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Open-heart surgery in the Netherlands 

In the Netherlands, open-heart surgery is performed in sixteen hospitals. For instance, 

15.794 open-heart operations were carried out in 2006, including paediatric cardiac 

surgery, bypass surgery with and without cardiopulmonary bypass (CPB), and valve 

surgery.1   

    

Blood activation during cardiopulmonary bypass 

In a historical perspective, the first open heart surgery procedures were performed 

without the aid of a heart-lung machine.2 After the development of a heart-lung machine3 

and the introduction of heparin as an anticoagulant,4 open-heart surgery procedures 

assisted by cardiopulmonary bypass became possible. In addition, by these developments 

also more complex cardiac surgical procedures could be performed.5 One of the major 

disadvantages of the first generation of the heart-lung machine was considerable 

activation of patient blood. This activation resulted in hemolysis, activation of blood cells, 

contact activation, complement activation, coagulation activation, excessive use of blood 

products during and after CPB, postoperative inflammation etc., resulting in a high 

mortality.6,7  

Compared to the first generation of heart-lung machines, the biocompatibility of the 

current generation of heart-lung machines has improved considerably. For instance, by 

down-scaling the total size of the extracorporeal circuit, the body foreign surface area 

contacting the patient blood became reduced. As a consequence, the priming volume of 

the extracorporeal system was reduced, resulting in nowadays usage of artificial prime 

fluids requiring no donor blood or blood products. Other improvements included the 

introduction of arterial and cardiotomy filters, and improving the biocompatibility of the 

surface of the extracorporeal circuit.8-11 Despite the before mentioned improvements, 

however, the heart-lung machine is still considered to be detrimental to patients. 

Therefore, alternative procedures have been developed avoiding the use of a heart-lung 

machine during open heart surgery (“off pump surgery”). There is still no consensus, 

however, with regard to the question whether or not “off pump surgery” is an overall 

improvement to patients compared to “on pump surgery”.12-20  
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In all patients undergoing open-heart surgery, “on pump” (assisted by CPB) as well as 

“off pump surgery” (without CPB), wound blood collects in the pericardial cavity and is 

removed by suction. Wound blood, also called pericardial, cardiotomy or shed blood, is 

characterized by excessive blood activation when compared to systemic blood 

activation.21-24 In general, this autologous wound blood is retransfused into the systemic 

circulation to reduce the use of heterologous blood or components thereof. It is still 

unclear to which extent retransfusion of wound blood into the systemic blood contributes 

to systemic blood activation and brain damage during and after bypass.23,25 

 

Current controversial topics in cardiopulmonary bypass  

At present, further reduction of the priming volume by using “mini-circuits” with or 

without cardiotomy- and/or venous reservoirs, or downsizing existing, conventional CPB 

circuits, are hot issues. Downsizing can be accomplished by optimizing all CPB 

components, including pumps, oxygenator/heat exchanger units, filters, reservoirs, tubing 

and/or cannulas. With regard to the latter, small cannulas insufficiently support venous 

drainage by gravity alone, and therefore different strategies have been developed to 

facilitate venous drainage via such cannulas. These are vacuum-, kinetic- or roller-pump-

assisted venous drainage. Despite the fact that these technologies are effective in active 

venous blood drainage, they are more expensive, and they all increase the risk of micro- 

or macroemboli in the systemic circulation. To which extent there is really a clinical 

benefit of minimized CPB-systems, however, is uncertain. Minimized systems are more 

complicated to handle and can not be used for patients requiring prolonged support with 

the possibility of unexpected perfusion-related problems. Advantages must be balanced 

against potential hazards very carefully.26  

As a consequence of improved myocardial protection, operative mortality and 

morbidity, in particular the low output syndrome, have diminished. There are several 

variables with regard to cardioplegia: temperature and composition of cardioplegia, the 

mode (antegrade and/or retrograde) of delivery, and the frequence of administration and 

the use of terminal warm cardioplegia.27 In the Netherlands, still different kinds of 

myocardial protection techniques are applied, thus reflecting that there is no consensus 

which technique is the best.28 



Chapter 1  

12 

Although coatings have improved the biocompatibility of extracorporeal circuits, it is 

still unclear whether or not these improvements have significantly contributed to relevant 

postoperative clinical benefits.29-33 

It is generally accepted, that fast rewarming and hyperthermia of patients during CPB 

is dangerous. Still, it is unclear to which extent postoperative recovery is affected by the 

body temperature mangement during bypass. For examples, it is questionable what the 

most optimal body temperature is during bypass, and how the postoperative recovery of 

patients is affected by deep hypothermia.34-37 

Leukocyte activation is an important factor of the systemic inflammatory response to 

CPB. Several strategies have been developed to reduce leukocyte activation and its 

deleterious effects on postoperative organ function. Despite the fact that leukocyte 

filtration has been used since the mid-1990s, its efficacity in attenuating the effects of  the 

inflammatory response is doubtful, and its clinical relevance therefore still remains 

controversial.38,39  

At present, CPB remains the key technology allowing more complex cardio-thoracic 

surgery. The part of today’s CPB circuit that causes most concern is retransfusion of 

wound blood.40 Also it is still generally accepted that CPB is associated with cognitive 

changes postoperatively. Current literature on these issues is controversial and concensus 

is lacking.  

 

Aim and structure of the thesis 

In this thesis, we studied blood activation and cognitive function during and after 

open-heart surgery assisted by CPB. In Chapter 2, we studied the effects of surface 

modifications of the oxygenator on adhesion of activated platelets, white blood cells and 

fibrin. In addition, we determined the relation between perioperative complement 

activation and the numbers of circulating platelet-derived microparticles (Chapter 3) and 

the postoperative acute phase response (Chapter 4). The effects of retransfusion of wound 

blood on systemic complement activation were studied in Chapter 5. Furthermore, in this 

chapter the presence of complement activation molecules and activated complement 

components on microparticles during bypass was determined. In Chapter 6, we assessed 

the contribution of retransfusion of wound blood to systemic coagulation activation, and 
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in Chapter 7 we determined the ability of a cell saver device to remove cell-derived 

microparticles from patient blood. Finally, in Chapter 8 the cognitive function was studied 

in patients undergoing either primary or non-primary CABG, e.g. open-heart surgery such 

as valve replacement or reconstruction assisted by CPB. 
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Adhesion of  thrombotic components to 

the surface of  a clinically used 

oxygenator is not affected by Trillium 

coating 
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ABSTRACT 

The Trillium® coating is designed to minimize adsorption of protein and the 

attachment of cells and other particles. The present study was undertaken to investigate 

the effect of surface coating on the adhesion of thrombotic components (activated 

platelets, white blood cells and fibrin) to the surface of a clinically used oxygenator.  

Twenty patients undergoing elective coronary artery bypass grafting (CABG) were 

randomized to one of the two oxygenator groups: non coated (NC, n=10) or Trillium® 

coated (TC, n=10). Platelet and white blood cell counts and factor XIIa concentrations 

were determined prior to the induction of anesthesia and at the end of cardiopulmonary 

bypass (CPB). Binding of activated platelets, white blood cells and fibrin to the artificial 

surfaces was quantified by means of antibody binding and histological validation was 

achieved by scanning electron microscopy. 

Patient demographic and CPB data were similar for the two groups. No significant 

differences between the groups were found for any of the tested thrombotic components. 

However, observations from our scanning electron microscopy suggested release of 

formed particles from the Trillium® coated surface.  

Primary adhesion of activated platelets, white blood cells and fibrin to the artificial 

surface of the venous blood inlet from an oxygenator is not affected by the Trillium® 

surface coating under conditions of full systemic heparinization. 
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INTRODUCTION 

Cardiopulmonary bypass (CPB) is accompanied by an interaction between blood and 

artificial surfaces. The exposure of blood to foreign surfaces, as well as non-physiological 

flow conditions during CPB is considered detrimental since they will activate the cellular 

and humoral inflammatory systems, thus, resulting in inflammatory reactions and organ 

dysfunction.1-3 Coating of the inner surfaces of the bypass circuit may help to mitigate 

these side-effects.4,5 

The Trillium® (Medtronic, Minneapolis, MN) surface coating has been developed to 

minimize adsorption of proteins and adherence of cells and other particles. This surface 

coating is a new procedure involving two polymers. The first polymer is a primer based 

upon polyethyleneimine that is modified hydrophobically in order to enhance strong 

binding to artificial materials. The second polymer being anionic, thus, strongly adhering 

to the cationic primer, consists of 3 blood-compatible functional groups: sulphonate 

groups, polyethylene oxide (PEO) chains and heparin molecules from a porcine source. 

Sulphonate groups yield a characteristic anticoagulant effect to polymers by mimicking 

the functional groups responsible for heparin’s anticoagulant action.6 Moreover, 

sulphonate groups are negatively charged and they are believed to contribute to 

thromboresistance.7 PEO chains are highly hydrophilic and, thus, minimize the interaction 

with the aqueous environment. The presence of hydrated PEO chains minimizes protein 

adsorption.8 Heparin is modified to co-polymerize with sulphonate groups and PEO 

monomers. Theoretically, the advantage of this coating should not only be related to the 

presence of heparin, but even more so to the endothelium-like properties of the negatively 

charged surface. 

In a bovine model of CPB without blood anticoagulation by heparin, Trillium® 

coating was shown to completely prevent thrombus formation on connectors, even under 

conditions of stagnant blood flow.9 In another bovine model, using low systemic heparin 

concentrations, fibrin deposits or clots were either absent or significantly reduced in 

different elements (connectors, reservoirs, oxygenator) of the Trillium® coated circuits 

when compared to corresponding parts of the control group.10    

The present study was undertaken to investigate the binding of activated platelets, 

white blood cells, and fibrin on Trillium® coated and non coated surfaces in patients 
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subjected to elective CPB with full systemic heparinization. In addition to surface 

thrombotic components, white blood cells and platelets were analysed to evaluate the loss 

of circulating cells by adhesion or aggregation. Concentrations of factor XIIa were studied 

to evaluate the activation of the intrinsic coagulation pathway. 

 

PATIENTS, MATERIALS AND METHODS 

The present study was carried out as a substudy of a randomized trial to investigate 

the biocompatibility of the Trillium® and the Carmeda® coating in patients undergoing 

elective coronary artery bypass grafting (CABG) assisted by CPB. The main results have 

been published elsewhere.11,12 

 

The original randomized trial 

Seventy-one patients were included and randomly allocated to one of the three 

groups: non coated oxygenator (n=25), Trillium® coated oxygenator (n=25) and 

Carmeda® coated oxygenator (n=21). 

Inclusion criteria were the following: age 21-75 years, elective coronary artery bypass 

surgery, left ventricular ejection fraction (LVEF) > 30%, body surface area (BSA) > 1.66 

m2 and preoperative hemoglobin levels > 12 g/dL. Exclusion criteria were the following: 

combined valve surgery or aneurysmectomy, redo operations, insulin-dependent diabetes 

mellitus, creatinine plasma level > 300 μmol/L, preoperative intra-aortic balloon pumping, 

preoperative use of non-steroid anti-inflammatory drugs, preoperative use of warfarin or 

‘heparin resistance’, preoperative immunosuppressive therapy > 24 hrs, allergic reactions 

and chronic obstructive pulmonary disease.  

All extracorporeal bypass circuits consisted of a hollow-fiber oxygenator (Affinity®, 

Medtronic, Minneapolis, MN). The oxygenator and heat exchanger were non coated, ie, 

without surface modification (n=25), Trillium® coated (n=25) or Carmeda® coated (n=21). 

