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OM AT VILLE KUNNE

Der er mangt, man ikke kan 

    og af mange grunde, 

men som det dog kun kom an 

på at ville, for at man 

    ville kunne kunne. 

Piet Hein 
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cTnI                           cardiac troponin I 
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LVP   left ventricular pressure 

MMP   matrix metalloproteinase 
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PAP   pulmonary artery pressure 

PaCO2   arterial carbon dioxide tension 

PEEP   positive end expiratory pressure
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SDE   strain Doppler echocardiography 

TDI   tissue Doppler imaging  
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Introduction

Definition of asphyxia 

Asphyxia is a Greek term and means loss of pulse (1). There is no clear definition of the term, 

though perinatal asphyxia or birth asphyxia often is defined as impaired placental- or 

pulmonary oxygen delivery to the neonate. As a consequence the neonate is going through a 

period of hypoxaemia and hypercapnia with a subsequent respiratory and metabolic acidosis 

(1). In clinical work, the diagnosis of perinatal asphyxia predominantly is based on its 

consequences, and there is a general agreement that a combination of perinatal stress (i.e. fetal 

bradycardia, acidosis, low Apgar scores), multiple organ affection and neurological symptoms 

(i.e. hypoxic ischemic encephalopathy) are required for the diagnosis (2).

Cardiac abnormalities in perinatal asphyxia

Myocardial performance may vary subsequent to asphyxia. The cardiac dysfunction is often 

underdiagnosed and requires a high index of suspicion to detect (3;4). The clinical picture 

varies from brady- or tachycardia to cardiogenic shock (1;5).

Myocardial failure subsequent to asphyxia was first reported in 1961(6). The authors 

described a group of asphyxiated neonates with left ventricular (LV) heart failure within the 

first 24 hours of life. A decade later three term infants were reported with a syndrome of acute 

LV failure accompanied by cyanosis and pulmonary and systemic venous congestion (7). 

Rowe et al (8) classified the cardiac abnormalities following asphyxia in 1978, broadly as: 

 1) Transient myocardial ischaemia of the newborn 
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 2) Transient mitral regurgitation of the newborn 

 3) Transient tricuspid regurgitation of the newborn 

 4) Persistent pulmonary hypertension of the newborn 

Increased pulmonary artery pressure (PAP) and tricuspid regurgitation is the most common, 

and although the cardiac abnormalities were described as separate clinical entities, it is 

important to understand that the distinction may not be clear, and there is much overlap in the 

pathogenesis. In severely asphyxiated neonates post-mortem autopsies have showed ischemic 

papillary muscle necrosis and diffuse subendocardial left ventricular (LV) necrosis secondary 

to perinatal asphyxia (9;10). 

Aetiology

The aetiology of asphyxia in the newborn is multifactorial, including abruption or infarction 

of the placenta, excessive uterine contraction, fetal or maternal bleeding, and compression of 

the umbilical cord. Infection is contributing to its severity, and the clinical picture in severe 

asphyxia may present similar to what is seen in severe congenital heart disease, thus it is 

mandatory to evaluate these neonates by echocardiography to exclude congenital heart 

disease.

Myocardium in the newborn 

At birth the haemodynamic situation changes rather abruptly from a dominating high pressure 

right ventricular (RV) and low pressure LV system to an adult system with low pressure RV 

and high pressure LV (11;12). The RV is dominating in the fetal myocardium (11;13), and the 

11



RV stroke volume is greater than of LV (14-16). It is thought that RV performs the majority 

of ventricular work during fetal life (11;12), and RV end-diastolic volume is larger than in 

LV. The RV dimensions are larger, and the curvature of the RV free wall is greater than of 

LV (17;18). Consequently, at birth RV systolic wall stress is greater than in LV, with a greater 

sensitivity to increased afterload of the RV (19). The myocardial work performed by left and 

right ventricle is changing oppositely after birth (20). LV work increases due to the enhanced 

LV stroke volume, systemic blood pressure (SBP), wall tension, and increased systemic 

vascular resistance, whereas RV work falls in association with the decrease in pulmonary 

vascular resistance (PVR) and PAP (21).

The growth of LV and RV is different postnatally (22). The circulatory changes at birth affect 

ventricular size, though the total dimension of the heart stays constant. LV weight and wall 

thickness increase relatively to body weight, whereas RV weight and wall thickness decrease 

over the  first two days of life (23), eventually resulting in an equalization of ventricular size 

postnatal (24;25). The myocardium is thought to grow by cell division in fetal life, and by cell 

growth postnatally (26). The fetal RV myocytes are larger than the LV myocytes and the 

capillary lumen is greater (27). The differences in LV and RV myocytes reverse postnatal, as 

the LV work load increases (20). 

In the myocytes, troponins and tropomyosin constitute the regulatory contractile protein of the 

thin filament of muscle myofibrils, which regulate the calcium-concentration-dependent force 

development of the myofilaments. The troponin complex exists in a group of three subunits, 

troponin I (cTnI), troponin T and troponin C. Troponin T binds the troponin complex to 

tropomyosin. Troponin I and C are located at the troponin T carboxyl terminus. CTnI is the 

actomyosin ATPase inhibiting subunit. There are however, several isoforms of the troponins. 
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Slow skeletal muscle troponin I is synthesized in the fetal myocardium, and the isoform is 

persistent until 9 months of age (28).  

Until a certain degree the Frank-Starling mechanism characterised by the greater preload, the 

greater force of contraction, is found in the fetal and neonatal heart as well as the adult heart 

(29). The fetal and neonatal myocardium, however, is thought to work near the top of the 

Frank-Starling curve close to the “break point”.  The neonatal myocardium can only increase 

stroke volume to a small degree in response to an increase in preload (30;31). The sarcomere 

length and the extent of overlap between the thin and thick filament during contraction is 

crucial to the process of force development and contraction. It is, however, not the length 

itself, but the spacing between actin and myosin filaments that sets the level of Ca++

sensitivity (32;33). 

In an animal model, it has been shown that oxygen consumption is approximately 40% higher 

in the neonatal compared to fetal and adult myocardium (34). The neonatal myocardium has 

greater myocardial glycogen stores (35;36), and glucose and lactate is thought to be the 

primary source metabolized in the immature myocardium (34). In the fetus this may be due to 

a deficiency in the enzyme carnitin palmitoyl transferase-l, responsible for transporting long-

chain fatty acids into the mitochondria (37). Glucose ameliorates the effect of prolonged 

hypoxaemia in both fetal and adult heart (36). 

Circulation in the newborn

At birth the circulatory system has been changed from a parallel to a serial circuit, and the gas 

exchange has been transferred from the placenta to the lungs. An adequate pulmonary 

circulation has been established, and the three fetal intra- and extra-cardial shunts; ductus
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arteriosus, foramen ovale, and ductus venosus are gradually closed (38). The cardiovascular 

transition at birth has been instituted by the pulmonary physical expansion, ventilation, and 

increased oxygen tension subsequent to the first breath (39;40). The factors promoting 

vasoconstriction have been downregulated while the vasodilating mechanisms have become 

instantly operative. Accordingly, the pulmonary arteries and veins have been relaxed in 

response to endothelin-derived nitric oxide and dilatory prostaglandins, assisting the fall in 

pulmonary vascular resistance (PVR) (41). Pulmonary blood flow has rapidly been increased 

and the umbilical-placental circulation discontinued, gradually resulting in a circulation with 

equal left and right ventricular output in series.

At the onset of breathing, PVR decreases with a concomitant increase in pulmonary blood 

flow (39;42;43). Accordingly, as the pulmonary venous return increases, left atrial pressure 

exceeded right atrial pressure and foramen ovale is being functionally closed. By the first 24 

hours of age the mean pulmonary artery pressure (PAP) has fallen below the mean SBP in 

most human infants, and by three days mean PAP in healthy human infants has been shown to 

be less than 50 % of the mean systemic blood pressure (SBP) (44;45). The rearrangement of 

circulation with closure of the fetal shunts contributes to the increase in LV preload and thus 

stroke volume. RV systolic pressure decreases while LV systolic pressure increases. Both 

ventilation, oxygenation, and umbilical cord occlusion contributes to a progressive shift in the 

LV and RV outputs (39;46). With the cessation of the placental circulation, the large placental 

run-off has been interrupted, with a concomitant increased systemic vascular resistance. LV 

output has been markedly enhanced and RV output increased to a smaller extent 

(15;16;47;48) equalising the LV output as the foramen ovale and ductus arteriosus have been 

closed (40;42).
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Hypoxaemia-reoxygenation injury 

In general, myocardial reoxygenation/reperfusion injury subsequent to hypoxaemia and/or 

ischaemia includes cardiac contractile dysfunction (49), arrhythmias (50) and reversible or 

irreversible myocyte damage including both apoptotic and necrotic cell death (51). The 

myocardial injury is associated with release of reactive oxygen species (ROS) and 

inflammation (52). In the hypoxaemic newborn, however, both physiological as well as 

cellular- and molecular mechanisms have to be addressed. 

Hypoxic pulmonary vasoconstriction 

The pulmonary circulation constricts in response to acute hypoxaemia, which is reversible on 

reexposure to oxygen (53;54). Severe pulmonary vasoconstriction as well as relaxation of 

ductus arteriosus are induced by the hypoxanthine-xanthine oxydase system forming ROS 

(55;56), and there has been found a relation between low alveolar oxygen tension and 

increased PVR (57). In the newborn, these haemodynamic changes following hypoxaemia 

have to be considered and kept in mind during tissue analyses and assessments of myocardial 

performance (58;59). The pulmonary vasculature is regulated by different mechanisms, 

including nitric oxide (NO) derived from the endothelium, reactive oxygen species generated 

by mitochondria, changes in intracellular K+, Ca2+, and H+ concentrations as well as 

prostacyclin, prostaglandin E2, and bradykinin (53;60;61). Despite extensive characterization 

of the structural and functional changes occurring in pulmonary vasculature in response to

hypoxaemia, the exact cellular mechanisms underlying hypoxaemic pulmonary

vasoconstriction remain poorly understood (62).
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ROS

There is growing evidence that oxidative stress and ROS formation are involved in 

hypoxaemia/reoxygenation/reperfusion injury (63-65), and antioxidant treatment has been 

shown to protect myocardium against reperfusion injury (66). ROS are reactive redox 

intermediates produced during the sequential reduction of molecular oxygen. ROS fall into 

two groups; those that contain unpaired electrons (O2
-, OH-), or those that have the ability to 

extract electrons from other molecules (H2O2, HOCl). These species may damage 

biomolecules directly, or initiate chain reactions in which ROS are passed from one molecule 

to another, resulting in extensive damage to cell structures such as membranes and proteins 

(67). A rapid and transient burst of huge amounts of ROS are described with the first 

moments of reperfusion (68). ROS may be generated as a result of high oxygen concentration 

(69-71). Paradoxically, there are also described protective effects of ROS, and biological 

tissues have substantial ability to tolerate ROS under normal conditions (68;72). Living 

organisms have not only adapted to protect against ROS, they have also developed 

mechanisms for the beneficial uses of free radicals (68). ROS can be preventive as signal 

preconditioning protection, and induce stress responses that lead to survival (72). 

In the setting of hypoxaemia/ischaemia and subsequent reoxygenation/reperfusion, however, 

the antioxidant defences are eroded and this carefully orchestrated homeostasis is altered 

(68;73). Tissues have several endogenous ROS scavenger systems to combat the cytotoxic 

actions of ROS, including enzymes as superoxide dismutases, gluthation peroxidases, and 

catalases, large molecules as albumin, small molecules as ascorbic acid, glutathtion, uric acid, 

and carotenoids (74). During pathological conditions as hypoxia and acidosis, tissues have 

increasing capability of generating the destructive hydroxyl radical (.OH). Hydroxyl radicals 

are extremely reactive and may cause direct cell membrane damage, lipid peroxidation, and 
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damage to proteins and sulfhydryl bonds (68). ROS is associated with inflammation and 

cytokine release by upregulation of matrix metalloproteinases (75-77), hence ROS act as 

mediator of cell injury and myocardial dysfunction (63-65).

Matrix metalloproteinases

Matrix metalloproteinases (MMPs) belong to a family of zinc and calcium dependent 

endopeptidases involved in varieties of physiological and pathological processes through the 

turnover of the extracellular matrix (78;79). There are four subgroups of MMPs, according to 

which components of the extracellular matrix they degrade, the collagenases (MMP-1, MMP-

8 and MMP-13), the gelatinases (MMP-2 and MMP-9), the stromelysins (MMP-3, MMP-10 

and MMP-11), and the membrane-type MMPs, which may both activate other MMPs and 

degrade various extracellular matrix components (65). MMPs are important in normal 

physiological processes as embryogenesis and wound healing (80), and are also involved in 

pathological conditions such as tumour metastasis (79) and cardiac remodelling (81). 

In healthy tissue MMP activity normally is low, and the MMPs are tightly regulated at both 

transcriptional level through control of the activation of the latent enzymes, and through 

inhibition by specific endogenous tissue inhibitors of metalloproteinases (TIMPs) (82). 

During pathological conditions the zymogens can be activated by proteolytic cleavage (78), or 

stepwise by low pH (83), oxidative stress (84-88), and during inflammation (49;75;77). 

MMPs are thought to act as signalling proteinases, and activation may occur within seconds to 

minutes (89). Increased MMP-levels reflect illness, and during acute myocardial ischaemia 

and subsequent reoxygenation different MMPs are involved (65;90).
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In a human study of term and preterm neonates, plasma level of MMP-2 and MMP-9 was 

found to be gestational dependent, with the highest levels at 33-36 weeks of gestation (91). 

MMP-2 and MMP-9 were lower in term neonates as in preterm babies with earlier gestational 

age. MMP-9 showed a 50% decrease the first postnatal month, while MMP-2 was stable in 

the first month after birth (91). Accordingly we would have expected steady levels of the 

assessed MMPs in healthy neonates not suffering from asphyxia.  

