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Objective: To report outcomes from routine clinical practice
of liver transplantation (LT) following normothermic liver
machine perfusion (NLMP) and compare to LT after static cold
storage (SCS).

Background: NLMP is emerging as a clinical routine in LT and has
recently received renewed attention; however, outcomes outside of
clinical trials are lacking.

Methods: All adult LT between February 2018 and January 2023
were included. A comprehensive viability assessment was
applied during NLMP. Outcomes were compared between
NLMP and SCS recipients, as well as benchmark and non-
benchmark cases.

Results: Of the 332 LT included, 174 underwent NLMP and 158
were transplanted after SCS. Sixty-seven organs were accepted and
transplanted only under the premise of NLMP. One-year graft
survival for SCS and NLMP recipients was 83.8% versus 81.3% and
93.4% for benchmark cases in the overall cohort. Total preservation
time had no influence on graft survival in the NLMP group but was
associated with inferior 1-year graft survival in the SCS group.
NLMP usage increased significantly over the duration of the study
period, as did the median total preservation time. With increasing
NLMP use and longer preservation times, nighttime surgery
decreased significantly from 41.9% to 4.2%.

Conclusions: Prolonged preservation times ease logistics and enable
daytime surgery. The possibility of NLMP offers to expand LT
without negatively affecting outcomes.

Keywords: graft preservation time, graft utilization, liver trans-
plantation, nighttime surgery, normothermic machine perfusion

(Ann Surg 2025;281:872–883)

S ince publication of the first human normothermic liver
machine perfusion (NLMP) trial in 2016,1 retrospective

single and dual-center studies, as well as multicenter pro-
spective randomized controlled trials (RCTs), have sup-
ported the benefit of this technology.2–6 Preservation of liver
grafts using NLMP can offer several advantages compared
with static cold storage (SCS),7,8 including reduced rates of
early allograft dysfunction (EAD) as well as increased
utilization rates.

Since FDA approval in 2021, NLMP has garnered
growing interest.9 Our clinical NLMP program was initiated
on February 1, 2018.10 The goal was to adopt the
technology in a cautious and integrative way and to
translate the technical advancements into a measurable
clinical benefit. Considering the reality of the allocation
system in the Eurotransplant Network as well as theDOI: 10.1097/SLA.0000000000006634
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financial and logistic limitations for transportation, we
opted for a back-to-base approach, which is the current
reality for many programs. While organ perfusion and
device-to-donor transportation services are emerging in the
United States, the early adoption of liver NLMP in Europe,
as well as many U.S. centers, was a back-to-base
application. One of the limitations of this approach is that
the study conditions were different and that the findings
from the RCTs, which used a device-to-donor approach, are
not immediately transferrable to the back-to-base use case.

Hence, our intention was to establish the feasibility of
this use case and its implementation in a multidisciplinary
working space before establishing the efficacy of NLMP in a
real-world setting.10

Herein, we now report on our five-year real-world
experience with NLMP, comparing outcomes between the
conventional procedure of applying SCS and liver trans-
plantation (LT) versus expanding the donor profile, moving
LT to daytime hours, and transplanting patients with a
higher surgical risk profile through NLMP use.

METHODS

Study Endpoints
The study endpoints were 1-year graft survival,

preservation times, NLMP utilization rate, logistical aspects
(such as nighttime surgery), incidence of posttransplant
(post-Tx) complications such as primary non-function
(PNF), EAD, rejection episodes, biliary and arterial
complications at 1 year as well as risk factors and their
influence on 1-year graft loss and patient death. Endpoints
were, in addition, analyzed according to the benchmark
definition by Muller et al11 to account for expected
differences in outcomes based on the underlying donor-
recipient risk profiles.

Study Population and Study Design
This is a retrospective, observational cohort study of all

consecutive adult patients who underwent LT between
February 1, 2018 and January 31, 2023. On February 1,
2018, the NLMP program was initiated at our center. We
followed a back-to-base, end-ischemic approach using the
OrganOx Metra device. NLMP was available throughout
the study period without interruption. Based on the need for
NLMP,10 grafts underwent NLMP or SCS. Patient data
were extracted from electronic health records, pseudony-
mized, and collected in a prospectively maintained, audit-
able institutional database.12 The study was conducted in
accordance with the Declaration of Helsinki and Istanbul,
and approved by the Institutional Review Board of
the Medical University of Innsbruck (EK 1168/2024). The
results were reported according to the strengthening the
reporting of observational studies in epidemiology
guidelines.13 Adopting the concept of a liberal organ
acceptance policy in the context of the Eurotransplant
Network organ allocation and exchange regulations requires
careful reflection and cautious consideration of the equality
and balance in the organ distribution system. In case an
organ was deemed unsuitable for transplantation following
NLMP, it was offered to Eurotransplant for reallocation.

Definitions
Benchmark cases were defined according to Muller

et al,11 to be considered a benchmark case, the following
donor and recipient characteristics needed to be fulfilled:

Model for End-stage Liver Disease (MELD) score ≤ 20,
balance of risk (BAR) score ≤ 9, absence of acute liver
failure, absence of mechanical ventilation support before
LT, absence of portal vein thrombosis, absence of previous
major abdominal surgery (HPB or extensive colorectal
surgery), a full-size graft from a donation after brain death
donor for primary LT [ie, split liver grafts, donation after
circulatory determination of death (DCD) grafts, and
retransplantations are excluded]. Extended criteria donors
(ECDs) were defined according to the Eurotransplant
Manual, Chapter 9: The Donor.14

Surgical Technique and Normothermic Liver
Machine Perfusion Setup

At our center, the standard surgical technique is a cava-
replacing approach, without routinely using veno-venous
bypass, as previously described.15 NLMP and viability
assessment were performed according to our institutional
protocol:10 Maintenance of physiological pH values without
sodium bicarbonate supplementation after 2 hours of
NLMP, as well as a rapid decrease and maintenance of
lactate values at physiological levels, are considered key
indicators of good organ function.16 Further to this,
exceptionally high aspartate transaminase (AST), alanine
transaminase, and lactate dehydrogenase levels, as well as a
sharp incline of these parameters, are considered warning
signals. Other values, such as bile output and biliary pH,
glucose, and bicarbonate, are indicators of biliary viability
and function.17 For DCD grafts bile production was
considered a must criterion. IL-6 levels, while not part of
the viability assessment per se, are analyzed and recorded,
serving as a predictor for reperfusion syndrome.18