The additional components of the extracorporeal circuit (all non coated) were identical for 

all patients. They included a soft-shell venous reservoir, two additional reservoirs, an 

arterial line filter (Affinity®, 38 micron, non coated), tubing system (Medtronic) and an 

arterial blood roller pump (Terumo/Sarns, Ann Arbor, MI). One of the additional 

reservoirs was used to collect shed blood, which was processed by a cell saver
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before being returned into the systemic circulation after termination of the bypass 

procedure. The other reservoir was used to collect aortic root (systemic) blood, which was 

returned into the systemic circulation via the soft-shell venous reservoir during the bypass 

procedure. The extracorporeal system was primed with 500 mL Ringer's lactate solution, 1 

L Haemaccel (Behring, Malburg, Germany), 100 mL mannitol 20% (w/v), 50 mL of 

sodium bicarbonate 8.4% (w/v) and 200 mL aprotinin (2 x 106 KIU Trasylol®; Bayer, 

Leverkusen, Germany). Magnesium sulphate 4 mmol/10 kg (ie, 24 < x < 32 mmol) and 

10000 IU bovine heparin (Leo Pharmaceutical Products, Weesp, The Netherlands) were 

added to the priming solution. The total priming volume was 1.85 L. All patients received 

300 IU/kg heparin (Leo Pharmaceutical Products) before cannulation of the aorta. CPB 

was initiated when the activated clotting time (Hemochron 401, ITC, Edison, NJ) 

amounted to 480 sec or longer. During CPB and after aprotinin, the activated clotting time 

was maintained at values longer than 750 sec by means of the administration of additional 

heparin when required.13 Moderate hypothermia (30-34 ºC) was applied to all patients. 

The non-pulsatile flow rate was maintained between 2.0 and 2.4 L/min/m2 squared during 

the cooling and rewarming phases. Myocardial protection was achieved using cold (4-8 

ºC) crystalloid cardioplegia solution (St. Thomas). Shed blood in the surgical field was 

processed by a cell saver (HaemoLite 2 plus, Haemonetics Corp., Braintree, MA). 

Processed blood was returned into the systemic circulation of the patients immediately 

after CPB. After weaning from CPB and decannulation, heparin was neutralized with 

protamine sulphate at a 1:1 ratio. 

Arterial blood samples were obtained before induction of anesthesia and at 

termination of CPB. To facilitate comparison between plasma samples, platelet and white 

blood cell counts and concentrations of factor XIIa end CPB were corrected for 

hemodilution by hemoglobin concentration. 

Blood samples for platelet counts, white blood cell counts and hemoglobin were 

collected in 5 mL glass vacutainer tubes containing ethylenediaminetetraacetic acid 

(EDTA) (Becton Dickinson, San Jose, CA), and analysed on a Celldyn 4000 (Abbot, 

Mijdrecht, The Netherlands).  

Blood samples (4.5 mL) for the determination of concentrations of factor XIIa were 

collected in 5 mL glass vacutainer tubes (Becton Dickinson) containing indomethacin 
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hirudin citrate medium. Cell-free plasma aliquots (1 mL) were prepared by centrifugation 

(11 min at 1100 g and 4 �C) and stored at -80 �C until use. During activation of the 

intrinsic coagulation pathway (Hageman Factor, FXII) ß-factor XIIa is cleaved from �-

factor XIIa and released in the blood. ß-factor XIIa can be determined by substrate Z-Lys-

Phe-Arg-pNA.2HCL, which is converted to a yellow coloured product. Factor XIIa 

activity is expressed as percentage of human plasma activated by celite, known to be a 

very potent activator of the clotting system and, as such, used in the activated clotting 

time test tubes. This maximally activated plasma (100%) is stepwise diluted against FXII-

deficient plasma (0%) (Sigma Diagnostics, St Louis, MI, USA). To avoid substrate 

conversion by kallikrein, the kallikrein inhibitor aprotinin (200KIU/ml) (Bayer, 

Leverkusen, Germany) was added to the reaction mixture. 

 

The current study 

The current substudy consists of 20 patients of the original study of whom parts of the 

venous blood inlet of the oxygenator were available for analysis. Ten patients had been 

randomized to the non coated oxygenator and ten to the Trillium® coated oxygenator 

(Table 1). 

After CPB, the circuit was emptied and within 45 min a segment of the polycarbonate 

venous blood inlet was detached from the oxygenator, rinsed gently with 500 mL NaCl 

0.9% solution (Baxter, Utrecht, The Netherlands) and stored at -80 ºC until analysis. For 

scanning electron microscopy, segments were fixated with 2% glutaraldehyde in 0.1 M 

cacodylate buffered saline solution, pH 7.4. There was no period where stagnant blood 

was left sitting in contact with the sample material. The mentioned segments were chosen 

because they were easy to remove for analysis and for standardization without touching 

the contact surface. 

 

Surface thrombotic components (PAC-1, CD11b, fibrin) 

Thrombotic components adhering to the venous blood inlet from the oxygenator were 

quantified using a method previously described by Spijker et al.14 and Amoroso et al.15, by 

means of antibody binding to a platelet receptor (PAC-1), to a white blood cell receptor 

(CD11b), and to fibrin. PAC-1 recognizes an epitope on the glycoprotein IIb/IIIa complex 
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of activated platelets at or near the platelet fibrinogen receptor. These three antigens 

contain the major thrombotic components. Prior to antibody binding, the venous blood 

inlet samples from the oxygenators were rinsed carefully and then exposed to fluorescent-

labelled antibodies against PAC-1, CD11b or fibrin. 

 

Table 1.  Demographic and cardiopulmonary bypass data. 

Coating of the oxygenator  
 

Non coated 
(n=10) 

Trillium® coated 
(n=10) 

Male gender 10 9 

Age (years) 61.2 (8.7) 60.1 (10.8) 

Weight (kg) 88.3 (9.9) 87.1 (11.6) 

Body surface area (m2) 2.05 (0.13) 2.06 (0.16) 

Platelets (109/L) 282.1 (82.8) 231.8 (56.5) 

White blood cell count (109/L) 7.6 (1.8) 6.6 (0.98) 

Hemoglobin (mmol/L) 9.2 (0.83) 9.0 (0.54) 

Cardiopulmonary bypass (min) 88 (19.1) 93.5 (19.2) 

Aortic crossclamping (min) 56 (13.4) 59.9 (18.0) 

Shear stress (N/m2) at blood 
viscosity of 3x10-3 Ns/m2 2.51 (0.16)a 2.52 (0.19)a 

Shear stress (N/m2) at blood 
viscosity of 4x10-3 Ns/m2 3.34 (0.21)a 3.36 (0.26)a 

aCalculated values were comparable to the shear stress in large arteries under 

physiological conditions. No significant differences were found between the groups for 

any of the variables. Data are presented as numbers or as means with standard deviations 

in parentheses. 
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The antibodies used were anti-human platelet GpIIb/IIIa (PAC-1, Becton Dickinson, 

San Jose, CA), anti-human CD11b (Dako, Glostrup, Denmark) and anti-human fibrin 

(American Diagnostica Inc, Stamford, CT). These antibodies were labelled by reaction 

with Samarium-N1 ITC chelate (anti-GpIIb/IIIa and anti-CD11b) or Europium-N1 ITC 

chelate (anti-fibrin) from EG&G Wallac (Perkin Elmer, Groningen, The Netherlands), 

according to the supplier’s instructions.  

Each piece of the venous blood inlet from the oxygenator was washed with Assay 

Buffer (50 mM Tris, 150 mM NaCl, 1 mg/mL BSA and 20 μM diethylenetriamine 

pentaacetic acid (DTPA), pH 7.8) and then incubated with assay buffer containing 0.02 

μg/mL of antibody. The samples were incubated overnight at 2-8 °C and then washed four 

times with wash buffer (50 mM Tris, 150 mM NaCl, 0.05% Tween-20, pH 7.8). The Sm 

and Eu labels were eluted from the test materials by incubation for 15 min at room 

temperature with a so-called Enhancement Solution (EG&G Wallac) and the amounts of 

label were determined by measuring Sm and Eu-dependent time-resolved fluorescence 

with a Victor2 multilabel counter (EG&G Wallac). 

Fluorescence values were converted into amounts of antibody using calibration curves 

of the label and pre-determined values for the amount of label per weight unit of antibody. 

The dimensions of the segments of the venous blood inlet from the oxygenators were 

measured and the surface area was calculated. These data were used to calculate the 

number of ng of IgG bound/cm2 surface area. Histological validation was achieved by 

scanning electron microscopy (Jeol 6301 F, Jeol Ltd, Tokyo, Japan). 

 

Reference values for surface thrombotic components 

Reference values were obtained from a series of similar experiments with the 

reference materials polydimethylsiloxane (PDMS, Eriks, Alkmaar, The Netherlands) as 

positive control and polyethylene (LDPE, ET311350, Goodfellow, Cambridge, UK) as 

negative control in stagnant blood.16 In these experiments, we measured antibody binding 

to a platelet receptor (PAC-1), to a white blood cell receptor (CD11b), and to fibrin. The 

PDMS experiments for antibody binding to PAC-1, CD11b, and fibrin were performed in 

10, 10, and five healthy volunteers; the LDPE experiments in 10, 10, and three healthy 

volunteers. The participants had not received any medication in the two weeks before the 
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experiments. A whole blood sample was taken and heparin (3 IU/mL) was added as an 

anticoagulant. Blood was diluted 1:1 with carbonate-buffered Ringer’s lactate solution. 

According to Belanger and Marois,17 PDMS and LDPE appear to be suitable reference 

materials for the evaluation of the in vitro and in vivo biocompatibility of biomaterials. 

 

Other measurements 

Platelet counts, white blood cell counts, hemoglobin and concentrations of factor XIIa 

had been determined in the context of the original randomized trial and were used in the 

current study for analysis. 

During CPB, the shear stress conditions (�) were calculated at the venous blood inlet 

of the oxygenator, without conditions of turbulence, according to the equation: 32 x Q� / � 

x D3, where Q = flow, � = blood viscosity and D = inlet diameter.  

 

Statistical evaluation 

Data was analysed using  SPSS, release 11.0 (SPSS Inc., Chicago, IL). Demographic 

and CPB data are reported as means with standard deviations. Outcome data (platelet 

counts, white blood cell counts, concentrations of factor XIIa and surface thrombotic 

components) are presented as medians with interquartile ranges. Platelet and white blood 

cell counts and concentrations of factor XIIa at the end of CPB were corrected for 

hemodilution (hemoglobin). For blood cell counts and concentrations of factor XIIa, 

statistical analyses were performed concerning the change (�) of that variable relative to 

the baseline value (t=0) per individual patient. No formal sample size was performed. The 

actual sample size was determined by the availability of material suitable for analysis. 

Comparisons between (treatment) groups were made by applying the Independent-

Samples t-test. Statistical significance was achieved at p<0.05 (two-sided). The results of 

the control  assays (reference values) are expressed as ranges. 
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RESULTS 

Clinical results, blood cell counts 

The two oxygenator groups (NC; n=10 and TC; n=10) were comparable with regard 

to: gender, age, body surface area, platelet counts, white blood cell counts, hemoglobin, 

concentrations of factor XIIa, and surgical data (CPB times, aortic crossclamping times 

and shear stress during CPB; Table 1). By the end of CPB, platelet and white blood cell 

counts and concentrations of factor XIIa were similar for the two groups (Figures 1-3).  

Figure 1. Platelet counts in patients 

undergoing cardiopulmonary bypass 

(CPB). Platelet counts before bypass after 

induction of anaesthesia (baseline value: 

‘pre’) and at the end of bypass after 

release of the aortic crossclamp (end 

CPB). End CPB blood samples were 

corrected for hemodilution. The 

measurements were made in 10 patients 

treated with a non coated oxygenator 

(NC: white bars) and in 10 patients 

treated with a Trillium® coated 

oxygenator (TC: striped bars). Median 

values and interquartile ranges are presented. No significant differences were present 

between the two oxygenator groups.  

Surface thrombotic components 

Binding of activated platelets (GpIIbIIIa), white blood cells (CD11b) and fibrin to the 

venous blood inlets of non-coated (NC) and coated (TC) oxygenators was identical, no 

significant differences between the two oxygenator groups were found (Figure 4).  

