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Heparin Coating and Cardiotomy Suction in 
Cardiopulmonary Bypass 

Staffan Svenmarker Department of Surgical and Perioperative 
Science, Umeå University, Umeå Sweden. 

Abstract 
The present thesis addresses various means of reducing inflammatory 
responses associated with cardiopulmonary bypass (CPB) and 
retransfusion of pericardial suction blood (PSB) during cardiac surgery. 

Four (I-IV) prospective randomised controlled clinical trials comprising 
475 patients were performed in the following areas: effects of heparin 
coating on measures of clinical outcome and memory function (I, II), 
inflammatory reactions in PSB and its systemic effects after 
retransfusion using cardiotomy suction or cell salvage (III) and effects 
of retransfusion of PSB on memory function and release patterns of 
protein S100B (IV). 

The use of heparin coated CPB-circuits was associated with a decrease 
of postoperative blood loss (I, II), transfusion requirements (II), shorter 
stay in hospital (I) decreased postoperative ventilator time (I), lower 
incidences of atrial fibrillation (II) and neurological deviations (I), 
reduction in releases of protein S100B (I, II) and lower postoperative 
creatinine elevation (I, II). 

PSB contained high concentrations of cytokines, complements, 
myeloperoxidase, free plasma haemoglobin and protein S100B (III, IV). 
Retransfusion using cardiotomy suction increased the systemic 
concentrations of free plasma haemoglobin and protein S100B, whereas 
retransfusion using cell salvage caused no detectable systemic effects 
(III, IV). CPB was associated with a small but significant release of 
protein S100B, despite elimination of PSB-contained protein S100B 
using cell salvage (IV). 

Subtle signs of impaired memory function were identified that were not 
associated with the use of heparin coated CPB-circuits (I, II) or 
retransfusion of PSB (IV). 

 

Key words: cardiopulmonary bypass, oxygenators, heparin, S100 proteins, 
blood loss, haemostasis, memory, outcome and process assessment. 
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Abbreviations 

ACT Activated Clotting Time 
BCI Brain Cell Injury 
BMI Body Mass Index 
CABG Coronary Artery Bypass Grafting 
CBAS Carmeda BioActive Surface 
CNS Central Nervous System 
CPB Cardiopulmonary Bypass 
CR Cardiotomy Reservoir 
CRP C Reactive Protein 
CS Cell Saver 
CT Computerised Tomography 
ECG Electrocardiogram 
ELISA Enzyme-Linked Immunosorbent Assay 
HCC Heparin Coated Circuits 
IL Interleukin 
LOS Length of Stay in Hospital 
MAC Membrane Attack Complex 
MAP Mean Arterial Pressure 
MODS Multi Organ Dysfunction Syndrome 
MPO Myeloperoxidase 
OFF-PUMP Cardiac surgery without heart-lung machine 
PHb Plasma Haemoglobin 
PMN Polymorphonuclear 
PSB Pericardial Suction Blood 
SCADs Small Capillary Arterial Dilatations 
SD Standard Deviation 
SEM Standard Error of the Mean 
SIRS Systemic Inflammatory Response Syndrome 
TCC Terminal Complement Complex 
TNF Tumour Necrosis Factor 
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Introduction 

Historical Aspects of Cardiopulmonary Bypass 

The invention of the heart-lung machine is attributed to John Gibbon, Jr. 
His wife, Mary Gibbon was the first perfusionist. Dr. Gibbon invented 
the heart-lung machine in his laboratory at the Bullfinch Building of the 
Massachusetts General Hospital in the 1930’s.  Originally, it was 
designed to serve as life support during Trendelenburg operations and 
pulmonary embolectomy - at that time associated with nearly 100% 
mortality. In 1953, the heart-lung machine was introduced in cardiac 
surgery, when Gibbon successfully closed an atrial septum defect in an 
18-year-old woman [1]. 

Clarence Crafoord performed the second heart operation ever with the 
aid of a heart-lung machine in Sweden 1954 [2]. Inge Rygg and Erik 
Kyvsgaard developed a new type of integrated soft-shell bubble 
oxygenator in Denmark in 1956 [3]. The main body of work for the 
evolution of extracorporeal circulation during the 1950’s took place at 
the Mayo Clinic by John Kirklin and by C. Walton Lillehei at the 
University of Minnesota [4-6]. 

Kirklin performed a series of cardiac interventions using a modified 
Gibbon heart-lung machine with promising results [4]. However, the 
equipment was complex and difficult to operate and maintain. C. 
Walton Lillehei had at the time introduced the bubble oxygenator [5]. 
The device represented a tremendous step towards simplicity, making 
the process of extracorporeal circulation more accessible. From 1955 to 
1966, C. Walton Lillehei operated on more than 2500 patients with the 
help of bubble oxygenators [6]. The first disposable bubble oxygenator 
with integrated heat exchanger came in 1955 by DeWall and colleagues 
[7]. 

Today, bubble oxygenators have been replaced by membrane 
oxygenation, which first was described by Wilhelm Kolf [8] in 1956 and 
introduced clinically by Frank Gerbode [9] and Arnold J. Lande [10] in 
1966. 

Despite nearly half a century since the introduction of cardiopulmonary 
bypass (CPB) in cardiac surgery we are still confronted with similar 
challenges to those which occupied the pioneers. Gibbon was aware of 
the importance and possible deleterious effects of the contact between 
blood and the foreign environment represented by the extracorporeal 
circuit. 
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“The surface contact with blood should be inert, friendly, one 
might say, to the blood passing along, and this passage of 
blood should provide the patient with adequate circulation of 
undamaged properly oxygenated blood and a means for its 
release of carbon dioxide” [11]. 

The present thesis addresses a related issue to describe ways of how to 
modulate the blood-to-surface interaction, as well as effects generated 
by the use of cardiotomy suction. 

Introductory Remarks to Cardiopulmonary Bypass 

Despite recent trends in cardiac surgery to avoid CPB in attempts to 
simplify and to reduce complications [12], CPB will play a major role 
for several cardiac surgical interventions for years to come. Therefore, 
further refinement and improvement of the extracorporeal technique 
remains an important field of research. 

According to the Society of Thoracic Surgeons National Database, 20% 
or 22.000 low-risk patients develop postoperative complications after 
cardiac surgery [13]. Multiorgan failure occurs in 11% of cases, which 
increases the risks of other morbidity and mortality. In our own 
experience, more than 40% of cardiac surgical patients deviate in some 
respect from a completely normal postoperative course [14]. 

Since cardiac surgery is a multidisciplinary intervention, it is difficult to 
isolate to what extent CPB contributes to the development of organ 
dysfunction and poor patient outcome. The situation is further 
complicated by the varied and profound effects CPB may have on 
normal physiology. Safety and quality aspects of clinical perfusion 
routines should also be considered [15] (Figure 1). 
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Figure 1. Physiological and procedure related aspects of cardiac 
surgery and cardiopulmonary bypass. 
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The Systemic Inflammatory Response Syndrome 

Contact of blood with foreign surfaces during CPB triggers a global 
defence reaction affecting essentially every cell within the body, usually 
denoted in the literature as the systemic inflammatory response 
syndrome (SIRS) [16-18]. This response is characterised as being non-
specific and of varying intensity, but may in a low percentage of cases 
lead to severe organ dysfunction, death or limit long time survival [19]. 
SIRS is governed by a complex interplay of cellular and humoral 
proinflammatory and antiinflammatory responses. Imbalance or a 
proinflammatory turnover may affect normal postoperative recovery and 
clinical outcome [20-22]. 

The general intensive care diagnosis of SIRS [23] requires the presence 
of two or more of the following criteria: 

• Body temperature > 38˚C or < 36˚C 
• Heart rate > 90 beats/minute 
• Respiratory rate > 20 breaths/minute or PaCO2 < 4.3 kPa 
• Leukocyte count > 12 000 or < 4 000 (*109) or 10% immature forms 

During cardiac surgery SIRS may also develop as a consequence of 
reperfusion injury after aortic cross clamping [24] or hypoperfusion of 
the gut leading to endotoxemia [25]. A schematic overview of SIRS in 
conjunction with CPB is presented in Figure 2. 

Cardiopulmonary Bypass 
 

Initiating Factors 
 

• Contact activation 
• Ischemia & Reperfusion 
• Endotoxemia 

 
Immune System Activation 

 
• Complement 
• Cytokines 
• Coagulation & Fibrinolysis 
• Endothelium 
• Cellular Immune System 

 
Figure 2. An overview of responses attributed to the use of 
cardiopulmonary bypass and the development of the systemic 
inflammatory response syndrome [26]. 
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Complement activation 

One of the most important immunologic reactions related to the 
development of SIRS is complement activation. Complement is 
comprised of a group of more than 30 proteins activated through three 
different pathways. It serves as a primitive recognition system capable 
of self/nonself descrimination [24, 27]. The ‘classical’ pathway is 
initiated by complement factor C1 binding to antigen-antibody 
complexes. The ‘alternative’ pathway is initiated by complement C3b 
binding to various activating surfaces or bacteria. The third pathway is 
initiated by binding to lectin. All three pathways converge trough a 
central C3 convertase step, followed by a cascade action and self-
assembly of the membrane attack complex C5b-C9 (MAC). The MAC 
is responsible for cell lysis, whereby the cell membrane is penetrated or 
attacked in an attempt to eradicate the invader [27]. 

