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'l'he field of cardiac surgery has rapidly expanded in recent 

year~. the development of the current techniques has followed a 

better understanding of cardiac metabolism. Even though th~ 

current hypothermia-based presGrvation techniques are not ideal, 

the y permit a wiùe range of surgical procedures to be 

successfully performed. Where the limitations of the 

preservation technique are extreme is in the field of cardiac 

transplantation. Currently, donor organs are immersed in a bath 

of ice cold saline solution and can be preserved for a maximum of 

6 hours. 

A few years ago, a new method of g~aft preservation was 

developed by many investigators; it was based upon the assumption 

that the heart could be preserved better and for longer periods 

of time j f it was supplied with a constant source of 02 and 

nutrients. Adequate functional preservation was then achieved 

after 24 hours of perfusion of the organ with an oxygenated 

physiologieal solution. 

It is clear that jf better cardiac preservation for 

transplantation purroses is to be achieved, it will be only 

through a better understanding of hypothermie metabolism. In the 

t irst part of this thesis, the development of cardiac 

preservation and transplantation, aerobic and anaerobic 

metaboljsm as weIl as parameters to assess graft viability will 

be briefly reviewed. 

The recently deve loped method of nl1clear magnetic resonance 

spectroscopy allows for continuous monitoring of high energy 

phosphate compound (ATP and Phosphoereatine) and intracellular pH 

of tissues or whole organs. In order to better understand why 

ex-vivo hearts can be preserved for longer periods wh en perfused 

with oxygenated crystalloid solutions under hypothermie 



.. conditions, two grou',?s of canine hearts were studied with nuclcar 

magnetic resonance spectroscopy. 

l 

GROUP l = Canine hearts preserved for 4 hours by immersion i nto a 

4 oC saline solution. 

GROUP II = Canine hearts preserved for 24 hours by continuous 

coronary perfusion wi th a rnod i f ied oxygenated Krebs 

solution at 4°C. 

The longer preservation of ATP and phosphocreatine, as wc:'ll 

as the slower decrease of intracellular pH in Grouil II hearts are 

hypothesized to be the reasons why perfused hearts can be 

preserved for longer periods of time. 



La chlrurgje cardiaque a subi d'importants developpements au 

cours des dernieres années. Ces progres n'ont éte rendus 

possibles que grâce a une meilleure compréhension du métabolisme 

cardiaque permettant une preservation prolongee basée sur 

l'hypothermie. Presentement, les greffons sont immerges dans une 

solution de salin physiologique a 5 'C: cependant, apres 6 heures 

de preservation, les coeurs sont irrémediablement endommages. 

Dans le but d' amel iorer et de prolonger la preservation du 

myocarde, une methode de perfusion continue du coeur à l'aide 

d'une solution de Krebs oxygenee a eté mise au point il y a 

quelques annees. Par cette methode, des coeurs ont pu être 

experimentalement preserves pour au-dela de 24 heures. 

Il est clair que si la preservation doit être améliorée pour 

repondre aux strictes contraintes de la transplantation 

cdrdiaque, celd doit être accompli selon une meilleure 

compehension du metabolisme sous conditions hypothermiques. 

Afin de comparer le metabolisme du coeur hypothermique sous 

conditions totalement anaerobiques versus perfusion oxygénée 

continue, la methode de spectroscopie par resonnance nucleaire 

magnetique fut utilisee. Le metabolisme de~ éléments phosphatés 

a haute energie (Adenosine tri-phosphates-ATP, Phosphocréatine -

Pcr) ainsi que le pH intracellulaire et l'accumulation d'éléments 

phosphastes inorganiques furent mesurés dans deux groupes de 

coeurs canins ex-v i vo. 

C~BQLJ~~l = Coeurs soumis à 4 heures d'hypothermie isolée dans un 
bain de seJution saline a 4"C. 

GROUPE II = Coeurs perfuses par une solution de Krebs modifiée et 
oxygenee a 4" C pour 24 heures. 



Les coeurs perfuses pour 24 heures (Groupe II) ont demontre 

4 une meilleure preservation de l'ATP, de la phosphocrcatine ainsi 

qu'une moindre diminution du pH intracellulaire. 
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la) CLINICAL CARDIAC TRANSPLANTATION - HISTORICAL PERSPECTIVE 

For more than 40 years, diseases of the heart and blood 

Jessels have been the major cause of death in North America. 

Heart and blood vessel diseases affect an estimated 42,750,000 

Americans (1). In 1981,984,610 people died of cardiovascuJar 

disease, more than 20% of them before the y reached the age of 65 

(2). It is assumed that many of these people would benefit from 

heart transplantation. Heart transplantation has become an 

accepted therapeutic modality for treatment of end-stage cardiac 

disease. 

Such a modality has been attractive to surgeons and 

cardiologists for many years. It is important to realize that 

the development of successful clinical heart transplantation 

depended on the achievement of several major milestones: 

1) Advent of safe cardiopulmonary bypass. 

2) Development of proper surgical technIque. 

3) Understanding of myocardial preservation. 

4) Acquisition of means for diagnosjng and 

treating rejection. 

A good discussion and description of the major steps jn the 

development of heart transplantation is available in any good 

textbook dealing with the subject. This is not, by any means, 

an exhaustive historical review. Following, are the major 

landmarks in the development of cardiac tr~Dsplantation. 
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1905 - A Carrel 

] 950 - Dernikhov 

1953- GIbbon 

1960 - Lower & shumway 

1964 - Hardy 

1967 - Barnard 

1968 - Shumway 

( 
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First successful canine heterotopic 

cardiac transplantation. 

Experimentation with heterotopic 

transplantation in the chest with 

circulation exclusion of recipient 

heart. 

Development of safe cardiopulmonary 

bypass. 

First successful series of canine 

orthotopic transplantation. 

Surgical technique of donor heart 

excision and implantation at 

mid-atrial level. 

Preservation of graft using topical 

hypothermia at 4°C. 

First human orthotopic 

transplantation using a chimpanzee 

heart. 

First successful human homo

transplantation. 

Implementation of first clinical 

program (Stanford University). 
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Early widespread enthusiasm for the operation led ta the 

performance of more than 100 cardiac transplants in the year 

1968, but dismal clinical results soon dampened the interest. 

The initial overwhelming expansion of transplant programs around 

the world rapidly slowect down when the tremendous problems 

assoclated with uncontrollable rejection, side-effects from 

imnlunosupp ... 'ssj ve agents and post-op management created an 

unacceptable morbidity and mortality. The concern was so great 

that, in the early 1970's only four programs around the world 

were still performing clinical heart transplantation: stanford 

(Shumway), Richmond (Lower), France (Cabrol) and South Africa 

(Barnard). A major breakthrough occurred in the late 1970's, 

when cyclosporine··A, a very potent fungal-derived 

immunosuppressant, ~ecame widely accepted as a substitute or 

adjunct to previous immuno-suppressive agents . 

..... ,- '=! advent of cyclosporine-A renewed the Interest in 

cardiac 3plantation and a slower but more cautious 

implementation of major transplant centers around the world was 

observed. 
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lb) CURRENT STATUS OF HEART 'l'RANSPLAN'rATION 

As discussed previously, there has been many advances in the 

field of crgan transplantation in the past ctecade. Heart 

transplantation has followed this evolution. Even though the 

surgical technique has not changed very much, improvernents in 

anesthesia and post-operative care, as weIl as a better 

understanding of the patho-imrnunology of organ rejection, have 

made heart transplantation to become a well-accepted therapeutic 

modality for treatment of end-stage cardiac disease or of 

mortally-ill cardiac patients (4,5). 

Between 1968 and December 31st, 1984, 55 centers in 9 

countries performed 1,644 transplants in 1,599 recipients (6). 

One thousand of these patients were in the USA, 53 in Canéda and 

546 outside of North America. In 1983, 284 heart transplants or 

about 25% of the total number ever performed, were reported 

worldwide. In 1985, there were only 10 American medical centers 

with active heart transplantation programs but 15 more were 

establishing so that by the end of 1986, 39 centers were active 

in the USA. According to the International Heart Transplant 

Registry (7), in 1986, 55 centers worldwide were performjng 

heart plus or minus heart-Iung transplantation (6) (39 in the 

USA, 9 in Canada, 14 outside North America). In 1990, 211 

centers have reported heart transplant procedure (9). 

The International Society for Heart Transplantation (7), 

since its inception in 1980, has maintained a voluntary registry 

of data on heart transplantation. Its members have been 

providing accurate information on almost aIl the transplants 

performed internationally. 

An exponential growth in the number of heart transplants has 

been noticed since 1976 (32 in 1976, 117 in 1981, 28~ in 1981, 

962 in 1985 and 3054 in 1990). 
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Up to 1991, 16 687 hearts have been transplanted. These 

patients, with a mean age of 44 years old (range: 4 days to 70 

y.o), constitute a very active branch of the society. 

The survival rate has progressively increased since the 

first human transplant in 1967 (Table 1). 

Table 1 - SURVIVAL POST CARDIAC HOMOTRANSPLANTATION 

1968-73 1974-81 1985-90 

l year 44% 63% 85% 

2 years 35% 55% 

3 years 27% 51% 78% 

4 years 21% 44% 

5 years 18% 39% 70% 

The cost 
i 

the USA i estimated at 100, 000$ (US) for the ln lS 

entire first year of care for each cardiac allograft patient (4). 

Eighty-two per cent of patients in the Stanford experience 

returned to employment or activity of choice (8) (defined as 

restoration of overall functional capacity sufficient to provide 

the patient an unrestricted option). Ninety-seven per cent of 

these patients reached NYHA Class l cardiac disability (virtually 

aIl patients had Class IV clinical status with a predicted 

survival of less than 6 months before transplantation). 

A further restriction to the expansion of cardlac transplantation 

will be the limited availability of donor organs. The nurnber of 

transplants needed annually in the USA, as evaluated by the 

Stanford group is between 1,000 and 5,000 (8). In Canada, the 

morbidity and rnortality of heart failure is 51,250/year (6). 

f Considering only the patients who are between 10-54 years old, 
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who are dying with an isolated cardiac disease in hospital, 1,400 

only would be amenable to heart replacement. The actual rate of 

transplantation in Canada is in excess of 100/year. 

The gradually increasing number of patients with 

irreversible brain death who are identified as suitable renal 

allograft donors is currently dpproximately 2,000 in the USA {8}. 

The potential heart donor pool is approximately 20-30% less. If 

the indications for heart transplantation are considerably 

expanded in the future, a major donor shortage can be 

anticipated. In the Stanford experlence, the survivùl rate of 

patients selected for transplantation and for whom no donor organ 

became available is less than 5% at 6 months. Even though, Lowcr 

in the late 1970's proposed a technique for prolonged graft 

preservation permitting long distance procurement, the technique 

allows for only 4-6 hours of ischemia. This limits the potential 

organ donor pool to only 1,000 - 1,500 miles from the transplant 

center, depending on the mode of transportation. This fact 

accounts for most of the interest in cardiac preservation 

research. If more of the rare cardiac allograft donors is no~ ta 

be lost, the preservation period has to be extended. 
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3) METHOOS OF CAROl AC PRESERVATION 

Cl inical open heart surgery began in 1953, whcn Lcw i s ,md 

Taufic (1), in Chicago, closed an atrial septal defect using 

inflow occlusion and moderate systemic hypothermia with systemic 

cooling. As early as 1939, Gibbon (2) was working on the 

development of a heart-lung machine with which he closed an 

atrial septal defect clinically in 1953 (3). It was, however, 

the corection of Fallot's tetralogy by Lillehei (4) in ]954, 

using controlled cross-circulation from a donor, that led to the 

explosive expansion of open heart surgery. 

The earliest open heart surgery provided the surqeons with d 

still, bloodless field by simply occluding the venae cnvae and 

aorta. The viability of the brain and other tissues was then 

maintained by reducing their energy demand with moderdtc (IO'C) 

systemic hypothermia. The maj or problem w i th th i 5 tel'hn i que W<:\!; 

the time: only 10 mim"-es of interrupt.ion of the ci!'"L'uldtion Wd'-; 

possible before irrev~ ible cerebral damage occurred. Systemic 

hypothermia below 30 U C was accompanied with an unacceptab1y high 

rate of ventricular fibrillation. with the patient's circulation 

supported by a pump-oxygenator lower temperatures could be used 

and the tolerance to compl9te myocardial ischemia could be 

extended ta 1 hour (5) before myocardial damage occurred. 

Melrose and Bentall (6) introduced in 1955 the concept aL 

"elective cardiac arrest": after aortic occlusion, rapid 

injectlon of a 2.5% solution of potassium citrate in blood 

arrested the heart. The heart was shown to "washout" the 

potassium upon reperfusion with damage-free recovery 0f ~ normal 

beat. After many papers demonstrated areas of subend<,'carùial 

necrosis following potassium-citrate arrest (7,8), there WdS a 

worldwide swing away from the use of such sol utions. The problcm 

• was later proved to be related to the extremely high potassium 

concentration of these early solutions. (9) 
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with the dbanuonment of cardioplegia, coronary perfusion 

became the technique of choice for myocardial preservation. 

BeCduse of improvements in design of oxygenators, filters, 

surgical expertise and post-operative management, the mor~ality 

of open heart surgery fell steadily throughout the 1960's and 

carly 1070's. The perfusion technique with a beating heart was 

felt by the surgeops to be, conceptually, the ideal method of 

prescrving myocardlal integrity but at the expense of producing 

poor surgical access. 

