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1		General	introduction	and	outline	of	this	thesis	



	
	

Liver	transplantation:	past	and	present	
Liver	 transplantation	 is	 currently	 the	 standard	 life-saving	 treatment	 for	 patients	with	

end-stage	liver	disease	as	well	as	for	selected	patients	with	hepatobiliary	malignancies	

or	 certain	metabolic	diseases.	The	 first	 liver	 transplant	was	performed	by	dr.	Thomas	

Starzl	and	his	team	in	Denver,	Colorado,	in	1963.1	Unfortunately,	as	a	result	of	massive	

bleeding,	the	three-years-old	recipient	died	intra-operatively.	Problems	persisted	during	

the	 following	 five	 transplants,	 with	 patient	 survival	 no	 more	 than	 23	 days.	 In	 1967,	

Starzl	performed	the	first	successful	liver	transplant	with	patient	survival	exceeding	one	

year.2	 Twelve	 years	 later,	 after	 Calne’s	 development	 of	 cyclosporine	 and	 Starzl’s	

introduction	 of	 tacrolimus,	 liver	 transplantation	 steadily	 progressed	 towards	 a	

standardized	treatment	with	acceptable	outcomes.3,4	Nowadays,	1	year	graft	and	patient	

survival	rates	of	over	90%	are	seen	globally.		

The	demand	for	donor	 livers,	however,	severely	exceeds	the	number	of	suitable	donor	

livers	 available.	 Until	 the	 late	 1990’s	 liver	 grafts	 were	 mainly	 donated	 after	

determination	of	brain	death	in	the	donor	(DBD	donation).	 In	an	attempt	to	widen	the	

potential	donor	pool,	donation	after	circulatory	death	(DCD)	was	re-introduced.5	In	the	

early	phases	of	this	development,	excellent	results	with	DCD	liver	transplantation	were	

achieved.	However,	by	extending	the	acceptance	criteria	for	DCD	livers,	the	prevalence	

of	 biliary	 complications	 increased.	 Post-transplant	 cholangiopathy	 (PTC)	 became	 the	

most	frequent	complication	following	DCD	liver	transplantation.6	The	largest	component	

of	PTCs	are	 the	non-anastomotic	 strictures	 (NAS)	of	 the	bile	duct	 in	 the	presence	of	a	

patent	hepatic	artery.	Incidences	of	NAS	have	been	reported	in	up	to	30%	of	DCD	liver	

recipients.6				

Organ	preservation	

In	 the	 early	 1980’s,	 Belzer’s	 group	 developed	 the	 University	 of	 Wisconsin	 (UW)	

preservation	 solution,	 which	 became	 a	 standardized	 fluid	 used	 to	 preserve	 organs.	

During	organ	procurement,	the	abdominal	compartment	is	flushed	with	several	liters	of	

ice-cold	UW	solution,	after	which	the	liver	is	stored	in	a	bag	containing	UW	solution	in	a	

box	 with	 ice.	 This	 static	 preservation	 technique,	 unfortunately,	 does	 not	 sufficiently	

prevent	 NAS.	 As	 a	 result,	 dynamic	 preservation	 techniques	 of	 donor	 livers	 by	 using	

machine	 perfusion	 is	 increasingly	 studied	 in	 an	 attempt	 to	 improve	 outcomes	 after	



	

(suboptimal)	 liver	 transplantation.7-10	Ex	 situ	machine	 perfusion	 can	 be	 performed	 at	

different	 temperatures	 and	 time	 points.	 For	 example,	 hypothermic	machine	 perfusion	

(4-12°C)	 has	 the	 potential	 to	 reduce	 ischemia-reperfusion	 injury,	 whereas	

normothermic	 machine	 perfusion	 (37°C)	 allows	 viability	 testing	 and	 potential	 graft	

treatment.9	

	

Outline	of	this	thesis	

This	 thesis	 focuses	 on	 transplantation	 of	 suboptimal	 donor	 livers,	 especially	 livers	

donated	 after	 circulatory	 death.	 Part	 1	 contains	 observational	 studies	which	 aimed	 to	

identify	the	boundaries	in	transplantation	of	suboptimal	donor	livers,	and	to	recognize	

risk	 factors	that	determine	these	boundaries.	Part	2	contains	observational,	preclinical	

and	 clinical	 studies	 with	 a	 common	 goal	 to	 investigate	 safe	 and	 successful	

transplantation	of	suboptimal	livers.	

	

Part	 I:	 Transplantation	 of	 suboptimal	 donor	 livers:	 determining	 the	 boundaries	

	

Biliary	 complications,	 including	 NAS,	 remain	 the	 Achilles	 heel	 in	 DCD	 liver	

transplantation.6	 About	 half	 of	 the	 patients	 that	 develop	 NAS	 undergo	 re-

transplantation,	with	another	25%	passing	away	before	a	suitable	donor	liver	becomes	

available.6	 Several	 studies	 have	 focused	 on	 predicting	 graft	 survival	 after	 DCD	 liver	

transplantation,	 but	 the	 prediction	 of	 NAS	 still	 remains	 highly	 difficult.	 Known	 risk	

factors	such	as	high	donor	age,	prolonged	donor	warm	ischemia	times	and	cold	ischemic	

preservation	periods	are	not	present	in	a	significant	proportion	of	NAS	cases.	Chapter	2	

provides	 a	 review	 of	 literature	 on	 biliary	 complications	 after	 liver	 transplantation.	

Although	 ischemia	 and	 subsequent	 reperfusion	 injury	 is	 a	 main	 risk	 factor	 for	 the	

development	 of	 NAS,	 other	 mechanisms,	 such	 as	 immune-mediated	 injury,	 bile	 salt	

toxicity,	 and	 insufficient	 regeneration	 of	 the	 epithelium	 also	 play	 a	 role	 in	 the	

pathogenesis,	 and	 are	 discussed	 in	 this	 review.	 Chapter	 3	 describes	 a	 study	 on	 the	

influence	of	the	time	between	start	of	cold	flushing	and	the	end	of	liver	retrieval	on	the	

development	 of	 biliary	 complications	 after	 DCD	 liver	 transplantation.	 During	 liver	

retrieval,	 donor	 livers	 maintain	 a	 temperature	 of	 around	 15-20°C	 and	 therefore	



	
	

continues	to	suffer	lukewarm	ischemia.12	Therefore,	it	is	hypothesized	that		the	duration	

of	 this	 period	 is	 a	 substantial	 determinant	 of	 the	 development	 of	 NAS.	 Chapter	 4	

contains	 a	 study	 on	 the	 involvement	 of	 DCD	 donor	 blood	 composition	 on	 the	

development	 of	 biliary	 complications.	 In	 addition	 to	 peribiliary	 gland	 injury,	

arteriolonecrosis	 in	the	bile	duct	wall	 is	considered	to	be	one	of	the	prime	risk	factors	

for	 the	development	of	NAS	after	 transplantation.13	We	considered	that	graft	 flush-out	

upon	 procurement,	 and	 thereby	 the	 severity	 of	 the	 arteriolonecrosis,	 would	 be	

influenced	by	 the	 cellular	 composition	of	 donor	blood.	 In	chapter	5,	 it	 is	 investigated	

whether	DCD	livers	can	be	safely	used	for	patients	requiring	a	re-transplantation.		

	

Part	 II:	 Transplantation	 of	 suboptimal	 donor	 livers:	 expanding	 the	 boundaries	

	

Over	the	last	years,	dynamic	preservation	of	donor	livers	by	using	machine	perfusion	is	

slowly	making	 its	way	 into	 clinic.	The	 first	 randomized	 controlled	 trials	have	 recently	

finished	 with	 patient	 accrual,	 however,	 study	 protocols	 are	 highly	 different	 over	 the	

globe	and	the	results	of	aforementioned	trials	remain	awaited.8	Substantial	benefits	of	

end-ischemic	 hypothermic	 machine	 perfusion	 have	 been	 reported,	 however,	 viability	

testing	(especially	of	the	biliary	tree)	remains	not	possible	using	this	technique.9-11	End-

ischemic	 normothermic	machine	 perfusion	 has	 the	 benefit	 that	 it	 does	 allow	 viability	

testing,	but	it	exposes	the	organ	to	an	extra	hit	of	ischemia-reperfusion	injury	and	does	

not	mitigate	 reperfusion	 injury.8	 In	 the	 study	described	 in	chapter	6,	we	 investigated	

the	 effect	 of	 dual	 hypothermic	 oxygenated	 machine	 perfusion	 (DHOPE)	 on	 the	

development	 of	 biliary	 injury	 during	 DCD	 liver	 transplantation.	 Biopsies	 were	 taken	

upon	 arrival	 and	 after	 reperfusion	 in	 DHOPE	 livers	 and	 control	 livers,	 to	 assess	 the	

potential	benefit	of	DHOPE.	In	chapter	7,	we	describe	a	study	on	the	safety	of	prolonged	

DHOPE,	 and	 compared	 liver	 function	 after	 2,	 6	 and	 24	 hours	 of	 DHOPE.	 Prolonged	

DHOPE	 can	 simplify	 logistics	 and	 may	 potentially	 facilitate	 day-time	 liver	

transplantation.	 In	 chapter	 8,	 we	 report	 the	 results	 from	 a	 single-arm	 prospective	

intervention	 trial.	 In	 this	 study,	 end-ischemic	 dynamic	 preservation	 using	 sequential	

hypo-	 and	 normothermic	machine	 perfusion	was	 applied	 in	 an	 attempt	 to	 resuscitate	

and	assess	the	function	of	previously	discarded	human	livers,	and	to	subsequently	allow	

safe	 transplantation.	 Chapter	 9	 contains	 a	 preclinical	 study	 to	 potentially	 simplify	

ischemia-free	 liver	 transplantation.14	 Rather	 than	 portal	 perfusion	 via	 an	 end-to-side	



	

anastomosed	autologous	iliac	vein	graft,	we	investigated	the	feasibility	of	portal	venous	

machine	perfusion	via	the	surgically	reopened	umbilical	vein.		

Located	after	chapter	10	are	two	appendices.	Appendix	I	is	a	case	report	using	the	

technique	described	in	Chapter	6.	Appendix	II	contains	an	editorial	in	which	viability	

criteria	for	functional	assessment	of	donor	livers	are	discussed.		
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Introduction	
	

Biliary	 complications	 are	 a	 major	 cause	 of	 morbidity	 and	 graft	 failure	 after	 liver	

transplantation.	Although	advances	in	the	surgical	technique	of	liver	transplantation	

have	 led	 to	 a	 better	 overall	 outcome	 and	 fewer	 surgical	 complications,	 biliary	

complications	 still	 occur	 in	10–40%	of	 recipients	and	are	associated	with	mortality	

rates	 of	 8–15%.1-3	 The	 high	 biliary	 complication	 rate	 in	 liver	 transplantation	 can	

partly	be	explained	by	the	increasing	diversity	of	liver	grafts	used	for	transplantation	

in	recent	years.	The	shortage	of	grafts	available	has	led	to	the	increased	use	of	livers	

that	 have	 been	 donated	 after	 cessation	 of	 blood	 flow	 in	 the	 donor,	 or	 so	 called	

donation	after	circulatory	death	(DCD)	donors.	The	organs	of	DCD	donors	suffered	an	

extra	period	of	warm	ischemia	compared	to	donation	after	brain	death	(DBD)	livers,	

and	are	therefore	more	susceptible	to	develop	biliary	complications.	The	use	of	DCD	

organs	 and	other	 extended-criteria	donor	 livers	 is	 inevitable	 in	 an	 attempt	 to	 scale	

down	 the	 worldwide	 shortage	 of	 organs.	 In	 order	 to	 expand	 the	 pool	 of	 potential	

donors,	 split-liver	 transplantation	 and	 living	 donors	 have	 also	 evolved	 as	 surgical	

alternatives	 and	 numbers	 have	 increased	 in	 recent	 years,	 providing	 particularly	

young	children	with	an	opportunity	to	receive	a	graft	 in	 time.	The	rate	of	split-	and	

living	donor	transplantation	shows	large	variations	among	countries.	 In	some	Asian	

countries,	 the	 percentage	 of	 living-donor	 liver	 transplantation	 rate	 reaches	 almost	

100%,	 whereas	 in	 the	 US	 and	 most	 European	 countries	 the	 percentage	 is	 around	

10%.	Diversity	in	the	quality	and	type	of	transplanted	organs,	variations	in	recipient	

risk	 factors,	 and	 variations	 in	 the	 applied	 surgical	 technique	 lead	 to	 a	 diversity	 in	

biliary	 complications	 that	 may	 occur	 after	 liver	 transplantation.	 The	 three	 most	

common	 types	 of	 biliary	 complications	 can	 are:	 non-anastomotic	 strictures	 (NAS),	

anastomotic	 strictures	 and	 biliary	 leakage.4	 These	 and	 other	 less	 frequent	 biliary	

complications	are	summarized	in	box	32.1	and	will	be	discussed	in	this	chapter.	First,	

aspects	 of	 organ	 procurement	 that	 are	 relevant	 for	 the	 prevention	 of	 biliary	

complications	will	be	covered.	Hereafter	surgical	aspects	of	bile	duct	reconstruction	

will	be	discussed,	followed	by	a	discussion	of	diagnostic	and	imaging	methods	and	a	

description	of	the	pathogenesis,	clinical	presentation,	and	management	of	the	various	

types	of	biliary	complications	after	liver	transplantation.			

	



	

Table	1.	

Classification	of	biliary	complications	after	liver	transplantation4	

	

1. Biliary	leakage	

1A.	From	biliary	anastomosis	

1B.	From	hepatic	biopsy	or	parenchymal	injury	

1C.	From	gallbladder	fossa	or	cystic	duct	stump	

1D.	After	removal	of	biliary	drain		

2. Anastomotic	stenosis	of:	

2A.	Choledocho-choledochostomy	

2B.	Hepatico-jejunostomy		

3. Post-transplant	cholangiopathy	

3A.	 Non-anastomotic	 biliary	 strictures	 (of	 extrahepatic	 and	 large	 intrahepatic	

ducts)	

3B.	Intraductal	biliary	casts	

3C.	Bile	duct	necrosis	with	intrahepatic	leakage	and	biloma	formation	

4. Biliary	abnormalities	due	to	hepatic	artery	stenosis	of	thrombosis	

5. Biliary	strictures	due	to	recurrent	disease	(i.e.	primary	sclerosing	cholangitis)	

	

2.	Surgical	technique	in	relation	to	biliary	complications	

	

2.1	Organ	procurement	and	preservation	

	

Efforts	 to	minimize	 the	 risk	 of	 biliary	 complications	 after	 liver	 transplantation	 should	

start	 with	 proper	 surgical	 and	 preservation	 techniques	 during	 the	 donor	 procedure.	

Aspects	of	 liver	procurement	and	preservation	that	have	been	demonstrated	to	reduce	

the	 risk	 of	 biliary	 complications	 include:	 1)	 efforts	 to	minimize	 ischemic	 injury	 of	 the	

bile	ducts,	2)	preservation	of	 the	vasculature	of	 the	extrahepatic	bile	duct	by	avoiding	

dissection	too	close	to	the	bile	duct,	3)	thorough	rinsing	of	the	bile	duct	lumen	to	remove	

toxic	bile,	4)	adequate	arterial	perfusion	of	the	liver	with	preservation	fluid	to	preserve	

the	peribiliary	capillary	plexus	and	5)	rapid	procurement	after	initiation	of	cold	flushing	

in	the	donor.		



	
	

These	aspects	are	relevant	as	biliary	epithelial	cells	(cholangiocytes)	are	very	sensitive	

to	 ischemia/reperfusion	 injury.	 In	 addition	 to	 primary	 preservation-related	 ischemic	

injury,	ischemic	damage	of	the	peribiliary	plexus	will	result	in	secondary	ischemic	injury	

of	the	biliary	epithelium.	The	strong	relationship	between	ischemia	and	bile	duct	injury	

is	 illustrated	 by	 studies	 demonstrating	 an	 association	 between	 both	 cold	 and	 warm	

ischemia	 time	 and	 the	development	 of	NAS.	As	 long	 as	 the	 cold	 ischemia	 time	 is	 kept	

below	 10	 h,	 the	 incidence	 of	 NAS	 is	 not	 increased,	 however	 more	 prolonged	 cold	

ischemia	is	clearly	associated	with	a	higher	risk	of	these	strictures.	Warm	ischemia	time	

has	 also	 been	 identified	 as	 a	 risk	 factor	 in	 several	 studies.	 The	 relevance	 of	 warm	

ischemia	 is	also	 illustrated	by	 the	high	 incidence	of	NAS	after	 transplantation	of	 livers	

from	DCD	donors,	which	 suffer	 an	 inevitable	 period	 of	warm	 ischemia	 prior	 to	 organ	

procurement.5,6		

During	 organ	 procurement,	 surgeons	 should	 avoid	 “stripping”	 of	 the	 extrahepatic	 bile	

duct,	 which	 will	 damage	 its	 microvascularization.	 The	 extrahepatic	 bile	 duct	 should	

always	remain	surrounded	by	an	adequate	amount	of	 tissue	to	ensure	sufficient	blood	

supply.	

Preservation	 injury	 results	 in	 increased	 arterial	 resistance	 and	may	 cause	 circulatory	

disturbances	in	small	capillaries,	such	as	the	biliary	plexus.	Since	the	blood	supply	to	the	

biliary	 tract	 is	 solely	 dependent	 on	 arterial	 inflow,	 disturbances	 in	 the	 blood	 flow	

through	 the	 peribiliary	 plexus	may	 result	 in	 insufficient	 oxygenation	 and	 subsequent	

damage	of	the	biliary	epithelium.	

Gentle	 retrograde	 flushing	 of	 the	 bile	 ducts	 with	 preservation	 fluid	 is	 considered	 an	

important	 method	 to	 remove	 bile	 from	 the	 bile	 duct	 lumen.	 Bile	 contains	 bile	 salts,	

which	are	cytotoxic	due	to	their	detergent	properties.	Several	studies	have	shown	that	

bile	 salts	 may	 contribute	 to	 toxic	 damage	 of	 the	 biliary	 epithelium	 both	 during	 liver	

preservation	and	after	liver	transplantation.7,8	At	this	moment,	there	is	no	consensus	on	

which	flushing	solution	is	most	adequate	for	successful	bile	duct	preservation.		

University	 of	 Wisconsin	 (UW)	 solution	 and	 Histidine-tryptophan-ketoglutarate	 (HTK)	

have	 been	 recognized	 as	 the	 gold	 standard	 preservation	 solutions.	 Although	 some	

studies	 have	 suggested	 that	 highly	 viscous	 preservation	 solutions	 such	 as	 the	 UW	

solution	may	 result	 in	 an	 incomplete	 flush-out	 of	 the	 small	 donor	 peribiliary	 arterial	

plexus,	resulting	in	a	higher	incidence	of	NAS,9,10	this	could	not	always	be	confirmed	in	

other	 studies.11	 Therefore,	 it	 remains	 debatable	 whether	 low	 viscosity	 preservation	



	

fluids,	 such	 as	 HTK,	 are	 associated	 with	 a	 lower	 incidence	 of	 biliary	 complications.	

Adequately	powered	randomized,	controlled	trials	with	long-term	follow	up	are	needed	

to	 determine	 whether	 the	 type	 of	 preservation	 fluid	 has	 an	 impact	 on	 biliary	

complications	after	liver	transplantation.	

One	method	to	overcome	inadequate	flush-out	and	preservation	of	the	peribiliary	plexus	

is	 the	application	of	high	pressure	arterial	 infusion	of	preservation	 fluid	either	 in	 vivo	

during	procurement	or	immediately	afterwards	during	the	back-table	procedure.	Some	

retrospective	 studies	 have	 shown	 that	 additional	 flushing	 of	 the	 peribiliary	 plexus	 by	

controlled	arterial	back-table	pressure	perfusion	may	result	in	a	considerable	reduction	

in	 the	 incidence	 of	NAS.12	However,	 a	 prospective,	 randomized	 controlled	 trial	 on	 the	

efficacy	of	 additional	 arterial	 ex	 situ	back-table	perfusion	demonstrated	 that	 this	does	

not	 prevent	 NAS	 after	 transplantation.13	 	 Better	 flush-out	 and	 preservation	 of	 the	

peribiliary	capillary	plexus	may	also	be	achieved	by	machine	preservation.	Several	small	

studies	 have	 shown	 that	 end-ischemic	 hypothermic	 oxygenated	 machine	 perfusion	 is	

safely	applicable	 in	 liver	transplantation,	and	the	results	 look	promising.14-18	As	of	 this	

moment,	no	randomized	controlled	trials	have	been	finished	yet	on	the	outcomes	after	

the	use	of	hypothermic	machine	perfusion	in	liver	transplantation.					

Recently,	the	period	between	the	start	of	cold	flush	of	the	donor	organs	and	the	end	of	

liver	retrieval	has	been	shown	to	influence	graft	survival.19	During	organ	procurement,	

the	temperature	of	the	abdominal	organs	does	not	drop	below	15-20°C.	which	does	not	

protect	the	liver	and	bile	ducts	against	warm	ischemic	injury.	Therefore,	after	initiation	

of	in	situ	cold	flushing,	a	donor	liver	should	be	excised	as	rapidly	as	possible	and	placed	

in	 a	 bowl	 with	 preservation	 fluid	 with	 sterile	 ice,	 where	 it	 will	 finally	 reach	 a	

temperature	<4°C.20	Hereafter,	 the	 liver	should	be	stored	as	soon	as	possible	 in	sterile	

bags	and	a	box	with	ice.		

	

	

2.2	Biliary	reconstruction		

	

The	two	main	types	of	biliary	reconstruction	used	in	liver	transplantation	today	are:	1)	

choledocho-choledochostomy,	also	called	the	duct-to-duct	anastomosis	(using	either	an	

end-to-end	anastomosis	or	a	 side-to-side	anastomosis),	 and	2)	a	hepatico-jejunostomy	

using	a	Roux-Y	 jejunal	 loop.	The	use	of	one	type	of	reconstruction	instead	of	the	other	



	
	

largely	depends	on	the	anatomical	situation	of	the	recipient’s	extrahepatic	bile	ducts	and	

sometimes	the	surgical	preference.	

In	 case	 of	 a	 duct-to-duct	 choledocho-choledochostomy,	 an	 anastomosis	 is	 created	

between	 donor	 and	 recipient	 choledochal	 ducts	 (common	 bile	 duct).	 An	 end-to-end	

anastomosis	is	generally	easier	to	perform	than	a	side-to-side	anastomosis,	the	former	is	

therefore	 used	more	 frequently.	 In	 a	 prospective,	 randomized	 trial	 comparing	 end-to-

end	 anastomosis	 with	 side-to-side	 anastomosis,	 no	 major	 differences	 in	 outcome	

between	 the	 two	 techniques	were	 found.21	 An	 end-to-end	 reconstruction	 restores	 the	

physiologic	 anatomical	 situation	 and	 does	 not	 carry	 the	 risk	 of	 bile	 sludge	 or	 cast	

formation	as	can	occur	in	the	dead	ends	of	a	side-to-side	anastomosis.	

In	 case	 of	 a	 Roux-Y	 hepatico-jejunostomy,	 an	 end-to-side	 anastomosis	 is	 constructed	

between	the	donor	hepatic	duct	and	a	Roux-Y	jejunal	loop	created	in	the	recipient.	Roux-

Y	hepatico-jejunostomy	is	mainly	used	in	patients	whose	native	extrahepatic	bile	duct	is	

not	suitable	for	anastomosis	with	the	bile	duct	of	the	donor	liver.	The	main	indications	

for	 using	 a	 Roux-Y	 loop	 for	 biliary	 reconstruction	 are	 primary	 sclerosing	 cholangitis	

with	 involvement	 of	 the	 extrahepatic	 bile	 duct,	 biliary	 atresia,	 significant	 size	

discrepancy	 between	 the	 donor	 and	 recipient	 choledochal	 duct,	 and	 in	 some	 cases,	

retransplantation.22,23	Although	a	hepatico-jejunostomy	may	be	a	safe	alternative	when	

duct-to-duct	 anastomosis	 is	 not	 feasible,	 the	 disadvantage	 is	 that	 it	 creates	 an	 open	

connection	between	 the	 intrahepatic	bile	ducts	of	 the	graft	and	 the	bowel	 lumen.	This	

may	 result	 in	 reflux	 of	 small	 bowel	 content	 into	 the	 bile	 ducts	 and	 subsequently	

ascending	 bacterial	migration	 and	 (recurrent)	 cholangitis.	 An	 additional	 advantage	 of	

using	 a	 choledocho-choledochostomy	 is	 easier	 access	 for	 diagnostics	 and	 therapy	

compared	with	a	Roux-Y	hepatico-jejunostomy.	It	is,	therefore,	generally	agreed	that	the	

preferred	 method	 of	 biliary	 reconstruction	 in	 liver	 transplantation	 should	 be	 a	

choledocho-choledochostomy	whenever	possible.	

Few	centers	have	advocated	and	reported	on	the	use	of	a	direct	connection	between	the	

donor	bile	duct	and	the	recipient	duodenum	(so-called	choledocho-duodenostomy)	as	a	

safe	alternative	to	a	hepatico-jejunostomy.24	

	

	 	



	

2.3	Use	of	a	biliary	drain	

	

When	reconstructing	the	biliary	system	in	a	liver	transplant	recipient,	this	can	be	done	

either	with	or	without	the	insertion	of	a	biliary	drain.	A	biliary	drain	can	be	either	a	T-

tube	or	a	straight	(open	tip)	catheter.	A	T-tube	 is	a	 flexible	tube	that	 is	 inserted	 in	the	

choledochal	 duct	 in	 the	 proximity	 of	 the	 end-to-end	 anastomosis	 in	 case	 of	 a	

choledocho-choledochostomy.	 This	 tube	 allows	 the	 bile	 to	 drain	 in	 two	 directions:	

towards	the	duodenum	and	outward	of	 the	body.	Alternatively,	a	straight	catheter	can	

be	used,	with	the	advantage	of	a	lower	risk	of	bile	leakage	upon	removal	of	the	drain	as	

it	results	in	a	smaller	hole	in	the	bile	duct	after	extraction.	

Choledocho-choledochostomy	 reconstructions	 over	 T-tubes	 have	 been	 the	 subject	 of	

controversy	for	many	years,	but	it	has	nevertheless	remained	common	practice	in	some	

transplant	centers.	Yet,	with	increasing	surgical	experience,	many	centers	have	begun	to	

abandon	the	routine	use	of	biliary	drains	in	their	liver	transplant	recipients.25,26		

The	benefits	of	using	a	biliary	drain	include	direct	visual	evaluation	of	the	quality	of	bile	

produced	 by	 the	 recently	 implanted	 graft	 and	 easy	 access	 to	 the	 biliary	 tree	 for	

radiologic	imaging.	Especially	in	liver	grafts	that	have	a	higher	risk	of	developing	biliary	

complications	 (e.g.	 livers	 from	DCD	donors)	 this	 could	 be	 an	 advantage.	 Some	 studies	

have	 suggested	 that	 placement	 of	 a	 T-tube	 may	 reduce	 the	 incidence	 of	 anastomotic	

strictures.27	 In	 addition	 a	 T-tube	may	 result	 in	 adequate	 decompression	 of	 the	 biliary	

tree	and	a	reduction	of	the	intraductal	pressure,	which	may	subsequently	contribute	to	a	

lower	rate	of	intrahepatic	biliary	stricture	and	leakage.	

The	main	drawback	of	using	T-tubes	is	their	association	with	an	increased	rate	of	biliary	

complications,	especially	bile	leakage	at	the	site	of	the	drain	insertion	after	its	removal	

occurring	 in	5–15%	of	patients.21	 In	addition,	 the	use	of	a	T-tube	 increases	 the	risk	of	

ascending	cholangitis	and	peritonitis,	due	to	an	open	connection	of	the	choledochal	duct	

with	the	exterior.	In	one	systematic	review	and	meta-analysis	of	studies	focusing	on	the	

use	of	biliary	drains	in	liver	transplantation	it	was	concluded	that	biliary	drains	such	as	

T-tubes	 should	 be	 abandoned.25	 Although	 this	 meta-analysis	 showed	 lower	 rates	 of	

anastomotic	and	NAS	 in	patients	with	a	T-tube,	 the	 incidence	of	 interventions	was	not	

diminished	 in	 comparison	 to	patients	without	a	T-tube.	Patients	without	a	T-tube	had	

fewer	 episodes	 of	 cholangitis	 and	 fewer	 episodes	 of	 peritonitis.	 Yet,	 patients	 with	 or	

without	 a	 T-tube	 had	 equivalent	 outcomes	 with	 respect	 to	 anastomotic	 bile	 leaks	 or	



	
	

fistulas,	 the	 need	 for	 biliary	 interventions,	 incidence	 of	 hepatic	 artery	 thrombosis,	

retransplantation	rate,	and	mortality	due	to	biliary	complications.	Two	other	systematic	

reviews	and	meta-analyses	show	that	the	use	of	a	T-tube	might	reduce	the	incidence	of	

biliary	strictures,	but	 that	 there	 is	no	hard	evidence	 towards	standardized	use	 in	 liver	

transplantation.26,27		

The	 use	 of	 alternative	 devices,	 such	 as	 internal	 stents,	 have	 been	 reported	 by	 some	

centers,	 but	 these	 stents	 have	 been	 associated	 with	 increased	 rates	 of	 serious	

complications,	including	obstruction,	migration,	and	erosion	with	hemobilia.28	

The	 use	 of	 biliary	 drains	 such	 as	 a	 T-tube	 in	 liver	 transplant	 recipients,	 therefore,	

remains	controversial.	Probably	the	only	remaining	argument	to	use	a	T-tube	is	to	allow	

accurate	 monitoring	 and	 easy	 access	 to	 the	 biliary	 tree	 in	 liver	 grafts	 that	 carry	 an	

increased	risk	of	biliary	complications,	livers	from	DCD	donors	for	example.	

	

3.	Diagnostic	modalities	

	

In	most	cases,	the	suspicion	of	a	biliary	complication	will	arise	after	an	increase	in	liver	

enzymes	 is	 noted.	 There	 is	 no	 specific	 pattern	 to	 reliably	 distinguish	 a	 biliary	

complication	 from	 other	 causes	 of	 graft	 dysfunction,	 although	 an	 increase	 in	 serum	

bilirubin,	alkaline	phosphatase	and/or	gamma-glutamyl	transferase	has	been	suggested	

to	 be	most	 specific.	 Alternatively,	 patients	 can	 present	with	 upper	 abdominal	 pain	 or	

bacterial	cholangitis.	In	many	instances	of	liver	enzyme	disturbances,	a	liver	biopsy	will	

be	performed	after	gross	biliary	congestion	and	bile	duct	dilatation	have	been	excluded	

by	ultrasonography.	The	presence	of	 specific	pathologic	 features	 such	as	 centrilobular	

cholestasis	 and	portal	 changes	 including	 edema,	predominantly	neutrophil	 polymorph	

infiltration,	ductular	proliferation	and	cholangiolitis	may	be	indicative	of	the	presence	of	

a	 biliary	 complication.28	 These	 findings,	 however,	 are	 not	 very	 specific	 and	 can	 be	

absent.	 In	 addition,	 biopsy	 findings	 are	 not	 informative	 with	 regard	 to	 the	 type	 and	

severity	of	biliary	abnormalities.	

The	diagnostic	work-up	of	an	 increase	 in	 liver	enzymes	will	always	depend	on	clinical	

context	 such	 as	 primary	 disease,	 time	 after	 transplantation,	 local	 experience,	 and	

information	on	the	biliary	anatomy.	A	general	algorithm	is	provided	in	Figure	1.	

	



	

	

Figure	1:	Schematic	presentation	of	the	clinical	decisions	and	diagnostic	steps	in	

the	work-up	of	a	liver	transplant	recipient	with	a	suspected	biliary	complication.	

	

3.1	Transabdominal	ultrasonography	

Transabdominal	 ultrasonography	 is	 a	 useful	 primary	 diagnostic	 tool	 when	 a	 biliary	

complication	is	suspected.	Allograft	vascularization	can	be	assessed	(especially	patency	

of	 the	 hepatic	 artery),	 fluid	 collections	 can	 be	 identified,	 liver	 parenchyma	 can	 be	

studied,	 and	 dilatation	 of	 bile	 ducts	 can	 be	 identified.	 It	 should	 be	 noted	 that	 the	

transplanted	 liver	 behaves	 differently	 from	 a	 normal	 liver,	 in	 that	 the	 biliary	 system	

does	not	 dilate	 as	 easily	 in	 the	presence	of	 a	 biliary	 obstruction	 as	 in	normal	 livers.29	

This	 leads	 to	 a	 limited	 sensitivity	 of	 approximately	 60%	 of	 transabdominal	

ultrasonography	to	detect	biliary	strictures.29,30	The	predictive	value	of	transabdominal	

ultrasonography	to	detect	NAS	is	rather	low.	Therefore,	even	a	normal	ultrasonography	

of	 the	 liver	graft	 in	a	patient	with	clinical	or	biochemical	evidence	of	biliary	pathology	

warrants	further	investigation.	

	 	



	
	

3.2	Magnetic	resonance	cholangiography	and	computed	tomography	

Magnetic	 resonance	 cholangiography	 (MRC)	 is	 an	 established	 diagnostic	 tool	 for	 the	

detection	 of	 biliary	 abnormalities.	 It	 has	 the	 strong	 advantage	 of	 providing	 excellent	

anatomic	 information	 without	 being	 invasive.	 MRC	 is	 useful	 in	 the	 detection	 of	 both	

leakages	 and	 strictures.	 The	 use	 of	 an	 additional	 magnetic	 resonance	 imaging	 or	

magnetic	resonance	angiography	scanning	protocol	can	also	provide	information	about	

the	 liver	parenchyma	and	vasculature.	The	 reported	 sensitivity	 and	 specificity	of	MRC	

for	the	detection	of	biliary	complications	is	well	over	90%.31	After	ultrasonography,	MRC	

is	the	preferred	diagnostic	tool	when	a	biliary	complication	is	suspected.	However,	one	

study	 showed	 that	 MRC	 is	 indeed	 a	 reliable	 tool	 to	 detect	 or	 exclude	 biliary	

complications,	 but	 that	 its	 reliability	 to	 grade	 severity	 of	 these	 strictures	 is	 low.32	

Recently,	 also	 computed	 tomography	 (CT)	 scanning	has	been	suggested	 to	be	of	value	

for	 the	 detection	 of	 post-transplant	 biliary	 complications	 –	 it	 has	 a	 higher	 spatial	

resolution	 compared	 to	MRC.	However,	 the	 experience	with	 CT	 cholangiography	 after	

liver	 transplantation	 is	 very	 limited:	 1)	 it	 can	 only	 be	 performed	 using	 a	 contrast	

medium,	 2)	 it	 is	 associated	 with	 significant	 radiation,	 and	 3)	 it	 is	 less	 reliable	 in	 the	

presence	 of	 biliary	 obstruction	 or	 high	 serum	 bilirubin	 levels.	 The	 use	 of	 CT	

cholangiography	 to	 detect	 a	 biliary	 complication	 should	 still	 be	 considered	

experimental.	

3.3	Direct	cholangiography	

Direct	 cholangiography,	 either	 percutaneously	 or	 through	 endoscopic	 retrograde	

cholangiography	 (ERC),	 has	 been	 the	 gold	 standard	 for	 the	 detection	 of	 biliary	

abnormalities	for	a	long	time.	It	has	the	inherent	advantage	of	biliary	access	to	facilitate	

therapeutic	measures.	Since	the	use	of	a	biliary	drain	(e.g.	T-tube)	is	no	longer	routine	

practice	in	most	transplant	centers,	ERC	is	a	frequently	used	method	to	detect	and	treat	

biliary	complications.	However,	over	the	last	years	the	less	invasive	MRC	is	increasingly	

used	 when	 compared	 to	 ERC.	 There	 is	 no	 data	 to	 suggest	 that	 ERC	 after	 liver	

transplantation	is	associated	with	more	complications	than	the	use	of	ERC	in	the	general	

population.	 Considering	 the	 safety,	 diagnostic	 yield,	 and	 therapeutic	 potential	 of	 ERC,	

this	 should	 be	 considered	 the	 preferred	 invasive	 method.	 In	 the	 presence	 of	 altered	

biliary	 anatomy,	 such	 as	 a	 Roux-Y	 hepatico-jejunostomy,	 ERC	 is	 more	 difficult	 to	

perform.	 In	 these	 cases,	 percutaneous	 transhepatic	 cholangiography	 (PTC)	 or	 PTC	



	

drainage	 is	a	good	alternative	method	 to	obtain	adequate	 imaging	of	 the	bile	ducts.	 In	

several	 series	 successful	 ERC	 in	 the	 presence	 of	 a	 Roux-Y	 reconstruction	 has	 been	

reported	using	either	a	normal	duodenoscope	or	double-balloon	endoscopes.33,34	PTC	is	

most	 easily	 obtained	 in	 the	 presence	 of	 dilated	 bile	 ducts.	 In	 experienced	 hands,	

however,	this	can	be	a	safe	procedure	also	with	undilated	bile	ducts.35	It	not	only	allows	

adequate	 imaging	 of	 the	 bile	 ducts,	 but	 also	 provides	 access	 for	 therapeutic	

interventions	such	as	balloon	dilatation	(as	discussed	below).		

3.4	Hepatobiliary	scintigraphy	

Hepatobiliary	 scintigraphy	 can	 be	 used	 as	 a	 diagnostic	 tool	 to	 detect	 post-transplant	

biliary	 obstruction	 and	 leakage.	 It	 has	 a	 sensitivity	 of	 approximately	 60%	 for	 these	

indications.36	 The	main	 advantage	 is	 its	 non-invasive	 nature;	 its	main	 disadvantage	 is	

low	resolution	and	lack	of	direct	visualization	of	the	biliary	anatomy.	The	sensitivity	of	

hepatobiliary	 scintigraphy	 to	 detect	 NAS	 is	 not	 known.	 With	 the	 increasing	 use	 and	

availability	 of	 MRC,	 scintigraphy	 is	 today	 rarely	 anymore	 used	 to	 detect	 biliary	

strictures.	It	could	still	be	of	value	in	those	patients	in	whom	an	obstruction	at	the	level	

of	the	Roux-Y	jejunal	 loop	is	suspected	or	when	MRC	is	not	possible	(i.e.	presence	of	a	

pacemaker).		

3.5	Other	diagnostic	tools	

Endoscopic	 ultrasonography	 is	 an	 emerging	 tool	 for	 the	 detection	 of	 hepatobiliary	

diseases.	 It	 has	 excellent	 diagnostic	 properties	 for	 the	 distal	 bile	 duct.	 Endoscopic	

intraductal	 ultrasonography	 can	 be	 used	 for	 the	 characterization	 of	 intraductal	

abnormalities.	Use	of	these	techniques	in	liver	transplant	recipients	is	still	anecdotal.	A	

potentially	 more	 valuable	 tool	 is	 direct	 cholangioscopy.	 With	 this	 technique,	 a	 small	

endoscope	 (cholangioscope)	 can	 be	 advanced	 through	 a	 normal	 duodenoscope	 to	

directly	 visualize	 the	 bile	 ducts.	 This	 can	 provide	 information	 about	 the	 biliary	

epithelium	and	the	presence	of	stones,	sludge	and	strictures.	It	can	also	be	a	therapeutic	

tool	to	advance	guide	wires	or	to	remove	bile	duct	stones.	The	number	of	indications	for	

these	highly	specialized	techniques,	however,	is	still	limited.	

	 	



	
	

4.	Pathogenesis,	clinical	presentation,	and	management	

A	 broad	 variety	 of	 biliary	 complications	 can	 occur	 after	 liver	 transplantation	 and	 the	

pathophysiology	is	often	multifactorial.	Its	presentation	may	be	aspecific	and	physicians	

can	identify	biliary	complications	by	one	or	more	of	the	following	symptoms:	abdominal	

pain,	 cholangitis,	 elevated	 liver	 enzymes	 and	 jaundice	 if	 the	 bile	 duct	 becomes	

obstructed.	 In	 general,	 critical	 mechanisms	 in	 the	 development	 of	 post-transplant	

cholangiopathy	include	ischemia-reperfusion	injury,	altered	and	therefore	toxic	bile	salt	

composition,	insufficient	protection	by	the	HCO3-	umbrella,	an	insufficient	regeneration	

of	the	biliary	epithelium	by	cholangiocytes	and	peribiliary	glands,	and	different	immune-

mediated	injuries.	Each	of	these	mechanisms	can	concomitantly	contribute	to	bile	duct	

damage	 during	 and	 after	 liver	 transplantation	 and	 result	 in	 subclinical	 and	 clinical	

manifestations.	 Accordingly,	 various	 biliary	 complications	 overlap	 and	 share	 common	

pathogeneses.	 For	 example,	 hepatic	 artery	 thrombosis	 (HAT)	 results	 in	 tremendous	

ischemical	damage,	 loss	of	 cholangiocytes,	 and	bile	duct	wall	necrosis.	NAS,	 casts,	 and	

eventually,	intrahepatic	bile	duct	leakage	can	develop.	In	this	case,	loss	of	the	epithelial	

barrier	 leads	 to	 infiltration	of	 toxic	bile	 into	 the	bile	duct	wall	 and	 this	 in	 turn	 causes	

more	bile	duct	damage,	necrosis,	and	intrahepatic	biloma	formation.	Casts	develop	from	

the	 cumulating	 epithelial	 cells	 that	 are	 sloughed	off	 from	 the	bile	 duct	wall.	However,	

NAS	are	not	always	preceded	by	HAT	and	intraductal	casts	and	sludge	can	be	detected	

without	signs	of	NAS.	This	explains	the	heterogeneity	of	biliary	strictures	and	therefore	

we	 propose	 the	 term	 post-transplant	 cholangiopathy	 to	 describe	 the	 spectrum	 of	

pathologies	 of	 the	 larger	 bile	 ducts	 in	 the	 absence	 of	 hepatic	 artery	 thrombosis	 or	

stenosis	 without	 signs	 of	 recurrent	 diseases	 (i.e.	 primary	 sclerosing	 cholangitis).	 A	

complete	classification	of	biliary	complications	after	transplantation	is	depicted	in	Box	

32.1,	of	these,	the	most	common	types	are	biliary	leakage	and	bile	duct	strictures.		

4.1	Biliary	leakage		

Pathogenesis	and	clinical	presentation		

	

Bile	leakage	after	liver	transplantation	is	reported	in	1–25%	of	recipients.	The	incidence	

of	bile	leakage	is	the	highest	after	transplantation	of	a	split	liver	or	a	graft	from	a	living	

donor	due	to	the	hepatic	resection	surface.29,37	Bile	 leakage	can	either	be	symptomatic	

or	 asymptomatic,	 and	 may	 be	 discovered	 coincidentally	 on	 a	 postoperative	



	

cholangiogram.	 Symptomatic	 patients	 may	 present	 with	 abdominal	 pain,	 localized	 or	

generalized	 peritonitis,	 fever,	 and	 sometimes	 elevated	 serum	 liver	 enzymes	 and/or	

bilirubin.	

Biliary	 leakage	 can	 occur	 at	 various	 sites	 and	 intervals	 after	 transplantation.	 The	

majority	of	postoperative	leaks	occur	at	the	site	of	anastomosis	or	the	T-tube	insertion	

site,	but	also	the	resection	surface	of	the	graft	in	case	of	a	living-donor	or	a	split-donor	

transplantation	 is	 a	 common	 site	 for	 leakage.	 Bile	 leakage	 early	 after	 liver	

transplantation	most	likely	originates	from	the	anastomosis	or	the	T-tube	insertion	site.	

Anastomotic	 leaks	 are	mainly	 related	 to	 errors	 in	 surgical	 technique	 and/or	 ischemic	

necrosis	at	the	end	of	the	bile	duct.	Insufficient	blood	supply	or	traction	of	the	stitches	

causes	ischemia,	which	can	result	in	bile	leakage.	A	hepatic	artery	thrombosis	can	lead	to	

massive	biliary	necrosis	resulting	in	dehiscence	of	the	biliary	anastomosis.	Bile	leakage	

at	the	T-tube	insertion	site	can	occur	immediately	after	transplantation	or	after	removal	

of	 the	T-tube	due	 to	an	 insufficiently	 formed	 fistula	around	 the	 tract	of	 the	bile	drain.	

Occasionally,	 bile	 leakage	 occurs	 after	 percutaneous	 liver	 biopsy	 or	 iatrogenic	 duct	

damage.	

	

Management	

The	 management	 of	 bile	 leaks	 depends	 on	 the	 type	 of	 biliary	 anastomosis,	 clinical	

presentation,	severity,	and	localization	of	the	bile	leak.	The	majority	of	bile	leaks	are	due	

to	leakage	at	the	site	of	the	biliary	anastomosis.	If	a	leak	presents	shortly	after	surgery,		

ultrasonography	should	be	made	to	confirm	arterial	perfusion	of	the	graft.	

A	 small	 anastomotic	 bile	 leak	 can	 sometimes	 be	 managed	 conservatively,	 especially	

when	 the	patient	 is	asymptomatic.	Early	anastomotic	 leakage	can	best	be	 treated	by	a	

relaparotomy	and	a	surgical	revision	of	the	biliary	anastomosis.	Symptomatic	or	infected	

bile	 collections	 should	 be	 treated	with	 a	 radiologically	 placed	 percutaneous	 drain.	 An	

anastomotic	 bile	 leak	 without	 disruption	 of	 the	 anastomosis	 can	 be	 successfully	

managed	 primarily	 nonsurgically.	 Stenting	 of	 the	 bile	 duct,	 nasobiliary	 drainage,	

sphincterotomy	and	a	combination	of	these	have	all	been	used	with	a	success	rate	of	85–

100%.	 Since	 sphincterotomy	 may	 lead	 to	 specific	 complications	 (bleeding	 and	

perforation),	it	should	not	be	routinely	performed.	The	optimal	timing	of	stent	removal	

after	resolution	of	symptoms	is	still	unclear,	but	8	weeks	has	been	proven	successful.38	



	
	

In	the	presence	of	a	hepatico-jejunostomy,	ERCP	can	be	attempted,	but	is	frequently	not	

successful.	Alternatively,	a	PTC	drain	can	be	placed,	even	in	the	presence	of	non-dilated	

bile	ducts.35	

In	 the	 rare	 case	 of	 a	 complete	 disruption	 of	 the	 anastomosis,	 prompt	 surgery	 with	

conversion	 to	 a	 hepatico-jejunostomy	 is	 most	 appropriate.	 In	 selected	 cases	 a	 repeat	

choledochocholedochostomy	can	be	considered.	In	the	case	of	diffuse	bilious	peritonitis	

with	hemodynamic	instability	or	sepsis,	direct	laparotomy	should	always	be	considered.	

Leakage	after	removal	of	a	bile	drain	can	be	managed	successfully	in	one-third	of	cases	

by	 conservative	 measures,	 including	 intravenous	 fluids,	 antibiotics,	 analgesics,	 and	

observation.39	 In	 the	 absence	 of	 improvement,	 ERCP	 with	 stent	 placement	 should	 be	

performed.	 A	 laparotomy	 is	 indicated	when	 clinical	 signs	 of	 biliary	 peritonitis	 persist	

despite	adequate	drainage	of	the	biliary	system.	

	

4.2	Anastomotic	stenosis		

Pathogenesis	and	clinical	presentation	

Isolated	 strictures	 at	 the	 site	 of	 the	 bile	 duct	 anastomosis,	 so-called	 anastomotic	

strictures,	 are	 reported	 in	 4–9%	 of	 patients	 after	 liver	 transplantation.	 In	 general,	

anastomotic	strictures	do	not	remain	subclinical	and	are	detected	after	the	occurrence	

of	 cholestatic	 laboratory	 liver	 function	 tests,	 jaundice,	 or	 cholangitis.40	 Anastomotic	

strictures	 are	 thought	 to	 result	mainly	 from	 surgical	 technique	 and/or	 local	 ischemia,	

leading	 to	 fibrotic	 scarring	 of	 the	 anastomosis.	 Surgical	 factors	 include	 inadequate	

mucosa-to-mucosa	 adaptation	at	 the	 anastomosis	 and	damage	of	microvascularization	

due	to	dissection	too	close	to	the	bile	duct.41	To	minimize	the	risk	of	local	ischemia	at	the	

distal	 end	 of	 the	 donor	 choledochal	 duct,	 the	 bile	 duct	 should	 therefore	 remain	

surrounded	 by	 an	 adequate	 amount	 of	 tissue.	 Generalized	 hepatic	 ischemia	 due	 to	

hepatic	artery	 thrombosis	can	also	result	 in	anastomotic	stricturing.	Other	risk	 factors	

for	 the	 development	 of	 anastomotic	 structures	 are	 anastomotic	 bile	 leakage	 after	

transplantation	and	a	sex	mismatch	between	donor	and	recipient.41,42	

Liver	 transplantation	 using	 a	 split	 graft	 or	 a	 liver	 derived	 from	 a	 living	 donor	 is	

associated	with	a	higher	risk	of	developing	an	anastomotic	bile	duct	stricture,	because	of	

the	 frequent	 discrepancy	 between	 the	 diameter	 of	 the	 hepatic	 duct	 of	 the	 graft	 and	

choledochal	duct	in	the	recipient.	In	addition,	vascularization	of	the	hepatic	duct	can	be	



	

compromised	when	a	partial	graft	is	derived	from	a	living	donor	or	split	liver.	These	and	

other	 surgical	 aspects	 of	 living-donor	 and	 split-liver	 transplantation	 are	 discussed	 in	

more	detail	in	chapters	23	and	24.	

	

Management	

The	 most	 frequently	 used	 therapeutic	 approach	 to	 an	 anastomotic	 stricture	 is	

endoscopic	 balloon	 dilatation	 and	 stenting	 of	 the	 stenosis.	 This	 treatment	 has	 been	

widely	studied	and	is	both	safe	and	effective.	Technical	success	is	obtained	in	90–100%,	

and	 long-term	resolution	of	 the	stricture	 in	70–100%	of	cases.43	Although	disputed	by	

some,	most	centers	obtain	the	best	results	with	a	protocol	of	progressive	stenting	every	

8–12	 weeks	 with	 increasing	 numbers	 and	 diameters	 of	 stents	 until	 resolution	 of	 the	

stenosis	is	obtained.44	In	some	cases,	the	stenosis	recurs	despite	effective	initial	therapy.	

Some	centers	have	used	a	covered	expandable	metal	 stent	 to	 treat	a	 refractory	biliary	

stenosis	after	transplantation.	This,	however,	is	not	routine	practice.	Presentation	of	an	

anastomotic	 stricture	 more	 than	 6	 months	 after	 transplantation	 and	 previous	 bile	

leakage	at	the	site	of	the	anastomosis	are	risk	factors	for	difficult-to-manage	strictures.40	

When	 an	 anastomotic	 stenosis	 does	 not	 respond	 to	 repeated	 dilatation	 and	 stenting,	

surgical	 revision	 or	 conversion	 to	 a	 Roux-en-Y	 hepatico-jejunostomy	 anastomosis	 is	 a	

good	 alternative	 with	 excellent	 long-term	 success.40	 Incidentally,	 narrowing	 at	 the	

anastomosis	 can	 be	 detected	 while	 it	 remains	 unclear	 whether	 this	 is	 a	 clinically	

relevant	stricture.	In	such	cases,	a	short	trial	of	stenting	can	be	of	value.45	

In	 the	 presence	 of	 a	 hepatico-jejunostomy,	 where	 the	 anastomosis	 is	 not	 easily	

accessible	by	endoscopy,	percutaneous	transhepatic	treatment	by	balloon	dilatation	and	

temporary	stenting	is	usually	successful.	This	approach	can	also	be	used	after	split-liver	

or	living-donor	liver	transplantation,	although	results	are	not	as	good,	possibly	because	

compromised	 microvascularization	 and	 local	 ischemia	 are	 more	 frequently	 the	

underlying	cause.43,46	

	

4.3	Post-transplant	cholangiopathy	

The	 term	 post-transplant	 cholangiopathy	 covers	multifocal	 biliary	 abnormalities	 after	

liver	 transplantation	 that	 include	 NAS,	 intraductal	 sludge	 and	 casts,	 and	 bile	 duct	

necrosis	with	intrahepatic	leakage	and	biloma	formation.4	These	bile	duct	abnormalities	



	
	

represent	 different	 aspects	 of	 the	 post-transplant	 cholangiopathy	with	 necrosis	 of	 the	

bile	duct	wall	and	subsequent	leakage	of	bile	into	the	liver	parenchyma	being	the	most	

severe	side	of	the	spectrum.	Other	terms	used	in	literature	that	attempt	to	describe	post-

transplant	 biliary	 abnormalties	 are	 ischemic-type	 biliary	 lesions	 (ITBL)	 and	 ischemic	

cholangiopathy.	 Yet	 the	 term	 post-transplant	 cholangiopathy	 is	 preferred	 since	 the	

pathogenesis	is	believed	to	be	multifactorial	and	cannot	always	be	identified.	

