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ORGAN PRESERVATION
erfusion Preservation versus Static Preservation for Cardiac
ransplantation: Effects on Myocardial Function and Metabolism
avid H. Rosenbaum, MD,a Matthias Peltz, MD,a J. Michael DiMaio, MD,a Dan M. Meyer, MD,a

ichael A. Wait, MD,a Matthew E. Merritt, PhD,b W. Steves Ring, MD,a and Michael E. Jessen, MDa

ntroduction: 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.

ethods: 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 5.5mM 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.

esults: 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).

onclusions: Donor hearts sustain less functional impairment after storage with continuous perfusion. This
technique reduces tissue lactate accumulation and myocardial necrosis without increasing myocar-
dial edema and appears promising as a method to improve results of cardiac transplantation. J Heart
Lung Transplant 2008;27:93–9. Copyright © 2008 by the International Society for Heart and Lung

Transplantation.
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urrent methods of static preservation for heart trans-
lantation limit safe storage intervals to less than 6
ours. Although outcomes are acceptable within this
imeframe, registry data suggest an increase in the
elative risk of recipient mortality at 1 year when graft
schemia is prolonged beyond 3 to 4 hours.1 Although
erfusion devices have been found beneficial in exper-

mental and clinical studies in kidney transplantation,
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fforts to test perfusion preservation in cardiac trans-
lantation have been confined to animal studies, with
arious levels of success.2–9

In theory, this preservation strategy should offer
everal advantages: it may allow ongoing aerobic me-
abolism for preservation of cellular energetics, mainte-
ance of transmembrane ionic gradients, and support
f reparative processes in ischemic myocardium. The
ow of solution through the coronary bed may also
ash out end products of anaerobic metabolism (such

s lactate), thereby reducing intracellular acidosis. The
elative importance of these potential effects is un-
nown, despite encouraging functional results in many
tudies.

A successful perfusion preservation strategy may
nable surgeons to safely extend the donor ischemic
ime to allow improved donor–recipient matching or
ransplantation on an elective rather than urgent basis.
ome experimental work has suggested that these
enefits are possible, but initial clinical trials of perfu-
ion preservation are likely to involve conventional
torage intervals until the safety and efficacy are better

efined. Our current understanding of myocardial me-
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abolism during this form of donor graft protection is
ncomplete and will need to be advanced if the tech-
ique is to gain clinical acceptance. We therefore
esigned this study to test a continuous perfusion
trategy for cardiac preservation in a large animal model
or a clinically relevant storage interval using tech-
iques that allow precise quantification of functional
ecovery and substrate metabolism.

ATERIALS AND METHODS
xperimental Protocol

he Institutional Animal Care and Use Committee at the
niversity of Texas Southwestern Medical Center ap-
roved the protocol for this study. All animals were
reated in accordance to guidelines set forth in the
uide for the Care and use of Laboratory Animals

National Institutes of Health Publication No. 86-23,
evised 1996).

Sixteen adult farm pigs weighing 45– 60 kg were
ivided into 8 donor–recipient pairs and randomized to
ypothermic static preservation or hypothermic perfu-
ion preservation with a perfusion device (LifeCradle,
rgan Transport Systems Inc, Frisco, TX). Donor hearts
ere stored for 4 hours, implanted into recipient

nimals, and reperfused for 6 hours. Celsior organ
reservation solution (Sangstat Medical Corp, Fremont,
A), supplemented with 1-g/L (5.5mM) U-13C-labeled
lucose to provide a substrate for evaluation of cellular
etabolism, was used for storage of all hearts.

nesthetic Protocol

ach animal was premedicated with 0.07-mg/kg intra-
uscular atropine and 4.4-mg/kg Telazol (Fort Dodge
nimal Health, Overland Park, KS). The animal was

ntubated and ventilated with 100% oxygen at VT of 10
l/kg, rate of 10/min, and positive end expiratory
ressure of 5 cm H2O. Anesthesia was maintained with
% to 4% isoflurane. Central venous pressure, arterial
ressure, and an electrocardiogram were continuously
onitored. Ventilator settings were adjusted based on

rterial blood gas measurements to keep the PCO2 at 35
o 45 mm Hg, pH 7.35 to 7.45, and oxygen saturation
bove 95%.

