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ABSTRACT 

The use of cardioplegia (pharmacologically induced electromechanical arrest) to achieve the 
ideal conditions for cardiac surgical operations was introduced over 20 years ago in clinical 
practice. Since then a number of ingredients have been added in various proportions to 
different cardioplegic solutions and their evaluation in experimental laboratories and clinical 
practice has continued. Any additive to a cardioplegic solution should be investigated in 
experimental laboratories and asanguinous cardioplegic solutions should be carefully formu- 
lated to avoid extremes of ionic concentrations, pH and osmolarity. Cold blood cardioplegia 
has not been found advantageous when compared with conventional asanguinous solutions. A 
combination of pharmacologically induced arrest with cold asanguinous cardioplegic solution 
and topical hypothermia protects the myocardium better than topical hypothermia alone or 
normothermic cardioplegia, and continuous infusion of cardioplcgic solutions has proved no 
better.than multidose administration. Multidose administration of cold eardioplegie solutions 
with moderate hypothermia and surface cooling has been found most satisfactory for pro- 
longed aortic cross clamping (up to two hours). Use of cardioplegia in recent years has 
undoubtedly improved the prognosis of a number of patlents undergoing surgical correction of 
complex cardiac lesions. 

CARDIAC SURGICAL PROCEDURES often require a 
bloodless, relaxed and motionless field during 
operation, which is easily accomplished by is- 
chaemic arrest induced by cross clamping the 
aorta. Any period of ischaemia is accomplished 
by metabolic and structural changes which de- 
termine the functional recovery of the heart in the 
postoperative period. The safe period of is- 
chaemia for the human heart is not clearly defined 
but 20-30 minutes is generally considered the 
upper limit. When aortic cross clamping time ex- 
ceeds this period substantial subendocardial ne- 
crosis may occur, with low output syndrome in 
the postoperative period. The need for protection 
of the myocardium during ischaemic arrest has 
been well recognized and a number of methods 
including local t and systemic hypothermia, 2 in- 
termittent coronary perfusion) retrograde coro- 
nary perfusion with cold blood, 4 coronary perfu- 
sion with cold lactated Ringer's solution, s tetro- 
doxin, 6 acetylcholine,7 chemical asanguinous K + 
cardioplegia, s cold blood cardioplegia, 9 have 
been used in experimental studies and clinical 
practice. Of these, hypothermia and phar- 
macological arrest with cold cardioplegic solu- 
tions have now gained wide acceptance in clinical 
practice. 
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METHODS OF MYOCARDIAL PROTECTION 

Topical hypothermia 
Hypothermia has been proved to be an effec- 

tive method of myocardial preservation. It pro- 
vides a bloodless arrested heart, lowers the 
energy requirements, t~ delays the depletion of 
high energy phosphate reserves and lactic acid 
accumulation, and retards the morphological and 
functional deterioration associated with is- 
chaemic arrest, t t The technique of topical cool- 
ing with continuous irrigation of the surface of the 
heart was first used by Shumway, et al. ~2 The 
cooling proceeds from the surface to the interior 
and is unlikely to cool the subendocardium and 
the interventricular septum due to mediastinal 
and bronchial collateral return, which would 
warm the endocardial surface without profound 
hypothermia, t3't4 Moderate hypothermia and 
surface cooling have been generally found in- 
adequate to protect the myocardium for more 
than one hour of ischaemic arrest. 13,~s Deep 
hypothermia and surface cooling, have been 
sufficient for 90 minutes of ischaemic arrest, t6 
Profound cooling of the myocardium is known to 
cause myocardial damage due to crystallization 
of the membrance lipids and poor ventricular 
performance on perfusion, iT. is 