Resuscitation of the newborn 

According to World Health Organization resuscitation is estimated to be needed in 

approximately 3-7 % of newborn infants to establish a vigorous cry or regular respiration, 

maintain a heart rate >100 beats per minute and achieve good colour and tone (92;93). 

Resuscitation procedures vary worldwide from gentle stimulation to more vigorous treatment 

(94;95). Even though mouth-to-mouth breathing was practised hundreds of years ago by 

midwives to revive stillborn infants, it fell out of fashion in the 18th century as Dr Hunter, an 

enormously influential obstetrician, declared it “a vulgar practice” (95).  

Resuscitation in the newborn is different from resuscitation in other groups of age, and 

knowledge of relevant physiology and pathophysiology is essential. In contrast to adults, 

neonates usually have a beating heart during resuscitation, though heart rate and cardiac 

output may be severely depressed. Bradycardia is in most cases caused by hypoxaemia 

(96;97), and the tendency of apnoea induced by upper airway stimulation is enhanced by 

hypoxaemia (98-100). Ventilatory rate is normally increased by hypoxaemia, which 

stimulates pulmonary stretch receptors with a concomitantly reduced vagal tone and increased 

heart rate (99;101). Accordingly, the major importance is to emphasize ventilation, and ensure 

adequate inflation of the lungs to reverse hypoxia, acidosis, and bradycardia (93;97;102;103). 
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Airways should be cleared and opened before ventilation is started. However, care must be 

taken as laryngeal suctioning and unsuccessful attempt of intubation may aggravate both the 

apnoea and the bradycardia (93;98). Severe asphyxia may eventually cause cardiac arrest, and 

cardiac compressions should be started if heart rate remains low (less than 60 beats per 

minute) despite adequate ventilation for 30s. The most efficient way is to encircle the chest 

with both hands with the thumbs opposed on sternum just below the inter-nipple line. Current 

recommendations are a 3:1 ratio with 90 compressions and 30 breaths per minute at a rate of 

120 events per minute to achieve approximately 90 compressions and 30 breaths per minute. 

Drug therapy should be considered if there is no response in heart rate after 30 sec of 

combined ventilation and chest compression (93;97). Hypovolemia should be suspected if the 

neonate does not respond to resuscitation, and treatment with volume expansion may be 

needed. An isotonic crystalloid solution is recommended as volume expander. If replacement 

of large blood volume loss is necessary, O-negative red blood cells is indicated (93). Heat loss 

should be prevented as oxygen consumption is increased by cold stress and may impede 

effective resuscitation. 

Until recently, 100% oxygen has been recommended during resuscitation of asphyxiated 

newborn infants (104). Over the last few years, however, there has been growing evidence 

that ambient air may be as efficient as 100% O2 (105-107). Regarding the latest guidelines of 

resuscitation of newborn, the goal of supplemental oxygen use is normoxia (93;108), and 

ambient air resuscitation of asphyxiated neonates is recommended when availability of 

oxygen is limited (93;109).  
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Treatment strategies 

Ventilation

Little evidence-based data have been available regarding optimal resuscitation methods of 

newborn, and questions have been raised to improve treatment strategies and performance of 

resuscitation (110;111). Establishment of adequate ventilation is of primary concern (93), and 

bag/mask-ventilation performed by the experienced is thought to be satisfactory in 80% of the 

resuscitated infants. Endotracheal intubation is needed in only 20% or less (112). The initial 

inflation of the fluid-filled lungs need higher opening pressure and inspiratory time than the 

subsequent breaths of the newborn (102;113). When functional residual capacity is optimised, 

end-expiratory airway pressure can be decreased without a great loss of lung volume as long 

as the pressure is not decreased below the critical closing pressure of the lung (114). Positive 

end expiratory pressure (PEEP) is thought to be important for neonatal ventilation. Using 

PEEP during resuscitation has shown to improve compliance of the respiratory system without 

any differences in arterial carbon dioxide tension (PaCO2) (115). A PEEP level of 5 mmHg 

during ventilation of children demonstrated elevated cardiac index and stroke volume index 

compared to higher levels of PEEP (116). There are, however, still insufficient data to 

determine the safety and efficacy of PEEP during neonatal resuscitation (117).  

Also initially, during the first positive pressure breaths administered during resuscitation, 

harmful ventilation may cause severe pulmonary disease in newborn as a result of 

‘barotrauma’ (implying injury caused by pressure), ‘volutrauma’ (implying injury caused by 

excessive tidal volume delivery), and/or ‘atelectrauma’ (implying injury caused by alveolar 

collapse) (118-120). Hyperventilation in infants with persistent pulmonary hypertension is 

associated with poorer neurodevelopmental outcome (121). In animal models it has been 
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shown that hyperventilation may be detrimental during resuscitation, probably as a result of 

increased intrathoracic pressure causing considerably decreased coronary perfusion pressures 

(122;123).

Oxygen

Oxygen as a separate gas was recognized in the late 18th century, independently discovered by 

the Swedish pharmacist Karl W. Scheele and the English chemist Joseph Priestly. Oxygen 

was described as a necessary but dangerous substance, essential for multicellular life. The first 

experiments on humans are said to have been made by Chaussier in 1783, giving oxygen to 

infants suffering from asphyxia, and to dyspnoeic patients with phthisis (124). Ventilation-

perfusion mismatch and diffusion impairment were described as a cause of hypoxaemia in the 

early 20th century (54;125;126), and administration of oxygen became routine to patients with 

acute and chronic lung disease observing improved lung function. Oxygen was regarded as a

medicine. Oxygen supply for neonatal resuscitation was not recommended before the 20th

century (95). Since then oxygen has been one of the most commonly used therapies in the 

neonatal intensive care unit (127).

Soon after its discovery, however, oxygen was acknowledged as potentially poisonous. 

Oxygen was considered to be “a good thing”, though it was possible to have “too much of a 

good thing” (124). In the early 1950’s the first observations regarding excess oxygen resulting 

in retrolental fibroplasia were reported (128;129), and investigation in oxygen has since then 

generated considerable information regarding both physiological and toxic effects of oxygen.

Molecular oxygen is a major source generating ROS. Mitochondrial electron transport 

reduces 95% of O2 to H2O without any free radical intermediates; the remaining 5% of 
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oxygen however, is reduced producing free radicals. Oxygen toxicity is mainly believed to 

result from ROS formation. When ROS generation is in excess of antioxidant defence 

mechanisms, the condition can be defined as oxidative stress. Biological cells maintain a 

delicate balance between the protective oxidant signalling versus detrimental effects and this 

balance seems a critical aspect of aerobic life (68). 

Despite decades with research in both human and animal models, there is still an ongoing 

debate and no consensus regarding the optimal concentration of oxygen supply for neonatal 

resuscitation.  
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Aims of the study 

Resuscitation after birth is a common procedure, and it is important to develop optimal 

resuscitation methods to prevent additional iatrogenic injury. Over the last few years, there 

has been growing evidence that ambient air is as efficient as 100% O2 (105;130;131). Little 

attention has, however, been paid to whether ventilation frequency or modus operandi of

resuscitation influences the outcome of the newborn. Myocardial function and circulation are 

important during and after resuscitation of the asphyxiated newborn. We therefore focused on 

myocardial injury and performance during hypoxaemia and subsequent reoxygenation in a 

model of newborn pigs subjected to severe hypoxaemia.  

1)  A) Is myocardial injury after hypoxaemia and subsequent reoxygenation assessable by 

clinically well established blood tests (cTnI, CK-MB, myoglobin) in newborn pigs?  

B) Does reoxygenation with 21% or 100% oxygen at different PaCO2 levels or 

ventilatory mode during reoxygenation influence myocardial injury as assessed by 

cTnI, CK-MB, and myoglobin? (Paper I) 

2)  Does severe hypoxaemia cause haemodynamic changes in newborn pigs assessable by 

conventional Doppler echocardiography, and is outcome different if reoxygenation is 

performed with 21% or 100% oxygen? (Paper II) 

3)  Are there any differences in myocardial tissue injury as assessed by matrix 

metalloproteinases and endogenous antioxidant capacity in myocardial tissue extracts 

subsequent to reoxygenation with 21% or 100% oxygen at different PaCO2 levels in 

hypoxaemic newborn pigs? (Paper III)  
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4)  Is myocardial left ventricular performance in hypoxaemic newborn pigs assessable by 

strain Doppler echocardiography, and is it necessary to evaluate left ventricular 

function by differentiating between longitudinal and radial contraction in newborn 

pigs during hypoxaemia? (Paper IV) 
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Methodological considerations

The animal model 

Animal models will always be an approximation of the clinical situation of interest. There 

may be important differences between the model and the clinical situation that should be kept 

in mind when results are interpreted. Nevertheless, animals are extensively used in biomedical 

research in an attempt to understand the mechanisms of disease using methods not available 

in clinical research. There are, however, some ethical dilemmas performing animal research, 

such as the importance of avoiding painful procedures of the experimental animal. The 

justification of taking the life of other species should always be considered when new 

experiments are planned. Nevertheless, when studying complex integrative physiology where 

the number of unknown variables influencing the responses studied is large, at present there is 

no alternative to animal experiments.  

In the present studies newborn Landrace pigs of either sex (12-36h) were exposed to 

hypoxaemia by ventilation with 8% O2 in N2 until either mean arterial blood pressure (MAP) 

decreased to 15mmHg or BE  -20mmol/L. Mean hypoxaemia time was 60 min. The pigs 

were then reoxygenated with either 21% or 100% oxygen for 30min. In paper I/III each of 

these major groups were divided into three subgroups during reoxygenation, and ventilated at 

different PaCO2-levels (Fig 1). Subgroups A1/B1 were hyperventilated, PaCO2 2.0–3.5 kPa. 

Subgroups A2/B2 were normoventilated, PaCO2 4.5–6.0 kPa, and subgroupsA3/B3 were 

normoventilated and added CO2 gas to reflect hypercapnia, PaCO2 8.0-9.5 kPa. The pigs were 

then observed and ventilated with ambient air and normal PaCO2 4.5–6.0 kPa. 
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Fig 1: Time course during resuscitation.

The pig as an experimental animal 

We used a porcine model, because newborn pigs resemble humans in anatomy and 

physiology of the cardiovascular system (132;133). In addition to the size and morphological 

characteristics, there are physiologic similarities in the areas of coronary blood flow (134), 

growth of the cardiovascular system, and neonatal pulmonary development (133).  

There are, however, some differences. The porcine pericardium is attached to the sternum, 

and the apex of the heart is in close opposition to the diaphragm. Myocardium in newborn 

pigs is delicate and especially susceptible to arrhythmias. Care must be taken to avoid 

adrenergic stimulation by stressing the pigs (133).  
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Another difference that may influence haemodynamics is haemoglobin (Hb) level between 

human and pigs. Normal Hb in newborn babies the first day of life is approximately 18.5g/dL 

(135). In her thesis Egeli found mean Hb 7.9 g/dL in newborn pigs (136), and in newborn pigs 

there has been found an inverse relationship between CO and Hb levels (132). At birth human 

infants mostly have fetal Hb, while Hb in newborn pigs resembles adult Hb (137). The lower 

Hb level may partly be compensated for by a higher oxygen extraction fraction. In our 

experiment there were no differences between the groups examined and compared. The 

newborn pigs examined in paper I/III had Hb 7.7 g/dL (± 1.5), and in paper II/IV Hb was 6.8 

g/dL (± 1.2). These are slightly beneath normal values in newborn pigs, and there were no 

difference in Hb between groups of pigs compared in the thesis.  

Anaesthesia

The use of anaesthesia is a problem in animal research, as it will affect the results, 

complicating interpretation and comparison of previous experiments. There is, however, 

unethical to perform animal experiments without adequate anaesthesia. On the other hand, 

pigs are easily stressed, and pain and anxiety in the experimental animals would also affect 

the results by adrenergic stimulation and not reflect the true resting situation.

In the present work anaesthesia was induced by halothane mixed with ambient air and 

oxygen, and was discontinued when an ear vein was cannulated usually within two-three 

minutes. Fentanyl, Midazolam, and pentobarbital sodium was then titrated and given as bolus 

injections. Local infiltration of lidocain in the skin was given before tracheostomy was 

performed, and anaesthesia was thereafter given as a continuous infusion of fentanyl 25-50 

µg/kg/hour and midazolam 0.25mg/kg/hour. One bolus of pancuronium was given before the 
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surgical preparations. Depth of anaesthesia was monitored by response to painful stimuli 

elicited by pinching of the nasal septum in addition to standard monitoring of heart rate and 

blood pressure. Additional fentanyl was given if necessary. At the end of the experiment, the 

pigs were given an overdose of 150 mg/kg pentobarbital intravenously.

In the present work we tried to use anaesthetics recommended and preferred for cardiac 

procedures (133;138). The medication used to induce anaesthesia, however, has dose-

dependent effects on the cardiovascular system. Both halothane and pentobarbital were given 

in low doses, and was usually discontinued for approximately two hours prior to the 

experiment as a consequence of time for instrumentation and stabilisation, thus we regard the 

effect of these medications to be minor or ignored. The effects of halothane are dose related 

and dose dependent. Halothane has a potential cardiovascular depressive effect, and may 
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depress myocardial contractility and myocardial metabolic activity as a result of inhibition of 

glucose uptake in myocardial cells. Halothane may reduce cardiac output (CO) and decrease 

mean arterial blood pressure, while it causes no change in systemic vascular resistance. 

Arrhythmias may occur, both bradyarrhythmias caused by central vagal stimulation and 

tachyarrhythmias associated with increased excitability augmented by hypercapnia, 

hypoxaemia or circulating catecholamines (133;138).

Pentobarbital 50mg/ml was titrated in doses of 10mg until tracheostomy was performed, and 

then discontinued. Pentobarbital is recommended used as pig anaesthesia, though it may cause 

respiratory depression, decreases myocardial contractility and CO, and increases peripheral 

vascular resistance (133).

