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Metabolic characteristics of human hearts preserved for 12 hours by static 
storage, antegrade perfusion, or retrograde coronary sinus perfusion
Michael L Cobert, Matthew E Merritt, LaShondra M West, Colby Ayers, Michael E Jessen, Matthias Peltz
PMID: 24642559 PMCID: PMC4126897 DOI: 10.1016/j.jtcvs.2014.02.023

OBJECTIVE:	Machine	perfusion	of	donor	hearts	is	a	promising	strategy	to	increase	the	donor	pool.	Antegrade	perfusion	is	effective	
but	can	lead	to	aortic	valve	incompetence	and	nonnutrient	flow.	Experience	with	retrograde	coronary	sinus	perfusion	of	donor	hearts	
has	been	limited.	We	tested	the	hypothesis	that	retrograde	perfusion	could	support	myocardial	metabolism	over	an	extended	donor	
ischemic interval.

METHODS:	Human	hearts	from	donors	that	were	rejected	or	not	offered	for	transplantation	were	preserved	for	12	hours	in	University	
of Wisconsin Machine Perfusion Solution by: (1) static hypothermic storage; (2) hypothermic antegrade machine perfusion; or (3) 
hypothermic	retrograde	machine	perfusion.	Myocardial	oxygen	consumption	(MVO2),	and	lactate	accumulation	were	measured.	
Ventricular tissue was collected for proton and phosphorus 31 magnetic resonance spectroscopy (MRS) to evaluate the metabolic state 
of	the	myocardium.	Myocardial	water	content	was	determined	at	the	end	of	the	experiment.

RESULTS: Stable perfusion parameters were maintained throughout the perfusion period with both perfusion techniques. Lactate/
alanine ratios were lower in perfused hearts compared with static hearts (P<.001). Lactate accumulation (antegrade 2.0±0.7 mM, 
retrograde 1.7±0.1 mM) and MVO2 (antegrade 0.25±0.2 mL, retrograde 0.26±0.3 mL O2/min/100 g) were similar in machine-perfused 
groups. High-energy phosphates were better preserved in both perfused groups (P<.05). Left ventricular myocardial water content was 
increased in retrograde perfused hearts (80.2±0.8%) compared with both antegrade perfused hearts (76.6±0.8%, P=.02) and static 
storage hearts (76.7±1%, P=.02).

CONCLUSIONS: Machine perfusion by either the antegrade or the retrograde technique can support myocardial metabolism over long 
intervals. Machine perfusion seems promising for long-term preservation of human donor hearts.

Benefits of perfusion preservation in canine hearts stored for short intervals
David	H	Rosenbaum,	Matthias	Peltz,	Matthew	E	Merritt,	Jeffrey	E	Thatcher,	Hideki	Sasaki,	Michael	E	Jessen
PMID: 17509270 DOI: 10.1016/j.jss.2007.03.033

BACKGROUND:	Continuous	perfusion	of	donor	hearts	for	transplantation	has	been	proposed	to	improve	graft	function	or	extend	
preservation	intervals,	but	the	effects	on	cellular	metabolism,	myocyte	loss,	and	myocardial	edema	are	not	well-defined.

METHODS: Hearts from mongrel dogs were instrumented with sonomicrometry crystals and left ventricular (LV) catheters. LV function 
was	quantified	by	the	preload-recruitable	stroke	work	(PRSW)	relationship.	Hearts	were	arrested	with	a	modified	Celsior	solution,	and	
stored in cold solution (n=6) or placed in a device providing continuous perfusion of this solution at 10 mL/100 g/min (n=6). After 4 
h	of	storage,	left	atrial	samples	were	frozen,	extracted,	and	analyzed	by	magnetic	resonance	spectroscopy	(MRS).	Hearts	were	then	
transplanted	into	recipient	dogs	and	reperfused	for	6	h	with	function	measured	hourly.	At	end-experiment,	LV	specimens	were	assayed	
for water content and apoptosis. Serum CK-MB levels were measured.

