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ORIGINAL ARTICLE

Hypothermic Machine Perfusion in Liver
Transplantation — A Randomized Trial

R. van Rijn, |J. Schurink, Y. de Vries, A.P. van den Berg, M. Cortes Cerisuelo,
S. Darwish Murad, J.I. Erdmann, N. Gilbo, R.J. de Haas, N. Heaton, B. van Hoek,
V.A.L. Huurman, |. Jochmans, O.B. van Leeuwen, V.E. de Meijer, D. Monbaliu,
W.G. Polak, J.J.G. Slangen, R.I. Troisi, A. Vanlander, J. de Jonge, and RJ. Porte,
for the DHOPE-DCD Trial Investigators*

ABSTRACT

BACKGROUND
Transplantation of livers obtained from donors after circulatory death is associated
with an increased risk of nonanastomotic biliary strictures. Hypothermic oxygen-
ated machine perfusion of livers may reduce the incidence of biliary complications,
but data from prospective, controlled studies are limited.

METHODS

In this multicenter, controlled trial, we randomly assigned patients who were un-
dergoing transplantation of a liver obtained from a donor after circulatory death
to receive that liver either after hypothermic oxygenated machine perfusion (ma-
chine-perfusion group) or after conventional static cold storage alone (control group).
The primary end point was the incidence of nonanastomotic biliary strictures
within 6 months after transplantation. Secondary end points included other graft-
related and general complications.

RESULTS

A total of 160 patients were enrolled, of whom 78 received a machine-perfused
liver and 78 received a liver after static cold storage only (4 patients did not receive
a liver in this trial). Nonanastomotic biliary strictures occurred in 6% of the patients
in the machine-perfusion group and in 18% of those in the control group (risk
ratio, 0.36; 95% confidence interval [CI], 0.14 to 0.94; P=0.03). Postreperfusion
syndrome occurred in 12% of the recipients of a machine-perfused liver and in
27% of those in the control group (risk ratio, 0.43; 95% CI, 0.20 to 0.91). Early
allograft dysfunction occurred in 26% of the machine-perfused livers, as compared
with 40% of control livers (risk ratio, 0.61; 95% CI, 0.39 to 0.96). The cumulative
number of treatments for nonanastomotic biliary strictures was lower by a factor
of almost 4 after machine perfusion, as compared with control. The incidence of
adverse events was similar in the two groups.

CONCLUSIONS
Hypothermic oxygenated machine perfusion led to a lower risk of nonanasto-
motic biliary strictures following the transplantation of livers obtained from donors
after circulatory death than conventional static cold storage. (Funded by Fonds
NutsOhra; DHOPE-DCD ClinicalTrials.gov number, NCT02584283.)
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ONANASTOMOTIC BILIARY STRICTURES

are a major complication after liver trans-

plantation, resulting in cholestasis and
cholangitis and, frequently, in the use of biliary
interventions or even retransplantation (i.e., trans-
plantation of a new liver graft and removal of the
first graft)."? The incidence of nonanastomotic
biliary strictures is approximately 3 times as
high after the transplantation of livers obtained
from donors after circulatory death as after the
transplantation of livers obtained from brain-
dead donors.”® Nevertheless, liver grafts from
donors after circulatory death are increasingly
used for transplantation owing to persistent
donor-organ shortage.**

Ischemia-reperfusion injury is a key mecha-
nism in the pathogenesis of bile-duct injury and
the subsequent development of biliary strictures
after transplantation.’* Although conventional
static cold preservation provides some protec-
tion against ischemia-reperfusion injury, more-
advanced preservation methods are needed to
improve outcomes after transplantation of livers
obtained from donors after circulatory death
and to increase the frequency of their use.*

Oxygenated ex situ machine perfusion is a
dynamic preservation method that has been de-
veloped to reduce the incidence and severity of
ischemia-reperfusion injury and to improve out-
comes after organ transplantation.®® Preclini-
cal studies have shown that a short period (1 to
2 hours) of hypothermic oxygenated machine
perfusion restores mitochondrial function and
reduces the production of radical oxygen species
and damage-associated molecular patterns after
transplantation.'®!? This relatively simple tech-
nique can be performed after static cold stor-
age.® The first clinical experiences suggested
that this preservation method was safe, reduced
the incidence of hepatobiliary preservation inju-
ry, and was associated with improved early graft
function, as compared with static cold preserva-
tion alone.’®*® Although these findings were prom-
ising and have increased the interest in machine-
based preservation techniques, they were based on
small single-center cohorts without a random-
ized control group. We conducted a multicenter,
randomized, controlled trial to compare hypo-
thermic oxygenated machine perfusion with
static cold preservation in the transplantation of
livers from donors after circulatory death, with
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the incidence of nonanastomotic biliary stric-
tures as the primary end point.

METHODS

TRIAL DESIGN AND OVERSIGHT

The DHOPE-DCD (Dual Hypothermic Oxygen-
ated Perfusion of DCD Liver Grafts in Preventing
Nonanastomotic Biliary Strictures after Trans-
plantation) trial was investigator-initiated and
was designed as a multicenter, prospective, two-
group, randomized, controlled, clinical trial.
The trial was conducted in six liver-transplanta-
tion centers in Europe. Centralized balanced-
block randomization (in blocks of six) was
computer-generated, with stratification accord-
ing to trial center and primary sclerosing chol-
angitis as an indication for transplantation (yes
or no). Patients were randomly assigned in a 1:1
ratio to receive a liver preserved either with hy-
pothermic oxygenated machine perfusion after
static cold preservation during transportation
(machine-perfusion group) or with static cold
preservation alone (control group). Randomiza-
tion took place immediately after a donor liver
had been deemed to be suitable and had been
accepted by the transplantation surgeon for a
recipient. The trial did not interfere with the
regular process of organ allocation or accep-
tance.

