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�Introduction

Machine perfusion of organs before transplantation is currently a hot topic, as many 
organs are declined due to the lack of methods ensuring graft quality, for example, 
steatotic grafts or livers donated after circulatory death (DCD) [34, 69]. The utiliza-
tion rate of marginal livers is therefore highly different between centers and coun-
tries and is influenced by donation rates, risk strategies, and transplanting surgeon’s 
experience [9, 34]. Often, however, the decision to reject livers is not based on 
objective parameters, but rather on gut feeling [69]. In contrast, machine perfusion 
concepts would potentially offer the advantage to test organ function before trans-
plantation and to optimize metabolic deficiencies. Despite numerous research 
efforts in this field during the last 20 years, it remains unclear which perfusion pro-
cedures and which ex vivo viability tests are most reliable and also practical today.

This chapter provides an overview of current machine liver perfusion techniques 
and focuses on different achievements through hypothermic perfusion of liver grafts 
from DCD donors.

�Machine Liver Perfusion Concepts

Two perfusion approaches for liver grafts have been recently introduced in clinical 
practice, which differ fundamentally in terms of their logistic efforts and protective 
mechanism. Firstly, an upfront machine perfusion, immediately after standard pro-
curement, with the aim to replace conventional cold storage [45]. For this purpose, 
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the organ is placed directly after procurement on a transportable device and under-
goes continuous perfusion until implantation in the recipient center [16, 45]. 
Sophisticated and expensive systems are used for this approach, mostly at normo-
thermic (NMP) or subnormothermic (SMP) temperatures, with a blood-based per-
fusate (Organox®, Transmedics®, Liver Assist®) [6, 7, 16, 21, 37, 45]. A 
modification of this technique involves an even earlier start of machine liver perfu-
sion already in the donor, e.g., normothermic regional perfusion (NRP), instead of 
the routine super rapid cannulation and cold in situ organ flush [24, 66, 67]. A logi-
cal extreme would be the combination of NRP and NMP, in order to keep the per-
fused organ without any intermittent cooling and therefore preventing interruption 
of normothermic perfusion until implantation. This concept leads to complete abun-
dance of cold ischemia and has been introduced as “ischemia free organ transplanta-
tion” (IFOT) in a few human livers [23]. Although such procedure avoids repeated 
temperature changes during liver preservation, the enormous technical complexity 
appears as a clear hurdle for a broad clinical introduction. Additionally, the IFOT 
technique should be compared to other perfusion techniques.

An alternative machine liver perfusion approach is applied endischemically, after 
initial cold storage and liver transport to the recipient center (repair centers) [36, 57, 
71]. Subsequently, organs are perfused for a relatively short period prior to implan-
tation. Such endischemic perfusion techniques have been applied at various tem-
peratures, including normothermic and hypothermic temperatures or by a 
combination of both conditions, defined as controlled oxygenated rewarming (COR) 
[41, 64]. Although these techniques are logistically easier and cheaper, because a 
device transport is not necessary, the initial period of cold ischemia induces severe 
metabolic depletion before perfusion is started, particularly in high-risk grafts, such 
as steatotic livers or livers from DCD donors [4, 38, 69].

Besides the timing of machine perfusion, the perfusate composition varies sub-
stantially among techniques at all temperatures [7, 56]. While normothermic or sub-
normothermic perfusions require the presence of red blood cells or artificial oxygen 
carriers, cold perfusion technologies rely on the presence of dissolved oxygen in the 
perfusate [7, 58]. Accordingly, hypothermic oxygenated perfusion (HOPE) is per-
formed with high oxygen concentrations (>80 kPa) at low temperatures between 
8–12 degrees (Fig. 13.1) [11, 49, 58, 59].

