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Despite signifi cant advancements in the fi eld of liver transplantation (LT) over the last 30 years, the gold standard 
for allograft preservation – static cold storage with pharmacological agents – has remained largely unchanged. The 
growing disparity between demand for liver transplants and shortage of donor livers, along with a high waiting 
list mortality rate (potentially up to 20%), has forced transplant teams to broaden donor eligibility criteria. This 
expansion, however, has inevitably impacted both the immediate and long-term LT outcomes. Dynamic preservation 
of liver allografts has shown consistently positive outcomes, particularly among expanded criteria donors, inclu-
ding those classifi ed as high-risk donors” Over the past decade, several perfusion techniques, integrating various 
temperature conditions, have been developed and are under active investigation. A signifi cant advancement in 
this area is the emergence of combined sequential ex vivo machine perfusion, which integrates multiple perfusion 
strategies. This approach leverages the strengths of each method while mitigating their individual limitations. This 
paper reviews current experience with combined sequential ex vivo perfusion of liver grafts, providing a concise 
overview of the key stages encompassed within this protocol.
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INTRODUCTION
Liver transplantation, a defi nitive treatment for va-

rious end-stage and focal liver diseases, has evolved 
signifi cantly since its inception, becoming a routine pro-
cedure in many medical centers. While the expansion 
of liver transplant (LT) indications has allowed more 
patients to be treated, it also results in a growing pool 
of potential recipients on the waiting list each year [1, 
2]. However, the relatively static donor pool limits the 
availability of liver transplants, prompting the global 
transplant community to broaden the criteria for liver 
allograft suitability, despite potential risks associated 
with such a step [3–5].

MP (MP) has emerged as a leading strategy for impro-
ving LT outcomes, particularly when using organs from 
expanded criteria donors (ECDs). Beyond conditioning 
and direct “recovery-rehabilitation” of the organ – no-
tably of mitochondrial function – after a period of cold 
ischemia during hypothermic oxygenated perfusion 
(HOPE), MP signifi cantly increases the number of usa-
ble organs by enabling ex vivo viability testing of both 
hepatocellular and cholangiocellular components du-
ring the normothermic machine perfusion (NMP) phase. 
However, NMP’s protective capacity against ischemia-
reperfusion-conservation injury remains relatively mo-
dest compared to HOPE [6–8]. Controlled oxygenated 

rewarming (COR) further optimizes graft preservation by 
minimizing “rewarming injury” [9] when transitioning 
from hypothermic to physiological perfusion conditions. 
The combination of all three MP approaches maximizes 
the protective and predictive capabilities of the method 
by harnessing the strengths of each. For example, com-
bined perfusion protocols have achieved excellent out-
comes with grafts from donation after circulatory death 
(DCD) – the highest-risk group – historically associated 
with poorer outcomes compared to donation after brain 
death (DBD), largely due to an initial period of warm 
ischemia.

STATIC COLD STORAGE
Static cold storage (SCS), due to its simplicity and 

aff ordability, has been the gold standard for solid or-
gan preservation in transplantation for decades [10–12]. 
However, the use of isolated SCS in ECDs leads to severe 
ischemia-reperfusion-preservation injury (IRPI) aff ec-
ting various components of the liver allograft [13, 14]. 
Hepatocellular injury manifests as graft dysfunction or 
primary nonfunction, driven by extensive hepatocyte 
dysfunction and necrosis [15, 16]. Early allograft dys-
function (EAD) can occur in up to 53.6% of recipients 
and signifi cantly impacts transplant outcomes: analysis 
of 1,950 liver transplants showed that 1-year and 5-year 
graft survival rates were markedly lower in recipients 
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with EAD compared to those without (84.1% vs 92.7% 
and 73.4% vs 83.9%, respectively), as were patient survi-
val rates (86.8% vs 95.2% and 67.9% vs 79.6%; p < 0.01) 
[17, 18].

The most signifi cant consequence of biliary IRPI is 
the development of diff use fi brosis and ischemic non-
anastomotic strictures, a condition termed non-anasto-
motic ischemic cholangiopathy (NAIC), which adversely 
aff ects graft survival, recipient quality of life, and overall 
treatment costs, including the need for retransplantation 
[19, 20]. In a 29-year analysis of asystolic donor expe-
rience by the University of Wisconsin group, a signifi -
cantly higher rate of biliary complications was observed 
among recipients of non-heart-beating (NHB) donor 
grafts (51% vs 33.4% in the DBD group; p < 0.01), as 
well as a markedly higher risk of retransplantation due 
to ischemic cholangiopathy (13.9% vs 0.2% in the DBD 
group; p < 0.01).

A cost analysis by Jay et al. revealed a 53% increase 
in treatment costs at 1 year for patients who developed 
NAIC (p < 0.01), and a 107% increase (p < 0.001) if 
retransplantation was required due to disease progres-
sion [21]. LT recipients generally experience a higher 
incidence of NAIC when receiving grafts from DCD 
donors compared to those from DBD donors (44% vs 
1.6%, p < 0.001).

The aforementioned complications reach their peak 
when using DCD allografts, primarily due to the una-
voidable period of primary warm ischemia. This signifi -
cantly limits the utilization of marginal allografts unless 
supplemented by additional protective strategies.

MP, being a long-established organ preservation tech-
nique, has consistently demonstrated excellent outcomes 
in high-risk allograft cases, achieving outcomes compa-
rable to transplants from optimal donors [22, 23].

HYPOTHERMIC OXYGENATED PERFUSION
HOPE facilitates the restoration of electron fl ow 

through the mitochondrial electron transport chain 
(ETC), promoting ATP resynthesis while simultaneously 
minimizing consumption under hypothermic conditions. 
It actively clears ischemic metabolites such as succinate 
and NAD+, thereby preventing excessive formation of 
reactive oxygen species during subsequent rewarming 
and averting damage to critical ETC components, parti-
cularly complex I [24–26].

HOPE helps maintain cellular energy by eff ectively 
reprogramming mitochondria, the cell’s energy hubs, 
to function under extremely low metabolic conditions. 
This “reprogramming” allows cells to thrive even when 
their energy production is 10–15 times lower than during 
typical SCS.

HOPE off ers the advantage of relative technical sim-
plicity: a short-term session (1–2 hours) conducted at 
the end of SCS – the so-called end-ischemic or back-
to-base approach – is suffi  cient to achieve meaningful 

graft protection [24]. The perfusate used is typically a 
standard preservation solution (used routinely in SCS) or 
a modifi ed variant such as the University of Wisconsin-
Belzer Machine Perfusion Solution (UW-Belzer MPS), 
actively oxygenated to achieve a partial oxygen pressure 
(pO2) of 400–600 mmHg under hypothermic conditions 
(8–12 °C) [25]. The standard HOPE protocol is detailed 
in Table 3. This technique does not require the addition 
of oxygen carriers to the perfusate, and the use of hy-
pothermic temperatures reduces the risk of rewarming 
injury in the event of device malfunction.

Perfusion can also be initiated directly at the donor 
site (upfront approach); however, this method is limited 
by the need for specialized portable perfusion devices. 
Moreover, the absence of active oxygenation in many 
such systems often results in suboptimal oxygen deli-
very to the allograft [25]. Nonetheless, several studies 
have shown promising outcomes with this approach. For 
instance, Guarrera et al. reported a statistically signifi -
cant reduction in biliary complications (4 vs 13 cases, 
p = 0.016) and shorter hospital stays (3.64 ± 10.9 vs 
20.14 ± 11.12 days, p = 0.001) in the perfusion group 
compared to standard preservation [27, 28]. Results 
from the PILOT study indicated a signifi cant reduction 
in the risk of irreversible graft dysfunction (IQR 3.4% 
[2.4–6.5] vs 4.5% [2.9–9.4], p = 0.024). However, dif-
ferences between the MP and SCS groups in rates of 
primary nonfunction (0% vs 2.2%, p = 0.10) and biliary 
complications (6.3% vs 16.4%, p = 0.18) did not reach 
statistical signifi cance [29].

HOPE can signifi cantly enhance LT outcomes when 
using grafts from ECDs, especially those from DCD 
donors (Table 1), enabling the use of allografts from both 
optimal and marginal donors, particularly NHB donors. 
One of the largest randomized trials conducted by the 
Groningen group confi rmed the strong protective capaci-
ty of a brief end-ischemic dual HOPE (D-HOPE) session: 
NAIC occurred in only 6% of the HOPE group versus 
18% in the control group (OR 0.36; 95% CI, 0.14–0.94; 
p = 0.03). Similarly, EAD was observed in 26% of the D-
HOPE group compared to 40% in the control group (OR 
0.61; 95% CI, 0.39–0.96) [30]. However, the specifi c 
additional benefi t of D-HOPE over single HOPE (mono-
HOPE) during the hypothermic phase of MP remains 
under investigation [31, 32]. For example, Koch et al., in 
an analysis of 183 liver transplants preserved with either 
mono-HOPE (n = 90) or D-HOPE (n = 93), reported no 
signifi cant diff erence in the incidence of NAIC (10.96% 
vs 8.22%, p = 0.574) or graft survival (91.2% vs 93.3%, 
p = 0.893) between the two groups [31].

NORMOTHERMIC MACHINE PERFUSION
Normothermic machine perfusion (NMP) is a more 

technically demanding and complex method of liver allo-
graft preservation. Operating at normal body temperature 
(36–37 °C), NMP maintains the organ in a near-normal 
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metabolic state, necessitating precise and continuous 
monitoring of perfusion parameters. Any technical fai-
lure during this process may result in signifi cant graft 
injury and potentially require a return to SCS [33, 34]. 
The standard NMP protocol is summarized in Table 3. 
This procedure requires the use of an oxygen-carrying 
perfusate, most commonly red blood cell (RBC) con-
centrates, due to their hemoglobin content. However, the 
limited organ availability, along with their unsuitability 
for hypothermic conditions due to increased membrane 
fragility and cold-induced agglutination, has prompted 
eff orts to develop alternatives.

In this context, hemoglobin-based oxygen carriers 
(HBOCs) have emerged as a promising substitute. Van 
Leeuwen et al. reported comparable graft preservation 
outcomes between HBOC- and RBC-based perfusates 
(Table 1). A key advantage of HBOCs is their versatility: 
unlike RBCs, they are compatible across all MP pha-
ses – HOPE, COR, and NMP – allowing for seamless, 
uninterrupted perfusion protocols without the need to 
change the perfusate [35].

Conducting NMP sessions in both “upfront” and 
“end-ischemic” modes results in IRPI, although typi-
cally to a lesser degree than observed in the recipient 
organism, due to the absence of the eff ector component 
of the recipient’s immune response [36–38]. In the VIT-
TAL study, Mergental et al. reported a 18.2% incidence 
of NAIC, which was comparable to controls (p = 0.063), 
and a 31.8% incidence of EAD, which was higher than 
in controls (n = 4, p = 0.034) [33]. Similarly, Nasralla 
et al., in their analysis of 220 liver transplants, found no 
statistically signifi cant diff erences between the NMP and 
SCS groups regarding biliary complications, including 
NAIC, despite a 74% reduction in the incidence of EAD 
in the NMP group (p < 0.001) [39]. These fi ndings sup-
port the notion that NMP has limited protective capacity 
against IRPI.

Nevertheless, as a standalone technique, NMP re-
mains an eff ective method for preserving liver grafts 
obtained from ECDs, showing superior outcomes com-
pared to SCS, as confi rmed by multiple studies (Table 1), 
though generally less eff ective than HOPE [6]. A key 
advantage of NMP – beyond organ reconditioning – is 
the ability to assess liver graft viability prior to trans-
plantation. This pre-implantation assessment enables 
the rejection of organs that would likely result in severe 
post-transplant complications, such as ischemic chol-
angiopathy, EAD, or primary non-function (PNF) [40].

On the other hand, considering the largely subjective 
nature of macroscopic organ assessment by transplant 
surgeons, the ability to reassess initially “rejected” or-
gans based on objective viability criteria off ers a pro-
mising opportunity to signifi cantly expand the donor 
pool. This is especially relevant in light of projections 
indicating that by 2030, only 44% of liver allografts will 
be utilized – down from 78% in 2010 – which would 

translate to approximately 2,230 fewer liver transplants 
annually [41]. Viability assessment thus emerges as a 
key strategy to address the growing gap between organ 
demand and availability. Notably, several studies have 
included grafts that had been declined by all transplant 
centers, yet achieved successful transplantation in 30% 
to 91% of these cases [33, 40], resulting in a donor organ 
utilization increase of 20% or more.

