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Abstract 
OWECTNE: Animal studies indicated detrimental effects of chronic hypoxia on 

myocardial metabolism and function. We studied whether cyanosis. young age or 

fernale gender advenely affects myocardial bioenergetics, ventncular function and 

clinical outcome in children. METHOOS: 48 children undergoing repair of tetralogy of 

Fallot were divided according to their preoperative saturation: group 1; >90%(n=14). 

group 11; 80-89%(n=I6) and group 111; 65-?9%(n=18). Myocardial energy levels, 

including adenosine triphosphate (ATP) was measured. Ejection fraction (EF) was 

measured by echocardiography. RESULTS: Group III had lower preoperative EF 

(P<0.01) and lower pte-ischemic ATP (Pc0.01). At 15 minute ischemia group III had 

lower ATP (Pe0.01) and with reperfusion both cyanotic groups lost further ATP 

compared to partial recovery in the acyanotic group (Pc0.01). Children in group III had a 

more complicated postoperative course. Young children (c6 months) lost more ATP 

during ischemia compared to older children and had worse clinical outcome. Females 

had lower baseline ATP but similar clinical outcome compared to males. 

CONCLUSiONS: Cyanosis advenely affects metabolism, function and clinical outwme 

of children undergoing cardiac surgery. Young age and female gender, as well, 

adversely affects the above parameters, however to a lesser degree. 
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Introduction 



Surgeons once believed that the heart would never be able to withstand a 

surgical insult. Theodore Billroth, a famous surgeon, once was quoted " Those who 

attempt to operate on the heart are doorned to lose the esteem of their colleagues' '. 
Luhivig Rehn is credited with perfoming the first cardiac operation in 1897 by 

repairing a stab wound to the heart with direct closure 2. 

Since the introduction of cardiopulmonary bypass by Gibbon in 1953 3, 

cardiac swgery has undergone a tremendous evolution. The first successful open 

heart operation performed on cardiopulmonary bypass was for an atrial septal defed 

in 1953 4. In 1954 Lillehei and associates began to repair congenital heart defeds 

using "controlled cross-circulation" with an adult as the oxygenator '. Wilfred G. 

Bigelow first conceived the benefits of hypothermia at the University of Toronto in 

1950 '. In a series of classical experiments, Bigelow and colleagues were able to 

show that moderate hypothermia (25-28 O C )  was able to protect the heart from 

ischemic injury. Sealy, Young and Brown were the first to expand the use of 

hypothermia. They combined the use of hypothermia in conjunction with 

cardiopulrnonary bypass '. Continued improvement of cardiopulmonary bypass and 

deep hypotherrnic circulatory arrest, however, have made possible safe early repair 

of cornplex congenital heart disease, even in very small neonates Currently the 

type and complexity of the repair dictate the degree of hypotherrnia. 

The other major development in pediatric cardiac surgery is the advancement 

of myocardial protection. Complex and lengthy procedures are now perfoned with 

an ever-decreasing morbidity and mortality. Nevertheless, primary myocardial failure 

in the immediate postoperative period is proportionately greater in the pediatric 



population when compared to adults and is responsible for 50% of early deaths O. 

This is partly due to the inherent structural and functional properties of the pediatric 

heart as well as the unique physiologie conditions under which operations are 

undertaken. 

Unfortunately, in spite of al1 these advances in cardiac surgery there still are 

subgroups of children who are ideiitified to be at a higher risk of perioperative 

rnorbidity and mortality. In general the final outcome of pediatric heart surgery is 

dependent on multiple factors. These factors could be: 1 ) disease specific, such as 

the cornplexity of the lesion; 2) patient specific, such as the presence of congestive 

heart failure or infection, or 3) physician specific that include the abilities of the 

surgeon, the quality of the perioperative care, adequacy of myocardial protection, 

etc. 

The presence of severe hypoxia has been identified to be deleterious to the 

cardiac metabolic profile in animals. In a graded hypoxia model in neonatal pigs, 

there was a decrament in the overall metabolic profile with progressive hypoxia. At 

severe hypoxia (PO2 = 20 mmHg) there were lower levels of myocardial glycogen 

and adenosine triphosphate; in addition, there was higher level of tissue lactate 'O. 

Similarly in the same model there is evidence of increased blood lactate and 

decreased pH l. 

Neonatal hearts have also been identified to be at a higher risk of metabolic 

derangement as compared to adult hearts. Neonatal animals had poor tolerance to 

ischemia as evidenced by shorter time to ischemic contracture onset (TICo) and 

peak (TICp) 12. 



In humans the detailed effects of cyanosis on myocardial metabolism has not 

been well established. The question remains whether the degree of cyanosis 

wifavorably changes the metabolic parameters of these children at baseline, and 

whether the inevitable myocardial ischemia and reperfusion, occurring during open 

heart surgery, would furthet increase this derangement. 

This study was designed to examine the effects of the degree of cyanosis on 

the myocardial metabolic profile at baseline, ischemia and at reperfusion. In addition 

the association between the metabolic derangement, ventricular function and clinical 

outcome were examined, 

Clinical implications 

Repair of sorne of congenital heart defects is complex and requires a lot of 

decision making throughout the process of management. Once the child is 

diagnosed with a congenital heart defect, whether that be in the first few days of life 

or later, a decision has to be made about the appropriate route of management. 

Most defects do not regress and will require surgical repair. 

If in children, as seen in animals, chronic exposure to low oxygen tension is 

deleterious to myocardial function 13, then it is clearly important to repair cyanotic 

heart disease as early as possible in life to avoid consequences of chronic exposure 

to hypoxia. On the other hand, there is evidence that neonates will have less 

tolerance to ischemia as compared to adults j4. Then an optimum age should be 

selected to balance the time-related detrimental effects of chronic cyanosis against 

the technical suitability of repair. 



Identification of specific children at higher risk undergoing cardiac surgery 

allows for allocation of hospital resources. In particular with the current cost 

containment, realistic expectation of intensive care unit and hospital cost should be 

estimated if these children have extended lengths of stay due to a more complex 

hospital course. In a recent study (1 997) addressing hospital costs for three 

congenital anomalies (VSD, AVSD, and TOF) 15, the authors identified several risk 

factors for increased cost. For example, children with a VSD repaired before the age 

of 6 months had a hospital cost of $48,252 US as compared to $1 5,819 US for 

children repaired after the age of 6 months. Children with TOF and presenting with 

severe cyanotic spells or additional multiple congenital anomalies had a much higher 

hospital cost when compared to children without these risk factors ($1 14,202 versus 

$22,241 US, alrnost a 6 fold increase). Other risk factors for increased stay were the 

length of hospital stay prior to surgery and the presence of concurrent infection. 

Interventions targeted to these children not only may improve outcome but it may 

substantially reduce hospital costs. 

In the following few sections of the introduction a brief overview of congenital 

heart disease is reviewed followed by details of the two congenital defects chosen 

for this project (tetralogy of Fallot and ventricular septal defect). Then the high risk 

patient with congenital heart disease is discussed with particular emphasis on 

cyanosis. In order to understand the implications of alteration in outcome or in 

m yocardial function, myocardial metabolism will be discussed followed by 

consequences of ischemia on adenine nucleotides. And finally an introduction of 

gender related effects on rnetabolism. 



Congenital heart diseases 

Congenital heart disease is defined as an abnormality of the cardiocirculatory 

structure or function that is present at birth, even if it is discovered much later ''. 
Congenital cardiac malfomations are usually a result of altered embryonic 

development of a normal structure or failure of such a structure to develop beyond 

the embryonic stage. This aberrant pattern of flow created by the defect may, in tum, 

significantly influence the structure or the function of the heart. For example, mitral 

atresia may lead to underdevelopment of the left ventricle because there is no fiow 

of blood through the charnber. 

Incidence: About 0.8 per cent of live births are complicated by a cardiovascular 

malformation '? Although it is difficult to determine the true incidence of congenital 

heart disease because the above percentage does not include the most frequent 

congenital defect which is non-stenotic bicuspid aortic valve and leaflet 

abnormality in mitral valve prolapse 'l The relative frequency of occurrence of 

cardiac malfonations detected at birth could be different from the frequency 

detected at older age. This is due to the fact that presentation of these defects wuld 

be defferent at different ages depending on the pathophysiology which evolves as 

the child grows. In addition, some defects such as ventricular septal defect and 

patent ductus arteriosus may close spontaneously in the first 6 months of life P. 



Normal and abnormal develo~ment of the heart 

Although congenital cardiac anomalies are usually discovered after birth, 

important effects on the circulation exist from early pregnancy until birth. Thus 

knowledge of the cardiocirculatory structure, function and metabolism is important. 

In brief, during the fint month of gestation the primitive, straight cardiac tube 

is fomed, comprising the sinuatrium, the primitive ventricle, the bulbus cordis, and 

the truncus arteriosus in series, from cephalad to caudad. In the second month of 

gestation this tube doubles over on itself to fom two parallel pumping sytems, each 

with two chambers and a great artery. The two atria develop from the sinuatrium; the 

atrioventriwlar canal is divided by the endocardial cushions into tricuspid and mitral 

orifices; and the right and left ventricles develop from the primitive ventricle and 

bulbus cordis. Differential growth of m yocardial cells cause the straight cardiac tube 

to bear to the right, and the bulboventricular portion of the tube doubles over on 

itself, bringing the ventricles side by side. Migration of the atrioventricular canal to 

the right and with the ventricular septum to the left serves to align each ventricle with 

its appropriate atrioventricular valve. At the distal end to the cardiac tube the bulbus 

cordis divides into subaortic muscular wnus and subpulmonary rnuscular conus; the 

subpulmonic conus elongates and the subaortic conus resorbs, allowing the aorta to 

move posteriorly and connect with the left ventricle p? 

Fetal and transitional circulation 

The single fetal circulation consists of parallel pulmonary and systernic 

pathways (Figure l), in contrast to the circulation in neonates or adults in which the 

pulmonary vasculature exists in series with the systemic circulation. 



Oxygenated blood retums from the placenta through the umbilical vein and 

enters the portal venous system. A variable amount of this blood bypasses the livet 

and enters the inferior vena cava (IVC) via the ductus venosus. IVC blood is 

composed of hepatic veins, ductus venosus and lower body blood. This is deflected 

through the fotamen ovale across the atrial septum to the left atrium. The superior 

vena cava blood passes through the tricuspid valve to the right ventricle. Blood from 

the right ventricle bypasses the high-resistance, unexpanded lungs through the 

ductus arteriosus to the descending aorta. The blood ejected from the left ventricle 

(higher saturation blood from the placenta) supplies the brain, coronary arteries and 

upper amis, while the blood from the right ventricle (lower saturation blood from 

superior vena cava) supplies the lower body. The balance of the circulation and 

lower body blood passes through the umbilical artery to the placenta. 



Figure 1 : The fetal circulation 

(Modified from Braunwald heart disease s, 



Because of the nature of the fetal circulation mixing occurs between the oxygenated 

and deoxygenated blood in the fetus resulting in a hypoxemic blood supplying the 

different organs. The presence of fetal hemoglobin improves oxygen carrying 

capacity. 

Oxvaen hemoalobin dissociation cuwe: 

The fetal environment is profoundly hypoxic, and the mechanisms for increasing the 

oxygen carrying capacity in a fetus and the newborn are two fold: 1. Fetal Hb, 2. 

Elevated Hb. The oxygen hernoglobin dissociation curve in the newborn is shifted to 

the left because of the presence of fetal hemoglobin. This means increased affmity 

of hemoglobin to oxygen and subsequently increase in the oxygen carrying capacity 

of the neonatal blood 28, while increased Hb increases aie total delivered oxygen to 

the tissues n* 28. 

Effects of cardiac malformation on the fetus: 

Although the fetal somatic growth rnight not be affected, the hemodynamic effects in 

utero may alter the development and structure of the heart. For example, 

hypertrophy is a sewndary response to contraction against an obstruction rather 

than a congenital defect by itself. To apply this to tetralogy of Fallot; this defect is 

composed of pulmonary stenosis and a ventricular septal defect (detailed description 

of the defect will follow). The RV hypertrophy seen at birth in these children is due ta 

the obstruction facing this ventricle since the heart starts to beat at 13 weeks 

gestation. 



Changes at birfh: 

The fundamental change, which occurs at birth, is the division of two parallel 

circulations into two in-series circulations. VVith the first breath of a newborn the 

lungs expand leading to precipitous drop of pulmonary vascular resistanœ. This 

together with clamping of the urnbilical cord draps the right-sided pressures and 

increases the left-sided pressures leading to functional closure of the foramen ovale. 

With the shift of oxygen dependence from the placenta to the lungs, a sudden 

increase in oxygen tension occurs, which in concert with local prostaglandins 

initiates constriction of the ductus arteriosus. Pulmonary pressure falls further and 

the ductus constricts. In healthy infants the ductus arteriosus is profoundly 

canstricted at 10 to 15 hours after birth and is fundionally closed by 72 hours, with 

total anatomical closure in the following few weeks ? The incidence of patent ductus 

arteriosw (PDA) is higher in premature neonates. Some lesions are masked by the 

presence of a PDA such as tetralogy of Fallot. The hallmark of this lesion is cyanosis 

due to inadequate pulmonary blood flow secondary to severe pulmonary stenosis. In 

the presence of a PDA the cyanosis is masked because of the augmentation of 

pulmonary flow from the systemic circulation via the POA. The cyanosis becornes 

evident when the ductus closes. 

Classification of congenital heart disease: 

Depending on the specific anatomical defect in congenital heart disease, the 

resulting pathophysiology detemines the presentation and the course of the 

disease. On mis basis congenital heart defects are classified accordingly into 



defects causing left to right shunts, right to left shunts, admixture lesions, obstructive 

lesions and others. Table 1 represents these defects with their relative percentage 

among children with congenital heart disease in 1993? 

Table 1: Congenital defects and their percentages 

Defect YO of Total 

L to R shunts (acyanotic) 

Patent ductus arteriosus 17% 

Atnal septal defect 16.5% 

Ventricular septal defect 13% 

Atrioventncular septal defect' 3.5% 

Anomalous pulmonary venous return 

Artenovenous fistula 

R to L shunts (cyanotic) 

Tetralogy of Fallot 

Tricuspid atresia 

Pulrnonary atresia 

Admixture lesions 

Complete transposition of great artenes 

Univentricular heart 

Tnincus ateriosus 

Obstructive lesions 

Coarctation 

Intemipted aortic arch 

Left ventricular outflow tract obstruction 

Mitral valve and supravalve stenosis 1.5% 

Hypoplastic left heart syndrome 0.9%' 

Pulmonary stenosis 2% 

Others 

Arrhythmias 5% 

Vascular rings 0.5% 



For the purpose of this thesis and to provide a background, further details of 

the two chosen congenital defects is outlined. 

Tetralogy of Fallot 

1. TOF is the first cyanotic lesion to be described. 

2. The fitst description of TOF appeared as early as the 17" century, 

3. The detailed description of the lesion was by E. A. L. Fallot in 1888. " 
4. First palliative and definitive procedures for cornplex congenital heart defect were 

performed for children with TOF. 

5. TOF is the first wmplex cardiac tesion in which large numbers of children have 

survived to adult life. 

6. The first Blalock Taussig shunt reported as a palliative procedure for TOF was in 

1944. 

7. The first intracardiac correction of TOF was by Lillehei and co-workers in 1954? 

E~idemioloay 

TOF is found in 6% of infants with congenital heart disease, and the 

prevalence is 3.9%- 8.6%, depending on how TOF is defined Y. TOF is sporadic and 

nonfamilial in most cases 37. The incidence of congenital heart disease in offsprings 

of parent affected with TOF is 7.3%. * 



Anatomic features 

The anatomic features of TOF are fonned because of anterosuperior deviation of 

the infundibular septum separating the right ventricular from the left ventricular 

oufflow tract (Figure 2). This produces the following four features: 

1. Ventriailar septal defect 

2. Overriding of the aorta over the ventricular septum, resulting in the aorta 

receiving blood from both ventricles 

3. Pulmonary stenosis 

4. Right ventricular hypertrophy as a result of right ventricular oufflow tract 

obstruction with pulmonary stenosis. 

Phvsioloav and clinical presentation 

Usually the VSD in TOF is unrestrictive leading to equalization of right and left 

ventricular pressures. The amount of blood shunted from the RV (desaturated) to the 

LV (saturated) is dependent on the amount of RV oufflow obstruction. In cases of 

severe obstruction the right ventricular pressure is slightly higher than LV pressure 

leading to a net right to left shunt with subsequent cyanosis. In cases in which the 
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RV outfiow tract is mildly obstnicted then the net direction of the shunt is from left to 

right leading to a volume overloaded heart with no cyanosis (pink tetralogy). 

Cyanosis is present in 90% of children with TOF * and is usually manifested 

by 8 weeks to 6 months of age. If seen in the newborn, pulmonary atresia with duct 

dependency might be suspected. Hypercyanotic spells known to occur in children 

with TOF are usually triggered by unusual activity, fright or injury. This results in 

endogenous catecholamine production with subsequent increased cardiac 

contractMy, which aggravates RV outflow tract obstruction by two mechanisms. The 

first is the increased cardiac output in the face of a fixed obstruction, and the second 

is the increased right ventricular contraction clamping down the oufflow tract. Both of 

these mechanisms lead to increased right to left shunt and increase systemic 

desaturation. 

Natural history 

Without specific treatment, 25- 35% of children with TOF will die in the first 

year of life, 40- 50% by year 3, 70- 76% by year 10,90% by year 21 and 95% by 

year 40 The ongoing morbidity and mortality is a consequence of the chronically 

low pOz leading to high Hb levels. A Hb level in the 15-1 7gldL range is usually 

tolerated, but when the Hb level rises above that level, increasing blood viscosity is 

associated with an escalating risk of neurological complications "l intravascular 

thrombosis O, systemic embolization and brain abscess ". Other complications of 

untreated TOF are coagulopathy infectious endocarditis, and hernoptysis 



Diaanosis 

Clinical 

P Cyanosis 

> Clubbing 

B Cardiac murmur 

B Chest x-ray shows boot shaped heart, pulmonary oligemia 

B €KG shows RV hypertrophy 

Echocanliography 

3+ Most commonly used modality 

P Usually shows al1 the major features of TOF " 
Cardiac catheterization ' 
P Detects multiple VSDs 

> Coronary artery anatomy 

B Distal pulmonary arterial anatomy 

Treatrnent 

Definitive management of TOF is surgical correction. There is a debate in the 

literature as to what is the optimum age at repair. Repair at a young age has the 

advantage of operating on a less hypertrophied heart, and restoration of normal 

physiology early in the child's Me. The disadvantage is that it is recognized that 

operating before the age of 3 months is a risk factor ''l? On the other hand, 

operating after 4 years could be also a risk factor due to the chronic effeds of 

cyanosis Currently the policy at the Hospital for Sick Children is wmplete repair 

electively at the age 6- 18 months and earlier if the child is symptomatic. In children 



presenting in the first 2 months medical management is initiated first; if fails then 

surgical repair is considered. 

Medical management 

f3 blockers are used to decrease cardiac contractility. This in tum deaeases 

the hyperdynamic component of RV oufflow obstruction, and the gradient across the 

RV outflow tract is lowered which perrnits more fiow to the pulmonary circulation and 

subsequently controls cyanotic spells. 

Surgical management 

Historically, children with TOF are initially palliated with a systemic to 

pulmonary artery shunt, which will increase the saturation. This is followed by 

complete intracardiac repair at an older age (4- 5 years). With recent advancernent 

in techniques of cardiopulrnonary bypass circuits, rnyocardial protection and better 

understanding of the morphology, repair of children with TOF is performed routinely 

in the first 18 months of life '*. In cases of severe cyanosis repair is performed earlier 

in life and on occasion, is perfoned a few weeks after birth ". 

Ventricular septal defect 

Ventricular septal defect is a communication between the right and left 

ventrides aaoss the interventricular septum. It can be single or multiple or c m  be 

isolated or c m  be as part of or cornbined with another congenital heart lesion. 

Historical ~ers~ect ive 

1. First description was in 1879 by Roger 



2. Understanding of the natural history and pathophysiology and hemodynamic 

effects of VSD was contributed by Lucas et al 

3. The principle of reducing excessive pulmonary blood flow with a pulmonary 

artery band was introduced by Mueller and Dammann in 1952 Y 

4. First intracardiac dosure of VSD by direct vision was by Lelliehei in 1955 using a 

cross-circulation technique ? 

Classification 

b Perimernbranous VSD 

> Subarterial VSD 

9 Inlet VSD 

9 Muscular 

The pathophysiology of VSD is detenined by the site of the VSD and the 

pulmonary vascular resistance. Interactions between these factors detemine the 

pressure gradient across the defect, hence the amount of blood shunted. Since after 

the neonatal period the pulrnonary vascular resistance drops. the RV pressure is 

lower than LV pressure. In large unrestrictive defects the shunt is from the LV to the 

RV leading to equalization of pressure in both chambers with resultant right sided 

overload and increased pulmonary blood flow and pressure. This subsequently 

leads to left atnal overload (Figure 3). 

Natural histor~ 

Severity of symptoms is dependent on the amount of blood shunted to the 

right side. Large defects are asymptomatic in the newborn because of increased 
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pulmonary vascular resistance that creates higher RV pressure, thus decreasing the 

shunt fraction. As the pulmonary vascular resistance drops, the shunt increases and 

at 3-6 months the infant presents with congestive heart failure. If not treated, infants 

suwiving beyond the first year of life will start to develop right ventricular 

hypertrophy, and over the years irreversible hypertensive pulmonary vascular 

disease. This increase in the pulmonary arterial pressure leads to increased RV 

pressure which in turns leads to a reversal of the shunt with subsequent 

desaturation of the systemic blood marking the onset of Eisenmenger's syndrome '. 

This syndrome describes a patient with congenital heart disease who originally had 

a left to rigM shunt with no cyanosis and who due to persistent untreated high flow 

develops permanent pulmonary vascular disease that results in reversal of the shunt 

with subsequent development of cyanosis. This syndrome may develop from a 

ventricular septal defect, atrial septal defect, or patent ductus arteriosus. Children in 

well-established Eisenmenger syndrome are not candidates for repair; rather, the 

only treatment is a bilateral lung or heart lung transplantation ". 

A large proportion of smaller and moderate size defects might close 

spontaneously w8 ". Five percent will present with infundibular stenosis due to 

excessive rïght ventricular hypertrophy and presence of muscle bundles in the 

oufflow tract O. Bacterial endocarditis occurs in 0.1 5- 0.3% per year and aortic 

valve insuffkiency due to leaflet prolapse might be a presenting symptom 



Qiaanosiq 

Clinjcal 

b Shortness of breath 

P Asymptomatic pansystolic murmur 

b Congestive h a r t  failure 

lnvestigetions 

P EKG 

B Chest X ray 

% Echocardiogrphf 

& Cardiac catheterization 

Treatment 

Early repair is indicated in infants with congestive heart failure or failure to 

thrive. Smaller defects may close spontaneously and should be monitored closely. 