Outcome Assessment
Graft loss was defined as patient death or liver

retransplantation. PNF was defined as peak AST ≥ 3000
IU/L plus at least one of the following criteria: INR ≥ 2.5,
serum lactate ≥ 4 mmol/L, and total bilirubin ≥ 10 mg/dL
(values measured on postoperative day 3, biliary obstruction
being excluded).19,20 EAD was defined according to the
Olthoff criteria.21

Rejection episodes were diagnosed and classified as
previously described.15 Biliary complications were classified
as leaks, anastomotic stenosis, non-anastomotic stenosis,
and cholangitis. Pathologies affecting the macroscopic
donor bile ducts (non-anastomotic stenosis, biliary cast
syndrome, and bile duct necrosis with intrahepatic leakage
and biloma formation) in the absence of thrombosis, severe
stenosis of the hepatic artery or recurrent disease (ie,
primary sclerosing cholangitis) were classified as post-Tx
cholangiopathy.22

The BAR score incorporates 6 variables [MELD score,
donor age, recipient age, cold ischemia time (CIT), trans-
plantation, and the need for life support] available at the
time of organ acceptance and ranges from 0 to 27 points.
BAR score values have been calculated according to the
publication by Dutkowski et al23 using the online BAR
score calculator (https://www.assessurgery.com/bar-score/
bar-score-calculator/). Postoperative complications were
graded according to the Clavien-Dindo classification
system.24 Complications were further quantified using the
Comprehensive Complication Index at hospital discharge
and 1 year after transplantation.25,26
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Statistical Analysis
For descriptive analyses, categorical variables were

summarized with the help of absolute numbers and relative
(percentages) frequencies. Continuous variables were sum-
marized with means and SD or medians and interquartile
range as appropriate. Comparative analysis of categorical
variables was conducted using the χ2 or Fisher exact test (if
one or more cells had an expected count of < 5). The Mann-
Whitney U and Kruskal-Wallis test were used to compare
continuous, not normally distributed variables. Univariate
and multivariate binary logistic regression analyses were
performed for selected study endpoints, starting with a
univariate analysis of each variable. Any variable with a
univariate P value < 0.1 was selected as a candidate for the
multivariate regression model. Kaplan-Meier survival
curves and the log-rank test were used to analyze and
compare graft and patient survival. Potential associations
between continuous variables were investigated with the
help of bivariate correlation analysis using the Spearman
correlation coefficient. Receiver operating characteristic
curves were plotted, and areas under the curve were
analyzed to evaluate the performance of binary classifiers.
All effects with a P value < 0.05 were considered statistically
significant. Missing values were not imputed. Statistical
analysis was conducted with SPSS (IBM SPSS Statistics for
Mac, Version 29.0.0.0: IBM Corp.).

RESULTS

Recipient, Donor, and Preservation
Characteristics

The study cohort consisted of 174 adult LT recipients
in the NLMP group and 158 adult LT recipients in the SCS
group (overall N = 332). Indications for LT and recipient
demographics can be found in Table 1 and Supplemental
Table S1 (Supplemental Digital Content Table S1, http://
links.lww.com/SLA/F384; benchmark vs non-benchmark
stratified according to NLMP vs SCS). The median recipient
age was higher in the NLMP group compared with the SCS
group [NLMP 60.0 years (53.0–66.3) vs SCS 58.5
(50.0–64.0), P = 0.047]. The proportion of standard risk,
benchmark cases was significantly lower in the NLMP
group [NLMP 36.2% (63 out of 174) vs SCS 48.7% (77 out
of 158), P = 0.021]. Donors were older in the NLMP group
[NLMP 57.0 years (44.8–67.0) vs SCS 52.5 (40.0–60.0), P =
0.006] and ECD [NLMP 83.9% (146 out of 174) vs SCS
62.7% (99 out of 158), P < 0.001], as well as DCD rates
[NMLP 19.5% (34 out of 174) vs SCS 1.3% (2 out of 158),
P < 0.001], were higher in the NLMP group. The CIT was
significantly shorter in the NLMP group compared with the
SCS group [NLMP 6.3 hours (5.3–7.5) vs SCS 7.8 (6.2–9.3),
P < 0.001] and the total preservation time was significantly
longer in the NLMP group [NLMP 22.3 hours (18.0–26.8)
vs SCS 7.8 (6.2–9.4), P < 0.001].

Indications for Normothermic Liver Machine
Perfusion and Utilization Rate

In most cases the indication for NLMP use was not
driven by a single factor rather than a combination of
multiple factors (donor and recipient factors and logistic
aspects). NLMP use permitted us to accept 67 additional
liver grafts which we would not have accepted before the
introduction of NLMP at our center per center policy. These
included DCD and other ECD grafts with additional risk

factors, such as advanced age, steatosis, or prolonged
ischemia times, livers from donors with suspected malig-
nancy where NLMP provided additional time for histo-
pathologic workup as well as liver grafts from septic donors
where NLMP served as a platform to administer targeted
anti-infective treatment and monitoring of the treatment
response before LT.27

Overall, these liver grafts “not accepted without the
possibility for NLMP” (n = 67) had a significantly higher
Eurotransplant Donor Risk Index [ET-DRI; 2.13
(1.67–2.55) vs 1.70 (1.30–1.95), P < 0.001] compared with
livers that we would have accepted regardless of NLMP
availability. A detailed analysis of the additional liver grafts
we were able to accept due to the possibility of NLMP can
be found in Supplemental Table S2 (Supplemental Digital
Content Table S2, http://links.lww.com/SLA/F384) and
Supplemental Table S3 (Supplemental Digital Content
Table S3, http://links.lww.com/SLA/F384).