CONTROLLED OXYGENATED REWARMING 
(COR)

One of the critical challenges of static cold preser-
vation of liver allografts – besides the accumulation of 
anaerobic metabolic byproducts and subsequent oxida-
tive damage during warm reperfusion – is the so-called 
“rewarming injury”. This injury is associated with the 
rapid rise in graft temperature to physiological levels 
(36–37 °C) [9, 42–44]. The underlying pathophysiology 
involves a progressive loss of mitochondrial transmemb-
rane potential during cold ischemia. Upon rewarming – 
either in the recipient or during NMP – this dysfunction 
manifests as severe mitochondrial injury due to the mas-
sive opening of mitochondrial permeability transition 
pores, calcium ion leakage, apoptosis, free radical forma-
tion, and disintegration of the mitochondrial respiratory 
chain. Collectively, these processes are recognized as key 
components of ischemia-reperfusion-conservation inju-
ry. Interestingly, such thermal damage is not observed in 
isolated hepatocyte cultures preserved at temperatures 
above 16 °C [9, 43].

A potential solution to rewarming injury has been pro-
posed by a group of researchers from University Hospital 
Essen. To minimize thermal damage, they advocate for 
a brief session of highly oxygenated MP with a gradual 
increase in temperature to 20 °C, performed in an “end-
ischemic” format. The standard COR protocol is detailed 
in Table 3. In the fi rst clinical validation of this approach, 
Hoyer et al. evaluated 6 LT recipients and reported a 
statistically signifi cant reduction in peak transaminase 
levels – used as surrogate markers of IRPI – in the COR 
group (AST 563.5 vs 1204 U/L, p = 0.023) compared to 
a control group that underwent SCS (n = 106). Impro-
vements in coagulation parameters were also observed, 
with a lower international normalized ratio (INR) in the 
COR group (1.48 vs 1.86, p = 0.07), refl ecting better 
synthetic liver function postoperatively. Furthermore, the 
incidence of EAD and PNF was lower in the COR group 
(0% vs 35.9%, p = 0.07 and 0% vs 2.8%, p = 0.68, res-
pectively). Graft survival in the COR group was 100%, 
compared to 80.9% in the SCS group (p = 0.24) [9, 43]. 
However, not all outcome diff erences reached statistical 
signifi cance.

A subsequent randomized controlled trial involving 
40 LT recipients, randomized to receive either COR 
(n = 20) or SCS (n = 20) for graft preservation, further 
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supported the potential benefi ts of COR. Improved graft 
function was demonstrated by a higher 13C-methacetin 
clearance (LiMAx test, 294 ± 106 vs 187 ± 121 ng/kg/
hour, p = 0.006) and increased synthesis of coagulation 
factor V on postoperative day 1 (103 ± 34 vs 66 ± 26, 
p = 0.001) [45]. However, the study did not meet its 
primary endpoint, as the diff erence in peak AST levels 
between the groups was not statistically signifi cant 
(767 ± 1157 vs 1371 ± 2871 U/L, p = 0.273).

In summary, COR shows promise as a supplementary 
MP strategy for liver graft preservation. Nonetheless, its 
clinical effi  cacy requires confi rmation through larger-
scale studies and direct comparisons with other estab-
lished techniques such as HOPE.

Despite the current absence of established practice for 
assessing allograft viability at the COR stage – owing 
to its inherently end-ischemic application – Hoyer et al. 
reported a strong correlation between AST levels measu-
red at 120 minutes of COR perfusion at 20 °C and peak 
AST levels observed in the postoperative period. The 
coeffi  cient of determination was R2 = 0.90, p < 0.001). 
In comparison, similar correlations observed during 
HOPE were associated with lower predictive accuracy 
(R2 = 0.73) [46].

COMBINED SEQUENTIAL MACHINE 
PERFUSION

With the development and introduction of HOPE and 
NMP into routine clinical practice, several researchers 
have attempted to compare the two techniques [6]. The 
results of a meta-analysis of 7 randomized trials and 
1017 patients included demonstrate a statistically signifi -
cant reduction in the incidence of EAD with both HOPE 
and NMP (NMP vs SCS, OR 0.50, 95% CI 0.30–0.86, 
p = 0.01, I2 = 39%; HOPE vs SCS: OR 0.48, 95% CI 
0.35–0.65, p < 0.00001, I2 = 5%). At the same time, a 
greater protective potential of HOPE has been noted, 
consisting of a reduction in serious complications (Cla-
vien–Dindo >IIIb, HOPE vs SCS: OR 0.76, 95% CI 
0.63–0.93, p = 0.006, I2 = 0%), retransplantation rate 
(HOPE vs SCS: OR 0.21, 95% CI 0.04–0.96, p = 0.04; 
I2 = 0%) and graft loss (HOPE vs SCS: OR 0.40, 95% CI 
0.17–0.95, p = 0.04; I2 = 0%). Both techniques also had 
a positive eff ect on the incidence of biliary complications 
and non-anastomotic strictures. Over time, the view on 
the use of MP has changed toward the use of combined 
protocols that include sequential HOPE and NMP [35, 
47]. At the D-HOPE stage, the previously described re-
conditioning of mitochondria of the liver allograft is 
performed, which allows approaching the period of warm 
reperfusion in an optimal energetic and metabolic state. 
Thus, in an experimental study, Boteon et al. report a 1.8-
fold increase in ATP levels during HOPE and decreased 
expression of markers of oxidative stress and infl am-
mation (p = 0.008 and p = 0.02) during the NMP stage 

in the combined perfusion group compared to isolated 
NMP, with 100% of organs achieving viability criteria 
in the combined perfusion group compared to 40% in 
the isolated perfusion group [48].

In more recent studies, the combined perfusion pro-
tocol has evolved to incorporate the COR stage as a 
transitional link between hypothermic and normothermic 
perfusion phases. By enabling a gradual, stepwise rewar-
ming of the organ under conditions of high oxygenation, 
COR mitigates the abrupt thermal shift associated with 
direct transitions from hypothermic to normothermic 
perfusion. Although defi nitive clinical evidence de-
monstrating the superiority of this integrated approach 
is still lacking, the strong pathophysiological rationale 
and promising outcomes observed with isolated COR 
have led several researchers to adopt it as part of their 
combined perfusion strategies [35, 49]. Following the 
COR phase, D-HOPE is succeeded by NMP, allowing 
not only continued graft reconditioning through restora-
tion and maintenance of ATP reserves but also real-time 
assessment of organ viability under near-physiological 
conditions. Once the graft meets established viability 
criteria – identical to those used in isolated NMP – it is 
deemed suitable for transplantation and can be success-
fully implanted into the recipient [49–51].

The choice of perfusate in the combined perfusion 
protocol warrants careful reconsideration. The use of 
oxygen carrier-free perfusate during the normothermic 
phase is inadequate due to the high metabolic demand of 
the liver graft and the limited oxygen-carrying capacity 
of such solutions. Conversely, the most commonly em-
ployed perfusate in NMP – based on red cell mass – is 
unsuitable for hypothermic conditions due to increa-
sed fragility of erythrocyte membranes, a heightened 
risk of hemolysis, and cold-induced RBC agglutinati-
on. According to van Leeuwen et al. [35], two primary 
strategies have been proposed to address this limitation. 
The fi rst involves replacing the perfusate following the 
HOPE phase with a RBC-based solution and initiating 
the subsequent perfusion at a starting temperature of 
20 °C. This approach avoids erythrocyte damage while 
enabling eff ective oxygen delivery during the COR and 
NMP phases. Importantly, the perfusate exchange ty-
pically requires no more than 20–30 minutes and does 
not signifi cantly aff ect overall perfusion outcomes. The 
second approach employs HBOCs throughout all stages 
of the combined perfusion protocol. This method has 
demonstrated safety and effi  cacy in comparison to both 
RBC-based perfusates during NMP and conventional 
UW-MPS during HOPE [35, 49, 50]. However, the cli-
nical application of HBOCs remains limited, primarily 
due to the absence of regulatory approvals for use in 
perfusion preservation in the United States and European 
Union. Nevertheless, given the constrained availability 
of donor red cell mass, HBOC-based perfusion is a pro-
mising area for future research.
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Table 1
Outcomes of hypothermic oxygenated perfusion (HOPE) and normothermic machine perfusion (NMP) 

in liver transplantation (Adapted from Jakubauskas et al. [66] and Banker et al. [8], with additions)
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1 2 3 4 5 6 7 8
HMP and HOPE, including dual-HOPE (D-HOPE)

Guarrera 
et al. [27] 
2010

HMP and 
SCS

Brain-
dead 

donors

Prospective 
cohort study, 
case-matched 

1 : 1

20 and 
20 4.3 ± 0.9 hours

Modifi ed 
Medtronic PBS 

(Vasosol)

1. No statistically signifi cant diff e-
rence: early allograft dysfunction 
(EAD), primary non-function 
(PNF), survival

2. In HMP group: signifi cant reduc-
tion in length of hospital stay, 
decreased peak levels of AST, 
ALT, and total bilirubin, as well as 
improved renal function (signi-
fi cantly lower serum creatinine 
levels)

Henry 
et al. [67] 
2012

HMP and 
SCS

Not indi-
cated

Prospective 
cohort study, 
case-matched 

1 : 1

18 and 
15 4.2 ± 0.9 hours

Modifi ed 
Medtronic PBS 

(Vasosol)

In НМР group: decreased expression 
of proinfl ammatory cytokines, acti-
vation of adhesion molecules, along 
with reduced ultrastructural damage 
to the allograft

Guarrera 
et al. [68] 
2015

HMP and 
SCS

Donation 
after brain 

death 
(DBD)

Prospec-
tive non-

randomized, 
case-matched 

1 : 1

31 and 
30 3.8 ± 0.9 hours

Modifi ed 
Medtronic PBS 

(Vasosol)

1. Equal number of EAD, 1-year 
recipient survival

2. In NMR group: lower incidence 
of biliary complications within the 
fi rst year post-transplant

3. Signifi cant reduction in length of 
stay in the hospital

Dutkowski 
et al. [69] 
2015

HOPE 
and SCS

Donati-
on after 

circulato-
ry death 
(DCD) 

and DBD

Multicen-
ter study, 

case-matched 
analysis 1 : 1

25 and 
50 2.2 hours

Liver Assist 
device, UW glu-
conate solution 

(KPS-1)

In HOPE group: signifi cant reduction 
in peak ALT levels, lower incidence 
of cholangiopathies and biliary 
complications, and improved 1-year 
graft survival

Van Rijn 
et al. [70] 
2017

D-HOPE 
and SCS DCD

Non-rando-
mized study, 
case-matched 

1 : 2

10 and 
20

2.1 (2.1–2.3) 
hours

Liver Assist 
device, UW glu-
conate solution 
(Belzer MPS) 

and glutathione 
3 mmol/L

In D-HOPE group:
1. Decreased peak levels of ALT, 

gamma-glutamyl transferase, al-
kaline phosphate, total bilirubin at 
30 days post-transplant, along with 
an 11-fold increase in ATP levels

2. ALT and bilirubin at 1 week post-
transplant are two times lower

Patrono 
et al. [71] 
2019

D-HOPE 
and SCS DBD

Non-rando-
mized study, 
case-matched 

1 : 2

25 and 
50 3.1 ± 0.8 hours

Liver Assist 
device, UW-MP 
solution (Belzer 

MPS)

Acute renal injury stage 2–3 and 
severe postreperfusion syndrome are 
signifi cantly lower in the D-HOPE 
group

The main outcomes of the combined MP protocol are 
presented in Table 1. It is important to note the relatively 
small number of studies, the limited patient cohorts, and 
the near-complete absence of direct comparisons bet-
ween combined and isolated protocols, which currently 
makes it diffi  cult to draw defi nitive conclusions about 

the advantages of combined perfusion. However, several 
ongoing clinical trials – particularly the DHOPE-COR-
NMP study led by the Groningen group – are expected 
to provide deeper insights into the potential benefi ts of 
integrating multiple perfusion techniques [52].
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Continuation of Table 1

1 2 3 4 5 6 7 8

Schlegel 
et al. [72] 
2019

HOPE 
and SCS

DCD and 
DBD

Prospective 
study, case-

matched 
1 : 1 : 1 

(HOPE-DCD 
and SCS-
DCD and 
brain-dead 
SCS donor

50 and 
50

2 (1.6–2.4) 
hours

Liver Assist 
device, UW glu-
conate solution 
(Belzer MPS)

Signifi cant increase in graft survival 
in the HOPE-DCD group compared 
to the DCD-SCS group

Ravaioli 
et al. [73] 
2020

HOPE 
and SCS DBD

Non-rando-
mized study, 
case-matched 

1 : 3

10 and 
30

2.2 (1–3.5) 
hours

Center-developed 
perfusion device, 
UW-MP solution 

(Belzer MPS)

Mean AST at postoperative day 7 si-
gnifi cantly lower in the HOPE group

Rayar 
et al. [74]

