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Abstract 350 words maximum: (PLEASE TYPE) 
 

Liver	transplantation	is	a	highly	efficacious	intervention	for	end	stage	liver	failure.	

Unfortunately,	there	is	considerable	waiting	time	for	suitable	donor	organs	leading	to	

significant	post‐operative	morbidity	and	mortality	from	marginal	donors	and	recipients,	as	

well	as	through	attrition	on	the	waiting	list.		The	introduction	of	donation	after	circulatory	

death	(DCD)	organs	has	to	some	extent	relieved	the	stress	on	the	waiting	list,	but	

unfortunately,	these	organs	are	associated	with	worse	outcomes	than	the	more	traditional	

form	of	donation	–	donation	after	brain	death.	As	such,	interventions	to	improve	these	organ	

qualities	are	pivotal	in	facilitating	maximal	benefit	to	be	derived	from	these	valuable	

donations.	The	current	thesis	seeks	to	explore	such	measures	from	an	experimental	and	

clinical	perspective.	The	former	is	with	regards	to	the	design	of	a	clinically	applicable	large	

animal	model	of	donation	after	circulatory	death,	followed	by	ex	stiu	perfusion	of	the	isolated	

liver.	The	latter	is	concerned	with	donor	practices,	especially	life	support	withdrawal	practices	

and	administration	of	ante‐mortem	heparin,	that	can	be	modified	to	benefit	the	recipient	

without	impacting	on	the	end	of	the	life	care	of	the	donor.	Our	experimental	results	

demonstrated	the	feasibility	of	maintaining	the	hepatocellular	function	for	up	to	4	hours	using	

ex	situ	perfusion	of	livers	retrieved	under	a	clinical	DCD	protocol.	Potential	mechanisms	are	

discussed,	but	it	is	clear	that	ex	situ	perfusion	is	able	to	mitigate	a	portion	of	the	damage	

incurred	by	the	liver	during	the	preceding	warm	ischaemia.	Furthermore,	our	clinical	results	

indicate	that	further	minimisation	of	the	warm	ischaemic	time	by	withdrawing	donor	life	

support	in	the	operating	theatre	as	opposed	to	intensive	care	unit	can	confer	significant	

benefit	upon	the	recipient,	with	additional	benefits	afforded	by	administration	of	ante‐mortem	

heparin.	In	conclusion,	we	have	been	able	to	demonstrate	that	warm	ischaemia	is	a	critical	

factor	in	determining	subsequent	recipient	outcomes,	and	minimisation	of	this	time	period	

even	within	the	acceptable	threshold	of	30	min	can	have	significant	benefits.	Once		warm	

ischaemia	has	occurred,	it	is	possible	to	reverse	some	of	the	damage.	This	can	be	achieved	by	

normothermic	ex	situ	perfusion,	a	technique	that	should	be	subject	to	more	rigorous	

investigation	in	a	clinical	or	clinically	applicable	animal	setting	in	the	future.		
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1.	ABSTRACT	

Liver	 transplantation	 is	 a	 highly	 efficacious	 intervention	 for	 end	 stage	 liver	

failure.	 Unfortunately,	 there	 is	 considerable	 waiting	 time	 for	 suitable	 donor	

organs	 leading	 to	 significant	 post‐operative	 morbidity	 and	 mortality	 from	

marginal	donors	and	recipients,	as	well	as	through	attrition	on	the	waiting	list.		

The	introduction	of	donation	after	circulatory	death	(DCD)	organs	has	to	some	

extent	relieved	the	stress	on	the	waiting	list,	but	unfortunately,	these	organs	are	

associated	with	worse	outcomes	 than	 the	more	 traditional	 form	of	donation	–	

donation	 after	 brain	 death.	 As	 such,	 interventions	 to	 improve	 these	 organ	

qualities	 are	 pivotal	 in	 facilitating	 maximal	 benefit	 to	 be	 derived	 from	 these	

valuable	donations.	The	current	thesis	seeks	to	explore	such	measures	from	an	

experimental	and	clinical	perspective.	The	former	is	with	regards	to	the	design	

of	a	clinically	applicable	large	animal	model	of	donation	after	circulatory	death,	

followed	by	ex	situ	perfusion	of	the	 isolated	 liver.	The	 latter	 is	concerned	with	

donor	practices,	especially	life	support	withdrawal	practices	and	administration	

of	ante‐mortem	heparin,	 that	 can	be	modified	 to	benefit	 the	 recipient	without	

impacting	 on	 the	 end	 of	 the	 life	 care	 of	 the	 donor.	 Our	 experimental	 results	

demonstrated	the	feasibility	of	maintaining	the	hepatocellular	function	for	up	to	

4	hours	using	ex	situ	perfusion	of	livers	retrieved	under	a	clinical	DCD	protocol.	

Potential	mechanisms	are	discussed,	but	it	is	clear	that	ex	situ	perfusion	is	able	

to	mitigate	a	portion	of	the	damage	incurred	by	the	liver	during	the	preceding	

warm	 ischaemia.	 Furthermore,	 our	 clinical	 results	 indicate	 that	 further	

minimisation	of	the	warm	ischaemic	time	by	withdrawing	donor	life	support	in	

the	 operating	 theatre	 as	 opposed	 to	 intensive	 care	 unit	 can	 confer	 significant	
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benefit	upon	the	recipient,	with	additional	benefits	afforded	by	administration	

of	ante‐mortem	heparin.	In	conclusion,	we	have	been	able	to	demonstrate	that	

warm	 ischaemia	 is	 a	 critical	 factor	 in	 determining	 subsequent	 recipient	

outcomes,	 and	 minimisation	 of	 this	 time	 period	 even	 within	 the	 acceptable	

threshold	 of	 30	min	 can	 have	 significant	 benefits.	 Once	 	warm	 ischaemia	 has	

occurred,	it	is	possible	to	reverse	some	of	the	damage.	This	can	be	achieved	by	

normothermic	 ex	 situ	perfusion,	 a	 technique	 that	 should	 be	 subject	 to	 more	

rigorous	 investigation	in	a	clinical	or	clinically	applicable	animal	setting	 in	the	

future.		
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2.	INTRODUCTION	

Liver	transplantation	is	well	established	as	the	treatment	of	choice	for	end	stage	

liver	 disease.	 Internationally,	 the	 first	 clinical	 case	 was	 performed	 by	 Dr.	

Thomas	Starzl	in	1963.	This	was	followed	by	the	first	case	in	Australia	in	1985.	

Since	 then,	 the	 number	 of	 livers	 transplanted	 per	 year	 has	 increased	

exponentially	 with	 the	 most	 recent	 Australian	 and	 New	 Zealand	 organ	

transplantation	database	report	278	transplants	performed	in	2014	1.		

Associated	with	 this	accumulation	of	 clinical	experience	and	research	 findings	

over	 time,	 there	has	been	 a	 gradual	 improvement	 in	 recipient	 outcomes	 from	

52‐67%	 5	 year	 recipient	 survival	 in	 the	 earlier	 eras	 to	 71‐78%	 in	 the	 more	

recent	decades	1.	There	has	also	been	a	reduction	in	important	post‐transplant	

complications	such	as	portal	vein	thrombosis	2.	However,	due	to	the	efficacy	of	

this	 intervention,	 the	 demand	 for	 donor	 organs	 has	 increased	 over	 the	 years,	

leading	to	an	ever‐expanding	waiting	 list	with	a	significant	mismatch	between	

the	numbers	of	recipients	and	suitable	donor	organs	available.	In	Australia	and	

New	Zealand,	typically	500‐550	patients	are	on	the	list	at	the	start	of	every	year.	

Of	 these	potential	 recipients,	 half	 are	 transplanted.	A	 further	30	%	remain	on	

the	 list	 by	 the	 end	 of	 the	 year.	 Unfortunately,	 this	 implies	 that	 15‐20%	 of	

patients	 either	 die	 on	 the	 wait	 list	 or	 are	 delisted	 every	 year	 for	 clinical	

deterioration	which	precludes	them	from	transplant	eligibility	1.	The	situation	is	

more	grim	for	other	large	volume	international	centres,	with	the	wait	list	in	the	

United	States	exceeding	16,000	in	the	recent	years	with	comparable	rate	of	wait	

list	mortality	3.	Furthermore,	with	an	average	waiting	time	of	4	months	and	up	
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to	 20	 months	 in	 certain	 cases,	 it	 is	 unsurprising	 that	 there	 is	 considerable	

impingement	on	patient	quality	of	life	whilst	waiting	for	a	donor	organ.		

To	minimise	the	 issues	associated	with	wait	 list	morbidity	and	mortality,	over	

the	 recent	 decades,	 there	 have	 been	 a	 multitude	 of	 clinical	 and	 scientific	

advancements,	 aimed	 at	 not	 only	 expanding	 the	 organ	 pool	 but	 also	 on	

improving	 	 the	 organs	 that	 have	 been	 retrieved	 for	 transplantation,	 thus	

deriving	 the	 maximal	 possible	 benefit	 from	 such	 valuable	 donations.	 The	

remainder	of	the	introduction	shall	thus	be	focused	on	the	concept	of	marginal	

donors	 and	 their	 impact	 on	 liver	 transplantation	 from	 a	 population	 and	

individual	 recipient	 perspective,	 followed	 by	 a	 discussion	 of	 the	 most	 recent	

research	and	clinical	practices	to	improve	organ	retrieval	and	preservation.		

2.1.	Marginal	Donors	

Marginal	donors	or	donations	broadly	refer	to	organs	that	are	of	inferior	quality	

than	what	 is	 traditionally	 required	 for	 acceptable	 outcomes.	 However,	 due	 to	

improvements	in	post‐operative	care,	immunosuppression	and	in	certain	cases,	

bridging	 therapy	 such	 as	 ventricular	 assist	 device	 for	 hearts	 and	 dialysis	 for	

kidneys,	it	is	unsurprising	that	the	definition	of	marginality	has	broadened	with	

time.	 For	 the	 kidney,	 the	 United	 Network	 for	 Organ	 Sharing	 definition	 of	

expanded	criteria	is	most	widely	used,	and	take	into	account	donor	age,	donor	

hypertension,	 terminal	 creatinine	 and	 death	 from	 cerebrovascular	 accident	 4.	

For	 the	heart,	 various	 combinations	of	 factors	 and	 scoring	 systems	have	been	

employed	 including	donor	age,	 cold	 ischaemic	 time,	human	 immunodeficiency	

virus	 status,	 hepatitis	 C	 virus	 status,	 donor	 diabetes	 mellitus,	 donor	 ejection	

fraction,	donor	:	recipient	height	&	weight	ratio,	race	mismatch,	BUN	:	creatinine	
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ratio	 5‐7.	 Finally	 for	 the	 liver,	 there	 is	 no	 established	 scoring	 system	 to	 define	

marginality,	but	donor	age	and	organ	cold	ischaemic	time	have	been	shown	to	

be	predictive	of	poor	 recipient	outcomes	by	 two	 large	scale	national	database	

reviews	 8,9.	 An	 additional	 criterion	 for	 marginality	 common	 to	 all	 forms	 of	

transplantation	is	donation	after	circulatory	death	(DCD).	For	the	liver,	the	first	

series	of	DCD	transplantation	were	performed	by	Bellingham	et	al.	 in	the	early	

1990s	10,	and	the	authors	reported	acceptable	3,	5	and	10	year	patient	survival	

at	 70%,	 67%	 and	 55%	 respectively.	 Since	 then,	 the	 number	 of	 DCD	

transplantations	 has	 increased	 to	 now	 account	 for	 up	 to	 20%	 of	 all	 liver	

transplantations	 in	 certain	 European	 countries	 11,	 and	 between	 5‐10%	 in	

Australia	1	and	the	United	States	3.		

To	 fully	 appreciate	 the	 value	 and	 outcomes	 of	 DCD	 transplantation,	 it	 is	 first	

important	 to	 explore	 the	 process	 of	 DCD	 and	 to	 compare	 it	 with	 the	 more	

traditional	 form	 of	 organ	 donation	 –	 donation	 after	 brain	 death	 (DBD).	 Brain	

death	 was	 first	 defined	 by	 the	 Harvard	 subcommittee	 in	 1968	 12	 as	 an	

irreversible	 cessation	 of	 neurological	 function	 at	 a	 cerebral,	 brainstem	 and	

spinal	 level.	 Such	diagnosis	 is	made	clinically	and	whilst	 the	 exact	assessment	

process	may	vary	between	centres,	lack	of	spontaneous	respiration	and	lack	of	

cranial	reflexes	invariably	form	part	of	the	criteria.	Typical	causes	of	brain	death	

include	 massive	 head	 trauma	 or	 cerebrovascular	 accident	 leading	 to	

widespread	cerebral	damage.	However,	in	these	donors,	and	under	mechanical	

ventilatory	 support,	 there	 is	 still	 spontaneous	 activity	 of	 the	 heart	 with	

adequate	 perfusion	 of	 the	 organs.	 As	 such,	 in	 the	 retrieval	 process	 after	

informed	consent	has	been	sought	and	granted,	a	 sternotomy	and	 laparotomy	
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are	performed	initially	followed	by	careful	dissection	of	the	vascular	and	extra‐

hepatic	biliary	tree.	Once	antegrade	cardiac	flow	is	stopped	mechanically	by	an	

aortic	 cross‐clamp	 and	 the	 heart	 is	 decompressed,	 then	 organ	 specific	

preservation	solutions	are	rapidly	 infused.	 It	 is	 clear	 then	 that	DBD	organs	do	

not	 suffer	 from	 any	 significant	warm	 ischaemic	 time	 (WIT)	 except	 during	 the	

organ	transplant	procedure	in	the	recipient.		This	is	significant	since	WIT	is	the	

period	when	the	cells	of	the	organ	are	still	undergoing	full	metabolism	without	

oxygenation,	resulting	in	rapid	apoptosis	and	necrosis.		

In	contrast	to	DBD	donations,	donors	in	the	DCD	pathway	are	those	who	do	not	

satisfy	 the	 neurological	 criteria	 of	 brain	 death	 and	 remain	 under	 mechanical	

ventilation	as	standard	supportive	therapy	for	the	patient.	These	patients	have	

also	 usually	 suffered	 catastrophic	 trauma	 or	 cerebrovascular	 accident,	 albeit	

less	severe	than	that	of	DBD	donors.	Very	rarely,	these	donors	can	have	isolated	

ventilator	failure,	such	as	in	those	with	high	spinal	cord	injury	with	mandatory	

chronic	 mechanical	 ventilation	 or	 from	 neuromuscular	 conditions	 (e.g.,	

amyotrophic	lateral	sclerosis,	Duchenne	muscular	dystrophy),	and	can	consent	

to	their	own	organ	donation.	Regardless	of	the	cause,	 it	 is	 important	to	realise	

that	 these	 patients	 are	 not	 legally	 dead	 until	 cessation	 of	 cardio‐circulatory	

activity	occurs	secondary	to	extubation	or	planned	withdrawal	of	ventilation.	In	

other	 words,	 in	 order	 to	 qualify	 as	 a	 DCD	 donor,	 these	 individuals	 have	 to	

undergo	circulatory	arrest	prior	to	becoming	donors	and	the		commencement	of	

any	 retrieval	 process.	 On	 joint	 agreement	 between	 the	 relatives	 and	 the	

intensivist,	this	is	achieved	by	extubation	and	cessation	of	any	active	treatment,	

leading	to	circulatory	arrest	after	a	variable	period	of	time.	Circulatory	arrest	is	



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 16	

usually	determined	by	disappearance	by	pulse	pressure,	and	is	followed	by	2‐5	

min	 of	 stand‐off	 to	 ensure	 to	 no	 spontaneous	 re‐animation	 of	 the	 heart.	 The	

retrieval	process	then	proceeds	rapidly	as	described	subsequently.	The	WIT	in	

this	circumstance	is	usually	defined	from	time	of	extubation	to	initiation	of	cold	

preservation	 flush,	 and	 is	 by	 no	means	 negligible	 as	 in	 the	 case	 of	 DBD.	 The	

warm	ischaemic	tolerance	varies	between	organs,	with	the	heart	13	and	the	liver	

14‐21	 being	 most	 vulnerable,	 typically	 having	 a	 threshold	 of	 30	 minutes.	 This	

means	 that	 if	 the	cold	 flush	does	not	 initiate	within	30	minutes	of	extubation,	

then	 the	 retrieval	 of	 the	 organ	 is	 abandoned	 due	 to	 concerns	 regarding	

excessive	 destruction	 of	 the	 hepatocytes	 or	 cardiomyocytes.	 The	 portion	 of	

potential	 donors	 who	 fail	 to	 progress	 to	 circulatory	 arrest	 within	 a	 pre‐

determined	threshold	can	be	up	to	50%	thereby	incurring	significant	cost	to	the	

transplant	 services	 22.	 Various	 assessment	 tools	 based	 on	 donor	 factors	 have	

been	 proposed	 in	 the	 recent	 years	 to	 predict	 time	 to	 asystole	 although	

inconsistency	 is	 abound	 in	 the	 literature	 in	 this	 area.	 Some	 putative	 factors	

include	 younger	 age,	 higher	 FiO2,	 mode	 of	 ventilation,	 inotrope	 use,	 serum	

sodium	concentration	and	donor	age	22,23.	A	large	scale	retrospective	review	of	

the	UNOS	database	concluded	on	a	similar	set	of	criteria	as	potential	predictors	

of	 circulatory	 arrest	 including	 donor	 inotropic	 or	 mechanical	 circulatory	

support	and	respiratory	function	(Table	2.1.1).	The	authors	also	recommended	

that	 those	 with	 none	 of	 the	 criteria	 listed	 should	 be	 excluded	 from	 DCD	

donation	due	 to	 low	chance	of	progressing	 to	asystole	within	acceptable	 time,	

and	those	with	one	criteria	should	be	considered	granted	that	a	50%	failure	to	
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progress	 rate	 is	 acceptable	 by	 the	 transplant	 centre	 24.	 This	 scale	 was	

subsequently	validated	in	a	prospective	study	by	DeVita	et	al.	25.	

Apnoea	 LVAD	 PEEP	 ≥	 10	 and	

SaO2	≤	92%	

IABP	 1:1:	 OR	

(dobutamine	 or	

dopamine	 ≥	 10	 μg/kg	

per	min	and	CI	≤	2.2)	

Norepinephrine,	

epinephrine	or	

phenylephrine	≥	

0.2	μg/kg/min	

RR	<	8	 RVAD	 FiO2	 ≥	 0.5	 and	

SaO2	≤	92%	

IABP	1:1	and	CI	≤	1.5	 Dopamine	≥	15	

μg/kg/min	

RR	>	30	during	trial	of	

mechanical	ventilation	

V‐A	

ECMO	

V‐V	ECMO	 Pacemaker	 with	

unassisted	rhythm	<	30		

	

	

Table	2.1.1.	Factors	proposed	to	predict	progression	to	circulatory	arrest	based	

on	 a	 National	 Conference	 on	 Donation	 after	 Cardiac	 Death	 24.	 RR,	 respiratory	

rate;	LVAD,	 left	ventricular	assist	device;	RVAD,	right	ventricular	assist	device;	

V‐A	ECMO,	venoarterial	extracorporeal	membrane	oxygenation;	PEEP,	positive	

end‐expiratory	 pressure;	 SaO2,	 arterial	 oxygen	 saturation;	 FiO2,	 fraction	 of	

inspired	 oxygen;	 V‐V	 ECMO,	 venovenous	 extracorporeal	 membrane	

oxygenation;	IABP,	intra‐aortic	balloon	pump;	CI,	cardiac	index.	

In	addition	to	a	lack	of	consensus	regarding	the	how	to	best	predict	progression	

to	 asystole,	 there	 is	 also	much	 debate	 regarding	 the	 definition	 of	WIT	 in	 the	

context	 of	 DCD	 retrieval	 and	most	 optimal	 time	 threshold	 to	maximise	 organ	

donation	 without	 excessively	 compromising	 organ	 quality.	 The	 most	 widely	

used	definition	of	WIT	 is	 from	extubation	 to	 initiation	of	cold	 flush	 17,19,21,26‐35.	

However,	 various	 other	 definitions	 have	 been	 used	 clinically,	 notably	 from	
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withdrawal	to	asystole	36,	from	systolic	blood	pressure	of	50	mmHg	to	cold	flush	

37;	 from	 an	 oxygen	 saturation	 of	 70%	 to	 cold	 flush	 or	 a	 combination	 thereof	

14,15,38,39.	 Such	 variations	 exist	 due	 to	 lack	 of	 evidence	 demonstrating	 the	

severity	 of	 hypoperfusion	 required	 to	 cause	 clinically	 significant	 ischaemic	

damage	 to	 the	 hepatocytes.	 It	 was	 found	 in	 controlled	 DCD	 patients	 that	 the	

time	between	when	systolic	pressure	falls	below	50	mmHg	to	flush	 is	a	better	

predictor	of	graft	dysfunction	(intrahepatic	biliary	abnormality,	PNF	and	patient	

mortality	 combined)	 than	 time	 from	 withdrawal	 of	 treatment	 to	 flush,	 and	

criteria	 based	 on	 oxygen	 desaturation	 40.	 In	 fact	 in	 this	 study,	 the	 DWIT	

(withdrawal‐flush)	was	shown	not	be	a	significant	predictor	of	graft	dysfunction	

at	all.	 In	contrast,	Taner	et	al.	 41	concluded	that	 the	 time	 from	asystole	 to	cold	

preservation	flush	is	the	best	predictor	of	subsequent	graft	and	patient	survival,	

as	well	as	incidence	of	complications.	This	was	supported	by	a	subsequent	study	

from	the	same	group	21.	The	threshold	of	30	min	is	a	recommendation	made	by	

a	report	of	the	National	Conference	on	Donation	after	Cardiac	Death	in	2006	24,	

and	 is	based	on	prior	 large	 scale	database	 review	showing	 that	 extending	 the	

warm	 ischaemic	 time	 beyond	 30	 min	 is	 associated	 with	 worse	 outcomes	 42.	

