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Abstract: (1) Background: Post-reperfusion syndrome (PRS) and electrolyte shifts (ES) represent
considerable challenges during liver transplantation (LT) being associated with significant morbidity.
We aimed to investigate the impact of hypothermic oxygenated machine perfusion (HOPE) on PRS
and ES in LT. (2) Methods: In this retrospective study, we compared intraoperative parameters of
100 LTs, with 50 HOPE preconditioned liver grafts and 50 grafts stored in static cold storage (SCS).
During reperfusion phase, prospectively registered serum parameters and vasopressor administration
were analyzed. (3) Results: Twelve percent of patients developed PRS in the HOPE cohort vs. 42% in
the SCS group (p = 0.0013). Total vasopressor demand in the first hour after reperfusion was lower
after HOPE pretreatment, with reduced usage of norepinephrine (−26%; p = 0.122) and significant
reduction of epinephrine consumption (−52%; p = 0.018). Serum potassium concentration dropped
by a mean of 14.1% in transplantations after HOPE, compared to a slight decrease of 1% (p < 0.001)
after SCS. The overall incidence of early allograft dysfunction (EAD) was reduced by 44% in the
HOPE group (p = 0.04). (4) Conclusions: Pre-transplant graft preconditioning with HOPE results in
higher hemodynamic stability during reperfusion and lower incidence of PRS and EAD. HOPE has
the potential to mitigate ES by preventing hyperpotassemic complications that need to be addressed
in LT with HOPE-pre-treated grafts.

Keywords: post-reperfusion syndrome; PRS; HOPE; hypothermic oxygenated machine perfusion;
liver transplantation; organ preservation; machine perfusion

1. Introduction

Liver transplantation (LT) is the only therapeutic option for patients with end-stage
liver disease and certain liver malignancies in a curative setting. While its relevance in
curing fatal diseases is undisputed, LT is also prone to several complications that might
not only prolong convalescence but also jeopardize graft and, hence, recipient survival.
Among these complications, one is particularly feared by LT physicians as it adversely
affects further organ function immediately right at the beginning of the actual transplant
process—post-reperfusion syndrome (PRS).

PRS in liver transplantation was first described by Aggarwal et al. in 1987 and defined
as a 30% decrease in mean arterial pressure (from baseline), lasting for at least 1 min and
occurring within 5 min after vessel unclamping in graft reperfusion [1]. Incidence rates
vary considerably across studies, ranging from 12 to 77% [2]. Risk factors include recipient
age, MELD-score, high creatinine, low hemoglobin and low calcium levels, as well as
cardiac parameters such as left-ventricular diastolic dysfunction, elevated heart rate and
low central venous pressure [3–10]. Typically, PRS is associated with a decrease in heart rate
and systemic vascular resistance and an increase in central venous pressure and pulmonary
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capillary wedge pressure. However, the severity and duration of PRS are unpredictable
and have a strong impact on patient morbidity and mortality [5,7,11]. Occurrence of PRS
increases the need for blood transfusions [3,9,12], prolongs ICU and hospital length of
stay [3,12] and negatively affects renal function after transplantation [7,11]. Several studies
provide an overview and further classification of PRS, with a review by Manning et al.,
summarizing the differing definitions and describing risk factors for the development of
PRS and its potential long-term implications [13].

In addition to the hemodynamic effects during reperfusion, electrolyte imbalances
can occur, with hyperpotassemia being the most feared. The rapid influx of potassium
is thought to originate from the preservation fluid remaining in the graft at the time of
reperfusion. The resulting systemic hyperpotassemia can occur in varying degrees of
severity and can lead to cardiac arrhythmias and even cardiac arrest. PRS seems to be
associated with the development of intraoperative hyperpotassemia [6]. To counteract
these effects, mechanisms have been developed to ensure flushing or venting of the graft.
Different solutions and routes of flushing (e.g., portalvenous, arterial, or hepatic venous)
have been established and their effects have been described in many studies. However,
these studies yielded conflicting conclusions in terms of electrolyte changes and short- and
long-term clinical outcomes [14–16].

The origin of most clinically relevant complications—that might also derive from or
result in PRS—is the so-called ischemia-reperfusion injury (IRI) that occurs when oxygen-
enriched blood hits ischemic cells. The consecutive formation of reactive oxygen species
(ROS) amongst other cellular pathways mediates cell damage [17,18]. One of the notable
clinical milestones in preventing excessive IRI in liver grafts was the clinical introduction of
oxygenated machine perfusion in 2010 [19]. Since then, several positive effects on patients’
short- and long-term outcomes have been reported. The possibilities offered by machine
perfusion are manifold. Most notably, hypothermic oxygenated machine perfusion (HOPE)
has been implemented in many LT centers worldwide in recent years, primarily due to its
simple initiation process. Essentially, HOPE protects liver grafts from initial reperfusion
injury, leading to better graft function and fewer biliary complications compared to SCS-
treated organs, to name a few advantages [20,21].

In our center, HOPE treatment of liver grafts prior to transplantation was first intro-
duced in 2019 and has been established as a standard of care prior to every liver transplan-
tation since 2020. Over time, we have been able to confirm the positive effects as described
in the literature with regard to excellent post-transplant outcomes. While previous studies
focused mainly on mid- and long-term effects of machine perfusion, the present study was
conducted to shed light on the immediate perioperative phase and to analyze differences in
donor organ reperfusion after previous HOPE or SCS treatment in terms of hemodynamic
parameters, vasopressor requirements, and electrolyte shifts—thus assessing the impact of
HOPE on PRS.

2. Materials and Methods
2.1. Study Design

This study was designed as a retrospective analysis of perioperative variables in patients
undergoing liver transplantation who were treated in a single reference center for hepatobiliary
surgery and liver transplantation. The study was approved by the Institutional Review Board
of the LMU University of Munich (protocol number EK-LMU 19-395).

2.2. Hypothermic Oxygenated Machine Perfusion (HOPE)

In 2019, HOPE using the LiverAssist® device (XVIVO, Groningen, The Netherlands,
and Göteborg, Sweden) was introduced in our transplant department and was established
as a standard of care for liver graft preconditioning in 2020. Starting in November 2020, all
liver grafts that underwent pre-transplant hypothermic machine perfusion were included in
our analysis. All liver grafts were procured after declaration of brain death, preserved and
transported in HTK solution on ice. Upon arrival, grafts were prepared for implantation
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and then connected to the LiverAssist device by cannulation of the portal vein. Organs
were perfused with a University of Wisconsin machine perfusion solution (UW-MPS) at
8–12 ◦C and a portal vein pressure of 3–5 mmHg. Perfusion was continued while the
recipient underwent hepatectomy. Grafts were subsequently flushed with HTK solution
and implanted.