Shumway (10, Il) became the pionneer of topical hypothermia 

of the heart with an aortic occlusion. As early as 1963, he 

rcported a series of open heart operations for congenital defects 

with a 1% operative mortality!! He achieved these results by 

making a well ot the pericardium and running 4°C saline into it 

alter occluding the aorta. This technique allowed safe periods 

ot dortic occlusion of up to 150 minutes. The preservation 

period was extended to 4 hours for the isolated donor heart for 

transplantation using this method. 

ln an attcmpt ta protect the myocardium and at the same tirne 

produce a clear operati ve field for the surgeon, the Europeans 

kept the concept of cardioplegia alive. The st. Thomas solution 

WdS deveLoped in England (12) and used routinely by Brairnbridge 

in 1975. By 1978, coronary perfusion (fibrillatory arrest 

without aortic clamping) as a mean of preserving the myocardium 

had virtualy disappeared from clinical practice in the world. 

cardioplegia is currently the standard method but controversy 

still cxists about the ideal composition of the solution. In 

Europe, cast of the Rhine, a sOdium-poor, calcium-free, magnesiurn 

~nd procaine solution is preferred. Great-Britain and Western 

Europe use solutions similar to the st. Thomas solution 

(extracellular ionic concentration). The USA favor 

(' potasslum-enriched solutions containing little or no magnesium. 
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with the development of organ transplantation, the problem 

of prolonged extracorporeal graft preservation appeûred. 

Although sorne types of prosthetic ogans may be useful in the 

future, the full panoply of physiological function which a 

biological organ fulfills cannot be matched by these devices. 

with the recognition of cost-effectiveness of organ 

transplantation and the scaree supply of donor organs, better 

ways have to be found for prolonged graft preservation. 

Following is a brief discussion of the various methods for donor 

heart preservation with a vjew to transplantation. 
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A) NORM9Ttl~RMJC PRESERVATION 

Myocardial metabolic support under normothermic conditions 

has been done ln two ways. The first method consists in 

symbiotic perfusion of the organ with an intact organism of the 

same species or of a closely related species (13). Angell 

(14,15) showed, in 1968, that resuscitated hearts connected to 

neck vessels and then stored in a pouch in the neck of recipient 

dogs for up to 4 days were capable of supporting the circulation 

when subsequently transplanted orthotopically in a third animal. 

The main advantage of such a method is that the heart is stored 

in an ideal environment with almost normal physiological and 

biochemlcal conditions. Cardiac xenobanking for human recipients 

could be considered only if the intermediate host is chosen from 

a clnsely related species. Dupree et al (16) stored isolated 

hearts that were obtained from stumptail rnonkeys in the abdomen 

of baboons. If no immunosuppression was givrn, the hearts would 

die on day 5. When immunosuppression was used (host 

irradiation), the hearts were still beating vigorously on days 

9-11. 

The second method consists of in vitro norrnothermic 

perfusion. Heart-lung preparations from donor dogs have been 

stored in a water bag at 36-37"C by Robicsek (19,20,21). 

ventilation was accomplished by applying positive and negative 

pressure within the chamber containing the organs and coronary 

perfusion pressure was maintained by a stabilizing blood 

reservoir suspended above ~hR preparation. If taken live from 

the donor animaIs, the hearts continued to beat effectively for 

12 hours. 

Viability could be extended to 24 hours by dialyzing cross-

1 circulation with a living animal (22) but congestive heart 
l 

failure occurred secondary to pulmonary edema. More recently, 
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Tago (23) preserved hearts for 24 hours by aortic root, 

moderately hypothermie, whole blood perfusion. The hearts were 

then reimplanted orthotepically. Feurteen of the ]6 hearts 

successfully supported the recipients circulation. Histologie 

and ul trastructural studies at 24 hours and "7 days after 

reimplantatien showed goed preservation. Cells were of normal 

size with normal nuclei and aIl the other cellular components 

weIl preserved (normal mitochondria and microvasculature). On11 

slight interstitial edema was noted. In the samp line, Solis 

(24), using the same system as Tago (23), measured ventricu1ar 

lunction following transplantation, using sonomicrometric 

techniques. The hearts that were preserved ex-vivo for 12 hours 

and th en implanted in the orthotopic position had 1eft 

ventricular function statistically equal or better than acutely 

denervated or conventionally preserved transplanted hearts. 

Blood perfusion ofters many advantages - such per f'lsates may 

have an "endethel iai support ive factor" (25) that cou1d support 

microvascular integrity. Red blood cells can protect the heart 

in 3 ways: 

a) 

b) 

protective effect on vascular endothelium. 

improved oxygen transport and delivery to 

tissues. 

c) optimization of tissue perfusion by 

redistribution of the capillary blood 

flow (13). 

Whether any or aIl of these mechanisms are proteetive is 

centroversial but there is little doubt about the benefieial 

effect of blood perfusion on myoeardial preserval:ion (26,27,28). 

Platelets are thought to play a supportive raIe in 

endothelial cell funetion apart from their roJe in thrombosis and 

hemostasis. Thrombacytopenia has been shown in vivo to cause 

ultrastructural and permeability changes in the mierovasculature 
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(29). In Solis (24) paper, one of the major problems encountered 

was marked deterioration of the hearts within a few hours -

demonstrated by marked edeIT' a , increased coronary vascular 

res j stance and decreased coronary blood flow. Light microscopy 

revealed plateJet aggregation obstructing the micro-circulation 

and ischemic changes. Ibuprofen, a non-steroidal anti-

inf Iammatory agent, was added to the blood perfusate to abolish 

this phenomenon. In addition to its anti-aggregating platelet 

effect, Ibuprofen may also ha~e had an effect on granulocytes, 

inhibiting in vitro granulocyte aggregation, superoxide 

production, lysozyme release and chemota lods. 

Plasma proteins such as albumin, gamma globulin and 

hemoglobin are Lmportant because they incre3se the filtration 

coeffici8nt across the capillary walls and play a significant 

role in maintaining normal capillary permeability (30). 

As will be discussed in the section on metabo] ism, fatty 

acids are the preferred susbtrates in well-oxygenated hearts. In 

hypoxic and anoxie states, fatty acid oxidation is suppressed and 

glycolysis is stimulated. Under these circumstances, the heart 

turns ta anaerobic glycolysis for energy production. Maximal 

glucose transport bec ornes important and the lack of insulin may 

deprive the heart of adequate substrate. Insulin, therefore, is 

required in normotherrnic, whole blood perfusates. The addition 

of glucose and insulin affords a choice of aerobic energy 

production between fatty acid oxidation (supplied by fresh blood) 

or glycolysis. 

Therefore, blood components seem to offer sorne protection to 

myocardial integrity. On the other hand, many important problems 

are assoc iated w i th normothermic blood perfusion systems. 

Havj ng a beating heart in the system requires close and constant 

i moni toring of di fferent parameters (coronary vasculdr resistance 

and blood flow, arrhythmias, etc). A precise warming and 
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temperature monitoring system have to be added to the unit. Over 

long periods of time, the quantitative and qualitative 

equilibrium of blood eomponents must be maintain by artifieial 

means sueh as dialysis, cross-circulation or changing of 

perfusate. Good matching between blood and the perfused organ is 

aiso an inherent pre-requisite. 

B) CRYOPRESERVATION 

Suppression of myocardial metabolism for prolonged 

preservation by cryopreservation (deep freezing) has been very 

attractive because the storage methods based on this prineiple 

have the theoretical advantage of requiring little or no control 

or monitoring during the preservation stage: such methods should 

theoretieally allow for very extended storage time (13). 

Many problems are assoeiated with organ preservation under 

cryogenie temperatures. If the organ is frozen slowly, 

extracellular ice crystals form and cause a marked intracellular 

hyperosmolarity. Cryoproteetants such as glyeerol or dimethyl

sulfoxide will partially prevent the formation of extracellular 

crystals but they have a very slow cellular penetration. These 

compounds are toxic at 20°C, therefore rapid freezing i5 

required. 

Puppy hearts have been subjected to cryopreservation (31). 

After being cooled to -4"C, the organs were subjected to 

meehanical dehydration and then saturated with 70% glycerol. 

After a storage period of 20 hours, the hearts demonstrated a 

normal beat, col or, tone and excellent perfusion upon rewarming. 

No studies have yet conclusively shown good preservation of adult 

mammallian hearts wjth this Methode 
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C) METABOLIC REDUCTION 

Cardiae preservation by reduction of myocardial metabolism is 

a co~promise between normothermic and cryogenie methods. There 

are basically 3 ways to reduee metabolic rate: ehemical, 

hypothermie, hyperbaric. The 3 methods will be briefly 

discussed. 

i) Metabolic Reduction by Chemical Inhibition 

Nakae (32) have flushed isolated rat hearts with 1% MgS04 in 

ringer's lactate solution at 37"C. The toleranee of the hearts 

to normothermic ischemia could be extended from less than 15 min 

to 1 hour. Dog hearts arrested with MgS04 in combination with 

acetylcholine ar ehlorpromazine and kept warm in situ were shown 

to resume good contraction when heterotopieally transplanted 3-4 

hours later. The presumed protective effeet of Mgso4 is thought 

to be related ta (13): 

a) Reduction of metabolic needs. 

b) Preservation of transmembrane potentials 

in the ventricular myoeardium. 

c) Maintenance of integrity of the cellular 

membrane, prolonging the funetion of the 

ionie pump. 

Chlorpromazine (34) has a stabilizing effect on membrane 

permeability. It reduces mitoehondrial swelling, lysosomal 

leakage and cellular autolysis. 

Combining chemical inhibitors with hypothermia (4"C), it was 

possible ta extend the duration of rat heart preservation ta 

( twice that obtained by hypathermia alone or by metabolic 

inhibitors alone (33). 
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ii) Metabolic Reduction by Hypothermia 

It has been demonstrated that oxidative metabolism is 

reduced by 50% for every IO°C decrease in ternperature (13). 

Theoretically, at 2°C, the metabolic rate of most organs would be 

equivalent to approximately 5% of the normothermic value (35). A 

reduction in myocardial oxygen uptake of 50% at 27"C has been 

demonstrated (36). Cooling alone can preserve organ viability 

only for a short period. fhumwayand associates (37,38) 

successfully carried out orthotopic transplantation of canine 

hearts that had been cooled under anoxie conditions in 2-4 C 

saline solution for 4-7 hours: hearts preserved by this method 

for over 12 hours failed to support the circulation of the 

recipient animal. 

Buckley's (39) group in Boston assessed the role of 

hypothermia and cardioplegic arrest on prolonged preservation of 

canine hearts. They found that hypothermia (ll"C) for 90 minutes 

induced by high - K+ cardioplegic arrest preserved 99% of 

function as measured by left ventricular stroke work index 

before and after arrest. If the hearts were maintained at 24"C 

rather than Il"C, they recovered 80% of their funtion upon 

reperfusion. Normothermic arrest after aortic cross-clamping 

without cardioplegic use showed only ]9% return of function at 4S 

minutes. Cardioplegic arrest could increase the return of 

function to 78% at 60 min and 54% at 90 min. On electron 

microscopy, normothermic hearts demonstrated more myocytic and 

capillary endothelial damage than the hypothermia-cardioplegia 

groups. 

Hess (40) studied the function of the two most important 

subcellular organelles involved in the excitation-contraction 

coupling mechanism: the sarcoplasmic reticulum (SR) and the 

myofibril. The SR is the intracell~lar network of tubules that 

have been incriminated as the source of coupling calcium within 
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the myocardial cell and, via an ATP-dependent calcium pump, 

responsible for actively sequestering cytosolic calcium, 

resulting in relaxation. Hess worked on the basis of his 

previous studies incriminating sarcoplasmic function as one of 

the first intracellular processes to break down as a resu1t of 

ischemja (41,42). Currently, there is also good ultrastructural 

evidence for a qualitative change in myofilament function in 

acute lschemia (43-45). On that basis, Hess'group looked at 

quantitative depression of myofibrillar ATPase activity and, SR 

calcium uptake rates in canine myocardium subjected to global 

jschemia. The group of hearts that were arrested under 

normothermic conditions for 30 minutes showed marked decrease in 

SR calcium uptake velocity and ATPase activity as opposed to the 

hearts that were arrested at 8-12"C (septal). The normothermic 

hearts showed 100d protection of SR but no protection of 

myofibrillar function. The hearts that were arrested with 

cardioplegic solution and maintained at 8-12'C showed very good 

protection of both SR ATPase and myofibrillar function. It was 

also found that the protection obtained by hypothermia and 

cardioplegia was lost by 60 minutes of ischemia in the absence of 

reperfusion with the cardioplegic solution. 

Greenberg and Edmunds (46) found that the maximum tolerable 

ischemic time (for the maintenance of normal ventricular work 

capacity) of the canine heart is 10 minutes at 37°C, 15 min at 

28"C, 30 min at I8"C and 60 min below 10·C. Nevertheless, Lower 

and Shumway (47) showed that the canine heart may be successfully 

homografted orthotopically, even after 6-8 hours of storage in 

saline at 2-4'C. Canine hearts protected by selective cardiac 

hypothermia at 15-20·C will tolerate up to 2 hours of arrest. 

