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Chapter 1

Orthotopic liver transplantation is the only available life-saving treatment for patients with end-stage 

liver disease. Unfortunately, the number of organs required for transplantation greatly outnumbers 

the available donors, leading to strict selection criteria for transplant candidates and long waiting 

lists for those patients that reach candidate status. As a result of this shortage about 40 patients 

die yearly in the Netherlands while they are on the liver waiting list1 However, the magnitude of 

the shortage of donor livers is underestimated when only waiting list mortality is considered. For 

example, in the United States about 60,000 people annually die of liver disease according to death 

certificates of whom many (theoretically) could have been treated with a liver transplant.2 In fact, 

only about 1.5% of liver disease-related mortality is accounted for by waitlisted patients.3

The transplant community is forced to push the boundaries for transplantation to increase 

the number of donor organs available. Criteria for donor liver selection have been continuously 

extended, which has resulted in a steady increase in the use of suboptimal or compromised grafts. 

Livers from donors that fall outside of standard criteria are known as ‘extended criteria donors’ (ECD) 

and are increasingly considered for transplantation during the past decades.4 For instance, 30% of 

transplanted livers in the Netherlands are now procured from donation after circulatory death (DCD) 

donors.1 In the United Kingdom this percentage is even higher with 42% DCD liver transplantation.5 

Other important criteria of which the limits have been stretched in the past include donor age, 

steatosis, blood type ABO incompatibility, and infectious diseases in the donor.6,7 The number of 

transplantable donor organs has significantly increased in the past two decades along with the 

increased transplantation of livers from ECD.8,9 

Currently, the survival rate after transplantation of DCD liver grafts is similar to that of 

transplantation of donation after brain death (DBD) liver grafts.8,10-12 However, transplantation of DCD 

liver grafts is associated with an approximately 10% lower 1-year graft survival rate compared to DBD 

livers and an evidently higher incidence of biliary complications such as non-anastomotic biliary 

strictures (NAS).13-16 NAS are also known as ischemic-type biliary lesions or ischemic cholangiopathy. 

In general, these three names refer to the same clinical entity characterized by narrowing and 

dilatations of the larger intra- and extrahepatic donor bile ducts (or even intraparenchymal bile 

leakage), in the presence of a patent hepatic artery, either with or without intraluminal sludge 

and cast formation. The incidence of NAS can be as high as 30-50% after transplantation of DCD 

liver grafts, but varies between 4% and 15% after transplantation of DBD livers.16,17 The severity 

and location of NAS along the biliary tree may differ considerably between patients and clinical 

symptoms vary from no symptoms to jaundice, life-threatening cholangitis, biliary cirrhosis, or need 

for retransplantation.18 The occurrence of NAS significantly impacts the patient’s long-term survival 

rate, incidence of retransplantation, quality of life and costs of health care.19,20  

However, it is not the question whether or not to transplant ECD livers as these grafts are 

immediately needed at present to increase the pool of potential donor livers. The aim of this thesis 

is to assess strategies to further improve the outcome of liver transplantation with ECD grafts. The 

aim of the first two chapters of this thesis is to assess whether specific subgroups of ECD liver grafts 
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can be identified with acceptable outcome and cost-effectiveness. 

The ECD liver grafts with an increased risk of NAS would benefit from protective methods against 

the development of NAS. Machine perfusion is a promising technique that has gained renewed 

interest in the past decade as a tool to optimize livers for transplantation. The aim of the chapters 4 

through 8 is to assess the role of machine perfusion as a strategy to improve transplantation of ECD 

liver grafts by reducing the risk of NAS. 

As mentioned before, adult DCD liver grafts are an accepted important source of liver grafts, 

despite less favorable outcome compared to adult DBD liver grafts.8,10-16 The implementation of 

DCD programs in adults has substantially increased the total number of available livers and thereby 

reduced waiting list mortality.21-23 Similar to the adult DCD program, a pediatric DCD program may 

be able to increase the number of donated pediatric livers with 13% to 80%.24 However, in contrast 

to adult grafts the outcome of liver transplantation with pediatric DCD grafts has only been scarcely 

studied. Only three single center reports are available on a total number of ten cases of pediatric 

DCD liver grafts.25-28 The aim of the study described in chapter 2 is to assess the long-term outcome 

of liver transplantation with pediatric DCD liver grafts in a large retrospective cohort study and to 

compare the outcome with that of pediatric DBD liver grafts in the same time period, including graft 

survival, patient survival and incidence of NAS.

The outcome and complication rates in ECD liver transplantation have been extensively studied, 

while the financial impact of ECD liver transplantation have only been investigated for one type 

of ECD liver: the DCD liver.29-30 The costs were found to be about 110 to 126% higher for DCD liver 

transplantation compared to DBD liver transplantation.31-34 However, the quality of a DBD grafts 

can vary substantially and DBD grafts may also belong to the group of ECD grafts. The aim of study 

presented in chapter 3 is to assess the financial impact and clinical outcome of transplantation of 

high risk DBD liver grafts in a prospective, observational, multicenter study.

Machine perfusion is a dynamic preservation method aiming to assess and improve organ 

viability. Especially organs from ECD can benefit as they suffer increased ischemic injury after 

revascularization35-37, resulting in an increased risk of graft dysfunction and graft failure.30,38 Machine 

perfusion has been used increasingly in the clinical setting in the past decade and has been shown 

to decrease post-transplant dysfunction and complications.39-44 However, the impact of machine 

perfusion on ischemic injury of the bile ducts and biliary complications has been underexplored. 

Chapter 4 provides an overview of the current and emerging insight into the pathogenesis of NAS 

and the effect of machine perfusion on bile duct injury and incidence of NAS. Moreover, different 

modalities of machine perfusion and various endpoints for assessment of the biliary tree in the 

setting of machine perfusion are presented. 

There is a wide variety of machine perfusion modalities with different settings including timing, 

temperature, pressure, and fluid type. Experimental studies have suggested that end-ischemic 

hypothermic machine perfusion may reduce ischemia-reperfusion injury and restore hepatocellular 

energy status.45-51 Guarrera et al and Dutkowski et al have successfully transplanted ECD liver 
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grafts after end-ischemic hypothermic machine perfusion.39-42 While Guarrera et al did not apply 

active oxygenation, Dutkowski et al only perfused via the portal vein. However, it is well known 

that oxygenation has beneficial effects50-52 and blood supply to the bile ducts is largely dependent 

on the hepatic artery.53 Dual hypothermic oxygenated machine perfusion (DHOPE) combines the 

advantages of the two techniques mentioned above: active oxygenation and perfusion via both the 

portal vein and hepatic artery. In experimental and preclinical studies, DHOPE has demonstrated its 

promising effects.48,54 The aim of the phase-1 prospective case-control clinical study described in 

chapter 5 is to assess the safety and feasibility of DHOPE in DCD liver transplantation. 

A known risk factor for NAS is the ischemic period during transplantation leading to a cascade 

of effects known as ischemia-reperfusion injury.37,55-57 Such injury to the bile ducts at the time of 

transplantation has been associated with the development of NAS after transplantation.58-60 The aim 

of the study presented in chapter 6 is to assess whether DHOPE reduces the degree of ischemia-

reperfusion injury of the bile ducts in the phase-1 study described in chapter 5.

The excellent results in experimental studies of end-ischemic hypothermic machine perfusion 

have led to its application in clinical setting of liver transplantation in hospitals in New York, Zurich, 

Torino, and Groningen (see chapter 5).39-42,61-62 These first clinical experiences have shown that the 

preservation method is safe, feasible, and attenuates ischemia-reperfusion injury as reflected by a 

reduction of postoperative serum markers of liver injury and a reduced degree of bile duct injury 

(chapter 5 and 6). Furthermore, fewer complications such as NAS and shorter hospital stay were 

observed compared to a retrospective control group of patients receiving a liver preserved with SCS 

alone.39-42,62 Although the results of these studies are promising, they were studies with relatively 

small cohorts and without a randomized control group. Chapter 7 describes the study protocol of 

an ongoing randomized controlled trial which aims to determine the efficacy of DHOPE in DCD liver 

transplantation in reducing the incidence of NAS. 

Along with the increasing number of ECD organs used for transplantation, the clinical application 

of machine perfusion has come to play a central role in organ transplantation.63 In chapter 8 the 

technical development and construction of an organ preservation and resuscitation (OPR) unit is 

described which aims to facilitate machine perfusion of lungs, livers, and kidneys at a clinical level. 

In chapter 9 the results of this thesis are summarized and discussed, followed by future 

perspectives. Finally, this thesis is concluded with chapter 10 by means of a Dutch summary. 
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ABSTRACT 

Introduction: Liver grafts from donation after circulatory death (DCD) donors are increasingly 

accepted as an extension of the organ pool for transplantation. There is little data on the outcome 

of liver transplantation with DCD grafts from a pediatric donor. The objective of this study was to 

assess the outcome of liver transplantation with pediatric DCD grafts and to compare this with the 

outcome after transplantation of livers from pediatric donation after brain death (DBD) donors. 

Methods: All transplantations performed with a liver from a pediatric donor (≤16 years) in the 

Netherlands between 2002 and 2015 were included. Patient survival, graft survival, and complication 

rates were compared between DCD and DBD liver transplantation.

Results: In total, 74 liver transplantations with pediatric grafts were performed; twenty (27%) 

DCD and 54 (73%) DBD. The median donor warm ischemia time (DWIT) was 24 min (range 15-43 

min). Patient survival rate at 10 years was 78% for recipients of DCD grafts and 89% for DBD grafts 

(p=0.32). Graft survival rate at 10 years was 65% in recipients of DCD versus 76% in DBD grafts 

(p=0.20). If donor livers in this study would have been rejected for transplantation when the DWIT 

≥30 min (n=4), the 10-year graft survival rate would have been 81% after DCD transplantation. 

The rate of non-anastomotic biliary strictures was 5% in DCD and 4% in DBD grafts (p=1.00). Other 

complication rates were also similar between both groups. 

Conclusion: Transplantation of livers from pediatric DCD donors results in good long-term outcome 

especially when the DWIT is kept ≤30 min. Patient and graft survival rates are not significantly 

different between recipients of a pediatric DCD or DBD liver. Moreover, the incidence of non-

anastomotic biliary strictures after transplantation of pediatric DCD livers is remarkably low. 
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INTRODUCTION

There is a growing discrepancy between the extensive number of patients waiting for liver 

transplantation and the availability of organs.1 Therefore, alternative organ sources have been 

explored in an effort to increase organ availability. During the last decade, there has been a growing 

interest in liver donation after circulatory death (DCD), also known as non-heart-beating donation. 

Most studies report that patient survival after DCD liver transplantation is equivalent to that of DBD 

liver transplantation. However, graft survival after DCD liver transplantation is lower and rate of 

primary non-function (PNF), vascular thrombosis, and non-anastomotic biliary strictures is higher 

than after DBD liver transplantation.2-5 Despite the less favorable outcome of livers from adult DCD 

compared to those from adult DBD, the former is accepted as an important source of allografts. The 

implementation of DCD programs in adults has substantially increased the total number of available 

livers and thereby reduced waiting list mortality.1,2,6

Transplantation of DCD donor livers was introduced in the Netherlands in 2001.7 The first DCD 

liver transplantation with a pediatric graft was subsequently performed in 2002. This donor type 

has the potential to contribute to the number of pediatric organ donors, since withdrawal of life-

sustaining therapy accounts for 30-65% of deaths in pediatric intensive care units.8 A pediatric DCD 

program may be able to increase the number of donated pediatric livers with 13% to 80%.9 However, 

data on the outcome of liver transplantation with DCD grafts from a pediatric donor is limited. 

Some studies have included a small number of pediatric grafts in general analyses of outcome of 

DCD liver transplantation, but the outcome of pediatric donor liver grafts has not been reported 

separately in these studies.2,4,10-13 There are only thee single center reports of relatively small series 

of liver transplantation using pediatric DCD grafts.14-17 These three series include a total number of 

ten cases.

The aim of this study was to analyze the outcome after transplantation of pediatric (age ≤16 

years) DCD liver grafts since the introduction of a national protocol for the procurement of DCD 

livers in the Netherlands. For this purpose, the outcome after transplantation of pediatric DCD livers 

was compared with that of pediatric DBD livers in the same time period.

MATERIALS AND METHODS

Study design

A retrospective cohort study was performed including all liver transplantations with grafts recovered 

from pediatric DCD donors aged 16 years or younger in the Netherlands between January 2002 

and December 2015. The results of liver transplantation with pediatric DCD grafts were compared 

with those of pediatric DBD grafts performed in the same time period. The examined parameters 

included patient survival rate, graft survival rate, and rate of complications including PNF. Follow-up 

was until August 2016. High urgency and split liver transplantations were excluded since they were 

only performed with DBD grafts.
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Donor selection 

The DCD liver grafts were all procured from controlled donors (Maastricht category III). Liver 

procurement was cancelled when a) the period between withdrawal of life support and circulatory 

arrest exceeded one hour, b) the period of hypoperfusion (mean arterial pressure <50 mmHg and 

saturation <80%) in the donor exceeded 15 minutes, or c) the asystole time (the period between 

circulatory arrest and start of cold aortic perfusion) exceeded 30 minutes.7,18,19

Organ procurement method

The technique of DCD and DBD organ procurement was performed according to national protocol 

and was described in detail elsewhere.7,18,19 In summary, in DCD donors with terminal illness or 

injuries the futile life-sustaining therapy was withdrawn. Preservation measures were started after 

an obligatory no-touch period of 5 minutes without invasive interventions after circulatory death 

had been established by an independent physician. Preservation was performed by open aortic 

cannulation after rapid laparotomy by standby surgical staff. Preservation fluids used to cool and 

flush the organs were histidine-tryptophan-ketoglutarate (Dr. Franz Köhler Chemie, Bensheim, 

Germany) or University of Wisconsin solution (Bristol-Myers Squibb B.V., Woerden, The Netherlands), 

both at 4°C and containing 400 units/kg heparin.

In DBD, brain death was determined according to a standard procedure.18 An intact circulation 

during start of organ procurement surgery allowed for preparation time. Once organs were prepared 

for procurement, donors were systemically heparinized and organ preservation was performed by 

aortic cannulation, cooling, and flushing with University of Wisconsin solution at 4°C.

In both donor types, after initiating perfusion, the abdominal and thoracic cavity was filled with 

ice-cold 0.9% sodium chloride solution and slushed ice for topical cooling. Once procured, the livers 

were packed and stored on melting ice.

Allocation and transplantation

The Eurotransplant organization allocated the liver grafts to adult and pediatric recipients, according 

to their position on the waiting list. Centers were allowed to refuse a liver graft, resulting in an 

allocation to the next recipient on the waiting list. DCD grafts were not transplanted in Germany 

due to legislation stipulating that organs could only be recovered from DBD donors and DCD 

transplantation was prohibited. Standard piggy-back orthotopic liver transplantation was performed 

if possible. Immunosuppressive regimen evolved over the study period and mainly consisted of 

induction with basiliximab and maintenance immunosuppression with a calcineurin inhibitor 

(tacrolimus or cyclosporine) and a rapid taper of steroids, either with or without mycophenolate 

mofetil.

Study variables

Detailed information regarding the Dutch donors and recipients was obtained from the Dutch 
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Organ Transplant Registry, to which data was prospectively submitted by all organ procurement and 

transplant centers. The Dutch Transplantation Foundation maintained the registry. The information 

regarding foreign recipients was obtained from transplant centers within the Eurotransplant region.

Donor characteristics that were collected included age, sex, and cause of death. Graft and 

preservation information included donor warm ischemia time (DWIT), asystole time, cold ischemia 

time (CIT), and anastomosis time. DWIT was defined as period between withdrawal of life support and 

in situ aortic cold perfusion; asystole time was defined as time between circulatory arrest and in situ 

aortic cold perfusion; CIT was defined as the time between in situ aortic cold perfusion and removal 

of the liver from the ice-cold preservation fluid for implantation into the recipient. Anastomosis 

time was defined as the time between removing the liver graft from the cold preservation fluid to 

revascularization of the liver. 

Recipient characteristics that were collected included age, sex, indication for liver transplantation, 

time spent waiting for a liver transplantation, earlier transplantation, cause of graft loss, cause of 

recipient death, and complications. MELD (model for end-stage liver disease) score was calculated 

as laboratory based MELD score with adaditional points for standard exceptions according to 

Eurotransplant criteria. 

Outcome parameters

Recipient survival was defined as the time from transplantation to recipient death. Graft survival 

was defined as the time from transplantation to retransplantation or recipient death. Complications 

included PNF, infection, hepatic artery thrombosis, portal vein thrombosis, and rejection. PNF 

was defined as liver failure requiring retransplantation or leading to death within seven days after 

transplantation without any identifiable cause and other causes of failure such as surgical problems, 

hepatic artery thrombosis, portal vein thrombosis and acute rejection.20 

Ethics

Collection, storage and use of patient data were performed in agreement with the ‘Code of Conduct 

for health research’, put forward by the federation of Dutch medical scientific societies (http://www.

federa.org) and conducted in accordance with the Declaration of Helsinki. This study was approved 

by the Dutch Transplantation Foundation which is responsible for maintaining the Dutch Organ 

Transplant Registry. This type of research is compliant with Dutch legislation and was retrospectively 

approved by our institutional Ethics Committe.

Statistical analysis

Statistical analysis was performed using SPSS 22.0 for Windows (SPSS Inc., Chicago, IL). Data was 

presented as median with interquartile range in parenthesis or as number with percentages. 

Continuous data was compared with Mann-Whitney U test and proportions with Fisher’s exact or 

chi square test, when appropriate. Graft and recipient survival analyses were determined with the 
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Kaplan-Meier method and significance of survival differences was determined with the log rank 

test. Rates of complications were compared between groups with univariate logistic regression 

analysis. Tests were all 2-sided and p-values less than 0.05 were considered statistically significant.

RESULTS

Between 2002 and 2015, a total number of 74 liver transplantations with pediatric grafts were 

performed with 20 (27%) DCD and 54 (73%) DBD grafts. The median follow-up of functioning grafts 

was 85 months (43-125 months), 36 months (24-113 months) for the DCD group and 93 months (61-

126 months) for the DBD group. The minimum follow-up was 8 months.

Table 1. Baseline characteristics

DCD donors
(n = 20)

DBD donors
(n = 54) p-value

Donor characteristics

Age (years)y 14 (3-16) 13 (1-16) 0.10

Age ≤12 years 6 (30%) 27 (50%) 0.19

Sex (male) 13 (65%) 30 (56%) 0.60

Donor weight (kg)y 52 (16-95) 45 (10-90) 0.11

Severe head trauma 8 (40%) 23 (43%) 1.00

Latest GGT (U/L) 21 (13-41) 17 (12-30) 0.21

Latest ALT (U/L) 32 (20-81) 45 (24-78) 0.75

Donor risk index 1.80 (1.70-2.07) 1.48 (1.16-1.90) 0.01

Preservation characteristics

Donor warm ischemia time (min) 24 (20-30)z NA NA

Asystole time (min) 16 (11-19) NA     NA

Cold ischemia time (min) 458 (388-533) 521 (451-598) 0.04

Anastomosis time (min) 35 (26-44) 38 (30-49) 0.24

Total preservation time (min)§ 480 (419-553) 521 (451-598) 0.17

Recipient characteristics

Age (years)y 53 (0-62) 15 (6-67) 0.01

Age ≤16 years 3 (15%) 30 (56%) 0.02

Sex (male) 11 (55%) 25 (46%) 0.51

MELD score 24 (20-26)k 25 (20-31)¶ 0.35

Earlier transplantation 2 (10%) 9 (17%) 0.47

Duration on waiting list (days) 126 (44-371) 241 (87-399) 0.22

Numbers represent median (interquartile range) or number (percentages). ALT, alanine aminotransferase; DCD, 
donation after circulatory death; DBD, donation after brain death; MELD, model for end-stage liver disease; NA, not 
applicable. 
y Number represent median (range). z Excluding one patients with missing values. § Total preservation time is defined 
as period between withdrawal of life support and graft reperfusion in the recipient. k Excluding five patients with 
missing values. ¶ Excluding seventeen patients with missing values.
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Donor and recipient characteristics

Donor, preservation, graft and recipient characteristics are summarized in Table 1. As expected 

the donor risk index was higher in the DCD grafts than in the DBD grafts.21 The median DWIT and 

asystole time of the DCD grafts was 24 minutes (20-30 minutes) and 16 minutes (11-19 minutes) 

respectively. Interestingly, the age of the recipients of DCD livers was higher than that of recipients 

of DBD livers (median of 53 years versus 15 years, p = 0.01). Although the total cold ischemia time 

was lower for DCD grafts compared to the DBD grafts, the total ischemic preservation time was 

equivalent. All other variables were comparable between the two groups.

Patient survival 

Patient survival rate was similar for recipients of DCD versus DBD liver grafts (78% for DCD versus 

89% for DBD at 1 year and 10 years, p = 0.32) (Figure 1). After the first year the survival curves ran 

virtually parallel up to ten years after transplantation. Four of twenty (20%) recipients of DCD grafts 

and six of 54 (11%) recipients of DBD grafts died.

Figure 1. Kaplan-Meier patient survival curves after pediatric DCD and DBD liver transplantation. Patient 
survival rate of pediatric DCD and DBD liver transplantation was equivalent. DCD, donation after circulatory death, 
DBD, donation after brain death.

Graft survival

Graft survival rate was 65% at 1 year in the DCD group, compared to 82% at 1 year in the DBD group 

(p = 0.20) (Figure 2). At 10 years, graft survival rate was 65% in recipients of DCD versus 76% in 

DBD grafts. For grafts functioning after 3 months, 10-year graft survival rate was 93% for DCD grafts 

versus 91% for DBD grafts (p = 0.71). 

Numbers at risk Baseline 6 months 1 year 5 years 10 years

DCD 20 17 17 8 5

DBD 54 50 48 37 14
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Most cases of graft failure (84%) occurred within three months after transplantation. Graft loss 

occurred in seven of twenty (35%) recipients of DCD grafts and twelve of 54 (22%) recipients of DBD 

grafts. The etiology of graft loss of the DCD grafts is summarized in Table 2. The graft loss of pediatric 

DBD livers was due to hepatic artery thrombosis in four patients, PNF in two patients, chronic 

rejection in one patient, recurrence of primary sclerosing cholangitis in two patients, and patient 

death in three cases. The majority of recipients with graft failure underwent retransplantation 

(fourteen of nineteen recipients, 74%), which unfortunately lead to death in a total of six recipients. 

In the DCD group, the DWIT exceeded 30 minutes in four patients. Graft failure occurred in 

100% of patients who received a DCD liver with DWIT ≥30 minutes, whereas it occurred in 19% of 

patients who received a DCD livers with DWIT <30 minutes (p = 0.007). At present the DWIT is kept 

below 30 minutes as it was recently reported that an extended DWIT of more than 30 minutes is 

associated with a significantly increased risk of graft failure.22,23 If donor livers in this study would 

have been rejected for transplantation when the DWIT was more than 30 minutes, four cases of DCD 

transplantation would have been excluded from the series. Consequently, the graft failure rate would 

have been lower: three of sixteen (19%) instead of seven of twenty (35%) liver transplantations. The 

graft survival rates would have been 81% at 1 year in DCD grafts versus 82% in DBD grafts (p = 0.84). 

Figure 2. Kaplan-Meier graft survival curves after pediatric DCD and DBD liver transplantation. Graft survival 
rate of transplantation with pediatric DCD liver grafts was lower than that with pediatric DBD liver grafts, but did 
not reach statistically significant difference. DCD, donation after circulatory death, DBD, donation after brain death. 

Numbers at risk Baseline 6 months 1 year 5 years 10 years

DCD 20 14 14 6 4

DBD 54 46 45 34 13
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Postoperative outcome

The rate of complications within the first year after transplantation was not different between 

DCD recipients and DBD recipients (Table 3). PNF occurred in two (10%) DCD grafts and two (4%) 

DBD graft resulting in an odds ratio of 2.9 (95% confidence interval 0.4-22.0) (p = 0.31). Arterial 

thrombosis occurred in 3 (15%) of DCD grafts and 4 (7%) of DBD grafts resulting in an odds ratio of 

2.2 (95% confidence interval 0.4-10.9) (p = 0.33).

Table 2. Outcome after liver transplantation with pediatric DCD grafts

Age 
donor 
(years)

Age 
recipient 
(years)

Weight  
donor 
(kg)

Weight 
recipient 
(kg)

Donor 
warm 
ischemia 
time 
(min)

Asystole 
time 
(min)

Graft 
failure

Etiology of graft 
failure

Graft 
survival 
(months)

Recipient 
death

3 6 24 19 20 6 Yes Hepatic artery 
thrombosis 0.2 Yes

3 7 16 29 24 16 Yes Hepatic artery 
thrombosis 0.6 No

9 13 30 48 31 14 Yes Portal vein 
thrombosis 0.3 No

11 55 38 65 22 11 No 60.9 No

12 30 32 70 ≥33y 33 Yes Primary non 
function 0.0 No

12 56 45 69 30 16 No 144.9 No

13 64 60 71 17 10 No 31.3 Yes

13 56 50 90 15 10 No 36.4 No

13 44 51 65 28 19 No 31.3 No

14 55 70 93 17 10 No 82.7 No

14 63 72 72 24 12 No 56.8 No

14 67 50 60 24 20 No 15.9 No

15 31 50 80 26 20 Yes
Bile leak, sepsis, 
and multiorgan 
failure

4.3 Yes

15 48 60 102 29 18 No 147.7 No

15 56 53 66 27 17 No 13.5 No

16 57 95 90 43 28 Yes Primary non 
function 0.1 Yes

16 50 70 89 35 17 Yes Hepatic artery 
thrombosis 0.4 No

16 51 70 65 30 13 No 143.7 No

16 64 60 93 19 13 No 36.1 No

16 44 60 76 20 15 No 12.1 No

y The donor warm ischemia time for this liver was missing. However, per definition, it was more than the 
asystole time which was 33 minutes.
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DISCUSSION

This multicenter study with the largest series of pediatric DCD liver transplantation reports good 

long-term outcome with 78% patient survival and 65% graft survival at 10 years after transplantation. 

Patient survival, graft survival, and complication rates were similar between recipients of a pediatric 

DCD or DBD liver. Moreover, the observed rate of biliary complications and NAS after transplantation 

of DCD liver grafts was relatively low and no differences were noted between pediatric DCD and 

DBD livers.

The patient survival rate of pediatric DCD livers in the current study was in line with that of 

adult DCD liver grafts (78% versus 80-92% at 1 year respectively).2-5,12,24-26 However, the graft 

survival rate of pediatric DCD livers in the present study was 65% at 1 year and was lower than 

in the pediatric DBD livers in this study (82%). Also, the graft survival rate of pediatric DCD livers 

in this study was lower than that reported in adult DCD liver transplantation (65% versus 67-79% 

at 1 year respectively).2-5,12,24-26 The cause of graft failure in the pediatric DCD livers in this study 

was mainly due to vascular complications and PNF. Remarkably, in four DCD liver grafts the DWIT 

exceeded 30 minutes and these grafts failed after transplantation. At present, DCD livers with DWIT 

≥30 minutes are not accepted for transplantation due to a recently demonstrated strong association 

between DWIT and graft failure after DCD liver transplantation.23,27 If the four DCD livers with DWIT 

≥30 minutes would have been declined for transplantation, the graft survival rate at 1 year would 

have been 81% which would have been identical to the graft survival rate in the pediatric DBD grafts 

in the current study (82%). Furthermore, the graft survival in the pediatric DCD grafts would have 

compared favorably with previous studies of adult DCD liver transplantations.2-5,12,24-26

In comparison with the current study, the graft and patient survival rates were higher in the 

previously reported ten cases of transplantation of pediatric DCD grafts (100% in the UCLA group 

Table 3. Complications within one year after transplantation

Complication type DCD donors
(n = 20)

DBD donors
(n = 54)

P-value

Primary non-function 2 (10%) 2 (4%) 0.29

Infection 8 (40%) 18 (33%) 1.00

Cardiopulmonary 2 (10%) 3 (6%) 0.61

Neurological 3 (15%) 2 (4%) 0.12

Rejection 0 7 (13%) 0.18

Venous thrombosis 1 (5%) 2 (4%) 0.61

Arterial thrombosis 3 (15%) 4 (7%) 0.38

Non-anastomotic biliary strictures 1 (5%) 2 (4%) 1.00

Anastomotic biliary strictures 2 (10%) 7 (13%) 1.00

Data are presented as number (percentage). DCD, donation after circulatory death; DBD, donation after brain death.



27

Long-term Results After Transplantation of Pediatric Liver Grafts from Donation after Circulatory Death Donors

2

[n=7] and in the Birmingham group [n=3]).14-17 The high survival rates in these previously reported 

single center studies may be due to considerably shorter median DWIT (14 min versus 24 min) and 

CIT (6 hours versus 8 hours) in the Birmingham group compared to the current study, as well as 

considerably shorter median CIT (5 hours versus 8 hours) in the UCLA group compared to the current 

study. Furthermore, taking into account the total number of yearly performed liver transplantations 

in Los Angeles and Birmingham, the low number of reported cases of transplantation of pediatric 

DCD livers suggests extremely strict selection of recipients and donors in these single center reports 

(e.g. local donors and negligible DWIT).

