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Transplantation	of	high-risk	donor	livers	after	ex	situ	
resuscitation	and	assessment	using	combined	hypo-	
and	normothermic	machine	perfusion:	a	prospective	
clinical	trial.			
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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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