2.3. Static Cold Storage (SCS)

The control group consisted of transplantations performed before implementation of
HOPE as a standard of care. These grafts were stored on ice in HTK solution throughout
back table preparation and during the recipient’s hepatectomy until the implant phase of
the transplantation was reached.

2.4. Perioperative Data Sources

Induction of anesthesia, monitoring, and invasive line placement was carried out in
standard fashion. Dissection and surgical technique for transplantation were not altered in
or influenced by this study. During surgery, mean arterial blood pressure was monitored by
invasive catheterization. Potassium levels were measured using sequential blood gas analy-
ses. Administration of vasopressors was tracked at 60 min after skin incision—as a baseline
value—and then 60 and 5 min prior to, as well as 30 s, 5 and 60 min after reperfusion.
Infusion of fluids and transfusion of blood products was recorded prospectively.

2.5. Outcomes

The primary outcome was the incidence of PRS during the reperfusion phase of a
liver transplantation—defined according to literature as a 30% decrease in mean arterial
pressure (from baseline), lasting for at least 1 min and occurring within 5 min after vessel
unclamping in graft reperfusion [1]. Secondary outcomes included: (1) effect on hemo-
dynamics; (2) consecutive dose-correlated use of vasopressors; (3) imbalances in serum
electrolytes—especially potassium levels. The incidence of early allograft dysfunction
(EAD) was assessed using criteria defined by Olthoff et al., including the presence of one or
more of the following previously defined postoperative laboratory analyses reflective of
liver injury and function: bilirubin > or = 10 mg/dL on day 7, international normalized
ratio > or = 1.6 on day 7, and alanine or aspartate aminotransferases >2000 IU/L within the
first 7 days [22].

2.6. Donor-Specific Variables

Donor-specific variables included the following parameters: Age, sex, Eurotransplant
Donor Risk Index (DRI), cold ischemic time, as well as warm ischemic time. These variables
were obtained from the Eurotransplant database.

2.7. Recipient-Specific Variables

Recipient-specific variables included the following parameters: Age, sex, body mass
index (BMI), match-MELD score, American Association of Anesthesiologists (ASA) Score,
CHILD-Pugh Score, healthcare setting prior to transplant, number and type of comorbidi-
ties, as well as indication for transplant. These variables were retrieved from our liver
surgery database and supplemented with data from electronic patient records.

2.8. Statistical Analysis

Univariate comparisons were performed calculating Fisher’s exact test, Chi-Square
test and Mann–Whitney U Test for non-parametrical comparisons. All predictors and
variables were included as time-constant variables, using values from the assessment at
the time of liver transplantation. For statistical analysis, SPSS statistical software pack-
age (version 25, IBM, Chicago, IL, USA) and GraphPad Prism (version 8.4.2, GraphPad
Software, San Diego, CA, USA) were used. p-value (two-tailed) of <0.05 is regarded as
statistically significant.
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3. Results

We included 100 patients in this study—50 of whom received HOPE-treated liver
grafts in 2020 and 2021. They were compared to 50 patients who received an SCS-treated
graft in 2018 and 2019 before our institution started regular HOPE utilization.

3.1. Donor Characteristics

Baseline donor characteristics are shown in Table 1. No relevant difference in donor
specific variables were registered, as both groups were very similar in terms of age distri-
bution, sex, Eurotransplant DRI, cold ischemic time and warm ischemic time.

Table 1. Description of characteristics of liver graft donors and ischemic times of the respective grafts,
stratified by liver graft preservation technique.

Donor Characteristics and
Ischemic Times at Liver

Transplantation

All,
N (%)/Mean [95% CI]

Liver Graft Preservation Techniques
p-Value (HOPE vs.

SCS)
-SCS-

N (%)/Mean [95% CI]
-HOPE-

N (%)/Mean [95% CI]

Sex 0.69
Male 51 (51.0%) 24 (48.0%) 27 (54.0%)
Female 49 (49.0%) 26 (52.0%) 23 (46.0%)

Age (y)
52.1 [48.7–55.4] 55.1 [50.5–59.6] 49.2 [44.4–54.0] 0.05

Donor Risk Index (DRI)
2.16 [2.08–2.24] 2.21 [2.08–2.33] 2.11 [2.00–2.33] 0.38

Cold Ischemic Time (CIT)
603.9 [574.0–633.7] 599.0 [554.3–643.7] 608.0 [566.5–649.6] 0.96

Warm Ischemic Time (WIT)
55.3 [51.1–59.6] 52.4 [46.4–58.5] 58.1 [52.0–64.2] 0.25

Total 100 (100%) 50 (50.0%) 50 (50.0%)

CI: Confidence Interval; CIT: Cold Ischemic Time; DRI: Donor Risk Index; HOPE: Hypothermic Oxygenated
Perfusion; SCS: Static Cold Storage; WIT: Warm Ischemic Time; y: years.

3.2. Recipient Characteristics

Baseline recipient characteristics are shown in Table 2. Both groups were very similar
in terms of age distribution, body mass index (BMI), match-MELD score and 30-day
survival. In the SCS group, the proportion of male patients was more pronounced, however
without statistical significance. Indications for LT were distributed similarly amongst
both collectives. It is worth noting that the HOPE group carried a significantly higher
disease burden in terms of ASA Score (p = 0.013), CHILD Score, number of relevant
comorbidities and the need for high-level care in intensive or intermediate care units
prior to transplantation, thus showing a slight tendency towards more morbid patients.
Within the HOPE cohort, a mean perfusion time of 163.8 min [95% Confidence Interval (CI):
138.3–189.3] was registered.

Table 2. Description of characteristics and key variables of liver transplant recipients stratified by
liver graft preservation technique.