In the present study the incidence of NAS in pediatric DCD grafts was relatively low and similar 

to the incidence in pediatric DBD grafts (5% versus 4% respectively). Interestingly, the incidence 

of NAS in pediatric DCD livers was considerably lower than that reported in adult DCD livers.19,28-30 

Although it is widely accepted that NAS is the most relevant and prevalent complication of adult 

DCD livers, this study indicates that this is not the case for pediatric DCD livers. This finding is in line 

with a recently reported association between NAS and donor age.31 In transplantation of adult DCD 

liver grafts the incidence of NAS increases with increasing donor age. Based on a large clinical study, 

we have recently proposed that impaired biliary regenerative capacity is an important risk factor in 

the development of NAS.30,32 The regenerative capacity is in general better preserved in younger 

age. Altogether these findings indicate that the regenerative capacity is better preserved in younger 

donors. Therefore, the increased regenerative capacity in young donors may explain the relatively 

low incidence of NAS observed in this study after liver transplantation of a pediatric DCD graft. 

Although the low number of cases warrants careful interpretation of the results of the current 

study, this study triples the amount of reported transplantations with pediatric DCD liver grafts. 

Furthermore, the results of pediatric DCD grafts were compared with pediatric DBD grafts to obtain 

the best estimate of the effect of warm ischemia on these relatively small size pediatric livers. 

However, as result of small group size a multivariable analysis was not appropriate and survival 

analyses could not be corrected for differences in baseline characteristics. One of the differences in 

baseline characteristics was the recipient age which was higher in the DCD than in the DBD grafts. In 

the current study pediatric DCD livers were generally not transplanted in younger recipients with a 

long life expectancy. The DCD grafts were probably considered as suboptimal organs because long-

term graft survival of DCD livers was considered to be inferior to DBD livers. However, in DCD liver 

transplantation with adult livers, survival rate of grafts functioning after 1 year is equivalent to that 

of functioning DBD livers, which is illustrated by graft survival curves of DCD grafts that run parallel 

to that of DBD grafts at 1 year after transplantation.2-5,24 Also in this study, graft survival curves of 

pediatric DCD and DBD grafts run parallel after the first year after transplantation. Therefore, we 

do believe that pediatric DCD liver grafts should no longer be regarded as suboptimal grafts and 

acceptance of these livers for pediatric recipients seems justifiable.

In conclusion, this paper describes the largest series of liver transplantation with pediatric DCD 

grafts and triples the number of reported cases. The results of this multicenter study demonstrate 
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good long-term patient and graft survival rates after transplantation of pediatric DCD livers, 

especially when DWIT is limited to 30 minutes. Also, the results of this study indicate that risk of NAS 

is relatively low in pediatric DCD liver grafts. These are important findings in the current era of organ 

shortage and high mortality rate on the waiting list. 
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ABSTRACT

Introduction: The Eurotransplant Donor Risk Index (ET-DRI) is a tool to assess risk of graft failure. It is 

unknown whether the ET-DRI is associated with health care costs of liver transplantation. This study 

aims to assess whether graft quality assessed by ET-DRI in donation after brain death (DBD) donors 

has influence on outcome and costs of liver transplantation.  

Methods: This prospective, observational, national, multicenter study included all primary DBD liver 

transplantations from 2004 to 2009. Patients were divided into quartiles based on ET-DRI. Primary 

outcome was total healthcare costs in one year. Secondary outcome included one-year and five-

year patient and graft survival, and cost-effectiveness.

Results: A total of 277 adult patients were divided into four groups with mean (standard deviation) 

total costs of €92,900 (€52,100), €89,800 (€52,900), €89,800 (€60,500), and €101,700 (€64,300) with 

increasing ET-DRI (P = 0.579). Patients in the fourth quartile demonstrated higher incidence of biliary 

complications (P = 0.036), higher incidence of retransplantations (P = 0.020), and higher costs for 

biliary complications (P = 0.010) than patients in other quartiles. One-year and five-year patient and 

graft survival and cost-effectiveness were not different between groups.

Conclusion: This study demonstrated that ET-DRI was not associated with increased costs after DBD 

transplantation despite an association with biliary type complications.
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INTRODUCTION

Despite higher numbers of organ donors in many countries, the difference between availability and 

demand of liver grafts is growing. Waiting list numbers as well as waiting list mortality are increasing 

in numerous regions.1,2 In an effort to overcome the shortage of donor livers, liver transplantations 

with extended criteria donor (ECD) grafts have increasingly been performed. As a result of this, 

the donor population has shifted from mainly young donors with a trauma to older donors with 

a stroke.3 However, transplantation of these liver grafts comes at a price. The impact of ECD liver 

transplantation on outcome and complication rates has been extensively studied.4,5 However, the 

financial implications of ECD liver transplantation are hardly known.

The costs of transplantation of ECD grafts have only been investigated for one type of ECD graft: 

the donation after circulatory death (DCD) graft. The costs for DCD liver transplantation have been 

compared to donation after brain death (DBD) liver transplantation and were found to be about 110 

to 126% higher.6-9 Higher costs of DCD liver transplantation are explained by the higher incidence 

of (biliary) complications compared to DBD liver transplantation.

However, the graft quality also varies within the DBD liver grafts which can result in a DBD 

graft being classified as ECD graft. The financial consequences of transplantation of high risk livers 

from only DBD donors have not been studied before. The aim of this prospective, observational, 

multicenter study was to provide insight into the financial impact and clinical outcome of 

transplantation of high risk DBD liver grafts.

MATERIALS AND METHODS

Patients

All patients with a liver transplantation in the Netherlands between September 2004 and September 

2009 were included in a prospective multicenter national observational study named Cost and 

Outcome of Liver Transplantation study. During this period a total of 635 liver transplantations were 

performed. Patients with a primary liver transplantation prior to the study period were excluded (n = 

107). Patients were also excluded if they received a multi-organ transplantation (n = 18), if they were 

younger than 17 years of age (n = 65), if they were listed as high urgency (n = 52), if they received a 

living donor graft (n = 7) or a domino liver (n = 4). Patients receiving a DCD liver graft (n = 91) were 

also excluded as cost analyses of DCD grafts have been reported previously and were not the aim of 

this study.7,9 Finally, patients were excluded because of insufficient follow-up due to death occurring 

during transplantation (n = 3) or missing relevant data (n =11) (Figure 1). The resulting homogenous 

study population included 277 adult patients with a chronic liver disease who received a primary 

single organ transplantation with a whole liver graft from a DBD donor.

All liver grafts were procured according to standard technique of in situ cooling and flush out 

with preservation solution at 0-4°C.10 Recipient operation was standard piggy-back orthotopic liver 

transplantation with duct-to-duct biliary anastomosis if possible.11
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Definition of ECD

The study population was divided into groups based on the quartiles of the Eurotransplant donor 

risk index (ET-DRI). The first quartile had the lowest and the fourth quartile had the highest ET-DRI 

(Figure 1).

The ET-DRI was used as a tool to identify the quality and risk of the graft. The ET-DRI resulted from 

validation of the donor risk index (DRI) in the Eurotransplant region.12,13 The ET-DRI is a continuous 

scale which takes into account several donor and transplant variables while neglecting recipient 

variables. The index includes donor age, DCD donor type, donor cause of death, whole or partial 

graft, rescue or normal allocation type, local, regional, or extra-regional sharing, cold ischemia time 

(CIT) and latest donor gamma glutamyltransferase (GGT) value.13 A high ET-DRI corresponds with a 

high risk of graft loss. The expected 1-year graft survival is 83.6% when the ET-DRI <1.0 whereas this 

is 67.5% when the ET-DRI is >2. Currently, in the Eurotransplant region 30% of liver transplantations 

have an ET-DRI >2.14

Figure 1. Flowchart of Patient Inclusion. ET-DRI: Eurotransplant donor risk index. Quartiles are presented with 
median (range).
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Study endpoints

Costs

Primary endpoint was total cost of health care during the first year after transplantation, including 

the transplant operation. Secondary endpoints included cost of health care per life year saved, 

inpatient and outpatient costs, and costs per complication type. The endpoint cost of health care 

per life year saved was adjusted for the length of survival after transplantation as a deceased patient 

does not generate health care costs. For each group the mean cost incurred during the first year 

after transplantation was divided by the patient survival of that group.

Costs were determined according to the Dutch guidelines for economic evaluations in 

health care.15 The costs were collected from the start of the transplantation until one year after 

transplantation. The costs for the donation procedures were covered by independent organizations 

such as the Dutch Transplant Foundation (Nederlandse Transplantatie Stichting) and were therefore 

not included in these analyses. Costs for retransplantation and subsequent follow-up within the first 

year after primary liver transplantation were included in the costs analyses. The costs for labor were 

determined by multiplying minutes of work by the cost per minute based on the total remuneration 

and the actual working hours. The costs for medication, supplies, and blood products were calculated 

by multiplying the cost per unit with the number of units. Equipment costs were based on equivalent 

annual cost, including the opportunity cost aspect of capital costs as well as depreciation.16 For 

overhead and housing 10% was added to the costs for supplies, labor, and equipment. ICU and 

hospital stay were priced according to standard costs.15 Cost of immunosuppressive medication was 

estimated based on mean medication cost per day. All costs were incurred within one year as a 

result of which discounting was not necessary. The prices in euros (€) were indexed to 2015.

Outcome

Secondary endpoints also included one-year and five-year patient and graft survival, complication 

rates, hospital and ICU stay, and cost-effectiveness.

Patient survival was determined as time between transplantation and death. Graft survival was 

determined as time between transplantation and retransplantation or death. Complications were 

scored according to the Clavien-Dindo classification.17 In addition, complications with a Clavien-

Dindo grade 3 or more were grouped into different categories: biliary, hepatic, infectious, vascular, 

cardiopulmonary, gastro-intestinal, and renal. Biliary complications included non-anastomotic 

biliary strictures (NAS), anastomotic biliary strictures, cholangitis, and biliary leakage. NAS were 

defined as bile duct stenosis at any location in the biliary tree (intra- or extrahepatic, but not at the site 

of the anastomosis) as detected by endoscopic retrograde or magnetic resonance cholangiography, 

with cholestatic manifestations such as jaundice, cholangitis, or elevated laboratory tests, and in 

the presence of a patent hepatic artery. Anastomotic biliary strictures were defined as bile duct 

stenosis at the site of the anastomosis as detected by endoscopic retrograde or magnetic resonance 

cholangiography, with cholestatic manifestations such as jaundice, cholangitis, or elevated 
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laboratory tests, and in the presence of a patent hepatic artery. Hepatic complications included 

primary non-function, initial poor function, and recurrence of autoimmune hepatitis. Primary 

non-function was defined as non-recoverable hepatocellular function necessitating emergency 

retransplantation within 72 hours.18

Data collection

One research nurse supervised data collection during the entire study. Variables collected included 

donor, recipient, and surgical characteristics. CIT was defined as time between start of in situ aortic 

cold perfusion and start of implantation of the liver graft. Warm ischemia time was defined as time 

between start of implantation of the liver graft and initial reperfusion of the liver graft.

Statistical analysis

All costs were presented as mean with standard deviation as the mean better reflected all incurred 

costs than the median. As a result of outliers, histograms of the costs are typically right skewed 

and the mean is (much) higher than the median. Therefore, the mean better represents the societal 

perspective as society must pay for all costs incurred including that of outliers.19 Additionally, the 

total costs could be directly derived from the mean, but not from the median.

Categorical variables were presented as number with percentage. Continuous variables were 

presented as mean with standard deviation or median with interquartile range, as appropriate. 

Continuous variables were compared between groups using the ANOVA test with Bonferonni post-

hoc analysis or with a Kruskal-Wallis T-test when appropriate. Categorical variables were compared 

with the Pearson chi-square test. Graft and patient survival analyses were determined with the 

Kaplan-Meier method and tested for differences between groups with the log rank test.

A cost-effectiveness plane was used to combine costs and clinical effects of ECD grafts.16 As 

a cost-effectiveness plane compares one group of patients with another group of patients, the 

following three comparisons were performed. The first cost-effectiveness plane was between the 

4th quartile and the 1st, 2nd, and 3rd quartiles. The second was between the 1st quartile and the 2nd, 3rd 

and 4th quartile. The last comparison was between the 1st and 2nd on the one hand and the 3rd and 4th 

quartiles on the other hand. As the entire study population was included in the cost-effectiveness 

analyses, the power of the analyses was greater than when two quartiles would have been compared. 

The x-axis depicted the incremental effect measured in years of patient survival between the two 

groups. The y-axis showed the incremental costs between the two groups. Bootstrap replication 

was performed with 3,000 simulations to obtain a nonparametric estimate with a 95% confidence 

ellipse. Outliers were not excluded from these analyses.

A p-value < 0.05 was considered statistically significant. Statistical analyses were performed 

using IBM SPSS Statistics software version 23.0.0.3 for Windows (IBM Corp., Armonk, NY). For the 

bootstrap analysis R version 3.3.0 was used (R Foundation, Vienna, Austria).
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Table 1. Donor and Preservation Demographics per Quartile Based on ET-DRI

Variable 1st Quartile 2nd Quartile 3rd Quartile 4th Quartile P value

Donor Characteristics

ET-DRI 1.26 (1.00-
1.43)

1.49 (1.43-
1.63)

1.70 (1.63-
1.87)

2.03 (1.88-
3.63)

NA

Donor age (years) 33 (21-43) 47 (44-53) 55 (50-62) 61 (52-67) <0.001

Body Mass Index (kg/m2) 25 (22-28) 24 (21-27) 25 (23-28) 25 (23-26) 0.395

Cause of death <0.001

Trauma 34 (49%) 8 (12%) 7 (10%) 3 (4%)

Anoxiaa 5 (7%) 2 (3%) 0 (0%) 2 (3%)

Cerebrovascular accident 22 (32%) 56 (81%) 55 (79%) 59 (86%)

Other 8 (12%) 3 (4%) 8 (11%) 5 (7%)

Donor last GGT (IU/L) 20 (14-39) 37 (20-61) 26 (18-65) 28 (18-91) 0.006

Preservation Characteristics

Cold ischemia time (h) 7.3 (5.5-8.9) 7.6 (6.0-9.3) 8.1 (6.7-9.9) 8.8 (7.5-10.6) <0.001

Warm ischemia time (min)b 34 (27-44) 31 (27-42) 32 (26-44) 37 (30-41) 0.431

Allocation Characteristics

Share typec 0.030

Local 15 (22%) 11 (16%) 9 (13%) 6 (9%)

Regional 44 (64%) 44 (64%) 46 (66%) 37 (54%)

Extra-regional 10 (15%) 14 (20%) 15 (21%) 26 (38%)

Rescue allocationd 2 (3%) 1 (1%) 4 (6%) 19 (28%) <0.001

Categorical data are presented as number (percentage) and continuous data as median (interquartile range), 
except for the ET-DRI which is presented as median (range). ET-DRI, Eurotransplant donor risk index. GGT, gamma 
glutamyltransferase.
a Anoxia was defined as post anoxic encephalopathy due to cardiac arrest.
b Warm ischemia time was defined as time between start of implantation of the liver graft and initial reperfusion of 
the liver graft.
c Share type was defined as local when the donor and transplant center are within the same area, regional when 
the donor hospital is in the same country and extra-regional when the donor center is in another country of the 
Eurotransplant region as described by Braat et al13.
d Rescue allocation was defined as allocation after three independent transplant centers declined due to medical or 
logistical reasons.

RESULTS

A total of 277 patients with DBD liver transplantation were divided into four groups based on the 

quartiles of their ET-DRI. As expected, the variables which were used to calculate the ET-DRI were 

different among the four groups (Table 1). In the group with the lower ET-DRI the donors were 

younger, cause of death was more frequently trauma than stroke, CIT was shorter, and the GGT 

was lower than in the group with the higher ET-DRI. The recipient characteristics were not different 

between the groups (Table 2).
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Costs

An overview of the costs was presented in Table 3. Total one-year costs were not different between 

the groups: €92,900 (€52,100) for the 1st quartile; €89,800 (€52,900) for the 2nd quartile; €89,800 

(€60,500) for the 3rd quartile; and €101,700 (€64,300) for the 4th quartile (P = 0.579). The cost per 

life year saved was not significantly different between the groups. Patient level costs for hospital 

admission and complications during or after initial admission were also not different between the 

four groups. Per complication type, only costs for biliary complications were borderline different 

between the groups (P = 0.052). Post-hoc analysis between the 4th quartile and the first three 

quartiles demonstrated a significant difference in costs for biliary complications (P  =  0.010). The 

costs were highest in the 4th quartile (Table 3).

Outcome

One-year and five-year patient and graft survival rates were not different between groups (Figure 

3 and 4). Five-year graft survival of the 4th quartile versus first three quartiles was not significantly 

different (P = 0.083). There were no significant differences in postoperative outcome and 

complications between the quartiles (Table 4 and 5), except for the number of patients with biliary 

complications which was significantly higher in the 4th quartile compared to the first three quartiles 

(P = 0.036). Also, the incidence of retransplantation for biliary complications was higher in the 4th 

quartile than the first three quartiles in the post-hoc analysis (P = 0.020). This was caused mainly by 

the incidence of NAS (P = 0.013).

Table 2. Recipient Demographics per Quartile Based on ET-DRI

Variable 1st Quartile 2nd Quartile 3rd Quartile 4th Quartile P value

Age (years) 54 (45-61) 50 (45-57) 53 (47-59) 52 (46-60) 0.481

Gender (% male) 43 (62%) 44 (64%) 46 (66%) 48 (70%) 0.825

Body Mass Index (kg/m2) 26 (22-29) 26 (22-30) 25 (23-28) 25 (23-28) 0.929

MELD scorea 20 (14-27) 22 (14-28) 18 (15-26) 19 (15-26) 0.785

Indication 0.293

Cholestatic 15 (22%) 21 (30%) 15 (21%) 17 (25%)

Parenchymal 37 (54%) 32 (46%) 40 (57%) 33 (48%)

Metabolic 1 (1%) 6 (9%) 6 (9%) 5 (7%)

Vascular 2 (1%) 0 0 0

Liver tumor 14 (20%) 10 (15%) 9 (13%) 14 (20%)

Cardiac co-morbidity 3 (4%) 3 (4%) 3 (4%) 11 (16%) 0.015

Pulmonary co-morbidity 3 (4%) 5 (7%) 3 (4%) 2 (3%) 0.672

IDDM 17 (25%) 14 (20%) 13 (19%) 15 (22%) 0.938

Categorical data are presented as number (percentage) and continuous data as median (interquartile range). ET-DRI, 
Eurotransplant Donor Risk Index; IDDM, Insulin-Dependent Diabetes Mellitus; MELD score, Model for End-Stage Liver 
Disease.
a MELD score is based on laboratory values prior to transplantation with additional points for standard exceptions 
based on Eurotransplant criteria33.
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Table 3. Costs of Transplantation and Follow-up during One Year per Quartile Based on ET-DRI

Variable 1st Quartile
      N=69

2nd Quartile
 N=69

3rd Quartile
N=70

4th Quartile
N=69

P value

Liver transplantation 20.1 (6.6) 18.8 (5.2) 18.0 (3.6) 19.4 (5.5) 0.130
Initial hospital and ICU 
admission

23.9 (23.0) 23.6 (26.8) 29.3 (48.8) 24.4 (22.6) 0.690

Readmission to hospital and 
ICU

15.0 (25.3) 11.7 (14.4) 10.7 (11.6) 15.4 (25.5) 0.419

Immunosuppression 9.3 (2.6) 9.4 (2.5) 9.9 (1.4) 9.6 (2.5) 0.463
Complications 
During initial admission 17.1 (10.9) 19.2 (19.0) 17.2 (14.4) 21.5 (30.8) 0.546
After initial admission 7.5 (16.0) 7.1 (15.9) 4.6 (7.3) 11.4 (21.8) 0.100
Complication type
Biliary 7.0 (19.5) 3.7 (10.4) 7.5 (17.4) 14.3 (36.3) 0.052
Hepatic 1.8 (4.4) 7.4 (34.4) 2.2 (11.8) 4.7 (25.2) 0.421
Infectious 6.0 (15.6) 4.4 (9.2) 3.0 (5.1) 4.6 (8.0) 0.394
Vascular 0.1 (0.6) 8.4 (38.6) 3.8 (22.7) 4.3 (25.8) 0.318
Cardiopulmonary 1.9 (10.7) 1.1 (5.6) 0.5 (1.9) 0.5 (1.3) 0.472
Gastrointestinal 2.0 (7.2) 0.7 (2.5) 0.9 (3.2) 1.3 (3.6) 0.344
Renal 0.7 (3.1) 0.8 (2.3) 1.0 (3.3) 1.8 (11.2) 0.707
Total one-year costs 92.9 (52.1) 89.8 (52.9) 89.8 (60.5) 101.7 (64.3) 0.579
Cost per life year saved 102.6 98.2 93.4 109.9 N/A

Data are presented as mean (standard deviation) in €1000. ET-DRI, Eurotransplant donor risk index; ICU, Intensive 
Care Unit.

Table 4. Surgical Variables and Postoperative Outcome per Quartile Based on ET-DRI

Variable 1st Quartile
N=69

2nd Quartile
N=69

3rd Quartile
N=70

4th Quartile
N=69

P value

Estimated blood loss (L) 3.0 (2.1-8.0) 3.0 (2.4-6.3) 4.0 (2.1-6.5) 3.5 (2.2-6.2) 0.994
Red blood cell transfusion (L) 1.2 (0.6-2.6) 0.9 (0.4-2.0) 1.0 (0.2-2.2) 1.2 (0.6-2.1) 0.479
Initial ICU stay (days) 3 (2-6) 2 (1-5) 2 (1-5) 3 (2-6) 0.481
Initial ward stay (days) 17 (11-25) 15 (11-22) 17 (12-25) 16 (12-27) 0.645
Readmission stay (days) 9 (3-22) 7 (3-23) 7 (2-16) 8 (2-17) 0.857
Retransplantation in first year 3 (4%) 8 (12%) 5 (7%) 9 (13%) 0.256
Retransplantation for biliary 
complications

2 (3%) 1 (1%) 2 (3%) 6 (9%) 0.131

Non-anastomotic biliary 
strictures

2 (3%) 1 (1%) 0 5 (7%) 0.064

Vanishing bile duct disease 0 0 2 (3%) 1 (1%) 0.301
Retransplantation for HAT 1 (1%) 2 (3%) 1 (1%) 1 (1%) 0.892
Retransplantation for PNF 0 1 (1%) 1(1%) 2 (3%) 0.565
Retransplantation for 
rejection

0 1 (1%) 0 0 0.388

Retransplantation for hepatic 
necrosis

0 2 (3%) 1 (1%) 0 0.294

Retransplantation for venous 
outflow

0 1 (1%) 0 0 0.388

Patient survival (%)
1 year 86 87 93 90 0.520
5 years 77 78 87 74 0.251
Graft survival (%)
1 year 81 80 86 80 0.775
5 years 71 71 79 62 0.238

Categorical data are presented as number (percentage) and continuous data as median (interquartile range). ET-DRI, 
Eurotransplant donor risk index; ICU, Intensive Care Unit.
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Table 5. Grade and Type of Complication per Quartile Based on ET-DRI in First Year

Variable 1st Quartile

N=69

2nd Quartile

N=69

3rd Quartile

N=70

4th Quartile

N=69

P value

Complication grade

Grade IIIa 135 (2.0) 104 (1.5) 118 (1.7) 136 (2.0) 0.433

Grade IIIb 22 (0.3) 29 (0.4) 21 (0.3) 36 (0.5) 0.140

Grade IVa 21 (0.3) 30 (0.4) 35 (0.5) 45 (0.7) 0.512

Grade IVb 3 (0.0) 0 (0.0) 1 (0.0) 1 (0.0) 0.671

Grade V 10(0.1) 9 (0.1) 5 (0.1) 7 (0.1) 0.527

Complication type

Biliary 16 (23%) 13 (19%) 17 (24%) 24 (35%) 0.171

Hepatic 17 (25%) 16 (23%) 14 (20%) 11 (16%) 0.602

Infectious 8 (12%) 7 (10%) 10 (14%) 8 (12%) 0.898

Vascular 0 1 (1%) 1 (1%) 1 (1%) 0.800

Cardiopulmonary 8 (12%) 4 (6%) 4 (6%) 5 (7%) 0.520

Gastrointestinal/abdominal 9 (13%) 3 (4%) 8 (11%) 5 (7%) 0.266

Renal 1 (1%) 0 1 (1%) 1 (1%) 0.800

Complication grades are presented as total number of complications with the mean number of complications per 
patient. Complication types are presented as the number (percentage) of patients with the complication type. ET-DRI, 
Eurotransplant donor risk index.

Cost-effectiveness

Costs and effects were combined in a cost-effectiveness plane. In Figure 2 the cost-effectiveness 

plane is depicted between the 4th quartile and the other three quartiles. The 95% confidence ellipse 

is a two-dimensional generalization of the confidence interval. All individual dots represent one 

simulation of the complete data (sample with replacement). Dots to the right of y-axis represent 

a simulation in which the 4th quartile is superior to the other quartiles in terms of one-year patient 

survival. Dots above the x-axis represent a simulation in which the 4th quartile is more expensive than 

other quartiles. As the confidence ellipse crosses the X-axis and the Y-axis, no significant difference 

between the groups was found. A cost-effectiveness plane was also made for the comparisons 1st 

and 2nd quartile versus 3rd and 4th quartile and between the 1st quartile and the other three quartiles. 

No significant differences were found in those comparisons (data not shown). These findings were 

in line with significance testing for total costs (Table 3) and patient survival (Table 4).

DISCUSSION

The present study is the first prospective observational national multicenter study to analyze costs 

in DBD liver transplantation in a large study population. In addition, the data were collected in 

multiple centers under supervision of a single research coordinator throughout the entire study. 

This enabled uniform, reliable, and detailed data on patient-level costs and outcome after DBD 

liver transplantation. The current study demonstrated that the quality of a DBD graft did not affect 
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Figure 2. Cost-effectiveness of the 4th quartile (n=69) versus the 1st, 2nd & 3rd quartile (n=228). X-axis represents 
the difference in patient survival between the two groups. The y-axis represents the difference in costs between the 
two groups. As the confidence ellipse crosses the X-axis and the Y-axis, no significant difference between the groups 
was found.

Numbers at risk Baseline 1 year 3 years 5 years

1st Quartile 69 59 56 53

2nd Quartile 69 60 57 54

3rd Quartile 70 65 63 61

4th Quartile 69 61 55 50

Figure 3. Kaplan Meier Curve of the Patient Survival of Liver Transplantation with Brain Death Liver Grafts.
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Numbers at risk Baseline 1 year 3 years 5 years

1st Quartile 69 56 52 49

2nd Quartile 69 55 51 49

3rd Quartile 70 60 57 55

4th Quartile 69 55 47 42

Figure 4. Kaplan Meier Curve of the Graft Survival of Liver Transplantation with Brain Death Liver Grafts.

Numbers at risk Baseline 1 year 3 years 5 years

1st Quartile 90 74 70 66

2nd Quartile 91 76 70 66

3rd Quartile 91 67 73 68

4th Quartile 90 58 54 48

Figure 5. Kaplan Meier Curve of the Graft Survival of Liver Transplantation with Donation after Brain Death 
and Donation after Circulatory Death Liver Grafts.
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total one-year health care costs, health care cost per life year saved, or cost-effectiveness of liver 

transplantation. However, the incidence of biliary complications, the incidence of retransplantation 

for biliary complications, and costs for biliary complications was higher in the 4th quartile compared 

to the first three quartiles.

The results of the cost analyses in this prospective study differed from those of other studies. 

A retrospective analysis of OPTN data by Salvalaggio et al demonstrated a significant impact of 

DRI on the costs.21 However, their study population included DCD liver grafts which significantly 

affected the DRI score. The grafts with a high DRI score are likely to be DCD grafts. Among others, 

Van der Hilst et al demonstrated that DCD grafts are associated with an increased incidence of 

biliary complications and increased total costs after transplantation in the same study period as 

the current study.3,4,7-9,12 Therefore, the results from Salvalaggio et al are actually a comparison of 

DCD and DBD liver transplantation. The results of another study from the same research group 

reinforce our observation as it demonstrated that a high DRI >2.5 was associated with longer length 

of stay and more costs after transplantation compared to low DRI <1.0.22 However, the group with 

a DRI >2.5 consisted of 20% DCD grafts compared to 0% DCD grafts in the group with a DRI <1.0. 

Including DCD grafts in a study population potentially distorts the analyses of costs based on DRI or 

ET-DRI. The strength of the present study is that it did not include DCD grafts.

