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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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A pilot study of cerebral tissue oxygenation and 

postoperative cognitive dysfunction among patients 

undergoing coronary artery bypass randomised to 

surgery with or without cardiopulmonary bypass 
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Abstract  

Coronary artery bypass surgery, performed with or without cardiopulmonary 
bypass, is frequently followed by postoperative cognitive decline. Near-infrared 
spectroscopy is commonly used to assess cerebral tissue oxygenation, especially 
during cardiac surgery. Recent studies have suggested an association between 
cerebral desaturation and postoperative cognitive dysfunction. We therefore 
studied cerebral oxygen desaturation, defined as area under the cerebral 
oxygenation curve <40% of >10 min.%, with respect to cognitive performance 
at 4 days (early) and 3 months (late) postoperatively, compared with baseline, 
using a computerised cognitive test battery. We included 60 patients, of mean 
(SD) age 62.8 (9.4) years, scheduled for elective coronary artery bypass 
grafting, who were randomly allocated to surgery with or without 
cardiopulmonary bypass. Cerebral desaturation occurred in only three patients 
and there was no difference in cerebral oxygenation between the two groups at 
any time. Among patients who received cardiopulmonary bypass, 18 (62%) had 
early cognitive decline, compared with 16 (53%) in the group without 
cardiopulmonary bypass (p=0.50). Three months after surgery, 11 patients 
(39%) in the cardiopulmonary bypass group displayed cognitive dysfunction, 
compared with four (14%) in the non-cardiopulmonary bypass group (p=0.03). 
The use of cardiopulmonary bypass was identified as an independent risk factor 
for the development of late cognitive dysfunction (OR 6.4 (95% CI 1.2–33.0) 
p=0.027. In conclusion, although cerebral oxygen desaturation was rare in our 
population, postoperative cognitive decline was common in both groups, 
suggesting that factors other than hypoxic neuronal injury are responsible. 
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Introduction 

Coronary artery bypass graft surgery (CABG) is frequently associated with a 
systemic inflammatory response (Laffey et al., 2002) and injury and dysfunction 
of several organs, including the brain (van Harten et al., 2012; Newman et al., 
2006; Selnes et al., 2012). Diffuse cerebral injury after CABG may result in 
delirium and/or cognitive decline. Previously, many postoperative 
complications after heart surgery were attributed to cardiopulmonary bypass 
(CPB). In recent years, however, doubt has been cast on this theory because 
retrospective and prospective studies have failed to demonstrate that CABG 
without CPB is associated with a reduction in the incidence of early mortality 
and major complications (Diegeler et al., 2013; Lazar, 2013; Shroyer et al., 
2009). Indeed, although CABG without CPB does not involve the inherent risks 
of extracorporeal circulation, aortic manipulation is often still required, and can 
be the cause of cerebral micro-emboli and infarction. However, the number of 
micro-infarcts is thought to be greater when CPB is used (Liu et al., 2009). 
Perhaps more importantly, cardiac surgery without CPB may introduce other 
potentially harmful risks, including temporary reduction in cardiac output 
during periods when the beating heart is manipulated. This variation in blood 
supply may reduce oxygen delivery and cause hypoxic tissue damage in 
vulnerable tissues, particularly the brain.  

Postoperative cognitive dysfunction may be difficult to diagnose, and results in 
changes in performance scores in cognitive function tests focused on domains 
such as attention, concentration, memory and executive function, without 
evidence of focal neurological damage. Sceptics claim that postoperative 
cognitive dysfunction is a statistical aberration arising from methodological 
weaknesses, or from other temporary factors such as fatigue and lethargy caused 
by residual drug effects and the stress response to surgery (Fisher et al., 1993). 
If, however, one accepts that postoperative cognitive dysfunction exists and is 
the result of diffuse neuronal injury, then there are two possible conclusions. 
The first is that CPB is not harmful, and that neuronal injury arises with both 
techniques (with and without CPB) as a result of common responses to surgery 
and anaesthesia (such as a priming-induced exaggerated inflammatory 
response)(van Harten et al., 2012). A second possibility is that both techniques 
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have adverse effects on the brain with similar cognitive consequences, but via 
different mechanisms. 

Near-infrared spectroscopy is commonly used to assess regional tissue oxygen 
haemoglobin saturation in the frontal cortex of the brain (Ghosh et al., 2012; 
Scheeren et al., 2012). It gives an indication of the balance between oxygen 
delivery and oxygen consumption, which may have prognostic value. A recent 
study showed that pre-operative cerebral oximetry values predicted various 
postoperative outcomes after coronary surgery using CPB (Heringlake et al., 
2011). Other studies have shown a correlation between the severity and duration 
of cerebral desaturation, with or without CPB, and subsequent postoperative 
cognitive dysfunction (de Tournay-Jette et al., 2011; Yao et al., 2004), although 
the evidence is somewhat weak (Zheng et al., 2013). To our knowledge, there 
have been no randomised trials comparing cerebral saturation during surgery 
with and without CPB to date. The aim of our randomised pilot study was to 
compare the incidence and severity of cerebral oxygen desaturation during 
coronary artery surgery with and without CPB. In addition, we sought to 
explore further the correlation between surgical technique, cerebral oxygenation 
and postoperative cognitive dysfunction. 

We hypothesised that significant cerebral desaturation occurs less commonly 
during surgery without CPB than with CPB, and that cognitive dysfunction 
would also be less common in this cohort of patients. We also hypothesised that 
postoperative cognitive dysfunction is associated with intra-operative cerebral 
hypoxia, but that the pattern would be different depending on whether CPB was 
used or not. 

 

Material & Methods 

This study was performed at the University Medical Centre Groningen, the 
Netherlands, between June 2011 and May 2012, after institutional review board 
approval and with written informed consent. A sealed envelope technique was 
used to randomise eligible patients to undergo coronary artery surgery either 
with or without CPB. Inclusion criteria were age >18 years and considered 
suitable for surgery with or without CPB by both the operating surgeon and the 
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responsible anaesthetist. Patients were not studied if they were likely to 
experience difficulty completing cognitive testing because of impaired hearing 
or eyesight, problems understanding the Dutch language, or impaired function 
of the dominant hand or arm. Other exclusion criteria included: history of head 
trauma, stroke or neurosurgery; severe or symptomatic carotid artery disease; 
systemic steroid therapy; and pre-existing acute or chronic renal impairment 
(creatinine concentration > 200 µmol.l-1). 

Anaesthetic management followed a strict protocol. Anaesthesia was induced 
with sufentanil 0.5 µg.kg-1 and propofol target-controlled infusion 2 µg.kg-1, 
adjusted thereafter to keep the bispectral index in the range of 30–50 throughout 
the procedure. Tracheal intubation followed the administration of either mg.kg-1 

pancuronium or 0.6 mg.kg-1 rocuronium. During the procedure, a continuous 
infusion of sufentanil and additional sufentanil boluses of 10 µg were given at 
the discretion of the anaesthetist. During surgery, standard monitoring included 
mean arterial pressure, heart rate, oxygen saturation, central venous pressure 
and central venous oxygen saturation. Patients were transferred postoperatively 
to the intensive care unit (ICU) and sedated with propofol by infusion until they 
were considered ready for tracheal extubation.  

Patients allocated to surgery using CPB received heparin 300 IU.kg-1, after 
which their ascending aorta and right atrium were cannulated. Cardiopulmonary 
bypass was non-pulsatile and mean arterial pressure was maintained around 60 
mmHg. Patients’ temperature was allowed to drift passively to 34°C. Cold 
blood cardioplegia (200 ml) was administered both antegrade (aortic root) 
and/or retrograde (coronary sinus) and repeated every 20 min. Patients 
randomly allocated to surgery without CPB also received heparin but at a dose 
of 200 IU. kg-1; cardiac stabilisation and displacement was obtained using the 
Acrobat and XPOSE-4 devices (both Maquet, Rastatt, Germany).  

Coronary anastomoses were facilitated by intracoronary shunts (Medtronic, 
Minneapolis, MN, USA) and a carbon dioxide with warm saline blower 
(Blower Mister; Maquet). Side-clamping of the aorta was required in 27 (90%) 
of patients operated without CPB when anastomosing the top end of the 
coronary grafts, whereas in 3 (10%) patients, a no-touch aorta technique was 
used. 



Chapter 2 

 30 

Cerebral tissue oxygenation was measured by near-infrared spectroscopy using 
both the INVOS Cerebral Oximeter 5100C (Covidien, Dublin, Ireland) and the 
ForeSight Cerebral Oximeter (CASMED, Branford, CT, USA) simultaneously 
(Moerman et al., 2013). As the two cerebral oximeters showed a similar time 
course in most patients, with mean ForeSight values uniformly 15–20 
percentage points higher than respective INVOS values, we will present only 
measurements from one device, the INVOS. Immediately after arrival in the 
operating theatre, the cerebral oximetry sensors were applied bilaterally to the 
patient’s forehead and cerebral oximetry measurement was commenced. The 
anaesthetist responsible for the care of the patient remained blinded to the 
cerebral oximetry measurements throughout anaesthesia and surgery. 

With regard to neuropsychological testing, depression and anxiety were 
assessed using the Hospital Anxiety and Depression Scale (HADS) (Spinhoven 
et al., 1997) before the start of each cognitive test session. A cut-off HADS 
score of ≥ 8 was defined to identify patients with preexisting depression or 
anxiety. Cognitive function was assessed using the CogState brief computerised 
cognitive test battery (Cogstate Ltd, Melbourne, Vic., Australia), consisting of 
the detection task, the identification task, the one card learning task and the one 
back task (Fredrickson et al., 2010). These tests assess psychomotor speed, 
selective attention, long-term memory and working memory, respectively. Two 
sets of cognitive tests were performed on the day before surgery. The first set 
was a practice test and the second was used as the baseline test, as practice 
effects have been shown between the first and second set of tests (Falleti et al., 
2006). Follow-up tests were then performed at 4 days and 3 months 
postoperatively. The testing required approximately 15 min per session. Each 
task was explained to the participants by an investigator using standardized 
written instructions. For each postoperative cognitive test, a standardized 
change Z-score was calculated. This score, equivalent to a reliable change score, 
takes into account the test–retest variability among an age-matched normal 
control population. The standardised change scores of the individual tests were 
summed to generate a composite Z-score. Postoperative cognitive dysfunction 
was defined as a standardised change Z-score less than 2 in two or more 
individual tasks or a composite Z-score of less than 2 (Rasmussen et al., 2001). 
The evaluators were blinded to the patient’s group assignment. 
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The primary outcome of this study was significant cerebral desaturation, 
defined as cerebral oximetry AUC40 > 10 min.%; this was calculated from the 
integral of the cerebral oximetry signal over time, of the portions of the signal 
when the cerebral oximetry was < 40% (i.e. AUC40 = Σ [∫(40 - rSO2) dt] for all 
periods where 40 - rSO2 > 0). Secondary outcomes were the incidence of 
postoperative cognitive dysfunction at 4 days and 3 months postoperatively, the 
incidence of major complications, and the duration of ICU and hospital 
admission. Analyses were performed using SPSS statistics software version 20 
(IBM, New York, NY, USA). The Kolmogorov–Smirnov test was used to 
assess distribution of the data. Continuous data were analysed using Student’s t-
test and noncontinuous data using the Mann–Whitney U-test. Nominal data 
were analysed using the Pearson chisquared test or Fisher’s exact test as 
appropriate. In all cases, a two-sided p value < 0.05 was considered statistically 
significant. Univariate and multivariate logistic regression models were used to 
evaluate risk factors that may influence the occurrence of postoperative 
cognitive dysfunction, such as age, use of CPB, cerebral desaturation and 
neuropsychological state.  

 
Results 

A total of 60 patients undergoing elective CABG were enrolled (Fig. 1). 
Exclusion of eligible patients due to logistic reasons was quite common; these 
included the inability to schedule the operation of a consenting patient with a 
participating surgeon and anaesthetist, and the inability to record data from 
different patients having surgery at the same time. Mean (SD) age was 62.8 
(9.4) years and 54 (90%) patients were men; baseline characteristics between 
patients randomly allocated to surgery with or without CPB were similar (Table 
1).  
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Figure 1. CONSORT flow diagram of patients throughout the study.  

Data from one patient randomly allocated to surgery with CPB were excluded 
from analysis because he received surgery without CPB as he was found to have 
a ‘porcelain’ aorta, and after discussion, it was felt that avoidance of aortic 
cross-clamping was in his interests. Mean (SD) CPB time was 82.6 (22.6) min 
and aortic cross-clamp time was 53.1 (14.5) min. Mean arterial pressure at the 
end of surgery was significantly lower in patients who underwent surgery with 
CPB compared with those without CPB; other haemodynamic and systemic 
oxygenation variables were similar (Table 2). 
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Table 1. Baseline characteristics in patients randomly allocated to surgery with or 
without CPB. Variable are number (proportion), mean (SD) or median (IQR [range]). 

 
CPB, cardiopulmonary bypass; BMI, body mass index; LVEF, left ventricular ejection 
fraction; HADS, hospital anxiety and depression score; Hb, haemoglobin concentration; 
CRP, C-reactive protein; GFR, glomerular filtration rate; LDH, lactate dehydrogenase; 
NT-proBNP, N-terminal pro-brain natriuretic peptide.  

 All patients (n=59) With CPB  
(n = 29) 

Without CPB 
(n = 30) 

Men 53 (90%) 26 (90%) 27 (90%) 

Age; yr 62.8 (9.4) 62.6 (9.9) 63.0 (9.0) 

Educational status 
 Lower education 
 Higher education 

 
45 (76%) 
13 (22%) 

 
21 (75%) 
7 (21%) 

 
24 (80%) 
6 (20%) 

EuroSCORE 2.5 (1.8) 2.3 (1.7) 2.7 (1.9) 

Smokers  42 (70%) 22 (79%) 20 (67%) 
BMI; kg.m-2 27.8 (3.5) 28.1 (4.0) 27.5 (2.9) 
Diabetes  14 (23.3 %) 6 (20.7 %) 8 (26.7 %) 
Hypertension  17 (28.8 %) 10 (34.5 %) 7 (23.3 %) 
Pre-operative LVEF 
 55 - 70% 
 40 - 55 % 
 < 40 % 

 
30 (501%) 
25 (42%) 
4 (67%) 

 
17 (59%) 
10 (35%) 
2 (7%) 

 
13 (43%) 
15 (50%) 
2 (7%) 

 
HADS score (total) 
- anxiety  
- depression 

 
8.6 (5.7) 
5.5 (3.9) 
3.2 (2.6) 

 
9.2 (6.2) 
5.8 (4.3 
3.4 (2.8) 

 
8.0 (5.3) 
5.2 (3.5) 
2.9 (2.3) 

 
Duration of surgery; min 
Aortic clamp time; min 
CPB time; min 

 
188.0 (46.3) 
- 
- 

 
189.0 (31.6) 
53.1 (14.5) 
82.6 (22.6) 

 
186.0 (57.7) 
- 
- 

Grafts/patient  3.3 (0.8) 3.2 (0.9) 
Pre-operative levels: 
  Leucocytes; .109.l-1   
  Hb; g.dl-1 
  CRP; mg.l-1  
  Urea; mmol.l-1 
  Creatinine; µmol.l-1 
  eGFR; ml.min-1.1.73 m2 
  LDH; U.l-1  
  NT-proBNP; ng.l-1  
  Hs- Troponine T; ng.l-1 
 

 
8.1 (2.3) 
9.0 (0.8) 
0 (0-6 [0-65]) 
6.2 (1.9) 
90.0 (21.5) 
75.0 (18.6) 
169 (150-199 [71-860]) 
489 (94-1086 [53-1639]  
85 (23-735 [9-5325]) 
 

 
8.0 (2.3) 
9.1 (0.8) 
0 (0-3 [0-20]) 
6.6 (2.0) 
90.4 (24.0) 
76.0 (20.4) 
179 (145-201 [71-303]  
296 (93-586 [72-635]) 
70 (9-294 [9-294]) 
 

 
8.1 (2.3) 
8.9 (0.8) 
0 (0-8 [0-65]) 
5.9 (1.8) 
89.2 (19.3) 
74.0 (16.8) 
168 (151-193 [128-860]) 
572 (114-1538 [53-1639]) 
389 (25-977 [18-5325]) 
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Cerebral oximetry values were similar between the two groups (Table 3). The 
primary outcome (AUC40 > 10 min.%) was reached in only three patients; one 
who received CPB and two who did not. One of these patients (AUC40, 87 
min.%, Fig. 2), from the CPB group, suffered a peri-operative stroke. The other 
two patients fulfilled the criteria for both early and late postoperative cognitive 
dysfunction. Because of the low incidence of our predefined primary outcome, 
we performed a broader analysis using other cut-off points in cerebral oximetry 
values (Table 3). 

We calculated AUC parameters using less stringent absolute and relative 
desaturation thresholds, and also recorded the number of patients in whom 
cerebral oxygen saturation declined below 70% of baseline value, regardless of 
duration. There were no significant differences in any of these parameters 
between the two groups of patients. Median (IQR [range]) length of stay in ICU 
and in hospital was 1 (1–1 [1–12]) and 9 (6–12 [3–29]) days, respectively, in 
the CPB group, and 1 (1–1 [1–8]) and 8 (6–11 [4–15]) days for patients in the 
no-CPB group (p = 0.840 and p = 0.552, respectively).  

  

Table 2. Peri-operative haemodynamic and systemic oxygenation variables in patients 
randomised to surgery with or without cardiopulmonary bypass (CPB). Values were taken 
at baseline, intra-operativey at sternotomy, and at sternal closure indicating end of 
procedure; values are mean (SD). 
 Baseline p-

value 
Intra-
operative 

p-
value 

End of 
surgery 

p-
value 

Heart rate; beats.min 
 With CPB 
 Without CPB 

 
66.7 (12.2) 
66.6 (9.7) 

 
0.738 

 
63.2 (11.3) 
60.2 (10.5) 

 
0.336 

 
80.7 (28.9) 
81.9 (14.9) 

 
0.163 

MAP; mmHg 
 With CPB 
 Without CPB 

 
102.0 (14.3) 
95.6 (18.1) 

0.131 
 
88.2 (14.8) 
83.5 (15.6) 

 
0.328 

 
69.2 (15.7) 
73.0 (10.2) 

 
0.044 

CVP; mmHg  
 With CPB 
 Without CPB 

N/A 
N/A 

 
- 

10.3 (5.3) 
10.3 (4.7) 

 
0.618 

 
11.1 (4.7) 
11.7 (4.6) 

 
0.343 

SaO2 ; % 
 With CPB 
 Without CPB 

 
98.6 (1.5) 
98.5 (1.3) 

 
0.633 

98.6 (1.5) 
99.5 (1.4) 0.459 

 
98.1 (1.9) 
98.2 (2.2) 

 
0.805 

SpO2 central venous; % 
 With CPB 
 Without CPB 

 
N/A 
N/A 

 
- 

 
74.9 (7.7) 
72.6 (8.3) 

 
0.310 

 
69.3 (6.7) 
64.8 (13.0) 

 
0.288 
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Table 3. Pre- and intra-operative cerebral oximetry saturations in patients randomly 
allocated to surgery with and without CPB. Values are mean (SD), median (IQR 
[range]) or number (proportion). 

 

Pre-operatively, 16 (26%) patients scored above the cut-off HADS score of 8, 
suggesting the presence of depression or anxiety. At the first postoperative 
assessment, median (IQR [range]) scores were 10 (6–15 [0–30]) and 8 (4–11 
[0–18]) in CPB and no-CPB groups, respectively (p = 0.116). At 3 months, the 
scores decreased to 5 (2–8 [0–22]) vs 3 (1–7 [0–17]) in CPB and no-CPB 
groups, respectively (p = 0.243). Depression and anxiety were not associated 
with an increased risk of developing postoperative cognitive dysfunction 
(p=0.19) (Tab. 4). 

Early postoperative cognitive tests were performed a median (IQR [range]) of 4 
(4–6 [2–16]) days after surgery and compliance with tests was high. One patient 
who received CPB suffered a peri-operative stroke, and could not complete the 
tests at day 4, but was regarded as having early cognitive dysfunction. Two 
patients were only able to complete two of the four tests but fulfilled the 

 
Pre-operative 

All patients (n=59) With CPB (n=29) Without CPB 
(n=30) 

p-value 

Baseline; %       67.1 (9.4) 67.2 (10.1) 67.0 (8.8) 0.627 
Increase after pre-
oxygenation;% 
 

 
14.7 (6.0) 

 
15.4 (6.6) 

 
14.0 (5.2) 

 
0.409 

Intra-operative     

AUC <60%; min.% 117(12-806[0-3397]) 131(13-1165[0-3397]) 113(5-818[0-2178]) 0.665 
AUC <50%; min.% 0 (0-26 [0-1077]) 0 (0-120 [0-1077]) 0 (0-23[0-434]) 0.496 
AUC <40%; min.% 0 (0-0 [0-87]) 0 (0-0 [0-87]) 0 (0-0 [0-25]) 0.638 
 
AUC decrease from 
baseline 

    

     >10%; min.% 201(38-521[0-2981]) 227(88-577[1-2981]) 146(4-507[0-2024]) 0.124 
     >15%; min.% 60 (4-217 [0-1964]) 87 (11-240 [0-1964]) 36(0-206[0-1140]) 0.148 
     >20%; min.% 6  (0-59 [0-1039]) 10 (0-91 [0-1039]) 2.4 (0-37 [0-439]) 0.185 
     >30%; min.% 0 (0-0 [0-142]) 0 (0-1 [0-142]) 0 (0-0 [0-76]) 0.319 
Cerebral saturations 
< 70% of baseline 
at any time 

14 (24%) 9 (31%) 5 (17%) 0.195 

CPB, cardiopulmonary bypass. AUC, area under the curve 
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cognitive dysfunction criteria based on these tests. The remaining patients 
completed all tests. Among patients who received CPB, 18 (62%) fulfilled the 
criteria for cognitive dysfunction, compared with 16 (53%) in the no-CPB 
group, p = 0.50 (Figures 3 and 4). 

Further cognitive testing after 3 months was performed a median (IQR [range]) 
of 93 (92–102 [88–126]) days after surgery. Two patients refused to participate, 
one from each group, neither of whom had early cognitive dysfunction. Eleven 
patients (39%) in the CPB group displayed cognitive dysfunction (one of these 
was the patient who had suffered an ischaemic stroke), compared with four 
(14%) in the no-CPB group, p = 0.03 (Figures 3 and 4). There were four new 
cases of cognitive dysfunction after 3 months in the CPB group, and none in the 
no-CPB group (Fig. 4). The only risk factor for the development of late 
cognitive dysfunction was the use of CPB (OR 6.4 (95% CI 1.2–33.0); p = 
0.027) (Table 4). There was no association between any of the intra-operative 
cerebral oximetry variables and cognitive dysfunction at any stage.  

 

 

 

 
 
 
 
 
 

 

Figure 2. An example of continuous cerebral oxygen saturation (rSO2) measurements 
(blue line) and mean arterial pressure (purple line) recorded from baseline (before pre-
oxygenation) until skin closure in a 64-year-old woman randomly allocated to coronary 
artery bypass using cardiopulmonary bypass, being one of three patients that reached an 
area below the 40% level (AUC40) of more than 10 min.%. The AUC40 was 87 min.% 
(red area). This patient suffered a peri-operative stroke and died within a year of the 
procedure. 
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Figure 3. Incidence of postoperative cognitive decline in patients who underwent 
coronary artery bypass and were randomly allocated to surgery with or without 
cardiopulmonary bypass 4 days (blue) and 3 months (red) postoperatively. *p = 0.004.  

 

Table 4 Univariate logistic regression for the occurrence of cognitive dysfunction 3 
months after surgery in patients randomly allocated to surgery with and without CPB. 
Yes/No: n = 57; cognitive decline n = 11 (19%).  

Factor 
 

OR (95% CI) p-value 

With CPB vs without CPB 6.4 (1.2-33.0) 0.027 
 
rSO2 AUC40  > 10 %.min  

 
- 

 
0.999 

 
Age; years 1.01 (0.94-1.09) 

 
0.751 

 
Postoperative HADS 

 
1.06 (0.94-1.20) 

 
0.374 

CPB, cardiopulmonary bypass; HADS, hospital anxiety and depression scale. rSO2 
AUC40, area under the curve of the regional tissue oxygen haemoglobin saturation in 
the forebrain below 40%. 
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Figure 4. Timeline of individual standardised composite change Z-score, 4 days and 3 
months after surgery. The dashed horizontal line indicates the threshold of cognitive 
dysfunction. Patients randomly allocated to surgery with cardiopulmonary bypass 
(CPB) are indicated by the continuous lines and those without CPB are the broken lines. 
This enables individual tracing of the development or resolution of cognitive decline.  
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Discussion 

In this randomised pilot study, we found a very low overall incidence of 
significant cerebral desaturation, with no differences between patients in whom 
CPB was used and those in whom CPB was avoided. Despite this, a high 
proportion of patients fulfilled the criteria for cognitive dysfunction, which was 
more common in patients in whom CPB was used, although the study was not 
powered for this outcome. Although not a direct measure of brain tissue oxygen 
tension, cerebral oximetry is thought to give an indication of the balance 
between oxygen delivery and utilisation (Ghosh et al., 2012; Scheeren et al., 
2012). Delivery may be impaired by arterial hypoxaemia and/or impaired 
cerebral blood flow, and utilisation depends on diffusion, oxygen requirements 
and intact cerebral metabolic processes. Cerebral oximetry measurements 
mostly reflect venous oxygen haemoglobin saturation, and thus give an 
indication of tissue oxygen tension. A lower than normal cerebral oximetry 
value indicates an adverse balance between supply and demand, and in a 
surgical setting with general anaesthesia usually indicates insufficient cerebral 
perfusion. 

Although there is no agreement of what reduction in cerebral oximetry from 
baseline is abnormal in cardiac surgery (Zheng et al., 2013), the low incidence 
of marked desaturation found in our study is discordant with previous literature 
(Reents et al., 2002; Slater et al., 2009). The primary outcome for our study was 
based on a previously published study (Yao et al., 2004), which showed lower 
overall baseline and peri-operative cerebral oximetry levels, and deeper dips in 
cerebral oximetry saturations than our study population. Other studies have also 
suggested that significant desaturations could be expected in 30–40% of 
patients (Reents et al., 2002; de Tournay-Jette et al., 2011). 

A likely explanation of this difference is that our study population was 
particularly low-risk and undergoing coronary artery surgery alone, with a mean 
(SD) EuroSCORE of 2.5 (1.8), whereas other studies included older and higher-
risk patients, and also some patients undergoing valve surgery. As a 
consequence, a properly powered follow-up study would require a much larger 
group of low-risk patients or a selected sub-set of higher-risk patients. 
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The validity of cerebral oximetry measurements has been the subject of debate 
and controversy, with particular concerns about contamination of the signal by 
extracranial or scalp blood flow (Murkin et al., 2009). However, evaluation of 
the INVOS device has shown reasonable correlation with measured oxygen 
saturation levels (Colquhoun et al., 2012). The effects of signal disturbance by 
extracranial contamination have been evaluated in an innovative recent clinical 
trial, which showed that this was present with all existing monitors (Davie and 
Grocott, 2012). Nonetheless, in the presence of constant arterial oxygen tension 
and normal systemic haemoglobin oxygen saturation, trends and changes in 
cerebral oximetry values are still likely to provide a useful indication of changes 
in regional cerebral tissue oxygenation, at least in the frontal cortex. 

The overall incidence of cognitive dysfunction among our patients was 56% 
shortly after surgery and 26% after 3 months. The incidence of cognitive 
dysfunction is highly sensitive to the nature, timing and interpretation of test 
results (Rasmussen et al., 2001; Rudolph et al., 2010). Different techniques may 
be used; however, the incidence among our patients is generally comparable 
with the range of 26–71% reported after major surgery in elderly patients 
(Rasmussen, 2006), although there is some evidence that patients may recover 
more quickly after coronary artery surgery (Bruce et al., 2013). There is also 
some evidence that the incidence of cognitive dysfunction after coronary 
surgery may have been overestimated in the past (Cormack et al., 2012; Keizer 
et al., 2005; Selnes et al., 2012).  

We did show a small but statistically significant reduction in the incidence of 
cognitive dysfunction after 3 months in patients who had not received CPB, 
compared with those who had. Although our study was not powered for this 
outcome and no correction was made for multiple testing, this is in keeping with 
other studies specifically designed to investigate this outcome (van Dijk et al., 
2007; Jensen et al., 2008; Kennedy et al., 2013). 

Among the patients studied, significant intraoperative cerebral oximetry 
desaturation, albeit of low incidence, was associated with neurological 
consequences, namely stroke or cognitive dysfunction, in all cases. However, 
the majority of patients who fulfilled the criteria for cognitive dysfunction had 
normal or at least acceptable intra-operative cerebral oximetry values. This 
finding is in contrast to that of other groups who reported an association 
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between cerebral desaturation and postoperative cognitive dysfunction (Reents 
et al., 2002; Slater et al., 2009; de Tournay-Jette et al., 2011; Yao et al., 2004). 
The causes of cognitive dysfunction are likely to be different when tested for at 
an early stage compared with later after surgery. For example, it is probable that 
at the stage of our early tests (median postoperative day 4), factors such as 
residual opioid effects, sleep deprivation, lethargy and depression may have 
played a role. Anxiety and depression are also known to influence cognitive 
outcome (Biringer et al., 2005), and indeed our data do show a non-significant 
trend towards an association between the pre-operative and early postoperative 
hospital anxiety and depression scores and early cognitive dysfunction.  

While cerebral hypoxia appears not to have been a problem in the majority of 
our patients, it remains possible, but unproven, that surgery, anaesthesia and/or 
CPB initiate a number of pathophysiological processes, such as systemic and 
cerebral inflammation, that cause neuronal injury and result in persistent or late-
onset cognitive dysfunction. However, a recent meta-analysis suggested that, 
despite early cognitive dysfunction, cognitive function might even improve in 
the first year after coronary artery surgery (Cormack et al., 2012). In the 
absence of a gold standard method of assessing cognitive function, it remains 
unclear whether the finding of a high incidence among our patients represents 
true neuronal dysfunction. 

A limitation of our pilot study is the small sample size, making it difficult to 
draw firm conclusions. In addition, we chose to study low-risk cardiac surgical 
patients, which may limit the applicability of the findings to the broader cardiac 
surgery population. The postoperative cognitive tests should ideally have been 
performed at exactly the same time point in all patients, but this was not 
practically and logistically possible. We used total intravenous anaesthesia with 
propofol and sufentanil, as this is routinely used for cardiovascular surgery in 
our department. 

Our decision to exclude the patient with a porcelain aorta from further analysis 
may be subject to criticism; however, inclusion of the data from this patient in 
the analyses, whether on an intention-to-treat basis or on a per-protocol basis, 
does not alter the main findings.  
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Conclusion 

We found that significant cerebral oximetry desaturation was uncommon among 
low-risk patients undergoing coronary artery surgery, and that the incidence of 
desaturation, using a range of threshold criteria, was not different among 
patients randomly allocated to surgery with or without CPB. We therefore 
cannot recommend that cerebral oximetry should be routinely monitored in low-
risk patients undergoing coronary surgery. Nonetheless, the incidence of 
cognitive dysfunction among our patients was rather high in both groups, 
similar to that found in other published studies with higher incidences of intra-
operative cerebral desaturation, suggesting that factors other than intra-
operative hypoxic neuronal injury are responsible for the observed cognitive 
decline. 
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Abstract  

Postoperative cognitive dysfunction is a common complication after cardiac 

surgery, with an incidence at hospital discharge of 30% to 80%. In some 

patients, the impairment lasts for a year or longer. Biomarkers of neurological 

injury can potentially predict postoperative cognitive dysfunction. The aim of 

the current study was to identify whether classical neuronal damage specific 

biomarkers, including brain fatty acid binding protein, neuron specific enolase, 

and S100 Calcium-binding protein β as well as plasma free haemoglobin 

concentration as a measure of haemolysis could be used to predict the risk of 

long-term cognitive decline after on-pump and off-pump coronary artery bypass 

grafting. Cognitive function was assessed using the CogState brief 

computerized cognitive test battery at three months and 15 months after surgery. 

Blood samples were obtained pre-operatively, after sternal closure, at six hours 

and at 24 hours postoperatively. Univariate and multivariate analyses were used 

to examine the association between these variables and postoperative cognitive 

dysfunction. Signs of cognitive decline at three months were found in 15 out of 

57 patients (26%), and in 13 out of 48 patients (27%) at 15 months. Brain fatty 

acid binding protein was significantly higher already prior to surgery in patients 

with postoperative cognitive dysfunction at 15 months, with preoperative 

plasma levels (median(IQR)[range]) of 22.8 (8.3-33.0[0-44.6]) compared to 9.7 

(3.9-17.3[0-49.0]) pg.ml
-1

 in patients without cognitive dysfunction. This 

biomarker remains significantly higher in patients with cognitive decline 

through the entire postoperative period. At three months after surgery, a 

negative influence on cognitive performance was seen of high levels of plasma 

free haemoglobin at sternal closure and a high baseline score on 

neuropsychological tests, whereas higher education proves to be a beneficial 

factor regarding cognitive outcome. Also, we found postoperative cognitive 

dysfunction at three months to be associated with cognitive decline at 15 

months after surgery. Classical neuronal injury related biomarkers showed no 

clear prognostic value. Cognitive dysfunction established at three months after 

coronary artery bypass grafting, out of the acute phase, served as a valuable 

prognostic factor for ongoing declined individual cognitive performance one 

year later. 
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Introduction 

Postoperative cognitive dysfunction (POCD) is a common complication after 

cardiac surgery. At hospital discharge, 30% to 80% of patients were found to 

have POCD, and after 6 months 20-40% of patients still experience cognitive 

impairment (Newman et al., 2001; van Dijk et al., 2000). In some patients, the 

impairment lasts for a year or longer (Gao et al., 2005). Among affected 

patients, cognitive tests performed before and after surgery revealed subtle 

deteriorations in working memory, attention, psychomotor speed and learning 

abilities. The impact of POCD is significant, because it is associated with longer 

hospitalization, higher rate of discharge to facilities for long-term care, and 

increased morbidity and mortality compared to patients without POCD (Roach 

et al., 1996). 