The trial protocol, which is available with the
full text of this article at NEJM.org, has been
published previously.”” The protocol was ap-
proved by research ethics committees at each
trial site and medical-device regulatory bodies in
each country. Patients and the organ-procure-
ment teams were unaware of the trial-group as-
signments. The authors designed and imple-
mented the trial and collected and analyzed the
data. The first and last authors wrote the first
draft of the manuscript, and all the authors con-
tributed to the subsequent versions. All the au-
thors vouch for the accuracy and completeness
of the data and for the fidelity of the trial to the
protocol. Access to the data was not restricted by
confidentiality agreements.

Fonds NutsOhra supported this trial. Bridge
to Life provided the machine-perfusion fluid
(Belzer MPS UW machine-perfusion solution)
free of charge. Each participating center covered
the costs for the purchase of a machine-perfu-
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sion device, and training of perfusionists was
provided by the manufacturer (Organ Assist) as
part of their regular after-sales responsibilities.
The funding organization and the companies
had no role in the trial design; the collection,
management, analysis, or interpretation of the
data; or the writing of the manuscript and the
decision to submit it for publication.

TRIAL PATIENTS
Patients 18 years of age or older who were un-
dergoing liver-only transplantation with a graft
from a donor after circulatory death (in con-
trolled circumstances) were eligible for inclusion
in the trial. Patients were excluded if the body
weight of the donor was less than 40 kg or if the
donor was positive for the human immunodefi-
ciency virus or hepatitis B or C virus. Patients
were also excluded if they were undergoing
transplantation for fulminant liver failure or for
primary nonfunction after a previous transplan-
tation, were incapable of providing informed
consent, were positive for the human immuno-
deficiency virus, or had a contraindication to un-
dergoing magnetic resonance cholangiography. All
the patients provided written informed consent.
Donor livers were obtained, preserved, and
transported to the transplantation centers ac-
cording to standard practice, with the use of
conventional static cold preservation. The trans-
plantation surgery and postoperative care were
performed according to standard local practice.

HYPOTHERMIC OXYGENATED MACHINE PERFUSION

The Liver Assist device (Organ Assist) was used
for ex situ machine perfusion of the liver. The
device enables pressure-controlled, dual perfusion
through the portal vein and the hepatic artery with
the use of two centrifugal pumps, providing
continuous portal flow and a pulsatile arterial
flow at 60 beats per minute. The perfusion de-
vice was primed with 4 liters of cold Belzer
machine-perfusion solution (Bridge to Life), sup-
plemented with 3 mmol of glutathione per liter
of solution (Biomedica). The perfusion pressure
was 25 mm Hg for the hepatic artery and 5 mm
Hg for the portal vein. The temperature of the
perfusion fluid was 10°C. Oxygenation was pro-
vided by 500 ml per minute of 100% oxygen
flow to each oxygenator.” The minimum proto-
col-stipulated duration of machine perfusion

N ENGL J MED

was 2 hours, a duration that is considered to be
sufficient to restore mitochondria and intrahe-
patic ATP and to protect organs against ischemia—
reperfusion injury.’®*> Additional details are
provided in the Supplementary Appendix, avail-
able at NEJM.org.

END-POINT MEASURES

The primary end point was the incidence of
symptomatic nonanastomotic biliary strictures
at 6 months after transplantation. The occur-
rence of nonanastomotic biliary strictures was
assessed primarily by the medical teams of the
participating centers on the basis of the pres-
ence of the following prespecified criteria: any
irregularity or narrowing of the lumen of the
intrahepatic or extrahepatic donor bile ducts,
excluding the biliary anastomosis, diagnosed
with the use of cholangiography (preferably,
magnetic resonance cholangiography), in com-
bination with clinical symptoms (e.g., jaundice
or cholangitis) or an elevation of cholestatic
laboratory variables, in the presence of a patent
hepatic artery. All clinical data, including data
from cholangiographies, were submitted to the
central data center for review. To avoid reporting
bias, magnetic resonance cholangiography was
performed after 6 months, in accordance with
the study protocol, to detect radiologic evidence
of cholangiopathy (nonanastomotic strictures)
in patients who had not already received a diag-
nosis in the preceding time period. Nonanasto-
motic biliary strictures are typically detected 3 to
4 months after transplantation, and an observa-
tion period of 6 months was therefore considered
to be appropriate for the detection of clinically
meaningful events."'® All the cholangiographies,
both in patients who were symptomatic and in
those who were asymptomatic, were reviewed by
two independent radiologists who were unaware
of the preservation method and clinical symp-
toms. In the case of discordant readings, a third
radiologist was consulted for cases that could
not be settled by consensus.

Secondary end points included intraoperative
postreperfusion syndrome,’?° defined as a de-
crease of more than 30% in the mean systemic
arterial blood pressure within 10 minutes after
reperfusion, with or without a doubling of the
norepinephrine dose; primary nonfunction, de-
fined as liver failure, without an identifiable
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cause, that necessitated retransplantation or led
to death within 7 days after transplantation;
early allograft dysfunction, assessed according
to the Olthoff criteria?'; and durations of stay in
the intensive care unit and hospital. Other sec-
ondary end points included thrombosis of the
hepatic artery or portal vein, anastomotic biliary
strictures or leakage, and use of renal-replace-
ment therapy within 6 months after transplanta-
tion. Serum markers of hepatobiliary injury and
function were recorded daily during the first week
and at 1 month, 3 months, and 6 months after
transplantation. Patient and graft survival were
recorded up to 1 year after the transplantation.