'l'he work capaci ty of cold-arrested hearts may exceed 80% of 

normal after restoration of circulation, whereas hearts arrested 

dt normothermia show a work capacity of only 16-29% of normal 

( 47) . 
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iii) Metabolic Reduction by Hyperbaria 

This method was used largely 0,· . ., empirical basis. It was 

originally thought that high oxygen pressures would cause the gas 

to permeate _he tissues and thereby support the metabolic necds 

of an organ during preservation (13)) On a theoretical basis, it 

was calculated that 7 atmospheres would satisfy the oxygen 

requirements of the myocardial tissue to a core depth of 1 cm 

(48). Matloff (49) showed that with pressures up to 4 

atmospheres, there was no significant penetration of oxygen into 

renal tissue. It was Lyons (50) and Feenster that then suggested 

that hyperbaric organ preservation was mostly due ta tissue 

metabolism reduction. Hyperbarism inhibits oxidative enzymatic 

systems and decreases the oxygen uptake by mammalian tissue 

preparations (51,52). 

D) PERFUSION 

Perfusion of organs is best accomplished by maintenance of 

ciculatory function in the cadaver donor, and this method is 

physiologically superior to any available method of in vitro 

perfusion. However, the cardiac deterioration that occurs ln 

brain dead patients (massi 'Je brain trauma wi th i ncreased 

intracranial pressure, for instance) which is incompletely 

understood, limits the duration that in vivo organs can be 

main(ained in this way. 

The aim of ex-vivo perfusion is to support the metabolic 

activity of the organ by continuously supplying oxygen and 

nutrients with wash out of metabolic waste products. 

Extracorporeal perfusion, though, is limited by many factors; a 

constant oxygen source is necessary, structural damage to blood 

components can occur; and optimal perfusate composition is yet te 

be found. Edema and weight gain 0f the organ, microembolization 

and perfusion resistance can severely damage the organ. 
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In 1912, Carrel (53) demonstrated that hearts removed soon 

a fter death could continue to function ex vivo if suppl ied wi th 

the ~ecessary substrates. In 1936, Kountz (47) reported post

mortem ressuscitation of 65 human cadaver hearts with restitution 

and maintenance of coordinated ventr~cular contraction by 

perfusion of the coronaries. since these ear1y experiments, 

numerous attempts to store hearts by the perfusion method in 

conjunction with hypothermia have been made. Various perfusates 

have been used; the y can be divided into biological or artificial 

solutions. 

i) Biological perfusates 

Whole blood has been used mostly at normothermia or in 

conj unction w i th moderate hypothermia. Levy (54) in 1965, 

ci rculated whole blood through a bubble oxygenator and perfused 

henrts at 37" C. The hearts kept on beating for up to Il hours 

with no chdnge in sodium, potassium or calcium concentration in 

the perfusate. In 1967, Pi tzele and Dobe1l (55, 56) used an 

extracorporeal perfusion circuit primed with whole blood and 

incorporated a silicone rubber membrane oxygenator. Canine 

hearts were success fully supported for 9-11 hours at 30 0 C and 

12-14 hours at 20" C. Compared to unstored hearts, the preserved 

orgi'\ns showed intact left ventricular function and myocardial 

metabol i sm. 

Cleveland and Lower (37) perfused canine cadaver hearts for 

4 hours using dilute unfiltered blood. They observed a graduaI 

rise in perfusion pressure, decrease in coronary flow rate and 

increase in perfusate SGOT. After 3 hours, microscopie 

examinat ion revealed many areas of subendocardial infarction wi th 

lTIicrothrombot ic occl usion of small arterioles wi th interstitial 

edema. After orthotopic transplantation, performance of the 

hearts perfused with whole blood was paor whereas hearts perfused 

with dilute filtered blood performed weIl. Feenster and Lillehei 
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(35) perfused hearts for 24 hours with pulsatile flow at 

pressures of 100 mmHg. Oxygenated dilute blood to which low 

molecular weight dextran had been added was used. The system was 

maintained at 8-l0 c e under )-4 atmospheres of hyperbaric oxygen. 

Upon homotransplantation, the resuscitated hearts showed forceful 

contraction, normal left ventricular function curves, minimal 

weight gain and normal histology. 

There are many problems associated with whole blood 

perfusion: 

a) 

b) 

Production of hemolysis (57,58,59). 

White blood cell and plate let 

destruction-aggregation (60-63). 

c) Plasma protein denaturntion (64-67). 

Perfusion with plasma is possible only at temperatures of 

26-28°C or above because of its low oxygep-carrying eapacity, and 

as a result, depending on the level of hypothermia, relatively 

higher perfusion flows may be required when compared to those 

using whole blood (13). Suceessful storage of canine hearts for 

up to 24 hours by hypot.hermie (18-24°C) plasma perfusion eombined 

with hyperbaric oxygenation (3 atmospheres) has been reported by 

Feenster (67). These hearts were evaluated by orthotopic 

transplantation. Good funetional recovery lasting up to 13 days 

was obtained with hearts that had been stored for 4-12 hours. 

However, the duration of survival of the recipients became 

progressively shorter as the length of the preservation period 

was increased to 16-24 hours. 

In aIl the experiments mentionned, the severity of 

morphological damage increased as the preservation period was 

lengthened. It was found by Ferrans and Levitsky (68), in an 

attempt to decrease the incidence of interstitial edema, that 

when the osmolarity of the plasma perfusate was raised from 256 

to 316 mOsm/L, the post-preservation interstitial edema was 



25 

absent and the evaluation of these hearts by ex-vivo perfusion 

and iso-volumic left ventricular pressure balloon showed a normal 

level of rnyoeardial eontractility. In 1970, Levitsky perfused 

hearts with filtered plasma for 18 hours and eompared these with 

control hearts immediately after excision. The active 

length-tension curves were unchanged for up to 18 hours of 

preservation and was depressed at 24 hours. The dp/dt of 

preserved hearts was 1301 mmHg/sec after 18 hours and 1310 

mmHg/sec in the non-preserved group. The dp/dt fell to ~oo 

mmHg/see after 24 hours of preservation (p < 0.05). Interstitial 

edema was present in aIl preserved hearts. Alt~rations in 

cellular glyeogen content, in the morphologie appearance of the 

sarcoplasrnic reticulum and mitochondria correlated weIL with the 

hemodynamic values. During the period of preservation, Levitsky 

observed that depressed myocardial function eould be predicted by 

increases in perfusion pres8ure above 70 mmHg and increasing 

aeidosis. 

ii) Artificial Perfusates 

The advantages of balanced salt solutions for organ perfusion 

are that they are easy to prepare and their formulation can be 

varied in many ways. On the other hand, these solutions will 

always lack the charaeteristics and useful properties of blood or 

plasma such as effective oncotic pressure and viscosity. Only a 

fraction of the metabolites normally present in plasma or blood 

can be incorporated. 

Hypothermie cardiac perfusion with a chemically defined 

medium resembling plasma (electrolytes) has repeatedly yielded 

edematous organs in 1-6 hours and gross evidence of cardiac 

failure following in vitro evaluation (69,70,71). The addition 

of colloid (69,71) to the perfusate and of a filter to the 

( perfusion system (72) in order to prevent e~bolization of 
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particulate matter seerned to benefit survival of the stored 

hearts. 

Proctor and Parker (73~ used a rnodified Kreb's solution with 

a low calcium concentration and also containing 9.6% dextran 70, 

chlorpromazine, hydrocortisone, insulin and procaine. The hearts 

were stored successfully for 72 hours at 4"C with continuous 

perfusate filtration (3-8 urn size) under a perfusion pressure of 

20-30 cm H20. After orthotopic transplantation, the hearts were 

able to assume control of the circulation with a mean systolic 

pressure of 70-100 mrnHg without inotropic support. The over~ll 

rate of viability with this rnethod was 75%. 

In 1980, Guerraty (75) perfused hearts for 24 hours using a 

modified Kreb's solution. The hearts were then ort~otopically 

transplanted and cornpared to a group of freshly excised hearts. 

He found no correlation between coronary resistance and recipient 

survival (aIl the transplanted hearts reported functioned weil). 

A rapid rise of perfusa~e CPK, on the other hand, correlated weIl 

with cardiac failure after transplantation. 

Ex vivo preservation by continuous perfusion for 24 hours or 

longer has also been studied by Copeland (76). Using 

hypothermie, asanguineous, low-pressure p8rfusion with a moditicd 

Kreb's solution and pre-treatrnent of the donor animal with 

phenoxy-benzamine and glyeeryl trinitrate, the y successfully 

transplanted 30 hearts. 

Guerraty (75) had found a positive correlation between graft 

weight gain and eoronary resistance during preservation. 

Interstitial edema, he thought, caused external compression of 

the vaseular bed. He coneluded that a weight gain less than 25% 

and a eoronary resistance increase less than 30% after 24 hours 

of preservation constituted reliable criteria of graft viabiJity. 

The difference observed in chese 2 studies in perfusate CPK (less 
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in Guerraty' s tha n in Copeland' s series) might be explained by 

the use of less calcium in the perfusate and pre-treatment of the 

donor animaIs wi th dil tiazem which may have decreased the 

ce] lular damage by reducing membrane permeability to calcium. 

Guerraty (75) recommended to observe the following factors for 

ildequate prolonged preservation: 

1) Donor heart coronary vasodilation prior 

to cardiectomy with diltiazem or nitroglycerin. 

2) Rapid electromechanical arrest by cardioplegia 

to reduce depletion of energy substrates. 

3) Avoidance of air embol ism. 

4) Filtration to avoid microembolization. 

In 1981, Warner (77) studied subcellular function after 24 

hours of preservation using Guerraty's (75) method. Sarcoplasmic 

reticulum (SR) calcium-stimulated, magnesium-dependent ATPase 

activity was not different when comparing hearts perfused in 

vitro for 24 hours to hearts preserved in 4°C saline for 3 hours. 

Contractile protein function measured as myofibrillar calcium

ATPase curves demonstrated a depression of maximal ATPase 

acti vi ty in the non-perfused hearts but not in the perfused 

hearts. He concl uded that myocardial preservation in 4 ° C saI ine 

for only 3 hours resulted in a significant degree of 

ischemic-reperfuslon injury ta the excitation-contraction 

coupl ing system. In contrast, the intact heart could be 

maintained for 24 hours by continuous non-puisatile, hypothermie 

perfusion with a minimum of ischemic-reperfusion injury to the 

excitation-contraction coupling system. 

In 1986, Burt and Copeland (78) did a very complete study of 

hearts preserved for prolonged periods. They evaluated isolated 
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rabbit hearts in ~ Langendorf preparation. They had 5 different 

groups of hearts and studied them functionally: 

1 

rI 

III 

IV 

v 

GROUP 

Cooling + immediate 
reperfusion 

Cardioplegic arrest + cooling 
+ Immediate reperfusion 

Cardioplegic arrest + cooling 
+ reperfusion after ischemia at 

5"C 

and 25"C 

Cardioplegic arrest + 
cooling + 24 hour perfuslon 
+ reperfusion 

Cardioplegic arrest + 
cooling + 24 hour perfusion 
+ ischemia 25°C + reperfusion 

No 1055 of functjon 
25 min to recover 

Full and im~ediate 
recovery of function 

95% recovery of 
function 

89% recovery of 
function 

84% recovery of 
function 

75% recovery of 
function 

Their data clearly indicated that most of the damage occur 

during the preservation period. Bath compliance and 

contractility declined in hearts preserved for 24 hours. The 

10ss of compliance was thought to be secondary to contracture and 

edema. They aiso clearly demonstrated a clear correlation 

between edema (weight gain) and depression of contractiJity and 

compliance. This was reinforced by histologie evaluation which 

found many areas in which contracture bands had formed. This 

data also indicated that the effects of the preservation and 

ischemic periods were at least in part additive. The authors 

concluded that the mechanism involved in tissue injury durjng 
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preservation and ischemia are not yet known. The most 

frequently cited damage mechanjsms aLe: 

a) energy supply depletion 
b) al teration of iOllic gradients 
c) waste products accumulation 
d) cellular edema 
e) membrane leakiness 

jii) Summary 

If perfusion above 30 U C is to be used, perfusates of high 

oxygen-carrying capacity (whole or diluted blood) are required if 

excessively high coronary perfusion flows are to be avoided in 

order to meet the hiqh oxygen demands of normothermic tissues. 

At temperatures less than 28°C, non-cellular perfusates, 5uch as 

plasma or balanced salt solutions can be used since the decrease 

in tissue oxygen uptake coincides with an increase in oxygen 

dissolution in these fluids. The use of whole blood presents the 

disadvantages of hemolysis, cellular aggregation and 

denaturatiion of labile plasma proteins. 

At n constant coronary flow, increases in blood viscosity, 

obtained by varying the hematocrit from 7% to 68%, result in 

corresponding increases in left ventricular pressures under 

isovolumic conditions (JJ). The role played by viscosity is also 

pojnted up by the fact that when the viscosity of 

cryoprecipitated plasma is increased by the addition of starch, a 

linear relationship between viscosity and left ventricular 

pressure comparable to that of blood is obtained (13). Also, 

compared ta pure plasma, perfusion with viscous plasma 

significantly retards the development of myocardial edema (13). 

It is thcrefore conceivable that perfusion with a non-viscous 

perfusùte such as cryaprecipitated plasma results in an uneven 

distribution of flow and localized foci of hypoxia, even though 

the perfusion pressure may be adequate. The disadvantages of 
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whole blood pe~fusion, therefore, seem to be avoidable by the use 

of viscous non-cellular solution. 

Under hypothermia, the depression of membrane activity leads 

to intracellular influx of sodium and water. At 10"C, perfusion 

of the isolated canine heart with high flow and high perfusion 

pressure leads to 50-100% weight gain over 24 heurs. If a lew 

flow-Iow pressure system is used, a 30% weight gain ls observed 

(79). Myocardial edema consists of edematous myocytes, damaged 

capillary membranes, narrow vascular lumens, lysis of 

myofilaments, dilatation of SR and mitochondrial swelling. 

