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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).
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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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