is shown in Table 1. Between groups 
there were no significant differences in donor variables with regard to age, type of 
donor graft, warm ischemia time (in case of DCD), type of preservation solution, and the 
Eurotransplant donor risk index (16).

Flow patterns
Arterial and portal flow increased during the first half hour of NMP and remained stable 
thereafter in both SCS alone and SCS + HMP livers. At the end of six hours viability testing, 
both portal and arterial flow were significantly higher in SCS + HMP livers compared to 
livers preserved by SCS alone, with a median portal flow of 883.5 (804.6–979.4) vs. 411.4 
(302.7–679.0) mL/ min/kg (p = 0.001) and a median arterial flow of 335.2 (182.8–462.5) 
vs. 121.9 (95.2–152.9) mL/min/kg (p = 0.032), respectively (Fig. 1c and d).

Presence of endothelial cells
In all liver biopsies, presence of endothelial lining of the microvasculature was confirmed 
by positive staining of CD31. Moreover, as both staining and mRNA content of the pan 
endothelial cell marker CD31 did not differ between groups, equal endothelial content 
in all biopsies was assumed (Fig. 1 and Table 4, respectively).
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TABLE 1: Comparison of Donor Characteristics of Livers Preserved Only with Static Cold Storage 
(SCS) or with SCS plus Hypothermic Machine Perfusion (SCS+HMP). 

Variables
SCS alone
n=12

SCS + HMP
n=6 p-value

Age (years) 61 (52-64) 64 (57-70) 0.21

Gender (male) 8 (67%) 3 (50%) 0.49

Type of donor liver 
DCD
DBD

9 (75%)
3 (25%)

6 (100%)
0 

0.18

Reasons of rejection for transplantation
DCD + age >60 years
DCD + high BMI  
DCD + high transaminases

5 (42%)
5 (42%)
2 (16%)

5 (84%)
1 (17%)
0

0.29

Type of preservation solution
UW solution
HTK solution

9 (75%)
3 (25%)

6 (100%)
0

0.18

Liver weight (kg) 2.11 (1.81-2.30) 1.83 (1.15-2.23) 0.29

Eurotransplant donor risk index 2.79 (2.24-3.21) 3.11 (2.77-3.39) 0.38

Cold ischemia time (hr:min)1 9:04 (7:01-11:14) 7:18 (6:10-8-32) 0.15

Total preservation time (hr:min)2 9:04 (7:01-11:14) 11:37 (10:01-12:25) 0.10

Data presented as median ± IQR for continuous variables or numbers (percentages) for categorical variables. Abbreviations: 
SCS, static cold storage; HMP, hypothermic machine perfusion; DCD, donation after circulatory death; DBD, donation after 
brain
death; BMI, body mass index; UW, University of Wisconsin; HTK, histidine–tryptophan ketoglutarate.
a Time between in situ cold flush out in the donor and start of machine perfusion (either HMP or NMP) of the liver.
b Time between in situ cold flush in the donor and start of NMP.

Changes in flow-regulated genes
Changes in gene expression of selected genes related to vascular function during 
NMPare depicted in Table 3. During 6 h ofNMP, gene expression of KLF2 expression 
increased 2-fold compared to baseline in both SCS alone and SCS + HMP livers, 2.43 
(1.01–2.97) p = 0.026 and 2.50 (1.08–7.23) p = 0.043, respectively. The increase in KLF2 
mRNA expression was not significantly higher in the SCS + HMP compared to the SCS 
alone group (p = 0.763). Interestingly, after 6 h of NMP, gene expression of TM was 6-fold 
higher in HMP preserved livers compared to livers only preserved via SCS, 12.75 (8.05–
31.03) vs. 2.18

(0.75–5.58), respectively (p = 0.016). Concomitantly, eNOS gene expression was 9-fold 
higher in HMP preserved livers compared to SCS alone livers, 28.05 (12.13–112.88) 
vs. 3.33 (0.32–7.17), respectively (p = 0.009). Gene expression of vasoconstrictor 
endothelin-1 (ET-1) was slightly higher in SCS alone livers 1.42 (0.51–2.81) compared to 
SCS + HMP livers 1.04 (0.57–2.40), but this difference was not statistically significant (p 
= 0.580).
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TABLE 3: Gene transcription of endothelial specific genes in liver parenchyma after 6 hours of 
viability testing (NMP) as a ratio relative to baseline.

SCS alone p-value SCS + HMP p-value
SCS alone vs. SCS+NMP
p-value

CD31 0.83 (0.34-1.33) 0.79 1.10 (0.75-1.33) 0.60 0.69

KLF2 2.43 (1.01-2.97) 0.026 2.50 (1.08-7.23) 0.043 0.76

TM 2.18 (0.75-5.58) 0.06 12.75 (8.05-31.03) 0.028 0.016

ENOS 3.33 (0.32-7.17) 0.11 28.05 (12.13-112.88) 0.028 0.009

ET-1 1.42 (0.51-2.81) 0.18 1.04 (0.57-2.40) 0.46 0.58

HIF-2α 0.82 (0.66-0.95) 0.09 3.10 (1.45-3.75) 0.028 0.003

VEGF-A 0.67 (0.57-0.97) 0.13 3.73 (1.82-5.68) 0.027 0.001

HO-1 1.65 (0.96-2.97) 0.016 2.67 (1.47-19.29) 0.028 0.32

During six hours of viability testing, gene expression of KLF2 and HO-1 significantly increased in the SCS alone group 
compared to baseline. In the SCS + HMP group, gene expression of KLF2, TM, eNOS, HIF-2a, VEGF-A and HO-1 increased 
significantly during six hours of viability testing compared to baseline. At the end of six hours of viability testing, gene 
expression of TM, eNOS, HIF-2a and VEGF-A were significantly higher in the SCS + HMP group compared to the SCS alone 
group. Data are presented as median ± IQR and as a ratio relative to baseline. Bold font indicates significance of *p < 0.05.
a SCS alone versus baseline.
b SCS + HMP versus baseline.

Changes in oxygen-regulated genes
Molecular changes of selected genes related to vascular oxygen levels are depicted in 
Table 3. During six hours of NMP, gene expression of HIF-2a increased 3-fold compared to 
baseline in livers first treated with two hours of HMP (3.10 [1.45–3.75], p = 0.028), but not 
in SCS alone livers (0.82 [0.66–0.95], p = 0.091). Concomitantly, VEGF-A gene expression 
increased 3-fold during NMP in HMP livers (3.73 [1.82–5.68], p = 0.027), but not in SCS 
alone livers (0.67 [0.57–0.97], p = 0.131). At the end of six hours of NMP, gene expression 
of both HIF-2a and VEGF-A were significantly higher in HMP treated livers compared to 
livers only preserved via SCS alone, p = 0.003 and p = 0.001, respectively. During NMP, 
gene expression of HO-1 increased in both SCS alone and SCS + HMP livers compared to 
baseline, 1.65 (0.96–2.97) p = 0.016 and 2.67 (1.47–19.29) 0.028, respectively. Although 
gene expression was slightly higher in SCS + HMP livers compared to SCS alone livers, 
this was not statistically significant (p = 0.315).

Endothelial cell function
Cumulative NO production during viability testing is presented in Fig. 1a. During six 
hours of NMP, a 2-fold increase of cumulative perfusate concentration of endothelial 
vasodilatator nitric oxide (in mmol/L) was observed in SCS + HMP livers compared to 
baseline (15.7 [12.8–19.0] vs. 37.3 [15.7–18.4]) (p = 0.028). In SCS alone livers, on the 
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other hand, an increase in cumulative nitric oxide production was not observed over 
the course of NMP (20.8 [15.9–29.1] vs. 22.7 [19.0–30.5]) (p = 0.182). At the end of six 
hours of NMP, total production of nitric oxide was significant higher in SCS + HMP livers 
compared to the SCS alone group (37.3 [15.7–18.4]) vs. 22.7 [19.0–30.5] (p = 0.027).

Integrity of the vascular endothelium
Concentration of sTM in the perfusate during viability testing is presented in Fig. 1b. 
Compared to baseline levels, sTM concentration (in pg/mL) significantly increased 
during six hours of NMP in both the SCS (2.6 [2.5–3.1] vs. 23.6 [11.9–54.3]) and SCS + 
HMP group (2.1 [2.0–2.2] vs. 8.1 [5.1–16.1]), p = 0.002 and p = 0.028, respectively. At the 
end of NMP, cumulative thrombomodulin increase was, however, nearly 3-fold higher 
in the SCS group compared to the SCS + HMP group (23.6 [11.9–54.3] vs. 8.1 [5.1–16.1]) 
(p = 0.032).

TABLE 4: Microvascular injury according to histological vascular injury score, both end-ischemic 
and the end of viability testing in both study groups. 

Type of vessel SCS alone SCS + HMP p-value 

End-ischemic injury score

Hepatic artery 6.6 (6.5-6.7) 6.3 (5.6-6.5) 0.07

Portal vein 7.2 (6.6-7.5) 6.6 (6.0-7.0) 0.09

Central vein 7.0 (6.2-7.4) 6.4 (6.1-7.3) 0.70

Bile duct (um) 30.3 (27.8-40.1) 37.2 (31.1-40.0) 0.78

Injury score at the end of viability testing

Hepatic artery 6.6 (6.3-7.0) 5.7 (5.5-6.2) 0.005

Portal vein 6.7 (6.5-7.4) 6.5 (6.2-6.8) 0.32

Central vein 6.5 (5.8-7.4) 6.3 (6.1-6.9) 1.00

Bile duct (um) 35.4 (31.0-36.7) 28.8 (27.0-33.8) 0.18

Total microvascular injury score based on Table 2. The end-ischemic injury score of all vessel branches did not differ between 
groups at baseline. After 6 h of viability testing, microvascular injury score was significantly lower in hepatic artery branches 
of HMP + SCS livers (p = 0.005). Diameter of the bile ducts in the portal triads was comparable between groups. Data are 
presented as median ± IQR. Bold font indicates significance of *p < 0.05.

Histological analysis of vascular injury
The size of the portal triads scored was comparable between groups, as the bile duct 
diameter (in mm) did not differ between biopsies of SCS alone and SCS + HMP livers 
taken both directly after SCS (30.3 [27.8–40.1] vs. 37.2 [31.1–40.0], respectively, p = 0.78) 
and after NMP (35.4 [31.0–36.7] vs. 28.8 [27.0–33.8], respectively, p = 0.18). As expected, 
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FIGURE 1: Vascular function, integrity and flow patterns during 6 hours of viability testing 
using normothermic machine perfusion (NMP). Vascular function, integrity and flow patterns 
during 6 h of viability testing using normothermic machine perfusion (NMP). Panel A: During 
NMP, total nitric oxide production significantly increased significantly in the SCS + HMP group 
(p = 0.028) but not in the SCS alone group. At the end of NMP, total nitric oxide production was 
significantly higher in the SCS + HMP group (p = 0.027) compared to the SCS group. Panel B: 
During NMP, thrombomodulin concentration increased in both SCS alone and SCS + HMP 
group, p = 0.002 and p = 0.028, respectively. Total thrombomodulin increase was significantly 
higher in the SCS alone group (p = 0.032). Panel C and D: During NMP, both portal and hepatic 
flows were significantly higher in livers first treated with HMP compared to control livers only 
preserved by SCS, p = 0.001 and p = 0.032, respectively. Data are presented as median and IQR. *p 
< 0.05. Panel E: Pan endothelial cell marker CD31 confirmed presence of endothelial lining of the 
microvasculature of all liver biopsies. Positive staining of CD31 antibody in liver biopsies of SCS 
alone (panels on the left) and SCS + HMP livers (panels on the right), both directly after SCS (upper 
panels) and at the end of NMP (lower panels). Dark brown indicates CD31 positive staining. Scale 
bar indicates 300 mm.
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directly after SCS, there were no differences in the histological vascular injury score of 
portal, arterial and central vein branches between the two groups (data not shown). 
After six hours of NMP, injury of the arterial branches was significantly lower in the SCS 
+ HMP group compared to the SCS alone group, injury score of 5.7 [5.5–6.2] vs. 6.3 [5.6–
6.5], respectively (p = 0.005). Differences in injury of both the portal and central vein 
branches were not observed between groups at the end of NMP.

DISCUSSION

End-ischemic oxygenated HMP is gaining increasing attention as a promising method 
of organ preservation compared to conventional SCS alone. Although the amount of 
evidence of pathophysiological mechanisms, explaining the beneficial effect of end-
ischemic HMP on liver parenchymal cells, is growing, the effect of HMP on the hepatic 
vascular endothelium remains largely unknown. In this study we report the effect of 
two hours of end-ischemic oxygenated HMP on endothelial cell function of ECD livers.

The main finding of this study was the improved endothelial function of livers which 
were additionally preserved via two hours of end-ischemic HMP. While a short period 
of only two hours of HMP might seem short to actually increase NO production upon 
reperfusion, these data demonstrate that NO production significantly increases during 
ex situ NMP of HMP livers, while this increase was not observed in SCS alone preserved 
livers. This explains, at least partially, why significantly higher flows in both the hepatic 
artery and portal vein of HMP livers were observed during NMP at all time-points, 
compared to the flows of the SCS alone preserved livers. The increased phosphorylation 
of eNOS via KLF2 might explain the increased NO production in HMP livers. Recent 
studies have demonstrated that lack of biomechanical stimuli occurring during cold 
preservation for transplantation markedly deteriorates LSEC protective phenotype by 
down regulating the expression of the transcription factor Kruppel-like Factor 2 (KLF2), 
which orchestrates the transcription of a variety of protective genes including the 
endothelial synthase of NO (eNOS) and the antithrombotic molecule thrombomodulin 
(2). 

We found that KLF2 expression at the end of six hours ex situ NMP is significantly 
increased compared to baseline in livers preserved via two hours of HMP in addition 
to the static cold preservation as well as in livers only preserved via SCS. Expression 
of cytoprotective genes downstream in the flow sensitive pathway, eNOS and TM, 
respectively were, however, only significantly higher in the HMP group compared to 
the SCS alone livers at the end of ex situ NMP. Previously, it has been demonstrated 
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that even 1 h end-ischemic non-oxygenated, pulsatile hypothermic machine perfusion 
is able to recondition donor kidneys grafts via up regulation of mechano-sensitive 
transcription factor KLF2 (27). Furthermore, our data suggest that after two hours of 
end-ischemic oxygenated HMP livers are more capable to withstand I/R injury, via 
upregulation of HIF-2a and subsequent VEGF-A upon normothermic reoxygenation. 
In donor kidneys, HIF-2a has a protective role against I/R injury via amelioration of 
oxidative stress (28). Moreover, in this study we found that HMP preconditioned livers 
are able to counterbalance oxidative stress via up regulation of HO-1 gene expression. 

A potential disadvantage of cold perfusion could be inadequate shear stress on, and 
therefore damage to, the hepatic endothelium (29). In this study, concentrations of TM 
in the perfusate, a marker of endothelial damage, were significantly higher at the end 
of NMP in the SCS alone group compared to the HMP livers. This suggests that vascular 
integrity was in fact better preserved in the HMP livers. An optimal perfusion pressure 
is a necessity for adequate perfusion of the graft without causing harm (30). Since flows 
were lower in the SCS alone livers at the beginning of NMP while the pressure settings 
were equal to those in the HMP group, the resistance in the microcirculation was higher 
and therefore the perfusion pressure might have been relatively too high in the SCS 
alone group. 

The debate about the best method of liver perfusion has been ongoing: single versus 
dual perfusion as well as continuous versus pulsatile flow (31). In this study, we perfused 
livers via a dual perfusion method with continuous flow via the portal vein and pulsatile 
flow via the hepatic artery. In previous studies, the shear stress regulatory effect of 
KLF2 has been shown to be flow pattern specific (32). In cultured human endothelial 
cells, pulsatile flow with significant forward direction increased KLF2 expression, 
while oscillatory flow with little forward direction did not (33). Interestingly, our study 
demonstrates better preservation of the arterial endothelial cell morphology of HMP 
livers compared to SCS alone livers. This advocates a beneficial effect of hepatic artery 
perfusion during end-ischemic oxygenated HMP.

Due to the ex vivo set up of this study, the impact of the improved endothelial function 
has yet to be investigated in vivo including actual transplantation and long-term follow 
up. Furthermore, all livers were included in this study in a consecutive fashion. Livers 
between were not matched. However, baseline characteristics do not differ substantially 
between groups.
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In conclusion, two hours of end-ischemic oxygenated HMP results in better endothelial 
cell function of ECD livers, when compared to SCS preservation alone, via up regulation 
of mechano-sensitive cytoprotective genes and results in better preservation of arterial 
endothelial cell morphology
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ABSTRACT

Background: Liver transplantation is frequently associated with hyperkalemia, 
especially after graft reperfusion. Dual hypothermic oxygenated machine perfusion 
(DHOPE) reduces ischemia/reperfusion injury and improves graft function, compared 
to conventional static cold storage (SCS). We examined the effect of DHOPE on ex situ 
and in vivo shifts of potassium and sodium.

Methods: Potassium and sodium shifts were derived from balance measurements in a 
preclinical study of livers that underwent DHOPE (n=6) or SCS alone (n=9), followed by 
ex situ normothermic reperfusion. Similar measurements were performed in a clinical 
study of DHOPE-preserved livers (n=10) and control livers that were transplanted after 
SCS only (n=9).

Results: During DHOPE, preclinical and clinical livers released a mean of 17±2 and 
34±6 mmol potassium and took up 25±9 and 24±14 mmol sodium, respectively. After 
subsequent normothermic reperfusion, DHOPE-preserved livers took up a mean of 
19±3 mmol potassium, while controls released 8±5 mmol potassium. During liver 
transplantation, blood potassium levels decreased upon reperfusion of DHOPE-
preserved livers while levels increased after reperfusion of SCS-preserved liver, delta 
potassium levels were -0.77±0.20 vs. +0.64 ± 0.37 mmol/L, respectively (P = 0.002).

Conclusion: While hyperkalemia is generally anticipated during transplantation of 
SCS-preserved livers, reperfusion of hypothermic machine perfused livers can lead to 
decreased blood potassium or even hypokalemia in the recipient.  
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INTRODUCTION  

Liver transplantation is frequently accompanied by acute hyperkalemia during 
reperfusion, which may lead to life-threatening arrhythmia. Several factors are known 
to contribute to hyperkalemia during liver transplantation, including the release of 
potassium rich preservation solution, cell lysis during graft reperfusion, metabolic 
acidosis, and massive transfusion of red blood cells (1-4). To counteract an anticipated 
acute rise of potassium after graft reperfusion, anesthesiologists may take preventive 
measures, such as the administration of glucose/insulin, bicarbonate, calcium or 
measures as hyperventilation (5,6). 

Recently, end-ischemic hypothermic (oxygenated) machine perfusion of donor livers has 
been introduced into clinical practice as a new method of organ preservation. Compared 
to SCS alone, additional graft preservation via hypothermic (oxygenated) machine 
perfusion reduces ischemia/reperfusion injury of liver grafts during transplantation 
(7-9). The perfusion fluid that is currently used in Europe and the US for hypothermic 
machine perfusion is Belzer’s University of Wisconsin (UW) machine perfusion solution. 
Compared to UW cold storage solution, UW machine perfusion solution contains more 
sodium (100 mmol/L vs 29 mmol/L) and less potassium (25 mmol/L vs 125 mmol/L), 
although this is still much higher than the potassium concentration in serum. In our first 
clinical series of dual hypothermic oxygenated machine perfusion (DHOPE) of donor 
livers we noted that, in contrast to SCS-preserved livers, in vivo graft reperfusion did 
not result in acute hyperkalemia and in fact was accompanied by hypokalemia in three 
out of ten recipients (9). Little is known about cation (potassium and sodium) shifts in 
the liver during ex situ machine perfusion or during reperfusion in the recipient. As ex 
situ machine perfusion involves a closed circuit, this allows a direct calculation of cation 
uptake (influx) or release (efflux) by the liver. 

The aim of the current study is to determine the effect of DHOPE on potassium and 
sodium shifts in human donor livers during machine perfusion and subsequent warm 
reperfusion in both a preclinical ex situ reperfusion model as well as in patients.

METHODS

Study design
This study consisted of two parts: a preclinical study (part A) using human liver grafts that 
were declined for transplantation and a clinical study (part B) of patients who received a 
DHOPE-preserved liver graft. In both the preclinical and clinical study, DHOPE-preserved 
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liver grafts were compared with livers that were preserved with SCS alone (controls). 
The anonymized data analysis in both sub-studies was performed in accordance with 
national guidelines and legislation. The preclinical study protocol was approved by the 
competent authority for organ donation in the Netherlands, the Dutch Transplantation 
Foundation (NTS) and by the medical ethical committee of our institution (University 
Medical Center Groningen, record METc protocol 2012.068). Ethical approval for the 
clinical study was obtained from the same medical ethical committee (record METc 
protocol 2014.100). In addition, the study protocol of the clinical study was published in 
an open access trial registry (www.trialregister.nl; trial ID NTR4493). 

Organ procurement
All livers were procured according to a standard protocol by regional organ procurement 
teams, using a rapid flush out with ice-cold UW cold storage solution (Bridge-to-Life, 
Ltd. Northbrook, IL) and subsequent SCS in the same fluid during transportation to our 
center. The potassium concentration of UW cold storage solution is 125 mmol/L, only 
slightly lower than the intracellular concentration (140 mmol/L) (10). This minimizes 
the passive release of intracellular potassium into the extracellular milieu during SCS 
(11,12). Likewise, the sodium concentration in UW cold storage solution is 29 mmol/L, 
only slightly above the intracellular concentration (10 mmol/L) (10), minimizing influx 
of sodium.

During the back table procedure, livers were prepared for either machine perfusion in 
the preclinical (Part A) and clinical study (Part B), or for direct transplantation (controls 
in clinical study). 

Dual hypothermic oxygenated machine perfusion (DHOPE)
DHOPE was performed with 3 to 4L of UW machine perfusion solution (potassium 
concentration 25 mmol/L and sodium concentration 100 mmol/L; Bridge-to-Life, Ltd. 
Northbrook, IL) using the Liver Assist device (Organ Assist, Groningen, The Netherlands) 
according to the manufacturer’s instructions. Before the start of DHOPE, livers were 
flushed during the back table procedure with 1L of UW machine perfusion solution 
to flush out UW cold storage solution. The perfusion fluid was oxygenated to obtain a 
pO2 of approximately 80 kPa. During DHOPE portal vein perfusion pressure was set at 4 
mmHg and mean arterial perfusion pressure at 25 mmHg. 

Part A. Preclinical study
The preclinical study consisted of a total of 15 human donor livers that were declined for 
transplantation and offered to our center for research after informed consent had been 
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obtained from the relatives of the donor. Livers were selected from a previous study 
based on the type of preservation fluid used during organ procurement (13). Only livers 
preserved in UW cold storage solution were included in the current study. Livers were 
divided into two groups: 6 livers underwent 2 hours of DHOPE prior to 6 hours of ex situ 
normothermic machine perfusion (NMP) to assess liver graft viability and function, and 
9 livers underwent 6 hours of NMP without prior perfusion with DHOPE. 

NMP was performed using the same Liver Assist device, using a solution based on 
packed red blood cells and plasma, as described previously (13-15). Prior to NMP, all 
livers were flushed with 1L cold NaCl 0.9% solution, followed by 500 mL warm NaCl 0.9% 
solution to flush out UW cold storage (control livers) or UW machine perfusion solution 
(DHOPE livers). Oxygenation resulted in a pO2 between 50 and 80k kPa. During NMP 
perfusion pressures were set at 11 mmHg for the portal vein and a mean of 70 mmHg 
for the hepatic artery. 

Part B. Clinical study
The clinical study included 10 patients undergoing liver transplantation, who received 
a liver that underwent 2 hours of DHOPE prior to implantation. Similar to the preclinical 
study, DHOPE was applied for 2 hours after conventional SCS. The control group 
consisted of 9 patients who underwent transplantation without DHOPE treatment of 
the liver. They were matched for recipient age (±5 years), donor warm ischemia time 
(±5 minutes), and MELD score (6-22 or ≥23). Livers were selected from a previously 
published clinical study (9). Only livers preserved in UW cold storage during the SCS 
phase were included. 

All liver grafts were implanted by using the piggy back technique without veno-venous 
bypass. Graft reperfusion was initiated by restoration of portal venous flow. To avoid 
hyperkalemia in the recipient, the first 400 mL of blood effluent from the liver was 
discarded before systemic venous return was established in both DHOPE and control 
livers. Subsequently the hepatic artery anastomosis was constructed and arterial blood 
flow to the liver was restored. 

Assessment of cation concentrations and shifts
During machine perfusion (either DHOPE or NMP), perfusate samples were collected 
at baseline (prior to connecting liver) and every 30 minutes thereafter. During 
transplantation, blood samples of the recipient were collected from a non-heparinized 
arterial line: 1) prior to the anhepatic phase (pre-anhepatic) and 2) during the anhepatic 
phase, and 3) after portal and 4) arterial reperfusion. Perfusate samples and blood 
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samples were immediately processed for determination of potassium and sodium 
concentrations, using an ABL 800 point-of-care blood-gas analyzer (Radiometer Medical 
ApS, Brønshøj, Denmark). Hypokalemia was defined as a potassium concentration 
<3.5 mmol/L and hyperkalemia as >5.0 mmol/L. All forms of potassium or sodium 
administration (e.g. potassium chloride or sodium bicarbonate solution) during machine 
perfusion or during the transplant procedure were recorded. 

The hepatic uptake (positive shift or influx) or release (negative shift or efflux) of 
potassium during ex situ machine perfusion was calculated according to the following 
formula:

Potassium shift (mmol) = ([K+]expected delta - [K+]observed delta) ∙ Vperfusion

where the expected delta in serum potassium concentration was defined as:

Expected delta (mmol/L) = K+
administered / Vperfusion

The observed rise or decrease in potassium concentration was defined as:

Observed delta (mmol/L) = [K+ ]n+1 - [K+ ]n 

Here n and n+1 denote two consecutive time points during machine perfusion and V 
stands for volume of the perfusion fluid. For calculating sodium shifts, similar formulae 
were used in which K+ was replaced by Na+.

Correlation between changes in cation levels and post-reperfusion 
markers of hepatic viability and injury
In the preclinical study, changes in cation levels upon ‘ex situ reperfusion’ (30 minutes 
after the start of NMP) were correlated with markers of hepatic viability (cellular ATP) 
and injury  (peak perfusate levels of ALT and lactate). In the clinical study, changes of 
cation levels upon graft reperfusion were correlated with post-operative peak levels of 
serum ALT and lactate, and prothrombin time (PT) on postoperative day 1.

Correlation between changes in cation levels and post-reperfusion 
syndrome
One of the more severe hemodynamic disturbances that can occur during liver 
transplantation is post-reperfusion syndrome (PRS). PRS is defined as a drop in 
mean arterial pressure (MAP) of >30% of baseline values within 5 minutes after graft 
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reperfusion that lasts for at least 1 minute (16). In the clinical study, changes in cation 
levels were correlated with changes in  MAP and noradrenaline requirement after graft 
reperfusion.

Statistical analysis
Continuous variables are presented as median with interquartile range (IQR), or as mean 
± standard error (SE) as appropriate. Categorical variables are presented as number and 
percentage. Group characteristics were compared between groups using the Mann-
Whitney U-test for continuous variables or the Chi-square test for categorical variables. 
Strength and direction of association between two variables were determined by 
calculating the Spearman’s correlation coefficient. Changes in cation levels were 
compared with a Student t-test. A P-value <.05 was considered significant. Statistical 
analyses were performed with SPSS 23.0 (IBM, Chicago, USA).

TABLE 1. Comparison of donor and preservation characteristics of livers in the preclinical study 
(Part A). 

DHOPE
(n=6)

Control
(n=9) p-value

Donor characteristics

Age (years) 64 (57-70) 62 (52-64) 0.29

Sex (male) 3 (50%) 6 (67%) 0.62

Type of donor 
DCD
DBD

6 (100%)
0

6 (67%)
3 (33%)

0.23

Cause of death
Cardiovascular
Post anoxic brain injury
Trauma

2 (33%)
2 (33%)
2 (33%)

1 (11%)
4 (44%)
4 (44%)

0.57

Reason rejected for transplantation
Age (DCD >60 year)
Expected steatosis
High transaminases
Unknown

5 (83%)
1 (17%)
0
0

4 (44%)
3 (33%)
1 (11%)
1 (11%)

0.35

Preservation characteristics

Cold ischemia time (min)a 489 (452-513) 509 (409-660) 0.72

Time from withdrawal of life support to cold flushb (min) 33 (26-53) 43 (38-79) 0.13

Time from circulatory arrest to cold flushc (min) 15 (13-23) 20 (16-23) 0.49

Data are presented as number (percentage) or median (interquartile range). Abbreviations used; DCD, donation after 
circulatory death; DBD, donation after brain death. aCold ischemia time was defined as the interval between start aortic cold 
flush in the donor until the start of NMP or DHOPE. bThe time interval between the discontinuation of mechanical ventilation 
and the start of aortic cold flush in the donor (international donor warm ischemia time). cThe time interval between cardiac 
arrest and the start of aortic cold flush in the donor.
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RESULTS

Part A. Preclinical study

Donor characteristics 
Donor and preservation characteristics are shown in Table 1. There were no significant 
differences between the two groups in donor characteristics such as donor age, type of 
donor or donor warm ischemia time (in case of donation after circulatory death [DCD]). 

Cation concentrations and shifts during end-ischemic DHOPE  
During the first 30 minutes of DHOPE, the mean perfusate potassium level increased 
from 26.6 ± 0.8 to 33.4 ± 1.9 mmol/L (P = 0.03) and levels remained stable thereafter 
(Figure 1). The total hepatic release of potassium during 2 hours of DHOPE was 17 ± 2 
mmol.

During the first 30 minutes of DHOPE, mean perfusate sodium level remained stable (102 
± 7 to 101 ± 6 mmol/L) (P = 0.91) but during the remainder of DHOPE levels decreased 
from 102 ± 7 to 94 ± 6 mmol/L (P = 0.06) (Figure 2). The total hepatic uptake of sodium 
during 2 hours of DHOPE was 25 ± 9 mmol.