The outcome of liver transplantation in the current study was also different compared to 

previous studies.11,12 In the present study, the rates of one-year and five-year patient and graft 

survival were not influenced by the ET-DRI. This is an interesting finding as the DRI and the ET-DRI 

were designed to predict outcome after transplantation. However, the study populations used to 

develop both DRI and ET-DRI included DCD liver grafts.12,13 Conversely, in our study, only DBD liver 

grafts were included. Similar to the current study, Reichert et al also found no effect of the ET-DRI on 

one-year graft and patient survival in a study population with only DBD liver transplantations.23 An 

additional analysis was performed to illustrate the effect of DCD grafts on the ET-DRI and on graft 

survival. After including DCD grafts to the study population, the graft survival was much lower in 

the 4th quartile than the other quartiles (P = 0.001) (Figure 5). The effect of DCD grafts in the ET-DRI 

appears to be extensive. Therefore, separate donor risk indexes should be developed for DBD grafts 

and DCD grafts.

Although the ET-DRI has its shortcomings, it is the best risk index available for the Eurotransplant 

region. There is no universal definition of extended criteria donors and there are several (bivalent) 

risk models which incorporate recipient variables as well as donor variables.12,13,27-29 The strength 

of the ET-DRI is that it is a continuous score and includes only donor variables such as donor age 

and CIT, which are known risk factors for graft failure.30,31 The shortcoming of the ET-DRI is the large 

effect of DCD graft and that the degree of macrovesicular steatosis of the liver graft is not taken into 

account while it is a known risk factor for graft failure.32 On the other hand, there are no risk models 

which incorporate steatosis.

The cost for liver transplantation are not influenced by the graft quality based on the ET-DRI. 
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These findings are partially explained by limitations of the ET-DRI. However, another explanation 

may be matching of donor livers with suitable recipients resulting in equivalent one-year cost 

and survival regardless of liver graft quality. The complexity of the matching process has been 

demonstrated before by Axelrod et al who reported that centers with a high risk of complications 

use lower risk organs and transplant relatively healthier recipients than better performing centers 

and thereby possibly even out the influence of graft quality on recipient outcome.20

The follow-up for costs was one year after transplantation in the current study. The time 

span was selected because most complications are known to occur during the first year after 

transplantation.24 Complications within one year are quite different from long-term complications 

such as metabolic disorders, renal dysfunction, chronic rejection, and malignancy.25 During longer 

follow-up most patients mainly acquire costs for regular medical checkups and immunosuppressive 

medication. As the consecutive years after transplantation have considerably lower costs than the 

first year, surviving patients generate additional life years at relatively low costs. Therefore, longer 

follow-up would increase the difference in cost per life year in favor of the group with the higher 

proportion of surviving patients.24 Furthermore, complications during the first year may impair 

long-term follow-up and therefore further increase the difference in cost per life year in favor of the 

group with the higher proportion of patients without complications. This is especially the case for 

biliary complications, which frequently require repeated expensive interventions such as hospital 

admissions for endoscopic procedures and surgery.6,26

The data in the present study were collected between 2004 and 2010. Although transplantations 

were performed a while ago, no major changes in liver transplantation, such as immunosuppression 

or surgical techniques, have taken place in the Netherlands since 2009. This time frame allowed five-

year survival to be determined for the entire group. Furthermore, the data are robust as they were 

collected prospectively with the intention of cost-effectiveness analyses. To correct for the issue of 

time, costs needed only to be indexed.

In conclusion, this large, prospective, observational, multicenter study demonstrated that high 

risk DBD liver grafts based on the ET-DRI had no impact on the costs, survival, and cost-effectiveness 

of liver transplantation. Only five-year graft survival tended to be lower and the incidence of biliary 

complications was higher for recipient of a high ET-DRI graft.
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ABSTRACT

The high incidence of non-anastomotic biliary strictures (NAS) after transplantation of livers from 

extended criteria donors is currently a major barrier to widespread use of these organs. This review 

provides an update on the most recent advances in the understanding of the etiology of NAS. These 

new insights give reason to believe that machine perfusion can reduce the incidence of NAS after 

transplantation by providing more protective effects on the biliary tree during preservation of the 

donor liver. An overview is presented regarding the different endpoints that have been used for 

assessment of biliary injury and function before and after transplantation, emphasizing on methods 

used during machine perfusion. The wide spectrum of different approaches to machine perfusion is 

discussed, including the many different combinations of techniques, temperatures and perfusates 

at varying time points. In addition, the current understanding of the effect of machine perfusion 

in relation to biliary injury is reviewed. Finally, we explore directions for future research such as 

the application of (pharmacological) strategies during machine perfusion to further improve 

preservation. We stress the great potential of machine perfusion to possibly expand the donor pool 

by reducing the incidence of NAS in extended criteria organs. 
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INTRODUCTION 

Orthotopic liver transplantation is currently the only available life-saving treatment for patients with 

end-stage liver disease. Unfortunately, the number of organs needed for transplantation greatly 

surpasses the supply, prompting strict selection criteria for transplant candidates and long waiting 

lists for those patients that reach candidate status. As a result of this shortage about 15% of patients 

die while on the waiting list.1 Additionally, according to studies of death certificates, about 60,000 

patients die of liver disease annually in the United States2; many of whom could (theoretically) have 

been treated with a liver transplant. When only waitlist mortality is considered, the magnitude of 

the problem of end-stage liver disease is grossly underestimated. In fact, only about 1.5% of liver 

disease related mortality concerns waitlisted patients.3 

The grave shortage of livers available for transplantation causes the transplant community to 

continuously push the boundaries to increase the availability of organs. As a part of this effort, 

criteria for donor liver selection have been progressively expanded, allowing the usage of more 

suboptimal or compromised grafts. Livers from donors that fall outside of standard criteria, also 

known as ‘extended criteria donors (ECDs), are increasingly considered for transplantation during 

the past decades.4 For example, in the United Kingdom 42% of transplanted livers now come from 

donation after circulatory death (DCD) donors, as opposed to donation after brain death (DBD).5 

The most important other criteria that are being widened include donor age, blood type ABO 

incompatibility, steatosis, and infectious diseases in the donor.6,7 The increased acceptance of livers 

from ECDs in the past two decades has contributed significantly to the expansion of the donor 

organ pool.8,9 

Today, the survival rate of patients that receive a DCD liver graft is approximately similar to 

DBD recipients.10-13 However, the transplantation of DCD liver grafts is associated with around 10% 

lower 1-year graft survival rate, compared to DBD livers and a markedly higher incidence of biliary 

complications.14-17 The incidence of non-anastomotic biliary strictures (NAS) varies between 4 and 

15% after transplantation of DBD livers, but can be as high as 30%-50% after transplantation of DCD 

grafts.17,18 The occurrence of NAS in a donor liver critically impacts patients’ long-term survival, rate 

of re-transplantation, quality of life and the cost of care.19,20 Synonyms for NAS that are frequently 

used in the literature are ischemic–type biliary lesions and ischemic cholangiopathy. In general, 

all three names refer to the same clinical entity characterized by a combination of narrowing and 

dilatations (or even intraparenchymal leakage) of the larger intra- and extrahepatic donor bile 

ducts, either with or without intraluminal sludge and cast formation, and in the presence of a patent 

hepatic artery (Figure 1A and B). Severity and distribution of NAS along the biliary tree may vary 

considerably among patients and clinical symptoms range from no symptoms to recurrent jaundice 

and/or life-threatening cholangitis with subsequent need for re-transplantation.21

NAS is a feared and severe complication in DCD liver transplantation, resulting in a considerable 

number of donor livers that are currently being rejected for transplantation, while these livers 

could potentially be used if a protective method against the development of NAS existed. Machine 
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Figure 1. Radiological and histological examples of bile duct injury in a donor liver. (A) Cholangiogram revealing 
mild non-anastomotic strictures in a donor liver. (B) Cholangiogram showing severe non-anastomotic strictures in a 
donor liver. (C) Histology of a donor bile duct (hematoxylin & eosin staining) with approximately 50% detachment and 
loss of the luminal epithelium (lumen indicted by #), but well preserved bile duct wall stroma (asterix) and peribiliary 
glands (dotted lines). (D) Histology of a donor bile duct (hematoxylin & eosin staining) with a well preserved arteriole 
(arrow) as part of the PVP. (E and F) Histology of a donor bile duct (hematoxylin & eosin staining) with necrosis of 
bile duct wall stroma (asterix), arteriolonecrosis, and loss of epithelial cells in the peribiliary glands (dotted lines). The 
arrow indicates a peribiliary gland with a complete loss of epithelial cells.
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perfusion is a promising technique that has gained renewed interest in the past decade as a tool 

to optimize and assess livers for transplantation. Protection of the biliary tree as a specific target of 

machine perfusion has, however, been underexposed in the literature. In this review we provide 

an update on the most recent advances in the understanding of the etiology of NAS and present 

current evidence supporting the hypothesis that machine perfusion reduces bile duct injury during 

transplantation, providing a tool to reduce the incidence of NAS. Moreover, we provide an overview 

of endpoints used for evaluation of the biliary tree in the setting of machine perfusion. 

Risk factors and pathogenesis of NAS

Traditionally, the degree of biliary injury that occurs during and after transplantation was considered 

to be the main determining factor for NAS.22 Warm and cold ischemia, reperfusion injury, bile salt 

toxicity, and immune-mediated injury have been identified as the most important contributors 

to this multifactorial process of biliary injury.18,23 However, three independent histological studies 

focusing on the common bile duct of donor livers revealed that in 86%-88% of cases the bile duct 

epithelium is already significantly injured at the end of cold storage.24-26 This observation indicates 

that the bile ducts of almost every donor liver suffer substantial injury during graft preservation, yet 

only a minority of them develop NAS after transplantation, suggesting that the (lack of ) regenerative 

capacity of the donor bile duct may be more important than the initial degree of injury.26

This new concept of the pathogenesis of NAS has incited interest into the mechanisms involved 

in biliary regeneration. In a study of 128 liver transplants, op den Dries et al27 have demonstrated a 

strong association between injury of the peribiliary glands (PBG) and the peribiliary vascular plexus 

(PVP) at the time of transplantation and the later development of NAS in liver transplant recipients. 

The PBG are glandular structures that are abundantly present in the wall of the extrahepatic and 

major intrahepatic bile ducts, which are the most common locations of stricture formation.21,28 

Moreover, the PBG have been shown to be a niche for progenitor cells that can proliferate upon 

biliary injury.28-32 The fact that i) extensive epithelial regeneration is necessary after transplantation 

in the majority of liver grafts; ii) proliferation is observed in the PBG upon biliary injury and iii) loss 

of PBG integrity at the time of transplant is associated to the development of NAS post-transplant 

strongly suggests that the PBG are a key component required for successful recovery from the 

extensive and multifactorial biliary injury that occurs during transplantation. Possibly, the absence 

of a healthy epithelial barrier due to the failure of cholangiocyte regeneration increases (prolonged) 

bile salt cytoxicity and inflammation eventually leading to NAS.18,23,27,33 

The PVP is essential for the viability of the bile duct as it provides blood with nutrients and 

oxygen to the bile ducts. Blood flow through the PVP is mainly supplied by the hepatic artery and 

thrombosis of the hepatic artery early after transplantation generally leads to necrosis of the larger 

donor bile ducts.34-36 Even in the presence of a patent artery, dysfunction and preservation injury of 

the PVP is believed to play a role in the etiology of NAS.24,37 These recent findings suggest a critical 

role of the PVP and the PBG in biliary regeneration and the pathogenesis of NAS. Histology of bile 
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ducts with various degrees of injury of the luminal biliary epithelium, the PBG, and the PVP are 

presented in Figure 1C-F. The regenerative capacity of the bile duct may be negatively influenced by 

known risk factors for NAS, such as donor age and donor warm ischemia (as occurs in DCD donors), 

as well as toxic bile salts that may not only affect the luminal epithelium, but also the PBG and PVP. 

Especially when the luminal biliary epithelium is absent, bile salts can easily enter the bile duct wall 

Figure 2. Proposed pathogenesis of non-anastomotic biliary strictures (NAS) after liver transplantation. 
During warm (in DCD donors) and cold ischemia (in both DCD and DBD livers) bile duct injury occurs almost universally, 
characterized by injury and loss of the luminal biliary epithelium. This type of injury alone does not necessarily lead 
to NAS. Critical components of the bile duct wall are the peribiliary glands (PBG) and the peribiliary vascular plexus 
(PVP). Severe injury to the PBGs and PVP has been associated with the development of NAS27 suggesting that adequate 
preservation of these stuctures is essential for a timely regeneration of the biliary epithelium. After transplantation, 
biliary bile salts may cause additional damage to the remnant luminal epithelium and diffuse into the bile duct wall, 
causing injury to the PBG and PVP. Secondary influx of immune cells leads to inflammation with subsequent fibrosis 
and scarring of the bile ducts resulting in NAS. Machine perfusion of donor livers may reduce the incidence of NAS after 
transplantation by reducing the amount of injury to the various components of the bile duct wall. 
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stroma and cause injury to these essential structures. Achieving protection or improved recovery 

of these critical components of the bile duct wall by machine perfusion could therefore contribute 

to the prevention of NAS. Here, preventing injury altogether would be the ultimate target, because 

when regeneration is not needed it also cannot fail. If this cannot be accomplished, protection of 

the PVP and PBG to facilitate successful regeneration through tissue oxygenation and preservation 

of progenitor cells in the PBG are obvious subsidiary goals. Not surprisingly, optimal preservation 

of the PVP and PBG has become an important endpoint in machine perfusion studies.38-40 The 

proposed pathogenesis of NAS and the various targets for machine perfusion are summarized in 

Figure 2.

Assessment of the impact of machine perfusion on the biliary tree

Accurately assessing the effect of machine perfusion on the biliary tree poses a significant 

challenge. Biliary function and injury are frequently used as surrogate endpoints for the occurrence 

of NAS. However, in general the overall degree of biliary injury does not correlate very well with the 

development of NAS.26 Unfortunately, NAS do not easily occur after liver transplantation in rats and 

therefore this definitive endpoint is only obtainable in transplantation studies of large animals or 

humans, which are more complex and expensive. Nevertheless, a worthy set of endpoints, based on 

the current understanding of the etiology of NAS, is available for evaluating the biliary tree in the 

setting of machine perfusion (Table 1). 

As discussed previously, multiple studies have indicated an important role of the PVP and PBG 

in the etiology of NAS.24,27,37 Therefore, the effects of machine perfusion on these structures are of 

particular relevance. They can be investigated using standard light microscopy and a standardized 

semi-quantitative scoring system.24,25,27 This approach is significantly more objective compared 

to free-format pathological interpretation and has emerged as an important endpoint.38,39 More 

sophisticated methods such as immunohistochemistry may also be used. For example, Ki67 and 

CK19 are markers for proliferation in the PBG and the bile duct epithelium respectively.32,38,41 

The expression of von Willebrand Factor on the vascular endothelium indicates endothelial cell 

activation that can lead to platelet aggregation in the PVP.38

Bile salt toxicity is known to be another important pillar in the mechanism of NAS.18 The 

epithelial lining forms a specialized barrier to protect the bile duct from the detergent effects of 

bile. Hepatocytes excrete phospholipids that form mixed micelles, neutralizing the detergent effect 

of bile salts. When this barrier is impaired by ischemia/reperfusion induced injury or dysfunction, 

toxic bile salts can cause additional harm to the biliary epithelium, or when this is already absent, 

to the unprotected sub-mucosal stroma and the deeper located structures such as PBG and PVP.33,42 

Consequently, the ratio of bile salts to phospholipids in bile during perfusion is an important marker 

of the endogenous protective mechanisms against bile salt toxicity. The same is true for the biliary 

concentration of bicarbonate (HCO3
-), which prevents the protonation of biliary glycine-conjugated 

bile salts and uncontrolled cell entry of the corresponding bile acids through cell membranes 
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by raising the pH, a phenomenon known as the “bicarbonate umbrella”.43 Bicarbonate is actively 

secreted into the bile by the biliary epithelial cells (or cholangiocytes) and, therefore, biliary 

bicarbonate concentration can also be used as a biochemical marker of cholangiocyte function.18 

Moreover, disruption or imbalance of bile salt transportation, which is an adenosine 5'-triphosphate 

(ATP) dependent process, can contribute to injury by the intracellular accumulation of hydrophobic 

bile salts.44,45

The production of bile involves a cascade of steps that requires good function of all its 

components, including both hepatocytes and cholangiocytes.46 Therefore, the rate of bile production 

during machine perfusion, in combination with the characteristics of its composition, is an excellent 

Table 1. Overview of endpoints suitable for studying biliary preservation by machine perfusion

Endpoint Variable Level of 
evidence*

References

Non-anastomotic biliary strictures (NAS)

ERCP or MRCP (gold standards) IIa  21,115

PTCD IIa  116

Plastination casting (animal model) III  117

Established risk factors for NAS
H&E staining/systematic light microscopic evaluation of common bile duct biopsies at time of 
transplantation

PVP injury III  24,27

Deep PBG injury III  27

Mural stroma necrosis III  24,25,27

Cholangiocyte loss III  25

Bile salt / phospholipid ratio in bile III  33,42

Cholesterol in bile III  33

Cholangiocyte specific microRNAs

In bile III  42,52

In preservation fluid III  118

Indicators of biliary injury with unknown correlation to NAS

Immunohistochemistry of bile duct biopsies

Markers of apoptosis V  109

Ki-67 protein V  32,38

Von Willebrand Factor V  38

Loss of cytokeratin 19 (CK19) positive cells V  41

Cholangiocyte function markers in bile

Bicarbonate V  38,50,74

pH V  74

Glucose V  119

Cholangiocyte injury markers in bile

Gamma-glutamyltransferase III 38,50,77,98,120

Lactate dehydrogenase III 38,50,98,120

* Level of evidence assessed according to Oxford 2011 levels of evidence119.
Abbreviations: ERCP, Endoscopic Retrograde Cholangiopancreatography; MRCP, Magnetic Resonance 
Cholangiopancreatography, PTCD, percutaneous cholangiography drainage; H&E, hematoxillin and eosin, PVP, 
peribiliary vascular plexus, PBG, peribiliary gland.
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indicator of both liver and biliary function.47 Glucose is initially present in the canalicular bile at a 

concentration equal to plasma and is subsequently reabsorbed by the cholangiocytes of the bile 

ducts. A low glucose concentration (< 1.0 mmol/L) in the common bile duct bile, therefore, indicates 

adequately functioning biliary epithelial cells, and can be used as a target for assessing bile duct 

integrity during machine perfusion.48,49

Markers of cellular injury, such as lactate dehydrogenase and gamma-glutamyltransferase, 

can be measured in bile and perfusate.38,50 Although they may reflect the degree of biliary injury, 

it is unknown whether high biliary levels of these injury markers are associated with the later 

development of NAS. One method that holds promise is the detection of cholangiocyte specific 

micro RNAs in bile that have been associated with the development of NAS.51,52

Obviously, the incidence of NAS during follow up after transplantation of machine-perfused 

grafts is the most relevant endpoint in determining the effect of machine perfusion on biliary 

complications. Randomized clinical trials are needed to elucidate the effect of machine perfusion 

on biliary complications in humans.

Machine perfusion: a spectrum of techniques

The term ‘Machine perfusion’ is very broad; it covers a spectrum of techniques with mechanical 

perfusion as their common denominator. Fundamentally, the configuration of machine perfusion 

depends on three parameters: the timing and duration of its application, and the perfusion 

temperature. In order to prevent endothelial shear stress, pressure controlled perfusion is considered 

to be a safer method compared to flow controlled perfusion.53

Perfusion through the portal vein only is feasible at low temperatures.54,55 But from the perspective 

of biliary preservation, arterial perfusion and the delivery of oxygen to the bile ducts seems 

paramount because the biliary system depends mainly on the arterial circulation.40,56 Additionally, 

oxygenated perfusion of the arterial system has been described to attenuate arteriolonecrosis of 

the PVP and therefore may contribute to preservation of the vasculature to the bile ducts.39 On the 

other hand, it should be noted that in contrast to traditional belief, blood is also supplied to the bile 

ducts by the portal vein57 and insufficient portal perfusion should also be considered a risk factor for 

the development of NAS.58,59 An argument against cannulation and perfusion of the hepatic artery 

is the potential risk of causing intima injury or vascular dissection. This risk can be minimized by 

using a cylindrical aortic segment for cannulation, which can be cut off and discarded at the end of 

perfusion before implantation.

Machine perfusion can be applied at different time points during the process of procurement, 

transportation, and transplantation, as summarized in Figure 3. The earliest possible application of 

machine perfusion in the chain of events is in situ normothermic regional perfusion (NRP) in the 

donor, immediately after circulatory arrest. It offers the advantage of restoring cellular levels of ATP 

that have become depleted during the period of warm ischemia by restoration of normothermic 

circulation in the donor prior to standard cold storage.60 The technique has been successfully used 
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in clinical DCD organ donation, and its effect on preservation of the bile ducts and the rate of 

biliary complications seems promising.61-63 Investigators from the Hospital Clinic in Barcelona have 

reported 42 liver transplant procedures after NRP of DCD donors with a biliary complication rate of 

17%.63 Another group, from the University of Michigan, has described 13 liver transplant procedures 

using this method with an incidence of biliary complications of 14%.62 While these outcomes are 

very hopeful, both studies lacked a control group and were not randomized. Also, in one report 38% 

of donor livers were discarded because of technical complications, illustrating the complexity of 

NRP.62 Randomized controlled trials are necessary to assess the clinical benefits of NRP.

Ex situ machine perfusion of the liver can be performed at the donor site before cold storage 

(pre-storage perfusion), at the receiving hospital after cold storage prior to implantation (end-

ischemic perfusion), or throughout the preservation period (preservation perfusion) (Figure 3).64,65 

The advantage of pre-storage perfusion is that it has the ability to restore the energy charge of the 

liver prior to subjecting it to cold ischemia, potentially reducing the synergistic accumulation of 

injury caused by subsequent warm and cold ischemia. However, accomplishing on-site machine 

perfusion in donor hospitals is troubled by several logistical challenges. 

These challenges are even more pronounced in preservation perfusion, which requires a machine 

perfusion device that is portable and self-sufficient for the duration of the preservation period. 

Theoretically, continuous preservation perfusion is the most optimal choice because it eliminates 

the need for cold storage. Normothermic preservation perfusion has been successfully used in a 

clinical trial including liver transplantation of ten patients.66 Although continuous normothermic 

preservation perfusion may prove to be the most effective preservation method in the future, it is 

questionable whether complete elimination of cold preservation is necessary and cost-effective in 

the current era. 

End-ischemic perfusion offers the advantage that it can be performed in the environment 

of the transplant center with all the logistic support needed for successful perfusion. Although 

logistically appealing, irreversible injury may have occurred already to the liver and the biliary tree, 

which might have been preventable or treatable upon earlier intervention. Finally, through both 

Figure 3. Schematic presentation of the various dimensions of machine perfusion. Abbreviations: DCD: donation 
after circulatory death, NRP: normothermic regional perfusion.  
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preservation perfusion and end-ischemic perfusion, the organ can be optimized immediately prior 

to implantation, which is not the case for pre-storage perfusion. In general, machine perfusion 

requires specific surgical training and the direct costs are higher compared to simple cold storage. 

However, the technique could be cost-effective and even lead to lower overall costs due to shorter 

postoperative length of stay and reduction of the incidence of NAS, but studies of cost-effectiveness 

are needed to clarify this. Promisingly, renal machine perfusion has been proven to be cost-

effective.67,68

Temperature

The cellular rate of respiration is greatly dependent on the temperature, following an exponential 

curve.69 Simple static cold storage at 0-4 °C is based on this principle and reduces the metabolic rate 

of the liver to about 5% of the physiological level. Because of this relationship, the temperature used 

during machine perfusion dictates the calibration of most other perfusion parameters that should 

be optimized to meet the dynamics and metabolic needs of the organ at a given temperature. 

Hypothermic machine perfusion

Under hypothermic conditions (0-10°C), the use of an acellular perfusion fluid at low pressures is most 

common. The use of red blood cells or an oxygen carrier is not necessary, because adequate uptake 

of oxygen into the fluid can be achieved through diffusion at low temperatures.70 Hypothermic 

machine perfusion (HMP) is safe because in case of pump failure, the organ falls back on the ‘default’ 

conditions of static cold preservation. The low metabolic activity that is associated with hypothermic 

perfusion conditions also forms a limitation, because it does not allow a functional assessment of 

the liver. For example, the liver does not produce bile during HMP, which is an important indicator 

of hepatobiliary function and allows biochemical assessment of biliary markers of biliary epithelial 

cell function and injury.50,71

A large number of studies using HMP in animal models have been performed; however, few 

studies have evaluated the effects of HMP on the biliary system.53 Using a non-arterialized model of 

DCD liver transplantation in rats, Schlegel et al41 compared one hour of end-ischemic hypothermic 

oxygenated machine perfusion to cold storage alone. After four weeks of follow up, animals from 

the HMP group presented with superior histological appearance of the intrahepatic bile ducts 

and significantly lower serum gamma-glutamyltransferase, alkaline phosphatase and bilirubin.41 

In another experimental study, our group has compared 4 hours of hypothermic oxygenated 

perfusion to cold storage of DCD pig livers, followed by 2 hours of normothermic blood reperfusion 

to simulate transplantation. Although, no differences in biliary epithelial function or injury were 

observed, oxygenated HMP did lead to superior preservation of the PVP, which may have a positive 

impact on blood supply to the bile ducts and their regenerative capacity after transplantation.39

Guarerra and coworkers, who were the first to describe successful clinical transplantation of 

HMP preserved liver grafts in 201054, recently reported the outcome of the first 31 cases performed 
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in their center.70 Apart from generally improved outcome parameters (shorter length of stay, lower 

postoperative serum injury markers etc.), the number of biliary strictures in the HMP preserved 

group was significantly lower compared to matched controls (10% after HMP vs. 33% after SCS). 

It should be noted that the perfusion system used by Guarerra and coworkers does not provide 

active oxygenation of the perfusion fluid and the duration of perfusion was not standardized. 

Dutkowski et al55 have applied oxygenated HMP, or Hypothermic Oxygenated PErfusion (HOPE), to 

eight locally procured DCD livers before transplantation and compared the outcomes with matched 

DBD controls. The rate of biliary complications was identical between the two groups; however, the 

numbers were too low to draw any robust conclusion on the incidence of biliary strictures. Despite 

the fact that livers were perfused through the portal vein only and the study lacks a DCD control 

group, it suggests a possible protective effect of HOPE against bile duct injury. A clinical trial with 

hypothermic oxygenated dual perfusion of DCD livers (through both the portal vein and hepatic 

artery) was recently initiated in our center (Netherlands Trial Registry, NTR4493; www.trialregister.

nl). Final assessment of the efficacy of HMP (either oxygenated or non-oxygenated) in reducing 

biliary injury and subsequent NAS should come from large multi-center randomized clinical trials. 

Several initiatives to organize such trials have been taken (i.e. ClinicalTrials.gov, ID: NCT01317342).

Subnormothermic machine perfusion

Subnormothermic machine perfusion (SNMP, 20–30 °C) is a middle-of-the-road approach between 

HMP and normothermic machine perfusion (37 °C, NMP).73 An advantage of SNMP is its relative 

simplicity compared to NMP. By inducing a metabolic rate of approximately 25% of physiological 

levels, it allows for functional assessment of the liver.74 To prevent depletion of nutrients, SMP 

requires the use of a nutrient enriched perfusate. Surprisingly, an oxygen carrier is not always used; 

SMP has been performed both with and without red blood cells or an artificial oxygen carrier.73,75,76 

The question whether the use of an oxygen carrier at subnormothermic temperatures is essential, 

therefore, remains a matter of debate and this issue requires further research.

SNMP has been tested in rats with positive effects on bile production and decreased release 

of biliary enzymes.77,78 Using a hepatocyte cell culture medium as a perfusate, Bruinsma et al74 

performed SNMP of seven human livers that were declined for transplantation. During 3 h of end-

ischemic SNMP, increasing bile flow and biliary bicarbonate excretion were seen. Moreover, the ratio 

of bile salts to phospholipids in bile decreased over time, indicating improvement of hepatocellular 

secretory function and a decrease in bile toxicity. Unfortunately, this study had no control group or 

reperfusion phase; therefore, it provides little substantiation for SNMP beyond proof of feasibility.74

Knaak et al79 have performed liver transplantation after SNMP of DCD pig livers, comparing it 

to static cold storage. The three-hour perfusion phase in this experiment, using Steen’s solution 

with washed red blood cells at 33 °C, was preceded by four hours, and followed by three hours 

of cold ischemia time. The investigators first studied bile output of the liver during eight hours of 

in situ reperfusion. Subsequently, ten animals (five vs. five) were transplanted and monitored for 
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seven days. Lactate dehydrogenase in the bile was found to be significantly lower immediately after 

transplantation in the SNMP group. Moreover, cold stored grafts presented with substantial bile 

duct necrosis after seven days, but those that preserved with SNMP did not. This was also reflected 

in the serum levels of alkaline phosphatase during the survival period, which were significantly 

higher in the cold storage group. This study indicates that SNMP has protective effects on the bile 

ducts in a DCD model of pig liver transplantation.