STATISTICAL ANALYSIS

The trial was powered to detect a clinically rel-
evant difference in the incidence of symptomatic
nonanastomotic biliary strictures between the
two trial groups. On the basis of previous re-
ports about the transplantation of livers ob-
tained from donors after circulatory death, we
presumed an incidence of 29% among livers that
had been preserved by static cold storage, and
we expected that the incidence with machine
perfusion would be 11% (proportional reduction,
60%).22% On the basis of a power of 80% and a
5% significance level (two-sided test) in two in-
dependent groups, we calculated that 77 livers
would be needed in each trial group. We aimed
to include 1 additional patient per trial group,
resulting in 78 patients per group.

All end-point analyses were prespecified in
the protocol and statistical analysis plan, which
was finalized before the database was locked.
The primary end point was analyzed with the
use of a chi-square test, as well as in a log-bino-
mial regression model with calculation of risk
ratios. Prespecified covariates in this model were
based on relevant literature and included stratifi-
cation factors (trial site and primary sclerosing
cholangitis) and donor-specific risk factors (do-
nor risk index and donor warm-ischemia time,
defined as the time period between circulatory
arrest and in situ cold flush-out in the donor).>**
For consistency with the original protocol, we
also analyzed the results using logistic-regres-
sion modeling and report them in the Supple-
mentary Appendix. Time-to-event outcomes were
analyzed with the use of Kaplan—Meier curves
with a log-rank test and Cox proportional-hazards

N ENGL J MED

regression model with the calculation of hazard
ratios. Secondary binary end points were as-
sessed by means of a chi-square test or log-bino-
mial regression to adjust for stratification factors.
Continuous (log-transformed) outcomes were
compared with the use of an independent Stu-
dent’s t-test. Missing data were assumed to be
missing at random, and multiple imputation was
performed when more than 10% of all the pa-
tients had missing data for a specific variable.
There was no adjustment for multiplicity in analy-
ses of secondary end points, and these analyses
should be considered to be exploratory. Tests
were two-sided, and results are reported with
95% confidence intervals. A P value of less than
0.05 was considered to indicate statistical sig-
nificance. Analyses were performed with the use
of SPSS software, version 23.0 (SPSS).

RESULTS

PATIENTS

From January 2016 through July 2019, we as-
sessed a total of 245 patients for eligibility, of
whom 160 underwent randomization. After ran-
domization, four transplantations were canceled
before any trial procedure was started. In one
case, the liver was intended to undergo machine
perfusion, and in three cases, the liver had been
assigned to the control group. The reasons for
cancelation were massive steatosis in two livers
and a nonreconstructable damaged artery in an-
other liver. These three livers had initially been
deemed transplantable and had been accepted;
they were secondarily rejected on the basis of this
new information. In one patient, pseudomyxoma
peritonei was detected after laparotomy; the
transplantation was canceled and the liver was
allocated to another patient outside the trial. This
resulted in the inclusion of 78 patients in the
machine-perfusion group and 78 patients in the
control group (Fig. S1 in the Supplementary Ap-
pendix).

The baseline characteristics of the donors and
recipients were well matched in the two trial
groups (Table 1). Inherent to the intervention,
the static cold-ischemia time was slightly shorter
in the machine-perfusion group than in the con-
trol group (6 hours 11 minutes vs. 6 hours 49
minutes) and the total preservation time was lon-
ger (8 hours 44 minutes vs. 6 hours 49 minutes).

NEJM.ORG

The New England Journal of Medicine

Copyright © 2021 Massachusetts Medical

Downloaded from nejm.org at University of Groningen on March 2, 2021. For personal use only. No other uses without permission.

Society. All rights reserved.



HYPOTHERMIC MACHINE PERFUSION IN LIVER TRANSPLANTATION

Table 1. Characteristics of the Donors and Recipients at Baseline.*

Machine Perfusion Control

Characteristic (N=78) (N=78)
Donor characteristics
Age —yr

Median 52 49

Interquartile range 43-57 37-59
Male sex — no. (%) 52 (67) 51 (65)
Donor risk indexyj

Median 2.12 2.12

Interquartile range 1.84-2.38 1.86-2.42
Body-mass index:

Median 25 25

Interquartile range 23-27 21-28
Preservation characteristics
Time from withdrawal of life support to aortic flush-out —

min

Median 29 27

Interquartile range 22-33 21-35
Time from circulatory arrest in the donor to aortic flush-out

— min

Median 11 11

Interquartile range 8-13 8-15
Static cold-ischemia time§

Median 6 hr 11 min 6 hr 49 min

Interquartile range
Machine-perfusion time

5 hr 16 min—6 hr 55 min

5 hr 56 min-7 hr 57 min

Median 2 hr 12 min NA

Interquartile range 2 hr 00 min-2 hr 33 min NA
Total preservation timeq

Median 8 hr 44 min 6 hr 49 min

Interquartile range
Recipient characteristics

7 hr 46 min-9 hr 16 min

5 hr 56 min—7 hr 57 min

Age —yr
Median 60 60
Interquartile range 52-65 52-65
Male sex — no. (%) 55 (71) 52 (67)
Laboratory MELD score||
Median 14 16
Interquartile range 10-19 10-22
Renal-replacement therapy — no. (%) 3 (4) 2 (3)

* Data on additional characteristics, including causes of death of the donor and indications for transplantation, are pro-
vided in Table S1. NA denotes not applicable.