Recipient Characteristics and Control
Variables at Date of Liver Transplantation

All,
N (%)/Mean [95% CI]

Liver Graft Preservation Techniques
p-Value (HOPE

vs. SCS)
-SCS-

N (%)/Mean [95% CI]
-HOPE-

N (%)/Mean [95% CI]

Sex 0.086
Male 68 (68.0%) 38 (76.0%) 30 (60.0%)
Female 32 (32.0%) 12 (24.0%) 20 (40.0%)

Age (y)
51.8 [49.7–54.0] 50.6 [47.2–54.0] 53.0 [50.3–55.8] 0.37

BMI
25.4 [24.5–26.3] 25.4 [24.1–26.8] 25.3 [24.0–26.7] 0.80
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Table 2. Cont.

Recipient Characteristics and Control
Variables at Date of Liver Transplantation

All,
N (%)/Mean [95% CI]

Liver Graft Preservation Techniques
p-Value (HOPE

vs. SCS)
-SCS-

N (%)/Mean [95% CI]
-HOPE-

N (%)/Mean [95% CI]

match-MELD Score
21.3 [19.3–23.3] 20.4 [17.6–23.2] 22.1 [19.2–25.1] 0.44

ASA Score
3.6 [3.5–3.7] 3.5 [3.3–3.6] 3.7 [3.6–3.9] 0.013

Healthcare setting prior to transplant 0.16
ICU/IMC 24 (24.0%) 9 (18.0%) 15 (30.0%)
Regular ward/outpatient 76 (76.0%) 41 (82.0%) 35 (70.0%)

CHILD-Pugh Score 0.43
No cirrhosis 20 (20.0%) 12 (24.0%) 8 (16.0%)
A 20 (20.0%) 12 (24.0%) 8 (16.0%)
B 31 (31.0%) 14 (28.0%) 17 (34.0%)
C 29 (29.0%) 12 (24.0%) 17 (34.0%)

Number of Comorbidities * 0.32
0–1 55 (55.0%) 30 (60.0%) 25 (50.0%)
2–3 35 (35.0%) 14 (28.0%) 21 (42.0%)
≥4 10 (10.0%) 6 (12.0%) 4 (8.0%)
Mean 1.7 [1.4–1.9] 1.6 [1.2–2.1] 1.7 [1.3–2.0] 0.52

Indication for transplant 0.42
Acute Liver Failure 14 (14.0%) 9 (18.0%) 5 (10.0%)
Alcoholic Cirrhosis 29 (29.0%) 11 (22.0%) 18 (36.0%)
HCC 25 (25.0%) 16 (32.0%) 9 (18.0%)
NASH 3 (3.0%) 1 (2.0%) 2 (4.0%)
PSC 19 (19.0%) 10 (20.0%) 9 (18.0%)
Viral Hepatitis 24 (24.0%) 16 (32.0%) 8 (16.0%)
Autoimmune Hepatitis 15 (15.0%) 8 (8.0%) 7 (14.0%)
Other ** 21 (21.0%) 10 (20.0%) 11 (22.0%)

Early allograft dysfunction (EAD) 0.04
EAD 39 (39.0%) 25 (50.0%) 14 (28.0%)
No EAD 61 (61.0%) 25 (50.0%) 36 (72.0%)

Primary Non Function (PNF) 0.24
PNF 3 (3.0%) 3 (3.0%) 0 (0.0%)
No PNF 97 (97.0%) 47 (47.0%) 50 (50.0%)

30-day Survival 0.36
Survival 96 (96.0%) 47 (94%) 49 (98%)
No Survival 4 (4.0%) 3 (6.0%) 1 (2.0%)

Total 100 (100%) 50 (50.0%) 50 (50.0%)

ASA: American Society of Anesthesiologists; BMI: Body Mass Index; CI: Confidence Interval; EAD: Early Allograft
Dysfunction; HCC: Hepatocellular Carcinoma; HOPE: Hypothermic Oxygenated Perfusion; ICU: Intensive Care
Unit; IMC: Intermediate Care Unit; MELD: Mean of End-Stage Liver Disease; min: minutes; NASH: Non-alcoholic
Steatosis Hepatis; PSC: Primary Sclerosing Cholangitis; SCS: Static Cold Storage. * Further explanation of relevant
comorbidities is demonstrated in Supplementary Table S1. ** Further explanation of other transplant indications
is demonstrated in Supplementary Table S2. Bold p-values < 0.05.

3.3. Incidence of Post-Reperfusion Syndrome

In the cohorts studied, the incidence of post-reperfusion syndrome, as defined by
Aggarwal et al., was distinctly lower in the perfused liver grafts. While only 12% of cases
(n = 6 out of 50) in the HOPE group met the criteria for PRS, 42% (n = 21 out of 50) in the SCS
group developed post-reperfusion syndrome. This difference was also highly significant
(p = 0.0013). Respective graphic analysis is shown in Figure 1A.

3.4. Hemodynamic Chracteristics

Perioperative hemodynamic variables are displayed in Table 3. After reperfusion,
mean immediate drop in mean arterial pressure (MAP) was 12.7% [95% CI: 8.8–16.5] in
the HOPE group, compared to 28.2% [95% CI: 24.1–32.4] in the SCS group (p < 0.001).
As shown in Figure 1B, HOPE preconditioned livers showed a significantly mitigated
decrease in MAP compared to SCS-transplants. This also led to a relevantly lower need
for vasopressors (Figure 1C,D): While patients in the HOPE group required an increased
administration of norepinephrine of a median of 750 µg (95% CI: 614–1041) in the first hour
after reperfusion, SCS controls required 960 µg (95% CI: 830–1405). Median increase in
epinephrine administration was 96 µg in the HOPE-treated patients (95% CI: −368–355),
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whereas an increased administered amount of median 199 µg [95% CI: 212–412] was regis-
tered in SCS patients. Thus, HOPE preconditioning resulted in a −22% (p = 0.122) reduction
in the amount of norepinephrine administered and a −56% (p = 0.0184) significantly lower
requirement for epinephrine compared to SCS. There were no relevant differences between
the groups in vasopressin administration (p = 0.899).
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Figure 1. Graphical analysis of perioperative findings in the immediate post-reperfusion phase.
(A) ratio of post reperfusion syndrome (PRS) occurrence in liver graft recipients (Mean ± 95% CI).
HOPE preconditioning results in significantly reduced incidence of PRS as compared to SCS
(p = 0.0013); (B) relative decrease in mean arterial blood pressure (MAP) immediately after liver graft
reperfusion (Mean ± 95% CI). HOPE preconditioning leads to significantly reduced drop in MAP
as compared to SCS (p < 0.0001); (C,D) absolute increase in vasopressor demand within the first
hour after liver graft reperfusion, as compared to the hour prior to reperfusion (Median ± 95%-CI).
Compared to SCS, HOPE preconditioning significantly reduces administered doses of epinephrine
(D) p = 0.018) and shows a trend towards reduced norepinephrine doses (C) p = 0.122). (* = p < 0.05,
** = p < 0.01, *** = p < 0.001, ns = not significant).
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Table 3. Description of perioperative hemodynamic variables and fluid/transfusion management
during liver transplantation, stratified by the liver graft preservation technique.