The current accepted treatment is single stage closure of VSD on CPB without prior 

pulmonary artery banding. At the time of repair, if done beyond the first year of life, 

careful search for excessive right ventricular muscle bundle should be performed 

and if present should be resected ". 

Tetralogy of Fallot versus ventricular septal defect 

These lesions exhibit some similarities and differences. Presentation of 

children with VSDlRVMB is due to pulmonary congestion so they are almost always 

pink (not cyanosed). On the other hand, presentation of children with TOF is 

variable; some children will be deeply cyanosed and others will have no cyanosis. 



Morphologically, both have a defect in the ventricular septum and both have right 

ventricular hypertrophy. The difference is that the RV hypertrophy in TOF is 

secondary to pressure overload from obstruction, but the RV hypertrophy in VSD 

with RV muscle bundle is secondary to volume overload from left to right shunt. 

In cornpensated hearts not in failure, Grossman and colleagues a found 

hearts subjected to volume or pressure overload to be similar in an increase in left 

ventricular mass. However, there was substantial increase in wall thickness in 

pressure overloaded hearts as cornpared to volume overloaded hearts (Figure 12). 

The hypertrophy in the latter group is just enough to counterbalance the increase in 

radius. This ratio was substantially increased in pressure overloaded hearts. This 

indicates that myocardial hypertrophy develops in a manner which maintains systolic 

wall stresses ". 

Myocardial bioenergetic abnormalities have been reported in both volume and 

pressure hypertrophy. In pressure and volume overload hypertrophy there is a 

decrease in CPI ATP ratio that correlates with the severity of hypertrophy "". 

However tachycardia in pressure overload hypertrophy resulted in redistribution of 

blood flow away from the subendocardium and worsening of bioenergetic 

abnormalities. Thus the abnorrnality seen in pressure overload could in part be 

related to a response to subendocardial hypoperfusion. On the other hand, Zhang 

and colleagues studied a volume overload model of mitral regurgitation in dogs 

where they normalized coronary flow by the administration of a coronary vasodilator 

(adenosine) and found the high energy phosphate metabolism is altered due to the 

presence of hypertrophy and not due to hypoperfusion . 



The high-risk infant with congenital heart disease 

Without prompt recognition, accurate diagnosis, and treatment, about one-third of al1 

infants with congenital heart disease die in the first few months of life '? 

Structural. functional. rnetabolic differences of the developina rnvocardium 

Structure: 

The most obvious difference between the immature myocyte and the fully developed 

cell is the cell size. Rat rnyocytes increase by approximately 500% by full maturity nt 

? The newborn heart also represents a greater proportion of body mass at birth 

(0.73%) as compared to the adult (0.49%) '? Noncontractile structural elements 

comprise a greater percentage of cell mass in the developing heart 'O. The myofibrils 

are present in a more random orientation and may have inwmplete sarcomeres ". 

Mitochondria to power these myofibrils are present in fewer numbers and lack well- 

developed aistae As such the immature myocardium has a reduced oxidative 

capacity 19 

Function: 

The above stnictural differences result in an immature myocardium that at any given 

point on a length-tension curve generates less force than its adult counterpart 

(Figure 4); thus cornpliance is reduced. This is compensated for at baseline with 

increased contractility related to an elevated adrenergic state 

Resenm mechanisms in the neonatal heart 

Clinidans have always recognized the fragility and the labile nature of the neonatal 

circulation in response to disease states and various physiological stimuli. Newboms 



exhibit suboptimal response to drugs such as digitalis or catecholamines compared 

to older children or adults -* (Figure 4). 

Due to the site and muscle mass of a neonate any increase in ventricular filling or 

volume in small, young hearts results in a disproportionately greater rise in 

ventricular wall tension. Similarly, small increases in ventricular Ming take young 

hearts easily to their limits; i.e. preload or diastolic mente is limited. 

The young heart generates relatively less force and wall tension cornpared to 

the adults. Oxygen consumption in normal newborns is considerably higher than 

later in life; wnsequently, the cardiac output /m2 (cardiac index) is much higher in 

the newborn. Thus, even in absence of stress, the neonatal heart has to function 

close to its ceiling or limits of function (Le., limited systolic reserve) ". 

Hearf rate menle: 

This consists of the ability of the heart to increase the rate in response to stress to 

increase cardiac output. In this regard the newborn is also limited because the heart 

rate normally is high and it is closer to its ceiling compared to older children and 

adults. In addition, any increase in heart rate is at the expense of diastolic filling 

which is important for coronary perfusion. This cornpromised perfusion with 

increased oxygen consumption indicates that newborn heart rate reserve is limiteû 

86 
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Figure 4: Schema of reduced cardiac reserve in fetal and newbom hearts 
compared with the adult's. In the newborn infant the resting cardiac muscle 
performance (top panel) is  close to the peak because of limitation of diastolic, 
systolic and heart rate reserve. Similady, pump reserve (bottom panel) early in 
lik is limited by these factors, as well as by a much higher resting cardiac 
output relative to body weight, cornpared with adult. 

(Braunwald ") 



Metabolic: 

The immature myocardium has greater glycogen stores and possesses superior 

anaerobic gl yw l  ytic ATP production m. 

There is a significant difference between the immature and mature 

myocardium with regard to calcium handling. Calcium is critical in the myocyte and 

plays a role in membrane integrity *, excitation-contraction coupling Y, and tension 

clevelopment @'. The immature myocardium has a less well-developed ST and T- 

tubule system '. This possibly accounts for the greater dependency upon 

extracellular calcium demonstrated by the immature myocardium =. 

Patholwical conseauences of conçienital cardiac lesions: 

The child with congenital heart disease may be asymptomatic and the defect 

is discovered by incidental examination or the child may present with: (1 ) congestive 

heart failure due to left to right shunt causing volume overload on the ventricle 

ultimately leading to failure; (2) cyanosis that is due to mixing of deoxygenated 

'right" blood with oxygenated "left" blood; or (3) others such as shortness of breath, 

upper respiratory tract infections, and endocarditis. 

Congestive heart failure has been identified as a risk factor in multiple 

wngenital heart defects Y~as8  'h This is due to the fact that when the failing heart is 

subjected to periods of ischemia, which is inevitable in cardiac surgery, the fundion 

further deteriorates and the outcome is affected. In addition, heart failure affects the 

end organ fundion due to decrease perfusion and this also affects outcome. 

It is not known yet if the mere presence of cyanosis by itself is detrimental to 

the outcome of surgery for congenital heart disease. For the purpose of this thesis I 



will expand on the pathological consequences of cyanosis and their detrimental 

effects. 

Cyanosis: 

Definition: Cyanosis is produœd by reduced hemoglobin in cutaneous vessels in 

excess of 3 gldl. 

Types: 

1. Peripheral: This is usually caused by excessive extraction of oxygen from 

normally saturated arterial blood, so there is a wide artriovenous oxygen 

difference. The cause is usually peripheral vasoconstriction. 

2. Central: This is a result of arterial blood oxygen desaturation, most often in 

children with congenital heart defects causing shunting of systemic venous blood 

to arterial blood. The other cause of cyanosis is pulmonary dysfunction causing 

arterial blood desaturation. The latter is usually improved by inhalation of 100% 

oxygen while cyanosis due to right to left shunting is usually not improved. 

However, this statement should be qualified by stating that oxygen is a 

pulmonary vasodilator and can drop the pulmonary vascular resistance henœ, 

decreasing the degree of shunting which would improve the saturation *? 

3. Differential: This means that the head and upper extremities are pink and the 

lower body is blue. This is due to the presence of two defects: a preductal 

coarctation of the aorta, and a patent ductus arteriosus. This anatomy means the 

oxygenated blood coming out of the left ventricle is directed to the head and 

upper extrernities, while the lower body is supplied by a combination of some 
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blood from the aorta beyond the coarctation (oxygenated) and some blood from 

the pulmonary circulation (deoxygenated). This results in an overall cyanotic 

lower body. 

Clinical effects of cvanosis: 

Due to chronic exposure to the low arterial oxygen saturation the following 

pathological consequences may occur: 

Clubbing and polycythemial erythrocytosis: clubbing is due to an increased 

number of capillaries, connective tissue in the terminal phalanges, which 

enlarges and elevates the nailbed giving rise to the recognized look of clubbed 

fingers. Polycythemia is a physiological response to chronic arterial hypoxemia. 

This triggers excessive red blood formation by bone marrow, which results in 

increased viscosity of blood. This in tum causes cell aggregation, thrombotic and 

hemorrhagic diathesis in different organs lW. 

Paradoxical embolus: due to hyperviscosity peripheral dots form in the 

systernic veins and travel to the heart where they cross the circulation into the 

arterial side and lodge in an end organ causing strokes or other end organ 

infarctions. 

Cerebral and pulmonary complications: cerebrovascular accidents and brain 

abscesses occur particularly in cyanotic patients with substantiel arterial 

desaturation lm. This results from sludging and aggregation of red blood cells 

in the cerebral circulation, which could also be seeded by bacteria resulting in 

brain abscess. 



4. Brain abscess: Usually the child presents with seizure or focal neurological 

defect. It is thought to ocwr in 2Oh of cyanotic children and has a mortality of 30 

to 40% often due to delay in diagnosis. 

S. Coagulation defects: Generally the degree of bleeding diathesis tends to mirror 

the degree of erythrocytosis. There is also a low grade disseminated 

intravascular coag ulopathy 'O3! lM. 

6. Other complications: Retinopathy, hemoptysis, hypoxic spells, and growth 

retardation. 



Myocardial metabolism 

Introduction: 

The rnyocardium is remarkably adept at utilizing any available substrate for energy 

production. Carbohydrates, fatty acids, and amino acids can be utilized for the 

formation of aœtyl-Co-A. In the nona l  non-ischemic rnyocardium, fatty acids are 

the predominant substrate for energy production 'Obv however, during and after 

ischemia myocardial glucose metabolism is highly upregulated 'O7. 

The ability of the heart to do work is dependent upon the capacity of its muscle fibers 

to release chernical energy from substrate and convert it to mechanical work. The 

rnetabolic machinery for energy production is located mainly within the 

rnitochondria, and it is geared to a high level consistent with the high energy 

requirement of the heart 'O8. 

The cardiac fuels -glucose, pyruvate, lactate, and fatty acids- are, for the 

most part, supplied by the coronary arteries, but a small part of these substrates is 

produced from within the myocardial cells. The uptake of a particular substrate is 

largely proportional to its blood concentration, although adult hearts display a 

preference for fatty acids. In sharp contrast to the mature rnyocardiurn, al1 fetal and 

neonatal metabolism is based upon carbohydrate breakdo~n '~~.  Myocardial 

utilization of pyruvate is low as a consequence of a low blood pyruvate 

concentration. 

Two thirds of the total daily myocardial oxygen consumption is attributable to 

oxidation of plasma free fatty acids ' 'O8 ' " . Total aerobic carbohydrate rnetabolism, 



correspondingly, accounts for only about one third of myocardial oxygen extraction. 

Plasma amino acids contribute very little to energy production in the heart "2. 

Mvocardial oxvaen consum~tion: 

The heart consumes more oxygen per gram of weight than most other organs. 

Although it represents 0.5% of the total body weight, it is responsible for over 7% of 

the body's resting oxygen consumption "'. Because of this high oxygen extraction, 

the increase in myocardial demand is met by increasing coronary blood flow. In the 

resting loaded beating heart, the left ventficle consumes 8 ml of O2 per 100 g/ 

minute. In the potassium arrested heart the oxygen consumption falls to 1.5 ml1 100 

g of myocardiuml minute; a substaniial decrease of over 80% "4 indicating the 

importance of maintaining a diastolic arrest during surgery. Another study of 

myocardial oxygen consumption delineated the Oz consumption during different 

stages of myocardial activity and with the addition of hypotherrnia (Figure 5) '15. This 

study clearly demonstrated that the major reduction of Oz consumption occurs 

between the working heart to the empty beating heart, with further reduction seen 

progressively as the heart is arrested and cooled to various levels of hypotherrnia. 

The reduction of O2 consurnption from the arrested warm heart to the cooled heart 

seems smalt, but is nevertheless important. Because at this stage the heart is 

ischemic and is receiving no coronary blood flow, reduction of the oxygen 

requirement is of great advantage in preseMng the integrity of the myocardium. The 

maximum oxygen consumption occurs shortly after weaning from CPB when the 

heart is repaying the oxygen debt incurred during the aortic cross clamp period. 
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Figure 5: Myocardial oxygen consurnption at different working conditions 

(Redrawn from Buckberg et al Il4) 



Myocardial oxygen consumption (MV02) can readily be calculated using the 

Fick equation if the coronary blood flow (CBF), artenal (Cao2) and coronary sinus 

(Cao2) oxygen content are known (MV02 = CBF x [Cao2 - Caoz]). 

The critical deteninants of myocardial oxygen demand are heart rate, contractility, 

and myocardial wall tension. It is possible to pharmacologically or mechanically 

control each of these parameters. The relationship between MV02 and its 

deteminants is almost linear 116,117 

Deteminants of oxygen delivery must also be managed. Critical factors for 

myocardial oxygen delivery are the duration of diastole, diastolic pressure, 

hernoglobin concentration, and oxygen saturation. Again these factors cari be 

manipulated towards optimum myocardial performance. A balance between 

myocardial delivery and consurnption must be achieved in order to maintain aerobic 

metabolism. 

Pathwavs of cardiac metabolisrn: 

Myocardial contraction requires the continuous expenditure of energy derived 

from ATP. In the resting state, approximately 1 pmol of ATP is utilized par gram dry 

tissue per beat in the isolated rat heart "', and this increases almost 4 fold with 

increasing work load Ilg. Metabolic processes are concerned with either the 

liberation of energy or the utilization of energy. A fine balance between energy 

liberation and utilization has to be achieved to allow continuous mechanical adivity. 



Energy liberation: 

Overview 

Energy liberation follows these successive steps: 

Degradation of various foods to certain key molecules of small size that are 

cornmon to all three primary food components. This is effected by glycolysis in 

case of carbohydrates; hydrolysis and fatty oxidation in the case of fats; and by 

deamination and transamination in the case of amino acids. 

A series of oxidative readions in which the small molecules produced in step 1 

are degraded into carbon dioxide and water with liberation of free energy of 

hydrogen electrons. 

The esterification of inorganic phosphate and the production of energy-rich 

adenosine triphosphate by the shuttling of electrons released during the oxidation 

of step 2 by a series of enzymes known as the mitochondrial electron transport 

system. 

In general there are two ways for ATP production in the heart: aerobic and 

anaerobic metabolism. Aerobic metabolism includes energy production from 

glycolysis, betaoxidation, tricarboxylic cycle and the electron transport chain. 

Anaerobic metabolism is energy production without the involvement of the 

tricarboxylic cycle or the electron transport chain '". 



lntennediary metabolism of energy liberation 

Lipids are the primary source of energy for the heart in resting conditions in 

adults. Carbohydrate metabolism becomes important during and following heavy 

exercise which raises blood lactate '". The immature heart has a higher glycolytic 

potential and preferentially uses carbohydrates for energy production. Similarly when 

oxygen availability falls, as occurs when the heart is subjected to ischemia, aerobic 

rnetabolism ceases and anaerobic metabolism becornes the only source of ATP. 

Glucose metabolism: 

lnsulin is required to facilitate glucose entry into the cell. In addition, hypoxia 

and increased heart work also increase glucose uptake '?'. Once inside the cell, 

glucose is converted to glucose-6-phosphate by hexokinase. Glucose-6-phosphate 

can then be polymerized and stored as glycogen or be degraded in a process called 

glycolysis. (Figure 6) This process is wmmon to breakdown of glucose and 

glycogen. In aerobic conditions the end product is pyruvate and is tened aerobic 

glycolysis. In anaerobic conditions the end product is lactate and is termed 

anaerobic glycolysis. The immature heart is heavily dependent on glycolysis for 

energy production '23. lZ4. Studies of enzyme activities in hearts of fetal and 

newbom guinea pig I n  and rabbits '24 demonstrate higher activity of enzymes in the 

glycolytic pathway as compared to adults of the same species. 

The energy-yielding breakdown of glucose to pyruvate is achieved through 

the Ernbden-Meyerhof schema ot glycolysis or through the hexosemonophosphate 

shunt. The latter is not an important pathway for energy production in cardiac 



muscle. As shown in Figure 6 the many chernical reactions that constitute glycolysis 

yield little energy (four ATP molecules produced and two used per molecule of 

glucose degraded) '? 

Glycdysis is regulated by multiple enzymes at different stages; these are 

hexokinase, phosphofructokinase (PFK), and glyceraldehyde-3-phosphate 

dehydrogenase. Table 2 summarizes the main regulatory metabolites and their 

effeds on the catalytic activity of the rate lirniting enzymes of glycdysis and the citnc 

acid cycle. 

Table 2: Regulatory metabolites and their effects on the catalytic activity on 

glycolysis enzymes 

Enzyme Regulatory metabolite 

Hexoki nase G-6-P? 

Phosphofructokinase ADP?, AMP?, PI?, cyclic AMP?, AT?&. 

G-3-PD CP$, 1,3-DPG&, NADHJ, lactate&, ti% 

Pyruvate Kinase ATP& 

Pyruvate dehydrogenase ~cetyl-COA& NADHL, pyruvate '?, ATPL 

Glycogen synthase Cyclic AMP& ca2'& 

Phosphorylase Cyclic AMP?, AMP?, ca2+? 

Citrate synthase NADHA, ATP& succinyl-COA& 

a-Ketogluterate dehydrogenase Succinyl-CoAk, NADHA 
lsocitrate deh ydrogenase NADH~, ATPL 

t; activation, $; inhibition, G 6 P ;  glucoseôghosphate, G-3-PD; glyceraldehyde-3- 

phosphate dehydrogenase, 1 ,bDPG; 1,3 diphosphoglycerate. 
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Figure 6: Pathways of glucose and glycogen metabolism in the heart. 

(modified ftom Zubay GL '") 



Pyruvate, the end produd of glycdysis, is the starting point for the second, or 

aerobic, phase of the chernical reactions by which energy is liberated which occun 

in the mitochondria. 

Glvwaen metabolism: 

Glycogen is a polysaccharide that foms large storage granules in the cytoplasm of 

the heart. Although frequently thought of as a storage carbohydrate, it is under 

constant turnover of synthesis and degradation. Myocardial glycogen rises during 

fasting and is not utilized for energy production '". Myocardial glycogen (MG) can 

function as an endogenous substrate reserve, which can provide a substantial 

proportion of the energy requirements of the heart when extemal substrates are not 

available. The subendocardial layers contain higher levels as compared to 

subepicardial, corresponding to the higher workloads experienœd in the former '". 
Although MG is only 5% of that of the liver, nevertheless it plays an important role in 

supplying substrates for energy production j3', 

The pathways of glycogen synthesis function separately from those of 

glycogen breakdown. (Figure 7). Glycogen synthesis starts from glucose-1 - 
phosphate and requires the presence of high energy phosphate, not as ATP, but as 

uridine triphosphate (derived from ATP). It is regulated by the enzyme glycogen 

synthase and enhanced by insulin. Two mechanisms exist for glycogen breakdown. 

One mechanism is thmugh cyclic AMP, dependent on adrenergic stimulation, which 

promotes a protein kinase and phosphorylase systerns. The other mechanism is 

independent of adrenergic stimulation and is set in motion by breakdown of ATP to 

AMP and inorganic phosphate. 



Myocardial glycogen levels decrease progressively during ischemia in adult 

hearts while the immature heart demonstrates incomplete use of  MG'^'. 

Lactate metabolism: 

Lactate accounts for about 10% of the oxygen uptake of the heart in the 

resting state and almost up to 80% during vigorous exercise '". There is cornpetition 

between lactate and free fatty acid for the myocardial oxygen uptake '? Uptake of 

lactate from the circulation is facilitated by a "permeasen Once taken up it is 

converted to pyruvate by lactate dehydrogenase thereby joining the pyruvate derived 

from glycolysis. The following reaction is freely reversible: 

LDH 

Lactate + NAD ' pyruvate + NADH + H+ 

Thus in conditions of adequate oxygenation the equation proceeds toward pyruvate, 

and in hypoxia when NAD and H' accumulate and pynivate cannot undergo 

dehydrogenation, the reaction proceeds towards lactate. The immature heart was 

demonstrated to have superior utilization of lactate or pyruvate as substrates for 

metabolism when cornpared to the mature heart 13? On the other hand, inaease in 

lactate concentration leads to inhibition of glycolysis. Because immature 

myocardium has increased glycolytic potential, there is a faster accumulation of 

lactate which in tum inhibits glycolysis 131,136 
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Figure 7: Control of glycogen qetabolism 

(Modified from Opie LH ''7 



Pvruvate: 

The circulating level of pyruvate is very low and it acwunts for a small part of 

oxygen uptake. Most of the pyruvate is derived from glycolysis or lactate. Generation 

of pynivate or lactate occurs only in the cytosol. The major pathways of pyruvate are 

either aerobic oxidation via pyruvate dehydrogenase and the Kreb's cycle in the 

mitochondria, or anaerobic conversion to lactate or to alanine in the cytosol '98 

Fat metabolism: 

As mentioned above, the mature heart prefers fatty acids as fuel '** '". The ability of 

the immature myocardium to utilire free fatty acids is controvenial '"* 14'. Fatty acids 

are derived from hydrolysis of neutral fat or triglycerides which are converted into 

free fatty acids and glycerol. Through betaoxidation the fatty acids are degraded in 

the mitochondria, and acetyl CoA is liberated with each beta oxidation cycle leaving 

a new fatty acid which is two carbon atoms shorter'". . This cycle continues until the 

original fatty acid is fragmented to two or three carbon atorns '". The liberated 

Acetyl CoA enters the tricarboxylic acid cycle precisely as the Acetyl CoA formed 

from pyruvate during glucose metabolism. 

Amino acid metabolism: 

Amino acids are not a major source of energy in cardiac muscle. Through a process 

of deamination and transamination, amino acids are transformed to tricarboxylic acid 

substrates, such as oxaloacetic acid and a-ketoglutaric acid. 



The tricarboxvlic acid cvcle 

The tricarboxylic acid cycle (Krebs cyclelu) takes place exclusively in the 

mitochondria and is the wmmon pathway for energy production from glucose, fatty 

acids and amino acids (Figure 8). The essential enzymes of the Krebs cyde are 

believed to be attached to the surfaces of the intramitochondrial cristae in a 

sequential order '". 
During the Krebs cycle itself little energy is liberated (only two molecules of 

ATP for each rnolecule of glucose). However, this degradation also yields four 

carbon dioxide molecules and 16 hydrogen atoms. It is in the subsequent oxidation 

of these hydrogen atoms that tremendous quantities of energy are released to form 

ATP. 