T The donor risk index is a scoring system that was developed to quantitatively predict the risk of post-transplantation
graft failure in liver transplantation, on the basis of donor risk factors.”

I The body-mass index is the weight in kilograms divided by the square of the height in meters.

§ The static cold-ischemia time was defined as time between aortic cold flush-out in the donor to reperfusion in the re-
cipient, minus the machine perfusion time. P<0.001 for the comparison of the two groups.

9§ The total preservation time was defined as the time between aortic cold flush-out in the donor to reperfusion in the
recipient. P<0.001 for the comparison of the two groups.

| The laboratory Model of End-Stage Liver Disease (MELD) score ranges from 6 to 40, with higher scores indicating
more advanced disease. The laboratory MELD score is based on original laboratory variables; MELD exception points,
which are used to assign increased priority on the waiting list to patients whose severity of illness or risk of complica-
tions is not captured by the laboratory MELD score, are not included in the scores shown here.

N ENGL ) MED NEJM.ORG

The New England Journal of Medicine
Downloaded from nejm.org at University of Groningen on March 2, 2021. For personal use only. No other uses without permission.
Copyright © 2021 Massachusetts Medical Society. All rights reserved.



The NEW ENGLAND JOURNAL of MEDICINE

Table 2. Primary and Secondary End Points.*

Machine Perfusion Control Treatment Effect
Outcome (N=78) (N=78) (95% Cl) P Value
Primary end point{
Nonanastomotic biliary strictures — no. (%) 5 (6) 14 (18) 0.03
Unadjusted risk ratio 0.36 (0.14 to 0.94) 0.03
Adjusted risk ratio 0.35 (0.14 t0 0.92) 0.03
Secondary end points
Postreperfusion syndrome
>30% decrease in systemic mean arterial pressure — no./ 9/72 (12) 19/70 (27) 0.43 (0.20t0 0.91)%
total no. (%)

>30% decrease in systemic mean arterial pressure or 2100% 20/72 (28) 33/72 (46) 0.59 (0.38 t0 0.92) %
increase in norepinephrine dose — no./total no. (%)

Serum potassium after reperfusion — mmol/liter 4.1£0.7 4.4x1.1 -0.4 (-0.1 to -0.6)

Graft-related complication — no. (%)

Early allograft dysfunction 20 (26) 31 (40) 0.61 (0.39 to 0.96)
Primary nonfunction 0 1(1) NA
Hepatic-artery thrombosis 2 (3) 2 (3) 0.94 (0.12to0 7.19)%
Portal-vein thrombosis 0 2 (3) NA

Biliary anastomotic stricture 23 (29) 22 (28) 1.07 (0.52 to 2.20)
Biliary anastomotic leakage 6 (8) 8 (10) 0.69 (0.22 to 2.13)%

Renal failure leading to dialysis — no. (%) 7(9) 7(9) 0.79 (0.27 to 2.34)%

Median duration of stay (interquartile range) — days
In the intensive care unit 2 (2to5) 2 (1to4) NA
In the hospital 15 (12 to 20) 15 (12 to 26) NA

Retransplantation within 6 mo — no. (%) 3 (4) 6 (8) 0.49 (0.12 to 1.94) |
Primary nonfunction — no. 0 1
Hepatic-artery thrombosis — no. 2 1
Severe liver laceration — no.** 0 2
Nonanastomotic biliary strictures — no. 0 2
Secondary liver dysfunction in the context of multiorgan 1 0

failure of unknown origin — no.

Death of patient within 6 mo — no. (%) 6 (8) 4(5) 1.46 (0.41 to 5.21)|
Multiorgan failure — no. 2 0
Sepsis — no. 0 3
Respiratory failure — no. 2 1
Anoxic brain injury — no. 1 0
Hemophagocytic syndrome — no. 1 0

Plus—minus values are means +SD. Because of an absence of events in one group or an obvious lack of difference, some treatment differ-
ences were not assessed (NA). The widths of the confidence intervals have not been adjusted for multiplicity, and so the inferences drawn
from them may not be reproducible.

T The P value for the first assessment of the primary end point is from a chi-square test. The other two P values are based on the unadjust-
ed and adjusted log-binomial regression analysis. For the adjusted analysis, the risk ratio and 95% confidence interval were adjusted for
prespecified covariates, including stratification factors (transplantation center and primary sclerosing cholangitis) and established donor
risk factors (donor warm-ischemia time and donor risk index).

I The treatment effect is expressed as risk ratio and 95% confidence interval, with adjustment for stratification factors.

§ Data were available for 54 patients in the machine-perfusion group and for 60 in the control group. The results of statistical testing are
after multiple imputations. The treatment effect is expressed as the mean difference and 95% confidence interval.

9§ Early allograft dysfunction was defined as any one of the following clinical indicators: a bilirubin level of at least 171 ymol per liter (10 mg
per deciliter) on postoperative day 7; an international normalized ratio of at least 1.6 on postoperative day 7; or alanine aminotransferase
and aspartate aminotransferase levels of more than 2000 U per liter within the first 7 postoperative days. Data were available for all pa-
tients. The treatment effect is expressed as a risk ratio and 95% confidence interval, with adjustment for stratification factors.

| The treatment effect is expressed as a hazard ratio and 95% confidence interval, with adjustment for stratification factors.

