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Abstract
In the repair of complex congenital heart defects or in surgery of the aortic arch, normal circulation
may be temporarily halted to ensure a clean, bloodless operation field. The brain is the organ most
vulnerable to ischemic injury during this no-flow period, and the mortality and morbidity of these
procedures today consists mostly of neurological complications. Hypothermia decreases the need
for oxygen and other metabolites, and cooling the patient with an extracorporeal heart-lung
machine can provide enough time to perform the necessary surgical procedures during a
circulatory standstill. This procedure is referred to as hypothermic circulatory arrest (HCA).
Sometimes the cerebral circulation can be maintained even if the rest of the body undergoes
circulatory arrest, and this strategy, involving separate catheterization of brain-destined vessels, is
referred to as selective cerebral perfusion (SCP). 

In this work, four separate brain protection strategies were evaluated. Two studies were
performed on a surviving porcine model (I, II) to evaluate neurological recovery as well as
cerebral metabolism and histopathology, and two were acute in design (III, IV), employing the
modern technology of intravital microscopy to examine cerebral microcirculation. 

The first study (I) showed that the administration of hypertonic saline dextran (HSD) led to a
decrease in intracranial pressure, improved brain metabolism, better neurological recovery and
less histopathological injury of the brain tissue in association with HCA. In the second study (II)
a novel pharmacological molecule, levosimendan, reduced the intracranial pressure during the
operation, but no improvement in terms of cerebral metabolism, neurological recovery or
histopathological brain injury was observed after HCA. In the third study (III), real-time intravital
microscopy showed that in association with HCA, a leukocyte depleting filter (LDF) attached to
the cardiopulmonary bypass circuit reduces the number of activated leukocytes in cerebral
microcirculation. In the fourth study (IV), cerebral metabolism and microcirculation were similar
during SCP independent of the acid-base management strategy. 

The results of this work suggest that HSD could be assessed in human trials, that levosimendan
needs further studies to optimize its potential, that the LDF functions as designed and that the
differences between the α- and the pH-stat acid-base management strategies with SCP did not
differ in moderate hypothermia. 

Keywords: cerebral ischemia, hypothermic circulatory arrest, neuroprotection, selective
cerebral perfusion





 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 If I can stop one heart from breaking, 
I shall not live in vain; 

If I can ease one life the aching, 
Or cool one pain, 

Or help one fainting robin 
Unto his nest again, 

I shall not live in vain. 
 

– Emily Dickinson –  
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1 Introduction 

Every year about 500 children are born in Finland with a congenital heart defect, 
and approximately 350 of them require surgery at some point of their life. In the 
adult population, cardiovascular diseases and traumas can lead to complications 
of the heart and the aorta. In order to repair these diverse conditions, the 
cardiothoracic surgeon often needs a bloodless operating field without the 
disturbance of normal circulation. The modern advances in cardiothoracic surgery 
started with the invention of the cardiopulmonary bypass (CPB) technique, where 
a machine could take over the functions of the heart and the lungs, while these 
organs rested and were operated on. Dr. John Gibbon, after careful research with 
animal models, introduced the heart-lung machine and successfully performed a 
CPB in 1953 (Gibbon 1954). The technique was further evolved by the bubble 
oxygenator introduced by Dr. C. Walton Lillehei in 1955 (Lillehei et al. 1956) and 
the roller pump by Dr. Michael E. DeBakey in 1957 (De Bakey et al. 1957). 

Shortly after these inventions, it was discovered that hypothermia can protect 
tissues and organs from damage caused by the interruption of blood flow, lack of 
oxygen and nutrients and nonexistent removal of waste products (i.e. ischemia) 
(Niazi & Lewis 1957). This enabled total cessation of circulation in hypothermic 
temperatures for optimal surgical conditions in cardiothoracic operations. The 
procedure known as hypothermic circulatory arrest, or HCA, is still applied today 
mainly in repair of congenital heart defects and aortic arch surgery. Variations of 
HCA, wherein only the brain circulation is maintained, are also in active use. 

HCA, despite the protective effect of hypothermia, exposes the body to 
ischemic injury, especially when the procedure is prolonged. The most sensitive 
organ to ischemia is the brain, and consequently neurological complications are 
the leading cause of mortality and morbidity in these surgical settings. Despite 
advances in surgical and anaesthesiological techniques, the mortality associated 
with HCA is approximately 9–10% and permanent neurological complications 
occur in about 7–12% of patients (Svensson et al. 1993). The mechanisms of 
ischemic brain injury are nowadays well documented, and it seems that numerous 
detrimental events (including the energy-failure leading to a loss of cellular 
membrane potential, a biochemical cascade and a reperfusion injury fuelled by 
massive activation of the immune system) lead to cellular destruction. 

Methods to protect the brain can focus on several aspects of the cardiac 
operation, and the series of studies in this paper have been aimed to evaluate 
versatile interventions in different phases of surgery. All strategies and drugs in 
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the four separate studies are already in clinical use, but little is known about their 
neuroprotective qualities or their optimal application in terms of brain protection. 
With a unique animal model, it is possible to observe cerebral events during and 
after surgery, and thus provide information that cannot be obtained for human 
trials. 

The first study (I) dwelled on the effectiveness of hypertonic saline dextran 
(HSD) – fluid therapy in a setting of deep HCA. HSD is a potent vasodilator, 
inotrope, immunomodulator and anti-oedemagenic agent, which can be thought to 
create an optimal environment for cerebral protection during any type of cardiac 
surgery. Similar properties are found in a new pharmacological molecule, 
calcium-sensitizer levosimendan, which possesses analogous characteristics of 
vasodilatation, inotropic effects, and immunomodulatory actions. Levosimendan 
was assessed in the second study of this work (II). The studies of these systemic 
interventions, both substances in active clinical use in different indications, were 
aimed to determine whether their use would provide additional protection for the 
brain in association with deep HCA.  

Studies III and IV focused on interventions in association with the 
cardiopulmonary bypass. In study III, a leukocyte-depleting filter was attached to 
the circuit, aiming to reduce the immunological reperfusion injury via depletion 
of activated white blood cells in an operation with deep HCA. Whilst 
intermittently used in various clinical applications, the exact effect of the filter 
remains to be determined, and recent studies on the matter have been quite 
contradictive. Study III was thus aimed to evaluate the exact effects of a 
leukocyte-depleting filter on the cerebral microvasculature. The fourth study, on 
the other hand, focused on the pH-management strategies during CPB. Since the 
topic has been well researched in the past in association with deep HCA, study IV 
focuses on finding the optimal pH-management strategy for selective cerebral 
perfusion (SCP), where the cerebral circulation is maintained during systemic 
circulatory arrest at 25 °C. 
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2 Review of the literature 

2.1 The human brain 

The human central nervous (CNS) system consists of the brain (cerebrum) and the 
spinal cord. Cerebral tissue is composed entirely of neurones, their axons and 
dendrites, and the neuroglia, i.e. the supporting cells of the CNS. Macroscopically, 
sections of any part of the CNS are made up of grey and white matter, the grey 
matter containing most of the neurone cell bodies, and the white matter 
containing the axons. In the brain, a convoluted cortex of grey matter overlies the 
central medullary mass of white matter. 

2.1.1 Neurons and neuroglia 

The elemental cell of CNS is the neuron. Despite great variation in size and shape 
throughout the nervous tissues, they are always composed of the cell body 
(containing the nucleus), the dendrites (that receive the information input as 
action potential by forming synapses with neighbouring neurons) and the axon 
(which conducts the action potential to receiving cells). 

The neuroglia form almost a half the total mass of the CNS and they occupy 
the spaces between neurons efficiently; the CNS contains little extracellular 
material. The neuroglia provide both mechanical (CNS is devoid of collagenous 
tissue) and metabolic support to the neurons. The neuroglial cells can be divided 
into four principal types (Burkitt et al. 1993). 

Astrocytes. These cells are highly branced, filling the spaces between neurons, 
their processes and other neuroglial cells. They provide mechanical support, 
especially in the white matter where their intracellular filaments and microtubules 
are a prominent part of the cell structure. In the grey matter, another important 
function of the astrocytes dominates: they mediate the metabolic exchange 
between neurons and the vascular system and thus regulate the composition of the 
intercellular environment of CNS. The astrocytes play an important role in the 
repair of CNS tissue after any injury or insult. These cells also express a cell-
specific protein called glial fibrillary acidic protein. 

Oligodendrocytes. The oligodendrocytes are responsible for the myelination 
of axons in the CNS. They are dominant in the white matter, but can also be found 
in abundance in the grey matter. 
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Microglia. Microglia function as the monocyte-macrophage system. In 
response to tissue damage, they transform into large amoeboid phagocytic cells, 
and thus have defence and immunological functions. 

Ependymal cells. These cuboidal or low columnar cells line the ventricles and 
spinal canal, creating a specialized epithelium which rests on atrocytoidal 
processes rather than a basement membrane. 

2.1.2 Cerebral cortex 

In mammals, 90% of the cerebral cortex has evolved to a neocortex, which 
consists of the sensory and motor areas, as well as the association cortex. The 
cortical neurons are divided into five characteristic types, with pyramidal cells 
and stellate cells as the most common neuron type represented in the cortex, but 
also cells of Martinotti, fusiform cells and horizontal cells of Cajal are found in 
cortical areas (Burkitt et al. 1993). The structure of the cerebral cortex is 
summarized in Figure 1. The cerebral cortex is arranged in six layers that can be 
described as follows: 

I  Plexiform (molecular) layer. The outermost layer in the cerebral cortex, 
mainly containing dendrites and axons of cortical neurons. Some cells of the 
neuroglia may be found, as well as occasional horizontal cells of Cajal. 

II  Outer granular layer. Thin layer consisting of a dense population of small 
pyramidal cells, stellate cells and various axons as well as dendritic 
connections from deeper layers. 

III  Pyramidal cell layer. Broad layer with mainly pyramidal cells. 
IV  Inner granular layer. Layer with densely packed stellate cells. 
V  Ganglionic layer. This layer was named after huge pyramidal ganglionic Betz 

cells of the motor cortex, but generally it is made of large pyramidal cells, 
stellate cells and cells of Martinotti. 

VI  Multiform cell layer. Innermost layer of the cortex, containing small 
pyramidal cells, cells of Martinotti, stellate cells and fusiform cells. 
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Fig. 1. Layers of the cerebral cortex (modified from Burkitt et al. 1993). 

2.1.3 Blood flow 

Brain tissue is dependent on the oxygen and nutrients supplied by the blood flow 
(Ljunggren et al. 1974), and as long as the systemic mean arterial pressure (MAP) 
is kept within 50 to 170 mmHg, a complex system of autoregulation maintains 
adequate cerebral perfusion at all times (Harper 1966). Thus under physiological 
conditions, despite averaging only 2% of body weight, the brain can receive 14–
20% of the cardiac output. Within the brain, the grey matter receives a lion’s share 
of the blood with a regional flow of 80 ml/100 g/min, whilst the blood flow in the 
less energy-consuming white matter is about 20 ml/100 mg/min (McHenry, Jr. et 
al. 1978).  

2.1.4 Cerebral oxygen metabolism 

The brain consumes about 20% of the total body oxygen in humans. When 
oxygen supply is sufficient, the metabolism of one mole of glucose generates 38 
moles of ATP. The corresponding number in oxygen-deprived (i.e. anaerobic or 
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anoxic) conditions is only 2 moles of ATP, which makes the brain the most 
sensitive tissue to lack of oxygen in the body (Komer 1991). 

2.2 Ischemic brain injury 

2.2.1 Types of cerebral ischemia 

Ischemia can be described as a lack of oxygen and nutrients combined with no 
elimination of waste products. It usually occurs during marked decrease or total 
cessation of blood flow. Ischemia can be global, wherein the entire tissue is 
affected, or it can be focal, meaning restricted to a specific area. The procedure of 
HCA described in this manuscript essentially causes global ischemia, since the 
entire circulation is stopped (Tabuchi et al. 1995). However, manipulation of 
atherosclerotic vessels during cardiac surgery, and postoperative arrhythmias can 
lead to formation of micro- and macroemboli, leading to focal ischemia in the 
brain tissue (Hogue, Jr. et al. 1999). The formation of microbubbles and clots can 
also occur in the CPB circuit (Hsu 2001). Thus HCA can be viewed as a 
combination of the two types of brain ischemia. 

2.2.2 Pathogenesis of ischemic brain injury 

Onset of ischemia 

Under normothermic conditions, cerebral ischemia occurs when regional blood 
flow (rCBF) in the brain falls below 20 ml/100 g/min in the most vulnerable areas 
and below 10 ml/100 g/min in the white matter (Symon et al. 1977).  

The area of complete or nearly complete ischemia (regional flow below 
7 ml/100 g/min), the ischemic core, is surrounded by the ischemic penumbra 
(regional flow between 7 and 17 ml/100 g/min) (Baron 1999). The penumbra is 
defined as brain tissue is which the regional blood flow has decreased to a level 
causing electrophysiological silence and transient but recurrent losses of 
membrane ion gradients and energy metabolites (Ginsberg & Pulsinelli 1994), in 
other words it is at a great risk but can be salvaged. In the ischemic core, 
selectively vulnerable neurons or SVNs will be permanently damaged if 
reperfusion is not re-established in 5 minutes after the onset of ischemia, but it 
has been shown that some areas of the penumbra can survive up to 24 hours 
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(Baron 1999). Thus even delayed attempts of brain protection can protect the 
neurons of the penumbra. 

Lactic acidosis 

Cessation of blood flow immediately depletes cerebral cells of their energy 
sources, such as phosphocreatine and adenosine triphosphate (ATP). In a patient, 
loss of consciousness occurs in seconds. Cells, especially astrocytes, desperately 
up-regulate their capability to metabolize glucose anaerobically, but these fuel 
sources run out during the first 4 minutes of ischemia (Krause et al. 1988). 

In normal, aerobic, glycolysis glucose is converted to pyruvate, which is then 
converted to acetyl-CoA and fed into oxidation in the citric acic cycle to produce 
36 molecules of ATP. Under anaerobic conditions, however, pyruvate is converted 
to lactate, producing only 2 molecules of ATP and a hydrogen ion as a by-product. 
This leads to lactic acidosis, which exacerbates ischemic brain injury, especially if 
hyperglycaemia is present (Ljunggren et al. 1974). However, if reperfusion is 
established, the process can be reversed and some of the lactate can be converted 
back to pyruvate, and used in aerobic glycolysis. Thus a moderate lactic 
production during ischemia is not considered as detrimental to brain cells as 
previously thought (Schurr 2002). 

Due to these metabolic changes under anaerobic conditions, cell membranes 
lose their ionic gradients due to energy failure in ischemia. If reperfusion does not 
occur in 5 minutes in normothermic conditions, a biochemical cascade of 
ischemic injury begins and irreversible damages will begin to take place (Astrup 
et al. 1981). The alleged pathway of ischemic brain injury is discussed next, 
divided broadly into three steps: the depolarization of cells, the biochemical 
cascade and the reperfusion phase. 
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Fig. 2. Depolarization and the first steps of the biochemical cascade leading to an 
accumulation of sodium and calcium inside the cell. Upper frame: before ischemia, 
lower frame: at the onset of ischemia. 



 25

Depolarization 

Under normal circumstances the ionic gradient of the cell membrane is upheld by 
a sodium-potassium (Na+/K+) ATPase ion pump, which exchanges 3 sodium ions 
from inside the cell to the extracellular space with 2 potassium ions from the 
outside into the intracellular space. The pump is fuelled by ATP, and its function 
is extinguished in ischemia, due to the energy failure discussed above. Failure of 
this active transport system causes sodium to accumulate intracellularly via 
voltage-gated Na+ channels and potassium to diffuse out of the cell. The net gain 
of solute is accompanied by iso-osmotic gain of water, causing cell swelling, and 
dilation of the endoplasmic reticulum leading to cytotoxic oedema. 

Lactate accumulation increases the number of hydrogen ions in the cell and 
stimulates acid extrusion via the Na+/H+ exchanger, leading to entry of one Na+ 
ion for every H+ removed. Further, the loss of the sodium gradient reverses a 
Na+/Ca2+ exchanger in the plasma membrane, resulting in Ca2+ influx into the 
cytosol (Carini et al. 1994). This phenomenon is further enhanced as 
depolarization opens the voltage-gated Ca2+ channels and thus a massive increase 
in intracellular calcium occurs (Lobner & Lipton 1993). Depolarization occurs in 
approximately 70 to 100 seconds after the cessation of blood flow in 
normothermia (Bart et al. 1998). Depolarization and the first steps of the 
biochemical cascade are simplistically summarized in Figure 2. 

The biochemical cascade 

Glutamate. Glutamate is one of the main excitatory neurotransmitters in the brain, 
but it is highly toxic in large quantities outside the cell. Hence, under normal 
circumstances it is rapidly cleared from the synaptic clefts to be stored in 
cytoplasmic vesicles, ready to be used again at times of action potential (Santos et 
al. 1996). At the onset of ischemia and energy failure of depolarization, glutamate 
spills into the synapse while glutamate re-uptake back into cells fails. This leads 
to a high concentration of extracellular glutamate. Glutamate receptors are thus 
activated constantly, resulting in excitotoxicity (Lipton & Rosenberg 1994), that 
has been shown to participate in the ischemic injury after HCA (Redmond et al. 
1994). The activation of glutamate receptor N-methyl-D-aspartate (NMDA) 
induces an influx of calcium into the cell, and the stimulation of receptor alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) leads to an 
increase in the intracellular sodium, exacerbating the cytotoxic oedema. 
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Calcium. As discussed above, depolarization, the reversal of the Na+/Ca2+ 
exchanger, the loss of the sodium gradient and the excitotoxicity of glutamate 
increase the intracellular free calcium concentration. Within the cell, glutamate 
activates phospholipase C, which causes a further release of calcium from the 
endoplasmic reticulum into the cytoplasm. This leads to a 2–3 fold increase in the 
intracellular calcium within 8 minutes of global ischemia, coupled by an 
approximately 1mmol/l reduction in extracellular calcium (Silver & Erecinska 
1992). Large amounts of intracellular calcium can be detrimental in several ways. 
Calcium is known to activate e.g. ATPases (which accelerate ATP depletion), 
phospholipases (which cause membrane damage), proteases (which break down 
membrane and cytoskeletal proteins) and endonucleases (which cause DNA and 
chromatin fragmentation). 

Oxygen free radicals. Oxygen free radicals are molecules with an unpaired 
electron on their outermost orbital, and as such react readily with other molecules. 
They are generated mostly in the metabolism of oxygen in the mitochondrial 
respiratory chain, but also in peroxisomes, the cytochrome P450 system and in 
inflammatory cells, as the oxidative burst of leukocytes attack viruses or bacteria 
(Li et al. 1992). Oxygen free radicals and some non-radicals, such as hydrogen 
peroxide, can be referred to as reactive oxygen species (ROS). If the normal anti-
oxidant system (consisting of e.g. superoxide dismutase, catalase, glutathione 
peroxidase, vitamin E, vitamin A and ascorbic acid) fails, ROS can be harmful to 
lipids, proteins and cellular DNA (Halliwell 1987). The increased intracellular 
calcium concentrations in ischemia and reperfusion cause a massive production of 
ROS, overwhelming the antioxidant enzymes. ROS contribute to lipid 
peroxidation and yield unstable peroxides, which commences a chain reaction 
leading to extensive membrane, organellar and cellular damage (Traystman et al. 
1991). 

Nitric oxide. Nitric oxide is produced mainly by three nitric oxide synthases: 
neuronal NOS (nNOS), inducible NOS (iNOS) and endothelium-derived NOS 
(eNOS) (Love 1999). Ischemia-reperfusion insult increases the production in all 
these pathways. nNOS and eNOS are activated immediately via the increased 
intracellular calcium concentration, while iNOS activity is mediated by 
transcriptional inducers and appears later, between 12 to 24 hours after the 
ischemic period (Iadecola et al. 1996). Under ischemic conditions, the activation 
of nNOS generates nitric oxide in excess quantities. NO, potentially highly toxic 
ROS itself, as well as the products of its reactions such as peroxynitrite and 
further hydroxyl radical and nitrogen dioxide, can cause damage to cellular 
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proteins and may also induce apoptosis. iNOS activity is also considered harmful 
in the context of brain ischemia. On the other hand, the up-regulation of eNOS in 
blood vessels causes vasodilatation and improves blood flow in the penumbral 
region of brain infarcts (Samdani et al. 1997). 

Mitochondrial permeability. Mitochondria are important targets for virtually 
all types of injurious stimuli, including ischemia. Persistent ischemia activates 
mitochondrial permeability transition (MPT). This sequence of events is thought 
to be facilitated by the increased intracellular calcium, the increased ROS-
formation and the oxidative stress, the energy failure of depolarization, by 
breakdown of phospholipids through the phospholipase A2 and sphingomyelin 
pathways and/or receptor-mediated cell death signals (Kumar et al. 2004). 
Mitochondrial damage results in the formation of a high-conductance channel, the 
so-called mitochondrial permeability transition pore (MPTP), in the inner 
mitochondrial membrane and allows substances to spill in and out of the 
mitochondria (Zamzami et al. 1995). The mitochondrial membrane depolarizes, 
mitochondria swell due to water pouring in from the cytosol, and ROS production 
is enhanced. Calsium moves from the mitochodria to the cytosol, adding to the 
pre-existing calcium overload. Cytochrome c and apoptosis-inducing factor (AIF) 
are released from the mitochondria (Kroemer et al. 1997), triggering apoptosis. In 
the absence of ATP, or if the damage to the mitochondria is large enough and 
intracellular calcium reaches a threshold level, the cell will undergo necrosis. 
Apoptosis and necrosis are further discussed below, and they are the final steps of 
the biochemical cascade, marking irreversible cell death in ischemia. 