	

4.3.1	Non-anastomotic	strictures		

Pathogenesis	and	clinical	presentation	

NAS	 are	 strictures	 at	 any	 location	 in	 the	 donor	 bile	 duct	 other	 than	 the	 anastomosis.	

Biliary	strictures	may	be	confined	to	the	hepatic	bifurcation,	but	may	also	present	as	a	

more	diffuse	type	including	narrowing	of	the	more	peripheral	bile	ducts	in	the	liver.	This	

type	of	bile	duct	strictures	is	regarded	as	the	most	troublesome	biliary	complication	as	

the	strictures	are	often	resistant	to	therapy	and	one	of	the	most	frequent	indications	for	

retransplantatie.43,47	As	stated	before,	NAS	can	be	accompanied	by	intraductal	sludge	or	

cast	 formation.	 The	 clinical	 presentation	 of	 patients	 with	 NAS	 is	 often	 not	 specific;	

symptoms	may	 include	 fever	 due	 to	 cholangitis,	 abdominal	 complaints,	 and	 increased	

cholestatic	liver	function	tests,	either	with	or	without	clinical	jaundice.	

The	 reported	 incidence	 of	 NAS	 after	 liver	 transplantation	 varies	 between	 different	

studies,	 ranging	 from	1–20%,5,22,23	which	 can	 partly	 be	 explained	 by	 variations	 in	 the	

definition	of	NAS	used	in	different	studies.	About	half	of	all	NAS	occur	within	1	year	after	

transplantation,	 and	 the	 remainder	 can	 be	 detected	 up	 to	 several	 years	 after	

transplantation.43,47	 In	 livers	obtained	 from	DCD	donors,	 the	 incidence	of	NAS	 is	about	

10%	higher	and	they	may	occur	earlier	than	in	livers	obtained	from	DBD	donors.41,45	

Knowledge	 about	 the	 pathogenesis	 of	 NAS	 is	 slowly	 emerging	 from	 clinical	 and	

experimental	studies.	Several	risk	factors	for	this	type	of	biliary	complication	have	been	

identified,	 strongly	 suggesting	 a	 multifactorial	 origin.	 In	 general,	 the	 mechanisms	

underlying	 NAS	 can	 be	 grouped	 into	 three	 categories:	 1)	 preservation	 or	 ischemia	

related	 damage	 to	 the	 bile	 duct	 wall	 without	 sufficient	 regeneration	 of	 the	 biliary	

epithelium	 2)	 cytotoxic	 injury	 induced	 by	 hydrophobic	 bile	 salts,	 and	 3)	 immune-

mediated	injury.	



	

These	 pathological	 mechanisms	 contribute,	 whether	 simultaneously	 or	 not,	 to	

disastrous	 damage	 of	 the	 biliary	 epithelium.	 Generally,	 in	 case	 of	 epithelial	 loss,	

cholangiocytes	proliferate	in	an	attempt	to	repopulate	the	decayed	epithelium.	However,	

if	the	damage	is	detrimental	to	almost	all	cholangiocytes,	this	mechanism	alone	cannot	

restore	the	integrity	of	the	bile	duct.	As	a	second	repair	mechanism,	stem	cells	situated	

in	 the	 peribiliary	 glands	 are	 activated	 to	 proliferate	 and	 differentiate	 and	 thereby	

restore	the	epithelial	lining.48	These	stem	cells	are	resistant	to	ischemia	and	reside	in	the	

bile	duct	wall	grouped	together	in	small	islets,	the	peribiliary	glands.49	In	progression	to	

post-transplant	 cholangiopathy,	 also	 this	 resource	 of	 new	 cholangiocytes	 falls	 short,	

which	makes	the	uncovered	and	unprotected	bile	duct	wall	susceptible	for	intrusion	of	

toxic	bile	salts	and	infections.	Damage	to	the	PVP	due	to	ischemia	and	histological	injury	

to	the	peribiliary	glands	have	been	associated	with	the	development	of	NAS.50	The	lack	

of	 adequate	 supply	 of	 oxygen	 and	 nutrients	 in	 this	 case	 could	 explain	 the	 poor	

regeneration	 by	 the	 peribiliary	 glands.	 However,	 further	 studies	 are	 required	 to	

understand	why	 this	 second	mechanism	 tends	 to	 fail	 in	 course	 of	 biliary	 strictures	 or	

other	biliary	complications.	

In	one	 large	 clinical	 study	 in	which	patients	were	 grouped	based	on	 the	 time	 interval	

between	 transplantation	 and	 the	 occurrence	 of	 NAS,	 it	 was	 suggested	 that	 ischemia-

mediated	mechanisms	 are	mainly	 responsible	 for	 the	 development	 of	 NAS	within	 the	

first	 year	 after	 transplantation,	 whereas	 immune-mediated	 mechanisms	 play	 a	 more	

important	role	in	the	pathogenesis	of	strictures	occurring	beyond	the	first	year.9	

The	 high	 incidence	 of	 post-transplant	 cholangiopathy	 after	 DCD	 liver	 transplantation	

and	the	radiologic	similarities	between	the	bile	duct	abnormalities	of	NAS	and	bile	duct	

abnormalities	 seen	 in	 the	 presence	 of	 hepatic	 artery	 thrombosis	 strongly	 suggest	 an	

ischemic	factor	in	the	origin	of	these	strictures.	The	relevance	of	adequate	blood	supply	

and	 the	 impact	 of	 ischemia	 on	 the	 bile	 ducts	 have	 been	 discussed	 in	 more	 detail	 in	

paragraph	2.1	(Organ	procurement	and	preservation).	

Another	relevant	factor	in	the	pathogenesis	of	post-transplant	cholangiopathy	is	toxicity	

caused	 by	 hydrophobic	 bile	 salts.	 Hydrophobic	 bile	 salts	 have	 potent	 detergent	

properties	towards	cellular	membranes	of	hepatocytes	and	biliary	epithelial	cells.	Under	

physiological	 circumstances	 the	 toxic	 effects	 of	 bile	 salts	 are	 prevented	 by	 complex	

formation	with	phospholipids	and	cholesterol	(mixed	micelle).	However,	early	after	liver	

transplantation,	the	balance	in	biliary	excretion	of	these	three	components	is	disturbed,	



	
	

leading	 to	 the	 formation	 of	 more	 toxic	 bile.7	 Evidence	 for	 a	 pivotal	 role	 of	 bile	 salt-

mediated	 toxicity	 in	 the	 pathogenesis	 of	 bile	 duct	 injury	 and	 subsequent	 bile	 duct	

stricturing	 has	 gradually	 emerged	 during	 the	 last	 decade.	 Both	 experimental	 animal	

studies	and	clinical	 studies	have	demonstrated	 that	biliary	bile	 salt	 toxicity	early	after	

transplantation	is	associated	with	the	development	of	microscopic	as	well	macroscopic	

bile	duct	 injury.7	Bile	salt	 toxicity	acts	synergistically	with	 ischemia-mediated	injury	of	

the	biliary	epithelium	without	sufficient	regeneration.8	

In	this	view,	nontoxic	hydrophilic	bile	salts	(e.g.	ursodeoxycholic	acid)	may	have	positive	

effects	on	the	incidence	of	post-transplant	cholangiopathy.	In	a	randomized	clinical	trial,	

administration	of	ursodeoxycholic	acid	early	after	DCD	transplantation	did	not	decrease	

the	incidence	of	NAS.	Interestingly,	however,	biliary	sludge	and	casts	where	significantly	

diminished	 within	 the	 first	 year	 postoperative.51	 More	 (large)	 studies	 are	 needed	 to	

confirm	 a	 positive	 effect	 of	 administration	 of	 nontoxic	 bile	 salts	 to	 liver	 transplant	

recipients	on	post-transplant	cholangiopathy.		

Several	 studies	 have	 provided	 evidence	 for	 an	 immunologic	 component	 in	 the	

pathogenesis	of	NAS.	NAS	have	been	associated	with	various	immunologically	mediated	

processes,	such	as	ABO-incompatible	liver	transplantation,	pre-existing	diseases	with	a	

presumed	 autoimmune	 component	 (such	 as	 primary	 sclerosing	 cholangitis	 and	

autoimmune	hepatitis),	 cytomegalovirus	 infection,	 chronic	 rejection,	and	 finally	with	a	

genetic	polymorphism	in	one	of	the	CC	chemokine	receptors.21	

	

Management	

	

In	contrast	to	anastomotic	strictures,	NAS	are	much	more	heterogeneous	in	localization	

and	severity.	General	 recommendations	regarding	management	are	hard	 to	make,	and	

good-quality	 prospective	 studies	 are	 rare.	 In	 the	 case	 of	 diffuse	 and	 severe	 biliary	

strictures	with	progressive	jaundice	and	bacterial	cholangitis	or	biliary	fibrosis,	usually	

re-transplantation	is	the	most	favorable	option.	In	most	patients,	the	strictures	are	more	

localized	and	cirrhosis	has	not	yet	developed.	Many	cases	are	amenable	 to	endoscopic	

therapy.	 In	 endoscopic	 therapy,	 repeated	 endoscopies	 with	 balloon	 dilatation	 and	

multiple	 stents	 are	 used.	 With	 this	 approach,	 success	 rates	 are	 50–75%.41	 As	 in	

anastomotic	strictures,	PTC	can	be	used	when	endoscopic	access	is	not	feasible.	In	case	

of	NAS	that	are	confined	to	the	extrahepatic	bile	ducts,	surgical	resection	of	the	diseased	



	

part	 and	 construction	 of	 a	 hepatico-jejunostomy	 should	 be	 considered.	 In	 case	 of	

recurrent	 cholangitis,	 maintenance	 antibiotics	 may	 result	 in	 long-term	 relief	 of	

symptoms.	Although	widely	used,	there	is	no	clinical	evidence	that	supports	the	use	of	

ursodeoxycholic	acid.	

While	most	 types	of	biliary	 complications	can	usually	be	managed	successfully	 (either	

surgically	 or	 by	 endoscopic	 techniques)	 or	 run	 a	 self-limiting	 course,	 NAS	 remain	 the	

most	 challenging	 type	of	biliary	 complication,	 as	 they	are	 frequently	 therapy	 resistant	

and	 frequently	 associated	 with	 long-term	 sequelae.	 Up	 to	 50%	 of	 patients	 with	 NAS	

either	die	or	require	retransplantation.	Mortality	rates	differ	markedly	among	studies.23	

	

4.3.2	Biliary	casts	and	sludge	

	

Biliary	casts	and	sludge	are	frequently	found	in	company	of	NAS	and	can	be	considered	

as	a	sequel	of	bile	duct	strictures	although	they	could	also	appear	 independently	or	 in	

combination	 with	 other	 pathologies.	 Casts	 and	 sludge	 present	 as	 filling	 defects	 on	

cholangiography.	 Sludge	 is	 a	 viscous	 collection	 of	 mucus,	 calcium	 bilirubinate,	 and	

cholesterol.	 When	 left	 untreated,	 biliary	 casts	 can	 develop.	 Casts	 consist	 of	 retained	

lithogenic	material	morphologically	confined	to	bile	duct	dimensions.	Biliary	sludge	and	

casts	tend	to	occur	within	the	first	year	after	transplantation.	

Multiple	 factors	 may	 contribute	 to	 sludge	 and/or	 cast	 formation,	 including	 ischemia,	

infection,	and	preservation	injury.5	Theoretically,	anything	that	increases	the	viscosity	of	

bile	 or	 reduces	 bile	 flow	 can	 predispose	 to	 casts	 or	 sludge.	 It	 is	 likely	 that	 ischemia	

contributes	to	the	formation	of	casts	or	sludge	both	through	stasis	of	bile	(as	a	result	of	

strictures)	and	through	its	direct	injury	to	the	biliary	epithelium,	resulting	in	the	release	

of	cell	debris	into	the	bile	duct	lumen	as	well	as	increasing	the	epithelial	susceptibility	to	

precipitation	of	 lithogenic	materials.	Other	pathogenic	 factors	 that	are	associated	with	

casts	 or	 sludge	 are	biliary	 cholesterol	 content,	 bacterial	 infection	 in	 relation	 to	 stents,	

the	presence	of	a	hepatico-jejunostomy,	fungal	infections	and	the	use	of	cyclosporine.23	

Regardless	of	the	cause	of	casts	or	sludge	after	transplantation,	an	incidence	of	5.7%	was	

reported	in	the	largest	study	so	far,	including	1650	transplanted	livers.52	

Most	patients	with	biliary	casts	and/or	sludge	present	with	cholangitis	and	only	a	small	

percentage	present	with	abdominal	pain.	Despite	the	relative	infrequency,	studies	have	

shown	 an	 increased	 rate	 of	morbidity	 and	mortality	 as	 a	 result	 of	 biliary	 sludge	 and	



	
	

casts,	which	have	caused	recurrent	cholangitis,	repeated	need	for	surgery,	graft	loss,	and	

death.53	

Intraductal	 casts	 and	 sludge	 of	 the	 biliary	 tree	 can	 almost	 universally	 be	 managed	

successfully	by	endoscopic	 removal.	However,	 the	 long-term	success	of	 this	 treatment	

will	depend	on	the	underlying	cause.	 If	 the	 formation	of	casts	or	sludge	 is	caused	by	a	

local	obstruction	such	as	a	biliary	drain	or	an	anastomotic	stricture	that	can	be	treated	

successfully,	removal	of	the	obstruction	may	be	curative.	However,	when	biliary	casts	or	

sludge	 are	 a	 symptom	 of	 ischemic	 bile	 duct	 injury,	 the	 severity	 of	 the	 latter	 will	

determine	the	long-term	success	of	cast	removal	and	will	determine	the	fate	of	the	graft.	

4.4	Biliary	abnormalities	due	to	hepatic	artery	stenosis	or	thrombosis	

HAT	is	 the	most	common	and	serious	vascular	complication	with	a	reported	 incidence	

that	 varies	 between	 2%	 to	 11%.54,55	 More	 detailed	 information	 regarding	 vascular	

complications	 can	 be	 found	 in	 chapter	 31,	 however,	 we	 will	 cover	 shortly	 the	 main	

impact	on	the	post-transplant	bile	duct	in	this	chapter.	To	obtain	a	sufficient	amount	of	

oxygen	and	nutrients,	the	biliary	tree	relies	on	blood	supply	from	the	hepatic	artery	and	

the	 arterial	 branches	 of	 the	 gastroduodenal	 artery.	 These	 arteries	 continue	 in	 a	 fine	

vascular	 network	 encircling	 the	 bile	 duct,	 called	 the	 peribiliary	 vascular	 plexus.	 After	

transplantation,	blood	 supply	 to	 the	bile	ducts	depends	entirely	on	 the	hepatic	 artery.	

Accordingly,	in	case	of	HAT,	the	bile	duct	experiences	widespread	ischemia,	which	may	

result	in	necrosis	and	eventually	bile	leakage.	HAT	can	be	divided	in	2	categories:	early	

HAT	and	late	HAT,	with	the	timeframe	used	in	literature	varying	between	2	weeks	and	

100	days	after	 transplantation.56,57	Whereas	 late	HAT	may	have	a	 relative	mild	course	

due	 to	 the	 formation	 of	 vascular	 collaterals,	 early	HAT	 is	 associated	with	widespread	

biliary	 ischemia	 and	 subsequent	 necrosis	 and	 bile	 leakage.	 Nevertheless,	 biliary	

complications	may	result	 late	after	the	diagnosis	of	HAT	and	successful	restorations	of	

arterial	flow	to	the	liver.		

	

4.5	Biliary	strictures	due	to	recurrent	disease	

Recurrent	 primary	 sclerosing	 cholangitis	 (PSC)	 may	 be	 another	 cause	 of	 biliary	

strictures	 occurring	 late	 (>6–12	 months)	 after	 transplantation.	 A	 large	 retrospective	

multicenter	analysis	evaluating	the	incidence	of	biliary	strictures	after	OLT	in	a	cohort	of	

PSC	 patients	 reported	 an	 incidence	 of	 36.1%.58	 This	 is	 approximately	 3.5-fold	 higher	



	

than	in	non-PSC	patients.	More	detailed	information	regarding	recurrent	diseases	of	the	

bile	duct	can	be	found	in	chapter	36.		

	

4.6	Bacterial	cholangitis		

	

Bacterial	 cholangitis	 is	 not	 uncommon	 in	 immunosuppressed	 liver	 transplant	 patients	

and	can	result	in	a	life	threatening	illness.	In	general,	the	risk	of	cholangitis	is	increased	

in	 patients	 in	 whom	 a	 T-tube	 is	 used,	 in	 patients	 who	 underwent	 a	 hepatico-

jejunostomy,	and	in	patients	complicated	by	anastomotic	or	NAS.	All	of	these	conditions	

may	facilitate	ascending	migration	of	bacteria	into	the	biliary	tree.	When	a	biliary	drain	

is	present,	positive	bacterial	cultures	from	the	bile	may	support	the	diagnosis,	although	

it	 should	 be	 noted	 that	 colonization	 of	 bile	 is	 not	 infrequent.	 In	 other	 patients	 the	

diagnosis	cholangitis	is	rarely	supported	by	positive	bile	cultures	and	usually	made	after	

exclusion	 of	 other	 causes	 of	 fever.	 Bacterial	 cholangitis	 after	 liver	 transplantation	

usually	presents	with	high	fever	with	or	without	chills	 in	combination	with	cholestatic	

liver	 function	 test.	Management	 of	 acute	 cholangitis	 after	 transplantation	 is	 similar	 to	

that	recommended	to	nontransplant	patients	and	should	include	appropriate	antibiotic	

therapy	after	the	exclusion	of	an	anatomical	cause	(e.g.	anastomotic	strictures).		

	

5.	Summary	

	

Biliary	 complications	 are	 a	 frequent	 cause	 of	 morbidity	 after	 liver	 transplantation.	

Advances	in	surgical	techniques	and	preservation	methods	during	the	last	decades	have	

led	to	better	results,	but	biliary	complications	still	occur	in	10–40%	of	the	recipients	and	

are	 associated	with	mortality	 rates	 of	 8–15%.	 Partial	 liver	 grafts	 (e.g.	 split	 livers	 and	

livers	 from	 living	 donors)	 as	 well	 as	 livers	 from	 extended-criteria	 donors	 (e.g.	 DCD	

donors)	are	associated	with	a	relatively	high	risk	of	biliary	complications.	Of	all	biliary	

complications,	 bile	 duct	 strictures	 and	 bile	 leakage	 are	 most	 common	 after	 liver	

transplantation.	While	bile	 leakage	and	anastomotic	bile	duct	strictures	can	usually	be	

managed	successfully	without	 long-term	sequelae,	NAS	are	the	most	 troublesome	type	

of	 biliary	 complications.	 NAS	 are	 often	 multifocal	 and	 can	 be	 difficult	 to	 treat	 by	

endoscopic	 techniques.	 When	 associated	 with	 recurrent	 cholangitis,	 jaundice	 or	 even	

secondary	 biliary	 fibrosis,	 retransplantation	 may	 be	 the	 only	 treatment	 option	 left.	



	
	

Future	 studies	 should	 focus	on	better	defining	 the	mechanism	underlying	NAS	and	on	

the	 development	 of	 effective	 preventive	 measures.	 In	 this	 respect,	 development	 and	

potential	 implementation	 in	 liver	 transplant	 protocols	 of	 machine	 preservation	 is	 of	

great	relevance.		
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ABSTRACT	

Background:	 Donor	 hepatectomy	 time	 is	 associated	 with	 graft	 survival	 after	 liver	

transplantation.	The	aim	of	this	study	was	to	identify	the	impact	of	donor	hepatectomy	

time	on	biliary	injury	during	donation	after	circulatory	death	liver	transplantation	(DCD-

LT)	

Methods:	First,	bile	duct	biopsies	of	 livers	 included	 in	 (pre)clinical	machine	perfusion	

research	were	analyzed.	Secondly,	of	the	same	livers,	bile	samples	were	collected	during	

normothermic	 machine	 perfusion	 (NMP).	 Lastly,	 a	 nationwide	 retrospective	 cohort	

study	was	performed	including	273	adult	patients	undergoing	DCD-LT	between	01-01-

2002	 and	01-01-2017.	 Primary	 endpoint	was	development	 of	 non-anastomotic	 biliary	

strictures	 (NAS)	 within	 two	 years	 of	 DCD-LT.	 Cox	 Proportional-Hazards	 regression	

analyses	were	used	to	assess	the	influence	of	hepatectomy	time	on	development	of	NAS.		

Results:	 Livers	 with	 severe	 histological	 bile	 duct	 injury	 had	 a	 higher	 median	

hepatectomy	 time	 (p=0.03).	 During	 NMP,	 livers	 with	 hepatectomy	 time	 >50	min	 had	

lower	 biliary	 bicarbonate	 and	 bile	 pH	 levels.	 In	 the	 nationwide	 retrospective	 study,	

donor	hepatectomy	time	was	an	independent	risk	factor	for	NAS	after	DCD-LT	(HR	1.18	

per	ten	minutes	increase,	95%	CI	1.06-1.30,	p-value	=	0.002).		

Conclusions:	Donor	hepatectomy	time	negatively	influences	histological	bile	duct	injury	

prior	 to	 NMP	 and	 bile	 composition	 during	 NMP.	 Additionally,	 hepatectomy	 time	 is	 a	

significant	independent	risk	factor	for	the	development	of	NAS	after	DCD-LT.	

	 	



	

INTRODUCTION	

The	 imbalance	 between	 the	 number	 of	 patients	 on	 the	 waiting	 list	 for	 liver	

transplantation	(LT)	and	the	number	of	available	grafts	from	donation	after	brain	death	

(DBD)	donors	has	resulted	in	an	increased	use	of	livers	from	donation	after	circulatory	

death	 (DCD)	 donors.	 In	 2018,	 38%	of	 all	 deceased	 donor	 LT	 in	 the	Netherlands	were	

performed	with	a	DCD	graft	1.			

LT	 from	DCD	 donors	 can	 lead	 to	 inferior	 outcomes	 compared	 to	 LT	with	 DBD	 grafts,	

especially	 with	 respect	 to	 graft	 survival	 2-5,	 which	 is	 related	 to	 a	 higher	 chance	 of	

developing	 early	 allograft	 dysfunction	 and	 post-transplant	 cholangiopathy	 6-10.	 Among	

post-transplant	 cholangiopathies,	 non-anastomotic	 strictures	 (NAS),	 also	 known	 as	

ischemic	 type	 biliary	 lesions	 (ITBL)	 or	 ischemic	 cholangiopathy	 (IC),	 is	 the	 most	

hazardous	type,	with	a	strong	negative	impact	on	graft	survival	11-13.		

An	important	determinant	of		outcome	after	LT	is	ischemia	reperfusion	injury	(IRI).	IRI	

occurs	in	both	DBD	and	DCD-LT.	However,	DCD	grafts	suffer	from	an	additional	period	

of	warm	ischemia	in	the	donor	between	withdrawal	of	life	support	and	initiation	of	cold	

flush	 out,	 the	 so	 called	 donor	 warm	 ischemia	 time	 (dWIT).	 Several	 studies	 have	

indicated	that	the	length	of	the	dWIT	is	a	critical	risk	factor	for	negative	outcome	after	

DCD-LT	2,	14,	15.	

Unfortunately,	 the	start	of	 in	 situ	 cold	 flush	out	and	cooling	does	not	 lead	 to	adequate	

protection	against	 ischemic	 injury,	because	the	core	temperature	of	 the	 liver	generally	

does	 not	 drop	 below	 15-20oC	 during	 surgery16.	 At	 this	 temperature,	 organs	 are	 still	

metabolically	 active,	 resulting	 in	 rapid	 depletion	 of	 adenosine	 tri-phosphate	 and	

accumulation	of	metabolites	during	anaerobic	metabolism.	Liver	core	temperature	first	

reaches	a	relatively	safe	temperature	(<4oC)	when	organs	are	stored	in	a	bag	with	cold	

preservation	solution	in	a	box	with	ice.	Therefore,	it	is	hypothesized	that,	apart	from	the	

dWIT,	 the	 duration	 of	 the	 hepatectomy	 time	 provides	 an	 additional	 risk	 factor	 for	

ischemic	injury	and	could	therefore	impact	outcome	after	LT.		

A	 recent	 study	 published	 by	 Jochmans	 et	 al.	 based	 on	 data	 from	 the	 Eurotransplant	

Registry	 supported	 this	 hypothesis17.	 In	 this	 study,	 donor	 hepatectomy	 time	 was	 an	

independent	 risk	 factor	 for	 patient	 mortality	 and	 graft	 loss.	 Moreover,	 DCD	 grafts	

appeared	 to	 be	more	 susceptible	 to	 	 donor	 hepatectomy	 time	 than	 DBD	 grafts.	 More	



	
	

recently,	 Farid	 et	 al.	 assessed	 the	 influence	 of	 the	 donor	 hepatectomy	 time	 on	 the	

outcomes	 of	 DCD-LT	 in	 the	 United	 Kingdom,	 concluding	 that	 a	 hepatectomy	 time	 of	

more	 than	60	minutes	was	 associated	with	 a	higher	 risk	of	 primary	non	 function	 and	

graft	failure	18.	Neither	study,	however,	did	assess	the	effect	of	donor	hepatectomy	time	

on	 the	 development	 of	 post-transplant	 cholangiopathy	 after	 DCD-LT,	 neither	 did	 they	

evaluate	whether	hepatectomy	time	was	different	among	procurement	teams.		

Several	 studies	 have	 shown	 a	 strong	 relation	 between	 bile	 duct	 injury	 prior	 to	

implantation	 and	 the	 development	 of	 NAS	 after	 transplantation19,	 20.	 If	 donor	

hepatectomy	time	influences	the	rates	of	NAS,	this	would	be	displayed	in	the	severity	of	

biliary	injury	prior	to	implantation.	Additionally,	bile	composition	during	normothermic	

machine	perfusion	(NMP)	of	liver	grafts	can	be	studied	to	assess	bile	duct	injury21,	22.		

The	aim	of	this	study	was	to	assess	the	impact	of	donor	hepatectomy	time	in	DCD	donors	

on	the	development	of	biliary	injury	during	DCD-LT.	First,	bile	duct	biopsies	taken	upon	

arrival	 in	 one	 of	 the	 three	 recipient	 centers	 are	 analyzed.	 Secondly,	 bile	 composition	

during	NMP	 is	studied.	Last,	 the	 influence	of	hepatectomy	time	on	 the	development	of	

NAS	after	DCD-LT	is	studied	in	a	nationwide	retrospective	database	study.		

	

METHODS	

Donation	procedure	and	organ	procurement	

Until	recently,	all	donor	procedures/procurements	in	the	Netherlands	were	performed	

by	one	of	five	regional	procurement	teams,	each	covering	a	certain	region	of	the	country.	

Each	 procurement	 team	 consists	 of	 a	 surgeon,	 surgical	 assistant,	 anesthesiologist	 and	

two	 operation	 room	 assistants.	 In	 the	 Netherlands,	 withdrawal	 of	 life	 support	 in	 a	

patient	eligible	for	DCD	organ	donation	generally	takes	place	at	the	intensive	care	unit.	

Pre-mortem	cannulation	of	the	patient	is	not	performed,	and	systemic	heparinization	is	

prohibited	 by	 Dutch	 law.	 When	 circulatory	 arrest	 has	 been	 determined,	 there	 is	 a	

mandatory	 five	 minutes	 ‘no-touch’	 period.	 After	 this	 ‘no-touch’	 period,	 the	 donor	 is	

transported	to	the	operating	theatre.	A	super-rapid	sterno-laparotomy	with	pressurized,	

aortic-only	 perfusion	 is	 used	 as	 standard	 perfusion	 technique.	 Cold	 perfusion	 is	

currently	executed	with	Belzer	University	of	Wisconsin	cold	storage	solution	(Bridge	to	



	

Life,	 London,	UK)	 (UW).	Whether	 the	 liver	 is	 retrieved	 separately	 or	 en-bloc	with	 the	

pancreas	 is	 based	 on	 the	 preferences	 of	 the	 surgeon.	 On	 the	 back	 table,	 the	 liver	 is	

flushed	 via	 the	 portal	 vein	with	 at	 least	 500	ml	 cold	 preservation	 solution	 until	 clear	

perfusate	 is	 established.	 The	 CBD	 and	 intrahepatic	 biliary	 tree	 are	 flushed	 with	 low	

pressure	 UW	 23.	 As	 there	 are	 no	 clear	 Dutch	 guidelines	 on	 the	 sequence	 of	 organ	

procurement,	 the	 lungs	 in	 a	 DCD	 donor	 are	 usually	 procured	 before	 the	 abdominal	

organs.	 The	 implantation	 is	 usually	 executed	with	 a	 caval	 sideclamp	and	 veno-venous	

anastomosis,	 end-to-end	 arterial	 and	 portal	 anastomosis	 and	 duct-to-duct	 biliary	

anastomosis.	The	standard	reperfusion	technique	used	is	initial	portal	vein	reperfusion.				

Study	design	

This	study	consists	of	three	parts.	First,	bile	duct	biopsies	and	bile	composition	of	DCD	

livers	were	analyzed	for	a	potential	influence	of	hepatectomy	time	(part	A-B).	Hereafter,	

to	 validate	 the	 findings,	 a	 nationwide	 retrospective	 database	 analysis	 was	 performed	

(part	C).		

Part	A:	Histological	analysis	of	bile	ducts	

Of	 all	 DCD	 livers	 that	 underwent	 preclinical	 and	 clinical	 normothermic	 machine	

perfusion	in	the	University	Medical	Center	Groningen	between	01-01-2013	and	01-01-

2019,	bile	duct	biopsies	prior	 to	machine	perfusion	were	 collected.	The	only	 criterion	

required	 for	 inclusion	 was	 that	 the	 donor	 hepatectomy	 time	 was	 available.	 Biopsies	

were	 taken	 from	 the	 distal	 common	 bile	 duct	 before	machine	 perfusion,	 fixed	 in	 4%	

formalin,	and	subsequently	embedded	 in	paraffin.	Slices	of	4	µm	were	cut	and	stained	

with	Hematoxylin	&	Eosin,	and	subsequently	examined	using	light	microscopy.	The	bile	

duct	injury	(BDI)	score	was	determined	in	a	blinded	fashion	by	two	researchers,	using	a	

clinically	relevant	histological	grading	system	20,	 22.	The	BDI	consisted	of	the	combined	

scores	 for	 deep	 peribiliary	 gland	 injury,	 peribiliary	 vascular	 plexus	 injury	 and	 stroma	

necrosis.	 The	 used	 cut-off	 value	 between	 low	 and	 high	 BDI	 was	 4.75,	 as	 described	

previously	22.	Comparisons	between	groups	were	performed	with	the	Chi-Square	test,	or	

Fisher’s	Exact	 test	where	 appropriate.	ROC	 (Receiver	Operating	Characteristic)	 curves	

were	used	to	identify	most	appropriate	cut-off	values.		

	 	



	
	

Part	B:	Normothermic	machine	perfusion	

All	preclinical	and	clinical	NMP	procedures	were	performed	with	the	Liver	Assist	device	

(Organ	 Assist,	 Groningen,	 the	 Netherlands).	 Protocols	 and	 outcomes	 are	 reported	

elsewhere	22,	24,	25.	To	monitor	biliary	tree	viability,	bile	was	collected	from	a	8Fr	biliary	

drain	 in	 the	 common	 bile	 duct.	 During	 NMP,	 bile	 samples	 were	 collected	 every	 30	

minutes	 under	mineral	 oil	 to	 determine	 biliary	 pH,	 bicarbonate	 and	 glucose,	 as	 these	

parameters	 are	 biomarkers	 of	 bile	 duct	 viability	 22.	 Bile	 composition	 was	 compared	

between	the	groups	at	different	time	points	using	the	Mann-Whitney	test.		

Part	C:	Retrospective	nationwide	study	

In	this	nationwide,	retrospective	cohort	study,	all	adult	LT	performed	with	a	DCD	graft	

in	 the	 Netherlands	 between	 01-01-2002	 and	 01-01-2017	 were	 included.	 Exclusion	

criteria	 were	 multi	 organ	 DCD	 transplants,	 DCD	 retransplantations,	 transplantations	

involving	machine	perfusion	and	procurement	of	DCD	grafts	by	a	 foreign	procurement	

team.	 Additionally,	 cases	 with	 missing	 information	 on	 hepatectomy	 times	 or	 donor	

agonal	phase	were	excluded.	Donor	characteristics	and	information	on	the	procurement	

procedure	 and	 the	 regional	 procurement	 team	 were	 obtained	 via	 the	 Donor	 Data	

Application	 of	 Eurotransplant.	 Data	 of	 recipients	 and	 transplantation	 outcomes	 were	

obtained	 from	the	databases	of	 the	participating	centers,	 completed	with	missing	data	

from	the	electronical	patients’	medical	records.	

	Donor	hepatectomy	time	was	defined	as	the	period	between	the	start	of	cold	flush	in	the	

donor	and	the	storage	of	the	liver	in	a	bowl	with	cold	preservation	fluid	and	melting	ice	

on	 the	 back-table.	 The	 dWIT	 was	 calculated	 as	 the	 time	 between	 withdrawal	 of	 life	

support	 and	 cold	 flush	 in	 the	 donor.	 Since	 in	 the	 normal	 situation	 the	 donor	

hepatectomy	time	 is	part	of	 the	cold	 ischemia	 time,	 the	definition	of	 the	cold	 ischemia	

time	has	been	altered	 to	minimize	 the	 chance	of	 confounding;	 cold	 ischemia	 time	was	

defined	as	the	period	between	the	end	of	the	donor	hepatectomy	and	the	removal	of	the	

liver	from	ice	prior	to	implantation.	Finally,	recipient	warm	ischemia	time	was	defined	

as	 the	 time	 between	 removal	 of	 the	 liver	 from	 ice	 until	 either	 portal	 or	 arterial	

reperfusion,	whichever	came	first.		

The	endpoint	of	the	retrospective	study	was	the	development	of	NAS	within	two	years	

after	transplantation.	NAS	was	defined	as	donor	bile	duct	strictures	at	any	location	but	



	

the	anastomosis,	in	absence	of	hepatic	artery	thrombosis.	To	meet	the	endpoint,	patients	

were	required	to	have	clinical	symptoms	of	cholestasis	(e.g.	jaundice,	itch,	elevated	total	

bilirubin)	with	subsequent	imaging	demonstrating	bile	duct	strictures.	If	NAS	developed	

after	this	period,	 it	was	considered	to	be	related	to	recipient	factors	rather	than	donor	

factors.	 Univariable	 and	 multivariable	 Cox	 Proportional-Hazards	 regression	 models	

were	used	to	evaluate	independent	risk	factors	for	NAS.	In	both	models,	subjects	that	did	

not	 develop	 NAS	 within	 two	 years	 were	 censored	 at	 two	 years	 post	 transplantation.	

Patients	 who	 died	 or	 underwent	 retransplantation	 within	 the	 first	 two	 years	 after	

transplantation	 were	 censored	 at	 their	 date	 of	 death	 or	 date	 of	 retransplantation,	

respectively.	 Variables	 were	 included	 in	 the	 multivariable,	 backward	 stepwise,	 Cox	

model	if	univariable	Cox	regression	yielded	a		p-value	<	0.20.	The	threshold	of	0.20	was	

chosen	to	decrease	the	risk	of	overfitting	of	the	model.	The	reported	hazard	ratios	(HR)	

for	 donor	 hepatectomy	 time	 refer	 to	 an	 increase	 of	 ten-minutes	 in	 hepatectomy	 time.	

For	 the	 cold	 ischemia	 time	 and	 recipient	 warm	 ischemia	 time,	 the	 HR	 represent	 an	

increase	of	one	hour	and	one	minute,	respectively.		

	In	all	three	projects	incorporated	in	this	study,	continuous	variables	were	presented	as	

median	 with	 both	 total	 range	 and	 interquartile	 range	 (IQR),	 whereas	 categorical	

variables	were	presented	as	number	[percentage]		All	tests	had	a	two-sided	design	with	

a	p-value	below	0.05	considered	as	significant.	The	analyses	were	performed	using	SPSS	

version	 24	 (IBM,	 Chicago,	 Illinois).	 This	 study	 was	 approved	 by	 the	 Medical	 Ethical	

Committee	of	the	University	Medical	Center	Groningen	(METC.2017/504).			

	

RESULTS	

Part	A:	Histological	analysis	of	the	bile	duct	

Of	 40	 consecutive	 normothermic	 machine	 perfusion	 procedures	 between	 2014	 and	

2019,	39	bile	duct	biopsies	were	collected.	After	exclusion	of	biopsies	with	an	unknown	

donor	hepatectomy	time,	27	biopsies	were	 included	 in	 the	analysis.	Livers	with	a	high	

bile	 duct	 injury	 score	 had	 a	 significant	 longer	 median	 donor	 hepatectomy	 time	

compared	 to	 grafts	with	 low	bile	 duct	 injury	 score	 (56	 versus	44	 	minutes,	 p	 =	 0.03).	

(Figure	1A).	ROC-curve	analysis	showed	a	donor	hepatectomy	time	of	50.0	minutes	as	

the	most	 suitable	cut-off	point.	Of	 livers	with	hepatectomy	 time	≤50.0	minutes,	17.0%	



	
	

displayed	 high	 bile	 duct	 injury,	 versus	 64%	 in	 livers	 with	 a	 hepatectomy	 time	 >50.0	

minutes	(p	=0.01)		(Figure	1B).			

	

Figure	1:	Hepatectomy	 time	 influences	biliary	 injury	prior	 to	 transplantation.	 A:	

Livers	 grafts	 with	 a	 high	 bile	 duct	 injury	 score	 had	 a	 longer	median	 hepatectomy	 time	

compared	to	 livers	with	 low	bile	duct	 injury	score	(p	=	0.027).	Data	presented	as	median	

(IQR).	B:	Livers	grafts	with	a	donor	hepatectomy	time	>50	minutes	have	more	severe	bile	

duct	injury	compared	to	livers	with	a	hepatectomy	time	≤50	minutes	(p	=	0.016).	*	depicts	

a	significant	(p	<	0.050)	difference.	Abbreviations:	BDI,	bile	duct	injury	score;	min;	minutes.			

	

Part	B:	Normothermic	machine	perfusion	

Of	the	27	 livers,	 livers	with	a	hepatectomy	time	≤50.0	minutes	had	more	alkalotic	bile	

during	the	first	four	hours	of	NMP.	Subsequently	biliary	bicarbonate	levels	were	higher	

in	 livers	 with	 a	 hepatectomy	 time	 below	 50	 minutes.	 (Figure	 2A-B).	 Glucose	

reabsorption,	displayed	by	the	glucose	ratio	between	bile	and	perfusate,	did	not	seem	to	

be	significantly	influenced	by	hepatectomy	time	(Figure	2C).			



	

	

Figure	 2:	 Hepatectomy	 time	 influences	 bile	 composition	 during	 NMP.	 A:	

Hepatectomy	 time	 influenced	 biliary	 bicarbonate	 levels	 during	 NMP.	 B:	 bile	 pH	 was	

significantly	lower	in	the	group	with	hepatectomy	time	≤50	minutes.	C:	hepatectomy	time	

did	not	seem	to	significantly	influence	biliary	glucose	reabsorption.	*	depicts	a	significant	

(p	<	0.050)	difference.	Abbreviations:	BDI,	bile	duct	injury	score;	min;	minutes.			

Part	C:	Retrospective	study	

A	total	of	376	DCD-LT	were	performed	in	the	Netherlands	between	01-01-2002	and	01-

01-2017.	Hundred-and-three	cases	met	one	or	more	of	the	exclusion	criteria,	resulting	

in	a	 total	of	273	 included	 in	 this	study	(Figure	3).	The	median	 follow	up	period	of	 the	

complete	 cohort	 was	 4.36	 (IQR	 2.81-7.08,	 range	 0-16.8	 years)	 years.	 Baseline	

characteristics	are	presented	in	Table	1.	Median	donor	hepatectomy	time	for	the	entire	

cohort	 was	 63.0	 (IQR	 52.5-80.5,	 range	 23-140)	 minutes.	 Lung	 procurement	 led	 to	 a	

significantly	 longer	 donor	 hepatectomy	 time	 	 of	 69	 (IQR	 59-80)	 minutes,	 when	

compared	 to	a	hepatectomy	 time	of	61	 (IQR	49-81)	minutes	 in	donors	 in	which	 lungs	

were	not	procured	 (p	=	0.02).	The	outcomes	after	DCD-LT	 in	 the	 complete	 cohort	 are	

shown	 in	 Table	 1.	 Actuarial	 one-,	 three-,	 and	 five-year	 graft	 survival	 rates	were	 75%,	

64%	and	60%,	and		87%,	79%,	and	74%	for	patient	survival	respectively.	



	
	

	

	

Figure	3:		Flow	chart	of	included	subjects	in	the	retrospective	database	study.		

	

	 	



	

Table	1:	Donor	and	recipient	demographics	

 
Characteristic	 	 Result	(n=273)	
Donor	 	 	
	 Age	(years)	 	 47.0	(35.5-54.0)	

Range	12-74	
	 Gender	 	 	
	 	 Male	 	 155	[56.8%]	
	 	 Female	 	 118	[43.2%]	
	 Body	mass	index	(kg/m2)	 	 24.0	(22.0-26.0)	

Range	13-34	
	 CVA	as	cause	of	death	 	 	
	 	 No	 	 151	[55.3%]	
	 	 Yes	 	 122	[44.7%]	
	 ALT	peak	(U/L)	 	 43.0	(23.0-87.0)	

Range	6-7385	
	 Last	γGT	(U/L)	 	 34.0	(20.0-65.5)	

Range	4-747	
Procurement	 	 	
	 Donor	warm	ischemia	time	(min)*	 	 32.0	(26.0-38.0)	

Range	15-80	
	 Donor	hepatectomy	time	(min)†	 	 63.0	(52.5-80.5)	

Range	23-140	
	 Lung	procurement	 	 84.0	[30.8%]	
Recipient	 	 	
	 Age	(years)	 	 57.0	(49.0-63.0)	

Range	22-70	
	 Gender	 	 	
	 	 Male	 	 197	[72.2%]	
	 	 Female	 	 76	[27.8%]	
	 Body	mass	index	(kg/m2)	 	 25.7	(23.4-29.1)	

Range	17-46	
	 HCC	as	indication	for	transplantation	 	 	
	 	 No	 	 175	[64.1%]	
	 	 Yes	 	 98	[35.9%]	
	 Laboratory	MELD	score	 	 14.6	(10.0-21.0)	

Range	6-44	
Transplantation	 	 	
	 Cold	ischemia	time	(min)‡	 	 	 359	(302-431)	

Range	131-743	
	 Recipient	warm	ischemia	time	(min)§	 	 34.0	(26.0-42.0)	

Range	17-144	
Outcomes	 	 	
	 AST	peak	(u/L)	 	 2115	(1165-4252)		

Range	129-20280	
	 ALT	peak	(u/L)	 	 1620	(771-2857)	

Range	162-10944		
	



	
	

	 Intensive	care	unit	stay	(days)	 	 2.0	(1.0-5.0)	
Range	0-185	

	 Total	hospital	stay	(days)	 	 18.0	(13.0-27.0)	
Range	0-235	

	 Primary	non-function||	 	 8	[2.90%]	
	 Non-anastomotic	strictures	 	 70	[25.6%]		
	 	 Within	two	years	post-transplantation	 	 66	[24.2%]	
	 Hepatic	artery	thrombosis	 	 14	[5.10%]	
	 Actuarial	graft	survival	 	 	
	 1	year	 	 75%	
	 3	year	 	 64%	
	 5	year	 	 60%	
	 Actuarial	patient	survival	 	 	
	 1	year	 	 87%	
	 3	year	 	 79%	
	 5	year	 	 74%	

	

Values	are	presented	as	median	(interquartile	range)	or	number	[%].	*The	time	between	

withdrawal	 of	 life	 support	 and	 cold	 flush	 in	 the	 donor.	 †The	period	 of	 time	between	 the	

start	of	cold	flush	in	the	donor	and	the	storage	of	the	liver	on	ice	on	the	back-table.	‡The	

time	between	the	end	of	the	donor	hepatectomy	and	the	removal	of	the	liver	from	ice	prior	

to	 implantation.	 §The	 time	 between	 removal	 of	 the	 liver	 from	 ice	 until	 either	 portal	 or	

arterial	reperfusion.	||Patient	death	or	retransplantation	within	7	days	of	transplantation	

without	 clear	 cause.	 Abbreviations:	 ALT,	 alanine	 aminotransferase;	 ,	 AST;	 aspartate	

aminotransferase,	 CVA	 ,	 Cerebrovascular	 accident;	 γGT,	 gamma-glutamyl	 transferase;	

HCC,	hepatocellular	carcinoma;	MELD,	model	for	end-stage	liver	disease.		

	

Sixty-six	patients	(24.2%)	were	diagnosed	with	NAS	within	two	years	of	LT.	During	the	

complete	 follow	up,	25	patients	have	undergone	a	retransplantation	as	a	result	of	 this	

complication.	 Baseline	 characteristics,	 stratified	 by	 recipient	 development	 of	 NAS	 are	

provided	 in	 supplementary	 table	 1.	 In	 a	 univariable	 Cox	 Proportional-Hazards	

regression	 model,	 	 donor	 hepatectomy	 time	 was	 an	 independent	 risk	 factor	 for	 the	

development	 of	NAS	 (HR	1.14,	 95%	CI	 1.03-1.26,	 p-value	0.02).	After	 adjusting	 for	 all	

covariates	with	 a	 p-value	 below	 0.2	 in	 univariable	 analyses,	 donor	 hepatectomy	 time	

remained	an	independent	risk	factor	for	developing	NAS	within	the	first	two	years	post-

LT	 (adjusted	 HR	 1.18,	 95%	 CI	 1.06-1.30,	 p-value	 0.002,	 Table	 2	 and	 3).	 Besides	



	

hepatectomy	 time,	 donor	 age	 and	 cold	 ischemia	 time	were	 significant	 risk	 factors	 for	

NAS.	

Table	2:	Univariable	Cox	Proportional-Hazards	regression	model	for	developing	
NAS		

	 Hazard	ratio	 95%	CI	 p-value	
Donor	 	 	 	
	 Age	(years)	 1.03	 1.01-1.05	 0.004	
	 Gender	 	 	 	
	 	 Male	 REF	 	 	
	 	 Female	 1.14	 0.70-1.86	 0.59	
	 Body	mass	index	(kg/m2)	 0.99	 0.92-1.08	 0.88	
	 CVA	as	cause	of	death	 	 	 	
	 	 No	 REF	 	 	
	 	 Yes		 1.83	 1.13-2.98	 0.02	
	 ALT	peak	(U/L)	 1.00	 1.00-1.00	 0.09	
	 Last	γGT	(U/L)	 1.00	 1.00-1.00	 0.41	
Procurement	 	 	 	
	 Donor	warm	ischemia	time	(minutes)*	 1.03	 1.01-1.05	 0.01	
	 Donor	hepatectomy	time	(10-minutes)†	 1.14	 1.03-1.26	 0.02	
	 Lung	procurement	 0.60	 0.34-1.06	 0.08	
Recipient	 	 	 	
	 Age	(years)	 0.994	 0.97-1.02	 0.60	
	 Gender	 	 	 	
	 	 Male	 REF	 	 	
	 	 Female	 1.22	 0.72-2.07	 0.45	
	 Body	mass	index	(kg/m2)	 1.02	 0.97-1.07	 0.55	
	 HCC	as	indication	for	transplantation	 	 	 	
	 	 No	 REF	 	 	
	 	 Yes		 0.77	 0.46-1.30	 0.33	
	 Laboratory	MELD	score	 0.98	 0.95-1.02	 0.35	
Transplantation	 	 	 	
	 Cold	ischemia	time	(hours)‡	 1.17	 1.04-1.33	 0.01	
	 Recipient	warm	ischemia	time	(minutes)§	 1.02	 1.00-1.04	 0.17	
	

Values	are	presented	as	median	(interquartile	range)	or	number	[%].	*The	time	between	

withdrawal	 of	 life	 support	 and	 cold	 flush	 in	 the	 donor.	 †The	period	 of	 time	between	 the	

start	of	cold	flush	in	the	donor	and	the	storage	of	the	liver	on	ice	on	the	back-table.	‡The	

time	between	the	end	of	the	donor	hepatectomy	and	the	removal	of	the	liver	from	ice	prior	

to	 implantation.	 §The	 time	 between	 removal	 of	 the	 liver	 from	 ice	 until	 either	 portal	 or	

arterial	 reperfusion.	Abbreviations:	ALT,	alanine	aminotransferase;	CVA,	 cerebrovascular	

accident;	γGT,	gamma-glutamyl	transferase;	HCC,	hepatocellular	carcinoma;	MELD,	model	



	
	

for	 end-stage	 liver	 disease;	 PBC,	 primary	 biliary	 cirrhosis;	 PSC,	 primary	 sclerosing	

cholangitis.	

	
Table	3:	Multivariable	Cox	Proportional-Hazards	regression	model	for	NAS		

	
	 Hazard	ratio	 95%	CI		 p-value	
Donor	 	 	 	
	 Age	(years)	 1.03	 1.01-1.05	 0.01	
	 CVA	as	cause	of	death	 -	 -	 0.29	
	 	 No	 	 	 	
	 	 Yes	 	 	 	
	 ALT	Peak	 1.00	 1.00-1.00	 0.05	
Procurement	 	 	 	
	 Donor	warm	ischemia	time*	 -	 -	 0.50	
	 Donor	hepatectomy	time†	 1.18	 1.06-1.30	 0.002	
	 Lung	procurement	 0.47	 0.26-0.84	 0.01	
Transplantation	 	 	 	
	 Cold	ischemia	time‡	 1.22	 1.08-1.38	 0.001	
	 Recipient	warm	ischemia	time§			 -	 -	 0.47	
	

Multivariable	model	was	conducted	via	backward	stepwise	approach.	A	dash	(-)	indicates	

that	variable	was	removed	from	the	model.	*The	time	between	withdrawal	of	life	support	

and	cold	flush	in	the	donor.	†The	period	of	time	between	the	start	of	cold	flush	in	the	donor	

and	 the	 storage	 of	 the	 liver	 on	 ice	 on	 the	 back-table.	 ‡The	 time	 between	 the	 end	 of	 the	

donor	hepatectomy	and	the	removal	of	the	liver	from	ice	prior	to	implantation.	§The	time	

between	 removal	 of	 the	 liver	 from	 ice	 until	 either	 portal	 or	 arterial	 reperfusion.	

Abbreviations:	ALT,	alanine	aminotransferase;	γGT,	gamma-glutamyl	transferase.	

 

DISCUSSION	

This	 is	 the	first	study	that	demonstrates	the	 impact	of	donor	hepatectomy	time	on	the	

development	of	biliary	 injury	during	and	after	DCD	liver	transplantation.	Hepatectomy	

time	 influences	 the	 severity	 of	 histological	 bile	 duct	 injury	 prior	 to	 transplantation.	

Moreover,	prolonged	hepatectomy	times	negatively	influenced	bile	composition	during	

NMP.	Additionally,	the	retrospective	study	indicates	that	every	ten-minutes	increase	in	

donor	hepatectomy	time	leads	to	an	18	percent	increase	in	,	the	risk	of	developing	NAS.		