onor Protocol

fter sternotomy and exposure of the heart, animals
ere instrumented and baseline myocardial function
as measured. Animals received intravenous heparin

300 U/kg). The aorta was clamped, the heart was arrested
ith 1 liter of modified Celsior solution through an

scending aortic cannula, and the donor cardiectomy was
ompleted.
Hearts randomized to the Static Preservation Group
ere stored in a container filled with 1 liter of modified

elsior and placed in an ice chest. Hearts randomized to r
he Perfusion Preservation Group were attached to the
erfusion device by a connector in the ascending aorta
hat provided a continuous flow of oxygenated, modi-
ed Celsior solution at a flow rate of 10 ml/100 g of
eart tissue/min at 5° � 2°C. This device uses an
lectrically powered roller pump that delivers a contin-
ous, non-pulsatile flow of the solution into the ascend-

ng aorta. The preservation solution (2 liters total
apacity) is oxygenated by an in-line membrane oxy-
enator, and all of the solution is recycled throughout
he storage interval. In the Perfusion Preservation
roup, a small polyethylene catheter was placed in the
oronary sinus for serial measurements of oxygen ten-
ion.

ecipient Protocol

fter induction of anesthesia, the recipient animal was
laced on cardiopulmonary bypass (CPB) and the heart
as excised to coincide with the end of the donor heart

torage interval. The preserved heart was implanted
nto the recipient animal using the bicaval orthotopic
ransplant technique. During implantation, topical cool-
ng was applied to the hearts in both groups with the
nfusion of cold Ringer’s lactate, as has been described
linically.10 Animals received 1 g of methylprednisolone
efore the aorta was unclamped. After the aortic clamp
as removed, hearts were defibrillated with 5 to 20 J, if
ecessary. If 6 attempts at defibrillation were unsuc-
essful, 40 mEq of potassium chloride was administered
nto the CPB circuit. This caused a brief period of
systole, followed by restoration of sinus rhythm. A n
ntravenous infusion of dobutamine was started at
 � g/kg/min.
The animal was weaned from CPB after 1 hour of

eperfusion. The left ventricular (LV) micromanometer
atheter was reinserted, and the previously placed
onomicrometry crystals were connected to the pre-
mplifier. Pressure-volume data were collected in trip-
icate over a range of filling conditions produced by
raining blood into the cardiotomy reservoir (emptying
urves) at 2, 3, 4, 5, and 6 hours post-reperfusion. After
hours of reperfusion, arterial blood was collected for

etermination of creatine kinase-MB isoenzyme (CKMB)
evels and the animal was euthanized. An LV tissue
ample was collected to measure water content.

easurement of Ventricular Performance

eft ventricular function was quantified by a load-
ndependent method that has been previously de-
cribed in a porcine transplant model.11 After exposure
f the donor heart, 4 sonomicrometry crystals (Sono-
etrics Corp, London, Ontario, Canada) were attached

o the subendocardium in the minor and major axes of
he LV. These remained in situ during storage and

eperfusion. A micromanometer-tipped catheter (Millar,
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ouston TX) was inserted into the LV cavity through
he apex. The catheter was removed before harvest and
einserted after implantation. Pressure and dimension
ata were collected at a rate of 250 Hz and digitized.
ata were acquired, stored, and analyzed using Sono-
ab and CardioSOFT software (Sonometrics Corp, Lon-
on Canada).
Pressure-volume loops were derived over the cardiac

ycle before explantation (baseline) and after 2, 3, 4, 5,
nd 6 hours of reperfusion. At each time point, a series
f pressure-volume loops was created over a range of
lling conditions. Stroke volume was calculated from
he integral (area) of each pressure-volume loop and
lotted against the end-diastolic volume of each loop.
he slope of this regression is termed pre-load-re-
ruitable stroke work (PRSW), and is considered a
oad-independent index of contractility.12 The volume
xis intercept of the PRSW relationship (V0) was also
erived from these data at each time point. Changes in