The immature heart has fewer rnitochondria with a lower cristal density, and 

decreased concentrations and activity of the cytochromes and tricarboxylic acid 

cycle enzymes as compared to the adult heart 146,147 

The electron trans~ort svstem and oxidation ~hos~horvlation: 

Oxidation of hydrogen atoms released during glycolysis and the reactions of the 

tricarboxylic acid cycle provide the major energy supply to the cardiac muscle wlls. 

This is achieved by the hydrogen atom, or its electron, reacting with a series of 

hydrogen transport enzymes, the electron transport system, before wmbining with 

oxygen to fom water. During this sequence of oxidative reactions, tremendous 

quantities of energy are released to f o n  ATP, a process referred to as oxidative 

phosphorylation '? 



cis -~hintc: 

Figure 8: The tricarboxylic acid cycle 

(Modified from Zubay GL In) 



Net ATP ~roduction: 

M e n  glucose is the source of glywlysis, the whole glycolyüc path uses 2 ATP and 

produces 4 ATP (net 2 AT? gain). When glycogen is the source, 3 ATP are 

produced per glucose molecule passing through glywlysis. Each molecule of lactate 

fully oxidized yields 18 molecules of ATP (3 from extramitochondrial production and 

15 from pyruvate oxidation). In aerobic conditions a total of 38 molecules of ATP are 

fomed for each molecule of glucose metabolized to carbon dioxide and water, while 

in anaerobic conditions only 2 molecules of ATP are produced '". Ninety five 

percent of the ATP produced during carbohydrate metabolism requires the provision 

of oxygen. 

Each time a molecule of Acetyl CoA is formed from a fatty acid chain, four 

hydrogen atoms are released. For example, in the oxidation of stearic acid a net 

total of 130 molecules of ATP are produced. 

Role of creatine phosphate: 

ATP is not the only store of high-energy phosphate bonds. Creatine phosphate 

wntains high-energy phosphate bonds and is many times more abundant in most 

cells. Creatine phosphate cannot substitute for AT? for transfer of the energy to the 

work processes of the celi. However, it can transfer energy interchangeably with 

ATP through a trans-phosphorylation reaction: 

L 

Creatine phosphokinase 

ATP + Creatine Creatine phosphate + ADP 



Thus creatine phosphate pmvides a store of high-energy phosphate readily 

transferred to ATP. At baseline the levels of CP are higher in adults as compaied to 

neonates, but with ischemia neonates tended to have higher levels of CP '". 
This suggests that neonates has a decreased ability to utilize CP even under 

stressed conditions. 

Com~artmentation of enerav: 

ATP, ADP and CP exist in at least two physical compartments (mitochondria and 

cytosol). There is evidence of even sub-aimpartmentelization in the cytosol lS2. The 

ultimate energy utilization depends on the relative concentration of each of the high- 

energy compounds in each campartmant and on the interaction between 

cornpart ment S. 

Adenine nucleotide metabolism in the heart 

Synthesis of the majority of ATP utilized by the heart is as described above 

from substrates either carbohydrates, lipids or amino acids. However, two other 

pathways of ATP genaration are available: de novo synthesis and adenine 

nucleotide salvage, and both will be detailed below. 

De Nova Adenine nucleotide svnthesis 

This mechanism is slower than the other mechanisms and becomes 

important in certain conditions such as postischemia. For this reason this 

mechanism contributes little to the overall pool of adenine nucleotide. The proœss 

involves the formation of inosine monophophate (IMP) from Ribose-5 

monophosphate. The initial step involves the generation of 5-phosphoribosyl-1- 



pyrophosphate (PRPP) from ribose-5-phosphate with the cunsumption of one ATP 

moleaile '7 The formation of PRPP is the f h t  committed step in the de novo ATP 

synthesis. The reactions are detailed in Figure 9. During the process a total of 6 ATP 

molecules are consumed. 

IMP subsequently becomes a precursor of higher adenine nucleotides. The 

formation of AMP is in the following steps: 

The salvege reactions generate ATP from AMP. 

IMP + aspartate + GTP ,-> Adenylosuccinate AMP 

Adenine nucleotide salvaae 

The salvage mechanism involves the rapid regeneration of the adenine 

nucleotides from their degradation products (hypoxant hine, xanthine, adenosine, 

inosine) (Figure 10). 

Degradation of ATP is via ATPase, which yields free energy, ADP, inorganic 

phosphate, and H*' In general ADP is an unstable molecule and may enter the 

mitochondria for oxidative metabolism, form ATP via CK, or join another ADP to fom 

ATP and AMP '". ATP, ADP, and AMP are non-diffusible molecules. Further 

degradation of AMP is detailed in Figure 1 O. The rate of purine salvage is 1 O times 

greater than de novo synthesis '=, and is wnsidered the major pathway for 

maintenance of adenine nucleotide pool. In this mechanism purine nudeosides are 

convertad back to their nucleotides by a phosphoribosyl-transferase. 
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Figure 9: De novo adenine nucleotide synthesis 
(modified from Stryer 1988 la) 
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Figure I O :  Adenine nucleotide salvage pathway 

(Modified f o n  Manfredi and Holmes lS3 ) 



Energy utilization 

Energy utilization consists of those processes for which the myocardium uses the 

energy transferred to it. Most of this energy (65%) is utilized for mechanical work, 

namely muscle contraction, and muscle cells use a small amount of energy to 

perfonn the chemical work necessary to maintain the integrity of the cell structure 

and function lS4. 

Microanatomv of contractile cells 

The contractile proteins of the heart lie within the muscle cells (cardiomyocytes), 

which wnstitute about 75% of the total volume of the myocardium, although only 

one third in number of al1 the cells lS5. A myofiber is a group of myocytes, and about 

half of each myocyte is occupied by myofibrils and about one quarter by 

mitochondria '". 
When examined under the light microscope, each œll is bounded by a 

cornplex cell membrane, the sarcolemma, which invaginates to form T tubules. 

Beneath the sarcolemma are many mitochondria, the machines for energy 

production. The other important organelles are the nucleus, carrying the ceIl genetic 

information, and the sarcoplasmic reticulum (SR). One end of the SR is expanded 

into bulbous swellings close to the T tubules and is wncemed with release of 

calcium to initiate the contractile cycle, the other end of the SR is longitudinal and is 

concemeci with the uptake of calcium that initiates relaxation. This uptake is ATP 

dependent (sarcoendoplasmic reticulum Ca *'-ATPase, or SERCA). The calcium 

taken up is stored in a number of proteins such as calsequestrin before being 

released again. The cytoplasm is the intracellular fluid and proteins excluding 



organelles such as mitochondria. The cytosol is the intracellular fluid minus the 

proteins. 

The contractile proteins 

Two chief contractile proteins exists, the thin adin filament and the thick myosin 

filament. On electron microscope examination, the sacomere is limited by the Z lines 

on either side to which the adin filaments are attached (Figure 1 1 ). Conversely, the 

myosin filaments extend from the center of the sarcomere in either direction toward 

but not actually reaching the Z lines. During contraction the myosin heads interad 

with actin filaments when sufficient calcium is present in a process called 

crossbddge cydhg. As the actin slides over myosin the sarcomere shortens and the 

Z lines corne closer together. The energy is provided by the breakdown of ATP. 

The thin filament is composed of two actin units, which intertwine in a helical 

pattern, both being carried on by a heavier tropomyosin molecule that functions as 

the backbone. Three regulatory proteins make up the troponin complex , are 

attached to the twisting structure '", namely troponinG, troponin-1, and troponin-T. 

In brief, when the calcium is released from the SR at the start of the contractile 

cycle, troponin-C interacts with calcium and, when activated, binds tightly to the 

inhibitory molecule, troponin-1. This process repositions troponinZr on the thin 

filament '", which removes the inhibition exerted by tropomyosin on the actin- 

myosin interaction. Thus, the crossbridge cycle is initiated. When the cytosolic 

calcium is low, the tropomyosin molecule is twisted in such a way that the myosin 

heads cannot interact with actin. 



Figure 1 1 : The contractile process of actin and myosin 

(rnodified frorn Opie LH IN) 



The cnu< of the contractile process lies in the changing concentration of 

calcium ions in the myocardial cytosol. Calcium channels of the T tubules open in 

response to the wave of depolarization. These calcium ions tfigger the release of 

more calcium from the expanded area of the SR (junctional SR), thereby initiating a 

contraction relaxation cycle through the interaction with troponinG. Calcium is then 

taken up by the SR (longitudinal SR) to be stored for the next cycle. 

Myosin ATPase activity normally responds to calcium in such a way that a 

small increase of calcium ion concentration leads to few fold increase in adivity 

Consequences of ischemia 

lschemia is a state of underperfusion of the tissue which results in deaeased 

delivery of oxygen and nutrients to the tissue and in accumulation of metabolic 

byproducts. The degtee of ischemic injury in the myocardium depends on the 

duration of ischemia, this duration ultimately determines the size of the infarct "'. To 

deal effectively with ischernia, it is necessary to understand how ischemia affects 

normal myocardial contractions. It is also important to distinguish between 

rnyocardial hypoxia and myocardial ischemia. The former is deaeased tissue 

oxygenation with preservation of tissue perfusion. In the latter, in addition to tissue 

hypoxia, there is a decrease or even cessation of rnyocardial perfusion. The end 

result in ischemia is the accumulation of harmful metabolic intermediates in the 

tissue potentially magnifying the ischemic damage ' .  Myocardial metabolism is 

obligatorily aerobic when associated with myocardial contraction. There is tight 

coupling between hydrolysis of ATP and myocardial contraction. ATP is required for 



both myocardial contraction and diastolic relaxation, as the uncoupling of the adin 

from myosin is also an energy-consuming event. With the inception of global 

ischemia, myocardial contractions gradually dirninish and cease. ATP is rapidly 

hydrolysed to ADP and then to AMP. AMP may then be degraded to adenosine 

which can then be degraded further either inside the cell to inosine or may diffuse 

outside the cell and also be degraded to inosine. lnosine then degrades to xanthine, 

and hypoxanthine. In the absence of oxygen, aerobic metabolism ceases and the 

inefficient anaerobic metabolism starts for a variable interval. The energy generated 

from anaerobic metabolism is less than 5% of that generated from oxidative 

metabolism. As the products of glycolysis accumulate, intracellular pH diminishes 

until ultimately even anaerobic glycolysis is inhibited. Subsequent to this the 

absence of an energy source will affect vital cellular functions such as ionic pumps. 

When ionic sodium potassium pump fail, sodium enters the cell down it's 

concentration gradient and potassium leaks out, cell membrane depolarizes, and 

there is inward calcium flux into the myocyte; this eventually if unchecked leads to 

myocardial stiffness, edema, and extremely poor function characterire this, 

ultimately leading to contracture 162,163 

Effects of hypoxemia on the heart: 

Acute hv~oxemia: 

During the first minutes of profound hypoxemia, CP levels decline in both the adult 

and neonatal hearts, while only the neonate maintains myocardial ATP levels. When 

subjected to acute hypoxia and acidosis the immature myocardium exhibits 



depletion of high-energy phosphates and function lm* la. Within one hour, glycagen, 

ATP, Kreb's cycle substrates, and intermediates may become depleted with 

associated myocardial dysfunction '? Mild to moderate hypoxemia causes a 

decrease in coronary vascular resistance, which results in increased coronary blood 

flow and oxygen consumption. With the onset of severe hypoxemia this mechanisrn 

fails and there is decreased contractility and oxygen consumption'". 

Earlier studies in anoxia showed that newbom animals have greater tolerance 

to anoxia than adults of the same species, due to the greater anaerobic capacity of 

the newborns 16@. 

Acute hypoxemia has a biphasic effect on ventricular performance; initially 

increasing and subsequently decreasing contractility. In mild to moderate hypoxemia 

there is a slight increase in contra~tility'~~, while in profound hypoxemia (02 

saturations ~ 5 0 % )  contractile force and heart rate increase then subsequently 

decrease in proportion to the duration of hypoxemia 17'* 

Chronic hv~oxemia: 

Silvemian and colleagues ln created a chronic hypoxemia model in dogs by 

anastomosing the pulmonary artery to the left atrial appendage then banding the 

pulmonary artery distal to the anastomosis. In this model they were able to produce 

cyanosis with an arterial Oz tension of 38 mm Hg. They were able to dernonstrate 

impairment in the global ventricular function and accelerated depletion of high- 

energy phosphates during cardioplegic arrest as compared to acyanotic dogs. In a 

similar study in cyanotic lambs, Fujiwara et al 17' concluded that in neonatal hearts 

cyanosis may increase the vulnerability to ischemia and cardiopleg ia appears to 



enhance the recovery of systolic but not diastolic function in these hearts. However, 

crystalioid cardioplegia was used in this study, which may limit its generalizability 

because of the recent use of the superior blood cardioplegia. 

Atrial pacing in cyanotic children shifted the metabolism toward anaerobic as 

evidenced by the increased lactate production in caronary sinus blood as compared 

to acyanotic children ln. 

Myocardial function 

As outlined above, myocardial metabolism yields energy which is used for 

mechanical contraction which ultirnately results in an overall myocardial fundion. All 

the three areas are linked together and are interdependent. 

The ejection phase is the systolic function, and the relaxation phase is the 

diastolic function. 

Svstolic function 

According to the Frank-Starling relationship, the greater the degree of 

myocardial stretch the greater the force of contraction ''! The degree of diastolic 

stretch is the preload of the heart. At a certain point on the wrve, increase in stretch 

causes a decrease in the force of contraction 17? The other two determinants of 

systolic hinction are the afterload and contractility. Afterload is the force encountered 

during ejection; this is principally determined by the systemic vascular resistance, 

and to a smaller extent by the viscosity of the blood and wall stress '". Contractility 

is the potential of the myocardium to do work '". Thus factors altering formation or 

rate of cross-bridges will affect contractility. For example catecholamines increase 



the intracellu tar Ca" concentration thereby increasing cross-bridg e formation and 

subsequently increasing contraction '". 
Diastolic function 

The ability of the ventricle to relax is termed diastolic function and it 

determines the degree of ventricular filling. In wntrast to contraction, which is 

dependent on the availability of calcium, relaxation is detemined by removal of 

calcium from the cytosol and by the stiffness of the heart which is in tum 

dependent on the collagen content of the myocardium la'. For example, left 

ventricular hypertrophy impairs diastolic relaxation of the ventricle due to its stiffness 

lm. This is due to two mechanisms, the increased collagen leads to decreased 

cornpliance, and the impairment of calcium uptake by the sarcoplasmic reticulum, 

known to occur in hypertrophied myocardium '? 
Link between ATP and function 

ATP is the energy source for contraction and relaxation. In addition it is 

responsible for providing energy for ionic pumps. Apart from the cessation of 

contraction by decreased ATP levels ionic purnps start to fail leading to damege to 

the cell with subsequent deterioration in th8 overall function of the heart. The 

mechanism relating ATP to cellular damage is described as follows: with decrease of 

ATP levels during ischemia the transmembrane cation homeostasis is impaired 

leading to an influx of extracellular sodium and water and promoting alteration of 

calcium metabolism lm. In addition, the breakdown of ATP and the concomitant 

increase in adenosine diphosphate (ADP) and Pi stimulate glycolysis and lactate 

formation, contributing to intracellular proton accumulation and acidosis '". These 



events may lead directly to cell death or may provide the setting for cell injury on 

repemision lm. Studies by Parrish and colbagues lm suggested that intracellular 

acidosis may also contribute to post ischemic dysfunction independent of ATP level. 

Measurement of myocardial function 

Reasons to focus on the left ventricle: 

The cardiovascular system supplies the tissues with oxygen and metabolic 

substrates and removes carbon dioxide and other products of metabolism. This 

requires the integration of al1 its components (both right and left hearts, venous and 

pulmonary circulations). Most (but certainty not all) circulatory dysfunction of cardiac 

origin are from the left ventricle. In addition non-invasive measurement of right 

ventricular function is limited and has its drawbacks as detailed below. 

Levels of intearation: Mvocardium. Pumn Cardiac output: 

Cardiac function can be evaluated at several levels of integration: (1) myocyte 

function, (2) chamber pump performance, and (3) integrated cardiac output. It is 

important to recognize at which level of integration cardiac function is evaluated. For 

example, changes in cardiac output can result from many factors that do not merely 

refled myocardial contractility la'. 

Factors wntrollina mvocardial function: 

Myocardial shortening is deterrnined by four factors: (1) preload, (2) afterload, (3) 

contractility, and (4) heart rate. Preload determines the sarcomere stretch or length. 

Afterload is the load the heart has to overcome to contract. Myocardial contractility 

refers to the fundamental property of cardiac tissue reflecting the level of activation 



and the formation and cycling of the cross bridges between actin and myosin 

filaments. Wth al1 factors being constant, increasing preload, contractility and heart 

rate increase cardiac output, and increasing afterload decreases cardiac output. 

Cardiac function can be assessed by invasive measures such as in 

quantitative angiocardiography or the use of conductance catheters to assess 

ventricular volumes and to construct pressure-volume loops. These techniques, 

although wnsidered the standard techniques of measuring cardiac function, require 

instrumentation of the patient, carry certain morbidity with it and are therefore not 

suitable for repeated application in the same patient. The most comrnonly used 

technique in children to assess cardiac fundion is echocardiography. Other non- 

invasive techniques include radionuclide angiography '88, ultrafast computed 

tomography (CT) lm, and gated magnetic resonance imaging (MRI) All of these 

are alternatives to contrast angiography for measurement of ventricular volumes 

a n d  or dimensions and therefore permit the noninvasive estimation of ejection 

phase indices. All these imaging techniques allow estimation of ventricular systolic 

and diastolic volumes and ejection fraction (EF). For the purpose of this thesis there 

is further discussion on echocardiography in assessing ventricular function. 

Two dimensional echocardiography 

Two dimensional echocardiography (2-D echo) is more accurate than M- 

mode echocardiography in assessing ventricular volume. This is due, in part, to the 

limited number of sampling sites in the M-mode echocardiography and to the ability 

to visualize the entire contour of the chamber 'gll '? Left ventricular volume and 



ejection fraction measured by 2-D echo have correlated well with those measured 

with cineangiography in children with correlation coefficients of 0.96 for enddiastolic 

dimensions and 0.88 for the end-systolic dimension '? Areas and volumes can 

be obtained by mapping the endocardial borders, then by applying a formula for 

calculating the area and the volume. The quality of the image therefore has a clear 

impact on the measurement. The border can be identified and mapped manually or 

can be automated by the cornputer, although the latter has limitations '=. The apical 

four-chamber and two-chamber views are used for the measurement. These views 

are orthogonal and depict the left ventricular long axis and as such satisfy the 

requirement for volume analysis of an ellipse '? The algorithm is known as the 

modified Simpson's rule or the method of discs. In this formula, the left ventricular 

volume is obtained by summation of the volumes of 20 equal cylinders whose areas 

are deteminad from diameters ai and bi (diameters measured in 2 planes) and 

whose lengths are 1120 of the long-axis length (L) of the left ventricle. 

Advantaaes and limitations of echocardioara~hy 

The advantages of echocardiography are numerous. The examination is 

painless and harmless lg7, although transesophageal echocardiography carry a very 

srnall risk, it is also less costly than other sophisticated imaging modalities. The 

disadvantages are that it requires expertise on the part of the examiner and 

interpreter of the echocardiographic recording, so it is observer dependent. The 

other problem is poor transmission of ultrasound through bony structure or air- 

wntaining lungs. For this reason multiple techniques have been developed to 



overcome this problem by obtaining an appropriated "window" by positioning the 

patient or the probe in different planes. 

Measurement of right ventn'cular volume by PD-echo is a much more 

wntroversial technique than left ventricular volume assessment. This is due to the 

irregular geometric shape of the right ventricle, which does not satisfy most volume 

equations. In addition, because of its shape and contraction sequence, one cannot 

detemine with echocardiography an accurate end-systolic wall stress-velocity of 

circumferential fiber shortening relationship for the right ventricle as can be 

determined for the left ventricle lm. A number of preliminary recent reports have 

used 3-D echo in determining volumes and ejection fraction which appear to be 

more reproducible and will likely be the preferred method in the future 199,200 

Evaluation of right ventricular function in tetralogy of Fallot has even further 

limitations. In the preoperative period, the right ventricular geometry is altered due to 

hypertrophy, the ventricular septum is flat due to right ventricular hypertension and 

due to the stiffness of the right ventricle, the end-diastolic dimensions are altered. In 

the postoperative period there is frequently pulmonary regurgitation, and a non- 

contractile right ventricular oufflow patch, changing volumes and effciency of the 

right ventncle 20', and resulting in deaease in right ventricular ejection fraction 

Eiection fraction: 

Ejection fraction is an ejection phase index measurement of ventricular contractile 

function. This is the ratio between stroke volume and end-diastolic volume 

(SVIEDV). The stroke volume is the difference between the end-diastolic and end- 

systolic volume. Ejection fraction is contraction and load dependent, in partiwlar 



stroke volume is preload dependent. Dividing stroke volume by the end-diastolic 

volume when calculating ejection fraction minimizes this dependency. However EF 

remains highly sensitive to afterioad, so it is best to consider it a measure of systolic 

function rather than contradility 202. "a. 

Shortenincr fraction: 

It is the ratio of the difference between the end-diastolic and end-systolic dimension 

divided by the end-diastolic dimension. It is also considered an index of the ejection 

phase of ventricular function. 

Myocardial hypertrophy 

Hypertrophy of the myocardium is the principal mechanism by which the heart 

compensates for chronic increase in load It is defjned by the increase in the size 

of the cells but not the number. The ability of the cardiomyocyte to divide is lost 

shortly after birth Physiological hypertrophy is the response of the 

cardiomycyte to increased load by exercise. Pathological hypertrophy is the 

response of the cardiomycyte to abnormal pressure or volume overload. One of the 

early cellular signs of hypertrophy is synthesis of mitochondria; presumably the 

expanded rnitochondrial mass provides the high-energy phosphates required to 

meet the increased energy demand of the hypertrophied cell. This is accompanied 

by increased cell mass and laying down of interstitial collagen 207. 

ln mechanical terms contraction increases wall stress, which is the tension 

across a unit area in the ventride. Wall stress is dependent on the shape and 



dimensions of the chamber, and the pressure within, and is expressed by Laplace's 

Law: 

P r  
Wall Stress = (dynes / cm2) 

h 

where: 
P = intraventricular pressure (dynes/ cm2) 
r = chamber radius (cm) 
h = wall thickness (cm) 

This equation illustrates the importance of wall thickness in determining wall stress. 