Risk factors for POCD include advanced age, poor education, and increased 

invasiveness of the surgical procedure (Moller et al., 1998). Cardiac surgery is 

known to be associated with a higher incidence of POCD when compared to 

non-cardiac surgery (Rasmussen, 2006). Exposure to cardiopulmonary bypass 

(CPB) has been claimed to be responsible for this higher incidence. Aspects of 

CPB claimed to be involved in neuronal injury are micro-emboli, hypotension, 

certain factors in hypothermic management, such as fast rewarming, and 

increased expression of inflammatory and vasoactive molecules induced by 

shear stress associated with non-pulsatile flow during CPB (Goto & Maekawa, 

2014; Patel et al., 2015). Current evidence, however, suggests that long-term 

cognitive dysfunction among patients undergoing on-pump surgery is not worse 

than that of patients undergoing off-pump surgery (Patel et al., 2015; van Dijk 

et al., 2007) or that of non-surgical control patients with coronary artery disease 

(Steinmetz & Rasmussen, 2016 ). It thus appears that POCD cannot be 

attributed solely to CPB.  

The aetiology of POCD is still not fully understood, but given the complexity of 

the various physiological disturbances associated with surgery and anaesthesia 

for cardiac surgery, and their potential for multiple effects on postoperative 

cerebral function, it is likely that multiple factors, such as micro-emboli, 

neuroinflammation, and potentially neurotoxic effects of anaesthetic agents 

(Selnes et al., 2009), contribute to the pathophysiology of neurological injury 

resulting in POCD.  
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Biomarkers of neurological injury can potentially predict postoperative 

cognitive outcome. Neuron-specific enolase (NSE) and astroglial S100 

Calcium-binding protein β (S100β) are frequently investigated in association 

with cognitive decline, but only the latter appears to be associated with POCD 

(Kilminster et al., 1999), although a thorough meta-analysis could not confirm 

this (Gerriets et al., 2010). A confounding factor is that while these biomarkers 

are released in reaction to injury, it is still not known whether they are released 

in response to injurious, neuroprotective or neuronal repair processes. 

Therefore, we reason that there is a need for biomarkers of which release has a 

causal association with neurological damage.  

Erythrocyte lysis results in release of important vasoactive agents that have not 

yet been investigated in relation to POCD. In this study, we measured free 

haemoglobin (PfHb) as a marker for erythrocyte lysis and neuronal injury 

related biomarkers in pre- and postoperative plasma samples to compare their 

ability to predict POCD. Neuronal injury biomarkers assayed included brain 

fatty acid binding protein (BFABP), NSE, and S100β.  

Thus far, none of the abovementioned biomarkers has been shown to have 

sufficient sensitivity and specificity as predictors of neurological dysfunction 

after cardiac surgery to be able to serve as a gold standard. Many investigators 

advocate the analysis of a combination of two or more plasma biomarkers, to 

get a realistic insight into current and future neurological status by combining 

information and thus increasing sensitivity (Bembea et al., 2015). The aim of 

the current study was to determine whether classical neuronal damage specific 

biomarkers and PfHb as a measure of haemolysis could be used to predict risk 

of long-term POCD after on-pump and off-pump CABG, in relation to 

commonly described risk factors. 

 

Material and methods 

This study is a secondary analysis of data from a published randomized clinical 

trial of the differences in incidence and severity of cerebral oxygen desaturation 

during CABG, with and without CPB (Kok et al., 2014). Included patients 

underwent CABG at the University Medical Centre Groningen, the Netherlands, 

between June 2011 and May 2012. Ethical approval (Reference: 
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METc2011/045) was obtained from the institutional ethical committee, which 

was in adherence with the Declaration of Helsinki. The study was registered at 

ClinicalTrials.gov (NCT01347827) before the start of patient inclusion. The 

study did not receive external funding. The costs of the assays were paid from 

internal departmental financial resources. 

Patient inclusion and procedure 

Details of the study methods, such as patient inclusion criteria, anaesthetic and 

surgical procedure, and postoperative care have been described elsewhere (Kok 

et al., 2014). Recorded demographic variables included age, gender, body mass 

index (BMI), education, a history of transient ischemic attack (TIA), diabetes 

mellitus, and smoking. Intra- and postoperative variables were duration of 

procedure, perfusion, and aortic cross clamp time, postoperative Nt-pro BNP 

and high sensitivity cardiac troponin T (hs-TnT) after 24 hours. 

Cognitive testing 

Cognitive function was assessed using the CogState brief computerized 

cognitive test battery involving playing cards (Cogstate Ltd, Melbourne, 

Australia). The test battery comprises a Detection Task, Identification Task, 

One Card Learning Task, and One Back Task (Fredrickson et al., 2010). The 

Detection Task measures psychomotor speed, as the subject is required to press 

a “Yes” button on the mouse or keyboard, as soon as a card turns face-upward. 

The Identification Task measures visual attention, by requiring a quick response 

when a specific card appears face-upwards (“Yes” button) or not (“No” button). 

The One Card Learning Task assesses visual learning and memory, as the 

subject is required to indicate (by means of button presses) whether a card has 

been shown previously in the task. Finally, the One Back Memory Task was 

used to assess working memory as the subject was required to indicate whether 

a card being displayed is the same as the previously displayed card. In the 

Detection and Identification Tasks, performance speed (mean of the log10 

transformed reaction times for correct responses) was used as outcome variable, 

and in the One Card Learning and One Back performance accuracy was 

quantified as the arcsine of the square root of the proportion of correct 

responses. 
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These cognitive tests were performed twice on the day before the surgical 

procedure: a practice test to minimize practice effects, followed by the baseline 

test. Post-operative tests were performed at four days, three months, and 15 

months after surgery. The test battery takes approximately 15 minutes to 

complete. Each task was explained to the participants by an investigator using 

standardized instructions. All cognitive function scores are standardized, 

according to normative test-retest variability data from age-matched controls 

(normative data provided by the software vendor). Thus, a standardized score 

higher than 100 indicates a better than average score compared to age-matched 

population. For each post-operative cognitive test a standardized change Z-score 

was calculated, from the difference between the postoperative and baseline 

score. The Z-scores of the individual tasks were summed to generate a 

composite standardized change score. Postoperative cognitive dysfunction was 

defined as a Z-score < -2 in two or more individual tasks or a composite Z-score 

of < -2 (Rasmussen et al., 2001). Long-term POCD was defined as POCD at 15 

months postoperatively. 

Biomarker assays 

Blood samples (five ml whole blood) were obtained pre-operatively, after 

sternal closure, at 6 hours and at 24 hours postoperatively. Neuronal damage 

biomarkers were assayed in one batch after the last patient included was 

discharged from hospital. ELISA was used to determine BFABP, NSE, and 

S100β. For BFABP, a specific monoclonal capture antibodies clone 13-5 and 

rabbit polyclonal detection antibody (Haemoscan, Groningen, The Netherlands) 

was used. NSE was determined using monoclonal capture and biotinylated 

detection antibodies from Hytest (Hytest, Turku, Finland), followed by 

streptavidin-linked HRP. S100β was determined using clone 1B2 monoclonal 

antibody as capture (Abnova, Taipei, Taiwan) and biotinylated clone 8B10 as 

detection antibody. 

To assess the degree of haemolysis, the presence of free haemoglobin in plasma 

was determined by spectrophotometric haemoglobin assay. First, the blood 

sample was diluted in sodium carbonate. Thereafter, measurement of optical 

density (OD*) was performed at 415, 450, and 380 nm according to the 

formula: OD*=(2xOD415)-OD450-OD380. A linear standard curve of five 

mg/ml Hb was used to calculate the PfHb concentration of OD*.  
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All plasma biomarker levels were corrected for postoperative haemodilution as 

follows:  

Corrected level = plasma level x (Hb at 24h after surgery/preoperative Hb). 

Statistical analysis 

All statistical analyses were performed with SPSS version 22 (IBM Inc., 

Chicago, USA). Distribution of variables was assessed by the Kolmogorov-

Smirnov test. Continuous data are expressed as mean (SD) in case of normal 

distribution or as median (IQR[range]) when not normally distributed. 

Categorical variables are presented as number (proportion) and were tested for 

statistically significant differences using a Chi-square test. A univariate 

regression analysis was performed to identify potential factors for a multiple 

linear regression analysis (variables were included when the univariate p was 

<0.200). A backward method multivariate linear regression analysis was used to 

assess the predictive value of variables in the equation with a criterion F-to-

remove ≥0.100. Between group differences for independent continuous data 

were analysed using Mann-Whitney U tests. Related samples were tested using 

the Wilcoxon Signed Rank test. Cox regression analysis was performed to 

investigate the effect of POCD Z-score on postoperative mortality. Statistical 

significance was defined as p < 0.05.  
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Results 

Descriptive statistics 

Data were available on 57 patients, 28 from the on-pump and 29 from the off-

pump group. Cognitive function was assessed at three months in 57 patients and 

at 15 months in 48 patients postoperatively. Signs of POCD were found in 15 

out 57 patients (26%) at three months, and in 13 out of 48 patients (27%) at 15 

months. Three patients died during follow-up. All three had undergone CABG 

with CPB, and all showed evidence of POCD at three months. Postoperative 

mortality was significantly associated with POCD Z-score at three months, HR 

0.66 (0.49-0.88; p=0.006). 

Characteristics of the 49 patients for whom cognitive test results were available 

at 15 months are summarized in table 1. High baseline tests scores of Detection 

and Identification tasks are significantly associated with POCD development, 

together with a longer duration of surgery, compared to patients without long-

term POCD. With regard to the characteristics of patients with and without 

POCD at three months after surgery, on-pump surgery, lower educational level 

and above average baseline performance of Detection and Identification tasks 

were associated with POCD development (Supp. 1). 
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Table 1. Demographic, intraoperative and postoperative characteristics of all patients in 

the analysis, classified according to the presence or absence of postoperative cognitive 

dysfunction at 15 months. 

 

 

 

Patients with no POCD 

at 15 months (n = 35) 

 

Patients with POCD 

at 15 months (n = 14) 

 

P-value 

Age; years 63.1 (9.8) 61.6 (9.5) 0.542 

Gender; female 5 (14.3%) 0 (0%) 0.136 

BMI; kg.m-2 

 

27.6 (3.6) 27.2 (3.8) 0.507 

On-pump 16 (45.7%) 9 (64.3%) 0.240 

EuroSCORE 2.0 (1.3-3.3[0.8-9.9]) 1.5 (0.9-2.4[0.8-4.8]) 0.183 

    

    

Smoking 23 (65.7%) 8 (57.1%) 0.574 

TIA in history 1 (2.9%) 1 (7.1%) 0.493 

    

Duration of surgery; min 176 (154-186[103-263]) 195 (177-242[154-

418]) 

0.010* 

CPB time; min 76 (65-86[48-117]) 86 (58-114[46-137]) 0.301 

Aorta cross clamp time; min 49 (41-59[29-78]) 58 (43-71[29-96]) 0.452 

Grafts per patient 

 

3 (3-4[2-4]) 3 (3-4[2-5]) 0.299 

    

Education   0.889 

   Primary school 3 (8.6%) 2 (14.3%)  

   Secondary school  5 (14.3%) 2 (14.3%)  

   Lower vocational education 18 (51.4%) 7 (50.0%)  

   Higher vocational education 8 (22.9%) 2 (14.3%)  

   University 1 (2.9%) 1 (7.1%)  

    

Baseline cognitive function; 

standardized scores 

   

   DET; speed 98.7 (7.4) 104.2 (11.1) 0.034* 

   IDN; speed 83.9 (8.5) 91.3 (12.7) 0.008** 

   OCL; accuracy 94.1 (8.7) 94.9 (8.5) 0.740 

   ONB; accuracy 101.2 (12.3) 103.4 (9.4) 0.947 

    

    

BMI = body mass index, CPB = cardiopulmonary bypass, TIA = transient ischemic attack, DET = 

detection task, IDN = identification task, OCL = one card learning task, ONB = one back task. 

Variables are mean (SD) number (proportion), or median (IQR[range]). 
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Cognitive function test results 

Figure 1 shows the composite standardized cognitive function change scores, 

relative to baseline, measured at four to six days, three months, and 15 months 

after surgery. A distinction was made based on the presence of signs for POCD 

at 15 months. Red solid lines indicate patients who fulfilled the criteria for long-

term POCD (i.e. standardized change score < -2 for 2 or more tests, or 

composite Z-score < -2 at 15 months). Black dashed lines indicate patients 

without long-term POCD. Interestingly, patients with the lowest change scores 

at four to six days after surgery continued to score poorly at both three months 

and 15 months. Almost all patients (86.4%) who had signs of POCD in the 

acute phase, but not at 15 months, had recovery of their cognitive function by 

three months. In patients who had an equivalent or higher cognitive function 

score at 15 months compared to baseline, 62.9% of patients had had a decline, 

whereas 37.1% had had an improvement in cognitive function in the acute 

phase compared to baseline. Moreover, cognitive function at three months after 

surgery is more indicative for who will eventually develop long term POCD 

compared to cognitive function at four to six days after surgery. Additionally, 

patients whose cognitive function was better at four to sixdays after surgery 

compared to baseline, did not go on to develop POCD later on.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Development of composite cognitive test standardized change scores per 

patient over time. Red solid lines indicate patients who had Z-scores below -2 at 15 

months. Black dashed lines indicate patients who had a Z-score above -2 at 15 months.† 

indicates patients who have died during follow-up. 
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Individual biomarkers associated with long-term POCD 

Plasma levels of biomarkers in patients with and without POCD after 15 months 

are depicted in Figure 2. Interestingly, BFABP was already significantly higher 

prior to CABG in patients who later developed POCD, with preoperative 

(median (IQR)[range]) plasma levels of 22.8 (8.3-33.0[0-44.6]) compared to 9.7 

(3.9-17.3[0-49.0]) pg.ml
-1

 in patients without POCD. BFABP remained 

significantly higher at sternal closure in patients who developed POCD, being 

34.6 (20.6-53.2[0-91.4]) pg.ml-1 and increased even further to 35.9 (26.1-

66.7[21.3-115.1]) pg.ml
-1

 at 24 hours after CABG, compared to 9.2 (3.0-16.9[0-

69.9]) and 21.4 (15.1-40.8[0-51.3]) pg.ml
-1

 respectively in patients without 

POCD. However, BFABP did also increase significantly in patients who did not 

develop POCD, but only at 24 hours after surgery. NSE and PfHb levels were 

significantly higher at sternal closure compared to baseline, but showed a fast 

normalization from six hours onwards. NSE was significantly higher at sterna 

closure in patients who developed POCD at 15 months (p=0.043). PfHb at 

sternal closure did not differ (p=0.067) between patients who did or did not 

develop POCD. Interestingly, S100β showed a significant increase compared to 

baseline at all time points in patients who did not develop POCD, and was 

significantly higher at 24 hours after surgery than in patients who developed 

POCD (665 (444-1052[0-3161]) pg.ml
-1

 versus 355 (240-632[54-2009]) pg.ml
-1

 

respectively, p=0.031). 

The relationship between POCD at 15 months and classical neuronal damage 

specific biomarkers was analysed with univariate regression analysis (Table 2). 

This revealed an association between elevated BFABP levels at the pre-

operative phase, after sternal closure and at 24 hours postoperatively, and 

POCD. S100β at sternal closure was also correlated with POCD. Furthermore, 

PfHb at sternal closure, as well as 6 hours after the procedure, was associated 

with the occurrence of POCD at 15 months. Moreover, we found a relation 

between hs-TnT at 24 hours after CABG, and POCD. Before performing the 

regression analyses, we assessed all factors for multi-collinearity. For all 

biomarkers, the measurements at different time points correlated with each 

other. Therefore, only plasma levels of S100β, BFABP, and PfHb at sternal 

closure were used in the multivariate regression analysis, as these appeared to 

have biggest impact on POCD based on their individual β.  
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Figure 2. Biomarker levels divided by the development of POCD at 15 months after 

CABG procedure. Blood samples from patients without POCD (o) and patients with 

POCD (•) are taken pre-operatively, at sternal closure, after 6h and after 24h. Error bars 

indicate SD. Difference between plasma levels compared to baseline are indicated with 

*/** for p<0.05 and p<0.01, respectively. Likewise, significant differences for POCD 

development is indicated with +/++ for p<0.05 and p<0.01.   
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Table 2. Univariate linear regression model of the effect of plasma biomarkers on the 

composite postoperative cognitive dysfunction Z-scores at 15 months after coronary artery 

bypass grafting. 
      

 Coefficient (B) β  SE 95% CI P-value 

Plasma biomarkers      

S100β       

 pre-operatively -0.001 -.064 0.002 -0.004 to 0.002 0.664 

 after sternal closure -0.001 -.228 0.001 -0.003 to 0.000 0.123 

 6 hours postoperative 0.001 .158 0.001 -0.001 to 0.004 0.288 

 24 hours postoperative 0.001 .191 0.001 -0.001 to 0.003 0.231 

BFABP      

 pre-operatively -0.081 -.247 0.047 -0.176 to 0.014 0.091 

 after sternal closure -0.076 -.388 0.027 -0.131 to -0.022 0.007 

 6 hours postoperative -0.009 -.060 0.023 -0.056 to 0.037 0.687 

 24 hours postoperative -0.051 -.293 0.026 -0.104 to 0.002 0.057 

NSE      

 pre-operatively 0.014 .698 0.020 -0.026 to 0.053 0.489 

 after sternal closure -0.014 -.173 0.012 -0.039 to 0.011 0.255 

 6 hours postoperative -0.003 -.065 0.007 -0.018 to 0.011 0.673 

 24 hours postoperative 0.001 .001 0.009 -0.017 to 0.017 0.996 

PfHb      

 pre-operatively 0.081 .169 0.069 -0.059 to 0.220 0.250 

 after sternal closure -0.072 -.283 0.036 -0.144 to 0.001 0.054 

 6 hours postoperative -0.417 -.191 0.319 -1.060 to 0.225 0.197 

 24 hours postoperative 0.005 .009 0.090 -0.177 to 0.187 0.956 

      

Hs-TnT after 24 hours -0.003 -.366 0.001 -0.005 to 0.001 0.010 

      

 

POCD = postoperative cognitive dysfunction. CABG = coronary artery bypass grafting. PfHb = 

plasma free haemoglobin. S100β = astroglial S100 Calcium-binding protein β. BFABP = brain fatty 

acid binding protein . NSE = neuron-specific enolase. Hs-TnT = high sensitivity Troponin T. 
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Multivariate regression analysis of factors associated with long-term POCD 

Abovementioned biomarkers were included in a multivariate regression analysis 

to assess the association with POCD at both three months and 15 months (Table 

3). The following demographic characteristics were also included in this 

analysis: use of cardiopulmonary bypass, age, education level, baseline 

standardized POCD test scores, and change score at the previous testing 

moment (i.e. scores at four to six days versus three months, and at three months 

versus 15 months). High PfHb levels at sternal closure and high baseline POCD 

scores were associated with worse cognitive function scores at three months, 

whereas higher education status was associated with better cognitive function at 

three months. High hs-TnT values at 24 hours and low POCD composite Z-

scores at three months were associated with POCD at 15 months. None of the 

classical neuronal damage specific biomarkers were significantly associated 

with POCD at short-term or long-term. 

 

 
Table 3. Multivariable linear regression model of the effect of pre- and postoperative factors on 

the composite postoperative cognitive dysfunction Z-scores at three months and 15 months after 

coronary artery bypass grafting. 

Three months POCD Z-score      

 Coefficient  

(B) 

β  SE 95% CI P-value 

(Constant) 36.376  8.640 19.03 to 53.72 <0.001 

PfHb at sternal closure  -0.073 -.395 0.021 -0.115 to -0.030 0.001 

Baseline Score on neurocognitive tests  -0.397 -.509 0.093 -0.585 to -0.210 <0.001 

Education 0.892 .300 0.360 0.168 to 1.616 0.017 

 

F (3, 54) = 9.30, p < 0.001, R2 =0.354 

      

15 months POCD Z-score  

Coefficient  

(B) 

 

β 

 

SE 

 

95% CI 

 

P-value 

(Constant) 1.736  1.102 -0.494 to 3.966 0.123 

POCD Z-score at 3 months postoperative 0.462 .292 0.223 0.011 to 0.913 0.045 

Hs-TnT after 24 hours -0.002 -.286 0.001 -0.004 to 0.000 0.045 

 

F (2, 46) = 11.57, p < 0.001, R2 = 0.345 

 

CABG = coronary artery bypass grafting. Hs-TnT = high sensitivity Troponin T. PfHb = plasma free 

haemoglobin. POCD = postoperative cognitive dysfunction. 
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Hemolysis after CABG in relation to POCD 

At sternal closure there was a significant increase in PfHb in both the on-pump 

and off-pump groups, with significantly higher values in the on-pump group 

(Figure 3A). PfHb levels reached the normal baseline level within 6 hours after 

surgery. Scatterplots of PfHb plasma level and POCD Z-score at 3 (Figure 3B) 

and 15 months (Figure 3C) show the inverse correlation between high plasma 

PfHb throughout time and cognitive function.  

Discussion 

With this study, we specifically aimed to identify the association of plasma 

levels of neuronal injury biomarkers and demographic risk factors with the 

development of long-term POCD in a relatively healthy population of patients 

undergoing a CABG procedure. Classical neuronal damage biomarkers and 

PfHb as a measure of haemolysis were analysed in relation to cognitive 

function, measured by computerized tests, at three months and 15 months after 

surgery. However, in a multivariate regression model we found that of all 

biomarkers only PfHb was associated with POCD at three months after cardiac 

surgery. Regarding long-term POCD, we found an association between 

cognitive deficits and increased BFABP and PfHb plasma levels at sternal 

closure, but only in univariate analyses.  

Three important features regarding POCD throughout time are apparent (Figure 

1). First, in the acute phase after surgery the standardized change scores are 

widely variable. Some patients have little change compared to their baseline 

function, whereas some patients show improved cognitive performance and 

others perform far worse than at baseline. Second, after three months it appears 

that most of the damage has been done. Almost all patients without long-term 

POCD, who had signs of POCD in the acute phase, had recovery of cognitive 

function at three months. On the other hand, most patients with POCD at 3 

months continued to show symptoms one year later. Third, patients whose 

cognitive function was better at four to six days or three months, compared to 

baseline, did not develop cognitive dysfunction at any time point later on. In 

conclusion, whereas many patients showed a marked decline in cognitive 

function during the acute phase shortly after cardiac surgery, this was not 

associated with long-term cognitive decline. The patients who had recovered at 
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three months, did not develop POCD at 15 months, whereas some of those who 

still had POCD at three months had not recovered a year later, in accordance 

with the literature (Abildstrom et al., 2000). Furthermore, there was a small 

group of patients who had a Z score between 0 and -2 at three months, but who 

fulfilled the POCD criteria at 15 months. It is possible that these patients 

experienced an event in this one year period that had an effect on their cognitive 

functions, yet no data on such events were gathered. The latter may raise 

questions about the sensitivity of the computerized tests, but not on its 

specificity. However, each performance measure in the computerized testing 

battery is highly stable over a longer study period, indicated by a low coefficient 

of variation and strong test-retest reliability correlations over the course of the 

study year (Fredrickson et al., 2010). Earlier studies, involving midazolam 

treated healthy volunteers (Collie et al., 2006) and a large cohort of elderly 

patients (Fredrickson et al., 2010), indicate that the battery we used is sensitive 

to subtle changes in cognition over time. 

It can be useful, on many levels, to be able to prospectively identify patients at 

risk of long-term POCD. This might have a high impact on the future 

perspectives of the prevention and therapy of cognitive function after surgery. 

Firstly, this information could be useful during informed consent discussions 

between patients and their healthcare professionals. Secondly, patients with the 

highest risk of long-term POCD might benefit the most from neurocognitive 

interventions before and after cardiac surgery, which might in turn improve 

postoperative quality of life. Finally, this information might improve the design 

of future studies on the efficacy of interventions designed to prevent or treat 

POCD, by enabling, for example, stratified patient selection and inclusion. 

During future POCD studies, limiting inclusion to those patients with the 

highest risk could reduce the sample size necessary for future RCTs. 
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Figure 3. Plasma levels of PfHb are expressed over time in panel A. Circles indicate the 

on-pump group, triangles indicate patients operated off-pump. Error bars indicate SD. 

Scatter plots of PfHb at sterna closure in relation to POCD Z-scores (B) at three months 

and (C) at 15 months after CABG procedure.  
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The CPB circuit was primed with a crystalloid and colloid solution (HAES 6%, 

Fresenius-Kabi, France) prior to use. We therefore performed a correction for 

plasma dilution in the analysis of the plasma samples, based on pre- and 

postoperative haemoglobin levels. Although not taken into account by many 

others, the effects of CPB and postoperative volume therapy on plasma dilution 

are undeniable (Brauer et al., 2013) and highly relevant in a population that 

includes patients who underwent surgery with cardiopulmonary bypass as well 

as those who did not. 

To our knowledge, this is the first study to report an association between 

haemolysis and post-cardiac surgery cognitive decline. We found that an 

increase of PfHb at sternal closure is significantly associated with POCD at 

three months. Contact of erythrocytes (RBC) with extracorporeal surfaces of the 

CPB machine and blood salvage systems used in off-pump CABG, can induce 

shear damage of the membrane. Destruction of the RBC membrane releases 

haeme and PfHb into the plasma (Vercaemst, 2008). The normal range for PfHb 

is 0-20 µmol/L, and an increase in PfHb is indicative for haemolysis. When the 

severity of haemolysis surpasses the capacity of Hb-scavenging mechanisms 

(e.g. nitric oxide (NO)) by causing depletion, vascular endothelial cell 

dysfunction occurs, with subsequent production of pro-inflammatory cytokines 

and reactive oxygen species (Rother et al., 2005). Lysed erythrocytes can thus 

affect the endothelial perivascular matrix in the brain by damaging tight 

junctions (TJ). A transfusion model with polymerized cell-free haemoglobin 

was used to prove that after transfusions TJ showed altered expression and 

organization, astroglial cells were activated, diffuse iron deposition in brain 

tissue occurred, all of which ultimately lead to oxidative stress and apoptosis 

(Butt et al., 2011). Pathological conditions that involve chronic haemolysis, 

such as sickle cell disease and G6PD deficiency, are associated with impaired 

cognition (Feliu et al, 2011). Hence, it would be logical to assume that a 

temporary haemolytic state after cardiac surgery can cause temporary 

impairment of cognitive function such as POCD. The effects go far beyond just 

causing cognitive dysfunction, as a recent study showed that the release of PfHb 

is an independent predictor of mortality in patients undergoing extracorporeal 

membrane oxygenation support (Omar et al., 2015). Haemolysis and CPB usage 

are strongly correlated in our study. However, we saw a significant increase of 
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PfHb at sternal closure in both on-pump and off-pump patients, indicating that 

CPB is not the sole contributor to the increase of PfHb. 

BFABP is a 15 kDa protein specific for cerebral tissue. Following its release by 

astroglial cells after mechanical damage, ischemia and oxidative brain damage, 

the small molecular size allows quick passage through the blood-brain barrier. 

Elevated BFABP concentrations in serum are used to detect the presence of 

stroke, but are also associated with a variety of other brain injury conditions, 

such mild traumatic brain injury (TBI) and electroconvulsive therapy. Healthy 

elderly individuals usually have BFABP plasma levels <5 pg.ml
-1

, whereas 

BFABP in patients with Alzheimer’s disease, Parkinson’s disease or other 

neurocognitive disorders usually ranges between 10-20 pg.ml
-1

 (Teunissen et 

al., 2011). This corresponds with our findings, as patients with POCD at 15 

months had a higher BFABP plasma level at baseline, which increased after 24 

hours and remained significantly higher than in patients who did not develop 

POCD later. Interestingly, our population was selected for not having 

neuropsychological defects prior to surgery. This suggests that BFABP can 

possibly identify patients who are vulnerable to the development of POCD even 

though they do not have any preoperative signs of (mild) cognitive impairment 

(Bekker et al., 2010). 

NSE is a glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate 

to phosphoenolpyruvate. As the name suggests, NSE is mainly present in 

neuronal and neuroendocrine tissues. Release in the serum is considered to 

identify neuronal destruction, as elevated levels of the protein are found in 

patients after TBI (Neher et al., 2014). However, hemolysis itself can lead to 

significant artificial NSE elevations, since erythrocytes also contain NSE 

(Geisen et al., 2015). This might explain the rise in NSE levels seen in the 

samples taken at sternal closure in the on-pump group (Neher et al., 2014). The 

increase of NSE in plasma during and immediately after CPB was in accordance 

with the literature (Johnsson et al., 2000). However, we did not find an 

association between increased NSE at sternal closure and POCD (Gerriets et al., 

2010). 

The reason for a possible association between raised plasma S100β levels and 

POCD is not clear. S100β is a marker for TBI that is expressed by mature 

astroglial cells in the central nervous system (CNS) and by Schwann cells in the 
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peripheral nervous system. In the developing nervous system, S100β acts as a 

neurotrophic factor with major functions related to neuronal survival, neurite 

extension, axonal proliferation, and stimulation of Ca2+-fluxes (Ali et al., 

2000). In the mature brain the expression of the protein is upregulated mainly 

after neuronal damage. Significant elevations of serum S100B levels are found 

in patients who have suffered from severe TBI, neurological complications after 

surgery, and POCD (Ali et al., 2000). Similar to NSE, the release into plasma is 

rapid, which makes the marker ideal for investigation of brain injury in an acute 

setting (Neher et al., 2014; Ali et al., 2000). Interestingly, others have pointed 

out that lower plasma S100β levels are associated with cognitive impairment 

(Kilminster et al., 1999). This ambiguous relation is present in our dataset, as 

patients who developed POCD had high initial S100β levels, whereas patients 

who did not develop POCD had significantly higher S100β levels 24 hours after 

surgery. Problems regarding the interpretation and variability in plasma levels 

of S100β can be attributed to release patterns of S100β after cardiac surgery 

(Jonsson et al., 1999). This implies that multiple samples would need to be 

analysed to gather enough information to render a reliable estimation for 

development of POCD, which makes it costlier and less efficient as a predicting 

biomarker. 

POCD can be described as an indicative process for general well-being. We 

established that postoperative mortality correlates with the Z-score patients 

achieved at the three month time-point. These results are in accordance with 

earlier findings on the subject (Newman et al., 2001).  

Long-term follow-up of cognitive function bears the limitation that patients are 

subjected not only to surgery, but also to natural memory decline over time. 

However, the standardized change scores that were calculated from the results 

of the computerized testing battery we used, were standardized according to 

normative test-retest variability data from age-matched controls. An additional 

limitation of this study is the small sample size, which was limited by the 

sample size of the primary randomised controlled trial. 

Conclusion 

Cognitive dysfunction established at three months after CABG, out of the acute 

phase, serves as a valuable prognostic factor for ongoing declined individual 
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cognitive performance a year later. We also found a clear association between 

POCD at three months and postoperative mortality. Classical neuronal injury 

related biomarkers did not have clear prognostic value in our study population. 

However, PfHb at sternal closure and hs-TnT measured within one day after 

surgery as a measure of myocardial injury were significantly associated with 

long-term cognitive dysfunction. The relevance of our results lies in the 

hypothesis-generating properties. Further studies might support these findings 

and help to identify which patients benefit the most from neurocognitive and 

other interventions aimed at general health improvement, and help researchers 

to improve selection criteria for patient inclusion in studies investigating POCD. 
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Supplement 1. Demographic, intraoperative and postoperative characteristics in all 

patients in the analysis classified according to the presence or absence of postoperative 

cognitive dysfunction at three months. 
 

 

 

Patients with no POCD 

at three months (n = 42) 

 

Patients with POCD at 

three months (n = 15) 

 

P-value 

Age; years 62.1 (9.4) 63.5 (9.6) 0.631 

Gender; female 4 (9.5%) 2 (13.3%) 0.680 

BMI; kg.m-2 

 

27.7 (3.8) 28.0 (3.1) 0.631 

On-pump 17 (40.5%) 11 (73.3%) 0.029* 

EuroSCORE 1.6 (1.3-2.6[0.8-9.9]) 2.4 (1.5-3.6[0.8-4.8]) 0.373 

    

    

Smoking 28 (66.7%) 9 (64.3%) 0.871 

TIA in history 1 (2.4%) 2 (13.3%) 0.103 

    

Duration of surgery; min 179 (155-197[103-270]) 195 (171-205[150-418]) 0.192 

CPB time; min 78 (65-89[48-137]) 88 (73-97[46-120]) 0.353 

Aorta cross clamp time; min 49 (41-60[29-96]) 55 (51-61[29-75]) 0.329 

Grafts per patient 

 

3 (2-4[2-5]) 3 (3-4[3-5]) 0.071 

    

Education   0.008** 

   Primary school 3 (7.1%) 4 (28.6%)  

   Secondary school  4 (9.5%) 5 (35.7%)  

   Lower vocational education 25 (59.5%) 2 (14.3%)  

   Higher vocational education 9 (21.4%) 2 (14.3%)  

   University 1 (2.4%) 1 (7.1%)  

    

Baseline cognitive function; 

standardized scores 

   

   DET; speed 98.4 (7.6) 106.3 (8.7) 0.007** 

   IDN; speed 85.0 (9.4) 91.9 (10.3) 0.025* 

   OCL; accuracy 93.6 (8.0) 94.5 (9.7) 0.650 

   ONB; accuracy 101.6 (9.8) 103.0 (15.8) 0.350 

    

    

BMI = body mass index, CPB = cardiopulmonary bypass, TIA = transient ischemic attack, DET = 

detection task, IDN = identification task, OCL = one card learning task, ONB = one back task. All 

baseline cognitive function scores are standardized, a score higher than 100 indicates a better than 

average score compared to age matched population. Variables are number (proportion), mean (SD) 

or median (IQR[range]). 
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Abstract  

Background: Patients undergoing coronary artery bypass graft (CABG) surgery 

are at risk of developing acute kidney injury. As impaired postoperative renal 

function is likely due to ischemia or hypoxia during the intra-operative phase, 

monitoring of intra-operative renal tissue oxygenation (SrtO2) can be used to 

detect renal hypoxia. We intended to evaluate the ability of intra-operative non-

invasive SrtO2 measurements to predict postoperative renal function change in 

adult patients randomized to on-pump CABG (with cardiopulmonary bypass 

(CPB)) or off-pump (without CPB), in comparison with renal injury biomarkers 

neutrophil gelatinase-associated lipocalin (NGAL), and kidney injury molecule-

1 (KIM-1).  