*% Liver laceration occurred during the donor hepatectomy and caused severe bleeding and subcapsular hematoma after reperfusion in the

recipient, necessitating gauze packing and listing for retransplantation.
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PRIMARY END POINT

Symptomatic nonanastomotic biliary strictures
occurred in 5 of 78 patients (6%) in the ma-
chine-perfusion group and in 14 of 78 (18%) in
the control group (risk ratio, 0.36; 95% confi-
dence interval [CI], 0.14 to 0.94; P=0.03). When
the analysis was adjusted for stratification fac-
tors and prespecified donor risk factors in the
log-binomial regression model, the result re-
mained essentially the same (Table 2). These
findings were confirmed in the time-to-event
analyses that used the Kaplan—-Meier method
and Cox regression analysis (hazard ratio, 0.32;
95% CI, 0.11 to 0.89; P=0.03; P=0.03 also by the
log-rank test) (Fig. 1).

All 19 patients who had symptomatic non-
anastomotic strictures received the diagnosis
before the trial magnetic resonance cholangiog-
raphy was performed at 6 months after trans-
plantation, and all had clinical symptoms or
cholestatic laboratory tests (or both) that sup-
ported this diagnosis (Table 3). Blinded review
of the cholangiograms in symptomatic patients
confirmed radiologic evidence of nonanasto-
motic strictures.

A sensitivity analysis that involved all the
patients who completed 6 months of follow-up,
including the trial magnetic resonance cholangi-
ography, did not change the conclusion (Table S2).
Given the small between-group difference in the
static cold-ischemia time, we conducted a post
hoc sensitivity analysis with this variable as a
covariate in the log-binomial regression model;
the conclusion did not change.

SECONDARY END-POINT MEASURES
Intraoperatively, the postreperfusion syndrome,
which was defined as a decrease of more than
30% in the mean arterial blood pressure, oc-
curred less frequently in recipients of a machine-
perfused liver than in those in the control group
(12% vs. 27%; adjusted risk ratio, 0.43; 95% CI,
0.20 to 0.91). This difference remained when we
included increased inotropic support in the defi-
nition (Table 2). In line with this, the mean (£SD)
serum potassium levels immediately after trans-
plantation were lower in the machine-perfusion
group than in the control group (4.1+0.7 mmol
per liter vs. 4.4+1.1 mmol per liter; mean differ-
ence, —0.4 mmol per liter; 95% CI, —0.1 to —0.6).
Early allograft dysfunction occurred in 20
machine-perfused livers (26% of the patients), as
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Figure 1. Cumulative Incidence of Symptomatic Nonanastomotic Biliary
Strictures.
Shown are the time-to-event Kaplan—Meier curves for symptomatic nonanas-
tomotic biliary strictures within 6 months after liver transplantation (primary
end point). The hazard ratio was adjusted for stratification factors (trans-
plantation center and primary sclerosing cholangitis) and for prespecified,
established donor risk factors (donor warm-ischemia time and donor risk
index); the P value is from a Cox regression analysis. P=0.03 also by the
log-rank test. The inset shows the same data on an enlarged y axis.

compared with 31 control livers (40% of the
patients) (adjusted risk ratio, 0.61; 95% CI, 0.39
to 0.96). There were no cases of primary non-
function in the machine-perfusion group, but
one case was observed in the control group.
The cumulative number of treatments for
nonanastomotic biliary strictures and related
complications within 6 months after transplan-
tation was lower by a factor of almost 4 in the
machine-perfusion group than in the control
group (Table 3). Two patients, both in the con-
trol group, underwent retransplantation because
of severe nonanastomotic strictures. There were
no between-group differences in the incidence
of anastomotic biliary leakage or strictures (Ta-
ble 2). Results of the blinded review of all cholan-
giograms are presented in Tables S3 through S7.
Laboratory analyses of serum liver-function
tests are presented in Figure S2. In accordance
with the higher percentage of patients with
symptomatic nonanastomotic biliary strictures
in the control group than in the machine-perfu-
sion group, serum cholestasis markers in the con-
trol group were higher than those in the machine-
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perfusion group at 3 months (alkaline phosphatase Table 4. All Reported Adverse Events within 6 Months after Transplantation.*
and bilirubin) and 6 months (alkaline phospha-
tase). There were no relevant differences between Machine Perfusion Control
the two groups in the use of renal-replacement | Ve (N=78) (N=78)
therapy, in the durations of stay in the intensive | Total no. of events 644 694
care unit or hospital, or in graft and patient sur- | Infection — no. (%) 131 (20) 162 (23)
vival at 1 year (Table 2 and Fig. S3). Rejection of transplanted liver — no. (%) 9 (1) 16 (2)
Renal event — no. (%) 47 (7) 36 (5)
SAFETY AND ADVERSE EVENTS .
The distribution of patients for whom adverse Hepatic event —no. (%) o1 (14) 111 (16)
events were reported was similar in the two | Cardiovascularevent—no. (%) 32(8) 32.(7)
groups (Table 4). There was no relevant clinical | Respiratory event —no. (%) 36 (6) 29 (4)
difference between the two groups in the sever- | Neurologic event — no. (%) 62 (10) 55 (8)
ity of adverse events (Table S8). Gastrointestinal event — no. (%) 43 (7) 51 (7)
Hematologic event — no. (%) 39 (6) 41 (6)
DISCUSSION Dermatologic event — no. (%) 19 (3) 12 (2)
In this trial involving patients receiving a liver Endocrine event — no. (%) 200) 2
graft from a donor after circulatory death, those | Cancer—no. (%) 2=l L =)
who had been randomly assigned to receive the | Miscellaneous adverse event— no. (%) 91 (14) 103 (15)
liver graft after hypothermic oxygenated ma- | Device error— no. (%) 1(<1) 0

chine perfusion had a risk of symptomatic non-
anastomotic biliary strictures within 6 months
after transplantation that was approximately two

* The data shown are the numbers of reported adverse events; the percentages
are based on the total number of reported adverse events (rather than on the
total number of patients). Patients could have had more than one event, and
no statistical test was applied to these data. Percentages may not total 100

thirds lower than those who had been randomly
assigned to receive the liver graft after conven-
tional static cold preservation alone. The lower
incidence of this type of cholangiopathy was
both statistically and clinically significant.