Scanning electron microscopy of the non coated surface showed more sharply defined 

cellular structures, while the coated surface revealed more blurry cellular structures 

(Figure 5). 
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Figure 2. White blood cell counts in 

patients undergoing cardiopulmonary 

bypass (CPB). White blood cell counts 

before bypass after induction of 

anaesthesia (baseline value: ‘pre’) and 

at the end of bypass after release of the 

aortic crossclamp (end CPB). End CPB 

blood samples were corrected for 

hemodilution. The measurements were 

made in 10 patients treated with a non 

coated oxygenator (NC: white bars) and 

in 10 patients treated with a Trillium®

coated oxygenator (TC: striped bars). 

Median values and interquartile ranges are presented. No significant differences were 

present between the two oxygenator groups. 

 

Figure 3. Concentrations of factor XIIa 

in patients undergoing 

cardiopulmonary bypass (CPB). 

Concentrations of factor XIIa before 

bypass after induction of anaesthesia 

(baseline value: ‘pre’) and at the end of 

bypass after release of the aortic 

crossclamp (end CPB). End CPB blood 

samples were corrected for 

hemodilution. The measurements were 

made in 10 patients treated with a non 

coated oxygenator (NC: white bars) and 

in 10 patients treated with a Trillium®

coated oxygenator (TC: striped bars). Median values and interquartile ranges are 

presented. No significant differences were present between the two oxygenator groups. 
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Figure 4. Adhesion of thrombotic 

components to the surface of an 

oxygenator. Adhesion of platelets 

(GpIIbIIIa), white blood cells 

(CD11b) and fibrin to the venous 

blood inlet of a clinically used 

oxygenator. Measurements were 

made in 10 non coated (NC: white 

bars) and in 10 Trillium® coated 

oxygenators (TC: striped bars). 

Median values and interquartile 

ranges are presented. No significant 

differences were present between the 

two oxygenator groups. 

 

The binding of activated platelets to the non coated (NC group) and coated (TC 

group) surfaces achieved values between the reference values of PDMS (range: 0.42 to 

0.91) and those of LDPE (range 0.03 to 0.88). Binding of white blood cells to the tested 

surfaces was below that of PDMS (range: 0.98 to 1.67) and in the same order of 

magnitude as that of LDPE (range: 0.29 to 0.70). The fibrin binding corresponded with 

the lower range of PDMS reference values (range: 0.16 to 1.35) and was in the same range 

as that of the LDPE values (range: 0.29 to 0.40).  
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Figure 5. Scanning electron microscopy of the surface of a venous blood inlet of a 

clinically used oxygenator. Panels A and B: non coated surface showing more sharply 

defined cellular structures (A, original magnification x60; B, original magnification 

x200). Panels C and D: coated surface showing more blurry cellular structures (C, 

original magnification x60, D, original magnification x200). Panel A: sizes of the white 

spots range between 5 and 30 µm, indicating platelet aggregates and leucocytes. The 

bigger spots, ranging between 20 and 30 µm, are fingerprints, containing no three-

dimensional structures. Panel B: details of leucocytes and aggregates, without visible 

pseudopodes. Panel C: Sizes of the white spots range between 5 and 50 µm. All the spots 

seem to be fingerprints. No three-dimensional structures were observed. Panel D: visible 

particles are not of cellular nature. 

C. coated

B. non coated D. coated

A. non coated 
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DISCUSSION 

In the present study, we observed that binding of activated platelets, white blood cells 

and fibrin to the artificial surface of the oxygenator’s venous blood inlet is not affected by 

the Trillium® surface coating. The attachment of thrombotic components proved very 

modest, and consistently less than that of the positive reference material PDMS. In both 

groups, the adhesion of white blood cells was most pronounced when compared with that 

of platelets and fibrin.  

Also, we did not observe significant differences in platelet and white blood cell 

counts between the patients subjected to non coated oxygenators and those exposed to 

Trillium® coated oxygenators, respectively. This observation is supported by that of Ereth 

et al.18 who also did not find significant differences in platelet and white blood cell counts 

during CPB in a similar clinical trial on Trillium® coated versus non coated oxygenators. 

By contrast, Palanzo et al.19 found a significantly decreased platelet count in the patient 

group treated with non coated oxygenators.  

Mueller et al.9 used an ex vivo, partial CPB bovine model without systemic 

heparinization. In his study, Trillium® coated connectors showed statistically significantly 

better antithrombotic properties when exposed to flowing and stagnant blood, compared to 

non-coated connectors. Using an animal model (calves) at low systemic heparinization, 

Tevaearai et al.10 found significantly more clots in the connectors, the reservoir, the heat 

exchanger and the oxygenator of a non coated CPB circuit than in a Trillium® coated 

system.       

The Trillium® surface has been designed in order to minimize adsorption of proteins 

and the attachment of cells. In the present clinical study, we were unable to detect reduced 

fibrin and cell deposition by analysis of antibody binding. A possible explanation can be 

offered by full systemic heparinization, which reduces deposition of thormbotic 

components. Another possible explanation may be offered by the improvements of the 

modern CPB system by using more biocompatible materials containing polycarbonate, 

polyvinyl chloride, polyethylene and polypropylene.20-22 Possibly, the benefit of coating 

on heat exchanger - stainless steel - is more pronounced than on polycarbonate. On most 

parts of the circuits, however, additional benefits of the Trillium® coating may be minimal 
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and difficult to demonstrate under clinical circumstances and in limited numbers of 

patients. 

Other variables and properties of the CPB circuit may also affect the efficacy of 

coating procedures. It has, for instance, been shown that suction can cause considerable 

activation of the coagulation pathway.23 In the present study, suction (wound) blood was 

processed by a cell saver before being returned into the systemic circulation after the 

bypass procedure had been terminated. This treatment rules out the possibility that blood 

activation related to clotting, platelet degranulation, complement activation and hemolysis 

during the bypass procedure is caused by reinfusion of the processed wound blood. Cell 

adhesion and intrinsic coagulation are more or less independent from other sources of 

activation. Nevertheless, we tried to minimize physiological blood activation by using a 

soft-shell reservoir, by reducing air contact and by seperating the suction blood. 

The systemic blood contained identical concentrations of factor XIIa in the coated and 

non-coated groups, indicating a similar activation of the intrinsic coagulation pathway.  

Initiation of CPB causes a certain 'first pass effect', blood coming into contact with 

the bare artificial surface. Initially, this effect is most intensive, although it will diminish 

after some time. For instance, strong shear stresses could have been responsible for 

detachment of thrombotic material after initial binding. The scanning electron 

microscopic images indicated detachment of thrombotic material from the Trillium® 

coated surface, as reflected by the blurry aspect of the cellular structures on the coated 

surface. Accordingly, after initial binding, those blurry prints could have been left behind 

by the thrombotic material.24   

In this study, we analysed the inner surface of the venous blood inlet of a clinically 

used oxygenator. In our opinion, that piece of material was easy to isolate from the 

oxygenator and allowed reproduction in a standardized way without the danger of looking 

at ‘preferred’ or ‘shunted’ pathways through the oxygenator. Our calculations (Table 1) 

indicated that the shear stress was similar to or higher than the shear stress in the arterial 

system. 

Accordingly, in spite of the Trillium® coating’s antithrombotic activity, a certain 

equilibrium will have been obtained after about 90 min (similar to most CPB times in the 
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present study). The present study strongly suggests that a similar equilibrium is achieved 

in the two treatment groups.  

 
CONCLUSION 

On the basis of our data, we conclude that, after 90 min of CPB, initial adhesion of 

thrombotic components to the surface of an oxygenator is not affected by the Trillium® 

surface coating under conditions of full systemic heparinization. However, persistent 

attachment of cells seems to be reduced by Trillium® coating, which may prevent 

thrombotic accumulation. 
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ABSTRACT 

Objective: The mechanisms causing the presence of platelet-derived microparticles 

(PMP) in the circulation are unknown. In vitro, platelets release PMP in response to 

complement activation. This study evaluates the relationship between complement 

activation and levels of circulating PMP in patients undergoing cardiac surgery. 

Methods: Prospectively 71 patients were included who underwent elective coronary 

artery bypass grafting assisted by cardiopulmonary bypass (CPB). The patients were 

randomly allocated to one of the three groups: uncoated oxygenator, UnModified Surface 

(UMS; n=25) or oxygenator coated with either BioPassive Surface (BPS; n=25) or 

BioActive Surface (BAS; n=21). PMP and terminal complement complexes (TCC) were 

determined before bypass after induction of anaesthesia, 15 minutes after start CPB, at the 

end of CPB and 30 minutes after administration of protamine sulphate. 

Results: Demographic and CPB data were similar for the three groups. At the end of 

CPB, PMP numbers were decreased in all three groups. No significant differences were 

observed between the groups at any sampling point. At the end of CPB, TCC 

concentrations were increased in all groups (p<0.001), and significant differences between 

the groups were present (p=0.002).  

Conclusions: Despite significant complement activation, no increase in numbers of 

circulating PMP was found in systemic blood of patients undergoing cardiac surgery 

assisted by CPB. Thus, complement activation in vivo does not necessarily affect 

generation of PMP. 
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INTRODUCTION 

On activation and during apoptosis platelets and other cells bud off small parts of 

their plasma membrane, the so-called microparticles (MP). Extensive in vitro studies have 

been reported on platelet-derived microparticles (PMP).1,2 When platelets are stimulated 

in vitro with agonists such as a combination of �-thrombin and collagen, the complement 

complex C5b-9 or the Ca2+-ionophore A23187, they release large numbers of PMP.1,3,4 

PMP possess ‘platelet factor 3 activity’, i.e. they facilitate coagulation via exposure of 

negatively charged phospholipids, thereby providing binding sites for activated 

coagulation factors V (factor Va), VIIIa, IXa, XIa1,2,5,6 and enabling the formation of 

tenase- and prothrombinase complexes.1,2,7 

Increased numbers of PMP have been reported in the circulation of patients with 

diabetes,8,9 undergoing cardiopulmonary bypass (CPB),10,11 suffering from acute coronary 

ischaemia,12 heparin-induced thrombocytopenia,13 myocardial infarction,14 uremia,15 

idiopathic thrombocytopenic purpura,16 disseminated intravascular coagulation (DIC),17 

plasmapheresis,18 or meningococcal septic shock,19 which are all diseases that have been 

associated with a thromboembolic tendency.  Also in the pericardial fluid of patients 

undergoing CPB surgery elevated numbers of PMP have been found.20 

Despite the widespread presence of PMPs in the circulation, however, still the 

mechanisms causing their release in vivo are unknown. Complement activation is 

markedly increased during CPB, while coatings are known to reduce complement 

activation. Generation of PMP induced by complement activation was anticipated. 

Therefore, in the present study the relationship between in vivo complement activation 

and the concentrations of circulating PMP was evaluated in patients undergoing cardiac 

surgery assisted by CPB with non coated oxygenators (UMS group) and coated 

oxygenators (BPS and BAS groups). 
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MATERIALS AND METHODS 

Patients 

Upon approval of the Medical Ethics Committee of the Academic Medical Center, 

and signed informed consent, we prospectively included 71 patients who underwent 

elective coronary artery bypass grafting assisted by CBP. Inclusion criteria were age 21 to 

75 years, elective coronary artery bypass surgery, ejection fraction > 30%, body surface 

area > 1.66 m2 and preoperative hemoglobin > 7.5 mmol/L. Exclusion criteria were 

combined valve surgery or aneurysmectomy, redo operations, insulin dependent diabetes 

mellitus, creatinine plasma level > 300 μmol/L, preoperative intra-aortic balloon pumping, 

preoperative use of non steroid anti-inflammatory drugs, preoperative use of warfarin, 

preoperative immunosuppressive therapy > 24 hrs, allergic reactions and chronic 

obstructive pulmonary disease. The patients were randomly allocated to three groups 

(Table 1).  