Methods: This study comprised a secondary analysis of data acquired during a 

prospective randomized controlled trial, the tissue oxygenation in CABG 

surgery (TO-CABG) study. Forty-three patients with normal preoperative renal 

function, undergoing elective CABG surgery (19 in on-pump and 24 in off-

pump group) were included. Near-infrared spectroscopy (NIRS) was used to 

measure renal and peripheral tissue oxygenation continuously. The relationship 

between renal tissue deoxygenation, renal injury biomarkers, and the relative 

change in serum creatinine levels was investigated by multiple linear regression 

analysis. Cross correlation between NIRS and mean arterial pressure (MAP) 

was calculated as a measure of renal autoregulation.  

Results: Whereas intra-operative renal tissue deoxygenation was associated with 

improved renal function in patients undergoing on-pump cardiac surgery, renal 

tissue deoxygenation was associated with increased postoperative serum 

creatinine (sCr) in those undergoing off-pump procedures. Urine NGAL and 

KIM-1 were associated with increased sCr in on- and off-pump CABG, 

respectively. On-pump CABG was associated with significantly higher 

correlation of NIRS and MAP at the end of procedure.  

Conclusion: NIRS monitoring provides an advantage over analysis of the 

selected biomarkers for renal injury in terms of intra-operative availability of 

data and ease of application. Loss of autoregulation in on-pump CABG might 

explain the opposite relation between renal tissue oxygenation and 

postoperative renal function decline in on- and off-pump groups. 
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Introduction 

Cardiac surgery is often complicated by hospital-acquired acute kidney injury 

(AKI). The incidence of overt postoperative AKI after cardiac surgery, as 

identified by commonly used AKI classifications (AKIN, KDIGO, or RIFLE), 

varies from 5% to 42% depending on comorbidity, surgical technique, and the 

study population (Bastin et al., 2013; Lagny et al., 2015). Although, AKI 

classifications denote substantial changes in renal function, even minor renal 

impairment - not identified by these AKI classifications - is also associated with 

increased postoperative morbidity and mortality (Lassnigg et al., 2008). 

Postoperative renal impairment may have serious consequences, with e.g. 6% of 

patients identified by AKI classification requiring renal replacement therapy 

(RRT) and displaying increased in-hospital mortality (Che et al., 2011), and 

long-term mortality over 10 years (Loef et al., 2005; Hobson et al., 2009). 

Because AKI classification does not identify patients with minor renal 

impairment, it has been advocated that postoperative renal function is best 

evaluated as the difference between pre- and postoperative serum creatinine 

levels (Kork et al., 2015). 

The use of CPB is an important risk factor for postoperative impairment of renal 

function. Abrupt changes in cardiac output (CO) and blood volume (due to CPB 

priming volume) can alter renal blood flow (RBF) and renal perfusion pressure. 

In a healthy patient, kidney perfusion is maintained by adequate renal arterial 

and venous responses (renal autoregulation). However, intra-operative 

hemodynamic consequences of CPB may cause a failure of autoregulation in 

patients undergoing cardiovascular surgery (Sgouralis et al., 2015). This may 

cause renal ischemia, resulting in impaired renal function. Additionally, the 

non-pulsatile flow usually used during CPB might hamper vascular responses to 

altered RBF and consequently cause damage to renal tubules and glomeruli 

(Salameh et al., 2015). Off-pump coronary artery bypass grafting (CABG) is 

devoid of these CPB related hemodynamic effects, which theoretically might 

render advantages in the prevention of renal injury. Pooled data from 22 studies 

including more than 25,000 patients indicate that the off-pump CABG 

technique is associated with a lower incidence of AKI (Nigwekar et al., 2009). 

Investigation of intra-operative renal function requires sophisticated methods 

that take the alterations in circulation into account. Intraoperative renal tissue 
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oxygenation (SrtO2) offers a dynamic insight into renal tissue circulation, by 

assessing the balance between oxygen delivery and oxygen consumption at the 

tissue level (Grosenick et al., 2015), and may serve to identify patients at risk of 

renal function loss. SrtO2 can be measured non-invasively with near-infrared 

spectroscopy (NIRS) by applying sensors to the skin above the kidneys. NIRS 

utilizes light with wavelengths of 700-900 nm, which is absorbed by 

hemoglobin (Hb) and deoxygenated hemoglobin. One of the major advantages 

of NIRS monitoring is that it takes hemodilution into account and is 

independent of pulsatile blood flow (unlike pulse oximetry). Indeed, a study of 

59 pediatric patients undergoing CPB assisted cardiac surgery for congenital 

heart disease found that the area under the curve (AUC) of SrtO2 below 65% 

accurately identified patients with subsequent postoperative impaired renal 

function (Ruf et al., 2015). However, whether renal deoxygenation also predicts 

postoperative impairment of renal function in adult cardiac surgery patients, 

with different surgical indications, renal physiology and comorbidity, is 

unknown. 

Currently, promising renal injury biomarkers include neutrophil gelatinase-

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

C (Schmid et al., 2015). However, their predictive power strongly depends on 

pre-existing risk in the study population (Zhou et al., 2015). In the current study 

we hypothesized that renal tissue deoxygenation during CABG predicts 

increased postoperative serum creatinine levels in adult patients with previously 

normal serum creatinine. To address the effect of CPB on renal tissue 

oxygenation, we separately analyzed SrtO2 in patients randomized to undergo 

on-pump and off-pump CABG surgery. Finally, we compared deoxygenation 

with two renal injury biomarkers, plasma and urinary NGAL and urinary KIM-

1, and the relationships among these factors with postoperative change in serum 

creatinine concentrations.   
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Material and Methods  

This study comprises a secondary analysis of data from a recently published 

prospective, randomized clinical trial comparing the incidence and severity of 

cerebral oxygen desaturation during CABG surgery, with and without CPB 

(Kok et al., 2014). Data were obtained in 59 patients who were randomized to 

on-pump or off-pump CABG and who had NIRS sensors applied to estimate 

renal, peripheral, and cerebral tissue oxygenation. The study was performed at 

the University Medical Centre Groningen, the Netherlands, between June 2011 

and May 2012. Ethical approval (Reference: METc2011/045) was obtained on 

the 19
th
 of April 2011 from the institutional ethical committee, Groningen, The 

Netherlands. The study was registered at ClinicalTrials.gov (NCT01347827). 

Patient selection 

The details of the study protocol have been published previously (Kok et al., 

2014). In brief, patients aged 18 years and older were included when both the 

operating surgeon and the responsible anesthetist considered the patient eligible 

for CABG surgery performed either with or without CPB. Exclusion criteria 

included pre-existing renal impairment (creatinine concentration above 200 

µmol.l
-1

).  

Management during CPB and surgical procedure 

Intra-operative anesthetic management was performed as detailed previously 

(Kok et al., 2014). In patients allocated to surgery using CPB, the ascending 

aorta and right atrium were cannulated after receiving heparin 300 IU.kg
-1

. 

Cardiopulmonary bypass was non-pulsatile and mean arterial pressure was 

maintained around 60 mmHg.  

Determination of impaired renal function 

As the selected population had no pre-existing renal impairment, a relatively 

low proportion of patients were expected to develop impaired renal function 

postoperatively. Therefore, we primarily evaluated kidney function as a 

continuous parameter in a multiple linear regression analysis by including the 

relative change in serum creatinine (sCr) levels in the first postoperative week 

as an assessment of change in renal function (Loef et al., 2005). Also, we 
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analyzed sCr levels in the first postoperative week and applied the criterion of 

>10% increase from baseline as a dichotomous indicator of impaired renal 

function.  

Oxygenation measurement 

Tissue oxygenation was measured non-invasively and continuously by NIRS. 

Prior to induction of anesthesia, an ultrasound examination of the left and right 

superior lumbar region was performed by the anesthetist to determine the 

location of the kidneys and their depth beneath the skin surface. Assessment of 

renal tissue oxygenation was only considered feasible in patients where the 

kidney surface was located less than 5 cm from skin level, as this is the 

maximum depth of penetration for emitted light by the sensors of the INVOS 

5100 Oximeter (Medtronic, Dublin, Ireland). Two NIRS sensors were applied to 

the skin of the superior lumbar regions to assess SrtO2 of both kidneys 

separately. NIRS sensors were also placed on the right thenar eminence to 

measure peripheral muscle tissue oxygenation (SptO2) with an InSpectra™ 

device (Hutchinson Technology, Hutchinson, USA). 

Calculation of oxygenation data 

Baseline oxygenation data were obtained after induction of anesthesia with the 

lungs of the patient being ventilated with an FiO2 of 0.4, and calculated as the 

mean SrtO2 during the 5 minutes before surgical incision. The duration and 

severity of renal tissue oxygen desaturation were quantified for absolute and 

relative thresholds of SrtO2 in %.min. For absolute changes in SrtO2 we applied 

thresholds of 90%, 80%, 70%, and 60%. For relative changes, we calculated 

AUCs for thresholds that were 5%, 10%, and 15% below each individual’s 

baseline SrtO2. 

Renal tissue specific deoxygenation was calculated as the difference between 

continuous SptO2 and SrtO2 measurements, both starting from SrtO2 baseline, as 

depicted in Figure 1. SptO2 is generally higher than SrtO2 and continuous data 

follow a similar pattern, but peripheral muscle tissue appears to be less reactive 

to sudden hemodynamic changes than renal tissue.  
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Oxygenation data below each threshold are expressed as an area under the curve 

(AUC) with unit %.min, as calculated using the following formulae. For 

absolute thresholds: AUC below 90% = (90% - current SrtO2(%)) × time 

(minutes). For relative thresholds: AUC >5% below baseline SrtO2 = (95% of 

baseline SrtO2 – current SrtO2(%)) × time (minutes). To correct for the 

dispersion of the oxygenation data, standardization was performed by 

calculating Z-scores. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Example of renal tissue specific deoxygenation calculation of a patient 

undergoing off-pump CABG. The red shaded area is the area under the curve (AUC; 

%.min) of renal tissue specific deoxygenation, which was calculated by subtracting the 

black solid line (renal tissue SrtO2) from the thenar tissue oxygenation (SptO2; %; blue 

dashed line). SrtO2 was measured by INVOS 5100 in the right kidney, SptO2 was 

measured with InspectraTM in the right thenar muscle.  
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Renal biomarkers 

Renal injury associated biomarkers were measured in blood and urine samples 

(5 ml each) at four time points: on arrival of the patient in the operation room, at 

sternum closure and at 6 hours and 24 hours postoperatively. NGAL was 

measured in plasma with a commercially available Quantikine ELISA kit (R&D 

Systems, Minneapolis, MN, USA; DLCN20). Urinary levels of NGAL and 

KIM-1 were measured using similar ELISA kits (R&D Systems, Minneapolis, 

MN, USA; DLCN20, DKM100). All measurements were performed according 

to the manufacturer’s instructions. To correct NGAL and KIM-1 levels for urine 

concentration, we also measured urinary creatinine concentration with the 

Creatinine Parameter Assay Kit (R&D Systems, Minneapolis, MN, USA; 

KGE005). 

Cross correlation between MAP and renal NIRS 

In an attempt to explain the occurrence of gross differences in renal tissue 

specific deoxygenation between on-pump and off-pump procedures, we tried to 

analyse whether hemodynamic changes play a role. Therefore, we cross 

correlated MAP with continuous renal SrtO2 data in three time phases during 

procedure. Phase 1 was defined as from start of surgery to start of perfusion in 

on-pump or opening of the pericardium in off-pump procedures. Phase 2 

followed directly after phase 1 until sternum closure, and phase 3 encompassed 

from sternum closure until the end of measurements. A positive correlation was 

taken to indicate impaired autoregulation.  

Statistical analysis 

Statistical analysis was performed in SPSS version 22 (IBM Inc., Chicago, 

USA). Normality of continuous variables was assessed by the Kolmogorov-

Smirnov test. Continuous data are expressed as mean (SD) for parametric data 

or as median (IQR [range]) for non-parametric data. Categorical variables are 

presented as number (proportion) and compared by using Fisher Exact or Chi-

square test, dependent on the number of patients per group. A univariate 

regression analysis was performed to identify factors for a multiple linear 

regression analysis, including variables when p<0.200. Thereafter, we 

performed a multiple linear regression analysis to assess the predictive value of 
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variables in the equation, using a backward method with criterion F-to-remove 

≥0.100. To compare continuous variables for parametric and non-parametric 

data, a student T-test or Mann-Whitney U test was performed respectively. 

Pearson’s correlation coefficients were calculated for cross correlations between 

MAP and renal NIRS. Statistical significance was defined as P<0.05. 

 

Results 

Patient characteristics 

Data describing demographic, intra-operative and postoperative patient 

characteristics are shown in Table 1. The mean age was 63 (9) years. In the 

original study 59 patients were included of which 16 did not have sufficient 

SrtO2 data for analysis. Reasons for this were: NIRS sensors for SrtO2 were not 

applied (n=3), insufficient data were collected (n=5), or the kidneys could not 

be visualized on ultrasound or were >5 cm below the skin (n=8). Patients in 

whom the kidneys were not visible on ultrasound or positioned too deep had 

significantly higher BMI (31.8 (3.3)) compared to other patients (27.1 (3.3), 

p=0.013). Thus, 43 patients had sufficient SrtO2 data for analysis: 19 patients 

who had been randomized to undergo CABG with CPB (on-pump) and 24 

patients randomized to undergo CABG without CPB (off-pump). In 31 out of 

these 43 patients SrtO2 data were obtained bilaterally, and in these cases left and 

right SrtO2 values were averaged (mean correlation between left and right 

kidney of r=0.811, p<0.001).  
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Table 1. Demographic, intra-operative and postoperative characteristics in patients undergoing 

on-pump or off-pump CABG, compared by postoperative renal function. Variables are number 

(proportion), mean (SD) or median (IQR). 

 

 

 

All patients 

(n = 43) 

Patients without 

impaired renal 

function (n = 34) 

Patients with 

impaired renal 

function (n = 9) 

 

P-value 

Gender; male 39 (91%) 30 (88%) 9 (100%) 0.280 

Age; years 63 (9) 61 (9) 68 (8) 0.092 

BMI; kg.m
-2 

 

27.8 (3.5) 27.1 (3.3) 30.2 (3.5) 0.036* 

Operated on CPB  19 (44%) 14 (41%) 5 (56%) 0.440 

EuroSCORE 2.5 (2.0) 2.7 (2.2) 1.9 (0.7) 0.745 

DM type II 9 (21%) 6 (18%) 3 (33%) 0.304 

Hypertension 11 (26%) 8 (24%) 3 (33%) 0.549 

Smoking 27 (63%) 25 (74%) 2 (22%) 0.003* 

Pre-operative LVEF 

    55–70% 

    40–55% 

    <40% 

 

19 (44%) 

20 (47%) 

4 (9%) 

 

14 (41%) 

17 (50%) 

3 (9%) 

 

5 (56%) 

3 (33%) 

1 (11%) 

0.671 

 

Preoperative blood 

analysis: 

    

   Leucocytes; x 10
9
.l

-1
 7.5 (2.3) 7.5 (2.5) 7.7 (1.2) 0.670 

   Creatinine; µmol.l
-1 

90 (23)  89 (23)  93 (24) 0.780 

   Hb; g.dl
-1

 8.8 (1.6)  8.6 (1.7) 9.5 (0.6) 0.019* 

     

Duration of surgery; min 178 (156-197)  178 (160-194) 182 (156-240) 0.547 

CPB time; min 83 (65-99)  85 (73-92) 69 (63-108) 0.687 

Cross clamp time; min 53 (42-61) 55 (48-61) 42 (38-60) 0.444 

No. of grafts per patient 

 

Intra-operative analyses: 

3.2 (0.8) 3.1 (0.8) 3.7 (0.7) 0.081 

   Base Excess; lowest -1.7 (1.6) -1.6 (1.6) -1.9 (1.9) 0.758 

   Lactate; highest 2.1 (0.8) 2.1 (0.8) 2.1 (0.6) 0.872 

   MAP; mmHg 71 (7) 71 (6) 70 (11) 0.403 

     

Stay on ICU; days  1 (1-1) 1 (1-1) 1 (1-1) 0.692 

Hospital admission time; 

days 

 

8 (6-11)  8 (6-11) 8 (6-12) 0.527 

CPB = cardiopulmonary bypass, DM type II = type 2 diabetes mellitus, LVEF = left 

ventricular ejection fraction, Hb = hemoglobin, CRP = C-reactive protein, eGFR = estimated 

glomerular filtration rate, LDH = lactate dehydrogenase, MAP = mean arterial pressure, ICU 

= intensive care unit. Significance is indicated with * for p<0.05. 
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Tissue oxygenation in on-pump versus off-pump 

Baseline SrtO2 and AUC below all predefined absolute thresholds were similar 

in on-pump and off-pump groups (Table 2). In contrast, AUC of SrtO2 >5% 

below the individual baseline was significantly larger in patients who 

underwent on-pump CABG. Next, we determined whether the difference was 

renal specific or due to a difference in systemic oxygenation by calculating 

renal tissue specific deoxygenation. Similar to SrtO2, patients operated on-pump 

showed a higher AUC of tissue specific oxygenation compared to patients 

operated off-pump (median (IQR): 802 (152-1360) %.min and 64 (1-464) 

%.min, respectively; p=0.002; Figure 2). 

 
Table 2. Intra-operative oxygenation data of patients who underwent on-pump or off-

pump CABG. Variables are mean (SD) or median (IQR).  

 Off-pump (n = 24) On-pump (n = 19) P-value 

 

SrtO2 

    Baseline; % 

 

 

 

78 (10) 

 

 

 

80 (9) 

 

 

 

0.696 

 

AUC absolute decrease SrtO2; %.min 

    Below 90% SrtO2 

    Below 80% SrtO2 

    Below 70% SrtO2 

    Below 60% SrtO2 

 

 

1484 (1008-2410) 

313 (42-899) 

0 (0-83) 

0 (0-0 )  

 

2185 (1692-3144) 

706 (221-1636) 

69 (0-392) 

0 (0-0) 

 

0.142 

0.167 

0.091 

0.939 

AUC relative decrease SrtO2; %.min 

    > 5% from baseline 

    >10% from baseline 

    >15% from baseline 

 

106 (0-353) 

23 (0-144) 

6 (0-36) 

 

445 (186-610) 

187 (6-289) 

57 (0-144) 

 

0.037* 

0.084 

0.112 

 

AUC of tissue specific SrtO2; %.min 

 

 

64 (1-464) 

 

 

802 (152-1360) 

 

 

0.002** 

 

SptO2 

    Baseline; % 

    AUC 10% below baseline; %.min 

 

86 (82-90) 

21 (0-211) 

 

84 (76-89) 

20 (0-248) 

 

0.116 

0.116 

    

    

SrtO2 = renal tissue oxygenation, SptO2 = peripheral tissue oxygenation, AUC = area 

under the curve, MAP = mean arterial pressure. Significance is indicated with */** for 

p<0.05 and p<0.01 respectively. 
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Figure 2. Comparison of intra-operative renal tissue specific deoxygenation in %.min 

between patients who underwent either on- or off-pump CABG surgery, and without     

(     ) or with postoperative impaired renal function (     ). Higher values of AUC indicate 

more renal deoxygenation. Black dots are outliers. Significance of p<0.01 is indicated 

with **. 

 

To further investigate differences of SrtO2 between the on-pump and off-pump 

groups, time dependent relation with MAP was analyzed (Figure 3). We found 

SrtO2 to increase significantly compared to MAP in both groups during Phase 2, 

being the start of perfusion in on-pump or opening of the pericardium in off-

pump procedures. The significant difference between SrtO2 and MAP remained 

in Phase 3 in patients who underwent off-pump CABG, yet disappeared in on-

pump CABG procedures. Thus, we suspected a disturbance in renal 

autoregulation during on-pump CABG in Phase 3. 

Relation between hemodynamic changes and SrtO2 to evaluate autoregulation 

Mean cross correlation coefficients of NIRS measurements and MAP are 

displayed in Figure 4. Regarding off-pump operated patients (panel A), the wide 

variation in correlation between MAP and NIRS remains from the beginning to 

end of the procedure. Whereas on-pump operated patients show the same 
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dispersion in phase 1 (panel B), they all end up having a positive correlation in 

phase 3.  

Correlation coefficients of on-pump operated patients were significantly higher 

than off-pump group in phase 3 (panel C; p=0.017). Interestingly, patients 

operated on-pump with postoperative impaired renal function started most often 

with a negative correlation in phase 1 and ended with a positive correlation in 

phase 3, representing the extremes in both phases. 

There is a strong positive correlation between MAP vs. both left and right 

kidney SrtO2 in all phases, indicating that throughout the entire procedure both 

kidneys respond similarly to hemodynamic changes, regardless of the use of 

CPB (Phase 1: r=0.764; Phase 2: r=0.798; and phase 3: r=0.783; p<0.001 in all 

phases). 

 
 

 

 

 

 

 

 

 

 

Figure 3. Intra-operative renal tissue oxygenation from left and right kidney (black) and 

mean arterial pressure (white) in on-pump (dots) and off-pump (triangles) procedures. 

Phase 1 is start procedure until start perfusion (on-pump) or opening of pericardium 

(off-pump). Phase 2 starts following phase 1 until sternum closure, and phase 3 ranges 

from sternum closure until the end of the measurement. Significance of p<0.05 and 

p<0.01 is indicated with */**, respectively.  
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Figure 4. Cross correlation coefficients of NIRS and MAP, for off-pump operated 

patients (Panel A) and on-pump operated patients (Panel B). Phase 1 is start procedure 

until start perfusion (on-pump) or opening of pericardium (off-pump). Phase 2 starts 

following phase 1 until sternum closure, and phase 3 ranges from sternum closure until 

the end of the measurement. Autoregulation over time in off-pump compared to on-

pump CABG is depicted in Panel C. Symbols denote on-pump (dots) and off-pump 

(triangles) procedures. 
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Renal biomarkers in the on-pump versus the off-pump group 

Biomarker data of NGAL in plasma and urine, and KIM-1 in urine are 

displayed in Figure 5. Postoperative levels for all biomarkers were significantly 

increased from baseline at all subsequent time-points, in both on-pump and off-

pump surgery. At sternum closure, NGAL in plasma was significantly higher in 

patients operated on-pump compared to off-pump, being 163 (138-210) ng.ml
-1

 

versus 91 (68-120) ng.ml
-1

 respectively (p<0.001). However, there was already 

a significant difference in plasma NGAL at baseline; 72 (59-90) ng.ml
-1

 in the 

on-pump group and 52 (41-72) in the off-pump group (p=0.048). NGAL in 

urine, after correction for creatinine, was increased in the on-pump group after 

24 hours 1.7 (1.0-4.2) ng.ml
-1

.mg creatinine
-1

 compared to the off-pump group 

(0.8 (0.4-1.2); p=0.019). KIM-1 in urine, corrected for creatinine, was also the 

highest after 24 hours, with similar levels in the on-pump and off-pump groups, 

amounting 0.5 (0.3-0.9) and 0.5 (0.4-0.6) ng.ml
-1

.mg creatinine
-1

. 

Multivariate analysis of parameters associated with postoperative impaired 

renal function 

Univariate analysis identified the following parameters, subsequently entered 

into multiple regression analysis: age, Z-score AUC of SrtO2 >5% below 

individual baseline, Z-score AUC of renal tissue specific SrtO2, urine NGAL at 

end of surgery, plasma NGAL at end of surgery, urine KIM-1 at end of surgery, 

number of grafts, preoperative Hb, and lowest base excess during surgery. A 

multiple backward linear regression analysis was performed on the relative sCr 

change in the first postoperative week compared to preoperative values (Table 

3). In the on-pump group, increased urine NGAL levels at sternum closure and 

low AUC in renal tissue specific deoxygenation (AUC SptO2 - SrtO2, corrected 

for baseline SrtO2) were associated with a relative increase in sCr (β=-.341; 

p=0.039, and β=.733; p<0.001 respectively; r
2
=0.636). Conversely, in the off-

pump group sCr increase was inversely related to the AUC of renal tissue 

specific deoxygenation (β= .379; p=0.041).  
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Figure 5. Intra-operative changes in renal damage biomarkers. Panels represent median 

levels of Neutrophil gelatinase-associated lipocalin (NGAL) in plasma corrected for 

hemodilution (A), and in urine corrected for urine creatinine (B), and kidney injury 

molecule-1 (KIM-1) in urine corrected for urine creatinine (C) in on-pump (dots) and 

off-pump (triangles) group. All blood and urine samples were acquired at the induction 

of anesthesia (start), at sternum closure (end), 6 hours and 24 hours after CABG 

procedure. Data are presented as median with IQR. */** indicates difference from 

baseline and +/++ indicates difference between on-pump and off-pump groups at 

p<0.050 and p<0.010, respectively.  
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Table 3. Multiple backward linear regression model of the effect of perioperative factors on 

relative serum creatinine change. 

On-pump      

 

 

Coefficient 

B 

SE β 95% CI P-value 

(Constant) 

 

0.807 0.054  0.69 to 0.92 <0.001 

Z-score AUC of tissue specific 

SrtO2; %.min 

 

-0.073 0.032 -.341 -0.14 to -0.00 0.039 

Urine NGAL at end of surgery; 

ng.ml
-1

/ mg.ml
-1 

 

0.106 0.022 .733 0.06 to 0.15 <0.001 

      

F (2, 16) = 13.95, p < 0.001, R
2
 = 0.636 

 

Off-pump      

 

 

Coefficient 

B 

SE β 95% CI P-value 

(Constant) 

 

0.614 0.119  0.36 to 0.87 <0.001 

Z-Score AUC of tissue specific 

SrtO2; %.min 

 

0.075 0.034 .379 0.00 to 0.15 0.041 

Age; years 

 

0.005 0.002 .437 0.00 to 0.01 0.011 

Urine KIM-1 at end of surgery; 

ng.ml
-1

/ mg.ml
-1 

 

0.256 0.051 .898 0.15 to 0.36 <0.001 

No. of grafts per patient 

 

-0.069 0.024 -.553 -0.12 to -0.02 0.011 

Base Excess; lowest -0.031 0.010 -.460 -0.05 to -0.01 0.006 

 

F (5, 17) = 6.67, p = 0.001, R
2
 = 0.662 

 

AUC of tissue specific SrtO2 was calculated as SptO2 - SrtO2, corrected for the baseline of 

SrtO2 (see figure 1). Urine NGAL at end of surgery was corrected for urine creatinine. NGAL 

= neutrophil gelatinase-associated lipocalin, AUC = area under the curve, SrtO2 = renal tissue 

oxygenation, Hb = hemoglobin. Red indicates a significant negative influence on relative 

creatinine change, whereas green indicates a significant positive influence on renal function. 
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Discussion 

In our analysis, renal tissue specific deoxygenation was associated with 

increased postoperative sCr in patients undergoing off-pump CABG, thus 

confirming our hypothesis that renal specific deoxygenation may predict 

adverse renal outcome. However, in on-pump surgery we found an inverse 

association between renal specific deoxygenation and renal function, as 

deoxygenation was paradoxically associated with better renal outcome in a 

multivariate regression analysis. NIRS monitoring provides an advantage over 

analysis of the selected biomarkers for renal injury (NGAL and KIM-1) in 

plasma and urine in terms of costs, intra-operative availability of data and ease 

of application. 

This study shows that the use of NIRS to evaluate SrtO2 can be a sensitive 

measure to gain additional information on intra-operative kidney performance 

and systemic oxygenation in both on-pump and off-pump CABG procedures. 

An earlier study of renal NIRS measurements in pediatric patients showed that 

decreased SrtO2 correlates with risk of impaired renal function after CPB-

assisted cardiac surgery (Ruf et al., 2015). While in pediatric patients decreased 

SrtO2 represented a stronger predictor for impaired renal function than renal 

injury biomarkers, we only found this association among adult patients 

undergoing off-pump CABG. In contrast, adults who underwent CABG with 

CPB showed an opposite association. A possible explanation for the difference 

in renal function after CPB-assisted cardiac surgery between the pediatric and 

adult patients might be underlying morbidity. In a similar study of adult patients 

who underwent elective valve surgery, an absolute decrease in SrtO2 below 55% 

correlated significantly with the risk of impaired renal function (Choi et al., 

2014). However, an absolute decrease below 55% hardly ever occurred in our 

population undergoing CABG surgery. Further, the type of cardiac surgery is an 

important factor in the development of postoperative impaired renal function. 

Thus, both physiological adaptation of the vascular system to a different cardiac 

condition and differences in surgical procedure may explain why we did not 

find any decrease of SrtO2 below 55%. Possibly, this also explains why a 

correlation between renal deoxygenation at all cut-off points and renal function 

impairment was absent in the off-pump surgery in our study population. 
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Since we studied a group of patients randomized to CABG with and without 

CPB, we were able to compare SrtO2 data not only based on the development of 

impaired renal function, but also between CPB-groups. Causes of decreased 

oxygenation may be arterial hypoxemia, impaired renal perfusion and increased 

renal oxygen extraction. As we expected this inversed relation to originate from 

hemodynamic changes that may influence renal autoregulation, we evaluated 

the relation between intra-operative MAP and SrtO2. Likely, their strong 

positive correlation is an indicator of loss of autoregulation of renal blood flow 

in this population, as renal SrtO2 is completely dependent on the MAP. Further, 

the shift from a negative correlation to positive correlation between MAP and 

intra-operative SrtO2 was more prominent in on-pump operated patients and in 

patients with impaired postoperative renal function. This indicates that an intra-

operative loss of renal autoregulation may underlie the opposite relation 

between intra-operative renal tissue specific deoxygenation and postoperative 

impaired renal function in on-pump and off-pump procedures. Others have 

suggested that hemodynamic changes, such as right ventricular dysfunction, 

might impair renal function through vena cava dilatation and increased central 

venous pressure (Guinot et al., 2015). Furthermore, it is possible that the 

different relationship between AUC of SrtO2 and decrease in renal function 

between on-pump and off-pump CABG was caused by different stress factors 

(e.g. damage-associated molecular patterns, inflammatory cytokines or lysed 

erythrocytes) caused by either CPB (Bouma et al., 2013a) or cardiac surgery 

alone. The literature contains conflicting data on the influence of surgical 

technique on renal outcome. Although a meta-analysis in 2005 showed that off-

pump CABG (compared with on pump CABG) is not associated with improved 

renal outcome (Cheng et al., 2005), a large RCT including 4752 patients 

undergoing isolated CABG surgery in 19 countries showed that the use of off-

pump CABG surgery reduced the risk of postoperative AKI compared to on-

pump surgery (Garg et al., 2014).  

 

As validated normal baseline values for SrtO2 are presently unavailable, we 

compared the efficacy of absolute and relative SrtO2 differences and renal tissue 

specific oxygenation (SrtO2 - SptO2). To compensate for the absence of 

validated normal baseline values, we regarded individual baseline level as the 

best reference to substantiate a decrease in SrtO2 larger than 5%, 10%, and 15%. 
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The use of this approach may have caused the counterintuitive correlation of a 

decrease in relative SrtO2 with improved renal outcome in patients operated on-

pump, as the baseline level of SrtO2 was significantly higher in patients who 

developed postoperative impaired renal function compared to patients who did 

not. Alternatively, the higher baseline data of SrtO2 may be explained by a 

higher sensitivity to pre-oxygenation of kidneys prone to impaired renal 

function. Yet, this difference in baseline SrtO2 was not found in the on-pump 

group who underwent a similar induction of anesthesia. To compensate for 

different baseline SrtO2, we employed renal tissue specific deoxygenation. Our 

data suggest that renal specific SrtO2 is a more reliable variable than SrtO2 

itself, regarding O2 saturation decreases in surrounding tissue which might 

influence NIRS measurement and the lack of validated baseline values. A 

limitation of the current study is its small sample size, which restricts the 

number of patients with impaired renal function.  

Under physiological conditions, RBF is pulsatile and by far exceeds renal 

metabolic requirements. Despite this, the kidneys maintain a metabolic balance 

instead of becoming hyperoxic and thus do not suffer from subsequent damage 

caused by reactive oxygen species, signifying that a physiological mechanism 

exists to limit oxygen delivery to renal tissue. It is suggested that the kidney 

utilizes the close proximity of arteries and veins to allow arteriovenous (AV) 

shunting (Evans et al., 2008). Because of this AV shunting system, the RBF is 

relatively insensitive to large increases or decreases in oxygen delivery (Leong 

et al., 2007). This distinguishes renal tissue from peripheral muscle tissue where 

hypoxia and hyperoxia lead to changes in blood flow by vasodilatation and 

vasoconstriction respectively (Evans et al., 2008). During CPB, a redistribution 

of oxygen delivery from visceral organs and muscle tissue enables the 

maintenance of oxygenation of both brain and kidneys (Boston et al., 2001). 

