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Chapter 1

GENERAL INTRODUCTION

A liver transplantation is a surgical procedure to remove a diseased liver and replace it with a 
healthy liver (or part of one) from a donor. In 1963 the first liver transplantation was performed 
by Thomas Starzl and his team in a 3-year old patient with biliary atresia.1 Unfortunately, the 
patient died during surgery because of uncontrolled bleeding. In 1967 the first successful liver 
transplantation was performed (again in a child).2 Ever since, the field of liver transplantation has 
been developing greatly. New surgical techniques, intensive perioperative care, introduction of 
immunosuppressive regimens and close collaboration in organ allocation resulted in improved 
recipient outcomes. At present, more than 50 years later, liver transplantation is the only 
curative treatment for both adults and children with end-stage liver disease, and is performed 
in over 175 centers in Europe.3

Although these developments significantly improved outcomes of children with end-stage 
liver disease, liver transplantation is still an invasive and challenging procedure. At present, two 
of the main challenges are thrombotic and bleeding complications, which both significantly 
contribute to morbidity and mortality.4-6 Incidences of hepatic artery thrombosis of 5-18% 
and 5-10% for portal vein thrombosis have been reported.7,8 Bleeding complications occur 
in 5-20%, warranting proactive hemostatic management.6 Although several risk factors for 
both thrombotic and bleeding complications have been identified, it remains unpredictable 
which individual patient will develop bleeding complications and which patients are prone to 
thrombotic complications.

Hemostasis, which is the process of blood clot formation at site of blood vessel injury to stop 
bleeding, plays a key role in the pathogenesis of these complications. The hemostatic process 
consists of platelet adhesion and aggregation, coagulation and fibrinolysis, and is regulated 
by the liver. A malfunction in the hemostatic system may lead to bleeding or thrombosis. For 
a long time, it was thought that patients with end-stage liver disease had a bleeding tendency. 
However, it now has been firmly established that adults with end-stage liver disease are in a 
state of ‘rebalanced hemostasis’.9,10 In patients with liver disease concurrent changes in both 
pro- and antihemostatic pathways occur, which affect platelet aggregation, coagulation, and 
fibrinolysis, resulting in a new hemostatic balance.11,12 This rebalanced hemostasis though, 
is fragile and can easily bend towards thrombosis or bleeding, especially during invasive 
procedures such as liver transplantation.13,14

However, children are not just little adults. Children have different liver disease etiologies, 
higher incidences of posttransplant thrombosis and a still developing hemostatic system.15,16 
Hemostasis is an evolving age-depending process that starts in utero and continues 
throughout life. Since most of the maturation of the hemostatic system occurs during 
infancy, hemostasis in children is characterized by age-related changes in the coagulation 
system, with most hemostatic proteins present in lower levels in children than in adults. More 
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General introduction and outline of this thesis

knowledge of hemostasis in children undergoing liver transplantation is required to safely and 
efficiently prevent and treat both thrombotic and bleeding complications.

OUTLINE OF THIS THESIS

The aim of this thesis is to get a more rational approach to prevention and treatment of 
thrombotic and bleeding complications in pediatric patients undergoing liver transplantation. 
Therefore, we identified risk factors for thrombotic and bleeding complications, evaluated 
the current clinical antithrombotic therapy protocol, assessed hemostatic balance during 
pediatric liver transplantation and studied effects of therapeutic pro- and antihemostatic 
therapy agents. Furthermore, the consequences of vascular complications in terms of 
retransplantation were examined.

In the Netherlands, the first pediatric liver transplantation was performed in 1982. Since then, 
pediatric liver transplantation is increasingly performed, with currently 25-30 pediatric liver 
transplantations each year.17 In the Netherlands, pediatric liver transplantation is centralized in 
one center, the University Medical Center Groningen. In 2004, living donor liver transplantation 
was introduced, which presently accounts for half of the pediatric liver transplantations 
performed in the Netherlands. Chapter 2 describes a study that evaluates the outcomes of 
children who underwent a liver transplantation in the Netherlands over the past two decades.

As mentioned, the high incidence of thrombotic complications after pediatric liver 
transplantation is incompletely understood, but may be related to disease etiology, different 
plasma levels of hemostatic proteins in children and discrepancy in vessel diameters between 
donor and recipient, as well as the small diameter of hepatic vessels in children in general.18,19 
To reduce thrombotic complications, a protocol with routine antithrombotic therapy, consisting 
of unfractionated heparin followed by acetylsalicylic acid, was implemented in clinical practice. 
In Chapter 3 we aimed to evaluate incidences of thrombotic and bleeding complications 
since the implementation of routine antithrombotic therapy and to identify risk factors for 
these complications.

Since hemostasis plays a key role in the pathogenesis of thrombotic and bleeding 
complications, especially in patients with end-stage liver disease, we aimed to assess 
hemostasis in pediatric patients undergoing liver transplantation with a prospective 
cohort study, as presented in Chapter 4. Based on results in adult liver transplantation, we 
hypothesized that whereas routine laboratory tests demonstrate a hypocoagulable state, 
more advanced hemostatic tests would indicate intact or hypercoagulable hemostasis.11,20

To prevent and treat thrombotic complications, a wide variation of antithrombotic therapy is 
implemented in pediatric transplant centers worldwide.21 Yet, an evidence-base for the type of 
drug, dosing, and timing is lacking. Current anticoagulant therapy protocols and prohemostatic 
treatment strategies are usually based on experiences in pediatric cardiology or adult liver 

1
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Chapter 1

transplantation.22,23 The combination of a rebalanced hemostasis, liver transplantation, and 
the altered hemostatic state in children compared to adults makes it difficult to translate 
pro- and anticoagulant treatment regimens to pediatric liver transplantation. In Chapter 5 we 
aimed to examine the efficacy of clinically available pro- and anticoagulant drugs in pediatric 
liver transplantation. In vitro effects of different agents were tested in plasma from children 
undergoing liver transplantation, and compared the effects in children with intact liver function.

After primary liver transplantation, 11 to 15% of children develop graft failure and need to 
be retransplanted during childhood.24,26 Importantly, the main cause of graft failure are 
vascular complications, such as hepatic artery thrombosis. Outcomes after pediatric liver 
retransplantation are inferior to that of primary liver transplantation.26,28 In Chapter 6 we aimed 
to examine risk factors for pediatric liver retransplantation and develop a risk score to predict 
patient survival after pediatric liver retransplantation, and with this improve matching donor 
grafts with recipients.

Apart from thrombotic and bleeding complications, donor organ shortage forms an important 
challenge in liver transplantation, especially for children, who need a perfect size- appropriate 
graft.29 An upcoming strategy in adult liver transplantation to expand the donor pool is the use 
of preconditioned liver grafts. These preconditioned grafts are optimized and conditioned by 
using ex situ hypothermic machine perfusion, with the supplemental value of providing oxygen 
to the graft during preservation which ameliorates ischemia-reperfusion injury and offers 
better preservation of the bile ducts.30-32 So far, machine perfusion has only been reported 
in adult liver transplantation. In Chapter 7 we report the first successful transplantation of a 
pediatric liver graft after oxygenated hypothermic machine perfusion.

Finally, in Chapter 8 the results of this thesis are summarized and discussed, followed by 
future perspectives.
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Chapter 2

ABSTRACT

Objective: To evaluate the results of the national pediatric liver transplantation program in the 
University Medical Centre (UMC) Groningen in the Netherlands during the past two decades.

Design: Retrospective cohort study.

Methods: We analyzed data from pediatric patients who underwent liver transplantation 
at UMC Groningen in the period 1995-2016. We compared outcomes from children who 
had undergone a liver transplantation in the period 1995-2005 (cohort A; n = 126) and in the 
period 2006-2016 (cohort B; n = 169). We performed a subanalysis in cohort B between liver 
transplantations with deceased donor livers (n = 132) and living donor liver transplantations 
(LDLT; n = 37).

Results: In cohort A, almost all livers came from deceased donors (99%), whereas in cohort 
B, 37 LDLTs (22%) were performed. The median age of recipients was significantly higher in 
cohort A (4.4 vs. 2.5 years; P = 0.015). Postoperative complications were comparable for both 
cohorts. Retransplantations within a year after transplantation were more often performed in 
cohort A than in cohort B (25 vs. 12%; P = 0.004). Following LDLT, there was 2 times (5.4%) 
an indication for retransplantation. In cohort B the 5-year survival rate was better than in 
cohort A (83 vs. 71%; P = 0.014). In cohort B, 5-year survival was higher after LDLT than after 
transplantation with a deceased donor liver (95 vs. 81%; P = 0.025).

Conclusion: Outcomes after pediatric liver transplantation in the Netherlands have further 
improved during the past two decades. With an actuarial 5-year survival of 83% in the most 
recent cohort, and as high as 95% following LDLT, we can say that the UMC Groningen has 
a successful national pediatric liver transplant program.

MaureenWerner_BNW.indd   18MaureenWerner_BNW.indd   18 19/10/2020   10:50:0419/10/2020   10:50:04
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LEVERTRANSPLANTATIES BIJ KINDEREN IN NEDERLAND; DE EVOLUTIE 
IN DE AFGELOPEN TWEE DECENNIA

SAMENVATTING

Doel: Evaluatie van de resultaten van het nationale kinderlevertransplantatieprogramma in 
UMC Groningen gedurende de afgelopen twee decennia.

Opzet: Retrospectieve cohortstudie.

Methode: Wij analyseerden gegevens van kinderen die in de periode 1995-2016 een 
levertransplantatie hadden ondergaan in het UMC Groningen. Hierbij vergeleken wij de 
uitkomsten van kinderen die een levertransplantatie hadden ondergaan in de periode 1995-
2005 (cohort A; n = 126) en in 2006-2016 (cohort B; n = 169). Binnen cohort B verrichtten wij 
tevens een subgroepanalyse van transplantaties met postmortale donorlevers (n = 132) en 
levertransplantaties met een levende donor (n = 37).

Resultaten: In cohort A waren bijna alle donorlevers afkomstig van postmortale donoren 
(99%), in cohort B werd 37 keer (22%) een transplantatie met een levende donor (“levende 
donor levertransplantatie”, LDLT) uitgevoerd. De mediane leeftijd van de ontvangers was 
significant hoger in cohort A (4,4 vs. 2,5 jaar; P = 0,015). Postoperatieve complicaties waren 
vergelijkbaar voor beide cohorten. Retransplantaties binnen een jaar na transplantatie waren 
vaker noodzakelijk in cohort A dan in cohort B (25 vs. 12%; P = 0,004). Na LDLT was er 2 keer 
(5,4%) een indicatie voor retransplantatie. De 5-jaarsoverleving was hoger in cohort B dan in 
cohort A (83 vs. 71%; P = 0,014). In cohort B was de 5-jaarsoverleving na LDLT hoger dan na 
transplantatie met een postmortale donorlever (95 vs. 81%; P = 0,025).

Conclusie: In de afgelopen twee decennia zijn de uitkomsten van kinderen na 
levertransplantatie in Nederland verder verbeterd. Met een actuariële 5-jaarsoverleving van 
83% in het meest recente cohort en 95% na LDLT is er sprake van een succesvol nationaal 
kinderlevertransplantatieprogramma in UMC Groningen.

2
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Chapter 2

INTRODUCTIE

Levertransplantatie is de enige effectieve behandeling voor patiënten met leverziekte in 
het eindstadium.1 In 1979 werd in Nederland in het huidige Universitair Medisch Centrum 
Groningen (UMCG) de eerste levertransplantatie bij een volwassene verricht, waarna in 1982 
de eerste levertransplantatie bij een kind plaatsvond.2,3 Inmiddels worden er in Nederland 
jaarlijks circa 150 levertransplantaties verricht, waarvan tegenwoordig ongeveer 20 bij 
kinderen, die uitsluitend plaatsvinden in het UMCG.4 Sinds 1979 zijn er in het UMCG 1545 
levertransplantaties uitgevoerd, waarvan 478 bij kinderen (peildatum: 31-12-2016).

Door een persisterend tekort aan geschikte donorlevers bedraagt de sterfte onder personen 
op de nationale wachtlijst voor een levertransplantatie ongeveer 12%.4 Het vinden van een 
geschikte donorlever voor een kind wordt extra bemoeilijkt doordat het orgaan precies van 
het juiste formaat moet zijn. Daarnaast bestaat er bij kinderen gedurende de wachtperiode 
een groot risico op het optreden van groei- en ontwikkelingsachterstand.

Een van de mogelijkheden om het aantal beschikbare donorlevers voor kinderen te vergroten 
is levende donor levertransplantatie (LDLT). De donor is hierbij meestal een ouder die het 
linker laterale leverdeel doneert aan het kind.5,6 Een bijkomend voordeel van LDLT is de 
kortere tijdsduur tussen orgaanuitname bij de donor en implantatie bij de ontvanger, de 
zogenoemde koude ischemietijd (KIT), waardoor de uitkomsten beter zijn.7,8 De keerzijde van 
LDLT is potentiële morbiditeit (15-25%) en mortaliteit (0,15-0,50%) bij de donor.9 Sinds 2004 
worden in toenemende mate LDLT’s bij kinderen uitgevoerd.10 In dit onderzoek evalueren we 
de uitkomsten van levertransplantaties bij kinderen gedurende de afgelopen twee decennia 
en de invloeden van de introductie van LDLT.

METHODE

Studieopzet
Er werd gebruikgemaakt van een prospectief bijgehouden database met gegevens van 
alle kinderen die in de periode 1995-2016 een primaire levertransplantatie ondergingen in 
het UMCG. De medisch-ethische toetsingscommissie van het UMCG heeft het onderzoek 
beoordeeld als niet WMO-plichtig (nr. 201700137). Om de uitkomsten van levertransplantaties 
bij deze kinderen te evalueren, zijn ze opgedeeld in twee cohorten. Cohort A betreft alle 
kinderen met een primaire levertransplantatie in de periode 1995-2005 en cohort B de 
periode 2006-2016. In cohort B verrichtten we tevens een subgroepanalyse na transplantatie 
met postmortale donorlevers en LDLT.

Populatie en basiskarakteristieken
We verzamelden basiskenmerken als geslacht, leeftijd en gewicht ten tijde van transplantatie, 
de mate van urgentie en de indicatie voor levertransplantatie. Binnen de indicaties 
onderscheidden wij de volgende groepen: biliaire atresie, metabole aandoeningen, acuut 
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leverfalen, maligniteiten, overige congenitale cholestatische aandoeningen en cirrose 
anderszins.

Levertransplantaties
Bij kinderen kan de hele lever getransplanteerd worden als de donor en het ontvangende 
kind een vergelijkbare lichaamsgrootte hebben. Vaak wordt een gedeelte van een donorlever 
geïmplanteerd, die wordt verkregen door reductie van een volwassen donorlever of door een 
splittechniek (Figuur 1).11 Bij LDLT vindt er bij een levende donor resectie plaats van de linker 
laterale leversegmenten, die geschikt worden gemaakt voor transplantatie (Figuur 2).

Uitkomstvariabelen
De primaire uitkomstmaat was overleving. Deze werd vastgesteld aan de hand van de datum 
van levertransplantatie tot aan de datum van overlijden of het einde van de follow-up, te weten 5 
jaar na levertransplantatie of 31 december 2016. Secundaire uitkomstmaten waren peroperatief 
bloedverlies, KIT, het aantal verrichte re-interventies en het aantal retransplantaties binnen 1 en 
5 jaar na transplantatie. Tevens onderzochten wij lever-gerelateerde complicaties.

Figuur 1   |   Chirurgische procedure bij de splittechniek van een postmortale donorlever.
Het grootste deel met de rechter leverkwab (a) wordt getransplanteerd in een volwassen patiënt, het kleinste 
deel met de linker leverkwab of de linker laterale segmenten (b) wordt getransplanteerd in een kind.

2

MaureenWerner_BNW.indd   21MaureenWerner_BNW.indd   21 19/10/2020   10:50:0619/10/2020   10:50:06



22

Chapter 2

Figuur 2   |   Chirurgische procedure bij een levertransplantatie met een levende donor.
Het linker laterale deel van de lever (leversegmenten 2 en 3) wordt verwijderd bij de volwassen leverdonor 
en geïmplanteerd in het kind. Het resterende deel van de lever bij de donor regenereert tot nagenoeg het 
oorspronkelijke formaat. Het partiële transplantaat groeit met de ontvanger mee.

Statistische methoden
Continue variabelen zijn weergegeven als mediaan met interkwartielafstand en werden 
vergeleken met de Mann-Whitney U toets. Categorische gegevens zijn gepresenteerd als 
numeriek getal met percentages en werden vergeleken met de chi-kwadraat toets of Fishers 
exacte toets. De actuariële overlevingscurves werden bepaald met behulp van de Kaplan-
Meier-methode en werden met elkaar vergeleken met de logranktoets. Een tweezijdige 
P-waarde van < 0,05 werd beschouwd als statistisch significant.
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RESULTATEN

Populatie en basiskenmerken
In de periode 1995-2005 ondergingen 126 kinderen een primaire levertransplantatie (cohort A) 
en in 2006-2016 betrof dit 169 kinderen (cohort B). In cohort B waren er 37 LDLT’s uitgevoerd, 
waarvan het overgrote deel in de afgelopen jaren (Figuur 3). In 2016 ging het bij 12 van de 
24 (50%) levertransplantaties bij kinderen om een LDLT- procedure. De mediane leeftijd 
in cohort A lag hoger dan in cohort B, respectievelijk 4,4 en 2,5 jaar (P = 0,015; Tabel 1). De 
geslachtsverhouding, het gewicht en de indicaties tot levertransplantatie waren vergelijkbaar 
voor beide cohorten. De meest voorkomende indicaties voor levertransplantatie waren biliaire 
atresie (48%), een metabole aandoening (17%) en acuut leverfalen (13%).

Figuur 3   |   Het aantal levertransplantaties bij kinderen in het UMC Groningen per twee jaar, uitgesplitst naar 
type donor (  = postmortale donor;  = levende donor).
Sinds 1982 zijn in Nederland in totaal 478 levertransplantaties bij kinderen verricht; cohort A loopt van 1995-
2005, cohort B van 2006-2016.

Levertransplantaties
Tabel 1 laat zien dat bijna alle donorlevers in cohort A afkomstig waren van postmortale 
donoren (99%), terwijl er in cohort B 37 keer (22%) een LDLT werd uitgevoerd (P < 0,001). 
Kinderen in cohort A ontvingen vaker een gehele lever dan kinderen in cohort B (46 vs. 27%; 
P < 0,001). In cohort B was de mediane KIT korter dan in cohort A (442 vs. 579 minuten, 
P < 0,001), waarbij in cohort B het verschil werd gemaakt door de korte KIT van de LDLT’s 
vergeleken met transplantaties van postmortale donorlevers (56 vs. 486 minuten; P < 
0,001; Tabel 2).

2
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Tabel 1    |   Basiskenmerken van 295 kinderen die in de periode 1995-2016 een levertransplantatie ondergingen 
in het UMC Groningen, met een vergelijking tussen cohort A (1995-2005) en cohort B (2006-2016).

Kenmerk Cohort A: 1995-2005;
(n=126)

Cohort B: 2006-2016;
 (n=169)

P-waarde

Ontvangers

Mannelijk geslacht; n (%) 60 (48) 90 (53) 0,338

Leeftijd in jaren; mediaan (IQR) 4,4 (1,4-11,4) 2,5 (0,7-9,5) 0,015

Gewicht in kg; mediaan (IQR) 18 (10-39) 14 (9-30) 0,059

Diagnose; n (%) 0,202

Biliaire atresie 61 (48) 82 (49)

Metabole ziekte 20 (16) 29 (17)

Acuut leverfalen 11 (8,7) 27 (16)

Congenitale cholestatische ziekte 13 (10) 16 (9,5)

Cirrose anderszins 16 (13) 13 (7,7)

Maligniteit 5 (4,0) 2 (1,2)

Hoge urgentie; n (%) 22 (18) 39 (23) 0,239

Donoren

Postmortale donor; n (%) 125 (99)* 132 (78)* <0,001

Gehele lever 58 (46)* 45 (27)*

Gereduceerde lever 50 (40) 49 (29)

Splittechniek 17 (14)* 38 (23)*

Levende donor; n (%) 1 (0,8)* 37 (22)*

Categorische gegevens zijn weergegeven als numeriek getal met percentages (%) en zijn vergeleken met 
de chi-kwadraat toets of Fishers exacte toets. Continue gegevens zijn weergegeven als mediaan met IQR 
en zijn vergeleken met de Mann-Whitney U toets. *Statistisch significant verschil tussen de twee cohorten 
met een betrouwbaarheidsinterval van 95%. IQR = interkwartielafstand.
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Overleving
De overleving van kinderen in cohort B was significant beter dan in cohort A. Eén jaar na 
levertransplantatie was 75% (95%-BI: 68-83) van de kinderen in cohort A nog in leven en na 
vijf jaar 71% (95%-BI: 64-79). In cohort B was 87% (95%-BI: 82-92) van de kinderen nog in 
leven na één jaar en 83% (95%-BI: 76-89) na vijf jaar (P = 0,014). De hoogste sterfte trad op 
in de eerste maand na levertransplantatie met een 1-maandsoverlevingspercentage van 82 
(95%-BI: 75-88) in cohort A en van 92 (95%-BI: 88-96) in cohort B. In cohort B was 100% van 
de kinderen die een LDLT ondergingen na één jaar nog in leven en 95% (95%-BI: 85-100) 
na vijf jaar, hetgeen significant hoger was dan de overlevingspercentages van respectievelijk 
84 (95%-BI: 77-90) en 81 (95%-BI: 73-88) bij de kinderen die een lever van een postmortale 
donor hadden ontvangen (P = 0,025). De oorzaken van overlijden waren voor beide cohorten 
vergelijkbaar. De belangrijkste doodsoorzaken waren neurologische schade (24%; meestal ten 
gevolge van inklemming bij hepatische encefalopathie en hersenoedeem), transplantaatfalen 
(21%), multi-orgaanfalen (18%) en sepsis (11%).

Complicaties
Vasculaire complicaties traden op na 36% van de transplantaties; hierin was geen verschil 
tussen de beide cohorten (Tabel 2). De meest voorkomende vasculaire complicaties waren 
bloedingen (14%) en trombose van de A. hepatica. Deze laatste complicatie trad vaker op in 
cohort A dan in cohort B (18 vs. 9,5%; P = 0,044). Bij 59 kinderen (20%) was er na transplantatie 
sprake van een biliaire complicatie, meestal gallekkage. In totaal moest 48% van de kinderen 
1 of meer ongeplande chirurgische re-interventies anders dan retransplantatie ondergaan. 
Dit was onafhankelijk van het cohort of type donor (Tabel 2).

Retransplantaties
Het aantal retransplantaties binnen een jaar na transplantatie lag hoger in cohort A dan 
in cohort B (25 vs. 12%; P = 0,004). Van de 37 LDLT-procedures was er bij 2 (5,4%) een 
indicatie voor retransplantatie (Tabel 2). Het merendeel van alle retransplantaties (70%) vond 
plaats binnen één maand na de primaire levertransplantatie. De belangrijkste indicaties voor 
retransplantatie waren transplantaatfalen op basis van vasculaire trombose (42%) of primaire 
non-functie (26%).

2
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BESCHOUWING

De uitkomsten van levertransplantaties bij kinderen in het UMCG zijn in de afgelopen decennia 
significant verbeterd met een stijging van de 5-jaarsoverleving van 71 naar 83%. Kinderen die een 
LDLT ondergingen hadden zelfs een 5-jaarsoverleving van 95%. Deze overlevingspercentages 
zijn vergelijkbaar met die van andere transplantatiecentra.12,13 De European Liver Transplantation 
Registry toont een 5-jaarsoverleving na kinderlevertransplantatie van 87% en registraties uit 
Noord-Amerika 75-85%.12,13 De 5-jaarsoverleving na LDLT varieert van 76-95%.6,14-16

De kenmerken van de ontvangers zijn in de afgelopen twee decennia veranderd. In het 
recentste decennium waren kinderen gemiddeld jonger. Dit impliceert dat kinderen 
tegenwoordig op jongere leeftijd en eerder in het ziektebeloop worden getransplanteerd. Deze 
ontwikkeling verloopt parallel aan de centralisatie van de zorg voor kinderen met biliaire atresie 
in Nederland. Sinds enkele jaren worden nagenoeg alle met biliaire atresie gediagnosticeerde 
kinderen verwezen naar het UMCG voor een Kasai-procedure.17 Zij komen gelijk onder de 
aandacht van het levertransplantatieteam en bij onvoldoende verbetering van de icterus na de 
Kasai-procedure wordt tijdig de screening voor levertransplantatie opgestart. Hiermee wordt 
voorkomen dat deze kinderen in algehele conditie achteruit gaan en te laat worden verwezen.

De verbetering van overleving in de afgelopen twee decennia is waarschijnlijk het resultaat 
van ontwikkelingen binnen de perioperatieve zorg, zoals verbeterde operatietechnieken, 
selectiever immunosuppressivagebruik, betere infectiebestrijding en antistolling. Ook de 
invoering van LDLT is van belang. De goede uitkomsten na LDLT kunnen verklaard worden 
doordat een uitgebreid gescreende, gezonde donor een deel van een optimaal orgaan 
aanbiedt. In tegenstelling tot transplantaties met een lever van een postmortale donor vindt 
LDLT electief plaats. Dit is enerzijds gunstig voor de ontvanger die in een optimale conditie 
gebracht kan worden, en anderzijds voor het transplantatieteam dat de operatie optimaal 
kan voorbereiden. Doordat de operatie bij donor en ontvanger in hetzelfde ziekenhuis en 
gelijktijdig wordt uitgevoerd is er sprake van een minimale KIT, waardoor er zo min mogelijk 
ischemieschade optreedt.8 LDLT wordt niet alleen in het UMCG maar ook wereldwijd steeds 
vaker toegepast.6 Hierdoor blijven er meer postmortale donorlevers beschikbaar voor andere 
patiënten op de wachtlijst.

Uit onze analyse blijkt dat de meeste sterfte optreedt in de eerste maand na levertransplantatie, 
met een 1-maandsoverleving van 82% in cohort A en 92% in cohort B. Dit kan verklaard worden 
doordat ernstige complicaties als A. hepatica trombose en primaire non-functie van het 
transplantaat meestal kort na transplantatie optreden. Twee derde van de retransplantaties vond 
dan ook plaats binnen één maand na transplantatie. Wanneer kinderen deze eerste risicovolle 
maand goed doorkomen, is de prognose goed, met een 5-jaarsoverleving van 90%.

2
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Beperkingen van het onderzoek
Dit onderzoek betreft een retrospectieve analyse over een periode van twee decennia. 
In de loop van tijd zijn kenmerken van zowel donoren als ontvangers veranderd, evenals 
de perioperatieve zorg. Alleen ernstige complicaties die leidden tot een chirurgische re-
interventie werden geregistreerd, waardoor het aantal werkelijke complicaties hoger zal 
zijn. In dit onderzoek zijn alleen resultaten op de middellange termijn na levertransplantatie 
geanalyseerd. Hoe de verdere ontwikkeling van kinderen na levertransplantatie verloopt, blijft 
een belangrijk punt van onderzoek.

CONCLUSIE

In de afgelopen twee decennia zijn de uitkomsten van kinderen na levertransplantatie in 
Nederland verder verbeterd. Met een actuariële 5-jaarsoverleving van 83% in het meest 
recente cohort en 95% na levertransplantatie met een levende donor mogen we spreken 
van een succesvol nationaal kinderlevertransplantatieprogramma in het UMCG.

LEERPUNTEN

• In de afgelopen twee decennia zijn de resultaten van levertransplantaties bij kinderen 
in Nederland verder verbeterd.

• De actuariële 5-jaarsoverleving van kinderen die in het afgelopen decennium een 
levertransplantatie hebben ondergaan is 83%.

• Levertransplantatie met een levende donor wordt steeds vaker toegepast als antwoord 
op het tekort aan geschikte donorlevers voor kinderen die op de wachtlijst staan voor 
levertransplantatie.

• De 5-jaarsoverleving na levertransplantatie met een levende donor bedraagt 95%.
• Het nationale kinderlevertransplantatieprogramma in UMC Groningen is succesvol en 

kan zich meten met andere centra in Europa en de Verenigde Staten.
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ABSTRACT

Background: Hepatic artery thrombosis (HAT) and portal vein thrombosis (PVT) are serious 
causes of morbidity and mortality after pediatric liver transplantation. To reduce thrombotic 
complications, routine antithrombotic therapy consisting of 1 week heparin followed by 3 
months acetylsalicylic acid, was implemented in our pediatric liver transplant program in 
2003. This study aimed to evaluate incidences of bleeding and thrombotic complications 
since the implementation of routine antithrombotic therapy and to identify risk factors for 
these complications.

