
 

 

 University of Groningen

Studies on bile duct Injury and the protective role of oxygenated machine perfusion in liver
transplantation
Karimian, Negin

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Karimian, N. (2017). Studies on bile duct Injury and the protective role of oxygenated machine perfusion in
liver transplantation. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/eab9c525-9c23-4011-8846-6d3f2c576f3c


Studies on Bile Duct Injury and the Protective Role of Oxygenated
Machine Perfusion in Liver Transplantation

Negin Karimian



Different parts of this thesis were funded by the Groningen University Institute for Drug Exploration
(GUIDE), Groningen Institute for Organ Transplantation (GIOT), grants from the Jan Kornelis de Cock
Foundation, the Tekke Huizinga Foundation and Innovative Actieprogramma Groningen (IAG-3).

For the printing of this thesis, financial support of the following institutions and companies is gratefully
acknowledged:

The University of Groningen (RUG)
University Medical Center Groningen (UMCG)
Groningen University Institute for Drug Exploration (GUIDE)
Organ Assist
HbO2Therapeutics

Negin Karimian
Studies on Bile Duct Injury and the Protective Role of Oxygenated Machine Perfusion in Liver Trans-
plantation

Dissertation University of Groningen, The Netherlands
ISBN: 978-94-034-0092-1 (Printed book)
ISBN: 978-94-034-0091-4 (Ebook)

Copyright 2017 Negin Karimian, The Netherlands
All rights reserved. No part of this book may be reproduced, stored in a retrieval system or transmitted
in any form or by any means, without the written permission of the author.

Cover photo Negin Karimian
Cover and Layout Dopolavoro.org, Naples, Italy
Printed by Gildeprint drukkerijen, Enschede, The Netherlands



Studies on Bile Duct Injury and the Protective Role of Oxygenated
Machine Perfusion in Liver Transplantation

PhD thesis

to obtain the degree of PhD at the University of
Groningen on the authority of the Rector Magnificus Prof.

E. Sterken and in accordance with the decision by the
College of Deans. This thesis will be defended in public

on
Monday 4 Dec 2017 at 12.45

by

Negin Karimian

born on 19 July 1986
in Shiraz, Iran



Promoters: Prof. R.J. Porte
Prof. J.A. Lisman

Evaluation Committee: Prof. A.J. Moshage
Prof. J.N.M. IJzermans
Prof. A. Masclee



Paranimfen: Dr. Golnar Karimian
Dr. Freeha Arshad



“To Mom, Dad, Golnar and Negar, whom I owe to all I am today”



Table of Contents

1 General Introduction and Aims of This Thesis . . . . . . . . . . . . . . . . . . . . . 1

Part A Bile Duct Injury in Liver Transplantation

2 Biliary Complications after Orthotopic Liver Transplantation . . . . . . . . . . . . . . 13

3 The Origin of Biliary Strictures after Liver Transplantation: Is it the Amount of Epithe-
lial Injury or Insufficient Regeneration that Counts? . . . . . . . . . . . . . . . . . . 29

4 Preservation Injury of the Distal Extrahepatic Bile Duct of Donor Livers Is Represen-
tative for Injury of the Intrahepatic Bile Ducts . . . . . . . . . . . . . . . . . . . . . . 37

5 CCR5 Deficiency Results in Decreased Hepatic Recruitment of Regulatory T Cells
after Obstructive Biliary Injury in Mice . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Part B Oxygenated Machine Perfusion: A Potential Strategy to Improve Organ
Quality prior to Transplantation

6 Normothermic Machine Perfusion Reduces Bile Duct Injury and Improves Biliary Ep-
ithelial Function in Rat Donor Livers . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

7 Ex-situ Normothermic Machine Perfusion of Donor Livers . . . . . . . . . . . . . . . 85

8 Criteria for Viability Assessment of Discarded Human Donor Livers during Ex-vivo
Normothermic Machine Perfusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

9 Oxygenated Hypothermic Machine Perfusion after Static Cold Storage Improves
Hepatobiliary Function of Extended Criteria Donor Livers . . . . . . . . . . . . . . . 123

10 Dual Hypothermic Oxygenated Machine Perfusion in Liver Transplantation with Do-
nation after Circulatory Death Grafts . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Part C Addendum

11 Summary and General Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

Nederlandse Samenvatting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Biography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii



CHAPTER 1
General Introduction 

and Aims of This Thesis





General Introduction and Aims of This Thesis

End stage liver disease (ESLD) due to chronic liver disease and cirrhosis is the 12th leading
cause of death with an estimated 65.000 deaths per year in the United States (1). While
liver transplantation has proven to be the only successful treatment for patients suffering from
ESLD, only about 10.000 patients per year are listed for liver transplantation in the US (2). Yet
despite the improvements in the awareness about organ donation there is not enough organ
supply for patients on the waiting list. There are currently over 123.000 patients according to
the United Network for Organ Sharing (UNOS) and 15.000 patients in the Eurotransplant re-
gion on the waiting list for organ transplantation; however, during 2014 only 14.000 donors in
the UNOS and about 2.000 deceased donors in the Eurotransplant region were registered and
used for transplantation. This discrepancy in the supply and demand for organ transplantation
causes high rates of mortality on the waiting list and inferior post-transplantation survival in
the patients who are on the waiting list for a long time (3).
In an effort to overcome the organ shortage crisis, the selection criteria for accepting livers
for transplantation has been extended towards using donor liver grafts with suboptimal quality
when compared with standard criteria donors (SCD). This group of donor grafts, so called
“extended criteria donor” (ECD) livers, include grafts with mild to moderate steatosis, livers
from older donors or donors with a higher body mass index (BMI), and livers donated after
circulatory death (DCD) (4-6). However, despite the increase in the number of donors over
the last decade the utilization of donor livers for transplantation has declined, mostly due to
an increasing number of DCD liver grafts (7). The reasons to decline a DCD graft include a
higher incidence of early or delayed graft dysfunction, graft failure, and biliary complications
resulting in inferior post-transplantation outcomes (8-10).
Biliary complications remain a major concern among all the various post-transplantation com-
plications. Biliary complications occur in 10-40% of recipients and affect the patient survival,
hospital readmissions, and overall costs of care (11-13). Bile duct strictures are the most trou-
blesome of all biliary complications. They are categorized into anastomotic strictures (AS) and
non-anastomotic strictures (NAS). AS are solitary strictures at the anastomosis site with an
incidence rate of 9-12% (14-16). NAS on the other hand are usually multifocal strictures occur-
ring at any location of the biliary tree (extrahepatic and intrahepatic). NAS occur in up to 10%
of patients receiving a liver donated after brain death (DBD) (16-18), while an incidence rate of
up to 30% has been reported in recipients of DCD livers (18-22). The underlying mechanisms
causing AS and NAS have been under investigation for many years. Major predictive risk
factors for development of AS were shown to be donor age, previous anastomotic leak, duct
to duct anastomosis, and sex mismatch with a female donor/male recipient (13,23,24). The
etiology of NAS is thought to be multifactorial and can be categorized into four types of biliary
injury: 1) ischemia/reperfusion injury; 2) immune-mediated injury; 3) cytotoxic injury caused
by hydrophobic bile salts; and 4) insufficient regeneration capacity of progenitor cells located
in peribiliary glands (24-26). NAS is associated with high rates of morbidity and mortality due
to its therapy-resistant nature and that makes NAS a major burden in liver transplantation, in
particular DCD liver transplantation (24).
Despite the higher rates of post-transplantation complications after DCD liver transplantation,
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this type of grafts seems to be one of the most important solutions to increase the donor
pool. The number of DCD liver transplantation is continuously increasing (7) and circulatory
death protocols for organ donation are becoming authorized in more countries (27), leading
to increased overall costs of transplantation (28). Therefore it is crucial to understand the un-
derlying mechanisms of post-transplantation complications, most importantly NAS, and inves-
tigate the potential preventive or therapeutic strategies to improve the quality of organs before
transplantation. Machine perfusion has attracted increasing attention over the last decade as
an alternative organ preservation method to conventional static cold storage (SCS). However,
the role of different modalities of machine perfusion in improving the quality of liver grafts and
protection of bile ducts is not fully known yet.
Therefore, the aim of this thesis is to provide a better understanding of the etiologies of bile
duct injuries that lead to NAS after transplantation and to study the role of different modalities
of machine perfusion to improve the quality of organs prior to transplantation and potentially
improve organ selection for transplantation. This thesis concludes with the first clinical experi-
ence of machine perfusion prior to transplantation of DCD liver grafts as a way to improve the
quality of the organ before transplantation.

Part A: Bile Duct Injury in Liver Transplantation

The aim of this section is to provide a literature-based overview on the occurrence of bile duct
injury after liver transplantation and to further investigate the underlying etiologies of NAS.
Different types of biliary complications that can occur after liver transplantation are discussed
in chapter 2. The prevalence and clinical presentation of these complications, diagnostic and
therapeutic options as well as potential preventive strategies are discussed in this chapter.
The exact mechanisms leading to development of NAS after transplantation are still poorly
known. A better understanding of pathophysiology of NAS may lead to improvements of
preventive and therapeutic strategies. The aim in chapter 3 is to understand the origin
of biliary injury during liver transplantation.The traditional belief is that the development of
NAS after transplantation depends on the amount of biliary epithelial cell injury that occurs
after transplantation due to ischemia-reperfusion injury, immune-mediated injury, or bile
salt cytotoxicity. However, two studies showed that severe biliary epithelial cell injury exists
already before transplantation in the vast majority of liver grafts (29,30,31) but only 10-15% of
liver grafts develop NAS after transplantation. A new perspective on the extent and origin of
bile duct injury during liver transplantation is discussed in this chapter.
Clinical investigations on bile duct injury during liver transplantation have been performed on
the biopsies taken from the distal end of the donor extrahepatic bile duct (26). However, it is
not known whether the amount of injury detected in the biopsies taken from the extrahepatic
bile duct represents the injury throughout the biliary tree including intrahepatic bile ducts. The
aim of study described in chapter 4 is to determine whether the injury in the extrahepatic
bile duct is representative for the rest of the biliary tree. Therefore, in this study, histological
injury of extrahepatic bile duct of human donor livers that were declined for transplantation
for various reasons were assessed based on a systematic scoring system (26) and was
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compared with the histological injury detected in the various levels of intrahepatic bile ducts,
including sectoral and segmental bile ducts.
Among the underlying etiologies of NAS, immune-mediated bile duct injury is the least well
studied. The aim of chapter 5 is to determine the role of immune system in the development
of bile duct injury. NAS has been associated with various immunological processes including
ABO blood type incompatibility between the donor and the recipient (32,33), recipients’
preexisting autoimmune disease such as primary sclerosing cholangitis (PSC) (34), cy-
tomegalovirus infection (35), and chronic rejection (36). Moreover, it has been reported
that recipients carrying a loss-of-function mutation in the chemokine receptor CCR5 (CCR5
�32) have a higher rate of NAS development after transplantation (37). CCR5 functional
deficiency may lead to impaired recruitment of regulatory T cells (TRegs), which have potent
anti-inflammatory properties (38,39). In this chapter we assessed the role of CCR5 functional
deficiency on recruitment of TRegs upon obstructive bile duct injury in CCR5 knock out mice
and compared the effect with their corresponding wild-type mice.

Part B: Oxygenated Machine Perfusion: A Potential Strategy to Improve Organ Quality
Prior to Transplantation

In this section the role of oxygenated machine perfusion in improving the quality of liver
grafts before transplantation, its potential protective effect on bile duct injury, the safety and
feasibility of machine perfusion in human livers, and the potential effect of machine perfusion
on organ selection for transplantation is studied. Machine perfusion has been suggested as
an alternative organ preservation tool to SCS since many years ago (40,41). However, over
the last decade with improvements in the machine perfusion technologies it has attracted a
lot of attention because of its potential in preservation of DCD and other ECD livers before
transplantation (42,43). Machine perfusion can be performed at different temperatures
categorized as hypothermic (0-10°C), subnormothermic (±21°C) and normothermic (37°C)
(24,44). During machine perfusion the liver grafts are perfused with an oxygenated or
non-oxygenated perfusion fluid (45-48).
Hypothermic machine perfusion (HMP) has shown promising results in preclinical and the
first two clinical studies, offering a better preservation of liver and peribiliary vascular plexus
(49,50). However, HMP did not provide protection of the bile duct epithelium, when compared
to SCS, in a porcine DCD model (50). On the other hand, normothermic machine perfusion
(NMP) of donor livers might offer potential to meet the higher requirements of suboptimal liver
grafts by providing an environment that is closer to physiological conditions. Therefore, the
aim of chapter 6 is to evaluate the impact of NMP on preservation of bile duct in both DCD
and non-DCD rat livers.
In chapter 7 the technique of ex-situ NMP of human donor livers is described as a detailed
protocol combined with a video demonstration of the technique (51). A newly developed
device is used for perfusion, which allows dual pressure-controlled perfusion of liver grafts
providing a pulsatile arterial flow through the hepatic artery and a continuous portal vein flow.
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The feasibility of oxygenated ex-situ NMP of human ECD livers using this perfusion device
has been shown before (52). NMP provides a near physiological environment for the livers
allowing the grafts to function with full metabolic activity. This might offer the opportunity to
evaluate the function of the grafts before transplantation unlike SCS in which the liver does
not show any detectable function. A better evaluation of graft function might improve organ
selection for transplantation. Therefore it is necessary to identify markers during NMP that
can predict liver viability after transplantation. For this reason in chapter 8 we aimed to
develop criteria to evaluate liver function and viability early during the course of NMP that
would allow us to predict liver function and viability during 6 hours of NMP (53).
Oxygenated machine perfusion can be performed at different phases during organ preser-
vation. One approach is normothermic regional perfusion (NRP) to re-oxygenate DCD
organs during a short period of in situ perfusion (54,55). Another approach is to use NMP
instead of SCS during the whole period of organ preservation and transportation (48).
Although NMP may provide better viability testing and preservation of livers, it requires a
more complex and challenging setting to provide a near-physiological environment for the
graft (48,56). Introducing the technique of machine perfusion to the clinical setting requires
logistic simplicity and safety. A relatively simple approach to revitalize the organs prior to
transplantation is end-ischemic hypothermic oxygenated machine perfusion. Experimental
studies have shown that end-ischemic hypothermic oxygenated machine perfusion allows
organ recovery by boosting the liver tissue ATP content (46,57,58). This approach allows safe
organ transportation without any chances of technical failure and organ resuscitation occurs
in the transplantation center immediately prior to transplantation. In chapter 9 we evaluated
the efficacy of this approach as a proof of concept in discarded human donor livers. Human
donor livers that were not accepted for transplantation for various reasons were subjected
to hypothermic oxygenated machine perfusion (HMP) for 2 hours followed by normothermic
viability assessment using NMP for 6 hours. Given the very promising results of this study, we
initiated the first clinical feasibility study on dual hypothermic oxygenated machine perfusion
(DHOPE) to revitalize DCD liver grafts prior to implantation. This study is described in chapter
10.

Part C: Addendum

In this section, this thesis is concluded by providing a summary of the results, followed by a
general discussion and future perspectives in chapter 11.
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Chapter 2

ABSTRACT

The incidence, pathogenesis and management of the most common biliary complications
are summarized, with an emphasis on non-anastomotic biliary strictures (NAS) and poten-
tial strategies to prevent NAS after liver transplantation. NAS have variable presentations in
time and localization, suggesting various underlying pathogeneses. Early-onset NAS (pre-
sentation within 1 year) have shown to be largely related to ischemia-induced bile duct in-
jury, whereas late-onset NAS [>1 year after orthotopic liver transplantation (OLT)] have more
immune-mediated causes. Cytotoxic hydrophobic bile salts and impaired biliary HCO3

- se-
cretion may also play a role in the occurrence of NAS. Recently, insufficient biliary epithelial
regeneration capacity after transplantation has also been suggested to play a major role in the
pathogenesis of NAS. A potential strategy to prevent NAS has been proposed to be preserva-
tion by machine perfusion instead of classical static cold storage. Although machine perfusion
has been shown to be a better preservation method for the liver parenchyma, efficacy in pre-
venting ischemic injury of the biliary epithelium is largely unknown. The potential advantages
of machine perfusion are very promising as it may provide better protection of the vulnerable
bile ducts against ischemiareperfusion injury. Clinical trials will be needed to demonstrate
the impact of machine perfusion in reducing the incidence of biliary complications, especially
NAS, after OLT.
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INTRODUCTION

Despite an increase in the number of donor livers obtained from donation after cardiac death
(DCD) in some European countries and the USA in the recent years, donation after brain death
(DBD) remains to be the major source of organs for orthotopic liver transplantation (OLT) in
most western countries. In general, patient and graft survival rates after DBD liver transplanta-
tion are higher compared with DCD liver transplantation, mainly because of an increased rate
of biliary complications after DCD liver transplantation (1,2). However, biliary complications
are also the most frequent and troublesome complication after DBD liver transplantations.
Biliary complications occur in 10-40% of patients and have an important impact on graft sur-
vival, hospital readmissions, the need for re-interventions and the overall costs of care (3-5).
Among the variety of biliary complications occurring after OLT, bile leakage and bile duct stric-
tures (anastomotic and nonanastomotic) are the most common. Relative minor (and infre-
quent) biliary complications, such as sphincter of Oddi dysfunction, external compression by
peribiliary cysts, neuroma or lymphomas, have also been reported (6,7). An overview of the
various types of biliary complications, their incidence and management is provided in Table 1.
In this review, the most common biliary complications will be discussed with an emphasis on
the pathogenesis of nonanastomotic biliary strictures (NAS) and on the potential preventive
role of oxygenated machine perfusion as a potential strategy to reduce the incidence of NAS
after OLT. In this review, we have used the term “NAS” for biliary strictures that can be found in
the intrahepatic or extrahepatic bile ducts of the donor liver in the presence of a patent hepatic
artery. Ischemic-type biliary lesions or strictures and ischemic cholangiopathy are also used
in the literature for this type of injury.

BILE LEAKAGE

Bile leakage has been reported in 2-21% of the patients after OLT. It can be categorized as
early and late events, and may be anastomotic or non- anastomotic in site, that is, occurring
at the T-tube tract exit site or at the cut surface of the graft in case of living donor or partial liver
graft transplantation (5-7). Bile leakage can later result in biloma because of extravasation of
bile into the hepatic parenchyma or the abdominal cavity. Depending on the size of the leakage
and the patient being asymptomatic or symptomatic, bile leaks can be managed conserva-
tively, nonsurgically or surgically(8,9).

BILE DUCT STRICTURES (ANASTOMOTIC AND NONANASTOMOTIC)

Bile duct strictures can be categorized into anastomotic strictures and nonanastomotic stric-
tures (NAS). A combined presentation of both anastomotic strictures and NAS is not uncom-
mon. Solitary strictures at the site of biliary anastomosis have been reported in 9-12% of pa-
tients after liver transplantation (10-12) , with the majority occurring within the first 12 months
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Table 1: Biliary Complications after Liver Transplantation

Complication Incidence Management

Bile duct stricturea

Anastomotic 9-12% Endoscopic/Percutaneous dilatation or stenting

Roux-en-Y hepatico-jejunostomy

Non-anastomotic 1-30% Endoscopic dilatation/stenting

PTC drainage/ dilatation

Surgical resection of extrahepatic bile duct +
Roux-en-Y hepatico-jejunostomy

Bile Leakage 2-21% Conservative therapy

PTC drainage

Endoscopic stenting/sphinctrotomy

Nasobiliary drainage

Hepatico-jejunostomy

Bacterial cholangitis 10% Antibiotic therapy

Treat strictures if present

Common bile duct filling defects 5-70% Endoscopic removal

Stones/Casts/ Sludge

Sphincter of Oddi dysfunction 0-7% Endoscopic sphinctrotomy/stenting

External compression of biliary tract

Cystic duct mucocele Rare Surgical excision of cystic duct remnant

Periductal lymphoma Rare Treat underlying lymphoma + endoscopic stenting

Periductal neuroma Rare Amputation neuroma

Kinking of redundant bile duct Rare Surgical resection and re-anastomosing

Endoscopic stenting

Roux-en-Y hepatico-jejunostomy

Abbreviations used: PTC: percutaneous transhepatic cholangiography

after transplantation (5,10-12). Major predictive risk factors for development of anastomotic
strictures include donor age, prior anastomotic bile leak, duct-to-duct anastomosis and sex
mismatch with a female donor male recipient (5,10). Local ischemia caused by the surgical
techniques is believed to be the main underlying mechanism, leading to fibrotic scarring of
anastomosis. To minimize the risk of local ischemia at the end of donor choledochal duct,
the bile duct should remain surrounded by sufficient amount of tissue (3). Uncomplicated
anastomotic strictures can generally be treated successfully with endoscopic or percutaneous
dilatation and stenting (13,14). Resection of the stenotic anastomosis and construction of a
Roux-en-Y hepaticojejunostomy is indicated if nonsurgical treatment fails (10,15). Recurrent
anastomotic strictures occurring in approximately 20% of patients can still be treated effec-
tively with dilatation and stenting (16).
In contrast to the anastomotic strictures, NAS may occur at any location of the biliary tree
(extra- hepatic as well as intrahepatic) but is usually limited to large bile ducts in a multi-
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focal pattern. The reported incidence of NAS in patients receiving a DBD liver graft varies
between 1 and 20% (11,17,18). Being frequently therapy resistant, NAS remain to be the
most challenging biliary complication. Because of poor prognosis of NAS, nonsurgical inter-
ventional treatments such as endoscopic dilatation and stenting, percutaneous transhepatic
cholangiography drainage and dilatation are usually considered. In case of extrahepatic NAS,
surgical resection of the diseased part and construction with a hepaticojejunostomy can be
successful(4,6). In up to 50% of the patients with NAS, retransplantation may be the only
treatment option(4). Therefore, NAS are the most troublesome complication after OLT and are
associated with high rates of morbidity, mortality and overall costs of care (19). In the current
shortage of available donor livers for OLT, a better understanding of pathogenesis and better
strategies to prevent NAS after transplantation are needed.

VARIABLE PRESENTATIONS OF NONANASTOMOTIC BILIARY STRICTURES

Presentations of NAS vary extensively in anatomical localization and severity as well as in
time of occurrence. Only 50% of the cases of NAS present within the first year after OLT,
constituting early-onset versus late-onset (>1 year after OLT) NAS (20). Early-onset NAS
have shown to occur mostly around the hepatic bifurcation and common bile duct. In contrast
to early-onset NAS, late-onset NAS are more frequently identified in the periphery of the liver,
affecting small bile ducts in a more diffuse pattern(20). It seems that early-onset and late-onset
NAS not only develop at different anatomical locations, but also are associated with different
risk factors. Retrospective studies have suggested that early- onset NAS are prominently
associated with ischemia-related injury, whereas late-onset NAS have been more frequently
associated immunological factors(20,21).

VARIABLE PATHOGENESIS OF NONANASTOMOTIC BILIARY STRICTURES

NAS are thought to have a multifactorial cause, which can be grouped based on three relevant
types of biliary injury: ischemia-related injury, immune- mediated injury and cytotoxic injury
caused by hydrophobic bile salts (3,22).

Ischemia-related injury
Prolonged ischemia time (>13 h) during static cold storage (SCS) of the graft has been iden-
tified as a main risk factor for the development of biliary strictures (17,23). However, to reduce
the detrimental impact of cold ischemia, the period of SCS has nowadays become shorter with
an average of 810 h (20). Oxygenation of biliary epithelial cells (cholangiocytes) is fully depen-
dent on the hepatic artery, in contrast to the hepatocytes, which are oxygenated via both the
hepatic artery and the portal vein. Hepatic artery thrombosis and stenosis is, therefore, very
detrimental for cholangiocytes and the bile duct wall stroma, and may result in the development
of massive bile duct necrosis after transplantation (24). Moreover, injury of the peribiliary mi-
crovasculature has also been shown to have an important role in the occurrence of NAS after
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transplantation (25). Thus, adequate flush out of the graft and the peribiliary vasculature with
preservation fluid is crucial for effective preservation of microvasculature and subsequently
the bile duct. Some studies have suggested that liver preservation with high-viscosity preser-
vation fluids may lead to higher rates of biliary strictures, because of insufficient flush out and
preservation of the peribiliary microvasculature (26). However, it seems that per- fusion with
low-viscosity preservation fluids such as histidinetryptophanketoglutarate solution alone is not
sufficient for effective perfusion of the peribiliary microvasculature (27). Additional arterial
back-table pressure perfusion may be, therefore, essential for ample perfusion of the peribil-
iary microvasculature and decreased occurrence of NAS after OLT as consequence (27,28).
Another well-known risk factor for the development of NAS is warm ischemia during organ pro-
curement, especially during the period between cardiac arrest and cold perfusion in case of a
DCD procedure. The incidence of NAS after transplantation of livers from DCD donors is as
high as 30%, which is much higher than the incidence of NAS after DBD liver transplantation
(1-20%) (18,29,30).
The method of graft reperfusion during implantation has also been shown to have an impact
on the occurrence of NAS. Retrograde reperfusion via the inferior vena cava while constructing
the portal vein anastomosis has been associated with an increased risk of developing NAS,
probably because of the relative warm ischemia of the bile ducts during implantation (31).
Some investigators have advocated arterial reperfusion instead of portal vein reperfusion or
simultaneous reperfusion via the portal vein and hepatic artery instead of sequential reperfu-
sion (32); however, there is no strong evidence supporting any of these strategies and initial
reperfusion via the portal vein is mostly preferred because of technical simplicity(33).

Immune-mediated injury
Many studies have suggested a role for immunological factors in the development of NAS. For
example, transplantation of ABO incompatible donor livers has shown to be associated with
higher incidence of NAS (34). The reason for this immune- mediated biliary injury is thought
to be the existence of blood-type antigens on the biliary epithelium of the donor bile ducts,
therefore biliary epithelium cells could be targeted by ABO antibodies (34,35). Moreover, pre-
existing autoimmune diseases such as primary sclerosing cholangitis (PSC) are associated
with a higher incidence of NAS(36). Additional evidence for immune-mediated injury of the
bile ducts as a mechanism leading to NAS is based on the strong association between a loss-
of- function mutation in the chemokine receptor CCR5 (CCR5�32) in recipients and a high
incidence of NAS (37,38). CCR5 has an important role in chemotaxis of regulatory T cells
and biliary epithelial cells express its ligands in the liver. CCR5�32 polymorphism has been
associated with functional immune system changes, including impaired attraction of regula-
tory T cells. The association between the occurrence of NAS and CCR5�32 polymorphism
provides evidence on the role of immune system in development of NAS (37,38). The risk of
developing NAS is even higher in patients transplanted for PSC who also have a CCR5�32
mutation (3).
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Cytotoxic hydrophobic bile salts
In contrast to hydrophilic bile salts, which are cyto-protective, hydrophobic bile salts may cause
injury to hepatocytes and cholangiocytes because of their detergent properties. The role of
hydrophobic bile salts in the occurrence of NAS after transplantation can be explained through
the following mechanisms: insufficient flush out of bile from the bile ducts during organ pro-
curement; altered bile composition after transplantation, leading to a relatively high biliary bile
salt to phospholipid ratio; intracellular accumulation of hydrophobic bile salts because of a
disturbed cholehepatic shunt after transplantation and impaired biliary HCO3

- secretion after
transplantation. Studies have shown that early after transplantation, the composition of bile
changes toward higher ratio between hydrophobic bile salts and phospholipids(39). This may
be explained by differed expression and function of the transporters bile salt export pump
(BSEP) and multidrug resistance protein 3 (MDR3), which results in higher bile salt and phos-
pholipid ratio in the bile. Disturbed protective micelle formation by a lower concentration of
phospholipids allows injury of the cholangiocytes by hydrophobic bile salts, resulting in in-
creased incidence of NAS (40).
In addition to the elevated bile salt to phospholipid ration, reuptake of bile acids by cholangio-
cytes as part of the cholehepatic shunt may be disturbed after transplantation, causing accu-
mulation of toxic bile salts inside cholangiocytes. This phenomenon has been explained by
the disbalance in function and expression of transporters responsible for reuptake of bile salts
by cholangiocytes from the bile (apical sodium-dependent bile acid transporter or ASBT) and
the basolateral transporters responsible for secretion of bile salts into the peribiliary vascular
plexus (organic solute and steroid transporters OSTa and OSTb). This could lead to cellular
accumulation of the hydrophobic bile salts and subsequent intracellular injury of cholangio-
cytes, in particular, in the large bile ducts (3).
Experimental studies have shown that biliary HCO3

- secretion prevents bile-salt-induced
cholangiocyte injury by alkalizing the bile close to the apical membrane of the cholangiocytes,
leading to deprotonation of hydrophobic bile salts. This protects the cells against penetration
of toxic bile salts in the cholangiocytes (41). The main transporters involved in biliary bicarbon-
ate secretion are the cholangiocyte Cl-/HCO3

- exchanger AE2 and transporter cystic fibrosis
transmembrane conductance regulator (CFTR), which are ATP dependent. Not only ATP lev-
els but also the expression of these transporters are disturbed because of ischemia during
transplantation, which will lead to a diminished function of biliary “HCO3

- umbrella” (42).

LACK OF REGENERATION: A NEW CONCEPT OF PATHOGENESIS OF
NONANASTOMOTIC BILIARY STRICTURES

Recent retrospective studies on histological examinations of biopsies taken from the distal
end of extrahepatic bile duct at the time of transplantation have shown signs of severe injury
characterized by biliary epithelial loss, mural stroma necrosis, and injury of the peribiliary
vasculature (25,43). Despite the universal biliary epithelial injury of large bile ducts of donor
livers (about 90%), only a minority (up to 15% in DBD liver grafts) of recipients develop NAS

19



Chapter 2

after transplantation. This has brought up a new concept of pathogenesis of NAS based on
insufficient regeneration and repair capacity of the biliary epithelium after transplantation in
certain livers (44). More studies will be needed to investigate better the true relevance of
this new finding and examine whether stimulation of the regenerative capacity of the biliary
epithelium may result in a reduction of NAS.

OXYGENATED MACHINE PERFUSION: A STRATEGY TO REDUCE NONANASTOMOTIC
BILIARY STRICTURES?

NAS are associated with high rates of morbidity, mortality and subsequently higher overall
costs of care after OLT. It is, therefore, necessary to develop new strategies to reduce the oc-
currence of NAS. The potential strategies can be defined as reduction of biliary epithelial cell
injury by reduction of ischemia-induced injury; reduction of cold-induced injury; enhancement
of endogenous protective mechanisms (e.g. stimulation of HCO3

- umbrella and increase the
bile flow) and stimulation of regenerative strategies.
Recently, machine perfusion was shown to be a more powerful alternative as preservation
method than the current method SCS (45). During machine perfusion, livers are perfused
with an oxygenated (46) or non-oxygenated perfusion fluid (47) at either low temperature
or normal body temperature. A relatively simple technique to revitalize grafts after the cold
ischemia caused by SCS is end-ischemic hypothermic oxygenated machine perfusion (per-
fusion at 10°C) (48,49). A couple of studies have demonstrated that oxygenated machine
perfusion can help organ recovery by improving cellular energy homeostasis. The restoration
of mitochondrial function by oxygenated machine perfusion will result in increased intracellular
concentration of ATP concentration and a reduction of the oxygen debt. This has been asso-
ciated with less formation of reactive oxygen species after graft reperfusion and subsequent
less cellular injury (48-51). Subnormothermic oxygenated machine perfusion (20°C) has also
shown to have a beneficial role in recovery of the liver graft after transplantation (52). In all
the above techniques, the metabolism of the liver is limited because of low temperatures. Nor-
mothermic machine perfusion, on the other hand, allows the organ to have full metabolism
activity in a near physiological environment. In a recent study, technical feasibility of normoth-
ermic machine perfusion was shown in discarded human livers. In this study, a commercially
available device (Liver Assist, Organ Assist, Groningen, The Netherlands) was used for ma-
chine perfusion of the liver, using continuous portal perfusion and pulsatile arterial perfusion
(46). Normothermic machine perfusion provides the opportunity to assess viability and func-
tion of liver grafts before transplantation. So far, studies have only suggested that machine
perfusion results in better preservation of the liver parenchyma compared with SCS. Although
machine perfusion has also the potential to lower ischemic injury of the biliary epithelium, it still
needs to be demonstrated whether machine perfusion indeed results in better preservation of
the biliary epithelium and the peribiliary vasculature. Nevertheless, the results for protecting
the hepatocyte against the cold are very promising. Moreover, during machine perfusion the
status of the biliary epithelium could be investigated by measuring the biomarkers of bile duct
injury in the perfusate or bile. Although detection of gamma-glutamyl transferase (�-GT) and
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alkaline phosphatase (ALP) in bile samples has been shown to correlate with the degree of
biliary epithelial injury, these enzymes are not specific for cholangiocytes and may also reflect
hepatocellular injury. A recent study reported that cholangiocyte-specific microRNAs can be
seen as a more specific biomarker to predict post-transplant biliary strictures. MicroRNAs are
stable and can be easily detected in perfusate, bile or tissue during machine perfusion prior to
transplantation (53).
In addition to providing better graft preservation and a tool for selection of grafts prior to trans-
plantation, machine perfusion also provides an opportunity to improve organ function and
viability. During machine perfusion, organs can be treated with therapeutic agents such as
hydrophilic bile salts (i.e. ursodeoxycholic acid and norursodeoxycholic acid) to substitute hy-
drophobic bile salts and increase the HCO3

- umbrella function (Figure-1) (54). The benefits
of such strategies, however, have to be proven in the future studies.