As the intraventricular pressure rises in the overloaded ventncle, the ventricular wall 

thickens (undergoes hypertrophy) so that the wall stress is maintained at normal 

When the cardiomyocyte is exposed to abnorrnal load, it passes through 

three stages: stage 1 : Transient breakdown; (days) acute ventriailar dilatation and 

failure, inaeased content of mitochondria relative to myofibrils and early 

hypertrophy. Stage 2: stable hyper function (weeks)-improved myocardial 

performance, established hypertrophy, increased content of myofibrils relative to 

mitochondria. Stage 3: Exhausfion and progressive cardiosclemsis (months)- 

progressive left ventricular dilatation, further hypertrophy and evidence of cell death 
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Along with changes in muscle mass, alterations occur in the degree of 

vascularization in the hypertrophied heart. As the myocardium hypertrophies in 

response to increased work load, the vascular bed increases to a smaller degree, so 

that the hypertrophied myocardium is relatively underperfused compared to the 



normal heart. This lowers myocardial capillary density and together with the 

increased tissue oxygen consumption in hypertrophied hearts creates regions of 

relative hypoxia within the myocardium 

Patterns of ventricular hv~ertro~hv 

Stimulation of the myocardium pathologically with abnormal pressure overload leads 

to concentric hypertrophy, and stimulation with abnomal volume overload leads to 

eccentric hypertrophy. These two patterns will be discussed individually (Figure 12). 

Volume overload hypertrophy: As the term implies volume overload means that 

the ventricle has to pump large unphysiological volumes of blood (increased preload, 

increased end-diastolic volume) against a normal afterload. Volume overload can 

result from valvular regurgitation and from septal defects or arteriovenous fistulea. 

The increased diastolic wall stress leads to replication of sarcomeres in series, 

elongation of rnyocytes, and ventricular dilatation. This in tum results in modest 

increase in systolic stress (by the Laplace relationship), which causes proportional 

wall thickening which retums systolic stress toward normal 210. 

Pressure overload hypertrophy: This is in response to increase in afterload, which 

occun in cases of pulmonary or aortic stenosis or systemic hypertension. When the 

prirnary stimulus to hypertrophy is pressure overload, the resultant acute increase in 

systolic wall stress leads to parallel replication of myofibrils, thickening of individual 

myocytes and concentric hypertrophy. The wall thickening is usually sufficient to 

maintain a normal level of systolic stress *". 



HyperbPphy and high energy phosphates: hypertrophied mature myocardiurn 

has been reported to have decreased tolerance to ischemia as evidenced by shorter 

TICo compared to age matched nonhypertrophied hearts (TIC, is the time to 

ischemic contracture onset, and is msidered a sensitive indicator of susceptibility 

to ischemia). In patients and experimental animals with left ventricular hypertrophy, 

ATP levels are lowet in the hypertrophied myocardium and the ATP levels in 

endocardiurn were decreased, compared with the epicardium 21% '''. These findings 

suggest that, in the setting of ischemia the decrease in ATP may occur sooner in the 

hypertrophied myocardium resulting in a decreased time to development of ischemic 

contracture. 
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Figure 12: Patterns of hypertrophy 

(Modified from Grossman et al 



Gender related issues in myocardial metabolism 

Gender related myocardial rnetabolic differences have become of interest 

recently because of the increased risk for coronary artery disease in women in ternis 

of morbidity and mortality of myocardial infardion and outcome of surgery n"n? It is 

unclear whether these differences reflect inherent gendet differences in response to 

myocardial ischemia. Studies showed that a greater magnitude of hypertrophy 

develops in the mature female heart for similar degrees of hypertension as 

wmpared to males *17. 

Ventricular myocytes from intact males show increased activity of cytochrome 

c oxidase compared to intact females, while castration of males reduces this activity 

and testosterone administration in females increases enzyme activity *18. 

Cyotchrome c oxidase, an inner rnitochondrial membrane enzyme, is a component 

of aerobic metabolism, suggesting that intact males have a greater capacity for 

aerobic energy production. The impact of estrogen on myocardial energy 

metabolism has not been adequately addressed. Wttnich and Wallen reported a 

higher myocardial glycogen content in female rat hearts compared to males This 

increased source of anaerobic substrat0 could be considered protective but may 

also result in greater anaerobic production of H'. Accumulation of H' inhibits the 

activity of glycolytic enzymes, especially PFK, halting the anaerobic production of 

ATP, which could be detrimental ". These metabolic differences could potentially be 

detrimental to children undergoing cardiac surgery, although this has not been 

clearly delineated. 



From the literature and from the above introduction it is clear that 

experirnentally there are detrimental effects of chronic hypoxia on metabolism and 

function of the heart. In addition, young age has also been identified deleterious to 

metabolism and ventricular function. Gender related issues on metabolism and 

function are less clearly delineated in literature. The effects of al1 aie above factors 

on children undergoing cardiac surgery are not known. This project was designed to 

clarify the effects of chronic cyanosis, age and gender on metabolism, ventricular 

function and outcome. 



Hypotheses 
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1. The presence and the degree of cyanosis in children undergoing open heart 

surgery places them under higher risk due to: 

Lower ATP at baseline before exposure to intraoperative ischemia 

Exacerbated loss of ATP during ischemia 

Poor recovery of ATP with early reperfusion 

This deranged metabolic state will be associated with a wone ventricular 

function and a worse postoperative clinical outcome 

2. Young age at repair will unfavorably influence myocardial adenine nucleotide 

metabolism and will lead to a worse ventficular function and clinical outcorne. 

3. Fernale gender will be associated with worse myocardial metabolic profile, 

ventricular function and clinical outcome. 



Materials and Methods 



Ethical concerns 

This study was designed to eliminate or minimize discomfort for the child or the 

family. From the description of the chosen anomalies, children with TOF or children 

with VSD with RV muscle bundle require, as part of their routine surgical procedure, 

resection of hypertrophied muscle from the RV outftow tract. In general, some of this 

resected myocardial tissue is sent for routine pathological examination, the rest is 

discarded. Thus collecting the small pieœs of myocardium utilized in this project, as 

detailed below, does not impose an added risk of the procedure to the child. No 

children were subjected to any extra procedure or any extra muscle resedion for the 

purpose of this study. 

This study received approval from the Human Subjects Review Committee of the 

Hospital for Sick Children. 

Selection and rationale of congenital anomaly 

Because this study was designed to examine the effects of varying degrees of 

cyanosis and aga on the heart's metabolic and functionat profile, the congenital 

anomaly chosen to be studied should be a cyanotic defect which is repaired at 

varying ages. 

In order to assess the metabolic profile of the myocardium, samples had to be 

obtained during open heart surgery. This rnyocardial sampling may impose 

additional risk to the child, particularly in small infants, if it is not part of the routine 

procedure. Consequently in addition to the required pathophysiologic abnormalities 



in these children, these children should be candidates for myocardial resection as 

part of their standard procedure. 

Of al1 the spedrum of congenital heart defects, these children had to have a 

right to left shunt in order to produce systemic desaturation and subsequently 

produce cyanosis. The most commonly repaired cyanotic congenital heart defect is 

tetralogy of Fallot (TOF). This cyanotic heart defect cornmonly presents with 

cyanosis with systemic arterial saturation below 90%. In order to ensure adequate 

distribution of children in the acyanotic group (saturation > 90%) children recruited 

were also undergoing repair of ventricular septal defect with right ventricular muscle 

bundles. 

Patient selection 

Children with TOF and children with VSD-RVMB scheduled for repair at the 

Hospital for Sick Children were reauited for the study. Because of the required 

different degrees of cyanosis and spectrurn of ages necessary for the study, no 

restrictions on age or level of cyanosis was applied to select patients. From the 

hospital charts of these children the clinical data were examined to verify suitability 

for the study. To be enrolled in the study children had to meet the following selection 

criteria: (1) one or more VSD with either a right to left shunt, or left to right shunt; (2) 

right ventricular oufflow tract obstruction at the muscular level which would tequire 

muscle resection to relieve the obstruction; and (3) the child is proceeding to 

complete intracardiac repair. In addition, the child is more than 3.5 Kg in weight, 

which is the lower limit for intraoperative transesophageal echocardiography. For al1 



children, parental consent for the enrollment was obtained Mer explicit explanation 

of the nsks and benefits (appendix 20). 

Exclusion criteria 

These include children with diabetes or children bom to a diabetic mother and 

being repaired at the neonatal period. This exclusion is based on the possibility that 

disordered carbohydrate metabolism present in diabetics may influence glycolytic 

pathways and therefore may alter the myocardial metabolic profile. Glucose 

transport is impaired in diabetics and uptake is less sensitive to insulin stimulation 

Children whose parents refused enrollment in the study also were excluded. 

Patient recruitment 

Children scheduled for routine surgery at HSC are seen at a preoperatjve 

clinic, usually booked a few days prior to surgery. During the visit, details of the 

patient history, clinical examination and investigations are reviewed. At this visit the 

surgeons also meet with the parents and explain the details of surgery, and it is 

during this visit that the parents were approached for this study. The aim and 

benefits of the study were explained and discussed. If the parents were in 

agreement then an informed consent was signed and an information sheet was 

handed to the parents detailing what had been discussed, this sheet carried a 

contact number in case parents had further questions at a later tirne. 



After recniitment of the patient into the study, preoperative clinical data were 

recorded as detailed below. 

Sedation and anesthesia 

The following is the usual anesthetic technique at the Hospital for Sick 

Children. Children over 6 months of age were premedicated with a sedative. This 

usually was a benzodiazepine, rnidazolam (Versed) 0.5- 0.75 mg/ Kg body weight 

orally 30 minutes prior to induction of anesthesia. Induction of anesthesia was 

usually by mask, using halothane and oxygen, or by thiopental sodium (Pentathol) 3- 

5 mg/ Kg intravenous bolus. Fentanyl 50 pgml Kg IV bolus in divided doses was also 

given. A higher narcotic dose (up to 1 OOpgmJ Kg) was often used in smaller children 

(< 6 months of age), because these children are likely to be ventilated for more than 

6- 12 hours after surgery. Muscle relaxation was achieved by pancuronium bromide 

(a nondepolarking neuromuscular blocking agent) 0.1 mg1 Kg as necessary. 

For prophylaxis of wound infection, cefazolin sodium 40 mg/ Kg was given 

with induction of anesthesia. Because of the dilutional coagulopathy " and 

abnormal fibrinolysis I p o m  which may contribute to postoperative bleeding, an anti- 

fibrinolytic agent was given, usually tranexamic acid 100 mg/ Kg. This agent 

competitively inhibits the activation of plasminogen to plasmin. The plasminogen 

system is the fibrinolytic pathway, which lyses clots. The inhibition of this system 

decreases the degradation of fibrin, whicb is a major component of clots "O =. 

The child was nasally intubated with the appropriate sire endotracheal tube. 

The fraction inspired oxygen (Fi02) was usually 0.5 and was titrated according to 



saturation and results of arterial blood gases, the target was a saturation of 75% or 

above for cyanotic diildren and 90% or above for acyanotic children. In general, 

children had 2 peripheral intravenous lines, a central line for measurement of central 

venous pressure and to adrninister intravenous dnigs, an arterial line usually in the 

radial artery for blood pressure monitoring, and a urinary catheter. Temperature 

probes waere plaœd in the esophagus, rectum and on the toe. 

In children who had frequent preoperative tetralogy hypercyanotic spells and 

were treated with p- blockers, these drugs were continued to the moming of surgery. 

An esrnolol hydrochloride infusion (P- blocker) was started with the induction of 

anesthesia at 100- 300 pgml Kg/ minute. If this failed to control hypercyanotic spells, 

bolus doses of phenylephrine (a vasopressor) were given. This increased systemic 

vascular resistance and hence the left ventricular pressure increases thereby 

decreasing the shunt from right to left. This forced more blood to pass though the 

pulmonary vascular bed which improved oxygenation and saturation m. 

During cardiopulmonary bypass maintenance of anesthesia was continued 

using isoflurane vapor given in the pump oxygenator, and this was often continued 

into the pst-bypass period through the ventilator. 

Conduct of operation 

The cardiopulmonary bypass circuit was primed with the Hospital for Sick 

Children standard solution (detailed in page 79). For children weighting less than 10 

Kg the crystalloid was mixed with blood to achieve a sanguineous priming fluid for a 



target hematocrit level of 20- 22%. For childten above IO-Kg, a crystalloid prime was 

used. 

The techniques of surgery briefly were the following: the child was painted in 

the surgical sites with betadine solution for antisepsis then draped in a sterile fashion 

for surgery. A median stemotomy was performed, followed by removal of part or the 

entire thymus gland. Heparin was usually administered at this time, usually 300 

unitsl Kg IV bolus. The activated clotting time (ACT) exceeded 450 seconds. The 

pericardium was opened. Cannulation of the aorta and both vena cavae was 

performed with appropriate size cannulas as depicted in Table 5. 

The child was then placed on cardiopulmonary bypass and moderate cooling 

was begun. After stabilization on CPB, a cross clamp was applied on the ascending 

aorta and antegrade cold blood cardioplegia was given (detailed in page 80). When 

the heart was arrested in diastole, both vena cavae were snared and the right atrium 

was opened. The anatomy was examined and verified, then the VSD was closed 

with a Dacron patch and the right ventrîcular oufflow tract was enlarged by muscle 

resection with or without a pericardial patch. Then the rîght atrium was closed and 

the child was weaned from cardiopulmonary bypass. Cannulas were then removed, 

heparin was reversed with protamine sulphate, usually 1 mg for each 100 units of 

hepafln. After achieving complete hemostasis, drainage tubes and pacemaker wires 

were placed in the chest and the chest was closed with stemal wires. The 

subcutaneous tissue and skin were closed. The child was then transported to the 

intensive care unit. 



Conduct of cardiopulmonary bypass 

1. CPB was initiated at normothermia. 

2. Prior to cross clamping, pump flow was decreased in order to increase venow 

return to the pump, and reduce LV ejection. 

3. After cross clamping, wam induction was initiated with high potassium 

cardioplegia (20 mEq Ilitre) and the patient was cooled. When the heart is 

arrested, the cardioplegic solution was cooled. The volume infusion rnay varied 

from 2-3 doses in order to achieve a rnyocardial temperature 4 5°C. 

4. One full dose of cardioplegia was 30 mllKg. 

5. Myocardial arrest was rnaintained by subsequent doses of cardioplegia, 

approxirnately every 20 minutes. 

6. Prior to aortic declamping, perfusate remained cold or rewaned depending on 

the surgeon's preference. In addition Mannitol (8cdKg of 25% or 10 cdKg of 

20% solution) was added to the pemisate. 

Table 3: Pump flow rates 

Patient Weight (Kg) Calculated Flow 

100- 120 (mIlKg per min) 

2.4- 3.2 Umin per m2 

Flow rate was adjusted from the calculated Aow value to compensate for the 

effeds of resewoir level, patient metabolism and venous saturation, temperature, 

hematocrit, use of ultrafiltration, surgeon request, etc. At nomothermia or mild 



hypothemia a perfusion pressure of more than 50 mmHg was usually targeted, 

lower numbers are acœpted in neonates and during hypothemia. 

Circuit design 

Blood drained via gravity from the right atrium or vena cavae to a soft shell 

venous reservoir and was purnped ffom the venous reservoir through a membrane 

oxygenator, incorporating a heat exchanger. Oxygenated blood was retumed to the 

patient through the aortic cannula. A filter was positioned in the artenal line between 

the oxygenator and the patient to prevent microembolization. A hernofilter was 

placed in the circuit to allow ultrafiltration during and at the end of the pump fun. 

Circuit tubing 

Polyvinylchloride (PVC) tubing was used to construct the cardiopulmonary 

bypass circuit. The diameter employed depended on the size and calculated blood 

flow of the patient. The table below depicts tubing sites for different patient weights. 

These diameters represent intemal diameter tg. 



Table 4: Circuit tubing 

Patient Weight Artenal Line Venous Line Pump Boot Approx. Total 

(Kg) (in.) (in.) (in.) Volume (ml) 

Neonate 0- 3 311 6 311 6 311 6 300 

Newbom 3- 8 311 6 % 1 14 500 

Infant 8- 20 1 14 318 318 700 

Pediatric 20- 45 318 318 318 900 

Young adult s45 318 % 318 1 300 

Table 5: Cannula sizes 

Patient Weight (Kg) Arterial (French sizes)* Venous (French sizes)* 

1- 5 8 12,12 

5- I O  8, 10 12,14 

10- 15 12,14 14,16 

t 5- 20 14,16 16,20 

20- 30 16,18 20,20 

*; these are DLP cannulas (Grand Rapids, Medtronic, USA) 

- The two numben in the artenal cannula sizes are the choice of the surgeon 
depending on the size of the aorta; the h o  numbers in the venous cannulas are 
for superior vena cava and inferior vena cava respectively 

The circuit tubings are prepacked according to the above sizes, the perfusionist 

responsible for the case would pick the appropriate size according to the child's 

weight. The tubing was then pfimed with fluid as detailed below. The exact size of 



cannula was determined by the surgeon only after inspection of the size of the 

vessels of individual patients. 

Oxygenator 

The type of oxygenator used for al1 of children in this study was a hollow fibre 

membrane. This is a membrane oxygenator equipped with polypropylene 

semipermeable membrane, which allows gas exchange, by diffusion across the 

membrane with no direct bloodgas interface. The flow of ventilating gas was 

regulated according to arterial blood gases and aiming to maintain a PO2 =180- 250 

mmtig, and a PC02 = 35- 45 mmHg. 

Pump 

A linear flow (non- pulsatile) roller pump (Cobe laboratories, Colorado, USA) 

was used to provide aortic blood flow. 

Priming fiuids 

Hemodilution was used during cardiopulmonary bypass to minimize the 

increase in blood viscosity occurring in conjunction with hypothermia = l m .  In 

general, hematocrits were maintained at 22- 25% with moderate hypothermia. 

The composition of the prirning fluid for the bypass circuit in general was as depicted 

in Table 6. 



Table 6: Priming Ruid 

Neonate Infant Pediatric 

<28d 28d- 1 y 1- 16 y 

Heparin' 2 unitsl ml 2 unitdm1 2 unitsl ml 

Mannitol 25% 1 ml/ Kg 1 ml1 Kg 1 ml/ Kg 

Albumin 25% 50 ml 100 ml 150 ml 

Ancef 40 mg1 250 ml 40 mg/ 250 ml 40 mg/ 250 ml 

Plasmalyte 150 ml 400 ml 750 ml 

NaHC03 3 mEq 3 mEq O 

CaCl 50 mg 50 mg 75 mg 

PRBC 75 ml 100 ml O 

H20 30 ml O O 

Each mg of heparin contains 100 units 

Cardioplegic solution 

Blood cardioplegia is used with a 4 blood tl 

composition is as follows: 

O 1 crystalloid ratio is used. The crystalloid 

High K+ cardioplegia used for induction of cardiac arrest: 

- 940 ml plasmalyte 148 mL 

- 40 mEq of KCI (17 mEq is the final concentration delivered to heart) 

- 5 g of dextrose 

- 80 mEq of magnesium 

- 10 mEq NaHC03 



Low IC cardioplegia use for maintenance during surgery 

- 965 mL plasmalyte 148 

- 20 mEq KCI (10 mEq is the final concentration delivered to the heart) 

- 2.5 g dextrose 

- 40 mEq magnesium 

- 10 mEq NaHC03 

Possible drugs administered during CPB 

Some or al1 of the following dwgs were adrninistered duting CPB: 

Heparin: to keep ACT above 480 seconds 

Fentanyl: a narcotic anaesthetic 

Pavulon: muscle relaxant 

Phenylephrine: an a sympathornimetic to keep blood pressure in normal range 

NaHC03: to counteract acidosis 

CaCI: to nonalize calcium levels during weaning from CPB 

Tranexamic acid: an antifibrinolytic to decrease postoperative bleeding 

Phenoxybenzamine: a pulmonary vasodilator to prevent pulmonary hypertensive 

crisis 

Anticoagulation 

Prior to cannulation a bolus of Heparin was given (300 unitsl Kg) 

intravenously. The activated clotting tirne was then rnonitored (Hemochron, USA) to 

keep ACT at greater than 450 seconds 



Acid- base monitoring 

Acid-base monitoring and control of arterial carbon dioxide concentration was 

perfomed by an Alpha-stat method. This method is based on the pH measured at 

37 O C. The pH is not corrected for the temperature of the blood and a normal level 

of arterial CO2 is maintained, as opposed to the pH stat in which the pH is corrected 

by adding carbon dioxide resulting in hypercarbia and respiratory acidosis. The 

maintenance of normocarbia is better for cerebrovascular autoregulation ? 

Cooling and rewarming 

The cardiopulmonary bypass was initiated at norrnothermia. Then progressive 

cooling of the child was carried out to the desired temperature requested by the 

surgeon, this usually between 28 and 30 O C .  Following completion of the intracardiac 

repair the patient was rewarmed. Rewarming was continued until the 

nasopharyngeal temperature was 37 O C  and rectal temperature at least 34 O C. 

Gradients between the child's temperature and the perfusate temperature was 

rnaintained below 1 O O C. 

Modified ultrafiltration 

Modified ultrafiltration has been proven to remove excess toxic substances 

such as cytokines, C3a and C5a which was li berated during cardiopulmonary 

bypass and are blamed for the systemic inflammatory response created by CPB. For 



this reason and also for the purpose of removing excess fluids used to prime and run 

the CPB circuit, modified ultrafilteration was used routinely. Blood is drawn from the 

aorta and is pumped through a hemofilter. Hemoconcentrated blood was retumed to 

the flght atrium. 

Myocardial metabolic assessrnent 

To determine the effects of isdiemia on the myocardium, myocardial biopsies 

were taken. All these biopsies were from the right ventricular oufflow tract, removed 

at specific times. The biopsies were excised with a forceps and knife or scisson. A 

'baseline or control" sample was taken immediately after the end of the first dose of 

cardioplegia and prior to ischemia. A "1 5 minute ischemia" sample was taken 1 5 

minutes after the end of the first dose of wdioplegia. This time frame of ischemia 

was chosen because previous clinical studies showed that myocardial ATP levels 

measured during hypothemic ischemia showed a significant drop in the first 16 

minutes, while from 16 to 45 minutes the change was significantly less An "end 

ischemia" sample was taken just prior to removal of the cross clamp. A '1 5 minute 

reperfusion" sample was taken 15 minutes after removal of the aortic cross clamp 

and onset of reperfusion. Again this time interval was chosen because it has been 

shown that the peak reperfusion effect is at 10- 15 minutes =. In addition, 

accessibility to a myocardial biopsy could be compromised if in some children ther8 

is no further work, which has to be done on the heart, and the child is ready to be 

weaned from CPB. 