Perioperative Variables and
Fluid/Transfusion Management during Liver

Transplantation

All,
N (%)/Mean [95% CI]

Liver Graft Preservation Techniques
p-Value (HOPE

vs. SCS)
-SCS-

N (%)/Mean [95% CI]
-HOPE-

N (%)/Mean [95% CI]

Packed RBC (mL)
1315 [1049–1521] 1235 [846–1625] 1395 [1021–1769] 0.40

FFP (mL)
2487 [2094–2880] 2174 [1616–2732] 2800 [2242–3358] 0.045

Platelet Transfusion (mL)
366 [261–471] 294 [159–429] 438 [274–602] 0.19

Machine Auto-Transfusion (mL)
663 [465–863] 603 [377–829] 724 [389–1059] 0.60

Crystalloid Infusion (mL)
6006 [5470–6542] 6161 [5517–6805] 5851 [4973–6730] 0.09

Colloid Infusion (mL)
529 [433–624] 602 [458–746] 455 [328–582] 0.09

Tranexamic acid (mg)
601 [429–773] 731 [447–1016] 471 [273–669] 0.26

MAB Drop (%)
20.5 [17.3–23.7] 28.2 [24.1–32.4] 12.7 [8.8–16.5] <0.001

PRS Criteria 0.0013
PRS Criteria met 27 (27.0%) 21 (42.0%) 6 (12.0%)
PRS Criteria not met 73 (73.0%) 29 (58.0%) 44 (88.0%)

Increase in Norepinephrine (µg)
973 [795–1151] 960 [830–1405] 750 [614–1041] 0.12

Increase in Epinephrine (µg)
153 [−34–340] 199 [212–412] 96 [−368–355] 0.018

Increase in Vasopressin (IE)
0.31 [0.17–0.45] 0.29 [0.10–0.49] 0.33 [0.11–0.54] 0.899

Potassium Drop (%)
7.6 [4.3–10.8] −1 [−3.4–5.5] 14.1 [10.0–18.1] <0.001

Potassium Substitution 0.0135
Substitution 28 (28.0%) 8 (16.0%) 20 (40.0%)
No Substitution 72 (72.0%) 42 (84.0%) 30 (60.0%)

Total 100 (100%) 50 (50.0%) 50 (50.0%)

CI: Confidence Interval; FFP: Fresh Frozen Plasma; HOPE: Hypothermic Organ Perfusion; mg: milligrams; mL:
milliliters; PRS: Post-Reperfusion syndrome; RBC: Red Blood Cells; SCS: Static Cold Storage. Bold p-values < 0.05.

3.5. Serum Characteristics and Electrolyte Balance

Blood potassium levels dropped by a mean of 14.1% [95% CI: 10.0–18.1] in livers
after HOPE, requiring intravenous substitution in 40% of cases, whereas potassium levels
showed no relevant decrease (−1% [95%CI: −3.4–5.5]; p < 0.001) in SCS grafts, requiring
substitution in only 16% of patients (p = 0.0135) (Table 3 and Figure 2). Thus, potassium
levels decreased to a significantly lower baseline with a significantly higher need for
substitution after HOPE pretreatment, as compared to SCS grafts. Notably, a 28.8% higher
transfusion requirement of fresh frozen plasma (FFP) was observed in the HOPE cohort
compared to the SCS group (p = 0.045). Apart from this, no significant differences in fluid
or blood product substitution were observed between the two groups (Table 3).

3.6. Incidence of Early Allograft Dysfunction and Primary Non-Function: Thirty-Day Survival

In the cohorts studied, the incidence of EAD was distinctly lower in the perfused liver
grafts. While only 28% of cases (n = 14 out of 50) in the HOPE group met the criteria for
EAD, 50% (n = 25 out of 50) in the SCS group developed EAD within the first seven days
post-transplant (Table 2 and Figure 3; p = 0.04). In addition, no occurrence of PNF could
be observed in the HOPE group compared with three cases in the SCS control cohort; no
significant difference in 30-day survival was found in the studied groups (Table 2).
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Figure 2. Graphical analysis of relative decrease in serum potassium levels and need for potassium
substitution, immediately after liver graft reperfusion (Mean ± 95%-CI). HOPE preconditioning
results in significantly higher drops in serum potassium levels (A) p < 0.001) and a more frequent
need for potassium substitution (B) p = 0.014), as compared to SCS. (* = p < 0.05, *** = p < 0.001).
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Figure 3. Graphical analysis of early allograft dysfunction in liver transplant recipients
(Mean ± 95%-CI). HOPE preconditioning results in significantly lower incidence of EAD within the
first seven postoperative days, as compared to SCS. (* = p < 0.05).

4. Discussion

It is fair to say that the implementation of organ machine perfusion represents a
crucial innovation in LT. Over the past decade, an increasing number of authors have
shared their clinical and experimental findings on machine perfusion—almost invariably
with positive results on post-transplant graft function, patient and graft survival and graft
acceptance rates [20,23–27]. However, the choice of the “best” machine perfusion modality
remains controversial—with the majority of healthcare professionals opting for HOPE or
normothermic machine perfusion (NMP) [27]. In the case of NMP, well-described viability
criteria provide crucial information on the graft’s condition in a pseudo-physiological
setting prior to transplantation [28,29]. This advantage of NMP over HOPE provides
additional safety in graft selection, resulting in a reduction in discard rates [25]. In addition,
NMP offers the theoretical possibility for drug-associated graft pre-treatment [30]. On
the other hand, most favorable evidence on NMP is available for grafts from donors with
circulatory death (DCD). Since only grafts from brain-dead donors (DBD) are approved for
transplantation in Germany, our department chose HOPE as the standard preconditioning
procedure for liver grafts.
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Many studies share the unanimous opinion that HOPE should be considered the
“better” graft storage technique compared to SCS, providing true graft pre-treatment prior
to transplant [23,26,27]. A vast number of benefits of HOPE have been well documented to
date and are primarily reflected in a reduction of IRI, better post-transplant graft function
and fewer biliary complications [20,21,23,31]. Furthermore, there is growing evidence
that, even in HOPE, viability testing is possible [27,32]. In addition to these well-known
advantages of HOPE over SCS, our study demonstrates more beneficial effects of HOPE,
occurring during graft reperfusion, affecting short-term patient outcomes and presumably
long-term outcomes as well.