Apoptosis. Apoptosis is a pathway of cell death that is induced by a tightly 
regulated intracellular program, and it seems to play a major role in neuronal 
death after deep HCA (Ditsworth et al. 2003). It can be activated via two 
pathways: 1) the intrinsic or mitochondrial pathway with mitochondrial 
permeability transition and cytochrome c discussed above and 2) the extrinsic 
pathway through activation of caspases (mainly caspase 8 in the brain (Blomgren 
et al. 2003)) by TNF receptors and Fas-ligand, i.e. the death-receptor pathway 
(Graham & Chen 2001). Cells destined to die activate enzymes that degrade the 
cells’ own nuclear DNA and nuclear and cytoplasmic proteins. The cell’s plasma 
membrane remains intact, but the cell becomes condensed and small, so that it is 
of a convenient size for phagocytosis. The dead cell is rapidly cleared, before its 
contents have leaked out, and therefore cell death by this pathway does not elicit 
an inflammatory reaction in the body (Savill et al. 1993). Apoptosis requires ATP 
and some ribonucleic acid as well as a capability for protein synthesis. Thus it is 
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easily understood that while necrotic cell death predominates in the ischemic core, 
apoptotic changes are more frequent in the ischemic penumbra (Graham & Chen 
2001). It has been shown in porcine models that apoptosis seems to be the 
predominant death process in the neocortex (Kurth et al. 1999), and that the rate 
of apoptosis is higher 7 days after the operation compared to the 1st postoperative 
day (Mennander et al. 2002), suggesting that apoptosis participates in belated 
neuronal death after deep HCA. 

Necrosis. Necrosis refers to a spectrum of morphologic changes that follow 
cell death in living tissue, largely resulting from the progressive degradative 
action of enzymes on the lethally injured cell (Kumar et al. 2004). It is 
unregulated and leads to the free release of cellular contents (like lysosomal 
proteases and neurotransmitters), eliciting an inflammatory reaction in the host 
(Neumar 2000). While specific necrotic pathways in cerebral ischemia remain 
unclear, it has been shown that degenerative neuronal phenotypes (considered as 
pathways of necrotic cell death) multiply in the cerebral tissue after deep HCA 
(Hagl et al. 2001), hence emphasizing the existence of non-apoptotic mechanisms 
of cell death after cerebral ischemia, especially in the ischemic core. 

Reperfusion injury 

Restoring the blood flow after a period of ischemia is essential in terms of saving 
the organism, but in the brain the returning blood flow can activate new damaging 
processes, causing the death of cells that might have recovered otherwise. The 
detriment that commences after the period of ischemia is referred to as 
reperfusion injury. Its alleged processes and mechanisms are discussed below. 

Leukocyte activation. The main culprit in the reperfusion injury after HCA is 
thought to be the systemic inflammatory reaction caused by a combination of 
ischemia, inflammatory signals from the damaged area, contact with foreign 
surfaces of the extracorporeal circulation and mechanical shear forces. The 
cerebral cells (neurons, astrocytes, microglia and ependymal cells) react to this 
stress by up-regulating the expression of pro-inflammatory cytokines, such as 
interleukins (IL-1β) and tumor necrosis factor α (TNF-α) within one hour after the 
restoration of blood flow (Feuerstein et al. 1994). The initiation of cytokine 
production is signalled through Toll-like receptors (TLRs) that recognize host-
derived molecules released from injured tissues and cells (Kariko et al. 2004). As 
the inflammatory pathway activates, the production of other pro-inflammatory 
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cytokines (IL-6, IL-8, IL-4 and IL-10) is also augmented (Barone & Feuerstein 
1999). The main phases of leukocyte activation are summarized in Figure 3. 

As pro-inflammatory agents activate the leukocytes, they start to form 
temporary bonds with the vessel wall endothelium. This transient bonding is 
mediated by selectin, and it leads to “rolling” – leukocytes moving along the 
vessel wall at a reduced speed, intermittently tethering to the endothelium 
(Zimmerman et al. 1992). Stronger bonds between the cells and the endothelium 
are brought about by leukocyte β-integrins (CD11/CD18) binding to intercellular 
adhesion molecules ICAM-1 and possibly ICAM-2 as well (Bevilacqua 1993). 
Finally, assisted by interleukin-8 and platelet-endothelial cell adhesion molecule-
1 (PECAM-1), the leukocytes are thought to migrate through the vessel wall into 
surrounding tissue (Huber et al. 1991, Muller et al. 1993). As this activation 
progresses, leukocyte adherence to the capillary walls will lead to obstructed 
blood flow in the cerebral capillary bed, causing secondary ischemia. Further, 
leukocyte infiltration into surrounding tissues is accompanied by disruption of the 
blood-brain barrier, mediated in part with enzymes released from activated 
leukocytes (del Zoppo 1997). The infiltrated leukocytes release proteases and 
ROS, which have a potential of damaging the neurons and endothelial cells 
directly (Neumar 2000). The accumulation of leukocytes in tissues causes tissue 
damage and cerebral edema, which can lead to an increased intracranial pressure. 
Furthermore, the damaged endothelium of cerebral vessels secretes powerful 
vasoconstrictors such as endothelin and thromboxane A2, leading to abnormal 
decrease of diameter in cerebral circulation (Tsui et al. 1997). 

Together with leukocyte activation, recent data also suggests that activation 
of the complement pathway may contribute to ischemia–reperfusion injury 
(Riedemann & Ward 2003). The complement system is involved in host defence 
and is an important mechanism of immune injury. Experimental studies suggest a 
major role for complement-mediated cell death in ischemic brain injury and 
encourage research into intravenous immunoglobin that scavenges complement 
fragments (Arumugam et al. 2007). 
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Fig. 3. Main stages of leukocyte activation 

Oxygen free radicals. As during ischemia, ROS can participate in the reperfusion 
injury as well. New damage may be initiated during reoxygenation by increased 
generation of oxygen free radicals from parenchymal and endothelial cells and 
from infiltrating leukocytes (Thiagarajan et al. 1997, Anaya-Prado et al. 2002). 
Superoxide anions can be produced in reperfused tissue as a result of incomplete 
and vicarious reduction of oxygen by damaged mitochondria or because of the 
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action of oxidases derived from leukocytes, endothelial cells, or parenchymal 
cells (Kaminski et al. 2002). Cellular antioxidant defense mechanisms may also 
be compromised by ischemia, favoring the accumulation of radicals. Reactive 
oxygen species can further promote the mitochondrial permeability transition, 
precluding mitochondrial energization and cellular ATP recovery and lead to cell 
death (Mitch & Goldberg 1996). 

Altered blood flow. As a result of the above discussed endothelial mechanical 
damage, cytotoxic substances and the disruption of the blood-brain barrier, the 
endothelium of cerebral vessels is dysfunctional in the reperfusion phase (Cooper 
et al. 2000). Vasodilatory and vasoconstrictive signals are disrupted and 
permeability is increased, leading to accumulation of water and proteins in the 
cerebral tissue. This results in brain oedema and increased intracranial pressure 
(ICP), leading to adverse neurological outcome (Hagl et al. 2002). Increased 
pressure, oedema and abnormal vasoconstriction can lead to prolonged 
hypoperfusion of cerebral tissue and impaired cerebral oxygen metabolism 
(Greeley et al. 1991, Mezrow et al. 1992). On the other hand, in experimental 
models also hyperperfusion of ischemic tissues has been shown (Muller et al. 
1994), emphasizing the loss of cerebral autoregulation during reperfusion. 
Hyperperfusion can also be detrimental, augmenting the harmful processes of the 
reperfusion injury. 

2.2.3 Selective vulnerability 

The processes of ischemic brain injury do not behave similarly throughout 
cerebral tissue. Certain structures and areas are rich in SVNs and thus are more 
likely to suffer from the ischemia-reperfusion insult. When the SVNs undergo 
ischemia, they react in a delayed fashion: cytosolic microvacuolation happens 
approximately 15 minutes after reperfusion, neuronal structure then normalizes up 
to 60 minutes of reperfusion, but after that the injury progresses at least until 6 
hours after blood flow has been returned (Sato et al. 1990). The morphological 
changes of ischemic injury develop for 2–3 days (Kirino 2000). Main SVNs 
include hippocampal hilar and CA1 pyramidal neurons and cortical pyramidal 
neurons in layers III and V (Kumar et al. 1987). The most vulnerable area is 
thought to be the CA1 pyramidal neurons in the hippocampus (Tabuchi et al. 
1995). 

The reasons for the extreme sensitivity of these types of neurons to ischemia 
are still under investigation, but different theories have been proposed. The free-
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radical theory states that SVNs are defenceless against radical-induced damage 
because they are surrounded by iron-laden supporting glia cells that release this 
iron during ischemia and reperfusion, and iron can catalyze the formation of ROS 
(Krause et al. 1987). Further, the SVNs are deficient in glutathione peroxidase, a 
crucial component in the anti-oxidant system negating the effects of ROS 
(Ushijima et al. 1986). Another hypothesis argues that SVN cell bodies and 
dendrites receive exceptionally large amounts of glutamate during the glutamate 
excitotoxicity (Siesjo 1992). Whatever the pathogenesis, the hippocampus is 
thought to be the memory centre of the brain, and thus early mild brain injury can 
manifest itself as poor performance on postoperative neuropsychiatric memory 
tests (Buss et al. 1996). 

2.3 Brain protection in aortic arch surgery 

2.3.1 Clinical dilemmas 

While operating on the heart and great vessels such as the aorta, the surgeon often 
needs a clean, bloodless operation field. During aortic arch reconstruction and 
repair of congenital heart defects, interruption of blood flow is often required for 
surgical procedures to succeed. Cessation of blood flow resulting in global and 
focal ischemia in the brain can lead to several neurological complications, the 
pathogenesis of which is described above. Brain complications today make up the 
greatest share of postoperative mortality and morbidity in these operations 
(Crawford et al. 1989). About 25% of patients undergoing a temporary exclusion 
of cerebral circulation suffer from temporary neurological dysfunction (Ergin et 
al. 1999), and 55% of patients undergoing HCA demonstrate a neuropsychometric 
deficit 12 weeks after the operation (Harrington et al. 2003). The traditional 
stroke rates of deep HCA, 7–12% (Svensson et al. 1993, Ergin et al. 1994, 
Goldstein et al. 2001), have improved (Svensson et al. 2001), but stroke remains 
a dangerous complication of thoracoaortic surgery. In terms of mortality, in 
studies from the late 1980’s to the early 1990’s the 30-day mortality in patients 
undergoing surgery for aortic aneurysm or dissection was approximately 9–10% 
(Crawford et al. 1989, Svensson et al. 1993), whilst a newer, albeit smaller, study 
demonstrates a 30-day mortality rate of only 2.2% undergoing aortic arch repairs 
(Svensson et al. 2001). Through vigorous research, the prognosis of patients 
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undergoing cardiac and aortic surgery has thus improved over the years, and the 
current understanding of brain protection strategies shall be discussed next. 

2.3.2 Hypothermia 

Decrease in temperature results in a decrease in the CMRO2. In hypothermia, the 
rate of metabolic activity of the brain is depressed and the fuel sources are 
depleted more slowly (Shin'oka et al. 2000). Since in the last chapter we 
concluded that the ischemic brain injury is set off by energy failure, it naturally 
follows that if the need for energy is reduced, the resistance to hypoxia and 
ischemia is increased. In addition to buying time for cerebral tissue in ischemia, 
hypothermia increases high-energy phosphates, raises the intracellular pH and 
prevents the release of glutamate, thus alleviating the deleterious effects of 
energy-loss, acidosis and glutamate exitotoxicity (Kramer et al. 1968, Rokkas et 
al. 1995, Bart et al. 1998, Shin'oka et al. 2000). Hypothermia also reduces 
vascular permeability (Barone et al. 1997). The amount of leukocyte activation is 
also correlated with temperature: the higher the bypass temperature, the higher the 
rate of leukocyte activation (Anttila et al. 2004). 

The CMRO2 is estimated to fall by 7% for every 1 °C reduction in 
temperature (Govier et al. 1984). Depolarization of cell membranes is delayed to 
194–310 seconds at 28 °C and further to 10–20 minutes at 15 °C, compared to the 
70–100 seconds in normothermic conditions (McCullough et al. 1999). In deed, 
today hypothermia is considered to be the single most effective method for 
protecting the brain against ischemic injury, and as such it is used in various 
surgical applications. Hypothermic temperatures are categorized as mild (32–
34 °C), moderate (25–32 °C), deep (15–25 °C) and profound (< 15 °C). 
Hypothermic applications are not, however, problem-free, as hypothermia leads 
also to an increase in blood viscosity, interference with microcirculatory flow, 
alkaline shift of blood pH and decreased oxygen extraction. 

2.3.3 Surgical strategies 

Hypothermic circulatory arrest 

Hypothermic circulatory arrest (HCA) describes an operative setting where the 
patient is cooled down to a specific target temperature with CPB, the heart is 
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stopped and the extracorporeal circulation shut down. Invented 50 years ago 
(Niazi & Lewis 1957), the procedure is used today mainly in aortic arch surgery 
and the repair of congenital heart defects. The calculated safe duration of HCA in 
different target temperatures is described in Table 1. 

Table 1. Calculated safe duration of HCA as median and 95% confidence intervals 
(McCullough et al. 1999). 

Temperature ( C) Cerebral metabolic rate (% of 37 °C) Safe duration of HCA (min) 

37 100 5 

30 56 (52–60) 9 (8–10) 

25 37 (33–42) 14 (12–15) 

20 24 (21–29) 21 (17–24) 

15 16 (13–20) 31 (25–38) 

10 11 (8–14) 45 (36–62) 

While lower temperatures are more advantageous for cerebral metabolism, 
clinically “the-cooler-the-better” rule does not necessarily apply. Profound 
hypothermia requires longer cooling and re-warming periods on cardiopulmonary 
bypass, and prolonged CPB time is an independent risk factor for cerebral injury, 
not the least because of augmented systemic inflammatory response (Taylor 1998). 
Neurological injuries seem to manifest especially easily if the arrest exceeds 40–
41 minutes both in adults and newborns (Ergin et al. 1994, Wypij et al. 2003). 
Long time on the CPB circuit, as well as low temperatures per se, can generate 
blood clotting disorders and lead to bleeding (Wilde 1997). 

While surgically HCA can be the best choice for challenging operations, 
offering bloodless field, no extra cannulae, straight-forward CPB system and 
decreased embolization rate, there are concerns that need to be addressed. In 
addition to the neurological and hematological complications discussed above, 
HCA can be associated with prolonged CPB time, greater transfusion 
requirements due to bleeding and postoperative multiorgan dysfunction (Livesay 
et al. 1983). In 1993, HCA was associated with a mortality rate of 10% and a 
neurological deficit rate of 7% (Svensson et al. 1993). More recent studies have 
given more promising mortality and mortality figures, although the patient 
populations have been rather small (Svensson et al. 2001). 
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Selective cerebral perfusion 

Selective cerebral perfusion refers to a surgical technique where circulation can 
be arrested in the heart, great vessels and most of the body, but the brain can be 
perfused separately. Theoretically this strategy should provide operative 
conditions similar to HCA, while avoiding prolonged brain ischemia, preserving 
cerebral autoregulation and increasing the time for surgeons to complete the 
planned intervention (Ergin et al. 1994). SCP is referred to as an antegrade 
perfusion method since it utilizes arteries and the selective blood flow travels in 
the same direction as under normal, physiological circumstances. SCP is 
technically more complex and time-consuming than HCA, but correct selection of 
patients can lead to improved neurological results (Harrington et al. 2004). 
According to recent findings, the optimal neuroprotective manner to use SCP 
includes profound hypothermia (10 °C) for pronounced metabolic suppression 
and low absolute blood flow to avoid embolization (Strauch et al. 2005). 

SCP can be achieved through two main schemes of cannulation, both 
including the clamping of the distal aorta. In the first scheme, cannulas are placed 
in the innominate artery, the left common carotid artery and the left subclavian 
arteries (or alternatively just the innominate and left carotid arteries). This 
cannulation technique, while complex and rather slow, has been in use the longest 
and led to good neurologic results (Bachet et al. 1991, Kazui et al. 1992, 
Harrington et al. 2004), demonstrating less apoptosis and histologic injury 
compared to HCA in experimental models as well (Chock et al. 2006). However, 
cannulation of the cerebral vessels in the adult population requires manipulation 
of the often atherosclerotic aortic arch, and this can damage fragile arteries or 
dislodge debris into cerebral circulation, thus lead to higher risk of embolization 
(Strauch et al. 2004). 

The second cannulation scheme utilizes the right subclavian (/axillary) artery 
either alone (unilateral) or in combination with left carotid artery (bilateral) under 
direct visualization. In the unilateral approach, the left side of the brain is 
perfused through the circle of Willis in the brain (Tasdemir et al. 2002, Sabik et al. 
2004). According to recent studies the bilateral method is associated with a higher 
success rate and fewer complications (Olsson & Thelin 2006). 

One contemporary variation of SCP is the regional low-flow perfusion 
(RLFP). RLFP can be achieved by either direct cannulation of the innominate 
artery or cannulation of a tetrafluoroethylene graft and snaring of the aortic arch 
vessels during aortic arch repair (Myung et al. 2004b). Compared to conventional 
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CPB, the amount of pump and cannula equipment is reduced and thus the 
complexity of the prodecure is moderated. RLFP has appeared to be superior 
compared to HCA in experimental studies with an optimal flow of 20 ml/kg/min 
(DeCampli et al. 2003, Myung et al. 2004a). However, a recent clinical study in 
neonates showed no differences between DHCA and RLFP in one-year follow-up 
(Visconti et al. 2006). 

Low-flow perfusion 

To avoid the traditionally dreaded neurological complications of HCA, yet aiming 
for less surgical complexity than in SCP, a method of systemic low-flow bypass 
(LFB) has been established in many institutions. Instead of completely arresting 
the circulation, the CPB flow is notably reduced at target temperature, and the 
entire body is slowly perfused through the arterial cannula (Newburger et al. 
1993). The low-flow period may contain a short total circulatory arrest. This 
technique keeps bleeding from the operated area at a minimum, yet provides 
some blood flow to tissues without extra cannulations. On the other hand, surgery 
with LFB extends the body’s exposure to CPB and usually prolongues the 
operation, which can lead to increased inflammatory response (Schultz et al. 
2006). 

Initially studies indicated a superior neurological outcome compared to HCA, 
for example experimental studies demonstrated less of a rise in post-operative 
cerebrovascular resistance in animals treated with LFB (Mezrow et al. 1994), as 
well as a preservance of high-energy phosphates and intracellular pH (Swain et al. 
1991). Most notable, clinical long-term data comes from The Boston Circulatory 
Arrest Trial (1988–1992) including 171 pediatric patients who underwent surgery 
for the repair of transposition of great vessels with either DHCA or LFB. The 
initial neurological recovery of the DHCA-group seemed more impaired 
according to EEG- and chemical marker findings and the prevalence of seizures 
(Newburger et al. 1993). Neurological abnormalities continued to predominate in 
the DHCA-group at 1, 2.5, and 4 years of age (Bellinger et al. 1995, Bellinger et 
al. 1997, Bellinger et al. 1999). However, at 8 years, these children demonstrated 
no differences in intelligence measures. The DHCA-group persisted to display 
more problems with motor and speech function, but the children in the LFB were 
reported to be more impulsive and have worse behaviour (Bellinger et al. 2003). 
Before superiority of one strategy over another can be established, even in this 
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cohort, the difficult question of the optimal outcome must be discussed and more 
long-term studies conducted. 

Retrograde cerebral perfusion 

Unlike the antegrade strategies of perfusion described above, the retrograde 
cerebral perfusion (RCP) method utilizes the venous system for cerebral perfusion. 
This clinical application has been in use since the mid-1980’s (Lemole et al. 
1982), with results varying from detrimental (Tanoue et al. 1999, Reich et al. 
2001) to beneficial (Ueda et al. 1990, Coselli 1997). The procedure is simpler 
than SCP, as only the superior vena cava is cannulated, but recent studies with 
intravital microscopy have failed to show adequate capillary flow to deliver 
nutrients in the brain, and have even revealed macroscopic evidence of significant 
brain oedema in association with RCP (Ehrlich et al. 2001, Duebener et al. 2003). 
The increased time for surgical intervention might not counterbalance the risks; 
RCP over 80 minutes seems to be a risk factor for increased mortality and 
morbidity (Ueda et al. 1999). 

The consensus regarding the benefits of RCP concentrates on improved brain 
cooling (Anttila et al. 2000a) and the potential to flush emboli from cerebral 
circulation (Juvonen et al. 1998), as was the initial indication for this procedure. 
The safest way to apply RCP in clinical practise is most likely to maintain low 
flow rates and decreased central venous pressure, to avoid oedema. Yet adequate 
brain protection during RCP requires still more research on optimal perfusion 
pressure conditions (Li et al. 2002). 