CPB 

lschemia 

Figure 13: Myocardial biopsy protocol 

Reperfusion 

Removed myocardial samples were immediately placed in liquid nitrogen and 

transported to the liquid nitrogen freezer present in the operating room at HSC. 

These samples were then transported in liquid nitrogen to the laboratory deep 

freezer at the Medical Science Building. These samples were then freeze dried and 

stored at - 90' C until anal yzed. 

Myocardial sam ple analysis 

Freeze dned myocardial samples were analyzed for individual adenine 

nucleotides (ATP, ADP, AMP), total adenine nucleotide was then calwlated (TAN = 

ATP + ADP + AMP). Total diffusible adenine nucleotides were also measured 

(inosine monophosphate + inosine + hypoxanthine). Metabolite values are 

expressed as pmoll g dry weight. The concentration of adenine nucleotides was 

determined by high performance liquid chromatography (HPLC) using the method of 

Smolenski et al. (as described in Appendix 2)? 



Assessment of outcome 

Due to the ever decreasing mortality rate of repair of TOF, which is currently 

under 1-294 at HSC (unpublished data) and in other centers 237 , other clinical 

outwme parameters were chosen. Outcome was measured by the length of 

inotropic and ventilatory support and length of ICU and hospital stay. In addition, the 

incidence of inhospital complications was wmpared in the different groups. 

Assessment of myocardial function 

All children underwent a preoperative trans-thoracic echocardiograrn to 

assess ventricular function as well as to define anatomy. This study was performed 

in general within a week prior to surgery. 

A transssophageal echocardiogram was performed in the operating room 

after the intracardiac repair of the heart defect and the child was weaned from CPB, 

and before chest closure. This echocardiogram determined ventricular function and 

evaluated the presence of any residual unrepaired lesion. 

A third trans-thoracic echocardiograrn stud y was performed within the first 

post operative week to further evaluate ventricular function. 

To standardize the pre and post operative assessment of these patients 

echocardiographic studies included assessment of systolic function by ejection 

fraction and shortening fraction. The right ventricular ejection fraction was calwlated 

from dimensions obtained from an apical-four chamber view using a single plane 



Simpson's Rule (Figure 14). In this method the longest length and planimetered 

area of a single apical view are used to calculate left ventricular volume as follows: 

A; area of the ellipse 

The shortening fraction was calculated with dimensions obtained frorn a long 

parastemal axis view of the left ventricle according to the following formula ? 

End- diastolic dimension - End-systolic dimension 
Shortenhg fraction = 

End-diastolic dimension 

Data acquisition 

This was a prospective study design. All preoperative clinical parameters 

were collected prospectively in the preoperative clinic and were as follows: name, 

age, weight, body surface area, gender, clinicat presentation, diagnosis, oxymeter 



Figure 14: Echocardiographic image of a four chamber (upper panel) and Iwo 

chamber (lower pand) view of the heart Ath the Ieft ventricuular cavity outlined 



saturation, electrocardiograrn, echocardiography findings, cardiac catheterization 

findings (in particular the aortic saturation), and medications. Preoperative blood 

tests recwded were: venous blood gases, artenal blood gases (if available), 

hemoglobin, hematocit, platelet count, sodium, potassium, chloride, glucose, and 

calcium. 

Operative variables collected were: the first artenal blood gas (ABG) after 

inubation, first ABG on CPB, ABG at the time of cross clamp application and at 

reperfusion. Variables related to the CPB were prime solution and volume, lowest 

body temperature, total CPB time, myocardial ischemic time, type and route of 

cardiopleg ia. 

Post operative clinical variables collected were: presence or absence of 

inotropic drugs, and type, amount and duration of inotropic support. Postoperative 

investigation included a 2 hour ABG after arriva1 to the intensive care unit, blood 

lactate level at 2, 12, and 24 hours; and duration of ventilatory support, intensive 

car8 and hospital stay. Postoperative course and complications were recorded. 

Data analysis 

As expected with al1 clinical studies involving patient reauitment for surgery, 

many variables are uncontrollable. These include the aga and weight at time of 

repair, the degree of cyanosis, the condition of the child before surgery, the 

complexity of repair, postoperative complications, and so on. This meant that in the 

cohort, a spectrum of al1 these different variables was expected. Because this study 



examined the effects of cyanosis, age and gender on the metabolic profile of the 

myocardium, the data first were examined in general to reveal trends for the overall 

cohort. Then the cohort was divided into different subgroups to determine 

differences in metabolic and functional behavior as well as outcorne differenœs as 

detailed below. 

Cvanosis effect determination 

To identify effects of cyanosis on the outcome of interest, children were 

allocated into three subgroups depending on their oxygen saturation as determined 

by the preoperative cardiac catheterization. 

0 2  saturation 

Acyanotic group: 90 - 100% 

Mildly cyanotic: 80- 89% 

Moderately to severely cyanotic: 65%- 79% 

The rationale for division points was the following: Clearly artenal oxygen 

saturation above 90% is considered acyanotic or normal; on the other hand, 

saturation below 80% is clearly significant cyanosis. Saturations between 80 and 

90% are an in-between group and left for the purpose of analysis, to see if there is a 

graded effect of cyanosis on the outcome of interest. In addition to the grouping, 

saturation was treated as a continuous variable and regression analysis was 

perfoned behnreen saturation and the dependent variable of interest. 



Aae effect deterrnination 

In the clinical literature there has been a lot of debate whether children with 

tetralogy of Fallot should be routinely repaired at young age, i.e. e 6 months. This 

debate continues and at the Hospital for Sick Children the general policy now is to 

repair TOF after 6 months of age unless the child is very symptomatic. For this 

reason, a 6 months age break division was chosen to try to identify if there would be 

a benefit or risk for repairing at either age group. A lower age lirnit (lower than 6 

months) was not considered suitable because the number of repaired children would 

be very low and may preclude proper cornparison. 

Gender effect determination 

To determine if gender contributed to the outcome of interest, male versus 

female children were compared in the overall group. Then each cyanotic group was 

divided into males and females and compared. 

Statistical methods 

Grouped data are expressed as means i: standard error of the mean (SEM). 

Statistical analysis was performed using the STATlSTlCA for Windows (1 995) 

Differences in continuous variables between the different groups were assessed 

using an unpaired two tailed Student t test or analysis of variance (ANOVA) 

depending on the number of groups analyzed. If the analysis of variance revealed a 

significant value, pairwise tests of individual group means were compared by means 

of multiple comparisons (Tukey's test). This process was repeated for each of the 

subgmupings. All the significant results in the ANOVA were tested again by analysis 



of covariance (ANCOVA) adding age and gender in the model. Univariate linear 

regression was used ta determine the correlation between saturation and the 

outcome of interest (continuous variables). Difference in proportions was tested with 

X test. To identify the contribution of each of the predictor variables (saturation, 

age, and gender) on the outcome of interest, multiple regression was used. The 

model was constructed in a forward stepwise technique with an entry F value of 1 .O 

into the model. Statistical significance for al1 the above tests was accepted at p 5 

0.05. A p value of 0.05 to 0.1 is noted as a trend towards statistical significance ". 





Patient characteristics 

Forty-eight children were recruited for this study, 42 were children with 

tetralogy of Fallot and 6 were children with ventricular septal defect and right 

ventricular muscle bundles. The overall mean age was 537188 days (median 378, 

range 1 day - 9 years). Figure 15 shows the age distribution among these childen. 

From the graph it is evident that the majority of children are repaired in the first 18 

months of life, typical of children with these defeds. There were 25 males and 23 

females in the study. Their mean weight was 9.310.69 Kg (2.3- 30), and body 

surface area was 0.43k0.02 rnZ (0.1 7- 0.97). 

Effect of cyanosis 

The study groups were divided into three subgroups depending on the degree 

of preoperative saturation. These groups were: group I with an oxygen saturation of 

90- 100%, group II with an oxygen saturation of 80-89%, and group III with an 

oxygen saturation of 60-79%. Table 7 details the charaderistics of each group. 



Number of chitdren 



97 

Table 7: Clinical characteristics of al1 children classifieâ by degree of cyanosis 

Groups 

No. of patients 

Preoperative 

Age (day s) 

Age range(days) 

Weig ht (Kg) 

BSA (rn2) 

Saturation (%) 

Hemoglobin (glL) 

Hematocrit (%) 

Operative 

Lowest body temp. (Co) 

lschemic time (min.) 

Total CPB (min.) 

Pa02 pre-bypass* 

Transannular patch(%) 

Pa02 during bypass 

Onset of ischemia 

End ischemia 

Reperfusion 

Pa02: partial pressure of arter 
compared to group 1, 
$; Pre-bypass Pa02; the child is anesthetized and ventilated. 



Preoperative saturation, hemoglobin and hematocrit were statistically different 

between the groups, as expected. The total CPB time was longer in group III, 

however the ischernic tirne was comparable. Although the child was ventilated, the 

pre-CBP oxygen tension was lower in group III. 

Adenine nucleotide results 

Baseline 

The level of myocardial ATP at baseline was statistically lower in groups II 

and III as compared to group I (Pc0.01, Figure 16a). There was a graded response 

to the degree of cyanosis with group II having a mild effect on the baseline ATP level 

and group III a moderate response. In addition there was a signifiant correlation 

between the preoperative saturation level and the baseline ATP (r = 0.65, P ~0.01, 

Figure 16b). 

The level of ADP at baseline was not statistically different between the 

groups, neither was there a correlation between preoperative saturation and ADP 

levels (Figure 1 7a, b). 

The level of AMP at baseline was not statistically different arnong the groups, 

nor was there a correlation between preoperative saturation and ADP levels (Figure 

18a, b). 

The total adenine nucleotide level at baseline was lower in group III as 

wrnpared to the other groups (P= 0.01, Figure 19a). Also, preoperative saturation 

predicted the level of TAN at baseline (r = 0.4, P <0.01, Figure 19b). 



15 minutes of ischemia 

At 15 minutes of ischemia, group III continued to have depressed ATP levets 

as compared to the other groups. The graded response still existed among the 

groups (P<O.Ol, Figure 20a). In addition there was a significant correlation between 

the preoperative saturation and the 15 minute ischemia levels of ATP (r = 0.47, P 

e0.01, Figure 20b). 

To determine the percentage loss of ATP during initial ischemia the diffeersnce 

was determinad between baseline and 15 minutes and expressed as a percentage 

of the baseline value. All three groups lost significant amounts of ATP by 15 minute 

ischemia (group 1; 1856, group 11; 28, group 111; 35%) from their initial value (P<O.Ol, 

Figure 21a). Again there was a graded response to cyanosis in which there is a 

progressive increase in the loss of baseline ATP by 15 minute of ischemia. The 

difference between the groups at 15 minutes did not reach statistical significance 

when Analysis of Variance was used (P = 0.29). Analysis of covariance was 

perfomed using baseline ATP as a covariate revealed non-significant difference 

(P=0.7). However, by linear regression (percent change treated as a continuous 

variable) there was a significant correlation between preoperative saturation and the 

percentage loss of ATP from baseline which reached statistical significance (r = 

0.30, P = 0.04, Figure 21 b). 

The level of ADP at 15 minutes ischemia was not statistically different among 

the groups (Figure 17c), although there was a correlation between preoperative 

saturation and ADP levels at 15 minutes of ischemia which approached statistical 

significance (r = 0.26, P = 0.07, Figure 17d). 



The level of AMP at 15 minute ischemia was not statistically different among 

the groups, nor was there a correlation between preoperative saturation and AM P 

levels (r = 0.02, P = 0.88, Figure 18c,d). 

The total adenine nucleotide level at 15 minutes of ischemia was different 

among groups (P = 0.04, Figure 19c). Group III had lower levels when compared to 

the other groups. In addition there was a significant correlation between preoperative 

saturation and the level of TAN at 15 minutes of ischemia (r = 0.38, P 4.01, Figure 

19d). 



Common features for the following graphs: 

1. Grouped data graphs: grouped data are graphed as means î standard error of 

the mean. These grouped data were tested by ANOVA and is depicted in the 

corner of the graph. In case of signifiant ANOVA, a Tukey multiple comparison 

test was applied. The following symbols represents the multiple comparison 

between the groups and indicate significance at a P value 5 0.05 

*; lndicates significance versus group I 

+; lndicates significance versus group II 

2. Ungrouped data: a scatter plot of correlation between saturation and the 

dependent variable of interest is graphed, a regression line is also drawn. This 

data was tested by linear regression and the r and P values are depicted on the 

corner of the figure. 



Baseline AT? 

ANOVA ~ 0 . 0 1  

Saturation vs. baseline ATP 

Figure 16: (a) Base 
of saturation vs. b; 
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tine ATP level in the three cyanosis groups, (b) scatter plot 
,seIlne AT?. 



a ADP at baseline 

Saturation vs. baseline ADP 
b 
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Saturation % 

c ADP at 15 min ischemia 
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A Saturation vs. 15 min ischemia ADP 

65 70 75 80 85 90 95100 
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Figure 17: ADP level at baseline (a) and 15 minute ischemia (c) in the three 
groups. Scatter plot of saturation vs. baseline ADP (b) and vs. 15 minute 
ischemia ADP (d) 



AMP at baseline 
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- AMP at 15 min ischemia 
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ANOVA = 0.82 
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Saturation vs. badine AMP Saturation vs. 15 min ischemia AMP 
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Figure 18: AMP level at baseline (a) and 15 minute ischemia (c) in the three 
groups. Scatter plot of saturation vs. baseline AMP (b) and vs. 15 minute 
ischemia AM? (d) 



a Baseline TAN 

40 O ANOVA = 0.01 
T 

rn Saturation vs. basdine TAN 

65 70 75 80 85 90 95100 

Saturation % 

C TAN at 15 min ischemia 
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Figure 19: TAN level at baseline (a) and 15 minute ischemia (c) in the thtee 
groups. Scatter plot of saturation vs. baseline TAN (b) and vs. 15 minute 
ischemia TAN (d) 



ATP rit 15 min ischemia 
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Figure 20: (a) 15 minute ischemia ATP level in the three groups, (b) scatter plot 
of saturation vs. 15 minute ischemia ATP. 
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Figure 21: (a) percentage loss of ATP from baseline to 15 minute of ischemie. 
(b) scatter plot of saturation vs. % loss of ATP. 



End ischemia 

The pattern still existed by end of ischemia. ATP continued to be different 

between the groups (Pt 0.05, Figure 22a) with group III the lowest. By linear 

regression there is a statistically significant correlation between saturation and ATP 

at end ischemia (r = 0.33, P = 0.02, Figure 22b). ADP levels a2 end ischemia was 

lower in group II and group III (P = 0.04, Figure 23a) compared to group Il but did not 

show saturation predictability (r = 0.22, P = 0.1 5, Figure 23b). AMP and TAN levels 

did not show statistical difference between groups (P = 0.14, 0.21 respectively, 

Figure 24 a, Figure 25 a), although there was a statistical trend towards significant 

correlation between preoperative saturation and end ischemia TAN (r = 0.28, P = 

0.07, Figure 25 b). The rate of ATP loss during ischemia adjusting for the baseline 

and the ischemic time was between O. 1 1 - 0.1 4 pmolel g dry W./ minute of ischemia. 

There was no statistical difference between groups (Figure 26 a) nor was there 

significant correlation (Figure 26b). 

Re~erfusion 

Following ischernia, at 15 minutes of reperfusion there was a difference 

among groups in the level of ATP (P<0.01, Figure 27 a), specifically both cyanotic 

groups (group 11, III) were lower than the acyanotic group (group 1). In addition there 

was a strong positive correlation between pre-op saturation and 15 minutes 

reperfusion ATP (r = 0.48, P <0.01, Figure 27 b). 

To determine the net effed of myocardial reperfusion on the recovery or loss 

of ATP, the difference between end-ischemia and the 15 minute reperfusion levels 



was calculated and expressed as the percentage of loss or recovery of ATP with 15 

minutes of reperfusion. 60th cyanotic groups (group 11, III) showed further loss of 20- 

22% respectively of end-ischemia AT? with 15 minutes of reperfusion as compared 

to a net recovery of 18% in the acyanotic group (Pc0.01, Figure 28a). Overall there 

was a positive correlation between pre-op saturation and the percentage loss or 

recovery of ATP with 15 minutes of reperfusion, although this did not reach statistical 

significance (r = 0.23, P = 0.1 4, Figure 28 b). 

The percent loss of ATP from baseline prior to ischemia to 15 minute 

reperfusion was cornpared between groups. This ranged from a loss of 30- 53%. 

There was no statistical difference among groups (Figure 29a), nor there was a 

significant correlation with saturation (Figure 29b). 

The levels of ADP and AMP were not different at reperfusion among groups 

(Figure 23c,d and Figure 24c,d, respectively). The total adenine nucleotide level was 

lower in group III (P= 0.05, Figure 25c) and showed a significant correlation with pre- 

op saturation (r = 0.37, P=0.02, Figure 25c). 



ATP at end ischemia 

Saturation vs. end ischemia ATP 

Saturation % 

Figure 22: (a) End ischemia ATP level in the three groups, (b) scatter plot of 
saturation vs. end ischemia ATP. 
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Figure 23: ADP level at end ischemia (a) and 15 minute reperfusion (c) in the 
three groups. Scatter plot of saturation vs. 15 minute ischemia ADP (b) and vs. 
15 minute reperfusion ADP (d). 
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Figure 24: AMP level at end ischemia (a) and 15 minute reperfusion (c) in the 
thne groups. Scatter plot of saturation vs. end ischemia AMP (b) and vs. 15 
minute reperfusion AMP (d). 
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Figure 25: TAN level at end ischernia (a) and 15 minute reperfusion (c) in the 
three groups. Scatter plot of saturation vs. end ischemia TAN (b) and vs. 15 
minute reperfusion TAN (d). 
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Figure 26: (a) rate of ATP loss during ischemia par minute in the three groups. 
Scatter plot of saturation vs. rate of ATP loss. 
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Figure 27: (a) 15 minute reperfusion ATP in the three groups. (b) Scatter plot of 
saturation vs. 15 minute reperfusion ATP. 



% Recovery of ATP at 15 min mperfusion 
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Figure 28: (a) percentage recovery of ATP from end ischemia to 15 minute 
reperfusion. (b) scatter plot of saturation vs. % recovery of ATP with 1s min 
reperfusion 
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Figure 29: (a) percentage loss of ATP from baseline to 15 minute of 
reperfusion. (b) scatter plot of saturation vs. % loss of ATP. 



Diffisible adenine nucleotides 

The total diffusible adenine nucleotides (IMP, inosine, hypoxanthine) were 

added and compared among groups. Table 8 depicts th8 values. There was no 

statistical difference among the groups, nor there was significant correlation between 

saturation and diffusi ble adenine nucleotides (baseline P-O. 17, 1 5 min ischemia 

P=0.45, end ischemia P=0.53, 15 minute reperfusion P-O. 1 9). Nevertheless there is 

a progressive build up of diffusible adenine nucleotides by end ischemia in al1 groups 

which worsens at 15 minute reperfusion in the cyanotic groups. 

Table 8: The total diffusible adenine nucleotides classified by degree of 
cyanosis 

Total diffusible adenine nucleotides* 

Baseline 

15 min ischemia 

End ischemia 

15 min reperfusion 

units are in pmoll gram dry weight 

Clinical outcome 

There were no deaths in the series of children enrolled in this study.The 

length of inotropic and ventilatory support and length of ICU and hospital stay were 

used as a measure for clinical outcome. In addition, the incidence of complications 

was compared. 

C yanotic children in group III experienced longer inotropic and ventilatory 

suppport when compared to group I and II (P<0.01 and 0.07 respectively, 



Figure 30 a, Figure 31a). In addition, there was significant correlation between the 

saturation and length of inotropic support (r=-0.35, P=0.01). A similar pattern was 

seen with ICU stay which was prolongeci in the most cyanotic group (ANOVA = 0.02, 

Figure 32a). Hospital stay was longer in the cyanotic group but did not mach 

statistical significance (P=0.29, Figure 33a). Because of the threshold effed seen in 

severely cyanotic group correlation significance was lost in ventilatory support 

(r=-O. 18, P=0.20. Figure 31 b), C U  stay (r=-0.26, P=0.07, Figure 32b) and hospital 

stay (F-0. 15, P=0.47, Figure 33b) 

The incidence of complications (defined as anhythmia, infections, renal 

failure, low cardiac output syndrome, Other) in group I was 21 % as wmpared to 

43% for group II and 50% for group III (P=0.26). Table 9 lists the details of 

complications. 

Table 9: Details of complications 

Type of complication Group I Group II Group III 

No. of children 14 16 19 

Arrythmia 2 4 5 

L. C. O. O 1 2 

Infection 1 O 1 

Renal failure O O O 

Other O 2 1 

Total (%) 3 (21%) 7 (43%) 9 (5056) 

L.C.0; low cardiac output defined as end organ dysfunction secondary to low 

cardiac output. 



Ventricular function differences 

Preoperative echocardiography showed a lower ejection fraction in group III 

when cornpared to both the other groups (P<0.01, Figure 34 a) and there was a 

significant correlation with the preoperative saturation (r = 0.35, P = 0.02, Figure 34 

b). The preoperative shortening fraction was lower in group III but did not mach 

statistical significance (P=O.l 1 , Figure 34 c). Again the same pattern is seen in the 

ejection fraction measured in the intraoperative (ANOVA = 0.02, Figure 35 a,b) and 

postoperative (ANOVA = 0.01, Figure 36 a-d) studies with worse ventricular function 

in group III. 



a Duration of inotropic support 
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Figure 30: (a) Duration of inotropic support in the three groups. (b) scatter plot 
of saturation vs. duration of inotropic support. 
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Figure 31: (a) Duration of ventilatory support in the threr groups. (b) scatter 
plot of saturation vs. duration of ventilatory support. 
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Figure 32: (a) Duration of ICU stay in the three groups. (b) scatter plot of 
saturation vs. duration of ICU stay. 
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Figure 33: (a) Duration of hospital stay in the three gtoups. (b) scatter plot of 
saturation vs. duration of hospital stay. 
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Figure 34: Preoperative ejection fraction (a) and shortening fraction (c) in the 
three groups. Scatter plot of saturation vs. ejection fraction (b) and vs. 
shortening fraction (d) 
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Figure 35: (a) lntraopertive ejection fraction in the three groups. (b) scatter plot 
of saturation vs. intraop EF. 
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Figure 36: Postoperative EF (a) and SF (c) in the three groups. Scatter plot of 
saturation vs. postop EF (b) and vs. SF (d). 