Cation concentrations, shifts and potassium-related interventions during NMP
During NMP of the DHOPE-preserved livers, potassium levels in the perfusion fluid 
decreased during the first 30 minutes from 3.5 ± 0.3 to 1.2 ± 0.1 mmol/L (P = 0.001). In 
livers that underwent NMP without prior DHOPE (controls), potassium levels increased 
during the first 30 minutes from 4.6 ± 0.4 to 9.0 ± 1.8 mmol/L (P = 0.04). Both groups 
showed stable perfusate potassium concentrations during the remainder of the NMP 
(Figure 1). 

During NMP of DHOPE-preserved livers, a total hepatic uptake of 19 ± 3 mmol of 
potassium was noted. In control (SCS alone) livers, an opposite potassium shift was 
observed with a total hepatic release of 8 ± 5 mmol. All DHOPE-preserved livers required 
potassium supplementation during NMP to maintain potassium concentrations within 
an acceptable range, while in the control livers, only two (13%) needed potassium 
supplementation (P < 0.001).

During NMP of the DHOPE-preserved livers, no changes in sodium perfusate levels were 
observed in the first 30 minutes of NMP (151 ± 1 to 149 ± 1 mmol/L, respectively; P = 
0.78) and levels remained to be stable thereafter. In livers that underwent NMP without 
prior DHOPE (controls), sodium levels decreased during the first 30 min from 147 ± 3 to 
139 ± 3 mmol/L (P = 0.02). Both groups showed stable perfusate sodium concentrations 
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during the remainder of the NMP (Figure 2). During NMP of DHOPE-preserved livers, a 
total hepatic release of 7 ± 3 mmol of sodium was noted. In control (SCS alone) livers, an 
opposite sodium shift was noted with a total hepatic uptake of 23 ± 9  mmol of sodium.

FIGURE 1. Mean potassium levels in perfusion fluid during DHOPE and NMP of preclinical 
livers. At baseline (time point zero), samples of the perfusion fluid were taken before the liver 
was connected to the perfusion device (Liver Assist). Potassium levels increased significantly 
during the first 30 minutes of DHOPE (*P = .03) and stabilized thereafter. During ex situ NMP of 
DHOPE-preserved livers, potassium levels decreased significantly during the first 30 minutes (**P 
= .001) and stabilized thereafter. In contrast, during ex situ NMP of control livers, potassium levels 
increased significantly during the first 30 minutes (***P = .04) and stabilized thereafter. Note the 
different Y-scales for DHOPE and NMP.

Correlation between changes in cation levels and postreperfusion markers of hepatic 
viability and injury
After 2 hours of NMP, cellular ATP levels were significantly higher in DHOPE-preserved 
livers compared to control livers, 88 (50-137) µmol/g vs. 36 (21-57) µmol/g respectively 
(P = 0.03). The change in potassium levels upon ex situ reperfusion correlated negatively 
with ATP levels after 2 hours of NMP (P < 0.001). In other words, an increase in potassium 
levels upon ex situ reperfusion correlated with low ATP levels (Table 3). In contrast, 
changes in sodium levels correlated positively with ATP levels after 2 hours of NMP (P 
= 0.048). Moreover, high potassium levels upon ex situ reperfusion strongly predicted 
high peak ALT levels (P < 0.001) and peak lactate levels (P < 0.001) (Table 3).
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FIGURE 2. Mean sodium levels in perfusion fluid during DHOPE and NMP of preclinical 
livers. At baseline (time point zero), samples of the perfusion fluid were taken before the liver 
was connected to the perfusion device (Liver Assist). Sodium levels remained stable during the 
first 30 minutes of DHOPE, but levels significantly decreased thereafter (*P = .06). During ex situ 
NMP of DHOPE-preserved livers, no changes in sodium perfusate levels were observed in the first 
30 minutes of NMP and levels remained to be stable thereafter. In contrast, during ex situ NMP 
of control livers, sodium levels significantly decreased during the first 30 minutes (**P = .02) and 
stabilized thereafter. Note the different Y-scales for DHOPE and NMP.

TABLE 3. Correlation between changes in cation levels and post-reperfusion markers of hepatic 
viability and injury in the preclinical study. 

Reperfusion levels

D Potassium (mmol/L) D Sodium (mmol/L)

rs P value rs P value

Cellular ATP - 0.85 < 0.001 0.58 0.048

Peak ALT  0.81 < 0.001 -0.61 0.02

Peak lactate 0.92 < 0.001 -0.72 0.008

Both DHOPE and control livers were included in a bivariate analysis to correlate changes in potassium and sodium levels 
upon ‘ex situ reperfusion’ (30 minutes after the start of NMP) with levels of cellular energy marker ATP and perfusate peak 
levels of ALT and lactate. Data are presented as Spearman’s correlation coefficient (rs). Abbreviations used; ATP: adenosine 
triphosphate, ALT: alanine aminotransferase, NMP: normothermic machine perfusion.
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Part B. Clinical study

Patient and donor characteristics 
Patient, donor and surgical characteristics are shown in Table 2. There were no significant 
differences in baseline characteristics or surgical variables between the groups. Most 
importantly, preoperative serum potassium and sodium concentrations, as well as intra-
operative blood loss and transfusion of packed red blood cells did not differ between 
the two groups.

TABLE 2. Comparison of donor and recipient characteristics of transplanted livers (Part B).

DHOPE (n=10) Control (n=9) p-value

Donor characteristics

Age (years) 53 (47-57) 55 (50-57) 0.90

Sex (male) 5 (50%) 5 (57%) 0.46

Type of donor 
DCD
DBD

10 (100%)
0

9 (100%)
0

1.00

Cause of death
Cerebrovascular accident
Post anoxic brain injury
Trauma

3 (30%)
3 (30%)
4 (40%)

5 (56%)
2 (22%)
2 (22%)

0.73

Recipient characteristics

Age (years) 57 (54-62) 57 (53-62) 0.12

Sex (male) 6 (60%) 4 (44%) 1.00

MELD score 16 (15-22) 22 (17-25) 0.12

Preservation characteristics

Cold ischemia time (min)a 311 (282-357) 430 (424-487) <0.001

Time from withdrawal of life 
support to cold flush (min)b 

27 (23-43) 36 (29-55) 0.46

Time from circulatory arrest to cold flush (min)c 15 (13–17) 17 (15-19) 0.41

Surgical variables

Estimated blood loss (mL) 3,600 (1,763-4,875) 2,700 (2,200-6,600) 0.91

Preoperative serum [K+] (mmol/L) 4.3 (4.1-4.7) 3.9 (3.9-4.7) 0.78

Preoperative serum [Na+] (mmol/L) 137 (133-141) 137 (134-141) 0.28

RBC transfusion (unit) 3 (1.5-7.5) 3 (0.5-8.5) 0.86

Data are presented as median (interquartile range) or numbers (percentages). Abbreviations used; DCD: donation after 
circulatory death, DBD: donation after brain death, MELD score: Model for End-Stage Liver Disease score, RBC: Red Blood 
Cell. aCold ischemia time was defined as the interval between start of aortic cold flush until start of DHOPE or in-vivo graft 
reperfusion. bThe time interval between the discontinuation of mechanical ventilation and the start of aortic cold flush in the 
donor (international donor warm ischemia time). cThe time interval between cardiac arrest and the start of aortic cold flush 
in the donor.
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Cation concentrations and shifts during end-ischemic DHOPE
During the first 30 minutes of DHOPE, the potassium perfusate level increased from 25.2 
± 0.6 to 33.8 ± 2.3 mmol/L (P = 0.003), and levels remained stable thereafter (Figure 3). 
The total hepatic potassium release during 2 hours of DHOPE was 34 ± 6 mmol.

During the first 30 minutes of DHOPE, sodium levels slightly decreased from 107 ± 3 
to 103 ± 2, yet this decrease did not reached significance (P = 0.22), and sodium levels 
remained stable thereafter (Figure 4). However, despite absence of a significant drop in 
sodium levels, the total (calculated) hepatic sodium uptake during 2 hours of DHOPE 
was still 24 ± 14 mmol. 

FIGURE 3. Mean potassium levels in perfusion fluid during DHOPE and in recipient blood 
samples during subsequent orthotopic liver transplantation (OLT). At baseline (time point 
zero), samples of the perfusion fluid were taken before the liver was connected to the perfusion 
device (Liver Assist). Potassium levels in the perfusion fluid increased significantly during the 
first 30 minutes of DHOPE (*P < .001), and stabilized thereafter. During OLT of DHOPE-preserved 
livers, blood potassium levels decreased significantly after reperfusion (**P = .003). Moreover, at 
the time of graft reperfusion, blood potassium levels were significantly lower in DHOPE patients 
when compared to potassium levels at that time point in control patients (***P = .03). Note the 
different Y-scales for DHOPE and NMP.
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Cation concentrations during in vivo reperfusion and potassium-related interventions
After in vivo graft reperfusion, blood potassium levels decreased from 4.7 ± 0.2 to 3.9 ± 
0.3 mmol/L (P = 0.003) in recipients of a DHOPE-preserved liver. In recipients of a control 
(SCS alone) liver, blood potassium levels increased from 4.4 ± 0.1 to 5.0 ± 0.4 mmol/L (P 
= 0.15; Figure 3). During OLT, three (30%) recipients of a DHOPE-preserved liver required  
potassium supplementation, while no such supplementation was given to recipients of 
a control liver (P = 0.12). 

After in vivo graft reperfusion, blood sodium levels slightly increased in recipients of 
a DHOPE-treated liver (135 ± 1 to 137 ± 1 mmol/L, P = 0.04), whereas levels slightly 
decreased in control (SCS alone) recipients from 138 ± 2 to 137 ± 2 mmol/L, yet this did 
this did not reached significance (P = 0.23; Figure 4).

FIGURE 4. Mean sodium levels in perfusion fluid during DHOPE and in recipient blood 
samples during subsequent orthotopic liver transplantation (OLT). At baseline (time point 
zero), samples of the perfusion fluid were taken before the liver was connected to the perfusion 
device (Liver Assist). Sodium levels in the perfusion fluid slightly decreased, during the first 30 
minutes of DHOPE as well as during the remainder of DHOPE, yet not significantly. During OLT 
of DHOPE-preserved livers, blood sodium levels increased significantly after reperfusion (*P = 
.04). During OLT of control livers, blood sodium levels slightly decreased after reperfusion, yet not 
significantly. Note the different Y-scales for DHOPE and NMP.
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Correlation between changes in cation levels and post-reperfusion markers of hepatic 
viability and injury 
Increased potassium levels (mmol/L) upon portal reperfusion significantly correlated 
with higher peak serum ALT levels after transplantation (P = 0.001). There was no 
significant correlation between post-reperfusion serum potassium levels and lactate 
levels and post-operative prothrombin times (Table 4).

TABLE 4. Correlation between changes in cation levels and post-reperfusion syndrome. 

Reperfusion levels

D Potassium (mmol/L) D Sodium (mmol/L)

rs P value rs P value

Peak ALT 0.74 0.001 -0.38 0.11

Peak lactate 0.29 0.27 -0.27 0.26

PT (POD 1) 0.34 0.18 -0.24 0.33

D MAP -0.23 0.40 0.25 0.33

D Noradrenaline dose 0.62 0.01 -0.62 0.008

Both DHOPE and control livers were included in a bivariate analysis to correlate changes potassium and sodium levels upon 
graft reperfusion with peak levels of ALT and lactate ), and the PT value on postoperative day 1. Changes in cation levels 
were also correlated with changes in mean arterial pressure (D MAP) and changes in noradrenaline dose (D noradrenaline 
dose) upon reperfusion. Data are presented as Spearman’s correlation coefficient (rs). Abbreviations used; ALT: alanine 
aminotransferase, MAP: mean arterial pressure, PT: prothrombin time.

Correlation between changes in cation levels and post-reperfusion syndrome
In vivo reperfusion of DHOPE-preseved livers or control livers, resulted in minimal 
changes in median MAP (Figure 5). Post-reperfusion syndrome occurred in 0 out of 10 
patients in the DHOPE group and in 1 out of 7 in the control group (P = 0.44). Changes in 
MAP upon reperfusion did not correlated with changes in potassium and sodium levels 
(Table 4). Unfortunately, recordings of the MAP and noradrenaline dose around the time 
of reperfusion were missing in 2 (out of 9) patients in the control group.

During in vivo reperfusion of DHOPE-preserved livers, median noradrenaline 
requirement increased from 0.16 (0.14-0.29) mg/kg/min to 0.24 (0.23-0.48) mg/kg/min 
(P = 0.02). In controls, median noradrenaline requirement increased from 0.14 (0.14-
0.29) (mg/kg/min) to 0.27 (0.23-0.38) (mg/kg/min)  upon reperfusion, although did this 
not reach significance (P = 0.08) (Figure 5). Interestingly, increased potassium levels 
and decreased sodium levels upon reperfusion significantly correlated with increased 
noradrenaline requirement (Table 4).
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FIGURE 5. Changes in intraoperative hemodynamics upon reperfusion. No significant 
changes in mean arterial pressure (MAP) were noted after reperfusion of both DHOPE and control 
livers (Panel A) while noradrenaline requirements increased in both groups (Panel B). Increased 
noradrenaline dose upon reperfusion significantly correlated with increased potassium levels  
(Panel C) and decreased sodium levels (Panel D); P = .01 and P = 0.008, respectively. 
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FIGURE 6. Overview of potassium and sodium shifts during organ preservation and 
subsequent warm reperfusion. This cartoon summarizes cation shifts during hypothermic 
machine perfusion in both preclinical and clinical livers, and during subsequent warm 
reperfusion in the preclinical study. During static cold storage (SCS), donor livers were preserved 
in a high potassium and low sodium preservation solution, containing 125 mmol/L potassium 
and 29 mmol/L sodium. During warm reperfusion of SCS-preserved livers, a mean total hepatic 
potassium release of 8 mmol and a mean total hepatic sodium uptake of 23 mmol was observed. 
During hypothermic oxygenated machine perfusion, a mean total hepatic potassium release of 
17 mmol in the preclinical and 34 mmol in the clinical study was noted. Simultaneously, a total 
hepatic sodium uptake of 25 mmol was noted during hypothermic machine perfusion in the 
preclinical study and of 24 mmol in the clinical study. Opposite cation shifts were observed during 
subsequent warm reperfusion of liver grafts. During reperfusion of DHOPE-preserved livers, a 
total hepatic potassium uptake of 19 mmol and a total hepatic sodium release of 7 mmol was 
noted, whereas reperfusion of a SCS-preserved livers was associated with a total hepatic release 
of 8 mmol potassium and a total hepatic uptake of 23 mmol of sodium. These differences in cation 
shifts explains the risk of a post-reperfusion systemic hyperkalemia in recipients of a conventional 
SCS-preserved liver and a decrease in blood potassium levels in recipients of a DHOPE-preserved 
liver. Abbreviations used; UW: University of Wisconsin, SCS solution: static cold storage solution, 
MP solution: machine perfusion solution.
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DISCUSSION

In contrast to transplantation of conventional, SCS-preserved livers, which is accompanied 
by a risk of acute hyperkalemia, transplantation of livers that underwent hypothermic 
oxygenated machine perfusion was associated with a decrease in recipient blood 
potassium levels after graft reperfusion. These findings have clinical consequences for 
the perioperative management of liver transplant recipients as anesthesiologists and 
surgeons should anticipate a possible need for potassium administration to maintain 
normokalemia upon graft reperfusion of a liver graft that underwent hypothermic 
oxygenated machine perfusion.

To our knowledge, this is the first study in which potassium and sodium shifts after 
reperfusion of DHOPE-preserved livers were examined. We observed hepatic potassium 
release during DHOPE and hepatic potassium uptake after warm reperfusion of DHOPE-
preserved livers. Hepatic uptake of potassium upon warm reperfusion occurred both 
ex situ during NMP and in vivo during transplantation. In contrast, control livers that 
underwent only conventional SCS showed potassium release during warm reperfusion. 
Hepatic cation shifts during DHOPE and subsequent warm reperfusion or during SCS 
and warm reperfusion are summarized in Figure 6.

Physiologically, the liver serves as a buffer for enteral potassium loads. Cellular potassium 
uptake requires active transport by the ATP-dependent Na+/K+-ATPase (4,17). Low 
temperatures (8-12 degrees Celsius) during DHOPE are likely to impair optimal function 
of Na+/K+-ATPase, thereby facilitating passive potassium release (18). The total mean 
hepatic release of potassium during DHOPE varied from 17 mmol in preclinical livers 
to 34 mmol clinical livers (Figure 5). Also, as a consequence of impaired Na+/K+-ATPase 
during DHOPE, the total mean hepatic sodium uptake was 25 to 29 mmol in preclinical 
and clinical livers, respectively. Moreover, in line with previously published data, cellular 
ATP levels were significantly higher in DHOPE preserved livers compared to controls 
upon ex situ reperfusion (13). Furthermore, this study showed that high ATP levels upon 
reperfusion significantly correlated with decreased potassium. This underlines the 
potential role of the ATP dependent hepatic potassium uptake in DHOPE-preserved 
livers. Moreover, in both our preclinical and clinical study, increased potassium levels 
correlated with high peak ALT levels upon reperfusion. In other words, a decrease in 
potassium levels upon reperfusion might therefore be an interesting ‘early prediction’ 
marker of good liver function. However, futures studies are necessary to confirm this. 

A decrease in blood potassium levels, as observed after reperfusion of DHOPE-
preserved liver grafts, is a remarkable and otherwise rarely observed phenomenon 
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in patients undergoing liver transplantation. One previous study reported a slight 
decrease in potassium levels after reperfusion of UW-preserved liver grafts compared to 
histidine-tryptophan-ketoglutarate solution in adult living donor liver transplantations 
(19). It must be noted that, due to logistical differences between post-mortal and 
living donor liver transplantations, cold ischemia times (mean 66 minutes) in this study 
were substantially shorter than cold ischemia times in our study groups. In pediatric 
liver transplantation, hypokalemia after graft reperfusion is more commonly seen. The 
underlying mechanism has yet to be elucidated (20). Both living donor and pediatric 
liver transplant procedures can, however, not be compared with our patient group. 

The first clinical series of oxygenated hypothermic machine perfusion did not report 
potassium or sodium concentrations (21). However, Guarrera, et al. published the first 
clinical series of transplantation of non-oxygenated hypothermic machine perfused 
(HMP) liver grafts (7). These authors used a perfusion solution with the same potassium 
content as Belzer-UW machine perfusion solution (25 mmol/L). Changes in potassium 
levels during the first 30 minutes of HMP were not reported, but potassium levels were 
stable at approximately 30 mmol/L during the remainder of HMP. This level of potassium 
is comparable to the potassium levels in the perfusion fluid during DHOPE in our 
preclinical and clinical studies. Altogether, this suggests that similar shifts in potassium 
have occurred in the liver machine perfusions described by Guarrera, et al, although the 
authors have not specifically noted this in their publication (7).

While DHOPE and NMP constitute closed systems that are well suited to measure cation 
shifts, this was not possible during reperfusion in vivo. Nevertheless, the preclinical and 
clinical studies collectively point into the same direction and provide an explanation for 
the observed decrease in blood potassium levels in recipients of a DHOPE-preserved 
liver.

As hypothermic oxygenated machine perfusion, e.g. DHOPE and HOPE, are entering the 
clinical arena as a method to reduce ischemia-reperfusion injury in liver transplantation, 
it is of utmost importance that transplant anesthesiologists anticipate a decrease rather 
than an increase in blood potassium concentration after graft reperfusion. Current pre-
emptive anti-hyperkalemic measures, such as the use of glucose/insulin and sodium 
bicarbonate, might aggravate the decrease in blood potassium concentrations after 
reperfusion of DHOPE-preserved livers. In our study, potassium supplementation was 
required more frequently during transplantation of a DHOPE-preserved liver, compared 
to transplantation of a conventional SCS preserved liver. Modified perioperative 
management is thus appropriate during transplantation of a liver that underwent 
hypothermic oxygenated machine perfusion. 
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Another clinical challenge that anesthesiologists may encounter during graft 
reperfusion is hemodynamic instability. While the exact pathophysiology of this post-
reperfusion syndrome (PRS) is not clearly understood, it has been correlated with high 
potassium levels and increased ischemia-reperfusion injury (22). In this study we did 
not observe PRS in the DHOPE group. In the control group, 1 out of 7 (14%) patients 
demonstrated PRS, which is in the lower range of the reported incidence of PRS during 
OLT (varying between 12% and 77%) (23). In our study, median MAPs remained stable 
in both groups with adequate increases of the noradrenaline dose. We did, however, 
observe that increase noradrenaline requirements upon reperfusion correlated with 
increased potassium levels and decreased sodium levels. It has to be noted that data on 
MAP and inotropic doses were not complete in 2 out of 9 control patients.

The decrease instead of increase in blood potassium concentration after reperfusion 
of a DHOPE-preserved liver graft may actually be helpful in patients with concomitant 
renal insufficiency. Many patients with end-stage liver disease also have some degree of 
renal failure, making them more prone for difficult to control hyperkalemia. The increase 
in blood potassium concentrations after reperfusion of a SCS-preserved liver graft may 
cause cardiovascular instability due to arrhythmias in these patients and this problem 
should be less frequent after reperfusion of a DHOPE-preserved liver. 

In conclusion, while hyperkalemia is generally anticipated during transplantation of a 
SCS-preserved liver, reperfusion of a DHOPE-preserved liver is associated with potassium 
uptake by the liver, which can lead to a decrease in blood potassium concentrations or 
even hypokalemia. Anesthesiologists and surgical teams should be prepared for this 
opposite shift in potassium during transplantation.
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ABSTRACT

Background: Normothermic machine perfusion (NMP) enables viability assessment 
of donor livers prior to transplantation. NMP is frequently performed by using human 
blood products including red blood cells (RBCs) and fresh frozen plasma (FFP). Our aim 
was to examine the efficacy of a novel machine perfusion solution based on polymerized 
bovine hemoglobin-based oxygen carrier (HBOC)-201. 

Methods: Twenty-four livers declined for transplantation were transported by using 
static cold storage. Upon arrival, livers underwent NMP for 6 hours using pressure-
controlled portal and arterial perfusion. A total of 12 livers were perfused using a 
solution based on RBCs and FFPs (historical cohort), 6 livers with HBOC-201 and FFPs, 
and another 6 livers with HBOC-201 and gelofusine, a gelatin-based colloid solution. 

Results: Compared with RBC + FFP perfused livers, livers perfused with HBOC-201 
had significantly higher hepatic adenosine triphosphate content, cumulative bile 
production, and portal and arterial flows. Biliary secretion of bicarbonate, bilirubin, 
bile salts, and phospholipids was similar in all 3 groups. The alanine aminotransferase 
concentration in perfusate was lower in the HBOC-201–perfused groups. 

Conclusion: In conclusion, NMP of human donor livers can be performed effectively 
using HBOC-201 and gelofusine, eliminating the need for human blood products. 
Perfusing livers with HBOC-201 is at least similar to perfusion with RBCs and FFP. Some 
of the biomarkers of liver function and injury even suggest a possible superiority of an 
HBOC-201–based perfusion solution and opens a perspective for further optimization 
of machine perfusion techniques.
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INTRODUCTION

Liver transplantation is the only curative treatment option for end-stage liver disease. 
Unfortunately, a global discrepancy exists between the availability and need for human 
donor livers, resulting in substantial waiting list mortality (1). Over the past decades, 
machine perfusion has been gaining interest as a promising tool for expanding the 
human donor liver pool (2).

Normothermic machine perfusion (NMP) is a technique whereby human donor 
livers are perfused ex situ at 37°C. This technique can be used for the entire period of 
preservation, as is currently being evaluated in a clinical trial by Friend et al. in Oxford (3), 
and for viability assessment of the organ prior to transplantation (4-6). In this manner, 
only well-functioning organs are transplanted, including those that initially may have 
been declined for transplantation. Furthermore, NMP has the potential to allow for the 
resuscitation of donor livers.

NMP is generally performed using a perfusion solution based on packed red blood 
cells (3,7-9). The NMP perfusion solution requires an adequate oxygen carrier to deliver 
oxygen throughout the organ, as well as physiological osmolarity and oncotic pressure. 
Previous NMP perfusions at our center were performed using matched packed red 
blood cells (RBCs) and fresh frozen plasma (FFP) obtained from the blood bank, with the 
addition of nutrients and antibiotics (7). Other centers have performed NMP with RBCs 
and Gelofusine (3,8) or Steen solution (9), and one previous study has also performed 
NMP using HBOC-201 and Gelofusine (10).

The use of human blood products is expensive and logistically challenging due to their 
short preservation time and need for matching. Furthermore, human blood products 
are scarce, and carry the risk of transmitting blood borne infections. For these ethical, 
financial, and logistical reasons it would be favorable to avoid the use of RBCs and 
FFPs for NMP. Consequently, the aim of the current study was to design a perfusion 
solution for NMP that circumvents the use of human blood products. We did this by 
replacing RBCs with HBOC-201 (Hemopure®, HbO2 Therapeutics LCC), a bovine-derived 
free hemoglobin oxygen carrier, and FFPs with Gelofusine, a widely used commercially 
available colloid solution.
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MATERIALS & METHODS

Organ Procurement
The present study was performed at the University Medical Center Groningen, the 
Netherlands and was approved by the Medical Ethical Committee of the institute. 
Between July 2012 and July 2015, twenty-four human donor livers that were declined 
for transplantation were included after consent for research had been obtained from 
relatives. All donor livers were procured using the standard technique of in situ cooling 
and flush out with ice-cold preservation solution (University of Wisconsin [UW] or 
histidine-tryptophan-ketoglutarate [HTK] solution, in line with the national organ 
procurement protocol), as has previously been described (11). Livers were packed in 
ice-cold preservation solution (UW or HTK), stored on ice and transported to our center. 
Upon arrival, an experienced liver surgeon performed the back table preparation and 
cannulated the portal vein, supratruncal aorta and bile duct for machine perfusion. 
Meanwhile, the machine perfusion device was set up and primed and machine perfusion 
was commenced as soon as possible.

Study Groups
Twelve donor livers were perfused with RBCs and FFPs (RBC + FFP group). Subsequently, 
6 livers were perfused with HBOC-201 and FFPs (HBOC-201 + FFP group) and lastly, 6 
livers were perfused with HBOC-201 and Gelofusine (HBOC-201 + Gelofusine group).

Oxygen Carrier HBOC-201
The HBOC-201 oxygen carrier solution contains polymerized hemoglobin, which is much 
smaller than a human erythrocyte, is less viscous than RBCs and has the ability to release 
oxygen more easily than human hemoglobin (12). This gives it the ability to perfuse 
tissues more deeply and oxygenate more remote regions (12). Due to the extraction 
and purification process, potential contaminants including plasma proteins, endotoxins, 
bacteria, viruses and the prions responsible for bovine spongiform encephalopathy 
and variant Creutzfeld-Jakob disease are removed, resulting in a sterile, pyrogen-free 
solution (13). The in vivo half-life of HBOC-201 is about 20 hours (13). A downside to the 
use of HBOC-201 is the potential formation of methemoglobin (metHb), however the 
small amount of HBOC-201 that would reach the recipient in a transplantation setting 
is minimal as the perfusion solution would be washed out prior to transplantation (13). 
Lastly, HBOC-201 cannot be spun down and therefore renders the perfusate colored 
red, which may interfere with spectrophotometric analyses (14).
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Machine Perfusion Solution
The perfusion solutions of the three study groups were based on three main 
components: 1) an oxygen carrier, provided by either 3 units of RBCs or 4 units of HBOC-
201 (Hemopure®, HbO2 Therapeutics LCC, PA), both with a total of 120 g Hb,  2) a colloid 
solution, consisting of either 3 units of FFPs supplemented with 100mL 20% human 
albumin or 500 mL 4% Gelofusine® (B Braun, Melsungen, Germany) supplemented with 
250 mL 20% human albumin and 3) additional supplements containing nutrients, trace 
elements, antibiotics, vitamins, insulin and heparin as described previously (7). The total 
volume of perfusion solution was similar in all three groups and around 2200 mL. All 
blood products were supplied by Sanquin, the Dutch blood bank, and were not expired. 
In each perfusion solution, the colloid oncotic pressure and osmolarity were targeted 
to reach physiological levels. Prior to connecting the liver, the pH of the perfusion fluid 
was optimized.

Normothermic Machine Perfusion
The Liver Assist (Organ Assist, Groningen, the Netherlands) machine perfusion device 
was used. It simulates the physiological environment by providing pressure-controlled 
pulsatile flow to the hepatic artery and continuous flow to the portal vein and gravitational 
outflow through the vena cava. The hepatic artery and portal vein perfusion circuits are 
each comprised of a rotary perfusion pump, a membrane oxygenator with integrated 
heat exchanger and flow and pressure sensors.

The perfusion solution was maintained at 37°C and NMP was performed for 6 hours. 
Pressures were set at a mean of 70 mmHg (systolic and diastolic pressures ±20%) on 
the arterial and 11 mmHg on the portal side. Perfusion fluid was oxygenated using a 
total of 4 L/min (95% oxygen and 5% carbon dioxide) through the two oxygenators. 
Before NMP and every 30 minutes during NMP, samples of the arterial and venous 
perfusion fluid, as well as bile samples, were taken for analysis of blood gas parameters 
(pH, pO2, pCO2. sO2, HCO3

-, lactate, glucose and metHb) using an ABL800 FLEX or ABL90 
FLEX analyzer (Radiometer, Brønhøj, Denmark). If needed, sodium bicarbonate (8.4% 
solution) was added to maintain a pH within the physiological range of 7.35-7.45, as 
described previously (7,15). Liver parenchyma wedge biopsies were taken before and 
every 2 hours during NMP, stored in formalin and embedded in paraffin or snap frozen 
in liquid nitrogen and stored at -80ºC. Bile produced by the liver was collected and 
measured every 30 minutes and stored at -80ºC. Perfusion fluid samples were collected 
every half hour and stored at -80ºC (after 5 min centrifugation at 2700 rpm at 4ºC).
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Assessment of Hepatobiliary Function and Injury
Adenosine-5’- triphosphate (ATP) in liver parenchyma biopsies was determined as 
described previously (4). To calculate the peak oxygen extraction, the difference 
between arterial and venous oxygen content was calculated and corrected for the flow. 
The following formula was used to calculate the oxygen content:

Oxygen content = (pO2 * K) + (sO2 * Hb * c)
where pO2 is the partial pressure of oxygen in kPa, K a constant (0.0225), sO2 the oxygen 
saturation expressed as a fraction (where 1.00 is 100% saturation), Hb the hemoglobin 
concentration in g/dL and c the oxygen binding capacity of hemoglobin (1.39 for human 
Hb; 1.26 for HBOC-201). Total bilirubin concentration in bile was determined using a 
competitive ELISA kit (Human Total Bilirubin ELISA kit, #MBS756198, MyBioSource, Inc., 
San Diego, CA, USA) utilizing a monoclonal anti-TBB antibody and a TBB-HRP conjugate 
as indicated by the manufacturer. Samples were applied undiluted. Color intensity was 
measured spectrophotometrically at 450nm using VersaMax ELISA microplate reader 
and SoftMax Pro 5.4, and concentrations were calculated.