Of note, as liver architecture always implies sinusoidal fusion of both the portal 
and the arterial system, perfusion of human or pig livers through the portal system 
reaches every single liver cell (Fig. 13.1), including the tip of the extrahepatic bile 
duct and all epithelial cell layers [52]. The benefit of dual perfusion in the cold 
appears therefore unclear. While a direct clinical comparison of hypothermic single 
vs. dual perfusion has not been performed yet (HOPE vs. D-HOPE), recent experi-
mental studies showed no difference between single and dual liver perfusion even 
under subnormothermic conditions in rats [5]. An additional often underestimated 
but important factor is the much lower perfusion pressure needed during hypother-
mic liver perfusion to avoid sinusoidal shear stress at low temperatures. Therefore, 
perfusion flow should be approximately ten-fold reduced during hypothermic liver 
perfusion compared to normothermic perfusion [49].
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�Protective Mechanism of Cold Liver Perfusion

Ischemic cells, regardless of the organ type, experience a rapid loss of nucleotides, 
and most adenosine triphosphate (ATP)-dependent processes are subsequently on 
hold [39, 61]. This phenomenon is paralleled by a massive accumulation of nicotine 
adenine dinucleotide (NADH), citric acid cycle- and purine-metabolites, mainly suc-
cinate, hypoxanthine, and xanthine (Fig. 13.2) [14, 40, 60]. Upon normothermic liver 
reperfusion, accumulated electron donors, such as NADH and succinate, deliver high 
amounts of electrons to mitochondrial complex I and II, while ADP is not yet avail-
able for ATP synthetase, due to previous nucleotide breakdown during ischemia [14, 
63]. This results in over-reduction of complex I, either through electron back flow 
through complex II (reverse electron transfer, RET) or by accumulation of NADH. Both 
modes lead to a dissociation of reduced flavin mononucleotide (FMNH2) from mito-
chondrial complex I, with sudden oxidation to FMN and reactive oxygen species 
(ROS) release [19, 40, 44] (Fig. 13.2). Of note, RET supports the highest rate of ROS 
generation in mitochondria [15, 29], and complex I has been identified as the main site 
of ROS production [44, 62]. Any machine perfusion with an oxygenated perfusate 
after ischemia will therefore induce reperfusion injury to some extent. Such mito-
chondrial ROS release occurs within the first minutes of reintroduction of oxygen to 
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cbLiver preparation (Perfusion cannula in portal vein) Human liver during
HOPE treatment

HOPE with contrast (pig
liver, 45 sec)

Example histology of portal
triad after HOPE with
fluoresceine

Complete fluoresceine-stained human DCD liver during and after
HOPE (incl. tip of CBD)

Fig. 13.1  Example of hypothermic oxygenated perfusion (HOPE) of DCD livers prior to trans-
plantation: (a, b): Preparation (a) of human livers and hypothermic oxygenated perfusion (HOPE) 
(b), performed with UW gluconate (Belzer Machine perfusion solution) at 10  °C with a high 
oxygen concentration of 80–100 kPa and a perfusion pressure limited to 3 mmHg. (c) Angiograpy 
confirmed rapid and complete liver imaging through single portal vein perfusion of pig DCD liver 
example with the HOPE technique. (d) The entire liver including the tip of the extrahepatic bile 
duct is entirely stained by fluorescein during early HOPE through the portal vein alone. HOPE 
with fluorescein was performed in discarded human DCD liver (concentration: 0.5 g/5 ml) through 
the portal vein. Images obtained under dark light confirmed complete perfusion of liver graft by 
macroscopy and microscopic assessment of portal triad (e)
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ischemic tissues and triggers an opening of the mitochondrial membrane pore with 
further release of mitochondrial DNA together with other DAMPs and multiple cyto-
kines [31, 32, 44, 50]. Accordingly, the release of signaling proteins has been recently 
confirmed during endischemic normothermic perfusion of several organs, including 
kidneys, lungs and also livers [4, 22, 25, 26, 30, 51].

In contrast, a newly recognized but decisive option to minimize upfront mito-
chondrial injury during re-oxygenation is cooling of mitochondria below the 
Arrhenius breakpoint temperature of 15 °C [1, 2, 17], thereby inducing significant 
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Depletion of energy (Loss of ATP)

Hypothermic oxygenated
perfusion (HOPE)

Repair of mitochondria

Sufficient repair and
achievement of normal

mitochondrial metabolism

viability criteria NOT
achieved

Metabolic assessment
(within 30min of HOPE)

Viability criteria fulfilled
(FMN, NADH)