Complement activation leads to generation of the anaphylatoxins C3a 
and C5a [24]. Their action initiates the release of histamine and 
leukotrienes from mast cells and basophiles. Effects of anaphylatoxins 
during CPB are observed in part as vasodilatation and increased 
vascular permeability [27]. C5a acts as a chemotactic and activating 
agent for neutrophils, leading both to their recruitment and release of 
lysosomal enzymes, reactive oxygen species and other inflammatory 
mediators [24]. 

CPB activates primarily the ‘alternate’ pathway [28], while protamine, 
or the heparin-protamine complex is a trigger of the classical pathway 
[29]. During the postoperative period a second delayed complement 
activation is observed, mediated by C reactive protein (CRP) [30]. The 
degree of complement activation during CPB is probably of clinical 
significance. Pulmonary function correlates with activation of the 
‘classical’ pathway by protamine-heparin complexes and C4d activity 
with postoperative arrhythmia [30]. Furthermore, C3a activity or 
activation predicts occurrence of cardiac, pulmonary, renal and 
haemostatic dysfunction [22]. Modulation of the terminal complement 
complex is reported to affect cardiac function, blood loss and cognitive 
deficits [31]. 

Cytokines 

Cytokines are a group of proteins produced by different cells, most 
notably cells of the immune system, either as a response to an immune 
stimulus or as an intercellular signal. Cytokines have a multitude of 
different biological effects and are important both in the innate and in 
the adaptive immune response [32]. 
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It is well recognised that use of CPB induces syntheses of 
proinflammatory cytokines [18, 33]. Among most widely recognised are 
tumour necrosis factor alpha (TNF-α), interleukins IL-1, IL-6 and IL-8. 
This proinflammatory activity is concomitantly counterbalanced by a 
similar antiinflammatory cytokine response, typical by for instance 
increases of IL-10, IL-1ra and TNFsr-1 and TNFsr-2 [33]. The specific 
role of an imbalance in cytokine control and possible interferences with 
normal organ function and clinical prognosis remains to be resolved 
[34]. 

Coagulation and fibrinolysis 

Activation of coagulation and fibrinolysis represents two important 
processes in the systemic inflammatory response induced by CPB. The 
magnitude of activation is determined by many factors, including other 
branches of the inflammatory syndrome [17, 35-37]. The coagulation 
cascade is traditionally divided into the ‘intrinsic’ and ‘extrinsic’ 
pathways converging into a common pathway from which thrombin is 
generated. In a final step, thrombin converts fibrinogen to an insoluble 
fibrin clot [38]. The ‘intrinsic’ pathway is initiated by the blood-foreign 
surface contact, mediated via the Hageman factor XII. The ‘extrinsic’ 
pathway is predominately triggered by tissue factor VIIa. The relative 
importance of these two pathways in terms of coagulation activity 
during CPB is of great concern. In patients with congenital factor XII 
deficiency, thrombin is nonetheless produced, strongly engaging the 
‘extrinsic’ pathway of coagulation during CPB [39]. In theory this 
requires expression and activation of tissue factor and VIIa [36]. The 
surgical trauma [36] and use of cardiotomy suction [40, 41] are probably 
the main mechanisms to this reaction. 

Procoagulant activity and its restriction, mediated by anticoagulant 
mechanisms in the ideal case coexist in a delicate balance. CPB 
represents a threat to this balance evidenced by its procoagulant activity, 
which requires administration of anticoagulant drugs. CPB also 
stimulates fibrinolysis contributing to postoperative coagulopathy [38]. 
Disturbances to normal coagulation function may in the wider 
perspective lead to deposition of fibrin in end organs, contributing to the 
multiorgan dysfunction syndrome (MODS) and possible death [35]. 

The endothelium 

The endothelium is no longer regarded as a static barrier [42]. On the 
contrary, it represents an active participant of many vital body functions, 
one being the inflammatory process. Its activity is apparent by control of 
vascular tone, permeability, coagulation processes, interactions with 
leukocytes and platelets through expression of surface proteins and 
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secretion of soluble mediators [43]. Endothelial cell adhesion molecule 
expression mediates the interaction between the neutrophil and 
endothelial cell, resulting in neutrophil adhesion, activation and 
degranulation [44]. This neutrophil activity further damages the 
endothelium, causing diffuse capillary leak and oedema formation [42]. 

The cellular immune response 

The interaction between neutrophils and the endothelium is an essential 
part of the inflammatory process, which leads to endothelial damage 
[43]. In the initial phase, neutrophils are converted into a “rolling state”, 
mediated by expression of adhesion molecules. P- and E-selectin are 
found on the endothelium and L-selectin on the neutrophils. A related 
mechanism of adhesion of platelets is mediated by the P-selectin. This is 
succeeded by a tight adhesive link of neutrophils to the endothelium 
governed by integrin molecules, whereupon the neutrophils eventually 
are transmigrating out of the circulation [43]. At this stage neutrophils 
degranulate and undergo a respiratory burst releasing cytotoxic 
proteases such as elastase and myeloperoxidase [45, 46]. These enzymes 
can lead to damage of the surrounding tissue [47]. CPB is associated 
with increased concentrations of both neutrophils and leukocyte 
adhesion molecules, which persists 24 h after surgery [48]. The clinical 
significance of leukocytes in the inflammatory response to CPB is 
verified by pulmonary sequestration of neutrophils, which can 
compromise normal lung function [47]. Influences on cardiac and renal 
function have also been demonstrated [45]. 

Cardiopulmonary Bypass and Clinical Outcome 

SIRS is closely related to the development of organ dysfunction [18]. 
Use of CPB may significantly contribute to a systemic inflammatory 
response and development of postoperative dysfunction of major organs 
[49]. Ameliorating CPB-related initiation of SIRS during cardiac 
surgery should contribute to improvement of general clinical outcome 
after CPB [50]. We have chosen to investigate some aspects of CPB 
activation of systemic inflammation, with the goal of decreasing this 
type of post-bass morbidity. 

The Role of Heparin Coating 

Coating of artificial surfaces with heparin is designed to improve 
biocompatibility by mimicking the native constituents of heparan 
sulphate in endothelial cells [38]. Two different heparin coated surfaces 
(HCC) have been employed in this thesis: the Carmeda Bioactive 
Surface (CBAS) (Medtronic Foundation, Minneapolis, MN, USA) and 
Duraflo heparin coating (Jostra AG, Hirrlingen, Germany). The CBAS 



Introduction 

 18 

technology utilises a covalent bonding of heparin by end-point 
immobilisation to the artificial surface isolated via a duplicate layer of 
polyalkylenamine [51]. The antithrombin-binding sequence of the 
heparin molecule is thereby made available [52]. The Duraflo heparin 
coating is based on an ionic bond of heparin-benzalkonium-chloride 
complex adhered to the foreign surface [53]. The ionic bonding 
technique is known to be less stable and heparin may leach from the 
surface into the circulation [54]. Both types of heparin coatings have 
documented inhibitory effects on coagulation and other branches of 
inflammatory processes associated with CPB. However, indifferences in 
degree of biological activity have been demonstrated [55], with no 
significant connections to patient outcome [54]. 

More recent findings suggest that the biocompatibility properties of 
HCC are attributed to quantification of adsorbed plasma proteins 
occurring on the initial contact with blood [56]. Differentiation of the 
protein layer determines the unique qualities of a specific artificial 
surface, not only limited to thrombogenetic characteristics, but also 
from a global inflammatory response perspective. 

The reduced thrombogenicity produced by HCC was initially believed 
to decrease or even exclude the need for systemic anticoagulation [51, 
57]. However, to completely exclude the need for systemic heparin 
seems unrealistic, since coagulation is also triggered by the surgical 
trauma and use of cardiotomy suction [41]. The optimal heparin level 
for anticoagulation during CPB is still a matter open for discussion [35]. 
Combining HCC with reduced systemic heparin doses for routine 
coronary bypass grafting has proven to be safe based on an extended 
experience from a limited number of centres applying the technique [58, 
59]. 

Despite all theoretical and proven advantages of HCC on humoral and 
cellular responses it has been difficult to identify a clear link with 
improved clinical outcome. The reason for this may have 
methodological causes as well as suboptimal study design [60]. 
Measurement of clinical outcome [61] is typically based on observations 
related to time as length of stay in intensive care or hospital. Blood loss 
and transfusion requirements are two other common parameters used to 
define clinical outcome. A problem with all these measures has been the 
researcher’s ambition to generalise from changes in these parameters 
with the use of HCC. Data reflecting clinical outcome are prone to be 
influenced by departmental routines, which in a study design are 
difficult to control. In large-scale multicenter investigations [62] this has 
apparently turned out to be a methodological problem [60]. To prove the 
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significance of HCC to change clinical outcome may be difficult and 
therefore necessitates an optimal study design with sufficient power. 