 

Cardiopulmonary bypass 

All extracorporeal bypass circuits consisted of a hollow fiber oxygenator (Affinity®, 

Medtronic, Minneapolis, MN). The oxygenator was uncoated, i.e. without surface 

modification, UnModified Surface (UMS; n=25) or coated with either BioPassive Surface 

(BPS; n=25) (Trillium®, Medtronic) or BioActive Surface (BAS; n=21) (Carmeda®, 

Medtronic). The additional, non coated, components of the extracorporeal circuit were 

identical for all patients, and included a soft-shell venous reservoir, two aditional 

reservoirs, an arterial line filter, tubing system (Medtronic) and a roller pump as arterial 

blood pump (3M Sarns, Ann Arbor, MI). One of the additional reservoirs was used to 

collect the shed blood, which was processed by a cell saver before being returned into the 

systemic circulation after termination of the bypass procedure. The other reservoir was 

used to collect left vent (systemic) blood, which was returned into the systemic circulation 

via the soft-shell venous reservoir during the bypass procedure. The extracorporeal system 

was primed with 500 mL Ringerlactate solution, 1 L Haemaccell (Behring, Malburg, 

Germany), 100 mL mannitol 20% (w/v), 50 mL of sodium bicarbonate 8.4% (w/v) and 

200 mL aprotinin (2 x 106 KIU Trasylol; Bayer, Leverkusen, Germany). Magnesium 

sulphate 4 mmol/10 kg (i.e. 24 < x < 32 mmol) and 10.000 IU bovine heparin (Leo 
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Pharmaceutical Products, Weesp, The Netherlands) were added to the priming solution. 

The total priming volume was 1.85 L. All patients received 300 IU/kg heparin (Leo 

Pharmaceutical Products, Weesp, The Netherlands) before cannulation of the aorta. CPB 

was initiated when the activated clotting time (ACT) was > 480 s. During CPB, the ACT 

was maintained above 480 s by administration of additional heparin when required. 

Moderate hypothermia (30-34 ºC) was used for all patients. Myocardial protection was 

achieved using cold (4-8 ºC) crystalloid cardioplegia solution (St. Thomas). Shed blood in 

the surgical field was processed by a cell saver (HaemoLite 2 plus, Haemonetics Corp., 

Braintree, MA). processed blood was returned into the systemic circulation of the patients 

immediately after CPB. After weaning from CPB and decannulation, heparin was 

neutralized with protamine sulphate at a 1:1 ratio. 

 

Collection of blood samples 

Arterial blood samples were obtained before induction of anesthesia, 15 minutes after 

start CPB, at termination of CPB and 30 minutes after protamine administration. For 

comparison between plasma samples, PMP numbers, platelet counts and TCC 

concentrations were corrected for hemodilution by hemoglobin concentration. 

 

Cell count 

Blood samples for hemoglobin and platelet counts were collected in 5 mL glass 

vacutainer tubes containing EDTA (Becton Dickinson (BD), San Jose, CA), and analyzed 

on a Celldyn 4000 (Abbot, Mijdrecht, The Netherlands).  

 

Terminal complement complex (TCC) 

Arterial blood (2 mL) was anticoagulated with 10 mM EDTA. Cell-free plasma 

aliquots (1 mL) were prepared by centrifugation (11 minutes at 1100 g, 4 ºC) and stored at 

-80 °C until use. TCC measures the terminal complement complex bound to the S-protein, 

representing the soluble, non-lytic form of TCC. TCC was determined by ELISA (Quidel, 

San Diego, CA). 
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Platelet-derived microparticles (PMP) 

Arterial blood (4.5 mL) was collected into 3.2% trisodium citrate (BD). Blood cells 

were removed by centrifugation for 20 minutes at 1550 g and room temperature, and 

plasma aliquots (250 �L) were snap frozen in liquid nitrogen and stored at -80 °C until 

use. After thawing plasma aliquots on melting ice, plasma was centrifuged for 30 minutes 

(17570 g,  20 °C) to pellet the microparticles (MP) as described previously.19-22 After 

removal of 225 μL of (MP-free) plasma, the 25 μL MP-enriched plasma was diluted with 

225 μL of phosphate-buffered saline (PBS; 154 mmol/L NaCl, 1.4 mmol/L phosphate, pH 

7.4), containing 10.9 mmol/L trisodium citrate. MP were resuspended and centrifuged (30 

minutes at 17570 g and 20 °C). Again, 225 μL of the supernatant was removed and MP 

were resuspended in the remaining 25 μL and diluted fourfold with PBS/citrate buffer, of 

which 5 μL was used per flow cytometric determination. 

 

Flow cytometric analysis 

MP samples were analyzed in a FACSCalibur flow cytometer with CellQuest 

software (BD). To distinguish PMP from events due to noise, PMP were identified on 

forward scatter (FSC), side scatter (SSC), and binding of both PE-labeled annexin V 

(PharMingen, San Jose, CA) and FITC-labeled anti-CD61 (glycoprotein IIIA; clone 

Y2/51, IgG1 from Dako A/S (Glostrup, Denmark)). To identify annexin V-positive MP, a 

fluorescence threshold was placed in a MP sample prepared without addition of calcium 

to correct for autofluorescence. To identify CD61-positive events, MP were incubated 

with a similar concentration of isotype matched control antibody (FITC-labeled IgG1; BD) 

to set the fluorescence threshold. MP (5 μL) were diluted in 35 μL PBS containing 2.5 

mmol/L CaCl2 (pH 7.4) and 5 μL of 500-fold prediluted normal mouse serum (Central 

Laboratory of the Netherlands Red Cross Bloodtransfusion Service, Amsterdam, The 

Netherlands). After incubation for 15 minutes at room temperature, annexin V (5 μL) plus 

anti-CD61 (5 μL) or IgG1-control antibody were added. The mixtures were incubated in 

the dark (15 minutes, room temperature). Subsequently, 200 μL PBS/calcium buffer were 

added and the suspensions centrifuged (30 minutes at 17.570 g, 20 °C). Finally, 200 μL of 

(MP-free) suspension were removed. The MP were diluted in 300 μL PBS/calcium buffer 

before flow cytometry, and all samples were analyzed for 1 minute. To estimate the 
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number of  PMP/L plasma, the number of events (N) found in the upper right (marker- 

and annexin V positive) quadrant of the flow cytometry analysis (FL1 versus FL2) was 

used in the formula: Number/L = N x [100/5] x [355/150] x [106/250]. 

 

Statistics 

Data were analysed using SPSS, release 11.0 (SPSS Inc., Chicago, IL). Demographic 

and CPB data are reported as means with standard deviations. Outcome data (PMP, 

platelets and TCC) were corrected for hemodilution (hemoglobin) and are presented as 

medians with interquartile ranges. For all outcome variables, statistical analyses were 

performed on the change (�) of that variable relative to the baseline value (t = 0) per 

patient. Statistical significance (p<0.05, 2-sided) is indicated. The sample size was chosen 

on the basis of preliminary observations, indicating that approximately 25 patients per 

group would be sufficient to achieve statistically significant differences in blood-

activation between coated and non coated oxygenators. Comparisons over time within 

treatment groups were made by applying the Wilcoxon Signed Ranks Test to the (paired) 

observations at baseline and at end CPB. Comparisons between (treatment) groups were 

made by applying the Kruskal-Wallis Test to the change between end CPB and baseline. 

The observations at 15 minutes CPB and at 30 minutes protamine sulphate are presented 

for descriptive purposes. 

 

RESULTS 

Clinical results 

The coating groups (UMS, BPS and BAS) were compared for preoperative 

parameters, including body surface area, age, sex, hemoglobin, platelet count and surgical 

data (CPB time and aortic cross clamping time). No significant differences were found 

between the groups for any of the variables tested (Table 1). There were no differences 

between the groups in hemoglobin concentrations and platelet counts at any sampling 

time. Hemodilution was similar in the three coating groups, the decrease in hemoglobin 

concentration and platelet count after start of the CPB procedure were most likely due to 

hemodilution of the systemic patient blood by the priming volume of the extracorporeal 

circuit, and by administration of the cardioplegia solution for myocardial protection.  In 
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addition, in all three coating groups a similar decrease in platelet count was observed after 

administration of protamine sulphate.  

 

Table 1. Demographic and CPB data 

1All data are presented as mean � SD. No significant differences were found between the 

groups for any of the variables. 

 

PMP and platelet counts during CPB 

The numbers of PMP at baseline were similar between the three coating groups 

(Figure 1A). Fifteen minutes after the onset of the CPB, the PMP numbers decreased in all 

three groups, despite correction for hemodilution. During CPB, the PMP numbers slightly 

recovered but, at the end of bypass, were still less than before start CPB. At the end of 

bypass there was a significant decline of PMP in the UMS group (p<0.001) and in the 

BPS group (p=0.028), when compared to baseline values. After administration of 

Surface modification of the oxygenator 
 

UMS BPS BAS 

Patient number 25 25 21 

Male / female 25 / 0 23 / 2 20 / 1 

Age (years) 62.0 �7.11 59.9 � 9.7 61.4 � 9.9 

Weight (kg) 87.5 � 12.1 87.1 � 14.8 83.1 � 9.8 

Body surface area (m2) 2.04 � 0.17 2.06 � 0.18 1.99 � 0.12 

Hemoglobin (mmol/L) 8.5 � 0.6 8.4 � 0.7 8.3 � 0.5 

Platelet count (109/L) 227 � 67.4 219 � 69 233 � 53 

Cardiopulmonary bypass (min) 93.5 � 21.8 85.1 � 21.4 95.4 � 24.2 

Aortic cross clamping (min) 58.5 � 15.9 55.1 � 17.2 58.6 � 19.7 
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protamine sulphate, PMP numbers again slightly decreased in all groups. Significant 

differences were not observed between the groups at any sampling point.  

In contrast to PMP numbers, the platelet counts significantly increased during CPB 

when corrected for hemodilution (figure 1B; end of CPB: UMS group p=0.004, BPS 

group p<0.001, BAS group p=0.003). 

 

            

Figure 1. Systemic concentrations of platelet-derived microparticles (PMP) and platelet 

counts, in patients undergoing cardiopulmonary bypass (CPB). Concentrations of PMP 

and platelet counts before bypass after induction of anaesthesia (baseline value; ‘pre’), 

15 minutes after start bypass (15’CPB), at the end of bypass after release of the aortic 

cross clamp (end CPB), and 30 minutes after administration of protamine sulphate 

(30’prot). The measurements were made in 25 patients treated with an uncoated 

oxygenator i.e. without Surface Modification (UnModified Surface [UMS: white bars], 25 

patients treated with an oxygenator coated with a BioPassive Surface [BPS: grey bars] 

and 21 patients treated with an oxygenator coated with a BioActive Surface [BAS: striped 

bars]. PMP concentrations (panel 1A) and platelet counts (panel 1B) were determined as 

described in Methods. No significant differences were present between the three 

oxygenator groups. Medians and interquartile ranges are presented. 
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Figure 2. Concentrations of systemic terminal complement complexes (TCC), in patients 

undergoing cardiopulmonary bypass (CPB). TCC concentrations before bypass after 

induction of anaesthesia (baseline value; ‘pre’), 15 minutes after start bypass (15’CPB), 

at the end of bypass after release of the aortic cross clamp (end CPB), and 30 minutes 

after administration of protamine sulphate (30’prot). The measurements were made in 25 

patients treated with an uncoated oxygenator i.e. without Surface Modification 

(UnModified Surface [UMS: white bars]), 25 patients treated with an oxygenator coated 

with a BioPassive Surface [BPS: grey bars] and 21 patients treated with an oxygenator 

coated with a BioActive Surface [BAS: striped bars], and performed as described in 

Methods. Medians and interquartile ranges are presented.   

Complement activation during CPB 

Before CPB, complement activation was not or hardly detectable (Figure 2). Fifteen 

minutes after the onset of CPB, plasma concentrations of TCC increased in all three 

coating groups, indicating complement activation. TCC concentrations further increased 
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during CPB, and remained high after protamine sulphate administration. At the end of 

CPB, TCC concentrations were significantly increased in all three groups (p<0.001), when 

compared to baseline values. At the end of CPB significant differences between the 

coating groups were present (p=0.002). At the other sample times no significant 

differences between the coating groups were found. 