Renal deoxygenation is therefore suggested to be a late warning sign of 

systemic deoxygenation. However, our data suggest that renal tissue 

deoxygenates before peripheral tissue does. One might reason that in CPB 

facilitated CABG, the kidney is either suffering from decreased oxygen delivery 

or increased oxygen demand due to increased clearance of waste products and 

damaged blood cells. Hereby, kidneys are highly susceptible to acute renal 

ischemic injury. The reduced efficiency of mitochondrial oxygen utilization 

caused by oxidative stress and reduced nitric oxide bioavailability contributes to 
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renal hypoxia (Evans et al., 2008). These factors also apply to peripheral tissue, 

thus supporting the rationale of combining SptO2 and SrtO2 in the analysis of 

renal tissue specific oxygenation. 

The biomarkers studied were increased in patients after cardiac surgery either 

with or without CPB, independent of postoperative impairment of renal 

function. NGAL levels in plasma have previously been shown to predict renal 

outcome (Mishra et al., 2003). A meta-analysis showed that this prediction 

depends on the characteristics of the population being studied (Zhou et al., 

2015). However, NGAL can increase due to CPB damaged neutrophils without 

simultaneous renal injury (Mårtensson et al., 2014). This might explain the 

difference of plasma NGAL at the end of surgery between the on-pump and off-

pump groups. Furthermore, both NGAL and KIM-1 are associated with 

regenerative capacity in renal tissue, limiting their validity as renal damage 

markers especially when it comes to prediction of renal outcome (Lim et al., 

2013; Srisawat et al., 2014). NGAL seems to predict impaired renal function 

best in patients with limited comorbidities and normal baseline renal function, 

as was the case in our population. Moreover, NGAL in urine has a higher 

predictive power for early diagnosis of postoperative impaired renal function 

than NGAL in plasma (Zhou et al., 2015). This is in accordance with our study 

findings. 

The non-invasive character of NIRS makes implementation into standard intra-

operative care relatively easy. In the current digital era, renal tissue specific 

deoxygenation can be calculated algorithmically during cardiac surgery. Despite 

an opposite relationship between renal tissue oxygenation and postoperative 

renal function decline in on- and off-pump CABG, we consider our findings to 

be hypothesis generating. More research is needed to assess the sensitivity and 

specificity of SrtO2 as a renal outcome-predicting variable in larger and more 

varied study populations, with taking the loss of autoregulation as a possible 

causing factor into account.  
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Abstract  

Background: Ageing is associated with priming of microglia in the central 

nervous system of otherwise healthy individuals, which amplifies the 

neuroinflammatory response evoked by systemic inflammation and organ 

injury. Consequently, aged animals produce increased levels of cerebral pro-

inflammatory cytokines, such as IL-6, IL-1β, and TNF-α, which can contribute 

to neurological dysfunction and disease progression rather than initiating a 

repair response. The aim of this study is to investigate whether a primed 

neuroinflammatory response in aged mice induces an excess neuroinflammatory 

response in a major surgery (MSu) model, i.e. a model without LPS 

administration or sepsis induction.  

Methods: Aged male C57BL/6J mice of 14-16 months old and young adult 

male mice of 2-3 months old were subjected to a midline laparotomy and 

opening of the kidney capsule or sham procedure under ketamine anesthesia, or 

did not undergo any procedure (controls). Whole brain lysates were obtained at 

4h and 24h post-surgery and levels of pro-inflammatory cytokines were 

analyzed by RT-qPCR, and proteolytic isoforms of Bdnf protein levels by 

Western blot. Microglia were sorted from brains of aged mice and the mRNA 

expression of inflammatory genes was evaluated by RT-qPCR.  

Results: Plasma IL-6 levels significantly increased at 4h after MSu, both in aged 

and adult mice, indicating a systemic inflammatory response. MSu provoked an 

increase in brain Il-6 at 4h, which decreased again within 24h. Further, MSu 

induced a stronger increase in whole brain Il-6 levels in aged mice compared to 

their adult counterparts. Aged mice had significantly lower truncated Bdnf 

expression compared to adult mice at all time points, possibly indicating a 

decreased neuroregenerative stimulus, even without MSu. Also, MSu provoked 

an increase in microglial expression of Il-6 and Tnf-α mRNA, which decreased 

already at 24h, supporting the self-limiting nature of the inflammatory response. 

Conclusion: Aged mice display higher overall amounts of pro-inflammatory 

cytokines in the brain at baseline and following MSu. At 4h MSu an increase in 

pro-inflammatory cytokine production was found in whole brain and in 

microglial cells, which decreased to below control levels at 24h MSu. Hence, 
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we conclude that major surgery without sepsis in aged mice does not provoke a 

long-lasting or grossly amplified neuroinflammatory response.  

 
 

 

Introduction 

Microglia are the resident innate immune cells of the central nervous system 

(CNS) and considered to be the most important cell type in the initiation of a 

neuroinflammatory response. Microglia may be activated in response to 

systemic inflammation (Hoogland et al., 2015), e.g. induced by a major surgical 

procedure. Once activated, microglia produce pro- and anti-inflammatory 

cytokines, such as interleukins and TNF-α, chemokines and proteases, and 

induce phagocytosis, in order to maintain neuronal plasticity and to restore 

tissue homeostasis. Under pathological conditions microglia may respond to 

underlying changes in the CNS by becoming primed (Perry et al., 2014), and 

respond with excessive neuroinflammation upon activation, possibly 

progressing neurological dysfunction. Ageing is suggested to cause priming of 

microglia in brains of otherwise healthy individuals (Dilger et al., 2008). 

Indeed, aged brains exhibit gene expression profiles indicative of increased 

microglial cell activation (Frank et al., 2006) and neuroinflammation (Godbout 

et al., 2005) in rodents. In addition, ageing decreases the neuroregenerative 

properties induced by neurotrophic factors, such as brain derived neurotrophic 

factor (BDNF)(Palomer et al., 2016; Tapia-Arancibia et al., 2008). Truncated 

Bdnf (tBdnf) is a proteolitic isoform of mature Bdnf protein with a molecular 

weight of 28kDa. It is suggested to have a specific role in age-related cognitive 

dysfunction through alternative splicing, as it has lower expression levels in 

patients with autism (Garcia et al., 2012) and in patients with higher cognitive 

impairment in schizophrenia (Carlino et al., 2011). 

Elderly patients are at a higher risk to develop postoperative cognitive 

dysfunction (POCD) and postoperative delirium (Krenk & Rasmussen, 2011). 

POCD following major surgery is associated with glial cell activation in aged 

mice (Wan et al., 2010). However, experimental studies examining POCD and 

neuroinflammation in major surgery commonly use bacterial inflammatory co-
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stimulation by administration of lipopolysaccharide (LPS)(Godbout et al., 

2005), excess manipulation of the intestines (Rosczyk et al., 2008), clamping of 

mesenteric arteries (Hovens et al., 2013) or cecal ligation and puncture (Liu et 

al., 2014). Data regarding the neuroinflammatory response in major surgery 

without bacterial infestation or sepsis is scarce. A recent study in patients 

undergoing major knee surgery describes increased inflammatory markers in 

plasma and cerebrospinal fluid even after aseptic surgery (Hirsch et al., 2016). 

While the only patient in this study who developed postoperative delirium had a 

persistent increase in proinflammatory cytokines IL-6, IL-8, and MCP-1 in the 

cerebrospinal fluid, patients who developed POCD had decreased levels of 

several anti- and proinflammatory cytokines (Hirsch et al., 2016). 

We hypothesize that priming of microglia increases the inflammatory response 

in aged mice after major surgery without sepsis induction. We therefore 

compared the (neuro)inflammatory response of aged (14-16 months) and young 

adult (2-3 months) male C57BL/6J mice at 4h and 24h post-surgery.  
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Material and methods  

Material and methods 

Animals  

All experiments were approved by the Institutional Animal Care and Use 

Committee of the University of Groningen. Male aged C57BL/6J mice of 14-16 

months old and adult mice of 2-3 months old were obtained from Envigo, The 

Netherlands. Aged mice had a body weight of 48.0 (42.0-54.5) g prior to 

surgery, whereas adult mice had a mean body weight of 26.5 (25.5-28.0) g 

(p<0.001). The duration of surgical or sham procedures was 66 (62-74) minutes 

on average. Animals were housed individually in a 12 hour light/dark cycle in a 

humidity controlled environment and were allowed free access to food and 

water throughout the entire experiment. 

Anesthetic and surgical procedure 

Mice were randomly assigned to undergoing major surgery (MSu) with follow-

up of 4h or 24h, sham procedure with follow-up of 4h or to the untreated 

control group (n=4-5/group). Anaesthesia was induced with isoflurane 5%. 

Thereafter, the right jugular vein was cannulated to administer ketamine 

anaesthesia (70mg/ml, 0.1ml/hr), both in surgery and sham. In MSu, a midline 

laparotomy was performed as surgical intervention, including incision of the 

peritoneum, followed by cautious dislocation of the intestine outside the 

abdominal cavity in a wet compress (sterile 0.9% saline) and removal of the 1/3 

caudal part of the capsule of the left kidney. The abdominal cavity was rinsed 

with sterile 0.9% saline at a temperature of 37
o
C, followed by closure of the 

peritoneum and the abdominal incision. Cardiorespiratory function was 

monitored throughout the procedure using the MouseOxPlus (Harvard 

apparatus, Germany). Rectal temperature was maintained at 36-37
o
C by using 

an electrical heating pad. The total time of the procedures was 65 min. Wounds 

were closed with 5-0 Vicryl sutures. Before postoperative housing at the animal 

care center, it was ensured that all animals were fully recovered from anesthesia 

and surgery. Animals were sacrificed 4h and 24h after wound closure by 

exsanguination through a cardiac puncture under isoflurane anesthesia. Organs 
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were flushed with saline via the abdominal aorta and then frozen in liquid 

nitrogen and stored at -80
o
C until further use. 

Protein extraction and Western blot analysis 

Brain samples were homogenized in RIPA-TBS buffer followed by 

centrifugation for 20 min at 14,000 rpm at 4
o
C. Protein concentration was 

determined in a Bradford protein assay (BioRad, The Netherlands) and equal 

amounts of total protein in SDS-PAGE sample buffer were separated on SDS-

PAGE 4-20% PreciseTM Protein gels (Thermo Scientific, The Netherlands). 

After transfer to nitrocellulose membranes (BioRad, The Netherlands), proteins 

were blocked with 5% skimmed milk. Membranes were then incubated 

overnight at 4
o
C with primary antibodies, followed by incubation with 

secondary antibodies for 1h at room temperature. The following primary 

antibodies were used: rabbit polyclonal anti-Bdnf (ab72439, Abcam, UK), and 

mouse monoclonal β-actin (sc-47778 HRP, Santa Cruz, USA) as loading 

control. Secondary antibody used was horseradish peroxidase-conjugated anti-

rabbit (Dako, Denmark). Signals were detected by Western Lightning Ultra 

(Perkin Elmer Inc., USA) and quantified by densitometry with software from 

Gene Gnome (Syngene, UK). 

Isolation of microglia 

Microglia were freshly isolated from half brains (sagittal incision) of aged mice. 

Brain tissue was homogenized and filtrated through a 70-µm cell strainer (BD 

FALCON) to obtain a single cell suspension. Subsequently, the cells were 

centrifuged at 220 rcf for 10 minutes at 4
o
C, and in order to remove myelin, the 

pellet was re-suspended in a solution of 22% Percoll (GE Healthcare), 40mM 

NaCl and 77% myelin gradient buffer containing 5.6 mM NaH2•PO4•2H2O, 140 

mM NaCl, 5.4 mM KCl, 11 mM Glucose. PBS was added on top of the mixture 

and centrifuged at 950 rcf for 20 minutes at 4
o
C. Finally, the pellet was re-

suspended in HBSS with 7.5 mM HEPES and 0.6% glucose (Sigma-Aldrich). 

For cell sorting and flow cytometry analysis, Fc receptors were blocked with 

anti-mouse CD16/CD32 (eBio-science) for 10 minutes on ice. Cells were 

thereafter incubated on ice for 45 minutes in the dark with CD11b PE 

(BioLegend), CD45 FITC (eBioscience), and Ly-6C APC (Biolegend). After 

washing with Medium A (HBSS containing 0.6 % glucose and 15 mM HEPES 
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buffer) without phenol red, cells were resuspended in Medium A without 

phenol and passed through a 35-µm nylon mesh (BD Bioscience), and sorted 

(Beckman Coulter MoFloAstrios) immediately after addition of DAPI. Live 

microglia were identified as DAPI
neg

 CD11b
high

 CD45
int

 Ly-6C
neg

 cells. After 

collection of cells in RNAlater (Qiagen), tubes were centrifuges at 2000 rcf for 

10 minutes at 4
o
C and the pellet lysed with 350 µl of RLT plus (Qiagen). The 

microglia lysates were stored at -80
o
C until further use. 

Inflammatory cytokines in brain and microglia 

The levels of pro-inflammatory cytokines Il-6, Il-1β, Tnf-α in brain tissue was 

determined by RT-qPCR. Half brains were disrupted on dry ice and mRNA was 

extracted from each sample using the Nucleospin tissue kit according to the 

manufacturer’s instructions (Macherey-Nagel, Germany). RNA from sorted 

microglia was extracted using the RNeasy micro plus kit according to the 

manufacturer’s instructions (Qiagen). Subsequently, mRNA (0.5 μg) was 

reverse transcribed in a reaction mixture (10 μl) containing 0.5 μl of random 

hexamers, 0.25 μl of RNase inhibitor, 0.1 μl of deoxynucleotide triphosphates, 

and 0.5 μl of reverse transcriptase (Thermo Scientific). Specific primers were 

used (Table 1). Housekeeping genes were Hmbs and Hprt.  

Expression levels were subsequently quantified on the Bio-Rad CFX using 

GoTaq qPCR Master Mix (Promega, USA). The samples in the PCR 384-well 

plate were transferred to the thermal cycler and subjected to the following 

protocol: predenaturation at 95
o
C, 39 cycles of denaturation at 95

o
C (15 sec), 

annealing at 60
o
C, followed by a melting curve. All data were normalized to 

Hmbs expression. 
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Enzyme-linked immunosorbent assay 

Plasma Il-6 levels in mice were determined with an ELISA kit (BD Biosciences, 

Canada) according to the manufacturer’s instructions. In short, each sample of 

plasma was diluted 4 times with the Standard/Sample Diluent provided. All 

standards and samples were analyzed in duplo. Subsequently, 50 µl of ELISA 

Diluent and 50 µl of standard or sample was added to each well and incubated 

for 2 hours at room temperature. After 5 rounds of decanting and washing, 100 

µl of Working Detector was added to each well and incubated for 1 hour at 

Table 1: Primer sequences used in RT-PCR 

Target gene   

Il-6 

 

 

Forward Primer 

Reverse Primer 

5’-CACTTCACAAGTCGGAGGCT-3’ 

5’-TGCCATTGCACAACTCTTTTCT-3’ 

Il-1β 

 

 

Forward Primer 

Reverse Primer 

5’-CCCAAAAGATGAAGGGCTG-3’ 

5’-TGATACTGCCTGCCTGAAG-3’ 

Tnf-α 

 

 

Forward Primer 

Reverse Primer 

5’-TCTTCTGTCTACTGAACTT-3’ 

5’-AAGATGATCTGAGTGTGAG-3’ 

Mac2 

 

 

Forward Primer 

Reverse Primer 

5’-CACTGACGGTGCCCTATGAC-3’ 

5’-AACAATCCTGTTTGCGTTGGG-3’ 

Axl 

 

 

Forward Primer 

Reverse Primer 

5’-TGAAGCCACCTTGAACAGTC-3’ 

5’-GCCAAATTCTCCTTCTCCCA-3’ 

Bdnf 

 

 

Forward Primer 

Reverse Primer 

5’-GAAGTTGGCTTCCTAGCGGT-3’ 

5’-CACCTGGTGGAACTTCTTTGC-3’ 

Hmbs 

 

 

Forward Primer 

Reverse Primer 

5’-CCGAGCCAAGCACCAGGAT-3’ 

5’-CTCCTTCCAGGTGCCTCAG-3’ 

Hprt Forward Primer 

Reverse Primer 

5’-ATACAGGCCAGACTTTGTTGGA-3’ 

5’-TGCGCTCATCTTAGGCTTTGTA-3’ 
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room temperature. Seven rounds of decanting and washing followed, after 

which 100 µl of TMB One-Step Substrate was added to each well and the plate 

incubated for 30 minutes at room temperature in the dark. Finally, 50 µl of the 

Stop Solution was pipetted into each well. The absorbance was measured at 450 

nm, with a wavelength correction of 570 nm using the Synergy H4 Hybrid 

Reader (Biotek, USA) and the All in One Microplate Reader Software Gen5, 

version 2.00.18. 

Statistical analysis 

Statistical analysis was performed using SPSS 22.0 for Windows. Sigmaplot 

13.0 was used for generating the figures. Normality of distribution was tested 

by Kolmogorov-Smirnov tests. Differences in baseline characteristics were 

examined using ANOVA for continuous data, with Fisher’s LSD post-hoc 

testing. Data are presented as mean±SEM, or median (25
th
-75

th
 percentile). 

Differences were considered significant when p<0.05.  

 

Results  

Systemic inflammatory response  

To confirm induction of a systemic inflammatory response in the major surgery 

model, blood leukocyte numbers and plasma IL-6 levels were measured. 

Leucocyte count in adult mice did not change at all time points, compared to 

control. In aged mice, the variation in leukocyte count was much larger than in 

adult mice. Moreover, aged mice had a significantly higher leukocyte count 

than adult mice at 4h post-MSu (Figure 1A).  

Adult and aged control mice animals showed similar basal levels of IL-6. In 

adult mice, MSu induced a significant increase in plasma Il-6 levels at 4h, 

which returned to baseline after 24h (Figure 1B). However, MSu in aged mice 

caused a prominent increase in plasma Il-6 levels at 4h, which persisted until 

24h in 1 out of 5 mice. Il-6 levels between adult and aged mice did not differ at 

4h or 24h. Collectively, these data demonstrate that MSu successfully induced a 

systemic inflammatory response, which seemed more prominent in aged 

compared to adult mice. 
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Figure 1. Leucocyte counts (panel A) and plasma IL-6 levels (panel B) and in adult and 

aged mice (n= 4-5 /group). Significant differences are indicated with * for p<0.05, 

compared to adult control group. ## refers to a significant difference of p<0.01 in 

plasma levels between adult and aged mice. 
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Pro-inflammatory response after major surgery in the brain 

MSu caused an increase in whole brain Il-6 mRNA (Figure 2A), but not Il-1β 

and Tnf-α expression (Figures. 2B,C). In adult mice, sham and MSu displayed 

an increase in brain Il-6 levels at 4h, amounting respectively 1.7±0.2 fold 

(p=0.001) and 1.6±0.1 fold increases (p=0.002) compared to adult control 

animals (Figure 2A). Follow-up at 24h revealed a substantial decrease in the Il-

6 mRNA in MSu, amounting 0.7±0.1 fold of controls (p=0.034). Baseline levels 

of brain Il-6 mRNA of control aged mice were 1.6 fold higher (p=0.047) 

compared to adult controls, and did not increase further in sham at 4h follow up. 

However, in aged mice subjected to MSu, the level of Il-6 mRNA at 4h follow-

up increased substantially by 2.2±0.2 fold (p=0.010) and subsequently 

decreased to 1.1±0.1 fold (p=0.045) compared to control aged mice. Thus, aged 

mice generally express Il-6 at a higher level than adult mice, yet a significant 

decrease is seen in both aged and adult mice at 24h after MSu. 

Levels of Il-1β remained unchanged in MSu and sham groups for adult mice. 

Relative mRNA expression of Il-1β in aged control mice was 1.4 fold increased, 

yet not significantly higher than adult control (p=0.334). At 4h MSu, we found 

relative levels of brain Il-1β for aged mice to be 2.1 (p=0.254), compared to 1.4 

in adult mice (p=0.168). Tnf-α expression levels were also similar for MSu and 

sham groups in adult mice. However, there was a significantly induction of Tnf-

α in aged mice at 24h post-MSu (p=0.031) compared to adult mice. Moreover, 

levels of pro-inflammatory cytokines in whole brain of aged mice are generally 

higher than in adult mice. After MSu we reported increased pro-inflammatory 

cytokines, but not exponentially or for a protracted time period when compared 

to adult counterparts (Figure 2). 
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Figure 2. RT-qPCR analysis for inflammatory markers in brain tissue from adult and 

aged mice. Significant differences are indicated with */** for p<0.05 and p<0.01 

respectively, compared to control group. #/## refer to significant differences in relative 

expression between adult and aged mice. Relative expression is ΔCt, normalized to 

Hmbs. 
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Figure 3. Truncated Bdnf protein levels in whole brain lysates after major surgery in 

adult and aged mice. Significant differences are indicated with * for p<0.05, compared 

to adult control group. # refer to a significant differences in relative expression levels 

between adult and aged mice of p<0.05. 

 

Cerebral tBdnf expression after major surgery 

To specifically address neural supportive properties in response to major 

surgery in ageing, protein levels of tBdnf were determined in whole brain by 

western blotting (Figure 3). tBdnf expression in adult mice was similar to 

control in all treatment groups. In aged mice, cerebral tBdnf expression in 

control, 4h MSu and 24h MSu was significantly lower compared to the 

corresponding adult groups. However, sham groups of adult and aged mice did 

not differ and aged mice in the sham group had a significantly higher tBdnf 

expression than aged mice in the control group (p=0.033). tBdnf expression 

levels at 4h and 24h MSu were similar to control in aged and adult mice alike. 

Taken together, we found increased levels of pro-inflammatory cytokines in the 

brain of aged mice combined with significantly lower levels of tBdnf 

expression. Microglia are the principal immune cells of the CNS and the first to 

respond to homeostatic disturbances. To determine if MSu-associated 

inflammation affected microglia, these cells were isolated from the CNS. 
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Microglia specific analysis of inflammation and phagocytosis in aged mice 

Microglia were identified and isolated as CD11b
high

 CD45
int

 cells by FACS 

(Figure 4A). The number of viable microglial cells that could be isolated at 24h 

post-MSu was ~50% higher than the microglial cell number in the control group 

(Figure 4B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Microglia sorted with fluorescence activated cell sorting. Microglial cells 

were identified by their level of CD11b
 
and CD45 (A). The number of microglia in each 

group is quantified (B). Significant differences are indicated with ** for p<0.01, 

compared to control group. 

A 
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Next, mRNA levels of inflammation related genes were measured in sorted 

microglia including Il-6, Il-1β, Tnf-α, Axl, Mac2, and Bdnf (Figure 5). Axl and 

Mac2 are proteins involved in phagocytosis and related to glial priming 

(Zagórska et al., 2014; Holtman et al., 2015). In line with the results of Il-6 

mRNA levels in whole brain, we detected a significant increase in microglial 

mRNA expression of Il-6 at 4h MSu (p=0.045), followed by a strong decrease 

at 24h post-MSu (p=0.005; Figure 5A). Also similar to whole brain, both Il-1β 

and Tnf-α showed highest levels at 4h MSu, but differences did not reach 

statistical significance. Tnf-α expression sharply declined at 24h after MSu 

(p=0.027). Interestingly, sham procedure induced a substantial increase in Axl 

(p=0.023) at 4h compared to control, but was without effect on Il-6, Il-1β and 

Tnf-α. Bdnf expression in microglia was not significantly changed, but appeared 

increased in sham group. 

 

Discussion 

Our results demonstrate that major surgery invokes a modest systemic 

inflammatory response, which seems amplified and prolonged in aged male 

mice compared to young adult male mice. Further, aged mice display increased 

mRNA levels of brain pro-inflammatory cytokines at baseline compared to 

adults, which, however, did not result in an exacerbated increase by either sham 

or MSu. Aged mice display decreased levels of Bdnf protein levels at baseline, 

which persisted in mice subjected to sham and MSu, with a minor increase in 

sham operated mice compared to baseline. Finally, MSu in aged mice resulted 

in an increased number of microglia that could be isolated at 24h and the 

induction of mRNA expression of multiple inflammatory factors at 4h post-

MSu. Taken together, although aged mice display activated microglia, MSu did 

not provoke an amplified or long-lasting neuroinflammatory response as in line 

with a primed microglia dependent immune response, despite a moderately 

increased and protracted systemic inflammatory response. 

 
 

 

 



Chapter 5 

 106 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 5. RT-qPCR analysis of isolated microglia from aged mice on pro-inflammatory 

cytokine mRNA of Il-6, Il-1β, and Tnf-α (Panel A-C), proteins involved in phagocytosis 

Mac2 and Axl (Panel D, E), and neurotrophin Bdnf (Panel F). Relative expression is 

ΔCt, normalized to Hmbs. Significant differences are indicated with */** for p<0.05 and 

p<0.01 respectively, compared to control group.  
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An innate immune response is not necessarily triggered by local pathogens 

(Rivest et al., 2009), but may also be induced by a systemic inflammatory 

response, as observed for the neuroinflammatory response (Hoogland et al., 

2015; Ho et al., 2015). Apparently, the MSu procedure we applied -without 

stimulation with LPS or invoking sepsis - induced a modest neuroinflammatory 

response, which was detectable in the whole brain as a temporary and mild 

increase in Il-6 mRNA levels at 4h MSu. Notably, MSu did not induce a long-

lasting neuroinflammatory response, as we found that at 24h post-MSu both the 

whole brain level of Il-6 in mice and microglial mRNA expression of Il-6 and 

Tnf-α had decreased significantly compared to control. This may indicate a 

negative feedback mechanism, which has been described prior in 

neuroinflammation-related cytokine production (Kiefer et al., 1993). Thus, the 

neuroinflammation triggered by sole MSu as performed in our study, is 

strikingly different from the one provoked by MSu involving LPS 

administration or sepsis, which not only induces a strong increase in pro-

inflammatory cytokines in the acute postoperative phase at 3-7 hours (Griffin et 

al., 2013), but can last for up to 10 months in case of chronic 

neuroinflammation (Qin et al., 2007). Consequently, given its short timeframe, 

neuroinflammation resulting from MSu under sterile conditions would be 

expected to constitute a possible contributor to postoperative acute delirium 

rather than to postoperative cognitive dysfunction. 

Microglial cells largely drive the neuroinflammatory response. The parallel of 

pro-inflammatory cytokines we found in whole brain and sorted microglia 

support this notion. Additionally, the amount of microglia sorted from the CNS 

increased significantly at 24h MSu (Figure 3B). Possibly, microglial cells 

proliferate during the 24h period post-MSu. Otherwise, as a consequence of 

morphological changes, activated glial cells might have a higher chance of 

passing through the flow cytometry procedure without apoptosis inducing 

cellular damage.  

We found decreased tBdnf expression in aged mice compared to adult, 

suggesting that there may be changes in proteolytic processing of pro-Bdnf into 

truncated Bdnf in aged mice. Prior, a similar decrease of truncated proteolitic 

isoforms of Bdnf was observed in patients with autism (Garcia et al., 2012) and 

schizophrenia (Carlino et al., 2011), which might lead to changes in 

connectivity and synaptic plasticity and consequently in cognitive performance. 
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Increased levels of tBdnf, which is suggested to potentially enhance healthy 

aging and help to regenerate certain neuronal populations in some degenerative 

pathologies (Tapia-Arancibia et al., 2008), were found only in sham operated 

aged mice. Clearly, the age-related decrease in Bdnf production appears to 

originate mechanistically from decreased CaMKII activity in the NMDAR-

CaMKII pathway (Palomer et al., 2016), but is not irreversible as it still can be 

enhanced in aged mice by ketamine anaesthesia. 

Thus, aged mice display multiple potentially detrimental factors, being 

decreased tBdnf expression, and high pro-inflammatory cytokine levels at 

baseline. Hence, we investigated microglia of aged mice separately.  

Although the production of cytokines may trigger apoptosis and secondary 

neuronal damage, microglial activation can induce the phenotypical shift 

towards phagocytosis in order to remove apoptotic cells and debris (Koizumi et 

al., 2007). Such a switch to a phagocytic phenotype following MSu seems 

however unlikely, as we did not find an increase of associated microglial 

markers, notably Mac2 or Axl. It also seems unlikely that the absence of 

increased Axl and Mac2 expression in MSu at 4h or 24h is caused by the timing 

of the collection of material, because we did find an increase in the sham group 

which was also collected at 4h after the procedure. Therefore, MSu might not 

have triggered an increase in apoptotic cells and debris to be cleared by 

phagocytosis, when compared to control. Diffuse traumatic brain injury is 

known to upregulate Mac2 after microglial activation (Venkatesan et al., 2010). 

In addition, microglial cells isolated from ERCC1
Δ/-

 mice, a model for 

accelerated aging, express high levels of Mac2 (Raj et al., 2014) and maintain 

increased Mac2 expression and an activated phenotype even after being grafted 

into chimeric organotypic hippocampal slice cultures (Masuch et al., 2016). 

MSu might be too modest a trigger to induce Mac2, even when conducted in 

aged mice.  

We observed significant differences in Il-6 expression in whole brain and in 

microglia. However, significant differences in the mRNA expression of Il-1β 

and Tnf-α at 4h MSu were not detected, possibly because of small sample sizes. 

We did not observe exponential increases in inflammatory processes on whole 

brain level, nor on the cellular level in microglia. It might be that this is already 

decreasing at the 4h MSu time point, and that the highest levels should be 
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expected earlier. However, studies using LPS show a moderate increase in 

neuroinflammation after 3h, reaching profound activation between 8h and 2 

days after a single challenge (Hoogland et al., 2015).  

 

 

Conclusion 

Aged mice express higher amounts of pro-inflammatory cytokines in the entire 

brain, irrespective of a systemic inflammatory impulse. In addition, aged mice 

express truncated Bdnf at a lower level than adult mice, possibly indicating 

reduced neuroregenerative properties. After major surgery without sepsis, there 

is a short-lasting and modest increase in the pro-inflammatory cytokine Il-6. 

Apparently, primed microglia of aged mice are still capable of adequately 

responding to mild systemic inflammatory processes and Bdnf expression is 

still inducible by ketamine anaesthesia. Thus, our study suggests that as POCD 

occurs more often in elderly patients, it is unlikely that the neuroinflammatory 

response serves as a logical explanation for this.  
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Abstract 

Background: Targeted temperature management (TTM) is the induced cooling 

of the entire body or specific organs to help prevent ischemia and reperfusion 

(I/R) injury, as may occur during major surgery, cardiac resuscitation, traumatic 

brain injury and stroke. Ischemia and reperfusion induce neuronal damage by 

mitochondrial dysfunction and oxidative injury, ER stress, neuronal 

excitotoxicity, and a neuroinflammatory response, which may lead to activation 

of apoptosis pathways. 

Scope of Review: The aim of the current review is to discuss TTM targets that 

convey neuroprotection and to identify potential novel pharmacological 

intervention strategies for the prevention of cerebral ischemia and reperfusion 

injury. 

Major Conclusions: TTM precludes I/R injury by reducing glutamate release 

and oxidative stress and inhibiting release of pro-inflammatory factors and 

thereby counteracts mitochondrial induced apoptosis, neuronal excitotoxicity, 

and neuroinflammation. Moreover, TTM promotes regulation of the unfolded 

protein response and induces SUMOylation and the production of cold shock 

proteins. These advantageous effects of TTM seem to depend on the clinical 

setting, as well as type and extent of the injury. Therefore, future aims should be 

to refine hypothermia management in order to optimize TTM utilization and to 

search for pharmacological agents mimicking the cellular effects of TTM. 

General Significance: Bundling knowledge about TTM in the experimental, 

translational and clinical setting may result in better approaches for diminishing 

I/R damage. While application of TTM in the clinical setting has some 

disadvantages, targeting its putative protective pathways may be useful to 

prevent I/R injury and reduce neurological complications. 
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Introduction 

Ischemia and reperfusion (I/R) of the brain results in extensive neuronal injury 

and forms a substantial medical burden because of high morbidity and 

mortality. In adults, cerebral ischemic insults typically result from ischemic 

stroke or cardiac arrest, while in infants cerebral ischemia generally ensues from 

complications during labor and delivery or surgery for congenital heart disease, 

resulting in neonatal hypoxic-ischemic encephalopathy (Lai & Yang, 2011). 

The high oxygen and glucose demands of the brain compared to other organs 

require continuous blood supply, which is guaranteed under physiological 

conditions by the autoregulation of brain circulation. However, the relatively 

high oxygen and glucose demand makes the brain extremely vulnerable to 

hypoxia and ischemia. Disrupted blood flow causes an imbalance between the 

energy generated by glucose oxidation, the main source for energy in the brain, 

resulting in loss of cellular homeostasis. Restoring blood flow and thus re-

establishing nutrient and oxygen delivery to the ischemic brain is essential to 

salvage neurons, although reperfusion itself causes additional, substantial brain 

damage (Sanderson et al., 2013). Reperfusion injury occurs due to enhanced 

production of reactive oxygen species in mitochondria, disruption of calcium 

(Ca
2+

) homeostasis through glutamate-induced excitotoxicity, an exaggerated 

neuroinflammatory response by stimulation of the TNF-receptor, and a cellular 

stress response in the endoplasmic reticulum (ER), which may further damage 

neuronal cells (Pundik et al., 2012). 

Targeted temperature management (TTM) is thus far generally applied in 

aforementioned conditions as a neuroprotective strategy to prevent acute 

ischemia-reperfusion injury (I/R injury) of the central nervous system (CNS). 