The Role of Cardiotomy Suction 

The use of cardiotomy suction during CPB may be life saving in the 
case of major bleeding. However, in routine coronary artery surgery 
with a low risk of bleeding, the indication for cardiotomy suction is 
primarily to return relatively small volumes of blood from the surgical 
field. A defoaming chamber enables separation of air from blood by 
modulation of surface tension. Screen filtration (20-40 µm) removes 
debris before the pericardial suction blood (PSB) is re-administered into 
the systemic circulation. This relatively simple ‘cleaning’ process is 
employed to avoid macro-embolic debris being expelled into the arterial 
circulation and to ensure safe intraoperative autologous retransfusion 
during CPB. The method represents the standard procedure at most 
cardiac centres. We now know that the technique is associated with a 
number of limitations, several of which may have detrimental 
consequences for the patient. 

Exposure to negative pressure and the interface with air are the two 
major determinates of haemolysis generated by cardiotomy suction 
systems [63]. Several methods of reducing haemolysis have been 
proposed [64], without receiving widespread use. Platelet activation and 
dysfunction is still another side effect, increasing the risk of 
postoperative bleeding [65]. 

More important are the demonstrated effects cardiotomy suction may 
have upon the normal functions of the brain. Blood travelling trough the 
filter of a cardiotomy reservoir contains debris of different origin [64]. 
The fat component especially seems to be important for the 
development of small capillary arterial dilatations (SCADs) identified in 
the brain among post mortem patients exposed to CPB [66]. These 
malformations are between 10-70 µm in sizes consisting of acellular 
fatty material and prevalent only during a limited time after the 
exposure to CPB [67]. Experimental data suggest that cardiotomy 
suction is a major cause for the development of SCADs. Retransfusion 
of PSB in dogs has been shown to systematically generate SCADs [68]. 
Means to remove fat are limited to specially designed filters [69] and the 
use of cell saver techniques [70]. New methods are being developed, but 
are not yet clinically established [71]. 

Analysis of PSB during clinical conditions verifies the content of fat 
[70, 72]. Appelblad and Engström have shown that fat contamination 
may seriously impair capillary blood flow conditions during in vitro 
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measurements [72]. The in vivo implications of these findings are not 
yet defined. Organ dysfunction after CPB is generally acknowledged 
[18]. The impact of fat contamination in this context is of prime interest 
and deserves further attention, especially with reference to the functions 
of the brain. 

Triggering mechanisms of inflammatory responses during CPB include 
apart from foreign surface interactions the effects of PSB recycling [41]. 
Most importantly, this concerns activation of the coagulation cascade 
via the extrinsic pathway and tissue factor VIIa [40]. Boisclair et al. 
showed already in 1993 how formation of thrombin correlates with 
factor IX and not with factor XII [36], which indicates significant tissue 
activation of coagulation during CPB. This, combined with observed 
subnormal heparin concentrations in pericardial blood [41], further 
emphasises the coagulation aspect of cardiotomy suction. 

The most rational approach to avoid side effects of cardiotomy suction 
would simply be to exclude its use. Alternatively, other means of PSB 
retransfusion can be considered. Aldea and co-workers have shown that 
excluding cardiotomy suction may lower activation of coagulation, 
polymorphonuclear neutrophils (PMN) and platelets [59]. Cell saver 
devices are first choice alternatives for PSB recycling during CPB.  The 
method has been reported to efficiently remove major parts of fat 
contained in PSB, evident both from clinical [70] and experimental data 
[73]. 

Consequences of PSB recycling are at present not fully elucidated. We 
know that PSB contains elements of inflammation [59, 74], most 
significantly activation of the coagulation [41].  Information on the 
balance of activation between different branches of inflammation is 
lacking, especially the involvements of cytokines and PMN neutrophils. 
The ultimate challenge is to establish risks associated with retransfusion 
of PSB, especially with reference to the brain and the appearance of 
cognitive disturbances [75]. 

Cardiopulmonary Bypass and the Brain 

Thirty years ago Branthwaite [76] and Åberg [77] described how 
cardiac surgery using CPB is associated with a range of side effects 
altering normal functions of the brain. Despite refinements in surgical 
techniques, cerebral consequences following cardiac surgery still occur 
[75, 78-82]. The most frightened threat is a major focal injury with 
devastating consequences for the patient. Frank stroke is reported to 
occur in 1-3% [80, 81], while the prevalence of cognitive dysfunction is 
significantly higher and ranges from 4% to 80% depending on definition 
[75, 82, 83]. Plausible explanatory mechanisms focus on 
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microembolism and hypoperfusion [75, 81, 84]. The incidence of brain 
injury has decreased over time in spite of a marked increase of 
complexity in the case-mix and severity of comorbidity of patients. 

The risk of a focal cerebral injury coincides with degree of calcification 
of the aorta [85, 86], making surgical manipulation of the area 
potentially dangerous (Figure 3). Cognitive changes are related to the 
miroembolic load arising from the CPB-circuit [79, 87] and the surgical 
field [88]. 
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Figure 3. Prevalence and degree of calcification in ascending 
aorta related to age based on subjective intraoperative 
palpation in 5863 coronary artery bypass surgical patients at 
the Heart Centre of Umeå University Hospital, Sweden. 
Registration period 1995-2002. 

 

Circulatory effects of CPB are numerous; one consequence may be a 
compromise in cerebral perfusion [80]. Cerebral blood flow during CPB 
is primarily controlled by a calculated pump flow and the body’s 
autoregulatory mechanisms for vascular tone [89]. These very basic 
fundaments for blood flow control may in extreme situations not suffice 
to meet the actual demand [80]. One also needs to consider influences of 
pH control strategies [80], temperature management [90] and the 
complex interaction of different inflammatory cascade systems [91]. All 
of the given examples may in theory cause a mismatch situation leading 
to hyper- or hypoperfusion of the brain. Precise prevalence or severity 
of these changes has not been reported to date. 

In explaining cognitive disturbances after CPB, the impact of SIRS has 
been proposed as an important factor [80]. To what extent SIRS 
contributes to the development of cognitive dysfunction needs to be 
clarified in more detail [91, 92]. 
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Consequences of neurologic adverse events 

A state of focal cerebral injury or cognitive disability after cardiac 
surgery is a detrimental situation for the patient. It also contributes to a 
significant healthcare cost for the community. Mortality rates among 
patients with focal injury increase 10 fold and transfer to chronic care 
facilities are 5 times higher compared to patients without adverse 
cerebral outcome [81]. 

Joint efforts are therefore needed to improve surgery and perfusion 
techniques. One reasonable approach from the perfusion perspective 
would focus on completely elimination of emboli coming from the 
extracorporeal circuit and making the interface between blood and 
foreign surfaces physiologically inert or adaptive to avoid inflammatory 
reactions. 

Memory Dysfunction  

Although postoperative neurocognitive impairment is complex and not 
unique to cardiac surgery, it seems to be more frequent and more severe 
after operations using CPB [75, 93]. For some patients these changes 
may persist at six months [75] and also correlate with changes in 
measures of quality of life [94]. To minimise impairments related to 
CPB seems therefore to be a matter of high priority. 

Cognitive function embraces a number of different domains of, which 
learning, language comprehension, psychomotor speed, figural memory, 
attention and concentration are of special concern [84]. The busy 
university hospital setting usually restricts the possibility of a 
comprehensive cognitive examination, especially during the immediate 
postoperative period. This requires a selection of an appropriate 
assessment battery amenable to these limitations. Such tests have been 
proposed and also adopted by many research groups [84]. However, 
controversy still exists as to the composition of an optimal test battery 
[95]. In our case, cognitive assessment consisted of three tests of 
explicit and implicit memory. Memory dysfunction is a very commonly 
reported type of cognitive dysfunction after cardiac surgery [75, 81, 96]. 

The lack of consensus on frequency and extent of cognitive impairment 
reported in the literature deserves comment [75, 82, 83]. A major 
problem is the variety of tests employed to measure cognitive function 
[97]. Tests are designed to cover specific domains of cognition using 
different techniques, which is why test results must be evaluated 
individually [84]. For instance, Mahanna demonstrated how the 
incidence of cognitive decline varies from 1.1% to 34% 6 weeks after 
cardiac surgery, depending on interpretation of test results [95]. Apart 
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from inter-test variability, researchers use different thresholds for 
defining cognitive decline. Some researchers have based their 
conclusions on statistically significant differences based on raw scores; 
others set the cut-off to 20% between two test intervals and still other 
alternatives include cut-offs based on the standard deviation (SD) or 
constructed indices [98]. The statistical approach to data further adds to 
the complexity of interpretation [97, 98]. 

To validate cognitive decline, it is necessary to use at least two separate 
test occasions, which are typically performed pre- and postoperatively. 
Some test batteries employ the same test for both occasions, leading to 
false improvements or learning effects [99]. Basic reliability 
requirements are not fulfilled in these situations. Ways to avoid these 
drawbacks include using separate tests validated by a reference group 
[98]. Apart from improved reliability, the technique enables evaluation 
of the patient’s individual cognitive function relative to norms of the 
reference group. Relative performance is typically reported in standard 
units. Z-scores represent one alternative based on the normal 
distribution, with a mean of zero and standard deviation of 1. A Z-score 
of zero should be interpreted as normal performance compared to 
reference. Units of Z-scores away from zero denote degree of deviation 
from the normal: either improvement or impairment, depending on 
direction. 

