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1. Cardiac surgery and cardiopulmonary bypass 

For centuries, the heart has been considered to be the most vital organ for 

maintaining life - many cultures have romanticized it as the seat of the soul or 

the source of our emotions - but it has only become possible to repair it 

surgically a relatively short time ago. The first recorded successful human heart 

surgery occurred in 1896, when the Frankfurt physician Ludwig Rehn repaired a 

stab wound in the heart of a 22-year old gardener (Werner et al., 2012). Great 

advancements were made in the field during World War II, by cardiac surgery 

being deployed to remove bullets and bomb shrapnel from the hearts of 

American soldiers. A problem encountered in these days was that the heart 

continued beating during surgery, causing the necessity to stop and restart 

cardiac wall motion to enable manoeuvering of the heart. This intentional 

reversible arrest of the heart is called cardioplegia and is traditionally 

accomplished by infusing a crystalloid solution high in potassium (K
+
) to stop 

the heart’s electrical activity by decreasing the trans-membrane resting 

potential. Most often, crystalloid cardioplegia is combined with hypothermia to 

preserve the heart muscle cells (cardiomyocytes) by decreasing the heart 

muscle’s demand for oxygen. Current standards are cold blood cardioplegia - 

cooled blood mixed with a cristalloid solution, reaching similar results with a 

minimum of negative effects (Martin & Benk, 2006). 

 

To ensure oxygenation of all other organs during cardioplegia, it is necessary to 

take over the function of both the pulmonary and systemic circulation. In the 

1950’s, John Gibbon in Philadelphia started work on a machine that could 

interrupt both circulations, by taking over the oxygenation functions. Initially, 

the system was intended to allow surgeons to remove emboli from the 

pulmonary circulation and then restore normal hemodynamics. In 1953, Gibbon 

was able to perform a successful operation on a patient using this so-called 

cardiopulmonary bypass machine. A cardiopulmonary bypass machine, 

popularly known as the heart-lung machine, passes blood along a tube from the 

patients right heart - usually from the right atrium - to a pump that circulates the 

blood through an oxygenator membrane, mimicking the blood oxygenation in 

the lung. The oxygenated blood is subsequently passed through a filter to 

remove debris and directed to the ascending aorta, the body’s main artery, from 

where it is distributed througout the body (Figure 1).  
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Figure 1: The main arteries and veins of the pulmonary and systemic circulation are 

depicted in the left panel. After oxygenation in the pulmonary circulation, oxygenated 

blood (red) enters the systemic circulation through the left side of the heart. Venous 

return of deoxygenated blood (blue) enters the right side of the heart. On the right side, 

two cannulae are inserted in the upper and lower vena cavae to remove the blood from 

the right atrium. After blood has flown through the oxygenator, pump and filter of the 

CPB machine, it re-enters circulation in a cross-clamped aorta. The cross-clamp 

prevents blood from flowing back into the heart, ensuring optimal flow into the system. 

 

The cardiopulmonary bypass still plays an important role in the performance of 

cardiac procedures, although recent developments now allow off-pump CABG 

surgery to be performed. This new technique of performing CABG was 

developed to avoid the complications of cardiopulmonary bypass during cardiac 

surgery.  

 

Nowadays, the majority of cardiac surgery in adult patients is associated with 

problems related to increasing age. Most frequently, the aim of cardiac 

procedures is treatment of complications of ischemic heart disease. This is 

usually done by performing coronary artery bypass grafting (CABG) or more 

popular “bypasses”, and to treat valvular heart disease caused by 

atherosclerosis, valve insufficiencies and endocarditis. In 2012, 17.5 million 

people died from cardiovascular disease worldwide. Of these, 7.4 million 

people died of ischaemic heart disease and 6.7 million from stroke (WHO fact 
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sheet N°310). Ischaemic heart disease is still the most frequent cause of death in 

the world, counting for 13.2% of all deaths in 2012 (WHO fact sheet N°310). 

Thus, improving postoperative outcome in cardiac surgery will have high 

impact on a large world-wide population. 

 

2. Cerebral complications of cardiac surgery 

The brain is an organ deserving special attention in cardiac surgery. Although 

cerebral oxygen delivery is relatively secured by cerebral autoregulation 

primarily through regulation of blood flow in cerebral tissue, there is a risk of 

developing cerebral injury from blood clots, systemic inflammation or 

anaesthetic agents. Cerebral stroke is one of the most devastating complications 

after cardiac procedures. It occurs in 1.6% of CABG (Tarakji et al., 2011) 

procedures and 2.4% of valve surgeries (Vasques et al., 2012). Postoperative 

cognitive dysfunction (POCD) occurs even more often, with an incidence of 

22.5% in CABG (van Dijk et al., 2000) and 36.0% in valve surgery (Ebert et al., 

2001) in the first weeks after surgery, and is associated with a decrease in 

perceived quality of life and a higher postoperative mortality rate. 