However,	 these	 studies	 failed	 to	 explore	 potential	 benefits	 of	 modulating	 the	

warm	 ischaemic	 time	 within	 30	 min.	 Subsequent	 studies	 have	 demonstrated	

that	receiving	DCD	livers	with	donor	warm	ischaemic	time	exceeding	15	min	is	

an	 independent	 predictor	 of	 worse	 graft	 survival	 43.	 Similar	 results	 from	

obtained	from	another	multivariate	analysis	showing	a	critical	 threshold	of	20	

min	 28,44.	 All	 such	 studies	 are	 confounded	 by	 a	 multitude	 of	 centre‐specific	

practices	such	as	retrieval	technique,	flush	solution	and	additives,	and	transport	
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procedures,	 all	of	which	can	 influence	subsequent	outcomes	as	 shall	be	 in	 the	

following	section	on	transplant	practices.		

DCD	transplantation	is	clinically	stratified	into	four	categories,	better	known	as	

the	Maastricht	classes	 45	 (Table	2.1.2).	Class	 I	and	 II	are	collectively	known	as	

uncontrolled	 DCDs	 whereas	 class	 III	 and	 IV	 are	 known	 as	 controlled	 DCDs.	

Uncontrolled	DCDs	are	 rarely	used	due	 to	 typically	 longer	WIT	as	well	 as	 less	

precise	 documentation	 of	 the	 time	 length.	 The	 exception	 to	 this	 are	 countries	

such	 as	 France	 and	 Spain	 where	 either	 controlled	 DCDs	 are	 not	 legally	

permitted,	 or	 Italy	 where	 the	 20	min	mandated	 stand‐off	 time	 is	 too	 long	 to	

allow	 recovery	 of	 the	 liver	 46.	 In	 such	 centres,	 uncontrolled	 DCDs	 form	 the	

majority	 of	 DCD	 transplantations,	 and	 retrospective	 cohort	 studies	 from	 such	

centres	 have	 demonstrated	 inferior	 results	 when	 compared	 to	 that	 of	 DBD	

grafts	 47‐49,	 although	 comparison	 to	 controlled	 DCD	 grafts	 have	 not	 been	

performed	to	date.	Nevertheless,	based	on	limited	data,	uncontrolled	DCD	liver	

transplantation	is	associated	with	an	overall	biliary	complication	rate	of	42%	49,	

significantly	 higher	 than	 the	 10‐30%	 reported	 for	 controlled	 DCD	

transplantations	 from	 other	 large	 national	 database	 studies	 and	 single	 centre	

studies	 19,27,28,30,34.	 However,	 due	 to	 the	 virtual	 non‐existence	 of	 uncontrolled	

DCD	 transplantations	 in	 Australia,	 DCD	 transplantation	 shall	 henceforth	 refer	

specifically	to	controlled	DCD.		

Category	 Status	of	patient	

I	(uncontrolled)	 Dead	on	arrival	

II	(uncontrolled)	 Unsuccessful	resuscitation	
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III	(controlled)	 Awaiting	circulatory	arrest	

IV	(controlled)	 Circulatory	arrest	after	brain	death	confirmation		

	

Table	2.1.2.	Maastricht	 criteria	 for	 DCD	 donations.	 Controlled	 or	 uncontrolled	

classification	 refers	 to	 whether	 the	 donor	WIT	 can	 be	 strictly	 measured	 and	

thus	used	to	determine	if	the	organ	is	viable	for	transplantation.		

DCD	 liver	 transplantation	 typically	 carry	a	worse	prognosis	 compared	 to	DBD	

transplantation.	 Earlier	 retrospective	 cohort	 studies	 demonstrated	 decreased	

short	and	long	term	graft	and	patient	survival	19,28,30,39,	and	increased	incidence	

of	complications,	especially	those	of	the	biliary	and	vascular	tree	19,26‐28,30,36,37,39,	

as	well	 as	 primary	 non‐function	 19,28.	 Over	 the	 years	 due	 to	 improvements	 in	

pre‐,	 intra‐	 and	 post‐operative	 care,	 there	 has	 been	 decreasing	 incidence	 of	

vascular	complications	and	primary	non‐function	to	a	 level	 that	 is	comparable	

to	 DBD	 recipients.	 However,	 the	 risk	 of	 biliary	 complications,	 especially	

ischaemic	cholangiopathy,	has	 remained	high,	 conferring	significant	morbidity	

and	mortality	 to	 DCD	 recipients.	 Various	 single	 centre	 studies	 have	 reported	

DCD	graft	and	patient	survival	at	61‐78%	and	74‐84%	respectively,	significantly	

lower	than	the	79‐100%	graft	and	85‐100%	patient	survival	for	DBD	recipients	

14,17,19,28,30,35,39,50,51.	Such	differences	have	been	observed	at	moderate	and	even	

long	 term	 follow	 up	 of	 10	 28	 and	 15	 years	 17.	 Such	 results	 have	 also	 been	

replicated	on	large	scale	database	studies	8,9,50,51,	as	well	as	two	meta‐analyses	

published	in	2011	52	and	2016	53.	Associated	with	worse	graft	outcomes,	there	is	

understandably	also	an	increased	incidence	of	re‐transplantation	17,54.	DCD	graft	

recipients	also	incur	a	greater	financial	burden,	typically	due	to	requirement	for	
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management	of	biliary	strictures,	with	one	study	showing	that	an	average	of	X	

2.4	 ‐	 8.1	 endoscopic	 procedures	within	 the	 first	 year	 after	 diagnosis	 17,31,39,55.	

Altogether,	this	has	led	to	a	certain	degree	of	reluctance	in	the	utilisation	of	DCD	

grafts.		

Nevertheless,	Cao	et	al.	53	noted	that	despite	statistically	worse	outcomes	for	the	

DCD	 group,	 descriptive	 analysis	 of	 the	 studies	 did	 indicate	 improvements	 in	

survival	 over	 time,	 with	 more	 of	 the	 earlier	 studies	 reporting	 worse	 DCD	

outcomes	 and	more	 of	 the	 later	 studies	 reporting	 comparable	 DCD	 and	 DBD	

outcomes.	 Such	 improvements	have	 served	as	 impetus	 for	 continued	usage	of	

DCD	grafts	and	research	effort	 into	improving	outcomes.	Furthermore,	using	a	

Markov	model	 for	decision	analysis,	 Jay	et	al.	 56	demonstrated	 that	receiving	a	

DCD	 graft	 is	 still	 associated	 with	 better	 survival	 and	 quality	 of	 life	 when	

compared	to	staying	on	wait	list	for	DBD	graft.	However,	this	study	is	conducted	

on	an	American	cohort	which	has	an	average	waiting	time	for	a	liver	donation	of	

20	 months.	 The	 applicability	 of	 such	 results	 to	 an	 Australian	 cohort	

questionable	due	to	our	considerably	shorter	average	waiting	time	of	4	months.		

Finally,	 it	 is	worthwhile	 to	discuss	 the	underlying	cause	of	worse	outcomes	 in	

DCD	 grafts	 compared	 to	 DBD	 counterparts.	 Whilst	 traditional	 knowledge	

dictates	that	it	is	the	warm	ischaemia	that	is	directly	damaging	to	the	cells,	it	is	

well	established	now	that	the	majority	of	the	damage	occurs	at	re‐introduction	

of	oxygen,	known	as	reperfusion	injury	57.	Such	reaction	occurs	due	to	the	build‐

up	of	toxic	metabolites	during	the	ischaemic	period	which	sets	the	stage	for	an	

acute	 inflammatory	 reaction	 upon	 reperfusion.	 On	 a	 cellular	 levels,	 there	 are	

various	hypothesis	as	to	why	this	occurs.	One	such	is	that	during	ischaemia,	the	
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enzyme	 xanthine	 dehydrogenase	 which	 usually	 converts	 ATP	 breakdown	

products	 to	 urea,	 is	 converted	 to	 xanthine	 oxidase	 57.	 When	 there	 is	 oxygen	

again	 during	 reperfusion,	 the	 xanthine	 oxidase	 will	 convert	 the	 accumulated	

ATP	breakdown	products	into	reactive	oxygen	species	(ROS)	which	can	result	in	

cellular	damage.	This	reaction	is	particularly	relevant	for	the	liver	which	holds	

the	largest	store	of	ATP	and	xanthine	dehydrogenase	in	the	body	58.	The	initial	

cellular	damage	can	further	release	ligands,	such	as	the	HMGB1	protein,	which	

binds	 onto	 the	 Toll‐like	 receptor	 4	 present	 on	 Kupffer	 cells	 59.	 The	 activated	

Kupffer	cells	then	proceed	to	release	further	reactive	oxygen	species,	as	well	as	

interleukin‐1	and	tumour	necrosis	factor	alpha	(TNFα)	60.	The	reactive	oxygen	

species	 can	 further	 exacerbate	 cellular	 damage	 thus	 forming	 a	 vicious	 cycle,	

whilst	 the	 cytokines	 have	 been	 shown	 to	 upregulate	 CD11b	 expression	 on	

leukocytes	 to	 promote	 chemotaxis	 of	 even	 more	 inflammatory	 cells	 61.	

Consequently,	 neutrophils	 take	 over	 as	 the	 main	 source	 of	 reactive	 oxygen	

species	 production	 following	 the	 initial	 burst	 from	 Kupffer	 cells	 62.	

Unsurprisingly,	 a	 multitude	 of	 other	 cells,	 such	 as	 CD4+	 T	 cells,	 and	 cellular	

components,	 such	 as	 cytokines,	 and	 apoptotic	 and	 anti‐apoptotic	 signalling	

molecules,	are	involved	in	this	complex	reaction	63.	In	keeping	with	the	role	of	

oxidative	 stress	 in	 the	 ischaemia‐reperfusion	 injury,	 various	 studies	 have	

demonstrated	benefits	of	anti‐oxidant	measures.	Such	include	glutathione	64	and	

N‐acetylcysteine	65‐68,	both	of	which	have	been	shown	to	attenuate	ROS	release	

and	 reperfusion	 injury.	 Likewise,	 the	 NADPH	 oxidase	 inhibitor	 has	 also	 been	

shown	to	confer	benefit	due	to	its	role	in	inhibiting	NOX‐2	enzyme	which	is	used	

by	 the	 Kupffer	 cells	 to	 produce	 ROS	 69‐71.	 Interestingly,	 ischaemic	
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preconditioning	 has	 also	 been	 noted	 to	 be	 beneficial,	 not	 only	 in	 liver	

transplantation	but	also	in	hepatic	resection	72.	This	is	performed	by	subjecting	

the	organ	to	short	bursts	of	ischaemia	prior	to	prolonged	ischaemia	required	for	

operation.	It	has	been	proposed	that	the	preceding	episodes	of	ischaemia	serve	

to	rapidly	induce	activation	of	anti‐oxidant	mechanisms,	such	as	upregulation	of	

glutathione	 production,	 so	 that	 the	 organ	 is	 better	 able	 to	 deal	 with	 the	

subsequent	oxidative	stress	72.	Unfortunately,	definitive	evidence	for	its	efficacy	

in	the	clinical	setting	is	lacking,	with	one	recent	Cochrane	review	showing	that	it	

is	 not	 associated	with	 better	mortality,	 initial	 function,	 complication	 rate	 and	

retransplantation	 rate	 73.	 Furthermore,	 targeting	 xanthine	 oxidase	 inhibitor,	

classically	 via	 the	 anti‐gout	 drug	 allopurinol,	 has	 been	 shown	 to	 reduce	

biochemical	 and	histological	 evidence	of	hepatic	 injury,	 as	well	 as	 to	 facilitate	

better	recovery	of	glutathione,	in	animal	models	of	hepatic	reperfusion	injury	74‐

76.	Similar	results	have	been	obtained	for	the	newer	xanthine	oxidase	inhibitor,	

febuxostat	 77.	 Finally,	 consistent	 with	 the	 pivotal	 role	 of	 TNFα	 in	 ischaemia‐

reperfusion	 injury,	various	animal	 studies	have	shown	 that	knockout	mice	 for	

either	 TNFα	 78	 or	 TNF	 receptor	 type	 1	 79	 have	 reduced	 level	 of	 damage	

subsequent	to	liver	ischaemia.		

2.2.	Organ	Preservation	

Organ	 preservation	 starts	 at	 the	 retrieval	 of	 the	 organ	 and	 can	 be	 broadly	

conceptualised	 into	 two	 stages	 –	 the	 retrieval	 itself	 until	 explantation,	 and	

preservation	 of	 the	 explanted	 organ	 until	 implantation.	 The	 process	 of	 DBD	

retrieval	is	quite	well	versed	amongst	the	senior	transplant	surgeons	across	the	

world	 and	 briefly	 involves	 systematic	 exposure	 and	 dissection	 of	 the	 hepatic	



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 24	

vasculature	 and	 extra‐hepatic	 biliary	 system	 80.	 This	 is	 then	 followed	 by	

cannulation	 of	 the	 infra‐renal	 aorta	 through	 which	 a	 cold	 flush	 solution	 is	

initiated	prior	to	cessation	of	heart	beat.	As	such,	there	is	negligible	if	any	warm	

ischaemia.	 In	 contrast,	 DCD	 organs	 invariably	 undergo	 a	 period	 of	 warm	

ischaemia	 and	 as	 such,	 the	 aim	 of	 retrieval	 is	 to	 minimise	 this	 as	 much	 as	

possible.	 The	 super	 rapid	 technique	 as	 described	by	Casavilla	et	al.	 81	 is	most	

commonly	 used	 involving	 rapid	 laparotomy	 post‐standoff	 and	 cannulation	 of	

the	 distal	 aorta	 to	 initiate	 the	 cold	 flush.	 Various	modifications	 to	 the	 super‐

rapid	techniques	have	been	made	since	 its	 inception	all	of	which	are	aimed	at	

cross	 clamping	 and	 cooling	 the	 intra‐abdominal	 organs	 down	 as	 quickly	 as	

possible	 82.	 Such	 include	 ante‐mortem	 femoral	 cannulation	 to	 facilitate	 faster	

post‐mortem	cold	 flush	17,32,	peritoneal	 insufflation	with	hypothermic	 fluid	 for	

rapid	local	cooling	83,	and	variations	on	cannulation	techniques	including	using	

cable	ties	instead	of	ligatures	84	and	performing	endovascular	cross	clamping	85.	

Unfortunately,	due	to	ethical	and	legal	concerns,	as	well	as	insufficiency	of	large	

scale	cohort	studies	demonstrating	benefit,	the	uptake	of	these	new	techniques	

have	been	reluctant	and	idiosyncractic	at	best.		

The	flush	techniques	and	solution	used	also	form	a	fundamental	aspect	of	organ	

preservation.	 Traditionally,	 two	 approaches	 to	 cold	 flush	 have	 been	 used	 –	

aortic	flush	alone	14,17,19,29,32	or	aortic	followed	by	portal	vein	flush	21,31,35,44.	The	

addition	of	the	portal	vein	flush	is	based	on	the	rationale	of	being	able	to	more	

quickly	 induce	cooling	of	 the	organ.	However,	a	randomised	controlled	trial	of	

40	patients	undergoing	either	technique	failed	to	show	any	differences	in	terms	

of	both	surgical	outcomes	including	procurement	time	and	speed	of	cooling,	and	



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 25	

patient	 outcomes	 including	 post‐operative	 complications	 and	 early	 patient	

survival	 86.	 Paradoxically,	 dual	 vessel	 cooling	 can	 sometimes	 induce	

unnecessary	 damage	 to	 the	 hepatic	micro‐vasculature	 if	 excessive	 pressure	 is	

applied	 to	 the	 portal	 vein	 flush.	 Animal	 studies	 have	 concluded	 that	 higher	

portal	 vein	 flush	 pressure	 is	 associated	 with	 worse	 hepatocyte	 energy	

metabolism,	partly	attributable	to	the	dilatation	of	the	hepatic	sinusoids	under	

high	pressure	87.	Finally,	the	viscosity	of	the	flush	solution	may	also	contribute	

to	 later	outcomes.	In	one	DCD	rat	study,	 it	was	shown	that	the	viscosity	of	the	

flush	solution	correlated	directly	with	the	hepatic	vascular	resistance	as	well	as	

post‐transplant	 survival	 88.	 Furthermore,	 reducing	 the	 viscosity	 of	 a	

traditionally	 viscous	 solution,	 University	 of	 Wisconsin	 solution	 (UW),	 was	

shown	to	improve	subsequent	survival	89.				

Various	 pharmacological	 agents	 have	 also	 been	 shown	 to	 be	 of	 	 benefit	when	

added	to	the	flush	solution.	Of	note	is	the	fibrinolytic	agent,	tissue	plasminogen	

activator	 (tPA)	 and	 its	 analogues.	 Its	 role	 in	 liver	 retrieval,	 especially	 that	 of	

DCD	 livers,	 is	 to	 dissolve	 the	 micro‐thrombi	 which	 form	 during	 the	 warm	

ischaemic	 period	 secondary	 to	 circulatory	 stasis	 90,91,	 thus	 allowing	 for	 better	

perfusion	 of	 the	 organ	 subsequently.	 In	 keeping	with	 this,	 Yamauchi	 et	al.,	 92	

showed	 that	 showed	 that	 performing	 a	 warm	 pre‐flush	 supplemented	 with	

streptokinase	prior	to	cold	flush	improves	microvascular	perfusion	of	the	liver	

and	 is	 reflected	 in	 better	 transaminase	 release	 profile.	 Similar	 results	 were	

replicated	in	a	large	animal	DCD	model,	highlighting	better	survival	and	reduced	

complication	 incidence	 in	 recipients	 of	 organs	 that	 were	 flushed	 with	

streptokinase	 containing	 solution	 than	 those	 which	 were	 not	 93.	 However,	
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streptokinase	was	added	 in	 this	 study	as	part	of	a	multi‐factorial	 intervention	

model,	comprising	various	other	anti‐oxidant	agents	which	have	been	shown	to	

mitigate	 ischaemia	 reperfusion	 injury.	 Nevertheless,	 in	 a	 prospective	 non‐

randomised	 cohort	 study,	 it	was	 found	 that	 supplementation	of	 flush	 solution	

with	 urokinase	 significantly	 improves	 human	 DCD	 liver	 transplantation	

outcomes	94.	Similarly,	the	administration	of	heparin	prior	to	extubation	in	DCD	

patients	has	been	shown	to	confer	benefits	upon	the	recipients,	especially	with	

regards	to	reducing	the	incidence	of	post‐transplant	primary	graft	non‐function	

53.		

Follow	explantation	of	the	liver,	the	traditional	method	has	been	to	place	it	into	

static	 cold	 storage	 for	 transportation.	 This	 process	 is	 a	major	 determinant	 of	

cold	ischaemic	time,	which	has	also	been	shown	to	be	an	independent	predictor	

of	patient	 and	graft	 outcomes	 28,42,43,95.	This	 is	due	 to	 the	 fact	 that	 cooling	 the	

organ,	 typically	 to	 4°C	 only	 slows	 but	 not	 completely	 halt	 the	 hepatic	

metabolism	 96.	 Consequently,	 during	 the	 entire	 cold	 ischaemic	 time	 (CIT),	 the	

hepatocytes	 are	 still	 accumulating	 toxic	 metabolites	 which	 set	 the	 scene	 an	

intense	 inflammatory	 reaction	 upon	 reperfusion.	 As	 such,	 the	 composition	 of	

the	 storage	 solution	 is	 pertinent	 as	 this	 can	 potentially	 reduce	 production	 of	

these	 metabolites	 and	 thus	 dampen	 subsequent	 damage.	 A	 multitude	 of	

preservation	 solutions	 are	 currently	 in	 use,	 and	 can	 be	 classified	 as	 either	

intracellular	 such	 as	 University	 of	Wisconsin	 solution	 (UW)	 and	 extracellular	

such	as	histidine‐tryptophan‐ketoglutarate	solution	(HTK)	and	Celsior	solution.	

It	was	shown	in	a	rat	liver	transplant	model	that		that	initial	flush	with	HTK	and	

subsequent	UW	storage	 is	 superior	 to	UW	or	HTK	alone	 for	 flush	and	storage	
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with	 regards	 to	 various	 biochemical	 and	 histological	 parameters,	 as	 well	 as	

allograft	 survival	 89.	 A	 recent	 meta‐analysis	 of	 human	 trials	 compared	 these	

three	 preservation	 solutions	 and	 found	 no	 difference	 in	 incidence	 of	 primary	

non‐function,	 retransplantation,	 biliary	 stenotic	 lesions,	 and	 graft	 and	 patient	

survival	 97.	 Similarly,	 a	meta‐analysis	 in	2007	 comparing	HTK	with	UW	 found	

that	 complication	 incidence	 and	 graft	 and	 patient	 survival	 were	 comparable	

between	 the	 two	 groups	 98.	 In	 contrast,	 analysis	 of	 the	 United	 Network	 for	

Organ	 Sharing	 (UNOS)	 database	 performed	 in	 2009	 found	 that	 HTK	 used	 for	

cold	storage	compared	to	UW	was	associated	with	significantly	higher	rates	of	

graft	 loss	 even	 after	 adjusting	 for	 donor,	 recipient	 and	 graft	 factors	 99.	 This	

difference	was	 even	more	 prominent	 for	 the	 DCD	 cohort	 and	 those	 with	 CIT	

over	8	hours.	This	 is	consistent	with	previous	 in	vitro	 studies	showing	greater	

degree	 of	 hepatocyte	 and	 endothelial	 cell	 damage	with	HTK	 compared	 to	UW	

100,101.		