The results of our study indicate a significant difference in the occurrence of PRS
during LT, with criteria for PRS being met in only six cases in the HOPE group, compared
to 21 cases in the SCS group. An additional remarkable observation made was that hemo-
dynamic instabilities were less frequent in the HOPE group and, when they did occur,
better manageable with lower amounts of vasopressors. Prudent use of a vasopressor (or a
combination of 2) with targeted fluid bolus administration and adjustments in anesthetic
levels may have a profound effect on MAP. One proposed mechanism for this MAP drop is
myocardial stunning and transient loss of contractility due to an abrupt increase in serum
potassium, decreased pH, and decreased temperature of the reperfusion blood that subse-
quently enters the systemic circulation [33]. In addition to myocardial stunning, reperfusion
is known to trigger the release of vasodilators that can further reduce MAP [34,35].

Furthermore, inflammatory agents are thought to play a role in the pathophysiology
of the reperfusion syndrome, with a correlation to increased complement cascade activa-
tion [36] and immune response [37]. A proposed mechanism accounting for the advantages
of HOPE over SCS may lie in the elimination of the vasodilatory and inflammatory agents,
and a subsequent reduction of potassium concentration during graft perfusion. An addi-
tional factor contributing to potassium depletion after reperfusion might be ATP availability
in the graft [38]. In standard cold storage, cell metabolism and oxygen consumption are
reduced by hypothermia. Nonetheless, anaerobic processes continue at a low rate, even-
tually leading to ATP depletion [39] and accumulation of ischemic signature metabolites
such as succinate [40]. As ionic stability is largely attributed to ATP-dependent Na+/K+
carriers, intracellular depletion can lead to deregulation, calcium accumulation and acidifi-
cation [41]. These detrimental effects that occur during ischemia contribute largely to the
development of IRI and are aggravated by prolongation of cold ischemic time [42]. HOPE,
in contrast, uses the benefits of reduced metabolism during hypothermia, yet facilitates
unlimited electron flow along the respiratory chain within the mitochondrium, resulting
in reduced ROS formation and elevated ATP synthesis [26]. As hypothermic oxygenated
perfusion has been shown to replenish ATP-levels and reduce succinate concentrations [43],
we hypothesize that, following reperfusion, operating ion carriers lead to an uptake of
potassium into the graft, hence depleting serum levels.

While this is considered beneficial in terms of hemodynamic stability, overshooting
effects have been observed. The resulting hypopotassemia may itself pose dangers and
has made potassium substitution necessary in a substantial number of cases. One pos-
sible explanation could be that hyperpotassemia after graft-reperfusion is expected by
anesthesiologists [44]. This is mainly due to organ preservation and carrying solutions
that are high in potassium and not cleared in a standardized manner in earlier years [44].
In practice, this might lead to a liberal use of insulin–glucose solutions in order to shift
potassium into the cells. The impact of hyperpotassemia on the occurrence of PRS itself
remains controversial [6,45]. Meanwhile, hypopotassemia has been previously described
as a complication after HOPE [21], and this finding is supported by the results of our
study. With ex-vivo perfusion becoming more common, these observations need to be high-
lighted so that anesthesiologists can anticipate electrolyte shifts and adapt their medical
treatment accordingly.
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In fact, there are some limitations to our study: the most obvious one is the retrospec-
tive nature of it. Nevertheless, we believe that, due to the significance and clear tendencies
of our gained results, this study manages to provide relevant insights into one of the
numerous beneficial effects of HOPE preconditioning prior to LT. Several studies have al-
ready assessed the effects of machine perfusion on perioperative results and postoperative
outcomes; however, most of them have only demonstrated positive effects on PRS and
EAD in cohorts with DCD grafts. In fact, the protective effects are even more pronounced
in DCD-only cohorts and have been observed after both HOPE and NMP. While both
techniques appear to shorten the length of hospital stay in recipients, HOPE is less prone
to procedure-related complications [46]. Then, again, NMP allows viability testing under
physiological conditions and reduces the length of the ICU stay [25,46]. However, very
limited data are available for NMP in DBD-only cohorts with limited power in terms of
outcome and none in terms of PRS [46]. Current literature suggests that machine perfusion
exerts its benefits mainly in grafts with increased marginality. The influence of machine
perfusion on less marginal organs is therefore still debated: Study groups from Zurich
(CH) and Aachen (DE) recently conducted randomized controlled trials (NCT01317342
and NCT03124641) with HOPE-pretreated DBD grafts compared to SCS. While the Aachen
group only included grafts from donors with extended criteria, the Zurich group allowed
quite broad inclusion criteria in their study, comparable to the cohort of recipients at our
department in this study [47]. However, the focus of both studies was on postoperative
outcome data and not on perioperative findings, thus differing significantly from our study.
While the Aachen group was already able to demonstrate the positive effects of HOPE
preconditioning in ECD-DBD grafts, the transplant research community is waiting with
great interest for the results of the Zurich study, especially in DBD-only countries [48].

The selection and composition of the two groups investigated is another limitation to
our study. Since HOPE replaced SCS as the standard of care procedure for graft precondi-
tioning prior to LT at our center, we were not able to select different LT cohorts transplanted
at approximately the same time points. However, in order to minimize the risk of selection
bias, performance bias and variation in standard practices in the performance of liver
transplantation over time, we chose to include patients transplanted at closely spaced
time points, directly prior and directly after implementing HOPE preconditioning at our
institution. The retrospective study design and its observational approach imply a het-
erogenous group distribution and, although the sample size was not small, the present
differences in cohort composition need to be addressed. Overall, LT recipients or waiting
list candidates per se represent a rather heterogenous cohort of patients [49]. While the
studied groups are very similar in terms of age, BMI and match-MELD-Score, the HOPE
population appeared to carry a higher disease burden prior to transplantation. For instance,
the mean ASA score was significantly higher in the HOPE group (3.72 vs. 3.46; p = 0.013)
and more patients required treatment in intensive or intermediate care wards (30% vs. 18%;
p = 0.16) prior to transplantation, compared to SCS controls. Respecting these observations,
the favorable effects of HOPE on the development of PRS described in this study might
as well be interpreted as even more valuable than previously thought. Hence, one could
conclude that, even in a sicker patient population, the hemodynamic benefits achieved by
HOPE are still significantly beneficial. Clearly, further prospective evaluation is needed to
support the findings of this study.