Non-anastomotic Biliary Strictures

Potential StrategyPathogenesis

Immune-mediated:
• ABO incompatibility
• Preexisting autoimmune disease
• CCR5Δ32 polymorphism

• Adequate back table flush out
• Oxygenated machine perfusion

• Administer hyrophilic bile salts
(UDCA, nor-UDCA)
• Induce MDR3 (statins, fibrates)
• Induce “HCO3

- umbrella”

• Oxygenation
• Increase ATP content
• Viability Testing

Hypothermic

Subnormothermic

Normothermic

Ischemia-related:
• Cold ischemia
• Preservation
• Warm ischemia

Bile salt Toxicity:
• High BS/PL ratio
• Impaired BS reuptake
• Impaired HCO3

-  secretion

Figure 1. Schematic overview of the mechanisms of biliary injury during and after liver transplantation
Machine perfusion is an attractive alternative method of organ preservation that could contribute to better preser-
vation of the biliary tree and may subsequently result in a reduction of preservation-induced biliary complications
after transplantation. ATP, adenosine triphosphate; BS, bile salts; BS/PS ratio, bile salt to phospholipid ratio;
MDR3, multidrug resistance protein 3; (nor-)UDCA, (nor-)ursodeoxycholic acid; TUDCA, tauroursodeoxycholic
acid.
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SUMMARY

Biliary complications remain to be a burden in liver transplantation. Biliary leakage and stric-
ture formation are the most frequent types of biliary complications. Whereas bile leakage
and anastomotic strictures can usually be managed successfully with nonsurgical or surgical
approaches, NAS are frequently therapy resistant and leave long-term sequels. NAS have
variable presentations in time and localization, suggesting different underlying mechanisms
and pathogeneses. Early-onset NAS have shown to be more ischemia related in contrast to
late-onset NAS. Late-onset NAS are more frequently immune-mediated. Cytotoxic hydropho-
bic bile salts play a critical role in biliary epithelial injury and occurrence of NAS. An adequate
flush out of the liver, peribiliary microvasculature and the bile ducts during organ procurement
could reduce biliary epithelial injury to some extent. However, bile duct injury during subse-
quent cold ischemic storage of a liver graft may still be substantial and may contribute to a high
incidence of biliary complications after transplantation, especially in case of an extended cri-
teria (preinjured) liver graft. Two recent histopathology studies of bile duct biopsies taken from
human DBD donor livers at the time of transplantation have shown almost universal loss and
injury of the biliary epithelial lining of the extrahepatic bile duct (up to 90% of all grafts). The
degree of injury was strongly associated with the occurrence of NAS after transplantation.
These studies have suggested that lack of complete and timely regeneration of the biliary
epithelium after transplantation rather than the amount of initial bile duct wall injury may be
an important underlying cause of NAS. Machine perfusion has received increasing research
attention during the last years as an attractive alternative method of graft preservation prior
to transplantation. Although the most optimal method of machine perfusion still needs to be
determined (temperature, duration, timing, etc.), most studies have shown improved preserva-
tion of the liver parenchyma with this technique. Much less is still known about the potentially
beneficial effects of machine perfusion on the bile ducts of a donor liver. Nevertheless, the
capacities of machine perfusion are very promising (i.e. viability testing by biomarkers or ad-
ministering therapeutic agents) and may provide a new tool to protect the vulnerable bile ducts
against preservation-induced injury.
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KEY POINTS

• Biliary complications remain to be the major problem after orthotopic liver
transplantation.

• Nonanastomotic biliary strictures are the most challenging complication after
OLT because of variability in the pathogenesis and resistance to therapy.

• The main mechanisms described for pathogenesis of NAS include ischemi-
areperfusion injury, immune- mediated injury, cytotoxic hydrophobic bile salts
and impaired biliary bicarbonate secretion.

• Insufficient regeneration capacity of biliary epithelium has recently been pro-
posed as a new perspective to view the pathogenesis of NAS.

• Machine perfusion has been proposed as a potential preservation strategy to
reduce ischemiareperfusion injury in donor livers; however, clinical trials are
needed to demonstrate whether machine perfusion can reduce the incidence
of NAS after transplantation.
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The Origin of Biliary Strictures after Liver Transplantation: Is it the Amount of Epithelial Injury or Insufficient Regeneration that Counts?

Biliary complications continue to be a major problem after orthotopic liver transplantation
(OLT). The incidence of biliary complications varies between 10% and 40% in different se-
ries and this type of complications is associated with frequent hospital admissions and high
morbidity and mortality rates(1-3). Among the variety of biliary complications that can occur
after OLT, bile duct strictures are of the most concern. Bile duct strictures can be classified
as anastomotic strictures (AS) or non-anastomotic strictures (NAS). Solitary strictures at the
biliary anastomosis have been reported in 9-12% of the patients (4-6), and NAS have been
reported in 1-20% of patients receiving a liver from donation after brain death and in up to
30% of patients receiving a liver from donation after cardiac death (DCD) (4,7,8). NAS may
occur in the extrahepatic donor bile duct as well as the intrahepatic bile ducts, but they are
usually limited to the larger bile ducts. NAS may be accompanied by intraductal biliary sludge
and cast formation.
For many years researchers have been trying to understand the underlying mechanisms of
AS and NAS. Current evidence suggests that AS are mainly related to the surgical technique
and local ischemia of the distal bile duct stump, leading to fibrotic scarring of the anastomosis
(1,6). The etiology of NAS is thought to be multifactorial and three relevant types of biliary
injury have been identified as a potential cause of NAS: ischemia/reperfusion related injury;
immune-mediated injury; and cytotoxic injury caused by hydrophobic bile salts (1,9). Current
understanding of the occurrence of these types of biliary injury is that they originate mainly
after transplantation of the liver. Depending on the severity of bile duct injury, the healing pro-
cess may lead to scar formation and subsequent stricturing of the affected bile duct segments.
Thus far, it remains unclear as to which extend bile ducts of donor livers are injured already
before transplantation.
In a recent issue of the Journal of Hepatology, Brunner et al. describe a clinical cohort study
including 79 liver transplant procedures in which biopsies were taken from the distal end of the
extrahepatic bile duct of the donor liver at the time of organ retrieval and during transplantation
(10). Biopsies were evaluated by light microscopy and immunofluorescence to determine the
amount of biliary epithelial injury, using a self-developed semi-quantitative bile duct damage
scoring system. The investigators subsequently correlated the grade of biliary injury with the
occurrence of biliary complications after OLT. The most striking finding in this study was the
high percentage of donor livers with severe injury and loss of biliary epithelium in the distal bile
duct before implantation. Of all biopsies taken at the end of cold preservation, 86% had signs
of bile duct epithelial cell loss. The degree of bile duct injury increased only slightly after reper-
fusion of the graft. Few clinicians working in the field of clinical liver transplantation are aware
of the fact that the vast majority of donor livers have severe bile duct epithelial injury already
prior to implantation. Interestingly, Brunner and colleagues also found that their histological
bile duct damage score could be helpful to predict development of bile duct complications after
transplantation (10).
This study is in accordance with another recent clinical study on donor bile duct histology pub-
lished by Hansen et al. (11). In a cohort of 93 liver transplant procedures these investigators
also performed histological evaluation of donor bile duct biopsies. In this study biopsies were
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taken after graft reperfusion, before constructing the biliary anastomosis. This research group
described another histological injury grading system that, in addition to biliary epithelium loss,
includes the degree of injury of the peribiliary vascular plexus (arteriolonecrosis and thrombo-
sis) and necrosis of the bile duct wall stroma. Major bile duct epithelial loss was observed in
88% (77/93) of the cases, a percentage that is strikingly similar to the 86% of biliary epithe-
lium loss observed by Brunner et al. The results from the study by Hansen and colleagues
suggested that the presence of arteriolonecrosis in the bile duct wall is strongly associated
with the development of biliary strictures after transplantation (11).
These two studies not only provide evidence that histological assessment of the donor bile
duct may help predict the occurrence of biliary strictures after transplantation, they also of-
fer additional perspective from which to view the pathogenesis of these strictures. The high
percentage of donor livers with severe biliary epithelial injury before transplantation is striking.
In fact, many extrahepatic donor bile ducts appeared to be nothing more than a scaffold of
connective tissue without any epithelial lining of the lumen. With this knowledge it is a surprise
that not every donor liver develops biliary strictures after OLT. If the vast majority of donor
livers already have severe bile duct injury prior to transplantation, yet “only” 10-20% develop
NAS or AS, it could very well be that the critical factor that determines whether a graft will
develop NAS or not is insufficient biliary regeneration rather than the initial biliary injury. This
new perspective from which to view he pathogenesis of biliary strictures is summarized in
Figure 1. The study by Brunner et al. (10), as well as the recent paper by Hansen et al.
(11) open interesting new avenues for further research. Firstly, the studies show that current
methods of organ preservation are far from sufficient to protect the biliary epithelium and bile
duct wall in the time period between organ procurement and transplantation. It is possible that
current organ preservation fluids used to flush the bile ducts during procurement are subop-
timal to preserve the biliary epithelium. Alternatively, it might be that the current preservation
method based on cooling is not the best way to protect the biliary epithelium. The only way
to eliminate the need for cooling down an organ during preservation would be normothermic
oxygenated organ perfusion. Our group has recently demonstrated that normothermic, oxy-
genated perfusion of human donor livers is technically feasible; however, more research in this
area is needed to determine whether this will also result in better preservation of the biliary
epithelium (12).
Secondly, the papers by Brunner et al. and Hansen et al. should be seen as a stimulus to
study in more detail the processes underlying regeneration of the biliary epithelium. Appar-
ently many livers have adequate and timely restoration of their biliary epithelium, as these
livers do not develop biliary strictures despite massive epithelial loss prior to transplantation.
Unfortunately, the mechanisms of biliary epithelium regeneration in the larger and extrahep-
atic bile ducts are not very well known. Most previous research has focused on the smaller,
intrahepatic bile ducts and ductules. Studies have suggested a role for the proliferation of
remnant biliary epithelial cells, but bipotent stem cells in the canals of Herring (oval cells),
bone marrow derived stem cells, and peribiliary glands could be involved as well (13,14). If
the mechanisms of successful reepithelialization of the large and extrahepatic bile ducts are
better understood, therapeutic strategies to stimulate regeneration in all livers could poten-
tially be developed. For example, preconditioning of livers to stimulate regeneration of biliary
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epithelium before transplantation by flushing the bile duct with growth factors or mesenchymal
stem cells is an interesting option that needs further exploration.
Thirdly, there is a need to develop non-invasive methods that enable assessment of the bil-
iary epithelium during organ preservation and before implantation. Histological examinations
can only be performed by taking biopsies from the distal end of the donor bile duct. It is
impossible to obtain biopsies from the more proximal or intrahepatic bile ducts without risk
for the graft and recipients. An attractive alternative could be the development of molecular
imaging techniques using near-infrared fluorescence that allow a non-invasive assessment of
the biliary epithelium. If such molecular imaging techniques are combined with visible light
cholangioscopy this could provide an intraoperative tool for surgeons to judge viability of the
biliary tree prior to transplantation (15).
This also touches on a limitation of the study by Brunner et al.: specimens were only taken
from the distal free margin of the extrahepatic bile ducts. It remains unknown whether injury
detected in these specimens is representative for the epithelial lining higher up in the biliary

Figure 1. Schematic presentation of the changing perspective on the pathogenesis of biliary strictures
after liver transplantation.
Panel A. The “classical” concept based on the degree of biliary epithelial injury. Few biliary epithelial cells (BEC)
are damaged and lost during cold preservation and most part of biliary damage occurs after transplantation due
to reperfusion injury, immunological causes and hydrophobic bile salt toxicity.
Panel B. The “new” concept based on insufficient regeneration of the biliary epithelium. Biliary injury and cell loss
is almost universally present in all donor livers. Yet only a minority of livers develop biliary strictures, suggesting
that regeneration of the biliary epithelium is rapid and successful in most donors livers. The key question that
arises from this novel perspective is “what determines successful regeneration of the biliary epithelium and how
can we stimulate adequate regeneration in all livers?”
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tree. In addition, the series reported by these investigators did not include DCD livers and it
would be very interesting to know the type and degree of bile duct injury in that type of donor
livers prior to transplantation.
In conclusion, the study presented by Brunner et al. (10), together with the recent data pub-
lished by Hansen et al. (11), gives important new information on preservation injury of the bile
ducts in human liver transplantation. These studies provide new perspective from which to
view biliary injuries and the development of strictures after transplantation. If loss of the biliary
epithelium and injury of the bile duct wall is so universally present in human donor livers, yet
(fortunately) only a minority develops biliary strictures after transplantation, an important new
question that arises is: “Why does regeneration of biliary epithelium fail in certain livers and
how can we stimulate the regenerative capacity of the biliary epithelium after OLT?”
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INTRODUCTION

The remaining struggle after orthotopic liver transplantation (OLT) is occurrence of biliary com-
plications, especially the non-anastomotic biliary strictures (NAS). The incidence of NAS is
reported in 1-20% of patients receiving a liver donated after brain death (DBD) and can reach
up to 30% in patients receiving a liver from donation after circulatory death (DCD) (1,2). This
type of strictures, although limited to larger size bile ducts, can occur in extrahepatic as well
as intrahepatic donor bile ducts.
In the recent years the understanding of the etiology of development of NAS has changed
towards an existing healing process that leads to revival of biliary epithelium after transplan-
tation (3). We recently published an article in Journal of Hepatology describing the histology
of biopsies taken from the distal end of the extrahepatic bile duct of donor livers at the time
of transplantation (4). This study demonstrated the presence of severe biliary injury, charac-
terized by loss of the lining biliary epithelium, mural stroma necrosis, as well as injury of the
peribiliary glands (PBG) and peribiliary vasculature. Injury of deep PBG and peribiliary vascu-
lature was identified as significant predictors of later development of non-anastomotic biliary
strictures (NAS) after transplantation (4). Severe injury and loss of the lining biliary epithelium
is almost universally found in over 90% of donor extrahepatic bile duct biopsies taken at the
time of transplantation (5,6). The observation that the degree of injury of PBG and vascular
plexus correlates strongly with the development of NAS after transplantation suggests that
insufficient regeneration of biliary epithelial lining after liver transplantation, due to destruction
of the progenitor cell niche (i.e. the PBGs) and insufficient blood supply to bile ducts, is a crit-
ical component in the pathogenesis of NAS (4,7). In our previous study, as well as two other
studies on bile duct histology of donor livers, biopsies could only be obtained from the distal
end of the donor extrahepatic bile duct (5,6). It is, however, unknown whether the degree of
injury at this level is representative for the degree of injury in the rest of biliary tree, including
intrahepatic bile ducts.
Our aim in this study was to investigate whether histological injury detected in biopsies taken
from the distal end of a donor liver bile duct is representative for the degree of injury of more
proximal and intrahepatic large bile ducts.

MATERIAL AND METHODS

Donor Liver Grafts
Nine human donor livers that were declined for transplantation for various reasons were in-
cluded in this study after informed consent for research was obtained from donor relatives.
The major reasons for declining the liver for transplantation consisted a combination of dona-
tion after circulatory death (DCD) and age of more than 60 years old, high body mass index or
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Table 1: Donor Characteristics and Surgical Variables

Variable Number(%) or Median(IQR)

Age (years) 65 (52-68)

Gender (male) 7 (78%)

Body mass Index 26 (23-30)

Cause of death

Cardiovascular 3 (34%)

Trauma 2 (22%)

Post-anoxia 2 (22%)

Brain tumor (benign) 1 (11%)

Subarachnoid hemorrhage 1 (11%)

Type of donor

DCD, Maastricht type III 8 (89%)

DBD 1 (11%)

Reason livers were declined for transplantation

DCD+ age >60 years 5 (56%)

DCD+ high body mass index 1 (11%)

DCD+ high serum transaminases 2 (22%)

DBD+ adenomatosis hepatis 1 (11%)

Preservation solution

University of Wisconsin solution 9 (100%)

Type of graft

Full size graft 9 (100%)

Donor warm ischemia time in DCD* (min) 17 (14-21)

Cold ischemia time (min) 433 (322-560)

* Donor warm ischemia was defined from the moment of cardiac arrest after planned withdrawal of life
support until cold flush out.
Abbreviations: DCD, Donation after circulatory death; DBD, Donation after brain death.

high level of donors transaminases. In one case the liver was donated after brain death (DBD)
however the donor suffered from adenomatosis hepatis (Table 1).
The study protocol was approved by the medical ethical committee of University Medical Cen-
ter Groningen (METc 2012.068) and the competent authority for organ donation in the Nether-
lands, the Dutch Transplantation Foundation (NTS).

Procurement of Donor Liver Grafts
All livers were procured by one of the multi-organ procurement teamsin the Netherlands using
the standard fashion of in situ cooling andflush out of the liver graft with ice-cold (0-4°C)
University of Wisconsin (UW) solution. Before the cross clamping of supratruncalaorta in the
DBD case, heparin (25,000 IU) was administeredintravenously. In DCD situation, the surgical
procedure started onlyafter the 5-min “no touch” period following declaration of circulatory
death. In this case, heparin (25,000 IU) was added tothe first UW bag during in situ flush.
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Then after all livers were packed in ice-cold UW (0-4°C) , stored in a box of ice and were
transported to the transplantation center.

Histological Assessment of Bile Duct Injury
Upon arrival in the transplantation center, biopsies were taken from the distal end of extra-
hepatic bile duct as well as intrahepatic bile ducts at two different levels of sectoral ducts and
segmental ducts (Figure 1A). Samples were fixed in 10% formalin and paraffin embedded for
further preparation for hematoxylin and eosin (H&E) staining.
Injury of the bile ducts was assessed using a systematic histological scoring system as de-
scribed previously (4,5) by two independent investigators under supervision of an expert liver
pathologist, who were not aware of the study assigned groups.

Statistical Analysis
Continuous variables were presented as median with interquartile range (IQR). Categorical
variables were presented as number and percentage. Injury of extrahepatic and intrahepatic
bile duct in each liver was compared as matched pairs using paired t-test. Categorical vari-
ables were compared with the Pearson chi-square test as appropriate. P-value of <0.05 was
set as the cut off for significance of differences. All statistical analyses were performed using
GraphPad Prism software version 6.0 (GraphPad Software, Inc., San Diego, CA, USA).

RESULTS

All the liver grafts had a median static cold storage time of 6.7 hours (IQR: 5.3-9.3 hours) and
the DCD livers suffered from a median warm ischemia time of 17 min (IQR: 14-21 min).
Biliary epithelial loss of >50% of the bile duct lumen was observed in all different levels of
the biliary tree (Figure 1B). The degree of mural stroma necrosis was not different among
extrahepatic and intrahepatic bile ducts (Figure 1B and C). There was minimal injury of peri-
biliary vascular plexus (<50% vascular changes) in 92.5% of all the biopsies and there was no
significant difference among extrahepatic and intrahepatic bile ducts (Figure 1D and E). No
signs of microthrombi were found in the peribiliary vascular plexus and only minimal intramu-
ral bleeding (<50% of the bile duct) was observed in 5% of all biopsies. The degree of injury
detected in periluminal PBG as well as in deep PBG was not significantly different among the
various levels of the biliary tree (Figure 1F-I).
Severe injury (>50% epithelial loss) of the periluminal PBG was found in 40% of the livers,
while severe injury of deep PBG was observed in only 6.6% (p<0.0001).

DISCUSSION

This is the first study describing the degree of histological injury of donor liver bile ducts at
different levels of the biliary tree, including larger intrahepatic bile ducts. In accordance with
previous studies (5,6), histological examination of bile ducts of donor livers after static cold
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Figure 1. Histological assessment of bile duct (BD) injury at various levels of the biliary tree of
human donor livers.
(A) Schematic overview of the different levels at which biopsies were taken. Light microscopy (hema-
toxylin & eosin staining) of extrahepatic and intrahepatic bile duct biopsies showed no significant dif-
ferences in the degree of (B, C) biliary epithelium loss and mural stroma necrosis, (D, E) peribiliary
vascular plexus, (F, G) periluminal peribiliary glands (PBG), and (H, I) deep PBG at the three different
levels of the biliary tree. The degree of injury of the various bile duct wall components was assessed
using a histological grading system as described previously (1). * Bile duct lumen; #: bile duct wall.
Arrows point at blood vessels of the peribiliary vascular plexus. Dotted circles indicate the periluminal
PBG and dashed circle indicate the deep PBG.
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preservation revealed signs of extensive injury. Op Den Dries et al. showed a strong associ-
ation between severe injury of deep PBGs and peribiliary vascular plexus of the distal end of
extrahepatic bile duct at the time of transplantation with later development of NAS after trans-
plantation (4). The current study adds important new information to the existing knowledge
on biliary preservation injury obtained from studies describing the degree of injury in distal
extrahepatic bile duct biopsies of donor livers (5,6) by reporting similar amount of histological
injury of intrahepatic bile ducts when compared with the distal end of extrahepatic bile duct
in each liver graft. These findings confirm the reliability of the extrahepatic bile duct biopsies
when evaluating the injury of entire biliary tree.
A limitation of this study is that the donor liver grafts used were declined for transplantation
by centers within Eurotransplant region. However, the type and degree of bile duct injury ob-
served at the level of distal extrahepatic bile duct was similar to that described before in our
previous study including 128 liver grafts that were used for transplantation (5,6), as well as an
experimental study using a porcine DCD model (8). Moreover, due to the nature of this study,
which included collection of biopsies from larger intrahepatic bile ducts, there is no possibility
to perform such a study in donor livers that are accepted for transplantation. Another limita-
tion of this study is the small number of liver grafts used. Unfortunately, human livers are not
available for research in large numbers.
In conclusion, the degree of histological injury detected at distal end of extrahepatic bile duct
of a donor liver is also representative for the degree of injury in the proximal parts of the biliary
tree, including larger intrahepatic bile ducts. This study indicates that the biopsies taken from
the distal end of the donor extrahepatic bile ducts are a valuable tool in research focusing on
preservation injury of donor bile ducts during liver transplantation.
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ABSTRACT

CCR5�32 polymorphism, resulting in a nonfunctional chemokine receptor 5, is a known risk
factor for the development of non-anastomotic biliary strictures (NAS) after liver transplanta-
tion. The underlying mechanism, however, is unclear. In the current study, we investigated the
role of a functional CCR5 deficiency in mice on the influx of regulatory T cells (TRegs) and the
balance of effector Th cell subsets after bile duct ligation (BDL), an established model of biliary
injury. Mononuclear cells were isolated from liver tissue at 12hr, 24hr, 36hr and 5 days after
BDL in CCR5 KO or wild-type mice and stimulated in vitro. The frequency of Th cell subsets
(TRegs, Th1, Th2 and Th17) in the mononuclear cell population was analyzed by flow cytomet-
ric detection of their intracellular markers (FoxP3, IFN� , IL-4+, and IL-17+, respectively). The
frequency of TRegs after BDL in CCR5 KO mice was significantly less than in wild-type mice at
5 days after BDL (P=0.008). While the Th17 response decreased in wild-type mice, it stayed
stable in CCR5 KO animals, resulting in significant change in Th17 / TRegs ratio towards more
Th17 response in CCR5 KO animals at 5 days after BDL (P=0.026). This study suggests
that loss of CCR5 function results in less recruitment of immune-modulating TRegs to the liver
and an enhanced immune-stimulating Th17 response after biliary injury. This mechanism may
explain the higher incidence of NAS in liver recipients carrying the CCR5�32 polymorphism.

48



CCR5 Deficiency Results in Decreased Hepatic Recruitment of Regulatory T Cells after Obstructive Biliary Injury in Mice

INTRODUCTION

The occurrence of biliary strictures, particularly, non-anastomotic biliary strictures (NAS) re-
mains a major burden in orthotopic liver transplantation (OLT). NAS after OLT are charac-
terized by multiple intra- and extrahepatic biliary strictures and secondary dilatations of the
larger donor bile ducts leading to cholestasis and ultimately progressive liver fibrosis. Immune
mediated injury has been suggested as one of the underlying etiologies for development of
NAS. However, the exact role of the immune system in the pathophysiology of NAS is not
completely understood. Clinical evidence for a role of the immune system in the develop-
ment of NAS includes an increased risk for NAS in case of ABO incompatibility between the
donor and recipient, pre-existing autoimmune diseases such as primary sclerosing cholan-
gitis (PSC), and carriership of the loss of function mutation in the CC-chemokine receptor 5
(CCR5�32 polymorphism) in the recipient (1,2).
The CCR5�32 polymorphism is caused by a 32-basepair deletion in the reading frame lo-
cated on chromosome 3p21. This mutation leads to a lack of CCR5 membrane expression
and thus a functional deficiency of the receptor (3,4). CCR5 is one of the chemokine recep-
tors that is expressed on CD4 T helper cells (Th) and mediates their migration. Therefore,
dysfunction in CCR5 may have an impact on the recruitment of Th cells to the site of injury
or infection (5). Localization of effector Th (Th1/Th2/Th17) and suppressor regulatory T cells
(TReg) to the inflammatory site is instrumental for the effective control of immune responses.
Disturbed migration of T cells may result in an altered ratio of effector and regulatory T cells,
and may causes tissue damage (6). CCR5�32 has been associated with many immunological
diseases. In patients suffering from end-stage renal disease (ESRD), CCR5�32 had protec-
tive effects against inflammation-associated mortality (7). In addition, presence of CCR5�32
has been associated with better outcomes in populations with high cardiovascular risk (8) and
reduced inflammation post myocardial infarction (9). CCR5�32 has been also associated
with better survival in type 2 diabetes patients (10). However, in the liver the effects of the
CCR5�32 polymorphism appear deleterious (1).
In the liver, ligands of CCR5 (CCL3, CCL4 or CCL5) are expressed by biliary epithelial cells
(11). The CCR5�32 polymorphism has been reported to exacerbate the severity of hep-
atic inflammation and T cell-mediated liver diseases (11,12). In addition, the presence of a
CCR5�32 allele has been associated with an increased incidence of NAS after liver trans-
plantation (1,2,13). However, the mechanistic role of the CCR5�32 polymorphism in the
development of NAS after transplantation remains unclear. We hypothesized that biliary in-
jury in the presence of a nonfunctional expression of CCR5 leads to increased inflammation
and subsequent fibrosis due to a reduced attraction of immune-modulating TRegs. The present
study was designed to investigate the effects of a functional CCR5 deficiency on the recruit-
ment of Th cell subsets in the liver after biliary injury in the well-established model of bile duct
ligation in mice.
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MATERIALS AND METHODS

Animals
In this study, we used male CCR5 KO mice (B6; 129P2-Ccr5tm1Kuz/J) and wild-type
B6129PF2/J with median body weight of 25.3 gr (IQR: 23.8 26.4 gr), purchased from Jackson
Laboratories (Charles River Inc., Boston, MA, USA). Animals were kept under standard lab-
oratory conditions with free access to standard laboratory chow and water. The Institutional
Animal Care and Use Committee of the University of Groningen (IACUC-RuG) approved the
experiments of this study and all the experiments were performed in accordance with the
guidelines of this Committee.

Experimental Design
Forty-five KO mice and fifty-four WT mice were included in this study. In each arm of the study,
the experimental mice underwent bile duct ligation (BDL) procedure and the control animals
underwent sham operation. At 12 hr, 24 hr, 36 hr and 5 days after BDL or sham operation, the
animals in both KO and WT arm of the study were sacrificed and livers were either perfused in
situ for cell isolation (n=6 in each group) in order to perform further flow cytometry as described
below or were used for liver tissue and blood sample collection (n=3 in each group).

Bile Duct Ligation
Mice were anesthetized by inhalation of a mixture of isoflurane and oxygen (5% isoflurane to
induce anesthesia and 2-3% isoflurane to maintain deep anesthesia during the BDL). After
a mid-line laparotomy, the common bile duct (CBD) was exposed and dissected above the
pancreas. Two 8-0 nylon sutures were placed around the proximal end of the CBD, close to
the hilum of the liver, and one 8-0 nylon suture was placed at the distal end of the CBD, close
to the pancreatic entrance of CBD. The CBD was transected between the ligatures. Then, the
abdominal muscle layer and skin were sutured separately to close the incision. The animals
were examined every 12 hours during the first 24 hours and on a daily basis afterwards with
respect to body weight, activity level, and jaundice.

Evaluation of Hepatobiliary Injury Markers
At the time of sacrifice, all mice were weighed and anesthetized. Blood samples (n= 3 per
group, WT and KO mice) were obtained from the inferior vena cava after the injection of an
anticoagulant solution containing heparin (500 IU heparin in 1 mL 0.9% NaCl). Plasma was
collected after 5 min centrifugation at 2700 rpm, at 4°C, and was then stored at -80° C for
further measurement of alkaline phosphatase (ALP), alanine aminotransferase (ALT), and total
bilirubin using standard biochemical methods.

Histological Evaluation
At the indicated time points, the liver was removed, weighed andprocessed for biochemical
or histological analyses (n=3 per group).Samples were fixed in 10% neutral buffered formalin
and were paraffinembedded for further preparation for hematoxylin and eosin (H&E) staining.
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Two independent investigators performed the histological assessment in a blinded fashion (i.e.
the investigators were not aware ofthe assigned study group). Hepatocellular injury as defined
by “biliary infarct” (BI) was quantified in ten random high-power fields (100Xmagnification) and
the findings were expressed as percentage of BI relative to the total liver tissue surface area
(14). Biliary infarctswere defined as coalescent injured hepatocytes in immediate proximity toa
ruptured bile ductule (15).

Isolation of mononuclear cells from the livers
Mononuclear cells were isolated from the livers of WT (n=6 per group) and KO (n=6 per group)
mice in two phases:

1. The liver cells were isolated by a two-step perfusion method using collagenase as de-
scribed before (16). Briefly, after anesthesia and heparinization, the abdominal inferior
vena cava was cannulated below the liver. The portal vein was transected to be used
for outflow during perfusion and the abdominal aorta and inferior vena cava below the
diaphragm were cross clamped. The liver was perfused through the cannulated ab-
dominal inferior vena cava with Ca2+-free Krebs Ringer Hepes buffer (pH 7.4) at 37°C
for 5-8 min until the portal vein effluent was clear (flow rate 10 ml/min; controlled by a
rotatory pump that was used for perfusion). This was followed by perfusion with Mg2+-
free Krebs Ringer Hepes buffer containing Ca2+ (5.7 mmol/L) and Collagenase type
IV (0.120.16 U/ml, Sigma-Aldrich, Zwijndrecht, The Netherlands) for 10 min at a flow
rate of 8 ml/min). The liver was then removed and placed in a petri dish containing
RPMI 1640 medium (Gibco, Life Technologies Inc.), 10% fetal calf serum (FCS; Sigma-
Aldrich) and gentamicin (Gibco, Life Technologies Inc., Darmstadt Germany). The cells
were released by gentle teasing of the liver capsule and the suspension was filtered
through 60-mesh sterile nylon gauze. All buffers were oxygenated prior to perfusion.
The cell suspension was washed three times with RPMI 1640 medium at 50 g for 5
min and the supernatant was discarded and the cell pellet was re-suspended in fresh
medium.

2. Mononuclear cells were isolated from the prepared cell suspension by density gradient
centrifugation on Lymphoprep (Stem Cell Technologies Inc., Grenoble, France). Cells
recovered from the gradient interface were washed twice in phosphate buffered saline
(PBS), and adjusted to 1 x 107 cells/ml in RPMI 1640 (Cambrex Bio Science, Verviers,
Belgium) supplemented with 5% FCS and 50g/ml of gentamycin.

Ex-vivo Stimulation
Isolated mononuclear cells were incubated in presence or absence of 4 nM phorbol
12-myristate 13-acetate (Sigma-Aldrich) and 0.2 nM Calcium ionophore (Sigma-Aldrich).
Brefeldin A (Sigma-Aldrich) with a final concentration of 10 L/ml was added to each tube
in order to disrupt protein transport to allow for intracellular accumulation of cytokines. Next,
culture tubes were incubated for a total of 16 hours.
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Flow Cytometry
After stimulation, the cells were washed and incubated with eFluor605-conjugated anti-CD8
and eFluor450-conjugated anti-CD3 for 30 minutes in the dark on ice. Cells were then washed
with cold PBS, followed by fixation and permeabilization in Fix/Perm buffer (FoxP3 staining
kit, eBioscience, Uithoorn, The Netherlands). Subsequently, cells were stained with Peri-
dinin Chlorophyll Protein Complex (PerCP)-Cyanine5.5-conjugated anti-IFN� , Alexa Fluor488-
conjugated anti-IL17A, Phycoerythrin(PE)-conjugated anti-IL4 and Allophycocyanin(APC)-
conjugated anti-FoxP3. After incubation for 30min at room temperature, the cell suspension
was washed twice with cold permeabilization buffer, and immediately analyzed on a LSRII flow
cytometer (BD).
For all flow cytometry analyses, data were collected for at least 2 x 106 cells, and plotted using
the Kaluza software package (Beckman Coulter, Woerden, Netherlands). Because stimulation
reduces surface expression of CD4 on T-cells, CD4-positive T-cells were identified indirectly by
gating on CD3-positive cells and CD8-negative lymphocytes. Next, cells were analyzed for the
expression of intracellular cytokine production of IFN� , IL-4, and IL-17. Unstimulated samples
were used for setting the linear gates to delineate positive and negative populations as well
as defining the expression of FoxP3. Results were expressed as frequencies, reflecting the
percentage within the total CD4+ T-cell population.

Statistical Analysis
Continuous data are presented as medians and interquartile range (IQR). Mann-Whitney U
test was used to determine the significance of differences between groups. A P-value <0.05
was considered statistically significant. All the statistical analyses were performed using
GraphPad Prism software version 5.0 for Windows (GraphPad Software, Inc., La Jolla, CA).

RESULTS

Hepatocellular Injury Induced by Bile Duct Ligation
The course of hepatocellular injury following BDL was investigated by measuring serum levels
of ALT and by histological quantification of biliary infarcts. In both WT and CCR5 KO mice,
serum levels of ALT rapidly increased after BDL. ALT levels increased from a baseline median
of 6 IU/L in sham operated animals, peaking at 36 hr after BDL (median of 1505 IU/L in WT
and 574 IU/L in KO mice), and remained elevated at 5 days after BDL (median of 62 IU/L
in WT and 205 IU/L in KO mice; p=0.034), compared to the sham mice of both the WT and
CCR5 KO group (Figure-1A). We observed no significant differences in ALT levels between
the CCR5 KO and WT mice at all the time points after BDL.
Serum markers of cholestasis such as ALP and total bilirubin were evaluated after BDL. In
both WT and CCR5 KO mice, ALP increased from median baseline of 40 IU/L in WT and 65
IU/L in CCR5 KO sham operated mice to 150 IU/L in WT and 294 IU/L in CCR5 KO mice at
5 days after BDL (Figure-1B). Along with this, total bilirubin increased steadily from a median
baseline of 3 mol/L in sham operated mice to a median of 124 mol/L in WT mice and 150 mol/L
in KO mice at 5 days after BDL (Figure-1C). There were no significant differences between
the WT and KO mice regarding the increase in the serum markers of cholestasis.
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Biliary infarcts were detected as soon as 12 hr after BDL in both WT and CCR5 KO mice and
infarcts increased in size and number (indicated as percentage of biliary infarct relative to the
total liver surface area) (Figure-1B) during the observation period. However, there were no
significant differences in the number and size of biliary infarcts between the CCR5 KO and WT
mice. Histological examination of liver tissue showed increasing dilatation and proliferation of
bile ductules during the course of injury after BDL (Figure-1E). Altogether, these data suggest
that CCR5 loss of function does not affect the extent of hepatocellular injury or severity of bile
duct injury up until 5 days after BDL.

