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Abstract
Cessation of the blood circulation for some time during surgery of the aortic arch and repair of
congenital heart defects is normally required to allow a bloodless operation field. Hypothermia is the
most important mechanism for end-organ protection, particularly the brain, during such operations.
Cardiopulmonary bypass is used for core cooling before total hypothermic circulatory arrest (HCA)
or selective cerebral perfusion (SCP) are initiated. During hypothermic cardiopulmonary bypass, pH
can be managed according to either pH- or alpha-stat principles. In the present work, the optimal pH
management strategy for operations requiring HCA or SCP was explored. 

An experimental porcine model was used. Firstly, outcome was evaluated in a HCA model using
either the α- or pH-stat perfusion strategy (I). Secondly, we sought to determine which acid-base
management is more effective in attenuating ischemic brain injury during combined HCA and
embolization conditions (II). In the third study, the impact of propofol anesthesia and α-stat perfusion
strategy on outcome was explored (III). Finally, the acute effects of perfusion strategies in a SCP
porcine were compared (IV). Hemodynamics, temperature, EEG (I-III), brain microdialysis,
intracranial pressure (I-III), brain tissue oxygen partial pressure (I-III), and intravital microscopy (IV)
were monitored intraoperatively. In the chronic studies, survival, postoperative neurologic recovery
and brain histopathologic examination were evaluated (I-III).

pH-stat strategy was associated with superior outcome compared to the α-stat strategy during a
75-minute period of deep HCA (I). In addition, despite the pH-stat strategy-related cerebral
vasodilatation, this method provided better neuroprotection in a setting of cerebral particle
embolization prior to a 25-minute period of deep HCA (II). Propofol anesthesia combined with α-stat
perfusion strategy was observed to deteriorate the brain injury during HCA evaluated by key brain
microdialysis parameters (III). Finally, when employing moderately hypothermic SCP, the
differences between pH- and α-stat strategies in cerebral metabolism and microcirculation were
minimal.

These findings are clinically relevant since α-stat perfusion strategy is still the most commonly
used acid-base perfusion strategy during hypothermic cardiopulmonary bypass in adults, and
propofol one of the most used anesthetics in clinical practice. It is also noteworthy that the pH-stat
strategy is not currently used in adults because of the perceived increased risk of atherosclerotic
embolization. However, the advantage of pH-stat strategy over α-stat strategy could not be observed
when employing SCP.

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

Cardiac surgery is generally regarded as having begun in 1896 – when Ludwig 
Rehn in Frankfurt am Main performed a successful heart-suture after a stab-
incision of the right ventricle. However, nearly a century earlier surgeons Baron 
Dominique Jean Larrey (1810) and Francisco Romero (1814) performed 
operative drainage of the pericardium (Shumacker 1989). The progress towards 
whole body perfusion and subsequently, extracorporeal oxygenators for use in 
human cardiac surgery, was made through the discovery of the anticoagulant 
property of heparin by Jay McLean in 1916 (McLean 1916). However, it was not 
until the 1950s that modern aortic and cardiac surgery really blossomed. Dr. John 
Gibbon invented the first successful heart-lung machine and successfully 
introduced the cardiopulmonary bypass (CPB) technique in 1953 (Gibbon 1954). 
Yet, the early heart-lung machines were complex and associated with poor 
outcome. Dr. C. Walton Lillehei had a solution in the use of cross circulation, a 
method where a parent served as heart-lung machine for their child. He and his 
colleagues employed the technique successfully in over 40 cases (Black & 
Bolman 2006). Lillehei recognized the issues surrounding cross circulation and 
had therefore concurrently been working on a heart-lung machine with Richard 
DeWall. Lillehei demonstrated in 1955 that open heart surgery could be safely 
and efficiently practiced, through the use of the DeWall bubble oxygenator 
(Lillehei et al. 1956). Dr. Michael E. DeBakey performed the first succesful aortic 
aneurysm replacement in 1957, using normothermic CPB with isolated 
brachiocephalic and carotid artery perfusion (De Bakey ME et al. 1957). The 
roller pump, which created the forward flow of blood in the Gibbon’s heart-lung 
machine, was actually also developed by DeBakey.  

In aortic arch and congenital heart defect surgery, an interruption of the blood 
flow is often necessary in order to make surgical repair possible. The brain, in 
particular, is sensitive to ischemic injury during cardiac arrest. The technique 
described in 1957 by DeBakey was actually an early version of antegrade 
selective cerebral perfusion (SCP), and has since been widely adopted as an 
effective method of cerebral protection. As hypothermia was found to protect 
organs from ischemic damage, hypothermic circulatory arrest (HCA) was 
introduced (Niazi SA & Lewis FJ 1957). Technical complications and the risk of 
cerebral embolization with SCP prompted the application of HCA in aortic arch 
operations (Ergin MA & Griepp RB 1980). The major concern related to this 
technique is time limitation. In recent years retrograde cerebral perfusion (RCP) 
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has been added to HCA to improve cerebral protection and extend the period of 
safe cerebral ischemia (Ueda et al. 1990). A major drawback of this method is 
that it may induce cerebral edema (Juvonen et al. 1998b, Duebener et al. 2003). 

During CPB, optimal neurologic protection depends on a number of 
variables, including acid-base management, biocompatibility of the 
extracorporeal circulation (ECC), flow rate, hematocrit, ultrafiltration, 
oxygenation strategy, and duration of CPB and circulatory arrest.  

The concepts of acid-base regulation for hypothermic CPB have been used 
since the early works of Severinghaus in which he detailed normograms for 
temperature changes in arterial blood gases (Severinghaus JW 1959, 
Severinghaus JW 1966). Still, the appropriate acid-base management during 
hypothermic CPB remains controversial. Two specific forms of management may 
be used during hypothermia: α-stat strategy or pH-stat strategy. In order to define 
the differences of these two methods, it is necessary to understand the alterations 
in acid-base homeostasis as a function of temperature. The physiologic reaction to 
progressive hypothermia is that CO2 solubility increases and partial pressure of 
carbon dioxide (CO2) decreases resulting in an alkaline shift of blood pH. The α-
stat pH management strategy maintains a pH of 7.40 ±0.05 when measured by a 
gas analyzer at 37°C. In the pH-stat strategy carbon dioxide is added to 
oxygenator gas flow during cooling to achieve a pH of 7.40 ±0.05 when corrected 
to the actual hypothermic temperature.  

In investigating optimal acid-base management during hypothermic 
circulatory arrest, a series of four experimental studies using a surviving porcine 
model were performed. In the first study the outcome of animals that had 
undergone 75 minutes of HCA with either perfusion strategy was evaluated (I), 
while in the second study the global ischemic brain injury from a 25 min period 
of HCA was combined with an embolization injury (II), using either α-stat or pH-
stat strategy during hypothermic CPB. The third paper arising from the present 
work evaluated the outcome effects of propofol versus isoflurane anaesthesia 
during 75 minutes of HCA, when pH management according to α-stat principles 
was used (III). In the fourth study the effects of α-stat versus pH-stat strategy on 
cerebral microcirculation and metabolism during a 60 minute period of SCP were 
assessed(IV). 
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1 Review of the literature 

1.1 Cerebral metabolism and blood flow 

The brain averages only 2% of total body weight, but it receives 14% of the 
cardiac output and consumes 20% of the total body oxygen. This makes the brain 
very sensitive to oxygen deprivation, having the shortest tolerance of organs for 
anoxia (Komer 1991). The normal regional cerebral blood flow (rCBF) in the 
grey matter is approximately 80 ml/100g/min and 20 ml/100g/min in the white 
matter (McHenry et al. 1978). The autoregulation of the vascular bed in the brain 
ensures an adequate and constant blood flow, when the systemic mean arterial 
pressure (MAP) in healthy subjects is kept within 50 to 170 mmHg (Harper 
1966).  

1.2 Cerebral ischemia 

Cerebral ischemia occurs at normothermia when rCBF decreases to below 20 
ml/100g/min in the most vulnerable areas and below 10 ml/100g/min in the white 
matter (Symon et al. 1977). The area that is subject to complete or nearly 
complete ischemia is called the ischemic core. Surrounding the edge of the core is 
a region referred to as the penumbra, which is hypoperfused and is at risk of 
dying but can be salvaged with increased perfusion and/or pharmacological 
intervention. If reperfusion to the ischemic core is not re-established within 5 
minutes, selectively vulnerable neurons (SVNs) will be permanently damaged 
(Astrup et al. 1981). If, however, the ischemia is incomplete, the outcome is more 
difficult to predict and depends largely on oxygen availability and residual 
perfusion through collateral vessels. 

There are two basic mechanisms leading to ischemic cerebral injury during 
aortic arch surgery; global ischemia from interrupted cerebral perfusion and focal 
cerebral ischemia from embolization. HCA induces global brain ischemia, and 
manipulation of atherosclerotic vessels, use of cardiopulmonary bypass and 
postoperative atrial fibrillation may launch micro- or macroemboli into cerebral 
circulation, causing more serious, permanent brain injury. Territorial cerebral 
infarcts caused by focal ischemia tend to increase in size during an ongoing 
period of hypoperfusion. This has been shown both in animal models of stroke 
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(Dereski et al. 1993, Garcia et al. 1993) and in human studies using magnetic 
resonance imaging (MRI) (Baird et al. 1997).  

1.3 Pathogenesis 

Cerebral ischemia results in rapid loss of high-energy phosphate compounds such 
as phosphocreatine and adenosine triphosphate (ATP) (Ljunggren et al. 1974). 
The ATP supply reaches zero within about 4 min of complete ischemia (Krause et 
al. 1988). Ischemia with associated energy depletion leads to generalized 
depolarization and loss of the normal 10 000/1 gradient of Ca2+ between the 
extracellular fluid (1.3 mmol) and the cytosol (<0.1 µmol), which is the first 
phase of ischemic brain injury. 

The altered Ca2+ homeostasis mediates a cascade of cell degrading processes 
because of the large increase in cytosolic Ca2+. Increased Ca2+ activates a number 
of enzymes, with potential deleterious cellular effects. The enzymes known to be 
activated by calcium include ATPases (which accelerate ATP depletion), 
phospholipases (which cause membrane damage), proteases (which break down 
both membrane and cytoskeletal proteins), and endonucleases (which cause DNA 
and chromatin fragmentation).  

Increased intracellular Ca2+ levels also result in increased mitochondrial 
permeability and the induction of apoptosis (Orrenius et al. 2003). Mitochondrial 
permeability transition (MPT) activated by the increased intracellular Ca2+ levels, 
results in the formation of a high-conductance channel, the so-called 
mitochondrial permeability transition pore (MPTP), in the inner mitochondrial 
membrane (Newmeyer & Ferguson-Miller 2003). This initially reversible 
nonselective pore becomes permanent if the inciting stimuli persist, inhibiting the 
membrane potential. Because maintenance of membrane potential is critical for 
mitochondrial oxidative phosphorylation, it follows that irreversible MPT leads to 
cell death. The MPTP is also associated with leakage of cytochrome c (CyC) and 
apoptosis-inducing factor (AIF) into the cytosol leading to apoptotic, ATP-
dependent, death pathways (Leist et al. 1997b). However, cell necrosis is also 
possible if the amount of mitochondria in the damaged cell is large enough and 
ATP levels are low, because of the massive release of mitochondrial Ca2+. The 
pathways of ischemic cell death are discussed later. 

The inflammation process caused by ischemia is also the main contributor to 
cerebral reperfusion injury after an ischemic insult. A hypothesis in the 1960s 
proposed that the extent of tissue injury observed after ischemia extensively 
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reflects damage caused during reperfusion and also got direct support from 
morphological studies (Jenkins et al. 1981).  

1.3.1 Selective vulnerability 

Although deep hypothermic circulatory arrest causes a global ischemic insult to 
the brain, damage most likely occurs in select groups of structures in the brain. 
These areas have SVNs (selective vulnerable neurons; hippocampal hilar and 
CA1 pyramidal neurons and cortical pyramidal neurons in layer 3 and 5) (Kumar 
et al. 1987), the most vulnerable area being the CA1 pyramidal neurons in the 
hippocampus (Tabuchi et al. 1995). Since the hippocampus is a center of memory 
functions, the first findings of mild brain injury can be found by performing 
postoperative neuropsychiatric memory tests (Buss et al. 1996). It takes, however, 
2-3 days for the neuronal damage of CA1 neurons to become morphologically 
obvious, this phenomenon is hence described as delayed neuronal death (Kirino 
2000). Moreover, the reperfusion damage after complete brain ischemia is 
observed in two phases in the SVNs; cytosolic microvacuolation 15 min after 
reperfusion, normalization of neuron features after 1 h of recirculation, and again, 
injury progression until 6 h after recirculation (Sato et al. 1990). The phenomenon 
of selective vulnerability has been expounded on in two different hypotheses; the 
excitotoxic amino acid (EAA) neurotransmitter- and the free radical hypotheses 
(White et al. 2000). The EAA neurotransmitter hypothesis is directed largely at 
events during ischemia, whilst the free radical hypothesis is directed largely at 
events during reperfusion. 

1.3.2 EAA hypothesis 

Glutamate is the main excitatory neurotransmitter, but it is highly toxic in excess 
in the extracellular space, and is therefore in normal conditions being cleared 
from the synapse by neurons and glia cells through re-uptake into vesicles. This 
recycling of glutamate is disturbed in ischemia because of energy depletion. The 
EAA hypothesis suggests that SVN cell bodies and dendrites receive large 
amounts of glutamate during ischemia-induced depolarization (Siesjo 1992), thus 
resulting in a phenomena described as glutamate excitotoxicity which causes 
continuous activation of the pre- and postsynaptic membranes (Lipton & 
Rosenberg 1994).  
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Glutamate receptors are classified into ionotropic receptors, which are the 
ligand-gated ion channels (Small & Buchan 1996), and into metabotropic 
receptors, which are coupled to intracellular second messengers via GTP-binding 
proteins (Pin & Duvoisin 1995). The glutamate ionotropic receptors on SVNs are 
activated distinctively by two subtypes; either N-methyl-D-aspartate (NMDA) or 
α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) (White et al. 
2000). NMDA and AMPA receptor activation allows influx of calcium and 
sodium ions into the cells, respectively. The loss of the sodium gradient is thought 
to induce reversal of normal Ca2+ extrusion through a Na+/ Ca2+ antiporter, 
resulting in further Ca2+ influx. 

1.3.3 Free radical hypothesis 

Free radicals are molecules that have an unpaired electron on their outermost 
orbital, e.g. superoxide anion (O2

˙-), hydroxyl radical (·OH), and singlet oxygen 
(1O2) (Lutgerink et al. 1992, Wiseman & Halliwell 1996). Free radicals and some 
none-radicals, e.g. hydrogen peroxide (H2O2), that can damage lipids, proteins, 
and nucleic acids are referred to as reactive oxygen species (ROS) and reactive 
nitrogen species (RNS). The main endogenous source of radicals is mitochondria, 
but small amounts are generated in peroxisomes, the cytochrome P450 system, 
and inflammatory cells (Li et al. 1992). Exogenous sources of radicals are 
radiation (ultraviolet, X-ray), ozone, and many xenobiotics (Klaunig et al. 1998). 
In humans, 3 x 1022 free radical molecules are formed per person per hour (Lieber 
et al. 2003). During exercise, this figure may be increased by 50% (Valko et al. 
2004).  