HOPE 
and SCS DBD

Non-rando-
mized study, 
case-matched 

1 : 3

25 and 
69

2 (1.3–4.2) 
hours

Liver Assist 
device, UW-MP 
solution (Belzer 

MPS)

Mean leant of stay in the hospital 
and in ICU signifi cantly lower in the 
HOPE group

Van Rijn 
et al. [30] 
2021

D-HOPE 
and SCS DCD

Multicenter 
prospective 
randomized 
controlled 

clinical study

78 and 
78

2.2 (2–2.5) 
hours

Liver Assist 
device, UW glu-
conate solution 
(Belzer MPS) 

and glutathione 
3 mmol/L

In HOPE group: signifi cant reduction 
in symptomatic non-anastomotic 
stricture (NAS), EAD, incidence of 
postreperfusion syndrome

Czigany 
et al. [75] 
2021

HOPE 
and SCS DBD

Prospective, 
randomized 
controlled 

study

23 and 
23 –

Liver Assist 
device, UW glu-
conate solution 
(Belzer MPS)

In HOPE group: decreased peak ALT 
levels, along with shorter ICU stays 
and overall hospitalization time

NMP

Ravikumar 
et al. [76] 
2016

NMP and 
SCS

DCD and 
DBD

Non-rando-
mized study, 
case-matched 

1 : 2

20 and 
40

9.3 (3.5–18.5) 
hours

OrganOx metra, 
colloidal solution 

(Gelofusine)

1. Similar 30-day patient and graft 
survival

2. Signifi cant reduction in peak AST 
levels within the fi rst 7 days in the 
NMP

Selzner 
et al. [77] 
2016

NMP and 
SCS

DCD and 
DBD

Pilot study, 
case-matched 

1 : 3

10 and 
30

8 (5.7–9.7) 
hours

OrganOx metra, 
dextran-based 

perfusate (Steen 
solution), red cell 

mass (RCM), 
albumin

1. Similar 30-day recipient and graft 
survival

2. No cases of graft loss
3. Similar postoperative graft func-

tion, hospitalization duration, and 
ICU stay between groups

Bral et al. 
[78]

NMP and 
SCS

DCD and 
DBD

Non-rando-
mized study, 
case-matched 

1 : 2

9 and 
27 

(inten-
tion-

to-treat 
10 and 

30)

11.5 (3.3–22.5) 
hours

OrganOx metra, 
perfusate based 
on erythrocyte-

RCM and colloi-
dal solution

1. Similar 30-day and 6-month graft 
and patient survival

2. Hospitalization and ICU stays sig-
nifi cantly longer in the NMP group

3. Similar postoperative graft func-
tion

Nasralla 
et al. [39] 
2018

NMP and 
SCS

DCD and 
DBD

Multicenter, 
randomized 
controlled 

study, case-
matched 1 : 2

120 and 
101

9.1 (6.2–11.8) 
hours

OrganOx metra, 
colloidal solution 

(Gelofusine), 
RCM

1. In NMP group: lower incidence of 
EAD, less organ injury (by 50%, 
based on peak transaminase le-
vels), lower rate of postreperfusion 
syndrome

2. Increased number of allografts 
transplanted

3. Similar 1-year recipient and graft 
survival

Ghinolfi  
et al. [28] 
2019

NMP and 
SCS

DBD do-
nors aged 
>70 years

Single-center 
controlled 

study

121 and 
101

4.2 (3.3–4.7) 
hours

Liver Assist, 
colloidal solution 

(Gelofusine), 
albumin, RCM

Similar 6-month patient and graft 
survival
Similar complication rates and length 
of hospitalization in both groups
Less organ injury in the NMP group 
according to histological analysis
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Mergental 
et al. [33, 
79] 2020, 
2024 – the 
VITTAL 
trial

NMP DCD and 
DBD

Single-center, 
non-rando-

mized study, 
case-matched 

1 : 2

31 587 (450–705) 
minutes

OrganOx metra, 
colloidal solution 

(Gelofusine), 
RCM

1. 71% of organs (n = 22) reached 
viability criteria and were success-
fully transplanted

2. 90-day graft survival was 100%
3. Ischemic strictures requiring 

retransplantation occurred in 18% 
of patients (n = 4, mean follow-
up 542 days), comparable to 
2.3% (n = 1) in the control group 
(p = 0.063)

4. No cases of PNF
5. EAD in 31.8% of cases (n = 7), 

more frequent than in the control 
group (n = 4, p = 0.034)

6. 1-year graft and recipient survival 
of 86.4% and 100% (compara-
ble to control group: 86.4% and 
95.5%)

7. 5-year graft and recipient survival: 
72% and 82%

8. All deceased recipients had a func-
tioning graft

Liu et al. 
[80] 2020

NMP and 
SCS

DCD and 
DBD

Non-rando-
mized study, 
case-matched 

1 : 4

21 and 
84 5 ± 1.1 hours

Custom-built 
perfusion device; 
perfusate com-
posed of fresh 
frozen plasma, 

RCM, and albu-
min.

Frequency of EAD, peak ALT and 
AST levels signifi cantly lower in 
NMP group

Quintini 
et al. [81] 
2022

NMP 
of liver 

allografts 
declined 
by other 

transplant 
centers

DCD and 
DBD

Non-rando-
mized clini-

cal study
21 3.49–

10.29 hours
Custom-built 

perfusion device

Ability to rehabilitate and successful-
ly transplant 15 of 21 organs initially 
deemed unsuitable

Markmann 
et al. [82] 
2022

NMP and 
SCS

DCD and 
DBD

Prospective 
randomized 

study

153 and 
147 2.0–5.5 hours

Transmedics 
Organ Care Sys-
tems, albumin-
based perfusate 
(Steen solution), 

RCM

1. In NMP group: reduced incidence 
of EAD, ischemic biliary compli-
cations

2. Decreased intensity of ischemia-
reperfusion-preservation injury 
(according to histologic study)

3. Increased number of utilized 
organs from DCD donors in the 
group where NMP was used

Combined ex-vivo machine perfusion protocols

Boteon 
et al. [48] 
2018

NMP and 
HOPE-
NMP

DCD and 
DBD

Prospective 
cohort study, 
case-matched 

1 : 1 (pilot 
study)

5 and 5

6 hours NMР 
(NMP group). 
2 hours HOPE 

and 4 hours 
NMP (HOPE-
NMP group)

Liver Assist 
device, perfusate: 

hemoglobin-
based oxygen 

carrier (HBOC) 
with albumin (for 
NMP); UW-MP 
solution (Belzer 
MPS) for HOPE

Birmingham (Mergental, 2016) 
criteria were used to assess allo-
graft viability at the NMP stage (see 
Table 2)
1. 60% (n = 3) in the NMP group and 

100% (n = 6) in the HOPE-NMP 
group were deemed viable and 
successfully transplanted

2. In the combined perfusion group: 
statistically reduced expression of 
oxidative stress markers (4-hydro-
xynonenal, CD14), infl ammatory 
markers (CD11b, VCAM)
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de Vries 
et al. [49] 
2019

DHOPE-
COR-
NMP

DCD Prospective 
single-center 7 283–517 mi-

nutes

Liver Assist 
device, perfusa-
te: HBOC with 
albumin used 
throughout all 

perfusion stages

The Groningen (van Leeuwen, 2019) 
criteria were used to assess allo-
graft viability at the NMP stage (see 
Table 2)
1. 5 out of 7 liver grafts used
2. No cases of EAD
3. No cases of PNF
4. 3-month graft and recipient survi-

val – 100%

van Leeu-
wen et al. 
[58] 2019

DHOPE-
COR-
NMP

DCD

Prospective 
(stage 1), 

retrospective 
cohort study 

(stage 2)

16

Total perfu-
sion time is 

not specifi ed. 
Standard pro-
tocol: 1 hour 

D-HOPE, 
1 hour COR, 
150 minutes 
NMP. If the 

graft is deemed 
viable, prolong 
perfusion until 
ready for im-

plantation.
Total preserva-
tion time: 868 

(IQR 805–924) 
min

Liver Assist 
device, perfusa-
te: HBOC with 
albumin used 
throughout all 

perfusion stages

The Groningen (van Leeuwen, 2019) 
criteria were used to assess allo-
graft viability at the NMP stage (see 
Table 2)
1. 69% of organs (n = 11) were 

deemed viable and were transplan-
ted

2. Recipient and graft survival at 3, 6, 
and 12 months was 100%

3. 1 case (9%) of ischemic cholun-
giopathy (4 months post-trans-
plant)

4. No cases of PNF
6. Transplant activity increased by 

20% following implementation of 
the protocol

van Leeu-
wen et al. 
[35] 2022

DHOPE-
COR-
NMP

DCD and 
DBD 
(2%, 
n = 1)

Prospective 
observational 
cohort study

54

Total perfu-
sion time is 

not specifi ed. 
Standard pro-
tocol: 1 hour 

D-HOPE, 
1 hour COR, 
150 minutes 
NMP. If the 

graft is deemed 
viable, prolong 

perfusion 
until ready for 
implantation

Liver Assist 
device, perfusa-
te: HBOC with 

albumin (n = 12) 
used for all 

perfusion stages; 
or UW-MPS for 
HOPE and red 
blood cell mass 
with albumin for 
COR-NMP stages 

(n = 22)

The Groningen (van Leeuwen, 2019) 
criteria were used to assess allo-
graft viability at the NMP stage (see 
Table 2)
1. 63% of organs (n = 34) were 

deemed viable and successfully 
transplanted

2. 1-year survival rates were 100% 
for recipients and 94% for grafts

3. Non-anastomotic cholangiopathy 
developed in 3% of cases (n = 1)

4. Comparable results when using 
HBOC and RCM in the perfusate

5. No cases of PNF
6. Two retransplantations for reasons 

unrelated to perfusion (venous 
outfl ow obstruction and chronic 
rejection)

Liu et al. 
[82] 2023

HOPE-
NMP

DCD and 
DBD

Prospective, 
observatio-
nal, single-

center

17

1–2 hours at 
NOPE stage 

and 4–9 hours 
at NMP stage

Perfusion device: 
center-developed 
custom perfusion 

system.
UW-MPS (HOPE 
stage) and RCM-
based perfusate 

(NMP stage)

The Quintini et al. (2022) criteria 
was used to assess allograft viability 
at the NMP stage (see Table 2)
1. 76.5% of organs (n = 13) were 

deemed viable and successfully 
transplanted

2. Graft and recipient survival rates 
were 100% (follow-up period 
6–13 months)

3. EAD occurred in 5 patients (35%)
4. Non-anastomotic ischemic cholan-

giopathy developed in 2 patients 
(15%)

5. No statistically signifi cant diff e-
rences in post-transplant outcomes 
when compared to the retrospecti-
ve NMP group without HOPE
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Thorne 
et al. [83] 
2023

DHOPE-
COR-
NMP

DCD

Prospective, 
observatio-
nal, single-

center

55

Total per-
fusion time 

not specifi ed. 
Standard pro-
tocol: 1 hour 

D-HOPE, 
1 hour COR, 
150 minutes 
NMP. If the 

graft is deemed 
viable, prolong 

perfusion 
until ready for 
implantation

Liver Assist de-
vice, RCM- and 
albumin-based 
perfusate (for 

NMP and COR 
stages), UW-MP 
solution (Belzer 

MPS) (for D-
HOPE)

The Groningen (van Leeuwen, 2019) 
criteria were used to assess allo-
graft viability at the NMP stage (see 
Table 2)
1. 70% of allografts (n = 35) were 

deemed viable and successfully 
transplanted

2. Recipient and graft survival 
(death-censored): 97% and 94%, 
respectively

3. Two retransplantations were requi-
red (due to chronic rejection and 
hepatic artery thrombosis)

4. One patient death occurred (due to 
interstitial lung disease)

5. One case of ischemic cholangiopa-
thy was reported

Magistri 
et al. [84] 
2025

D-
HOPE – 

NMP

DCD and 
DBD

Retrospecti-
ve, observati-
onal, single-

center

33

90 minutes D-
HOPE

NMP time: 427 
(260–559) in 

the viable allo-
graft group and 
240 (120–375) 

in the non-
viable allograft 

group

Liver Assist 
device, PerLife 

(Aferetica)
RCM-based per-

fusate (NMP)

The “traffi  c light” criteria developed 
by the Groningen group were used to 
assess allograft viability at the NMP 
stage, modifi ed (by excluding biliary 
tree viability assessment due to logi-
stical and laboratory limitations) in 
the center (see Table 4)
1. 48.5% (n = 16) of grafts were 

deemed viable and successfully 
transplanted

2. One case of EAD (with the patient 
surviving 30 months post-trans-
plant) and one case of PNF (resul-
ting in death on postoperative day 
46)

Note: HMP, hypothermic machine perfusion; SCS, static cold storage; HOPE, hypothermic oxygenated perfusion; D-HOPE, 
dual hypothermic oxygenated perfusion; NMP, normothermic machine perfusion; COR, controlled oxygenated rewarming; 
AST, Aspartate Transaminase; ALT, Alanine Transaminase.