Frequency of Hepatic TRegs after Bile Duct Ligation
The frequency of hepatic TRegs among the CD4+ T cells was evaluated in both WT and CCR5
KO mice by measuring the frequency of total FoxP3+ CD4+ T cells in isolated mononuclear
cell preparations. The percentage of total FoxP3+ CD4+ T cells among the unstimulated sam-
ples decreased in both WT and CCR5 KO mice after BDL. In WT mice, total of FoxP3+ cells
decreased from median of 7.5% in sham operated animals to 6.7% at 5 days after BDL and
in KO mice it decreased from a median of 5.8% in sham operated animals to 2.3% at 5 days
after BDL, which was significantly less compared to WT animals at 5 days after BDL (p=
0.008) (Figure-2A). A representative flow cytometric characterization of FoxP3+ CD4+ T cells
is demonstrated in Figure-2B.
It is known that a part of the FoxP3+ TReg cells has the ability to lose their suppressive function
in response to the inflammatory environment and convert towards IL-17 producing effector
cells. Therefore the suppressive function of TRegs is attributed to FoxP3+ IL-17- CD4+ cells,
or so called true TRegs (6). At 5 days after BDL, the frequency of true TRegs was significantly
lower in CCR5 KO mice (median of 2.0%), compared to sham operated animals (median of
5.6% of CD4+ cells; p=0.015; Figure-2C), while in WT mice the frequency of true TRegs was
significantly higher in sham operated animals (median of 5.3% of CD4+ cell) , compared to
the group at 36 hours after BDL (median of 10.1%; p=0.019; Figure-2C). These data suggest
that CCR5 loss of function leads to decreased recruitment of TRegs to the liver after bile duct
ligation.

Hepatic Th-1, Th-2 and Th-17 Type Response after Bile Duct Ligation
The functional phenotype of CD4+ cells was evaluated by analyzing the intracellular expression
of the cytokines IFN-�, IL-4 and IL-17 after stimulation of the cells. The percentage of IFN-
�+ secreting CD4+ cells (indicating a Th-1 type directed response), the percentage of IL-4+

secreting CD4+ cells (indicating a Th-2 type directed response), and the percentage of IL-17+

secreting CD4+ cells (defining a Th-17 response) were not significantly different between WT
and KO mice without BDL (Figure-3A, B, C). The percentage of Th-1 cells was lower at 5 days
after BDL in CCR5 KO (median of 12.8%), compared to sham operated animals (median of
26.6%) or WT animals at 5 days after BDL (median of 12.0%) (Figure-3A). The same pattern
was observed after BDL in CCR5 KO mice in the Th-2 type directed response when compared
to its relatively stable response in WT mice (Figure-3B). However, the differences in the Th-
1 and Th-2 responses were not statistically significant. The percentage of Th-17 cells at 5
days after BDL in WT animals (median of 10.9%) was lower than the percentage in sham
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Figure 1. Markers of hepatocellular injury, cholestatic injury and histological evaluation of liver tissue
after BDL
Both WT and KO mice had a peak increase in the serum levels of ALT, as a marker of hepatocellular injury, at
36hr after BDL, which decreased afterwards during the course of injury (A). Serum markers of cholestatic injury
as indicated by alkaline phosphatase (B) and bilirubin (C) progressively increased over the course of the injury
in both WT and KO mice. Histological examination of the liver tissue showed progressive hepatocellular injury
(biliary infarcts) in both WT and KO mice after BDL as shown in panel (D) and hematoxylin and eosin staining of
the liver tissue in panel (E) [biliary infarcts indicated by arrows]. Graphs are presented as median± IQR.
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operated animals (median of 19.1%), however, this change in Th-17 cells was not observed
in CCR5 KO mice after BDL (Figure-3C), suggesting an absence of the suppression of the
Th-17 response in CCR5 KO mice after BDL, compared to WT animals. A representative flow
cytometric characterization of CD4+ T cell subsets in WT and CCR5 KO mice is provided in
Figure-4.

Ratio of Th-17/TRegs after Bile Duct Ligation
The balance of Th-17/TRegs was evaluated by calculating the ratio of IL-17+ secreting CD4+

cells to true TRegs as defined by FoxP3+ IL-17- cells (Figure-3D). The ratio of Th-17/TRegs

was significantly lower in CCR5 KO sham operated mice compared to WT animals (median
of 1.8 vs. 3.8, respectively; p=0.019), indicating the difference in hepatic T cell distribution
influenced by absence of CCR5 ligands. Upon injury, an initial increase in the ratio of Th-
17/TRegs was observed in WT animals while the ratio stayed stable in CCR5 KO mice, resulting
in a significant difference between the two groups at 12hr after BDL (median of 6.6 vs. 1.00,
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Figure 2. The frequency of hepatic TRegs after BDL.
The frequency of FoxP3+ CD4+ T cells (unstimulated TRegs) was signifantly lower in KO mice at 5 days after BDL
when compared to WT animals (A); as shown in a representative flow cytometric characterization of unstimulated
FoxP3+ cells (B). Moreover, while the frequency of true TRegs was significantly higher in WT mice at 36hr after
BDL (*), compared to sham operated animals, it was significantly less in KO mice at 5 days after BDL (**), when
compared to sham operated animals (C). Graphs are presented as median± IQR.
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respectively; p= 0.026). Thereafter, WT animals showed a significantly lower ratio at 36hr
after BDL (median of 0.96) compared to sham animals (median of 3.8; p=0.019). In contrast,
the ratio of Th-17/TRegs stayed stable during the acute phase of injury in CCR5 KO mice and
increased to a median ratio of 3.5 at 5 days after BDL. This ratio was significantly higher than
its ratio in sham operated animals (p=0.026), reflecting presence of less suppressor T cells
and therefore less T cell suppression in CCR5 KO mice (Figure-3D). Altogether, these data
suggest that CCR5 loss of function leads to altered Th-17/TRegs ratio in the liver towards a
higher Th-17 immune response.
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Figure 3. An overview of Th-1, Th-2 and Th-17 immune response as well as the balance of Th-17/true
TRegs after BDL.
In the KO mice after BDL a decreasing trend in the Th-1 (A) and Th-2 (B) immune response was observed while
in the WT animals these immune responses stayed stable. While the Th-17 response decreased after BDL in
WT animals, it stayed stable in KO mice after BDL (C), resulting in an altered Th-17/true TRegs ratio in the KO
mice after BDL towards enhanced Th-17 immune response (D). Graphs are presented as median± IQR.
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DISCUSSION

This is the first study to investigate the involvement of CCR5 loss of function on recruitment of
Th cells to the liver following obstructive bile duct injury in a mouse model of bile duct ligation.
Our data showed that CCR5 loss of function suppresses the recruitment of true TRegs to the
liver at 5 days after BDL when the chronic phase of the inflammation and fibrosis formation
begins. These findings can explain the higher incidence of NAS after liver transplantation in
recipients with a loss of function polymorphism of CCR5 (CCR5�32) (1,13).
NAS are biliary abnormalities that can occur at intrahepatic as well as extrahepatic bile ducts
and usually have a multifocal pattern (18). The clinical presentation of NAS includes an ob-
structive cholestatic picture with progression to liver fibrosis in two-third of the patients (19).
Clinical studies have suggested two different patterns in the occurrence of NAS: some patients
develop biliary abnormalities early (<1 year) after transplantation, whereas others present with
late (>1 year) occurrence of NAS (20). Based on differences in the association with clinical
risk factors, it has been suggested that the early type of NAS is largely related to ischemia-
reperfusion injury during the transplant procedure, while that late type of NAS is more often
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Figure 4. Flow cytometric characteristics of Th-1, Th-2 and Th-17 in WT and CCR5 KO mice without injury
(no BDL), and at 12hr, 24hr, 36hr and 5 days after BDL.
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immune-mediated (21). To date, there is no established animal model for post-transplant NAS.
In this study, using the established BDL model of biliary injury, we simulated the cholestatic
picture of NAS as indicated by a steady increase in the serum levels of ALP and bilirubin after
BDL in both WT and CCR5 KO mice. Our study showed that CCR5 loss of function was asso-
ciated with a decreasing trend in the Th1 and Th2 immune responses after BDL. Th1 immune
response has shown anti-fibrotic effects during liver injury by the induction IFN-�, resulting in
less secretion of pro-fibrotic cytokines by Th2 cells (22,23). Therefore, the relative difference
in the Th1 and Th2 immune response may influence fibrotic reactions upon liver injury (24,25).
In addition, an imbalance of Th-1/Th-2 has been associated with progression of primary bil-
iary cirrhosis (PBC) (26). Although the effect of CCR5 deletion on decreased level of Th-1 and
Th-2 cells, shown in our study, was not statistically significant, it may suggest that the CCR5
loss of function has an effect on the distribution of T cell subsets after liver injury.
In addition, CCR5 loss of function was associated with less recruitment of TRegs and yet stable
levels of Th-17 immune response after BDL. This resulted in an increased Th-17/TRegs ratio
at 5 days after BDL. This finding suggests that less recruitment of TRegs to the liver results in
less suppression of Th-17 response and therefore higher production of IL-17 cytokine. The
IL-17 receptor is expressed on different cell types including cholangiocytes (25). It has been
shown that depletion of hepatic FoxP3+ TRegs results in enhanced Th-17 response and there-
fore less suppression of a pro-fibrogenic inflammatory milieu upon liver injury, leading to more
liver fibrosis (27). Moreover, increased Th-17/TRegs due to higher Th-17 response has been
associated with bile duct damage in infants with biliary atresia (28), as well as chronic inflam-
mation of bile ducts in patients with primary biliary cirrhosis (29,30). Increased hepatic levels
of Th-17 cells have been reported in patients with acute and chronic cholestatic liver injury
and IL-17 has been shown to play a key role in induction of liver damage after ischemia reper-
fusion by initiating neutrophil-induced inflammatory responses (31). Therefore, association
of CCR5 loss of function with such an imbalance after cholestatic-induced liver injury in BDL
mice may suggest a mechanism for higher incidence of late NAS in patients with CCR5�32
polymorphism.
The most prominent change in Th-17/TRegs ratio in our study was observed at 5 days after
BDL; when the chronic phase of liver injury begins. At this phase, the T cells immune re-
sponse becomes more prominent and plays an important role in the progression of liver injury
(14). Clinical studies have reported that late-onset NAS (>1 year post-transplantation) is more
frequently associated with immunological risk factors, including the CCR5�32 functional dele-
tion (1,13,18,20). The prominent effect of CCR5 loss of function on TRegs recruitment to the
liver during the later phases of injury after BDL in mice may be an explanation for the higher
incidence of late-onset NAS in liver transplant recipients with the CCR5�32 polymorphism. To
this end, it would have been interesting to have a longer follow up than the 5 days, which were
used in the current study. However, this cannot be done in a BDL model, because the animals
get too sick in the long term. In fact, in our study, CCR5 deletion showed no effect on the extent
of BDL-induced hepatobiliary injury. BDL is a very severe model of acute cholestasis, lead-
ing to acute severe hepatobiliary injury and liver dysfunction with clinical characteristics that
are similar to patients with acutely decompensated cirrhosis (32), whereas NAS is a chronic
cholestatic disease that generally does not lead to liver failure (19,20). Therefore, BDL may
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not be the best model to investigate the histological developments of a chronic mild cholestatic
disease. Our interest was to study the immune response after the type of biliary injury that oc-
curs after transplantation, i.e. NAS. However, there is no representative animal model for NAS
while BDL is an established model of biliary injury. The difference between these two types
of biliary injury is a limitation of our study. We suggest that the lack of effect of CCR5 dele-
tion on BDL-induced hepatobiliary injury may not truly represent the histologic consequences
of carriership of the CCR5�32 polymorphism in patients with NAS. However, in the current
study we aimed to study the contributing immunologic factor that may explain the ongoing bile
duct damage after transplantation due to reduced anti-inflammatory TRegs immune response
in the liver, rather than the initiating cause of NAS. Moreover, performing adoptive transfer
experiments such as BDL in CCR5�32 overexpressed mice or transplantation of livers from
WT mice into CCR5�32 KO recipients in future studies would be interesting to investigate the
role of CCR5 in pathogenesis of NAS. In conclusion, this study suggests that CCR5 loss of
function results in less recruitment of immune-modulating TRegs to the liver after obstructive
bile duct injury, resulting in enhanced response of immune stimulating and proinflammatory
Th-17 cells. This mechanism may serve as the underlying reason for the higher incidence of
NAS in liver transplantation recipients with CCR5�32 loss of function polymorphism.
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Chapter 6

ABSTRACT

Bile duct injury may occur during liver procurement and transplantation, especially in livers
donated after circulatory death (DCD). Normothermic machine perfusion (NMP) has been
shown to reduce hepatic injury, compared to static cold storage (SCS). However, it is unknown
whether NMP provides better preservation of bile ducts.The aim of this study was to determine
the impact of NMP on bile duct preservation in both DCD and non-DCD livers. DCD and non-
DCD livers obtained from Lewis rats were preserved for 3h using either SCS or NMP, followed
by 2h ex-vivo reperfusion. Biomarkers of bile duct injury (�-GT and LDH in bile) were lower in
NMP preserved livers, compared to SCS preserved livers. Biliary bicarbonate concentration,
reflecting biliary epithelial function, was 2-fold higher in NMP preserved livers (p<0.01). In
parallel with this, pH of bile was significantly higher in NMP preserved livers (7.63±0.02 and
7.74±0.05, for non-DCD and DCD livers, respectively), compared with SCS (7.46±0.02 and
7.49±0.04, for non-DCD and DCD livers, respectively). Scanning and transmission electron
microscopy of donor extrahepatic bile ducts demonstrated significantly decreased injury of
the biliary epithelium of NMP preserved donor livers (including the loss of lateral interdigita-
tions and mitrochondrial injury). Differences between NMP and SCS were most prominent in
DCD livers. Compared to conventional SCS, NMP provides superior preservation of bile duct
epithelial cell function and morphology, especially in DCD donor livers. By reducing biliary
injury, NMP could have an important impact on the utilization of DCD livers and outcome after
transplantation.
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INTRODUCTION

Nonanastomotic bile duct strictures are a major cause of morbidity after liver transplantation
(1-3). These biliary strictures occur more frequently in livers donated after circulatory death
(DCD; 20.5-33.3%), compared to livers donated after brain death (DBD; 0-12.5%) and are
notoriously therapy resistant (4-7). In an effort to expand the donor pool, DCD donors are
increasingly used for transplantation. Indeed, the percentage of DCD donors in the US in-
creased from 1.1% in 1995 to 11.2% in 2010 (8). DCD grafts, procured after the donors
circulation ceases, are subject to a period of warm ischemia in addition to the cold storage
period between procurement and implantation. The combination of subsequent warm and
cold ischemia is thought to lead to increased biliary injury, which can explain the increased
risk of biliary strictures in DCD donor livers (9). Biliary epithelial cells have shown to be
more susceptible to ischemic injury than hepatocytes, which may explain the high rate of non-
anastomotic biliary strictures following otherwise successful DCD liver transplantation (10,11).
As the discrepancy between available donor organs and the number of patients waiting for
transplantation increases, more DCD grafts will be used, necessitating the development of
better preservation methods to minimize bile duct injury and the subsequent risk for nonanas-
tomotic strictures.
Normothermic machine perfusion (NMP) of donor livers offers potential to meet the require-
ments for DCD graft preservation. An important advantage of NMP over conventional static
cold storage (SCS) is the delivery of oxygen and nutrients at 37°C, providing full metabolic
support. NMP can potentially minimize or even eliminate cold ischemia during preservation.
Animal studies comparing NMP with SCS have demonstrated increased bile production, lower
levels of hepatocellular enzymes and decreased parenchymal necrosis after reperfusion of
NMP preserved livers (12-14). Transplantation of NMP preserved livers in animal models has
been associated with improved survival(14,15). So far, studies on NMP preservation have
focused on hepatocellular injury and general viability outcome parameters. It is still unknown
whether NMP is protective for the bile ducts and whether it results in better preservation of
biliary epithelial function than SCS.
We hypothesized that NMP provides better preservation of the bile ducts, when compared to
conventional SCS. To test this hypothesis, we studied the impact of NMP on the preservation
of biliary epithelium in both DCD and non-DCD rat donor livers.

MATERIALS AND METHODS

Animals
Male Lewis rats (LEW/Han®Hsd), weighing 303±4 g (mean±SEM) were obtained from Harlan
Laboratories (Boxmeer, Netherlands). Animals received care according to the Dutch Law on
Animal Experiments and the study protocol was approved by the Institutional Animal Care and
Use Committee of the University of Groningen (IACUC-RuG).
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Table 1: Experimental design

Experimental group: Procurement: Storage: Reperfusion:

Non-DCD+NMP Non-DCD 3h normothermic machine perfusion 2h reperfusion

Non-DCD+SCS Non-DCD 3h static cold storage 2h reperfusion

DCD+NMP DCD 3h normothermic machine perfusion 2h reperfusion

DCD+SCS DCD 3h static cold storage 2h reperfusion

Experimental Design
Thirty-eight rat livers were divided into 4 experimental groups and a control group (Table 1).
Livers were procured from DCD and non-DCD donors and in each group livers were either
preserved by NMP or SCS (n=7-9 for each group). In the control group, rats (n=6) were
used for in vivo collection of bile during 30 minutes (anesthesia as described below). Control
rats were supported with mechanical ventilation to maintain a stable arterial blood gas (pH
7.35-7.45). After bile collection, the liver and extrahepatic bile duct were excised and tissue
samples were processed immediately for further analyses.

Procurement of DCD and Non-DCD Donor Livers
Inhalation anesthesia with isoflurane and oxygen was used before and during the procure-
ment (2-3% isoflurane). The extrahepatic bile duct was cannulated and 1 ml 0.9% NaCl with
500 IU of heparin was administered via the dorsal penile vein. In case of a DCD donation,
cardiac arrest was induced by external compression of the heart (exogenous tamponade) until
contractions ceased. Subsequently, the aorta and pulmonary artery were clamped close to
the heart (to ensure a complete blood flow block) and the rat was kept at 37°C for 30 minutes
(16). In case of non-DCD donation, livers were procured immediately after laparotomy. In all
groups, the hepatectomy was performed by ligation of the splenic vein, mesenteric artery and
mesenteric vein and cannulation of the celiac trunk. After clamping of the infra-hepatic inferior
vena cava and the portal vein, the latter was cannulated. After immediate in situ perfusion
of the liver with 5mL 0.9% NaCl (37°C) via the portal vein cannula, the supra-hepatic inferior
vena cava was transected, followed by a cold flush out with 5 mL 0.9% NaCl (4°C) via the
portal vein cannula. The liver was removed and flushed with an additional 20mL of cold (4°C)
0.9% NaCl via the portal vein and 5mL of cold (4°C) 0.9% NaCl via the hepatic artery (celiac
trunk cannula) before preservation by either SCS or NMP.

Static Cold Storage and Normothermic Machine Perfusion
In the SCS groups, livers were stored in 0.9% NaCl at 4°C for 3h. In the NMP groups, livers
were preserved by ex vivo perfusion for 3h, with a perfusion fluid consisting of 20mL hu-
man red blood cell concentrate (final hematocrit 15-20%), 59mL Williams Medium E solution,
20mL human albumin (200g/L Albuman®, Sanquin, Amsterdam, Netherlands), 1mL insulin
(100 IE/mL Actrapid®, Novo Nordisk, Alphen aan den Rijn, Netherlands) and 0,1mL unfrac-
tionated heparin (5000 IE/mL), adding up to a total volume of 100mL. The same fluid was
used for two hours of reperfusion. Previous studies have indicated that crystalloid fluids are
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sufficient for short-term cold preservation of rat donor liver parenchyma (17,18). In a pilot
study we confirmed that rat donor liver preservation in either NaCl or HTK solution (n=6 in
each group) does not result in a different degree of bile duct injury or function as measured by
bilirubin, �-GT, LDH, pH and HCO3

- in bile produced during reperfusion (data available on re-
quest). For both NMP and ex vivo reperfusion of rat donor livers we developed a liver machine
perfusion system that enabled dual perfusion via both the hepatic artery and the portal vein
in a closed circuit (Figure 1). Two roller pumps (Ismatec ISM404 + ISM719 and MS-2/6-160;
IDEX Health & Science, Wertheim-Mondfeld, Germany) provided pulsatile flow to the hepatic
artery and continuous flow to the portal vein. The combination of elastic tubing, a special air
chamber and a tubular membrane oxygenator between the roller pump and the portal vein
severely reduced the pulses caused by the roller pump resulting in a continuous flow entering
the portal vein. To maintain a pulsatile flow in the hepatic artery, we used minimal length of
inelastic tubing between the arterial roller pump and the hepatic artery. Two tubular membrane
oxygenators provided oxygenation of the perfusion solution and removal of CO2. The system
was pressure- and temperature-controlled by a computer algorithm; allowing auto regulation
of blood flow through the liver, with constant pressure at variable flow rates. Flow, pressure
and temperature were detected by inline sensors and data were analyzed by and displayed in
real-time on a connected laptop (software kindly provided by Organ Assist, Groningen, Nether-
lands). Pressure was limited to a mean of 110 mmHg in the hepatic artery and 11 mmHg in
the portal vein and temperature was set to 37°C. After each liver perfusion experiment, the
system was thoroughly cleaned with biological soap based on active enzyme complexes (Bio-
tex Groen, Unilever, Rotterdam, Netherlands), water, ethanol (70%) and subsequently dried
with compressed air.

Biochemical Markers of Function and Injury
During ex vivo reperfusion, flow and temperature were registered every 15 minutes. Before
reperfusion and 1h after reperfusion, samples were taken from the perfusion fluid. Samples
were centrifuged (2700 rpm for 5 min at 4°C) and the supernatant of the perfusion fluid (re-
ferred to as “plasma”) was collected, frozen and stored at -80°C for determination of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH) and
albumin, using standard biochemical methods.
Bile production was measured at 30-minute intervals by weighing Eppendorf tubes in which
bile was collected from the biliary drain. Biliary epithelial cell function was assessed by mea-
suring pH and bicarbonate concentration in bile. For this purpose, bile samples were collected
under mineral oil and analyzed immediately using an ABL800 FLEX analyzer (Radiometer,
Brnshj, Denmark). Concentration of gamma-glutamyl transferase (�-GT) and LDH in bile were
measured as biomarkers of biliary epithelial cell injury (19), and bilirubin concentration in bile
was measured as biomarker of hepatocellular secretory function, using standard biochemical
methods.

Immunohistochemistry for Activated Caspase-3 of the Extrahepatic Bile Ducts
Immunohistochemistry for activated caspase-3 was performed to detect apoptotic cell death
in extrahepatic bile ducts. After 2h of reperfusion, a segment of the extrahepatic bile duct
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Figure 1. Ex vivo rat liver machine perfusion system.
Two roller pumps provided a pulsatile flow to the hepatic artery (A) and a continuous flow to the portal vein (B),
after eliminating pulses with an air chamber (C). Two tubular membrane oxygenators provided oxygenation of the
perfusion solution, as well as removal of CO2 (D). The system was both pressure and temperature controlled.
Flow (�), pressure (P) and temperature (T) were detected by inline sensors and data were analyzed by and
displayed in real-time on a connected laptop (E). Heat exchangers (F) and a plexiglass box encapsulating the
perfusion system (G), ensured temperature control at 37°C. The rat liver was placed into an organ chamber (H),
protected with a transparent cover to maintain a moist and warm environment. Bile was collected in Eppendorf
tubes (I). Several three-way connecters were used as bubble traps (J).
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proximal from the tip of the biliary catheter (and therefore not mechanically injured) was dis-
sected free and stored in 10% formaldehyde for inclusion in paraffin. Slides were prepared for
immunohistochemical detection of activated caspase-3 (Asp175, Cell Signaling #9661; 1:100
dilution). Antigen retrieval was performed with 1mM EDTA (pH 8.0) and microwave (15 min,
400W). GaRpo (1:50 dilution; DAKO p0448) and RaGpo (1:50 dilution; DAKO P0449) were
used as secondary and tertiary antibodies. Slides were counterstained with hematoxylin.

Electron Microscopy of the Extrahepatic Bile Duct Epithelium
Scanning and transmission electron microscopy (EM) were used for ultrastructural assess-
ment of morphology of biliary epithelial lining of extrahepatic bile ducts. For this purpose, in at
least three livers per group, a segment of the extrahepatic bile duct proximal from the tip of the
biliary catheter was excised after 2 hours of reperfusion and samples were fixed in 2.5% glu-
taraldehyde in 0,1M sodiumcacodylate, postfixed with osmiumtetroxide, dehydrated through
ethanol and critical point dried for scanning EM or embedded in EPON before sectioning for
transmission EM. Scanning EM (Jeol6301F; 2kV) was used for qualitative assessment of the
apical surface of the biliary epithelial layer. Transmission EM (FEI Cm100; 80kV) was used
to assess ultrastructural changes, focusing on cellular attachments (including lateral interdig-
itations, tight-junctions, and cell-basement membrane contact), microvilli, and mitochondria.
Characteristic ultrastructural mitochondrial changes were assessed, using a semi-quantitative
scoring system modified from Crouser et al. (20). Ultrastructural morphology of mitochondria
was graded as normal (grade 0), minimal-moderate swelling (grade 1) and severe swelling
and/or flocculent condensation (grade 2). Two investigators (SodD and NK) independently
examined all mitochondria in at least ten epithelial cells per bile duct, resulting in 20-40 bil-
iary epithelial cells per group. Both investigators were blinded to the treatment allocation.
Mean total number of mitochondria per cell and relative distribution of the injury grades were
calculated per group.

Statistical Analyses
Continuous data are presented as mean ± SEM. Student T-test was used to compare two
groups of continuous variables. Kruskal-Wallis Test was used for statistical comparison of
>2 groups. Categorical data are expressed as numbers and percentage and groups were
compared using Pearson chi-square test or Fischers exact test as appropriate. The level
of significance was set at p-value of 0.05. Analyses were performed using SPSS software
version 16.0 for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS

NMP Provides Better Protection of Hepatic Parenchyma
In a pressure-controlled perfusion system, blood flow through the liver can be used as an
indicator of intrahepatic vascular resistance. The average arterial flow at 1h after perfusion
was 5.3±0.4 mL/min and the portal flow was 22.6±0.8 mL/min. Changes in portal flow during
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reperfusion are presented in Figure 2. The lowest initial portal flow was noted in livers pre-
served by SCS (both DCD and non-DCD) and the highest flow in non-DCD livers preserved
by NMP. This resulted in a significant difference in portal flow between the four groups during
the first 1.5h of reperfusion (p=0.001 to 0.045 for the various time points). No significant dif-
ferences in arterial flow were observed between the groups (data not shown).
The relative increase of cellular enzymes AST, ALT and LDH in the perfusion fluid after reper-
fusion was used as a biochemical marker of hepatocellular injury. In both non-DCD and DCD
donor livers the release of hepatocellular enzymes was significantly higher after SCS preser-
vation, compared to NMP preservation (Figure 3A-C). The highest increase in plasma levels
of AST, ALT and LDH was noted in the DCD+SCS group and lowest increase in the non-
DCD+NMP group.
Bile production (an important parameter of hepatocyte function) was significantly higher after
reperfusion of NMP preserved DCD livers, compared to SCS preserved DCD livers (Figure
3D). This beneficial effect of NMP was less pronounced in non-DCD donor livers. In all four
groups, bile flow after ex vivo reperfusion remained lower than in vivo bile flow in control rats.
In NMP preserved livers from both DCD and non-DCD donors, biliary bilirubin concentration
was not significantly different from that in bile collected in vivo from normal controls. However,
bilirubin concentration in bile produced by SCS preserved livers (both DCD and non-DCD)
were about 4-times lower, compared with NMP preserved livers (p<0.05) (Figure 3E).
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Figure 2. Markers of vascular resistance during reperfusion
DCD and non-DCD rat livers were preserved by normothermic machine perfusion (NMP) or static cold storage
(SCS) for 3h and subsequently reperfused ex vivo. Portal vein flow during reperfusion in the four groups. A
significant difference in portal flow between the four groups was observed during the first 1.5h of reperfusion.
Data are expressed as mean±SEM; * p <0.05.
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NMP Provides Better Protection Against Bile Duct Epithelial Cell Injury
Concentrations of �-GT and LDH in bile were used as biomarkers of biliary epithelial injury
(21). The highest biliary concentrations of enzymes at 1h after reperfusion were found in DCD
livers preserved by SCS (Figure 4A and B). In DCD livers preserved by NMP, the concentra-
tion of �-GT in bile was significantly lower compared to SCS. In fact, biliary �-GT concentration
in the DCD+NMP group was not different from values in the non-DCD groups or in vivo normal
controls (Figure 4A). A similar pattern was seen for biliary LDH concentration. Although the
highest biliary concentration of LDH was again found in the DCD+SCS group, the differences
between the experimental groups did not reach statistical significance (Figure 4B).

NMP Provides Better Preservation of Bile Duct Epithelial Cell Function
Biliary epithelial cells contribute to bile flow and composition by active secretion of bicarbonate
(HCO3

-) into bile, resulting in an alkalotic pH. Biliary pH and bicarbonate concentration were
used as markers of epithelial function. Bile collected at 1h of reperfusion of NMP preserved
livers contained 2-times higher concentration of bicarbonate compared to SCS preserved liv-

A B C

∆ 
AS

T 
(U

/L
)

0

400

300

200

100

300

200

100∆ 
AL

T 
(U

/L
)

0

400

∆ 
LD

H
 (U

/L
)

0

5000

4000

3000

2000

1000

no
n-D

CD + 
NMP

no
n-D

CD + 
SCS

DCD +S
CS

DCD + 
NMP

no
n-D

CD + 
NMP

no
n-D

CD + 
SCS

DCD +S
CS

DCD + 
NMP

no
n-D

CD + 
NMP

no
n-D

CD + 
SCS

DCD +S
CS

DCD + 
NMP

*

*

*
*

D

Bi
le

 p
ro

du
ct

io
n 

(g
 / 

30
 m

in
)

0

0.5

0.4

0.3

0.2

0.1

no
n-D

CD + 
NMP

In 
viv

o c
on

tro
l

no
n-D

CD + 
SCS

DCD +S
CS

DCD + 
NMP

*

*

E

Bi
lir

ub
in

 in
 b

ile
 (μ

m
ol

/L
)

0

60

40

20

no
n-D

CD + 
NMP

In 
viv

o c
on

tro
l

no
n-D

CD + 
SCS

DCD +S
CS

DCD + 
NMP

* *

*

Figure 3. Biochemical markers of hepatocyte injury and function, measured in the perfusion fluid
DCD and non-DCD rat livers were preserved by normothermic machine perfusion (NMP) or static cold storage
(SCS) for 3h and subsequently reperfused ex vivo. Panel A-C: Relative change in “plasma” concentration of
AST, ALT and LDH into the perfusion fluid during the first hour of reperfusion. Panel D and E: Bile production and
bilirubin concentration in bile at 1 hour after reperfusion. Data are expressed as mean±SEM; * p <0.05.
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ers, in both DCD and non-DCD groups (p<0.01). The concentration of biliary bicarbonate,
however, was significantly lower in all experimental groups than in bile collected from in vivo
controls (Figure 4C). In both DCD and non-DCD livers, pH of bile was significantly higher in
NMP preserved livers (pH 7.63±0.02 and 7.74±0.02, respectively), compared with SCS (pH
7.46±0.02 and 7.49±0.04, respectively). In fact, the biliary pH of NMP-preserved livers was
normal and not significantly different from values obtained in in vivo controls (Figure 4D).

NMP Provides Better Preservation of Bile Duct Epithelial Cell Morphology
Light microscopy (H&E) did not show obvious injury to the bile duct epithelium. To determine
whether biliary epithelial cell were apoptotic, immunohistochemistry for activated caspase-3
was compared among the groups. In general, there were hardly any caspase-3 positive cells
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Figure 4. Biochemical markers of biliary epithelia cell injury and function, detected in bile
Panel A and B: Markers of biliary epithelial cell injury: LDH and �GT in bile at 1h after reperfusion. Panel C and
D: Markers of cholangiocyte function: HCO3

- concentration in bile and pH of bile at 1h after reperfusion. Data
are expressed as mean±SEM; * p <0.05.
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detected (Figure 5). Only in the group of DCD livers preserved by SCS, caspase-3 positive
biliary epithelial cells were sporadically noted (Figure 5D).
Ultrastructural changes in the morphology of extrahepatic bile ducts were assessed by scan-
ning and transmission EM. Although the degree of morphological changes varied along the
length of extrahepatic bile ducts, there were clear differences between the groups (Figures
6 and 7). Scanning EM revealed no or only minor changes in bile ducts of non-DCD livers
preserved by either SCS or NMP (Figure 6). The biliary epithelial layer was intact and most
cells had normal appearing microvilli and cilia on their luminal membrane, except for the non-
DCD+SCS group where some cells displayed reduced density of microvilli. Scanning EM of
bile ducts of DCD livers preserved by NMP displayed well-preserved apical surface of the
epithelial layer (Figure 7B). In contrast with this, bile ducts of DCD livers preserved by SCS
exhibited signs of severe loss of lateral cell-cell contact, loss of microvilli, and sporadic epithe-
lial cell apoptosis (Figure 7A).
Loosening of cell-cell contact between biliary epithelial cells of DCD livers preserved by SCS
was confirmed by transmission EM. Lateral cell contacts at the level of tight junction appeared
less firm and a loss of intercellular interdigitations was noted along the basolateral membrane
of biliary epithelial cells in the DCD+SCS group (Figure 7A and 7B). Differences between
SCS and NMP were much less pronounced for non-DCD livers (Figure 6B and 6C). In ad-
dition, transmission EM revealed a significantly reduced number of mitochondria per cell in
SCS preserved DCD livers, when compared to the other three experimental groups as well
as normal controls. The degree of mitochondrial injury, as assessed by a semi-quantitative
scoring system, was significantly higher in SCS preserved DCD livers, compared to the other
groups (Figure 7C).