Methods: This retrospective cohort study includes 200 consecutive pediatric primary liver 
transplantations performed between 2003 and 2016. Uni- and multivariate logistic regression 
analysis, Kaplan-Meier method, and Cox regression analysis were used to evaluate recipient 
outcome.

Results: HAT occurred in 15 (7.5%), PVT in 4 (2.0%), and venous outflow tract thrombosis in 2 
(1.0%) recipients. Intraoperative vascular interventions (odds ratio [OR] 14.45 [95% confidence 
interval [CI] 3.75-55.67]), low recipient age (OR 0.81 [0.69-0.95]), and donor age (OR 0.96 
[0.93-0.99]) were associated with posttransplant thrombosis. Clinically relevant bleeding 
occurred in 37%. Risk factors were high recipient age (OR 1.08 [1.02-1.15]), high Child-Pugh 
scores (OR 1.14 [1.02-1.28]), and intraoperative blood loss in mL/kg (OR 1.003 [1.001-1.006]). 
Both posttransplant thrombotic (hazard ratio [HR] 3.38 [1.36-8.45]; P = 0.009) and bleeding 
complications (HR 2.50 [1.19-5.24]; P = 0.015) significantly increased mortality.

Conclusion: In 200 consecutive pediatric liver transplant recipients receiving routine 
postoperative antithrombotic therapy, we report low incidences of posttransplant vascular 
complications. Posttransplant antithrombotic therapy seems to be a valuable strategy in 
pediatric liver transplantation. Identified risk factors for bleeding and thrombotic complications 
might facilitate a more personalized approach in antithrombotic therapy.
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INTRODUCTION

In both adult and pediatric patients with end-stage liver disease, the only curative treatment is 
liver transplantation. Over the past decades patient and graft survival rates have significantly 
improved, with 5-year patient and graft survival of 80 to 95% in contemporary series.1-6 
However, bleeding as well as thrombosis still complicate liver transplantation and contribute 
to significant morbidity and mortality.

The liver plays a central role in hemostasis, as it produces pro- and anticoagulant as well as 
pro- and antifibrinolytic factors and thrombopoietin. In patients with a liver disease, concurrent 
changes in both pro- and antihemostatic pathways occur, resulting in a new hemostatic 
balance.7,8 This “rebalanced hemostasis” though, is fragile and can easily be tipped toward 
thrombosis or bleeding,9,10 especially during liver transplantation when levels of pro- and 
antihemostatic factors decrease even further.11,12

In pediatric liver transplantation, the reported incidence of posttransplant hepatic artery 
thrombosis (HAT) varies between 5 and 18%, which is almost four times as frequent when 
compared with adults, and 5 to 10% of patients develop portal vein thrombosis (PVT).13-16 
We previously reported a high incidence (20%) of posttransplant vascular complications in 
a cohort study (1982-1999) in our pediatric liver transplant population.17 The high incidence 
of thrombotic complications after pediatric liver transplantation is incompletely understood, 
but may be related to disease etiology, differences in plasma levels of hemostatic proteins 
children compared with adults, and discrepancy in vessel diameters between donor and 
recipient.17-19

Posttransplant bleeding complications occur in 5 to 20% of the pediatric recipients.20,21 
improved surgical techniques, combined with anesthesiological strategies as restrictive 
transfusion, have reduced the bleeding risk significantly.12,22 Despite this, excessive bleeding 
can still profoundly affect individual liver transplant recipients, warranting proactive hemostatic 
management.

To reduce the number of thrombotic complications, a routine posttransplant antithrombotic 
therapy protocol, consisting of 1 week continuous intravenous administration of unfractionated 
heparin, followed by 3 months oral acetylsalicylic acid, was implemented in our center in 2003. 
The aim of this study was to assess the incidence of posttransplant thrombotic and bleeding 
complications in pediatric recipients since the implementation of routine antithrombotic 
therapy and to identify risk factors for these complications.

3
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METHODS

Study design and setting
We performed a single-center retrospective cohort study of all pediatric patients (≤ 16 years) 
who underwent a primary liver transplantation at the University Medical Center Groningen, the 
Netherlands, between January 2003 and December 2016. Electronical medical records were 
used to collect patient demographic data, including age, gender, indication for transplantation, 
and relevant medical history. Also, donor characteristics were identified. Transplant-specific 
details such as ischemia times and liver graft type and weight were obtained, as well as 
technical and clinical intraoperative details, such as implantation technique and type of 
anastomoses.

Postoperative outcome data including bleeding and thrombotic complications were collected 
up to 3 months after liver transplantation, along with perioperative administered blood 
products. Patient and graft survival were analyzed up to 10 years after transplantation. The 
study protocol was a priori approved by the Medical Ethical Research Board (2017.316) and 
adhered to the 1975 Declaration of Helsinki.

Technical aspects
Liver grafts were derived from both deceased and living donors. Deceased donors included 
mainly donation after brain death, but full-size grafts from pediatric donors after circulatory death 
(DCD) were accepted as well. Adult full-size grafts were divided by split or reduction procedures.

Liver grafts were implanted by using classical implantation or piggyback technique. Portal 
vein reconstructions were performed using end-to-end portal anastomoses with running 
monofilament sutures. In case of vessel diameter discrepancy or a hypoplastic portal vein, 
venous interposition grafts were used. Arterial anastomoses were conducted end-to-end with 
interrupted monofilament sutures, mostly between recipients’ common or proper hepatic 
artery and the donor common hepatic artery in case of full-size grafts and left hepatic artery in 
left partial liver grafts. All surgeons used magnifying loops during the entire procedure. Biliary 
reconstructions for partial grafts were conducted with a Roux-and-Y hepaticojejunostomy, 
for full-size grafts a duct-to-duct anastomosis was preferred. Immunosuppressive therapy 
consisted of triple therapy including tacrolimus (Prograft), with basiliximab (Simulect), and 
prednisone as induction, supplemented with mycophenolate mofetil (Cellcept) in case of 
renal dysfunction.

All recipients, independent of type of primary disease or type of arterial reconstruction, were 
treated according to the routine antithrombotic therapy protocol, which was implemented 
in 2003. Before 2003, no standard thrombotic prophylaxis was administered in pediatric 
patients undergoing liver transplantation. The antithrombotic protocol consisted of 1 week 
continuous intravenous unfractionated heparin, followed by 3 months oral acetylsalicylic 
acid (Figure 1). Prophylactic vitamin K was administered as well. Heparin was started in the 
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postreperfusion phase during liver transplantation or immediately afterwards, depending on 
intraoperative bleeding or thrombotic complications and coagulation state. If the prothrombin 
time (PT) and activated partial thromboplastin time (APTT) levels were below 20 and 50 
seconds, respectively, and the platelet count was above 30 ×109/L, heparin was started at 
10 U/kg/hour, with subsequent dose adjustments guided by APTT levels, targeting 50 to 65 
seconds. When a patient received intravenous heparin, antithrombin III (AT-III) levels were 
routinely monitored and AT-III concentrate was administered when AT-III levels were < 60%. 
The APTT goal for patients receiving intravenous heparin was independent from hemoglobin 
(Hb) levels. Hb levels were routinely monitored and red blood cells were routinely transfused 
when levels were < 4 mmol/L. Normotensive to supranormal (up to 20%) blood pressures 
were pursued. AT-III, Hb, and blood pressure targets did not change during the study period.

Figure 1   |   Protocol posttransplant antithrombotic therapy in pediatric liver transplantation in the University 
Medical Center Groningen.
Flowchart of the routine posttransplant antithrombotic therapy protocol in pediatric liver transplantation. 
Abbreviations: APTT, activated partial thromboplastin time; ATIII, antithrombin III; FFP, fresh frozen plasma; 
PT, prothrombin time.

3
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Similar to our policy for adult patients,10 we used a restricted transfusion policy for blood 
products and prohemostatic blood products were never administered based on the results of 
routine coagulation tests (i.e., PT, APTT) alone. Only in the presence of excessive, nonsurgical 
bleeding problems, coagulation tests were used to direct transfusion of prohemostatic 
blood products (i.e., fresh frozen plasma, fibrinogen concentrate). Doppler-ultrasounds 
were conducted at three standardized moments during liver transplantation (before and 
after abdominal closure, and after arrival at the pediatric intensive care unit), daily in the first 
postoperative week and weekly afterwards until discharge.

Definitions and variables
A posttransplant bleeding complication was defined as a bleeding requiring blood transfusion 
or reintervention, within 3 months after liver transplantation. A posttransplant thrombotic 
complication was defined as a clinically suspected thrombosis including HAT, PVT, and 
venous outflow tract obstruction, confirmed at diagnostic imaging or surgical exploration, 
within 3 months after liver transplantation.

Patient survival was defined as time from liver transplantation to death or end of follow-up 
(10 years after baseline or December 31, 2017). Graft survival was defined as time between 
date of transplantation and date of graft failure, death, or end of follow-up. Recipients with 
and without a posttransplant thrombotic complication were compared, as well as recipients 
with and without a posttransplant bleeding complication.

Statistical analysis
Continuous data are presented as mean (standard deviation) or median (interquartile range 
[IQR]), where appropriate. Categorical variables are presented as number (percentage). To 
test for differences between recipients with and without posttransplant thrombotic/bleeding 
complications, two sample independent t-tests or Mann-Whitney U test and Pearson 
chi-square tests or Fisher exact test were used for continuous and categorical variables, 
respectively. Patient and graft survival rates were determined by the Kaplan-Meier method 
and compared with log rank testing.

In addition, multivariable logistic regression and Cox regression analysis were performed 
using a backward stepwise selection strategy, including variables with P-values < 0.20 
in the univariate analysis. The proportion of missing data was < 5% for all variables used 
in regression models. Data were presented as odds ratios (ORs) and hazard ratios (HRs) 
with 95% confidence intervals (CIs). All reported P-values are two-tailed and considered 
statistically significant if < 0.05. Statistical analyses were performed using IBM Statistics 
SPSS, version 23 (IBM Inc., Chicago, Illinois, United States).
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RESULTS

Baseline characteristics
A total of 200 pediatric recipients underwent a primary liver transplantation in our center 
between 2003 and 2016 and were included in this study. Recipients had a median age of 
2.6 (IQR 0.8-9.5) years and weight of 14.2 (9.1-30.4) kg at time of transplantation; 52% were 
male. Main indications for liver transplantation were biliary atresia (51%) and metabolic liver 
diseases (15%). Prior to transplantation, 6 (3.0%) recipients had a preexisting PVT and 56 
(28%) experienced a bleeding event before transplantation, mainly due to esophageal varices 
(Table 1).

Table 1   |   Basic characteristics of pediatric liver transplant recipients with and without posttransplant 
thrombosis.

Basic characteristics Total (n=200) No thrombosis 
(n=179)

Thrombosis 
(n=21)

P-value

Sex, male 103 (51.5) 90 (50.3) 13 (61.9) 0.313

Age, yr 2.6 (0.81-9.5) 2.9 (0.84-9.8) 1.6 (0.62-6.8) 0.157

Weight, kg 14.2 (9.1-30.4) 14.6 (9.1-31.0) 11.0 (8.5-23.5) 0.201

Indication for LT 0.003

 Biliary atresia
 Metabolic
 Acute liver failure
 Cholestatic
 Cirrhotic
 Other

101
30
29
22
13
5

(50.5)
(15.0)
(14.5)
(11.0)
(6.5)
(2.5)

94
22
25
22
13
3

(52.5)
(12.3)
(14.0)
(12.3)
(7.3)
(1.7)

7
8
4
0
0
2

(33.3)
(38.1)
(19.0)
(0.0)
(0.0)
(9.5)

Child-Pugh score 9.0 (7.0-12.0) 9.0 (7.0-12.0) 7.0 (5.0-10.0) 0.062

PELD score* 28.0 (26.5-30.0) 28.0 (25.0-30.0) 28.0 (28.0-30.5) 0.792

Encephalopathy 44 (22.0) 38 (21.3) 6 (28.6) 0.418

Hepatopulmonary syndrome 14 (7.0) 13 (7.3) 1 (4.8) 0.663

Hepatorenal syndrome 43 (21.5) 39 (21.9) 4 (19.0) 0.794

Medical history of bleeding 56 (28.0) 52 (29.2) 4 (19.0) 0.327

Medical history of thrombosis 6 (3.0) 6 (3.4) 0 (0.0) 0.508

Prior abdominal surgery 117 (58.5) 110 (61.5) 7 (33.3) 0.013

High urgency state 49 (24.5) 44 (24.6)  5 (23.8) 0.938

Era
 2003-2007
 2008-2012
 2013-2016

71
63
66

(35.5)
(31.5)
(33.0)

66
57
56

(93.0)
(90.5)
(84.8)

5
6
10

(7.0)
(9.5)
(15.2)

0.288

Data presented as median (interquartile range [IQR]) or number (%) where appropriate. P-value using two-
sample independent t-tests or Mann-Whitney U test and Pearson chi-square tests or Fisher exact test as 
appropriate. P-values < 0.05 are considered statistically significant and boldfaced. *Eurotransplant PELD 
scores are given. Abbreviations: LT, liver transplantation; PELD, pediatric end-stage liver disease.
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Fifty-six (28%) full-size and 144 (72%) partial grafts were derived from 161 (80%) deceased 
and 39 (20%) living donors. Five full-size DCD grafts were transplanted, derived from 
pediatric donors aged 1 to 13 years. Deceased donor grafts were divided via split (n = 43) 
or reduction (n = 62) procedures into left lateral lobe (n = 69), left lobe (n = 29), right lobe 
(n = 5) or right trisegmental grafts (n = 2). Living donor grafts concerned mainly left lateral 
lobes (n = 38) and one left lobe. Median graft/recipient weight ratio was 2.7% (2.0-3.3%). A 
piggyback implantation was used in 94% of the transplantations, whereas 6% of grafts were 
classically implanted. Median intraoperative blood loss was 71 (42-142) mL/kg. Median cold 
ischemia time (CIT) and warm ischemia time (WIT) were 456 (351-571) and 43 (36-51) minutes, 
respectively (Table 2).

Table 2   |   Univariate analysis of transplant characteristics and outcomes of recipients with and without 
posttransplant thrombosis.

Transplant characteristics Total (n=200) No thrombosis (n=179) Thrombosis (n=21) P-value

Donor age, yr 39.0 (21.0-50.0) 39.0 (21.0-50.0) 30.0 (15.0-46.0) 0.192

Donor weight, kg 65.0 (58.0-76.0) 65.5 (85.8-76.0) 62.0 (41.0-80.0) 0.236

Donor type
 Living donor
 DBD
 DCD

39
156
5

(19.5)
(78.0)
(2.5)

36
141
 2

(20.1)
(78.8)
(1.1)

3
15
3

(14.3)
(71.4)
(14.3)

0.015

Graft type
 Partial
 Full-size

144
56

(72.0)
(28.0)

129
50

(72.1)
(27.9)

15
6

(71.4)
(28.6)

0.951

Graft weight, g 286 (250-423) 292 (250-430) 270 (245-324) 0.363

GRWR,% 2.7 (2.0-3.3) 2.6 (2.0-3.3) 2.9 (2.3-3.3) 0.503

Surgical technique
 Piggyback
 Classical

189
11

(94.5)
(5.5)

169
10

(94.4)
(5.6)

20
1

(95.2)
(4.8)

0.875

Biliary anastomosis
 Duct-Roux Y
 Duct-duct

122
70

(63.5)
(36.5)

112
61

(64.7)
(35.3)

10
9

(52.6)
(47.4)

0.298

Cold ischemia time, min 456 (351-571) 457 (342-574) 456 (408-550) 0.922

Warm ischemia time, min   43 (36-51) 43 (35-51) 45 (38-53) 0.976

Operation time, min 616 (551-717) 615 (546-713) 675 (585-746) 0.080

Intra-operative thrombosis
 Portal vein
 Hepatic artery

13
5

(6.5)
(2.5)

12
3

(6.7)
(1.7)

1
2

(4.8)
(9.5)

0.119

Vascular intervention*
 Portal vein
 Hepatic artery
 Both

40
7
23
10

(20.0)
(3.5)
(11.5)
(5.0)

29
7
15
7

(16.2)
(3.9)
(8.4)
(3.9)

11
0
8
3

(55.0)
(0.0)
(40.0)
(15.0)

<0.001

Blood loss, ml/kg 71 (42-142) 70 (41-142) 78 (49-144) 0.730

RBC, ml/kg 29 (12-57) 28 (11-57) 37 (18-82) 0.324
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Table 2   |   Continued.

Transplant characteristics Total (n=200) No thrombosis (n=179) Thrombosis (n=21) P-value

FFP, ml/kg 0.0 (0.0-18) 0.0 (0.0-16) 0.0 (0.0-30) 0.978

Intra-operative bleeding 61 (30.5) 55 (30.7) 6 (28.6) 0.839

Postoperative packing 27 (13.5) 22 (12.4) 5 (25.0) 0.162

Abdominal closure
 Closure
 Partial closure

151
47

(76.5)
(23.5)

142
36

(79.8)
(20.2)

9
11

(45.0)
(55.0)

0.001

Posttransplantation

Reinterventions 109 (54.5) 88 (49.2) 21 (100) <0.001

Bleeding complication 73 (36.5) 67 (37.4) 6 (28.6) 0.425

Biliary complication 25 (12.5) 22 (12.3) 3 (14.3) 0.732

ICU stay, days 7 (5-13) 7 (5-12) 16 (8-24) 0.003

Hospital stay, days 29 (21-44) 29 (20-43) 35 (29-51) 0.118

Readmission < 3 months 37 (18.5) 34 (19.0) 3 (14.3) 0.771

Data presented as median (interquartile range [IQR]) or number (%) where appropriate. P-value using two-
sample independent t-tests or Mann-Whitney U test and Pearson chi-square tests or Fisher exact test as 
appropriate. P-values < 0.05 are considered statistically significant and boldfaced. *Vascular interventions 
including surgical thrombectomy or a redo or reconstruction of the arterial or portal anastomosis during the 
liver transplantation, because of inadequate flow during liver transplantation. Abbreviations: DBD, donation 
after brain death; DCD, donation after circulatory death; FFP, fresh frozen plasma; GRWR, graft recipient weight 
ratio; ICU, intensive care unit; RBC, red blood cell count.

Posttransplant thrombotic complications
A posttransplant thrombotic complication occurred in 21 (11%) recipients, with 15 (7.5%) HATs, 
4 (2.0%) PVTs, and 2 (1.0%) venous outflow tract obstructions. Thrombosis was diagnosed 
after a median time of 3.0 (1.0-5.5) days posttransplantation, and at the time of diagnosis 76% 
of the recipients had already started with routine antithrombotic therapy. In recipients without 
antithrombotic therapy at time of thrombosis, heparin was postponed because of coagulation 
disorders with inadequate APTT levels (n = 3) or intraoperative bleeding complications with 
hemodynamic instability (n = 2). All 21 recipients with a thrombotic complication underwent 
surgical reintervention, 12 recipients eventually had to undergo a retransplantation, concerning 
9 recipients with HAT, 2 with venous outflow tract obstruction, and 1 with PVT.

An increase in posttransplant thrombosis over time was observed, with an incidence of 7.0, 
9.5, and 15% in the consecutive eras 2003 to 2007 (n = 71), 2008 to 2012 (n = 63), and 
2013 to 2016 (n = 66), respectively. When compared with recipients without a posttransplant 
thrombosis, recipients with a thrombosis more often had metabolic liver diseases (38 vs. 
12%, P = 0.003) and more often received DCD liver grafts (14 vs. 1.1%, P = 0.015). In addition, 
patients with a posttransplant thrombosis more often had undergone intraoperative vascular 
interventions, during the transplant procedure (55 vs. 16%, P < 0.001), especially concerning 
the hepatic artery. These vascular interventions included surgical thrombectomy (n = 20), 
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or a redo or reconstruction of the arterial or portal anastomosis (n = 20) during the liver 
transplantation, because of inadequate flow. Furthermore, recipients with a posttransplant 
thrombosis had a longer intensive care unit (ICU) stay (16.0 vs. 7.0 days, P = 0.003) and more 
recipients had to undergo a reintervention (100 vs. 49%, P < 0.001), compared with those 
without thrombotic complications (Table 2).

After uni- and multivariable analysis, only intraoperative vascular interventions were identified 
as an independent risk factor for posttransplant thrombosis (OR 14.45 [3.75-55.67]). 
Furthermore, higher recipient age (OR 0.81 [0.69-0.95]), higher donor age (OR 0.96 [0.93-
0.99]), higher Child-Pugh (CP) score (OR 0.81 [0.67-0.98]), and prior abdominal surgery (OR 
0.04 [0.01-0.20]) all protected against posttransplant thrombotic complications (Table 3).

Table 3   |   Multivariate analysis of risk factors for posttransplant thrombotic and bleeding complications.

Factors associated with thrombosis OR 95% CI P-value

Recipient age, yr 0.809 0.687-0.954 0.012

Child-Pugh score 0.810 0.670-0.979 0.030

Prior abdominal surgery 0.041 0.008-0.204 <0.001

Donor age, yr 0.962 0.932-0.992 0.013

Intra-operative vascular intervention 14.45 3.75-55.67 <0.001

Factors associated with bleeding

Recipient age, yr 1.082 1.017-1.151 0.013

Child-Pugh score 1.144 1.020-1.283 0.022

Intra-operative blood loss, ml/kg 1.003 1.001-1.006 0.027

Results of a multivariate logistic regression analysis performed by using backward stepwise selection strategy, 
including variables with P-values < 0.2 from univariate analysis. Data presented as odds ratios with 95% 
confidence intervals and P-values. P-values < 0.05 are considered statistically significant. Factors associated 
with thrombosis including recipient age, indication, Child-Pugh score, thrombosis in past, prior abdominal 
surgery, donor age, donor type, operation time, intraoperative thrombosis, intraoperative vascular intervention, 
postoperative abdominal packing, and abdominal closure. Factors associated with bleeding including recipient 
age, Child-Pugh score, encephalopathy, hepatorenal syndrome, prior abdominal surgery, high urgency state, 
donor weight, donor type, cold ischemia time, intraoperative blood loss, and era. Abbreviations: CI, confidence 
interval; OR, odds ratio.

Posttransplant bleeding complications
A posttransplant bleeding complication occurred in 73 (37%) recipients, at a median time 
of 2.0 (1.0-4.0) days after transplantation. In patients who received blood transfusion or 
reintervention for bleeding, these decisions were based on a combination of variables, 
including a low Hb value (55%), hemodynamic instability (37%), or clinical gastrointestinal 
bleeding (8%). At presentation of posttransplant bleeding, routine antithrombotic therapy 
had already been started in 75% of patients. More than half of the recipients with a bleeding 
complication (52%) could be stabilized with blood transfusion, while 35 (48%) needed surgical 
reintervention. During surgical reintervention, diffuse intra-abdominal oozing from tissues was 
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seen in 48% of patients, 26% of patients had a bleeding from anastomosis or other vessels, 
and 26% an intra-abdominal hematoma without an identifiable bleeding point (Table 4).

Table 4   |   Basic characteristics of pediatric liver transplant recipients with and without posttransplant 
bleeding.

Basic characteristics Total (n=200) No bleeding (n=127) Bleeding (n=73) P-value

Sex, male 103 (51.5) 64 (50.4) 39 (53.4) 0.680

Age, years 2.6 (0.81-9.5) 2.1 (0.73-8.8) 3.5 (0.98-10.5) 0.117

Weight, kg 14.2 (9.1-30.4) 13.6 (9.0-28.0) 17.9 (9.5-35.0) 0.327

Indication for LT 0.483

 Biliary atresia
 Metabolic
 Acute liver failure
 Cholestatic
 Cirrhotic
 Other

101
30
29
22
13
5

(50.5)
(15.0)
(14.5)
(11.0)
(6.5)
(2.5)

70
19
17
12
6
3

(55.1)
(15.0)
(13.4)
(9.4)
(4.7)
(2.4)

31
11
12
10
7
2

(42.5)
(15.1)
(16.4)
(13.7)
(9.6)
(2.7)

Child-Pugh score 9.0 (7.0-12.0) 8.0 (7.0-11.0) 10.0 (7.5-12.5) 0.003

PELD score* 28.0 (26.5-30.0) 28.0 (28.0-30.0) 28.0 (24.3-30.0) 0.260

Encephalopathy 44 (22.0) 24 (18.9) 20 (27.4) 0.171

Hepatopulmonary 
syndrome 14 (7.0) 10 (7.9) 4 (5.5) 0.530

Hepatorenal syndrome 43 (21.5) 19 (15.0) 24 (32.9) 0.003

Bleeding in past
 Gastro-intestinal
 Intracranial
 Perioperative
 Spontaneous

56
32
11
4
9

(28.0)
(16.0)
(5.5)
(2.0)
(4.5)

33
20
7
1
5

(25.9)
(15.7)
(5.5)
(0.8)
(3.9)

23
12
4
3
4

(31.5)
(16.4)
(5.5)
(4.1)
(5.5)

0.422
0.547

Medical history of 
thrombosis 6 (3.0) 4 (3.2) 2 (2.7) 0.614

Prior abdominal surgery 117 (58.5) 79 (62.2) 38 (52.1) 0.161

High urgency state 49 (24.5) 27 (21.3) 22 (30.1) 0.160

Era
 2003-2007
 2008-2012
 2013-2016

71
63
66

(35.5)
(31.5)
(33.0)

36
42
49

(50.7)
(66.7)
(74.2)

35
21
17

(49.3)
(33.3)
(25.8)

0.014

Data presented as median (interquartile range [IQR]) or number (%) where appropriate. P-value using two-
sample independent t-tests or Mann-Whitney U test and Pearson chi-square tests or Fisher exact test as 
appropriate. P-values < 0.05 are considered statistically significant and boldfaced. *Eurotransplant PELD 
scores are given. Abbreviations: LT, liver transplantation; PELD, pediatric end-stage liver disease.
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A significant decrease in posttransplant bleeding over the study period was observed, with an 
incidence of 49% in 2003 to 2007, 33% in 2008 to 2012, and 26% in 2013 to 2016 (P = 0.014). 
Recipients with a posttransplant bleeding complication had significant higher CP scores 
(10.0 vs. 8.0, P = 0.003), more often a medical history that included hepatorenal syndrome 
before transplantation (33 vs. 15%, P = 0.003) and longer CITs (506 vs. 441 minutes, P = 0.012) 
as compared with those without bleeding complications (Table 5). In addition, recipients 
with a postoperative bleeding more often had experienced bleeding complications during 
transplantation (44 vs. 23%, P = 0.002) with a significantly higher intraoperative blood loss (85 
vs. 62 mL/kg, P = 0.040). In multivariate analysis, independent risk factors for a postoperative 
bleeding complication were a higher recipient age (OR 1.08 [1.02-1.15]), higher CP scores 
(OR 1.14 [1.02-1.28]), and intraoperative blood loss in mL/kg (OR 1.003 [1.001-1.006]; Table 3).

Table 5   |   Univariate analysis of transplant characteristics and outcomes of pediatric liver transplant recipients 
with and without posttransplant bleeding.

Transplant characteristics Total (n=200) No bleeding 
(n=127)

Bleeding (n=73) P-value

Donor age, yr 39.0 (21.0-50.0) 39.0 (21.0-48.0) 41.0 (21.0-50.0) 0.517

Donor weight, kg 65.0 (58.0-76.0) 67.0 (60.0-80.0) 65.0 (55.0-75.0) 0.132

Donor type
 Living donor
 DBD
 DCD

39
156
5

(19.5)
(78.0)
(2.5)

29
96
2

(22.8)
(75.6)
(1.6)

10
60
3

(13.7)
(82.2)
(4.1)

0.184

Graft type
 Partial
 Full-size

144
56

(72.0)
(28.0)

95
32

(74.8)
(25.2)

49
24

(67.1)
(32.9)

0.244

Graft weight, g 286 (250-423) 280 (250-405) 300 (250-520) 0.571

GRWR, % 2.7 (2.0-3.3) 2.7 (2.0-3.1) 2.8 (1.9-3.9) 0.487

Surgical technique
 Piggyback
 Classical

189
11

(94.5)
(5.5)

122
5

(96.1)
(3.9)

67
6

(91.8)
(8.2)

0.214

Biliary anastomosis
 Duct-Roux Y
 Duct-duct

122
70

(63.5)
(36.5)

83
42

(66.4)
(33.6)

39
28

(58.2)
(41.8)

0.261

Cold ischemia time, min 456 (351-571)  441 (293-557) 506 (391-610) 0.012

Warm ischemia time, min 43 (36-51) 43 (35-51) 44 (38-52) 0.214

Operation time, min 616 (551-717) 614 (555-710) 633 (530-729) 0.703

Blood loss, ml/kg 71 (42-142) 62 (39-132) 85 (49-179) 0.040

RBC, ml/kg 29 (12-57) 25 (11-43) 44 (13-95) 0.059

FFP, ml/kg 0 (0-18) 0 (0-12) 0 (0-39) 0.039

Intra-operative bleeding
 Spontaneous / oozing
 Vascular

61
42
13

(30.5)
(21.0)
(6.5)

29
19
8

(22.8)
(14.9)
(6.2)

32
23
5

(43.8)
(31.5)
(6.8)

0.002
0.011
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Table 5   |   Continued.