VIABILITY ASSESSMENT
Assessment of liver allograft viability is a critical 

aspect of machine perfusion: identifying and discardi-
ng non-viable allografts during preservation can pre-
vent most complications associated with transplanting 
a non-viable organ. The main methods used for viability 
assessment are summarized in Table 2.

The ability to evaluate viability during hypothermic 
perfusion is considerably limited due to the considerably 
reduced allograft metabolism. Although several studies 
have described correlations between various perfusate 
parameters (such as glucose, lactate, AST, and ALT) du-
ring HOPE and post-transplant outcomes [53], the only 
validated marker for viability assessment is the measu-
rement of fl avin mononucleotide (FMN, a component 
of mitochondrial complex I) levels in the perfusate at 
30 minutes of perfusion [31, 72].

A multicenter, cross-national study analyzing 
473 HOPE/D-HOPE perfusate samples confi rmed the 
strong predictive value of FMN levels for graft loss 
(due to NAIC or PNF), showing ROC values between 

0.7733 and 0.8418 depending on the determination 
method (p < 0.0001), for NAIC (ROC 0.7456–0.7686, 
p < 0.0001), and for the risk of acute kidney injury (ROC 
0.7616–0.7144, p < 0.0001 and p < 0.0014) [54].

However, FMN assessment requires mass spectrome-
try or fl uorometry, necessitating specialized equipment 
and limiting the widespread adoption of this method. 
The role of FMN measurement in combined perfusion 
protocols remains undefi ned. Of particular interest is the 
combined perfusion protocol developed at the Zurich 
clinic, where a decision to proceed with or abandon sub-
sequent NMP is guided by FMN levels: NMP is withheld 
for severely damaged allografts with high FMN values, 
whereas optimal allografts with elevated FMN levels 
proceed to NMP. [55].

A comprehensive and detailed assessment of organ 
viability becomes possible during the normothermic per-
fusion stage. As previously mentioned, by recreating 
near-physiological conditions during normothermic per-
fusion, it is feasible to evaluate key metabolic parameters 
and identify signs of dysfunction or injury, which may 
indicate organ non-viability or future graft dysfunction.
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Table 2
Assessment of liver graft viability during hypothermic oxygenated perfusion (HOPE) and normothermic 

machine perfusion (NMP): current criteria and practical outcomes (adapted from Groen et al. [56] 
and Jeddou et al. [40], with additions). Criteria related to cholangiocellular viability are italicized 

in the NMP section
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HOPE, D-HOPE

Eden et al. 
[85] (2023)

Perfused: not 
indicated

Transplanted: 158

Not in-
dicated

Flavin mononucleotide (FMN) at 
30 minutes HOPE (<6000 A.U.)
NADH at 30 minutes HOPE 
(<8000 A.U.)

ECOPS, 
Liver 

Assist, 
VitaSmart

UW-MPS 
(Belzer 
MPS)

1-year graft survival: 89%
Primary non-function 

(PNF): 7 cases
Ischemic cholangiopathy 

(IC): 11 cases
Anastomotic strictures 

(AS): 53 cases
Biliary congestion (BC): 

9 cases

Patrono 
et al. [53] 
(2020)

Perfused: 50
Transplanted: 50
100% utilization 

rate

0/50 Perfusate during HOPE: lactate, AST, 
ALT, LDH, glucose, pH

Liver 
Assist 
device

UW-MPS 
(Belzer 
MPS)

Graft loss: 1 case
Early allograft dysfunction 

(EAD): 13 cases

Schlegel 
et al. [26] 
(2020)

Perfused: 50
Transplanted: 50
100% utilization 

rate

32/18

Perfusate, liver parenchyma and mito-
chondria during HOPE:
FMN at 30 minutes (<8000 A.U.)
NADH (<10000 A.U.)

Liver 
Assist 
device

UW-MPS 
(Belzer 
MPS)

Graft loss (unspecifi ed 
causes): 7 cases

Muller et al. 
[86] (2019)

Perfused: 54
Transplanted: 54
Utilization rate: 

100%

35/19 FMN at 30 minutes HOPE
Liver 
Assist 
device

UW-MPS 
(Belzer 
MPS)

Graft loss: 7 cases
PNF: 4 cases

IC: 1 case

NMP

Olumba 
et al. [87] 
(2023)

Perfused: 22
Transplanted: 16
Utilization rate: 

72.7%

10/12

Within the fi rst 2 Hours of NMP:
– Perfusate lactate <2.2 mmol/L
– Hepatic artery (HA) fl ow >100 mL/

min and portal vein (PV) fl ow 
>500 mL/min

Plus at least two of the following:
– Evidence of glucose metabolism
– Perfusate pH >7.25, with sodium 

bicarbonate requirement <70 mL
– Evidence of bile production
– Perfusate AST <10,000 U/L and 

ALT <7,000 U/L
– Homogeneous parenchymal perfu-

sion and soft allograft consistency

OrganOx 
metra 
device

Red cell 
mass 

(RCM)

PNF: none
Graft-related death: none
Non-anastomotic stricture 

(NAS): none

van Leeu-
wen et al. 
[35] (2022)

Perfused: 54
Transplanted: 34
Utilization rate: 

63%

53/1

After 2.5 hours of NMP :
– Perfusate lactate <1.7 mmol/L
– Perfusate pH 7.35–7.45 without 

repeated bicarbonate administration
– Bile output >10 mL, with >4 mL in 

the last hour
– Bile pH >7.45
– ΔpH (bile – perfusate) >0.10
– Δ bicarbonate (bile – perfusate) 

>5.0
– Δ glucose (bile – perfusate) <–5.0

Liver 
assist 
device

Cases 
1–8: 

hemoglo-
bin-based 
oxygen 
carrier 

(HBOC), 
Cases 
19–54: 
RCM

1-year graft survival: 94%
NAS: 1 case
AS: 12 cases

Bile leaks: 4 cases
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Seidita et al. 
[88] (2022)

Perfused: 19
Transplanted: 17 3/16

– Normalization or ≥50% reduction 
of lactate by the end of perfusion

– Perfusate pH >7.3 without repeated 
sodium bicarbonate infusions

– Evidence of bile production
– HA and PV fl ows

Not indi-
cated

RCM, 
fresh 

frozen 
plasma

1-year graft survival: 94%
EAD: 1 case

Quintini 
et al. [80] 
(2022)

Perfused: 21
Transplanted: 15
Utilization rate: 

71%

13/8

Within 6 hours of NMP – at least two 
of the following criteria:
– Perfusate lactate <4.5 mmol/L or 

60% reduction from peak value 
within the fi rst 4 hours

– Bile output >2 mL/hour
– Stable perfusion fl ows: HA 

>0.05 mL/min/g and PV >0.4 mL/
min/g

– Homogeneous parenchymal perfu-
sion and soft allograft consistency

OrganOx 
metra 
device

RCM

EAD: 7 cases
Ischemic strictures: 1 case 
(due to biliary wall obst-

ruction)
PNF: none

Zhang et al. 
[89] (2020)

Perfused: 4
Transplanted: 4
(retrospective)
Utilization rate: 

100%

3/1

Within the fi rst 4 hours of NMP:
– Perfusate lactate <2.5 mmol/L
– Evidence of bile production
– Stable HA and PV perfusion fl ows 

(>150 mL/min and >500 mL/min)
– Perfusate pH >7.3 without a need 

for repeated sodium bicarbonate 
infusions

Liver 
Assist 
device

RCM 
leukore-
duced, 
washed 

red blood 
cells

6-month graft survival: 
100%

EAD: 1 case
1 AS

PNF or NAS: none

Reiling et al. 
[90] (2020)

Perfused: 10
Transplanted: 10
Utilization rate: 

100%

5/5

After 4 hours of NMP:
– Perfusate lactate <2 mmol/L within 

the fi rst 2 hours
– Glucose metabolism trending 

downward within 4 hours
– Physiologic perfusate pH without 

need for continuous sodium bicar-
bonate infusion

– Stable HA and PV fl ows
– Homogeneous parenchymal perfu-

sion and soft allograft consistency
– Evidence of bile production

OrganOx 
metra 
device

RCM

6-month graft survival: 
100%

EAD: 5 cases
AS: 1 case

Bile leaks: 1 case (origi-
nating from the biliary 

anastomosis)
PNF or NAS: none

Mergental 
et al. [33, 
78] – the 
modifi ed 
Birming-
ham 
criteria 
(2020–2024)

Perfused: 31
Transplanted: 22
Utilization rate: 

71%

14/17

Within the fi rst 4 hours of NMP:
– Perfusate lactate ≤2.5 mmol/L
Plus at least two of the following 
criteria:
– Evidence of bile production
– Perfusate pH ≥7.3 without a need 

for repeated sodium bicarbonate 
injections

– Evidence of glucose metabolism
– Stable PV and HA perfusion fl ows 

(≥150 mL/min and ≥500 mL/min, 
respectively)

– Homogeneous parenchymal perfu-
sion and soft allograft consistency

OrganOx 
metra 
device

RCM

1-year graft survival: 86.4%
EAD: 7 cases

NAS (requiring retransplan-
tation): 4 cases

AS: 2 cases
PNF: none

Cardini et al. 
[91] (2020)

Perfused: 34
Transplanted: 25
Utilization rate: 

73%

4/30

After 2 hours of NMP
– Rapid decrease and sustained 

low lactate levels during the fi rst 
2 hours of perfusion

– Continued bile production, bile pH
– Maintenance of physiologic 

perfusate pH without the need for 
continuous sodium bicarbonate 
infusion

– “Danger signals”: Exceptionally 
high and rapidly rising levels of 
AST, ALT, LDH

OrganOx 
metra 
device

RCM

20-month graft survival: 
88%

AS: 7 cases
Bile leaks: 3 cases
PNF or NAS: none

Continuation of Table 2
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van 
Leeuwen 
et al. [58] 
(2019) – the 
Groningen 
criteria

Perfused: 16
Transplanted: 11
Utilization rate: 

69%

16/0

After 2.5 hours NMP:
– Lactate clearance to <1.7 mmol/L
– Perfusate pH between 7.35–7.45, 

without repeated sodium bicarbo-
nate infusions

– Total bile production >10 mL, with 
at least 4 mL produced in the last 
hour

– Bile pH >7.45

Liver 
Assist 
Device

HBOC PNF: none
NAS: 1 case

Bral et al. 
[92] (2019)

Perfused: 46
Transplanted: 43
Utilization rate: 

93%

10/33

– Lactate level at the start of perfusi-
on

– Lactate clearance
– Need for pH correction with sodi-

um bicarbonate
– Hourly bile production

OrganOx 
metra 
device

RCM

3-month graft survival: 
100%

EAD: 11 cases
NAS: 2 cases
AS: 6 cases

Modifi ed 
Groningen 
criteria

Preclinical study: 
23

Clinical study: 
4/6

Utilization rate: 
66%

6/0

After 2.5 hours of NMP:
– Lactate clearance to <1.7 mmol/L
– Perfusate pH between 7.35–7.45, 

without repeated sodium bicarbo-
nate infusions

– Total bile production >10 mL
– Bile pH >7.48

Liver 
assist 
device

HBOC PNF or NAS: none

Ceresa et al. 
[93] (2019)

Perfused: 34
Transplanted: 31
Utilization rate: 

91%

8/23

Within the fi rst 4 hours of NMP:
– Lactate clearance
– Glucose metabolism
– Maintenance of pH without repea-

ted sodium bicarbonate infusions
– Evidence of bile production
– Perfusate transaminase levels
– HA and PV perfusion fl ows

OrganOx 
metra 
device

RCM PNF or NAS: none

De Vries 
et al. [49] 
(2019)

Perfused: 7
Transplanted: 5
Utilization rate: 

71%

7/0

After 2.5 hours of NMP:
– Lactate clearance to <1.7 mmol/L
– Perfusate pH between 7.35–7.45, 

without repeated sodium bicarbo-
nate infusions

– Bile output >10 mL total
– Bile pH >7.45

Liver 
Assist 
Device

HBOC PNF: none
NAS: 1 case

Watson et al. 
[94] – the 
Cambridge-
criteria 
(2018)

Perfused: 47
Transplanted: 22
Utilization rate: 