2.3.4 Cardiopulmonary bypass strategies 

The CPB circuit, or the heart-lung machine, provides perfusion to vital tissues and 
organs during cardiac or aortic surgery, when the heart and the lungs are 
temporarily resting. Blood is oxygenated, waste products are removed and a 
pump maintains constant circulation in the body. A heat-exchanger is often 
combined with CPB machine to regulate the temperature of circulating blood and 
thus achieve hypothermic conditions, if necessary. The invention and successful 
application of cardiopulmonary bypass was a revolutionary step in the history of 
cardiac surgery, but there are yet many open questions about the optimal CPB 
strategies, especially in terms of neuroprotection. 
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pH management 

The pH (potential of hydrogen) describes acidity, or more exactly the activity of 
positive hydrogen ions (H+). It was initially described in 1909 by a Danish 
biochemist Sorensen, who also established the logarithmic scale: 

pH = −log[H+] 

At 25 °C, the value 7.00 is considered neutral ([H+]=[OH−]), values below that 
acidic and above that alkaline. The normal pH of human blood in normothermic 
conditions (37 °C) is approximately 7.34–7.45. Hypothermia leads to an alkaline 
shift of blood pH through increased solubility of carbon dioxide and dissociation 
of water. Different reactions to this alkaline change prompt the two most 
commonly used CPB pH management strategies, the alpha-stat method and the 
pH-stat method, which shall be discussed next. 

The alpha-stat strategy. According to alpha-stat principals, the alkaline shift 
in pH is physiological in hypothermia, and it mimics the pH-management of 
ectothermic (cold-blooded) animals, who allow their pH to rise as they cool their 
body temperature. Inside cells, the change in pH is balanced by a protein buffer, 
the imidazole group of amino acid histidine. The degree of dissociation (alpha, or 
α) in the imidazole group is always constant (0.55) independent of the changes in 
temperature. This ensures that the transmembrane gradient of [H+] / [OH−] 
remains constant, even if the extracellular pH varies. This maintains normal 
protein structure and function (Komer 1991), and provides an optimal, neutral 
intracellular pH, for enzyme systems such as cytochrome c and Na2+/K+-ATPase, 
as well as enzymes associated with glycolysis, fatty acid synthesis, aerobic and 
anaerobic metabolism (Somero & White 1985). Running of the alpha-stat method 
while on CPB requires the numerical blood pH to be kept at 7.4 and pCO2 at 5.3 
kPa, regardless of blood temperature.  

With alpha-stat management, CBF has been shown to correlate with cerebral 
oxygen consumption as long as cerebral perfusion pressure is kept within 40 to 
100 mmHg, confirming intact autoregulation in the brain (Murkin et al. 1987, 
Duebener et al. 2002). As the CMRO2 falls with temperature, CBF diminishes 
and the blood vessels constrict. The waning blood flow can, in theory, be 
considered to protect the brain from embolization. 

The pH-stat strategy. The pH-stat method echoes the pH-management of 
hibernating mammals, who maintain a constant temperature-corrected pH as their 
bodies cool down. In CPB, the alkaline shift in pH is counteracted by adding CO2 
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to the inflowing gas. The temperature-corrected pH is kept at 7.4 and pCO2 at 5.3 
kPa. When pH is measured, the values are always corrected with the blood 
temperature according to the Rosenthal correction factor: 

 0.015 pH unitsChange in pH = 
degree C change in temperature°

.  

Compared to the alpha-stat method, this strategy leads to extracellular 
hypercarbia and acidosis. Theoretically the intracellular pH is decreased to below 
neutral, the metabolic intermediates become non-ionized and diffuse down 
concentration gradients across cell membranes (Laussen 2002). However, the 
persistence of a constant intracellular [H+] / [OH−] – gradient has also been 
demonstrated with the pH-stat method, suggesting maintenance of metabolite 
ionization and enzyme function (Swain 1988, Hiramatsu et al. 1995). 

Carbon dioxide is a potent vasodilator and thus circulatory changes can occur 
in tissues when CPB is run by the pH-stat strategy. Cerebral circulation is 
enhanced, leading to “luxury perfusion”, where the co-dependent flow–
metabolism coupling is lost, and cerebral tissue receives far more blood flow than 
what is required for the maintenance of CMRO2, i.e. the autoregulation of the 
brain is impaired (Griepp & Griepp 1992, Duebener et al. 2002). The over-
efficient flow can theoretically expose the brain to embolic injury (Cook et al. 
2000). On the other hand, the extracellular acidosis associated with hypercapnia 
and pH-stat method seems to improve cellular survival in the brain (Vannucci et 
al. 1995, Vannucci & Towfighi 1999). It has been shown that hypercapnia 
improves cardiac output as well as peripheral tissue perfusion and oxygenation 
(Akca et al. 2002). In addition to the brain, the adrenal glands seem to receive 
enhanced blood flow, whilst the circulation in the kidneys is decreased with the 
pH-stat strategy (Aoki et al. 1993). 

Comparison. The two different pH-management strategies have been 
vehemently researched and the main differences observed have been collected in 
Table 2. 

The discussion about the risk of embolization associated with the pH-stat 
method has produced several studies and discussion over the last decades. At the 
turn of the century, in some experimental models it did indeed appear that the 
luxury perfusion in pH-stat strategy can lead to an increased embolization (Cook 
et al. 2000). However, this finding has not been verified in human trials (Plochl et 
al. 2001), and ever since it has even been shown that in a porcine embolization 
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model, the pH-stat strategy was associated with slightly better outcome and 
significantly improved metabolic recovery (Dahlbacka et al. 2005). 

Contemplating the results of previous studies, it seems that the beneficial 
effects of the pH-stat strategy are more pronounced in deep and profound 
hypothermia. This is most probably due to improved cooling (Kurth et al. 1997), 
more efficient metabolic suppression, better cerebral oxygenation and faster 
recovery of metabolism and oxygenation from very low temperatures (Aoki et al. 
1993, Li et al. 2004). When mild or moderate hypothermia is used, for example 
for coronary artery bypass grafting, the changes in pH are minimal and thus the 
α-stat strategy might be more appropriate (Stephan et al. 1992, Murkin et al. 
1995). 

A comparison of these pH-management strategies has also been performed in 
SCP setting in two separate studies. In the study for Halstead et al, no differences 
were observed in the 7-day neurobehavioural outcome between the α-stat and the 
pH-stat group in a surviving porcine model (Halstead et al. 2005). Similarly, a 
study by Ohkura et al found no differences between the two pH-management 
strategies in a canine model in healthy animals, however if an old cerebral infarct 
was present, the pH-stat method reduced serum concentrations of 
malondialdehyde and glutamate (Ohkura et al. 2004). Since no data suggest 
otherwise, the α-stat method is recommended for SCP, because it preserves 
cerebral autoregulation and reduces the theoretical risk of embolization. 

Combination. The two pH-management strategies can also be combined, and 
it has been shown that together their neuroprotective properties are greater than 
either separately. The most popular manner to merge these methods is to cool the 
patient with the more efficient pH-stat strategy and then before HCA, switch to 
α-stat, mainly to avoid intracellular acidosis and hypercarbia at very low 
temperatures (Skaryak et al. 1995). 
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Table 2. Main advantages of the different pH-management strategies as studied 
previously.  

Protocol Finding Temp E/C Reference 

α-stat Higher cerebral saturation 31 E Li et al. 2004 

 Preserved cerebral autoregulation 26, 15 C, E Murkin et al. 1987, 

Duebener et al. 2002 

 Improved coronary blood flow 28 E McConnell et al. 1975 

 Better left ventricular oxygen consumption 28 E McConnell et al. 1975 

 Improved lactate utilization 28 E McConnell et al. 1975 

 Better post-CPB left ventricular function 28 E Swan 1984 

 Improved electrical stability of the heart 25 E Swain et al. 1984 

 Decreased risk of emboli 20–38 E Cook et al. 2000 

pH-stat More efficient metabolic suppression 14–18 E Skaryak et al. 1995 

 Better cerebral oxygenation 15 E Aoki et al. 1993,  

Li et al. 2004 

 Improved cooling 15–20 E Aoki et al. 1993,  

Kurth et al. 1997 

 Faster recovery of cerebral energy metabolites 15 E Aoki et al. 1993,  

Hiramatsu et al. 1995 

 Faster recovery of oxygenation during re-warm 15 E Hiramatsu et al. 1995 

 Improved neurologic recovery 17–19 C,E Jonas et al. 1993,  

Priestley et al. 2001 

 Better brain histopathology findings 19 E Priestley et al. 2001 

 Shorter recovery time to first EEG activity post 

HCA 

15 C du Plessis et al. 1997 

 Better cardiac recovery 15 E, C Nomura et al. 1994,  

du Plessis et al. 1997 

 Better early clinical outcome 15 E, C Nomura et al. 1994,  

du Plessis et al. 1997, 

Nagy et al. 2003 

 Less myocardial cell damage 18–32 C Nagy et al. 2003 

 Reduced acid production 15–18 E,C Aoki et al. 1993,  

Pearl et al. 2000 

Temp refers to the temperature °C the finding was made in, E stands for experimental study, C for a 

clinical study. 

Haematocrit 

Hypothermia increases blood viscosity and thus proposes a risk of red blood cell 
sludging in microcirculation (Eisenman & Spencer 1961). This traditional dogma 
has lead to hemodilution of all patients on CPB, the target hematocrit (Hct) being 
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20–25% (Komer 1991). However, recent data challenges these speculations. 
Severe degrees of hemodilution reduce the oxygen-carrying capacity of blood, 
lead to increased CBF and a detrimental augmentation of the CMRO2 (Sakamoto 
et al. 2004). On the other hand, in an experimental study with intravital 
microscopy it was shown that cerebral capillary flow was well maintained during 
and after hypothermic CPB with Hct of 30%, and that cerebral tissue oxygenation 
was superior in this group, even with HCA, compared to groups of Hct 10% and 
Hct 20% (Duebener et al. 2001). In experimental studies, higher hematocrit levels 
have been associated with more cerebral high-energy phosphates and less 
intracellular acidosis during cooling as well as with improved cerebral recovery 
after HCA (Shin'oka et al. 1996). Clinical trials have also shown better 
perioperative and developmental outcomes in infants undergoing cardiac surgery 
with a Hct of 25% and greater (Jonas et al. 2003). These findings have led to a 
more favourable attitude towards higher hematocrit levels in recent years. 

Oxygenation strategies 

Very few studies exist aiming to determine the most optimal oxygenation strategy 
for CPB in terms of neuroprotection, current trend being usually hyperoxic in 
fashion (100% oxygen). In experimental models of normothermic cerebral 
ischemia without CPB, results have been contradictory, showing that animals 
ventilated with hypoxic gas (10% O2 content) demonstrated a better neurological 
outcome (Douzinas et al. 2001), lesser histopathologic injury (Douzinas et al. 
2004), but also more areas of hypoperfusion and higher levels of cerebral 
glutamate (Solas et al. 2001). 

Hyperoxia just before deep HCA can be advantageous in loading tissues with 
excess oxygen, and hyperoxemic perfusion has been shown to reduce acid-
production after HCA when the pH-stat acid-base management is applied (Pearl et 
al. 2000). On the other hand, hyperoxic treatment can expose cyanotic infants to 
potential re-oxygenation damage (Ihnken et al. 1996). In the lung (Pizov et al. 
2000) and the myocardium (Ihnken et al. 1996), reperfusion injury has been more 
evident with high oxygen concentrations of CPB, suggesting ROS involvement. 
Resuscitation after cardiac arrest has also proven more neurologically successful 
when ventilation is carried out with air atmosphere and not 100% oxygen (Mickel 
et al. 1987, Zwemer et al. 1994, Liu et al. 1998). This field offers interesting 
inquiries for future research. 
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Anti-inflammatory strategies 

CPB is an extracorporeal system and blood will unavoidably get in touch with 
foreign surfaces and air. This alien environment is thought to be one of the main 
causes of systemic inflammatory response and the release of proinflammatory 
cytokines as the immune system “defends” itself against an unknown domain 
(Edmunds 1998). In several studies, reduced accumulation of leukocytes and 
other inflammatory processes has been associated with a reduced histological 
response (Chen et al. 1992) and ischemic brain injury (Feuerstein et al. 1998). 
Even though less invasive off-pump techniques are developing rapidly, it is 
unlikely that the CPB machinery can be totally abandoned in challenging cardiac 
surgery in the near future. The detrimental cascade set in motion by the 
inflammation reaction was previously described, and contemporary CPB 
strategies of avoiding the activation of the inflammatory response are discussed 
next. 

Biocompatibility. Today, four different types of CPB surface coatings are 
available for commercial use, all aiming to provide the best possible replacement 
for vascular endothelium. These are the heparin-, phosphorylcholine-, 
microdomain- and poly-2-methoxyethylacrylate (PMEA) - coating, and all have 
been designed to minimize the inflammation reaction in the body. No clear 
differences between the biocompatibility of the circuits have yet been observed, 
and further testing in different surgical applications is required. 

The heparin-coated systems have been in use the longest and thus have been 
studied most thoroughly. They have been shown to attenuate contact activation, 
coagulation activation, complement activation as well as leukocyte and platelet 
activation. In addition, the release of inflammatory mediators seems to be reduced 
in heparin-coated systems and the CPB circuit appears to be protein resistant (Hsu 
2001). 

Phosphorylcholine, incorporated into a copolymer, forms a hydrogel that 
mimics the phospholipid component of biomembranes (Campbell et al. 1994). 
Although clinical trials have shown the phosphorylcholine circuits to reduce 
platelet activation (De Somer et al. 2000, De Somer et al. 2002) and thrombin 
formation (Pappalardo et al. 2006), no significant improvements have been 
observed in neurocognitive function or systemic inflammatory response in 
patients after CPB in coronary artery bypass grafting or other cardiac surgery 
settings (Boning et al. 2004, Khosravi et al. 2005). 
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In the microdomain-coatings the location of hydrophobic and hydrophilic 
“domains” alternate on the blood-contacting area to minimize cell and protein 
interaction with the extracorporeal surface (Rubens & Mesana 2004). The system 
has been shown to inhibit thrombin generation and fibrinolysis (Rubens et al. 
1999), but no evidence of improved platelet consumption or reduced need for 
transfusions has been shown (Martens et al. 2003, Ask et al. 2006).  

The newest addition to CPB coatings is the PMEA. PMEA is an alkoxyl 
polymer strain, the outer side of the molecule being chemically inert, thus its 
surface has little tendency to react with blood components. So far it has revealed 
some minor benefits in preservation of neurocognitive functions after surgery 
compared to heparin-coated systems, but no differences have been observed in the 
immediate inflammatory response (Skrabal et al. 2006). 

Leukocyte filter. The leukocyte-depleting filter is an arterial line filter, 
designed to reduce the levels of circulating leukocytes and exclude microemboli 
greater than 40µm in size from the perfusate during extracorporeal circulation. 
This includes gas emboli, fat emboli and aggregates composed of platelets, red 
blood cells and other debris. The depth filter of nonwoven polyester fiber to 
remove leukocytes is targeted for specific removal of activated neutrophils and 
the filter does not necessarily have a significant enough effect to reduce the total 
leukocyte or total neutrophil count (Thurlow et al. 1996). Leukocyte filtration has 
evolved into an important technique in cardiac surgery over the past years 
(Matheis et al. 2001). 

The leukocyte-depleting filter has been thought to attenuate postoperative, 
post-ichemic organ dysfunction in the myocardium of the heart (Koskenkari et al. 
2005) and in the lungs (Levine et al. 2000). It has been shown that leukocyte 
filtration during CPB mitigates cerebral damage in terms of neurological outcome 
and histopathology of brain tissue after HCA in a porcine model (Rimpilainen et 
al. 2000). The exact effect of a leukocyte-depleting filter in cerebral vessels has 
not, however, been verified. There has been abundant discussion about whether 
the filter improves the outcome exactly by reducing the number of activated 
leukocytes in cerebral circulation, or merely by acting as a filter in general, 
filtrating out other harmful products such as microemboli as well (Ilmakunnas et 
al. 2005). Studies on this matter have been contradictive, for example Chen et al 
found that the leukocyte depleting filter down-regulated the expression of CD11b 
(β2-integrin) and L-selectin (Chen et al. 2002), whereas Ilmakunnas et al 
demonstrated that the use of leukocyte depleting filter could actually lead to 
higher CD11b expression and neutrophil hydrogen peroxidase production 
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(Ilmakunnas et al. 2005). There is also an experimental acute porcine study, in 
which no significant improvement was observed in CBF, cerebral oxygen 
consumption or renal blood flow after deep HCA (Langley et al. 2000b). 

Minimal extracorporeal circulation. Minimal extracorporeal circulation 
(MECC) has been developed for maximum biocompatibility in CPB. This system 
does not have a venous reservoir, minimizing the contact of blood and air, it 
utilizes a centrifugal pump reducing the amount of stagnant blood as well as 
haemolysis, and has a high-performance oxygenator with an integral heat 
exchanger (Remadi et al. 2004). The circuit is usually heparin-coated, and the 
priming volumes are as small as possible. The area for extracorporeal surface is 
kept minimal with short tubing arrangements. 

Clinical trials with MECC have been promising. The inflammatory reaction 
seems to be reduced, since less mononuclear phagocytes, lower levels of IL-6, 
IL-8, TNF-α, neutrophil elastase and S100β protein as well as a lower amount of 
platelet activation has been observed compared to conventional CPB (Fromes et 
al. 2002, Ohata et al. 2007). Decreased rates of neurological events as well as a 
reduction in the occurrence of post-operative low-cardiac output syndrome have 
been shown in a prospective randomized study of 200 patients (Remadi et al. 
2006). The intraoperative blood loss and transfusion volumes have also appeared 
significantly lower and the hematocrit levels higher when using the MECC 
(Ohata et al. 2007). Myocardial protection has been improved with MECC, 
demonstrated by a diminished release of creatine kinase isoenzyme MB and TnI. 
Postoperative recovery is accelerated after MECC and there is a significantly 
lower incidence of postoperative atrial fibrillation (Immer et al. 2005). Renal and 
intestinal tissue injuries seem to be attenuated as well with MECC compared to 
conventional CPB in coronary artery bypass grafting (Huybregts et al. 2007). 

It is reasonable to assume that the well demonstrated benefits of MECC 
might mitigate cerebral ischemic injury as well, but so far no experimental studies 
have concentrated on the cerebral tissue. This offers interesting opportunities for 
future endeavours. 
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2.3.5 Pharmacological strategies 

Overview 

For decades the pharmacology industry has been searching for prodigal molecules 
and drugs for neuroprotection, with no apparent breakthroughs. Considering the 
vastly complex pathways leading to cerebral injury, this is hardly surprising. 
Research has circled around inhibiting known pathways of ischemic biochemical 
cascade and the potential neuroprotective effects of anaesthetics and medications 
already in use, but so far only tissue plasminogen activator has provided data for 
improved recovery in stroke patients (Kidwell et al. 2001). Basic requirements for 
a neuroprotective drug have traditionally been described as its ability to reduce 
oxygen demand, increase cerebral oxygen delivery and/or arrest deleterious 
pathologic processes (Hall & Murdoch 1990). However, the growing knowledge 
about activating the body’s own defence mechanisms has widened the search for 
an ultimate neuroprotective drug. Some examples of drugs demonstrating 
neuroprotective effects, at least in animal models, are listed in Table 3. 

Levosimendan 

Levosimendan is a promising alternative inotropic agent with possible clinical 
indication for open-heart surgery (Lilleberg et al. 1998, Raja & Rayen 2006). It is 
a powerful inodilator that is thought to act via two complimentary mechanisms. It 
enhances cardiac contractility by improving the response of the myofilaments to 
intracellular calcium (Hasenfuss et al. 1998) and it reduces the cardiac workload 
by opening the ATP dependent potassium channels in the vascular smooth muscle 
cells (Pataricza et al. 2003), causing peripheral arterial and venous dilatation 
(Yokoshiki & Sperelakis 2003). The combination of these two drug-induced 
actions leads to a reduction of peripheral vascular resistance and cardiac workload, 
and thus results in a significant increase of cardiac output (Follath et al. 2002). 
The alledged vasodilating mechanisms of levosimendan are illustrated in Figure 4. 
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Table 3. A selection of pharmacological agents having neuroprotective properties after 
ischemia. (Modified from Kaakinen 2005). 

Mechanism of action Drug Model Reference 
AMPA receptor 
antagonism 

NBQX dog, rat Redmond et al. 1995, Pitsikas et al. 2001 

 GYKI 52466 rat Nisim et al. 1999 
 CNQX rat  Nisim et al. 1999 
NMDA receptor 
antagonism 

Dizocilpine dog  Redmond et al. 1994, Aoki et al. 1994b 

 Cerestat rat  Pitsikas et al. 2001 
 Ketamine rat  Proescholdt et al. 2001 
 Magnesium human Muir 2001 
Na+ channel antagonism Lamotrigine pig Anttila et al. 2000b 
 Lubeluzole rat  Haseldonckx et al. 1997 
 Sulfoxide human  Karaca et al. 2002 
Ca2+ channel antagonism Nimodipine rat, human Korenkov et al. 2000, van Gijn & Rinkel 

2001 
 Nicardipine rat  Amenta & Tomassoni 2004 
ROS inhibition PBN pig, rat  Yang et al. 2000, Langley et al. 2000a 
 Allopurinol human  Clancy et al. 2001 
nNOS inhibition 7-nitroindazole gerbil, dog  O'Neill et al. 1996, Tseng et al. 1997 
Protease inhibition Aprotinin pig  Aoki et al. 1994a 
Thromboxane A2 
receptor blockade 

Vapiprost pig  Tsui et al. 1997 

PAF receptor 
antagonism 

BN 52021 rat, pig  Liu et al. 1996, Langley et al. 1999 

 BN 50730 rat  Liu et al. 2001 
Cytokine inhibition Corticosteroids pig  Shum-Tim et al. 2001, Shum-Tim et al. 2003 
TNF-α converting 
enzyme inhibition 

DPH-067517 rat, human  Wang et al. 2004 

Inhibition of cerebral 
metabolism 

Thiopental human  Hirotani et al. 1999, Varathan et al. 2002 

 Propofol rat  Gelb et al. 2002, Bayona et al. 2004 
 Lidocaine dog  Wang et al. 1999 
Inhibition of apoptosis Cyclosporine A pig, gerbil Tatton et al. 2001, Domanska-Janik et al. 