Fentanyl is an opioid and has minimal cardiovascular effects. Fentanyl has no direct effects on 

heart, hence there is no change in contractility, automaticity (though increased vagal activity), 

conduction, or sensitivity to catecholamines. Bloodflow autoregulation in heart is preserved. 

Combined with other hypnotica bradycardia or hypotension may occur (133;138).

Midazolam is a benzodiazepine with mild cardiovascular effects. Midazolam may slightly 

reduce systemic arterial blood pressure, and to a lesser degree decrease cathecolamin release 

and increase coronary blood flow. Combination of benzodiazepines and opioids are 

recommended for cardiac investigation. If combined with opioids in larger doses, however, 

midazolam may cause cardiodepression (133;138).  

Pancuronium is a muscle relaxation given only once as a bolus of 0.1mg/kg before the initial 

surgical procedures. Pancuronium has a slight effect on cardiovascular system (133;138). 
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Surgical setup and invasive pressures 

The experimental animals were exposed to miner surgery, but it may nevertheless influence 

outcome. Both tracheostomy and insertion of catheter in the femoral artery measuring blood 

pressure occasionally injured striated muscle, which probably affected the blood tests (CK-

MB, myoglobin). In the pigs referred to in papers II /IV there were inserted a catheter for 

measuring central venous pressure in left external jugular vein, and a Millar catheter in LV 

through the left carotid artery, assessing left ventricular pressure (LVP) and calculating LV 

dP/dt from the LVP curves. The Millar catheter is known to be prone to drifting. This is, 

however, a result of protein deposits or a film covering the micro manometer pressure sensor 

of the catheter. To minimise drift, the catheter was cleaned immediately after us, the pressure 

sensor was pre-soaked in tempered (38°C) saline for 30 minutes prior to calibration, and the 

catheter was used as recommended by the manufacturer (139).  

Though we allowed a period of recovery after the initial procedures and care was taken to 

minimise myocardial damage, baseline measurements may probably be impaired compared to 

healthy non-instrumented pigs. 

Blood and tissue analyses

CTnI, CK-MB, myoglobin 

Cardiac Troponin I (cTnI) has been established as a sensitive and specific marker of 

myocardial injury both in humans and pigs (140-142), with no increase in serum subsequent 

to acute or chronic skeletal muscular disease (143). In human neonates, cardiac troponin is 

unaffected by gestational age, birth weight, sex and mode of delivery (140;144). CTnI has 

been suggested as a new “golden standard” in paediatric patients (145), even though 
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comparing measured cTnI values between different studies are difficult because of variations 

in sensitivity and specificity of commercially available cTnI diagnostic immunoassays kits 

(146-148). In the thesis the analyses of cTnI were performed by two different immunoassays, 

none of them cross reacting with cardiac troponin T or slow skeletal muscle troponin I. The 

different immunoassays, however, implies that cTnI values in paper I/III and paper II/IV are 

not directly comparable.  

CK-MB (creatine kinase-myocardial band) has high specificity and was earlier used as “gold 

standard” for the diagnosis of myocardial infarction. Soldin et al found CK-MB proteins more 

pronounced in healthy term neonates than in adults (149), and during fetal and neonatal 

development, the B-subunit is found to be the predominant CK species produced by skeletal 

muscle (143). CK-MB has been used as an early (<6 hours) marker of acute (myocardial) 

muscular injury (150). Myoglobin is predominantly a cytosolic protein found in striated 

muscle, and there is no difference between isoforms found in myocardium compared to 

skeletal muscle (151). Several authors have found myoglobin and CK-MB as less sensitive 

and specific markers of myocardial injury than troponin (149;152;153) which is consistent 

with our results (154). 

Matrix metalloproteinases 

Matrix metalloproteinases (MMPs) are markers of myocardial tissue injury reflecting illness 

(65;155). Myocardial MMP-activity has been correlated with cardiac functions in humans 

(52), and inhibition of MMP-activity has been shown to significantly improve cardiac 

functions during reperfusion subsequent to ischaemia (156). During acute myocardial 

ischaemia and subsequent reoxygenation different MMPs are involved (90). MMP-1, 2, and 9 

appear to be of especially importance as they are differently generated and most likely 
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responsible for alternative aspects of the pathological processes in myocardium (65). Raised 

MMP-1 levels secondary to myocardial infarction is thought to predict subacute LV 

remodelling (157), while enhanced levels of MMP-2 and 9 have been associated with 

reperfusion injury after ischaemia contributing to cardiac mechanical dysfunction in different 

experimental models (158-160). MMP-2 has demonstrated intracellular activity by cleaving 

cTnI from the troponin complex (156), and may also be released by platelets activated during 

ischaemia (89;161). Thus MMP-2 may contribute to myocardial cellular injury as well as 

impaired myocardial contractility. Recently in a resuscitation model of hypoxaemic newborn 

pigs (162) MMP-2 was found increased and probably activated because of oxidative stress, in 

agreement with observations in our study (163).  

In the previous study, we have analysed MMPs in myocardial tissue extracts by two different 

methods. Broad matrix degrading capacity is the analysis of the joint capacity of MMP-1, 

MMP-2 MMP-7, MMP-8, MMP-9, MMP-12, and MMP-13 referred to as “total MMP 

activity”, using a fluorogenic peptide substrate. In gelatine zymography, the MMPs are 

identified by the capacity of degrading gelatine after electrophoresis. The MMPs are 

identified by molecular weight. MMP activity is detected as clear bands against a background 

of undegraded substrate. Incubation with EDTA was used as a control demonstrating that the 

metal-dependent lysis zones were the result of gelatinase activity. One tissue sample and a 

human standard were used as internal controls on every zymogram. 

Endogenous antioxidant capacity

The oxygen radical absorbance capacity (ORAC) assay measures free radical scavenging 

activity against ROS in tissue samples, the total antioxidant capacity. Antioxidant capacity is 

defined as the ability of a compound to reduce pro-oxidants. Several compounds are 
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considered to act in a concerted way providing antioxidant defences to the organism, 

protecting against harmful effects of ROS (64;164). There are also several combinations of 

internal and external antioxidants and the radicals they combat. This might explain why no 

single measure of antioxidant status is going to provide a sufficient amount of data to evaluate 

in one assay the free radical scavenging activity of a tissue sample.

The ORAC assay utilises a biological relevant radical source and measures the protective 

effect of antioxidants as the capacity of the tissue sample to directly quench free radicals. 

Trolox, a water-soluble vitamin E analog, is used as the calibration standard and the ORAC 

result is expressed as micromole Trolox equivalent (TE) per gram tissue. 

ORAC is the only method combining both percentage degree of inhibition and inhibition time 

of free radical action by antioxidants into a single quantity (74). The ORAC assay has high 

specificity, and provides significant information regarding the antioxidant capacity of 

biological samples (165;166). The ORAC method is sensitive and has several advantages in 

comparison to other commonly used methods, as it gives more information of the in vivo 

situation in tissues (74). Regardless of the source of oxygen-derived free radicals, cellular 

injury may occur during reperfusion if the level of oxidative stress exceeds the capacity of 

endogenous free radical scavenging mechanisms (167). As the total endogenous antioxidant 

capacity decreases, the protective mechanisms against oxygen toxicity is reduced (168), thus 

describing a considerable creation and consumption of ROS implying oxidative stress in the 

tissues (84;168;169). 
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Doppler echocardiography 

The Austrian physicist Christian Johann Doppler first hypothesised “the Doppler effect” in 

1842, the phenomenon when a source and receiver are moving relative to each other, and the 

perceived frequency of any kind of wave is altered. For measuring blood flow velocity, an 

ultrasound transducer is both the wave source and receiver, whereas red blood cells are the 

moving targets that alter or “shift” the received frequency depending on their velocity and 

direction (170;171). Ultrasound is acoustic waves with a frequency above the audible range. 

For diagnostic purposes, frequencies in the range of 1-15 MHz are used. The first use of a 

Doppler method for detection of cardiac motion was described by Yoshida et al (172). 

Technology has improved considerably over the last decades, and today Doppler ultrasound 

and two-dimensional echocardiography are the main tools in routine investigation and follow-

up newborn with circulatory disturbances and/or congenital heart disease (171;173).

We used a Vivid 7 digital ultrasound scanner (GE VingMed Ultrasound, Horten, Norway) 

with an integrated program for quantitative analysis (software version 2.2.0 EchoPAC GE 

Vingmed). The transducer was a combined tissue imaging and Doppler transducer (10S) with 

a frequency range from 4.0 to 12.0 MHz. The recordings were mainly obtained using the 

factory default 8.9 MHz. Hair in front of the chest was removed prior to the examinations. 

Two investigators, one handling the probe and one operating the scanner performed all 

ultrasound standard examinations (132;174). The data were sampled when both investigators 

agreed that the imaging quality was optimal. The accuracy of Doppler velocimetry is affected 

by the angle between the ultrasound beam and blood flow, thus for each view care was taken 

to keep the Doppler beam oriented as parallel as possible to the direction of motion (175).  
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The first examination was performed to exclude congenital heart defects with the pigs lying in 

a right lateral, half supine position. The aortic valve diameter was measured from 2D

parasternal long-axis views from inner edge to inner edge at the base of the aortic valve 

leaflets (176) before guiding the intrusion of the Millar catheter. The aortic valve diameter 

was later used for all calculations of cardiac output (CO). Further studies were performed with 

the pigs lying in a left lateral, half supine position. CO was calculated from aortic flow as 

systolic velocity integral x valve area x heart rate. All ultrasound measurements used in the 

final calculations for each pig were mean values, automatically calculated in the ultrasound 

instrument, from three to five repeated selected sequential beats regarded as good quality 

measurements (174). The peak tricuspid regurgitation velocity (TR-Vmax, m/sec) was 

sampled from apical “four-chamber view” to calculate the pressure gradient between the right 

ventricle and the right atrium (mm Hg) by using the modified Bernoulli’s equation (177). 

Systolic right ventricular pressure (RVP) was calculated indirectly as the sum of central 

venous pressure and the pressure gradient between the right ventricle and the right atrium. 

Different methods for estimating pulmonary artery pressure are currently available. The 

pulmonary artery systolic pressure estimation from the peak velocity of the tricuspid 

regurgitation is evaluated to be the most precise non-invasive method (177;178).  

Tissue Doppler imaging (TDI) 

Traditionally Doppler ultrasound has been applied for measuring blood flow velocities. In 

contrast to blood flow reflecting high velocity and low amplitude Doppler signals, myocardial 

tissue movements produce low velocity and very high amplitude Doppler signals. Blood flow 

imaging applies a high-pass filter incorporated to eliminate the strong and low-frequent tissue 

signals and the gain settings are increased to amplify the signals estimating blood velocity 

(179). To display tissue velocities, the high-pass filter is bypassed and a lower gain 
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application is used to eliminate the weaker intensity blood flow signals (179). The technical 

principles and limitations of TDI are similar to those encountered with conventional Doppler 

echocardiography (179). Angle dependency is an important limitation, and angles < 16 % has 

been regarded as acceptable giving less than 20 % error (180-182). Aliasing is another well 

known phenomenon in Doppler echocardiography, and when the velocity exceeds the 

maximum detectable frequency (the Nyquist limit), the velocities appear to be transposed to 

the other end of the scale (171;182). The interplay between frame rate and temporal filtering 

must be considered, and to avoid the risk of loosing information of myocardial motion it may 

be preferred to use high frame rates and filtering (183).  

TDI was introduced as a method to quantify myocardial function in terms of tissue velocity 

(183-185).The capability to distinguish local velocities from translational motion and 

tethering effects from other regions, are however impossible using tissue velocity. Thus to 

improve the ability of TDI to measure regional function, Heimdal et al. introduced cardiac 

real time strain and strain rate as a novel extension of TDI (186). 

Strain Doppler echocardiography (SDE) 

The concept of myocardial strain was defined by Mirsky et al (187) as fractional tissue 

deformation in response to applied force (stress). In this context strain is directly related to 

myocardial fibre shortening, and represents fractional change of tissue length (change in 

length per unit length). Strain reflects deformation of myocardium and is expressed as percent 

shortening or lengthening (Lagrangian formula).  
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In general terms, if an object has an initial length L0, and after a certain time changes to the 

length L, strain is defined as

strain = ——— 
L – L0

L0

Thus strain describes the contraction/relaxation pattern in the myocardium, and both 

longitudinal and radial strain may be assessed by this Doppler technique (188). Strain 

represents a powerful non-invasive diagnostic tool to assess LV function (189). Strain has 

been shown to be superior to tissue Doppler velocity for measuring systolic function 

(190;191) and the modalities are less sensitive to segment tethering and cardiac translation 

(192). Analyses of strain appear to be less prone to noise than strain rate because integration 

from strain rate tends to minimize the influence of small random changes (193). By current 

methods SDE can only be assessed one-dimensional along the ultrasound beam. Despite the 

limitation, SDE has been reported to correlate well with 3D magnetic resonance (MR) 

findings (194) as well as to sonomicrometry in animal models (195). It has been shown that 

strain representing deformation of myocardium is load dependent and is best correlated with 

stroke volume (196) and ejection fraction (197). 

During the experiments the strain images were obtained with a frame rate varying between 

180-250 frames per second. Digital data were recorded over 3 consecutive heart cycles and 

analysed off-line. Standard apical 2-chamber and 4-chamber views and parasternal short axis 

views were used. To maintain a high frame rate without loss of lateral resolution, separate 

loops were obtained to focus on septum and lateral wall. Sample volume was set to 5 mm for 

longitudinal measurement and 2 mm for radial measurement. During off line analysis, 

longitudinal peak strain was assessed at mid anterior, posterior, lateral, and septal segments. 
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In short axis views radial peak strain values were assessed in the anterior septum and posterior 

wall segments. The strain data were calculated and averaged from all three cardiac cycles. 