47%

35/12

Within the fi rst 2 hours of perfusion:
– Maximal decrease in lactate level 

≥4.4 mmol/L/kg/hour
– ALT at 2 hours: <600 U/L
– Perfusate pH >7.2, while so-

dium bicarbonate requirement 
≤30 mmol/L

– Maximal bile pH >7.5
– Bile glucose: ≤3 mmol/L, or at least 

10 mmol/L lower than perfusate 
glucose

– Decrease in glucose levels after 
2 hours of perfusion, or perfusate 
glucose <10 mmol/L with further 
decrease following administration 
of 2.5 g of glucose

– ALT perfusate <6000 U/L

OrganOx 
Metra 
device

RCM 
leukore-
duced, 
washed 

red blood 
cells

PNF: 1 case
NAS: 4 cases
EAD: 1 case

Watson et al. 
[84] (2017)

Perfused: 12
Transplanted: 12
Utilization rate: 

100%

9/3

– Lactate clearance
– Perfusate glucose level
– Maintenance of pH without repea-

ted sodium bicarbonate infusions
– Perfusate transaminase levels

OrganOx 
metra 
device

RCM PNF: 1 case
NAS: 3 cases

Continuation of Table 2
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1 2 3 4 5 6 7

Birmingham 
criteria

Perfused: 6
Transplanted: 5
Utilization rate: 

83%

4/1

Within the fi rst 3 hours of NMP:
Lactate clearance <2.5 mmol/L OR 
bile production plus at least two of 
the following criteria:
– Perfusate pH >7.3 without repeated 

sodium bicarbonate injections
– Perfusion fl ow >150 mL/min for 

HA and >500 mL/min for PV
– Homogeneous parenchymal perfu-

sion and soft allograft consistency

1–5 al-
lografts: 

Liver 
assist 
device
6 allo-
grafts: 

OrganOx 
Metra 
device

RCM
PNF or NAS: none

Transplant related compli-
cations: none

Note: HMP, hypothermic machine perfusion; SCS, static cold storage; HOPE, hypothermic oxygenated perfusion; D-HOPE, 
dual hypothermic oxygenated perfusion; NMP, normothermic machine perfusion; AST, Aspartate Transaminase; ALT, Alani-
ne Transaminase; LDH, lactate dehydrogenase.

End of Table 2

Table 3
Recommended perfusion protocols for hypothermic oxygenated perfusion (HOPE), normothermic 

machine perfusion (NMP), and controlled oxygenated rewarming (COR)
Parameter HOPE [20, 63, 40] NMP [23, 28, 40] COR [9, 42, 46]

Perfusate temperature (°C) 8–10 36–38

8–10 °C (start)
12 °C (30 min)
16 °C (45 min)
20 °C (60 min)

Sustained perfusion at 20 °C for functional 
assessment for up to 90 minutes, then fl ush 
with 1 L of preservative solution to reduce 

the temperature to 4–16 °C before implantation
Oxygenation level (pO2, mmHg) 400–600 90–200 500
Flow – hepatic artery (mL/min) 40–70 >150–300 Not indicated
Flow – portal vein (mL/min) 300–400 (≤500) >500 Not indicated
Pressure – hepatic artery (mmHg) 20–25 60–70 25
Pressure – portal vein (mmHg) 3–5 10–13 4

Research groups worldwide have long employed va-
rious combinations of parameters to assess the viability 
of both the hepatocellular and cholangiocellular com-
partments of the allograft [40, 56]. The main viability 
criteria currently used by diff erent centers are summa-
rized in Table 2.

A universal marker of hepatocellular viability is the 
measurement of perfusate lactate levels and their dyna-
mics over the course of perfusion. Notably, current trends 
favor assessing the trend of lactate clearance rather than 
relying on absolute lactate values at fi xed time points. 
Relying solely on static thresholds may lead to unneces-
sary rejection of potentially viable allografts. For examp-
le, in their study, Panconesi et al. demonstrated that when 
applying a lactate clearance criterion at 6 hours of NMP, 
only 13 (6.1%) out of 213 allografts were classifi ed as 
non-viable. However, when the same cohort was evalu-
ated using viability criteria from other centers, 14.6% 
of grafts would have been deemed non-viable based on 
the Groningen criteria and 11.2% based on the Brisbane 
criteria. The authors also highlighted comparable results 
among so-called “lactate-high” allografts [57].

An interesting observation was reported by Mergental 
et al.: in three allografts, lactate levels, although initially 
reaching the target threshold of less than 2.5 mmol/L, 
began to rise after 2 hours of perfusion. Two of these or-
gans were subsequently classifi ed as non-viable based on 
elevated lactate levels, while the third was transplanted 
due to a hepatectomy having already been performed. 
Notably, the recipient of this graft was alive at the time 
of reporting, despite experiencing EAD (ALT 2,074 U/L 
and AST 3,031 U/L) [33]. This case illustrates that, while 
lactate clearance is a key marker of viability, the crite-
ria for interpreting lactate dynamics still require further 
refi nement.

Assessment of bile parameters provides valuable in-
sight into the viability of the biliary tree. It is important to 
distinguish that bile production primarily refl ects hepa-
tocyte function, whereas bile composition is determined 
by the activity of the biliary epithelium. Under normal 
conditions, cholangiocytes reabsorb glucose from bile 
and secrete bicarbonate anions into the ductal lumen, 
forming a protective layer known as the “bicarbonate 
umbrella” along the bile ducts [49]. Elevated bile glucose 
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and lactate levels, alongside decreased pH and bicarbo-
nate concentrations, indicate biliary epithelial damage 
and a high risk of subsequent ischemic complications. 
Similar to lactate assessment, viability evaluation should 
focus not on absolute parameter values but rather on 
their relationship to corresponding perfusate parame-
ters. For instance, van Leeuwen et al. reported a case 
in which a patient developed NAIC four months after 
liver transplantation, despite the bile pH reaching the 
cholangiocellular viability threshold (bile pH 7.45) [58].

In a retrospective analysis, the authors noted that the 
perfusate pH was 7.46. This fi nding led them to modify 
their viability criteria to include the calculation of the pH 
diff erence between bile and perfusate (Table 4). In seve-
ral protocols, bile composition was not assessed, which, 
for example, resulted in cholangiopathy and the need 
for retransplantation in 4 recipients in the VITTAL stu-
dy [33, 59]. Retrospective analysis further showed that 
3 cases of non-anastomotic biliary strictures occurred in 
recipients of asystolic donor livers, where the bile was 
characterized by a low pH (<7.65) and low bicarbonate 
concentration (<25 mmol/L) [33]. In their study, Mate-
on et al. highlighted the critical role of bile analysis in 
preventing biliary complications. Based on perfusion 
analysis of 23 allografts and subsequent histological eva-
luation of bile ducts, the authors concluded that bile bi-
carbonate levels >18 mmol/L (p = 0.002), bile pH >7.48 
(p = 0.019), bile glucose <16 mmol/L (p = 0.013), and 
a bile-to-perfusate glucose ratio <0.67 (p = 0.013) were 
associated with reduced bile duct injury. The use of the-
se parameters as criteria for cholangiocellular viability 
could help prevent NAIC [60].

ISCHEMIC-FREE IMPLANTATION
A critical concern with normothermic preservation 

methods has been the need for re-cooling the organ via 
SCS following the completion of NMP. This re-cooling 
process results in repeated IRPI, which theoretically 

could exacerbate organ damage. Various strategies 
have been proposed to mitigate this risk by avoiding 
re-cooling altogether (“non-recooling”), allowing im-
plantation of the allograft during ongoing NMP [61, 62]. 
However, the limited available data – based on small 
sample sizes (n = 1 and n = 7) and the lack of statistically 
signifi cant diff erences between standard implantation 
and non-recooling groups (p = 0.462) – do not support 
a defi nitive recommendation for either approach. These 
fi ndings may also suggest that the impact of re-cooling 
on overall preservation-related injury is relatively minor.

CONCLUSION
Despite its relatively recent introduction into routi-

ne clinical practice, MP of liver transplants is steadily 
emerging as the preferred method for preserving allo-
grafts from ECDs. According to UNOS data from 2016 
to 2023, of 52,626 deceased liver donors, only 1,799 
(3.5%) underwent MP. However, the use of MP has incre-
ased markedly, from 0.3% in 2016 to 15.5% in 2023 [63].

The currently available outcomes show that perfu-
sion preservation of high-risk liver grafts yields results 
comparable to those achieved with standard-risk organs, 
signifi cantly expanding the donor pool without a corre-
sponding increase in complications or a decline in graft 
and recipient survival. For instance, in the United States, 
half of all allografts from DCD donors in 2023 were pre-
served using MP, demonstrating improved graft survival 
rates (HR 0.50, 95% CI 0.35–0.70, p < 0.001) [63, 64].

Nevertheless, most current studies evaluating MP are 
limited by relatively small sample sizes and lower levels 
of evidence. Future research is focused on multicenter 
randomized controlled trials, which are expected to es-
tablish perfusion preservation as the new gold standard 
for marginal allografts.

Choosing the optimal perfusion method for each 
specifi c allograft remains a pressing challenge. In most 
centers, the choice is restricted to a single type of MP, 

Table 4
The Groningen group liver transplant viability criteria (van Leeuwen, 2022), based on the “traffi  c light” 

system. The criteria are divided into green, yellow, and red zones. In the yellow zone, the liver 
is borderline viable, meaning the organ might still be used depending on other indicators. In the green 

zone, the liver is considered optimal for transplantation with high viability, and the organ is ready for use. 
The red zone signifi es that the liver does not meet essential viability criteria and is considered unsuitable 

for transplantation
Parameter Green zone 

(viable)
Yellow zone 
(borderline)

Red zone 
(unviable)

Hepatocellular link
Bile production (mL) ≥10 total (≥4 mL 

in the last hour) 5–10 <5

Perfusate lactate (mmol/L) <1.7 1.7–4 >4
Perfusate pH 7.35–7.45 7.25–7.35 <7.25

Cholangiocellular link

Bile pH >7.45 7.40–7.45 <7.40
ΔpH (bile – perfusate) >0.10 0.05–0.10 <0.05
ΔHCO3

– (mmol/L) >5.0 3.0–5.0 <3.0
ΔGlucose (bile – perfusate) (mmol/L) <–5.0 –3.0…–5.0 >–3.0
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meaning that comparisons are typically made between 
one perfusion modality and SCS, with few studies di-
rectly comparing diff erent perfusion techniques.

The “upfront” use of MP, initiated at the donor site, 
has not demonstrated clear benefi ts over standard cold 
ischemia protocols and remains a complex, logistically 
demanding process. HOPE and D-HOPE, in contrast, are 
relatively easy to implement, safe, and have demonstra-
ted excellent outcomes across multiple studies, including 
randomized controlled trials. While viability assessment 
during hypothermic perfusion has been advanced by 
the introduction of FMN measurement in the perfusate, 
the role of this biomarker within the broader context of 
perfusion preservation remains to be fully determined.

NMP alone does not off er suffi  cient protection against 
IRPI, but it enables detailed viability assessment. Impor-
tantly, studies comparing upfront and end-ischemic NMP 
approaches have not demonstrated signifi cant diff erences 
in outcomes [65].

Controlled oxygenated rewarming (COR), although 
less widely adopted, is a physiologically sound method. 
When used in an end-ischemic setting, COR has been 
associated with improved LT outcomes, although the 
supporting evidence is limited by small sample sizes and 
single-center study designs.

Viability assessment during NMP stage has become 
the focus of extensive research within the fi eld of MP. 
Emerging evidence suggests that the path toward esta-
blishing “ideal” viability criteria lies not in relying on 
isolated absolute values of individual parameters, but 
rather in evaluating the dynamics of their changes and 
the relationships between them – for example, compa-
ring bile pH and glucose levels relative to those of the 
perfusate. Importantly, evaluation of cholangiocellular 
viability must be an integral part of viability assessment 
to reduce the risk of biliary complications. There is a 
clear need for the development of standardized, universal 
viability criteria, a goal that can only be achieved through 
large-scale, multicenter collaborative studies.

By combining the main perfusion techniques, the 
individual limitations of each method are eff ectively 
counterbalanced, making combined machine perfusion 
an especially promising approach for organ preservati-
on. The excellent outcomes achieved with the DHOPE-
COR-NMP protocol off er signifi cant potential for further 
research, particularly in the use of marginal allografts. 
Integrating sequential MP into protocols for prolonged 
perfusion (lasting more than 12–24 hours) aimed at or-
gan rehabilitation may further expand the donor pool by 
enabling the transplantation of initially severely damaged 
organs that demonstrate viability after several days of 
perfusion [55]. The transplant community eagerly awaits 
more data on the indications, broader applications, and 
long-term outcomes of combined perfusion strategies.

The authors declare no confl ict of interest.