The Protein S100 

The protein S100 was discovered by More in 1965 and named S100 due 
to its 100% solubility in ammonium sulphate at neutral pH [100]. This 
protein purified from bovine brain was later identified as two different, 
but closely related proteins (S100B and S100A1) [101]. It is found in 
astrocytes and in populations of oligodendrocytes within the central 
nervous system (CNS) [102], but also in Schwann cells of the peripheral 
nervous system [103]. One typical characteristic of the S100 family is 
the property of binding Ca2+ [101], but also Zn2+ and Cu2+ [104]. The 
molecular weight varies from 9 to 14 kDa [105]. 

Thirteen different forms of S100A (S100A1-S100A13) are found in 
humans, with their gene locus on chromosome 1 [102]. Most S100 
proteins exist as homodimers within cells in which two monomers are 
joined by non-covalent bonds. Some S100 proteins form heterodimers 
[106]. The homodimer of S100B (S100BB) forms a very stable linkage 
and appear mainly within cells [107]. The dimer structure of the S100 
protein enables each monomer to accommodate a target protein via Ca2+ 
cross-linking, whereby the S100 protein exerts its controlling functions 
[106]. 
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Extracellular functions of the S100 protein 

S100B is secreted into the extracellular space by astrocytes [108], 
adipocytes [109] and pituritary folliculostellate cells [110]. Information 
is sparse regarding the functional mechanisms behind secretion from 
pituitary and adipose cells. S100B secreted from glial cells exerts 
trophic or toxic effects, depending on concentration. At low 
concentrations, neurite outgrowth [111] and survival [112] are 
enhanced, indicating that S100B has an important impact on both nerve 
development and nerve regeneration. High concentrations of S100B are 
seen in patients with Down’s syndrome [113] and Alzheimer’s disease 
[114], and this has been used as a diagnostic tool. Other situations when 
high serum levels of S100B concentrations have been associated with 
disease are head injury [115], cardiac surgery [116], stroke [117] and 
Creutzfeldt-Jakob disease [118]. 

S100 inflammation and cognitive function 

S100 members are supposed to have a regulatory role in inflammation 
with actions both inside and outside cells. S100A8 and S100A9 have 
close connections to inflammations processes localised to neutrophils, 
macrophages and endothelial cells [119]. Extracellular S100B has been 
implicated in modulation of learning and memory [120]. The interplay 
between cognition and S100 is to date not well understood. However, it 
has been demonstrated that overexpression of S100B in transgenic mice 
impairs the ability to solve spatial tasks and temporal exploratory 
patterns [121]. Overexpression of S100B in neurons may also be linked 
to secretion of the proinflammatory cytokine IL-6, which may have 
implications in certain neuropathological changes [122]. 

Distribution and elimination of protein S100B 

The protein S100B is mainly located to the brain, but may be found in 
other organs at a lower concentration [123]. Apart from the 
concentration of S100B in individual organs, organ weight and blood 
supply also influence degree of possible secretion into the extracellular 
space. 

The S100B protein is mainly eliminated by renal metabolism [124]. 
Half-life of S100B was originally thought to be 113 minutes [125], but 
new findings suggest a half-life of 25 minutes [126]. 

The S100 protein assay 

Two assays for S100B analysis have been described, both supplied by 
Sangtec® Medical AB, Sweden. The first assay used a two-site 
immunoradiometric assay (IRMA) with a sensitivity of 0.2 µg/L [127], 
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followed by the new immunoluminometric methodology (LIA) [128] 
with improved sensitivity at 0.02 µg/L.  Both types of assays use the 
same antibodies (SMST 12, SMSK 25, SMSK 28) for detection of the 
S100B protein. The emitted radiation (IRMA) and light signal (LIA) are 
measured and these are directly proportional to the S100B concentration 
of a blood sample. 

The S100B subunit is not a single protein. It represents any of all 
possible S100 dimers that contain at least one beta monomer subunit 
[129]. The commercial immunoassay is sensitive for any occurring beta-
subunit regardless of specific configuration. Beta-units appearing as 
homodimers and heterodimers are collectively recognised, which is why 
summed concentrations of S100BB and S100A1-B are reported. This 
limitation does not seem to interfere with its specificity of detecting 
brain injury [130]. 

Use of protein S100 as a diagnostic marker 

The protein S100B is a useful marker to assist the clinician in 
diagnosing pathology involving the central nervous system [115, 131, 
132] and malignant melanoma [133]. Computerised tomography (CT) 
verified head injury is associated with increased levels of S100B, 
whereas absence of S100B elevation predicts a normal CT-scan finding 
[131]. Stroke after cardiac surgery confirmed by magnetic resonance 
imaging induce migration of S100B to serum in concentrations 
correlating to the size of focal injury [132]. S100B can be used in early 
prognostic evaluation of short-term outcome after cardiac arrest; S100B 
in excess of 0.2 µg/L indicates lethal outcome [115]. 

S100B in Cardiac Surgery 

Sellman and colleagues introduced S100B as a marker of cerebral 
damage in conjunction with cardiac surgery in 1992 based on samples 
from cerebrospinal fluid [134]. In 1995, Johnsson and associates 
demonstrated the use of serum samples for S100B analysis [135]. In 
ensuing publications, S100B has been used to identify cerebral 
disturbances after cardiac surgery and CPB [125, 136-139]. 
Associations were detected between release of S100B and duration of 
CPB [137, 138], deep circulatory arrest [140] and aortic cross clamp 
time [141]. Furthermore, occurrence of arterial emboli [141] and 
increased patient age [138, 141] was also found to coincide with serum 
concentration of S100B. 

Limitations of S100B in cardiac surgery 

New findings have suggested that S100B released during cardiac 
surgery using CPB may originate from sources other than the brain 



Introduction 

 26 

[136, 142, 143]. The group of Westaby found that S100B was only 
minimally released if CPB was omitted and only in patients with clear 
cerebral symptoms [144]. It has now been established that the major 
source of S100B generating pathological serum concentrations during 
CPB is shed blood and autotransfusion [130, 136]. CPB itself generates 
negligible amounts of S100B in serum [93, 136, 145]. S100B may also 
be found in fat, marrow and muscle tissue in high concentrations, which 
may contribute serum levels [130]. Outside the realm of cardiac surgery, 
pathological concentrations of S100B have been identified in trauma 
patients with no apparent injury to the brain [143]. Based on several 
independent observations, S100B appears to lack specificity for 
detection of brain cell injury (BCI) in cardiac surgery, irrespective of 
cardiotomy suction usage. The future role of S100B in cardiac surgery 
as brain cell injury marker seems uncertain. 

Important considerations regarding S100B in the present thesis 

In the start of preparation of the components for this thesis, S100B was 
regarded as a marker of BCI [127, 134, 135]. When the first findings of 
the non-specificity of S100B in the setting of cardiac surgery were 
published in 1999 [136, 142], we changed focus as regards S100B in 
order to critically assess its use. 
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Aim of the Investigations 
 

• To investigate the effect of heparin coated circuits on 
clinical outcome  

• To investigate the relation of systemic inflammatory 
response and pericardial suction blood 

• To investigate the effect of heparin coated circuits and 
retransfusion of pericardial suction blood on the 
appearance of postoperative memory disturbances 

• To assess the value of protein S100B as a brain cell 
injury marker in the setting of cardiac surgery 
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Material and Methods 

Characteristics of the population 

This thesis is based on a population of patients admitted to the Umeå 
University Hospital for elective first-time coronary artery bypass 
grafting (CABG). Inclusion criteria were good left ventricular function, 
normal coagulation parameters and no signs of neuropsychological 
illness. Age limits were 75 (I, II) and 70 years (III, IV), respectively. 
Ethical approval was obtained from the Ethical Committee at Umeå 
University. 
 
 
 
 
 
 
 
 
 
 
 56 59 100 100 100 
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Figure 4. A schematic presentation of included studies (I-IV) in this thesis. Total number 
of investigated subjects (n=475) organised in a two-arm model: Heparin coated circuits 
(HCC) (n=415) and pericardial suction blood (PSB) (n=60).  

CBAS-Carmeda BioActive Surface, CR-Cardiotomy Reservoir and CS-Cell Saver. 