5. Conclusions

Pre-transplant graft perfusion through HOPE provides a number of benefits. In this
study, we demonstrate an impact on both patient hemodynamics and post-reperfusion
syndrome. HOPE results in greater hemodynamic stability during reperfusion with a
reduced need for vasopressors and lower incidence of post-reperfusion syndrome as
compared to SCS-treated grafts. Furthermore, we were able to demonstrate effects in
electrolyte balance. In particular, a decrease in potassium levels after reperfusion was
observed in the HOPE group, which in many cases even had to be compensated. The risk



J. Clin. Med. 2022, 11, 7381 11 of 13

for hyperpotassemic cardiac arrhythmias—as described in previous years—can thus be
significantly reduced. Whereas in the past a preventive potassium shift by glucose/insulin
administration was often required, this should be omitted in HOPE-perfused livers to avoid
hypopotassemia. Instead, possible potassium substitution should be anticipated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11247381/s1, Table S1: Description of liver transplant recipients’
comorbidities defined as relevant for further statistical evaluation; Table S2: Description of liver
transplant recipients’ transplant indications, previously defined as “Other”.

Author Contributions: Conceptualization, D.K., F.H. and M.D.; methodology, D.K., M.O.G., F.H.
and M.D.; validation, F.H., M.D., M.J.S., D.T.K., G.C., S.J.J., E.P., N.B., J.W., M.O.G. and D.K.; formal
analysis, F.H., M.D. and D.K.; investigation, F.H., M.D., M.J.S., D.T.K., G.C., S.J.J., E.P. and D.K.;
resources, M.D., F.H., M.J.S., D.T.K., G.C., S.J.J., E.P., N.B., J.W., M.O.G. and D.K.; data curation, F.H.,
M.D. and D.K.; writing—original draft preparation, M.D., F.H. and D.K.; writing—review and editing,
M.J.S., D.T.K., G.C., S.J.J., E.P., N.B., J.W. and M.O.G.; visualization, M.D., F.H. and D.K.; supervision,
D.K., M.O.G. and J.W.; project administration, M.D., D.K. and M.O.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of the LMU University of
Munich (protocol number EK-LMU 19-395).

Informed Consent Statement: Patient consent was waived due to the retrospective design of
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical and privacy reasons.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aggarwal, S.; Kang, Y.; Freeman, J.A.; Fortunato, F.L.; Pinsky, M.R. Postreperfusion syndrome: Cardiovascular collapse following

hepatic reperfusion during liver transplantation. Transpl. Proc. 1987, 19, 54–55.
2. Siniscalchi, A.; Gamberini, L.; Laici, C.; Bardi, T.; Ercolani, G.; Lorenzini, L.; Faenza, S. Post reperfusion syndrome during

liver transplantation: From pathophysiology to therapy and preventive strategies. World J. Gastroenterol. 2016, 22, 1551–1569.
[CrossRef] [PubMed]

3. Hilmi, I.; Horton, C.N.; Planinsic, R.M.; Sakai, T.; Nicolau-Raducu, R.; Damian, D.; Gligor, S.; Marcos, A. The impact of postreper-
fusion syndrome on short-term patient and liver allograft outcome in patients undergoing orthotopic liver transplantation. Liver
Transpl. 2008, 14, 504–508. [CrossRef] [PubMed]

4. Chung, I.S.; Kim, H.Y.; Shin, Y.H.; Ko, J.S.; Gwak, M.S.; Sim, W.S.; Kim, G.S.; Lee, S.K. Incidence and predictors of post-reperfusion
syndrome in living donor liver transplantation. Clin. Transpl. 2012, 26, 539–543. [CrossRef]

5. Siniscalchi, A.; Dante, A.; Spedicato, S.; Riganello, L.; Zanoni, A.; Cimatti, M.; Pierucci, E.; Bernardi, E.; Miklosova, Z.;
Moretti, C.; et al. Hyperdynamic circulation in acute liver failure: Reperfusion syndrome and outcome following liver transplan-
tation. Transpl. Proc. 2010, 42, 1197–1199. [CrossRef]

6. Chui, A.K.; Shi, L.; Tanaka, K.; Rao, A.R.; Wang, L.S.; Bookallil, M.; Mayr, M.; Chiu, E.; Verran, D.J.; Mears, D.; et al. Postreperfusion
syndrome in orthotopic liver transplantation. Transpl. Proc. 2000, 32, 2116–2117. [CrossRef]

7. Xu, Z.D.; Xu, H.T.; Yuan, H.B.; Zhang, H.; Ji, R.H.; Zou, Z.; Fu, Z.R.; Shi, X.Y. Postreperfusion syndrome during orthotopic liver
transplantation: A single-center experience. Hepatobiliary Pancreat. Dis. Int. 2012, 11, 34–39. [CrossRef]

8. Fukazawa, K.; Yamada, Y.; Gologorsky, E.; Arheart, K.L.; Pretto, E.A., Jr. Hemodynamic recovery following postreperfusion
syndrome in liver transplantation. J. Cardiothorac. Vasc. Anesth. 2014, 28, 994–1002. [CrossRef]

9. Bukowicka, B.; Akar, R.A.; Olszewska, A.; Smoter, P.; Krawczyk, M. The occurrence of postreperfusion syndrome in orthotopic
liver transplantation and its significance in terms of complications and short-term survival. Ann. Transpl. 2011, 16, 26–30.
[CrossRef]

10. Ayanoglu, H.O.; Ulukaya, S.; Tokat, Y. Causes of postreperfusion syndrome in living or cadaveric donor liver transplantations.
Transpl. Proc. 2003, 35, 1442–1444. [CrossRef]