Static Cold Storage with HTK vs. NaCl
Although previous studies have indicated that saline is a suitable preservation fluid for short-
term cold preservation of rat donor livers, this may not reflect clinical practice. Therefore, we
have added a group of 6 DCD rat livers, which are preserved in HTK solution instead of saline
(3h SCS, followed by 2h of ex vivo reperfusion at 37°C).

When comparing biliary functional and injury markers of livers preserved in HTK and livers
preserved in saline we did not find statistically significant differences. This extra subgroup and
additional analyses confirmed that a short cold preservation of rat livers in saline is feasible
and does not lead to worse preservation of the rat bile ducts, compared to HTK.

DISCUSSION

Machine perfusion is receiving increasing attention as an attractive alternative for static cold
storage of liver grafts before transplantation. Animal studies on NMP have shown decreased
hepatocellular injury and better early posttransplant survival in NMP preserved livers, com-
pared to SCS preserved livers (12-15). However, it remains unknown whether NMP also
provides better protection against biliary injury. In the current study we have performed a de-
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tailed analysis of bile duct epithelial injury and function in both DCD and non-DCD rat livers
preserved by either NMP or SCS.
The principal novel finding of our study is that liver graft preservation by NMP provided signif-
icantly better protection against biliary epithelial cell injury and dysfunction than conventional
SCS. In addition, NMP resulted in better preservation of the cellular ultrastructural morphology
of biliary epithelium, compared to SCS. Importantly, the beneficial effects of NMP were most
prominent in DCD livers.
In both DCD and non-DCD livers, the post-reperfusion release of AST, ALT and LDH was sig-
nificantly lower in NMP preserved livers, compared to SCS preserved livers. These findings
confirm data from previous studies in rat and porcine livers, which have shown a protective
effect of NMP against preservation injury of liver parenchyma (12-15). Based on a porcine
model of normothermic perfusion, bile output has been suggested as the most relevant pa-
rameter of liver viability (12,13). In our study we observed both increased bile production and
higher levels of bilirubin in bile in NMP preserved livers, suggesting improved preservation of

Figure 5. Immunohistochemistry of activated caspase-3 as marker of apoptosis
Biopsies were taken 2h after reperfusion of DCD and non-DCD rat livers preserved by either normothermic ma-
chine perfusion (NMP) or static cold storage (SCS). Immunoreactivity for caspase-3 (brown color) was only noted
sporadically in DCD livers preserved by SCS. Panel A: non-DCD liver preserved by NMP. Panel B: non-DCD
liver preserved by SCS. Panel C: DCD liver preserved by NMP. Panel D: DCD liver preserved by SCS. The insert
presents a higher magnification with a caspase-3 positive biliary epithelial cell (arrow). Original magnification
200x. Counter staining was with hematoxylin (blue color).
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the donor liver parenchyma by NMP.
The highest post-reperfusion concentrations of biliary �-GT and LDH [established biomarkers
of biliary epithelial injury (19)] were found in bile samples obtained from DCD livers preserved
by SCS. On the contrary, biliary �-GT concentrations in NMP preserved DCD livers were low,
similar to those in bile from normal controls. This indicates that NMP provides important pro-
tection of biliary epithelium against ischemia-reperfusion injury in DCD livers.
In parallel with this, we observed a significantly better preservation of biliary epithelial cell
function in NMP preserved livers, as was reflected by increased biliary secretion of bicarbon-
ate and higher biliary pH. This functional beneficial effect of NMP was seen in both DCD and

Figure 6. Non-DCD rat livers: Images of scanning and transmission electron microscopy of biliary ep-
ithelium of extrahepatic bile ducts
Biopsies were taken 2h after reperfusion of non-DCD rat livers preserved by either normothermic machine per-
fusion (NMP) or static cold storage (SCS). Panel A: Images of normal bile duct epithelium. Panel B: Bile duct
epithelium of SCS preserved non-DCD livers. Panel C: Bile duct epithelium of NMP preserved non-DCD livers.
The lumen of the bile duct is marked with an asterisk. Scale bars are 1 µm.
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non-DCD livers. Bicarbonate secretion by biliary epithelial cells contributes to bile flow and
plays an important role in protection of these cells against bile salt toxicity (22). Secretion of
bicarbonate results in elevation of the biliary pH, especially near the apical cell membrane,
which is clinically relevant as this prevents bile salts from passively entering cells, causing
apoptosis (21,22). Several studies have shown that bile salt toxicity contributes to bile duct
injury and is associated with the occurrence of non-anastomotic biliary strictures after trans-

Figure 7. DCD rat livers: images of scanning and transmission EM of biliary epithelium of extrahepatic
bile ducts.
Biopsies were taken 2 hours after reperfusion of DCD rat livers preserved by either NMP or SCS. (A) Bile duct
epithelium of SCS-preserved DCD livers. (B) Bile duct epithelium of NMP-preserved DCD livers. The lumen
of the bile duct is marked with an asterisk, and the arrows point at widening of cell-cell junctions (scanning
EM) and loss of lateral interdigitations (transmission EM). White triangles indicate loss of microvilli at the apical
membrane. An apoptotic bile duct epithelium cell is marked with a pound sign (#). (C) Summary of mitochondrial
injury in biliary epithelial cells in all 4 groups, based on a modied semi quantitative grading system, as described
by Crouser et al. (20). Scale bars are 1 um.
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plantation (17,23,24). The observed increased bicarbonate concentrations in bile samples of
NMP preserved livers in the current study could, therefore, be an important ancillary factor
protecting these cells against bile salt-induced injury after transplantation.
Although previous studies have suggested that apoptosis is a possible mechanism of biliary
cell death due to ischemia (25), this is not confirmed by the current study. Morphological
changes compatible with apoptosis were sporadically found. Paucity of apoptotic cells was
confirmed by EM of the biliary epithelium. The most prominent ultrastructural change after
reperfusion of SCS preserved DCD livers was loss of cell-cell contact and intracellular digita-
tions between biliary epithelial cells. In addition, the number of mitochondria per cell was sig-
nificantly reduced and mitochondria displayed prominent changes compatible with ischemia-
induced injury (20). These ultrastructural changes were most severe in DCD livers preserved
by SCS and absent in NMP preserved DCD livers. Intracellular depletion of adenosine triphos-
phate (ATP) in SCS preserved livers is a likely explanation for the observed morphological
changes. In an in vitro model of cultured normal rat biliary epithelial cells, depletion of ATP
has been shown to result in substantial morphological changes as detected by EM, including
extensive loss of basolateral interdigitations and apical microvilli (26,27). Interestingly, several
hours after restoration of ATP, viable cells still failed to display organized secondary mem-
brane structures such as lateral interdigitations, which coincided with a protracted recovery
of cellular functions. Necrotic or apoptotic cells were noted only occasionally (26,27). The
morphological changes described in these in vitro cell culture studies are remarkably similar
to those observed in SCS preserved livers in the current study.
The use of 0.9% NaCl for SCS preservation is a potential limitation of this study, since it
is not a commonly used preservation fluid for human livers. However, previous studies have
demonstrated that crystalloid solutions such as NaCl 0.9% are sufficient preservation fluids for
short-term cold preservation of rodent livers (17,18). In a pilot study, we compared all biliary
outcome parameters (bilirubin, �-GT, LDH, pH and HCO3

- in bile produced during reperfusion)
of 6 DCD livers statically preserved in HTK with 6 DCD livers preserved in NaCl 0.9%. No dif-
ferences were observed.
Apart from the protective effect of NMP on bile duct epithelium, NMP could provide additional
clinical opportunities, such as ex vivo selection of donor livers prior to implantation (28,29). Ac-
cording to the United Network for Organ Sharing (UNOS) database, 58.2% of the DCD livers
with consent for donation are currently not accepted due to the perceived high risk of compli-
cations after transplantation (8). NMP could not only provide better preservation of these DCD
livers, but also allows pharmacological preconditioning and ex vivo testing of hepatic viability
and function prior to transplantation. Our group has recently demonstrated that normothermic,
oxygenated perfusion of human donor livers is technically feasible, which could contribute to
a considerable expansion of the number of organs available for transplantation (30).
The ex vivo reperfusion system as used in this study is a model for studying the bile duct in-
tegrity and function after reperfusion. The model differs from transplantation, as there are less
immune cells and platelets in the perfusion fluid, therefore lacking several mediators of reper-
fusion injury. The advantage of ex vivo reperfusion was the ability to measure bile production
and quality, and thereby obtaining information on the functionality of the bile duct epithelium
as well as bile duct epithelium injury. On the other hand, this model did not allow us to deter-
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mine the process of biliary epithelial cell injury more long-term after reperfusion; whether the
observed injury is progressive with time or reversible.
Three recent clinical studies have demonstrated that biliary epithelial cell loss can be found
in more than 80% of all human liver grafts before transplantation (31-33). In accordance with
this, our group has recently observed extensive loss of biliary epithelial cells immediately af-
ter liver procurement in a DCD model of pig livers (34). Collectively, these findings suggest
that detachment and loss of the biliary epithelium is a key event in ischemia-induced injury
of donor livers. In the current study we observed epithelial cell injury and detachment, but
no complete loss of the epithelial layer. Apparently, biliary epithelial cells of rat bile ducts are
less susceptible to ischemia or the process of detachment is slower compared to human and
porcine bile ducts. Alternatively, it could be that the differences between rats, pigs and humans
are explained by the more hydrophobic, and therefore, more toxic bile salt composition in the
latter two (35).
In conclusion, this study suggests that NMP provides superior preservation of the bile ducts
of both DCD and non-DCD liver grafts, compared to conventional SCS. This beneficial effect
of NMP is most pronounced in DCD livers. By reducing biliary injury, NMP could have an
important impact on the utilization of DCD livers and may improve outcome after transplanta-
tion. These findings provide a strong stimulus for a clinical trial of NMP in human DCD liver
transplantation.
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Chapter 7

ABSTRACT

In contrast to conventional static cold preservation (0-4 °C), ex situ machine perfusion may
provide better preservation of donor livers. Continuous perfusion of organs provides the op-
portunity to improve organ quality and allows ex situ viability assessment of donor livers prior
to transplantation. This video article provides a step-by-step protocol for ex-situ normothermic
machine perfusion (37°C) of human donor livers using a device that provides a pressure and
temperature controlled pulsatile perfusion of the hepatic artery and continuous perfusion of the
portal vein. The perfusion fluid is oxygenated by two hollow fiber membrane oxygenators and
the temperature can be regulated between 10°C and 37°C. During perfusion, the metabolic
activity of the liver as well as the degree of injury can be assessed by biochemical analysis of
samples taken from the perfusion fluid. Machine perfusion is a very promising tool to increase
the number of livers that are suitable for transplantation.
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INTRODUCTION

The current method of organ preservation in liver transplantation is flush out with and subse-
quent storage of donor livers in cold (0-4°C) preservation fluid (such as University of Wisconsin
solution or Histidine-Tryptophan-Ketoglutarate solution). This method is referred to as static
cold storage (SCS). Although the metabolic rate of livers at 0-4°C is very low, there is still de-
mand for 0.27 µmol oxygen/min/g liver tissue, which cannot be provided during SCS (1). The
conventional method of SCS, therefore, results in some degree of (additional) injury of donor
livers. While this amount of preservation injury is not a problem in donor livers of good qual-
ity, it can become a critical and limiting factor in suboptimal livers that have already suffered
some degree of injury in the donor. For this reason, livers with suboptimal quality or so-called
extended criteria donor (ECD) livers are frequently rejected for transplantation as the risk of
early graft failure is considered to be too high. High rates of delayed graft function, primary
non-function, and non-anastomotic biliary strictures (NAS) have been described in recipients
of livers from donation after circulatory death (DCD), older donors or recipients of steatotic
grafts (2). NAS are a major cause of morbidity and mortality after liver transplantation. NAS
may occur in both extra- and intrahepatic donor bile ducts and can be accompanied by intra-
ductal biliary sludge and cast formation (3,4). Although the etiology of NAS is thought to be
multifactorial, ischemia/reperfusion injury of the bile ducts during graft preservation and trans-
plantation has been identified as a major underlying mechanism (2,5). Transplantation of a
DCD graft has been identified as one of the strongest risk factors for the development of NAS.
The combination of a period of warm ischemia in a DCD donor, cold ischemia during organ
preservation, and subsequent reperfusion injury in the recipient is thought to be responsible
for irreversible injury of the bile ducts, which, in combination with a poor regenerative capacity
of the bile ducts, results in fibrotic scarring and narrowing of the bile ducts after liver trans-
plantation (2,5). NAS have been reported in up to 30% of patients receiving a DCD liver (6-8).
It has become clear that the current method of SCS of liver grafts for transplantation is in-
sufficient for preinjured ECD livers such as those from DCD donors. Alternative methods are
needed to increase and optimize the use of ECD livers for transplantation.
Machine perfusion (MP) is a method of organ preservation that may provide better preserva-
tion of donor organs, compared to SCS. MP could be especially relevant for the preservation
of ECD grafts. An important advantage of MP is the possibility to provide oxygen to the graft
during the preservation period. MP can be performed at various temperatures, which have
been classified as hypothermic (0-10°C), subnormothermic (10-36°C) and normothermic (36-
37°C) MP (NMP). Depending on the temperature used for MP, the type of perfusion fluid has
to be adjusted and with increasing temperature more oxygen should be supplied. The first
clinical application of MP in human liver transplantation was based on hypothermic perfusion
without active oxygenation of the perfusion fluid (9,10). In animal models, hypothermic oxy-
genated MP (0-10°C) has been shown to have protective effects against ischemia/reperfusion
injury of liver grafts (11) and to provide better preservation of the peribiliary vascular plexus of
the bile ducts (12). Subnormothermic oxygenated MP at 20°C or 30°C has also been studied
in animal models and was shown to provide earlier recovery of graft function of DCD livers,
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compared to SCS (13,14). The feasibility of subnormothermic oxygenated MP of human livers
was recently reported in a series of seven discarded human donor livers (15). NMP (37°C)
allows for the assessment of graft viability and functionality prior to transplantation (16,17).
Additionally, MP allows for gradual rewarming of the liver graft before transplantation, which
has been demonstrated to facilitate recovery and resuscitation of the graft (18).
The perfusion device used in the current protocol for hepatic machine perfusion enables dual
perfusion (via the portal vein and the hepatic artery) using two centrifugal pumps, that provide
a continuous portal flow and a pulsatile arterial flow. The system is pressure-controlled, allow-
ing auto-regulation of the flow through the liver, depending on the intrahepatic resistance. Two
hollow fiber membrane oxygenators allow for the oxygenation of the liver graft, as well as for
the removal of CO2. The temperature can be set based on the intended type of MP (minimum
temperature of 10°C). Flow, pressure and temperature are displayed on the device in real-time
allowing a continuous control of the perfusion process. A new sterile disposable set of tubing,
reservoir and oxygenators is available for the perfusion of each graft (Figure 1).
The aim of this video article is to provide a step by step protocol for ex situ normothermic
machine perfusion of human donor livers using this newly developed liver perfusion machine.

PROTOCOL

This protocol has been approved by the Medical Ethical Committee (Medisch Ethische Toets-
ingscommissie) of the University Medical Center Groningen, the Netherlands.

1. Preparation of the Perfusion Fluid
Note: The total volume of the perfusion fluid prepared for normothermic machine perfusion
according to this protocol is 2,233 ml and the targeted osmolarity of the perfusion fluid is 302
mOsmol/L.

1. From the components of the perfusion fluid described in Table 1, keep the human
packed red blood cells, fresh frozen plasma and human albumin separated. Mix the
rest of the components in a sterile manner and store the solution in a sterile bag for
transportation to the operating room (OR). Do this in a sterile environment (ideally a
Good Manufacturing Practice facility) or in a laminar flow cabinet in a culture room.

2. Transfer human packed red blood cells (840 ml), fresh frozen plasma (930 ml), human
albumin 200 g/L (100 ml) and the solution prepared in step 1.1 to the OR to be admin-
istered to the perfusion device.

2. Priming of the Perfusion Device
1. Add the components of the perfusion fluid, including the human packed red blood cells,

fresh frozen plasma, human albumin and the solution prepared in step 1.1 to the ma-
chine via the connector on top of the oxygenators and remove all the air bubbles from
the tubing.
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Figure 1.
(A) A schematic drawing, (B) a photo of the perfusion machine, (C) a closer view of the oxygenator, and (D)
centrifugal pump used for normothermic perfusion of human donor livers.
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Table 1: Components of the perfusion fluid16

Components Quantity

Packed red blood cell (Hematocrit 60%) 840mL

Fresh frozen plasma 930mL

Human albumin 200g/L (Albuman, Sanquin) 100 mL

Modified parenteral nutrition (Clinimix N17G35E, Baxter International Inc.) 7.35 mL

Multivitamins for infusion (Cernevit, Baxter international Inc.) 7 µL

Concentrated trace elements for infusion (Nutritrace , B. Braun Melsungen AG) 7.35 mL

Metronidazol for i.v. administration (5 mg/mL) (Flagyl, Sanofi-Aventis) 40 mL

Cefazolin 1000 mg flask 5 mL powder for .v. administration (Servazolin , Sandoz) 2 mL

Fast-acting insulin (100 IU/mL) (Actrapid, Novo Nordisk) 20 mL

Calcium glubionate, intravenous solution 10%, 137.5 mg/mL (Sandoz) 40 mL

Sterile H2O 51.3 mL

NaCl 0.9% solution 160 mL

Sodium bicarbonate 8.4% solution 31 mL

Heparin 5000 IE/mL for i.v. administration 4 mL

Total 2,233 mL

2. Switch on the venous pump and follow the manufacturers instructions on the screen.
Then turn on the arterial pump and follow the manufacturers instructions on the screen.

3. Null the pressure meters against atmospheric pressure by following the instructions on
the screen. This ensures that the pressure measured during the perfusion is the real
pressure at the level of the portal vein and the hepatic artery.

4. Start the oxygenation using carbogen (95% O2 + 5% CO2) at a flow rate of 4 L/min. The
airflow will be divided between the two oxygenators (2 L/min per oxygenator) and this
should result in a pO2 of around 60 kPa (or 450 mmHg) in the perfusion fluid. For longer
perfusions, it is advisable to use separate sources of oxygen and carbon dioxide. This
allows for small adjustments in the O2/CO2 ratio, which can be used to adjust the pH
and pCO2 of the perfusion fluid.

5. Take a perfusion sample for blood gas measurement 15-20 min after the device has
been primed and monitor the pH and electrolytes accordingly.

NOTE: Be sure to discard about 3 ml of perfusion fluid before taking the samples, as this fluid
is in the peripheral tubing and does not represent the perfusion fluid in the system. Add an
8.4% sodium bicarbonate solution for buffering capacity, aiming for a physiological pH (7.35-
7.45). For example, add 25-35 ml of an 8.4% sodium bicarbonate solution and check the pH
and bicarbonate levels in the perfusion fluid by taking samples for blood gas measurement at
regular intervals.
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3. Procurement and Preparation of Donor Livers
Note: Procure the organ using the standard technique of in situ cooling and flush out with cold
preservation fluid (0-4°C) (19). To facilitate cannulation of the artery, leave a segment of the
supratruncal aorta attached to the hepatic artery (Figure 2A).

1. Flush out the bile ducts with the preservation fluid (i.e., University of Wisconsin solution).
Ligate the cystic duct with a surgical suture.

2. Pack and store the organ in a standard sterile donor organ bag and box with crushed
ice for subsequent transportation to the MP center.

3. Start the back table procedure immediately upon arrival of the donor liver in the operat-
ing room.

• Take a sample of at least 10 ml of the preservation fluid for microbiological testing.

• Remove the diaphragmatic attachments to the bare area of the liver as well as
any remaining cardiac muscle from the upper cuff of the vena cava with surgical
scissors.

• Dissect the artery and portal vein using dissecting scissors and ligate side
branches using surgical sutures or hemoclips.

• Close the distal end of the supratruncal aorta segment using a non-absorbable
monofilament suture (e.g., 3-0 Prolene). Insert the arterial cannula into the prox-
imal end of the supratruncal aorta and secure with sutures (Figure 2A). Use the
cannula provided in the disposable package as supplied by the manufacturer of
the perfusion device.

• Insert the venous cannula in the portal vein and secure with sutures. Use the can-
nula provided in the disposable package. The hepatic vein remains uncannulated.

• Flush out the bile duct with the preservation solution. Insert a silicon catheter into
the bile duct and secure with sutures.
NOTE: Do not insert the catheter too deeply into the bile duct as this may cause
injury to the biliary epithelium.

• Flush out the liver with 0.9% NaCl solution via the portal vein cannula as follows:

– If the graft has been preserved in University of Wisconsin solution as the
preservation solution, flush out the liver with 2,000 ml of cold (0-4°C) 0.9%
NaCl solution followed by 500 ml of warm (37°C) 0.9% NaCl solution.

– If the graft has been preserved in Histidine-Tryptophan-Ketoglutarate solution
as the preservation solution, flush out the liver with 1,000 ml of cold (0-4°C)
0.9% NaCl solution followed by 500 ml of warm (37°C) 0.9% NaCl solution.
The purpose of the warm flush is to prevent a significant drop in the temper-
ature of the perfusion fluid.
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Figure 2. (A) Pictures of a human donor graft that has been prepared on the back table and (B-D) was
subsequently perfused normothermically
(A) The arterial cannula is inserted into the surpratruncal aorta and the venous cannula is inserted into the portal
vein. The bile duct is cannulated with a silicon biliary catheter. (B) The liver is positioned in the organ chamber
with its anterior surface facing downwards and cannulas are connected to the tubings of the perfusion device.
(C) 30 min after the start of normothermic machine perfusion. (D) 6 hr after the start of normothermic machine
perfusion. During operation the organ chamber is covered by a transparent cover to maintain a sterile moist
environment for the liver (not shown in these pictures).
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– Perform the warm flush immediately before connecting the liver to the perfu-
sion device.
NOTE: Always keep the duration between warm flush and start of NMP less
than 1-2 min.

4. Normothermic Machine Perfusion
1. Position the liver in the organ chamber with the anterior surface facing downward. Im-

mediately connect the liver to the primed perfusion device by connecting the portal vein
cannula to the portal inflow tube of the perfusion device and the arterial cannula to the
arterial inflow tube of the device.

2. Start perfusion on both portal and arterial side by following the manufacturers instruc-
tions on the screen. Set the mean arterial pressure at 70 mmHg and the mean portal
venous pressure at 11 mmHg.

3. Take perfusion fluid samples every 30 min for immediate analysis of blood gas param-
eters (pO2, pCO2, sO2, HCO3

- and pH) and biochemical parameters (glucose, calcium,
lactate, potassium and sodium) using a conventional blood gas analyzer. Be sure to
discard about 3 ml of perfusion fluid before taking the samples, as this fluid is in the
peripheral tubing and does not represent the perfusion fluid in the system.

• To take these samples aspirate the perfusion fluid using a 1 ml syringe from the
sampling connectors that are part of the disposable tubing set of the perfusion
device. For each sample use a new syringe and immediately remove any air
bubbles from the syringe upon aspiration of perfusion fluid. Then insert the syringe
in the blood gas analyzer and follow the manufacturers instructions provided in the
manual of the analyzer.

4. Collect plasma from the perfusion fluid, freeze and store at -80°C for determination of
alkaline phosphatase (AlkP), gamma-glutamyl transferase (gamma-GT), alanine amino-
transferase (ALT), urea and total bilirubin. Collect plasma after 5 min of centrifugation
of the perfusion fluid at 1,500 x g and 4°C.

RESULTS

12 human livers that were declined for transplantation due to various reasons were used after
obtaining informed consent for research from donor families. Donor characteristics are de-
scribed in Table 2. The human donor livers were perfused normothermically for 6 hr by using
the protocol described in this paper. The quality of the liver grafts were evaluated by moni-
toring the macroscopic homogeneity of liver perfusion (Figure 2A-D). The hemodynamics of
the livers were assessed by monitoring the changes in the arterial and portal flows. An initial
increase in hepatic artery and portal vein flows and subsequent stabilization of the flows were
observed, resulting in a mean arterial flow of 256 ± 16 ml/min (mean ± SEM) and a mean
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Table 2: Donor characteristics

Donor characteristics (N=12) Number (%) or Median (IQR)

Age (years) 61 (50-64)

Gender (male) 8 (67%)

Type of donor 10 (83%)

DCD, Maastricht type III 2 (17%)

DBD

Body mass index (BMI) 27 (25-35)

Reason for rejection

DCD+ age ¿60 years 5 (41%)

DCD+ high BMI 3 (25%)

DCD+ various reasons* 2 (17%)

Sever steatosis 2 (17%)

Preservation solution

UW solution 6 (50%)

HTK solution 6 (50%)

Donor warm ischemia time in DCD (min) 14 (17-20)

Cold ischemia time (min) 389 (458-585)

Donor risk index (DRI) 2.35 (2.01-2.54)

* Donor history of intravenous drug abuse for one graft and prolonged donor sO2 <30% after withdrawal of
life support for another graft. Abbreviations: DCD, donation after circulatory death; DBD, donation after brain
death; UW, University of Wisconsin; HTK, Histidine-tryptophan-ketoglutarate

portal vein flow of 748 ± 34 ml/min (mean ± SEM) at 6 hr, indicating stable hemodynamics
of livers during perfusion (Figure 3A). Blood gas analysis of the perfusate samples collected
from arterial perfusion fluid was used to monitor the status of oxygenation in the perfusion
fluid. Oxygenation with carbogen (95% O2 and 5% CO2) at a flow of 4 L/min resulted in a
continuous O2 saturation of 100%. Figure 3B displays the oxygenation of the perfusion fluid
and subsequent extraction of carbon dioxide in our experience.
Bile production was used as an indicator of liver function. Metabolically functioning livers pro-
duced bile during NMP, resulting in a mean total bile production of 24.6 ± 6 g after 6 hr of NMP
(Figure 3C). An increase in the concentration of total bilirubin and bicarbonate in the bile rep-
resented an improvement in the quality of the bile produced during NMP (Figure 3D, E). Liver
tissue ATP content as an indicator of mitochondrial function increased during NMP, resulting in
mean ATP of 30 ± 5 µmol/g protein (mean ± SEM) after 6 hr of NMP (Figure 4). Biochemical
analysis of hepatic injury markers in the perfusion fluid, such as ALT, AlkP, gamma-GT and
potassium, was used to assess the amount of graft injury. Stable concentrations of hepatic
injury markers reflected minimal injury of the grafts during perfusion (Figure 5A). Lactate and
glucose levels in the perfusion fluid as well as oxygen consumption have been described pre-
viously (17). Furthermore, histological examination of H&E stained biopsies collected from
liver tissue and the distal end of the extrahepatic bile duct, as illustrated in Figure 5B, C did
not reveal any additional injury to the grafts during normothermic machine perfusion.
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DISCUSSION

This video provides a step-by-step protocol for normothermic machine perfusion of human
donor livers using a device that enables pressure controlled dual perfusion through the hep-
atic artery and portal vein. While following this protocol, technical failures of the perfusion
machine did not occur and all grafts were well perfused and well oxygenated. The ex situ
perfused livers had stable hemodynamics and were metabolically active, as defined by the
production of bile (16,17).
This is a well-established protocol for machine perfusion of human donor livers. This tech-
nique has several potential advantages over the conventional method of SCS (20). Machine
perfusion provides the opportunity to preserve donor liver grafts at different temperatures de-
pending on the intended endpoint of organ preservation. Hypothermic oxygenated machine
perfusion provides better perfusion and wash-out of the microvasculture and may help to re-
store intracellular energy contents by stimulating adenosine triphosphate (ATP) regeneration.
However, full assessment of graft viability requires perfusion at a more physiological temper-
ature (subnormothermic or normothermic). With increasing perfusion temperatures, the liver
will become metabolically more active and start to produce bile. A recent study has suggested
that bile production as an indicator of liver function might be an asset during ex situ NMP to
evaluate graft viability prior to transplantation. This study showed that bile production corre-
lated with the liver tissue ATP level and histological and biochemical markers of liver injury
(17). These findings remain to be confirmed by clinical trials. Although bile production is a
suitable potential marker of liver parenchyma viability, markers of bile duct viability that can
be assessed during ex situ NMP are still lacking. Therefore, it is currently still not possible
to predict whether a liver assessed during NMP will develop NAS after transplantation or not.
However, using this protocol, ex situ NMP did not reveal any worsening of bile duct injury dur-
ing 6 hours of NMP. Moreover, this technique has the potential to allow for preconditioning of
the graft before transplantation, resulting in reduced post-transplant injuries or recurrence of
underlying diseases (21).
The optimal fluid for ex situ oxygenated machine perfusion of donor livers is dependent on the
temperature used. The solubility of oxygen in water is temperature-dependent and the amount
of oxygen that can be dissolved in a watery fluid decreases with increasing temperature (22).
When using low temperatures for MP, the amount of oxygen dissolved in the perfusion fluid
can be sufficient. However, at 37°C an oxygen carrier should be added to the perfusion fluid
to provide enough oxygen to the graft. For hypothermic MP, a preservation solution such as
Belzer Machine Perfusion Solution can be sufficient (11). For subnormothermic or normother-
mic MP, more complex perfusion fluids that also contain nutrients and an oxygen carrier have
been used in different studies (15,16). In our studies on normothermic MP, we have used
ABO- and Rhesus matched packed red blood cells from the local blood bank as an oxygen
carrier (16). It remains to be established whether similar results can be obtained with artificial
hemoglobin-based oxygen carriers such as Hemopure or Hemarina.
The most critical technical aspects for successful perfusion of human livers are: to correctly
secure the cannulas in the portal vein and supratruncal aorta segment, to ligate all small side
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Figure 3. Graphical presentation of perfusion parameters and biochemical analyses of both the
perfusion fluid and bile during 6 hr of normothermic machine perfusion of 12 human livers
(A) Changes in arterial and portal flow.
(B) Evolution of oxygenation characteristics and pCO2 during 6 hr of normothermic perfusion.
(C) Cumulative bile production during perfusion.
(D) Increasing concentrations of bilirubin and bicarbonate in bile samples taken during machine perfu-
sion.
(E) Microcentrifuge tubes containing bile from a representative graft, demonstrating a gradual darken-
ing shade of the bile color over time. Data are expressed as mean ± SEM
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braches to avoid any leakage of perfusion fluid which could disturb the pressure and flow
regulations of the machine, to maintain a physiological environment for the liver especially by
adjusting the pH and electrolyte concentrations of the perfusion fluid, and to maintain sterility
of the perfusion environment.
Due to technical constraints, the perfusion device used in the described protocol cannot lower
the temperature of the perfusion fluid below 10°C. Although this can be considered a limita-
tion, it does not provide a real problem concerning ischemia. The reason is that more than
sufficient amounts of oxygen can be supplied to the perfusion fluid by the two membrane oxy-
genators regardless of the temperature. An advantage is that the temperature can be easily
adjusted during the perfusion period, which allows gradual rewarming of the donor liver. A
recent study in porcine livers has shown important advantages of gradual rewarming prior to
normothermic reperfusion using the same device as described here (18).
The ability to perfuse donor livers at different temperatures and the opportunity of adding extra
agents to the perfusion fluid during organ perfusion offer the potential to assess and improve
organ quality prior to transplantation. Therefore, this method can considerably increase the
number of available organs for transplantation.
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Chapter 8

ABSTRACT

Although normothermic machine perfusion of donor livers may allow assessment of graft via-
bility prior to transplantation, there are currently no data on what would be a good parameter
of graft viability. To determine whether bile production is a suitable biomarker that can be
used to discriminate viable from non-viable livers we have studied functional performance as
well as biochemical and histological evidence of hepatobiliary injury during ex vivo normoth-
ermic machine perfusion of human donor livers. After a median duration of cold storage of
6.5 h, twelve extended criteria human donor livers that were declined for transplantation were
ex vivo perfused for 6 h at 37°C with an oxygenated solution based on red blood cells and
plasma, using pressure controlled pulsatile perfusion of the hepatic artery and continuous
portal perfusion. During perfusion, two patterns of bile flow were identified: (1) steadily in-
creasing bile production, resulting in a cumulative output of �30 g after 6 h (high bile output
group), and (2) a cumulative bile production <20 g in 6 h (low bile output group). Concentra-
tions of transaminases and potassium in the perfusion fluid were significantly higher in the low
bile output group, compared to the high bile output group. Biliary concentrations of bilirubin
and bicarbonate were respectively 4 times and 2 times higher in the high bile output group.
Livers in the low bile output group displayed more signs of hepatic necrosis and venous con-
gestion, compared to the high bile output group. In conclusion, bile production could be an
easily assessable biomarker of hepatic viability during ex vivo machine perfusion of human
donor livers. It could potentially be used to identify extended criteria livers that are suitable for
transplantation. These ex vivo findings need to be confirmed in a transplant experiment or a
clinical trial.
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INTRODUCTION

Donor liver shortage remains a limiting factor in liver transplant programs in most parts of the
world. In an attempt to reduce the discrepancy between donor liver availability and demand,
criteria for organ acceptance have gradually widened with increasing acceptance of livers that
carry a higher risk of early graft failure or transmission of an infectious or malignant disease
(so called extended criteria donor (ECD) livers). The types of ECD livers most frequently con-
sidered for transplantation are livers with mild-moderate steatosis, livers from older donors or
donors with a high body mass index, and livers donated after cardiac death (DCD) (1-3). Al-
though livers from ECD donors are increasingly considered for transplantation, many of them
are still declined. A recent study in the US has shown that the proportion of donor livers not
used for transplantation is increasing since 2004 (4). The proportion of nonuse attributable to
DCD increased from 9% in 2004 to 28% in 2010, probably because in many cases the risk of
early graft failure after transplantation is considered to be too high (4).
The decisions to either accept or decline a potential donor liver for transplantation is currently
based on the interpretation of donor data, obtained before or during procurement, by the physi-
cian. Parameters such as donor past medical history, last known laboratory values, findings
during liver procurement, and other procurement variables such as expected ischemia times
primarily determine acceptability of the graft. Once a donor liver is retrieved and stored in an
organ box for transportation functional assessment is no longer possible until after transplan-
tation. The uncertainty about how much additional damage a liver will sustain during the hours
of cold storage poses an important hurdle for accepting many ECD livers.
During the past decade, machine perfusion of donor livers has received increasing attention
as a tool to improve organ preservation and improve outcome after transplantation (5-9). Sev-
eral experimental studies have shown superiority of machine perfusion compared to static
cold storage with respect to reduction of ischemia/reperfusion (IR) injury (10-12). Apart from
providing better graft protection against IR injury, machine perfusion provides the possibility
of functional assessment of a liver graft short before implantation in a recipient. Although
machine perfusion can be performed at various temperatures, only normothermic oxygenated
machine perfusion (NMP) may allow a full functional assessment of an organ prior to trans-
plantation. During NMP the liver is offered physiological amounts of oxygen and nutrients
supporting a full functional metabolic activity (13). The possibility of functional assessment of
an ECD liver after static cold storage and transportation would be of great importance in the
judgment of livers that would otherwise be declined for transplantation based on the current
criteria.
Despite the growing amount of literature on the role of machine perfusion as an alternative
and better preservation method compared to static cold storage, there are no data on what
would be reliable parameters for functional assessment of human donor livers during NMP.
Based on a porcine model of normothermic liver perfusion, Imber et al. have suggested that
bile production is directly attributed to liver viability and could therefore be used as a predic-
tive marker of liver function (11). In addition, bile production has long been recognized as an
important clinical parameter to predict early graft dysfunction (including primary non-function
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and delayed graft function) after liver transplantation (14). We, therefore, hypothesized that
bile production during NMP of human donor livers is a suitable and easy to assess biomarker
of hepatic viability that can be used to discriminate a potentially transplantable from a non-
transplantable graft. To test this hypothesis we have studied functional performance as well as
biochemical and histological signs of hepatobiliary injury during ex vivo NMP of human donor
livers that were declined for transplantation. Secondary aim of this study was to determine the
minimal duration of NMP needed to discriminate viable and potentially transplantable livers
from non-viable livers.