 

The cardiopulmonary bypass was believed to cause severe neurological 

complications, such as cerebral stroke and post-operative cognitive dysfunction 

(POCD), which is also known as postperfusion syndrome or "pumphead". 

Studies investigating the development of POCD in off-pump compared to on-

pump CABG have not found sufficient evidence to declare the CPB machine as 

the origin of neurological dysfunction. A Cochrane review pointed out that 

overall, there is no benefit of avoiding the CPB as in off-pump CABG regarding 

mortality, stroke, or myocardial infarction (Møller et al., 2012). Several 

mechanisms arising in both on-pump and off-pump cardiac procedures may 

cause significant cerebral alterations resulting in cognitive decline - independent 

of CPB usage.  

 

First, alterations in cerebral blood flow, due to decreased CPB flow or cardiac 

manipulation during off-pump surgery, can have large impact on cerebral tissue 

oxygenation. Secondly, cardiac surgery is prone to generate embolic particles, 

such as thrombi, lipid particles or gas bubbles. Opening of the thoracic cavity is 

an invasive procedure on its own, and median sternotomy (sawing the sternum 

in two parts) may cause lipid particles and air to enter the circulation. Clot 

emboli from the left atrium, and atheroemboli from the ascending aorta or 
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carotid artries may also dislocate, potentially flowing into the cerebral 

circulation (Barbut et al., 1997). Thirdly, cerebral alterations may arise from 

inflammation induced by endothelial activation. Cross clamping of the aorta 

may induce local endothelial activation and dislocate atherosclerotic plaques. 

Also, shear contact of blood cells and the artificial materials of the bypass 

circuit, as well as cellular injury from ischaemia-reperfusion injury to the lungs 

and kidneys following cardiac surgery, can induce an inflammatory response. 

Pro-inflammatory cytokines IL-1β and TNF-a induce the early endothelial 

expression of P-selectin and the later synthesis and expression of E-selectin. 

Selectins induce expression of intercellular and vascular cell adhesion 

molecules 1 (ICAM-1 and VCAM-1, respectively), which bind neutrophils and 

monocytes to the endothelium and initiate leukocyte trafficking to the 

extravascular space (Kalawski et al., 1998). Systemic inflammatory response 

and endothelial activation can trigger disruption of the blood-brain barrier 

(BBB) and subsequently induce a neuroinflammatory response (Abbott, 2015). 

Taken together, cardiac surgery affects the brain vasculature and subsequent 

cerebral tissue, leading to structural changes and postoperative neurological 

sequelae. 

 

POCD encompasses a spectre of symptoms, such as decreased attention and 

information processing, problems regarding memory, and deficits in executve 

functions. These symptoms usually develop in the acute phase, when they are 

concommittant with fatigue and sickness behaviour. In some patients the 

symptoms remain for a longer time period, causing impairments in the weeks or 

months after surgery. The most important risk factors for POCD are increasing 

age, severity and duration of surgery, and a history of metabolic syndrome 

(Hudetz et al., 2011). Yet, these factors do not explain why some patients 

develop POCD and other patients do not. Hence, we considered it worthwhile to 

examine possible intra-cerebral mechanistic pathways to be able to predict and 

prevent the development of POCD. 
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3. Neuroinflammation 

Systemic inflammation and activation of endothelial cells in the blood brain 

barrier during cardiac surgery can induce a neuroinflammatory response in the 

brain (Lénárt et al., 2016). Neuroinflammation is generally a repsonse of the 

innate immune system in the brain, which consists of glial cells, mainly 

astrocytes and microglia. Microglia have unique and versatile properties in the 

central nervous system (CNS). In a healthy brain, they play a necessary role in 

sculpting neuronal networks and maintaining environmental homeostasis. Yet, 

neuroinflammation is found to be part of many neurodegenerative diseases and 

psychiatric diseases, such as Alzheimer’s disease, multiple sclerosis, 

amyotrophic lateral sclerosis, and schizophrenia (Ransohoff, 2016). Upon 

activation, glial cells produce a variety of neurotoxic substances, such as pro-

inflammatory cytokines (IL-1β, IL-6, TNF-α), and neurotrophic substances, 

such as brain derived neurotrophic factors (BDNF) and neuropoietic cytokines 

in order to maintain neuronal function and plasticity. Depending on the extent 

and severity of the response, neurons may suffer from these consequences.  