Normothermic machine perfusion

Under normothermic conditions, the liver reaches a physiological metabolic rate and functionality. 

Sufficient oxygen delivery can only be achieved with the use of an oxygen carrier. This form of 

machine perfusion has been studied extensively in experimental models by the group of Friend 

and coworkers66,71,80,81 and enables ex situ viability testing of the liver.50 Some argue that it is superior 

to cold perfusion because it provides the closest resemblance to the normal physiological situation 

in vivo.82 However, bringing the organ up to ‘full metabolic speed’ also makes it more vulnerable. 

Interruption of perfusion or insufficient oxygen delivery will immediately expose the liver to 

warm ischemia. Remaining mindful of this risk, NMP can be safe and reliable when performed 

correctly.83,84,85,86

NMP appears to be the category of perfusion that provides the most pronounced effects on 

biliary preservation. In an interesting experiment using pig DCD livers, Liu et al38 assessed the effect 

of 10 h of NMP on biliary injury and regeneration during 24 h of ex vivo reperfusion. The study 

showed lower release of injury markers (gamma-glutamyltransferase and lactate dehydrogenase) 

in bile and increased biliary bicarbonate secretion in NMP preserved livers, compared to livers that 

underwent conventional 10 h of static cold storage. Moreover, NMP preserved livers displayed 

significantly less histological injury of the PBG and PVP, produced more bile, and demonstrated lower 

thrombogenicity of the microvasculature. Additionally, using Ki-67 staining, these investigators 

observed proliferation of cholangiocytes during 24 h of reperfusion of NMP preserved grafts, which 

was not seen in livers preserved by static cold storage. This study provides important evidence that 

10 h of NMP yields superior results with regard to biliary injury and regeneration, compared to static 

cold storage.38 It should however, be noted that this study did not include actual transplantation 

of machine-perfused livers and, therefore, the occurrence of NAS after transplantation was not 

assessed.

Boehnert et al87 have published an experimental study showing extraordinary biliary 

preservation by NMP in a DCD pig model. Although their experiment offers new perspectives on 

NMP, such as through the use of CT angiography, this study has been criticized for its design and 

difficulty to explain the outcomes.88,89 Our group was the first to publish on the feasibility of NMP 

in four discarded human livers using six hours of perfusion in an end-ischemic approach.50 During 

the six hours of NMP, bile duct histology remained well preserved and did not deteriorate. After 

expanding this series to a total of 12 livers, we found that bile production during NMP can be used 
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as a predictor of graft function, enabling viability testing.47 This finding is in line with previous 

animal studies of NMP, which have recognized bile production as a critical parameter of viability of 

the perfused liver.71,83,90

Several (randomized) clinical trials have been initiated recently and hopefully these studies 

will provide evidence for the beneficial effects of machine perfusion on the incidence of 

biliary complications after liver transplantation. In one randomized controlled multicenter trial 

normothermic preservation perfusion will be compared with static cold storage (http://www.

controlled-trials.com/ISRCTN39731134/). Another multicenter trial is investigating the possible 

protective effects of normothermic regional perfusion in DCD donors (http://www.controlled-trials.

com/ISRCTN89667087/). 

Controlled rewarming

The abrupt change in temperature that occurs upon reperfusion during transplantation of a 

hypothermic liver is believed to contribute to reperfusion injury. Many research groups have 

explored machine perfusion strategies at a constant temperature, still exposing the liver to sudden 

temperature changes. Minor et al studied the effect of controlled oxygenated rewarming (COR) 

of the liver from ice-cold to subnormothermic temperatures during perfusion and compared this 

method with HMP and SNP alone.91 In this experiment, pig livers were harvested and preserved 

by cold storage for 18 h, followed by 90 min of SNP, HMP or COR. The organs where subsequently 

re-perfused ex vivo normothermically with autologous blood to simulate transplantation. Energy 

charge restoration during COR was similar to SMP, but superior to HMP. In addition, COR was 

associated with significantly better hepatobiliary function (as indicated by bile production) and less 

injury upon reperfusion. A group from Tokyo has described similar results.92,93 Integrating controlled 

rewarming into perfusion protocols could potentially combine the best of cold and warm perfusion 

techniques and may potentially provide better protection of the bile ducts.

Perfusate composition

The composition of the perfusion fluid is guided primarily by the temperature, timing and duration 

of machine perfusion. Whereas at low temperatures a low-nutrient preservation solution may be 

used, increasing duration and temperature of perfusion necessitates more additives. Irrespective of 

these factors, oxygen delivery through the perfusate is a fundamental pillar of the advantages that 

machine perfusion has to offer to both the liver and the bile ducts.56,94-96 When oxygen consumption 

exceeds the delivery potential of dissolved oxygen in a watery fluid, red blood cells or an artificial 

oxygen carrier should be added.38,50,97 Because the hepatobiliary transporters that are responsible 

for bile formation are calcium dependent, it is important to titrate calcium to physiological levels 

for the optimization of biliary secretory function.46,98 This is especially true when blood products 

are added to the perfusate, which usually contain calcium-scavenging agents such as citrate. Bile 

salts excreted by the liver during machine perfusion do no return to the perfusate, which normally 
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happens through the enterohepatic circulation in vivo. Supplementation of bile salts is therefore 

necessary when applying machine perfusion for extended periods of time to ensure sustained bile 

production.71 Another relevant aspect is the viscosity of the solution. Several studies have indicated 

that low-viscosity solutions may achieve superior perfusion of the peribiliary vasculature.99-102 

However, the effect of low-viscosity cold flush solutions on biliary complications is controversial.103 

Other constituents of machine perfusion solutions may be oncotic agents (e.g. albumin), parenteral 

nutrition, antibiotics, insulin, heparin, and vasoactive drugs.38,50,104 Machine perfusion also opens 

alleyways towards ex situ treatment of the liver to enhance the preservation even further. As these 

techniques are still speculative, they will be discussed as ‘future directions’.

Many combinations of perfusion temperatures, perfusates, time points and durations have been 

explored. For a more detailed overview of particular configurations, we suggest further reading of 

specific reviews.53,105-108 Which combination of these parameters provides optimal protection for the 

biliary tree currently remains unclear. 

Future directions

Machine perfusion provides a platform that may facilitate the treatment of donor livers, uncovering 

specific targets that previously remained out of reach for the transplant surgeon. One possibility 

that quickly comes to mind is the addition of pharmacological agents to the perfusion fluid. Such 

interventions could be specifically targeted at factors that have been shown to play a role in the 

pathogenesis of NAS, such as bile composition, immunological factors, bicarbonate secretion, or 

even factors that may stimulate biliary epithelial regeneration. 

With the aim of reducing the Kupffer cell-mediated insult to the liver after transplantation, one 

group has administered gadolinium chloride (GdCl3) to rats in an autologous rat transplant model. 

This intervention reduced the amount of apoptosis observed in the bile duct after warm ischemia/

reperfusion injury.109 Another prospect could be the addition of hydrophilic bile salts or other 

compounds to stimulate a less cytotoxic bile composition.71

Finally, it has been proposed that the infusion of mesenchymal stem cells (MSCs) into the 

perfusion circuit could help restore a donor organ.110 Although the exact mechanisms are unknown, 

MSCs are believed to have anti-inflammatory and pro-regenerative effects mostly through the 

excretion of paracrine factors without requiring colonization.111,112 The clinical safety of MSC infusion 

in liver transplant recipients has been suggested, but the efficacy is still strongly debated.113,114 

Machine perfusion provides an exceptional opportunity for the ex situ application of MSCs.

Conclusion

Liver machine perfusion comprises a spectrum of promising techniques of liver graft preservation 

that are currently making the transition into clinical practice. It is anticipated that the use of 

machine perfusion can lead to a significant increase of the availability of transplant livers as well as a 

reduction in postoperative complications such as early graft dysfunction and biliary complications. 
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Existing data from animal models and preliminary data from (discarded) human donor livers provide 

promising evidence that machine perfusion has relevant protective effects on the bile ducts. In 

animal studies, liver machine perfusion did not only reduce the amount of injury to the bile ducts, 

but it also helped to restore the endogenous regenerative capacity of the biliary epithelium and bile 

duct wall. Whether this results in a decreased incidence of biliary complications, such as NAS, after 

clinical transplantation needs to be awaited. Randomized clinical trials are being initiated and will 

be necessary to demonstrate the efficacy of machine perfusion in clinical transplantation. Finally, 

machine perfusion provides a platform for the exploration of putative ex situ treatments, using 

interventions that are aimed at specific targets in the liver and the biliary system.

Key points

• Non-anastomotic biliary strictures (NAS) are a major barrier 
for the widespread use of extended-criteria donor livers. 

• Considerable progress has been made in the understanding 
of NAS. 

• Surrogate endpoints have been identified to study the 
protective effect of machine perfusion on the biliary tree. 

• Machine perfusion comprises a spectrum of techniques; 
different forms of machine perfusion offer protective effects 
on the biliary tree and may prevent NAS. 

• Machine perfusion holds great promise to expand the donor 
pool by improving the quality of extended criteria donor 
livers and reducing the incidence of NAS
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ABSTRACT

Introduction: Experimental studies have suggested that end-ischaemic dual hypothermic 

oxygenated machine 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.

Methods: In ten consecutive DCD liver transplantations, liver grafts were treated with end-ischaemic 

DHOPE. Outcome was compared with that in a control group of 20 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 up for 1 year.

Results: 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, median 

(interquartile range) hepatic adenosine 5'-triphosphate (ATP) content increased 11-fold, from 6 

(3–10) to 66 (42–87) µmol/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 twofold 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 (interquartile range 0.7–1.4) versus 2.6 

(0.9–5.1) mg/dl, P = 0.044). None of the ten DHOPE-preserved livers required retransplantation for 

non-anastomotic biliary stricture, compared with five of 20 in the control group (P = 0.140).

Conclusion: This clinical study of end-ischaemic 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.
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INTRODUCTION 

Donation after circulatory death (DCD) liver grafts are used increasingly for transplantation in an 

attempt to overcome the discrepancy between the number of available donors and the number 

of patients waiting for a liver transplant. A major drawback of DCD livers compared with donation 

after brain death (DBD) livers is the inevitable period of warm ischemia between withdrawal 

of life support and circulatory arrest. This first period of warm ischemia and the subsequent 

cold ischemia during transportation leads to depletion of intracellular energy sources, such as 

adenosine 5'-triphosphate (ATP), as well as other metabolic perturbations causing cellular injury 

and dysfunction.1,2 Graft damage is exacerbated by reperfusion injury and manifests clinically 

as an increased risk of complications and graft failure after transplantation.3 The most frequent 

complications after DCD liver transplantation are biliary complications4,5, which include a spectrum 

of cholangiopathies causing cholestasis, jaundice and cholangitis that may lead to graft loss. Non-

anastomotic biliary stricture (NAS) has been reported in up to 30 per cent of patients following DCD 

liver transplantation – almost three times higher than in recipients of a DBD liver.3

Experimental studies 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).6-13 Guarrera and colleagues were the first to report successful clinical transplantation 

of extended criteria DBD donor livers after ex situ hypothermic machine perfusion (4–6°C) via 

the portal vein and hepatic artery without active oxygenation.14,15 Dutkowski and co-workers 

subsequently reported the application of hypothermic (10°C) oxygenated perfusion in DCD liver 

transplantation.16,17 Although Dutkowski’s group applied active oxygenation of the perfusion fluid, 

they perfused only 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.18 Preservation of the 

biliary tree is critical, and single portal perfusion may not be sufficient to protect 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 the hepatic artery.19 The hypothesis for the present study was that DHOPE 

is feasible and safe in resuscitating DCD liver grafts.

METHODS 

Patient selection

Between April 2014 and November 2014, ten consecutive patients (aged at least 18 years) undergoing 

DCD liver transplantation (Maastricht type 3 and donor bodyweight above 40 kg) at the authors’ 

centre were included in the study. Exclusion criteria for the study were: inability to give informed 

consent; high urgency status; human immunodeficiency virus positivity; pregnant or nursing; donor 

positive for hepatitis B or C; or an expected cold ischemia time greater than 8 h. All livers were 

allocated according to the regular Eurotransplant rules based on blood type compatibility and 

Model for End-stage Liver Disease (MELD) score.20 At the time of listing, patients gave informed 
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consent to the possibility of receiving a DCD graft. At the time of donor liver offer, patients gave 

informed consent for machine preservation of the donor liver. The study protocol was approved 

by the institutional medical ethics committee (METc University Medical Centre Groningen; record 

M14.152454) and was published in an open access registry (www.trialregister.nl; trial ID NTR4493).

Donor organ procurement and preparation

After circulatory death of the donor and a “no-touch” period of 5 minutes, aortic flush was performed 

with at least 4 L of ice-cold (0-4 °C) Belzer University of Wisconsin® Cold Storage Solution (UW 

CSS) (Bridge to Life Ltd, London, UK) to which 50.000 IU of heparin was added. Donors were not 

systemically heparinized before circulatory death. A segment of supratruncal aorta was left attached 

to the celiac trunk for later cannulation (Figure 1). Bile ducts were flushed with preservation solution 

and additional low pressure portal flush was performed before packing and transportation in UW 

CS. Upon arrival in our centre, the livers were flushed through the portal vein with 1 L ice-cold Belzer 

MPS® UW Machine Perfusion Solution (UW MPS) (Bridge to Life).

Figure 1. Macroscopic aspect of a donor liver during machine perfusion. Liver graft with cannulas in the portal 
vein and supratruncal aorta during back-table preparation, and before and after DHOPE. The asterisk indicates a 
wet sterile gauze protecting the arteries. DHOPE, dual hypothermic oxygenated machine perfusion; SCS, static cold 
storage.

Dual hypothermic oxygenated machine perfusion 

All livers underwent at least 2 h of DHOPE using the Liver Assist device (Organ Assist, Groningen, The 

Netherlands). Machine perfusion was performed simultaneously with the recipient hepatectomy. 

In case of an unexpectedly difficult hepatectomy, DHOPE was prolonged (in three instances by 

17, 19 and 52 min). The Liver Assist provides pressure-controlled dual perfusion of the liver with 

rotary pumps (Figure 2). Arterial pressure was set at 25 mmHg resulting in a pulsatile flow (systolic 

30 mmHg, diastolic 20 mmHg) at 60 beats per min. A continuous portal flow was provided with a 

pressure of 5 mmHg. Pressure settings were based on previous studies and are subphysiological to 

avoid shear stress-induced damage of the endothelium at low temperatures.10,19,21 Four litres of UW 

MPS, supplemented with 3 mmol/l glutathione, were used as perfusion fluid at a temperature of 
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12°C. The perfusion fluid was oxygenated by two hollow-fibre membrane oxygenators (100 per cent 

oxygen at 500 ml/min), resulting in a partial pressure of oxygen of at least 450 mmHg, as described 

previously.10,19

Characteristics of DHOPE such as flow and resistance were assessed every 10 min. Samples of 

perfusion fluid were collected every 30 min for immediate analysis of perfusate lactate and glucose 

using an ABL800 FLEX analyser (Radiometer, Brønhøj, Denmark). Additional perfusate samples were 

centrifuged for 5 min at 2700 r.p.m. at 4°C and stored at −80°C for later biochemical analysis. The 

concentration of thiobarbituric acid reactive substances (TBARS) was measured in the perfusion 

fluid as a marker of oxidative stress, as described previously.10 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.22

Transplantation procedure

Implantations were performed using the piggy-back technique without use of venovenous bypass. 

Graft reperfusion was initiated via the portal vein with an in situ flush of 500 ml of recipient’s 

blood, followed by construction of the arterial anastomosis, using donor common or proper 

Figure 2. Schematic drawing of perfusion set-up of the dual hypothermic oxygenated machine perfusion. 
The liver graft was placed in the reservoir which was covered with a transparent lid to maintain a moist and sterile 
environment. The system was both pressure- and temperature-controlled. Two rotary pumps separately provided 
a pulsatile flow to the hepatic artery (HA) at a mean of 25 mm Hg amplitude ± 5 mm Hg and a continuous flow 
to the portal vein (PV) at 5 mm Hg. The perfusion fluid was oxygenated by the membrane oxygenators which also 
regulated the temperature (set to 10 °C). Real-time perfusion flow rates and temperature were measured by sensors 
and displayed on both pump units. 
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hepatic artery. Biliary reconstruction was performed using duct-to-duct anastomosis without 

a stent. Immunosuppressive therapy consisted of induction with basiliximab and maintenance 

immunosuppression with a calcineurin inhibitor (tacrolimus or ciclosporin) and a rapid taper of 

steroids, either with or without mycophenolate mofetil.

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 underwent 

primary DCD liver transplantation between 2008 and 2014 at the authors’ centre. DCD liver 

transplantation was initiated at this centre in 2001, and both procurement and implantation 

techniques have been standardized in a national protocol, which has not been changed over time. 

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 min) and MELD score (less than 22 or at least 23). Donor warm ischemia time was defined 

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 from graft failure. 

Secondary endpoints were graft and patient survival rates at 1 year, technical safety of machine 

perfusion, microbiological testing of perfusion fluid and postoperative complications. Initial poor 

function was defined based on a modification of the Olthoff criteria: international normalized 

ratio above 1.6 and or a serum total bilirubin level greater than 10 mg/dl on postoperative day 7.23 

Serum markers of hepatobiliary injury and function (serum lactate, alanine aminotransferase (ALT), 

alkaline phosphatase (ALP), γ-glutamyl transferase (GGT), prothrombin time and total bilirubin) 

were measured using standard biochemical assays.

Other postoperative parameters assessed were duration of ICU and hospital stay, and 

postoperative complications, including biliary complications such as ischaemic cholangiopathy, 

defined as NAS or biliary necrosis. NAS was defined as bile duct stenosis at any location in the biliary 

tree (intrahepatic or extrahepatic, but not at the site of anastomosis) as detected by endoscopic 

retrograde (ERCP) or magnetic resonance (MRCP) cholangiopancreatography, with clinical signs of 

cholestasis and/or cholangitis (including raised cholestatic laboratory test results such as for serum 

GGT and ALP) in the presence of a patent hepatic artery.

Biliary necrosis was defined as evidence of intrahepatic biloma formation or bile duct leakage. 

All recipients of a DHOPE-preserved liver underwent MRCP 6 months after transplantation. All 

MRCPs were performed in a routine manner and assessed by an experienced radiologist, who was 

not aware of whether a liver had undergone machine perfusion or not.
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Statistical analyses

Continuous variables are presented as median (interquartile range) and compared between groups 

using the Mann–Whitney U test. Categorical variables are presented as number and percentage, 

and compared with the Pearson χ2 test or Fisher’s exact test. Graft and recipient survival analyses 

were determined with the Kaplan–Meier method, and significance of survival differences was 

determined with the log rank test. P < 0.050 was considered to indicate statistical significance. All 

statistical analyses were performed using SPSS® software version 22.0 for Windows® (IBM, Armonk, 

New York, USA).

RESULTS  

Ten consecutive, unselected DCD liver transplants underwent DHOPE preservation prior to 

implantation and no patient had to be excluded based on the exclusion criteria. Donor and recipient 

characteristics of patients in the DHOPE and control group are summarized in Table 1. There were no 

significant differences in baseline characteristics, except for a lower body mass index in the DHOPE 

group. 

Graft and patient survival

Six-month and 1-year graft and patient survival rates were 100 per cent (10 0f 10) in the DHOPE 

group, whereas 6-month graft survival and 1-year graft and patient survival rates in the control group 

were 80 (16 of 20), 67 (13 of 20) and 85 per cent (17 of 20) respectively (p = 0.052 for graft survival, 

p = 0.209 for patient survival) (Figure 3). Graft loss in the control group was due to hepatic artery 

Figure 3. Kaplan-Meier curves of graft and patient survival rates within the first year after transplantation 
in dual hypothermic oxygenated machine perfusion (DHOPE) and control group. Patient death in the control 
group was due to angiosarcoma in one patient, pneumonia as a complication of treatment for hemophagocytic 
syndrome in one patient, and haemorrhagic shock due to intrathoracic bleeding after thoracentesis for pleural 
effusion in one patient. DHOPE indicates dual hypothermic oxygenated machine perfusion. 

Numbers at 
risk Baseline 1 month

3 
months

6 
months

12 
months

DHOPE 10 10 10 10 10

Control 20 17 16 15 11

Numbers at 
risk Baseline 1 month

3 
months

6 
months

12 
months

DHOPE 10 10 10 10 10

Control 20 20 19 19 17
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Table 1. Donor and recipient characteristics

DHOPE 
(n = 10)

Control 
(n = 20) p-value¶

Donor characteristics
Age (years)* 53 (47–57) 53 (47–58) 0.914
Sex ratio (M : F) 5 : 5 13 : 7 0.461#
Body mass index (kg/m2)* 23 (20–24) 25 (22–27) 0.044
Cause of death 0.727#

Trauma 4 6
Postanoxic brain injury 3 5
Cerebrovascular accident 3 9
Other 0 0

Donor highest serum ALT (units/l)* 88 (32–194) 35 (23–99) 0.109
Donor risk index*† 1.89 (1.47–2.19) 2.00 (1.73–2.20) 0.619
Time from circulatory arrest to cold perfusion (min)* 15 (13–17) 16 (14–18) 0.619
Time from withdrawal of life support to cold perfusion (min)* 27 (23–43) 32 (27–39) 0.629

Preservation
Duration of DHOPE (min)* 126 (123–135) – -
Total preservation time (min)*‡ 521 (469–592) 503 (476–526) 0.448

Recipient characteristics
Age (years)* 57 (54–62) 52 (42–60) 0.131
Sex ratio (M : F) 6 : 4 11 : 9 1.000#
MELD score*§ 16 (15–22) 22 (17–27) 0.109
Indication for liver transplantation 0.071#

Alcoholic cirrhosis 3 2
Non-alcoholic steatohepatitis 5 2
Primary sclerosing cholangitis 1 5
Primary and secondary biliary cirrhosis 0 2
Autoimmune hepatitis 0 1
Hepatitis B or C cirrhosis 1 0
Hepatocellular carcinoma 0 4
Cryptogenic cirrhosis 0 3
Familial amyloid neuropathy 0 1

Intraoperative characteristics
Estimated blood loss (litres)* 3.6 (1.8–4.9) 2.6 (2.1–6.6) 0.914
Transfusion of red blood cells (units)* 3 (1.5–7.5) 3 (0.3–7.5) 0.880
Transfusion of FFP (units)* 0 (0–5.5) 0 (0–7.0) 0.914

*Values are median (interquartile range). †A validated tool for assessing the risk of liver graft failure32; ‡defined as the 
interval between commencement of aortic cold flush in the donor and portal reperfusion in the recipient; §defined as 
the highest laboratory-derived Model for End-stage Liver Disease (MELD) score or the (non)-standard exception MELD 
score. DHOPE, dual hypothermic oxygenated machine perfusion; ALT, alanine aminotransferase; FFP, fresh frozen 
plasma. ¶Mann–Whitney U test, except #χ2 or Fisher’s exact test.

thrombosis (1 patient), necrotic bile ducts (2) and NAS (3). Patient death in the control group was 

due to angiosarcoma (1 patient), pneumonia as a complication of treatment for hemophagocytic 

syndrome (1) and haemorrhagic shock due to intrathoracic bleeding after thoracentesis for pleural 

effusion (1). 

Characteristics of DHOPE

No technical problems or device malfunction occurred during machine perfusion. Microbiological 

evaluation of the perfusion fluid revealed no evidence of microbial contamination. Livers in the 
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DHOPE group were perfused for a median duration of 126 (123–135) min after a median cold 

ischemia time of 331 (308–376) min. This resulted in a total preservation time of 8.7 (7.8–9.9) h for 

DHOPE versus 8.4 (7.9–8.8) h in the control group (p = 0.448).

The macroscopic appearance of a representative liver graft before and after DHOPE is shown 

in Figure 1. Flows increased mainly during the first 30 min of DHOPE and reached a median portal 

flow of 365 ml/min and a median hepatic arterial flow of 84 m/min after 2 h (Figure 4a). In parallel, 

the vascular resistance decreased during the first 30 min and stabilized thereafter (Figure 4b). 

ALT concentration in perfusion fluid increased during the first 30 min of machine perfusion and 

decreased thereafter, resulting in a median ALT concentration of 207 (134–878) units/l at the end 

of DHOPE (Figure 4c). Lactate and glucose concentration in perfusion fluid also increased during 

the first 30 min and stabilized thereafter (Figure 4d). 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 (3–10) 

to 66 (42–87) µmol/g (p = 0.005). After graft reperfusion in the recipient, hepatic ATP levels were 

comparable to those at the end of DHOPE (Figure 5).-

Figure 4. Characteristics of dual hypothermic oxygenated machine perfusion. a Arterial and portal flow 
rates were measured by flow sensors attached to the tubing of the perfusion device. b Perfusion pressure (mmHg) 
was measured by pressure sensors attached to the arterial and venous tubing. Vascular resistance was calculated 
using Ohm’s law and expressed as mmHg/mL/min/kg liver. c&d Levels of alanine aminotransferase (ALT), glucose 
and lactate were measured in perfusion fluid samples taken every 30 minutes during perfusion. Values are median 
(interquartile range).
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Figure 5. Hepatocellular energy levels before and after DHOPE in the livers in the intervention group only 
(n=10). Values are median (interquartile range). ATP, adenosine 5'-triphosphate; SCS, static cold storage. *P < 0.050 
(Mann–Whitney U test).

Posttransplant hepatobiliary injury and function 

Postoperative prothrombin time and serum lactate concentrations were comparable in the two 

groups during the first 7 days after surgery (Figure 6a,b). Peak serum ALT levels were significantly 

lower in recipients of DHOPE-preserved livers compared with levels in controls (median ALT 966 

versus 1858 units/l respectively; p = 0.006) (Figure 6c). In addition, serum bilirubin concentrations 

were significantly lower on postoperative day 7 in the DHOPE group: 1.0 (0.7–1.4) mg/dl versus 2.6 

(0.9–5.1) mg/dl in controls (p = 0.044) (Figure 6d).

Median serum levels of ALT, GGT, ALP and bilirubin at 30 days after transplantation were lower 

in the recipients of DHOPE-preserved livers than in the control group (ALT: 17 versus 51 units/l 

respectively, p = 0.015; GGT: 74 versus 176 units/l, p = 0.049; ALP: 115 versus 182 units/l, p = 0.019; 

bilirubin: 0.5 versus 1.0 mg/dl, p = 0.019) (Figure 6c–f ). These differences remained significant for 

ALT and ALP even when patients with NAS on MRCP were excluded from the analyses, suggesting 

that DHOPE-preserved livers had less subclinical biliary injury that was not detected by MRCP, 

compared with controls.

Posttransplantation outcome

There were no significant differences in kidney function, length of ICU or hospital stay, or incidence 

of postoperative complications, except for postreperfusion hypokalaemia, which developed in 

three recipients of a DHOPE liver (Table 2). One recipient of a DHOPE-preserved liver developed NAS 

in segments II and III of the liver; this was treated successfully with endoscopic stenting. In contrast, 
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Figure 6. Posttransplant biochemical markers of hepatic injury and function in dual hypothermic oxygenated 
machine perfusion (DHOPE) and control group. a Prothrombin time, b lactate, c alanine aminotransferase (ALT), d 
total bilirubin, e γ-glutamyl transferase (GGT), f alkaline phosphatase (ALP). Day 0 was determined as the time interval 
between reperfusion and midnight. Values are median (interquartile range). *P < 0.050 (Mann–Whitney U test).

seven of 20 patients in the matched control group developed NAS; this was treated successfully 

with endoscopic stenting in four patients, but required retransplantation in three patients. Both 

patients in the control group with massive biliary necrosis were retransplanted.
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DISCUSSION 

This clinical series of end-ischaemic DHOPE in DCD liver transplantation suggests that this method 

of liver machine preservation is safe and feasible. Compared with SCS alone, DHOPE seems to 

provide better preservation of DCD liver grafts, resulting in a reduction of ischemia–reperfusion 

injury and improved early graft function. Graft and patient survival rates after transplantation of 

DHOPE-preserved DCD livers were 100 per cent during a 12-month follow-up. One-year graft and 

patient survival rates in the matched controls were 67 and 85 per cent respectively. Although patient 

survival in the control group was affected mainly by deaths that were not related to graft function or 

biliary complications, survival rates are consistent with those in recent publications.4,24

Hypothermic machine perfusion is a rapidly developing and dynamic field with many still 

unanswered questions. For example, there is no consensus on the need for active oxygenation. 