Op	den	Dries	et	al.	have	shown	that	bile	duct	histology	is	highly	predictive	of	NAS	after	

liver	transplantation20.	In	the	current	study,	it	is	observed	that	prolonged	hepatectomy	



	

times	leads	to	an	increased	BDI	score,	depicting	increased	rates	of	deep	peribiliary	gland	

injury,	 peribiliary	 vascular	 plexus	 injury	 and	 stroma	 necrosis.	 The	 results	 from	 this	

histology	study	demonstrate	that	the	impact	of	hepatectomy	time	is	already	visible	prior	

to	 graft	 reperfusion.	 In	 addition	 to	 histology,	 NMP	 can	 be	 used	 to	 assess	 biliary	

function21,22.	 Similar	 results	 were	 observed	 during	 NMP,	 livers	 with	 prolonged	

hepatectomy	time	produced	bile	of	inferior	quality.		

The	 results	 of	 the	 current	 study	 are	 roughly	 in	 line	 with	 those	 reported	 in	 the	

Eurotransplant	registry	study	by	Jochmans	et	al.	and	the	UK	based	study	from	Farid	and	

colleagues:	 a	 prolonged	 donor	 hepatectomy	 time	 impairs	 the	 outcome	 of	 DCD-LT.	

However,	neither	of	the	studies	were	able	to	assess	the	influence	of	donor	hepatectomy	

time	 on	 the	 development	 of	 biliary	 complications.	 	 Surprisingly,	 the	 median	 donor	

hepatectomy	time	in	the	Dutch	cohort	in	the	current	study	was	substantially	longer	than	

that	of	the	DCD-LT	subgroup	in	the	study	of	Jochmans	et	al.	(63	versus	50	minutes)17.	As	

within	 the	 Eurotransplant	 region,	 only	 the	Netherlands,	 Belgium	 and	Austria	 perform	

DCD	 organ	 procurements,	 this	 implies	 that	 the	 donor	 hepatectomy	 time	 in	 the	

Netherlands	is	substantially	longer	compared	to	the	other	two	countries.	Moreover,	the	

median	hepatectomy	time	in	our	cohort	was	also	considerably	longer	than	in	the	United	

Kingdom	as	reported	by	Farid	et	al.	(63	versus	35	minutes)18.	As	a	result	of	this	finding,	

the	 Dutch	 Committee	 on	 Independent	 Procurement	 Teams	 implemented	 several	

strategies	to	lower	the	hepatectomy	time,	such	as	raising	awareness	on	the	impact	of	the	

donor	 hepatectomy	 time	 and	 endorsing	 knowledge	 and	 skill	 exchange	 between	 the	

teams.	Since	2018,	this	has	resulted	in	a	substantial	decrease	of	the	donor	hepatectomy	

time	 in	 the	Netherlands	 (mean	 of	 42	minutes	with	 standard	deviation	 of	 12	minutes)	

without	 an	 increase	 in	 liver	 injuries,	 highlighting	 the	 importance	 of	 training	 in	 organ	

procurement	and	regular	evaluation	26.	

The	graft	survival	rates	reported	by	Farid	et	al.	are	substantially	higher	than	those	in	our	

cohort	(1,	3,	and	5	year	graft	survival	rate	of	86.5%,	80.9%	and	77.7%	in	the	UK	versus	

75%	,	64%	and	60%	in	the	Dutch	cohort,	Table	1).	Since	the	patient	survival	rates	have	

not	been	reported	by	Farid	et	al.,	it	is	not	possible	to	evaluate	whether	the	higher	rate	of	

graft	 loss	 in	 the	 Netherlands	 is	 the	 result	 of	 more	 patient	 deaths	 or	 of	 more	

retransplantations.	 However,	 it	 could	 possibly	 be	 explained	 by	 the	 difference	 in	



	
	

hepatectomy	 time	 between	 the	 two	 cohorts.	 Nevertheless,	 it	 would	 be	 valuable	 to	

thoroughly	investigate	this	substantial	difference	in	graft	survival	rates.			

Surprisingly,	 procurement	 of	 the	 lungs	 seemed	 to	 have	 a	 protective	 effect	 on	 the	

development	 of	 NAS,	 despite	 the	 fact	 that	 lung	 procurement	 leads	 to	 a	 prolonged	

hepatectomy	time.	This	finding	is	probably	the	result	of	the	strict	acceptance	criteria	for	

DCD	lung	donation	handled	by	thoracic	surgeons	and	lung	physicians.	Only	 lungs	from	

optimal	 DCD	 donors	 are	 accepted,	 otherwise	 the	 lungs	 are	 not	 procured.	 Lung	

procurement	is	in	that	case	a	proxy	for	a	more	optimal	donor.		

Jochmans	et	al.	stated	that	portal	perfusion,	next	to	standard	in	situ	aortic	cold	flush,	can	

accelerate	 liver	 cooling	 and	 might	 prevent	 the	 detrimental	 effect	 of	 prolonged	

hepatectomy	time	17.	In	a	recent	published	study,	Hameed	et	al.	concluded	that	in	high-

risk	 donors	 DBD	 donors,	 	 dual	 perfusion	 is	 superior	 27.	 Furthermore,	 Ghinolfi	 et	 al.	

concluded	 recently	 that	 dual	 perfusion	 has	 a	 protective	 effect	 on	 the	 development	 of	

ITBL	 after	 LT	 with	 grafts	 from	 octogenarian	 donors	 28.	 However,	 a	 randomized	

controlled	 trial	 comparing	 aortic	 flush	 only	 and	 combined	 aortic	 and	 portal	 flush	 in	

DBD-LT,	 showed	 no	 difference	 in	 the	 incidence	 of	 post-transplant	 cholangiopathy	 29.	

Since	DCD	grafts	could	also	be	considered	as	high-risk	grafts,	 it	would	be	 justifiable	to	

evaluate	 the	 effect	 of	 dual	 perfusion	 versus	 aortic	 only	 perfusion	 in	 the	 DCD-LT	

population.	 Another	 method	 to	 potentially	 minimize	 the	 	 detrimental	 effect	 of	 both	

donor	 warm	 ischemia	 time	 and	 hepatectomy	 time	 on	 the	 outcomes	 after	 liver	

transplantation	 is	 the	 use	 of	 normothermic	 regional	 perfusion	 (NRP).	 A	 recently	

published	study	by	Hessheimer	et	al.	showed	that	with	the	use	of	NRP	the	rates	of	biliary	

complications	and	graft	loss	could	be	reduced	substantially	when	compared	to	a	super-

rapid	recovery	30.	

Recently,	Kalisvaart	et	al.	showed	the	importance	of	the	agonal	phase	of	the	DCD	donor	

and	its	 influence	on	the	outcomes	after	transplantation,	considering	an	arterial	oxygen	

saturation	 level	 below	 80%	 as	 starting	 point	 for	 the	 functional	 donor	warm	 ischemia	

time	31.	Unfortunately,		in	our	cohort,	data	on	blood	pressures	and	saturation	during	the	

agonal	 phase	were	 unavailable	 or	 improperly	 recorded.	 Therefore,	we	were	 forced	 to	

use	 another	 definition	 of	 the	 donor	 warm	 ischemia	 time.	 Since	 the	 agonal	 phase	 has	

proven	 to	 be	 of	 importance,	 we	 chose	 to	 use	 the	 period	 between	 withdrawal	 of	 life	

support	and	the	initiation	of	cold	flushing	as	the	dWIT	in	this	study	rather	than	the	time	



	

between	cardiac	arrest	and	cold	perfusion.	Additionally,	as	shown	before,	this	study	also	

underlines	the	importance	of	a	short	cold	ischemia	time	for	DCD	grafts	22	32.	Every	hour	

of	cold	ischemia	was	associated	with	a	22%	increased	risk	of	NAS.	Finally,	donor	age	is	

once	again	shown	to	be	an	important	risk	factor	for	biliary	complications.		

An	 important	strength	of	 this	 study	 is	 the	 fact	 that	histological	analyses	are	combined	

with	a	study	of	bile	composition	during	NMP	and	a	nationwide	retrospective	database	

study.	 Another	 strength	 is	 that	 donor	 hepatectomy	 time	 is	 incorporated	 as	 an	

continuous	variable	into	the	multivariable	model	rather	than	as	a	dichotomous	variable	

set	around	a	certain	cut-off	of	donor	hepatectomy	time.	This	latter	would	have	led	to	a	

loss	of	valuable	 information.	Another	strong	aspect	of	 this	study	 is	 the	 follow-up	of	all	

patients	 with	 detailed	 information	 on	 the	 development	 of	 biliary	 complications.	 One	

limitation	of	the	database	study	is	the	retrospective	design	and	relatively	small	cohorts.	

In	 addition,	 as	part	C	was	used	 to	validate	 the	 findings	 in	part	A	and	B,	 these	 cohorts	

consist	 of	 different	patients.	Moreover,	 in	 a	 substantial	 number	of	 cases,	 hepatectomy	

time	and/or	donor	warm	 ischemia	 time	was	missing,	 leading	 to	 a	high	exclusion	 rate.	

Since	we	 could	 not	 guarantee	 these	 variables	 to	 be	missing	 at	 random,	 imputation	 of	

these	variables	was	not	desirable.	We	do	not	suspect	that	our	results	were	confounded	

by	thus,	however	bias	cannot	entirely	be	excluded.		

	 In	conclusion,	donor	hepatectomy	 time	strongly	 influences	biliary	 injury	during	

and	 after	 DCD-LT.	 The	 donor	 hepatectomy	 time	 should	 be	 kept	 as	 short	 as	 possible,	

especially	in	the	presence	of	other	risk	factors	such	as	an	older	donor	or	prolonged	cold	

ischemia	time.			
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Donor	blood	composition	is	a	risk	factor	for	biliary	
injury	during	donation	after	circulatory	death	liver	
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ABSTRACT	

Post-transplant	 cholangiopathy	 following	 ischemia-reperfusion	 injury	 (IRI)	 inhibits	

widespread	application	of	donation	after	 circulatory	death	 liver	 transplantation	 (DCD-

LT).	 Blood	 composition	 of	 the	 donor	 could	 influence	 graft	 flush-out	 and	 IRI.	 We	

hypothesized	 that	 platelets,	 leukocytes	 and	 hematocrit	 of	 the	 DCD	 donor	 influence	

biliary	injury	during	DCD-LT.		

The	association	of	hematocrit,	platelet	and	leukocyte	counts	with	bile	duct	histology	and	

bile	 composition	 during	 (pre)clinical	 normothermic	 machine	 perfusion	 (NMP)	 was	

assessed.	Secondly,	in	a	nationwide	retrospective	study,	all	DCD-LT	between	2010-2017	

were	 included	 to	 assess	 the	 role	 of	 blood	 composition	 in	 the	 development	 of	 non-

anastomotic	biliary	strictures	(NAS).		

High	 donor	 platelet	 counts	 (OR	 2.553,	 95%CI	 1.082-6.021,	 p=0.029)	 and	 low	 donor	

leukocyte	 counts	 (OR	 0.734	 95%CI	 0.581-0.927,	 p=0.009)	 were	 associated	 with	

increased	 bile	 duct	 injury	 of	 40	NMP	 livers,	 and	 donor	 platelet	 count	 associated	with	

biliary	 bicarbonate	 and	 pH.	 In	 a	 multivariate	 Cox	 Proportional-Hazards	 regression	

analysis	 including	 235	 DCD-LT,	 donor	 platelet	 count	 (HR	 1.047	 95%CI	 1.007-1.089,	

p=0.022)	 and	 hematocrit	 (HR	 1.044	 95%CI	 1.005-1.083,	 p=0.025)	 were	 significant	

independent	risk	factors	for	the	development	of	NAS.		

Donor	 platelets	 and	 leukocytes	 are	 associated	with	 biliary	 injury	 prior	 to	 and	 during	

NMP.	Additionally,	platelet	count	and	hematocrit	are	significant	independent	risk	factors	

for	the	development	of	NAS	after	DCD-LT.		

	 	



	

INTRODUCTION	

Liver	 transplantation	 is	 the	 preferred	 treatment	 for	 patients	 with	 end-stage	 liver	

disease.	The	imbalance	between	organ	availability	and	demand	has	led	to	the	increased	

use	 of	 donation	 after	 circulatory	 death	 (DCD)	 livers.	 The	 main	 limitation	 of	 the	

widespread	 use	 of	 DCD	 livers	 is	 the	 frequent	 development	 of	 post-transplant	

cholangiopathy	following	transplantation.	Post-transplant	cholangiopathy	is	a	spectrum	

of	 bile	 duct	 abnormalities,	 including	 non-anastomotic	 biliary	 strictures	 (NAS),	

intraductal	casts	and/or	intrahepatic	biloma	formation.1	NAS	is	observed	in	up	to	30%	

of	patients	that	receive	a	DCD	liver,	whereas	after	donation	after	brain	death	(DBD)	liver	

transplantation,	this	varies	between	3	and	13%.2-4	

Injury	of	peribiliary	glands	(PBG)	and	damage	to	 the	peribiliary	vascular	plexus	(PVP)		

have	been	 identified	as	risk	 factors	 for	 the	development	of	NAS.	Peribiliary	glands	are	

essential	 in	 the	 regeneration	 of	 biliary	 epithelium	 after	 severe	 bile	 duct	 injury,	 as	

encountered	during	transplantation.5	Recently,	we	observed	in	the	data	from	the	study	

by	Op	den	Dries	 et	 al.	 that	 all	 biopsies	 graded	with	>50%	deep	PBG	damage	 also	had	

severe	(>50%)	damage	to	the	PVP.	Therefore,	we	hypothesized	that	PBG	and	PVP	injury	

develop	parallel	during	the	donor	warm	ischemic	period	and	subsequent	cold	ischemia	

time	 prior	 to	 DCD	 liver	 transplantation.	 Accordingly,	 we	 hypothesized	 that	 if	 the	

pathophysiology	 of	 PVP	 injury	 could	 be	 clarified,	 subsequent	 potential	 solutions	 that	

decrease	PVP	injury	would	also	positively	affect	PBG	damage.	

Platelets	are	one	of	the	main	three	(cellular)	components	of	blood,	and	contain	several	

prohemostatic	 and	 proinflammatory	 mediators.6	 Several	 studies	 have	 shown	 an	

influence	of	platelets	on	ischemia-reperfusion	injury	in	ischemic	hearts,	lungs,	pancreata	

and	 livers.7-14	 In	 the	 early	 1990’s	 Cywes	 et	 al.	 have	 shown	 that	 the	 level	 of	 platelet	

adherence	 in	 donor	 livers	 grafts	 can	 predict	 the	 outcome	 of	 transplantation.15	 An	

increased	 level	 of	 platelet	 adherence	 was	 associated	 with	 inferior	 post-transplant	

outcomes,	 and	 up	 to	 one-third	 of	 donor	 livers	 demonstrated	moderate	 to	 high-grade	

platelet	adhesion,	suggesting	severe	endothelial	cell	damage.15	Additionally,	Cywes	et	al	

have	shown	that	addition	of	platelets	during	perfusion	of	rat	livers	aggravated	ischemia-

reperfusion	 injury.14	 At	 the	 beginning	 of	 this	 century,	 Sindram	 et	 al.	 have	 shown	 that	

platelets	induce	sinusoidal	endothelial	cell	apoptosis	of	the	cold	ischemic	rat	liver.16	This	

study	showed	that	pharmacological	prevention	of	platelet	adhesion	reduced	sinusoidal	



	
	

epithelial	 cell	 apoptosis.	 We	 hypothesize	 that	 donor	 platelets	 may	 influence	 biliary	

injury	 by	 adhesion	 to	 endothelial	 cells	 in	 the	 PVP	 during	 the	warm	 hypoxic/ischemic	

period	that	DCD	grafts	encounter,	subsequently	leading	to	increased	PVP	injury.			

In	addition	to	platelets,	we	hypothesized	that	also	red	blood	cells	could	influence	biliary	

injury.	Under	hypoxic	conditions,	erythrocytes	generate	reactive	oxygen	species	(ROS).17	

ROS	are	key	in	the	development	of	ischemia-reperfusion	injury.18	Moreover,	in	hypoxia,	

erythrocytes	induce	pro-inflammatory	endothelial	activation,	potentially	causing	injury	

to	the	PVP.19	The	 last	of	 the	three	cellular	components	of	blood,	 leukocytes,	could	also	

impact	 endothelial	 function,	 as	 in	 hypoxic	 conditions	 leukocytes	 are	 associated	 with	

endothelial	damage.20		

We	 aimed	 to	 study	 the	 potential	 association	 of	 platelet	 and	 leukocyte	 counts	 and	

hematocrit	on	biliary	 injury	 in	a	chronological	method.	First,	bile	duct	biopsies	of	DCD	

livers	prospectively	taken	prior	to	normothermic	machine	perfusion	(NMP)	were	used	

to	 asses	 biliary	 injury	 at	 baseline.	 Secondly,	 bile	 produced	 during	 normothermic	

machine	perfusion	 (NMP)	of	 the	same	DCD	 livers	was	studied.	Lastly,	we	performed	a	

nationwide	retrospective	study	 to	assess	 the	 influence	of	donor	platelet	and	 leukocyte	

counts	and	hematocrit	on	the	development	of	NAS	after	DCD-LT.		

	

METHODS	

Study	design	

The	 first	 part	 of	 this	 study	 is	 a	 prospective	 cohort	 study	 including	 all	 DCD	 livers	 that	

underwent	 preclinical	 and	 clinical	 NMP	 in	 the	 University	 Medical	 Center	 Groningen	

(2013-2019).	Extrahepatic	bile	duct	biopsies	prior	to	machine	perfusion	were	collected,	

fixed	 in	4%	 formalin,	and	subsequently	embedded	 in	paraffin.	Bile	duct	 slices	of	4	µm	

were	cut	and	stained	with	hematoxylin	&	eosin,	and	subsequently	examined	using	light	

microscopy.	The	bile	duct	injury	(BDI)	score	was	determined	in	a	blinded	fashion	by	two	

independent	researchers,	using	a	clinically	relevant	histological	grading	system.21,22	The	

BDI	score	was	based	on	a	scale	of	0	to	7	and	a	cut-off	score	of	4.75	was	used	to	define	

low	 and	 high	 BDI,	 as	 described	 previously.21	 Both	 preclinical	 and	 clinical	 NMP	

procedures	were	performed	with	 the	Liver	Assist	device	(Organ	Assist,	Groningen,	 the	



	

Netherlands),	with	protocols	and	outcomes	reported	elsewhere.21,23,24	Bile	was	collected	

from	 a	 8Fr	 biliary	 drain	 in	 the	 common	 bile	 duct.	 During	 NMP,	 bile	 samples	 were	

collected	every	30	minutes	under	mineral	oil	 to	determine	biliary	pH,	bicarbonate	and	

glucose	as	described	previously.21,23,24	

Subsequently,	 in	 a	 national	 retrospective	 cohort	 study	 all	 DCD	 liver	 transplantations	

between	 01-01-2010	 and	 01-01-2017	 were	 included.	 Exclusion	 criteria	 were	

retransplantation,	 pediatric	 liver	 transplantation	 (<18	 years)	 and	 the	 use	 of	

hypothermic	machine	perfusion.	Data	on	donor	and	organ	procurement	characteristics	

were	obtained	 through	the	Eurotransplant	Donordata	database.	Data	of	 recipients	and	

transplantation	 outcomes	 were	 obtained	 from	 the	 databases	 of	 participating	 centers,	

completed	with	missing	data	from	the	electronical	patients’	medical	records.	This	study	

was	 approved	 by	 the	 Medical	 Ethical	 Committee	 of	 the	 University	 Medical	 Center	

Groningen	(METC.2017/504).		

Definitions	

Donor	 hematocrit,	 leukocyte	 and	 platelet	 count	were	 defined	 as	 the	 last	 known	 value	

prior	 to	withdrawal	 of	 life-support.	Non-anastomotic	 strictures	 of	 the	 bile	 ducts	were	

defined	as	biliary	strictures	at	any	place	in	the	biliary	tree	except	for	the	anastomosis	in	

the	absence	of	hepatic	artery	thrombosis.	To	classify	for	NAS,	patients	were	required	to	

have	clinical	symptoms	of	cholestasis	with	subsequent	imaging	demonstrating	bile	duct	

strictures	 within	 two	 years	 after	 DCD	 liver	 transplantation.	 The	 total	 donor	 warm	

ischemia	time	was	defined	as	the	period	from	cardiac	arrest	up	to	the	initiation	of	cold	

flushing	in	the	donor.	The	agonal	phase	and	the	asystole	phase	comprised	of	the	period	

between	withdrawal	of	life-support	and	circulatory	arrest,	and	circulatory	arrest	to	cold	

perfusion,	respectively.	Cold	ischemia	time	was	defined	as	the	time	between	the	start	of	

cold	flush	and	the	moment	that	the	liver	is	taken	of	ice	for	implantation	in	the	recipient.	

Recipient	warm	ischemia	time	was	the	time	between	removal	of	the	liver	from	ice	until	

either	portal	or	arterial	reperfusion,	whichever	came	first.		

Donation	after	circulatory	death	procedure	

In	 the	Netherlands,	withdrawal	of	 life	support	 is	generally	performed	on	 the	 intensive	

care	 unit.	 Cannulation	 prior	 to	 circulatory	 arrest	 is	 not	 performed,	 and	 systemic	

heparinization	is	prohibited	by	Dutch	law.	After	a	mandatory	5-minutes	no	touch	period	



	
	

following	circulatory	arrest,	the	donor	is	transported	to	the	operating	theatre.	A	super-

rapid	 sterno-laparotomy	 followed	 by	 aortic-only	 perfusion	 with	 heparinized	 Belzer	

University	 of	 Wisconsin	 (UW)	 cold	 storage	 solution	 (Bridge	 to	 Life,	 London,	 UK)	 is	

performed.	 The	 common	 bile	 duct	 and	 intrahepatic	 biliary	 tree	 are	 flushed	 with	 low	

pressure	UW	solution.	After	hepatectomy,	the	liver	is	flushed	with	at	 least	500	ml	cold	

UW	preservation	solution	through	the	portal	vein	until	clear	effluent	is	observed.			

Statistical	analysis	

Continuous	 variables	 were	 presented	 as	 median	 and	 interquartile	 range	 (IQR),	 and	

difference	 between	 groups	 were	 tested	 using	 Mann-Whitney	 or	 Kruskal-Wallis	 test.	

Categorical	variables	were	presented	as	number	[percentage]	and	differences	between	

groups	were	tested	using	Pearson’s	chi-square	test	or	Fisher’s	exact	test.		

In	 the	 histological	 analysis,	 logistic	 regression	 models	 were	 used	 to	 evaluate	

independent	risk	factors	for	a	high	bile	duct	injury	score.	Variables	were	included	in	the	

multivariate	logistic	regression	analysis	if	univariate	analyses	yielded	a		p-value	<	0.20.	

ROC	curves	were	formed	to	identify	the	most	suitable	cut-off	values.		

	In	the	retrospective	cohort	study,	univariate	and	multivariate	Cox	Proportional-Hazards	

regression	 models	 were	 used	 to	 evaluate	 independent	 risk	 factors	 for	 NAS.	 Subjects	

without	 the	 event	 were	 censored	 at	 two	 years	 post	 transplantation.	 Variables	 were	

included	 in	 a	 multivariate	 Cox	 Proportional-Hazards	 regression	 analysis	 if	 univariate	

analyses	 yielded	 a	 	 p-value	 <	 0.20.	 	 The	 reported	 Hazard	 ratios	 (HR)	 for	 donor	

hematocrit,	 leukocyte	 and	 platelet	 count	 refer	 to	 an	 increase	 of	 1%,	 1x109/L	 and	

50x109/L,	 respectively.	 All	 tests	 had	 a	 two-sided	 design	 with	 a	 p-value	 below	 0.05	

considered	 as	 significant.	 All	 analyses	 were	 performed	 using	 SPSS	 version	 24	 (IBM,	

Chicago,	Illinois).	

	

RESULTS	

Histological	analysis	of	bile	duct	biopsies	from	DCD	livers	

Of	40	 consecutive	preclinical	 and	 clinical	NMP	procedures,	 39	bile	duct	biopsies	were	

obtained	 upon	 arrival	 in	 our	 center.	 In	 a	 multivariate	 logistic	 regression	 	 analysis	



	

including	donor	age	and	donor	cause	of	death,	donor	platelet	count	 (OR	2.553,	95%CI	

1.082-6.021,	p-value	=	0.032)	and	cold	ischemia	time	(OR	2.251,	95%	CI	1.192-4.251,	p	=	

0.012)	 were	 identified	 as	 independent	 risk	 factors	 for	 high	 BDI,	 whereas	 donor	

leukocyte	count	(OR	0.728,	95%CI	0.572-0.926,	p	=	0.010)	was	associated	with	low	BDI	

(Table	 1).	 Cut-off	 values	 of	 181	 x	 109/L	 for	 platelets	 and	 12.5	 x	 109/L	 for	 leukocytes	

were	identified	using	ROC	curves.	Livers	from	donors	with	platelets	below	181	x	109/L	

and	leukocytes	above	12.5	x	109/L	rarely	had	a	high	BDI,	whereas	the	combination	of	an	

increased	donor	platelet	count	with	low	leukocytes	often	resulted	in	a	high	BDI.		(Figure	

1).		

	

Figure	1:	Impact	of	donor	leukocyte	and	platelet	count	on	bile	duct	injury	score	of	

donation	after	circulatory	death	livers.	The	combination	of	a	platelet	count	below	181	

x	109/L	and	leukocyte	count	>12.5	x	109/L	appeared	to	be	protective	for	bile	duct	 injury.	

Green	circles	indicate	livers	with	a	low	BDI,	red	triangles	indicate	livers	with	a	high	BDI.			

	 	



	
	

Table	1:	Univariate	and	multivariate	logistic	regression	analysis	for	a	high	bile	

duct	injury	score.		

	 										Univariate	analysis	 											Multivariate	analysis	
Variable	 OR	 95%	CI	 P-value		 OR	 95%CI	 P-

value	
Donor	 	 	 	 	 	 	
	 Gender		
			Male	(ref)	
			Female	

	
ref	
0.437	

	
ref	
0.113-1.681	

0.549	
ref	
0.228	

	
	
	

	 	

	 Age	(years)	 1.041	 0.980-1.105	 0.191	 	 	 NS	
	 BMI	 1.065	 0.956-1.186	 0.253	 	 	 	
	 Cause	of	death	
			CVA	(ref)	
			Trauma	
			Anoxia	

	
ref	
0.060	
0.056	

	
ref	
0.006-0.574	
0.005-0.669	

	
ref	
0.015	
0.023	

	
	
	
	

	 NS	

	 Hematocrit	(%)	 1.009	 0.913-1.116	 0.857	 	 	 	
	 Leukocyte	count		
				(per	1x109/L)	

0.924		 0.823-1.036	 0.176	 0.734		 0.581-
0.927	

0.009	

	 Platelet	count		
				(per	50	x109/L)	

1.283	 0.932-1.766	 0.099	 2.553	 1.082-
6.021	

0.029	

	 Warm	ischemia	time	
			Agonal	phase	(min)	
			Aystolic	time	(min)	

1.009	
0.997	
1.086	

0.979-1.040	
0.963-1.031	
0.932-1.266	

0.565	
0.843	
0.292	

	 	 	

	 Cold	ischemia	time	
(hours)	

1.006	 1.000-1.011	 0.043	 1.675	 1.093-
2.566	

0.013	

	
Abbreviations:	BMI;	body	mass	index,	CVA;	cerebral	vascular	attack,	OR;	odds	ratio.		
NS	indicates	variable	was	removed	from	the	forward	LR	model.		
	

Bile	composition	

During	the	40	NMP	procedures,	 the	 livers	of	donors	with	a	platelet	count	below	181	x	

109/L	showed	higher	bicarbonate	levels	in	bile,	and	a	higher	bile	pH	compared	to	bile	of	

livers	with	a	platelet	count	above	181	x	109/L.	(Figure	2A-B).	Leukocyte	count	did	not	

significantly	associate	with	bicarbonate	secretion.	During	 the	 first	60	minutes	of	NMP,	

livers	with	a	leukocyte	count	>12.5	x	109/L	had	a	lower	bile	pH.		



	

	

Figure	2:	Composition	of	bile	during	NMP.	Platelet	 count	 significantly	 influences	

biliary	bicarbonate	levels	and	bile	pH.	*	indicates	a	significant	difference	between	the	

two	groups	at	that	time	point	(p	<	0.050).		

Retrospective	cohort	study:	baseline	characteristics	

A	total	of	252	DCD	 liver	 transplantations	were	performed	 in	 the	Netherlands	between	

01-01-2010	 and	01-01-2017.	After	 application	of	 the	 exclusion	 criteria,	 the	 remaining	

235	cases	were	included	in	this	study.	Baseline	characteristics	are	presented	in	Table	2.	

Actuarial	one-	and	two-year	graft	survival	rates	were	81%	and	75%,	and	90%	and	89%	

for	patient	survival	respectively.		

	 	



	
	

Table	2:	Baseline	characteristics	of	donor,	procurement	and	recipient,	and	

outcomes	after	transplantation.		

Variable	 Median	(IQR)	
N=235	

Donor	 	
Age	(yrs)	 48	(35-54)	
Gender	
Male	
Female	

	
140	(59%)	
95	(41%)	

Body	Mass	Index	 24	(22-26)	
Cause	of	death:	
Trauma	
Anoxia	
CVA	
Other	

	
57	(24%)	
69	(29%)	
90	(38%)	
19	(8%)	

ALT	peak	(u/L)	 48	(24-101)	
GGT	peak	(u/L)	 34	(20-68)	
Hematocrit	(%)	 34	(30-38)	
Platelet	count	(x109/L)	 182	(145-244)	
Leukocyte	count	(x109/L)	 12.5	(9.4-17.6)	
Procurement	 	
Donor	warm	ischemia	time	
-	Agonal	phase	(min)	
-	Asystolic	time	(min)	

	
15	(11-20)	
15	(13-18)	

Recipient	 	
Age	(yrs)	 55	(47-63)	
BMI	 26	(24-29)	
Gender	
															Male	
Female	

	
165	(70%)	
70	(30%)	

Lab	MELD	score	 15	(10-21)	
Transplantation	 	
Cold	ischemia	time	(min)	 423	(366-494)	
Second	warm	ischemia	time	(min)#	 33	(26-42)	
Outcomes	after	DCD-LT	 	
Actuarial	graft	survival	 	
1	year	 81%	
2	year	 75%	
Actuarial	patient	survival	 	
1	year	 90%	
2	year	 89%	
Primary	non-function	 3	(1%)	
Non-anastomotic	strictures	<	2	years	of	LT	 61	(26%)	
Hepatic	artery	thrombosis	 15	(6%)	
Intensive	care	unit	stay	(days)	 2	(1-4)	
Total	hospital	stay	(days)	 16	(13-26)	
AST	peak	(u/L)	 2019	(1105-4287)	
ALT	peak	(u/L)	 1502	(719-2767)	
	



	

Abbreviations:	ALT;	alanine	aminotransferase,	AST,	aspartane	aminotransferase,	CVA;	

cerebral	vascular	attack,	GGT;	gamma	glutamyltransferase,	LT;	liver	transplantation,	

MELD;	model	end-stage	liver	disease	#	the	time	frame	from	removal	of	the	liver	from	ice	

until	graft	reperfusion.	

Retrospective	cohort	study:	non-anastomotic	biliary	strictures	

Sixty-one	 (26%)	 patients	 developed	 NAS	 within	 two	 years	 of	 transplantation.	 The	

results	of	univariate	analysis	are	shown	in	Table	3.	In	the	multivariate	Cox	Proportional-

Hazard	regression	models,	donor	hematocrit	(HR	1.044,	95%	CI	1.005-1.083,	p	=	0.025)	

and	donor	platelet	count	(HR	1.047,	95%	CI	1.007-1.089,	p	=	0.022)	were	identified	as	

significant	independent	risk	factors	for	the	development	of	NAS	(Table	4).	Additionally,	

donor	 age	 and	 cold	 ischemia	 time	 were	 significant	 independent	 risk	 factors	 for	 NAS.	

Donor	leukocyte	count	did	not	seem	to	influence	rates	of	NAS	in	the	univariate	analysis	

(Table	3).	In	the	donor	population	over	40	years,	platelets	and	hematocrit	were	strong	

predictors	 of	NAS	after	DCD	 liver	 transplantation	 (HR	1.122,	 95%	CI	1.013-1.241,	 p	=	

0.027	 and	 HR	 1.050,	 95%	 CI	 1.009-1.093,	 p	 =	 0.017,	 respectively)	 whereas	 in	 the	

population	 below	40	 years,	 no	 influence	was	 observed	 of	 platelets	 and	 hematocrit	 on	

NAS	(HR	1.058,	95%	CI	0.881-1.270	p	=	0.574	and	HR	0.988,	95%	CI	0.911-1.071,	p	=	

0.764,	respectively).			

Table	3:	Univariate	Cox	Regression	analysis	for	the	development	of	non-
anastomotic	biliary	strictures	within	two	years	of	transplantation.		

Variable	 HR	 95%	CI	 P-value	
Donor	 	 	 	
	 Gender		

			Male	(ref)	
			Female	

	
	
0.957	

	
	
0.574-1.593	

	
	
0.864	

	 Age	(years)	 1.030	 1.008-1.051	 0.007	
	 BMI	 0.994	 0.913-1.082	 0.891	
	 Cause	of	death	

			CVA	(ref)	
			Trauma	
			Anoxia	
			Other	

	
	
0.664	
0.451	
1.398	

	
	
0.344-1.283	
0.225-0.907	
0.660-2.963	

	
	
0.223	
0.026	
0.382	

	 ALT	peak	(u/L)	 0.998	 0.996-1.001	 0.186	
	 Last	GGT	(u/L)	 1.000	 0.998-1.003	 0.866	
	 Hematocrit	(%)	 1.051	 1.013-1.090	 0.024	
	 Leukocyte	count	(x109/L)	 1.020	 0.980-1.062	 0.340	



	
	

	 Platelet	count	(per	50	x109/L)	 1.051	 1.013-1.090	 0.008	
Transplantation	 	 	 	
	 Warm	ischemia	time	

			Agonal	phase	(min)	
			Aystolic	time	(min)	

	
1.017	
1.004	

	
0.961-1.076	
0.987-1.022	

	
0.562	
0.650	

	 Cold	ischemia	time	(hours)	 1.274	 1.122-1.447	 <0.001	
Recipient	 	 	 	
	 Age	(years)	 0.994	 0.971-1.017	 0.585	
	 BMI		 0.993	 0.939-1.051	 0.820	
	 Lab-MELD	 0.980	 0.946-1.016	 0.269	
	 Warm	ischemia	time	(min)	 1.028	 1.010-1.047	 0.003	
	

Abbreviations:	ALT;	alanine	aminotransferase,	BMI;	body	mass	index,	CVA;	cerebral	

vascular	attack,	GGT;	gamma	glutamyltransferase,	MELD;	model	end-stage	liver	disease,		

	

Table	4:	Multivariate	Cox	Regression	analysis	for	the	development	of	non-
anastomotic	biliary	strictures	within	two	years	of	transplantation.		

Variable	 HR	 95%	CI	 P-value	
Donor	 	 	 	
	 Age	(years)	 1.031	 1.009-1.054	 0.006	
	 Cause	of	death	

			CVA	(ref)	
			Trauma	
			Anoxia	
			Other	

NS	 NS	 NS	

	 ALT	peak	(u/L)	 NS	 NS	 NS	
	 Hematocrit	(%)	 1.044	 1.005-1.083	 0.025	
	 Platelet	count	(per	50	x109/L)	 1.047	 1.007-1.089	 0.022	
	 Cold	ischemia	time	(hours)	 1.252	 1.098-1.427	 0.001	
Recipient	 	 	 	
	 Warm	ischemia	time	(min)	 1.031	 1.010-1.053	 0.004	
	

NS	indicates	variable	was	removed	from	the	forward	LR	model.	Abbreviations:	ALT;	

alanine	aminotransferase,	CVA;	cerebro	vascular	attack.		

	

	 	



	

DISCUSSION	

In	this	paper	we	present	data	suggesting	that	donor	platelets	influence	biliary	injury	in	

the	process	of	DCD	 liver	 transplantation.	 In	 addition	 to	platelets,	 also	 leukocyte	 count	

was	 inversely	 associated	 with	 biliary	 injury	 prior	 to	 graft	 reperfusion.	 Platelet	 count	

and,	 additionally,	 hematocrit	 were	 significant	 independent	 risk	 factors	 for	 the	

development	of	NAS	within	two	years	of	DCD	liver	transplantation.		

Following	 the	evidence	 that	biliary	complications	are	predicted	by	 the	severity	of	PBG	

and	 PVP	 injury,	 several	 studies	 have	 been	 performed	 on	 the	 role	 of	 PBGs	 in	 liver	

transplantation.25-28	 As	 NAS	 is	 hypothesized	 to	 be	 a	 result	 of	 reduced	 regenerative	

capacity	 from	 the	 PBGs	 after	 liver	 transplantation,	 regenerative	 medicine	 offers	 a	

potential	 treatment	 for	 NAS.25	 However,	 the	 pathophysiology	 of	 PVP	 injury	 in	 the	

development	of	NAS	has	hardly	been	studied,	whereas	integrity	of	the	PVP	is	most	likely	

required	to	perform	any	PBG	regenerative	treatment.		

To	 our	 knowledge,	 the	 involvement	 of	 platelets	 in	 ischemia-reperfusion	 injury	 of	 the	

biliary	tree	has	not	been	reported	before.	As	Cywes	et	al.	and	Sindram	et	al.	have	shown	

before,	platelets	play	an	important	role	in	ischemia-reperfusion	injury	of	liver	grafts.14-16	

Cywes	 et	 al	 have	 shown	 that	 activation	 of	 platelets	 increase	 the	 extent	 of	 reperfusion	

injury,	whereas	Sindram	et	al	observed	that	platelets	induce	sinusoidal	endothelial	cell	

apoptosis	 upon	 reperfusion.	 Interestingly,	 the	 current	 study	 suggests	 that	 platelets	

already	influence	biliary	injury	prior	to	graft	reperfusion.	One	potential	explanation	for	

this	 is	 that	 during	 the	 hypoxic/ischemic	 period	 that	 DCD	 grafts	 encounter,	 severe	

endothelial	dysfunction	occurs.		

Vascular	 endothelial	 dysfunction	 is	 a	 characteristic	 of	 human	 ageing,	 displayed	 by	

reduced	 nitric	 oxide	 bioavailability,	 shifts	 from	 predominantly	 vasodilator	 to	

vasoconstrictor	 prostanoid	 production,	 and	 lastly	 an	 increased	 endothelin-1	mediated	

vasoconstriction.29-31	 Especially	 this	 last	 characteristic	 offers	 a	 potential	

pathophysiological	explanation	for	the	 involvement	of	platelets	 in	biliary	 injury.	Under	

hypoxic	conditions,	platelets	increasingly	adhere	to	endothelial	cells.32	In	patients	with	

endothelial	 dysfunction,	 platelet-endothelium	 interaction	 leads	 to	 enhanced	 release	 of	

endothelin-1,	 initiating	 vasoconstriction.31	 Vasoconstriction	 during	 the	 agonal	 and	

asystolic	phase	would	 lead	 to	 insufficient	 flushing	of	 the	PVP.	To	study	 this,	we	 tested	



	
	

whether	the	potential	impact	of	platelets	on	NAS	was	different	among	the	younger	and	

the	 older	 donor	 population,	 as	 endothelial	 function	 decreases	 over	 age.	 We	 did	 not	

observe	 a	 significant	 influence	 of	 platelet	 count	 and	 hematocrit	 in	 DCD	 liver	

transplantation	with	donor	age	below	40	years.	 In	donors	above	40	years,	 there	was	a	

strong	 influence	 of	 platelets	 and	 hematocrit	 on	 NAS.	 Using	 a	 rat	 model.	 Tyagi	 and	

colleagues	have	described	 that	acute	simulated	hypoxia	results	 in	a	deceased	bleeding	

propensity	 and	 increased	 platelet	 activity.31	 In	 the	 same	 paper,	 inhibition	 of	 platelet	

calpain	 activity	 demonstrated	 reversal	 of	 hypoxia-induced	 platelet	 hyperreactivity	 31.	

These	 findings	 offer	 a	 potential	 for	 a	 therapeutic	 intervention,	 however,	 in	 many	

countries	administration	of	medication	that	is	not	intended	for	stabilizing	the	donor	but	

focusses	on	post-transplant	outcomes,	is	forbidden	by	law.	In	a	few	countries,	systemic	

heparinization	prior	to	withdrawal	of	life-support	is	allowed.	Gao	et	al.	have	shown	that	

heparin	 potentiates	 platelet	 activity33,	 and	 Hessheimer	 et	 al	 showed	 that	 heparin	

administration	to	porcine	liver	donors	improves	outcome	in	DCD	liver	transplantation.	
34	 It	would	provide	valuable	 information	 to	assess	 the	 influence	of	platelets	on	biliary	

injury,	prior	to	reperfusion,	as	well	in	the	countries	were	heparinization	is	allowed.		

Additionally,	 we	 observed	 that	 the	 donor	 leukocyte	 count	 was	 associated	 with	 the	

development	 of	 biliary	 injury	 prior	 to	 NMP.	 Large	 amounts	 of	 research	 have	 been	

performed	on	the	recipient’s	innate	immune	response	following	transplantation,	which	

constitutes	 a	 large	 proportion	 of	 ischemia-reperfusion	 injury.35,36	 Interestingly,	 now	

donor	leukocytes	seem	to	influence	the	ischemic	injury	of	the	biliary	tree	in	the	absence	

of	 recipient	 leukocytes,	 and	 high	 leukocyte	 counts	 seems	 to	 be	 protective	 for	 biliary	

injury.	However,	the	beneficial	effect	on	donor	leukocytes	disappeared	upon	reperfusion	

on	the	perfusion	device	as	well	as	 in	the	recipient.	Unfortunately,	donor	reports	 in	the	

Eurotransplant	 region	 only	 state	 the	 leukocyte	 count,	 and	 further	 information	 of	

leukocyte	differentiation	is	not	available.	A	recent	paper	by	Richards	et	al.	demonstrated	

that	 in	 older	 adults	 the	 peripheral	 vasodilation	 during	 systemic	 hypoxia	 is	 severely	

impaired	compared	to	younger	controls.37	Impaired	vasodilation	following	the	hypoxia	

and	ischemia	of	the	agonal	and	asystolic	period	could	lead	to	 less	thorough	flushing	of	

the	microcirculation	of	a	liver	graft.	Therefore,	to	explain	the	protective	effect	of	a	high	

leukocyte	 count	 on	 biliary	 injury	 prior	 to	 reperfusion,	 we	 hypothesize	 that	 a	 high	

leukocyte	 count	 could	 contribute	 to	 local	 vasodilation,	 and	 thereby	 more	 efficient	

flushing	of	the	PVP.	The	mechanism	of	impaired	vasodilation	in	older	people	could	also	



	

be	an	explanation	for	the	observation	that	the	influence	of	hematocrit	and	platelets	was	

only	 observed	 in	 the	 donor	 population	 >	 40	 years.	 An	 interesting	 way	 to	 test	 the	

hypothesis	 that	 impaired	hypoxic	vasodilation	plays	a	 role	 in	 the	development	of	PVP	

injury,	 would	 be	 to	 add	 a	 strong	 vasodilator	 to	 the	 flushing	 solution.	 Potentially,	 this	

could	also	lead	to	a	reduction	in	the	influence	of	platelets	and	hematocrit	on	NAS,	as	that	

was	mainly	observed	in	older	donors.			 		

Additionally,	we	observed	that	donor	hematocrit	was	associated	with	the	development	

of	NAS	after	DCD-LT.	Morariu	et	al.	have	shown	that	University	of	Wisconsin	(UW)	Cold	

Storage	solution	promotes	severe	hyperaggregation	of	red	blood	cells	(RBC’s)	compared	

to	RBC	 in	normal	blood.38	As	hematocrit	 increases,	 there	 is	progressive	aggregation	of	

RBC’s.39	The	maximum	observed	size	of	these	aggregates	is	4.332	µm2,	compared	to	137	

µm2	 in	 normal	 blood	 samples	 without	 UW.38	 The	 presence	 of	 these	 aggregates	 could	

result	 in	 inferior	microcirculation,	and	thereby	 leading	to	 injury	of	 the	PVP.	There	 is	a	

large	 size	 difference	 between	 these	 RBC	 aggregates	 and	 leukocytes,	 which	 have	 a	

diameter	 averaging	 between	 10	 µm	 and	 20µm.40	 Therefore	 we	 hypothesize	 that	

leukocytes	would	not	lead	to	microvascular	obstruction,	whereas	these	RBC	aggregates	

could.	 However,	 it	 remains	 unclear	why	 donor	 hematocrit	 influenced	 the	 rate	 of	 NAS	

after	 transplantation,	but	 that	 it	did	not	 seem	to	 influence	histological	bile	duct	 injury	

and	bile	production	during	NMP.	Another	hypothesis	for	the	involvement	of	hematocrit	

in	biliary	injury	is	that	during	hypoxic	conditions	erythrocytes	excrete	reactive	oxygen	

species	 (ROS).	 ROS	 cause	 severe	 injury	 following	 graft	 reperfusion	 in	 transplantation,	

which	would	 explain	 that	 the	 impact	 of	 hematocrit	 on	 biliary	 injury	 is	 only	 observed	

after	 transplantation.	 Consequently,	 a	 higher	 hematocrit	 would	 thereby	 lead	 to	 an	

increased	ROS	excretion.		

An	 interesting	 aspect	 of	 this	 study	 is	 that	 we	 suggested	 new	 factors	 involved	 in	 the	

pathophysiology	of	post-transplant	cholangiopathy.	We	do	believe	that	a	strong	point	of	

this	 work	 is	 that	 histology,	 bile	 analysis	 and	 a	 retrospective	 database	 analysis	 are	

combined	to	thoroughly	investigate	the	influence	of	donor	cellular	blood	composition	on	

biliary	injury	during	DCD	liver	transplantation.	Another	strong	aspect	is	the	prospective	

collection	 of	 biopsies	 and	 bile	 for	 other	 protocols.	 We	 are	 interested	 whether	 the	

involvement	of	platelets,	leukocytes	and	hematocrit	on	ischemia-reperfusion	injury	can	

also	be	found	in	transplantation	of	other	organs.	This	study	provides	a	rationale	for	the	



	
	

usage	of	normothermic	regional	perfusion	(NRP),	as	NRP	allows	for	rapid	restoration	of	

(microcirculatory)	blood	flow	following	the	donor	warm	ischemia	time.	A	 limitation	of	

this	 study	 is	 the	 retrospective	 character	 of	 the	 database	 study,	 and	 its	 limited	 size.	

Moreover,	the	numbers	in	the	histology	and	bile	composition	study	are	relatively	small.		

In	 conclusion,	 this	 study	 shows	 that	 the	 cellular	 blood	 composition	 of	 the	 donor	

influences	biliary	injury	during	DCD	liver	transplantation.	In	a	histological	analysis	prior	

to	reperfusion,	donor	leukocyte	and	platelet	count	were	associated	with	bile	duct	injury.	

Platelet	count	>	181	x109/L	also	had	a	negative	impact	on	biliary	epithelial	cell	function	

markers	during	NMP,	such	as	biliary	bicarbonate	secretion	and	bile	pH.	 In	accordance	

with	this,	donor	hematocrit	and	platelet	count	were	significant	independent	risk	factors	

for	the	development	of	NAS	after	DCD	liver	transplantation.		
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ABSTRACT	
Background	 and	 aims:	 Due	 to	 the	 growing	 number	 of	 liver	 transplantations	 (LTs),	

there	 is	 an	 increasing	number	of	 patients	 requiring	 retransplantation	 (reLT).	There	 is	

little	data	on	the	use	of	grafts	from	extended	criteria	donors	(ECD),	especially	donation	

after	 circulatory	 death	 (DCD),	 for	 reLT.	 We	 aimed	 to	 assess	 the	 outcome	 of	 patients	

undergoing	reLT	using	a	DCD	graft	in	the	Netherlands	between	2001	and	2017.		

Material	and	methods:	Each	DCD-reLT	was	matched	with	two	DBD-reLT	cases,	based	

on	number	of	successive	reLT,	BAR-score,	interval	between	reLT	and	prior	LT	and	year	

of	reLT.	Primary	outcomes	were	patient	and	graft	survival,	calculated	via	Kaplan	Meier	

estimator.	Nineteen	DCD-reLT	were	compared	with	38	matched	DBD-reLTs.		

Results:	Donors	in	the	DCD-reLT	group	were	significantly	younger	(38	versus	54	years,	

p<0.001)	and	had	a	lower	BMI	(22	versus	25	kg/m2,	p=0.003).	Comparison	of	recipient	

demographics	 and	 ischemia	 times	 yielded	 no	 significant	 differences.	 Patient	 and	 graft	

survival	rates	were	comparable	between	the	two	groups.	Furthermore,	 the	occurrence	

of	non-anastomotic	strictures	within	the	first	year	after		reLT	did	not	differ	significantly	

between	the	two	groups	(26.3%	versus	10.5%,	p=0.143).		

Conclusions:	 reLT	with	DCD	 grafts	 does	 not	 result	 in	 inferior	 outcomes	 compared	 to	

DBD	 grafts	 in	 selected	 patients.	 Therefore,	 DCD	 liver	 grafts	 should	 not	 routinely	 be	

declined	for	patients	awaiting	reLT.	

	

	

	

	

	 	



	

INTRODUCTION	

Liver	 transplantation	(LT)	 is	 the	best	 treatment	option	 for	patients	suffering	 from	end	

stage	liver	disease.	To	expand	the	donor	pool	in	times	of	increasing	demand,	the	use	of	

grafts	from	extended	criteria	donors	(ECD)	has	increased	substantially,	of	which		grafts	

from	donation	after	circulatory	death	(DCD)	is	a	main	parameter.1	In	2018,	a	DCD	graft	

was	used	in	38%	and	9%	of	all	deceased	donor	LT	in	the	Netherlands	and	United	States	

of	 America,	 respectively.2,3	 In	 the	 United	 Kingdom,	 26%	 of	 deceased	 donor	 LT	 were	

executed	with	DCD	grafts	(between	01.04.2017	and	31.03.2018).4		

Liver	transplantation	with	DCD	grafts	(DCD-LT)	is	considered	to	be	inferior	compared	to	

DBD-LT,	due	 to	 the	 increased	 risk	of	 complications	 such	as	early	allograft	dysfunction	

(EAD)	 and	 biliary	 complications.5-8	 Among	 biliary	 complications,	 non-anastomotic	

strictures	 (NAS)	 are	 the	 most	 feared	 complications	 as	 they	 often	 require	 multiple	

interventions	 for	 biliary	 drainage,	 are	 largely	 irreversible	 and	 are	 known	 to	 have	 a	

negative	 impact	 on	 recipient	 and	graft	 survival.9	The	 incidence	of	NAS,	 also	known	as	

ischemic	 cholangiopathy	 (IC)	 or	 Ischemic	 Type	 Biliary	 Lesions	 (ITBL),	 after	 DCD-LT	

varies	between	3	and	39%.6		

Since	 the	 use	 of	 grafts	 from	marginal	 donors	 has	 increased,	 it	 is	 assumed	 that	 more	

recipients	 will	 suffer	 from	 a	 suboptimal	 graft.	 Furthermore,	 due	 to	 improvements	 in	

surgical	 techniques,	 post-operative	 care	 and	 immunosuppressive	 regimes,	 the	 short-

term	 survival	 after	 LT	 has	 improved	 significantly,10	 resulting	 in	 a	 larger	 population	

surviving	 long	 enough	 to	 develop	 late	 graft	 failure.	 A	 retransplantation	 of	 the	 liver	

(reLT)	is	currently	the	only	definitive	treatment	for	allograft	failure.	However,	it	is	well	

known	 that	 reLT	 is	 associated	 with	 inferior	 patient	 and	 graft	 survival	 compared	 to	

primary	LT.11,12		

Despite	 DCD	 liver	 grafts	 being	 widely	 accepted,	 transplant	 physicians	 and	 surgeons		

tend	 to	 avoid	 the	 use	 of	 DCD	 grafts	 for	 reLT.	 However,	 	 since	 in	 some	 countries	 the	

availability	 of	DBD	 grafts	 has	 decreased,13	 the	waiting	 time	 for	 an	 optimal,	 preferably	

DBD	liver	to	become	available	 for	a	reLT	candidate	could	be	too	 long	with	subsequent	

risk	of	deterioration	of	the	patient’s	condition,	making	him	or	her	ineligible	for	reLT.				