In normal situations, radicals are held in control by antioxidative enzymes 
such as superoxide dismutase (SOD), catalase and glutathione peroxidase. SODs 
are found both in mitochondria and the cytosol and convert superoxide to H2O2. 
The latter is decomposed to water and oxygen in the peroxisomes by catalase. 
Glutathione peroxidase also protects against injury by catalyzing the breakdown 
of H2O2. Some metals can donate free electrons and catalyze free radical 
formation as in the Fenton reaction (Table 1). Since most of the intracellular free 
iron is in the ferric (Fe3

+) state, it must be first reduced to the ferrous (Fe2
+) form 

to participate in the Fenton reaction. This reduction can be enhanced by 
superoxide, and thus sources of iron and superoxide are required for maximal 
oxidative cell damage. The binding of copper and iron ions to storage and 
transport proteins minimizes the levels of the reactive forms. Also antioxidants, 
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e.g. the lipid-soluble vitamins E and A as well as ascorbic acid and glutathione in 
the cytosol, counteract the effects of free radicals (Halliwell 1987). 

The free radical hypothesis suggests that SVNs are especially prone to 
radical-induced damage (specifically lipid peroxidation) because (1) they are 
deficient in glutathione peroxidase (Ushijima et al. 1986) and because (2) they are 
surrounded by iron-laden supporting glia cells that release this iron during 
ischemia and reperfusion (Krause et al. 1987). 

Table 1. Formation of the biologically most important reactive oxygen and nitrogen 
species (Karihtala 2005). 

Reaction Comment 

O2 + e- → O2
˙- Superoxide formation 

2 O2
˙- + 2 H+ → H2O2 + O2 Hydrogen peroxide formation, catalyzed by SODs 

Cu+/Fe2+ + H2O2 → Cu2+/Fe3+ + ·OH + OH- Fenton reaction 

O2
˙- + H2O2 → ·OH + OH- + O2 Haber-Weiss reaction (iron-catalyzed) 

L-arginine → NO˙ + L-citrulline NO˙ formation (catalyzed by NOS) 

NO˙ + O2
˙- → ONOO- Peroxynitrite formation 

Reactive oxygen species 

Oxidative phosphorylation in mitochondria allows aerobic organisms to achieve a 
far greater energy production efficiency compared to anaerobic organisms. Under 
aerobic conditions, the metabolism of one mole of glucose generates 38 moles of 
ATP, whereas only two moles of ATP is generated per one mole of glucose 
through anaerobic glycolysis. However, the disadvantage of aerobic metabolism 
is continuous production of noxious ROS.  

O2
˙- is the first reduction product of O2 and is one of the most stable free 

radicals, though it is able to inhibit mitochondrial function if not properly 
destroyed in mitochondria (Wallace 1999). O2

˙- is further dismutated to H2O2 
(Pryor 1986). H2O2 is one of the least reacting ROS but is able to produce 
different kinds of cellular injury because of its ability to diffuse throughout 
mitochondria and cross cell membranes (Mates & Sanchez-Jimenez 2000). 
However, the main injurious effects of ROS in mammalian cells are mediated by 
·OH, which is a highly reactive free radical and is formed in the presence of 
reduced transition metals (ions of Fe, Cu, Co, or Ni), mainly via the Fenton 
reaction.  
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ROS are generated particularly during reperfusion in the brain (Armstead et 
al. 1988) and contribute to membrane lipid peroxidation and cell death 
(Traystman et al. 1991). Lipid peroxidation is initiated when ROS attacks the 
double bonds in unsaturated fatty acids of the lipid membranes. The lipid-free 
radical interactions yield peroxides, which are themselves unstable and reactive, 
and a chain reaction ensues which can result in extensive membrane, organellar, 
and cellular damage. 

Reactive nitrogen species 

The term RNS is used to refer to nitric oxide (NO˙) -derived radicals and certain 
non-radicals (Wiseman & Halliwell 1996). NO˙ is generated by the action of nitric 
oxide synthases (NOS 1, NOS 2 and NOS 3) (Love 1999). Ischemia increases 
NOS 1 or neuronal nitric oxide synthase (nNOS) activity in neurons and glia; 
NOS 2 or inducible nitric oxide synthase (iNOS) activity in a range of cells 
including infiltrating neutrophils and macrophages, activated microglia and 
astrocytes; and NOS 3 or endothelium-derived nitric oxide synthase (eNOS) 
activity in vascular endothelium. NOS 2 is not normally present in tissue, and is, 
contrary to NOS 1 and NOS 3 expressed later, between 12 and 24 hours after the 
ischemic insult (Iadecola et al. 1996). NOS 1 and NOS 3 are also activated by an 
increased cytosolic [Ca2+], while NOS 2 activity is mediated by transcriptional 
inducers. The effects of NOS 1 and NOS 2 activity is considered harmful in the 
context of brain ischemia, but the production of NO by NOS 3 in blood vessels 
causes vasodilatation and improves blood flow in the penumbral region of brain 
infarcts (Samdani et al. 1997).  

NO˙ acts as an important chemical mediator, participates in immunological 
defense, but can also act as a RNS, particularly through its highly reactive 
metabolite, peroxynitrite (ONOO-) (Beckman & Koppenol 1996). ONOO- has 
been suggested to be as reactive as ·OH (Demple & Harrison 1994). 

1.3.4 Leukocyte infiltration 

Inflammatory and immunological responses, which involve the infiltration of 
leukocytes and activation of macrophages, contribute to the pathogenesis of 
cerebral ischemia (Arvin et al. 1996, Rothwell et al. 1997). Ischemia-reperfusion 
injury activates astrocytes, microglia, and endothelial cells, which begin to 
produce cytokines. Proinflammatory cytokine mRNA is rapidly produced in 
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response to brain ischemia within 1 hour and precedes the infiltration of 
inflammatory cells into the injured tissue. The expression of proinflammatory 
cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) 
attract leukocytes into the injured brain and stimulate the production of adhesion 
molecules on leukocytes and endothelial cells (Feuerstein et al. 1994). The 
expression of other cytokines, mainly proinflammatory IL-6 and IL-8 and anti-
inflammatory IL-4 and IL-10, also increases.  

The activated leukocytes (mainly neutrophils) are considered to undergo three 
phases: 1) the activated leukocytes form temporary bonds with the vessel wall 
endothelium mediated by selectin (rolling leukocytes) (Zimmerman et al. 1992), 
and 2) eventually stronger bonds (adherent leukocytes) through interaction 
between leukocyte β-integrins (CD11/CD18) and intercellular adhesion molecules 
(ICAM-1, ICAM-2) (Bevilacqua 1993). Finally, 3) the leukocytes migrate 
(migrating leukocytes) into surrounding tissues assisted by IL-8 and platelet-
endothelial cell adhesion molecule-1 (PECAM-1) (Huber et al. 1991, Muller et 
al. 1993). The infiltrated leukocytes release proteases and RNS, which damage 
the neurons and endothelial cells directly (Neumar 2000). In addition, the 
adhesion of leukocytes, red blood cells and platelets to the capillary endothelium 
also obstructs the blood flow in the capillary bed, hence leading to secondary 
ischemia and worsening of brain injury (Delzoppo et al. 1991, Garcia et al. 1994). 

1.3.5 Post-ischemic cerebral hypoperfusion 

Both quantitative (Ames III et al. 1968) and qualitative (Krause et al. 1988) 
studies have shown a post-ischemic cerebral hypoperfusion phenomenon after 
global ischemia. The latter demonstrated that the CBF is only 30% of normal by 
90 min of reperfusion following 10 to 20 min of global ischemia. Abnormal 
cerebral hypoperfusion and impaired cerebral oxygen metabolism (CMRO2) may 
also last for some hours after the use of DHCA during the repair of congenital 
heart defects (Greeley et al. 1991, Mezrow et al. 1992). On the contrary, 
experimental focal ischemia models have shown apparent transient 
hyperperfusion of the injured tissue immediately after re-establishment of flow 
(Muller et al. 1994). In a PET study in cats, extended post-ischemic 
hyperperfusion after focal ischemia was associated with inferior outcome (Heiss 
et al. 1997).  

The alterations in brain tissue perfusion are largely a consequence of 
leukocyte activation and the release of cytotoxic substances, leading to damaged 
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endothelium (Cooper et al. 2000). The injured endothelium has an increased 
permeability, which leads to sequestration of plasma proteins and water in the 
brain tissue, with resulting brain edema and increased intracranial pressure (ICP). 
Increased postoperative ICP has been observed to be associated with slower 
recovery of EEG and adverse neurological outcome after experimental HCA 
(Hagl et al. 2002). Additionally, the damaged endothelium secretes 
vasoconstrictors such as endothelin and thromboxane A2, which constrict the 
cerebral vessels abnormally. During HCA, thromboxane A2 receptor blockade 
was shown to improve cerebral blood flow and metabolism; no such improvement 
was however seen after treatment with an inhibitor of endothelin converting 
enzyme (Tsui et al. 1997). 

1.4 Pathways of cell death  

Neuronal cell death can occur by two different mechanisms, apoptosis or 
necrosis, that evolve over a period of hours to days (Amir et al. 2005). Apoptosis, 
or programmed cell death, occurs despite adequate cellular energetics, while 
necrosis is caused by prolonged ischemic injury and ATP depletion (Ankarcrona 
et al. 1995, Bonfoco et al. 1995). The relative contribution of apoptosis and 
necrosis to postischemic neuronal death is somewhat controversial (Neumar 
2000). In global ischemia, cell death seems to occur by apoptosis and not by 
necrosis as seen in focal ischemia (Bottiger et al. 1998). Apoptosis and necrosis 
can be distinguished both at a morphological and molecular level, as discussed 
below. Based on morphological criteria, the ratios between apoptotic and necrotic 
cells in one experimental study using rats were found to be 1:9 in the ischemic 
core and 1:6 in the inner border zone 48 h after a 2 h focal ischemia (Li et al. 
1998). After a period of ischemia, neuronal death can develop rapidly, such as 
occurs in the ischemic core, and be necrotic, whereas delayed neuronal death in 
the penumbral region may be apoptotic. One mechanistic feature, MPT, seems to 
be common to both mechanisms of cell death. At high ATP levels, MPT favors 
apoptosis over necrosis, whereas at low ATP levels MPT favors necrosis over 
apoptosis (Leist et al. 1997a). Therefore, MPT may represent a common 
transition to irreversible injury. The differing features of apoptosis and necrosis 
are listed in Table 2. 
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Table 2. Ultrastructural changes of necrosis and apoptosis. 

Feature Necrosis Apoptosis 

Cell size Enlarged  Reduced 

Nucleus Pyknosis→karyorrhexis→ 

karyolysis 

Chromatin condensation and 

fragmentation  

Plasma membrane Fragmentation Intact, cytoplasmic budding into 

apoptotic bodies 

Cellular contents Enzymatic digestion and leakage Intact, may be released in 

apoptotic bodies 

Adjacent inflammation Frequent No 

Role Pathologic Physiologic or pathologic  

Karyorrhexis = fragmentation of the nucleus, karyolysis = dissolution of the nucleus. 

1.4.1 Apoptosis 

Apoptosis is a controlled form of cell death that allows for regulated elimination 
of cells. It occurs during normal brain development and helps shape brain 
architecture during fetal and early postnatal life (Raff et al. 1993). The plasma 
membrane remains intact although enzymes degrade the cells’ own nuclear DNA 
and nuclear and cytoplasmic proteins. The altered structure of the cell makes it an 
avid target for phagocytosis and therefore cell death by this pathway does not 
elicit an inflammatory response in the surrounding tissue.  

Apoptosis is recognized by DNA cleavage (laddered appearance on 
electrophoresis, in situ end labeling (ISEL) fluorescence staining, or positive 
TUNEL staining), nuclear fragmentation with formation of apoptotic bodies, 
condensation and margination of nuclear chromatin [e.g. fluorescence staining of 
the nucleic acid-binding cyanine dye (YOYO)], as well as of expression of pro-
apoptotic genes and/or proteins [p53 (Li et al. 1994), Fas (Matsuyama et al. 
1995), Fas ligand (Martin-Villalba et al. 1999), TNF-α (Feuerstein et al. 1998), 
TNF-receptor (Botchkina et al. 1997), Bcl-XS (Ferrer et al. 1998), Bax 
(Krajewski et al. 1995)], and caspases (Velier et al. 1999).  

Apoptosis can be activated via: 1) the intrinsic or mitochondrial pathway, 
through MPT, with CyC acting as the initiating factor; or 2) the extrinsic or the 
“death-receptor” -mediated pathway, through activation of caspases by specific 
cell membrane receptors (mostly Fas and TNF-receptors). The caspases belong to 
a family of cysteine proteases, and their substrates are typically structural proteins 
or proteins involved in cellular homeostasis and repair. All caspases are 
synthesized as latent proenzymes, which can be cleaved and activated by other 
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caspases in a cascade-like manner. The principal caspases involved are caspase 3 
and caspase 8 (Thompson 1995, Thornberry & Lazebnik 1998), and especially in 
the brain, all the other caspase-mediated pathways converge on caspase 3 
(Blomgren et al. 2003).  

Apoptosis seems to play a crucial role in neuronal death after DHCA 
(Ditsworth et al. 2003). In a newborn pig model using DHCA, apoptosis was the 
predominant death process in the neocortex, whereas in the hippocampus it was a 
mixture of necrosis and apoptosis (Kurth et al. 1999). Further, the apoptotic index 
of cortical infarcts, i.e. the percentage of apoptotic cells and bodies in the whole 
cell population, was particularly high in 7-day surviving pigs after HCA, 
suggesting that apoptosis may be an important mechanism of delayed neuronal 
death after HCA (Mennander et al. 2002).  

1.4.2 Necrosis 

Necrosis is an uncontrolled/unregulated form of cell death that affects 
surrounding cells through the release of cellular contents (i.e. lysosomal proteases 
and neurotransmitters) and by triggering inflammation (Neumar 2000). Necrosis 
is characterized histologically by pyknotic nuclei, swollen eosinophilic 
cytoplasm, and inflammation. 

Although evidence of apoptosis is undeniably present after HCA, a consensus 
seems to be developing that cerebral injury after HCA results from at least two 
different pathways, corresponding to orthodox descriptions of necrosis and of 
classic apoptosis (Hagl et al. 2001). Further, by using YOYO and ISEL staining, 
Hagl et al were able to demonstrate two other degenerative neuronal phenotypes 
in the pig hippocampus after HCA in addition to the ortodox descriptions of 
apoptosis, and arbitrarily designated them as type 1 and type 2 dying cells. Type 1 
cells showed condensation of chromatin, an intact nuclear membrane, normal or 
slightly enlarged nucleus, and a faint or absent ISEL signal (little or no DNA 
fragmentation). Type 2 cells also showed condensation of chromatin, a 
fragmentated nuclear membrane and no detectable ISEL signal — the type 2 cell 
morphology most likely representing the descriptions of ortodox necrosis. DHCA 
at 10°C compared to 20°C, and treatment with cyclosporine A, did not affect the 
density of apoptotic cells but significantly decreased the number of dying cells of 
types 1 and 2 (Hagl et al. 2001). These findings suggested that in order to 
improve neurological outcome after HCA, focus needs to be put both on 
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strategies to inhibit apoptosis and on strategies that act on different pathways 
leading to neuronal injury. 