0 have been shown to represent a better discriminator
f post-preservation contractile dysfunction than the
lope of the PRSW relationship in a porcine heart
ransplant model.11

ssessment of Substrate Metabolism

amples of left atrial appendage were harvested at the
nd of preservation and immediately freeze-clamped in
iquid nitrogen. The tissue was stored at �80°C in a
reezer and later extracted with perchloric acid. Puri-
ed extracts were reconstituted in deuterium oxide and
H was adjusted to 7.0 to 7.4 for magnetic resonance
pectroscopy (MRS). 1H MRS with and without 13C
ecoupling were acquired with a 14.1-Tesla Varian
pectrometer (Varian Inc, Palo Alto, CA) operating at
00 MHz over a spectral width of 8000 Hz for evalua-
ion of metabolism of exogenous glucose by evaluating
3C incorporation into metabolic intermediates.13 Lac-
ate concentrations were quantified with 1H MRS by
omparison to an internal standard.

easurement of Myocardial Water Content

 sample of LV tissue was collected, blotted free of
lood, weighed, and placed in an oven for desiccation.
he sample was weighed daily. When a constant weight
as reached on consecutive measurements, water con-

ent was calculated as (wet weight � dry weight)/wet
eight.

tatistical Analysis

esults are reported as mean and standard error of the
ean. Groups were compared with a 2-sided t-test

sing SigmaStat statistical software (Systat Software Inc,
an Jose, CA). When outcome variables were measured
t multiple time points, a repeated-measures analysis of

ariance was applied. Significance was set at p � 0.05. r
ESULTS
ardiac Function

ardiac function was assessed from pressure-volume
ata acquired over a period of gradual reduction in LV
lling and expressed as (1) the slope of the PRSW
elationship and (2) the V0 of the PRSW relationship.
eft ventricular function was similar at baseline in both
roups of animals. During the reperfusion interval,
earts stored with continuous perfusion demonstrated
igher values of the slope of the PRSW relationship,
lthough the difference was not statistically significant
Figure 1A). However, V0 was significantly lower in
earts stored with perfusion preservation during the
eperfusion interval (Figure 1B). Seven hearts in this study
eveloped ventricular fibrillation that required administra-
ion of potassium chloride to regain sinus rhythm. One
eart in the Perfusion Preservation Group regained sinus
hythm spontaneously after it was unclamped.

ardiac Metabolism

earts in the Perfusion Preservation Group extracted
issolved oxygen continuously throughout the 4-hour
torage interval (Table 1). Analysis of left atrial tissue
xtracts by 1H MRS revealed less than 1% glutamate
nrichment in both groups of animals. As the natural
bundance of 13C is 1.1%, no oxidation of exogenous
abeled glucose was detected.

Very little intracellular lactate accumulated during
rgan preservation in the perfused hearts. This was
eadily apparent from inspection of spectra of each
roup and comparison of the lactate peaks to those
rom intracellular alanine (Figure 2). When absolute
issue lactate concentrations were calculated by com-
arison with an internal standard, samples collected at
he end of the preservation interval from static stored
earts had a 14-fold higher lactate level than those
tored with perfusion preservation (3.10 � 0.69 �mol/g
et weight vs 0.22 � 0.03 �mol/g wet weight; p �

.05; Figure 3).

yocardial Necrosis and Edema

yocardial necrosis was estimated from blood levels of
KMB drawn at 6 hours post-reperfusion. The CKMB

evels were significantly higher in recipient animals that
btained hearts stored with static preservation compared
ith levels in animals that received continuous perfusion
rgans (30.8 � 9.0 ng/ml vs 13.2 � 2.7 ng/ml; Figure 4,
� 0.04). Myocardial edema was not significantly differ-

nt between groups at 6 hours post-reperfusion (0.797 �
.012 vs 0.796 � 0.014; Table 2, p � 0.45).