Nonanastomotic biliary strictures are a result
of incomplete recovery from biliary ischemia—
reperfusion injury, resulting in fibrotic narrow-
ing of the bile-duct lumen and obstruction of bile
flow."* Although some patients can be treated
with endoscopic or percutaneous interventions,
strictures are often resistant to dilatations and
stenting, and retransplantation may remain the
only definitive therapy.’®?%* In the present trial,
the cumulative number of interventions for
nonanastomotic biliary strictures and antibiot-
ic therapy for related cholangitis was lower by
a factor of almost 4 among machine-perfused
livers than among control livers. Two patients
in the control group underwent retransplanta-
tion within 6 months because of severe cholan-
giopathy.

The protective effect of machine perfusion
was also shown by the lower risk of postreperfu-
sion syndrome and early allograft dysfunction.
Graft reperfusion is often accompanied by he-
patic release of potassium and circulatory insta-
bility.?® In a clinical pilot study,” a reduction in

N ENGL J MED

because of rounding.

 Leakage of the disposable tubing set was reported in one case before machine

perfusion was started. After replacement of this disposable set, high flows

were noted owing to a malfunctioning pressure sensor caused by a user error.

This was immediately corrected without injury to the liver.

serum potassium levels was observed after the
transplantation of hypothermic machine-per-
fused livers, and this benefit was confirmed in
the current prospective trial.

Important advantages of hypothermic ma-
chine perfusion over other dynamic preservation
methods, such as normothermic machine perfu-
sion, are its relative simplicity and intrinsic
safety. Technical malfunction leading to insuf-
ficient hepatic perfusion would not immediately
be detrimental because the organ is maintained
at low temperature. This situation differs from
normothermic machine perfusion, in which de-
vice or operator errors result in warm ischemia
and may lead to organ loss.**3* Another advan-
tage of hypothermic machine perfusion is that it
is effective after static cold storage. Although a
transportable hypothermic perfusion device is
currently under clinical investigation (Clinical-
Trials.gov number, NCT03484455), it is still un-
determined whether this provides additional
benefit.
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Despite the restoration of ATP, hepatic metabo-
lism remains suppressed and livers do not produce
bile during this type of machine perfusion. Al-
though the release of mitochondrial flavin mono-
nucleotide into the perfusate has been correlated
with hepatic function after transplantation, it re-
mains unknown whether this also predicts the risk
of cholangiopathy.® In contrast to normothermic
machine perfusion, hypothermic machine perfusion
is, therefore, currently not considered to be a tool
for viability testing before transplantation; rather, it
is a method to reduce the incidence of ischemia—
reperfusion injury. This makes it suited for donor
livers with an increased risk of development of
ischemia-related complications, such as livers ob-
tained from donors after circulatory death. To this
end, hypothermic and normothermic machine per-
fusion serve different goals and are not competing
techniques. The two techniques can be applied se-
quentially with complementary benefits.>*** Wheth-
er hypothermic machine perfusion is also beneficial
in the transplantation of livers obtained from brain-
dead donors is the subject of ongoing clinical trials
(NCT01317342 and NCT03124641).

In the present trial, machine perfusion did not
have an effect on patient or graft survival. Given the
high percentage of patients who survive after liver
transplantation and the relatively low risk of graft

loss, much larger trials would be needed to detect
an effect on these outcome measures.

Reimbursement of this new technology by health
care funders will involve a health-economic evalua-
tion. Costs for transplantation of a liver from a do-
nor after circulatory death are 25 to 30% higher
than those for transplantation of livers from brain-
dead donors, mainly because of the higher inci-
dence of biliary complications.”* The prevention of
post-transplantation cholangiopathy may not only
increase the acceptance for transplantation of liver
grafts obtained from donors after circulatory death
but may also make the use of machine perfusion
cost-effective.

In this randomized trial involving patients who
underwent transplantation of a liver obtained from a
donor after circulatory death, we found that hypother-
mic oxygenated machine perfusion led to a lower inci-
dence of symptomatic nonanastomotic biliary stric-
tures than conventional static cold preservation.

Supported by a grant for applied medical research (1404-012)
from Fonds NutsOhra.

Disclosure forms provided by the authors are available with the
full text of this article at NEJM.org.

A data sharing statement provided by the authors is available with
the full text of this article at NEJM.org.

We thank the patients who participated in this trial and the doc-
tors, transplantation and research coordinators, operating room

staff, and organ perfusionists working at the six collaborating trans-
plantation centers for their contributions to this trial.

APPENDIX

The authors’ full names and academic degrees are as follows: Rianne van Rijn, M.D., Ph.D., Ivo J. Schurink, B.Sc., Yvonne de Vries, M.D., Ph.D.,
Aad P. van den Berg, M.D., Ph.D., Miriam Cortes Cerisuelo, M.D., Ph.D., Sarwa Darwish Murad, M.D., Ph.D., Joris I. Erdmann, M.D, Ph.D.,
Nicholas Gilbo, M.D., Ph.D., Robbert J. de Haas, M.D., Ph.D., Nigel Heaton, M.D., Ph.D., Bart van Hoek, M.D., Ph.D., Volkert A.L. Huurman,
M.D., Ph.D., Ina Jochmans, M.D., Ph.D., Otto B. van Leeuwen, Ph.D., Vincent E. de Meijer, M.D., Ph.D., Diethard Monbaliu, M.D., Ph.D.,
Wojciech G. Polak, M.D., Ph.D., Jules J.G. Slangen, M.D., Roberto I. Troisi, M.D., Ph.D., Aude Vanlander, M.D., Ph.D., Jeroen de Jonge, M.D.,
Ph.D., and Prof. Robert J. Porte, M.D., Ph.D.