1.5 Cerebral injury in aortic surgery 

Brain complications are the most significant cause of postoperative mortality and 
morbidity in thoracic aortic surgery (Crawford et al. 1989). The critical 
determinant of severity of brain injury is the duration and severity of the ischemic 
insult, and the time elapsed in restoring CBF (Harukuni & Bhardwaj 2006).  

Global ischemic injury after temporary exclusion of cerebral circulation is 
quite frequent and often referred to as temporary neurologic dysfunction (TND). 
TND occurs in about a quarter of patients after periods of deep HCA (Ergin et al. 
1999) and poor performance on neuropsychological tests one week 
postoperatively predicts continued deficits at 6 weeks. Further, the 
neuropsychometric deficit at 12 weeks postoperatively was even 55% with HCA 
and 56% with RCP (Harrington D et al. 2003), indicating that TND may not be a 
benign self-limited condition as previously thought. 

 Stroke is a terrified complication of thoracic aortic surgery, accounting for 
one quarter of all deaths from thoracic aortic surgery. Several studies report stroke 
incidences of 7-12 % after aortic surgery in adults using deep hypothermia with 
circulatory arrest (Svensson et al. 1993, Ergin M et al. 1994, Goldstein et al. 
2001). The occurrence of stroke was observed to increase after 40 minutes of 
circulatory arrest and the mortality rate increased markedly after 65 minutes of 
circulatory arrest in the study of Svensson et al (Svensson et al. 1993). Recent 
reports, however, indicate that the mortality and stroke rates after aortic arch 
repair have improved (Svensson et al. 2001).  

1.6 Surgical methods for brain protection 

1.6.1 Hypothermic circulatory arrest 

Hypothermic circulatory arrest is a cerebral protective technique used during 
aortic arch surgery and repair of congenital heart defects. In practice, the patients 
are cannulated and connected to the CPB circuit, then are cooled down to the 
target temperature using the heat-exchanger linked to the heart-lung machine. 
After cooling, the extracorporeal circuit (ECC) is shut off and the actual operation 
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with total circulatory arrest may begin. Topical cooling is commonly used during 
HCA for brain protection. A retrospective study of 656 patients who underwent 
deep HCA showed a mortality rate of 10% and a neurological deficit rate of 7% 
(Svensson et al. 1993). The incidence of neurological injury seems to increase 
after 40 minutes of circulatory arrest, and even shorter arrest periods are 
associated with transient neurological and neuropsychometric deficit (Svensson et 
al. 1993, Ergin M et al. 1994, Reich DL et al. 1999). The Boston Circulatory 
Arrest Study similarly found that neurodevelopmental outcomes were generally 
not adversely affected unless the duration of circulatory arrest exceeded a 
threshold of 41 minutes in neonates operated on for congenital heart defects 
(Wypij et al. 2003). 

Based on the observations of 37 adults undergoing operations employing 
HCA, the degree of metabolic suppression achieved by hypothermia has been 
determined and a calculated safe duration of HCA can be derived for any 
temperature. The scale is logarithmic, with a higher Q10 (temperature coefficient) 
for lower temperatures (15ºC to 11ºC (McCullough et al. 1999). The calculated 
duration of safe HCA is presented in Table 3. 

Table 3. Calculated safe duration of hypothermic circulatory arrest (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) 

Values in parenthesis are 95% confidence intervals. 

In a bloodless operative field free of cannulae, the simplified ECC and a 
decreased incidence of embolization are the major advantages of HCA compared 
to SCP and RCP. A recent prospective clinical study compared these three 
methods in 30 randomized patients and found no neurocognitive advantage of 
SCP and RCP over HCA (Svensson et al. 2001). Yet, HCA has been found to be 
associated with prolongation of CPB time, increased perioperative bleeding, 
greater transfusion requirements, postoperative multiorgan dysfunction, and a 
limited safe arrest period (Livesay JJ et al. 1983), indeed, profound hypothermia 
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and extended periods of CPB have been shown to induce both blood clotting and 
bleeding tendency (Wilde 1997).  

1.6.2 Selective cerebral perfusion 

Excessive bleeding and pulmonary complications associated with HCA evoked 
renewed interest in antegrade cerebral perfusion with moderate hypothermia 
(Frist et al. 1986). SCP was introduced as a method to perfuse the brain during 
HCA, allowing an extended period under which surgical procedures on the arch 
could be performed safely (Matsuda et al. 1989). SCP with individual cannulation 
of the innominate and left common carotid arteries has now long been used as an 
adjunctive cerebral protective technique, with good neurologic results (Bachet et 
al. 1991, Kazui et al. 1992, Harrington et al. 2004). In a recent neonatal piglet 
study, there was significantly less apoptosis and histologic injury using SCP 
compared to HCA (Chock et al. 2006). There is, however, still concern about this 
approach because of the risk of embolization associated with cannulation of the 
cerebral vessels in the often severely atherosclerotic aortas (Strauch et al. 2004). 
Direct cannulation or cannulation through an 8 mm Dacron graft anastomosed 
end-to-side of the right subclavian (axillary) artery provides an alternative route 
for antegrade SCP (Tasdemir et al. 2002, Sabik et al. 2004). SCP can be 
performed unilaterally ensuring the collateral flow via the circle of Willis to the 
left hemisphere is intact and disease-free. Recent results comparing the unilateral 
versus bilateral approach of SCP, favor the latter, which was associated with a 
high success rate and few complications (Olsson C & Thelin S 2006). Bilateral 
SCP is easily achieved by right subclavian artery cannulation and insertion of a 
cannula in the left carotid artery orifice under direct vision. 

1.6.3 Retrograde cerebral perfusion 

RCP through the superior vena cava was first used as a method of treating 
massive air embolism during CPB (Mills NL & Ochsner JL 1980), but it was not 
until 1986 that a clinically feasible method for application of RCP during HCA 
for improving cerebral protection was developed (Ueda et al. 1990). The 
operative technique is simpler than SCP. Clinical results from RCP studies are 
controversial, some being beneficial (Ueda et al. 1994, Coselli 1997), and some 
detrimental (Tanoue et al. 1999, Reich et al. 2001). The generally recommended 
perfusion pressure during RCP has been evaluated in canine models to be 20 to 30 
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mmHg, since capillary pressures beyond 25 mmHg are considered to increase 
tissue edema (Usui et al. 1994, Nojima et al. 1994). However, experimental 
studies of RCP are most appropriately performed with a porcine model since pigs 
rarely have competent jugular valves, compared with, for example, canine 
models. In a RCP porcine model the increase of perfusion pressure from an 
average of 27 to 36 mmHg provided more tissue blood flow and better tissue 
oxygenation without any increase in tissue edema (Li et al. 2002). A clinical 
report using a much higher mean retrograde perfusion pressure than previously 
recommended similarly showed no clinical evidence of brain edema (Ganzel et 
al. 1997). RCP provides nutrients to the brain, removes toxins, maintains cerebral 
hypothermia during HCA, and removes emboli (Bavaria JE & Pochettino A 
1997). The generally agreed benefits are, however, improved brain cooling 
(Anttila et al. 2000a) and the potential to flush emboli from cerebral circulation 
(Juvonen et al. 1998a, Anttila et al. 2000a). In fact, recent studies have failed to 
show adequate capillary flow in the brain with RCP and inferior vena cava 
occlusion (Ehrlich et al. 2001b), but revealed macroscopic evidence of significant 
brain edema, and no relevant nutrient RCP flow to the brain using intravital 
microscopy (Duebener et al. 2003). Further, a prolonged period of RCP over 80 
minutes seems to be a risk factor for increased mortality and morbidity (Ueda et 
al. 1999). Effective brain protection during RCP requires further investigation of 
the optimal perfusion pressure conditions (Li et al. 2002). 

1.6.4 Regional low-flow perfusion 

Recently, some institutions have advocated the use of antegrade regional low-
flow perfusion (RLFP) for cerebral protection instead of HCA. Its principle is the 
same as in SCP, but in this technique the aortic cannula is advanced into the 
innominate artery or polytetrafluoroethylene graft after CPB cooling, reducing the 
amount of pump and cannula equipment compared to SCP (Myung et al. 2004). It 
has turned out to be superior compared to HCA alone in both experimental 
(DeCampli et al. 2003, Myung et al. 2004) and clinical studies (Newburger et al. 
1993, Bellinger et al. 1995). DeCampli et al showed that a RLFP rate of 20 
ml/kg/min resulted in a lower cortical tissue pO2 but better post-CPB recovery 
and less upper torso edema than in animals perfused with a RLFP rate of 40 
ml/kg/min.  
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1.7 Cardiopulmonary bypass management 

The purpose of the ECC is to perfuse vital organs and maintain their function by 
ensuring adequate oxygen transport while the heart and lungs are resting, thus 
enabling longer and more complex operations. Through the use of an oxygenator, 
desaturated hemoglobin is oxygenated and perfused into the circulation with a 
pump (Figure 1). In order to reduce morbidity and mortality it is essential to 
understand the physiologic alterations associated with CPB. CPB is associated 
with the development of a systemic inflammatory response that can often lead to 
dysfunction of major organs. The primary inflammatory initiator is considered to 
be related to the contact of blood with large surfaces of artificial material under 
high sheer stress (Asimakopoulos 2001). In addition to biocompatibility of the 
ECC, organ function is altered by various parameters regulated during CPB.  

Fig. 1. The CPB machine. 

1.7.1 Temperature 

A heat-exchanger is usually used in connection with the ECC for core cooling 
during cardiac surgery. The primary aim of hypothermia is to reduce oxygen 
consumption and high-energy phosphate utilization during CPB. Hypothermia 
may also improve neuroprotection by decreased excitatory transmitter release, 
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reduced ion influx, and reduced vascular permeability (Barone et al. 1997). 
Another advantage to using hypothermic techniques is the safety factor as the 
entire circuit can be turned off for short to longer periods, depending on the 
degree of hypothermia (Table 3), in case of a CPB catastrophe (Komer 1991). 
Hypothermia is categorized into mild (32-34°C), moderate (25-32°C), deep (15-
25°C), and profound (<15°C). Mild or moderate hypothermia is commonly used 
during coronary artery bypass grafting (CABG), while deep and profound 
hypothermia are used during more complex cardiac and aortic surgery. Indeed, 
adequate brain cooling is an essential component of aortic surgery requiring 
circulatory arrest and inadequate cooling may lead to brain injury (Kaukuntla et 
al. 2004). Profound hypothermia, however, with or without circulatory arrest, has 
been reported to be associated with neuronal loss and degeneration (Deleon et al. 
1998). The optimal temperature for use of SCP after HCA has been assessed in 
one experimental study. It suggested that lower temperatures during SCP — 10°C 
to 15°C versus 20°C to 25°C — result in better neurologic outcome (Strauch et 
al. 2005), because of profound metabolic suppression. Although CBF was more 
significantly reduced in the 10°C to 15°C groups than the corresponding change 
in the 20°C to 25°C groups during SCP, the CBF/CMRO2 ratio was higher with 
SCP at 10°C. Clinically this means that excellent cerebral protection is provided 
at a low absolute blood flow, which may reduce exposure to embolization from 
the often severely atherosclerotic aortas. Although hypothermia remains the 
single most important mechanism for providing organ protection during aortic 
surgery, it also induces a number of potential problems. Hypothermia results in an 
increase of blood viscosity, interference with microcirculatory flow, alkaline 
change of blood pH, and decreased oxygen extraction. Hypothermia is also 
associated with a decrease in CBF and oxygen delivery, but has a protective effect 
on the brain from edema (Utley JR et al. 1981).  

1.7.2 Hemodilution 

The practice of hemodilution was introduced in the 1960s to decrease exposure to 
homologous blood (Neptune et al. 1960). The increase in blood viscosity 
associated with hypothermia may also cause sludging of red blood cells in 
microcirculation, adversely affecting flow (Eisenman & Spencer 1961). Because 
of this, and the effects of priming the ECC, all patients are currently hemodiluted 
to hematocrits (Hct) usually by 20-25 % during CPB (Komer 1991). However, at 
severe degrees of hemodilution the oxygen-carrying capacity of blood is reduced 
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and may result in inadequate cerebral oxygen delivery. An increased CBF has 
been suggested to compensate for the reduced oxygen-carrying capacity. Indeed, 
in the study of Sakamoto et al, hemodilution was associated with increased CBF, 
although accompanied with an increase in CMRO2 (Sakamoto et al. 2004). This 
finding questions the clinical practice of moderate-to-severe hemodilution during 
CPB in adults and children, because of the increased risk of both hypoxic and 
embolic brain injury. Another piglet study using intravital microscopy, revealed in 
contrast to traditional cardiac surgery dogma, a maintenance of cerebral capillary 
flow during and after hypothermic bypass with a Hct of 30%, and superiority in 
cerebral tissue oxygenation during cardiac operations, including deep 
hypothermic bypass and circulatory arrest, compared to lower Hct values (Hct 
10% and Hct 20%) (Duebener et al. 2001). A Hct level of 10% was associated 
with lower levels of cerebral high-energy phosphates and intracellular acidosis 
during cooling, and a higher Hct level was associated with improved cerebral 
recovery after deep HCA (Shinoka et al. 1996). In a prospective, randomized 
clinical trial, a Hct of 20% produced adverse perioperative and developmental 
outcomes in infants which underwent reparative cardiac surgery compared to 
those at a Hct of 25% and greater (Jonas et al. 2003). Although a more favorable 
attitude against higher hematocrits in recent years can be seen, further studies are 
required before minimal extracorporeal circulation (MECC) also can be brought 
into the field of more complex cardiac and aortic surgery. The intention of MECC 
is to reduce priming volumes and minimize contact of blood with foreign surfaces 
and air in a closed system. However, in the absence of a venous reservoir with 
MECC, the risk of embolism through limited air trapping is increased (Perthel et 
al. 2005). 

1.7.3 pH management 

Background 

Two different strategies for acid-base management during hypothermic CPB may 
be used; the alpha-stat or the pH-stat strategy. Based on the concepts of acid-base 
regulation, as established by Severinghaus et al (Severinghaus JW et al. 1956a, 
Severinghaus JW et al. 1956b), the pH-stat method (temperature-corrected 
values) was first used for hypothermic bypass (Laussen 2002). Subsequent 
research in comparative physiology of cold- and warm-blooded vertebrates 
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increased the use of alpha-stat management during hypothermia (White FN 
1981). Ectotherms (cold-blooded) allow their blood pH to rise as they cool, 
leading to a state of respiratory alkalosis that approximates the alpha-stat 
management. An interesting exception to this category is the case of hibernating 
mammals. The hibernating ground squirrel, for example, exhibits an arterial pH of 
near 7.4 at 5°C, mimicking the pH-stat method. Hypothermia is not a natural state 
for humans and so it is still controversial which of the alpha- and pH-stat 
strategies is superior, as neither can be viewed as physiological.  