The region of interest in the 2D-image was repositioned during the heart cycle by manual 

frame to frame marking to compensate for the movement of the heart. This corrected strain 

trace was used for processing. The interventricular septum is believed to be a functionally 

bilayered structure, with the presence of two radial velocity gradients within the septum, one 

on the LV side and one on the right (182;198). The sample volume was set to 2 mm, with no 

possibility to differentiate between left and right part of the septum in the newborn pig.  
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Summary of results 

Paper I

Resuscitation with 100% O2 does not protect the 

myocardium in hypoxic newborn piglets 

58 newborn pigs (12-36h) divided into a total of 6 groups (n=9/10) were exposed to 

hypoxaemia by 8% oxygen. When mean arterial blood pressure fell to 15 mmHg, or arterial 

BE  -20 mmol/L, reoxygenation was performed for 30 minutes with either 21% or 100% 

oxygen at low (PaCO2 of 2.0–3.5 kPa), normal (PaCO2 of 4.5–6.0 kPa) or elevated (PaCO2 of

8.0–9.5 kPa) carbon dioxide level. Afterwards the pigs were ventilated with 21% O2 and

normal PaCO2 for 150 minutes. Blood samples were analysed for cTnI, myoglobin, and CK-

MB at baseline and at the end of the study. CTnI increased more than 10-fold (p < 0.001) in

all the groups, with no significant difference between the groups. Myoglobin and CK-MB 

doubled in concentration. The considerable increase in cTnI indicated a substantially affected

myocardium due to severe hypoxaemia. Reoxygenation with 100% oxygen offered no

biochemical benefit over ambient air. CK-MB and myoglobin were not reliable markers of 

myocardial damage in this model of newborn pigs.  
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Paper II

Restoration of cardio-pulmonary functions with 21% vs. 

100% O2 after hypoxaemia in newborn pigs

20 newborn pigs were exposed to hypoxaemia by 8% oxygen. When mean arterial blood 

pressure fell to 15 mmHg, or arterial BE  -20 mmol/L, reoxygenation was performed  with 

either 21% (n=10) or 100% (n=10) O2 for 30 min and then ventilated with ambient air for 

another 120 minutes. Blood was analysed for cTnI, confirming a considerable myocardial 

injury with no differences between pigs reoxygenated with 21% and 100% O2. Ultrasound 

examinations of cardiac output (CO) and pulmonary artery pressure (PAP, estimated from 

tricuspid regurgitation velocity (TR-Vmax)) were performed at baseline, during hypoxaemia, 

at start of reoxygenation and during reoxygenation. TR-Vmax increased during the insult, 

returned towards baseline values during reoxygenation, with no differences between the 

groups (p=0.11). An inverse relationship was found with increasing age and TR-Vmax during 

hypoxaemia (p=0.034). CO/kg increased during early phase of hypoxaemia (p<0.001), then 

decreased. Changes in CO/kg were mainly due to changes in heart rate with no differences 

between the groups during reoxygenation (p=0.298). Global hypoxaemia affects myocardium 

and pulmonary artery pressure in newborn pigs and during this limited period of observation, 

reoxygenation with 100% showed no benefits compared to 21% O2 in normalising myocardial 

function with respect to CO and pulmonary artery pressure.
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Paper III

Increased Myocardial Matrix Metalloproteinases in 

Hypoxic Newborn Pigs during Resuscitation. Effects of 

Oxygen and Carbon Dioxide 

At the end of study referred to in paper I the pigs were given an overdose of penthobarbital, 

and the heart was immediately removed. The free wall of left and right ventricle was instantly 

frozen in liquid nitrogen. In myocardial tissue extracts, MMPs were analysed by i) gelatine 

zymography and ii) broad matrix degrading capacity (total MMP-activity). Total endogenous 

antioxidant capacity in myocardial tissue extracts was measured by the oxygen radical 

absorbance capacity (ORAC) assay. As a sign of affected myocardium MMP-2 more than 

doubled from baseline values (p<0.001), and was more pronounced in piglets reoxygenated 

with 100% than with 21% O2 (p=0.01). The ORAC value was considerably decreased 

(p<0.001), suggesting that oxidative stress may be a key player causing adverse tissue injury. 

Left ventricular (LV) total MMP-activity was increased in pigs with low PaCO2 compared to 

pigs with elevated PaCO2 (p=0.01), indicating that hyperventilation may be detrimental and 

cause more severe myocardial injury. LV total MMP-activity in pigs with elevated PaCO2 was

not different from baseline. In pigs with elevated PaCO2, total MMP-activity was more 

increased in right (RV) than in left ventricle (p<0.01). Alteration in total MMP-activity 

subsequent to hypoxaemia and resuscitation, suggests that elevated carbon dioxide (PaCO2 of

8.0–9.5 kPa) may protect LV, and contribute to a greater RV injury in newborn pigs. This 

study demonstrates the importance of resuscitation procedures, since not only oxygen supply 

but also the PaCO2-level has to be addressed to avoid additional iatrogenic tissue injury 

during resuscitation of neonatal pigs. 
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Paper IV

Left Ventricular Longitudinal Deformation is More 

Vulnerable than Radial Deformation. A Strain Doppler 

Echocardiographic Study in Hypoxaemic Newborn Pigs 

11 newborn pigs (age 12 to 36 hours) were exposed to hypoxaemia by 8% oxygen. When 

mean arterial blood pressure fell to 15 mmHg, or arterial BE  -20 mmol/L, reoxygenation 

was performed with 21% or 100% oxygen and the pigs were observed for 150 min. Analyses 

of the two groups have so far been combined. Cardiac dysfunction during global hypoxaemia 

was assessed by strain Doppler echocardiography (SDE) which represents a powerful non-

invasive diagnostic tool to assess LV function. During hypoxaemia longitudinal strain showed 

paradoxical stretching, while radial strain continued to demonstrate thickening. In addition, 

the changes in the longitudinal myocardial contraction were heterogeneous. These findings 

suggest that longitudinal contraction may be more vulnerable to global hypoxaemia than 

radial contraction in newborn pigs. Accordingly, in cases when radial functions appear 

conserved, longitudinal strain assessments may be necessary to exclude hypoxaemic injury of 

the myocardium 
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General discussion 

In our department we have been working with brain and lung injury subsequent to 

resuscitation of newborn pigs over several years, continuously trying to improve the model 

approaching  the question whether newborn in general should be resuscitated with or without 

supplemental oxygen (199-203). Through induction of severe hypoxaemia we have aimed at 

simulating the clinical situation of intrapartum asphyxia with development of acidosis, 

resulting in increased PAP and myocardial dysfunction.  

In this thesis we approached the myocardial injury of hypoxaemia and reoxygenation by four 

different methods in a model of newborn pigs. In the first and second study we were 

evaluating the myocardial injury by troponins and echocardiography. These are global signs 

of an affected myocardium, and are methods currently used in modern neonatal care units. In 

paper III we examined the myocardial injury directly in tissue extracts, aiming to clarify the 

myocardial tissue injury emphasizing both ventilation and oxygenation. In paper IV we 

intended to focus on LV performance and the diagnostic feasibilities of SDE, as invasive data 

are not always available in a clinical practise. Strain assessments and analyses of MMPs in 

myocardial tissue are focal markers of myocardial injury. Accordingly, we have focused on 

both biochemical and functional changes in myocardium during hypoxaemia and 

reoxygenation. The study aimed at approaching the fine balance of both physiological and 

molecular biological alterations in the myocardium. The problem resolving hypoxaemia-

induced myocardial and haemodynamic changes in theses group of age necessitates 

alternative considerations.  
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The pig model 

A limitation regarding the pig model was the age of the experimental animal, as the included 

pigs were 12-36 hours of age. The animals had been adapted to extra-uterine life, and had 

already started and more or less completed the haemodynamic changes from a dominating 

high pressure RV and low pressure LV system to an adult circulatory pattern with low 

pressure RV and high pressure LV, and with no flow through the fetal shunts (68;132). 

Walthers et al found that 8 hours after birth the majority of measurable changes in 

cardiopulmonary hemodynamics have occurred in healthy infants, though there was found 

some degree of right-to-left shunting in ductus arteriosus in the neonates up to 12 hours after 

birth (45). Fugelseth et al found bidirectional shunting in approximately 50% of the patients 

with an open duct at 14 hours postnatal, and mainly left to right ductal flow by 36 hours (38). 

This may be important as we found that age was inversely correlated to pulmonary artery 

pressure as assessed by TR-Vmax. Furthermore, we observed that hypoxaemia-induced 

haemodynamic changes were tolerated for a longer time course by the youngest pigs.  

All manipulation and instrumentation (anaesthesia, surgery, hypoxaemia) were the same in 

both test animals and control animals, and care was take to minimize injury during 

procedures. The pigs went through a severe hypoxaemic insult, with grave acidosis with pH 

below 7,0 and serum-lactate 15 mmol/L (unpublished data) at start of resuscitation. The pigs 

were able to compensate with increased HR up to 270 beats per minute, before some of them 

eventually developed bradycardia (HR 35-70 beats per minute) with a severely compromised 

myocardium when resuscitation was about to start.

As demonstrated in paper IV, the restoration of myocardial function and haemodynamics are 

initiated but not completed by 2.5 hours. We would have needed a longer time of observation 
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to restore both the haemodynamic changes as well as myocardial performance assessed by 

SDE. We would also have needed either a larger experimental group or a longer period of 

observation to find out whether there would have been any differences in myocardial 

performance due to different reoxygenation regimens.  

There are notable interindividual variations amongst the pigs, implying the need of relatively 

large experimental groups as they respond differently to asphyxia and need different time 

course for restoration. This limited time course also exclude us from studying long time 

effects of hypoxaemia and reoxygenation on myocardium, which would have necessitated a 

different study design and long term survival. 

Cardiac Troponin I / MMPs 

In the experiment we used cTnI as a marker of myocardial injury before and after a 

hypoxaemic insult. In addition to cardiac Troponin I and T, it has been shown that slow 

skeletal muscle troponin I is found in neonatal myocardium up to 9 months of age (28). 

Acidosis has a negative inotropic effect, as low pH decreases the Ca2+ sensitivity to the 

troponin complex (204). During acidosis neonatal myofibrils has shown to be more resistant 

to low pH than adult myocardium (28;205). Fetal myofilaments, containing slow skeletal 

muscle troponin I are suggested to have greater maximal force, greater maximal ATPase 

activity, lower minimal ATPase activity, and greater Ca2+ sensitivity of force development 

when compared with adult troponin (206). The slow skeletal muscle troponin I is probably a 

major contributor to preserve contractility in severely acidotic neonates. 

In paper I we found that normoventilation tended to produce better myocardial outcome than 

hyperventilation and hypoventilation as assessed by cTnI. CTnI was measured in serum as a 
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global marker of myocardial injury, however, and not in myocardial tissue. In paper III total 

MMP-activity assessed as a focal marker of injury in myocardial tissue extracts made us 

conclude differently. The free wall of left and right ventricle had been analyzed separately. 

The major difference between cTnI in serum and MMP assessments in myocardial tissue 

extracts were seen in the pigs with increased PaCO2-level. These pigs had been 

normoventilated adding CO2 in the inspired gas to reflect hypoventilation. Total MMP-

activity in LV were not increased from baseline, indicating that CO2 may have a protective 

effect on LV. Contrary to the findings in LV, there were a considerably increased total MMP-

activity in RV tissue extracts, probably responsible for the increased cTnI as MMP-2 cleaves 

cTnI from the Troponin complex (156). Low pH and elevated PaCO2 may further augment the 

hypoxaemic pulmonary vascular resistance (207;208), suggesting increased RV workload due 

to an additional increase in pulmonary artery pressure at PaCO2 8.0–9.5 kPa.

Contrary to the results in paper I, in paper III we also found significant differences in 

myocardial tissue injury dependent on oxygen supply during reoxygenation subsequent to 

hypoxaemia. The highly increased MMP-2 activity in pigs reoxygenated with 100% oxygen 

indicates a more severe myocardial tissue injury compared to the pigs reoxygenated with 

ambient air. This is in agreement with a clinical study presented at Pediatric Academic 

Societies’ Annual Meeting 2005 regarding resuscitation of asphyxiated neonates (209). In this 

study the newborn resuscitated with ambient air had better outcome, lower cTnI levels, less 

pronounced and shorter-lasting oxidative stress than newborn resuscitated with 100% oxygen.
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MMPs / ORAC 

In this study, the total endogenous antioxidant capacity in myocardial tissue extracts was 

assessed by the ORAC assay. The ORAC-value was considerably decreased from baseline, 

most pronounced in pigs reoxygenated by 100% oxygen. Several studies have shown that 

during hypoxaemia/reoxygenation/reperfusion injury, oxidative stress and ROS formation 

increases MMP levels in tissues (210;211). The different outcome regarding PaCO2-level and 

ventilation were seen analysing total MMP activity which reflects the joint capacity of 

different MMPs. By measurements of total MMP activity we are not able to differentiate 

which MMPs are activated during the analysis. From other studies, however, it has been 

shown that several MMPs including MMP-1 and MMP-2, have been activated by oxidative 

stress and pro-inflammatory cytokines as TNF-  and interleukins (49;52;75). These cytokines 

may activate leucocytes to generate ROS resulting in myocardial injury (75;77). These results 

indicate that both MMP-2 activity and total MMP activity in tissue extracts probably is 

induced by oxidative stress, which is consistent with other studies (65;76;86;211). In our 

research group, in the same pig model, we found increased MMP activity and interleukin-8 

concentration in pulmonary tissues (212). MMP activity and interlucin-8 were more 

pronounced in pigs resuscitated with 100% oxygen than in pigs resuscitated with ambient air, 

suggesting a marked proinflammatory response in pulmonary tissues. 