Much	 as	 pharmacological	 agents	 can	 be	 added	 to	 initial	 flush	 solution,	 a	

plethora	 of	 other	 agents	 have	 been	 trialled	 and	 shown	 to	 be	 beneficial	 to	 the	

organs	and	recipients	when	added	to	the	preservation	flush	(Table	2.2.1).	Most	

of	 these	 work	 on	 some	 point	 on	 the	 cellular	 pathway	 involved	 in	 ischaemia	

reperfusion	 injury.	 These	 include	 the	 xanthine	 oxidase	 inhibitor	 (e.g.,	

allopurinol)	 74‐76,102,	 vasodilators	 (e.g.,	 phentolamine,	epoprostenol,	dopamine)	

93,103,	 antioxidants	 (e.g.,	 superoxide	 dismutase,	 edaravone)	 104,105,	 hormones	

(e.g.,	 glucagon,	 growth	hormones)	 106	 and	erythropoietin	 107‐109.	 In	 addition	 to	

pharmacological	 additives,	 venous	 insufflation	 of	 gaseous	 oxygen	 has	 been	

shown	to	confer	benefit	in	small	110	and	large	animal	111,	as	well	as	human	trials	
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112.	This	 is	 typically	performed	by	providing	oxygen	via	 the	 supra‐hepatic	 IVC	

after	 the	 infra‐hepatic	 IVC	has	been	clamped,	and	oxygen	 is	allowed	to	escape	

via	 pin	 pricks	 into	 the	 dilated	 veins	 at	 the	 margin	 of	 the	 liver.	 Compared	 to	

controls,	 the	 VSOP	 animal	 groups	 had	 reduced	 proteolysis,	 more	 favourable	

enzyme	release	and	better	survival,	whereas	the	VSOP	human	group	had	better	

intracellular	 ATP	 recovery	 which	 has	 been	 be	 an	 independent	 predictor	 of	

recipient	outcomes	113‐116.		



Table	2.2.1.	Agents	shown	to	attenuate	ischaemia	reperfusion	injury.	HA	=	hepatic	artery;	PV	=	portal	vein;	ATP	=	adenosine	
triphosphate;	TNF	=	tumour	necrosis	factor;	JNK	=	c‐Jun	N‐terminal	kinases;	MAPK	=	mitogen‐activated	protein	kinase;	ERK	=	
extracellular	signal‐regulated	kinases

Agent	 Animal	 Model	of	Ischaemia	 Conclusions	 Ref.		
Allopurinol	 Rats	 HA	&	PV	clamping	 Improved	survival	

Reduced	hepatic	enzyme	release	
74	

Allopurinol		 Rats	 HA	&	PV	clamping	 Elevated	ATP	
Reduced	hepatic	enzyme	release,	mitochondrial	lipid	peroxidation	

75	

Allopurinol	 Rats	 HA	&	PV	clamping	 Elevated	mitochondrial	glutathione	level	
Reduced	hepatic	enzyme	release,	mitochondrial	lipid	peroxidation	

76	

Allopurinol	 Mice	 HA	&	PV	clamping	
	

Elevated	mitochondrial	glutathione	level	
Reduced	hepatic	enzyme	release,	TNFα,	superoxide	anion	

102	

Dopamine	 Rats	 Cardiac	arrest	&	
explantation	

Elevated	bile	production,	tissue	ATP	
Reduced	hepatic	enzyme	release,	histological	signs	of	tissue	injury	

103	

Edaravone	 Rats	 Cardiac	arrest	&	
explantation	

Elevated	bile	production	
Reduced	apoptosis	on	histology,	and	activation	of	apoptotic	pathway	
signalling	proteins	(JNK,	p38	MAPK,	ERK)	

105	

Erythropoietin	 Rats	 Cardiac	arrest	&	
explantation	

Improved	survival	in	graft	recipients	
Reduced	hepatic	enzyme	release,	apoptosis	and	necrosis	on	histology	

107	

Erythropoietin	 Rats	 HA	&	PV	clamping	
	

Reduced	hepatic	enzyme	release,	caspase‐3	activation,	histological	signs	of	
tissue	injury	

108	

N‐acetylcysteine	 Rats	 HA	&	PV	clamping	
	

Elevated	glutathione	
Reduced	hepatic	enzyme	release,	protein	peroxidation	

65	

N‐acetylcysteine	 Rabbits	 HA	&	PV	clamping	 Elevated	portal	flow,	hepatic	microcirculation,	bile	composition,	bile	flow	
Reduced	hepatic	enzyme	release,	production	of	reactive	oxygen	and	
nitrogen	species	

66	

N‐acetylcysteine	 Rats	 Cardiac	arrest	&	
explantation	

Elevated	bile	flow	
Reduced	hepatic	enzyme	release,	oxidised	glutathione	

67	

Superoxide	
dismutase	

Rats	 Cardiac	arrest	&	
explantation	

Elevated	portal	venous	pressure	
Reduced	hepatic	enzyme	release,	lipoperoxides,	apoptosis	on	histology	

104	

	 	 	 	 	



2.3.	Machine	perfusion	
	
Machine	perfusion	not	only	represents	a	drastic	change	in	the	approach	towards	organ	

preservation,	 but	 also	 opens	 way	 to	 	 a	 completely	 new	 area	 of	 research,	 that	 is	

investigating	 the	role	of	pharmacological	 reconditioning	of	 the	 isolated	organ	prior	 to	

recipient	 implantation.	 For	 the	 liver,	 its	 viability	 was	 first	 demonstrated	 in	 porcine	

subjects	 in	 1970	 by	 Belzer	 et	al.	 117.	 They	 found	 that	 it	 is	 feasible	 to	 perfuse	 livers	

retrieved	 under	 DBD	 protocols	 for	 up	 to	 8‐10	 h	 without	 impacting	 on	 subsequent	

recipient	 survival,	 compared	 to	 recipients	 of	 livers	 that	 did	 not	 undergo	 any	

preservation	 time.	Likewise,	Brettschneider	et	al.	 118	was	able	 to	successful	 transplant	

canine	 livers	 after	 24	 hours	 of	 machine	 perfusion.	 Human	 application	 was	 also	

undertaken	with	 Starzl	et	al.	 preserving	 the	 first	 11	human	 livers	 for	up	 to	7.5	hours	

under	 hypothermic	machine	 perfusion	 119.	 Biochemical	 studies	 in	 pigs	 have	 similarly	

demonstrated	 lower	 LDH	 and	 AST	 levels,	 indicating	 less	 hepatocyte	 damage,	 in	 liver	

preserved	by	hypothermic	machine	perfusion	than	static	cold	storage	120.	Unfortunately,	

despite	 favourable	 experimental	 outcomes,	 interest	 in	 this	 technology	 failed	 to	 gain	

momentum	initially	on	account	of	excellent	results	that	can	be	from	a	much	simpler	and	

cost‐efficient	method	of	static	cold	storage	in	University	of	Wisconsin	solution.		

However,	 with	 the	 increasing	 usage	 of	 DCD	 livers	 in	 the	 recent	 decades	 as	 well	 as	

growing	evidence	of	the	associated	inferior	recipient	outcomes,	attention	has	been	re‐

diverted	 back	 to	 machine	 perfusion	 as	 a	 means	 of	 salvaging	 and	 improving	 these	

organs.	This	is	based	on	the	rationale	that	earlier	re‐introduction	of	oxygen	minimises	

the	 accumulation	 of	 toxic	 metabolites,	 and	 that	 continuous	 circulation	 allows	 for	

removal	of	 the	metabolites	produced	during	 the	warm	 ischaemic	period.	Accordingly,	

numerous	 large	animal	studies	have	shown	the	superiority	of	machine	perfusion	over	
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static	cold	storage	 in	the	preservation	of	 livers	 that	have	been	subjected	to	periods	of	

hypoxaemia	or	ischaemia	in	situ	prior	to	explantation	121‐124.	Kozaki	et	al.	122	placed	20	

pigs	into	90	minutes	of	hypotension	at	60	mmHg	systolic	arterial	pressure	and	a	brief	

period	 of	 arrest	 before	 commencing	 hypothermic	ex	situ	 perfusion	with	University	 of	

Wisconsin‐gluconate	 solution.	 It	 was	 subsequently	 shown	 that	 this	 intervention	

significantly	 improved	 serum	 biomarkers	 of	 liver	 viability	 compared	 to	 simple	 cold	

storage	with	UW	solution.	Similar	biochemical	results	were	obtained	by	Schön	et	al.	124	

who	subjected	one	group	of	pigs	 to	1	hour	of	warm	ischaemia	 followed	by	4	hours	of	

nomothermic	ex	situ	perfusion	with	whole	blood,	and	the	other	group	to	the	same	warm	

ischaemia	 period,	 but	 followed	 by	 4	 hours	 of	 cold	 storage.	More	 strikingly,	 they	 also	

showed	 that	 in	 the	 former	 group,	 there	was	 complete	 graft	 retention,	whereas	 in	 the	

latter	group,	there	was	complete	graft	failure	with	all	recipients	dying	within	24	hours.	

Brockmann	 et	al.	 121	 found	 that	 after	 40	 minutes	 of	 warm	 ischaemia,	 porcine	 livers	

exhibited	 significantly	 better	 enzymatic	 profile	 and	 recipient	 survival	 at	 5	 days	when	

perfused	normothermically	for	20	hours	compared	to	cold	stored.	In	fact,	after	20	hours	

of	perfusion,	the	group	that	had	suffered	40	min	of	ischaemia	had	a	comparable	survival	

rate	with	 the	 group	 that	 had	 no	warm	 ischaemic	 i.e.	 DBD	donors,	 thus	 extending	 the	

current	 threshold	 for	 donor	 warm	 ischaemia.	 However,	 such	 benefits	 in	 serum	

biomarkers	 and	 survival	 were	 not	 seen	 after	 5	 hours	 of	 normothermic	 perfusion.	

Furthermore,	the	survival	advantage	associated	with	normothermic	perfusion	was	lost	

when	the	WIT	was	extended	to	60	min	signifying	 the	 limit	 to	 the	capacity	of	machine	

perfusion	in	salvaging	DCD	livers.	At	40	min	WIT	after	20	hours	of	perfusion,	there	were	

significant	 differences	 on	 histological	 scoring	 with	 the	 perfused	 livers	 showing	

markedly	 less	haemorrhage	and	necrosis	on	biopsies	 taken	at	 the	end	of	perfusion,	1	

hour	 after	 reperfusion	 and	 post‐mortem	 after	 5	 days.	 Furthermore,	 comparing	
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successful	with	unsuccessful	transplants,	it	was	found	that	bile	output,	base	excess,	AST,	

ALT,	 portal	 pressure	 and	 portal	 venous	 resistance	 were	 all	 significantly	 different	

between	the	two	groups	with	the	highest	significance	attributable	to	bile	output.	Human	

trials	 of	 machine	 perfusion	 have	 also	 been	 similarly	 promising.	 Guarrera	 et	 al.,	 125	

showed	 that	hypothermic	machine	perfusion	was	able	 to	 improve	 the	 transplantation	

outcomes	 of	 rejected	 extended	 criteria	 livers,	 by	 reducing	 incidence	 of	 biliary	

complications,	 early	 graft	 dysfunction	 and	hospital	 stay,	 in	 comparison	 to	 cold	 stored	

ECD	livers.	Dries	et	al.,	126	demonstrated	that	normothermic	machine	perfusion	was	able	

to	maintain	 four	discarded	human	DCD	 livers	 for	up	 to	6	hours	as	 reflected	by	 stable	

bile	 production,	 oxygen	 extraction,	 AST	 and	 ALT	 levels,	 and	 lactate	 profile.	 Notably,	

three	 of	 these	 four	 livers	 had	warm	 ischaemic	 time	 beyond	 30	min,	with	 the	 longest	

being	 56	 min.	 This	 corroborates	 with	 prior	 large	 animal	 studies	 demonstrating	 the	

capability	of	machine	perfusion	to	even	salvage	DCD	livers	that	are	currently	rejected	by	

most	centres	121,124,	thus	allowing	for	further	extension	of	the	warm	ischaemic	threshold	

and	expansion	of	the	donor	pool.		

Machine	 perfusion	 units,	 unfortunately,	 are	 logistically	 difficult	 to	 manage	 requiring	

trained	perfusionists	and	resources	that	are	often	not	available	except	in	large	centres.	

Accordingly,	 animal	 studies	 have	 been	 able	 to	 demonstrate	 that	 brief	 hypothermic	

machine	perfusion	immediately	after	retrieval	followed	by	prolonged	static	cold	storage	

lead	 to	 better	 outcomes	 compared	 to	 control.	 If	 translated	 into	 human	 practice,	 this	

would	mean	that	the	organ	is	perfused	briefly	immediately	after	retrieval	at	the	donor	

hospital,	 followed	 by	 simple	 static	 cold	 storage	 during	 transportation.	 Hara	 et	al.	 127	

found	 that	 30	 min	 of	 normothermic	 perfusion	 immediately	 after	 30	 min	 WIT	 post‐

cardiac	death	but	prior	to	6	h	static	cold	storage	significantly	improved	bile	production	
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and	mitochondrial	 structure	 1	 h	 after	 reperfusion.	 Likewise,	Miyagi	 et	al.	 128	 showed	

that	 pre‐static	 cold	 storage	 perfusion	 increased	 portal	 flow,	 bile	 flow,	 ATP,	 and	

decreased	TNF,	ALT,	AST	in	DCD	rat	livers.	Also	this	intervention	improved	histological	

appearance,	 especially	 reducing	 sinusoid	 narrowing	 due	 to	 less	 endothelial	 cell	

disruption	and	hepatocyte	vacuolation.		

Not	only	has	machine	perfusion	been	demonstrated	 to	be	able	 to	 resuscitate	 the	 liver	

prior	to	static	cold	storage,	it	has	also	been	shown	to	be	able	to	rescue	the	organ	after	a	

period	 of	 static	 cold	 storage.	 The	 latter	 effect	 carries	 the	 advantage	 that	 a	 stationery	

machine	 perfusion	 device	 can	 be	 constructed	 at	 the	 recipient	 hospital,	 rather	 than	

needing	 to	 carry	 a	 portable	 device	 to	 separate	 donor	 hospitals.	 A	 group	 at	 Oxford	

demonstrated	in	a	large	animal	model	of	DCD	that	after	60	minutes	of	warm	ischaemia	

and	1	hour	of	static	cold	storage,	normothermic	machine	perfusion	was	able	to	recover	

the	synthetic	function	and	metabolic	activity	of	the	liver	over	23	hours,	when	compared	

to	livers	that	did	not	undergo	any	cold	storage	129.	However,	such	benefit	 is	 lost	when	

the	 cold	 storage	 time	was	 extended	 to	 4	 hours,	 highlighting	 the	potentiating	 effect	 of	

warm	and	cold	ischaemia	on	hepatocellular	damage	130.		

Despite	 promising	 results,	 there	 is	 lack	 of	 agreement	 on	 the	 optimal	 parameters	 of	

perfusion,	such	as	temperature,	pressure,	flow,	perfusate	and	oxygenation,	all	of	which	

will	be	discussed	extensively	in	subsequent	sections.	Furthermore,	there	are	currently	

only	two	commercial	ex	situ	perfusion	models	for	the	liver	–	the	OrganOx	and	the	OCS	

Liver.	 Neither	 of	 these	 have	 undergone	 extensive	 human	 trials	 to	 validate	 animal	

findings,	although	large	multi‐institutional	clinical	trials	such	as	the	Liver	PROTECT	are	

underway	to	facilitate	the	implementation	of	this	technology.		
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2.4.	Aims	

The	aim	of	this	thesis	is	to	further	explore	both	expfrimental	and	clinical	interventions	

that	can	potentially	benefit	the	DCD	liver	recipient.	From	an	experimental	perspective,	it	

is	 important	 to	 note	 that	 most	 models	 of	 DCD	 current	 induce	 circulatory	 arrest	 by	

exsanguination	 129,130.	 Whilst	 this	 model	 does	 account	 for	 the	 warm	 ischaemia	

component	 of	 DCD	 process,	 it	 obviates	 the	 issues	 associated	 with	 microthrombi	

formation	 as	 alluded	 to	 earlier.	 Furthermore,	 exsanguination	 is	 not	 a	 legally	 and	

ethically	 permissible	means	 of	 inducing	 circulatory	 arrest	 in	 clinical	 practice,	 and	 as	

such,	 its	 translation	 into	human	practice	must	be	questioned.	As	such,	 the	 first	aim	of	

this	thesis	is	to	design	a	large	animal	model	of	DCD	that	models	clinical	reality,	followed	

by	 evaluation	 of	 the	 viability	 of	 normothermic	 ex	situ	 perfusion	 of	 organs	 explanted	

using	 such	 protocol.	 The	 second	 aim	 is	 taken	 from	 a	 clinical	 perspective,	whereby	 as	

aforementioned,	 there	 is	 currently	 a	 lack	 of	 definitive	 evidence	 as	 to	 whether	

modulation	 of	 the	 WIT	 below	 30	 min	 has	 any	 potential	 benefit	 upon	 the	 recipient.	

Consequently,	logistic	steps	taken	to	minimise	this	time	are	sporadically	practised	and	

under‐appreciated	in	certain	centres.	Therefore,	the	second	aim	of	the	current	thesis	is,	

by	using	meta‐analytical	methods,	to	investigate	the	potential	benefit	of	such		measures	

upon	the	DCD	recipient.	Additionally,	the	addition	of	tissue	plasminogen	activators	(e.g.,	

streptokinase,	urokinase)	to	the	cold	preservation	flush	solution	has	been	shown	to	be	

beneficial	 in	 animal	 and	 human	 studies.	 However,	 such	 flush	 is	 only	 initiated	 after	

stand‐off,	by	which	time	micro‐thrombi	may	have	already	formed	to	some	extent.	This	

is	 obviated	 in	 many	 centres	 in	 the	 US	 by	 infusion	 of	 heparin	 prior	 to	 extubation.	

Unfortunately,	 this	practice	 is	not	allowed	 in	many	other	parts	of	 the	world	 including	

Australia	 and	 the	 UK,	 partly	 due	 to	 ethical	 concerns,	 but	 also	 partly	 due	 to	 lack	 of	

evidence	for	its	benefit.	Therefore,	the	meta‐analysis	also	seeks	to	explore	any	potential	
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benefit	 of	 ante‐mortem	 heparin	 on	 subsequent	 recipient	 outcomes.	 It	 has	 been	

hypothesised	on	the	basis	of	previous	evidence	that	both	minimising	the	WIT	within	30	

min	 and	 addition	 of	 ante‐mortem	 heparin	 will	 confer	 significant	 benefits	 upon	 the	

recipient.		

3.	A	CLINICALLY	APPLICABLE	MODEL	OF	NORMOTHERMIC	EX	SITU	
PERFUSION	OF	LIVERS	RETRIEVED	AFTER	CIRCULATORY	DEATH	

3.1.	Introduction	

Research	 into	 machine	 perfusion	 of	 marginal	 liver	 grafts	 has	 been	 intensive	 and	

rigorous	in	the	recent	years.	As	described	previously,	it	has	been	shown	to	be	superior	

to	 static	 cold	 storage	 in	 preservation	 of	 the	 organ,	 but	 also	 to	 have	 the	 capacity	 to	

resuscitate	 and	 rescue	 the	 organ,	 before	 or	 after	 static	 cold	 storage.	 However,	 the	

current	model	of	DCD	is	partially	erroneous	and	does	not	model	the	clinical	reality,	and	

as	such,	 the	 first	aim	of	 the	current	study	 is	 to	design	a	protocol	of	DCD	retrieval	and	

perfusion	 that	 can	 be	 translated	 into	 clinical	 practice	 with	 more	 ease	 and	 validity.	

Furthermore,	from	a	logistic	perspective,	two	modes	of	perfusion	have	been	used	in	the	

past	–	open	126	or	closed	129,130,	both	to	good	effect.	The	difference	refers	to	whether	the	

IVC	is	cannulated,	where	in	the	open	set	up,	the	IVC	effluent	is	allowed	to	drain	freely	

into	a	collection	chamber,	whilst	in	the	closed	set	up,	the	IVC	effluent	is	actively	pumped	

out.	It	is	likely	that	the	former	is	more	manageable	since	it	not	only	reduces	procedural	

time,	 but	 also	 obviates	 the	 need	 to	 monitor	 the	 IVC	 pressure	 and	 flow.	 However,	

functional	outcome	of	either	modality	has	not	yet	to	date	been	systematically	compared,	

and	this	serves	as	the	second	aim	of	our	study.			
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3.2.	Method	

Recipient	Procedure	

Landrace	pigs	(University	of	Sydney,	Sydney,	Australia)	were	used	as	organ	donors.	To	

model	 a	 clinically	 applicable	 DCD	 situation,	 animals	 were	 pre‐medicated	 with	 an	

intramuscular	injection	of	ketamine	(10	mg/kg),	midazolam	(1mg/kg)	and	atropine	(50	

μg/kg).	 Animals	 were	 intubated	 (7‐7.5	mm	 cuffed	 endotracheal	 tube)	 and	 ventilated	

with	 a	 tidal	 volume	 of	 10ml/kg	 and	 PEEP	 of	 5	mm	Hg.	 Anaesthesia	 was	maintained	

using	 inhalational	 isoflurane	 (2‐5%)	 and	 regular	 IV	 fentanyl	 (100‐200	 μg	 bolus).	 The	

animals	 were	 transferred	 onto	 the	 operating	 table	 and	 cleaned	 and	 draped	 under	

standard	human	surgical	protocol.	The	entire	procedure	was	performed	under	 sterile	

conditions.		

A	 cut‐down	 technique	 was	 used	 to	 expose	 the	 common	 carotid	 artery	 and	 internal	

jugular	 vein,	 and	 appropriately	 sized	 cannulae	 (6	 Fr	 for	 arterial,	 8	 Fr	 for	 venous,	

Medtronics,	Australia)	were	inserted	for	invasive	monitoring	of	mean	arterial	pressure	

(MAP)	 and	 central	 venous	 pressure	 (CVP).	 The	 animals	 then	 proceeded	 to	 undergo	

median	 sternotomy	 and	 laparotomy	 to	 achieve	 adequate	 exposure	 of	 the	 heart,	 liver	

and	infra‐renal	aorta.	Abdominal	sponge	soaked	in	saline	was	placed	over	the	bowel	to	

minimise	dehydration.		