During the study period, we observed an increase in
DCD graft usage from 8.1% to 15.3% (P = 0.302; Fig. 1).
Likewise, the median ET-DRI also increased from 1.61 to
1.75 (P = 0.210). The graft utilization rate was 73% (174
LTs out of 238 normothermic perfusions). Reasons for graft
discard are listed in Supplemental Table S4 (Supplemental
Digital Content Table S4, http://links.lww.com/SLA/F384).
A flow chart depicting the fate of all liver grafts offered to
our center during the study period can be found in
Supplemental Figure S1 (Supplemental Digital Content
Fig. S1, http://links.lww.com/SLA/F384).

Preservation Times and Logistical Aspects
The proportion of NLMP grew from 24.3% in the first

year to 69.4% in the fifth year (P < 0.001; Table 2). At the
same time, the median NLMP time increased from 9.4 hours
to 17.4 hours (P = 0.003) and the median total preservation
time increased from 17.1 hours to 22.7 hours (P < 0.001;
Fig. 2). Importantly, neither NLMP time, CIT, nor total
preservation time had any negative influence on graft
survival in the NLMP group, whereas in the SCS group,
the total preservation time was found to be an independent
predictor of 1-year graft loss (Table 4). With the increased
use of NLMP and the increased preservation time, nighttime
surgery (surgery starts from 8 PM to 8 AM) became
increasingly rare, dropping from 41.9% to 4.2% (P <
0.001; Table 2).

Complications After Liver Transplantation
Following Normothermic Liver Machine
Perfusion and Static Cold Storage

The overall incidence of post-Tx complications was
similar between the NLMP and SCS groups (Table 3;
Supplemental Digital Content Table S5, http://links.lww.
com/SLA/F384 benchmark vs non-benchmark outcomes
stratified according to NLMP vs SCS). Notably, no PNF
occurred in the NLMP group [NLMP 0% (0 out of 174) vs
SCS 2.5% (4 out 158), P = 0.050]. The NLMP group
exhibited a slightly lower, although not significant, EAD
rate compared with the SCS group [NLMP 29.9% (52 out of
174) vs SCS 36.1% (57 out of 158), P = 0.230]. Risk factors
for EAD can be found in Supplemental Table S6
(Supplemental Digital Content Table S6, http://links.lww.
com/SLA/F384). Biopsy-proven rejection was lower in the
NLMP group compared with the SCS group [NLMP 4.0%
(7 out of 174) vs 8.2% (13 out of 158), P = 0.108]. The
incidence of biliary complications was similar between
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TABLE 1. Recipient, Donor, and Preservation Characteristics

All
(N = 332)

NLMP
(n = 174)

SCS
(n = 158) P

Benchmark
(n = 140)

Non-benchmark
(n = 192) P

Recipient
Age (yr) 60.0

(52.0–65.0)
60.0 (53.0–66.3) 58.5

(50.0–64.0)
0.047 59.0 (52.0–64.0) 60.0 (53.0–65.0) 0.734

Sex — — — 0.537 — — 0.583
Female 85 (25.6) 47 (27.0) 38 (24.1) — 38 (27.1) 47 (24.5) —
Male 247 (74.4) 127 (73.0) 120 (75.9) — 102 (72.9) 145 (75.5) —

BMI (kg/m2) 25.6
(22.6–28.5)

25.5 (22.0–29.0) 25.7
(22.6–28.0)

0.894 26.0 (22.8–29.0) 25.4 (22.4–28.3) 0.283

Lab-MELD score 15.0
(10.0–20.0)

14.0 (10.0–19.3) 15.0
(10.8–20.0)

0.533 12.0 (9.3–15.0) 18.0 (12.0–24.0) < 0.001

BAR score 5.0 (4.0–10.0) 5.0 (4.0–10.0) 6.5 (3.0–10.0) 0.434 4.0 (3.0–5.0) 9.0 (5.0–12.0) < 0.001
Indication
MASLD 65 (19.6) 36 (20.7) 29 (18.4) 0.592 33 (23.6) 32 (16.7) 0.117
ALD 52 (15.7) 23 (13.2) 29 (18.4) 0.198 26 (18.6) 26 (13.5) 0.213
metALD 18 (5.4) 12 (6.9) 6 (3.8) 0.213 5 (3.6) 13 (6.8) 0.204
HBV 15 (4.5) 8 (4.6) 7 (4.4) 0.942 11 (7.9) 4 (2.1) 0.012
HCV 25 (7.5) 16 (9.2) 9 (5.7) 0.228 10 (7.1) 15 (7.8) 0.819
HCC 103 (31.0) 54 (31.0) 49 (31.0) 0.928 54 (38.6) 49 (25.5) 0.011
ALF 30 (9.0) 12 (6.9) 18 (11.4) 0.154 0 30 (15.6) < 0.001

Retransplantation 35 (10.5) 21 (12.1) 14 (8.9) 0.342 0 35 (18.2) < 0.001
Life support 15 (4.5) 6 (3.4) 9 (5.7) 0.325 0 15 (7.8) < 0.001
Mechanical ventilation 12 (3.6) 5 (2.9) 7 (4.4) 0.448 0 12 (6.3) 0.003
Portal vein thrombosis 26 (7.8) 18 (10.3) 8 (5.1) 0.074 0 26 (13.5) < 0.001
Benchmark case 140 (42.2) 63 (36.2) 77 (48.7) 0.021 — — —
Multiorgan transplant 14 (4.2) 7 (4.0) 7 (4.4) 0.854 3 (2.1) 11 (5.7) 0.108
Median follow-up (mo) 23 (11.3–39.0) 19 (10.0–36.0) 27 (12.0–45.3) 0.009 26.5 (14.0–42.3) 18.0 (6.0–36.0) 0.002
Donor
Age 55.0

(42.0–65.0)
57.0 (44.8–67.0) 52.5

(40.0–60.0)
0.006 57.5 (46.0–68.8) 53.0 (40.0–62.0) 0.004

Sex — — — 0.640 — — 0.147
Female 141 (42.5) 76 (43.7) 65 (41.1) — 53 (37.9) 88 (45.8) —
Male 191 (57.5) 98 (56.3) 93 (58.9) — 87 (62.1) 104 (54.2) —