Total bile salt concentrations in bile were determined by adding 250 µL trisbuffer 
and 50 µL of the reagent 3α-hydroxysteroid dehydrogenase (H1506-50UN, Sigma-
Aldrich) and resazurine (Acros Organics) to 10 µL (diluted 1:100) of each sample (16). 
Fluorescence was measured using a Perkin Elmer Wallac 1420 Victor3 microplate reader 
and concentrations were calculated.

Phospholipid concentrations in bile were determined by adding 150 µL of reagent out of 
a commercially available Phospholipids kit (Refnr. 15741 9910 930, Diagnostic systems, 
GmbH, Holzheim, Germany) to 10 µL (diluted 1:9) of each sample. Color intensity was 
measured spectrophotometrically at a wavelength of 570 nm (VersaMax Molecular 
devices) in SoftMax Pro 5.4 and concentrations were calculated. In order to calculate 
the biliary secretion of bicarbonate, bilirubin, total bile salts, and phospholipids, their 
concentrations were multiplied by the volume of bile produced, corrected for the 
weight of the liver.

After centrifugation, perfusate samples were 10x diluted and analyzed for alanine 
aminotransferase (ALT) using routine diagnostic laboratory procedures. As HBOC-
201 hemoglobin is freely suspended in solution and cannot be spun down, ALT 
concentrations in the HBOC-201 groups were corrected for the 20% hematocrit present 
in the RBC + FFP group by multiplying ALT values in the HBOC-201 groups by 1.25 (1 / 
0.80 = 1.25).
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Paraffin-embedded slides of liver biopsies were prepared for hematoxylin and eosin 
(H&E) staining and semi-quantitatively assessed using the Suzuki liver injury scoring 
system (17). All liver slides were examined in a blinded fashion by an expert liver 
pathologist (ASHG).

Statistics
Continuous variables are presented as median with interquartile range (IQR); categorical 
variables as absolute numbers. Continuous variables were compared between groups 
by calculating the area under the curve (AUC) when indicated and the Kruskal-Wallis H or 
Mann-Whitney U test with Bonferroni correction. Categorical variables were compared 
with the Fisher’s exact test. The level of significance was set at a p-value <0.05. All 
statistical analyses were performed using SPSS software version 22.0 for Windows (IBM 
SPSS, Inc., Chicago, IL, USA) and Microsoft Excel 2010 for Windows.

RESULTS

Donor Liver Characteristics
Table 1 shows the donor liver characteristics in the three study groups. There were no 
significant differences in donor liver characteristics between the groups. Of note, in the 
RBC + FFP group 5 livers were discarded due to expected steatosis, yet only 2 of these 
turned out to have microscopic steatosis of more than 30%.

FIGURE 1. Photographs of donor livers during NMP. Panel A: NMP using a perfusion fluid 
based on RBC + FFP. Panel B: NMP using a perfusion fluid based on HBOC-201 + Gelofusine. The 
supratruncal hepatic artery (large arrow), portal vein (arrowhead) and bile duct (thin arrow) are 
cannulated. Note the darker color of the HBOC-201 perfusion solution.
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TABLE 1. Donor Liver Characteristics. 

RBC + FFP
(n=12)

HBOC-201 + FFP
(n=6)

HBOC-201 + 
Gelofusine
(n=6) p-value

Age (years) 61 (53 - 63) 54 (39 -67) 65 (63 - 66) 0.22

Gender 0.43

Male 8 4 3

Female 4 2 3

BMI 27 (25 - 35) 19 (17 - 29) 25 (24 - 28) 0.19

Type of donor 1.00

DCD 9 5 5

DBD 3 1 1

Warm ischemia timea (min) 35 (24 - 39) 31 (25 - 37) 39 (28 - 45) 0.56

Cold ischemia timeb (hrs) 9.1 (7.2 - 10.2) 7.6 (7.1 - 8.6) 8.0 (7.1 - 8.4) 0.38

Donor risk indexc 2.8 (2.4 - 3.2) 2.7 (2.0 - 3.2) 3.0 (2.6 - 3.2) 0.86

Cause of death 0.19

Anoxia 5 4 2

CVA 1 2 2

Trauma 6 0 2

Reason for discarding 0.17

Expected steatosis 5d 0 1

DCD and age > 60 5 2 4

High AST/ALT/GGT 1 3 0

Othere 1 1 1

Preservation solution 0.39

HTK 3 0 0

UW 9 6 6

Continuous variables are presented as median and interquartile range, categorical variables as 
absolute numbers. DCD: donation after circulatory death; DBD: donation after brain death; CVA: 
cerebrovascular accident; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: 
gamma-glutamyl transferase; HTK: histidine-tryptophan-ketoglutarate solution; UW: University 
of Wisconsin solution. a Time between withdrawal of life support until the aortic cold flush in the 
donor (DCD only). b Time between the donor aortic cold flush until the start of normothermic 
machine perfusion. c Donor risk index was calculated according to Braat et al. 2012 (25). d Only 2 of 
these 5 livers turned out to have microscopic steatosis >30%. e RBC + FFP group: unknown; HBOC-
201 + FFP group: DCD in combination with 26 min between cardiac arrest and aortic cold flush; 
HBOC-201 + Gelofusine group: DCD age 57 in combination with out-of-hospital cardiac arrest.
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Normothermic Machine Perfusion
Figure 1 shows photographs of NMP using RBC + FFP (Figure 1A) and HBOC-201 + 
Gelofusine (Figure 1B). The color of HBOC-201 is darker than that of human blood. 
During one HBOC-201 + FFP perfusion, there was blood present in the bile and this liver 
was consequently excluded for biliary analyses, as this would result in the recording of 
falsely elevated bile production. The fraction of metHb during NMP reached maximally 
0.02% in the RBC + FFP group, 0.2% in the HBOC-201 + FFP group and 0.3% in the HBOC-
201 + Gelofusine group (healthy human adults range <1%).

Hemodynamics
As shown in Figure 2A, the portal vein flow increased during the first hour of NMP and 
thereafter remained stable in all three groups. In both HBOC-201 groups, the portal flow 
was significantly higher at each time point compared to the RBC + FFP group, reaching 
a median [IQR] of 848 [663 – 1393] mL/min/kg liver weight in the RBC + FFP group, 
1890 [1530 – 2173] in the HBOC-201 + FFP, and 1830 [1713 – 2030] in the HBOC-201 + 
Gelofusine group at 6 hours of NMP.
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FIGURE 2. Portal vein, hepatic artery and total flow during NMP. Panel A: The portal vein flow 
during NMP was significantly higher at each time point after the first hour in both HBOC-201 
groups compared to the RBC + FFP group. Panel B: The hepatic artery flow was significantly higher 
after the first two hours of NMP in the HBOC-201 + FFP group compared to the RBC + FFP group. 
Panel C: The total (portal vein + hepatic artery) flow during NMP remains significantly higher at 
nearly each time point after the first hour in both HBOC-201 groups compared to the RBC + FFP 
group. There were no significant differences in hepatic or portal vein flow in between the two 
HBOC-201 groups. * significant difference between RBC + FFP and HBOC-201 + FFP; † significant 
difference between RBC + FFP and HBOC-201 + Gelofusine. Median values and interquartile 
ranges are shown.
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The hepatic artery flow was higher after the first two hours of NMP in both HBOC-201 
groups compared to the RBC + FFP group, reaching a median [IQR] of 273 [231 – 327] 
mL/min/kg liver weight in the RBC + FFP group, 742 [480 – 867] in the HBOC-201 + FFP, 
and 533 [187 – 741] in the HBOC-201 + Gelofusine group at 6 hours NMP. The arterial 
flow remained stable in the RBC + FFP group, continued to increase in the HBOC-201 + 
FFP group, and declined slightly after 3 hours of NMP for unknown reasons in the HBOC-
201 + Gelofusine group (Figure 2B). The total flow (portal + arterial), however, remained 
stable in all three groups. This is in line with the fact that the portal vein and hepatic 
artery compete for blood flow (Figure 2C). There were no significant differences in either 
portal or arterial flow between the two HBOC-201 groups. Furthermore, there were no 
significant differences in resistance between the three groups (data not shown).

ATP Content in Liver Parenchyma
The median ATP content in liver parenchyma was higher in both HBOC-201 groups at 
each time point during NMP compared to the RBC + FFP group, reaching significance at 
two time points (Figure 3A). At 6 hours NMP, the median [IQR] ATP content was 24 [14 – 
51] µmol/g protein in the RBC + FFP group, 50 [35 – 59] in the HBOC-201 + FFP group, 
and 79 [50 – 103] in the HBOC-201 + Gelofusine group. Furthermore, the ATP content 
in the HBOC-201 + Gelofusine group was higher at each time point compared to the 
HBOC-201 + FFP group, however this did not reach significance.

The normal value of ATP content in healthy livers using our assay is around 60 µmol/g 
protein, implying that physiological ATP levels were reached during NMP with HBOC-
201.

Peak Oxygen Extraction
The peak oxygen extraction was higher in the HBOC-201 perfused groups, however 
this did not reach statistical significance. The median [IQR] peak oxygen extraction was 
0.0014 [0.0010 – 0.0022] mL O2/min/g liver in the RBC + FFP group, 0.0023 [0.0020 – 
0.0024] in the HBOC-201 + FFP group, and 0.0024 [0.0022 – 0.0033] in the HBOC-201 + 
Gelofusine group.

Bile Production
After the second hour of NMP, the cumulative bile production was significantly higher 
in the HBOC-201 groups compared to the RBC + FFP group, reaching a median [IQR] of 
8.2 [6.1 – 17.7] mL/kg liver weight in the RBC + FFP group, 27.3 [26.6 – 31.2] in the HBOC-
201 + FFP group, and 29.0 [25.6 – 39.4] in the HBOC-201 + Gelofusine group (p=0.04 and 
p=0.03 respectively) at 6 hours of NMP (Figure 3B). There were no significant differences 
between the two HBOC-201 groups.
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FIGURE 3. ATP content in liver parenchyma, cumulative bile production and cumulative 
biliary secretion of bicarbonate, bilirubin, bile salts and phospholipids during 6 hours 
of NMP. Panel A:  The hepatic ATP content was highest in the HBOC-201 + Gelofusine group, 
followed by the HBOC-201 + FFP group, and lastly the RBC + FFP group at each time point. Panel 
B: Cumulative bile production during NMP was significantly higher at each time point in both 
HBOC-201 groups compared to the RBC + FFP group, after the second hour of NMP. Panel C: The 
cumulative secretion of bicarbonate, bilirubin, bile salts and phospholipids in bile during 6 hours 
of NMP were not significantly different between the three study groups. * significant difference 
between RBC + FFP and HBOC-201 + FFP; † significant difference between RBC + FFP and HBOC-
201 + Gelofusine. Median values and interquartile ranges are shown.

Biliary Composition
The biliary secretion of bicarbonate (marker for cholangiocyte function), bile salts, 
phospholipids and bilirubin (markers for hepatic function) were not significantly 
different between the three groups (Figure 3C).
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Lactate and Glucose in the Perfusion Fluid
As shown in Figure 4A, the lactate concentration during NMP declined more quickly 
in the HBOC-201 groups compared to the RBC + FFP group, with an approximately 
two-fold higher median lactate concentration at 2 hours NMP in the RBC + FFP group 
compared to the HBOC-201 perfused groups (median [IQR] of 6.7 [4.1 – 10.0] mmol/L 
in the RBC + FFP group, 3.6 [1.8 – 10.3] in the HBOC-201 + FFP and 2.6 [0.5 – 6.0] in 
the HBOC-201 + Gelofusine group at 2 hours NMP). Although the differences did 
not reach significance, these data suggest that the HBOC-201 perfused livers have a 
more adequate aerobic metabolism than the RBC + FFP perfused livers. The glucose 
concentration also normalized more rapidly in the HBOC-201 perfused livers compared 
to the RBC + FFP  perfused livers (Figure 4B). 
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FIGURE 4. Lactate and glucose concentrations in perfusion fluid during NMP. Panel A: The 
perfusate lactate concentration declined more quickly in the HBOC-201 groups compared to the 
RBC + FFP group, with an approximately two-fold higher median lactate concentration at 2 hours 
NMP in the RBC + FFP group compared to the HBOC-201 perfused groups. There were, however, 
no significant differences in perfusate lactate concentrations between the three groups. Panel B: 
Although glucose concentration during NMP normalized more quickly in the HBOC-201 groups 
compared to the RBC + FFP group, this did not reach statistical significance. Median values and 
interquartile ranges are shown. 

Buffering Capacity 
The amount of bicarbonate that needed to be added to the perfusion system was 
not statistically different between the three groups. The median [IQR] volume of 8.4% 
sodium bicarbonate added during NMP was 20 [3 – 44] mL in the RBC + FFP group, 
10 mL [10 – 10] in the HBOC-201 + FFP group, and 25 [10 – 40] in the HBOC-201 + 
Gelofusine group.
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ALT Concentration in the Perfusation Fluid
The concentration of ALT in perfusate during NMP was higher in the RBC + FFP group 
compared to both HBOC-201 groups during NMP, nearly reaching significance at 4 
hours of NMP (both p=0.07) and at 6 hours of NMP between the RBC + FFP and HBOC-
201 + FFP group (p=0.06) (Figure 5). The median [IQR] ALT concentration at 6 hours NMP 
was 5817 [2957 – 14023] IU/L in the RBC + FFP group, 2550 [942 – 5562] in the HBOC-201 
+ FFP group, and 2418 [1968 – 3768] in the HBOC-201 + Gelofusine group.
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FIGURE 5. Alanine aminotransferase (ALT) concentration in perfusion fluid during NMP. The 
ALT concentration is higher in the RBC + FFP group compared to both HBOC-201 groups during 
NMP, nearly reaching significance at 4 hours of NMP (both p=0.07) and at 6 hours of NMP between 
the RBC + FFP and HBOC-201 + FFP group (p=0.06). Median values and interquartile ranges are 
shown.

Histological Analysis of Liver Injury
The amount of histological injury of liver parenchyma was not significantly different 
between the three groups before or after  NMP. The median [IQR] total Suzuki injury 
score was 2.0 [1.0 – 3.0] before and 3.0 [2.0 – 4.3] after NMP in the RBC + FFP group; 1.0 
[1.0 – 1.0] before and 2.0 [2.0 – 2.0] after NMP in the HBOC-201 + FFP group; and 1.5 
[1.0 – 2.0] before and 2.5 [ 1.3 – 4.5] after NMP in the HBOC-201 + Gelofusine group. 
The main factor contributing to the total injury score was the degree of necrosis, with 
a median increase of 1.0 point in each group, as is shown in representative H&E stained 
liver sections in Figure 6.
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FIGURE 6. Histological liver injury. Representative H&E stainings of liver biopsies prior to and 
after 6 hours NMP in each study group. There were no significant differences in the degree of liver 
injury between the three study groups before or after NMP. Arrowheads indicate necrotic cells. 
Slide a: liver section of an RBC + FFP liver prior to NMP; slide b: liver section of the same RBC + FFP 
liver after 6 hours NMP; slide c: liver section of an HBOC-201 + FFP liver prior to NMP; slide d: liver 
section of the same HBOC-201 + FFP liver after 6 hours NMP; slide e: liver section of an HBOC-201 
+ Gelofusine liver prior to NMP; and slide f: liver section of the same HBOC-201 + Gelofusine liver 
after 6 hours NMP. CV: central vein; PT: portal triad.

DISCUSSION

Machine perfusion is revolutionizing the field of organ transplantation and, as it is 
rapidly making its way into the clinic, is responsible for increases in the quality and 
quantity of liver transplants. Finding an alternative to using scarce, expensive and 
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logistically complex human blood products for NMP is an important step in making NMP 
more widely applicable and accessible. In this study, we have shown that 1) NMP can 
be effectively performed without the use of human blood products by replacing RBCs 
with HBOC-201, a polymerized bovine hemoglobin, and FFPs by Gelofusine, a widely 
available colloid solution, and 2) that perfusion with HBOC-201 may even be superior, 
as shown by improved function (increased hepatic ATP content, bile production and 
glucose and lactate metabolism) and lower injury markers (ALT).

After having performed perfusions with RBCs and FFPs, we first replaced RBCs with 
HBOC-201 and kept FFPs, and subsequently also replaced FFPs with Gelofusine. The 
ATP content in liver parenchyma was continuously higher in both HBOC-201 groups 
compared to the RBC + FFP group. Previous research has shown that during static cold 
storage, hepatic ATP levels are depleted and these levels can be restored during machine 
perfusion (11,18). Livers with higher ATP levels show significantly better outcomes after 
transplantation, as has been validated in several animal and clinical studies (19-21), 
holding great promise for future clinical perfusion with HBOC-201.

A possible explanation for the higher ATP content in liver parenchyma in the HBOC-
201 perfused livers lies in the properties of HBOC-201. The HBOC-201 molecule has 
a lower affinity for oxygen than human hemoglobin with a dissociation curve that is 
shifted to the right, causing HBOC-201 to give off oxygen more readily (12). In addition, 
HBOC-201 solution is less viscous and contains free hemoglobin, which is much smaller 
than erythrocytes, thereby allowing it to penetrate more deeply into the tissue (12). 
These properties might explain the higher ATP content in HBOC-201 perfused livers 
compared to RBC perfused livers. The peak oxygen extraction also appeared higher in 
the HBOC-201 perfused groups than in the RBC + FFP group, although this did not reach 
significance.

Bile production is an ATP-dependent process. In line with this, the cumulative bile 
production was also significantly higher in both HBOC-201 groups compared to the 
RBC + FFP group. According to the “viability criteria” described by Sutton et al., 7 out of 
12 livers in the RBC + FFP group, 4 out of 5 in the HBOC-201 + FFP group, and 6 out of 6 
livers in the HBOC-201 + Gelofusine group would have potentially been transplantable 
(4). Similarly, bile production is a transplantation criterion established in a clinically 
validated group of livers described by the Birmingham group (22).

The amount of bicarbonate, bile salts, phospholipids, and bilirubin secreted into bile 
was, however, not significantly different between the three groups. Bile flow is mainly 
driven by the secretion of bile salts, but a significant part is also driven by bile salt-
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independent factors (23). It could be possible that the secretion of other molecules, 
such as HBOC-201 or derivatives thereof, are hypercholeretic and thereby cause higher 
bile flow with an altered bile composition. 

Both the lactate and glucose concentrations in perfusion fluid declined more rapidly in 
the HBOC-201 perfused livers compared to the RBC + FFP perfused livers, though this 
did not reach significance. This may indicate that the HBOC-201 perfused livers were 
able to metabolize lactate and glucose better, reflecting better restoration of aerobic 
metabolism.

The HBOC-201 perfused livers consistently showed significantly higher flows through 
the portal vein compared to the RBC + FFP perfused livers. Flow through the hepatic 
artery was also consistently higher in the HBOC-201 perfused groups, reaching 
significance between the RBC + FFP and HBOC-201 + Gelofusine groups. The increased 
flow is likely a result of the aforementioned lower viscosity of HBOC-201 compared to 
human blood.

Interestingly, the concentration of the liver injury marker, ALT, in perfusion fluid was 
consistently lower in the HBOC-201 groups compared to the RBC + FFP group, nearly 
reaching significance. This difference cannot be explained by the pre-existing conditions 
of the liver grafts as there were no significant differences in donor parameters between 
the three groups. In fact, the DRI was even slightly higher in the HBOC-201 + Gelofusine 
group. In both HBOC-201 perfused groups, the ALT concentration in perfusion fluid 
nearly plateaued during NMP, whereas in the RBC + FFP group, it continued to rise. This 
suggests that less injury occurs to the liver graft during HBOC-201 perfusion compared 
to perfusion with human erythrocytes. However, the amount of histological injury seen 
in the liver parenchyma was similar in the three study groups.

Two other studies have reported the use of HBOC-201 in a machine perfusion setting. 
In the first study, subnormothermic (21ºC) machine perfusion was compared to static 
cold storage using pig donor livers. The investigators noted significantly higher survival, 
superior graft function and bile production after liver transplantation in the machine 
perfused group, compared to static cold stored livers (24). The second study compared 
NMP using RBCs with HBOC-201 and reported similar flows, lactate clearance and 
histological findings. They also reported significantly higher oxygen extraction in the 
HBOC-201 perfused group (10). The results of these studies are in line with the results of 
our study and indicate that machine perfusion with HBOC-201 is equal or even superior 
for the function and quality of liver grafts.
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Limitations of this study are relatively small samples sizes in the HBOC-201 study groups, 
lack of transplant validation and the fact that the livers in the different study groups 
were not randomized but instead perfusions of the three study groups were performed 
consecutively.

In conclusion, NMP can be performed without the use of RBCs and FFPs by replacing 
them with HBOC-201 and Gelofusine, respectively. This reduces the costs and logistical 
complexity of NMP and avoids the use of scarce human blood products, which carry 
the potential to transmit blood-borne infections. The current study indicates that 
perfusing livers with HBOC-201 may even be superior to perfusing with human blood, 
as demonstrated by improved liver function and reduced injury. Altogether, this 
suggests that NMP with HBOC-201 and Gelofusine is a favorable method and opens a 
perspective for further optimization of machine perfusion techniques. Future studies 
are needed to assess the safety of performing NMP with HBOC-201 and Gelofusine in a 
clinical transplantation setting. For this reason, a clinical trial has recently been initiated 
at our center (Dutch Trial Register www.trialregister.nl, nr. NTR5972).
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ABSTRACT

Background: Hemoglobin-based oxygen carriers (HBOCs) have been gaining increasing 
attention as a promising substitutes for packed red blood cells (RBC). However, 
concerns have been raised about the effect of HBOCs on endothelial cell function 
and its potential nitric oxide (NO) scavenging properties. The aim of this study was to 
examine of polymerized bovine HBOC-201 on liver endothelial cell function during ex 
situ normothermic machine perfusion (NMP) of donor livers.

Methods: Twenty-four livers, declined for transplantation, were transported to our 
center using static cold storage (SCS). After SCS, all livers underwent 6 hours of NMP with 
a perfusion solution either based on RBC + fresh frozen plasma (FFP) (n=12), HBOC-201 
+ FFP (n=6) or HBOC-201 + Gelofusine (n=6). Hemodynamics and vascular resistance 
were recorded over the course of perfusion. Endothelial cell function and injury were 
assessed by cumulative NO production and release of transmembrane glycoprotein 
thrombomodulin (TM) into the perfusate.

Results: After 6 hours of NMP, both portal and arterial flows were significantly higher 
in both HBOC-201 groups compared to RBC livers, P =.0007 and P = .02 respectively. 
Interestingly, after 6 hours of NMP, cumulative NO production was comparable at the 
end of NMP (P = .32). At the end of NMP, cumulative TM levels were significantly higher 
in RBC compared to HBOC-201 livers (P = .04). 

Conclusion: Contradictory to current believes, this study shows that ex situ NMP with a 
HBOC-201 based perfusion results in better vascular flows and comparable endothelial 
cell function compared to controls.
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INTRODUCTION

The global shortage of donor organs viable for transplantation pushes the utilization 
of suboptimal donor grafts. Whilst the current method of static cold storage (SCS) has 
been proven insufficient to maintain viability of these ‘extended criteria donor’ (ECD) 
grafts (1), the development of alternative methods of organ preservation is full swing. 

Normothermic machine perfusion (NMP) is a novel technique whereby human donor 
livers are perfused ex situ at physiological temperature (37 degrees Celsius). During NMP, 
adequate tissue perfusion and optimal oxygen delivery is of utmost importance as the 
liver is functioning at full metabolic pace. NMP is therefore generally performed using 
a perfusion solution based on human erythrocytes (2–5). However, financial and ethical 
burdens as well logistical challenges in using human packed red blood cells (RBCs), have 
driven researchers to investigate the use of red blood cell substitutes (6). Recently, our 
research group has published a paper on NMP of donor liver circumventing the need of 
human blood products by using an acellular hemoglobin-based oxygen carrier (HBOC) 
(7).

HBOC-201 (HbO2 Therapeutics) is a cell-free polymerized bovine hemoglobin-based 
oxygen carrier. Unlike human blood, HBOC-201 does not require ABO cross-matching and 
it can be stored at room temperature for as long as 3 years (8). Moreover, in comparison 
to native blood, the affinity of HBOC-201 to unload oxygen in peripheral tissues is higher, 
oxygen P50 of 40(±6) mmHg versus 27 mmHg, while the viscosity of HBOC-201 is lower 
(only 1.3 centipoise, which is about a third of blood) (9). All in all, HBOC-201 may behold 
many advantages over stored blood in certain circumstances. However, concerns have 
been raised about the application of HBOCs in humans after serious hemodynamic 
complications have been observed during treatment of hemorrhagic shock in clinical 
trials (10). The substantial increase in mean arterial pressure (MAP) observed in HBOC 
treated patients was thought to be the result of arteriolar vasoconstriction caused by 
‘nitric oxide scavenging’ by hemoglobin (Hb) molecules. 

Nitric oxide (NO) is a potent endothelial-derived vasodilator that modulates vascular 
tone by activating soluble guanylyl cyclase (sGC) in smooth muscle cells surrounding 
the vasculature (11). Paradoxically to its working side, NO is rapidly scavenged by 
Hb molecules. The major way whereby Hb destroys NO activity is known as the 
dioxygenation reaction; NO reacts with oxygenated hemoglobin to form to form ferric 
Hb (methemoglobin) and nitrate. 
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The ‘nitric oxide (NO) scavenging’ theory suggests that cell-free hemoglobin 
extravasates into or across the vascular wall and binds to NO produced by endothelial 
cells (12). Furthermore, NO scavenging is thought to be limited in RBC based solution by 
the so called ‘cell-free zone’ phenomenon. In small capillaries, red blood cells are subject 
to migration to the capillary center in Poiseuille flow creating proximity between the Hb 
molecules (in the center) and the NO working side (at the vessel wall) (13). 

The aim of this study was to examine the effect polymerized bovine HBOC-201 on liver 
endothelial cell function during ex situ normothermic machine perfusion of donor livers.

METHODS

Study Design
This study is designed as an experimental substudy of a project previously published 
by Matton et al. (7), performed at the University Medical Center Groningen. The study 
protocol was approved by the medical ethical committee of our institute and the Dutch 
Transplantation Foundation (NTS), the competent authority for organ donation in the 
Netherlands.

Organ Donation
In the period from July 2012 until July 2015, a total of 24 human livers that were declined 
for transplantation, were included in this study after informed consent was obtained 
from the donor’s relatives. All livers were procured by regional multi-organ procurement 
teams using in situ cooling with ice and aortic flush out with an ice-cold preservation 
solution (University of Wisconsin [UW] or histidine–tryptophan–ketoglutarate solution 
[HTK]). Organs were shipped to our institute in a box on ice. Upon arrival, a standard 
back-table procedure was performed and the portal vein, supratruncal aorta (for hepatic 
artery perfusion) and bile duct were all cannulated.

Study Groups
In this study, we compared the use of three different perfusion solution protocols. Twelve 
livers were perfused with perfusion solution mixture based on HBOC-201 (Hemopure, 
HbO2, Therapeutics LLC), of which 6 were enriched with fresh frozen plasma (FFP) and 
6 livers with gelofusine (B Braun, Melsungen, Germany), the HBOC-201+FFP and HBOC-
201+Gelofusine group respectively. As controls, we used a historical control group of 12 
livers that were perfused with a perfusion solution based on packed red blood cells and 
FFP (RBC+FFP group; controls).
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Machine Perfusion Solution 
The total volume of the perfusion solution was approximately 2200 mL in all study 
groups. The total Hb content was similar between the groups (120 grams in total; circa 
55 g/L), provided by either 3 units of RBCs or 4 units of HBOC-20. Moreover, oncotic 
pressure was similar between groups, provided by either 100 mL of 20% human 
albumin (RBC + FFP and HBOC-201 + FFP) or 500 mL 4% gelofusin with 250 mL 20% 
human albumin (HBOC-201 + Gelofusine). All livers received additional supplements 
containing nutrients, trace elements, antibiotics, vitamins, insulin, and heparin as 
described previously (3).

Normothermic Machine Perfusion
We used the Liver Assist ® (Organ Assist, Groningen, the Netherlands) machine perfusion 
system for 6 hours normothermic machine perfusion (NMP) of the livers, as previously 
described (7). Briefly, livers were perfused in a pressure-controlled fashion with a 
pulsatile flow through the hepatic artery, a continuous flow via the portal vein and a 
free outflow of through the inferior vena cava. Prior to connecting the livers to machine, 
the device was primed with the perfusion solution and set at 37 degrees Celsius 
(temperature controlled ±0.5 degrees Celsius). The portal and arterial pressure were 
set at 11 mmHg and 70 mmHg (systolic and diastolic pressures ±20%). Two membrane 
oxygenators ensured continuous oxygenation of the perfusion fluid, using a total of 4 
L/min (95% oxygen and 5% carbon dioxide). Perfusion solution samples were taken 30 
minutes prior to the start of NMP and every 30 minutes thereafter. Liver parenchyma 
wedge biopsies were taken before and every 2 hours during NMP. Biopsies were either 
stored in formalin and paraffin embedded for histological analysis, or snap-frozen in 
liquid nitrogen and subsequently stored in a -80 degrees Celsius freezer.