The alpha-stat strategy 

Hypothermia decreases the dissociation of water, leading theoretically to 
increased intracellular pH (pHi). However, a buffering mechanism was identified 
that ensures a constant [H+] / [OH-] gradient across the cell membrane and that 
pHi is kept at a neutral state (Reeves RB 1972). Indeed, Davis hypothesized that 
the ideal state for intermediary metabolism is the state of neutrality because 
maximal ionization of metabolic intermediates with consequent intracellular 
trapping occurs at this pH (Davis 1958). Noteworthy is that pH=7 does not mean 
“neutral pH”, but rather the state when [H+]=[OH-]. The protein buffer that was 
discovered is the imidazole group of the amino acid histidine (Figure 2). The 
imidazole side chain has two nitrogens with different properties; one is bound to 
hydrogen and donates its lone pair to the aromatic ring and as such is slightly 
acidic, whereas the other donates only one electron to the ring so it has a free lone 
pair and is basic. The imidazole group has a degree of dissociation (referred to as 
α) of 0.55 in the intracellular compartment and this remains constant despite 
changes in temperature. The constancy of α at all temperatures preserves the 
optimal transmembrane [H+] / [OH-] gradient and maintains normal protein 
structure and function (Komer 1991). Indeed, the optimal pH of most enzyme 
systems, including that of the CyC system, Na2+/K+-ATPases, enzymes involved 
in glycolysis, fatty acid synthesis, and aerobic and anaerobic metabolism, vary 
with temperature to maintain a neutral pHi (Somero & White 1985). Although, in 
order to keep imidazole α constant at different body temperatures the CO2 content 
in blood must be kept constant. With progressing hypothermia, the total CO2 
content is kept constant with increased ventilation. However, ventilation does not 
need to increase markedly with a decrease in temperature because the reduced 
metabolic rate will automatically result in decreased CO2 production. Plasma 
bicarbonate concentration does not change either. Maintaining a constant α in 
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blood will result in α being maintained in other compartments (e.g. intracellular 
fluid) as well. To summarize: the α-stat strategy is about maintaining the α and a 
constant [H+] / [OH-] gradient which ensures the preserved net charge of all 
proteins and optimal protein function despite temperature changes. However, pH 
will change as temperature changes. 

Fig. 2. The chemical structure of histidine. The imidazole side chain is marked. 

The pH-stat strategy 

When using the pH-stat method, pHi is theoretically decreased to below neutral 
pH, and the metabolic intermediates may become nonionized and diffuse down 
concentration gradients across cell membranes and delay repletion of high-energy 
phosphates during rewarming and after bypass (Laussen 2002). However, an 
identical alkaline shift in pHi has been demonstrated with the pH-stat strategy as 
with the alpha-stat strategy, implying that a constant intracellular [H+] / [OH-] 
ratio is maintained, and consequently metabolite ionization and enzyme function 
(Swain 1988, Hiramatsu et al. 1995). Also, the extracellular acidosis associated 
with hypercapnia and the pH-stat method seem to improve cellular survival in the 
brain (Vannucci et al. 1995, Vannucci et al. 1999). In summary, the aim of the 
pH-stat strategy is to maintain a constant pH as temperature changes. 
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Practice 

In practice, in the alpha-stat strategy pH is kept at 7.4 and pCO2 at 5.3 kPa, when 
the arterial blood sample is measured at 37°C in a blood gas analyzer (not 
temperature corrected values), while in the pH-stat method, the objective is to 
maintain an arterial pH of 7.4 and pCO2 of 5.3 kPa at the patient’s actual core 
temperature (temperature corrected values). The temperature correction in the pH-
stat method is done by entering the actual core temperature into the blood gas 
machine, which mathematically calculates what the pH and pCO2 would be at 
37°C. The pH correction formula used in most machines is the Rosenthal 
correction factor. In order to counteract the alkaline shift in pH and pCO2 during 
cooling and maintain a pH of 7.4 at the lower temperatures, CO2 is added to the 
inflowing gas in the pH-stat method, resulting in relative hypercapnia and 
acidaemia from the alpha-stat point of view. 

The Rosenthal correction factor for temperature correction. 

Change in pH = 0.015 pH units per degree C change in temperature 

Cerebral effects 

Cerebral blood flow correlates with cerebral oxygen consumption during 
hypothermic bypass with alpha-stat management, and is independent of cerebral 
perfusion pressure over 20 to 100 mmHg, confirming intact autoregulation 
(Murkin et al. 1987, Duebener et al. 2002). On the contrary, loss of flow-
metabolism coupling and enhanced CBF occurs with the pH-stat strategy, since 
CO2 is a potent vasodilator (Duebener et al. 2002). This ”luxury perfusion” may 
potentially increase the risk of microembolization to the cerebral circulation, and 
some evidence supporting this claim has been found in experimental studies 
(Cook et al. 2000). However, the improved cooling of the brain induced by the 
pH-stat method is also a distinct advantage (Wang et al. 1992, Jonas et al. 1993, 
Aoki et al. 1993, Kurth et al. 1997). No beneficial effect of hypocapnia on 
cerebral embolization could be demonstrated in humans (Plochl et al. 2001).  

Other benefits associated with the pH-stat method are more efficient 
metabolic suppression (Skaryak et al. 1995), cerebral oxygenation (Li et al. 
2004), and faster recovery of cerebral energy metabolites and oxygenation in the 
rewarming phase (Hiramatsu et al. 1995). More recently, improved functional 
neurologic recovery and brain histopathology were demonstrated with the pH-stat 
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method in a surviving piglet model after deep HCA (Priestley et al. 2001). A 
prospective, randomized clinical comparison of alpha-stat versus pH-stat revealed 
significantly shorter recovery time to first EEG activity in the pH-stat group and 
tendencies to shorter Intensive Care Unit and postoperative hospital stays (du 
Plessis et al. 1997). However, the use of either strategy for acid-base management 
during infant cardiac surgery was not related to either improved or impaired 
neurodevelopmental outcome at 1 year of age (Bellinger et al. 2001). 

Alpha- and pH-stat methods can also be combined. Initial cooling with pH-
stat methods provides maximal cerebral metabolic suppression, and switching to 
alpha-stat prior to the HCA period may eliminate the cerebral acidosis produced 
with pH-stat (Skaryak et al. 1995).  

While most experimental and clinical studies have focused on the influence 
of pH management on the conduct of HCA, the optimal pH strategy for SCP has 
previously been assessed in only two experimental studies (Ohkura et al. 2004, 
Halstead et al. 2005). In the study of Halstead et al there were no observed 
differences in neurobehavioral outcome between the alpha- and pH-stat groups 
assessed in pigs for 7 postoperative days. However, their study supported alpha-
stat management in clinical aortic surgery involving SCP, since it preserves better 
cerebral autoregulation and the risk of cerebral embolization is less than that with 
pH-stat management. The study of Ohkura et al was undertaken in dogs. It was 
shown that pH-stat reduces serum concentrations of malondialdehyde and 
glutamate if an old cerebral infarct is present; in normal animals that have 
undergone SCP there were no differences between alpha- and pH-stat strategies. 

Hence, when the primary concern is brain ischemia resulting from circulatory 
arrest, pH-stat strategy may be preferable. However, when mild or moderate 
hypothermia is used during coronary artery bypass grafting (CABG), there is little 
change in pH with temperature, and alpha-stat strategy is more appropriate 
(Stephan et al. 1992, Murkin et al. 1995). 

Systemic effects 

It has been shown that hypercapnia improves cardiac output and peripheral tissue 
perfusion and oxygenation (Akca et al. 2002). However, studies of the canine 
heart during CPB at 28°C suggested that coronary blood flow, left ventricular 
oxygen consumption, and lactate utilization were significantly better under the α-
stat regime (McConnell et al. 1975), as well as left ventricular function after CPB 
(Swan 1984) and electrical stability of the heart (Swain et al. 1984). When DHCA 
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is necessary, both neonatal animal (Nomura et al. 1994) and clinical (du Plessis et 
al. 1997) studies suggest better cardiac recovery and early clinical outcome with 
the pH-strategy. Indeed, when cardiac troponin-T measurements became 
available, Nagy et al found a major difference in myocardial cell damage and 
postoperative recovery between the different acid-based management protocols 
and were in favor of the pH-stat technique (Nagy et al. 2003). Aoki and 
colleagues studied the impact of pH strategy on organ blood flow and did not 
observe any significant differences in regional blood flow in organs other than the 
brain, with the exception of increased blood flow to the adrenal glands and a 
decreased blood flow to the kidneys with the pH-stat strategy. The pH-stat 
strategy has been demonstrated to be associated with significantly reduced acid 
production than the α-stat strategy after HCA (Aoki et al. 1993, Pearl et al. 2000). 
Less acid generation implies less tissue hypoxia during DHCA and might 
decrease tissue damage and postoperative morbidity. 

1.7.4 Oxygenation strategies 

Cardiopulmonary bypass is usually instituted in a hyperoxic fashion, which may 
expose cyanotic infants to potential reoxygenation damage (Ihnken et al. 1996). 
Hyperoxia just before DHCA can be advantageous in loading tissues with excess 
oxygen because of increased oxygen solubility and reduced oxygen consumption. 
In a retrospective analysis of infants which had undergone DHCA, the acid 
production after DHCA was significantly lower with pH-stat management and 
hyperoxia compared to any other combination of pH management and 
oxygenation strategy (Pearl et al. 2000). The impact of ventilating with different 
oxygen tensions during CPB on brain injury and neurological outcome has not yet 
been studied. Lung (Pizov et al. 2000) and myocardial injury (Ihnken et al. 1996) 
have been more evident with high oxygen concentrations at reperfusion in studies 
applying CPB. An improvement of neurological outcome and decreased 
production of lipid peroxidation molecules was, however, observed by applying 
hypoxemic instead of classic hyperoxemic reperfusion after a global cerebral 
ischemic insult (Douzinas et al. 2001a). Also, the severity of neuropathological 
abnormalities of the brain was significantly less in animals resuscitated after a 10 
minute ischemic insult by hypoxemia (Douzinas et al. 2001b). Ventilating with air 
atmosphere instead of 100 % O2 during resuscitation after cardiac arrest has also 
been advantageous in earlier studies with respect to neurologic outcome (Mickel 
et al. 1987, Zwemer et al. 1994, Liu et al. 1998). In order to achieve a balance 
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between sufficient oxygenation and minimal reperfusion injury, further studies 
using different oxygenation strategies during CPB are required. 

1.7.5 Pulsatile perfusion 

The initial laboratory studies of pulsatile versus nonpulsatile perfusion were 
performed by Wesolowski and associates (Wesolowski et al. 1955). No 
pronounced differences between the two forms of perfusion were observed, but 
since then, nonpulsatile perfusion was made the “gold standard” for CPB (Komer 
1991). Although, recent laboratory studies suggest improved renal tissue 
perfusion (Kim et al. 2005) and better regional myocardial flow with pulsatile 
flow (Undar et al. 2002). Also, in a clinical comparison of pulsatile and 
nonpulsatile perfusion, pulsatile flow resulted in improved patient outcomes in 
maintaining better urine output during CPB and preserving cardiac function with 
less inotropic drug use (Song et al. 1997). Few studies have been performed to 
assess the effects of pulsatile perfusion on the brain. Nonpulsatile normothermic 
or moderately hypothermic CPB did not appear disadvantageous to the rabbit 
brain in terms of differences in CBF or CMRO2 compared to pulsatile perfusion 
(Hindman et al. 1994, Hindman et al. 1995). Nor was any beneficial short-time 
effect of pulsatile perfusion during hypothermic CPB on cerebral oxygenation 
observed (Grubhofer et al. 2000). Additional studies investigating morphologic 
changes and neurologic outcome are needed before the benefits or drawbacks of 
pulsatile CPB can be trustworthily defined. 

1.7.6 Biocompatibility 

Cardiopulmonary bypass is recognized as evoking systemic inflammatory 
response and the release of pro-inflammatory cytokines (Edmunds 1998). 
Surface-modified CPB devices have been developed in recent years in an attempt 
to improve the biocompatibility of extracorporeal circuits. At present, there 
remain three primary types of biocompatible surface modification commercially 
available for clinical use (Rubens & Mesana 2004). Of these, the most 
extensively studied are the heparin-coated devices. Heparinized surfaces play 
multiple roles in attenuating the systemic inflammatory response. These include 
the ability to attenuate contact activation, coagulation activation, complement 
activation, and platelet and leukocyte activation. Heparin-coated circuits also 
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reduce the release of other inflammatory mediators and makes the CPB circuits 
protein-resistant (Hsu 2001). 

Phosphorylcholine, incorporated into a copolymer, forms a hydrogel, which 
is relatively easily coated onto other polymer surfaces post-fabrication (Campbell 
et al. 1994). The use of phosphorylcholine as a surface coating is based on its 
“biomembrane mimicry” as a phospholipid component. In clinical studies, 
phosphorylcholine coating of the ECC has been associated with decreased platelet 
activation (De Somer et al. 2000, De Somer et al. 2002) and reduced thrombin 
formation (Pappalardo et al. 2006). Interestingly, however, phosphorylcholine 
coating did not show any significant benefit on neurocognitive function after on-
pump CABG compared to untreated circuits (Khosravi et al. 2005). Recently, in a 
study evaluating the effects of surface-coating the ECC with either heparin or 
phosphorylcholine, the systemic inflammatory response and the biological effects 
were similar in infants and neonates undergoing cardiac surgery (Boning et al. 
2004). 

The third group of available biocompatible devices involves those utilizing a 
microdomain concept to minimize cell and protein interaction with the surface. In 
this, the localization of hydrophobic and hydrophilic “domains” are alternated on 
the blood-contacting surface (Rubens & Mesana 2004). In clinical trials, although 
a clear effect of this surface in the inhibition of thrombin generation and 
fibrinolysis during CPB has been demonstrated (Rubens et al. 1999), no evidence 
of improved platelet consumption or decreased blood product use has been shown 
(Martens et al. 2003, Ask et al. 2006). 

In high-risk patients undergoing open heart surgery, the need for 
biocompatible ECC devices is most essential. Further studies evaluating the 
possible neurologic benefits of biocompatible circuits in aortic surgery and 
congenital heart surgery are still required. 

1.7.7 Leukocyte filtration 

Accumulation of leukocytes in the brain after cardiac surgery can lead to 
neurologic injury. Leukocyte filtration from the arterial line has evolved into an 
important technique in cardiac surgery mitigating injury caused by activated 
leukocytes (Matheis et al. 2001). A leukocyte-depleting filter in connection with 
HCA was observed to improve both neurological recovery and brain 
histopathological scores in a surviving porcine study (Rimpilainen et al. 2000), 
although in another piglet model no significant improvement was seen in cerebral 



 45 

blood flow, cerebral oxygen consumption, or renal blood flow after a period of 
DHCA (Langley et al. 2000c). Most recently, in an experimental study, the 
leukocyte-depleting filter was shown to reduce the number of adherent leukocytes 
in postcapillary venules in the cerebral microcirculation during the reperfusion 
phase after DHCA (Alaoja et al. 2006). 