MATERIALS AND METHODS

Liver Donors
Between May 2012 and May 2013 twelve human livers that were declined for transplantation
by all three liver transplant centers in The Netherlands, as well as other centers within the
Eurotransplant region, were included in this study. Of these, ten were obtained from a DCD
donor and two were obtained from donors after brain death (DBD). The donor risk index (DRI)
was used to assess the chance of graft failure within three months after transplantation (15).
Livers were retrieved using a standard surgical technique of in situ cooling and flush-out with
ice cold preservation fluid (University of Wisconsin [UW] or histidinetryptophanketoglutarate
[HTK] solution). The surgical procedure was not started until after a five minute “no touch”
period following declaration of cardiac arrest and circulatory death in case of a DCD donor.
In case of DBD liver procurement the administration of 25.000 units of heparin was given
intravenously before cross clamping. The same dose of heparin was added to the preservation
solution in case of DCD liver procurement. Livers were subsequently packed and stored on
ice and transported to our center. In all cases, informed consent to use a donor liver for this
study for this study was provided from the relatives. The study protocol was approved by the
medical ethical committee of the University Medical Center Groningen and the Nederlandse
Transplantatie Stichting, the competent authority for organ donation in the Netherlands.

Normothermic Oxygenated Machine Perfusion
Upon arrival at our center, cold preserved livers were prepared on the back table for normoth-
ermic oxygenated machine perfusion as described previously (13). NMP was initiated using
a CE marked (European Union certification of safety, health and environmental requirements)
device that enables dual perfusion via both the hepatic artery and the portal vein in a closed
circuit (Liver Assist Organ Assist, Groningen, Netherlands). Livers were perfused for 6 h with a
perfusion solution based on heparinized human plasma and red blood cells fortified with nutri-
ents, trace elements and antibiotics as described previously (13). Two rotary pumps provided
pulsatile flow to the hepatic artery and a continuous flow to the portal vein. Two hollow fiber
membrane oxygenators provided oxygenation of the perfusion solution, as well as removal of
CO2. The system was temperature and pressure controlled, allowing auto-regulation of the
blood flow through the liver. Pressure was limited to a mean of 60 mmHg in the hepatic artery
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Table 1: Biochemical Composition of Perfusion Fluid Used For Normothermic Machine Per-
fusion of Donor Livers

Variable Median IQR Reference values in blood

pH 7.40 7.34 –7.45 7.35 –7.45

pCO2 (kPa) 4.1 3.5 –4.6 4.6 –6.0

pO2 (kPa) 71 65 –75 9.5 –13.5

sO2 (%) 100 99 –100 96 –99

HCO3
- (mmol/L) 19 17 –21 21 –25

Base Excess (mmol/L) -4.6 -6.7 —3.5 -3 to 3.0

Na+ (mmol/L) 150 145 –154 135 –145

K+ (mmol/L) 4.4 3.8 –5.6 3.5 –5.0

Free Ca2+ (mmol/L) 0.67 0.61 –0.72 1.15 –1.29

Glucose (mmol/L)* 14 13 –15 4 –9

Lactate (mmol/L)* 6 6 –7 0.5 –2.2

Hemoglobin (mmol/L)* 4.7 4.6 –4.9 8.7 –10.6

Albumin (mmol/L) 31 29 –33 35 –50

Chloride (mmol/L) 97 91 –98 97 –107

Urea (mmol/L) 3.5 2.9 –3.6 2.5 –7.5

Phosphate (mmol/L) 1.8 1.5 –2.2 0.7 –1.5

Magnesium (mmol/L) 0.55 0.51 –0.63 0.70 –1.00

Alanine-aminotransferase (U/L) 9 8 –11 0 –45

Aspartate-aminotransferase (U/L) 13 13 –17 0 –40

Alkaline phosphatase (U/L) 24 23 –28 0 –120

Gamma-glutamyltransferase (U/L) 9 7 –16 0 –40

Lactate dehydrogenase (U/L) 101 93 –114 0 –250

Total bilirubin (umol/L)* 2 2 –3 0 –17

*) To convert values for glucose to mg/dL, multiply by 18.02. To convert values for lactate to mg/dL, multiply
by 9.01. To convert values for hemoglobin to g/dL, multiply by 1.650. To convert the value for bilirubin to
mg/dL, divide by 17.1

and 11 mmHg in the portal vein. The temperature was set to 37°C and a new sterile disposable
set of tubing, reservoir and oxygenators was used for each liver. Before connecting the liver
to the device, the perfusion fluid was primed with the addition of an 8.4% sodium bicarbonate
solution to obtain a stable physiological pH. A summary of the composition of perfusion fluid
prior to initiation of NMP is provided in Table 1.

Assessment of Hepatobiliary Function and Injury
Bile samples were collected from a catheter in the donor common bile duct and bile production
was measured gravimetrically at 30 min intervals. Bile production was expressed as g/30 min.
Concentration of bilirubin in bile was determined as a marker of hepatic secretory function,
using standard biochemical methods. Biliary concentration of bicarbonate and glucose were
determined as markers of biliary epithelial cell (cholangiocyte) function. For this purpose, bile
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samples were collected under mineral oil and analyzed immediately using an ABL800 FLEX
analyzer (Radiometer, Brønhøj, Denmark).
During NMP, samples were taken from the perfusion fluid at 30 min intervals and analyzed
immediately for blood gas parameters (pO2, pCO2, sO2, HCO3

- and pH) and for biochemical
parameters (glucose, calcium, lactate, potassium, sodium, and hemoglobin) by an ABL800
FLEX analyzer (Radiometer, Brønhøj, Denmark). Oxygen consumption was calculated based
on the difference between the venous oxygen content and the arterial oxygen content of the
perfusion fluid. The oxygen content of the perfusion fluid was calculated by adding the free
dissolved oxygen fraction to the Hb-bound oxygen fraction using the following formula: O2 cont
= (pO2 x K) + (sO2 x Hb x c), where pO2 is partial oxygen pressure in kPa, K equals 0,027
for O2 in water at 37°C, sO2 is the saturation expressed as a fraction, Hb is the concentration
in mmol/L and c equals 91,12 mlO2/ mmol for the oxygen binding capacity of hemoglobin.
Oxygen consumption was expressed in mlO2/min/kilogram liver tissue. Next to this, hepatic
concentration of adenosine-59-triphosphate (ATP) was used as an indicator of the energy
status of the liver grafts. Liver samples were immediately frozen in liquid nitrogen. Frozen
tissue was cut into 20 µm slices and a total amount of ±50 mg was homogenized in 1 mL
of SONOP (0.372 g EDTA in 130 mL H2O and NaOH (ph 10.9)+370 mL 96% ethanol) and
sonoficated. Precipitate was removed by centrifugation (13,000 rcf for 10 min). Supernatant
was diluted with SONOP to attain a protein concentration of 200300 mg/mL (Pierce BCA Pro-
tein Assay Kit, Thermo Scientific, Rockford, IL) and mixed with 450 µL of 100 mM phosphate
buffer (Merck; ph 7.68.0). Fifty microliters of phosphate buffered supernatant was used for
ATP measurement using ATP Biolominescence assay kit CLS II (Boehringer, Mannheim, Ger-
many) and a luminometer (Victor3 1420 multilabel counter, PerkinElmer). ATP concentrations
were calculated from a calibration curve constructed on the same plate, corrected for amount
of protein, and values were expressed as µmol/g protein.
In addition, plasma from the perfusion fluid was collected (after 5 min centrifugation at 2700
rpm at 4°C), frozen and stored at -80°C for determination of alkaline phosphatase (ALP), gam-
maglutamyl transferase (gamma-GT), alanine aminotransferase (ALT), lactate dehydrogenase
(LDH), total bilirubin, and albumin, using standard biochemical methods.

Histological Evaluation
Biopsies were obtained from the liver grafts before and after 6 h of machine perfusion and
stored in formalin for histological evaluation. Paraffin-embedded slides of liver biopsies were
prepared for hematoxylin and eosin (H&E) staining, and assessed in a semi-quantitative fash-
ion for the presence or absence of venous congestion or >30% hepatocellular necrosis. All
liver and slides were examined in a blinded fashion by an experienced liver pathologist (ASHG)
using light microscopy.

Statistical Analysis
Continuous variables are presented as medians and interquartile range (IQR). Categorical
variables are presented as number and percentage. Continuous variables were compared
between groups using the Mann-Whitney U test. Categorical variables were compared with
the Pearson chi-square. Total course of ATP concentration starting at baseline (before NMP)
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through 6 h of NMP was analyzed between the groups by comparing the area under the
curve (AUC, using the trapezium rule). A p-value <0.05 was considered to indicate statistical
significance. All statistical analyses were performed using SPSS software version 16.0 for
Windows (SPSS, Inc., Chicago, IL).

RESULTS

Bile Production as Discriminating Variable during Machine Perfusion
First aim of this study was to determine whether bile production is a suitable marker of hep-
atic viability that can be used during NMP to discriminate a potentially transplantable from a
nontransplantable graft. Therefore, we determined the evolution of bile production during 6 h
of NMP for all twelve livers. Two distinct patterns of bile flow could be identified: 1) a steadily
increasing bile production, resulting in a cumulative bile output of �30 g during the 6 h of
perfusion, and 2) an initially increasing bile production during the first 2-3 hours, followed by
a diminishing production, resulting in a cumulative bile production in 6 h <20 g (Figure 1).
Based on this finding of two distinct profiles of bile production a cutoff value of 20 g cumulative
bile production during 6 h of NMP was chosen to separate high from low bile output. There
were six livers in each group and these two groups were used for further analyses.
A comparison of donor characteristics between livers with a high bile output versus livers with
a low bile output during ex vivo machine perfusion is provided in Table 2. There were no
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Figure 1. Cumulative bile production during ex vivo normothermic machine perfusion of human donor
livers
Presented are individual values for 12 livers that were declined for transplantation. Ex vivo machine perfusion
and viability testing was started after a median cold storage of 6.5 hours. Two distinct patterns of bile flow could
be identified: 1) a steadily increasing bile production, resulting in a cumulative bile output of �30 g during the 6
h of perfusion (dotted lines), and 2) an initially increasing bile production during the first 2-3 hours, followed by a
diminishing production, resulting in a cumulative bile production in 6h <20 g (continuous lines).
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Table 2: Donor Characteristics

Total Group Low Bile Output High Bile Output

(n = 12) (n = 6) (n = 6) P-value

Type of donor 0.12

DCD 10 (83%) 4 (67%) 6 (100%)

DBD 2 (17%) 2 (33%) 0 -

Age (years) 61 (50-64) 55 (48-65) 63 (51-65) 0.47

Gender 0.22

Male 8 (67%) 3 (50%) 1 (17%)

Female 4 (33%) 3 (50%) 5 (83%)

Height (m) 1.77 (1.67-1.80) 1.77 (1.64 - 1.81) 1.78 (1.71-1.81) 0.69

Weight (kg) 88 (76-98) 90 (85-100) 78 (75-95) 0.20

Reason for rejection 0.25

DCD + age >60 years 5 (41%) 1 (17%) 4 (67%)

DCD + high BMI 3 (25%) 2 (33%) 1 (17%)

DCD + other reason** 2 (17%) 1 (17%) 1 (17%)

Severe steatosis 2 (17%) 2 (33%) 0 -

Preservation Solution 1.00

UW solution 6 (50%) 3 (50%) 3 (50%)

HTK solution 6 (50%) 3 (50%) 3 (50%)

Time between switch-off

and cardiac death (min) 23 (8-51) 18 (0-23) 24 (17-53) 0.36

Donor warm ischemia time
(min)

14 (17-20) 8 (0-52) 17 (15-18) 0.75

Cold ischemia time (min) 389 (458-585) 530 (431-750) 409 (363-473) 0.11

Liver weight (kg) 2.09 (1.6-2.24) 2.17 (1.60-2.31) 2.03 (1.71-2.18) 0.63

*) continuous variables are presented as median and interquartile range, categorical variables are presented
as numbers and percentage.
**) One DCD donor with history of iv drug abuse (low bile output group) and one donor with prolonged sO2
<30% after withdrawal of life support (high bile output group).
Abbreviations used: DCD, donation after cardiac death; DBD, donation after brain death; UW, university of
Wisconsin; HTK, Histidine tryptophan-ketoglutarate

statistically significant differences for any of these variables. Most livers were declined for
transplantation because of a combination of DCD and age (>60 years) or DCD and high BMI.
Two livers were declined because of macrovesicular steatosis >30% and both livers were in
the low bile output group. It was obvious from this comparison that one would not have been
able to identify livers with a high versus low bile output before organ procurement based on
conventional donor characteristics alone.

Comparison of Hepatic Function and Injury
We next examined whether the differences in bile production correlated with other markers
of hepatobiliary function and injury during NMP. First, we compared perfusion characteristics
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Table 3: Biochemical Composition of Perfusion Fluid and Bile after 6 hour of Ex Vivo Nor-
mothermic Machine Perfusion

High Bile Output Low Bile Output

(n = 6) (n = 6) P-value

Blood gas variables

pH 7.36 (7.25 –7.40) 7.34 (7.29 –7.40) 1.00

pCO2 (kPa) 6.7 (5.9 –7.8) 5.0 (3.4 –6.3) 0.08

pO2 (kPa) 64 (54 –65) 35 (10 –67) 0.42

sO2 (%) 100 (99 –100) 98 (94 –99) 0.04

HCO3- (mmol/L) 26 (22 –28) 18 (13 –29) 0.20

Added HCO3
- 8.4% (mL) 8 (0 –20) 25 (4 –86) 0.24

Base excess (mmol/L) +0.1 (-3.6 –+3.6) -6.8 (-12.0 – -4.0) 0.34

Hemoglobin (mmol/L)* 4.2 (3.7 –4.3) 4.3 (4.1 –4.6) 0.26

Electrolytes and Metabolites

Na+ (mmol/L) 154 (143 –155) 142 (139 –151) 0.26

K+ (mmol/L) 4 (2 –8) 13 (8 –18) 0.01

Urea (mmol/L) 14 (11 –16) 15 (12 –22) 0.63

Glucose (mmol/L)* 10 (8 –19) 23 (16 –32) 0.07

Lactate (mmol/L)* 2 (1 –4) 6 (3 –11) 0.03

Injury markers

ALT (U/L) 2795 (1761 –3972) 11074 (6144 –16050) 0.04

ALP (U/L) 36 (25 –44) 154 (82 –258) 0.01

GGT (U/L) 35 (20 –55) 124 (107 –187) 0.06

LDH (U/L) 6227 (5151 –6703) 22119 (9584 –34558) 0.06

Total bilirubin (µmol/L) 3 (3 –3) 5 (3 –7) 0.20

Variables measured in bile**

Biliary pH 7.58 (7.56 –7.70) 7.37 (7.05 –7.71) 0.10

Biliary HCO3
- (mmol/L) 44 (35 –50) 20 (7 –41) 0.09

Bilirubin in bile (µmol/L)* 1100 (968 –1398) 270 (215 –525) 0.02

Abbreviations used: ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT, gamma-glutamate
transferase; LDH, lactate dehydrogenase.
*) To convert values for glucose to mg/dL, multiply by 18.02. To convert values for lactate to mg/dL, multiply
by 9.01. To convert values for hemoglobin to g/dL, multiply by 1.650. To convert the value for bilirubin to
mg/dL, divide by 17.1. **) Peak values during 6 h of machine perfusion.

between the two groups. During NMP the flow in the portal vein and hepatic artery increased
rapidly during the first 30 min and flows remained stable thereafter for the entire 6 h perfusion
period (Figure 2). There were no significant differences in portal flow and although median
arterial flow was constantly lower in livers with a low bile output, compared to the high bile
output group, this did not reach statistical significance.
Biochemical markers of hepatobiliary function and injury after 6 h of ex vivo perfusion are
presented in Table 3. Most striking differences were significantly higher concentrations of
transaminases and a higher potassium level in the perfusion fluid of the low bile output group,
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compared to the high bile output group. These findings are compatible with a higher degree of
IR injury and hepatocellular lysis in the former group. Bicarbonate concentration in perfusion
fluid of livers with high bile output was 26 mmol/L (22-28 mmol/L), compared to 18 mmol/L
(13-29 mmol/L) in the group of low bile output livers. Although this difference was not statisti-
cally different, it should be noted that about 4-times more sodium bicarbonate solution (8.4%)
had been added during perfusion in the low bile output group to maintain a physiological pH.
After initiation of machine perfusion, glucose and lactate concentrations in the perfusion fluid
initially increased in all cases. In the group of livers with high bile output glucose and lac-
tate levels subsequently decreased rapidly and levels were normal at 6 h of NMP. In contrast,
glucose and lactate levels in the low bile output group did not normalize during machine per-
fusion. Albumin levels decreased during all liver perfusions. After 6 h of NMP, albumin levels
in the high bile output group were 23 g/L (22-24 g/L), compared to 26 (25-29 g/L) in the low
bile output group (Table 3).
At the start of NMP, median pO2 in the perfusate was 71 kPa (or 533 mmHg) with an interquar-
tile range of 65-75 kPa (or 488-563 mmHg. After the start of NMP, the pO2 dropped in 4 out
of the 6 livers with low bile output and median pO2 in this group after 6 hours of NMP was 35
kPa (or 263 mmHg). This was not significantly different from pO2 values in the high bile output
group (Table 3) and this value is still far above the upper limit of normal arterial pO2 in vivo
(13.5 kPa or 101 mmHg). After 6 hr of NMP, there was a small, but significant difference in
sO2 between the two groups (100% versus 98%), yet median values never fell below the nor-
mal range in vivo (normal values arterial sO2: 96-99%). In parallel with these changes, total
hepatic ATP content was significantly higher during the course of NMP in the livers with high
bile output, compared to those with low bile output. At baseline, all livers were ATP depleted
with a median in the high bile output group 7 µmol/g protein compared to 8 µmol/g in the low
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Figure 2. Changes in portal flow (panel A) and arterial flow (panel B) during ex vivo normothermic
machine perfusion of human donor livers, using a pressure controlled device
Flow in the portal vein and hepatic artery increased rapidly during the first 30 min and flows remained stable
thereafter for the entire 6h perfusion period. There were no significant differences in portal flow and although
median arterial flow was constantly lower in livers with a low bile output, compared to the high bile output group,
this did not reach statistical significance.
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bile output group. After 2 h of NMP the ATP had increased to 50 µmol/g in the high bile output
group and to15 µmol/g in the low bile output group. This difference in ATP content persisted
during the course of NMP and the AUC analysis revealed statistical significant difference (p=
0.04; Figure 3). In addition, pO2 and sO2, oxygen consumption was higher in the group of
livers with low bile output, compared to those with high bile output, but this did not reach sta-
tistical significance.
Biochemical analysis of bile samples during 6 h of NMP revealed a 4-times higher concentra-
tion of bilirubin and a 2-times higher biliary concentration of bicarbonate in the high bile output
group, compared to the low bile output group Table 3. These findings indicate that a better se-
cretory function of hepatocytes (bilirubin) coincides with that of cholangiocytes (bicarbonate).

Histological Comparison
Finally, we compared histology of liver grafts after 6 h of NMP between the two groups. In
accordance with the observed differences in biochemical markers of hepatic injury, livers in
the low bile output group displayed more signs of hepatic necrosis and venous congestion,
compared to the high bile output group (Figure 4 A-D). Venous congestion was present in 5
out of 6 livers (83%) in the low bile output group and in 2 out of 6 livers (33%) in the high bile
output group (p = 0.08). Necrosis >30% was observed in 4/6 (66%) of the livers in the low
bile output group and in 2/6 (33%) livers in the high bile output group (p =0.25). Despite these
differences in hepatic parenchymal damage between the two groups, there were no major
differences in the degree of biliary damage (Figure 4 E-F).
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Figure 3. Changes in hepatic energy con-
tent as reflected by hepatic ATP content
In contrast to livers with low bile output, livers
in the high bile output group showed a signif-
icantly higher hepatic ATP content during the
course of NMP. (AUC p = 0.04)
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Figure 4. Histology of livers after 6 hours of normothermic machine perfusion
In comparison to livers with high bile output, livers in the low bile output group displayed more signs of hep-
atic necrosis (panels A and B) and venous congestion (panels C en D). Despite these differences in hepatic
parenchymal damage between the two groups, there were no major differences in the degree of biliary damage
(panels E and F)
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Table 4: Criteria to Assess Bile Production after 2.5 hours of Normothermic Machine Perfu-
sion

Liver
(Number)

Cumulative Bile Output
after 2.5h (g)

Bile Output between
1.5h and 2.5h

Meets both
Criteria*

Low-bile output

1 6.54 2.52 No

2 12.53 3.14 No

3 1.86 0.37 No

4 4.66 2.19 No

5 0.00 0.00 No

6 8.14 2.36 No

High-bile output

7 18.77 7.22 Yes

8 12.93 7.33 Yes

9 14.92 8.50 Yes

10 10.55 5.00 Yes

11 15.72 4.66 Yes

12 25.35 8.85 Yes

*) Criteria are: 1) Cumulative bile production of �10 grams after 2.5 h and 2) a bile production of �4 grams
in the preceding hour (1.5 - 2.5 h of perfusion)

Minimal Duration of NMP Needed for Viability Assessment
Secondary aim of this study was to determine the minimal duration of NMP needed to discrim-
inate viable and potentially transplantable livers from non-viable livers. For this, we used the
individual data on cumulative bile production as depicted in Figure 1. It can be deducted from
this figure that livers in the low and high bile output groups can be discriminated from each
other as early as 150 min after ex vivo machine perfusion. The combination of a cumulative
bile production of �10 grams at 150 min and a bile production of �4 grams in the preceding
hour identified 100% of the livers that would be considered as a high bile output liver after
6 h (Table 4). This finding indicates that after cold storage of a donor liver, a short period
of 2.5 hours of ex-vivo assessment during NMP is sufficient to identify a liver that may been
preserved well enough to be transplanted successfully.
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DISCUSSION

Machine perfusion of donor livers is receiving increasing attention as experimental studies
have suggested that this method can provide better protection during storage and transporta-
tion, compared to static cold storage (10-12). Especially ECD livers have been shown to be
more susceptible to IR injury, requiring the introduction of novel and more complex preserva-
tion techniques (7,16). Besides the potential benefits of machine perfusion in providing better
protection against preservation injury, this technique also provides the possibility of viability
testing of a donor organ prior to transplantation. Pre-transplant viability testing may become
an important new tool to compensate for the increasing proportion of ECD livers (i.e. livers
from donors with advanced age, elevated body mass index, diabetes, or livers from DCD
donors), which has resulted in an increasing proportion of non-use of donor livers during the
last decade (4).
The main finding in this study is that bile production can be used as an easy assessable
marker of liver graft viability during ex-vivo NMP. Cumulative bile production of �30 g during
6 h of NMP was associated with significantly lower release of transaminases and potassium
into the perfusion fluid and better hepatobiliary function as reflected by a normalization of glu-
cose and lactate levels and higher biliary secretion of bilirubin. In addition, histology of grafts
with a high bile output showed less signs of venous congestion and hepatocellular necrosis,
compared to livers with a low cumulative bile output. The second novel finding of this study is
that the minimal duration of NMP needed to discriminate viable and potentially transplantable
livers from non-viable livers is 2.5 hours. This relatively short time period facilitates a timely
selection and preparation of a potential recipient, making this new selection method clinically
applicable.
The results of this study open interesting new avenues for the clinical application of ex-vivo
viability testing of ECD livers that, based on conventional criteria, are declined for transplan-
tation. This method has the potential to have a significant impact on the number of donor liver
available for transplantation. Of the twelve discarded livers included in this study, 6 (50%) dis-
played improving function and normalization of hepatobiliary metabolism. Although all livers
were declined for transplantation because they were considered ECD livers with a too high
risk of primary non-function after transplantation (as indicated by a high DRI), 50% of these
may have functioned well after transplantation. All livers were retrieved from a donor outside
our hospital and the median duration of cold storage prior to initiation of ex vivo viability testing
was 6.5 hours. This time sequence can also be expected when this technique is introduced in
clinical practice.
In an experimental study using pig livers, Imber et al. have previously suggested that bile
production is probably the most important parameter of liver function (11). The amount of bile
production correlated strongly with the degree of hepatic IR injury. Our experience with dis-
carded human donor livers is in line with this experimental study. The significant higher release
of potassium and ALT in low-bile output livers reflects a higher degree of hepatocellular injury.
The absolute concentrations of ALT measured in the perfusion fluid may seem relatively high;
however, these results cannot be compared directly with values usually obtained after clinical

116



Criteria for Viability Assessment of Discarded Human Donor Livers during Ex-vivo Normothermic Machine Perfusion

liver transplantation. First of all, livers were perfused ex vivo in a closed circuit and values
represent the cumulative release of ALT without any clearance from the system. Secondly, the
perfusion circuit contained only 2 liters compared to an average of 5 liters of blood in vivo.
In addition to bile production alone, good liver function was reflected by a normalization of
glucose and lactate levels in the perfusion fluid, as well as an increasing production of bicar-
bonate in the livers with high bile output. The latter was reflected by an increasing median
concentration of bicarbonate in perfusion fluid from 19 mmol/L at baseline to 26 mmol/L after
6 h of NMP in the high bile output group. In the low bile output group median bicarbonate
concentration in the perfusion fluid at 6 h was only 18 mmol/L, despite the addition of a 4-
times higher amount of sodium bicarbonate 8.4% during perfusion to maintain a physiologic
pH. These finding are in accordance with a previous animal study that has indicated that au-
toregulation of the acid-base balance is a reflection of a well-functioning liver (17).
During 6 h of NMP albumin levels decreased in all perfusions. Although levels after 6 h of
NMP were slightly (but significantly) lower in the high bile output group compared to the low
bile output group, this cannot be used as a marker of hepatic synthetic function because of
the overall decline in albumin during all perfusions.
Interestingly, oxygen consumption appeared to be higher in livers with low bile production,
compared with those with high bile production. This finding is in agreement with observations
made by Imber et al. during NMP of porcine livers (11). These investigators found significantly
higher oxygen consumption during NMP of livers that were severely injured after prolonged
cold preservation, compared to well-preserved donor livers. Imber et al. explained this differ-
ence in oxygen consumption by the respiratory burst and subsequent oxygen debt that occurs
in severely injured post-ischemic livers (11). In addition, ATP concentration appeared to be
significantly higher in livers with high bile production reflecting a higher energy status upon
reperfusion compared to livers with low bile output.
In the current study, we did not add bile salts to the perfusion fluid. Hepatocellular secretion
of bile salts into bile canaliculi is an important driving force of bile flow (18,19). In vivo, bile
salts are reabsorbed from the gut and transported back to the liver through the enterohepatic
circulation. Bile salts are subsequently secreted again into the bile, causing a choleretic in-
crease in total bile flow. Obviously, this enterohepatic circulation is interrupted during ex vivo
NMP and this could theoretically lead to bile salt depletion and a subsequent decline in bile
production. However, experimental studies using pig livers have shown that bile salt depletion
does not occur until after 10 hours of NMP (19). In the current study, livers were perfused
for 6 hours and we did not observe a decline in bile output. Therefore, we do not believe the
addition of bile salts is necessary when livers are perfused for less than 10 hours. In fact,
hydrophobic bile salts have been demonstrated to play a role in bile duct epithelial injury after
liver transplantation and this could be considered an additional argument not to add bile salts
to the perfusion fluid (19-22). On the other hand, due to the strong choleric effect of bile salts,
bile production during ex vivo NMP will be higher when bile salts are added to the perfusion
fluid. This should be kept in mind when comparing bile output values obtained in different
studies.
Bile production is an energy consuming, multi-step process that requires an intact network of
sinusoidal cells, hepatocytes and cholangiocytes. Therefore, intuitively, bile production is a
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strong and reliable indicator of overall liver quality and viability. In clinical liver transplantation,
poor initial bile production has been associated with poor outcomes. In one study, graft sur-
vival at one year was only 45% for livers that failed to produce bile in the operating room (14).
In addition to bile volume, we have shown a higher biliary secretion of bilirubin in grafts with
high bile output, reflecting a better quality of bile produced by these livers.
Although some studies on kidney and liver machine perfusion have suggested that a decline in
arterial flow in a pressure controlled system of machine perfusion can be used as a marker of
decreasing graft viability (23-25), we found stable flows in both high and low bile output livers.
Apparently, change in perfusion flow is not a reliable parameter of graft viability in human liver
machine perfusion. However, in livers with a low bile production we did observe a lower arte-
rial flow during the entire 6 h of NMP, compared to the low bile output group, but this did not
reach statistical significance. In general, we do not advise to use flow values as an indicator
of liver damage and viability during human liver machine perfusion.
A limitation of ex vivo NMP is the inability to assess bile duct viability. Although the main aim
of the current study was to assess hepatocyte viability, ischemic cholangiopathy, resulting in
nonanastomotic biliary strictures, remains a major complication after liver transplantation (3).
Unfortunately, reliable markers or other tools that help predict ischemic cholangiopathy before
transplantation are still lacking. Therefore, we cannot rule out that some of the livers that we
considered viable based on ex vivo bile production may still have developed non-anastomotic
biliary strictures if they had been transplanted. Clearly, there is a need to develop non-invasive
methods that enable assessment of the biliary epithelium during organ preservation and be-
fore implantation. An attractive option could be the development of molecular imaging tech-
niques using near-infrared fluorescence that allow a noninvasive assessment of the biliary ep-
ithelium. If such molecular imaging techniques are combined with visible light cholangioscopy
this could provide a tool for assessment of the biliary tree during NMP (26,27). A second
limitation of the study is the relative small number of liver grafts. Unfortunately human livers
do not come available for research in high numbers. This may have caused a statistical type
II error, explaining the trend towards significance for some variables as presented in Table 3.
In conclusion, this study suggests that the assessment of bile production is a discriminative
indicator of hepatic function and injury during ex vivo NMP of human donor livers. It could
potentially be used to identify ECD livers that are declined for transplantation based on donor
risk factors, but that may still be suitable for transplantation. These findings need to be con-
firmed in a clinical trial in which the proposed selection criteria are used to accept ECD livers
that would otherwise have been declined for transplantation based on an anticipated poor
postoperative function. We are currently preparing such a trial.
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ABSTRACT

The mechanism through which oxygenated hypothermic machine perfusion (HMP) improves
viability of human extended criteria donor (ECD) livers is not well known. Aim of this study
was to examine the benefits of oxygenated HMP after static cold storage (SCS). Eighteen
ECD livers that were declined for transplantation underwent ex situ viability testing using nor-
mothermic (37°C) machine perfusion (NMP) after traditional SCS (0-4°C) for 7-9 hours. In the
intervention group (n = 6), livers underwent 2 hours of oxygenated HMP (at 12°C) after SCS
and before NMP. Twelve control livers underwent NMP without oxygenated HMP after SCS.
During HMP, hepatic ATP content increased >15-fold and levels remained significantly higher
during the first 4 hours of NMP in the HMP group, compared to controls. Cumulative bile pro-
duction, as well as biliary secretion of bilirubin and bicarbonate, was significantly higher after
HMP, compared to controls. In addition, the levels of lactate and glucose were less elevated
after HMP compared to SCS preservation alone. In contrast, there were no differences in
levels of hepatobiliary injury markers AST, ALT, LDH, and gamma-GT after 6 hours of NMP.
Hepatic histology at baseline and after 6 hours of NMP revealed no differences in the amount
of ischemic necrosis between both groups. In conclusion, two hours of oxygenated HMP after
traditional SCS restores hepatic ATP levels and improves hepatobiliary function, but does not
reduce (preexisting) hepatobiliary injury in ECD livers.
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INTRODUCTION

One of the greatest challenges in liver transplantation is the shortage of suitable donor livers.
Today, many patients are waiting in vain for a liver transplant, which is often the only success-
ful treatment of their liver failure (1). One way to minimize the shortage of liver donor grafts
for transplantation is the use of extended criteria donor (ECD) livers. However, ECD livers
are in general associated with a higher postoperative risk of early graft failure, compared to
livers from optimal or reference donors (2). Because of this, many ECD livers are declined
for transplantation and an important question is how these livers can be functionally improved
and made suitable for transplantation.
During the last decade, machine perfusion (MP) has been receiving increasing attention as a
promising method to reduce preservation injury, compared to the traditional method of static
cold storage (SCS) (3-5). A short period of MP after SCS (end-ischemic MP) has been sug-
gested to reduce the risk of early graft dysfunction after transplantation [6]. In particular ECD
livers, which have a higher risk of early graft failure due to the preexisting hepatocellular injury
and dysfunction, could potentially benefit from end-ischemic MP during organ preservation
(6).
End-ischemic MP can be performed at different temperatures. Hypothermic machine perfu-
sion (HMP; perfusion at 4-12°C), has recently made a first step into clinical practice. Guarrera
et al. (7,8) and Dutkowski et al. (9) have described successful application of end-ischemic MP
of ECD livers in human liver transplantation. In these studies, livers that first underwent end-
ischemic HMP displayed better graft function compared to matched control livers that did not
undergo end-ischemic HMP. In addition, the incidence of ischemic cholangiopathy, also known
as non-anastomotic biliary strictures (NAS), was lower in the group with end-ischemic HMP
treatment (8,9). Although these results are very promising, knowledge about the mechanisms
through which end-ischemic HMP may improve liver and biliary function of human ECD liver
grafts is limited. The aim of the current study was therefore to assess whether end-ischemic
dual (combined arterial and portal) oxygenated hypothermic machine perfusion (HMP) im-
proves hepatobiliary function and reduces preservation injury of human ECD livers, compared
to traditional SCS preservation alone. In the current study, hepatobiliary viability after tradi-
tional SCS preservation or after SCS followed by 2 hours of HMP was assessed during ex situ
normothermic machine perfusion (NMP) for 6 hours.