HCC (415) 

I (115) II (300) 

CBAS Control CBAS Duraflo Control 

PSB (60) 

III (33) IV (60) 

CR CS CR CS 
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Table 1. Description of patient population 
 

 Study I  (n=115) Study II  (n=300) 

 CBAS Control CBAS Duraflo Control 

Age years  64.0 ± 0.9 64.0 ± 1.0 61.3 ± 0.7 61.9 ± 0.8 61.0 ± 0.8 

Male gender % 83 77 88 83 81 

Weight kg 79.6 ± 1.4 78.2 ± 1.5 82.7 ± 1.2 82.8 ± 1.2 84.1 ± 1.5 

Height cm 172 ± 1 172 ± 1 174 ± 1 172 ± 1 173 ± 1 

Hypertension %  47 32 43 52 46 

Diabetes % 12 14 12 13 16 

Pump time min 95.9 ± 3.2 94.4 ± 4.1 75.8 ± 2.3 77.2 ± 2.5 78.8 ± 3.3 

Clamp time min 56.6 ± 2.3 59.5 ± 0.8 40.9 ± 1.6 41.9 ± 1.5 42.8 ± 2.2 

Temperature °C 32.5 ± 0.1 32.7 ± 0.1 33.8 ± 0.1 33.9 ± 0.1 33.9 ± 0.1 

 
 

 Study III  (n=33) Study IV  (n=60) 

 CR CS CR CS 

Age years  56.4 ± 1.5 60.2 ± 1.5 58.7 ± 1 60.3 ± 1 

EuroSCORE 1 (0-3) 0 (0-3) 1 (0-3) 0 (0-3) 

BMI 28.4 ± 1.1 28.4 ± 0.8 27.5 ± 0.7 27.7 ± 0.6 

Pump time min 69.7 ± 5.3 70.2 ± 5.8 69 ± 3.9 67 ± 4.1 

Clamp time min 34.6 ± 2.9 37.5 ± 4.3 35 ± 2.3 36 ± 2.9 

Temperature °C 34.5 ± 0.2 34.3 ± 0.1 34.3 ± 0.1 34.2 ± 0.1 

CBAS-Carmeda BioActive Surface, CR-Cardiotomy Reservoir and CS-Cell Saver. 
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Informed consent was obtained from all participating patients. 
Randomisation to type of CPB-circuit was performed preoperatively. 
Investigators were blinded to type of circuitry during postoperative data 
collection. Overview of thesis is presented in Table 1 and Figure 4. 

General clinical management 

Patients were premedicated with flunitrazepam and morphine-
scopolamine. Intraoperative monitoring included radial arterial and 
central venous pressures, pulse oximetry and ECG. Anaesthesia was 
induced and maintained with propofol, midazolam, fentanyl and 
isoflurane, using pancuronium-bromide as muscle relaxant. Mechanical 
ventilation was controlled to normocapnia, extubation was performed 
upon normal postoperative recovery: when patients were alert, breathing 
spontaneously and had no circulatory instability. Inotropic treatment, 
administration of fluids and blood products followed departmental 
routines.  

Surgical technique for coronary bypass grafting was performed 
according to generally accepted methods including the use of the left 
internal mammary artery and by placement of proximal venous grafts 
anastomosis behind a side-biting clamp. Intermittent antegrade St 
Thomas’s crystalloid cardioplegia was used for myocardial protection. 

Our department collects a registry of deviations defined by norms of 
postoperative recovery [14]. Information extracted from this registry 
was used for evaluation of clinical end-points. 

Conduct of cardiopulmonary bypass 

CPB was controlled to maintain the mixed venous oxygen saturation 
greater than 70% and mean arterial pressure (MAP) more than 50 
mmHg using a roller pump set to non-pulsatile flow mode. Rectal body 
temperature was targeted to 32 °C (I, II) and 34 °C (III, IV), 
respectively. α-stat acid-base regulation was implemented.  

Anticoagulation  

Heparin sodium was administered and the effect controlled by 
measuring the activated clotting time (ACT). ACT level was set to >480 
seconds or >250 seconds when combined with HCC (I, II).  Heparin and 
protamine dose requirements were calculated using the Hepcon 
Hemostasis Management System (Medtronic Inc. Minneapolis, MN 
USA) (I, II). In study III and IV, standard doses of heparin (350 IU/kg) 
and protamine were used. 
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CPB circuit 

All circuits were primed with Ringer’s acetate, mannitol and heparin 
sodium. 

In study I and II, circuitry included components coated with heparin or 
non-coated equivalents: membrane oxygenator, PVC tubing, arterial line 
filter and closed venous reservoir. Two different heparin coatings were 
employed: CBAS (I, II) [51] with covalent end-point attachment and 
Duraflo (II) [53] an ionic bond of heparin to the artificial surface.  

In study III and IV, the membrane oxygenator and reservoirs were 
coated with phosphorylcholine [146]. The circuits were otherwise 
comprised of components without surface modification. 

General assessments and measurements 

Study I 

- To study the effects of CBAS heparin coated circuits compared to 
conventional uncoated control circuits. The endpoints were clinical 
outcome, memory disturbances and cerebral trauma assessed by protein 
S100B. 

Study II 

- To study the effects of two different heparin coatings: CBAS and 
Duraflo compared to conventional uncoated control circuits. The 
endpoints were clinical outcome, memory disturbances and cerebral 
trauma assessed by protein S100B. 

Study III 

- To study the inflammatory profile of PSB and the systemic reaction 
upon retransfusion. 

Study IV 

- To study influence of PSB retransfusion on memory function and 
release patterns of protein S100B. 

Clinical outcome 

Clinical outcome was defined by length of stay in hospital and intensive 
care, ventilator time, postoperative blood loss, blood transfusion 
requirements and the incidence of postoperative deviations. 

Renal function was used as a crude marker of HCC’s effect on organs 
and was determined by the perioperative change of creatinine. 
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Tests of memory function 

Memory function was assessed on the day before surgery and at 
discharge from hospital. A standardised battery [147] of explicit and 
implicit memory tasks was administered using a laptop computer [148].  

Implicit memory was defined as the degree of priming [149] or 
perceptual learning using one test [150]. Explicit memory was based on 
two tests of recognition and defined by the ability to discriminate 
between hits and false alarms. Results as to explicit memory were 
analysed in accordance with signal detection theory and expressed as d-
prime values [151]. 

In study IV, memory scores were standardised to Z-scores [152] 
referring to normative test scores obtained from a reference group of 
healthy controls. 

In study II, effects of HCC on memory function were also evaluated by 
six specific questions of memory before and 4 months after surgery. The 
questionnaire was directed to both the patient and spouse. 

Protein S100B 

In studies I and II, the serum concentration of protein S100B was 
determined before surgery, at termination of CPB (I) or 60 minutes of 
CPB (II), 7 h post CPB, and on the morning of postoperative day 1-2 (I). 

In study IV, the serum concentration of protein S100B was determined 
before surgery, on the release of the aortic cross clamp, in PSB before 
retransfusion, in systemic circulation after PSB retransfusion, at 
termination of CPB, 5 h post CPB and on the morning of the first 
postoperative day. 

The concentration of protein S100B was analysed in serum by using 
IRMA (I) and LIA-mat (II, IV) assays from Sangtec AB, Bromma, 
Sweden. Sensitivity of the assays was 0.2 µg/L and 0.02 µg/L 
respectively. 

Pericardial suction blood 

PSB was stored in the cardiotomy reservoir during CPB. Retransfusion 
of PSB was performed using two methods: either as a bolus directly 
from the cardiotomy reservoir upon weaning from bypass (CR-group) 
or using a cell saver (autoLog, Medtronic Ltd, Minneapolis, MN, USA) 
returning the red cell fraction after completed CPB (CS-group). 

PSB was analysed with respect to contents of inflammatory markers and 
free plasma haemoglobin (pHb). The contribution of PSB to the general 
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inflammatory response during surgery and CPB was examined by 
measuring the systemic concentration of inflammatory markers before 
and after retransfusion. Sampling intervals are given in Table 2. 

 

Table 2. Sampling intervals study III 

Sample Procedure 

1 Before CPB 

2 Release of aortic cross clamp 

3 Before retransfusion of PSB, ~10 min to weaning from CPB 

4 After retransfusion of PSB, at weaning from CPB 

5 5h post CPB 

6 Postoperative Day 1 

Sampling intervals (1-6) refer to the systemic concentration of 
inflammatory markers including pHb. Systemic response of PSB 
retransfusion was determined for samples 4 through 6. PSB was 
analysed using the same battery of markers. 

 

Inflammatory markers 

The following markers were included for measurement of the 
inflammatory reaction in PSB and in systemic circulation during and 
after CPB. Cytokines: interleukin 6 (IL-6), interleukin 8 (IL-8) and 
tumour necrosis factor alpha (TNF-α). Complements: C3a and terminal 
complement complex TCC (SC5b-9). Polymorphonuclear (PMN) 
neutrophils: myeloperoxidase (MPO). 

All these markers were analysed using standard immunoassay 
techniques (ELISA). 
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Statistics 

Results were presented as means ± standard error of the mean (SEM), if 
not otherwise stated. Analysis of differences between groups based on 
approximately normally distributed samples was analysed using the 
Student’s t-test. Samples severely skewed were analysed using an 
appropriate non-parametric test. When comparing differences between 
more than two groups, ANOVA was implemented combined with an 
appropriate post-hoc test. For analysis of measurements of the same 
individuals repeated over time, ANOVA for repeated measurements was 
used to validate main effects, interactions and inter-group differences. 

Categorical data were typically tabulated and differences between cell 
frequencies were tested with the Chi-square test or Fisher’s exact test, 
whatever appropriate.  Associations between non-normally distributed 
data was analysed with Spearman’s Rho. A P-value less than 0.05 was 
regarded as statistically significant. 
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Results 

HCC and general clinical outcome 

Two patients died during the study period in the hospital. Cause of death 
was rupture of abdominal aortic aneurysm (I) and acute postoperative 
cerebral infarction (II). 