1.8 Pharmacology 

Neuroprotective drugs are considered to exert three main mechanisms of action, 
they: 1) reduce cerebral oxygen demand, 2) increase cerebral oxygen delivery, 
and 3) arrest deleterious pathologic intracellular processes (Hall & Murdoch 
1990). Various agents have been shown to be neuroprotective in experimental 
trial, e.g. barbiturates, volatile anesthetics, lidocaine, benzodiazepines, and 
calcium channel blockers (Hall & Murdoch 1990). The pharmacological agents 
having neuroprotective effects in conjunction with DHCA are discussed. 

1.8.1 Cerebral effects of anesthetics 

General anesthetics are very different from each other both in molecular structure 
and size, and they seem to disrupt neuronal transmission in synapses in many 
areas of the central nervous system. The present knowledge supports the fact that 
the most important mechanism of action of general anesthetics, at clinically used 
concentrations, is the fortifying effects of γ-aminobutyric acid (GABA) on 
GABAA receptors (e.g. volatile anesthetics, barbiturates and propofol), which 
increase the suppressive effects on the CNS. Suppression of excitatory neuronal 
transmission, by blocking the glutaminergic NMDA receptor, seems to be the 
main mechanism only for ketamine (Koblin 1994).  

Propofol (2,6-di-isopropylphenol) was developed in the early 1970s and is 
the most recent intravenous anesthetic in clinical practice (Reves et al. 1994). It 
possesses favorable properties, such as the ability to reduce ICP and CMRO2 

(Ergun et al. 2002). On a molecular level, it has other properties that might be 
neuroprotective, including free radical scavenging (Grasshoff & Gillessen 2002), 
activation of GABAA receptors (Wakasugi et al. 1999), and inhibition of NMDA 
receptors (Orser et al. 1995). Although, propofol seems to increase 
cerebrovascular resistance resulting in decreased CBF (Lagerkranser et al. 1997). 
In some in vitro (Feiner et al. 2005), and in vivo rat (Tsai et al. 1994) studies, 
propofol did not offer any neuronal protection. Nor did propofol-induced EEG 
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burst-suppression during open-heart surgery provide any neuroprotection (Roach 
et al. 1999). 

Thiopental, which is grouped with the thiobarbiturates, was taken into clinical 
use already in the 1930s but is still frequently used as an intravenous anesthetic 
and induction agent. It produces a dose-dependent depression of EEG (Kiersey et 
al. 1951), until there is finally a flat EEG. Also, the CMRO2 is depressed dose-
dependently and reaches a maximum of 55% when EEG becomes flat. In 
addition, thiopental is capable of reducing CBF and ICP (Albrecht et al. 1977). 
Administration of thiopental prior to DHCA seems to have neuroprotective effects 
(Hirotani et al. 1999).  

Ketamine was released for clinical use in 1970 and is still used in a variety of 
clinical settings. Ketamine increases CMRO2, CBF, and ICP (Reves et al. 1994). 
Ketamine is known to be a non-competitive antagonist of the NMDA receptor, 
and has been shown to attenuate hypoxic-ischemic brain damage in rats 
(Miyamoto & Miyamoto 1999, Spandou et al. 1999). A retrospective analysis of 
data collected from 135 pigs which underwent DHCA revealed that the anesthesia 
induction protocol was associated with marked differences in the mortality rates; 
pigs anesthetized with ketamine plus positive-pressure ventilation with 100% 
oxygen were associated with better results than pigs anesthetized with 
medetomidine plus 35% oxygen (Juvonen et al. 2001). Ketamine is also unique 
among most other anesthetic drugs because it does not depress the cardiovascular 
and respiratory systems (White et al. 1982). 

Of the volatile anesthetics, isoflurane has been observed in vitro to attenuate 
oxygen and glucose deprivation-induced neuronal apoptosis (Wise-Faberowski et 
al. 2001, Sullivan et al. 2002), and in vivo to have significantly less hippocampal 
CA1 and cortical injury after near-complete global ischemia, compared to 
fentanyl or ketamine (Miura et al. 1998). Desflurane also improved neurologic 
and histologic outcome compared to fentanyl alone after 90 min of DHCA in 
piglets (Kurth et al. 2001). 

1.8.2 Corticosteroids 

The use of corticosteroids during DHCA has been shown to confer 
neuroprotection through attenuation of the systemic inflammatory response 
(Langley et al. 2000a). In addition, systemic pre-treatment with steroids before 
DHCA seems to be superior in attenuating the inflammatory response and 
improving cerebral protection compared to the administration of steroids in the 
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pump prime (Shum-Tim et al. 2003). Indeed, there is evidence that de novo 
protein synthesis is involved in the neuroprotective effects of corticosteroids, and 
that there is therefore some time needed for the steroids to become available on 
their corresponding cellular receptors to exert their full pharmacological effects 
(Cronstein et al. 1992, Barnes 1998).  

1.8.3 Other agents 

Most recently, pharmacologically-induced ischemic preconditioning with a 
mitochondrial potassium channel opener, diazoxide, significantly improved 
neurological and histopathological scores in a canine model of DHCA (Shake et 
al. 2001). Other agents that have also been neuroprotective in conjunction with 
DHCA are: thromboxane A2 receptor blockers (vapiprost) (Tsui et al. 1997), 
serine protease inhibitors (aprotinin) (Aoki et al. 1994a, Anttila et al. 2006, 
Heikkinen et al. 2006), AMPA and NMDA receptor blockers (NBQX, dizocilpine, 
aptiganel) (Aoki et al. 1994b, Redmond et al. 1995, Bokesch et al. 1997), Na+ 
channel blockers (lamotrigine) (Anttila et al. 2000c), ROS inhibitors (PBN, 
allopurinol) (Langley et al. 2000b, Clancy et al. 2001), nNOS inhibitors (7-
nitroindazole) (Tseng et al. 1997), platelet-activating factor receptor blockers (BN 
52021) (Langley et al. 1999), apoptosis inhibitors (cyclosporine A, erythropoetin) 
(Tatton et al. 2001, Romsi et al. 2002b), and fructose-1,6-biphosphate (Romsi et 
al. 2003, Kaakinen et al. 2005). 

1.9 Topical cooling 

Recent studies have shown that selective hypothermia by topical cooling can be 
effective in protecting the brain after global brain ischemia (Gunn et al. 1998, 
Tooley et al. 2002), thus potentially decreasing the potential troublesome adverse 
effects of systemic hypothermia. Improved outcome has been demonstrated after 
packing the head in ice during HCA (Crittenden et al. 1991, Griepp et al. 1997). 
However, a conflicting study more previously demonstrated that a short-term 
period of topical head cooling does not provide any neuroprotective effect after 
HCA. Prompt rewarming to 36.5°C after a period of HCA and maintenance of a 
temperature of 37°C by external warming during the intensive care unit stay was 
emphasized (Pokela et al. 2003b). An alternative approach to topical cerebral 
cooling that is easier to use than ice and that also appears to be a more efficacious 
means of topical cooling has been developed. This topical head cooler is 
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constructed from knee and ankle cooling devices and is wrapped under and 
around the head and connected to standard warmer/cooler hoses (Lighthall et al. 
2000). 

1.10 Postoperative hypothermia 

Although therapeutic mild core hypothermia (32-34°C) over a period of 12-24 
hours decreases mortality and neurological morbidity of patients successfully 
resuscitated after cardiac arrest (Holzer et al. 2002), there is increasing evidence 
that postischemic hypothermia may not be applicable other than to global 
ischemic insults during and after resuscitation. Hypothermia has several 
detrimental effects, discussed in its own chapter in this thesis. Indeed, it seems 
that patients with severe traumatic head injury receive no benefit from 
postischemic hypothermia (Harris et al. 2002) and that extended postoperative 
hypothermia after HCA is associated with poor outcome (Romsi et al. 2002a). 

1.11 Background of the study 

Although basic research has increased our knowledge of the pathophysiology of 
brain injury, and pharmacologic and surgical strategies have evolved to minimize 
ischemic brain injury after HCA, controversies still exist regarding optimal 
protective strategies. Currently the most well-established ways of preventing 
cerebral damage during aortic arch surgery include good surgical technique and 
use of deep HCA and SCP. The present thesis was performed to improve brain 
protection strategies during cardiac and aortic surgery, focusing on the type of 
blood-gas management to be undertaken during hypothermic CPB.  

Pigs are suitable for experimental surgery because of their easy accessibility, 
low cost, and their anatomic resemblance to that of humans. However, normal 
pigs do not elicit atherosclerosis and comorbidities as patients undergoing aortic 
arch surgery mostly do. Therefore, the pig model is somewhat closer to the truth 
considering pediatric cardiac surgery. The surviving porcine model, which was 
adopted from Mount Sinai Hospital by professor Juvonen, was used in studies I-
III employing HCA. An acute SCP model was used in study IV to test the 
hypothesis that the true benefits of pH-stat strategy are probably related to 
operations requiring HCA, because it loads brain tissue with oxygen and nutrients 
and improves cooling, before a long circulatory arrest (Pokela et al. 2003a). 
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Previously in our research laboratory, we have studied several additional 
neuroprotective methods for HCA, including RCP. Cold RCP improved cerebral 
protection as compared with HCA alone (Anttila et al. 1999), probably by 
improving cerebral cooling (Anttila et al. 2000a). Intermittent RCP was found to 
decrease cerebral edema compared to continuous RCP (Anttila et al. 2000b). A 
leukocyte-depleting filter reduced the number of adherent leukocytes during the 
reperfusion period (Alaoja et al. 2006) and improved neurological recovery and 
mitigated histopathological damage after HCA (Rimpilainen et al. 2000). 
Prolonged mild hypothermia for up to 14 hours after HCA seemed to be 
associated with poor outcome (Romsi et al. 2002a). Nor did Topical cooling of 
the head during the first 2 postoperative hours after HCA provide any 
neuroprotection (Pokela et al. 2003b). 

We have also studied the effects of certain pharmacological agents in 
preventing ischemic brain injury after HCA. The Na+ channel blocker lamotrigine 
was found to be neuroprotective (Anttila et al. 2000c), and the combination of 
lamotrigine with leukocyte filtration improved the cerebral outcome and survival 
rate even further (Rimpilainen et al. 2002), but the NMDA antagonist memantine 
did not improve the outcome after a 75 minute period of HCA (Rimpilainen et al. 
2001). The administration of erythropoietin intravenously before HCA failed to 
show any benefits in terms of mortality, EEG and brain histopathologic findings, 
but some intracranial parameters and a lower apoptotic index suggested that a 
distinct neuroprotective effect of erythropoietin may be achieved with different 
dosage and timing schedules of administration (Romsi et al. 2002b). Indeed, a 
particularly high apoptotic activity was found in the infarcted areas in the brain 
cortex of 21 surviving pigs after HCA (Mennander et al. 2002). Apotransferrin 
(ApoTf), alpha 1-acid glycoprotein (AGP), and C1-esterase inhibitor (C1-INH), 
which possess anti-inflammatory properties, did not have any significant 
neuroprotective properties after experimental HCA (Heikkinen et al. 2004). 
Aprotinin, which is used during cardiac surgery to reduce blood loss, showed 
favorable brain metabolism following a period of HCA (Heikkinen et al. 2006). 
Fructose-1,6-biphosphate (FDP)-treated animals had significantly better 
postoperative behavioral scores and significantly lower histopathologic brain 
scores (Romsi et al. 2003). The findings from this study were also confirmed by 
electron microscopy, revealing better ultrastructural findings in cortical neurons 
(Kaakinen et al. 2005). Further, this high-energy intermediate of glycolysis was 
associated with improved cerebral metabolism in an experimental model 
combining both embolization and HCA (Kaakinen et al. 2006b). The use of 
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hypertonic saline dextran (HSD) was associated with better neurologic recovery, 
lower histopathologic scores, lower intracranial pressures, and more favorable 
brain metabolism (Kaakinen et al. 2006a). 

Methods for predicting brain injury after HCA have also been studied. Higher 
levels of serum S100β protein after a 75-min period of HCA correlated with 
histopathologically evident brain injury, and supported the results of previous 
studies suggesting the potential accuracy of S100β protein in the prediction of 
brain injury after cardiac surgery (Pokela et al. 2000). Brain microdialysis was 
found to be a useful method for cerebral monitoring during HCA, and a high 
brain lactate-glucose ratio was ascertained as a strong predictor of postoperative 
death (Pokela et al. 2001). Intracranial pressure increased after a period of 75-
min HCA, and such an increase was associated with postoperative death and brain 
infarction (Pokela et al. 2002). EEG burst percentage was also found to be an 
early predictor of the severity of brain injury after HCA (Pokela et al. 2003c). 
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2 Aims of the study 

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

1. What is the impact of either α- or pH-stat acid-base management strategy 
during CPB on intra- and postoperative cerebral metabolism, and functional 
recovery and survival outcome after HCA?  

2. Which acid-base management strategy is more effective in attenuating 
ischemic brain injury during a combined 25-minute period of HCA and 
embolization conditions? 

3. Does propofol anesthesia and α-stat perfusion strategy worsen the outcome 
during a 75-min period of HCA compared to isoflurane anesthesia and α-stat 
perfusion strategy? 

4. What are the effects of different acid-base management strategies during SCP 
on cerebral metabolism and microcirculation? 
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3 Materials and methods 

3.1 The porcine model 

The concept of the surviving porcine model was adopted from Professor Randall 
Griepp’s group at the Mount Sinai School of Medicine in New York, and further 
developed by Professor Tatu Juvonen at the Cardiothoracic Research Laboratory 
in Oulu since 1997. The model has undergone significant improvement during 
these years. The HCA model is schematically presented in Figure 3 and 4. 

Fig. 3. The porcine model. 
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Fig. 4. Extra- and intracranial monitoring methods used in the present studies. a: 
microdialysis catheter, b: epidural temperature monitoring catheter, c: ICP monitoring 
catheter, d: intracerebral temperature monitoring catheter, e: brain ptiO2 monitoring 
catheter, f: EEG electrodes. In study IV, only microdialysis- and intracerebral 
temperature monitoring equipment were used together with intravital microscopy. 

3.2 Animals 

The animals in these experiments were crossbreeds from Yorkshire pigs and a 
native breed and were provided by a nearby piggery in Oulu, Finland. The age of 
the study animals was between 8-10 weeks, and their median weight was 27.8 kg 
(25th and 75th percentiles; 25.8-29.0 kg). 

3.3 Preoperative management 

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 
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by the Institute of Laboratory Animal Resources, National Research Council 
(published by the National Academy Press, revised in 1996). The study was 
approved by the Research Animal Care and Use Committee of the University of 
Oulu. The animals were allowed a week to adjust to new surroundings before 
elective operation, after having been transferred from the piggery to the 
laboratory facilities.  