 

DISCUSSION 

This study shows that despite considerable activation of the complement system in 

vivo, circulating PMP numbers did not increase. These results were not anticipated, since 

earlier in vitro studies clearly showed that complement activation triggers the release of 

PMP.1,4,23-25 Our present data, however, suggest that other mechanisms must be involved 

in the release of microparticles in vivo. On the other hand, we cannot exclude that 

complement activation may contribute to microparticle release in other patient 

populations, or may affect the release of microparticles in concert with other stimuli.  

Earlier studies reported that CPB triggers the formation of PMP, both in vitro26 and in 

vivo.10,11 In contrast, we found an intraoperative decline in PMP numbers. Most likely, 

this lack of increase is due to the many -relatively recent- improvements of the 

extracorporeal circuits.27-29 Alternatively, in the present study the pericardial blood was 

not reinfused during the bypass procedure, but afterwards. Since pericardial blood 

contains relatively high numbers of cell-derived microparticles itself and is highly 

activated with regard to fibinolysis and coagulation, one may hypothesize that by not 

returning this blood into the systemic circulation during bypass, one of the triggers for 

(systemic) blood activation has been eliminated. The same holds for platelet activation. 

Whereas earlier studies reported extensive platelet activation during CPB, more recent 

studies showed less platelet activation.27,30 For instance, Kestin and colleagues30 reported 

that platelets from the systemic circulation of patients undergoing CPB showed normal 

reactivity in vitro, had no loss of surface glycoprotein complexes Ib-IX and IIb-IIIa, and 

had hardly degranulated. 

In contrast, pericardial blood contains relatively high numbers of PMPs and 

erythrocyte-derived MP.20,27 Whether local complement activation, i.e. in this wound 

blood, contributes to the release of (P)MP, can not be excluded. 
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In the present study, this shed blood was processed by a cell saver before being 

returned into the systemic circulation after the bypass procedure had been terminated. 

This treatment excludes the possibility that systemic blood activation during the bypass 

procedure is caused by reinfusion of the processed shed blood. On the other hand, we 

cannot exclude that this reinfusion contributes to blood activation post-bypass.  

Taken together, although the release of MP in vitro from platelets is initiated by 

complement activation, we found no evidence for a relationship between complement 

activation and the concentrations of PMP in systemic blood from patients undergoing 

CPB. We conclude that complement activation in vivo does not importantly affect the 

generation of PMP. 
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ABSTRACT 

Objective. In the present study the relationship was evaluated between perioperative 

inflammation and the postoperative acute phase response in patients undergoing elective 

coronary artery bypass grafting (CABG) assisted by cardiopulmonary bypass (CPB). CPB 

circuits contained either non-coated- (UMS), Carmeda®- (BPS) or Trillium®-coated 

oxygenators (BAS).   

Methods. Prospectively, 71 CABG patients were randomly allocated to one of the 

oxygenator groups (UMS: n=25, BPS: n=25 and BAS: n=21). Terminal complement 

complexes (TCC) and elastase were determined in plasma samples collected before, 

during and after bypass. Secretory phospholipase A2 (sPLA2) and C-reactive protein 

(CRP) were determined before and after bypass.  

Results. Demographic-, CPB- and clinical outcome data were similar for the three groups. 

TCC and elastase increased during CPB, and decreased thereafter. Significant differences 

between the groups were present in the levels of TCC at the end of CPB (p=0.002) and at 

the first (p=0.012) and second (p<0.001) postoperative days, the BPS and BAS groups 

having reduced levels of TCC compared to the UMS group. Also elastase concentrations 

differed significantly between the groups at the end of CPB (p<0.001). The postoperative 

sPLA2- and CRP levels increased in all three groups on the first and second postoperative 

days, but no significant differences were present between the groups.   

Conclusion. Material-induced reduction of the inflammatory response during CPB does 

not affect the postoperative acute phase response. Thus, in CABG patients this response 

seems relatively unaffected by the composition and/or biocompatibility of the modern 

CPB circuit and rather to be evoked by surgical trauma, anesthetics and organ perfusion. 
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INTRODUCTION 

Patients undergoing cardiac surgery with cardiopulmonary bypass (CPB) develop a 

systemic inflammatory response leading to an acute phase response with sepsis-like 

symptoms during the postoperative recovery.1,2 Factors leading to this systemic 

inflammatory response are the CPB procedure, the surgical trauma and the necessity for 

general anaesthesia.3   

Cardiac surgery with CPB causes a biphasic complement activation. The first phase 

occurs during CPB and directly results from the interaction of blood with the 

extracorporeal circuit. The second phase occurs postoperatively and is characterized by 

increasing levels of the acute phase proteins secretory phospholipase A2 (sPLA2) and C-

reactive protein (CRP) that contribute to complement activation.4,5 Conversely, the 

inflammatory reaction during CPB may contribute to the postoperative generation of 

sPLA2 and CRP.6 During surgery and the early postoperative stage, the extent of the 

inflammatory response is associated with clinical symptoms such as hemodynamic 

instability, fever, bleeding disorders and organ failure in severe cases.7-9  

Complement activation, elastase, sPLA2 and CRP all contribute to the acute phase 

response.5  The main function of this response is the reduction of ongoing tissue damage, 

neutralization of inflammatory agents and the activation of repair processes.10 Both sPLA2 

and CRP are important acute phase proteins. SPLA2 levels rise 6-8 hours after a challenge 

such as a surgical procedure, reaching peak values on the first and second postoperative 

days. CRP levels rise 8-10 hours after a challenge, reaching peak values at the second 

postoperative day. It has been hypothesized that sPLA2 and CRP, in a combined effort, 

promote phagocytosis of injured cells and tissue debris.11  

Coatings of the extracorporeal circuits have improved the biocompatibility, resulting 

in reduced complement activation and activation of white blood cells during and after 

bypass surgery.12-14 In the present study, we compared Trillium® or Carmeda® coated 

oxygenators with uncoated oxygenators. The Trillium® coating is biopassive, developed 

to act as a non-thrombogenic and biocompatible surface. In contrast, the Carmeda® 

coating is bioactive. This coating exposes functional heparin, that binds to antithrombin 

and reduces coagulation activation and inflammation. The clinical relevance of coatings 

however, on the postoperative performance of patients during the first days after bypass 
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surgery remains subject to debate.12-16 Therefore, in the present study we analysed a 

possible relationship between the perioperative inflammation and the postoperative acute 

phase response in patients undergoing cardiac surgery.  

 

PATIENTS, MATERIALS AND METHODS 

Patients 

Prospectively 71 patients who underwent elective coronary artery bypass grafting 

assisted by CBP were included after signed informed consent had been obtained. 

Inclusion criteria were age 21 to 75 years, elective coronary artery bypass surgery, 

ejection fraction > 30%, body surface area > 1.66 m2 and preoperative hemoglobin levels 

> 7.5 mmol/L. Exclusion criteria were combined valve surgery or aneurysmectomy, redo 

operations, insulin dependent diabetes mellitus, creatinine plasma level > 300 μmol/L, 

preoperative intra-aortic balloon pumping, preoperative use of non steroid anti-

inflammatory drugs, preoperative use of warfarin, preoperative immunosuppressive 

therapy > 24 hrs, allergic reactions and chronic obstructive pulmonary disease. This study 

was approved by the Medical Ethics Committee of the Academic Medical Center of 

Amsterdam. 

 

Cardiopulmonary bypass 

All extracorporeal bypass circuits contained a hollow fiber oxygenator (Affinity®; 

Medtronic, Minneapolis, MN). The patients were randomly allocated to three groups in 

which the oxygenator was either uncoated, i.e. without surface modification (unmodified 

surface: UMS; n=25) or coated with biopassive surface (Trillium®; Medtronic: BPS; 

n=25) or bioactive surface (Carmeda®; Medtronic: BAS; n=21). The additional, non 

coated components of the extracorporeal circuit were identical for all patients, and 

included a soft-shell venous reservoir, two additional reservoirs, an Affinity® arterial line 

filter (38 micron), tubing system (Medtronic) and a roller pump as the arterial blood pump 

(3M Sarns, Ann Arbor, MI). 

The Trillium® surface coating has been developed to minimize adsorption of proteins 

and adherence of cells. This biopassive surface coating consists of a procedure involving 

two polymers. The first one is a primer and is based upon polyethyleneimine that is 
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modified hydrophobically in order to enhance strong binding to artificial materials. The 

second polymer is an anionic entity, thus strongly adhering to the cationic primer. It 

consists of 3 blood compatible functional groups: sulphonate groups, polyethylene oxide 

(PEO) chains and heparin molecules from a porcine source. Sulphonate groups yield a 

characteristic anticoagulant effect to polymers by mimicking the functional groups 

responsible for heparin’s anticoagulant action. Moreover, sulphonate groups are 

negatively charged and they are believed to contribute to thromboresistance. PEO chains 

are highly hydrophilic and thus minimize the interaction with the aqueous environment. 

The presence of hydrated PEO chains minimizes protein adsorption. Heparin is modified 

to copolymerise with sulphonate groups and PEO monomers. Theoretically, the advantage 

of this coating should not only be related to the presence of heparin, but also caused by 

endothelium-like properties of the negatively charged surface. 

The Carmeda® bioactive surface is also based on depositing a polymer coating, 

polyethyleneimine, onto various types of surfaces. Naturally negatively charged, non-

leaching heparin fragments, prepared from the degradation of heparin in nitrous acid, are 

then endpoint-attached and covalently bound to the polymer. The endpoint attached 

method assures that the heparin active binding sites are properly oriented to remain free to 

participate in biological reactions, similar to the orientation of heparan sulfate molecules 

found on the vascular endothelium. The bioactive coating is developed to provide a 

thromboresistent blood contact surface to reduce thrombogenesis and activation of the 

whole body inflammatory response. 

Shed blood from the surgical field was collected in one of the additional reservoirs, 

and processed by a cell saver (HaemoLite 2 plus, Haemonetics Corp., Braintree, MA). 

Processed blood was returned into the systemic circulation immediately after CPB. 

Systemic blood from the aortic root cannula was collected in the other reservoir, and 

returned into the systemic circulation via the soft-shell venous reservoir during the bypass 

procedure.  

The extracorporeal system was primed with 500 mL lactated Ringer’s solution, 1 L 

Haemaccell (Behring, Malburg, Germany), 100 mL mannitol 20% (w/v), 50 mL of 

sodium bicarbonate 8.4% (w/v) and 200 mL aprotinin (2 x 106 KIU Trasylol; Bayer, 

Leverkusen, Germany). Magnesium sulphate (4 mmol/10 kg; i.e. 24 < x < 32 mmol) and 



Chapter 4 

60 

10.000 IU bovine heparin (Leo Pharmaceutical Products, Weesp, The Netherlands) were 

added to the priming solution.  

All patients received 300 IU/kg heparin (Leo Pharmaceutical Products, Weesp, The 

Netherlands) before cannulation of the aorta. Systemic heparinization was monitored at 

fixed time intervals before onset and during CPB, additional heparin was administrated 

when required. Moderate hypothermia (30–34 ºC) was applied to all patients. Myocardial 

protection was achieved using cold (4-8 ºC) crystalloid cardioplegia solution (St. 

Thomas). After weaning from CPB and decannulation, heparin was neutralized with 

protamine sulphate at a 1:1 ratio. 