BMI (kg/m2) 26.0
(23.0–29.0)

26.0 (23.0–29.0) 26.0
(24.0–29.0)

0.829 26.0 (24.0–29.0) 26.0 (23.0–28.0) 0.074

COD — — — 0.006 — — 0.230
CVA 184 (55.4) 93 (53.4) 91 (57.6) — 88 (62.9) 96 (50.0) —
Circulatory 26 (7.8) 20 (11.5) 6 (3.8) — 9 (6.4) 17 (8.9) —
Trauma 72 (21.7) 29 (16.7) 43 (27.2) — 25 (17.9) 47 (24.5) —
Hypoxia 23 (6.9) 13 (7.5) 10 (6.3) — 9 (6.4) 14 (7.3) —
Other 27 (8.1) 19 (10.9) 8 (5.1) — 9 (6.4) 18 (9.4) —

ECD* 245 (73.8) 146 (83.9) 99 (62.7) < 0.001 104 (74.3) 141 (73.4) 0.862
ECD criteria ≥ 2 121 (36.4) 82 (47.1) 39 (24.7) < 0.001 42 (30.0) 79 (41.1) 0.037
DCD 36 (10.8) 34 (19.5) 2 (1.3) < 0.001 0 36 (18.8) < 0.001

ET-DRI 1.68
(1.39–2.01)

1.81 (1.49–2.25) 1.54
(1.33–1.83)

< 0.001 1.67 (1.32–1.93) 1.70 (1.41–2.14) 0.087

Preservation details
fWIT (min) 23.0

(18.0–26.0)
23.0 (18.5–26.5) 21.5 (18.0 -) 0.807 — 23.0 (18.0–26.0) —

CIT (h) 6.8 (5.5–8.3) 6.3 (5.3–7.5) 7.8 (6.2–9.3) < 0.001 6.7 (5.3–8.2) 6.9 (5.5–8.4) 0.329
NLMP time (h) 16.2

(11.4–20.7)
16.2 (11.4–20.7) — — 14.7 (11.0–21.0) 17.0 (11.6–20.6) 0.393

Total preservation time
(h)

14.2 (7.9–22.7) 22.3 (18.0–26.8) 7.8 (6.2–9.4) < 0.001 10.7 (6.8–19.6) 16.2 (8.3–23.8) 0.002

Total operating time (h) 5.7 (4.8–7.0) 5.8 (4.9–7.2) 5.5 (4.6–6.7) 0.027 5.5 (4.5–6.5) 5.9 (4.9–7.5) 0.002
Nighttime surgery† 69 (20.8) 13 (7.5) 56 (35.4) < 0.001 35 (25.0) 34 (17.7) 0.106

Bold values indicate significant P values.
*ECD criteria: Donor age > 65 years, ICU stay with ventilation > 7 days, BMI > 30 kg/m2, steatotic liver > 40%, serum sodium > 165 mmol/L, alanine

transaminase > 105 U/L, AST > 90 U/L, serum bilirubin > 3 mg/dL, donation after cardiocirculatory death.
†Surgery starts from 8 PM to 8 AM.
Values are presented as medians or absolute numbers with interquartile ranges and percentages in parentheses.
ALD indicates alcohol-associated liver disease; ALF, acute liver failure; COD, cause of death; CVA, cardiovascular accident; fWIT, functional warm

ischemia time; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; ICU, intensive care unit; MASLD, metabolic dysfunction-
associated steatotic liver disease; metALD, metabolic dysfunction-associated liver disease.
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groups [NLMP 42.0% (73 out of 174) vs SCS 36.7% (58 out
of 158), P = 0.329]. There was a tendency for higher post-
Tx cholangiopathy rates in the NLMP group compared with
the SCS group [NLMP 9.8% (17 out of 174) vs SCS 5.7% (9
out of 158), P = 0.168]. This was attributed to a higher
proportion of DCD grafts in the NLMP group (34 of 36
DCD grafts in the NLMP group). DCD was found to be a
strong independent predictor of post-Tx cholangiopathy
(Supplemental Digital Content Table S7, http://links.lww.
com/SLA/F384). Arterial complications, reintervention
rates within 30 days, unplanned readmission rates within
30 days, as well as intensive care unit (ICU) length of stay,
overall length of stay, and overall complications at
discharge and at 1 year, were similar between groups
(Table 3).

Graft and Patient Survival Analysis
Kaplan-Meier estimates that for 1 and 3-year graft

survival rates were similar for NLMP and SCS (Fig. 3A).
Survival rates were significantly better for benchmark cases
compared with non-benchmark cases (Fig. 3B; Supplemen-
tal Digital Content Fig. S2, http://links.lww.com/SLA/F384
benchmark vs non-benchmark survival outcomes stratified
according to NLMP vs SCS). In the overall cohort, the
BAR score, ET-DRI, reintervention within 30 days, and
arterial complications were independent predictors of graft
loss at 1 year (Table 4). Receiver operating characteristic
curve analysis showed an area under the curve of 0.672 (95%
CI: 0.592–0.753, P < 0.001) for the BAR score compared

with 0.634 (0.554–0.714, P = 0.002) for the ET-DRI for 1-
year graft loss. The optimal BAR score cutoff, based on the
maximum Youden index, was determined to be 10 points
(< 10 points vs ≥ 10 points).