The effects of HCC with respect to general clinical outcome are 
summarised in Figure 5. In brief, possible benefits of HCC included 
shorter LOS and shorter time to extubation (I). Also, lower 
postoperative blood loss (I, II) and fewer blood transfusions were noted 
(II). Results were generally, but not entirely, similar between studies (I, 
II). 

The overall incidence of postoperative deviations among HCC-patients 
was not different from control patients (I, II). On the categorical level, 
patients using HCC had a lower incidence of neurological deviations in 
study I, but not in study II. Also, the occurrence of postoperative 
arrhythmias, most notably atrial fibrillation was lower in the HCC group 
(II). A summary of results is shown in Table 3. 
 

Table 3. Overview of deviations from a normal postoperative course 

 Study 1   Study II    

Deviation CBAS Control P-value CBAS Duraflo Control P-value 

Overall 41 56 0.11 41 30 42 0.15 

Arrhythmia 23 29 0.49 22 13 27 0.04 

Coagulation 2 3 0.58 0 2 5 0.07 

Infection 4 10 0.16 5 2 5 0.50 

Neurology 2 15 0.01 5 4 6 0.94 

Re-do 2 3 0.58 3 0 2 0.38 

Respiration 11 10 0.92 5 4 2 0.64 

Incident rates in percent (%). P-values denote χ2-tests based on frequencies of 
observed deviations.  
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Figure 5. HCC and general clinical outcome 
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Descriptors of clinical outcome and the influence of heparin coated 
circuits (HCC). Notation for statistical significance: Duraflo versus 
Control (* P<0.05, ** P<0.01), Duraflo versus CBAS (## P<0.01). 
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HCC and renal function 

The creatinine level increased significantly postoperatively as a sign of 
relative renal impairment (I, II). Use of HCC was shown to ameliorate 
the renal stress evident by significantly (P<0.01) lowering the 
perioperative creatinine elevation in both study I and II (Figure 6).   

 

Figure 6. Heparin coated circuits and renal function 
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Effects of heparin coated circuits on renal function as determined by 
the perioperative change of the creatinine level. Notation for 
statistical significance: ** P<0.01 versus control. 

 

Effects of different types of HCC 

Clinical outcome was very similar between patients using Duraflo and 
CBAS heparin coated circuits. No differences were identified for the 
incidence of postoperative deviations (P=0.14), atrial fibrillation 
(P=0.14), length of intensive care (P=0.84), time to extubation (P=0.75), 
length of stay in hospital (P=0.31), transfusion requirements (P=0.37) or 
renal function (P=0.96). Chest drain volume was however significantly 
lower in the Duraflo group 8 hours postoperatively: 464 ± 18 ml 
compared to 554 ± 22 ml in the CBAS-group (P=0.005).  

Effects of HCC and PSB-retransfusion on release of protein S100B 

CPB was associated with a significant (P<0.001) increase in systemic 
concentration of protein S100B (I, II, IV). Use of HCC appeared to 
reduce (P<0.01) the release of protein S100B (I), but could not be 
confirmed by study II (P=0.289). 



Results 

 38 

PSB contained substantial amounts of protein S100B (18 ± 1.7 µg/L) 
(IV). Retransfusion of PSB induced a profound increase of the systemic 
S100B concentration from 0.24 ± 0.001 µg/L to 1.42 ± 0.19 µg/L (IV). 
Protein S100B was effectively eliminated from the PSB after cell 
salvage processing (IV) (Figure 7). 

 

Figure 7. Release of protein S100B during CPB and effects of PSB 

(9(

(9,

(92

(93

(91

*9(

*9,

*92

*93

���


 �����

�����

� ����� �

���

"������

��� 	���� )�	��� � ��	*

:
7&

�


�"

888

444

 
Retransfusion of pericardial suction blood (PSB) during CPB 
direct from the cardiotomy reservoir (CR) or after processing 
using a cell saver (CS) technique. Systemic concentration of 
protein S100B after retransfusion from CR (***) P<0.001 and on 
the first postoperative day compared with pre-surgery (###) 
P<0.001. 

 

Effects of HCC and retransfusion of PSB on memory function 

Use of CPB and exposure to cardiac surgery were associated with 
significant postoperative memory deficits, both within the domains of 
explicit (I, II) and implicit (IV) memory. Prevention of memory 
disturbances by means of HCC (I, II) or cell salvage processing of PSB 
(IV) proved to be non-effective (Figure 8).  

Patient self-assessment of memory function 4 months after surgery 
revealed significant impairment of memory (II). Based on 6 specific 
questions of memory, patients reported the overall performance had 
decreased from 17.4 ± 0.1 to 14.7 ± 0.1 (P=0.001). However, these 
findings were not verified by the spouse (17.4 ± 0.1 – 17.6 ± 0.2) 
(P=0.801). Patients in the HCC-groups showed better memory scores 
(17.6 ± 0.4) than control group patients (14.3 ± 0.3) (P=0.021). 
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Figure 8. Memory results 
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Perioperative memory results (I) showing the influence of heparin coated circuits 
during CPB. Versus preoperative score (#) P<0.05. CBAS (�) Control (�). 
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Perioperative memory results (II) showing the influence of two different heparin 
coated circuits during CPB. Versus preoperative score (# #) P<0.01. CBAS (�) 
Duraflo (�) Control (�). 
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Perioperative memory results (IV) showing the influence of different 
retransfusion methods during CPB: cell saver (CS) technique and cardiotomy 
reservoir (CR). Versus preoperative memory score (# # #) P<0.001. 
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Recycling of PSB: effects of free plasma haemoglobin (III) 

The concentration of pHb in PSB was very high (3385 ± 457 mg/L). 
Direct recycling of PSB from the cardiotomy reservoir increased the 
systemic concentration of pHb from 41.4 ± 9.7 mg/L to 360.4 ± 42 
mg/L (P<0.001). No systemic concentrations of pHb were measurable, 
however, if a cell salvage device was used to process the PSB before 
recycling (Figure 9). 

 

Figure 9. Free plasma haemoglobin 
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P-value refers to the inter-group difference (ANOVA). Difference 
at specific time points: (*** P<0.001, * P<0.05). Contrasts: Pre-
CPB vs. End-CPB (♥♥♥ P<0.001) and Day 1 vs. End-CPB 
(♠♠♠ P<0.001) Cell Saver-group (�) Cardiotomy Reservoir-
group (�). 

 

Recycling of PSB: general inflammatory effects (III) 

Surgery and CPB induced a significant systemic inflammatory response 
evident by markers of cytokines, complements and PMN granulocytes. 
The concentration of inflammatory markers was generally found to 
peak at termination of CPB, with the exception of IL-6, which 
continued to rise into the postoperative phase. TNF-α remained slightly 
elevated above preoperative levels throughout the perioperative period 
(Figure 10).  

The collected volume of PSB (621 ± 54 ml) proved to represent a 
significant source of inflammation. The concentration of cytokines (IL-
6, IL-8, TNF-α), MPO and complements (C3a) were significantly 
higher than what was found in the systemic circulation. Recycling of 
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PSB, directly from the cardiotomy reservoir or after cell saver 
processing gave no momentary systemic effects (Figure 10). 

 

Figure 10. Inflammatory effects of PSB recycling 
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P-values refer to the inter-group difference (ANOVA). Contrasts: Pre-CPB vs. 
End-CPB (♥♥♥ P<0.001) and Day 1 vs. End-CPB (♠♠♠ P<0.001). Group 
identifiers: CS-group (�) CR-group (�). 
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General discussion 

Cardiopulmonary bypass evokes a systemic inflammatory response 
syndrome [16, 50] that may impair normal organ function and 
contribute to postoperative morbidity [49, 153]. Use of HCC and 
alternative methods of PSB management offers two alternatives of 
reducing the inflammatory insult induced by CPB. 

Perspectives on cardiopulmonary bypass 

The EURO-score risk score [154] defines risk factors associated with 
cardiac surgery. The compiled information on 19030 patients did not 
find CPB to be a specific predictor of mortality [155]. Preliminary 
results from off-pump surgery indicate that CPB does not increase the 
risk of short-term adverse outcome [156]. Do differences in outcomes 
between on-pump and off-pump surgery exclude extracorporeal 
circulation as a specific risk factor? Probably not. This merely reflects 
the magnitude of complexity and difficulty in making appropriate 
interpretation of results in clinical research. 

The general pattern of postoperative deviations [14] observed among 
cardiac patients is attributed to a wide range of preoperative risk-factors 
[154, 155]. The most important is probably the effect of old age [154]. 
Advanced age is closely related to degenerative processes of vital 
organs including cardiac and cerebral functions [80, 81, 85, 157]. Apart 
from the patient’s preoperative status as one crucial predictor of 
outcome [155], we also have to consider the impact of different 
therapeutic strategies. CPB represents one of those, though, the most 
important is probably the surgical treatment itself determined by 
surgical skill and smooth teamwork, but also the influence of 
anaesthetic and intensive care management, together with nursing 
competence and hospital organisational structure. The conditions for 
clinical research present a true challenge. Small effects due to different 
CPB-related strategies may be difficult to identify and relate to 
outcome. 