 

Blood sampling and processing 

Blood samples were collected before bypass after induction of anesthesia, 15 minutes 

after start CPB, at the end of CPB, 30 minutes after administration of protamine sulphate 

and on the first and second postoperative day. All blood samples were drawn from the 

arterial line. For comparison between plasma samples, terminal complement complexes 

(TCC), elastase and white blood cell counts were all corrected for hemodilution by 

hemoglobin concentration. Blood was collected at the indicated sample times and cell-free 

plasma was prepared by centrifugation for 20 minutes at 1,550 g and 20 °C and stored at -

80 �C until analysis. TCC (Quidel, San Diego, CA), elastase (Diagnostics Products 

Corporation, DPC Biermann GmbH, Bad Nauheim, Germany), sPLA2 (Roche 

Diagnostics, Mannheim, Germany) and CRP (DAKO, Glostrup, Denmark) were all 

determined by ELISA according to the manufacturer’s instructions. Preliminary 

observations showed no or limited increase of sPLA2- and CRP levels during the 

operation,4,6,11,17 and because peak values of sPLA2- and CRP are known to occur at the 

first and second postoperative days, perioperative samples were not analyzed for these 

markers. Blood samples for white blood cell counts and hemoglobin were collected in 5 

mL glass vacutainer tubes containing EDTA (Becton Dickinson (BD), San Jose, CA), and 

analyzed on a Celldyn 4000 (Abbot, Mijdrecht, The Netherlands).  
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Statistics  

Data were analysed using SPSS, release 11.0 (SPSS Inc., Chicago, IL). Demographic, 

CPB and clinical data are reported as means with standard deviations or medians with 

interquartile ranges. Biochemical data, corrected for hemodilution, are presented as 

median values with interquartile ranges. Comparisons between groups were made by the 

Kruskal-Wallis Test. Conditional on statistical significance of the Kruskal-Wallis test, we 

performed Mann-Whitney U tests for pair wise comparison of treatment groups. For all 

biochemical data, statistical analyses were performed on the change (�) of that variable 

relative to the baseline value (t = 0) per patient. Statistical significance (p<0.05, 2-sided) 

is indicated. 

 

RESULTS 

Clinical results 

No differences were present between the patient groups for any of the preoperative 

parameters investigated (Table 1). The clinical outcome data are summarized in Table 2. 

No significant differences were established between the three groups concerning the 

clinical outcome. Similarly, we found no differences in white blood cell counts and 

hemoglobin concentrations between the groups at any sampling time (data not shown).  

 

Complement activation and elastase 

Before CPB, complement activation by release of TCC was not detectable in any of 

the three groups. Fifteen minutes after the onset of CPB, plasma concentrations of TCC 

increased in all three groups of patients. Concentrations of TCC further increased in all 

three groups during CPB, and remained elevated after protamine sulphate administration. 

On the first and second postoperative day, the TCC concentrations decreased markedly 

although preoperative baseline values were (still) not reached. Significant differences 

between the groups were observed at the end of CPB (p=0.002), and at the first (p=0.012) 

and second (p<0.001) postoperative day. The BPS and BAS groups showed reduced levels 

of TCC compared to the UMS group (end CPB: BPS p=0.001, BAS p=0.024; at the first 

day ICU: BAS p=0.007; at the second day ICU: BPS p=0.001, BAS p<0.001; Figure 1).  
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Table 1. Demographic and CPB data. 

Surface modification of the oxygenator  

 

 

 

Uncoated 
surface 
(UMS) 

biopassive 
surface 
(BPS) 

bioactive 
surface 
(BAS) 

Patient number 25 25 21 

Male / female 25 / 0 23 / 2 20 / 1 

Age (years) 62.0 �7.11 59.9 � 9.7 61.4 � 9.9 

Body weight (kg) 87.5 � 12.1 87.1 � 14.8 83.1 � 9.8 

Body surface area (m2) 2.04 � 0.17 2.06 � 0.18 1.99 � 0.12 

White blood cell count (109/L) 6.9 � 2.0 6.3 � 1.7 6.3 � 2.0 

Hemoglobin (mmol/L) 8.5 � 0.6 8.4 � 0.7 8.3 � 0.5 

Cardiopulmonary bypass (min) 93.5 � 21.8 85.1 � 21.4 95.4 � 24.2 

Aortic cross clamping (min) 58.5 � 15.9 55.1 � 17.2 58.6 � 19.7 

Distal anastomoses  4.4 � 1.2 4.0 � 1.2 4.1 � 1.2 

1All data are presented as mean � SD. No significant differences were found between the 

groups for any of the parameters. The internal mammary artery was used in all patients. 

 

The elastase levels also increased in all three treatment groups during bypass. The 

postoperative elastase levels decreased, but still remained higher than the baseline values. 

Significant differences between the groups were found at the end of CPB (p<0.001). The 

levels of elastase were reduced in the BPS and BAS groups compared to the UMS group 

(BPS p=0.046 and BAS p<0.001; Figure 2). The reduced elastase levels in the BPS and 

BAS groups were not due to decreased numbers of circulating white blood cells, since the 

overall white blood cell counts were similar in the three patient groups and remained 

constant at any sample time (data not shown). 
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Table 2. Clinical outcome data. 

Surface modification of the oxygenator  

uncoated  
surface 

(UMS; n=25) 

biopassive 
surface 

(BPS; n=25) 

bioactive 
surface 

(BAS; n=21) 

Blood loss 18 hrs ICU (mL) 1 665 (507-992) 700 (552-1105) 870 (735-1415) 

Number of patients reexplored for 
bleeding  

0/25 0/25 0/21 

 Required blood products in the ICU 

Red blood cells (units) 20 20 23 

Number of patients receiving red 
blood cells 

9/25 12/25 12/21 

Fresh frozen plasma (units) 19 17 35 

Number of patients receiving fresh  
frozen plasma 

8/25 5/25 11/21 

Platelets (units) 1 3 3 

Number of patients receiving platelets 1/25 3/25 3/21 

Highest CK-MB massa (�g/mL)1 13 (11.8-19.8) 18.3 (11.6-35.8) 14.4 (9.1-21) 

Intubation time > 48 hours (number  
of patients) 

5/25 5/25 2/21 

Renal dialysis (number of patients) 0/25 1/25 0/21 

ICU stay > 10 days (number of 
patients)  

1/25 2/25 0/21 

ICU stay (hrs) 1 22 (21-78) 24 (19-67) 27 (21-75) 

Mortality (number of patients)  0/25 0/25 0/21 

Hospital stay (days) 1,2 5 (5-7) 6 (5-7) 6 (5-8) 

1Data are presented as median (interquartile ranges). No significant differences were 

found between the groups. 2Number of days from the operation until discharge back to the 

referring hospital. None of the 71 patients included in the present study required either an 

intra-aortic balloonpump or a left vertricle assist device. 
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Figure 1. Concentrations of 

terminal complement complexes 

(TCC) in patients undergoing 

elective CABG. TCC concentrations 

before bypass after induction of 

anaesthesia (baseline value; pre), 15 

minutes after start bypass (15 CPB), 

at the end of bypass after release of 

the aortic cross clamp (end CPB), 

30 minutes after administration of 

protamine sulphate (30 prot), day 1 

and day 2 ICU. Shown are TCC 

concentrations in patients treated 

with either an uncoated oxygenator 

(unmodified surface [UMS; n=25, white bars]), an oxygenator coated with a biopassive 

surface [BPS; n=25, grey bars] or an oxygenator coated with a bioactive surface [BAS; 

n=21, striped bars]. Medians and interquartile ranges are presented. Asterisks indicate 

significant differences between the treatment groups (p<0.05).  

Figure 2. Concentrations elastase in 

patients undergoing elective CABG. 

Elastase concentrations before bypass after 

induction of anaesthesia (baseline value; 

pre), at the end of bypass after release of 

the aortic cross clamp (end CPB), day 1 

and day 2 ICU. The measurements were 

made in patients treated with either an 

uncoated oxygenator (unmodified surface 

[UMS; n=25, white bars]), an oxygenator 

coated with a biopassive surface [BPS; 

n=25, grey bars] or an oxygenator coated 
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with a bioactive surface [BAS; n=21, striped bars]. Medians and interquartile ranges are 

presented. Asterisks indicate significant differences between the treatment groups 

(p<0.05).

 

Secretory phospholipase A2 (sPLA2) and C-reactive protein (CRP)  

sPLA2– and CRP levels increased in all three groups on the first day ICU when 

compared to preoperative baseline values. On the second postoperative day both values 

further increased. No significant differences were present between the groups (figures 3 

and 4). sPLA2 levels on the first day in the ICU in the BAS group tended to be reduced 

compared to the UMS group, but on the second day in the ICU this tendency disappeared 

almost completely. 

 

Figure 3. Secretory phospholipase A2

(sPLA2) in patients undergoing 

elective CABG. Concentrations of 

sPLA2 before bypass after induction of 

anaesthesia (baseline value; pre) and 

day 1 and day 2 ICU. The 

measurements were made in patients 

treated with either an uncoated 

oxygenator (unmodified surface 

[UMS; n=25, white bars]), an 

oxygenator coated with a biopassive 

surface [BPS; n=25, grey bars] or an 

oxygenator coated with a bioactive 

surface [BAS; n=21, striped bars]. Medians and interquartile ranges are presented. No 

significant differences were present between the three oxygenator groups. 
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Figure 4. Concentrations of C-

reactive protein (CRP) in patients 

undergoing elective CABG. 

Concentrations of CRP before bypass 

after induction of anaesthesia 

(baseline value; pre) and day 1 and 

day 2 ICU. The measurements were 

made in patients treated with either 

an uncoated oxygenator (unmodified 

surface [UMS; n=25, white bars]), 

an oxygenator coated with a 

biopassive surface [BPS; n=25, grey 

bars] or an oxygenator coated with a 

bioactive surface [BAS; n=21, striped bars]. Medians and interquartile ranges are 

presented. No significant differences were present between the three oxygenator groups at 

any sample time. 

 

DISCUSSION 

The present study shows that although the use of coated oxygenators reduces the 

intraoperative inflammatory response when compared to the uncoated oxygenators, the 

postoperative acute phase response is comparable in these groups. Coatings have 

improved the overall biocompatibility of extracorporeal circuits, as for instance reflected 

by reduced (intraoperative) complement activation. Whether or not these improvements 

have significantly contributed to relevant postoperative clinical benefits, is unclear.4,12-14,18  

Although previous investigations showed that the contact between blood and the 

artificial surfaces of the extracorporeal circuit triggers inflammation,2,7,8,12,13,19,20 more 

recent studies also focussed on the role of tissue injury, aortic cross clamping, 

hypoperfusion, ischemia and the heparin-protamine sulphate complex in intraoperative 

complement activation during major surgery.1-3,16 Fransen et al.3 demonstrated that 

postoperative concentrations of CRP were similar in patients undergoing CABG either 
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with or without the assistance of CPB. This strongly suggests that not the CPB circuit 

itself but the surgical procedure may be the major initiator of the postoperative acute 

phase response.  Accordingly, it so far remains unclear to which extent the direct contact 

between blood and the surface of the modern extracorporeal circuit may have contributed 

to the overall postoperative acute phase response. In this study, only the oxygenator was 

coated. Coating of the entire CPB circuit instead of just the oxygenator may result in 

greater beneficial effects. However, the oxygenator comprised about 78% of the total 

surface area of the extracorporeal circuit. Moreover,  the non-oxygenator part of this 

circuit was identical for all patients studied. Therefore the contribution of this non-coated 

part of the extracorporeal circuit to blood activation was not taken into consideration.  

It is well known, that the complement system is highly activated in wound blood.21 

Therefore, in the present study the wound blood was collected separately from the 

systemic blood and processed by a cell saver before being returned into the systemic 

circulation (immediately after CPB). Consequently, the intraoperative levels of 

complement activation and elastase release in our study were not affected by retransfusion 

of wound blood during the surgical procedure. To which extent the oxygenator coating 

and the retransfusion of processed cell saver blood contribute to the postoperative levels 

of complement activation, elastase and acute phase proteins, remains to be determined. 

Nevertheless, the material-induced reduction of complement activation during bypass is 

still observed on the ICU. Thus, the positive effects of coatings that occur during bypass 

are still observed after bypass despite retransfusion, suggesting that the (possible) 

contribution of retransfused blood to e.g. complement activation does not entirely overrule 

the positive effect of the coating. 