Cardioplegia 
The concept of pharmacological arrest (car- 

dioplegia) was initially introduced by Hooker in 
381 
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1929,19 although the ability of K + to arrest the 
heart in diastole was known for a long time. 2~ On 
application of the aortic cross clamp, even with 
topical hypothermia, the cardiac arrest does not 
occur immediately. The mechanical arrest is pre- 
ceded by agonal contractions and ventricular 
fibrillation during which high energy substances 
are depleted, zt The pharmacological arrest ren- 
ders the heart electrically and mechanically inert, 
thereby producing a low energy state ofasystole 
immediately. A normothermic hyperkalaemic 
solution was initially used to induce phar- 
macological arrest; 22 since then a number of 
other constituents have been added to cardio- 
plegic infusates. Cold cardioplegic solutions are 
definitely advantageous and protect the myocar- 
dium by virtue of their cooling effect and added 
components. When injected into the aortic root 
after cross clamping the cold cardioplegic solu- 
tions are distributed throughout the myocardium 
by natural pathways, thus producing homoge- 
nous cooling of the myocardium. The myocardial 
energy requirements, 23 oxygen debt :  5 and ac- 
cumulation of metabolites which inhibit the 
anaerobiosis is prevented, 24 the subendocardium 
is well protected and the haemodynamic instabil- 
ity as a result or poor myocardial contractility and 
reduced compliance associated with ischaemic 
arrest is considerably reduced. 25 

Constituents of the cardioplegic solutions 
A number of constituents have been added in 

various concentrations in different cardioplegic 
solutions. The potassium, magnesium and pro- 
caine contained in the cardioplegic solution in- 
duce pharmacological arrest; z6 steroids, pro- 
caine, glucose, t4 magnesium and high energy 
phosphates z7 have been used as membrane 
stabilisers. Glucose, 27'2s mannitol, 29 sorbitoP ~ 
have been used as hyperosmotic solutions; bicar- 
bonate, phosphate, THAM have been added as 
buffering agents. 1'~'3~ Besides asanguinous cold 
cardioplegic solutions, cold blood cardioplegic 
solutions have been used :  Potassium-induced 
cardioplegia has had a more controversial history 
as a mode of myocardial preservation. Potassium 
causes ionic paralysis of the cellular membrane 
transport system 32 by blocking the initial fast 
(inward sodium current) phase of myocardial 
cellular depolarisation 33 and thus preserves the 
energy reserves for the maintenance of integrity 
of cell membranes and active transport of Na-K 
p u m p .  3a Following the initial experimental 
studies, 3s Melrose Solution containing 245- 
980mg K+/litre 8 was advocated and used. 

Several authors have reported poor or ineffective 
myocardial contractility or left ventricular failure 
in the postoperative period with Melrose's Solu- 
tion. 36,37 The unfavourable reports eventually led 
to the discontinuation of Melrose's potassium 
containing cardioplegic solution. More recently 
potassium induced arrest was reinvestigated 
using isotonic cardioplegic solution containing 
K + in the concentration of 10-15 mg/litre, with 
good results.38 Concentrations of 25 mmol/I of K + 
in cardioplegic solutions for the isolated rat heart 
preparation and 25-34 mmol/l for the human pa- 
tient have been considered optimal for good 
postoperative recovery. 34 

Magnesium and procaine are also effective 
cardioplegic agents and augment the arrest in- 
duced by K+; 26 but unlike potassium, both are 
systemically toxic when absorbed in any quan- 
tity. In pharmacological concentration both 
block the initial depolarization by their effects on 
transmembrane ion movement. 33 Magnesium 
also exerts a beneficial effect through blockage of 
intracellular metabolism. 3~ Magnesium aspartate 
has been considered more advantageous as it ac- 
celerates the regeneration of ATP from inosine 
phosphate. :8 Procaine hydrochloride is a poten- 
tial membrane stabiliser. 39 

Addition of hyperosmotic solutions of sor- 
bitol, 3~ mannitolfl 9 and plasma proteins has been 
found universally beneficial; addition of glucose 
and insulin to cardioplegic solutions was benefi- 
cial due to its hyperosmolarity and stimulation of 
glycolysis, while multidose or continuous infu- 
sions of cardioplegie solution were usedfl s'4~ but 
was found detrimental due to hyperosmolarity 
and enhanced anaerobiosis in the isolated rat 
heart preparation after global ischaemia with 
stagnant coronary circulation: ~ 