Transplant characteristics Total (n=200) No bleeding 
(n=127)

Bleeding (n=73) P-value

Postoperative packing 27 (13.5) 12 (9.5) 15 (20.6) 0.027

Abdominal closure
 Closure
 Partial closure

151
47

(76.3)
(27.3)

98
27

(78.4)
(21.6)

53
20

(72.6)
(27.4)

0.355

Intra-operative thrombosis 18 (9.0) 11 (8.7) 7 (9.6) 0.852

Posttransplantation

Reinterventions 109 (54.5) 56 (44.1) 53 (72.6) <0.001

Thrombotic complications
 Hepatic artery
 Portal vein
 Venous outflow tract

21
15
4
2

(10.5)
(7.5)
(2.0)
(1.0)

15
10
4
1

(11.8)
(7.9)
(3.1)
(0.8)

8
5
0
1

(10.9)
(6.8)
(0.0)
(1.4)

0.425
0.552

Biliary complication 25 (12.5) 16 (21.6) 9 (12.3) 0.956

ICU stay, days 7 (5-13) 7 (5-12) 7 (5-16) 0.546

Hospital stay, days 29 (21-44) 29 (21-42) 30 (21-52) 0.449

Readmission <3 months 37 (18.5) 24 (18.9) 13 (17.8) 0.849

Data presented as median (interquartile range [IQR]) or number (%) where appropriate. P-value using two-
sample independent t-tests or Mann-Whitney U test and Pearson chi-square tests or Fisher exact test as 
appropriate. P-values < 0.05 are considered statistically significant and boldfaced. Abbreviations: DBD, 
donation after brain death; DCD, donation after circulatory death; FFP, fresh frozen plasma; GRWR, graft 
recipient weight ratio; ICU, intensive care unit; RBC, red blood cell count.

Patient and graft survival
Overall 1-year graft and patient survival rates were 78 and 87%, respectively. One- and 10-year 
graft survival in recipients with a posttransplant thrombosis (29 and 21%) were significantly 
lower when compared with recipients without a posttransplant thrombosis (83 and 71%; P 
< 0.001). One- and 10-year patient survival in recipients with a posttransplant thrombotic 
complication were 71 and 64%, which was significantly lower than 88 and 83% in recipients 
without a thrombotic complication (P = 0.025; Figure 2; Supplementary Figure 1). One- and 
10-year graft survival were also significantly lower in recipients with a bleeding complication 
(70 and 56%) compared with those without bleeding (82 and 73%; P = 0.028). This was 
similar for 1- and 10-year patient survival in those with bleeding complications (78 and 72%) 
and without bleeding complications (91 vs. 87%; P = 0.006).

In Cox regression analysis, posttransplant thrombotic and bleeding complications were 
significantly associated with mortality with a HR of 3.38 (1.36-8.45; P = 0.009) and 2.50 
(1.19-5.24; P = 0.015), respectively, when adjusted for potential confounders including age, 
weight, diagnosis, CP score, urgency state, donor type, graft type, CIT, WIT, intraoperative 
blood loss, and era.
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Figure 2   |   Ten-year patient and graft survival of pediatric liver transplant recipients with and without post-
transplant thrombotic or bleeding complications.
Data presented as survival percentages, determined by the Kaplan-Meier method and compared with log 
rank testing. (A) Ten-year graft survival of pediatric liver transplant recipients with and without posttransplant 
thrombotic complications. (B) Ten-year patient survival of pediatric liver transplant recipients with and without 
posttransplant thrombotic complications. (C) Ten-year graft survival of pediatric liver transplant recipients with 
and without posttransplant bleeding complications. (D) Ten-year patient survival of pediatric liver transplant 
recipients with and without posttransplant bleeding complications.

DISCUSSION

In this study, we report an 11% incidence of posttransplant thrombotic complications in a 
cohort of 200 pediatric liver transplant recipients, including 7.5% HAT, 2.0% PVT, and 1.0% 
venous outflow tract obstruction. These incidences are relatively low, as incidences of 5 to 
18% for HAT and 5 to 10% for PVT have been reported in literature.13-16 When compared with 
our historical cohort, in which 20% posttransplant thrombosis was reported, an important 
reduction has been achieved in the past years.17 The introduction of routine antithrombotic 
therapy might have played an important role in this, combined with other developments 
in peritransplant care. It was previously suggested that routine antithrombotic therapy is 
beneficial in pediatric liver transplant recipients, and it has been demonstrated that the 
combination of heparin and acetylsalicylic acid is the most commonly used antithrombotic 
therapy strategy.15,23,24
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Low recipient and donor age, as well as DCD grafts and intraoperative vascular interventions, 
especially when concerning the hepatic artery, were identified risk factors for posttransplant 
thrombosis in this study, which is in line with previous studies.15,20,25 Notably, 38% of the 
recipients with a posttransplant thrombotic complication had a metabolic liver disease. 
Thrombosis occurred in recipients with α-1-antitrypsine deficiency (38%), urea cycle defects 
(25%), primary hyperoxaluria (25%), and tyrosinemia (12%), but not in those with Wilson disease 
or glycogen storage diseases. Previous studies showed comparable results, and the risk of 
thrombotic complications in these patients have been attributed to their hemostatic status 
at baseline, which in these patients is unaltered compared with healthy children due to the 
absence of liver failure.26-29

Remarkably, prior abdominal surgery appeared to protect against postoperative thrombosis in 
our cohort. This might be explained by the fact that patients with previous abdominal surgery 
mainly concerned patients with biliary atresia who underwent a Kasai procedure. At present, 
recipients with biliary atresia are diagnosed early and subsequently transplanted in a better 
condition, which improved postoperative outcomes.

Posttransplant thrombosis had a major impact on clinical outcomes of recipients. More 
reinterventions and a longer ICU stay were seen in recipients with posttransplant thrombosis, 
and more importantly, both graft and patient survival were significantly decreased. This again 
emphasizes the demand for routine antithrombotic therapy in liver transplantation. On the 
other hand, caution is required with routine antithrombotic therapy in patients with an already 
fragile “rebalanced hemostatic” state, which easily can be disturbed. This is apparent from 
the high proportion of posttransplant bleeding complications, affecting 37% of the recipients.

The bleeding incidence in our study is substantially higher when compared with 5 to 20% 
as reported in literature.20,21 Yet, it is difficult to compare bleeding incidences between 
studies because of a large variety of definitions for bleeding complications. Importantly, 
most patients with a bleeding complication could be stabilized with a blood transfusion. 
Although blood transfusions are not without risks, these risks are fairly minor compared with 
the risks of thrombosis, as is also reflected in the inferior graft and patient survival in those 
with thrombosis, as shown in Figure 2.

Not all posttransplant bleeding complications are related to antithrombotic therapy. At the 
time of posttransplant bleedings, 25% of the recipients had not received intravenous heparin 
yet, due to the inadequate hemostatic state of the recipient. Independent risk factors for 
posttransplant bleeding were high recipient age, high CP scores, and intraoperative blood 
loss and recipients with posttransplant bleedings more than twice as often had a hepatorenal 
syndrome. Both high CP score and hepatorenal syndrome are manifestations of more severe, 
decompensated cirrhosis.8,12

3
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An additional factor that could have played a role in the high proportion of bleeding 
complications, is the potentially overdosing of heparin in older pediatric patients. According 
to our clinical protocol, heparin is started at 10 U/kg/h and doses are guided by APTT levels, 
up to a maximum of 30 U/kg/h. Consequentially, in a 40-kg pediatric patient, doses of 1,200 
U/hour could be reached, meaning 28,800 U/24 hours, whereas a therapeutic heparin dose 
for adult patients is only 20,000 U/24 hours. However, as the APTT is already prolonged prior 
to heparin infusion, target ranges are unclear. Importantly, the APTT appears to underestimate 
the anticoagulant effect of heparin in adult patients with cirrhosis.30 Also, anti-Xa tests are 
unreliable to assess heparin dose in patients with cirrhosis. Therefore, it might be beneficial to 
explore other monitoring modalities such as thromboelastometry, and to establish a maximum 
heparin dose in pediatric patients.

Over the study period, the incidence of bleeding complications decreased. Improvements 
in surgical, anesthesiological, and posttransplant ICU care as well as donor organ quality 
and preservation may be an explanation for this. Furthermore, recipient age decreased 
substantially over time, and more experience with dosing of antithrombotic therapy, combined 
with of the introduction of coagulation tests such as thromboelastography presumably played 
an important role in this reduction.

In contrast, we observed, though not significant, an increase in posttransplant thrombosis 
over time, which may be related to several factors. First, recipient age decreased substantially 
over time. Second, the proportion of patients transplanted for metabolic liver diseases and 
the proportion of DCD liver transplantations increased in the third era.

In our study population, 76% of the recipients with posttransplant thrombosis had actually 
started with antithrombotic therapy at time of diagnosing thrombosis, indicating 24% 
(n = 5) had not. Would thrombotic events in these latter recipients have been preventable? 
Intraoperative bleeding seems to be an adequate reason to postpone antithrombotic therapy. 
Inadequate APTT levels though, could be questioned as reason to postpone antithrombotic 
therapy, since APTT tests only measures the procoagulant pathway, which is probably 
rebalanced by the anticoagulant pathway in these patients. This again indicates the vulnerable 
rebalanced hemostatic state in these patients, which can be easily turned from a hypo- to a 
hypercoagulable state and vice versa, and requires further research.

The current study has its limitations. First, this is a single-center retrospective cohort study, 
which is susceptible to confounding and selection bias. Second, to study the effects of routine 
antithrombotic therapy, recipients are ideally compared before and after its introduction. 
However, to identify a significant reduction, large groups are needed over a long period, 
which will lead to results confounded by the various other developments in peritransplant 
management that took place over time.
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In conclusion, in 200 consecutive pediatric transplants receiving routine postoperative 
antithrombotic therapy, including 1 week unfractionated heparin followed by 3 months 
acetylsalicylic acid, we report a low incidence of posttransplant vascular complications. 
Posttransplant antithrombotic therapy seems valuable for pediatric liver transplant care. A 
more personalized approach in antithrombotic therapy to optimize the risk/benefit ratio, with 
a more proactive use of antithrombotic therapy in young recipients with metabolic liver failure, 
especially in case of intraoperative vascular interventions, and a more careful approach in 
older recipients with high CP scores or significant intraoperative blood loss may have merit, 
but this requires clinical confirmation.

What is known about this topic?
• Bleeding and thrombotic complications are serious causes of morbidity and mortality 

after pediatric liver transplantation.
• Postoperative antithrombotic therapy is increasingly applied strategy to reduce 

thrombotic complications in pediatric liver transplantation.

What does this paper add?
• We report low incidences of posttransplant thrombosis in 200 pediatric liver transplant 

recipients receiving routine postoperative antithrombotic therapy.
• Posttransplant antithrombotic therapy might be a valuable strategy in pediatric liver 

transplantation, despite the increased bleeding risk.
• Identified risk factors might facilitate a more personalized approach in antithrombotic 

therapy.

3

MaureenWerner_BNW.indd   47MaureenWerner_BNW.indd   47 19/10/2020   10:50:1419/10/2020   10:50:14



48

Chapter 3

REFERENCES

1. Bartlett A, Rela M. Progress in surgical techniques in pediatric liver transplantation. Pediatr Transplant. 
2010;14(01):33-40.

2. Gurevich M, Guy-Viterbo V, Janssen M, et al. Living donor liver transplantation in children: surgical and 
immunological results in 250 recipients at universite catholique de louvain. Ann Surg. 2015;262(06):1141-
1149.

3. Hackl C, Schlitt HJ, Melter M, Knoppke B, Loss M. Current developments in pediatric liver transplantation. 
World J Hepatol. 2015;7 (11):1509-1520.

4. SpadaM, Riva S, Maggiore G, Cintorino D, Gridelli B. Pediatric liver transplantation. World J Gastroenterol. 
2009;15(06):648-674.

5. Patient survival in 2-18 years. European Liver Transplant Registry Website. Available at: http://www.eltr.
org/Pediatric-transplantation.html. Accessed August 2018.

6. Werner MJM, de Kleine RHJ, Bodewes FAJA, et al. Liver transplantation in paediatric patients in the 
Netherlands; evolution over the past two decades. Ned Tijdschr Geneeskd. 2017;161(00):D2136.

7. Lisman T, Bakhtiari K, Pereboom IT, Hendriks HG, Meijers JC, Porte RJ. Normal to increased thrombin 
generation in patients undergoing liver transplantation despite prolonged conventional coagulation 
tests. J Hepatol. 2010;52(03):355-361.

8. Lisman T, Porte RJ. Pathogenesis, prevention, and management of bleeding and thrombosis in patients 
with liver diseases. Res Pract Thromb Haemost. 2017;1(02):150-161.

9. Lisman T, Platto M, Meijers JC, Haagsma EB, Colledan M, Porte RJ. The hemostatic status of pediatric 
recipients of adult liver grafts suggests that plasma levels of hemostatic proteins are not regulated by 
the liver. Blood. 2011;117(06):2070-2072.

10. Weeder PD, Porte RJ, Lisman T. Hemostasis in liver disease: implications of new concepts for 
perioperative management. Transfus Med Rev. 2014;28(03):107-113.

11. Arshad F, Lisman T, Porte RJ. Hypercoagulability as a contributor to thrombotic complications in the 
liver transplant recipient. Liver Int. 2013;33(06):820-827.

12. de Boer MT, Molenaar IQ, Hendriks HG, Slooff MJ, Porte RJ. Minimizing blood loss in liver transplantation: 
progress through research and evolution of techniques. Dig Surg. 2005;22(04):265-275.

13. Kamran Hejazi Kenari S, Mirzakhani H, Eslami M, Saidi RF. Current state of the art in management of 
vascular complications after pediatric liver transplantation. Pediatr Transplant. 2015;19(01):18-26.

14. NacotiM, Corbella D, Fazzi F, Rapido F, Bonanomi E. Coagulopathy and transfusion therapy in pediatric 
liver transplantation. World J Gastroenterol. 2016;22(06):2005-2023.

15. Ziaziaris WA, Darani A, Holland AJA, et al. Reducing the incidence of hepatic artery thrombosis in 
pediatric liver transplantation: Effect of microvascular techniques and a customized anticoagulation 
protocol. Pediatr Transplant. 2017;21(04).

16. Bekker J, Ploem S, de Jong KP. Early hepatic artery thrombosis after liver transplantation: a systematic 
review of the incidence, outcome and risk factors. Am J Transplant. 2009;9(04):746-757.

17. Sieders E, Peeters PM, TenVergert EM, et al. Early vascular complications after pediatric liver 
transplantation. Liver Transpl. 2000;6(03):326-332.

18. Ignjatovic V, Mertyn E, Monagle P. The coagulation system in children: developmental and 
pathophysiological considerations. Semin Thromb Hemost. 2011;37(07):723-729.

19. Andrew M, Paes B, Milner R, et al. Development of the human coagulation system in the full-term infant. 
Blood. 1987;70(01): 165-172.

20. Borst AJ, Sudan DL, Wang LA, Neuss MJ, Rothman JA, Ortel TL. Bleeding and thrombotic complications 
of pediatric liver transplant. Pediatr Blood Cancer. 2018;65(05):e26955.

21. Kaneko J, Sugawara Y, Tamura S, et al. Coagulation and fibrinolytic profiles and appropriate use of 
heparin after living-donor liver transplantation. Clin Transplant. 2005;19(06):804-809.

22. Bos S, Bernal W, Porte RJ, Lisman T. Hemostatic complications in Hepatobiliary surgery. Semin Thromb 
Hemost. 2017;43(07):732-741.

MaureenWerner_BNW.indd   48MaureenWerner_BNW.indd   48 19/10/2020   10:50:1419/10/2020   10:50:14



49

Antithrombotic therapy in pediatric liver transplantation

23. Calinescu AM, KaramO, Wilde JCH, AnsariM, McLin VA, Wildhaber BE. International survey on 
anticoagulation and antiplatelet strategies after pediatric liver transplantation. Pediatr Transplant. 2019; 
23(01):e13317.

24. Heffron TG, Pillen T, Welch D, Smallwood GA, Redd D, Romero R. Hepatic artery thrombosis in pediatric 
liver transplantation. Transplant Proc. 2003;35(04):1447-1448.

25. Voulgarelis S, Vitola B, Lerret SM, Hong JC, Scott JP. Perioperative anticoagulation practices for pediatric 
liver transplantation. Pediatr Transplant. 2018;22(04):e13193.

26. Arnon R, Kerkar N, Davis MK, Anand R, Yin W, González-Peralta RP; SPLIT Research Group. Liver 
transplantation in children with metabolic diseases: the studies of pediatric liver transplantation 
experience. Pediatr Transplant. 2010;14(06):796-805.

27. Dowman JK, Gunson BK, Mirza DF, Bramhall SR, Badminton MN, Newsome PN; UK Liver Selection 
and Allocation Working Party. Liver transplantation for acute intermittent porphyria is complicated by 
a high rate of hepatic artery thrombosis. Liver Transpl. 2012;18(02):195-200.

28. Mazariegos G, Shneider B, Burton B, et al. Liver transplantation for pediatric metabolic disease. Mol 
Genet Metab. 2014;111(04):418-427.

29. Lisman T, Porte RJ. Hepatic artery thrombosis after liver transplantation: more than just a surgical 
complication? Transpl Int. 2009;22(02):162-164.

30. Potze W, Arshad F, Adelmeijer J, et al. Routine coagulation assays underestimate levels of antithrombin-
dependent drugs but not of direct anticoagulant drugs in plasma from patients with cirrhosis. Br J 
Haematol. 2013;163(05):666-673.

3

MaureenWerner_BNW.indd   49MaureenWerner_BNW.indd   49 19/10/2020   10:50:1419/10/2020   10:50:14



50

Chapter 3

Supplementary Figure 1   |   Ten-year patient and graft survival of pediatric liver transplant recipients with 
arterial thrombosis, venous thrombosis, and no thrombosis posttransplantation.
Data presented as survival percentages, determined by the Kaplan-Meier method and compared with 
log rank testing. (A) Ten-year graft survival of pediatric liver transplant recipients with arterial, venous, or 
no thrombotic complications posttransplantation. (B) Ten-year patient survival of pediatric liver transplant 
recipients with arterial, venous, or no thrombotic complications posttransplantation.
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ABSTRACT

In adults with end-stage liver disease concurrent changes in pro- and antihemostatic 
pathways result in a rebalanced hemostasis. Children though, have a developing hemostatic 
system, different disease etiologies and increased risk of thrombosis. This study aimed to 
assess the hemostatic state of children during and after liver transplantation.

Serial blood samples were obtained from 20 children (≤ 16 years) undergoing primary liver 
transplantation (September 2017-October 2018). Routine hemostasis tests, thrombomodulin-
modified thrombin generation, clot lysis times and hemostatic proteins were measured. 
Reference values were established using an age-matched control group of 30 children.

Thrombocytopenia was present in study patients. Von Willebrand factors were doubled and 
ADAMTS13 levels decreased during and after transplantation up until day 30, when platelet 
count had normalized. Whereas prothrombin time and activated partial thromboplastin time 
were prolonged during transplantation, thrombin generation was within normal ranges, except 
during perioperative heparin administration. Fibrinogen, factor VIII levels and clot lysis time 
were elevated up until day 30.

In conclusion, children with end-stage liver disease are in tight hemostatic balance. During 
transplantation a temporary heparin-dependent hypocoagulable state is present, which 
rapidly converts to a hemostatic balance with distinct hypercoagulable features that persist 
until at least day 30. This hypercoagulable state may contribute to the risk of posttransplant 
thrombosis.
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INTRODUCTION

Bleeding and thrombosis are serious causes of morbidity and mortality in pediatric liver 
transplantation.1-4 Incidences of 5-18% for hepatic artery thrombosis and 5-10% for portal 
vein thrombosis have been reported.1,3-5 Bleeding complications occur in 5-20% and may 
complicate surgery, warranting proactive hemostatic management.4-6 It remains unpredictable 
which patients are at risk of thrombotic complications and which patients are at risk of bleeding 
complications.

In contrast to the historical view that patients with end-stage liver disease have an increased 
bleeding tendency, over the past decade it has been demonstrated that adult patients are in 
a state of “rebalanced hemostasis”.7,8 Conventional coagulation tests such as prothrombin 
time (PT) and activated partial thromboplastin time (APTT) suggest a hypocoagulable state in 
these patients, but these tests only indicate decrease in procoagulant proteins and are unable 
to measure the concurrent reduction of anticoagulant proteins.9 More advanced hemostatic 
tests such as thrombomodulin-modified thrombin generation assays have demonstrated 
intact or enhanced thrombin generation, indicating a normal to hypercoagulable hemostatic 
state in these patients.10-13

This rebalanced hemostatic state is the result of a commensurate decrease in pro- and 
antihemostatic factors occurring in adults with end-stage liver disease, affecting primary 
hemostasis, coagulation, and fibrinolysis (Supplementary Table 1). Regarding primary 
hemostasis, thrombocytopenia is present in most patients. Meanwhile, increased levels of 
platelet adhesive protein von Willebrand factor (VWF), combined with decreased levels of 
VWF-cleaving protease, a disintegrin and metalloproteinase with thrombospondin motifs 
type 13 (ADAMTS13), provide adequate platelet adhesion and aggregation.14,15 Similarly, 
although plasma levels of fibrinogen and procoagulant proteins are decreased, these defects 
are balanced by a simultaneous decline in plasma levels of the natural anticoagulants and 
with this adequate thrombin generation is still achieved.7,8 Fibrinolysis is also reequilibrated, 
as low plasminogen levels are compensated by decreased levels of fibrinolytic inhibitors, 
and increased plasminogen activator levels by increased plasminogen activator inhibitor 
type 1 (PAI-1).16,17 Notably though, little is needed to disturb this delicate balance, which may 
degenerate into a hypo- or hypercoagulable state, especially during invasive procedures 
such as liver transplantation when pro- and antihemostatic factors decrease even further.18-21

Pediatric patients have different disease etiologies, higher incidences of posttransplant 
thrombosis and a still developing hemostatic system.22,23 Hemostasis is an evolving 
age-dependent process that begins in utero and continues throughout life. Because 
most maturation of the hemostatic system occurs in childhood, hemostasis in children is 
characterized by age-related changes in the coagulation system, with most hemostatic 
proteins present in lower levels in children compared to adults.

4
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Up to now, there is a lack of data on the hemostatic state in pediatric patients with liver 
disease. Thrombin generation capacity in pediatric patients with liver diseases has previously 
been studied by Magnusson et al,24 who reported comparable thrombin generation capacity 
in patients and age-matched healthy controls. Notably, PT and APTT levels were comparable 
for their study patients and controls, suggesting these patients were in a relatively early 
disease stage. More knowledge of the hemostatic state in pediatric patients is required to 
safely and efficiently prevent and treat both thrombotic and bleeding complications during 
liver transplantation.

The aim of this study was to assess hemostatic balance in pediatric patients undergoing 
liver transplantation. We hypothesized that whereas routine laboratory tests demonstrate 
a hypocoagulable state, more advanced hemostatic tests would indicate intact or 
hypercoagulable hemostasis, as we previously have demonstrated in adults.25,26

METHODS

Study design
This is a prospective exploratory cohort study comparing 20 pediatric patients who underwent 
a liver transplantation with age-matched controls in the University Medical Center Groningen 
between September 2017 and October 2018. The study protocol was a priori approved by 
the Medical Ethical Committee (NL61164.042.17). Informed consent was obtained from all 
patients (if ≥ 12 years) and/or parents/guardians prior to inclusion.

Study participants
All pediatric patients (≤ 16 years) listed for primary liver transplantation were screened for 
eligibility for this study. Exclusion criteria were acute liver failure, retransplantation, or combined 
organ transplantation. Additionally, an age-matched control group was included, consisting of 
30 healthy individuals who underwent minor surgery, specifically inguinal surgery (n = 20), and 
resection of thyroglossal duct cysts (n = 3) or benign soft tissue tumors (n = 7) in our center. 
Exclusion criteria were preterm birth, comorbidities known to affect the hemostatic system, 
a medical history of bleeding or thrombosis, and use of medication affecting hemostasis 
(Figure 1).

Setting
Study patients were treated according to standard clinical practice. Liver grafts were classically 
(n = 1) or piggyback (n = 19) implanted. Vascular reconstructions were performed using 
end-to-end anastomoses, biliary reconstructions with a Roux-and-Y hepaticojejunostomy 
(n = 19) or duct-to-duct anastomosis (n = 1). Immunosuppressive therapy consisted of triple 
therapy including tacrolimus (Prograft®), with basiliximab (Simulect®) and prednisone as 
induction. To prevent thrombotic complications, all recipients received continuous intravenous 
unfractionated heparin posttransplantation for 1 week, followed by 3 months oral acetylsalicylic 
acid, according to our antithrombotic therapy protocol (Figure 2). 
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Figure 1   |   Flowchart of patients included in the study group and control group.

Continuous infusion of unfractionated heparin was started at the end of transplantation or 
shortly afterwards, if PT values were < 20 seconds, APTT < 50 seconds, and platelet counts > 
30 ×109/L. In some cases, heparin infusion was already started after graft reperfusion, based 
on the clinical judgment of the transplant surgeon and anesthesiologist.

Data collection
Patient and donor characteristics were documented, including transplant-specific details 
and perioperative administered blood and coagulation products. To assess hemostasis, 
blood samples were obtained from study patients at the following time points: 30 minutes 
after induction of anesthesia, 30 minutes after start of anhepatic phase, 30 minutes after 
reperfusion, the end of transplantation, days 1, 3, 6 and 30 after transplantation. Blood 
samples in the control group were drawn after induction of anesthesia for minor surgery. 
Samples were drawn by venipuncture or derived from central venous lines in 3.2% sodium 
citrate tubes. After collection samples were double centrifuged at 18°C for 10 minutes at 2,000 
and 10,000 g, respectively, and subsequently stored at -80°C until use.

Hemostatic assays
Primary hemostasis was assessed by measuring platelet count (in our routine diagnostic 
laboratory), levels of VWF, and ADAMTS13. VWF levels were determined with an enzyme-
linked immunosorbent assay (ELISA) using commercially available polyclonal antibodies 
against VWF (DAKO, Santa Clara, CA). Plasma activity of ADAMTS13 was measured using 
the FRETS-VWF73 assay (Peptanova, Sandhausen, Germany) as previously described by 
Kokame et al., with the addition of bilirubin oxidase.27,28

4
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Figure 2   |   Clinical practice protocol regarding hemostasis and antithrombotic therapy in pediatric liver 
transplantation.
Abbreviations: FFP, fresh frozen plasma; PT, prothrombin time; APTT, activated partial thromboplastin time; 
ATIII, antithrombin III.

Coagulation was examined with routine tests including PT and APTT and by measuring 
plasma levels of more specific markers including fibrinogen, factor II, VIII, and antithrombin 
by using an automated coagulation analyzer (ACL 300 TOP) with reagents (Recombiplastin 2G 
for PT and factor II; Hemosil SynthaSil for APTT, fibrinogen and factor VIII; Liquid Antithrombin 
reagent for antithrombin), and protocols from the manufacturer (Instrumentation Laboratory, 
Bedford, MA). Factor levels are given as percentages relative to pooled normal plasma. 
Thrombin generation assays were performed in platelet-poor plasma samples by using the 
fluorimetric method as previously described by Hemker et al.29 Thrombin generation capacity 
was measured with calibrated automated thrombography, in clotting plasma in presence 
of thrombomodulin using a micro titer plate reading fluorometer (Fluoroskan Ascent) with 
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reagents and protocols from Thrombinoscope (Maastricht, the Netherlands). Results were 
showed as the area under the thrombin generation curve, or so called endogenous thrombin 
potential (ETP; nM IIa*min).

Fibrinolysis was assessed by clot lysis time (CLT) and PAI-1 levels. CLT was determined by 
monitoring changes in turbidity during clot formation and subsequent lysis by exogenous 
tissue plasminogen activator as described previously.30 PAI-1 levels were determined with 
an ELISA kit (R&D Systems, Minneapolis, MN).

Statistical analysis
Data are presented as mean (standard deviation), median (interquartile range; IQR), or number 
(percentage) as appropriate. To test for differences between study and control group, Mann-
Whitney U test and Pearson chi-square tests were used for continuous and categorical 
variables, respectively. Potential differences in the thrombin generation parameters at different 
time points in study group were compared to the values in the reference group with the 
Kruskal-Wallis analysis using the Dunn’s-post tests. All reported P-values are 2-tailed and 
considered statistically significant if < 0.05. Statistical analyses were performed using IBM 
Statistics SPSS, version 23 (IBM Inc) and GraphPad Prism 7.02.