RESULTS:	LV	functional	recovery	was	excellent	in	both	groups	over	6	h	of	reperfusion.	MRS	revealed	a	dramatic	decrease	in	tissue	
lactate	in	hearts	protected	with	continuous	perfusion	(P<0.01).	Apoptotic	cell	counts	were	significantly	lower	in	post-reperfusion	heart	
tissue in animals undergoing a continuous perfusion strategy (P<0.01). CK-MB levels and LV water content were similar in both groups.

CONCLUSIONS: Although both methods of preservation lead to good early graft function after 4 h of protected ischemia, continuous 
preservation dramatically reduces tissue lactate accumulation without increasing myocardial edema and may reduce tissue damage 
during storage and reperfusion. It appears promising as a method to improve results of cardiac transplantation.
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Myocardial perfusion characteristics during machine perfusion for  
heart transplantation
Matthias Peltz, Michael L Cobert, David H Rosenbaum, LaShondra M West, Michael E Jessen
PMID: 18656629 DOI: 10.1016/j.surg.2008.05.002

BACKGROUND: Optimal parameters for machine perfusion preservation of hearts prior to transplantation have not been determined. 
We	sought	to	define	regional	myocardial	perfusion	characteristics	of	a	machine	perfusion	device	over	a	range	of	conditions	in	a	large	
animal model.

METHODS: Dog hearts were connected to a perfusion device (LifeCradle, Organ Transport Systems, Inc, Frisco, TX) and cold perfused 
at	differing	flow	rates	(1)	at	initial	device	startup	and	(2)	over	the	storage	interval.	Myocardial	perfusion	was	determined	by	entrapment	
of	colored	microspheres.	Myocardial	oxygen	consumption	(MVO(2))	was	estimated	from	inflow	and	outflow	oxygen	differences.	Intra-
myocardial lactate was determined by (1)H magnetic resonance spectroscopy.

RESULTS:	MVO(2)	and	tissue	perfusion	increased	up	to	flows	of	15	mL/100	g/min,	and	the	ratio	of	epicardial:endocardial	perfusion	
remained	near	1:1.	Perfusion	at	lower	flow	rates	and	when	low	rates	were	applied	during	startup	resulted	in	decreased	capillary	flow	
and	greater	non-nutrient	flow.	Increased	tissue	perfusion	correlated	with	lower	myocardial	lactate	accumulation	but	greater	edema.

CONCLUSIONS:	Myocardial	perfusion	is	influenced	by	flow	rates	during	device	startup	and	during	the	preservation	interval.	Relative	
declines	in	nutrient	flow	at	low	flow	rates	may	reflect	greater	aortic	insufficiency.	These	factors	may	need	to	be	considered	in	clinical	
transplant protocols using machine perfusion.

Importance of organ preservation solution composition in reducing myocardial 
edema during machine perfusion for heart transplantation
M L Cobert, M Peltz, L M West, M E Jessen
PMID: 20620480 DOI: 10.1016/j.transproceed.2010.02.073

OBJECTIVE:	Machine	perfusion	preservation	has	been	used	experimentally	to	extend	the	storage	interval	of	donor	hearts.	We	
previously demonstrated that machine perfusion with glucose-supplemented Celsior preservation solution led to superior reperfusion 
function but resulted in increased myocardial edema compared with conventional static preservation. We hypothesized that other 
solutions	that	contain	an	oncotic	agent,	such	as	University	of	Wisconsin	Machine	Perfusion	Solution	(UWMPS),	might	reduce	graft	
edema	development	while	maintaining	myocardial	oxidative	metabolism	during	long-term	storage.