	



	
	

There	is	very	little	reported	on	the	use	of	DCD	grafts	for	patients	requiring	a	reLT.	Only	

one	study	has	assessed	the	outcomes	of	ten	patients	undergoing	reLT	using	DCD	grafts.14	

The	authors	concluded	that	the	use	of	DCD	graft	should	be	avoided	if	the	recipient	has	a	

moderate	 to	 high	Model	 for	 End-Stage	 Liver	 Disease	 (MELD)	 score.	 Unfortunately,	 no	

comparison	 was	 made	 with	 reLT	 using	 DBD	 grafts.	 Since	 DCD-LT	 is	 common	 in	 the	

Netherlands,	and	reLT	is	not	an	official	contra-indication	for	the	use	of	a	DCD	liver,	we	

aimed	to	compare	the	outcomes	of	reLT	with	DCD	grafts	in	the	Netherlands	with	that	of	

matched	DBD	cases.			

	

MATERIALS	&	METHODS	

In	this	multicenter	retrospective	study,	all	patients	who	underwent	a		re-LT	using	a	DCD	

liver	 graft	 (DCD-reLT)	 in	 one	 of	 the	 three	 liver	 transplant	 centers	 in	 the	 Netherlands	

from	 the	 beginning	 of	 the	 DCD-LT	 program	 in	 2001	 until	 January	 1st	 2017,	 were	

included.	 Pediatric	 LT	 (<18	 years),	 multi-organ	 transplantation	 and	 grafts	 preserved	

with	 machine	 perfusion	 were	 excluded.	 A	 matched	 control	 group	 of	 DBD	

retransplantations	 (DBD-reLT)	 was	 formed.	 For	 each	 DCD-reLT,	 two	 DBD-reLT	 were	

selected	based	on	the	following	matching	criteria	(in	order	of	 importance):	Transplant	

center,	 Balance	 of	 Risk	 score	 (BAR),15	 number	 of	 consecutive	 reLT,	 year	 of	 reLT	 and	

interval	between	prior	LT	and	reLT.	This	latter	matching	criterion	was	chosen	since	an	

early	reLT	(within	three	months),	 is	on	the	one	hand	technically	 less	challenging	 	than	

late	reLT	(easier	hepatectomy	with	less	adhesions),	but	on	the	other	hand	is	performed	

in	patients	who	may	be	sicker	pre-reLT	than	patients	undergoing	a	 late	reLT.16,17	Data	

on	 donor	 and	 organ	 procurement	 characteristics	 were	 obtained	 through	 the	

Eurotransplant	 Donordata	 database.	 Recipient	 data	 and	 data	 on	 follow-up	 were	

collected	 from	 prospective	 maintained	 databases	 and	 patients’	 electronic	 medical	

records.	The	study	has	been	approved	by	the	Institutional	Review	Board	of	the	Erasmus	

MC	University	Medical	Center	Rotterdam	(MEC-2019-0316).		

In	 all	 DCD	 organ	 procurements	 in	 the	 Netherlands,	 withdrawal	 of	 life	 support	 takes	

place	at	the	ICU	or	regular	ward.	After	circulatory	arrest	a	mandatory	no	touch	period	of	

five	minutes	is	carried	out	after	which	the	donor	is	transported	to	the	operating	theatre.	

As	described	in	the	National	Protocol	Post-mortem	Donor	Organ	Procurement,	a	super-



	

rapid	retrieval	technique	is	used	in	DCD	donors	to	minimize	the	donor	warm	ischemia	

time.	After	cannulation	of	aorta	and	inferior	vena	cava,	cold	perfusion	with	University	of	

Wisconsin	 (UW)	 solution	 is	 started.18	 Since	 pre-mortem	 administration	 of	 heparin	 is	

prohibited	by	 law,	heparin	 is	added	to	the	perfusion	solution.	The	standard	method	of	

implantation	 is	 with	 a	 piggyback	 caval	 vein	 anastomosis,	 an	 end-to-end	 arterial	 and	

portal	anastomosis,	and	a	duct-to-duct	biliary	anastomosis.		

The	total	donor	warm	ischemia	time	(dWIT)	was	defined	as	time	between	withdrawal	of	

life	 supporting	 treatment	and	start	of	 cold	perfusion.	The	definition	of	asystolic	donor	

warm	 ischemia	 time	was	 the	 time	between	 circulatory	 arrest	 and	 cold	 perfusion.	 The	

cold	 ischemia	 time	 (CIT)	 was	 defined	 as	 the	 period	 between	 the	 start	 of	 the	 cold	

perfusion	 in	 the	 donor	 and	 the	 removal	 of	 the	 liver	 from	 ice	 during	 the	 recipient	

procedure.	The	definition	of	recipient	warm	ischemia	time	(rWIT)	used	in	this	study	is	

the	interval	between	removal	of	the	liver	from	ice	and	graft	reperfusion	(i.e.	in	the	vast	

majority	portal	reperfusion).	

The	 primary	 outcome	measures	 of	 this	 study	were	 patient	 and	 graft	 survival.	 Patient	

survival	was	defined	as	time	between	reLT	and	death,	with	or	without	functioning	graft.	

Graft	 survival	 was	 calculated	 as	 time	 between	 the	 reLT	 and	 patient	 death	 (with	 or	

without	functioning	graft)	or	a	successive	retransplantation.	Secondary	outcomes	were	

incidence	of	bile	leakage	and	anastomotic	strictures	as	well	as	the	development	of	NAS	

within	the	 first	year	after	transplantation.	NAS	was	defined	as	any	stricture	of	 the	bile	

duct	 except	 those	 localized	 near	 the	 biliary	 anastomosis	 and	 in	 absence	 of	 an	 hepatic	

artery	thrombosis.		

Continuous	data	were	presented	as	median	and	interquartile	range	(IQR)	and	compared	

with	 the	 Mann-Whitney	 U	 test.	 Categorical	 variables	 were	 presented	 as	 number	 and	

percentages	 and	 compared	with	 the	 Pearson	 chi-square	 test	 or	 the	 Fisher’s	 exact	 test	

where	 appropriate.	 Survival	 analyses	 was	 conducted	 using	 the	 Kaplan	 Meier	 method	

and	 comparisons	were	made	with	 the	 log-rank	 test.	 All	 test	were	 two-sided	with	 a	 p-

value	below	0.05	considered	as	significant.	The	statistical	analyses	was	performed	using	

SPSS	version	24	(IBM,	Chicago,	Illinois,	United	States	of	America).		

	

	 	



	
	

RESULTS	

Between	 the	 start	 of	 the	 DCD-LT	 program	 in	 2001	 and	 January	 1st	 2017,	 19	 patients	

underwent	 a	 retransplantation	 	with	 a	 DCD	 liver.	 These	 cases	were	matched	with	 38	

DBD-reLT	cases.	Donor	and	 recipient	demographics	are	given	 in	Table	1.	There	was	a	

male	 predominance	 in	 both	 donor	 groups	 (DCD-reLT:	 52.6%,	 DBD-reLT:	 57.9%).	

Compared	 to	 DBD-reLT	 donors,	 DCD-reLT	 donors	 were	 significantly	 younger	 (38.0	

versus	53.5	years,	p	<	0.001)	and	had	a	lower	BMI	(22.0	versus	24.5	kg/m2,	p	=	0.003).	

Furthermore,	DCD	donors	had	more	often	died	from	trauma	whereas	DBD	donors	died	

more	 from	 cerebrovascular	 accidents.	 In	 DCD-reLT	 the	median	 asystolic	 donor	warm	

ischemia	time	was	15	minutes	(11-18	minutes)	whereas	the	total	dWIT	was	28	minutes	

(22	–	32	minutes).		

The	majority	of	 the	 recipients	was	male,	with	 a	median	age	of	51.0	 years	 (IQR,	48.0	 -	

58.0	years)	in	the	DCD-reLT	group	and	49.5	years	(IQR,	42.5	–	59.3	years)	in	the	DBD-

reLT	 group	 (p	 =	 0.72).	 The	 most	 common	 indication	 for	 reLT	 was	 (ischemic)	

cholangiopathy	(42%	in	the	DCD-reLT	group,	53%	in	the	DBD-reLT	group),	followed	by	

primary	non-function	and	recurrence	of	 the	primary	disease.	The	majority	of	 the	reLT	

were	 of	 the	 late	 type,	 being	 performed	 at	 least	 three	months	 after	 the	 prior	 LT.	 The	

median	laboratory	MELD	score	at	time	of	reLT	was	substantially	lower	in	the	DCD-reLT	

group	compared	to	the	DBD-reLT	group	(18	versus	26),	however	this	difference	was	not	

statistically	significant	(p	=	0.417).		

	 	



	

Table	1:	Donor	and	recipient	demographics	

	 Total	group		
N=57	

DCD-reLT	
N=19	

DBD-reLT	
N=38	

P-value	

Donor	 	 	 	 	
Male	 32	(56.1)	 10	(52.6)	 22	(57.9)	 0.71	
Age	(years)	 50.0		

(26.5-57.0)	
38.0		
(20.0-45.0)	

53.5		
(39.0-59.0)	

<0.001	

BMI	(kg/m2)	 24.0		
(22.0-26.0)	

22.0		
(19.0-24.0)	

24.5		
(22.0-28.0)	

0.003	

Cause	of	death	
Trauma	
CVA	
Anoxia	
Other	

	
36	(63.2%)	
11	(19.3%)	
9	(15.8%)	
1	(1.8%)	

	
7	(36.8%)	
6	(31.6%)	
5	(26.3%)	
1	(5.3%)	

	
29	(76.3%)	
5	(13.2%)	
4	(10.5)	
0	

0.03	

Last	γ-GT	(U/L)	 29.0	
(16.5-42.0)	

30.0		
(18.0-36.0)	

27.5		
(14.8-43.3)	

0.93	

Last	ALT	(U/L)	 26.0		
(14.0-45.0)	

23.0														
(15.0-46.0)	

27.5		(14.0-
44.8)	

0.83	

	Asystolic	dWIT	(minutes)†	 n/a	 15.0													
(11.0-18.0)	

n/a	 n/a	

Total	dWIT	(minutes)‡	 n/a	 28.0															
(22.3-31.8)	

n/a	 n/a	

Recipient	 	 	 	 	
Male	 33	(57.9)	 11	(57.9)	 22	(57.9)	 0.999	
Age	(years)	 51.0		

(44.0-59.0)	
51.0		
(48.0-58.0)	

49.5		
(42.5-59.3)	

0.72	

BMI	(kg/m2)		 22.8		
(20.7-26.5)	

22.5					
(21.3-26.5)	

23.3		
(19.7-26.8)	

0.87	

Laboratory	MELD	score	 22.5						
(10.0-28.3)	

17.5		
(10.3-24.0)	

25.5	
(10.0-29.0)	

0.42	

Indication	for	reLT	
PNF	
Vascular	(e.g.	HAT/PVT)	
Biliary	(e.g.	ITBL)	
Recurrent	primary	disease	
Other	

	
12	(21.1)	
6	(10.5)	
28	(49.1)	
7	(12.3)	
4	(7.0)	

	
3	(15.8)	
3	(15.8)	
8	(42.1)	
3	(15.8)	
2	(10.5)	

	
9	(23.7)	
3	(7.9)	
20	(52.6)	
4	(10.5)	
2	(5.3)	

0.70	

Number	of	reLT	
1	
2	
3	

	
47	(82.5)	
8	(14.0)	
2	(3.5)	

	
16	(84.2)	
2	(10.5)	
1	(5.3)	

	
31	(81.6)	
6	(15.8)	
1	(5.3)	

0.78	

Type	of		reLT	
Early	reLT	(<	3	months)	
Late	reLT		(>	3	months)	

	
18	(31.6)	
				39	(68.4)	

	
4	(21.1)	
15	(78.9)	

	
14	(36.8)	
24	(63.2)	

0.23	

Time	between	reLT	and	prior	
LT	(days)	

617		
(55-3549)	

775		
(239-3903)	

326		
(12-3158)	

0.41	

Graft	type	of	prior	LT	
DBD	graft		
DCD	graft	

	
42	(73.7)	
15	(26.3)	

	
13	(68.4)	
6	(31.6)	

	
29	(76.3)	
9	(23.7)	

0.52	



	
	

	

Data	are	shown	as	median	(IQR)	and	frequency	(proportion).	†:	Asystolic	dWIT	is	defined	

as	the	time	between	circulatory	arrest	and	start	of	cold	perfusion.	‡:	Total	dWIT	is	defined	

as	time	between	withdrawal	of	life	supporting	treatment	and	cold	perfusion.	ALT:	Alanine	

transaminase,	BMI:	Body	Mass	Index,	CVA:	Cerebrovascular	accident,	DBD:	Donation	after	

Brain	Death,	DCD:	Donation	after	Circulatory	Death,	dWIT:	donor	Warm	Ischemia	Time,		γ-

GT:	Gamma-glutamyltransferase,	LT:	liver	transplantation,	MELD:	Model	for	End	stage	

Liver	Disease,	reLT:	liver	retransplantation			

Table	2	 shows	operative	data	as	well	 as	data	on	 the	post-operative	outcomes.	Neither	

the	 cold	 ischemia	 time	 (CIT)	 nor	 the	 recipient	 warm	 ischemia	 time	 (rWIT)	 differed	

significantly	between	the	two	groups.	However,	a	trend	towards	significance	was	found	

in	 perioperative	 blood	 loss	 (4319	 milliliters	 in	 the	 DCD-reLT	 group	 versus	 2500	

milliliters	in	the	DBD-reLT	group,	p	=	0.07).	Patients	were	discharged	from	the	hospital	

after	a	median	of	25	days	in	the	DCD-reLT	group	and	20	days	in	the	DBD-reLT	group	(p	

=	0.37).		

	 	



	

Table	2:	Surgical	and	post-operative	demographics	

	 Total	group		
N=57	

DCD-reLT	
N=19	

DBD-reLT	
N=38	

P-value	

Operation	 	 	 	 	

rWIT	(minutes)	 39.0	
	(34.0-46.0)	

43.0		
(35.0-48.0)	

37.5		
(32.5-43.0)	

0.18	

CIT	(minutes)	 452		
(395-525)	

440	
(374-517)	

454	
	(400-528)	

0.59	

Blood	loss	(ml)†	 2800	
(2150-7000)	

4319	
(2675-8125)	

2500	
(1500-5875)	

0.07	

BAR	score	 12.0		
(7.3-17.0)	

11.0		
(8.0-18.0)	

12.0		
(7.0-17.0)	

0.86	

Post-operative	outcomes	 	 	 	 	

ICU	stay	(days)	 3.0		
(2.0-9.0)	

2.0	
(2.0-5.0)	

3.5	
(2.0-9.3)	

0.37	

Hospital	stay	(days)	 23.0		
(13.5-34.5)	

25.0		
(14.0-34.0)	

19.5		
(13.0-40.3)	

0.37	

Peak	ALT	within	1st	week	 1217		
(613-2499)	

1238		
(582-2522)	

1159		
(634-2461)	

0.82	

Bile	leak	 6	(10.5)	 2	(10.5)	 4	(10.5)	 0.999	

Anastomotic	strictures	 13	(22.8)	 4	(21.1)	 9	(23.7)	 0.999	

Non-anastomotic	
strictures‡	

9	(15.8)	 5	(26.3)	 4	(10.5)	 0.143	

Death	 14	(24.6)	 5	(26.3)	 9	(23.7)	 0.999	

Retransplantation	 4	(7.0)	 1	(5.3)	 3	(7.9)	 0.999	

	

Data	are	shown	as	median	(IQR)	and	frequency	(proportion).	†:	Proportion	of	missing	data	

for	this	variable	is	19.3%.	‡:	incidence	within	first	year	after	reLT.	ALT:	Alanine	

transaminase,	BAR:	Balance	of	risk,	CIT:	Cold	Ischemia	Time,	DBD:	Donation	after	Brain	

Death,	DCD:	Donation	after	Circulatory	Death,	ICU:	Intensive	Care	Unit,		LT:	liver	

transplantation,	MELD:	Model	for	End	stage	Liver	Disease,	reLT:	liver	retransplantation,	

rWIT:	recipient	Warm	Ischemia	Time			

	

	
	



	
	

Survival	rates	

The	median	follow-up	of	the	total	cohort	was	5.35	years	(IQR,	1.82-9.26	years).	The	30	

days,	 1-year,	 5-year	 and	 10-year	 recipient	 survival	 in	 the	 DCD-reLT	 group	 was	 95%,	

79%,	79%	and	79%	 respectively,	 compared	 to	 87%,	84%,	78%	and	78%	 in	 the	DBD-

reLT	 group	 (p	 =0.915,	 Figure	 1).	 The	 most	 common	 cause	 of	 death	 after	 reLT	 was	

infection	(Table	3).		

	

Figure	 1:	 Kaplan	Meier	 curve	 of	 patient	 survival	 after	 DCD-reLT	 and	DBD-reLT.	

Patient	 survival	 is	defined	as	death	 (with	or	without	 functioning	graft).	 	DBD-reLT:	 liver	

retransplantation	 with	 graft	 from	 donation	 after	 brain	 death.	 DCD-reLT:	 liver	

retransplantation	with	graft	from	donation	after	circulatory	death	
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Table	3:	Causes	of	death	

Patient	 Graft	type	 Interval	
between	
reLT	and	
death	
(days)	

Cause	of	death	

1.	 DCD-reLT	 1	 Myocardial	infarction	in	septic	patient	

2.	 DBD-reLT	 9	 Multiple	organ	failure	in	septic	patient	

3.	 DBD-reLT	 12	 Progressive	liver	failure,	probably	as	result	of	
hypoperfusion	

4.	 DBD-reLT	 13	 Multiple	organ	failure	in	patient	with	immune	
thrombocytopenic	purpura	(transmitted	from	
donor)	and	portal	vein	thrombosis	

5.	 DBD-reLT	 13	 Neurological	infaust	prognosis	after	intra-
operative	exsanguination	

6.	 DBD-reLT	 14	 Multiple	organ	failure	in	septic	patient	

7.	 DCD-reLT	 129	 Multiple	organ	failure	in	septic	patient	

8.	 DCD-reLT	 129	 Recurrent	giant	cell	hepatitis	

9.	 DBD-reLT	 174	 Critical	illness	neuropathy	

10.	 DCD-reLT	 205	 Pseudomonas	infection	in	patient	with	recurrent	
hepatitis	C	infection		

11.	 DBD-reLT	 1333	 Recurrent	peritonitis	due	to	multidrug	resistant	
bacteria.	Patient	wished	no	further	treatment	

12.	 DBD-reLT	 1405	 Pulmonary	hypertension	and	mesenterial	
thrombosis.	Patient	wished	no	further	treatment	

13.	 DBD-reLT	 3994	 Bacterial	peritonitis	in	cirrhotic	liver.	Patient	
wished	no	further	treatment	

14.	 DCD-reLT	 4941	 Recurrent	liver	cirrhosis,	decompensated	after	
surgery	for	hip	fracture	

	

The	30	days,	1-year,	5-year	and	10-year	graft	survival	was	95%,	79%,	79%	and	79%	for	

the	DCD-reLT	group	and	84%,	79%,	70%	and	70%	in	the	DBD-reLT	group	(p	=	0.603)	

(Figure	 2).	 Four	 patients	 needed	 a	 subsequent	 retransplantation:	 three	 	 because	 of	

biliary	 complications	 (one	 in	 the	DCD-reLT	 group	 and	 two	 in	 the	DBD-reLT	 group,	 of	

which	one	case	was	accompanied	by	recurrence	of	PSC)	and	one	patient	in	the	DBD-reLT	

group	due	to	an	early	hepatic	artery	thrombosis.		



	
	

	

Figure	 2:	 Kaplan	 Meier	 curve	 of	 graft	 survival	 after	 DCD-reLT	 and	 DBD-reLT.		

Graft	 survival	 is	 defined	 as	 death	 (with	 or	 without	 functioning	 graft)	 or	 consecutive	

retransplantation.	DBD-reLT:	liver	retransplantation	with	graft	from	donation	after	brain	

death.	DCD-reLT:	liver	retransplantation	with	graft	from	donation	after	circulatory	death	

Biliary	complications	

In	 total,	 10.5%	of	 the	 recipients	 in	 both	 groups	 had	 a	 bile	 leakage.	 Furthermore,	 four	

recipients	 in	 the	 DCD-reLT	 group	 (21.1%)	 and	 nine	 in	 the	 DBD-reLT	 group	 (23.7%)	

developed	an	anastomotic	stricture	(p	=	0.999).	The	proportion	of	recipients	developing	

NAS	 within	 the	 first	 year	 after	 reLT	 was	 substantially	 higher	 in	 the	 DCD-reLT	 group	

(26.3	 %	 versus	 10.5%),	 however	 this	 difference	 was	 not	 statistically	 significant	 (p	 =	

0.143).	The	median	time	interval	between	reLT	and	diagnosis	of	NAS	was	204	days	(IQR	

118	–	343	days).	
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DISCUSSION	

The	relative	shortage	of	available	liver	grafts	has	led	to	a	more	widespread	use	of	DCD	

grafts.	However,	the	outcomes	after	reLT	with	a	DCD	graft	have	rarely	been	reported	in	

literature.	This	 is	 the	 first	study	to	analyze	the	outcomes	after	DCD-reLT	and	compare	

these	with	outcomes	after	matched	DBD-reLT.	Our	results	suggest	that	reLT	with	a	DCD	

graft	 in	 selected	 recipients	 does	 not	 result	 in	 inferior	 outcome	 when	 compared	 to	

matched	DBD-reLTs.		

Our	survival	rates	after	DCD-reLT	are	substantially	higher	than	presented	in	a	previous	

study	 on	 DCD-reLT	 performed	 by	 Perry	 et	 al.	 in	 2011.14	 This	 could	 be	 due	 to	 the	

substantial	lower	MELD	score	in	our	population	(median	of	17.5	versus	a	median	of	27.0	

reported	by	Perry	et	al.).	Unfortunately,	it	is	unclear	whether	in	the	study	by	Perry	et	al.	

the	MELD	score	included	(non)	standard	exception	points.	Since	our	median	laboratory	

MELD	score	is	that	much	lower,	we	are	unable	to	refute	or	endorse	the	conclusion	from	

Perry	 et	 al.	 that	 the	 use	 of	 DCD	 grafts	 should	 be	 avoided	 in	 high	 MELD	 recipients	

awaiting	 reLT.	 However,	 a	 recent	 published	 study	 by	 Taylor	 et	 al.	 concluded	 that	

accepting	a	DCD	graft	has	a	survival	advantage	over	waiting	for	a	DBD	liver,	especially	in	

recipients	 with	 a	 high	 MELD	 score.19	 As	 this	 study	 only	 included	 first-transplant	

recipients,	it	is	doubtful	whether	the	conclusions	made	by	Taylor	and	colleagues	can	be	

extrapolated	to	the	field	of	 liver	retransplantation.	Based	on	our	results,	 it	 is	 indicated	

that	 at	 least	 in	 recipients	with	 a	 low-moderate	MELD	 score	 the	 use	 of	 a	 DCD	 graft	 is	

justifiable	for	reLT.		

The	significant	difference	 in	donor	age	between	the	DCD-reLT	and	DBD-reLT	group	 in	

this	 study	 is	 attributable	 to	 the	 strict	 upper	 age	 limit	 for	 DCD	 donors	 that	 was	

maintained	 in	 the	 Netherlands	 until	 recently	 and	 to	 the	 individual	 choice	 of	 the	

transplant	 surgeon	 or	 physician	 to	 accept	 only	 the	 best	 DCD	 livers	 (i.e.	 DCD	 grafts	

without	other	extended	criteria	and	relevant	comorbidities)	 for	 the	 indication	of	reLT.	

This	 latter	 is	probably	the	case	 in	most	transplant	programs	performing	DCD-reLT.	To	

assess	whether	the	excellent	survival	rates	in	the	DCD-reLT	group	could	be	attributed	to	

the	 relatively	 low	donor	 age	 in	 this	 group,	 donor	 age	was	 tested	 in	 an	univariate	 Cox	

Proportional-Hazards	regression	model	for	both	recipient	and	graft	survival,	yielding	no	

significant	result	(data	not	shown).	This	is	in	line	with	literature	that	age	alone	does	not	

impair	 survival	 outcomes	 after	 DCD-LT.20,21	 Since	 none	 of	 the	 matching	 variables	



	
	

differed	significantly	between	the	two	groups,	it	is	highly	unlikely	that	the	difference	in	

donor	age	is	the	result	of	incorrect	matching.		

The	 difference	 in	 donor	 cause	 of	 death	 and	 donor	 BMI	 between	 the	 two	 groups	 are	

probably	 the	result	of	 the	 lower	age	 in	 the	DCD-reLT	group;	younger	donors	die	more	

often	 from	 trauma,	 whereas	 older	 donors	 die	 predominantly	 from	 cerebrovascular	

accidents,	and	younger	donors	tend	to	have	a	lower	BMI.22-24	However,	the	lower	donor	

BMI	in	the	DCD-reLT	group	could	also	be	due	to	selection	by	transplant	physicians	and	

surgeons.	 Since	 there	 seems	 to	 be	 some	 association	 between	 BMI	 and	 degree	 of	

steatosis,	a	known	risk	factor	for	poor	outcome	after	LT,25,26	the	lower	BMI	in	the	DCD-

reLT	group	could	to	some	extent	have	influenced	the	outcome	in	this	group.		

When	compared	with	DBD	grafts,	liver	transplantation	with	DCD	grafts	are	generally	at	

higher	 risk	 of	 developing	 biliary	 complications	 post-transplantation,	 especially	NAS.	A	

similar	trend,	albeit	non-significant	can	be	seen	in	the	current	study.	It	is	expected	that	

with	an	increased	sample	size,	this	difference	would	have	become	statistically	significant	

between	 the	 DCD-reLT	 and	 DBD-reLT	 group.	 Surprisingly,	 the	 incidence	 of	 NAS	 after	

especially	DBD-reLT	in	the	current	study	is	higher	than	expected.	There	could	be	several	

explanations	for	this.	First,	the	high	NAS	incidence	in	the	DBD-cohort	could	be	the	result	

of	 the	matching.	Furthermore,	until	recently	the	donor	hepatectomy	time	(i.e.	 the	time	

between	the	start	of	cold	perfusion	in	the	donor	and	the	liver	being	stored	on	ice)	was	

relatively	 long	 in	 the	Netherlands.	Research	has	 shown	 that	 a	prolonged	hepatectomy	

time	is	a	risk	factor	for	the	development	of	NAS.27,28	Finally,	the	high	incidences	of	NAS	

in	this	reLT	cohort	could	also	imply	that	a	reLT,	independent	of	graft	type,		has	a	higher	

risk	of	developing	post-operative	NAS.	Unfortunately,	literature	on	this	topic	is	lacking.	

Lastly,	 it	 should	 be	 noted	 that	 of	 the	 nine	 patients	 who	 developed	 NAS,	 only	 three	

required	a	new	transplant,	indicating	that	NAS	in	this	group	of	patients	was	rather	mild	

and	could	be	treated	conservatively.			

With	 the	 renewed	 interest	 in	 the	use	of	DCD	grafts,	we	believe	 that	 the	 results	of	 our	

study	 are	 very	 relevant	 for	 further	 practice	 in	 these	 centers.	 With	 careful	 selection,	

recipient	and	graft	survival	after	DCD-reLT	appear	similar	to	the	survival	in	DBD-reLT.	

Therefore,	 grafts	 for	 reLT	should	not	be	 rejected	based	on	 the	DCD	status	alone	but	a	

careful	assessment	of	additional	donor	 factors	 is	needed	for	a	case-by-case	decision	to	

use	 these	 grafts.	 Furthermore,	making	 use	 of	 DCD	 donors	 for	 reLT	may	 facilitate	 the	



	

current	ethical	debate	regarding	reLT.	That	is,	if	transplant	surgeons	and	physicians	will	

accept	 DCD	 grafts	 for	 retransplantation,	 more	 DBD	 grafts	 will	 remain	 available	 for	

recipients	on	the	waiting	list	awaiting	their	first	transplant.	At	the	same	time,	expansion	

of	the	donor	pool	with	DCD	donors	will	result	in	more	expedited	reLT	for	those	in	need.	

Finally,	 with	 the	 emerging	 technologies	 in	 the	 field	 of	 machine	 perfusion,	 it	 can	 be	

anticipated	that	 the	quality	of	DCD	grafts	can	be	 improved,	resulting	 in	among	other	a		

decreased	incidence	of	ischemic	cholangiopathy.29-31	

One	strength	of	this	study	is	the	comparison	of	outcome	after	DCD-reLT	with	a	matched	

control	group	of	DBD-reLT	cases.	This	has	made	a	proper	comparison	of	the	two	groups	

possible,	 from	which	 it	can	be	concluded	that	survival	after	DCD-reLT	is	under	certain	

circumstances	 similar	 to	 that	 after	 DBD-reLT.	 This	 study	 also	 has	 several	 limitations.	

Firstly,	we	had	to	define	donor	warm	ischemia	time	as	time	between	withdrawal	of	life	

support	and	cold	perfusion.	We	were	unable	to	calculate	the	more	important	functional	

warm	ischemia	time	in	the	donor	since	data	on	hemodynamic	status	during	the	agonal	

phase	 is	 lacking	 or	 improperly	 recorded.	 Furthermore,	 the	 study	 had	 a	 retrospective	

design,	which	is	prone	to	bias	and	confounding.	Finally,	the	sample	size	of	this	study	is	

relatively	 small,	which	made	 detailed	 statistical	 analysis	 such	 as	multivariate	 analysis	

impossible.		

In	 conclusion,	 liver	 retransplantation	with	 a	 DCD	 graft	 can	 yield	 similar	 outcomes	 as	

liver	 retransplantation	 with	 donation	 after	 brain	 death.	 Therefore,	 DCD	 status	 itself	

should	 not	 preclude	 the	 use	 of	 such	 donors	 in	 patients	 awaiting	 retransplantation.	

However,	 careful	 selection	 of	 the	 offered	 DCD	 livers	 probably	 remains	 mandatory.	

Larger	studies	are	needed	are	needed	to	confirm	our	results.	
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INTRODUCTION	

The	worldwide	shortage	of	donor	livers	for	transplantation	has	led	to	efforts	to	increase	

the	number	of	available	grafts.	In	countries	such	as	the	Netherlands,	Spain	and	the	UK,	

this	has	led	to	a	more	frequent	use	of	donation	after	circulatory	death	(DCD)	livers	for	

transplantation.1,2	Unfortunately,	DCD	liver	grafts	have	a	3-fold	higher	risk	of	developing	

non-anastomotic	 biliary	 strictures	 (NAS)	 after	 transplantation,	 compared	 to	 donation	

after	brain	death	(DBD)	liver	grafts.	The	reported	incidence	of	NAS	ranges	between	16-

31%	 in	 DCD	 versus	 3-13%	 in	 DBD	 liver	 grafts.3-5	 This	 type	 of	 biliary	 complication	 is	

regarded	 as	 a	major	 complication	 after	 DCD	 liver	 transplantation	 as	 it	 often	 requires	

multiple	 endoscopic	 interventions	 and	 leads	 to	 re-transplantation	 in	 16%	 of	 patients	

and	death	in	6%.6,7	

Although	 the	 etiology	 of	 NAS	 is	 not	 fully	 understood,	 the	 duration	 of	 cold	 and	warm	

ischemia	during	transplantation	has	been	recognized	as	a	major	risk	factor	for	NAS.8-10	

Ischemic	 conditions	 lead	 to	 a	 complex	 cascade	 of	 events	 resulting	 in	 ischemia-

reperfusion	(IR)	injury.11	Three	independent	clinical	studies	recently	demonstrated	that	

the	majority	of	donor	 livers	have	histological	evidence	of	extensive	biliary	 IR	 injury	at	

the	 time	 of	 transplantation.12-14	 Especially	 the	 degree	 of	 biliary	 epithelial	 loss,	 mural	

necrosis,	and	injury	of	the	deep	peribiliary	glands	(PBG)	and	peribiliary	vascular	plexus	

(PVP)	at	 the	time	of	 transplantation	has	been	associated	with	the	development	of	NAS	

after	 transplantation.12-14	 The	 PBG	 contain	 biliary	 stem/progenitor	 cells	 that	 are	

involved	in	the	regeneration	and	repair	of	the	bile	duct	epithelium	after	severe	injury.15-

17	 Therefore,	 it	 has	 been	 hypothesized	 that	 reduced	 regenerative	 capacity	 of	 the	 bile	

ducts	due	to	damage	of	the	PBG	plays	an	important	role	in	the	development	of	NAS	after	

transplantation.14,18	

A	short	period	of	hypothermic	machine	perfusion	(HMP)	after	conventional	static	cold	

storage	(SCS)	has	been	shown	to	reduce	IR	injury	of	donor	livers.19,20	End-ischemic	HMP	

results	 in	a	reduction	of	hepatocyte	apoptosis	and	necrosis,	mitochondrial	and	nuclear	

injury,	 endothelial	 injury,	 Kupffer	 cell	 activation,	 and	 the	 subsequent	 host	 immune	

response.19,23	Furthermore,	animal	studies	have	suggested	that	HMP	reduces	IR	injury	of	

the	bile	ducts,	as	indicated	by	an	improved	biliary	epithelial	cell	function,	reduced	biliary	

injury	 markers,	 and	 less	 histological	 bile	 duct	 wall	 necrosis,	 epithelial	 cell	 loss,	 and	

arteriolonecrosis	of	the	PVP,	compared	to	SCS	alone.24-26	The	first	clinical	series	of	end-



	

ischemic	 HMP	 have	 demonstrated	 that	 this	 method	 is	 safe	 and	 may	 lead	 to	 a	 lower	

incidence	of	biliary	complications	after	transplantation.27-31	

Despite	 the	 recognized	beneficial	 effect	 of	HMP	on	 IR	 injury	 and	 a	 suggested	 reduced	

risk	of	NAS	after	transplantation,	there	are	no	studies	that	have	examined	the	effect	of	

HMP	 on	 IR	 injury	 of	 human	 bile	 ducts.	 In	 the	 present	 study,	 we	 aimed	 to	 determine	

whether	dual	oxygenated	HMP	(DHOPE)	reduces	reperfusion	injury	of	the	bile	ducts	in	

DCD	liver	transplantation,	by	performing	a	systematic	histological	comparison	of	donor	

bile	ducts	before	and	after	graft	reperfusion.		

	

MATERIALS	&	METHODS	

Study	population	

A	recently	performed	phase	1	study	in	our	center	included	ten	consecutive	patients	who	

underwent	DCD	 liver	 transplantation	between	April	and	November	2014.31	The	donor	

livers	 were	 preserved	 with	 DHOPE	 for	 two	 hours	 after	 conventional	 SCS.	 Informed	

consent	 for	 DHOPE	 was	 obtained.	 The	 study	 protocol	 conformed	 to	 the	 ethical	

guidelines	of	the	1975	Declaration	of	Helsinki	and	was	approved	by	the	Medical	Ethics	

Committee	of	the	UMCG	(approval	number	METc2014.100).		

A	control	group	consisted	of	patients	who	underwent	DCD	liver	transplantation	 in	our	

center	between	February	2012	and	September	2015.	All	patients	with	available	bile	duct	

biopsies	were	included	in	the	control	group.	No	patients	were	excluded	from	the	control	

group.	

Study	protocol	

All	DCD	livers	were	procured	by	one	of	the	regional	multi-organ	recovery	teams	using	a	

rapid	procurement	protocol	with	aortic	cold	flush-out	and	subsequent	SCS.	Upon	arrival	

in	 our	 center,	 the	 liver	 was	 inspected	 and	 prepared	 for	 perfusion	 by	 placement	 of	

cannulas	 in	 the	portal	 vein	 and	aorta.	The	 cannulas	were	 connected	 to	 the	disposable	

tubing	 set	 of	 the	 Liver	 Assist	 device	 (Organ	 Assist,	 Groningen,	 The	 Netherlands).	 The	

livers	were	perfused	for	at	least	two	hours	with	4	L	of	UW	Machine	Perfusion	Solution	

(Bridge-to-Life	 Ltd,	 Norfolk,	 UK)	 at	 a	 temperature	 of	 10-12	 °C.	 Two	 rotary	 pumps	



	
	

enabled	 pressure-controlled	 perfusion	 with	 pulsatile	 mean	 arterial	 pressure	 of	 25	

mmHg	 and	 a	 continuous	 portal	 pressure	 of	 5	 mmHg.	 The	 perfusion	 solution	 was	

oxygenated	by	two	hollow	fiber	membrane	oxygenators	with	100%	FiO2	at	500	ml/min	

per	oxygenator.		

Bile	duct	biopsies	

Bile	duct	biopsies	were	obtained	from	the	common	bile	duct,	as	described	previously.14	

The	 biopsies	 were	 at	 the	 end	 of	 SCS	 (baseline)	 and	 after	 graft	 reperfusion	 in	 the	

recipient,	 short	 before	 constructing	 the	 bile	 duct	 anastomosis.	 Baseline	 biopsies	were	

collected	after	SCS	during	the	back	table	procedure,	which	was	followed	by	DHOPE.	All	

samples	were	fixed	in	4%	formalin,	subsequently	embedded	in	paraffin	and	4µm	thick	

slides	were	 stained	with	hematoxylin	&	eosin	 (H&E).	The	 slides	were	 examined	using	

light	microscopy	and	scanned	with	a	Hamamatsu	device.		

Histological	grading	of	biliary	injury	

Biliary	 injury	 was	 graded	 according	 to	 an	 established	 semi-quantitative	 histological	

grading	system	described	by	Hansen	et	al.	and	modified	to	Op	den	Dries	et	al.13-14		(Table	

1).	 Biopsies	 were	 scored	 separately	 by	 two	 investigators	 without	 knowledge	 of	 the	

clinical	 data	 (RvR	 and	 OBvL)	 under	 supervision	 of	 two	 dedicated	 liver	 pathologists	

(ASHG	and	MvdH).	In	case	of	discordant	results,	slides	were	examined	by	a	third		

	 	



	

Table	1:	Histological	grading	of	bile	duct	injury	

Item	 Histological	
Characteristic	

Grading	 	

1.	 Biliary	 epithelium	
loss	

Absence	of	
epithelial	cells	
lining	the	bile	duct	
lumen	

0:	no	loss	
1:	≤50%	of	the	bile	duct	with	absent	
epithelial	lining		
2:	>50%	

2.	Mural	stroma	
necrosis	

Necrosis	of	the	bile	
duct	wall	

0:	no	necrosis	
1:	≤25%	of	the	wall	necrotic	
2:	>25%	and	≤50	
3:	>50	and	≤75	
4:	>75%	

3.	Peribiliary	
vascular	plexus	
damage	

Damage	to	the	
vessels	such	as	
subendothelial	
edema	

0:	no	vascular	lesions	
1:	≤50%	of	the	vessels	damaged	
2:	>50%	

4.	Arteriolonecrosis	 Loss	of	endothelial	
nuclei	of	arterioles	
and	media	
degeneration	

0:	no	arteriolonecrosis	
1:	≤50%	of	the	arteries	necrotic	
2:	>50%	

5.	Thrombosis	 Presence	of	micro-
thrombi		

0:	no	microthrombi	
1:	microthrombi	present	

6.	Intramural	
bleeding	

Presence	of	
erythrocytes	in	the	
bile	duct	wall	

0:	no	bleeding	
1:	≤50%	of	the	bile	duct	wall	
2:	>50%	

7.	Periluminal	PBG	
loss	

Absence	of	
epithelial	cells	in	
the	PBG	close	to	
the	lumen		

0:	no	loss	
1:	≤50%	loss	
2:	>50%	loss	

8.	Deep	PBG	loss	 Absence	of	
epithelium	in	the	
PBG	located	deep	
in	the	bile	duct	
wall	

0:	no	loss	
1:	≤50%	loss	
2:	>50%	loss	

	

Abbreviations:	PBG;	peribiliary	glands.		

	

	 	



	
	

Statistical	analyses	

Continuous	variables	were	presented	as	median	(interquartile	range)	or	mean	(standard	

deviation)	 when	 appropriate	 and	 were	 compared	 between	 groups	 with	 the	 2-tailed	

Mann-Whitney	 test.	Categorical	variables	were	presented	as	number	 (percentage)	and	

compared	 between	 groups	with	 the	 Pearson	 chi-square	 test	 or	 the	 Fisher’s	 exact	 test	

where	appropriate.	P	values	<	 .05	were	defined	as	significant.	Statistical	analyses	were	

performed	using	SPSS	version	22.0	for	Windows.	

	

RESULTS	

Donor	and	recipient	characteristics		

Between	April	and	November	2014,	 ten	patients	were	 included	 in	 the	DHOPE	phase	1	

trial.	 Detailed	 clinical	 results	 have	 been	 reported	 previously.31	 The	 control	 group	

consisted	of	 twenty	patients	who	previously	underwent	a	DCD	liver	 transplantation	 in	

our	 center	 and	 in	 whom	 bile	 duct	 biopsies	 were	 obtained	 during	 the	 transplant	

procedure	between	2012	and	2014.	Baseline	clinical	characteristics	are	summarized	in	

Table	2.	The	Eurotransplant	donor	 risk	 index	 (ET-DRI)	was	 similar	 in	 the	DHOPE	and	

the	 control	 group.	 The	donors	 in	 the	DHOPE	 group	had	 a	 higher	 latest	 serum	alanine	

aminotransferase	(ALT)	and	peak	serum	ALT	concentration,	compared	to	the	donors	in	

the	control	group:	latest	ALT	72	U/L	(39-125	U/L)	vs.	29	U/L	(19-46	U/L),	respectively	

(P	=	 .008);	peak	ALT	121	U/L	(42-271	U/L)	vs.	33	U/L	(20-46	U/L),	 respectively	 (P	<	

.001).	 The	 cold	 ischemia	 time	 was	 shorter	 in	 the	 DHOPE	 group,	 but	 the	 total	

preservation	 time	 in	 the	DHOPE	group	was	 longer	 than	 in	 the	control	group:	521	min	

(469-592	min)	vs.	430	min	(407-485	min),	respectively	(P	=	.002).		

	 	



	

Table	2:	Donor	and	recipient	characteristics	

Characteristic	 DHOPE	group		

(n=10)	

Control	group	

(n=20)	

P	value		

Donor	characteristics	 	 	 	

Eurotransplant	donor	risk	index*	 2.30	(1.81-2.53)	 2.22	(1.67-2.54)	 .98	

Age	(years)	 53	(47-57)	 49	(34-55)	 .18	

BMI	(kg/m2)	 23.0	(24.1-19.9)	 23.6	(22.0-26.0)	 .25	

Latest		ALT	(U/L)	 72	(39-125)	 29	(19-46)	 .008	

Peak	ALT	(U/L)	 121	(42-271)	 33	(20-46)	 .004	

Latest	GGT	(U/L)	 50	(19-102)	 39	(17-70)	 .75	

Preservation	characteristics	 	 	 	

Preservation	fluid	(UW	vs.	HTK)	 10	(100%)	 18	(90%)	 .54	

Asystole	time	(min)#	 15	(13-17)	 15	(12-19)	 .95	

Donor	warm	ischemia	time	(min)^	 26	(23-42)	 33	(29-41)	 .35	

Cold	ischemia	time	(min)**	 358	(314-398)	 426	(402-485)	 .002	

Total	preservation	time	(min)##	 521	(469-592)	 430	(407-485)	 .002	

Anastomosis	time	(min)^^	 34	(30-49)	 33	(31-43)	 .88	

Recipient	characteristics	 	 	 	

Age	(years)	 57	(54-62)	 55	(47-63)	 .50	

Sex	(male)	 6	(60%)	 9	(45%)	 >	.99	

MELD	score***	 16	(15-22)	 20	(13-24)	 .56	

Underlying	disease:	 	 	 .08	

Alcoholic	cirrhosis	 3	(30%)	 3	(15%)	 	

NASH		 5	(50%)	 3	(15%)	 	

Primary	sclerosing	cholangitis	 1	(10%)	 4	(20%)	 	

Primary	biliary	cirrhosis	 0	 0	 	

Autoimmune	hepatitis	 0	 3	(15%)	 	

Hepatitis	B	or	C	 1	(10%)	 1	(5%)	 	

Hepatocellular	carcinoma	 0	 0	 	

Cryptogenic	 0	 3	(15%)	 	

Other		 0	 4	(20%)	 	
	



	
	

*	Eurotransplant	donor	risk	index	is	a	validated	tool	to	assess	the	risk	of	liver	graft	failure	

(37).	#	Asystole	time	was	defined	as	time	between	circulatory	arrest	and	in	situ	aortic	cold	

flush.	^	Donor	warm	ischaemia	time	was	defined	as	the	time	interval	between	withdrawal	

of	donor	 life	 support	and	 initiation	of	 in	 situ	aortic	 cold	 flush.	 **	 Cold	 ischemia	 time	was	

defined	 as	 the	 interval	 between	 start	 aortic	 cold	 flush	 and	 end	 of	 static	 cold	 storage	

excluding	 the	duration	of	DHOPE.	 ##	Total	preservation	 time	was	defined	as	 the	 interval	

between	 start	 aortic	 cold	 flush	 in	 the	 donor	 and	 portal	 reperfusion	 in	 the	 recipient.	 ^^	

Anastomosis	 time	 was	 defined	 as	 the	 interval	 between	 donor	 liver	 out	 of	 ice	 and	

revascularization.	 ***	MELD	score	was	defined	as	 the	highest	of	 laboratory	derived	MELD	

score	 or	 the	 (non)	 standard	 exception	 MELD	 score.	 Abbreviations:	 ALT,	 alanine	

aminotransferase;	 DCD,	 donation	 after	 circulatory	 death;	 GGT,	 gamma-glutamyl	

transferase;	 DHOPE,	 dual	 hypothermic	 oxygenated	 machine	 perfusion;	 HTK,	 histidine-

tryptophan-ketoglutarate;	MELD,	model	 for	 end	 stage	 liver	 disease;	NASH,	 non-alcoholic	

steatohepatitis;	UW,	University	of	Wisconson.	

Histological	evidence	of	bile	duct	injury			

The	results	bile	duct	injury	scorings	based	on	the	semi-quantitative	histological	grading	

system	are	summarized	in	Table	3.	There	were	no	discordant	results	between	the	two	

investigators.	As	expected,	at	baseline	there	were	no	significant	differences	between	the	

two	groups	for	any	item	of	the	histological	grading	system	(Fig.	1).	In	the	control	group,	

the	 histological	 bile	 duct	 damage	 after	 reperfusion	was	more	 severe	 than	 at	 baseline.	

Especially	 the	 degree	 of	 mural	 stroma	 necrosis	 and	 the	 degree	 of	 deep	 PBG	 injury	

increased	after	reperfusion	(P	=	.002	and	P	=	.02,	respectively).	In	contrast	to	the	control	

group,	 there	 was	 no	 increase	 in	 the	 severity	 of	 histological	 biliary	 injury	 after	

reperfusion	in	the	DHOPE	group	(Table	3).		

When	comparing	the	severity	of	post-reperfusion	bile	duct	injury	between	the	two	study	

groups,	livers	in	the	DHOPE	group	displayed	significantly	less	injury	and	loss	of	cells	in	

the	periluminal	(P	=	.04)	and	the	deep	PBG	(P	=	.04),	compared	to	controls	(Fig.	1-3).	No	

differences	were	observed	in	the	severity	of	arteriolonecrosis,	stroma	necrosis,	or	injury	

of	the	PVP	between	the	two	groups	after	reperfusion.	

	



	

	

Fig.	1.	Degree	of	injury	of	the	bile	ducts	of	DCD	livers	treated	with	DHOPE	versus	

controls	 after	 static	 cold	 storage	 and	 after	 reperfusion	 in	 the	 recipient.	 (A)	 The	

degree	of	mural	 stroma	necrosis	 increased	after	reperfusion	compared	 to	baseline	 in	 the	

control	group	(P	<	.001),	but	not	in	the	DHOPE	group.	(B)	No	differences	were	observed	for	

the	 degree	 of	 injury	 of	 the	 peribiliary	 vascular	 plexus.	 (C)	 The	 periluminal	 PBG	 of	 livers	

treated	with	DHOPE	demonstrated	less	injury	after	reperfusion	than	in	the	control	group	

(P	 =	 .04).	 Additionally,	 the	 injury	 of	 the	 deep	 PBG	 in	 the	 control	 group	 increased	 after	

reperfusion	 compared	 to	 baseline	 (P	=	 .02).	 (D)	 The	deep	PBG	 in	 the	 livers	 treated	with	

DHOPE	demonstrated	 less	damage	after	 reperfusion	 than	 in	 the	 control	group	 (P	=	 .04).	

Asterisks	 indicated	a	P	value	<	 .05.	Abbreviations:	DCD,	donation	after	circulatory	death;	

DHOPE,	 dual	 hypothermic	 oxygenated	 machine	 perfusion;	 PBG,	 peribiliary	 glands;	 PVP,	

peribiliary	vascular	plexus	

	



	
	

	

Fig.	2.	Representative	histologic	examples	of	periluminal	PBG	in	the	common	bile	

duct.	 (A)	 Bile	 duct	 at	 baseline	 of	 a	 DCD	 liver	 in	 the	 DHOPE	 group.	 (B)	 Bile	 duct	 after	

reperfusion	of	a	DCD	liver	in	the	DHOPE	group.	(C)	Bile	duct	at	baseline	of	a	DCD	liver	in	

the	control	group.	(D)	Bile	duct	after	reperfusion	of	a	DCD	liver	in	the	control	group.	The	

insert	represents	a	higher	magnification	of	the	periluminal	PBG	(400x).	Bile	ducts	of	livers	

preserved	 with	 DHOPE	 displayed	 significantly	 less	 epithelial	 cell	 loss	 of	 the	 periluminal	

PBG,	 compared	 to	 control	 livers.	 Original	 magnification	 was	 200x.	 Arrows	 indicate	

periluminal	PBG.	Asterisks	 indicate	 lumen	of	 the	bile	 duct.	 Abbreviations:	DCD,	 donation	

after	 circulatory	 death;	 DHOPE,	 dual	 hypothermic	 oxygenated	 machine	 perfusion;	 PBG,	

peribiliary	glands.		



	

	

Fig.	3.	Representative	histologic	examples	of	deep	PBG	in	the	common	bile	duct	of	

DCD	 liver	grafts.	(A)	Bile	duct	at	baseline	of	a	DCD	 liver	 in	 the	DHOPE	group.	(B)	Bile	

duct	after	reperfusion	of	a	DCD	liver	in	the	DHOPE	group.	(C)	Bile	duct	at	baseline	of	a	DCD	

liver	 in	 the	 control	 group.	 (D)	 Bile	 duct	 after	 reperfusion	 of	 a	 DCD	 liver	 in	 the	 control	

group.	 The	 insert	 represents	 a	 higher	 magnification	 of	 the	 deep	 PBG	 (400x).	 Arrows	

indicate	 deep	 PBG.	 Asterisks	 indicate	 the	 lumen	 of	 the	 bile	 duct.	 Bile	 ducts	 of	 livers	

preserved	 with	 DHOPE	 displayed	 significantly	 less	 epithelial	 cell	 loss	 of	 the	 deep	 PBG,	

compared	to	control	livers.	Original	magnification	was	200x.	Abbreviations:	DCD,	donation	

after	 circulatory	 death;	 DHOPE,	 dual	 hypothermic	 oxygenated	 machine	 perfusion;	 PBG,	

peribiliary	glands.	