Gene Expression of Endothelial Proteins
Gene expression of endothelial proteins related to flow- and oxygen-regulation were 
determined in liver biopsies. Total RNA content was extracted from snap-frozen liver 
biopsies using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA) according to 
manufacturer’s instructions. Equal amounts of RNA, determined with a NanoDrop ND–
1000 UV–Vis Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA), were 
converted to cDNA using M-MLV Reverse Transcriptase (Invitrogen, Basel, Switzerland). 
Sense and antisense primers for qualitative real-time detection were designed using 
Primer Express ® software (version 2.0, Applied Biosystems). The ABI Prism 6900HT 
Sequence Detection System (Applied Biosystems) was used for DNA amplification and 
detection. Relative mRNA expression was normalized to the expression of GAPDH. All 
primer sequences are summarized in Table 2.
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TABLE 2. All genes with sense and antisense primer sequences.

Gene Sense Antisense

GAPDH ACCCACTCCTCCACCTTTGA CATACCAGGAAATGAGCTTGACAA

CD31 GACCTCGCCCTCCACAAA CGTGTCTTCAGGTTGGTATTTCAC

KLF-2 GCAAGACCTACACCAAGAGTTCG TCCCAGTTGCAGTGGTAGGG

TM TGATTCCCTCCCGAACAGTT ACTCTACCGGGCTGTCTGTACTCT

ENOS TGTATGGATGAGTATGACGTGGTGT TGCAAAGCTCTCTCCATTCTCC

ET-1 AACCATCTTCACTGGCTTCCAT TTTCTGCTGAGAGGTCCATTGTC

HIF-2a AGCTATGTGACTCGGATGGTCTTT TGCATGAATTCCCGTCTAAACC

VEGF-A CCTGGGACTCGCCCTCA CAGAACTAGTGGTTTCAATGGTGTG

Abbreviations used: GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase, CD31: cluster of differentiation 31, KLF-2: Krüppel-
like Factor 2, TM: thrombomodulin, ENOS: endothelial nitric oxide synthase, ET-1: endothelin 1, HIF-2a: hypoxia-inducible 
factor 2 alpha, VEGF-A: vascular endothelial growth factor A.

Assessment of Nitric Oxide Levels
Nitric oxide has a very short extracellular half-life; only in the millisecond range in the 
presence of Hb molecules (14). Total nitric oxide levels were therefore calculated by 
measurement of its stable oxidation products nitrate and nitrate. To determine nitrate 
concentration in the perfusate samples, endogenous nitrite was subtracted from the 
total nitrate value. We used a total nitric oxide and nitrate/nitrite parameter assay kit 
(R&D systems, Minneapolis, MN) to quantify nitrate and nitrite in the samples. However, 
prior to use of the kit, all samples (including the RBC group) were filtered with a 100 kDa 
filter (Amicon Ultra-0.5, Ultracel-100 Membrane, Millipore, Burlington, MA). This step 
was necessary to remove the reddish colour from the HBOC-201 samples that would 
otherwise interfere with the read out (excitation wave length 360 nm and emission 430 
nm) of the spectrophotometric analyser (Molecular devices, San Jose, CA). Nota bene, 
the molecular weight of HBOC-201 is 250 kDa (according to manufacturer) and the 
molecular weight of nitrate and nitrite is 62 kDa and 46 kDa respectively (15,16).

Assessment of Endothelial Integrity
During endothelial injury, the extracellular part of the transmembrane glycoprotein 
thrombomodulin (TM) can be shed into the extracellular fluid. In this study we measured 
concentrations of thrombomodulin in the perfusion solution, as a marker of decreased 
vascular integrity. A solid phase sandwich enzyme-linked immunosorbent assay (ELISA) 
kit, human thrombomodulin/BDCA-3 (DY3947) (R&D systems, Minneapolis, MN), was 
used to determine concentrations of TM in all samples. ELISA was performed according 
to manufacturer’s instructions.
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Histological analysis of endothelial injury of microvascularture
Paraffin embedded liver parenchyma biopsies were sectioned and slides were prepared 
for hematoxylin and eosin (H&E) staining. H&E slides, of biopsies prior to and after NMP, 
were scored for the intrahepatic degree of endothelial injury of the microvasculature 
in a blinded fashion by two researchers (LCB and FVM), with a previously described 
scoring system (17). In short, portal and arterial branches of 10 portal triads as 
well as 10 central vein branches were scored per slide on microscopic injury to the 
endothelial cells, with a minimum score of 5 points and a maximum injury score of 12 
points. Furthermore, additional slides were prepared for CD34 staining. The antibody 
against CD34 (DAKO, Glostrup, Denmark) was applied in the dilution of 1:20 in an 
automated immunoperoxidase staining system (Roche Ventana Medical Systems, Basel, 
Switzerland). All chemicals applied during this staining process were purchased from 
Roche Ventana Medical Systems. All steps were performed according to manufacturer’s 
guidelines. 

Statistical Analysis
Continuous variables are presented as median and interquartile range (IQR); categorial 
variables as absolute numbers with percentages. Comparison of unpaired continuous 
data was performed using the Kruksal-Wallis test and paired continuous variables were 
compared using the Wilcoxon test. Categorical data were compared using the Fisher’s 
exact test. The level of significance was set at a P-value of <.05. All statistical analyses 
were performed using IBM SPSS Statistics software version 22 for Windows (SPSS, Inc., 
Chicago, IL, USA).

RESULTS

Donor and liver characteristics
The comparison of donor liver characteristics between all groups is shown in Table 1. 
There were no significant differences between the groups with regard to donor age, 
type of donor graft, warm ischemia time (in the case of DCD), preservation solution or 
donor risk index.
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TABLE 1. Comparison of liver donor characteristics in all study groups. 

Variables RBC + FFP
HBOC-201
+ FFP

HBOC-201
+ Gelofusine P value

Number of livers included 12 6 6

Age (yrs) 61 (53-63) 54 (39-67) 65 (63-66) .22

Sex (male) 8 (67%) 4 (67%) 3 (50%) .43

BMI (kg/m2) 27 (25-35) 19 (17-29) 25 (24-28) .19

Type of donor 1.00

DCD 9 5 5

DBD 3 1 1

Reasons for discarding for transplantation .19

DCD and age >60 yrs 5 2 4

Expected steatosis 5 0 1

High liver transaminases 1 3 0

Othera 1 1 1

Type of preservation solution .39

UW solution 9 6 6

HTK solution 3 0 0

Warm ischemia time (min)b 35 (24-39) 31 (25-37) 39 (28-45) .56

Cold ischemia time (hr)c 9.1 (7.2-10.2) 7.6 (7.1-8.6) 8.0 (7.1-8.4) .38

Donor risk indexd 2.8 (2.4-3.2) 2.7 (2.0-3.2) 3.0 (2.6-3.2) .86
aRBC group, unknown; HBOC-201 group, DCD in combination with 26 minutes between cardiac arrest and aortic cold flush 
and a 57 year old DCD in combination with out of hospital cardiac arrest. bTime between withdrawal of life support and in situ 
cold flush out in donor (DCD only). cTime between in situ cold flush out in donor and start of NMP. dDonor risk index calculated 
according to Braat et al. All data is presented as median (IQR) for continuous variables or numbers (percentages) for categorial 
variables. Abbreviations used: RBC: red blood cells, FFP: fresh frozen plasma, BMI: body mass index, DCD: donation after 
circulatory death, DBD: donation after brain death, UW: University of Wisconsin, HTK: histidine-tryptophan-ketoglutarate

Hemodynamics and Vascular Resistance
During the first two hours of NMP, the portal flow increased in RBC and HBOC-201 
livers and stabilized thereafter. However, at all timepoints during NMP, the flow in the 
portal was significantly higher in both the HBOC-201 + FFP and HBOC-201 + Gelofusine 
compared to RBC + FFP livers (Fig. 1, Panel A). At the end of 6 hours of NMP, median 
portal flow in both the HBOC-201 + FFP and HBOC-201 + FFP  group was significantly 
higher compared to the RBC + FFP group, 742 [480-857] vs. 1890 [1530-2173] vs. 1830 
[1713-2030] vs. (P = .0007) respectively.
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FIGURE 1. Hemodynamics and Vascular Resistance during 6 hours of NMP. Panel A: At all 
timepoints, portal flow was significantly higher in both the HBOC-201 + FFP and HBOC-201 + 
Gelofusine compared to RBC + FFP livers. Panel B: At the end of 6 hours of NMP, median arterial 
flow was significantly higher in  HBOC-201 + FFP and HBOC-201 + Gelofusine livers compared to 
the RBC group (P = .02). Panel C and D: During 6 hours of NMP, both portal and arterial resistance 
did not significantly differ between groups.

After the first two hours of NMP, the arterial flow was significantly higher in the HBOC-
201 + FFP and HBOC-201 + Gelofusine groups compared to RBC + FFP livers (P = .04), 
median flows 265 [167-315] vs. 436 [323-776] vs. 265 [167-315] respectively (Fig. 1, Panel 
B). At the end of 6 hours of NMP, median arterial flow continued to be higher in the 
HBOC-201 + FFP and HBOC-201 + Gelofusine livers compared to the RBC group, 260 
[228-324] vs. 742 [480-867] vs. 611 [310-760] (P = .02) respectively.

Furthermore, during 6 hours of NMP, both portal and arterial resistance did not 
significantly differ between groups (Fig. 1, Panel C and D respectively).

Presence of Endothelial Cells
CD34 is a 110 kDa transmembrane glycoprotein, expressed on endothelial cells. In the 
liver, CD34 is mostly expressed in the periportal area with the centrolobular sinusoids 
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being mostly negative (18). Positive staining of CD34 confirmed presence of endothelial 
cells in the microvasculature in all liver biopsies (Figure 2). Pan endothelial cell marker 
CD31, a 130 kDa transmembrane glycoprotein, is a member of the immunoglobulin 
superfamily. In the liver, CD31 is continuously expressed on sinusoidal endothelial cells 
from the portal space to the centrolubular vein (18). After 6 hours of NMP, relative mRNA 
expression of pan endothelial cell marker CD31 did not differ between groups after NMP, 
median relative mRNA expression in the RBC + FFP, HBOC-201 + FFP and HBOC-201 + 
Gelofusine was 0.95 [0.43-1.47] vs. 0.72 [0.64-0.88] vs. 0.68 [0.61-1.00] respectively (P = 
.61). Therefore, we assumed a comparable content of endothelial cells in all biopsies.

Gene Expression of Endothelial Proteins
During 6 hours of NMP, the relative gene expression of flow inducible transcription factor 
KLF-2 increased in the RBC + FFP group, while expression decreased approximately 
20% compared to baseline in the HBOC-201 + FFP and HBOC-201 + Gelofusine groups. 
Increased KLF-2 could be an indicator for more shear stress in RBC + FFP perfused livers. 
Moreover, expression of vasoprotective genes thrombomodulin and endothelial NO 
synthetase increased during 6 hours of NMP in all groups. Furthermore, during 6 hours 
of NMP, the relative gene expression of HIF-2a increased in the both the HBOC-201 + 
FFP and HBOC-201 + Gelofusine group with approximately 39% and 55%, while this 
increase was not observed in the RBC group. At the end of 6 hours of NMP, we found 
that the expression of HIF-2a was significantly lower in the RBC perfused livers (P = .001).

TABLE 3. Relative gene expression of endothelial specific genes during 6 hours of NMP Arterial, 
as a ratio to baseline. 

RBC + FFP
HBOC-201
+ FFP

HBOC-201 
+ Gelofusine P  valuea

KLF-2 1.91 [0.98-2.79] 0.78 [0.36-2.22] 0.82 [0.47-1.46] .09

TM 1.83 [0.67-5.44] 3.10 [1.34-7.07] 1.99 [0.79-4.30] .54

ENOS 1.96 [0.30-6.17] 1.52 [1.13-2.99] 1.62 [1.52-2.34] .84

ET-1 1.42 [0.51-2.81] 0.95 [0.74-1.25] 1.41 [1.04-1.80] .41

HIF-2a 0.82 [0.66-0.95] 1.39 [1.27-1.54] 1.55 [1.21-2.00] .001

VEGF-A 0.67 [0.56-0.97] 0.78 [0.48-1.38] 0.64 [0.54-1.15] .98

All data are presented as median (IQR) and as a ratio relative to baseline. Bolt font indicated significance of P < 0.05. 
Abbreviations used: KLF-2: Krüppel-like Factor 2, TM: thrombomodulin, ENOS: endothelial nitric oxide synthase, ET-1: 
endothelin 1, HIF-2a: hypoxia-inducible factor 2 alpha, VEGF-A: vascular endothelial growth factor A, RBC: red blood cells, 
FFP: fresh frozen plasma. aRBC versus baseline, bHBOC-201 versus baseline, cAll HBOC-201 livers versus all RBC prefused livers 
at the end of 6 hours NMP
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Endothelial Function
Cumulative NO production in the perfusion fluid during 6 hours of NMP is presented in 
Figure 3. During 6 hours of NMP, cumulative NO production (in umol/L) increased nearly 
2-fold in both HBOC-201 + FFP livers (15.1 [12.9-23.5] vs. 28.7 [22.3-40.2]) and HBOC-201 
+ Gelofusine (17.9 [11.5-18.9] vs. 32.2 [25.8-38.5]), P = .06 and P = .06 respectively. In the 
livers perfused with RBC, however, an increase in cumulative NO production was not 
observed over the course of NMP (21.1 [16.9-29.9] vs. 24.9 [19.0-30.5]) (P = .26). Over 
the course of 6 hours of perfusion, there was no difference in NO production between 
groups (P = .32).

HBOC-201 + FFPRBC + FFP HBOC-201 + Gelofusine

En
d 
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S
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d 

N
M

P

FIGURE 2. Positive staining for endothelial cell marker CD34. Positive staining in all biopsies 
at the end of SCS as well as at the end 6 hours of NMP confirmed presence of endothelial cells. 
While box indicated scale (500 nm). 

Integrity of the Vascular Endothelium  
Concentration of TM in the perfusion fluid during 6 hours of NMP is presented in Figure 
4. During 6 hours of NMP, TM concentration (in pg/mL) significantly increased compared 
to baseline levels in both the RBC + FFP group (2.7 [2.5-3.1] vs. 18.0 [10.0-40.2]) (P = 
.002) and the HBOC-201 + Gelofusine group (0.6 [0.5-0.9] vs. 5.5 [3.6-14.9]) (P = .03). 
However, a significant rise was not observed in the HBOC-201 + FFP group (2.2 [2.0-
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2.3] vs. 8.1 [5.2-21.6]) (P = .06). After 6 hours of NMP, the cumulative thrombomodulin 
concentration was, however, significantly higher in the RBC + FFP group compared the 
HBOC-201 groups (P = .04).
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FIGURE 3. Cumulative nitric oxide production during 6 hours of NMP. Over the course of 6 
hours of perfusion, there was no difference in NO production between groups (P = .32).
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FIGURE 4. Cumulative thrombomodulin levels during 6 hours of NMP. After 6 hours of NMP, 
the cumulative thrombomodulin concentration was significantly higher in the RBC + FFP group 
compared the HBOC-201 groups (P = .04).

16251-burlage-layout.indd   114 05/04/2019   15:38



115

6

Histological Analysis of Vascular Injury 
End-ischemic vascular injury scores upon arrival (referred to as baseline) were 
comparable between groups (Table 4). The relative increase in injury score over the 
course of perfusion was calculated and compared to baseline. At the end of 6 hours of 
NMP, relative injury scores were not significantly different between all groups.

TABLE 4. Microvascular injury scores in both study groups, both end-ischemic and at the end of 
NMP. 

RBC + FFP
HBOC-201
+ FFP

HBOC-201 
+ Gelofusine P  valuea

End SCS

Hepatic artery 6.4 [6.2-6.7] 6.8 [6.3-7.7] 6.7 [6.2-7.0] .33

Portal vein 5.9 [5.7-6.3] 6.5 [6.3-6.7] 6.6 [6.1-6.7] .06

Central vein 5.8 [5.7-6.1] 6.1 [5.8-6.5] 6.4 [5.7-6.4] .08

Bile duct 24.0 [22.0-27.1] 19.6 [14.1-25.0] 22.3 [20.0-24.8] .19

End NMP

Hepatic artery 6.6 [6.3-7.0] 7.7 [6.5-8.4] 6.8 [6.7-7.3] .07

Portal vein 6.1 [5.8-6.6] 6.1 [5.8-6.7] 6.5 [6.1-6.9] .51

Central vein 6.0 [5.8-6.2] 6.0 [5.9-6.1] 6.3 [5.9-6.5] .32

Bile duct 25.4 [23.3-27.8] 21.6 [19.1-25.5] 24.0 [21.9-27.2] .11

Total microvascular injury based on a validated scoring system as previously published by Burlage et al. During 6 hours of 
NMP, no microvascular injury was induced in both the RBC and HBOC-201 groups. At the end of NMP, relative increase in injury 
score (compared to baseline) did not differ between RBC and HBOC-201 livers.
aP value: End-NMP injury as a ratio compared to baseline between all groups.

DISCUSSION

NMP is rapidly entering the clinical arena as an alternative method of organ 
preservation for suboptimal donor grafts, as it allows for improvement and assessment 
of graft viability prior to transplantation. Previous studies have shown that NMP can 
be effectively performed without the use of human blood products by replacing RBCs 
with HBOC-201, a polymerized bovine Hb, and FFPs by gelofusine, a widely available 
colloid solution (7). However, concerns have been raised about the effect of HBOCs on 
endothelial cell function and its potential NO scavenging properties. In this study we 
report the effect of polymerized bovine HBOC-201 on liver endothelial cell function 
during ex situ NMP of donor livers.
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The main finding of this study was that cumulative NO production did not decrease 
during ex situ NMP with a HBOC-201 based perfusion solution. At the end of 6 hours 
of NMP, cumulative NO levels were comparable with between HBOC-201 and RBC 
perfused livers. The absence of NO scavenging in this study might be due to the limited 
extravasation of HBOC-201 molecules. To attenuate the extravasation of Hb-molecules, 
HBOC molecules have now been enlarges by attaching polyethylene glycols or by 
polymerization (HBOC-201 has a molecular size of 250 kD) (12). Moreover, while the so 
called ‘cell-free zone’ is thought to be absent in non-RBC based solutions, hydrodynamic 
factors of polymeric HBOC molecules limit proximity of Hb-molecules to the endothelium 
in a similar way that a flow of RBCs creates the cell-free zone in the vasculature, which 
might also contribute to limited NO scavenging (19). Furthermore, in this study we 
found increased flows in both the portal vein and hepatic artery in both HBOC-201 + 
FFP and HBOC-201 + Gelofusine livers compared to RBC + FFP livers. The higher flow 
velocity in the HBOC-201 groups might also contributed to the centralization of Hb-
molecules, thereby limiting NO scavenging.

We found that during 6 hours of NMP, the relative gene expression of flow inducible 
transcription factor KLF-2 increased in the RBC + FFP group, while expression decreased 
with approximately 20% compared to baseline in the HBOC-201 + FFP and HBOC-201 
+ Gelofusine groups, although this difference did not research statistical significance. 
Increased KLF-2 expression could be indicator for increased shear stress (20). As a result 
of endothelial injury, the extracellular part of the transmembrane glycoprotein TM can 
be shed into the extracellular fluid. We found that after 6 hours of NMP, concentrations 
of TM in the perfusate were significantly higher in RBC + FFP perfused livers compared 
to HBOC-201 perfused livers. This suggests that the vascular integrity was in fact 
better preserved in HBOC-201 perfused livers. The degree of endothelial injury of the 
(intrahepatic) microvasculature was assessed using a semi-quantitative histological 
scoring system for H&E stained slides using light microscopy. Endothelial injury scores 
were, however, comparable between RBC and HBOC-201 preserved livers.  

During NMP, the most important function of HBOC-201 in the perfusion solution is 
adequate delivery of oxygen. As previously discussed, the ability of HBOC-201 to unload 
oxygen in peripheral tissue is, compared to RBCs, higher. In a previous study, we found 
that peak oxygen extraction was higher in livers perfused with HBOC-201 compared to 
RBC-perfused livers, although not statistical significant (7). An important cellular response 
to minimize reactive oxygen species (ROS) and oxidative damage upon restoration of 
blood flow flowing an ischemic attack, is upregulation of hypoxia-inducible factors 
(21). Of the family of hypoxia-inducible factors, HIF-2a is most prominently expressed 
in vascular endothelial cells and hepatocytes (22). We found that relative expression of 
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hypoxia-inducible factor HIF-2a was significantly higher in HBOC-201 livers compared 
to RBC perfused livers. This might suggests that HBOC-201 perfused livers are better 
prepared against oxidative damage upon compared to RBC perfused livers.

Several other groups have reported the use of HBOC-201 as a substitute for RBCs 
for ex situ liver machine perfusion. Fontes et al. pioneered with the use of HBOC-201 
during subnormothermic machine perfusion of donor livers (23).The group reported 
better graft function and decreased formation of ROS upon reperfusion. During NMP, 
Laing et al. also reported decreased ROS formation upon reperfusion in the HBOC-201 
group compared to RBC controls (24). The same group reported, in line with our results, 
increased vascular flows in the HBOC-201 group.

Limitations of this study are the relatively small sample sizes in the HBOC-201 study 
groups and lack of transplant validation with long-term follow up. However, a clinical 
trial has been initiated in our center to investigate the viability of high-risk donor livers 
using ex situ machine perfusion after end-ischemic hypothermic machine perfusion 
(www.trialregister.nl; NTR5972). Another limitation to this study is that all livers were 
included in this study in a consecutive fashion. Livers were not matched between 
groups, but baseline characteristics do not substantially differ.

In conclusion, this study shows that ex situ NMP with a HBOC-201 based perfusion 
results in better vascular flows and, contractionary to current believes, in comparable 
endothelial cell function compared to RBC perfused controls. 
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Anticoagulant activity of ART-123 during Liver Transplantation

ABSTRACT

Background: Recombinant soluble human thrombomodulin (ART-123) is an 
anticoagulant and anti-inflammatory agent clinically used for treatment of disseminated 
intravascular coagulation. Preclinical studies have shown that ART-123 reduces 
hepatic ischemia/reperfusion. Although ART-123 may therefore have clinical benefit 
in orthotopic liver transplantation the substantial alterations in the hemostatic system 
may complicate its use in this setting. Objective: Here we studied the in vitro effect 
of ART-123 on coagulation of patients with end-stage liver disease undergoing liver 
transplantation.

Patients/Methods: Ten patients with end-stage liver disease undergoing liver 
transplantation were included in this study. Plasma samples of 10 healthy individuals 
were included to establish reference values. Different concentrations of ART-123 were 
added to plasma samples and peak thrombin generation and clot lysis times were 
determined.

Results: In patient samples, plasma was profoundly resistant to the anticoagulant action 
of ART-123, as reflected by significantly higher IC50 values of peak thrombin generation 
compared to controls. This might be partially explained by low levels of protein C, 
protein S and elevated levels of factor VIII during transplantation. Intraoperative levels 
of thrombin activatable fibrinolysis inhibitor (TAFI) were significantly lower, compared 
to controls. However, ART-123-dependent prolongation of clot lysis times was not 
significantly different from healthy controls.

Conclusion: This study suggests that ART-123 is unlikely to provoke bleeding in patients 
undergoing liver transplantation as proposed clinical dosages have a virtually absent 
anticoagulant effect in these patients. Clinical studies are required to confirm safety of 
ART-123 and efficacy on alleviating I/R injury during liver transplantation.
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INTRODUCTION

Orthotopic liver transplantation (OLT) remains the only treatment option for patients 
with end-stage liver failure, including cirrhosis. Worldwide organ scarcity has led to 
an increased utilization of suboptimal donor livers, such as livers from donation after 
circulatory death donors (DCD), elderly and fatty livers. These ‘extended criteria donor‘ 
livers are, however, more prone to ischemia/reperfusion (I/R) injury related complications 
after transplantation, including graft dysfunction, early graft loss and post-transplant 
cholangiopathy (1,2). Ischemia/reperfusion (I/R) injury in liver transplantation refers 
to the deleterious biphasic phenomenon of absence of oxygen during static cold 
preservation of the graft and restoration of oxygen supply upon reperfusion. The 
underlying mechanisms of I/R related injury to the liver are complex and multifactorial 
(3,4). 

Recombinant human soluble thrombomodulin (ART-123) is a novel drug composed 
of the active, extracellular domain of thrombomodulin. Thrombomodulin (TM) is a 
transmembrane glycoprotein ubiquitously expressed on vascular endothelial cells. 
TM plays a key role in both coagulation and inflammation by binding thrombin, and 
accelerating the activation of protein C into activated protein C (APC) (5). In addition, 
TM enhances the rate of activation of thrombin activatable fibrinolysis inhibitor (TAFI), a 
crucial regulator of clot breakdown, by more than 1000-fold (6). Like membrane-bound 
thrombomodulin, ART-123 binds to thrombin to inactivate coagulation via activation of 
protein C (7). Interestingly, APC exhibits important cytoprotective functions, including 
anti-apoptotic, anti-inflammatory and barrier stabilization properties (8). Furthermore, 
ART-123 inhibits High Mobility Group Box 1 (HMGB1) by enhancing thrombin-mediated 
proteolytic cleavage of HMGB1 or by a direct interaction between ART-123 and HMGB1 
that neutralizes its proinflammatory effects (9,10).

ART-123 is in clinical development for treatment of sepsis and disseminated intravascular 
coagulation (DIC) (11,12). ART-123 has been approved for clinical use in Japan in 2008, 
and safety and efficacy in patients with sepsis and DIC has been demonstrated in a global 
phase 2 study (11). Currently, a phase 3 study is ongoing to examine safety and efficacy 
in patients with severe sepsis and coagulopathy (clinicaltrials.gov NCT01598831). In 
addition, a phase 3 study on the use of ART-123 for the treatment of acute exacerbation 
of idiopathic pulmonary fibrosis (NCT02739165) and a phase 2 study on the use of ART-
123 for the prevention of cancer treatment-related symptoms such as chemotherapy-
induced peripheral neuropathy(13) in patients with postoperative stage II / III colon 
cancer (NCT02792842) are ongoing. 
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Over the last years, evidence from animal experiments is emerging that ART-123 
has important organ protective effects and that it has cytoprotective effects on the 
endothelium (14,15). In a rodent model of hepatic warm ischemia, livers that were ex 
vivo perfused with ART-123, after previous 6 hours of static cold preservation, showed 
significantly improved bile production and decreased sinusoidal narrowing, compared 
to controls (16). Binding of ART-123 to HMGB1, a factor closely associated with necrotic 
cell damage, has been suggested as a pathophysiological mechanism whereby ART-
123 minimizes I/R injury. HMGB1 is used as a marker of injury in human liver and kidney 
transplantation, and animal studies show that inhibition of HMGB1 with a neutralizing 
antibody significantly decreased liver damage after I/R (17-20). In fact, rats that were 
given ART-123 as an inhibitor of HMGB1 demonstrated less liver injury after partial 
hepatic ischemia followed by reperfusion (21).

The hemostatic system of patients with end-stage liver disease is substantially 
different from healthy individuals and these changes may further aggravate during 
transplantation (22). In short, the hemostatic profile of a transplant recipient is 
characterized by thrombocytopenia which appears balanced by high plasma levels 
of von Willebrand factor (23), reduced plasma levels of both pro- and anticoagulant 
proteins (24) and reduced plasma levels of both pro- and antifibrinolytic proteins (25). 
During transplantation, there is persistent elevation of von Willebrand factor, a further 
decline in pro- and anticoagulant, and a further decline in pro- and antifibrinolytics (26-
28). Moreover, we have previously demonstrated that thrombin generation in patients 
undergoing liver transplantation is equal or even superior to thrombin generation 
in healthy volunteers when tested in the presence of exogenous thrombomodulin 
(27). However, these previous studies were performed with a soluble form of rabbit 
thrombomodulin. For safe application of ART-123 in transplant recipients, it is of utmost 
importance to investigate the anticoagulant and profibrinolytic effects of ART-123 in 
plasma taken during the transplant procedure. In this study we aimed to study the in 
vitro effects of ART-123 on coagulation and fibrinolysis in samples taken from patients 
with end-stage liver disease during and in the first days after OLT.

PATIENTS & METHODS

Patients
Ten adult patients previously diagnosed with cirrhosis, who underwent OLT at the 
University Medical Center Groningen (UMCG) between December 2015 and April 2017 
were included in the study. Exclusion criteria were acute liver failure, documented 
hereditary thrombophilia, a recent deep vein thrombosis (<30 days), transfusion 

16251-burlage-layout.indd   124 05/04/2019   15:38



125

7

of blood products in the past 7 days, and current use of anticoagulant drugs. Post-
transplantation, all patients received a standard immunosuppression regime consisting 
of Basiliximab, prednisolone, Mycophenolate Mofetil (CellCept®) and tacrolimus 
(PROGRAFT®). Moreover, after transplantation all patients received standard thrombosis 
prophylaxis with low molecular weight heparin (LMWH) (Nadoparin 2850 IE/day via 
a subcutaneous injection).Individual plasma samples of ten adult healthy volunteers 
working at our institution were used to establish reference values. Exclusion criteria for 
the control group were documented hereditary thrombophilia, a documented history 
of a recent deep vein thrombosis (<30 days), transfusion of blood products in the past 7 
days, and current usage of anticoagulant drugs.

Ethics statement
The study protocol was approved by the medical ethical committee of the University 
Medical Center Groningen (METc2015.206). Written informed consent was obtained 
from all subjects in this study prior to inclusion.

Plasma samples
Blood samples from patients were collected during and after liver transplantation in a 
single center setting at seven predefined time points:

1. 30 minutes after induction of anesthesia.
2. 30 minutes after the start of the anhepatic phase.
3. 30 minutes after graft reperfusion.
4. At the end of surgery.
5. 24 hours post-transplantation.
6. 3 days post-transplantation.
7. 6 days post-transplantation.