MATERIALS AND METHODS

Donor Livers
Between May 2012 and August 2014 eighteen consecutive full size human donor livers were
included in this study. All livers were declined for transplantation within the Eurotransplant re-
gion. The two main reasons for declining were: 1) the combination of donation after circulatory
death (DCD) with advanced donor age; and 2) the combination of DCD or donation after brain
death (DBD) and a high body mass index (suspicion of graft steatosis). In the Eurotransplant
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region, a hepatic biopsy for the evaluation of steatosis is not routinely performed during organ
procurement (10). In most cases, only the combination of BMI, laboratory values, and visual
inspection by the donor surgeon gives information about the possible presence of steatosis.
Therefore, the exact percentage of steatosis is not known when the donor liver is offered for
transplantation and/or research purposes.
The study protocol was approved by the medical ethical committee of University Medical Cen-
ter Groningen (METc 2012.068) and the competent authority for organ donation in the Nether-
lands, the Dutch Transplantation Foundation (NTS). The Eurotransplant donor risk index (ET-
DRI) was calculated for all livers using the method described by Braat et al. (11). During the
study period, the first 12 ECD livers were included in the SCS-only group, which consisted
of NMP viability assessment after traditional SCS preservation. Subsequently, 6 other ECD
livers were included in the HMP group. These liver grafts were exposed to 2 hours of HMP
after the period of traditional SCS preservation. After HMP, these livers underwent 6 hours of
NMP for viability assessment (Figure 1 and 2).

Procurement and Preparation of Donor Liver Grafts
All donor livers were procured by one of the regional multi-organ procurement teams in the
Netherlands using the standard technique of in situ cooling and flush out with preservation
fluid (University of Wisconsin [UW] or histidinetryptophan-ketoglutarate solution [HTK]) at 0°C
to 4°C. In case of DBD, 25,000 units of heparin were administered intravenously before cross
clamping of the supratruncal aorta. In DCD cases, the surgical procedure was not started
until after 5-minute no touch period after declaration of circulatory death. During the flush out
procedure, the same dose of heparin (25,000 units of heparin) was added to the first bag of
preservation solution. All livers were packed in ice-cold preservation solution (UW or HTK),
stored on ice, and transported to our center. Upon arrival in our center, an experienced trans-
plant surgeon performed back table preparation. The portal vein, the supratruncal aorta, and
the bile duct were cannulated, and the graft was prepared for oxygenated machine perfusion
as described previously (12-14).

Donation
Procedure Static Cold Storage

Organ Preservation Viability Assessment

NMP

Donation
Procedure Static Cold Storage NMPHMP

Figure 1. Schematic overview of the study groups to examine the effects of end-ischemic oxygenated
hypothermic machine perfusion (HMP) after static cold storage (SCS)
The group that underwent end-ischemic HMP contained 6 livers. The SCS only group contained 12 livers. In
both groups ex situ normothermic machine perfusion (NMP) was used for viability testing for 6 hours
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Machine Perfusion
Based on the studies of Dutkowski and our previous animal experiments that have demon-
strated that 2 hours of HMP is sufficient to obtain beneficial effects (9,15-17), 2 hours of
HMP was used in this study as well. HMP and NMP were performed using a machine per-
fusion device that includes 2 perfusion circuits, each comprising a rotary perfusion pump, a
membrane oxygenator with integrated heat exchanger and pressure sensor for perfusion of
the portal vein and hepatic artery, respectively (Liver Assist, Organ Assist, Groningen, The
Netherlands). Flow through the hepatic artery was pulsatile, whereas flow through the portal
vein was continuous. The system was both pressure and temperature controlled. During HMP,
portal pressure was set at 4 mmHg, mean arterial at 25 mmHg, and temperature of the per-
fusion fluid was 10°C to 12°C, as described previously.16 The solution was oxygenated with
100% oxygen (1 L/min) resulting in a pO2 between 50 and 80 kPa (375-600 mmHg). During
NMP (37°C), the portal pressure was 11 mmHg, and mean arterial pressure was 70 mmHg.
In contrast to HMP, we oxygenated during NMP with a carbogen mixture of 95% O2 and 5%

Figure 2. Photos of the liver during machine perfusion (MP) experiments
Panel A: In a bowl with melting ice and preservation solution, the liver is prepared for oxygenated hypothermic
machine perfusion (HMP) or normothermic machine perfusion (NMP).
Panel B: Liver perfused with HMP. Panel C: Liver perfused for 30 minutes with NMP. Panel D: Liver perfused for
6 hours with NMP. During MP, the organ chamber is covered with a transparent lid to prevent heat loss and to
maintain a moist environment.
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CO2 (2 L/min), resulting in a pO2 between 50 and 80 kPa (375-600 mmHg). During HMP, livers
were perfused with 3 L of Belzer-UW Machine Perfusion solution (Bridge-to-Life, Ltd. North-
brook, IL). After 2 hours of HMP, the liver graft was disconnected from the perfusion device,
placed in a bowl with cold (0-4°C) UW cold storage solution (Bridge-to-Life, Ltd. Northbrook,
IL), to change the perfusion fluid and prime the perfusion device for NMP. Before NMP, the liver
was flushed with 1 L cold NaCl 0.9% solution, followed by 500 mL warm NaCl 0.9% solution.
Livers were perfused normothermically (37°C) for 6 hours with a perfusion solution based
on heparinized human plasma and red blood cells enriched with nutrients, trace elements,
and antibiotics, as described previously (12-14). Before NMP and every 30 minutes during
NMP, samples from the perfusion fluid were taken for analysis of the blood gas parameters
(pO2, pCO2, sO2, HCO3

- , and pH) using an ABL800 FLEX analyzer (Radiometer, Brønhøj,
Denmark). If needed, small amounts of sodium bicarbonate (8.4% solution) were added to
maintain a pH within the physiological range (7.35-7.45) as described previously (12-14).

Assessment of Hepatobiliary Function and Injury
During NMP, flow though the portal vein and hepatic artery and perfusion fluid temperature
was recorded every 10 minutes. Because flow through the liver is dependent of liver mass,
we have calculated the intrahepatic vascular resistance using Ohms law and expressed the
vascular resistance for both the portal vein and hepatic artery as mmHg/mL/ min/kg liver.
Before and every 30 minutes during NMP, samples were taken from the perfusion fluid. Of
each sample, one part was used for analysis for and biochemical parameters (glucose and
lactate) using an ABL800 FLEX analyzer (Radiometer, Brønhøj, Denmark). Another part of
the perfusion fluid sample was centrifuged (2700 g for 5 minutes at 4°C), and the supernatant
was collected and stored at 80°C for determination of aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), lactate dehydrogenase (LDH), and gamma-glutamyl transferase
(gamma-GT), using standard biochemical methods. Bile production was measured gravimet-
rically at 30-minute intervals by weighing Eppendorf tubes in which bile was collected from the
biliary drain. The cumulative bile production was expressed as mL bile/kg liver. The density
of bile was defined as 1 mg/mL. Based on the (cumulative) bile production during NMP, livers
were classified as good or poor functioning using a modification of the experimental analysis
described by Sutton et al. (13). Although Sutton et al. (13) expressed bile production as g/hr,
we expressed bile production as mL/hr/kg liver tissue. Livers were classified as good function-
ing if they met the following criteria: bile production of more than 2 mL/hr/kg during 1.5 to 2.5
hours of NMP and cumulative bile production of more than 5 mL/hr/kg after 2.5 hours of NMP.
Biliary concentration of bicarbonate and pH were measured as markers of biliary epithelial cell
(cholangiocyte) function (18). For this purpose, bile samples were collected under mineral oil
and analyzed immediately using an ABL800 FLEX analyzer (Radiometer, Brønhøj, Denmark).
Biliary concentration of gamma-GT and LDH were measured as markers of biliary epithelial
cell injury (19), and biliary bilirubin concentration was measured as marker of hepatocellular
secretory function (19), using standard biochemical methods. Hepatic oxygen consumption
was calculated every 30 minutes during NMP based on the difference between the arterial and
venous oxygen content of the perfusion fluid, as described previously (13). In brief, samples
were taken from the perfusion fluid before and after the liver. Prehepatic samples were taken
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from a side port before the perfusion cannula and posthepatic samples were taken directly
from the suprahepatic vena cava. Hepatic concentration of adenosine triphosphate (ATP) was
used as an indicator of the energy status of grafts during HMP and NMP. For this purpose,
liver tissue biopsies were immediately frozen in liquid nitrogen and were processed later for
ATP measurement, as described previously (13).

Histological Evaluation
Biopsies were taken from the liver parenchyma at the end of SCS and after 6 hours of NMP.
Samples were fixed in 10% formalin and paraffin embedded for further preparation for hema-
toxylin and eosin (H&E) staining. Histological assessment was performed by an expert liver
pathologist, who was not aware of the assigned study groups. To assess preservation injury,
the degree of ischemic necrosis was semi-quantified based on the percentage of necrotic
hepatocytes and categorized as follows: low (60%).

Statistical Analysis
Continuous variables were presented as median with range or interquartile range (IQR). Cate-
gorical variables were presented as number and percentage. Continuous variables were com-
pared between groups using the Mann-Whitney U test. Categorical variables were compared
with the Pearson chi-square or Fischers exact test as appropriate. The level of significance
was set at p-value of <0.05. All statistical analyses were performed using SPSS software
version 22.0 for Windows (SPSS, Inc., Chicago, IL, USA).

RESULTS

Donor Characteristics
A comparison of donor characteristics of livers that received 2 hours of HMP after SCS and
livers that did not undergo HMP after SCS (SCS alone) is provided in Table 1. There were
no significant differences among the donor variables such as donor age, type of donor graft,
donor warm ischemia time (in case of DCD), type of preservation solution, and the ET-DRI.
The median ET-DRI was 3.11 in the HMP group and 2.79 in the SCS only group, illustrating the
poor baseline quality of these donor livers. Moreover, the total preservation time (including 2
hours of HMP) was not significantly different between livers that underwent HMP (11:37 hr:min,
IQR 10:01 - 12:25 hr:min) and livers that only underwent SCS preservation (9:04 hr:min, IQR
7:01 - 11:44 hr:min) prior to viability assessment using NMP.

Vascular Resistance
Changes in vascular resistance of the portal vein and hepatic artery during NMP are presented
in Figure 3A and B. Although the vascular resistance was lower in livers that first underwent
HMP, compared to only SCS preservation, this difference did not reach statistical significance.
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Table 1: Comparison of Donor Characteristics of Livers that Underwent Static Cold Storage
Preservation (SCS) Alone and Livers that Underwent Oxygenated Hypothermic Machine
Perfusion (HMP) after SCS

Variables SCS alone SCS + HMP p-value

Age (years) 61 (52-64) 64 (57-70) 0.21
Gender 0.49

Male 8 (67%) 3 (50%)
Female 4 (33%) 3 (50%)

Length (m) 1.77 (1.67-1.80) 1.75 (1.68-1.79) 0.75
Weight (kg) 88 (76-100) 73 (65-90) 0.08
Body mass index (kg/m2) 27.3 (24.5-36.0) 24.6 (22.6-27.3) 0.10
Type of donor liver 0.18
DCD 9 (75%) 6 (100%)
DBD 3 (25%) 0
Cause of death 0.29
Cardiovascular 2 (16%) 3 (50%)
Post-anoxia 5 (42%) 2 (33%)
Trauma 5 (42%) 1 (17%)
Reasons livers were declined for transplantation 0.29
DCD + age >60 years 5 (42%) 5 (84%)
DCD + high BMI 5 (42%) 1 (17%)
DCD + high transaminases 2 (16%) 0
Latest laboratory value gamma-GT (U/L) 83 (34-130) 30 (19-106) 0.30
Type of preservation solution 0.18
UW solution 9 (75%) 6 (100%)
HTK solution 3 (25%) 0
Time between withdrawal of life support
treatment and circulatory arrest (min)1

20 (4-46) 14 (13-36) 0.61

Time between circulatory arrest and cold flush in
situ (min)1

18 (12-22) 15 (13-23) 0.96

Cold ischemia time (hr: min)2 9:04 (7:01-11:14) 7:18 (6:10-8:32) 0.15
Total preservation time (hr:min)3 9:04 (7:01-11:14) 11:37 (10:01-12:25) 0.10
Eurotransplant - Donor risk index 2.79 (2.24-3.21) 3.11 (2.77-3.39) 0.38
Weight of liver (kg) 2.11 (1.81-2.30) 1.83 (1.15-2.23) 0.29

Data represent median with interquartile ranges for continuous variables or numbers (percentages) for cate-
gorical variables.
Abbreviations: HMP: hypothermic machine perfusion, DCD: donation after circulatory death, DBD: dona-
tion after brain death, SCS: static cold storage, UW: University of Wisconsin, HTK: histidine- tryptophan-
ketoglutarate, BMI: body mass index, gamma-GT: gamma-glutamyl transferase.
1 The total of both time periods can be defined as the total donor warm ischemia time during DCD donation.
2 Time period between cold flush out of the liver in the donor and start of machine perfusion (either HMP or
NMP).
3 Time period between cold flush out of the liver in the donor and start of NMP.
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Evaluation of Hepatobiliary Function
Bile production was used as marker of hepatocellular function and viability (13,20). During
6 hours of NMP, bile production was significantly higher in donor livers that first underwent
HMP, compared to livers that underwent SCS alone (Figure 4A). Moreover, based on the
(cumulative) bile production during NMP, all livers in the HMP group met the criteria for good
functioning livers, whereas only 42% of the livers that underwent SCS alone met these criteria
(Table 2). In both groups, there was no association between the ET-DRI and bile production
during NMP.
The cumulative total biliary bilirubin concentration in the last 30 minutes of NMP was signifi-
cantly higher in the group that underwent HMP, compared to livers that underwent only SCS
preservation (Figure 4B). This finding is compatible with a better hepatocellular secretory
function of livers in the HMP group. Similarly, HMP significantly improved the cumulative bil-
iary bicarbonate secretion in the last 30 minutes of NMP, compared to only SCS preservation
(Figure 4C). Moreover, median biliary pH after 6 hours of NMP was higher in the HMP group
compared to livers that underwent SCS preservation only, but this difference did not reach
statistical significance (Figure 4D).
Concentrations of glucose and lactate in the perfusion fluid during HMP and NMP are pre-
sented in Figure 5. During HMP, a small increase in the levels of glucose and lactate was
observed. During subsequent NMP, glucose and lactate levels were significantly higher in the
SCS group compared to HMP preserved livers. With respect to glucose levels, these levels
normalized in the HMP group (median 11.6 mmol/L), whereas glucose levels in the SCS group
remained elevated after 6 hours of NMP (median 27.5 mmol/L) (p = 0.009) (Figure 5A). In ad-
dition, in the SCS only group a significantly increase in the concentration of lactate was noticed
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Figure 3. Vascular resistance patterns in the portal vein and the hepatic artery during 6 hours of nor-
mothermic machine perfusion (NMP)
During NMP, the vascular resistance in the portal vein and hepatic artery were lower in livers that first underwent
oxygenated hypothermic machine perfusion (HMP) versus livers that underwent static cold storage (SCS) only;
however these differences were not statistically significant. Data are represented as medians with IQR. The error
bar of SCS only group illustrates the range from the median (50th percentile) till the 75 percentile; the error bar
of the HMP group represents the range from the 25 percentile till the median
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in the first hour of NMP (median peak value of 10.1 mmol/L), which was not observed in the
HMP group (median 2.3 mmol/L) (p = 0.002) (Figure 5B). Moreover, to maintain a physiologi-
cal pH, significantly more sodium bicarbonate solution had to be administered to the perfusion
fluid during NMP in the group of livers that underwent SCS only, compared to livers that first
underwent 2 hours of HMP (Table 3).
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Figure 4. Cumulative bile production and biliary composition during 6 hours of normothermic machine
perfusion (NMP)
Panel A: Two hours of oxygenated hypothermic machine perfusion (HMP) resulted in significantly higher bile
production (mL/kg liver) during 6 hours of NMP, compared to SCS only (*p<0.05). In the group with HMP, one
liver was excluded from the analysis because of hemobilia. The error bar of HMP group illustrates the range
between the 50th and 75th percentile; the error bar of the SCS only group represents the range between the 25th

and 50th percentile. Panel B: The cumulative secretion of total bilirubin (total mol) in the last 30 minutes of NMP
was significantly lower in the group with only SCS preservation, compared to livers that first underwent HMP
(*p<0.05). In the group with HMP, one liver was excluded from the analysis because of hemobilia. The Y-axis
is on a logarithmic scale (log 10). Panel C: The cumulative secretion of bicarbonate (HCO3

-) (total µmol) in the
last 30 minutes of NMP was significantly higher in the group with HMP, compared to livers that underwent only
SCS preservation (*p<0.05). Panel D: Comparison of biliary pH between the group with HMP and only SCS
preservation, measured at the end of 6 hours NMP. In Panel B, C, and D data are represented as medians with
IQR.
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Evaluation of Hepatobiliary Injury
Release of injury markers during NMP was used to assess the degree of hepatobiliary injury.
To correct for a wash-out effect of HMP, the relative increase in perfusate levels of AST, ALT,
LDH, and gamma-GT during the first 30 minutes and after 6 hours were determined (Table 3).
Except for gamma-GT, during the first 30 minutes of NMP, the relative increase in perfusate
levels of AST, ALT, and LDH were significantly lower in the HMP group compared to the SCS
only group. However, the relative increase in levels of AST, ALT, and LDH between the first 30
minutes and 6 hours of NMP were not significantly different between the two groups, reflecting
a similar level of hepatobiliary injury after 6 hours of NMP (Table 3). Likewise, there were
no significant differences in the biliary concentrations of LDH and gamma-GT after 6 hours of
NMP, indicating that there was no significant difference in cholangiocyte injury (Table 3).
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Figure 5. Perfusion fluid concentrations of glucose and lactate during 2 hours of oxygenated hypother-
mic machine perfusion (HMP) and 6 hours of normothermic machine perfusion (NMP)
Panel A and B: Almost during the entire period of NMP, levels of glucose and lactate were significantly lower
in the group of livers that first underwent 2 hours of HMP, compared to the group with only SCS preservation
(*p<0.05). Data are represented as medians with IQR, except for the levels of lactate in the SCS only group, the
error bars in this group illustrates the range between the 50th and 75th percentile.
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Table 2: Bile Production During Ex Situ Viability Testing Using Normothermic Machine Per-
fusion of Livers that Underwent Static Cold Storage (SCS) Preservation Alone or SCS Fol-
lowed by Oxygenated Hypothermic Machine Perfusion (HMP).

Group Liver
No.

Eurotransplant
donor risk
index
(ET-DRI)

Bile output
between 1.5 and
2.5 hrs NMP
(mL/kg liver)

Cumulative bile
output at 2.5 hrs
NMP (mL/kg
liver)

Meets Both Criteria
for classification of
good functioning liver
during NMP viability
testing1

SCS
only

1 2.5 0.17 0.84 no
2 2.8 0.95 2.02 no
3 3.3 1.26 3.27 no
4 1.4 1.30 3.57 no
5 3.2 1.43 3.86 no
6 3.4 1.48 5.00 no
7 2.2 1.50 5.18 no
8 2.0 2.33 5.91 yes
9 2.5 2.37 7.86 yes
10 3.1 4.86 8.52 yes
11 3.2 5.53 10.20 yes
12 2.8 7.44 15.84 yes

SCS +
HMP

1 2.4 2.67 6.70 yes
2 3.4 4.53 13.76 yes
3 2.9 5.41 15.15 yes
4 3.5 6.09 17.41 yes
5 3.2 21.38 49.05 yes
6# 3.0 - - -

Abbreviations: HMP: hypothermic machine perfusion, SCS: static cold storage, NMP: normothermic machine
perfusion
1 Livers were classified as good functioning according to the following criteria: bile production of more than
2 mL/kg liver between 1.5 2.5 hours of NMP, and cumulative bile production of more than 5 mL/kg liver after
2.5 hours of NMP.
# The collected bile was mixed with blood due to hemobilia. Therefore, this liver was excluded from the
assessment of (cumulative) bile production

Evaluation of Hepatic Energy Status and Oxygen Consumption
Hepatic ATP concentration was used as an indicator of the cellular energy status. Hepatic ATP
content was measured at the end of SCS, during and at the end of HMP and before, during
and at the end of NMP, respectively (Figure 6A). In both groups, all livers were ATP-depleted
at baseline after SCS. The median ATP concentration was 5 µmol/g protein in the HMP group
versus 6.5 µmol/g protein in the SCS only group. During HMP, median ATP concentration
increased >15-fold to 76 µmol/g protein (IQR 48-122 µmol/g protein). After 2 hours of HMP,
while the perfusion fluid was changed, ATP concentration dropped; however, before start of
NMP ATP concentrations were still significantly higher in the HMP group, compared to the
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Table 3: Biochemical Composition of the Perfusion Fluid and Bile during Normothermic
Machine Perfusion (NMP) in the Groups with or without Oxygenated Hypothermic Machine
Perfusion (HMP) after Static Cold Storage Preservation.
Variables SCS only SCS + HMP p-value

(n = 12) (n = 6)

Blood gas parameters

pH 7.35 (7.30-7.40) 7.35 (7.26-7.42) 1.00

pCO2 (kPa)1 6.17 (5.20-6.64) 4.91 (4.57-5.40) 0.05

pO2 (kPa)1 63.9 (56.2-69.2) 70.2 (65.0-78.3) 0.032

sO2 (%)2 99 (98-100) 100 (0.99-100) 0.68

HCO3
- (mmol/L) 25.0 (17.6-28.9) 18.7 (17.0-24.5) 0.15

Added NaHCO3 8.4% (mL)2 25.0 (2-50) 3.3 (0-10) 0.041

Injury markers3

AST 0.00-0.50 hrs NMP (U/L) 4073 (2266-10,307) 605 (178-2000) 0.010

AST 0.50 6 hrs NMP (U/L) 4268 (1928-5400) 1730 (173-4210) 0.22

ALT 0.00-0.50 hrs NMP (U/L) 2558 (1236-9671) 688 (109-2133) 0.048

ALT 0.50 6 hrs NMP (U/L) 2397 (3110-952) 775 (100-2090) 0.18

LDH 0.00-0.50 hrs NMP (U/L) 8858 (3526-14,480) 1139 (314-3843) 0.010

LDH 0.50 6 hrs NMP (U/L) 2540 (1939-4189) 1339 (317-3252) 0.21

Gamma-GT 0.00-0.50 hrs NMP (U/L) 51 (21-180) 72 (26-101) 0.80

Gamma-GT 0.50 6 hrs NMP (U/L) 14 (5-34) 51 (0-156) 0.39

Bile contents4

Biliary LDH (mmol/L) 970 (204-1927) 418 (119-1005) 0.43

Biliary gamma-GT (mmol/L) 351 (242-1155) 504 (368-1186) 0.33

Data represent median with interquartile ranges (IQR) for continuous variables
Abbreviations: AST: aspartate aminotransferase, ALT: alanine aminotransferase, LDH: lactate dehydroge-
nase, gamma-GT: gamma-glutamyl transferase, NaHCO3: sodium bicarbonate, HMP: hypothermic machine
perfusion, SCS: static cold storage
1 To convert kPa to mmHg, multiply by 7.5.
2 Oxygen saturation of hemoglobin
2 Total mL added to the perfusion fluid during 6 hours of NMP.
3 Relative increases in hepatobiliary injury markers during NMP, indicated for the first 0.5 hour (� 0.00-0.50
hrs) and 0.5-6 hours of NMP (� 0.50-6 hrs).
4 In the HMP group, one liver was excluded from the analysis of bile contents because the collected bile was
mixed with blood due to hemobilia.

SCS only group (15 µmol/g protein in the HMP group versus 6.5 µmol/g protein in the SCS
only group). Moreover, hepatic ATP content increased more rapidly during the first hour of
NMP in livers that first underwent HMP, compared to livers with SCS preservation alone. In
addition, ATP levels in livers that underwent HMP remained significantly higher compared to
SCS only livers during the first 4 hours of NMP. Although not statistically significant, at the end
of 6 hours of NMP, the median hepatic ATP content in the HMP group was 88 µmol/g protein
(IQR: 12-118 µmol/g protein) while it was only 24 µmol/g protein (IQR: 14-51 µmol/g protein)
in the group with only SCS preservation.
In parallel with changes in ATP concentration, the peak value of the oxygen consumption
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during NMP was significantly higher in livers that first underwent HMP (2.9.10-3 mL O2/min/gr
liver) compared to livers with only SCS preservation (1.4.10-3 mL O2/min/gr liver) (Figure 6B).

Histological Assessment
Figure 7 provides histological evaluation of the hepatic biopsies at the end of the regular
period of SCS and after 6 hours NMP viability testing. At baseline, there were no statistical
differences in the degree of ischemic necrosis in both groups. The majority of livers had
signs of ischemic necrosis grade 1 or grade 2 (Figure 7A). In addition, there was no major
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Figure 6. Hepatocellular ATP concentrations and peak oxygen consumption during oxygenated hy-
pothermic machine perfusion (HMP) and normothermic machine perfusion (NMP).
Panel A: In the first 4 hours of NMP, ATP concentrations were significantly higher in the group of livers that un-
derwent HMP, compared to livers that underwent only static cold storage (SCS) preservation (*p<0.05). Data
are represented as medians with IQR, except for the levels of ATP in the SCS only group, the error bars in this
group illustrates the range between the 25th and 50th percentile. Panel B: The peak oxygen consumption (mL
O2/min/gram liver) during NMP was significantly higher in the group with HMP, compared to the group with only
SCS preservation (*p<0.05). Data are represented as medians with IQR.
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Figure 7. Comparison of the degree of ischemic necrosis between livers that underwent 2 hours of oxy-
genated hypothermic machine perfusion (HMP) after static cold storage (SCS) and those that underwent
SCS preservation alone, and examples of different grades of ischemic necrosis
Panel A and B: There were no statistical differences in the degree of ischemic necrosis at the end of regular
SCS preservation and after 6 hours of normothermic machine perfusion between the two groups. Panel C and
D: Examples of liver parenchyma without ischemic necrosis. Panel D is a detailed picture of Panel C. Panel E
and F: Grade 1 ischemic necrosis (0-30% of hepatocytes involved). Panel F is a detailed picture of Panel E.
Panel G and H: Ischemic necrosis grade 2 (30-60% of hepatocytes involved). Panel F is a detailed picture of
Panel E. Scale bars in Panels D, F, and H indicate 30 um. Scale bars in Panels C, E, and G indicate 300 µm.
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increase in the amount of ischemic necrosis after NMP in both groups (Figure 7B). Examples
of normal liver parenchyma and different grades of ischemic necrosis are presented in Figure
7, panels C-H. In addition, no major differences between the groups were noticed in the degree
of intrahepatic bile duct injury at the end of 6 hours NMP (Figure 8).

DISCUSSION

The aim of the this study was to assess whether 2 hours of end-ischemic oxygenated HMP
after the regular period of SCS restores hepatobiliary function and reduces injury in human
ECD livers, as assessed during 6 hours of ex situ NMP viability testing. Our study demon-
strated that 2 hours of HMP after traditional SCS significantly improves hepatobiliary function
compared to SCS preservation alone. These improvements in hepatobiliary function are likely
explained by a significant increase in hepatic ATP content during HMP. Although livers that
underwent HMP after SCS displayed better function during NMP, compared to livers that un-
derwent SCS alone, we did not observe significant differences in the amount of hepatobiliary
injury.
The results of this study suggest that the benefit of oxygenated end-ischemic HMP is a result
of a restoration of the oxygen debt and recovery of mitochondrial function prior to warm re-
oxygenation. By providing oxygen, mitochondria are able to generate ATP even if the donor
liver is kept at a low temperature. Our study results support previous experimental studies
using animal models that oxygenated end-ischemic HMP is able to enhance the energy sta-
tus of the cold-stored graft and subsequently improved function after warm reoxygenation
(17,21,22). In our study, HMP enhanced the hepatic ATP content more than 15-fold compared
to values immediately after SCS. Moreover, the ATP levels remained significantly higher dur-
ing the first 4 hours of NMP in the group of livers that underwent HMP compared to livers
that where only preserved by SCS. In parallel with the enhanced ATP levels in livers that un-

Figure 8. Histological comparison of intrahepatic bile duct injury at the end of 6 hours normothermic
machine perfusion (NMP)
There were no differences in the degree of intrahepatic biliary injury between livers that underwent oxygenated
hypothermic perfusion (HMP) after static cold storage (SCS) preservation and livers that underwent SCS alone.
Panel A: example of intrahepatic bile duct in a liver of the SCS only group. Panel B: example of intrahepatic bile
duct in a liver of the HMP group. White arrows point at the intrahepatic bile ducts. Scale bars indicate 20 um.
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derwent HMP, these livers displayed a higher oxygen consumption and produced significantly
more bile, compared to livers that did not undergo HMP. The link between increased bile pro-
duction and higher ATP levels has also been described in porcine livers (20). Bile production
is an energy consuming process and sufficient hepatocellular levels of ATP are needed for the
active secretion of bile acids, bile salts, bilirubin, cholesterol, and other organic molecules into
bile. Similarly, higher levels of biliary bilirubin were noticed in livers that first underwent HMP,
reflecting better hepatocellular function of these livers. Other evidence of improved hepatobil-
iary function after end-ischemic HMP was provided by stable concentrations of glucose and
lactate in the perfusion fluid during NMP. Notably, lactate, which can be seen as a marker of
anaerobic metabolism, did not increase during NMP of livers that first underwent HMP after
SCS, while a clear peak in the lactate concentration was observed in the SCS alone group.
In contrast to the regenerated hepatic ATP and improved functional recovery in livers that first
underwent HMP, we did not observe a reduction in the amount of hepatobiliary injury. There
were no significant differences in the concentration of hepatobiliary injury markers such as
AST, ALT, and LDH in the perfusion fluid at the end of 6 hours NMP between the two study
groups. In parallel with this, there were no significant differences in the histological degree of
hepatic ischemic necrosis at the end of SCS and after 6 hours NMP. Almost 70% of livers in
both groups displayed some degree of ischemic necrosis at baseline. This is not a surprise
as all livers were declined for transplantation and derived from donors with a high ET-DRI.
Moreover, 15 of the 18 livers included in this study were obtained from DCD donors and suf-
fered a donor warm ischemia time of more than 30 min. The combination of suboptimal graft
quality, substantial donor warm ischemia time, and the subsequent period of SCS (median 7-9
hours) can explain the observed hepatocellular injury at baseline. It is obvious that 2 hours of
end-ischemic HMP does not restore preexisting hepatocellular injury; however it does restore
cellular function of the remaining vital parts of the liver.
Next to a better functional recovery of hepatocellular function, we also observed an improved
cholangiocellular function in livers that first underwent HMP. An important aspect of cholangio-
cyte function is the secretion of bicarbonate into bile. Cholangiocytes actively secrete bicar-
bonate to increase biliary pH and protect themselves against the effects of toxic hydrophobic
bile salts. This phenomenon has been described as the biliary bicarbonate umbrella (18,23).
In an alkaline environment, bile salts are deprotonated, which is clinically relevant as pro-
tonated bile salts can passively enter cells by uncontrolled membrane permeation, causing
apoptosis (18,23). Several experimental and clinical studies have shown that bile salt toxic-
ity is associated with the development of NAS after liver transplantation (24-26). Therefore,
the increased secretion of bicarbonate can be seen as an important and promising feature
of end-ischemic HMP in human liver transplantation. In the current study, end-ischemic HMP
was performed using dual perfusion of both the portal vein and the hepatic artery. Bile ducts
are largely dependent on arterial blood supply for the delivery of oxygen and nutrients and we
believe that dual perfusion results in better preservation and functional recovery of the biliary
epithelium than portal vein perfusion alone. It is well known that hepatic artery thrombosis
after transplantation leads to insufficient oxygenation of the biliary epithelium and subsequent
development of ischemic biliary strictures (27). Moreover, in a mouse model, we have previ-
ously shown that complete arterial deprivation results in a loss of bile secretory function and
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subsequent intrahepatic cholestasis (28). In the current study, cholangiocellular bicarbonate
secretion was significantly higher in livers that first underwent HMP. We, therefore, propose
that combined arterial and portal perfusion during HMP has a potential advantage in the post
ischemic recovery of the bile ducts in comparison with single perfusion through the portal vein
alone. However, this still needs to be demonstrated in a separate study comparing single ver-
sus dual liver perfusion.
Another aspect of hepatic HMP that is still not well established is whether the perfusion solu-
tion should be actively oxygenated. Experimental studies in rats have shown that HMP with
100% oxygen results in better functional recovery after ischemia compared with perfusion
with 20% or 0% oxygen (29,30). Advocates of active oxygenation during HMP have claimed
that oxygen is needed to improve mitochondrial function before reperfusion and that perfusion
without oxygen can be seen as only flush out of injury markers (31). On the other hand, pro-
ponents of HMP without oxygen claim that oxygenation increases the risk of oxidative stress
and subsequent injury (31).
It should be noticed that most livers used in this study were obtained from DCD donors. The
only 3 ECD livers that were obtained from a DBD donor coincidentally ended up in the SCS-
only group, and there were no DBD livers in the HMP group. It is well known that DCD livers
have an expected inferior graft quality at baseline after procurement because of the inevitable
warm ischemic period in the donor. The lack of DCD livers in the HMP group, therefore,
could have disadvantaged this group. Nevertheless, our study showed that hepatobiliary func-
tion during ex-situ testing using NMP was significantly better in the group of livers that were
preserved with HMP, compared with the SCS-only group. Therefore, we conclude that the
presence of 3 ECD DBD livers in the HMP group did not have a substantial influence on the
study outcome. If anything, it might have reduced the differences between the 2 groups, and
the real effect of HMP is even larger than we have observed.
The aim of the current study was not to study whether HMP reduces clinical ischemia-
reperfusion injury. Ex-situ NMP was performed with a perfusion fluid consisting of plasma,
red blood cells, and nutrients, but no leukocytes and platelets, with the aim to assess liver
graft viability and function after either SCS or SCS followed by HMP. To examine whether
HMP is not only associated with a restoration of hepatic ATP and hepatobiliary function before
transplantation but also reduces ischemia/reperfusion injury, a clinical trial is needed. With
the favorable results of the current study as basis, we recently initiated a clinical trial in which
end-ischemic HMP is applied in DCD liver transplantation (Dutch Trial Register no. NTR 4493;
www.trialregister.nl). In conclusion, this study demonstrates that a short period of 2 hours of
end-ischemic oxygenated HMP after traditional SCS of ECD livers results in a restoration of in-
trahepatic energy resources. The higher hepatocellular energy levels in livers that underwent
HMP corresponded with a significantly better recovery of hepatobiliary function as assessed
during ex situ NMP, when compared with livers that underwent only SCS preservation. De-
spite this better immediate hepatobiliary function, end-ischemic oxygenated HMP does not
seem to reduce (preexisting) hepatobiliary injury. The beneficial effects of end-ischemic oxy-
genated HMP in this preclinical study provide strong support for further testing end-ischemic
oxygenated HMP in a clinical liver transplant trial.
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ABSTRACT