RESULTS

Baseline characteristics
Twenty pediatric liver transplant recipients were included in this study with a median age of 2.3 
(IQR 0.6-6.0) years, 55% was female (Table 1). Indications for liver transplantation were biliary 
atresia (45%), congenital cholestasis (30%), metabolic diseases (20%), and hepatoblastoma 
(5%). Sixteen partial and four full-size grafts were derived from 13 living and 7 post mortal 
donors (Table 2.) Baseline characteristics were comparable for study and control group.

Table 1   |   Basic characteristics of study group (pediatric patients undergoing liver transplantation) and control 
group (pediatric patients undergoing minor surgery).

Variable Study group (n=20) Control group (n=30) P-value

Gender, female 11 (55%) 11 (37%) 0.20

Age, yr 2.3 (0.6-6.0) 3.3 (1.2-5.7) 0.62

Weight, kg 14 (8-21) 16 (11-22) 0.31

Length, cm 90 (68-114) 108 (83-124) 0.09

Data presented as median (interquartile range) or number (%) where appropriate. P-value using two sample 
Mann-Whitney U test and Pearson chi-square tests.
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Table 2   |   Basic characteristics of pediatric patients undergoing liver transplantation.

Pre-transplant characteristics (n=20)

Indication for transplantation
 Biliary atresia
 Congenital cholestasis
 Metabolic
 Hepatoblastoma

9
6
4
1

(45%)
(30%)
(20%)
(5%)

PELD score 28 (28-30)

Lab MELD score 15 (6-22)

High urgency 3 (15%)

Previous portal vein thrombosis 2 (10%)

Hemoglobin, mmol/L 5.8 (4.7-6.4)

Platelet count, 109/L 145 (98-195)

Serum creatinin, µmol/L 21 (15-37)

Serum bilirubin, µmol/L 213 (36-355)

Aspartate aminotransferase, U/L 114 (75-215)

Alanine transaminase, U/L 76 (48-106)

International normalised ratio 1.4 (1.1-1.8)

Donor characteristics

Gender, female 8 (40%)

Age, yr 33 (23-43)

Weight, kg 76 (65-83)

Length, cm 174 (165-182)

Donor type
 Living donor
 Brain death
 Circulatory death

13
5
2

(65%)
(25%)
(10%)

Graft type
 Left lateral segments
 Left lobe
 Full-size

15
1
4

(75%)
(5%)
(20%)

Graft weight, g 316 (254-413)

Graft/recipient weight ratio 2.3 (1.7-3.4)

Surgical characteristics

Cold ischemia time, min 61 (47-404)

Warm ischemia time, min 34 (29-39)

Operation time, min 472 (426-526)

Blood loss, ml/kg 67 (35-116)

Blood transfusion, ml/kg 32 (13-68)

Platelet transfusion, ml/kg 0 (0-18)*

FFP transfusion, ml/kg 0 (0-52)*

Fibrinogen, mg/kg 0 (0-15)*

Data presented as median (interquartile range) or number (%) where appropriate. P-value using two sample 
Mann-Whitney U test and Pearson chi-square tests. Abbreviations: FFP, fresh frozen plasma; MELD score, 
model for end-stage liver disease score; PELD score, pediatric end-stage liver disease score; U/L, units per 
liter. *Ranges instead of IQR values are given.
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Primary hemostasis
Before, during, and after transplantation thrombocytopenia was present in most study 
patients, which normalized 30 days after transplantation (Figure 3A). Conversely, elevated 
VWF levels were present in study patients from start to end of transplantation and further 
increased in the week after transplantation. An opposite trend was seen for ADAMTS13, which 
was reduced in study patients at start of transplantation and further decreased during and 
after transplantation. A substantial number of patients had undetectable ADAMTS13 levels 
at certain time points. Both VWF and ADAMTS13 were outside our reference ranges at 30 
days after transplantation (Figure 3B,C).

Figure 3   |   Platelet count (A), VWF (B), and ADAMTS13 (C) levels at various time points in 20 pediatric patients 
during and after liver transplantation and in 30 healthy controls.
Small horizontal lines indicate medians. Blue horizontal dotted lines indicate reference values (A). *P < 0.05, 
**P < 0.01 compared to controls. Abbreviations: Anhep, anhepatic phase; Reperf, reperfusion phase; VWF, 
von Willebrand factor; ADAMTS13, a disintegrin and metalloproteinase with thrombospondin 13.

Coagulation
Routine laboratory tests PT and APTT were substantially prolonged in study patients at start 
of transplantation (Figure 4A,B) and further prolonged during transplantation. In half of study 
patients no clot formation was measured after reperfusion and/or at the end of transplantation. 
Posttransplantation PT and APTT gradually shortened and normalized on day 6. From days 

4
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1 to 6, APTT levels were influenced by continuous administration of intravenous heparin, the 
dose of which was guided by APTT levels, targeting 50-65 seconds (Figure 4B).

In contrast to the PT and APTT, the ETP was comparable for study patients and controls 
at baseline. After reperfusion ETP dropped significantly below the level of controls, which 
could be the result of locally supplied heparin during generation of the vascular anastomosis. 
Indeed heparin was detected in peripheral blood samples taken after reperfusion (Figure 
4C,D). The ETP normalized at the end of transplantation and was decreased from days 1 to 6 
posttransplantation under continuous heparin administration. ETPs levels were significantly 
lower in patients with detectable heparin concentrations than in patients without detectable 
heparin concentrations (44 vs. 535 nmol/L IIa *min; P < 0.001). Thirty days after transplantation, 
both PT and APTT as well as ETPs were comparable in study patients and controls.

Preoperatively, prothrombin and antithrombin levels were decreased in study patients, further 
decreased during surgery, and normalized on day 30. Fibrinogen levels were also low at the 
start of surgery but recovered to supranormal levels on day 30. Factor VIII levels were high at 
the start of surgery, low during surgery, and recovered to supranormal levels at day 30 (Figure 5).

Figure 4   |   PT (A), APTT (B), thrombin generation capacity (C), and heparin concentrations (D) at various time 
points in 20 pediatric patients during and after liver transplantation and in 30 healthy controls.
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The small horizontal lines indicate medians. The horizontal blue highlighted area at 50 and 65 s. indicate target 
levels for heparin dosage (B). Thrombin generation capacity estimated with endogenous thrombin potential 
(C). *P < 0.05, **P < 0.01 compared to controls. Abbreviations: Anhep, anhepatic phase; Reperf, reperfusion 
phase; PT, prothrombin time; APTT, activated partial thromboplastin time; ETP, endogenous thrombin potential.

Figure 5   |   Factor II (A), antithrombin (B), fibrinogen (C), and factor VIII (D) levels at various time points in 20 
pediatric patients during and after liver transplantation and 30 healthy controls.
The small horizontal lines indicate medians. Factor levels are given as percentages relative to pooled 
normal plasma. *P < 0.05, **P < 0.01 compared to controls. Abbreviations: Anhep, anhepatic phase; Reperf, 
reperfusion phase.

Fibrinolysis
CLT was comparable for study and control group at start of transplantation, although the 
variation in CLT was much more profound in study patients. CLT was low after reperfusion, and 
at end of transplantation CLT was significantly prolonged in study patients, with no detectable 
fibrinolysis in the majority of patients. In the early postoperative period, CLT was variable 
but comparable to controls, but was prolonged at 30 days after transplantation. PAI-1 was 
significantly higher than controls during the perioperative period in study patients (Figure 6).

4
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Figure 6   |   Clot lysis time (A) and PAI-1 levels (B) at various time points in 20 pediatric patients during and 
after liver transplantation and in 30 healthy controls.
The horizontal lines indicate medians. *P < 0.05, **P < 0.01 compared to controls. Abbreviations: Anhep, 
anhepatic phase; Reperf, reperfusion phase; CLT, clot lysis time; PAI-1, Plasminogen activator inhibitor 1.

DISCUSSION

This study shows that pediatric patients with end-stage liver disease are in a normal to 
hypercoagulable hemostatic state. During and shortly after liver transplantation, a temporary 
heparin-dependent hypocoagulable state develops, which reverses to hemostatic balance 
with distinct hypercoagulable features on day 30. These observations extend our previous 
findings on hemostatic balance in adults with end-stage liver disease.13,25 The results of this 
study suggest that restrictive transfusion policy and proactive postoperative antithrombotic 
treatment, as is increasingly used in the adult population, is justified.7,31

Notably, whereas conventional laboratory tests (platelet count, PT, APTT) are suggestive of a 
hypocoagulable state prior to, during, and shortly after pediatric liver transplantation, analyses 
using state-of-the-art hemostasis tests are indicative of rebalanced hemostasis. Specifically 
we found a profound VWF/ADAMTS13 unbalance that likely counteracts thrombocytopenia, 
intact secondary hemostasis, and normal to defective fibrinolytic capacity.

If we compare our results in pediatric patients to those of adult patients with end-stage liver 
disease, both PT and APTT showed comparable changes over time during liver transplantation, 
with maximal values during reperfusion and at end of transplantation respectively. For 
ETP values, at the start of transplantation ETP values in adults are significantly elevated 
compared to controls, whereas in pediatric patients levels were comparable with those in 
age-matched controls.25 During transplantation a comparable evolution of parameters over 
time was present in pediatrics compared to controls with one notable exception. In the first 
week posttransplantation, ETPs in pediatric patients were very low, whereas in adults ETP 
values were higher in patients compared to controls. This is likely the result of the intravenous 
administration of unfractionated heparin to pediatric patients, which is not performed in adults.
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In aggregate, our data suggest that prior to transplantation, pediatric patients with end-
stage liver disease do not have a tendency to hemostasis-related bleeding, although they 
may have a bleeding tendency related to portal hypertension. Intraoperatively, the use of 
local supplied heparin results in systemic heparinization, and combined with the temporary 
hyperfibrinolytic state after reperfusion, may contribute to perioperative bleeding.32 In the 
early postoperative period continuous heparinization led to a clear anticoagulant effect 
in most, but not all patients, whereas at day 30 after cessation of heparin therapy, there 
was a hemostatic balance with distinct hypercoagulable features. These hypercoagulable 
features, notably a persisting VWF/ADAMTS13 unbalance with normal platelet count, 
hyperfibrinogenemia, and a hypofibrinolytic state may contribute to thrombotic risk.

It has previously been demonstrated that a VWF/ADAMSTS13 unbalance might contribute 
to the risk of perioperative thrombotic complications.26,33,34 In addition, in living donor liver 
transplantation perioperative ADAMTS13 deficiency has been associated with early graft 
dysfunction, which might be related to intrahepatic microthrombosis.35 As isolated ADAMTS13 
deficiency could result in (episodic) thrombotic microangiopathy, which is successfully 
prevented by plasma exchange, and possibly by administration of ADAMTS13 concentrate 
(ClinicalTrials.gov Identifier: NCT03393975). It may be that patients undergoing liver 
transplantation that have low or undetectable ADAMTS13 plasma levels can benefit from 
ADAMTS13 concentrate.

Although the PT and APTT suggest profound perioperative coagulation failure, 
thrombomodulin-modified thrombin generation testing shows normal thrombin generating 
capacity in those samples not containing heparin. These results reconfirm that the PT 
and APTT should not be used alone to assess hemostatic status in patients with complex 
alterations in the coagulation system and indicate that prophylactic administration of 
prohemostatic therapy, with the aim to avoid perioperative bleeding, is not justified.9,21,36

The fibrinolytic status varied during liver transplantation, with individual patients above or below 
the reference range at all time points measured. On a group level, a clear hyperfibrinolytic 
state occurred after reperfusion, which is in line with results in adult transplantation.20,37 The 
subsequent profound hypofibrinolytic state at the end of transplantation is also in line with 
previous observations in adult and pediatric transplantation.25,38,39 Although PAI-1 levels were 
elevated in patients at all time points, PAI-1 levels did not fully explain the hypofibrinolytic 
status, and other factors, notably low plasminogen levels likely contribute.20,38,40 The persistent 
high levels of PAI-1 and postoperative hypofibrinolytic state may be clinically relevant 
because increased PAI-1 levels and prolonged CLT are associated with an increased risk of 
venous and arterial thrombosis.41 In a retrospective study from our center, we demonstrated 
that postoperative thrombosis in pediatric liver transplant recipients mostly emerged at 
postoperative days 1 to 4.42

4
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Because postoperative thrombosis is one of the main challenges in contemporary pediatric 
liver transplantation, routine antithrombotic therapy is increasingly used. Most centers have 
included a form of antithrombotic therapy in their clinical practice, mostly using heparin and/
or acetylsalicylic acid.43 Our clinical antithrombotic protocol includes continuous intravenous 
heparin posttransplantation, targeting an APTT of 50-65 seconds, replaced by acetylsalicylic 
acid (19 mg, once daily) after 1 week. In our study, targeted APTT levels were not reached in 
more than half of study patients (Figure 4B). This finding might be related to the increased use 
of thromboelastography to guide heparin levels, and by clinical aspects, notably perceived 
risk of ongoing bleeding.

Internationally there is a wide variation in antithrombotic therapy strategies, and there 
is no consensus about the best therapeutic agent and the optimal dose yet. The role of 
anticoagulant therapy in pediatric liver transplantation needs further investigation and clinical 
guidelines should be developed. The results of this study contribute to understanding the 
hemostatic state in these patients, and perhaps thrombin generation tests can play an 
important role in more rational anticoagulant management strategies. Note that, point-of-care 
thrombin generation tests are in development. Whether current development of point-of-care 
thrombin generation tests will provide a solution needs to be determined with further research.

The hypercoagulable features present on day 30 after liver transplantation, are in line with 
those noted in previous studies in adult transplantation, showing hypercoagulable features up 
to 1 year after transplantation.20,44 A previous study in pediatric transplantation found complete 
normalization of hemostasis at 30 days,39 but a very different experimental approach was 
taken in this study. This hypercoagulable state posttransplantation is probably the result 
of low-grade endothelial activation due to immunosuppressive therapy, combined with the 
hyperreactive hemostatic state in these patients. The elevated levels of VWF, fibrinogen, and 
FVIII support this theory. It might be that prolonged antithrombotic therapy is indicated after 
pediatric liver transplantation. Indeed, in adult liver transplantation prolonged administration 
of acetylsalicylic acid was shown to substantially reduce the incidence of late hepatic artery 
thrombosis.45 Clinical studies will be required to assess safety and efficacy of prolonged 
antithrombotic treatment in the pediatric population.

Although this is a relatively small study, including 20 patients with end-stage liver disease, 
we were able to present a first detailed analysis of the hemostatic balance in pediatric 
patients undergoing liver transplantation and make a comparison of their hemostatic 
values to that of healthy controls. These results provide novel information but need to be 
confirmed and extended in further studies. It would be interesting to explore differences 
in hemostasis between etiologies of liver disease and between deceased vs. living donor 
grafts. Furthermore, the hemostatic balance in pediatric patients undergoing acute liver 
transplantation or retransplantation needs further exploration, because these patients were 
excluded from the current study. Notably, study patients had relatively short cold ischemia 

MaureenWerner_BNW.indd   66MaureenWerner_BNW.indd   66 19/10/2020   10:50:2419/10/2020   10:50:24



67

Rebalanced hemostasis in pediatric liver transplantation

times, and it needs to be further investigated if the hemostatic balance changes in patients 
receiving grafts with longer cold ischemia times.

In conclusion, pediatric patients with end-stage liver disease are in a fragile hemostatic 
balance. During transplantation a temporary hypocoagulable state is present under 
heparin administration, which rapidly converts to a rebalanced hemostatic state. Distinct 
hypercoagulable features persist until at least day 30, which contribute to the risk of 
posttransplant thrombosis.

4
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ABSTRACT

Background: Pro- and anticoagulant drugs are commonly used in pediatric liver 
transplantation to prevent and treat thrombotic and bleeding complications. However, the 
combination of baseline hemostatic changes in children with liver disease and additional 
changes induced by transplantation makes this very challenging.

Objectives: This study aimed to analyze the efficacy of clinically available pro- and 
anticoagulant drugs in plasma from children undergoing liver transplantation.

Methods: In vitro effects of pro- and anticoagulant drugs on thrombin generation capacity 
were tested in plasma samples of 20 children (≤ 16 years) with end-stage liver disease 
undergoing liver transplantation, and compared to 30 age-matched healthy controls.

Results: Addition of pooled normal plasma had no effect in patients or controls, while 
4-factor prothrombin complex concentrate increased thrombin generation in both patients 
and controls, with enhanced activity in patients. At start of transplantation, dabigatran and 
unfractionated heparin had a higher anticoagulant potency in patients, whereas 30 days after 
transplantation low molecular weight heparin was slightly less effective in patients. Effects of 
rivaroxaban were comparable between patients and controls.

Conclusion: This study revealed important differences in efficacy of commonly used pro- and 
anticoagulant drugs in children with end-stage liver disease undergoing liver transplantation. 
Therefore, dose adjustments of these drugs may be required. The results of this study may 
be helpful in development of urgently needed protocols for strategies to prevent and treat 
bleeding and thrombotic complications in pediatric liver transplantation.
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INTRODUCTION

Outcomes after pediatric liver transplantation (LT) have improved over the years. At present, 
two of the main challenges remain bleeding and thrombotic complications, which significantly 
contribute to morbidity and mortality of pediatric LT.1-3 Prevention and treatment of these 
complications are essential.

The hemostatic system plays a key role in the pathogenesis of these complications. 
The liver produces thrombopoietin, pro- and anticoagulant factors along with pro- and 
antifibrinolytic factors and regulates hemostasis. In patients with end-stage liver disease 
(ESLD), a proportionate decrease in both pro- and antihemostatic factors occurs, resulting 
in a ‘rebalanced hemostasis’.4-7 This rebalanced hemostatic state is very delicate and can 
easily be disturbed and turn into a hypo- or hypercoagulable state, especially during invasive 
procedures such as transplantation.8,9 We have recently reported the hemostatic changes 
observed during pediatric liver transplantation.4 At baseline, these children were characterized 
by thrombocytopenia which appeared balanced by high von Willebrand factor and low 
ADAMTS13 levels, normal thrombin generating capacity, and a preserved fibrinolytic status 
in most patients. During transplantation, profound hemostatic changes as a result of surgical 
stress, hemodilution, and the anhepatic phase occur. However, hemostatic balance remains 
intact with the exception for a temporary intraoperative hyperfibrinolytic state, which converts 
to a persistent post-operative hypocoagulable state.

Blood transfusion requirement remains substantial in pediatric LT.1,10 Along with red blood 
cell transfusion, fresh frozen plasma (FFP) and 4-factor prothrombin complex concentrates 
(PCC) are frequently administered as prohemostatic agents in clinical practice.11-13 However, 
these strategies to prevent or treat bleeding complications are largely based on empiric 
considerations. In adults with cirrhosis, in vitro addition of FFP to plasma of patients showed a 
lack of prohemostatic effect, whereas an exaggerated response was observed after addition 
of the 4-factor PCC.14,15 The effects in children undergoing LT remain unknown.

At present, there is a wide range in post-operative thromboprophylactic strategies employed 
in pediatric transplant centers, with unfractionated heparin, low molecular weight heparin 
(LMWH) and acetylsalicylic acid as most commonly used agents.16,17 Yet, an evidence-based 
decision for the type of drug, dosing, and timing is lacking. Current anticoagulant therapy 
protocols are mainly based on experiences in pediatric cardiology or adult LT.17,18 However, in 
addition to the hemostatic changes associated with liver disease, children have lower levels 
of hemostatic proteins compared to adults, as hemostasis is an evolving age-depending 
process with most maturation during childhood.19,20

Due to the complex alterations in hemostasis of patients with ESLD, the efficacy of pro- and 
anticoagulant drugs are unpredictable.14,21 We have previously demonstrated that in vitro 
effects of pro- and anticoagulants in adults with ESLD are highly different when compared to 
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healthy controls. Dabigatran, unfractionated heparin and LMWH were more potent in patients 
with cirrhosis, whereas rivaroxaban had an impaired anticoagulant effect.14,22,23 Up to now, it 
remains unclear how different anticoagulant drugs affect hemostasis in children with ESLD, 
and which is the optimal antithrombotic therapy strategy.

The combination of the rebalanced hemostasis, transplantation, and the altered hemostatic 
state in children compared to adults, makes it difficult to translate existing pro- and 
anticoagulant treatment regimens used in adults to the pediatric liver transplant recipient. 
With this study we aimed to examine the efficacy of clinically available pro- and anticoagulant 
drugs in children undergoing LT.

METHODS

Setting and participants
This prospective cohort study included 20 children (≤ 16 years) with ESLD that underwent 
a primary LT in the University Medical Center Groningen between 09-2017 and 10-2018. 
Exclusion criteria were acute liver failure, combined organ transplantation or retransplantation. 
All recipients received thromboprophylaxis according to our standard protocol which consisted 
of continuous intravenous heparin for one week posttransplantation followed by 3 months of 
acetylsalicylic acid as outlined previously.10 An age-matched group of 30 otherwise healthy 
children admitted for a minor surgical intervention (i.e. inguinal surgery (n = 20), resection of 
thyroglossal duct cysts (n = 3) or benign soft tissue tumors (n = 7)), served as normal controls. 
Exclusion criteria for the control group were preterm birth, a medical history of bleeding or 
thrombosis, and comorbidities, or use of medication affecting hemostasis. Informed consent 
was obtained from all patients (if ≥ 12 years) and/or parents/guardians. The study protocol 
was approved by our local Medical Ethical Committee (NL61164.042.17).

Blood samples
At each time point 4.5 ml of blood was drawn by venipuncture or from a central venous 
catheter into 3.2% sodium citrate and double centrifuged at 18°C for 10 minutes at 2,000 g 
and 10 minutes at 10,000 g, respectively, and subsequently stored at -80°C. For the study 
group, blood samples were obtained at the following three predefined time points:

1. Shortly after induction of anesthesia for LT, further abbreviated as ‘pre-LT’
2. During reperfusion phase of LT (30 minutes after reperfusion, which is a crucial phase 

in liver transplant procedures that may be complicated by significant hyperfibrinolysis-
associated bleeding), abbreviated as ‘during LT’

3. Thirty days posttransplantation or at day of discharge, whichever came first, abbreviated 
as ‘post-LT’

For the control group, blood samples were taken immediately after induction of anesthesia, 
prior to the start of any surgical intervention.
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In vitro added pro- and anticoagulants
In vitro, pro- and anticoagulant drugs were added at a single, clinically relevant dose to the 
platelet poor plasma samples, as outlined previously.22 Procoagulants were added to the 
plasma samples derived from controls and study patients pre-LT and during LT. Anticoagulants 
were added to plasma samples derived from controls and patients pre-LT and post-LT.

The tested procoagulants were:
• Pooled normal plasma (PNP); final concentration 20%. To simulate FFP transfusion. 

(A generous gift from Dr. J.C.M. Meijers, Academic Medical Center Amsterdam, the 
Netherlands)

• The 4-factor PCC Cofact (Sanquin, Amsterdam, the Netherlands); final concentration 
0.5 U/mL

The tested anticoagulants were:
• Dabigatran (Alsachim, Illkirch Graffenstaden, France); final concentration 300 ng/mL
• Rivaroxaban (Alsachim, Illkirch Graffenstaden, France); final concentration 25 ng/mL
• Unfractionated heparin (Heparine Leo, Leo Pharma, Ballerup, Denmark); final 

concentration 0.1 U/mL.
• The low molecular weight heparin Clexane (Sanofi-Aventis BV, Gouda, the Netherlands); 

final concentration 0.2 U/mL

Thrombin generation capacity
The hemostatic effect of the above-mentioned pro- and anticoagulants was assessed 
by using thrombin generations assays. These assays were performed according to the 
fluorimetric method as previously described by Hemker et al.24 Thrombin generation capacity 
was measured with calibrated automated thrombography, in clotting plasma in presence of 
thrombomodulin using a micro titer plate reading fluorometer (Fluoroskan Ascent, Helsinki, 
Finland) with reagents and protocols from Thrombinoscope (Maastricht, The Netherlands). 
Thrombin generation capacity was expressed as the endogenous thrombin potential (ETP; 
nM IIa*min). We assessed ETP in absence and presence of study drugs, and calculated 
percentual changes in ETP after addition of the pro- and anticoagulants.

Prothrombin time (PT), activated partial thromboplastin time (APTT), international normalized 
ratios (INR), plasma levels of fibrinogen, factor II, VIII and antithrombin were analyzed by 
using an automated coagulation analyzer (300 TOP) with reagents and protocols from the 
manufacturer (Werfen, Breda, The Netherlands).

Statistical analysis
Data are presented as mean (standard deviation), median (interquartile range) or number 
(percentage) as appropriate. To test for differences between study and control group, two 
sample independent t-tests or Mann-Whitney U test and Pearson chi-square or Fisher exact 
test were used for continuous and categorical variables, respectively. To examine the pro- 
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or anticoagulant potency of study drugs, percentual changes in thrombin generation were 
determined after addition of the study drugs. Percentual changes between groups were 
compared with One-way ANOVA with Tukey’s post-test or Kruskal-Wallis with Dunn’s post-
test. Associations between percentual changes and hemostatic proteins were analyzed by 
using Spearman’s correlation. All reported P-values are two-sided and considered statistically 
significant if < 0.05. Statistical analyses were performed using GraphPad Prism, version 7.02 
(San Diego, USA) and IBM Statistics SPSS, version 23 (IBM Inc. Chicago, IL).

RESULTS

Baseline characteristics
A total of 20 children undergoing primary LT were included in the study group and 30 age-
matched children in the control group. As Table 1 shows, main indications for LT were biliary 
atresia (45%) and congenital cholestasis (30%). A total of 13 living and 7 post-mortal donors 
donated 16 partial and 4 full-size grafts (Supplementary Table 1). Gender (female 55 vs. 
37%; P = 0.20), age (2.3 vs. 3.3 years; P = 0.62) and weight (13.9 vs. 15.5kg; P = 0.31) were 
comparable for study and control group.

Table 1   |   Demographic characteristics and coagulation parameters in study and control group.

Study group (n=20) Control group (n=30) P-value

Basic characteristics

Gender, female 11 (55%) 11 (37%) 0.20

Age, yr 2.3 (0.6-6.0) 3.3 (1.2-5.7) 0.62

Weight, kg 14 (8-21) 16 (11-22) 0.31

Length, cm 90 (68-114) 108 (83-124) 0.09

Indication for transplantation
 Biliary atresia
 Congenital cholestasis
 Metabolic
 Malignancy

9
6
4
1

(45%)
(30%)
(20%)
(5%)

Coagulation parameters

Prothrombin time, sec 19.1 (13.2-24.2) 12.1 (13.2-24.2) <0.001

APTT, sec 39.5 (32.1-53.7) 31.8 (30.3-36.0) 0.005

INR 1.8 (1.2-2.2) 1.1 (1.1-1.2) <0.001

ETP, nM IIa*min 629 (417-765) 556 (409-655) 0.36

Fibrinogen, g/L 1.6 (1.1-2.2) 2.2 (1.8-2.6) 0.001

Factor II, % 46 (25-59) 85 (79-92) <0.001

Factor VIII, % 157 (118-225) 80 (76-119) <0.001

Antithrombin, % 48 (18-86) 113 (104-122) <0.001

Data presented as median (interquartile range; IQR) or number (%) where appropriate. P-value using two 
sample Mann-Whitney U test and Pearson chi-square tests. Abbreviations: INR, International normalized 
ratios; APTT, Activated partial thromboplastin time; ETP, Endogenous thrombin potential.
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Coagulation in study group and control group
At baseline, ETP values were comparable between study and control group (629 vs. 556 nM 
IIa*min; P = 0.36). A significant decrease in ETP occurred in liver transplant patients during LT 
(to 160 nM IIa*min; P = 0.002), which recovered after LT (to 700 nM IIa*min; P = 0.81). Although 
baseline ETP values were comparable between study and control group, other hemostatic 
parameters were significantly different (Table 1).

In vitro effect of pro-coagulants
As shown in Figure 1A, addition of PNP to control samples did not change ETP values (556 
vs. 567 nM IIa*min; P = 0.66). In pre-LT samples, a slight, but not significant ETP increase of 
18% was observed after addition of PNP (P = 0.21). Importantly, initial ETP values in pre-LT 
samples were normal, and increased to 788 with PNP, which is supra-physiological when 
compared to ETP in controls (556; P = 0.002). In samples derived from patients during LT, 
low ETP values were measured (160 nM IIa*min) which increased with 35% (P = 0.14) after 
PNP addition. Notably, ETP values during LT did not reach physiologic levels comparable with 
controls, despite PNP administration (P = 0.008).