Intra-operative blood samples were taken from a dedicated non-heparinized arterial 
line while samples on the post-operative days and from controls were drawn by vena-
puncture. Blood samples from all subjects were collected in tubes containing 3.2% 
sodium citrate (9:1, v/v). Platelet-poor plasma was obtained by centrifuging blood 
samples at 18°C for 10 minutes at 2,000g and subsequently for 10 minutes at 10,000g 
within 30 minutes after blood collection. Plasma samples were stored at -80°C until use. 
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ASSAYS

Peak thrombin generation
Peak thrombin generation capacity was assessed with calibrated automated 
thrombography (CAT) using platelet-poor plasma, as previously described by Hemker 
et al.(29). In short, the CAT method enables the quantification of thrombin generation 
capacity in an individual sample after induction of coagulation by using a fluorescent 
substrate. Fluorescence was continuously measured by a fluorometer, Fluoroskan 
Ascent (ThermoFisher Scientific, Helsinki, Finland). All procedures were according to 
the protocol suggested by Thrombinoscope B.V (Maastricht, The Netherlands). Peak 
thrombin generation capacities were determined in absence and presence of different 
concentrations of ART-123 (0, 0.03, 0.3, 3, 30 and 300 μg/mL) and IC50 values were 
determined. The IC50 values represent the concentration of ART-123 that is required to 
inhibit 50% of the peak thrombin generation in vitro.

Clot lysis assay
Clot lysis assays were performed as described previously (30). In short, clot formation 
was induced by adding a 50 μL mixture of phospholipid vesicles, t-PA, tissue factor and 
CaCl2 diluted in Hepes-buffered saline, to 50 μL of each sample. A clot-lysis profile was 
generated by analyzing the optical density at 405 nm every 20 seconds in a kinetic 
microplate reader. The clot lysis time was derived from this clot-lysis profile and is 
defined as the time from maximum turbidity to clear transition. Clot lysis times (CLTs) 
were determined in absence or presence of different concentrations of ART-123 (0, 0.03, 
0.1, 0.3 and 1 μg/mL) and IC50 values were determined. The IC50 value represents the 
concentration of ART-123 that is required for half-maximal prolongation of the CLT.

Protein C, Protein S, Factor VIII and TAFI
Plasma levels of protein C, protein S, and FVIII were determined on an automated 
coagulation analyzer (ACL 300 TOP) with reagents and protocols from the manufacturer 
(Werfen, Breda, The Netherlands). Plasma TAFI levels were determined by a commercially 
available enzyme-linked immunosorbent assay (Zymutest activatable TAFI, Nodia, 
Amsterdam, Netherlands).

Statistical analysis
Continuous data are presented as means with standard deviations (SD) or medians 
with interquartile ranges (IQR) as appropriate. Categorical variables are presented as 
numbers with percentages. Differences in IC50 values between controls and patients at 
multiple time points were examined using the Kruksal-Wallis test using the Dunn’s post-
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test. P values of 0.05 or less were considered statistically significant. Statistical analyses 
were performed with GraphPad Prism (San Diego, USA) and IBM SPSS Statistics 23.0 
(IBM, Chicago, USA).

RESULTS

Patient characteristics 
Ten patients with cirrhosis were included in this study. The main demographic and 
clinical characteristics of the study population are shown in table 1. Furthermore, ten 
healthy subjects, referred to as controls, were included to establish reference values for 
the coagulation tests.

Post-transplant outcome
Six-month and 1-year graft and patient survival rates were 100 per cent (10 out of 10). 
Delayed graft function, primary non-function or thrombosis were not observed in this 
study. 

Inhibition of thrombin generation
Thrombin generation tests were performed in platelet-poor plasma wherein thrombin 
formation was initiated by tissue factor. The IC50 values were determined for peak 
thrombin generation by fitting ART-123 concentration vs peak thrombin curves by one 
phase exponential decay curves. In a number of samples, particularly in samples taken 
during surgery, the inhibitory effect of ART-123 on peak thrombin generation was too 
low to obtain curve fits using one phase exponential decay. In these samples we therefore 
estimated IC50 values by using linear regression. Figure 1A shows peak thrombin IC50 
values for the various time points examined. Compared to peak thrombin IC50 values 
in plasma of healthy controls, IC50 values in patients were significantly increased at the 
start of surgery, indicating resistance to the anticoagulant action of ART-123. Resistance 
against ART-123 anticoagulant increased during surgery. Compared to peak thrombin 
IC50 values in healthy controls, values were significantly higher during the anhepatic 
phase, the reperfusion phase and at the end of surgery. From post-operative day 1 
onward, ART123 sensitivity normalized and was comparable with controls at day 6.

16251-burlage-layout.indd   127 05/04/2019   15:38



128

Anticoagulant activity of ART-123 during Liver Transplantation

TABLE 1. Clinical characteristics of 10 patients, who underwent orthotopic liver transplantation. 

Characteristics Numbers

Age (yrs) 58.2 (7.6)

Gender (male) 4 (40%)

Etiology of cirrhosis

Alcoholic steatohepatitis (ASH) 2 (20%)

Non-alcoholic steatohepatitis (NASH) 2 (20%)

Primary sclerosing cholangitis (PSC) 2 (20%)

Wilson 1 (10%)

Cryptogenic 2 (20%

Other 1 (10%)

Relevant pre-transplant medication

Proton-pump inhibitor 7 (70%)

Beta blocker 5 (50%)

Diuretic (thiazide, loop or potassium-sparing) 7 (70%)

Rifaximin or lactulose 5 (50%)

Ursodeoxycholic acid 3 (30%)

Ferrous fumarate 2 (20%)

Insulin 2 (20%)

Prednisone 1 (10%)

Prophylactic antibiotics# 4 (40%)

MELD 13 (6.8)

INR 1.2 (0.1)

Prothrombin time (sec) 13 (1.9)

Activated partial thromboplastin time (sec) 30 (3.6)

Fibrinogen (g/L) 2.6 (1.1)

Creatinine (μmol/L) 75 (30)

Platelet count (10E9/L) 123 (34)

BMI (kg/m2) 25.9 (4.6)

Ascites (mild) 4 (40%)

Encephalopathy (mild) 3 (30%)

Numbers are either represented as means with standard deviation or numbers with percentages. One patient had 
cirrhosis based on alcoholic steatohepatits combined with hepatitis C. #Prophylactic antibiotics were giving to 4 patients 
with spontaneous bacterial peritonitis. Abbreviations used;  MELD: Model for End-Stage Liver Disease, INR: international 
normalized ratio, BMI: body mass index.
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Inhibition of clot lysis 
ART-123 accelerates thrombin-mediated activation of TAFI, and thereby substantially 
prolongs plasma clot lysis times. Clot lysis times were determined by a plasma-based clot 
lysis assay after the addition of different concentrations of ART-123 and we determined 
IC50 values (Fig. 1, Panel B). In general, ART-123 prolonged clot lysis times to a similar 
extent in patients and controls. In a number of samples, no clot lysis occurred within 
the 3 hours of the assay even in the absence of ART-123 (at end of surgery and post-
operative day 1). In these cases, no IC50 values could be calculated. In samples taken 
during OLT and during the post-operative days, the anti-fibrinolytic activity of ART-123 
was comparable to controls.

Protein C levels
Protein C levels were determined in all plasma samples (Fig. 1, Panel C). At the start 
of OLT, protein C levels were significantly decreased compared to healthy controls. 
During OLT, protein C levels decreased further and were significantly decreased at all 
time points compared to levels in heathy controls; during the anhepatic phase, after 
reperfusion and at the end of surgery respectively. From post-operative day 1 onwards, 
protein C levels normalized, with values comparable to controls on day 6.

Protein S levels
Protein S levels were determined in all plasma samples (Fig. 1, Panel D). At the start 
of surgery, median protein S levels were lower compared to controls, but this did not 
reached significance. Protein S levels decreased even further during OLT.  Protein S levels 
were significantly lower during reperfusion and at the end of surgery compared to the 
start compared to levels in healthy controls. At post-operative day 1, protein S levels 
were still decreased compared to controls, but levels normalized from then onward. 

Factor VIII levels
Factor VIII (FVIII) levels were determined in all plasma samples (Fig. 1, Panel E). During 
the start of surgery and during the anhepatic phase, median FVIII levels were elevated 
compared to levels in healthy controls yet the differences did not reached significance. 
Over the course of surgery FVIII levels normalized. During post-operative day 1, 3 and 6, 
FVIII levels were significantly higher compared to levels in healthy controls. 
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FIGURE 1. Overview of analyses in platelet-poor plasma samples of 10 patients and 10 
healthy controls. Samples were collected at the start of orthotopic liver transplantation, during 
the anhepatic phase, after reperfusion and at the end of the procedure. Moreover, samples were 
collected during post-operative day (POD) 1 as well as PODs 3 and 6. IC50 values were determined 
by adding different concentrations of ART-123 (Panels A and B). Plasma levels of protein C, 
free protein S, factor VIII and TAFI were determined in all plasma samples and are depicted as 
a percentage of normal pooled plasma samples (set at 100%) (Panels C-F). All values during 
different time points in patient plasma samples were compared to values in healthy controls. *P 
<0.05, **P <0.01, ***P <0.001 and ****P <0.0001. Horizontal lines indicate medians.
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Thrombin activatable fibrinolysis inhibitor (TAFI) levels
TAFI levels were determined in all plasma samples (Fig. 1, Panel F). At the start of surgery, 
median TAFI levels were lower compared to controls, yet this did not reach significance. 
TAFI levels decreased even further during OLT. TAFI levels were significantly decreased 
during the anhepatic phase, during reperfusion and at the end of surgery compared to 
levels in healthy controls. From post-operative day 1 onwards, TAFI levels normalized, 
with values comparable to controls on day 3.

DISCUSSION

This study shows that plasma of patients undergoing OLT is extremely resistant to the 
anticoagulant activity of ART-123. The resistance of ART-123, as shown by elevated peak 
thrombin IC50 values, was significantly higher in the plasma of patients undergoing liver 
transplantation at the start of surgery, during the anhepatic phase, after reperfusion 
and at the end of surgery, compared to healthy controls. These results are in line with 
our previously published data showing resistance to rabbit-derived thrombomodulin in 
similar samples27. We expanded our previous studies by now testing a compound that 
is in clinical development, and assessed effects of multiple doses in order to obtain IC50 
values.

For effective clinical treatment of DIC, the plasma concentration of ART-123 is less than 
2 μg/mL while it has been suggested that, based on in vivo studies with non-human 
primates, plasma levels of ART-123 above 10 μg/mL might increase the risk of bleeding 
in humans(31). Clinical treatment levels of ART-123 to ameliorate I/R injury during liver 
transplantation have yet to be established, but a dose similar to that used in treatment 
of DIC appears plausible based on the proposed mode of action. At such plasma 
concentrations, clinical application of ART-123 during liver transplantation is unlikely to 
provoke a clinically significant anticoagulant effect as peak thrombin IC50 values are far 
above the expected plasma concentrations of the drug in vivo. With respect to bleeding, 
this dose may therefore be much safer in the transplant recipient than in an individual 
with adequate liver function. The resistance of plasma to the anticoagulant action of 
ART-123 during liver transplantation is partly explained by the decreased levels of both 
protein C and protein S. Consequently, a bleeding risk may be present in those transplant 
recipients that have preserved liver function, and (near) normal levels of protein C and 
S, for example patients with metabolic disorders. Conversely, a bleeding risk may be 
absent at even higher doses of ART-123 in patients with exceptionally low plasma levels 
of protein C and S, for example patients with acute liver failure (32).
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Would ART-123 be tested clinically, it might be relevant to avoid the use of prothrombin 
complex concentrate during OLT, as these contain appreciable levels of protein C and S, 
which would increase the anticoagulant potency of ART-123 and potentially contribute 
to (paradoxically) increased perioperative bleeding. During the post-operative period, 
the normalization of protein C and protein S levels allowed for a more effective ART-123 
mediated inhibition of thrombin generation. A mild anticoagulant effect of ART-123 in 
the post-operative period may be beneficial to avoid early hepatic artery thrombosis or 
venous thrombotic events (33). 

Factor VIII is mainly synthesized by hepatic sinusoidal endothelial cells and is typically 
elevated in chronic or acute liver failure. While in this study we were unable to detect 
a significant increase in levels of factor VIII at the start of surgery compared to levels 
in controls, elevated factor VIII levels might also contribute to ART-123 resistance 
during surgery as was previously demonstrated by us in experiments with rabbit 
thrombomodulin (27). In our study factor VIII levels further normalized during surgery 
and levels were significantly increased compared to levels in healthy controls during 
the post-operative days, which may be related to persistent elevations in the platelet 
adhesive protein von Willebrand factor (34), which is a carrier protein for FVIII in 
circulation. 

We demonstrated that, in general, ART123 prolonged clot lysis times, but not in samples 
in which no clot lysis occurred within the 3 hours of the assay (at end of surgery and post-
operative day 1). The lack of fibrinolysis at these time points has been well described 
as the ‘post-operative fibrinolytic shutdown’ (28,35,36). Moreover, we have shown that 
intraoperative TAFI plasma levels were decreased compared to levels in controls. At 
post-operative day 1, TAFI levels were already normalized and continued to normalized 
during post-operative day 3 and 6. Interestingly, despite very low intraoperative 
TAFI levels, ART-123-mediated inhibition of fibrinolysis is still intact as evidenced by 
the clot lysis assay, which is in line with our previously published results using rabbit 
thrombomodulin (28). Thus, ART-123 is expected to exert a balanced antifibrinolytic 
effect during liver transplantation, which is beneficial in preventing excessive blood 
loss as evidenced by the clinical efficacy of antifibrinolytic agents such as the serine 
protease inhibitor aprotinin (37).

In conclusion, the thrombin generation capacity in plasma of patients undergoing liver 
transplantation is remarkably resistant to the anticoagulant action of ART-123. During 
liver transplantation, ART-123 might therefore be safely tested as an agent to ameliorate 
I/R injury via its anti-inflammatory effects as no bleeding diathesis is expected to be 
induced by ART-123 plasma levels of 1 μg/mL or even higher.Clinical studies are needed 
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to determine to confirm the safety profile assessed here in vitro, to determine a dosage 
profile for patients with end-stage liver disease and to assess the efficacy in reducing 
I/R injury.
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ABSTRACT

Purpose of review: In this review, we discuss novel strategies that allow for extended 
preservation of vascularized composite allografts and their potential future clinical 
implications for the field of vascularized composite allotransplantation (VCA).

Recent findings: The current gold standard in tissue preservation – static cold 
preservation on ice – is insufficient to preserve VCA grafts for more than a few hours. 
Advancements in the field of VCA regarding matching and allocation, desensitization, 
and potential tolerance induction are all within reasonable reach to achieve; these 
are, however, constrained by limited preservation time of VCA grafts. Although 
machine perfusion holds many advantages over static cold preservation, it currently 
does elongate the preservation time. More extreme preservation techniques, such as 
cryopreservation approaches, are, however, specifically difficult to apply to composite 
tissues as the susceptibility to ischemia and cryoprotectant agents varies greatly by 
tissue type.

Summary: In the current scope of extended preservation protocols, high subzero 
approaches of VCA grafts will be particularly critical enabling technologies for 
the implementation of tolerance protocols clinically. Ultimately, advances in both 
preservation techniques and tolerance induction have the potential to transform the 
field of VCA and eventually lead to broad application in reconstructive transplantation.
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INTRODUCTION

Vascularized composite allotransplantation (VCA) has increasingly become a viable 
clinical reconstructive option for the treatment of patients with amputations 
or devastating craniofacial tissue defects (1,2). To date, more than 200 patients 
worldwide have benefited from VCA, the majority receiving hand/upper extremity 
or face transplants. However, the potential impact of VCA is exponentially larger: 
currently, there are about 2 million people living with limb loss in the U.S. and 185 000 
amputations are performed annually with 83 000 amputations due to trauma alone that 
could potentially benefit from VCA (3–5). In addition, there are 3 million facial injuries 
in the U.S. per year with about 0.5% (15,000) cases considered catastrophic without any 
conventional reconstructive option. In particular, reconstruction of functional subunits 
such as eyelids, ears, lips, or the nose is extremely challenging and in many instances 
after multiple surgeries the outcomes are poor (6,7,8). On top of these civilian numbers, 
there have been approximately 1600 wounded warriors that sustained amputations 
and 4000 with craniofacial injuries in the recent conflicts in Afghanistan and Iraq. The 
total economic cost of these conditions is estimated at about $3 billion per year (8). 

In 2017, 5.8 million reconstructive procedures were performed in the United States 
alone according to the American Society of Plastic Surgeons (9). In order to achieve 
the goal of optimal aesthetic and functional outcome, reconstructive surgeons 
operate via the principle of restoring “like with like”. Complex tissue injuries involving 
multiple tissue types, e.g. craniofacial and upper limb injuries, are, however, rarely 
sufficiently reconstructed by autologous tissue transfers and are ideally reconstructed 
by composite tissue allografts. VCA combines expertise of reconstructive surgery and 
organ transplantation, filling in the gap for treatment of complex tissue injury.

However, VCA currently faces two main hurdles that have limited its widespread 
application, including i) optimization and minimization of immunosuppression protocols 
as well as ii) logistical and matching problems. With respect to immunosuppression, 
an advanced understanding of alloimmunity related to solid organ transplantation has 
paved the way for VCA. Initial opinion that skin-containing VCA would require alarming 
high doses of immunosuppression have been proven obsolete (10–12). Nevertheless, 
the unfavorable risk-benefit ratio of life-long immunosuppression for a life-enhancing 
rather than life-saving treatment drives research in the development of immune 
tolerance induction specifically via mixed-chimerism protocols (13–18).

Described first in the 1950’s (19), transplant tolerance refers to a state of donor-specific 
immune hypo- or unresponsiveness. In kidney transplantation, tolerance induction 
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has been successfully achieved clinically through the induction of mixed chimerism 
subsequent to a nonmyeloablative preoperative regimen combined with donor bone 
marrow transplantation. These protocols allow for long-term allograft survival without 
the need for maintenance immunosuppression (20). As tolerance and decreased need 
for immunosuppressive medication would allow for mitigation of drug-related side 
effects, the potential to expand prospective VCA recipients is substantial. However, this 
requires time preoperatively to apply a conditioning regimen prior transplant, which 
would necessitate longer preservation of the tissue. This cannot be achieved with the 
current static cold preservation technology in a cadaveric donor setting. 

The matching of scarce VCA donor grafts to recipients is also complicated by 
small geographic allocation windows while working with strict biological and 
anatomical matching criteria. Close matching is critical for both graft acceptance and 
immunomodulation; however, with current time and distance constraints, many viable 
organs are unable to be allocated to the best-matched recipient in a timely manner 
and are thus either unused or transplanted into a less-ideal candidate (21,22). Beyond 
this, VCA grafts suffer damage from tissue necrosis during the preservation period and 
increased ischemia-reperfusion injury following transplantation (23–26). Another big 
roadblock in VCA allocation is the significant amount of presensitization present in 
potential recipients secondary to prior blood transfusions and reconstructive efforts 
(27,28). For these patients, a desensitization regimen would decrease morbidity 
associated with transplant and make these patients candidates for VCA. However, 
currently available desensitization strategies are confined to a living donor setting. 

Optimal matching and allocation, preconditioning desensitization, and potential 
tolerance induction are all within reasonable reach to achieve, barred, however, by the 
time constraints associated with VCA. Thus, despite the tremendous need and potential 
of reconstructive transplantation, the transformational potential of VCA remains severely 
limited by short preservation times (29).  In this review, we discuss novel strategies with 
the potential to allow for longer preservation of vascularized composite allografts and 
their potential future clinical implications (Table 1).

PRESERVATION

In all fields of transplantation, organ viability is inextricably linked to transplant success. 
Since the first successful organ transplantation performed in 1954 by Dr. Joseph E. 
Murray, cooling organs has been the key element in maintaining organ viability during 
the period of organ recovery until transplantation. Organs are rapidly flushed with a cold 
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preservation solution (4-10 degrees Celsius) and transported in an ice-filled box until 
transplantation, referred to as static cold storage (SCS). During cold ischemia, organs 
are deprived of oxygen, resulting in ischemic cell injury of nearly all cells triggered 
by adenosine triphosphate (ATP) depletion, impairment of mitochondrial respiratory 
function, and acidosis from glycolysis (30). Moreover, upon restoration of blood flow, 
cell injury and damaging pathways are further aggravated. This biphasic phenomenon 
is referred to as ischemia-reperfusion injury (IRI). In solid organ transplantation, ATP 
depletion prior to transplantation strongly correlates with delayed graft function and 
impaired post-transplant outcome (31). Though cold ischemia itself is harmful to the 
organ, hypothermia still has a central role in preservation; a decrease of 10 degrees 
Celsius slows down metabolism by factor 1.5 to 3 (32), thereby lowering the demand for 
oxygen and slowing down ATP depletion. This provides a time window wherein organs 
are kept viable ex situ, i.e. a maximum of 4 hours in hearts and 12 hours in livers, while 
cold ischemia time for kidneys can be extended up to 24-36 hours (33–36). VCA grafts 
are, however, composed of biologically heterogeneous tissues (skin, vessels, nerves, 
muscles, bone and even bone marrow) originating from different embryological germ 
layers (37) with varying degree of susceptibility to ischemia. Hand and limb grafts are 
mainly composed of muscle tissue, the cells of which are known to have an increased 
susceptibility to cold ischemia due to high metabolic activity. Experimental limb 
allograft models have shown that the degree of muscle damage correlates with cold 
ischemia times and that irreversible myocyte damage occurs between 3 to 6 hours 
(38,39). Another cell type that is very easily and severely affected by cold ischemia are the 
endothelial cells lining the vasculature. Loss of endothelial cells disrupts the first vascular 
barrier which elects a site of pro-coagulation and inflammation (40). As a consequence 
of endothelial dysfunction, production of nitric oxide (a potent vasodilator) decreases 
resulting in poor tissue perfusion and hypoxia (41).

Machine perfusion
Over the last decade, machine perfusion has gained a lot of attention as an alternative 
method of organ preservation (or perhaps may become an essential counterpart to 
static preservation methods). While SCS is sufficient to preserve good quality donor 
organs, it is less suitable to preserve or recover suboptimal donor grafts that are 
being used more aggressively in order to meet the worldwide donor shortage (42,43). 
During machine perfusion, organs are mechanically perfused via the vasculature with 
a perfusion solution (either oxygenated or non-oxygenated, and cellular or acellular). 
As compared to SCS, machine perfusion has the opportunity to provide essential 
nutrients, “wash out” toxins, resuscitate the organ, and assess its viability prior to 
transplantation. In the literature, the different methods of machine perfusion are mainly 
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classified by the temperature at which it is used: hypothermic (0–12°C), mid-thermic 
(13–24°C), subnormothermic (25–34°C), or normothermic machine perfusion (35–38°C)
(44). In 2010, Guarrera et al. published the first clinical series of hypothermic machine 
preservation (HMP) in human liver transplantation (45) showing feasibility and safety 
of the technique. Whether oxygenated HMP is superior to SCS in reducing ischemic 
cholangiopathy after transplantation is currently being investigated in a clinical trial 
(ClinicalTrials.gov NCT02995252). Subnormothermic machine perfusion of both rat and 
human livers prior to transplantation has shown to reverse ischemia-induced damage 
to the liver (46–48). Recently, normothermic machine perfusion (NMP) of human donor 
livers was compared to conventional SCS in a randomized controlled trial (49). Friend 
and colleagues found that NMP resulted in 50% lower levels of graft injury, a 50% lower 
rate of organ discard, and a 54% longer mean preservation time.

In 2011, Constantinescu et al. applied the technique of extracorporeal blood perfusion 
to a VCA graft by preserving amputated extremities for 6 hours in a porcine model (50). 
They found that muscle stimulation was possible throughout the entire perfusion, 
whereas a complete loss of response was noted in static cold preserved controls. In 2016, 
Ozer et al. published perfusion of a swine limb with autologous blood at 27-32 degrees 
Celsius up to 24 hours (51). While neuromuscular stimulation remained intact until the 
end of preservation in the machine perfusion group, a neuromuscular response was 
absent in control limbs (preserved at 4 degrees for 6 hours). The same research group 
was the first to report the use of machine perfusion to preserve a human VCA graft. In a 
report of 5 human limbs maintained for 24 hours with ex situ perfusion at 30-33 degrees 
Celsius (52), the neuromuscular electrical stimulation continually displayed contraction 
until the end of perfusion, and the histology showed no myocyte injury. In this study, 
cold ischemia time was limited to an average of 76 minutes, ranging between 40 to 
100 minutes. Machine perfusion, therefore, can be considered promising to extend the 
current preservation time up to several hours. 

Cryopreservation
Cryopreservation is an important enabling technology for the clinical utilization of blood 
components/transfusions, bone marrow transplantation, artificial insemination, and in 
vitro fertilization (53,54) and will play an essential role in overcoming the many barriers 
facing organ transplantation (55). Cryopreservation is the use of very low temperatures 
(typically ≤-80°C) to dramatically reduce enzymatic and chemical activity thereby 
slowing down cellular functions while maintaining three dimensional and cellular 
structures of living cells and tissues (56). At low enough temperatures, such as that of 
liquid nitrogen (-196°C), all biological and chemical processes are suspended and can 
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be, at least theoretically, kept indefinitely (53).  However, conventional cryopreservation 
is fatal to most biologics for several reasons. First, during freezing, water is trapped as 
ice, thereby changing the concentration of solutes in the extracellular milieu, and cell 
membrane properties are altered as cells/tissues are exposed to non-physiological 
conditions (57). Further, intracellular ice formation can rupture cells, and extracellular 
ice can result in severe mechanical stress. Thus, classical cryopreservation methods can 
cause damage to cells and tissues by mechanical factors, solute, and chilling effects, 
with the formation of intracellular ice an ever-present risk. 

A critical consideration for any cryopreservation protocol is the inclusion of 
cryoprotectant agents (CPA) which can mitigate many of the aforementioned stressors 
through alteration of the freezing behavior. In 1948, glycerol was accidently discovered 
to have cryoprotective abilities as it protected spermatozoa from freezing injury (58). 
Over the years, many agents (i.e. trehalose, sorbitol, 1,4-butanediol) have proven to be 
beneficial in reducing cryo-injury. The use of many CPAs (i.e. dimethyl sulfoxide [DMSO], 
ethylene glycerol, 2,3-butanediol) is, however, limited due to the chemical toxicity at 
high concentrations or at certain temperatures. Moreover, even the process of loading/
unloading of the most effective CPAs can be challenging; osmotic changes occur as the 
agents enter the cell more slowly than water which can lead to cell injury and death. 
The work of Pegg et al. thoroughly demonstrates the importance of CPA use during 
cryopreservation (56). 

In overcoming the issues observed with cryopreservation, vitrification is a promising 
alternative approach whereby cells/tissues are cooled to cryogenic temperatures in 
the absence of ice (59). In some cases, vitrification shows a clear improvement in cell 
viability (60) as compared to cryopreservation in the presence of ice (reviewed in (61)). 
However, vitrification protocols require high molarity cryoprotectant agents which 
further complicate the osmotic effects and increase the risk of cryoprotectant toxicity 
(59). Moreover, vitrification is severely limited by the extremely high cooling/heating 
rates required to achieve the glassy state, to inhibit the growth of crystalline structures, 
and to prevent fracturing. Another form of preservation that heavily relies on the use 
of chemical and physical compounds is desiccation. During desiccation, all water is 
subtracted from tissue by addition of a hydroscopic agent (i.e. cellulose, zinc oxide) 
that can retract and hold the water, leaving the tissue in a state of extreme dryness. In 
various plants and animals (e.g. algae, seeds, certain shrimp, frogs), desiccation is used 
to suspend metabolism to overcome extreme environmental stressors (62). Although 
this method is successfully used to preserve food, currently it needs further optimization 

16251-burlage-layout.indd   147 05/04/2019   15:38



148

Machine perfusion, organ preservation and cryobiology in VCA

to preserve mammalian cells (63). In summary, new methods and cryoprotectant agents 
are constantly being investigated to overcome the various mechanisms of injury as a 
result of preservation.

Successful cryopreservation of composite, heterogeneous tissue is, however, much 
more complicated, and reports on VCA cryopreservation are scarce. Rinker et al. 
reported transplantation of 10 cryopreserved rodent epigastric flaps that were perfused 
with DMSO/trehalose, cooled in a controlled fashion to -140 degrees Celsius, and 
stored for 2 weeks (64). The authors reported survival of all 10 transplant recipients, 
ranging from 7 to 15 days with one outlier of 60 days of survival. Wang et al. reported 
successful cryopreservation (with DMSO stored for 2 weeks at -140 degrees Celsius) 
and replantation of Syme’s amputated (above the ankle) rodent limbs after up to three 
months. However, all above-knee amputated limbs failed upon replantation as the limbs 
became immediately edematous upon restoration of blood flow resulting in blood vessel 
compression. The amount of muscle in both graft types was the discriminating factor 
in transplant success. Nearly a decade later, Arav et al. reported ‘directional freezing’ 
(with DMSO, ethylene glycerol and trehalose, at -80 degrees Celsius for 7 to 30 days) and 
replantation of 6 above-knee amputated limbs, but authors were unable to show long 
term survival (maximum survival 3 days) (65). The variable response of different tissue 
types to freezing, thawing, and CPAs complicates the quest for one generalized protocol 
for cryopreservation of all VCA grafts.

High Subzero Storage
Whereas cryopreservation protocols can be very damaging to diverse biologics, several 
specimens in nature have developed ingenious ways of halting biological activity and 
entering a state of “suspended animation.” For example, the freeze-tolerant wood frogs 
can survive temperatures as low as -18 degrees Celsius for months without injury (66). 
One critical feature of freezing survival is the rapid mobilization of hepatic glucose, 
which enables cells and tissues to withstand the stress caused by freezing and thawing 
(67). In many ways, CPAs are used via similar principles. Thus, new methods aimed at 
drawing lessons from nature – such as leveraging high subzero temperatures or mimetic 
CPAs – hold great promise.  