REFERENCES
1. Kwong AJ, Kim WR, Lake JR, Schladt DP, Schnellin-

ger EM, Gauntt K et al. OPTN/SRTR 2022 Annual Data 
Report: Liver. Am J Transplant. 2024 Feb; 24 (2S1): 
S176–S265. doi: 10.1016/j.ajt.2024.01.014. PMID: 
38431359.

2. Terrault NA, Francoz C, Berenguer M, Charlton M, 
Heimbach J. Liver Transplantation 2023: Status Re-
port, Current and Future Challenges. Clin Gastroenterol 
Hepatol. 2023 Jul; 21 (8): 2150–2166. doi: 10.1016/j.
cgh.2023.04.005. Epub 2023 Apr 20. PMID: 37084928.

3. Moein M, Bahreini A, Razavi A, Badie S, Coyle S, Abe-
dini M et al. A Review of Long-Term Outcomes of Liver 
Transplantation Using Extended Criteria Donors in the 
United States. J Surg Res. 2025 Feb; 306: 561–569. doi: 
10.1016/j.jss.2024.12.055. Epub 2025 Jan 31. PMID: 
39892300.

4. Goldaracena N, Cullen JM, Kim DS, Ekser B, Hala-
zun KJ. Expanding the donor pool for liver transplan-
tation with marginal donors. Int J Surg. 2020 Oct; 82S: 
30–35. doi: 10.1016/j.ijsu.2020.05.024. Epub 2020 May 
15. PMID: 32422385.

5. Briceño J, Marchal T, Padillo J, Solórzano G, Pera C. 
Infl uence of marginal donors on liver preservation in-
jury. Transplantation. 2002 Aug 27; 74 (4): 522–526. 
doi: 10.1097/00007890-200208270-00015. PMID: 
12352912.

6. Parente A, Tirotta F, Pini A, Eden J, Dondossola D, 
Manzia TM et al. Machine perfusion techniques for liver 
transplantation – A meta-analysis of the fi rst seven ran-
domized-controlled trials. J Hepatol. 2023 Nov; 79 (5): 
1201–1213. doi: 10.1016/j.jhep.2023.05.027. Epub 2023 
Jun 9. PMID: 37302578.

7. Mugaanyi J, Dai L, Lu C, Mao S, Huang J, Lu C. A Me-
ta-Analysis and Systematic Review of Normothermic 
and Hypothermic Machine Perfusion in Liver Trans-
plantation. J Clin Med. 2022 Dec 28; 12 (1): 235. doi: 
10.3390/jcm12010235. PMID: 36615037; PMCID: 
PMC9820958.

8. Banker A, Bhatt N, Rao PS, Agrawal P, Shah M, Na-
yak M, Mohanka R. A Review of Machine Perfusion 
Strategies in Liver Transplantation. J Clin Exp Hepa-
tol. 2023 Mar-Apr; 13 (2): 335–349. doi: 10.1016/j.
jceh.2022.08.001. Epub 2022 Aug 10. PMID: 36950485; 
PMCID: PMC10025749.

9. Hoyer DP, Mathé Z, Gallinat A, Canbay AC, Treck-
mann JW, Rauen U et al. Controlled Oxygenated Rewar-
ming of Cold Stored Livers Prior to Transplantation: 
First Clinical Application of a New Concept. Trans-
plantation. 2016 Jan; 100 (1): 147–152. doi: 10.1097/
TP.0000000000000915. PMID: 26479280.

10. Clavien PA, Harvey PR, Strasberg SM. Preservation and 
reperfusion injuries in liver allografts. An overview and 
synthesis of current studies. Transplantation. 1992 May; 
53 (5): 957–978. doi: 10.1097/00007890-199205000-
00001. PMID: 1585489.

11. Feng S. Donor intervention and organ preservation: whe-
re is the science and what are the obstacles? Am J Trans-



172

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXVII   № 2–2025

plant. 2010 May; 10 (5): 1155–1162. doi: 10.1111/j.1600-
6143.2010.03100.x. PMID: 20420628.

12. Maathuis MH, Leuvenink HG, Ploeg RJ. Perspectives in 
organ preservation. Transplantation. 2007 May 27; 83 
(10): 1289–1298. doi: 10.1097/01.tp.0000265586.66475.
cc. PMID: 17519776.

13. Ito T, Naini BV, Markovic D, Aziz A, Younan S, Lu M 
et al. Ischemia-reperfusion injury and its relationship 
with early allograft dysfunction in liver transplant pati-
ents. Am J Transplant. 2021 Feb; 21 (2): 614–625. doi: 
10.1111/ajt.16219. Epub 2020 Sep 10. PMID: 32713098.

14. Ghinolfi  D, Melandro F, Torri F, Martinelli C, Cappel-
lo V, Babboni S et al. Extended criteria grafts and emer-
ging therapeutics strategy in liver transplantation. The 
unstable balance between damage and repair. Transplant 
Rev (Orlando). 2021 Dec; 35 (4): 100639. doi: 10.1016/j.
trre.2021.100639. Epub 2021 Jul 16. PMID: 34303259.

15. Hartog H, Hann A, Perera MTPR. Primary Nonfunc-
tion of the Liver Allograft. Transplantation. 2022 Jan 1; 
106 (1): 117–128. doi: 10.1097/TP.0000000000003682. 
PMID: 33982912.

16. Agopian VG, Harlander-Locke MP, Markovic D, Dum-
ronggittigule W, Xia V, Kaldas FM et al. Evaluation 
of Early Allograft Function Using the Liver Graft As-
sessment Following Transplantation Risk Score Model. 
JAMA Surg. 2018 May 1; 153 (5): 436–444. doi: 10.1001/
jamasurg.2017.5040. Erratum in: JAMA Surg. 2018 
May 1; 153 (5): 498. doi: 10.1001/jamasurg.2018.1209. 
PMID: 29261831; PMCID: PMC6584313.

17. Lee DD, Croome KP, Shalev JA, Musto KR, Sharma M, 
Keaveny AP, Taner CB. Early allograft dysfunction after 
liver transplantation: an intermediate outcome measure 
for targeted improvements. Ann Hepatol. 2016 Jan-Feb; 
15 (1): 53–60. doi: 10.5604/16652681.1184212. PMID: 
26626641.

18. Wiemann BA, Beetz O, Weigle CA, Tessmer P, Störzer S, 
Kleine-Döpke D et al. Early Allograft Dysfunction after 
liver transplantation-defi nition, incidence and relevance 
in a single-centre analysis. Langenbecks Arch Surg. 2025 
Feb 19; 410 (1): 76. doi: 10.1007/s00423-025-03633-8. 
PMID: 39969574; PMCID: PMC11839853.

19. Mourad MM, Algarni A, Liossis C, Bramhall SR. Aetio-
logy and risk factors of ischaemic cholangiopathy after 
liver transplantation. World J Gastroenterol. 2014 May 
28; 20 (20): 6159–6169. doi: 10.3748/wjg.v20.i20.6159. 
PMID: 24876737; PMCID: PMC4033454.

20. Fasullo M, Ghazaleh S, Sayeh W, Vachhani R, Chkhik-
vadze T, Gonda T et al. Prognostic Factors for Non-
anastomotic Biliary Strictures Following Adult Liver 
Transplantation: A Systematic Review and Meta-Ana-
lysis. Dig Dis Sci. 2023 Jun; 68 (6): 2683–2694. doi: 
10.1007/s10620-023-07861-0. Epub 2023 Feb 9. PMID: 
36757492.

21. Jay CL, Lyuksemburg V, Ladner DP, Wang E, Cai-
cedo JC, Holl JL et al. Ischemic cholangiopathy after 
controlled donation after cardiac death liver transplan-
tation: a meta-analysis. Ann Surg. 2011 Feb; 253 (2): 
259–264. doi: 10.1097/SLA.0b013e318204e658. PMID: 
21245668.

22. Viana P, Castillo-Flores S, Mora MMR, Cabral TDD, 
Martins PN, Kueht M 2nd, Faria I. Normothermic Ma-
chine Perfusion vs. Static Cold Storage in Liver Trans-
plantation: A Systematic Review and Meta-Analysis. Ar-
tif Organs. 2025 Jan 30. doi: 10.1111/aor.14960. Online 
ahead of print. PMID: 39887468.

23. Tingle SJ, Dobbins JJ, Thompson ER, Figueiredo RS, 
Mahendran B, Pandanaboyana S, Wilson C. Machi-
ne perfusion in liver transplantation. Cochrane Da-
tabase Syst Rev. 2023 Sep 12; 9 (9): CD014685. doi: 
10.1002/14651858.CD014685.pub2. PMID: 37698189; 
PMCID: PMC10496129.

24. Grąt M, Morawski M, Zhylko A, Rykowski P, Kras no-
dęb ski M, Wyporski A et al. Routine End-ischemic Hy-
pothermic Oxygenated Machine Perfusion in Liver 
Transplantation From Donors After Brain Death: A Ran-
domized Controlled Trial. Ann Surg. 2023 Nov 1; 278 
(5): 662–668. doi: 10.1097/SLA.0000000000006055. 
Epub 2023 Jul 27. PMID: 37497636.

25. Schlegel A, Kron P, Dutkowski P. Hypothermic Oxyge-
nated Liver Perfusion: Basic Mechanisms and Clinical 
Application. Curr Transplant Rep. 2015; 2 (1): 52–62. 
doi: 10.1007/s40472-014-0046-1. PMID: 26097802; 
PMCID: PMC4469295.

26. Schlegel A, Muller X, Mueller M, Stepanova A, Kron P, 
de Rougemont O et al. Hypothermic oxygenated per-
fusion protects from mitochondrial injury before liver 
transplantation. EBioMedicine. 2020 Oct; 60: 103014. 
doi: 10.1016/j.ebiom.2020.103014. Epub 2020 Sep 24. 
PMID: 32979838; PMCID: PMC7519249.

27. Guarrera JV, Henry SD, Samstein B, Odeh-Ramadan R, 
Kinkhabwala M, Goldstein MJ et al. Hypothermic ma-
chine preservation in human liver transplantation: the 
fi rst clinical series. Am J Transplant. 2010 Feb; 10 (2): 
372–381. doi: 10.1111/j.1600-6143.2009.02932.x. Epub 
2009 Dec 2. PMID: 19958323.

28. Ghinolfi  D, Rreka E, De Tata V, Franzini M, Pezzati D, 
Fierabracci V et al. Pilot, Open, Randomized, Prospec-
tive Trial for Normothermic Machine Perfusion Eva-
luation in Liver Transplantation From Older Donors. 
Liver Transpl. 2019 Mar; 25 (3): 436–449. doi: 10.1002/
lt.25362. PMID: 30362649.

29. Panayotova GG, Lunsford KE, Quillin RC 3rd, Rana A, 
Agopian VG, Lee-Riddle GS et al. Portable hypothermic 
oxygenated machine perfusion for organ preservation in 
liver transplantation: A randomized, open-label, clinical 
trial. Hepatology. 2024 May 1; 79 (5): 1033–1047. doi: 
10.1097/HEP.0000000000000715. Epub 2023 Dec 13. 
PMID: 38090880; PMCID: PMC11019979.

30. Van Rijn R, Schurink IJ, de Vries Y, van den Berg AP, 
Cortes Cerisuelo M, Darwish Murad S et al. Hypother-
mic Machine Perfusion in Liver Transplantation – A 
Randomized Trial. N Engl J Med. 2021 Apr 15; 384 (15): 
1391–1401. doi: 10.1056/NEJMoa2031532. Epub 2021 
Feb 24. PMID: 33626248.

31. Koch DT, Tamai M, Schirren M, Drefs M, Jacobi S, Lan-
ge CM et al. Mono-HOPE Versus Dual-HOPE in Liver 
Transplantation: A Propensity Score-Matched Evaluati-
on of Early Graft Outcome. Transpl Int. 2025 Feb 5; 38: 



173

LITERATURE REVIEWS

13891. doi: 10.3389/ti.2025.13891. PMID: 39974599; 
PMCID: PMC11835512.

32. De Vries Y, Brüggenwirth IMA, Karangwa SA, von Mei-
jenfeldt FA, van Leeuwen OB, Burlage LC et al. Dual 
Versus Single Oxygenated Hypothermic Machine Per-
fusion of Porcine Livers: Impact on Hepatobiliary and 
Endothelial Cell Injury. Transplant Direct. 2021 Aug 
5; 7 (9): e741. doi: 10.1097/TXD.0000000000001184. 
PMID: 34386578; PMCID: PMC8354629.

33. Mergental H, Laing RW, Kirkham AJ, Perera MTPR, 
Boteon YL, Attard J et al. Transplantation of discarded 
livers following viability testing with normothermic ma-
chine perfusion. Nat Commun. 2020 Jun 16; 11 (1): 2939. 
doi: 10.1038/s41467-020-16251-3. PMID: 32546694; 
PMCID: PMC7298000.