2004 
 Erythropoietin rat, pig  Siren et al. 2001, Romsi et al. 2002b 
 Leptin mouse Zhang et al. 2007 
Preconditioning Isoflurane rat  Xiong et al. 2003, Zhao & Zuo 2004 
 Erythropoietin human Ehrenreich et al. 2002 
 Diazoxide rat, dog  Shake et al. 2001, He et al. 2007 
Angiogenesis VEGF rat  Sun et al. 2003 
Thyroxine derivatives Thyronamine mouse  Doyle et al. 2007 
 3-iodothyronamine mouse  Doyle et al. 2007 
Multiple mechanisms Mannitol human  Hirotani et al. 2000, Roberts et al. 2003 
 Dexanabinol  rat  Bar-Joseph et al. 1994, Belayev et al. 1995 
 FDP human, porcine  Karaca et al. 2002, Romsi et al. 2003 
 TPA human  Kidwell et al. 2001 
 Interferon-β rabbit, rat  Liu et al. 2002, Veldhuis et al. 2003 
Abbreviations: AMPA = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA = N-methyl-D-aspartate; 
nNOS = neuronal nitric oxide synthase; PAF = platelet activating factor; PBN = α -phenyl-N-tert-butyl-nitrone; ROS 
= reactive oxygen species; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor. TPA = tissue 
plasminogen activator. FDP = Fructose-1,6-bisphosphate. 
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Fig. 4. Molecular effects of levosimendan in vascular smooth muscle cells. 

In clinical trials levosimendan has demonstrated dose-dependent increases in 
stroke volume and cardiac index, and dose-dependent decreases in pulmonary 
capillary wedge pressure and pulmonary artery pressure (Archan & Toller 2008). 
Combined with vasodilatation, these inotropic and lusitropic effects have led to 
improved oxygen supply to the myocardium, as well as increased coronary 
(Michaels et al. 2005), renal and splanchnic blood flow (Pagel et al. 1996). 
Levosimendan has been recognised as having a long acting metabolite with a 
half-life of 80 hours (Takahashi et al. 2000a, Takahashi et al. 2000b, Kivikko et al. 
2003) and hence the pharmacologic effects of this metabolite may persist for 
approximately one week.  

In addition to its hemodynamic properties, some studies have shown 
levosimendan to be anti-inflammatory. The beneficial effects of levosimendan on 
circulating pro-inflammatory cytokines (IL-6) and soluble apoptosis mediators 
(TNF-α) have been shown in a randomized, placebo-controlled study (Parissis et 
al. 2004). In addition, it is plausible to assume that the beneficial effects of 
levosimendan – improvement of systolic function and peripheral vasorelaxation – 
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can also decrease peripheral tissue hypoperfusion, leading to down-regulation of 
systemic cytokine production (Valen et al. 2001). Finally, the attenuation of 
peripheral congestion may lessen the bacterial endotoxin release from the 
intestine into systemic circulation, neutralizing yet another potential stimulus of 
cytokine production. Immunomodulatory effects of levosimendan may be an 
additional biologic mechanism that prevents further cytotoxic and hemodynamic 
consequences of abnormal immune responses (Paraskevaidis et al. 2005). 

Levosimendan is fairly well tolerated, the most common, yet rare, adverse 
effects being hypotension, headache, ventricular tachycardia and atrial fibrillation. 
No serious interactions have been observed with angiotensin-converting enzyme 
inhibitors, beta-blockers, digoxin, furosemide and spironolactone (Archan & 
Toller 2008). 

Levosimendan was initially targeted to patients suffering from acute 
decompensated heart failure (ADHF). In the recent SURVIVE trial levosimendan 
demonstrated some beneficial short-term effects in patients suffering from ADHF, 
but the trend towards better outcome and lower mortality did not last; 
levosimendan did not significantly reduce all-cause mortality at 180 days 
compared to dobutamine (Mebazaa et al. 2007). The research of this novelty drug 
with an interesting dual action has, however, not stalled. In addition to the on-
going heart failure discussion, other possible uses of levosimendan are actively 
investigated. So far results have been published of levosimendan in association 
with for example cardiogenic shock (Russ et al. 2007), myocardial infarction 
(Christoph et al. 2007), different settings of cardiac surgery (Follath et al. 2002), 
post-operative ischaemic cardiac depression (De Luca et al. 2006), septic 
myocardial depression (Morelli et al. 2005) and acute respiratory distress 
syndrome (Morelli et al. 2006) in sepsis. There are also data from experimental 
models that levosimendan may have a protective role in endotoxaemic acute renal 
failure (Zager et al. 2006). 

Thus far there is no consensus about the optimal dosing strategy for 
levosimendan in different settings. Levosimendan can be used with a loading dose 
(6–24 µg/kg) followed by a continuous infusion (most commonly 0.05–
0.2 µg/kg/min up to 24 hours), although according to results of recent studies and 
clinical experience many users suggest omission of the loading dose, especially in 
cases of low blood pressure before the start of the infusion (Archan & Toller 
2008). In terms of ischemia, data is emerging to support the notion that 
levosimendan can precondition tissues, and should thus be administered prior to 
ischemic insult. In one experimental study, preconditioning with levosimendan 
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(0.1 μmol/kg, i.v.) before a 30-minute occlusion of left coronary artery reduced 
infarct size and the incidence of life-threatening arrhythmias. The effect was 
abolished with pre-treatment with 5-HD, Nω-nitro-L-arginine methyl ester 
(L-NAME, a nonspecific NOS inhibitor) and the specific iNOS inhibitor 1400W 
[N-(-3-(aminomethyl)benzyl) acetamidine], which suggests that the beneficial 
effects were achieved via both the selective activation of cardiomyocyte 
mitochondrial KATP-channels and nitric oxide (Das & Sarkar 2007). 

So far no studies have combined levosimendan with HCA, or investigated its 
effect on neuroprotection. It is reasonable to assume that levosimendan’s 
beneficial hemodynamic effects create an advantageous environment for the 
preservation of cerebral tissue. Furthermore, the immunological component of the 
reperfusion injury following deep HCA could be attenuated by the anti-
inflammatory properties of levosimendan. If, in addition to improving the 
hemodynamic conditions for the cerebral tissue, levosimendan could reduce the 
inflammation in the brain, it would in deed be a noteworthy candidate for brain 
protection after deep HCA. 

2.3.6 Hypertonic fluid therapy 

Hypertonic fluids 

Hypertonic fluids are colloid macromolecular solutions which bind water and 
cannot escape from the intravascular space, expanding plasma volume is dose-
dependent manner (Lamke & Liljedahl 1976). Their specific ability to bind water, 
i.e. the colloid osmotic pressure, depends on the molecule used and the 
concentration of the fluid. Different molecules of hypertonic fluids include 
plasma expanders, hydroxyethyl starch, dextran, gelatine and albumin. Compared 
to traditional isotonic fluids (e.g. Ringer acetate or 0.9% saline) that are 
distributed evenly throughout extracellular space (Tollofsrud et al. 1993), 
hypertonic solutions offer improved protection from oedema, plasma dilution and 
loss of colloid osmotic pressure in the circulation when greater amounts of fluid 
therapy and volume replacement are needed. 

Hypertonic saline (HTS) is a plasma-expander with several documented 
systemic effects. Its primary functions are summarized in Table 4. The research 
with HTS experienced a renaissance when Velasco et al showed that in a canine 
hemorrhagic shock model, infusing 10% of the bled volume as hypertonic saline 
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resulted in 100% survival in the HTS-group and 100% mortality in the saline 
group (Velasco et al. 1980). The cardiovascular properties described combine to 
bring about a fast and efficient increase of cardiac output. Together with other 
studies indicating the overwhelmingly better outcome in bleeding animals treated 
with HTS (Nakayama et al. 1984), the idea of possible neuroprotection started to 
form. A plausible hypothesis, as the brain damage during the low-flow time 
period is a major factor of the eventual outcome after major hemorrhage. Modern 
research has been exceptionally interested in its rapid cardiovascular properties, 
as well as its immunomodulatory potential. 

Hypertonic saline with dextran 

The hemodynamic improvement of HTS lasts only 30 to 60 minutes as the 
mobilized water is quickly redistributed, negating the osmolality gradient between 
plasma and tissues and returning plasma volume to normal (Smith et al. 1985, 
Jarvela et al. 2003). Thus HTS needs to be combined with a colloid binding the 
water to the intravascular space. For the intents and purposes of cerebral 
protection, dextran is an optimal choice, at least in terms of immunomodulation, 
as it has been shown to reduce neutrophil adhesion in an isotonic environment 
after ischemia (Menger et al. 1993). Indeed, the combination of HTS and dextran 
referred to as HSD is now a commercially available product that prolongs the 
duration of HTS effects up to 3–4 hours (Smith et al. 1985, Velasco et al. 1989). 

Currently the indication of HSD is mostly pre-hospital fluid resuscitation in 
trauma patients, in which a single 250 ml infusion in 5–20 minutes is considered 
safe and effective in restoring blood pressure (Kramer 2003). However, emerging 
evidence of beneficial effects in the operating room or intensive care unit may 
widen its therapeutic range. 
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Table 4. Effects of hypertonic saline. 

Effect Reference 

Cellular interactions  

Elevated plasma osmolality Lamke & Liljedahl 1976 

Draws water to intravascular space Lamke & Liljedahl 1976 

Expanded plasma volume Lamke & Liljedahl 1976 

Influx of calcium through sarcolemma Mouren et al. 1995 

Systemic effects  

Inotropic effect on the heart Kien & Kramer 1989 

Arterial vasodilatation Gazitua et al. 1971 

Increased preload and reduced afterload Smith et al. 1985 

Reduced endothelial swelling Mazzoni et al. 1990 

Opening of compressed capillaries Mazzoni et al. 1990 

Improved regional blood flow Behrman et al. 1991 

Improved tissue oxygenation Corso et al. 1998 

Improved renal perfusion and diuresis Cox et al. 1994 

Improved gas exchange in alveoles Rabinovici et al. 1996 

Effects on the immune system  

Downregulation of L-selectin and CD11b Thiel et al. 2001 

Suppressed leukocyte activation Thiel et al. 2001 

Reduced expression of endothelial ICAM-1 Oreopoulos et al. 2000 

Ameliorated immunological injury in  

lung Rizoli et al. 1998 

spinal cord Spera et al. 1998 

Reduced susceptibility to sepsis Coimbra et al. 1997, Vachharajani et al. 2007 

Neuroprotective effects of hypertonic fluids 

Oedema. HTS has received increasing attention in the field of neuroprotection, 
mostly due to its effects on improved microcirculatory flow, recruiting cellular 
and interstitial water, and immunomodulation, that make it a promising therapy in 
treating the reperfusion injury or brain edema. In cats, an intravenous injection of 
30% saline resulted in immediate shrinkage of brain tissue parenchyma (Weed & 
McKibben 1919) and during experimental CPB in pigs, HSD lowered ICP 
(McDaniel et al. 1994). It was found that whereas resuscitation with Ringer 
lactate, normal saline, dextran and hydroxyethyl starch was associated with an 
early rise in ICP, HTS resuscitation did not lead to an increased ICP. The 
decreasing effect of HTS on ICP lasted no more than 2 hours (Prough et al. 1985, 
Ducey et al. 1989). At the same time rCBF and cerebral oxygen delivery 
improved (Schmoker et al. 1991). Studies have also shown that hypertonic saline 
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is effective in reducing organ water content in a setting of preserved blood-brain 
barrier but is not as effective in visceral organs (Toung et al. 2008). 

Elevated intracranial pressure in clinical studies. The treatment of elevated 
ICP has been successful with hypertonic solutions. Only a few prospective, 
randomized clinical trials exist, most of the studies being uncontrolled case 
reports. HTS can provide good results in patients that mannitol or furosemide 
treatment has failed. It has been shown that HTS results in a sustained and more 
effective reduction in ICP along with improved diuresis compared to mannitol 
(Worthley et al. 1988, Schwarz et al. 2002, Battison et al. 2005). Repeated 
administration of HTS prolongs the beneficial effects, and can treat refractory rise 
in ICP resistant to conventional treatment (Hartl et al. 1997, Suarez et al. 1998). A 
randomized, controlled study on pediatric patients with head trauma revealed that 
HTS was more effective that Ringer lactate in the treatment of elevated ICP. HTS 
therapy was also associated with fewer complications, shorter mechanical 
ventilation time and shorter intensive care time (Simma et al. 1998). 

Cerebral ischemia. Experimental models of cerebral ischemia without 
hemorrhagic shock have also found hypertonic therapy useful. The composition 
of studies has included global ischemia, cortical vein occlusion, intracerebral and 
subarachnoid hemorrhage and heat stroke. In addition to decreased ICP noted in 
almost all studies, HTS has also demonstrated improved rCBF and thus less areas 
of hypoperfusion (Kempski et al. 1996, Heimann et al. 2003, Thomale et al. 
2004), decreased areas of infarction (Heimann et al. 2003), contusion (Thomale et 
al. 2004), reduced focal intraparenchymal pressures (Qureshi et al. 2002), 
improved behavioural recovery (Zausinger et al. 2004), improved survival (Kuo 
et al. 2003), and better histopathological signs of injury (Zausinger et al. 2004). 
So far HTS has not been investigated in a setting of HCA. 

Clinical trials. The data from clinical trials has been promising as well. A 
randomized, controlled trial suggested that trauma patients with Glasgow Coma 
Scale below 8 would benefit from HSD therapy, since a subgroup analysis 
suggested such patients having significantly higher survival at hospital discharge 
(Vassar et al. 1993). This beneficial impact on the outcome was later confirmed in 
a meta-analysis (Wade et al. 1997). Head trauma patients with hypotension and 
GCS below 8, receiving HSD, were about twice as likely to survive as those with 
isotonic fluid resuscitation.  

However, not all results have been conclusive. A recent well-planned, 
randomized, controlled clinical trial did not find any significant impact by 7.5% 
HTS on the outcome, when the solution was given as a single 250 ml bolus in a 
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prehospital setting. Control group received the same volume of Ringer lactate. 
The patients involved suffered from severe head trauma (GCS below 8) and 
hypotension. The fluid chosen in this study was not HSD, as was the case in the 
earlier clinical trial and meta-analysis mentioned above. The short-lasting 
hemodynamic effect of HTS may explain this negative result (Cooper et al. 2004). 
In another study, Shackford et al. reported that no differences in ICP were 
observed in patients treated with HTS or Ringer lactate. However, the study 
groups were not perfectly comparable, as the HTS group had lower GCS at 
admission and higher initial ICP, and required more interventions (Shackford et al. 
1998). 

The optimal concentration, dosing, timing of administration and patient 
selection in hypertonic fluid therapy is not known, and despite active research, no 
specific guidelines for hypertonic fluid therapy exist (Bhardwaj & Ulatowski 
2004). 

Clinical considerations of hypertonic fluid therapy 

Rapid changes in serum osmolality may result in coma and seizures (Schell et al. 
1996). In small children, abrupt alterations in serum sodium levels have caused 
subdural and intracerebral hemorrhages (Finberg 1967). Central pontine 
myelinolysis is triggered by fast correction of chronic hyponatremia with iso- or 
hypertonic saline (Laureno & Karp 1997), especially in the setting of renal 
insufficiency, and recently a case of osmotic demyelination syndrome secondary 
to inappropriate and too rapid an administration of 3% hypertonic saline in a non-
small-cell lung cancer patient with syndrome of inappropriate antidiuretic 
hormone (SIADH) secretion was described (Wang 2008). 
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Table 5. Potential adverse effects of hypertonic fluid therapy. From (Kaakinen 2005). 

Complication Comments 

Central pontine myelinolysis Rapid correction of preexisting, chronic hyponatremia 

Encephalopathy Delirium, decreased level of consciousness, seizures, coma 

Hypernatremia Requires strict monitoring of serum sodium levels, especially with 

renal insufficiency 

Subdural or intracerebral hemorrhage Reported in infants 

Transient hypotension May occur when the infusion is rapid 

Heart failure, pulmonary edema The heart is incapable of supporting rapid plasma volume 

expansion 

Hypokalemia Associated with large infusion volumes of HTS with no 

replacement of potassium 

Hyperchloremic acidosis The solutions are unbuffered, may occur with large infusion 

volumes. May be avoided by adding acetate 

Bleeding disorders Caused by dilution of plasma proteins, or by the colloid, especially 

dextran. Occurs only if large volumes are used 

Hemolysis May happen during fast changes in plasma osmolality, slower 

infusions recommended 

Phlebitis Peripheral veins may be affected. Central administration 

recommended 

Rebound cerebral edema May occur after sudden withdrawal of therapy 

Allergic reactions To colloids only, ranging from mild irritation to anaphylaxis 

Patients with cardiac dysfunction may develop acute heart failure after the 
administration of hypertonic solutions (Prien et al. 1993). The colloids may 
trigger allergic reactions, from urticaria to anaphylaxis (Hernandez et al. 2002). 
The potential adverse effects of hypertonic solutions are summarized in Table 5. 

2.3.7 Recruitment of intrinsic defence mechanisms 

Exposing the body to a brief ischemic or otherwise harmful stimulus before, 
during or after the actual critical ischemia may attenuate the detrimental effects of 
ischemia-reperfusion in several tissues, including the brain. This is thought to 
occur through several pathways that activate similar processes than the injury 
itself. The strategies of pre-, per- and post-conditioning are discussed next. 
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Pre-conditioning 

Preconditioning describes a concept whereby brief exposure to a harmful stimulus, 
in a dose below the threshold for tissue injury, provides robust protection against, 
or tolerance to, the injurious effects of a subsequent more severe insult (Hertzog 
et al. 2003). Two pathways of preconditioning exist—acute and delayed—which 
are fundamentally different in nature. Acute preconditioning effect occurs within 
minutes and provides protection for a number of hours. In delayed 
preconditioning, the protective effects begin after 24 to 48 hours but can continue 
for as long as 7 to 14 days (Fernandez et al. 2000). The potential preconditioning 
stimulus can be for example ischemia, hypoxia, hypoglycaemia, hyperthermia, 
hypothermia, glutamate or other pharmacological substance, and many of these 
can have both acute and delayed protective effects (Steiger & Hanggi 2007).  

Preconditioning has been studied most extensively in the context of 
myocardial injury with excellent results (Hagar et al. 1991, Liu & Downey 1992, 
Lott et al. 1996), but there are data emerging to apply preconditioning in the 
cerebral tissue as well. In vitro studies have confirmed that hypoxic 
preconditioning protects cortical neurons from glutamate toxicity (Zhang et al. 
2006). In an experimental rat model of ischemic pre-conditioning, CA1 cell 
counts revealed significant neuronal sparing in preconditioned animals observed 
6-month following reperfusion (Plamondon et al. 2008). Recently it was shown in 
a surviving porcine model with deep HCA that preconditioning with 
lipopolysaccharide, a Toll-like receptor ligand, significantly reduced histological 
cerebral injury (Hickey et al. 2007). 

Preliminary studies in humans have offered promising results in terms of 
preconditioning and neuroprotection. The cerebral diffusion legions and infarct 
volumes following a stroke have been shown to be reduced if a patient has a 
history of previous transient ischemic attacks, eliciting a theory of a “natural” 
preconditioning effect (Wegener et al. 2004). A clinical study in cerebral 
aneurysm surgery has shown that a 2-minute occlusion of proximal temporary 
artery 30 minutes before the operation led to better resistance of artery occlusion. 
Also, in preconditioned patients the decline in oxygen tension and pH were 
significantly slower than in control patients (Chan et al. 2005). Cellular 
mechanisms allegedly involved with neuronal preconditioning are described in 
Table 6. 

Preconditioning seems to provide systemic protection against both ischemic 
injury (Stenzel-Poore et al. 2003) and activation of components of the cellular 
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immune response (Rosenzweig et al. 2004). The assumed long effect of delayed 
preconditioning adds interesting clinical aspects, for example, a 7-day window of 
tolerance would span the entire operative and intensive care periods, during which 
numerous compounding factors are believed to influence progression of the initial 
injury.  

Remote preconditioning 

It is not always possible, or even sensible, to mimic the exact ischemic insult in 
patients before the actual intervention takes place. For example while temporary 
occlusion of main arteries of the cerebral circulation before HCA is plausible in 
an animal model, the possible complications of a similar procedure in humans 
certainly make it impossible, at least for simply experimental purposes. Thus the 
introduction of remote preconditioning has been eagerly received (Przyklenk et al. 
2003). In this process the preconditioning stimulus in applied to non-target tissue, 
most commonly to a limb, and the signal is thought to spread systemically by a 
mechanism that includes activation of the autonomic nervous system and as yet 
unidentified humoral mediators. In remote ischemic preconditioning (RIPC) 
intermittent ischemia is induced in the limb most commonly by a use of a blood 
pressure cuff or a tourniquet, in cycles varying in time and repetitions. 