In the present study, only elective CABG patients were included. It remains unclear, 

however, to which degree the improved biocompatibility of the extracorporeal systems 

reduces the postoperative acute phase response in patients needing complicated and 

extended cardiac surgery. Because these patients suffer from increased tissue injury, are 

subjected to extended aortic cross clamping- and perfusion times, and to prolonged 

general anaesthesia and ischemia, the benefits of coatings of modern extracorporeal 

circuits may be limited.  
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In conclusion, the postoperative acute phase response appears not to be reduced 

despite improved biocompatibility of the CPB system in elective CABG patients.  
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ABSTRACT 

Objectives. To investigate whether cell-derived microparticles play a role in complement 

activation in pericardial blood of patients undergoing cardiac surgery with 

cardiopulmonary bypass (CPB), and whether microparticles in pericardial blood 

contribute to systemic complement activation upon retransfusion. 

Methods. Pericardial blood of 13 patients was retransfused in 9 and discarded in 4 cases. 

Microparticles were isolated from systemic blood collected before anesthesia (T1) and at 

the end of CPB (T2), and from pericardial blood. Microparticles were analyzed by flow 

cytometry for bound complement components C1q, C4 and C3, and bound complement 

activator molecules C-reactive protein (CRP), serum amyloid P-component (SAP), 

immunoglobulin (Ig)M and IgG. Fluid phase complement activation products (C4b/c, 

C3b/c) and activator molecules were determined by ELISA. 

Results. Compared with systemic T1 blood, pericardial blood contained increased C4b/c 

and C3b/c, and increased levels of microparticles with bound complement components. In 

systemic T1 samples microparticle-bound CRP, whereas in pericardial blood 

microparticle-bound SAP and IgM were associated with complement activation. At the 

end of CPB, increased C3b/c (but not C4b/c) was present in systemic T2 blood compared 

with T1, while concentrations of microparticles binding complement components and of 

those binding complement activator molecules were similar. Concentrations of fluid phase 

complement activation products and microparticles were similar in patients whether or not 

retransfused with pericardial blood. 

Conclusions. In pericardial blood of patients undergoing cardiac surgery with CPB, 

microparticles contribute to activation of the complement system via bound SAP and IgM. 

Retransfusion of pericardial blood, however, does not contribute to systemic complement 

activation. 
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INTRODUCTION 

Cardiac surgery with cardiopulmonary bypass (CPB) is associated with a systemic 

inflammatory response. Factors such as contact of blood with the surface of the CPB 

circuit, surgical trauma, ischemia/reperfusion injury, endotoxemia, retransfusion of 

suctioned pericardial blood and administration of protamine can all contribute to a 

complex series of inflammatory reactions encompassing the complement system, 

cytokines, leukocyte activation and the acute phase response.1-3 This can lead to 

respiratory failure, myocardial dysfunction, renal insufficiency, altered liver function, 

neurocognitive defects, coagulopathy or even multiple organ failure.1-3 

Activation of the complement system associated with cardiac surgery with CPB is 

biphasic. First, during the CPB procedure itself, activation of the alternative pathway of 

complement predominates, presumably as a result of contact of the blood with the 

artificial surfaces of the extracorporeal circuit,4,5 and at the end of the surgical procedure 

classical pathway activation also contributes, which is thought to result from protamine 

administration and formation of heparin-protamine complexes.5,6 The second phase of 

complement activation ensues in the postoperative period, and is thought to result from 

classical pathway activation by C-reactive protein (CRP), which is increased as a part of 

the acute phase response.5 

It has long been a subject of discussion whether blood collected from the pericardial 

cavity during cardiac surgery with CPB should be retransfused into the patients during 

surgery. The rationale behind doing so is to reduce the need for allogeneic blood products, 

although several reports have suggested that this practice results in hemostatic impairment 

as well as an increased systemic inflammatory response manifesting itself in increased 

levels of leukocyte activation markers, cytokines and complement activation products in 

the systemic circulation of the patients, and an increased acute phase response.3,7,8  

Pericardial blood of patients undergoing cardiac surgery with CPB contains high 

concentrations of cell-derived microparticles,9 which are small vesicles released from cells 

upon activation or apoptosis. Microparticles may play a role in activation of the 

complement system via the classical pathway. This had been demonstrated in vitro by 

showing the binding of complement component C1q (the first component of the classical 

pathway of complement) to microparticles as well as the deposition of complement 
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components C4 and C3.10 C4 and C3 are components of the complement cascade, which 

bind covalently to activating surfaces.11,12 

Recently, we showed that microparticles with bound C1q, C4 and C3 on their surface 

are present in ex vivo human samples, supporting the role of microparticles in complement 

activation in vivo.13,14 For example, synovial fluid of patients suffering from rheumatoid 

arthritis (RA) contains high levels of such microparticles, while plasma of these patients 

and of healthy individuals contains much lower levels.13 

CRP, serum amyloid P component (SAP), immunoglobulin (Ig)M and IgG are 

molecules, which upon binding to a suitable ligand (also on the surface of microparticles) 

can bind C1q and thereby activate the classical pathway of complement.15-18 In RA 

synovial fluid immunoglobulin G (IgG) and IgM molecules were implicated in 

complement activation on the surface of the microparticles, whereas in plasma of both RA 

patients and healthy individuals, CRP was found to be associated with complement 

activation.13 

In the present study we investigated the numbers of microparticles with bound C1q, 

C4 and/or C3 on their surface, indicative of activation of the complement system on the 

surface of these microparticles, in pericardial wound blood of patients undergoing cardiac 

surgery with CPB. We also analyzed the presence of complement activator molecules 

(CRP, SAP, IgM, or IgG) on these microparticles. Secondly, we investigated whether 

retransfusion of pericardial blood affects systemic complement activation. 
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METHODS 

Study design 

The study design has been detailed previously.19 Briefly, thirteen patients who 

underwent elective coronary artery bypass grafting assisted by CPB were included 

prospectively. Inclusion criteria were body surface area > 1.66 m2 and preoperative 

hemoglobin levels > 7.5 mmol/L. Exclusion criteria were combined valve surgery or 

aneurysmectomy, redo operations, insulin-dependent diabetes mellitus, renal or hepatic 

dysfunction, preoperative coagulopathy, preoperative intra-aortic balloon pumping and 

protocol violation (complications). The first 8 patients were randomly allocated to one of 

two groups. In the first group of patients suctioned pericardial blood was retransfused, 

whereas in the second group it was discarded. The last 5 patients all received pericardial 

blood. Two of the patients who were retransfused with pericardial blood also received 

allogeneic blood products (red cell concentrates). For a description of the extracorporeal 

system and the surgical procedure see the manuscript of van den Goor et al.19 This study 

was approved by the ethical committee of the Academic Medical Center of the University 

of Amsterdam and complies with the principles of the Declaration of Helsinki. All 

patients had given their written informed consent. 

 

Collection of blood samples 

Systemic arterial blood samples for this study were obtained before induction of 

anesthesia (T1), and at termination of CPB, before administration of protamine (T2). In 

the first group of patients, pericardial suction blood was retransfused after release of the 

aortic crossclamp, before the end of CPB. Samples of pericardial blood were collected 

immediately before retransfusion. All blood samples were collected into 0.1 volume of 

105 mmol/L trisodium citrate. Blood cells were removed by centrifugation (1550 g, 20 

minutes, room temperature) immediately after sample collection, and the plasma was 

aliquotted, snap-frozen in liquid nitrogen and stored at -80 °C. 
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Measurement of fluid phase complement activation products and complement 

activator molecules 

Plasma samples (250 �L aliquots) were thawed on melting ice and made 

microparticle-free by centrifugation at 19000 x g for 60 minutes at 4 °C. The upper 200 

�L of the microparticle-free supernatants were collected and analyzed for concentrations 

of the soluble complement activation products C4b/c (C4b, inactivated C4b and its further 

degradation product C4c) and C3b/c (C3b, inactivated C3b and its further degradation 

product C3c) as well as SAP, as described previously, by enzyme-linked immunosorbent 

assays.20,21 CRP, IgM and IgG concentrations were analyzed on the automated clinical 

chemistry analyzer Modular Analytics P800 using Tina-quant reagents (Roche 

Diagnostics, Basel, Switzerland). 

 

Flow cytometric analysis of microparticles and bound complement components or 

complement activator molecules 

Microparticles were isolated from plasma as we described previously.22 Samples (250 

�L aliquots) were thawed on melting ice, then centrifuged at 19000 x g for 30 minutes at 

room temperature to pellet the microparticles. Subsequently, 225 �L of the supernatants 

were removed, and 225 �L of phosphate-buffered saline (PBS; 154 mmol/L NaCl, 1.4 

mmol/L phosphate, pH 7.4) containing 10.5 mmol/L trisodium citrate (PBS/citrate) were 

added. Microparticles were resuspended, then again pelleted by centrifugation, after 

which 225 �L of supernatant were again removed. To the remaining 25 �L microparticle 

pellet 75 �L of PBS/citrate buffer were added, and the microparticles were resuspended. 

Flow cytometric analysis was performed using an indirect staining procedure.22 

Microparticles (5 �L aliquots) were incubated for 30 minutes at room temperature in a 

final volume of 50 �L of PBS containing 2.5 mmol/L CaCl2 (PBS/Ca, pH 7.4) and 

unlabeled mouse monoclonal antibodies against bound complement factors (C1q, C4, C3) 

or bound complement activator molecules (CRP, SAP, IgM, IgG), or the respective 

isotype-matched control antibodies [clones MOPC-31C (IgG1) and G155-178 (IgG2a) 

from Becton, Dickinson and Company (BD) Pharmingen, San Jose, CA, USA]. The 

monoclonal antibodies against C1q, C4, C3, CRP and SAP (clones C1q-2, C4-4, C3-15, 

5G4, and SAP-14, respectively) were described previously.21,23-25 Antibodies against the 
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heavy chains of IgM and IgG molecules (clones MH15-1 and MH16-1, respectively) were 

obtained from Sanquin (Amsterdam, the Netherlands). After incubation with the 

antibodies, the microparticles were washed with 200 �L of PBS/Ca. Then, rabbit anti-

mouse F(ab’)2-phycoerythrin [F(ab’)2-PE; Dako, Glostrup, Denmark; 5 �L] was added, 

and the mixtures were again incubated for 30 minutes at room temperature. 

Subsequently, 400 �L of buffer were added and the microparticles analyzed on a 

FACSCalibur flow cytometer with CELLQuest 3.1 software [BD Immunocytometry 

Systems, San Jose, CA, USA]. Acquisition was performed for 1 minute per sample, 

during which the flow cytometer analyzed approximately 60 �L of the suspension. 

Forward scatter and side scatter were set at logarithmic gain. To identify marker positive 

events, thresholds were set based on microparticle samples incubated with similar 

concentrations of isotype-matched control antibodies. Calculation of the number of 

microparticles per liter plasma was based upon the particle count per unit time, the flow 

rate of the flow cytometer, and the net dilution during sample preparation of the analyzed 

microparticle suspension. 

 

Statistical analysis 

All results were corrected for hemodilution using IgG values. Data were analyzed 

with SPSS 14.0 (SPSS Inc., Chicago, IL, USA) and GraphPad PRISM 3.02 (GraphPad 

Software, Inc., San Diego, CA, USA). Differences between retransfused and not 

retransfused patients were analyzed using an independent samples t-test, and differences 

between systemic T1 and pericardial as well as systemic T2 samples were analyzed using 

one-way analysis of variance (ANOVA), followed by Bonferroni’s multiple comparison 

test. Correlations were determined using Pearson’s correlation test. Differences and 

correlations were considered significant at p<0.05. Data are presented as mean � SD. 
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Figure 1. Concentrations of fluid phase complement activation products (A) and fluid 

phase complement activator molecules (B and C), as well as the concentrations of 

microparticles with bound complement components (D) or complement activator 

molecules on their surface (E) in systemic T1, pericardial, and systemic T2 samples 

obtained from patients undergoing cardiac surgery with CPB. 