TTM is the induced cooling of the body or a specific organ to prevent or treat 

injuries. The impact of TTM seems to depend on the target temperature 

(Weinrauch et al., 1992). Randomized studies directly comparing different 

target temperatures are often performed by comparing just two temperature 

targets (Forkmann et al., 2015; Nielsen et al., 2013). However, protection by 

TTM is highly dependent on the clinical setting, as well as type and extent of 

the injury. Clinical application of TTM encompasses a wide spectrum of 

neurological conditions and complications. Mild (32-35
o
C) and moderate 

hypothermia (28-32
o
C) prevent further injury during or following cardiac arrest 
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(Hypothermia after Cardiac Arrest Study Group, 2002), hypoxic-ischemic 

encephalopathy in neonates (Shankaran et al., 2005), traumatic brain injury (Zhi 

et al., 2003), and may be used to prevent brain injury during or after stroke. 

Deep hypothermia (<28
o
C) on the other hand is used during circulatory arrest in 

surgical procedures on congenital heart disease in neonates, aortic arch in 

adults, and intracranial aneurysms (Mackensen et al., 2009). Although current 

data suggest that TTM protects against I/R neuronal injury, the precise 

underlying mechanisms remain to be elucidated. Revealing the molecular 

mechanisms of TTM in neuronal l/R (Figure 1) may allow to identify potential 

targets and assist the development of novel pharmacological intervention 

strategies against cerebral I/R injury. In this review, we give an overview of the 

molecular mechanisms underlying neuronal I/R-induced cell death, 

neuroprotective effects of TTM in I/R injury and possible pharmacological 

approaches to mimic TTM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Overview of protective properties of therapeutic hypothermia on molecular 

pathways in the neuron.  
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Cerebral ischemia leads to mitochondrial dysfunction and oxidative injury 

I/R injury is characterized by mitochondrial dysfunction and oxidative stress in 

the brain. The acute decrease in cerebral oxygen and glucose levels during 

ischemia lead to an imbalance in energy homeostasis, which disrupts 

mitochondrial function. Disruption of mitochondrial function leads to reduced 

adenosine triphosphate (ATP) production, impaired Ca
2+

 buffering by opening 

of the mitochondrial permeability transition pore (mPTP) and, in particular, the 

overproduction of reactive oxygen species (ROS) as found in in vitro 

cardiomyocytes (Loor et al., 2011) and in the brain (Globus et al., 1995). In 

certain situations, such as mitochondrial Ca
2+

 overload induced by N-methyl-D-

aspartate (NMDA) receptor overstimulation, cellular stability relies primarily 

upon energy production, i.e. mitochondrial function (Schinder et al., 1996). 

High intracellular Ca
2+

 levels damage the mitochondria by activating the Ca
2+

 

sensitive protease calpain, which then cleaves mitofusin2 (MFN2), leading to 

mitochondrial fragmentation (Wang et al., 2015). As fragmentation of the 

mitochondrial network proceeds, it results in further neuronal damage because 

of progressive ATP depletion. The enhanced Ca
2+

 uptake into the mitochondria, 

combined with the increase in metabolic rate provoked by increased 

intracellular Ca
2+

, results in the formation of ROS (Reynolds & Hastings, 1995; 

Schinder et al., 1996). 

Increased intracellular Ca
2+

 levels ultimately also increase the Ca
2+

 in 

mitochondria, which triggers ROS production.  ROS radicals will react with 

virtually any cellular component, such as carbohydrates, amino acids, DNA and 

phospholipids. Free radicals furthermore trigger a vicious cycle in the 

mitochondria, with inhibition of electron transport mechanisms leading to 

excess superoxide production and activation of apoptotic mechanisms. During 

cerebral ischemia complexes I, II, and III of the mitochondrial respiratory chain 

are damaged, leading to impaired electron transport and excess superoxide 

production (Moro et al., 2005). ROS production is closely linked to 

excitotoxicity, energy loss and ionic imbalances. The CNS is a particularly 

vulnerable to ROS-mediated injury because it only holds moderate levels of 

endogenous antioxidants and antioxidant enzymes and these levels decrease 

rapidly following I/R injury (Peasly et al., 2002). ROS induce a pro-apoptotic 

state in which generation of the Bcl-2 family members Bax/Bak permeabilize 

the mitochondrial membranes by creating large pores. Mitochondrial membrane 
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permeabilization is a critical factor in determining the survival of neuronal cells. 

The permeabilization is initialized to counteract the effect of high intracellular 

Ca
2+

 levels have on mitochondrial Ca
2+

 homeostasis. Permeabilization of the 

mitochondrial outer membrane (MOM) results in the release of pro-apoptotic 

proteins from the intermembrane space to the cytoplasm, including cytochrome 

c, which can lead to apoptotic cell death (Kroemer et al., 2007). Also, MOM 

permeabilization decreases mitochondrial ATP generation by disturbing the 

mitochondrial membrane potential (ΔΨ) and thereby uncoupling the process of 

respiration from ATP synthase. The decrease in ΔΨ and subsequent uncoupling 

results from the opening of the mitochondrial permeability transition pore 

(mPTP) in response to elevated levels of mPTP activators (Ca
2+

, ROS, inorganic 

phosphate from used ATP) and decreased levels of mPTP inhibitors 

(ATP/ADP). Long-lasting mPTP opening is a point-of-no-return in apoptosis 

(Gong et al., 2013). Hereby, mitochondrial membrane permeabilization is a 

critical factor in determining the survival of a cell. 

In response to mitochondrial damage, mitophagy is activated. Mitophagy 

constitutes a subtype of autophagy, a bulk degradation system sequestering and 

eliminating large cytosolic proteins, protein aggregates and organelles via the 

lysosome. Mitophagy removes impaired mitochondria in order to promote 

cellular survival and maintain mitochondrial integrity and function (Mishra & 

Chan, 2016). However, the I/R associated decrease in ATP production may lead 

to insufficient mitophagy and removal of damaged mitochondria, which can 

cause cell injury and may eventually lead to apoptosis or necrosis (Yuan et al., 

2015). In conclusion, mitochondrial dysfunction is a main effector pathway of 

cellular injury in cerebral I/R injury related processes, such as excitotoxicity and 

activation of cell death. 

 

Effect of targeted temperature management on mitochondrial dysfunction 

TTM can prevent neuronal damage by diminishing mitochondrial dysfunction 

as demonstrated in a resuscitation model in Chinese minipigs (Gong et al., 

2012), in a post-cardiac arrest model in rats (Lu et al., 2014) and in a neuronal 

cell model (Hua et al., 2010). In a resuscitation model after 8 minutes of 

ventricular fibrillation, mild hypothermia reduces mitochondrial oxidative stress 
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at 24 hours following I/R by limiting mitochondrial membrane 

permeabilization, resulting in inhibition of opening the mPTP. Consequently, 

TTM limits the release of pro-apoptotic substances, caspase 3 cleavage and 

apoptosis, and maintains ΔΨ and mitochondrial respiration (Gong et al., 2013). 

Similar effects were found in primary cultures of neuronal cells from 18-day-

old Wister rat cortex, in which moderate hypothermia at 30
o
C was found to 

inhibit hypoxic neuronal cell death by reducing mitochondrial injury, 

maintaining ΔΨ and inhibiting apoptosis (Hua et al., 2010). Moreover, 

hypothermic conditions displayed an anti-oxidant effect by upregulating 

manganese superoxide dismutase (MnSOD), which can detoxify free radical 

superoxide generated by mitochondrial respiration (Gong et al., 2012). 

Additionally, TTM limits the impairment of mitochondrial respiratory chain 

enzymes complex I and III, thus precluding excess production of ROS by 

mitochondrial respiration (Gong et al., 2012). Furthermore, hypothermia (32
o
C) 

precluded the excessive activation of intracellular autophagy, including 

mitophagy, and limited neuronal injury when 4h of hypothermia was applied 

immediately after resuscitation from cardiac arrest in rats (Lu et al., 2014). 

Thus, TTM protects the structural integrity and function of mitochondria after 

I/R injury by reducing oxidative stress, inhibiting the opening of mPTP and 

precluding excessive mitophagy, and by inducing anti-oxidative properties.  

 

Endoplasmic reticulum stress and SUMOylation 

In addition to mitochondrial stress, I/R injury induces a cellular stress response 

in the endoplasmic reticulum (ER). In the ER of neuronal cells I/R injury 

induces an unfolded protein response (UPR), which is highly dependent on 

intensity and duration of the ischemic period. When the UPR is activated for an 

extended time, apoptosis will be induced via post-translational modification of 

phosphorylation of protein kinase RNA-like endoplasmic reticulum kinase 

(PERK),  which enhance the transcription of CCAAT-enhancer-binding protein 

homologous protein (CHOP) as a part of the apoptosis pathway. CHOP is 

involved in ER stress-induced apoptosis by reducing the expression of Bcl-2 

and inducing intracellular cleavage of caspase 12 and subsequent cleavage of 

caspase 3 as an executive apoptotic protein (Hetz, 2012).  
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ER stress is subject to regulation via protein SUMOylation, i.e. a post-

translational modification involving the conjugation of Small Ubiquitin-like 

MOdifer (SUMO) proteins to target proteins, thus influencing protein stability, 

stress response, and cell proliferation and apoptosis. Similar to ubiquitination, 

SUMOylation comprises an enzymatic cascade, involving the action of 

activating enzyme E1 and conjugation through enzyme E2 and E3 protein 

ligase. As the main target proteins for the SUMO conjugation are transcription 

factors, SUMOylation represents a form of transcriptional reprogramming, in 

which SUMOylation generally suppresses the transcription of target genes. 

However, SUMOylation of the active form of X-box-binding protein 1 (XBP1), 

a key transcription factor of the UPR, downregulates the transcriptional activity 

of XBP1 towards UPR target genes (Chen & Qi, 2010). In addition, global 

SUMOylation has neuroprotective capacities after ischemic brain injury (Lee et 

al., 2014). Moreover, SUMO conjugation increases in response to stress 

inducing stimuli, such as heat shock and high ROS production (Saitoh & 

Hinchey, 2000). SUMOylation may increase via activation of the Ubc9-

catalyzed conjugation process or by inhibition of SUMO-specific proteases, 

belonging to the  sentrin-specific proteases (SENPs) family, of which there are 

six known in mammals (SENP1-3 and SENP5-7). Interestingly, acute ischemic 

injury of the spinal cord increases SENP3 expression, lasting for several days 

after the injury and coinciding with neuronal apoptosis (Wei et al., 2012).  

 

Effects of hypothermia on UPR and SUMOylation 

When the UPR fails and ER homeostasis is disturbed, it often leads to cellular 

dysfunction and cell death. Prolonged ER stress is part of the pathogenesis of 

cerebral ischemic damage and progression into neuronal death, and may be 

effectively inhibited by TTM. Mild hypothermia for 3h after global ischemia 

was found to protect hippocampal neurons against I/R injury-induced ER stress 

(Liu et al., 2013). Further, mild hypothermia (31°C) limits the upregulation of 

CHOP I/R injury in rat hippocampus during a state of hypoxia after two-vessel 

occlusion and systemic hypotension (Poone et al., 2015).  

Support for TTM conveying beneficial effects via increased SUMOylation was 

found in Ubiquitin conjugating enzyme 9 transgenic (Ubc9 Tg) mice, which 
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overexpress the sole E2 SUMO conjugating enzyme and thereby display 

increased levels of SUMO-conjugation. Hypothermia had no additional 

beneficial effect in Ubc9 Tg mice, which have constitutively elevated levels of 

global SUMOylation even under normothermic conditions, in contrast to the 

WT controls (Lee et al., 2014). Further, hypothermia was found to increase 

global SUMO-conjugation levels in SH-SY5Y cells and rat cortical neurons and 

protected the cells from oxygen-glucose-deprivation (OGD) induced cell death 

(Lee et al., 2014). SUMO-2/3 silencing in cortical neurons decreased cell 

viability following OGD, which is consistent with prior observations (Datwyler 

et al., 2011). Moreover, deep hypothermia induces translocation of SUMO 

conjugated proteins to the nuclei of neurons in rat brains, which resulted in 

decreased expression of several genes associated with pathological processes 

(Yang et al., 2009). Importantly, SUMO conjugation is activated by a very 

rapidly cellular signaling pathway, as after 5 minutes of heat exposure to 43
o
C 

there is already a decline in free SUMO-2/3 and an accumulation of conjugated 

SUMO-2/3 (Saitoh & Hinchey, 2000). Regarding TTM in I/R injury, this rapid 

cellular signaling might explain the importance of early initiation of 

hypothermic management. 

The key role of SUMOylation in TTM seems supported by findings in 

hibernation - the seasonal decrease of metabolism and core body temperature in 

hibernating species for a dedicated amount of time. A study in ground squirrels 

showed massive SUMOylation in the brain during hibernation (Lee & 

Hallenbeck, 2013). In addition, free SUMO-2/3 disappeared and SUMO-2/3 

conjugation of squirrels increased upon exposure to an ambient temperature of 

4
o
C. In contrast, free SUMO1 disappeared and conjugated SUMO1 increased 

only after onset of hibernation, and was rapidly normalized following 

rewarming (Lee & Hallenbeck, 2013). While these observations are not 

conclusive, it is tempting to speculate that elevated global SUMOylation in the 

brain appears to be part of the neuroprotective effects against extreme 

circumstances seen during hibernation.  

In summary, TTM inhibits the I/R injury induced endoplasmic reticulum stress 

and UPR. Part of this is due to TTM promoting SUMOylation, which likely 

represents an important mechanism to reduce overactivation of the UPR. 

Enhancing the cellular response to ER stress and promoting SUMOylation 

constitute valuable targets for future protective strategies in I/R injury.   
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Glutamate excitotoxicity as a mediator of ischemic neuronal injury  

Another important factor induced by I/R injury is neurotoxicity, caused by the 

sudden release of high amounts of the excitotoxic neurotransmitter glutamate. 

Cellular energy reserves decrease due to reduced ATP production following I/R 

injury, which in neurons leads to increased release and impaired uptake of the 

excitatory neurotransmitter glutamate. Increased extracellular concentration of 

excitatory amino acids, particularly glutamate, act as mediators of neuronal 

damage during ischemia in the brain (Tymianski et al., 1998), the spinal cord 

(Rokkas et al., 1995), and the eye (Salido et al., 2013). Glutamate is released 

from transmitter pools in glutamatergic neurons in the course of I/R injury, but 

also after traumatic insults and in neurodegenerative disorders (Nishizawa, 

2001). By overstimulation of the N-methyl-D-aspartate (NMDA) receptor, 

glutamate leads to potentially lethal ionic derangements, such as excessive Na
+
 

and Ca
2+

 influxes. Excitotoxicity is enhanced by depletion of cellular energy 

stores, thus leading to acceleration of neuronal damage when excessive 

glutamate release and I/R injury-induced mitochondrial dysfunction occur 

simultaneously. Neuronal excitotoxicity is difficult to investigate in human 

brains in vivo, because of ethical and technical difficulties. Ocular models for 

I/R injury allow in vivo investigation of neuronal excitotoxicity, due to 

similarities of retina to the brain in terms of anatomy, functionality, response to 

damage and immunology (London et al., 2013).  

 

Therapeutic hypothermia limits glutamate excitotoxicity 

Experimental ocular injection of supraphysiological concentrations of glutamate 

provokes significant alterations in function and histology of the retina, which is 

prevented by hypothermic preconditioning of the eye to 33
o
C (Salido et al., 

2013). In addition, mild ocular hypothermia applied 24 h before an ischemic 

event maintains normal retinal function and histology by preserving glutamate 

uptake and conversion of glutamate to the non-toxic glutamine by glutamine 

synthetase (Salido et al., 2013). Glutamate levels not only increase following 

cerebral ischemia, but also after traumatic brain injury (TBI). In a rat model of 

TBI, mild hypothermia limited the increase in extracellular glutamate levels by 

precluding its release from astrocytes (Li et al., 2015). TTM mitigation of 
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extracellular glutamate increase by astrocytes is accomplished by inhibition of 

its release through downregulation of connexin 43 (Cx43) and by promoting its 

uptake by upregulation of glutamate transporter 1 (GLT-1). Ultimately, TTM 

thus reduces brain edema and preserves neurocognitive dysfunction (Li et al.,  

2015). Further, microdialysis studies confirmed TTM to inhibit the release of 

glutamate, as selective cerebral deep hypothermia (18-20°C) lowers glutamate 

levels following clamping of the common carotid arteries in rhesus monkeys 

(Pu et al., 2013) and reduces the release of glutamate in the spinal cord of a 

swine cardiopulmonary bypass model (Rokkas et al., 1995). Moreover, TTM 

also protects cortical neurons and glia in vitro from excitotoxicity and apoptosis 

induced by glutamate and other excitatory amino acids, such as NMDA, α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid and kainite (Tymianski et 

al., 1998). Thus, TTM can prevent excessive glutamate release and promote 

glutamate uptake in vivo. 

Depth of TTM appears to play an important role in preventing glutamate 

induced neuronal injury. The impact of hypothermia on excitatory amino acid 

toxicity appears to be U shaped with an optimum between 20
o
C and 35

o
C, while 

temperatures of 12
o
C are less effective (Tymianski et al., 1998). Given the fact 

that mild hypothermia already inhibits release of excitotoxic neurotransmitters, 

there would be no additional benefit of lowering temperature beneath 30
o
C. 

However, additional cooling from 30°C to 20°C conveys an additional 

protective effect, indicating that TTM at lower temperatures also inhibits 

excitotoxicity via postsynaptic mechanisms. Such postsynaptic protection by 

TTM is related to (temporary) maintenance of mitochondrial function and 

intracellular Ca
2+

 homeostasis (as described above) (Tymianski et al., 1998). 

TTM precludes NMDA receptor mediated glutamate excitotoxicity and thereby 

maintains the activity of CaM kinase II α (CaMK-IIα) and Ca
2+

-dependent 

PKC-α, β, γ isoforms, which all have specialized roles in Ca
2+

 homeostasis and 

neuronal plasticity (Chu et al., 2014; Morioka et al., 1995). During I/R injury, 

both CaMK-IIα and PKC isoforms translocate from the cytosol to the 

synaptosome (Matsumoto et al., 2004). Applying TTM (32
o
C) inhibits this 

translocation of CaMK-IIα and PKC isoforms after global forebrain I/R injury 

in rats (Harada et al., 2002). Further, TTM prevents α-fodrin proteolysis after 

I/R injury, likely by calpain inhibition, thus limiting neuronal damage during 

I/R injury and disruption of the cell membrane (Harada et al., 2002).  
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In summary, TTM limits glutamate induced excitotoxicity thus reducing related 

neuronal cell death by the mitigation of the increase in extracellular glutamate - 

by inhibiting its release and promoting its re-uptake - and by affecting cellular 

processes downstream of the NMDA receptor. However, depth of TTM appears 

to critically influence its therapeutic efficacy to limit ischemic injury, as found 

in cell cultures of cortical neurons. This observation indicates that there is a 

need for randomized controlled trials addressing the issue of temperature levels 

in order to optimize TTM. 

Cerebral ischemia induces a neuroinflammatory response 

Ischemia induces the production of pro-inflammatory (chemotactic) cytokines, 

such as interleukin 1β (IL-1β), IL-6, IL-8 and tumor necrosis factor alpha (TNF-

α) by glial cells and endothelial cells, as well as by circulating macrophages and 

neutrophils. Although the neuroinflammatory response is primarily 

neuroprotective, neuroinflammation can further progress and exacerbate 

neuronal injury. The release of cytokines in the extracellular space modulates 

the progression of neuronal I/R injury as neuroinflammatory cells are attracted 

to the site of injury through chemotaxis. Migrating neuroinflammatory cells are 

glial cells (astroglia and microglia), which can induce regional apoptotic cell 

death via mitochondria (Matsui et al., 2012). Moreover, TNF-α causes 

mitochondrial damage via the activation of tumor necrosis factor receptor 1 

(TNF-R1) mediated release of the pro-apoptic cytochrome c, decrease of 

mitochondrial ΔΨ and as a consequence, reduction of ATP production, which 

ultimately results in apoptosis of the cell (Doll et al., 2015). On the other hand, 

anti-inflammatory cytokines, such as IL-4, IL-9, and IL-10, are considered to 

counterweigh the inflammatory cascade, and serve as a negative feedback 

system when propagated. 

In addition, systemic inflammation may also provoke neuroinflammation and 

neuronal cell death through release of damage-associated molecular patterns 

(DAMPs). DAMPs can increase permeability of the blood-brain barrier (BBB) 

and initiate its breakdown (Shichita et al., 2014). Further, I/R injury upregulates 

brain Toll-like receptors (TLRs), a group of pathogen recognition receptors of 

the innate immune system. Circulating DAMPs activate TLRs after I/R injury, 

specifically TLR2 and TLR4 (Kong & Le, 2011). Consequently, intracellular 

pathways become activated, such as IKK-NFκB, and p38 mitogen-activated 
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protein kinase (MAPK) and JNK1/2, which induce the transcription of 

inflammatory cytokines and chemokines, and apoptosis. Neuroinflammation is 

therefore an important target for neuroprotective strategies after I/R injury. 

The effect of hypothermia on neuroinflammation in neurons and glial cells 

In vitro, low temperature reduces the TLR2-induced activation of NF-κB. 

Hypothermia induces downregulation of NF-κB by preventing the degradation 

of its inhibitor IκB-a in microglia (Diestel et al., 2010). Hypothermia induced 

reduction or delayed degradation of IκB-a may explain the decreased secretion 

of the pro-inflammatory cytokines TNF-α and monocyte chemotactic protein-1 

(MCP-1) of stimulated microglial cells even during and after rewarming 

(Diestel et al., 2010). Further neuroprotective effects of TTM are exemplified 

by attenuation of TLR2 mediated TNF-α and nitric oxide (NO) production at 

33
o
C in cultured rat microglia (Matsui et al., 2012). Conversely, hyperthermia 

(39
o
C) produces the opposite response and increases activation of NF-κB and 

subsequent production of TNF-α and NO in cultured microglia (Matsui et al., 

2012). In addition to limiting production of pro-inflammatory cytokines 

including TNF-α and MCP-1, deeper cooling towards 20°C was found to also 

increase anti-inflammatory components, especially cytokines IL-1 and IL-10, as 

found in activated primary mouse microglial cells at 72 hours after LPS 

challenge (Diestel et al., 2010). 

In vivo, cooling to 30°C in a rat stroke model inhibited cerebral mRNA 

expression of anti-inflammatory cytokine IL-10 and pro-inflammatory 

cytokines INF-γ, TNF-α, IL-2, IL-1β and MIP-2, and limited the infiltration of 

systemic inflammatory cells (Gu et al., 2014).  

In addition to the production of inflammatory cytokines, microglia can also 

induce ROS associated damage. Moderate hypothermia decreases the 

production of ROS and reduces the proliferation of microglia in cell cultures 

(Si, 1997). Interestingly, moderate hypothermia affects the proliferation of 

microglia more than the proliferation of astrocytes and fibroblasts (Si, 1997), 

thus suggesting that TTM primarily mitigates microglia-mediated 

neuroinflammation and apoptosis. 
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Effects of hypothermia on endothelial cell-mediated neuroinflammation 

The blood-brain barrier – consisting of endothelial cells - plays a pivotal role in 

the balance of inflammatory processes. Endothelial cells are part of the 

inflammatory pathway because of their ability to produce and regulate 

inflammatory cytokines. In a recent study, in vitro endothelial cells were 

activated with TNF-α and incubated under mild (32°C) and deep (17°C) 

hypothermia (Diestel, 2008). Downregulation of NF-κB dependent pro-

inflammatory gene expression by hypothermia caused a decrease in chemotactic 

cytokines that recruit leukocytes in vivo (Diestel, 2008). Mild hypothermia 

(33
o
C) inhibited TNF-α-induced phosphorylation of p38 MAPK and JNK1/2 in 

endothelial cells treated with TNF-α, leading to a decrease in apoptotic cell 

death. TTM also induces MAPK phosphatase 1 (MKP-1), which serves as a 

protective mechanism of mild hypothermia against TNF-a-induced 

hyperpermeability, actin reorganization, and apoptosis (Yang et al., 2010). 

Downstream effects of hypothermia comprise decreased protein expression of 

pro-inflammatory chemokines and cytokines, such as IL-8, MCP-1 and COX-2 

as a consequence of downregulation of NF-κB. Further, mild hypothermia up-

regulated Bcl-2 and IL-6 in endothelium cells compared to the normothermic 

cells. Bcl-2 protects mitochondria by increasing the ability to resist high 

calcium levels. IL-6 has potent pro- and anti-inflammatory and cytoprotective 

properties and inhibits apoptosis via different mechanisms including the 

upregulation of Bcl-2 family proteins (Diestel et al., 2008). 

Thus, protective effects of TTM on neuroinflammation rely not only on the 

regulation of Toll-like receptors, but also on intracellular pathways, such as 

IKK-NFκB, p38 MAPK and JNK1/2, and regulation of both pro- and anti-

inflammatory cytokines and chemokines, both in neuronal and entothelial cells 

in the brain. 
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Neuroprotection by upregulation of cold shock proteins 

During hypothermia, a small subset of proteins, called cold shock proteins, 

escapes the downregulation of general metabolism and protein synthesis. The 

cold shock proteins RNA binding protein 3 (RBM3) and cold-inducible RNA 

binding protein (CIRP) are expressed at high levels in the brain during cooling 

and hibernation (Peretti et al., 2015). The neuroprotective properties of RBM3 

have been well documented, e.g. by RBM3 protecting against neuronal cell 

death induced by prion disease (Peretti et al., 2015). In addition, elevated levels 

of RBM3, induced either by hypothermia or through lentiviral delivery, protect 

synapses, prevent behavioral deficits and neuronal loss, and prolong survival in 

an Alzheimer mice model (Peretti et al., 2015). Further, RBM3 is also involved 

in the protection of neurons in hypoxic ischemia by blocking the UPR. This 

mechanism underlying RBM3 neuroprotection was identified in organotypic 

slice cultures from RBM3 knockout mice, in which both hypothermia and 

RBM3 were found to suppress the PERK-eIF2α-CHOP pathway in vitro and in 

vivo. RBM3 accomplished hypoxic survival via inhibition of PERK 

phosphorylation, ultimately resulting in reduced apoptosis (Zhu et al., 2015). 

The effect of temperature on induction of RBM3 expression has been 

investigated in brain slices and several neuronal cell cultures were exposed to 

mild and deep hypothermia. Mild hypothermia increased mRNA and protein 

levels of RBM3 and CIRP in brain slices and neuronal cell lines, without any 

additional effect upon deeper cooling (Tong et al., 2013). In conclusion, 

hypothermia might increase RBM3 levels and thereby decrease ER stress and 

prevent apoptosis in neurons after I/R injury. Upregulation of RMB3 during 

cooling and hibernation suggests that the elevation of cold shock protein is a 

protective mechanism of hypothermia. Other protective proteins and signaling 

pathways remain subject of investigation. 
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Mimicking the effects of TTM pharmacologically 

Despite the protective effects of TTM, its clinical use may be hampered by side-

effects, such as the production of ROS upon rewarming, but also electrolyte 

shifts, hemodynamic changes, cardiac arrhythmias, and seizures. 

Pharmacologically mimicking the cellular effects of TTM may constitute an 

alternative approach to specifically target the molecular pathophysiology of I/R 

injury. The section below addresses only experimental studies, as the substances 

have not yet been tested for their neuroprotective effect after I/R injury in 

patients. 

Targeting mitochondrial dysfunction 

Cerebral I/R injury can improve by pretreatment with the H2S releasing agent 

NaHS via reducing ROS production and inhibiting OGD-induced mitochondrial 

dysfunction in rats (Yu et al., 2015). Additionally, NaHS was proven to sustain 

ΔΨ and inhibit caspase 3-mediated apoptosis in cortical neurons (Luo et al., 

2013). Thus, NaHS mimicks the effect of TTM on mitochondrial function after 

I/R injury. Activation of Δ-opioid receptors (DOR) was found to be 

neuroprotective by regulating ion homeostasis, which is crucial for 

mitochondrial function. Beneficial effects are found when using the synthetic Δ-

opioid peptide [D-Ala2,D-Leu5] enkephalin (DADLE), which prevents 

secondary neuronal injury after I/R injury (Chao & Xia, 2010). Release of 

opioid-like proteins has been hypothesized to play a protective role during 

hibernation states in hibernating mammals, as it appears that activation of 

opioid receptors prolongs metabolic suppression (Horton et al., 1998).  

Targeting the UPR 

Sodium phenylbutyrate (4-PBA), an aromatic fatty acid known to improve 

protein folding, is a new strategy targeting ER stress as found in a rat stroke 

model with induced type 2 diabetes featuring severe and prolonged activation of 

the UPR (Srinivasan & Sharma, 2011). 4-PBA was shown to reduce infarct size 

and improve neurobehavioral function outcome (Srinivasan & Sharma, 2011). It 

was then theorized to improve ER folding capacity and inhibit the UPR by 

diminishing the induction of CHOP and caspase 12. Manipulating levels of ER 

stress by targeting the UPR might be a novel strategy in mimicking TTM. ER 
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stress targeted compounds are fairly novel, but show promising results as 

protective agents in the experimental setting. For example, binding 

immunoglobulin protein inducer X (BIX) was identified in a screen for 

compounds that induce the expression of binding immunoglobulin protein 

(BiP), a molecular chaperone present in the ER. BIX treatment reduced the 

infarct volume in mouse models of middle cerebral artery occlusion and 

protected photoreceptors against light-induced cell death (Hetz et al., 2013). 

Salubrinal is a specific inhibitor of eIF2α phosphatase enzymes, which is 

capable of inhibiting I/R injury-induced ER stress. Inhibiting eIF2α phosphatase 

increases the levels of elF2α-phosphorylation, reducing translation rates and 

activating downstream ATF4 signaling. ATF4 is a major component in 

regulated cell death, and sustained ATF4 expression can result in apoptosis. 

Targeting excitotoxicity 

Salubrinal can also reduce neuronal death after excitotoxicity in the 

hippocampus, and also alleviate neurodegeneration in models of Parkinson’s 

disease and ALS (Hetz et al., 2013). Attempts to limit glutamate excitotoxicity 

by inducing overall downregulation of ion channels, e.g. with the Na
+
/K

+
 

ATPase inhibitor ouabain, have failed (Dave et al., 2012). Other approaches 

might be to actively reduce glutamate via tempol (Dohare et al., 2014) or to 

antagonize NMDA, e.g. with Memantine (Chen et al., 2016) or PSD-95 

inhibitor (Cook et al., 2012), or AMPA, e.g. with Perapamel (Rektor, 2013). 

Targeting neuroinflammation 

Antibodies against TNF-α and TNF binding proteins demonstrated protection 

against I/R injury in a stroke model (Martin-Villalba et al., 2001). In addition, 

non-steriod anti-inflammatory drugs (NSAIDs) are considered to potentially 

inhibit neuroinflammation. However, regular NSAIDs have limited penetration 

in the brain. Newly synthesized NSAID conjugates, some of them with H2S 

releasing properties, suppress the production of inflammatory cytokines and NO 

after LPS stimulation in various neuronal and glial cell lines (Xu et al., 2015). 

Nevertheless, such compounds are still far away from clinical usage, as in vivo 

data on brain penetration and subsequent effects are lacking. 
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Adenosine monophosphate-activated protein kinase (AMPK) might be a target, 

as it is known that AMPK inhibition after cerebral ischemic injury inhibits 

excessive activation of astrocytes and microglia and release of microglial pro-

inflammatory factors (Ma et al., 2015). 5′-AMP is implied in stimulation of a 

hypometabolic state after its activation by the adenosine A2B receptor. The 

signaling pathways activated by 5′-AMP might be an important 

pharmacological target to safely suppress both metabolism and the immune 

system (Bouma et al., 2013b), leading to neuroprotection following I/R injury. 

In addition, central A1 adenosine receptor (A1AR) activation or administration 

of 5′-AMP can chemically induce hypothermia in mice (Muzzi et al., 2013). 

Also, the cannabinoid receptor agonist, WIN55, 212-2 has anti-inflammatory 

properties and chemically induces hypothermia. It has shown higher survival 

rates after cardiac arrest in a rat model consequent to chemical induction of 

hypothermia (Ma et al., 2014). Chemically induced hypothermia approximates 

induction of hibernation. This might also prove beneficial on other molecular 

pathways, either known to be influenced by TTM or to usher protective 

properties in hibernating species. 

Potential disadvantages of mimicking hypothermia pharmacologically in 

permanent stroke are the limited penetration of drugs in the ischemic area, as 

blood flow can be halted here. Also, changes in BBB function in the course of 

stroke might alter brain distribution of drugs. To address this problem, gene 

therapy has been proposed as an alternative strategy in stroke, in which 

injection of adeno-associated viruses (AAVs) in the brain I/R injury area 

delivers therapeutic genes enhancing e.g. the UPR (Hetz et al., 2013), for 

instance with RBM3 (Peretti et al., 2015). Nevertheless, efficacy may be 

seriously jeopardized since gene therapy relies on new protein synthesis, which 

is markedly impaired after I/R injury in the ischemic area. 
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Conclusion 

I/R injury results in neurological damage because of mitochondrial dysfunction 

and oxidative injury, ER stress, glutamate excitotoxicity, and 

neuroinflammation. TTM has been proven to encompass a beneficial action in 

brain I/R injury, which depends on the targeted temperature and may in turn 

dictate the specific defense pathways recruited. TTM mitigates I/R injury 

induced apoptosis pathways by addressing all before mentioned pathways. TTM 

may also act as a neuroprotective agent by promoting global SUMOylation and 

inhibiting excessive UPR. Druggable targets in the latter pathways are relatively 

new, yet promising. Problems lie in the limited penetration of drugs in brain 

areas affected by I/R injury and stroke. Gene therapy has potential benefits, yet 

is far from suitable to apply in humans at this day and age. Another way to 

mimick TTM is by pharmacological induction of hypometabolism, for instance 

by administration of 5′-AMP. Thus far, TTM forms the best therapeutic strategy 

to clinically deploy hypothermia-induced neuroprotective pathways against I/R 

injury. Therefore, we suggest combining TTM with specific pharmacological 

interventions to further boost protective temperature-related molecular 

pathways without inducing the negative effects associated with deep cooling, 

may improve neurological outcome in different I/R injury related neurological 

conditions. 
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Abstract 

Background: Temperature management in cardiac surgery with 

cardiopulmonary bypass (CPB) serves as a protective strategy against 

postoperative organ damage. Previous studies addressed the effect of 

temperature management on short-term postoperative outcomes, including in-

hospital mortality, neurocognitive decline and acute kidney injury. To address 

long-term effects of characteristics of CPB temperature management, we 

investigated their relation with 5-year survival in a cohort of 8,530 patients who 

underwent coronary artery bypass grafting (CABG) or valve surgery. 