	
	

Table	3:	Comparison	of	histological	bile	duct	injury	

	

Bile	duct	wall	

component		

DHOPE	group	 Control	group	

Baseline	

	

After	

reperfusion	

P	

value		

	

Baseline	 After	

reperfusion	

P	

value	

Biliary	epithelium	loss	 	 	 >	.99	 	 	 -	

Grade	0		 -	 -	 -	 -	

Grade	1		 10%	 14%	 -	 -	

Grade	2		 90%	 86%	 100%	 100%	

Mural	stroma	necrosis	 	 	 .25	 	 	 .002	

Grade	0		 90%	 57%	 	 50%	 9%	 	

Grade	1		 -	 -	 	 43%	 9%	 	

Grade	2		 10%	 29%	 	 -	 36%	 	

Grade	3	 -	 14%	 	 7%	 46%	 	

Peribiliary	vascular	

plexus	damage	

	 	 .38	 	 	 .72	

Grade	0		 50%	 57%	 43%	 36%	

Grade	1		 50%	 29%	 43%	 36%	

Grade	2		 -	 14%	 14%	 28%	

Arteriolonecrosis	 	 	 	 >	.99	 	 	 .57	

Grade	0		 90%	 100%	 93%	 82%	

Grade	1		 10%	 -	 -	 -	

Grade	2		 -	 -	 7%	 18%	

Thrombosis	 	 	 >	.99	 	 	 >	.99	

Grade	0		 90%	 100%	 	 93%	 91%	 	

Grade	1		 10%	 -	 	 7%	 9%	 	

Intramural	bleeding	 	 	 -	 	 	 .11	

Grade	0		 100%	 100%	 100%	 73%	

Grade	1		 -	 -	 -	 18%	

Grade	2		 -	 -	 -	 9%	

Periluminal	PBG	loss	 	 	 .24	 	 	 .23	

Grade	0		 -	 14%	 -	 -	



	

	

Abbreviations:	DHOPE,	dual	hypothermic	oxygenated	machine	perfusion;	PBG,	peribiliary	

glands;	SCS,	static	cold	storage.	

	

Clinical	outcomes	

The	overall	 clinical	 outcome	after	 transplantation	of	 the	patients	 in	 the	DHOPE	group	

has	been	described	in	detail	previously.31	Complete	one-year	follow	up	was	available	in	

all	patients.	The	incidence	of	NAS	was	10%	in	the	DHOPE	group	and	35%	in	the	control	

group	 (P	 =	 .15).	 One	 recipient	 of	 a	 DHOPE	 preserved	 liver	 developed	 local	 NAS	 in	

segment	2	and	3	of	 the	 liver,	which	was	successfully	 treated	with	endoscopic	stenting.	

None	 of	 the	 patients	 in	 the	 DHOPE	 groups	 required	 re-transplantation	 for	 NAS.	 In	

contrast,	4	(20%)	in	the	control	group	required	re-transplantation	in	for	NAS.	

	

DISCUSSION	

In	 the	 current	 study,	 we	 aimed	 to	 determine	 whether	 end-ischemic	 oxygenated	

hypothermic	machine	perfusion	(DHOPE)	of	human	DCD	liver	grafts	reduces	IR	injury	of	

the	 bile	 ducts	 after	 transplantation.	 The	 results	 of	 this	 study	 clearly	 demonstrated	 a	

reduction	 in	biliary	 IR	 injury	of	DHOPE-preserved	DCD	 livers,	 compared	 to	DCD	 livers	

that	 did	 not	 undergo	 DHOPE.	 These	 findings	 provide	 important	 new	 insight	 in	 the	

protective	 mechanism	 of	 end-ischemic	 DHOPE	 and	 are	 in	 line	 with	 the	 clinically	

observed	reduction	in	the	incidence	of	NAS	after	DCD	liver	transplantation	when	DHOPE	

is	applied.27-31	

Grade	1		 30%	 29%	 21%	 -	

Grade	2		 70%	 57%	 79%	 100%	

Deep	PBG	loss	 	 	 .64	 	 	 .02	

Grade	0		 40%	 43%	 	 36%	 -	 	

Grade	1		 40%	 43%	 	 64%	 73%	 	

Grade	2		 20%	 14%	 	 -	 27%	 	



	
	

In	accordance	with	previous	reports,12-14	all	DCD	livers	included	in	this	study	displayed	

histological	signs	of	substantial	bile	duct	injury	at	the	end	of	SCS.	As	expected,	the	degree	

of	bile	duct	injury	after	SCS	(baseline)	was	not	different	between	livers	that	underwent	

DHOPE	or	not.	In	control	livers	that	were	not	treated	with	DHOPE,	the	degree	of	biliary	

injury	 worsened	 after	 graft	 reperfusion	 in	 the	 recipient,	 a	 phenomenon	 that	 was	 not	

observed	 in	DHOPE	preserved	 livers.	Especially,	 the	severity	of	mural	stroma	necrosis	

and	injury	of	the	deep	peribiliary	glands	increased	after	reperfusion	of	the	control	livers,	

but	 not	 of	 the	DHOPE	preserved	 livers.	When	 comparing	 post-reperfusion	 biopsies	 of	

bile	ducts	of	DHOPE-preserved	 livers	and	controls,	 significantly	 less	histological	 injury	

of	both	the	periluminal	and	deep	PDG	was	found	in	the	DHOPE	group.		

In	 a	 large	 clinical	 study	 including	 128	 liver	 transplant	 recipients	 we	 have	 previously	

shown	that	the	severity	of	bile	duct	injury	at	the	end	of	SCS	is	a	strong	risk	factor	for	the	

development	 of	 NAS	 after	 transplantation.14	 Upon	 reperfusion	 of	 a	 liver	 graft	 in	 the	

recipient,	 the	 degree	 of	 biliary	 injury	 increases	 further	 and	 this	 may	 result	 in	

irreversible	 damage	 of	 essential	 components	 of	 the	 bile	 duct	 wall,	 such	 as	 the	mural	

stroma,	 peribiliary	 vasculature,	 and	 PBG.12,14	 Obviously,	 end-ischemic	 DHOPE	 cannot	

have	a	protective	effect	on	biliary	injury	that	is	already	present	after	SCS.	However,	the	

current	study	indicates	that	DHOPE	does	prevent	further	worsening	of	bile	duct	injury	

after	graft	reperfusion.		

It	 is	 well	 known	 that	 the	 majority	 of	 tissue	 damage	 due	 to	 IR	 injury	 occurs	 in	 the	

reperfusion	period	after	restoration	of	blood	flow	to	the	graft.11	Some	of	the	key	factors	

in	 IR	 injury	 are	 the	 depletion	 of	 cellular	 energy	 content	 (especially	 intracellular	

adenosine	triphosphate	(ATP))	and	the	formation	of	reactive	oxygen	species	(ROS)	due	

to	mitochondrial	 dysfunction.11,32	While	ROS	 formation	 results	 in	 oxidative	 damage	 of	

cellular	structures,	such	as	cell	membranes	and	nuclear	DNA,	depletion	and	insufficient	

restoration	of	ATP	results	in	cell	death	due	to	insufficient	metabolic	function.	Although	

the	 conditions	 for	 IR	 injury	 are	 generated	 during	 cold	 ischemic	 preservation,	 the	

sequelae	of	events	that	lead	to	the	full	blown	IR	injury	is	not	activated	until	after	warm	

reperfusion.11	Experimental	and	clinical	studies	have	demonstrated	that	one	of	the	key	

protective	 mechanisms	 of	 hypothermic	 oxygenated	 machine	 perfusion	 is	 a	 full	

restoration	 of	 cellular	 ATP	 content	 and	 “resuscitation”	 of	mitochondria,	 resulting	 in	 a	

significant	reduction	of	ROS	production	after	subsequent	warm	graft	reperfusion	in	the	



	

recipient.21,22,33,34	 In	 addition,	 and	 downstream	 of	 this,	 oxygenated	 HMP	 results	 in	 a	

reduction	of	Kupffer	cell	activation	and	less	secondary	activation	of	the	innate	immune	

system.21,22,33,34	 	 Altogether,	 these	 protective	 effects	 have	 been	 shown	 to	 result	 in	 a	

reduction	of	hepatocellular	IR	injury.	Our	data	on	the	reduction	of	biliary	IR	injury	are	in	

line	with	these	previous	studies	and	demonstrate	that	not	only	hepatocellular	IR	injury,	

but	also	IR	injury	of	the	bile	ducts	is	attenuated	by	oxygenated	HMP.		

The	DHOPE-preserved	livers	in	the	present	study	demonstrated	significantly	less	severe	

injury	of	the	deep	and	periluminal	PBG	after	reperfusion,	compared	to	the	control	livers	

that	 did	 not	 undergo	 DHOPE.	 This	 histological	 finding	 is	 clinically	 relevant	 since	 the	

PBGs	have	been	identified	as	a	 local	niche	of	biliary	progenitor	cells	 that	contribute	to	

the	regeneration	of	biliary	epithelium	after	injury.15-17,35	Severe	injury	of	the	deep	PBG	at	

the	 time	 of	 transplantation	 is	 a	 significant	 risk	 factor	 for	 the	 development	 of	 NAS.14	

Therefore,	 the	 protective	 effect	 of	 DHOPE	 on	 PBG	 may	 lead	 to	 better	 preserved	

regenerative	 biliary	 capacity	 followed	 by	 a	 reduction	 of	 the	 incidence	 of	 NAS.	 This	 is	

supported	by	the	(non-significant)	low	incidence	of	NAS	observed	after	transplantation	

of	 DCD	 livers	 preserved	 with	 HMP	 in	 the	 first	 clinical	 series.27-31	 However,	 formal	

evidence	 that	 oxygenated	 HMP	 reduces	 the	 incidence	 of	 NAS	 should	 come	 from	 an	

adequately	powered	randomized,	controlled	 trial.	Such	a	multicenter	 trial	has	recently	

been	 initiated	 in	 transplant	 centers	 in	 the	 Netherlands,	 Belgium	 and	 United	 Kingdom	

(ClinicalTrials.gov	NCT02584283).	

Bile	 duct	 biopsies	 in	 this	 study	were	 obtained	 from	 the	 extrahepatic	 bile	 ducts,	while	

NAS	mainly	occurs	in	the	intrahepatic	bile	ducts.	However,	previous	studies	have	shown	

that	the	degree	of	injury	of	the	extrahepatic	bile	duct	correlates	well	with	the	degree	of	

injury	 of	 the	 intrahepatic	 bile	 ducts36	 and	 histological	 assessment	 of	 the	 extrahepatic	

bile	duct	can	predict	the	development	of	NAS.14	

In	contrast	to	a	previous	study	on	DHOPE	using	a	porcine	DCD	liver	model,	we	did	not	

find	a	reduction	 in	 the	degree	of	 injury	of	 the	PVP	and	arteriolonecrosis	 in	 the	human	

liver	bile	ducts	after	DHOPE.24	In	fact,	in	the	current	study	we	did	not	find	a	significant	

increase	 in	the	degree	of	PVP	injury	and	arteriolonecrosis	after	reperfusion,	compared	

to	 baseline	 in	 both	 groups.	 In	 the	 current	 study	 the	 post-reperfusion	 bile	 duct	 biopsy	

was	 taken	1-2	hours	 after	 graft	 reperfusion	 and	 this	 time	 interval	may	have	been	 too	

short	for	histologically	detectable	vascular	injury	to	develop.			



	
	

Limitations	 of	 this	 study	 are	 the	 sample	 size	 and	 the	 use	 of	 historical	 controls.	 The	

controls	used	in	this	histological	study	were	slightly	different	from	the	ones	used	in	our	

previous	 report	 on	 clinical	 outcome	 after	 transplantation	 of	 DHOPE-preserved	 DCD	

livers,34	because	the	control	group	consisted	of	all	available	paraffin	embedded	bile	duct	

biopsies	 from	DCD	liver	grafts	without	application	of	exclusion	criteria.	Although	most	

baseline	characteristics	such	as	ET-DRI	were	similar	between	the	two	study	groups,	the	

donors	 in	 the	 DHOPE	 group	 had	 significantly	 higher	 serum	 ALT	 levels,	 compared	 to	

donors	 in	 the	 control	 group.	As	ALT	 is	 a	marker	 for	hepatocellular	 injury,	 the	DHOPE	

group	consisted	of	 livers	with	slightly	more	pre-existing	 injury	than	the	control	group.	

Therefore,	the	observed	beneficial	effects	of	DHOPE	might	have	been	more	pronounced	

if	 the	 ALT	 levels	 would	 have	 been	 equivalent	 between	 the	 groups.	 As	 expected,	 the	

preservation	method	 DHOPE	 affected	 the	 length	 of	 preservation	 periods	 in	 the	 study	

groups	 resulting	 in	a	 longer	 total	preservation	 time	and	shorter	 cold	 ischemia	 time	 in	

the	DHOPE	compared	to	the	control	group.	In	the	intervention	group	the	donor	liver	is	

machine	 perfused	while	 the	 recipient	 surgery	 is	 performed.	 In	 the	 control	 group,	 the	

donor	liver	remains	in	the	ice	box	during	this	period.		The	shorter	cold	ischemia	time	in	

the	DHOPE	 group	may	 have	 caused	 an	 advantage,	while	 the	 longer	 total	 preservation	

time	may	have	caused	a	disadvantage.	However,	the	median	difference	in	cold	ischemia	

time	was	only	30	minutes	and	baseline	 levels	of	bile	duct	 injury	were	similar	between	

the	groups.	

In	conclusion,	this	study	demonstrates	that	DHOPE	attenuates	IR	injury	of	the	bile	ducts	

after	 transplantation	 of	DCD	 liver	 grafts.	 In	 particular,	 DHOPE	 contributed	 to	 a	 better	

preservation	 of	 the	 PBG	 and,	 as	 such,	 may	 preserve	 the	 regenerative	 capacity	 of	 the	

donor	bile	ducts	leading	to	a	reduced	risk	of	biliary	complications	after	transplantation.		
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ABSTRACT	

Background:	End-ischemic	hypothermic	oxygenated	machine	perfusion	(HOPE)	of	 the	

donor	 liver	 for	 1-2h	 mitigates	 ischemia-reperfusion	 injury	 during	 subsequent	 liver	

transplantation.	 Extended	 preservation	 time	 can	 be	 desired	 to	 facilitate	 difficult	

recipient	hepatectomy	or	to	optimize	logistics.	We	therefore	investigated	whether	end-

ischemic	dual	HOPE	(DHOPE)	could	extend	preservation	time	up	to	24h	using	a	porcine	

liver	reperfusion	model.	

Methods:	 Porcine	 livers	with	 30	minutes	warm	 ischemia	were	 subjected	 to	 2h	 static	

cold	 storage	 (SCS),	 followed	 by	 2h,	 6h,	 or	 24h	 DHOPE	 (n=6	 per	 group).	 Subsequent	

normothermic	 reperfusion	 was	 performed	 for	 4h	 using	 autologous	 blood.	 Two	 livers	

preserved	by	24h	SCS	 served	as	 additional	 controls.	A	proof	 of	 principle	 confirmation	

was	 carried	 out	 in	 two	 discarded	 human	 livers	 subjected	 to	 extended	 DHOPE.	

Hepatocellular	 and	 cholangiocyte	 injury	 and	 function	 were	 assessed.	 Oxidative	 stress	

levels	and	histology	were	compared	between	groups.	

Results:	 Perfusion	 flows	 remained	 stable	during	DHOPE,	 regardless	of	duration.	After	

normothermic	 reperfusion,	 24h	 perfused	 DHOPE	 livers	 had	 similar	 lactate	 clearance,	

blood	pH,	glucose,	and	alanine	aminotransferase	levels,	and	biliary	pH,	bicarbonate,	and	

LDH	levels,	when	compared	to	2h	and	6h	perfused	livers.	Levels	of	malondialdehyde	and	

high-mobility	group	box	1	 in	serum	and	 liver	parenchyma	were	similar	 for	all	groups.	

Histological	analysis	of	bile	ducts	and	liver	parenchyma	revealed	no	differences	between	

the	 groups.	 Extended	DHOPE	 in	 discarded	human	 livers	 preserved	hepatocellular	 and	

cholangiocyte	 function	and	histology	after	reperfusion.	 In	contrast,	 livers	preserved	by	

24h	SCS	were	non-functioning.		

Conclusion:	Extended	end-ischemic	DHOPE	enabled	successful	preservation	of	porcine	

and	 discarded	 human	 donor	 livers	 for	 up	 to	 24h.	 Extended	 DHOPE	 enables	 safe	

extension	 of	 preservation	 time,	 which	 may	 facilitate	 logistics	 of	 allocation	 and	

transplantation,	and	further	expand	the	donor	pool.	

	

	

	 	



	

INTRODUCTION	

Preservation	 using	 ex	 situ	 machine	 perfusion	 has	 gained	 considerable	 interest	 to	

facilitate	 enhanced	 utilization	 of	 liver	 grafts	 for	 transplantation,	 albeit	 with	 several	

technical	 variations.1	 While	 normothermic	 machine	 perfusion	 (NMP)	 enables	

hepatobiliary	 viability	 assessment	 and	 therapeutic	 interventions	 prior	 to	

transplantation,	 hypothermic	 oxygenated	machine	 perfusion	 (HOPE)	 reconditions	 the	

graft	by	inducing	a	hypometabolic	state	whilst	restoring	mitochondrial	function	through	

delivery	 of	 oxygen.1	 End-ischemic	 HOPE	 is	 a	 relatively	 simple	 approach.	 Livers	 are	

preserved	 by	 static	 cold	 storage	 (SCS)	 after	 procurement	 and	 are	 then	 subjected	 to	

machine	perfusion	upon	arrival	at	the	recipient	center.	Dynamic	preservation	by	HOPE	

for	1-2	hours	is	sufficient	to	mitigate	organ	damage	and	restore	mitochondrial	function	

and	cellular	energy	stores,	resulting	in	postoperatively	reduced	graft	failure.2		

Previously,	 we	 have	 shown	 that	 a	 short	 period	 (2	 hours)	 of	 dual	 HOPE	 (DHOPE)	

improved	hepatobiliary	function	and	decreased	injury	to	the	liver	graft	and	biliary	tree	

in	 discarded	 human	 livers.3,4	 In	 a	 prospective	 cohort	 study,	 2	 hours	 of	 end-ischemic	

DHOPE	was	 shown	 to	 be	 feasible	 and	 safe	 in	 resuscitating	 donation	 after	 circulatory	

death	 (DCD)	 liver	 grafts	 with	 100%	 one-year	 graft	 and	 patient	 survival	 after	

transplantation.5	 Another	 important	 finding	 was	 that	 DHOPE	 attenuates	 injury	 of	 the	

biliary	tree	after	transplantation	of	DCD	liver	grafts	compared	to	non-DHOPE	preserved	

livers.6	 In	 2015,	 our	 center	 initiated	 a	 large	 international	 multicenter	 randomized	

controlled	trial	comparing	DHOPE	versus	SCS	in	DCD	liver	transplantation	of	which	the	

first	results	are	expected	mid	2020.7			

In	 addition	 to	 graft	 reconditioning,	 viability	 assessment,	 and	 potential	 therapeutic	

interventions,	machine	 perfusion	may	 also	 have	 the	 potential	 to	 prolong	 preservation	

time.	 Traditionally,	 graft	 preservation	 using	 static	 cold	 storage	 (SCS)	 may	 keep	 good	

quality	livers	viable	for	transplantation	for	several	hours.	Machine	perfusion,	however,	

may	 extend	 preservation	 times,	 particularly	 in	 extended	 criteria	 donor	 (ECD)	 organs	

which	 are	 more	 vulnerable	 to	 cold	 ischemia.8–10	 Extended	 preservation	 by	 HOPE,	 for	

example,	 could	 facilitate	 logistics	 for	 allocation	 and	 transplantation.	 As	 a	 proof-of-

concept,	a	human	discarded	liver	has	been	preserved	for	86	hours	using	ex	situ	NMP11,	

and	 an	 initially	 declined	 human	 liver	 has	 successfully	 been	 transplanted	 after	

preservation	for	26	hours,	of	which	17.5	hours	SCS	and	8.5	hours	with	NMP.12	However,	



	
	

little	 data	 are	 available	 regarding	 extended	 graft	 preservation	 by	 using	 (dual)	 HOPE,	

and,	currently,	maximum	reported	preservation	time	using	HOPE	is	8	hours.10,13,14	

We	 investigated	 the	 effects	 of	 extended	 preservation	 by	 applying	 end-ischemic	 dual	

HOPE	 (DHOPE)	 in	 a	 porcine	 liver	 ischemia	 reperfusion	 injury	 model.	 Our	 endpoints	

included	 graft	 viability	 after	 warm	 reperfusion	 and	 various	 markers	 of	 injury	 during	

machine	 perfusion,	 and	 after	 warm	 reperfusion.	 In	 addition,	 a	 proof	 of	 principle	

confirmation	of	end-ischemic	DHOPE	preservation	was	carried	out	in	discarded	human	

livers.			

	

MATERIALS	&	METHODS	

Porcine	donation	after	circulatory	death	liver	procurement		

Livers	 from	 5-month-old	 white	 female	 landrace	 pigs	 were	 retrieved	 after	 circulatory	

death.	 Pigs	 were	 sacrificed	 by	 a	 standardized	 procedure	 of	 electrocution	 followed	 by	

exsanguination.	2L	of	autologous	blood	was	collected	 in	a	 container	with	25,000	 IU	of	

heparin	(heparin	LEO	5000	IU/ml,	LEO	Pharmaceutical	Products,	Denmark).	Blood	was	

then	 stored	 in	 bags	 supplemented	 with	 the	 anticoagulant	 citrate-phosphate-dextrose	

(Sanquin,	 Amsterdam,	 the	 Netherlands)	 and	 cold	 stored	 (4°C)	 until	 subsequent	 use.	

Within	30	minutes	after	circulatory	death,	 livers	were	flushed	by	gravity	via	the	portal	

vein	 with	 1L	 of	 cold	 (4°C)	 NaCl	 0.9%	 (Baxter	 BV,	 Utrecht,	 the	 Netherlands)	

supplemented	with	25,000	IU	of	heparin,	followed	by	2L	of	cold	University	of	Wisconsin	

(UW)	solution	(Bridge	to	Life,	Ltd,	London,	United	Kingdom).	After	portal	flush,	the	aorta	

was	cannulated,	and	side	branches	were	clipped	followed	by	cold	arterial	flush	out	with	

UW	solution	using	a	syringe.	The	cystic	duct	was	ligated,	and	the	common	bile	duct	was	

cannulated	with	a	bile	cannula	(8	Fr,	Organ	Assist,	Groningen,	the	Netherlands).	Livers	

were	static	cold	stored	(4°C)	in	UW	solution	for	2	hours.	The	porcine	livers	used	in	the	

present	 study	 were	 retrieved	 from	 a	 slaughterhouse	 (Kroon,	 Groningen,	 the	

Netherlands)	where	humane	circumstances	are	applied	according	to	national	legislation.	

According	 to	 the	 Dutch	 law,	 no	 institutional	 approval	 is	 needed	 when	 using	 a	

slaughterhouse	model.		

	



	

Dual	hypothermic	oxygenated	machine	perfusion	(DHOPE)	

After	SCS,	grafts	were	randomly	assigned	to	either	2h	DHOPE	(DHOPE-2),	6h	(DHOPE-

6),	 or	 24h	 DHOPE	 (DHOPE-24)	 (n=6	 per	 group).	 Machine	 perfusion	 was	 performed	

using	the	Liver	Assist	device	(Organ	Assist,	Groningen,	the	Netherlands).15	Livers	were	

perfused	with	 2L	 Belzer	 UW	machine	 perfusion	 solution	 (Bridge	 to	 Life,	 Ltd,	 London,	

United	Kingdom),	oxygenated	with	100%	O2.	Temperature	was	maintained	between	8–

10°C.	 Pressures	 were	 limited	 to	 25	 mmHg	 in	 the	 hepatic	 artery	 and	 3	 mmHg	 in	 the	

portal	vein.	Perfusate	samples	were	collected	from	the	arterial	inflow	cannula	at	the	end	

of	 preservation.	 Liver	 tissue	 samples	were	 obtained	 after	 procurement,	 at	 the	 end	 of	

DHOPE	preservation,	and	at	the	end	of	warm	reperfusion.	

Ex	situ	normothermic	oxygenated	whole	blood	reperfusion	

After	 extended	 DHOPE	 preservation	 for	 2h,	 6h,	 or	 24h,	 liver	 grafts	 were	 flushed	 by	

gravity	with	1L	of	cold	(4°C)	saline	solution	and	1L	of	saline	at	room	temperature.	Livers	

were	 then	 transferred	 to	 a	 second	 Liver	 Assist	 device	 and	 reperfused	 at	 37°C	 with	

autologous	whole	 blood.	Whole	 blood	was	 used	 during	 this	 phase	 to	 simulate	 clinical	

transplantation.	 Sodium	 bicarbonate	 (B.	 Braun	 Medical,	 Melsungen,	 Germany)	 was	

added	in	the	first	hour	after	reperfusion	to	adjust	to	a	physiological	pH.	The	blood	was	

oxygenated	with	a	carbogen	mixture	of	95%	O2	and	5%	CO2	at	1L/min.	The	portal	vein	

was	 perfused	 continuously	 at	 a	 pressure	 of	 11	 mmHg,	 and	 the	 hepatic	 artery	 was	

perfused	with	a	pulsatile	flow	at	a	mean	pressure	of	70	mmHg.	Perfusate	samples	were	

taken	 before	 reperfusion,	 and	 at	 5,	 60,	 120,	 180,	 and	 240	minutes	 after	 reperfusion.	

Arterial	 blood	 gas	 samples	 were	 taken	 before	 reperfusion,	 and	 every	 30	 minutes	

thereafter.	 Partial	 oxygen	pressure,	Hb,	 pH,	 glucose,	 and	 lactate	were	measured	using	

the	i-STAT	clinical	analyzer	(Abbot	Point	of	Care	Inc.,	Princeton,	NJ).	Bile	production	was	

measured	gravimetrically	throughout	reperfusion.	Every	hour,	bile	was	collected	under	

mineral	 oil,	 as	 described	 previously,16	 and	 biliary	 pH,	 bicarbonate	 and	 lactate	

dehydrogenase	 (LDH)	 levels	 were	 measured.	 As	 controls,	 two	 porcine	 livers	 were	

preserved	 with	 static	 cold	 storage	 (4°C)	 in	 UW-solution	 for	 24	 hours,	 followed	 by	 4	

hours	of	normothermic	reperfusion	with	whole	blood	as	described	above.		

	 	



	
	

Outcomes	

Hepatocellular	injury	after	warm	reperfusion	was	assessed	by	alanine	aminotransferase	

(ALT)	 levels,	 using	 a	 standardized	 laboratory	method.	 Nuclear	 subcellular	 injury	was	

measured	 by	 release	 of	 high	mobility	 group	 box-1	 protein	 (HMGB-1)	 using	 a	 specific	

ELISA	 (IBL	 International	 GmbH,	 Fujioka,	 Japan).	 Cell-free	DNA	 (cfDNA)	was	 used	 as	 a	

marker	 of	 cell	 damage	 and	 necrosis	 and	 measured	 as	 described	 previously.17	 Tumor	

necrosis	 factor	 alpha	 (TNF�)	 and	 interleukin	6	 (IL-6)	 levels	were	measured	by	ELISA	

(Biotechne,	 Abingdon,	 UK).	 Lipid	 peroxidation,	 a	 marker	 of	 oxidative	 stress,	 was	

quantified	 by	 measurement	 of	 malondialdehyde	 (MDA)	 in	 the	 perfusate	 and	 liver	

biopsies.15	MDA	 levels	 in	 liver	 parenchyma	were	 corrected	 for	 the	 amount	 of	 protein	

(Bradford	assay,	Bio-Rad,	Hercules,	USA).	In	addition,	8-hydroxy-2-deoxy	guanosine	(8-

OHdG)	was	measured	(FineTest,	Wuhan,	China)	as	a	product	of	oxidative	damage	of	DNA	

by	 reactive	 oxygen	 and	 nitrogen	 species.	 Soluble	 thrombomodulin	 (sTM)	 was	

determined	 using	 a	 commercially	 available	 enzyme-linked	 immunosorbent	 assay	

(ELISA)	(Biotechne,	Abingdon,	UK).18	Hepatic	content	of	adenosine	triphosphate	(ATP)	

was	 used	 as	 an	 indicator	 of	 energy	 status	 of	 grafts	 before	 and	 after	 DHOPE.	 For	 this	

purpose,	 liver	biopsies	were	immediately	frozen	in	liquid	nitrogen	and	later	processed	

for	ATP	measurement,	as	described	previously.19	

Histological	analysis		

Liver	 biopsies	 were	 fixed	 in	 formalin	 and	 embedded	 in	 paraffin.	 We	 performed	

hematoxylin-eosin	(H&E)	staining	to	assess	necrosis	and	Von	Willebrand	Factor	(VWF)	

staining	 to	 assess	 endothelial	 activation.	 Quantification	 of	 necrosis	 and	 VWF-positive	

endothelial	 cells	 was	 determined	 in	 3	 random	 visual	 fields	 (20x).	 Biopsies	 of	 the	

extrahepatic	 bile	 ducts	 were	 taken	 after	 procurement	 and	 at	 the	 end	 of	 reperfusion.	

After	 H&E	 staining,	 biliary	 injury	 was	 assessed	 using	 a	 modified	 scoring	 system	 as	

described	by	Op	den	Dries	 et	 al.20	 Scoring	was	 conducted	 in	 a	blinded	 fashion	by	 two	

independent	investigators.		

Human	protocol	

Human	 application	 of	 extended	 DHOPE	 was	 performed	 as	 a	 preclinical	 study	 using	

discarded	 human	 liver	 grafts.	 Family	 of	 the	 donors	 gave	 consent	 for	 research.	 Donor	

livers	were	static	cold	stored	on	ice	after	procurement	and	transferred	to	our	hospital.	



	

To	mimic	clinical	practice	at	our	center	as	close	as	possible,	grafts	were	subjected	to	our	

clinically	 used	 DHOPE-COR-NMP	 protocol.21	 Extended	 20-hour	 end-ischemic	 DHOPE	

preservation	was	 applied	 using	 UW	machine	 perfusion	 solution.	 The	 timeframe	 of	 20	

instead	of	24	hours	was	chosen	because	of	logistical	reasons.	After	DHOPE	preservation,	

UW	was	changed	to	a	perfusion	solution	containing	a	hemoglobin-based	oxygen	carrier,	

as	 described	 previously.22	 In	 accordance	 with	 our	 clinical	 protocol,	 discarded	 human	

livers	 subsequently	 underwent	 1	 hour	 of	 controlled	 oxygenated	 rewarming	 (10°C	 to	

37°C)	 followed	 by	 normothermic	 (37°C)	 reperfusion	 and	 liver	 viability	 testing	 for	 an	

additional	4	hours.21		

Statistics	

All	 values	 are	 expressed	 as	means	 ±	 standard	 error	 of	 the	mean	 for	 n=6	 animals	 per	

group.	Differences	between	the	groups	were	tested	using	the	Kruskal-Wallis	test	unless	

stated	otherwise.	A	 two-sided	p-value	 less	 than	0.05	was	 considered	 to	be	 significant.	

Analyses	were	performed	using	IBM	SPSS	software	version	25	for	windows.		For	further	

details	regarding	materials	and	methods	used,	please	refer	to	the	CTAT	table.		

	

RESULTS	

Ischemia	times	

There	 were	 no	 significant	 differences	 in	 warm	 and	 cold	 ischemia	 times	 between	 the	

groups.	Mean	warm	ischemia	time	was	24	±	2	minutes	for	DHOPE-2,	22	±	2	minutes	for	

DHOPE-6,	and	22	±	1	minutes	for	DHOPE-24	livers	(p=0.847).	Mean	cold	ischemia	time	

was	129	±	11	minutes	for	DHOPE-2	livers,	122	±	5	minutes	for	DHOPE-6	livers,	and	122	

±	5	minutes	for	DHOPE-24	livers	(p=0.890).		

Flows	during	DHOPE	

The	 perfusate	 temperature	 was	 maintained	 at	 10�C	 throughout	 all	 perfusions.	 In	

addition,	 portal	 venous	 and	 hepatic	 arterial	 flows	 remained	 stable	 in	 all	 livers	

throughout	the	preservation	period.	Mean	arterial	flow	at	the	end	of	DHOPE	was	104.8	±		

29.2	ml/min	 in	 the	DHOPE-2	 group,	 104.3	 ±	 35.2	ml/min	 in	 the	DHOPE-6	 group,	 and	

149.3	±	41.7	ml/min	in	the	DHOPE-24	group	(p=0.676).	Mean	portal	flow	at	the	end	of	



	
	

DHOPE	was	 311.7	 ±	 49.6	ml/min	 in	 the	DHOPE-2	 group,	 282.0	 ±	 72.2	ml/min	 in	 the	

DHOPE-6	group,	and	193.3	±	16.3	ml/min	in	the	DHOPE-24	group	(p=0.219).		

Liver	graft	and	bile	duct	viability	after	extended	DHOPE		

Warm	reperfusion	was	used	to	assess	liver	graft	viability	after	extended	preservation	by	

24-hour	DHOPE.		Portal	(Fig.	1A)	as	well	as	arterial	(Fig.	1B)	flows	steadily	increased	in	

all	 liver	 grafts	 upon	 reperfusion.	 There	 were	 no	 significant	 differences	 between	 the	

groups.	 In	 all	 groups,	 all	 livers	 cleared	 lactate	 (Fig.	 1C).	 Perfusate	 pH	 was	 adjusted	

within	the	first	hour	after	reperfusion	by	adding	bicarbonate.	There	were	no	significant	

differences	in	the	amount	of	added	bicarbonate	between	the	groups.	After	the	first	hour,	

no	further	corrections	were	needed,	and	pH	remained	stable	during	all	liver	perfusions	

(Fig.	 1D).	 Starting	 one	 hour	 after	 reperfusion,	 in	 all	 livers	 perfusate	 glucose	 levels	

gradually	decreased	(Fig.	1E).			

All	 livers	 produced	 sufficient	 quantities	 of	 bile,	without	 differences	 in	 cumulative	 bile	

production	 (Fig.	 2A).	 In	 addition,	 bile	 duct	 viability	 was	 assessed	 during	 4	 hours	

normothermic	reperfusion.	In	all	groups,	biliary	pH	and	bicarbonate	increased	during	4	

hours	warm	reperfusion.	Levels	of	biliary	pH,	bicarbonate	and	LDH	were	similar	 in	all	

groups	 at	 the	 end	 of	 reperfusion	 (Fig.	 2B-D).	 In	 this	 porcine	model	 of	 DCD	 livers,	we	

observed	 extensive	 loss	 of	 biliary	 epithelial	 lining	 immediately	 after	 procurement	 (30	

min	of	warm	ischemia).	This	was	consistent	with	previous	findings.20	At	the	end	of	warm	

reperfusion,	 bile	 ducts	 of	 all	 livers	 displayed	 signs	 of	 bile	 duct	 injury.	 Histological	

comparison	of	bile	ducts	revealed	similar	injury	at	the	end	of	reperfusion	in	all	groups	

(Fig.	2E,	Fig.	S1).		

	



	

	

Figure	 1.	 Perfusion	 flows	 and	 markers	 of	 liver	 function	 during	 4	 hours	

normothermic	reperfusion	after	either	2,	6,	or	24	hours	DHOPE.	(A)	Portal	venous	

flow,	(B)	hepatic	artery	flow,	(C)	lactate	concentration,	(D)	perfusate	pH,	(E)	glucose	levels.	

All	 livers	show	good	liver	function	during	reperfusion	after	preservation	by	either	2,	6,	or	

24	hours	DHOPE.	Shown	here	are	the	mean	and	standard	error	of	the	mean	for	n=6	livers	



	
	

per	group.	There	were	no	significant	differences	between	the	groups	in	all	markers	shown	

(Kruskal-Wallis	test).	DHOPE	=	dual	hypothermic	oxygenated	machine	perfusion.		

	

Figure	 2.	 Biliary	 function	 during	 4	 hours	 normothermic	 reperfusion.	 (A)	

Cumulative	bile	 production	during	 reperfusion,	 (B)	biliary	pH,	 (C)	 biliary	bicarbonate	at	

the	 end	 of	 reperfusion,	 (D)	 biliary	 LDH	 at	 the	 end	 of	 reperfusion.	 All	 livers	 show	 good	



	

biliary	 function	after	preservation	by	 either	2,	 6,	 or	24	hours	DHOPE	and	 there	were	no	

significant	differences	between	the	groups	 in	all	parameters	shown	(Kruskal-Wallis	 test).	

(E)	Histology	of	 extrahepatic	bile	ducts,	 *	=	bile	duct	 lumen,	arrow	=	absence	of	 luminal	

epithelium.	Shown	here	are	 the	mean	and	 standard	error	of	 the	mean	 for	n=6	 livers	per	

group.	 DHOPE	 =	 dual	 hypothermic	 oxygenated	 machine	 perfusion;	 LDH	 =	 lactate	

dehydrogenase.		

Next,	we	investigated	the	degree	of	hepatocellular	injury	after	DHOPE	preservation	for	

2,	6	and	24	hours.	We	analyzed	several	markers	for	cellular	injury	at	the	end	of	4	hours	

reperfusion.	Levels	of	ALT	(Fig.	3A;	p=0.687),	HMGB-1	(Fig.	3B;	p=0.690),	or	cfDNA	(Fig.	

3C;	 p=0.229)	 in	 the	 perfusate	 were	 not	 elevated	 by	 extended	 DHOPE	 preservation.	

Histological	 analysis	 of	 liver	 parenchyma	 revealed	 that	 DHOPE	 preservation	 up	 to	 24	

hours	 did	 not	 result	 in	 more	 necrosis	 after	 reperfusion	 compared	 to	 shorter	

preservation	times	(Fig.	3D	and	E).		

	

Figure	 3.	 Markers	 for	 cellular	 injury	 at	 the	 end	 of	 normothermic	 reperfusion.		

Perfusate	levels	of	(A)	ALT	(p=0.687),	(B)	HMGB-1	(p=0.690),	(C)	and	cfDNA	(p=0.229).	

There	 were	 no	 statistically	 significant	 differences	 between	 the	 groups	 at	 the	 end	 of	



	
	

reperfusion	 (Kruskal-Wallis	 test).	 (D)	 percentage	 of	 necrosis	 on	 histological	 analysis	 of	

liver	parenchyma	after	H&E	staining,	 (E)	H&E	staining	of	 liver	parenchyma.	Shown	here	

are	 the	 mean	 and	 standard	 error	 of	 the	 mean	 for	 n=6	 livers	 per	 group.	 ALT	 =	 alanine	

aminotransferase;	cfDNA	=	cell-free	DNA;	DHOPE	=	dual	hypothermic	oxygenated	machine	

perfusion;	 H&E	 =	 hematoxylin	 and	 eosin;	 HMGB-1	 =	 high-mobility	 group	 1;	 SCS	 =	 static	

cold	storage.		

Since	 livers	 were	 perfused	 for	 up	 to	 24	 hours	 with	 an	 oxygenated	 solution,	 we	

investigated	markers	for	oxidative	stress	at	the	end	of	DHOPE	preservation	and	after	4	

hours	 warm	 reperfusion.	 Extended	 preservation	 was	 not	 associated	 with	 increased	

levels	of	MDA	in	the	perfusate	at	the	end	of	DHOPE	(Fig.	4A;	p=0.312),	nor	 in	blood	at	

the	end	of	warm	reperfusion	(Fig.	4B;	p=0.308).	Extended	DHOPE	preservation	was	also	

not	 associated	 with	 increased	 levels	 of	 MDA	 in	 liver	 biopsies	 at	 the	 end	 of	 DHOPE	

(p=0.125),	 nor	 at	 the	 end	 of	 reperfusion	 (p=0.604)	 (Fig.	 4C).	 Perfusate	 8-OHdG	

measured	at	the	end	of	warm	reperfusion	was	similar	in	all	groups	(p=0.172)	(Fig.	4D).		

	

	



	

Figure	 4.	 Markers	 related	 to	 oxidative	 stress	 at	 the	 end	 of	 DHOPE	 and	

normothermic	reperfusion.	 (A)	MDA	 in	perfusate	at	 the	 end	of	DHOPE	 (p=0.312),	 (B)	

MDA	in	liver	parenchyma	at	the	end	of	DHOPE	(p=0.125)	and	reperfusion	(p=0.604)),	(C)	

MDA	 in	 perfusate	 at	 the	 end	 of	 normothermic	 reperfusion	 (p=0.308),	 (D)	 8-OHdg	 in	 the	

perfusate	 at	 the	 end	 of	 normothermic	 reperfusion	 (p=0.172).	 There	were	 no	 statistically	

significant	differences	between	the	groups	on	all	parameters	(Kruskal-Wallis	test).	24-hour	

DHOPE	 preservation	 does	 not	 induce	 oxidative	 injury	 compared	 to	 shorter	 preservation	

times.	 Shown	 here	 are	 the	 mean	 and	 standard	 error	 of	 the	 mean	 for	 n=6	 animals	 per	

group.	 8-OHdG	 =	 8-hydroxydeoxyguanosine;	 DHOPE	 =	 dual	 hypothermic	 oxygenated	

machine	perfusion;	MDA	=	malondialdehyde.		

Extended	 DHOPE	 preservation	 was	 not	 associated	 with	 increased	 release	 of	

inflammatory	 cytokines	 TNF-a	 and	 IL-6.	 Mean	 TNF-a	 was	 334.4	 ±	 55.8	 pg/ml	 for	

DHOPE2,	 252.3	 ±	 57.8	 pg/ml	 for	 DHOPE6,	 and	 347.3	 ±	 123.2	 pg/ml	 for	 DHOPE24	

preserved	 livers,	 respectively	 (p=0.692)	 (Fig.	5A).	Mean	 IL-6	was	13.9	±	5.5	pg/ml	 for	

DHOPE2,	23.9	±	8.7	pg/ml	 for	DHOPE6,	and	19.7	±	8.2	pg/ml	 for	DHOPE24	preserved	

livers,	respectively	(p=0.578)	(Fig.	5B).	Finally,	we	investigated	the	degree	of	endothelial	

injury	 after	 prolonged	 DHOPE	 preservation.	 Levels	 of	 soluble	 thrombomodulin	 (sTM)	

were	not	affected	by	prolonged	DHOPE	(p=0.985)	(Fig.	5C).	 	 Intensity	of	VWF	staining	

did	not	reveal	more	activation	of	endothelial	cells	on	histological	analysis	(Fig.	5D	and	

E).		

	



	
	

	

Figure	5.	Endothelial	cell	activation	and	levels	of	soluble	thrombomodulin	during	

reperfusion.	(A)	TNF-a	in	perfusate	(p=0.692),	(B)	IL-6	in	perfusate	(p=0.578),	(C)	soluble	

thrombomodulin	 in	 perfusate	 (p=0.985)	 (D)	 VWF	 staining,	 (E)	 percentage	 VWF	 positive	

endothelial	 cells	 per	 high-power	 field.	 There	 were	 no	 statistically	 significant	 differences	

between	 the	 groups	 at	 the	 end	 of	 reperfusion	 (Kruskal-Wallis	 test).	 Preservation	 by	 24-

hour	 DHOPE	 did	 not	 induce	 more	 injury	 to	 endothelial	 cells	 compared	 to	 shorter	

preservation	 times.	 DHOPE	 =	 dual	 hypothermic	 oxygenated	 machine	 perfusion;	 HPF	 =	

high-power	 field;	 IL-6	=	 interleukin	6;	TNF-a	=	 tumor	necrosis	 factor	alpha;	 SCS	=	 static	

cold	storage;	sTM	=	soluble	thrombomodulin;	VWF	=	Von	Willenbrand	Factor.		

24-hour	SCS	preserved	livers		

As	a	control	group,	two	porcine	livers	were	preserved	by	SCS	for	24	hours.	Subsequent	

warm	reperfusion	was	performed	 for	4	hours	 to	 investigate	viability.	Macroscopically,	

both	 livers	 preserved	 by	 24	 hours	 SCS	 depict	 large,	 patchy	 dark	 and	 greyish	 areas.	

During	 4	 hours	 warm	 reperfusion	 of	 these	 grafts,	 perfusion	 flow	 rates	 gradually	

decreased,	 bile	 production	 was	 absent,	 pH	 was	 decreased	 to	 <7.0,	 and	 lactate	 in	 the	

perfusate	reached	>8mmol/L	at	 the	end	of	reperfusion.	Fig.	6A	and	B	depict	a	porcine	

liver	 after	 24-hours	 DHOPE	 preservation,	 and	 subsequent	 4	 hours	 normothermic	

reperfusion	 with	 macroscopically	 normal	 appearance.	 In	 contrast,	 Fig.	 6C	 shows	



	

normothermic	 reperfusion	 after	 24-hour	 preservation	 by	 SCS,	 demonstrating	 severe	

hemorrhagic	 injury.	 Because	 of	 the	 severe	 degree	 of	 injury	 after	 24-hours	 SCS	

preservation	(i.e.,	non-functioning	grafts),	a	 further	 increase	 in	number	of	 livers	 in	 the	

24-hour	SCS	group	was	deemed	futile.			

	

Figure	 6.	 Representative	 pictures.	 (A)	 porcine	 liver	 at	 the	 end	 of	 24-hour	 DHOPE	

preservation,	 (B)	porcine	 liver	during	reperfusion	after	24-hour	DHOPE	preservation,	 (C)	

porcine	liver	during	reperfusion	after	24-hour	SCS	preservation.	Clearly,	livers	preserved	by	

24-hour	 SCS	 depict	 large	 patchy	 dark	 and	 greyish	 areas,	 suggestive	 of	 a	 failing	 graft.	

DHOPE	=	dual	hypothermic	oxygenated	machine	perfusion;	SCS	=	static	cold	storage		

Human	preclinical	experience	in	extended	DHOPE	

Finally,	we	 investigated	whether	 the	 observations	 in	 our	 porcine	model	 could	 also	 be	

applied	 to	 clinical	 liver	 transplantation.	 Therefore,	we	perfused	 two	discarded	human	

donor	livers	using	a	protocol	currently	used	at	our	center	(Fig.	7A).21	The	first	liver	was	

from	 a	 71-year	 old	 DCD	 donor,	 with	 a	 BMI	 of	 29,	 history	 of	 smoking,	 macroscopic	

hepatic	steatosis	of	40%,	121	minutes	between	withdrawal	of	life	support	and	death,	a	

warm	ischemia	time	of	16	minutes,	and	668	minutes	of	SCS.	The	second	graft	was	from	a	

59-year	old	donation	after	brain	death	donor,	with	a	BMI	of	31,	a	history	of	smoking	and	

hypertension,	 and	 a	 SCS	 time	 of	 466	 minutes.	 This	 liver	 was	 discarded	 by	 another	

transplant	 center	 because	 of	 a	 macroscopic	 appearance	 of	 poor	 perfusion,	 and	

subsequently	 rejected	 for	 transplantation	 nationwide.	 These	 human	 liver	 grafts	 were	

preserved	 by	 traditional	 SCS	 during	 transportation	 from	 the	 donor	 center	 and	 then	

subjected	 to	 extended	 DHOPE	 for	 20	 hours.	 After	 1	 hour	 of	 gradual	 controlled	

oxygenated	rewarming	followed	by	an	additional	4	hours	of	normothermic	reperfusion,	

both	grafts	met	the	viability	criteria	that	we	use	in	our	practice	(Fig.	7B).	Fig.	7B	shows	

data	 from	 our	 prospective	 clinical	 trial,	 in	which	 the	 green	margins	 depict	 livers	 that	



	
	

were	deemed	viable	after	2.5	hours	normothermic	 reperfusion.23	The	purple	and	blue	

lines	 represent	 both	 human	 livers	 included	 in	 this	 study.	 After	 2.5	 hours	 reperfusion,	

both	livers	met	the	viability	criteria,	based	on	lactate	clearance,	the	delta	of	biliary	and	

arterial	 pH,	 the	 biliary/arterial	 glucose	 ratio,	 and	 the	 delta	 of	 biliary	 and	 arterial	

bicarbonate.	 Hepatic	 ATP	 content	 was	 increased	 3–5	 fold	 during	 20	 hours	 DHOPE	

preservation	(Fig.	7C).	Perfusate	levels	of	HMGB-1,	TNF-a,	IL-6,	and	cfDNA	remained	low	

in	 both	 livers	 during	 the	 entire	 period	 of	DHOPE	 (Fig.	 7C).	 At	 the	 end	 of	 reperfusion,	

histology	of	 the	extrahepatic	bile	ducts,	 the	 intrahepatic	bile	ducts	as	well	 as	 the	 liver	

parenchyma	 revealed	 remarkable	 preservation	with	 only	minor	 cholangiocellular	 and	

hepatocellular	injury	(Fig.	7D).	

	

Figure	7.	24-hour	DHOPE	preservation	of	discarded	human	liver	grafts.	(A)	pictures	

of	 a	 human	 liver	 at	 the	 end	 of	 DHOPE	 preservation	 (left)	 and	 during	 normothermic	

reperfusion	 (right).	 (B)	 Markers	 for	 graft	 viability.	 The	 green	 margins	 depict	 historical	

data	 of	 clinically	 perfused	 livers	 that	were	 deemed	 viable	 after	 2.5	 hours	 normothermic	

perfusion	and	thus	accepted	for	transplantation.	The	red	margins	depict	historical	data	of	

livers	 that	 were	 deemed	 non-viable	 after	 2.5	 hours	 reperfusion,	 which	 were	 secondarily	

discarded	for	transplantation.	The	purple	and	blue	lines	represent	the	two	livers	included	



	

in	this	study.	Both	livers	follow	the	green	margins,	indicative	of	a	viable	graft.	Shown	are	

lactate	 clearance,	 the	 delta	 of	 biliary	 and	 arterial	 pH,	 the	 biliary/arterial	 glucose	 ratio,	

and	 the	 delta	 of	 biliary	 and	 arterial	 bicarbonate.	 After	 2.5	 hours,	 both	 livers	 meet	 the	

viability	 criteria.	 (C)	 Hepatic	 ATP	 content	 at	 the	 end	 of	 DHOPE,	 and	 perfusate	 levels	 of	

HMGB-1,	 TNF-a,	 IL-6,	 and	 cfDNA	 during	 DHOPE	 preservation.	 (D)	 	 H&E	 staining	 of	

extrahepatic	 bile	 ducts	 (left),	 intrahepatic	 bile	 ducts	 (middle),	 and	 liver	 parenchyma	

(right),	*	=	bile	duct	lumen.		

	

DISCUSSION	

In	 this	 study	we	 have	 shown	 that	 in	 a	 porcine	 DCD	model	with	 30	minutes	 of	warm	

ischemia,	livers	preserved	by	DHOPE	remained	viable	for	at	least	24	hours,	whereas	24-

hour	preservation	by	SCS	 resulted	 in	non-viable	 grafts.24,25	DHOPE	 for	up	 to	24	hours	

appears	to	be	feasible	to	extend	ex	situ	liver	graft	preservation	times.			

The	 results	 described	 in	 this	 paper	 provide	 evidence	 that	 DHOPE	 may	 substantially	

extend	liver	preservation	times.	These	findings	are	important	for	several	reasons.	First,	

extended	DHOPE	could	facilitate	logistics	of	organ	allocation.	It	may	be	useful	to	extend	

preservation	 times	 in	 cases	 of	 suboptimal	 livers	 that	 are	 more	 difficult	 to	 allocate.	