3.4 Anesthesia 

The animals were sedated with ketamine hydrochloride (10 mg/kg 
intramuscularly) and midazolam (1 mg/kg intramuscularly). A peripheral 
intravenous catheter was inserted into the right ear for administration of drugs and 
to maintain fluid balance with Ringer acetate. Anesthesia was deepened with an 
intravenous bolus injection of fentanyl (25 µg/kg) and propofol (60-120 mg) in 
study I, fentanyl (25 µg/kg) in studies II and III, and thiopental sodium (25-125 
mg) in study IV. Cefuroxime (1.5 g) was given as an antibiotic profylaxis at the 
induction of anesthesia and extubation. After endotracheal intubation, the animals 
were maintained on positive-pressure ventilation with 50% oxygen. Anesthesia 
was maintained by a continuous infusion of fentanyl (25 µg/kg/h), midazolam 
(0.25 mg/kg/h) and pancuronium (0.2 mg/kg/h), in addition to isoflurane (0.5%) 
in studies II, and IV. In study I, isoflurane was replaced with propofol infusion (4 
mg/kg/h), and in study III we used propofol infusion (4 mg/kg/h) in the propofol 
group, and inhalated isoflurane (0,5 %) in the isoflurane group in addition to the 
continuous infusion of fentanyl, midazolam and pancuronium.  

3.5 Hemodynamic and temperature monitoring 

Electrocardiographic (ECG) monitoring was started and continued throughout the 
whole experiment. An arterial catheter was positioned into the left femoral artery 
for arterial pressure monitoring and blood sampling. A thermodilution catheter 
(CritiCath®, 7F; Ohmeda GmbH & Co, Erlangen, Germany) was placed through 
the left femoral vein to allow blood collection and pressure monitoring in the 
pulmonary artery and for recording blood temperature and cardiac output. A 10F 
catheter was placed into the urinary bladder for monitoring urine output. Also 
rectal, epidural (not in study IV) and intracerebral temperatures were monitored 
continuously. For epidural temperature monitoring, a temperature probe was 
placed into the epidural space through a cranial hole made on the left side of the 
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coronal suture. A probe for monitoring intracerebral temperature (Thermocouple 
Temperature Catheter-Micro-Probe, REF. C8.B; GMS, Mielkendorf, Germany) 
was inserted through a hole located at the left side posteriorly to the coronal 
suture. The intracerebral temperature was used as the primary measure of 
temperature.  

3.6 Cardiopulmonary bypass 

For connection to the heart-lung machine, when employing the HCA model in 
studies I-III, a right thoracotomy was performed in the fourth intercostal space, 
the right thoracic vessels were ligated, the pericardium cut open, and the heart and 
the great vessels were exposed. In study IV, when using the SCP model, the heart 
and great vessels were exposed through a left thoracotomy in the third intercostal 
space. Further, the brachiocephalic trunk, the left subclavian artery, the 
pulmonary artery, and the ascending and descending aorta were each dissected 
free and wound with a vessel loop.  

After baseline measurements, systemic heparinization (500 IU/kg) was 
performed, and a membrane oxygenator (Midiflow D 705; Dideco, Mirandola, 
Italy) in studies I and II, and a membrane oxygenator (D905 Eos; Diceco, 
Mirandola, Italy) in studies III and IV, was primed with 1 L of Ringer acetate and 
heparin (5000 IU). The ascending aorta was cannulated with a 16 French arterial 
cannula, and the right atrial appendage was cannulated with a single 24 French 
atrial cannula. Nonpulsatile CPB was initiated at a flow rate of 90 to 110 
mL/kg/min, and the flow was adjusted to maintain an arterial pressure of 50 to 70 
mmHg. A 10 French intracardiac sump cannula was positioned into the left 
ventricle through the apex of the heart for decompression of the left side of the 
heart during CPB. A heat exchanger was used for core cooling or warming.  

During hypothermia, pH was maintained according to either pH- or α-stat 
principles in studies I, II, and IV, while in study III, pH and PaCO2 were 
maintained in accordance with the α-stat principles. Acid-base management 
according to the pH-stat principles was attained by adding CO2 to the inflowing 
gas and maintaining the PaCO2 level at 5.3 kPa, corrected for the actual core 
temperature of the animal. In order to control arterial carbon dioxide gas tension 
precisely, blood sampling was performed at least every 15 min during CPB. 
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3.7 Experimental protocols 

The HCA protocol in studies I-III was as follows: A cooling period of 60 minutes 
was carried out to attain a brain temperature of 18°C. When the target temperature 
was reached, 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 aortic cannula. The 75-minute period of HCA was then 
initiated in studies I and III. Cardiac cooling with topical ice slush was begun and 
maintained throughout the HCA periods. Similarly, the intracerebral temperatures 
were controlled and maintained at the level of 18°C with ice packs placed over 
the head. 

In the embolization protocol, which was used in study II, after induced 
cardiac arrest the descending and the ascending aorta (clamp shifted proximally to 
the aortic cannula) were cross-clamped and the CPB flow rate, designated as pre-
injection flow, was adjusted to maintain an aortic arch pressure of 50 mmHg. This 
pressure level was stabilized for one minute before injection of 200 mg of 
polystyrene microspheres (250-750 µm in diameter) into the isolated aortic arch. 
After embolization, the post-injection flow rate was adjusted again to maintain a 
perfusion pressure of 50 mmHg and was stabilized for 5 min before initiation of 
the 25-minute period of HCA.  

The SCP protocol in study IV was as follows: A cooling period of 45 minutes 
was carried out to attain a brain temperature of 25°C. After this, 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 aortic cannula. 
The clamp was shifted proximally to the aortic cannula, and the descending aorta 
and 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. The intracerebral temperatures were controlled and maintained at a 
level of 25°C with moderately hypothermic SCP. Cardiac cooling with topical ice 
slush was begun and maintained throughout the 60 minute SCP period. 

Five minutes after the start of rewarming, furosemide (40 mg), mannitol (15 
g), methylprednisolone (80 mg), lidocaine (40 mg), and calcium glubionat (137.5 
mg) were administered. In the HCA protocol, the left ventricular sump cannula 
was removed after 45 minutes of rewarming, and weaning from CPB occurred 
about 60 minutes after HCA. In contrast, in the SCP protocol the sump cannula 
was removed after 35 minutes of rewarming, and weaning from CPB occurred 45 
minutes after SCP when the rectal temperature approximated 37°C. During the 
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CPB phases, the heat exchanger-blood temperature gradient was set at 
approximately 10°C, and during rewarming the heat exchanger temperature only 
rarely was set to 38°C. Dopamine was postoperatively used as required if the 
fluid therapy was insufficient to maintain the mean arterial pressure above 65 
mmHg. During rewarming and after weaning from CPB, a heat-exchanger 
mattress and heating lamps regulated the temperatures.  

3.8 Cortical 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 at 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 Ringer solution at a rate of 0.3 μl/min 
(Perfusion Fluid CNS; CMA/Microdialysis). Samples were collected at different 
time intervals. The concentrations of cerebral tissue glucose, lactate, pyruvate, 
glutamate, and glycerol were measured immediately after collection at various 
time intervals with a microdialysis analyzer (CMA 600; CMA/Microdialysis) by 
using ordinary enzymatic methods. 

3.9 Intracranial pressure 

Intracranial pressure monitoring was employed in studies I-III. 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 
0.5 cm posterior to the coronal suture. ICP was monitored continuously with a 
Codman ICP Express Monitor (Johnson & Johnson). 

3.10 Brain tissue oxygen partial pressure 

Similarly, in studies I-III a catheter for measurement of intracerebral tissue 
oxygen partial pressure (Revodoxe Brain Oxygen Catheter-Micro-Probe, Ref 
CC1.SB; GMS, Mielkendorf, Germany) was placed through a hole located at the 
right side anteriorly to the coronal suture. Brain tissue oxygen partial pressure 
was monitored continuously with a Licox CMP Monitor (GMS).  
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3.11 Intravital microscopy 

Intravital microscopy (IVM) was employed in study IV. A cranial window (15 x 
15 mm) for IVM was created over the right parietal cerebral cortex with an 
electric drill. After placing the pig in a prone position, an intravital microscope 
(Leica Model MZFL III; Leica, Heerbrugg, Switzerland) mounted on a surgical 
stand was placed over the cranial window. The microscope included 3 sets of 
filters: a violet filter (450-490 nm excitation/ >515-nm emission wavelength, 
Leica) to visualize microvascular perfusion, a green filter (536-556 nm excitation/ 
>590 nm emission wavelength, Leica) for visualization of rhodamine-labelled 
leukocytes, and an UV-filter for NADH analysis (340-380 nm excitation/ >420 
nm emission wavelength, Leica). The image was captured by a charge-coupled 
device video camera (Dage-MTI CCD 300-ETRCX) and transferred to a monitor 
(Samsung LCD SyncMaster 710mp) and videotaped. The final magnification on 
the monitor was 400 times.  

For observation of leukocyte-endothelial cell interactions, the piglet received 
an intravenous 2 ml (4 mg/ml) loading dose of rhodamine 6G chloride MW 479 
(Sigma Chemical Co., St. Louis, MO, USA) 5 minutes before the initial 
recording, and thereafter 1 ml (4 mg/ml) of rhodamine before each imaging to 
stain the activated leukocytes in circulation. NADH is a natural intracellular 
fluorophore and its concentration increases during ischemia. Therefore, it can be 
used as a marker of tissue oxygenation (Vollmar et al. 1998). The diameters of 
cerebrocortical microvessels, the amount of adherent and rolling leukocytes on 
post-capillary venules, and the tissue oxygenation were measured and calculated 
both from still images and videotapes by using a frame grabber (Kudo Interactive 
Frame Grabber) and a computer-assisted image analysis system (Scion 
Corporation, Frederick, MD). The analysis was made in a blinded fashion.  

3.12 Electroencephalographic monitoring 

EEG monitoring was applied in studies I-III. Cortical electrical activity was 
registered by four stainless-steel screw electrodes of 5 mm in diameter implanted 
into the skull over the parietal and frontal areas of the cortex using a digital EEG 
recorder (Nervus; Reykjavik, Iceland) and an amplifier (Magnus EEG 32/8; 
Reykjavik, Iceland). Sampling frequency was 256 Hz and bandwidth was 0.03 to 
100 Hz. All EEG recordings were referenced to a frontal screw electrode, which 
together with a ground screw electrode, was implanted over the frontal sinuses.  
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Electroencephalography was recorded for 10 minutes to get a baseline recording 
before the cooling period. After HCA, EEG recording was restarted and continued 
until extubation. The duration of bursts was measured from 5-minute EEG 
samples at 1-hour intervals. Artifact periods were excluded from each 5-minute 
sample and then the sum duration of bursts was calculated as a percentage of the 
sum of artifact-free EEG in the sample (BSR, burst-suppression ratio). This 
percentage was used as a measure of EEG activity in the analysis. In addition, in 
study I, recovery of different wave bands (alpha, beta, and theta) was calculated 
from all four electrodes by means of nonlinear analysis. 

3.13 Other intraoperative measurements 

During the experiment, hemodynamics (pulse rate, systemic and pulmonary 
arterial pressures, central venous pressure, pulmonary capillary wedge pressure, 
cardiac output), and blood, rectal, and epidural temperatures were monitored 
continuously with a Datex® AS/3 anesthesia monitor (Datex Inc.; Espoo, 
Finland). A probe for monitoring intracerebral temperature (Thermocouple 
Temperature Catheter-Micro-Probe, REF. C8.B; GMS) was inserted through a 
hole located at the left side posteriorly to the coronal suture. The intracerebral 
temperature was used as the primary measure of temperature, and was monitored 
with a Licox CMP Monitor (GMS).  

Blood gases, pH, oxygen saturation, hematocrit, hemoglobin, sodium, 
potassium, serum ionized calcium (studies II-IV), and glucose levels (i-STAT 
Analyzer; i-STAT Corporation, East Windsor, New Jersey, USA), lactate (studies 
I, II) (YSI 1500 analyzer; Yellow Springs Instrument Co, Yellow Springs, Ohio, 
USA), leukocyte differential count (Cell-Dyn analyzer; Abbot, Santa Clara, 
California, USA), creatinine (Advia 2400 Chemistry System; Siemens Medical 
Solutions Diagnostics, Los Angeles, CA) and creatine kinase (CK) and its 
isoenzymes (CK-MM, CK-MB, CK-BB) (study I) (Hydrasys LC-electrophoresis, 
Hyrys-densitometry; Sebia, France) were measured at baseline (after the 
thermodilution catheter had been applied), at the end of cooling (immediately 
before institution of HCA/SCP); 30 minutes, 2 hours, 4 hours, and 8 hours 
(studies I-III) after the start of rewarming.  
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3.14 Postoperative evaluation 

In studies I-III: All the animals were observed continuously by the investigators 
for 24 hours postoperatively, and after that by a veterinary nurse. A transdermal 
fentanyl plaster (Durogesic®; Janssen-Cilag, Berchem, Belgium) with a dose of 
50 µg/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 (0 = 
comatose, 1 = stuporous, 2 = depressed, and 3 = normal), appetite (0 = refuses 
liquids, 1 = refuses solids, 2 = decreased, and 3 = normal), and motor function (0 
= unable to stand, 1 = unable to walk, 2 = unsteady gait, and 3 = normal) were 
summed to obtain a final score, with a maximum score of 9 reflecting apparent 
normal neurologic function and with lower values indicating substantial brain 
damage. A cumulative total behavioral score was also measured in each animal; it 
is the sum of all the postoperative daily scores, representing overall recovery. 

3.15 Perfusion fixation 

Each surviving animal in studies I-III was electively killed on postoperative day 
7. 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 perfused 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 before postoperative day 7. 

3.16 Histopathological analysis 

The brains obtained from animals in studies I-III were allowed to fix for one 
week en bloc. Thereafter, 3-mm thick coronal samples were sliced from the left 
frontal lobe, thalamus (including the adjacent cortex) and hippocampus (including 
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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 for 1 hour in an absolute 
ethanol-xylene mixture and 4 hours in xylene 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 senior pathologist unaware of the experimental design and identity 
and fate of the individual animals. Each section was carefully examined for the 
presence or absence of any ischemic or other kinds of tissue damage.  

The signs of injury were scored as follows: 1 = slight edema, dark or 
eosinophilic neurons, or cerebellar Purkinje cells; 2 = moderate edema, at least 
two hemorrhagic foci in the section; and 3 = severe edema, several hemorrhagic 
foci, infarct foci (local necrosis). In case of the presence of more than one of the 
previously mentioned findings, the score was calculated in a cumulative way 
(study I). The total regional score was the sum of the scores in each specific brain 
area (cortex, thalamus, hippocampus, posterior brainstem, and cerebellum). A 
total histopathologic score was calculated by summing all the regional scores to 
allow semiquantitative comparison between the animals. 