A novel alternative to cryopreservation is supercooling (ice-free), which stores 
cells, tissues, and organs at high subzero temperatures while also avoiding any 
phase transition. In contrast to conventional cryopreservation and vitrification, the 
temperature range of supercooling is just below zero (68,69). Even the slightest 
temperature drop below zero, -0.8 degrees Celsius, greatly improves ATP content when 
compared to livers stored at 4 degrees Celsius (70). In a recent study, our group was able 
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to demonstrate successful transplantation of rat livers after 4 days of supercooling at -6 
degrees Celsius with long term survival (68). An essential component to this protocol 
was the inclusion of the glucose derivative 3-O-methyl-d-glucose (3-OMG) (71). 3-OMG 
is a viable mimetic alternative to the glucose used by freeze-tolerant wood frogs as it is 
relatively metabolically inert and thus can accumulate in the intracellular environment. 
Our group is currently working on a protocol to apply the technique of supercooling 
to VCA grafts.  While promising, supercooling is an unstable equilibrium state and 
holds the risk of accidental ice formation. The smallest impurity or vibration could 
therefore initiate freezing of the whole system. Thus, other high subzero preservation 
techniques which aim for an equilibrium state are regaining interest (72). For example, 
a technique originally proposed by Farrant (73) and later termed “liquidus tracking” uses 
progressively higher concentrations of CPAs during cooling to depress the solution’s 
freezing point and eliminate the possibility of ice formation. Using this technique, 
subzero temperatures can be achieved without the unwanted risk factor of accidental 
ice formation (74).

CONCLUSIONS

Ultimately, when we talk about bringing transplantation and specifically VCA to new 
frontiers, TIME will be our most precious resource. Such additional time to prolong 
viability of organs can be bought currently by new developments and innovations in 
machine perfusion, cryopreservation, and organ banking.

This gained time will allow us to improve current processes in all of transplant but 
particularly in the field of VCA. Specifically, organ preservation would allow us to narrow 
the gap between supply and demand in transplantation. Having extended organ 
preservation and organ banking strategies in place will simplify logistics and enhance 
matching; this is particularly important for VCA, in which size, age, gender, and skin tone 
must be accounted for in addition to blood type and immunological markers to enable 
restoration of “like-with-like” tissue. In addition, we would be able to further enhance 
matching by exchanging VCAs and tissue grafts over a larger geographic area. 

While VCA is most certainly a life altering procedure that greatly improves the quality 
of life of its recipients, it is not necessarily a lifesaving therapy. Commitment to lifelong 
immunosuppression is therefore a concession that must be carefully weighed against 
all the potential benefits of VCA. We support the belief that for VCA to become common 
practice, the clinical implementation of immunosuppression minimization or eventually 
successful tolerance protocols are vital. With advances in organ preservation we will be 
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able to convert transplant practice and fundamentally change the field from an acute 
setting procedure to elective surgery. This would enable us to routinely apply tolerance 
protocols by allowing for recipient preconditioning in a cadaveric donor setting. And 
finally, cryopreservation and organ banking will facilitate pre-transplant desensitization 
strategies and allow us to overcome issues related to preformed antibodies and ABO 
incompatibility. Furthermore, this is probably only a small portion of possibilities that 
would arise – we would be able to explore entirely novel concepts of tolerance induction, 
such as immune engineering, off the shelf availability of donor-derived immune and stem 
cells for tolerance induction, or the establishment of immune vaccination in the field of 
organ transplantation. With such novel tolerance strategies in place, we would be able 
to further expand the indications for VCA. Though further trials are still needed to prove 
the feasibility, safety, and superiority of machine perfusion over static cold preservation 
of VCA grafts, the technique can be used as part of extended storage protocols, which 
can be applied to extend the preservation time more profoundly. Ultimately, advances 
in preservation techniques and tolerance induction have the potential to transform the 
field of VCA and eventually lead to broad application of reconstructive transplantation.

KEY POINTS

• The current gold standard in tissue preservation is insufficient to preserve VCA 
grafts for more than a few hours, creating a technological bottleneck in making 
VCA common practice.

• Cryopreservation of composite tissue is complicated by the varying degree of 
susceptibility to ischemia and cryoprotectant agents.

• Extended preservation protocols, particularly high subzero approaches, of VCA 
grafts will be critical enabling technologies for the implementation of tolerance 
protocols clinically. 
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ABSTRACT

Background: Vascularized composite allotransplantation (VCA) remains the most 
advanced treatment option to restore motor function and aesthetics in patients living 
with devastating disfigurements. However, the current method of organ preservation 
(static cold storage), successfully used in solid organ transplantation, can greatly 
jeopardize the quality of VCA grafts. Ex vivo subnormothermic oxygenated machine 
perfusion (SNMP) is a novel method of preservation demonstrated an to better preserve 
and even improve the quality of solid organs prior to transplantation. The aim of this 
study was to develop a protocol for 6 hours of SNMP and validate our protocol in a 
heterotopic transplant model.

Methods: Twelve rat hind limbs were procured and flushed with a heparin/saline 
mixture. During 6 hours of SNMP, limbs were perfused through the femoral artery with a 
pressure-controlled system and the venous outflow was prepared for sample collection. 
The perfusion solution base consisted of a mixture of muscle media with growth factors 
and i) bovine serum albumin (BSA)(n=4), ii) BSA and polyethylene glycol (PEG)(n=4), 
or iii) BSA, PEG and an acellular oxygen carrier (Hemopure®)(n=4). Arterial flow and 
vascular resistance were monitored and perfusion samples were collected. Lactate and 
potassium levels as well as oxygen consumption were evaluated as markers of viability 
of muscle tissue. After 6 hours of SNMP muscle biopsies were analyzed with liquid 
chromatography-mass spectrometry for energetic cofactors (adenosine triphosphate 
[ATP]/adenosine diphosphate [ADP]/adenosine monophosphate [AMP]), referred to as 
energy charge. Moreover, we validated viability of the most favorable perfusion group 
with transplantation.

Result: Arterial outflow and vascular resistance remained stable throughout perfusion, 
between 1.0-3.0 mL/min and 20-40 mmHg/mL/min respectively. During 6 hours of 
perfusion, lactate levels decreased in all groups while potassium levels and oxygen 
consumption remained stable. Interestingly, after 6 hours of SNMP, energy charge 
levels of muscle biopsies did not differ between the groups and all were comparable 
to levels  of in vivo controls (n=3). However, in control limbs, conventionally preserved 
for 6 hours in University of Wisconsin (UW) solution on ice (n=10), mean energy charge 
levels decreased 4-fold. 

Conclusions: This study demonstrates that 6 hours ex vivo SNMP of rat hind limbs is 
feasible and results in superior tissue preservation compared with conventional cold 
preservation methods. Current studies are investigating extending the time and 
optimizing SNMP perfusion of VCAs.
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INTRODUCTION

Vascularized composite allotransplantation (VCA) remains the most advanced treatment 
option to restore motor function and aesthetics in patients living with devastating 
disfigurements. To date, worldwide more than 200 patients have benefited from VCA, 
the majority receiving hand/upper extremity or face transplants (2). 

Teams around the world are working towards improved outcomes in VCA by reporting 
their experience in all aspects of VCA. In all fields of transplantation, graft viability prior 
to transplantation is inextricably linked to post-transplant success. Minimization of graft 
injury prior to transplantation is therefore key to improve outcomes in VCA (3). 

The current method of graft preservation is based on cooling the graft in a cold 
preservation solution (4 degrees Celsius) on ice, referred to as static cold storage (SCS). 
The significant drop in temperature lowers the metabolic rate of the tissue, which 
enable the graft to temporarily cope with the absence of oxygen and nutrients. Muscle 
cells (the dominant tissue type as per quantity in most VCA grafts) are, however, highly 
metabolic active which allows only for an extremely limited ischemia time; irreversible 
cell damage already occurs after as little as 4 hours of ischemia (4). Moreover, upon 
reperfusion, the sudden abundance of oxygen will aggravate cell damage even more, 
initiating reactive oxygen species (ROS) formation and intracellular calcium influx 
leading to mitochondrial dysfunction and eventually cell death. Apoptotic and necrotic 
muscle cells ultimately trigger the immune system, affecting both early and long-term 
graft function (5–7).

Ex situ machine perfusion is gaining increasing attention as an alternative method of 
VCA graft preservation. During ex situ machine perfusion, an aerobic metabolism is 
maintained thereby limiting tissue damage and allowing for quality improvement and 
assessment. Previous groups have reported favorable results of both hypothermic and 
normothermic machine perfusion of VCA grafts compared to SCS (8–10). Oxygenated 
subnormothermic machine perfusion (SNMP) is performed at room temperature (21 
degrees Celsius) and combines the perks of both cold and warm temperatures without 
the hassle of temperature regulation. SNMP of both rat and human livers prior to 
transplantation has shown to improve the quality of the liver by reducing ischemia-
induced damage (11–13).

In this study, we aim to develop a protocol for 6 hours of SNMP of VCA grafts. In part 
A  of this study we will study perfusion characteristics of three different perfusion 
solutions as well as energy status after perfusion. Differentiating components in the 
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perfusion solution are i) polyethylene glycol (PEG) and ii) acellular oxygen carrier HBOC-
201 (Hemopure, HbO2, Therapeutics LLC) with prostaglandin. PEG is a multifactorial 
water soluble nontoxic polymer. Addition of large PEG molecules in vivo is associated 
protective effects against I/R injury in both rat hearts and livers (14,15). The protective 
effects were associated with decreased vascular permeability, decreased oxidative 
stress, and inhibition of cell death (16). HBOC-201 is an hemoglobin based oxygen 
carrier polymer (250 kDa) that has the capacity to unload oxygen in peripheral tissues at 
sub-physiological temperatures (17). Furthermore, we aim to validate our most optimal 
SNMP protocol in a syngenic heterotopic hindlimb transplant model.

MATERIALS & METHODS

Animals & Housing
Twelve male Lewis rats (250-300g) were used for the donor experiments (Charles Rivers 
Laboratories, Wilmington, MA, USA). Another 4 male Lewis rats (300-350g) were used as 
recipients for transplantation. Animals were housed and maintained in accordance with 
the National Research Council guidelines and the experimental protocol was approved 
by the Institutional Animal Care and Use Committee (IACUC) of the Massachusetts 
General Hospital (Boston, MA, USA). In all experiments, the right hind limb was harvested 
a model for an osteomyocutaneous VCA graft. 

Limb Procurement
Animals were anesthetized using isoflurane (Forane, Baxter, Deerfield, IL) using a Tech 
4 vaporizer (Surgivet, Waukesha, WI). Animals were placed on a heating pad in a supine 
position and were shaved from the right ankle with the distal lower ribs as the proximal 
and midline as the medial landmarks. Two circular skin incision were made at the 
location of the medial tight and above the ankle. First, the anterior and posterior tibial 
pedicles were ligated first using 7/0 silk sutures. The Achilles tendon was then cut and 
the tibial periosteum was exposed by pushing back all tendons with a scalpel. At this 
point, animals were systemically heparinized (30 IU) via the penile. The buccal fad pad 
was then mobilized to identify the femoral pedicel and all surrounding muscle were cut. 
Subsequently, both the femoral artery and vein were skeletonized and cannulated with 
a 24 gauge intravenous catheter that was secured with 7/0 silk ligation. The graft was 
mobilized by cutting the bones above the ankle and under the inguinal ligament and 
flushed with 10mL heparinized saline (10 IU/mL) via the femoral artery. All limbs were 
transferred to the perfusion system wrapped in a wet gauze and perfusion was started 
within 10-15 minutes of warm ischemia time.
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Experimental groups
In this study, 3 different perfusion solutions were tested for 6 hours of subnormothermic 
machine perfusion (SNMP) of rodent hind limbs. A detailed overview of all perfusion 
solutions is summarized in Table 1. In all groups, skeletal muscle media with basic 
epidermal and fibroblast growth factors (PromoCell, C-23160, Heidelberg, Germany) 
provided the base of the solution. Bovine serum albumin (BSA) was the base colloid 
component in all groups. Also, additional supplements such as insulin, heparin, 
dexamethasone, hydrocortisone and antibiotics were similar between groups. The main 
differences between these perfusion solution were based on the presence or absence 
of these 2 components:

1. Addition of polyethylene glycol (PEG) with a molecular weight of 35 kDa. 
2. Addition of an acellular oxygen carrier, HBOC-201 (Hemopure, HbO2, Therapeutics 

LLC) in combination with vasodilator prostaglandin

The total volume of the perfusion solution was 500 mL in all groups. Prior to connecting 
the limb, pH was optimized (pH 3.5-4.5) upon addition of bicarbonate.

TABLE 1. Overview machine perfusion solutions.

Group 1
BSA
n=4

Group 2
BSA + PEG
n=4

Group 3
HBOC-201
n=4

Solution base 
PromoCell muscle media (mL)
HBOC-201 (mL)

500
-

500
-

375
125

Differentiating additives 
Bovine serum albumin (BSA) (g)
Polyethylene glycol (PEG) (g)
Prostaglandina (mL/min)

10
-
-

10
15
-

10
15
0.2

Additional supplements
Penicillin-Streptomycin (mL)
L-glutamine (mL)
Insulin (mL)
Heparin (mL)
Hydrocortisone (mL)
Dexamethasone (mg)

2
5
100
1
100
8

2
5
100
1
100
8

2
5
100
1
100
8

Overview of the different perfusion solutions. Abbreviations used; BSA = bovine serum albumin, PEG = polyethylene glycol 
and HBOC-201 = hemoglobin based oxygen carrier-201. aProstaglandin is Alprostadil 500mcg/mL vial is diluted in 50mL of 
saline according to manufacturing instructions. This mixture was added to the solution via a syringe pump at a flow rate of 
0.2 mL/min.
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Machine Perfusion System
For 6 hours of SNMP, we used a self-build machine perfusion system (Figure 1). Key 
components for our system were a rotating pump (07522-20 DRIVE MFLEX L/S 600RPM 
115/230, Cole-Parmer, Vernon Hills, IL), tubing (Masterflex platinum-cured silicone 
tubing, L/S 16, Cole-Parmer, Vernon Hills, IL) and a membrane oxygenator, bubble trap 
chamber and tissue bath (catalog numbers 130144, 130149 and 158400 respectively, 
Radnoti LTD, Dublin, Ireland). Vascular pressure was measured via a pressure transducer 
(PT-F, Living Systems Instrumentation, St Albans City, VT) and read by a portable 
pressure monitor (PM-P-1, Catamount Research and Development, St Albans, VT). Prior 
to connecting the limb, pressures of the system without the limb were noted at different 
flow rates (‘Pressurewithout). During perfusion, pressures with the limb were observed 
(Pressurewith) and flows were adjusted accordingly to aim for a vascular pressure between 
30-40 mmHg. The 'real' vascular pressure was calculated as Pressurewith - Pressurewithout. 
Vascular resistance was calculated as by dividing the vascular pressure by the flow rate. 

Perfusion Samples and Muscle Biopsies
During 6 hours of perfusion, perfusion samples were collected from both the arterial 
inflow and venous outflow. An i-STAT analyzer (Albott, Princeton, NJ) was used to 
measure perfusate levels of potassium and lactate as well as oxygen tension and 
saturation. At the end of 6 hours of SNMP, muscle biopsies form both the m. rectus 
femoris and m. gracilis were collected. Biopsies were snap-frozen in liquid nitrogen and 
stored in a -80 degrees Celsius freezer for mass spectrometry or  stored in formalin for 
histological analysis.

Peak Oxygen Extraction
The peak oxygen extraction was calculated by the difference in between the arterial and 
venous oxygen content and corrected for the flow (mL/min). The following formula was 
used to calculate the oxygen content: oxygen content = (PO2 * K) + (SO2 * Hb * c), with 
PO2 as the partial pressure of oxygen in kPa, K as a constant (0.0225), SO2 as the oxygen 
saturation as a fraction of 1.00, Hb as the concentration in g/dL, and c being the oxygen 
binding capacity of Hb (1.26 for HBOC-201).

Energy Charge Analysis
After 6 hours of SNMP muscle biopsies were analyzed with liquid chromatography-
mass spectrometry for energetic cofactors (adenosine triphosphate [ATP]/adenosine 
diphosphate [ADP]/adenosine monophosphate [AMP]), referred to as energy charge. 
Preserved energy status appears critical for post-transplant outcome (1). To set a 
reference value, we assessed energy ratios of muscle biopsies that were collected from 
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anesthetized, untreated rats (in vivo controls) (n=3). Moreover, contra-lateral limbs were 
flushed with 10 mL of University of Wisconsin (UW) solution and stored in a bag of 50 
mL of UW solution on ice (4 degrees Celsius) referred to static cold storage (SCS controls) 
(n=10).

FIGURE 1. Ex vivo subnormothermic machine perfusion set up with HBOC-201 perfusion 
solution. The circuit consists of perfusion solution (A) that is pumped via a roller pump (B) to 
the oxygenator (C), that is oxygenated with a carbogen mixture (5% CO2 and 95% oxygen). The 
solution then goes through the bubble trap (D) to prevent air bubbles going into the limb. The 
pressure is measured (E) at the level of the limb that is laying the basin (F). Inflow samples are 
measure at the inflow valve (G) with outflow samples are measured directly from the venous 
outflow canula (as shown in upper left panel).

All frozen tissue biopsies were pulverized, weighted (averaging circa 25 mg) and analyzed 
for energetic cofactors using targeted multiple reaction monitoring (MRM) analysis on a 
3200 triple quadrupole liquid chromatography-mass spectrometry (QTRAP LC/MS-MS) 
system (AB Sciex, Foster City, CA), as previously described (1). In short, metabolites were 
extracted using a mixture of methanol/chloroform, followed by 3 freeze-thaw cycles. 
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Each extract was then diluted with ice-cold water (200 μL), centrifuged for 1 minute at 15 
000xg before the top layer was transferred to an autosampler vial for mass spectrometry 
analysis. In this study, MRM transitions for ATP, ADP and AMP were quantified and energy 
charge was calculated as; Energy Charge = (ATP + 0.5*ADP)/(ATP+ADP+AMP).

Histology Analysis of Muscle Biospies
Muscle biopsies were fixated in formalin, paraffin embedded, and cross-sectioned. 
Slides were stained with hematoxylin and eosin (H&E) and apoptosis marker TUNEL 
by the pathology department of our center. After staining, all biopsies were digitally 
captures using bright microscope and structural myocyte injury was assessed.

Transplantation and Post-operative Management
After 6 hours of SNMP (HBOC-201 group), four right hindlimbs were transplanted in a 
heterotopic fashion to the left dorsal hip area of syngenic recipient rats. Two hindlimbs 
were transplanted directly after harvest to set a reference. Anesthesia of the recipient 
was performed in a similar fashion as during the donor procedure and the rat was 
positioned on the lateral right to expose the left hip area. Recipients received 0.05 mg/
kg Buprenex subcutaneously 30 minutes prior to incision. A inguinal incision was made 
to expose the buccal fat pad and the femoral vessels. To create a subcutaneous pocket 
to place the donor graft, on the dorsal side of the rat, the skin was undermined from 
the inguinal incision towards the groin area. Depending of the vessel length, mobility 
and graft size, an dorsal skin incision was made. The skin of the donor graft was fixed 
circumferentially to the adjacent skin with absorbable 6/0 stiches. The donor pedicle 
was placed in in the subcutaneous tunnel towards the recipient vessels. Recipient 
vessels were ligated proximal to the epigastric vessels and an end-to-end microvascular 
anastomosis of the donor and recipient artery and vein was performed suing 10/0 
sutures. The inguinal incision was closed using absorbable 6/0 (non-running suture). 

Statistical Analysis
Continuous data are reported as medians with interquartile range, categorial variables 
as absolute numbers. Differences between groups were analyzed using a Kruskal-Wallis 
H test with a Dunn’s post-test or Mann-Whitney test when applicable. All statistical 
analysis were performed using Prism 5.0a for Mac OSX (GraphPad Software, La Jolla, 
CA). P values less than 0.05 were considered to be significant.
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RESULTS

Procurement
Average procurement time was 20 minutes with an average warm ischemia time until 
machine perfusion of 10-15 minutes. 

Hemodynamic Parameters
Arterial flow increased in all groups during the first half of perfusion and remained stable 
thereafter (Figure 2A). After 1 hour of SNMP, median flows were significantly higher in 
the BSA group compared to the HBOC-201 group, 1.4 (1-2.1) vs. 0.4 (0.2-0.4) mL/min (P 
= 0.01) respectively. Median flows continued to be higher in the BSA group compared 
to the HBOC-201, but not the BSA + PEG, group until  the end of 6 hours perfusion, 2.6 
(2.0-2.9) vs. 1.2 (1.0-1.5) mL/min respectively (P = 0.04). 

Vascular resistance decreased in all groups during the first hour of perfusion and 
remained stable thereafter (Figure 2B). After 1 hour of SNMP, median vascular resistance 
was significantly higher in the HBOC-201 compared to the BSA, but not BSA + PEG, 
group, 100.4 (88.8-115.2) vs. 23.5 (14.6-24.8) mmHg/mL/min (P = 0.02).

Perfusate Injury Markers
Lactate concentrations are calculated as differences in concentration between the 
arterial inflow and venous outflow, as presented in Figure 2C. In both the BSA and BSA 
+ PEG group, lactate levels increased during the first 30 minutes of SNMP and declined 
thereafter. In the HBOC-201 group, lactate levels peaked at 1 hour of SNMP and declined 
thereafter. There were no statistical difference in concentration of lactate between the 
groups.

Potassium concentrations were also calculated as differences in concentration between 
the arterial inflow and venous outflow, as presented in Figure 2D. In all groups, there 
was a slight increase in potassium concentration during the first hour of SNMP but levels 
stabilized thereafter. After 30 minutes of SNMP, median potassium concentrations were 
significantly higher in the HBOC-201 group compared to the BSA and BSA + PEG groups, 
5.8 (5.7-5.8) vs. 4.8 (4.6-5.4) vs. 4.9 (4.1-5.1) mmol/L (P = 0.04) respectively. After 1 hour of 
SNMP, median potassium concentration were still significantly higher in the HBOC-201 
groups compared to the BSA and BSA + PEG groups, 5.2 (4.8-5.6) vs. 4.3 (4.2-4.5) vs. 4.6 
(4.5-4.8) mmol/L (P = 0.002) respectively. 
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Weight Gain due to Edema
Limbs were weight prior to and after 6 hours of SNMP. Median start weight of all limbs 
(prior to perfusion) was 19 (17-21) grams and did not differ between groups (P = 0.11). 
Median weight gain (as a percentage of baseline) was significantly lower in the HBOC-
201 group with an increase of 4.9 (4.3-6.1) percent compared to limbs perfused with 
BSA alone or BSA + PEG, 48.8 (39.1-53.2) and 27.3 (20.5-41.6) percent respectively (P = 
0.005) (Figure 2E).

Peak Oxygen Extraction
Median peak oxygen extraction was significantly higher in the HBOC-201 group 
compared to the BSA and BSA + PEG group, 10.5 (5.5-11.9) vs. 3.3 (2.7-4.5) vs. 2.7 (2.0-
3.0) mL/min (P = 0.008) respectively (Figure 2F).

Energy Charge Rations
Energy charge ratios are summarized in Figure 3. At the end of 6 hours of perfusion, 
median energy charge rations were comparable between the BSA, BSA + PEG and 
HBOC-201 groups, 0.25 (0.15-0.47) vs. 0.33 (0.23-0.42) vs. 0.46 (0.42-0.49) (P = 0.20) 
respectively. Interestingly, all energy charge ratios of all groups were comparable to the 
energy charge ratio of in vivo controls (median ratio 0.37 (0.19-0.58)), as indicated by 
the dotted line in Figure 3. However, energy charge ratios of SCS control limbs were 
significantly lower compared to HBOC-201 perfused limbs, 0.10 (0.07-0.17) vs. 0.46 
(0.42-0.49) (P = 0.002) respectively but not BSA and BSA + PEG limbs.

Histology Assessment
None of the muscle biopsies showed myocyte injury or degeneration after perfusion. 
Furthermore, none of the muscle biopsies showed apoptotic cell death. Biopsies of BSA 
perfused limbs showed, however, more signs od interstitial edema compared to HBOC-
201 perfused limbs (Figure 4).

Transplant Validation of HBOC-201 perfusion group
All transplanted limbs were followed for 7 days. Interestingly, grafts in the perfusion 
group showed a brown/grey skin color during the first 24 hours after transplant, 
probably due to the reddish color of HBOC-201 (Figure 5). Skin color returned to normal 
within 24 hours. In the control group, the survival rate was 100%. In the perfusion group, 
2 out of 4 rats had to be terminated prior to 7 days follow up due to signs of auto-
mutilation to the graft, on post-operative day 3 and 5 respectively. 
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FIGURE 2. Overview perfusion parameters. In all groups, arterial flow increased while vascular 
resistance decreased over the course of perfusion (Panel A&B). Lactate levels peaked during the 
first hour of perfusion and decreased thereafter (Panel C). Potassium levels peaked during the first 
hour of perfusion and stabilized thereafter (Panel D). Weight gain was calculated the difference 
compared to baseline (Panel E). Oxygen extraction was significantly higher in the HBOC-201 
group (Panel F). Abbreviations used: Abbreviations used; BSA = bovine serum albumin, PEG = 
polyethylene glycol and HBOC-201 = hemoglobin based oxygen carrier-201.
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FIGURE 3. Energy charge values. Energy charge ratios of SCS control limbs were significantly 
lower compared to HBOC-201 perfused limbs, but not BSA and BSA + PEG limbs (P = 0.002) 
respectively. The red dotted line indicates median energy charge levels in vivo. Abbreviations 
used: Abbreviations used; BSA = bovine serum albumin, PEG = polyethylene glycol and HBOC-
201 = hemoglobin based oxygen carrier-201.
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FIGURE 4. Representative muscle histology after 6 hour SNMP perfusion of BSA, BSA + 
PEG and HBOC-201 limbs respectively. Upper panels represent H&E stained biopsies, lower 
panels show TUNEL stained biopsies. All biopsies show normal a polygonal structure with no 
signs of apoptosis. All slides are shown at 10x magnification, and the white box indicates 200 
mm. Abbreviations used: H&E = haematoxylin & eosin, BSA = bovine serum albumin, PEG = 
polyethylene glycol and HBOC-201 = hemoglobin based oxygen carrier-201.
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FIGURE 5. Heterotopic hind limb transplant grafts on post-operative days 0, 2 and 7. Post-
operative follow up of heterotopic hind limb transplant grafts. Abbreviations used; HBOC-201 = 
hemoglobin based oxygen carrier-201, POD = post-operative day.

DISCUSSION

New developments in the field of VCA (i.e. matching options, tolerance induction) 
are currently held back by the rapid decay of graft viability using standard static cold 
preservation techniques. Herein, we report to development of a protocol to successfully 
preserve VCA grafts up to 6 hours ex situ using SNMP, and we present for the first time a 
heterotopic transplantation of a rodent VCA graft after ex situ preservation with SNMP. 
Our most important findings are that 1) 6 hours of ex situ SNMP is sufficient to maintain 
energy charge levels comparable to energy charge levels of in vivo controls, while energy 
charge levels significantly dropped in grafts preserved with SCS; 2) addition of HBOC-
201 to the preservation solution significantly decreases edema and increases peak 
oxygen extraction; and 3) transplantation of HBOC-201 preserved grafts are successful.

In solid organ transplantation, energy charge levels prior to transplantation significantly 
correlate with post-operative outcome (1). The importance of preserving, recovering and 
measuring energy status prior to transplantation has thus been widely acknowledged 
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in the transplant community. It is also known that during cold ischemia, cellular energy 
levels rapidly decline (18,19). In the field of VCA, cold ischemia has been frequently 
described as a contributor to immune activation, rejection and inhibition of tolerance 
(3). Previous studies have reported histopathological changes of both muscle cells and 
nerves during cold ischemia (20). We are, however, the first to report in dept analysis 
of cellular energy metabolism during both cold ischemic preservation and machine 
perfusion of VCA grafts, as measured by energy charge.

Edema is frequently observed upon revascularization of a VCA graft in vivo (21). During 
VCA transplantation, graft edema may reflect an obstructed venous outflow, inadequate 
lymphatic drainage, or allograft rejection (22,23). During ex situ perfusion, graft edema 
is, however, more likely to be caused by the diffusion of perfusion solution components 
into the interstitial space (i.e. rationale of colloids in static cold perfusion solutions) 
(24). Such interstitial expansion may result in inadequate tissue perfusion and even 
cell death, due to compression of delicate, thin-walled capillaries (24). Other groups 
have reported improvement edema development during ex situ perfusion of porcine 
limbs, upon addition of the colloid dextrose to their modified phosphate buffered saline 
solution (25). 

In this study, weight gain due to edema was significantly lower in the PEG and HBOC-
201 group, compared to the BSA alone group. In previous studies, PEG has shown to 
reduce endothelial leakage and HBOC-201 is a large molecule not likely to extravasate 
(16). The addition of PEG and HBOC-201 might thus increase viscosity of the solution, 
thereby compromising vascular flow rates (as observed in this study), yet still lead to 
better tissue perfusion as reflected by increased peak oxygen extraction. Thus, high 
flow vascular flow rates alone do not indicate adequate tissue perfusion. 

Potassium and lactate levels are well-known ‘real time’ parameters of tissue damage 
during ex situ organ prefusion. In this study, potassium levels remained stable and 
lactate levels decreased in all perfusion groups. However, when comparing potassium 
and lactate levels between groups per time point, levels were significantly higher during 
the first hour of perfusion in the HBOC-201 group compared to BSA perfused limbs. This 
might, however, be explained by the delay in the ‘wash out’ effect due the difference in 
vascular flow rates.

Only a hand full of studies report the use of machine perfusion for ex situ preservation 
of VCA grafts. Ozer et al. reported promising results of ex situ preservation of porcine 
limbs using near normothermic machine perfusion with heparinized autologous blood 
(8). Only recently, the first ex situ perfusion of a human limb was reported also using 
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near normothermic machine perfusion with a plasma-based perfusate with packed red 
blood cells (with an average hemoglobin concentration of 4-6 g/dL) (9). While the use of 
acellular hemoglobin based oxygen carriers such as HBOC-201 are gaining increasing 
attention as an alternative for red blood cells in ex situ machine perfusion of solid organs 
(17,26–28), no reports have been published about the use of HBOCs in VCA machine 
perfusion so far.