Second,	this	technique	can	be	favored	when	livers	need	to	be	transported	across	regions	

of	large	countries	(e.g.	United	States),	or	between	countries	(e.g.	Eurotransplant).	At	the	

same	 time,	 it	 may	 reduce	 transportation	 costs	 when	 livers	 can	 be	 shipped	 with	

commercial	 flights	 instead	 of	 chartered	 jets.	 Lastly,	 storage	 time	 can	 be	 prolonged	 in	

cases	 of	 logistical	 issues	 at	 the	 recipient	 center	 (lack	 of	 operating	 rooms	 or	 medical	

teams),	or	to	schedule	transplantation	surgery	the	next	day	instead	of	during	the	night,	

since	the	latter	has	been	associated	with	a	greater	risk	of		morbidity	and	mortality.26		

Up	 to	 now,	 it	 has	 been	 shown	 that	 short-term	 (1–2	 hours)	 (D)HOPE	 prior	 to	

transplantation	 is	 an	 effective	 approach	 to	 mitigate	 ischemia-reperfusion	 injury	 by	

slowing	down	mitochondrial	respiration.2	The	present	study	shows	that	DHOPE	can	also	

be	 used	 to	 extend	 preservation	 times.	 Only	 a	 few	 studies	 investigated	 extended	 cold	

perfusion	 of	 donor	 livers.8,27	 Belzer	 and	 colleagues	 were	 the	 first	 who	 managed	 to	

preserve	and	transplant	good	quality	canine	livers	after	72-hour	hypothermic	machine	

perfusion	 (HMP).8	 More	 than	 a	 decade	 later,	 Xu	 et	 al.	 published	 a	 study	 on	 24-hour	



	
	

preservation	by	HMP	in	a	rat	reperfusion	model,	but	without	very	good	results.27	At	the	

end	of	30	minutes	reperfusion,	LDH	was	higher	in	the	HMP	group	compared	to	the	SCS	

group,	 ICG	 clearance	 was	 similar	 between	 the	 groups,	 and	 hepatic	 hyaluronic	 acid	

uptake	 showed	 severely	 impaired	 hepatic	 sinusoidal	 endothelial	 cells	 after	 24-hour	

HMP.	 In	contrast	 to	our	study,	Xu	and	colleagues	did	not	use	an	oxygenated	perfusion	

solution.	 It	 has	 been	 shown	 that	 complete	 absence	 of	 oxygen	 during	 HMP	 triggers	

hepatocyte	 cell	 death	 via	 mitochondria,	 and	 fails	 to	 prevent	 reperfusion	 injury.2	 The	

liver	 is	 a	 metabolically	 high-demanding	 organ,	 even	 under	 hypothermic	 conditions.	

Therefore,	 active	 oxygenation	 is	 needed,	 especially	 in	 grafts	 with	 more	 preservation	

injury,	such	as	DCD	livers.2,28,29			

A	 potential	 disadvantage	 of	 HMP	 is	 the	 risk	 of	 undesired	 endothelial	 injury	 (shear	

stress)	in	the	liver	sinusoids	caused	by	higher	vascular	resistances	in	the	cold.30	In	our	

experiments,	we	 have	 observed	 stable	 perfusion	 flows	 during	 the	 entire	 preservation	

period	of	24	hours.	This	is	in	contrast	to	what	other	authors	have	described	for	extended	

HMP.27,31–33	 If	machine	 settings	 are	 adjusted	at	portal	pressures	≤3mmHg	and	arterial	

pressures	≤25mmHg,	shear	stress	can	be	avoided.2,34	In	this	study,	using	low	perfusion	

pressures,	we	did	not	observe	activation	of	endothelial	cells,	indicated	by	VWF	staining		

as	well	as	low	levels	of	sTM.	sTM	is	released	from	the	vascular	endothelium	when	liver	

sinusoids	are	injured	by,	for	example,	graft	preservation.35	Levels	of	sTM	have	also	been	

correlated	with	elevated	 liver	enzymes	and	 increased	adherence	of	 leukocytes	 in	 liver	

tissue.18	

Research	 groups	world-wide	 are	pushing	 the	boundaries	 of	 organ	preservation	 times.	

More	recently,	the	feasibility	of	extended	preservation	by	NMP	was	demonstrated.11,36,37	

The	 group	 from	 Cleveland	 even	 shows	 86-hour	 liver	 perfusion	 by	 NMP	 in	 a	 non-

transplantation	model.11	Normothermic	conditions	allow	testing	of	organ	viability,	but	it	

also	bears	a	 risk	of	 severe	 injury	as	 the	organ	 is	much	more	metabolically	 active.38	 In	

addition,	 normothermic	 perfusion	 requires	 more	 intensive	 labor,	 since	 the	 liver	

produces	 waist	 products	 and	 the	 composition	 of	 the	 perfusate	 needs	 continuous	

monitoring	and	adjusting.	Hypothermic	perfusion	can	be	advantageous	since	the	organ	

is	 in	 a	 hypometabolic	 state	 with	 less	 production	 of	 waste	 products.	 In	 addition,	

compared	to	NMP,	it	prevents	graft	loss	if	the	perfusion	system	fails	(the	graft	would	still	

be	 preserved	 in	 SCS).	 This	 study	 shows	 that	 temperature	 can	 be	maintained	 at	 10°C	



	

without	 interventions,	 it	 does	 not	 require	 an	 oxygen	 carrier	 (e.g.	 blood),	 and	 no	

adjustments	 of	 the	 perfusate	 needed	 to	 be	 done,	 making	 it	 a	 relatively	 easy	 and	

substantially	cheaper	approach,	when	compared	to	NMP.		

Clearly	these	results	must	be	assessed	 in	the	context	of	what	 is	an	experimental	study	

using	porcine	livers.	We	did	not	confirm	our	findings	in	a	transplantation	model,	but	an	

ex-situ	 whole	 blood	 reperfusion	 model	 was	 used	 to	 test	 liver	 viability,	 as	 done	

previously	 by	 others.15,39–41	 In	 addition,	 it	 was	 recently	 shown	 that	 2.5	 hours	 of	

normothermic	reperfusion	is	sufficient	to	assess	hepatobiliary	viability.21	It	is	generally	

accepted	 that	 the	 pig	 liver	 is	 a	 very	 rigorous	 model	 of	 organ	 preservation,	 with	

maximum	 successful	 SCS	 preservation	 times	 that	 are	 substantially	 shorter	 than	 those	

regularly	achieved	in	clinical	practice.36	In	combination	with	our	preliminary	results	on	

the	two	discarded	human	liver	grafts,	these	are	grounds	for	optimism	that	comparable	

results	may	be	achieved	in	the	clinical	setting.	Although	the	results	of	the	current	study	

are	 encouraging,	 experimental	 work	 with	 subsequent	 transplantation	 to	 validate	 this	

approach	 remains	 necessary.	 Until	 then,	 extended	 DHOPE	 should	 only	 be	 performed	

within	a	research	setting.		

In	conclusion,	this	is	the	first	study	to	show	successful	extended	preservation	by	DHOPE	

of	DCD	porcine	livers.	If	confirmed	to	the	clinical	setting,	extended	DHOPE	could	be	used	

globally	to	facilitate	transplantation	logistics	and	expand	the	donor	pool.			
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Supplementary	Fig.	1.	Degree	of	injury	of	the	extrahepatic	bile	ducts	of	livers	treated	
with	2,	6,	or	24	hours	DHOPE	prior	to	SCS	and	after	4	hours	normothermic	reperfusion.	The	
degree	of	(A)	biliary	epithelial	loss	(p=1.000),	(B)	mural	stroma	necrosis	(p=0.276),	(C)	
arteriolonecrosis	(p=0.159),	(D)	injury	to	the	PBGs	(p=1.000),	and	(E)	intramural	bleeding	
(p=0.570).	(F)	Presence	of	thrombosis	(p=0.105).	There	were	no	statistically	significant	
differences	between	the	groups	at	the	end	of	reperfusion	(Chi-square	test).	Shown	here	are	
percentages	for	n=6	animals	per	group.			
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ABSTRACT	

Objective:	To	evaluate	sequential	hypothermic	and	normothermic	machine	perfusion	as	

a	tool	to	resuscitate	and	assess	viability	of	initially	declined	donor	livers	to	enable	safe	

transplantation.			

Summary	Background	Data:	Machine	perfusion	is	increasingly	used	to	resuscitate	and	

test	 the	 function	 of	 donor	 livers.	 While	 (dual)	 hypothermic	 oxygenated	 perfusion	

([D]HOPE)	 resuscitates	 livers	 after	 cold	 storage,	 normothermic	 machine	 perfusion	

(NMP)	enables	assessment	of	hepatobiliary	function.		

Methods:	In	a	prospective	clinical	trial,	nationwide	declined	livers	were	subjected	to	ex	

situ	 NMP	 (viability	 assessment	 phase),	 preceded	 by	 one-hour	 DHOPE	 (resuscitation	

phase)	and	one	hour	of	controlled	oxygenated	rewarming	(COR),	using	a	perfusion	fluid	

containing	 an	 hemoglobin-based	 oxygen	 carrier.	 During	 the	 first	 2.5h	 of	 NMP,	

hepatobiliary	 viability	 was	 assessed,	 using	 predefined	 criteria:	 perfusate	 lactate	

<1.7mmol/L,	pH	7.35-7.45,	bile	production	>10mL	and	bile	pH>7.45.	Livers	meeting	all	

criteria	 were	 accepted	 for	 transplantation.	 Primary	 endpoint	 was	 3-months	 graft	

survival.		

Results:	Sixteen	livers	underwent	DHOPE-COR-NMP.	All	 livers	were	from	donors	after	

circulatory	 death,	 with	 median	 age	 of	 63	 (range	 42-82)	 years	 and	 median	

Eurotransplant	 donor	 risk	 index	 of	 2.82.	 During	 NMP,	 all	 livers	 cleared	 lactate	 and	

produced	sufficient	bile	volume,	but	 in	5	 livers	bile	pH	remained	<7.45.	The	11	(69%)	

livers	 that	met	 all	 viability	 criteria	were	 successfully	 transplanted,	with	100%	patient	

and	 graft	 survival	 at	 3	 and	6	months.	 Introduction	 of	DHOPE-COR-NMP	 increased	 the	

number	of	deceased	donor	liver	transplants	by	20%.		

Conclusions:	 Sequential	DHOPE-COR-NMP	enabled	 resuscitation	 and	 safe	 selection	 of	

initially	declined	high-risk	donor	livers,	thereby	increasing	the	number	of	transplantable	

livers	by	20%.	

	 	



	

INTRODUCTION	

Although	liver	transplantation	is	a	life-saving	treatment	for	patients	with	end-stage	liver	

disease,	mortality	on	 the	waiting	 list	 is	high	due	 to	 shortage	of	 suitable	donor	organs.	

Therefore,	‘extended-criteria	donor’	(ECD)	organs	of	suboptimal	quality	are	increasingly	

used	for	transplantation.	However,	a	high	number	of	ECD	livers	is	still	declined	because	

the	risk	of	primary	non-function	or	other	severe	complications	is	considered	too	high.1	

Particularly	 livers	 from	donors	after	circulatory	death	(DCD)	are	prone	to	severe	graft	

injury	 and	 early	 failure	 due	 to	 prolonged	 donor	 circulatory	 arrest	 and	 hypotension	

(warm	 ischemia).2	 The	 biliary	 tract	 is	 especially	 vulnerable	 to	 ischemic	 injury,	

illustrated	 by	 a	 3-fold	 higher	 incidence	 of	 ischemic	 cholangiopathy	 after	 DCD	 liver	

transplantation,	compared	 to	 transplantation	of	 livers	 from	donation	after	brain	death	

(DBD).3-5		

Ex	 situ	 oxygenated	 machine	 perfusion	 is	 increasingly	 applied	 to	 improve	 graft	

preservation	 and	 reduce	 the	 risk	 of	 graft	 failure,	 and	 various	 protocols	 are	 currently	

tested	 in	 clinical	 trials.6-8	 Single	 or	 dual	 hypothermic	 oxygenated	 machine	 perfusion	

([D]HOPE)	reduces	ischemia-reperfusion	injury	by	resuscitating	mitochondria,	resulting	

in	restoration	of	cellular	energy	stores	and	decreased	release	of	reactive	oxygen	species	

during	transplantation.9	Controlled	oxygenated	rewarming	(COR)	aims	to	minimize	the	

potential	 deleterious	 transition	 between	 cold	 preservation	 and	 warm	 reperfusion.10	

Normothermic	 machine	 perfusion	 (NMP)	 reduces	 ischemic	 injury	 and	 allows	 ex	 situ	

assessment	of	hepatobiliary	function	because	the	organ	is	metabolically	active	at	37oC.11	

However,	 when	 applied	 after	 a	 period	 of	 static	 cold	 storage,	 NMP	 may	 not	 provide	

optimal	protection	against	ischemia-reperfusion	injury.12-14	

In	two	preclinical	studies	using	discarded	human	livers,	a	short	period	of	(D)HOPE	prior	

to	 NMP	 resulted	 in	 better	 hepatobiliary	 function	 and	 less	 injury,	 compared	 to	 NMP	

only.12,13	After	sequential	DHOPE	and	NMP,	hepatic	adenosine	triphosphate	content	and	

levels	 of	 biliary	 bicarbonate	 and	 bilirubin	 were	 higher	 compared	 to	 livers	 that	

underwent	NMP	only.12		

We,	 therefore,	 hypothesized	 that	 a	 combination	 of	 DHOPE	 and	 NMP	would	maximize	

utilization	 of	 the	 machine	 perfusion	 potential	 when	 applied	 after	 a	 period	 of	 cold	

preservation.	To	test	this	hypothesis,	we	initiated	a	prospective	clinical	trial	of	combined	



	
	

DHOPE,	 COR,	 and	 NMP	 with	 the	 aim	 to	 resuscitate	 and	 test	 the	 viability	 of	 initially	

nationwide	declined	livers	to	allow	safe	transplantation.	

	

METHODS	

Trial	design	

In	 this	 prospective	 clinical	 trial,	 all	 livers	 that	 were	 nationwide	 declined	 for	 regular	

transplantation	between	August	2017	and	October	2018	were	included	(Figure	1).	The	

study	 protocol	 (www.trialregister.nl;	 NTR5972)	 was	 approved	 by	 the	medical	 ethical	

review	committee	of	our	center	(METc2016.281).	All	recipients	gave	written	 informed	

consent.	

Objective	 of	 this	 study	 was	 to	 safely	 increase	 utilization	 of	 donor	 livers	 by	 ex	 situ	

resuscitation	 and	 viability	 assessment	 using	 a	 protocol	 combining	 DHOPE,	 COR,	 and	

NMP.	 Primary	 endpoint	was	 graft	 survival	 after	 3	months.	 Secondary	 endpoints	were	

graft	and	patient	survival	at	6	months,	the	incidence	of	primary	non-function	and	post-

transplant	cholangiopathy	(defined	as	a	spectrum	of	bile	duct	abnormalities,	 including	

non-anastomotic	 biliary	 strictures,	 intraductal	 casts	 and/or	 intrahepatic	 biloma	

formation),15	and	biochemical	serum	markers	of	graft	function	and	ischemia-reperfusion	

injury	at	postoperative	day	1-7,	and	after	1	and	3	months.	 In	addition,	graft	utilization	

rate	was	determined.	

Procurement	of	donor	livers	

All	livers	were	procured	in	a	standardized	manner	by	a	dedicated	procurement	team.16	

Although	both	DBD	and	DCD	livers	were	eligible	for	inclusion	in	the	trial,	coincidentally	

all	 included	 livers	were	 from	DCD	donors.	DCD	organ	procurement	 in	 the	Netherlands	

includes	a	mandatory	5	min	‘no	touch’	period	after	declaration	of	circulatory	determined	

death	and	heparinization	of	the	donor	is	not	permitted.	After	rapid	in	situ	cold	flush	out	

and	procurement,	livers	were	preserved	and	transported	using	static	cold	preservation	

in	University	of	Wisconsin	(UW)	cold	storage	solution	(Bridge	to	Life,	London,	UK).	Time	

between	start	of	cold	 flushing	and	either	the	beginning	of	machine	perfusion	(DHOPE-

COR-NMP)	 or	 graft	 reperfusion	 in	 the	 comparator	 cohorts,	 was	 defined	 as	 static	 cold	

ischemia	time.		



	

Perfusion	solution	

To	allow	both	hypothermic	and	normothermic	machine	perfusion	without	 the	need	 to	

interrupt	 perfusion	 to	 replace	 the	 perfusion	 fluid,	 an	 acellular	 perfusion	 solution	

containing	 a	 hemoglobin-based	 oxygen	 carrier,	 HBOC-201,	 (Hemopure,	 HbO2	

Therapeutics	LLC,	Souderton,	USA)	was	used	for	all	temperature	phases.17-19	In	addition	

to	 HBOC-201,	 the	 perfusion	 solution	 contained	 gelofusine,	 albumin,	 metronidazole,	

glutathione,	 cefazolin,	 heparin,	 insulin	 and	 sodium	 bicarbonate	 (Supplementary	 Table	

1).	 After	 the	 first	 five	 perfusions,	 clinical	 grade	 taurocholate	 came	 available	 and	 was	

added	to	the	perfusion	fluid	(50mg	at	start	of	NMP	followed	by	continuous	 infusion	of	

7.7	mg/h).	Taurocholate	was	produced	according	to	good	manufacturing	practice	by	our	

hospital	pharmacy.			

Machine	perfusion	procedure	

Machine	 perfusion	 procedures	 were	 performed	 with	 the	 Liver	 Assist	 device	 (Organ	

Assist,	 Groningen,	 the	 Netherlands)	 (Figure	 2A).	 Prior	 to	 machine	 perfusion,	 a	 portal	

vein	flush	was	performed	with	2L	of	cold	saline.	All	livers	underwent	1	hour	of	DHOPE	

(8-12ºC)	with	portal	vein	and	hepatic	artery	pressures	of	5	and	25	mmHg,	respectively.	

During	DHOPE,	1L/min	of	100%	O2	was	administered,	resulting	in	a	PaO2	>80kPa.	After	

1h	of	DHOPE,	temperature	was	stepwise	increased	(1°C	per	2	minutes),	until	37°C	(COR	

phase).	Additionally,	the	portal	vein	and	hepatic	artery	pressures	were	slowly	increased	

to	11	and	70	mmHg,	respectively.	After	perfusion	 fluid	 temperature	reached	37ºC,	 the	

NMP	 phase	 started	 to	 allow	 viability	 assessment.	 During	 NMP	 an	 air/oxygen	mixture	

was	used	for	ventilation,	aiming	at	a	hepatic	venous	oxygen	saturation	of	55-75%.			

Every	 30	 minutes,	 arterial	 perfusate	 samples	 were	 collected	 and	 analyzed	 with	 an	

ABL90Flex	 blood	 gas	 analyzer	 (Radiometer,	 Brønhøj,	 Denmark).	 Additionally,	 every	

hour	 venous	 outflow	 samples	 were	 collected	 to	 determine	 SvO2	 and	 PvO2.	 Bile	 was	

collected	 from	a	 8Fr	 biliary	 drain	 and	 volume	was	determined	 gravimetrically.	 At	 30-

minute	 intervals	 samples	of	bile	were	collected	under	mineral	oil	 to	determine	biliary	

pH,	bicarbonate,	and	glucose.20,21	

		

	

	



	
	

Viability	assessment	

During	 the	 first	 2.5h	 of	 NMP,	 hepatobiliary	 function	 was	 tested	 using	 the	 following	

criteria:	lactate	<1.7mmol/L,	perfusate	pH	7.35-7.45,	bile	production	>10ml,	and	biliary	

pH	 >7.45.	 When	 a	 liver	 met	 all	 viability	 criteria,	 the	 liver	 was	 accepted	 for	

transplantation.	 In	 non-viable	 livers,	 NMP	was	 discontinued	 and	 the	 liver	 secondarily	

discarded.	 Viable	 donor	 livers	 remained	 on	 NMP	 until	 recipient	 hepatectomy	 was	

completed	and	implantation	could	be	initiated.	After	NMP,	livers	were	flushed	out	with	

2L	of	 cold	UW	to	 remove	 the	machine	perfusion	solution.	After	 implantation,	 the	 liver	

was	 flushed	 with	 500mL	 recipient	 blood	 via	 the	 caval	 anastomosis	 following	 portal	

venous	reperfusion.			

Histological	analysis	

Biopsies	were	taken	from	the	distal	common	bile	duct	before	machine	perfusion,	fixed	in	

4%	 formalin,	 and	 subsequently	 embedded	 in	 paraffin.	 Slices	 of	 4	 µm	 were	 cut	 and	

stained	with	hematoxylin	&	eosin	for	examination	using	light	microscopy.	The	bile	duct	

injury	 (BDI)	 score	 was	 determined	 in-duplo	 in	 a	 blinded	 fashion,	 using	 a	 clinically	

relevant	histological	grading	system.20,22		

Comparator	cohorts	

Contemporary	comparator	cohorts	of	all	consecutive	adult	DCD	or	DBD	liver	transplants	

performed	 in	 our	 center	 between	 January	 2017	 and	 October	 2018	 were	 formed.	

Recipients	of	multi-organ	transplants	were	excluded.		

Statistical	analysis	

Continuous	 variables	 were	 presented	 as	 median	 (interquartile	 range;	 IQR)	 and	

compared	 using	 the	 Mann-Whitney	 test.	 Categorical	 variables	 were	 presented	 as	

number	 (percentage)	 and	 compared	 using	 Chi-square	 or	 Fisher’s	 exact	 test	 where	

appropriate.	 Graft	 survival	 was	 determined	 with	 the	 Kaplan-Meier	 method,	 and	

differences	 were	 determined	 with	 the	 log-rank	 test.	 Two-sided	 P-values	 <0.05	 were	

considered	 statistically	 significant.	 Analyses	 were	 performed	 using	 SPSS,	 version	 23	

(IBM,	Armonk,	New	York,	USA).			

	 	



	

RESULTS	

Inclusions	

Between	 August	 2017	 and	 October	 2018,	 42	 livers	 were	 offered	 for	 inclusion	 in	 the	

DHOPE-COR-NMP	 trial	 after	nationwide	decline	 for	 regular	 transplantation	 (Figure	1).	

Of	these,	16	livers	underwent	machine	perfusion.	Donor	characteristics	are	summarized	

in	Table	1.	All	livers	were	from	DCD	donors	with	a	median	age	of	63	(range	42-82)	years	

and	a	median	Eurotransplant	donor	risk	index	(ET-DRI)	of	2.82.23	

Figure	1:	Flowchart	of	the	livers	offered	for	inclusion	in	the	DHOPE-COR-NMP	trial.	

A	 total	 of	 42	 nationwide	 declined	 high-risk	 livers	 was	 offered.	 Twenty-six	 livers	 did	 not	

undergo	 machine	 perfusion	 as	 a	 result	 of	 logistic	 reasons,	 too	 long	 agonal	 phase	 or	

macroscopic	 findings	during	organ	procurement.	 In	 the	Netherlands,	organ	procurement	

teams	withdraw	 if	no	circulatory	arrest	occurs	within	 two	hours	of	ventilator	 switch-off.	

Sixteen	 livers	 underwent	 DHOPE-COR-NMP.	 Abbreviations:	 COR;	 controlled	 oxygenated	

rewarming,	DHOPE;	dual	hypothermic	oxygenated	perfusion,	NMP;	normothermic	machine	

perfusion.	



	
	

Viability	testing		

During	NMP,	11	of	16	(69%)	perfused	livers	(depicted	as	green	lines	in	Figures	2-3)	met	

all	 viability	 criteria	 (Figure	 2B-D).	 The	 five	 livers	 secondarily	 declined	 for	

transplantation	(depicted	as	red	lines	in	Figures	2-3)	all	had	a	bile	pH	<7.45	at	2.5h	of	

NMP	(Figure	2D).	All	livers	cleared	lactate	and	produced	>10mL	of	bile.	No	differences	in	

portal	 vein	 and	 hepatic	 artery	 flows	 were	 observed	 between	 transplanted	 and	 non-

transplanted	 livers	 (Table	 1).	 There	 were	 no	 major	 differences	 in	 baseline	

characteristics	of	 transplanted	and	non-transplanted	 livers,	 apart	 from	a	 longer	donor	

hepatectomy	time	and	static	cold	ischemia	time	in	the	latter	group.	

Table	 1.	 Donor	 and	 perfusion	 characteristics	 of	 transplanted	 and	 non-

transplanted	livers.		

Variable	 	 Transplanted		
(n=11)	

Non-transplanted		
(n=5)	

p-value	

Donor	characteristics	 	 	 	 	
Age	(years)	 	 63	(52-72)		 63	(52-71)		 0.961	
Body	mass	index	(kg/m2)	 	 25	(21-26)		 28	(24-32)		 0.052	
Gender*	
					Male	
					Female	

	 	
8	(73%)	
3	(27%)	

	
4	(80%)	
1	(20%)	

0.635	

Cause	of	death*	
					Trauma	
					Cerebrovascular	attack	
					Anoxia	
					Other	

	 	
2	(18%)	
5	(46%)	
3	(27%)	
1(9%)	

	
2	(40%)	
1	(20%)	
1	(20%)	
1	(20%)	

0.648	

Time	 from	 withdrawal	 of	 life	
support	 to	 circulatory	 arrest	
(min)	

	 14	(11-18)		 14	(8-21)		 0.851	

Time	 from	 circulatory	 arrest	 to	
cold	perfusion	(min)	

	 16	(14-16)		 16	(14-20)		 0.743	

Total	 donor	 warm	 ischemia	 time	
(min)		

	 32	(25-33)	 30	(18-37)	 0.913	

Last	sodium	(mmol/L)	 	 143	(141-153)	 140	(133-148)	 0.177	
Last	AST	(u/L)	 	 60	(32-95)		 79	(53-158)		 0.441	
Last	ALT	(u/L)	 	 62	(36-127)	 81	(33-178)		 0.743	
Last	GGT	(u/L)	 	 64	(30-167)		 55	(24-543)		 0.743	
Last	ALP	(u/L)	 	 63	(52-78)	 105	(76-346)		 0.013	
Hepatectomy	time	(min)	 	 44	(28-54)		 70	(44-93)	 0.040	
Static	cold	ischemia	time	(min)		 	 270	(241-294)		 326	(286-480)		 0.018	
ET-DRI#	 	 2.81	(2.60-2.90)	 2.82	(2.47-3.26)	 0.743	
Perfusion	 characteristics	at	150	
minutes	of	NMP		

	 	 	 	

Portal	vein	flow	(ml/min)	 	 1790	(1550-2070)		 1750	(1665-1750)		 0.955	
Hepatic	artery	flow	(ml/min)	 	 478	(420-653)		 515	(323-871)		 0.462	
Perfusate	pH		 	 7.42	(7.40-7.44)		 7.38	(7.34-7.39)		 0.115	



	

Perfusate	lactate	 	 0.7	(0.4-1.1)		 1.7	(1.3-1.9)	 0.068	
Perfusate	glucose	 	 24.0	(19.3-29.5)	 27.0	(24.5-29.0)		 0.955	
Bile	pH	 	 7.57	(7.521-7.61)		 7.39	(7.32-7.40)		 0.002	
Bile	bicarbonate	 	 27.6	(24.9-29.6)		 18.3	(16.9-19.7)		 <0.001	
Bile	glucose	 	 13.5	(6.6-17.0)	 20.4	(20.2-21.7)		 0.055	
Bile	pH	–	perfusate	pH^	 	 0.15	(0.10-0.19)		 0.01(	-0.05-0.05)	 0.005	
Bile	 bicarbonate	 –	 perfusate	
bicarbonate^	

	 8.6	(6.7-11.7)		 2.0	(1.3-3.1)		 0.013	

Bile	glucose	–	perfusate	glucose^	 	 -9.8	(-13.8	-	-8.1)		 -4.3	(-8.0-	-2.0)		 0.052	
Glucose	ratio	bile	and	perfusateº	 	 0.50	(0.30-0.63)		 0.82	(0.76-0.90)		 0.013	
 

Continuous	data	are	presented	as	median	(IQR),	categorical	data	as	number	(percentage).	

*	Shown	as	number	(percentage).	#	A	validated	tool	to	assess	the	risk	of	liver	graft	failure.23	

^	The	difference	between	 the	bile	and	 the	perfusate.	 º	The	glucose	 level	 in	 the	perfusate	

divided	 by	 the	 glucose	 level	 in	 the	 bile.	 Abbreviations:	 AFP;	 alkaline	 phosphatase,	 ALT;	

alanine	 aminotransferase,	 AST;	 aspartate	 aminotransferase,	 DBD;	 donation	 after	 brain	

death,	 DCD;	 donation	 after	 circulatory	 death,	 ET-DRI;	 Eurotransplant	 Donor	 Risk	 Index,	

GGT;	gamma	glutamyltransferase.		



	
	

	

Figure	 2:	 Viability	 testing	 during	 DHOPE-COR-NMP.	 The	 green	 lines	 indicate	 the	

transplanted	livers,	the	red	lines	represent	the	non-transplanted	liver.	The	light	green	line	

indicates	 the	 transplanted	 liver	 that	 developed	 post-transplant	 cholangiopathy.	 In	 livers	

that	did	not	meet	al	viability	criteria	during	the	first	2.5h	of	NMP,	NMP	was	discontinued	

and	 livers	were	secondarily	discarded.	 In	viable	 livers	 that	met	all	viability	criteria,	NMP	

was	continued	until	recipient	hepatectomy	was	completed.	A,	Liver	from	a	82-year	old	DCD	

donor	 with	 a	 functional	 warm	 ischemia	 time	 of	 33	 minutes.	 This	 liver	 met	 the	 viablity	

criteria	 and	 was	 successfully	 transplanted.	 Portal	 vein	 and	 supratruncal	 aorta	 were	

cannulated,	and	drains	were	placed	in	the	common	bile	duct	and	the	suprahepatic	inferior	

vena	 cava.	 B,	 Lactate	 decreased	 during	 NMP.	 C,	 Perfusate	 pH	 normalized	 during	 NMP	



	

except	 for	one	 liver.	D,	Bile	pH	 increased	during	NMP,	but	 remained	below	7.45	 in	 the	5	

non-transplanted	 livers.	 E,	 Bile	 glucose	 decreased	 during	 NMP.	 F,	 Bile	 bicarbonate	

increased	during	NMP,	but	remained	 low	in	the	5	non-transplanted	 livers.	Abbreviations:	

COR;	controlled	oxygenated	rewarming,	DHOPE;	dual	hypothermic	oxygenated	perfusion,	

min;	minutes,	NMP;	normothermic	machine	perfusion.		

Clinical	outcomes	DHOPE-COR-NMP	versus	comparator	cohorts	

The	median	 follow	 up	 of	 the	 patients	 that	 received	 a	 DHOPE-COR-NMP	 liver	 was	 12	

months	(range	8-22	months).	Using	the	DHOPE-COR-NMP	protocol	for	resuscitation	and	

viability	 testing	 of	 initially	 declined	 livers,	we	 achieved	 actuarial	 3-,	 6-,	 and	12-month	

graft	survival	rates	of	100%.	Patient	survival	was	100%	at	these	time	points.	Outcomes	

were	compared	to	contemporary	comparator	cohorts	of	regular	DBD	or	DCD	livers	that	

were	 transplanted	 in	 our	 center	 outside	 the	 DHOPE-COR-NMP	 protocol	 (Table	 2).	

Notably,	donors	of	regular	DCD	livers	were	significantly	younger	(52	vs.	63	years),	and	

had	 a	 significantly	 lower	 ET-DRI	 (2.34	 vs.	 2.81)	 (Table	 2).	 Actuarial	 graft	 and	 patient	

survival	rates	in	the	DBD	comparator	cohort	were	100%	at	3,	6	and	12	months.	Actuarial	

graft	survival	rates	in	the	DCD	comparator	cohort	were	83%,	83%	and	80%	at	3,	6	and	

12	months,	 respectively,	 and	 patient	 survival	 was	 92%,	 92%,	 and	 88%	 at	 these	 time	

points.	Graft	and	patient	survival	were	not	significantly	different	between	the	DHOPE-

COR-NMP	 cohort	 and	 the	 two	 comparator	 cohorts.	 During	 execution	 of	 the	 trial,	 56	

regular	 deceased	 donor	 liver	 transplantations	 were	 performed,	 indicating	 a	 20%	

increase	due	to	the	machine	perfusion	protocol.	

	 	



	
	

Table	2.	Donor,	recipient	and	transplantation	characteristics	and	post-transplant	

outcomes	of	the	transplanted	DHOPE-COR-NMP	livers	versus	the	comparator	

cohorts.	

																																																																																										Comparator	cohort	
Variable	 DHOPE-COR-NMP		

(n=11)	
DBD	
(n=36)	

DCD	
(n=24)	

p-value	
DHOPE-
COR-NMP	
versus	
DBD	

p-value	
DHOPE-	
COR-
NMP	
versus	
DCD	

Donor	 	 	 	 	 	 	
Type	of	donor*			
					DBD	
					DCD	

	
0	(0%)	
11	(100%)	

	
36	(100%)	
0	(0%)	

	 	
0	(0%)	
24	(100%)	

	
-	
-	

	
-	
-	

Age	(years)	 63	(52-72)	 61	(47-66)	 	 52	(48-56)	 0.227	 0.005	
Gender	(male)*	 8	(73%)	 20	(56%)	 	 15	(63%)	 0.485	 0.682	
Body	mass	index	(kg/m2)	 25	(21-26)	 26	(24-28)	 	 27	(22-29)	 0.057	 0.092	
Cause	of	death*		
					Trauma	
					CVA	
					Anoxia	
					Other	

	
2	(18%)	
5	(46%)	
3	(27%)	
1(9%)	

	
7	(19%)	
21	(58%)	
7	(19%)	
1	(3%)	

	 	
6	(25%)	
8	(33%)	
5	(21%)	
5	(21%)	

0.116	 0.452	

Time	from	withdrawal	of	
life	support	to	circulatory	
arrest	(min)	

14	(11-18)	 -	 	 12	(8-15)	 -	 0.046	

Time	from	circulatory	
arrest	to	cold	perfusion	
(min)	

16	(14-16)	 -	 	 16	(14-20)	 -	 0.445	

Total	warm	ischemia	time	
(min)	

32	(25-33)	 -	 	 28	(23-33)	 -	 0.274	

Last	sodium	(mmol/L)	 140	(133-148)	 146	(144-
149)	

	 143	(140-
146)	

0.479	 0.540	

Last	GGT	(u/L)	 64	(30-167)	 44	(21-76)	 	 41	(18-63)	 0.268	 0.186	
Last	ALT	(u/L)	 62	(36-127)	 40	(22-69)	 	 33	(18-55)	 0.123	 0.025	
Last	AST	(u/L)	 60	(32-95)	 49	(28-79)	 	 49	(19-78)	 0.364	 0.211	
Last	ALP	(u/L)	 63	(52-78)	 66	(49-85)	 	 61	(50-97)	 0.904	 0.923	
ICU	stay	(days)	 3	(1-5)	 2	(1-2)	 	 3	(1-5)	 0.090	 0.923	
Hepatectomy	time	(min)	 44	(28-54)	 46	(35-55)	 	 48	(37-84)	 0.296	 0.114	
ET-DRI#	 2.81	(2.60-2.90)	 1.75	(1.48-

1.90)	
	 2.34	(2.14-

2.49)	
<0.001	 <0.001	

Recipient	 	 	 	 	 	 	 	
Age	(years)	 61	(55-66)	 52	(40-

60)	
	 56	(48-61)	 0.017	 0.198	

Gender	(male)*	 7	(64%)	 22	
(61%)	

	 13	(54%)	 1.000	 0.721	

Body	mass	index	(kg/m2)	 28	(25-32)	 25	(22-
28)	

	 27	(23-30)	 0.150	 0.494	

Lab	MELD-score°	 14	(13-15)	 15	(10-
22)	

	 18	(11-24)	 0.405	 0.268	

ICU	stay	prior	to	
transplant	

1	(9%)	 4	(11%)	 	 1	(4%)	 1.000	 0.536	



	

Retransplantation*	
Transplant	indication*	

1. NASH/NAFLD	
2. Post-alcoholic	

cirrhosis	
3. Biliary	diseases≠	
4. Other	

0	(0%)	 9	(25%)	 	 3	(12%)	 0.092	 0.536	
	
4	(37%)	
3	(27%)	
	
3	(27%)	
1	(9%)	

	
3	(8%)	
5	(14%)	
	
11	
(31%)	
17	
(47%)	

	 	
6	(25%)	
4	(17%)	
	
6	(25%)	
8	(33%)	

0.070	 0.632	

Transplantation		 	 	 	 	 	 	 	
Static	cold	ischemia	time	
(min)	

	 270	(241-294)		 407	(352-471)	 446	(379-
492)	

<0.001	 <0.001	

Total	preservation	time	
(min)	

868	(805-924)	 407	(352-471)	 446	(379-
492)	

<0.001	 <0.001	

Anastomosis	time	(min)	 38	(32-44)	 42	(37-51)	 	 42	(34-52)	 0.124	 0.352	
Estimated	blood	loss	(ml)	 4000	(2400-7700)	 3450	(1960-

6250)	
	 3475	(1987-
4886)	

0.382	 0.409	

RBC	transfusion	(units)	 5	(3-8)	 3	(1-8)	 	 5	(0-10)	 0.183	 0.586	
FFP	transfusion	(units)	 0	(0-0)	 0	(0-3)	 	 0	(0-4)	 0.703	 0.445	
Implantation	(piggyback)*						8	(73%)	 32	(89%)	 	 21	(88%)	 0.330	 0.352	
Post-operative	results	 	 	 	 	 	 	
Actuarial	graft	survival	
					3-months	

	
100%	

	
100%	

	 	
83.3%	

	
1.000	

	
0.159	

					6-months		 100%	 100%	 	 83.3%	 1.000	 0.159	
					12-months		 100%	 100%	 	 80%	 1.000	 0.207	
Peak	ALT	(u/L)	 683	(282-757)	 1195	(600-

2285)	
	 1598	(652-
3191)	

0.009	 0.001	

Peak	AST	(u/L)	 751	(483-1757)	 1646	(627-
2494)	

	 2406	(1102-
4573)	

0.165	 0.004	

Bilirubin	day	7	(umol/L)	 16	(8-27)	 21	(14-62)	 	 16	(12-37)	 0.143	 0.510	
INR	day	7		 1.0	(1.0-1.0)	 1.0	(1.0-1.1)	 	 1.1	(1.0-1.1)	 0.123	 0.076	
Post-transplant	
cholangiopathy*	

1	(9%)	 3	(8.3%)	 	 4	(18%)	 1.000	 0.643	
	

Anastomotic	stricture*	 3	(27%)	 11	(31%)	 	 4	(18%)	 1.000	 0.656	
Primary	non-function*	 0	(0%)	 0	(0%)	 	 2	(8.3%)	 1.000	 1.000	
Hepatic	artery	
thrombosis*	

0	(0%)	 0	(0%)	 	 0(0%)	 -	 -	

Acute	rejection*	 1	(9%)	 3	(8.3%)	 	 1	(4%)	 1.000	 1.000	
 

Continuous	data	are	presented	as	median	(IQR),	categorical	data	as	number	(percentage).	

*	 Shown	 as	 number	 (percentage).	 #	 A	 validated	 tool	 for	 assess	 the	 risk	 of	 liver	 graft	

failure23.	 °	 Defined	 as	 the	 last	 laboratory-derived	 Model	 for	 End-stage	 Liver	 Disease	

(MELD)	 score.	 ≠	 Including	 primary	 biliary	 cirrhosis,	 primary	 sclerosing	 cholangitis.	

Abbreviations:	AFP;	alkaline	phosphatase,	ALT;	alanine	aminotransferase,	AST;	aspartate	

aminotransferase,	CVA,	cerebrovascular	accidentCPR;	cardio	pulmonary	resuscitation,	ET-

DRI;	 Eurotransplant	 Donor	 Risk	 Index,	 FFP;	 fresh	 frozen	 plasma,	 GGT;	 gamma	

glutamyltransferase,	ICU;	intensive	care	unit,	INR;	international	normalized	ratio,	NAFLD;	

non-alcoholic	fatty	liver	disease,	NASH;	non-alcoholic	steatohepatitis,	RBC;	red	blood	cell.		



	
	

Development	of	post-transplant	cholangiopathy	 	

One	recipient	of	a	DHOPE-COR-NMP	 liver	developed	cholangiopathy	at	4	months	after	

transplantation,	 characterized	 by	 recurrent	 jaundice,	 pruritus	 and	 cholangitis.	 Biliary	

anastomosis	 in	 this	 patient	was	 constructed	 using	 a	 Roux-en-Y	 hepatico-jejunostomy.	

Magnetic	 resonance	 cholangiography	 revealed	 biliary	 irregularities	 with	 intraductal	

casts	 (Figure	3A).	 The	patient	 underwent	 surgical	 removal	 of	 the	biliary	 casts	 (Figure	

3B)	with	shortening	of	the	extrahepatic	bile	duct	and	re-anastomosis	of	the	jejunal	loop,	

after	which	bile	flow	was	restored.	Intraoperative	cholangioscopy	demonstrated	injury	

of	the	intrahepatic	bile	ducts	(Figure	3C).		

During	pretransplant	machine	perfusion	of	 this	 liver,	perfusate	 lactate	was	<1mmol/L,	

perfusate	pH	7.46,	and	bile	pH	was	7.45	after	2.5h	of	NMP	(light	green	line	in	Figures	2-

3).	Although	this	liver	met	all	viability	criteria,	in	retrospect	we	have	learned	from	this	

case	that	the	difference	between	bile	and	perfusate	pH,	bicarbonate	and	glucose	may	be	

more	predictive	of	bile	duct	viability	than	the	absolute	biliary	values.	(Figure	3E-H).			

Baseline	bile	duct	biopsy	of	 this	 liver	 showed	signs	of	 severe	 injury	 to	 the	extramural	

peribiliary	glands,	necrotic	vessels	and	diffuse	stroma	necrosis	(BDI	score	6;	Figure	3D).	

Analysis	of	all	baseline	bile	duct	biopsies	revealed	a	significantly	higher	BDI	in	the	liver	

which	developed	cholangiopathy	and	 the	other	non-transplanted	 livers	 (median	BDI	5	

[4-6]),	when	compared	to	the	transplanted	livers	without	symptoms	of	post-transplant	

cholangiopathy	(median	BDI	3	[2-4];	p	=	0.031).		



	

	

Figure	3.	Development	of	post-transplant	 cholangiopathy	after	DHOPE-COR-NMP	

and	discriminating	power	of	bile	composition.		



	
	

A,	 Magnetic	 resonance	 cholangiography	 of	 the	 patient	 that	 developed	 post-transplant	

cholangiography	revealed	biliary	irregularities	with	intraductal	cast	formation.	B,	A	large	

intraductal	 cast	 was	 subsequently	 removed.	 C,	 Intraoperative	 cholangioscopy	

demonstrated	injury	of	the	intrahepatic	bile	ducts.		D,	The	baseline	bile	duct	biopsy	of	the	

liver	 that	 developed	 post-transplant	 cholangiopathy	 revealed	 severe	 injury	 to	 the	

extramural	peribiliary	glands,	necrotic	vessels	and	diffuse	stroma	necrosis.	Magnification:	

10x.	E-H,	the	difference	between	bile	and	perfusate	pH,	bicarbonate	and	glucose	appeared	

to	 be	more	 indicative	 of	 biliary	 damage	 than	 the	 absolute	 value	 of	 pH,	 bicarbonate	 and	

glucose	in	the	bile.	G,	the	glucose	value	in	the	bile	divided	by	the	glucose	in	the	perfusate	

showed	 a	 clear	 difference	 in	 glucose	 reabsorption	 by	 the	 biliary	 epithelium	between	 the	

transplanted	 and	 non-transplanted	 livers.	 Abbreviations:	 COR;	 controlled	 oxygenated	

rewarming,	 DHOPE;	 dual	 hypothermic	 oxygenated	 perfusion,	 min;	 minutes,	 NMP;	

normothermic	machine	perfusion.			

	

DISCUSSION	

This	prospective	 clinical	 trial	 suggests	 that	 sequential	DHOPE,	COR	and	NMP	 is	 a	 safe	

and	efficacious	intervention	to	allow	successful	transplantation	of	initially	declined	high-

risk	 donor	 livers.	 After	 transplantation	 of	 DHOPE-COR-NMP	 livers,	 graft	 and	 patient	

survival	 rates	 were	 at	 least	 similar	 when	 compared	 to	 contemporary	 comparator	

cohorts	of	regular	DCD	or	DBD	liver	grafts.		

To	 the	 best	 of	 our	 knowledge,	 two	 studies	 have	 been	 published	 on	 transplantation	 of	

discarded	human	donor	livers.	In	the	first	series	by	the	Birmingham	group,	six	discarded	

human	donor	livers	underwent	viability	testing	by	using	end-ischemic	NMP,	of	which	5	

livers	were	subsequently	tranplanted.24	The	average	donor	age	of	these	five	livers	was	

45	 years,	 and	 all	 grafts	 functioned	 well	 after	 transplantation.	 In	 this	 study,	 viability	

criteria	 during	NMP	 included	 lactate	 clearance,	 perfusate	 pH	 >7.30,	 stable	 portal	 vein	

and	hepatic	artery	flows,	and	a	homogeneous	graft	perfusion.	No	viability	testing	of	the	

biliary	 tree	 was	 performed.	 In	 the	 second	 study	 conducted	 by	 the	 Cambridge	 group,	

twelve	 discarded	 human	 donor	 livers	 underwent	 end-ischemic	 NMP,	 followed	 by	

transplantation.25	In	this	study,	the	composition	of	bile	was	measured,	but	not	used	for	

viability	 testing.	 Of	 the	 twelve	 livers,	 one	 developed	 primary	 non-function	 and	 three	



	

livers	(27%)	developed	post-transplant	cholangiopathy.	An	association	between	low	bile	

pH	during	NMP	and	development	of	post-transplant	cholangiopathy	was	found	and	the	

authors	 suggested	 bile	 pH	 as	 a	 potential	 viability	 criterion.	 In	 a	 follow-up	 paper,	 the	

same	 authors	 described	 a	 correlation	 between	 bile	 pH,	 glucose	 and	 bicarbonate,	with	

biliary	 injury.26	 Previous	 clinical	 series	 of	DCD	 liver	 transplantation	 indicated	 a	 lower	

incidence	of	post-transplant	 cholangiopathy	 if	 livers	underwent	 (D)HOPE.9,27	Although	

these	 results	 still	 have	 to	 confirmed	 by	 ongoing	 randomized	 controlled	 trials,28	 we	

decided	to	perform	DHOPE	prior	 to	NMP	to	attenuate	the	biliary	 ischemia-reperfusion	

injury	 and	 to	 include	 biliary	 viability	 testing,	 to	 allow	 more	 safe	 transplantation	

compared	to	these	earlier	experiences.		

In	another	recently	completed	study	on	transplantation	of	initially	discarded	livers,	the	

VITTAL-study	by	the	Birmingham	group,	only	hepatocellular	function	was	tested	during	

NMP,	 while	 viability	 testing	 of	 the	 biliary	 tree	was	 not	 performed.29	 One	 of	 the	main	

strengths	in	the	current	study	is	that	both	hepatocellular	and	cholangiocellular	function	

were	 assessed,	 based	 on	 previously	 determined	 biomarkers	 of	 bile	 duct	 viability.20	 In	

our	study,	all	16	livers	met	the	hepatocellular	viability	criteria	used	in	the	VITTAL-study,	

but	 only	 11	 met	 our	 criteria	 for	 cholangiocellular	 function	 (bile	 pH	 >7.45).	 In	 the	

VITTAL-study,	45%	of	patients	developed	bile	duct	irregularities	on	magnetic	resonance	

cholangiography	and	18%	required	retransplantation	for	biliary	strictures.30,31	Although	

this	 may	 provide	 a	 strong	 rationale	 for	 additional	 biliary	 viability	 testing,	 definitive	

proof	would	require	a	randomized	controlled	trial.			

With	a	median	follow	up	of	12	months	(range	8-22	months),	we	have	observed	only	one	

case	 of	 post-transplant	 cholangiopathy	 after	 DHOPE-COR-NMP	 of	 high-risk	 DCD	 liver	

grafts	with	a	median	age	of	63	(range	42-82)	years.	Healthy	biliary	epithelium	modifies	

bile	 composition	 by	 secreting	 bicarbonate,	 leading	 to	 a	 protective	 alkalotic	 biliary	

environment.20,32,33	 Additionally,	 biliary	 epithelium	 reabsorbs	 glucose,	 decreasing	

glucose	levels	in	bile.20,34-37	During	the	NMP-phase	of	the	one	liver	that	developed	post-

transplant	 cholangiopathy,	 the	 bile	 pH,	 bicarbonate,	 and	 glucose	were	 similar	 to	 their	

levels	in	the	perfusate,	suggesting	impaired	biliary	epithelial	function.	Since	this	case,	we	

consider	the	difference	of	pH,	bicarbonate,	and	glucose	between	perfusate	and	bile	as	a	

marker	of	biliary	viability	instead	of	absolute	values	only.		



	
	

While	 end-ischemic	DHOPE	 reduces	 reperfusion	 injury	 in	DCD	 liver	 transplantation38,	

post-ischemic	 biliary	 injury	 already	 present	 before	 machine	 perfusion	 cannot	 be	

repaired.	We	 therefore	 presume	 that	with	 our	 current	DHOPE-COR-NMP	protocol,	we	

have	 safely	 pushed	 the	 boundaries	 of	 end-ischemic	 machine	 perfusion	 for	 high-risk	

donor	livers,	but	this	technique	does	not	enable	active	repair	of	pre-existing	severe	bile	

duct	injury.	Therefore,	alternative	strategies	such	as	normothermic	regional	perfusion	of	

DCD	donors	may	provide	additional	benefit	and	help	 to	avoid	bile	duct	 injury	prior	 to	

static	cold	preservation.39,40		

A	 limitation	of	 this	study	 is	 the	 lack	of	randomization	between	machine	perfusion	and	

traditional	static	cold	preservation	only.	In	our	country,	post-transplant	cholangiopathy	

has	been	observed	in	up	to	30%	of	DCD	liver	recipients	and	therefore	DCD	livers	with	a	

donor	 age	 >60	 years	 are	 usually	 declined	 for	 regular	 transplantation.3-5	 Ethical	

constraints	 refrained	 us	 from	 accepting	 these	 and	 other	 high-risk	 livers	 for	

transplantation	without	adding	any	intervention	and	with	the	sole	intention	to	serve	as	

a	 control	 group	 in	 this	 trial.	 We,	 therefore,	 used	 comparator	 cohorts	 of	 all	 adult	

recipients	of	regular	DCD	or	DBD	liver	grafts	during	the	study	period.	Patient	and	graft	

survival	 were	 not	 different	 between	 these	 groups.	 Another	 possible	 limitation	 is	 that	

livers	 declined	 for	 transplantation	 based	 on	 a	 low	 bile	 pH	 during	 NMP,	 were	 not	

transplanted	and	therefore	have	no	follow	up.	Although	we	have	no	certainty	that	these	

livers	 would	 have	 developed	 post-transplant	 cholangiopathy,	 previous	 (pre)clinical	

studies	indicated	a	substantially	increased	risk.20,22,26		

In	 conclusion,	 this	 prospective	 clinical	 trial	 demonstrates	 the	 safety	 and	 feasibility	 of	

transplantation	 of	 high-risk	 ECD	 liver	 grafts	 using	 sequential	 DHOPE,	 COR,	 and	 NMP.	

Pretransplant	resuscitation	and	viability	assessment	of	these	initially	declined	livers	led	

to	a	20%	increase	in	number	of	deceased	donor	liver	transplants	in	our	center.		
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Ex	situ	machine	perfusion	of	human	donor	livers	via	
the	surgically	reopened	umbilical	vein:	a	proof	of	
concept.			
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ABSTRACT	

Background:	 Machine	 perfusion	 of	 donor	 livers	 is	 typically	 performed	 via	 the	 portal	

vein	main	stem.	Instead,	cannulation	of	a	reopened	umbilical	vein	could	allow	machine	

perfusion	 during	 organ	 procurement	 and	 subsequent	 implantation	 in	 the	 recipient	

without	interruption	of	the	portal	venous	circulation.	We	aimed	to	assess	the	feasibility	

of	portal	venous	machine	perfusion	via	the	umbilical	vein.		

Methods:	During	back	table	inspection	of	five	human	livers	declined	for	transplantation,	

the	 umbilical	 vein	was	 surgically	 reopened,	 dilated	 and	 cannulated.	 Hypothermic	 and	

normothermic	 oxygenated	 machine	 perfusion	 (NMP)	 were	 performed	 using	 the	

umbilical	vein	for	portal	inflow.	Three	livers	were	perfused	with	hypothermic	machine	

perfusion,	one	 full	 liver	graft	underwent	NMP	 for	 four	hours,	 and	one	 left	 lateral	 split	

procedure	was	performed	under	continuous	NMP	with	portal	perfusion	via	the	umbilical	

vein.		