Table 2. Post-transplant outcomes

DHOPE 
(n = 10)

Control 
(n = 20) p-value‡‡

Recovery
Peak serum creatinine at ≤ 1 week (mg/day)*† 1.4 (1.0–2.8) 1.3 (0.8–1.8) 0.373§§
Duration of ICU stay (days)* 2 (2–6) 2 (1–5) 0.475§§
Duration of hospital stay (days)* 22 (16–33) 23 (15–32) 0.880§§

Complications
Hypokalaemia (< 3.5 mEq/l) after reperfusion‡ 3 0 0.030
Initial poor function§ 0 2 1.000
Primary non-function¶ 0 0 –
Relaparotomy# 3 7 1.000
Renal failure requiring haemodialysis 1 2 1.000
Hepatic artery thrombosis 0 2 0.540
Biliary complications

Anastomotic biliary stricture 2** 3†† 1.000
Biliary cast formation 3** 3†† 0.372
Ischaemic cholangiopathy 1 9 0.101

Non-anastomotic biliary stricture 1** 7†† 0.210
Massive biliary necrosis 0 2 1.000

Retransplantation for biliary complications 0 5 0.140

*Values are median (interquartile range). †SI conversion factor: to convert creatinine to micromoles per litre (µmol/l), 
multiply by 88.4. ‡SI conversion factor: to convert potassium to millimoles per litre (mmol/l), multiply by 1. §Defined 
based on a modification of the Olthoff criteria: international normalized ratio above 1.6 and/or serum total bilirubin 
level greater than 10  mg/dl on postoperative day  723. ¶Determined as retransplantation or death within 7  days of 
transplantation. #Indications for relaparotomy in dual hypothermic oxygenated machine perfusion (DHOPE) group: 
intra-abdominal blood loss due to diffuse oozing (1); removal of surgical gauzes used for packing to control diffuse 
oozing during transplantation (1); and biliary anastomotic leakage (1). Indications for relaparotomy in control group: 
intra-abdominal blood loss due to diffuse oozing (1); removal of surgical gauzes used for packing to control diffuse 
oozing during transplantation (4); biliary anastomotic leakage (2). **One patient had a combination of anastomotic 
biliary stricture and biliary cast formation; one patient had biliary cast formation as well as non-anastomotic 
biliary stricture. †† One patient had non-anastomotic biliary stricture and later also developed an anastomotic 
biliary stricture. One patient had biliary cast formation as well as non-anastomotic biliary stricture. Two patients 
had a combination of non-anastomotic biliary stricture and biliary cast formation. ‡‡χ2 or Fisher’s exact test, except 
§§Mann–Whitney U test.
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However, experimental data indicate that one of the main benefits of a short period of end-ischaemic 

oxygenated hypothermic perfusion of DCD livers is 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 present study, intrahepatic ATP levels increased 11-fold during DHOPE. This restoration of 

ATP levels during DHOPE is remarkable and can be explained only by an effective extraction and 

utilization of oxygen from the oxygenated machine preservation fluid by the mitochondria, despite 

low temperatures. However, because of the low temperatures, the subsequent turnover rate of ATP 

into adenosine 5'-diphosphate by hepatocytes is low, leading to an accumulation of cellular ATP. 

This finding is very much in line with data obtained by Dutkowski’s group13 in animal experiments, 

and by the present authors’ group in experimental studies using discarded human donor livers.19,25 

Restoration of ATP levels reduces the cellular ‘oxygen debt’, resulting in reduced production of radical 

oxygen species and damage associated molecular pattern molecules after warm reperfusion in the 

recipient.6-8 The downstream effects of this are reduced activation of Kupffer cells and endothelium, 

limiting ischemia–reperfusion injury and resulting in a downregulation of the immune response 

after transplantation.11-13 Altogether, these data indicate that active oxygenation of the perfusion 

fluid adds significantly to the benefits of hypothermic machine perfusion.

Another unanswered question is the need for dual versus single perfusion of livers. It remains 

unclear whether dual or single perfusion is equally effective, or whether one method is superior 

over the other. A potential risk of combined portal and arterial perfusion is mechanical damage that 

may occur to the hepatic artery and could cause a higher incidence of hepatic artery thrombosis 

following transplantation. For this reason, Dutkowski and colleagues used only portal vein 

perfusion.16,17 However, 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 vasculature.18 The present authors have 

avoided manipulation 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 developed 

hepatic artery thrombosis. Guarrera and co-workers14,15 also used combined portal and arterial 

perfusion without an increased rate of arterial complications.

After transplantation, peak serum ALT levels at 1 week were significantly lower in recipients of 

a DHOPE-preserved DCD liver than in controls. A high peak ALT following DCD liver transplantation 

has been identified previously as an independent risk factor for the development of NAS.26 Only one 

patient in the DHOPE group developed local NAS, limited to the left lateral segments of the liver, 

which was treated successfully with endoscopic stenting. The low incidence of NAS is remarkable, 

especially considering the rather long donor warm ischemia time (median 27 min), reflecting current 

DCD practice in the Netherlands.3,24 The long donor warm ischemia time probably contributes to the 

high incidence of NAS of 24–35 per cent in the Netherlands.3,24 In contrast, ischaemic cholangiopathy 

was noted in nine of the 20 matched controls, necessitating retransplantation in five patients. A 
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potentially beneficial effect of hypothermic oxygenated machine perfusion on the occurrence of 

biliary complications after DCD liver transplantation has also been reported by Dutkowski et al..16,17 

However, when donor warm ischemia time is limited, the benefit of hypothermic machine perfusion 

may be lower, as short donor warm ischemia time has been associated with a low risk of NAS and 

graft failure.27,28 Formal evidence that hypothermic oxygenated machine perfusion reduces the 

incidence of biliary complications after DCD liver transplantation should come from RCTs. Based 

on the present favourable results, a multicentre RCT comparing end-ischaemic DHOPE with SCS 

alone in DCD liver transplantation has been initiated. The primary endpoint of this study will be NAS 

within 6 months after transplantation (ClinicalTrials.gov NCT02584283).

Several groups, including that of the authors, have reported recently on the feasibility and potential 

benefits of end-ischaemic normothermic machine perfusion of human donor livers.29-31 In contrast 

to hypothermic machine perfusion, normothermic liver perfusion enables an ex situ functional 

assessment. This facilitates the identification of transplantable donor livers that would otherwise 

have been declined because of a high risk of primary non-function. Hypothermic oxygenated 

machine perfusion does not allow functional assessment of the liver before transplantation, but 

rather aims to reduce 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 compared with normothermic machine perfusion is its relative 

simplicity and safety. In addition, hypothermic machine perfusion is associated with lower costs 

than normothermic machine perfusion.

Limitations of this study are the sample size and use of matched historical controls. DCD liver 

transplantation was initiated at the authors’ centre in 2001, and both procurement and implantation 

techniques have been standardized in a national protocol, which has not been changed over time. 

Therefore, no major bias from a learning curve effect when comparing the DHOPE series (performed 

in 2014) with historical controls performed between 2008 and 2014 would be expected. Primary 

sclerosing cholangitis (PSC) was the underlying liver disease in five control patients, compared 

with one patient in the DHOPE group. In general, PSC is not considered a contraindication for DCD 

liver transplantation as 30 per cent of donor livers come from DCD donors and 15–20 per cent of 

patients requiring a liver transplant in the Netherlands have PSC as the underlying liver disease. 

Although patients transplanted for PSC have a higher risk of developing biliary stricture, only one of 

the five patients with PSC in the control group developed NAS. Therefore, this does not explain the 

difference in the incidence of NAS between the two groups.

This small clinical study suggests that end-ischaemic portal and arterial hypothermic oxygenated 

machine perfusion is feasible and safe in resuscitating DCD liver grafts before 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. However, 

the efficacy of DHOPE in reducing (biliary) complications after transplantation remains to be 

determined in an RCT before the technology is implemented routinely in DCD liver transplantation.
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ABSTRACT

Introduction: Dual hypothermic oxygenated machine perfusion (DHOPE) of the liver has been 

advocated as a method to reduce ischemia-reperfusion injury. This study aimed to determine 

whether DHOPE reduces IR injury of the bile ducts in DCD liver transplantation. 

Methods: In a recently performed phase 1-trial, ten DCD livers were preserved with DHOPE after 

static cold storage (SCS) (www.trialregister.nl NTR4493). Bile duct biopsies were obtained at the end 

of SCS (before DHOPE; baseline) and after graft reperfusion in the recipient. Histological severity 

of biliary injury was graded according to an established semi-quantitative grading system. Twenty 

liver transplantations using DCD livers not preserved with DHOPE served as control. 

Results: Baseline characteristics and the degree of bile duct injury at baseline (end of SCS) were 

similar between both groups. In controls, degree of stroma necrosis (p = 0.002) and injury of the 

deep peribiliary glands (p = 0.02) increased after reperfusion, compared to baseline. In contrast, in 

DHOPE preserved livers the degree of bile duct injury did not increase after reperfusion. Moreover, 

there was less injury of deep peribiliary glands (p = 0.04) after reperfusion in the DHOPE group, 

compared to controls. 

Conclusion: This study suggests that DHOPE reduces ischemia-reperfusion injury of bile ducts after 

DCD liver transplantation. 
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INTRODUCTION

The worldwide shortage of donor livers for transplantation has led to efforts to increase the number 

of available grafts. In countries such as the Netherlands, Spain and the UK, this has led to a more 

frequent use of donation after circulatory death (DCD) livers for transplantation.1,2 Unfortunately, 

DCD liver grafts have a 3-fold higher risk of developing non-anastomotic biliary strictures (NAS) 

after transplantation, compared to donation after brain death (DBD) liver grafts. The reported 

incidence of NAS ranges between 16-31% in DCD versus 3-13% in DBD liver grafts.3-5 This type of 

biliary complication is regarded as a major complication after DCD liver transplantation as it often 

requires multiple endoscopic interventions and leads to re-transplantation in 16% of patients and 

death in 6%.6,7

Although the etiology of NAS is not fully understood, the duration of cold and warm ischemia 

during transplantation has been recognized as a major risk factor for NAS.8-10 Ischemic conditions 

lead to a complex cascade of events resulting in ischemia-reperfusion (IR) injury.11 Three independent 

clinical studies recently demonstrated that the majority of donor livers have histological evidence 

of extensive biliary IR injury at the time of transplantation.12-14 Especially the degree of biliary 

epithelial loss, mural necrosis, and injury of the deep peribiliary glands (PBG) and peribiliary 

vascular plexus (PVP) at the time of transplantation has been associated with the development of 

NAS after transplantation.12-14 The PBG contain biliary stem/progenitor cells that are involved in the 

regeneration and repair of the bile duct epithelium after severe injury.15-17 Therefore, it has been 

hypothesized that reduced regenerative capacity of the bile ducts due to damage of the PBG plays 

an important role in the development of NAS after transplantation.14,18

A short period of hypothermic machine perfusion (HMP) after conventional static cold storage 

(SCS) has been shown to reduce IR injury of donor livers.19,20 End-ischemic HMP results in a reduction 

of hepatocyte apoptosis and necrosis, mitochondrial and nuclear injury, endothelial injury, Kupffer 

cell activation, and the subsequent host immune response.19-23 Furthermore, animal studies have 

suggested that HMP reduces IR injury of the bile ducts, as indicated by an improved biliary epithelial 

cell function, reduced biliary injury markers, and less histological bile duct wall necrosis, epithelial 

cell loss, and arteriolonecrosis of the PVP, compared to SCS alone.24-26 The first clinical series of end-

ischemic HMP have demonstrated that this method is safe and may lead to a lower incidence of 

biliary complications after transplantation.27-31 However, formal proof for such a protective effect of 

HMP should come from prospective randomized trials that are currently ongoing (ClinicalTrials.gov 

NCT02584283).

Despite the recognized beneficial effect of HMP on IR injury and a suggested reduced risk of 

NAS after transplantation, there are no studies that have examined the effect of HMP on IR injury 

of human bile ducts. In the present study, we aimed to determine whether dual oxygenated HMP 

(DHOPE) reduces reperfusion injury of the bile ducts in DCD liver transplantation, by performing a 

systematic histological comparison of donor bile ducts before and after graft reperfusion. 
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MATERIALS AND METHODS 

Study population

A recently performed phase 1 study in our center included ten consecutive patients who underwent 

DCD liver transplantation between April and November 2014.31 The donor livers were preserved 

with DHOPE for two hours after conventional SCS. Informed consent for DHOPE was obtained. The 

study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was 

approved by the Medical Ethics Committee of the UMCG (approval number METc2014.100). 

A control group consisted of patients who underwent DCD liver transplantation in our center 

between February 2012 and September 2015. During this period, bile duct biopsies were routinely 

obtained when the bile duct was long enough. All patients in whom bile duct biopsies were 

obtained, were included in the control group without application of exclusion criteria.

Study protocol

All DCD livers were procured by one of the regional multi-organ recovery teams using a rapid 

procurement protocol with aortic cold flush-out and additional portal vein flush on the back table, 

followed by SCS. Upon arrival in our center, the liver was inspected and prepared for perfusion by 

placement of cannulas in the portal vein and aorta. The cannulas were connected to the disposable 

tubing set of the Liver Assist device (Organ Assist, Groningen, The Netherlands). The livers were 

perfused for at least two hours with 4 L of UW Machine Perfusion Solution (Bridge-to-Life Ltd, 

Norfolk, UK) at a temperature of 10-12 °C. Two rotary pumps enabled pressure-controlled perfusion 

with pulsatile mean arterial pressure of 25 mmHg and a continuous portal pressure of 5 mmHg. The 

perfusion solution was oxygenated by two hollow fiber membrane oxygenators with 100% FiO2 at 

500 ml/min per oxygenator. 

Bile duct biopsies

Bile duct biopsies were obtained from the common bile duct, as described previously.14 The 

biopsies were at the end of SCS (baseline) and after graft reperfusion in the recipient, shortly before 

constructing the bile duct anastomosis. Baseline biopsies were collected after SCS during the back 

table procedure, which was followed by DHOPE. All samples were fixed in 4% formalin, subsequently 

embedded in paraffin and 4µm thick slides were stained with hematoxylin & eosin (H&E). The slides 

were examined using light microscopy and scanned with a Hamamatsu device. 

Histological grading of biliary injury

Biliary injury was graded according to an established semi-quantitative histological grading system 

described by Hansen et al. and modified by Op den Dries et al.13,14 (Table 1). Biopsies were scored 

without knowledge of the clinical data by two investigators separately (RvR and OBvL) under 

supervision of two dedicated liver pathologists (ASHG and MvdH). In case of discordant results, 

slides were examined by a third investigator.
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Statistical analyzes

Continuous variables were presented as median (interquartile range) or mean (standard deviation) 

when appropriate and were compared between groups with the 2-tailed Mann-Whitney test. 

Categorical variables were presented as number (percentage) and compared between groups with 

the Pearson chi-square test or the Fisher’s exact test where appropriate. P values < 0.05 were defined 

as significant. Statistical analyses were performed using SPSS version 22.0 for Windows.

RESULTS

Donor and recipient characteristics 

Between April and November 2014, ten patients were included in the DHOPE phase 1 trial. 

Detailed clinical results have been reported previously.31 The control group consisted of 20 patients 

in whom bile duct biopsies were obtained, out of a total of 69 patients who underwent a DCD 

liver transplantation in our center between February 2012 and September 2015. There were no 

differences in donor and recipient characteristics between the 20 control patients and the remaining 

49 recipients of a DCD graft (data not shown). Baseline clinical characteristics of the DHOPE group 

and the control group are summarized in Table 2. The Eurotransplant donor risk index (ET-DRI) was 

similar in the DHOPE and the control group. The donors in the DHOPE group had a higher latest 

Table 1. Histological grading of bile duct injury

Item Histological Characteristic Grading 

1. Biliary epithelium loss Absence of epithelial cells lining 
the bile duct lumen

0: no loss
1: ≤50% of the bile duct with absent 
epithelial lining 
2: >50%

2. Mural stroma necrosis Necrosis of the bile duct wall 0: no necrosis
1: ≤25% of the wall necrotic
2: >25% and ≤50%
3: >50% and ≤75%
4: >75%

3. Peribiliary vascular plexus damage Damage to the vessels such as 
subendothelial edema

0: no vascular lesions
1: ≤50% of the vessels damaged
2: >50%

4. Arteriolonecrosis Loss of endothelial nuclei of 
arterioles and media degeneration

0: no arteriolonecrosis
1: ≤50% of the arteries necrotic
2: >50%

5. Thrombosis Presence of micro-thrombi 0: no microthrombi
1: microthrombi present

6. Intramural bleeding Presence of erythrocytes in the bile 
duct wall

0: no bleeding
1: ≤50% of the bile duct wall
2: >50%

7. Periluminal PBG loss Absence of epithelial cells in the 
PBG close to the lumen 

0: no loss
1: ≤50% loss
2: >50% loss

8. Deep PBG loss Absence of epithelium in the PBG 
located deep in the bile duct wall

0: no loss
1: ≤50% loss
2: >50% loss

Abbreviations: PBG; peribiliary glands. 
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Table 2. Donor and recipient characteristics

Characteristic DHOPE group 
(n=10)

Control group
(n=20)

P value 

Donor characteristics

Eurotransplant donor risk index* 2.30 (1.81-2.53) 2.22 (1.67-2.54) 0.98

Age (years) 53 (47-57) 49 (34-55) 0.18

BMI (kg/m2) 23.0 (19.9-24.1) 23.6 (22.0-26.0) 0.25

Latest  ALT (U/L) 72 (39-125) 29 (19-46) 0.008

Peak ALT (U/L) 121 (42-271) 33 (20-46) 0.004

Latest GGT (U/L) 50 (19-102) 39 (17-70) 0.75

Preservation characteristics

Preservation fluid (UW vs. HTK) 10 (100%) 18 (90%) 0.54

Asystole time (min)# 15 (13-17) 15 (12-19) 0.95

Donor warm ischemia time (min)^ 26 (23-42) 33 (29-41) 0.35

Cold ischemia time (min)** 358 (314-398) 426 (402-485) 0.002

Total preservation time (min)## 521 (469-592) 430 (407-485) 0.002

Anastomosis time (min)^^ 34 (30-49) 33 (31-43) 0.88

Recipient characteristics

Age (years) 57 (54-62) 55 (47-63) 0.50

Sex (male) 6 (60%) 9 (45%) > 0.99

MELD score*** 16 (15-22) 20 (13-24) 0.56

Underlying disease: 0.08

Alcoholic cirrhosis 3 (30%) 3 (15%)

NASH 5 (50%) 3 (15%)

Primary sclerosing cholangitis 1 (10%) 4 (20%)

Primary biliary cirrhosis 0 0

Autoimmune hepatitis 0 3 (15%)

Hepatitis B or C 1 (10%) 1 (5%)

Hepatocellular carcinoma 0 0

Cryptogenic 0 3 (15%)

Other 0 4 (20%)

* Eurotransplant donor risk index is a validated tool to assess the risk of liver graft failure37. # Asystole time was defined 
as time between circulatory arrest and in situ aortic cold flush. ^ Donor warm ischaemia time was defined as the 
time interval between withdrawal of donor life support and initiation of in situ aortic cold flush. ** Cold ischemia time 
was defined as the interval between start aortic cold flush and end of static cold storage excluding the duration of 
DHOPE. ## Total preservation time was defined as the interval between start aortic cold flush in the donor and portal 
reperfusion in the recipient. ^^ Anastomosis time was defined as the interval between donor liver out of ice and 
revascularization. *** MELD score was defined as the highest of laboratory derived MELD score or the (non) standard 
exception MELD score. 
Abbreviations: ALT, alanine aminotransferase; DCD, donation after circulatory death; GGT, gamma-glutamyl 
transferase; DHOPE, dual hypothermic oxygenated machine perfusion; HTK, histidine-tryptophan-ketoglutarate; 
MELD, model for end stage liver disease; NASH, non-alcoholic steatohepatitis; UW, University of Wisconson.

serum alanine aminotransferase (ALT) and peak serum ALT concentration, compared to the donors 

in the control group: latest ALT 72 U/L (39-125 U/L) vs. 29 U/L (19-46 U/L), respectively (p = 0.008); 

peak ALT 121 U/L (42-271 U/L) vs. 33 U/L (20-46 U/L), respectively (p < 0.001). The cold ischemia time 

was shorter in the DHOPE group, but the total preservation time in the DHOPE group was longer 

than in the control group: 521 min (469-592 min) vs. 430 min (407-485 min), respectively (p = 0.002). 
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Table 3. Comparison of histological bile duct injury

Bile duct wall component 

DHOPE group Control group

Baseline After 
reperfusion

P value  Baseline After 
reperfusion

P value

Biliary epithelium loss > 0.99 -
Grade 0 - - - -
Grade 1 10% 14% - -
Grade 2 90% 86% 100% 100%
Mural stroma necrosis 0.25 0.002
Grade 0 90% 57% 50% 9%
Grade 1 - - 43% 9%
Grade 2 10% 29% - 36%
Grade 3 - 14% 7% 46%
Peribiliary vascular plexus damage 0.38 0.72
Grade 0 50% 57% 43% 36%
Grade 1 50% 29% 43% 36%
Grade 2 - 14% 14% 28%
Arteriolonecrosis > 0.99 0.57
Grade 0 90% 100% 93% 82%
Grade 1 10% - - -
Grade 2 - - 7% 18%
Thrombosis > 0.99 > 0.99
Grade 0 90% 100% 93% 91%
Grade 1 10% - 7% 9%
Intramural bleeding - 0.11
Grade 0 100% 100% 100% 73%
Grade 1 - - - 18%
Grade 2 - - - 9%
Periluminal PBG loss 0.24 0.23
Grade 0 - 14% - -
Grade 1 30% 29% 21% -
Grade 2 70% 57% 79% 100%
Deep PBG loss 0.64 0.02
Grade 0 40% 43% 36% -
Grade 1 40% 43% 64% 73%
Grade 2 20% 14% - 27%

Abbreviations: DHOPE, dual hypothermic oxygenated machine perfusion; PBG, peribiliary glands; SCS, static cold 
storage.

Histological evidence of bile duct injury  

The results of bile duct injury scorings based on the semi-quantitative histological grading system 

are summarized in Table 3. There were no discordant results between the two investigators. As 

expected, at baseline there were no significant differences between the two groups for any item of 

the histological grading system (Figure 1). In the control group, the histological bile duct damage 

after reperfusion was more severe than at baseline. Especially the degree of mural stroma necrosis 

and the degree of deep PBG injury increased after reperfusion (p = 0.002 and p = 0.02, respectively). 

In contrast to the control group, there was no increase in the severity of histological biliary injury 

after reperfusion in the DHOPE group (Table 3). 
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Figure 1. Degree of injury of the bile ducts of DCD livers treated with DHOPE versus controls after static cold 
storage and after reperfusion in the recipient. (A) The degree of mural stroma necrosis increased after reperfusion 
compared to baseline in the control group (p < 0.001), but not in the DHOPE group. (B) No differences were observed 
for the degree of injury of the peribiliary vascular plexus. (C) The periluminal PBG of livers treated with DHOPE 
demonstrated less injury after reperfusion than in the control group (p = 0.04). Additionally, the injury of the deep PBG 
in the control group increased after reperfusion compared to baseline (p = 0.02). (D) The deep PBG in the livers treated 
with DHOPE demonstrated less damage after reperfusion than in the control group (p = 0.04). Asterisks indicated a P 
value < 0.05. Abbreviations: DCD, donation after circulatory death; DHOPE, dual hypothermic oxygenated machine 
perfusion; PBG, peribiliary glands; PVP, peribiliary vascular plexus.

When comparing the severity of post-reperfusion bile duct injury between the two study groups, 

livers in the DHOPE group displayed significantly less injury and loss of cells in the periluminal (p = 

0.04) and the deep PBG (p = 0.04), compared to controls (Figures 1-3). No differences were observed 

in the severity of arteriolonecrosis, stroma necrosis, or injury of the PVP between the two groups 

after reperfusion.

Clinical outcomes

The overall clinical outcome after transplantation of the patients in the DHOPE group has been 

described in detail previously.31 Complete one-year follow up was available in all patients. The 

incidence of NAS within one year after transplantation was 10% in the DHOPE group and 35% in 

the control group (p = 0.15). NAS was defined as bile duct stenosis at any location in the biliary 

tree (intra- or extrahepatic, but not at the site of the anastomosis) as detected by endoscopic 

retrograde or magnetic resonance cholangiography, with cholestatic manifestations such as 

jaundice, cholangitis, or elevated laboratory tests, and in the presence of a patent hepatic artery. 

One recipient of a DHOPE preserved liver developed local NAS in segment 2 and 3 of the liver 5 
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Figure 2. Representative histologic examples of periluminal PBG in the common bile duct. (A) Bile duct at 
baseline of a DCD liver in the DHOPE group. (B) Bile duct after reperfusion of a DCD liver in the DHOPE group. (C) Bile 
duct at baseline of a DCD liver in the control group. (D) Bile duct after reperfusion of a DCD liver in the control group. 
The insert represents a higher magnification of the periluminal PBG (400x). Bile ducts of livers preserved with DHOPE 
displayed significantly less epithelial cell loss of the periluminal PBG, compared to control livers. Original magnification 
was 200x. Arrows indicate periluminal PBG. Asterisks indicate lumen of the bile duct. Abbreviations: DCD, donation 
after circulatory death; DHOPE, dual hypothermic oxygenated machine perfusion; PBG, peribiliary glands. 

Figure 3. Representative histologic examples of deep PBG in the common bile duct of DCD liver grafts. (A) 
Bile duct at baseline of a DCD liver in the DHOPE group. (B) Bile duct after reperfusion of a DCD liver in the DHOPE 
group. (C) Bile duct at baseline of a DCD liver in the control group. (D) Bile duct after reperfusion of a DCD liver in 
the control group. The insert represents a higher magnification of the deep PBG (400x). Arrows indicate deep PBG. 
Asterisks indicate the lumen of the bile duct. Bile ducts of livers preserved with DHOPE displayed significantly less 
epithelial cell loss of the deep PBG, compared to control livers. Original magnification was 200x. Abbreviations: DCD, 
donation after circulatory death; DHOPE, dual hypothermic oxygenated machine perfusion; PBG, peribiliary glands.
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months after transplantation, which was successfully treated with endoscopic stenting. None of the 

patients in the DHOPE group required re-transplantation for NAS. In contrast, 4 (20%) in the control 

group required re-transplantation for NAS at a median of 9 (6-12) months after transplantation.

DISCUSSION

In the current study, we aimed to determine whether end-ischemic oxygenated hypothermic 

machine perfusion (DHOPE) of human DCD liver grafts reduces IR injury of the bile ducts after 

transplantation. The results of this study clearly demonstrated a reduction in biliary IR injury of 

DHOPE-preserved DCD livers, compared to DCD livers that did not undergo DHOPE. These findings 

provide important new insight in the protective mechanism of end-ischemic DHOPE and are in line 

with the clinically observed reduction in the incidence of NAS after DCD liver transplantation when 

DHOPE is applied.27-31 

In accordance with previous reports12,14, all DCD livers included in this study displayed histological 

signs of substantial bile duct injury at the end of SCS. As expected, the degree of bile duct injury after 

SCS (baseline) was not different between livers that underwent DHOPE or not. In control livers that 

were not treated with DHOPE, the degree of biliary injury worsened after graft reperfusion in the 

recipient, a phenomenon that was not observed in DHOPE preserved livers. Especially, the severity 

of mural stroma necrosis and injury of the deep peribiliary glands increased after reperfusion of the 

control livers, but not of the DHOPE preserved livers. When comparing post-reperfusion biopsies of 

bile ducts of DHOPE-preserved livers and controls, significantly less histological injury of both the 

periluminal and deep PDG was found in the DHOPE group. 

In a large clinical study including 128 liver transplant recipients we have previously shown that 

the severity of bile duct injury at the end of SCS is a strong risk factor for the development of NAS 

after transplantation.14 Upon reperfusion of a liver graft in the recipient, the degree of biliary injury 

increases further and this may result in irreversible damage of essential components of the bile 

duct wall, such as the mural stroma, peribiliary vasculature, and PBG.12,14 Obviously, end-ischemic 

DHOPE cannot have a protective effect on biliary injury that is already present after SCS. However, 

the current study indicates that DHOPE does prevent further worsening of bile duct injury after graft 

reperfusion. 

It is well known that the majority of tissue damage due to IR injury occurs in the reperfusion 

period after restoration of blood flow to the graft.11 Some of the key factors in IR injury are the 

depletion of cellular energy content (especially intracellular adenosine triphosphate (ATP) and 

the formation of reactive oxygen species (ROS) due to mitochondrial dysfunction.11,32 While ROS 

formation results in oxidative damage of cellular structures, such as cell membranes and nuclear 

DNA, depletion and insufficient restoration of ATP results in cell death due to insufficient metabolic 

function. Although the conditions for IR injury are generated during cold ischemic preservation, the 

sequelae of events that lead to the full blown IR injury is not activated until after warm reperfusion.11 

Experimental and clinical studies have demonstrated that one of the key protective mechanisms 
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of hypothermic oxygenated machine perfusion is a full restoration of cellular ATP content and 

“resuscitation” of mitochondria, resulting in a significant reduction of ROS production after 

subsequent warm graft reperfusion in the recipient.21,22,33,34 In addition, and downstream of this, 

oxygenated HMP results in a reduction of Kupffer cell activation and less secondary activation of 

the innate immune system.21,22,33,34 Altogether, these protective effects have been shown to result in 

a reduction of hepatocellular IR injury. Our data on the reduction of biliary IR injury are in line with 

these previous studies and demonstrate that not only hepatocellular IR injury, but also IR injury of 

the bile ducts is attenuated by oxygenated HMP. 