The	 animals	 were	 subsequently	 extubated,	marking	 the	 initiation	 of	WIT.	 Death	 was	

confirmed	by	disappearance	of	pulse	pressure	on	invasive	haemodynamic	monitoring,	

whichever	 occurred	 earlier.	 A	 stand‐off	 period	 of	 5	min	was	 instituted	 post‐death	 to	

ensure	 no	 spontaneous	 return	 of	 circulation,	 as	 per	 protocol	 in	 certain	 international	

centres	17,31,33,34.		
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Following	 confirmation	 of	 death,	 a	 28	 Fr	 cannula	 (Medtronic,	 Australia)	was	 inserted	

into	the	right	atrium	to	draw	off	sufficient	donor	blood	to	prime	the	perfusion	circuit.	

The	donor	was	tilted	into	Trendelenburg	position	to	facilitate	blood	flow.	However,	due	

to	 concerns	 regarding	 excessively	 extending	 the	WIT,	 1‐2	min	 were	 allowed	 for	 this	

process	regardless	of	how	much	blood	was	procured.	Typically,	750	mL	–	1	L	of	blood	

was	 obtained	 for	 liver	 perfusion	 with	 most	 collected	 in	 the	 first	 30	 seconds.	

Subsequently,	 the	 thoracic	 aorta	 above	 cross‐clamped	 above	 close	 to	 the	 diaphragm	

with	an	aortic	clamp.	The	bowel	was	then	retracted	superiorly,	and	the	renal	artery	and	

infra‐renal	 component	 of	 the	 abdominal	 aorta	 were	 identified	 and	 the	 latter	 rapidly	

dissected.	Two	1‐0	silk	ties	were	placed	around	the	aorta	and	the	distal	end	was	ligated	

to	minimise	blood	spillage.	With	the	proximal	end	controlled,	an	incision	was	made	into	

the	 aorta	 and	 the	 flush	 solution	 cannula	 was	 inserted	 ensuring	 that	 the	 tip	 of	 the	

cannula	did	not	extend	beyond	the	level	of	the	renal	arteries.	The	proximal	silk	tie	was	

then	 tied	 around	 the	 flush	 cannula,	 and	 the	 flush	was	 initiated	 under	 80‐100	mmHg	

constant	 pressure.	 This	 marked	 the	 end	 of	 warm	 ischaemic	 time	 and	 start	 of	 cold	

ischaemic	time	(CIT).	The	solution	used	comprised	an	initial	1	L	of	heparinised	(20,000	

U	 heparin)	 Celsior	 solution	 (Genzyme,	 Australia),	 followed	 by	 1	 L	 of	 normal	 Celsior	

solution	 and	 4‐6	 L	 of	 Soltran	 solution	 (Baxter,	 Australia).	 Flush	 was	 ceased	 when	

effluent	from	both	the	supra‐hepatic	and	infra‐hepatic	vena	cava	was	sufficiently	clear	

or	 the	 liver	 had	 attained	 a	 homogenous	 brown	 colour,	 indicating	 that	most	 of	 intra‐

hepatic	blood	had	been	flushed	out.		

Immediately	 following	 initiation	 of	 aortic	 flush,	 the	 liver	 was	 decompressed	 by	

transecting	the	infra‐hepatic	inferior	vena	cava	(IVC).	Local	cooling	was	also	applied	by	

ice	 packing	 the	 abdomen.	 The	 bowel	 was	 then	 retracted	 inferiorly	 to	 exposure	 the	
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gastroduodenal	ligament	and	an	1‐0	silk	tie	was	inserted	via	the	Foramen	of	Winslow	to	

encircle	 the	portal	 triad.	The	portal	 vein	was	 identified	and	dissected	below	 the	 level	

where	the	splenic	vein	joins,	and	cannulated	using	the	same	technique	as	for	the	aorta	

with	 a	 16	 Fr	 cannula	 (Medtronic,	 Australia).	 Portal	 vein	 flush	 was	 then	 commenced	

under	10‐15	mmHg	gravity‐dependent	pressure,	using	only	Soltran	solution,	ceasing	at	

the	same	time	as	the	aortic	flush.	

The	explantation	of	 the	 liver	was	 carried	out	under	 standard	 fashion.	The	portal	 vein	

was	transected	and	the	splenic	vein	was	ligated.	The	common	bile	duct	was	identified,	

transected	and	cannulated	with	an	8	Fr	paediatric	feeding	tube	(Medline,	Australia).	The	

gallbladder	was	incised	into	and	flushed	out	using	cold	saline,	followed	by	ligation	of	the	

cystic	duct.	The	gastroduodenal	ligament	was	further	explored	with	care	to	identify	the	

common	hepatic	artery	and	the	gastroduodenal	artery.	The	 latter	was	 ligated	and	any	

branches	of	 the	common	hepatic	artery	prior	 to	bifurcation	 into	 left	and	right	hepatic	

arteries	were	ligated	with	liga	clips.	A	6	Fr	cannula	(Medtronic,	Australia)	was	used	to	

cannulate	 the	 common	 hepatic	 artery.	 With	 the	 portal	 triad	 identified,	 the	 liver	 was	

freed	 from	 its	 attachments	 to	 the	 stomach	 and	 diaphragm	 and	 placed	 into	 a	 bowel	

containing	sterile	saline	slush.		

On	 the	 backtable,	 a	 further	 portal	 vein	 flush	with	 1‐2	 L	 of	 cold	 Soltran	 solution	was	

performed	under	10‐15	mmHg	gravity‐dependent	pressure.	The	infra‐hepatic	IVC	was	

then	ligated	using	a	2‐0	silk	tie,	and	the	supra‐hepatic	IVC	was	cannulated	using	a	32	Fr	

cannula	(Medtronic,	Australia).	It	was	ensured	that	the	tip	of	the	cannula	was	situated	at	

the	confluence	of	hepatic	veins	without	blocking	any	of	them.		

Perfusion	Protocol	
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During	the	explantation	and	backtable	procedures,	the	donor	blood	was	used	to	prime	

the	 perfusion	 circuits.	 The	 perfusate	 was	 made	 up	 of	 500‐750	 mL	 of	 donor	 blood,	

diluted	with	1	L	of	gelofusine	(B.	Braun,	Australia).	The	 temperature	was	set	at	38	 °C	

(physiological	 for	 pig)	 and	 controlled	 using	 a	 heat	 exchanger	 and	 water	 bath.	

Oxygenation	was	by	Carbogen		(95%	O2,	5%	CO2)	(BOC,	Australia)	achieving	an	arterial	

oxygen	partial	pressure	of	more	than	400	mmHg.	An	 initial	correction	 for	pH	to	7.35‐

7.45	 was	 made	 with	 sodium	 bicarbonate	 (8.4%)	 but	 no	 corrections	 were	 made	

thereafter.		

Following	 backtable	 preparation,	 the	 procured	 liver	 was	 connected	 to	 the	 perfusion	

circuit	as	described	subsequently.	Care	was	taken	throughout	the	procedure	to	ensure	

no	air	entrenched	into	the	circuit.		

At	the	start	of	perfusion,	a	bolus	20,000	U	heparin	was	added	to	the	circuit,	followed	by	

continuous	 infusion	 at	 1,000	 U/h.	 During	 perfusion,	 further	 additives	 include	 5%	

glucose	(Baxter,	Australia)	at	40	mL/h,	prostacyclin	(GlaxoSmithKline	Australia)	at	150	

μg/h,	 taurocholic	 acid	 (Sigma	 Aldrich,	 Australia)	 at	 150	 mg/h,	 and	 amino	 acid	

supplement	Synthamin	(Baxter,	Australia)	at	6	mL/h.		
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Perfusion	Circuit	

Open	Circuit	

	

	

Figure	3.2.1.	Open	circuit	perfusion.		

The	 first	4	donors	underwent	organ	perfusion	using	 the	open	set	up	 (Fig.	3.2.1).	This	

was	 done	 with	 the	 aim	 to	 simplify	 the	 need	 to	 constantly	 monitor	 the	 inflow	 and	

outflow	pressures,	especially	during	the	earlier	stages	of	perfusion.	Following	backtable	
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procedures,	 the	 isolated	 liver	was	placed	 into	 a	 sterile	 organ	bag	 floating	 on	 top	 of	 a	

bowl	 of	 warm	 saline.	 A	 hole	 was	 cut	 at	 the	 most	 dependent	 part	 of	 the	 bag	 and	

connected	to	the	funnel,	which	was	subsequently	attached	to	appropriately	sized	tubing	

to	allow	for	drainage	of	blood	into	the	venous	reservoir.	The	liver	was	placed	such	that	

the	 infrahepatic	 IVC	was	 sitting	over	 the	 funnel	opening	ensuring	 that	 the	wall	of	 the	

IVC	is	not	compressed	by	any	part	of	the	funnel.		

After	adequate	positioning	of	the	liver,	the	hepatic	artery	and	portal	vein	cannulae	were	

connected	 to	 their	 respective	 inflow	 lines.	 Both	 the	 inflow	 lines	 and	 cannulae	 were	

primed	 prior	 to	 connection	 to	minimise	 entrenchment	 of	 air	 into	 the	 liver.	 Perfusion	

was	subsequently	commenced	at	a	flow	rate	sufficient	to	fill	the	portal	vein	and	hepatic	

artery	 reservoirs.	 Overflow	 lines	were	 attached	 to	 both	 the	 hepatic	 artery	 and	 portal	

vein	reservoir	such	that	a	relatively	constant	perfusate	level	was	maintained	even	in	the	

presence	of	 very	high	pump	 flow.	This	 significantly	 reduced	 the	need	 to	monitor	 and	

adjust	the	flow	rate.	Perfusion	was	performed	for	6	hours.	
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Closed	Circuit	

	

Figure	3.2.2.	Closed	circuit	perfusion.		

The	 second	 set	 of	 5	 donors	 underwent	 organ	 perfusion	 using	 the	 closed	 set	 up	 (Fig.	

3.2.2).	This	was	done	on	the	basis	of	two	reasons.	Firstly,	having	a	closed	circuit	could	

potentially	 reduce	 the	risk	of	external	 contaminants	being	 introduced	 into	 the	circuit.	

Although	 the	perfusion	was	 carried	out	only	 for	a	 limited	amount	of	 time	making	 the	

risk	of	infectious	injury	minimal	in	the	current	study,	for	clinical	applications	where	the	

organ	would	 be	 subsequently	 transplanted,	 such	 contamination	would	 be	 significant.	

Secondly,	 in	 the	 previous	 set	 up,	 the	 IVC	was	 open	 to	 air	making	 the	 central	 venous	

pressure	 isobaric	with	atmospheric	pressure.	This	 is	not	 the	case	physiologically	with	
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central	 venous	 pressure	 ranging	 between	 0‐5	 mmHg,	 which	 can	 be	 achieved	 in	 the	

closed	set	up	by	varying	the	pump	flow	rate.		

Following	backtable	preparation,	the	isolated	liver	was	placed	onto	the	perfusion	device	

as	described	previously.	The	earlier	stages	of	perfusion	were	especially	critical	due	to	

rapidly	 changing	 hepatic	 vascular	 resistance,	 as	 the	 cold‐induced	 vasospasm	 was	

relieved	 by	 introduction	 of	 warm	 perfusion.	 As	 such,	 inadequate	 monitoring	 and	

adjustment	of	 flow	rate	could	 lead	to	 intermittent	warm	ischaemia,	compromising	the	

quality	 of	 the	 organ	 further.	 The	 pump	 flow	 was	 increased	 gradually	 until	 the	 IVC	

pressure	was	 stable	 at	 0‐5	mmHg,	 usually	 achieved	 in	 the	 first	 2‐5	min	 of	 perfusion.	

Subsequently,	the	variable	clamp	was	adjusted	in	order	to	divert	perfusate	away	from	

the	 portal	 vein	 reservoir	 bag	 into	 the	 hepatic	 artery	 thereby	 increasing	 the	 arterial	

pressure.	 This	 was	 done	 until	 an	 arterial	 pressure	 of	 60‐80	 mmHg	 was	 achieved.	

Perfusion	was	performed	for	6	hours.		

Parameters		

Perfusate	 samples	 were	 taken	 at	 10	min,	 30	min	 and	 hourly	 thereafter.	 Biochemical	

markers	 of	 interest	 were	 those	 reflecting	 either	 hepatocellular	 damage	 or	 liver	

synthetic	function.	The	former	include	AST,	ALT	and	lactate.	The	latter	include	INR	and	

factor	V.	Furthermore,	bile	production	has	been	shown	121	 to	be	the	best	 independent	

predictor	of	subsequent	recipient	outcomes	and	is	recorded	in	the	current	study	at	the	

same	time	 intervals.	Wedge	biopsies	were	taken	at	baseline	and	at	4	h	 into	perfusion,	

stained	with	H&E	and	examined	for	histological	evidence	of	cellular	death.	

Statistical	Analysis	
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All	 statistical	 analyses	 were	 performed	 by	 SPSS	 v.	 18	 (SPSS	 Inc,	 Chicago,	 IL).	

Independent	t‐tests	were	used	to	compare	the	parameters	between	the	open	and	closed	

groups.	A	two‐tailed	p‐value	of	less	than	0.05	was	considered	significant	in	all	cases.		

3.3.	Results	

A	total	of	18	animals	were	included	in	the	current	experiment.	Surgical	experience	was	

lacking	 for	 the	 initial	 donors	 with	 backtable	 times	 exceeding	 what	 is	 typically	

acceptable	 in	 clinical	 practice.	 For	 this	 reason,	 the	 first	6	donors	were	excluded	 from	

analysis.	 For	 the	 remaining	donors,	 another	3	were	 excluded	due	 to	2	 cases	 of	 pump	

failure	and	1	case	of	surgical	error	whereby	the	supra‐hepatic	IVC	was	cut	flush	with	the	

liver	 edge	 thereby	 precluding	 cannulation.	 Of	 the	 9	 remaining	 animals,	 4	 underwent	

open	circuit	perfusion,	and	5	underwent	closed	circuit	perfusion.	The	order	of	perfusion	

type	was	randomly	assorted	as	to	eliminate	any	issues	associated	with	improvement	in	

surgical	 techniques	 over	 time.	 This	 was	 reflected	 in	 comparable	 retrieval	 time	 and	

backtable	 time	 between	 the	 open	 (t	 retrieval	 =	 13	 min;	 t	 backtable	=	 27	 min)	and	 closed	

groups	(t	retrieval	=	23	min;	t	backtable	=	38	min).	

All	 animals	 included	 for	 analysis	 proceeded	 to	 circulatory	 arrest	within	 the	 clinically	

acceptable	criteria	for	30	min	(Mean	=	23	min;	Range	=	9‐29	min).	Following	the	5	min	

stand‐off,	 the	 right	 atrium	was	 rapidly	 cannulated	 to	 exsanguinate	 the	 animal.	 Blood	

collection	 was	 typically	 rapid	 on	 initiation,	 followed	 by	 more	 sluggish	 flow	 after	 30	

seconds	to	1	min.	Depending	on	the	time	to	asystole,	blood	collection	was	ceased	at	1‐2	

min,	with	750	–	1,000	mL	collected	 to	prime	the	 liver	perfusion	circuit.	Subsequently,	

the	 thoracic	 aorta	 was	 clamped	 and	 infra‐renal	 aorta	 cannulated	 as	 previously	

described,	with	time	from	conclusion	of	exsanguination	to	cold	flush	being	2‐3	min	in	all	
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cases.	Up	to	8	L	of	flush	solution	was	typically	used	to	achieve	adequate	blanching	of	the	

liver	(Fig.	3.3.1).		

	

Figure	3.3.1.	Backtable	preparation	of	 the	 liver	 after	adequate	 cold	preservation	 flush.	

Note	the	homogenous	brown	colour	of	the	liver	parenchyma	indicating	that	most	of	the	

blood	has	been	flushed	out	

In	 the	 included	 donor	 organs,	 perfusion	was	 started	 successfully	 in	 all	 cases	 and	 the	

livers	 attained	 a	 homogenous	 pink	 colour	 shortly	 after	 commencement	 of	 perfusion	

(Fig.	 3.3.2A).	 However,	 in	 certain	 organs,	 especially	 those	 undergoing	 open	 circuit	

perfusion,	 a	mottled	 appearance	began	 to	 develop	during	 the	 third	 hour	 of	 perfusion	

suggestive	of	patchy	perfusion	(Fig.	3.3.2B).		

A	 	 	 	 											B	

																		 	

Figure	3.3.2.	Representative	 livers	 on	 the	 perfusion	 circuit	 shortly	 after	 perfusion	 (A)	

and	after	4	hours	of	perfusion	using	open	circuit	(B)	
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With	 regards	 to	 hepatocellular	 damage,	 most	 organs	 exhibited	 an	 initial	 spike	 in	

transaminase	release	in	the	first	10	min	of	perfusion	followed	by	gradual	release	over	

the	 remainder	of	 the	4	hours	 (Fig.	3.3.3;	Fig.	3.3.4).	This	 rate	of	 transaminase	 release	

was	noted	to	be	faster	for	the	livers	perfused	using	the	open	set	up	than	the	closed	set	

up,	 although	 this	 difference	 did	 not	 reach	 significance	 until	 the	 second	 hour	 of	

perfusion.		

	

Figure	 3.3.3.	Perfusate	 aspartate	 aminotransferase	 (AST)	 over	 4	 hours	 of	 perfusion.	

Dashed	 line	=	open	circuit;	solid	 line	=	closed	circuit;	*	p	<	0.05	comparing	open	with	

closed	circuit.		

0

1000

2000

3000

4000

5000

6000

7000

0 50 100 150 200

A
S

T
 (

U
/L

)

Perfusion Time (min)

           * 

        * 

        * 



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 47	

	

Figure	 3.3.4.	 Perfusate	 alanine	 aminotransferase	 (ALT)	 over	 4	 hours	 of	 perfusion.	

Dashed	 line	=	open	circuit;	solid	 line	=	closed	circuit;	*	p	<	0.05	comparing	open	with	

closed	circuit.		

Total	 bile	 production	 was	 measured	 over	 the	 4	 hours	 of	 perfusion	 as	 a	 marker	 of	

hepatic	synthetic	function	(Fig.	3.3.5).	In	all	animals,	there	was	minimal	bile	production	

during	 the	 first	30	min	of	perfusion	 followed	by	gradual	 increase	 in	 total	bile	output,	

which	 was	 maintained	 for	 the	 entire	 perfusion.	 However,	 there	 was	 considerable	

variability	 in	 the	 degree	 of	 bile	 flow	 between	 the	 livers,	 meaning	 that	 at	 most	 time	

points,	 the	open	 and	 closed	 circuits	were	 comparable.	 The	 only	 exception	was	 at	 1	 h	

into	perfusion,	when	the	open	circuit	exhibited	significantly	higher	bile	flow.		
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Figure	3.3.5.	Total	bile	production	over	4	hours	of	perfusion.	Dashed	line	=	open	circuit;	

solid	line	=	closed	circuit;	*	p	<	0.05	comparing	open	with	closed	circuit.		

Histological	examination	of	biopsies	taken	at	1	h	into	perfusion	demonstrated	minimal	

hepatocellular	 and	 sinusoidal	 compromise	 (Fig.	 3.3.6A).	 However,	 sections	 at	 4	 h,	

especially	 that	 of	 openly	 perfused	 livers,	 exhibited	 significant	 sinusoidal	 congestion	

with	 red	 cells,	 associated	with	disintegration	of	 hepatocytes	 and	hepatocellular	death	

(Fig.	3.3.6B).		

A	 	 	 	 	 	 B	

										 	

Figure	3.3.6.	Representative	liver	H&E	sections	at	1	h	(A)	and	4	h	(B)	
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3.4.	Discussion	

Our	experiment	was	able	to	demonstrate	the	viability	of	normothermic	ex	situ	perfusion	

of	porcine	livers,	retrieved	under	a	clinically	applicable	model	of	DCD.	During	perfusion,	

the	livers	demonstrated	an	early	rise	in	hepatocellular	injury,	reflective	of	reperfusion	

injury,	 followed	 by	 steady	 recovery	 over	 the	 remainder	 of	 perfusion,	 as	 shown	 by	

steady	 transaminase	 release	 and	 bile	 production.	 Various	 models	 of	 DCD	 have	 been	

employed	in	the	past	and	have	mostly	aimed	to	mimic	the	warm	ischaemia	component	

of	 the	 withdrawal	 process.	 In	 certain	 small	 animal	 studies,	 the	 rat	 liver	 is	 explanted	

under	heart‐beating	conditions	but	subsequently	placed	into	a	normothermic	saline	for	

an	extended	period	of	time	131.	Later	large	animal	studies	have	predominantly	used	an	

exsanguination	model	whereby	 the	 animal	 is	 bled	 to	 induce	 circulatory	 arrest,	which	

then	 marks	 the	 start	 of	 warm	 ischaemia	 129,130.	 In	 these	 studies,	 the	 authors	 have	

variously	 reported	 successful	 perfusion	 for	 extended	 periods	 of	 time,	 with	 the	 livers	

demonstrating	 acceptable	 hepatocellular	 damage	 and	 gradual	 return	 of	 synthetic	

function.	 Further	 studies	 have	 employed	 a	 transplantation	model,	whereby	 the	 livers	

are	 perfused	 and	 subsequently	 transplanted,	 with	 results	 indicating	 complete	 early	

survival	 124.	 Whilst	 all	 such	 results	 are	 promising,	 the	 translational	 capacity	 of	 the	

studies	must	 be	 questioned.	 During	 a	 human	DCD	withdrawal	 process,	 the	 patient	 is	

extubated	and	all	 active	 treatment	 ceased	either	 in	 the	operating	 theatre	or	 intensive	

care	 unit.	 This	 is	 followed	 by	 a	 variable	 agonal	 phase	 as	 the	 donor	 proceeds	 to	

circulatory	arrest	prior	to	any	surgical	procedure	being	undertaken.	This	agonal	phase	

is	indeed	characterised	by	warm	ischaemia,	but	in	addition	to	that,	there	is	an	element	

of	 circulatory	 stasis	 leading	 to	 formation	 of	 microthrombi.	 These	 microthrombi	 can	

subsequently	impair	the	cold	preservation	flush	of	the	liver,	meaning	that	a	significant	

portion	of	the	hepatocytes	continue	to	undergo	warm	ischaemia	despite	the	cold	flush.	
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This	is	often	seen	clinically	as	a	DCD	organ	requiring	significantly	more	flush	solution	to	

achieve	adequate	blanching	of	the	liver,	compared	to	DBD	organs.	Furthermore,	it	is	not	

uncommon	that	DCD	livers	only	attain	a	mottled	appearance	indicative	of	an	inability	to	

completely	 wash	 out	 blood	 congested	 beyond	 points	 of	 thrombi	 even	 after	 copious	

volumes	of	 flush.	 In	 keeping	with	 this,	 animal	 and	human	 studies	have	demonstrated	

that	 the	 addition	 of	 streptokinase	 in	 the	 initial	 flush	 solution	 results	 in	more	optimal	

organs	both	during	perfusion	and	in	recipient	92‐94.	As	such,	our	model	of	DCD	mimics	

the	clinical	practice	more	closely	thereby	allowing	for	more	confident	and	expeditious	

translation	of	results	into	human	practices.		