The cellular metabolic processes (e.g. mem- 
brane pump) are pH dependant. 42 Bicarbonate, 
inorganic phosphates and THAM 39 have been 
used as buffcring agents to minimize the is- 
chaemic injury. Inorganic phosphates have been 
considered better as buffering agents than bicar- 
bonates) 3 

Cold blood cardioplegic solutions have been 
used both experimentally and in clinical practice 
with satisfactory results due to higher oxygen 
carrying capacity. 33 The possible demerits of 
cold blood cardioplegia are rouleaux formation 43 
poor control of ionic composition and presence of 
undesirable products of extracorporeal circula- 
tion, such as catecholamines) 3 Routine screen- 
ing for cold agglutinins should be done. 9 Some 
groups using cold blood cardioplegia consider it 
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unwise to lower the temperature of the solution Temperature 4-100 C 
below 20 ~ C, even in the absence of demonstrated 
cold agglutinins. 43 

Infusion of asanguinous cardioplegic infusates 
has been known to cause calcium paradox, and 
during reperfusion myofibrillar contracture, 
stone heart phenomenon in vitro. 3s Addition of 
calcium to asanguinous infusates is, however, 
known to avoid deleterious cell membrane 
changes. 29 

Cardioplegic solutions in clinical use 
A number of cardioplegic solutions have been 

compared and used by varying the concentra- 
tions of the constituents already mentioned. 
Following are some of the commonly used car- 
dioplegic solutions: 

1. Kirsch's Solution 3~ has been in use by a 
variety of European surgeons since 1969. It con- 
sists of: 

Magnesium aspartate 2.5 per cent 
Potassium hydrochloride 0.3 per cent 
Sorbitol 4.5 per cent 

Cardiac arrest is achieved by Mg ++ K + and 
sorbitol is added to reduce oedema; 50ml of this 
solution injected into the aortic root is sufficient 
to induce cardiac arrest. 

2. Bretschneider's Solution z9 has been used in 
Europe since 1964. The composition is: 
Solution I 
Na § 50-60 mmol/I 
K § 1.5-2 mmol/l 
Mg ++ 0.5-2.5 mmol/l 
Glucose 0.5- I mmol/l 
Procaine 0.2 per cent 
Mannitol 320 m osm. 
cH + 39.81 nmol/1 (pH 7.4) 

Solution 2 
10 m mol/l 
5 mmol/l 

1.0 mmol/I 
0 
0.2 per cent 
320 m osm. 
cH § 39.81 nmol/l (pH 7.4) 

One litre of solution, followed by 1 litre of solu- 
tion 2, are infused 2-3 minutes into the aorta. 

3. Buckberg's solution consists of: 
Plasmanate 850 ml 
Salt poor albumen, 50 ml 
KCL 30 mmol/l 
Glucose 50 per cent 40 ml 
Insulin 40 units 
THAM E 20mls 
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Na + 91 mmol/I 
K + 30 mmol/I 
CI- 73 mmol/l 
Ca ++ 2 mmol/I 
HCO3- 20 mmol/I 
Insulin 40 units/I 
Protein 3.5 g/I 
Osmolarity 320 m osm/I 
250 ml/minute are injected through the aortic root 
for the first minute followed by 150 ml/minute for 
a further two minutes. 
4. St. Thomas Solution a6 consists of: 

MgCIz �9 6H20, 16 mmol 3.553 g 
KCL, 16 mmol 1.93g 
Procaine hydrochloride, 1 mmol, 0.2728 g 

in distilled water, (10 ml) 
The cardioplegic ampoule is added to one litre of 
lactated Ringer's solution and cooled to 4 ~ C be- 
fore using. Magnesium and potassium are used to 
arrest the heart and procaine for membrane 
stabilisation. St. Thomas's solution is widely 
used in Britain (including our own unit) for the 
last two years. 