Experimental studies have suggested that end-ischemic dual hypothermic oxygenated ma-
chine perfusion (DHOPE) may restore hepatocellular energy status and reduce reperfusion
injury in donation after circulatory death (DCD) liver grafts. The aim of this prospective case-
control study was to assess the safety and feasibility of DHOPE in DCD liver transplantation. In
consecutive DCD liver transplantations, liver grafts were treated with end-ischemic DHOPE.
Outcome was compared with that in a control group of DCD liver transplantations without
DHOPE, matched for donor age, donor warm ischemia time, and recipient Model for End-
stage Liver Disease (MELD) score. All patients were followed for 1 year. Ten transplantations
involving liver grafts treated with DHOPE were compared with 20 control procedures. There
were no technical problems. All 6-month and 1-year graft and patient survival rates were 100
per cent in the DHOPE group. Six-month graft survival and 1-year graft and patient survival
rates in the control group were 80, 67 and 85 per cent respectively. During DHOPE, me-
dian (IQR) hepatic adenosine 5’-triphosphate (ATP) content increased 11-fold, from 6 (3-10)
to 66 (42-87) µmol per g protein (P = 0.005). All DHOPE-preserved livers showed excellent
early function. At 1 week after transplantation peak serum alanine aminotransferase (ALT)
and bilirubin levels were two-fold lower in the DHOPE group than in the control group (ALT:
median 966 versus 1858 units/l respectively, P = 0.006; bilirubin: median 1.0 (0.7-1.4) versus
2.6 (0.9-5.1) mg/dl, P = 0.044). None of the ten DHOPE-preserved livers required retrans-
plantation for non-anastomotic biliary stricture, compared with five of 20 in the control group
(P = 0.140). This clinical study of end-ischemic DHOPE in DCD liver transplantation suggests
that the technique restores hepatic ATP, reduces reperfusion injury, and is safe and feasible.
RCTs with larger numbers of patients are warranted to assess the efficacy in reducing post-
transplant biliary complications.
TRIAL REGISTRATION: The Netherlands national trial registry (www.trialregister.nl; trial ID
NTR4493).
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INTRODUCTION

Donation after circulatory death (DCD) liver grafts are increasingly used for transplantation in
an attempt to overcome the discrepancy between the number of available donor livers and
the number of patients waiting for a liver transplantation. In the US, transplantation of DCD
livers accounted for 6% of all liver transplantations performed in 2013 (1), whereas in the
UK and The Netherlands as much as 28% of liver transplantations in 2014 were performed
with a DCD liver (2,3). The major drawback of DCD, compared to donation after brain death
(DBD), is the inevitable period of warm ischemia in the donor after withdrawal of life support
and circulatory arrest. This first period of warm ischemia and the subsequent cold ischemia
during organ storage and transportation leads to the depletion of intracellular energy sources,
such as adenosine-5-triphosphate (ATP), as well as other metabolic perturbations causing
cellular injury and dysfunction (4,5). This damage is exacerbated by reperfusion injury of the
liver graft and clinically manifested as an increased risk of complications and graft failure after
transplantation (6). Compared to DBD liver transplantation, the most frequent complications
after DCD liver transplantation are biliary complications (7,8). Posttransplant biliary compli-
cations include a spectrum of cholangiopathies causing cholestasis, jaundice and cholangitis,
which may lead to graft loss. Non-anastomotic biliary strictures (NAS) have been reported in
up to 30% of the patients after DCD liver transplantation, which is almost three times higher
than in recipients of a DBD liver graft (6). Furthermore, NAS are the main cause of higher
costs of DCD liver transplantation (9).
Experimental studies using animal models have suggested that machine preservation may
provide better protection of liver grafts against ischemia-reperfusion injury than the traditional
method of static cold storage (SCS) (10-16). Guarrera et al. were the first to report successful
clinical transplantation of extended criteria DBD donor livers after ex situ hypothermic ma-
chine perfusion (4-6°C) via the portal vein and hepatic artery without active oxygenation(17-
19). Dutkowski et al. subsequently reported the application of hypothermic (10°C) oxygenated
perfusion in DCD liver transplantation (15-17,20,21). Although Dutkowski and coworkers ap-
plied active oxygenation of the perfusion fluid, they only perfused via the portal vein and not
via the hepatic artery. It is well known, however, that blood supply to the bile ducts is largely
dependent on the hepatic artery (22). Protection of the biliary tree is critical and single por-
tal perfusion may not be sufficient to prevent ischemia-reperfusion injury of the bile ducts
especially in DCD liver grafts. Dual hypothermic oxygenated machine perfusion (DHOPE)
combines the advantages of the two above-mentioned techniques: active oxygenation and
perfusion via both the portal vein and hepatic artery. We hypothesized that DHOPE is feasible
and safe in resuscitating liver grafts procured from DCD donors. We, therefore, performed a
first in man application of DHOPE in DCD liver transplantation.
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METHODS

Patient Selection
Between April 2014 and November 2014, ten consecutive patients (age �18 years) who re-
ceived a DCD liver graft (Maastricht type 3 and donor body weight >40 kg) in our center were
included in the study. Patients were excluded for the following reasons: mental conditions
rendered them incapable of understanding the nature, scope and consequences of the trial;
listed as high urgency; tested positive for HIV; pregnant or nursing; donor tested positive for
hepatitis B or C; or the expected cold ischemia time exceeded eight hours. All livers were
allocated according to the regular Eurotransplant rules based on ABO blood type compatibil-
ity and recipient model for end-stage liver disease (MELD) score (23). At the time of listing,
patients gave informed consent to the possibility of receiving a DCD graft. At the time of
donor liver offer, patients gave oral informed consent for machine preservation of the donor
liver. The study protocol was approved by the institutional medical ethical committee (METc
University Medical Center Groningen) and published in an open access national trial registry
(www.trialregister.nl; trial-ID NTR4493).

Donor Organ Procurement and Preparation
Liver procurement was performed by one of the multi-organ recovery teams in the Nether-
lands. After circulatory death of the donor and a “no-touch” period of 5 minutes, the stand-by
surgical team performed a midline thoracolaparotomy and aortic cannulation to perfuse the
abdominal organs with at least 4 L of ice-cold (0-4 °C) University of Wisconsin cold storage
(UW CS) solution (Belzer UW Cold Storage Solution, Bridge to Life Ltd, London, UK) to which
50.000 IU of heparin was added. A segment of supratruncal aorta was left attached to the
celiac trunk for later cannulation (Figure 1A). The cystic duct was ligated and bile ducts were
flushed with UW CS solution. Immediately after procurement, livers underwent an additional
low pressure flush out through the portal vein with UW CS solution until the caval effluent
was clear. Livers were transported using traditional SCS at 0-4°C in a box with melting ice.
Upon arrival in our center, the back table procedure was performed and the portal vein and
supratruncal aorta were cannulated. Before DHOPE, livers were flushed through the portal
vein with 1 L ice-cold UW machine perfusion (UW MP) solution (Machine Perfusion Solution
Belzer UW, Bridge to Life Ltd).

Dual Hypothermic Oxygenated Machine Perfusion
All livers underwent at least 2 hours of DHOPE using the Liver Assist device (Organ Assist,
Groningen, the Netherlands). Machine perfusion was performed simultaneously with the recip-
ient hepatectomy. In case of an unexpected difficult hepatectomy, DHOPE was prolonged (in
three cases with 17, 19, and 52 minutes). The Liver Assist is a CE marked (European Union
certification of safety, health and environmental requirements) device that allows pressure-
controlled dual perfusion of the liver. Using two rotary pumps, a pulsatile arterial flow (60 bpm
and amplitude of 20%) and a continuous portal flow is provided. Mean arterial pressure was
set to 25 mmHg and portal vein pressure to 5 mmHg. Pressure settings were based on previ-
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ous studies and lower than physiological pressures to avoid shear stress-induced damage of
the endothelium at low temperatures (10,13,16). Four liters of UW MP solution, supplemented
with 3 mmol/L glutathione, were used as perfusion fluid at a temperature of 12°C. The perfu-
sion fluid was oxygenated by two hollow fiber membrane oxygenators (100% oxygen at 500
mL/min), resulting in a pO2 of �450 mmHg. No interventions were performed during machine
perfusion.
Characteristics of DHOPE such as flow and resistance were assessed every ten minutes.
Samples of perfusion fluid were collected every 30 minutes for immediate analyses of per-
fusate pH, partial pressure of gasses, and concentrations of electrolytes and lactate using the
ABL800 FLEX analyzer (Radiometer, Brønhøj, Denmark). Additional perfusate samples were
centrifuged for 5 minutes at 2700 RPM at 4°C and stored at -80°C for later biochemical anal-
yses. The concentration of thiobarbituric acid reactive substances (TBARS) was measured in
the perfusion fluid as a marker of oxidative stress, as described previously (13). At the end
of DHOPE, a perfusion fluid sample was collected for microbiological testing. Liver wedge
biopsies were taken before and after DHOPE, snap frozen in liquid nitrogen and processed
for measurement of ATP concentration as described previously (24).

Transplantation Procedure
Implantations were performed using the piggy-back technique without use of veno-venous by-
pass. Graft reperfusion was initiated after completion of the portal vein anastomosis, followed
by construction of the arterial anastomosis, using the donor common or proper hepatic artery.
Biliary reconstruction was performed using duct-to-duct anastomosis without a stent.

Control Group
Outcome data were compared with a matched control group. For each recipient of a DHOPE
preserved graft two control patients were identified within a cohort of 61 patients who under-
went a primary DCD liver transplantation between 2008 and 2014 in our center. The DCD
livers of control patients were preserved with conventional SCS only. Matching criteria were
based on known risk factors for graft survival: recipient age (± 5 years), donor warm ischemia
time (± 5 minutes), and the MELD score (<22 or �23). Donor warm ischemia time was de-
fined as the time interval between withdrawal of donor life support and initiation of aortic cold
flush.

Posttransplant Outcome
The primary endpoint was graft survival at 6 months after transplantation. Graft survival was
defined as the time interval between transplantation and retransplantation or death due to graft
failure. Secondary endpoints were graft and patient survival rates at one year, technical safety
of machine perfusion, microbiological testing of perfusion fluid, and postoperative complica-
tions. Serum markers of hepatobiliary injury and function (serum lactate, alanine aminotrans-
ferase (ALT), alkaline phosphatase (AlkP), gamma-glutamyl transferase (GGT), prothrombin
time, and total bilirubin) were measured using standard biochemical assays. Other postoper-
ative parameters assessed were length of ICU and hospital stay, and postoperative complica-
tions, including biliary complications such as NAS. NAS was defined as bile duct stenosis at
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Figure 1. Characteristics of Dual Hypothermic Oxygenated Machine Perfusion and Posttransplant Mark-
ers of Hepatic Injury and Function
A, Liver graft with cannulas in the portal vein and supratruncal aorta during back-table, and before and after
DHOPE. The asterisk indicates a wet sterile gauze protecting the arteries.
B, Flow rates were measured by flow sensors attached to the tubing of the perfusion device.
C, Perfusion pressure (mmHg) was measured by pressure sensors attached to the arterial and venous tubing.
Vascular resistance was calculated using Ohms law and expressed as mmHg/mL/min/kg liver.
D&E, Levels of alanine aminotransferase (ALT), glucose and lactate were measured in perfusion fluid samples
taken every 30 minutes during perfusion. SI conversion factors: to convert glucose to mmol/L, multiply by 0.0555;
to convert lactate to mmol/L, multiply by 0.111.

150



Dual Hypothermic Oxygenated Machine Perfusion in Liver Transplantation with Donation after Circulatory Death Grafts

  

Postoperative days

Pr
ot

hr
om

bi
n 

tim
e 

(s
ec

)

20

30

40

50

10

0
0 1 2 3 4 5 6 7

DHOPE
Control

Pre-op
Postoperative days

0 1 2 3 4 5 6 7

La
ct

at
e 

(m
g/

dl
)

40

60

80

20

0

DHOPE
Control

F G

Postoperative days Postoperative months
Pre-op 2 310 6 74 5 3 6 121

To
ta

l B
ilir

ub
in

 (m
g/

dL
)

4

6

8

2

0

*

*

Postoperative days Postoperative months

AL
T 

(U
/L

)

1000

1500

2000

2500

500

0

* * **
*

*

*

*

Pre-op 2 310 6 74 5 3 6 121

*

DHOPE
Control

H I
DHOPE
Control

Postoperative days Postoperative months

Al
kP

 (U
/L

) 400

600

200

0

*

*

Postoperative days Postoperative months

G
G

T 
(U

/L
)

200

300

400

500

100

0

*

*

Pre-op 2 310 6 74 5 3 6 121 Pre-op 2 310 6 74 5 3 6 121

J K
DHOPE
Control

DHOPE
Control

F-K, After transplantation, serum lactate, prothrombin time, ALT, total bilirubin, gamma-glutamyl transferase
(GGT), and alkaline phosphatase (AlkP) were assessed and compared between the two groups. Day 0 was
determined as time interval between reperfusion and midnight.
G, SI conversion factor: to convert lactate to mmol/L, multiply by 0.111.
I, SI conversion factor: to convert bilirubin to mol/L, multiply by 17.104. AlkP indicates alkaline phosphatase; ALT,
alanine aminotransferase; DHOPE, dual hypothermic oxygenated machine perfusion; GGT, gamma-glutamyl
transferase; SCS, static cold storage. Shown are medians and error bars indicate interquartile ranges. Asterisks
indicate a P <.05.
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any location in the biliary tree (intra- or extrahepatic, but not at the site of the anastomosis) with
cholestatic manifestations such as jaundice, cholangitis, or elevated laboratory tests, and in
the presence of a patent hepatic artery. All recipients of a DHOPE preserved livers underwent
magnetic resonance cholangiography 6 months after transplantation.

Statistical Analyses
Continuous variables are presented as medians and interquartile range (IQR). Categorical
variables are presented as number and percentage. Continuous variables were compared
between groups using the Mann-Whitney U test. Categorical variables were compared with
the Pearson chi-square or Fischer exact test. Graft and recipient survival analyses were deter-
mined with the Kaplan-Meier method, and significance of survival differences was determined
with the log rank test. A P value <0.05 was considered to indicate statistical significance. All
statistical analyses were performed using SPSS software version 22.0 for Windows (SPSS,
Inc., Chicago, IL).

RESULTS

Donor and recipient characteristics of patients who received a DHOPE preserved DCD liver
graft and their matched controls are summarized in Table 1. There were no significant dif-
ferences in baseline characteristics between the two groups, except for a slightly lower body
mass index in the DHOPE group.

Graft and Patient Survival
Six-month and one-year graft and patient survival rates were all 100% in the DHOPE group,
whereas six-month graft survival and one-year graft and patient survival rates in the control
group were 80%, 67% and 85%, respectively (P = 0.05 and P = 0.21, respectively) (Figure
2).

Characteristics of DHOPE
No technical problems or device malfunction occurred during machine perfusion. Microbiologic
evaluation of the perfusion fluid revealed no evidence of microbial contamination. After a
median cold ischemia time of 331 minutes (IQR 308-376 minutes), livers in the DHOPE group
were perfused for a median duration of 126 minutes (IQR 123-135 minutes). This resulted
in a total preservation time of 8.7 hours (IQR 7.8-9.9 hours) in the DHOPE group versus 8.4
hours (IQR 7.9-8.8 hours) in the control group (P = 0.45). Macroscopic appearance of a
representative liver graft before and after DHOPE is shown in Figure 2A. Flows increased
mostly during the first 30 minutes of DHOPE and reached a median portal venous flow of
365 mL/min and a median hepatic arterial flow of 84 mL/min after 2 hours (Figure 1B). In
parallel, the vascular resistance decreased during the first 30 minutes and stabilized thereafter
(Figure 1C). Median ALT concentration in perfusion fluid increased during the first 30 minutes
of machine perfusion and decreased thereafter resulting in an ALT concentration of 207 U/L
(IQR 134-878 U/L) at the end of DHOPE (Figure 1D). Lactate and glucose concentration in
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Table 1: Donor and Recipient Characteristics

Variablea DHOPE (n=10) Control (n=20) P value

Donor Characteristics

Age (years) 53 (47-57) 53 (47-58) 0.91

Gender (male) 5 (50%) 13 (65%) 0.46

Body mass index (kg/m2) 23 (20-24) 25 (22-27) 0.04

Cause of death

Trauma 4 (40%) 6 (30%)

Post-anoxic brain injury 3 (30%) 5 (25%) 0.73

Cerebrovascular accident 3 (30%) 9 (45%)

Other 0 0

Donor highest serum ALT (U/L) 88 (32-194) 35 (23-99) 0.28

Donor risk indexb 1.89 (1.47-2.19) 2.00 (1.73-2.20) 0.62

Time from circulatory arrest to cold perfusion
(min)

15 (13-17) 16 (14-18) 0.62

Time from withdrawal of life support to cold
perfusion (min)

27 (23-43) 32 (27-39) 0.63

Preservation

Duration of DHOPE (min) 126 (123-135) - -

Total preservation time (min)c 521 (469-592) 503 (476-526) 0.45

Recipient Characteristics

Age (y) 57 (54-62) 52 (42-60) 0.13

Gender (male) 6 (60%) 11 (55%) 1.00

MELD scored 16 (15-22) 22 (17-27) 0.11

Indication for liver transplantation

Alcoholic cirrhosis 3 (30%) 2 (10%)

Nonalcoholic steatohepatitis 5 (50%) 2 (10%)

Primary sclerosing cholangitis 1 (10%) 5 (25%)

Primary and secondary biliary cirrhosis 0 2 (10%)

Autoimmune hepatitis 0 1 (5%) 0.71

Hepatitis B or C cirrhosis 1 (10%) 0

Hepatocellular carcinoma 0 4 (20%)

Cryptogenic cirrhosis 0 3 (15%)

Familial amyloid neuropathy 0 1 (5%)

Abbreviations: ALT, alanine aminotransferase; DHOPE, dual hypothermic oxygenated machine perfusion;
MELD, model for end-stage liver disease.
a Data are expressed as No. (%) or median (interquartile range).
b Donor risk index is a validated tool to assess the risk of liver graft failure.29

c Total preservation time was defined as the interval between start aortic cold flush in the donor and portal
reperfusion in the recipient.
d MELD score was defined as the highest of laboratory derived MELD score or the (non) standard exception
MELD score.
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perfusion fluid also increased during the first 30 minutes and stabilized thereafter (Figure 2E).
There was no significant increase in the concentration of TBARS in the perfusion fluid during
DHOPE (data not shown).
Hepatic ATP concentration increased significantly during DHOPE from a median of 6 µmol/g
protein (IQR 3-10 µmol/g protein) to 66 µmol/g protein (IQR 42-87 µmol/g protein; P = 0.005).
After graft reperfusion in the recipient, hepatic ATP levels were comparable to the levels at the
end of DHOPE (Figure 3).

Post Transplant Hepatobiliary Injury and Function
Postoperative prothrombin time and serum lactate concentrations were comparable in both
groups during the first 7 postoperative days (Figure 1F-G). Peak serum ALT levels were sig-
nificantly lower in recipients of DHOPE preserved livers, compared to controls (median ALT
966 U/L vs. 1858 U/L; P = 0.01) (Figure 1H). Also, serum bilirubin concentrations were sig-
nificantly lower on postoperative day 7 in the DHOPE group, compared to controls (1.0 mg/dL
[IQR 0.7-1.4 mg/dL vs. 2.6 mg/dL [IQR 0.9-5.1 mg/dL]); P = 0.04) (Figure 1I). Serum values
of ALT, GGT, AlkP, and bilirubin at 30 days after transplantation were lower in the recipients of
DHOPE preserved livers compared to the control group (median ALT 17 vs. 51 U/L [P = 0.02],
GGT 74 vs. 176 U/L [P = 0.05], AlkP 115 vs. 182 U/L [P = 0.02], bilirubin 0.5 vs. 1.0 mg/dL
[P = 0.02]) (Figure 1H-I).
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Figure 2. Kaplan-Meier Curves of Graft and Patient Survival Rates within the First Year After Transplan-
tation
Indications for retransplantation in the control group were: NAS in three patients; necrotic bile ducts in two pa-
tients; and hepatic artery thrombosis in one patient. Causes of death in the control group were: recurrence of
angiosarcoma in one patient; pneumonia as complication of treatment for hemophagocytic syndrome in one pa-
tient; and hemorrhagic shock due to intrathoracic bleeding after thoracentesis for pleural effusion in one patient.
DHOPE indicates dual hypothermic oxygenated machine perfusion
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Post Transplantation Outcome
There were no significant differences in kidney function, length of ICU or hospital stay, and
the incidence of postoperative complications, except for postreperfusion hypokalemia, which
developed in three recipients of a DHOPE liver (Table 2). One recipient of a DHOPE preserved
liver developed NAS in segment 2 and 3 of the liver. In contrast, 7/20 (35%) of the matched
control patients developed NAS. The recipient of a DHOPE liver who developed segmental
NAS was successfully treated by endoscopic stenting and removal of a biliary cast.

DISCUSSION

This first clinical series of end-ischemic DHOPE in DCD liver transplantation suggests that
this method of liver machine preservation is safe and feasible. DHOPE seems to provide
better preservation of DCD liver grafts, resulting in a reduction of ischemia-reperfusion injury
and better early graft function, compared to SCS alone. Graft and patient survival rates after
transplantation of DHOPE preserved DCD livers were 100% during a 12 month follow up pe-
riod. One-year graft and patient survival rates in the matched controls were 67% and 85%,
respectively.
There were no technical failures or device related events, no evidence of bacterial contam-
ination of perfusion fluid, and no signs of oxidative stress during the perfusion. After trans-
plantation, peak serum ALT levels and serum bilirubin levels at one week were significantly
lower in recipients of a DHOPE preserved DCD liver, compared to controls. A high peak ALT
after DCD liver transplantation has previously been identified as an independent risk factor
for the development of NAS (25,26). Only one of the ten patients who received a DHOPE
preserved liver in our study developed NAS, limited to the left lateral segments of the liver.
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Table 2: Posttransplant Outcome

Variablea DHOPE (n=10) Control (n=20) P value

Recovery

Peak serum creatinine 1 week (mg/dL)b 1.2 (1.0-1.5) 1.0 (0.8-1.2) 0.37

Length of ICU stay (d) 2 (2-6) 2 (1-5) 0.47

Length of hospital stay (d) 22 (16-33) 23 (15-32) 0.88

Complications

Hypokalemia (<3.5 mEg/L) after reperfusionc 3 (30%) 0 (0%) 0.03

Primary non-functiond 0 (0%) 0 (0%) -

Relaparotomye 3 (30%) 7 (35%) 1.00

Renal failure requiring hemodialysis 1 (10%) 2 (10%) 1.00

Hepatic artery thrombosis 0 (0%) 2 (10%) 0.54

Biliary complications

Anastomotic biliary stricture 2 (20%) 3 (16%)f 1.00

Biliary cast formation 3 (30%)g 3 (15%)f 0.37

Non-anastomotic biliary strictures 1 (10%)g 7 (35%)f 0.21

Massive biliary necrosis 0 (0%) 2 (10%) 1.00

Retransplantation for biliary complications 0 (0%) 5 (25%) 0.14

Abbreviations: DHOPE, dual hypothermic oxygenated machine perfusion; ICU, intensive care unit.
a Data are expressed as No. (%) or median (interquartile range)
b SI conversion factor: To convert creatinine to mol/L, multiply by 88.4.
c SI conversion factor: to convert potassium to mmol/L, multiply by 1.
d Primary non-function was determined as retransplantation or death within 7 days after transplantation.
e Indications for relaparotomy in DHOPE group: intra-abdominal blood loss due to diffuse oozing in one
patient; removal of surgical gauzes used for packing to control diffuse oozing during transplantation in one
patient; and biliary anastomotic leakage in one patient. Indications for relaparotomy in control group: intra-
abdominal blood loss due to diffuse oozing in one patient; removal of surgical gauzes used for packing to
control diffuse oozing during transplantation in four patients; biliary anastomotic leakage in two patients.
f One patient had a combination of an anastomotic biliary stricture and biliary cast formation. Two patients
had biliary cast formation as well as non-anastomotic biliary strictures. One patient had non-anastomotic
biliary strictures and later also developed an anastomotic biliary stricture.
g One patient had a combination of biliary cast formation and non-anastomotic biliary strictures.

This was successfully treated with endoscopic stenting and did not require retransplantation.
In contrast, NAS were noted in 7 of the 20 (35%) matched controls. A potentially beneficial
effect of hypothermic oxygenated machine perfusion on the occurrence of biliary complica-
tions after DCD liver transplantation has previously been reported by Dutkowski et al. (8,21).
These investigators observed no intrahepatic biliary strictures in a series of 25 DCD liver
transplants after end-ischemic HOPE. Formal evidence for the efficacy of hypothermic oxy-
genated machine perfusion in reducing the incidence of biliary complications after DCD liver
transplantation should come from randomized clinical trials. Based on the current favorable re-
sults, we have recently initiated a multicenter randomized clinical trial comparing end-ischemic
DHOPE with SCS alone in DCD liver transplantation. The primary endpoint of this study will
be the incidence of NAS within 6 months after transplantation (ClinicalTrials.gov Identifier:
NCT02584283).
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One of the main benefits of a short period of DHOPE after SCS of DCD livers appears to be
the restoration of intrahepatic energy sources. As a result of the periods of warm and cold
ischemia DCD livers become severely ATP depleted. In the current study, intrahepatic ATP
levels increased 10-fold during DHOPE. These results are in accordance with experimental
studies that have shown that oxygenated machine perfusion enables mitochondria to gener-
ate ATP even at low temperatures (13,16,27). Restoration of ATP levels reduce the cellular
oxygen debt, resulting in reduced production of radical oxygen species and damage asso-
ciated molecular pattern molecules after warm reperfusion in the recipient (10,11,20). The
downstream effects of this are reduced activation of Kupffer cells and endothelium, limiting
graft ischemia-reperfusion injury and resulting in a down regulation of the immune response
after transplantation (14-16).
A potential risk of combined portal and arterial perfusion of a donor liver is mechanical dam-
age that may occur to the hepatic artery and could cause a higher incidence of hepatic artery
thrombosis after transplantation. For this reason, Dutkowski et al. only used portal vein per-
fusion (8,13,21). On the other hand, biliary complications are the main obstacle for wider
utilization of DCD livers and based on the dominant arterial vasculature of the biliary tree,
single portal perfusion may not provide optimal preservation of the bile ducts and their vascu-
lature (22). We have avoided manipulation and cannulation of the hepatic artery by leaving a
segment of supratruncal aorta attached the donor liver. After machine perfusion, this part of
the arterial vasculature was cut off and the donor common or proper hepatic artery was used
for anastomosis. None of the patients in the present study developed hepatic artery thrombo-
sis. Guarrera et al. have also used combined portal and arterial perfusion without evidence of
an increased risk of arterial complications (18,19).
We have recently reported on the feasibility and potential benefits of end-ischemic normoth-
ermic machine perfusion of human donor livers (24,28). In contrast to hypothermic machine
perfusion, normothermic liver perfusion enables an ex situ functional assessment. This may
facilitate the identification of transplantable donor livers that would otherwise have been de-
clined because of a high risk of primary non-function. Hypothermic oxygenated machine per-
fusion does not allow functional assessment of the liver prior to transplantation, but rather
aims at reducing graft dysfunction and complications after transplantation. In this respect, the
various types of machine perfusion at different temperatures may prove to be complementary.
A major advantage of hypothermic machine perfusion may be its relative simplicity and safety.

CONCLUSION

This study suggests that end-ischemic combined portal and arterial hypothermic oxygenated
machine perfusion is feasible and safe in resuscitating DCD liver grafts prior to transplantation.
DHOPE resulted in a restoration of hepatic ATP content and was associated with a reduction
in ischemia-reperfusion injury as well as better hepatobiliary function after transplantation.
These favorable results provide a rationale to start randomized clinical trials with larger num-
bers of patients to study the efficacy of DHOPE in reducing (biliary) complications after DCD
liver transplantation.
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Summary and General Discussion

Bile duct complications, and most importantly non-anastomotic biliary complications (NAS),
remain to be a major limiting factor after liver transplantation. Non-anastomotic biliary compli-
cations usually occur due to multifocal strictures at intrahepatic or extrahepatic bile ducts and
patients present with features of biliary obstruction. In this thesis we aimed to obtain a better
understanding of the origin of bile duct injuries and the potential underlying etiologies that lead
to NAS after liver transplantation. Moreover we investigated the role of oxygenated machine
perfusion in improving the quality of organ before transplantation in order to potentially reduce
the development of post-transplantation complications including NAS. In this chapter, our main
findings of the studies described in this thesis are summarized and the future perspectives for
further investigations are discussed.

Part A: Bile Duct Injury in Liver Transplantation

In chapter 1 a general introduction of this thesis is provided, including the aims of each chap-
ter. Various types of biliary complications that can occur after transplantation are discussed
in chapter 2, providing the pathogenesis, clinical presentation and clinical management of
these complications. In summary, bile leakage and bile duct strictures including anastomotic
strictures and NAS are the most common biliary complications that occur after transplantation.
While bile leakage and anastomotic strictures can usually be managed successfully with non-
surgical or surgical approaches, NAS are the most therapy-resistant complications with long-
term sequelae. These complications can be categorized into early-onset and late-onset NAS,
which likely have a different underlying pathogenesis. Early-onset NAS are more ischemia-
related while late-onset NAS are frequently associated with immune-mediated injuries includ-
ing a loss of function mutation in the chemokine receptor CCR5 (CCR5�32 polymorphism).
Ischemic bile duct injuries during static cold storage (SCS) of the grafts may contribute to a
high incidence of NAS after transplantation, especially in suboptimal (extended criteria donor)
livers. However, Its still not fully known what the origin of bile duct injuries during liver trans-
plantation is. From all the livers that are transplanted, whether DBD or DCD, at the most up
to 30% develop NAS after transplantation while the majority of these livers have existing se-
vere biliary injury at the time of transplantation (2). This necessitates more studies to provide
a deeper insight on the origin of bile duct injuries and the role of repair mechanisms during
transplantation. In addition, it is still not known whether the degree of injury at the distal end
of extrahepatic bile duct represents the rest of the biliary tree. In the next two chapters these
research questions are investigated.
In chapter 3, a new perspective on the origin of bile duct injuries after transplantation is dis-
cussed. For decades, it was believed that the degree of bile duct injury, featured as loss
of biliary epithelial lining, contributed to the development of NAS after transplantation. The
majority of biliary epithelial loss was suggested to occur after transplantation due to ischemia-
reperfusion injury, immunological injury, or the cytotoxicity caused by hydrophobic bile salts.
However three histopathological studies of bile duct biopsies taken during transplantation of
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DBD donor liver at the time of transplantation showed severe loss of biliary epithelial lining (in
up to 90% of all grafts) (2,4,5). On the other hand, NAS occurs only in about 10% of DBD
and up to 30% of the DCD recipients. These findings suggest that insufficient regeneration
of the biliary epithelium after transplantation might have an important role in development of
NAS after transplantation. However, all the histopathological studies of bile ducts have been
performed on biopsies taken from the distal end of the extrahepatic bile duct. It is not known
whether the histological injury found at the distal end of the extrahepatic bile duct represents
the degree of injury in the rest of the biliary tree including the intrahepatic bile duct.
In chapter 4, we investigated the degree of histological injury of bile ducts at different lev-
els of the biliary tree in human donor livers that were declined for transplantation. Biopsies
were collected from the distal end of extrahepatic bile duct and from the intrahepatic bile ducts
at two levels (sectoral and segmental bile ducts). Bile duct injury was evaluated based on
a systematic histological scoring system focusing on the loss of biliary epithelial lining, mural
stroma necrosis, and injury of peribiliary vascular plexus and glands. This study demonstrated
that the degree of histological injury detected at the distal end of extrahepatic bile duct of a
donor liver represents the degree of injury in the proximal parts of the biliary tree, including
intrahepatic bile ducts. These findings demonstrate that biopsies taken from the distal end
of extrahepatic bile ducts are a valuable tool for studies focusing on bile duct injury of donor
livers during transplantation.
In chapter 5, the effect of a functional deficiency of the chemokine receptor CCR5 on T cell-
mediated immune responses during obstructive bile duct injury is explored using the model
of bile duct ligation (BDL) in CCR5-null mice. CCR5 loss of function led to a significantly de-
creased recruitment of TRegs to the liver with an unaltered Th-17 immune response after BDL.
This resulted in an imbalance of the Th-17/TRegs ratio towards an enhanced Th-17-mediated
immune response. High levels of IL-17 secreted by Th-17 type T cells have been shown to
contribute to liver damage after ischemia reperfusion. These studies suggested that an imbal-
ance in the Th-17/TRegs ratio due to lower presence of TRegs might be responsible for enhanced
bile duct injury and a higher incidence of NAS in recipients carrying the CCR5�32 polymor-
phism. Indirectly, this study confirms the role of an immune response in the pathogenesis of
NAS.