Results:	 In	 all	 livers	 access	 to	 the	 portal	 venous	 system	 via	 the	 umbilical	 vein	 was	

successfully	 achieved,	 with	 good	 portal	 flows	 and	 macroscopically	 homogeneous	

perfusion.	The	full	liver	graft	that	underwent	NMP	via	the	umbilical	vein	for	four	hours	

showed	good	lactate	clearance,	normalized	pH	and	achieved	good	bile	production	with	

pH	>7.55.	During	the	split	procedure	under	continuous	NMP	via	the	umbilical	vein,	the	

left	 lateral	 segment	 and	 extended	 right	 lobe	 remained	 equally	 perfused,	 as	

demonstrated	by	Doppler-ultrasound.		

Conclusion:	Machine	perfusion	with	portal	perfusion	via	the	umbilical	vein	is	 feasible.	

Portal	venous	flows	were	similar	to	those	obtained	after	cannulation	of	the	portal	vein	

main	 stem.	 This	 technique	 enables	 continuous	 oxygenated	 perfusion	 of	 liver	 grafts	

during	procurement,	splitting	and	implantation.	

	 	 	



	

INTRODUCTION	

Liver	transplantation	is	the	treatment	of	choice	for	patients	with	end-stage	liver	disease.	

However,	 donor	 organ	 shortage	 remains	 a	 limiting	 factor	 in	 the	 wider	 application	 of	

liver	 transplantation.	This	discrepancy	between	organ	availability	and	demand	has	 led	

to	the	increased	use	of	so-called	‘extended	criteria’	donor	(ECD)	grafts.	The	use	of	ECD	

livers	 is	 associated	 with	 increased	 rates	 of	 ischemia-reperfusion	 injury-related	

complications,	 such	 as	 primary	 graft	 non-function,	 early	 allograft	 dysfunction,	 and	

biliary	 complications.1	 This	 has	 led	 to	 a	 large	 number	 of	 livers	 being	 declined	 for	

transplantation.	 Ex	 situ	 oxygenated	machine	 perfusion	 is	 increasingly	 applied	 to	 ECD	

livers	to	reduce	the	risk	of	graft	failure,	and	has	made	the	transition	to	clinical	trials.2	

Recently,	He	et	al.	reported	the	first	case	of	ischemia-free	liver	transplantation	(IFLT)	in	

humans.3	 Their	 innovative	 technique	 of	 continuous	 normothermic	 machine	 perfusion	

(NMP)	 during	 liver	 procurement,	 preservation	 and	 transplantation	 is	 a	 major	

breakthrough,	 because	 for	 the	 first	 time	 a	 liver	was	 successfully	 transplanted	without	

any	 ischemia	 or	 reperfusion.	 The	 authors	 used	 a	 donor	 iliac	 vein	 graft	 that	 was	

anastomosed	end-to-side	to	the	donor	portal	vein	main	stem	to	enable	cannulation	and	

perfusion	of	 the	portal	venous	system	without	 interrupting	the	blood	circulation,	even	

during	porto-portal	anastomosis	in	the	recipient.3	However,	this	additional	end-to-side	

anastomosis	 may	 predispose	 to	 thrombosis,	 potentially	 leading	 to	 portal	 venous	

complications.		

Our	 group	 recently	postulated	 the	use	of	 the	 surgically	 reopened	umbilical	 vein	 as	 an	

alternative	route	 to	 the	portal	venous	system	to	overcome	 the	need	 to	anastomose	an	

iliac	vein	graft	 to	 the	portal	vein	main	stem.4	Access	 to	 the	portal	venous	system	via	a	

surgically	 reopened	umbilical	 vein	has	previously	been	used	 for	 successful	 retrograde	

tumor	thrombectomy	of	the	portal	vein	main	stem.5	Therefore,	we	hypothesized	that	a	

surgically	 reopened	 umbilical	 vein	 would	 provide	 good	 access	 to	 the	 portal	 venous	

system	 for	machine	perfusion	 (Figure	1A-B).	We	here	present	our	 first	 experiences	of	

human	 liver	machine	 perfusion	with	 portal	 perfusion	 via	 the	 umbilical	 vein	 in	 a	 pre-

clinical	setting.		



	
	

METHODS	

Between	January	and	May	2018,	 five	human	ECD	livers	declined	for	transplantation	 in	

the	Eurotransplant	 region	were	 offered	 to	 our	 center	 for	machine	perfusion	 research.	

This	 study	was	 approved	 by	 the	medical	 ethical	 committee	 of	 the	 University	Medical	

Center	Groningen	and	the	Dutch	Transplant	Society,	the	competent	authority	for	organ	

donation	in	the	Netherlands.	Donor	relatives	provided	consent	for	research	prior	to	the	

donation	procedure.	For	all	livers,	donation	after	circulatory	death	combined	with	donor	

age	exceeding	60	years	was	the	reason	for	graft	discard.	All	organs	were	procured	using	

a	super-rapid	procurement	technique	described	previously.6	

Organ	inspection	and	preparation	for	machine	perfusion	

All	livers	were	prepared	for	dual	machine	perfusion	using	the	umbilical	vein	for	portal	

perfusion	 and	 the	 supratruncal	 aorta	 for	 arterial	 perfusion.	 Opening	 of	 the	 umbilical	

vein	was	performed	by	careful	exploration	of	the	round	ligament	of	the	liver	(Figure	1C).	

As	soon	as	the	umbilical	vein	was	identified	and	dissected,	a	Fogarty	balloon	catheter	(8	

Fr,	Edwards	Life	Sciences,	Nyon,	Switzerland)	was	 introduced	 to	dilate	 the	obliterated	

vessel	(Figure	1D)	to	allow	adequate	opening	of	 the	entrance	 into	the	 left	 intrahepatic	

portal	 vein	branch	 (Figure	1E).	 In	all	 five	 livers,	 a	 connection	between	 the	portal	vein	

and	 umbilical	 vein	 could	 be	 obtained	 easily	 (Figure	 1F).	Hereafter,	 the	 portal	 cannula	

from	 the	 Liver	 Assist	 device	 (Organ	 Assist,	 Groningen,	 the	 Netherlands)	was	 inserted	

into	the	umbilical	vein	with	its	tip	close	to	the	lumen	of	the	left	portal	vein	branch	and	

was	secured	(Figure	1G).	The	proximal	stump	of	the	portal	vein	main	stem	was	closed	

with	a	non-traumatic	vascular	 clamp	 (Figure	1H).	The	 first	 three	 livers	were	perfused	

hypothermically	 (10-12	 ºC)	 with	 University	 of	 Wisconsin	 (UW)	 Machine	 Perfusion	

solution	(Bridge	to	Life,	London,	UK).	Livers	#4	and	#5	were	perfused	normothermically	

(37ºC)	 with	 our	 clinically	 used	 NMP	 solution	 containing	 a	 hemoglobin-based	 oxygen	

carrier.6	The	hypothermic	and	normothermic	oxygenated	machine	perfusion	procedures	

were	 performed	 using	 the	 Liver	 Assist,	 a	 pressure-controlled	 perfusion	 device,	 	 as	

described	previously.6,7	

	 	



	

	
Figure	 1.	 A:	 Schematic	 drawing	 of	 human	 portal	 venous	 anatomy	 with	 usual	 machine	

perfusion	 via	 the	 portal	 vein	 main	 stem.	 B:	 Schematic	 drawing	 of	 machine	 perfusion	

through	 the	 umbilical	 vein	with	 alternative	 flow	pattern.	 C:	 The	umbilical	 ligament	 of	 a	

human	donor	liver	prior	to	dissection	of	the	umbilical	vein.	D:	Introduction	of	the	Fogarty	

balloon	 catheter	 to	 pneumatically	 dilate	 the	 obliterated	 umbilical	 vein.	 E.	 Adequately	



	
	

dilated	insertion	of	the	umbilical	vein	into	the	left	intrahepatic	portal	vein	branch	(denoted	

by	 the	 *).	 F:	 Connection	 between	 umbilical	 vein	 and	 portal	 vein	 main	 stem	 ensured	

(demonstrated	by	a	probe).	G:	Cannulation	of	 the	umbilical	vein	with	a	24Fr	cannula.	H:	

Normothermic	machine	perfusion	via	 the	umbilical	vein	and	 the	supratruncal	aorta.	The	

proximal	 stump	 of	 the	 portal	 vein	main	 stem	was	 closed	with	 a	 non-traumatic	 vascular	

clamp.	 Abbreviations:	 FBC:	 Fogarty	 balloon	 catheter,	 PV:	 portal	 vein,	 SA:	 supratruncal	

aorta,	UL:	umbilical	ligament,	UV:	umbilical	vein.		

	

RESULTS	

Hypothermic	machine	perfusion	via	the	umbilical	vein	

In	 the	 first	 liver,	 a	 smaller	 cannula	 (12	 Fr)	 than	 usual	 (24	 Fr)	was	 introduced	 in	 the	

umbilical	 vein.	 However,	 due	 to	 the	 increased	 resistance	 of	 the	 smaller	 cannula,	

umbilical	vein	flows	were	lower	(80-100	mL/min	at	a	preset	pressure	of	5	mmHg)	than	

previously	described	during	hypothermic	machine	perfusion	(i.e.,	200-300	mL/min	at	5	

mmHg).5	In	livers	#2	and	#3,	the	umbilical	vein	was	cannulated	with	the	usual	cannula	

for	portal	vein	cannulation	(24	Fr).	In	these	cases,	umbilical	vein	flow	rates	were	similar	

to	values	obtained	during	normal	hypothermic	perfusion	via	the	portal	vein	main	stem.	

(i.e.,	>200	mL/min	at	a	pressure	of	5	mmHg).6	Pulsatile	arterial	flows	were	comparable	

(75-100	mL/min	 at	 a	 preset	 pressure	 of	 25	mmHg)	 to	 flows	 as	 described	 previously	

during	dual	hypothermic	machine	perfusion	(i.e.,	50-100mL/min	at	25	mmHG).6	

Normothermic	machine	perfusion	via	the	umbilical	vein	

The	 fourth	 liver	 was	 prepared	 for	 NMP	 through	 the	 umbilical	 vein	 and	 supratruncal	

aorta	 (Figure	2A).	During	NMP,	 this	 full	 liver	graft	 cleared	 lactate	 (Figure	2B)	and	 the	

perfusate	pH	reached	normal	values	within	two	hours	(Figure	2C).	Doppler	ultrasound	

analysis	confirmed	accurate	position	of	the	tip	of	the	perfusion	catheter	just	prior	to	the	

lumen	of	the	left	portal	vein	branch	(Figure	2D),	demonstrated	adequate	blood	flow	in	

both	 the	 left	 and	 the	 right	 portal	 venous	 branches	 (Figure	 2E),	 as	 well	 as	 in	 all	 the	

hepatic	 veins	 (Figure	 2F).	 To	 analyze	 the	 bile	 production	 from	 the	 left	 and	 right	 liver	

lobe	separately,	both	the	 left	and	right	hepatic	bile	duct	were	cannulated	and	bile	was	

collected	from	each	liver	lobe.	The	amount	of	bile	produced	was	>10ml.	After	one	hour	



	

of	NMP,	the	pH	of	the	bile	from	both	liver	lobes	was	>7.55,	and	after	two	hours	of	NMP	

>7.65.		

	
Figure	2.	A:	Normothermic	machine	perfusion	via	the	umbilical	vein.	B:	Lactate	clearance	

of	 the	 full	 liver	 graft	 during	 normothermic	 machine	 perfusion.	 C:	 Normalization	 of	

perfusate	 pH	 of	 the	 full	 liver	 graft	 during	 normothermic	machine	 perfusion.	 No	 sodium	

bicarbonate	 was	 administered.	 D:	 Ultrasound	 image	 with	 doppler	 acknowledging	 the	

position	 of	 the	 24Fr	 perfusion	 cannula	 (denoted	 by	 the	 *)	 in	 the	 umbilical	 vein.	 E:	

Ultrasound	 image	 with	 doppler	 demonstrating	 the	 patency	 of	 peripheral	 portal	 vein	

branches	 in	 the	 right	 liver	 lobe.	F:	 Ultrasound	 image	with	 doppler	 visualizing	 adequate	

venous	outflow	from	the	right	hepatic	vein.	Abbreviations:	LPV:	left	portal	vein,	PV:	portal	



	
	

vein,	RHV:	right	hepatic	vein,	SA:	supratruncal	aorta,	S7	PV:	segment	7	portal	vein	branch,	

UV:	umbilical	vein.	

Experimental	ex	situ	left	lateral	segment	split	procedure	

The	fifth	liver	was	prepared	for	NMP	through	the	umbilical	vein	and	supratruncal	aorta	

to	assess	the	feasibility	of	a	left	lateral	segment	(LLS)	split	procedure	under	continuous	

NMP	with	 subsequent	 continued	machine	 perfusion	 of	 the	 LLS	 graft.	 The	 portal	 vein	

cannula	 (24	 Fr)	 was	 introduced	 in	 the	 umbilical	 vein	 and	 the	 arterial	 cannula	 in	 the	

supratruncal	aorta	after	which	NMP	was	initiated	(Figure	3A).	The	organ	was	perfused	

at	 37	 ºC	 during	 transection	 of	 the	 liver	 parenchyma	 using	 the	 CUSA	 device	 (Excel+,	

Integra	 LifeSciences,	 Tullamore,	 Ireland),	 followed	by	 sharp	 division	 of	 the	 hilar	 plate	

(Figure	3B,C).	 Finally,	 under	 continuous	oxygenated	NMP	 the	 right	 hepatic	 artery	 and	

right	portal	vein	were	divided	and	the	left	hepatic	vein	was	dissected	from	the	inferior	

vena	 cava.	 The	 extended	 right	 lobe	 was	 removed	 from	 the	 reservoir	 while	 the	 LLS	

remained	under	continuous	NMP	(Figure	3D).	The	extended	right	lobe	was	immediately	

flushed	and	preserved	in	a	bowl	with	UW	solution	and	sterile	ice.	In	the	hour	following	

the	 splitting	procedure,	 the	LLS	graft	 cleared	 lactate	and	 the	pH	of	 the	perfusion	 fluid	

maintained	 within	 normal	 values	 (between	 7.35-7.45).	 The	 umbilical	 venous	 and	

pulsatile	 arterial	 flows	 of	 the	 LLS	 remained	 >400	 mL/min	 and	 150-200	 mL/min,	

respectively.		



	

	

Figure	3.	A:	Experimental	setting	for	the	splitting	of	liver	5.	The	portal	vein	was	clamped	

and	 the	 whole	 liver	 graft	 was	 perfused	 normothermically	 via	 the	 umbilical	 vein.	 B:	

Experimental	 setting	 for	 the	 splitting	of	 liver	5.	The	LLS	was	perfused	with	NMP	via	 the	

umbilical	vein	and	supratruncal	aorta	after	the	splitting.	The	ERL	was	removed	from	the	

perfusion	 device	 and	preserved	 on	 ice.	 	C:	 Left	 lateral	 split	 procedure	 during	 continuous	

normothermic	 machine	 perfusion.	 D:	 Normothermic	 machine	 perfusion	 of	 left	 lateral	

segment	after	splitting	under	normothermic	machine	perfusion	via	the	umbilical	vein	and	



	
	

supratruncal	 aorta.	 E:	 Conceptual	 clinical	 ex	 situ	 splitting	 procedure:	 until	 portal	 vein	

dissection,	 continuous	 oxygenated	 machine	 perfusion	 via	 the	 portal	 vein	 main	 stem	 is	

performed.	 The	 umbilical	 vein	 is	 cannulated	 but	 clamped	 to	 prevent	 blackflow.	 F:	

Conceptual	 ex	 situ	 split	 procedure:	 after	 portal	 vein	 dissection,	 hypothermic	 machine	

perfusion	 via	 both	 the	 portal	 vein	 main	 stem	 and	 umbilical	 vein	 allows	 continuous	

oxygenation	 of	 both	 partial	 liver	 grafts	 during	 and	 after	 splitting.	 Abbreviations:	 ERL:	

extended	 right	 lobe,	 LHV:	 left	hepatic	 vein,	 LLS:	 left	 lateral	 segment,	PV:	portal	 vein,	 SA:	

supratruncal,	aorta	UV:	umbilical	vein.	

Proposed	 ex	 situ	 split	 procedure	 using	 continuous	 oxygenated	 hypothermic	

machine	perfusion.		

The	abovementioned	concept	could	also	be	applied	by	using	single	(portal	venous	only)	

or	dual	(portal	venous	and	arterial)	hypothermic	machine	perfusion	to	allow	continuous	

oxygenated	LLS	 and	extended	 right	 lobe	 split,	 or	 even	 full-left	 and	 full-right	 lobe	 split	

procedure.	To	do	so,	portal	vein	main	stem	and	umbilical	vein	should	both	be	cannulated	

with	 a	 portal	 vein	 cannula	 (24	 Fr).	 For	 dual	 perfusion,	 the	 arterial	 cannula	 should	 be	

introduced	 in	 the	 supratruncal	 aorta.	 For	 the	 parenchymal	 transection	 phase	

hypothermic	oxygenated	machine	perfusion	can	be	initiated	via	the	cannula	in	the	portal	

vein	main	stem,	while	 the	cannula	 in	 the	umbilical	vein	should	be	clamped	 to	prevent	

backflow	(Figure	3E).	After	division	of	the	hilar	plate,	the	left	portal	vein	can	be	divided	

and	clamped.	Portal	venous	perfusion	via	the	umbilical	vein	can	be	initiated	to	perfuse	

the	LLS	or	 full-left	 lobe,	while	 continuous	perfusion	of	 the	extended	right	 lobe	or	 full-

right	lobe	is	maintained	via	the	portal	vein	main	stem	(Figure	3F).	After	division	of	the	

left	 hepatic	 artery,	 perfusion	 via	 the	 supratruncal	 aorta	 allows	 dual	 hypothermic	

oxygenated	machine	perfusion	of	the	extended	right	lobe	or	full-right	lobe,	whereas	the	

LLS	or	full-left	lobe	can	be	perfused	via	the	umbilical	vein	only.		

DISCUSSION	

In	 this	 proof	 of	 concept	 study,	 we	 show	 for	 the	 first	 time	 that	 machine	 perfusion	 of	

human	donor	livers	via	the	surgically	reopened	umbilical	vein	instead	of	the	portal	vein	

main	 stem	 is	 technically	 feasible.	 This	 modification	 may	 simplify	 the	 previously	

described	 technique	 of	 IFLT	 as	 it	 may	 allow	 procurement,	 preservation	 as	 well	 as	

implantation	 with	 a	 standard	 end-to-end	 porto-portal	 anastomosis	 in	 the	 recipient	



	

under	 continuous	oxygenated	portal	 venous	machine	perfusion	via	 the	umbilical	 vein,	

without	the	need	to	anastomose	an	iliac	vein	graft	to	the	portal	vein	main	stem.	We	also	

demonstrate	 the	 technical	 feasibility	 of	 a	 left	 lateral	 segment	 split	 procedure	 under	

continuous	NMP	via	the	surgically	reopened	umbilical	vein	as	well	as	the	supratruncal	

aorta.		

The	 first	 three	 livers	were	 perfused	 hypothermically,	 during	which	 it	 is	 currently	 not	

possible	 to	 perform	 viability	 testing.	 We	 have	 assessed	 the	 flow	 rates	 through	 the	

umbilical	 vein	 and	 compared	 this	 with	 the	 usual	 portal	 vein	 flows	 observed	 in	 our	

clinical	 hypothermic	 machine	 perfusions	 in	 humans.6	 We	 noticed	 that	 when	 using	 a	

standard	24	Fr	cannula	 for	umbilical	vein	perfusion,	 flows	were	comparable	 to	 typical	

hypothermic	perfusion	via	the	portal	vein	main	stem	(200-300	ml/min).	Meticulous	care	

should	 be	 taken	 to	 avoid	 twisting	 of	 the	 umbilical	 vein	 cannula	 because	we	 observed	

that	this	immediately	impaired	portal	venous	flow.		

The	 fourth	 liver	 perfusion	 experiment	 demonstrated	 that	 our	 clinically	 used	 viability	

criteria	 for	 donor	 livers	 during	 NMP2	 (after	 150	 minutes	 of	 NMP:	 perfusate	 lactate	

<1.7mmol/L,	 perfusate	 pH	 between	 7.35-7.45,	 bile	 pH	 >7.45,	 Dutch	 Trial	 Register,	

#NTR5972)	were	reached	by	using	portal	venous	perfusion	via	the	umbilical	vein.	

In	the	fifth	liver,	we	have	performed	a	LLS	split	procedure	under	continuous	NMP	using	

portal	venous	perfusion	via	the	surgically	reopened	umbilical	vein.	After	completion	of	

the	split	procedure,	NMP	of	the	left	lateral	segment	was	continued.	In	the	following	hour,	

lactate	 was	 cleared	 and	 the	 pH	 remained	 within	 normal	 values.	 We	 propose	 that	 by	

introducing	a	cannula	in	the	portal	vein	main	stem	as	well	as	a	cannula	in	the	surgically	

reopened	 umbilical	 vein,	machine	 perfusion	 of	 the	 LLS	 or	 full-left	 lobe	 as	well	 as	 the	

extended	right	or	full-right	lobe	can	be	maintained	even	after	complete	separation	of	the	

two	liver	parts.		

We	envision	that	splitting	under	continuous	oxygenated	hypothermic	machine	perfusion	

could	 be	 beneficial,	 for	 example,	 for	 logistical	 reasons	 to	 allow	 sequential	 liver	

transplantation	 in	 the	 same	 centre	 (conceptualized	 in	 Figure	 3E,F).	 Also,	 hypothermic	

oxygenated	machine	perfusion	 is	 less	prone	 to	 technical	 failure	and	 is	associated	with	

lower	flow	rates	when	using	a	pressure-controlled	machine	perfusion	device.	We	have,	

however,	not	experienced	trouble	with	flow	obstruction	during	the	NMP	split	procedure.	



	
	

When	using	continuous	oxygenated	hypothermic	machine	perfusion,	 the	 transfer	 from	

one	machine	to	another	or	to	static	cold	storage	prior	to	implantation	can	be	performed	

without	 additional	 warm	 ischemic	 injury.	 At	 normothermic	 temperatures,	 we	 do	 not	

consider	it	beneficial	to	perfuse	both	the	extended	right	or	full-right	lobe	and	the	LLS	or	

full	 left	 lobe	 simultaneously.	 For	 NMP,	 arterial	 perfusion	 is	 required	 and	 arterial	

cannulation	of	either	the	left	or	the	right	hepatic	artery	may	risk	additional	injury	to	the	

vascular	endothelium.	Therefore,	we	propose	that	continuous	hypothermic	oxygenated	

machine	perfusion	during	splitting	will	be	most	beneficial	in	clinical	practice.		

In	 this	 proof	 of	 concept	 study,	we	 have	 demonstrated	 for	 the	 first	 time	 that	machine	

perfusion	 through	 the	 surgically	 reopened	umbilical	 vein	 in	discarded	human	 livers	 is	

technically	 feasible,	 thereby	 achieving	 adequate	 portal	 venous	 flows.	 Future	 studies	

should	 investigate	 the	additional	 clinical	utility	of	machine	perfusion	via	 the	umbilical	

vein,	which	should	include	histopathological	analysis	of	the	parenchyma	and	biliary	tree.		
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SUMMARY	PART	1	

The	 first	 part	 of	 this	 thesis	 contains	 a	 review	 and	 three	 observational	 studies	 on	

identifying	the	boundaries	of	transplantation	of	suboptimal	donor	livers.		

After	a	general	introduction	in	chapter	1,	a	review	was	presented	in	chapter	2	focusing	

on	 biliary	 complications	 after	 liver	 transplantation.	 Bile	 leaks	 and	 bile	 duct	 strictures	

(anastomotic	or	non-anastomotic)	are	 the	most	common	types	of	biliary	complication.	

Of	 these,	 non-anastomotic	 strictures	 (NAS)	 are	 the	most	 troublesome	 and	 difficult	 to	

treat.	Patients	receiving	a	donation	after	circulatory	death	(DCD)	liver	graft,	living	donor	

graft,	 or	 a	 split	 liver	 graft	 are	 at	 increased	 risk	 of	 developing	 biliary	 complications.	

Although	 ischemia	 and	 subsequent	 reperfusion	 injury	 of	 the	 bile	 ducts	 is	 a	main	 risk	

factor	for	the	development	of	NAS,	other	mechanisms,	such	as	immune-mediated	injury,	

bile	salt	 toxicity,	and	 insufficient	regeneration	of	 the	epithelium	also	play	a	role	 in	 the	

pathogenesis.		

In	chapter	3	the	results	of	a	nationwide	retrospective	study	on	the	association	between	

donor	 hepatectomy	 time	 and	 the	 development	 of	 biliary	 injury	 during	 DCD	 liver	

transplantation	are	presented.	Donor	hepatectomy	time	was	defined	as	the	period	from	

the	initiation	of	cold	flushing	until	the	liver	was	removed	from	the	abdominal	cavity	and	

placed	into	a	bowl	with	ice-cold	preservation	solution.	The	impact	of	donor	hepatectomy	

time	on	biliary	 injury	was	 studied	 in	a	 chronological	 fashion.	First,	 it	was	observed	 in	

human	bile	duct	biopsies	that	donor	hepatectomy	time	negatively	influenced	the	degree	

of	bile	duct	injury	prior	to	transplantation.	Secondly,	livers	with	prolonged	hepatectomy	

time	 produced	 bile	 of	 inferior	 quality	 during	 normothermic	 machine	 perfusion,	

displayed	by	lower	biliary	bicarbonate	secretion	and	therefore	a	lower	bile	pH.	Lastly,	in	

a	nationwide	retrospective	database	study,	donor	hepatectomy	time	was	identified	as	an	

independent	 significant	 risk	 factor	 for	 the	 development	 of	 NAS	 after	 DCD	 liver	

transplantation.	 In	conclusion:	donor	hepatectomy	time	 influences	 the	development	of	

biliary	 injury	 in	 DCD	 liver	 transplantation.	 The	 results	 from	 this	 study	 suggest	 that	

donor	 hepatectomy	 time	 should	 be	 kept	 as	 short	 as	 possible	 to	 reduce	 rates	 of	 post-

transplant	cholangiopathy.		

Chapter	4	contains	findings	that	 implicate	the	role	of	donor	blood	composition	on	the	

development	 of	 NAS	 after	 DCD	 liver	 transplantation.	 We	 hypothesized	 that	 donor	



	

hematocrit,	 thrombocyte	 and	 leukocyte	 counts	 could	 influence	 the	 rates	 of	 NAS	 after	

transplantation.	For	example,	hematocrit	could	affect	the	viscosity	of	the	blood,	platelets	

can	 play	 a	 role	 in	 endothelial	 activation,	 and	 similar	 effects	 can	 be	 attributed	 to	

leukocytes,	 which	 also	 can	 initiate	 local	 vasodilation,	 and	 all	 of	 these	 factors	 can	

influence	graft	 flush-out,	and	thereby	 influence	the	severity	of	biliary	 injury.	First,	 in	a	

histological	 analysis	 of	 40	 bile	 duct	 biopsies	 of	 human	 donor	 livers,	 increased	 donor	

platelet	 counts	 and	 reduced	 leukocyte	 counts	 were	 associated	 with	 a	 high	 bile	 duct	

injury	 score	 (Odds	 Ratio	 2.553,	 95%CI	 1.082-6.021,	 p=0.029	 and	 Odds	 Ratio	 0.734	

95%CI	 0.581-0.927,	 p=0.009,	 respectively).	 Secondly,	 during	 normothermic	 machine	

perfusion	(NMP)	of	the	abovementioned	livers,	grafts	of	donors	with	increased	platelet	

count	and	reduced	leukocyte	count	produced	bile	with	lower	biliary	bicarbonate	and	pH	

levels,	 indicating	 more	 severe	 biliary	 injury.	 Lastly,	 in	 a	 nationwide	 retrospective	

database	 analysis,	 donor	 hematocrit	 and	 platelet	 count	 were	 identified	 as	 significant	

independent	 risk	 factors	 for	 the	 development	 of	 NAS	 after	 DCD	 liver	 transplantation	

(Hazard	Ratio	1.047	95%CI	1.007-1.089,	p=0.022	and	Hazard	Ratio	1.044	95%CI	1.005-

1.083,	p=0.025).	Altogether,	 these	data	suggest	 that	blood	composition	of	 the	donor	 is	

associated	with	the	development	of	biliary	injury	during	DCD-LT.		

In	 the	 study	described	 in	Chapter	5,	we	aimed	 to	 assess	 the	 safety	of	 the	use	of	DCD	

livers	 for	patients	 that	 require	a	 re-transplantation	of	 the	 liver.	 In	 the	Western	world,	

DBD	 livers	 are	 the	 golden	 standard	 when	 it	 comes	 to	 graft	 selection	 for	 re-

transplantation.	However,	over	 the	 last	 years,	 the	 three	 liver	 transplant	 centers	 in	 the	

Netherlands	 have	 performed	 several	 re-transplantations	 with	 a	 DCD	 liver.	 In	 this	

observational	 study,	 we	 compared	 the	 outcomes	 after	 DCD	 re-transplantation	 with	 a	

matched	 cohort	 of	 DBD	 re-transplantations.	 Interestingly,	 graft	 and	 patient	 survival	

were	similar	among	both	groups.	Rates	of	NAS	in	the	DCD	cohort	were	high	(38%),	but	

the	requirement	for	retransplantation	for	these	NAS	cases	was	low.	This	study	suggests	

that	for	selected	re-transplantation	candidates,	using	a	DCD	graft	from	a	young,	healthy	

donor	may	lead	to	non-inferior	outcomes.	DCD	livers	should	therefore	not	be	routinely	

declined	for	re-transplantation	candidates.		

	

	 	



	
	

SUMMARY	PART	II:		

The	 second	 part	 of	 this	 thesis	 contains	 studies	 aiming	 to	 expand	 the	 boundaries	 of	

transplantation	of	suboptimal	donor	livers.			

In	 Chapter	 6,	 a	 histological	 analysis	 was	 performed	 of	 bile	 duct	 biopsies	 of	 10	 DCD	

livers	that	underwent	end-ischemic	dual	hypothermic	machine	perfusion	(DHOPE)	prior	

to	 graft	 implantation,	 compared	 with	 a	 historical	 cohort	 of	 20	 DCD	 livers	 without	

machine	perfusion	of	which	bile	duct	biopsies	were	taken.	Upon	baseline,	prior	 to	any	

intervention,	 no	 difference	 was	 observed	 between	 the	 DHOPE	 group	 and	 the	 control	

group.	After	graft	reperfusion,	livers	that	had	underwent	DHOPE	displayed	less	stroma	

necrosis	 and	 less	 periluminal	 and	 deep	 peribiliary	 gland	 injury	 after	 reperfusion,	

compared	to	the	control	group	of	livers	that	were	continuously	preserved	on	ice.	From	

this	 study,	 it	 was	 concluded	 that	 DHOPE	 attenuates	 the	 histological	 sequelae	 of	

ischemia-reperfusion	injury	of	the	biliary	tree.		

In	 Chapter	 7,	 the	 results	 of	 a	 preclinical	 study	 on	 extended	 hypothermic	 dynamic	

preservation	 are	 presented.	 We	 investigated	 the	 safety	 of	 prolonged	 DHOPE	 by	

comparing	 liver	 graft	 function	 after	 2,	 6	 and	 24	 hours	 of	 DHOPE.	 Following	 dynamic	

preservation	of	2,	6	or	24	hours	using	DHOPE,	reperfusion	with	autologous	blood	was	

performed	 and	 liver	 graft	 function	 was	 tested.	 Interestingly,	 no	 differences	 in	 lactate	

clearance,	 pH	 stabilization,	 bile	 production	 and	 bile	 composition	 were	 observed	

between	 the	 groups.	 All	 analyzed	 markers	 of	 endothelial	 distress	 and/or	 injury	

displayed	no	differences	between	the	2,6	and	24	hours	of	DHOPE	groups.	Additionally,	

as	 proof	 of	 concept	 two	 human	 livers	 declined	 for	 transplantation	 underwent	

hypothermic	dynamic	preservation	using	DHOPE	for	20	hours	prior	to	rewarming	and	

reperfusion.	 These	 human	 liver	 grafts	 also	 showed	 excellent	 hepatobiliary	 viability	

during	NMP.	From	this	study,	 it	was	concluded	that	it	seems	safe	to	extend	DHOPE	for	

up	 to	24	hours.	After	confirmation	 in	a	 transplantation-setting,	 this	strategy	may	have	

substantial	 clinical	 impact	 because	 it	 may	 simplify	 the	 difficult	 logistics	 around	

transplants	and	can	initiate	day-time	liver	transplant	surgery.		

In	chapter	8,	we	describe	the	results	from	a	prospective	clinical	trial,	the	DHOPE-COR-

NMP	trial.	In	this	study,	all	nationwide	declined	livers	were	offered	for	inclusion	in	the	

protocol.	Mainly,	the	offered	grafts	were	DCD	livers	with	a	donor	age	exceeding	60	years,	



	

or	 DCD	 grafts	 with	 high	 percentage	 of	 steatosis.	 Livers	 first	 underwent	 one	 hour	 of	

DHOPE,	 to	 resuscitate	 the	mitochondria	and	prevent	 subsequent	 ischemia-reperfusion	

injury.	 After	 60	 minutes	 of	 controlled	 oxygenated	 rewarming	 (COR)	 to	 37°C,	

normothermic	machine	 perfusion	 (NMP)	was	 continued.	Within	 the	 first	 2.5	 hours	 of	

NMP,	 livers	had	to	meet	 the	 following	criteria:	perfusate	 lactate	<1.8mmol/L,	pH	7.35-

7.45,	bile	production	>10mL	and	biliary	pH	>7.45.	Within	the	trial	period,	sixteen	livers	

underwent	 DHOPE-COR-NMP.	 All	 livers	 showed	 adequate	 liver	 parenchymal	 function	

and	cleared	lactate	and	produced	bile.	However,	only	eleven	of	sixteen	livers	reached	a	

bile	pH	>7.45	and	were	 therefore	suitable	 for	 safe	 transplantation.	One-year	graft	and	

patient	survival	 following	 these	eleven	 transplants	were	100%.	With	 the	DHOPE-COR-

NMP	 protocol,	 69%	 of	 livers	 that	 were	 previously	 discarded	 were	 successfully	

transplanted	with	a	100%	graft	survival	at	12	months,	resulting	in	an	over	20%	increase	

in	 the	 number	 of	 post-mortal	 liver	 transplantations	 in	 the	 University	 Medical	 Center	

Groningen.		

The	aim	of	the	study	in	chapter	9	was	to	find	a	method	to	simplify	ischemia-free	liver	

transplantation	as	performed	by	 the	 transplant	 team	 in	 the	First	Affiliated	Hospital	of	

Sun	Yat-sen	University,	 Guangzhou,	 China.	 In	Guangzhou,	 a	 small	 interposition	 vein	 is	

placed	 end-to-side	 on	 the	 portal	 vein,	 to	 allow	 cannulation	 and	 continuous	 perfusion	

during	procurement,	preservation	and	implantation.	We	hypothesized	that	cannulation	

of	the	surgically	reopened	umbilical	vein	would	allow	continuous	perfusion	as	well.	To	

test	 this,	we	perfused	five	donor	 livers	via	 the	umbilical	vein	and	monitored	perfusion	

closely.	The	first	three	livers	were	perfused	hypothermically,	and	adequate	flows	were	

observed	 with	 low	 pressures,	 similar	 to	 regular	 (D)HOPE.	 The	 next	 two	 livers	 were	

perfused	normothermically.	The	first	cleared	lactate,	normalized	pH	and	produced	high	

quality	bile.	This	was	also	observed	in	the	second	liver,	which	was	‘split	on	the	pump’.	In	

this	 chapter,	we	 have	 also	 described	 a	method	 for	 splitting	 liver	 grafts	 ‘on	 the	 pump’	

with	the	feasibility	of	subsequent	ischemia-free	implantation	of	the	left	lateral	segment	

graft.		

	

	 	



	
	

Discussion	and	future	perspectives	

Through	 the	 studies	 in	 this	 thesis	 we	 have	 attempted	 to	 elucidate	 the	 boundaries	 of	

transplantation	 of	 suboptimal	 donor	 livers.	 However,	 large	 parts	 of	 the	 grey	 area	

between	 transplantable	 and	 non-transplantable	 livers	 remain	 unexplored.	 Future	

studies	can	help	recognize	the	pathophysiology	behind	complications	that	represent	the	

actual	 boundaries.	 Once	 the	mechanisms	 of	 these	 complications	 are	 fully	 understood,	

one	can	attempt	to	push	the	boundaries	by	applying	novel	therapies.	In	this	part	of	the	

thesis,	the	results	of	the	studies	described	will	be	discussed,	and	future	perspectives	for	

studies	on	suboptimal	liver	transplantation	are	considered.		

In	 an	 attempt	 to	 introduce	 a	 chronological	 order	 to	 this	 thesis,	 chapter	 2	 provided	

background	and	rationale	for	chapter	3-5.	Biliary	complications	form	the	Achilles’	heel	

of	DCD	liver	transplantation.	Over	the	last	years,	the	pathophysiology	of	post-transplant	

cholangiopathy	has	been	extensively	studied.1	Op	den	Dries	et	al	 showed	 in	2014	 that	

biliary	complications	are	largely	predicted	by	the	severity	of	histological	injury	observed	

upon	 arrival	 of	 the	 graft	 in	 the	 transplant	 center.2	 Two	 specific	 aspects	 of	 the	 biliary	

injury	 have	 a	 very	 strong	 predictive	 value	 for	 NAS:	 damage	 to	 the	 peribiliary	 glands	

(PBG’s)	and	damage	to	the	peribiliary	vascular	plexus	(PVP)	located	in	the	bile	duct	wall.	

Interestingly,	 in	 the	 study	 by	 op	 den	 Dries,	 a	 large	 increase	 in	 biliary	 damage	 was	

observed	directly	 after	 graft	 reperfusion	 in	 the	 recipient,	 demonstrating	 the	 impact	of	

reperfusion	 injury	 following	 ischemia.2	 This	 offers	 the	 potential	 for	 a	 therapeutic	

intervention	 in	 the	 period	 between	 arrival	 of	 the	 organ	 and	 graft	 reperfusion,	 the	 so-

called	‘end-ischemic	period’,	and	this	formed	the	rationale	for	initiating	the	clinical	trial	

of	 which	 chapter	 7	 was	 a	 satellite	 study.3	 Possible	 end-ischemic	 interventions	 can	

attenuate	reperfusion	injury,	and	thereby	reduce	rates	of	NAS	after	transplantation.		

However,	in	the	absence	of	regenerative	therapy,	going	beyond	attenuating	reperfusion	

injury	is	not	yet	possible.	Future	studies	aiming	at	repairing	the	damage	that	is	already	

present	upon	arrival	of	the	graft,	are	eagerly	awaited.	As	active	repair	is	not	yet	feasible,	

some	of	the	chapters	in	this	thesis	are	focused	on	identifying	mechanisms	that	influence	

the	severity	of	biliary	injury	already	before	arrival	in	the	transplant	center.	This	includes	

chapter	3,	where	the	donor	hepatectomy	time	was	identified	as	a	crucial	period	in	the	

development	 of	 biliary	 injury.	 If	 this	 period	 is	 kept	 short,	 biliary	 injury	 is	minimized.	

However,	 over	 the	 last	 decades,	 training	 and	 regular	 feedback	 for	 organ	procurement	



	

teams	 has	 apparently	 been	 insufficient	 in	 the	 Netherlands.	 In	 the	 same	 period	 in	 the	

United	 Kingdom,	 regulations	 required	 a	 donor	 hepatectomy	 time	 to	 be	 below	 45	

minutes.4	 In	 the	Netherlands,	 the	median	hepatectomy	 time	over	 the	 last	 fifteen	years	

has	 been	 63	 minutes,	 with	 cases	 exceeding	 two	 hours.	 This	 can	 partly	 explain	 the	

extremely	high	 rates	of	NAS	 in	 the	Netherlands	 that	have	been	reported	previously.5-7	

Future	perspectives	in	the	prevention	of	hepatectomy	time	induced	biliary	injury	mainly	

comprises	 education	 of	 donor	 surgeons	 and	 introduction	 of	 normothermic	 regional	

perfusion	 (NRP).	With	 NRP,	 impressive	 results	 have	 been	 observed	 in	 terms	 of	 post-

transplant	 cholangiopathy	 rates	 and	 graft	 survival.8,9	 NRP	 is	 a	 method	 in	 which	 a	

perfusion	device	(e.g.	extracorporeal	membrane	oxygenation	device)	is	used	to	perfuse	

the	 abdominal	 (and	 potentially	 also	 the	 thoracic)	 cavity	 via	 large	 cannulas	 after	

circulatory	arrest	of	the	donor.	This	method	quickly	leads	to	restoration	of	intracellular	

adenosine	triphosphate	levels	and	hypothetically	converts	a	DCD	procedure	into	a	more	

controlled	procedure.8,9	So	far,	no	randomized	controlled	trials	have	been	performed	or	

initiated	 to	 our	 knowledge,	 but	 NRP	 appears	 to	 have	 the	 potential	 to	 reduce	 rates	 of	

biliary	complications	after	DCD	liver	transplantation.			

Another	 study	 on	 the	 mechanisms	 influencing	 biliary	 injury	 prior	 to	 arrival	 in	 the	

recipient	 transplant	 center	 is	 described	 in	 chapter	 4,	 which	 provides	 a	 significant	

amount	of	fuel	for	future	perspectives.	There	were	two	rationales	for	this	study.	First,	it	

still	 remains	 uncertain	 whether	 the	 two	 aspects	 of	 biliary	 injury	 that	 predict	 post-

transplant	 cholangiopathy,	 namely	 peribiliary	 gland	 and	 peribiliary	 vascular	 plexus	

injury,	both	simply	occur	simultaneously	as	a	result	of	donor	warm	ischemia	in	the	DCD	

donor,	or	 that	 they	occur	sequential.	So	 far,	no	studies	have	been	performed	 involving	

bile	duct	biopsies	taken	upon	organ	procurement,	but	it	would	be	highly	interesting	to	

see	 if	 both	 PBG	 and	 PVP	 injury	 are	 already	 present	 prior	 to	 static	 cold	 preservation	

(SCS),	or	whether	they	develop	simultaneously	during	SCS.	It	can	be	hypothesized	that	if	

PVP	 injury	would	 develop	 prior	 to	 PBG	 injury,	 perhaps	 PBG	 injury	 can	 be	 prevented	

when	interventions	against	PVP	injury	are	initiated.		

Secondly,	 it	 is	 still	 uncertain	whether	 the	 additional	warm	 ischemia	 that	 DCD	 donors	

encounter	in	comparison	to	DBD	donors	is	solely	responsible	for	the	increase	in	biliary	

injury	 following	 DCD	 liver	 transplantation.	 Other	 mechanisms	 that	 can	 lead	 to	 PVP	

injury	 are	 present	 in	 a	 DCD	 donor	 in	 the	 process	 of	 dying.	 Unfortunately,	 not	 much	



	
	

research	 has	 been	 performed	 on	 how	 the	 vasculature	 responds	 to	 an	 approaching	

circulatory	 arrest	 and	 to	 the	 first	 minutes	 after	 cessation	 of	 blood	 flow.	 Severe	

peripheral	 vasoconstriction	 would	 for	 example	 lead	 to	 less	 effective	 flush-out	 and	

therefore	 potentially	 aggravate	 peripheral	 PVP	 injury.	 	 The	 circulatory	 arrest	 and	

subsequent	 blood	 stasis	 is	 also	 pro-thrombotic,	 and	 can	 cause	 flush-out	 problems	 by	

microthrombi	formation.	

However,	interestingly,	there	has	been	quite	a	lot	of	research	performed	on	the	vascular	

response	 to	 hypoxia,	which	 is	 largely	 dependent	 on	 endothelial	 cell	 function.10-13	DCD	

donors	experience	a	significant	period	of	hypoxia	prior	to	circulatory	arrest.	Endothelial	

cell	function	is	dependent	on	many	aspects,	including	age	and	atherosclerotic	disease.	It	

has	 been	 described	 that	 young	 healthy	 people	 respond	 to	 hypoxia	 with	 peripheral	

vasodilation,	 but	 that	 this	 response	 completely	 disappears	 as	 people	 age.10	 This	 can	

explain	our	observation	that	biliary	 injury	upon	arrival	 in	 the	recipient	center	 is	more	

extreme	in	elderly	donors.	Over	the	last	years,	after	identifying	donor	age	as	a	risk	factor	

for	NAS,	 it	has	been	hypothesized	that	after	 transplantation,	older	grafts	have	reduced	

regenerative	capacity	from	the	peribiliary	glands.	However,	the	observation	that	biliary	

injury	 is	 already	 more	 severe	 upon	 arrival	 in	 the	 recipient	 center	 prior	 to	 graft	

reperfusion,	 partially	 contradicts	 this	 hypothesis,	 and	 suggests	 involvement	 of	 other	

mechanisms	earlier	in	the	transplant	process.		

In	chapter	four,	especially	the	donor	platelet	count	appeared	to	be	strongly	correlated	to	

the	development	of	biliary	injury.	Platelets	are	known	to	induce	endothelial	dysfunction	

upon	hypoxia	and	we	therefore	hypothesized	in	chapter	5	that	increased	platelet	count	

leads	 to	 more	 vasoconstriction	 and	 less	 efficient	 arterial	 flush-out,	 and	 thereby	

influences	 biliary	 injury.14	Minor	 et	 al	 observed	 early	 in	 this	 century	 that	 a	 pre-flush	

with	streptokinase	prior	to	regular	ice-cold	flushing	improved	graft	viability.15	As	this	is	

an	 easy	 intervention	 that	 can	 improve	 preservation	 of	microvasculature,	 the	 effect	 of	

this	donor	pre-flush	on	biliary	injury	should	be	studied.	However,	hopefully,	the	need	to	

study	superior	 flushing	 techniques	disappears	when	NRP	becomes	standard	of	 care	 in	

DCD	liver	donors.		

We	hypothesized	 that	 the	 association	between	blood	 composition	 and	post-transplant	

outcomes	 is	particularly	notable	with	 respect	 to	biliary	 complications.	Liver	grafts	are	

flushed	through	the	portal	vein	upon	procurement,	and	therefore	adequate	cooling	can	



	

be	 achieved	 for	 the	 liver	parenchyma	even	when	 the	arterial	 flush	did	not	 adequately	

rinse	the	microcirculation.	However,	as	the	bile	duct	is	largely	dependent	on	the	hepatic	

artery	 for	blood	 supply,	 the	 importance	of	high-quality	 arterial	 flushing	 is	 essential	 in	

the	prevention	of	biliary	injury.		

The	study	 in	chapter	5	 removed	a	 small	boundary	 that	many	centers	held	on	 to:	 that	

DCD	 livers	 by	 definition	 should	 not	 be	 accepted	 for	 patients	 requiring	 a	 re-

transplantation.	 However,	 we	 observed	 no	 difference	 in	 graft	 survival	 between	 DCD	

livers	used	for	re-transplantation	and	a	matched	cohort	of	DBD	livers.	We	envision	that	

when	DHOPE	will	be	used	regularly,	DCD	livers	can	be	easily	accepted	for	stable	patients	

listed	for	retransplantation.	As	in	chapter	8	it	is	described	that	there	is	no	difference	in	

liver	graft	function	after	2,	6	and	24	hours	of	DHOPE,	the	recipient	hepatectomy	in	case	

of	a	retransplantation	can	be	performed	without	time	pressure	when	the	organ	is	placed	

on	the	perfusion	device.		

The	effects	of	DHOPE	have	been	studied	in	several	chapters	in	this	thesis.	In	chapter	6,	

it	was	observed	that	DHOPE	reduces	reperfusion	injury	of	the	biliary	tree.	Moreover,	in	

appendix	 I	 we	 described	 the	 first	 case	 of	 liver	 transplantation	 after	 hypothermic	

machine	 perfusion	 of	 a	 pediatric	 liver	 graft,	 with	 excellent	 outcome.	 Subsequently	 in	

chapter	 7,	 DHOPE	 allowed	 safe	 preservation	 of	 liver	 grafts	 for	 up	 to	 24	 hours.	 This	

study	provides	 rationale	 for	 initiating	a	day-time	 liver	 transplantation	program.	Every	

donor	 liver	 that	 is	 expected	 to	 arrive	 after,	 for	 example,	 20:00,	 can	 be	 placed	 on	 the	

perfusion	device	until	the	next	morning.	Comparison	with	the	intervention	group	of	the	

DHOPE	 randomized	 controlled	 trial	 (short	 periods	 of	 DHOPE)	 can	 be	 made	 to	

adequately	assess	the	safety	of	prolonged	DHOPE.	The	benefit	of	day-time	surgery	is	that	

an	optimal	team	can	be	arranged	and	that	the	transplant	team	is	well-rested.		

With	 the	 DHOPE-COR-NMP	 protocol,	 in	 chapter	 8	 all	 livers	 showed	 excellent	

hepatocellular	 viability.	 We	 are	 convinced	 that	 DHOPE	 is	 a	 safe	 technique	 and	 that	

centers	 should	 first	 introduce	 cold	 perfusion	 into	 the	 clinic,	 prior	 to	 initiating	 a	 NMP	

program.	 Starting	 a	 NMP	 program	without	 proper	 experience	 in	 the	 field	 of	machine	

perfusion	 is	risky.16	 In	contrast	 to	other	studies	with	NMP	that	attempt	to	assess	graft	

function	of	discarded	livers	to	allow	transplantation,	DHOPE-COR-NMP	is	so	far	the	only	

protocol	leading	to	100%	of	livers	meeting	hepatocellular	viability	criteria.17-19	Whether	

this	is	the	result	of	the	DHOPE	preceding	the	NMP,	should	be	studied	in	the	future.	Large	



	
	

trials	will	have	to	demonstrate	the	direct	effect	of	DHOPE	on	NAS	and	graft	survival,	and	

as	 two	 large	 trials	 in	 hypothermic	 machine	 perfusion	 have	 currently	 closed	 their	

inclusions,	the	results	are	eagerly	awaited.20,21	In	appendix	II,	viability	criteria	that	can	

be	used	to	assess	graft	function	during	NMP	are	discussed.	

The	 drawback	 of	 DCD	 liver	 transplantation	 remains	 the	 biliary	 injury.	 Even	 in	 the	

DHOPE-COR-NMP	 trial,	 31%	 of	 the	 livers	 were	 considered	 ‘non-viable’	 based	 on	 bile	

composition,	 which	 reflects	 bile	 duct	 viability.	 Including	 the	 one	 liver	 that	 developed	

NAS,	 that	would	with	 the	 current	 experience	 be	 declined	 for	 transplantation,	 actually	

38%	 of	 the	 livers	 had	 too	 severe	 biliary	 injury	 prior	 to	 DHOPE-COR-NMP.	 Therefore,	

even	 with	 end-ischemic	 (D)HOPE	 for	 regular	 DCD	 livers,	 such	 as	 in	 the	 DHOPE-DCD	

randomized	 controlled	 trial,	 the	 percentage	 of	 NAS	 will	 not	 be	 zero,	 as	 there	 will	 be	

always	 be	 livers	 that	 already	 arrive	 with	 too	 severe	 biliary	 damage.	 Short	 donor	

hepatectomy	and	cold	 ischemia	 times	can	minimize	 the	degree	of	biliary	 injury	before	

implantation.	 In	 conclusion;	 DHOPE,	 and	 DHOPE-COR-NMP,	 have	 stretched	 the	

boundaries	of	transplantation	of	suboptimal	donor	livers.	To	push	the	boundaries	even	

further,	several	interventions	in	the	donor	hospital	should	be	studied,	such	as	NRP.		