Haemodynamics in the newborn 

In fetal life hypoxaemia is a physiological stimulus maintaining the pulmonary vasculature 

constricted (26). In the pulmonary vasculature, increased oxygen is a powerful stimuli 

inducing vasorelaxation at birth (213). Sustained exposure to hypoxaemia leads to 
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vasoconstriction which is reversible by reoxygenation (53). The pulmonary vasculature is 

especially vulnerable to hypoxaemic stimuli during the first days of life (29;53;214). 

Accordingly, we found that increased PAP was age dependant, correlating inversely with age.

Concomitantly with the induction of hypoxaemia, systemic blood pressure (SBP) fell, while 

HR and CO/kg increased. Increased PAP or elevated PVR results in increased RV afterload. 

With elevated PAP, the septum shifts in a leftward direction, impairing LV ejection (215;216). 

Increased PAP will also reduce LV preload, further decreasing LV stroke volume. SBP and 

perfusion depend on the LV preload requiring a normal PVR to allow effective filling. The 

reduced LV preload resulting in systemic hypotension, will again affect RV function by 

reduced coronary perfusion pressure (217;218).

Neonates regulate their CO mainly by regulating heart rate, which is consistent with our 

results (29). A reduction in CO will be compensated by a redistribution of the blood flow to 

the various organs to maintain the SBP and adequate perfusion pressures to vital vascular 

beds. Changes in SBP may reflect changes in CO and/or systemic vascular resistance, and 

decreased LV afterload may for a short while improve the myocardial performance, resulting 

in reduced SBP.

In our study we found LVP changed in the same direction as CO/kg and inversely with TR-

Vmax. The considerable increase in RVP exceeding LVP may contribute in reducing 

coronary perfusion resulting in RV ischaemia, further compromising myocardium (58;218). 

Low pH and hypercapnia may aggravate hypoxic pulmonary vasoconstriction (207;208). We 

had no echocardiographic measurements assessing neither tricuspid regurgitation nor blood 

flow through the fetal shunts in the pigs ventilated with elevated CO2. Following a more 
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aggravated pulmonary vasoconstriction, however, we might have expected a greater tricuspid 

regurgitation and possibly increased ductal shunting. Severe pulmonary hypertension may 

cause bidirectional or right-to-left shunting in the ductus arteriosus, and may also be assessed 

as changed flow pattern in ductus venosus (219). 

In the pigs examined by echocardiography, only one had a persistent ductus arteriosus as we 

started the experiment. One pig reopened the ductus arteriosus during hypoxaemia, and two 

reopened the duct at the end of the reoxygenation period. All ductal shunting were left-right, 

although two pigs had a bidirectional shunt for a short period during hypoxaemia. The 

maximum systolic peak velocities were not measured as the angle errors were too large. None 

of the pigs had a pure right-left shunt, which further could have compromised the situation.  

In paper IV we focused on myocardial performance during hypoxaemia, finding a complex 

and heterogeneous systolic pattern with distinct regional differences as assessed by strain 

Doppler echocardiography. Radial systolic strains remained positive showing thickening 

during hypoxemia, but maximum values were decreased and delayed. In contrast, longitudinal 

systolic strain became positive showing a paradox lengthening in the septal and posterior 

segments. In the anterior and lateral segments, however, peak longitudinal strain values were 

decreased but remained negative. We constructed pressure-strain loops, loop area representing 

myocardial work. Counterclockwise rotation represented active work during longitudinal 

contraction, while clockwise rotation represented active work during radial contracting. 

During severe hypoxaemia the longitudinal strain-pressure loops orientation turned from 

counterclockwise to clockwise and from active to passive work in septum and posterior wall, 

which is in agreement with other studies (220;221). During severe hypoxaemia radial 

pressure-strain loops remained a clockwise rotation, indicating a still maintained active 
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contraction. This indicates that the direction of the pressure-strain loops contribute 

information regarding myocardial performance. Accordingly, longitudinal contraction may be 

more vulnerable to hypoxaemic insults, and radial contraction performing the major work 

during severe hypoxaemic conditions in newborn pigs. 

50



51



Conclusion

1) Cardiac Troponin I is shown as a reliable blood test demonstrating myocardial injury 

in hypoxaemic newborn pigs. CK-MB and myoglobin were not reliable markers of 

myocardial damage. Reoxygenation with 100% oxygen at different PaCO2 levels 

offered no biochemical benefit over reoxygenation with ambient air. 

2) Hypoxaemia decreases cardiac output and increases pulmonary artery pressure in 

newborn pigs. Reoxygenation with 100% oxygen showed no benefit compared to 21% 

oxygen in restoring haemodynamics. 

3) Matrix metalloproteinases (MMPs) were considerably increased indicating myocardial 

tissue injury and more pronounced after reoxygenation with 100% than 21% oxygen. 

As assessed by MMP activity, hyperventilation and low PaCO2 may be detrimental to 

myocardium. Elevated PaCO2 during resuscitation may protect left ventricle and 

probably increase right ventricular injury. Antioxidant capacity was decreased 

indicating oxidative stress, but with no differences between the reoxygenation groups. 

4) Rapid changes in left ventricular performance during hypoxaemia and reoxygenation 

in newborn pigs are assessable by strain Doppler echocardiography. Longitudinal 

contraction seems to be more vulnerable to hypoxaemia than radial contraction; 

accordingly both longitudinal and radial functions have to be considered during a 

hypoxaemic injury. 

52





References

      

 (1)  Low JA. Intrapartum fetal asphyxia: definition, diagnosis, and classification. Am J Obstet Gynecol 
1997; 176(5):957-959. 

 (2)  ACOG Committee Opinion #303: Inappropriate Use of the Terms Fetal Distress and Birth Asphyxia. 
Obstet Gynecol 2004; 104(4):903. 

 (3)  Ranjit MS. Cardiac abnormalities in birth asphyxia. Indian J Pediatr 2000; 67(7):529-532. 

 (4)  Tapia-Rombo CA, Carpio-Hernandez JC, Salazar-Acuna AH, Alvarez-Vazquez E, Mendoza-Zanella 
RM, Perez-Olea V et al. Detection of transitory myocardial ischemia secondary to perinatal asphyxia. 
Arch Med Res 2000; 31(4):377-383. 

 (5)  Walther FJ, Siassi B, Ramadan NA, Wu PY. Cardiac output in newborn infants with transient 
myocardial dysfunction. J Pediatr 1985; 107(5):781-785. 

 (6)  Burnard ED, James LS. Failure of the heart after undue asphyxia at birth. Pediatrics 1961; 28(4):545-
565. 

 (7)  Rowe RD, Hoffman T. Transient myocardial ischemia of the newborn infant: a form of severe 
cardiorespiratory distress in full-term infants. J Pediatr 1972; 81(2):243-250. 

 (8)  Rowe RD, Izukawa T, Mulholland HC, Bloom KR, Cook DH, Swyer PR. Nonstructural heart disease in 
the newborn. Observations during one year in a perinatal service. Arch Dis Child 1978; 53(9):726-730. 

 (9)  Setzer E, Ermocilla R, Tonkin I, John E, Sansa M, Cassady G. Papillary muscle necrosis in a neonatal 
autopsy population: incidence and associated clinical manifestations. J Pediatr 1980; 96(2):289-294. 

 (10)  Donnelly WH, Bucciarelli RL, Nelson RM. Ischemic papillary muscle necrosis in stressed newborn 
infants. J Pediatr 1980; 96(2):295-300. 

 (11)  Mielke G, Benda N. Cardiac Output and Central Distribution of Blood Flow in the Human Fetus. 
Circulation 2001; 103(12):1662-1668. 

 (12)  Rasanen J, Wood DC, Weiner S, Ludomirski A, Huhta JC. Role of the Pulmonary Circulation in the 
Distribution of Human Fetal Cardiac Output During the Second Half of Pregnancy. Circulation 1996; 
94(5):1068-1073. 

 (13)  Alvarez L, Aranega A, Saucedo R, Contreras J. The quantitative anatomy of the normal human heart in 
fetal and perinatal life. Int J Cardiol 1987; 17(1):57-72. 

54



 (14)  Pinson CW, Morton MJ, Thornburg KL. An anatomic basis for fetal right ventricular dominance and 
arterial pressure sensitivity. J Dev Physiol 1987; 9(3):253-269. 

 (15)  Reller MD, Morton MJ, Reid DL, Thornburg KL. Fetal lamb ventricles respond differently to filling 
and arterial pressures and to in utero ventilation. Pediatr Res 1987; 22(6):621-626. 

 (16)  Rudolph AM. Distribution and regulation of blood flow in the fetal and neonatal lamb. Circ Res 1985; 
57(6):811-821. 

 (17)  Anderson DF, Bissonnette JM, Faber JJ, Thornburg KL. Central shunt flows and pressures in the 
mature fetal lamb. Am J Physiol 1981; 241(1):H60-H66. 

 (18)  Dawes GS, Mott JC, Widdicombe JG. The foetal circulation in the lamb. J Physiol (Lond) 1954; 
126:563. 

 (19)  Reller MD, Morton MJ, Giraud GD, Wu DE, Thornburg KL. Severe right ventricular pressure loading 
in fetal sheep augments global myocardial blood flow to submaximal levels. Circulation 1992; 
86(2):581-588. 

 (20)  Smolich JJ, Berger PJ, Walker AM. Interrelation between ventricular function, myocardial blood flow, 
and O2 consumption changes at birth in lambs. Am J Physiol Heart Circ Physiol 1996; 270(2):H741-
H749. 

 (21)  Morton MJ, Pinson CW, Thornburg KL. In utero ventilation with oxygen augments left ventricular 
stroke volume in lambs. J Physiol (Lond) 1987; 383:413-424. 

 (22)  Anversa P, Olivetti G, Loud AV. Morphometric study of early postnatal development in the left and 
right ventricular myocardium of the rat. I. Hypertrophy, hyperplasia, and binucleation of myocytes. Circ 
Res 1980; 46(4):495-502. 

 (23)  Clark SJ, Yoxall CW, Subhedar NV. Measurement of right ventricular volume in healthy term and 
preterm neonates. Arch Dis Child Fetal Neonatal Ed 2002; 87(2):F89-F93. 

 (24)  Sahn DJ, Lange LW, Allen HD, Goldberg SJ, Anderson C, Giles H et al. Quantitative real-time cross-
sectional echocardiography in the developing normal humam fetus and newborn. Circulation 1980; 
62(3):588-597. 

 (25)  Wladimiroff JW, Vosters R, Vletter W. Ultrasonic measurement of fetal and neonatal ventricular 
dimensions. Contrib Gynecol Obstet 1979; 6:109-114. 

 (26)  Kiserud T, Acharya G. The fetal circulation. Prenat Diagn 2004; 24(13):1049-1059. 

 (27)  Smolich JJ, Walker AM, Campbell GR, Adamson TM. Left and right ventricular myocardial 
morphometry in fetal, neonatal, and adult sheep. Am J Physiol Heart Circ Physiol 1989; 257(1):H1-H9. 

55



 (28)  Sasse S, Brand NJ, Kyprianou P, Dhoot GK, Wade R, Arai M et al. Troponin I gene expression during 
human cardiac development and in end- stage heart failure. Circ Res 1993; 72(5):932-938. 

 (29)  Friedman WF. The intrinsic physiologic properties of the developing heart. Prog Cardiovasc Dis 1972; 
15(1):87-111. 

 (30)  Gilbert RD. Control of fetal cardiac output during changes in blood volume. Am J Physiol Heart Circ 
Physiol 1980; 238(1):H80-H86. 

 (31)  Thornburg KL, Morton MJ. Filling and arterial pressures as determinants of left ventricular stroke 
volume in fetal lambs. Am J Physiol Heart Circ Physiol 1986; 251(5):H961-H968. 

 (32)  McDonald KS, Moss RL. Osmotic Compression of Single Cardiac Myocytes Eliminates the Reduction 
in Ca2+ Sensitivity of Tension at Short Sarcomere Length. Circ Res 1995; 77(1):199-205. 

 (33)  Fuchs F, Smith SH. Calcium, Cross-Bridges, and the Frank-Starling Relationship. News Physiol Sci 
2001; 16(1):5-10. 

 (34)  Fisher DJ, Heymann MA, Rudolph AM. Regional myocardial blood flow and oxygen delivery in fetal, 
newborn, and adult sheep. Am J Physiol Heart Circ Physiol 1982; 243(5):H729-H731. 

 (35)  Hoerter JA, Opie LH. Perinatal changes in glycolytic function in response to hypoxia in the incubated 
or perfused rat heart. Biology of the Neonate 33(3-4):144-61, 1978. 

 (36)  Jarmakani JM, Nakazawa M, Nagatomo T, Langer GA. Effect of hypoxia on mechanical function in the 
neonatal mammalian heart. Am J Physiol Heart Circ Physiol 1978; 235(5):H469-H474. 

 (37)  Rychik J. Fetal Cardiovascular Physiology. Pediatr Cardiol 2004; 25(3):201-209. 

 (38)  Fugelseth D, Lindemann R, Liestol K, Kiserud T, Langslet A. Ultrasonographic study of ductus 
venosus in healthy neonates. Archives of Disease in Childhood: Fetal and Neonatal Edition 1997; 
77(2):F131-F134. 

 (39)  Teitel DF, Iwamoto HS, Rudolph AM. Effects of birth-related events on central blood flow patterns. 
Pediatr Res 1987; 22(5):557-566. 

 (40)  Teitel DF. Circulatory adjustments to postnatal life. Semin Perinatol 1988; 21(2):96-103. 

 (41)  Gao Y, Raj J. Role of veins in regulation of pulmonary circulation. Am J Physiol Lung Cell Mol 
Physiol 2005; 288(2):L213-L226. 

 (42)  Iwamoto HS, Teitel D, Rudolph AM. Effects of birth-related events on blood flow distribution. 
Pediatric Researc 1987; 22(6):634-640. 