Part B: Oxygenated Machine Perfusion: A Potential Strategy to Improve Organ Quality
Prior to Transplantation

Machine perfusion is a technique of organ preservation that is being used as an alternative to
SCS or in combination with SCS (7-9). During machine perfusion the organ is perfused with an
oxygenated or non-oxygenated perfusion fluid at hypothermic temperature (at 0-10°C), sub-
normothermic temperature (at ±21°C) or normothermic temperature (at 37°C) (10-12). Most
of the investigations on machine perfusion of liver grafts have focused on preservation of the
liver parenchyma (10,11) but there is not enough data on the effect of machine perfusion on
the preservation of bile ducts. Op den Dries et al. have shown that hypothermic oxygenated
machine perfusion of porcine DCD liver grafts is a favorable alternative to SCS by provid-

166



Summary and General Discussion

ing a better preservation of peribiliary vascular plexus, but it does not prevent the bile ducts
from losing their biliary epithelial lining (13). An alternative strategy is to preserve the grafts
at normothermic temperature (at 37°C) during which the delivery of oxygen and nutrients to
the liver provides full metabolic support of the grafts. In chapter 6 the effect of normother-
mic oxygenated machine perfusion (NMP) as an alternative to SCS on bile duct preservation
was investigated in both DCD and non-DCD (living donor) rat livers. The liver grafts were
preserved for 3 hrs by either NMP or SCS followed by 2 hrs of ex-situ reperfusion. NMP of
liver grafts provided a better preservation of the function and morphology of the biliary epithe-
lium compared to SCS. The prominent beneficial effect of NMP on bile duct preservation was
particularly observed in DCD livers. By reducing biliary injury, NMP could have an important
impact on the utilization of DCD livers and may improve outcome after transplantation. These
findings provide a strong stimulus for a clinical trial of NMP in human DCD liver transplanta-
tion.
Technical feasibility of NMP of human donor liver grafts has been shown (14). In chapter 7 a
detailed step-by-step protocol for ex-situ normothermic machine perfusion of human donor liv-
ers is provided. In this protocol a perfusion device was used that enables pressure controlled
dual perfusion of the liver providing a pulsatile arterial flow and a continuous flow through the
portal vein. The perfusion fluid is oxygenated by membrane oxygenators and the livers can
be perfused at various temperatures (10-37°C). The ability to perfuse donor livers at differ-
ent temperatures and the opportunity to add extra agents to the perfusion fluid during organ
perfusion, offers the potential to assess and improve the organ quality before transplantation.
Therefore, this method can considerably increase the number of available organs for trans-
plantation.
One of the advantages of ex-situ NMP of livers is the possibility of viability evaluation of the
grafts. Nowadays, many suboptimal liver grafts of which the majorities are DCD livers are
declined for transplantation based on the current clinical criteria. Given the opportunity of vi-
ability assessment of livers by machine perfusion, it is necessary to identify markers during
machine perfusion that can predict liver function after transplantation. In the transplantation
center, we should ideally be able to evaluate the quality of the liver within a short period of time
(1-3 hrs) to allow sufficient time for patient selection from the waiting list and preparation of
the recipient for liver transplantation. In chapter 8, criteria for viability assessment of human
donor livers based on bile production, as a marker of liver function, were investigated. Twelve
human donor livers that were declined for transplantation due to various reasons were per-
fused for 6 hrs using ex-situ NMP. The amount and rate of bile production by the livers were
evaluated and correlated with hepatobiliary function and injury during 6 hrs of NMP. Bile pro-
duction by livers during a short duration of 2.5 hrs of NMP was identified as a discriminating
predictor of liver viability after 6 hrs of NMP. This study suggests that normothermic perfusion
of ECD livers allows assessment of graft viability prior to transplantation, which opens new
avenues for donor organ selection, therapeutic interventions and preconditioning. This may
not only improve organ quality and function, but will also lead to a considerable expansion of
the number of organs available for transplantation.
NMP, despite the many advantages that it offers, is associated with more complexity when
compared to other machine perfusion modalities such as hypothermic machine perfusion.
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The reason is the high metabolic support required for the liver during NMP and higher risks of
liver damage in case of technical failure. Bringing the technique of machine perfusion to clin-
ical usage in the multidisciplinary setting of transplantation requires a more logistic simplicity
and safety. Hypothermic oxygenated machine perfusion at the end of SCS is an alternative
approach that allows safe transportation of the donor liver graft to the transplantation center
and at the same time helps the graft resuscitate from SCS by restoring hepatic ATP (9,17). In
chapter 9, the efficacy of end-ischemic hypothermic oxygenated machine perfusion (HMP) of
human donor livers is discussed. Six DCD human livers that were declined for transplantation
were exposed to 2 hrs of HMP followed by hepatobiliary viability assessment during 6 hrs of
ex-situ NMP and were compared to 12 donor livers that underwent 6 hrs of ex-situ NMP with-
out prior HMP. Hepatic ATP content increased more than 15-fold higher during HMP. During
NMP the livers that received HMP displayed significantly better hepatobiliary function when
compared to livers without prior HMP. Hepatic ATP content and cumulative bile production
during ex-situ NMP was significantly higher in livers with prior HMP. This study suggested that
a short period of 2 hrs hypothermic (12 oC) arterial and portal oxygenated perfusion of donor
livers after traditional cold preservation restores cellular energy levels, resulting in less injury
and better hepatobiliary function upon subsequent NMP. This study is the first to indicate that
end-ischemic HMP improves viability of human ECD livers. In chapter 10 data from the clini-
cal utilization of dual hypothermic oxygenated machine perfusion (DHOPE) to resuscitate DCD
liver grafts prior to transplantation is provided. Ten consecutive patients aged �18 years old
undergoing DCD liver transplantation at University Medical Center Groningen (UMCG) were
included in this study. Upon arrival in the transplantation center, the DCD livers underwent 2
hrs of DHOPE prior to implantation. The recipients were followed up for a median of 8 months
post-transplantation and the outcomes were compared to matched historical recipients who
had received a DCD liver after conventional SCS. All the DHOPE preserved livers showed ex-
cellent early function and the median postoperative peak of ALT was significantly lower when
compared to historical controls. Only one case of NAS (10%) was observed in recipients of
DCD livers that underwent DHOPE. This was significantly lower compared to 7 cases of NAS
(35%) observed among the controls. This first clinical study of end-ischemic DHOPE in DCD
liver transplantation demonstrated that this technique is safe, can restore cellular energy lev-
els, and reduces reperfusion injury. Our data suggest that DHOPE may reduce the incidence
of NAS after DCD liver transplantation. Our research group is currently leading a multicenter
randomized clinical trial to validate the above findings.

CONCLUSIONS AND FUTURE PERSPECTIVES

The aim in this thesis was to provide a better understanding of the etiologies underlying the
bile duct injuries that occur during liver transplantation, which may lead to development of NAS
after liver transplantation. Moreover, the beneficial role of oxygenated machine perfusion in
bile duct preservation and in improving the quality of organs prior to transplantation has been
explored.
However, as the investigations go on new challenges and questions arise necessitating the
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continuation of research in this field. As a conclusion of this thesis it is worthwhile discussing
some of the issues that remained unanswered and propose potential new strategies and op-
portunities to resolve these issues.
Among the multifactorial etiologies of NAS, the role of CCR5 functional deficiency in immune-
mediated bile duct injury was explored. Obstructive cholestasis is the clinical presentation of
NAS. Lower hepatic influx of TRegs and enhanced Th-17 immune response after obstructive
biliary injury, which is due to CCR5 functional deficiency, provide a potential mechanistic ex-
planation for the association of NAS with CCR5�32 polymorphism. However, a limitation of
these findings is that theyre based on a model of bile duct ligation, as there is no established
model of NAS. Therefore, it is difficult to link these findings to development of NAS. It is evi-
dent that NAS formation is a progressive process and the immunological disturbance caused
by CCR5 functional deficiency might be responsible for NAS formation from the early phases
until the time that it becomes clinically evident. Therefore it is of interest to verify this mecha-
nism in a liver transplantation model.
Since a new era has opened in the perspective of ischemia-mediated bile duct injury during
transplantation (3), it is evident that the current organ preservation method of SCS is not suf-
ficient to protect the bile ducts and livers with suboptimal quality. High rates of NAS and early
graft dysfunction after transplantation of ECD livers, especially DCD livers, have limited the
utilization of this type of donor grafts. Machine perfusion is a technique of organ preservation
with a great potential to improve the quality of organs and prevent preservation injury prior to
transplantation. With the ongoing technical improvements in the field of machine perfusion in
recent years and its promising results, this technique offers opportunities for a groundbreak-
ing change in the field of organ transplantation. In this thesis we demonstrated some of the
benefits of oxygenated machine perfusion in improving organ quality and preventing bile duct
injury. We also reported a first clinical utilization of this technique in our transplantation center.
However, there are still several aspects in using machine perfusion of organ before transplan-
tation that were not discussed in this thesis.
Future investigations should focus on the following questions:

1) When is the best time to perfuse the liver?
During the procedure of organ donation, liver ischemic damage starts right after the aortic
cross clamp in DBD and circulatory arrest in DCD donors and the injury increases during SCS
when the organ is transported to the transplantation center. Therefore the strategies to use
oxygenated machine perfusion to reduce ischemic injury of the liver includes three phases:

A Machine perfusion of the organ in the donor center: Normothermic regional perfusion
(NRP) is a technique currently under investigation by Fondevila et al. and Oniscu et
al. which involves isolation of the sub-diaphragmatic aorta from the systemic circulation
and perfusion of abdominal organs with a continuous flow at 37°C prior to SCS. The
concept of this strategy is based on reducing vasoconstrictive effects and therefore
improving the subsequent cold flush as well as restoring the livers cellular energy and
preparing it for the period of SCS (8,12). However, the liver might still be ATP depleted
at the time of transplantation after SCS.
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B Machine perfusion of the graft from the donor center and during transportation to the
transplantation center: This strategy which is currently being pursued by Friend et al. is
based on replacing the entire period of cold storage by NMP (7). Although this technique
might be the ultimate approach to organ preservation, it carries a risk of failure and
requires a complex multidisciplinary organization. An accidental technical failure leading
to disconnection of the liver from the perfusion device during the transportation might
result in disastrous warm ischemic damage.

C Machine perfusion of the graft at the transplantation center prior to implantation: This
strategy is based on the transportation of the graft using conventional SCS and im-
proving the quality of an organ by a short period of oxygenated hypothermic machine
perfusion prior to implantation at the transplantation center. This approach, which is
investigated by Dutkowski et al. (17) and our group at the UMCG, has the advantage
of safer transportation of the graft using the conventional SCS. Moreover, the liver is
resuscitated immediately before being implanted in the recipient.

Although all the above strategies have shown promising results in phase 1 clinical studies,
the effectiveness of each approach and whether they can reduce the occurrence of NAS after
transplantation should be investigated in randomized clinical trials.

2) What is the optimal temperature for machine perfusion of the liver?
Donor liver grafts can be perfused hypothermically (at 0-10°C), subnormothermically (at 20-
30°C) or normothermically (at 37°C) (9,15,17,20-23). Hypothermic machine perfusion (HMP)
is a relatively simple and safe approach. HMP in a porcine DCD liver model showed a bet-
ter preservation of peribiliary vascular plexus when compared to SCS (13). The first clinical
studies using HMP of donor livers (chapter 10) have shown improvements in the early graft
function and showed reduced delayed graft function (17,20). However, the effectiveness of
HMP in reducing the occurrence of NAS after transplantation is still unknown. Subnormother-
mic machine perfusion (SNMP) offers a higher metabolic support of the liver and has shown
advantages in hepatic ATP restoration after SCS (23). The impact of SNMP on bile duct
preservation is yet to be studied. In chapter 6 of this thesis we have shown that normothermic
machine perfusion (NMP) prevents bile duct preservation injury in a rat model of DCD. An
alternative strategy is gradual increase of the temperature during machine perfusion. Minor et
al. have shown that controlled oxygenated rewarming of the liver by machine perfusion up to
20°C may result in a better hepatobiliary function when compared to SCS or only SNMP (24).
Choosing the right temperature for machine perfusion also depends on the reason for which
the liver is perfused. In chapter 8 of this thesis we have demonstrated that ex-situ NMP can
be used for viability assessment of the liver prior to transplantation based on the bile produc-
tion by the liver. Predicting the viability of the liver before transplantation requires mimicking
the metabolic status of the liver after transplantation. This can be achieved only during NMP
when the liver has almost full metabolic activity. More research is needed in this area to find
out the most effective modality of machine perfusion.
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3) What is the best perfusion fluid?
The content of the perfusion fluid serves to provide enough nutrients to the organ during ma-
chine perfusion. The exact composition of the perfusion fluid thus depends on the metabolic
needs of the liver, which differ based on the temperature of the perfusion. During HMP a per-
fusion fluid as simple as machine perfusion solution-Belzer UW (chapter 9 and 10) seems to
be sufficient. Higher temperatures of perfusion require a better metabolic support of the liver.
Bruinsma et al. have used Williams medium E for SNMP of donor livers (23), which contains
essential amino acids and electrolytes. In our studies on NMP we tried to mimic physiology
by using a perfusion fluid based on packed red blood cells (RBC), fresh frozen plasma (FFP)
and albumin (15,16,22).
The temperature of the perfusion fluid also defines the need for oxygen carriers in the per-
fusion fluid. Oxygen solubility is temperature-dependent. Therefore, during HMP and SNMP
there seems to be enough oxygen delivery to the graft by dissolved free oxygen (23,25). NMP
on the other hand requires an oxygen carrier such as RBCs for sufficient oxygen delivery to
the graft. Since the accessibility to blood products is relying on donation, the use of artificial
oxygen carriers and plasma replacements may be a potential alternative. Although Fontes et
al. have chosen to use a hemoglobin-based oxygen carrier during SNMP of liver grafts (26), it
is still unknown whether it is essential to use oxygen carriers at temperatures lower than 37°C.

4) What is the optimal duration of machine perfusion?
The decision how long an organ should be perfused to have the best results depends on
several aspects. Schlegel et al. have shown that HMP for a duration of 2 hrs increased
hepatic ATP but there is no extra benefit if livers are perfused for a longer time period (9).
Westerkamp et al. have shown in a rat model of DCD that only a short period of end-ischemic
oxygenated machine perfusion regardless of the temperature provides better preservation
of biliary epithelial function and morphology (27). Machine perfusion at higher temperature
using a perfusion fluid which is richer in nutritional contents allows a longer perfusion time
(7,15,22,28,29). During machine perfusion the graft is perfused in a closed circuit with a
certain concentration of nutrients in the perfusion fluid. Longer duration of machine perfusion
might require renewal of the perfusion fluid as well as a dialysis system to remove waste
products such as urea and damage associated molecular patterns (DAMPs) that are washed
out of the liver but accumulate in the perfusion fluid.

5) Can we assess bile duct viability during ex-situ machine perfusion?
In chapter 8 of this thesis we discussed viability assessment of the liver parenchyma during
ex-situ NMP (16). However, we are still unable to evaluate bile duct viability during ex-situ ma-
chine perfusion. In our studies we have used the concentration of bicarbonate in the bile as
a biomarker of biliary epithelial cell function and the concentration of gamma-glutamyl trans-
ferase (gamma-GT) and alkaline phosphatase (ALP) in the bile as biomarkers of biliary epithe-
lial injury. However the latter enzymes may also reflect hepatocellular injury. A recent study
reported that cholangiocyte-specific microRNAs may be more specific biomarkers to predict
biliary strictures after transplantation (30). A potential alternative tool might be development
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of non-invasive imaging techniques combined with near infrared fluorescence and visible light
cholangioscopy (31) or thedevelopment of ultrasound devices that allow real-time assessment
of bile ducts during ex-situ machine perfusion.

6) Can we prolong the duration of liver preservation beyond the current limitations?
Currently, the duration of liver preservation by SCS (0-4°C) is limited to up to 12-14 hrs, al-
though beyond 10 hrs transplant success decreases significantly (32). The apparent limitation
is the amount of metabolic activity that takes place at low temperatures and the lack of nutri-
ents and oxygen required for that level of metabolism in the current SCS preservation solutions
such as the UW solution (33). An approach to extend the duration of liver preservation is to
reduce the metabolic activity as much as possible by cooling down the liver to subzero temper-
atures, hence improving preservation quality, but avoiding ice formation using a preservation
solution supplemented with cell stabilizers (34). Berendsen et al. have developed a novel
approach to supercool rat donor livers to subzero temperatures using a combination of oxy-
genated machine perfusion with a controlled cooling system. They have extended the duration
of viable rat liver preservation to up to 72 hrs with 100% transplantation survival (35). Scaling
up such a groundbreaking technique to human donor livers potentially increases the number
of viable organs for transplantation and enables global organ sharing due to viable extended
preservation time.

In summary, the studies described in this thesis have provided a better understanding of the
underlying pathophysiology of bile duct injuries during and after transplantation; Approaches
to improve the quality of organ prior to transplantation, prevention of bile duct injuries during or-
gan preservation and a better organ selection for transplantation have been discussed. More-
over, the safety and feasibility of dual hypothermic oxygenated machine perfusion (DHOPE)
of DCD liver grafts prior to transplantation has been reported. I hope that the technique of ma-
chine perfusion will be used extensively in clinical practice to increase the number of suitable
organs for transplantation and expand global access to such a life-saving therapy.
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Galwegcomplicaties, in het bijzonder non-anastomotische galwegstricturen (NAS), zijn een
veel voorkomend en moeilijk behandelbaar probleem na levertransplantatie. Kenmerkend
voor deze complicatie is het ontstaan van vernauwingen van de galwegen in of net buiten
de lever, waarbij patinten zich vaak presenteren met symptomen van galwegobstructie. De
doelstelling van dit proefschrift is om de oorzaken van galwegschade en de onderliggende
etiologie van NAS beter te begrijpen. Daarnaast hebben we de rol van geoxygeneerde ma-
chineperfusie onderzocht in het verbeteren van orgaankwaliteit voor transplantatie en het po-
tentieel voorkomen van complicaties na transplantatie, inclusief NAS. In dit hoofdstuk worden
de belangrijkste resultaten van dit proefschrift samengevat en besproken.

Deel A: Galwegschade tijdens levertransplantatie

Hoofdstuk 1 is een algemene inleiding tot dit proefschrift, inclusief de doelstellingen van ieder
hoofdstuk. De pathogenese, het klinische beeld en de behandelmogelijkheden van verschil-
lende types galwegcomplicaties die na levertransplantatie kunnen optreden, worden bespro-
ken in hoofdstuk 2. Samengevat zijn galwegstricturen en gallekkage de meest voorkomende
complicaties van alle galwegcomplicaties na levertransplantatie. Hoewel gallekkage en een
strictuur van de anastomose gewoonlijk succesvol behandeld kunnen worden, is NAS vaak
therapieresistent en meestal is re-transplantatie de enige effectieve behandeling. Niet iedere
manifestatie van NAS is identiek; er wordt onderscheid gemaakt tussen NAS vroeg na trans-
plantatie en NAS laat na transplantatie. Gedacht wordt dat deze variaties in manifestatie (in
ieder geval deels) te verklaren zijn door verschillen in onderliggende oorzaken. Hoewel NAS
vroeg na levertransplantatie grotendeels geassocieerd wordt met een ischemie-gerelateerde
pathogenese, wordt NAS laat na levertransplantatie vaak toegeschreven aan een immuun-
gemedieerde oorzaak, zoals een verlies-van-functie mutatie in de chemokine receptor CCR5
(CCR5-�32), welke leidt tot veranderingen in het immuunsysteem. Ischemie-gerelateerde
galwegschade tijdens de veelgebruikte methode van orgaanpreservatie door middel van het
bewaren op ijs “static cold storage” (SCS), draagt mogelijk bij aan de incidentie van NAS na
transplantie, in het bijzonder in het geval van een suboptimale (extended criteria donor) lever.
Echter, de oorsprong van galwegschade tijdens levertransplantatie wordt nog niet volledig be-
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grepen. Ondanks dat de overgrote meerderheid van donorlevers wordt getransplanteerd met
significant beschadigde galwegen, “slechts” 30% van deze levers ontwikkelt NAS na trans-
plantatie (1). Om dit te kunnen begrijpen zijn studies nodig om beter inzicht te geven in de
oorzaak van galwegschade en de rol van reparatiemechanismen tijdens en na transplantatie.
Daarnaast is het onduidelijk of de schade die wordt gezien in de extrahepatische perifere gal-
wegen representatief is voor schade in de galwegen dichterbij en in de lever. In de twee hier
opvolgende hoofdstukken worden deze onderzoeksvragen bestudeerd.
In hoofdstuk 3 wordt een nieuwe visie op de pathogenese van NAS besproken. Jarenlang
werd er verondersteld dat slechts enkele galwegepitheelcellen beschadigd raken of verloren
gaan tijdens de koude preservatietijd, en dat de meeste galwegschade ontstaat na levertrans-
plantatie als gevolg van reperfusieschade, immunologische oorzaken en hydrofobe galzouttox-
iciteit. Echter, drie histopathologische studies lieten uitgebreide galwegepitheelschade gezien
in de meerderheid (tot 90%) van de extrahepatische galwegbiopten die verzameld waren aan
het einde van de koude preservatietijd (1-3). Daarentegen ontstaat NAS slechts in (tot) 10%
van de DBD en (tot) 30% van de DCD donorlevers. Blijkbaar is verlies van galwegepitheel
zeer frequent aanwezig in humane donorlevers, maar slechts een minderheid ontwikkelt gal-
wegstricturen na levertransplantie. Deze bevinding suggereert dat een ontoereikende regen-
eratieve capaciteit van het galwegepitheel een belangrijke rol speelt in de ontwikkeling van
NAS na transplantatie. Een belangrijke vraag die beantwoordt moet worden, is of de schade
die werd gezien in de distale extrahepatische galwegbiopten in de hierboven genoemde stud-
ies, representatief is voor de galwegen in de rest van de galwegboom, dichterbij en in de
lever (waar de meerderheid van NAS ontstaat). In hoofdstuk 4 hebben we dit onderzocht
door galwegschade op verschillende niveaus in de galwegboom te bestuderen in humane
donorlevers, die waren afgekeurd voor transplantatie. Biopten werden verzameld van het dis-
tale einde van de extrahepatische galweg en de intrahepatische galwegen op twee niveaus.
De biopten werden lichtmicroscopisch bestudeerd aan de hand van een systematisch scor-
ingssysteem. De hoeveelheid histologische schade in de distale extrahepatische galweg bleek
representatief te zijn voor de hoeveelheid galwegschade in de meer proximale galwegboom,
inclusief de intrahepatische galwegen. Hieruit kon geconcludeerd worden dat biopten van de
distale extrahepatische galweg een waardevol instrument is voor studies die zich focussen op
galwegschade van donorlevers tijdens levertransplantatie.
In hoofdstuk 5 focust zich op de rol van het immuunsysteem in de ontwikkeling van NAS
na levertransplantatie. Een verlies-van-functie mutatie in de chemokine receptor CCR5
(CCR5�32), welke gedacht wordt te leiden tot veranderingen in het immuunsysteem, werd
onderzocht in een muizenmodel. In het bijzonder, het effect van CCR5 deficintie op de T-
cell-gemedieerde immuunrespons werd onderzocht in een model van galwegligatie (afbinden
van de galweg) in CCR5 deficinte (CCR5-null) muizen. In het galwegligatie model, leidde
CCR5 deficintie tot een significant verminderde rekrutering van TRegs naar de lever met een
ongewijzigde Th-17 imuunrespons. Dit resulteerde in een verstoord evenwicht van het Th-17/
TRegs ratio met een versterkt Th-17-gemedieerd immuunrespons tot gevolg. Uit voorgaand
onderzoek naar ischemie-reperfusie schade van de lever is bekend dat hoge IL-17 waarden
bijdragen aan toegenomen leverschade na ischemie-reperfusie. Deze studie suggereert dat
een verstoord evenwicht van het Th-17/ TRegs ratio, door een verminderde aanwezigheid van
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TRegs, verantwoordelijk zou kunnen zijn voor toegenomen galwegschade en een hogere inci-
dentie van NAS in ontvangers die CCR5 �32 dragers zijn. Indirect bevestigt deze studie de
rol van het immuunsysteem in de ontwikkeling van NAS na levertransplantatie.

Deel B: Geoxygeneerde machineperfusie: Een potentile strategie om orgaankwaliteit
te verbeteren

Machineperfusie is een orgaanpreservatietechniek welke gebruikt wordt als een alternatief
voor de klassieke SCS of in combinatie met SCS (4-6). Tijdens machineperfusie worden
donorlevers doorspoeld (geperfuseerd) met een geoxygeneerde of niet-geoxygeneerde per-
fusievloeistof op lichaamstemperatuur; normotherm (37°C), kamertemperatuur; subnormoth-
erm (±21°C) of koud; hypotherm (0-10°C) (7-9). De meeste machineperfusie studies van
donorlevers hebben zich geconcentreerd op de preservatie van het leverparenchym (7, 8),
maar er is onvoldoende informative over het effect van machineperfusie op de preservatie
van de galwegen. Op den Dries et al. demonstreerden in varkenslevers dat hypotherm
geoxygeneerde machineperfusie een gunstig alternatief is voor SCS, met betere preservatie
van de peribiliaire vasculaire plexus, hoewel het verlies van galwegepitheel niet kon worden
voorkomen (10). Een alternatief voor hypotherme machineperfusie is het perfuseren van de
lever op lichaamstemperatuur, waarbij de lever wordt voorzien van complete metabole onder-
steuning met zuurstof en voedingstoffen.
In hoofdstuk 6 bestudeerden we de impact van normotherme geoxygeneerde machine per-
fusie (NMP) op galwegpreservatie in zowel DCD (donation after cardiac death) als non-DCD
(donatie zonder voorafgaande circulatiestilstand) rattenlevers. Levers werden 3 uren gep-
reserveerd met SCS of NMP, gevolgd door 2 uren ex vivo reperfusie. Vergeleken met de
klassieke SCS, resulteerde NMP in superieure preservatie van galwegepitheel morfologie en
-functie. Dit gunstige effect was met name uitgesproken in de DCD donorlevers. Door het
verminderen van galwegschade kan NMP een grote impact hebben op het gebruik van DCD
donorlevers en zodoende de uitkomsten na transplantatie verbeteren. Deze bevindingen zijn
een belangrijke stimulans om een klinische studie naar NMP in humane DCD levertransplan-
tatie op te zetten. Het is gedemonstreerd dat NMP van humane levers technisch mogelijk is
(11).
Hoofdstuk 7 beschrijft een stap-voor-stap protocol voor ex-situ normotherme machineper-
fusie van humane donorlevers. Het perfusiesysteem dat werd gebruikt voorziet de lever
van een druk- en temperatuurgereguleerde pulserende doorbloeding van de arterie hepat-
ica en een continue doorbloeding van de vena porta. De perfusievloeistof werd van zuurstof
voorzien door twee kunstmatige longen en perfusie is mogelijk op verschillende temperaturen
(10-37°C). De mogelijkheid om donorlevers op verschillende temperaturen te kunnen per-
fuseren en vloeistoffen/geneesmiddelen te kunnen toevoegen aan de perfusievloeistof, biedt
de mogelijkheid tot ex vivo testen en mogelijk verbeteren van de leverfunctie vr transplantatie.
De verbetering van orgaankwaliteit zou kunnen leiden tot een uitbreiding van het aantal voor
transplantatie beschikbare donororganen.
n van de grote voordelen van NMP is de mogelijkheid tot het ex vivo testen van subopti-
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male donorlevers die, gebaseerd op de huidige klinische criteria, niet in aanmerking komen
voor transplantatie (in verband met een te groot risico op vroeg transplantaatfalen). Om ma-
chineperfusie klinisch te kunnen gebruiken voor het selecteren van transplanteerbare orga-
nen, is het noodzakelijk dat er markers worden gedentificeerd die tijdens machineperfusie ad-
equaat de leverfunctie na transplantatie kunnen voorspellen. Wanneer NMP aan het einde van
een periode van koude ischemie (SCS) wordt uitgevoerd, zou het idealiter mogelijk moeten
zijn om de leverkwaliteit te onderzoeken en te voorspellen binnen 1-3 uur perfusietijd. Op
deze manier zal er voldoende tijd overblijven voor het selecteren en voorbereiden van een
ontvanger.
In hoofdstuk 8 hebben we 12 afgekeurde levers gevalueerd voor transplantaatfunctie na 6
uur NMP. Zes levers vertoonden excellente leverfunctie en de andere zes levers lieten duideli-
jke tekenen van schade en disfunctie zien. Galproductie na 2,5 uur NMP werd in deze studie
gedentificeerd als de enige 100% discriminerende voorspeller van transplantaatfunctie na 6
uur NMP. Concluderend kan gezegd worden dat normotherme machineperfusie van “extended
criteria donor” (ECD) levers de mogelijkheid biedt om donorlevers te testen vr transplantatie.
Dit creert nieuwe kansen voor donororgaan selectie, therapeutische interventies en precon-
ditionering. Naast het verbeteren van donororgaankwaliteit en functie kan dit leiden tot een
uitbreiding van het aantal voor transplantatie beschikbare donororganen.
NMP heeft veel voordelen ten opzichte van alternatieve machineperfusie methoden, maar het
is tegelijkertijd een stuk complexer dan machineperfusie op een lagere temperatuur, zoals
hypotherme machineperfusie. De metabolische ondersteuning die een lever nodig heeft om
goed te functioneren op lichaamstemperatuur is relatief ingewikkeld, daarnaast is er een risico
op direct significante leverschade in het geval van een technisch probleem met het systeem.
Om de machineperfusie techniek in de (klinische) praktijk te kunnen brengen is logistieke een-
voudigheid en veiligheid noodzakelijk. Hypotherm geoxygeneerde machineperfusie aan het
einde van de SCS is een alternatieve benadering en het staat een veilig transport van de
donorlever naar het transplantatiecentrum toe, waarbij het tegelijkertijd zorgt voor ATP herstel
na SCS (6, 12).
In hoofdstuk 9 wordt de werkzaamheid van eind-ischemische geoxygeneerde hypotherme
machineperfusie van humane donorlevers besproken. Zes humane DCD-donorlevers
(afgekeurd voor transplantatie) ondergingen 2 uur HMP gevolgd door 6 uur ex-situ NMP
(waarin hepatobiliaire functies werden getest), werden vergeleken met 12 DCD-donorlevers
die 6 uur ex-situ NMP ondergingen zonder voorafgaande HMP. HMP zorgde voor een 15-
voudige toename van ATP in het leverweefsel. De levers die HMP hadden ondergaan demon-
streerden significant verbeterde hepatobiliair functies tijdens de daaropvolgende 6 uur NMP,
vergeleken met de levers die geen HMP hadden ondergaan. ATP in het leverweefsel en de
cumulatieve galproductie tijdens NMP was significant hoger in de levers die voorafgaand HMP
hadden ondergaan. Deze studie liet zien dat een (relatief korte) periode van 2 uur hypotherme
geoxygeneerde perfusie van donorlevers, na de traditionele koude preservatie methode, de
cellulaire energieniveaus herstelt wat resulteert in minder schade en een verbeterd hepato-
biliair functioneren tijdens het daaropvolgende NMP. Dit is de eerste studie die erop wijst dat
eind-ischemische HMP de functionaliteit en transplanteerbaarheid van humane DCD-levers
verbeterd.
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De klinische toepassing van eind-ischemische hypotherme geoxygeneerde machineperfusie
(DHOPE) in humane DCD-donorlevers wordt beschreven in hoofdstuk 10. Tien achtereen-
volgende patinten (�18 jaar) die een DCD levertransplantatie ondergingen in het Universitair
Medisch Centrum Groningen (UMCG) werden gencludeerd in de studie. Nadat de DCD-levers
in het transplantatiecentrum aankwamen, ondergingen ze 2 uur DHOPE waarna de lever werd
gemplanteerd in de ontvanger. De ontvangers werden gemiddeld 8 maanden na transplan-
tatie gevolgd en vergeleken met een vergelijkbare, historische (match) groep ontvangers die
een DCD-lever hadden ontvangen zonder voorafgaande DHOPE. Alle DHOPE-levers func-
tioneerden uitmuntend goed vroeg na transplantatie en leverschade markers zoals ALT was
significant lager in vergelijking met de controles. Slechts 1 ontvanger ontwikkelde NAS (10%)
in de groep DHOPE-levers. Dit was significant minder dan de 7 ontvangers in de controle-
groep die NAS ontwikkelden (35%). Dit is de eerste klinische studie waarin wordt aangetoond
dat eind-ischemische DHOPE in DCD-levertransplantatie veilig is, dat het de cellulaire en-
ergieniveaus herstelt en reperfusieschade verminderd. Onze data suggereert dat DHOPE
de incidentie van NAS na DCD-levertransplantatie kan verminderen. Onze onderzoeksgroep
leidt op dit moment een multicentre gerandomiseerde klinische studie om de bovengenoemde
bevindingen te valideren.
Concluderend, in dit proefschrift werd de onderliggende pathofysiologie van galwegschade
tijdens levertransplantatie bestudeerd, de rol van geoxygeneerde machine perfusie in het
verbeteren van orgaankwaliteit voor transplantatie en het voorkomen van galwegschade na
transplantatie. Hopelijk leiden de veelbelovende resultaten van dit proefschrift tot een toene-
mend gebruik van de machineperfusie techniek om de orgaanselectie voor transplantatie te
verbeteren.
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