Less reperfusion injury, reduced
downstream inflammation during

subsequent normothermic
reperfusion in-vivo at liver

implantation or ex-vivo during
normothermic machine perfusion

Declined for transplantation

Repair of Complex I injury,
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release (oxygen dependent)
NADH & Succinate metabolism

Normal function of respiratory chain
Reloading of ATP

Mitochondrial injury
(Complex I)

Mitochondrial ROS and FMN
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Downstream injury of entire liver:
DAMP signalling

Toll-like receptor activation
Endothelial activation

Increasing graft
reperfusion injury with

inflammation

Immediate normothermic reperfusion (in-vivo
at liver implantation or ex vivo during
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Fig. 13.2  Mechanism of liver protection and viability assessment through hypothermic oxygen-
ated perfusion. This chart presents the underlying mechanisms of liver injury during warm and 
cold ischemia, which subsequently becomes evident at oxygenated reperfusion under normother-
mic conditions. Initial ROS and FMNH2 release from complex 1 presents the instigators of the 
entire reperfusion injury cascade with downstream DAMPs and cytokine release with increasing 
inflammation throughout continuous normothermic reperfusion in vivo after graft implantation or 
ex vivo on a perfusion device. Endischemic HOPE perfusion has been shown to protect mitochon-
dria from this initial injury and such cold oxygenated perfusion induces a complex 1 repair with 
subsequent improved function of the respiratory chain, which lead to recharging of ATP at com-
plex V and metabolism of metabolites which accumulate during warm and cold ischemia. When 
livers become rewarmed at implantation or normothermic perfusion on a device, the injury is sig-
nificantly less, due to such improvement of mitochondrial function during previous HOPE treat-
ment. Furthermore, the entire metabolism of the liver can be captured by fluorometric analysis of 
mitochondrial function (NADH) and injury (FMNH2) using the auto-fluorescent properties of such 
two molecules, representing complex I behavior during reoxygenation in the cold. Importantly, the 
quantification of FMNH2 and NADH predicts liver function and further outcomes after transplan-
tation and therefore guides surgeons to decide, if a high-risk DCD liver with prolonged warm 
ischemia is metabolically “good enough” to become utilized or not
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changes in the reactivity of mitochondrial transfer processes, as seen in hibernating 
animals or plants [18, 33]. Consistently, FMNH2 release and injury of mitochondrial 
complex I occur less frequently during cold oxygenated reperfusion when com-
pared to normothermic oxygenated reperfusion [4] (Fig. 13.2).

Likewise and surprisingly, mitochondria work more effectively at hypothermic 
temperatures in uploading cellular ATP, when consuming processes are significantly 
reduced [4, 8, 51, 70]. A similar central role of attenuating mitochondria-derived 
oxidative injury has currently also been recognized in other biological fields, such 
as aging and cancer development [3, 28, 65]. Hypothermic oxygenated perfusion 
(HOPE) after ischemia protects therefore, first, from significant mitochondrial ROS 
release and, secondly, provides uploaded cellular energy reserves before implanta-
tion [19, 31, 51]. Both effects depend, however, on the number of accumulating 
metabolites during ischemia, which in principle may also lead to an oxidative injury 
during HOPE. Of note, the changes in mitochondrial metabolism during HOPE are 
detectable by perfusate analysis during cold perfusion, which will likewise be avail-
able as viability parameters in the future (see paragraph on viability assessment 
[31, 58]).

The clinical effect of the hypothermic perfusion approach has been demonstrated 
in recent observational studies in Maastricht III DCD livers [48, 55]. Accordingly, 
despite extended donor warm ischemia, HOPE-treated DCD liver transplants 
achieved similar overall graft survival, compared to standard DBD liver transplants. 
Particularly, graft loss due to non-tumor-related causes occurred in 8% (4/50) of 
cases. In contrast, one-third of untreated DCD livers (16/50) were lost due to non-
tumor-related graft failure, despite significantly shorter functional donor warm isch-
emia time (p < 0.0001) [55]. Five-year graft survival, censored for tumor death, was 
94% for HOPE-treated DCD liver transplants vs. 78% in untreated DCD liver trans-
plants (p = 0.024). Similar results were recently presented by a group from Milan, 
where Maastricht II and III DCD livers are routinely transplanted with a combina-
tion of NRP, cold storage, and endischemic HOPE treatment [10–13] (Fig. 13.3). 
These results have been achieved despite the use of extended DCD liver grafts and 
are strikingly different from recent outcomes after endischemic normothermic per-
fusion of human livers [68, 69]. The findings by the Italian groups suggest that a 
simple endischemic perfusion approach is very effective and may open the field for 
safe utilization of extended DCD liver grafts. Recent clinical studies on hypother-
mic liver perfusion are summarized in Fig. 13.3. Results of most randomized con-
trolled trials in DBD and DCD livers are awaited.