56



 (43)  Ziegler JW, Ivy DD, Kinsella JP, Abman SH. The role of nitric oxide, endothelin, and prostaglandins in 
the transition of the pulmonary circulation. Clin Perinatol 1995; 22(2):387-403. 

 (44)  Emmanouilides GC, Baylen BG. Neonatal cardiopulmonary distress without congenital heart disease. 
Curr Probl Pediatr 1979; 9(7):1-39. 

 (45)  Walther FJ, Benders MJ, Leighton JO. Early changes in the neonatal circulatory transition. J Pediatr 
1993; 123(4):625-632. 

 (46)  Tiktinsky MH, Morin FC, III. Increasing oxygen tension dilates fetal pulmonary circulation via 
endothelium-derived relaxing factor. Am J Physiol Heart Circ Physiol 1993; 265(1):H376-H380. 

 (47)  Anderson PA, Glick KL, Manring A, Crenshaw C, Jr. Developmental changes in cardiac contractility in 
fetal and postnatal sheep: in vitro and in vivo. Am J Physiol Heart Circ Physiol 1984; 247(3):H371-
H379. 

 (48)  Anderson PAW, Manring A, Glick KL, Crenshaw CC, Jr. Biophysics of the developing heart. III. A 
comparison of the left ventricular dynamics of the fetal and neonatal lamb heart. Am J Obstet Gynecol 
1982; 143(2):195-203. 

 (49)  Chen H, Li D, Saldeen T, Mehta JL. TGF-beta 1 attenuates myocardial ischemia-reperfusion injury via 
inhibition of upregulation of MMP-1. Am J Physiol Heart Circ Physiol 2003; 284(5):H1612-H1617. 

 (50)  Ono M, Nakamura M, Koga Y. KB-R9032, newly developed Na+/H+ exchange inhibitor, attenuates 
reperfusion-induced arrhythmias in isolated perfused rat heart. Journal of Anesthesia 2004; 18(3):196-
202. 

 (51)  Stadler B, Phillips J, Toyoda Y, Federman M, Levitsky S, McCully JD. Adenosine-enhanced ischemic 
preconditioning modulates necrosis and apoptosis: effects of stunning and ischemia-reperfusion. The 
Annals of Thoracic Surgery 2001; 72(2):555-563. 

 (52)  Lalu MM, Pasini E, Schulze CJ, Ferrari-Vivaldi M, Ferrari-Vivaldi G, Bachetti T et al. Ischaemia-
reperfusion injury activates matrix metalloproteinases in the human heart. Eur Heart J 2005; 26(1):27-
35. 

 (53)  Raj U, Shimoda L. Oxygen-dependent signaling in pulmonary vascular smooth muscle. Am J Physiol 
Lung Cell Mol Physiol 2002; 283(4):L671-L677. 

 (54)  Moudgil R, Michelakis E, Archer S. Hypoxic pulmonary vasoconstriction. J Appl Physiol 2005; 
98(1):390-403. 

 (55)  Sanderud J, Norstein J, Saugstad OD. Reactive oxygen metabolites produce pulmonary vasoconstriction 
in young pigs. Pediatr Res 1991; 29(6):543-547. 

 (56)  Clyman RI, Saugstad OD, Mauray F. Reactive oxygen metabolites relax the lamb ductus arteriosus by 
stimulating prostaglandin production. Circ Res 1989; 64(1):1-8. 

57



 (57)  Hambraeus-Jonzon K, Bindslev L, Mellgard A J, Hedenstierna G. Hypoxic Pulmonary Vasoconstriction 
in Human Lungs: A Stimulus-Response Study. Anesthesiology 1997; 86(2):308-315. 

 (58)  Akasaka T, Yoshikawa J, Yoshida K, Hozumi T, Takagi T, Okura H. Comparison of relation of systolic 
flow of the right coronary artery to pulmonary artery pressure in patients with and without pulmonary 
hypertension. Am J Cardiol 1996; 78(2):240-244. 

 (59)  Watanabe N, Awa S, Akagi M, Ando Y, Oki N, Waragai T et al. Effects of heart rate and right 
ventricular pressure on right coronary arterial flow and its systolic versus diastolic distribution in a 
variety of congenital heart diseases in children. Pediatr Int 2000; 42(5):476-482. 

 (60)  Sanderud J, Kumlin M, Granstrom E, Saugstad OD. Effects of oxygen radicals on cysteinyl leukotriene 
metabolism and pulmonary circulation in young pigs. European Surgical Research 27(2):117-26, 1995. 

 (61)  Sanderud J, Bjoro K, Saugstad OD. Oxygen radicals stimulate thromboxane and prostacyclin synthesis 
and induce vasoconstriction in pig lungs. Scandinavian Journal of Clinical & Laboratory Investigation 
53(5):447-55, 1993. 

 (62)  Giaccia A, Simon MC, Johnson R. The biology of hypoxia: the role of oxygen sensing in development, 
normal function, and disease. Genes Dev 2004; 18(18):2183-2194. 

 (63)  Saugstad OD, Aasen AO. Plasma hypoxanthine concentrations in pigs. A prognostic aid in hypoxia. Eur 
Surg Res 1980; 12(2):123-129. 

 (64)  Lefer D, Granger D. Oxidative stress and cardiac disease. The American Journal of Medicine 2000; 
109(4):315-323. 

 (65)  Wainwright C. Matrix metalloproteinases, oxidative stress and the acute response to acute myocardial 
ischaemia and reperfusion. Current Opinion in Pharmacology 2004; 4(2):132-138. 

 (66)  Ihnken K, Morita K, Buckberg GD, Ihnken O, Winkelmann B, Sherman M. Prevention of 
reoxygenation injury in hypoxaemic immature hearts by priming the extracorporeal circuit with 
antioxidants. Cardiovasc Surg 1997; 5(6):608-619. 

 (67)  Ferrari R, Ceconi C, Curello S, Cargnoni A, Pasini E, De Giuli F et al. Role of oxygen free radicals in 
ischemic and reperfused myocardium. Am J Clin Nutr 1991; 53(1):215S-2222. 

 (68)  Becker LB. New concepts in reactive oxygen species and cardiovascular reperfusion physiology. 
Cardiovasc Res 2004; 61(3):461-470. 

 (69)  Faller DV. Endothelial cell responses to hypoxic stress [Review]. Clin Exp Pharmacol Physiol 1999; 
26(1):74-84. 

 (70)  Ferrari R, Ceconi C, Curello S, Cargnoni A, Medici D. Oxygen free radicals and reperfusion injury; the 
effect of ischaemia and reperfusion on the cellular ability to neutralise oxygen toxicity. J Mol Cell 
Cardiol 1986; 18:Suppl-9. 

58



 (71)  Saugstad OD. Mechanisms of tissue injury by oxygen radicals: implications for neonatal disease. Acta 
Paediatr 1996; 85(1):1-4. 

 (72)  Droge W. Free Radicals in the Physiological Control of Cell Function. Physiol Rev 2002; 82(1):47-95. 

 (73)  Hess ML, Manson NH. Molecular oxygen: Friend and foe. The role of the oxygen free radical system in 
the calcium paradox, the oxygen paradox and ischemia/reperfusion injury. J Mol Cell Cardiol 1984; 
16(11):969-985. 

 (74)  Prior RL, Wu X, Schaich K. Standardized Methods for the Determination of Antioxidant Capacity and 
Phenolics in Foods and Dietary Supplements. J Agric Food Chem 2005; 53(10):4290-4302. 

 (75)  Li D, Williams V, Liu L, Chen H, Sawamura T, Antakli T et al. LOX-1 inhibition in myocardial 
ischemia-reperfusion injury: modulation of MMP-1 and inflammation. Am J Physiol Heart Circ Physiol 
2002; 283(5):H1795-H1801. 

 (76)  Wang W, Sawicki G, Schulz R. Peroxynitrite-induced myocardial injury is mediated through matrix 
metalloproteinase-2. Cardiovasc Res 2002; 53(1):165-174. 

 (77)  Gao CQ, Sawicki G, Suarez-Pinzon WL, Csont T, Wozniak M, Ferdinandy P et al. Matrix 
metalloproteinase-2 mediates cytokine-induced myocardial contractile dysfunction. Cardiovasc Res 
2003; 57(2):426-433. 

 (78)  Nagase H, Woessner JF. Matrix metalloproteinases. J Biol Chem 1999; 274(31):21491-21494. 

 (79)  Sternlicht MD, Werb Z. How Matrix Metalloproteinases Regulate Cell Behavior. Annu Rev Cell Dev 
Biol 2001; 17(1):463-516. 

 (80)  Birkedal-Hansen H, Moore WG, Bodden MK, Windsor LJ, Birkedal-Hansen B, DeCarlo A et al. Matrix 
metalloproteinases: a review. [Review] [406 refs]. Crit Rev Oral Biol Med 1993; 4(2):197-250. 

 (81)  Deschamps AM, Spinale FG. Matrix modulation and heart failure: new concepts question old beliefs. 
[Miscellaneous]. Curr Opin Cardiol 2005; 20(3):211-216. 

 (82)  Woessner JF, Jr. Matrix metalloproteinases and their inhibitors in connective tissue remodeling. FASEB 
J 1991; 5(8):2145-2154. 

 (83)  Visse R, Nagase H. Matrix Metalloproteinases and Tissue Inhibitors of Metalloproteinases: Structure, 
Function, and Biochemistry. Circ Res 2003; 92(8):827-839. 

 (84)  Okamoto T, Akaike T, Sawa T, Miyamoto Y, van der Vliet A, Maeda H. Activation of matrix 
metalloproteinases by peroxynitrite-induced protein S-glutathiolation via disulfide S-oxide formation. J 
Biol Chem 2001; 276(31):29596-29602. 

59



 (85)  Uemura S, Matsushita H, Li W, Glassford AJ, Asagami T, Lee KH et al. Diabetes Mellitus Enhances 
Vascular Matrix Metalloproteinase Activity : Role of Oxidative Stress. Circ Res 2001; 88(12):1291-
1298. 

 (86)  Rajagopalan S, Meng X, Ramasamy S, Harrison D, Galis Z. Reactive Oxygen Species Produced by 
Macrophage-derived Foam Cells Regulate the Activity of Vascular Matrix Metalloproteinases In Vitro . 
Implications for Atherosclerotic Plaque Stability. J Clin Invest 1996; 98(11):2572-2579. 

 (87)  Owens MW, Milligan SA, Jourd'heuil D, Grisham MB. Effects of reactive metabolites of oxygen and 
nitrogen on gelatinase A activity. Am J Physiol Lung Cell Mol Physiol 1997; 273(2):L445-L450. 

 (88)  Galis ZS, Asanuma K, Godin D, Meng X. N-Acetyl-Cysteine Decreases the Matrix-Degrading Capacity 
of Macrophage-Derived Foam Cells : New Target for Antioxidant Therapy? Circulation 1998; 
97(24):2445-2453. 

 (89)  Sawicki G, Salas E, Murat J, Miszta-Lane H, Radomski MW. Release of gelatinase A during platelet 
activation mediates aggregation. Nature 1997; 386(6625):616-619. 

 (90)  Matsumura S, Iwanaga S, Mochizuki S, Okamoto H, Ogawa S, Okada Y. Targeted deletion or 
pharmacological inhibition of MMP-2 prevents cardiac rupture after myocardial infarction in mice. J 
Clin Invest 2005; 115(3):599-609. 

 (91)  Schulz CG, Sawicki G, Lemke RP, Roeten BM, Schulz R, Cheung PY. MMP-2 and MMP-9 and their 
tissue inhibitors in the plasma of preterm and term neonates. Pediatr Res 2004; 55(5):794-801. 

 (92)  The World Health Report 1995. Geneva, World Health Organization.  21. 1997.  
Ref Type: Report 

 (93)  Contributors and Reviewers for the Neonatal Resuscitation Guidelines. International Guidelines for 
Neonatal Resuscitation: An Excerpt From the Guidelines 2000 for Cardiopulmonary Resuscitation and 
Emergency Cardiovascular Care: International Consensus on Science. Pediatrics 2000; 106(3):e29. 

 (94)  Niermeyer S, Perlman J. Pathophysiology of neonatal resuscitation: application in a global context. 
Semin Neonatol 2001; 6(3):213-217. 

 (95)  Raju TN. History of neonatal resuscitation. Tales of heroism and desperation. Clin Perinatol 1999; 
26(3):629-40,vi-vii. 

 (96)  Niermeyer S, Van Reempts P, Kattwinkel J, Wiswell T, Burchfield D, Saugstad OD et al. Resuscitation 
of newborns. Ann Emerg Med 2001; 37(4:Suppl):Suppl-25. 

 (97)  Perlman JM, Risser R. Cardiopulmonary resuscitation in the delivery room. Associated clinical events. 
Arch Pediatr Adolesc Med 1995; 149(1):20-25. 

 (98)  Carrasco M, Martell M, Estol PC. Oronasopharyngeal suction at birth: effects on arterial oxygen 
saturation. J Pediatr 1997; 130(5):832-4. 

60



 (99)  Daly MD, Angell-James JE, Elsner R. Role of carotid-body chemoreceptors and their reflex interactions 
in bradycardia and cardiac arrest. Lancet 1979; 1(8119):764-767. 

 (100)  Lanier B, Richardson MA, Cummings C. Effect of hypoxia on laryngeal reflex apnea -implications for 
sudden infant death. Otolaryngol Head Neck Surg 1983; 91(6):597-604. 

 (101)  Daly MD. Carotid chemoreceptor reflex cardioinhibitory responses: comparison of their modulation by 
central inspiratory neuronal activity and activity of pulmonary stretch afferents. Adv Exp Med Biol 
1993; 337:333-343. 

 (102)  Vyas H, Milner AD, Hopkin IE, Boon AW. Physiologic responses to prolonged and slow-rise inflation 
in the resuscitation of the asphyxiated newborn infant. J Pediatr 1981; 99(4):635-639. 