The	 current	 experiment	 also	 demonstrated	 that	 a	 closed	 system	 offer	 superior	

perfusion	 to	 an	 open	 system.	 The	 exact	 mechanism	 of	 this	 will	 require	 further	

exploration,	but	 it	 is	 at	 least	partly	 contributable	 to	 the	 fact	 that	 the	pulsatile	 suction	

offered	by	the	pump	in	the	closed	system	is	lacking	in	the	open	system,	thereby	leading	

to	congestion	of	red	cells	within	the	micro‐circulation.	Physiologically,	such	“suction”	is	

provided	 by	 the	 respiratory	 apparatus,	 which	 generates	 a	 negative	 intrathoracic	

pressure	during	inspiration,	thus	encouraging	venous	return.	Such	a	phenomenon	could	

account	for	the	inferior	hepatocellular	outcomes	but	comparable	biliary	outcomes	in	the	

open	 compared	 to	 the	 closed	 group.	 Biliary	 health	 is	 determined	 mainly	 by	 the	

adequacy	 of	 the	 peri‐biliary	 plexus,	 which	 has	 been	 proposed	 to	 be	 supplied	 by	 the	

hepatic	artery	rather	than	the	portal	vein	31.	As	such,	despite	hepatic	congestion	in	the	

open	system,	due	to	the	high	pressure	of	the	hepatic	artery,	the	patency	of	the	arterial	

flow	would	 have	 been	minimally	 compromised.	 This	 is	 in	 contrast	 with	 the	 case	 for	

hepatocytes,	 which	 is	 supplied	mainly	 by	 the	 portal	 venous	 flow.	 This	 flow	 is	 under	

significantly	 lower	pressure	making	 it	at	much	greater	risk	of	occlusion	 from	external	
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pressure	secondary	to	hepatic	congestion.	Nevertheless,	despite	being	superior	in	organ	

outcome,	 the	 closed	 system	 is	 associated	 with	 various	 technical	 complications.	 Ideal	

placement	of	the	venous	cannula	into	the	IVC	can	be	at	times	difficult	since	it	will	need	

to	be	exactly	at	the	confluence	of	the	hepatic	veins	such	that	it	will	neither	occlude	the	

venous	outflow,	or	be	occluded	by	the	caval	wall.	Compounded	on	this,	the	vasospasm	

during	 the	 backtable	 preparation	 can	 further	 misguide	 appropriate	 siting	 of	 the	

cannula.	Unfortunately,	such	error	will	only	manifest	upon	commencement	of	perfusion,	

typically	as	asymmetrical	congestion	of	the	liver	lobes.	Correction	of	these	errors	during	

perfusion	can	be	difficult	and	may	have	disastrous	outcomes	 leading	 to	 further	warm	

ischaemic	 insult	 to	 the	 liver.	 Furthermore,	 management	 of	 a	 closed	 circuit	 during	

perfusion	 can	 be	 logistically	more	 difficult	 than	 an	 open	 circuit.	 Rigorous	monitoring	

and	adjustment	of	the	pump	flow	rate	is	required	in	the	early	stages	to	ensure	that	the	

inflow	and	outflow	pressures	 are	within	 an	optimal	 range.	 Furthermore,	 as	perfusion	

progresses,	 extracellular	oedema	may	accumulate	 thereby	 increasing	hepatic	vascular	

resistance,	and	fine	adjustments	to	the	pump	flow	rate	and	variable	clamp	will	need	to	

be	 made	 to	 offset	 such	 pathological	 changes.	 Nevertheless,	 the	 closed	 circuit	 is	

considerably	 more	 compact	 than	 the	 open	 circuit.	 This	 is	 because	 the	 open	 circuit	

requires	 a	 height	 of	 at	 least	 one	 metre	 for	 the	 hepatic	 artery	 reservoir	 to	 achieve	

adequate	 perfusion	 pressure,	 although	 this	 could	 be	 provided	 by	 additional	 pumping	

mechanisms	which	would	further	complicate	the	circuitry.	Therefore,	the	closed	circuit	

is	possibly	more	suitable	as	a	portable	device,	whereas	the	open	circuit	as	a	stationary	

device	in	the	recipient	hospital.			

Furthermore,	a	very	 important	benefit	of	nomorthermic	ex	situ	perfusion	 that	has	not	

yet	been	explicitly	discussed	is	the	ability	to	assess	the	organ	prior	to	implantation.	To	
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date,	the	vast	majority	of	 livers	offered	for	donation	are	assessed	on	inspection	by	the	

senior	 surgeon	 after	 explantation.	 Due	 to	 the	 catastrophic	 consequences	 of	

transplanting	 a	 non‐viable	 liver	with	 primary	 non‐function,	 it	 is	 customary	 to	 hold	 a	

high	 threshold	 for	 accepting	 an	 organ.	 Unfortunately,	 this	 can	 lead	 to	 unnecessary	

rejection	 of	 many	 valuable	 donations.	 Normothermic	 ex	 situ	 perfusion	 obviates	 this	

issue	since	it	allows	for	assessment	of	the	organ	on	the	circuit	before	a	decision	is	made	

as	to	transplant	or	discard	the	organ.	This,	however,	introduces	a	new	set	of	problems,	

namely	to	determine	the	best	marker	or	combination	of	markers	to	predict	subsequent	

recipient	outcomes.	Traditionally,	the	liver	transaminase	level	has	been	used	as	in	vivo	

markers	 for	 hepatocellular	 damage.	 However,	 their	 usefulness	 in	 the	 context	 of	 liver	

transplantation	 and	 perfusion	 has	 not	 yet	 been	 extensively	 validated,	 and	 newer	

biochemical	and	histological	markers	have	been	shown	to	be	useful	in	predicting	graft	

outcomes.	One	such	is	serum	or	cellular	ATP.	It	has	been	proposed	that	a	key	process	in	

ischaemia	 reperfusion	 injury	 is	 depletion	 of	 intracellular	 ATP,	 which	 leads	 to	 an	

inability	 of	 the	 hepatocytes	 to	 combat	 with	 oxidative	 damage	 upon	 reperfusion	 57.	

Takada	et	al.	132	examined	the	effect	of	progressive	warm	ischaemia	on	success	of	DCD	

porcine	 liver	 transplants.	 It	was	 found	 that	 serum	ATP	 levels	decreased	during	warm	

and	 cold	 ischaemia.	Post‐transplant,	 in	 groups	where	almost	 all	 the	 subjects	 survived	

for	more	 than	4	days,	serum	ATP	 levels	 recovered	to	near	ante‐mortem	 levels	1	hour	

after	liver	implantation.	In	contrast,	in	the	group	where	all	the	subjects	died	within	12	

hours	due	to	primary	graft	failure,	there	was	minimal	ATP	recovery.	A	similar	study	also	

found	 that	 ATP	 recovery	 after	 subnormothermic	 reperfusion	 was	 to	 some	 extent	

predictive	 of	 transplant	 survival	 in	 a	 rat	model	 115.	 In	 human	DBD	 transplantation,	 it	

was	found	that	those	which	functioned	satisfactorily	post‐reperfusion	had	a	higher	level	

of	ATP	 than	 those	which	did	not	 function	 satisfactorily	 133.	 In	 a	 similar	 human	 study,	
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pre‐implantation	biopsies	revealed	that	ATP	levels	were	higher	in	successful	grafts	than	

failed	grafts	116.	

In	addition	to	hepatocyte	function,	the	integrity	of	sinusoidal	endothelial	cells	also	play	

an	 important	 role	 in	predicting	subsequent	outcomes.	 Itasaka	et	al.	 134	 subjected	DBD	

livers	to	either	minimal	or	24	h	cold	ischaemia,	before	transplantation.	They	found	that	

hyaluronic	acid,	which	is	normally	metabolised	by	the	sinusoidal	endothelial	cells,	was	

higher	in	the	second	group	shortly	after	reperfusion,	and	this	was	associated	with	100%	

early	mortality.	Histological	results	similarly	showed	greater	sinusoidal	endothelial	cell	

damage	during	perfusion	correlated	with	the	subsequent	viability	of	the	liver	graft	58.	In	

human	studies,	 it	has	been	shown	 that	early	graft	dysfunction	correlated	significantly	

with	 histological	 grading	 of	 sinusoidal	 endothelial	 cell	 injury	 before	 retrieval,	 during	

back	 table	 preparation	 and	 12	 hours	 after	 reperfusion	 135.	 Furthermore,	 a	 separate	

study	using	 regression	analysis	 showed	 that	post‐cold	 storage	hyaluronate	 levels	was	

an	 independent	 predictor	 of	 90	 d	 graft	 survival	 136.	 A	 subsequent	 receiver‐operator	

curve	 analysis	 revealed	 that	 a	 hyaluronate	 level	 of	 400	ug/L	 can	 serve	 as	 a	 sufficient	

discriminatory	threshold	between	positive	and	negative	outcomes.		

Histological	 traits	may	be	predictive	of	 later	 recipient	 outcomes.	Most	 commonly,	 the	

percentage	area	of	hepatocyte	necrosis	or	apoptosis	 is	used	137.	However,	 subsequent	

functioning	 is	dependent	not	only	on	hepatocyte	 integrity,	but	also	on	 the	 function	of	

the	 hepatocytes	 and	 sinusoidal	 endothelial	 cells.	 Imber	 et	 al.	 138	 proposed	 using	 a	

combination	of	sinusoidal	dilatation,	congestion,	mitosis,	apoptosis	and	hepatocellular	

vacuolisation	 as	 a	 histological	 grading	 tool,	 and	 demonstrated	 that	 the	 viable	 organs	

were	associated	with		significantly	better	scores	than	non‐viable	organs.	Hepatocelular	

vacuolisation	specifically	has	been	shown	in	a	separate	study	to	be	predictive	of	post‐
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transplant	 primary	 non‐function	 139.	 The	 biliary	 system	 is	 also	 important	 to	 assess,	

especially	considering	that	ischaemic	cholangiopathy	is	the	most	common	complication	

in	DCD	 recipients	 compared	 to	DBD	 recipients.	Hansen	et	al.	 140	 found	 that	 in	 human	

liver	 recipients,	 bile	 duct	 wall	 necrosis,	 arteriolonecrosis,	 vascular	 lesions	 and	 intra‐

mural	 bleeding	 of	 the	 extra‐hepatic	 bile	 duct	 prior	 to	 duct‐to‐duct	 anastomosis	 was	

associated	with	later	development	of	ischaemic	type	biliary	strictures.		

It	 is	 vital	 to	 appreciate	 that	 this	 is	 a	 preliminary	 study	 and	 certain	 aspects	 can	 be	

improved.	Despite	the	current	study	modelling	the	clinical	situation	of	DCD	closely,	the	

translation	 from	 animal	 results	 to	 human	 application	 should	 always	 be	 undertaken	

judiciously	 due	 to	 different	 physiological	 and	 biochemical	 makeups.	 Revival	 of	

discarded	 human	 DCD	 livers	 has	 recently	 been	 shown	 to	 be	 possible	 126.	 However,	

comparison	against	 the	standard	technique	of	static	cold	storage	has	not	been	carried	

out	and	should	be	subject	for	future	investigations.	Furthermore,	exploring	the	role	of	

open	 versus	 closed	 circuit	 for	 both	 cold	 stored	 and	 non‐cold	 stored	 livers	 in	 an	

experimental	setting	would	facilitate	implementation	of	the	optimal	technique	in	a	the	

clinical	 setting.	 Being	 a	 relatively	 recent	 technology,	 the	 optimal	 parameters	 of	

operation	 are	 unknown,	 especially	 with	 respect	 to	 perfusate	 type,	 and	 perfusion	

temperature	 and	 pressure.	 The	 current	 study	 tried	 to	 model	 the	 physiological	

conditions	 as	 closely	 as	 possible	 and	 it	 is	 likely	 that	 these	 are	 the	 ideal	 settings,	 but	

should	nevertheless	be	subject	to	further	query	as	discussed	in	the	subsequent	sections.	

Additionally,	 ex	situ	 perfusion	 affords	 the	 opportunity	 to	 add	 pharmacological	 agents	

into	 the	perfusate	 to	 allow	 for	 reconditioning	of	 the	organ	prior	 to	 transplantation.	A	

multitude	of	anti‐oxidative	mechanisms	exist	in	vivo	to	deal	with	ischaemia	reperfusion	

injury,	and	some	of	these	have	been	examined	in	non‐transplant,	non‐perfusion	models	
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to	 good	 effect.	 However,	 validation	 of	 their	 benefit	 in	 isolated	 animal	 organs	 will	 be	

required	prior	to	utilisation	in	human	cases.		

3.4.1.	Machine	perfusion	parameters	

Temperature	

The	two	most	commonly	used	modes	of	perfusion	are	normothermic	and	hypothermic.	

More	 recently,	 there	 has	 been	 subnormothermic	 or	 room‐temperature	 has	 been	

introduced	as	an	alternative	141	 .	From	a	purely	logistic	perspective,	subnormothermic	

perfusion	 is	 the	 easiest	 to	 manage	 since	 it	 will	 not	 require	 any	 form	 of	 cooling	 or	

warming	 device.	 However,	 hypothermic	machine	 perfusion	 is	 the	 safest	mode	 in	 the	

case	 of	 perfusion	 failure	 in	 which	 case	 hypothermic	 perfusion	 can	 be	 rapidly	

transformed	 into	 static	 cold	 storage.	 This	 will	 not	 be	 the	 case	 for	 the	 other	 two	

modalities,	which	will	subject	the	organ	to	quite	extensive	warm	ischaemia	in	the	event	

of	perfusion	failure.	Furthermore,	the	oxygen	requirement	in	hypothermic	perfusion	is	

significantly	 lower	 than	 for	 higher	 temperatures,	 and	 un‐oxygenated	 hypothermic	

machine	 perfusion	 has	 been	 shown	 to	 be	 a	 viable	 method	 of	 perfusion	 for	 livers	

retrieved	under	no	WIT	142.	However,	due	to	the	preceding	warm	ischaemic	insult,	un‐

oxygenated	hypothermic	perfusion	 is	 insufficient	 for	DCD	grafts,	as	shall	be	discussed	

subsequently.		

Based	 on	 animal	 studies,	 it	 is	 becoming	 increasingly	 clear	 that	 normothermic	 and	

subnormothermic	perfusion	are	superior	modalities.	This	has	been	attributed	to	the	fact	

that	hypothermic	storage,	regardless	of	whether	in	ice	or	through	machine	perfusion,	is	

associated	 with	 sinusoidal	 endothelial	 cell	 damage	 which	 can	 compromise	 recipient	

outcomes	129,143.	Accordingly,	subsequent	studies	have	demonstrated	the	superiority	of	

normothermic	 or	 subnormothermic	 over	 hypothermic	machine	perfusion.	Olschewski	
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et	al.	compared	6	h	of	MP	at	4,	12	and	21	°C	after	1	h	warm	ischaemia,	and	found	that	

the	21	°C	group	demonstrated	highest	bile	flow,	lowest	portal	vein	resistance	and	best	

sinusoidal	endothelial	cell	integrity	during	machine	perfusion	and	subsequent	1h	ex	situ	

reperfusion	 144.	 In	 support	 of	 subnormothermic	 machine	 perfusion,	 Shigeta	 et	al.	 145	

demonstrated	that	porcine	DCD	livers	after	static	cold	storage	followed	by	hypothermic	

machine	 perfusion	were	 inferior	 to	 those	 that	were	 similarly	 stored,	 but	 followed	 by	

rewarming	from	4°C	to	25°C	using	machine	perfusion.	Similar	results	were	obtained	by	

Matsuno	et	al.	146	who	showed	survival	benefits	in	pig	DCD	models	using	rewarming	to	

subnormothermia	 after	 cold	 storage	 over	 hypothermic	 machine	 perfusion.	 More	

recently	 Bruinsma	 et	 al.	 141	 	 managed	 to	 exhibit	 the	 feasibility	 of	 subnormothermic	

perfusion	in	a	human	model	using	discarded	DCD	livers.	Using	1	hour	of	rewarming	to	

21°C	 and	 3	 hours	 of	 subnormothermic	 perfusion,	 it	 was	 shown	 that	 there	 were	 no	

deterioration	 in	 portal	 vein	 and	hepatic	 artery	 flow	over	 the	 course	 of	 the	 perfusion.	

Serum	 biomarkers	 of	 hepatic	 synthetic	 function	 (e.g.,	 urea	 and	 albumin)	 increased	

initially	and	plateaued	after	30‐60	min	of	perfusion.	Similarly	biliary	function	increased	

over	 the	 course	 of	 perfusion	 as	 reflected	 by	 bicarbonate	 concentration	 within	 bile.	

Markers	of	hepatocellular	and	biliary	injury	such	as	ALT,	LDH	and	ALP	increased	during	

the	 first	 20‐60	 minutes	 but	 showed	 minimal	 changes	 thereafter.	 Histological	

examination	revealed	comparable	results	before	and	after	perfusion.	Most	pertinently,	

the	perfused	 livers	experienced	an	average	3.7	 fold	 increase	 in	ATP,	which	can	confer	

higher	tolerance	of	oxidative	injury	upon	reperfusion.		

Perfusate	

Under	hypothermic	conditions,	the	two	most	commonly	used	solutions	are	University	of	

Wisconsin‐Machine	 Perfusion	 fluid	 (UW‐MP)	 	 and	 Polysol.	 UW‐MP	 solution	 was	

developed	 by	 Belzer	 and	 Southard	 in	 1982	 for	 cold	 perfusion	 of	 kidneys	 147.	 It	 is	
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different	from	UW‐solution	for	static	cold	storage	in	that	UW‐MP	includes	gluconate	as	

opposed	 to	 lactiobionate	 in	 cold	 storage	UW	 148.	 Since	 then,	 it	 has	 been	 shown	 to	 be	

effective	 in	 HMP	 of	 livers	 149‐152.	 However,	 it	 has	 the	 negative	 effect	 of	 poor	 initial	

washout	 of	 red	 cells	 due	 to	 high	molecular	weight	 components	 such	 as	 hydroxyethyl	

starch	 148.	 Therefore,	 a	 low‐viscosity	 wash	 out	 fluid	 such	 as	 lactated‐Ringer’s	 or	

EuroCollins	solution	is	recommended.	The	other	solution,	Polysol,	was	developed	by	the	

Amsterdam	 group,	 containing	 the	 colloid	 polyethyleneglycol	 and	 necessary	 nutrients	

for	the	liver	(e.g.,	glucose,	amino	acids)	which	are	not	present	in	the	UW‐MP	solution	153.	

Comparison	 of	 the	 two	 solutions	 in	 a	 rat	 DCD	 model	 found	 that	 the	 UW‐MP	 group	

exhibited	 higher	 enzyme	 release	 throughout	 24h	 machine	 perfusion	 than	 Polysol.		

During	 reperfusion,	 both	 Polysol	 and	 UW‐G	 exhibited	 less	 enzyme	 release	 than	 cold	

storage.	However,	between	the	two	solutions,	enzyme	release	profile	was	comparable.	

Hepatic	perfusate	flow	was	higher	in	the	Polysol	compared	to	UW‐MP	group	in	the	last	

few	 hours	 of	 machine	 perfusion	 and	 throughout	 reperfusion.	 Hepatic	 metabolism	 as	

assessed	by	oxygen	extraction,	bile	flow	and	ammonia	clearance	were	also	better	in	the	

Polysol	 group	 than	 the	UW‐MP	group	when	 assessed	during	 reperfusion.	Histological	

examination	also	revealed	better	endothelial	and	hepatocyte	preservation	with	Polysol	

than	UW‐MP	perfused	livers	153.		

Under	normothermic	conditions,	the	most	commonly	used	perfusate	is	ABO	compatible	

whole	blood,	with	the	aim	of	mimicking	physiological	conditions	as	closely	as	possible.	