Four-factor PCC (Cofact) had a pronounced procoagulant effect in both study and control 
group (Figure 1B). In controls, addition of 4-factor PCC resulted in ETP values of 788 (P < 0.001), 
a 60% ETP increase. In pre-LT samples a comparable effect was seen, with a percentual 
increase of 69% (P = 0.46). During LT 4-factor PCC had an exaggerated effect on ETP with a 
311% increase (P < 0.001). Although the initial ETP levels were very low during LT, addition of 
4-factor PCC resulted in supraphysiological ETP levels up to 1051 nM IIa*min, which is almost 
twice as high as ETP levels in controls.

A significant negative correlation was found between the percentual increase in ETP after 
addition of 4-factor PCC and Factor II levels in pre-LT samples (R = -0.75, P < 0.001) and 
during LT-samples (R = -0.66, P = 0.002; Supplementary Figure 1). Furthermore, a positive 
correlation between percentual increase in ETP after addition of 4-factor PCC and PT was 
observed pre-LT (R = 0.64; P = 0.003) and during LT (R = 0.51; P = 0.05).

5
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Figure 1   |   In vitro effects of procoagulant drugs on thrombin generation capacity in study patients and 
controls.
Shown are ETP values in samples from healthy controls and in samples from patients prior to and during LT 
in absence (black) and presence (blue) of in vitro added procoagulant agents. The values on top represent 
median percentual increases in ETP after addition of the procoagulant drug. In 4 patients ETP values were 
zero. After addition of procoagulant drugs, two of them resulted in an increase in ETP, whereas the other two 
did not, and therefore no percentual difference was calculated for these two. *P < 0.05 when comparing ETP 
values of patients to that of healthy controls; #P < 0.05 and ###P < 0.001 comparing the percentual increase 
in ETP between patients and controls. P-values using Kruskal-Wallis with Dunn’s post-test. Abbreviations: 
ETP, endogenous thrombin potential; LT, liver transplantation; PNP, pooled normal plasma.

In vitro added anti-coagulants
Addition of a direct thrombin inhibitor (dabigatran) to samples derived from controls caused a 
significant decrease in ETP, from 556 to 393 nM IIa*min (P = 0.007), a 32% difference (Figure 
2A). Pre-LT addition of the same concentration of dabigatran led to a more pronounced ETP 
decrease from 629 to 17 nM IIa*min; a 96% reduction (P < 0.001). In post-LT samples, the 
effect of dabigatran was comparable with the effect in controls, with a 34% ETP reduction (P 
> 0.99) from 700 to 392 nM IIa*min.

Addition of a direct anti-Xa inhibitor (rivaroxaban) to controls led to a 33% decrease in ETP. 
Addition of rivaroxaban to pre-LT samples resulted in a percentual ETP decrease of 28% 
(P = 0.20) to 492 nM IIa*min, and in post-LT samples of 34% ETP decrease (P > 0.99), to 
465 nM IIa*min. Effects of rivaroxaban were thus comparable between controls and patients 
(Figure 2B).

Addition of unfractionated heparin reduced the ETP with 87%, to a median ETP of 75 nM 
IIa*min (P < 0.001) in controls (Figure 2C). In pre-LT samples, heparin had an even larger ETP 
reduction of 97% to 14 nM IIa*min (P = 0.08). Post-LT heparin decreased ETPs with 82%, 
which was comparable to its effect in controls (P = 0.15).

Addition of LMWH to samples of controls decreased ETPs from 556 to 316 nM IIa*min, a 46% 
reduction (Figure 2D). In patients LWMH led to an ETP decrease of 43% in pre-LT samples 
(629 to 365; P = 0.47) and 33% in post-LT samples (700 to 464; P = 0.07). Although addition 
of LMWH resulted in a significant ETP decrease for all samples, ETP values in the absence of 
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anticoagulant differed between time points. After LMWH addition to post-LT samples, ETPs 
were comparable to physiological ETPs in controls without any additions (P = 0.32).

Figure 2   |   In vitro effects of anticoagulant drugs on thrombin generation capacity in study patients and 
controls.
Shown are ETP values in samples from healthy controls and in samples from patients prior to and 30 days 
after LT in absence (black) and presence (blue) of in vitro added anticoagulant agents. The values on top 
represent median percentual decreases in ETP after addition of the anticoagulant drug. *P < 0.05 and 
***P < 0.001 when comparing ETP values of patients to that of healthy controls; #P < 0.05 and ###P < 0.001 
comparing the percentual decrease in ETP between patients and controls. P-values using Kruskal-Wallis 
with Dunn’s post-test. Abbreviations: ETP, endogenous thrombin potential; LT, liver transplantation; LMWH, 
low molecular weight heparin.

DISCUSSION

This study shows the in vitro effects of commonly used pro- and anticoagulant drugs on 
endogenous thrombin generation capacity in blood samples derived from children with ESLD 
undergoing LT, compared to age-matched controls with intact liver function.

We found remarkable differences in the efficacy of common clinically used drugs between 
patients and controls. For procoagulant drugs, PNP, which mimics FFP transfusion, had no 
effect in samples derived from healthy controls or patients at start of transplantation, but did 
slightly improve coagulation during LT. The 4-factor PCC, on the other hand, was very potent 
in boosting thrombin generation capacity in both study and control group. For anticoagulant 
drugs, at the start of transplantation, both dabigatran and unfractionated heparin showed 

5
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higher anticoagulant potency in patients, whereas LWMH was slightly less effective in patients 
and the effect of rivaroxaban comparable to controls.

Based on the results of this study 4-factor PCC is a very effective drug to improve hemostatic 
function in children with ESLD, in contrast to PNP. As expected, addition of PNP to plasma 
samples of healthy controls had no effect on thrombin generation capacity, but neither did 
addition of PNP to samples taken pre-LT. Similar findings were previously reported in adult 
patients with ESLD.14,15 Although FFP infusion improves factor levels and PT/INR, it does not 
improve hemostatic status as assessed by in vitro thrombin generation. Prophylactic FFP 
administration in patients with ESLD therefore appears ineffective, and might even do harm 
as it does increase portal hypertension and may result in fluid overload.25,27

PCCs are interesting and upcoming procoagulant drugs in the management of bleeding 
complications in adult LT, but no data on pediatric transplantation are available yet.13 In 
our study, 4-factor PCC had a very pro-hemostatic effect in both controls and patients, 
with an enhanced effect during transplantation. This enhanced effect was related to a 
perioperative decrease in prohemostatic proteins. ETP levels were comparable between 
patients and controls, despite significantly lower levels of factor II and antithrombin in patients. 
Addition of 4-factor PCC to these plasma samples resulted in a more pronounced relative 
increase of these and related hemostatic factors, with a subsequent prominent increase in 
thrombin generation capacity. Indeed, we demonstrated a negative correlation between the 
procoagulant effect of PCC and baseline FII plasma levels. The enhanced procoagulant effect 
of 4-factor PCC in samples taken during transplantation suggests that dosing of PCCs should 
be conservative in liver transplant patients, to avoid overcorrection to a hypercoagulable and 
potentially prothrombotic hemostatic state.

As for anticoagulant drugs, in current clinical practice direct oral anticoagulants (DOACs), 
including rivaroxaban and dabigatran, are emerging in the treatment of venous thrombosis.28 
Although DOACs have been controversial in patients with liver dysfunction for a long time, due 
to an increased gastrointestinal bleeding risk and lack of reversal agents, they recently have 
been indicated as safe and efficacious alternatives to conventional anticoagulant drugs.28,29 
Advantages of DOACs are mode of administration, lack of monitoring requirements due to 
predictable pharmacokinetics and -dynamics, lack of drug and food interactions, and short 
half-life so they can be stopped shortly before surgery. These advantages are probably even 
more important for children.

A few studies examined the effects of DOACs in children, which indicated them to be safe and 
of similar potency as in adults.30-32 Moreover, developmental hemostatic changes did not or 
only minimally influence the response to dabigatran in children, in contrast to unfractionated 
heparin and LWMH.18,32,33 No studies on DOACs in children with liver disease are available yet. 
In the current study, we observed little differences in anticoagulant potency of rivaroxaban 
between patients and controls. In contrast, dabigatran had a profoundly enhanced (threefold) 
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anticoagulant effect in patients pre-LT. Our group previously demonstrated this enhanced 
anticoagulant potency of dabigatran in adults as well, which appeared to be directly related 
to the severity of liver disease.14,22

Unfractionated heparin is a frequently used anticoagulant drug in pediatric LT. Advantages of 
unfractionated heparin are its short half-life time and adjustable titration based on weight and 
APTT. However, drawbacks of heparin are its age-dependent response in children, and the 
unreliable monitoring by APTT and anti-Xa assays in patients with cirrhosis.12,18,34 Thrombin 
generation tests might provide more reliable monitoring, but are relatively complex and not 
available in clinically practice yet, although whole blood thrombin generation tests are in 
development.35 In our study, unfractionated heparin had a slightly enhanced anticoagulant 
effect pre-LT, which disappeared post-LT. This effect could partly be explained with the severity 
of liver disease.34 For now, conservative dosing of unfractionated heparin is recommended in 
children with ESLD. More clinical studies are required to establish optimal dosing and dose 
guidance in pediatric LT.

The anticoagulant effect of LMWH, was comparable for controls and patients pre-LT, 
but seemed to decrease post-LT. This is in contrast to previous experiences in adults 
with cirrhosis, in whom a normal or enhanced anticoagulant activity of LMWH has been 
described.22,36 Importantly, ETP after addition of LMWH to samples posttransplantation were 
comparable with ETPs in samples from controls without additions. This might suggest that 
dosing of LMWH after transplantation should be increased to obtain an optimal anticoagulant 
effect. Importantly, the risk of post-operative thrombotic complications after adult and pediatric 
LT is substantial, even in those patients receiving thromboprophylaxis with LMWH, suggesting 
that improvement of the thromboprophylactic regimen might be indicated.1,17

The increase in in vitro efficacy of unfractionated heparin, dabigatran, and Cofact reflect 
the profoundly altered hemostatic environment in patients with severe liver disease, with 
altered plasma concentrations of pro- and anticoagulant drugs. Whether these differences 
are clinically relevant requires further study as the drugs that we tested may also have altered 
pharmacokinetics in patients with ESLD.

Strengths of our study are that effects of various pro- and anticoagulant drugs were tested at 
several time-points and compared with age-matched controls. Limitations of this study are 
that effects of drugs were tested in vitro and samples from controls were taken at only one 
time point. Samples from patients were taken pre-LT, during LT and 30 days post-LT, whereas 
many complications occur in the first days after LT. However, in the first week after LT these 
children received unfractionated heparin according to clinical standard care, and we felt that 
additional addition of anticoagulant drugs to those samples would not yield meaningful results.

5
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In conclusion, this is the first study in which the effects pro- and anticoagulant drugs were 
analyzed in children undergoing LT. Important differences were demonstrated in efficacy of 
commonly used pro- and anticoagulant drugs between children with ESLD undergoing LT and 
healthy controls. Dose adjustments of these drugs may be required and the present results 
may offer a platform for further exploration of these drugs in the pediatric liver transplant 
population. These new insights may be helpful in development of urgently needed protocols 
for strategies to prevent and treat bleeding and thrombotic complications in pediatric LT.

What is known on this topic
• Pro- and anticoagulant drugs are commonly used in pediatric liver transplantation to 

prevent and treat thrombotic and bleeding complications.
• The combination of baseline hemostatic changes in children with liver disease and 

additional changes induced by transplantation makes this very challenging.

What does this paper add
• This prospective study demonstrates important differences in in vitro efficacy of 

commonly used pro- and anticoagulant drugs between 20 children with end-stage liver 
disease undergoing liver transplantation and 30 healthy controls.

• Dose adjustments of these drugs may be required in children with end-stage liver 
disease.

• The results of our study may be helpful in development of urgently needed protocols 
for strategies to prevent and treat bleeding and thrombotic complications in pediatric 
liver transplantation.
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Supplementary Figure 1   |   Correlations between percentual increase in ETP and Factor II levels and 
percentual increase in ETP and prothrombin times after addition of Cofact in samples derived from children 
before (A&C) and during (B&D) liver transplantation.
*P < 0.05; **P < 0.01. Abbreviations: ETP, endogenous thrombin potential. R, Spearman’s correlation 
coefficient.
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Supplementary Table 1   |   Demographic and clinical characteristics study patients.

Recipient characteristics (n=20)

Gender, female 11 (55%)

Age, yr 2.3 (0.7-6.0 ; 0.4-16.2)

Weight, kg 14 (8-21 ; 7-45)

Length, cm 90 (68-114 ; 61-165)

Indication for transplantation
 Biliary atresia
 Congenital cholestasis
 Metabolic
 Malignancy

9
6
4
1

(45%)
(30%)
(20%)
(5%)

PELD score 28 (28-30 ; 25-40)

Lab MELD score 15 (6-22 ; 6-29)

High urgency 3 (15%)

Previous portal vein thrombosis 2 (10%)

Donor characteristics

Gender, female 8 (40%)

Age, yr 33 (23-43 ; 1-62)

Weight, kg 76 (65-83; 10-96)

Length, cm 174 (165-182 ; 80-196)

Donor type
 Living donor
 Brain death
 Circulatory death

13
5
2

(65%)
(25%)
(10%)

Graft type
 Left lateral segments
 Left lobe
 Full-size

15
1
4

(75%)
(5%)
(20%)

Graft weight, g 316 (254-413 ; 184-522)

Graft/recipient weight ratio 2.3 (1.7-3.4 ; 0.9-5.9)

Transplantation characteristics

Cold ischemia time, min 61 (47-404 ; 26-569)

Warm ischemia time, min 34 (29-39 ; 23-52)

Operation time, min 472 (426-526 ; 398-643)

Blood loss, mL/kg 67 (35-116 ; 18-233)

Blood transfusion, mL/kg 32 (13-68 ; 0-109)

Data presented as median (IQR ; range) or number (%) where appropriate. P-value using two sample Mann-
Whitney U test and Pearson chi-square tests. Abbreviations: PELD score, pediatric end-stage liver disease 
score; MELD score, Model for end-stage liver disease score.
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ABSTRACT

Background: Although prognostic models for survival after pediatric liver transplantation (LT) 
have been developed, such models for liver retransplantation (reLT) are poorly defined. We 
aimed to develop a prognostic model for survival after pediatric reLT to optimize matching 
donor grafts with recipients.

Methods: Donor, graft and recipient data of pediatric reLT (<18 years) were collected from 
the European Liver Transplantation Registry (1995-2016). Prognostic factors for mortality after 
reLT were identified by multivariable Cox regression analyses. The Pediatric ReLT Risk Score 
was developed, followed by internal as well as external validation.

Results: A total of 1640 pediatric reLTs were included, with 1- and 15- year survival rates of 72% 
and 61%, respectively. Recipient age, primary liver disease, reLT indication, recipient medical 
condition, time between primary LT and reLT, and donor age were significant prognostic 
factors for mortality. Point scores were assigned for each prognostic factor according to 
its hazard ratio. Low-risk (4-7 points), medium-risk (8-9 points) and high-risk (10-13 points) 
groups were determined with significantly different 5-year survival rates of 75.1% (95%CI 
69.1%-80.2%), 68.3% (95%CI 61.8%-74.0%) and 45.3% (95%CI 37.1%-53.2%), respectively 
(P < 0.001). The c-statistic was 0.689 (95%CI 0.641-0.728). External validation showed that 
the expected survival rates were closely aligned with the observed mortality probabilities.

Conclusions: A novel prognostic model for survival after pediatric reLT was designed and 
validated. The Pediatric ReLT Risk Score is an easy-to-use tool to balance donor and recipient 
factors, which may optimize matching donor grafts with recipients in clinical practice to 
improve outcome.
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INTRODUCTION

Liver transplantation (LT) is the only curative treatment for pediatric patients with end-stage 
liver disease. Due to various developments in peritransplant care, outcomes after pediatric LT 
have significantly improved with current 5-year graft and patient survival rates of 70-85% and 
80-95%, respectively.1-3 Donor graft scarcity remains an important limiting factor in pediatric 
LT. To increase the number of available liver grafts for children, split liver grafts and living donor 
liver grafts are increasingly used for transplantation. With the increasing success of primary LT, 
more pediatric transplant recipients are in possible need for a second liver graft. At present, 
11-15% of children develop graft failure and need to be retransplanted.3-5 Outcomes after 
pediatric liver retransplantation (reLT) are inferior to primary LT with reported 5-year patient 
survival rates of 60-70%.6,7

Currently, about 10% of available donor livers are used for reLT.8 Weighting between the 
prospect of success and urgency forms a serious challenge in clinical practice and careful 
selection of donor organs is crucial. For primary LT, models prognostic for post-transplant 
mortality have been developed.9-11 However, high-risk combinations of recipient, donor, and 
transplant factors are poorly defined for pediatric reLT.

The aim of this study was to identify prognostic factors for mortality after pediatric reLT by 
using the European Liver Transplant Registry (ELTR) database. Based on the identified factors, 
we aimed to develop an easy-to-use risk assessment tool to provide prognostic information 
about patient survival after pediatric reLT to optimize matching donor grafts with recipients 
in clinical practice.

MATERIALS AND METHODS

Study population
In this study, we analyzed all pediatric patients who underwent reLT under the age of 18 years, 
between January 1995 to December 2016 and were included in ELTR database. The ELTR 
prospectively collects LT data from 174 centers over 33 countries. Quality of data from the 
ELTR is guaranteed by an internally developed control quality program and by regular audit 
monitoring of the contributing centers.12,13 After a study request was reviewed and approved 
by the ELTR data committee, data were obtained as described previously.13 All authors had 
access to the study data and reviewed and approved the final manuscript.

Study variables
Recipient, donor and transplant characteristics from all pediatric reLT patients were obtained, 
including data on their primary LT. Recipient variables analyzed included age, height and 
weight at transplant, sex, blood group (O, A, B, AB), primary liver disease, medical condition (at 
home, hospitalized or admitted to the intensive care unit), indication for reLT, date of inscription 
on the waitlist, high-urgency (yes/no) and Model for End-stage Liver Disease (MELD) score. 
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Pretransplant levels of serum albumin, bilirubin, creatinine, international normalized ratio, 
and sodium had high frequencies of missing data (>50%) and were therefore excluded from 
analysis.

Donor variables included age at donation/death, sex, height, weight, blood group, type of 
donor (donation after brain death, donation after circulatory death, domino, living) and cause 
of death. Transplant variables included date of transplant, country of graft procurement (same 
as transplant performing country, outside transplant performing country), type of liver graft 
(full-size, split, reduced, living) and total ischemia time.

Statistical analysis
A Cox proportional hazards regression was used to identify prognostic factors for patient 
mortality. Time to patient mortality was determined as the period between reLT and post-
transplant all-cause mortality. Continuous variables were converted to categorical variables 
for the purposes of Cox regression. Categories were determined based on conventional 
thresholds (e.g. world health organization classification of BMI) or, if not applicable, to yield 
relatively equal numbers of patients in each category. Hazard ratios (HR) from regression 
analyses were expressed relative to the reference category (HR=1.00), which was defined 
as the category that was closest to physiological normal values or the largest group. Five 
key variables had a significant number of missing values, concerning MELD score (84%), 
recipient weight (52%), recipient height (45%), donor BMI (24%), and ischemia time (37%). 
Because of the substantial number of missing values, the MELD score was excluded from 
the multivariable analysis. For the other variables maximal case inclusion in the multivariable 
analysis was achieved by including the cases with missing values by assigning them to a 
separate ‘missing’ category. For each variable a ‘missing’ category is presented, but risk 
scores were created only for subjects without missing data on the variables included in the 
risk score.

Multivariable Cox regression analysis was performed by using a backward conditional 
selection methodology to determine the independent association between potential 
prognostic factors and the occurrence patient mortality. Variables with P-values < 0.10 in 
univariable Cox regression were included in the multivariable analysis and the variables 
significant at P-values < 0.05 were retained in the final multivariable model.

The Pediatric ReLT Risk Score
To design a clinically applicable prognostic assessment tool, a simple scoring system 
was derived based on dichotomized prognostic variables in the multivariable model. 
Dichotomization of continuous variables was established with receiver operating 
characteristics analysis and Youden’s J Index to maximize sensitivity and specificity. Points 
were assigned for each prognostic factor by rounding the HRs of a Cox regression model 
using dichotomized values. The era of transplantation was not included in the prognostic 
risk score as it would not help to discriminate the prognosis of future patients undergoing LT.
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Validation of the model
An internal bootstrap model validation was performed using 1000 bootstrap resamples. 
Internal validity of the risk score algorithm was evaluated for model discrimination by analyzing 
the bias-corrected area under the receiver operating characteristics curve (AUC) and model 
consistency and calibration by analyzing the Brier score and Somers’ rank correlation. Brier 
scores closer to a value of 0 were considered as representing good calibration and Somers’ 
rank correlation values > 0 with larger absolute value were considered as a stronger position 
association between the risk score and the probability of the outcome. Bootstrapping was 
performed on the cohort of subjects without missing data for the variables included in the 
risk score.

External validation of our model was performed by testing the performance of the risk score 
in the Organ Procurement and Transplantation Network / United Network for Organ Sharing 
(UNOS) database. Therefore, data on all pediatric reLTs between January 1996 and December 
2016 were obtained from the UNOS database. External validation was performed on the 
cohort of patients with nonmissing data for the variables included in the risk score.

Differences were considered statistically significant when corresponding two-tailed P-values 
were < 0.05. Statistical analysis was performed using SPSS (version 23, BM Corp., Armonk, 
N.Y., USA) and Stata (Version 15.0, StataCorp LLC, College Station, T.X., USA). For further 
details regarding the methods used, please refer to the supplementary tables. Statistical 
review was performed by biostaticians SJS and DZ.

RESULTS

Baseline characteristics
During the study period, a total of 12075 pediatric patients underwent a primary LT, of whom 
1361 (11%) underwent a reLT under the age of 18 years. Of 1361 pediatric reLTs, 246 (18%) 
patients underwent a second reLT, 31 (13%) a third and 2 a fourth reLT. Patient survival was 
comparable after first and second reLT with estimated 1-, 5- and 15-year survival rates of 72%, 
66% and 61% after first reLT, and 69%, 66% and 61% after second reLT, respectively. After 
third reLT, 1-, 5- and 15-year survival rates decreased, to 61%, 57% and 49%, respectively 
(Figure 1A). For the aim of this study, only first reLTs were included for further analysis.

The main indications for primary LT were congenital biliary disease (44%) and metabolic 
liver disease (17%; Supplementary Table 1). The median time between primary LT and first 
reLT was 35 (7-688) days. Main indications for first reLT were vascular complications (35%), 
rejection (22%), primary non-function (PNF; 22%) or biliary complications (9%; Figure 1B). 
Median age at time of reLT was 5.1 years (1.5-11.5), 51% was female. Liver grafts were mainly 
derived from brain death donors (93%), with a median donor age of 32.2 (19.6-44.9) years, of 
whom 20% was < 18 years. The best survival rates were observed in patients after reLT for 
biliary complications compared to reLT for PNF, where patient survival was lowest (Figure 1C). 
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Median time on the waiting list was 6 (2-70) days. Patients who underwent a reLT because 
of vascular complications or PNF had shorter waiting list times (3 and 2 days, respectively) 
compared to patients retransplanted for rejection or biliary complications (46 and 84 days, 
respectively, P < 0.001; Figure 1D).

Figure 1   |   Patient survival by number of pediatric retransplantations and indication for pediatric retransplantation.
Fifteen-year Kaplan-Meier survival curves are shown per (A) number of reLT (P = 0.185), and (B) indication 
for retransplantation (P < 0.001). Patient survival rates were compared between the groups using the log-
rank test. (C) The proportions of indications for retransplantation and (D) their corresponding time on the 
waitlist presented as median and interquartile range. Abbreviations: reLT, retransplantation; PNF, primary 
non-function.

Identification of prognostic factors for patient mortality
By using univariable Cox regression, the following recipient factors were associated with 
mortality after reLT: age, height, primary liver disease, indication for reLT, urgency status and 
medical condition (Supplementary Table 2). Donor factors associated with mortality were 
age, BMI, and cause of death. In addition, time between primary LT and reLT, allocation, type 
of graft, and era were significantly associated with patient mortality after reLT. A multivariable 
Cox regression analysis with backward conditional selection identified the following seven 
variables as significant prognostic factors for patient mortality: recipient age, primary liver 

MaureenWerner_BNW.indd   96MaureenWerner_BNW.indd   96 19/10/2020   10:50:3219/10/2020   10:50:32



97

Pediatric liver retransplantation risk score

disease, indication for reLT, recipient medical condition, donor age, time between primary 
LT and reLT, and era (Supplementary Table 2).

Derivation of the Pediatric ReLT Risk Score
By using the prognostic factors from the multivariable Cox regression model, the Pediatric 
ReLT Risk Score was derived (Table 1). Point scores were assigned to each covariate in 
proportion to the HR for that factor to develop a 13-point score. The weighted scores were 
associated with a probability of mortality at any time following reLT ranging 15%-69% (Figure 
2A).

Table 1   |   Significant predictors of mortality after pediatric liver retransplantation (n = 1361; 1995–2016) and 
points according to the pediatric reLT risk score.

Variable Multivariable analysis
HR [95% CI]

P-value Points

Recipient age
 <5 years
 >5 years

1.29 [0.98–1.70]
1.00

0.066*
2
0

Primary liver disease
 Other
 Acute liver failure

1.00
1.36 [0.79–1.91]

0.074*
0
2

Indication of reLT
 Other
 Primary non function

1.00
1.26 [0.92–1.72]

0.137*
0
2

Recipient medical condition
 Home/hospital
 Intensive care unit-bound

1.00
2.50 [1.64–3.81]

<0.001
0
3

Time between primary LT and reLT
 <1 month
 >1 month

1.00
1.52 [1.08–2.15]

0.017
0
2

Donor age
 <18 years
 >18 years

1.00
1.71 [1.15–2.54]

0.008
0
2

Total points 0–13

CI: confidence interval, HR: hazard ratio, LT: liver transplantation, reLT: liver retransplantation. Predictor variables 
were determined using multivariable Cox regression analyses using a backward stepwise methodology. 
Variables with a P-value < 0.1 in the univariate analysis were included in the multivariable model. Points were 
assigned for each covariate by rounding the HRs. *Variables may not be significant in this model, but they 
were selected to be in the risk algorithm based on the previous multivariable Cox modeling adjusting for 
other variables.

Patients were stratified into the following three groups: low-risk (4-7), medium-risk (8-9), and 
high-risk (10-13), with cut-off values that resulted in maximum separation between groups. 
Estimated patient survival rates for each group are demonstrated in Figure 2B. Pediatric 
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patients in the low-risk group had 1-, 5- and 15-year survival rates of 80.5% (95%CI 74.9%-
84.9%), 75.1% (95%CI 69.1%-80.2%) and 71.1% (95%CI 63.9%-77.2%) after reLT. Patients 
with medium-risk scores had 1-, 5- and 15-year post-transplant survivals of 74.2% (95%CI 
68.2%-79.3%), 68.3% (95%CI 61.8%-74.0%) and 62.0% (95%CI 53.9%-69.1%), respectively. 
The high-risk group had patient survival rates of 52.1% (95%CI 43.8%-59.8%) at 1 year, 45.3% 
(95%CI 37.1%-53.2%) at 5 years and 40.3% (95%CI 31.7%-48.8%) at 15 years after reLT. To 
illustrate the impact of prognostic factors on the Pediatric ReLT Risk Score, Table 2 provides 
clinical examples. For example, matching a 12-year old recipient on the intensive care unit with 
a metabolic primary liver disease, in need of an early reLT due to vascular complications, with a 
liver graft from a 20-year old donor, results in a risk score of 5; a low risk of mortality after reLT.

Table 2   |   Examples of recipient, donor, and transplant combinations with their corresponding reLT risk score, 
category, and patient survival rates.

Risk factor Example 1 Example 2 Example 3

Recipient age 12 years 4 years 2 years

Primary liver disease Metabolic ALF ALF

Indication of reLT Vascular Rejection PNF

Recipient medical condition ICU-bound Hospitalized ICU-bound

Time between primary LT and reLT 10 days 3 years 5 days

Donor age 20 35 45

ReLT risk score 5
Low-risk

8
Medium-risk

12
High-risk

Survival after reLT

1-year 80.5%
(74.9% -84.9%)

74.2%
(68.2% - 79.3%)

52.1%
(43.8% - 59.8%)

5-year 75.1%
(69.1% - 80.2%)

68.3%
(61.8% - 74.0%)

45.3%
(37.1% - 53.2%)

10-year 72.7%
(66.2% - 78.2%)

65.2%
(58.2% - 71.3%)

40.3%
(31.7% - 48.8%)

15-year 71.1%
(63.9% - 77.2%)

62.0%
(53.9% - 69.1%)

40.3%
(31.7% - 48.8%)

ALF: acute liver failure, LT: liver transplantation, PNF: primary non function, ICU: intensive care unit, reLT: 
retransplantation. Shown here are the Kaplan-Meier estimated survival rates (95% confidence interval).
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Figure 2   |   Probability of all-time patient mortality after retransplantation per risk score points and patient 
survival according to the Pediatric ReLT Risk Score.
Point scores were assigned to each covariate in the multivariable model in proportion to the HR for that pre-
dictor to generate a 13-point score. Bars show probability of mortality at any time following retransplantation. 
Error bars represent 95% confidence intervals (A). Fifteen-year Kaplan-Meier survival plots were developed for 
patient survival according to the three risk groups of the Pediatric ReLT Risk Score (B). Comparisons between 
the groups were made using the log-rank test. Abbreviations: reLT, retransplantation.