In conclusion, adequate myocardial preservation can be 

obtained by simple perfusion techniques. Although blood carries 

advantages as weIl as disadvantages, some beneficial properties 

of blood perfusates can be relatively easily added to 

non-cellular perfusates. 
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3) METABOLIC CONSIDERATIONS 

Exhaustive review of cellular metabolism can be obtained 

from any good biochemistry textbook. The following is only a 

brief review of energy production pathways occurring in 

myocardial tissue. This information was basically derived from 

Katz(1) and Lehninger's (2) textbooks. 

Energy generation in the heart occurs through two major 

metabolic pathways: 

1. Glycolysis. 

2. Oxidative phosphorylation. 

Glycolysis is essential for aerobic breakdown of 

carbohydrates to CO2 and H20. It may also provide ATP under 

anaerobic conditions. Oxidative phosphorylation is the major 

energy-producing reaction. 

a) Glycolysis 

In the glycolytic pathway, each glucose molecule js 

metabolized to either Lactate or Acetyl CoA (Fig 1). When 

glucose is converted to lactate, the net synthesis of ATP js 2 

moles of ATP/mole of glucose (4 moles of ATP are synthesizcd but 

2 moles of ATP are required to phosphorylate glucose to fructose 

1,6-biphosphate) . 

The rate of glycolysis can be modulated at various points 

(see fig 1): 

1- Glucose transport. 

2. Hexokinase reaction. 

3. Phosphofructokinase reaction. 

4. Glyceraldehyde - 3 - P Dehydrogenase reaction. 

5. Lactate Dehydrogenase reaction. 
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Glucose entry into the myocardial cell is carrier-mediated 

but does not require energy. It simply moves down a very high 

concentration gradient. Factors that accelerate this carrier

mediated transport are: 

Insulin 

Epinephrine 

Hypoxia 

The rate of the hexokinase reaction is deeply influenced by 

variations in the intracellular levels of G-6-P, ATP, ADP, AMP 

and P,. The most important control at this level is an increased 

concentration of G-6-P which inhibits hexokinase phosphorylation 

of glucose. The structure of the enzyme is altered by increased 

G-6-P, reducing its ability to phosphorylate glucose. Therefore, 

any accelerated flux of substrates through the subsequent 

reactions of glyco~ysis, by consuming G-6-P, increases the rate 

at which the phosphosugar is produced from glucose. ATP has an 

inhibitory effect whilp ADP, AMP and P, stimulate glucose 

phosphorylatjon. 

The phosphofructokinase reaction is the major control point 

of glycolysis. Various substrates or conditions affect this 

enzyme's activity as following: 

Increased Enzyme Activity 

ADP 

AMP 

P, 

F-l,6-DP 

cAMP 

N~+ 

Decreased Enzyme Activity 

Acidosis 

ATP 

Phosphocreatine 

citrate 
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is also modulated As hexokinase, phosphofructokinase (PFK) 

by high and low-energy phosphate compounds. Acidosis exerts a 

Citrate, one of the powerfui inhibi tory effect on this enzyme. 

intermediates of oxidative phosphorylation, has a well-documented 

and important ability to inhibit PFK. In this way, increased 

aerobic metabolism, which produces citrate, can slow glycolysis. 

The glyceraldehyde-3-P dehydrogenase reaction is not of 

maj or importance in regulating glycolysis. Under hypoxic or 

ischemic conditions, where PFK becomes strongly activated in the 

heart, glycolysis control shifts to this reaction. This enzyme 

is regulated largely by product inhibition in that i t i5 

extremely sensitive to the inhibitory effects of l, J - diP 

glycerate and NADH accumulation. Under hypoX1C conditions, NADH 

is not oxidyzed and its accumulation slows glycolysis. 

Glycolysis in the ischemic heart is therefore regulated by a 

different set of metabolites than those in the well-oxygenated 

heart. Glycolytic control in the ischemic heart shifts from a 

step that is governed by energy needs (ATP) to one in which 

control is exerted by the ability of the cell to oxidizc 

substrates and coenzymes. 

In the weII-oxygenated hearts, the lactate dehydrogenase 

(LDH) reaction is not utilized. Instead NAD is regenerated (rom 

NADH in the mitochondria. In the myocardium, as opposed to white 

skeletai muscle, which depends heavily on anaerobi c glycol ysj s 

for energy production, the reaction catalyzed by JJDH plays litle 

role in determining the metabolic fate of pyruvate; instead 

pyruvate metabolism is controlled by pyruvate dehydroqenase, 

which catalyzes the formation of Acetyl-CoA. 

The final step in aerobic glycolysis is the conversion of 

pyruvate to Acetate. This 2 carbon fragment which enters the 

.J tricarbonylic acid (TCA) cycle does so as a complex bound Irdth 

coenzyme A (CoA-SH). The acetate is attached to the sllfhydryl 
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group of CoA by a high-energy thio ester bond, much as the 

terminal phosphate group is attached to ATP by a high-energy 

phosphoester bond. Acetyl-CoA can be formed in 2 ways: 

1) Carbohydrate metabol ism during glycolysis. 

2) Beta - oxidation of fatty acids. 

The formation of Acetyl-CoA can take place only under 

aerobic conditions in the mi tochodria. The conversion of 

pyruvate to Acetyl-CoA is catalyzed by the enzyme pyruvate 

dehydrogenase (Fig 1). This reaction which liberates CO2 is 

through a huge mu] ti-enzyme compound. "The extreme complexity of 

the regulation of this step in carbohydrate metabolism is not 

surprising when it is recognized that the metabolic fate of 

pyruvate stands at the crossroads between anaerobic and aerobic 

metabol i sm. Pyruvate can be converted to lactate, thereby 

regencrat ing ox idyzed NAD for continuing glycolysis as in the 

heart under anaerobic conditions. On the other hand, in the 

well-oxYlJenated heart, pyruvate enters into oxidati ve metabolism 

by convers ion to Acetyl-CoA" (1) • 

Glycogen is an important source of carbohydrate for 

glycolysis. The synthesis and breakdown of glycogen are 

regulated by enzymes which can exist physiologically in active or 

inactive forms and whose interconversion is regulated by a series 

of hormonally determined reactions (Fig. 2). 

b) Oxidative phosphorylation 

Oxidative phosphorylation takes place almost entirely within 

the mitochondr ia. AlI of the sUbstrates, metaboli tes and 

cofactors must traverse the membrane barrier between the cytosol 

and the mi tochondiral matrix. Fat and carbohydrates must first 

{ be converted into 2 carbon fragments before entering the 

oxidative metabol ic pathways. 
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Fat + CHO -> 2 carbon fragments -> oxidative metabolisme 

Fats are found in 2 forms - free fatty acids (FFA) are bound 

to plasma proteins, mainly albumin. Triglycerides ('1'GL) are 

complexes of fatty acids (FA) and phospholipids esterified to 

glycerol, a 3 carbon sugar. 

Uptake of FFA by the cell is due to passive diffusion across 

the cell membrane. TGL enter the cell aft2r hydrolysis during 

which the esteri f ied FA is released from 9 lycerol by the 

lipoprotein lipase present on the capillary endothel i um. 'rh is 

enzyme is also activated by epinephrine. The intrrtcellulrtr FA 

are then activated by forming a complex with coenzyme A (CoA). 

Acyl-CoA is a precursor for the acyl-carinitine derlvatives which 

can cross the mitochondrial membrane. Such activation requin~s 

ATP. Once acylcarnitine is formed, transfer occurs and acylCoA 

is retransformed inside the mi tochondria (carin i tine acts solely 

as a carrier). Breakdown of acyl-CoA to Acetyl-CoA then occurs 

in the mitochondria producing a substrate for the TCA cycle. 

Fat metabol ism is absol utely dependent on a continuing suppl y of 

oxygene When coronary flow is interrupted, ATP can no longer be 

produced from fats. 

The TCA cycle (Fig 3) is catalyzed by enzymes which are free 

within the mitochondrial matrix. Only 1 ATP molecule is directly 

formed by the cycle. The greatest portion of the chemica l energy 

released by the TCA cycle is in the 4 oxidative reactions forminq 

3 NADH and 1 FADH2 • ATP can then be produced from NADH and f'ADH1 

by t.he respiratory chain-linked phosphorylation. Al L the NAJJH 

produced from the TCA cycle is readily accessible to oxidative 

phosphorylation in the mi tochondria. On the other hand, in the 

case of NADH produced during glycolysis, reduction of the 

coenzyme occurs in the cytosol and sa must be returned ta the 

rnitochondria before it can be converted into ATP. Also, under 

aerobic cond i tians, where lactate is not formed, the NAD 
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essential for glycolysis must be derived from intramitochondrial 

supplies. The mitochondrial membrane being not permeable to NAD 

or NADH, the membrane-transport mechanism is the malate-aspartate 

cycle (see Katz (1), pp 35-72). The malate-aspartate cycle 

resupplies the cytosol with NAD which can be used for glycolysis 

while it makes NADH available in the mitochondria for oxidative 

phosphorylatjon and production of ATP. 

As mentioned previously, almost all the ATP produced by 

aerobic metabolism is obtained by a series of oxidative 

reactions. The enzymes catalyzing these reactions are tightly 

bound to the mitochondrial membrane. Each mole of NADH produces 

3 moles of ATP while each mole of FADH2 produces 2 moles of ATP. 

ENERGY BALANCE SUMMARY 

Reaction Substrate-Ievel 
Phosphorylation 

ATP 

Resp. Chain 
Phosphorylation 

ATP 

Total 
ATP 

l - ANAEROBIC 

Glucose -> Lactate 

II - AEROBIC 

Glucose -> Pyruvate 
2NADH -';> 2NAD 

2Pyruvate -> 2Acetyl 
2NADH -';> 2NAD 

2Acetyl CoA -':> 4COz 
6NADH -';> 6NAD 
2FADH2 

-> 2FAD 

Net ATP Production 

2 

2 
0 

CoA 0 
0 
2 
0 
0 

4 

o 

o 
4 
o 
6 
o 

18 
4 

32 

2 

2 
4 
o 
6 
2 

18 
4 

36 
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Anoxia or ischemia halts the pathways responsible for 

producing almost 95% of the ATP derived from carbohydrate 

metabolism. In addition, ischemia inhibits completely the 

oxidation of fatty acids, which normally comprise a more 

important energy source than carbohydrates for the neart. The 

devastating effects of ischemia on cardiac function are therefore 

clearly understandable. 

The enzymatic transfer of high-energy phosphate bonds to ADP 

occurs through 2 general classes of high-energy phosphate 

compounds that can serve as phosphate donors. In the first 

group, 3-phosphoglyceroyl phosphate and phosphoenolpyruvate are 

generated by catabolism of fuel molecules or during glycolysis. 

In the second group, phosphocreatine is the major storage 

reservoir of chemical energy in muscles. The phosphate group in 

phosphocreatine is enzymatically transferred to ADP by the enzyme 

creatine kinase. 

PCr + ADP ---> Creatine + ATP 

It is very important to emphasize that ATP does not function 

primarily as a reservoir of chemical energy, instead, i tacts as 

a transmitter or carrier of energy. The amount of ATP in the 

cell at any given time, is sufficient for only a short perioJ. 

Phosphocreatine in the cardiac cell, is the major reservoir of 

energy. Phosphocreatine is formed whenever ATP i5 at a high 

concentration. since there is no other pathway for the formation 

or dephosphorylation of phosphocreatine, as saon as ATP taUs, it 

is replenished from phosphocreatine. 
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LIST OF FIGURES: 

1. The glycolytic pathway. 

2. Glycogen formation and breakdown. 

3. Pathways of acetyl-CoA oxidation. 
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Figure 1: The Glycolytie Pathway. 

AlI enzymes can function physiologieally in the 

re verse di rec t ion ex cept .those marked wi th an 
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Pathways of glycogen synthesis(left,reading upward) 
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downward), Glycogen synthesis is control1ed main!y 

by gl Y cogen synt hesase, which ca tal y zes reac tion 1; 

and glycogenolysis is regulated by phosphorylase, 

which catalyzes reaction 2. 
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B: Substrate level phosphorylation. 

Each mole of enzyme-bound CoA released from 

succinyl-CoA provides for generation of a 

single mole of ATP by substrate level phosp-

horylation. 
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4) VIABILITY ASSAYS FOR CARDIAC PRESERVATION 

In cardiac transplantation, as opposed to kidney or 

pancreatj c transplants, the heart must be able to support 

recipj ent 1 s circul ation immediately after reimplantation. As 

opposed to other organs, there is no good mechanical support 

device that can replace the failing graft for long periods with 

no harm. The support of adequate body perfusion per se, 

consists in the best viability test for a heart that has been 

preserved for a certain period of time. This method has the 

disaùvantage to be very impractical as a pre-transplant predictor 

of funct ion. 

As the duration of the preservation period is increased, the 

chances for progressive imbalances between the nurnerous factors 

influencing v iabi li ty become greater, and the necesity for 

accurate prediction of functional integrity of the stored heart 

prior ta transplantation assumes a particular significance. 