Univariate remession analvsis 

Table 10 depicts linear regression to estimate predictability and correlation of 

ATP (predictor) and some other variables independently perfomed. From the table it 

is clear that badine ATP predicted pre-op systolic ventriwlar function as well post 

operaüve ventilatory, inotropic support and ICU stay. End ischemia ATP in addition 

to predicting pre-op f'unction also predicted intraopertive function. 

Table 10: Linear regression between ATP and outcome variables 
--- 

Preop EF r 
P 

Preop SF r 
P 

lntraop EF r 

AT? 

- -  . 

P 
Postop EF r 

Baseline 
0.61 
<0.01 
0.39 
0.05 
0.32 

P 
Postop SF r 

0.04 
0.35 

P 
ICU hours r 

15 min rep 
O. 32 
0.14 
0.22 
0.32 
0.1 5 
0.50 
0.20 
0.37 
0.25 
0.25 
0.22 
0.33 
0.37 
0.09 
0.29 
O. 18 
O. 32 
0.15 

15 min isch. 
0.45 
0.02 
O. 34 
0.1 O 
0.21 

0.07 
0.20 

P 
Hosp days r 

P 
t, hosp; hospi 

End isch 
0.49 
0.02 
0.35 
0.1 1 
0.46 

0.1 5 
0.35 

0.33 
0.54 

al, EF; 

0.02 
O. 30 

0.09 
0.48 

Vent sup; ventilatory support, ino supp; inotropic suppor 
ejection fraction, SF; shortening fraction. 

0.03 
0.29 
O. 16 

0.1 8 
0.14 

0.02 
0.37 

0.53 
0.50 

0.07 
0.19 
0.38 

0.02 
0.29 
0.20 
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Analvsis of covariance 

To ensure that signifiant results obtained in the analysis of variance were not 

due to canfounding variables such as age and gender, all the significant results in 

ANOVA were repeated using age and gender as wvariates. The following are the 

results. 

Table 11 : Analysis of covariance, adding age and gender to the model as 

covariates 

ATP 

Baseline 

15 min. lschernia 

End ischemia 

15 min reperfusion 

% recovery of ATP at 15 min rep. 

ADP 

End ischemia 

TAN 

Baseline 

15 min. lschemia 

15 min reperfusion 

Inotropic support 

ICU stay 

Pte EF 

krtnop EF 

Post EF 

Post SF 

P before P after 



Multivariate analvsis 

A multiple regression analysis was performed to identify the contribution of 

each of the predictor variables on the outcome of interest. Only the statistically 

significant variables in the univariate analysis were tested with the rnultivariate 

technique, age and gender were added to the model. Preoperative saturation 

continued to predict the parameters listed in Table 12 in the multivariate model: 

Table 12: Results of the multivariate analysis, aga and gender were addd to 

the model 

ATP 

Baseline 

15 min. lschemia 

End ischemia 

15 min reperfusion 

TAN 

Sasel ine 

15 min. lschemia 

End ischemia 

15 min reperfusion 

lnotropic support 

Ventilatory support 

ICU stay 

Pte EF 

Post EF 

Post SF 



Effect of age and gender 

In the following two sections presentation of the results of age or gender 

effects is according to the following schema: lnitially children were divided into two 

groups (for age above and below 6 months, and for gender male end fernale). 

Then under 'fudher analysis" each group was classified into the three 

cyanosis groups to see if the pattern of cyanosis still existed within each subgroup. 

To se8 whether the difference seen in the variable of interest is due to age or gender 

adjusting for level of cyanosis was done. Children were initiaily divided into the three 

cyanosis groups, then each group was further subdivided into either of the two age 

or gender subgroups, in other words the effect of cyanosis is neutralized within each 

subgroup. 

Effect of age 

Preo~erative and o~erative clinical characteristics 

Table 13 compares the clinical characteristics of both age groups, in addition 

to the expected difference in aga, weight and body surface area. There was no 

difference in preoperative saturation, hemoglobin and hamatocrit. There was, also, 

no difference among the operative variables. 

Further analysis: Within the groups of children under or above 6 rnonths of age, the 

clinical characteristics were also similar among the three cyanosis groups (Appendix 

3). When each level of cyanosis was examined as to the aga effect, in addition to the 

expected difference in age, weight, and BSA, among the clinical charadeflstics, the 



preoperative saturation is lower in children above 6 months although it reached 

statistical significance only in group II. There was a tendency to increasing the total 

CPB time and decrease in pre CPB POz with worsening level of cyanosis (Appendix 

4). The myocardial ischemic time was longer in acyanotic children above 6 months 

as cornpared to children below 6 months. 



Table 13: Clinlcal characteristics of the two age groups. 

Groups 

No. of children 

Preopentive 

A W  W Y ~ )  

Age range(days) 

Weight (Kg) 

BSA (m2) 

Saturation (%) 

Hemoglobin (glL) 

Hematocrit (%) 

OperPtive 

Lowest body temp. (Co) 

lschemic time (min.) 

Total CPB (min.) 

Pa02 pre-bypass* 

Transannular patch (%) 

Pa02 during bypass § 

Onset of ischemia 

End ischemia 

Reperfusion 

$; Pre-bypass Pa02; the child ; anesthetized and ventilatl 

5; Pa02 is expressed in mmHg 



Adenine nucleotide results 

Table 14 shows no statistical difference in the adenine nucleotide levels 

between children below or above 6 months of age. Of interest, the rate of ATP loss 

adjusted for baseline ATP and ischemic time is higher in the younger child (0.2 pmoV 

g dry wt. of ATPl minute) as compared to the older child (0.1 pmoll g dry wt. of 

ATPlg dry wt.1 minute) (P=0.04, Table 15). 

Furfherenalysis: Within the groups of children under or above 6 months of age, a 

pattern of a graded effect of cyanosis on adenine nucleotides in both age groups 

reappears, similar to the previous section examining the overall effect of cyanosis 

(Appendix 5). In particular there is a differences in ATP at baseline and 15 minutes 

of ischemia as well as 15 minute reperfusion, notably evident in the older group. 

Rates and percentages of ATP loss or recovery also showed a sirnilar pattern to the 

previous section except those children above the age of 6 months and mildly 

cyanotic had slightly higher recovery of ATP from end ischemia to 15 minute of 

reperfusion when compared to the acyanotic group (Appendix 6). 

When each level of cyanosis was divided to both age groups to determine the 

effect of age on the adenine nucleotide, there was no difference between children 

above and below 6 months of age in the acyanotic group. As we move to group II 

and III, we start seeing some age related differences. For example, the end ischemia 

ATP levels were lower in children less than 6 months of age, and end ischemia ADP 

was lower in children below 6 months. The level of AMP in general was lower in 

children less than 6 rnonths of age but only reached statistical significance within 

end ischemia in group III and reperfusion in group II. In group III the difference in 



end ischemia AT?, ADP and AMP has resulted in an overall statistical differenœ in 

TAN (Appendix 7). The overall higher loss of AT? per minute of ischemia seen is 

evident in each group but only approached statistical significance in the most 

cyanotic group (group III). 

Table 14: Levels of adenine nucleotides for the two age gtoups 5 

No. of children 

ATP 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

ADP 

Basel ine 

15 min ischemia 

End ischemia 

Reperfusion 

AMP 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

TAN 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

c6 months >6 months 

weight 



Table 15: Rates and percentages of ATP changes and diffusible adenine 

nucleotides in both aga groups 

ATP 

% dmp at 15 min isch. 

% end-isch.-1 5 min rep. recovery 

% baseline-rep. recovery 

Rate of ATP loss during isch./g dry wt./min 

Total diffusible adenine nucleotides 5 

Baseline 

15 min ischemia 

End ischemia 

15 min reperfusion 

§;Units are in pmoll g dry weight 

Clinical and ventricular function differences 

Clinical outcome as measured by length of ventilatory and inotropic support 

and the length of ICU and hospital stays was strikingly different in the hnro age 

groups (Table 16). Children c6 rnonths of age had longer and more complex 

course in the hospital when compared to children > 6 months of age. The incidence 

of complications and ventricular function parameters in the pre, intra, and post 

operative was similar in children below and above 6 months of age. 

Furfher analysis: The differences seen in the clinical parameters were clearly seen in 

the cyanotic groups (group 11, III), where there was a statistically longer ventilatory 



and inotropic support as well as longer ICU and hospital stay in children below 6 

months in both groups (Appendix 9). 

Table 16: Clinical and ventricular function data comparing the two age groups 

No. of children 

Preop EF(SC) 

Preop SF(%) 

Inttaop EF(%) 

Ventilatory support (hm) 

lnotropic support (hm) 

Postop EF(%) 

Postop SF(%) 

C U  stay (hm) 

Hospital stay (days) 

Complications (Oh) 

<6 months >6 months 

Gender effect 

Preo~erative and o~erative clinical characteristics 

To identify gender differences, ail were compared in males and females. 

Table 17 shows no differences in the clinical characteristics behveen males and 

females in general. 

Further analysis: M e n  the two groups were subdivided by the degree of cyanosis 

they were also comparable except for the total CPB time being longer in the most 

cyanotic females (Appendix 10). Dividing groups of cyanosis to males and females 

revealed a consistently higher hernoglobin and hematocrit in males when cornpared 



with females in al1 the cyanosis groups (Appendix 11 ) which reached statistical 

significance irrespective of saturation. 

Table 17: Clinical characteristics of children classified by gender 

Groups 

No. of children 

Preoperativo 

Age (days) 
Age range(days) 

Weight (Kg) 

BSA (m2) 

Saturation (%) 

Hemoglobin (glL) 

Hematocrit (36) 

Operative 

Lowest body temp. (Co) 

lschemic time (min.) 

Total CPB (min.) 

Pa02 pre-bypass* 

Transannular patch (%) 

Pa02 during bypasss 

Onset of ischemia 

End ischemia 

Reperfusion 

$; Pre-bypass Pa02; the child 

Male Female 

5; ~a0;is expressed in mmHg 



Adenine nucleotide results 
In the overall cornparison, females demonstrated lower level of baseline ATP 

when compared to males (Table 18). Thus carried out to TAN level in which there 

was a statistical trend (0.07). In contrast, males lost more ATP per minute of 

ischemia and they accumulated less diffusible adenine nucleotides by end of 

ischemia compared to females (Table 19). 

Furiher analysis: With further division of each of the females and males into the 

three cyanosis groups, the pattern of the affect of cyanosis reappear. In both female 

and male hearts the ATP at baseline, 15 minute ischernia and 15 minute reperfusion 

were different arnong groups, with group III being the lowest (Appendix 12). 

To see if the overall gender difference was seen in the three cyanosis groups, 

the cyanosis groups were subdivided into males and females. Examining al1 the 

adenine nucleotides revealed no difference between males and females in al1 the 

cyanosis groups (Appendix 14) 

Cyanotic females (group 11, III) actually lost ATP with reperfusion compared 

to acyanotic females who actually recovered ATP with reperfusion. (Appendix 13). 

When gender related effects were examined within each cyanotic group 

(Appendix 15) there was a higher rate of ATP loss per minute of ischernia in males 

compared to females but it only reached statistical significance in group II. There 

was also higher accumulation of diffusible adenine nucleotides towards the end of 

ischemia in fernales compared to males in each group but in particular the cyanotic 

groups (group II and III) (Appendix 15). 



Table 18: Adenine nucleotides of both gender groups 

No. of children 

ATP 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

ADP 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

AMP 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

TAN 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

EC 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

are in 

Male Fernale 



Table 19: Rates and percentages of ATP changes and diffusible adenino 

nucleotides in both gender groups 

Male Female 

ATP I 
% drop et 15 min isch. 

% end-isch.-1 5 min rep. recovery 

% baseline-rep. recovety 

Rate of ATP l o s  during isch./g dry wt./min 

Total diffusible adenine nucleotides 5 

Clinical and ventricular function differences 

Baseline 

15 min ischemia 

End ischemia 

15 min reperfusion 

Clinical outcorne of males and females are depicted in Table 20. There was 

no difference in the overall clinical course, although female children suffered slightly 

higher incidence of postoperative complications (P=0.06). Cornparison of ventricular 

function parameters revealed that female children exhibited lower preoperative EF 

and SF as compared to male children (Table 20). This was parücularly evident in 

cyanotic females (Appendix 16). 

1.7&0.57 1 Bîû.57 

3.0i0.71 3.410.51 

3.510.40 5.5I0.65 

6.3î2.5 4.6k1.3 

5; units are in prnoll g dry wt. 
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Table 20: Clinical outcome and echo function data comparing the two gendei 

Qm'JPs 

No. of children 

Preop EF (%) 

Preop SF (16) 

lntraop EF (SC) 

Ventilatory support (hm) 

lnotropic support (hm) 

Postop EF (%) 

Postop SF (%) 

ICU stay (hm) 

Hospital stay (days) 

Complications (%) 

Male Female 



Discussion 



This study has demonstrated the deleterious effects of cyanosis on 

preoperative ventricular function and baseline ATP, as well as the adverse 

effects on ATP during early ischernia and early teperfusion. There was a clear 

association of the degree of cyanosis and the magnitude of the effect on the 

parameter. In addition, this study demonstrated an association of cyanosis with a 

wone postoperative ventricular function and more complex postoperative 

hospital course. 

Progress in pediatric cardiac surgery in the past couple of decades, in 

general, has made a tremendous impact on outcorne. The mortality of simple and 

complex defect repair has decreased 24'p 242, and non-operable defects such as 

hypoplastic left heart syndrome have become operable 2M. There are still 

some subsets of children undergoing cardiac surgery who would have either a 

prolongeci or complicated postoperative course. Despite improvements in 

mortality, attention should be directed to specific 'high-risk" groups, such as 

children with congestive heart failure or as seen in this study those with severe 

cyanosis. Identification of specific higher risk group is crucial for important 

reasons. First, this subgroup of children can be targeted preoperatively and 

optirnized prior to surgery, such as treating heart failure. Second, the operative 

approach can be modified ta adjust for their shortcomings, such as modifying 

myocardial protection techniques and substrate enhancement solutions or even 

adjusting perfusion oxygen tension during CPB. Finally, postoperative 

management can be tailored to their needs, which may include careful inotropic 

and ventilatory management. 



Numerous clinical studies have evaluated and identified risk factors for an 

adverse outcorne. Typically these clinical risk factors differ depending on the 

congenital defect of interest, and the parücular outcome of interest. The outcome 

chosen is usually survival or death and sometimes, morbidity and complications. 

With improvements in perioperative care, mortality as an end point has becorne 

less useful as an indication of outcome. A more detailed refinement of the risk 

profile models must be performed in order to find the subtle differences between 

groups. This means reaching beyond the recognized traditional clinical 

parameters to more detailed cellular and rnetabolic parameters. This project was 

designed to delineate the metabolic affects of different degrees of cyanosis and 

whether these metabolic differences can explain differences in functional and 

clinical outcome. In addition, the effect of age and gender were also studied. 

The age distribution of the cohort in this study reflects the current policy of 

the Hospital for Sick Children Cardiac Surgery Department in repairing children 

with TOF during 1997. In an unpublished series of similar children operated upon 

for repair of TOF in 1991 -1 992 at the Hospital for Sick Children, the mean age at 

repair was 28 months as compared to 18 months in this study. This highlights the 

general trend in repairing al1 congenital defects at an earlier age. This trend of 

decreasing age at repair is seen in other congenital defects such as 

atnoventricular septal defect 246 and in other cardiac surgery centers around the 

world W. 24?.2a . m. ile operating on younger children may theoretically increase 

the mortality or morbidity, this has generally not been the case. The question still 

remains as to what is the optimum age at repair. Certainly surgery in the 



neonatal period carries a higher mortality, as proved with multiple clinical studies 

24s8 ''O. The reason for this remains to be clarified but it may reflect, in part, a 

selection bias towards operating earlier because the child is sicker. Because of 

the recent reported acceptable morbidity and mortality with repairing children with 

TOF at an earlier age " most centers including the Hospital for Sick Children 

adopted a policy of decreasing the age at repair. 

Cyanosis and clinicat characteristics 

Cyanosis, as defined earlier, is a clinical sign of hypoxia. In the setting of 

congenital heart disease it is chronic hypoxia because these children are bom 

with the cyanotic defect and they continue to be cyanotic until repaired. There are 

general and specific effects of exposure to chronic hypoxia. One of the general 

effects of chronic hypoxia is to increase hemoglobin and hematocrit. Similar to 

the acclimatization ;O living at high altitude, where the POz is reduœd, 

polycythernia and increased 2, 3 -diphosphoglycerate concentration are 

systemic mechanisms attempting to maintain oxygen delivery to cyanotic hearts. 

However, these adaptive rnechanisms might not be adequate to satisfy tissue 

oxygen requirements ='. Exposure to hypoxia for more than a few days leads to 

the release of erythropoietin from the kidneys and liver. In fatal and neonatal life, 

the rnajority of erythropoiesis and erythropoietin production takes place in the 

liver. After the first few months of life, erythropoiesis is taken over by the bone 

marrow and erythropoietin by the kidney 252. Erythropoietin causes certain stem 



cells in the bone marrow to convert to proerythroblasts, which are precursors for 

production of erythrocytes ''?. 

The effect of cyanosis on the hemoglobin and hematocrit is evident among 

the three groups. With more severe cyanosis there are higher levels of 

hemoglobin and hematocrit. This increased number of red blood cells leads to 

increased viscosity of the blood '*'. The higher blood viscosity rnay decrease 

perfusion at the microvascular level ? The decreased oxygen content in the 

blood of cyanotic children adds to the effect of increased viscosity to decrease 

the availability of oxygen at the tissue level. This may lead to repeated episodes 

of anaerobic metabolism and if severe enough, rnay even induce microinfards 

and cellular death. This has been noted pathologically in patients with repaired 

and unrepaired cyanotic heart disease '". This in part rnay explain the deranged 

ventricular function seen in cyanosis. 

The pathophysiology of these children dictates that the tighter the 

pulmonary stenosis the lower the systemic oxygen saturation. This occurs due to 

the increased right ventricular pressure which favors shunting blood aaoss the 

VSD ta the left ventricle. This pulmonary stenosis leads to subvalvular reactive 

right ventricular oufflow tract hypertrophy, which wonens the right ventricular 

outflow tract obstruction The secondary hypertrophy in the rïght ventride is 

also age related, the older the child the greater the hypertrophy «. So 

conceivably there is a positive relationship between ventricular hypertrophy and 

cyanosis Management of the right ventricular outfiow tract obstruction is done 

on CPB after cardiac arrest. For this reason it would require more time for the 



surgeon to enlarge the right ventricular outflow tract in cyanotic children because 

of a neeâ to do more muscle resection or due to extensive patching of the RVOT 

or pulmonary arteries. This was evident in our study with longer total CPB time in 

the cyanotic cornpared to acyanotic children. Closure of the VSD is perfomed 

during cardioplegic cardiac arrest (myocardial ischemic time) and this was sirnilar 

in the three groups, indicating similar complexity level of VSD closure. 

The pre CPB Pa02 was lower in cyanotic children, even though they were 

ventilated. This Pa02 is rneasured after institution of anesthesia but pfior to 

initiation of CPB, and reflects the underlying pathophysiology of these children. 

Classically intra-cardiac right to left shunt causing desaturation is not correcteci 

with the administration of oxygen. This phenomenon was evident in the pre CBP 

Pa02, where it is statistically lower in the severely cyanotic group. In children who 

have predominantly left to right shunt, administration of oxygen will raise the 

overall oxygen tension of the blood hence the higher level of Pa02seen. 

Hiah enerav ohos~hates and cvanosis 

The importance of high energy compounds with respect to myocardial fundion 

lies in the following: the high energy phosphate bond of ATP serves as the main 

energy source for myocardial contraction "? Levels of ATP relate closely to 

rnyocardial function before, during and after periods of ischemia '*'. Likewise 

interventions that replenish ATP after ischemia have been demonstrated to 

improve myocardial functional rewvery after ischemia 25'. A working knowledge 



of adenine nucleotide rnetabolism during ischemia and of avenues of repletion 

during reperfusion are essential in designing metabolic interventions that may 

improve recovery after ischemia. 

It is intuitive to assume that metabolic produds whose formation is 

dependent on the availability of oxygen, such as ATP, will decrease with 

reduction of tissue oxygen availability. This issue has been established in 

numerous studies addressing the effects of hypoxia and ischemia on the high 

energy phosphate compounds, whose adequate synthesis requires an aerobic 

environment 269,260,261,262,263 

Much of the work in this area has been in animal models or in adult 

humans. In addition, many are acute hypoxia studies that may differ from chronic 

hypoxia. Studying acute hypoxic models may reflect the metabolic profile in 

response to an acute insult or stress (acute hypoxia) rather than changes in the 

myocardium in response to longer period of hypoxemia. These chronic changes 

could include altered metabolism due to the development of adaptive 

mechanisms over time. The literature is sparse on the effects of hypoxial 

ischemia on myocardial high energy phosphates in "biochemically normal" 

children versus "cyanotic" children, who are exposed to chronic hypoxemia as a 

result of the pathophysiology of their congenital heart defect. Applying 

conclusions drawn from studies of acute hypoxia to clinical cardiac surgery 

dealing with cyanotic congenital defects rnay not be appropriate. Several issues 

have to be taken into account when applying literature data to clinical surgery. 

First, the animal model has to closely resemble the clinical scenario. The study 



method should be scrutinized to identify the exact set up and how conctusions 

were drawn. Subtle model differenœs may explain some of 'confficting resultsu in 

literature. For example, there are opposing conclusions in the literature on the 

tolerance of immature myocardium to ischemia "1 Some issues are 

sometimes confused in the literature such as ischemia and hypoxia, acute and 

chronic hypoxia, or between mature and immature responses to different 

stresses. Once the issue of modeling is established and even if it closely 

resembles the clinical scenario, then species differences should be taken into 

consideration. Results of animal experiments should be contrasted with clinical 

studies, if they exist, and critical cornparisons should be done to delineate 

sirnilarities or differences between animals and humans. There will still be a lot of 

areas in clinical cardiac surgery which can only be studied experimentally in the 

laboratory, either because it would be harmful to the patient or because the 

investigator wants to control extraneous factors which are unavoidable in clinical 

surgery. 

The literature is voluminous on myocardial metabolism. Examining the 

literature for the efFects of cyanosis reveals some of the earlier work by Rudolph 

" and by Scheuer and colleagues '". They indicated that although the 

mechanism of oxygen delivery to the cyanotic myocardium may differ, the 

ventricular oxidative metabolism remains intact. Friedli '" used atrial pacing as a 

myocardial stress in patients with cyanotic heart disease, and found that with 

pacing there is a shift toward anaerobic metabolism in cyanotic patients 

compared to acyanotic patients. This was evidenced by increased lactate 



production and increase in lactatel pyruvate ratio in the coronary venous blood. 