Validation of the Pediatric ReLT Risk Score
Based on internal bootstrap validation, time-dependent AUC values were 0.689 (95%CI 
0.641-0.728) at 1 year after reLT, 0.682 (95%CI 0.640-0.724) at 5 years after reLT, and 0.680 
(95%CI 0.638-0.722) at 15 years after reLT. The corresponding Brier score and Somers’ rank 
were 0.22 and 0.30, respectively.

External validation of the model was fulfilled in the UNOS database including 2366 pediatric 
reLT patients. The expected survival rates were closely aligned with the observed mortality 
probabilities with a time-dependent AUC value of 0.575 (95% CI 0.551-0.599; Table 3).
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Table 3   |   External validation of the reLT risk score using the OPTN/UNOS database.

Observed Expected

Score Number of cases Number of mortalities, % Model-based risk of 
mortality, %

4 431 26 26

5 89 43 29

6 473 24 31

7 589 38 34

8 118  41 37

9 501 40 40

10 61 36 43

11 89 51 46

12 10 20 49

13 5 0 52

AUC = 0.575 (95% CI: 0.551-0.599). Abbreviations: AUC, area under the curve; reLT, liver retransplantation; 
UNOS, United Network for Organ Sharing.

DISCUSSION

With the current demand for donor grafts exceeding its supply, ethical questions arise 
around reLT concerning allocation of scarce donor organs to a group with assumed inferior 
outcomes compared with primary LT. Nevertheless, reLT remains the only chance for survival 
for pediatric patients with a failing primary liver graft. In this study, we developed the Pediatric 
ReLT Risk Score, which provides prognostic information about mortality after pediatric reLT 
based on six recipient, donor and transplant factors. In addition, this risk score determines 
three categories of low-risk (4-7 points), medium-risk (8-9 points), and high-risk (10-13 points) 
patients with significantly different survival rates. The results of this study suggest that with 
careful selection of donor and recipient factors, good long-term outcomes after pediatric 
reLT may be achieved.

Two studies in smaller cohorts previously analyzed risk factors for mortality after pediatric 
reLT.3,5 The study by Ng et al. identified risk factors using data from the Studies of Pediatric 
Liver Transplantation Registry, including 246 children undergoing reLT in Northern America.3 
Donor age < 1 year, use of a technical variant, and international normalized ratio at the time of 
reLT were independent prognostic factors for mortality after reLT. Davis et al. developed a risk 
score based on the UNOS database including 1130 pediatric reLTs.5 Risk factors for mortality 
included recipient life support at the time of reLT, receiving a split liver graft, and a primary liver 
disease with cholestasis, paucity of bile ducts, or congenital abnormalities. Protective factors 
were acute rejection of the primary liver graft and recipient age between 5-18 years. Even 
though the risk score presented by Davis et al. shows similar model performance in terms 
of the AUC, our model is based on a larger cohort, has a longer follow-up and was externally 
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validated. Moreover, we underline the importance of recipient/donor matching instead of 
looking at recipient factors only.

In line with the aforementioned studies, we identified recipient age < 5 years as a prognostic 
factor for mortality. Possible explanations are that younger recipients have inferior graft size 
matching, smaller metabolic reserves, and/or a more immature immune system.14 Besides, 
technical difficulty is involved with fibrosis surrounding the graft and small blood vessels 
complicate the transplantation. Another contributing factor might be that these children are 
undergoing a second major surgery in their short lifespan and, hence, they have a lot less 
physical reserve. Related to this, being admitted to the intensive care unit at time of reLT and 
PNF of the primary liver graft were also identified as risk factors in the present study.

Technical variant grafts (split, reduced or living donor) were significant predictors in both 
previously published studies on pediatric reLT, but not in our cohort. Possibly, experience in 
using split liver grafts has improved over time with improving outcomes, since the previous 
studies date back to 2006, whereas the present study includes reLTs up to 2016. Also, the 
introduction of living donor LT might have played a role, which seems to have favorable 
outcomes.15,16

Previous studies have analyzed outcomes after early versus late reLT without very uniform 
results.3,6,17 We identified late reLT (> 30 days) as a risk factor for mortality. Late reLT might 
be associated with an additional immunologic risk because of prolonged exposure of the 
recipient to graft allogenic antigens. Furthermore, increased technical difficulty due to graft 
fibrosis complicates surgery in late reLT.6 In support of this, Ng et al. found that operation time, 
amount of blood loss during surgery, and the number of transfusions needed appeared to be 
higher in late reLT versus early reLT.3

Although our study confirms that patient survival after pediatric reLT is inferior compared 
to primary LT, good outcomes after pediatric reLT may be achieved after careful recipient 
and donor matching. This study shows that a 5-year patient survival rate of 75.1% may be 
achieved for patients in the low-risk group. This emphasizes the fact that with careful balancing 
between the identified prognostic factors in our model, good outcomes after pediatric reLT 
can be pursued. Importantly, our risk score was not developed to decline grafts for patients 
who are considered high-risk as defined by the Pediatric ReLT Risk Score. When a child is 
waitlisted with a life-threatening liver disease, clinicians should obviously accept a high-risk 
graft, especially since children are expected to have a full lifetime ahead of them.

Strengths of the current study are its large patient cohort and both internal and external 
validation of the model. Besides that, recipient, donor, as well as transplant characteristics 
are taken into account. Therefore, the Pediatric ReLT Risk Score could be a relevant tool 
for physicians to balance donor and recipient factors before making a decision on organ 
acceptance. Moreover, the three risk groups are of significant prognostic relevance, which 
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makes it a clinically applicable tool to predict survival after reLT. Finally, we believe this can 
be a useful scoring system to provide prognostic guidance for the patient and/or its family 
about the risks after pediatric reLT. To simplify clinical use, an online calculator was made 
available on www.evidencio.com.

Our study also has some limitations. First of all, some variables which might have influenced 
survival after pediatric reLT were not included in the database. Besides, as with other large 
registry studies, some variables had a high frequency of missing data, and were therefore 
excluded from analysis. The Pediatric ReLT Risk score ranges from 4-13 as a result of missing 
values. If any of the variables needed to calculate the risk score were missing, the patient 
could not have a risk score assigned. Subsequently there were no patients with a score 
of 0-3 in the database for risk score assessment. Furthermore, the model performance is 
good based on internal bootstrap validation (AUC 0.689), but external validation in the UNOS 
database shows modest performance (AUC 0.575). However, these AUCs are comparable 
with previous designed prognostic models in the field of LT. The AUC of the widely used donor 
risk index has an AUC of 0.614, and the previously mentioned predictive score of Davis et al. 
has an AUC of 0.62.5,9

In conclusion, we developed and validated a novel prognostic model for survival after pediatric 
reLT. The Pediatric ReLT Risk Score is an easy-to-use, reliable tool to provide prognostic 
information about survival after pediatric reLT by combining donor and recipient factors. 
The results of this study may be used as a step towards better prediction of outcomes 
after pediatric liver reLT. In clinical practice, the Pediatric ReLT Risk Score may be useful for 
transplant teams and families as they consider re-listing, since it can provide personalized 
prognostic information about patient survival after reLT. Besides that, we believe that with the 
identified factors in the Pediatric ReLT Risk Score, matching donor grafts with recipients can 
be optimized, which my result in better outcomes after pediatric reLT.
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Supplementary Table 1   |   Baseline characteristics of first liver retransplantations.

Recipient factors (n=1361)

Sex
 Male
 Female

668
693

(49%)
(51%)

Age
 <5 years
 >5 years

674
685

(50%)
(50%)

Weight
 ≤10
 11-20
 21-30
 31-40
 >40
 Missing

194
170
106
70
112
709

(14%)
(13%)
(8%)
(5%)
(8%)
(52%)

Height (cm)
 ≤75
 76-100
 101-125
 126-150
 >150
 Missing

185
179
137
137
117
606

(14%)
(13%)
(10%)
(10%)
(9%)
(45%)

Blood group
 O
 A
 B
 AB

536
551
198
75

(39%)
(41%)
(15%)
(6%)

MELD
 <15
 15-25
 25-35
 >35
 Missing

83
86
29
18
1145

(6%)
(6%)
(2%)
(1%)
(84%)

Primary liver disease
 Congenital biliary disease
 Metabolic liver disease
 Acute liver failure
 Cirrhosis eci
 Cholestatic liver disease
 Malignancy
 Other
 Missing

598
237
192
96
86
51
71
30

(44%)
(17%)
(14%)
(7%)
(6%)
(4%)
(5%)
(2%)
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Supplementary Table 1   |   Continued.

Indication for reLT
 Vascular complication
 Rejection
 PNF
 Biliary complication
 Recurrence of disease
 Other
 Missing

385
237
244
99
24
102
270

(28%)
(17%)
(18%)
(7%)
(2%)
(8%)
(20%)

Urgency status
 No
 Yes
 Missing

495
696
170

(36%)
(51%)
(13%)

Medical condition
 At home
 Continuous medical care
 Hospitalization
 Intensive care unit
 Missing

73
125
137
711
313

(5%)
(9%)
(10%)
(52%)
(23%)

Donor factors

Sex
 Male
 Female
 Missing

723
610
28

(53%)
(45%)
(2%)

Age (years)
 ≤18
 >18
 Missing

215
844
302

(16%)
(63%)
(22%)

Body mass index
 <18.5
 18.5-25
 25-30
 >30
 Missing

196
660
159
20
326

(49%)
(14%)
(12%)
(2%)
(24%)

Blood group
 O
 A
 B
 AB
 Missing

779
435
104
22
21

(57%)
(32%)
(8%)
(2%)
(2%)

Type of donor
 DBD
 DCD
 Domino
 Living

1266
4
1
90

(93%)
(0.3%)
(0.1%)
(7%)

6
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Supplementary Table 1   |   Continued.

Cause of death
 CVA/stroke
 Trauma
 Asphyxia
 Cardiovascular
 Other
 Living
 Missing

682
278
77
63
37
90
132

(50%)
(6%)
(5%)
(20%)
(3%)
(7%)
(10%)

Other factors

Time between primary LT and reLT
 <1 month
 >1 month

668
691

(49%)
(51%)

Total ischemia time (hrs)
 < 6
 6-12
 >12
 Missing

164
577
117
503

(12%)
(42%)
(9%)
(37%)

Allocation
 Same as reLT performing country
 Outside reLT performing country
 Missing

1098
209
54

(81%)
(15%)
(5%)

Type of liver graft
 Full-size
 Split
 Reduced
 Living

596
499
176
90

(44%)
(13%)
(37%)
(7%)

Era of reLT
 1995-2001
 2002-2008
 2009-2016

381
472
508

(28%)
(35%)
(37%)

Abbreviations: CVA, cerebrovascular accident; DBD, donation after brain death; DCD, donation after circulatory 
death; LT, liver transplantation; MELD, Model for End-stage Liver Disease; PNF, primary non function; reLT, 
retransplantation.
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Supplementary Table 2   |   Predictors of mortality after liver retransplantation by Cox proportional hazards 
regression.

Recipient factors
N

Univariate analysis
HR [95% CI] P-value

Multivariable analysis 
HR [95% CI]

P-value

Sex
 Male
 Female

668
693

1.00
0.900 [0.749-1.080] 0.257

Age 1357 0.968 [0.951-0.985] 0.000 0.963 [0.943-0.982] 0.000

Weight
 ≤10
 11-20
 21-30
 31-40
 >40
 Missing

194
170
106
70
112
709

1.000
0.660 [0.461-0.944]
0.666 [0.438-1.014]
0.591 [0.350-0.998]
0.583 [0.385-0.884]
0.757 [0.588-0.976]

0.056
0.023
0.058
0.049
0.011
0.032

Height (cm)
 ≤75
 76-100
 101-125
 126-150
 >150
 Missing

185
179
137
137
117
606

1.000
0.813 [0.584-1.132]
0.562 [0.375-0.841]
0.690 [0.472-1.008]
0.531 [0.348-0.811]
0.737 [0.567-0.958]

0.018
0.221
0.005
0.055
0.003
0.023

Blood group
 O
 A
 B
 AB

536
551
198
75

1.000
0.910 [0.740-1.119]
1.001 [0.756-1.326]
1.452 [1.003-2.103]

0.104
0.373
0.993
0.048

Primary liver disease
 Congenital biliary disease
 Metabolic liver disease
 Acute liver failure
 Cirrhosis eci
 Cholestatic liver disease
 Malignancy
 Other

598
237
192
96
86
51
71

1.000
1.007 [0.770-1.317]
1.578 [1.228-2.028]
1.150 [0.799-1.657]
0.658 [0.411-1.055]
0.865 [0.551-1.464]
1.241 [0.829-1.857]

0.002

0.959
0.000
0.452
0.082
0.590
0.294

1.000
1.112 [0.832-1.486]
1.626 [1.241-2.131]
1.351 [0.903-2.019]
0.699 [0.421-1.160]
0.999 [0.573-1.738]
1.445 [0.935-2.232]

0.004

0.475
0.000
0.143
0.166
0.995
0.097

Indication for reLT
 Vascular complication
 Rejection
 Primary non function
 Biliary complication
 Recurrence of disease
 Other
 Missing

385
237
244
99
24
102
270

1.000
1.025 [0.771-1.362]
1.748 [1.351-2.260]
0.873 [0.575-1.326]
1.116 [0.546-2.284]
1.772 [1.273-2.466]
0.759 [0.558-1.032]

0.000

0.866
0.000
0.542
0.763
0.001
0.079

1.000
1.150 [0.818-1.615]
1.682 [1.281-2.208]
1.035 [0.648-1.652]
1.632 [0.724-3.675]
1.965 [1.368-2.824]
0.884 [0.625-1.251]

0.000

0.421
0.000
0.887
0.237
0.000
0.487

Urgency status
 No
 Yes
 Missing

495
696
170

1.000
1.547 [1.259-1.901]
1.146 [0.836-1.570]

0.000
0.398

6
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Supplementary Table 2   |   Continued.

Recipient factors
N

Univariate analysis
HR [95% CI] P-value

Multivariable analysis 
HR [95% CI]

P-value

Medical condition
 At home
 Continuous medical care
 Hospitalization
 Intensive care unit
 Missing

73
125
137
711
313

1.000
1.098 [0.556-2.169]
2.119 [1.139-3.941]
2.707 [1.552-4.721]
2.009 [1.178-3.724]

0.000
0.787
0.018
0.000
0.012

1.000
0.934 [0.451-1.933
1.740 [0.907-3.338]
1.969 [1.067-3.635]
1.415 [0.764-2.622]

0.009

0.853
0.095
0.030
0.270

Donor factors

Sex
 Male
 Female
 Missing

723
610
28

1.00
1.005 [0.835-1.210] 0.956

Age (years)
 ≤18
 18-30
 30-45
 46-60
 >60
 Missing

215
283
310
212
39
302

1.000
1.622 [1.139-2.310]
1.950 [1.388-2.738]
2.548 [1.790-3.628]
3.655[2.202-6.066]
1.563 [1.103-2.217]

0.000
0.193
0.000
0.000
0.000
0.012

1.000
1.573 [1.085-2.280]
1.932 [1.347-2.770]
2.590 [1.774-3.781]
3.414 [1.994-5.848]
1.429 [0.988-1.632]

0.000

0.017
0.000
0.000
0.000
0.062

Body mass index
 <18.5
 18.5-25
 25-30
 >30
 Missing

196
660
159
20
326

0.992 [0.746-1.318]
1.000
1.594 [1.209-2.102]
1.382 [0.682-2.801]
1.149 [0.916-1.441]

0.014
0.954
0.001
0.370
0.231

Blood group
 O
 A
 B
 AB
 Missing

779
435
104
22
21

1.000
0.838 [0.681-1.029]
0.860 [0.596-1.240]
1.362 [0.701-2.645]

0.226
0.092
0.419
0.362

Type of donor
 DBD
 DCD
 Domino
 Living

1266
4
1
90

1.000
1.657 [0.413-6.649]
3.318 [0.466-
23.630]
1.049 [0.724-1.519]

0.537
0.476
0.231
0.802

Cause of death
 CVA/stroke
 Trauma
 Asphyxia
 Cardiovascular
 Other
 Living
 Missing

682
278
77
63
37
90
132

1.000
1.010 [0.791-1.289]
0.860 [0.555-1.333]
1.425 [0.942-2.156]
0.932 [0.521-1.668]
1.137 [0.780-1.656]
1.553 [1.165-2.071]

0.042
0.935
0.500
0.093
0.814
0.505
0.003
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Supplementary Table 2   |   Continued.

Recipient factors
N

Univariate analysis
HR [95% CI] P-value

Multivariable analysis 
HR [95% CI]

P-value

Other factors

Time between primary LT
and reLT

 <1 month
 >1 month

668
691

1.000
0.773 [0.644-0.929] 0.006

1.000
1.384 [1.039-1.842]

0.026

Total ischemia time (hrs)
 < 6
 6-12
 >12
 Missing

164
577
117
503

1.000
1.063 [0.779-1.452]
1.014 [0.667-1.542]
1.274 [0.931-1.743]

0.213
0.669
0.949
0.130

Allocation
 Same as reLT
 performing country
 Outside reLT
 performing country

1098
209

1.000
1.351 [1.058-1.725] 0.016

Type of liver graft
 Full-size
 Split
 Reduced
 Living

596
499
176
90

1.000
1.385 [1.125-1.705]
1.423 [1.081-1.874]
1.258 [0.854-1.854]

0.009

0.002
0.012
0.246

Era of reLT
 1995-2001
 2002-2008
 2009-2016

381
472
508

1.000
0.701 [0.563-0.873]
0.629 [0.499-0.873]

0.000

0.001
0.000

1.000
0.758 [0.601-0.956]
0.655 [0.506-0.846]

0.004

0.019
0.001

Predictor variables were determined using multivariable Cox regression analyses using a backward stepwise 
methodology. Variables with a P-value < 0.1 in the univariate analysis were included in the multivariable model. 
Abbreviations: CVA, cerebrovascular accident; DBD, donation after brain death; DCD, donation after circulatory 
death; LT, liver transplantation; PNF, primary non function; reLT, retransplantation.
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ABSTRACT

One of the main limiting factors in pediatric liver transplantation is donor availability. For adults, 
donation after circulatory death (DCD) liver grafts are increasingly used to expand the donor 
pool. To improve outcome after DCD liver transplantation, ex situ machine perfusion is used as 
an alternative organ preservation strategy, with the supplemental value of providing oxygen to 
the graft during preservation. We here report the first successful transplantation of a pediatric 
DCD liver graft after hypothermic oxygenated machine perfusion.

The full-size liver graft was derived from a 13-year-old, female DCD donor and was end-
ischemic pre-treated with dual hypothermic oxygenated machine perfusion. Arterial and 
portal pressures were set at 18 and 4 mmHg, slightly lower than protocolized settings for 
adult livers. During 2 hours of machine perfusion, portal and arterial flows increased from 100 
to 210 ml/min and 30 to 63 ml/min respectively. The pre-treated liver graft was implanted 
in a 16-year-old girl with progressive familial intrahepatic cholestasis type 2. Postoperative 
aspartate aminotransferase, alanine aminotransferase and prothrombin time normalized 
within a week. The recipient quickly recovered and was discharged from the hospital after 18 
days. One year after transplantation she is in excellent condition with a completely normal 
liver function and histology.

This case is the first report of successful transplantation of a pediatric DCD liver graft after 
hypothermic oxygenated machine perfusion and illustrates the potential role of ex situ 
machine perfusion in expanding the donor pool and improving outcome after pediatric liver 
transplantation.

MaureenWerner_BNW.indd   112MaureenWerner_BNW.indd   112 19/10/2020   10:50:3619/10/2020   10:50:36



113

Hypothermic machine perfusion in pediatric liver transplantation

INTRODUCTION

Orthotopic liver transplantation is the only effective therapy in patients with end-stage liver 
disease. Still, donor availability is the main limiting factor in liver transplantation, especially 
in pediatric patients, who need a perfect size-appropriate graft.1 To expand the number of 
suitable liver grafts for pediatric recipients, several technical variants are practiced, including 
splitting of deceased adult donor liver grafts and the use of living donors. Despite this, waiting 
list mortality rate is up to 20%.2 Moreover, during the period on the waiting list children are at 
great risk of growth and developmental retardation.

For adults, donation after circulatory death (DCD) liver grafts are increasingly used to expand 
the donor pool. Good results with transplantation of DCD liver grafts are reported, but a major 
concern remains the high rate of biliary complications. For children, the use of DCD grafts is 
still controversial and the available data are limited to small series.3,4

To improve outcome of DCD liver transplantation, ex situ hypothermic machine perfusion 
(HMP) is increasingly used as an alternative strategy for organ preservation, with the 
supplemental value of providing oxygen to the graft during preservation.5 The initial experience 
in adults has demonstrated that end-ischemic HMP provides better preservation of DCD 
liver grafts. HMP ameliorates ischemia-reperfusion injury in DCD liver grafts by restoring 
mitochondrial function before implantation and it offers better preservation of the bile ducts 
and their vasculature.6,7 This is an important step forward in reducing biliary complications 
after DCD liver transplantation.

So far, machine perfusion has only been reported in adult to adult liver transplantation. We here 
report the first successful transplantation of a pediatric DCD liver graft after oxygenated HMP.

CASE PRESENTATION

The liver graft was derived from a 13-year-old, female DCD donor (65 kg, 167 cm), who was 
resuscitated after an out of hospital cardiac arrest. She was admitted to the intensive care 
unit for 7 days. Last serum alanine aminotransferase before procurement was 65 U/L, last 
serum sodium was 162 mmol/L. The agonal phase between withdrawal from life support 
until circulatory arrest was 19 minutes. After a mandatory 5 minutes “no touch period”, rapid 
cannulation of the aorta was performed and the liver was in situ perfused with ice-cold Belzer 
University of Wisconsin (UW) cold storage solution (supplemented with heparin). The total 
period from withdrawal of life support to in situ cold perfusion endured 34 minutes. The bile 
ducts were gently flushed in a retrograde fashion with UW preservation solution. Subsequently, 
the liver was packed static cold storage and transported to our center.

In our center the liver graft was inspected and appeared to be of good quality. Liver weight was 
1509 gram. Because the liver was derived from a DCD donor and to minimize further ischemic 
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injury as much as possible, it was decided to prepare the liver graft for oxygenated HMP 
during recipient hepatectomy. A conventional back table procedure of the graft was performed 
after which the portal vein and supratruncal aorta were cannulated for machine perfusion. 
Subsequently, the liver underwent pressure-controlled dual hypothermic oxygenated machine 
perfusion using the Liver Assist (Organ Assist, Groningen, The Netherlands). The perfusion 
fluid consisted of 4000 mL Belzer UW machine perfusion solution, supplemented with 3420 
mg glutathione. Perfusion fluid was oxygenated with 1 L/min 100% O2 to obtain a PaO2 of > 
70 mmHg and temperature was kept at 10°C, according to our HMP protocol.6 Arterial and 
portal pressures were set at 18 and 4 mmHg respectively, which is slightly lower than our 
protocolized settings for adult livers (25 and 5 mmHg respectively). During HMP portal flow 
increased adequately from 100 to 210 ml/min and arterial flow from 30 to 63 ml/min, whereas 
pressure and temperature remained stable (Figure 1). Perfusate glucose level increased in 
the first 30 minutes of HMP from 8.8 to 12.5 mmol/L, and remained stable thereafter. The 
perfusate lactate level decreased from 2.4 to 1.7 mmol/L. After 2 hours of HMP the liver was 
disconnected from the perfusion machine and transplanted.

The selected recipient was a 16-year-old girl (42 kg, 156 cm), who was diagnosed in the 
neonatal phase with progressive familial intrahepatic cholestasis type 2. To prevent 
progressive damage of the hepatocytes by retention and accumulation of bile salts, a partial 
external biliary diversion procedure was performed when she was 4 years old.8 Despite this, 
at the age of 14 years she was listed for liver transplantation because of deterioration of 
cholestasis with icterus and itching, and bile stoma bleedings. The recipient and her parents 
gave consent to receive a HMP-preserved DCD liver.

Figure 1   |   Portal and arterial flow rates during two hours of dual hypothermic oxygenated machine perfusion 
of an 13-year-old DCD liver graft.
The perfusion machine was pressure-controlled with portal pressure set at 4 mmHg and arterial pressure 
set at 18 mmHg. Abbreviations: DCD, donation after circulatory arrest.
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The HMP-pretreated full-size liver graft was implanted using the piggyback technique with 
end-to-end portal and arterial anastomoses. Perioperative blood loss was 1800 ml and 
the recipient received one red blood cell transfusion (280 ml) intraoperatively. Total cold 
preservation time of the donor liver graft was 512 minutes, consisting of 384 minutes of cold 
ischemic storage and 128 minutes of oxygenated HMP. Subsequent warm ischemia time was 
33 minutes. Immediately after transplantation the recipient was extubated and admitted to 
the pediatric intensive care unit where vasopressive support could be reduced to zero and 
intravenous heparin was administered as is routine practice after pediatric transplantation 
in our center.

Postoperative aspartate aminotransferase, alanine aminotransferase and prothrombin time 
rapidly decreased and normalized within a week (Figure 2A). Alkaline phosphatase and 
gamma-glutamyl transferase normalized within a month and remained stable afterwards. 
Immediate postoperative lactate was 3.5 mmol/L and levels steadily decreased thereafter, 
with a small second peak on postoperative day 4 when an intra-abdominal bleeding was 
diagnosed which required surgical intervention (Figure 2B). Surgical inspection showed 
diffuse oozing with a potential bleeding focus at the inferior vena cava which was clipped 
and additionally a hematoma was evacuated. After this, the recipient had a quick and further 
uneventful recovery until she was discharged from the hospital on postoperative day 18. One 
year later, the recipient is in excellent condition with a completely normal liver function with a 
serum alanine aminotransferase of 16 U/L, bilirubin of 7 µmol/L and a normal liver histology 
on routine liver biopsy. There were no clinical or histological signs of biliary complications, 
additional imaging was not performed.

DISCUSSION

This case report describes the first successful transplantation of a pediatric DCD liver 
graft after ex situ oxygenated HMP. There are only a few descriptions of pediatric liver 
transplantations with grafts from DCD donors in the current literature.3,4,9 Hong et al. reported a 
matched case-control study of 7 DCD liver transplantations in pediatric patients with excellent 
long-term outcomes.3 A biliary anastomotic stricture occurred in only one of the recipients 
and the incidence of biliary complications was not different between DCD and donation after 
brain death liver transplantations. Also Gozinni et al. have suggested that liver grafts from 
young DCD donors with short ischemia times can be safely used in pediatric transplantation.9 

Moreover, van Rijn et al. demonstrated that transplantation of pediatric DCD liver grafts results 
in good long-term outcomes, when the donor warm ischemia time is kept under 30 minutes.4

7
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Figure 2   |   Panel A: Serum AST, ALT, ALP and GGT levels in a 16-year-old recipient after successful trans-
plantation of a hypothermic oxygenated machine perfused pediatric DCD liver graft. Panel B: Serum bilirubin 
and lactate in a 16-year-old recipient after successful transplantation of a hypothermic oxygenated machine 
perfused pediatric DCD liver graft.
Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; 
GGT, gamma-glutamyl transferase; DCD, donation after circulatory arrest.