As mentioneri in an earlier section, the graft is usually 

maintained either in a 4-5 U C saline bath prior to clinical 

transplantation, or continuously perfused for extended periods in 

the experimental setting. It is accepted that a release of SGOT, 

LDH, or CPK or arise in calcium, potassium or inorganic 

phosphates (1) in the saI ine solution or perfusate as weIl as a 

rise in perfusion pressure or coronary vascular resistance (2,3) 

can all predict varying degrees of graft dysfunction upon 

reimplantation. rrhese evaluation tests though, are largely 

negdti ve in the sense that significant changes involving the 

pardmeters indicate a deterioration of the stored heart; the 

absence of such changes does not necessarily reflect preservation 

of the abil i ty of the organ to support a physiolog ical work load 

following re\varming and orthotopic implantation. 
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In 1981, BetheDcourt and Laks (4) studied myocardial edemd 

and cornpliance during preservation of canine hearts using 

hypothermic, low pressure, continuous perfusion with a modified 

Kreb's solution. They demonstrated a statistically significRnt 

rise in gravimetric heart water content from 78 ± 0.8 ml/IOO grn 

to 84.2 ± 0.3 ml/IOO gm after 24 hours of perfusion (p ~ 0.01); 

the passive compliance of the hearts, measured by inflatable 

intraventricular balloon-tipped catheter, decreased from 1.49 ~ 

0.03 ml/mmHg to 0.65 ± 0.14 ml/mmHg (p < 0.05) in the sarne 

period of tirne. Light and electron rnicroscopy after 24 hours of 

preservation showed marked pericapillary edema but excellent 

preservation of intracellular structure. By measuring the 

coronary resistance during preservation, they found a positive 

correlation between this parameter and the change in passive 

complianee. The passive compliance after 24 hours of 

preservation also correlated weIl (r = 0.73) with the myoeardjd] 

compliance post-transplantation. The authors concluded that il 

change in passive compliance provides an additional index of 

heart viability. 

Microscopie methods can be very useful to assess structural 

integrity of the heart post-preservation. Light mieroscopy 

permits mostly an assessment of interstitial and myocytje edema 

while electron microscopy will assess sarcoplasmic reticulum anù 

mitochondrial integrity. These methods are valid in the 

experimental laboratory but do not permit an immediate assessment 

of graft viability as rapidly as required in the clinical 

setting. 

Myocardial content of Lactate, glycogen, ATP anù 

phosphocreatine can be obtained from biopsy specimens. Complex 

biochemical assays are required for these tests and significant 

damage can be inflicted on the hearts by taking the biopsies. 

T Valuable ischemic time i5 also required for processing and 

analysis of the samples. Myocardial ATP content 50 far seems to 
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be the best index of heart functional preservation. Jennings et 

al (5) in 1978, studied canine ischemic myocardium. Sudden 

occlusion of a coronary artery results in rapid conversion to 

anaerobic metabolism with consequent loss of high energy 

phosphates from the ischemic myocardium. Initially, 

phospho-creatinc forms further ATP (per + ADP --> ATP + Cr) but 

the tissue content of this very important reservoir of 

high-energy phosphate bonds was found by the authors to be 

reduced to 30% of its initial level by GO seconds of ischemia 

(warm). Synthesis of high-energy phosphate continues in the 

ischemic tissue but at a much reduced rate compared with control 

aerobic conditions because anaerobic glycolysis i5 the only 

source of new high-energy bonds (as described in the section on 

metabolism, only 2 moles of ATP per mole of glucose are derived 

from the breakdown of glycogen to lactate). In severe ischemia, 

little glucose being available, glycolysis is limlted by a low 

cellular supply of glycogen, a progressive intracellular acidosis 

and by destruction of nucleosides and nucleotides by 

nucleotidases. 

Jennings (5) cites that depl~tion of high energy phosphate 

i5 associated with failure of the celis to recover contractile 

[unction. This duthor tried to determine the relationship 

betwcen ATP depletion and cellular death as evaluated by 

characteristic changes in ultrastructure, cell volume regulation 

and reperfusion studies. After acutely occluding the circumflex 

coronary artery, Jennings demonstrated that after 15 minutes of 

warm ischemia, only 30% of the initial ATP remained; this amount 

was associated with reversible ultrastructural changes. After 30 

minutes, g~ of ATP was present. At 40 mminutes, when only 7% of 

ATP remained and the cells showed completely irreversible 

ultrastructural changes and markedly altered cell volume 

regulation mechanisms. The author concluded that a close 

relationship exists between the marked depletion of high energy 

phosph~te and lethal in jury. Again it must be emphasized that 
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such biochemical assays for ATP determination are long and 

complex ta perform and, therefore do not dpply weIl to clinical 

heart transplantation. At present, there ls no good non-invasive 

method to assess the quality of the graft before repertusion. 

Quantitative birefrinqence measurements on myocardial tissue 

give a good indirect assessment of the ability of the muscle 

fibres to respond to ATP and calcium. 

The method is rapid and simple and has been shawn to be a 

reliable monitor of myocardial protection during cardiopulmondry 

bypass and to give an indication of the immediate POHt-opcrativc 

condition of the patient (8, 9, 10) • In 1987, Da rràcot t-(',lIlkov il; 

(7) applied the method to clinical heart transplàntation. Altcr 

taking Tru-cut needle biopsies of 50 hearts, the birolrinqcncc 

ratio was measured before excision and during trànsport of the 

graft. Fifteen hearts showed poor birefrinqence r~tioH bcforc 

excision, 67% of the recipients of these heàrts requ i red post-op 

inotropic support. 22 grafts deteriorated during transport; ~O% 

of the recipients recei ved post-op inotropic support. Th i rtcen 

hearts showed good ratios before excision and during transport: 

none of the recipients had to receive inotropes in the recovery 

period. No harmful damage was inf l icted to these hea rts and 

results were available within 15 minutes of sampI inq. 

Intracellular pH (see next section on NMR spectroscopy) i:; 

important for glycolytic metabolism. AlI the methoùs ~;o far 11Gcd 

to measure it are inaccurate and reflect mostly inter~,;titii1J pli 

rather than intracellular pH. Only Nuclear Magnetic Resonance 

permits very accu rate measurements of intracellulc.lr pH. 

In conclusion, it is very hard to preùict jf a preserveù 

heart will regain full functional integrity atter reimpldntation. 

Crude measurements can be done but they aIl have the ùisaùvantag0 

of either being long or cumbersome to perform. These methods c.lrc 

aiso usually destructive by the fa ct that biopsy f,amplef; are 
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requircd. lt is clear, however, that energy is neeessary for the 

muscle fibres to contraet. Metabolie pathways under 

normothermie, physiological conditions are weIl known; however, a 

method has to be deseribed to non-invasively assess cardiac 

metabolism under hypothermie conditions. The method has to be 

aeeurate, flexible, rapid and reliable. If hypothermie 

myoeardial metabolism ean be better defined, then viability of 

preserved hearts will be better predieted; this would also allow 

intelligent and better planned improvements in the preservation 

technique. 
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5} NUCLEAR MAGNETIC RESONANCE SPECTROSCOPX 

31-Phosphorus nuclear magnetic resonance (31 p - NMR ) 

spectroscopy allows non-invasive study of the metabolism of ATP, 

creatine phosphate (PCr) and inorganic phosphates (Pi) in 

isolated, intact, functioning organs. It permits quùntitation of 

dynamic aspects of the metabolism of the se compounds. The method 

is non-invasive, can be repeated at will and allows physiologicdl 

function in intact organs. 

Historical Perspective(l} 

1945 - Purcell (Harvard) 

Black (Stanford) 

1960 - Cohn and Hughes 

Detection of mùgnetic 

absorption propertics 

of protons. 

First high resolution 

spectrum of il solution of 

ATP. 

1973 - Moon and Richards - Measurement of 

intracellular pH ot human 

red blood cel] s. 

1974 - Henderson 

- Houl t & Radda 

- Lanterbur 

First ATP spectrum trom 

cells. 

Full spectrum of i ntdct 

muscle. 

Definition of spatial 

distribution of protons in 

a sample - the basis of NMR 

imaging. 
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NMR spectroscopy was initially used by physicists to 

measure magnetic properties of various nuclei (atoms). The 

chemists then recognized the power of NMR in elucidating the 

structure of compounds. ln the early experiments, proton 

spectroscopy (H-I) was used, then carbon-13 (C-13). Isotopes of 

phosphorus, nitrogen, fluorine, sodium, magnesium and lithium are 

now widely useù. 

NMR spectroscopy is based on the magnetic properties of 

nuc]ei while ultraviolet and visible spectroscopies are based on 

properties of electronic states in molecules. Nuclei with odd 

mass and/or odù atomic number behave as spinning electrical 

charges dnd therüfore have a magnetic moment. 31-Phosporus 

(JI-P) has dn odd atomic mass and number. 

In their usual state, 31-P nuclei have their magnetic 

moments aligned in a random fashion (Fig 1). If the nuclei are 

pl nced j n a stronq magnetic field (Ho), the loagnetic moment of 

each nucleus will align either parallel (low energy state) or 

tll1ti-parallel (high energy state) to the external magnetic field 

(Ho). ]f energy i~ provided (Fig 2) at the proper frequency in 

the radio frequency range, energy will be absorbed, and a 

transition from the ]ower to higher energy state can take place. 

If the radio frequency signal is interrupted, nuclei will 

spontaneously return to their initial low energy state. A signal 

with a certain frequency will then be emitted (fig 2) . 

NMR spectroscopy therefore requires a strong homogeneous 

magnetic field (produced by a superconducting magnet), d radio 

trequency transmitter and a receiver. A computer collects and 

stores the received signaIs: it then performs Fourier 

c~lculations ta obtain a spectrum (Fig 3). 
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Radio frequency pulses of 1-100 second duration are applied 

every 0.5 - 5 seconds. The receiver is turned on after each 

pulse and the radio frequency signal induced by the decay in 

magnetization as nuclei return to the lower energy state is 

measured. Results of each pulsed signal are stored in the 

computer and then averaged over pre-prograrnrned blocks of tirne. 

This decay in the radio frequency signal, called the (ree

induction decay, contains information about aIl the nucleus

specifie transitions that occurred in the sample. The tree

induction decay, which relates signal intensity to tirne, is 

virtually uninterpretable to the dverage NMR user. Using the 

Fourier transforrn, the relationship of signal intensity to time 

is mathematically manipulated to produce a spectrurn relating 

intensity to frequency (Fig 3). In such a spectrum, each 

phosphorus compound is associated with a well-defined frequcncy. 

The absolute or relative concentration of each compound Cdn be 

deducted by the surface area under each resonance peak. 

Most nuclei of biological interest have isotopes observable 

by NMR. Ease of observation depends both on natural abunùùnce 

and inherent NMR sensitivity. Stable nuclei with high natur~l 

abundance are hydrogen (H-l), fluorine-19 (F-19), sodium-23 (Na-

23) and phosphorus-3I (P-31). 

Not aIl nuclei are equally NMR-sensitive. A proton i5 the 

rnost sensi ti ve (and rnost abundant) nucleus. Each nuclcu~; j s NMH

sensitive over a relatively narrow range of radio frequency 

radiation, and its characteristic radio frequency range i~ cdciJy 

separable from those of other nuclei. ror a magnetic fjeld 

strenqth of 8.46 Testa (T), the field strength of the cùrth beinq 

ID-ST, H-I signaIs are observed at a radio frequency of 360 MHz 

and those of P-31 at 145.75 MHz. Frequency is usua!ly exprcssed 

7 numerically as parts per million (ppm), which is the ratio ot the 

difference between frequency of a specifie nucleus and a 
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reference resonance in hertz divided by the spectrometer 

operating frequency in Megahertz. 

NMR spectroscopy i5 now very sensitive. Technological 

advances in both instrumentation and computers have so progressed 

that, fer example, 5 umoles of ATP in a 1 gm heart can be 

detected in a few seconds. 

'fhe 31 P-NMR Sp'ectrum 

Typical heart spectra (Fig 3) consist of a series of peaks 

each occuring at a defined frequency (resonance). Identity of 

the compounds corresponding to the se seven resonances has been 

deduced from: 

1. Know]edge of the composition of hearts based on 

traditional biochemical measurements. 

2. P-Jl spectra obtained from solutions of standard 

compounds. 

3. Characteristic changes in the position of the 

resonances, i.e., the chemical shift, when pH, 

jonic strength or anion concentration is changed. 

cAMP, ADP and NADH are not present in high enough 

concentrdtians ta be detected by NMR in reasonable time. As 

~;hown on F iq 3, the beta-ATP (B-ATP) peak is composed only of 

A'l'P, the qamma peak (Y-ATP) consists of both Y-ATP and Y-ADP 

while the alph~ peak contains Alpha-ATP, alpha-ADP and NAD. 

NMR can be used to quantitate the concentration of the 

substances observed. The intensities or surface areas of the 

resonanccs are proportional to the total number of phosphate 

l1uclei. This means, for example, that aIl ATP Molecules in aIl 

rcqions of the heart (on the surface or in the endocardium, in 
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the 1eft atrium or in the right ventric1e, in the intracellular 

water or the extracellular space, etc) contribute equally ta the 

areas of the 3 ATP resonances. Relative concentrations can be 

deduced by comparing the surface areas of ATP, for example, from 

one spectrum to the other (the Beta and gamma peaks are used for 

ATP). NMR spectroscopy permits non-invasive, non-destructive 

measurement of aIl the phosphorus compounds sirnultaneously. It 

also provides information about the sugar phosphate pool. Of 

great practical value, NMR spectroscopy can be used to assess 

sequential changes in any of the NMR-observable compounds due to 

alterations in substrate availability or changes in chemical or 

gaseous environment in the sarne heart. 