In experimental myocardial infarction models, this method has been shown to 
reduce infarction size and improve myocardial protection (Gho et al. 1996, 
Birnbaum et al. 1997, Kharbanda et al. 2002). RIPC has also been shown to be 
protective against ischemia-reperfusion damage in the kidney (Song et al. 2007), 
liver (Kanoria et al. 2006), skeletal muscle (Moses et al. 2005), pancreas 
(Oehmann et al. 2007), small intestine (Brzozowski et al. 2004) and brain in 
association with stroke (Ren et al. 2008). In humans, RIPC has been shown to 
protect against experimental endothelial dysfunction (Kharbanda et al. 2002, 
Loukogeorgakis et al. 2005), modify circulating neutrophil gene expression 
(Konstantinov et al. 2004), reduce myocardial damage, improve lung function 
and decrease inflammation markers in children undergoing cardiac surgery 
(Cheung et al. 2006). Its potential has not yet been investigated in association 
with HCA, and this, simple, risk-free and cost-effective scheme provides 
interesting research possibilities for coming years. 
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Table 6. Cellular mechanisms in neuronal preconditioning. (Modelled after Steiger & 
Hänggi 2006). 

Molecule/pathway E/L Presumed mechanisms Reference 

δ-opioid receptor E Unknown Zhang et al. 2006 

GABA receptor E Repolarization Sommer et al. 2003 

NO, iNOS E,L Downregulation of glutamate transporter 

Activation of MiAP-kinases, gene regulation 

Gonzalez-Zulueta et 

al. 2000, Yamada et 

al. 2006 

Adenosine E Activation of A1 adenosine receptors Liu et al. 2006 

Protein kinases E,L Mitochondrial and gene regulation Nakajima et al. 2004 

Glutamate E,L Release of neurotrophic factors (e.g. BNDF) 

Rapid adaptation of the calcium influx 

Jiang et al. 2003 

BNDF E,L Gene regulation Yanamoto et al. 2004, 

Yanamoto et al. 2005 

Toll-like receptors E,L Release of pro-inflammatory cytokines and 

subsequent upregulation of anti-inflammatory 

pathways 

Rosenzweig et al. 

2004 

Nuclear factor kappaB L Gene regulation Blondeau et al. 2001 

Heat shock proteins L Gene regulation Tanaka et al. 2002 

Hypoxia induced factors L VEGF, EPO, iNOS induction Wick et al. 2002, Ran 

et al. 2005 

E = early preconditioning, L = late preconditioning, NO = nitric oxide, iNOS = indusible nitric oxide 

synthase, MiAP = mitogen-activated protein, BNDF = brain derived neurotrophic factor, GABA = gamma-

aminobutyric acid. 

Per-conditioning 

In clinical practice, it is impossible to predict acute cardiac emergencies and not 
all operations are planned enough to utilize the preconditioning strategies 
discussed above. For these instances, studies have been made with remote 
ischemia application during the actual ischemic period, i.e. perioperative 
conditioning or per-conditioning. In experimental studies, intermittent limb 
ischemia during coronary artery occlusion has been shown to reduce myocardial 
infarct size and protect the heart from arrhythmia during reperfusion phase mainly 
through a KATP-channel-dependent mechanism (Schmidt et al. 2007). It can be 
hypothesized that, at least in the myocardium, the advantageous processes of 
remote intermittent ischemia are not necessarily limited to the pre-insult era. The 
optimal strategies of remote ischemia: timing, duration and number of repetitions 
have yet to be uncovered. 
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Post-conditioning 

Post-conditioning refers to strategies applied after the critical ischemic period. 
Promising results in myocardial protection have been achieved in settings where 
post-conditioning mimics the already happened ischemic insult (e.g. brief 
coronary occlusions performed just at the beginning of the reperfusion after 
myocardial infarction), is remote in nature (intermittent limb ischemia) (Kerendi 
et al. 2005) or is in the form of pharmacological interventions (e.g. bradykinin or 
diazoxide) (Penna et al. 2007). 

Ischemic post-conditioning, just like pre- and per-conditioning, seems to 
reduce the reperfusion-induced injury, blunt oxidant mediated damages and 
attenuate the local inflammatory response to reperfusion. It also induces a 
reduction of infarct size, apoptosis, endothelial dysfunction and activation, 
neutrophil adherence, and arrhythmias (Penna et al. 2007). Ischemic post-
conditioning is able to minimize the tissue injury in the intestines of rats that 
underwent the procedure of mesenteric ischemia and reperfusion (Santos et al. 
2008). Co-application of ischemic preconditioning and post-conditioning provides 
additive neuroprotection against spinal cord ischemia in rabbits (Jiang et al. 2008). 
Ischemic post-conditioning has also been shown to protect the brain and reduce 
inflammation in a rat model of focal cerebral ischemia and reperfusion (Xing et al. 
2008). Recently an experimental study in rats also demonstrated a significantly 
reduced neuronal loss, diminished deficiency in spatial learning and memory, less 
disturbances in CBF and prevented cytochrome c translocation in association with 
ischemic post-conditioning after global ischemia (Wang et al. 2008). 

It seems that the first minutes of reperfusion represent a window of 
opportunity for triggering the mediators which will in concert lead to protection 
against reperfusion injury (Penna et al. 2007). Pharmacological post-conditioning 
and remote ischemic post-conditioning may yet have a promising future in 
clinical scenario, and their potential in neuroprotection comprises an interesting 
field of research. 

Postoperative hypothermia 

Postoperative maintenance of hypothermic temperatures after ischemia has been 
thought to protect tissues from ischemia-reperfusion injury. This variation of post-
conditioning has been shown to decrease mortality and neurological morbidity of 
patients resuscitated after cardiac arrest (The Hypothermia after Cardiac Arrest 
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Study Group 2002). However, patients with a traumatic head injury do not seem 
to benefit from this form of treatment (Harris et al. 2002), and in association with 
HCA, experimental models have even shown prolonged hypothermia to be 
associated with poor outcome (Romsi et al. 2002a). 

To avoid the adverse effects of systemic hypothermia, a selective maintained 
post-operative hypothermia by topical cooling has also been developed. Cold 
temperatures can be achieved by either packing the head in ice or using a topical 
head cooler with integral cold water current (Lighthall et al. 2000). Some studies 
have shown that topical cooling can be effective in protecting the brain during 
(Griepp et al. 1997) and after (Tooley et al. 2002) global brain ischemia in HCA, 
but results remain contradictive with contesting data suggesting no improvement 
in neuroprotection (Pokela et al. 2003). 

2.3.8 Future prospects – cell therapy 

The integral plasticity of cerebral tissue remains an issue for discussion, but 
altogether it can be said that it is poorer than in many other organs. In ischemic 
brain injury, as discussed above, numerous destructive processes take place 
including myelin degeneration, axonal damage, neuron death, glial cell death, 
inflammation, blood-brain-barrier breakdown, secondary neuronal death, 
formation of glial scar tissue and creation of a microenvironment that can inhibit 
axonal regrowth and repair of injured tissue, posing a serious dilemma for the 
limited ability of self-renewal in the CNS (Opydo-Chanek 2007). In addition to 
prevention and attenuation of these processes, modern approaches are aiming to 
discover interventions that help the damaged cerebral tissue recover to its best 
functional capacity. Stem cells are the topic of the decade, and their potential in 
the CNS is actively studied. Recruitment of endogenous progenitor cells for 
treatment of conditions such as Huntington’s disease, Alzheimer, Parkinson’s 
disease and demyelinative conditions has been targeted in recent studies 
(Goldman 2007). Cellular therapy could offer new cells to replace the damaged 
ones, or be the source of factors promoting regeneration and healing processes 
also in ischemic brain injury. 

Contemporary experiments have been carried out mostly with fetal neural 
stem cells (Gao et al. 2006) and embryonic stem cells (Yoshizaki et al. 2004). 
Preliminary clinical trials with post-mitotic neuron-like stem cells (NT2N) that 
resemble neural stem cells and are derived from an immortalized human germ cell 
line have demonstrated no adverse events related to the implants, but 
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improvement on tests of memory, recall and visuospatial / constructional ability in 
patients with basal ganglia infarcts 6 months after transplantation (Savitz et al. 
2004). Transplantation of fetal porcine lateral ganglionic eminence (LGE) cells to 
patients with basal ganglia infarcts led to no new neurological deficits but posed a 
risk of seizure, subdural hematoma and venous occlusion (Savitz et al. 2004). 
Long term results from these clinical studies are still pending. 

Ethical complications concerning fetal and embryonic stem cells have, 
however, led to mounting interest in the multipotent bone marrow stem cells. The 
bone marrow contains a population of hematopoietic stem cells (HSCs) and 
mesenchymal stem cells, also referred to as bone marrow stromal cells (BMSCs). 
Among multiple orientations, BMSCs have the potential to differentiate into 
different nervous system cells (Suzuki et al. 2004, Hermann et al. 2004), and they 
exhibit the self-renewal potency also characterizing neural stem cells 
(Kempermann et al. 2003, Bazan et al. 2004). It has been shown that BMSCs 
express neuronal markers and glial fibrillary acidic protein in cell cultures without 
any stimulation (Tondreau et al. 2004). Multipotency is vital when ischemic brain 
injury is concerned, as a variety of cell phenotypes are damaged. 

In rodent models, genetically or fluorescently labelled BMSCs have been 
shown to migrate to the brain, engraft the parenchyma and express the phenotype 
of neurons and astrocytes in vivo (Zhao et al. 2002, Munoz-Elias et al. 2004, Lee 
et al. 2004). However, despite a morphology and protein expression similarities 
with neural cells, the question remains of whether BMCSs can carry out the 
functions of a mature neuron and integrate into neural circuitry in the brain. The 
homing of cells, unless administered directly into the injured area (which might 
be quite difficult to determine especially with a global assault) is also a question, 
as seen in experimental models with cerebral ischemia where intracarotid 
injection of BMSCs led to only 0.02% being stained for neural markers in the 
ischemic hemisphere (Li et al. 2000, Chen et al. 2001, Li et al. 2001). Be that as 
it may, cellular therapy can offer therapeutic approaches also in terms of growth- 
and neurotrophic factors produced by stem cells (Chen et al. 2005, Crigler et al. 
2006, Yamaguchi et al. 2006), as well as BMSC protection against apoptotic 
stress by stimulation of endogenous survival signalling pathways (Isele et al. 
2007). Curative proteins might be incorporated by these cells into the 
pathologically changed brain and provide valuable factors for neuroprotection and 
neuroregeneration (Zhao et al. 2004). 
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2.4 Animal models in cardiac surgery and brain protection 

2.4.1 Overview 

Ever since Dr. Gibbon perfected the introduction of CPB in cats, animal models 
have played a crucial part of cardiovascular research. Sheep, pigs and dogs are 
currently often used as animal models for various cardiovascular surgical 
procedures, since they bear adequate anatomical resemblance to human anatomy 
and physiology, are of acceptable size, and their biological response to injury 
resembles that of humans. The size of these animals allows the usage of surgical 
instruments and devises developed for human appliance, and thus increases the 
clinical relevance of research. Their use has increased also due to the fact that, 
although ideal species for medical studies, economical and ethical issues have 
made the use of non-human primates difficult. Small animal models on the other 
hand, like rodent-models, are irreplaceable in basic research of biochemical 
mechanisms and different drugs, but their usage in surgical models is limited. As 
discussed earlier in this work, the harmful processes of brain injury take time, and 
in order to observe complete results of interventions we must let the “patient” 
recover from the procedure and give time to histological markers of injury to 
develop. Thus, large-animal surviving models are superior in terms of clinically 
relevant results. 

2.4.2 Properties of different species 

Rats 

The main advantage of a small animal model is the reduction of costs of animals 
and of equipment, and the convenience of a study model which does not require a 
full-scale operating environment (Wang et al. 2007). One person could perform 
rat model experiments, and studies could be performed in a shorter time. 
Although several small animals are available that match the rat in size (squirrel, 
guinea pig, mouse, hamster or ferret), there has been no reference to CPB being 
established in these creatures (Ballaux et al. 1999). A lot of research has been 
done on rats and, therefore, much more information is available about their 
physiological and pathophysiological responses. Techniques for anaesthesia of 
rats have been well described (Close et al. 1996). Calculations of peripheral 
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vascular resistance, haemodynamic power and aortic input have been reported 
(Chiu 1974). 

Apart from being much smaller, the anatomy of the rat heart does not differ 
significantly from that of the human heart, the only major differences occuring on 
the venous side. Three vena cavae, two superior and one inferior, drain the blood 
into a sinus venosus, a thin-walled chamber that lies dorsal to the right atrium and 
extends cranially (Ballaux et al. 1999). Most striking difference in cardiovascular 
physiology is the significantly faster heart rate of the rat (330–480 beats per 
minute) compared to human (Cocchetto & Bjornsson 1983). 

The rat heart has been used previously predominantly as an ‘isolated heart’–
perfusion model, in which the heart is removed from the chest and perfused with 
physiological solutions. Often these are referred to as ‘cardiopulmonary bypass 
models’. Only seven models of rat ‘whole body CPB’ have been described, 
however, which actually bypass the heart in situ (Ballaux et al. 1999). Some 
studies have performed both normothermic and hypothermic partial flow bypass 
with closed chest and peripheral cannulation (Popovic et al. 1963), whilst reports 
have been published also about cannulation of the aorta through the carotid artery 
and the right ventricle through the jugular vein and the right atrium (Wehberg et 
al. 1996). The rat CPB-model usually requires donor blood, since priming with 
saline solution would lead to massive hemodilution due to the very small blood 
volumes of rodents. Rats also have a tendency to establish metabolic acidosis 
during CPB, just like humans (Dong et al. 2005). Modern studies have succeeded 
to create surviving rat models that offer interesting new possibilities for future 
research (Dong et al. 2005). 

Dogs 

There are several scientific reasons why dogs can be considered an optimal 
species to study the protective effect of hypothermia on the perinatal brain during 
complete cardiac arrest, and hence models of hypothermic circulatory arrest with 
brain damage in the newborn dog are quite common. Newborn dogs of 3 to 7 
days postnatal age exhibit physiological, anatomic, and functional characteristics 
similar to those of newborn human infants. In this regard, the brain of the 
newborn dog (1 to 3 days postnatal age) is histologically equivalent to that of the 
human fetus or newborn infant at 34 to 36 weeks' gestation, and that of the 
slightly older dog (4 to 7 postnatal days) is equivalent to that of a full-term 
newborn infant (Vannucci & Towfighi 1999). 
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The cerebral cortex of the newly born dog is a six-layered structure, white 
matter is undergoing myelination, and the germinal matrix has involuted by 3 to 4 
days of postnatal age (Vannucci & Towfighi 1999). The newborn dog brain, like 
the brain of the human infant, is metabolically immature, with CBF and CMRO2 
approximating 40% of the values measured in the adult dogs (Hernandez et al. 
1978). From a functional perspective, the newborn dog less than one week of 
postnatal age exhibits predominantly brainstem and subcortical functions, 
including sucking and postural reflexes, as well as sensitivity to pain and 
temperature. Thermoregulation, responses to auditory and visual stimuli, and 
neocortical activity, as reflected by the electroencephalogram, are primitive (Fox 
1964). 

The cerebral circulation of a dog is fairly similar to that of humans, the main 
differences being the absence of the double system with separate circulations for 
the brain and the extra-cerebral structures, the presence of multiple well-
developed valves in the venous drainage of the head and a poorer development of 
the venous sinuses (Miller et al. 1964). This should especially be taken into 
account if planning a retrograde cerebral perfusion model in a dog. 

The canine myocardium has an effective collateral blood supply, which 
makes it rather ill-suited for models of acute myocardial infarction. However, dog 
models may represent the portion of the human population which has slowly 
developed collateral circulation due to gradual occlusion of a coronary artery 
(Gardner & Johnson 1988). 

Sheep 

The sheep is considered to be a suitable model for cardiovascular surgery because 
of its ease of handling, size, and vascular anatomy which bears close resemblance 
to the human. The chest cavity is as large as in a human, and it can accommodate 
devices and surgical instruments intended for clinical use. That, along with 
human-sized and comparable anatomical distribution of the coronary arteries, 
similarity in diameter of the left and right internal thoracic arteries, and ease of 
harvesting saphenous veins of suitable length and diameter, makes the sheep a 
suitable model for many cardiovascular operations (Shofti et al. 2004). 

Several difficulties, however, have limited the use of the sheep in 
cardiothoracic surgery—mainly the high infection rate resulting from median 
sternotomy incision and its susceptibility to intractable ventricular fibrillation (VF) 
with the slightest manipulation of the heart, and even the risk of short periods of 
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myocardial ischaemia, especially in hypothermic temperatures (Shofti et al. 2004). 
These adverse events can be reduced with specific operative techniques, 
preconditioning strategies and pharmaceutical interventions, but naturally lessen 
the experimental potential of sheep models. 

Pigs 

Most of the cardiovascular models in swine are related to testing of interventional 
catheter devices, atherosclerosis, myocardial infarction, coronary blood flow, 
intracardiac electrophysiology and cardiovascular surgery, predominantly with the 
implantation of biomechanical devices. 

The heart of the pig is anatomically similar to humans with a notable 
exception being the presence of the left azygous (hemiazygous) vein, which 
drains the intercostal system into the coronary sinus (Swindle et al. 1986). The 
coronary system is similar to 90% of the human population in anatomy and 
function. There are no pre-existing collateral vessels in the myocardium (Bloor et 
al. 1992), and a porcine model develops an infarction pattern like the human with 
arrhythmogenic activity with reperfusion (Gardner & Johnson 1988). The pattern 
of infarction and healing of the myocardium is almost identical to humans. The 
heart of a 40–50 kg miniature pig is approximately the same size as an adult 
human heart, and the heart-to-body ratio is similar as in humans (Smith et al. 
1990). The blood supply to the conduction system is from the posterior septal 
artery and thus is predominantly right side dominant like the human (Gardner & 
Johnson 1988).  

The aorta of swine contains a vaso vasorum just like humans. It also has a 
comparable histologic anatomy. However, blood vessels and the atria in swine 
tend to be more friable than other species, especially in neonates. The blood 
vessels are also more prone to vasospasm during manipulation (Swindle et al. 
1986), an important aspect to remember while operating. Hemodynamically, 
swine have been demonstrated to be similar in cardiac function to humans 
(Swindle 1998). 

The porcine metabolism of lipoproteins is similar to humans, and the 
development of atherosclerosis occurs both spontaneously and by experimental 
induction in swine fed an atherogenetic diet. The distribution of the 
atherosclerotic plaques will be similar to humans if they are allowed to develop 
spontaneously over time and the histology and pathogenesis of the plaques 
appears to resemble that in humans (White et al. 1992, Gal & Isner 1992). 
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Pigs have congenital cardiovascular anomalies including ventricular septal 
defect (VSD), atrial septal defect, patent foramen ovale, patent ductus arteriosus 
and tricuspid dysplasia, just like human infants. Hypertrophic cardiomyopathy 
also has a spontaneous occurrence in some breeds of domestic and miniature 
swine (Swindle et al. 1992). A breed with VSD has been developed, and it has 
been shown to be analogous to human infants with VSD. Congenital shunts may 
also be created by use of angioplasty balloon techniques. If shunts are reopened in 
neonates with balloon catheters they will remain open and develop volume 
overload hypertrophy. They also develop pressure overload hypertrophy 
following banding of the great vessels of the heart like other species, and thus are 
excellent in experimental heart failure research (Swindle 1998). 

There are several other processes that are alike in man and pig. The wound 
healing characteristics in the cardiovascular system mimic human responses 
following implantation of some devices, such as intracoronary stents. Unlike 
other models they develop coronary re-stenosis syndrome (White et al. 1992, 
Swindle 1998). Wound healing in the myocardium has typically used swine, dogs 
and sheep (Stanton & Mersmann 1986). Porcine brain development is also similar 
to human infants, and we share a similar topical, histologic and vascular anatomy, 
making the pig as a laboratory animal well suited for research of brain injury as 
well (Swindle 1998). The porcine blood, however, has a tendency to clot a lot 
faster than human blood. Pigs as a species are also known to be very tolerant to 
infections. 

The challenges of a porcine model include fast growth (up to 1kg/day) and a 
rather nervous nature. The famous stimulus-conditioning experiments were 
designed to be performed on pigs, but Pavlov found swine too hysterical, and 
decided on dogs instead (Marcuse & Moore 1944). Sudden death of cardiac origin 
is not uncommon in swine, and stressor must be kept to a minimum in the animal 
laboratory. 

2.4.3 Limitations of animal models 

Most animal models are acute in nature, a topic briefly touched upon in the 
beginning of this chapter. As the animals are terminated immediately after the 
experiment, the histopathological changes after cerebral ischemia, developing 
fully in 4–7 days, do not have time to evolve and analysis might provide 
misleading results. This may lead to a mismatch between the reported acute 
findings and the eventual outcome that might have been found in a surviving 
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animal model (Gladstone et al. 2002). A way to at least partly counteract this 
pitfall is to use surviving animal models, which assess the behavioural outcome 
i.e. neurologic recovery of the animal (Valtysson et al. 1994). However, it is not 
ethical to prolong the lives of the test animals needlessly, as the experiment may 
cause significant pain and suffering. Thus all surviving models must be carefully 
planned and well justified. 