The authors’ affiliations are as follows: the Department of Surgery, Section of Hepatobiliary Surgery and Liver Transplantation (R.R., Y.V.,
0.B.L., V.E.M., RJ.P.), the Departments of Gastroenterology and Hepatology (A.P.B.) and Radiology (R.J.H., J.J.G.S.), University of Groningen,
University Medical Center Groningen, Groningen, the Departments of Surgery (LJ.S., W.G.P., J.J.) and Gastroenterology and Hepatology
(S.D.M.), Erasmus University Medical Center, Rotterdam, and the Departments of Surgery (J.I.E., V.A.L.H.) and Gastroenterology and Hepatol-
ogy (B.H.), Leiden University Medical Center, Leiden — all in the Netherlands; the Institute of Liver Studies, Kings College Hospital NHS Foun-
dation Trust, London (M.C.C., N.H.); the Transplantation Research Group, the Department of Microbiology, Immunology, and Transplantation,
Katholieke Universiteit Leuven, and the Department of Abdominal Transplantation Surgery and Coordination, University Hospitals Leuven,
Leuven (N.G., LJ., D.M.), and the Department of Transplant Surgery, Ghent University Hospital, Ghent (R.I.T., A.V.) — both in Belgium.

REFERENCES
1. de Vries Y, von Meijenfeldt FA, Porte RJ. 3. Foley DP, Fernandez LA, Leverson G, et Murphy PG, Neuberger JM, Bradley JA. Is the

Post-transplant cholangiopathy: classifica-
tion, pathogenesis, and preventive strate-
gies. Biochim Biophys Acta Mol Basis Dis
2018;1864:1507-15.

2. O'Neill S, Roebuck A, Khoo E, Wigmore
SJ, Harrison EM. A meta-analysis and meta-
regression of outcomes including biliary
complications in donation after cardiac
death liver transplantation. Transpl Int 2014;
27:1159-74.

al. Biliary complications after liver trans-
plantation from donation after cardiac death
donors: an analysis of risk factors and long-
term outcomes from a single center. Ann
Surg 2011;253:817-25.

4. Tullius SG, Rabb H. Improving the sup-
ply and quality of deceased-donor organs for
transplantation. N Engl J Med 2018;378:
1920-9.

5. Summers DM, Counter C, Johnson R]J,

N ENGLJ MED NEJM.ORG

The New England Journal of Medicine

increase in DCD organ donors in the United
Kingdom contributing to a decline in DBD
donors? Transplantation 2010;90:1506-10.

6. Dutkowski P, Guarrera JV, de Jonge J,
Martins PN, Porte RJ, Clavien PA. Evolving
trends in machine perfusion for liver trans-
plantation. Gastroenterology 2019;156:
1542-7.

7. XuJ, Buchwald JE, Martins PN. Review of
current machine perfusion therapeutics for

Downloaded from nejm.org at University of Groningen on March 2, 2021. For personal use only. No other uses without permission.

Copyright © 2021 Massachusetts Medical Society. All rights reserved.



HYPOTHERMIC MACHINE PERFUSION IN LIVER TRANSPLANTATION

organ preservation. Transplantation 2020;
104:1792-03.

8. Lier B, Koetting M, Efferz P, Minor T.
Role of oxygen during hypothermic ma-
chine perfusion preservation of the liver.
Transpl Int 2010;23:944-50.

9. Monbaliu D, Brassil J. Machine perfu-
sion of the liver: past, present and future.
Curr Opin Organ Transplant 2010;15:160-6.
10. Dutkowski P, Furrer K, Tian Y, GrafR,
Clavien PA. Novel short-term hypother-
mic oxygenated perfusion (HOPE) system
prevents injury in rat liver graft from non-
heart beating donor. Ann Surg 2006;244:
968-76.

11. de Rougemont O, Breitenstein S, Les-
kosek B, et al. One hour hypothermic oxy-
genated perfusion (HOPE) protects nonvi-
able liver allografts donated after cardiac
death. Ann Surg 2009;250:674-83.

12. Schlegel A, Kron P, Graf R, Clavien
PA, Dutkowski P. Hypothermic oxygenat-
ed perfusion (HOPE) downregulates the
immune response in a rat model of liver
transplantation. Ann Surg 2014;260:931-7.
13. GuarreraJV, Henry SD, Samstein B, et
al. Hypothermic machine preservation in
human liver transplantation: the first
clinical series. Am J Transplant 2010;10:
372-81.

14. Dutkowski P, Schlegel A, de Oliveira
M, Miillhaupt B, Neff F, Clavien PA. HOPE
for human liver grafts obtained from do-
nors after cardiac death. ] Hepatol 2014;
60:765-72.

15. van Rijn R, Karimian N, Matton APM,
et al. Dual hypothermic oxygenated ma-
chine perfusion in liver transplants do-
nated after circulatory death. Br J Surg
2017;104:907-17.

16. van Rijn R, van Leeuwen OB, Matton
APM, et al. Hypothermic oxygenated ma-
chine perfusion reduces bile duct reperfu-
sion injury after transplantation of dona-
tion after circulatory death livers. Liver
Transpl 2018;24:655-64.