11. Paugam-Burtz, C.; Kavafyan, J.; Merckx, P.; Dahmani, S.; Sommacale, D.; Ramsay, M.; Belghiti, J.; Mantz, J. Postreperfusion
syndrome during liver transplantation for cirrhosis: Outcome and predictors. Liver Transpl. 2009, 15, 522–529. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/jcm11247381/s1
https://www.mdpi.com/article/10.3390/jcm11247381/s1
http://doi.org/10.3748/wjg.v22.i4.1551
http://www.ncbi.nlm.nih.gov/pubmed/26819522
http://doi.org/10.1002/lt.21381
http://www.ncbi.nlm.nih.gov/pubmed/18383079
http://doi.org/10.1111/j.1399-0012.2011.01568.x
http://doi.org/10.1016/j.transproceed.2010.03.097
http://doi.org/10.1016/S0041-1345(00)01595-5
http://doi.org/10.1016/S1499-3872(11)60123-9
http://doi.org/10.1053/j.jvca.2014.02.017
http://doi.org/10.12659/AOT.881861
http://doi.org/10.1016/S0041-1345(03)00483-4
http://doi.org/10.1002/lt.21730
http://www.ncbi.nlm.nih.gov/pubmed/19399736


J. Clin. Med. 2022, 11, 7381 12 of 13

12. Khosravi, M.B.; Sattari, H.; Ghaffaripour, S.; Lahssaee, M.; Salahi, H.; Sahmeddini, M.A.; Bahador, A.; Nikeghbalian, S.; Parsa, S.;
Shokrizadeh, S.; et al. Post-reperfusion Syndrome and Outcome Variables after Orthotopic Liver Transplantation. Int. J. Organ.
Transpl. Med. 2010, 1, 115–120.

13. Manning, M.W.; Kumar, P.A.; Maheshwari, K.; Arora, H. Post-Reperfusion Syndrome in Liver Transplantation-An Overview. J.
Cardiothorac. Vasc. Anesth. 2020, 34, 501–511. [CrossRef] [PubMed]

14. Millis, J.M.; Melinek, J.; Csete, M.; Imagawa, D.K.; Olthoff, K.M.; Neelankanta, G.; Braunfeld, M.Y.; Sopher, M.J.; Chan, S.M.;
Pregler, J.L.; et al. Randomized controlled trial to evaluate flush and reperfusion techniques in liver transplantation. Transplantation
1997, 63, 397–403. [CrossRef] [PubMed]

15. Ghafaripour, S.; Sahmeddini, M.A.; Lahsaee, S.M.; Khosravi, M.B.; Sattari, H.; Nikeghbalian, S.; Shokrizadeh, S.;
Malekhosseine, S.A. Hypotension after reperfusion in liver transplantation: Histidine-tryptophan-ketoglutarate versus
University of Wisconsin solution. Prog. Transpl. 2010, 20, 256–261. [CrossRef]

16. Fukazawa, K.; Nishida, S.; Hibi, T.; Pretto, E.A., Jr. Crystalloid flush with backward unclamping may decrease post-reperfusion
cardiac arrest and improve short-term graft function when compared to portal blood flush with forward unclamping during liver
transplantation. Clin. Transpl. 2013, 27, 492–502. [CrossRef]

17. Jaeschke, H. Molecular mechanisms of hepatic ischemia-reperfusion injury and preconditioning. Am. J. Physiol. Gastrointest. Liver
Physiol. 2003, 284, G15–G26. [CrossRef]

18. Guan, L.Y.; Fu, P.Y.; Li, P.D.; Li, Z.N.; Liu, H.Y.; Xin, M.G.; Li, W. Mechanisms of hepatic ischemia-reperfusion injury and protective
effects of nitric oxide. World J. Gastrointest. Surg. 2014, 6, 122–128. [CrossRef]

19. Guarrera, J.V.; Henry, S.D.; Samstein, B.; Odeh-Ramadan, R.; Kinkhabwala, M.; Goldstein, M.J.; Ratner, L.E.; Renz, J.F.; Lee, H.T.;
Brown, R.S., Jr.; et al. Hypothermic machine preservation in human liver transplantation: The first clinical series. Am. J. Transpl.
2010, 10, 372–381. [CrossRef]

20. Dutkowski, P.; Polak, W.G.; Muiesan, P.; Schlegel, A.; Verhoeven, C.J.; Scalera, I.; DeOliveira, M.L.; Kron, P.; Clavien, P.A. First
Comparison of Hypothermic Oxygenated Perfusion Versus Static Cold Storage of Human Donation After Cardiac Death Liver
Transplants: An International-matched Case Analysis. Ann. Surg. 2015, 262, 764–770; discussion 770–771. [CrossRef]

21. van Rijn, R.; Karimian, N.; Matton, A.P.M.; Burlage, L.C.; Westerkamp, A.C.; van den Berg, A.P.; de Kleine, R.H.J.; de Boer, M.T.;
Lisman, T.; Porte, R.J. Dual hypothermic oxygenated machine perfusion in liver transplants donated after circulatory death. Br. J.
Surg. 2017, 104, 907–917. [CrossRef] [PubMed]

22. Olthoff, K.M.; Kulik, L.; Samstein, B.; Kaminski, M.; Abecassis, M.; Emond, J.; Shaked, A.; Christie, J.D. Validation of a current
definition of early allograft dysfunction in liver transplant recipients and analysis of risk factors. Liver Transpl. 2010, 16, 943–949.
[CrossRef] [PubMed]

23. Karangwa, S.; Panayotova, G.; Dutkowski, P.; Porte, R.J.; Guarrera, J.V.; Schlegel, A. Hypothermic machine perfusion in liver
transplantation. Int. J. Surg. 2020, 82S, 44–51. [CrossRef] [PubMed]

24. Nasralla, D.; Coussios, C.C.; Mergental, H.; Akhtar, M.Z.; Butler, A.J.; Ceresa, C.D.L.; Chiocchia, V.; Dutton, S.J.; Garcia-
Valdecasas, J.C.; Heaton, N.; et al. A randomized trial of normothermic preservation in liver transplantation. Nature
2018, 557, 50–56. [CrossRef] [PubMed]

25. Mergental, H.; Laing, R.W.; Kirkham, A.J.; Perera, M.; Boteon, Y.L.; Attard, J.; Barton, D.; Curbishley, S.; Wilkhu, M.;
Neil, D.A.H.; et al. Transplantation of discarded livers following viability testing with normothermic machine perfusion. Nat.
Commun. 2020, 11, 2939. [CrossRef] [PubMed]