 

Methods: In this longitudinal cohort study, intraoperative nasopharyngeal 

temperature, arterial outlet and venous inflow CPB temperature were 

continuously registered in adult patients undergoing elective CABG (n=5,150) 

and valve surgery (n=3,380), between 1997 and 2015. From these data cooling 

rate (
o
C/min) and body temperature compliance (Tcomp) during cooling were 

calculated. Patient survival at 5 years was obtained from the Dutch Municipal 

Personal Records Database (GBA; August 5th 2015). 

 

Results: In CABG surgery, mild hypothermia (32-35
o
C) was associated with 

highest survival (HR 0.52; p=0.036). Additionally, low temperature compliance 

with forced cooling was identified as an independent factor related with long-

term survival (HR 0.47; p=0.008). In valve surgery, both mild (32-35
o
C) and 

mild/moderate hypothermia (30-32
o
C) were positively associated with survival 

(HRs 0.53; p=0.038 and 0.44; p=0.003, respectively). Similar to CABG, 

patients with low temperature compliance displayed the highest survival, HR 

0.55;p=0.005. 

 

Conclusions: This is the first study demonstrating that mild hypothermia is 

associated with superior 5-year survival in CPB assisted CABG and valve 

surgery. In addition, low compliance to forced cooling was identified as an 

important and independent factor associated with improved postoperative 

survival.  
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Introduction 

Temperature management in cardiac surgery with cardiopulmonary bypass 

(CPB) serves as a protective strategy against postoperative morbidity and 

mortality by lowering body metabolism and decreasing cellular oxygen and 

glucose demand, thus limiting damage to vital organs. Temperature 

management has been performed for almost six decades in a variety of cardiac 

procedures, including coronary artery bypass grafting (CABG), and valve 

surgery. A recently published clinical practice guideline (Engelman et al., 2015)
 

illustrates that current knowledge of temperature effects is limited to effects on 

hospital mortality, cardiac (Dae et al., 2002), neurocognitive (Diller & Zhu, 

2009) and acute kidney injury (Loef et al., 2005; Loef et al., 2009; Fischer et al., 

2002; Kourliouros et al., 2010), blood clotting and length of ICU and hospital 

stay (Loef et al., 2005; Loef et al., 2009). However, no data on long-term 

mortality effects of CPB temperature management are available. Additionally, 

while data indicate that rapid rewarming should be avoided (Engelman et al., 

2015), no data exist on the cooling phase of CPB temperature management. 

 

Studies in experimental models and patient populations other than cardiac 

surgery indicate that temperature management conveys organ protection up to a 

defined lower threshold of body temperature (Diller & Zhu, 2009; Tymianski 

et al., 1998). For instance, mild hypothermia (33
o
C) is associated with 

improved outcome in a rat stroke model (Kollmar et al., 2007), in patients with 

severe stroke (Schwab et al., 1998) and after out-of-hospital cardiac arrest 

(Bernard et al., 2010; Forkmann et al., 2015). Studies in cardiac resuscitation 

comparing mild hypothermia and normothermia reported conflicting findings, 

but should be interpreted with caution because of the ultra-short duration of 

ischemia (Nielsen et al., 2013). A recent update of the Cochrane Database for 

systematic reviews concludes that the current evidence indicates that mild 

therapeutic hypothermia by conventional cooling methods improves 

neurological outcome after cardiac arrest (Arrich et al., 2016). While the main 

focus of temperature management research addresses the target temperature 

during CPB (Belway et al., 2011), other temperature related factors may also 

affect postoperative morbidity and mortality, including a rapid rewarming rate 

(Engelman et al., 2015)
,
 rewarming to temperatures exceeding 37

o
C (Newland 

et al., 2016). Moreover, rapid cooling (14
o
C/h) of cardiac arrest patients after 

myocardial infarction improves neurological outcome (Polderman et al., 2015).  
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The aim of this study was to examine the influence of different temperature 

management characteristics on long-term survival after CABG and valve 

surgical procedures in a longitudinal cohort database (Loef et al., 2005; Loef et 

al., 2009). The main characteristics of temperature management included the 

lowest body temperature during CPB, the imposed temperature gradient 

expressed as the difference between arterial outlet and venous inflow CPB 

temperature (TCBPgrad) and the response of the patient represented by their body 

temperature compliance with forced temperature changes (Tcomp). 

 

Methods 

Patient selection  

Data of all adult patients who underwent elective CABG or valve surgery with 

CPB between 1997 and 2015 in our tertiary care center were obtained from our 

cardiothoracic surgery (CAROLA) and the hospital database (n=8,530 adult 

patients). Exclusion criteria were a non-elective procedure and age <18 years. 

Patient characteristics, perioperative data from 7 days before until 7 days after 

surgery and survival data from the Dutch Municipal Personal Records Database 

(Gemeentelijke Basis Administratie (GBA); August 5
th
 2015) were analyzed. 

This study was approved by a waiver issued by the IRB of the University 

Medical Center Groningen (METc 2010.118). 

 

Demographic characteristics 

Patient characteristics included were age, sex, body mass index (BMI), and 

EuroSCORE I scores. Pre-operative factors were hemoglobin and glucose 

levels, C-reactive protein (CRP), platelet and leukocyte counts, urea and 

creatinine levels. Surgery characteristics were type of anesthesia, duration of 

perfusion, aortic cross-clamp time, systolic and diastolic blood pressure, and 

arterial blood gas measurements at three different time points, being start of 

surgery, during CPB and at the end of CPB. 
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Analysis of temperature management 

Patient temperature was continuously measured at the nasopharynx during the 

procedure, as the best estimate of cerebral temperature (Engelman et al., 2015). 

Nasopharyngeal temperature (Tnp) data were obtained whilst patients resided in 

the operating room. Tnp variables were used to determine the lowest body 

temperature and cooling rate (algorithms used are presented in detail in 

Supplement 1). 

 

Further, the patient’s nasopharyngeal temperature compliance to changes in 

arterial outlet CPB temperature (TACPB) was expressed as the difference 

between their respective cooling rate constants (Ks). The CPB temperature 

gradient –to define the hysteresis between arterial and venous temperature in the 

CPB- was calculated as the difference in rate constants (K) of the logarithmic 

TACPB and venous inflow CPB temperature (TVCPB; Supplement 1).  

Data from the arterial outflow or venous inflow CPB temperature were absent in 

2,666 patients who underwent CABG and 1,871 who underwent valve 

procedures, mainly due to a lack of automatic registration by the new CPB 

software. Nevertheless, postoperative survival was similar in patients with and 

without presence of CPB temperature data (Supplement 2), both in CABG (Log 

rank χ
2
=0.03, p=0.855) and valve surgery (Log rank χ

2
=0.00, p=0.948). 

 

Temperature categorization 

Categorical temperature groups were defined based on the lowest Tnp during 

CPB lasting longer than 5 minutes. Temperature categories consisted of 

normothermia (35-37.5
o
C), mild hypothermia (32-35

o
C), moderate (28-32

o
C) 

and severe hypothermia (<28
o
C) (McCullough & Arora, 2004). As a majority 

of patients was classified as moderate hypothermia, this group was split in two 

categories, being mild/moderate (30-32
o
C) and moderate/severe (28-30

o
C). 

Additionally, targeted temperatures were categorized per 1
o
C in a separate 

analysis.  

Temperature compliance with forced cooling was split into tertiles and 

categorized as high (<0.00 ΔK Tcomp), intermediate (0.00-0.06 ΔK Tcomp), and 

low (>0.06 ΔK Tcomp). CPB gradient (TCPBgrad) was categorized as passive 
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temperature drifting (<0.00 ΔK TCPBgrad), intermediate cooling (0.00-0.07 ΔK 

TCPBgrad), and active cooling (>0.07 ΔK TCPBgrad).  

 

Statistical analysis 

Normality of data distribution was tested by the Kolmogorov-Smirnov test. 

Differences in baseline characteristics were examined using a Mann-Whitney 

test in case of continuous data and Pearson’s chi-square for nominal data using 

two-tailed tests. Survival was analyzed at 5 years after the surgical procedure. 

Kaplan Meier curves and Log-Rank χ
2
 tests were obtained to analyze 

postoperative survival for categories of targeted hypothermia and cooling rates. 

Univariate Cox regression analyses were performed to identify factors for a 

multivariate Cox regression analysis, including variables when p<0.200. A 

multivariate Cox regression model with calculation of hazard ratio (HR) was 

used to assess mortality risk for each type of surgery separately, using known 

risk factors in cardiac surgery and temperature parameters. Here we used a 

backward elimination method with criterion F-to-remove ≥0.100.  

 

Software and data presentation 

Statistical calculations were performed using SPSS 22.0 for Windows. Figures 

were made using Sigmaplot 13.0. Data are presented as absolute numbers with 

percentages, mean±SD, or median (25
th
–75

th
 percentile). Differences were 

considered significant at p<0.05.  
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Results 

Patient characteristics 

We analyzed 5 years survival in relation with CPB temperature data of patients 

who underwent CABG (n=5,150) and valve surgery (n=3,380). Both CABG and 

valve procedures were performed more often in male patients (77% and 55%, 

respectively; Table 1). Patients who underwent CABG surgery were on average 

older, with a mean of 66±10 years of age, and had a higher BMI of 27.3±3.7 

kg/m
2
, compared to patients who underwent valve surgery with 63±15 years of 

age, and a BMI of 26.7±4.6 kg/m
2
. Patients undergoing CABG had lower pre-

operative EuroSCOREs than patients whom underwent valve surgery. 

Furthermore, perfusion time was shorter in CABG, amounting 93
 
(75-116) min 

compared to 123 (97-159) min in valve surgery (Table 1). As these groups were 

distinctly different regarding many patient-related factors, temperature analyses 

are conducted separately for each type of surgery. 

 

Targeted temperature and postoperative survival  

Mild hypothermia (32-35
o
C) was associated with the highest long-term survival 

compared to other hypothermic categories both in CABG (Log rank χ
2
=33.38, 

p<0.001; Figure 1A) and valve surgery (Log rank χ
2
=16.72, p=0.002; Figure 

1B). Further lowering of body temperature was associated with higher 

mortality, with survival after mild-moderate hypothermia (30-32
o
C) being 

higher than after severe hypothermia (<28
o
C). Normothermia (35-37.5

o
C) was 

also associated with a lower postoperative survival than mild hypothermia. As 

patients operated at mild and mild/moderate hypothermia had the best outcome, 

we analyzed their lowest temperature per degree between 31
o
C to 35

o
C 

(Supplement 3). At 5 years follow-up, the highest survival was found after 

procedures targeted at 32
o
C, which was significantly better than 35

o
C (HR 0.60 

(0.46-0.78); p<0.001). In valve procedures, no difference was found between 

per degree body temperatures (Log rank χ
2
=3.63, p=0.458). 
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Data are presented as mean ± SD, number (proportion) or median (25
th

-75
th

 percentile). 

Significant differences are indicated by * for p <0.01. 

 

 

 

 

Table 1. Patient characteristics, pre- and perioperative parameters. 

  

CABG 

(n = 5150) 

 

Valve 

(n = 3380) 

Patient characteristics   

Age (years) * 66 ± 10 63 ± 15 

Female gender * 1188 (23) 1506 (45) 

BMI (kg/m
2
) * 27.3 ± 3.7 26.7 ± 4.6 

EuroSCORE I * 

 Low risk (<2%) 

 Medium risk (2-5%) 

 High risk (>5%) 

 

770 (27.7) 

1001 (36.0) 

1010 (36.3) 

 

294 (12.4) 

768 (32.5) 

1303 (55.1) 

   

Pre-operative blood samples   

 Hemoglobin (mmol/l) 8.2 ± 1.4 8.2 ± 1.7 

 Platelet count (x10
9
/l) * 230 (188 - 276) 215 (173 - 262) 

 Leukocyte count (x10
3
/l) * 7.6 (6.4 - 9.1) 7.0 (5.8 - 8.6) 

 C-reactive protein (mg/l) 12.0 (6.0 - 26.0) 10.0 (6.0 - 20.0) 

 Glucose (mmol/l) * 6.6 (5.2 - 8.7) 7.3 (5.4 - 10.1) 

 Creatinine (µmol/l) * 94 (82 - 108) 89 (76 - 105) 

   

Perioperative parameters   

Duration of perfusion (min) * 93
 
(75 - 116) 123 (97 - 159) 

Aortic cross clamp time (min) * 56 (43 - 72) 81 (63 - 105) 

   

Nasopharyngeal temperature 

 at start of surgery (
o
C) * 

 at start of perfusion (
o
C) * 

 targeted temperature (
o
C) * 

 postoperative maximum (
o
C) * 

 

35.6 (35.0 - 36.0) 

34.8 (34.2 - 35.3) 

31.8 (31.1 - 32.4) 

36.9 (36.6 - 37.1) 

 

35.4 (34.8 - 35.9) 

35.1 (34.5 - 35.6) 

31.7 (30.5 - 32.5) 

36.8 (36.5 - 37.1) 

   

Types of valve procedure   

 Aortic valve procedures NA 1942 (57.5%) 

 Mitral valve procedures NA 854 (25.3%) 

 Pulmonary valve procedures NA 99 (2.9%) 

 Tricuspid valve procedures NA 68 (2.0%) 

 Aortic and mitral valve NA 195 (5.7%) 

 Tricuspid and mitral valve NA 138 (4.1%) 

 Other procedures NA 84 (2.5%) 
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Figure 1. Postoperative survival in CABG (Panel A) and valve surgery (Panel B) per 

category of hypothermia. Mild hypothermia (green) has the highest survival rates in 

both types of surgery, whereas both normothermia (blue) and severe hypothermia 

(black) have the lowest survival (75% after 5 years).  
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Targeted temperature and cooling rate  

Next, we examined whether cooling rate correlates with target temperature, 

assuming that arterial outlet CPB temperature represent a main driver of Tnp 

changes. Interestingly, we found a large variation in the cooling rate for each 

targeted temperature in patients, ranging from 0.02 to 2.8
o
C/min (Figure 2). 

Moreover, cooling rates had a similarly wide distribution per target temperature 

category in both CABG and valve procedures. Thus, we assumed that a patient 

factor is involved in the response of Tnp to forced cooling.  

 

Temperature compliance with forced cooling 

The marked difference between patients in their compliance of nasopharyngeal 

temperature to forced temperature changes is exemplified in Figure 3, showing 

Tnp curves from two patients who underwent CABG surgery with a similar 

cooling protocol. Despite a similar arterial outlet CPB temperature (TACPB) 

profile, these patients show highly distinct Tnp changes, denoting respectively 

low and high temperature compliance with forced cooling. Consequently, Tnp 

of patients with low temperature compliance only slowly decreases (Figure 3A), 

whereas Tnp of high compliant patients cooled rapidly by closely following the 

arterial outflow CPB temperature (Figure 3B). 

 

Next, we examined whether the lowest Tnp depends on the patient’s 

temperature compliance profile. The frequency distribution of Tnp was highly 

similar for the three patient temperature compliance categories (Figure 4), 

although patients in the low compliance category had slightly higher targeted 

temperatures, whereas highly compliant patients reached slightly lower targeted 

temperatures (p<0.001).  
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Figure 2. Frequency distribution for the number of patients per targeted temperature 

category and their cooling rates in 
o
C/min, in CABG (panel A) and valve surgery (panel 

B).  
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Figure 3. Examples of cooling during perfusion in two patients who underwent CABG 

procedures in relation to arterial and venous CPB temperature data. Figure A 

demonstrates low compliance with temperature changes, during cooling phase. Figure B 

demonstrates high compliance. Patient nasopharyngeal temperature (Tnp) is indicated 

with green dash-dotted line. Continuous red line and dashed blue line represent arterial 

CPB temperature (TACPB) and venous CPB temperature (TVCPB) respectively.  

 

 

Moreover, we examined the relationship between temperature compliance and 

survival. In CABG surgery, low compliant patients had a higher survival rate 

compared to intermediate and highly compliant patients (Figure 5A; Log rank 

χ
2
=7.56, p=0.023). Similarly, in valve surgery, low temperature compliance 

with forced cooling was associated with superior survival (Figure 5B; Log rank 

χ
2
=6.51, p=0.039).  

 

Independent association of temperature characteristics with survival 

To examine which temperature variables independently predict mortality, a 

multivariate analysis was performed. All temperature management factors were 

first analyzed for an association with postoperative survival in a univariate Cox 

regression analysis, as were additional variables collected including age, BMI, 

pre-operative hemoglobin level and leukocyte count, duration of perfusion, and 

relative perioperative change in serum creatinine level.  
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Figure 4. Frequency distribution for the number of patients at different targeted 

temperatures per compliance with forced cooling category for CABG (A) and valve 

surgery (B). Compliance categories are indicated with red solid line for high compliance 

(<0.00 ΔK), black dotted line for intermediate compliance (0.00 – 0.06 ΔK), and blue 

dashed line for low compliance (>0.06 ΔK).  
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Figure 5. Kaplan Meier survival curves for temperature compliance with forced cooling 

in CABG (A) and valve surgery (B). Compliance categories are presented as high 

compliance (blue), intermediate compliance (green), and low compliance (black) up to 5 

years after procedures. 
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Variables reaching a p<0.200 in univariate analysis were entered in a 

multivariate backward conditional Cox regression for 5-year follow-up, which 

was conducted separately for CABG and valve surgery.  

 

In CABG surgery, all three aspects of temperature management independently 

predicted survival. Mild hypothermia (32-35
o
C) (HR 0.52 (0.29-0.96); p=0.036) 

and mild/moderate hypothermia (30-32
o
C) (HR 0.50 (0.29-0.88); p=0.016) were 

associated with improved survival, as compared to severe hypothermia. Further, 

temperature drifting (<0.00 ΔK TCPBgrad) had a positive association with long-

term survival (HR 0.55 (0.32-0.94); p=0.028) when compared to active cooling. 

Finally, low temperature compliance to forced cooling (>0.06 ΔK Tcomp) was 

positively associated with survival when compared to high compliant patients, 

HR 0.47 (0.27-0.82); p=0.008 (Table 2).  

 

Similarly, in valve surgery, mild hypothermia (32-35
o
C) and mild/moderate 

hypothermia (30-32
o
C) were positively associated with survival (HR 0.53 (0.29-

0.97); p=0.031 and 0.44 (0.25-0.75); p=0.001) using severe hypothermia 

(<28
o
C) as reference category numbers of normothermic procedures were 

insufficient to serve as a reference group. Further, low temperature compliance 

(0.00-0.06 ΔK Tcomp) showed a positive association with survival, HR 0.55 

(0.36-0.83); p=0.002 (Table 3), when compared to intermediate compliance. No 

influence of TCPBgrad was found.  

 

Thus, multivariate analyses show that both target temperature and temperature 

compliance to forced cooling are independent factors associated with 

postoperative survival in patients undergoing CABG and valve procedures. 
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Table 2. The effect of hypothermic management factors on 5 year survival for 

patients who underwent CABG surgery in a multivariate Cox regression analysis.  

 

 

CABG 

 

5 year survival  

HR (95%CI)  

 

p-value 

 

Patient characteristics 

  

Age (years) 1.06 (1.04-1.08) <0.001 

BMI (kg/m
2
) 0.99 (0.97- 1.02) 0.746 

   

Pre- and perioperative factors   

Hemoglobin (mmol/l) 0.87 (0.77- 0.99) 0.037 

Relative perioperative difference creatinine 
a
 2.23 (1.55- 3.21) <0.001 

Duration of perfusion (min) 1.01 (1.00- 1.01) 0.003 

   

Targeted temperature categories 

 Normothermia (35-37.5
o
C) 

 Mild hypothermia (32-35
o
C) 

 Mild/moderate hypothermia (30-32
o
C) 

 Moderate/severe hypothermia (28-30
o
C)  

 

- 

0.52 (0.29- 0.96) 

0.50 (0.29-0.88) 

0.40 (0.13- 1.24) 

 

0.954 

0.036 

0.016 

0.114 

 Severe hypothermia - reference - 0.185 

 

Temperature compliance with forced cooling 
  

 High compliance (<0.00 ΔK) - reference  - 0.021 

 Intermediate compliance (0.00-0.06 ΔK) 0.67 (0.43-1.02) 0.192 

 Low compliance (>0.06 ΔK)  0.47 (0.27-0.82) 0.008 

  

CPB gradient during cooling  

 Drifting (<0.00 ΔK) 0.55 (0.32-0.94) 0.028 

 Intermediate cooling (0.00-0.07 ΔK) 0.69 (0.41-1.18) 0.174 

 Active cooling (>0.07 ΔK) - reference - 0.088 

 
Hazard ratio (HR (95% confidence interval)) on mortality in CABG surgery. Data 

are presented as median (25th-75th percentile). 
a
 Relative perioperative difference 

creatinine was calculated as the highest serum creatinine level (µmol/l) in the first 

postoperative week divided by creatinine level (µmol/l) prior to surgery.  

 

 

  



Temperature compliance and long-term survival 

 149 

 

 

 

 

2 
 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

 

9 

 

10 
 
 

Table 3. The effect of hypothermic management factors on 5 year survival for patients 

who underwent valve surgery in a Cox regression analysis. 

 

 

Valve surgery 

 

5 year survival 
HR (95%CI) 

 

p-value 

 

Patient characteristics 

  

Age (years) 1.04 (1.03-1.06) <0.001 

BMI (kg/m
2
) 1.03 (0.99-1.07) 0.081 

 

Pre- and perioperative factors 

  

Hemoglobin (mmol/l) 0.70 (0.62-0.80) <0.001 

Relative perioperative difference creatinine 
a
 1.29 (1.08-1.54) 0.001 

Duration of perfusion 1.00 (1.00-1.01) 0.135 

   

Targeted temperature categories   

 Mild hypothermia (32-35
o
C) 0.53 (0.29-0.97) 0.031 

 Mild/moderate hypothermia (30-32
o
C) 0.44 (0.25-0.75) 0.001 

 Moderate/severe hypothermia (28-30
o
C) 0.48 (0.23-1.01) 0.078 

 Severe hypothermia (<28
o
C) - reference - 0.009 

   

Temperature compliance with forced cooling   

 High compliance (<0.00 ΔK)  0.71 (0.48-1.05) 0.170 

 Intermediate compliance (0.00-0.06 ΔK) - ref  - 0.008 

 Low compliance (>0.06 ΔK)  0.55 (0.36-0.83) 0.002 

   

CPB gradient during cooling   

 Drifting (<0.00 ΔK) 1.40 (0.70-2.78) 0.339 

 Intermediate cooling (0.00-0.07 ΔK) 1.34 (0.71-2.56) 0.370 

 Active cooling (>0.07 ΔK) - reference - 0.609 

   

 
Hazard ratio (HR (95% confidence interval)) on mortality in valve surgery. Data are 

presented as median (25th-75th percentile). 
a
Relative perioperative difference creatinine 

was calculated as the highest serum creatinine level (µmol/l) in the first postoperative 

week divided by creatinine level (µmol/l) prior to surgery.  
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Discussion 

This study demonstrates the beneficial effect of mild hypothermia on long-term 

5-year postoperative survival in cardiac surgery, particularly in patients 

undergoing CABG. Moreover, we identified patient body temperature 

compliance as a novel and independent factor associated with postoperative 

survival in both CABG and valve surgery, with significantly higher survival in 

patients displaying low temperature compliance.  

 

This is the first study documenting the effect of temperature management in 

CPB assisted cardiac surgery on long-term postoperative survival. Our study 

demonstrates a superior survival in patients subjected to mild and moderate 

cooling during CPB. Further, the subanalysis of patients who underwent CABG 

per degree temperature shows temperatures over 34
o
C to be associated with 

markedly drop in 5-years survival. Moreover, regarding valve procedures, our 

data suggest that cooling below 30
o
C should be avoided. Because of the large 

dataset, we were able to compare a full range of targeted temperatures, which 

entails a more detailed approach than previous datasets. Previous studies (The 

warm heart investigators, 1994)
 
and a systematic review (Ho & Tan, 2011) to 

evaluate risks and benefits of normothermia during CPB compare large 

temperature ranges of 33-37
o
C and 25-30

o
C and >34

o
C and <34

o
C, respectively. 

However, our data imply that large ranges of temperature should be avoided 

when examining the impact of temperature management. 

 

So far, previous research has documented immediate post-operative effects 

(Nathan et al., 2004; Rasmussen et al., 2007; Grunenfelder et al., 2000) and 

showed mild hypothermia during CABG procedures to shorten intensive care 

stay (Nathan et al., 2004), when compared with normothermia. However, 

underlying factors are largely unknown as exemplified by a similar release of 

systemic inflammatory mediators (Rasmussen et al., 2007), including plasma 

IL-6 and IL-8 cytokines and soluble adhesion molecules in mild hypothermia 

and normothermia in contrast to strongly upregulated levels in severe 

hypothermia (Grunenfelder et al., 2000).  

 

In our data, we observed a large variation in cooling rate of patients, 

irrespective of the lowest body temperature reached during CPB. Such variation 

thus represents the individual patient’s compliance to the cooling protocol. 
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Interestingly, the patients displaying low compliance had a significant higher 

survival. Thus, our study identified patient temperature compliance as a novel 

aspect of temperature management independently associated with survival in 

cardiac patients. Given the nature of our study, we can only speculate about the 

mechanism behind differences in this compliance. Assuming that the 

compliance represents an intrinsic patient factor, it may be caused by various 

mechanisms such as different co-morbid (cardiovascular) conditions, the use of 

medication or altered temperature regulation. Concerning the latter, low 

compliance may e.g. reflect peripheral vasodilation, distributing the cooled 

blood outside the central compartment, or activation of other CNS 

thermoregulatory mechanisms to counteract heat loss. The first explanation is 

supported by the increased peripheral vasoconstriction observed in patients with 

compromised cardiac function because of atherosclerosis or valve dysfunction 

(Triposkiadis et al., 2009). As such, high temperature compliance would reflect 

more serious vascular disease. Alternatively, low temperature compliance 

because of generating heat may denote more functional brown adipose tissue, 

which can serve as a source of endogenous heat production (Enerbäck, 2010). In 

addition, during CPB, patients are (still) under the influence of multiple drugs 

with profound cardiovascular and CNS effects likely modulating patient body 

temperature compliance, including anesthetics. Further, BMI may influence 

temperature compliance during CPB induced hypothermia. However, we did 

not find a correlation between BMI and temperature compliance in CABG or 

valve surgery groups. Notably, less than 5% of our patient population was 

severely obese (BMI >35). 

 

In addition, our analysis shows that in CABG surgery, passive temperature 

drifting associates with the best patient outcome. Consequently, future studies 

should not only address targeted temperature levels, but also report on CPB 

temperature gradients, corroborating the beneficial effect of drifting and 

allowing for further evaluation of the patient’s compliance to cooling. The 

ability to individualize the application of hypothermia more accurately to 

patient related factors may represent a novel strategy to improve outcome 

following CPB assisted cardiac surgery.  
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Conclusion 

Intra-operative mild and moderate hypothermia is associated with improved 

long-term survival following CPB-assisted CABG and valve surgery. 

Moreover, long-term survival is highest in patients exhibiting low temperature 

compliance with forced cooling. The patient’s capacity to comply to forced 

external temperature changes is an independent predictor for postoperative 

outcome and should be investigated in future studies. 
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Supplement 1. Mathematical background of algorithmic analyses 
 

Cooling rates 

Calculation of the cooling rate was started when Tnp dropped with ≥ 0.2
o
C/min, 

until there was a decrease of ≤0.1 
o
C/min at two consecutive time points or an 

increase in temperature. 

 

Cooling rate = Δ Ti / t  

 

Δ Ti = the difference in temperature (
o
C) starting at the beginning of the cooling 

phase, and ending when there is a relative steady state in temperature during 

maintenance phase. 

t = the time (minutes) starting at the beginning of the cooling phase, and ending 

when there is a relative steady state in temperature. 

 

Temperature compliance to forced temperature changes 

Patient’s individual temperature compliance to CPB induced cooling was 

expressed as the temperature hysteresis between Tnp and CPB arterial 

temperatures. To this end, constants for Tnp and TACPB were obtained during 

the predefined cooling phase, using a logarithmic function derived from the 

formula: 

 

T(t) = T0.e
-kt

 

 

We calculated constants for Tnp and TACPB during the predefined cooling 

phase as a logarithmic function: 

 

constant = Ln (ΔTi) / t  

 

ΔTi = the difference in temperature (
o
C) starting at the beginning of the cooling 

phase, and ending when there is a relative steady state in temperature during 

maintenance phase. 

t = the time (minutes) starting at the beginning of the cooling phase, and ending 

when there is a relative steady state in temperature. 

Subsequently, patient temperature compliance was expressed as:  
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Temperature compliance (Tcomp) = constant TACPB - constant Tnp  

 

Calculation of CPB gradient 

 

Similarly, constants of arterial and venous CPB temperature were calculated 

and therefore CPB gradient (TCPBgrad) = constant TACPB - constant TVCPB 
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Supplement 2. Kaplan Meier curve comparing survival between patients in which all 

temperature data are present (blue line) and patients with missing CPB temperature data 

(green line) during CABG (A) and valve surgery (B).  
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Supplement 3. Postoperative survival in a per degree analysis for CABG (panel A) and 

valve procedures (panel B), target temperature of 32
o
C and 33

o
C are associated with 

highest postoperative survival. 
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Abstract 

Introduction: Neuroinflammation is considered to play a role in the 

pathogenesis of neurocognitive complications after cardiac surgery, particularly 

among elderly patients and those undergoing cardiopulmonary bypass (CPB) 

assisted procedures. Targeted temperature management (TTM) serves is a 

potentially neuroprotective strategy during cardiac surgery, possibly through 

activation of cold shock proteins, but data on its effectiveness in attenuating 

neuroinflammation are lacking. Therefore, we investigated the effects of mild 

compared to deep hypothermia on the neuroinflammatory response and cold 

shock protein expression after CPB in rats. 

Methods: Adult male Wistar rats were subjected to 1 hr of TTM at 18
o
C or 33

o
C 

during a CPB or sham procedure under ketamine anesthesia. Arterial blood 

samples were obtained at 15 and 55 minutes after start of cooling and during 

weaning. Neuroinflammation was investigated by serial positron emission 

tomography (PET) scans of uptake of TSPO-binding ligand [
11

C]-PBR28, prior 

to and at day 1, 3 and 7 after the procedure. Hippocampal and cortical regions 

were obtained at day 1 or day 7. Cold shock protein RNA-binding motive 3 

(RBM3) and tyrosine receptor kinase B (TrkB) receptor expression were 

quantified with Western Blot analysis. 

Results: TTM was applied with similar cooling and rewarming rates in CPB and 

sham groups, allowing all rats to reach target temperature within the hour. 

Standard uptake values (SUV) of [11C]-PBR28 in CPB rats at 1 day and 3 days 

were similar to that in Sham animals. However, at 7 days after CPB, SUV was 

significantly increased in amygdala and hippocampal regions of rats from the 

CPB 18
o
C group compared to the CPB 33

o
C group. Additionally, RBM3 

protein levels in cortex and hippocampus were significantly higher in CPB 33
o
C 

compared to CPB 18
o
C and sham 33

o
C at day 1 and day 7, respectively. 

Conclusions: Deep hypothermia was associated with an increased 

neuroinflammatory response in amygdala and hippocampus compared to mild 

hypothermia in rats that underwent a cardiopulmonary bypass procedure. 

Additionally, mild hypothermia was associated with increased expression of 

TrkB and RBM3 in cortex and hippocampus of rats on CPB compared to deep 

hypothermia. Together, these data indicate that neuroinflammation is attenuated 
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by mild hypothermia, possibly by recruiting protective mechanisms through 

cold shock protein induction.  

 

Introduction 

Neurocognitive dysfunction is a common complication after cardiac surgery, 

affecting 50-70% of patients within the first postoperative week and 20–40% 

after 6 months to a year (Newman et al., 2006). Although debated (Kennedy et 

al., 2013), we found the use of cardiopulmonary bypass to be an independent 

risk factor for the development neurocognitive dysfunction (Kok et al., 2014). 

Despite substantial improvements in cardiopulmonary bypass technology, and 

surgical and anesthetic techniques, neurological injury remains a concern in the 

increasingly elderly patient population undergoing cardiac surgery. In a 

response to ischemia-reperfusion (I/R) injury, the innate immune system serves 

to minimalize neuronal injury, initiated by an activation and migration of 

microglial cells (Feuerstein et al., 1998). Targeted temperature management 

(TTM) is a well-known strategy against neurological injury induced during and 

after cardiac surgery (Antonic et al., 2014). TTM research focuses mainly on 

establishing the ideal target temperature to prevent neurological outcome. 

According to our recent findings in a retrospective study of a large cohort of 

patients who underwent cardiopulmonary bypass-assisted cardiac surgery, mild 

hypothermia (33
o
C) is the target temperature that optimally enhances 

postoperative survival (Kok et al., Chapter 7). Currently, there is no evidence 

relating TTM targets to neuroinflammation associated with CPB. Hence, it 

would be worthwhile to investigate neuroinflammation at mild and deep 

hypothermia. 