Admhffstration o f  cardioplegic solutions 
After the establishment of cardiopulmonary 

bypass and moderate hypothermia, (oesophageal 
temperature 30 ~ C), the refrigerated cardioplegic 
solution is brought out just prior to use. The 
bottle or plastic bag containing the solution is 
placed at a height of 1.5 metres in a Fenwal pres- 
sure bag. The infl~sion set is connected to a long 
connecting tube, a part of which is placed in an ice 
bucket to keep the temperature of the infusates 
low. An ordinary 2 mm needle, a flanged needle as 
(to avoid perforation of the posterior wall of the 
aorta) or a coronary cannula is connected to the 
end of the infusion set, and meticulous care is 
taken to get rid of all air bubbles. After aortic 
cross clamping, the needle is introduced into the 
aortic root, in the middle of a superficial purse 
string, which is then snared and tied to the needle 
or cannula to prevent dislodgement and to allow 
multiple infusions. When a plastic bag is used, 
infusion is maintained with the help o fa  Fenwal 
pressure bag to maintain a steady flow at a pres- 
sure not exceeding 10.6-13.3kPa (80-100ram 
Hg) to avoid extravasation and myocardial 
oedema. In the presence of aortic regurgitation, 
increasing the rate and volume may help to arrest 
the heart, but effective transmyocardial cooling 
might not be achieved and direct injection into the 
coronary ostia by plastic or metal coronary can- 
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nulae is recommended. 4s The direct cannulation 
of the coronary arteries may not adequately per- 
fuse the left ventricle if the cannula extends be- 
yond its bifurcation and the infundibulum of the 
right ventricle may not be protected if it is 
supplied by a separate conus branch. Damage to 
coronary ostia would result in infarction during 
operation or late coronary arterial stenosis. 33 

Administration of a single dose cardioplegia 
(20-30ml/kg) has been a standard practice, but 
its advantages are limited, due to non-coronary 
bronchial and mediastinal blood return.~4,~5 Mul- 
tidose cardioplegia (intermittent rc-perfusion) 
maintains the arrest and cooling and also en- 
hances the washout of lactic acid and other 
metabolites.~~ Continuous infusion of car- 
dioplegic solution has no advantage over mul- 
tidose infusion, is cumbersome, and carries the 
risk of myocardial oedema. 33'46 

We electively reperfuse the myocardium with 
cardioplegic solution cooled to 4 ~ C and topically 
cool the heart when ischaemic arrest exceeds 30 
minutes, to keep myocardial temperature be- 
tween 15-18 C. After each infusion the purse 
string around the cannula in the right atrium is 
released to discard the coronary sinus return to 
prevent the toxic absorption of some of the con- 
stituents and haemodilution. With the help of 
surface cooling and multidose cardioplegia, good 
functional recovery after two hours ofischaemia 
has been well documented. 2~ Our experi- 
mental studies have also indicated similar results 
when ischaemic arrest exceeds one hour: 27 we 
supplement glucose, insulin, potassium, methyl- 
prednisolone, sodium bicarbonate and inorganic 
phosphate (sodium phosphate 0.6 per cent 
sodium acid phosphate 1.7 per cent) systemati- 
cally. 

Evaluation o f  cardioplegic solutions and con- 

sl i luenls 
The beneficial effects of various cardioplegic 

solutions, their constituents and various modes 
of administration have been evaluated by study- 
ing biochemical structural and functional changes 
during aortic cross clamping and on reperfusion. 
The onset of global ischaemia is followed im- 
mediately by cessation of the coronary circula- 
tion. Consequently a significant fall in the Pmoz 
and the endogenous reserves of A TP and creatine 
phosphate occurs. 2t The myocardial glycogen 
reserves are utilized for anaerobic production of 
ATP. :2 The glycolytic production of ATP is con- 
siderably low but is essential for the maintenance 
of cell viability with the remainder of the en- 