METHODS: Canine hearts were stored and perfused in a perfusion preservation device (LifeCradle; Organ Transport Systems) after 
cardioplegic	arrest	and	donor	cardiectomy.	Hearts	were	perfused	either	with	glucose-supplemented	Celsior	(which	lacks	an	oncotic	
agent)	or	UWMPS	(which	contains	hydroxyethyl	starch)	at	5	degrees	C	in	the	perfusion	device	over	10	hours.	Oxygen	consumption	
(MVO(2)),	lactate	accumulation,	regional	flow	distribution,	and	myocardial	water	content	were	measured.

RESULTS:	Hearts	in	both	groups	continued	to	extract	oxygen	over	the	entire	perfusion	interval.	Lactate	accumulation	was	minimal	
in both groups. Both solutions delivered perfusate evenly to all regions of myocardium. Heart weight increase (Celsior 31.3 +/- 4.3%, 
UWMPS	-3.3	+/-	1.9%)	and	final	myocardial	water	content	(Celsior	80.2	+/-	1.3%,	UWMPS	75.9	+/-	0.3%)	were	higher	in	the	Celsior	
group (P < .005).

CONCLUSIONS:	Donor	hearts	can	be	supported	by	a	perfusion	device	over	relatively	extended	storage	intervals.	These	organs	
continue	to	undergo	oxidative	metabolism	with	little	lactate	accumulation.	An	oncotic	agent	appears	to	be	important	in	limiting	
increases	in	myocardial	water	content.	UWMPS	appears	to	be	superior	for	perfusion	preservation	of	myocardium	by	reducing	edema	
development during storage.
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Perfusion preservation versus static preservation for cardiac transplantation: 
effects on myocardial function and metabolism
David H Rosenbaum, Matthias Peltz, J Michael DiMaio, Dan M Meyer, Michael A Wait, Matthew E Merritt, 
W Steves Ring, Michael E Jessen
PMID: 18187093 DOI: 10.1016/j.healun.2007.10.006

INTRODUCTION:	Continuous	perfusion	of	donor	hearts	for	transplantation	has	received	increasing	interest,	but	the	effects	on	cellular	
metabolism,	myocyte	necrosis,	and	myocardial	edema	are	not	well	defined.

METHODS: Pig hearts were instrumented with sonomicrometry crystals and left ventricular catheters. Left ventricular function was 
quantified	by	the	pre-load-recruitable	stroke	work	(PRSW)	relationship.	Hearts	were	arrested	with	Celsior	solution	with	5.5	mM	
13C-glucose added, and removed and stored in cold solution (n = 4) or placed in a device providing continuous perfusion of this 
solution	at	10	ml/100	g/min	(n	=	4).	After	4	hours	of	storage,	left	atrial	samples	were	frozen,	extracted,	and	analyzed	by	magnetic	
resonance spectroscopy. Hearts were then transplanted into recipient pigs and reperfused for 6 hours, with function measured hourly. 
At	the	end	of	the	experiment,	left	ventricular	water	content	and	serum	creatine	kinase-MB	isoenzyme	levels	were	measured.

RESULTS:	Baseline	left	ventricular	function	was	similar	in	both	groups.	During	reperfusion,	the	volume-axis	intercept	of	the	PRSW	
relationship	was	significantly	lower	in	hearts	stored	with	continuous	perfusion	(p	<	0.05),	suggesting	reduced	contractile	impairment.	
Magnetic resonance spectroscopy revealed a decrease in tissue lactate in hearts that received continuous perfusion. Serum creatine 
kinase-MB	isoenzyme	levels	were	higher	hearts	that	had	static	storage	(30.8	+/-	9.0	vs	13.2	+/-	2.7	ng/ml;	p	<	0.05).	Left	ventricular	
water content was similar in both groups (0.797 +/- 0.012 vs 0.796 +/- 0.014; p = 0.45).

CONCLUSIONS: Donor hearts sustain less functional impairment after storage with continuous perfusion. This technique reduces 
tissue lactate accumulation and myocardial necrosis without increasing myocardial edema and appears promising as a method to 
improve results of cardiac transplantation.
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