17. van Rijn R, van den Berg AP, Erdmann
JI, et al. Study protocol for a multicenter
randomized controlled trial to compare
the efficacy of end-ischemic dual hypo-
thermic oxygenated machine perfusion
with static cold storage in preventing
non-anastomotic biliary strictures after
transplantation of liver grafts donated af-
ter circulatory death: DHOPE-DCD trial.
BMC Gastroenterol 2019;19:40-6.

18. Buis CI, Verdonk RC, Van der Jagt EJ,
et al. Nonanastomotic biliary strictures

after liver transplantation. 1. Radiologi-
cal features and risk factors for early vs.
late presentation. Liver Transpl 2007;13:
708-18.

19. Aggarwal S, Kang Y, Freeman JA, For-
tunato FL, Pinsky MR. Postreperfusion
syndrome: cardiovascular collapse fol-
lowing hepatic reperfusion during liver
transplantation. Transplant Proc 1987;19:
Suppl 3:54-5.

20. Hilmi I, Horton CN, Planinsic RM, et
al. The impact of postreperfusion syn-
drome on short-term patient and liver al-
lograft outcome in patients undergoing
orthotopic liver transplantation. Liver
Transpl 2008;14:504-8.

21. Olthoff KM, Kulik L, Samstein B, et
al. Validation of a current definition of
early allograft dysfunction in liver trans-
plant recipients and analysis of risk fac-
tors. Liver Transpl 2010;16:943-9.

22. Abt P, Crawford M, Desai N, Mark-
mann J, Olthoff K, Shaked A. Liver trans-
plantation from controlled non-heart-
beating donors: an increased incidence of
biliary complications. Transplantation
2003;75:1659-63.

23. Dubbeld J, Hoekstra H, Farid W, et al.
Similar liver transplantation survival with
selected cardiac death donors and brain
death donors. Br ] Surg 2010;97:744-53.
24. Croome KP, McAlister V, Adams P,
Marotta P, Wall W, Hernandez-Alejandro
R. Endoscopic management of biliary
complications following liver transplan-
tation after donation from cardiac death
donors. Can J Gastroenterol 2012;26:607-
10.

25. Meurisse N, Vanden Bussche S, Joch-
mans I, et al. Outcomes of liver transplan-
tations using donations after circulatory
death: a single-center experience. Trans-
plant Proc 2012;44:2868-73.

26. Taner CB, Bulatao IG, Perry DK, et al.
Asystole to cross-clamp period predicts
development of biliary complications in
liver transplantation using donation after
cardiac death donors. Transpl Int 2012;
25:838-46.

27. Feng S, Goodrich NP, Bragg-Gresham
JL, et al. Characteristics associated with
liver graft failure: the concept of a donor
risk index. Am J Transplant 2006;6:783-
90.

28. Patrono D, Romagnoli R. Postreper-
fusion syndrome, hyperkalemia and ma-
chine perfusion in liver transplantation.
Transl Gastroenterol Hepatol 2019;4:68.

N ENGL ) MED NEJM.ORG

29. Burlage LC, Hessels L, van Rijn R, et
al. Opposite acute potassium and sodium
shifts during transplantation of hypo-
thermic machine perfused donor livers.
Am J Transplant 2019;19:1061-71.

30. Selzner M, Goldaracena N, Echeverri
J, et al. Normothermic ex vivo liver perfu-
sion using steen solution as perfusate for
human liver transplantation: first North
American results. Liver Transpl 2016;22:
1501-8.

31. Bral M, Gala-Lopez B, Bigam D, et al.
Preliminary single-center Canadian expe-
rience of human normothermic ex vivo
liver perfusion: results of a clinical trial.
Am J Transplant 2017;17:1071-80.

32. Nasralla D, Coussios CC, Mergental
H, et al. A randomized trial of normother-
mic preservation in liver transplantation.
Nature 2018;557:50-6.

33. Muller X, Schlegel A, Kron P, et al.
Novel real-time prediction of liver graft
function during hypothermic oxygenat-
ed machine perfusion before liver trans-
plantation. Ann Surg 2019;270:783-90.
34, de Vries Y, Matton APM, Nijsten
MWN, et al. Pretransplant sequential
hypo- and normothermic machine perfu-
sion of suboptimal livers donated after
circulatory death using a hemoglobin-
based oxygen carrier perfusion solution.
Am J Transplant 2019;19:1202-11.

35. Boteon YL, Laing RW, Schlegel A, et
al. The impact on the bioenergetic status
and oxidative-mediated tissue injury of a
combined protocol of hypothermic and
normothermic machine perfusion using
an acellular haemoglobin-based oxygen
carrier: the cold-to-warm machine perfu-
sion of the liver. PLoS One 2019;14(10):
€0224066.

36. van Leeuwen OB, de Vries Y, Fujiyoshi
M, et al. Transplantation of high-risk do-
nor livers after ex situ resuscitation and
assessment using combined hypo- and
normothermic machine perfusion: apros-
pective clinical trial. Ann Surg 2019;270:
906-14.

37. Jay CL, Lyuksemburg V, Kang R, et al.
The increased costs of donation after car-
diac death liver transplantation: caveat
emptor. Ann Surg 2010;251:743-48.

38. van der Hilst CS, Jjtsma AJ, Bottema
JT, et al. The price of donation after car-
diac death in liver transplantation: a pro-
spective cost-effectiveness study. Transpl
Int 2013;26:411-18.

Copyright © 2021 Massachusetts Medical Society.

11

The New England Journal of Medicine
Downloaded from nejm.org at University of Groningen on March 2, 2021. For personal use only. No other uses without permission.
Copyright © 2021 Massachusetts Medical Society. All rights reserved.