The DHOPE-preserved livers in the present study demonstrated significantly less severe injury 

of the deep and periluminal PBG after reperfusion, compared to the control livers that did not 

undergo DHOPE. This histological finding is clinically relevant since the PBGs have been identified as 

a local niche of biliary progenitor cells that contribute to the regeneration of biliary epithelium after 

injury.15-17,35 Severe injury of the deep PBG at the time of transplantation is a significant risk factor 

for the development of NAS.14 Therefore, the protective effect of DHOPE on PBG may lead to better 

preserved regenerative biliary capacity followed by a reduction of the incidence of NAS. This is 

supported by the (non-significant) low incidence of NAS observed after transplantation of DCD livers 

preserved with HMP in the first clinical series.27-31 However, formal evidence that oxygenated HMP 

reduces the incidence of NAS should come from an adequately powered randomized, controlled 

trial. Such a multicenter trial has recently been initiated in transplant centers in the Netherlands, 

Belgium and United Kingdom (ClinicalTrials.gov NCT02584283).

Bile duct biopsies in this study were obtained from the extrahepatic bile ducts, while NAS mainly 

occurs in the intrahepatic bile ducts. However, previous studies have shown that the degree of injury 

of the extrahepatic bile duct correlates well with the degree of injury of the intrahepatic bile ducts36 

and histological assessment of the extrahepatic bile duct can predict the development of NAS.14

In contrast to a previous study on DHOPE using a porcine DCD liver model, we did not find a 

reduction in the degree of injury of the PVP and arteriolonecrosis in the human liver bile ducts after 

DHOPE.24 In fact, in the current study we did not find a significant increase in the degree of PVP 

injury and arteriolonecrosis after reperfusion, compared to baseline in both groups. In the current 

study the post-reperfusion bile duct biopsy was taken 1-2 hours after graft reperfusion and this time 

interval may have been too short for histologically detectable vascular injury to develop.  

Limitations of this study are the sample size and the use of historical controls. The controls 

used in this histological study were slightly different from the ones used in our previous report 

on clinical outcome after transplantation of DHOPE-preserved DCD livers31, because the control 

group consisted of all available paraffin embedded bile duct biopsies from DCD liver grafts without 

application of exclusion criteria. Although most baseline characteristics such as ET-DRI were similar 

between the two study groups, the donors in the DHOPE group had significantly higher serum 

ALT levels, compared to donors in the control group. As ALT is a marker for hepatocellular injury, 

the DHOPE group consisted of livers with slightly more pre-existing injury than the control group. 
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Therefore, the observed beneficial effects of DHOPE might have been more pronounced if the ALT 

levels would have been equivalent between the groups. As expected, the preservation method 

DHOPE affected the length of preservation periods in the study groups: the total preservation time 

was longer but the cold ischemia time was shorter in the DHOPE group compared to the control 

group. In the intervention group the donor liver is machine perfused while the recipient surgery 

is performed. In the control group, the donor liver remains in the ice box during this period.  The 

shorter cold ischemia time in the DHOPE group may have caused an advantage, while the longer 

total preservation time may have caused a disadvantage. However, the median difference in cold 

ischemia time was only 30 minutes and baseline levels of bile duct injury were similar between the 

groups.

In conclusion, this study demonstrates that DHOPE attenuates IR injury of the bile ducts after 

transplantation of DCD liver grafts. In particular, DHOPE contributed to a better preservation of 

the PBG and, as such, may preserve the regenerative capacity of the donor bile ducts leading to a 

reduced risk of biliary complications after transplantation. 
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ABSTRACT

Introduction: The major concern in liver transplantation of grafts from donation after circulatory 

death (DCD) donors remains the high incidence of non-anastomotic biliary strictures (NAS). 

Machine perfusion has been proposed as an alternative strategy for organ preservation which 

reduces ischemia-reperfusion injury (IRI). Experimental studies have shown that dual hypothermic 

oxygenated machine perfusion (DHOPE) is associated with less IRI, improved hepatocellular 

function, and better preserved mitochondrial and endothelial function compared to conventional 

static cold storage (SCS). Moreover, DHOPE was safely applied with promising results in a recently 

performed phase-1 study. The aim of the current study is to determine the efficacy of DHOPE in 

reducing the incidence of NAS after DCD liver transplantation.

Methods: This is an international multicenter randomized controlled trial. Adult patients (≥18 yrs 

old) undergoing transplantation of a DCD donor liver (Maastricht category III) will be randomized 

between the intervention and control group. In the intervention group, livers will be subjected to 

two hours of end-ischemic DHOPE after SCS and before implantation. In the control group, livers 

will be subjected to care as usual with conventional SCS only. Primary outcome is the incidence 

of symptomatic NAS diagnosed by a blinded adjudication committee. In all patients, magnetic 

resonance cholangiography will be obtained at six months after transplantation. 

Conclusion: DHOPE is associated with reduced IRI of the bile ducts. Whether reduced IRI of the bile 

ducts leads to lower incidence of NAS after DCD liver transplantation can only be examined in a 

randomized controlled trial.

Trial registration: The trial was registered in Clinicaltrials.gov in September 2015 with the identifier 

NCT02584283 (https://clinicaltrials.gov/ct2/show/NCT02584283). 
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BACKGROUND

Limited organ availability for liver transplantation remains a major concern.1 Utilization of livers 

with suboptimal quality or so called “extended criteria” donors, such as older donors, donors with 

fatty livers and donation after circulatory death (DCD) donors, have reduced the organ deficit in 

recent years. In fact, the percentage of DCD donors in the USA has increased from 1.1% in 1995 to 

11.2% in 2010.2 In Europe, the percentage of DCD in liver transplantation was as high as 35% in the 

Netherlands and 22% in the UK in 2015.3,4 The poor post-transplant outcomes of these grafts have 

concurrently limited the utilization of these livers. The percentage of unused grafts increased from 

9% in 2004 to 28% in 2010 in the USA which is mainly attributed to the growing number of DCD 

donors.2 

Non-anastomotic biliary strictures (NAS) are a major complication after liver transplantation 

and occur in 29% of patients receiving a DCD donor graft, compared to 11% among recipients 

of donation after brain death (DBD) liver grafts in the University Medical Center Groningen 

(unpublished data). Moreover, longer hospital stay and increased cost have been associated with 

NAS in DCD liver transplantation.5-7 Among the variety of risk factors described to be associated with 

NAS, ischemia/reperfusion related injury is one of the most important factors. Donor warm ischemia 

and cold ischemia during static cold storage (SCS) have been associated with the development of 

NAS after DCD.6,8 Also, injury of the peribiliary vascular plexus and peribilary glands is thought to 

play an important role in the development of NAS.9-11 

Due to the increased risk of complications, transplantation of DCD liver grafts necessitates 

the development of more qualified preservation methods than the conventional SCS. Machine 

perfusion (MP) is a dynamic preservation strategy which has been identified as a tool to improve 

the quality of DCD organs.12 One of the most important benefits of MP compared to conventional 

SCS is the ability to provide oxygen to the graft. Even at very low temperatures such as 12°C, liver 

metabolism still requires oxygen.13 Other benefits of MP are the exposure of the endothelium to 

perfusion, the supply of nutrients, and dilution of waste products. Many studies have observed a 

reduction in ischemia-reperfusion injury (IRI) due to MP.14,15 

 A well-studied modality of MP is end-ischemic hypothermic oxygenated MP. It is a relatively 

simple modality of MP which is performed for a short period of two hours after conventional SCS 

during which the liver is transported to the hospital of the recipient.15,16 Experimental animal studies 

have demonstrated improved cellular energy homeostasis due to end-ischemic oxygenated MP by 

restoration of mitochondrial function which resulted in an increased adenosine triphosphate (ATP) 

tissue concentration. Other observed effects are reduced production of reactive oxygen species, 

reduced cellular death14-16, improved hepatocyte function, and enhanced energy dependent bile 

production after warm reperfusion.17 Furthermore, the injury to the vascular endothelium15 and 

peribiliary vascular plexus18 is attenuated. To summarize, experimental animal studies have shown 

that end-ischemic hypothermic oxygenated MP of liver grafts after SCS reduces IRI resulting in 

improved organ integrity and function after reperfusion. 
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Based on the excellent results in experimental studies, end-ischemic hypothermic MP was 

investigated in the clinical setting of human liver transplantation in hospitals in New York, Zurich, 

and Groningen. These first clinical experiences have shown that the preservation method is safe, 

improves early graft function, and attenuates IRI as reflected by a reduction of postoperative serum 

markers of liver preservation injury. Furthermore, fewer complications such as NAS and shorter 

hospital stay were observed in comparison to a retrospective control group of patients receiving a 

liver preserved with SCS alone.19-22

Although the results of the first clinical studies are promising, they were small cohort studies 

without a randomized control group. The present study is a randomized controlled trial to determine 

the efficacy of two hours of end-ischemic DHOPE prior to implantation of a DCD (Maastricht category 

III) liver graft in reducing the incidence of NAS after transplantation.

METHODS

Design and objective

The DHOPE-DCD trial (dual hypothermic oxygenated machine perfusion in donation after circulatory 

death liver transplantation) is designed as a prospective, randomized, controlled, multicenter, 

parallel-arm, inferiority, clinical trial in 156 patients undergoing DCD liver transplantation. The 

primary objective is to study the efficacy of end-ischemic DHOPE in reducing the incidence of 

symptomatic NAS after DCD liver transplantation. Liver grafts in the intervention group will be 

preserved with SCS followed by two hours of DHOPE and liver grafts in the control group will be 

preserved by SCS alone without any further intervention. This multicenter trial is investigator-

initiated and at least five academic centers are included, located in the Netherlands, Belgium, and 

the United Kingdom. A list of study sites can be obtained via Clinicaltrials.gov with the identifier 

NCT02584283 (https://clinicaltrials.gov/ct2/show/NCT02584283) where the trial was registered in 

September 2015 and periodically updated. This article concerns study protocol version 3.1, 6 July 

2016.

Study endpoints

The primary endpoint is the incidence of symptomatic NAS at six months after DCD liver 

transplantation. The diagnosis of symptomatic NAS is defined according to all of the following 

criteria23:

• clinical signs (i.e., jaundice, cholangitis) or elevation of cholestatic laboratory parameters in 

blood samples taken during follow-up

• any irregularities or narrowing of the lumen of the intra- or extrahepatic donor bile ducts, 

(isolated strictures at the bile duct anastomosis were not defined as NAS)

• which are diagnosed by cholangiogram (preferably by MRCP) 

• in the presence of a patent hepatic artery demonstrated by Doppler ultrasonography and if 

necessary, by computed tomography angiography

• and as assessed by the Adjudication Committee 
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The secondary endpoints (summarized in Table 1) are the following:

1. The overall incidence of NAS including both symptomatic and asymptomatic NAS. 

Asymptomatic NAS is defined according to all of the criteria for symptomatic NAS but excludes 

clinical signs (i.e., jaundice, cholangitis) or elevation of cholestatic laboratory parameters in 

blood samples taken during follow-up. Patients will undergo an MRCP at six months after 

transplantation (time window of 15 days), unless they have been diagnosed with NAS within 6 

months after transplantation or have been retransplanted. 

2. The severity and location of NAS based on:

a. Scoring system described by Buis et. al.23

b. Required treatment for NAS (i.e. ursodeoxycholic acid, endoscopic stenting, or 

retransplantation)

3. Graft (censored and uncensored for patient death) and patient survival at 7 days, 1, 3, and 6 

months

4. Primary non-function defined as liver failure requiring retransplantation or leading to death 

within seven days after transplantation without any identifiable cause such as surgical 

problems, hepatic artery thrombosis, portal vein thrombosis, and acute rejection.24

5. Initial poor function which is based on a modification of the Olthoff criteria: international 

normalized ratio (INR) >1.6 and/or serum total bilirubin >10 mg/dL on postoperative day 7.25  

Table 1. Endpoints

Primary endpoint

Symptomatic NAS 

Secondary endpoints

1. Incidence of (a)symptomatic NAS

2. Severity of NAS 

3. Graft and recipient survival

4. Primary non-function

5. Initial poor function

6. Serum biochemical graft function and injury 

7. Hemodynamic status during reperfusion

8. ICU and hospital stay

9. Postoperative complications

10. Renal function

DHOPE group only:

11. Perfusion characteristics

12. Perfusate biochemical graft function and injury 

13. Perfusate micro ribonucleic acid (miRNA) 

14. Pathobiology of liver and bile duct parenchyma

15. Metabolic function, including new onset diabetes after transplantation (NODAT)

16. Costs

17. Health related quality of life

Abbreviations: DHOPE, dual hypothermic oxygenated machine perfusion; ICU, intensive care unit; NAS, non-
anastomotic biliary strictures.
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If there are multiple analyses in one day, the morning sample at around 5.00 A.M. is registered.

6. Graft function and ischemia-reperfusion injury determined by serum levels of alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (AlkP), 

gamma-glutamyl transferase (γGT), and total bilirubin at postoperative day 0 – 7 and 1, 3, and 

6 months. Day 0 is defined as the interval between graft portal reperfusion and the midnight 

of that day. If there are multiple analyses in one day, the morning sample at around 5.00 A.M. 

is registered.

7. Hemodynamic status (blood pressure, heart rate and vasopressor dosage) at 5 minutes before 

reperfusion, as well as 10 and 20 minutes after reperfusion

8. Length of initial ICU and initial hospital stay determined in days of admission following liver 

transplantation. Duration of follow-up hospital stay is determined in days of hospital admission 

after discharge and up to six months after liver transplantation.

9. Postoperative complications are graded according to the comprehensive complication index 

(CCI)26. Special interest will be given to predefined infectious complications and the total 

length of use and cumulative doses of antibiotics.

10. Renal function which is defined as 

a. Estimated glomerular filtration rate (eGFR) according to the 4-variable Modification of Diet 

in Renal Disease (MDRD) equation27 at day 7, and 1, 3, and 6 months after transplantation. 

If there are multiple analyses in one day, the morning sample at around 5.00 A.M. is 

registered. 

b. Kidney injury is scored according to acute kidney injury network (AKIN) and risk, injury, 

failure, loss of kidney function and end-stage kidney disease (RIFLE) criteria28. 

c. In selected centers, urinary kidney injury markers such as kidney injury molecule (KIM)29, 

tissue inhibitor of matrix metalloproteinases-2 (TIMP2), Insulin-like Growth Factor 

Binding Protein-7 (IGFBP7), and neutrophil gelatinase-associated lipocalin (NGAL) will 

be measured in urine samples taken at arrival in the ICU and at day 1, 3, and 5 after 

transplantation.

11. Perfusion characteristics during DHOPE include flow, pressure and resistance at every fifteen 

minutes.

12. In selected centers, perfusate analyses will be performed to study the dynamics of 

experimental markers of tissue and mitochondrial injury. The perfusate at the start and end of 

DHOPE procedure, and every half hour in between will be analysed for pH, sodium, potassium, 

bicarbonate, lactate, ALT, AST, AlkP, γGT, urea, total bilirubin, thrombomodulin, high mobility 

group box-1 (HMBG) protein, and cytochrome C30.

13. In selected centers, prognostication of NAS based on miRNA’s: CDmiR-30e, CDmiR-222, 

CDmiR-296, HDmiR-122 and HDmiR-148a will be determined in perfusate.

14. In selected centers, biopsies of liver parenchyma and bile duct, which are routinely taken 

during transplantation, are also taken in this trial. The biopsies are taken at three time points: 
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before DHOPE, after DHOPE, and after reperfusion at the time of bile duct anastomosis during 

anesthesia. The purpose is to underpin the histopathological status of the liver and bile ducts 

in both study groups. In addition, mechanistic research into molecular mechanisms of injury 

and repair during DHOPE will be done to identify pathophysiological pathways that might 

have potential to predict function and outcomes after transplantation.

15. Metabolic function, including new onset diabetes after transplantation (NODAT) in the first 

90 days after transplantation. NODAT is defined according to the WHO criteria (Report 2003 

S5-20). 

a. Symptoms of diabetes and random plasma glucose ≥11.1 mmol/L. Symptoms include 

polyuria, polydipsia, and unexplained weight loss. OR

b. Fasting plasma glucose ≥7.0 mmol/L. Fasting is defined as no caloric intake for at least 

eight hours. OR

c. Two-hour plasma glucose ≥11.1 mmol/L during an oral glucose tolerance test. The test 

should be performed as described by the WHO, using a glucose load containing the 

equivalent of 75 g anhydrous glucose dissolved in water.

16. In selected centers, overall cost of treatment within 6 months (in/excluding return to work) is 

calculated according to the Cost and Outcome analysis of Liver Transplantation (COLT) study5.

17. Health related quality of life will be determined using an EQ-5D-3L questionnaire obtained 

before transplantation and at 6 months after transplantation. The EQ-5D-3L is a generic 

questionnaire and covers five domains of health (mobility, self-care, usual activities, pain/

discomfort and anxiety/depression).

Study population

Adult patients (≥ 18 years old) eligible for liver transplantation are screened for participation in this 

trial. The inclusion and exclusion criteria are presented in Table 2.

Table 2. Inclusion and exclusion criteria

Inclusion Exclusion

Adult patients (≥ 18 years old) Contraindication for MRCP

Donor liver from DCD (Maastricht category III)
Listed for fulminant liver failure or retransplantation due to primary 

non-function

Donor body weight ≥40 kg Simultaneous transplantation of another organ

Signed informed consent Incapable to give informed consent due to mental conditions

Simultaneous participation in another clinical trial that might possibly 

influence this trial

Recipient positive test for HIV antigen or antibody

Donor positive for HIV antigen or antibody, Hepatitis B core antibody or 

hepatitis B surface antigen, or hepatitis C antibody

Abbreviations: DCD, donation after circulatory death; HIV, human immunodeficiency virus; MRCP, magnetic 
resonance cholangiopancreatography.
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Randomization

Randomization is performed when a DCD donor liver becomes available for a patient who is eligible 

for the DHOPE-DCD Trial and has given informed consent. However, the patient is only randomized 

when the liver is definitively deemed suitable for transplantation and the rest of the transplant 

team including the anesthetist is informed about the exact starting time of the transplantation. The 

randomization takes place via an online web-based tool and is performed by trained trial personnel. 

It is a block randomization which is stratified for trial site and for patients with primary sclerosing 

cholangitis.

Blinding

The procurement surgeon is blinded for the study group assignment during organ retrieval. Patients 

are also blinded to study group assignment. Additionally, assessment of the primary endpoint is 

performed by the blinded Adjudication Committee. When there is a breach of blinding, this is 

described in the eCRF and the Sponsor is notified.

Study procedures

Procurement of the donor liver (both study groups)

After circulatory death of the donor, the stand-by surgical team performs a median laparotomy 

and aortic cannulation to perfuse the abdominal organs with at least 4000 ml of cold (0-4°C) 

preservation fluid, preferably Belzer UW® Cold Storage Solution (Bridge-to-Life, Ltd., Northbrook, IL) 

(UW CS) with 50.000 IU of heparin. The liver is procured with a segment of 5 cm circular supratruncal 

aorta left attached to the coeliac trunk if possible. The portal vein and common bile duct are kept 

as long as possible. After procurement the liver is flushed via the portal vein with at least 1 liter of 

preservation fluid, preferably UW CS, without applying pressure. The cystic duct is ligated and the 

bile ducts are flushed with preservation fluid, preferably UW CS and preferably at the donor hospital. 

Figure 1. Flow chart of study procedures. Abbreviations: DHOPE, dual hypothermic oxygenated machine perfusion.
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The gallbladder is preferably left in situ. The liver is transported to the recipient hospital where the 

conventional back table procedure is performed.

Back table (DHOPE group)

During the back table procedure, the portal vein and the supratruncal aorta are cannulated. 

The supratruncal aorta is cannulated in a manner that the hepatic artery is not damaged due to 

cannulation. The side branches of the hepatic artery are ligated or clipped during the back table 

preparation. Short before connection to the machine, the liver is flushed via the portal vein 

cannula with 1000 mL cold (0-4°C) Belzer MPS® UW machine perfusion solution (Bridge-to-Life, Ltd., 

Northbrook, IL) (UW MP) until the caval effluent is clear. Normally the back table preparation takes 

one hour on average.

Investigational medical device (DHOPE group)

Simultaneously with the back table procedure, the Liver Assist (LA) is prepared for use. The LA is a 

dedicated machine for ex-vivo liver perfusion during storage. It is a CE marked device (European 

Union Certification of Safety, Health and Environmental Requirements) that is designed, produced, 

and delivered by Organ Assist (Groningen, The Netherlands). The LA has been used in a pilot study 

(www.trialregister.nl, NTR4493, van Rijn et al unpublished data) and is currently in use in Zurich in 

a randomized controlled trial in transplantation of donation after brain death (DBD) liver grafts 

(clinicaltrials.gov identifier NCT01317342). The LA enables dual perfusion via the portal vein 

and the hepatic artery using two centrifugal pumps to provide a continuous venous flow and a 

pulsatile arterial flow at 60 bpm. The system is pressure controlled which allows autoregulation of 

the flow through the liver, with constant pressure at variable flow rates. The perfusion fluid can be 

oxygenated by two hollow fiber membrane oxygenators and carbon dioxide can be removed. The 

temperature of the preservation fluid can be adjusted between 10 and 38°C. The system can be 

filled with any preferred perfusion fluid.

Preparation of the Liver Assist (DHOPE group)

The LA is prepared by connecting the disposable to the machine and filling the disposable with 

4000 mL ice-cold UW MP with additional 3 mmol/L glutathione (Biomedica, Foscama Group, Roma, 

Italy). The gluthatione is a regular component of the Belzer MPS® UW machine perfusion solution. As 

gluthatione can become inactive during shelf-time, the manufacturer recommends addition before 

use. The perfusion pressure will be limited to a mean of 25 mmHg for the hepatic artery and 5 mm 

Hg for the portal vein. These pressure settings are based on previous studies and are lower than 

physiological pressures to avoid shear stress of the cold endothelium of the hepatic vasculature 

(Schlegel protective 2013, Dutkowski Novel 2009, op den Dries NMP 2013). The temperature of the 

perfusion fluid will be about 12°C when the temperature is set to 10°C. The thermo-unit of the LA is 

filled with crushed ice in the reservoir to maintain the desired temperature. The oxygen flow is set 
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at 500 mL/min of 100% oxygen on each of the two membrane oxygenators. This flow is adequate 

to obtain a pO2 which has been reported to be effective in increasing ATP and not harmful to 

the graft13,31. The LA is ready for perfusion once the set temperature is reached and the solution is 

oxygenated for at least 15 minutes with oxygen.

Perfusion of liver (DHOPE group)

The surgeon connects the cannulas to the disposable tubing of the LA after which the pumps of 

the device are started. During the first five minutes after the connection of the liver to the machine, 

the perfusion pressure will be increased with 2 mm Hg if the flow is less than 100 ml/min flow. To 

maintain the temperature, the crushed ice in the reservoir of the thermo-unit must be replaced 

regularly during perfusion. A surgeon will supervise the perfusion and will be available for trouble 

shooting.

Follow-up (both study groups)

During follow-up serum laboratory values which are routinely assessed are monitored (Table 3). At 

6 months after transplantation, the patients will undergo an MRCP and fill in the questionnaire on 

health related quality of life (EQ-5D-3L). The MRCP will be planned during a routine hospital visit to 

the out-patient department for a regular check-up. The MRCP will be cancelled in case the patient 

has undergone retransplantation or has been diagnosed with symptomatic NAS before 6 months 

of follow-up.

Table 3. Laboratory parameters

Donor Recipient

Baseline Follow-up

Parameter Latest before 
procurement

Latest before 
transplantation Day 0-7, Month 1,3,6

Alanine aminotransferase  (ALT) X X

Aspartate Aminotransferase (AST) X X

Alkaline Phosphatase (AlkP) X X

Gamma-glutamyl Transferase (γGT) X X

Total bilirubin X X X

Lactate dehydrogenase (LDH) X X

Creatinine X X X

Potassium X X

Sodium X

International normalized ratio (INR) X X

Thrombocytes X

Glucose X

Day 0 is determined as the interval between graft portal reperfusion and the midnight of that day. If there are multiple 
analyses in one day, the morning sample at around 5.00 A.M. is registered. 
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Usual care

Patients assigned to the control group will be transplanted with a liver graft preserved with SCS. The 

patients will receive the routine health care given at participating centers. Diagnostic and treatment 

decisions will not be influenced by the trial procedures. 

Data and material collection

Study data will be anonymously registered under a unique study number in an electronic case 

report form (eCRF) via a web-based tool. Patient’s name, address and date of birth will be stored 

separately from the trial data. The investigators, members of the Health Inspection and members 

of the Medical Ethical Committee (MEC) will have access to personal data. Study data and human 

material will be stored during 15 years. We expect that the stored material will be valuable for future 

research. Assess to the final trial data set will be coordinated by the Sponsor.

Statistical analysis

Power calculation

The study is powered to detect a clinically relevant difference in incidence of NAS between the two 

study groups. The incidence of NAS was 29% after DCD liver transplantation and 11% after DBD liver 

transplantation in patients transplanted in the UMCG from 2008 to 2013 (unpublished data). This 

incidence is similar to that reported by Abt et. al. (27% in DCD versus 2% in DBD transplantation), 

Dubbeld et. al (24% versus 8%), Croome et. al. (22% versus 4%), and Meurisse et. al. (33% versus 

12%)6,32-34. We aim to reduce the incidence of NAS after DCD liver transplantation with DHOPE to 

the level observed after DBD liver transplantation (absolute difference of 29-11=18%). We base this 

presumed reduction on our results in the pilot study in which 1 of 10 (10%) of the patients with a 

DHOPE treated liver developed NAS. Moreover, in other phase-1 studies of hypothermic machine 

perfusion no patients developed NAS19-22.

Before performing the power calculation, a statistician was consulted who indicated that 

a 1-sided test instead of a 2-sided test would be appropriate as the results from the previous 

phase-1 studies indicated a reduction in NAS due to DHOPE. Also, future patients would be able 

to benefit earlier from the results of the trial, if fewer patients were necessary per study arm due to 

a 1-sided test. Based on a power of 80% (β=0.80) and a 5% significance level (1-sided test) in two 

independent cohorts, a Chi-squared test indicated that 61 livers were needed in each study arm 

(nQuery + nInterim 3.0). As 21% of patients are usually retransplanted or die within 6 months after 

transplantation, a total of 78 patients were required to achieve 61 patients in each arm at 6 months 

follow-up. Therefore, the trial sample size was 156 patients. 

Monitoring

The monitoring will be performed by qualified monitors associated with the Trial Coordinating 

Center of the UMCG or of the participating Trial Site. They will periodically review whether study 
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procedures are performed in accordance with Good Clinical Practice (GCP) and the study protocol 

with regard to informed consent, randomization, study end points, reporting of adverse events, etc. 

They will advise the Sponsor if, in its view, the study should be terminated due to major deviations 

from the study protocol.

Safety monitoring

In accordance to section 10, subsection 1, of the Wet medisch-wetenschappelijk onderzoek (English: 

Law Medical Research), the Investigator will inform the subjects and the reviewing accredited MEC 

if anything occurs, on the basis of which it appears that the disadvantages of participation may be 

significantly greater than was foreseen in the research proposal. The trial will be suspended pending 

further review by the accredited MEC, except insofar as suspension would jeopardize the subjects’ 

health. The Investigator will take care that all subjects are kept informed.

Data safety monitoring board (DSMB)

To ensure the safeguarding of the included patients and the expected additional burden with trial 

participation, a DSMB with independent experts has been installed. The advice(s) of the DSMB will 

be provided on a regular basis after receipt, review and analysis of the interim and final efficacy and 

safety data to the Sponsor and Investigators and to the MEC that approved the protocol.

An interim analysis will be performed by the DSMB after half of all patients (156/2=78) are 

included in the trial and have completed follow-up of 6 months. The interim analysis aims to 

determine the incidence of NAS in the control group as a means of determining whether the 

assumption in our sample size calculation was correct: 29% patients develop NAS after DCD liver 

transplantation. 

No statistical test will be performed unless concerns arise about the safety of DHOPE based 

on the incidence of adverse events. In that case, the Pocock sequential boundary will be used to 

determine statistical significance of adverse events between the two groups, dictating a Z-value of 

2 and thus a P-value of 0.045. The trial may be stopped early due to: unacceptable safety concerns 

with significantly more (serious) adverse events in the intervention group compared to the control 

group and in case new external information arises that convincingly answers the study question or 

raises serious safety issues.