Many small animal models of ischemia are very homogenous, with highly 
controlled environmental factors. For example, the middle cerebral artery 
occlusion model uses young, healthy rats, whereas the clinical trials in humans 
often include patients with varying age, comorbidities and medications. Therefore 
the heterogenous nature of human trials may mask the potential neuroprotective 
effects on executed interventions. On the other hand, an application found to be 
neuroprotective in the young animals with healthy circulation may have no effect 
in human adults. Genetic manipulation and new breeds of animals offer 
possibilities in overcoming at least some aspects of this problem, for example 
adult mini-pigs fed with a high-fat diet and thus developing atherosclerosis, 
would provide a model closer to the actual clinical setting (Xi et al. 2004). A 
neuroprotective intervention that has been confirmed beneficial in animals can 
also fail if the human population targeted is too sick. For example, if the brain 
damage is too extensive, resulting in increased mortality, smaller beneficial 
effects will not affect the outcome (Price et al. 2003). 

A trial with a small amount of test subjects (animals or patients) has a limited 
power to generate significant differences in outcome. The drugs and interventions 
expected to have a positive but relatively small impact on ischemic injury may 
generate false negative results, if the statistical power is insufficient (Lees 2001). 
Therefore studies usually need larger number of test subjects, which in turn is 
more impractical and expensive, especially with patients or larger animals in 
surviving models. One way to counteract this problem is to use multiple end 
points simultaneously in order to maximize the power of a single experiment. 

Finally, the most obvious aspect, animals are not humans. The processes of 
injury and repair, although similar, are not identical to human bodies. The effects 
of drugs can be very different in animal models, a good example provided by 
levosimendan, which is researched also in this work. Levosimendan in a human is 
a potent dose-dependent inotrope, but most porcine studies have yet to 
demonstrate a significantly improved cardiac index, if the loading dose is omitted. 
In conclusion, while providing the best possible forum for pre-clinical research, 
even surviving large animal models can never substitute human trials. 
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3 Aims of the study 

This thesis was undertaken in order to ascertain answers to the following 
questions. 

1. Does hypertonic saline dextran have neuroprotective properties in a surgical 
setting requiring deep HCA? We hypothesised that since HSD has been 
shown to have the ability to reduce ischemia-reperfusion injury, it might 
lessen the cerebral damage after HCA in cardiac and aortic surgery. Our main 
outcome of interest was the neurobehavioural recovery after surgery and the 
histopathology of the cerebral tissue. 

2. Does a 24-hour infusion of levosimendan improve brain metabolism and 
neurological recovery or reduce cerebral histopathological injury in an 
operation with deep HCA? Through its inotropic, vasodilatatory, anti-
inflammatory and preconditioning properties, we hypothesised that 
levosimendan could potentially enhance brain protection in association with 
HCA. Our primary interest was the neurobehavioural recovery after surgery 
and the histopathology of the cerebral tissue. 

3. Does a leukocyte-depleting filter reduce the number of activated white blood 
cells locally in the microvasculature of the brain in association with deep 
HCA? Though routinely used in operations where the patient is expected to 
undergo prolonged extracorporeal circulation, the exact function and the 
optimal use of the filter has been under debate for decades. Since we had 
shown before that LDF decreases the histopathological brain injury after 
HCA, our primary hypothesis was that the LDF would reduce the number of 
activated leukocytes and that this could be observed during and after the 
operation by intravital microscopy. 

4. Do the α- and pH-stat acid-base management strategies differ during SCP at 
25 °C in terms of cerebral metabolism and microcirculation? The alpha-stat 
method and the pH-stat method have been thoroughly investigated and 
compared in association with HCA, but few studies have explored their 
properties with SCP. We hypothesised that a difference in the behaviour of 
cerebral microcirculatory vessels and tissue metabolism could be seen during 
SCP with intravital microscopy and microdialysis analysis. 
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4 Material and methods 

This section summarizes the material and methods of the four different studies, 
for detailed description the reader is instructed to consult the original articles at 
the end of this volume. To ease the interpretation of the described procedures, the 
reader is reminded that the first two studies (I and II) were chronic in design and 
the last two (III and IV) were done in an acute model. Also, it is helpful to keep in 
mind that the first three studies (I, II and III) used HCA, whilst the last study (IV) 
utilized the technique of SCP. 

4.1 The porcine model 

The surviving porcine model used in these studies was first employed by 
Professor Randall Griepp and his group at the Mount Sinai School of Medicine in 
New York, and it was further developed by the group led by Professor Tatu 
Juvonen in Oulu, Finland. The first experiments at the Cardiothoracic Research 
Laboratory in Oulu were performed in the autumn of 1997. At the end of June 
2008, more than 700 individual experiments have been performed. The model is 
under continuous, critical improvement. The model used in the present studies is 
seen in Figure 5. In all four separate studies, the set-up consists of 2 groups with 
the same number of individual animals in both groups. The groups shall be 
referred to as HSD group and control group (study I), LV group and control group 
(study II), LDF group and control group (study III), and α-stat group and pH-stat 
group (study IV). 
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Fig. 5. The basic porcine model. 

4.2 Test animals and preoperative management 

The animals involved in these experiments were provided by a nearby piggery in 
Oulu, Finland. The pigs were crossings from Yorkshire and native breed pigs. No 
cloned or otherwise genetically manipulated animals were used in these studies. 
The age of the pigs was 8–10 weeks and the median weight was 25.6 kg (25th and 
75th percentiles: 23.3–26.6) All animals received humane care in accordance with 
the "Principles of Laboratory Animal Care" formulated by the National Society 
for Medical Research and the "Guide for the Care and Use of Laboratory 
Animals" prepared by the Institute of Laboratory Animal Resources, National 
Research Council (published by the National Academy Press, revised in 1996). 
The studies were approved by the Research Animal Care and Use Committee of 
the University of Oulu. The animals were allowed one week to adjust to new 
surroundings of laboratory facilities before the elective operation. Their well-
being was monitored daily by the staff of the Laboratory Animal Centre and the 
researchers. 
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4.3 Anaesthesia 

Piglets were sedated with intramuscular ketamine hydrochloride (350mg) and 
midazolam (45mg) and a peripheral catheter was inserted into a vein of the right 
ear for administration of drugs and to maintain fluid balance with Ringer acetate. 
Using thiopental for further sedation as required, the piglets were intubated with a 
6mm cuffed endotracheal tube and ventilated with 50% oxygen and a rate of 12–
15 breaths per minute, to achieve an end-tidal carbon dioxide concentration in the 
expired air (EtCO2) of 4.5–5.0%. After induction with fentanyl (50µg/kg), 
anesthesia was maintained by a continuous infusion of fentanyl (25µg/kg/h), 
midazolam (0.25mg/kg/h) and pancuronium (0.2mg/kg/h), as well as inhalation 
anaesthesia of 0.5% isoflurane throughout the entire experiment, excluding HCA. 
Cefuroxime 1.5g was administered intravenously at anesthesia induction.  

4.4 Hemodynamic and temperature monitoring 

Electrocardiograph monitoring was carried out throughout the entire operation. 
An arterial line for arterial pressure monitoring and blood sampling was placed on 
the left femoral artery. A pulmonary artery thermodilution catheter (CritiCath, 7 
French [Ohmeda GmbH & Co, Erlangen, Germany]) for blood sampling, 
monitoring the pulmonary pressure, measuring the cardiac output, pulmonary 
capillary wedge pressure as well as central venous pressure and recording of the 
temperature of blood was introduced through the left femoral vein. A 10 French 
catheter was placed in the urinary bladder to monitor urine output. Temperatures 
were monitored continuously from the subdural space (Thermocouple 
Temperature Catheter-Micro-Probe, Ref C8.B [GMS]), blood and rectum, and the 
brain temperature was considered the primary measure. 

4.5 Blood transfusions 

Due to an unavoidable change in the supplier of test animals in 2006, the pigs in 
study II were clearly anaemic and required blood transfusions. Blood was 
transfused in order to maintain the hematocrit of all animals above 25% after the 
operation. Donor blood was acquired from a donor animal, sacrificed on the 
morning of the operation and it was administered as whole blood to the CPB 
circuit as needed. No transfusions were used in studies I, III and IV. 
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4.6 Cardiopulmonary bypass 

4.6.1 HCA models (studies I, II and III) 

The necessary cannulations for CPB were performed from a right thoracotomy in 
the 4th intercostals space. The intercostals vessels were ligated and cut and the 
pericardium opened so that the heart and aorta were easily accessible. The arterial 
cannula was placed in the aorta in studies I and II, and in the right femoral artery 
in study III. The venous cannula was placed in the right atrium in all studies. A 
vent cannula for the decompression of left ventricle during CPB was used in the 
apex of the heart in all settings.  

After baseline recordings, a membrane oxygenator (D905 Eos [Dideco, 
Mirandola, Italy]) was primed with 1L of Ringer acetate and heparin (5000 IU). 
Nonpulsatile CPB was initiated at a flow rate of 90–110 ml/kg/min, and the flow 
was adjusted to maintain a mean arterial pressure of 50 to 70 mmHg. A heat 
exchanger was used for core cooling and warming. In study III, a leukocyte 
depleting filter (LeukoGuard LG6, Pall Biomedical, Portsmouth, United Kingdom) 
was attached to the arterial line for the entire duration of CPB. The acid-base 
management was carried out according to α-stat or pH-stat methods, as specified 
below. pH-stat strategy was implemented by adding CO2 to the inflowing gas and 
maintaining the PaCO2 level at 5.3kPa, corrected for the actual core temperature. 
Blood sampling was performed at least every 15 minutes to allow correct 
handling of the CPB in all animals. 

When the target temperature was reached after cooling, the ascending aorta 
was cross-clamped just distal to the aortic cannula and cardiac arrest was induced 
by injecting potassium chloride (40 mmol) through the arterial CPB cannula. 
Cardiac cooling with topical ice slush was maintained throughout HCA, and the 
intracerebral temperatures were controlled and maintained at 18ºC with ice packs 
placed over the head. 

4.6.2 SCP model (study IV) 

In study IV the heart and great vessels were exposed through a left thoracotomy 
in the 3rd intercostal space, and the internal thoracic vessels were ligated and cut. 
Further, the brachiocephalic trunk, the left subclavian artery, the pulmonary artery 
as well as the ascending and descending aorta were dissected free and circled with 
a vessel loop. The aortic cannula was placed in the aorta and the venous cannula 
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in the right atrium. A vent cannula was used in the apex of the heart for 
ventricular decompression. 

The cooling and rewarming phases were similar to studies I, II and III. After 
reaching the target temperature of 25 °C and the injection of potassium chloride 
as described above, the aortic clamp was shifter proximal to the aortic cannula, 
and the descending aorta along with the left subclavian artery were cross-clamped. 
The SCP flow rate was adjusted to maintain an aortic arch pressure of 50 mmHg, 
the flow rate being 10 ml/kg/min. Cardiac cooling and regulation of brain 
temperature with ice packs was carried out just as in the HCA-models. The 
anatomy of the porcine aorta and the general cannulations, as well as the method 
of SCP in a porcine model is summarized in Figure 6. 

Fig. 6. The anatomy of the porcine aorta. The circles mark the general placement of 
arterial, venous and vent cannula for CPB. Double lines indicate the cross-clamped 
vessels during SCP. 
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4.7 Experimental protocols 

The experimental protocol included cooling to a target temperature and initiation 
of HCA or SCP according to specific protocols. The different cooling times, target 
temperatures, arrest times, re-warming times and acid-base management are 
summarized in Table 7. In studies III and IV, where intravital microscopy was 
used, the protocol also included 10 minutes of normothermic bypass at 37 °C 
before the start of cooling to ensure similar temperatures in all groups when the 
baseline measurement of leukocyte activation was executed. 

Table 7. The experimental protocols. 

Study HCA/SCP Cool 

(min) 

A-B (c) Temp 

(°C) 

HCA/SCP 

time (min) 

Warm 

(min) 

A-B (w) Follow-up 

I HCA 60 pH 18 75 60 pH 7 days 

II HCA 30 pH 18 60 45 α 7 days 

III HCA 60 α 18 75 60 α 2 hours 

IV SCP 45 pH/α 25 60 45 pH/α 2 hours 

Cool = time used for cooling, A-B (c) = acid-base management during cooling (pH or α-stat), Temp = 

target brain temperature, Warm = time used for warming, A-B (w) = acid base management during 

re-warming (pH or α-stat). 

At the beginning of rewarming, furosemide (40 mg), mannitol (150 g), 
methylprednisolone (80 mg), calcium bioglyconate (2.25 mmol Ca2+) and 
lidocaine (40 mg) were administered into the pump. The ventricular vent cannula 
was removed 10 minutes before weaning from CPB. The heat-exchanger vs. 
blood temperature gradient was maintained less than 10 °C. If inotropic assistance 
was required after the operation, dopamine (studies I, III and IV) or noradrenalin 
(study II) was used to maintain MAP above 60 mmHg. During rewarming and 
after weaning from CPB, a heat-exchanger mattress and heating lamps also 
regulated the temperatures of the animals. 

After weaning from CPB, the systemic heparinization was ended by means of 
an infusion of protamine sulphate. In studies III and IV, which were acute in 
design, the animals remained anesthesized and were mechanically ventilated for 
60 minutes after weaning from CPB (2 hours after HCA/SCP), and were then 
euthanized with intravenous pentobarbital (60 mg/kg). In studies I and II, with a 
surviving model, the pigs were anesthesized and monitored for 16 (study I) or 8 
(study II) hours after HCA, then extubated and moved to a recovery room. 
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4.8 Study drug administration 

In studies I and II the investigated substance was administered during the 
operation, and the studies were placebo-controlled. 

Hypertonic saline dextran used in the first study (I) (RescueFlow®; 
Biophausia AB, Uppsala, Sweden) is a hypertonic solution containing 7.5 g NaCl 
and 6 g dextran 70 kDa in 100 ml of solvent. The preparation is unbuffered, its 
pH being 3.5–7.0. The osmolarity of HSD is 2567 mOsm/L. Control solution 
consisted of normal saline, 0.9 g NaCl in 100 ml. The osmolarity of normal saline 
is approximately 290 mOsm / L and the pH in unbuffered solution is 4–7. The 
study fluids were randomized and prepared by a nurse, blinded from the study 
setting. The colorless solutions were administered using identical syringes. The 
dose was set to 4 ml/kg, it being the most used dose in the literature(Kramer 
2003). The first 5-minute infusion was given just after the start of rewarming. The 
second infusion was given 4 hours after the start of rewarming. Both groups 
received Ringer acetate according to standard fluid therapy protocols in addition 
to the experimental fluids.  

In study II, a continuous intravenous levosimendan or placebo infusion 
(0.2 μg/kg/min) was commenced as soon as the animal was under anaesthesia and 
continued for 24 hours, excluding the time period of circulatory arrest (60 
minutes). The drug and placebo were of same consistence and colour, and the 
infusions were prepared by a nurse who did not otherwise participate in the 
experiments. The dosage was set at the higher end of the widely recognized safe 
dosing interval of levosimendan (Archan & Toller 2008), to obtain clear effects 
and observe the safety of the infusion. 

4.9 Intracranial measurements 

The intracranial end-points used in separate studies are summarized in Table 8.  

Table 8. Intracranial end-points utilized in separate studies.  

Study Microdialysis p tiO2 Temperature ICP IVM 
I x x x x – 
II x – x x – 
III – – x – x 
IV x – x – x 
Note that ICP and IVM cannot be used simultaneously due to the decompression caused by the cranial 
window drilled for microscopy. ptiO2 = brain tissue oxygen partial pressure, ICP = intracranial pressure, 
IVM = intravital microscopy. 
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4.9.1 Microdialysis 

An intracerebral microdialysis catheter was inserted through a hole located at the 
right side 0.5 cm posteriorly to the coronal suture. The microdialysis catheter 
(CMA 70; CMA/Microdialysis, Stockholm, Sweden) was placed into the brain 
cortex for a depth of 15 mm below the dura mater. The catheter was connected to 
a 2.5 mL syringe placed into a microinfusion pump (CMA 106 [CMA / 
Microdialysis]) and perfused with a special solution at a rate of 0.3 μl/min 
(Perfusion Fluid CNS;CMA/Microdialysis). Samples were collected at different 
time intervals. The concentrations of brain glucose, lactate, pyruvate, glutamate, 
and glycerol were measured immediately after collection with a microdialysis 
analyzer (CMA 600; CMA/Microdialysis) by using ordinary enzymatic methods. 
In study III where the IVM model was set up for the first time, only the 
temperature probe (that is mandatory for the conduction of the experiment) was 
utilized in addition to the hole drilled for the microscopy, and thus study III is 
lacking of the microdialysis data. 

4.9.2 Intracranial pressure and brain tissue oxygen partial pressure 

Intracranial pressure was monitored only in studies I and II, because in studies III 
and IV the cranial window drilled for intravital microscopy functions as a 
decompressive craniotomy and thus the results of intracranial pressure 
measurements would have been misleading. A pressure-monitoring catheter 
(Codman Micro-sensor ICP Transducer; Johnson & Johnson, Piscataway, New 
Jersey, USA) was inserted through a hole located at the left side 0.5cm posterior 
to the coronal suture. ICP was monitored continuously with a Codman ICP 
Express Monitor (Johnson & Johnson). 

In study I, a catheter for the measurement of intracerebral tissue oxygen 
partial pressure (Revodoxe Brain Oxygen Catheter-Micro-Probe, REF. CC1.SB; 
GMS, Mielkendorf, Germany) was inserted through a hole located on the right 
side anteriorly to the coronal suture. 

4.9.3 Intravital microscopy 

An intravital microscope (Leica Model MZFL III, Leica, Heerbrugg, Switzerland) 
was utilized in studies III and IV. The microscope was placed over a cranial 
window (15mm x 15mm) drilled over the right parietal cortex and mounted on a 
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surgical stand to stabilize the view. The microscope included 2 sets of filters: a 
violet filter (450–490 nm excitation/ > 515-nm emission wavelength) to visualize 
microvascular perfusion and a green filter (536–556 nm excitation/ > 590-nm 
emission wavelength) for visualization of rhodamine-labelled leukocytes. The 
image was captured by the charge-coupled device video camera (Dage-MTI CCD 
300-ETRCX) and transferred to a monitor (Samsung LCD SyncMaster 710mp) 
and videotaped. A frame grabber (Kudo Interactive Frame Grabber) and a 
computer-assisted image analysis system (Scion Corporation, Frederick, MD) 
were used for offline analysis. The final magnification on the monitor was 400–
800 times. At baseline the piglet received a 2ml (4mg/ml) loading dose of 
rhodamine 6G chloride MW 479 (Sigma Chemical Co., St. Louis, MO, USA) 5 
minutes before the initial recording.  

Violet filter 

When a suitable field of vision was discovered, a 1 ml (50 mg/ml) intravenous 
bolus of Fluorescein – isothiocyanate labelled dextran (MW 150 kD, Fluka 
Chemicals, St. Louis, MO) was administered to label the plasma of the cerebral 
vessels, and recording was made using the violet filter of the microscope. The 
plasma became highlighted and the red blood cells appeared dark. The diameter 
of 20 to 50 µm arterial and venous cerebrocortical microvessels was measured 
from video still images by using an image analysis program. In each animal, three 
arterioles and three venules were selected from the observation area. Each 
measurement was referred to baseline so that the baseline diameter of the vessel 
was 100%. 

Green filter 

The piglet received a 1ml (4mg/ml) intravenous bolus of rhodamine to stain the 
activated leukocytes in the circulation. A recording was made using the green 
filter. From each animal, one post-capillary venule was selected to represent the 
amount of adherent and the rolling leukocytes. The exact number of adherent 
leukocytes was calculated from an easily determined portion of the vessel, and the 
number of cells was then related to the surface area rendered. The analysis was 
made blindly unaware of the protocol by using both still pictures and videotapes. 
For rolling leukocytes, one specific point of the vessel was selected, and the 
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number of leukocytes rolling past that point was observed during approximately 
ten to fifteen seconds in each recording. 

The recordings mentioned above were made at several time-points 
throughout the experiments. The epi-illumination was limited to less than one 
minute to avoid thermal injury, and the epi-illumination was always stopped 
between video recordings. All analysis were conducted in a blinded fashion. 

 

Fig. 7. Images from the IVM violet filter (left) and green filter (right). 

4.10 Other intraoperative measurements 

Hemodynamic variables (pulse, systemic and pulmonary blood pressures, central 
venous pressure, pulmonary capillary wedge pressure, cardiac output), 
temperatures, respiratory gases, diuresis and fluid balance were carefully 
monitored throughout the experiment. 