NMR provides a very accu rate methods to measure absolute 

concentrations of phosphorous compounds. It gives more accurate, 

and possib1y higher, ATP and phosphocreatine values thùn those 

obtained by traditionai biochernical assays using freeze-clamped 

tissue. Absolute concentrations can be obtained in 2 ways. A 

capi1Iary containing a known concentration of a NMR-obscrvable 

compound can be inserted in the sample tube to serve as an 

internaI standard. The area of this resonance peak can then be 

compared to the area of the resonances corresponding to the 

compounds ta be measured. A second method consists in measuring 

the absolute concentration of ATP, for instance, by conventionaJ 

biochernica1 rnethods and use this as a standard to which the 

resonance peak areas can be re1ated. 

Sorne of the resonances shawn on heart spectra undergu 

predictable shifts when pH, ionic strength, dielectric constant, 

tempe rature or counterion is changed. The sensitivity of sorne of 

these cornpounds ta changes in pH has proven to be uGefu] in 

deve10ping NMR as a very precise non-invasive pH-meter. Slnce 

rnost of the ATP in muscle is bound to Mg 2
+ and the reson~nce 

l position of Mg-ATP and phosphocreatine are not sensitive ta 

changes in pH near neutrality, the resonance positions of thesc 
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phosphates are not useful indicators of intracellular pH (pHI) in 

biological sarnples. In contrast, the position of the inorganic 

phosphate resonance peak i8 sensitive to changes in pH near 

neutrality. 

+ H 0 ---> 2 
H 0+ + H PO 2+ 

3 4 pK= 7 

The dominant determinant of the position of the Pl peak in a 

tissue spectrum is pH. Absolute assignment of pH and changes in 

pH can be calculated from the position of the Pl peak in relation 

to the pH-stable phosphocreatine peak. 

The computer can measure precisely the distance between the 

2 peaks. This distance can then be converted into pH units. 

NMR is uniquely suited to assess the existence of compartments 

and metabolic gradients formed by compartmentation. A pH 

gradient of 0.5 - l pH unit between mitochondria and cytoplasm 

has been demonstrated for hepatocytes (2) and E. Coli (3). 

In summary, NMR spectroscopy provides an ideal means to 

study high-energy phosphate compounds rnetabo1ism non-invasive1y 

in global hearts. The method is precise, repetitive and permits 

dynamic rneasurements of ATP, per, Pl and sugar phosphate 

compounds. The intracellular pH environment can a1so be 

assessed. Whole intact hearts can be studied and various 

preservation rnethods can be compared in a re1iable, reproducib1e 

way. 
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31 P nuclei (arrows) have their magnetic moment aligned in random 

fashion. When subjected to a high magnetic field (Ho)' the 

magnetic moment of each nuclei align either parallel (low-energy 

state) or anti-parallel (high-energy state) to the external 

magnetic field (Ho). 
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Figure 2 

Once the magnetic moments (arrows) are aJ igncd, encrgy Üj 

provided at the proper frequency. The energy is ôDsorbC'ù élnd ,\ 

transition from the lower to higher energy state takes pl ace. 

When the radio frequency signal is interrupted, nuc]ci 

spontaneously return to the initia 1 low enerrJY stdtC'. A!; l qnrl 1 

is emitted and picked up by a receiver. 
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Figure la 

Typical 31 P-NMR spectrum obta ined during spectroscopy of who le 

hearts. (ATP= Adenosine -5' - triphosphate) > The spectrum j fi 

composed by fourier transformation of the signal end tted by the 

nuclei returning from the high energy to the low energy state 

(see figure 1-2). 
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Figure 3b 

Progression Of31 P- NMR spectra during group 1 experiments. The 

relative surface area of each peak is used ta determine relative 

changes in concentrations. 
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As mentionned in the previous sections, cardiac 

transplantation has becorne a well-accepted modality of treatment 

for end-stage cardiac disease. The number of cardiac 

transplantations performed annually has risen exponentially in 

the pa st few years. 

The cardiac transplantation era can be divided into 2 well

differentiated episodes. First, in the mid to late sixties, 

major technical progress was achieved by the teams led by 

Shllmway, Lower and Barnard. Lower for the first time described 

a preservation method by which the heart could be maintaincd 

viable for up to 4 hours. It consisted of immerslng the grlltt 

in a SOC saline bath. The successes of these pioncers prompted 

a multitude of centers around the world to start major 

transplantation programs. Improved techniques for 

post-operative hernodynamic and respiratory management reduced 

the early P08t-operative 1088 and led to optimism in the ncw 

field of cardiac transplantation. 

Despite aIl this, the brutal reality of cardiac rejection 

led to unacceptable long term 8urvival in this initial era. Paor 

understanding of the immune mechanisms of rejection and a limited 

armantarium of immune suppressants were the major reasons for 

early and late graft dysfunction. Most of the transplantation 

programs stopped except for a few (Stanford, Richmond in the USA, 

Paris and South Africa) . 

After many years of intense laboratory and clinical 

resea~ch, new immunosuppressants, particularly the fungal-derlveù 

Cyclosporine-A, started being used mainly in renal 

transplantation programs. It was soon realized that these very 

pote nt new agents were to open a new episode in the carùiac 

transplantation era. 
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The Stanford group which had maintained its cardiac 

transplantation program throughout the difficult years started 

using Cyclosporin-A in the early 1980's. The success was 

immediate. 

Soon but cautiously, new programs started ac~ive heart 

transplantation with a better understanding of the mechanisms 

invo]ved in eardiac rejection as weIl as a more extensive 

battery of new immunosuppressants. 

oespite aIl these new advances, the heart preservation 

technique described by Lower 20 years ago is still used in aIl 

transplantation centers. It is weIl accepted that this method is 

sate for only 4-6 hours (the Stanford group has performed a 

transplant after ct 7 hour cold ischemic period). After that 

time, it is known that the heart has a very poor ventricular 

tunetion, most of the time not sufficient to sustain the 

recipient's circulation after transplantation. 

Even though it is thought that most of the metabolism of the 

organ is deeply altered and slowed down under hypothermic 

isehemia, the fact remains that the heart still deteriorates 

under such conditions. It has always been assumed that aerobic 

glycGlysis is completely inhibited by hypothermia but the 

mechanisms have never been weIl understod. A better 

preservation method has therefore to be sought. 

Isolated kidney perfusion has been successfully used in 

transplantation for many years. The safe preservation period has 

been extended to 36-48 hours. This leaves plenty of time for 

precise matching of the donor and recipient, therefore minimizing 

the risk of late rejection. 
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The perfusion method also offers the advantage of vastly 

extending the potential organ donor pool. If such a method could 

be applied to cardiac transplantation, it is possible to 

postulate that hearts could be transported across continents when 

a transplantation is urgently ~eeded. As opposed to chronic 

renal failure, during which patients can be maintained alivc by 

chronic hemodialysis, end-stage cardiac failure patients very 

often die while on the transplant waiting list because of 

relatively limited extracorporeal life support devices. The long 

distance often separating donor from recipient sometimes i5 the 

cause for non-use of potentially good grafts. 

A lot of progress in isolated heart perfusion has been 

achieved in recent years but major questions still remain. 15 

cardiac metabolism under hypothermie perfusion conditions aerobic 

or anaerobic? What are the metabolic factors determininq the 

short time limit associated with the current clinical 

preservation technique as described by Lower? How can these 

factors be accurately measured? What viability assay would 

permit rapid, non-invasive assessment of the preserved hearts? 

Many other unanswered questions remain in the field of 

cardiac preservation. In arder to attempt answering the above 

questions, it was decided ta use the hypothermie (4lC), 

low-pressure (20 cm "20) perfusion model as deseribed by Dr. 

Guerraty (1), and compare the high energy phosphate metabolism of 

hearts preserved for 24hrs by this method to hearts prcserved by 

4 hour hypothermie saline immersion. 

As mentionned previously, the current preservation technique 

used in clinical heart transplantation is the same that Dr. Lower 

described 20 years ago. The method consists of rapid immersion 

of the donor organ in a 5-7"C saline bath. It i5 weIl known 
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that hearts preserved in this fashion will have a very poor 

ventricular performance if the preservation period is extended 

to more than 6 hours. The fact that the metabolism occuring 

under hypothermie ischemia is mostly unknown, explains why the 

exact metabolic factors limiting the preservation period have 

never been weIl defined. The heart being a four-chamber muscle 

continuously pumping against varying resistances, must rely on a 

constant reserve of energy ta fuI f ill i ts function. If there is 

no energy, the heart cannot contract. There are very few 

viability assays able to predict the performance of a preserved 

hedrt. The more valid assay is energy content, or ATP. As 

discussed in the previous sections, it has often been postulated 

that intraceilular pH is also important in regulating enzymatic 

pathways necessary for ATP formation and muscle contraction. 

Biochemical assays for ATP content on muscle tissues are 

relatj vely easy to do but mul tiple biopsies on the organ have to 

be done. The nssay for phosphocreatine, the precursor necessary 

[or ATP productions is also reliable but tissues have to be 

handled in a very specific fashion to allow for precise 

measurements, leaving mu ch room for error. There are no good 

methods for bioehemical measurement of intracellular pH. 

31 Phosphorous Nuclear Magnetic Resonance (31P-NMR) is a 

relatively new method to study high-energy phosphorous compound 

I11ptabol ism in i solated organ preparations. It is non-invasive 

and very accuratei it aiso permits repetit.ive, dynamic 

measurements, therefore allowing a precise assessment of the 

time-course of the metabolic pararneters studied. ATP, 

phosphocreatine, inorganic phosphate and sugar phosphate 

compounds can be easily measured i i t is al so the only method 

allowing precise rneasurements of intracellular pH. One of the 

disadvantages of biopsies is that they do not reflect what is 

( happening metabol iCdlly in the whole organ. If for example, a 
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compromised area of the heart is biopsied and biochemical assays 

reveal very low levels ~f ATP, the heart performance will bp 

completely unpredictable depending on the extent of damage in 

relation to the whole organ. 31 p - NMR measures the average 

concentration of high-energy phosphorous compounds of the organ 

in a global fashion. 

It was decided first to study canine hearts high-energy 

phosphorous compound metabol ism during 4 hours of hypothermie 

ischemja. As per Lower's method, the hearts were immersed in a 

5°C bath af Ringer's lactate solution. The heart.s were 

maintained at that temperature and studied by 31 p- NMR spctrascopy 

for 4 hours. 

A special circuit was then devised and canine hearts 

underwent continuous, hypothermie eoronary perfusion w i th a 

modified Kreb's solution for 24 haurs, as per Guerraty's method. 

The 2 experiments were then eompared in terms of maintenance of 

intracellular phosphate, ATP, phosphocreatine, inorganic and 

sugar phosphate compounds. 

By using the NMR technology and comparing the topical 

hypothermia method to the perfusion method, we attempteù ta 

clarify the metabolie advantages af the latter method and ta 

better define the factors limiting preservation periods. 
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31 Phosphorous nuelear maqnetie resonanee analysis of canine 

heart preservation: 4 hour hypothermie immersion versus 24 hour 

hypothermie perfusion. 
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31p-NMR l\naLisis 'Jf canine heart perservation: 4 hour 

hypothermi c immerslon versus 24 hour hypothermie perfusion. 

B. de Varennes MO*, E. Shoubridge phD+, Corbisiero MD", 

A. Guerraty MD". Montreal, Canada. 

~. Cardiovascular Research t:nit, Royal Victoria Hospital, 

Montrea l, Ca nada. 

* Nuclear Magnetic Resonance Uni t, Montreal Neurological 

InsU tute, Montreal, Canada. 

since 1968, several groups (3,7), have developed an 

exper imenta l method of continuous hypothermic perfusion of the 

isolated heart which allows acceptable ventrlcular fonction after 

36-48 hours ')f perservation. In our own laboratory, 90:6 of the 

canine hearts preserved for 24 hours by continuous, low pressure 

perfusion w i th an oxygenated modified Krebs solution at 5-7 0 C 

regained ventricl1 lar furction when the non-working hearts were 

stud ied after neck implantation. (7) • 

At present, no rel iable assay exists which would predict 

ventr icular perfor mance a fter in vitro heart preservation. It is 

known that myocardial ischemia resul ts in rapiù depletion of 

tissue phosphocreat ine (PCr) and adenosine 5 triphosphate (ATP) 

(8) . Quanti tative birefringence to indirectly assess the ability 

of cardiac muscle biopsies to respond to ATP and calcium has been 

appl ied to cl inica 1 heart transplantation (9). It was 

demonstrated that a good correlation e~isted between 

birefrlnC]ence ratio before or after preservation and ventricular 

function a fter transplantation. High energy phosphate compound 

stores may help ta predict ventricular performance aft:er ex-vivo 

heart preservation (10, 12). 
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Although Hollie (11) demonstrated in warm-isc'hemic h('arts 

that intracellular acidosis was not responsible for the rapid 

functional decline observed early in the anoxie period, a low 

intracellular pH (pHi) has been suggested as a cause tor 

inhibition of glycolytic and enzymatic acti vi ty, é. g. 

phosphofructokinase (12). 

In order to better define the rnetabolic advantages of 10\'1 

pressure, continuous. oxygenated hypothermic perfusi on versus 

simple hypothermie lmmersion of canine hearts as currently used 

clinically, 31-Phosphorous Nuclear Magnetic Resonarlce (31 p-NMH) 

spectroscofjy WdS used to measure ATP, Phosphocreatine (PCr) and 

intracellular pH changes and compare the 2 methods 01 Cn niidc 

preservation mentioned above. 