Limitations of this study are the relative small sample size per group. One must keep 
in mind that the goal of the study was to validate a proof of concept. However, along 
the way new questions and thus limitations arose. In this study we combined added 
prostaglandin to the HBOC-201 protocol in order to overcome high vascular resistance 
(as seen by 2 grafts perfused with HBOC-201 alone, data not shown). It would have been 
interesting to test the effect of prostaglandin alone on ex situ SNMP of VCA grafts. Due 
to the heterotopic and syngenic nature of our transplants, we choose a follow up of 7 
days to be sufficient to study if our perfused grafts would be ‘transplantable’. However, 
would we have wanted to study superiority of perfused grafts over SCS preserved grafts 
in a transplant setting, we should have included a negative control group and extended 
the follow-up time. Also, graft survival in this study was negatively impacted due to auto 
mutilation of the rats to their grafts. 

In conclusion, this study demonstrates that 6 hours ex situ SNMP of rat hind limbs is 
feasible and results in superior tissue preservation compared with conventional cold 
preservation methods. Moreover, heterotopic hind limb transplantation of hind limbs 
preserved with ex situ SNMP show favorable results. Future studies may incorporate 
machine perfusion as part of a longer protocol to extend the preservation time even 
more. 
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ABSTRACT

The current method of organ preservation is static cold storage on ice (SCS) (4-10 degrees 
Celsius). Although SCS can effectively preserve organs up to several hours it does not 
allow for longtime storage. In the field of vascularized composite allotransplantation 
(VCA), storage time of at least 24 hours is necessary to enable new developments in the 
field. Subzero non-freezing (SZNF) is an attractive, new concept that allows for extended 
preservation of organs and tissues. In this chapter we describe a protocol of SNZF for 
rodent limbs that we developed. Moreover, we implementated the machine perfusion 
protocol previously designed and described in chapter 9. This protocol is currently used 
to study the efficiency of 24 hours of SNZF to extent the preservation time of rodent 
VCA grafts.
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INTRODUCTION

Vascularized composite allotransplantation (VCA) remains the most advanced treatment 
option to restore motor function and aesthetics in patients living with devastating 
disfigurements. The current gold standard of organ preservation is static cold storage 
on ice (4-10 degrees Celsius) allowing a maximum of 4-6 hours of cold ischemia of 
VCA grafts (1,2). The limited preservation time constitutes a major limiting factor for 
the matching process and drastically reduces the donor pool. Furthermore, tolerance 
induction protocols are in great development offering the opportunity to circumvent 
the need of life-long immunosuppression, making VCA an accessible treatment 
option for thousands of patients per year (3–6). Clinical implication of these promising 
tolerance induction protocols is, however, currently impossible as they require grafts 
to maintain viable for at least 24 hours after harvest. The high metabolic activity of 
muscle cells – the dominant tissue type as per quantity of most VCA grafts – mainly 
limits the maximum cold ischemia time that VCA grafts can endure. Hypothermia has 
always been a key component in preservation as it is extremely successful in slowing 
down metabolism (7). At extremely low temperatures (nota bene minus 196 degrees 
Celsius), all biological and chemical processes are suspended which means that tissues 
can, at least in theory, be kept forever (8). In this line of thought, preservation below zero 
degrees Celsius – the freezing point of water – has always been desirable yet impossible. 
The major but obvious impediment has been the transition of water into ice. Formation 
of both extracellular and intracellular ice crystals causes severe cell damage by abrupt 
changes in concentration gradient, mechanical forces on the delicate cell membrane 
and disruption of the cell architecture (9). Interestingly, wood frogs (Lithobates 
sylvaticus) are able to withstand extreme cold by accumulation of urea and glucose in 
their intracellular environment, thereby limiting ice formation and osmotic shrinkage.

Subzero non-freezing (SZNF) is a novel technique recently demonstrated on liver for 
long-term preservation of organs below the freezing point without the induction of 
ice formation (10,11). The glucose derivative 3-O-methyl-d-glucose (3-OMG) was an 
essential component in this protocol (12). In this chapter we describe a protocol that was 
designed to allow up to 24 hour SNZF preservation of rodent limbs. We implemented 
the machine perfusion protocol designed in chapter 9, as the recovery phase of this 
protocol. 

Overview SNZF Protocol
The fluid and temperature changes are summarized in Figure 1. All limbs were kept 
at minus 5 degrees Celsius for 24 hours. The subnormothermic machine perfusion (at 
room temperature) was used to i) deliver cryoprotectants to the graft prior to SZNF 
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and  ii) to recover the graft and assess viability after SZNF. Ice formation was mitigated 
by intracellular accumulation of cryoprotectant 3-O-methyl-d-glucose (3-OMG) 
and extracellular damage and osmotic shrinking was alleviated by the addition of 
polyethylene glycol (PEG). 

FIGURE 1. Schematic overview protocol. Temperature and fluid changes are summarized. 
During the loading phase, the graft is perfused with the ‘loading solution’ followed by a cold 
flush (4 degrees Celsius) of the same solution and subsequently a flush with the ‘SZNF solution’ 
(4 degrees Celsius). The graft is stored in the ‘SZNF solution’ and hanged in a basin with the anti-
freeze solution. The temperature of the chiller is gradually lowered at a rate of 0.1 degree Celsius 
per minute. Once the temperature has reached minus 5 degrees Celsius, the limb is stored for 
24 hours. After 24 hours of SZNF, the temperature of the chiller is gradually rewarmed. Once the 
temperature in the chiller has reached 4 degrees Celsius, the limb is connected to the perfusion 
system and perfused for 1 hour using the ‘recovery solution’.

MATERIALS

Reagents
• Male Lewis rats (weight range 250-300 g)
• Ethanol 70%
• Demineralized water
• Saline or NaCl 0.9% 
• Sodium Bicarbonate (8.4% for i.v. use)
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• Skeletal Muscle Growth Medium (PromoCell, cat. no. C-23160)
• Penicillin-Streptomycin 5,000 U/ml, 100 ml (Life Technologies, cat. no. 15070-063)
• L-glutamine, 200 mM (Invitrogen, cat. no. 25030-156)
• Insulin (Eli Lilly, cat. no. Humulin R U-100)
• Sodium heparin (APP pharmaceuticals, cat. no. heparin 10.000 USP)
• Hydrocortisone (MGH pharmacy, cat. no. 7750500)
• Dexamethasone (Sigma-Aldrich, cat. no. D2915)
• Sodium bicarbonate powder (Sigma-Aldrich, cat. no. S5761)
• Sodium bicarbonate solution, 7.5% (Sigma-Aldrich, cat. no. S8761)
• Bovine serum albumin (BSA), chromatographically purified (Sigma-Aldrich, cat. no. 

A1933)
• Polyethylene glycol (PEG), 35 000 (Sigma-Aldrich, cat. no. 94646)
• HBOC-201 (Hemopure, HbO2, Therapeutics LLC)
• 3-OMG (Sigma-Aldrich, cat. no. M4879)
• HTK solution (Custodiol ®, Durham, NC)
• Prostaglandin, Alprostadil 500mcg/mL vial (MGH Pharmacy, cat. no. 7029700)
• Antifreeze solution
• Mucasol detergent (Sigma-Aldrich, cat. no. Z637181)

Equipment

General Supplies
• Media bottles, 250 and 500 mL (Fisher Scientific, Hampton, NH)
• Bottle-top filter, pore size 0.22 μm (Cole-Parmer, cat. no. EW-06730-43)
• Balance scale (Cole-Parmer, cat. no. EW-10000-12)
• i-STAT analyzer (Albott, Princeton, NJ)
• i-STAT cartridges CG4+ and CHEM8+ (Albott, Princeton, NJ)
• Oxygen tank, 100% O2 (Airgas, Radnor, PA)
• Mini organ bags (ULINE, cat. no. S-17703)
• Insulin syringe 0.3 mL (BD, Franklin Lakes, NJ)
• Syringes 1, 5, 10, 30 and 60 mL (BD, Franklin Lakes, NJ)
• Needles 20 and 25 gauge (BD, Franklin Lakes, NJ)
• Peripheral IC Catheter, 24 gauge cannula (BD, Franklin Lakes, NJ)
• Latex gloves
• Eppendorf tubes
• Crushed ice + ice container
• Liquid nitrogen + liquid nitrogen container
• Sterile hood
• Magnetic stir bar and stir plate
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• Aluminum foil

Machine Perfusion and SZNF System 
• Masterflex pumps (Cole-Parmer, cat. no. HV-07522-20)
• Pump head for L/S 16 tubing (Cole-Parmer, cat. no. EW-07016-20)
• Masterflex platinum-cured silicone tubing, L/S24 (Cole-Parmer, cat. no. HV-96410-

24)
• Masterflex platinum-cured silicone tubing, L/S16 (Cole-Parmer, cat. no. HV-96410-

16)
• Membrane oxygenator tubing (Radnoti, cat. no. 130144-078)
• Portable Pressure Monitor (Catamount Research and Development, cat. no. PM-P-1)
• Pressure Transducer (Living Systems, cat. no. PT-F)
• Lab stand (Radnoti, cat. no. 159951-1)
• Bubble trap, compliance chamber (Radnoti, cat. no. 130149)
• Tissue bath (Radnoti, cat. no. 158400)
• Membrane Oxygenation Chamber Tubing (Radnoti, cat. no. 130144)
• Ring clamps (Radnoti, Covina, CA)
• Microfluidics Programmable Syringe Pump (Pump Systems Inc., cat. no. NE-1002X)  
• Portable top-opening fridge-freezer-warmer with digital controls, MHD13F-DM 

(Engel Coolers, cat. no. MHD13F-DM)
• Mini organ box with self-made ‘washing line’ from Prolene 2/0 (esutures.com, cat. 

no. 8623H)
• Binder clips medium

Surgical Equipment
• Surgical microscope M530 OHX (Leica Microsystems, Buffalo Grove, IL)
• Isoflurane (Forane, Baxter, Deerfield, IL)
• Tech 4 vaporizer (Surgivet, Waukesha, WI)
• Specialty gas regulator (Airgas, Radnor, PA)
• Tabletop rodent anesthesia machine (VetEquip, Inc., Livermore, CA)
• Heating pad (Braintree Scientific, Braintree, MA)
• Scalpel handle no. 3 solid, 4 inch (Roboz Surgical Instrument, cat. no. RS-9843)
• Sterile scalpel blade, no. 15 (Roboz Surgical Instrument, cat. no. RS-9801-15)
• Metzenbaum scissor (Roboz Surgical Instrument, cat. no. RS-6953)
• Addison forceps (Roboz Surgical Instrument, cat. no. RS-5234)
• Retractor, 3 Blunt Prongs (Roboz Surgical Instrument, cat. no. RS-6612)
• Micro scissor (Roboz Surgical Instrument, cat. no. RS-5600)
• Micro forceps, no. 4 (Roboz Surgical Instrument, cat. no. RS-4972)
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• Micro needle holder Castroviejo (Roboz Surgical Instrument, cat. no. RS-6416)
• Micro vessel dilating forceps, no. 7 (Roboz Surgical Instrument, cat. no RS-4929)
• Bone cutter Liston (Roboz Surgical Instrument, cat. no. RS-8555)
• Micro clips, 0.75 mm (Roboz Surgical Instrument, cat. no. RS-5420)
• Micro clip applying forceps (Roboz Surgical Instrument, cat. no. RS-5410)
• Micro instrument tip protectors (Roboz Surgical Instrument, cat. no. IT-1000)
• Sterile surgical gloves
• Gauzes and cotton buds
• Silk 7/0 sutures (esutures.com, cat. no. TG140-8)
• Ethilon 8/0 sutures (esutures.com, cat. no. 1714G)
• Petri dish

Reagent Setup

Loading Solution – Machine Perfusion Solution (i)
Weigh 10 mg bovine serum albumin (BSA) (Sigma-Aldrich, cat. no. A1933), 15 mg 
polyethylene glycol (Sigma-Aldrich, cat. no. 94646), 400 mg sodium bicarbonate 
powder (Sigma-Aldrich, cat. no. S5761) and 8 mg dexamethasone (Sigma-Aldrich, cat. 
no. D2915). Add all powders and 500 mL of skeletal muscle growth medium (PromoCell, 
cat. no. C-23160) to a 500 mL glass bottle and stir until all powders are dissolved, using a 
stir bar and plate. Add 4 mL of penicillin-streptomycin (Life Technologies, cat. no. 15070-
063), 5 mL L-glutamine (Invitrogen, cat. no. 25030-156), 375 mL insulin (Eli Lilly, cat. no. 
Humulin R U-100), 100 mL hydrocortison (MGH pharmacy, cat. no. 7750500) and 5 mL 
of sodium heparin (APP pharmaceuticals, cat. no. heparin 10.000 USP). If all reagents 
are dissolved and mixed properly, sterile filter the entire solution using a 0.22 mm filter 
(Cole-Parmer, cat. no. EW-06730-43) into a new sterile 500 mL bottle.

Subzero Non-Freezing Solution
Dissolve 12 mg BSA (Sigma-Aldrich, cat. no. A1933) in 200 mL of HTK solution using a stir 
bar and plate. Caution: HTK solution should be kept dark and cold thus wrap the entire 
bottle in aluminum foil. Add 2 mL of penicillin-streptomycin (Life Technologies, cat. no. 
15070-063), 1 mL of sodium heparin (APP pharmaceuticals, cat. no. heparin 10.000 USP) 
and 100 mL insulin (Eli Lilly, cat. no. Humulin R U-100) to the solution and mix again. 
Again, if all reagents are dissolved and mixed properly, sterile filter the entire solution 
using a 0.22 mm filter (Cole-Parmer, cat. no. EW-06730-43) into a new sterile 250 mL 
bottle. Wrap the entire. Place the bottle in a 4 degrees Celsius fridge until use.
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Recovery Solution – Machine Perfusion Solution (ii)
Prepare the recovery solution in the same fashion as the loading solution only now i) 
add 19.42 mg of 3-OMG (Sigma-Aldrich, cat. no. M4879) and ii) dissolve it in 375 mL 
of skeletal muscle growth medium (PromoCell, cat. no. C-23160). After the solution is 
sterile filters, add 125 mL HBOC-201 (Hemopure, HbO2, Therapeutics LLC).

PROCEDURES

Preparing ex situ Machine Perfusion System
1. Spray the glassware with 70% ethanol and wipe of dust with a paper towel.
2. Turn on the pump and pressure measuring device.
3. Flush the system with 1 L of demineralized water for 15 minutes. Collect the flushed 

water in a ‘waste bottle’; do not recirculate. Once the entire bottle is flushed through 
the system, let the pump run (circulating air) for 5 minutes to dry the system.

4. Fill the system with the loading solution and discard the first 50 mL of solution 
into the waste bottle and subsequently start recirculation the solution though the 
system. Use a medium high flow rate of 10 mL/min, because higher flow rates will 
cause bubbles.

5. Turn on the oxygen flow at 1.5-2.0 L. 

Priming the Machine Perfusion System
6. Make sure to remove all bubbles from the system. Caution: closely check the tubing 

prior to preceding with priming the system.
7. Connect a 24 gauge cannula to the inflow outlet. Secure the inflow cannula to the 

basin (use sterile tape if needed) at the level of the pressure valve in a 20-30 degree 
angle pointing downwards.

8. Calibrate the system to atmospheric pressure by pausing the roller pump, open 
the pressure valve and push the zero button on the pressure reader multiple times. 
Caution: calibration only works if the fluid is not in motion.

9. Start the roller pump and increase the flow rate in increments of 0.1 mL/min circa 
every 2 minutes until a flowrate 2.0 mL/min. Caution: down the pressure per flow 
rate to calculate the ‘real pressure’ during perfusion.

10. Take a perfusate sample for blood gas analysis using a CG4+ cartridge in the 
i-STAT machine. Correct the pH is the perfusion solution to 7.35-7.45 using sodium 
bicarbonate and repeat the measurement after. Also collect 1.5 mL of perfusion 
solution in an Eppendorf tube as a baseline sample and store in a -80 degrees 
Celsius freezer until further analysis.
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Preparing Limb Amputation Surgery
11. Turn on the microscope and connect the bipolar machine. 
12. Fill a 0.3 mL syringe with 1000 IU/mL of heparin (300 IU/mL total).
13. Prepare 20mL of 10 IU/mL heparinized saline.
14. Place all instruments, syringes and other surgical equipment summarized under 

‘surgical equipment’ on the table. 

Limb Amputation Surgery
15. All animals are housed in a temperature controlled room with a 12 hour day/night 

cycle. Caution: all animals should be housed in accordance with local animal 
committee rules. Animals may have access to both water and food ad libitum prior 
to surgery.

16. Weigh the rat before beginning of the procedure. We optimized the system for 
limbs of rats with a weight range between 250-300 g.

17. Animals are anesthetized using a mixture of 100% oxygen and isoflurane. The 
anesthesia system should be set to 3% isoflurane with an oxygen flow of 1.0 mL/
min for induction. 

18. Place the animal on the heating pad in a supine position and secure the nose in the 
anesthesia cone, use sterile tape if needed. Cautions: monitor the position of the 
neck and the dept of the breaths throughout the entire procedure.

19. Shave the animal  from the right ankle up to the distal lower ribs. 
20. Use the scalpel to make a circular incision around the ankle.
21. Ligate the anterior and posterial tibial pedicles with 7/0 silk suture, cut all tendons 

and expose the tibial periosteum by pushing back all tendons with a scalpel. 
Caution: use bipolar cauterization if needed and use the bifurcation of the fibula as 
your cranial landmark.

22. Disinfect the penile region and inject 30 I/U heparin in the penile vein. Caution: 
draw back blood to make sure not to inject in the cavernosa.

23. Make a circular skin incision above the medial tight and mobilize the buccal fad pad 
using surgical scissors. 

24. Skeletonize the femoral artery and vein using microsurgical forceps and ligate all 
side branches using 8/0 ethilon sutures.

25. Place a micro clip on the cranial end of the femoral artery, make sure to get as much 
length for your pedicle as possible. Cannulate the artery with a 24 gauze catheter 
and secure it with two separate sutures using 7/0 silk.

26. Place micro clip on the cranial end of the femoral vein and cannulate the vein in the 
same fashion as the artery.

27. Flush the graft with 5-7 mL heparinized saline (10 IU/mL) in 2-3 minutes.
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28. Mobilize the graft by cutting the upper limb muscles and use the bone cutter to cut 
the bones. Caution: in case of transplantation, make sure to use a bipolar to cut the 
muscles to minimize leakage.

29. Wrap the graft in a damp gauze in an organ bag and start perfusion within 10-15 
minutes.

Machine Perfusion: Loading Phase
30. Prior to connecting the graft to the perfusion system, make sure to weigh the graft, 

turn down the flow to 0.1 mL/mL and remove the primer canula.
31. Place the liver in the organ chamber with the medial side of the limb facing upwards. 

Connect the canula in the femoral artery to the perfusion system and start the 
timer. Caution: prohibit any air bubbles of going in to the graft.

32. Time the time to optimize the position of the graft. Make sure the arterial cannula is 
hanging in a 20-30 degree angle and ensure free outflow from the venous canula. 
Caution: use sterile tape of gauzes to optimize the position of the cannulas; this 
directly influences your pressures. 

33. Slowly increase the flowrate while aiming for a pressure between 30-35 mmHg. 
Write down the flow and pressure every 10 minutes. Take a perfusate sample for 
blood gas analysis (i-STAT machine) using both CG4+ and Chem8 cartridges and 
collect 1.5 mL of perfusion in an Eppendorf tube every 30 minutes. 

34. Continue to perfuse the limb for 2 hours.

Subzero Non-Freezing 
35. Disconnect the femoral artery canula from the machine and place the graft, 

wrapped in sterile gauzes, in a Petri dish on ice. Connect the femoral artery canula 
to the syringe with cold loading solution via a connecting piece of tubing.

36. Turn on the syringe pump and perfuse 6-7 mL of cold loading solution at a flow rate 
of 0.5 mL/min. Caution: make sure no air bubbles are going in to the graft and that 
the graft is not in direct contact with ice.

37. Replace the cold loading syringe by a syringe filled with subzero non-freezing 
solution. Set the flowrate to 0.2 mL/min and perfuse the limb with the subzero non-
freezing solution for 30 minutes.

38. After the second flush, disconnect the limb from the syringe pump and place it in a 
sterilized mini organ bag. Add 15 mL of subzero non-freezing solution. 

39. Transfer the closed bag to the temperature controlled chiller. Caution: make sure 
the temperature controlled chiller is always set at 4 degrees Celsius, check this prior 
to starting the experiment.
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40. Place the entire organ bag (with the solution and limb) in the temperature 
controlled chiller and remove all air bubbles form the bag. Make sure the bag is 
fully submerged in the antifreeze solution.

41. Gradually lower the temperature at a rate of 0.1 degrees Celsius per minute until 
the temperature will be set at -5 degrees Celsius. 

42. Leave the limb in the temperature controlled chiller for 24 hours. Caution: attempt 
to minimally disturb the limb at this point.

Machine Perfusion: Recovery Phase
43. After 24 hours of subzero non-freezing, increase the temperature of the chiller 

again to 4 degrees Celsius at a rate of 0.1 decrease Celsius per minute.
44. Start priming the machine perfusion system again, similarly as outlines by Steps 

1-10 but this time use the recovery phase solution instead of the loading solution.
45. Place the loading solution in a bucket of ice.
46. Prepare 50 mL syringe with saline and an entire bottle of prostaglandin, alprostadil 

500mcg/mL vial (MGH Pharmacy, cat. no. 7029700).
47. Put 10 mL of this saline/prostaglandin mixture in a syringe and place the syringe in 

a syringe pump.
48. Connect the prostaglandin mixture to a piece of tubing and a 25 gauge needle. 

Stick the needle in the ‘inflow’ tubing and place the needle right before the inflow 
‘artery canula’. 

49. Set the flow rate of the syringe pump at 0.2 mL/min.
50. Take the organ bag out of the chiller when the temperature in the chiller has 

reached 4 degrees Celsius.
51. Connect the femoral artery to the inflow.
52. Slowly increase the flowrate while aiming for a pressure between 30-35 mmHg. 

Write down the flow and pressure every 5 minutes. Take a perfusate sample for 
blood gas analysis (i-STAT machine) using both CG4+ and Chem8 cartridges and 
collect 1.5 mL of perfusion in an Eppendorf tube every 15 minutes. Store samples 
in the -80 degrees Celsius freezer until further analysis. Caution: during the first 10 
minutes a pressure of 40-50 mmHg is accepted.

53. Remove the ice bucket after 10 minutes of perfusion.
54. Perfuse the limb for one hour. Disconnect the limb and weigh the limb again on 

the scale.
55. Collect a muscle biopsy an Eppendorf tube, snap freeze it in liquid nitrogen and 

store it in -80 Celsius freezer until further analysis.
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Cleaning the System
56. Collect all the perfusion solution in a waste bottle and then flush 1L of demineralized 

water through the system. 
57. Make a cleaning solution with 2% of mucasol detergent in 1 L of demineralized 

water and flush the system with this mixture. Leave the solution in the system 
overnight, remove the solution the next day and flush the system again with 1L of 
demineralized water (single pass).

Real-Time Perfusion Parameters
During SNMP, arterial flow and vascular resistance can be monitored. Lactate levels 
and oxygen consumption can be evaluated as markers of viability of the muscle tissue. 
During our first experiments, we noticed that an increase in edema of more than 20% 
(over the course of the entire protocol) is associated with worse real-time perfusion 
parameters (data not shown). The amount of edema can be calculated as:  Edema = 
weightend – weightstart / weightstart * 100%.

Limitations to This Protocol
During the ‘supercooled state’ of the SZNF phase, the slightest impurity in the solution can 
trigger ice crystal formation. Sterile filtering all solutions is thus of utmost importance. 
Since vibrations of the chiller can also initiate ice crystallization, the grafts in our 
protocol are hanging in the anti-freeze solution to buffer the vibrations. Furthermore, 
this SZNF protocol was optimized for small rodent VCA limbs (±15 g). Adjustments to 
the protocol might be needed for other VCA types (e.g. face, penis et cetera) or for grafts 
of larger size. Moreover, a controlled rate chiller to gradually change the temperature 
of the machine perfusion system would be desirable to minimize harsh temperature 
changes (and thus the change of hypothermia induced damage). Future studies should 
investigate the viability of rodent limbs after 24 hours of VCA in a transplant model.
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SUMMARY

Donor organ viability is closely linked to transplant success. Oxygenated machine 
perfusion is gaining increasing attention as an alternative method of organ 
preservation, as it can be used to improve and assess organ viability of ECD organs 
prior to transplantation. This may ultimately lead to transplantation of more and better 
quality donor organs. In this thesis, I aimed to study the effects of oxygenated machine 
perfusion on both donor livers and limbs in more detail. We have investigated the effects 
of machine perfusion on endothelial activation and function, and studied the effects 
of new perfusion solutions on graft function both ex situ and in vivo. In this chapter, 
the main findings of the studies described in this thesis are summarized and discussed. 
Furthermore, this chapter is concluded by a section on future perspectives. A general 
introduction and outline of this thesis is given in chapter 1. 

PART A: OXYGENATED MACHINE PERFUSION AND 
TRANSPLANTATION OF HUMAN LIVERS

In chapter 2 we discussed the potential impact of machine perfusion as an alternative 
method of organ preservation in DCD liver transplantation. In an effort to overcome the 
pressing organ shortage, DCD donors are being increasingly utilized as a new source 
of donor organs. The success of DCD liver transplantation depends, however, heavily 
on preservation methods to maintain viability of the organ prior to transplantation. 
In this chapter we briefly addressed the definition and terminologies used in DCD 
donation, discussed basic principles of organ preservation and outlined the renewed 
interest in machine perfusion. We aimed to present a comprehensive overview of the 
different machine perfusion modalities, including differences in timing, temperature, 
vascular route of perfusion (single or double), and flow characteristics (pulsatile or non-
pulsatile). We concluded that machine perfusion holds many advantages over static cold 
preservation. However, all forms of machine perfusion serve their own purpose and all 
have their advantages and disadvantages. Therefore there is not one ‘holy grail’ type of 
machine perfusion. We concluded that ultimately a combination of different methods 
of machine perfusion might be used, specialized for the needs per organ. Interestingly, 
recent studies are also investigating the use of machine perfusion to effectuate ischemia 
free organ transplantation (IFOT) (1, 2). In the next decades the interesting technique 
of IFOT could become the preferred method of organ preservation, especially for ECD 
organs.
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In chapter 3 we investigated the effect of end-ischemic oxygenated HMP on endothelial 
cell function of ECD livers. This study included donor livers that were declined for 
transplantation and transported to our center using SCS. After SCS, all livers underwent 
6 hours of viability testing (NMP), either directly upon arrival (controls) or preceded 
by a 2 hours of HMP. In both groups, liver biopsies were taken upon arrival and after 
NMP, and perfusion samples were taken during NMP. At the end of NMP, relative mRNA 
expression of the flow-inducible transcription factor Krüppel-like-factor 2 (KLF2), and its 
downstream genes endothelial nitric oxide synthase (eNOS) and thrombomodulin (TM) 
were significantly higher in HMP-preserved livers compared to controls. The increased 
phosphorylation of eNOS via KLF2 might explain, at least partially, the increased NO 
production observed in HMP livers in this study, and subsequent higher flows in the 
HMP group at all time points. Endothelial injury was assessed by the release of TM 
into the perfusate. At the end of NMP, TM levels were significantly higher in controls 
compared to HMP livers. Furthermore, we developed an histological injury score to 
assess microvascular injury of endothelial cells lining the vasculature and the vessel 
walls of hepatic arteries, portal veins and central veins in hematoxylin and eosin stained 
liver biopsies. After six hours of NMP, injury of the arterial branches was significantly 
lower HMP-preserved livers compared to controls. This chapter therefore indicates that 
a short period of oxygenated HMP increases endothelial cell viability after SCS and 
subsequent NMP of ECD livers.

In chapter 4 we studied the potassium and sodium shifts during end-ischemic 
oxygenated machine perfusion and subsequent reperfusion ex situ or in vivo. This study 
was prompted by the unexpected observation that, during our first clinical series of 
end-ischemic oxygenated HMP (in this study referred to as DHOPE), reperfusion of 
HMP-preserved liver grafts led to severe hypokalemia in three out of ten transplant 
recipients. We found that during HMP, livers released potassium and took up sodium. 
The extent of potassium and sodium changes during HMP were in line with the 
clinical observation that recipient potassium levels decreased upon reperfusion of a 
HMP-preserved liver, while levels increased after reperfusion of a SCS-preserved liver. 
Furthermore, comparable shifts in potassium and sodium levels were observed during 
ex situ warm reperfusion of HMP-preserved livers. This study showed that reperfusion of 
hypothermic machine perfused livers can lead to decreased blood potassium or even 
hypokalemia in the recipient. With increasing clinical use of HMP as an alternative (or 
complementary) method of organ preservation, anesthesiologists and surgical teams 
should be prepared for potassium shifts during HMP transplantation that are opposite 
to those seen during transplantation of SCS-preserved livers. 
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In chapter 5 we aimed to develop a new preservation solution for ex situ NMP without 
the need of human blood products. We sequentially replaced red blood cells (RBCs) 
with HBOC-201, an acellular hemoglobin-based oxygen carrier, and fresh frozen plasma 
with the colloid solution gelofusine. Livers perfused with RBCs and fresh frozen plasma 
were used as controls. We found that livers that were perfused with HBOC-201 had 
significantly higher hepatic ATP content, cumulative bile production and vascular flows 
(both portal and arterial), compared to controls. Furthermore, perfusate levels of ALT 
were lower in HBOC-201 perfused livers compared to controls. During NMP, livers that 
were perfused with a HBOC-201 based solution, performed at least similar (and for some 
biomarkers of liver function even superior) to perfusion based on RBCs. We subsequently 
showed that NMP of human livers can effectively be performed with HBOC-201 and 
gelofusine. Currently, the first clinical series of extended criteria donor liver perfusion 
prior to transplantation is being executed with a HBOC-201-based perfusion solution 
(3).