 (103)  Saugstad OD. Practical aspects of resuscitating asphyxiated newborn infants. [Review] [17 refs]. Eur J 
Pediatr 1998; 157 Suppl 1(Suppl 1):S11-S15. 

 (104)  American Heart Association. Guidelines for cardiopulmonary resuscitation and emergency cardiac care. 
Emergency Cardiac Care Committee and Subcommittees, American Heart Association. Part VII. 
Neonatal resuscitation. JAMA 1992; 268(16):2276-2281. 

 (105)  Saugstad OD RSVM. Resuscitation of Depressed Newborn Infants with Ambient Air or Pure Oxygen: 
A Meta-Analysis.  Biol Neonate 2005; 87:27-34. 

 (106)  Lefkowitz W. Oxygen and Resuscitation: Beyond the Myth. Pediatrics 2002; 109(3):517-519. 

 (107)  Levine CR, Davis JM. Resuscitation with 100% oxygen: should we change our ways? Pediatr Res 
2001; 50(4):432. 

 (108)  Part 11: Neonatal Resuscitation. Circulation 2000; 102:343-357. 

 (109)  World Health Organization. Basic newborn resuscitation: A practical guide. Maternal and Newborn 
health/safe moderhood unit.Divition of reproductive health, editor. [1998 - WHO/RHT/MSM/98.1]. 12-
12-1998. Geneva.  
Ref Type: Data File 

 (110)  Milner A. The importance of ventilation to effective resuscitation in the term and preterm infant. Semin 
Neonatol 2001; 6(3):219-224. 

 (111)  O'Donnell CP, Davis PG, Morley CJ. Resuscitation of premature infants: what are we doing wrong and 
can we do better? Biol Neonate 2003; 84(1):76-82. 

 (112)  Palme-Kilander C. Methods of resuscitation in low-Apgar-score newborn infants--a national survey. 
Acta Paediatr 1992; 81(10):739-744. 

61



 (113)  Vyas H, Field D, Milner AD, Hopkin IE. Determinants of the first inspiratory volume and functional 
residual capacity at birth. Pediatr Pulmonol 1986; 2(4):189-193Aug.

 (114)  Hamilton PP, Onayemi A, Smyth JA, Gillan JE, Cutz E, Froese AB et al. Comparison of conventional 
and high-frequency ventilation: oxygenation and lung pathology. J Appl Physiol 1983; 55(1):131-138. 

 (115)  Probyn ME, Hooper SB, Dargaville P, McCallion N, Crossley K, Harding R et al. Positive End 
Expiratory Pressure during Resuscitation of Premature Lambs Rapidly Improves Blood Gases without 
Adversely Affecting Arterial Pressure. Pediatr Res 2004; 56(2):198-204. 

 (116)  Kardos A, Vereczkey G, Szentirmai C. Haemodynamic changes during positive-pressure ventilation in 
children. Acta Anaesthesiol Scand 2005; 49(5):649-653. 

 (117)  CO'Donnell, PDavis, CMorley. Positive end-expiratory pressure for resuscitation of newborn infants at 
birth. The Cochrane Database of Systematic Reviews [Issue 2]. 2005.  
Ref Type: Electronic Citation 

 (118)  Auten RL, Vozzelli M, Clark RH. Volutrauma. What is it, and how do we avoid it? Clin Perinatol 2001; 
28(3):505-515. 

 (119)  Donn SM, Sinha SK. Can mechanical ventilation strategies reduce chronic lung disease? Semin 
Neonatol 2003; 8(6):441-448. 

 (120)  Varughese M, Patole S, Shama A, Whitehall J. Permissive hypercapnia in neonates: the case of the 
good, the bad, and the ugly. Pediatr Pulmonol 2002; 33(1):56-64. 

 (121)  Bifano EM, Pfannenstiel A. Duration of hyperventilation and outcome in infants with persistent 
pulmonary hypertension. Pediatrics 1988; 81(5):657-661. 

 (122)  Aufderheide TP, Sigurdsson G, Pirrallo RG, Yannopoulos D, McKnite S, von Briesen C et al. 
Hyperventilation-Induced Hypotension During Cardiopulmonary Resuscitation. Circulation 2004; 
109(16):1960-1965. 

 (123)  Pepe PE, Raedler C, Lurie KG, Wigginton JG. Emergency ventilatory management in hemorrhagic 
states: elemental or detrimental? J Trauma 2003; 54(6):1048-1055. 

 (124)  Martin L. Oxygen Therapy: The First 150 Years Curiosities, Quackeries, and Other Historical Trivia.  A 
chronology from Priestley to Haldane, based mainly on original sources. Division of Pulmonary and 
Critical Care Medicine Mt.Sinai Medical Center Cleveland, Ohio . 1999.  
Ref Type: Electronic Citation 

 (125)  Haldane J. The therapeutic administration of oxygen. Br Med J 1917;181-183. 

 (126)  Anonymous. Reports on societies: Oxygen therapy. A discussion on the therapeutic uses of oxygen, 
including comments by J Bancroft and J.S.Haldane. Br Med J 1920. 

62



 (127)  Sinha S, Tin W. The controversies surrounding oxygen therapy in neonatal intensive care units. Curr 
Opin Pediatr 2003; 15(2):161-165. 

 (128)  Campbell K. Intensive oxygen therapy as a possible cause of retrolental fibroplasia: a clinical approach. 
Med J Aust 1951;(ii):48-50. 

 (129)  Patz A, Hoeck LE, de la Cruz E. Studies on the effect of high oxygen administration in retrolental 
fibroplasia. 1. Nursery observations. Am J Ophthalmol 1952; 35:1248-1253. 

 (130)  Davis P, Tan A, O'Donnell C, Schulze A. Resuscitation of newborn infants with 100% oxygen or air: a 
systematic review and meta-analysis. The Lancet 2004; 364(9442):1329-1333. 

 (131)  Hansmann G. Neonatal resuscitation on air: it is time to turn down the oxygen tanks? The Lancet 2004; 
364(9442):1293-1294. 

 (132)  Fugelseth D, Satas S, Runde M, Haga P, Thoresen M. Cardiac function and morphology studied by 
two-dimensional Doppler echocardiography in unsedated newborn pigs. Exp Physiol 1999; 84(1):69-
78. 

 (133)  Swindle M.M. Surgery, Anesthesia, and Experimental Techniques in Swine. First edition ed. Ames: 
Iowa State Press, 1998. 

 (134)  Weaver ME, Pantely GA, Bristow JD, Ladley HD. A quantitative study of the anatomy and distribution 
of coronary arteries in swine in comparison with other animals and man. Cardiovasc Res 1986; 
20(12):907-917. 

 (135)  Fetal and Neonatal Physiology. 3rd ed. Philadelphia: Saunders, 2004. 

 (136)  Egeli AK. Iron deficiency anemia in piglets. 1998. 

 (137)  Novy MJ, Hoversland AS, Dhindsa DS, James M. Blood oxygen affinity and hemoglobin type in adult, 
newborn, and fetal pigs. Respir Physiol 1973; 19(1):1-11. 

 (138)  Miller RD. Anesthesia 5th ed. 5th ed. Philadelphia: Churchill Livingstone, 2000. 

 (139)  Millar Instruments, Inc. Houston, Texas, USA. http://www.millarinstruments.com/ . 2005.  
Ref Type: Electronic Citation 

 (140)  Hirsch R, Landt Y, Porter S, Canter CE, Jaffe AS, Ladenson JH et al. Cardiac troponin I in pediatrics: 
normal values and potential use in the assessment of cardiac injury. J Pediatr 1997; 130(6):872-877. 

 (141)  Feng YJ, Chen C, Fallon JT, Lai T, Chen L, Knibbs DR et al. Comparison of cardiac troponin I, 
creatine kinase-MB, and myoglobin for detection of acute ischemic myocardial injury in a swine model 
3. Am J Clin Pathol 1998; 110(1):70-77. 

63



 (142)  Taggart DP, Hadjinikolas L, Hooper J, Albert J, Kemp M, Hue D et al. Effects of age and ischemic 
times on biochemical evidence of myocardial injury after pediatric cardiac operations. Journal of 
Thoracic & Cardiovascular Surgery 1997; 113(4):728-735. 

 (143)  Adams JE, III, Bodor GS, Davila-Roman VG, Delmez JA, Apple FS, Ladenson JH et al. Cardiac 
troponin I. A marker with high specificity for cardiac injury. Circulation 1993; 88(1):101-106. 

 (144)  Clark SJ, Newland P, Yoxall CW, Subhedar NV. Cardiac troponin T in neonates. Acta Paediatr 2001; 
90(8):957. 

 (145)  Towbin JA, Gajarski RJ. Cardiac troponin I: a new diagnostic gold standard of cardiac injury in 
children? J Pediatr 1997; 130(6):853-855. 

 (146)  Adamcova M. Troponines in children and neonates. Acta Paediatr 2003; 92:1373-1375. 

 (147)  Christenson RH, Duh SH, Apple FS, Bodor GS, Bunk DM, Dalluge J et al. Standardization of Cardiac 
Troponin I Assays: Round Robin of Ten Candidate Reference Materials. Clin Chem 2001; 47(3):431-
437. 

 (148)  Trevisanuto D, Pitton M, Altinier S, Zaninotto M, Plebani M, Zanardo V. Cardiac troponin I, cardiac 
troponin T and creatinin kinase MB concentrations in umbilical cord blood of healthy term neonates. 
Acta Paediatr 2003; 92:1463-1467. 

 (149)  Soldin SJ, Murthy JN, Agarwalla PK, Ojeifo O, Chea J. Pediatric reference ranges for creatine kinase, 
CKMB, troponin I, iron, and cortisol 
9. Clin Biochem 1999; 32(1):77-80. 

 (150)  Stromme JH, Rolstad OJ, Mangschau A. Troponins and other biochemical cardiac markers--time for a 
change. Tidsskr Nor Laegeforen 2000; 120(16):1863-1869. 

 (151)  Bleier J, Vorderwinkler KP, Falkensammer J, Mair P, Dapunt O, Puschendorf B et al. Different 
intracellular compartmentations of cardiac troponins and myosin heavy chains: a causal connection to 
their different early release after myocardial damage. Clin Chem 1998; 44(9):1912-1918. 

 (152)  Apple FS, Christenson RH, Valdes R, Jr., Andriak AJ, Berg A, Duh SH et al. Simultaneous rapid 
measurement of whole blood myoglobin, creatine kinase MB, and cardiac troponin I by the triage 
cardiac panel for detection of myocardial infarction. Clin Chem 1999; 45(2):199-205. 

 (153)  Taggart DP, Hadjinikolas L, Wong K, Yap J, Hooper J, Kemp M et al. Vulnerability of paediatric 
myocardium to cardiac surgery. Heart 1996; 76(3):214-217. 

 (154)  Borke WB, Munkeby BH, Morkrid L, Thaulow E, Saugstad OD. Resuscitation with 100% O2 does not 
protect the myocardium in hypoxic newborn piglets. Arch Dis Child Fetal Neonatal Ed 2004; 
89(2):F156-F160. 

 (155)  Malay M. Clinical implications of matrix metalloproteinases. Mol Cell Biochem 2003; 252(1):305-329. 

64



 (156)  Wang W, Schulze CJ, Suarez-Pinzon WL, Dyck JR, Sawicki G, Schulz R. Intracellular action of matrix 
metalloproteinase-2 accounts for acute myocardial ischemia and reperfusion injury. Circulation 2002; 
106(12):1543-1549. 

 (157)  Ueshima K, Shibata M, Suzuki T, Endo S, Hiramori K. Extracellular matrix disturbances in acute 
myocardial infarction: relation between disease severity and matrix metalloproteinase-1, and effects of 
magnesium pretreatment on reperfusion injury. Magnes Res 2003; 16(2):120-126. 

 (158)  Ben Yosef Y, Lahat N, Shapiro S, Bitterman H, Miller A. Regulation of Endothelial Matrix 
Metalloproteinase-2 by Hypoxia/Reoxygenation. Circ Res 2002; 90(7):784-791. 

 (159)  Cheung PY, Sawicki G, Wozniak M, Wang W, Radomski MW, Schulz R. Matrix metalloproteinase-2 
contributes to ischemia-reperfusion injury in the heart. Circulation 2000; 101(15):1833-1839. 

 (160)  Etoh T, Joffs C, Deschamps AM, Davis J, Dowdy K, Hendrick J et al. Myocardial and interstitial matrix 
metalloproteinase activity after acute myocardial infarction in pigs. Am J Physiol Heart Circ Physiol 
2001; 281(3):H987-H994. 

 (161)  Sawicki G, Sanders EJ, Salas E, Wozniak M, Rodrigo J, Radomski MW. Localization and translocation 
of MMP-2 during aggregation of human platelets. Thromb Haemost 1998; 80(5):836-839. 

 (162)  Haase E, Bigam D, Nakonechny Q, Rayner D, Korbutt G, Cheung P. Cardiac function, myocardial 
glutathione, and matrix metalloproteinase-2 levels in hypoxic newborn pigs reoxygenated by 21%, 
50%, or 100% oxygen. Shock 2005; 23(4):383-389. 

 (163)  Borke WB, Munkeby BH, Halvorsen B, Bjornland K, Tunheim SH, Borge GIA et al. Increased 
myocardial matrix metalloproteinases in hypoxic newborn pigs during resuscitation: effects of oxygen 
and carbon dioxide. Eur J Clin Invest 2004; 34(7):459-466. 

 (164)  Li C, Jackson RM. Reactive species mechanisms of cellular hypoxia-reoxygenation injury. Am J 
Physiol Cell Physiol 2002; 282(2):C227-C241. 

 (165)  Cao G, Giovanoni M, Prior RL. Antioxidant capacity in different tissues of young and old rats. Proc 
Soc Exp Biol Med 1996; 211(4):359-365. 