We recently developed a rat CPB model that avoids the need for blood 

transfusion (Samarska et al., 2013), and found CPB to induce substantial 

systemic and renal inflammation (Bouma et al., 2013). Therefore, we consider 

the model highly suitable for comparison of the neuroinflammatory response 

after CPB under mild hypothermic (33
o
C) and deep hypothermic (18

o
C) 

conditions. Microglial activation can be monitored in vivo with PET-scans after 

administration of [
11

C]-PBR-28, a second-generation Translocator protein 

(TSPO) binding ligand. In comparison with older and more widely used [
11

C]-
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PK11195, [
11

C]-PBR-28 has a higher sensitivity to detect microglial activation 

(Parente et al., 2016). As the tracer has a short half-life, the scans can be 

repeated allowing serial assessment of microglial activation. 

Hypothermia can induce cold shock proteins, such as RNA binding motive 3 

(RBM3), known for its capacity to regenerate synapses and improve 

neurological function (Peretti et al., 2015). RBM3 is suggested to be 

upregulated through activation of tyrosine receptor kinase B (TrkB) receptor, 

which constitutes an important regulator of neurotrophins, such as BDNF 

(Ascaño et al., 2009). Thus, we examined levels of RBM3 and TrkB receptor, as 

its expression levels might change at mild and deep hypothermia. The aim of 

this study is to investigate the influence of CPB on neuroinflammation, by 

comparing the neuroinflammatory response in relation to the expression of cold 

shock proteins at mild and deep hypothermia. 

 

Methods 

Animals 

All experiments were approved by the Institutional Animal Care and Use 

Committee of the University of Groningen and guidelines for standards of 

conduct of animal studies were followed. Adult male Wistar Crl rats from 

Charles River, Germany, with a body weight >450 gram were included in the 

experiment. Randomization was performed to target temperature management 

at 18
o
C or 33

o
C during CPB or sham and short-term (at day 1 post-procedure) 

or long-term (at day 3 and day 7 post-procedure) PET-scan regimen (8 groups, 

n=3-4 per group). As from prior to the first PET-scan, the rats were individually 

housed. Animals were kept at a 12hr light/dark cycle, with free access to food 

and water. 

Anesthetic procedure 

Anesthesia was induced with 5% isoflurane and maintained through a nose cone 

at 2-3% in O2/air (1:1). Rats underwent tracheal intubation and mechanical 

ventilation at a respiratory rate of 80 min
-1

. The tail vein was cannulated to 

enable intravenous anesthetic agent administration. Atropine (40 µg.kg
-1

) was 
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administered s.c. as a single dose to prevent excessive airway secretions. 

Temperature was continuously monitored with a flexible rectal probe. 

Rocuronium (0.5 mg.kg
-1

) was used as a muscle relaxant in repeated bolus 

doses. The left femoral artery was cannulated for blood pressure monitoring. 

Anesthesia was then switched to continuous intravenous ketamine (70 mg.ml
-1

) 

adjusted manually to maintain the mean arterial pressure between 60 and 100 

mmHg by adjusting the infusion speed between 1.2 and 1.5 ml/hr. Fentanyl (40 

µg.kg
-1

) divided in small doses was administered i.v. during CPB. 

CPB procedure 

The experimental protocol for the CPB was modified from the model developed 

for extracorporeal circulation in the rat by Samarska et al. (2013), featuring a 

miniaturization of the circuit allowing CPB without the need for blood 

transfusion and additional hypothermia induction through cooling of the CPB 

circuit. Before insertion of the cannulae for CPB, 3000 IU.kg
-1 

heparin was 

administered. To enable CPB, the left carotid artery was cannulated for arterial 

inflow using a 22-gauge catheter. A multi-orifice 4.5 French cannula was 

advanced into the right atrium through the right jugular vein. 

The extracorporeal circulation setup consisted of a glass venous reservoir, a 

peristaltic pump (Watson Marlow 120S), a neonatal membrane oxygenator and 

a glass counter-flow heat exchanger with built-in bubble trap. All components 

were connected with polyethylene tubing (1.6 mm inner diameter). The venous 

reservoir and heat exchanger were cleaned and sterilized prior to use. The CPB 

circuit was primed with 12 ml of heparinized (90 IU) Haes 6.0% solution.  

During the procedure, pulse and blood oxygen saturation are continuously 

monitored (MouseOxPlus pulse oximetry, Harvard apparatus). Targeted CPB 

flow was 100-120 ml.kg
-1

.min
-1

. After starting CPB, anesthesia was reduced to 

approximately 0.6 ml/hr in 33
o
C temperature groups and to 0.2 ml/hr in 18

o
C 

temperature groups. Blood gas analysis was performed by α-stat method, on 

100µl blood samples taken from the cannula in the left femoral artery at 15 and 

55 min after start of CPB, and after removal of the CPB cannulae in the 

postoperative phase. Animals were on the CPB machine for 1 hour, after which 

rewarming was initiated. Body temperature (Tb) was adjusted during CPB by 

cooling with ice packs or heating of the blood circuitry in addition to an external 
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cooling/heating pad. After weaning from CPB and disconnection of the circuit, 

a single dose of protamine (1500 IU.kg
-1

 i.v.) was administered. After removal 

of the cannulae, the wounds were sutured and anesthesia was weaned. The 

tracheal tube was removed when the animal regained consciousness. 

Buprenorphine (10 µg.kg
-1

) was given once s.c. as a postoperative analgesic. 

The experiments were performed between 8:00 and 12:30, except for the PET-

scans which were performed between 15:00 and 17:30. 

PET scans 

In order to evaluate the neuroinflammatory response, PET scans were 

performed with TSPO binding [11C]-PBR28 tracer. As the scans were 

performed in vivo, we were able to follow-up the neuroinflammatory process 

prior to CPB and at day 1, 3 and 7 after the CPB procedure. After transfer to the 

small-animal PET facility, anaesthesia was induced in non-fasted rats and 

maintained with isoflurane 2%. The [
11

C]-PBR28 tracer (12.1±3.7 MBq, 7.6 ± 

0.5 ng.l
-1

), diluted in saline 0.9% was administered via the penile vein. After 

injection, anaesthetic administration was stopped and rats were awake for 45 

minutes. Thereafter they were again anesthesized with isoflurane, to be 

positioned in the µPET camera. After a transmission scan with [
57

C], the 

animals underwent a scan of 30 minutes. The list-mode data of the emission 

scans was compressed into a single time frame (45-75 minutes after injection). 

Emission sinograms were iteratively reconstructed (OSEM2D). After recovery 

in a quiet environment, animals were transferred back to the animal facility. 

After the last PET-scan, the animals were sacrificed under deep anesthesia by 

exsanguination through the abdominal aorta, and flushed with saline for 2 

minutes. Brain tissue was dissected according to brain regions, including 

amongst others cortex and hippocampus.  

PET image analysis 

PET scan data were analyzed using PMOD 3.6 software (PMOD Technologies 

Ltd). The scans were automatically registered to [
11

C]-PBR28-specific PET 

templates, constructed similar to the method described by Vállez Garcia et al. 

(2015). Volumes of interest (VOIs) of several brain regions were constructed on 

the basis of previously defined structures (Vállez Garcia et al., 2015). The brain 
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radioactivity concentration was calculated from the VOIs and expressed as 

standard uptake values (SUV): averaged tissue activity concentration [kBq/cc] / 

(injected dose [MBq] / body weight [g]). 

Western blot 

Brain samples were homogenized in a RIPA-TBS buffer followed by 

centrifugation for 20 min at 14,000 rpm at 4
o
C. The quantity of protein was 

determined in a Bradford protein assay (BioRad, The Netherlands). Equal 

amounts of total protein in SDS-PAGE sample buffer were separated on SDS-

PAGE 4-20% PreciseTM Protein gels (Thermo Scientific). After transfer to 

nitrocellulose membranes (BioRad), proteins were blocked in 5% bovine serum 

albumin. Membranes were then incubated overnight at 4
o
C with primary 

antibodies, followed by incubation with secondary antibodies in 1h at room 

temperature. The following primary antibodies were used: rabbit polyclonal 

anti-RBM3 (14363-1-AP, Proteintech, UK) and rabbit polyclonal anti-TrkB 

(4606S, Cell Signaling Technology, USA), with rabbit monoclonal β-actin 

(4967S, Cell Signaling Technology, USA) as loading control. Secondary 

antibody used was horseradish peroxidase-conjugated anti-rabbit (W4018, 

Promega, USA). Signals were detected by Novex ECL HRP Chemiluminescent 

Substrate reagent kit (WP20005, Invitrogen, USA) and quantified by 

densitometry with software from ChemiDoc (BioRad, UK). 

Statistical analysis 

Statistical calculations were performed using SPSS 22.0 for Windows. 

Sigmaplot 13.0 was used for creating figures. Normality of distribution was 

tested by Kolmogorov-Smirnov tests. Differences in continuous data were 

examined using ANOVA for parametrical and with Kruskal Wallis for non-

parametrical data. Data are presented as mean ± SEM, or median (25
th
-75

th
 

percentile). Differences were considered significant at p<0.05.  
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Results 

Pre-operative weights and weight losses 

A total of 39 rats were randomized for procedures, of which 30 completed the 

procedure and PET-scans. Nine animals were excluded from the study, mainly 

related to pulmonary problems following weaning of CPB at 18
o
C (n=4) and 

technical problems while the animal was on CPB (n=2). Additionally, one 

animal died of hypotensive shock directly after weaning of the CPB at 18
o
C and 

2 animals were found dead in their cages within 24h after CPB at 33
o
C.  

Cooling rate 

All animals were cooled according to a standardized protocol, utilizing a 

cooling mattress underneath the animal and by internal application of 

hypothermia with cooled blood from the CPB circuit or by external application 

of ice packings to the abdomen in sham operated rats (Dugbartey et al., 2015). 

Despite deep hypothermia in sham animals being solely dependent on external 

cooling, we were able to cool them at a similar rate as CPB rats (Figure 1), 

reaching the targeted temperature of 33
o
C in 10 (8-16) min in CPB and 7 (6-7) 

min in sham group. Cooling to 18
o
C was accomplished in 48 (45-49) min in 

CPB and 54 (52-56) min in sham group. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Core body temperature registration of CPB and sham rats at 18
o
C and 33

o
C. 
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Arterial blood gas analysis 

Blood samples were taken at 15 min after initiation of cooling (Tb = 30-33
o
C), 

after 55 minutes of cooling (Tb=33
o
C or 18

o
C), and when the cannulae were 

removed during weaning (Tb=35
o
C). Arterial blood gases were analyzed using 

α-stat method (Figure 2). As a consequence, pH values of blood were relative 

high in all groups; after 15 minutes cooling the mean pH amounted 7.5 in all 

groups. Thereafter, pH values remained above 7.45 without significant 

differences between CPB and sham. Base excess (BE) was significantly lower 

at 15 minutes of cooling in CPB 18
o
C rats compared to its sham, whereas it was 

significantly higher during weaning in CPB 33
o
C operated rats compared to its 

sham. pCO2 levels were all relatively low, and differed only during weaning, 

with pCO2 in CPB 18
o
C being significantly higher than in its sham group. From 

the start of CPB, pO2 decreased significantly in both the CPB 18
o
C and CPB 

33
o
C groups. After 55 minutes of cooling at 33

o
C, rats still showed lower pO2 

compared to sham, whereas in deep hypothermia pO2 in CPB rats did not differ 

from sham. Additionally, arterial saturation showed a similar pattern of 

decreased values at 15 min of cooling in both CPB temperature groups, whereas 

it remained normal in both ventilated sham groups. Hematocrit values were 

significantly decreased in all CPB operated rats, due to the volume priming of 

the circuit. However, differences between CPB and sham rats disappeared after 

i.v. administration of whole blood that was collected from the CPB system 

during weaning from anesthesia. Blood glucose and lactate levels were 

significantly higher in both CPB temperature groups at 55 minutes after 

initiation of cooling, yet normalized upon weaning. Thus, apart from significant 

hemodynamic changes that occur during cooling on CPB, most variables return 

to control values during weaning. In addition, blood gas data of rats at 33
o
C 

CPB appeared to be less advantageous when compared to 18
o
C CPB, e.g. higher 

lactate levels at 15 min of cooling, and decreased sO2 and pO2 at 55 min of 

cooling. 
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Figure 2. Arterial blood gas measurements during CPB or cooling in sham procedure, 

taken at 15 minutes or 55 minutes of after start cooling and during weaning. Significant 

differences are indicated with */** for p<0.05 and p<0.01 respectively, compared to its 

sham group. 
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PET analysis 

Axial sliced PET images of [
11

C]-PBR28 in CPB and sham operated rats at 

18
o
C and 33

o
C at day 1, day 3, and day 7 after procedures are presented in 

Figure 3. They reveal a high tracer uptake in 18
o
C CPB group, seen as a hot-

spot of fluorescent green in the left anterior hemisphere. Overlay with the PET 

template revealed the area to be the anterior part of hippocampus. Cerebral 

uptake of [
11

C]-PBR28 tracer per region of all rats after undergoing CPB 

procedure are presented in Table 1. Pre-operative SUV in all brain regions were 

the same for all experimental groups, and similar to the SUV at 1 day after 

procedure (Suppl. 1). At 1 day after CPB, there is no marked difference between 

SUV in any brain region for 18
o
C compared to 33

o
C. After 3 days, SUV were 

similar between temperature groups, with a tendency of higher values in the 

18
o
C group (Figure 4). Subsequently, SUV in hippocampal and amygdala 

regions increased significantly in the 18
o
C group at 7 days after CPB compared 

to rats who underwent CPB at 33
o
C (p=0.031 and p=0.025, respectively; Figure 

4). In all sham operated rats, there were no significant differences in SUV 

between temperature groups or compared to baseline at any time point, nor was 

there a tendency of higher SUV in 18
o
C compared to 33

o
C (Suppl. 2).  

To follow-up SUV throughout time, we correlated pre-procedure scan SUV of 

all brain regions with SUV obtained day 1, 3 and 7 after procedures. There were 

no correlations between pre-procedure scan data and data obtained at any time 

point after CPB and sham. However, when analyzing SUV obtained at day 3 

and day 7, originating from the same animals, we found highly significant 

correlations in amygdala (r=0.946), hippocampus (r=0.907), globus pallidus 

(r=0.964), striatum (r=0.927), and cortex (r=0.935), with p<0.001 in all brain 

regions, indicating an ongoing neuroinflammatory response. In contrast, no 

correlations between day 3 and day 7 levels were found in brainstem, 

cerebellum, pre-frontal cortex and hypothalamus. 

  



Chapter 8 

 170 

Table 1. Cerebral uptake per brain region of [
11

C]-PBR28, expressed as standardized 

uptake values (SUV; median (25
th

 – 75
th

 percentiles)), as determined in rats on 

cardiopulmonary bypass at 18
o
C and 33

o
C at 1 day, 3 days and 7 days after procedures. 

* denotes a significant difference of p<0.05 between temperature groups. 

Brain area 1 day after CPB 3 days after CPB 7 days after CPB 

18
o
C  33

o
C 18

o
C 33

o
C 18

o
C 33

o
C 

Amygdala 0.28  
(0.27-0.37) 

0.29  
(0.29 -0.35) 

0.46 
(0.31-1.16) 

0.31 
(0.27-0.51) 

0.59 * 
(0.45-0.95) 

0.29 
(0.28-0.30) 

Cerebellum 0.37 
(0.29-0.63) 

0.46  
(0.40-0.52) 

0.54 
(0.39-0.55) 

0.44 
(0.37-0.50) 

0.56 
(0.49-0.58) 

0.40 
(0.32-0.49) 

Globus Pallidus 0.17  
(0.16-0.30) 

0.19  
(0.16-0.27) 

0.44 
(0.31-1.07) 

0.29 
(0.23-0.34) 

0.74 
(0.46-1.02) 

0.20 
(0.17-0.30) 

Thalamus 0.44 
(0.26-0.51 

0.37 
(0.30-0.41) 

0.60 
(0.42-0.80) 

0.40 
(0.30-0.43) 

0.74 
(0.56-0.83) 

0.36 
(0.32-0.44) 

Hippocampus 0.31 
(0.22-0.35) 

0.32  
(0.28-0.36) 

0.44 
(0.35-0.98) 

0.29 
(0.27-0.46) 

0.53 * 
(0.40-0.84) 

0.32 
(0.29-0.35) 

Striatum 0.24 
(0.22-0.30) 

0.27 
(0.23-0.33) 

0.47 
(0.38-0.96) 

0.29 
(0.26-0.48) 

0.57 
(0.41-0.83) 

0.30 
(0.24-0.39) 

Brainstem 0.33 
(0.27-0.43) 

0.43 
(0.37-0.47) 

0.45 
(0.31-0.47) 

0.42 
(0.30-0.60) 

0.52 
(0.46-0.52) 

0.43 
(0.36-0.50) 

Prefrontal 
Cortex 

0.50 
(0.34-0.71) 

0.58 
(0.44-0.66) 

0.75 
(0.63-0.81) 

0.53 
(0.38-0.77) 

0.66 
(0.62-0.74) 

0.63 
(0.52-0.73) 

Cortex 0.42 
(0.29-0.57) 

0.44  
(0.38-0.51) 

0.58 
(0.50-1.04) 

0.40 
(0.35-0.56) 

0.60 
(0.50-0.91) 

0.44 
(0.43-0.48) 
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Figure 3. Representative axial PET images of [

11
C]-PBR28 in CPB and sham operated 

rats at 18
o
C and 33

o
C at 1 day, 3 days and 7 days after procedures. Cerebral 

circumference is shown as a white dashed line. Arrows point out the hot-spots of 

PBR28 activity, other than the uptake in the cerebral ventricle system. 
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Figure 4. Standard uptake values of [

11
C]-PBR28 in amygdala (panel A) and 

hippocampus (panel B) regions of CPB operated rats at 18
o
C and 33

o
C prior to and at 

day 1, 3 and 7 after CPB procedures. Significance is indicated with * for p<0.05. 
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Cold shock proteins 

Rat brains were dissected immediately after decapitation and extirpation from 

the skull. No signs of necrotic tissue or cerebral infarction were present. We 

analysed TrkB receptor and RBM3 protein levels at day 1 and day 7 in cortex 

and hippocampus. TrkB in cortex of CPB groups appeared relatively lower than 

in sham both at 33
o
C and 18

o
C at day 1, but not significant. However, TrkB and 

RBM3 expression in cortex was increased in 33
o
C CPB at day 1, compared to 

18
o
C CPB (Figure 5A,B; p=0.007 and p=0.019, respectively). At day 7, TrkB 

and RBM3 in cortex were similar in all groups. In hippocampus, TrkB protein 

expression levels at day 1 was similar for all groups (Figure 5C). However, at 

day 7 hippocampal TrkB was significantly increased in 33
o
C CPB compared to 

33
o
C sham (p=0.042), and appeared to be higher than 18

o
C CPB at day 7. A 

similar pattern was found in hippocampal RBM3 expression, which was similar 

in all groups on day 1, yet significantly higher in 33
o
C CPB compared to 33

o
C 

sham at day 7 (p=0.027; Figure 5D). 

 

Discussion  

In the present study, we demonstrated that CPB under TTM targeted at 18
o
C 

was associated with a significantly greater neuroinflammatory response in 

hippocampus and amygdala compared to CPB under TTM targeted at 33
o
C at 

day 7 after CPB. Despite CPB representing a stressful model, as shown by 

significantly higher levels of glucose and lactate after 55 minutes of cooling in 

CPB groups compared to sham, there were no signs of neuroinflammation 

found at any time point in rats that underwent CPB under mild hypothermia. 

We are the first to report on cold shock protein expression in relation to TTM in 

a cardiopulmonary bypass model. Interestingly, we found induction of TrkB 

receptor and RBM3 in tissue of CPB rats under mild hypothermia, but an 

absence of induction in the deeply cooled group. Together, these data 

demonstrate that mild hypothermia might have advantages in terms of 

neuroprotection over deep hypothermia in CPB-assisted surgery, associated 

with increased expression of cold shock proteins in cortex and hippocampus. 
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Figure 5. Protein analysis on cold shock proteins in CPB and sham operated rats at 

18
o
C (blue and grey colored bars) and 33

o
C (red and pink colored bars) at 1 day and 7 

days after procedures. TrkB receptor and RBM3 levels in cortex (panel A and B) and in 

hippocampus regions (panel C and D, respectively). Significance is indicated with */** 

for p<0.05 and p<0.01, respectively. 
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Neuroinflammation in cardiopulmonary bypass 

In the current study we applied a CPB model which induces systemic 

inflammation and renal injury (Samarska et al., 2013; Bouma et al., 2013). The 

causative factors of neurological injury in human CPB constitute a combination 

of ischemia and reperfusion (I/R) injury of the brain, resulting from 

atherosclerosis and cerebral microembolism, cerebral hypoperfusion, 

arrhythmia, and a substantial systemic inflammatory response (Newman et al., 

2006). Neuroinflammation after cardiopulmonary bypass surgery may put a 

high burden on both systemic and neurological outcome. Even under 

hypothermic conditions, an innate immune response is triggered. Neonates 

undergoing CPB-assisted aortic arch reconstruction, who had a short period (30 

minutes) of cerebral ischemia during deep hypothermia, showed an immediate 

inflammatory response in the cerebral circulation, which was significantly 

greater than in continuously perfused brains (Algra et al., 2013). Neutrophils 

and monocytes acquired an activated phenotype upon departing the cerebral 

circulation and increased in number. A study investigating hypothermia at 15
o
C 

in CPB found hypothermic circulatory arrest (HCA) to provoke excess 

histological neuronal damage, compared to selective cerebral perfusion and 

systemic full-flow perfusion (Sasaki et al., 2009). While the authors suggested 

that deep hypothermia (15
o
C) on its own might induce neurological injury, the 

statement lacks support of adequate temperature control groups. Our findings, 

however, corroborate this presumption by showing that deep hypothermia is 

associated with a stronger neuroinflammatory response than mild hypothermia. 

To extend this statement to an anti-inflammatory effect of mild hypothermia, 

additional experiments with both moderate hypothermia (28-32
o
C) and 

normothermia (35-37
o
C) would be necessary. 

Neuroprotective cold shock 

The neuroprotective effect of TTM is influencing many different pathways, e.g. 

by reducing glutamate release and oxidative stress, and inhibiting release of pro-

inflammatory cytokines. In I/R injury models, TTM counteracts mitochondrial 

induced apoptosis, neuronal excitotoxicity, and neuroinflammation (Talma et 

al., 2016). As the cold shock protein RBM3 has a post-transcriptional regulatory 

effect on mRNA stability and translation, it might be the driving force in many 

of the aforementioned neuroprotective pathways. RBM3 induced by 5’-AMP 
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induced cooling in mice displayed neuroprotective properties in the 5xFAD 

model of Alzheimer’s disease and in prion infected mice, through the capacity 

to regenerate synapses (Peretti et al., 2015). Interestingly, we found the highest 

levels of RBM3 protein in CPB 33
o
C both in cortex and hippocampus. 

Concomitant neuroinflammatory responses appeared to play a role in the time 

of induction of RBM3, as protein levels were significantly elevated at day 1 in 

cortex, whereas the highest increase in hippocampus tissue was seen at day 7. 

Beneficial effects of mild hypothermia at 33
o
C are currently being investigated 

more thoroughly. Indeed, mild hypothermia may be superior to normothermia 

with respect to neuroprotection, as suggested by a reduction in brain cytokines 

IL-1β and TNF-α in a murine stroke model using pharmacologically induced 

mild hypothermia (33
o
C) (by applying neurotensin receptor 1 agonist HPI-201)  

compared to normothermic controls (Lee et al., 2016). Additionally, RBM3 is 

considered to become upregulated through increased levels of BDNF. Ketamine 

treatment is known to induce the production of BDNF (Haile et al., 2014). 

However, ketamine is seldom used in anaesthetic procedures in humans. Hence, 

more research is necessary to evaluate cold shock response under different 

anaesthetic agents. 

[
11

C]-PBR28 PET-scans for neuroinflammation 

To our knowledge, this is the first study analyzing the effect of hypothermia on 

neuroinflammation by applying microglial targeted PET scans. Previous studies 

have shown that the SUV of [
11

C]-PBR28 shows a strong correlation with 

distribution volume, together with good reproducibility in mice and rats (Tóth et 

al., 2015). Utilization of [
11

C]-PBR28 PET-scans was chosen above 

immunohistochemistry to enable follow-up of neuroinflammatory processes in 

the same animal, and because of its translational properties for future clinical 

studies. As expected, no animals had signs of neuroinflammation prior to the 

procedure, nor did we observe a correlation between pre- and post-procedural 

neuroinflammation. However, we found strong correlations between SUV at 

day 3 and day 7 in amygdala and hippocampal regions, indicative of ongoing 

neuroinflammatory processes rather than de novo SUV increases after 7 days. 
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Hypothermic models in rodents 

There are several methods and challenges for inducing and monitoring 

hypothermia in rodents (Klahr et al., 2016). We monitored temperature 

continuously with a wired thermocouple device and a flexible rectal probe 

inserted 5cm, to measure core body temperature. Hypothermia was induced at a 

standardized constant rate either by the CPB circuit or through external 

temperature application as was performed earlier (Dugbartey et al., 2015). 

Although we maintained a rewarming rate of up to 2
o
C per 5 minutes, we 

prevented post-procedural hyperthermia by actively rewarming to a core body 

temperature of 35
o
C. Rewarming was performed by heating the CPB circuit 

with warm water, or by warm air for sham, in addition to a heating pad. From 

35
o
C onward, only the heating pad was used for rewarming, whereas CPB and 

warm air were ceased. Hence, core body temperatures above 37.5
o
C were not 

registered during weaning. After weaning, animals were placed in a warmed 

cage for recovery for at least 4 hours. Moreover, last registered temperatures 

were similar in all treatment groups. 
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Summary 

The aim of this thesis was to investigate and improve therapeutic interventions, 

which are currently used in cardiac surgery with the ultimate goal to improve 

postoperative outcome.  

 

Part A of this thesis focuses on the results of the TO-CABG study, investigating 

intraoperative tissue oxygenation in patients randomized to undergo elective 

coronary artery bypass grafting surgery, either on-pump or off-pump. Near 

infra-red spectroscopy (NIRS) was used to evaluate cerebral, renal and 

peripheral tissue oxygenation. Further, standardized blood and urine samples 

were taken and cognitive function was assessed before and after the surgical 

procedures.  

Chapter 2 is the first published article originating from the TO-CABG study, 

which investigated the effect of surgical technique (on-pump or off-pump) 

during CABG procedures on the non-invasisve intra-operative cerebral tissue 

oxygenation measurements in relation to development of postoperative 

cognitive dysfunction (POCD). We found that significant cerebral desaturation 

was uncommon among our population of patients undergoing CABG 

procedures, and that the incidence of desaturation, even when using different 

threshold criteria, was not different among patients randomized for on-pump or 

off-pump cardiac surgery. However, we did find a significant reduction in the 

incidence of cognitive dysfunction after 3 months in patients who underwent 

off-pump CABG. Hence, investigation of the effects of cardiopulmonary bypass 

(CPB) during cardiac procedures on neurological outcome may render new 

insights on how to prevent neurological complications and improve 

postoperative outcome.  

 

In chapter 3, we examined the effects of CPB on biomarkers of neuronal 

damage and how this associates with long-term postoperative cognitive 

dysfunction and survival. Classical neuronal injury-related biomarkers did not 

have a clear prognostic value in our study population. However, free plasma 

haemoglobin (PfHb) at sternal closure and High-Sensitive Troponin T(hs-TnT) 

measured within one day after surgery as a measure of myocardial injury were 

significantly associated with long-term cognitive dysfunction. Additionally, we 

found significantly higher levels of brain fatty acid binding protein (BFABP) in 

the pre-operative blood samples of patients who had symptoms of POCD at 15 
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months after surgery. Further, cognitive dysfunction established at 3 months 

after CABG, beyond the acute phase, serves as a valuable prognostic factor both 

for ongoing cognitive decline a year later and for all-cause postoperative 

mortality. Further research is necessary to investigate the value of alternative 

neuronal injury-related biomarkers. Our data also suggest that POCD might be 

considered as an interesting option to function as a surrogate marker for 

postoperative mortality. 

Previous studies established that postoperative mortality is closely related to 

acute kidney injury. Therefore, we evaluated 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) in 

Chapter 4. In our analysis, renal tissue specific deoxygenation was associated 

with increased postoperative sCr in patients undergoing off-pump CABG, thus 

confirming our hypothesis that renal specific deoxygenation might predict 

adverse renal outcome. However, in on-pump CABG surgery we found an 

inverse association between renal specific deoxygenation and renal function, as 

deoxygenation was paradoxically associated with better renal outcome in a 

multivariate regression analysis. Hence, we analyzed whether loss of 

autoregulation renders a logical solution for these paradoxical association by 

evaluating the relation between intra-operative MAP and SrtO2. We found a 

strong positive correlation between MAP and SrtO2 in the last phase of on-

pump CABG, whereas such relation was absent in off-pump procedures. Likely, 

the positive correlation at the end of on-pump procedures is an indicator of loss 

of autoregulation of renal blood flow in this population. Our data indicate that 

the intra-operative loss of renal autoregulation in CABG surgery patients may 

underlie the opposite relation between intra-operative renal tissue specific 

deoxygenation and postoperative impaired renal function in on-pump 

procedures. 

 

To gain further insight into mechanistic effects of a major systemic surgical 

stimulus on neurological outcome, we decided to investigate the 

neuroinflammatory response in an experimental model of major surgery. We 

expected that microglial activation would be triggered more strongly and for a 

longer time in aged subjects, compared to adults. Therefore, in Chapter 5, both 

reactive and priming aspects of neuroinflammation after systemic inflammation 
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in an experimental model of major surgery without sepsis were studied. In this 

chapter we showed that aged mice expressed higher levels of pro-inflammatory 

cytokines both in operated and control animals compared to adult mice, whereas 

they had lower levels of brain derived neurotrophic factor. The activation of 

pro-inflammatory pathways was increased in aged mice at 4h post-surgery 

compared to control, yet decreased significantly within 24h, as was seen in adult 

mice. Thus, we conclude that major surgery on its own does not trigger a 

prolonged and exaggerated neuroinflammatory response in aged mice.  

 

Part B of this thesis examined the therapeutic benefits of hypothermia or 

targeted temperature management (TTM) in models of ischemia/reperfusion 

injury, as this might occur during cardiac surgery. In chapter 6, we review the 

mechanisms by which TTM conveys a protective effect against 

ischemia/reperfusion (I/R) injury in the brain. TTM reduces glutamate release 

and oxidative stress and inhibits the release of pro-inflammatory factors. Hence, 

TTM counteracts mitochondrial induced apoptosis, neuronal excitotoxicity, and 

neuroinflammation. Recent literature points out that TTM reduces the unfolded 

protein response (UPR), by reducing activation of the PERK-eIF2α-ATF4 

pathway, and induces SUMOylation and the production of cold shock protein 

RBM3. Further study of TTM is necessary to refine its utilization and to search 

for pharmacological agents mimicking or enhancing the cellular effects of 

TTM. Improving the application of TTM may decrease disease burden of 

patients suffering from cardiac arrest, stroke, or other post-cardiac surgery 

complications. 

 

The effects of TTM on long-term postoperative survival in a large population of 

patients who underwent cardiac surgery were investigated in chapter 7. We 

identified mild hypothermia (32-35
o
C) in CABG surgery and mild to moderate 

hypothermia (30-35
o
C) in valve procedures to be associated with superior long-

term postoperative survival. Interestingly, we also found a large variation in the 

rate of adaptation of the patient’s core body temperature with the forced cooling 

by the cardiopulmonary bypass. Consequently, patients may show either high 

compliance or low compliance with cooling. In both CABG and valve surgery, 

low compliance with forced cooling was associated with a significant better 

postoperative survival, independent of targeted temperature. Hence, we 

established the ideal target temperature for the two most common types of 
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cardiac surgery and identified a novel temperature related patient factor 

associated with postoperative survival. 

 

The effect of mild and deep hypothermia on the neuroinflammatory response in 

a model of cardiopulmonary bypass in the rat is described in Chapter 8. In this 

chapter, we examined neuroinflammation in rats that underwent CPB procedure 

under hypothermic conditions either at 33
o
C or 18

o
C at 1 day or 7 days of 

follow-up by comparing standard uptake values (SUV) of [
11

C]-PBR28 tracer in 

PET-scans. We found significantly increased SUV in hippocampus and 

amygdala of rats who underwent CPB at 18
o
C at 7 days after the procedure, 

whereas no difference was observed at day 1. Furthermore, we found increased 

cold shock protein activation in cortex at 1 day and in hippocampus at 7 days of 

rats who underwent CPB procedure at 33
o
C. We therefore conclude that deep 

hypothermia increased the neuroinflammatory response in amygdala and 

hippocampus compared to mild hypothermia in rats that underwent 

cardiopulmonary bypass procedure. Additionally, mild hypothermia induced 

increased expression of TrkB and RBM3 in cortex and hippocampus of rats on 

CPB compared to deep hypothermia. Together, these data indicate that 

neuroinflammation is alleviated in mild hypothermia, possibly by recruiting 

protective mechanisms through cold shock protein induction. 
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General discussion 

Here we will discuss the role of tissue oxygenation during cardiopulmonary 

bypass in cardiac surgery, in relation to organ function. In addition, we 

summarize how treatment of elderly patients, and their high risk of developing 

adverse neurological outcome, is currently being investigated in cardiac 

surgery. To elaborate on therapeutic options, we will discuss the possibility to 

turn anaesthesia into an advantage and the benefits of hypothermia in targeted 

temperature management. Finally, we will discuss our vision on the role of 

neuroinflammation in postoperative cognitive decline. 

 

1. Cardiopulmonary bypass and tissue oxygenation 

1.1 Tissue oxygenation and cardiopulmonary bypass 

POCD initially became known as “pump-head”, which referred to cognitive 

decline observed in patients operated on cardiopulmonary bypass, although a 

clear etiological relation was not established. As we described in Chapter 2, we 

found that patients who underwent CABG with CPB displayed a higher 

incidence of POCD than patients operated off-pump. These findings contribute 

to the ongoing debate in the field of on-pump vs. off-pump CABG research. 