METHODS 

Nine mongrel dogs (10-12 kg) were anesthetized with sodium 

pentobarbital (30 mg/kg) and then given positivc-prennure 

ventilation. Through a left thoracotomy, the brachiocepha1 ic 

trunk and left subclavian artery were ligated. Heparin (2mq/kg) 

was gl ven intravenously. After cross-clamping the aorta, 500 cc 

of high potassium ca rdiopleg ia (table 1) was irtfused j nta the 

aortic root and pericardial topical cooling appl ied. After 

cardiE!ctomy was performed, a 5 cm 10pg cannu la (1/4" 3/8" tyqon 

tubing) was inserted and s0~uced into the aortic cu ft. AJ J 

excess fatty tissue was excised. The hearts were rapidly 

transferred ta an adjacent NMR unit in a 5"C Ringer's Lactdtc 

(RL) bath and they were suspended by the aartic cannula into a 

polyvinyl bag. The bag was posi tioned in the center of the 

magnetic field and the NMR coil was adjusted in close apposition 

to the heart which was entirely conta ined 'vIi th in i ts 

circurnference (figure 1). The hearts 'vire weighed immediately 

T after cardiectomy and at the completion of the preservatj on 
.. periods. The hearts were separated into 2 groups . 
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In group 1 (n=5), the hearts were preserved for 4 hours in a 

4 'C RL bath (table 1 and figure 1). Since no metal part could 

be useù "' i thin '30 feet from the magnetic field, a circuit of 30 

leet of tygon tubing had to be devised through which 3 L of 4 oc 
HL sol ution were reci rculated around the heart (figure 2). A 

closed circuit was maintained with a Sarns roller pump and 

cool ing coils immersed irl an alcohol-ice solution. The heart 

septal temperature was rnaintained at 5-7 0 C for the duration of 

the experiments. 

ln group II (n=4) the hearts were suspended in the polyvinyl 

bùg as described in group 1 (see figure 2). Instead of being 

continuously topically irrigated with cold RL solution, these 

hearts underwent continuous coronary perfusion with a modified 

Kreb's solution for 24 hours. A second circuit (figure 3) for 

perfusion was added in paraI leI to the cooling circuit described 

for group 1. 

The 2 circuits wre primed with 4 liters of modified Kreb's 

solution (table 2) which was recirculated through a 0.4m2 

membrane oxygenatnr (1 Sci-Med Life Systems Inc, Minneapolis, 

11j nnesota. ), cool ing coi ls and a 0.5 micron pre-bypass fil ter 

(Shiley Canada Ltd, Model SFBFS, Montreal, Quebec). Perfusion 

pressure ' .... as maintdined at 20cm H20 for 24 hours (flmv = 30-60 

cc/min). Oxygen (02) and Carbon Dioxyde (C02) flow rates through 

the membrane oxygenator were adjusted hourly to maintain 

perfusate pH at 7.40 (temperature - corrected) and ?02 at 120 mm 

Hg. The heart septal temperatures wre maintained at 5-7 0 for the 

duration fo the experiments. 

31 P-NMR spectra wre obta ined at 25.8 MHz at 5-7 0 C in a 1. 5 

Tesla whole body spectrometer (Philips). The spectra were 

collected in blocks of 64 averages under fully relaxed conditions 

using a 90" pulse. (30 second interpulsH delay) . Relative 
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concentrations were determined fromn the peak integrals of e~ch 

compound as described beluw. 

Adenosine - 51 - triphosphate (ATP) conta ins 3 high-energy 

phosphate bonds which are aIl identified separately on the NMR 

spectrum (II). They correspond to the Gamma, Alpha and Beta 

peaks. 

The Gamma peak corresponds to ATP and ADP: the Beta pedk 

corresponds to ATP only and the Alpha peak corresponds to ADP illld 

NADH (mostly NADH). Only the Beta and Gamma peaks wre f Iàercforc 

considered for calculations of ATP. 

Measurements of relat ive concentrat ions 0 f phosphorous 

compounds (ATP + perl were done in the following way. During 

preservntion, phosphorous compounds within the hearts are 

transformed from one form to another (see previous sections on 

metabolism) but the TOTAL phosphate pool of each heart remains 

constant throughout the preservation period. If the surface dre~ 

of each peak obtained during spectroscopy (as in figure 4) i s 

added, the sum equals the total phosphate pool of the heart 

studied at this particular time and that sum remdins constant 

throughout the experiments. Only the relative surface area of 

each peak within each spectrum changes from hour to hour as the 

phosphorous compounds within the heart are metabolizeù 1rom one 

form to another. Since the surface area of each peak i s very 

difficult to accurately measure, the baseline of each spectra was 

determined and each peak was cut out from the sheet of paper on 

which the spectra were printed. 

For every spectrum obtained, the peaks were cut out and 

weighed on a highly sensitive electronic scale. Once the sum of 

all peaks for a single spectrum was obtained, each peak was then 

separately weighed in order to obtain their weight in relation to 

y the sum (representing the TOTAL phosphate l}ool). Scanninq was 

started within 8 minutes of cardiectomy and the first spectra 
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were used for subsequent cornparison of relative ATP and PCr 

concentr~tions. It was expected that ATP and PCr peak weight 

over the total we ight of the f irst obtained spectrurn on each 

heart (within 8 minutes of cardiectomy) werp arbitrarily used as 

100%. 

The subsequent measurernents were therefore expressed as 

percentages trom these initial values. 

since 31 P-NMR spectroscopy was done for these experirnents 

and knowing that the total phosphorous compound pool remains 

constant within hearts. AlI rneasurements of ATP and FCr obtained 

in thi~ fashion completely eliminate the accumulation of tissue 

edema as cl potential source of error in measurement. These are 

in fact, equivil]ent to biochernical assays based on "dry weight" 

é1!-; opposed to "wet weight" 

Intracellular pH (pHi) measurements were obtained by computer 

medsurements of the chemical shift between the inorganic 

phosphate peak and the pH-stable PCr peak (see previous section). 

RESULTS 

AlI values quoted in the next sections will be referred as 

means ± standard deviations. Weight gain was 15 ± 8% in group 1 

hearts after 4 hours and 33 ± 11% in group II after 24 hours (p < 

0.01). Coronary vascular resistance was measured in group II 

h0arts by dividing the perfusion pressure (rnaintained at 20cm 

HzO) by the perfusion flow (ml/min/gm) required to maintain a 

constant pressure. 'l'he resistance augmented from 44 ± 16 cm H2o/ 

mIl. min 1 • gm 1 to 56 ± 19 cm H
2
0/ ml. min-Jo gm-' after 24 hours 

of continuous perfusion. 

In group l, the post-cardiectorny intracellular pH (pHi) was 

:( 7.39 ± 0.04. It gradually decreased to 6.44 ± O. 08 at 4 hours 

(figure 5 and Annex 1). 
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In group II 1 the post-cardbctomy intracellular pH (pH i) Wè,S 

7.41 ± 0.05. As mentionned previously 1 computer measurcments of 

the chemical shift between the inorganic phosphatt' !Jc<lk (pll

dependent) and the Phosphocreatine (per) peak (pH-stable) W,Ui 

used to measure the pHi of the hearts. ~Vithin 1.-7 hours, it WdS 

observed that the inorganic phosphate peaks, wh ich h,\d bccn 

rnonophasic in all group l spectra, became biphasic and eventually 

triphasic. An exarnpl e of a typical spectrum obtained ln group 1 1 

is shown in figure 6. The inorganic llhosphate peak is biphdSil:: 

and the 2 peaks when related to the pH-sf-.dble position of the PCr 

peak correspond to pHi's of 6.49 and 5.92 renpectjvely. ln order 

to rule out intramyocardial accumlation of 2, J - DPG or nll<Jd r 

phosphate compounds that might al ter the shapc 0 f the i norgd n iL: 

phosphate peak, resolution enhancement ::;canning 01 the spcctr.l 

was performed. This tecJ:nique allowed precise sepélration of thc 

peaks corresponding to these 2 phosphate compounùs from thc 

inorganic phosrhate peak (The peak corre~.ponding to perl ubélte

contained phosphate compounds could aiso be clearly delincéltoù 

(see figure 6) which remained biphasic and sometimes trjphds ie. 

The mui tiphasic peaks therefore obta ined trul y correspontleù to 

"compartmentalization" of perfused hearts into 2 or more 

different pHi compartments. Figure 7 illustrdtes th i fi phenomenon 

in one of group II hearts over 24 hours of perfus i on. 

In order to evaluate if this phenomenon was due to non-uni f orm 

distribution of intracellul ar pH wi thin group JI hen rts 1 

Hydrogen-Magnetic Resonance Imaging (H-MRI) vias perfometl on each 

heart at the completion of the exper irnents in th is qroup. FI (jure 

8 dernonstrates one of the images obta ined. The ùarr.cr colon:; 

correspond to Iower water content of the tissues beinCJ imdlleù. 

As seen in this particular heart (sagittal section), thcre v/i:tS 

very inhomogenous distribution of water density acrO~j~-j the mur;clp 

.,. wall of the heart at the end of 24 hours of perfusion ex-vivo. 

Darker areas were scatterred mostly in the subendocard i il J layer 
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r.lf; viel} as sorne j ntrarnyocardlal areas, ind icating lower water 

contents. 

Phosphocreatine stores were depleted very rapidly in both 

groups (see f iqure 9 and annex III). In group 1, PCr stores were 

R .t 8% of initial after 4 hours. A significantly higher relative 

concentrdt ion V/as obser'Jed after 4 hours ln group Il (40 ± 16%; 

P' O. OOt)). On the other hand, PCr stores were nearly completely 

depleted after 24 hours of perfusion in group II (figure 9 and 

annex TIL). 

ATP was also depleted in both groups (fig 10 and annex II) 

but at a rnuch slower rate than per. In group 1, 61 ± 14% of 

initial ATP concentration remained after 4 hours compared with 90 

:f 6'1; in Group II (P<O.005). After 24 hours of perfusion, only 33 

±- 8~. of initial ATP stores rernained in group II hearts. 

31 P-NMR spectroscopy appears to be a safe, reliable, non

invasive method ta accu ratel y assess high-energy phosphate 

compounds metabo] ism and intracellular pH of whole hearts 

prcscrved for trélnsplantation. The other advantage of this 

rnethod, campa red w i th convent ional biochemical assays, is that 

very precise measurernents of the above rnentionned parameters can 

be obta ined regardl ess of the total water content of ex-vivo 

organs. Since phosphorus compounds are used for these 

determinations (as opposed to Hydrogen - NMR spectroscopy) and 

the cotaI pool of these compounds in the closed circuit used in 

th i s model rernains cCflstant throughout the experirnents, the 

rneasuremt'nts of ATP, per and intracellular pH remain precise and 

are not dffected at aU by tissue edema accumulation. The 

resul ts obta i ned continuously can therefore be cornpared to "dry 

~ resul ts" as usually referred to in conventional biochemical 
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assays. The hypothesis is that the intr~cellular metabolic 

status rnay be used as an indicator of the morphologic~l and 

functional integrity of the isolated heart after preservation and 

before reimplantation in the recipien' animal. 

In both groups oi hearts, severe intracellular acidosis 

developed (Group 1: pH = 6.44 ± 0.08 at 4 hrs: Group Il: ph = 

5.86 ± 0.06 at 24 hrs) The difference in pH WdS significant 

(p<0.005) with the Group II hearts being much more acidotic at 24 

hrs than Group 1 hearts at 4 hrs. As previously discussed, 

intracellular pH probably plays an important ~'ole in post

reimplantation function ot preserved heart. A clear advantdge in 

intracellular pH was demonstrated when this paramcter wùs 

compared at 4 hours in both groups (GroupI 0:0 6.44 ± 0.08; Group 

II = 6.75 ± 0.15; p< 0.005) 

The phenomenon of pHi myocardial "compa rtmenta l izatoin" 

observed in group II suggested non-homogenous distribution of 

various pHi milieux within the same heart. 

H-MRI imaging of these hearts performed at the end of the 

preservation periods, demonstrated a non-uniform ùistribution of 

water content across the muscle wall with less water in the 

subdendocardial layers and sorne intra-myocardiaJ areas. It is 

postulated that such areas were underperfused secondary to ci thec 

coronary vasoconstriction or low perfusion pressure reDching the 

subendocardial layer. The relative hypoperfusion would have 

caused relative ischemia of these areas causing accumulation of 

lactic acid from anaerobic metabolism and impaired WDshout of 

metabolites. In order to test the hypothesis that subendocardial 

areas that contained less water correspond ta the more acidic 

compartments observed by 31 P=NMR spectroccopy 1 a method to 

determine H+ ion concentration in relaJcion to H- MRI pictures 

, would have to be designed. At the curr:nt tirne, this i5 

technically not possible. 
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It WdS a co~sistent tinding in our previous experiments of 

heterotopic heart transpJ antatioll after 24 hours of perfuslon 

usi nq th is sa me model that the transplanted hea.L·ts reC:,l1ired a 

longer warm ieoerfu5ion time and more defibrillation than non 

perfuse~ hearts (after 4 hours) to return to sinus rhytm (4,7). 

Tt is postulated that sueh eleetrlcal disturbanees may be in part 

related ta the uneven distribution of intraeellular pH at the 

time of warm reperfusion. 