Reporting

All adverse events will be recorded in the eCRF and reported in line listing to the MEC and the 

DSMB every six months. Serious adverse events (Table 4) and suspected unexpected serious 

adverse reactions (SUSAR) will be reported real time to the Sponsor, the MEC, and the DSMB. 

Since liver transplantation is a surgical procedure with significant morbidity, frequently occurring 

complications will be exempt from real time reporting, but will be reported only in the eCRF and 

every six months in line listing.
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Ethical consideration and informed consent

This trial will be conducted in accordance with the principles of the Declaration of Helsinki and 

as stated in the laws governing human research in the participating countries and Good Clinical 

Practice. The MEC of the University Medical Center Groningen and local ethical committees of all 

participating centers have approved this protocol. This protocol was endorsed by the board of 

directors of each participating hospital prior to the inclusion of subjects at the respective hospital.

It is important to note that absolutely no changes will be made to national and international 

liver allocation rules. The standard local liver allocation rules will be followed. The study does not 

interfere or change the process of accepting or declining a liver offered to a certain patient in any 

way. 

Withdrawal of treatment

Subjects and Investigator can decide to terminate participation in this trial at any time for any 

reason, particular safety reasons, if they wish to do so without any consequences.

Informed consent

Informed consent will be obtained by trained trial personnel from each participating patient in oral 

and written form prior to randomization. We chose to ask eligible patients for informed consent 

while they are on the waiting list or when they are placed instead of obtaining consent when the 

patient is allocated a DCD liver. By choosing this method of informed consent, many patients will 

have given informed consent but will not be included in the study because they will receive a liver 

from a donation after brain death donor instead of a DCD liver. However, we believe that it is less 

stressful for patients to give consent in a stable situation when they are listed for liver transplantation 

(either DCD or DBD) at the outpatient department than when they are summoned to the hospital 

for a DCD liver transplantation. Therefore, the patient will be merely informed whether they are 

included in the trial at the time they are summoned to the hospital for the transplantation. 

Table 4. Serious adverse events.

Serious adverse events

Death

Graft failure (or retransplantation)

Primary non-function

Vascular complications (e.g. thrombosis) of

Portal vein 

Hepatic artery 

Device deficiency

Malfunction

Use errors

Which lead or could have led to serious adverse events

Unanticipated serious adverse device effects (USADEs)
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Additional burden and risk associated with trial participation

The potential risk and burden to the patients in this trial are minimal and are overshadowed by the 

potential benefit if our hypothesis is correct: DHOPE reduces the risk of patients developing NAS 

after liver transplantation. NAS are of major impact to the patient since they often imply a multitude 

of costly and debilitating interventions and hospital admissions which may be unsuccessful 

and eventually require retransplantation. Additionally, experience with DHOPE in clinical liver 

transplantations indicate decreased preservation injury, improved organ integrity and function, and 

experience with experimental animal models showed increased survival after liver transplantation 

in the DHOPE preserved livers. 

The minimal potential risk and burden for patients in this trial are related to the three procedures 

which are performed merely for this trial: DHOPE itself, the MRCP and the questionnaire about 

health related quality of life. Although we regard the risk assessment of DHOPE as minimal, the risk 

could be associated with the timing, the perfusion fluid, the pressure used, and the device. DHOPE 

is technically a relatively easy procedure which can be performed by any liver surgeon after training. 

As perfusion is performed in the transplantation center while the recipient undergoes surgery, there 

is no alteration in transportation of the organ by means of conventional SCS. 

The two hours of DHOPE performed at the end of SCS will cause a minor delay in the 

transplantation process because the preparation of the liver for transplantation and the DHOPE 

perfusion will be performed simultaneously with the recipient operation and will be performed by 

an extra surgical team. Normally, preparation of the liver is performed by the surgeons who perform 

the transplant operation, but this can be performed simultaneously by another team during this 

trial. 

Furthermore, DHOPE is performed using a machine, which could display technical failure during 

perfusion. If a technical failure occurs, an alarm goes off and the liver can be removed immediately 

from the machine by standby surgeon within a sterile environment. It will be cooled down in 

preservation fluid from 12ºC (in DHOPE) to 4ºC as is the case in SCS. For some minutes before the liver 

is cooled down, it has a metabolism of 19% instead of 11% as is the case in SCS. There is no reason 

to believe that this event will cause any significant injury to the liver grafts because this difference 

in metabolism is very small, is of short duration, and the liver is saturated with oxygen before the 

perfusion failure. If the malfunctioning LA cannot be fixed, the donor liver will be preserved in 

SCS until implantation and analysis of the study results will be performed as an intention-to-treat 

analysis: the patient will remain in the intervention group.

Moreover the preservation fluid used is similar to the one used in the control group. The only 

difference is that the sodium and the potassium concentration ratio is inverted. Therefore, the 

components that might cause an allergic reaction in the patient receiving the liver are no different 

from standard practice. 

Lastly, the perfusion pressure could theoretically harm the organ. However, the pressures used in 

this trial are very low (lower than physiological) and are reported to be used safely without causing 
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any harm to the organ or the vasculature47,48.

In the unfortunate event in which injury or death is caused by the study, the trial centers have 

an insurance policy which is in accordance with the legal requirements and provides coverage for 

damage to trial participants. 

Risks and burden associated with MRCP

The MRCP will be performed at six months after transplantation in patients with no history of NAS 

or graft loss. The risks associated with this imaging modality are insignificant. It is a non-invasive test 

taking about 45 minutes. The MRCP will be planned on the same day that the patient has a routine 

6-month check-up in the outpatient department to minimize patient’s traveling. 

Burden associated with questionnaire

The questionnaire on health related quality of life consists of 6 questions and is completed in about 

5 minutes. Since the questionnaire is completed twice (before transplantation and at 6 months after 

transplantation), the burden of the questionnaire is very low.

DISCUSSION

DCD liver grafts are increasingly used for transplantation in an attempt to overcome the organ 

shortage. In the USA, transplantation of DCD livers accounted for 6% of all liver transplantations 

performed in 2013, whereas in the UK and The Netherlands as much as 33% of liver transplantations 

in 2015 were performed with a DCD liver3,4,35. The major drawback of DCD, compared to DBD, is the 

inevitable period of warm ischemia which leads to the depletion of intracellular energy sources, 

such as ATP as well as other metabolic perturbations causing cellular injury and dysfunction36,37. 

This damage is exacerbated by reperfusion injury of the liver graft and is clinically manifested as 

an increased risk of complications and graft failure after transplantation34. The most troublesome 

complications after DCD liver transplantation are biliary complications such as NAS, which have 

been reported in up to 30% of the patients after DCD liver transplantation compared to 10% in 

recipients of a DBD liver graft34,38,39.

This randomized controlled trial aims to study the efficacy of a new preservation method, end-

ischemic DHOPE, in reducing the incidence of NAS after DCD liver transplantation. End-ischemic 

hypothermic machine perfusion has been studied previously in phase-1 non-randomized trials in 

human orthotopic liver transplantation19-22. These first clinical experiences have provided promising 

results such as improved early graft function, attenuated classical biochemical markers of liver 

preservation injury, fewer (biliary) complications, and shorter hospital stay in comparison with a 

retrospective control group of patients receiving a liver preserved with SCS alone. 

The rationale of this study is based on the results of the abovementioned phase-1 trials11,12,16,17. 

However, these first clinical trials were cohort studies with retrospectively selected non-randomized 

control groups. Therefore, it is unwise and perhaps even unethical to adjust usual care as long as 
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the clinical and health economic benefit of DHOPE has not been demonstrated in a randomized 

controlled trial.

The primary endpoint of this study is symptomatic NAS within six months after transplantation. 

This clinical endpoint is selected as it is considered to reflect a relevant sign of biliary injury caused 

by ischemia-reperfusion injury8,23. Also, diagnostic imaging is reproducibly attainable at all study 

sites and therefore can be objectified by blinded assessment by the Adjudication Committee 

including independent radiologists. Moreover, the preferred imaging modality is MRCP which is 

minimally invasive and is part of the routine diagnostic work-up in case of clinical suspicion of NAS. 

For the primary endpoint, the time interval of six months after transplantation is chosen because 

the diagnosis of NAS is reported at a median of three to four months after transplantation23,40. 

Some studies have reported an occurrence of 100% of the cases of NAS within four months33,40-42.

Furthermore, when NAS does develop more than 6 months following transplantation, it is less likely 

mediated by ischemia-reperfusion injury8,43. 

According to the study protocol, all patients undergo an MRCP at 6 months after transplantation 

regardless whether they have symptoms of cholestasis. This MRCP will be assessed for biliary 

strictures by the blinded Adjudication Committee. With this standardized MRCP, the risk of a 

potential bias in diagnosis rate of NAS will be minimalized, for example when physicians would 

deliberately postpone the diagnostic imaging for NAS until after 6 months of follow-up. Conversely, 

in patients with graft failure or NAS before 6 months of follow-up, the planned MRCP at 6 months 

will be cancelled. 

A potential pitfall of the study is the risk of declining the DCD liver for transplantation after 

randomization. To overcome a bias due to a physicians’ preference for either study group, the protocol 

stipulates randomization after the definitive accept of the liver for transplantation. . Additionally, to 

ensure identical procurement of the donor liver, the surgeons performing the procurement will be 

blinded for the study group assignment during the organ recovery procedure.  

Inclusion criteria are chosen to optimally reflect the current clinical practice. Selective 

inclusion would certainly hamper the future implementation of results. For this reason, patients 

with a retransplantation using a DCD liver are included in this study. Pre-selection by excluding 

patients with retransplantation would potentially optimize patient outcome, but not reflect the 

current clinical practice in which organ scarcity forces clinicians to weigh waiting list time against 

graft quality. Nevertheless, patients with fulminant liver failure are excluded from this trial as their 

high risk of complications and mortality would potentially weaken safety monitoring of the trial. 

Also, donors with HIV, hepatitis B, or C are excluded from participating in order to minimize the 

risk of contamination of the medical device. A similar approach is applied in renal replacement 

therapy where patients with HIV or hepatitis B or C are dialyzed with dedicated machines to avoid 

contamination of non-infected patients.

End-ischemic hypothermic machine perfusion is a rapidly developing and dynamic field with 

yet many still unanswered questions. For example, there is no consensus on the need for active 
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oxygenation or single (portal vein) versus dual perfusion (hepatic artery and portal vein). Guarrera 

et al were the first to report successful clinical transplantation of extended criteria DBD donor 

livers after ex situ hypothermic machine perfusion (4-6 ºC) via the portal vein and hepatic artery 

without active oxygenation21,22. Dutkowski et al subsequently reported that active oxygenation of 

the perfusion fluid adds significantly to the benefits of hypothermic (10 ºC) perfusion in DCD liver 

transplantation15,19,20,44,45. Although Dutkowski’s group applied active oxygenation of the perfusion 

fluid, they only perfused via the portal vein and not via the hepatic artery. Up to present it remains 

unclear whether dual or single perfusion is equally effective or one method is superior to the other. 

However, as biliary complications are the main obstacle for wider utilization of DCD livers and the bile 

ducts are known to be predominantly vascularized through the artery, the single portal perfusion 

may (at least in theory) not provide optimal preservation of the bile ducts and their vasculature [46].

In conclusion, the DHOPE-DCD trial is a multicenter trial designed to assess the effect of 

dual hypothermic oxygenated machine perfusion compared to SCS on the incidence of non-

anastomotic biliary strictures in DCD liver transplantation. This trial aims to improve the outcome 

of patients transplanted with a DCD donor liver by reducing the risk of NAS. Therefore, the DHOPE-

DCD trial has the potential to impact the outcome of the individual patient by decreasing the risk 

of NAS and retransplantation. Secondly, this trial may impact the outcome of all patients awaiting 

a liver transplantation because a decrease in retransplantation rate would lead to more remaining 

available liver grafts for other patients. Finally, this study examines the cost-effectiveness and 

budgetary impact of DHOPE against usual care for patients with DCD liver transplantation and may 

affect future health care policy concerning DCD liver transplantation. 
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ABSTRACT 

Due to worldwide shortage of donor organs, transplant surgeons have increasingly used donor 

organs with a risk of post-transplant complications. Such organs particularly benefit from the 

application of machine perfusion (MP). Therefore, in the past decades MP is increasingly used for 

organ preservation, organ viability assessment, and organ resuscitation. MP was first introduced 

in 2005 in clinical renal transplantation at the University Medical Center Groningen. Thereafter, 

MP has been applied in clinical lung and liver transplantation and has now come to play a central 

role in organ transplantation. To facilitate the use of MP we developed an organ preservation and 

resuscitation (OPR) unit. This manuscript describes the technical development and construction of 

the OPR unit which was specifically designed for simultaneous perfusion of lungs, livers, and kidneys, 

in addition to back table procedures for ex situ inspection of the organs. The use of the OPR unit 

has greatly improved the logistic and practical circumstances for MP. In addition, transplantation 

experts from various backgrounds are brought together in the same place, allowing development 

of organ preservation strategies that transcend single organ systems. 
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INTRODUCTION

Machine perfusion (MP) is a dynamic preservation strategy to assess, preserve, and improve organ 

viability in real-time. The technique is beneficial especially to organs with increased ischaemic 

damage, such as those derived from donation after circulatory death (DCD) and extended criteria 

donors (ECD) after brain death.1-5 Such organs demonstrate increased ischemia-reperfusion injury 

after revascularization6-8 and are associated with an increased risk of primary non-function, delayed 

function, or graft failure.9-12 MP decreases the effects of ischemia-reperfusion injury as well as post-

transplant complications.1-5,6,8 

With the increased use of marginal organs for transplantation, MP is becoming more and 

more used in clinical setting.13 In many centers, MP is the standard preservation method for 

renal transplantation. In liver, lung, and heart transplantation, MP is also used more and more. In 

comparison to kidney MP, MP of liver, lung, and heart is more challenging and is mainly performed 

in the transplant hospital and not during transportation of the organ. Therefore, MP of non-renal 

organs was only recently introduced in the clinical setting. For example, at present all Dutch DCD 

livers are included in a randomized controlled trial of hypothermic oxygenated MP (Clinicaltrials.

gov; NCT02584283), and recently normothermic MP has been initiated for ECD livers (www.

trialregister.nl; NTR5972). Similar developments have been seen in heart and lung transplantation, 

as evidenced by clinical trials regarding MP of lungs with neurogenic edema, and DCD hearts.14-16 In 

the experimental setting, various modalities of MP are still been investigated, employing different 

temperatures, timing, and types of preservation solution.17

The increased use of MP in clinical settings calls for professional facilities dedicated to MP and 

standardization of safety regulations. In this article, we describe the development of a unit for ‘Organ 

Preservation and Resuscitation’ (OPR). 

DESIGN 

Aim

We aimed to enable simultaneous extracorporeal MP of various organs. To this end we developed a 

specialized OPR unit, equipped to perform MP with maximum efficiency. 

Design team

Numerous challenges had to be overcome while designing a multi-organ preservation unit, 

including regulations, logistics, and a budget. The design facilitated the various intended users, 

including lung, heart, kidney, and gastrointestinal transplant professionals. As the requirements 

were complex and new challenges arose during development, constant interaction between the 

engineers and the intended users was vital. The design team consisted of transplant surgeons, a 

dedicated organ perfusion team, scrub nurses, project and hospital construction managers, and an 

air ventilation expert. The clinical experience and knowledge of these health care professionals was 

vital in the development of the OPR unit.
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Technical requirements

The next step was to create a safe working environment with minimal risk of contamination 

and appropriate measures to minimize electrical, chemical or fire hazards. Many national and 

international laws and regulations govern the construction of operating rooms. For the OPR unit we 

adhered to the same requirements, with several exceptions (Table 1).  

Table 1. Technical requirements with regard to safety

Item Laws and regulations Operating room OPR unit

Air cleanliness NEN-EN-ISO 14644-1 Operating table: ISO 5
Adjacent to operating table: 
ISO 7 

Operating table: ISO 5
Adjacent to operating table: 
ISO 7

Classification 
operating room

WIP regulation Classification 1 Classification 2 (class 1 
except for ventilation rate)*

Air inflow filter NEN-EN 1822-1 HEPA  H14 HEPA  H14

Ventilation WIP regulation Turnover of 20x per min Turnover of 6x per min

Zones WIP regulation 3 zones 3 zones

Positive pressure WIP regulation 3 stages 3 stages

Electrotechnical safety NEN1010 Classification 0 Classification 1#

Power supply NA UPS UPS

Sound limit 2003/10/EC <50 dB <50 dB

Temperature^ NEN-EN-ISO 14644-1 20-23° C 20-23° C ±2° C

Relative humidity^ NEN-EN-ISO 14644-1 30-60% ±55%

*In the operating room, the use of anesthetic gass requires an air ventilation turnover rate of 20 times per minute. 
As anesthesia was not used in the OPR unit, ventilation turnover was not regulated. 
#Classification of electrotechnical safety in medical rooms was determined lower in the OPR unit than in 
operation rooms because patients do not enter the OPR unit. Hence, there was no risk of cardiac arrhythmia of 
a patient in the OPR unit. 
^The temperature and relative humidity were selected to reduce bacterial growth and suppress static electricity. 
Abbreviations: EC, European Community; GMP Annex 1, Good Manufacturing Practice; HEPA, high efficiency 
particle air; OPR, organ preservation and resuscitation; NEN1010, Netherlands Norm 1010; NEN-EN-ISO, 
Netherlands Norm, European Norm, and International Organization for Standardization; UPS, uninterruptible 
power source; WIP, Workgroup Infection Prevention (Dutch: Werkgroep Infectiepreventie richtlijn) 

The next step was to design the area for MP. A ventilation system for this area was required to 

minimize microbial contamination.18 In the regular operating room, the ceiling over the operating 

table contains air filters which remove particles that might carry microorganisms. Laminar air flow is 

blown towards the operation table and creates a clean area – or “plenum” - underneath the filter.19 In 

the OPR, the area for MP needed to be protected by such laminar air flow. As the necessary airflow 

was not available within the existing ventilation system in our center, separate “plenum zones” were 

created for MP (Figure 1). As such, three zones of ±1.5 m2 were designed to enable ventilated lung 

MP, liver MP, and back table procedures. To minimize obstruction of the laminar airflow, we chose 

cross-room flow to enable adequate lighting and ventilation.
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Materials

The necessary equipment is listed in Table 2. This includes the perfusion machines, solutions, 

medical gasses, instruments, and disposables. As the gas mixture required for lung perfusion was 

not readily available in our center, a custom made gas outlet and channel was designed for the OPR 

unit. Other essential requirements for MP included a blood gas analyzer for real-time analysis of the 

perfusion solution to determine oxygenation status and organ function (Figure 1). Furthermore, as 

a room adjacent to the OPR unit was required for a three stage positive pressure system (Table 1), an 

ancillary room was planned for this function, containing supportive facilities such as a double sink, 

countertops, a refrigerator for preservation fluids, and a freezer for sterile ice.

Table 2. Equipment 

Lung Liver Kidney
Sterile environment √ √ -
Gas requirement Air, vacuum, gas mixture 

(6%O2, 8% CO2, 86% N2)
Oxygen, carbon dioxide Oxygen

Refrigerator √ √ √
Freezer √ √ √
Sink √ √ √
Blood gas analyzer √ √ -
Computer √ √ √
Scales √ √ -
Other Pressure sensor

Ventilator
Operation tables
Operation chairs

Figure 1. Blue print of the Organ Preservation and Resuscitation (OPR) unit. The surface area is a total of 44 
m2 which is divided over two distinct rooms: the preservation room and the ancillary room. In the ancillary room 
are located a refrigerator, freezer, washing facility, blood gas analyzer, and cupboards for storage. The preservation 
room contains three areas for organ benchwork and preservation, a computer, and cupboards for storage. There is a 
pressure gradient system between the preservation room, the ancillary room, and the hall way.
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 First use

The blueprints for the OPR unit were conceptualized in July 2014 (Figure 1). Construction was 

started in November 2014 and lasted until January 2015. The unit was then finalized for actual 

use by installing MP devices, instruments, and disposable materials (Figure 2). A simulated organ 

MP procedure was performed (Figure 3 and 4). Additionally, instructions for use and protocols 

were written to facilitate working with the OPR unit. Individual introduction sessions were held 

Figure 2. Wide angle photograph of the preservation room. In the walls are the three cross flow filters and a 
laminator distributing the air flow evenly over the entire surface. On the floor in front of the cross flow units are blue 
rectangles indicating the area in which the organ can be handled in a clean environment. Power sockets and gas 
outlets are available on each side of the cross flow units. The cupboards are located on the right side of the photograph.

Figure 3. Close up of the middle cross flow unit prepared for back table inspection and preparation of a 
kidney. Behind the operating table is the cross flow filter which is protected against damage by the vertical steel rods. 
The operation light is located above the cross flow and supplies 50.000 lux. If necessary, the operation light of the 
adjacent cross flow units can be added to provide additional light.
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Figure 4.  Organ preservation and resuscitation (OPR) unit in use. This photograph is taken from the ancillary 
room next to the preservation room. The wall separating both rooms has a window and an automatically sliding door 
with a sensor. There is also an intercom to minimize door movements. In the preservation room the device for liver 
perfusion can be seen on the left. Behind that is the area for organ inspection with two tables in front of the cross flow 
filter. To the right is the device for lung perfusion next to the table in front of the right cross flow filter. To the right and 
front of the right cross flow filter is the kidney machine which is placed on a counter.

Figure 5. The ancillary room. As in Figure 4, the window between the preservation room and the ancillary room can 
be observed. In the ancillary room, the blood gas analyzer is located on the counter. Underneath the counter are the 
refrigerator and the freezer. In the preservation room, the cross flow filter can be seen through the window.

to familiarize the cleaning service, logistics staff, scub nurses, students, transplant technicians, 

researchers, and transplant surgeons with the new unit. The OPR unit was taken into use in February 

2015. Per-case as well as periodic quality control evaluations were performed routinely. Maintenance 

of appliances and supply of materials such as solutions and disposables were incorporated into 

routine logistical procedures at the operating theater complex. 
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DISCUSSION

This article describes the development of a facility for clinical-grade MP of three type of organs in a 

room named the Organ Preservation and Resuscitation unit. To enable replication in other centers, 

the design and implementation of the facility are described in this article. 

With the creation of an OPR unit, optimal conditions were created to suit the increasing use 

of MP in our center, as well as to treat several different organs at once, derived from the same 

or different patients. The process was facilitated by periodic meetings of the design team which 

consisted of knowledgeable professionals with power of decision. As a result, the OPR unit now 

facilitates three types of organ perfusion, bringing together the professionals working with the 

different organs. This collaboration, which was formed during the design of the OPR unit, continues 

after its implementation, leading to a synergistic exchange of knowledge between the users of 

the OPR unit, creating new research ideas and scientific partnerships. The collaboration was also 

essential for acquisition of hospital budgetary means for the construction of the unit.

Although this facility provides a location for MP, financial support for additional personnel, 

materials, perfusion machines, and disposables will be compulsory to enable the use of MP in 

clinical care. In the Netherlands, dedicated personnel are trained to operate the OPR, creating a new 

job designation termed “organ perfusionist”. Certification of organ perfusionists, similar to cardiac 

bypass perfusionists, will be relevant as MP increasingly becomes the standard of care.  

The OPR unit adheres to regulations for a safe working environment with minimal risk of 

contamination and other measures to minimize hazards to health. Its implementation has been 

received well by involved health care professionals and has continued to evolve in efficiency, quality, 

and accessibility. 
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SUMMARY AND GENERAL DISCUSSION

The studies described in this thesis have resulted in a better understanding of strategies to improve 

the outcome of liver transplantation with extended criteria donor (ECD) grafts. Specific subgroups 

of ECD liver grafts with acceptable outcome and cost-effectiveness were identified. Furthermore, 

the clinical findings confirmed experimental findings that hypothermic machine perfusion has the 

potential to attenuate ischemia-reperfusion injury and prevent further damage of ECD liver grafts. 

With machine perfusion rapidly gaining a central role in ECD organ transplantation, a clinical-grade 

facility for organ preservation and resuscitation (OPR) has been developed in our center.

In this chapter, the results of this PhD thesis are summarized and discussed, followed by a section 

on future perspectives. An introduction to this thesis and the aims of this thesis were provided in 

Chapter 1. 

In chapter 2 we analyzed the long-term outcome of liver transplantation with pediatric DCD 

liver grafts in a retrospective cohort study including all Dutch pediatric (≤16 years old) DCD grafts 

ever transplanted since the start of a liver transplant program in the Netherlands. We assessed the 

10-year graft and patient survival and incidence of NAS and compared it with that of pediatric DBD 

liver grafts in the same time period. We demonstrated that transplantation of livers from pediatric 

DCD donors resulted in good long-term outcome (10-year graft survival rate of 81%) when the 

donor warm ischemia time was kept ≤30 min. Furthermore, the incidence of non-anastomotic 

biliary strictures after transplantation of pediatric DCD livers was remarkably low. Although NAS is 

recognized as the most relevant and prevalent complication of adult DCD livers, this does not seem 

to be the case for pediatric DCD livers. Possibly, young donors have better preserved regenerative 

capacity of the bile ducts. This finding is in line with previous studies demonstrating that an impaired 

biliary regenerative capacity is associated with the development of NAS.1,2 

In chapter 3 we examined the financial impact and clinical outcome of transplantation of high 

risk DBD liver grafts. We performed a 5-year prospective observational study together with the 

two other liver transplant centers in the Netherlands. The Eurotransplant donor risk index (ET-DRI) 

was used to determine graft quality. Patients were divided into four quartiles based on the ET-DRI. 

We demonstrated that the low quality of a DBD liver graft was associated with higher incidence of 

biliary complications and associated costs. However, the graft quality did not affect the total one-

year costs, survival, or cost-effectiveness. A possible explanation is that the ET-DRI is designed for a 

population including DCD liver grafts, while this study included solely DBD liver grafts. To support 

this hypothesis, an additional analysis with both DBD and DCD grafts was performed and indeed 

we found that lower graft quality, based on ET-DRI, was associated with higher one-year costs and 

lower graft survival. Nevertheless, the ET-DRI is up to present the best available risk model with a 

continuous scoring system incorporating donor variables only. 

Chapter 4 provided a general overview of the pathogenesis of NAS and the promising role of 

machine perfusion in preventing NAS. In summary, the key process in the pathogenesis of NAS is 

now considered to be the impaired regenerative capacity of the bile duct due to injury of essential 
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components such as the peribiliary vascular plexus and the peribiliary glands which contain 

progenitor cells. The different endpoints for assessment of the bile duct injury and function were 

discussed. Also, the wide spectrum of different approaches to machine perfusion was presented. 

An overview was given of the animal studies and preclinical human studies on machine perfusion 

in relation to biliary injury. In conclusion, these studies provide promising evidence that machine 

perfusion does not only reduce the amount of bile duct injury but also helps restore the regenerative 

capacity of the bile ducts. Therefore, machine perfusion may lead to attenuated ischemia-reperfusion 

injury in ECD livers and reduced risk of NAS. 

In chapter 5 we assessed the safety and feasibility of two hours of end-ischemic dual hypothermic 

oxygenated machine perfusion (DHOPE) in a first-in-man, prospective, case-control study. Between 

April 2014 and November 2014, ten consecutive patients (age ≥18 years) undergoing DCD liver 

transplantation in our center were included in the study. The study demonstrated that DHOPE was 

safe and feasible, as seen by 100% graft and patient survival at 1 year, no technical problems or 

device malfunctioning. The hepatic adenosine 5'-triphosphate (ATP) level increased 11-fold during 

DHOPE, postoperative markers for hepatobiliary function (bilirubin) were better and markers for 

ischemia-reperfusion injury (serum alanine aminotransferase, alkaline phosphatase, and γ-glutamyl 

transferase) were lower in the DHOPE group compared to the matched control group. Although 

DHOPE is a relatively simple and safe technique, it does not allow for ex situ functional assessment 

as is the case in normothermic machine perfusion. Hypothermic machine perfusion rather aims 

at attenuating ischemia-reperfusion injury and thereby reducing posttransplant complications. 

Whether DHOPE can actually reduce the risk of complications has yet to be assessed in randomized 

controlled clinical trials.

In chapter 6 we investigated the effect of DHOPE on bile duct injury in DCD liver transplantation 

performed in chapter 5. We demonstrated that the degree of bile duct injury increased after graft 

reperfusion compared to at the end of static cold storage in the control group (stroma necrosis and 

deep peribiliary glands). However, in the DHOPE group, the level of injury did not increase. Also, the 

level of injury after reperfusion was lower in the DHOPE group compared to the control group (deep 

peribiliary glands). In contrast to previous studies by our group, we did not observe an effect of 

DHOPE on the peribiliary vascular plexus and arteriolonecrosis.3 A possible explanation is the short 

time interval of 1-2 hours after graft reperfusion in this study compared to 4 hours in the previous 

study. Altogether, the results in this chapter suggest that DHOPE prevented further worsening of 

bile duct injury after graft reperfusion. As injury to the peribiliary glands is a known risk factor for 

development of NAS, the protective effect of DHOPE on the peribiliary glands can (hypothetically) 

lead to reduced risk of the NAS.2 The key mechanism of DHOPE is probably the restoration of 

cellular ATP content by “resuscitation” of the mitochondria. The downstream effects are reduced 

ROS-production, decreased Kupffer cell activation and decreased activation of the innate immune 

system.4-8 Although the aforementioned effects of hypothermic machine perfusion have previously 

been demonstrated with regard to hepatocellular injury, this study demonstrated such an effect on 
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bile duct injury for the first time. 