Patient- and graft survival rates were comparable to those of pediatric donation after 
brain death liver grafts. Moreover, the incidence of non-anastomotic biliary strictures after 
transplantation of pediatric DCD livers was remarkably low. These studies support the use 
of pediatric DCD liver grafts for transplantation.
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A major drawback of DCD liver grafts is the devastating effect of warm with subsequent 
cold ischemia, leading to depletion of intracellular energy sources, such as adenosine 
5’-triphosphate, combined with other metabolic disturbances. This results into cellular injury 
and dysfunction due to reperfusion injury during transplantation.10,11 Ischemia-reperfusion injury 
is a major cause of primary non function, early allograft dysfunction and biliary complications 
after transplantation.12

In adult liver transplantation, it has been demonstrated that a short period (1-2 hours) of 
oxygenated HMP after traditional static cold storage restores the hepatic energy status in 
liver grafts, reduces ischemia-reperfusion injury, and improves early graft survival.5,6,13 Based 
on these experiences, we decided to apply end-ischemic HMP to the pediatric DCD liver 
graft offered to our recipient. Compared to adult liver grafts, pediatric livers are smaller and 
potentially more susceptible to intravascular pressure-induced damage. This is important 
because one of the potential risks of HMP is endothelial injury due to shear stress. Shear 
stress occurs in case of high perfusion pressures, especially at low temperatures when 
endothelial cell membranes are susceptible to injury.14 Perfusion induced endothelial cell 
injury can be prevented by using low perfusion pressures and a pressure-controlled perfusion 
system.13,15 Therefore, we used a pressure-controlled machine perfusion device with arterial 
and portal perfusion pressures lower than values generally used for adult liver grafts.16

In the reported case we demonstrated HMP of a 13-year-old DCD liver graft, which is relative 
large. To determine optimal portal and arterial pressures for HMP in pediatric liver grafts, more 
experiences and research are required. In our opinion, perfusion pressures in pediatric liver 
grafts, should be lowered based on donor age, to adjust for the lower physiological pressure 
in the liver graft. For HMP in adult liver grafts, protocolized portal and arterial perfusion 
pressures are set at 3-5 and 25 mmHg respectively.6,13 Normally, an adult liver graft is used 
to a physiological mean arterial blood pressure of 90 mmHg in the donor, whereas pediatric 
liver grafts are used to lower systemic blood pressures. Perhaps we should lower perfusion 
pressures for pediatric liver grafts based on donor mean arterial blood pressures according 
to donor age. For example, a 5-year old pediatric liver graft, is used to a mean arterial blood 
pressure of 65 mmHg, which is about 30% lower when compared to 90 mmHg in adults. 
Therefore it seems reasonable to reduce the portal and arterial pressure with 30%, leading 
to a portal and arterial perfusion pressure of 3-4 and 18 mmHg during HMP, respectively.

In the coming years, further advances in organ preservation, such as machine perfusion 
may provide a solution to the problem of donor organ scarcity for pediatric patients. Machine 
perfusion of DCD donor grafts might reduce part of the risks of DCD liver transplantation. With 
this case we demonstrated that HMP of a pediatric liver graft is feasible and can be performed 
safely with adjusted perfusion pressures.

Apart from providing a better preservation method, machine perfusion can also facilitate 
pediatric liver transplantation by enabling a split procedure of a liver graft under continuous 
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oxygenated perfusion. The concept of splitting a liver graft during machine perfusion was 
recently shown by Stephenson et al.17 These investigators successfully performed a split 
procedure of an adult liver graft resulting in a segment 2/3 and an extended right lobe graft. In 
addition, with the upcoming technique of normothermic machine perfusion, which enables ex 
situ functional assessment of the liver graft prior to implantation, it might be useful to estimate 
the suitability of a suboptimal liver graft for a pediatric recipient.18 Altogether, this may increase 
the number of liver grafts that are suitable for pediatric liver transplantation.

In conclusion, we present the first successful transplantation of a pediatric DCD liver graft after 
ex situ hypothermic oxygenated machine perfusion. This case illustrates the potential role of 
ex situ machine perfusion technology in expanding the donor pool and improving outcome 
after pediatric liver transplantation.
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SUMMARY

The studies included in this thesis assist in the development of a more rational approach 
to prevention and treatment of thrombotic and bleeding complications in pediatric patients 
undergoing liver transplantation. The studies identified risk factors for thrombotic and bleeding 
complications and provided evidence for maintenance of a hemostatic balance in children 
undergoing liver transplantation. Furthermore, our studies suggest that our posttransplant 
antithrombotic therapy protocol is a valuable strategy in pediatric liver transplantation. Finally, 
in vitro studies suggest important differences in the efficacy of pro- and anticoagulant 
agents in children with end-stage liver disease (ESLD). This knowledge may facilitate further 
optimization of perioperative hemostatic management. A general introduction and the outline 
of this thesis were given in Chapter 1.

In Chapter 2 we evaluated the results of the national pediatric liver transplantation program 
in the Netherlands. We performed a retrospective cohort study which included all children 
who underwent a primary liver transplantation between 1995-2016. The results of this study 
demonstrated that outcomes after pediatric liver transplantation in the Netherlands improved 
over the past two decades, with an actuarial 5-year patient survival of 83% in the most recent 
cohort, and a reduction in the need for retransplantation. Living donor liver transplantation 
is increasingly performed in the Netherlands, with superior outcomes compared to 
transplantation using organs from deceased donors, including a 5-year patient survival rate 
of 95%. Based on this study, we can conclude that the Netherlands has a successful national 
pediatric liver transplant programme.1

Chapter 3 describes a retrospective cohort study that evaluates incidences and risk factors 
of thrombotic and bleeding complications, from the time we have implemented a protocol 
of routine antithrombotic therapy. In 200 consecutive pediatric liver transplant recipients 
receiving routine postoperative antithrombotic therapy, consisting of unfractionated heparin for 
1 week, followed by 3 months of acetylsalicylic acid, the incidence of posttransplant thrombosis 
was low. Hepatic artery thrombosis occurred in 15 (7.5%) and portal vein thrombosis in 4 (2.0%) 
recipients. Clinically relevant bleeding occurred in 37%, but consequences of thrombosis 
were more severe, as was reflected in graft and patient survival. Identified risk factors for 
thrombosis were intra-operative vascular interventions during transplantation, low recipient 
age, low Child-Pugh scores and low donor age. High recipient age, high Child-Pugh scores 
and intra-operative blood loss increased the risk for posttransplant bleeding. The results 
of this study suggest that posttransplant antithrombotic therapy is a valuable strategy in 
pediatric liver transplantation.2,3 In clinical practice, perhaps a more personalized approach 
in antithrombotic therapy may have merit, which will be further discussed later in this chapter.

In Chapter 4 a prospective cohort study is presented which assessed the hemostatic status 
of children with ESLD undergoing liver transplantation. Whereas adults with ESLD are in a 
rebalanced hemostatic state due to concurrent changes in pro- and antihemostatic pathways, 
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hemostasis in pediatric patients, who have a maturing hemostatic system, different disease 
etiologies and higher incidences of thrombosis, remained unknown.4-6 Hemostasis was 
assessed with routine hemostasis tests, thrombomodulin-modified thrombin generation 
assays, clot lysis times and levels of hemostatic proteins in serial blood samples derived 
from children undergoing primary liver transplantation. Whereas conventional laboratory tests 
(platelet count, prothrombin time (PT), activated partial thromboplastin time (APTT)) suggested 
a hypocoagulable state, state-of-the-art hemostasis tests demonstrated a normal to 
hypercoagulable hemostatic state in children with ESLD. During transplantation, a temporary 
heparin-induced hypocoagulable state rapidly converted to a hemostatic balance with distinct 
hypercoagulable features until at least day 30 posttransplantation. These hypercoagulable 
features might contribute to the increased risk of posttransplant thrombosis in children.7-9

In Chapter 5 we aimed to analyze the efficacy of clinically available pro- and anticoagulant 
drugs in plasma from children undergoing liver transplantation. Therefore, in vitro effects of 
pro- and anticoagulant drugs on thrombin generation capacity were tested in plasma samples 
of pediatric patients undergoing liver transplantation, and compared to the effects in plasma 
from age-matched controls with intact liver function. Addition of pooled normal plasma had 
no effect in patients or controls, whereas 4-factor prothrombin complex concentrate (PCC) 
increased thrombin generation in controls, with an additional augmentation in patients. For 
anticoagulants, rivaroxaban had comparable effects in patients and controls. Dabigatran and 
unfractionated heparin had a higher anticoagulant potency in patients at start of transplantation, 
whereas 30 days after transplantation low molecular weight heparin was slightly less effective 
in patients, when compared to controls. This study revealed important differences in efficacy 
of commonly used pro- and anticoagulant drugs in children undergoing liver transplantation. 
Therefore, dose adjustments of these drugs may be required. The new insights from this study 
may be helpful in the development of urgently needed protocols for strategies to prevent and 
treat bleeding and thrombotic complications in pediatric liver transplantation.

In the study in Chapter 6 a novel prediction model for patient survival after pediatric liver 
retransplantation was developed and validated by performing a multicenter cohort study 
including 1361 children who underwent a liver retransplantation and were included in the 
European Liver Transplant Registry. Six clinically relevant risk factors for mortality were identified: 
recipient age < 5 years, primary transplantation because of acute liver failure, primary non-
function of the primary graft, recipient admitted to the intensive care unit, donor age > 18 years 
and late retransplantation (> 1 month). A simplified risk assessment tool was developed, the 
Pediatric Liver Retransplantation Risk Score, in which three risk groups were defined: low-risk 
(4-7 points), medium-risk (8-9 points), and high-risk (10-13 points) with significantly different 
patient survival rates. The Pediatric Liver Retransplantation Risk Score thus appears a reliable 
tool to predict survival by combining donor and recipient factors, and provides an easy-to-use 
scoring system for clinical practice to predict survival before acceptance of a donor organ. This 
score indicates that good outcomes after pediatric liver retransplantation can be achieved after 
careful selection of recipient, donor, and transplant factors.

8
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In Chapter 7 the first successful transplantation of a pediatric liver graft after hypothermic 
oxygenated machine perfusion is presented. A full-size liver graft, derived from a 13-year-
old female donor, who died after circulatory death, was end-ischemically resuscitated with 
dual hypothermic oxygenated machine perfusion for 2 hours. Arterial and portal pressures 
were adjusted to the size of the liver graft. The pretreated liver graft was successfully 
transplanted into a 16-year-old girl with progressive familial intrahepatic cholestasis. With 
this, we demonstrated hypothermic machine perfusion of a pediatric liver graft, with adjusted 
perfusion pressures, to be feasible and safe. In the future, ex situ machine perfusion might 
be a valuable tool in expanding the donor pool and improving outcome after pediatric liver 
transplantation.

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Although important questions have been answered in this thesis, which brings us one step 
closer to a rational approach in the prevention and treatment of thrombotic and bleeding 
complications in pediatric patients undergoing liver transplantation, still many problems 
remain unsolved. Even new questions and challenges arise. In the last section of this chapter, 
some of these challenges will be discussed and placed in a future perspective.

Hemostasis in pediatric and adult liver transplantation
As outlined in this thesis, hemostasis is a complex process of blood clot formation at the site 
of blood vessel injury to stop bleeding. This process can be subdivided into platelet adhesion 
and aggregation (primary hemostasis), coagulation/fibrin deposition (secondary hemostasis) 
and fibrinolysis (tertiary hemostasis). Children are characterized by a developmental 
hemostasis, wherein functional levels of hemostatic proteins change in a predictable way 
with age.5

Regarding primary hemostasis, in healthy children both platelet counts and von Willebrand 
Factors (VWF) levels are increased, when compared to adults, especially below the age 
of one year. Levels of a disintegrin and metalloproteinase with thrombospondin motifs 
type 13 (ADAMTS13) are comparable in children and adults. Notably, platelets in children 
are hypo reactive, which result in a net decreased functionality of primary hemostasis in 
healthy children.10 In children with ESLD, primary hemostasis appears to be rebalanced and 
maintained. Their liver disease-associated thrombocytopenia is compensated for by high 
VWF levels, that appear to preserve platelet adhesion, and reduced levels of ADAMTS13, 
which probably reduce VWF proteolysis within a growing thrombus.11 This is in line with 
previous observations in adults with chronic liver disease.12 However, no functional analyses 
of platelet adhesion and aggregation have been performed in our studies in pediatric patients, 
which would be an interesting topic for future studies.

In secondary hemostasis, levels of prothrombin, factor V, VII, IX, X, XI and XII are lower during 
childhood when compared to adults, as are natural anticoagulants including antithrombin, 
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protein C and S.13 Most factors are at a minimum level at birth and gradually increase with 
age. Factor VIII levels in contrast, are increased in children. Conventional hemostasis 
tests including PT and APTT are prolonged in children and thrombin generation capacity 
decreased. Together, this suggests a hypocoagulable state in healthy children. As presented 
in Chapter 4 of this thesis and as previously demonstrated by Magnusson et al, hepatic 
synthetic function is impaired in children with ESLD resulting in decreased plasma levels 
of procoagulant clotting factors (II, V, VII, IV, X, XI and fibrinogen).14 A similar reduction in 
anticoagulant proteins (protein C & S, antithrombin II) is present, whereas factor VIII levels 
are high. However, thrombin generation capacity appeared to be intact, suggesting a 
normal, balanced secondary hemostasis. A similar pattern has been demonstrated in 
adults undergoing liver transplantation whereas patients have a normal to hypercoagulable 
secondary hemostasis.7

For tertiary hemostasis (fibrinolysis) in healthy children, both plasminogen and antiplasmin 
levels are reduced, with plasminogen activator inhibitor type 1 levels comparable to levels in 
healthy adults. Clot lysis times are prolonged, resulting in a net effect of hypofibrinolysis.15 A 
similar effect is seen in children with ESLD. During liver transplantation, however, clot lysis 
times are short with a clear hyperfibrinolytic state after reperfusion. After transplantation 
increased clot lysis times and increased plasminogen activator inhibitor type 1 levels are 
demonstrated, which combined with low plasminogen levels contribute to a subsequent 
profound hypofibrinolytic state at the end of transplantation. Again, these observations are 
in line with previous studies in adult liver transplantation.16

Monitoring of hemostasis
In vivo, the processes of primary, secondary and tertiary hemostasis are interconnected, 
occur simultaneously, and stimulate and subsequently deactivate each other. Besides that, 
hemostasis is dependent on multiple other components and processes, including blood 
cells, endothelium and blood flow, to initiate blood clot formation. To monitor hemostasis, 
tests analyzing clot formation in whole blood, taking blood flow and other components such 
as blood-endothelial cell interactions would be ideal, yet, such a test is not available.17 In 
clinical practice, hemostasis is mainly measured with PT and APTT tests. Although these 
tests do demonstrate some of the coagulation capacity, they are only sensitive for plasma 
levels of procoagulant proteins and thus, not helpful in patients with ESLD in whom plasma 
levels of anticoagulant proteins are also reduced. In adult patients with ESLD, the rebalanced 
hemostasis is reflected by changes in pro- and anticoagulant proteins, and therefore the 
PT and APTT are inadequate to represent hemostasis in these patients. In Chapter 4 we 
demonstrated that the same is true in children with ESLD. Whereas conventional hemostasis 
tests, including PT and APTT, indicate a high bleeding tendency, a normal to hypercoagulability 
is shown when assays that are sensitive for both pro- and anticoagulant proteins are used. 
So, the PT and APTT give an inaccurate representation of the in vivo hemostatic functions in 
both adult and pediatric patients with ESLD.

8

MaureenWerner_BNW.indd   125MaureenWerner_BNW.indd   125 19/10/2020   10:50:4219/10/2020   10:50:42



126

Chapter 8

Upcoming strategies for measurement of hemostasis and coagulation in patients 
with hemostatic alterations are viscoelastic tests (thromboelastography, rotational 
thromboelastometry, or sonorheometry), which are point-of-care whole blood tests. These 
tests are better and more complete indicators of hemostasis than PT or APTT and may 
be useful to assess coagulation, although no cut-off values have been established yet. An 
important drawback of these viscoelastic tests is that, although assessing whole blood, they 
do not include the effects of flow rates and they are insensitive for VWF and the protein C 
system, which are of great importance in the rebalanced hemostasis in patients with ESLD.18 
Consequently, even when thromboelastography demonstrates a normal hemostatic state 
in patients with ESLD, this is probably still an underestimation of their actual hemostatic 
potential.19,20

As demonstrated in this Chapter 4 of this thesis, thrombomodulin-modified thrombin 
generation tests probably better represent hemostasis in patients with ESLD. This is in line 
with previously demonstrated results in adults with liver disease.7 The calibrated automated 
thrombogram quantifies the generation of thrombin in clotting plasma using a microtiter plate 
reading fluorometer. In this assay, plasma levels of both pro- and anticoagulant proteins are 
measured under conditions in which the natural anticoagulant systems are fully activated. 
Unfortunately, this test is not clinically available and not yet suitable for clinical use. However, a 
whole blood thrombin generations point-of-care test is in development, and this test may also 
have merit in patients with liver disease.21,22 Thrombomodulin-modified thrombin generations 
tests seem adequate in assessing the rebalanced hemostasis in patients with ESLD, but 
clinical studies are required to assess their clinical utility.

Anticoagulant therapy in pediatric liver transplantation
Type of anticoagulant drug
As outlined in this thesis in Chapter 3, anticoagulant therapy seems to be of great value in 
the prevention and treatment of posttransplant thrombosis. Although a high incidence of 
bleeding complications is reported under this regimen, it seems worth taking this risk since 
bleeding complications can be treated well, in contrast to the devastating consequences of 
thrombosis including graft failure and death. Moreover, the rebalanced hemostatic state in 
children undergoing liver transplantation, as demonstrated in Chapter 4, adds to the concept 
for anticoagulant therapy. Based on literature and the studies presented in this thesis, for now 
unfractionated heparin seems to be the treatment of choice for pediatric liver transplantation. 
There is a lot of experience with this drug, and it has been demonstrated to be effective in 
reducing the rate of thrombotic complications.23

However, there are a few drawbacks and considerations related to this anticoagulant drug. 
Firstly, heparin initiation and dosing are based on laboratory tests including platelet counts, 
PT, and APTT. However, as outlined above, PT and APTT values are unreliable in patients with 
ESLD. Since PT and APTT are already prolonged in children with ESLD, and further increase 
during liver transplantation, target ranges are unclear. Secondly, the APTT has been shown 
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to overestimate drug levels in patients with liver disease.24 An alternative monitoring strategy 
of unfractionated heparin is using anti-Xa tests, which have been shown to underestimate 
levels in adults with liver disease related to their decreased antithrombin levels. Indeed, as 
shown in Chapter 4, children also have decreased antithrombin levels, especially children 
with ESLD, and consequently unfractionated heparin levels will be underestimated by anti-Xa 
tests and overestimated when using APTT.25  Thirdly, it was previously demonstrated that 
an equal to enhanced anticoagulant effect of heparin was seen in plasma from adult patients 
with cirrhosis, compared to healthy adults.26 As described in Chapter 5, a comparable effect 
was seen in children with ESLD. Heparin showed a higher anticoagulant potency in children 
with liver disease, when compared to healthy children with intact liver function when using 
thrombin generations tests. Altogether, monitoring anticoagulant effects of heparin with APTT 
is unreliable in patients with ESLD and therapeutic effects of heparin can be unpredictable. 
With this, dose escalations may potentially lead to a substantial bleeding risk. Again, point-of-
care hemostasis tests, taking both pro- and anticoagulant effects into account are required. 
Whether current development of point-of-care thrombin generation tests will provide a 
solution needs to be determined with further research.

Perhaps in the future, there is a role for direct oral anticoagulants (DOACs) in pediatric liver 
transplantation, since these agents have several advantages over heparin. Especially the 
elimination of injections, and the lack of requirement for intensive monitoring and dietary 
restrictions are of extra importance for pediatric patients.27-29 The effects of DOACs in 
children with intact liver function have been examined in a few studies, and were indicated 
as safe and of similar potency as in adults.27,29 Moreover, it was previously demonstrated that 
developmental hemostatic changes had only minimal influence on responses to dabigatran, in 
contrast to heparin and low molecular weight heparin.27 As presented in Chapter 5 dabigatran 
showed profoundly enhanced anticoagulant in vitro effects in patients with ESLD, as was 
previously seen in adults as well.26 This increased in vitro potency in patients with ESDL, when 
compared to healthy patients with intact liver functions may indicate dose-adjustments are 
required. Of course, it remains unknown whether this increased potency is also present in 
vivo, and if so, whether the extent of potency difference is clinically relevant. In a recent study 
by our group, it was demonstrated that administration of the Xa-targeting DOAC edoxaban 
to adult patients with cirrhosis resulted in a decreased in vivo inhibition of coagulation, when 
compared to effects in healthy adults, with similar drug concentrations, confirming earlier in 
vitro observations.30 The clinical relevance of the differences in in vivo potency of DOACs 
has not been established yet, but future studies comparing regular with increased edoxaban 
doses with clinically relevant endpoints (prevention/treatment of thrombosis and bleeding) 
seem indicated. Similar in vivo studies examining potency and efficacy of various DOACs are 
also of interest for the pediatric population. Until now, DOACs were never tested in pediatric 
patients with liver disease and further studies are necessary, to explore this therapeutic option 
as strategy to prevent and treat thrombosis in pediatric liver transplantation.

8
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Timing of anticoagulant drug
Thrombotic complications mainly occur in the first week after transplantation. This is the 
result of multiple transplantation-related factors that initiate coagulation and platelet adhesion, 
including surgical damage, stasis due to intraoperative clamping of vessels, release of 
activators from the donor liver and the systemic inflammatory response. Despite the fact 
that most pediatric liver transplant centers administer a form of anticoagulant therapy from 
posttransplantation day 1 onwards, thrombosis remains an important complication. There may 
be several explanations for this. First, the optimal timing of initiation of antithrombotic therapy 
is difficult to determine. Antithrombotic therapy is mainly started based on clinical parameters 
combined with conventional coagulation tests as PT and APTT. However, as mentioned, 
whereas PT and APTT might suggest inappropriate coagulation capacity, advanced 
coagulation tests show an intact thrombin generation capacity. In practice, coagulation 
capacity is probably underestimated and therefore antithrombotic therapy is started relatively 
late. Besides this, administered antithrombotic therapy is probably under-dosed since for 
most therapies no reliable monitoring tests are available and heparin concentrations are 
often underestimated.

Perhaps a more personalized approach in antithrombotic therapy may have merit, to optimize 
its risk/benefit ratio in pediatric liver transplantation, based on personal risk factors. A more 
proactive use of antithrombotic therapy might be beneficial in young recipients with metabolic 
liver diseases, especially in case of intraoperative vascular interventions. A more careful 
approach might be justified in older recipients with high Child-Pugh scores or significant 
intraoperative blood loss, but this requires clinical confirmation.2,31,32

Antiplatelet therapy
One might suggest to provide double antithrombotic therapy in the first week after 
transplantation, including antiplatelet therapy, since one of the main goals of antithrombotic 
therapy is to prevent hepatic artery thrombosis. Although the mechanism of hepatic artery 
thrombosis in incompletely understood, this is probably the result of several factors, including 
technical aspects (surgical technique, type of anastomosis, use of conduits, small vessel 
size, vessel kinking), organ damage (due to ischemia and reperfusion) and the rebalanced 
hemostatic state of the recipients, which includes clear hypercoagulable features. It has 
been very well established that platelets are main players in arterial thrombotic events (such 
as myocardial infarction and stroke) whereas fibrin formation is the main driver of venous 
thrombotic events. As previously described, although platelet counts are low in children with 
ESLD, primary hemostasis seems to be preserved.

Acetylsalicylic acid, which is a platelet function inhibitor, may have an important role in the 
prevention of hepatic artery thrombosis.33 As mentioned, at the site of vessel injury and with 
this endothelial damage, which occur after conducting an anastomosis, platelet adhesion 
and aggregation will be activated. Sustained platelet activation and aggregation perhaps 
in combination with fibrin formation, potentially contribute to hepatic artery thrombosis. 
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Furthermore, with acetylsalicylic acid inhibition of platelet activation and platelet-mediated 
inflammation after liver transplantation may be reduced, resulting in prevention of hepatic 
artery thrombosis. Therefore, perhaps anti-platelet therapy in combination with anticoagulation 
may be an effective antithrombotic strategy without an unacceptably high bleeding risk.

A survey under pediatric transplant centers previously demonstrated that nearly 80% of 
centers initiated antiplatelet therapy in the first week after transplantation in absence of 
bleeding and when platelet counts are > 50-100 x109/L.23,31 In adult liver transplantation, 
immediate initiation of acetylsalicylic acid after liver transplantation reduced the rate of hepatic 
artery thrombosis leading to early graft loss, without increasing the bleeding risk.33 It might 
be of great relevance, since the main indication for early retransplantation in pediatric liver 
transplantation are vascular complications including hepatic artery thrombosis. Yet, only a few 
studies with limited patients included studied the effects of acetylsalicylic acid immediately 
posttransplantation and further research is required.

Procoagulant therapy in pediatric liver transplantation
At the onset of liver transplantation, procedures were very often accompanied by massive 
transfusion with “blind” prophylactic transfusions of red blood cells (RBC), fresh frozen 
plasma (FFP) and platelet concentrates. Fortunately, these days, with more surgical and 
anesthesiological expertise in hemostasis, this approach has been largely abandoned. 
As mentioned in Chapter 2 of this thesis, it is of great importance to assess whether 
prohemostatic treatment, or blood component transfusion is really necessary, since blood 
transfusion comes with significant morbidity and mortality.34 Still, the threshold for blood 
transfusion in patients with ESLD is low, particularly since some centers still asses the need 
for blood component transfusion with conventional coagulation tests as PT and APTT.

In case of actual need of transfusion, different prohemostatic therapy strategies are 
practiced. Along with red blood cell transfusion, platelets, and FFP, 4-factor prothrombin 
complex concentrates (PCC) and fibrinogen concentrates are frequently administered as 
prohemostatic agents in clinical practice.35-37 It remains unclear what strategies are preferable 
in children with ESLD, respecting their complex maturing hemostatic state.

As mentioned, although platelet counts are often decreased in patients with liver disease, 
elevated levels of VWF seem to compensate for the number of platelets, preserving 
primary hemostasis. Clinically, it is unclear whether a minimal platelet count is required 
for optimal and adequate hemostasis in patients with ESLD. It was previously suggested 
that thrombocytopenia increases the bleeding risk in these patients, however, it is unsure 
whether transfusion of platelet decrease their bleeding risk.38 Notably, platelet transfusion 
is associated with increased mortality in liver transplantation patients.39 Disadvantages 
of platelet transfusion include the risk on infectious and immunologic complications, and 
besides that, transfused platelets may become entrapped in the transplanted liver and cause 
severe complications including acute lung injury.39 Given the detrimental effects of platelet 
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transfusion, triggers of platelet transfusion in liver transplant recipients should not be based on 
platelet counts alone.17 We think that, in clinical practice a restrictive use of platelet transfusion 
is recommended as long as perioperative hemostasis is secured, and platelet transfusions 
should only be given in case of severe bleeding complications.

FFP contains all coagulation factors, anticoagulant and fibrinolytic proteins in physiological 
concentrations. However, to increase plasma activation of these factors, large volumes are 
necessary to reach this effect, which may lead to volume overload. This is clinically relevant 
in patients with ESLD, since restrictive fluid infusion policy, to maintain a low central venous 
pressure is an important strategy to minimize blood loss in these patients. In Chapter 5 it 
was demonstrated that pooled normal plasma (to simulate FFP), had no effect on hemostatic 
capacity in patients at start of transplantation, but did slightly improve coagulation during liver 
transplantation. This is probably the result of a high consumption of coagulation factors during 
an invasive procedure as transplantation. Importantly, the in vitro potency of PCC was clearly 
higher in children with liver diseases.

PCCs, which can be subdivided in three and four factors concentrates, have several 
advantages over FFP, including low infusion volume, ambient temperature storage conditions, 
rapid reconstitution and lack of blood group specificity. As presented in Chapter 5, 4-factor 
PCC was very potent in boosting thrombin generation capacity in plasma of both healthy 
children and children with ESLD. Therefore, this might be a suitable procoagulant agent 
in case of bleeding in children with liver disease. In adult liver transplantation, PCC use is 
associated with a significantly decrease in need for RBC or FFP transfusion. Although in most 
studies no increase in thrombotic complications were seen, there is a risk of inducing a clear 
hypercoagulable state that might contribute to thrombotic risk.35 In a future perspective, in 
vitro effects of PCC in pediatric liver transplantation seems promising, but further exploration 
and clinical studies are indicated first.

Living donor liver transplantation
An important finding in the study presented in Chapter 2, are the superior outcomes after 
living donor liver transplantation, reporting a 5-year survival rate of 95%, which is in line with 
literature.40,41 The superior outcomes of living donor liver transplantation are probably the 
result of a combination of factors, including use of an optimal healthy donor, minimal cold 
ischemia times, elective surgery and optimal timing to the recipients need. One might suggest 
to focus on living donor liver transplantation, and cease liver transplantation with grafts from 
deceased donors. However, living donor liver transplantation comes with important risks for 
the donor, and besides that, not all potential donors are technically suitable for donation an 
some children with ELSD do not have a suitable living donor.

Living donor liver transplantation has reported mortality of 0.2-0.5% and morbidity from 
20-40% for the donor.41,42 A healthy person undergoes a surgical procedure, with all its risks, 
which is against the persons own benefits. With this, also an ethical concern is relevant. For 
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the transplant team it is important to look after the need, donor safety and chance for good 
recipient outcomes. Donor autonomy should be respected and non-maleficence should be 
practiced. In the Netherlands, the donor is usually one of the parents or relatives that donates 
a part of their liver to the child. Although many parents volunteer to donate, an extensive 
screening is performed, to examine the health of the donor to minimize its risks, to examine 
the anatomy of hepatic vessels to ensure donation is technically possible, and to see if their 
psychological state and social system is firm enough do deal with this major impact surgery.