Heparin coated circuits and clinical outcome 

Our experience in using HCC (I, II) to reduce inflammatory responses 
[50, 58, 59, 158, 159] during CPB points to several possible clinical 
benefits. HCC appear to decrease both postoperative blood loss (I, II) 
and need for homologous blood transfusions (II). Moreover, a direct 
organ protective effect can be anticipated as demonstrated by the 
improved renal function (I, II). Analysis of postoperative deviations 
from the normal postoperative course revealed no overall outcome 
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effects of HCC (I, II). However, on a categorical level, HCC was 
associated with lower incidences of atrial fibrillation (II) and 
neurological deviations (I). 

The blood saving effects of HCC (I, II) may in theory be attributed to 
the heparin surface per se or to the combined effect with systemically 
reduced heparin concentration. Heparin bound to the artificial surface is 
known to effectively blunt the initial contact activation of the intrinsic 
pathway governed by Hageman’s factor XII [160]. In addition, surgery 
initiates a concomitant major stimulus of the external pathway of the 
coagulation cascade through tissue factor VII, which only can be 
inhibited by systemically administered heparin [36]. The balance of 
internal and external activation of coagulation is of principal interest and 
determines to what extent HCC may reduce postoperative bleeding. 

Heparin coated circuits and reduced systemic anticoagulation 

CPB performed according to generally accepted anticoagulation 
protocols verified by ACT-levels of 480 seconds [161] is associated 
with a significant production of thrombin [37] suggesting a still ongoing 
activation of coagulation. The relative contribution of thrombin is less 
from the CPB-circuit than from the surgical trauma [36]. Use of HCC 
reduces only thrombin production mediated by the surface induced 
coagulation activity [162] and may explain why HCC in some cases 
have failed to lower the overall thrombin production [163, 164] as well 
as postoperative bleeding [20, 62, 165]. To appreciate stipulated benefits 
of HCC, limitations of extrinsic influences on coagulation are needed, 
which means restrictions of cardiotomy suction and retransfusion of 
PSB [40, 41, 59]. 

The group of Aldea [59] demonstrated recently the significance of 
thrombin derived from PSB and cardiotomy suction. Despite normal 
anticoagulation at ACT 480 seconds, use of cardiotomy suction was 
associated with significantly higher thrombin levels during CPB, than 
lowering the ACT-level to 250 seconds and use of HCC, if cardiotomy 
suction was excluded. 

To what extent cardiotomy suction in our investigations may have 
masked these effects of HCC remains uncertain, since no analysis of 
coagulation parameters were performed. Plausible negative effects on 
coagulation were most likely minor, since a clear blood saving effect 
could be demonstrated (I, II). Øvrum et al. showed in a similar setting to 
ours that cardiotomy suction may be combined with HCC to achieve 
reductions in blood loss [166]. 



General Discussion 

 44 

Intentionally lowering the systemic concentration of heparin to one third 
of the normal or to an ACT-level of 250 seconds (I, II) may seem 
dubious. Safety aspects have been raised [167, 168] and the 
methodology has not received universal acceptance. A few centres have 
adopted the low-dose regime on a routine basis and report in accordance 
with our experience (I, II) excellent clinical results without any 
complications, with respect to the management of coagulation [58, 169]. 

Controversies and possibilities of heparin coated circuits 

The theoretical basis for using HCC to improve clinical outcome is 
based on its inherent ability to reduce inflammatory responses [50, 158, 
159, 166]. Unfortunately, we do not know the level at which biological 
response modifiers are effective to safeguard normal organ functions 
[34]. In the complex setting of cardiac surgery it has so far been difficult 
to clearly show to what extent HCC may protect vital organs and in a 
wider perspective to alter clinical outcome [21, 62, 159, 164, 170].  
Videm et al. [21] identified a significant reduction of complement and 
granulocyte activation among high-risk patients exposed to HCC, 
without being able to relate these effects to a reduction of postoperative 
complications. In a European multicenter study comprising 805 low-risk 
patients there were no clear effects shown with respect to clinical end-
points and HCC usage [62]. Our own findings (I, II) in a well-controlled 
situation indicate that benefits of HCC from broad clinical viewpoints 
are probably small, but still present. The overall incidence of 
postoperative deviations was similar among HCC and control patients. 
HCC’s ability to reduce atrial fibrillation (II) agrees with previous 
findings [20, 171] and may be due to an antiinflammatory effect [171]. 
The reported lower rate of neurological deviations (I) was most likely 
due to a relative overrepresentation in the control group due to chance 
(I). Symptoms of dysphasia, pareses, impaired vision and balance & co-
ordination disturbances would normally not be mediated by variations in 
inflammatory impulses. An etiology based on embolic events would 
seem more probable [81]. We were able to trace a significant 
improvement in renal function based on the postoperative elevation of 
the creatinine level, which was clearly lower among patients exposed to 
HCC (I, II). It is likely that a reduction of the inflammatory responses 
may explain this reaction. HCC are known to dampen production of 
cytokines [172], complements [55, 173] and PMN neutrophils [55, 174]. 
To isolate the exact mechanism was not possible with the implemented 
study design. Consequences of kidney dysfunction may be severe and 
are associated with prolonged intensive and hospital stay [175], which is 
why the isolated discovery of improved kidney function may be 
important (I, II). Interpretation of time and resource related outcome-
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measures is restricted by influences of organisational routines. Findings 
of shortened hospital stay (I) and need for postoperative mechanical 
ventilation (I) should therefore be interpreted with caution, especially 
since inter-study (I→II) reproducibility was not accomplished. 

Reasons for existing controversy [158] regarding effects of HCC during 
clinical CPB may have methodological implications [60]. Assumptions 
reflecting the efficacy of HCC are based on a range of different study 
designs and inference of results and outcome becomes cumbersome. An 
internal meta-analysis of HCC usage at our institution gave the 
following results [176]: the overall incidence of postoperative deviation 
was significantly lowered promoting smoothness of postoperative care 
(Figure 11). Moreover, favourable results were found with respect to 
length of stay in hospital, time to extubate, less postoperative 
coagulation disturbance, less blood- and haemoglobin loss accompanied 
with fewer blood transfusions. Benefits of HCC with regards to 
improved renal function were confirmed (I, II) and were in concordance 
with findings of Ranucci et al. [22]. 
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Figure 11. Influence of HCC on the incidence of postoperative 
deviations. Difference between groups: P=0.035. 

Heparin coated circuits and neurological outcome 

Occurrence of devastating neurological complications [81] and 
development of cognitive dysfunction [82] depict two major limitations 
of current cardiac surgical techniques. Recognition of the problem has 
prompted researchers to identify risk factors [177-179] and promote 
changes for improvements, with focus both on surgical and CPB-related 
aspects. Arterial-line filtration [77], alpha-stat management [180], 
temperature control [90] and strict regulation of systemic blood pressure 
[181] are some of the measures already implemented. 
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Inflammatory reactions during CPB are suspected to affect normal 
organ functions [18, 42, 49]. To what extent these impinge on cerebral 
functions is not clear [182]. Appearance of transient and generalised 
cerebral oedema post surgery may have at least in part an inflammatory 
genesis [91, 183]. Protease inhibitors have been shown to protect the 
brain from adverse reactions [184]. Use of HCC offers another form of 
protection against inflammatory reactions affecting the brain. To our 
knowledge, there exists to date only one published study in which this 
hypothesis has been tested [92]: outcome gave indications of a causal 
relationship between cognitive disturbance and use of HCC. 

Heparin coated circuits and memory 

Based on a large sample of patients admitted for routine coronary artery 
surgery, we found that HCC gave no protection against development of 
postoperative memory deficits (I, II). Identified deficits were moderate 
and only one out of three tests indicated a significant decline of memory 
performance (I, II). Interpretation of these results would suggest that 
surgery and CPB generate relatively mild effects upon memory 
performance. Secondly, since the identified deficits of explicit memory 
were insensitive to the exposure of HCC it would suggest processes 
other then inflammation as primary causative mechanisms. 

Pericardial suction blood and memory 

It is intriguing that elimination of PSB during CPB by use of cell 
salvage gave no effects on memory performance (IV). Explicit memory 
remained within normal range, both before and after surgery. Implicit 
memory performance deteriorated after surgery, however, unrelated to 
retransfusion of PSB (IV). Reasons for this reaction remain unclear. The 
volume of PSB retransfused was low (~600 ml), which may have 
limited the load of emboli to the brain. PSB-composition was analysed 
with respect to inflammatory markers (III), but not with respect to other 
components (IV). Despite the rather high concentrations of 
inflammatory markers in PSB, the elevation of the systemic 
concentration after PSB-retransfusion was generally insignificant, with 
the exception of free plasma haemoglobin and protein S100B (III). It 
seems therefore unlikely that the inflammatory reaction of re-
administering PSB to the systemic circulation had any effects upon the 
brain. One would also assume that other potentially deleterious 
ingredients of PSB also were in insufficient concentrations to impair 
memory. 
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Cognitive dysfunction: methodological implications and current status 

The observed rate of cognitive disturbances after cardiac surgery is 
gradually decreasing. The generally accepted high incidences of brain 
injury reported by Åberg in 1974  [77] and Shaw in 1986 ranged up to 
78% [185] and are no longer current for today’s clinical practice.  In a 
recent review by van Dijk the mean rate of cognitive disturbance was 
reported at 22.5% [82]. Accepted norms of cognitive decline after 
cardiac surgery are lacking, which may explain why incident rates vary 
considerably [84, 95, 97]. Interpretation of cognitive test scores in terms 
of clinical significance or impact on quality of life should also be 
considered [94]. 