Although many papers report similar findings, i.e. increased incidence of POCD 

following CPB, meta-analyses tend to prove the opposite (Kennedy et al., 

2013). Probably, a more dynamic and nuanced picture of interactions between 

underlying patient-related and perioperative risk factors is more appropriate 

(Patel et al., 2015). For this reason, we investigated cerebral hypoxia as a 

mechanism of potential cerebral damage, by applying NIRS monitors to 

evaluate intra-operative cerebral tissue oxygenation. Although POCD was 

found in 40% of our on-pump operated patients at 3 months follow-up, very few 

of them showed a decrease in cerebral tissue oxygenation of the magnitude we 

expected based on results from previous studies. Apparently, intra-operative 

cerebral oxygenation during CABG is not a critical factor in the development of 

POCD.  

 

However, this does not preclude the involvement of vascular dysfunction in the 

induction of post-CPB organ damage. It might also be possible that the serious 

damage occurred not during but after utilizing CPB. As we reported in Chapter 
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4, renal tissue deoxygenation was related to renal dysfunction in off-pump 

operated patients, but the opposite was true in on-pump operated patients. Thus, 

we investigated the relation with mean arterial pressure. This revealed a 

correlation between MAP and renal tissue oxygenation in the last phase of 

CPB-utilzing CABG being predictive for renal function loss. In cerebral tissue 

similar autoregulatory failure may underly later cerebral hypoxia during the 

postoperative phase in on-pump operated patients. We expect common 

pathways with respect to decreased autoregulatory function in brain as found in 

kidney after on-pump procedure. Thus, investigating autoregulation of the 

cerebral vasculature following on-pump and off-pump cardiac surgey would be 

a logical next step. 

1.2 Improving organ function during cardiac surgery 

As our studies regarding tissue oxygenation pointed out, preserving organ 

function is not just a matter of providing adequate oxygen delivery. More 

important is how the tissues deal with loss of autoregulation and other 

damaging factors. Recent research has been focusing on the production of 

damage associated molecular patterns (DAMPs) during CPB. One of those 

DAMP’s, mitochondrial DNA (mtDNA), is released into the circulation after 

injury and is associated with the release of reactive oxygen species. For 

instance, MtDNA increases 9-fold at 12h after CPB utilizing surgery compared 

to pre-operative levels (Qin et al., 2016). Consequently, new therapeutic 

strategies to scavenge DAMPs might improve cerebral and renal function.  

 

 

2. Prevention of neurological injury in the elderly 

2.1 Risk assessment prior to surgical treatment  

Part A of this thesis focuses on prediction and improvement of postoperative 

neurological outcome after cardiac surgery. Coronary artery bypass grafting is 

performed more and more often in an ageing population, which increases the 

risk of postoperative complications and adverse events. POCD has the greatest 

impact on the lives of patients when they are back in their homes and 

specifically not in a hospital environment. Hence, clinicians should be aware of 

what they do not know. This seems even more warranted, because of the 
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additional association of POCD at 3 months after surgery and postoperative 

mortality we observed in our cohort of 49 patients in Chapter 3. Focussing on 

POCD would thus relay the focus of medical support from medicalization 

towards quality of life. 

 

Recent evaluation of the literature revealed that there is a general shortcoming 

in evidence to guide clinical decision making among elderly patients who 

require cardiac surgery (Rich et al., 2016). Additionally, there is a paucity of 

data on the impact of diagnostic and therapeutic cardiac interventions on key 

outcomes that are particularly important to older patients, such as quality of life, 

physical function, and maintenance of independence. To evaluate individual 

risk of patients prior to cardiac surgery, many hospitals apply the Society of 

Thoracic Surgeons Predicted Risk of Mortality or Major Morbidity (STS-

PROMM) or the EuroSCORE. Regarding elderly patients, the STS-PROMM 

score incorporates gait speed as a surrogate for frailty. The EuroSCORE 

includes an assessment of mobility, indicating that the presence of “severe 

impairment of mobility secondary to musculoskeletal or neurological 

dysfunction” contributes to mortality. However, both instruments do not adjust 

for functional capacity in daily life, cognitive impairment or signs of dementia, 

thus limiting their utility in patients above 75 years of age (Rich et al., 2016). 

Of note, the TO-CABG study used EuroSCOREs to analyze pre-operative risk 

as described in Chapter 2. Although EuroSCOREs indicated that the patients in 

our population would have a low risk of adverse events, we diagnosed 1 in 4 

patients with long-term POCD. Hence, more research on cardiac procedures is 

necessary in the light of long-term follow-up, focussing on general health status, 

neurocognitive outcome, quality of life, activities of daily living, and 

maintenance of independence in elderly patients. 

 

Medical professionals should balance the needs of the individual with pressures 

to protocolize care. Therefore, we should try and reach the situation in which 

patients and relatives are able to represent themselves in this discussion as the 

major beneficiaries of a good decision. Time has come for the debate on 

whether we should provide more funds to the improvement of cardiopulmonary 

bypass management to serve the frailest patients or whether we should focus 

further research on the assessment of long-term outcome and be able to inform 

frail patients about the consequences of cardiac surgery. Initiatives like the 
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“Choosing wisely” campaign, by the American Board of Internal Medicine 

(ABIM) foundation have started to raise awareness about the necessity of 

medical tests and treatments (choosingwisely.org). The goal of the initiative is 

to advance a dialogue between patients and clinicians on avoiding wasteful or 

unnecessary medical tests, treatments and procedures. Until now, 

recommendations of the Society of Thoracic Surgeons mainly encompass 

advice about unnecessary pre-operative diagnostic tests. On the other hand, the 

American Geriatrics Society emphasizes that for elderly patients they do not 

recommend screening for breast, colorectal, prostate or lung cancer without 

considering life expectancy and the risks of testing, overdiagnosis and 

overtreatment. Moreover, abundant screening and pre-operative diagnostics 

might be too much to handle in frail elderly patients (Clarfield, 2010). These 

social initiatives can only exist when sufficient evidence is gathered. Close 

collaboration between government and medical professionals, combined with 

financial support may aid the process of national discussion about when to treat 

and when not to treat. Eventually, this will improve quality of life, aid 

maintenance of independence in elderly patients, and release some of the 

financial and caretaking burden on our health care system. 

2.2 Prediction of neurological deficits 

Section 2.1 highlighted the advantages of pre-operative assessment of the 

individual’s vulnerability to adverse effects, and the necessity for accurate 

parameters. In Chapter 3, we investigated patients with POCD with 3 months 

short-term and 15 months long-term follow-up. We found that patients with 

POCD had significantly higher pre-operative levels of brain-specific fatty acid-

binding protein (BFABP), compared to patients without POCD. Healthy elderly 

individuals usually have BFABP plasma levels <5 pg.ml
-1

, whereas BFABP in 

patients with Alzheimer’s disease, Parkinson’s disease or other 

neurodegnerative disorders usually ranges between 10-20 pg.ml
-1

 (Teunissen et 

al., 2011). In our patients, we found pre-operative BFABP levels of 22.8 (8.3-

33.0) pg.ml
-1

 in patients who developed POCD at 3 months after CABG, 

compared to 9.7 (3.9-17.3) pg.ml
-1

 in patients who did not develop POCD. 

Therefore, we suggest the assessment of serum BFABP levels prior to surgery 

in relation to POCD development in a larger cohort of patients to analyze its 

predictive value. 
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3. Turning anaesthesia into an advantage 

3.1 Anaesthesia as a constant in surgery 

Cardiac surgery is almost always performed under general anaesthesia. In the 

light of neurological outcome, the effects of intra-operative anaesthetic 

management and its postoperative consequences should be discussed. All 

regularly used anaesthetic agents, such as ketamine (Yan & Jiang, 2014), 

isoflurane (Wei et al., 2007), and propofol (Ulbrich et al., 2016), have been 

shown to induce neurotoxicity in some in vitro settings, but also to have 

neuroprotective properties in other settings. Most anaesthetics alter the 

processes of neuronal survival and death. 

 

Several alternatives to manage the effect of anaesthetics in experimental study 

design have been suggested. For instance, procedures aimed at postoperative 

survival should include sufficient sham operated groups, receiving similar 

anaesthetic treatment but not the surgical intervention. Also, it can be 

informative to include another anaesthetic agent, with a different mechanism of 

action from the primary anaesthetic used. Survival studies should follow-up at 

least 7 days after the procedure (Karmarkar et al., 2010). In the study described 

in chapter 8, we initially planned to perform CPB under propofol and fentanyl 

anaesthesia. However, due to unknown causes, the animals did not survive the 

first 24 h after the procedure. A subsequent switch to ketamine anaesthesia 

allowed us to continue with the study without these untimely losses. Sufficient 

sham groups were included under ketamine anaesthesia and follow-up lasted up 

to 7 days. A major benefit of in vivo PET-scans is that animals are not sacrificed 

immediately, but neuroinflammatory processes can be followed in time, thus 

allowing the monitoring of potential neurotoxic or neuroprotective processes. 

However, the rats were anaesthetized with volatile anaesthetics while 

undergoing PET-scans. This is a limitation, which can be avoided by 

performing human studies. 
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3.2 Anaesthetic pre-conditioning  

It might be worthwhile to address the neuroprotective properties of anaesthetics 

to prevent secondary neurotoxic effects. Several studies on pre-conditioning 

point out the neuroprotective features. Preconditioning with isoflurane can 

inhibit later isoflurane-induced neurotoxicity (Wei et al., 2007). Ketamine 

anaesthesia as a neuroprotective agent is frequently investigated in animal and 

cellular studies, which demonstrate the neuroprotective effec in various settings. 

However, virtually no clinical trial data are available (Himmelseher & Durieux, 

2005). 

 

A recent study on the expression of brain-derived neurotrophic factor (BDNF) 

in hippocampal sections associated aging with a decrease in NMDAR-CaMKII 

activity, which leads to decreased BDNF levels (Palomer et al., 2016). As 

ketamine antagonizes the NMDAR, one would not consider this as a prime 

anaesthetic agent to induce neurprotection in aged subjects. However, as we 

found Bdnf expression to increase significantly only in ketamine anaesthetized 

aged mice at 4h after i.v. ketamine administration (chapter 5), it might serve as 

a valuable inducer specifically in aged brain. We would therefore suggest 

studies designed to investigate the effect of preconditioning with ketamine in 

low dose prior to cardiac surgery in two age groups. Indeed, ketamine causes 

dose dependent direct stimulation of the CNS that leads to activation of the 

sympathetic nervous system. Consequently, ketamine is associated with 

increased blood pressure, heart rate, cardiac output, and myocardial oxygen 

requirement. However, critically ill patients may unexpectedly respond to 

ketamine with decreases in blood pressure and cardiac output. This represents 

depletion of endogenous catecholamine stores and exhaustion of sympathetic 

compensatory mechanisms (Erstad et al., 2016). In a cardiac surgery population, 

initial studies should therefore only include patients eligible for elective 

procedures, with a relatively low pre-operative risk. Moreover, monitoring of 

these patients while on preconditioning therapy with continuous ECG, and 

adequate dosing are highly important. 
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4. Benefits of hypothermia 

4.1 Targeted temperature to improve survival 

We identified 32
o
C as the target temperature associated with the best 

postoperative survival in Chapter 7. Over the years, there has been a tendency 

to abandon deep cooling (below 30
o
C) during cardiac surgery and to adopt more 

tepid temperatures (above 34
o
C) in standard procedures such as CPB assisted 

CABG and valve surgery. Mild hypothermia was associated with the highest 

survival rates, as is shown in Figure 1, during a follow-up of 5 years after 

CABG and valve surgery. Had TTM been applied with a temperature target of 

32-33
o
C, survival percentages might have been higher in both the mild 

hypothermic category of which patients were cooled to 34
o
C and 35

o
C, as well 

as in all other temperature categories. 

 

To illustrate the impact of proper TTM, we calculated the number of patients in 

whom survival was extended beyond 5 years for all temperature categories 

should they have been cooled to 32-33
o
C during surgery (Table 1). The 

temperature adjusted mortality was then 525 patients in CABG surgery and 436 

patients in valve surgery. Mortality rates then dropped with 174/699 = 25% for 

CABG and with 111/547 = 20% for valve procedures by evadable deaths. Thus, 

there is a considerable theoretical advantage of targeted temperature 

management to 32-33
o
C during cardiac surgery. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Postoperative survival in CABG (Panel A) and valve surgery (Panel C) per 

category of hypothermia. Mild hypothermia (green) has the highest survival rates in 

both types of surgery, whereas normothermia (blue) in CABG and severe hypothermia 

(black) in valve surgery have the lowest survival (75% after 5 years).  
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Table 1. Current survival rates at 5-year follow-up and survival adjusted 

for TTM at 32-33
o
C in CABG and valve surgery 

   

       

CABG  Patients in 

category 

Survival 

at 5 year 

Mortality at 

5 year 

Adjusted 

TTM 

mortality 

Lives 

saved 

Normothermia 35-37
o
C 196 156 40 20 20 

Mild hypothermia 32-35
o
C 1694 1506 188 176 12 

Mild/Moderate 30-32
o
C 2633 2263 370 274 96 

Moderate/Severe 28-30
o
C 393 310 83 41 42 

Severe hypothermia <28
o
C 134 116 18 14 4 

 Total 5050 4351 699 525 174 

       

Valve  Patients in 

category 

Survival 

at 5 year 

Mortality at 

5 year 

Adjusted 

TTM 

mortality 

Lives 

saved 

Normothermia 35-37
o
C 112 93 19 15 4 

Mild hypothermia 32-35
o
C 1016 879 137 137 0 

Mild/Moderate 30-32
o
C 1436 1177 259 194 65 

Moderate/Severe 28-30
o
C 411 349 62 55 7 

Severe hypothermia <28
o
C 258 188 70 35 35 

 Total 3233 2686 547 436 111 

 

4.2 Analysis of patient temperature compliance  

In this thesis, we identified patient compliance with forced cooling as a novel 

variable that was independently associated with postoperative survival. The 

cause of the large variation in how patients respond to forced temperature 

changes is still unknown. Furthermore, we will have to speculate on why it is 

independently associated with survival.  

 

Further research on patient temperature compliance with forced cooling should 

target achievement of three major aims: 

1. To test theories that might explain the independent relation of 

temperature compliance and postoperative survival. 

2. To develop a theoretical model to predict the temperature compliance 

response. 
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3. To investigate methods to alter compliance in the individual patient and 

investigate its effects on surrogate markers for outcome. 

As we found patient compliance to be a determining factor for long-term 

postoperative survival, it might be valuable to assess the possibilities to 

determine patient compliance prior to cardiac surgery. By doing so, we might 

improve individual risk stratification of patients and investigate possibilities to 

alter patient compliance to forced cooling. Thusfar, we have analyzed patient 

compliance while patients were under anaesthesia, had undergone thoracotomy 

and had the cardiopulmonary bypass machine connected to induce the forced 

cooling. At this stage, additional monitoring may be applied to analyze central 

and peripheral vasodynamics. In addition, blood samples can be taken to 

analyze the presence of vaso-active substances, cold shock proteins, and 

proteins related to mitochondrial uncoupling. Future studies are necessary to 

assess the possibility to establish compliance prior to cardiac surgery, for 

instance by analyzing the effect of isolated limb cooling on vasoreactivity with 

Doppler ultrasound and NIRS monitors. 

 

Hypothesizing on the underlying mechanism of temperature compliance to 

forced cooling, we consider two explanations: altered vasoreactivity and 

metabolism related temperature induction. Vasoreactivity was previously 

investigated in a swine model of cardiopulmonary bypass, where continuous 

cold cerebral perfusion caused a temporary cerebral arteriolar constriction. 

However, when combined with circulatory cardiac arrest, cold cerebral 

perfusion was associated with endothelium-dependent vasospasm (Schmoker et 

al., 2009). Nitric oxide (NO), a potent vasodilator, was investigated for its effect 

on systemic vascular resistance during TTM in CPB-assisted valvular surgery. 

Serum NO levels were higher in mild hypothermic (34
o
C) CPB, when compared 

to deep hypothermic (28
o
C) procedures (Ohata et al., 2000). However, our data 

from the cohort described in Chapter 7 suggest that these differences in NO are 

absent or that they do not influence patient temperature compliance, as we did 

not find an association between patient temperature compliance and targeted 

temperature. 

 

Another possible explanation for the differences in temperature compliance 

might be from metabolic origin, such as mitochondrial uncoupling in response 
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to TTM. Cold exposure activates and recruits brown adipose tissue (BAT), 

which has high metabolic activity. BAT recruitment is associated with increased 

energy expenditure and decreased fat percentage (Saito et al., 2016). Possibly 

low compliant patients had more BAT activity and uncoupling activation in 

response to forced cooling than medium and high compliant patients. After cold 

exposure, skin temperature of healthy volunteers in the supraclavicular region 

close to BAT deposits dropped by 0.14°C when high BAT activity was found 

by [
18

F]-fluorodeoxyglucose (FDG)-PET scan, whereas it dropped significantly 

lower by 0.60 °C in the BAT-negative group (Yoneshiro et al., 2011). These 

findings were independent of patients BMI or body fat index and possibly 

explains why an association between body temperature compliance and BMI 

was absent in our cohort. BAT can produce body warmth through uncoupling 

protein-1 (UCP-1), which uncouples the respiratory chain from ATP 

production. Uncoupling then induces non-shivering thermogenesis. 

Additionallty, UCP1 decreases the production of free radicals during cooling, 

hence underlining the role of metabolic thermogenesis in preventing organ 

damage during hypothermia (Stier et al., 2014). 

 

Hence, it might be worthwhile to investigate compliance in a pre-operative 

setting. As we consider temperature compliance to be a systemic response that 

involves the adjustment of core body temperature, the process itself is not easily 

simulated. However, the response of the vascular system to regionally applied 

hypothermia can be assessed in relation to peripheral vasoconstriction and 

oxygenation. In order to achieve aim 2, we need strategies to investigate patient 

temperature compliance in a pre-operative setting. For instance, it might be 

worthwile to assess in cardiac patients whether limb cooling or a brief drop in 

core body temperature induce a vasoreactive response and the activation of 

BAT and UCP1 expression. Thereafter, these findings can be related to intra-

operative findings on temperature compliance. 

 

4.3 Cold shock pre-conditioning 

As a third aim in investigating patient temperature compliance, it might prove 

valuable to induce a low compliance response to cooling in the individual 

patient. Based on the results we found in Chapter 8, we should intend to induce 

cold shock as a form of pre-conditioning. Cooling induces the production of 
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cold shock protein RBM3. Increased levels of RBM3 are associated with 

regeneration of synapses and improved neurobehavioural outcome in two 

models of neurodegeneration (Peretti et al., 2015). Hence, it would be 

interesting to investigate patient temperature compliance in relation to 

endogenously produced cold shock proteins. Hypothetically, we might already 

achive such a cold shock response in the brain by applying systemic 

hypothermia for a relatively short time period, preferably in an anaesthetized 

patient to combine it with the positive effects of anaesthetic pre-conditioning 

and to prevent shivering which might prevent a decrease of core body 

temperature to the targeted temperature.  

 

First, it might prove efficient to analyze the optimum time at which the highest 

levels of RBM3 are present in specific brain regions. In Chapter 8, we found 

highest expression levels of RBM3 and TrkB receptor in rat cortex cooled at 

33
o
C at 1 day after cooling, compared to 7 days after cooling. We saw a similar 

response in CPB treated and sham animals, hence the effect was likely related to 

TTM rather than to the procedure. Moreover, other time frames need to be 

tested prior to application in clinical studies. Ideally, the initiation of RBM3 

RNA translation takes place within minutes after the ideal cooling temperature 

is reached. Then, cooling pre-conditioning does not need a separate intervention 

other than the usual cardiopulmonary bypass initiated procedure. If highest 

levels are found at one to several days after cooling, it might be worthwhile to 

investigate further. Our CPB study applied hypothermia to 33
o
C for 1 hour. 

Other studies need to investigate whether longer application of cold induces 

higher increases in RBM3 and TrkB receptor expression. 
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5. Neuroinflammation and cognitive decline  

5.1 Neuroinflammation in our studies 

We investigated the neuroinflammatory response in two experimental studies. 

When looking at the response generated after a major surgical procedure in aged 

and adult mice, described in Chapter 5, we did not find a strong, longlasting or 

primed neuroimmune response. The other model of the cardiopulmonary bypass 

did show a significant neuroinflammatory response in hippocampus and 

amygdala, but only at 7 days after the procedure and only in rats cooled to 18
o
C 

(Chapter 8). The application of CPB at 33
o
C did not induce a significant 

neuroinflammatory response, compared to pre-operative levels or sham 

procedure. From this, we conclude that the prevalence of neuroinflammation 

after surgery in neurologically healthy adult and aged patients is overestimated. 

It is known that the initiation of neuroinflammatory responses is sensitive to the 

accumulation of stimuli, which by themselves just induce a primed status of the 

microglia (Perry et al., 2007). The situation might be different when patients 

have underlying neurocognitive dysfunction (Holmes et al., 2009). Combining 

the results from our experimental studies with the incidence of POCD in 

Chapter 2 and Chapter 3 in patients with a low risk EuroSCORE profile, an 

association between neuroinflammation and POCD is unlikely. 

 

5.2 Models inducing neuroinflammation 

We therefore suggest that neuroinflammation is generally overestimated in 

experimental surgical models. This view is endorsed by the fact that many 

studies on neuroinflammation and postoperative cognitive outcome use a septic 

model or lipopolysaccharide (LPS) to help induce the neuroinflammatory 

response. More research needs to be done on the effects of surgery on the 

neurological processes and pathways without sepsis induction. Obviously, after 

cardiopulmonary bypass assisted cardiac surgery, the magnitude of potential 

DAMP expression is larger than after non-cardiac surgery or off-pump cardiac 

surgery. 

 

Microglial activation is assumed to be initiated in response to surgical 

interventions, for instance by peripheral inflammatory processes or circulating 
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pathogen associated molecular patterns (PAMPs) such as lipopolysaccharide 

(LPS) in the case of bacterial infections and sepsis. However, most animal 

studies using LPS describe the administration of supraphysiological dosages, 

when taking the LPS content of gram-negative bacteria into account (Hoogland 

et al., 2015). Consequently, the microglial response of triggering inflammation 

with alive or heat-killed bacteria is less profound compared to 

neuroinflammation found in the experiments using a challenge with these large 

LPS doses. Because of the differences in neuroinflammatory response between 

a peripheral challenge with LPS or live bacteria, the clinical relevance of using 

LPS as a model for surgery is questionable (Hoogland et al., 2015). 

 

To tackle the issue, it would be very interesting to apply the [
11

C]-PBR28 PET-

scans in patients with postoperative delirium and POCD in acute phase and at 3 

months follow-up after cardiac surgery. However, these study designs may be 

considered unethical, as they are exhausting and invasive procedures in an 

already vulnerable patient population. Meanwhile, it is necessary to focus on 

better risk assessment in elderly patients, in addition to high quality research 

after cardiac surgery with long-term follow-up, focussing on general health 

status, neurocognitive outcome, quality of life, activities of daily living, and 

maintenance of independence in elderly patients. 
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Nederlandse samenvatting   (Dutch Summary) 

 

Het doel van dit proefschrift was het onderzoeken en verbeteren van 

therapeutische interventies, die momenteel gebruikt worden in de 

cardiopulmonale bypass-geassisteerde chirurgische procedures, met als 

uiteindelijke doelstelling om postoperatieve uitkomst te verbeteren. 

 

Deel A van dit proefschrift onderzoekt de resultaten uit de weefseloxygenatie in 

coronair arterie bypass grafting (CABG) studie, kortweg de TO-CABG studie. 

In deze studie zijn patiënten gerandomizeerd for electieve CABG procedures, 

met of zonder het gebruik van de cardiopulmonale bypass (CPB), dus on-pump 

of off-pump. Nabij-infrarode spectroscopie (NIRS) werd gebruikt om cerebrale, 

renale en perifere weefseloxygenatie te evalueren. Verder zijn bloed en urine 

samples gestandaardizeerd afgenomen, en cognitieve functie testen zijn 

uitgevoerd voorafgaand aan en na afloop van de chirurgische procedure.  

 

Hoofdstuk 2 is het eerst gepubliceerde artikel wat voortkomt uit de TO-CABG 

studie. In dit artikel is onderzocht wat het effect van on-pump en off-pump 

CABG is op de non-invasieve intra-operatieve registratie van cerebrale 

weefseloxygenatie, in relatie tot de ontwikkeling van postoperatieve cognitieve 

dysfunctie (POCD). We observeerden dat significante cerebrale deoxygenatie 

zelden voorkwam in onze patiëntpopulatie, en de indicentie van desaturaties, 

zelfs met andere drempelwaarden, was niet verschillend tussen patiënten 

gerandomizeerd voor on-pump en off-pump cardiale chirurgie. Daarentegen, we 

vonden wel een significante reductie in de incidentie van cognitieve dysfunctie 

3 maanden na off-pump CABG. Door het onderzoeken van de effecten van CPB 

in cardiale procedures op neurologische uitkomst kunnen nieuwe inzichten 

ontstaan aangaande preventie van neurologische complicaties en het verbeteren 

van postoperatieve uitkomst.  

 

In hoofdstuk 3 worden de effecten van CPB op neuronale schade biomarkers in 

het bloed onderzocht en hoe deze relateren aan postoperatieve cognitieve 

dysfunctie op de lange termijn en postoperatieve overleving. Klassieke 

neuronale schade gerelateerde biomarkers hadden geen duidelijke prognostische 

waarde in onze studiepopulatie. Daarentegen, plasma vrij hemoglobine bij 

sternum sluiten en hs-troponine T gemeten op 1 dag na chirurgie waren 
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significant geassocieerd met cognitieve dysfunctie op de lange termijn. 

Daarnaast vonden we significant hogere waarden van brein vetzuurbindend 

eiwit (BFABP) in de pre-operatieve bloed samples van patiënten met 

symptomen van POCD gemeten op 15 maanden na chirurgie. Onze resultaten 

laten zien dat cognitieve dysfunctie, gemeten op 3 maanden na CABG, dus 

buiten de acute fase, een waardevolle prognostische factor is in het voorspellen 

van voortgaande cognitieve stoornissen een jaar later. Daarnaast was er een 

duidelijke associatie tussen POCD gemeten op 3 maanden na chirurgie en all-

cause postoperatieve mortaliteit. Meer onderzoek is noodzakelijk om de waarde 

van alternatieve neuronale schade gerelateerde biomarkers te bepalen. Onze 

data suggereren dat POCD als een interessante optie kan fungeren als surrogaat 

marker voor postoperatieve mortaliteit. 

 

We weten uit eerdere studies dat postoperatieve mortaliteit nauw gerelateerd is 

aan acute nierschade. Daarom hebben we geëvalueerd of renale 

weefseloxygenatie het ontstaan van postoperatieve nierfunctiestoornissen in 

volwassen patiënten kan voorspellen, in vergelijking met de renale 

schademarkers neutrofiele gelatinase-geassocieerd lipocalin (NGAL), en nier 

schade molecuul-1 (KIM-1) in hoofdstuk 4. In onze analyse was nierweefsel 

specifieke deoxygenatie geassocieerd met toegenomen postoperatieve serum 

creatinine waardes in patienten die off-pump CABG ondergaan. Dit bevestigde 

onze hypothese dat nierweefsel specifieke deoxygenatie een voorspellende 

waarde kan hebben voor ongunstige renale uitkomsten. Daarentegen vonden we 

in on-pump chirurgie een omgekeerde associatie tussen nierweefsel specifieke 

deoxygenatie en nierfunctie, aangezien deoxygenatie paradoxaal geassocieerd 

was met betere renale uitkomst in een multivariate regressie analyse. 

Vervolgens hebben we verlies van autoregulatie geanalyseerd, aangezien dit 

mogelijk een logische verklaring zou zijn voor deze paradoxale associatie. We 

evealueerden de relatie tussen intra-operatieve mean arterial pressure en renale 

weefseloxygenatie. We vonden een sterk positieve correlatie tussen MAP en 

renale weefseloxygenatie in de laatste fase van on-pump CABG, terwijl een 

dergelijk verband absent was in off-pump procedures. Waarschijnlijk is de 

positieve correlatie een indicatie voor verlies van autoregulatie van renale 

bloedstroom in deze populatie. Onze resultaten laten zien dat intra-operatief 

verlies van renale autoregulatie de tegenovergestselde relatie tussen intra-



Chapter 10 

 202 

operatieve renale weefsel deoxygenatie en postoperatieve nierfunctiestoornissen 

in on-pump CABG zou kunnen verklaren. 

 

Om meer inzicht te krijgen in de mechanistische effecten van major systemische 

chirurgische stimuli op neurologische processen, hebben we de 

neuroinflammatoire response onderzocht in een chirurgisch laparatomie model 

in de muis. We verwachtten dat microglia sterker en langduriger geactiveerd 

zouden zijn in oude dieren, in vergelijking met volwassen dieren. Dus 

onderzochten we in hoofdstuk 5 reactieve en priming aspecten van 

neuroinflammatie na systemische inflammatie in een laparotomie chirurgisch 

model zonder inductie van sepsis. Dit hoofdstuk toont dat oude muizen hogere 

pro-inflammatoire cytokines tot expressie brengen, zowel na operatie als in 

controle dieren, in vergelijking met volwassen muizen. Daarnaast vonden we in 

oude muizen lagere brain-derived neurotrophic factor (Bdnf) eiwit expressie en 

mRNA. De activatie van pro-inflammatoire cytokines in oude muizen was 

toegenomen op 4 uur postoperatief, in vergelijking met controle, maar er was 

een significante afname waarneembaar op 24 uur na procedure, net zoals dit in 

volwassen muizen het geval was. Hieruit concluderen we dat een chirurgische 

impuls, zoals een laparotomie, geen langdurige en overdadige 

neuroinflammatoire respons uitlokt in oude muizen. 

 

Deel B begint vanuit een therapeutisch oogpunt met de voordelen van 

hypothermie in targeted temperature management (TTM). Hoofdstuk 6 is een 

overzicht van de mechanismen waardoor TTM zijn beschermende werking 

uitoefent tegen ischemie/reperfusie (I/R) schade in het brein. TTM reduceert 

glutamaat afgifte en oxidatiee stress and inhibeert de afgifte van pro-

inflammatoire factoren. Vervolgens heeft TTM een remmende werking op 

mitochondrieel geïnduceerde apoptosis, neuronale excitotoxiciteit, en 

neuroinflammatie. Recente literatuur wijst uit dat TTM de unfolded protein 

response (UPR) remt, door verminderde activatie van de PERK-eIF2α-ATF4 

pathway. Daarnaast worden SUMOylatie en de productie van cold shock eiwit 

RBM3 gestimuleerd. Nader onderzoek naar TTM is noodzakelijk om de 

toepassing ervan te verfijnen en de mogelijkheden van farmacologische 

nabootsing of stimulering van de cellulaire effecten van TTM te exploreren. Het 

verbeteren van de toepassing van TTM kan de ziektelast van patiënten met 

hartstilstand, beroerte of post-cardiaal chirurgische complicaties doen afnemen. 
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De effecten van TTM op de lange-termijn postoperatieve overleving in een 

groot cohort van patiënten die cardiale chirurgie hebben ondergaan, is 

onderzocht in hoofdstuk 7. We identificeerden dat milde hypothermie (32-

35
o
C) in CABG procedures en milde tot matige hypothermie (30-35

o
C) in 

klepchirurgie als richttemperatuur geassocieerd zijn met lange-termijn 

postoperatieve overleving. Wat interessant is, is dat we een grote variantie 

vonden in de mate van adaptatie van de patiënts kerntemperatuur aan de 

geforceerde koeling door de CPB. Patiënten kunnen een hoge of lage mate van 

temperatuurcompliantie met geforceerde koeling vertonen. Zowel in CABG als 

klepchirurgie is lage compliantie met geforceerde koeling geassocieerd met een 

significant betere postoperatieve overleving, onafhankelijk van 

richttemperatuur. We hebben dus de ideale richttemperatuur vastgesteld in de 

twee meest voorkomende types van cardiale chirurgie, en identificeerden een 

nieuwe temperatuur-gerelateerde patiënt factor die geassocieerd is met 

postoperatieve overleving.  

 

De effecten van milde en diepe hypothermie op de neuroinflammatoire response 

in een model voor de CPB in de rat staan beschreven in hoofdstuk 8. 

Neuroinflammatie in ratten die CPB of sham procedure ondergingen onder 

hypotherme condities bij 18
o
C of 33

o
C werd onderzocht middels PET-scans op 

dag 1, 3 en 7 na de procedure, door standard uptake values (SUV) te vergelijken 

van de tracer [
11

C]-PBR28, die bindt aan geactiveerde microglia. We vonden 

een significante toename van SUV in hippocampus en amygdala van ratten die 

CPB bij 18
o
C ondergingen op 7 dagen na de procedure, terwijl op dag 1 na 

procedure nog geen verschil zichtbaar was. Verder observeerden we een 

toename in TrkB en RBM3 in cortex op dag 1 en in hippocampus op dag 7 in 

ratten die CPB ondergingen bij 33
o
C. We concluderen hieruit dat diepe 

hypothermie toegenomen neuroinflammatoire response veroorzaakt in 

kwetsbare hersengebieden, vergeleken met milde hypothermie. Daarnaast 

induceert milde hypothermie cold shock eiwit activatie in zowel cortex als 

hippocampus bij ratten na CPB, in vergelijking met diepe hypothermie. 

Samenvattend zou dit kunnen betekenen dat neuroinflammatie wordt getemperd 

in milde hypothermie, mogelijkerwijs door activatie van beschermende 

mechanismen door cold shock eiwit inductie.  
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