3.17 Statistical analysis 

Statistical analysis was performed using SPSS, version 10.0.7 (studies I-II), or 
version 11.0 (studies III-IV) (SPSS Inc, Chicago, ILL, USA) and SAS (version 
8.02, SAS Institute Inc., Cary, NC, USA) (studies II-IV) statistical programs. 
Continuous and ordinal variables were expressed as medians with 25th and 75th 
percentiles. Differences between groups were determined by the Student’s t test if 
the data was normally distributed, or by the Mann–Whitney U test if the 
normality assumption failed. Fischer’s exact test was used to determine the 
significance of mortality rates between the groups. Analysis of variance 
(ANOVA) for repeated measurements was performed in study I, and the SAS 
procedure Mixed was used for repeated measurements in studies II-IV. Since the 
measurement intervals were uneven, spatial exponential covariance structure was 
defined in repeated statement. Complete independence was assumed across 
animals (by random statement). Repeated measurement analysis was not utilized 
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for lactate/pyruvate ratio and lactate/glucose ratio because of the huge variation of 
the variables, only cross-sectional analysis at certain intervals was performed. 
Reported p-values are as follows: p-time, indicates change over time; p-between 
groups, indicates a level of difference between groups; and p-time*group, 
indicates behavior between groups over time. Significance levels are reported for 
comparisons with the two-tailed test (p≤0.05). 
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4 Results 

4.1 Animals excluded from data analysis 

In total 124 pigs were used in these experiments. 88 of them were included in the 
present series. The reasons for exclusion are presented in Table 5. Two pilots were 
operated on at the beginning of study II to test the embolization protocol, and 7 
pilots were used at the beginning of study IV to create the SCP model. These 
pilots are not shown in Table 4. The final number of animals accepted for each 
series was 20 in study I, 24 in study II, 20 in study III, and 24 in study IV. 

Table 4. Indication for the exclusion of animals. 

Number of animals excluded Indication for exclusion 

Study I Study II Study III Study IV 

Fever (baseline rectal temp. > 40°C) 5    

Mediastinitis  1 1  

Subdural hematoma 1 1 1  

Brachiocephalic trunc laceration    1 

Decannulation bleeding    1 

Lethal arrhytmia before perfusion 1    

Lethal arrhytmia after perfusion 1 1   

Coronary artery air embolism    9 

Lethal laryngeal spasm at extubation   3  

Total number of animals excluded 8 of 28 (28.6%) 3 of 27 (11.1%) 5 of 25 (20%) 11 of 35 (31.4%) 

4.2 pH-stat versus alpha-stat 

4.2.1 Survival outcome 

In study I, pH-stat strategy was associated with better survival outcome with a 
survival rate of 9/10 (90%) on the 7th postoperative day compared with 1/10 
(10%) in the α-stat strategy, respectively (p=0.001). In study II, the 7-day survival 
rate was 9/12 animals (75%) in the pH-stat group and 6/12 (50%) in the α-stat 
group (p=0.40). Study IV was conducted in an acute fashion so the long-term 
end-points were only obtained from studies I-III. 
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4.2.2 Neurological outcome 

Comparison of behavioral scores between the groups was not possible in study I 
because of the high mortality in the α-stat group. Nevertheless, the 9 surviving 
animals in the pH-stat group made excellent recoveries, 6 reaching maximum 
scores of 9/9 and 3 having a score of 8/9. In study II, during the postoperative 
period the pH-stat group had significantly higher behavioral scores at the 5th 
(p=0.03) and 6th days (p=0.04), but this difference was not significant on the 7th 
postoperative day (p=0.13). Behavioral recovery tended to be faster in the pH-stat 
group, but no surviving animal in either group reached complete recovery. 

4.2.3 Histopathological analysis 

There were no statistically significant differences between the study groups 
regarding the total histopathologic score and the sum score of the main brain 
regions in either study I or study II, probably because of too few surviving 
animals in the α-stat group.  

4.2.4 Microdialysis 

In study I, the brain lactate-glucose ratio was significantly lower in the pH-stat 
group at the end of cooling (p=0.02), at 30 minutes of HCA (p=0.04), and at the 
2-, 2.5- and 3 hour postoperative intervals (p=0.02, p=0.01, and p=0.02, 
respectively). At the end of rewarming, the brain lactate-pyruvate ratio was 
significantly lower in the pH-stat group (50.9 vs. 92.1, p=0.04). The pH-stat 
group also showed significantly lower brain glycerol concentrations from the 4-
hour interval to the 8-hour interval.  

In study II, brain concentration of glucose was significantly higher in the pH-
stat group at the 1- and 1.5-hour postoperative intervals (p=0.04 and p=0.04, 
respectively) compared to the α-stat group. Brain pyruvate concentrations were 
significantly higher throughout the experiment in the pH-stat group (p=0.02), and 
more importantly, the brain lactate-pyruvate ratio was lower throughout the 
experiment in the pH-stat group, the difference between the groups being 
statistically significant at 1-, 2- and 2.5-hour postoperative intervals (p=0.03, 
p=0.02, and p=0.01, respectively). No statistically significant differences were 
observed in the brain concentrations of glutamate or glycerol between the study 
groups.  
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In study IV, brain lactate concentrations tended to be significantly higher in 
the α-stat group in the repeated measurements test (p=0.06) and significantly 
higher concentrations were observed in the α-stat group at 45-min SCP, and 15- 
and 45-min rewarming intervals (p=0.03, p=0.003, and p=0.05, respectively). The 
concentrations of brain glycerol were slightly higher in the α-stat group from the 
15-min SCP interval until 2-hours postoperatively, although no statistically 
significant difference was observed. 

4.2.5 Intravital microscopy 

In study IV, no statistically significant differences between the groups were 
observed in terms of cerebral IVM data (microvascular diameters, leukocyte-
endothelial interactions or tissue oxygenation).  

Fig. 5. The IVM data from study IV showing the NADH autofluorescence, the number of 
adherent leukocytes, and the diameters of cerebrocortical arterioles. Higher NADH 
values indicate worse tissue oxygenation. 
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4.2.6 Other intracranial measurements 

The brain deoxygenation time (time for oxygen to reach zero after initiation of 
HCA) was significantly longer in the pH-stat group in study I (961 versus. 661 
seconds, p=0.03). However, the brain tissue oxygen tension was significantly 
higher after the end of rewarming during all recording points in the α-stat group. 
In study II, the brain tissue oxygen tension tended to be higher in the pH-stat 
group from the 30-minute cooling interval until 2-hours postoperatively, the 
difference being statistically significant at the 15 min rewarming interval 
(p=0.02). 

The intracranial pressures were lower in the pH-stat group from the 2-hour 
postoperative interval in study I, although no statistically significant differences 
were observed. In study II, also a tendency for higher intracranial pressures was 
observed in the α-stat group throughout the postoperative period, reaching 
statistical significance at the 7-hour postoperative interval (p=0.03), although no 
statistical difference was observed in the whole survey between the study groups 
(p=0.15).  

Brain temperature was significantly higher in the pH-stat group 15 minutes 
after the start of rewarming in study I (p=0.01). In study II and IV, at any time-
point, no statistically significant difference was observed between the groups 
regarding brain temperature. 

4.2.7 Electroencephalography 

EEG recovered faster towards baseline values in the pH-stat group compared to 
the α-stat group in study II; at the 2-hour postoperative interval the median rates 
were 98% vs. 88% of baseline rates, respectively (p=0.10). In study I, there were 
no statistically significant differences between the groups in EEG findings, 
although all three wave analyses showed a decrease in energy in the α-stat group 
during the latest recording hours.  

4.2.8 Hemodynamics and metabolism 

Hemodynamically, animals in the pH-stat group had lower median vascular 
resistances during the cooling period in study I (1,510 vs. 2,070 dyne x sec/cm5, 
p=0.002), which led to a significantly lower median perfusion pressure during 
cooling (49 vs. 64 mmHg, p=0.001). Similarly, in study II, the significantly lower 
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arterial vascular resistances seen in the pH-stat group during the 30-minute to 60-
minute cooling interval were accompanied by significantly lower perfusion 
pressures and significantly higher CPB flow rates than in the α-stat group, 
respectively. Also the CPB flow rate prior to embolization, designated as the pre-
injection flow, was significantly higher (0.61 vs. 0.49 L/min, p=0.02) in the pH-
stat group. In study IV, the mean arterial pressure was significantly lower in the 
pH-stat group at 15 min (p=0.003) and 30 min (p=0.05) cooling intervals and at 
the end of rewarming (p=0.03). Similarly, the cardiac index, reflecting the pump 
flow, was significantly higher at 30 min (p=0.002) and 45 min (p=0.04) cooling 
intervals in the pH-stat group. Although, there was no statistically significant 
difference between the groups in mean arterial pressure (p=0.83), cardiac index 
(p=0.26) or vascular resistance (p=0.69) in the whole survey. 

In study I, systemic oxygen delivery was significantly higher in the pH-stat 
group throughout the experiment (p=0.05). In study II, oxygen extraction was 
significantly lower in the pH-stat group at the end of cooling (p=0.008), but it was 
significantly higher at the 4-hour postoperative interval (p=0.04). In study IV, at 
the end of cooling the oxygen delivery tended to be higher in the pH-stat group 
(p=0.07), while at the 30 min rewarming interval the oxygen extraction tended to 
be higher in the α-stat group (p=0.06). The venous lactate levels did not differ 
statistically between the study groups, although venous lactate tended to be higher 
30 minutes after the start of rewarming in the α-stat group both in study I 
(p=0.09) and study II (p=0.14). 

4.3 Propofol versus isoflurane anesthesia 

In study III, the 7-day survival rate was 2/10 animals (20%) in the propofol group 
and 5/10 animals (50%) in the isoflurane group (p=0.35). There were no 
statistically significant differences between the groups in terms of postoperative 
behavioral scores or total histopathological scores, probably because of the high 
mortality on the first postoperative day. Although, the brain cortex score had a 
tendency to be higher in the propofol group, mainly because of edema changes 
(p=0.12). 

The extracellular concentrations of brain glutamate and glycerol were 
significantly lower in the isoflurane group throughout the experiment compared 
to the propofol group (p=0.01 and p=0.005, respectively). The lactate-pyruvate 
ratio was significantly lower in the isoflurane group at the 6-, 7- and 8-hour 
postoperative intervals (p=0.05, p=0.01, and p=0.02, respectively). Interestingly, 



 70 

the brain lactate levels were significantly higher in the propofol group already at 
the end of cooling (p=0.03) and at 30-minutes of HCA (p=0.04). In the whole 
survey, the differences in brain lactate between the groups did not quite reach 
statistical significance (p=0.10).  

At the 3-hour postoperative interval a statistically significant difference was 
observed in EEG burst recovery, being 11% in the isoflurane group vs. 0% in the 
propofol group (p=0.03). No statistically significant difference between the 
groups was observed in the repeated measurements test (p=0.15). ICP was lower 
during cooling and rewarming in the propofol group, but from 90 minutes after 
HCA the intracranial pressure was lower in the isoflurane group. At the 8-hour 
postoperative interval ICP was significantly higher in the propofol group 
(p=0.02). From the beginning of cooling until 2 hours after HCA, the brain 
oxygen tension also had a tendency to be higher in the isoflurane group 
(p=0.095). 

The mean arterial pressure was higher in the propofol group (p=0.04), 
providing somewhat better cerebral perfusion pressures (p=0.06), despite the 
higher ICP postoperatively. The systemic oxygen consumption was higher in the 
propofol group (p=0.05), accompanied by a lower blood pH (p=0.03). The rectal 
temperature was significantly higher in the propofol group (p=0.04), although no 
statistically significant difference between the groups was seen in terms of brain 
temperature. 
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5 Discussion 

5.1 Survival outcome 

The pH-stat strategy showed a striking superiority over the α-stat strategy in 
terms of survival outcome in study I (9/10 (90%) vs. 1/10 (10%), p=0.001. In 
study II, the significant difference in the pre-injection blood flow between the 
groups was a result of lost autoregulation secondary to increased PaCO2 levels in 
the pH-stat group, and the steeper decrease of blood flow in the pH-stat group 
after embolization suggested that more particle emboli had occluded the vascular 
bed in the upper torso in the pH-stat group. Nevertheless, despite a likely 
increased burden of embolization in the pH-stat group, the survival outcome was 
not worse with the pH-stat group compared with the α-stat group after a 25-min 
period of HCA.  

Study III was conducted to observe if the negative findings of α-stat strategy 
in study I were affected by the use of propofol anesthesia. Indeed, in study III we 
observed that pH management according to the α-stat principles resulted in 
slightly worse survival outcome with the use of propofol anesthesia compared 
with the use of isoflurane anesthesia (2/10 vs. 5/10, p=0.35).  

Hence, the survival rate of the propofol group in study III is comparable to 
the survival rate of the α-stat group in study I (2/10 vs. 1/10), because the 
protocols for these two groups were the same, while the replacement of propofol 
with isoflurane actually seemed to improve the survival outcome (1/10 vs. 5/10). 
The cerebral metabolic derangements occurring with the use of propofol also 
support these findings. 

5.2 Neurological outcome 

Because of the low survival outcome of the animals that had undergone HCA 
with the α-stat strategy in study I, comparison of the neurological outcome was 
not possible. However, the animals managed with pH-stat strategy had an 
excellent postoperative neurologic recovery. In study II, postoperative behavioral 
scores were significantly higher in the pH-stat group on postoperative days 5 
(p=0.03) and 6 (p=0.04). The failure of any animal to reach a better postoperative 
behavioral score than 7/9 indicates that embolization with non-degradable 
polystyrene microparticles together with a 25-min period of HCA created an 
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irreversible occlusion in the cerebral vessels and a more severe brain injury than a 
75-min period of HCA caused. In study III, there were also too few surviving 
animals for thorough evaluation of the neurological outcome. 

5.3 Histopathological analysis 

As neuronal death may not become obvious until several days after ischemia 
(Dowden & Corbett 1999) we have used a postoperative period of 7 days before 
elective euthanasia in our model to allow enough histopathological injury to 
develop. Although we used a surviving porcine model in studies I-III, 
histopathological changes had not yet developed because of the early mortality in 
study I and III. Also, comparison of animals from different time frames of death 
does not yield meaningful results. No statistically significant differences in 
histopathological scores were observed in any of the studies. 

We used traditional hematoxylin and eosin staining for detection of brain 
histopathological insults. This method is not a very sensitive indicator of early 
neuronal injury, because cell death may not become obvious until several days 
after ischemia (Dowden & Corbett 1999). Instead, the loss of microtubule-
associated protein-2 (MAP-2), which is primarily localized in dendrites, has been 
suggested as a more sensitive indicator of early neuronal injury (Matesic & Lin 
1994), as assessed by MAP-2 immunostaining. However, functional outcome is 
of paramount clinical importance and extended survival times and multiple end-
points are essential for determining true neuroprotection. Nevertheless, the fact 
that no effort was made to measure apoptosis by TUNEL (terminal 
deoxynucleotidyltransferase-mediated dUTP end-labeling) staining or caspase-3 
activity staining can be considered a drawback because apoptosis is considered to 
play a crucial role in delayed neuronal death after DHCA (Ditsworth et al. 2003). 

In order to have achieved statistically significant differences in 
histopathological scores, and gained animals from the same time frame of death, 
we would have had to use a larger number of animals to get enough 7-day 
surviving animals in the study groups. The expensive and time-consuming 
surviving porcine model did not permit this kind of effort. 

5.4 Microdialysis 

Cerebral microdialysis has become a promising tool for monitoring and targeting 
therapy of brain injury (Persson and Hillered 1992, Muller 2002). This tool allows 
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direct, reliable biochemical neuromonitoring during multiple intervals during 
brain ischemia and after reperfusion. It functions on the principle of the diffusion 
of water-soluble substances through a semipermeable dialysis membrane until 
equilibrium is attained (Benveniste 1989, Ungerstedt 1991).  