dogenous ATP. 47 The hydrolysis of ATP is as- 
sociated with the liberation of hydrogen ions 
which are neutralized by bicarbonate reserves 
with the release of carbon dioxide. The glycolytic 
lactic acid and Pmcoe continue to rise due to the 
stagnant coronary circulation and the intracellu- 
lar acidosis this produced inhibits the glycolytic 
enzymes with a further reduction in ATP levels. 2~ 
A significant preservation of ATP and glycogen 
levels with the surface hypothermia and single or 
multidose cardioplegia has been observed, indi- 
cating a marked depression of metabolic activ- 
ity. I~ The energy thus saved by the elec- 
tromechanical activity is utilized for the mainte- 
nance of cell membrane integrity and ionic trans- 
port across the cell membrane. ~4 In spite of the 
minimal changes in ATP levels, creatine phos- 
phate levels were depleted with surface 
hypothermia and cold cardioplegia, indicating 
that creatine phosphate acts as an intermediate 
store of energy to rebuild ATP levels; thus 
creatine phosphate is a more sensitive index of 
the metabolic activity. 22 Myocardial ATP and 
creatine phosphate levels, however, fail to return 
to pre-ischaemic levels on reperfusion after single 
or multidose cardioplegia, but were significantly 
higher when compared with unprotected is- 
chaemic myocardium. The levels of ATP and 
creatine phosphate significantly influence the 
functional recovery of the myocardium on re- 
perfusion. No data are yet available as to what 
levels ATP and creatine phosphate should fall to 
before myocardial injury would be detectable by 
coronary sinus CPK measurement. 22 However, a 
minimal rise in coronary sinus CPK occurred 
with hypothermia and cold cardioplegia, indi- 
cating a minimal myocardial damage. 22 

Total lactate production is an indicator of the 
total glycolytic activity 4s'49 and appears to be 
unrelated to the irreversible injury, indicating 
that the enhancement of glycolysis was not a 
prime determinant of the injury s~ but the tissue 
lactate accumulation correlated well with ir- 
reversible injury. 46 

Electron microscopy is accepted as an efficient 
tool in detecting early subcellular damage; 
structural changes have been shown to bear a 
good correlation with biochemical and functional 
changes. 4*'~t Ultrastructural changes in the form 
of intracellular oedema, disruption of myofibrils 
and mitochondria, appearance of contraction 
bands, absence of glycogen and deposition of 
electron dense particles (probably calcium phos- 
phate), have been studied during ischaemia and 
reperfusion. 44 The differentiation between rever- 
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sible and irreversible injuries have been defined 
but the point of no return in terms of criteria for 
cell death has not been defined. The morphologi- 
cal features have shown a better preservation 
with surface hypothermia and cold cardioplegia 
and multidose cardioplegia) ~ 

During global ischaemia significant oxygen 
debt occurs, which is repayed on reperfusion by 
reactive hyperaemia and increased oxygen con- 
sumption, which restores the reduced com- 
pliance and myocardial contractility caused by 
ischaemic arrest to pre-ischaemic levels/6 The 
subendocardial layers suffer most from is- 
chaemic injury 1~ and this may result in ischaemic 
contracture, s3 Normally subendocardial flow per 
unit muscle mass is equal to the other myocardial 
regions, but a marked preferential subendocar- 
dial perfusion occurs on reperfusion. ~5 Thus the 
measurement of subendocardial/epicardial flow, 
left ventricular oxygen consumption, left ven- 
tricular compliance and contractility would give a 
fairly accurate assessment of the left ventricular 
functions and evaluation of various cardioplegic 
solutions and their constituents. 2s'39,a6 

The reactive hyperaemia usually persists on 
reperfusion after aortic cross clamping to facili- 
tate repayment of the oxygen debt incurred dur- 
ing ischaemia. The subendocardium was rela- 
tively underperfused with surface hypothermia 
alone due to post-ischaemic oedema z5 but an in- 
creased subendocardial flow occurred when cold 
cardioplegia was combined with surface 
hypothermia and even better results were ob- 
tained with multidose cardioplegia 39 as calcu- 
lated by modified methods of Rudolph and 
Heymen. s~ 

The augmentation of post-ischaemic oxygen 
uptake was expected in poorly protected 
myocardium, but contrary to this assumption 
augmentation was greater with hypothermia plus 
single dose cardioplegia and the highest values 
(or greatest repayment) occurred with multidose 
cardioplegia and membrane stabilization. 2s,39 
The post-ischaemic oxygen uptake was lower 
after global ischaemia or even topical hypother- 
mia, probably due to diminished oxidative phos- 
phorylation and increased anaerobic metabolism. 

The rise in the left ventricular end diastolic 
pressure may occur due to changes in myocardial 
compliance due to ischaemic changes in the 
myocardial wall structure, or change in the ven- 
tricular contractility. 