 (166)  Cao G, Shukitt-Hale B, Bickford PC, Joseph JA, McEwen J, Prior RL. Hyperoxia-induced changes in 
antioxidant capacity and the effect of dietary antioxidants. J Appl Physiol 1999; 86(6):1817-1822. 

 (167)  Park JL, Lucchesi BR. Mechanisms of myocardial reperfusion injury. The Annals of Thoracic Surgery 
1999; 68(5):1905-1912. 

 (168)  Ferrari R, Ceconi C, Curello S, Guarnieri C, Caldarera CM, Albertini A et al. Oxygen-mediated 
myocardial damage during ischaemia and reperfusion: role of the cellular defences against oxygen 
toxicity. J Mol Cell Cardiol 1985; 17(10):937-945. 

65



 (169)  Gauduel Y, Menasche P, Duvelleroy M. Enzyme release and mitochondrial activity in reoxygenated 
cardiac muscle: relationship with oxygen-induced lipid peroxidation. Gen Physiol Biophys 1989; 
8(4):327-340. 

 (170)  Hatle L. Introduction to Doppler echocardiography. Acta Paediatrica Scandinavica - Supplement 329:7-
9, 1986. 

 (171)  Snider AR, Serwer G.A., Ritter S.B. Echocardiography in pediatric heart disease. Second ed. St. Louis: 
Mosby, 1997. 

 (172)  Yoshida T, Mori M, Nimura Y, Hikita G, Takagishi S, Nakanishi K et al. Analysis of heart motion with 
ultrasonic Doppler method and its clinical application. Am Heart J 1961; 61(1):61-75. 

 (173)  Pislaru C, Pellikka PA. Tissue Doppler and strain-rate imaging in cardiac ultrasound imaging: valuable 
tools or expensive ornaments? Expert Review of Cardiovascular Therapy 2005; 3(1):1-4. 

 (174)  Riggs TW, Rodriguez R, Snider AR, Batton D. Doppler echocardiographic evaluation of right and left 
ventricular diastolic function in normal neonates. J Am Coll Cardiol 1989; 13(3):700-705. 

 (175)  Appleton C, Jensen J, Hatle L, Oh J. Doppler evaluation of left and right ventricular diastolic function: 
A technical guide for obtaining optimal flow velocity recordings. J Am Soc Echocardiogr 1997; 
10(3):271-292. 

 (176)  Ihlen H, Myhre E, Amlie JP, Forfang K, Larsen S. Changes in left ventricular stroke volume measured 
by Doppler echocardiography. Br Heart J 1985; 54(4):378-383. 

 (177)  Skjaerpe T, Hatle L. Noninvasive estimation of systolic pressure in the right ventricle in patients with 
tricuspid regurgitation. Eur Heart J 1986; 7(8):704-710. 

 (178)  Stevenson JG. Comparison of several noninvasive methods for estimation of pulmonary artery pressure. 
J Am Soc Echocardiogr 1989; 2(3):157-171. 

 (179)  Garcia MJ, Thomas JD, Klein AL. New Doppler echocardiographic applications for the study of 
diastolic function. J Am Coll Cardiol 1998; 32(4):865-875. 

 (180)  D'hooge J, Heimdal A, Jamal F, Kukulski T, Bijnens B, Rademakers F et al. Regional strain and strain 
rate measurements by cardiac ultrasound: principles, implementation and limitations. European Journal 
of Echocardiography 2000; 1(3):154-170. 

 (181)  Storaa C, Aberg P, Lind B, Brodin L. Effect of Angular Error on Tissue Doppler Velocities and Strain. 
null 2003; 20(7):581-587. 

 (182)  Stoylen A. Strain rate imaging of the left ventricle by ultrasound. Feasibility, clinical validation and 
physiological aspects. Trondheim: Norwegian University of Science and Technology, Faculty of 
Medicine, 2001. 

66



 (183)  Gunnes S, Storaa C, Lind B, Nowak J, Brodin L. Analysis of the effect of temporal filtering in 
myocardial tissue velocity imaging. J Am Soc Echocardiogr 2004; 17(11):1138-1145. 

 (184)  Garcia MJ, Rodriguez L, Ares M, Griffin BP, Klein AL, Stewart WJ et al. Myocardial wall velocity 
assessment by pulsed Doppler tissue imaging: characteristic findings in normal subjects. Am Heart J 
1996; 132(3):648-656. 

 (185)  Weidemann F, Eyskens B, Sutherland GR. New ultrasound methods to quantify regional myocardial 
function in children with heart disease. Pediatr Cardiol 2002; 23(3):292-306. 

 (186)  Heimdal A, Stoylen A, Torp H, Skjaerpe T. Real-time strain rate imaging of the left ventricle by 
ultrasound. J Am Soc Echocardiogr 1998; 11(11):1013-1019. 

 (187)  Mirsky I, Pasternac A, Ellison RC. General index for the assessment of cardiac function. The American 
Journal of Cardiology 1972; 30(5):483-491. 

 (188)  Mirsky I, Parmley WW. Assessment of passive elastic stiffness for isolated heart muscle and the intact 
heart. Circ Res 1973; 33(2):233-243. 

 (189)  Urheim S, Edvardsen T, Torp H, Angelsen B, Smiseth OA. Myocardial strain by Doppler 
echocardiography. Validation of a new method to quantify regional myocardial function. Circulation 
2000; 102(10):1158-1164. 

 (190)  Edvardsen T, Skulstad H, Aakhus S, Urheim S, Ihlen H. Regional myocardial systolic function during 
acute myocardial ischemia assessed by strain Doppler echocardiography 
17. J Am Coll Cardiol 2001; 37(3):726-730. 

 (191)  Greenberg NL, Firstenberg MS, Castro PL, Main M, Travaglini A, Odabashian JA et al. Doppler-
derived myocardial systolic strain rate is a strong index of left ventricular contractility. Circulation 
2002; 105(1):99-105. 

 (192)  Abraham TP, Nishimura RA, Holmes DR, Jr., Belohlavek M, Seward JB. Strain rate imaging for 
assessment of regional myocardial function: results from a clinical model of septal ablation. Circulation 
2002; 105(12):1403-1406. 

 (193)  Pislaru C, Abraham TP, Belohlavek M. Strain and strain rate echocardiography. Curr Opin Cardiol 
2002; 17(5):443-454. 

 (194)  Edvardsen T, Gerber BL, Garot J, Bluemke DA, Lima JAC, Smiseth OA. Quantitative Assessment of 
Intrinsic Regional Myocardial Deformation by Doppler Strain Rate Echocardiography in Humans: 
Validation Against Three-Dimensional Tagged Magnetic Resonance Imaging. Circulation 2002; 
106(1):50-56. 

 (195)  Skulstad H, Edvardsen T, Urheim S, Rabben SI, Stugaard M, Lyseggen E et al. Postsystolic shortening 
in ischemic myocardium: active contraction or passive recoil? Circulation 2002; 106(6):718-724. 

67



 (196)  Weidemann F, Jamal F, Sutherland GR, Claus P, Kowalski M, Hatle L et al. Myocardial function 
defined by strain rate and strain during alterations in inotropic states and heart rate. Am J Physiol Heart 
Circ Physiol 2002; 283(2):H792-H799. 

 (197)  Weidemann F, Jamal F, Kowalski M, Kukulski T, D'hooge J, Bijnens B et al. Can strain rate and strain 
quantify changes in regional systolic function during dobutamine infusion, B-blockade, and atrial 
pacing--implications for quantitative stress echocardiography. J Am Soc Echocardiogr 2002; 15(5):416-
424. 

 (198)  Boettler P, Claus P, Herbots L, McLaughlin M, D'hooge J, Bijnens B et al. New aspects of the 
ventricular septum and its function - an echocardiographic study. Heart 2005;hrt. 

 (199)  Medbo S, Yu XQ, Asberg A, Saugstad OD. Pulmonary hemodynamics and plasma endothelin-1 during 
hypoxemia and reoxygenation with room air or 100% oxygen in a piglet model. Pediatr Res 1998; 
44(6):843-849. 

 (200)  Munkeby B, Børke W, Bjornland K, Sikkeland LIB, Borge G, Halvorsen B et al. Resuscitation with 
100% O2 Increases Cerebral Injury in Hypoxemic Piglets. Pediatr Res 2004; 56(5):783-790. 

 (201)  Solas A, Munkeby BH, Saugstad O.D. Comparison of Short- and Long-Duration Oxygen Treatment 
after Cerebral Asphyxia in Newborn Piglets. Pediatr Res 2004; 56(1):125-131. 

 (202)  Kutzsche S, Ilves P, Kirkeby OJ, Saugstad OD. Hydrogen peroxide production in leukocytes during 
cerebral hypoxia and reoxygenation with 100% or 21% oxygen in newborn piglets. Pediatr Res 2001; 
49(6):834-842. 

 (203)  Rootwelt T, Odden JP, Hall C, Saugstad OD. Regional blood flow during severe hypoxemia and 
resuscitation with 21% or 100% O2 in newborn pigs. J Perinat Med 1996; 24(3):227-236. 

 (204)  Nakanishi T, Okuda H, Nakazawa M, Takao A. Effect of acidosis on contractile function in the 
newborn rabbit heart. Pediatr Res 1985; 19:482-488. 

 (205)  Babu A, Sonnenblick E, Gulati J. Molecular basis for the influence of muscle length on myocardial 
performance. Science 1988; 240(4848):74-76. 

 (206)  Gomes A, Venkatraman G, Davis J, Tikunova S, Engel P, Solaro R et al. Cardiac Troponin T Isoforms 
Affect the Ca2+ Sensitivity of Force Development in the Presence of Slow Skeletal Troponin I: Insights 
into the role of troponin T isoforms in fetal heart-. J Biol Chem 2004; 279(48):49579-49587. 

 (207)  Rudolph AM, Yuan S. Response of the pulmonary vasculature to hypoxia and H+ ion concentration 
changes. J Clin Invest 1966; 45(3):399-411. 

 (208)  Yamamoto Y, Nakano H, Ide H, Ogasa T, Takahashi T, Osanai S et al. Role of airway nitric oxide on 
the regulation of pulmonary circulation by carbon dioxide. J Appl Physiol 2001; 91(3):1121-1130. 

68



 (209)  Vento M, Sastre J, Gomez C, Fernando GS, Asensi M, Jose V et al. Ten Years Experience 
Resuscitating Asphyxiated Neonates with Room Air. Pediatric Academic Societies' Annual Meeting 
2005 CD-ROM . 2005.  
Ref Type: Electronic Citation 

 (210)  CHANDRASEKAR B, Colston J, Freeman G. Induction of proinflammatory cytokine and antioxidant 
enzyme gene expression following brief myocardial ischaemia. Clin Exp Immunol 1997; 108(2):346-
351. 

 (211)  Lonn E, Factor SM, Van Hoeven KH, Wen WH, Zhao M, Dawood F et al. Effects of oxygen free 
radicals and scavengers on the cardiac extracellular collagen matrix during ischemia-reperfusion. Can J 
Cardiol 1994; 10(2):203-213. 

 (212)  Munkeby B, Børke W, Bjørnland K, Sikkeland LI, Borge G, Lømo J et al. Resuscitation of hypoxic 
newborn piglets with 100% O2 increases pulmonary metalloproteinases and IL-8. Pediatr Res 2005. 

 (213)  Konduri GG, Mattei J. Role of oxidative phosphorylation and ATP release in mediating birth-related 
pulmonary vasodilation in fetal lambs. Am J Physiol Heart Circ Physiol 2002; 283(4):H1600-H1608. 

 (214)  Steinhorn RH, Morin FC, III, Gugino SF, Giese EC, Russell JA. Developmental differences in 
endothelium-dependent responses in isolated ovine pulmonary arteries and veins. Am J Physiol Heart 
Circ Physiol 1993; 264(6):H2162-H2167. 

 (215)  King ME, Braun H, Goldblatt A, Liberthson R, Weyman AE. Interventricular septal configuration as a 
predictor of right ventricular systolic hypertension in children: a cross-sectional echocardiographic 
study. Circulation 1983; 68(1):68-75. 

 (216)  Rein AJ, Sanders SP, Colan SD, Parness IA, Epstein M. Left ventricular mechanics in the normal 
newborn. Circulation 1987; 76(5):1029-1036. 

 (217)  Appleton MD FACC. Hemodynamic Determinants of Doppler Pulmonary Venous Flow Velocity 
Components: New Insights From Studies in Lightly Sedated Normal Dogs. J Am Coll Cardiol 1997; 
30(6):1562-1574. 

 (218)  Vlahakes GJ, Turley K, Hoffman JI. The pathophysiology of failure in acute right ventricular 
hypertension: hemodynamic and biochemical correlations. Circulation 1981; 63(1):87-95. 

 (219)  Fugelseth D, Kiserud T, Liestol K, Langslet A, Lindemann R. Ductus venosus blood velocity in 
persistent pulmonary hypertension of the newborn. Arch Dis Child Fetal Neonatal Ed 1999; 81(1):F35-
F39.

 (220)  Slinker BK, Glantz SA. End-systolic and end-diastolic ventricular interaction. Am J Physiol Heart Circ 
Physiol 1986; 251(5):H1062-H1075. 

 (221)  Urheim S, Rabben S, Skulstad H, Lyseggen E, Ihlen H, Smiseth OA. Regional myocardial work by 
strain Doppler echocardiography and LV pressure - a new method for quantifying myocardial function. 
Am J Physiol Heart Circ Physiol 2005;00946. 

69



Errata

Paper III

Results

Second column, Gelatinolytic activity in heart extracts, eighth line should read;  

“MMP-2 was significantly higher in group B than in group A (p=0.012). 

Second column, Total MMP activity, fourth line should read;

“Left ventricle total MMP-activity increased in group A1/B1 (14930.0 R.F.U. ± 922,

P = 0.003) and group A2/B2 (13634.5 R.F.U. ± 1240, P = 0.027) compared to the control  

piglets (9606.5 R.F.U. ± 1453)”. 
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