26. Schlegel, A.; Muller, X.; Mueller, M.; Stepanova, A.; Kron, P.; de Rougemont, O.; Muiesan, P.; Clavien, P.A.; Galkin, A.;
Meierhofer, D.; et al. Hypothermic oxygenated perfusion protects from mitochondrial injury before liver transplantation.
EBioMedicine 2020, 60, 103014. [CrossRef] [PubMed]

27. Sousa Da Silva, R.X.; Weber, A.; Dutkowski, P.; Clavien, P.A. Machine perfusion in liver transplantation. Hepatology 2022, 76, 1531–1549.
[CrossRef]

28. Gaurav, R.; Atulugama, N.; Swift, L.; Butler, A.J.; Upponi, S.; Brais, R.; Allison, M.; Watson, C.J.E. Bile Biochemistry Following
Liver Reperfusion in the Recipient and Its Association with Cholangiopathy. Liver Transpl. 2020, 26, 1000–1009. [CrossRef]

29. Watson, C.J.E.; Jochmans, I. From “Gut Feeling” to Objectivity: Machine Preservation of the Liver as a Tool to Assess Organ
Viability. Curr. Transpl. Rep. 2018, 5, 72–81. [CrossRef]

30. Dengu, F.; Abbas, S.H.; Ebeling, G.; Nasralla, D. Normothermic Machine Perfusion (NMP) of the Liver as a Platform for
Therapeutic Interventions during Ex-Vivo Liver Preservation: A Review. J. Clin. Med. 2020, 9, 1046. [CrossRef]

31. Guarrera, J.V.; Henry, S.D.; Chen, S.W.; Brown, T.; Nachber, E.; Arrington, B.; Boykin, J.; Samstein, B.; Brown, R.S., Jr.;
Emond, J.C.; et al. Hypothermic machine preservation attenuates ischemia/reperfusion markers after liver transplantation:
Preliminary results. J. Surg. Res. 2011, 167, e365–e373. [CrossRef] [PubMed]

32. Muller, X.; Schlegel, A.; Kron, P.; Eshmuminov, D.; Wurdinger, M.; Meierhofer, D.; Clavien, P.A.; Dutkowski, P. Novel Real-time
Prediction of Liver Graft Function During Hypothermic Oxygenated Machine Perfusion Before Liver Transplantation. Ann. Surg.
2019, 270, 783–790. [CrossRef] [PubMed]

33. Stoll, W.D.; Hand, W.R.; Chavin, K.D.; Felton, D.H.; Wolf, B.O.; Davis, G.P.; Harvey, N.R.; Whiteley, J.R.; Mester, R.A.; Bolin, E.D.
Post-Reperfusion Syndrome in Liver Transplantation: Does a Caval Blood Flush Vent Help? Ann. Transpl. 2019, 24, 631–638.
[CrossRef] [PubMed]

http://doi.org/10.1053/j.jvca.2019.02.050
http://www.ncbi.nlm.nih.gov/pubmed/31084991
http://doi.org/10.1097/00007890-199702150-00012
http://www.ncbi.nlm.nih.gov/pubmed/9039930
http://doi.org/10.1177/152692481002000309
http://doi.org/10.1111/ctr.12130
http://doi.org/10.1152/ajpgi.00342.2002
http://doi.org/10.4240/wjgs.v6.i7.122
http://doi.org/10.1111/j.1600-6143.2009.02932.x
http://doi.org/10.1097/SLA.0000000000001473
http://doi.org/10.1002/bjs.10515
http://www.ncbi.nlm.nih.gov/pubmed/28394402
http://doi.org/10.1002/lt.22091
http://www.ncbi.nlm.nih.gov/pubmed/20677285
http://doi.org/10.1016/j.ijsu.2020.04.057
http://www.ncbi.nlm.nih.gov/pubmed/32353556
http://doi.org/10.1038/s41586-018-0047-9
http://www.ncbi.nlm.nih.gov/pubmed/29670285
http://doi.org/10.1038/s41467-020-16251-3
http://www.ncbi.nlm.nih.gov/pubmed/32546694
http://doi.org/10.1016/j.ebiom.2020.103014
http://www.ncbi.nlm.nih.gov/pubmed/32979838
http://doi.org/10.1002/hep.32546
http://doi.org/10.1002/lt.25738
http://doi.org/10.1007/s40472-018-0178-9
http://doi.org/10.3390/jcm9041046
http://doi.org/10.1016/j.jss.2010.01.038
http://www.ncbi.nlm.nih.gov/pubmed/20451921
http://doi.org/10.1097/SLA.0000000000003513
http://www.ncbi.nlm.nih.gov/pubmed/31592808
http://doi.org/10.12659/AOT.920193
http://www.ncbi.nlm.nih.gov/pubmed/31831725


J. Clin. Med. 2022, 11, 7381 13 of 13

34. Gurusamy, K.S.; Naik, P.; Abu-Amara, M.; Fuller, B.; Davidson, B.R. Techniques of flushing and reperfusion for liver transplanta-
tion. Cochrane Database Syst. Rev. 2012, 3, Cd007512. [CrossRef]

35. Brems, J.J.; Takiff, H.; McHutchison, J.; Collins, D.; Biermann, L.A.; Pockros, P. Systemic versus nonsystemic reperfusion of the
transplanted liver. Transplantation 1993, 55, 527–529. [CrossRef]

36. Rønholm, E.; Tomasdottir, H.; Runeborg, J.; Bengtsson, A.; Bengtson, J.P.; Stenqvist, O.; Friman, S. Complement system
activation during orthotopic liver transplantation in man. Indications of peroperative complement system activation in the gut.
Transplantation 1994, 57, 1594–1597. [CrossRef]

37. Bellamy, M.C.; Galley, H.F.; Webster, N.R. Changes in inflammatory mediators during orthotopic liver transplantation. Br. J.
Anaesth. 1997, 79, 338–341. [CrossRef]

38. Olthof, P.B.; Reiniers, M.J.; Dirkes, M.C.; Gulik, T.M.V.; Golen, R.F.V. Protective Mechanisms of Hypothermia in Liver Surgery and
Transplantation. Mol. Med. 2016, 21, 833–846. [CrossRef]

39. Belzer, F.O.; Southard, J.H. Principles of solid-organ preservation by cold storage. Transplantation 1988, 45, 673–676. [CrossRef]
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