Left ventricular compliance was depressed 
with topical hypothermia alone due to increased 
subendocardial resistance as a result of post- 

ischaemic oedema and reduction in ventricular 
distensibility. 25 The post-arrest compliance was 
improved with single dose or multidose cardio- 
plegia with membrane stabilization on reper- 
fusion. 25,39.46 

The isovolumetric ventricular function 
curves 2s'39 and left ventricular performances as- 
sessed by Starling's curve with right heart bypass 
(values expressed as stroke volume/kg), maxi- 
mum measured velocity and maximum dp/dt give 
a good indication of myocardial contractility and 
left ventricular performance on reperfusion) 9 

Myocardial contractility was poorly preserved 
with topical hypothermia alone 2s but was well 
maintained when topical hypothermia plus car- 
dioplegia and multidose cardioplegia were 
u sed )  9 

The cardioplegic solutions and their con- 
stituents have been tested in acute experiments 
and the long-term effects of these agents and their 
preservatives on coronary endothelial surface are 
unknown. ,3 Late myocardial fibrosis and perma- 
nently compromised function is likely to occur in 
poorly preserved myocardium. 2s.39 A micro- 
scopic examination at a later date and chronic 
evaluation in the experimental situation j3 will be 
necessary for their correct evaluation. 

Thus the beneficial effects of cardioplegia and 
its constituents have been evaluated by the mea- 
surement of the following parameters. 

Biochemical changes 
Myocardial A TP "-2"4s 
Myocardial creatine 

phosphate ~2,4s 
Myocardial CPK 22 
Pm02 and Pmc02 s~ 
Coronary sinus lactate 

and CPK 22 

Structural 
changesan,5~.sa 

Interstitial and intracel- 
lular oedema 

Appearance of contrac- 
tion band 

Myofibril pattern 
Mitochondrial and 

lysosomal changes 

Functional changes 
Left ventricular subendocardial/subepicardial 

blood flow ratio. 39 
Left ventricular oxygen consumption.2S.39 
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Left  ventr icular  compl iance ,  m a x i m u m  mea- 
sured veloci tyand max i mum dp/dt 2s'39,4'~ 

Left  ventr icular  contractil i ty and per formance  
(stroke vol kg) 2s'39 
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RI~SUME. 

II y a plus de 20 ans que la cardioplrgie (usage d'agents pharmacologiques pour induire I'arr~t 
61ectro-mrcanique au cceur) a dr6 introduite en pratique dans le but d'obtenir des conditions 
idrales ~ la chirurgie cardiaque. Depuis, un hombre considrrable de variations darts les 
ingrrdients des solutions et leurs proportions ont dt6 proposdes et leur 6valuation a fait 1' objet 
d'dtudes continues en laboratoire et en clinique. Toute modification ii la composition d'une 
solution devrait faire l'objet d'une 6tude en laboratoire et l'on devrait porter une attention 
particuli~:re dans la formulation de nouvelles solutions aux extrrmes des concentrations 
ioniques, du pH et de l'osmoladtr. On n'a pas trouv6 d'avantages h la cardioplrgie au sang 
froid par comparaison aux solutions exsangues habituelles. L'emploi de solutions exsanges 
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glac6es associ~ ~ un refroidissement de surface du myocarde, fournit une meilleure protection 
que I'hypothermie de surface isol6e ou I'usage d'une solution cardiopl~gique normother- 
mique. La perfusion continue de la solution cardiopldgique n'est pas supdrieure 8 I'adminis- 
tration intermittente de solution. L'emploi combin~ de cardiopl6gie administr6e de fa~:on 
intermittente, avec une hypothermie syst6mique mod6r6e et une hypothermie de surface du 
myocarde, fournit une bonne protection et permel des clampages aortiques prolong~s (jusqu'h 
deux heures). IIne fait aucun doute que I'e mploi de cardiopl6gie au cours des derni~res ann6es 
a contribu6 "~ l'am61ioration du pronostic chirurgical de nombreux patients pr6sentant des 
pathologies cardiaques complexes. 