Graham and coworkers "@ reaffirmed a shift to anaerobic metabolism in cyanotic 

dogs either exposed to atrial pacing or infused isoproternol to stress the 

myocardium. These studies on cyanotic myocardium indicated that the 

metabolism is altered and is in fact, compromised particularly during stress. 

Myocardial adenine nucleotides, being the comerstone of myocardial 

metabolism, have been studied in detail. Sorne of the earlier studies of the 

effects of hypoxia on the myocardium were by Pool and colleagues '". They 

suggested that in a canine model acute hypoxia, despite a significant decrease in 

ventricular function, no acute depression of high energy compounds occurred. 

Other reports "' have even shown an increase in high energy compounds in 

response to acute hypoxia as well as an increase in adenosine diphosphate and 

inorganic phosphate. These results were interpreted as evidence that increased 

ATP was due to augmented nucleotide synthesis and impairment of utilkation. 

Jarmakani and colleagues demonstrated that acute hypoxia resulted in rapid 

depletion of high energy phosphates and accumulation of lactate. Wittnich and 

Torrance 274*27s added to this using a graded hypoxia model in neonatal pigs, 

where these pigs were exposed to five levels of acute progressive hypoxia. 

There was a progressive effect of increasing the degree of hypoxia, which did not 

reach statistical significance until the pig was exposed to 2 hours of severe 

hypoxia. This group of severe hypoxia (PO2 = 20 mm Hg) had significant tissue 

acidosis, accumulation of lactate, and 55% loss of highenergy compounds 

compared to controls. This identified dose response effects in neonates that can 



explain some of the varied results seen in other studies where the protocol of 

progressive hypoxia was not done. The wrrent study in children agrees with 

animal experiments showing lower adenine nucleotides in response to hypoxia. 

In the acute hypoxia study of piglets there appeared to be a threshotd effect, that 

is to say, significant changes were seen only when the Pa02 dropped below 30 

mmHg. In the cument clinical study there seems to be a statistically significant 

graded response; that is, the lower the saturation the greater the effect on the 

measured parameter, as shown by the regression graphs. This difference 

between acute and chronic hypoxia effects might reflect what could be in part an 

adaptive response secondary to the prolonged exposure to hypoxia. 

The effects of chronic hypoxia using animal models have been less 

extensively studied. This may in part be due to the complexity of the model 

creation and the unknown length of time required to see chronic hypoxia related 

effects on myocardial metabolism. In a canine model, Silverman and colleagues 

''41 created a chronic hypoxia model by anastomosing the left atrium to the 

pulmonary artery. The pulmonary artery was then banded distal to the 

anastomosis, raising right ventricular pressure and causing an obligatory right to 

left shunt and systernic cyanosis. Another group had only pulmonary artery 

banding to raise the right ventricular afterload causing hypertrophy. This study 

showed no baseline adenine nucleotide differences between the cyanotic group, 

the hypertrophied group and the acyanotic control animals. Nevertheless there 

was a decrease in right and left ventricular ejection fraction at baseline in the 

cyanotic group when compared to control. With 60 minutes of ischemia the 



cyanotic group showed accelerated depletion of high energy phosphates when 

compared to the hypertrophy and control groups, although the hypertrophy group 

had lower ATP at 60 minutes of ischernia cornpared to control, it did not mach 

statistical significance. Wth 60 minute of reperfusion after ischemia, cyanotic 

animais failed to recover their lost ATP while the ATP recovery in the hypertrophy 

group was 100% and control group 80% of baseline values (no statistical 

difference between hypertrophy and control). In the current clinical study, 

cyanosis clearly decreased adenine nucleotides at baseline in addition to the 

function differences. While the findings at ischemia agrees with Silverman's data 

the findings at baseline are different. These conflicting results seen at baseline 

could be explained by the following theory. The children with cyanotic congenital 

heart disease (and children enrolled in the current study) are cyanotic since birth 

and have never been exposed to normoxia for their entire life including fetal life; 

in other words, there is persistence of the hypoxic fetal environment after birth 

until the day of surgery. On the other hand, ail chronic hypoxia animal models, at 

the present time, examined the effects of introduction of chronic hypoxia for a 

certain period of time to a previously normoxemic animal; that is, the animal had 

a chance of "normal metabolismn and/ or "maturationn. The difference on the 

metabotic behavior of the myocardium between being or not being exposed to 

normoxia prior to chronic hypoxia is not clear to date. It would intuitively seem 

that there is a fundamental difference between the two scenarios. The 

maintained fetal hypoxic snvironment after birth may inhibit or delay metabolic 

maturation of these children compared to normal children. The only way to have 



a rnodel close enough is if the chronic cyanosis model is aeated the day the 

animal is bom, which would be difficult. So interpretation of animal data on 

chronic hypoxia should bear in mind this critical difference, the magnitude of 

which is not known. Another reason why there could be conflicting results 

between human and animal studies may be related to rnarnmalian species 

differences in response to exposure to prolonged hypoxia. Certainly there are 

some species differences identified between neonatal pigs and rats in response 

to ischemia *'? In addition to the above mentioned and specifically relating to the 

arment study, abnormalities of the cellular and ultrastructural components of the 

myocardium in children with TOF has been reported and are independent of 

hypertrophy. These include the presence of abnonal mitochondrial sire in the 

left ventricle m, and abnormal adrenergic reœptor content in the right ventricle 

m. The ramification of these abnormalities on metabolism and function is still 

uncertain. 

Previous investigators have shown a significant correlation between ATP 

and dTldt, (as a measure of ventricular function) 'Oo. The mechanisms that 

have been described relating AT? to function have been addressed in the 

introduction section. The end result of diminished ATP, apart from failure of 

contraction, is failure of ionic pumps resulting in cellular swelling and acidosis 

which may contri bute directly to myocyte dysfunction 'O1. This reduced baseline 

ATP puts cyanotic children undergoing cardiac surgery at a less optimal 

metabolic condition even prior to cardiac surgical intervention. The significant 

correlation between preoperative saturation and baseline ATP confirms that the 



effect of cyanosis on baseline ATP is dose dependent. A similar predictsbility is 

seen between saturation and preoperative ventricular function. 

Other studies have shown that chronic hypoxia or cyanosis increases 

glycolytic capacity *O2, and increased glycolytic capacity is one established 

characteristic of immature myocardium that has been postulated to provide 

increased resistanœ to ischemic injury "'. This increased glycol ytic capacity 

rnay represent either persistence of, or regression to immature myocardial 

metabolic profile regardless of the age of these children. Contrary to the 

immature metabolic profile, there is reduced glycogen stores in cyanotic rats ". 

This discrepancy may suggests that glycogen is utilized to a greater extent in 

cyanotic heart, therefore placing these hearts at metabolic risk when subjected to 

stress due to reduced glycogen content. 

At 15 minutes of ischemia al1 children in the study lost ATP as expected. 

Interestingly, the worse the cyanosis the greater the loss from baseline ATP 

which reaches almost 40% in the severe cyanosis group. With the onset of 

ischemia there is an imbalance between production and consumption of AIP. 

Certainly the production is decreased due to the inefficient metabolism occurring 

during ischemia. Consumption rnay decrease or stay the same depending on 

multiple factors such as whether the heart continues to contract or whether the 

heart is cold or warm. This is also associated with depletion of CP stores. The 

only source of energy will be to metabolize myocardial glycogen anaerobically 

which is less efficient and leads to accumulation of lactate. Accumulation of 

lactate induœs intracellular acidosis which inhibits the glycolytic pathway 



removing the last source of energy production resulting in further reduction in 

ATP. 

The lower ATP levels seen at 15 minutes of ischemia in cyanotic children is in 

part a reflection of lower baseline levels in these children as well as a higher rate 

of depletion during this initial period of ischemia. Previous studies indicated that 

ATP reduction of 3040% is certainly compatible with cellular survival in early 

ischemia and in the postischemic recovery phase but it does affect cellular 

function ''*. It is not until ATP levels are between 24pmollgram dry weight that 

complet8 metabolic and functional recovery is unlikely None of the children in 

this study dropped their AT? to this level which would suggests that metabolic 

recovery is expected in these children. However with 15 minutes of reperfusion 

the best recovery of ATP as a percentage of baseline value was in the acyanotic 

group where 70% of the baseline ATP was restored with 15 minutes of 

reperfusion compared to only 47-59 % in the cyanotic groups. 

The end ischemic biopsy indicated similar pattern across the groups seen 

above, although it is important to realite that the ischemic times were different 

between children. In addition, repeated blood cardioplegic doses would have 

been given during this period of ischemia that would drop the temperature of the 

myocardium, supply oxygen to the tissue and remove endproducts of 

metabolism. Consequently the end ischemic ATP level would be influenced 

greatly by the time of last cardioplegic infusion given prior to removal of the aortic 

cross clamp. To adjust for the variable ischemic time between children, the rate 

of ATP loss from baseline was calculated per minute of ischemia, in each 



individual child. There was no difference between the groups. This indicates that 

the loss per each minute of ischemia, after the initial rapid loss of ATP in cyanotic 

children, decreases. By end ischemia, ATP level is equal to that af acyanotic 

children. This Snding may have clinical implications in that the initial period of 

ischemia is critical especially in cyanotic children and interventions directed to 

this time period could have additional benefits and rnay improve metabolic profile 

of these children. 

During the reperfusion period following both 1 and 2 hour periods of 

hypotherrnic cardioplegic arrest, Engelman 'O6 showed, in acyanotic pig hearts, a 

trend in decreasing ATP content. Other investigators have either confirmed 

continued depletion of ATP during early reperfusion 286b or restoration of 

ATP immediately after reperfusion 2881289. In the current study, there was further 

loss of ATP from end ischemia to 15 minutes of reperfusion in cyanotic children 

reaching a further 23% reduction as compared to an actual recovery (restoration) 

of 18% of ATP with 15 minutes of reperfusion in the acyanotic children. This 

represents a reverse and detrimental response of the hearts of cyanotic children 

in recovery after an ischernic insult. The continued loss with reperfusion can be 

due to depletion of substrates for recovering ATP such as loss of phosphates es 

diffusible nucleotides during reperfusion or very low CP and glycogen levels. The 

total diffusible nucleotides were higher in cyanotic children which is a unique 

situation where these metabolites have not been removed by reperfusion nor 

have participated in building up the lost ATP. 00th of these findings again 

underscore the effect of cyanosis in the initial perîod of reperfusion. Due to 



inaccessibility to myocardial sampling after the 15 minute of reperfusion, this 

study protocol did not further follow the metabolic recovery of these hearts after 

the 15 minutes of reperfusion. del Nido and colleagues examined adenine 

nucleotides up to 30 minutes of reperfusion in children with TOF and adults with 

coronary artery disease (CAD). They showed children with TOF had a greater 

drop of ATP with ischemia and further loss with 30 minutes of reperfusion when 

compared to adults with CAD. The findings of del Nido is evidence that younger 

hearts were at greater metabolic risk even after 30 minutes of reperfusion. 

However, the above comparison did not just compare age differences but was 

also across different pathologies of the heart (TOF versus CAD) with definite 

hypertrophy present in children with TOF and absence of hypertrophy in adults 

with CAD. Furthermore, children with TOF will also have some varying degrees 

of cyanosis as evidenced by their preoperative oxygen saturation (84*10%) 

compared to adults with CAD who did not (9914%) Therefore interpretation of 

the effects of cyanosis in the del Nido study on metabolism is compromised 

because of the presence of acyanotic children among the 'cyanotic" TOF group. 

Nevertheless the effect of cyanosis even in the presence of some acyanotic 

children among the TOF group wuld still have affected the overall group data. 

Common to severe acute hypoxia and ischemia is a dramatic loss of high 

energy phosphates accompanied by transient rise in ADP, AMP and other 

degradation products 285. This pattern was partially seen in ouf study with a drop 

of ATP during ischemia. The ADP and AMP did not show statistical differenœs, 

however there was a progressive increase in diffusible adenine nucleotides with 



prolonged ischemia. This may suggest that the lost ATP is rapidly degraded to 

diffisible nucleotides that may leave the cell during reperfusion and would not be 

available to restore ATP. The diffusible adenine nucleotides showed progressive 

increase in cyanotic groups with reperfusion, indicating possibly further 

degradation of ATP with reperfusion (as seen) or there is a decrease in removal 

of these metabolites due to abnormalities of perfusion secondary to hyperlrophy. 

On the other hand the acyanotic group recovered some ATP with reperfusion 

and the diffusible adenine nucleotides dropped with reperfusion, which means 

that the high energy bond remained in the cell and the salvage of ATP was from 

AMP, ADP, diffusible nucleotides. In a canine model Abd-Elfattah and colleagues 

2" showed that recovery of ATP by salvage pathway is complete in 60 min but 

not 30 min, and the salvage of ATP was mainly from adenosine rather than 

inosine. Based on this information we would need a sample of myocardium 60 

minutes after repeifusion would be needed to find out whether complete recovery 

has been achieved. 

Another issue of extreme importance are the implications of chronic 

hypoxemia for reperfusion injury following ischemic arrest. Reduced myocardial 

activity of superoxide dismutase, catalase, and glutathione peroxidase (the 

rnyocardial "anitoxidant' enzymes) has been observed in TOF ". In addition, 

recent experimental studies have documented that 1-2 hours of acute hypoxia 

followed by abrupt reoxygenation results in an injury characterized by a decrease 

in systolic contradility, an increase in diastolic stiffness, and elevated pulmonary 

vascular resistance "* 2eL =. This injury, which has been referred to as 



reoxygenation injury, is mediated by oxygen free radicals. In the setting of 

chronic cyanosis, it has also been documented that initiation of CPB at an Fi02 of 

1 .O resulted in release of oxygen free radicals, and that this release was 

decreased by lowering the F i 4  to 0.21 or by leukocyte filter ? So cyanotic 

myocardium is also at risk from oxygen free radical injury both at initiation of CPB 

and during ischemial reperfusion period, when the oxygen levels are elevated. 

This could have also contributed to poor functional recovery. 

Hv~ertro~hv and hiah enerav ~hos~hates 

Metabolism of the adult hypertrophied myocardium has been recognized 

to be different from normal myocardium "'* The fint clinical description of 

'stone heart" was noted in adults with left ventricular hypertrophJN, suggesting 

that the hypertrophied myocardium may have an enhanced susceptibility to 

ischemic injury. Peyton et al 'O0 and Attarian et al 'O1 also found that ischemic 

contracture occurred earlier in hypertrophied rat and dog hearts compared with 

normal hearts. These investigators suggested that hypertrophied hearts are more 

susceptible to ischemic damage because of decreased subendocardial blood 

flow, decreased ATP, and depressed mitochondrial function. Furthetmore, it has 

been suggested that the hypertrophied adult myocardium has increased 

glycolytic metabolism as evidenced by increased glycolytic enzyme levels 302,305 

and decreased rates of oxidative metabolism ", suggesting a more anaerobic 

'fetaln-type pattern. In concurrence to other investigators who reported that 

hypertrophied myocardium may have higher ATP levels at baseline =, the 



differences we have detected in response to cyanosis wuld in fact be even 

greater if hypertrophy effects are removed. It is also reported that hypertrophied 

hearts had decreased baseline levels of CP but preserved ATP levels and with 

30 minutes of hypothermic global ischemia there was in fact higher levels of ATP 

in hypertrophied hearts when compared to control 'Os. Even though this ischemic 

profile could be considered favorable in hypertrophied hearts, it is suggested that 

enhanced glycolytic potential leads to increased accumulation of by-products 

such as hydrogen ions and lactate, which are responsible for the ischernic injury 

seen in hypertrophied hearts. Anderson and colleagues 'O3 nicely demonstrated 

this, docurnenting that hypertrophied hearts have increased ischemic injury but 

decreased hypoxic injury. The basis of this finding is that during hypoxia 

continued perfusion of the myocardium would remove these hamful end- 

products while in ischemia these products would accumulate. 

While al1 children enrolled in the present study had a variable degree of 

rnyocardial hypertrophy, it is legitimate to assume that the severely cyanotic 

children would possess a greater degree of hypertrophy as compared to 

acyanotic children. This is due to the fact that cyanosis is a reflection of the 

sevefity of the right ventricular ouMow tract obstruction (hypertrophy) in children 

with TOF. The difference seen in the current study between cyanotic children and 

acyanotic children is unlikely to be related entirely to the presence of hypertrophy 

for at least two reasons. One, al1 the children had some form of ventricular 

hypertrophy, so it is a common factor. Second, based on Silverman's data cited 

earlier " (where they compared a model of cyanosis + hypertrophy, hypertrophy 



alone versus control) they found that the effects on myocardial adenine 

nucleotides and ventricular function were related to the presence of cyanosis 

irrespective of hypertrophy. 

Çlinical outcome and cvanosis 

Clinical outcomes examined among the three groups indicated a clear 

evidence of prolonged inotropic and ventilatory support as well as prolonged ICU 

and hospital stay in sevarely cyanotic children. The effect of cyanosis on clinical 

outcome was clearly evident in group III (saturation < 80%), while group II 

(saturation 80- 90%) behaved doser to the acyanotic group (saturation >9û%). 

The extended length of inotropic support is a direct indication of compromised 

ventricular function. This has been clearly shown in the postoperative ejection 

fraction and shortening fraction as measured by echocardiography. Previous 

reports have linked the metabolic profile of the myocardium to the function of the 

ventricle m. Whether the absolute value of AT? has a direct correlation with 

function is controversial, however reports have indicated that very low ATP can 

be detrimental to function. Other reasons for prolonged ICU stay and even 

hospital stay is the development of complications. This was also evident in the 

current study; severely cyanotic children had a higher incidence of complications 

when cornpared to acyanotic children (50% vs. 43% vs. 21 %, with decreasing 

level of cyanosis respectively). The majority (68%) of these complications were 

cardiac related such as arrhythmias, which also reflects the deranged cardiac 



performance in cyanotics. The relative proportions of complications within each 

group were similar. 

There was a significant correlation between baseline ATP and 

preoperative systolic function assessment, albeit right sided metabolism and left 

sided ventriwlar function. In addition, there was a high correlation of baseline 

ATP and length of inotropic, ventilatory support and ICU stay. These findings 

support the concept that if the child is metabolically compromised going into 

surgery, as measured by low baseline ATP in the right ventricle, there is a high 

likelihood that the child will have a complicated postoperative course. Similar 

correlation is apparent also with the end ischemia ATP level where it predicted 

post dinical outcome. In support of this finding, Hammon and colleagues 

studied 20 children undergoing repair of various cyanotic and acyanotic 

congenital heart defects. They found that most children who lost 40% of their 

preischemic ATP had poor ejection fraction either died or had low cardiac output 

syndrome. These observations reported by Hammon and the current study 

highlight the correlation between the underlying rnetabolic performance and its 

contribution to clinical outcome, and that cyanosis negatively impacts on this. 

The controversy in the literature regarding the presence or absence of a 

transannular incision affecting outcome is yet not settled In our children the 

incidence of transannular incisions was higher in group III although did not reach 

statistical significance (group 1 = 21 1, group 11 = 38%, group 111 = 441, P = 0.40). 

It is conceivable that children with a worse degree of cyanosis will more likely 

require a transannular incision during repair compared to acyanotics because of 



increased hypertrophy of the fight ventricular outfiow tract. However, the lad< of 

significance in the proportions of transannurlar incision among the different 

groups can not account for al1 diffetence seen in outcome of these children. 

Considering the detrimental effects of cyanosis on myocardial metabolism 

seen in this study, these children have to be first identified as a higher rÎsk 

potential for cardiac surgery. Then, myoprotective techniques should be modified 

to try and improve their metabolic profile and hence the outcome of these 

children. 

Age effect 

Although surgery is being performed earlier, the exact age at repair, in 

general, is determined by the preoperative status of the child. If the child is 

asymptomatic or mildly symptomatic then the child is scheduled for routine 

surgery, which is the first 3-9 months in children with VSD and 12-24 months for 

children with TOF 'O9. Earlier repair is usually chosen because the child has 

severe symptoms such as congestive heart failure or severe cyanotic episodes, 

which would upgrade the case to semi-urgent or urgent surgery. In the current 

study the degree of cyanosis was equally distributed among children below and 

above 6 months of age. Although intuitively it would bs expected that children 

with TOF who were repaired younger to be more cyanotic, this seems to be 

balanced with acyanotic diildren with VSD repaired under the age of 6 months. 

The combination of young children with VSD repair (acyanotic) and young 

children with TOF repair (cyanotic) resulted in similar oxygen saturation of 85% 



for children above and below 6 months of age. Among children under 6 months 

of age, severe cyanosis tended to be in children under the age of 2 months, 

suggesting for young age the indication for surgery was predominantly cyanosis. 

Hiah enerav ~hos~hates and aae 

In a study looking at metabolic differences between neonatal and adult 

guinea pig hearts in vitro, the neonate demonstrated higher AT? values after 120 

minutes of ischemia when compared to adults. CP levels dropped significantly in 

both groups, being 29% of the pre-ischemic level in the neonate and 16% in the 

adult. With reperfusion, the CP levels in the neonate returned to 82% of the pre- 

ischemic level while adults returned to only 36% ''O. This phenomenon has been 

explained by the increased glycolytic potential in the neonate compared to adults 

311m5'2. On the other hand Murashita and colleagues indicated that it is important 

to employ several independent indices to detect difference between aga groups. 

These investigators compared function in neonates to adult rabbits with respect 

to function, enzymic leak, as an index of injury, and structural differences and 

found conflicting results in each parameter in the same experimental model "1 

For example, there was sorne evidence of better functional recovery after 

ischemia in the neonate compared to the adult rabbit but there was increased 

creatine kinase leak (as an index of myocyte damage) in the neonate compared 

to adults. Wittnich et al 31' studied neonatal and adult pigs to delineate relative 

vulnerability to global ischemic injury and found that neonates had shorter time to 

ischemic contracture (TIC) onset and peak (both are indices of ischemic injury). 



This was linked rnetabolically with a more rapid accumulation of lactate, 

incomplete glymgen use and rapid drop of ATP during early ischemia in the 

younger hearts. The controversy continues in literature and in evaluating the 

results a very careful scrutiny of the study method should be done to help explain 

the varied results. 

Due to the enhanced capacity of the neonatal heart for anaerobic 

glycolysis, interpreted as better tolerance to hypoxia '", there is rapid 

accumulation of rnetabolic end products including lactate. These by-products are 

washed away during perfusion even if the myocardiurn is hypoxic. This very 

same reason may act against the neonate during ischemia in which accumulation 

of lactate as an end product of glycolysis would inhibit the glycolytic flux causing 

depletion of high energy compounds (lactate hypothesis) 316,314 

The current study showed almost double the rate of ATP loss per minute 

of ischemia in children under the age of 6 rnonths compared to older children 

which agrees with the findings of Wittnich et al 314. This translated to statistically 

lower end ischemia ATP in children who were young and cyanotic when 

compared to older children in the same cyanosis class. This age effect has also 

been reported by Nakamura and colleagues in adult and neonatal rabbits 

exposed to varying periods of ischemia. The neonate lost more ATP with longer 

ischemic period compared to the adult. This in effect deprived the neonate from 

th8 advantage of a better glycolytic potential. This finding may have tremendous 

clinical implications, as it suggests for a given ischemic time there would be 

almost double the loss of ATP in younger children and this is aggravated by the 



presence of cyanosis. This finding implies that extra precaution shoukl be 

exercised in myocardial protection in the young and cyanotic and methods 

should be considered to replenish high energy phosphates during the ischemic 

interval or even after reperfusion. 