ISCUSSION

erfusion preservation of donor hearts has been a

esearch interest of transplant surgeons; yet, clinical
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doption of this technique has been hampered by the
erceived complexity and expense of perfusion sys-
ems and by a general satisfaction with current
echniques. However, the International Society of
eart and Lung Transplantation registry data demon-

trate that 1-year mortality in heart transplant recipi-

igure 1. (A) Slope of the pre-load-recruitable stroke work (PRSW) re
etween perfused hearts and statically stored hearts was observed (p
he course of the experiment. The overall trend of V0 was significantly
p � 0.01). Data are presented with the standard error of the mean;

able 1. Variables Measured During Perfusion Preservation

torage time Temp (°C) Inflow PO2 (mm Hg) Corona

hour 7.1 � 1.1 1111 � 44
hours 6.3 � 1.0 1061 � 62
hours 6.4 � 1.9 1062 � 28

hours 5.3 � 0.7 1136 � 50 4
nts approximately doubles in cases where donor
schemic time reaches 6 hours compared with results
bserved with donor ischemic times of 3 hours or

ess, and primary graft failure remains responsible
or 40% of deaths within the first month after trans-
lantation.1 Improved preservation techniques, there-

onship during the course of the experiment. No significant difference
0.26). (B) Volume axis intercept (V0) of the PRSW relationship during
er in the perfused hearts compared with the statically stored organs

� 0.05 at specific time points.

sinus PO2 (mm Hg) � PO2 (mm Hg) Lactate (mmol/Liter)

26 � 132 585 � 88 0.03 � 0.06
39 � 184 422 � 135 0.23 � 0.17
65 � 20 477 � 77 0.13 � 0.15
lati
�
low
ry

5
6
5

46 � 67 690 � 73 0.20 � 0.18
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ore, could lead to substantial improvements in the
esults of transplantation.

A growing body of information in other organ sys-
ems (particularly kidneys) suggests that providing a
ontinuous supply of oxygenated perfusion solution to
tored organs leads to improved outcomes after trans-
lantation. The theoretic basis of these improvements is
hat the continuous delivery of oxygen and substrates
aintains cellular adenosine triphosphate content by

llowing ongoing aerobic metabolism. However, perfu-
ion preservation may also remove end products of
etabolism that could accumulate during storage (lead-

ng to intracellular acidosis) or generate oxygen free
adicals during reperfusion.

The results of any myocardial protective strategy
epend on the duration of the storage interval and on
he storage environment provided to the organ. In this

igure 3. Tissue lactate concentrations in left atrial tissue collected at
he end of the storage interval. Data are presented with the standard

igure 2. Representative magnetic resonance spectra from extracts of
eft atrial tissue at the end of storage. Methyl group protons of lactate
nd alanine C3 carbons are identified. Lactate (in relation to alanine) is
reatly reduced in the perfused hearts.
rror of the mean; *p � 0.05. P
tudy, we selected a common clinical storage interval
ecause initial clinical trials of perfusion preservation
re likely to involve conventional donor ischemic times.
e chose Celsior solution because prior studies of

erfusion preservation in stored rat hearts demon-
trated that metabolism of exogenous glucose and
xygen consumption were higher in hearts stored with
his solution compared with an intracellular solution.6

he 13C-enriched glucose was provided in the solu-
ion to enable quantification of incorporation of label
nto citric acid cycle intermediates, as previously
escribed.13

Hearts stored with perfusion preservation demon-
trated improved functional recovery compared with
tatic stored hearts, with significantly lower V0 values
easured throughout reperfusion. The PRSW slope

alues were not significantly different between groups,
ut Ryan et al11 have demonstrated that the volume axis

ntercept of the PRSW relationship (V0), not the slope,
s a better discriminator of the severity of dysfunction.11

his functional superiority is in agreement with other
arge animal studies that used a variety of devices,
olutions, temperatures, and storage intervals.2–9 Of
ote, we observed a modest functional improvement
espite a relatively brief storage interval, suggesting that
enefits may be derived from this technique even
ithin timeframes that are typically considered “safe”
ith conventional protection strategies.
The degree of functional impairment observed after

ransplantation was substantial, particularly in the Static
reservation Group, and appeared greater than would
e expected from clinical experience. Our selection of
porcine model may have played a role. In a porcine

ransplant study, Rao et al3 found that an ischemic time

able 2. Myocardial Water Content After Storage and Reperfusion

roup Water content

tatic 0.797 � 0.021

igure 4. Creatine kinase-MB isoenzyme (CKMB) levels measured in
rterial blood after 4 hours of storage and 6 hours of reperfusion. Data
re presented with the standard error of the mean; *p � 0.05.
erfusion 0.795 � 0.020
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f 4 hours resulted in severe myocardial injury, with
nly 3 of 8 transplanted pig hearts successfully weaned
rom CPB. Other investigators have reported similar
ifficulties in establishing stable hemodynamics after
reservation of porcine hearts under a variety of con-
itions.14