Systemic arterial and venous blood samples were collected at baseline (after 
the thermodilution catheter had been applied), at the end of cooling (immediately 
before the institution of HCA/SCP), and at 30 minutes, 2 hours, 4 hours (study I 
and II), 8 hours (study I and II) and 16 hours (study I) after the start of rewarming. 
From these samples, the following parameters were determined: pH, oxygen and 
carbon dioxide partial pressures, oxygen saturation, hematocrit, hemoglobin, 
sodium, potassium, glucose and ionized calcium [i-STAT Analyzer; i-STAT 
Corporation, East Windsor, NJ] and leukocyte differential count [Cell-Dyn 
analyzer; Abbot, Santa Clara, Calif, USA]. Troponin I, creatine kinase (CK) and 
its isoenzyme (CK-MB) were analyzed in study IV [Hydrasys LC-electrophoresis, 
Hyrys-densitometry; Sebia, France]. 
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In study I, venous blood samples were collected also at the 1 hour 15 minute, 
1 hour 30 minute, 2 hours 30 minute, 3 hour, 3 hour 30 minutes, 4 hour 30 minute, 
5 hour, 5 hour 30 minute, 6 hour, 7 hour, 10 hour, 12 hour and 14 hour intervals. 
From these samples, the following parameters were determined: pH, oxygen and 
carbon dioxide partial pressures, oxygen saturation, hematocrit, hemoglobin, 
sodium, potassium, glucose and ionized calcium (i-STAT Analyzer; i-STAT 
Corporation). 

4.11 Postoperative evaluation 

Postoperatively, all the animals in surviving studies I and II were observed 
continuously by the investigators for 24 hours and after that by a veterinary nurse. 
A transdermal fentanyl plaster (Durogesic®; Janssen-Cilag, Berchem, Belgium) 
with a dose of 50µg/h was applied to the skin and used for 72 hours after surgery 
in addition to boluses of fentanyl (100 µg intramuscularly 1–3 times a day). After 
72 hours, buprenorphin (Temgesic®; Schering AG, Berlin, Germany) was injected 
intramuscularly 1–3 times a day. The animals were evaluated daily by an 
experienced observer who was blinded to the study group using a species-specific 
quantitative behavioral score. The quantified assessments of mental status, 
appetite and motor function described in Table 9 were summed to obtain a final 
score, with a maximum score of 9 reflecting apparently normal neurologic 
function and the lower values indicating substantial brain damage. A cumulative 
total behavioural score was also measured in each animal. It is the sum of all the 
postoperative daily scores, representing overall recovery. 

Table 9. The neurobehavioural score. 

SCORE 0 1 2 3 

Mental status Comatose Stuporous Depressed Normal 

Appetite Refuses liquids Refuses solids Decreased Normal 

Motor function Unable to stand Unable to walk Unsteady gait Normal 

4.12 Perfusion fixation and histopathological analysis 

Each surviving animal in studies I and II was electively sacrificed on the seventh 
postoperative day. Immediately after an intravenous injection of pentobarbital (60 
mg/kg) and heparin (500 IU/kg), the thoracic cavity was opened, and the 
descending thoracic aorta was clamped. Ringer solution (1 L) was infused 
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through the ascending thoracic aorta through the upper body, and blood was 
suctioned from the superior vena cava until the perfusate was clear of blood. Then, 
10% formalin solution (1 L/15 min) was perfused through the brain in the same 
manner to accomplish perfusion fixation. Immediately thereafter, the entire brain 
was harvested, weighed, and immersed in 10% neutral formalin. The same 
method of fixation was applied to the animals that died prematurely before the 
seventh postoperative day. 

The brain was allowed to fix in formalin for one week en bloc. Thereafter, 
3 mm coronal samples were sliced from the left frontal lobe, thalamus (including 
the adjacent cortex), and hippocampus (including the adjacent brainstem and 
temporal cortex), and sagittal samples from the posterior brainstem (medulla 
oblongata and pons) and cerebellum were obtained. The specimens were fixed in 
fresh formalin for another week. After fixation, the samples were processed as 
follows: rinsing in water for 20 minutes and immersion in 70% ethanol for 2 
hours, 94% ethanol for 4 hours, and absolute ethanol for 9 hours. Then the 
specimens were kept in an absolute ethanol-xylene mixture for 1 hour and in 
xylene for 4 hours and embedded in warm paraffin for 6 hours. The specimens 
were sectioned at 6 µm and stained with hematoxylin and eosin. The sections of 
the brain specimens of each animal were screened by an experienced pathologist, 
unaware of the experimental design and the identity and fate of the individual 
animals. Each section was carefully examined for the presence or absence of any 
ischemic or other tissue damage. 

Each section was scored visually for 4 signs of injury: oedema, neuronal 
damage, infarcts and hemorrhages as described in Table 10. The existence of 
neuronal damage was concluded by the presence of dark or eosinophilic neurons 
or cerebellar Purkinje cells. Clearly infarctive foci with neoformation of 
capillaries and the presence of macrophages and glial reaction were awarded 3 
points in the infarct category. The histological sum for each section was then 
calculated by summing the scores of each sign of injury (a theoretical total of 9 
points indicating severe injury). The total histopathologic sum score was then 
calculated by summing up the scores of each specific brain area (cortex, thalamus, 
hippocampus, posterior brainstem, and cerebellum) to allow semiquantitative 
comparisons between the animals. In both surviving model studies (I and II), 
statistical analysis was performed twice, with or without exclusion of early deaths. 
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Table 10. Histopathological score for signs of injury. 

Score 0 1 2 3 

Oedema No Mild Moderate Severe 

Neuronal damage No Yes – – 

Infarcts No – – Yes 

Hemorrhages No – Yes – 

4.13 Statistical analysis 

Statistical analysis was performed using standard commercially available 
statistical programs called SPSS (Version 11.5 (study I) / Version 11.0 (study IV) / 
Version 12.0 (study III) / Version 15.0 (study II); SPSS Inc, Chicago, Ill, USA) 
and SAS (version 8.02 (studies I and IV), version 9.1.3 (studies II and III) SAS 
Institute Inc., Cary, NC). The values were expressed as medians with 25th–75th 
percentiles. The differences in survival outcome in the study groups were 
evaluated using the two-tailed Fisher’s exact test. The differences between the 
study groups were determined by means of the t-test or the Mann-Whitney U-test. 
T-test was used with normally distributed data. If the normality assumption failed, 
the Mann-Whitney test was run. Repeated measurements were analyzed with the 
SAS procedure Mixed. Since the measurement intervals were uneven, spatial 
exponential covariance structure was defined in repeated statement. Repeated 
measurement analysis was not utilized for lactate/pyruvate ratio and 
lactate/glucose ratio in study I because of huge variation of the variables, only 
cross-sectional analysis was performed. Complete independence was assumed 
across animals (by random statement). Reported p-values are as follows: 
p-between groups, pg, indicates a level of difference between groups, 
p-time*group, pt*g indicates behaviour between groups over time. The Spearman 
correlation coefficients with their significance levels were calculated to estimate 
the correlation between variables in study III. Two-tailed significance levels are 
reported for comparisons with p ≤ 0.05. 
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5 Results 

5.1 Animals excluded from data analysis 

In total 134 pigs were operated on. Pilot studies were necessary in all study set-
ups: in study I to evaluate the effects of HSD on the hemodynamic parameters, in 
study II to test the dosage of levosimendan as well as establish an applicable 
blood donor system, in study III to optimize the utilization of the intravital 
microscope, and in study IV to create the SCP model. Altogether 26 animals were 
used in these pilot studies. Further, 24 pigs had to be excluded from analysis due 
to reasons presented in Table 11. A total of 84 animals were thus included in the 
final data analysis. The numbers of animals in each series were 20 in study I, 22 
in study II, 24 in study III and 18 in study IV.  

Table 11. Indications for the exclusion of animals. 

Indication for exclusion Number of animals excluded 

Study I Study II Study III Study IV 

S C S C S C S C 

Pilot studies 4  10  5  7  

Lethal arrhythmia after reperfusion  1       

Extubation-related lethal laryngeal spasm 1        

Postoperative massive bleeding 1  2    1  

Loss of vascular permeability, uncontrolled oedema 1        

Brachiocephalic trunk laceration        1 

Failure to protect the myocardium       6 3 

Pre-existing pericarditis, fever   1 1     

Subdural hemorrhage due to manipulation     2 1   

No reperfusion at visualized cerebral area     1 1   

Total number of animals excluded without pilots 4/24  4/22  5/27  11/35  

Percentage of excluded animals without pilots (%) 16.7  18.2  18.5  31.4  

Note that S stands for an animal in the study group (I : HSD, II: LV, III: LDF. IV: α-stat) and C for an animal 

in the control group. 
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5.2 Comparability of study groups 

The weight of the pigs did not differ between the study group and the control 
group in any study. The baseline values were similar in all groups, excluding 
some minor random differences. In study I, venous oxygen saturation was 
significantly higher in the HSD group at baseline (p = 0.03), which reflected in 
significantly lower oxygen extraction in the same animals (p = 0.05). However, 
these differences were short-lasting and the overall differences between groups in 
these parameters were not significant (pg = 0.7 and pg = 0.2, respectively). In 
study III, the cardiac index of control group animals was slightly better at baseline, 
a difference that was not observed at any later timepoint (pg = 0.15). Further, the 
temperatures of control animals in study III were lower than those of the study 
group, observed as a difference in brain (p = 0.061), blood (p = 0.017) and rectal 
(p = 0.04) temperature. This difference was rectified by the 10-minute 
normothermic perfusion, and no further differences were observed in terms of 
temperatures in this study (pg = 0.12, pg = 0.78 and pg = 0.15, respectively). 

There were no differences in CPB cooling or rewarming times between the 
groups. In the HCA models (studies I, II and III), the brain temperatures were 
similar during the arrest in all animals without any significant differences 
between groups. The rectal temperature was slightly lower in the LV group in 
study II compared to the control group at 30 minutes (p = 0.06), 40 minutes 
(p = 0.04) and 50 minutes (p = 0.05) into HCA, most likely due to the efficient 
vasodilatation caused by the study drug and thus faster systemic cooling. 
However, as mentioned, no differences were observed in brain temperature, 
which was considered the primary measurement, and no further differences 
between temperatures were observed between the groups in study IV. There were 
no differences in temperatures in the SCP-study either (study IV). 

5.3 Hemodynamic and metabolic variables 

The main differences in terms of hemodynamic and metabolic data are 
summarized in Table 12. For detailed results of these variables, and the variables 
that remained similar between the study groups in these four studies, the reader is 
advised to consult the original articles reproduced at the end of the present 
volume. 
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Table 12. The main differences in hemodynamic and metabolic variables in separate 
studies.  

Study Differences 

Study I MAP higher in control group at 15min p.o. MAP higher in HSD group at 1 and 1.5h 

p.o., NOD. 

Vascular resistance higher in control group at 15min, 5h, 5.5h and 6h p.o., NOD. 

SvO2% higher in HSD group at baseline, NOD. 

Hematocrit higher in control group at 60 min cool, 30 min and 2 h p.o., NOD. 

Oxygen consumption higher in control group at 2 h p.o., NOD. 

Oxygen extraction higher in control group at baseline, NOD 

Venous sodium higher in HSD group, pg < 0.001. 

Study II PaO2 higher in LV group (pg = 0.027). 

Fluid balance higher in LV group at 30 min p.o., NOD. 

Venous glucose higher in control group at 30 min p.o., NOD. 

Study III pH higher in control group pg = 0.01. 

PaCO2 higher in control group at 60 min cool, NOD. 

SvO2% higher in the control group at 30 min p.o., NOD. 

Hematocrit higher in control group at 30 min p.o, NOD. 

Intracerebral temperature higher in control group at baseline, NOD. 

Study IV MAP higher in α-stat group at 15 and 30 min cool and 45 min p.o., NOD. 

Cardiac index Higher in pH-stat group at 30 and 45 min cool, NOD. 

pH higher in α-stat group, pg < 0.001. 

PaCO2 higher in pH-stat group, pg < 0.001. 

Oxygen delivery higher in pH-stat group at 45 min cool, NOD. 

Oxygen extraction higher in α-stat group at 30 min p.o., NOD. 

p.o. = post-operative, NOD =no overall difference i.e. pg and pt*g > 0.05. MAP = Mean arterial pressure, 

SvO2 = venous saturation of oxygen, PaO2 = arterial partial pressure of oxygen. 

5.4 Intracranial measurements 

5.4.1 Intracranial pressure 

Intracranial pressure monitoring was utilized in the surviving HCA studies I and 
II, and the results are represented in Figure 8. In study I, intracranial pressure was 
significantly lower in the HSD group (pg = 0.028). The difference was observed 
from 45 minutes to 8 hours after the end of HCA. Cerebral perfusion pressure was 
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higher in the HSD group, the difference being of borderline significance 
(pg = 0.059) from 45 minutes to 3 hours after HCA.  

In study II, the intracranial pressure was fairly similar in both groups until 4 
hours (p = 0.06) after the start of re-warming. After that, it remained significantly 
lower in the LV-group at 5 hours (p = 0.006), 6 hours (p = 0.003), 7 hours 
(p = 0.001) and 8 hours (p = 0.036). There was no statistically significant level 
difference as analyzed throughout the experiment (pg = 0.16), possibly due to 
similarity of intracranial pressure in the beginning of the experiment. However, 
the behaviour of intracranial pressure over time was significantly different 
between the groups (pt’g < 0.001). Since no differences were observed in MAP, 
the cerebral perfusion pressure was similar in both groups throughout the 
experiment (pg = 0.15, pt’g = 0.18).  

 

Fig. 8. Intracranial pressure and cerebral perfusion pressure in studies I and II. 
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5.4.2 Brain tissue oxygen partial pressure 

Brain tissue oxygen partial pressure monitoring was used only in study I. It 
appeared that tissue oxygen partial pressure levels were somewhat higher in the 
HSD group (pg = 0.08). 

5.4.3 Cerebral metabolism 

The microdialysis machinery to explore cerebral metabolism was utilized in 
studies I, II and IV. The most substantial differences between study groups in 
terms of microdialysis data are demonstrated in Figure 9. 

In study I, microdialysis revealed significantly lower brain lactate levels in 
the HSD group (pg = 0.049, Figure 9). Brain glucose levels did not differ between 
the two groups, but a tendency towards higher values was observed in the HSD 
group during the whole postoperative period. Lactate-pyruvate ratio was 
significantly lower in the HSD group at 3-hour and 4-hour intervals (p = 0.049 
and p = 0.027, respectively). Lactate-glucose ratio was lower in the HSD group, 
although the differences were not statistically significant. Brain glutamate, 
pyruvate and glycerol levels did not differ between the study groups (pg = 0.6, 
pg = 0.8 and pg = 0.4, respectively). 

In study II, the concentrations of glucose (pg = 0.61), lactate (pg = 0.46), 
pyruvate (pg = 0.59), glutamate (pg = 0.46) and glycerol (pg = 0.94) remained 
similar throughout the entire experiment. The lactate-glucose ratio (pg = 0.16) as 
well as the lactate-pyruvate ratio (pg = 0.21) was similar in both groups during the 
experiment. 

In study IV, no statistically significant differences between the groups were 
observed regarding the concentration of brain glucose (pg = 0.44), pyruvate 
(pg = 0.56), glutamate (pg = 0.28), or glycerol (pg = 0.63). Brain glucose 
concentrations were slightly higher in the α-stat group group before and after SCP, 
reaching statistical significance only at 15-minutes of cooling (p = 0.05), but 
during SCP the concentration of brain glucose were almost identical between the 
groups. The brain lactate concentrations tended to be significantly higher in the 
α-stat group (pg = 0.06, Figure 9). The concentration of brain lactate increased 
markedly above baseline level in the α-stat group after the 15-min SCP interval, 
and were significantly higher at 45-min SCP, and 15- and 45-min rewarming 
intervals (p = 0.03, p = 0.003, and p = 0.045, respectively). At no timepoint were 



 90

there statistically significant differences between the groups regarding the 
lactate/pyruvate ratio. 

 

Fig. 9. The lower levels of brain lactate in HSD- and pH-stat group in studies I and IV 
respectively. 

5.4.4 Intravital microscopy 

Intravital microscopy was performed on the animals in studies III and IV. The 
clearest difference between study groups is demonstrated in Figure 10. 

Vessel diameter 

In study III, there were no significant differences between the groups concerning 
the behaviour of the arteries throughout the experiment (pg = 0.54). Most of the 
arteries in both groups reacted as to be expected: dilated during the normothermic 
CPB, constricting during cooling, reaching their baseline diameters during 
rewarming, then slightly constricting as the animal was weaned from the CPB. In 
the veins, no specific pattern of behaviour was observed, they seemed to dilate as 
CPB was initiated and remain so until the end of the experiment (pg = 0.71). 

In study IV, during normothermic bypass, the median arterial diameter 
increased relative to baseline in the pH-stat group, but decreased in the α-stat 
group. At 30 minutes into cooling, the microvascular diameter had further 
increased in the pH-stat group, but decreased in the α-stat group. At the end of 
cooling the arteries of the pH-stat group constricted vigorously, being suddenly 
more constricted than the arteries of the α-stat group. At the 30-min into SCP, the 
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arteries in the pH-stat group markedly dilated compared to the α-stat group. At the 
start of rewarming the arteries continued to constrict in the pH-stat group, but 
dilated in the α-stat group. During rewarming the arteries in the pH-stat group 
remained constricted until the end of rewarming, when the diameter differences 
between the groups had vanished. At no timepoint were the differences between 
the groups statistically significant. 

Adherent leukocytes 

The number of adherent leukocytes appeared to be lower in the LDF group in 
study III, compared to the control group. This trend started to appear at the end of 
cooling, and the difference was statistically significant at four time points (5 min 
rewarming p = 0.02, 30 min rewarming p = 0.048, 90 min rewarming p = 0.026, 
120 min rewarming p = 0.025, Figure 10). The difference just missed the 5% 
significance level (pg = 0.067). However, when we assessed only the time period 
after HCA, i.e. the rewarming period and after weaning from the CPB, there was 
a statistically significant level of difference between the groups (pg = 0.029). The 
behaviour of the groups was significantly different both assessing the entire 
experiment (pt*g = 0.001) and only the time period after HCA (pt*g = 0.001). In 
general, the LDF group demonstrated the highest number of adherent leukocytes 
immediately 5 minutes after the start of rewarming, whereas the number of 
adherent leukocytes in the control group kept climbing during the rewarming 
period, reaching its peak at 30 minutes after the start of rewarming. At the end of 
the experiment the control group experienced elevated numbers of adherent 
leukocytes, whereas in the leukocyte filter group the adherence was closer to 
baseline levels. 

In study IV, the number of adherent leukocytes to cerebral venules increased 
to peak values in both α- and pH-stat groups already during normothermic and 
15-min cooling perfusion, respectively. In the α -stat group, the number of 
adherent leukocytes remained on a relatively steady state level during SCP and 
rewarming phases, while in the pH-stat group the adherent leukocytes slightly 
increased during SCP, and decreased again during rewarming. No statistically 
significant difference between the groups was observed (pg = 0.86). 
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Fig. 10. The lower number of adherent leukocytes in the LDF group in study III. 

Rolling leukocytes 

There were no significant differences between study groups concerning rolling 
leukocytes in either study III or study IV. In all animals, superior amounts of 
rolling leukocytes were observed as rewarming was commenced. Towards the end 
of the experiment, the number of rollers was reduced so that at two hours after 
HCA there were fewer rollers than in the baseline measurement. 

5.5 Complete blood cell count 

In study I, no differences were observed in terms of total leukocyte count, 
neutrophil or lymphocyte count, or the number of red blood cells and platelets. 

In study II, the systemic white blood cell count was very similar in both 
groups. At 30 minutes after the start of re-warming the total count of leukocytes 
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(p = 0.028) and the lymphocyte count (p = 0.016) were significantly lower in the 
LV-group, but no further differences were observed in the total number of 
leukocytes (pg > 0.9), neutrophils (pg > 0.9) or lymphocytes (pg = 0.79). The 
number of red blood cells was similar in both groups throughout the experiment. 
The number of platelets tended to be lower in the LV-group at 30 minutes after 
the start of re-warming (p = 0.06), at 4 hours after the start of re-warming 
(p = 0.06) and at 8 hours after that start of re-warming (p = 0.008). However, the 
overall p-value did not differ between the groups (pg = 0.11). 

In study III, the systemic white blood cell count and the neutrophil count 
remained fairly similar in both groups until the end point of the experiment. Two 
hours after HCA, the white blood cell count and the neutrophil count were 
significantly higher in the leukocyte filter group, but no overall difference was 
observed between the groups (pg = 0.28 and pg = 0.17, respectively). There were 
no significant differences between the groups concerning lymphocytes, red blood 
cells and platelets. 

In study IV, a tendency towards less circulating neutrophils was observed in 
the pH-stat group (pg = 0.18). The number of circulating neutrophils decreased 
more over time in the pH-stat group (pt*g = 0.04) and less circulating neutrophils 
were observed at 2 hours after SCP (p = 0.05). No statistically significant 
difference between the groups was observed in the number of circulating 
lymphocytes, red blood cells or platelets. 

5.6 Cardiac enzymes 

Cardiac troponin I (TnI) and creatine kinase isoenzyme MB were measured only 
in study II. The levels of cardiac enzymes were predictably elevated in all animals. 
The LV-group demonstrated a tendency for higher concentrations of TnI at 4 
hours after the experiment (p = 0.05) and at 8 hours after the experiment 
(p = 0.09), reaching a borderline statistical significance as observed throughout 
the experiment (pg = 0.059). This trend could also be seen in creatine kinase 
isoenzyme MB, as the concentrations tended to be higher in the LV-group at 8 
hours after the start of re-warming (p =  0.05), but the difference between the 
groups was not statistically significant in a continuous analysis (pg = 0.21).  
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5.7 Survival 

All animals were stable before, during and after surgery. In the acute models 
(studies III and IV), all animals survived until the end of the observation period at 
2 hours after HCA/SCP. In the surviving studies (studies I and II), all animals 
included in the series survived at least until the 1st postoperative day. In study I, 
the 7-day survival rates were 75% (9 out of 12 animals) in the HSD group and 
67% (8/12) in the control group (p > 0.9). In study II, 5 out of 9 animals (56%) 
survived for the entire week in the LV group and 6 out of 9 animals (67%) lived 
for one week in the control group (p = 0.73). 