In the current study age did not have a clear effect on baseline adenine 

nucleotides measurernents or their degradation products in al1 cyanotic groups. 

Most studies addressing the effect of development and age on adenine 

nucteotide metabolisrn have compared neonates versus adult animals. It is not 

known clearly at what age the human neonatal myocardium matures 

metabolically and it could be that the age of 6 months chosen for this study is 

already beyond human metabolic maturation, and hence it would not show age 

related effects. 

Lofland and colleagues "* studied the myocardium of children undergoing 

cardiac surgery. Although the congenital defect was not specified in the report, it 

can be concluded that the defect probabiy was TOF because of the 'extensive 

muscle resection" undertaken during the study protocol. They concluded that 

because of the finding of more pronounced loss of ATP and accumulation of 

AMP in children less Vian 18 months of age that there is immaturity of 

S'nucleotidase. This enzyme dephosphorylates AMP (non-diffusible) to 

adenosine (diffusible). This enzyme has been known to be immature in the 

neonate 3'9320 and their study suggested that it continues to be immature up to 

the age of 18 months. One issue not addressed in this study is the effect of 

cyanosis that was present in these children. 



Clinical outcome and aae 

The preoperative ventricular function assessrnent in the current study did 

not show baseline differences between the two age groups as measured by 

echocardiography nor was there a statistically significant difference on 

postoperative ventncular function. Despite this it was clear that younger children 

had more complex postoperative hospital course compared to older children as 

measured by longer ventilatory and inotropic support as well as longer ICU and 

hospital stay. Typically younger children require longer ventilatory support 

because they are given higher doses of narcotic anasthetics which would delay 

weaning from the ventilator. The increased use of inotropes in younger children 

may have been needed to "normalize" abnormal myocardial function, hence 

there was no statistical difference seen in ventricular function. With further 

analysis of the subgroupings it was clear that the difference seen in the clinical 

parameter rneasured was in fact among the young cyanotic children, again 

suggesting the more complex postoperative course of the young and cyanotic 

child. Other non cardiac factors also might have contributed to this prolonged 

recovery such as pulmonary complications. 

The dividing age chosen for the current study was 6 rnonths also because 

of the ongoing clinical debate as to whether children with TOF should be 

routinely repaired before the aga of 6 months even if they are asymptomatic or 

mildly symptomatic. This argument is put forward because children with TOF 

would develop more right ventricular hypertrophy in response to the pulmonary 

stenosis, and this in turn increases the complexity of reconstructing the right 



ventflcular outfiow tract and rnay affect myocardial function and recovery a b  

the repair. Based on the current study, young age does have detrimental effects 

on metabolism and outcome. These effects are less than the effects of cyanosis, 

nevertheless are very important concems and should be considered when 

planning surgery for young children. lncreasing the sample size may improve the 

power of the study and may help detect further age related differences in other 

parameters. 

The incidence of transannular incision in young children (c6 rnonths) was 

50% and for older children was 37% (?=0.7). Again the difference is not 

statistically significant, which suggests that the presence or absence of 

transannular incision does not affect outcome. 

On the basis of the findings of this study age by itself does not seem a 

detriment to outcome. Rather the combination of young age and severe cyanosis 

has contributed to a worse outcome. Therefore careful consideration and 

planning should be exercised when young cyanotic children are booked for 

surgery. 

Gender effect 

As detailed in the previous sections, numerous experimental designs have 

examined metabolic alterations in different stages of maturity and in response to 

hypoxia and ischemia. The gender of the animals usually is not the focus; hence 

gender related differences in metabolic behavior is not clearly understood. 

Gender related differences presumably are related to sex hormones. lndeed it is 



known that the male fetus have a rnarkedly increased serum concentration of 

testosterone before the 20'" week of gestation 32' which coincides with male 

differentiation. This elevated testosterone in males persists to the first 4 months 

in most and 9 months in sorne, then subsides until pre-pubertal surge 322,323 

Female neonates have significantly lower levels of testosterone and higher levels 

of estradiol, androstendione and 17-OH progesterone although this lasts for the 

first 1-2 months of life then subsides until the pre-pubertal surge '*'. From 

these data it is clear that exposure to sex hormones occurs in fetal and early 

postnatal life then it disappears until puberty. The question remains whether the 

differentiation to a male or fernale is enough to produce rnyocardial metabolic 

gender differences in late infancy and childhood even in the absence of elevated 

sex hormones. 

Of interest in the current study, for a given degree of cyanosis, males 

tended to have higher hemoglobin and hematocrit levels when compared to 

females while the distribution of cyanosis was fairly similar. Generally under 

normal conditions adult males have higher hemoglobin and hematocrit than adult 

females "'. Testosterone has been identified to have a stimulatory effect on 

erythropoiesis Moore et al '*# studied castrated male rats hormonally 

replaced with either saline, testosterone, estrogen, or progesterone, and then 

either kept at sea level (control) or exposed to high altitude for 6 weeks to study 

the effects of chronic hypoxia. They found t hat testosterone increased hernatocrit 

to a level higher than rats at sea level or rats whidi had the other hormones. This 

effect of testosterone was independent and in addition to the altitude effect. 



Estrogen in fact lowered the hematocrit level in comparison to control while 

progesterone had no effect. Looking at the percent change between acyanotic 

and cyanotic males or females in the current study, there does not seem to be an 

enhanced effect of male gender on hemoglobin. In other words, males staft6d 

higher and then mounted a similar response to female. This may be related to 

the fact that the children are beyond the age of high testosterone levels, hence 

the effect is absent. 

It has been suggested that there is biochemical evidence showing greater 

oxidative capacity in male mouse hear t~ '~~ .  Oxidative capacity is the more 

efficient pathway of producing ATP, as opposed to the glycolytic pathway, so the 

higher the oxidative capacity the better the ability to resynthesize ATP. In the 

current study males had higher levels of baseline AT? when compared to 

females prior to exposure to ischemia. This difference persists to a smaller extent 

when the cyanosis level is taken into account, possibly due to enhanced 

anaerobic capacity in females. 

Schaible and colleages demonstrated, in two experiments comparing 

perfused male and female rat hearts, initially matched by age then by heart 

weight, a greater ejection fraction and shortening fraction in males compared to 

females with al1 loading conditions. This has been confirmed in the current 

clinical study by a lower ejection fraction and shortening fraction in females 

compared to males even prior to surgery. This trend of lower heart systolic 

function was, as well, evident in the intraoperative and postoperative 

measurement although it did not reach statistical significance. This also 



corresponds well with the finding of longer postoperative inotropic support in 

females compared to males (47 vs. 65 hours), although because of the large 

variance this did not reach statistical significance. Probably increasing the 

sample size may delineate this difference. 

Other investigators of the gender differences on myocardial metabolism 

have reported conflicting findings. Hearse and colleagues 332 demonstrated that 

female neonatal rats exhibited greater tolerance to ischemia as evidenced by 

better recovery of contractile function and delayed onset of contracture. Also, 

Moore et al 329 showed, in the model described earlier, in castrated hormonally 

replaced rats that testosterone induced greater level of right ventricular 

hypertrophy at high altitude compared to fernales, while estrogen and 

progesterone had no effect. The mechanism of this induced right ventricular 

hypertrophy is unclear. The authors concluded that the presence of testosterone 

in males puts them at a higher risk of developing right ventricular failure in 

diseases associated with hypoxia. This has not been the case in the current 

study, as the outcome in males in general has been favorable and rnight refiect 

the fac! that the mode1 is different. One issue has been mentioned earlier and is 

that these children are cyanotic since birth which is fundarnentally different than 

animals exposed to chronic hypoxia after a period of normoxia. 

Certainly in the current study fernales behaved differently when exposed 

to ischemia. Although females had similar end ischemia ATP compared to males, 

they lost less ATP per minute of ischemia and accumulated higher levels of 

diffisible adenine nucleotides at end of ischemia compared to males in al1 



cyanotic groups. The reperfusion ATP levels were similar to males. This indicates 

that females may behave favorably under stressed conditions despite starting at 

a lower level. 

The incidence of transannular incision was similar in females (47%) and in 

males (64%) (P = 0.37). It appears that the presence of a transannular incision in 

ouf patients does not affect outcome in al1 the subgroupings reported. 

From the overall picture it seems that females may start at lower metabolic 

and functional status compared to males, but this lower baseline differences is 

balanced by better metabolic performance during ischemia, hence the absence 

of difference in the clinical outcome. From the data present in this study, 

modifications and adjustments to the management depending on gender are not 

wananted given the sirnilar clinical outcome. 



Conclusions 



This study examined the effects of cyanosis, age and gender on adenine 

nucleotides metabolisrn, pre, intra and postoperative echocardiographic 

ventricular function and on clinical outcome in children undergoing cardiac 

surgery. The results of this study have yielded the following observations: 

Severely cyanotic children have cornpromised preoperative ventricular 

function and low ATP prior to ischemia. 

lschemia exacerbated the loss of AT? in severely cyanotic children 

There was further loss of ATP with reperkision in severely cyanotic children. 

Postoperative clinical and ventricular function were worse in cyanotic children. 

The effects of cyanosis on myocardial metabolism is graded and dearly 

related to the degree of preoperative cyanosis. 

Younger children lost more ATP during ischemia and had a more complex 

postoperative course, in particular children under 6 months of age and 

severely cyanotic. 

Females seem to have slightly lower preoperative ventriwlar function and 

adenine nucleotides; nevertheless, the c l in id  outcome was similar to males. 

Based on these findings cyanotic children undergoing cardiac surgery should 

be identified as a higher risk group compared to acyanotic children, particularly if 

Young. Myoprotective techniques should be developed to improve their metabolic 

profile. 



Limitations 



Similar to most clinical studies, this study has some limitations. Sorne of 

the variables could not be controlled, such as the degree of ventricular 

hypertrophy present in these children. It is difficult to accurately and objectively 

quantify the degree of hypertrophy with 2- dimensional echocardiography. 

Recently three dimensional echocardiography has been proposed as reliable 

technique for measuring ventricular volume and mass. 

Assessment of ventricular function by echocardiography also has some 

limitations. It is operator dependent and there are certain assumptions to the 

formula used to calculate ventricular volumes. But it is the most commonly used 

technique in evaluating ventricular function in the perioperative period. 

Due to the nature of the heart defect, few children were repaired under 

one month of age, which has lirnited the ability to detect maturational differences 

among the children. 

With further analysis of the age and gender effects on the different 

parameters, some of the subgroup size was srnall, therefore decreasing the 

power and introducing type II error in data interpretation. For this reason the 

results of these detailed tables were discussed under "Further analysis" just to 

see trends within the groups. 

It is recognized that with the performance of a high number of statistical 

comparisons, the P value should be interpreted with caution, in partiwlar 

marginally significant comparisons. (Type I error). 



The correlation between right ventricular metabolites and left ventriwlar 

function should be also interpreted with caution. It is an association rather than 

causation. 

Assessrnent of reperfusion was lirnited to 15 minutes after resumption of 

perfusion. It is not known from our data whether the differences seen are short or 

long lasting. A reperfusion sample at 30 minute or even 45 minute may reveal the 

direction and speed of recovery of some of the metabolites. 



Future directions 



This study has delineated clear differences in adenine nucleotide in cyanotic 

children. To wrnplete the metabolic profile the crestine phosphate, lactate and 

glycogen would be measured to give a better understanding of the entire metabolic 

behavior of cyanotic children. 

lncreasing the number of children in the study may allow better detection of 

differences between young and old children or males and fernales and certainly 

adds to the power of the study. 

This study has detected a definite deterioration of adenine nucleotides after 

early reperfusion. It would be very interesting to follow the course of recovery in 

these children. This means further biopsies after 15 minutes of reperfusion, and at 

intervals of 15 minutes up to one hour. 

Recent studies have documented detrimental effects of CPB on cyanotic 

children due to the artificial Hyperoxic state. Before surgery, these children usually 

have a Pa02 of less than 60 mmHg. On CPB a Pa02 of 200 mmHg and even 400 

mmHg is not unusual. How much this contributes to outwme is not clear, it would be 

interesting to adjust the oxygenation on initiation of CPB to nomoxia to see if this 

results in improved adenine nucleotide profile, ventricular function and dinical 

outcome of these children. 



Appendices 



Appendix 1: Extraction of high energy phosphate (HEP) 

Myocardial samples are rernoved from the deep freezer and then freeze dried to 

allow stabilization of the cellular metabolites during processing. The fibrous tissue is 

then removed carefully from each sarnple. A 2-5 mg of cleaned tissue was used. 

Perchloric Acid extraction: 

Perchloric acid (PCA) was used to extract adenine nucleotide(ATP, ADP, 

AMP) and CP. Cleaned tissue was extracted using 600 pl O f 0.5 M PCA. Samples 

were then centrifuged to remove the protein precipitate, supernatant was removed 

and rapidly frozen at -80 O C .  To neutralize the extract KHC03 was added to the 

frozen extract to prevent foaming due to the release of CO2, and this was then 

centrifuged a second time. The supernatant was removed and maintained at -80 O C  

until analysis. 

ATP analvsis: The enzymatic determination is based on the following biochemical 

steps: 



2. A TP + glucose *-b ADP + G-6-P 

Each sample was analyzed twice. Three readings were done for each sample; at 

baseline R I ,  after the addition of dilute hexokinase, R2, and after the addition of 

dilute creatine kinase, R3. The concentrations of ATP and CP were calculated as 

fol lows: 

ATP = A sam~le - A blank x[standard] I (tissue wt. X DF) 
A standard - A blank 

where A = R2- R I  ; [standard] = 200 PM; DF = 1.33 

Each sample was analyzed twice and the mean values of samples, blanks and 

standards were used in the calculations. 



Appendix 2: High Performance Liquid chromatography (HPLC) 

High performance chromatography is the most commonly used technique in 

measuring adenine nucleotide levels in myocardium. The principles of 

chromatography are that it is a technique by which mixtures of compounds are 

separated into individual components then are quantified. Separation depends on 

two phases and is achieved by passing a solvent containing the mixture, known as 

the 'mobile phase" across a solid column, known as the "stationary phasen, to which 

the various compounds in the sample can reversibly bind. The mobile phase is 

composed of the sample and a phosphate buffer (rnethanol acetonitrile mixture) and 

the stationary phase is a silica gel with C 18 carbon. Different compounds will have 

different binding strengths to the solid phase. Because of this different binding 

strengths each compound will be held in place for a different duration known as the 

'retention timen. Subsequently the different retention times for each compound is 

used to identify the unknown compounds by cornparing them with known standards. 

Movement of the mobile phase does not depend only on binding but also on polanty 

of the phase. The mobile phase was a phosphate buffer prepared as BufferA and 

Buffer B. To separate tissue metabolites a solvent gradient was used, in which the 

percentage of Buffer A and 6 were varied, from 100% A: 0% 6 to a maximum of 

60%A:40% B to change the polanty of the sample. A 25 FI injection volume of bath 

standards and samples were run at 1.0 mllmin at 2400 PSI. ATP, ADP, and AMP 

standards were prepared at known concentration to enable quantification of the 

samp le adenine nucleotides. Reversecf phase chromatography, used in this project 



to separate adenine nucleotides, is a specific technique in which the mobile phase is 

more polar than the stationary phase. Thus, non-polar or weakly polar compounds 

can be eluted from the stationary phase by gradually increasing the polarity d the 

mobile phase. 

Extraction of the different compounds from the rnyocardium was by PCA as 

detailed above then they were prepared for analysis using high performance liquid 

chromatography. Sample and solvent delivery (mobile phase) was accomplished 

using a 128 programmable Solvent Module, and 507 e Autosampler (Beckman 

Instruments Canada Inc., Mississauga, Ont.). Then the sepatation of diflerent 

compound was achieved using a Supelcosil LC- 18-T column (1 5.0 cm. Long x 46 

mm I.D. # 5-8970) and supelcosil LC-18- T guard column (2.0 cm. X 4.6 mm I.D., 

Supelco Inc., Bellefonte, PA,# 5-9621 ). Peak detection was perforrned using a 

Beckman 168 Diode Array Detector Module (Beckman Instruments Canada Inc., 

Mississauga, Ont.). The retention times and peak areas were calculated using 

System Gold Nouveau software (Beckman Instrument Canada Inc., Mississauga, 

Ont.). 





Appendix 4: Clinical characteristics of cyanosis groups classifieci by age 

No. of children 

Preoperative 

Age (days) 

Age range(days) 

Weight (Kg) 

BSA (m2) 

Saturation (%) 

Hemoglobin (g/L) 

Hematocnt (%) 

Operative 

Lowest body temp. (Co) 

lschemic time (min.) 

Total CPB (min.) 

Pa@ prebypass* 

Pa02 during bypass g 
Onset of ischernia 

End ischemia 
Reperfusion 

Group I Group II 

<6mo >6mo 

2 14 

Group III 



Appendix 5: Adenine nucleotides of both age groups classifieci by degree of cyanosis 

No. 
ATP 
Baseline 
15 min isch. 
End isch. 
15 min rep 
ADP 
Baseline 
15 min isch. 
End isch. 
15 min rep 
AMP 
Baseline 
15 min isch. 
End isch. 
15 min rep. 
TAN 
Basetine 
15 min isch. 
End isch. 
15 min rep. 
EC 
Baseline 
15 min isch. 
End isch. 
15 min rep. 

<6 months 
I II 111 

> 6 months 





Appendix 7: Adenine nucleotides of cyanosb groups classifiad by age 5 

No. of children 
ATP 
Baseline 
15 min isch. 
End isch. 
15 min rep 
ADP 
Baseline 
3 5 min isch. 
End isch. 
15 min rep 
AMP 
Baseline 
15 min isch. 
End isch. 
15 min rep. 
TAN 
Baseline 
15 min isch. 
End isch. 
15 min rep. 
EC 
Basdine 
15 min isch. 
End isch. 
15 min rep. 

gr ou^ III 

§;Units are in pmoV g dry weight 







Appendix 10: Clinical characteristics of both gender groups classifieci by degres of cyanosis 

No. 
Preoperative 

Age 
Age range(days) 
Weisht (Kg) 
BSA (m3 
Saturation (%) 
Hemoglobin @IL) 
Hematocrit (%) 

Operative 
Lowest body temp. (Co) 

lschemic time (min.) 
1 otal CPB (min.) 
PaOz pre-bypass 
QaO2 during bypass 

Onset of ischemia 
End ischemia 



O m ri.) 8 6 8  Y 8 83 8 m m 0  
Cr) 

0 0 0 0  
q . *  

O o o o o v  0 0 0  
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Appendix 12: Adenine nucleotides of both gender gnwps classified by degree of cyanosis 

No. of children 
AT? 
Baseline 
15 min isch. 
End isch. 
15 min rep 
ADP 
Baseline 
15 min isch. 
End isch. 
15 min rep 
AMP 
Baseline 
15 min isch. 
End isch. 
15 min rep. 
TAN 
Baseline 
15 min isch. 
End isch. 
15 min rep. 
EC 
Baseline 
15 min isch. 
End isch. 
15 min rep. 

Male 
I II 111 
5 7 11 
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Appendix 13: Rates and percentages of ATP changes and diffusible adenfne nucleotides in both gender gmups 

ATP 

% drop at 15 min iscti. 

% end-isch.-1 5 min rep. recovery 

% baseline-rep. recovery 

Rate of ATP loss during isch./g dry wt./min 

Total diffusible adenine nucleotides 

Baseline 

15 min ischemia 

End ischemia 

15 min reperfusion 

Male 

Total diffusible adenine nucleotides = IMP, Inosine, Hypoxanthine. 



Appendix 14: Adenine nucleotides of cyanosis gioups classified by gender 

No. of children 
ATP 
Baseline 
15 min isch. 
End isch. 
15 min rep 
AD? 
Base fine 
15 min isch, 
End isch. 
15 min rep 
AMP 
Baseline 
15 min isch. 
End isch. 
15 min rep. 
TAN 
Baseline 
15 min isch. 
End isch. 
15 min rep. 
EC 
Baseline 
15 min isch. 
End isch. 
15 min reD. 

Group l 
Male Fernale 

Group II 
Male Female 

Unils are in pmol 



Appendix 15: Rates and percentages of ATP changes and diffusible adenine nucleotides in cyanosis gmups 

classifiad by gnder 

ATP 

% drop at 15 min isch. 

% end-isch.4 5 min rep. 

% baseline-tep. recovery 

Rate of ATP loss during 

isch./g dry wt./min 
Total diffusible adenine 

nucleotides Q 

Baseline 

15 min ischernia 

End ischemia 

15 min repenusion 

Group I 

Male Female 
1 Group II 

Male Female 
I Group III 

Male Fernale 

are in 
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Appendix 17: cornparison between the clinical characteristics of children 

with TOF and VSD 

Groups 

No. of children 

Preoperative 

Age (days) 

Weight (Kg) 

BSA (m2) 

Saturation (%) 

Hernoglobin (glL) 

Hematocrit (%) 

Operative 

Lowest body ternp. (Co) 

lschernic time (min.) 

Total CPB (min.) 

Pa02 pre-bypass* 

Pa02 during bypass g 

Onset of ischemia 

End ischemia 

Reperfusion 

$; Pre-bypass Pa02; the child 

TOF VSWRVMB 

s anesthetized and 

9; Pa02 is expressed in mmHg 

ventilated. 

œ 

II 

- 
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Appendix 18: cornparison between the adrnine nucleotides of children with 

TOF and VSD 

No. of children 

ATP 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

ADP 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

AMP 

Baseline 

15 min ischernia 

End ischemia 

Reperfusion 

TAN 

Baseline 

15 min ischemia 

End ischemia 

Reperfusion 

l 

TOF VSDIRVMB 

5;Units are in ~rnol l  gram dry weight 
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Appendix 19: comparison between the clinical outcome and ventricular 

function of children with TOF and VSD 

No. of children 

Preop EF (16) 

Preop SF(%) 

lntraop EF(%) 

Ventilatory support (hm) 

Inotropic support (hm) 

Postop EF(%) 

Postop SF(%) 

ICU stay (hm) 

Hospital stay (days) 

- - 

TOF VSDIRVMB 
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