DISCUSSION
The present study reports real-world outcomes of a

large European single-center cohort comparing the out-
comes of NLMP to those of SCS. We aimed to address the
current uncertainty regarding the clinical benefit of NLMP
when used in a real-world, back-to-base setting. The true
clinical benefits of NLMP as a 24/7 service at a transplant
center remain to be more clearly defined. Key criteria for
successful implementation of NLMP that are often under-
estimated in this context are the organizational structure,
the procedural aspects, the multidisciplinary character, and
the infrastructure requirements in this setting. Accordingly,
our first readout of the program was an assessment of safety
and feasibility.10 Building on the early experience, we herein
focus on the effectiveness of NLMP in a real-world setting.
Our results suggest that NLMP allows us to safely prolong
total preservation times without negatively affecting out-
comes. Graft survival, as well as the incidence of post-Tx
complications, were similar between both groups despite
significantly longer total preservation times in the NLMP
cohort. To the best of our knowledge, the median total
preservation time as well as median NLMP time reported in
this study are the longest recorded in any of the
normothermic machine perfusion studies published to date.
Importantly, these extended total preservation times did not
negatively impact graft survival in the NLMP group,
whereas in the SCS group, prolonged total preservation
time was found to be an independent predictor of graft
failure at 1 year. Our findings are similar to those of Hefler
et al,2 who found no significant differences in post-Tx
outcomes when comparing NLMP to SCS in a North
American liver transplant cohort despite significantly longer
total preservation times in the NLMP group. This difference
persisted even after matching for lab-MELD, donor risk
index, donor and recipient age as well as donor type. While
Hefler and colleagues performed propensity score matching
to adjust for baseline risk differences, Wehrle and colleagues

FIGURE 1. The proportion of DCD grafts transplanted increased over the duration of the study period.

TABLE 2. NLMP Use and Nighttime Surgery

Study Year NLMP Use; n (%) Nighttime Surgery; n (%)*

1 18/74 (24.3) 31/74 (41.9)
2 38/60 (63.3) 14/60 (23.3)
3 32/62 (51.6) 11/62 (17.7)
4 36/64 (56.3) 10/64 (14.5)
5 50/72 (69.4) 3/72 (4.2)

*Surgery starts time between 8 PM and 8 AM. Concurrent with the increase
in NLMP usage from 24.3% to 69.4% (P < 0.001), a significant decrease in
nighttime surgery from 41.9% to 4.2.% (P < 0.001) was observed.
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undertook a different approach, matching SCS recipients to
NLMP recipients 2:1 based on the BAR score.4 The BAR
score has previously been shown to have the best predictive
capability out of all predictive scores available before LT,28
and was found to be an independent predictor of graft
survival in our study. Both NLMP and SCS recipients
exhibited similar BAR scores at baseline, even without
performing statistical matching. This is in line with our
program’s philosophy of conscientious donor-recipient
matching to avoid high-risk combinations. Thus, instead
of performing statistical matching, we compared outcomes
for benchmark and non-benchmark cases, aiming to reflect
real-world transplant scenarios and capture the “real-world
experience” more accurately. Benchmarking in surgery has
recently been introduced for numerous surgical procedures,
including LT.11,29–32 Benchmarking allows for outcome
comparison across different centers, and reporting the
percentage of benchmark cases in a liver transplant cohort
allows to estimate the amount of risk a center is taking on.
We have shown that survival outcomes for both NLMP and
SCS, as well as benchmark cases, were excellent and well
within the published references. As expected, outcomes for
non-benchmark cases were worse compared with bench-
mark cases, however, non-benchmark outcomes were

similar in the NLMP and SCS group. Naturally, overall
outcomes will depend on the proportion of benchmark cases
in the overall cohort. In our setting, NLMP resulted in a
lower number of standard risk benchmark cases in the
NLMP group compared with the SCS group. In other
words, higher-risk non-benchmark cases were shifted
towards the NLMP group. One factor driving this develop-
ment is the fact that it has become the center policy to put all
DCD grafts on the pump for viability assessment. Another
contributing factor to this development is the tendency to
shift complex recipients towards NLMP.

In the present study, the CIT was significantly shorter in
the NLMP cohort compared with the SCS cohort, which
contrasts with the results of 2 North American studies that
also employed a back-to-base approach.2,4 This observation
is most likely related to our streamlined workflow. Since the
first description of our NLMP workflow,10 we have made
some modifications to simplify NLMP setup. The OrganOx
Metra is now set up in the transplant ICU by the ICU nursing
staff, while the liver graft is benched in the operating room
(OR) in anticipation of NLMP. Once the liver has been
prepared and is ready to commence NLMP, the OrganOx
Metra is transferred to the OR where NLMP is initiated. As
soon as NLMP is started, the clock on the CIT stops,

A

B

FIGURE 2. The development of NLMP (A) and total preservation time (B) over the duration of the study period is depicted. Median
NLMP and total preservation times for each study year with IQR in parentheses are shown. IQR indicates interquartile range.
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regardless of any unforeseeable events that might happen
during anesthesia induction or the recipient hepatectomy.
Especially for complex recipients such as those with portal
vein thrombosis, previous major abdominal surgeries, as well
as for redo LTs (ie non-benchmark cases), not having to
worry about the CIT while performing a potentially complex
hepatectomy is a luxury to have. Since CIT is one of the most
important modifiable risk factors in transplantation,23,33
keeping the median CIT to 6 hours was one of the added
benefits of NLMP for our program. The shorter CIT in the
NLMP group allowed us to keep the BAR score similarly low
compared with the SCS group despite a significantly higher
donor and recipient age in the NLMP group.

Furthermore, the logistical aspects afforded by “stop-
ping the clock” on the CIT through the application of NLMP
are profound and underappreciated in our perception. With
the increasing usage of NLMP and increasing NLMP times
over the duration of the study period, we saw a significant
decrease in nighttime procedures. With the help of NLMP,
LT was essentially converted into a scheduled daytime
procedure. Furthermore, complex parallel procedures such
as simultaneous adult and pediatric split LT were avoided
because of the availability of NLMP.17 Having the luxury of
performing LT under controlled conditions during the
daytime without significant time constraints also facilitates
teaching and education in the OR as well as the overall well-
being of the surgical, anesthesia, and OR staff. With
physician burnout and work-life balance becoming increas-
ingly important aspects in medicine and surgery
especially,34–36 moving transplant surgery out of the night
might help with surgeon attrition and OR workforce
retention. The literature indicates that reducing nighttime
operating hours leads to lower levels of burnout and

depression among physicians, ultimately improving their
overall well-being.37 Moreover, discard rates and nonusage
rates of liver grafts have been shown to be higher during the
nighttime or on weekends.38 NLMP may help to take human
factors, such as fatigue or other lifestyle aspects out of the
equation, as it essentially avoids nighttime transplantation
and allows more flexibility, which could help mitigate
increased discard and nonusage rates during untimely hours.