34. Chapman WC, Barbas AS, D’Alessandro AM, Vian-
na R, Kubal CA, Abt P et al. Normothermic Machine 
Perfusion of Donor Livers for Transplantation in the 
United States: A Randomized Controlled Trial. Ann 
Surg. 2023 Nov 1; 278 (5): e912–e921. doi: 10.1097/
SLA.0000000000005934. Epub 2023 Jun 26. PMID: 
37389552.

35. Van Leeuwen OB, Bodewes SB, Lantinga VA, Ha-
ring MPD, Thorne AM, Brüggenwirth IMA et al. Se-
quential hypothermic and normothermic machine per-
fusion enables safe transplantation of high-risk donor 
livers. Am J Transplant. 2022 Jun; 22 (6): 1658–1670. 
doi: 10.1111/ajt.17022. Epub 2022 Apr 18. PMID: 
35286759; PMCID: PMC9325426.

36. Patrono D, De Carlis R, Gambella A, Farnesi F, Podes-
tà A, Lauterio A et al. Viability assessment and trans-
plantation of fatty liver grafts using end-ischemic nor-
mothermic machine perfusion. Liver Transpl. 2023 May 
1; 29 (5): 508–520. doi: 10.1002/lt.26574. Epub 2022 
Oct 10. PMID: 36117430; PMCID: PMC10106107.

37. Caballero-Marcos A, Rodríguez-Bachiller L, Baroja-
Mazo A, Morales Á, Fernández-Cáceres P, Fernández-
Martínez M et al. Dynamics of Ischemia/Reperfusion 
Injury Markers During Normothermic Liver Machine 
Perfusion. Transplant Direct. 2024 Nov 14; 10 (12): 
e1728. doi: 10.1097/TXD.0000000000001728. PMID: 
39553741; PMCID: PMC11567704.

38. Ceresa CDL, Nasralla D, Pollok JM, Friend PJ. Machi-
ne perfusion of the liver: applications in transplantation 
and beyond. Nat Rev Gastroenterol Hepatol. 2022 Mar; 
19 (3): 199–209. doi: 10.1038/s41575-021-00557-8. 
Epub 2022 Jan 7. PMID: 34997204.

39. Nasralla D, Coussios CC, Mergental H, Akhtar MZ, 
Butler AJ, Ceresa CDL et al. A randomized trial of nor-
mothermic preservation in liver transplantation. Nature. 
2018 May; 557 (7703): 50–56. doi: 10.1038/s41586-
018-0047-9. Epub 2018 Apr 18. PMID: 29670285.

40. Jeddou H, Tzedakis S, Chaouch MA, Sulpice L, Sam-
son M, Boudjema K. Viability Assessment During Nor-
mothermic Machine Liver Perfusion: A Literature Re-
view. Liver Int. 2025 Feb; 45 (2): e16244. doi: 10.1111/
liv.16244. PMID: 39821671; PMCID: PMC11740183.

41. Orman ES, Mayorga ME, Wheeler SB, Townsley RM, To-
ro-Diaz HH, Hayashi PH, Barritt AS 4th. Declining liver 

graft quality threatens the future of liver transplantation 
in the United States. Liver Transpl. 2015 Aug; 21 (8): 
1040–1050. doi: 10.1002/lt.24160. PMID: 25939487; 
PMCID: PMC4566853.

42. Hoyer DP, Paul A, Luer S, Reis H, Eff erz P, Minor T. 
End-ischemic reconditioning of liver allografts: Cont-
rolling the rewarming. Liver Transpl. 2016 Sep; 22 (9): 
1223–1230. doi: 10.1002/lt.24515. PMID: 27398813.

43. von Horn C, Baba HA, Hannaert P, Hauet T, Leuve-
nink H, Paul A et al. Controlled oxygenated rewarming 
up to normothermia for pretransplant reconditioning of 
liver grafts. Clin Transplant. 2017 Nov; 31 (11). doi: 
10.1111/ctr.13101. Epub 2017 Sep 19. PMID: 28871615.

44. Minor T, Eff erz P, Fox M, Wohlschlaeger J, Lüer B. 
Controlled oxygenated rewarming of cold stored liver 
grafts by thermally graduated machine perfusion prior 
to reperfusion. Am J Transplant. 2013 Jun; 13 (6): 1450–
1460. doi: 10.1111/ajt.12235. Epub 2013 Apr 25. PMID: 
23617781.

45. Minor T, von Horn C, Zlatev H, Saner F, Grawe M, 
Lüer B et al. Controlled oxygenated rewarming as novel 
end-ischemic therapy for cold stored liver grafts. A ran-
domized controlled trial. Clin Transl Sci. 2022 Dec; 15 
(12): 2918–2927. doi: 10.1111/cts.13409. Epub 2022 Oct 
17. PMID: 36251938; PMCID: PMC9747115.

46. Hoyer DP, Paul A, Minor T. Prediction of Hepatocel-
lular Preservation Injury Immediately Before Human 
Liver Transplantation by Controlled Oxygenated Rewar-
ming. Transplant Direct. 2016 Dec 12; 3 (1): e122. doi: 
10.1097/TXD.0000000000000636. PMID: 28349122; 
PMCID: PMC5361565.

47. Jeddou H, Tzedakis S, Boudjema K. Biliary tract viability 
assessment and sequential hypothermic-normothermic 
perfusion in liver transplantation. Hepatobiliary Surg 
Nutr. 2024 Jun 1; 13 (3): 505–508. doi: 10.21037/hbsn-
24-144. Epub 2024 May 23. PMID: 38911200; PMCID: 
PMC11190507.

48. Boteon YL, Laing RW, Schlegel A, Wallace L, Smith A, 
Attard J et al. Combined Hypothermic and Normother-
mic Machine Perfusion Improves Functional Recovery 
of Extended Criteria Donor Livers. Liver Transpl. 2018 
Dec; 24 (12): 1699–1715. doi: 10.1002/lt.25315. PMID: 
30058119; PMCID: PMC6588092.

49. De Vries Y, Matton APM, Nijsten MWN, Werner MJM, 
van den Berg AP, de Boer MT et al. Pretransplant se-
quential hypo- and normothermic machine perfusion of 
suboptimal livers donated after circulatory death using 
a hemoglobin-based oxygen carrier perfusion solution. 
Am J Transplant. 2019 Apr; 19 (4): 1202–1211. doi: 
10.1111/ajt.15228. Epub 2019 Jan 23. PMID: 30588774; 
PMCID: PMC6590255.

50. Goumard C, Savier E, Danion J, Pelissie J, Legallais C, 
Scatton O. Cold-to-warm machine perfusion of the liver: 
a novel circuit for an uninterrupted combined perfusion 
protocol. HPB (Oxford). 2020 Jun; 22 (6): 927–933. doi: 
10.1016/j.hpb.2020.04.001. Epub 2020 May 12. PMID: 
32409166.

51. Patrono D, De Stefano N, Rigo F, Cussa D, Romagno-
li R. Some like it hot. Utility and mechanisms of ex-situ 



174

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXVII   № 2–2025

normothermic machine perfusion of the liver. EJT. 2023; 
1: 92–112. https://doi.org/10.57603/EJT-012.

52. De Vries Y, Berendsen TA, Fujiyoshi M, van den Berg AP, 
Blokzijl H, de Boer MT et al. Transplantation of high-risk 
donor livers after resuscitation and viability assessment 
using a combined protocol of oxygenated hypothermic, 
rewarming and normothermic machine perfusion: stu-
dy protocol for a prospective, single-arm study (DHO-
PE-COR-NMP trial). BMJ Open. 2019 Aug 15; 9 (8): 
e028596. doi: 10.1136/bmjopen-2018-028596. PMID: 
31420387; PMCID: PMC6701560.

53. Patrono D, Catalano G, Rizza G, Lavorato N, Berchial-
la P, Gambella A et al. Perfusate Analysis During Dual 
Hypothermic Oxygenated Machine Perfusion of Liver 
Grafts: Correlations With Donor Factors and Early Out-
comes. Transplantation. 2020 Sep; 104 (9): 1929–1942. 
doi: 10.1097/TP.0000000000003398. PMID: 32769628.

54. Eden J, Thorne AM, Bodewes SB, Patrono D, Roggio D, 
Breuer E et al. Assessment of liver graft quality during 
hypothermic oxygenated perfusion: The fi rst internatio-
nal validation study. J Hepatol. 2025 Mar; 82 (3): 523–
534. doi: 10.1016/j.jhep.2024.08.030. Epub 2024 Sep 7. 
PMID: 39251091; PMCID: PMC11830552.

55. Sousa Da Silva RX, Weber A, Dutkowski P, Clavien PA. 
Machine perfusion in liver transplantation. Hepatology. 
2022 Nov; 76 (5): 1531–1549. doi: 10.1002/hep.32546. 
Epub 2022 May 17. PMID: 35488496.

56. Groen PC, van Leeuwen OB, de Jonge J, Porte RJ. 
Viability assessment of the liver during ex-situ machi-
ne perfusion prior to transplantation. Curr Opin Organ 
Transplant. 2024 Aug 1; 29 (4): 239–247. doi: 10.1097/
MOT.0000000000001152. Epub 2024 May 17. PMID: 
38764406; PMCID: PMC11224566.

57. Panconesi R, Shanmugarajah K, Satish S, Zhang M, 
Wehrle C, Jiao C et al. Rethinking Lactate’s Role as a 
Post-Transplant Outcome Predictor During Normother-
mic Machine Perfusion: Science or Speculation? Am J 
Transplant. 2025 Jan; 25 (1 Suppl 1): S126.

58. Van Leeuwen OB, de Vries Y, Fujiyoshi M, Nijsten MWN, 
Ubbink R, Pelgrim GJ et al. Transplantation of High-
risk Donor Livers After Ex Situ Resuscitation and 
Assessment Using Combined Hypo- and Normother-
mic Machine Perfusion: A Prospective Clinical Trial. 
Ann Surg. 2019 Nov; 270 (5): 906–914. doi: 10.1097/
SLA.0000000000003540. PMID: 31633615.

59. Matton APM, de Vries Y, Burlage LC, van Rijn R, Fu-
jiyoshi M, de Meijer VE et al. Biliary Bicarbonate, pH, 
and Glucose Are Suitable Biomarkers of Biliary Viabi-
lity During Ex Situ Normothermic Machine Perfusion 
of Human Donor Livers. Transplantation. 2019 Jul; 103 
(7): 1405–1413. doi: 10.1097/TP.0000000000002500. 
PMID: 30395120; PMCID: PMC6613725.

60. Chen Z, Hong X, Huang S, Wang T, Ma Y, Guo Y et al. 
Continuous Normothermic Machine Perfusion for 
Renovation of Extended Criteria Donor Livers Wit-
hout Recooling in Liver Transplantation: A Pilot Ex-
perience. Front Surg. 2021 May 24; 8: 638090. doi: 
10.3389/fsurg.2021.638090. PMID: 34109206; PMCID: 
PMC8180843.

61. Chen Z, Wang T, Chen C, Zhao Q, Ma Y, Guo Y et al. 
Transplantation of Extended Criteria Donor Livers Fol-
lowing Continuous Normothermic Machine Perfusion 
Without Recooling. Transplantation. 2022 Jun 1; 106 (6): 
1193–1200. doi: 10.1097/TP.0000000000003945. Epub 
2022 Sep 7. PMID: 34495016; PMCID: PMC9128617.

62. Ju W, Chen Z, Zhao Q, Zhang Y, Huang C, Wang L et al. 
Non-re-cooling implantation of marginal liver graft af-
ter machine perfusion: report of a case. Ann Transl Med. 
2020 Nov; 8 (21): 1465. doi: 10.21037/atm-20-2774. 
PMID: 33313210; PMCID: PMC7723619.

63. Zhou AL, Akbar AF, Ruck JM, Weeks SR, Wesson R, Ott-
mann SE et al. Use of Ex Situ Machine Perfusion for Liver 
Transplantation: The National Experience. Transplanta-
tion. 2024 Dec 26. doi: 10.1097/TP.0000000000005290. 
Epub ahead of print. PMID: 39724135.

64. Dutkowski P, Guarrera JV, de Jonge J, Martins PN, Por-
te RJ, Clavien PA. Evolving Trends in Machine Perfusion 
for Liver Transplantation. Gastroenterology. 2019 May; 
156 (6): 1542–1547. doi: 10.1053/j.gastro.2018.12.037. 
Epub 2019 Jan 18. PMID: 30660724.

65. Jakubauskas M, Jakubauskiene L, Leber B, Stru-
pas K, Stiegler P, Schemmer P. Machine Perfusion 
in Liver Transplantation: A Systematic Review and 
Meta-Analysis. Visc Med. 2022 Aug; 38 (4): 243–254. 
doi: 10.1159/000519788. Epub 2021 Nov 8. PMID: 
36160822; PMCID: PMC9421699.