Changes in brain 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 2001). Indeed, the animals, exhibiting high mortality, managed according 
to the α-stat principles in study I, had significantly higher brain lactate-glucose 
ratio at the end of cooling, at the 30-min HCA interval, and from the 2-hour to 3-
hour postoperative intervals. Also with the embolization protocol in study II the 
animals in the pH-stat group showed more favorable brain glucose concentrations 
and lactate-glucose ratios, having significantly higher brain glucose 
concentrations at the 1- and 1.5-hour postoperative intervals, although in study II 
no association of these parameters with survival outcome was observed.  

Surviving animals have previously also showed slightly higher brain lactate 
levels (but not significantly) during the rewarming phase until the 2-hour interval 
(Pokela 2001). Interestingly, in the acute study (IV), brain lactate concentrations 
tended to be significantly higher in the α-stat group in the repeated measurements 
test (p=0.06), and significantly higher values were observed at 45-min SCP, and 
15- and 45-min rewarming intervals (p=0.03, p=0.003, and p=0.045, 
respectively). Although a tendency for anaerobic metabolism with α-stat strategy 
was observed, the lactate/pyruvate ratio did not differ significantly between the 
groups, suggesting that the accumulated lactate had to be conversed back to 
pyruvate and taken into the Kreb’s cycle. This difference in brain lactate 
concentrations was the most evident finding in the SCP study, indicating only 
minor differences between pH management strategies in cerebral metabolism and 
microcirculation during moderately hypothermic SCP, and in fact there is 
evidence 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). In study 
III however, higher brain lactate concentrations were observed in the propofol 
group already from the start of cooling until 1 hour after HCA, suggesting that the 
neuronal damage starts as the result of the combined use of propofol and α-stat 
perfusion strategy.  
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Excess glutamate in the interstitial space is responsible for initiation of a 
pathological influx of calcium leading to cell damage. In experimental models of 
HCA, brain glutamate levels increased after prolonged HCA, but without a clear 
association to postoperative outcome (Rimpilainen et al. 2001, Rimpilainen et al. 
2002). In study III, the brain glutamate levels were significantly higher in the 
propofol group already during cooling perfusion, similarly to the brain lactate 
concentrations, but a clear association to postoperative outcome could not be 
observed either because of the early mortality.  

Degradation of membrane phospholipids as a consequence of cerebral 
ischemia leads to elevated glycerol concentrations during and after cerebral 
ischemia (Kristian & Siesjo 1998). In study III, the significantly higher 
concentrations of brain glycerol in the propofol group throughout the experiment 
confirm a more severe neuronal damage as glycerol, when released from the cell 
membrane, is the ultimate indicator of brain damage. Indeed, glycerol has been 
shown to be a sensitive and reliable marker of cell damage in experimental 
cerebral ischemia (Hillered et al. 1998, Frykholm et al. 2001). In addition, in 
study I pH-stat strategy was associated with significantly lower brain glycerol 
concentrations throughout the postoperative period compared with the α-stat 
strategy, which is in line with other end-points. 

5.5 Intravital microscopy 

Intravital microscopy allows direct visualization and measurement of 
microcirculatory effects. In study IV, we were not able to observe any statistically 
significant differences in the leukocyte/endothelial interaction between the 
groups. More adherent leukocytes were seen in the pH-stat group during the SCP 
period, but during the rewarming period, when the harmful activation of 
leukocytes takes place, the trend was opposite. Although the hypercarbic state 
related to the pH-stat strategy causes systemic vasodilatation and loss of cerebral 
autoregulation, no statistically significant differences were observed in the 
microvascular diameters between the groups either. The behavior of the arteries 
during cooling was, however, concordant with previous studies (Duebener et al. 
2002, Alaoja et al. 2006), dilating in the pH-stat group and constricting in the α-
stat group. Previously, pH-stat management has been shown to have significantly 
higher cerebral oxygenation at the end of cooling and during early rewarming in 
association with HCA at 15°C (Duebener et al. 2002). However, with SCP at 
25°C no statistically significant differences between pH management strategies in 
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cerebral tissue oxygenation were observed. Adding carbon dioxide into the 
inflowing gas counteracts the leftward shift of the oxyhemoglobin dissociation 
curve during hypothermia, and might explain this finding (Figure 6). In other 
words, the rightward shift with the pH-stat strategy should increase oxygen 
availability for tissues, especially during deeper hypothermia. Therefore, it is 
uncertain if a more obvious difference in tissue oxygenation would also have been 
seen between pH management strategies during SCP, if deep hypothermia would 
have been used. 

Fig. 6.  Oxyhemoglobin dissociation curve (2,3-DPG = 2,3 diphosphoglycerate, an 
organic phosphate required to maintain normal oxyhemoglobin dissociation 
relationship. E.g. reduced 2,3-DPG, as in aged blood, results in decreased oxygen 
delivery and shifts the curve to the left). 

One limitation of intravital microscopy is the fact that only superficial 
cerebrocortical vessels could be assessed. However, hypoperfusion of deeper 
brain regions might be an important mechanism in the pathogenesis of 
neurological injury after cardiopulmonary bypass. Indeed, regional blood flow in 
the brain has been shown to be significantly higher with the pH-stat strategy 
compared to the α-stat strategy in the basal ganglia, midbrain, and cerebellum 
during cooling (Aoki et al. 1993). 
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5.6 Other intracranial measurements 

Brain tissue oxygen tension (ptiO2) monitoring was performed with a tissue probe 
in studies I-III. This has been shown to be a safe, reliable, and sensitive method 
yielding results comparable to those achieved by jugular vein oxygen saturation 
measurement (SjvO2). In comparison to SjvO2, brain ptiO2 seems to be more 
suitable for long-term monitoring (Kiening et al. 1996). There is evidence that 
enhanced oxygenation before a period of HCA is associated with less acid 
production (Pearl et al. 2000) and improved survival outcome (Juvonen et al. 
2001). Indeed, in study I, the pH-stat strategy was associated with better survival 
outcome and with adequate brain tissue loading with oxygen before HCA, proved 
by a significantly longer deoxygenation time (time for oxygen to reach zero after 
the start of HCA) compared to the α-stat strategy. In study II, even more favorable 
behavior in brain tissue oxygenation was observed in the pH-stat group, the 
values being higher from the cooling period until 2-hours after HCA, significantly 
at 15-minutes after the start of rewarming. In study III, the brain tissue partial 
pressure of oxygen was higher from cooling until 2 hours postoperatively in the 
isoflurane group compared to the propofol group, although not significantly. 
While the normal level of brain ptiO2 is 33 to 36 mmHg, critical ischemia may 
occur when ptiO2 decreases below 20 mmHg (Hoffman et al. 1996). Indeed, a 
brain ptiO2 below 8 mmHg for longer than 30 minutes has been shown to be 
associated with increasing extracellular glutamate levels and cerebral infarction 
(Kett-White et al. 2002). It is noteworthy that in study II the α-stat group and the 
propofol group in study III, both demonstrated values below 20 mmHg from the 
end of HCA until 2-hours postoperatively. Furthermore, the findings in studies II-
III were in line with the brain microdialysis findings. Meixensberger et al 
likewise found correlation between hypoxic oxygenation and metabolic 
disturbances after an acute brain injury (Meixensberger et al. 2001). 

ICP monitoring was likewise performed in studies I-III. ICP is one of the 
main determinants of outcome in neurosurgical patients (Juul et al. 2000), the 
most powerful predictor of neurological worsening being an ICP ≥ 20 mmHg 
either initially or during neurological deterioration. Some experimental studies 
have found a significant increase of ICP after HCA (Ehrlich et al. 2001a, Pokela 
et al. 2002) and that the ICP at the 2-hour postoperative interval is predictive of 
postoperative death or brain infarction (Pokela et al. 2002). Both in studies I and 
II, the pH-stat strategy showed lower intracranial pressures throughout the 
postoperative period compared to the α-stat strategy. Indeed, an increased 
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postoperative ICP has been observed to be associated with lower recovery of EEG 
and adverse neurological outcome after experimental HCA (Hagl et al. 2002), 
again in line with our other findings in studies I and II. Propofol has been used to 
maintain neurosurgical anesthesia because it reduces cerebral metabolic rate, 
cerebral blood flow, and ICP (Ergun et al. 2002). In study III, although somewhat 
lower ICP was observed during the perfusion period in the propofol group, ICP 
was in fact higher in the propofol group from 90 minutes to 8 hours after HCA 
during which also higher mean arterial pressure was observed in the propofol 
group, the result being a trend of higher CPP (cerebral perfusion pressure) 
compared to the isoflurane group. However, a CPP of greater than 60 mmHg 
appeared to have little influence on the outcome of patients with severe head 
injury (Juul et al. 2000). 

Intracranial temperature monitoring was performed in all four studies. Brain 
temperatures in the study groups behaved differently only in study I. Better 
cerebral cooling induced by the pH-stat strategy is likely to have resulted in more 
favorable microdialysis findings during the cooling period and during the early 
hours after the end of HCA. The pH-stat strategy was also associated with a faster 
rise of intracerebral temperature on reperfusion rewarming, statistically 
significantly at the 15-min rewarming interval, likely secondary to the improved 
cerebral blood flow. Indeed, we have previously shown the detrimental effects of 
transient and long-term delayed rewarming after HCA (Romsi et al. 2002a, 
Pokela et al. 2003b) and the results from study I indirectly confirm that prompt 
rewarming should be favored after a period of HCA. 

5.7 Electroencephalography 

EEG burst-suppression can be produced by brain damage, deep anesthesia with 
several intravenous or volatile anesthetics, and hypothermia; and the effects of 
brain damage, anesthetics, and hypothermia on burst-suppression are additive 
(Wennberg et al. 1997). Some investigators have used electrocerebral silence 
(ECS) on EEG to determine the best temperature for HCA. ECS can only be 
guaranteed in the context of HCA by cooling more than 50 minutes or cooling to 
a nasopharyngeal temperature of 12.5°C (Stecker et al. 2001a). EEG recovers 
similarly from ECS through burst suppression to continuous EEG even when no 
cerebral injury occurs. An indicator of brain damage is a delay in this EEG burst-
suppression recovery (Binnie & Prior 1994, Stecker et al. 2001b). Indeed, in 
study II EEG burst energy recovered faster towards baseline values in the animals 
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of the pH-stat group compared to the animals in the α-stat group at the 2-hour 
postoperative interval nearly significantly (p=0.10), and in study III EEG 
recovered better in the isoflurane group compared to the propofol group, a 
statistically significant difference observed at the 3-hour postoperative interval. 
Although EEG recovered slower in the propofol group, no major conclusions can 
be drawn on the impact of brain injury on EEG while different anesthetics 
independently suppress neuronal activity. Cerebral ischemia has also been shown 
to be associated with increased slow activity (theta and delta) and a decrease in 
fast activity (alpha) (Sainio 1974). In study I, besides burst-suppression ratio 
(BSR), recovery of different wave bands (alpha, beta, and theta) was also 
calculated, but in this study no statistically significant differences between the 
study groups were observed.  

5.8 Hemodynamics and metabolism 

In studies I, II, and IV, the arterial pH and pCO2 were significantly different 
between the pH- and α-stat groups throughout the perfusion period when 
noncorrected values were used, confirming that both groups were managed in the 
narrow limits according to the pH- and α-stat principles. In studies I, II, and IV, 
the relative hypercarbic state associated with the pH-stat strategy resulted in 
lower vascular resistances and mean arterial pressures during the cooling period 
compared to the α-stat strategy. On rewarming perfusion the situation tended to be 
reversed, the α-stat group having lower vascular resistances and mean arterial 
pressures. In study III, blood pH was significantly lower in the propofol group in 
the whole survey (p=0.03) and the pCO2 tended to be higher in the propofol group 
(p=0.08), although α-stat strategy with frequent blood-sample analysis was used 
during the perfusion period in both groups. The significantly lower pH in the 
propofol group suggested that this anesthetic method together with the α-stat 
strategy was associated with impaired tissue perfusion and inadequate cooling 
compared to the isoflurane group. The significantly higher rectal temperature 
(p=0.04) and systemic oxygen consumption (p=0.05) in the propofol group also 
spoke in favor of this theory. The rare, but often fatal, propofol infusion syndrome 
was also considered as a reason for the more acidotic propofol group, the main 
features typically consisting of cardiac failure, rhabdomyolysis, severe metabolic 
acidosis and renal failure. However, its development usually requires critical 
illness associated with long-term infusion (>48 h) of high dose propofol (>4 
mg/kg/h) (Vasile et al. 2003), and we did not use high-dose propofol and neither 
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severe acidosis nor cardiac failure was observed. Furthermore, the derangements 
in brain metabolism started in the propofol group already during cooling. 

There is evidence that hypercapnia is beneficial, not only in terms of 
neuroprotection but also by providing some benefits to the systemic metabolism. 
Indeed, in study I the pH-stat strategy was associated with significantly better 
oxygen delivery and lower venous lactate levels at the end of cooling and at the 
30-min rewarming interval. Also Aoki et al observed that systemic lactate levels 
were lower after HCA with the pH-stat strategy (Aoki et al. 1993). Similarly, in a 
clinical study pH-stat strategy was associated with significantly less acid 
production than the α-stat strategy, and such a difference persisted both in 
normoxia and hyperoxia management strategies (Pearl et al. 2000). These 
observations suggest that the pH-stat strategy increases vasodilatation of the 
systemic vasculature, resulting in improved peripheral tissue perfusion. 
Furthermore, the improved oxygen delivery with hypercapnia promotes oxidative 
metabolism for optimal maintenance of tissue high-energy phosphate (Vannucci 
et al. 1999) and the reduced oxygen affinity for hemoglobin associated with 
relative acidosis may further improve peripheral tissue protection during HCA. 
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6 Conclusions 

1. In association with a 75-min period of DHCA, acid-base management 
according to the pH-stat principles was associated with less derangements in 
cerebral metabolism, lower intracranial pressures, excellent behavioral 
recovery, and better survival outcome compared to management according to 
the α-stat principles 

2. In a setting of cerebral embolization prior to a 25-minute period of DHCA, 
the pH-stat strategy showed slightly better survival outcome, more favorable 
cerebral metabolic changes, and lower postoperative intracranial pressures 
compared to the α-stat strategy, despite the pH-stat strategy-related cerebral 
vasodilatation. This observation has major clinical implications as the pH-stat 
strategy is not currently used in adults because of the perceived increased risk 
of atherosclerotic particle embolization. 

3. Propofol anesthesia combined with α-stat perfusion strategy seems to 
deteriorate the brain injury in surgery requiring HCA as evaluated by key 
brain microdialysis parameters. This finding is clinically relevant since α-stat 
perfusion strategy is still the most commonly used acid-base perfusion 
strategy during hypothermic cardiopulmonary bypass in adults and propofol 
one of the most used anesthetics in clinical practice. 

4. During moderately hypothermic SCP, the differences between pH- and α-stat 
strategies in cerebral metabolism and microcirculation are minimal. These 
findings suggest that the advantage of pH-stat strategy over α-stat strategy is 
notable only when DHCA is required. 
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