In chapter 7 we described the study protocol of the DHOPE-DCD Trial which aims to determine 

the efficacy of DHOPE in reducing the incidence of NAS in DCD liver transplantation. In summary, 

it is a multicenter, international, prospective parallel-arm, randomized, controlled trial comparing 

DHOPE with SCS. It was initiated in October 2015 and has included 50% of 156 planned trial patients 

so far. At present, five academic centers in the Netherlands and Belgium are participating in the trial 

(Groningen, Rotterdam, Leiden, Leuven, and Gent) and two centers in the United Kingdom will be 

joining soon (Birmingham and King’s College in London). 

In chapter 8 we described the development of the organ preservation and resuscitation (OPR) 

unit for clinical-grade machine perfusion of livers, lungs, and kidneys. With the OPR unit, optimal 

conditions were created to facilitate the increasing use of machine perfusion. The implementation 

of machine perfusion in clinical care was not only enabled by building a location such as an OPR unit. 

Also, financial means were required for materials, machines, disposables, and additional dedicated 

personnel such as ‘organ perfusionists’ which may become a new profession.

Future Perspectives

Although the studies in this thesis have contributed to new strategies to improve the outcome in 

ECD liver transplantation, there are still many new challenges and questions to be addressed. In the 

last section of this chapter, these challenges will be discussed and new directions for future research 

will be given. 

The transplant community has been continuously investigating approaches to safely expand the 

donor liver pool. Assessment of risk factors for graft dysfunction and posttransplant complications 

has led to better understanding of the boundaries. Also, risk models such as the balance-of-risk 

(BAR), donor risk index (DRI), and Eurotransplant-DRI (ET-DRI) have been developed to estimate 

the risk of a specific liver graft. However, these models should be used cautiously for individual 

patients as they have been developed and validated within large retrospective studies.9-12 Chapter 

3 illustrates that such models have limited value in smaller cohorts and are less suitable for study 

populations with exclusively DBD or DCD grafts. As the graft type (DCD or DBD) weighs heavily in 

the ET-DRI score, the model retains poor predictive value after excluding this factor from the study 

population. Separate risk models for DCD and DBD liver grafts would add to the understanding of 

the risk factors for each graft type. Eliminating graft type from the model will allow novel risk factors 

to become apparent, such as donor warm ischemia time, a well-known and important risk factor 

for DCD liver transplantation, which is not incorporated in current risk models such as the ET-DRI.9,13

Data presented in this thesis suggest that improved outcome after ECD liver transplantation 

could be achieved with end-ischemic DHOPE. Excellent results after DHOPE have been 

demonstrated for bile ducts and liver graft quality in general. Whether this technique can actually 

reduce the incidence of NAS remains to be determined with randomized controlled trials, such as 

the trial described in chapter 7. Although DHOPE is a promising technique, there is no consensus on 
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active oxygenation of the perfusion fluid as well as dual perfusion of the portal and arterial vessels. 

Data from experimental studies suggest that active oxygenation significantly improves the effect 

of hypothermic machine perfusion on ischemia-reperfusion injury.5,8,14-18  However, there are no 

studies that investigated dual perfusion via both the hepatic artery and the portal vein compared 

to single perfusion of the portal vein only. Theoretically, dual perfusion is superior to single portal 

perfusion as the biliary vascular plexus is mainly dependent on the arterial system.19,20 With NAS 

being the most feared complications after DCD liver transplantation, it seems sensible to perform 

dual perfusion despite the possible risk of causing mechanical injury to the fragile hepatic artery, 

although this has not been seen in any clinical study reported until now. Moreover, recent studies 

by our group demonstrate that DHOPE has a positive effect on endothelial function.21 Nonetheless, 

the superiority of dual versus single perfusion should be investigated in future experimental and 

clinical studies. 

The studies described in this thesis concerned transplantation of liver grafts which were 

transplanted within the acceptance criteria. However, many livers fall outside these criteria and 

are declined for transplantation. A considerable number of these donor livers are currently being 

declined due to an increased risk of NAS. The exact number is not known, but in total 30% of livers 

of donors are accepted for transplantation.22,23 The remaining 70% of donor livers could potentially 

be used if protective methods, such as machine perfusion, are able to reduce the risk of NAS, 

primary non-function, and other posttransplant complications. Remarkably, adequate liver function 

in the donor is no guarantee for successful liver transplantation.24 Processes during donation 

and transplantation cause injury to the graft and can lead to posttransplant complications. Such 

processes include death of the donor, ischemic conditions during organ procurement, preservation, 

and transplantation.24-26 The universal hypothesis is that the function of declined livers should be 

assessed with machine perfusion after the injury mentioned above is acquired. As pointed out 

previously, there are different temperatures for machine perfusion such as hypothermia (0-12°C), 

subnormothermia (25-34°C), and normothermia (35-38°C).27 The liver function cannot be tested 

at hypothermic conditions because cellular metabolism is initiated at ≥12°C.27,28 Therefore, the 

role of DHOPE in declined livers is probably limited but remains to be investigated. For declined 

livers, subnormothermic and especially normothermic machine perfusion can be used to assess 

the hepatobiliary cellular function by analyzing biomarkers (real-time) in perfusate and bile.29-32 

Recently, excellent results of transplantation after normothermic perfusion have been reported 

in livers initially declined for transplantation.33-35 Whether this approach leads to an acceptable 

incidence of NAS has yet to be determined as the incidence of NAS was high (27%) in the first case 

series by Watson et al.35 Also, the long-term survival remains to be investigated. 

Another advantage of an intact cellular metabolism during (sub)normothermic machine 

perfusion is the ability to administer drugs or perform interventions aiming to improve graft 

function. As underlined by the low incidence of NAS in pediatric DCD liver grafts (chapter 3), 

the regenerative capacity is a key component in the development of NAS. Enhancement of the 
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regenerative capacity of the bile duct can potentially be mediated by adding mesenchymal stem 

cells to the perfusion fluid. Mesenchymal stem cells are known to be able to differentiate into cell 

types other than their tissue of origin, have unique immunomodulatory features and secrete growth 

factors and anti-apoptotic cytokines.36 In kidney transplantation, pre-clinical results are promising 

and first clinical trials have demonstrated that MSCs are safe and feasible.37,38 Follow-up studies are 

awaited. Another interesting new research field in normothermic machine perfusion is liver graft 

imaging. Real-time functional testing of the mitochondrial resuscitation and measurement of ATP 

levels during machine perfusion have been successfully performed using MRI in porcine kidneys.39,40 

This technology may provide valuable information on a reliable marker (ATP) of organ viability in 

real-time. 

Regardless of the potential benefits of normothermic machine perfusion, the optimal 

temperature for machine perfusion has yet to be determined. Experimental research from our group 

has suggested that machine perfusion reduces the degree of ischemia-reperfusion injury regardless 

of the temperature.41 Moreover, temperature changes can be achieved promptly or gradually with 

machine perfusion. Based on excellent results in animal studies, Minor et al have initiated a clinical 

trial with controlled oxygenated rewarming of ECD liver grafts, of which the results are awaited with 

interest.42,43 

The studies in this thesis have focused on improving the outcome of ECD livers without increasing 

the total number of available donor livers. The total number of livers can potentially be increased 

with the application of (sub)normothermic machine perfusion or controlled oxygenated rewarming. 

These types of machine perfusion enable the functional assessment of high-risk donor livers that 

would otherwise not be accepted for transplantation. Another method to increase the total number 

of donor livers is increasing the informed consent rate for organ donation. The impact of a higher 

consent rate could be substantial. In the Netherlands the informed consent rate is as low as 35% 

while it is 66% and 85% in the United Kingdom and Spain respectively.22,44 An increase of 5% would 

result in 40 extra donors in the Netherlands while about 40 patients awaiting liver transplantation 

yearly die on the liver waiting list.22 Therefore, in my opinion, nation-wide investigations should be 

initiated into factors involved in the low consent rate in the Netherlands, similar to the research 

carried out by the United Kingdom’s Organ Donation Taskforce 2008.45 This taskforce demonstrated 

that the most easily modifiable factor affecting consent rate was the involvement of the Specialist 

Nurses in Organ Donation (SN-OD) in the family approach.45,46 Similarly in Spain, beneficial effects 

have been seen after the introduction of trained requestors.47 Identification of factors associated 

with increased informed consent rate specific to the Dutch population would be valuable for any 

patient awaiting transplantation.
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INTRODUCTIE

Met een levertransplantatie wordt de zieke lever vervangen door een gezonde lever van een 

donor. Het is de enige behandeling voor patiënten met acuut of eindstadium chronisch leverfalen. 

De oorzaken voor leverfalen zijn onder andere virale infecties, auto-immuun aandoeningen, 

aangeboren afwijkingen, leververvetting, of blootstelling aan alcohol of geneesmiddelen. Jaarlijks 

worden in Nederland tussen de 110 en 140 levertransplantaties uitgevoerd.1 Helaas overlijden er 

jaarlijks tientallen patiënten op de wachtlijst voordat een donorlever beschikbaar komt. De vraag 

is namelijk groter dan het aanbod. Hierdoor is er een lange wachtlijst en zijn er strenge eisen om in 

aanmerking te komen voor plaatsing op de wachtlijst. Een manier om het aanbod aan donorlevers 

te vergroten is door donorlevers van verminderde kwaliteit te accepteren voor transplantatie. 

Deze donorlevers noemen we ook wel suboptimale levers of ‘extended criteria donor’ (ECD) levers. 

Een voorbeeld van een ECD lever is een lever met vervetting, van een oudere donor of een lever 

afkomstig van een donor overleden ten gevolge van circulatoir arrest (donation after circulatory 

death [DCD).2,3 

Het nadeel van transplantatie van ECD levers is dat er een grotere kans bestaat op complicaties 

na transplantatie. Voor DCD levers is weliswaar de patiëntoverleving niet lager dan de overleving bij 

‘optimale’ donoren4-6, maar de transplantaatoverleving is gemiddeld 10% lager in het eerste jaar na 

transplantatie ten opzichte van een transplantatie van een lever afkomstig van een donor overleden 

ten gevolge van hersendood (donation after brain death [DBD]).5,7-10 Voornamelijk complicaties aan 

de galwegen zijn een belangrijke oorzaak voor het falen van de transplantaatlever.5,7-10 De galwegen 

van de lever zijn zeer gevoelig voor de periode van transport waarin de lever zich buiten het 

lichaam bevindt en geen bloedvoorziening krijgt. De meest beruchte manifestatie van schade aan 

de galwegen is het optreden van non-anastomotische galwegstricturen (NAS).11 Kenmerkend voor 

deze complicatie is het ontstaan van vernauwingen (stricturen) van de galwegen. NAS komen voor 

bij ongeveer 35% van de DCD levertransplantaties, zijn vaak therapieresistent en kunnen leiden tot 

het opnieuw krijgen van leverfalen waardoor een nieuwe retransplantatie noodzakelijk wordt.10,12,13

DOELSTELLINGEN

Dit proefschrift beschrijft manieren om de uitkomst na transplantatie van een ECD lever te 

verbeteren. In hoofdstuk 1 wordt een introductie gegeven van het proefschrift. In de twee 

volgende hoofdstukken gaan we op zoek naar specifieke subtype ECD levers waarvan de resultaten 

na transplantatie acceptabel zijn en kosteneffectief zijn. In de volgende hoofdstukken onderzoeken 

we de rol van machine perfusie als strategie om de uitkomst na transplantatie van een ECD lever 

te verbeteren. Met name focussen we op het effect van machine perfusie op de galwegen en 

het ontwikkelen van galwegcomplicaties zoals NAS. Vervolgens wordt de ontwikkeling van een 

orgaan perfusie kamer (organ preservation and resuscitation unit [OPR unit]) beschreven welke 

de uitvoering van machine perfusie van longen, levers en nieren op klinisch hoogwaardig niveau 

faciliteert. 
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Hoofdstuk 2

In vergelijking met volwassen DCD levers, is er weinig bekend van de uitkomsten na transplantatie 

van levers afkomstig van kinderdonoren van het DCD type.14-17 In dit hoofdstuk hebben we 

de lange-termijn uitkomsten onderzocht van transplantatie van levers die afkomstig zijn 

van DCD kinderdonoren (≤16 jaar) in Nederland. We analyseerden de 10-jaars patiënten- en 

transplantaatoverleving en de incidentie van NAS. De uitkomsten vergeleken we met die van 

transplantatie van levers afkomstig van Nederlandse DBD kinderdonoren (≤16 jaar). Uit dit 

onderzoek bleek dat de uitkomst van transplantatie van DCD kinderlevers zeer goed was (10-jaar 

transplantaatoverleving van 81%) wanneer de periode van warme ischemie in de donor (periode 

tussen overlijden en het starten van koude preservatie) werd beperkt tot ≤30 minuten. Een opvallend 

resultaat van deze studie was dat er een zeer lage incidentie was van NAS na transplantatie van 

DCD kinderlevers. Hoewel bij volwassen DCD levertransplantatie NAS beschouwd wordt als meest 

belangrijke en meest prevalente complicatie, blijkt dit niet zo te zijn voor kinder DCD donorlevers. 

Bij volwassen levers is aangetoond dat een verminderd vermogen tot herstel (regeneratie) is 

geassocieerd met het ontwikkelen van NAS.18,19 Een mogelijk verklaring voor de lage incidentie van 

NAS is dat de galwegen bij kinderlevers beschikken over een beter vermogen tot regeneratie dan 

bij volwassenen. Hierdoor kan opgelopen schade aan de galwegen beter worden verholpen en 

ontstaat er geen NAS. 

Hoofdstuk 3

De uitkomst en kosten van ECD lever transplantatie zijn uitvoerig uitgezocht voor één type ECD 

lever: de DCD lever.20-23 Echter DBD levers kunnen ook suboptimaal zijn en geclassificeerd worden als 

ECD.2 In dit hoofdstuk hebben we de uitkomst en financiële impact onderzocht van transplantatie 

van suboptimale DBD levers. We hebben een prospectieve observationele studie uitgevoerd in 

samenwerking met de andere twee levertransplantatie centra in Nederland waarbij we gedurende 

vijf jaar data hebben verzameld van alle levertransplantaties in Nederland tot één jaar follow-up na 

transplantatie. We hebben de Eurotransplant donor risk index (ET-DRI) gebruikt om de suboptimale 

DBD donoren te identificeren. De studiepopulatie werd opgedeeld in vier groepen op basis van 

de ET-DRI. De uitkomst van de studie was dat bij patiënten die werden getransplanteerd met de 

meest suboptimale DBD donorlevers (de hoogste ET-DRI) de incidentie van galwegcomplicaties 

hoger was en de kosten voor galwegcomplicaties hoger waren dan in bij andere patiënten. Echter, 

deze studie toonde geen verschil tussen de studiegroepen wat betreft de totale kosten gedurende 

1 jaar na transplantatie, de 1-jaars patiënt- of transplantaatoverleving of de kosteneffectiviteit van 

levertransplantatie. Een mogelijk verklaring voor dit resultaat is dat de ET-DRI werd ontwikkeld in 

een grote studiepopulatie met DBD en DCD levertransplantaties, terwijl in deze studie alleen de 

DBD levertransplantaties werden geanalyseerd.24 Wellicht behoudt de ET-DRI te weinig waarde 

wanneer het type donor niet meetelt. Om deze hypothese te toetsen, includeerden we de DCD 
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levers in aanvullende analyses en vonden inderdaad wel een verschil tussen de studiegroepen wat 

betreft kosten en overleving ten nadele van de groep met de hoogste ET-DRI. Helaas blijft de ET-DRI 

ten opzichte van andere scoringsmodellen het meest geschikte beschikbare instrument om een 

studiepopulatie op basis van kwaliteit van de lever in te delen doordat het een continue score is 

gebaseerd op donorkarakteristieken en gevalideerd is voor onze studiepopulatie.25-28 Toekomstig 

onderzoek zou zich moeten richten op het ontwikkelen van nieuwe scoringsmodellen voor DCD 

of DBD type levertransplantaties afzonderlijk. In dergelijke scoringsmodellen zullen nieuwe 

risicofactoren gaan meewegen, zoals donor warme ischemie tijd (tijd van overlijden tot start koelen 

van de lever) welke niet meegenomen wordt in huidige scoringsmodellen, zoals de ET-DRI, terwijl 

het een zeer bekende en belangrijke risicofactor is voor het ontwikkelen van NAS.29,30

Hoofdstuk 4

Dit hoofdstuk geeft een overzicht van de huidige inzichten betreffende het ontstaansmechanisme 

van NAS en het veelbelovende beschermende effect van machine perfusie op galwegschade en 

het ontwikkelen van NAS. De meest recente literatuur associeert het ontstaan van NAS met een 

verminderd vermogen om galwegschade te herstellen nadat deze tijdens de transplantatie ontstaat 

als gevolg van ischemie-reperfusie.13,18,19,31 Studies laten zien dat de kans op NAS verhoogd is 

wanneer er schade is ontstaan aan essentiële structuren zoals de peribiliaire vasculaire plexus en 

de peribiliaire klieren waarin zich stamcellen bevinden.19 Verder komen verscheidene methoden 

om galwegschade en -functie te meten aan bod en wordt er een overzicht gegeven van de 

verschillende toepassingen van machine perfusie. Ten slotte worden de resultaten gepresenteerd 

van dierexperimenteel en preklinisch onderzoek naar het effect van machine perfusie op de 

galwegen. Hieruit blijkt dat machine perfusie niet alleen de mate van galwegschade beperkt maar 

ook de regeneratiecapaciteit van de galwegen verbetert.32-39 Machine perfusie belooft daarmee een 

kansrijke techniek te zijn om in de klinische situatie de galwegschade ten gevolge van transplantatie 

te voorkomen en het risico op NAS te verkleinen.

Hoofdstuk 5

Uit experimenteel onderzoek bleek eind-ischemische hypotherme machine perfusie een 

veelbelovende toepassing van machine perfusie bij ECD levers.38-44 Hierbij wordt de lever aan een 

machine aangesloten via de bloedvaten en doorspoeld met een speciale koude bewaarvloeistof 

vlak voordat de lever in de ontvanger wordt getransplanteerd (reperfusie) en nadat de lever 

bewaard is in een koelbox met ijs (statische koude preservatie). In het huidig hoofdstuk 

onderzochten we de veiligheid en de uitvoerbaarheid van twee uur eind-ischemische duale 

hypotherme geoxygeneerde machine perfusie (DHOPE) bij klinische DCD levertransplantatie. We 

deden een fase-1, prospectieve, patiënt-controle studie waarin tussen april en november 2014 

tien patiënten (≥18 jaar oud) werden geïncludeerd die achtereenvolgens in ons ziekenhuis een 

DCD levertransplantatie ondergingen. De studie demonstreerde dat DHOPE veilig en uitvoerbaar 
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was. De patiënten- en transplantaatoverleving waren beide 100% één jaar na transplantatie en er 

deden zich geen technische stoornissen of mankementen voor met de machine. Gedurende DHOPE 

steeg de cellulaire energievoorraad aan adenosine 5'-trifosfaat (ATP) 11-voudig. De postoperatieve 

markers voor leverfunctie (serum bilirubine) waren beter en de markers voor ischemie-reperfusie 

schade (serum alanine aminotransferase, alkalisch fosfatase en γ-glutamyl transferase) waren 

lager in de DHOPE groep ten opzichte van een controle groep. De incidentie van postoperatieve 

complicaties was gelijk in beide groepen. Slechts één patiënt in de DHOPE groep (10%) ontwikkelde 

NAS ten opzichte van 7 patiënten in de controlegroep (35%). Deze studie suggereerde dat 

DHOPE de uitkomst na transplantatie kon verbeteren. Vervolgonderzoek in de vorm van een 

gerandomiseerde, gecontroleerde klinische studie moet echter uitwijzen of DHOPE daadwerkelijk 

het risico op complicaties zoals NAS verkleint. 

Hoofdstuk 6

We onderzochten in dit hoofdstuk het effect van DHOPE op de galwegen van de DCD levers die 

getransplanteerd werden in de studie beschreven in hoofdstuk 5. We beoordeelden de mate van 

galwegschade middels een erkende semi-kwantitieve analyse van de galwegbiopten in vergelijking 

met een controle groep van DCD levers die niet met DHOPE werden behandeld.19,45 We toonden 

aan dat de ernst van de galwegschade (stroma necrose en schade aan diepe peribiliaire klieren) 

toenam bij de controle groep na reperfusie (herstel van de bloedvoorziening in de ontvanger) ten 

opzichte van het einde van de koude bewaartijd (in de koelbox met ijs). In de levers behandeld 

met DHOPE zagen we echter geen toename van galwegschade. Bovendien was de hoeveelheid 

galwegschade (aan diepe peribiliaire klieren) na reperfusie in de controle groep ernstiger dan in 

de DHOPE-groep. In tegenstelling tot eerder onderzoek bij varkens, zagen we in deze studie geen 

effect van DHOPE op de peribiliaire vasculaire plexus of arteriolonecrose.38 Dit verschil in resultaten 

heeft mogelijk te maken met de duur van de reperfusie welke korter was in deze studie (2 uur) ten 

opzichte van de studie met varkenslevers (4 uur). Samenvattend laat dit hoofdstuk zien dat DHOPE 

de ischemie-reperfusie schade aan de galwegen en met name aan de peribiliaire klieren vermindert. 

Aangezien bekend is dat schade aan peribiliaire klieren geassocieerd is met het ontwikkelen van 

NAS, suggereert dit onderzoek dat DHOPE het risico op NAS kan verkleinen.19 

Hoofdstuk 7

Hoofdstuk 7 beschrijft het studieprotocol van de DHOPE-DCD Trial welke als doel heeft om de 

effectiviteit van DHOPE te onderzoeken in het verminderen van de incidentie van NAS na DCD 

levertransplantatie. Het is een multicenter, internationaal, prospectieve, gerandomiseerde, 

gecontroleerde, klinische trial waarin de conventionele manier van bewaren van de lever in 

statische koude preservatie (koelbox met ijs) wordt vergeleken met een aanvullende behandeling 

met eind-ischemische DHOPE gedurende twee uur. De studie werd gestart in oktober 2015 en heeft 

inmiddels 45% van de 158 patiënten geïncludeerd. Op dit moment participeren vijf academische 
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ziekenhuizen in Nederland en België in de studie (Groningen, Rotterdam, Leiden, Leuven en Gent). 

Binnenkort zullen nog twee academische centra gaan deelnemen (Birmingham en het Londense 

King’s College Hospital). 

Hoofdstuk 8

In dit hoofdstuk beschrijven we de ontwikkeling van een orgaan preservatie en resuscitatie (OPR) 

unit ten behoeve van simultane machine perfusie van levers, longen en nieren op een klinisch 

hoogwaardig niveau. In de OPR unit werden optimale omstandigheden gecreëerd voor machine 

perfusie vanwege de toegenomen toepassing van machine perfusie in de klinische praktijk. Niet 

alleen de bouw van de ruimte maakte het mogelijk om machine perfusie veelvuldig in onze 

transplantatie programma’s uit te voeren. Ook werden financiële middelen beschikbaar gesteld 

voor materiaal, machines en toegewijd personeel zoals zogenaamde ‘orgaan perfusionisten’ wat 

wellicht een nieuw beroep zal gaan worden. 

CONCLUSIES EN TOEKOMSTPERSPECTIEF

In dit proefschrift staan manieren beschreven om de uitkomst na transplantatie van een ECD lever 

te optimaliseren. Ten eerste hebben we vastgesteld dat transplantatie van kinder DCD levers leidt 

tot goede lange termijn uitkomsten en lage incidentie van NAS mits de warme ischemie tijd ≤30 

minuten is. Ten tweede leidt transplantatie van suboptimale DBD levers weliswaar tot hogere 

incidentie en kosten voor galwegcomplicaties zoals NAS, maar niet tot lagere overleving of hogere 

totale kosten. Daarnaast hebben we de veelbelovende resultaten beschreven van de eerste 

klinische toepassing van DHOPE bij DCD levertransplantatie op zowel klinisch niveau als op niveau 

van galwegschade. Vervolgens hebben we de studieopzet beschreven van een prospectieve, 

multicenter, internationale, gerandomiseerde, gecontroleerde trial naar de effectiviteit van DHOPE 

bij DCD levertransplantatie in het verminderen van de incidentie van NAS. Ten slotte, hebben we 

beschreven hoe de eerste orgaan preservatie en resuscitatie unit (OPR unit) tot stand is gekomen 

als eerste gespecialiseerde faciliteit voor de klinische toepassing van machine perfusie van longen, 

levers en nieren. 

Het effect van DHOPE berust waarschijnlijk voornamelijk op de regeneratie van de mitochondriën 

waardoor de cellulaire energievoorraad aan ATP herstelt onder invloed van zuurstof. Vervolgens leidt 

de regeneratie van de mitochondriën tot verminderd aantal reactieve zuurstofradicalen, minder 

activatie van Kupffer cellen en minder activatie van het aangeboren immuunsysteem.39-41,43,44,46 Als 

resultaat hiervan zien verschillende studies een lagere hoeveelheid ischemie-reperfusie schade.

Alhoewel DHOPE een veelbelovende techniek is, is er geen consensus over de toepassing van 

zuurstof en de duale perfusie van zowel de poortslagader als de slagader. Uit onderzoek blijkt 

dat hypotherme perfusie zonder extra zuurstof een positief effect heeft op ischemie-reperfusie 

schade na transplantatie wanneer het vergeleken wordt met transplantatie zonder machine 

perfusie.47,48 Echter, hypotherme perfusie met zuurstof blijkt beter dan hypotherme perfusie zonder 
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toegevoegde zuurstof.43,44,46 Ten aanzien van de duale perfusie (poortader en slagader) of enkel 

perfusie (poortader), zou theoretisch duale perfusie beter zijn vanwege de bloedvoorziening van 

de galwegen die voornamelijk afhankelijk is van de slagader.49,50 Hoewel er een risico bestaat op 

mechanische schade van de kwetsbare slagader, lijkt het zinvol om duale perfusie te kiezen omdat 

NAS de meest beruchte complicatie is na DCD levertransplantatie. Bovendien heeft recent onderzoek 

laten zien dat DHOPE een positief effect heeft op het endotheel (cellen van de bloedvaten).51 Echter, 

studies die beide type perfusies vergelijken zijn tot op heden niet uitgevoerd. De meerwaarde van 

duale ten opzichte van enkele perfusie zal verder onderzocht moeten worden.

DHOPE is een relatief makkelijke en veilige vorm van machine perfusie maar kent beperkingen 

aangezien bij koude temperaturen de functie van de lever niet kan worden getest zoals bij (sub)

normotherme machine perfusie.52,53 Hypotherme machine perfusie heeft als doel de ischemie-

reperfusie schade te verminderen en daardoor de postoperatieve kans op complicaties te verkleinen. 

De techniek wordt op dit moment gebruikt om transplantaties te verbeteren van donorlevers die 

reeds voldoen aan de standaard criteria. Echter ongeveer 70% van de donoren in Nederland valt 

buiten deze standaard criteria waardoor de lever niet getransplanteerd kan worden.1 Ook al is 

de functie van de lever in de donor goed, is er geen garantie voor een succesvolle transplantatie 

omdat de lever schade oploopt tijdens het transplantatieproces (overlijden van de donor, 

preservatie buiten het lichaam en opnieuw aansluiten in de ontvanger). Deze levers zouden vlak 

voor het opnieuw aansluiten in de ontvanger kunnen worden getest met behulp van normotherme 

machine perfusie.33,34,37,54 Ook kan met normotherme machine perfusie onderzoek gedaan worden 

naar toevoeging van medicijnen en interventies, zoals het toevoegen van stamcellen om de 

regeneratiecapaciteit van de galwegen te verbeteren55-57 of het meten van het metabolisme met 

behulp van een MRI scan.58,59Recent zijn er uitstekende uitkomsten gepubliceerd van transplantaties 

van afgekeurde levers die na normotherme perfusie getransplanteerd werden.17,60,61 In Groningen 

wordt op dit moment ook een dergelijke studie uitgevoerd met hypotherme gevolgd door 

normotherme perfusie (www.trialregister.nl Trial ID: NTR5972). Er moet nog onderzocht worden of 

er met normotherme machine perfusie goede lange termijn resultaten worden gehaald en er een 

acceptabel risico op NAS is. De studie van Watson et al rapporteerde namelijk een hoge incidentie 

van NAS (27%).61 Vervolgonderzoek zal hierover uitsluitsel moeten geven.
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