Recently, Brüggenwirth et al39,40 have demonstrated
that not only NLMP, but also prolonged hypothermic
oxygenated machine perfusion (HOPE) and dual HOPE
(DHOPE) may allow to improve transplant logistics and
move liver transplant surgery out of the night. In
an investigator-initiated, single-center prospective trial
comparing conventional DHOPE (1–2 hours) with pro-
longed DHOPE (8 hours) safety and feasibility of the
prolonged approach was established.40 In this study,40
prolonged DHOPE also facilitated daytime LT. However,
with limited data available and data from RCTs lacking,
prolonged DHOPE is still at an early stage. Overall, the
transformation of LT from an urgent to a semielective
procedure not only enhances the efficiency and effectiveness
of the transplant operation but also promotes a healthier,
more sustainable work environment for medical professio-
nals. Still, as pointed out by a recent study from Li et al,41
there are obstacles that need to be overcome. In their study,
Li and colleagues found that, while the majority of
European and U.S. liver transplant centers have adopted
NLMP, 41% of all centers that have implemented NLMP
still performed more than 50% of their LT during nighttime
or on weekends.41 This is in stark contrast to our experience
where nighttime LT decreased from 42% to 4% since
implementing NLMP into the clinical routine.

TABLE 3. Clinical Outcomes and Complications

All
(N = 332)

NLMP
(n = 174)

SCS
(n = 158) P

Benchmark
(n = 140)

Non-benchmark
(n = 192) P

PNF 4 (1.2) 0 4 (2.5) 0.050 1 (0.7) 3 (1.6) 0.641
EAD 109 (32.8) 52 (29.9) 57 (36.1) 0.230 47 (33.6) 62 (32.2) 0.806
Rejection* 20 (6.0) 7 (4.0) 13 (8.2) 0.108 11 (7.9) 9 (4.7) 0.231
Biliary complications* 131 (39.5) 73 (42.0) 58 (36.7) 0.329 52 (37.1) 79 (41.1) 0.461
Bile duct leaks 39 (11.7) 20 (11.5) 19 (12.0) 0.881 15 (10.7) 24 (12.5) 0.618
AS 70 (21.1) 41 (23.6) 29 (18.4) 0.245 27 (19.3) 43 (22.4) 0.493
NAS 33 (9.9) 19 (10.9) 14 (8.9) 0.531 13 (9.3) 20 (10.4) 0.734
Post-Tx

cholangiopathy
26 (7.8) 17 (9.8) 9 (5.7) 0.168 10 (7.1) 16 (8.3) 0.690

Cholangitis 41 (12.3) 19 (10.9) 22 (13.9) 0.406 17 (12.1) 24 (12.5) 0.922
Arterial complications* 26 (7.8) 14 (8.0) 12 (7.6) 0.879 6 (4.3) 20 (10.4) 0.040
Stenosis 12 (3.6) 8 (4.6) 4 (2.5) 0.314 3 (2.1) 9 (4.7) 0.220
Thrombosis 13 (3.9) 5 (2.9) 8 (5.1) 0.304 3 (2.1) 10 (5.2) 0.155
Jump graft occlusion 1 (0.3) 1 (0.6) 0 1.000 0 1 (0.5) 1.000

CCI
At discharge 48.1 (29.6–70.1) 50.9 (30.8–71.7) 46.1 (29.6–66.1) 0.177 38.2 (24.7–58.6) 55.8 (36.5–75.9) < 0.001
12 mo 71.2 (48.9–99.0) 71.4 (50.6–99.0) 70.7 (45.3–95.1) 0.205 58.4 (39.2–86.6) 79.0 (56.3–99.0) < 0.001

Reintervention
Reintervention ≤ 30 d 147 (44.3) 80 (46.0) 67 (42.4) 0.513 51 (36.4) 96 (50.0) 0.014

Readmission ≤ 30 d 23 (6.9) 12 (6.9) 11 (7.0) 0.981 11 (7.9) 12 (6.3) 0.569
ICU stay (d) 5.0 (3.0–9.0) 5.0 (3.0–9.5) 4.0. (3.0–9.0) 0.118 4.0 (3.0–6.0) 5.0 (4.0–12.0) < 0.001
Hospital stay (d) 21.0 (15.3–30.0) 21.0 (16.0–33.3) 19.0 (15.0–29.0) 0.057 18.0 (14.0–24.8) 22.0 (16.0–38.5) < 0.001

Bold values indicate significant P values.
*Within 1 year.
NLMP versus SCS, benchmark versus non-benchmark.
Values are presented as medians or absolute numbers with interquartile ranges and percentages in parentheses.
AS indicates anastomotic stricture; CCI, Comprehensive Complication Index; NAS, non-anastomotic stenosis.
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Moving forward, combining different machine perfu-
sion approaches, such as standard or prolonged DHOPE
and NLMP, in an effort to best utilize the individual
advantages of each technology will most likely maximize the
overall benefit for both patients and health care providers.

In our setting, NLMP not only allowed us to keep the
CIT to a minimum while extending total preservation times
thereby easing logistics, but also served as a platform
for viability assessment.With the ongoing shortage of suitable
donor organs and the increasing use of ECD organs, viability

A

B

FIGURE 3. Kaplan-Meier
survival curves showing 1
and 3-year graft survival for
NLMP versus SCS (A) and
benchmark versus non-
benchmark cases (B).
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assessment has become an essential tool to safely expand
the donor pool. Several groups have now shown that livers
that were initially declined based on traditional criteria
can be successfully transplanted following machine perfusion
and viability assessment.42–44 The ability to perform viability
assessment before making the decision whether to transplant
or discard an organ has changed our center’s acceptance
policy. This change has prompted us to accept higher-risk
grafts with higher ET-DRIs without transferring the risk to

the recipient. Despite the overall donor risk being significantly
higher in the NLMP group compared with the SCS group, no
PNF was recorded in the NLMP group. Similarly, Hefler
et al2 also reported no PNF in their NLMP cohort and
others have found similar results.3 This shows that
hepatocellular viability assessment during NLMP is reliable
and reproducible.