Last	to	discuss	is	a	very	hopeful	development	in	Guangzhou,	China,	where	a	transplant	

team	 succeeded	 in	 performing	 the	 first	 series	 of	 ischemia-free	 liver	 transplantation	

(IFLT)	worldwide.22	With	 this	 technique,	 biliary	 injury	will	 hopefully	no	 longer	play	 a	

major	 role	 in	 liver	 transplantation.	 However,	 it	 will	 take	 some	 time	 before	

implementation	 in	 the	Western	 world	 can	 begin,	 as	 a	 result	 of	 the	 complexity	 of	 the	

procedure	and	the	logistics.	In	Guangzhou,	all	donors	were	transferred	to	the	recipient	

hospital,	which	 is	not	allowed	in	most	Western	countries.	 In	a	DCD	setting,	completely	

ischemia-free	 transplantation	 is	 not	 possible,	 as	 a	 result	 of	 the	 donor	warm	 ischemia	

time.	However,	with	the	use	of	NRP	further	ischemia	will	be	avoided	and	the	risk	of	NAS	

after	transplantation	will	be	low.	One	way	to	simplify	IFLT	is	described	in	chapter	9.		

The	 studies	 described	 in	 this	 thesis	 aimed	 to	 allow	 safe	 transplantation	 of	 high-risk,	

suboptimal	donor	 livers.	However,	 still	 large	 amounts	of	donor	 livers	 are	declined	 for	

transplantation.	As	long	as	a	significant	number	of	patients	die	on	the	waiting	list	for	an	

organ,	transplant	physicians	should	study	safe	transplantation	of	these	high-risk	donor	

organs.	 As	 described	 in	 an	 editorial	 in	 the	 New	 England	 Journal	 of	 Medicine:	 “risk	

aversion	 has	 contributed	 to	 a	 shift	 in	 the	 research	 portfolios	 of	 many	 transplant	



	

programs,	away	from	discovery	research	and	toward	health	services	science	and	clinical	

outcomes	 studies”.23	 The	 study	 aiming	 to	 allow	 safe	 transplantation	 of	 previously	

declined	donor	livers	(chapter	8),	demonstrates	that	a	mutual	risk	taken	by	patient	and	

physician	can	lead	to	a	large	step	forward	in	the	reduction	of	waiting	list	mortality.	Many	

future	 studies	 are	 required	 to	 decrease	 waiting	 list	 mortality	 and	 reduce	 rates	 of	

complications	after	 transplantation.	To	achieve	 this	goal,	physicians	should	not	refrain	

from	risks,	but	 they	should	enter	 the	bold	path	 to	medical	advances	 together	with	 the	

patient.		
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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.		

	

	

	

	 	



	

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	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.	



	

	
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.	DCD,	donation	after	circulatory	arrest.	 	

	

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.	

	

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.		

	



	

	

Figure	2.	Panel	A:	Serum	AST,	ALT,	ALP	and	GGT	levels	in	a	16-year-old	recipient	after	

successful	transplantation	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.		

AST,	aspartate	aminotransferase;	ALT,	alanine	aminotransferase;	ALP,	alkaline	

phosphatase;	GGT,	gamma-glutamyl	transferase;	DCD,	donation	after	circulatory	arrest.	

	

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	 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.		

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	 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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Persisting	donor	organ	shortage	has	led	to	an	increased	use	of	suboptimal	donor	livers	

for	 	 transplantation.	 Transplantation	 of	 these	 extended	 criteria	 donor	 (ECD)	 livers,	

however,	 is	 associated	 with	 high	 rates	 of	 complications,	 including	 early	 allograft	

dysfunction	(EAD)	and	primary	non-function	(PNF).	As	a	result,	a	large	number	of	ECD	

livers	are	discarded.	The	decision	to	accept	or	decline	an	ECD	liver	for	transplantation	is	

largely	 based	 on	 empiric	 and	 rather	 subjective	 criteria	 available	 at	 the	 time	 of	 donor	

organ	offer,	but	it	may	not	reflect	the	actual	condition	of	an	organ	after	several	hours	of	

static	cold	storage	(SCS).	Ex	situ	machine	perfusion	is	increasingly	being	studied	

as	 a	 method	 to	 resuscitate	 and	 functionally	 assess	 donor	 organs	 shortly	 before	

transplantation.	 When	 performed	 at	 37°C,	 ex	 situ	 normothermic	 machine	 perfusion	

(NMP)	 enables	 a	 metabolic	 assessment	 of	 high-risk	 liver	 grafts.	 However,	 there	 is	

currently	no	consensus	on	the	criteria	that	can	be	used	during	NMP	to	select	liver	grafts	

that	can	be	transplanted	safely,	despite	initial	decline	based	on	an	estimated	too	high	of	

a	risk	for	EAD/PNF.		

	

In	 this	 issue	 of	 Liver	 Transplantation,	 Mergental	 et	 al.	 report	 an	 interesting	 study	 in	

which	 they	 aimed	 to	 identify	 criteria	 that	 can	 be	 used	 during	 NMP	 to	 predict	 PNF	 of	

high-risk	 donor	 livers.1	 A	 total	 of	 12	 discarded	 human	 donor	 livers	 underwent	 NMP	

using	 a	 perfusion	 solution	 based	 on	 packed	 red	 blood	 cells	 for	 up	 to	 6	 hours	 after	 a	

period	 of	 SCS.	 Perfusate	 blood	 gas	 profiles,	 bile	 production,	 and	 vascular	 flow	

characteristics	were	examined	to	identify	parameters	that	are	associated	with	poor	liver	

function	and	a	high	degree	of	injury	on	histology	of	liver	biopsies.	Initially,	the	authors	

identified	 lactate	 clearance	 as	 a	 marker	 for	 graft	 viability.	 The	 authors	 observed	 2	

distinct	groups:	a	group	of	6	organs	with	a	sharp	decrease	in	lactate	levels,	whereas	the	

other	6	showed	“fluctuations	and	rises”	of	the	lactate	levels	in	the	perfusion	solution.		

	

After	 this	 observation,	 further	 analyses	 were	 performed	 by	 comparing	 these	 lactate-

clearing	and	nonlactate-	clearing	groups.	Second,	the	authors	noted	less	hepatocellular	

injury	on	histology,	higher	hepatic	adenosine	triphosphate	levels,	more	stable	perfusate	

pH,	 and	 higher	 bile	 production	 in	 the	 lactate-clearing	 group	 compared	 with	 the	

nonlactate-clearing	group.	These	findings	supported	their	use	of	lactate	as	an	indicator	

of	hepatocellular	 function	and	corroborates	previous	results	 from	other	groups.2,3	Bile	

production,	however,	was	observed	in	only	4	of	the	6	livers	in	the	lactate-clearing	group	



	

versus	 1	 out	 of	 6	 livers	 in	 the	 nonlactate-clearing	 group.	 The	 authors	 conclude	 that	

measurable	 bile	 production	 can	 be	 used	 as	 a	 marker	 of	 good	 liver	 function,	 but	 the	

absence	 of	 bile	 production	 does	 not	 necessarily	 imply	 poor	 function.	 Similar	

observations	have	been	made	by	transplant	groups	from	Cambridge	and	Cleveland.2,3		

	

In	our	experience,	we	have	noted	 that	 very	 low	or	absent	bile	 flow	can	 sometimes	be	

explained	 by	 a	 technical	 issue.	 For	 example,	 the	 tip	 of	 a	 biliary	 catheter	 can	 be	 stuck	

against	the	bile	duct	wall	obstructing	its	lumen	and	precluding	bile	flow.	In	addition,	we	

have	noted	that	bile	flow	through	a	biliary	drain	is	dependent	on	the	size	of	the	drain.	If	

the	diameter	of	the	drain	is	too	large,	bile	flow	may	not	commence	easily,	especially	as	

the	 drain	 often	 makes	 an	 uprising	 loop	 at	 the	 rim	 of	 the	 reservoir	 (Fig.	 1B,C	 in	 the	

current	article).	The	use	of	a	small	feeding	tube	catheter	(8-Fr)	with	an	open	tip	and	side	

holes	may	minimize	 the	 risk	 of	 these	 technical	 issues	 in	measuring	bile	 production.	A	

small-sized	 catheter	 provides	 a	 capillary	 force,	 which	 facilitates	 bile	 flow.	 These	

potential	 issues	should	be	considered	when	livers	seem	to	produce	minimal	or	no	bile	

despite	biochemical	evidence	of	good	 functional	 recovery,	 such	as	a	decreasing	 lactate	

level.	

		

Collection	 of	 bile	 produced	 during	 NMP	 is	 important	 because	 it	 may	 aid	 in	 the	

assessment	of	bile	duct	viability	during	NMP.4	This	is	a	topic	not	covered	in	the	current	

study	by	Mergental	et	al.,	but	it	is	clinically	very	relevant,	especially	in	the	assessment	of	

high-risk	 livers	 from	donation	after	 circulatory	death	 (DCD).	DCD	 liver	grafts	not	only	

have	an	 increased	risk	of	hepatocellular	dysfunction	that	may	 lead	to	EAD	or	PNF,	but	

they	are	also	prone	to	cholangiopathy	due	to	cholangiocellular	injury.5	Experimental	and	

preclinical	 studies	 have	 indicated	 that	 biliary	 pH,	 bicarbonate,	 and	 lactate	

dehydrogenase	 during	 NMP	 may	 reflect	 biliary	 viability.4	 Cholangiocytes	 (biliary	

epithelial	 cells)	 actively	 modify	 bile	 composition	 by	 secretion	 of	 bicarbonate	 and	

resorption	 of	 glucose,	 resulting	 in	 an	 alkalotic	 pH	 and	 low	 glucose	 level	 in	 bile	 at	 the	

level	 of	 the	 common	 bile	 duct.	 Observations	 made	 by	 the	 Cambridge	 group	 during	

clinical	 application	of	NMP	 recently	 supported	 the	potential	 value	 of	 biliary	pH	 in	 the	

assessment	 of	 biliary	 viability	 (and	 thus	 the	 risk	 of	 posttransplant	 cholangiopathy)	

during	 NMP.2	 However,	 more	 research	 will	 be	 needed	 to	 establish	 the	 diagnostic	

accuracy	of	bile	composition	in	assessing	biliary	viability.	Identification	and	validation	of	



	
	

biomarkers	 and	 criteria	of	 bile	duct	 viability	during	NMP	would	be	 an	 important	 step	

forward	in	the	wider	use	of	DCD	liver	grafts.	

	

Interestingly,	Mergental	et	al.	noted	an	 increase	 in	 injury	of	 the	 intrahepatic	small	bile	

ducts	during	NMP	in	all	but	1	of	the	livers	in	the	nonlactate-clearing	group	and	in	2	of	

the	6	in	the	lactate-clearing	group.	Altogether,	approximately	50%	of	the	livers	suffered	

an	 increase	 in	 biliary	 injury	 during	NMP.	Unfortunately,	 histological	 data	 on	 the	 large	

intrahepatic	 and	 or	 extrahepatic	 bile	 ducts	were	 not	 available.	 Typically,	 these	 larger	

bile	 ducts	 are	 at	 risk	 of	 ischemia/reperfusion	 injury,	 resulting	 in	 posttransplant	

cholangiopathy.5	 Although	 NMP	may	mitigate	 ischemia/reperfusion	 injury	 due	 to	 the	

absence	of	leukocytes	and	platelets	in	the	perfusion	fluid,	injury	due	to	the	formation	of	

radical	oxygen	species	(ROS)	may	still	occur.	In	fact,	the	first	clinical	studies	of	liver	NMP	

have	 not	 shown	 a	 reduction	 in	 the	 incidence	 of	 biliary	 complications	 after	

transplantation	 compared	 with	 SCS.2,6	 To	 improve	 results,	 preceding	 NMP	 by	

oxygenated	hypothermic	machine	perfusion	(HMP)	may	be	more	effective	as	the	latter	

has	 been	 shown	 to	 resuscitate	mitochondria,	 reduce	 postreperfusion	 ROS	 production	

and	inflammation,	and	mitigate	reperfusion	injury	of	the	bile	ducts.7	In	accordance	with	

this,	2	preclinical	studies	using	discarded	human	donor	livers	have	recently	shown	that	

a	 short	 period	 of	 HMP	 prior	 to	 NMP	 improves	 metabolic	 recovery	 and	 attenuates	

oxidative	 stress	 and	 tissue	 inflammation.8,9	 Therefore,	 it	 may	 be	 important	 to	

sequentially	 apply	 HMP	 and	 NMP,	 especially	 when	 NMP	 is	 used	 to	 assess	 the	

transplantability	of	high-risk	DCD	livers,	which	 in	addition	to	 the	risk	of	EAD	and	PNF	

have	a	high	risk	of	developing	biliary	complications	after	transplantation.	Liver	viability	

testing	remains	a	highly	difficult	research	field	as	the	translation	to	clinical	application	

must	be	performed	with	exceptional	care.	On	 the	basis	of	 the	principle	of	primum	non	

nocere,	 patient	 safety	 has	 to	 be	 the	 main	 concern.	 This	 concern	 has	 forced	 clinical	

research	groups	to	remain	on	the	safe	side	when	it	comes	to	transplantation	of	initially	

declined	 livers	 after	 a	 positive	 viability	 judgment	 by	 NMP.	 On	 the	 other	 hand,	 a	 too	

prudential	application	is	hampering	the	identification	of	clinically	relevant	cutoff	values	

of	viability	criteria.	With	increasing	experience,	however,	it	can	be	expected	that	centers	

will	 start	pushing	 the	boundaries	by	stretching	 the	acceptance	criteria.	As	 long	as	 this	

process	 is	 carefully	 monitored	 and	 outcome	 data	 are	 published	 in	 a	 standardized	



	

fashion,10	 we	 will	 collectively	 learn	 from	 this	 process	 and	 be	 able	 to	 effectively	 and	

safely	use	the	potential	benefits	of	ex	situ	machine	perfusion	in	increasing	the	number	of	

suitable	organs	for	transplantation.		
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Een	levertransplantatie	is	tegenwoordig	de	standaardbehandeling	voor	patiënten	in	het	

eindstadium	van	een	leverziekte.	De	eerste	levertransplantatie	werd	uitgevoerd	door	dr.	

Thomas	 Starzl	 en	diens	 team	 in	Denver,	 Colorado,	 in	 1963.	Helaas	 stierf	 de	 driejarige	

ontvanger	 peroperatief	 als	 gevolg	 van	massaal	 bloedverlies.	 Hetzelfde	 probleem	 deed	

zich	 voor	 gedurende	 de	 volgende	 vijf	 transplantaties,	 met	 een	 patiëntoverleving	 van	

maximaal	 23	 dagen.	 In	 1967	 slaagde	 Starzl	 erin	 om	 de	 eerste	 succesvolle	

levertransplantatie	 uit	 te	 voeren	 met	 een	 patiëntoverleving	 van	 meer	 dan	 een	 jaar.	

Twaalf	 jaar	 later,	 na	 de	 ontwikkeling	 van	 cyclosporine	 door	 Calne	 en	 tacrolimus	door	

Starzl,	ontwikkelde	de	levertransplantatie	zich	tot	een	gestandaardiseerde	behandeling	

met	acceptabele	uitkomsten.	Op	dit	moment	wordt	wereldwijd	een	1-jaar	transplantaat-	

en	patiëntoverleving	van	boven	de	90%	gezien.	

Helaas	blijft	het	 tekort	aan	donororganen	 immer	aanwezig	en	overstijgt	de	vraag	naar	

donorlevers	het	aanbod.	Tot	eind	jaren	’90	werden	de	meeste	donorlevers	uitgenomen	

uit	hersendode	donoren.	Om	het	donoraanbod	uit	te	breiden	werden	vanaf	dat	moment	

ook	 organen	 uitgenomen	 uit	 patiënten	 die	 waren	 overleden	 na	 het	 stoppen	 van	 de	

bloedsomloop	 (donation	 after	 circulatory	 death	 [DCD]	 donoren).	 In	 het	 begin	 werden	

goede	 resultaten	 behaald	 bij	 levertransplantatie	 met	 DCD	 organen.	 Echter,	 toen	 na	

enkele	 jaren	 de	 criteria	 voor	 DCD	 lever	 acceptatie	 verbreed	 werden,	 nam	 het	 aantal	

postoperatieve	 complicaties	 sterk	 toe.	 Vooral	 galwegcomplicaties	 werden	 frequent	

gezien	na	DCD-levertransplantatie,	met	een	incidentie	van	bijna	30%.		

In	 de	 vroege	 jaren	 ’80	 ontwikkelde	 de	 groep	 van	 Folkert	 Belzer	 de	 University	 of	

Wisconsin	preservatievloeistof	(UW),	die	voor	vele	 jaren	de	gouden	standaard	werd	in	

abdominale	 orgaantransplantatie.	 Het	 abdominale	 compartiment	 van	 de	 donor	 wordt	

tijdens	 de	 donoroperatie	 via	 de	 aorta	 geflushed	 met	 meerdere	 liters	 ijskoude	 UW.	

Hierna	worden	de	organen	zo	snel	mogelijk	in	een	zak	met	UW	op	ijs	in	een	orgaandoos	

gelegd.	Deze	techniek	van	koude	statische	preservatie	is	helaas	niet	voldoende	gebleken	

om	 complicaties	 na	DCD-levertransplantatie	 te	 voorkomen.	 De	 afgelopen	 jaren	 is	 veel	

onderzoek	 gedaan	 naar	 machineperfusie	 van	 donorlevers,	 in	 een	 poging	 om	 de	

overleving	 na	 DCD-levertransplantatie	 te	 vergroten.	 Enerzijds	 wordt	 koude	

(hypotherme,	 10-12	 graden	 Celsius)	 machineperfusie	 gebruikt	 om	 de	 energieniveaus	

van	 de	 lever	 weer	 te	 verhogen	 voorafgaand	 aan	 transplantatie,	 waardoor	 ischemie-

reperfusie	schade	verminderd	kan	worden.		Anderzijds	biedt	warme	(normotherme,	37	



	

graden	Celsius)	perfusie	de	mogelijkheid	om	de	lever-	en	galwegfunctie	voorafgaand	aan	

transplantatie	te	checken.		

Dit	proefschrift	 focust	op	de	 transplantatie	van	suboptimale	 levers;	vooral	DCD	 levers.	

Het	 eerste	 deel	 bevat	 met	 name	 observationele	 studies	 die	 gericht	 zijn	 op	 het	

identificeren	van	de	grenzen	van	suboptimale	levertransplantatie,	en	op	het	herkennen	

van	 risicofactoren	 die	 deze	 grenzen	 bepalen.	 Deel	 twee	 bevat	 observationele,	

preklinische	 en	 klinische	 studies	 met	 het	 gezamenlijke	 doel	 om	 veilig	 en	 succesvol	

transplanteren	van	suboptimale	levers	mogelijk	te	maken.		

Hieronder	volgt	een	samenvatting	van	het	eerste	deel	van	het	proefschrift.		

Hoofdstuk	1	dient	als	algemene	inleiding	en	beschrijft	de	rationale	voor	en	de	opzet	van	

dit	proefschrift.		

Hoofdstuk	 2	 bevat	 een	 review	 van	 de	 literatuur	 over	 galwegcomplicaties	 na	

transplantatie.	 Het	 ontstaan	 van	 galwegcomplicaties	 wordt	 besproken	 evenals	

verschillende	 risicofactoren	 hiervoor.	 Gallekkage	 en	 galwegstricturen	 zijn	 de	 meest	

voorkomende	 galwegcomplicaties.	 Van	 de	 galwegcomplicaties	 zijn	 met	 name	 de	 niet-

anastomotische	 stricturen	 (NAS)	 van	 de	 intrahepatische	 galweg	 het	 meest	

problematisch.	Patiënten	die	een	DCD-lever,	split-lever,	of	 levende-donor-lever	krijgen,	

hebben	 een	 verhoogd	 risico	 op	 galwegcomplicaties.	 Een	 groot	 deel	 van	 het	 risico	 op	

galwegcomplicaties	wordt	 bepaald	 door	 ischemie-reperfusie	 schade,	maar	 ook	 andere	

mechanismen	 spelen	 hier	 een	 rol,	 zoals	 bijvoorbeeld	 immuun-gemedieerde	 schade,	

galzout-toxiciteit	en	onvoldoende	regeneratie	van	het	epitheel.		

In	 hoofdstuk	 3	 worden	 de	 resultaten	 van	 een	 nationale	 retrospectieve	 studie	

beschreven	 naar	 de	 associatie	 tussen	 donor-hepatectomietijd	 en	 het	 ontwikkelen	 van	

galwegschade	 tijdens	 DCD	 levertransplantatie.	 Donor-hepatectomietijd	 werd	

gedefinieerd	als	de	periode	tussen	de	start	van	het	koude	flushen	van	de	donor,	tot	het	

verwijderen	van	het	orgaan	uit	de	buikholte.	De	invloed	van	donor-hepatectomietijd	op	

galwegschade	werd	bestudeerd	in	een	chronologische	volgorde.	Allereerst	werd	gezien	

bij	galwegbiopten	genomen	vóór	machineperfusie	dat	de	hoeveelheid	schade	beïnvloed	

werd	 door	 de	 donor-hepatectomietijd.	 Ten	 tweede	 werd	 tijdens	 normotherme	

machineperfusie	gezien	dat	levers	die	een	lange	hepatectomietijd	hadden	gehad,	gal	van	

minder	 goede	 kwaliteit	 produceerden.	 Vervolgens	 is	 met	 behulp	 van	 een	 nationale	



	
	

retrospectieve	 studie	 aangetoond	 dat	 donor-hepatectomietijd	 een	 risicofactor	 is	 voor	

het	 ontstaan	 van	 galwegcomplicaties.	 Concluderend:	 donor-hepatectomietijd	 moet	 zo	

kort	mogelijk	gehouden	worden	om	het	risico	op	galwegcomplicaties	te	verkleinen.		

Hoofdstuk	4	bevat	een	studie	naar	de	associatie	tussen	de	samenstelling	van	het	bloed	

van	de	DCD-donor	en	het	ontstaan	van	galwegschade	van	het	donororgaan.	We	vormden	

de	hypothese	dat	het	hematocriet	en	de	hoeveelheden	witte	bloedcellen	en	bloedplaatjes	

van	de	donor	het	risico	op	NAS	kunnen	beïnvloeden.	De	reden	voor	deze	hypothese	was	

dat	het	hematocriet	de	viscositeit	bepaalt,	bloedplaatjes	endotheelactivatie	veroorzaken	

bij	hypoxie,	en	leukocyten	vasodilatatie	beïnvloeden,	en	al	deze	factoren	kunnen	leiden	

tot	 een	minder	 succesvol	 flushen	 van	 het	 donororgaan.	 Allereerst	werd	 gezien	 in	 een	

histologische	analyse	van	40	galwegbiopten	van	humane	donorlevers	dat	bloedplaatjes	

en	 leukocyten	 de	 ernst	 van	 galwegschade	 beïnvloeden	 voorafgaand	 aan	

machineperfusie	 (Odds	Ratio	2.553,	 95%CI	1.082-6.021,	 p=0.029	 en	Odds	Ratio	0.734	

95%CI	 0.581-0.927,	 p=0.009,	 respectievelijk).	 Vervolgens,	 tijdens	 normotherme	

machineperfusie,	 werd	 deze	 associatie	 wederom	 geobserveerd.	 In	 een	 landelijke	

retrospectieve	 database	 studie	 werd	 aansluitend	 gezien	 dat	 donor	 hematocriet	 en	

bloedplaatjes	het	risico	op	NAS	beïnvloeden.	De	bloedsamenstelling	van	de	donor	 lijkt,	

concluderend,	 sterk	 geassocieerd	 met	 het	 ontstaan	 van	 galwegschade	 tijdens	 DCD-

levertransplantatie.		

In	hoofdstuk	 5	 worden	 de	 resultaten	 beschreven	 van	 een	 studie	 die	 als	 doel	 had	 te	

onderzoeken	 of	 DCD-levers	 veilig	 gebruikt	 kunnen	 worden	 in	 patiënten	 die	 een	

retransplantatie	 van	 de	 lever	 moeten	 ondergaan.	 Tot	 nu	 toe	 worden	 voor	

retransplantaties	in	de	Westerse	wereld	vrijwel	altijd	DBD-levers	gebruikt.	In	de	recente	

jaren	 zijn	 door	 de	 Nederlandse	 centra	 af	 en	 toe	 DCD-retransplantaties	 uitgevoerd.	 In	

deze	 observationale	 studie	 hebben	 we	 de	 uitkomsten	 na	 DCD-retransplantatie	

vergeleken	 met	 de	 uitkomsten	 van	 een	 gematched	 cohort	 DBD-retransplantaties.	 De	

uitkomsten	 na	 DCD-retransplantatie	 waren	 vergelijkbaar	 met	 het	 cohort	 van	 DBD-

retransplantaties.	 De	 resultaten	 van	 deze	 studie	 suggereren	 dat	 DCD-levers	 niet	

standaard	 afgewezen	 worden	 voor	 patiënten	 in	 relatief	 goede	 conditie	 die	 een	

retransplantatie	moeten	ondergaan.	

	



	

In	het	tweede	deel	van	het	proefschrift	zijn	hoofdstukken	te	vinden	die	erop	gericht	zijn	

de	grenzen	van	transplantatie	van	suboptimale	donorlevers	te	verleggen.		

In	hoofdstuk	6	wordt	een	histologische	analyse	beschreven	van	de	galwegbiopten	van	

10	 DCD-levers	 die	 koude	 machineperfusie	 (DHOPE)	 ondergingen	 alvorens	

transplantatie	 in	 het	 UMCG.	 De	 ontwikkeling	 van	 galwegschade	 van	 deze	 gepompte	

levers	 werd	 vergeleken	 met	 de	 schade	 bij	 20	 controlegroep	 DCD-levers.	 Bij	 baseline	

hadden	 beide	 groepen	 evenveel	 galwegschade.	 Na	 transplantatie	 bleken	 de	 levers	 die	

DHOPE	 hadden	 ondergaan	 minder	 galwegschade	 te	 hebben	 ten	 opzichte	 van	 de	

controlegroep	levers.	 	Bij	de	controlegroep	levers	werd	een	verergering	van	de	schade	

gezien	 na	 reperfusie.	 Deze	 verergering	 van	 schade	 was	 afwezig	 bij	 de	 DHOPE	 levers.	

Conclusie:	DHOPE	vermindert	reperfusie	schade	van	de	galwegen.		

Hoofdstuk	 7	 bevat	 de	 resultaten	 van	 een	 preklinische	 studie	 naar	 het	 verlengen	 van	

DHOPE	 om	 donorlevers	 langer	 te	 kunnen	 bewaren.	 We	 hebben	 de	 leverfunctie	

onderzocht	na	2,	6	 en	24	uur	DHOPE	bij	 zowel	 varkens-	 als	humane	 levers	door	deze	

met	 autoloog	 bloed	 te	 reperfunderen.	 Opvallend	 genoeg	 bleek	 er	 geen	 verschil	 in	

leverfunctie	waarneembaar.	Alle	geanalyseerde	markers	van	endotheelschade	lieten	ook	

geen	onderscheid	zien	tussen	de	groepen.	Twee	humane	levers	werden	20	uur	gepompt	

met	behulp	van	DHOPE,	voorafgaand	aan	opwarmen	en	reperfusie.	Deze	levers	voldeden	

vervolgens	 aan	de	klinische	normtherme	machineperfusie	 criteria	 voor	 transplantatie.	

Of	>12	uur	DHOPE	in	de	praktijk	even	veilig	blijkt	als	2	uur	DHOPE,	zal	moet	blijken	uit	

een	prospectieve	klinische	studie.	 

In	 hoofdstuk	 8	 hebben	 we	 de	 resultaten	 van	 een	 prospectief	 klinisch	 onderzoek	

beschreven,	de	DHOPE-COR-NMP	trial.		In	deze	studie	werden	alle	nationaal	afgekeurde	

donorlevers	aangeboden	voor	inclusie.	In	de	praktijk	betroffen	dit	met	name	DCD	levers	

van	donoren	>60	jaar	oud,	en/of	zeer	steatotische	levers.	Donorlevers	ondergingen	eerst	

een	uur	DHOPE,	om	de	mitochondria	te	revitaliseren	en	de	ischemie-reperfusie	schade	

te	verminderen.	Vervolgens	werd	er	opgewarmd	naar	37	graden	Celsius	(normotherme	

machineperfusie	[NMP]).	Binnen	2.5	uur	van	NMP	moest	de	donorlever	aan	de	volgende	

criteria	 voldoen	 om	 getransplanteerd	 te	 worden:	 perfusaat	 lactaat	 <1.8mmol/L,	 pH	

7.35-7.45,	galproductie	>10mL	en	gal	pH	>	7.45.	Binnen	de	studieperiode	ondergingen	

zestien	 levers	 DHOPE-COR-NMP.	 Alle	 afgekeurde	 levers	 lieten	 een	 adequate	

parenchymfunctie	zien.	Echter,	elf	van	de	zestien	levers	hadden	ook	een	gal	pH	>	7.45	en	



	
	

worden	dus	transplantabel	geacht.	Met	het	DHOPE-COR-NMP	protocol	werd	69%	van	de	

levers	 die	 afgekeurd	 waren	 tóch	 getransplanteerd,	 met	 een	 100%	

transplantaatoverleving	na	1	jaar.	Dit	leidde	tot	een	>20%	toename	van	het	aantal	post-

mortale	levertransplantaties	in	het	UMCG.		

Hoofdstuk	 9	 bevat	 een	 techniek	 die	 is	 ontwikkeld	 naar	 aanleiding	 van	 een	 recente	

nieuwe	transplantatiemethode	uit	Guangzhou,	China.	In	het	First	Affiliated	Hospital	van	

Sun	 Yat-sen	 University	 zijn	 ze	 erin	 geslaagd	 om	 als	 eerste	 ter	 wereld	 ischemie-vrije	

orgaantransplantatie	uit	te	voeren.	Bij	deze	techniek	werd	een	klein	interpositievat	end-

to-side	op	de	vena	portae	geanastomoseerd,	waardoor	cannulatie	en	continue	perfusie	

tijdens	 uitname,	 preservatie	 en	 implantatie	 mogelijk	 was.	 In	 Groningen	 ontstond	 het	

idee	om,	in	plaats	van	het	interpositievat	op	de	vena	portae,	de	vena	umbilicalis	van	de	

donorlever	hiervoor	 te	gebruiken.	Deze	bleek	eenvoudig	 te	openen	en	 te	dilateren,	 en	

machineperfusie	door	de	vena	umbilicalis	bleek	vervolgens	niet	inferieur	aan	reguliere	

perfusie	 via	 de	 vena	 portae	 hoofdstam.	 Tevens	 wordt	 in	 dit	 hoofdstuk	 een	 nieuwe	

techniek	voor	‘splitten	aan	de	pomp’	beschreven,	met	behulp	van	machineperfusie	via	de	

vena	umbilicalis.	

CONCLUSIE:	

De	studies	die	in	dit	proefschrift	worden	beschreven	hebben	het	doel	om	transplantatie	

van	 suboptimale,	 hoog-risico	 donorlevers	 op	 veilige	 wijze	 mogelijk	 te	 maken.	 Helaas	

wordt	 in	Nederland	nog	steeds	 tegen	de	30%	van	beschikbare	donorlevers	afgewezen	

voor	 transplantatie.	 Zo	 lang	 als	 er	nog	 veel	 patiënten	overlijden	op	de	wachtlijst	 voor	

een	 donororgaan,	 zouden	 transplantatieprofessionals	 nieuwe	 technieken	 moeten	

onderzoeken	 om	 deze	 afgewezen	 donorlevers	 toch	 te	 kunnen	 transplanteren.	 Zoals	

recent	 beschreven	 in	 een	 editorial	 in	 de	 New	 England	 Journal	 of	 Medicine,	 “het	

vermijden	van	 risico’s	heeft	 geleid	 tot	 een	verschuiving	van	onderzoeksportfolio’s	van	

veel	 transplantatiecentra:	 ver	 weg	 van	 pionierswerk	 en	 juist	 in	 de	 richting	 van	

leefstijlgeneeskunde	en	lange	termijn	observationele	studies”.	De	studie	waarin	getracht	

is	 afgekeurde	 donorlevers	 toch	 te	 transplanteren	 met	 behulp	 van	 machine	 perfusie	

(hoofdstuk	8)	toont	aan	dat	een	gezamenlijke	risico	dat	wordt	genomen	door	patiënt	en	

arts	leidt	tot	een	grote	stap	voorwaarts	in	het	minimaliseren	van	wachtlijststerfte.	Veel	

toekomstige	 studies	 zijn	 nodig	 om	 wachtlijststerfte	 te	 verbannen	 uit	

orgaantransplantatie	 en	 om	 de	 uitkomsten	 na	 transplantatie	 te	 verbeteren.	 Om	 dit	 te	



	

bereiken,	 zullen	 artsen	 risico’s	 niet	 moeten	 vermijden,	 maar	 het	 dappere	 pad	 naar	

medische	innovatie	samen	met	de	patiënt	betreden.		
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Toen	 ik	 in	 2014	 het	 geluk	 had	 in	 het	 studenten	 leverteam	 te	 worden	 aangenomen,	

merkte	 ik	 meteen	 hoe	 warm	 en	 stimulerend	 het	 onderzoeksklimaat	 binnen	 de	

onderzoeksgroep	rondom	de	leverperfusie	was.	Teamwork	heeft	altijd	voorop	gestaan;	

gezamenlijk	werden	projecten	vlot	en	meestal	succesvol	 tot	een	einde	gebracht.	Het	 is	

een	 groot	 voorrecht	 om	 de	 afgelopen	 jaren	 in	 deze	 omgeving	 te	 hebben	 mogen	

functioneren	 waarin	 ik	 veel	 heb	 kunnen	 opsteken	 van	 de	 chirurgen,	 hepatologen	 en	

bovenal	de	andere	promovendi.	Dit	proefschrift	voelt	voor	mij	niet	als	het	einde	van	een	

tijdperk,	maar	als	een	eerste	traptrede.		

Professor	dr.	R.J.	Porte,	beste	Robert,	wat	ben	ik	ontzettend	dankbaar	voor	alle	kansen	

en	vrijheid	die	je	mij	de	afgelopen	jaren	geboden	hebt.	Ik	heb	heel	veel	respect	voor	hoe	

je	 dag	 in	 dag	 uit	 het	 hoogst	 haalbare	 nastreeft	 en	 nooit	 akkoord	 zal	 gaan	 met	 een	

binnenbocht.	In	de	communicatie	zijn	we	allebei	graag	‘kort	en	bondig’.	Je	afspraken	met	

andere	promovendi	 liepen	vaak	uit,	maar	 ik	 stond	meestal	binnen	de	helft	 van	de	 tijd	

weer	buiten.	Hoop	maar	dat	hier	geldt	zoals	Milan	Kundera	ooit	 treffend	schreef:	“You	

can't	 measure	 the	 mutual	 affection	 of	 two	 human	 beings	 by	 the	 number	 of	 words	 they	

exchange”…	We	hebben	veel	meegemaakt	afgelopen	jaren:	van	moedeloze	momenten	bij	

afgekeurde	 levers	 na	 urenlange	 NMP’s	 tot	 het	 aanschouwen	 van	 ischemie-vrije	

levertransplantatie	 in	Guangzhou.	Er	 zijn	nog	veel	 ideeën	over	en	 ik	hoop	dat	 ik	 je	de	

komende	jaren	kan	blijven	bijstaan	bij	de	uitvoering	van	hiervan.	Ik	had	me	geen	betere	

promotor	kunnen	wensen.		

Professor	dr.	T.	Lisman,	Ton,	ondanks	dat	ik	naar	jouw	wetenschappelijke	maatstaven	

hoogstwaarschijnlijk	niet	de	ideale	promovendus	was,	heb	je	mij	met	veel	enthousiasme	

gesteund.	 Je	 bent	 een	 kundig	 voorbeeld	 van	 denken	 in	 oplossingen	 in	 plaats	 van	

problemen.	 Je	 scherpe	 analyses	 hebben	 mij	 regelmatig	 uit	 de	 klinische/praktische	

tunnelvisie	 gehaald.	 Ik	 hoop	 dat	 we	 gezamenlijk	 de	 komende	 jaren	 het	 project	 met	

bloedsamenstelling/stolling/endotheelactivatie	 en	 de	 link	met	 NAS	 verder	 uit	 kunnen	

werken.	Dank	voor	je	support!		

Dr.	V.E.	de	Meijer,	Vincent,	wat	ben	ik	onder	de	indruk	van	wat	je	in	de	afgelopen	jaren	

in	 het	 UMCG	 al	 bereikt	 hebt	 met	 je	 enorme	 ambitie!	 Met	 inmiddels	 je	 geaccepteerde	

Veni-aanvraag	op	zak	weet	ik	zeker	dat	je	heel	veel	zal	bereiken	komende	jaren.	Ik	vond	

het	erg	fijn	dat	we	vanuit	onze	werkplekken	elkaar	konden	zien	en	dat	ik	daardoor	veel	

bij	je	langs	kon	hoppen	voor	overleg.	Dat	hield	de	snelheid	in	onze	projecten	hoog.	Los	



	

van	je	wetenschappelijke	expertise	ben	ik	eveneens	dankbaar	voor	het	feit	dat	ik	met	jou	

en	Robert	 twee	hele	 goede	 chirurgen	 als	 promotores	 heb	 gehad.	Hierdoor	 heb	 ik	 niet	

alleen	 op	wetenschappelijk	 gebied,	maar	 ook	 op	 klinisch	 vlak	 ontzettend	 veel	 kunnen	

leren.	

Beoordelingscommissie:	 Prof.	 H.G.D.	 Leuvenink,	 prof.	 D.	 Monbaliu,	 prof.	 J.K.G.	

Wietasch,	 heel	 veel	 dank	 voor	 jullie	 interesse	 in	 het	 proefschrift	 en	 de	 inhoudelijke	

feedback.		

OLT1	&	OLT2’s:	prof.	dr.	Robert	Porte,	dr.	Marieke	de	Boer,	drs.	Ruben	de	Kleine,	

dr.	Carlijn	Buis,	dr.	Vincent	de	Meijer,	prof.	dr.	Joost	Klaase,	dr.	Maarten	Nijkamp,	

dr.	Frederik	Hoogwater,	ik	ben	ontzettend	dankbaar	dat	jullie	mij	als	18/19/20-jarige	

leverstudent	bij	heel	veel	OLT’s	en	electieve	HPB-operaties	hebben	 laten	assisteren	en	

meekijken.	Dat	heeft	bij	mij	voor	een	hoop	motivatie	gezorgd	voor	dit	promotietraject	en	

het	heeft	het	mij	duidelijk	gemaakt	waar	 in	het	 ziekenhuis	mijn	passie	 ligt.	Bovenal	 is	

door	 jullie	 ondersteuning	 de	 machineperfusie	 in	 de	 afgelopen	 jaren	 volledig	

geïntegreerd	in	het	UMCG!	

Dr.	M.	Fujiyoshi,	dear	Masato,	 I	am	thankful	 for	 the	great	years	we	had	 in	Groningen.	

You	were	 always	 first	 to	 discuss	 ideas	 on	 transplantation	 and	machine	 perfusion	 and	

you	always	provided	me	with	support	on	my	projects.	We	spent	a	lot	of	time	in	the	OPR	

(and	 Burgerking)	 together	 and	 without	 your	 everlasting	 help	 the	 machine	 perfusion	

research	in	the	UMCG	would	have	developed	much	slower.	I	hope	to	be	able	to	come	to	

Japan	again	in	the	coming	years!	

Kantoorgenoten:	 drs.	 M.	 Meerdink,	 drs.	 C.R.	 Hoepel,	 drs.	 S.J.S	 Ruiter,	 drs.	 A.N.	

Tournicourt,	Beste	Mark,	Carlos,	Simeon	en	An,	ik	ben	jullie	dankbaar	dat	jullie	mij	als	

‘benjamin’	 op	 de	 kamer	 accepteerden.	 Het	 heeft	 voor	 mij	 continu	 als	 motivatie	

gefungeerd	om	jullie	klinische	verhalen	te	horen.	Ik	hoop	dat	ik	later	nog	een	keer	onder	

jullie	begeleiding	mag	werken	in	de	kliniek!	

Chirurgisch	 Onderzoeks	 Laboratorium:	 Jacco	 Zwaagstra,	 Petra	 Ottens,	 Jelle	

Adelmeijer,	 Janneke	 Wiersema-Buist.	 Ik	 weet	 niet	 hoe	 vaak	 ik	 Jacco	 heb	 horen	

benadrukken:	 “Otto,	 die	werkt	 hier	 eigenlijk	 nooit”,	 Desondanks	 liggen	 van	 een	 groot	

deel	 van	 mijn	 projecten	 de	 wortels	 in	 het	 COL.	 Ik	 ben	 jullie	 dankbaar	 voor	 de	

behulpzaamheid	 en	 prettige	 werksfeer	 die	 ik	 altijd	 heb	 ervaren.	 Susanne	 Veldhuis,	



	
	

Suus,	heel	veel	dank	voor	je	hulp	bij	het	varkensexperiment	met	Fien	en	mij.	We	waren	

met	name	 in	het	begin	erg	onbeholpen	en	niet	altijd	even	wetenschappelijk,	maar	met	

jouw	hulp	hebben	we	er	een	volwassen	experiment	van	kunnen	maken!		

Kroon	 Vlees	 Groningen:	 Gert,	 Jan,	 Luitzen,	 en	 de	 vele	 anderen	 die	 ervoor	 gezorgd	

hebben	dat	we	 inmiddels	al	redelijk	wat	 jaren	succesvol	varkensexperimenten	kunnen	

uitvoeren:	heel	veel	dank	voor	jullie	hulp	en	gastvrijheid!	

Drs.	M.	van	Reeven,	beste	Marjolein,	wat	we	hebben	toch	een	prettige	samenwerking	

gehad	 ondanks	 de	 obstakels	 die	 we	 zijn	 tegengekomen.	 Het	 meest	 voorkomende	

probleem	kwam	echter	van	mijn	kant:	de	humane-	en	varkensperfusies	die	weer	 in	de	

weg	lagen.	Ik	ben	je	dankbaar	voor	je	geduld	én	drive	waarmee	je	onze	projecten	tot	een	

goed	einde	hebt	weten	te	brengen.	Tevens	veel	dank	aan	dr.	W.G.	Polak,	prof.	dr.	J.N.M.	

IJzermans,	prof.	dr.	I.P.J.	Alwayn,	prof.	dr.	B.	van	Hoek	en	dr.	D.	van	der	Helm	voor	

de	mooie	nationale	samenwerking!		

(Oud)	 transplantatiecoordinatoren	 UMCG,	 beste	 TC’ers,	 heel	 veel	 dank	 voor	 jullie	

hulp	met	het	identificeren	van	potentiële	donoren	voor	NMP!	De	hoogtepunten	van	onze	

samenwerking	 vonden	 echter	 plaats	 in	 de	 late	 uurtjes:	 in	 de	 Poelestraat	 of	 op	 de	

congressen!		

OrganAssist;	Wilfred	den	Hartog,	Arjan	van	der	Plaats,	Ton	Mulderij,	veel	dank	voor	

jullie	 support	 en	 het	 toestaan	 van	 onze	 varkensexperimenten	 waarmee	 we	 voor	 een	

hoop	 gedoe	 hebben	 gezorgd	 aan	 de	 Bornholmstraat..	 Ik	 kijk	 terug	 op	 een	 prettige	

samenwerking.	Emma	Offringa,	Mark	 Slotemaker,	 Ernst	 Buiter,	 Martin	 Kuizenga:	

jullie	 waren	 simpelweg	 geweldig!!	 De	 congressen	 werden	 met	 jullie	 altijd	 een	 groot	

feest,	maar	ook	de	varkensexperimenten.	Er	was	altijd	een	goede	sfeer	en	waar	we	ook	

waren,	jullie	gaven	altijd	een	gevoel	van	‘thuiskomen’.		

Studenten	 van	 leverteam,	 waaronder	 Silke	 Bodewes,	 dank	 voor	 jullie	 inzet	 bij	 het	

organiseren	en	uitvoeren	van	sample-afnames	en	het	verwerken	rondom	de	(perfusie)	

levertransplantaties.		

Orgaanperfusionisten,	 drs.	 Rinse	 Ubbink,	 dr.	 Gert	 Jan	 Pelgrim,	 drs.	 Maureen	

Werner,	 en	 nu	 sinds	 kort	 ook	drs.	Martijn	Haring,	 Veerle	 Lantinga	 en	 Leonie	 van	

Leeuwen;	wat	ben	ik	trots	op	de	resultaten	die	we	de	afgelopen	jaren	behaald	hebben!	



	

Het	 heeft	 de	 nodige	 flexibiliteit	 gekost,	 maar	 jarenlang	 stonden	we	 klaar	 voor	 iedere	

perfusie.	Dank	voor	jullie	teamwork	en	enthousiasme!		

Leveronderzoekers:	dr.	Alix	Matton,	dr.	Laura	Burlage,	drs.	Yvonne	de	Vries,	drs.	

Shanice	Karangwa,	Iris	de	Jong,	ik	realiseer	me	wat	een	ontzettende	luxe	het	is	om	het	

goed	 te	 kunnen	vinden	met	 je	 collega’s.	Alle	 perfusies,	maar	met	name	de	 congressen	

(van	 Bootcongressen	 tot	 Oslo/Seattle/Toronto)	 werden	 geweldige	 ervaringen	 door	

jullie!		

Dr.	R.	van	Rijn,	Rianne,	als	18/19-jarige	jongen	werd	ik	door	Robert	aan	je	gekoppeld	

en	mocht	 ik	 je	wat	gaan	helpen	met	 je	onderzoeken.	Heb	(tot	op	de	dag	van	vandaag)	

ontzettend	 genoten	 van	 je	 indrukwekkende	 puurheid.	 Ik	 ben	 dankbaar	 voor	 je	

vertrouwen	en	de	kansen	die	je	me	hebt	geboden	en	ik	ga	ervan	uit	dat	ik	in	de	toekomst	

nog	veel	van	je	ga	leren.		

Fien	von	Meijenfeldt,	Fien,	wat	hebben	we	een	mooi	varkensexperiment	neergezet	met	

de	 retrograde	 flush	 en	 DNAse	 therapie.	 Lange	 dagen,	 maar	 altijd	 met	 goede	 sfeer	

ondanks	de	soms	 licht	 tragische	resultaten!	Bedankt	voor	de	 fijne	samenwerking	en	 je	

verfrissende	blik	op	zaken	die	voor	mij	voorheen	kraakhelder	leken.		

Drs.	 M.J.M.	 Werner,	 Maureen,	 mede	 onderzoeker	 en	 orgaanperfusionist,	 wat	 ben	 ik	

onder	de	indruk	geweest	van	je	niet	aflatende	opgewektheid.	Zal	je	continue	support	op	

m’n	persoonlijke	dieptepunt	op	de	zeiknatte	Highway	5	van	Vancouver	naar	Seattle	ook	

nooit	 vergeten,	 nog	 steeds	 dankbaar	 voor...	 De	 vele	 nachten	 die	we	 gezamenlijk	 in	 de	

OPR	hebben	doorgebracht	werden	door	jou	een	groot	feest!	Ondanks	dat	we	soms	met	

een	 lege	 energietank	 tóch	 weer	 aan	 een	 NMP	 moesten	 beginnen,	 sleepte	 je	 ons	 er	

allemaal	 doorheen	 met	 je	 optimisme!	 Denk	 dat	 ook	 menig	 donorlever	 door	 jouw	

aanstekelijke	enthousiasme	toch	nét	aan	de	viability	criteria	ging	voldoen…		

Isabel	Brüggenwirth,	Isabel,	wat	hebben	we	veel	meegemaakt	de	afgelopen	jaren.	Van	

eindeloos	 veel	 hardlopen,	 inclusief	 marathon,	 tot	 ontzettend	 veel	 humane-	 en	

varkensperfusies.	 Denk	 nog	 steeds	 dat	 we	 het	 leverperfusierecord	 in	 handen	 hebben	

met	de	combinatie	‘verlengde	DHOPE	varkensexperiment	+	succesvolle	humane	DHOPE-

COR-NMP	procedure’,	waarin	we	van	dinsdag	05:00	 tot	woensdag	18:00	non-stop	 (37	

uur)	 stonden	 te	vlammen.	 Je	bent	altijd	m’n	eerste	aanspreekpunt	geweest	bij	nieuwe	



	
	

(en	 regelmatig	 slechte)	 ideeën	 en	 hersenspinsels	 en	 ik	 hoop	 dat	 dat	 nog	 lang	 zo	mag	

blijven!	

Willem	 Wierbos,	 Willem,	 waar	 menig	 vriendschap	 zou	 lijden	 onder	 de	 vele	

leverperfusies	van	de	afgelopen	 jaren,	hebben	wij	daar	nooit	 last	van	gehad.	Dankbaar	

voor	 je	 support	 en	 trots	 op	 je	 ontwikkeling	 als	 zanger/acteur/poëet	 naast	 je	

geneeskunde	studie.	Vereerd	dat	je	m’n	paranimf	wilt	zijn!	

Dr.	R.B.	van	Leeuwen,	drs.	M.A.	van	Leeuwen-Buinink,	mr.	dr.	B.J.	van	Leeuwen	en	

drs.	C.A.T.	van	Leeuwen;	Roeland,	Marie-Anne,	Barend	en	Claar,	het	heeft	de	afgelopen	

jaren	heel	wat	gekost,	maar	wat	was	het	het	waard!	Heb	van	jongs	af	aan	goed	van	jullie	

allen	kunnen	afkijken	hoeveel	werk	er	verzet	moet	worden	om	iets	te	bereiken	en	ben	

dankbaar	voor	de	voorbeeldfuncties	die	 jullie	voor	mij	gebleken	zijn.	De	bezoeken	aan	

Apeldoorn	waren	niet	altijd	even	langdurig	de	afgelopen	jaren	door	de	frequente	levers,	

maar	om	Barends	ingezette	traditie	voort	te	zetten	was	 ik	steeds	op	reis	en	altijd	thuis.	

Claar;	ik	ben	trots	op	je	rol	als	paranimf,	en	binnenkort	staan	we	bij	 jouw	verdediging;		

ik	kijk	ernaar	uit.	Heel	dankbaar	voor	jullie	support!			

	

	 	



	



	
	

Curriculum	vitae	

Otto	van	Leeuwen	was	born	on	15th	November	1995	in	Apeldoorn,	the	Netherlands.	He	

received	his	 secondary	education	at	 the	 ‘Gymnasium	Apeldoorn’	 in	Apeldoorn.	For	his	

final	 research	 project	 at	 secondary	 school,	 Otto	 spent	 one	 month	 studying	 surgical	

wound	care	 in	Mwananyamala	Hospital,	Dar	Es	Salaam,	Tanzania.	After	graduation,	he	

moved	to	Tampa,	USA.	At	the	University	of	Tampa,	he	majored	in	economics.	However,	

most	of	his	classes	focussed	on	literature	and	academic	writing.	After	one	year	in	Tampa,	

he	 was	 admitted	 to	 study	 Medicine	 at	 the	 University	 of	 Groningen.	 During	 the	 three	

years	 of	 his	 bachelor’s	 programme,	 Otto	 worked	 in	 the	 student	 liver	 transplantation	

team	and	 the	Prometheus	nierteam	at	 the	University	Medical	 Center	Groningen.	From	

the	first	year	of	his	bachelor’s	programme,	Otto	enjoyed	working	for	prof.	dr.	R.J.	Porte	

at	the	Department	of	Surgery	and	started	assisting	with	research	projects.	He	wrote	his	

bachelor	 thesis	 “Increasing	 the	quality	of	 suboptimal	donor	 livers	 for	 transplantation:	a	

bridge	between	clinic	and	research”	and	master	thesis	“Risk	factors	associated	with	biliary	

complications	 and	 early	 graft	 loss	 following	 donation	 after	 circulatory	 death	 liver	

transplantation”	under	the	supervision	of	prof.	dr.	R.J.	Porte	before	applying	 for	a	MD-

PhD	position.	He	was	accepted	into	the	MD-PhD	trajectory	in	June	2018.	From	March	to	

April	2018,	Otto	worked	in	Guangzhou,	China,	to	practise	human	and	porcine	ischemia-

free	 liver	 transplantation.	 Otto	 is	 currently	 finishing	 his	 Master’s	 degree	 in	Medicine,	

hoping	to	pursue	his	dream	of	becoming	a	(transplant)	surgeon.		

	

	

	 	