One of the few publications referring neuropsychological outcome to a 
non-surgical matched control group was recently published by Selnes 
and collaborates [186]. In the late follow-up at 3 months and 1 year after 
surgery no differences were identified compared to control subjects. 
Authors conclude that early decline of cognitive function after surgery is 
transient and reversible [186], which diverges from previous 
understanding of a close connection between early and late outcome as 
proclaimed by the group of Newman et al. [75]. Some authors are even 
questioning if use of cardiopulmonary bypass still is the cause to 
cognitive dysfunction [187]. Emerging experience from off-pump 
surgery [188, 189] and angioplasty [96, 190] would support this 
provocative argument. Cognitive status seems to differ very little 
between CPB-patients compared to off-pump and angioplasty patient-
groups. The procedure of CPB in its current status is by no means 
perfect, but there is reason to believe that the impact on cognitive 
disturbances is less than once believed. 

We have no explanation to the still existing memory deficits 
encountered in our studies (I, II, IV). Since exclusion of cardiotomy 
suction (IV) and incorporation of HCC (I, II) were ineffective, other 
causes and strategies of prevention should be considered. To refine the 
interpretation of our memory results (I, II), data were in a recent 
publication from our group re-analysed and transformed into Z-scores 
[139]. It was revealed that 39.5% of the patients demonstrated a decline 
of explicit memory function exceeding 1 SD. Together with the verified 
implicit memory dysfunction identified in study IV, our data suggest 
that short term memory disturbances are still prevalent after cardiac 
surgery. 

This thesis is limited by not having a long-term follow-up of 
intraoperative memory results using the same battery of tests. As a 
compromise solution a questionnaire was sent out 4 months after the 
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operation to obtain some insight concerning the post-hospital period (II). 
Results revealed sustained memory impairments as reported by the 
patients, though the spouses did not confirm these alterations. Use of 
questionnaires may be criticised as being less powerful to capture subtle 
memory deficits than performing the ordinary test battery. Nonetheless, 
subjective self-rating has been shown to correlate with results obtained 
from objective computer-based systems [191].  When resources are 
limited, the option of employing questionnaires may therefore be 
attractive. Two recent reports based on self-rating confirm our findings 
that decline of cognition and memory may persist after the surgical 
intervention.  The disparity between ratings of memory performance 
between spouse and patients is of interest (II) and would suggest that the 
patient’s ratings were the more sensitive. In contrast there are the 
findings of Bergh et al., who report similar ratings from both patient and 
spouse [96]. 

The protein S100B 

The protein S100B was believed for a long time to be the ideal marker 
of brain cell injury after cardiac surgery. This was the situation when the 
first trials of this thesis were conducted (I, II). After the detection of the 
protein S100B outside of the CNS, especially in shed blood used for 
autotransfusion during cardiac surgery [136, 142], most researchers 
have re-evaluated the usefulness of S100B as a reliable marker for 
monitoring of injuries to the brain [192]. 

The initial findings of HCC’s ability to decrease the release of protein 
S100B during CPB seemed promising and were at that time believed to 
represent decreased brain injury (I, II). We were later able to confirm 
the findings of Jönsson [136] and Anderson [142] that protein S100B is 
not brain specific (IV). 

Protein S100B may be effectively removed from PSB by use of cell 
salvage (IV). The remaining release of S100B seen during CPB can then 
resemble the amounts associated with off-pump surgery [142]. It is not 
known exactly what triggers that smaller, but still significant release of 
S100B (IV). S100B may have arisen from a cerebral source; though, no 
correlations were identified between S100B concentrations at any time 
point versus memory performance (IV).  Absorption of protein S100B 
from traumatised non-cerebral tissue during the surgical procedure may 
be one plausible explanation [130]. 

Closing remarks 

More than ten years of experience of HCC [193] based on numerous 
clinical investigations [20, 22, 55, 59, 165, 166, 169, 194-197] now 
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suggests that important clinical benefits are achieved by HCC usage. 
HCC as an integral part of the extracorporeal circulation technology 
seems warranted, based on our own findings [176, 198, 199] and in 
concordance with others. 

Measures of inflammatory markers in the systemic circulation and 
indices of memory function would suggest that use of cardiotomy 
suction for PSB-salvage is safe (III, IV). However, any reasonable 
means to avoid exposing patients to inflammatory mediators and other 
potentially harmful constituents of PSB should be explored. 
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Conclusions 

• Use of heparin coated circuits is associated with improved clinical 
outcomes with respect to hospital stay, renal function, 
postoperative complications, blood loss and blood transfusions. 

• Pericardial suction blood contains significant concentrations of 
proinflammatory cytokines, neutrophils, complements, protein 
S100B and free plasma haemoglobin. 

• Cardiac surgery with use of cardiopulmonary bypass is associated 
with postoperative memory disturbances that were found to be 
unrelated to the use of heparin coated circuits and cardiotomy 
suction. 

• Retransfusion of pericardial suction blood using cardiotomy suction 
increases the systemic concentrations of protein S100B and free 
plasma haemoglobin. 

• Protein S100B is unsuitable as a marker of cerebral injury in 
conjunction with cardiac surgery due to its high presence in 
pericardial suction blood. 
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Populärvetenskaplig sammanfattning på svenska 

Hjärtkirurgiska ingrepp kräver ofta att hjärtats och lungornas funktion 
tillfälligt måste upprätthållas av en hjärt-lungmaskin. Behandlingen ger 
upphov till en rad biverkningar. Vårt immunförsvar reagerar när blodet 
når kontakt med främmande material i hjärt-lungmaskinen genom att 
utlösa en kedja av inflammatoriska reaktioner. Ett liknade mönster ses 
även när blod tillvaratas från operationsområdet och återförs via hjärt-
lungmaskinen till patientens cirkulation. 

I vissa fall kan inflammationsreaktioner påverka normal organfunktion 
och förlänga och komplicera det postoperativa förloppet. En påverkan 
av hjärnans funktioner kan inte uteslutas. 

Att applicera heparin på hjärt-lungmaskinens kontaktytor är ett sätt att 
efterlikna kroppens egna blodkärl. Heparinytan minskar den 
inflammatoriska reaktionen och gör blodets passage genom hjärt-
lungmaskinen mer fysiologisk. En ytterligare inflammationshämmande 
åtgärd är att återtransfundera kirurgisk blödning med en 
blodåtervinningsmaskin. Här avskiljs blodplasma med innehåll av 
inflammationsprodukter och endast de röda blodkropparna återförs till 
patienten. 

Avhandlingen baseras på fyra (I-IV) kliniska studier omfattande 
sammanlagt 475 patienter. Samtliga patienter genomgick 
kranskärlskirurgi med användande av hjärt-lungmaskin.  

Effekter av inflammationshämmande åtgärder bedömdes utifrån 
allmänna kliniska parametrar, koncentrationsförändringar av 
inflammationsmarkörer, samt påverkan av njurarnas och hjärnans 
funktioner. Kreatinin användes som markör för njurfunktion och protein 
S100B för att bedöma graden av eventuell hjärnskada. Dessutom 
utfördes minnestest. 

Följande resultat erhölls: användning av hepariniserade ytor minskade 
blödning (I, II) och transfusionsbehov (II). Sjukhusvistelse (I) och tid 
för andningsstöd efter operationen (I) förkortades. Vidare observerades 
färre hjärtrytmrubbningar (II) och neurologiska avvikelser (I), samt 
lägre frisättning av protein S100B (I, II) och kreatinin (I, II). 

Trots höga halter av olika inflammationsmarkörer i blodet från 
operationsområdet gav direkt återtransfusion via hjärt-lungmaskinen 
ingen tydlig inflammationspåverkan, undantag var S100B och fritt 
plasma hemoglobin. Återtransfusion med blodåtervinningsmaskin gav 
ingen påvisbar inflammationsreaktion alls (III, IV).  
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Användande av hjärt-lungmaskin var förknippat med en frisättning av 
protein S100B, trots att S100B från blod i brösthålan eliminerats (IV). 
Denna frisättning torde inte indikera hjärnskada. 

Subtila minnesstörningar kunde konstateras, vilka inte kunde relateras 
till frisättning av S100B (IV), användandet av heparinbehandlade ytor 
(I, II) eller återtransfusion av blod (IV). S100B är olämplig som markör 
av hjärnskada, då S100B finns i höga koncentrationer utanför hjärnan. 
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