5.8 Neurological outcome 

In study I, the animals in the HSD group recovered faster, as indicated by the 
higher behavioural scores at the second postoperative day (p = 0.03, Figure 11). 
The cumulative behavioural score was also higher in the HSD group (p = 0.067). 
 

Fig. 11. Neurobehavioural scores in study I 

In study II, we observed no differences in neurological recovery between the 
groups (p = 0.575).  

5.9 Histopathology 

In study I, the brain total histopathologic score was lower in the HSD group 
(p = 0.01), as was the score from thalamus (p = 0.04), when all pigs were 
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included. When early deaths were excluded, the total score was still lower in the 
HSD group (p = 0.049). The HSD group had somewhat lower brainstem and 
cerebellum scores, with or without exclusion of early deaths. The 
histopathological data from study I is represented in Table 13, the scoring system 
is described in detail in the Methdos-chapter of this work. 

Table 13. Histopathological scores from study I. 

Protocol Survival Cortex Thalamus Hippocampus Brainstem Cerebellum Total 

HSD        

Mean (all) 5.5 2.8 1.5 1.3 1.0 0.5 7.0 

Mean (survivors)  2.7 1.4 1.1 1.1 0.7 7.0 

Control        

Mean (all) 5.0 3.2 2.3 1.5 2.0 1.1 10.0 

Mean (survivors)  2.9 2.0 1.3 2.1 1.4 9.6 

P-value (all)  0.11 0.04 0.38 0.09 0.09 0.01 

P-value (survivors)  0.76 0.19 > 0.9 0.07 0.06 0.049 

In study II, there were no significant differences whatsoever between the groups 
concerning histopathology findings in different brain areas or in signs of injury. 
The total histopathological sum reflected no differences when analyzing all 
animals (p = 0.119), or when analyzing only the surviving animals (p = 0.267). 
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6 Discussion 

6.1 Surviving and acute models in this work 

The surviving porcine model has been in use in Oulu for the past 10 years. Our 
research has traditionally operated with a surviving model, notably to receive 
strong end-points such as neurological recovery and histopathological analysis of 
brain tissue. Our secondary cerebral end-points (e.g. brain tissue oxygen partial 
pressure, intracranial pressure and microdialysis analysis), though individually 
weaker in nature, add credibility and can reveal the mechanisms behind beneficial 
interventions. 

In 2005, our facility purchased an intravital microscope, which visualizes the 
behaviour of cerebral vessels and the activation of white blood cells in the brain 
circulation while we operate. This data is unique and impossible to achieve from 
human studies. However, the intravital microscopy recordings are not without 
challenges. The labelling substance rhodamin can accumulate in the body, and 
some animals can have a presumably allergic reaction to fluorescein, resulting in 
prompt blood pressure drops 1–3 minutes after the initial injection and need of 
vasopressors for re-establishing the circulation, even with more diluted 
concentrations and smaller amounts than previous studies have mentioned. This 
side effect has not been reported in previous investigations using intravital 
microscopy, although blood pressure drop as a result of fluorescein injection has 
been recognized (Buchanan & Levine 1982). It is plausible that the pig reacts 
differently than humans to this dye, and individual pigs are different in this sense. 
Furthermore, the visualization of cerebral vessels requires a relatively large 
cranial window and the removal of dura mater from that area, predisposing the 
animal to serious infections if followed for several days after the operation. The 
IVM epi-illumination, especially when prolonged in the hands of an 
inexperienced microscopist, can cause thermal injury to the brain tissue. 

Studies III and IV in this volume considered the intravital microscopy as their 
primary end-point. They were the first two studies in our institution where the 
IVM technique was used in association with a porcine model and HCA/SCP. 
Because of the challenges related to IVM, especially since we did not yet have a 
solid experience in this novel technology, we decided to conduct the experiments 
as acute models, providing important and reliable data but also being ethically 
acceptable. There was already one surviving model performed in the same study 
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setting as study III of this work, which further encouraged the usage of an acute 
experiment. 

6.2 Hemodynamic and metabolic data 

In study I, the first infusion of HSD resulted in a short period of significantly 
lower MAP at the beginning of the rewarming period. This phenomenon was 
most probably due to vasodilation caused by HSD. Previous studies on HSD have 
shown that during and immediately after the infusion of HSD, the blood vessels 
dilate and there may even be a short period of hypotension. However, as the 
plasma volume and cardiac contractility increase, the mean arterial pressure levels 
are quickly restored or even elevated from baseline values (Kramer 2003), and in 
deed the second infusion of HSD elevated the cardiac output in our study as well. 
However, as the vascular resistance was lower at the same time, HSD did not 
have any significant impact on the mean arterial pressure. On the other hand, 
immediately after the rewarming phase MAP was briefly higher along with the 
cardiac output in the HSD group. As the vascular resistance levels in the study 
groups were similar at that time, increased cardiac output led to higher arterial 
pressure in the HSD group.  

The administration of unbuffered HSD probably caused the significantly 
lower pH at the 5 minute interval after HCA. Vasodilation most likely explains 
also the significantly lower venous line temperatures in the HSD group at the 15-
minute and 30-minute intervals as well as higher rectal and epidural temperatures 
in the HSD group 30 minutes after HCA. HSD was associated with a temporary, 
significant decrease of hematocrit, which in turn has been shown to decrease 
mean arterial pressure and to increase CBF (Kuo et al. 2003). However, as 
discussed previously, low hematocrit is also associated with increased cerebral 
metabolism, thus with possible deleterious effects on the brain during HCA. 
Despite this, HSD showed its neuroprotective effects in this study, and any 
adverse effect related to a temporary decrease of hematocrit should be assessed in 
a further study in which hematocrit is both left uncorrected and corrected to 
optimal levels. 

The sodium levels did not rise adversely in the HSD group. Although the 
sodium values in the HSD animals were constantly higher than in control animals, 
no animal in the HSD group demonstrated a sodium concentration above 
155mmol/L at any time point and most values were below the accepted 
147mmol/L throughout the experiment. Before the initiation of the series, we 
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performed some pilot experiments to find out how the sodium levels would 
behave with two infusions. The levels did not rise adversely, and we decided to 
use two infusions rather than a single one during the actual experiments, mainly 
because we wanted to prolong the beneficial effect of the solution. Repeated 
administration is recommended to be used with caution at the moment, as 
hypernatremia may complicate the therapy, and in the critically ill patient, 
lowered excretion of sodium due to renal failure may contraindicate the HSD 
therapy. Our study displayed no sustained or harmful side-effects of HSD, but 
further research is of great importance to find out, whether sustained 
hypernatremia or bleeding disorders actually complicate repeated HSD therapy.  

In study II, the lack of difference in heart rate and cardiac index were not 
altogether surprising, as the loading dose of levosimendan was omitted. Due to 
levosimendan’s vasodilatory effects, the animals of the LV-group required more 
fluid as re-warming was commenced. The more positive fluid balance, combined 
with the fact that blood temperature rose slower in the LV-group most probably 
provides explanation for better oxygenation and lesser blood glucose in the LV-
group at 30 minutes after the start of re-warming, especially since these 
parameters did not differ in a clinically relevant sense for the rest of the 
experiment. 

In study III, all animals were slightly acidic towards the end of the 
experiment, and the minor differences between the groups concerning pH, 
hematocrit and oxygen saturation were most probably random and not significant 
to our study in a clinical sense. These differences could not, in our opinion, be 
attributed to the use of a leukocyte depleting filter. After weaning from the CPB, 
the pulmonary artery pressure tended to remain fairly high in both groups. We 
suspect that the exceptional load on the right side of the heart due to accumulation 
of rhodamine in the bloodstream and tissues was one factor that led to poorer 
cardiovascular status towards the end of the experiment. 

In study IV, the non-temperature corrected values of arterial pH and CO2 
were significantly different throughout the CPB period between the pH-stat and 
α-stat groups. This confirms that both groups were managed in the narrow limits 
according to the different acid-base management strategies. As expected, the 
relative hypercarbic state and vasodilation associated with the pH-stat strategy 
resulted in lower mean arterial pressures, lower vascular resistance and thus 
higher cardiac index during cooling. The tendency to higher oxygen extraction 
levels during early reperfusion may suggest a more anaerobic metabolism during 
SCP with α-stat strategy. 
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6.3 Intracranial measurements 

6.3.1 Intracranial pressure 

The administration of HSD in the study I led to a prolonged period of lower ICP 
levels in the HSD group, from 45 minutes to 8 hours after HCA. This effect can 
be regarded as an excellent result with beneficial impact on the outcome (Pokela 
et al. 2002). The decreased levels of ICP along with beneficial effects on 
hemodynamics led to increased CPP from 45 minutes to 3 hours after HCA. 
Increased CPP improves cerebral oxygenation, as shown by a positron emission 
tomography study (Johnston et al. 2005). After 8 hours, the effect of HSD wore 
off and the ICP levels became similar in both groups, as shown in Figure 8 earlier. 
It is possible that a larger dose could have prevented this rebound phenomenon. In 
a small study in swine by Wade and colleagues, a single dose of 11.5 ml/kg 
resulted in slighty better outcome than the 4 ml/kg dose in hemorrhagic dogs, 
although the difference was not significant (Wade et al. 2003). A third infusion 8 
hours after HCA or a continuous slow infusion could also have prevented the late 
increase in ICP. Slow continuous infusions have been effective in lowering ICP, 
but the studies are few and lacking in methods (Kuo et al. 2003). Solutions with 
higher sodium concentration (10–23.4%) have also shown their efficacy in 
lowering ICP with poor-grade patients or in animal models (Suarez et al. 1998, 
Schwarz et al. 2002). Further studies are needed to evaluate, whether a single, 
large dose, repeated dosing or a longer, slow infusion indeed are effective in 
sustained decrease in ICP and perhaps generating even better outcome than 
reported in the study I. 

In study II, the LV group demonstrated lower ICP from 5 hours after HCA 
until the end of the experiment as demonstrated in Figure 8, a persisting 
difference that did not, however, lead to favourable outcomes in terms of cerebral 
metabolism, neurological recovery or histopathological findings. Perhaps the lack 
of differences between groups in terms of later end points arose from the fact that 
the lesser ICP did not lead to an increased CPP at any point during the experiment. 
As mentioned above, it is often the improved CPP per se that leads to improved 
cerebral oxygenation. The hemodynamic profiles of both LV-group and the 
control group were so similar that an increase in CPP would have required an 
even stronger difference in ICP or alternatively, better cardiac index and/or mean 
arterial pressure in the LV group. 
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6.3.2 Brain tissue oxygen partial pressure 

In study I the administration of HSD resulted in higher cerebral ptiO2 levels, and 
together with a lower ICP and favourable microdialysis findings suggests an 
improved cerebral oxygenation and metabolism. 

6.3.3 Cerebral metabolism 

Cerebral microdialysis has become a promising tool for monitoring and tarqeting 
therapy of brain injury. This analysis provides continuous, direct and reliable 
neuromonitoring during multiple intervals during and after brain ischemia. 
Changes in cerebral glucose metabolism have previously been demonstrated to be 
the most important predictor of postoperative death after HCA; non-survivors 
having higher lactate/glucose ratios and lower brain glucose concentrations 
(Pokela et al. 2001). It has been speculated that glucose is consumed 
anaerobically by astrocytes producing lactate that, in turn, is consumed 
aerobically by neurons after a period of ischemia. This utilization of lactate, not 
of glucose, is preferred by neurons and fuels the recovery of synaptic function 
during reoxygenation (Schurr et al. 1997), and thus brief periods of cerebral 
lactate are not necessarily as detrimental as previously thought. In fact, surviving 
animals have previously shown slightly higher brain lactate levels from the start 
of rewarming until 2 hours after HCA, although this difference has not been 
statistically significant (Pokela et al. 2001). The detrimental effects of interstitial 
glutamate have already been dicussed. Degradation of membrane phospholipids 
as a consequence of cerebral ischemia leads to elevated glycerol concentrations 
during and after the ischemic period (Kristian & Siesjo 1998). During severe 
ischemia, the concentration of cerebral pyruvate decreases, and after the ischemic 
insult, and increase in its level is a better marker of reperfusion than glucose 
levels (Persson & Hillered 1992). The lactate/pyruvate ratio can reflect the redox 
state of the cell, as the ratio is more driven towards lactate in ischemic conditions 
(Valtysson et al. 1998). 

The microdialysis findings in study I clearly support the notion of improved 
cerebral oxygenation and metabolism in the HSD group, as the lactate level 
remains high in the control group until the end of the observation period, and the 
lactate-pyruvate ratio was intermittently lower in the HSD group after HCA. 
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The microdialysis findings between the LV group and the control group did 
not differ in study II, and thus in that experimental setting, levosimendan did not 
improve or deteriorate brain metabolism before, during and after HCA. 

In study IV, the higher levels of lactate in the α-stat group, especially 
combined with the tendency to higher oxygen extraction levels during early 
reperfusion, can suggest a more anaerobic metabolism. However, the 
lactate/pyruvate ratio did not differ significantly between the groups, suggesting 
that the accumulated lactate had to be converted back to pyruvate and taken into 
the Kreb’s cycle. 

6.3.4 Intravital microscopy 

No statistically significant differences were observed in the microvascular 
diameters between the groups in either study III or study IV, which was not totally 
unexpected. In order to demonstrate any real changes in the cerebral circulation 
one should investigate larger vessels (perhaps arterioles around 100µm in 
diameter, as they are considered to be in charge of autoregulatory function in the 
brain) deeper in the brain tissue. The capillaries we observed were naturally on 
the surface of the brain and perhaps too small to reflect relevant changes in the 
circulation of the whole tissue. 

In study III the IVM data demonstrates that the leukocyte depleting filter 
reduces the number of adherent leukocytes in the cerebral vessels of a piglet 
following a period of deep hypothermic circulatory arrest. The result failed to 
reach strict statistical significance in a continuous analysis of repeated 
measurements concerning the whole experiment, possibly due to our small 
sample size. However, of utmost importance is naturally the time period after 
HCA, since that is the time when the so-called reperfusion injury, including the 
harmful leukocyte activation, takes place. During that period, from the start of 
rewarming up to two hours post-operatively, the leukocyte filter group 
demonstrated significantly lower amounts of adherent leukocytes. In a previous 
study from our research group, conducted with an identical operative setting but 
in a surviving model without IVM, we were able to show that the LDF led to 
better neurological recovery and lesser histopathologic signs of injury 
(Rimpilainen et al. 2000). Combined with study III of the current volume, it can 
be presumed that the modus operandi of the LDF was indeed the reduction of 
activated leukocytes.  



 103

The difference observed in adherent leukocytes was not, however, displayed 
in the statistics of the rolling leukocytes in study III. One possible reason could be 
the time-limit imposed on each recording, as illumination was frequent and 
multiple, exposure of brain tissue had to be as short as possible (about 10 to 15 
seconds to observe the rolling leukocytes), and very few actual rollers were 
caught by the video. Maybe in order to witness any real difference between the 
groups, the observation time should have been longer. However, since these two 
stages, rolling and adhering, are so closely connected, it is reasonable to assume 
that had our method been sufficient we may have been able to see this downward 
trend in the rolling leukocytes of the leukocyte filter group as well. 

In study IV, we were not able to observe any statistically significant 
differences in the leukocyte/endothelial interaction between the groups. Although 
more adherent leukocytes were seen in the pH-stat group during the SCP period, 
during the rewarming period, when the harmful activation of leukocytes takes 
place, the trend was opposite, without statistical significance. The lack of 
difference can be due to the fact that the benefits of pH-stat strategy over α-stat 
strategy are notable only when deep hypothermic CPB and HCA is used. 

6.4 Complete blood cell count 

The differences in white blood cell counts, if any, were statistically significant 
only at a single time point in all four studies, and no persisting differences were 
observed between any groups, indicating that these findings were mostly random 
in nature, or related to fluid balance as in study II. In study III, the difference in 
cerebral adherent leukocytes co-existed with the notion that in systemic blood 
flow there were mostly no differences between the groups concerning white blood 
cell count and neutrophil count, and that at the end of the experiment these 
measurements were even higher in the LDF group. This observation supports the 
assumption that the LG-6 filter selectively removes activated neutrophils but does 
not have a significant enough effect to reduce the total leukocyte or total 
neutrophil count (Thurlow et al. 1996). It also implies that systemic evaluation of 
white blood cell count and neutrophil count might not reveal the whole truth 
about the amount of activated leukocytes locally in the brain. 

In study II, we observed a persisting tendency for lower number of platelets 
in the LV-group after hypothermic circulatory arrest. Whilst the clinical 
significance is debatable, it is worth noting that there has been a study with an 
model in healthy volunteers showed that levosimendan had a significant dose-
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dependent inhibitory effect on platelets in vitro in clinically relevant doses 
(Kaptan et al. 2008). Our result implies that the platelet amount and function of 
patients receiving levosimendan treatment should be monitored. 

6.5 Cardiac enzymes 

Cardiac enzymes tended to be more elevated in the LV-group. While it is 
plausible that a 60-minute hypothermic circulatory arrest introduces such a strain 
to the myocardium that calcium-sensitization can cease to be beneficial and even 
becomes adverse, other possible explanations may exist. The LV-group as a whole 
received more defibrillations than the control group, and even if the difference 
was not statistically significant it can explain a part of the enzyme release. On the 
other hand, it has to be noted that in earlier studies of levosimendan’s effects on 
ischemic myocardium, the results have been encouraging in clinical trials with 
human patients (Moiseyev et al. 2002) as well as in experimental models with 
rabbits (Rump et al. 1994), guinea pigs (Du Toit et al. 1999) and dogs (Kersten et 
al. 2000). Similar studies with pigs, however have frequently led to more 
disappointing results in terms of myocardial infarction size (Busk et al. 2006), 
arrhythmias (duToit et al. 2001) and contractile function (Tassani et al. 2002). 
The possibility of a detrimental effect of levosimendan on the porcine 
myocardium, as opposed to human or other animal heart, has to be considered.  

6.6 Survival 

The survival rate of animals in the chronic studies I and II did not differ between 
the groups, nor are they comparable with each other due to different protocols 
used. In the study I, the survival rate was just slightly higher in the HSD group, 
without statistical significance, although in terms of the other end points a 
significant difference in survival could have been expected. However, the use of 
pH-stat method, having significant neuroprotective properties compared to the 
alpha-stat protocol with deep HCA, may have prevented any significant survival 
differences with this number of animals, as the controls survived quite well too in 
this study. 
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6.7 Neurological recovery 

In the study I, the animals of the HSD group recovered faster, as indicated by the 
signicantly higher behavioural scores on day 2. The cumulative score was higher 
in the HSD group, although the classical border of significant difference could not 
be reached. Once again, a larger study might have improved the statistical 
credibility. The behavioural scores match the other end points, which also indicate 
the superiority of the HSD group in this study. In study II, the recovery of animals 
was extremely similar in both groups. 

6.8 Histopathology 

As the development of cerebral histopathologic lesions due to anoxia takes time 
(Dowden & Corbett 1999), the surviving animals in studies I and II were 
followed for 7 days after the operation. The analysis of the brain tissue was 
conducted by a pathologist blinded to the study designs. Data analysis was 
performed for all animals and only the 7-day survivors, thus avoiding misleading 
results from a comparison of animals from different time frames of death.  

There was significantly less morphological damage to the brain in the HSD 
group than in the controls in study I, a finding which supports the beneficial 
results observed in outcome, behavioural data, intracranial measurements and 
microdialysis. In this study setting, the number of animals and the methods used 
were able to show this difference between the groups. In study II, no differences 
were observed in the histological brain injury between the groups, which was not 
an unexpected finding, considering the lack of differences in survival, 
neurological recovery or cerebral metabolism. 
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7 Conclusions 

1. Hypertonic saline dextran improved the neurological outcome and 
histopathologic signs of brain injury after HCA. The advantageous data 
provided by the microdialysis analysis suggests that the improved recovery 
was due to lessened reperfusion injury and decreased edema formation in the 
brain and thus improved brain metabolism and oxygenation. Our findings 
suggest a neuroprotective action of HSD in association with HCA, and 
encourage further research on this intervention. 

2. Levosimendan decreased intracranial pressure, but in terms of cerebral 
metabolism, neurological recovery and histopathology of the brain tissue 
levosimendan did not improve brain protection in association with deep HCA 
in a surviving porcine model. More studies are needed to optimize the 
potential of levosimendan. 

3. The leukocyte depleting filter succeeds to reduce the number of adherent 
leukocytes during the reperfusion period in an experimental operation with 
deep hypothermic circulatory arrest, and thus might mitigate the cerebral 
reperfusion injury following cardiac surgery. This finding was observed 
directly from intravital microscopy data, and encourages the continued use of 
leukocyte depleting filter in clinical settings. 

4. Intravital microscopy and microdialysis technique did not demonstrate 
remarkable cerebral differences between the animals managed with the alpha- 
or the pH-stat strategy during moderately hypothermic SCP. Our results 
support previous findings indicating that the differences in pH management 
become noteworthy only in deep hypothermia. This study suggests that this 
theory applies in association with SCP as well. 
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