Therefore, the metabolie advantage of continuous perfusion 

over simple hypothermie ischemia (demonstrated by the delayed 

depletion of ATP and per stores) could be further potentiated by 

techniques leading ta a more even distribution of pHi 

environments within perfused hearts. Sueh techniques might 

include addtion of earonary vasodilators sueh as nitrates or 

eo]cium-channel bloeker to the perfusate or higher perfusion 

pressures. 

Tt lS un~ikely that tbe development of myocardial acidosis over 

24 hours of perfusion i5 due to depletion of thf uffer contained 

in the solution (THAM) which 15 continuously recirculated through 

the circuit. The very large volume of perfusate (4 litres) 

contained mueh more THAM (O.25gm/L) than what would be required 

ta buffer out the 24-hour production of Ht ions by hearts 

weighing on average. 68 ± 12 gms. 

Phosphoereatine stores were almost completely depleted in 

both group 1 and group II. Thjs process was very rapid as shown 

in figure 9. The exact significance of sueh a phenùmenon is 

diffieult ta assess. Group 1 hearts represent the current method 

of myocardial preservation used in clinical transplantation; if 

we assume that currently transplanted hearts have nearly no 

phosphocreatine remaining as a storage form of high-energy 

1 phosphate bonds upon reimplantation as shown in group 1 

experiments (Annex), it is postulated ~hat it i5 either not 
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required for Immediate ventricular function upon re implllntllt ion 

or that it is very rapidly resynthesized upon grllft fcperfusion 

with warm blood. Previous work done by Keibel ~nd Rovetto (10) 

in the warm ischemic rat heart model suggcsted very rllpid 

resynthesis of phosphocreatine stores during the repcrfusion 

period. Such a rapid and complete replenishment of 

phosphocreatine stOl.-2S implies that celluliu energy product ion 

pathways are inhibi ted dur ing ischemia but become t unct tond 1 

irnrnediately upon warm, oxygenated reperfusion ol thf' gr·,lft. 

Whether phosphocreat ine stores could be uscd al> an i lldex 01 

preser','ation remains to be proved. The above obse rVilt i onn 

suggest that very low amounts of this storage [orm 01 energy dr0 

sufficient to allow for good function of transplanted hellrts 

shortly after reimplantation (the time necessary ta rcpLcnish 

stores). If group II hearts dTe compared w l th Group 1 .It '1 hou r:; 

(F igure 9 and annex III), the latter hearts contel i ncd on 1 y H J Hf, 

of the initial phosphClcreatine stores versus 40 ! 1 ()';, in Group Il 

(p<O.005). The difference iE very significant but 0xpcrimcnt!; on 

the funtional recovery of such hearts (ie. dp/pt dnd dcvelopcd 

pressure) should be done in order ta demonstrate an lldvdllt,lqe 01 

containing high stores of high-energy phosp~ates upon 

reimplantation. If in fa ct , a better ùnd more r,lp id t unct i oncll 

recovcry could be demonstrated in perfused heélrts dfter 4 hour!; 

of preservat ion for example, then such an advantaqc (h i qtlcr per 

stores at the end of the preservat ion per iOd) ItIOU J ù be cl in i Cil J 1 Y 

more relevant. 

ATP stores were depleted in both groups. As sholtl/1 in f i qu n' 

10 and Annex II, group l hearts contained 61 ± ]4% of the initi~1 

ATP stores as compared ta 90 ± 6% in group Il alter 4 hours 

(p<O.005). Again, in order to determine the cl inicaJ relevance 

of s.leh a significant difference, hearts of bath qroup~; It,ould 

" have to be subjected to functional testing (ie dp/dt rllld 

developed pressure) after 4 hours of preservation. Thereforc, 

, 

j 

j 



( 

90 

from these observations alone, no clear conclusion can b8 drawn. 

On the other hand, studies by NovicK et al (13) on the 

preservat j on of hypertroph ied plg myocardl um wi th oxygenated 

f~O lut i on~~ dernonstrated an advantage of high ATP stores at the end 

of pref;ervation. 

If functional recovery of perfused hearts (group II) could 

be demonstrated to be better, this would probab1y be of great 

cl inica l relevélnce for example in the setting of heart 

t.rùnspl ilntat ion w i th e leva ted pulmonary vascular resistance where 

the r iqht ventricle may require a certain period of time to adopt 

to the !-;uddenly increëlsed afterload to whieh it is subjected. 

Atter 24 hours of p • .3rfusion, Group II hearts contained 33 ± 

HV. of thejr inital AJ'P stores. Other experiments done in our 

1 aboratory ('7) showed that such a significant deplet ion of ATP 

~;tores d id not preel ude from an adequate ventricular function 

il f ter re i mplantéh . on. On th0 other hand, those hearts were not 

!.ub j0ct ed ta h igh a fter loads and only left ventrieular function 

W.1f' measured, tl10re fore more studies dre needed to correlate ATP 

content é1l1d f unctj onal recovery of the grafts. On the other 

hand, our model was exactly similar to the one used by Guerraty 

(4) who demonstrated successful orthotopic transplant3.·cion in 

doCJ~-; after 24 hours of in-vitro preservation. If we accept that 

the;> !.:;ct!; of experiments were similar, then we can postulate 

t h .. lt 3 3 i ~r;, 0 tin i t id l ATP stores after 24 hours of preservation 

by l'ont InUOllS, coln oxygenated perfusion is sufficient to dllow 

t or' t lInct ion<ll rC'covery of bath right and 1eft ventricles when 

HUOj0ctpd ta normal after1oads. 

'l'hese are only assumptions made for the sak3 of discussion 

lmd in ordet' to IJrove these, more experiments will have to be 

pe r t onned. 
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In summary, these experimel1ts have clearly demollstrated thdt 

31 P-NMR spectroscopy is a very precise, non-invasive method for 

continuous assessment of high-energy phosphate metabol ism ,md 

intracellular pH of hearts preserved under 2 very different sets 

of conditions. The method is reproducible and rel iable. 

The resul ts obtained were pure biochemical observat ions and 

no functional correlation was performed during these expcriments. 

This in fact, was the goal of this work. Further studles will 

have to be done to fully assess the clinical relevùnce of the 

resul ts obta ined. 

'Even though Group II hea rts were less ad dot i c ,1l1d conta i n(lù 

more ATP and per than Group l hearts after 4 hours of 

preservation, no funct Lona l studies have ever dcmonstratcd ,ln 

advantage in ventricular recovery upon reimplantation of one 

method compared wi th the other. Tt the metabolÎc advclntaqc 

observed in group II hearts a fter 4 hours of preservdt i on Üi ever 

proven to correlate with a significantly better and lor 1a~,ter 

functional recovery, this could have major implications jn 1uture 

heart preservation methods not only in the field 0 [ 

transplantat.ion but also in most major cardiar; operat ions. 

The fact that experiments previously performecl in our 

laboratory (7) and others (3,4,5,6) demonstratecl clearly that 

hearts preserved ex-vivo for up to 72 hours ('3) couJd regain 

functional recovery upon reimplantation is postulated to be 

explained mostly by the preservation of ATP stores al] owC'd by 

continuous perfusion of these organs. ïhe very severe 

intracellular acidosis (5.86 ± 0.06) and near-comp l ete exhaust ion 

of per stores after 24 hours as observed in group Il hea rts mu::;t 

be very rapidly reversible since other experiment~; usinq an 

exactly similar model (4,7) have shown functiond t rccovery 

despite such severe metabolic changes. 
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FIGURE 1 

The polyvinyl cbloride baq into wbich 

the hearts were suspended. 

It allowed the orqans to he continuou3ly 

immersed in the solution and very close 

apposition of tbe WHR coil. 
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FIGURE 2 

The cooling circuit used in Group l 

experiments. 

The Sarns roller pump was located 30 

feet fram the NMR magnet. cooling was 

achieved hy circulating the solution 

through tygon coils immersed within an 

ahsolute alcohol-ice mixture. 
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FIGURE 3 

The circuit used for qroup II experiments. 

The second roller pump was added in parallel 

to qroup l circuit. It permitted coronary 

perfusion of the hearts with modified Kreb's 

solution. Ccompressed air (CA = .-5 L/min) 

and carbon dioxide (C02) flows were adjusted 

to maintain per~usate p02 at 120 mmHg and pH 

at 7.40 respectively. 

The solution was filtered just before 

enterinq the coronary circulation and was 

recirculated into the circuit after exitinq 

the coronary sinus and the opened right 

atrial cavity. 
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FIGURE .. 

Typical ~~MR spectrum obtained durinq 

the expe=iments. 

Gamma-ATP = Gamma ATP + ADP; 

alpha ATP = alpha-ATP + AOP + NAD; 

beta ATP = beta-ATP only (only this 

latter peak 'las used to measure relative 

ATP concentrations). 
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FIGURE 5 

The intracellular pH. 

statistically siqnificant differences 

(student's t test) were observed at 

2, 3 and 4 hours. 
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FIGURE 6 

Resolution enhaneed speetrum of 

experiment 3 (group II) after 24 hours 

of hypothermie perfusion. 

The inorqanic phosphate peak has 

separated into two different eomponents 

each eorrespondinq to different intra-

cellular pH "eompartments". 

(Pi = Inorqanie Phosphate compound, 

PCr = Phosphocreatine). 
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FIGURE 7 

Intracellul.ar pH. EXper':"ment 3 

(qroup II) demoDstrating the various 

pHi compartments. 
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FIGURE 8 

ProtoD maqnatic irn:.l.ginq (KRI) 

o~ baart • 3 (qroup II) obtained 

artar 24 hours of hypothermie perfusion. 

The darker a,;-eas in the subendocardium 

indieate a lower water content (arrows). 
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FIGURE 9 

Phosphocreatine (per). 

statistically siqnificant differences 

observed at 1, 2, 3 and 4 hours. 

(student's t test). 
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FIGURE 10 

Adenosine 5' - triphosphate (ATP). 

Siqnificant differances at 2, 3 and .. hours. 
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ANNEX l 

time (hrs) 

1 

2 

3 

4 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
lS 
16 
17 
18 
19 
20 
21 
22 
23 
24 

INTRACELLULAR pH 

grou p l 

pH. 
~ 

7.17±0.07 

6.82±0.11 

6.60±0.13 

6.44±0.08 

pH. = Intracel1u1ar pH. 
~ 

group II 

pH. * 
1 

7.27±O.13 

7.16±O.18 

6.90±O.19 

6.75±O.15 

6.66±O.21 
6.40±O.16 
6.22±O.18 
6.13±O.18 
6.06±O.10 
6.05±O.06 
6.06±O.05 
6.00±O.04 
5.99±O.OS 
5.98±O.07 
5.98±O.06 
5.95±O.08 
5. C)/t±O. 07 
5.89±O.06 
5.87±O.06 
5.8'l±O.06 
5.86±O.07 
5.86±O.07 
5.84±O.07 
5. 86±O. 06 

Student t-test # 

not significant 

p<O.Ol 

p<O.Ol 

p<O.005 

* =ln group II,hearts eventually divided into 2 or more pH 

compartments; the more acidic compnrtmcnt WElS uRed for 

Lhis table. 

# = Student t-test 1 tai 1 (unpaired). 
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ANNEX 11 RELATIVE CONCENTRATION OF ATP 

LIme (hrs) ATP-group 1* ATP-group 11* 

1 96±4 100±1 

2 88±10 98±5 

3 74±13 95±S 

4 61±14 90±6 

5 B7±S 
6 B2±9 
7 75±4 
8 74±6 
9 70±9 
] 0 63±3 
1 ] 60±9 
1 2 59±7 
13 51±13 
14 53±IO 
15 47±12 
] Ü 47±15 
1 7 42±9 
18 43±10 
19 36±12 
20 40±10 
21 35±15 
22 35±7 
23 38±6 
24 33±8 

# 

= Expressed as percentage (%) of initial value. 

= Student t-test 1 tait (unpaired). 

t-test# 

not significant 

p<0.05 

p<O.Ol 

p<0.005 
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ANNEX III PlIOS PHOCREATTNE RELATIVE CONCENTRATION 

r 
L • 

L time (hrs) PCr-g rou p 1* PCr-g roup II II- t-test# 

l 1 68±17 lOO±O.OO p<O.OO5 

2 20±9 66±15 p<O.OOO5 

3 9±6 53±20 p<O.OOS 

4 8±8 40±16 p<O.OOS 

5 34±12 
6 33±18 
7 30±13 
8 29±16 
9 30±18 
10 24±lS 
11 25±18 
12 26±23 
13 26±24 
14 26±22 
15 24±19 
16 24±21 
17 27±2/. 
18 23±20 
19 27±20 
20 23±18 
21 19±17 
22 2I±17 
23 20±20 
24 16±16 

* = Phosphocrea t ine e xpressed as percen tage (%) of ini t i a 1 val ue. 

# = Student t=test 1 tail (unpaired). 
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TABLE l 

Cardiopleg ie and Hypothermie Immersion Solutions (RL) 

Cardiopleqic Rinqer's 
Solution Lactate solution 
mEqjL mEq/L 

K+ 20 4 

Na+ 140 130 

Ca2+ 2.7 1.5 

Cl- 116 109 

HCOJ 21 

Dextrose 14 gm/L 

Lactate 25 28 

Lidocaine 200 rnq/L 
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TABLE II 

Hypothermie Perfusion Solution (M~dified Kreb' s) 

mMol/L 

Nael 118.33 

KeL 4.7 

KH2P04 1.2 

MgS04 C.6 

NaHC04 15 

CaC12 0.167 

Glucose 2 qrn/L 

Albumin 25 qm/L 

Tham 0.25 qm/L 

Osmolari ty= 313.2 mOsm/L 