In line with outcomes reported by Hefler et al2 and
findings from a recent U.S. RCT,45 but contrasting results

TABLE 4. Risk Factors for 1-year Graft Loss—Binary Logistic Regression Analysis

Univariate Multivariate*

OR 95% CI P OR 95% CI P

Overall
Non-benchmark case 4.586 (2.161–9.731) < 0.001 — —
Recipient age 1.004 (0.980–1.029) 0.722 — —
Lab-MELD 1.062 (1.026–1.099) < 0.001 — —
BAR score 1.156 (1.085–1.232) < 0.001 1.234 (1.049–1.453) 0.011
Donor age 1.011 (0.993–1.030) 0.230 — —
ECD 0.937 (0.488–1.796) 0.844 — —
DCD 2.145 (0.968–4.752) 0.060 — —
ET-DRI 2.636 (1.559–4.458) < 0.001 2.939 (1.410–6.127) 0.004
CIT (h) 1.136 (1.009–1.279) 0.036 — —
Total preservation time (h) 1.034 (1.001–1.068) 0.043 — —
EAD 1.327 (0.728–2.417) 0.356 — —
LOS ICU — — — —
LOS hospital — — — —
Reintervention within 30 d 3.814 (2.031–7.162) < 0.001 3.626 (1.760–7.471) < 0.001
Arterial complication 6.286 (2.728–14.486) < 0.001 5.390 (2.046–14.198) < 0.001
Post-Tx-cholangiopathy 1.219 (0.439–3.385) 0.704 — —

NLMP
Non-benchmark case 4.976 (1.657–14.941) 0.004 — —
Recipient age 1.014 (0.980–1.049) 0.425 — —
Lab-MELD 1.094 (1.040–1.151) < 0.001 — —
BAR score 1.183 (1.079–1.297) < 0.001 — —
Donor age 1.020 (0.996–1.045) 0.103 — —
ECD 0.492 (0.194–1.246) 0.135 — —
DCD 2.235 (0.939–5.317) 0.069 — —
ET-DRI 2.568 (1.331–4.953) 0.005 3.373 (1.351–8.421) 0.009
Accepted without Metra (no) 0.560 (0.259–1.214) 0.142 — —
CIT (h) 1.050 (0.886–1.244) 0.572 — —
NLMP time (h) 1.046 (0.975–1.122) 0.210 — —
Total preservation time (h) 1.045 (0.981–1.114) 0.171 — —
EAD 1.290 (0.571–2.915) 0.540 — —
Reintervention within 30 d 3.186 (1.405–7.227) 0.006 3.937 (1.454–10.661) 0.007
Arterial complication 7.556 (2.407–23.719) < 0.001 7.327 (1.908–28.138) 0.004
Post-Tx-cholangiopathy 1.418 (0.430–4.673) 0.566 — —

SCS
Non-benchmark case 4.114 (1.444–11.721) 0.008 — —
Recipient age 0.991 (0.957–1.027) 0.611 — —
Lab-MELD 1.037 (0.987–1.089) 0.149 — —
BAR score 1.140 (1.042–1.247) 0.004 — —
Donor age 0.994 (0.966–1.024) 0.704 — —
ECD 1.432 (0.552–3.715) 0.460 — —
ET-DRI 2.863 (1.040–7.887) 0.042 — —
Total preservation time (h) 1.353 (1.104–1.657) 0.004 1.265 (1.002–1.598) 0.048
EAD 1.440 (0.587–3.533) 0.425 — —
Reintervention within 30 d 4.817 (1.782–13.016) 0.002 3.599 (1.227–10.551) 0.020
Arterial complication 5.079 (1.456–17.715) 0.011 — —
Post-Tx-cholangiopathy 0.722 (0.086–6.057) 0.764 — —

Bold values are statistically significant P < 0.05.
*Variables which remained as significant independent predictors in the multivariate model are displayed. Total preservation time was an independent

predictor of 1-year graft loss in the SCS group but not in the NLMP group.
Variables with P value < 0.1 in the univariate analysis were considered for multivariate analysis.
LOS, Length of stay; OR, Odds ratio.
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from previous RCTs,5,6 we did not find a significant
reduction of EAD in the NLMP group. This observation
might have been an issue of limited statistical power as the
EAD rate was 30% in the NLMP group versus 36% in the
SCS group and 27% versus 39% when comparing bench-
mark NLMP to benchmark SCS. The relevance of EAD as
a binary outcome parameter as defined by Olthoff et al21 has
previously been questioned.46 Moreover, EAD has not been
validated in the context of machine perfusion. Dilution and
washout of biomarkers such as AST into the perfusate most
likely leads to false low AST levels in the recipient. The
Consortium for Organ Preservation in Europe trial has
demonstrated that reduced EAD rates are related to reduced
peak transaminase levels.47 Fodor et al48 have shown that
out of the three diagnostic criteria, peak AST levels are the
weakest outcome predictor providing further evidence as to
why EAD is of limited use as an endpoint in machine
perfusion studies. In our study the presence of EAD had no
influence on graft survival neither in the overall cohort nor
in the NLMP and SCS groups. EAD most likely needs to be
redefined and validated in the context of NLMP.47

Overall, current hepatocellular viability criteria allow
the safe selection of organs for transplantation but may lead
to unnecessary high discard rates.43 The discard rate in our
study was 27% and thus similar to the 24% discard rate
reported by Watson et al.49 Discard rates have been shown
to differ between the United States and Europe reflecting
differences in the organ acceptance process. In the United
States, programs apply a more selective approach to organ
offers as the retrieval costs are higher, and thus, the decision
to decline a liver is more likely to happen at the time of
organ offer.45 In Europe, centers with established NLMP
programs may be more likely to defer the decision until after
a period of NLMP has allowed for viability assessment.
Deferring the final decision to accept or decline a liver to a
time when we had a chance to gather more data has been
one of the key benefits of NLMP. While our approach may
lead to a higher discard rate after NLMP we would argue
that fully assessing a liver graft before making the decision
whether to decline or not is the more rational approach
compared with declining livers at offering before retrieval,
as this seems to defeat the purpose of trying to expand the
donor pool using NLMP. Ultimately, viability assessment
and the identification of reliable parameters remains a work
in progress. The decision on whether to transplant or
discard an organ may not be as clear-cut as it should be.
Rather, the goal should be to develop predictive scores that
allow the estimate of post-Tx outcomes for a specific liver
graft from a specific donor, with a specific risk profile and
specific performance during viability assessment that is
transplanted into a specific recipient. This way, calculated
risks can be taken, and the decision of whether to transplant
or discard an organ can be individualized based on recipient
factors and local circumstances such as regional waitlist
mortality rates.