�Which Livers Benefit from Cold Machine Perfusion?

Current benchmark analysis suggests that ideal liver transplants, defined as primary 
low risk DBD transplants, show excellent outcome by conventional cold storage 
[42]. This has also been confirmed for low-risk DCD liver transplants, defined by the 
recent UK DCD risk score [54]. Importantly, the former criteria for extended criteria 
donors, based on donor age > 65 years, hepatitis C core antigen positivity, donor 
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BMI > 30 kg/m2, elevated sodium >165 mmol/l, ICU stay >7 days and hepatic ste-
atosis >40% [20], require an urgent refinement, because such grafts are frequently 
considered by many transplant programs today [34, 58]. For example, several reports 
have demonstrated safe utilization of DBD livers with advanced donor age, elevated 
sodium, prolonged ICU stay, high donor BMI, or elevated liver enzymes [53, 27]. 
Graft optimization by any sort of machine perfusion is therefore likely to be reserved 
for marginal DBD and extended DCD livers, with, for example, advanced donor age 
and expected severely prolonged cold ischemia (more than 12 h for DBD, or more 
than 6 h for DCD), or increased donor warm ischemia (more than 30 minutes func-
tional warm ischemia), or for livers with significant macrosteatotic livers (more than 
30%), in contrast to only microsteatotic livers [11, 31, 46] (Fig. 13.4).

�Viability Assessment During Hypothermic Liver Perfusion

Measuring graft function before clinical use has been a dream of many transplant 
surgeons. Normothermic physiologic liver or kidney perfusion appears logical to 
determine visible signs of liver or kidney function. Yet, the current set of parameters 
used for the determination of viability during ex vivo normothermic liver perfusion 
failed to predict function or irreversible injury [38, 66, 67, 69]. For example, lactate 
clearance, bile production, and liver enzyme release were identified to be weak 
predictors. In addition, bile glucose and pH have been suggested to be more infor-
mative for post-transplant biliary injury; however, validation of this data set remains 
awaited [35].
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Fig. 13.3  Overview of clinical studies with hypothermic oxygenated perfusion with implantation. 
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species, 8-OHdG Hydroxydesoxyguanosin, DAMPs Danger-associated molecular pattern, 
HMGB-1 High-mobility-group-box-protein-1, HSC Hepatic stellate cells, SEC Sinusoidal endo-
thelia cells, KC Kupffer cells, PNF Primary non-function, RET Retrograde electron transport CI 
Complex I, ∗ same series 50 DCD include the earlier reports of 25 and 8, § continue to recruit

A. Schlegel et al.



197

While normothermic perfusion appears advantageous for measuring organ func-
tion ex vivo, recent work has shown that the metabolic status of organs can also be 
easily monitored during hypothermic oxygenated perfusion. Especially mitochon-
drial injury and function can be assessed by measuring perfusate Flavin, released 
from complex I (flavin mononucleotide, FMN) [62]. Current data suggest, accord-
ingly, that perfusate analysis during hypothermic oxygenated perfusion is predictive 
for later graft function (Fig. 13.4) [43]. These results are in clear contrast with the 
low predictive value of conventional perfusate parameters, including liver transami-
nases or perfusate lactate levels, which repeatedly failed to recognize impaired liver 
function after implantation [66, 67]. Instead of solely focusing on the release of 
cytosolic compounds, future perfusate analysis should target on real-time monitor-
ing of mitochondrial metabolism to enable an accurate prediction of oxidative stress 
and downstream activation of the hepatic inflammasome upon transplantation [47, 
50]. The combination of several key mitochondrial metabolites including FMN, 

Liver offer

DCD liver

HOPE-treatment and viability assessment

Viability criteria met

Liver transplantation

DBD Liver

Good DBD (Suitable for
transplantation with

standard cold storage)

Not suitable for transplantation with cold storage
(doner age in combination with relavant

macrosteatosis, deranged donor liver parameters,...)