In	large	animal	studies,	specific	blood	donor	animals	are	usually	used	121,124,129,130,	and	

this	translates	into	human	studies	as	the	usage	of	packed	red	cells.	Studies	of	this	type	

have	yielded	promising	results,	being	able	to	perfuse	the	DCD	liver	for	up	to	24	hours	

without	 significant	 changes	 in	 serum	 transaminase	 and	 lactate	 levels	 and	 bile	
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production	 129,130.	 The	 acellular	 solution,	 Steen,	 has	 also	 been	 used	 by	 the	 Canadian	

group	 for	 normothermic	 machine	 perfusion	 137.	 This	 solution,	 typically	 used	 for	

normothermic	perfusion	of	lungs,	contains	7%	human	serum	albumin	as	its	main	agent,	

and	was	shown	to	be	able	to	maintain	AST,	ALT	and	oxygen	extraction	over	12	hours	of	

perfusion.	When	 compared	with	 the	 static	 cold	 storage	 group,	 the	machine	perfusion	

group	 was	 noted	 to	 have	 higher	 levels	 of	 bilirubin,	 phospholipids	 and	 bile	 salts,	 all	

markers	 of	 biliary	 function.	 This	 was	 associated	 with	 reduced	 bile	 duct	 necrosis	 on	

histology.	This	 is	 in	keeping	with	CT	evidence	that	 the	machine	perfused	group	at	 the	

end	of	12	h	demonstrated	better	hepatic	arterial	 flow,	which	has	been	proposed	to	be	

the	main	contributor	to	 the	peri‐biliary	vascular	plexus	required	 for	biliary	health	154.	

Post‐transplantation,	serum	transaminase	level	was	also	lower	in	the	machine	perfused	

group.	 However,	 in	 general,	 due	 to	 limited	 usage	 of	 non‐sanguineous	 solutions	 for	

normothermic	machine	perfusion,	there	is	currently	a	lack	of	investigation	for	optimal	

perfusate.		

To	date,	there	have	been	very	few	studies	examining	potential	additives	to	the	perfusion	

circuit	in	order	to	improve	outcomes.	In	most	studies,	there	is	a	continuous	infusion	of	

heparin	 to	 minimise	 clot	 formation.	 Additionally,	 prostacyclin	 has	 been	 shown	 to	

improve	 portal	 vein	 perfusion	 155,	 whereas	 prostaglandin	 E1	 when	 added	 to	 the	

perfusate	has	been	shown	to	suppress	the	release	of	 inflammatory	cytokines	and	pro‐

apoptotic	nuclear	markers,	as	well	as	 to	 increase	 the	release	of	anti‐apoptotic	nuclear	

markers	127.	However,	immunosuppressants	and	anti‐oxidants	which	have	been	shown	

to	be	beneficial	for	static	cold	storage,	currently	have	very	limited	evidence	for	usage	in	

machine	perfusion.		
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Oxygenation	

For	hypothermic	machine	perfusion	of	livers	retrieved	under	DBD	protocol.	i.e.	without	

exposure	 to	warm	ischaemia,	additional	oxygenation	seems	superfluous	since	 there	 is	

already	 a	 certain	 amount	 of	 oxygen	 dissolved	 in	 the	 perfusate	 123.	 In	 fact,	 one	 study	

showed	 that	 in	 porcine	 DBD	model	 where	 4h	 un‐oxygenated	 hypothermic	 perfusion	

was	compared	with	the	same	period	of	static	cold	storage,	and	machine	perfusion	was	

shown	 to	confer	worse	survival	 than	static	 storage	 156.	Furthermore,	 the	hypothermic	

machine	perfusion	group	at	reperfusion	exhibited	higher	levels	of	endothelial	damage,	

TNFα	and	endothelial	cell	dysfunction.		

In	contrast	in	a	porcine	DCD	model,	it	was	shown	that	the	lack	of	oxygen	at	hypothermic	

perfusion	reduced	the	level	of	perfusion‐associated	protection,	compared	to	oxygenated	

perfusion	157.	This	was	reflected	in	higher	degrees	of	mitochondrial	and	nuclear	injury,	

overall	necrosis	and	Kupffer	activation.	Similar	results	were	obtained	by	other	studies	

for	 the	 importance	 of	 oxygenation	 in	 hypothermic	 machine	 perfusion	 of	 DCD	 livers.	

Unsurprisingly,	livers	deprived	of	oxygen	under	hypothermic	and/or	subnormothermic	

perfusion	exhibited	worse	outcomes.		

The	 degree	 of	 oxygenation	 also	 needs	 to	 be	 considered	 since	 overly	 zealous	 re‐

introduction	of	oxygenation	can	potentially	induce	rapid	reperfusion	injury.	Luer	et	al.	

158	compared	hypothermic	machine	perfusion	of	rodent	 livers	after	30	min	WIT	using	

100%	 (HMP100),	 20%	 (HMP20)	 and	 no	 oxygen	 (HMP0).	 During	 machine	 perfusion,	

both	HMP20	and	HMP100	 significantly	 reduced	ALT	 release	 and	 increased	 lactic	 acid	

clearance	 compared	 to	 HMP0,	 although	 the	 two	 oxygenated	 groups	 exhibited	

comparable	 results.	Furthermore,	 there	was	no	evidence	of	 increased	oxidative	stress	

from	100%	oxygen	as	shown	by	significantly	 lower	 lipid	peroxidation	 in	 the	HMP100	
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group.	Upon	normothermic	 reperfusion,	 the	 anoxic	 group	 showed	 significantly	higher	

leaking	of	ALT	and	LDH	 into	 the	perfusate	 than	 the	HMP100.	There	was	 also	 a	 trend	

towards	 higher	 leaking	 compared	 to	 the	 HMP20	 group.	 Similarly,	 bile	 flow	 was	

significantly	higher	in	the	HMP100	group	compared	to	HMP20	and	HMP0.	Finally,	100%	

oxygenated	HMP	managed	 to	 best	 preserve	AMPK	 activation	which	 is	 important	 as	 a	

cellular	anti‐oxidative	mechanism.			

Pressure	

Higher	perfusion	pressure	through	the	portal	vein	has	been	shown	to	widen	endothelial	

fenestration	and	increase	endothelial	damage	159.	Accordingly,	in	a	porcine	DCD	model,	

single	portal	vein	perfusion	was	used	under	either	3	mm	Hg	at	0.05	ml/g	liver/min	or	8	

mm	Hg	at	0.12‐0.13	ml/g	liver/min	in	hypothermic	machine	perfusion	157.	It	was	shown	

that	the	latter	group	had	significantly	higher	AST,	mitochondrial	and	nuclear	injury	and	

Kupffer	 cell	 activation	 during	 reperfusion.	 More	 pertinently,	 endothelial	 cells	 were	

more	 injured	 by	 the	 higher	 perfusion	 pressure	 as	 indicated	 by	 greater	 endothelial	

activation	when	stained	for	VWF	and	ICAM‐1.	

3.5.	Conclusion	
	
In	 conclusion,	 this	 is	 the	 first	 clinically	 applicable	 model	 of	 ex	situ	 perfusion	 of	 DCD	

livers.	Furthermore,	it	serves	as	a	platform	for	future	investigation	of	various	adjuncts	

to	 better	 understand	 the	 molecular	 consequences	 of	 warm	 ischaemia	 following	

circulatory	arrest		and	to	subsequently	optimise	function	for	safer	liver	transplantation.	

Translation	of	this	technology	would	undoubtedly	maximise	the	quantity	and	quality	of	

organs	 available	 for	 transplantation,	 thereby	 minimising	 wait	 list	 morbidity	 and	

mortality	worldwide.		
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4.1.2.	Abbreviations	
	
CIT,	cold	ischaemic	time;	WIT,	warm	ischaemic	time;	DBD,	donation	after	brain	death;	

DCD,	donation	after	circulatory	death;	ICU,	 intensive	care	unit;	OT,	operating	theatre;	

MOOSE,	 Meta‐analysis	 of	 Observational	 Studies	 in	 Epidemiology;	 SLK,	 simultaneous	

liver‐kidney	 transplantation.
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Abstract	

Background.	 Liver	 transplantation	 using	 donation	 after	 circulatory	 death	 (DCD)	

donors	 is	 associated	with	 inferior	 outcomes	 compared	 to	 donation	 after	 brain	 death	

(DBD).	 Prolonged	 donor	 warm	 ischaemic	 time	 has	 been	 identified	 as	 the	 key	 factor	

responsible	 for	 this	 difference.	 Various	 aspects	 of	 the	 donor	 life	 support	 withdrawal	

procedure,	 including	 location	 of	 withdrawal	 and	 administration	 of	 ante‐mortem	

heparin,	are	thought	to	play	important	roles	in	mitigating	the	effects	of	warm	ischaemia.	

However,	 a	 systematic	 exploration	 of	 these	 factors	 is	 important	 for	 more	 confident	

integration	of	these	practices	into	a	standard	DCD	protocol.	

Methods.	Medline,	EMBASE	and	Cochrane	 libraries	were	 systematically	 searched	and	

23	relevant	studies	 identified	 for	analysis.	DCD	recipients	were	stratified	according	to	

location	of	life	support	withdrawal	(intensive	care	unit	or	operating	theatre)	and	use	of	

ante‐mortem	heparin.		

Results.	DCD	recipients	had	comparable	1‐year	patient	survival	to	DBD	recipients	if	the	

location	of	withdrawal	of	life	support	was	the	operating	theatre,	but	not	if	the	location	

was	 the	 intensive	 care	 unit.	 Likewise,	 the	 inferior	 1‐year	 graft	 survival	 and	 higher	

incidence	 of	 ischaemic	 cholangiopathy	 of	 DCD	 compared	 to	 DBD	 recipients	 were	

improved	 by	 withdrawal	 in	 operating	 theatre,	 although	 higher	 rates	 of	 ischaemic	

cholangiopathy	 and	 worse	 graft	 survival	 were	 still	 observed	 in	 DCD	 recipients.	

Furthermore,	 administering	 heparin	 before	 withdrawal	 of	 life	 support	 reduced	 the	

incidence	of	primary	non‐function	of	the	allograft.		
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Conclusion.	Our	evidence	 suggests	 that	withdrawal	 in	 the	operating	 theatre	and	pre‐

mortem	heparin	administration	improve	DCD	liver	transplant	outcomes,	thus	allowing	

for	the	most	effective	usage	of	these	valuable	organs.			
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4.1.3.	Introduction	
	
Liver	 transplantation	 is	 the	 only	 effective	 treatment	 for	 refractory	 end	 stage	 liver	

disease.	However,	the	majority	of	patients	still	have	a	waiting	time	of	up	to	20	months	

with	a	wait	list	mortality	of	5‐16%	1,160,161.	Therefore,	to	expand	the	availability	of	livers	

for	transplantation,	increasing	number	of	organs	are	being	utilised	from	donation	after	

circulatory	 death	 (DCD)	 donors.	 Unlike	 DCD	 kidney	 and	 lung	 transplants	 8,162‐165,	 the	

utilisation	of	DCD	 livers	 remains	 limited	due	 to	 its	 greater	 susceptibility	 to	 ischaemic	

damage.	Accordingly,	large	registry	reports	8,9,50,51,95,	single	centre	studies	14,17,19,28,30,35,39	

and	a	meta‐analysis	52	have	revealed	worse	long‐term	DCD	graft	and	patient	outcomes	

compared	to	donation	after	brain	death	(DBD).	Most	significantly,	 the	development	of	

severe	 biliary	 complications	 has	 remained	 a	 challenge	 for	 DCD	 recipients	 15‐17,21,26‐

28,30,31,33,36,37,39,166,	for	whom	there	is	a	2.4	fold	risk	of	biliary	morbidity	and	10.8	fold	risk	

of	 ischaemic	 cholangiopathy	 compared	 to	 DBD	 recipients	 52.	 Despite	 this,	 individuals	

with	 moderate	 to	 severe	 liver	 disease	 continue	 to	 derive	 greater	 benefits	 from	 DCD	

transplants	than	staying	on	the	waiting	list	for	a	DBD	graft	56.		

Appropriate	donor	and	recipient	selection	are	pivotal	in	optimisation	of	DCD	outcomes.	

Various	risk	factors	have	been	identified	including	donor	age	167,	donor	weight	or	BMI	

167,	donor	warm	ischaemic	time	(WIT)	28,40‐44,167,	cold	ischaemic	time	(CIT)	16,36,44,95,167,	

recipient	age	 95,167,	 recipient	weight	or	BMI	 28,44,	 recipient	MELD	score	 28,167,	 recipient	

hepatitis	C	virus	status	44,167	and	recipient	hepatocellular	carcinoma	status	44,95.	Donor	

WIT	in	DCD	transplantation	is	commonly	defined	as	the	interval	from	withdrawal	of	life	

support	 to	 the	 initiation	 of	 cold	 perfusion.	 This	 commonly	 constitutes	 an	 important	

donor	 selection	 criterion,	 with	 the	 organ	 being	 declined	 whenever	 the	 donor	 WIT	

exceeds	 30	minutes	 14‐21.	 As	 such,	 minimising	 donor	WIT	 is	 a	 primary	 consideration	
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when	designing	or	implementing	a	DCD	protocol.	Despite	this,	logistic	changes	aimed	at	

reducing	donor	WIT,	such	as	withdrawing	donor	life	support	in	the	operating	theatre	as	

opposed	to	the	intensive	care	unit,	are	still	sporadically	practised,	potentially	due	to	a	

perception	of	a	 lack	of	definitive	evidence	 for	 the	benefits	of	 such	changes.	As	such,	a	

systematic	exploration	of	the	effect	of	the	location	of	withdrawal	of	donor	life	support	

on	recipient	outcomes	is	fundamental	for	more	confident	acceptance	of	these	practices	

worldwide.		

A	 second	 aspect	 of	 donor	 management	 is	 the	 administration	 of	 heparin	 before	

withdrawal	of	life	support.	The	impetus	for	this	practice	is	based	on	concerns	regarding	

the	 formation	of	micro‐thrombi	and	clots	within	 the	DCD	 liver	micro‐circulation	after	

asystole	168,	as	well	as	human	studies	noting	benefits	of	anti‐fibrinolytic	therapy	when	

added	to	the	perfusion	solution	94,169.	While	most	cohort	studies	do	report	the	timing	of	

heparin	administration,	systematic	analysis	of	potential	benefits	of	ante‐mortem	versus	

post‐mortem	 heparin	 has	 not	 been	 performed.	 Consequently,	 since	 ante‐mortem	

heparin	 does	 not	 benefit	 donors,	 ethical	 concerns	 exist,	 which	 compounded	with	 the	

limited	 evidence	 for	 recipient	 benefits,	 has	 excluded	 this	 practice	 from	 standard	DCD	

donor	protocols	in	many	countries.	

The	 primary	 aim	 of	 this	 systematic	 review	 and	 meta‐analysis	 was	 to	 evaluate	 the	

potential	 benefits	 of	 modifying	 time	 for	 donor	 transportation	 and	 preparation	 upon	

DCD	liver	outcomes	compared	to	DBD	outcomes.	Whilst,	time	for	donor	transportation	

and	 preparation	 is	 not	 commonly	 reported,	 it	 is	 understandably	 contingent	 upon	 the	

location	 of	 life	 support	 withdrawal,	 with	 those	 withdrawn	 in	 the	 intensive	 care	 unit	

(ICU)	 undergoing	 longer	 warm	 ischaemia,	 on	 average,	 than	 those	 withdrawn	 in	 the	
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operating	theatre	complex	(OT).	We	hypothesised	that	withdrawing	donor	life	support	

in	OT	would	confer	significant	benefits	to	hepatic	graft	function	and	recipient	survival.		

The	 secondary	 aim	 of	 this	 analysis	 was	 to	 examine	 effects	 of	 ante‐mortem	 heparin,	

which	was	also	hypothesised	to	confer	benefits	due	to	its	role	in	minimising	clots	within	

the	micro‐circulation	and	 thus	 allowing	 for	better	 cold	perfusion	and	 storage.	Finally,	

we	 sought	 to	 update	 the	 evidence	 base	 on	 DCD	 outcomes	 to	 better	 inform	 clinical	

practice.	 With	 several	 recent	 studies	 noting	 positive	 DCD	 outcomes	 21,33,34,38,	 we	

hypothesised	 that	 the	 current	 synthesis	 would	 reveal	 comparable	 patient	 and	 graft	

survival	 between	 DCD	 and	 DBD	 recipients.	 This	 current	 meta‐analysis	 should	 be	

clinically	 important	 as	 it	 provides	 a	 comprehensive	 and	 objective	 overview	 of	 the	

current	state	of	play	and	how	best	 to	 improve	outcomes	of	DCD	 liver	 transplantation.	

Where	 legislative	 and	 ethical	 constraints	 exist	 regarding	 the	 application	 of	 the	

interventions	 under	 question,	 the	 current	 evidence	 will	 hopefully	 promote	 a	 helpful	

discussion	and	review	of	the	DCD	protocol	amongst	legalists,	ethicists,	donors,	families	

and	hospital	staff	to	facilitate	best	usage	of	these	valuable	organs.		

4.1.4.	Methods	
	
Literature	search	strategy	

The	 search	 strategy	 followed	 guidelines	 outlined	 in	 the	 Cochrane	 Handbook	 for	

Systematic	Reviews	of	Interventions	170	and	reported	according	to	guidelines	proposed	

by	Meta‐analysis	of	Observational	Studies	in	Epidemiology	(MOOSE)	171.	

The	 electronic	 database	 including	 MEDLINE	 via	 Ovid	 was	 searched	 using	 the	 search	

script	 	 ((‘non	 heart	 beating	 don*.tw’	 OR	 ‘non	 beating	 heart	 don*.tw’	 OR	 ‘(don*	 after	

cardiac	 adj3	 death).tw’	 OR	 ‘(don*	 after	 circulatory	 adj3	 death).tw’	 OR	 ‘NHBD.tw’	 OR	
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‘NBHD.tw’	OR	‘DCD.tw’)	AND	‘liver	transplantation/’)	and	their	variations.	Terms	were	

mapped	to	MeSH	terms.	The	search	was	limited	to	human,	English,	non‐review	and	non‐

case	 report	papers.	 In	addition	 to	 these	electronic	 searches,	 each	 report’s	 citation	 list	

was	 examined	 for	 additional	 studies.	 The	 search	was	 conducted	on	 the	30th	 of	March	

2015.	

Study	selection	

The	 search	 strategy	 involved	 screening	 titles	 and	 abstracts	 for	 duplicates	 and	

identifying	 ineligible	 studies.	Using	 full	 copies	of	 the	papers,	 two	researchers	 (YC	and	

SS)	 independently	 assessed	 whether	 studies	 met	 the	 inclusion	 criteria,	 and	

disagreements	 were	 resolved	 through	 discussion.	 Relevant	 statistics	 were	 then	

extracted	from	the	eligible	studies	and	included	in	the	meta‐analysis.		

Only	 studies	 which	 reported	 any	 of	 the	 five	 primary	 outcomes	 of	 interest,	 namely	

patient	 survival,	 graft	 survival,	 and	 incidence	 of	 biliary	 complication,	 primary	 non‐

function,	and	ischaemic	cholangiopathy,	in	both	a	DCD	and	DBD	cohort	were	included	in	

the	meta‐analysis.	 For	 DCDs,	 only	 controlled	 donations,	 as	 defined	 by	 the	Maastricht	

criteria	 45,	 were	 included	 for	 analysis.	 Papers	 reporting	 only	 paediatric	 liver	

transplantation	 172	 or	 simultaneous	 liver‐kidney	 transplantation	 (SLK)	 32,35	 were	 also	

included	for	analysis.	For	studies	from	the	same	centre	with	overlapping	data	collection	

periods,	 only	 the	 largest	 cohort	was	 included	 for	 analysis	 unless	 the	 selected	 papers	

from	 the	 same	 centres	 reported	 a	 specific	 subgroup	 of	 transplant	 recipients,	 such	 as	

paediatric	recipients	172	or	SLK	recipients	32,35.	Studies	based	on	registry	databases	were	

excluded	 due	 to	 incomplete	 data	 collection	 and	 high	 risk	 of	 patient	 duplication	 both	

between	studies	of	this	nature	and	with	single	centre	studies.		
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Bias	assessment	

Aspects	 relating	 to	 study	 quality	 were	 assessed,	 using	 the	 Newcastle‐Ottowa	 Quality	

Assessment	Scale	173	including	how	participants	were	selected,	comparability	of	groups	

and	assessment	and	follow	up	of	outcomes.	This	 information	is	summarised	in	table	1	

where	we	more	fully	describe	the	features	of	the	included	studies	(see	Table	1).	

Outcome	Measures	

Primary	outcome	measures	of	patient	and	allograft	survival	as	raw	numbers	at	1	year	

were	 incorporated	 into	 statistical	 comparisons	 of	 DBD	 and	 DCD	 groups	 for	 meta‐

analysis	of	the	odds	ratio	of	survival.	Allograft	survival	was	defined	as	time	from	liver	

transplantation	to	either	re‐transplantation	or	patient	death.	Evidence	of	complications	

such	 as	 biliary	 complications	 or	 ischaemic	 cholangiopathy	 were	 also	 collated	 with	

comparison	between	the	DBD	and	DCD	groups.	Ischaemic	cholangiopathy	was	defined	

in	7	studies	as	biliary	strictures	in	the	presence	of	a	patent	hepatic	artery.	The	other	8	

studies	 reporting	 incidence	 of	 ischaemic	 cholangiopathy	 did	 not	 include	 a	 definition.	

However,	 all	 15	 studies	 were	 included	 in	 statistical	 synthesis	 due	 to	 consistency	 in	

available	definitions.		

The	 first	 moderating	 factor	 was	 location	 of	 withdrawal;	 OT	 versus	 ICU.	 	 Papers	

reporting	withdrawal	occurring	in	the	anaesthetic	bay	or	induction	room	are	included	

in	the	OT	group	due	to	proximity	of	the	two	locations,	thus	minimising	transport	time.	

Two	studies	27,31	noted	almost	all	DCD	donor	 life	support	withdrawal	occurring	 in	the	

ICU	(50/52	and	33/36	respectively)	and	were	included	in	the	ICU	group.	Likewise,	one	

study	33	noted	most	withdrawal	occurring	in	the	OT	(28/30)	and	was	included	in	the	OT	

group.	 Finally,	 studies	 reporting	 varying	 location	 or	 not	 reporting	 location	 were	 not	
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included	 in	 statistical	 synthesis.	 The	 second	 moderating	 factor	 was	 heparin	

administration	before	withdrawal	of	life	support.		