Chapter 6 describes a sub study of the previous chapter. In chapter 6, we studied the 
effect of HBOC-201 on endothelial cell function of donor livers during ex situ NMP. The 
reason to further study the effect of HBOC-201 on endothelial cell function, were the 
serious hemodynamic complications that have been reported in patients that received 
HBOCs to treat hemorrhagic shock in the setting of a clinical trial. It was thought that 
the acellular Hb molecules caused vasoconstriction because of ‘nitric oxide scavenging’. 
The main finding of this study was that cumulative NO production did not decrease 
during ex situ NMP with a HBOC-201 based perfusion solution. At the end of 6 hours 
of NMP, cumulative NO levels were comparable with between HBOC-201 and RBC 
perfused livers. The limited or absent NO scavenging in this study might be due to 
the polymerization of HBOC-201. HBOC-201 polymerization has been performed as a 
strategy to prevent extravasation of HBOCs molecules, which limited NO scavenging. 
Furthermore, we found that the relative expression of hypoxia-inducible factor HIF-
2a was significantly higher in HBOC-201 livers, compared to RBC-perfused livers. This 
might suggest that HBOC-201-perfused livers are more resistant to oxidative damage 
compared to RBC-perfused livers. 

In chapter 7 we aimed to study the in vitro effects of recombinant soluble human 
thrombomodulin (ART-123) on coagulation and fibrinolysis in plasma samples of 
patients with end-stage liver disease undergoing liver transplantation. ART-123 is 
used clinically as an anticoagulant and anti-inflammatory agent in the treatment of 
disseminated intravascular coagulation. We were, however, interested in ART-123 
because of the promising results that were reported in preclinical studies that ART-
123 efficiently reduced I/R injury of donor livers. Plasma samples were collected of 10 
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patients undergoing liver transplantation, during and in the days after transplantation. 
To set reference values, samples of 10 healthy controls were also included in this 
study. Different concentrations of ART-123 were added to plasma samples and peak 
thrombin generation and clot lysis times were determined. Compared to controls, we 
found that plasma of patients was profoundly resistant to the anticoagulant action of 
ART-123. This might be explained by low levels of protein C, protein S, and elevated 
levels of factor VIII in patients undergoing liver transplantation. Furthermore, ART-123-
dependent prolongation of clot lysis times did not differ from healthy controls. This 
study suggested that ART-123 is unlikely to provoke bleeding in patients undergoing 
liver transplantation, but future clinical studies are needed to confirm the safe use of 
ART-123 during liver transplantation.

PART B: OXYGENATED MACHINE PERFUSION AND 
TRANSPLANTATION OF LIMBS

Chapter 8 provided a comprehensive overview of novel strategies that may enable 
extended preservation of vascularized composite allotransplantation (VCA) grafts. In 
summary, the current method of static cold preservation is considered inadequate. 
Major advancements in the field of VCA regarding matching, desensitization, and 
potential tolerance induction all require grafts to be kept viable up to hours or days. 
The potential of machine perfusion as a new method of preservation is discussed 
in this chapter. Also, advantages and disadvantages of more extreme preservation 
techniques, such as cryopreservation approaches, are discussed. The composite nature 
of VCA grafts remains a complicating factor, as all tissue types have their own degree 
of susceptibility to (cold) ischemia and cryoprotectant agents. We believe that in the 
current scope of extended preservation protocols, high subzero approaches of VCA 
grafts seem a promising alternative that can greatly impact the clinical application of 
VCA as a reconstructive option for patients worldwide.

In chapter 9 we developed a protocol for 6 hours of ex situ subnormothermic machine 
perfusion (SNMP). A rodent hind limb model was used as a vascularized composite 
allograft. We compared three different perfusion solutions all based on muscle-specific 
culture media, with the addition of polyethylene glycol and the acellular oxygen 
carrier HBOC-201. Peak oxygen extraction was superior in HBOC-201 perfused limbs, 
compared to the other groups. Moreover, compared to static cold preserved limbs, the 
cellular energy charge was significantly higher in HBOC-201 preserved limbs. Viability 
of the HBOC-201 perfused limbs was confirmed with a heterotopic transplantation and 
successful one week follow up. In summary, this chapter demonstrated that 6 hours 
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ex situ SNMP of rat hind limbs is feasible and results in superior tissue preservation 
compared with conventional cold preservation methods. Current studies are 
investigating extension of the preservation time of VCA grafts by implementing our 
SNMP protocol in a 24 hour subzero preservation protocol.

In the addendum chapter 10, we have provided a detailed summary of our recently 
developed 24 hour subzero non-freezing protocol for extended preservation of rodent 
limbs

The studies described in this thesis have resulted in better understanding of the effect 
of oxygenated machine perfusion, with novel perfusion solutions, on endothelial cell 
function of both livers and limbs. 

In conclusion, the main findings of this thesis are:

1. End-ischemic oxygenated hypothermic machine perfusion improves endothelial 
cell function of extended criteria donor livers

2. End-ischemic oxygenated hypothermic machine perfusion of donor livers grafts 
results in potassium and sodium shifts that are opposite to those observed during 
transplantation of SCS-preserved livers 

3. The acellular oxygen carrier HBOC-201 is good alternative for red blood cells during 
normothermic machine perfusion of extended criteria donor livers

4. Normothermic machine perfusion of extended criteria donor livers with a HBOC-
201 based perfusion solution results in better cellular energy content, better flow 
and preserved endothelial cell function

5. Recombinant human soluble thrombomodulin (ART-123) is unlikely to provoke 
bleeding in patients undergoing liver transplantation and could potentially be 
used a component of ex situ machine perfusion solutions

6. Subnormothermic machine perfusion with a HBOC-201-based perfusion solution 
results in better preservation of vascularized composite allografts compared to 
static cold preservation

GENERAL DISCUSSION & FUTURE PERSPECTIVES

Although these studies answer questions raised in the beginning of this thesis, still 
many question remain and, as research continues, new challenges have arisen. In the 
last section of this chapter, I would like to address a few of these questions, and discuss 
opportunities and directions for future research.
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Ad 1. Optimization of mechanical flow characteristics of machine 
perfusion
Over the last years, the technique of machine perfusion has truly been evolving 
from bench to bedside. In 2011, Guarrera et al. published the first clinical series on 
hypothermic, non-oxygenated machine perfusion of human livers (4). This year, in 2018, 
the first randomized controlled trial was been published, comparing post-transplant 
outcome of livers continuously preserved using NMP or livers preserved by SCS (5). 
Moreover, just recently a prospective clinical study has been initiated by our own 
group to study whether combined ex situ HMP and NMP of donor livers can be used 
to distinguish potentially transplantable high risk donor liver grafts from non-viable 
high risk donor liver grafts (www.trialregister.nl; NTR5972). With the growing clinical 
interest in machine perfusion, the need to study and optimize all technical aspects of 
this technique are more relevant than ever. Although it is nowadays acknowledged that 
hepatic endothelial damage represent the initial factor in hepatic I/R injury (6), only a 
hand full of research groups have studied the effects of different machine perfusion 
modalities on endothelial cell viability (7). To date, there is no consensus about the best 
mechanical flow characteristics: pulsatile or non-pulsatile, single or dual perfusion. 
Data presented in this thesis suggest that end-ischemic dual, pulsatile, oxygenated 
HMP improves endothelial cell function of extended criteria donor livers through 
upregulation of flow dependent gene KLF-2 (chapter 3). The protective shear stress 
regulatory effect of KLF-2 has been shown to be flow pattern specific (8). In cultured 
human endothelial cells, pulsatile flow with significant forward direction increased KLF-
2 expression, while oscillatory flow with little forward direction did not (9). Recently, a 
preclinical study reported higher hepatic artery flows in livers perfused with pulsatile 
flow compared to livers perfused with a continuous flow via the hepatic artery at 
subnormothermic temperature (10). Moreover, this study reported better lactate 
clearance in livers perfused via both the portal vein and hepatic artery compared to 
livers only perfused via the portal vein. Several studies on renal perfusion studies report 
superiority of pulsatile perfusion over continuous perfusion (11, 12). In the search for the 
most optimal mechanical flow characteristics, it is important to realize that endothelial 
cell phenotype and function differ per organ type, but also per ‘extended criteria donor’ 
type. For example, the porosity and endocytic capacity of liver sinusoidal endothelial 
cells decreases with age (13), making livers from older donors more easily damaged 
by shear stress. Also, macrosteatotic livers present attenuated vasoprotective signaling 
pathways due to altered sinusoidal blood flow (14, 15). On the other hand, the impact of 
mechanical stimulation on the endothelial cells highly depends on the timing (before 
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or after cold ischemia), temperature, perfusion solution (viscosity) and flow rate of 
machine perfusion. Future studies are thus needed to align machine perfusion settings 
with the needs of endothelial cells per extended criteria donor organ type.

Ad 2. Optimal perfusion solution
The search for the most optimal preservation solution is as old as the field of organ 
transplantation itself. More than 20 years after the first randomized comparison 
between University of Wisconsin (UW) and Histidine-tryptophan-ketoglutarate (HTK), 
investigating a ‘preservation solution effect’ in outcome (16), the debate about the 
best static cold storage solution has still not ‘cooled down’ (17). While HTK solution has 
shown clinical equivalence to UW solution in liver preservation, when kept under 15 
hours of cold ischemia (18), UW solution is still the cold preservation solution of first 
choice in most countries. In chapter 4 of this study, we described opposite potassium 
shifts upon reperfusion of livers grafts that were preserved with UW and subsequently 
perfused with HMP. Future studies are needed to investigate the effect of preservation 
solutions and additional machine perfusion on outcome.

Meanwhile the development of perfusion solutions is in full progress. Machine 
perfusion solutions are mainly based on a colloid with electrolytes with or without an 
oxygen carrier, depending on the temperature and corresponding degree of cellular 
metabolism. Given the expectation that NMP will only be used more frequently for 
preservation of ECD livers prior to transplantation, the need for off the shelf available 
perfusion solutions is growing. As studied in chapter 5 and 6, we demonstrated that 
the use of acellular oxygen carrier HBOC-201 is a good alternative for red blood cells. 
Also, the combination of PEG and HBOC-201 has been shown to have beneficial effects 
on edema and peak oxygen extraction during SNMP of limbs (chapter 9). Future 
studies are needed to investigate whether PEG could replace or compliment the 
use of gelofusine in liver machine perfusion, and whether this would result in better 
endothelial cell preservation. 

Ad 3. Improving donor organ function: potential of pharmaceutical 
agents
A promising advantage of ex situ NMP is the opportunity to not only assess but to 
improve organ function prior to transplantation by adding pharmaceutical agents or 
even stem cells. When such strategies are successful, we can eventually transplant more 
and better quality donor organs. As the clinical need to utilize steatotic livers growing, 
so is the interest in NMP as a tool to reverse steatosis prior to transplantation (19). 
Several groups have reported the preclinical use of ‘defatting cocktails’ that successfully 
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lowered intracellular lipid content in hepatocytes during NMP (20, 21). In the future, the 
technique of NMP might play a key role in defatting approaches, but further research is 
needed to translate these promising but scarce preliminary results to clinical application. 
Furthermore, while the use of NMP in VCA has been scarce so far (22–24), I believe that it 
holds great promise for this field as well. By optimizing extended NMP for VCA grafts we 
would be able to explore entirely novel concepts of tolerance induction, such as immune 
engineering of VCA grafts ex situ, thereby lowering the need of immunosuppression 
after transplantation.

Ad 4. Prolonging preservation time beyond the current limits
As previously pointed out in the introduction (chapter 1) of this thesis, the increasing 
demand for organ transplantation is one of the biggest challenges in organ 
transplantation to date. Development of an organ and tissue supply chain that meets 
these twenty-first century healthcare demands is needed, which requires i) enough 
suitable organs and tissues and ii) means to store and transport them for a variety of 
applications (25). Extensively discussed in chapter 8 is the use of subzero non-freezing 
protocols  to prolong the ‘storing time’ of organs. Berendsen et al. were the first to 
successfully utilize a subzero non-freezing protocol (26) for extended preservation of 
donor rat livers up to several days (27). They reported 100% graft survival (30 days follow 
up) with 72 hours of storage and 58% survival when preservation time was extended 
to 96 hours. The opportunity to ‘buy time’ in organ transplantation is invaluable. By 
extending the preservation time for hours to days or maybe even weeks in the future, 
we can amplify matching options, broaden the option to revive ECD organs and may 
gain time to implement tolerance induction protocols thereby decreasing the need for 
immunosuppression –  benefiting millions of patients worldwide (25, 28–31). I believe 
that in the coming years, we may enter a new era of organ and tissue preservation, and 
that we may ultimately use a combination of multiple existing preservation approaches 
and new technologies. Continued coordinated efforts between various disciplines and 
institutions are needed to further explore extended preservation techniques and even 
the possibility of organ banking. 
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Het succes van orgaan transplantatie hangt nauw samen met kwaliteit van het te 
transplanteren donororgaan. Geoxygeneerde machine perfusie krijgt steeds meer 
aandacht als alternatieve methode voor orgaanpreservatie, omdat het gebruikt kan 
worden om de kwaliteit van zo genoemde ‘extended criteria donor’ (ECD) organen te 
verbeteren en te beoordelen voorafgaand aan transplantatie. Dit kan uiteindelijk leiden 
tot transplantatie van meer en betere kwaliteit organen. In dit proefschrift wilde ik de 
effecten van geoxygeneerde machine perfusie op zowel donorlevers als ledematen in 
meer detail bestuderen. Wij hebben de effecten van machine perfusie op endotheel 
activatie en functie onderzocht en de effecten van nieuwe perfusieoplossingen op 
transplantaatfunctie uitgezocht, zowel ex situ als in vivo. In dit hoofdstuk worden de 
belangrijkste bevindingen van de studies die beschreven staan in dit proefschrift 
samengevat. Tot slot wordt dit hoofdstuk afgesloten met een sectie waarbij de 
toekomstperspectieven worden besproken. Een algemene inleiding van dit proefschrift 
staat beschreven in hoofdstuk 1.

DEEL A: Geoxygeneerde machine perfusie en transplantatie van humane 
levers
In hoofdstuk 2 wordt de mogelijke impact van machine perfusie als alternatieve 
methode voor orgaanpreservatie besproken, met name voor donor levers na ‘donatie 
na circulatoire dood’ (DCD). In een poging om het dringende tekort aan organen 
te overwinnen, worden DCD donoren steeds meer gebruikt als een nieuwe bron 
van donororganen. Het succes van DCD levertransplantatie hangt echter sterk af 
van de methode om de vitaliteit van het orgaan voorafgaand aan transplantatie te 
preserveren. In dit hoofdstuk wordt kort ingegaan op de verschillende definities die bij 
DCD donaties worden gebruikt. Wij bespraken de basisprincipes van orgaanpreservatie 
en schetsten de chronologische ontwikkeling in de hernieuwde belangstelling voor 
machine perfusie. Wij trachten een uitgebreid overzicht geven van de verschillende 
machine perfusiemodaliteiten, inclusief verschillen in timing, temperatuur, vasculaire 
route van perfusie (enkel of dubbel), en stromingseigenschappen (pulserend of 
niet-pulserend). Wij concludeerden dat machinale perfusie veel voordelen biedt ten 
opzichte van statisch koude preservatie – de huidige gouden standaard. Alle vormen 
van machinale perfusie dienen echter hun eigen doel en hebben allemaal hun voor- 
en nadelen. Daarom is er niet één ‘ultiem’ type machine perfusie. Wij concludeerden 
dat uiteindelijk een combinatie van verschillende methoden van machine perfusie 
kan worden gebruikt, gespecialiseerd voor de behoeften per orgaan. Interessant is 
dat recente onderzoeken ook het gebruik van machine perfusie onderzoeken om 
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ischemievrije orgaantransplantatie (IFOT) beschrijven (1, 2). In de komende decennia 
zou deze interessante techniek van IFOT de voorkeursmethode kunnen worden voor 
preservatie van ECD organen.

In hoofdstuk 3 hebben wij het effect van eind-ischemische, geoxygeneerde hypotherme 
machine perfusie (HMP) op de endotheelcelfunctie van ECD levers onderzocht. In deze 
studie werden donor levers geïncludeerd die waren afgekeurd voor transplantatie. Na 
een periode van statische koude preservatie (SCS) tijdens transport naar ons centrum, 
werd de vitaliteit van alle levers getest middels normotherme machine perfusie (NMP); 
ofwel direct bij aankomst (controle group) ofwel voorafgegaan door 2 uur HMP. In beide 
groepen werden biopten genomen van de lever bij aankomst en na NMP. Tevens werden 
er tijdens NMP samples genomen van het perfusaat. Aan het einde van NMP was de 
relatieve mRNA-expressie van de flow-induceerbare transcriptiefactor Krüppel-achtige 
factor 2 (KLF2) en de ‘downstream’ genen endotheleel stikstofoxidesynthase (eNOS) 
en trombomoduline (TM) significant hoger in HMP-bewaarde levers vergeleken met 
controles. De verhoogde fosforylatie van eNOS via KLF2 zou, op zijn minst gedeeltelijk, 
de verhoogde NO-productie en verhoofde vasculaire flow in HMP levers tijdens NMP 
kunnen verklaren. Als markers voor schade aan het endotheel werd thrombomoduline 
in het perfusaat gemeten. Aan het einde van NMP was de concentratie TM significant 
hoger in controle levers in vergelijking met HMP-levers. Tevens hebben wij een 
histologische schade score ontwikkeld om microvasculaire schade van endotheelcellen 
te beoordelen. Na zes uur NMP was de (histologische te beoordelen) schade aan de 
arteriële bloedvaten significant minder in HMP-bewaarde levers vergeleken met controle 
levers. Dit hoofdstuk geeft daarom aan dat een korte periode van geoxygeneerde HMP, 
na een periode van SCS en voorafgaand aan NMP, van ECD-levers de kwaliteit van de 
endotheelcellen bevorderd.

In hoofdstuk 4 hebben wij cellulaire shifts van natrium en kalium bestudeerd tijdens eind-
ischemische geoxygeneerde machine perfusie en daaropvolgende reperfusie ex situ of 
in vivo. De reden om deze shifts in detail te bestuderen was de onverwachte observatie 
tijdens onze eerste klinische pilot studie van end-ischemische, geoxygeneerde HMP 
levertransplanaties, dat reperfusie van HMP-gepreserveerde levers leidde tot ernstige 
hypokaliëmie tijdens transplantatie bij drie van de tien patiënten. Wij ontdekten dat 
levers tijdens HMP kalium uitstoten en natrium opnamen. De mate van kalium- en 
natriumveranderingen tijdens HMP kwam overeen met de klinische observatie dat de 
kalium levels van de ontvanger afnamen na reperfusie van een HMP-bewaarde lever, 
terwijl de levels toenamen na reperfusie van een SCS-geconserveerde lever. Bovendien 
werden vergelijkbare verschuivingen in kalium en natrium levels waargenomen tijdens 
ex situ reperfusie van HMP-gepreserveerde levers. Deze studie toonde aan dat reperfusie 
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van HMP-gepreserveerde levers kan leiden tot verlaagd kalium concentratie in het 
bloed (of zelfs hypokaliëmie) van de ontvanger. Bij toenemend klinisch gebruik van 
HMP als een alternatieve methode voor orgaanpreservatie, moeten anesthesiologen en 
chirurgische teams er op voorbereid zijn op kalium shifts tijdens transplantatie van een 
HMP-gepreserveerde levers tegengesteld zijn aan de (verwachtte) kalium shifts van de 
transplantatie van SCS-gepreserveerde levers.

In hoofdstuk 5 hebben wij geprobeerd een nieuwe NMP preservatievloeistof te 
ontwikkelen, die het gebruik van humane bloedproducten overbodig zou maken. Wij 
hebben achtereenvolgens de rode bloedcellen (RBC’s) vervangen door HBOC-201, een 
acellulaire op hemoglobine gebaseerde zuurstofdrager, en bevroren plasma (FFP) is 
vervangen door de colloïde oplossing gelofusine. Levers die geperfuneerd werden met 
RBCs en FFP werden als controles gebruikt. Wij concludeerden dat levers die met HBOC-
201 geperfundeerd waren, een significant hoger ATP-gehalte hadden vergeleken met 
controle levers. Tevens was  de cumulatieve galproductie en bloed doorstroming (zowel 
portaal als arterieel) significant hoger in HBOC-201 levers vergeleken met controles. 
Ook was de concentratie van schademarker ALAT lager in HBOC-201 geperfuseerde 
levers vergeleken met controles. Levers die tijdens NMP geperfundeerd werden met 
HBOC-201 waren qua functie gelijk (en op sommige punten zelfs beter) dan levers 
die geperfuneerd werden met RBCs. NMP van menselijke levers kan dus effectief 
worden uitgevoerd met een perfusie vloeistof gebasseerd op HBOC-201 en gelofusine. 
Momenteel wordt in de eerste klinische studie uitgevoerd waarin een op HBOC-
201-gebaseerde perfusievloeistof wordt gebruikt voor de perfusie van ECD levers 
voorafgaand aan transplantatie (3).

Hoofdstuk 6 beschrijft een deelstudie van het vorige hoofdstuk. In hoofdstuk 6 hebben 
we het effect van HBOC-201 bestudeerd op de functie van endotheel cellen van 
donorlevers tijdens ex situ NMP. De reden om het effect van HBOC-201 op de functie van 
endotheel cellen te onderzoeken waren de ernstige hemodynamische complicaties die 
zijn gemeld bij patiënten die HBOCs kregen om hemorragische shock te behandelen in 
de setting van een klinische studie. Er werd gedacht dat de acellulaire Hb-moleculen 
vasoconstrictie veroorzaakten vanwege ‘nitric oxide (NO) scavenging’. De belangrijkste 
bevinding van deze studie was dat de cumulatieve NO-productie niet daalde tijdens ex 
situ NMP van een op HBOC-201 gebaseerde perfusieoplossing. Na 6 uur NMP waren de 
cumulatieve NO-waarden van HBOC-201-geperfundeerde levers vergelijkbaar met de 
waarden van RBC-geperfundeerde levers. Het feit dat in deze studie slechts beperkte 
mate van ‘NO scavenging’ werd geobserveerd kan te wijten zijn aan de polymerisatie 
van HBOC-201. HBOC-201-polymerisatie is een strategie om extravasatie van HBOCs-
moleculen te voorkomen, wat ‘NO scavenging’ beperkt. Verder vonden we dat de 
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relatieve expressie van hypoxie-induceerbare factor HIF-2a significant hoger was in 
HBOC-201 levers, vergeleken met RBC-geperfundeerde levers. Dit zou erop kunnen 
wijzen dat HBOC-201 geperfundeerde levers meer resistent zijn tegen oxidatieve 
schade in vergelijking met RBC-geperfundeerde levers.

In hoofdstuk 7 onderzochten wij de in vitro effecten van recombinant oplosbaar 
humaan trombomoduline (ART-123) op de coagulatie en fibrinolyse van patiënten 
met eindstadium leverfalen die een levertransplantatie ondergingen. ART-123 
wordt klinisch gebruikt als een antistollingsmiddel en ontstekingsremmend middel 
in de behandeling van gedissemineerde intravasculaire stolling. Wij waren echter 
geïnteresseerd in ART-123 voor een andere reden. In preklinische studies werden veel 
belovende resultaten gemeld dat ART-123 de I/R-schade van donorlevers efficiënt kan 
verminderen. Voor deze studie werden plasma verzameld van 10 patiënten die een 
levertransplantatie ondergingen, tijdens transplantatie en in de dagen daarna. Om 
referentiewaarden in te stellen, zijn ook monsters van 10 gezonde controles gebruikt 
in deze studie. Verschillende plasmaconcentraties van ART-123 werden toegevoegd 
en zowel de piek trombinegeneratie als de fibrinolyse-tijden van het stolsel werden 
bepaald. Vergeleken met controles, vonden we dat het plasma van patiënten resistent 
was tegen de antistollende werking van ART-123. Dit kan worden verklaard door lage 
levels van proteïne C, proteïne S en verhoogde levels van factor VIII bij patiënten die 
een levertransplantatie ondergaan. Verder verschilde ART-123-afhankelijke verlenging 
van stolsel-lysisstijden niet van gezonde controles. Deze studie suggereerde dat het 
onwaarschijnlijk is dat ART-123 bloedingen zal veroorzaken bij patiënten die een 
levertransplantatie ondergaan. Echter, er zijn meer klinische studies nodig om het 
veilige gebruik van ART-123 tijdens levertransplantatie te bevestigen.

DEEL B: Geoxygeneerde machine-perfusie en transplantatie van 
ledematen
In hoofdstuk 8 werd een overzicht gegeven van nieuwe strategieën die de langdurige 
preservatie ‘vascularized composite allotransplantatie’ (VCA) grafts mogelijk maken. 
Samengevat is de huidige methode van statische koude preservatie ontoereikend voor 
de langdurige preservatie van VCA grafts. Nieuwe ontwikkeling op het gebied van VCA, 
onder andere met betrekking tot matching, desensibilisatie en potentiële tolerantie-
inductie vereisen echter allemaal dat VCA grafts uren tot dagen vitaal blijven. De 
potentie van machine perfusie als nieuwe preservatiemethode wordt in dit hoofdstuk 
besproken. Ook worden voor- en nadelen van meer extreme preservatie methoden, 
zoals cryopreservatie, besproken. 
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Een complicerende factor in de zoektocht naar de optimale VCA graft preservatie 
methode, is de heterogene aard van VCA-transplantaten, omdat alle weefseltypes hun 
eigen gevoeligheid voor (koude) ischemie en cryoprotectieve middelen hebben. Wij 
zijn van mening dat in de huidige reikwijdte van protocollen voor langdurige bewaring, 
‘high subzero’ preservatie protocollen veelbelovend lijken voor de preservatie van 
VCA grafts. Langdurige preservatie middels deze nieuwe techniek kan de klinische 
toepassing van VCA als een reconstructieve optie voor patiënten over de hele wereld 
vergroten.

In hoofdstuk 9 hebben we een protocol ontwikkeld voor 6 uur subnormotherme 
machine perfusie (SNMP). Als model voor een gevasculariseerd samengesteld 
allotransplantaat gebruikten wij de achterpoot van een rat. Wij vergeleken drie 
verschillende perfusieoplossingen; allemaal op basis van kweekmedium voor spiercellen, 
met de toevoeging van polyethyleenglycol en de acellulaire zuurstofdrager HBOC-201. 
Van alle groepen, was de piek zuurstofextractie was beter in HBOC-201 geperfundeerde 
ledematen. Bovendien was de cellulaire energielading vergeleken met conservatief 
gepreserveerde ledematen significant hoger in ledematen die gepreserveerd werden 
met HBOC-201. De levensvatbaarheid van de HBOC-201-geperfundeerde ledematen 
werd bevestigd met een heterotope transplantatie en een succesvolle follow-up 
van een week. Samenvattend demonstreerde dit hoofdstuk dat 6 uur ex situ SNMP 
van achterpoten van de rat haalbaar is, en dat dit resulteert in superieure weefsel 
preservsatie in vergelijking met conventionele koude preservatiemethoden. Huidige 
studies onderzoeken de verlenging van de preservatie tijd van VCA-transplantaten, 
door ons SNMP-protocol te implementeren in een preservatie protocol dat 24 uur per 
dag duurt.

In het addendum hoofdstuk 10 geven wij een gedetailleerde samenvatting van ons 
recent ontwikkelde 24-uurs ‘subzero non-freezing’ protocol voor langdurige bewaring 
van ledematen.

De studies beschreven in dit proefschrift hebben geresulteerd in meer inzicht in het 
effect van geoxygeneerde machine perfusie, met nieuwe perfusie oplossingen, op 
endotheelcelfunctie van zowel levers als ledematen.

Concluderend, zijn de belangrijkste bevindingen van dit proefschrift:

1. Eind-ischemische geoxygeneerde hypotherme machine perfusie verbetert de 
endotheelcelfunctie van ECD donorlevers
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2. Eind-ischemische geoxygeneerde hypotherme machine perfusie van donorlevers 
resulteert in kalium en natrium verschuivingen die tegengesteld zijn aan de 
verschuivingen die worden waargenomen tijdens transplantatie van SCS-
geconserveerde levers

3. Tijdens normotherme machine perfusie van ECD levers is de acellulaire 
zuurstofdrager HBOC-201 is een goed alternatief voor rode bloedcellen 

4. Normotherme machine perfusie van ECD levers met een op HBOC-201 gebaseerde 
perfusie vloeistof resulteert in een hoger ATP-gehalte, betere bloed doorstroming 
en geconserveerde endotheelcel functie, in vergelijking met controles

5. Het is onwaarschijnlijk dat het gebruik van recombinant humaan oplosbaar 
trombomoduline (ART-123) bloedingen veroorzaakt bij patiënten die een 
levertransplantatie ondergaan, en ART-123 zou een interessante toevoeging zijn 
aan aan de perfusievloeistof tijdens ex situ perfusie van donorlevers

6. Subnormotherme machine perfusie met een op HBOC-201 gebaseerde 
perfusievloeistof resulteert in een betere preservatie van gevasculariseerde 
allografts in vergelijking statische koude preservatie
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Het slotcouplet. Hoewel de kaft van dit boek alleen mijn naam draagt, is de weg hier 
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promovenda geweest te zijn!
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ook waardeer ik jou voor jouw sturing en adviezen in het behalen van mijn doelen. 
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onderzoek vormen de ruggengraad van dit boekje. Jij wist altijd exact wat ik nodig had; 
advies over praktische problemen tot tekeningen van stollingscascades tot totaal-niet-
wetenschappelijk-gerelateerd-filosofisch-levensadvies. Tot slot, staat het staat buiten 
kijf dat jouw realistische kijk op nieuwe ideeën, praktische oplossingen en snelheid 
tijdens revisies, de drijvende kracht zijn achter het afronden van dit MD/PhD traject. 

Mijn bijzondere dank gaat uit naar de leden van de beoordelingscommissie, prof. dr. 
Ingrid Molema, prof. dr. Paul M.N. Werker, en prof. dr. Ian P.J. Alwayn voor het 
beoordelen van dit proefschrift. Ingrid, tijdens het prille begin van mijn onderzoek heb 
jij mij wegwijs gemaakt in de overweldigende wereld van endotheelcellen. Dank dat jij 
ook aan het einde van mijn promotietraject een bijzondere rol wilt vervullen.

The last year of my PhD I spend at the Massachusetts General Hospital/Harvard 
Medical School in Boston, MA, USA, at the Center of Engineering in Medicine under 
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