An important upcoming strategy is laparoscopic donor liver procurement, with significant 
lower morbidity and mortality rates.43 We expect that with more experience and further clinical 
studies, the technique of living donor liver transplantation will be further optimized and fulfill 
an increasing role in pediatric liver transplantation. With this, the waiting list mortality may 
decrease and overall outcomes for children with ESLD will further improve.

New technologies in pediatric liver transplantation
In adult liver transplantation, an important and upcoming technique is ex situ oxygenated 
machine perfusion preservation of donor grafts to improve graft preservation and reduce 
risk of graft failure. In the near future, this technique might be introduced in pediatric 
liver transplantation as well. In Chapter 7 of this thesis we presented the first successful 
transplantation of a pediatric liver graft after hypothermic oxygenated machine perfusion, 
which with adjusted perfusion pressures, seems to be feasible and safe. Currently, mainly 
liver grafts derived from brain death donors are used in pediatric liver transplantation. Machine 
preservation might reduce part of the risks of transplantation of liver grafts derived from donors 
after circulatory death. With this, ex situ machine perfusion might be valuable in expanding 
the donor pool and improving outcomes after pediatric liver transplantation, as it previously 
did in adult liver transplantation.

Besides this, ex situ oxygenated machine perfusion of liver grafts may offer an important 
solution for split liver procedures, in which the liver graft is split and offered to two recipients, 
mainly an adult and a child. A major drawback of split liver procedures is the prolonged 
ischemia time, and with this poor graft quality and increased risks for both recipients. Machine 
perfusion can facilitate continuous oxygenated perfusion during the ex situ split procedure. 
This was recently shown by Stephenson et al., who successfully performed a split procedure 
of an adult liver graft under continuous oxygenated machine perfusion, resulting in a left 
lateral lobe graft and an extended right lobe graft.44 Technically, machine perfusion of liver 
grafts is typically performed via the portal main stem, which will be interrupted during split 
procedure. To enable a split procedure on the pump, another entrance to the portal circulation 
is needed. Therefore we recently demonstrated the concept of machine perfusion with portal 
perfusion via the umbilical vein, during which portal venous flows similar to those obtained 
after cannulation of the portal vein main stem were obtained.45 In this study also a left lateral 
split procedure was performed under continuous normothermic machine perfusion with 
portal perfusion via the umbilical vein. During the split procedure, the left lateral segment 
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as well as the extended right lobe remained equally perfused, as demonstrated by Doppler-
ultrasound. These recent successes offer a platform for further exploring the possibilities 
of ex situ machine perfusion techniques and its values and implications in pediatric liver 
transplantation, which seem very promising.
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Hoofdstuk 1 beschrijft de achtergrond en rationale voor dit proefschrift. Een levertransplantatie 
is een chirurgische procedure waarbij een zieke lever wordt vervangen voor een gezonde lever 
(of een deel hiervan) verkregen van een donor. Voor kinderen met een eindstadium leverziekte 
is een levertransplantatie de enige curatieve behandeloptie. Dr. Thomas Starzl en zijn team 
voerden in 1963 de eerste levertransplantatie uit. Dit betrof een 3-jarig kind met biliaire atresie. 
De transplantatie werd gecompliceerd door massaal bloedverlies, hetgeen resulteerde in 
overlijden van het kind. In 1967 werd de eerste succesvolle levertransplantatie uitgevoerd, 
opnieuw bij een kind. Sindsdien zijn er talloze ontwikkelingen geweest op het gebied van 
levertransplantatie, zoals het toepassen van nieuwe chirurgische technieken, intensieve 
bewaking rondom levertransplantatie, de introductie van betere immunosuppressiva en het 
opzetten van goede internationale samenwerking omtrent orgaan allocatie.

Ondanks het feit dat deze ontwikkelingen de uitkomsten van kinderen met eindstadium 
leverziekten sterk verbeterd hebben, blijft een levertransplantatie een invasieve en risicovolle 
procedure. Twee belangrijke complicaties van levertransplantatie bij kinderen zijn het 
optreden van bloedingen en trombose, welke beiden leiden tot significante morbiditeit en 
mortaliteit. Hoewel er verschillende risicofactoren voor deze complicaties bekend zijn, blijft 
het onvoorspelbaar welke patiënt een bloedingscomplicatie of trombose zal ontwikkelen.

Bloedingen en trombose kunnen het gevolg zijn van een ontregeld bloedstollingsmechanisme 
(hemostase). Hemostase is het proces van bloedpropformatie bij een bloedvatbeschadiging 
om het bloeden te stelpen. Dit hemostatische proces bestaat uit drie fasen: trombocyten 
adhesie en -aggregatie, bloedstolling en fibrinolyse. Wanneer er een probleem in deze 
processen optreedt, kan dit leiden tot bloedingen of trombose. Voorheen bestond de 
opvatting dat mensen met een eindstadium leverziekte een gestoorde hemostase en 
verhoogde bloedingsneiging hebben. Echter, tegenwoordig weten we uit onderzoek in 
volwassenen met eindstadium leverziekten dat zij in een staat van ‘gerebalanceerde 
hemostase’ verkeren. Door de leverziekte treden er veranderingen op in zowel de pro- en 
antihemostatische processen, hetgeen resulteert in een hernieuwde hemostatische balans. 
Deze gerebalanceerde hemostase is echter fragiel en kan gemakkelijk ombuigen naar 
trombose of bloedingsproblemen.

Belangrijk echter is dat kinderen niet zomaar kleine volwassenen zijn. Kinderen hebben 
leverziekten met een andere etiologie, hogere incidenties van trombose rondom 
levertransplantatie en een zich ontwikkelend hemostatisch systeem en daarmee afwijkende 
concentraties van stollingseiwitten. Er is meer kennis nodig over hemostase in kinderen met 
eindstadium leverziekten, met als doel trombose en bloedingscomplicaties in deze kinderen 
te kunnen voorkomen en optimaal te kunnen behandelen.
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Het doel van dit proefschrift was dan ook het verkrijgen van een meer rationele benadering 
van preventie en behandeling voor trombotische en bloedingscomplicaties in kinderen die een 
levertransplantatie ondergaan. Hiervoor werden risicofactoren voor trombose en bloedingen 
geanalyseerd, werd het huidige klinische antistollingsprotocol geëvalueerd, onderzochten 
we de hemostatische balans in kinderen rondom levertransplantatie en bestudeerden we 
de effecten van verschillende pro- en antihemostatische middelen. Daarnaast werden de 
consequenties van vasculaire complicaties in de vorm van retransplantatie onderzocht. Een 
samenvatting van de uitgevoerde studies volgt hieronder.

Hoofdstuk 2 beschrijft de eerste studie, waarin de resultaten van het nationale kinder 
levertransplantatieprogramma in Nederland werden onderzocht. Het betreft een retrospectieve 
cohortstudie, waarin alle kinderen die een primaire levertransplantatie ondergingen tussen 
1995-2006 werden geanalyseerd. De studie toont dat de uitkomsten van kinderen na 
levertransplantatie in Nederland is verbeterd over de afgelopen twee decennia, met een 
actuariële 5-jaarsoverleving van 83% in het meest recente cohort. Tevens werd een afname 
in het aantal retransplantaties gezien. Levende donor levertransplantatie wordt in toenemende 
mate uitgevoerd in Nederland, met superieure uitkomsten ten opzichte van transplantaties 
met postmortale donoren, met een 5-jaarsoverleving van 95%. Met de resultaten van 
deze studie kunnen we stellen dat het Nederlandse kinder levertransplantatieprogramma 
succesvol is.

In hoofdstuk 3 wordt een retrospectieve cohort studie beschreven, welke de incidenties en 
risicofactoren van trombotische en bloedingscomplicaties onderzocht, onder een regime van 
standaard antitrombotische therapie. In 200 opeenvolgende levertransplantaties bij kinderen, 
waarbij alle kinderen werden behandeld met 1 week ongefractioneerde heparine gevolgd door 
3 maanden orale acetylsalicylzuur, was de incidentie van trombose na levertransplantatie 
laag. Vijftien kinderen (7.5%) ontwikkelden een arteria hepatica trombose en vier (2.0%) een 
vena porta trombose. Klinisch relevante bloedingscomplicaties werden gezien in 37% van de 
kinderen. De gevolgen van trombose waren ernstiger dan die van bloedingen, hetgeen werd 
weerspiegeld in de transplantaat- en patiëntoverleving. Risicofactoren voor het ontwikkelen 
van trombose waren vasculaire interventies gedurende de transplantatie, lage leeftijd van 
de ontvanger, lage Child-Pugh scores en een lage donor leeftijd. Hoge leeftijd van de 
ontvanger, hoge Child-Pugh scores en peroperatief bloedverlies verhoogden het risico op 
het ontwikkelen van een bloeding na levertransplantatie. Concluderend liet deze studie zien 
dat het toepassen van een standaard antitrombotische therapie een waardevolle strategie 
is in levertransplantatie bij kinderen. Wellicht zou in de toekomst op basis van risicofactoren 
een meer gepersonaliseerde benadering ten aanzien van antitrombotische therapie van 
toegevoegde waarde kunnen zijn.

In hoofdstuk 4 wordt een prospectief onderzoek beschreven waarin de hemostase in 
kinderen met een eindstadium leverziekte werd geanalyseerd. Er werden bloedmonsters 
afgenomen bij kinderen met eindstadium leverziekten die een levertransplantatie 
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ondergingen. In deze bloedmonsters werd de hemostase onderzocht door middel van 
conventionele bloedonderzoeken, trombomoduline-gemodificeerde trombinegeneratie 
testen, stolselafbraak tijden en concentraties van hemostatische eiwitten. Wanneer 
hemostase werd bepaald met conventionele bloedonderzoeken (trombocytengetal, 
protrombine tijd, geactiveerde partiële tromboplastine tijd) werd er een hypocoagulabele 
hemostase waargenomen. Geavanceerde hemostase testen toonden echter een normale tot 
hypercoagulabele hemostase in deze kinderen. Gedurende transplantatie werd een tijdelijke 
heparine-geïnduceerde hypocoagulabele staat aangetoond, welke vlot overging in een 
hemostatische balans met evidente hypercoagulabele kenmerken, welke in ieder geval tot 
30 dagen na transplantatie aantoonbaar waren. Deze hypercoagulabele kenmerken zouden 
een bijdrage kunnen leveren aan het verhoogde risico op trombose na levertransplantatie 
bij kinderen.

Het doel van de studie in hoofdstuk 5 was het analyseren van de effectiviteit van klinische 
beschikbare pro- en anticoagulantia in kinderen met eindstadium leverziekten rondom 
levertransplantatie. De in vitro effecten van pro- en anticoagulantia op trombinegeneratie 
capaciteit werden geanalyseerd in plasma welke werd verkregen van kinderen 
rondom levertransplantatie. De effectiviteit van de medicamenten in kinderen rondom 
levertransplantatie werden vergeleken met de effectiviteit hiervan in een op leeftijd gekoppelde 
controlegroep bestaande uit kinderen met een normale leverfunctie. Het toevoegen van 
gepoold normaal plasma had geen effect in de patiëntengroep of de controlegroep, terwijl 
4-factor protrombine complex concentraat de trombinegeneratie in beide groepen verhoogde, 
waarbij het effect in de patiëntengroep meer uitgesproken was. Wat betreft de anticoagulantia 
toonde het toevoegen van rivaroxaban vergelijkbare effecten in controles en patiënten. 
Dabigatran en ongefractioneerde heparine lieten beiden een hoger anticoagulant effect 
zien in patiënten aan het begin van de transplantatie, terwijl 30 dagen na de transplantatie 
laag moleculair gewichts heparine iets minder effectief bleek in patiënten vergeleken 
met controles. Concluderend toont deze studie belangrijke verschillen in effectiviteit van 
veelgebruikte pro- en anticoagulantia in plasma van kinderen die een levertransplantatie 
ondergaan. Dit maakt dat dosisaanpassingen van deze medicamenten geïndiceerd kunnen 
zijn. Deze nieuwe inzichten kunnen een belangrijke bijdrage leveren aan de preventie en 
behandeling van trombose en bloedingscomplicaties rondom levertransplantatie bij kinderen.

Hoofdstuk 6 bevat een studie naar uitkomsten van kinderen die een lever retransplantatie 
hebben ondergaan. Na een primaire levertransplantatie is er in 11-15% van de kinderen sprake 
van transplantaatfalen en hiermee noodzaak tot een retransplantatie. De meest voorkomende 
oorzaak van transplantaatfalen bij kinderen zijn vasculaire complicaties, zoals een arteria 
hepatica trombose. In deze studie ontwikkelden wij een nieuw predictiemodel voor overleving 
na lever retransplantatie bij kinderen. Door middel van een multicenter cohort studie met 
1361 kinderen die een lever retransplantatie hebben ondergaan en waren geïncludeerd in de 
Europese Levertransplantatie Registratie werd dit predictiemodel ontwikkeld en gevalideerd. 
Er werden zes klinisch relevante risicofactoren voor mortaliteit geïdentificeerd: leeftijd van 
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de ontvanger < 5 jaar, primaire levertransplantatie in verband met acuut leverfalen, primaire 
non-functie van het transplantaat, intensive care behoefte van de ontvanger, donor leeftijd 
> 18 jaar en late retransplantatie (> 1 maand). Hieruit werd een gesimplificeerde risicoscore 
ontwikkeld; de ‘Pediatric Liver Retransplantation Risk Score’, waarbij drie risicogroepen 
werden gedefinieerd: laag-risico (4-7 punten), gemiddeld-risico (8-9 punten) en hoog-risico 
(10-13 punten) met significant verschillende overlevingspercentages. De Pediatric Liver 
Retransplantation Risk Score vormt een betrouwbaar middel om overleving te voorspellen 
op basis van kenmerken van zowel de ontvanger als de donor en is gemakkelijk toepasbaar 
in de klinische praktijk. Deze score laat zien dat er binnen de kinder lever retransplantatie 
goede uitkomsten kunnen worden bereikt met behulp van een zorgvuldige selectie op basis 
van karakteristieken van de ontvanger, de transplantatieprocedure en de donor.

De studie in hoofdstuk 7 beschrijft de eerste succesvolle kinder levertransplantatie 
waarbij hypotherme machine perfusie van de donorlever is toegepast. Naast trombose en 
bloedingscomplicaties blijft het tekort aan donororganen een belangrijke beperkende factor in 
levertransplantatie, zeker voor kinderen, die een precies passend donororgaan nodig hebben. 
Een opkomende strategie om de donorpool te vergroten in de volwassen levertransplantatie 
is het gebruik van gepreconditioneerde levers. Deze levers worden door middel van ex situ 
hypotherme machinale perfusie gepreconditioneerd en geoptimaliseerd, waarbij zuurstof 
kan worden toegediend aan het transplantaat gedurende de preservatieperiode. Hiermee 
ontstaat er minder ischemie-reperfusie schade en worden de galwegen beter gepreserveerd. 
In hoofdstuk 7 beschrijven wij de eerste succesvolle kinder levertransplantatie, waarbij de 
techniek van hypotherme machine werd toegepast. Er werd een full-size donorlever, verkregen 
van een 13-jarige vrouwelijke donor, overleden na een hartstilstand, eind-ischemisch 
geresusciteerd met duale hypotherme geoxygeneerde machine perfusie gedurende twee 
uur. Arteriële en portale drukken werden aangepast aan het formaat van de donor lever. 
De gepreconditioneerde lever werd succesvol getransplanteerd in een 16-jarig meisje met 
progressieve familiaire intrahepatische cholestase. Met deze casus demonstreerden we dat 
hypotherme machine perfusie van een kinder levertransplantaat, met aangepaste perfusie 
drukken mogelijk en veilig is. In de toekomst zou ex situ machine perfusie een waardevolle 
toevoeging kunnen zijn in kinder levertransplantatie om het lever aanbod te vergroten en 
uitkomsten te verbeteren.

Ten slotte wordt in hoofdstuk 8 een samenvatting van de resultaten van dit proefschrift 
weergegeven, inclusief een algemene discussie en toekomstperspectief.
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DANKWOORD

Iets wat begon met het idee om onderzoekservaring op te doen groeide al snel uit tot een 
uitdagend onderzoeksproject en daarmee het concept voor een proefschrift. Nu, drie jaar later, 
ben ik de allerlaatste bladzijden van dit proefschrift aan het schrijven. Met trots en veel plezier 
kijk ik terug op dit wetenschappelijke avontuur. Onderzoek doe je niet alleen, dit proefschrift 
was dan ook nooit tot stand gekomen zonder de mensen om mij heen. Ik ben jullie allemaal 
zeer dankbaar! Graag wil ik een aantal mensen in het bijzonder bedanken. 

Prof. dr. R.J. Porte, beste Robert, ik wil je allereerst bedanken voor deze prachtige kans die 
jij mij gegeven hebt. Toen ik als anios chirurgie graag onderzoekservaring wilde opdoen, 
bood jij mij dit onderzoeksproject aan, wat ik ook nog mocht combineren met een klinische 
functie als orgaanperfusionist. Dankjewel voor deze ontzettend leuke, leerzame en uitdagende 
jaren. Ik wil je bedanken voor een zeer prettige en constructieve samenwerking, en voor alle 
vrijheid die je mij binnen het onderzoek gaf. We hadden altijd interessante wetenschappelijk 
en klinische discussies, en ik heb vele chirurgisch technische vaardigheden van jou mogen 
leren. Robert, ik wil je bedanken voor het vertrouwen dat jij me gaf, en voor jouw belangrijke 
bijdrage in mijn persoonlijke ontwikkeling tot chirurg. Ik hoop dat ik ooit een net zo gedreven, 
enthousiast en technisch-vaardig chirurg als jij mag worden. 

Prof. dr. J.A. Lisman, beste Ton, jouw deur stond altijd open, en iedere keer werd ik ontvangen 
door een blije en enthousiaste wetenschapper, die een antwoord had op alle vragen. Ik wil 
je bedanken voor je geduld en het meerdere keren uitleggen van de stollingscascade, en 
het vereenvoudigen van deze complexe pathologie. Door jou dacht ik, in ieder geval tot 5 
minuten nadat ik jouw kamer verliet, dat ik eindelijk de stollingscascade begreep! Bedankt 
voor je inspiratie, de goede en prettige begeleiding in alle aspecten van de wetenschap, van 
wetenschappelijk schrijven tot laboratoriumanalyses tot statistische dilemma’s. Mede dankzij 
jou voelde ik steeds meer de wetenschapper in mezelf naar boven komen, en begon ik het 
steeds leuker te vinden. Bedankt! 

Graag wil ik de leden van de beoordelingscommissie: prof. dr. A.A.E. Verhagen, prof. 
dr. J.P.P.M. de Vries en prof. dr. L.W.E. van Heurn, hartelijk bedanken voor het lezen en 
beoordelen van mijn proefschrift.  

Dr. V.E. de Meijer, beste Vincent, V, hoewel je niet één van mijn promotoren was, was je 
nauw betrokken bij mijn onderzoek. Ik kon bij jou terecht met zowel mijn wetenschappelijk als 
klinische vragen. Hartelijk bedankt voor je spontane bezoekjes op de Office om te controleren 
of alles goed ging met de wetenschap, maar ook met mij. Jouw enthousiasme en inspirerende 
ideeën werken onzettend aanstekelijk! Ik hoop dat we in de toekomst nog vaak samen gaan 
opereren, op zowel wetenschappelijk als chirurgisch gebied. 
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Graag wil ik alle co-auteurs bedanken voor de zeer prettige samenwerking, zonder hen hadden 
de studies nooit het wetenschappelijke niveau bereikt die ze nu hebben. In het bijzonder 
Ruben de Kleine, voor zijn nauwe betrokkenheid bij het opzeten, uitvoeren, analyseren en 
beschrijven van de onderzoeken. Tevens Marieke de Boer voor haar waardevolle bijdrage 
aan het onderzoek en haar aanstekelijke enthousiasme. Henkjan Verkade, René Scheenstra 
en Frank Bodewes voor hun belangrijke bijdrage als kinder-maag-darm-lever artsen, Jan 
Hulscher voor zijn bijdrage vanuit het kinderchirurgische perspectief, Koen Reyntjens voor 
de anestheiologische input en Sander Bontemps namens de kinder intensive care. Heel 
erg bedankt allemaal!

Het OLT-team: HPB chirurgen, anesthesiologen, (kinder) maag-darm-lever artsen, 
transplantatie-coordinatoren, leverteam studenten, secretaresses, en alle andere 
betrokkenen. Hartelijk dank voor jullie betrokkenheid en belangrijke bijdrage aan de HIP-OLT 
studie. Zonder jullie was het niet gelukt dit alles tot een succesvol resultaat te brengen. 

Verder wil ik graag de collega’s van het chirurgisch onderzoekslaboratorium: Jacco Zwaagstra, 
Janneke Wiersema-Buist, Suzanne Berghuis-Veldhuis, Petra Ottens, en in het bijzonder 
Jelle Adelmeijer bedanken voor alle hulp en de fijne samenwerking. 

Daarnaast wil ik graag alle collega’s van onze onderzoeksgroep bedanken; Team Liver 
Lovers: Isabel Brüggenwirth, Otto van Leeuwen, Yvonne de Vries, Iris de Jong, Shanice 
Karangwa, Alix Matton, Fien von Meijenfeldt, Rianne van Rijn, Laura Burlage, Rinse 
Ubbink, Gert-Jan Pelgrim en Leonie Venema. Super bedankt dat we samen zo’n leuk team 
vormden. Dank voor jullie wetenschappelijke input, maar vooral ook bedankt voor het samen 
beleven van alle sociale aspecten van de wetenschap. Op congres met jullie was altijd één 
groot feest. Van heerlijke diners, gratis cocktails in de rooftopbar, dansen tot in de late uurtjes, 
overal de toerist uithangen, bootje varen bij de Niagara Falls en beren zoeken in het bos in 
Canada. Dank voor de superleuke en gezellige tijd! 

Alle collega’s van ‘The Office’: Arne de Niet, Marc Stevenson, Eric Deckers, Rob de Vries, 
Matthijs Plas, Jelena Slump, Laura van Wijk en Leonie Jonker wil ik graag bedanken voor 
de gezelligheid en samenwerking op het allerleukste kantoor van het UMCG. Dank voor 
de vele gezellige koffietjes, de variatie aan muzikale hitjes, onze gezamenlijke off-vissen, 
gezellige etentjes en vele borrels. Dankzij jullie was er een goede balans tussen wetenschap, 
en (andere) leuke dingen, en ging ik elke dag met veel plezier naar mijn werk! 

Paranimfen Joyce Hellegering en Jara Jonker, bedankt dat jullie aan mijn zijde willen staan 
tijdens mijn promotie! Lieve Joyce, sinds ik je vijf jaar geleden ontmoette bij de chirurgie in het 
UMCG zijn we al vriendinnetjes. Door jou wist ik zeker dat ik chirurg wilde worden, én dat het 
me ging lukken! Dankjewel voor jouw oneindige vertrouwen en enthousiasme. Dankjewel voor 
het aanhoren van alle wetenschapsperikelen, en het afleiden hiervan in de vorm van wekelijkse 
sushi avonden, heerlijke wijntjes en sauna-uitjes! Ik ben echt super blij en trots dat ik jou aan 
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mijn zijde heb als mijn paranimf. Dr. Jara E. Jonker, lieve Jaar! Twee jaar lang mocht ik samen 
met jou de wetenschap bedrijven. Jut en Jul op wetenschapsreis. Een reis die ik zonder jou 
nooit zo snel en succesvol voltooid zou hebben! Van introductie tot discussie; van Grafpad 
tot SPSS, van t-toets tot multivariate analyse, door jou kon ik alles begrijpen. We hebben onze 
wetenschappelijke kennis zelfs uitgebreid tot de vinologie. Lieve Jaar, dank voor je eeuwige 
enthousiasme en optimisme, dankjewel voor onze mooie vriendschap. Echt superfijn om jou, 
ook aan het einde van dit wetenschappelijke avontuur aan mijn zijde te hebben! 

Roland Reezigt en Robert van der Noord, als paranimfen van Davy zijn jullie toch ook 
een beetje mijn bonus paranifmen, waarvoor dank! Mede dankzij jullie wordt maandag 23 
november een memorabele dag! 

Graag wil ik alle collega’s van de chirurgie binnen het UMCG, het Martini Ziekenhuis en het 
Medisch Spectrum Twente bedanken voor de superleuke, gezellige en fijne samenwerking. 
Ik ben blij en vereerd dat ik samen met jullie deel mag uitmaken van ‘team heelkunde’. 

Lieve vrienden en vriendinnetjes, het wordt lastig om jullie allemaal bij naam te noemen, 
maar ik wil jullie heel erg bedanken! Bedankt voor jullie enthousiasme en interesse in 
mijn promotietraject, voor voor jullie steun bij teleurstellingen en het samen vieren van de 
successen. Bedankt voor alle afleiding en de leuke tijd buiten het ziekenhuis. Bedankt dat 
jullie er altijd voor mij zijn, ondanks ieders drukke leven!

Lieve familie, bedankt voor jullie interesse in mijn promotietraject, en voor jullie support buiten 
het ziekenhuis. Steven en Dennis, lieve broertjes (meer broers inmiddels), dankjulliewel voor 
jullie enthousiasme, steun en vertrouwen! Ik ben heel dankbaar dat we zo’n warm en hecht 
gezin vormen samen, waar ik altijd mee kan lachen, altijd terecht kan, en altijd op kan rekenen. 

Lieve papa en mama, ik wil jullie bedanken voor het optimisme, enthousiasme en 
doorzettingsvermogen dat jullie me hebben meegegeven, dat ik altijd zelf heb mogen kiezen 
wat ik het liefste wilde doen, dat ik met alles bij jullie terecht kan en dat jullie altijd voor de 
volle 100% achter mij staan. Ik heb van jullie geleerd dat als je iets écht wilt, alles mogelijk is. 
Bedankt voor jullie onvoorwaardelijke liefde. Bij jullie kom ik altijd volledig tot rust, misschien 
komt dat ook door dat mooie plekje! Ik had dit niet zonder jullie kunnen doen. 

Dr. Davy Paap, lieve lieve Davy, allerliefste man, allerbeste vriend en leukste collega-
promovendus, als eerst wil ik je bedanken voor al je geduld, steun en eindeloze begrip, en 
voor het feit dat jij me na elke tegenslag heel snel weer weet op te vrolijken. Daarnaast 
wil ik je graag bedanken voor jouw enthousiasme voor de wetenschap, die je ook op mij 
over hebt weten te brengen. Dankjewel voor alle gezellige en productieve uren aan onze 
wetenschapstafel in de woonkamer, dank voor alle kopjes koffie die je kwam brengen als ik 
te diep begon te zuchten, dank voor al je statistieklessen, en dank voor het steeds opnieuw 
helpen zoeken naar alles wat ik kwijt was. Dankjewel dat we naast ons eigen avontuur, ook 
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samen dit wetenschappelijker avontuur aan konden gaan. Ik ben supertrots op je en vind 
het echt heel speciaal dat we samen onze promoties kunnen vieren. Ik had me geen betere 
mede-promovendus kunnen wensen!  
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OVER DE AUTEUR

Maureen Jacoba Maria Werner werd geboren op 3 augustus 
1990 te Hardenberg, Overijssel. Zij is de dochter van Paul en 
Ellen Werner en groeide op in Dedemsvaart samen met haar 
broers Steven en Dennis. In 2008 behaalde ze haar VWO 
diploma aan het Vechtdal College te Hardenberg. 

Op 18-jarige leeftijd verhuisde zij naar Groningen en startte met 
haar opleiding Geneeskunde aan de Rijksuniversiteit Groningen. 
Gedurende haar coschappen werd haar interesse voor de 
heelkunde gewekt, waarna zij haar semi-arts stage deed bij de chirurgie in het UMCG.

Nadien is Maureen gestart als basisarts op de chirurgische intensive care, gevolgd door een 
jaar anios chirurgie in het UMCG. Om zich op ook wetenschappelijk gebied te ontwikkelen 
startte zij in 2017 met haar promotietraject over hemostase bij kinderlevertransplantatie onder 
leiding van professor Porte en professor Lisman. Tijdens haar promotietraject was zij tevens 
werkzaam als orgaanperfusionist. 

In 2019 was Maureen werkzaam als anios chirurgie in het Martini Ziekenhuis te Groningen, 
waarna zij werd aangenomen voor de opleiding tot chirurg. Sinds augustus 2020 is zij 
werkzaam in het Medisch Spectrum Twente als chirurg in opleiding. 

Op 23 november 2020 zal Maureen haar proefschrift verdedigen, op dezelfde dag als haar 
man Davy Paap, aan de Rijksuniversiteit Groningen. 
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