Statistical	analysis	

Independent	 t‐test	was	used	 to	 compare	donor	WIT	between	OT	and	 ICU	withdrawal	

group	(SPSS	20.	Chicago,	IL,	USA).	The	Comprehensive	Meta‐Analysis	174	program	was	

used	to	calculate	an	odds	ratio	for	individual	outcomes.	This	ratio	provides	an	estimate	

of	the	rate	of	occurrence	of	an	event	within	the	study	group	(DCD)	relative	to	a	control	

group	 (DBD).	We	 utilised	 the	 random	 effects	 model	 in	 conducting	 our	 analyses.	 A	 p	

value	below	0.05	was	considered	significant.		

To	determine	whether	any	publication	bias	was	present,	the	funnel	plot	was	inspected	

for	asymmetry.	We	verified	these	results	against	the	Begg	test	175	to	ensure	there	was	

no	publication	bias.	

4.1.5.	Results	
	

The	results	of	 the	search	are	shown	 in	Figure	1.	Notably,	498	studies	were	 identified.	

After	 limiting	 the	 search	 and	 screening,	 23	 studies	 containing	 one	 or	 more	 of	 the	

primary	outcomes	of	interest	were	included	for	analysis.	Not	all	studies	included	all	of	

these	outcome	measures	and	available	data	is	presented.	A	total	of	1,184	DCD	and	7,847	

DBD	patients	were	included	for	analysis.	Summary	of	selected	studies	are	presented	in	

Table	2.	
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Figure	1.	Search	algorithm	and	results.		

Effect	of	location	of	withdrawal	on	outcomes	

The	average	donor	WIT	time	for	the	ICU	group	(26	min)	was	longer	than	that	for	the	OT	

group	(18	min)	(t	=	1.89,	p=0.083).	However,	this	failed	to	reach	significance.	This	may	

represent	a	 type	two	error	and	reflect	 the	dearth	of	available	studies	reporting	donor	

WIT	(10	studies	 for	OT	withdrawal;	4	studies	 for	 ICU	withdrawal).	Graft	 survival	at	1	

year	 was	 significantly	 worse	 in	 DCD	 liver	 transplants	 compared	 with	 DBD	 (n=19	

studies,	OR=1.72,	95%	CI	1.36‐2.17,	p<0.001)	(Figure	2).	However,	when	DCD	and	DBD	

patients	 were	 compared	 in	 the	 context	 of	 location	 of	 withdrawal,	 we	 found	 DCDs	

withdrawn	 in	 ICU	 (n=3	 studies,	 OR=1.98,	 95%	 CI	 1.13‐3.47,	 p=0.017)	 resulted	 in	 a	

higher	odds	of	graft	loss	than	those	withdrawn	in	the	OT	(n=9	studies,	OR=1.65,	95%	CI	

1.16‐2.36,	p=0.006)	compared	to	their	DBD	counterparts	(Figure	3).	
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Figure	2.	Allograft	survival	in	DCD	versus	DBD	patients.	

	

Figure	 3.	 Allograft	 survival	 in	 DCD	 versus	 DBD	 patients	 moderated	 by	 location	 of	

withdrawal.	
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Our	 analysis	 of	 patient	 survival	 showed	 there	 was	 a	 significant	 difference	 in	 patient	

survival	between	DCD	and	DBD	liver	transplants	at	1	year	(n=20	studies,	OR=1.36,	95%	

CI	 1.07‐1.74,	 p=0.013)	 (Figure	 4).	 However,	 when	 location	 of	 withdrawal	 was	

considered	 we	 found	 patients	 receiving	 DCD	 transplants	 withdrawn	 in	 the	 ICU	 (n=3	

studies,	OR=2.15,	95%	CI	1.15‐4.02,	p=0.017)	had	a	 significantly	higher	mortality	 rate	

than	DBDs,	whereas	those	withdrawn	in	the	OT	did	not	(n=10	studies,	OR=1.20,	95%	CI	

0.85‐1.68,	p=0.294)	(Figure	5).		

	

Figure	4.	Patient	survival	in	DCD	versus	DBD	patients.		
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Figure	 5.	 Patient	 survival	 in	 DCD	 versus	 DBD	 patients	 moderated	 by	 location	 of	

withdrawal.		

In	 terms	of	complications,	we	 found	biliary	complications	 to	be	significantly	higher	 in	

patients	receiving	DCD	organs	compared	to	DBD	organs	(n=17	studies,	OR=2.49,	95%	CI	

2.03‐3.05,	p<0.001)	 (Figure	6A).	This	effect	was	even	more	pronounced	 for	 ischaemic	

cholangiopathy	(n=16	studies,	OR=11.50,	95%	CI	6.07‐21.78,	p<0.001)	(Figure	6B).	Our	

findings	suggest	location	of	withdrawal	influenced	the	rate	of	ischaemic	cholangiopathy	

with	 the	 ICU	withdrawal	 group	 having	 a	 higher	 rate	 (n=5	 studies,	OR=19.68,	 95%	CI	

7.48‐51.75,	p<0.001)	whereas	the	OT	withdrawal	group	had	a	lower	rate	(n=6	studies,	

OR=13.73,	95%	CI	5.18‐36.44,	p<0.001)	of	ischaemic	cholangiopathy	compared	to	DBD	

donors	(Figure	6C).		



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 78	

	



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 79	

Figure	 6.	 Incidence	 of	 biliary	 complications	 (A)	 and	 ischaemic	 cholangiopathy	 (B)	

between	DCD	and	DBD	patients.	(C)	Ischemic	cholangiopathy	moderated	by	location	of	

withdrawal.	

We	also	explored	the	role	of	anti‐mortem	heparin	on	graft	function	and	found	that	anti‐

mortem	heparin	administration	reduced	the	odds	of	primary	non‐function	from	11.24	

(95%	CI	1.99‐63.37,	p=0.006)	to	3.48	(95%	CI	1.79‐6.76,	p<0.001)	(Figure	7).	

	

Figure	 7.	 Incidence	 of	 primary	 non‐function	 moderated	 by	 whether	 heparin	 was	

administrated	before	withdrawal	of	life	support.	

We	found	no	evidence	of	publication	bias	among	the	included	studies.		

4.1.6.	Discussion	
	
Despite	reduction	in	liver	transplant	waiting	list	times	following	the	implementation	of	

DCD	donor	utilisation,	significant	concerns	remain	with	respect	to	DCD	liver	transplant	

outcomes	compared	 to	DBD	counterparts.	Remarkably,	despite	overall	 inferior	1‐year	

graft	and	patient	survival	of	DCD	recipients	compared	to	DBD	counterparts,	this	meta‐

analysis	 revealed	 that	 the	patient	 survival	 difference	 can	be	 eliminated,	 and	 the	 graft	

survival	difference	attenuated,	 if	 the	DCD	donor	 life	support	withdrawal	occurs	 in	 the	



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 80	

OT	as	opposed	to	the	ICU.	Additionally,	withdrawal	of	life	support	in	the	OT	significantly	

reduces	the	incidence	of	ischaemic	cholangiopathy.	Furthermore,	our	analysis	identified	

that	administration	of	heparin	before	withdrawal	of	DCD	life	support	decreased	the	rate	

of	DCD	allograft	primary	non‐function	compared	to	DBDs.		

Benefits	of	modifying	donor	withdrawal	location	can	be	attributed	to	decreasing	donor	

WIT	 following	 asystole	 in	 those	 withdrawn	 in	 the	 OT	 compared	 to	 ICU	 (18	 vs.	 26	

minutes).	 This	 is	 almost	 certainly	 due	 to	 longer	 transportation	 times.	 These	 findings	

support	Taner	et	al.,	who	identified	the	time	from	asystole	to	cross	clamp,	which	is	also	

strongly	 influenced	by	donor	 transportation	 time,	as	 the	only	definition	of	donor	WIT	

that	 reliably	 predicted	 subsequent	 development	 of	 ischaemic	 cholangiopathy	 21,41.	

Similarly,	 other	 studies	 have	 identified	 donor	 WIT	 as	 a	 significant	 predictor	 of	

subsequent	 patient	 mortality	 or	 graft	 loss	 28,40‐44,167.	 However,	 controversy	 exists	

regarding	the	donor	WIT	cut‐off	associated	with	worse	clinical	outcomes.	In	the	current	

analysis,	 both	 mean	 ICU	 and	 OT	 donor	 WIT	 were	 less	 than	 30	 minutes,	 which	 is	

acceptable	to	the	majority	of	centres	14‐21.	However,	other	studies	have	reported		15	43	

and	 20	 28,44	minutes	 as	 statistically	 significant	 thresholds	 before	worse	 outcomes	 are	

observed,	 thus	 accounting	 for	 the	 difference	 in	 outcomes	 observed	 in	 the	 current	

analysis.	 Unfortunately,	 systematic	 exploration	 of	 the	 optimal	 donor	WIT	 cut‐off	 was	

not	possible	in	the	current	analysis	due	to	the	lack	of	appropriate	studies.	Future	works	

comparing	 outcomes	 by	 exposure	 to	WIT	would	 aid	 in	 clarifying	 this	 important	 time	

variable.	 Nevertheless,	 the	 current	 results	 suggest	 that	 modifying	 the	 location	 of	 life	

support	 withdrawal	 practice	 can	 significantly	 benefit	 the	 recipient.	 Therefore,	 with	

appropriate	 informed	 consent,	 the	 practice	 of	 withdrawing	 in	 the	 OT	 should	 be	

considered	for	widespread	clinical	implementation.	
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The	 second	 aspect	 of	 donor	 management,	 that	 of	 heparin	 administration	 before	 the	

withdrawal	 of	 DCD	 life	 support	 significantly,	 decreases	 the	 rate	 of	 primary	 non‐

function,	 a	 potentially	 fatal	 complication	 in	 liver	 transplant	 recipients.	 Centres	

practising	pre‐mortem	 administration	 of	 heparin	 typically	 administer	 10‐50,000	U	 or	

300	U/kg	body	weight	before	withdrawal	of	 life	 support.	 Surprisingly,	 the	benefits	of	

this	 has	 not	 been	 thoroughly	 explored	 to	 date	 in	 the	 clinical	 setting.	 Richter	 et	 al.	

highlighted	that	heparin	administered	10	minutes	before	cardiac	arrest	improves	acinar	

perfusion	after	60	minutes	of	warm	ischaemia	in	a	rat	DCD	model,	although	this	was	not	

significant	due	to	large	variance	of	results	176.	Similarly,	adding	anti‐fibrinolytics	such	as	

streptokinase	or	urokinase	to	the	in	vivo	or	backtable	flush	has	been	shown	to	improve	

micro‐circulation,	 attenuate	 liver	 enzyme	 release	 92	 and	 result	 in	 reduced	 rate	 of	

ischaemic	 cholangiopathy	 94.	 Integrating	 streptokinase	 into	 a	 multi‐faceted	

management	 of	 DCD	 donor	 and	 recipient	 has	 also	 been	 noted	 to	 reduce	 serum	

biomarkers	 of	 reperfusion	 damage,	 decrease	 incidence	 of	 primary	 non‐function	 and	

positively	 influence	 patient	 survival	 93.	 As	 such,	 with	 appropriate	 education	 and	

informed	 consent	 of	 the	 donors	 and	 their	 respective	 families,	 this	 practice,	 which	 is	

currently	 and	 largely	 limited	 to	North	 American	 centres,	 should	 be	 adopted	 by	more	

transplant	 centres	 internationally.	 Where	 legislative	 barriers	 exist	 to	 ante‐mortem	

interventions,	this	study	should	serve	as	an	impetus	for	a	review	and	discussion	around	

the	ethical	and	moral	implications	of	such	legislation.	

Our	 analysis	 revealed	 a	worse	 DCD	 patient	 and	 graft	 survival	 at	 1	 year	 compared	 to	

DBD.	This	is	in	keeping	with	previous	cohort	and	registry	studies	reporting	1‐year	DCD	

graft	and	patient	survival	at	61‐78%	and	74‐84%	respectively,	significantly	lower	than	

the	79‐100%	graft	and	85‐100%	patient	survival	for	DBD	recipients	14,17,19,28,30,35,39,50,51.	
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Furthermore,	our	findings	indicate	that	recipients	of	DCD	livers	remain	at	increased	risk	

of	 post‐operative	 biliary	 complications,	 especially	 ischaemic	 cholangiopathy	

corroborating	previous	data	presented	by	 Jay	et	al.	 52.	Accordingly,	15	of	our	 selected	

studies	 reported	 an	 increased	 rate	 of	 these	 complications,	 in	 contrast	with	 only	 four	

that	 reported	 comparable	 rates	 of	 biliary	 complications	 or	 ischaemic	 cholangiopathy.	

Validity	 of	 these	 latter	 four	 studies,	 however,	 is	 questionable	 due	 to	 relatively	 small	

sample	 sizes,	 thus	 subjecting	 their	 results	 to	 random	 variation	 29,34,35,172.	 Ischaemic	

cholangiopathy	confers	a	significant	burden	of	disease	 for	DCD	recipients,	resulting	 in	

2.4	 ‐	 8.1	 endoscopic	 procedures	 within	 the	 first	 year	 after	 diagnosis	 17,31,39	 and	

accounting	for	67‐81%	of	re‐transplantations	in	this	setting	17,177.	In	keeping	with	this,	

our	 analysis	 showed	 a	 mean	 re‐transplantation	 rate	 of	 15%	 for	 DCD	 recipients	

compared	 to	 7%	 for	 DBD	 recipients.	 Financial	 analysis	 also	 indicates	 that	 DCD	

recipients	incur	more	cost	per	year	of	life,	with	the	largest	portion	attributable	to	biliary	

complications,	especially	non‐anastomotic	strictures	such	as	ischaemic	cholangiopathy	

55.	

It	 is	 important	 to	 note	 that	 whilst	 the	 current	 meta‐analysis	 summarises	 the	 overall	

trend	of	DCD	liver	transplantation,	between‐centre	variations	do	exist	with	regards	to	

outcomes.	This	has	been	previously	noted	by	multi‐centre	studies	in	both	the	UK	178	and	

the	Netherlands	16.	A	more	careful	exploration	is	helpful	in	that	it	can	shed	light	on	the	

benefits	of	various	aspects	of	organ	retrieval,	preservation	and	implantation	practices.	

The	 type	 of	 cold	 preservation	 fluid	 used	 has	 been	 shown	 to	 influence	 recipient	

outcomes.	 Transplantation	 using	 livers	 preserved	 in	 the	 low‐viscosity	 solution,	

histidine‐tryptophan‐ketoglutarate	 solution,	 has	 been	 shown	 to	 be	 associated	 with	

higher	rates	of	graft	 loss	 99,	biliary	complications	and	retransplantation	179	 than	those	
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preserved	 in	 the	 high‐viscosity	 solution,	 University	 of	 Wisconsin	 solution.	 However,	

only	 one	 of	 our	 selected	 studies	 using	 histidine‐tryptophan‐ketoglutarate	 solution	

reported	 on	 patient	 or	 graft	 survival	 34,	 thus	 precluding	 any	 statistical	 analysis.	

Furthermore,	as	aforementioned,	the	addition	of	tissue	plasminogen	activator	has	also	

been	 shown	 to	 further	 improve	 liver	 quality	 and	 post‐transplant	 outcomes	 92,94.	

Unfortunately,	 this	 was	 also	 under‐reported	 in	 the	 selected	 studies.	 This	 is	 not	

surprising	given	that	multiple	variables	dictate	the	ultimate	graft	and	recipient	survival	

outcomes.	Between‐centre	variations	in	outcome	could	also	be	attributed	to	the	era	of	

transplantation,	with	qualitative	comparison	of	studies	suggesting	 improvements	over	

time.	 For	 patient	 survival,	 4	 out	 of	 the	 11	 studies	 published	 during	 or	 before	 2010	

reported	worse	DCD	outcomes	18,28,30,166,	whereas	only	2	out	of	the	14	studies	published	

since	2011	reported	this	17,35.	Conversely,	only	4	out	of	the	11	studies	during	or	before	

2010	reported	comparable	long‐term	patient	survival	20,26,27,29,	whereas	10	out	of	the	14	

studies	 published	 since	 2011	 reported	 comparable	 outcomes	 14‐16,21,32‐34,38,172,180.	

Similarly,	improvements	in	graft	survival	also	appear	to	be	influenced	by	transplant	era.	

In	 fact,	 the	biggest	single	centre	study	to	date	 21,	published	 in	2012,	consisting	of	200	

DCD	and	1828	DBD	recipients,	reported	that	the	two	groups	had	comparable	graft	and	

patient	survival	at	1,	3	and	5	year	follow	up.	These	observed	improvements	in	outcome	

for	 DCD	 liver	 recipients	 should	 encourage	 continued	 utilisation	 of	 DCD	 livers	 and	

research	into	methods	to	improve	these	organs	further.			

Several	interventions	are	under	investigation	for	their	potential	role	in	optimising	DCD	

liver	transplantation	outcomes.	Warm	ex	situ	perfusion	has	been	shown	to	be	superior	

to	static	cold	storage	due	to	its	ability	to	minimise	ischaemia,	provide	nutrients	to	the	

organ	and	wash	out	toxins	that	would	otherwise	build	up	during	static	storage	121,124,137.	
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This	 technique	 has	 recently	 been	 employed	 for	 discarded	 human	 DCD	 livers	 with	

favourable	outcomes	 126,141.	Furthermore,	ex	situ	perfusion	allows	 for	pharmacological	

reconditioning	of	 the	 liver	by	adding	agents	 to	 the	perfusate	 127	 in	order	 to	minimise	

ischaemia‐reperfusion	injury.	Similarly,	the	benefit	of	installing	regional	extracorporeal	

membrane	 oxygenation,	 to	minimise	 post‐asystole	 ischaemia,	 has	 been	 noted	 in	 both	

controlled	181	and	uncontrolled	47,48,182	DCD	settings.		

The	main	limitation	of	the	current	analysis	is	exclusion	of	potentially	large	volumes	of	

patients	from	databases	such	as	the	Organ	Procurement	and	Transplantation	Network	

or	 the	 Scientific	 Registry	 for	 Transplant	 Recipients.	 This	 was	 done	 on	 the	 basis	 of	

avoiding	patient	duplication,	but	at	the	cost	of	potential	patient	exclusion	from	smaller	

centres,	 thus	 limiting	 the	 generalisability	 of	 the	 current	 results.	 Another	 limitation,	

inherent	to	most	meta‐analysis	of	retrospective	cohort	studies,	 is	 the	heterogeneity	of	

clinical	practices	between	centres	which	can	introduce	confounding	variables.	As	such,	

future	single	centre	experience	consisting	of	both	OT	and	ICU	withdrawal	may	provide	

further	 support	 to	 our	 findings.	 A	 third	 limitation	 is	 regarding	 the	 use	 of	withdrawal	

location	 as	 a	 surrogate	 marker	 for	 post‐asystole	WIT.	 Some	 studies	 reporting	 OT	 as	

location	of	withdrawal	do	not	specify	whether	retrieval	occurred	in	the	same	OT	or	the	

patient	was	transferred	to	separate	OT	for	retrieval,	which	could	significantly	lengthen	

the	 transportation	 time.	 Furthermore,	 inter‐hospital	 variations	 in	 other	 time‐related	

aspects	 are	 not	 accounted	 for	 such	 as	 time	 from	 ICU	 to	 OT,	 and	 time	 to	 prepare	 the	

donor	 in	OT.	Therefore,	 future	 studies	must	be	more	 comprehensive	 in	 recording	 the	

multiple	variables	that	determine	donor	WIT.	Nevertheless,	our	analysis	confirmed	that	

the	ICU	group	still	experienced	longer	WIT	than	the	OT	group.	It	would	be	of	interest	to	

compare	the	organ	discard	rate	between	two	groups.	Higher	discard	rate	amongst	the	
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ICU	 group	 would	 further	 support	 our	 finding	 of	 longer	 donor	 WIT	 associated	 with	

withdrawal	 in	 ICU	 and	 encourage	 withdrawal	 in	 OT.	 Furthermore,	 by	 increasing	 the	

number	 of	 patients	 in	 future	 studies,	 improved	 power	 and	 specific	 analysis	 can	 be	

undertaken	 to	 compare	 withdrawal	 undertaken	 in	 ICU	 and	 OT	 and	 clarify	 effects	

identified	by	the	present	work.		Fourthly,	SLK	studies	by	LaMattina	et	al.	32	and	Wadei	et	

al.	 35	 were	 included	 since	 the	 general	 liver	 transplantation	 studies	 from	 the	 same	

centres	(Foley	et	al.	17	and	Taner	et	al.	21	respectively)	did	not	specify	exclusion	criteria.	

This	 could	 have	 introduced	 some	 patient	 duplication,	 although	 this	 was	 likely	 to	 be	

inconsequential	due	 to	small	DCD	sample	sizes	 in	 the	two	SLK	studies	(n=5	and	n=12	

respectively).	 Finally,	 only	 controlled	 DCDs	were	 included	 in	 the	 current	 analysis.	 In	

countries	where	controlled	DCD	 is	not	practised	due	 to	 legal	 limitations,	uncontrolled	

DCD	becomes	a	major	addition	to	the	organ	pool.	However,	reports	of	outcomes	in	this	

area	are	still	lacking	47,48,182,	and	should	thus	be	reserved	for	future	meta‐analysis.			

In	 conclusion,	 our	 analysis	 revealed	 that	 withdrawal	 in	 the	 OT	 relative	 to	 the	 ICU	

reduced	 differences	 in	 graft	 and	 patient	 survival	 between	 DCD	 and	 DBD	 donors	 and	

reduced	the	risk	of	ischaemic	cholangiopathy.	Similarly,	we	found	evidence	for	benefits	

from	the	administration	of	heparin	before	withdrawal	of	life	support	rather	than	after.	