Hearts stored in the preservation device were found
o extract dissolved oxygen throughout the storage
eriod. This implies that oxidative metabolism was
aintained with perfusion preservation. A surprising

nding was that MRS done on left atrial samples at the
nd of the preservation interval did not demonstrate
ny significant incorporation of 13C into citric acid
ycle intermediates. This is in contrast with observa-
ions made in rat hearts preserved with an identical
olution and studied with the same MRS method.6

everal factors may explain these conflicting results.
irst, oxygen consumption without 13C incorporation
ould be explained by oxidation of endogenous energy
ources such as glycogen or triglycerides. This experi-
ent used a low flow rate, low perfusion pressure, and

old temperature, which may affect the metabolism of
xogenous nutrient sources. In addition, insulin was
ot provided in this preservation solution, and glucose
ptake may have been impaired. The MRS analysis was
onducted on left atrial tissue rather than on ventricular
yocardium where a greater metabolic rate may be

xpected. Finally, a species effect may play a role.
Magnetic resonance spectra demonstrated a dramatic

ecrease in tissue lactate accumulation in atrial tissue at
he end of the storage interval in the Perfusion Preser-
ation Group compared with the Static Preservation
roup. This may result from complete oxidation of
lucose through pyruvate dehydrogenase and the citric
cid cycle, without production of lactate. Alternatively,
ontinuous perfusion may washout lactate formed from
naerobic metabolism. Small amounts of lactate mea-
ured in the perfusion fluid during 4 hours of storage
uggest that washout may have had at least a partial
ole. Of note, all tissue lactate observed was unlabeled,
uggesting that glycolysis of glucose from the preserva-
ion solution was not a contributor. Regardless of
hether reduced lactate accumulation is a result of
ngoing aerobic metabolism or continuous washout,

ower lactate levels appear to correlate with improved
ost-reperfusion graft function. Neely and Grotyo-
ann15 have demonstrated that accumulation of anaer-
bic glycolytic products (lactate, hydrogen ion, or
educed nicotinamide adenine dinucleotide) may result
n irreversible damage to the myocardium. Rao et al16

emonstrated that post-reperfusion lactate release was
n independent predictor of myocardial dysfunction.
he increased CKMB levels measured in animals receiv-
ng static stored hearts in the current study is also
onsistent with greater ischemic damage that occurs
ith simple cold preservation.
One concern with the use of a perfusion device is the

otential for the development of myocardial edema.
everal different perfusion devices are under develop-
ent by a number of manufacturers, and these devices

iffer in the method of perfusate delivery (pulsatile vs
ontinuous vs beating heart) and perfusion solution
omposition. Poston et al9 demonstrated that continu-
us perfusion led to edema and impaired diastolic
unction after 24 hours of storage compared with static
reservation. Similarly, Nickless et al2 demonstrated
hat after 5 hours of storage and 30 minutes of reper-
usion, perfused hearts had 7% higher water content
ompared with their static counterparts.2 In contrast,
assanein et al7 demonstrated a greater degree of edema

n statically stored hearts after 12 hours of preservation
nd 2 hours of reperfusion compared with perfused
rgans. We found no significant difference in myocardial
ater content after 4 hours of preservation and 6 hours
f reperfusion between hearts undergoing static storage
nd perfusion preservation. The perfusion conditions
ay be important determinants of myocardial edema

evelopment, but it is encouraging that our protocol
esults in significant metabolic enhancements without
n associated increase in tissue edema. This technology
ay offer an opportunity to improve early results after

ardiac transplantation.
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