Liver procurement surgery (super rapid with or initial NRP with subsequent cold storage)

Relevant macrostealosis
identified during procurement

Viability criteria NOT achieved

Liver for research

In house Liver sent to another centre
for transplantation

Allocated to a recipient (national
allocation) or recipient selected (fast track

offer)

Fig. 13.4  Clinical application of hypothermic oxygenated perfusion in liver transplantation. This 
chart represents current clinical application of the HOPE technique in liver transplantation. 
Hypothermic perfusion is used to improve high-risk DCD livers or steatotic grafts. Additionally, 
this technique is routinely applied to use such high-risk livers for sick recipients to also improve 
safety and to confirm liver function before transplantation of high MELD recipients, even when 
ventilated on intensive care unit before transplantation. Finally, the HOPE approach is of great 
importance to bridge potential prolonged cold ischemia times when recipients are suddenly unfit 
for transplantation or when logistical issues, including an exchange of recipient, are required. In 
Switzerland, the HOPE approach is also used to treat DCD liver grafts and confirm viability with 
the fluorometric analysis, prior to liver transport to other transplant centers
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NADH, succinate, and purine metabolites, e.g., inosine monophosphate, xanthine 
and hypoxanthine, may allow future detailed assessment of mitochondrial function 
of any solid organ.

�Ideal Hypothermic Machine Perfusion Design

An underestimated hurdle for the widespread use of machine perfusion techniques is 
the complicated design and application. All liver machines suffer from the need for 
extra man power to connect livers to the device and the need for extra support during 
perfusion. Even an easy perfusion approach, as, for example, single portal vein perfu-
sion requires repeated calibration of perfusion pressure, temperature, and flow con-
trol. Device alarming leads frequently to full perfusion stop, requiring reset and 
additional calibration with subsequent repeat liver connection. Although transport of 
livers on machines has been reported, most centers try to avoid continuous perfusion 
from donor center to transplant center with device transport, due to the additional need 
of travelling perfusion experts. From our point of view, instead, perfusion at recipient 
centers has clear advantages and should be performed by small, automatic devices, 
fully blue tooth connectable to, for example, smart phones or tablets, with full screen 
information of perfusion pressures, flow, oxygenation, temperature, and mitochon-
drial metabolism. Calibration should be as easy as possible with automatic perfusion 
start and stop. All perfusion machines should work with minimal heat or noise effects, 
and the liver basin should be either designed to cope with all possible liver sizes or the 
device should be connected to a simple metal liver bench bowl, routinely in use. 
Disposables should be kept as cheap as possible, e.g., less than approximately 1500 € 
per perfusion. We may envision that liver perfusion machine design will substantially 
improve and adapt according to the clinical need in the next years. The hypothermic 
LifePort Liver Transporter machine by Organ Recover Systems can be seen in 
Figure 13.5a. The VitaSmart hypothermic oxygenated machine perfusion platform by 
Bridge to Life can be seen in Figure 13.5b. Such two devices are currently avaible to 
provide hypothermic oxygenated perfusion only.

�Summary

Hypothermic liver perfusion (HOPE) achieves excellent clinical outcome in 
extended DCD liver transplantations, despite an endischemic application, e.g., 
perfusion after organ procurement and organ transport. This technique is currently 
the cheapest and easiest perfusion concept, requiring no transport of perfusion 
equipment to donor locations, and only short perfusion periods through the portal 
vein. Recent experimental studies have unravelled the protective mechanism of 
cold re-oxygenation of ischemic liver tissues and have confirmed a novel and 
unique mitochondrial response compared to any form of re-oxygenation under 
normothermic conditions. Based on these results, the assessment of mitochondrial 
function and injury is possible during the initial first 30 minutes of HOPE and 
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allows recognition of later graft function already before implantation. This will 
likewise have an effect on the future safe utilization of extended DCD and stea-
totic liver grafts.
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