Given	that	location	of	withdrawal	and	ante‐mortem	heparin	administration	are	largely	

determined	by	jurisdiction	and	institutional	policy,	further	debate	and	discussion	with	

specialists	 and	 the	 wider	 community	 is	 required.	 This	 change	 would	 need	 to	 be	

introduced	with	great	sensitivity	across	a	diverse	set	of	jurisdictions,	accepting	that	the	

donor	families	and	the	intensive	care	and	operating	theatre	staff	all	need	to	appreciate	

the	benefits	to	any	potential	recipient	without	negatively	impacting	the	end	of	life	care	

for	the	DCD	donor.		



TABLE	1.	Quality	assessment	using	the	Newcastle‐Ottawa	Scale	

	 S1	 S2	 S3	 S4	 C1	 O1	 O2	 O3	 TOTAL	
STAR	

Abt	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Manzarbeitia	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Fujita	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Dezza	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Kaczmarek	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Chan	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
De	Vera	et	al.	 *	 *	 *	 ‐	 **	 *	 *	 *	 8/9	
Pine	et	al.	 *	 *	 *	 ‐	 **	 *	 *	 *	 8/9	
Skaro	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Yamamoto	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Dubbeld	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Foley	et	al.		 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
LaMattina	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
DeOliveira	et	al.	 *	 *	 *	 ‐	 *	 *	 *	 *	 7/9	
Taner	et	al.		 *	 *	 *	 ‐	 *	 *	 *	 *	 7/9	
Leithead	et	al.		 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Broomhead	et	al.		 *	 *	 *	 ‐	 *	 *	 *	 *	 7/9	
Croome	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Meurisse	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Vanatta	et	al.		 *	 *	 *	 ‐	 **	 *	 *	 *	 8/9	
Hong	et	al.		 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Wadei	et	al.	 *	 *	 *	 ‐	 ‐	 *	 *	 *	 6/9	
Pan	et	al.		 *	 *	 *	 ‐	 **	 *	 *	 *	 8/9	
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More	stars	(*)	indicate	higher	quality	of	study.	S1,	representativeness	of	exposed	cohort;	S2,	selection	of	non‐exposed	cohort;	S3,	

ascertainment	of	exposure;	S4,	demonstration	that	outcome	of	interest	was	not	present	at	the	start	of	study;	C1,	comparability	of	cohort	

on	basis	of	design	or	analysis	(donor	age	as	primary	controlled	variable);	O1,	assessment	of	outcome;	O2,	was	follow	up	long	enough	for	

outcomes	to	occur	(120	days);	O3,	adequacy	of	follow	up.		
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TABLE	2.	Summary	of	selected	studies	for	inclusion	in	statistical	analysis	

	
	

Study	design	 Publication	
year	

Location	 Included	years	

Abt	et	al.	 Retrospective	 2003	 University	of	Pennsylvania,	Philadelphia,	PA,	USA	 1996‐2001	
Manzarbeitia	et	al.	 Retrospective	 2004	 Albert	Einstein	Medical	Centre,	Philadelphia,	PA,	USA	 1995‐2002	
Fujita	et	al.	 Retrospective	 2007	 University	of	Florida	College	of	Medicine,	Gainesville,	FL,	USA	 1990‐2006	
Dezza	et	al.	 Retrospective	 2007	 Ghent	University	Hospital	Medical	School,	Ghent,	Belgium	 2003‐2006	
Kaczmarek	et	al.	 Retrospective	 2007	 Freeman	Hospita,	Newcastle	upon	Tyne,	UK	 1999‐2006	
Chan	et	al.	 Retrospective	 2008	 University	of	Washington,	Seattle,	WA,	USA	 2003‐2006	
De	Vera	et	al.	*	 Retrospective	 2009	 University	of	Pittsburg,	Pittsburg,	PA,	USA	 1993‐2007	
Pine	et	al.	**	 Retrospective	 2009	 St.	James's	University	Hospital,	UK	 2002‐2008	
Skaro	et	al.	 Retrospective	 2009	 Feinberg	School	of	Medicine,	Chicago,	IL,	USA	 2003‐2008	
Yamamoto	et	al.	 Retrospective	 2010	 Karolinska	University	Hospital,	Sweden	 1984‐1988	
Dubbeld	et	al.	 Retrospective	 2010	 Leiden	University	Medical	Centre,	Leiden;	University	Medical	

Centre	Gronigen;	Erasmus	Medical	Centre	
2001‐2006	

Foley	et	al.		 Retrospective	 2011	 University	of	Wisconsin,	Madison,	WI,	USA	 1993‐2008	
LaMattina	et	al.	 Retrospective	 2011	 University	of	Wisconsin,	Madison,	WI,	USA	 1998‐2008	
DeOliveira	et	al.	♦	 Retrospective	 2011	 King's	College	Hospital;	University	Hospital	of	Zurich;	San	Martino	

University	Hospital	
2001‐2010	

Taner	et	al.		 Retrospective	 2012	 Mayo	Clinic	Florida,	Jacksonville,	FL,	USA	 1998‐2010	
Leithead	et	al.	♦♦	 Retrospective	 2012	 Liver	unit,	Queen	Elizabeth	Hospital,	Birmingham,	UK	 2007‐2011	
Broomhead	et	al.	▲	 Retrospective	 2012	 Royald	Free	Hospital,	London,	UK	 2008‐2009	
Croome	et	al.	 Retrospective	 2012	 London	Health	Sciences	Centre;	University	of	Western	Ontario,	

Ontario		
2006‐2011	

Meurisse	et	al.		 Retrospective	 2012	 University	Hospitals	Leuven,	Leuven,	Belgium.		 2003‐2010	
Vanatta	et	al.		▲▲	 Retrospective	 2013	 University	of	Tenessee/Methodist	University	Hospital	Transplant	

Institute,	Memphis,	TN,	USA	
2006‐2011	

Hong	et	al.	□	 Retrospective	 2013	 University	of	California,	Los	Angeles,	CA,	USA	 1990‐2010	
Wadei	et	al.	 Retrospective	 2014	 Mayo	Clinic	Florida,	Jacksonville,	FL,	USA	 2000‐2010	
Pan	et	al.		□□	 Retrospective	 2014	 University	of	California,	Los	Angeles,	CA,	USA	 2004‐2011	
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Sample	
size	

	 Withdrawa
l	location	

Stand‐off	
period	
(minutes)	

WIT	
(minutes)	

CIT	
(hours)	

	 Recipie
nt	age	
(years)	

	 Note	

DCD	 DBD	 	 	 	 DCD	 DBD	 DCD	 DBD	 	
15	 221	 OT	 5	 20.4	 6.1	 7.7	 ‐	 ‐	 	
19	 311	 OT	 5	 13.3	 10.0	 9.3	 ‐	 ‐	 	
24	 1209	 OT	 ‐	 12.8	 7.6	 8.2	 51.1	 42.0	 	
13	 98	 Unspecified	 ‐	 10.0	 6.3	 9.2	 59.0	 54.0	 	
11	 164	 ICU	 5	 33.7	 ‐	 ‐	 ‐	 ‐	 	
51	 334	 ICU	 2	 20.6	 7.3	 7.1	 54.8	 53.3	 	
141	 282	 OT	 Varied	 19.8	 11.0	 10.6	 53.1	 53.7	 	
39	 39	 ICU	 Varied	 ‐	 5.9	 9.9	 50.6	 49.4	 	
32	 237	 Varied	 5	 15.8	 5.5	 5.2	 53.1	 55.0	 	
24	 16	 OT	 ‐	 6.0	 7.0	 6.8	 ‐	 ‐	 	
55	 471	 Unspecified	 ‐	 16.5	 7.6	 8.6	 49.0	 47.0	 	
87	 1157	 OT	 5	 20.8	 7.2	 8.3	 50.5	 47.5	 	
5	 32	 OT	 5	 19.0	 4.6	 8.0	 47.0	 54.4	 SLK	only	
167	 333	 ICU	 5	 16.0	 7.0	 9.0	 52.0	 50.0	 	
200	 1828	 OT	 Varied	 25.3	 6.0	 7.0	 55.1	 54.1	 	
88	 88	 Unspecified	 	 20.1	 7.3	 8.3	 55.7	 56.0	 	
16	 16	 Unspecified	 5	 ‐	 6.6	 8.1	 54.0	 52.0	 	
36	 327	 ICU	 5	 35.0	 5.6	 7.2	 53.6	 55.0	 	
30	 385	 OT	 5	 24.0	 6.9	 8.6	 60.0	 58.0	 	
38	 76	 Unspecified	 5	 21.0	 4.8	 4.7	 56.0	 55.0	 	
7	 21	 Varied	 Varied	 24.0	 5.0	 7.0	 2.4	 1.7	 Paediatric	only	
12	 54	 OT	 Varied	 23.2	 6.3	 6.9	 54.4	 57.3	 SLK	only	
74	 148	 Varied	 5	 27.3	 6.0	 6.0	 56.2	 56.2	 	
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SLK,	simultaneous	liver	kidney	transplant.	*	matched	by	recipient	age,	MELD,	transplant	time,	retransplantation	status,	donor	age;	**	

matched	by	transplant	time,	cause	of	liver	failure,	donor	age,	recipient	age,	ABO	compatibility,	split	graft,	UNOS	status,	DWIT	and	centre	

size;	♦	matched	by	transplant	time;	♦♦	matched	by	propensity	risk	score;	▲	matched	by	recipient	age,	cause	of	liver	failure,	MELD;	▲▲	

matched	by	recipient	age,	MELD,	donor	age;	□	matched	by	recipient	age,	weight,	cause	of	liver	failure,	acuity	of	disease;	□□	matched	by	

16	pre‐operative	and	pre‐reperfusion	variable
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4.2.	CONFERENCE	PRESENTATIONS	

4.2.1.	TSANZ	–	President’s	Prize	
	
COMBINED	HEART	 AND	 LIVER	 RETRIEVAL	 AFTER	 CIRCULATORY	DEATH	WITH	
NORMOTHERMIC	MACHINE	REPERFUSION	IN	A	PORCINE	MODEL		
	
Aims:	 When	 donation	 after	 circulatory	 death(DCD)	 heart	 and	 liver	 retrieval	 are	

combined,	there	are	concerns	regarding	delays	to	institution	of	liver	cold	preservation.	

We	aim	 to	develop	 a	 combined	DCD	heart	 and	 liver	 retrieval	 protocol	 in	 a	pig	model	

with	 subsequent	 normothermic	 machine	 perfusion(NMP).	 Methods:	 Pigs(n=12;	 60‐

70kg)	 were	 anesthetised.	 Baseline	 observations	 recorded.	 After	 sternotomy,	 and	

laparotomy,	 ventilatory	 support	was	withdrawn	 to	mimic	DCD	 conditions.	Death	was	

defined	as	equalisation	of	central	venous	and	mean	arterial	pressures.	After	a	5‐minute	

stand‐off	 period,	 blood	 was	 collected	 from	 a	 right	 atrial	 cannula	 then	 cardiac	

preservation	flush(4°C)	commenced	via	the	proximal	ascending	aorta.	The	inferior	vena	

cava	was	vented.	The	thoracic	cavity	was	kept	cold	with	saline	ice	slush.	The	heart	was	

explanted	and	prepared	on	back‐table	for	NMP.	Liver	preservation	begun	immediately	

after	blood	collection	by	cold	preservation	solution	flush	via	the	infra‐renal	aorta.	The	

hepatic	 artery,	 portal	 vein	 and	 common	 bile	 duct	 were	 transected,	 and	 the	 liver	

explanted	 for	 back‐table	 NMP	 preparation.	Results:	 Warm	 ischaemic	 time(WIT)	 and	

back‐table	time(BTT)	are	presented	in	table	below.	The	average	blood	volume	collected	

was	 1.6L;	 1:1	 dilution	 with	 Krebs	 resulted	 in	 significant	 hemodilution	 and	

hypocalcemia.	 This	 resulted	 in	 sub‐optimal	 cardiac	 contractile	 recovery	 despite	 a	

favourable	 lactate	 profile.	 Liver	 enzyme	 release,	 bile	 production,	 and	 lactate	 and	 pH	

profiles	 were	 favourable	 during	 4‐6	 hours	 of	 NMP.	 	 Conclusions:	 Heart	 and	 liver	

retrieval	 under	 standard	 DCD	 protocol	 is	 possible	 without	 excessively	 extending	 the	
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WIT	for	either	organ.	However,	there	is	insufficient	donor	blood	to	support	NMP	of	both	

organs.	

	
	 Heart	 Liver	

WIT	(Warm	Ischaemic	
Time)	

21	+	5min	 20	+	6min	
(commencement	of	

flush)	
BTT	(Back	Table	Time)	 29	+	6min	 33	+	19	min	
Blood	Volume	Collected	 1621	+	279ml	

	 	 	
	 Baseline	(Heart)	 On	Rig	(Heart)	

Hct	 23	+	5%		 15	+	6%	
Ca2+	 1.30	+	0.15mM	 0.64	+	0.32mM	
	 	 	

 

4.2.2.	TSANZ	–	mini‐oral	1	
	
A	 NEW	 PORCINE	 MODEL	 OF	 NORMOTHERMIC	 MACHINE	 PERFUSION	 OF	 LIVER	
DONATION	AFTER	CIRCUATORY	DEATH:	A	PRELIMINARY	STUDY	
	
Aims:	 Interventions	aimed	at	 improving	 liver	donations	after	circulatory	death	(DCD)	

are	 under	 active	 investigation	 on	 account	 of	 poor	 outcomes	 of	 human	 DCD	 liver	

recipients.	 However,	 current	 large	 animal	 models	 induce	 circulatory	 death	 by	 either	

exsanguination	or	potassium	chloride	injection,	neither	of	which	are	practised	clinically.	

We	 sought	 to	develop	 a	 clinically	 applicable	model	 of	DCD	 liver	 retrieval	 followed	by	

normothermic	 machine	 perfusion	 (NMP).	Methods:	 Landrace	 pigs	 (60‐70	 kg)	 were	

anaesthetised	 and	 intubated.	 To	 mimic	 clinical	 practice,	 cessation	 of	 mechanical	

ventilation	 was	 used	 to	 induce	 circulatory	 death,	 which	 was	 confirmed	 by	

disappearance	of	pulse	pressure.	A	5	min	stand‐off	period	was	instituted	prior	to	cold	

preservation	 flush	of	 the	 liver	and	explantation.	The	 liver	was	subsequently	prepared	

on	 the	 backtable	 for	 machine	 perfusion.	 Results:	 12	 donor	 animals	 underwent	 this	

protocol.	 Average	 time	 to	 asystole	 was	 9.27	 min.	 Average	 warm	 ischaemic	 time,	 as	

defined	 from	 ventilation	 cessation	 to	 cold	 preservation	 flush,	 was	 20.25	 min.	 Livers	
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were	 maintained	 on	 machine	 perfusion	 for	 4	 hours,	 exhibiting	 favourable	

aminotransferase	release,	lactate	and	pH	profiles	and	bile	production.	Conclusions:	our	

preliminary	 results	 indicate	 that	 porcine	 livers	 can	 be	 viably	 explanted	 and	machine	

perfused	 under	 a	 clinically	 applicable	model.	 Further	 research	 is	 required	 to	 identify	

optimal	 time	 of	 NMP	 and	 potentially	 optimise	 liver	 preservation	 with	 improved	

perfusion	parameters	and	pharmacological	reconditioning	agents	in	perfusate.		

4.2.3.	TSANZ	–	mini‐oral	2	
	
BENEFITS	OF	MODERATING	LOCATION	OF	DONOR	LIFE	SUPPORT	WITHDRAWAL	
ON	LIVER	TRASPLANTATION	USING	DONATION	AFTER	CIRCULATORY	DEATH:	A	
META‐ANALYSIS	
	
Aims:	 Prolonged	warm	 ischaemic	 time,	 and	 the	 associated	micro‐thrombi	 formation,	

have	 been	 identified	 as	 the	 key	 factors	 responsible	 for	 poor	 outcomes	 of	 liver	

transplantation	 using	 donation	 after	 circulatory	 death	 (DCD)	 compared	 to	 using	

donation	 after	 brain	 death	 (DBD).	 Therefore,	 we	 sought	 to	 investigate	 the	 effects	 of	

ante‐mortem	heparin	administration	and	 location	of	donor	 life	support	withdrawal	 in	

intensive	 care	 unit	 (ICU)	 vs.	 operating	 theatre	 (OT)	 on	 DCD	 outcomes.	 Methods:	

Medline,	EMBASE	and	Cochrane	libraries	were	systematically	searched	and	23	relevant	

studies	identified	for	analysis.	Results:	Donor	life	support	withdrawal	in	OT,	compared	

to	ICU,	was	associated	with	reduced	DCD	patient	mortality	(OT:	OR	=	1.2,	95%	CI	0.85‐

1.68;	 ICU:	OR	=	2.15,	95%	CI	1.15‐4.02),	 graft	 loss	 (OT:	OR	=	1.65,	95%	CI	1.16‐2.36;	

ICU:	OR	=	1.98,	05%	CI	1.13‐3.47)	and	incidence	of	ischaemic	cholangiopathy	(OT:	OR	=	

13.73,	 95%	 CI	 =	 5.18‐36.44;	 ICU:	 OR	 =	 19.68,	 95%	 CI	 7.48‐51.75)	 relative	 to	 DBD	

recipients.	 Ante‐mortem	 administration	 of	 heparin	 attenuated	 the	 rate	 of	 allograft	

primary	non‐function	(heparin:	OR	=	3.48,	95%	CI	1.79‐6.76;	no	heparin:	OR	=	11.24,	

95%	 CI	 1.99‐63.37).	 Conclusions:	 Our	 evidence	 suggests	 that	 these	 changes	 in	 DCD	
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donor	 life	 support	withdrawal	 could	 confer	 significant	 benefits	 upon	 their	 recipients.	

Specifically	the	practice	of	using	ante‐mortem	heparin	and	withdrawal	of	treatment	in	

the	 OT	 could	 reduce	 rate	 of	 graft	 and	 patient	 loss,	 and	 ischaemic	 cholangiopathy,	

thereby	maximising	benefits	derived	from	these	valuable	organs.			

4.3.	CONFERENCE	POSTERS	
	
	

	
	

Figure	4.3.1.	Poster	 at	 36th	 	 International	 Society	 for	 Heart	 and	 Lung	 Transplantation	

Annual	Meeting,	Washington	DC,	2016	

4.4.	3	MINUTE	THESIS	(first	place)	
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Figure	4.4.1.	Presentation	at	the	Garvan	Institute,	2016.		
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5.	CONCLUSION	
	
Donation	after	circulatory	death	is	a	valuable	mode	of	organ	donation	that	can	expand	

the	 organ	 pool	 significantly	 in	 order	 to	 reduce	 wait	 list	 morbidity	 and	 mortality.	

However,	there	has	been	much	reluctance	in	the	past	and	present	to	utilise	such	organs	

due	 to	 concerns	 regarding	 inferior	 graft	 and	 recipient	 outcomes	 compared	 to	 the	

traditional	 form	 of	 donation	 after	 brain	 death	 liver	 transplantation.	 However,	 DCD	

transplantation	 remains	 still	 in	 its	 infancy,	 and	 as	 has	 been	 observed	 for	 DBD	

transplantation,	 it	 is	 likely	 that	with	 improving	 pre‐,	 peri‐	 and	 post‐operative	 care	 of	

donor	and	recipient,	the	outcomes	of	DCD	transplantations	will	become	comparable	to	

that	of	DBD	in	the	future.		

In	the	current	thesis,	means	to	improve	DCD	outcomes	have	been	explored	from	both	a	

experimental	and	clinical	perspective.	The	first	aspect	of	the	current	thesis	explored	a	

new	means	of	organ	care.	Many	avenues	have	been	investigated	to	improve	the	quality	

of	 organ	 retrieval	 and	 preservation,	 but	 none	 have	 been	 investigated	 with	 as	 much	

interest	as	ex	situ	perfusion	in	the	recent	years.	Whilst	many	clinical	models	have	been	

used	 in	 the	past	 to	 substitute	 to	DCD,	 none	 of	 them	 can	be	 clinically	 practised	under	

necessary	ethical	and	legal	constraints.	As	such,	the	usage	of	the	corresponding	results	

as	proposal	for	human	application	is	tenuous	at	best.	In	our	experiment,	we	present	the	

first	clinically	applicable	model	of	DCD	 liver	perfusion	and	were	able	 to	show	gradual	

recovery	of	the	organs	over	time.	Despite	this,	many	aspects	of		ex	situ	perfusion	are	still	

unknown	such	as	optimal	pressure,	perfusate	and	period	of	perfusion,	and	these	should	

serve	as	topics	for	rigorous	future	investigations	in	order	to	maximise	potential	benefits	

derived	from	these	valuable	donations.		



OPTIMISING	DCD	LIVER	TRANSPLANTATION	

	 97	

	

In	the	second	component,	 I	have	been	able	to	demonstrate	that	the	difference	 in	graft	

and	patient	survival	can	be	minimised	or	eliminated	if	the	location	of	donor	life	support	

withdrawal	 occurs	 in	 the	 operating	 theatre	 compared	 to	 intensive	 care	 unit.	

Furthermore,	I	have	highlighted	the	potential	benefit	of	administration	of	ante‐mortem	

heparin	on	recipient	graft	outcomes.		

Despite	these	favourable	outcomes,	it	is	important	to	finally	appreciate	that	any	changes	

pertaining	 donor	 care	must	 be	 introduced	with	 the	 utmost	 sensitivity	 across	 a	 wide	

range	of	jurisdictions,	accepting	that	both	the	donor	family	and	transplant	staff	need	to	

appreciate	the	benefits	of	such	changes	without	impinging	on	the	donor	end	of	life	care.		
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