Compared with hepatocellular viability assessment,
cholangiocellular viability assessment is less well-established
and remains an unmet clinical need.50 NLMP alone, most
likely does not result in a decrease in biliary complications
and, most importantly, post-Tx cholangiopathy.42,51,52 The
10% post-Tx cholangiopathy rate in our NLMP cohort is
almost identical to the 11% reported by Watson et al49 in a
similar European cohort. Of all RCTs published on this topic,
only the OCS Liver Protect trial found a decrease in post-Tx
cholangiopathy in the normothermic perfusion arm

compared with the SCS arm.6 All other RCTs did not
provide any evidence to suggest that NLMP can reduce the
incidence of post-Tx cholangiopathy. None of these RCTs
was designed or powered to show a difference in the incidence
of post-Tx cholangiopathy.5,45,53 This is in line with our
observations, as DCD graft usage was the most significant
independent predictor of post-Tx cholangiopathy, despite the
fact that almost all DCD were normothermically perfused
before LT. The way forward will most likely be a
combination of DHOPE to bioenergetically recondition the
mitochondria of the liver graft followed by either controlled
rewarming andNLMP or going straight to NLMP. This way,
marginal liver grafts can be reconditioned during HOPE
and viability can be assessed during NLMP while still
maintaining most logistical advantages. Data coming from
the Netherlands have demonstrated the huge potential of this
approach to safely extend the donor pool, showing very low
post-Tx cholangiopathy rates following DHOPE-controlled
rewarming-NMP in nationally declined liver grafts.54

Having NLMP available at our center allowed us to
accept liver grafts that would not have been accepted
otherwise. These, in addition, accepted liver grafts include
livers from donors with suspected malignancies where NLMP
gave us time to perform a thorough histopathologic evalua-
tion, septic or infectious donors where NLMP served as a
platform to treat and assess liver grafts,27,55 as well as DCD
and other ECD donors with additional risk factors such as
prolonged functional warm ischemia time, advanced age or
macrovesicular steatosis. Importantly, these, in addition,
accepted grafts had no negative impact on graft survival
(Table 4). Of course, this observation needs to be viewed
within the context of the local waitlist dynamics. As pointed
out above, center policies in terms of organ acceptance will
differ based on waitlist mortality rates and organ availability.

The present study has several limitations. First, the
retrospective single-center study design warrants external
validation of our findings. Second, due to our center policy
almost all DCD grafts have been normothermically
perfused, limiting comparison of DCD-NLMP to DCD-
SCS. For endpoints with low event rates, the statistical
power might have been too low to detect significant
differences. Another limitation is the fact that the outcomes
of grafts discarded after NLMP remain unknown.
Ultimately, viability assessment and defining reliable
parameters remain a work in progress. Now, that the safety
of current hepatocellular viability criteria has been repeat-
edly demonstrated, it might be time to carefully
expand viability criteria to decrease discard rates without
compromising outcomes. Strengths of this study include the
close follow-up of our transplant recipients, a high level of
data completeness, and data granularity stemming from an
integrated, auditable medical documentation platform at
our institution. The large NLMP cohort, long preservation
times, and, compared with other studies, longer median
follow-up time, as well as the structured approach, are
additional strengths and give substance to this study.
Furthermore, reporting outcomes (ie biliary complications,
Comprehensive Complication Index, etc) at standardized
time points (1 year) while also reporting the proportion of
benchmark cases in the overall cohort as well as in the
NLMP and SCS groups and comparing outcomes based on
benchmark and non-benchmark cases is a unique feature of
the present study and in line with recent recommendations
on how to report and assess the quality of surgical
interventions.56,57

Ann Surg � Volume 281, Number 5, May 2025 NLMP at a Large European Center

Copyright © 2025 The Author(s). Published by Wolters Kluwer Health, Inc. www.annalsofsurgery.com | 881
This paper can be cited using the date of access and the unique DOI number which can be found in the footnotes.



CONCLUSIONS
In summary, NLMP has resulted in significantly

shorter CIT and significantly longer total preservation times
compared with SCS. Prolonged total preservation time was
an independent predictor of 1-year graft loss in the SCS but
not the NLMP group. Thus, NLMP allows a safe
prolongation of the overall preservation time by stopping
the clock on the CIT. The extended preservation time
provides significant logistical advantages, essentially con-
verting LT into a scheduled daytime procedure, which we
believe is an underappreciated aspect of this technology. The
possibility to perform viability assessment before trans-
plantation has allowed us to accept liver grafts with a higher
ET-DRI without transferring the risk to the recipient as the
ability to normothermically perfuse the liver and
perform viability assessment before ultimately deciding
whether to transplant or discard the organ serves as an
additional safety net. Within this context, we would like to
emphasize the importance of a close by central laboratory
with short transport routes and fast turnaround times.

Furthermore, the decision process becomes more
objective as it is more informed and based on more data
points compared with the previous process of evaluating
donor laboratory values and the macroscopic appearance of
the liver graft. Combining the logistical advantages of
NLMP with the possibility of assessing organs has allowed
us to increase the number of successful LTs at our center.
Despite NLMP, DCD graft usage was one of the most
independent predictors of post-Tx cholangiopathy high-
lighting the fact that NLMP alone most likely does not
result in lower cholangiopathy rates (at least not in the back-
to-base setting) and that cholangiocellular viability assess-
ment remains a work in progress. We would like to
emphasize that while NLMP has enabled us to transplant
more livers with a higher risk profile, donor-recipient
matching (ie, avoiding high-risk donor and recipient
combinations) remains a key aspect.
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