Cognitive impairment and neurodegenerative diseases are common in an ageing 

population. The brain shows visible signs of ageing, such as alterations of brain 

structures, volume loss, decreased synaptic plasticity, and pre-synaptic 

neurotransmitter availability (Petralia et al., 2014). Microglia are also subjected 

to ageing, as they become dystrophic, a process also called priming (Figure 2). 

Size and shape become comparable with reactive microglia, the state of glia 

after acute neuronal injury. Yet, the gene expression profiles of primed 

microglia and reactive microglia after acute injury are very distinct. 

Priming in microglia is associated with specific gene expression patterns 

(Holtman et al., 2015). Upregulation of genes associated with priming occurs in 

physiological ageing and rapidly ageing models in mice, and in Alzheimer and 

ALS disease models. Specific priming proteins are ApoE, Axl and Mac2, which 

are related to microglia migration and phagocytizing function (Holtman et al., 

2015). Reactive microglia express NF-κB, IL-1β, CD83, TLR2, and CXCL10, 

which constitute the acute pathways of inflammation and infection (Holtman et 

al., 2015). Distinguishing between these forms is difficult based on shape 

changes, as is demonstrated in figure 2. 
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Figure 2: Morphology of three types of microglia: ramified microglia (healthy CNS); 

reactive microglia (characteristic of those seen after acute injury), and dystrophic or 

primed microglia as observed in the aging brain, particularly in the context of 

neurodegeneration. 

Neuroinflammation in the experimental setting can be evaluated in several 

ways: from a molecular perspective it is possible to analyze specific brain areas 

for the presence of pro-inflammatory cytokines and related activation of 

inflammatory and priming pathways. Microglia can be stained with 

immunohistochemistry techniques, in which an arbitrary determination of size 

and shape (amoebic) defines their activated state. Microglia reflect their 

response to the environment in part through their morphology. Morphology 

does not reliably reflect function, dysfunction, or RNA expression profile 

phenotype but only demonstrates that the cell is responding to altered 

homeostasis. Therefore, sorting microglia from brain tissue with fluorescence-

activated cell sorting (FACS) has the advantage that cell functionality can be 

investigated on RNA and protein level. Additionally, neuroinflammation can be 

traced and followed up in time by performing PET-scans with (
11

C)-PK11195, 

or the relatively newer and more sensitive and specific (
11

C)-PBR28 tracer, 

which bind on activated microglia. The latter is most feasible for future studies 

in humans.  
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4. Tissue oxygenation of brain and kidneys 

The brain and kidneys are all capable of regulating blood flow according to 

local metabolic needs, maintaining tight regional control over flow in relation to 

metabolism. In healthy individuals, cerebral and renal blood flow are kept 

constant over a range of mean arterial pressure from approximately 60 to 150 

mmHg (Murkin et al., 1987), by autoregulation. Maintaining adequate blood 

flow during CPB is notably more difficult in patients with pre-existing 

hypertension, as the ranges for adequate blood flow are adjusted to higher 

pressures. Failure of autoregulation occurs with either CPB related pathology or 

direct vasodilators, such as CO2. In the setting of cardiac surgery, it is possible 

that temporary deoxygenation occurs as a consequence of suboptimal blood 

flow or micro-emboli and concommitant ischemia and reperfusion injury, 

leading to acute kidney injury (AKI) and cerebral damage.  

 

To evaluate the oxygenation of the brain and kidneys continuously during 

surgery, cerebral and renal oxygenation can be monitored non-invasively with 

near-infrared spectroscopy (NIRS) by applying sensors to the skull and the skin 

in the superior lumbar region. NIRS monitoring devices utilize light with 

wavelengths of 700-900 nm, which is absorbed by haemoglobin (Hb). Since 

oxygenated and deoxygenated Hb have different absorption spectra, the 

percentage of oxygenated Hb can be quantified by analysing the absorption of 

light within this frequency range – taking signal contamination from outside the 

brain into account by using two sensors for deep and shallow detection (Figure 

3). Major advantages of NIRS monitoring are that measurements are still 

feasible and valid during hemodilution and non-pulsatile flow. It is suggested 

that decreases in tissue oxygenation are related to subsequent organ injury. In a 

study of paediatric patients undergoing CPB assisted cardiac surgery, impaired 

kidney perfusion, measured as the time and extent of renal tissue oxygenation 

below 65%, correctly identified subsequent postoperative AKI (Ruf et al., 

2015). 
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Figure 3. NIRS sensor skin patch applied to the skull with underlying brain tissue. 