66. Henry SD, Nachber E, Tulipan J, Stone J, Bae C, Rez-
nik L et al. Hypothermic machine preservation reduces 
molecular markers of ischemia/reperfusion injury in hu-
man liver transplantation. Am J Transplant. 2012 Sep; 12 
(9): 2477–2486. doi: 10.1111/j.1600-6143.2012.04086.x. 
Epub 2012 May 17. PMID: 22594953.

67. Guarrera JV, Henry SD, Samstein B, Reznik E, Musat C, 
Lukose TI et al. Hypothermic machine preservation fa-
cilitates successful transplantation of “orphan” extended 
criteria donor livers. Am J Transplant. 2015 Jan; 15 (1): 
161–169. doi: 10.1111/ajt.12958. Epub 2014 Dec 17. 
PMID: 25521639.

68. Dutkowski P, Polak WG, Muiesan P, Schlegel A, Ver-
hoeven CJ, Scalera I et al. First Comparison of Hy-
pothermic Oxygenated PErfusion Versus Static Cold 
Storage of Human Donation After Cardiac Death Liver 
Transplants: An International-matched Case Analysis. 
Ann Surg. 2015 Nov; 262 (5): 764–770; discussion 770–
771. doi: 10.1097/SLA.0000000000001473. PMID: 
26583664.

69. Van Rijn R, Karimian N, Matton APM, Burlage LC, Wes-
terkamp AC, van den Berg AP et al. Dual hypothermic 
oxygenated machine perfusion in liver transplants dona-
ted after circulatory death. Br J Surg. 2017 Jun; 104 (7): 
907–917. doi: 10.1002/bjs.10515. Epub 2017 Apr 10. 
PMID: 28394402; PMCID: PMC5484999.

70. Patrono D, Surra A, Catalano G, Rizza G, Berchial-
la P, Martini S et al. Hypothermic Oxygenated Machine 
Perfusion of Liver Grafts from Brain-Dead Donors. Sci 
Rep. 2019 Jun 27; 9 (1): 9337. doi: 10.1038/s41598-019-
45843-3. PMID: 31249370; PMCID: PMC6597580.



175

LITERATURE REVIEWS

71. Schlegel A, Muller X, Kalisvaart M, Muellhaupt B, Pe-
rera MTPR, Isaac JR et al. Outcomes of DCD liver trans-
plantation using organs treated by hypothermic oxygena-
ted perfusion before implantation. J Hepatol. 2019 Jan; 
70 (1): 50–57. doi: 10.1016/j.jhep.2018.10.005. Epub 
2018 Oct 18. PMID: 30342115.

72. Ravaioli M, De Pace V, Angeletti A, Comai G, Vasuri F, 
Baldassarre M et al. Hypothermic Oxygenated New Ma-
chine Perfusion System in Liver and Kidney Transplan-
tation of Extended Criteria Donors: First Italian Clinical 
Trial. Sci Rep. 2020 Apr 8; 10 (1): 6063. doi: 10.1038/
s41598-020-62979-9. Erratum in: Sci Rep. 2020 Sep 
1; 10 (1): 14658. doi: 10.1038/s41598-020-70620-y. 
PMID: 32269237; PMCID: PMC7142134.

73. Rayar M, Beaurepaire JM, Bajeux E, Hamonic S, Re-
nard T, Locher C et al. Hypothermic Oxygenated Per-
fusion Improves Extended Criteria Donor Liver Graft 
Function and Reduces Duration of Hospitalization Wi-
thout Extra Cost: The PERPHO Study. Liver Transpl. 
2021 Feb; 27 (3): 349–362. doi: 10.1002/lt.25955. 
PMID: 33237618.

74. Czigany Z, Pratschke J, Froněk J, Guba M, Schöning W, 
Raptis DA et al. Hypothermic Oxygenated Machine 
Perfusion Reduces Early Allograft Injury and Improves 
Post-transplant Outcomes in Extended Criteria Donation 
Liver Transplantation From Donation After Brain Death: 
Results From a Multicenter Randomized Controlled 
Trial (HOPE ECD-DBD). Ann Surg. 2021 Nov 1; 274 
(5): 705–712. doi: 10.1097/SLA.0000000000005110. 
PMID: 34334635

75. Ravikumar R, Jassem W, Mergental H, Heaton N, Mir-
za D, Perera MT et al. Liver Transplantation After Ex 
Vivo Normothermic Machine Preservation: A Phase 1 
(First-in-Man) Clinical Trial. Am J Transplant. 2016 Jun; 
16 (6): 1779–1787. doi: 10.1111/ajt.13708. Epub 2016 
Mar 7. PMID: 26752191.

76. Selzner M, Goldaracena N, Echeverri J, Kaths JM, 
Linares I, Selzner N et al. Normothermic ex vivo liver 
perfusion using steen solution as perfusate for human 
liver transplantation: First North American results. Liver 
Transpl. 2016 Nov; 22 (11): 1501–1508. doi: 10.1002/
lt.24499. PMID: 27339754.

77. Bral M, Gala-Lopez B, Bigam D, Kneteman N, Mal-
colm A, Livingstone S et al. Preliminary Single-Center 
Canadian Experience of Human Normothermic Ex 
Vivo Liver Perfusion: Results of a Clinical Trial. Am J 
Transplant. 2017 Apr; 17 (4): 1071–1080. doi: 10.1111/
ajt.14049. Epub 2016 Dec 9. PMID: 27639262.

78. Mergental H, Laing RW, Kirkham AJ, Clarke G, Bo-
teon YL, Barton D et al. Discarded livers tested by 
normothermic machine perfusion in the VITTAL tri-
al: Secondary end points and 5-year outcomes. Liver 
Transpl. 2024 Jan 1; 30 (1): 30–45. doi: 10.1097/
LVT.0000000000000270. Epub 2023 Dec 15. PMID: 
38109282.

79. Liu Q, Hassan A, Pezzati D, Soliman B, Lomaglio L, Gra-
dy P et al. Ex Situ Liver Machine Perfusion: The Impact 
of Fresh Frozen Plasma. Liver Transpl. 2020 Feb; 26 (2): 
215–226. doi: 10.1002/lt.25668. PMID: 31642164.

80. Quintini C, Del Prete L, Simioni A, Del Angel L, Dia-
go Uso T, D’Amico G et al. Transplantation of declined 
livers after normothermic perfusion. Surgery. 2022 Mar; 
171 (3): 747–756. doi: 10.1016/j.surg.2021.10.056. 
Epub 2022 Jan 19. PMID: 35065791.

81. Markmann JF, Vagefi  PA, MacConmara MP. Normo-
thermic Machine Perfusion Increases Donor Liver Use. 
JAMA Surg. 2022 Aug 1; 157 (8): 742–743. doi: 10.1001/
jamasurg.2022.1424. PMID: 35507357.

82. Liu Q, Del Prete L, Ali K, Grady P, Bilancini M, Etter-
ling J et al. Sequential hypothermic and normothermic 
perfusion preservation and transplantation of expanded 
criteria donor livers. Surgery. 2023 Mar; 173 (3): 846–
854. doi: 10.1016/j.surg.2022.07.035. Epub 2022 Oct 
24. PMID: 36302699.

83. Thorne AM, Wolters JC, Lascaris B, Bodewes SB, Lan-
tinga VA, van Leeuwen OB et al. Bile proteome reveals 
biliary regeneration during normothermic preservation 
of human donor livers. Nat Commun. 2023 Nov 30; 14 
(1): 7880. doi: 10.1038/s41467-023-43368-y. PMID: 
38036513; PMCID: PMC10689461.

84. Magistri P, Zamboni S, Catellani B, Guidetti C, Esposi-
to G, Caracciolo D et al. Sequential Hypothermic and 
Normothermic Machine Perfusion of Extended Crite-
ria Donors in Liver Transplantation: A Single-Center 
Preliminary Experience. Artif Organs. 2025 Feb 19. 
doi: 10.1111/aor.14936. Epub ahead of print. PMID: 
39969150.

85. Eden J, Breuer E, Birrer D, Müller M, Pfi ster M, Mayr H 
et al. Screening for mitochondrial function before use-
routine liver assessment during hypothermic oxygenated 
perfusion impacts liver utilization. EBioMedicine. 2023 
Dec; 98: 104857. doi: 10.1016/j.ebiom.2023.104857. 
Epub 2023 Oct 31. PMID: 37918219; PMCID: 
PMC10641151.

86. Muller X, Schlegel A, Kron P, Eshmuminov D, Würdin-
ger M, Meierhofer D et al. Novel Real-time Prediction 
of Liver Graft Function During Hypothermic Oxyge-
nated Machine Perfusion Before Liver Transplantation. 
Ann Surg. 2019 Nov; 270 (5): 783–790. doi: 10.1097/
SLA.0000000000003513. PMID: 31592808.

87. Olumba FC, Zhou F, Park Y, Chapman WC; RESTORE 
Investigators Group. Normothermic Machine Perfusion 
for Declined Livers: A Strategy to Rescue Marginal Livers 
for Transplantation. J Am Coll Surg. 2023 Apr 1; 236 (4): 
614–625. doi: 10.1097/XCS.0000000000000555. Epub 
2023 Jan 11. PMID: 36728302.

88. Seidita A, Longo R, Di Francesco F, Tropea A, Cala-
mia S, Panarello G et al. The use of normothermic ma-
chine perfusion to rescue liver allografts from expanded 
criteria donors. Updates Surg. 2022 Feb; 74 (1): 193–
202. doi: 10.1007/s13304-021-01169-2. Epub 2021 Sep 
20. PMID: 34542843.

89. Zhang Z, Ju W, Tang Y, Wang L, Zhu C, Gao N et al. 
First Preliminary Experience with Preservation of Liver 
Grafts from Extended-Criteria Donors by Normothermic 
Machine Perfusion in Asia. Ann Transplant. 2020 Apr 
21; 25: e921529. doi: 10.12659/AOT.921529. PMID: 
32312947; PMCID: PMC7193227.



176

RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXVII   № 2–2025

90. Reiling J, Butler N, Simpson A, Hodgkinson P, Camp-
bell C, Lockwood D et al. Assessment and Transplanta-
tion of Orphan Donor Livers: A Back-to-Base Approach 
to Normothermic Machine Perfusion. Liver Transpl. 
2020 Dec; 26 (12): 1618–1628. doi: 10.1002/lt.25850. 
Epub 2020 Sep 15. PMID: 32682340.

91. Cardini B, Oberhuber R, Fodor M, Hautz T, Margrei-
ter C, Resch T et al. Clinical Implementation of Prolon-
ged Liver Preservation and Monitoring Through Nor-
mothermic Machine Perfusion in Liver Transplantation. 
Transplantation. 2020 Sep; 104 (9): 1917–1928. doi: 
10.1097/TP.0000000000003296. PMID: 32371845.

92. Bral M, Dajani K, Leon Izquierdo D, Bigam D, Kne-
teman N, Ceresa CDL et al. A Back-to-Base Experience 
of Human Normothermic Ex Situ Liver Perfusion: Does 
the Chill Kill? Liver Transpl. 2019 Jun; 25 (6): 848–858. 
doi: 10.1002/lt.25464. PMID: 30938039.

93. Ceresa CDL, Nasralla D, Watson CJE, Butler AJ, Cous-
sios CC, Crick K et al. Transient Cold Storage Prior to 

Normothermic Liver Perfusion May Facilitate Adoption 
of a Novel Technology. Liver Transpl. 2019 Oct; 25 (10): 
1503–1513. doi: 10.1002/lt.25584. Epub 2019 Jul 18. 
PMID: 31206217.

94. Watson CJE, Kosmoliaptsis V, Pley C, Randle L, Fear C, 
Crick K et al. Observations on the ex situ perfusion of 
livers for transplantation. Am J Transplant. 2018 Aug; 18 
(8): 2005–2020. doi: 10.1111/ajt.14687. Epub 2018 Mar 
14. PMID: 29419931; PMCID: PMC6099221.

95. Watson CJE, Kosmoliaptsis V, Randle LV, Gimson AE, 
Brais R, Klinck JR et al. Normothermic Perfusion in 
the Assessment and Preservation of Declined Livers 
Before Transplantation: Hyperoxia and Vasoplegia-
Important Lessons From the First 12 Cases. Transplan-
tation. 2017 May; 101 (5): 1084–1098. doi: 10.1097/
TP.0000000000001661. PMID: 28437389; PMCID: 
PMC5642347.

The article was submitted to the journal on 8.04.2025



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [3386 3386]
  /PageSize [612.000 792.000]
>> setpagedevice