Source: Covidien, INVOS5100 

 

5. Therapeutic hypothermia 

As CPB-assisted cardiac surgery is accompanied by a high risk of cerebral 

injury, strategies are necessary to prevent this as much as possible. A generally 

accepted and often applied method in cardiac surgery and neurology is 

therapeutic hypothermia. When hypothermia is part of a targeted temperature 

management strategy, the patient is cooled to a predefined target temperature at 

a controlled rate. The goal is to enhance postoperative neurological outcome.  

 

Application of hypothermia dates back to the ancient Romans and Greeks. 

Hippocrates was one of the first to describe the analgesic effects of therapeutic 

cooling. Its clinical properties were “rediscovered” in the 1950’s, when positive 

effects were found in the brains of monkeys and groundhogs during cardiac 

surgery (Bigelow & Mcbirnie, 1953). In the same study, parallels between 

cooling and hibernation were made with respect to cooling strategies and cold 

tolerance in mammals. 

Therapeutic hypothermia has a wide clinical application. In addition to cardiac 

surgery, it is applied in patients with traumatic brain injury, after out-of-hospital 

cardiac arrest, and after ischaemic stroke. Early research focussed mainly on the 

effects of target temperature. For instance, mild hypothermia (34
o
C) protects 

cardiomyocytes in patients undergoing elective aortic valve replacement for 

aortic stenosis, as apoptotic pathways are activated by moderate hypothermia 

(28
o
C) (Castedo et al., 2007). Also, the optimal depth of hypothermia in a rat 
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model of focal cerebral stroke was investigated, indicating that the optimal 

depth of therapeutic hypothermia is 34
o
C (Kollmar et al., 2007). 

Recent studies have not supported the application of therapeutic hypothermia. A 

study in out-of-hospital cardiac arrest did not find any advantage of mild 

hypothermia (33
o
C) compared to normothermia (36

o
C) (Nielsen et al., 2013). 

Similarly, no advantages were found for early induction of hypothermia in out-

of-hospital cardiac arrest (Bernard et al., 2010). However, after reconsidering 

the duration of ischemia, which lasted only 0-2 minutes in both studies, a 

revised Cochrane systematic review, which included four trials and one abstract 

reporting on 481 patients, concluded that mild hypothermia does seem to 

improve survival and neurologic outcome after cardiac arrest (Arrich et al., 

2015).  

 

In addition to temperature targets, there is more to temperature management that 

is not fully investigated. Rewarming rate gets relatively more attention, 

focusing on the negative effects of fast rewarming and subsequent temperature 

overshoot to fever (cerebral temperatures exceeding 38.5
o
C). Gaining more 

insight in targeted temperature management strategies allows personalized 

therapies. 
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Aim of this thesis 

 

The main aim of this thesis is to investigate and improve therapeutic and 

monitoring techniques that are currently used in cardiac surgery to improve 

postoperative cognitive outcome and survival.  

 

Part A of this thesis focuses on tissue oxygenation and outcome after CABG 

surgery, which was investigated during the so-called TO-CABG study. Patients 

were randomized to undergo elective CABG surgery either on-pump or off-

pump and had standardized blood samples taken and cognitive function tests 

performed prior to and after CABG. As the first part of the TO-CABG study, 

chapter 2 investigates the development of POCD in on-pump vs. off-pump 

operated patients undergoing CABG, associating it with intra-operative non-

invasive cerebral tissue oxygenation. In chapter 3, long-term postoperative 

cognitive function test scores are analyzed, in association with mortality and 

biomarkers for neurological damage. Chapter 4 evaluates the ability of renal 

tissue oxygenation measurements to predict postoperative renal function change 

in adult patients, in comparison with renal injury biomarkers neutrophil 

gelatinase-associated lipocalin (NGAL), and kidney injury molecule-1 (KIM-1). 

Chapter 5 describes a major surgery model without sepsis induction designed 

to investigate the time course and extent of the neuroinflammatory response in 

aged mice, compared to adult controls. 

 

Part B of this thesis starts with a technical point of view on the benefits of 

hypothermia on a cellular level. In chapter 6, we present an overview of studies 

investigating the effect of hypothermia on cerebral damage and neuroprotective 

pathways involved after ischemia and reperfusion injury. The effects of 

hypothermia on postoperative survival in a large cardiac surgery population are 

investigated in chapter 7. In addition to the ideal targeted temperature in 

CABG and valve procedures, an analysis of patient’s individual temperature 

compliance with induced cooling is performed. The effect of mild and deep 

hypothermia on the neuroinflammatory response in CPB and sham operated rats 

are described in chapter 8 performing repetitive PET-scans using (
11

C)-PBR28 

tracer to follow-up on microglia activation at 1 day, 3 and 7 days after the 

procedure. 
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