Data are presented as mean � SD and are corrected for hemodilution using IgG values. 

Differences between systemic T1 and pericardial as well as systemic T2 samples were 

analyzed using one-way analysis of variance (ANOVA), followed by Bonferroni’s multiple 
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comparison test. Two-tailed significance levels are provided (p), which were considered 

significant at p<0.05. *p<0.05; **p<0.01; ***p 0.001. 

CPB, cardiopulmonary bypass; CRP, C-reactive protein; IgG, immunoglobulin G; IgM, 

immunoglobulin M; MP, microparticles; N.A., not applicable; N.S., not significant; SAP, 

serum amyloid P component; T1, systemic arterial samples obtained before induction of 

anesthesia; T2, systemic arterial samples obtained at termination of CPB. 

RESULTS 

Complement activation on the surface of microparticles in pericardial blood of 

patients undergoing cardiac surgery with CPB 

Levels of the fluid phase complement activation products C4b/c and C3b/c, and of the 

complement activator molecules CRP, SAP, IgM and IgG in the various sample groups 

are shown in Figure 1A, B and C. In systemic T1 samples of patients undergoing cardiac 

surgery with CPB, the levels of C4b/c and C3b/c were low, whereas in pericardial blood 

of these patients collected during the surgical procedure their levels were 14- and 26-fold 

elevated compared to systemic T1 samples, respectively, indicating increased complement 

activation in pericardial blood. The levels of CRP did not differ between systemic T1 and 

pericardial blood samples, while levels of SAP and IgM tended to be decreased. Levels of 

IgG molecules, present in relatively high concentrations, were used to correct for 

hemodilution of pericardial and systemic T2 blood during the surgical procedure. 

The total concentration of microparticles in systemic T1 samples of the patients was 

1094�433x106/L, whereas in pericardial blood this was 10251�5741x106/L (p<0.001). 

Levels of microparticles with bound complement components C1q, C4 or C3 on their 

surface were 10-, 19- and 26-fold higher, respectively, in pericardial blood compared with 

systemic T1 blood of the patients, indicating increased complement activation on the 

surface of microparticles in pericardial blood (Figure 1D). 

The concentrations of microparticles with bound CRP on their surface did not differ 

between pericardial and systemic T1 blood of the patients, but concentrations of 

microparticles with bound SAP, IgM and IgG were highly increased in pericardial blood 

(Figure 1E). To get an indication as to which of these activator molecules plays a role in 

complement activation on the surface of the microparticles, we correlated the numbers of 
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microparticles with activator molecules to those with bound C1q on their surface. In 

systemic T1 blood, the numbers of microparticles with bound CRP correlated with the 

numbers of microparticles binding C1q. Furthermore, the numbers of microparticles with 

bound C1q correlated with those with bound C4 (Table 1), indicating further downstream 

activation of complement components by C1q on the surface of the microparticles. In 

contrast, in pericardial blood the correlation between microparticles with bound CRP and 

C1q was absent, while microparticles with bound SAP and those with bound IgM 

correlated with microparticles with bound C1q. In turn, microparticles with bound C1q on 

their surface correlated with microparticles with bound C3 (Table 1). 

Table 1. Correlations between the concentrations of microparticles binding the various 

complement components or complement activator molecules in systemic T1, pericardial, 

and systemic T2 samples of patients undergoing cardiac surgery with CPB. 

 All patients 
(n=13) 

 Systemic T1 Pericardial Systemic T2 

 r p r p r P 

CRP pos. MP vs. C1q pos. MP 0.776 0.002 0.368 0.217 0.689 0.009 

SAP pos. MP vs. C1q pos. MP 0.402 0.173 0.919 0.000 0.523 0.067 

IgM pos. MP vs. C1q pos. MP -0.055 0.859 0.554 0.050 0.116 0.705 

IgG pos. MP vs. C1q pos. MP -0.131 0.669 0.283 0.348 -0.023 0.940 
   
C1q pos. MP vs. C4 pos. MP 0.767 0.002 0.518 0.070 0.455 0.118 

C1q pos. MP vs. C3 pos. MP 0.334 0.265 0.647 0.017 0.262 0.388 

Correlation analysis was performed using Pearson’s correlation test (r, correlation 

coefficient; p, two-tailed significance level, considered significant at p<0.05). 

CPB, cardiopulmonary bypass; CRP, C-reactive protein; IgG, immunoglobulin G; IgM, 

immunoglobulin M; MP, microparticles; pos., positive; SAP, serum amyloid P 

component; T1, systemic arterial blood samples obtained before induction of anesthesia; 

T2, systemic arterial blood samples obtained at termination of CPB. 
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Table 2. Concentration of fluid phase complement activation products and complement 

activator molecules in systemic T1, pericardial, and systemic T2 samples obtained from 

patients undergoing cardiac surgery with CPB. 

 Retransfused 
(n=9) 

Not retransfused 
(n=4) p1

 
Systemic T1    

C4b/c (nmol/L) 4.6 � 1.8 7.6 � 2.5 * 

C3b/c (nmol/L) 15.2 � 9.9 18.4 � 4.4 N.S. 

CRP (mg/L) 4.5 � 6.5 3.5 � 4.8 N.S. 

SAP (mg/L) 60.0 � 21.7 62.1 � 17.1 N.S. 

IgM (g/L) 0.63 � 0.36 0.79 � 0.74 N.S. 

IgG (g/L) 8.3 � 1.6 7.0 � 0.8 N.S. 

 
Pericardial    

C4b/c (nmol/L) 74.2 � 95.6 75.7 � 46.2 N.S. 

C3b/c (nmol/L) 450.9 � 243.2 375.6 � 86.3 N.S. 

CRP (mg/L) 4.5 � 5.8 3.5 � 4.5 N.S. 

SAP (mg/L) 51.8 � 22.0 59.0 � 21.4 N.S. 

IgM (g/L) 0.57 � 0.29 0.76 � 0.68 N.S. 

IgG (g/L) 8.3 � 1.6 7.0 � 0.8 N.A. 

 
Systemic T2    

C4b/c (nmol/L) 11.0 � 9.0 10.7 � 3.3 N.S. 

C3b/c (nmol/L) 273.4 � 172.3 282.4 � 125.0 N.S. 

CRP (mg/L) 4.5 � 6.1 3.6 � 4.7 N.S. 

SAP (mg/L) 51.3 � 21.2 60.2 � 23.2 N.S. 

IgM (g/L) 0.58 � 0.30 0.79 � 0.69 N.S. 

IgG (g/L) 8.3 � 1.6 7.0 � 0.8 N.A. 

Data are presented as mean � SD and are corrected for hemodilution using IgG values. 
1Differences between retransfused and not retransfused patients were analyzed using an 
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independent samples t-test. Two-tailed significance levels are provided (p), which were 

considered significant at p<0.05. *p<0.05.  

CPB, cardiopulmonary bypass; CRP, C-reactive protein; IgG, immunoglobulin G; IgM, 

immunoglobulin M; N.A., not applicable; N.S., not significant; SAP, serum amyloid P 

component; T1, systemic arterial samples obtained before induction of anesthesia; T2, 

systemic arterial samples obtained at termination of CPB. 

Effect of retransfusion of pericardial blood on systemic complement activation in 

patients undergoing cardiac surgery with CPB 

A few minutes before the end of the bypass procedure and collection of the systemic 

T2 samples, pericardial blood was retransfused into 9 of the patients and discarded in 4 

cases. There were no differences between the two patient groups at the start of the CPB 

procedure (T1), except for C4b/c, which was 1.7-fold higher in not retransfused patients 

compared with retransfused patients (Table 2 and 3). The absolute value of this difference, 

however, was small, since levels of C4b/c were low in both groups. Pericardial blood of 

retransfused and not retransfused patients did not differ regarding any of the parameters 

measured (Table 2 and 3). 

In systemic T2 samples, the levels of C4b/c were unchanged compared to systemic T1 

samples, whereas levels of C3b/c were 17-fold higher, indicating complement activation 

via the alternative pathway (Figure 1A). There were no differences between patients 

retransfused or not retransfused with their collected pericardial blood (Table 2). The levels 

of CRP and IgM did not differ between systemic T1 and T2 samples, while levels of SAP 

were decreased (Figure 1B and C). Again, there were no differences between retransfused 

and not retransfused patients regarding these parameters (Table 2). Also, when calculating 

the increases or decreases in these fluid phase complement activation products or 

complement activator molecules in systemic T2 samples relative to T1, retransfused and 

not retransfused patients showed no differences (Figure 2A, B and C).  

The total concentration of microparticles in systemic T2 samples of the patients was 

1101�414x106/L, which did not differ significantly from systemic T1 samples (p>0.05). 

Levels of microparticles in systemic T2 samples with bound complement components 

C1q, C4 or C3 on their surface also did not differ from systemic T1 samples (Figure 1D),   
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Table 3. Concentration of microparticles with bound complement components or 

complement activator molecules on their surface in systemic T1, pericardial, and systemic 

T2 samples obtained from patients undergoing cardiac surgery with CPB. 

 Retransfused 
(n=9) 

Not retransfused 
(n=4) p1

 
Systemic T1    

C1q pos. MP (x106/L) 178 � 136 81 � 32 N.S. 

C4 pos. MP (x106/L) 170 � 112 213 � 43 N.S. 

C3 pos. MP (x106/L) 103 � 62 138 � 42 N.S. 

CRP pos. MP (x106/L) 157 � 211 79 � 70 N.S. 

SAP pos. MP (x106/L) 774 � 560 457 � 120 N.S. 

IgM pos. MP (x106/L) 356 � 326 312 � 203 N.S. 

IgG pos. MP (x106/L) 49 � 40 54 � 47 N.S. 

 
Pericardial    

C1q pos. MP (x106/L) 1908 � 2166 619 � 440 N.S. 

C4 pos. MP (x106/L) 3019 � 2289 4794 � 2910 N.S. 

C3 pos. MP (x106/L) 3130 � 3915 2735 � 1402 N.S. 

CRP pos. MP (x106/L) 467 � 558 99 � 81 N.S. 

SAP pos. MP (x106/L) 2735 � 3105 1789 � 1262 N.S. 

IgM pos. MP (x106/L) 5185 � 5189 5475 � 3074 N.S. 

IgG pos. MP (x106/L) 2512 � 1692 3165 � 2607 N.S. 

 
Systemic T2    

C1q pos. MP (x106/L) 104 � 69 98 � 47 N.S. 

C4 pos. MP (x106/L) 174 � 96 170 � 79 N.S. 

C3 pos. MP (x106/L) 137 � 129 117 � 68 N.S. 

CRP pos. MP (x106/L) 69 � 58 72 � 78 N.S. 

SAP pos. MP (x106/L) 442 � 405 506 � 278 N.S. 

IgM pos. MP (x106/L) 351 � 260 219 � 86 N.S. 

IgG pos. MP (x106/L) 92 � 66 72 � 26 N.S. 
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Data are presented as mean � SD and are corrected for hemodilution using IgG values. 
1Differences between retransfused and not retransfused patients were analyzed using an 

independent samples t-test. Two-tailed significance levels are provided (p), which were 

considered significant at p<0.05. 

 CPB, cardiopulmonary bypass; CRP, C-reactive protein; IgG, immunoglobulin G; IgM, 

immunoglobulin M; MP, microparticles; N.A., not applicable; N.S., not significant; pos., 

positive; SAP, serum amyloid P component; T1, systemic arterial samples obtained before 

induction of anesthesia; T2, systemic arterial samples obtained at termination of CPB. 

 

and the same was true for the concentrations of microparticles with bound CRP, SAP, 

IgM or IgG (Figure 1E). There were no differences between systemic T2 samples of 

retransfused and not retransfused patients regarding the total concentration of 

microparticles or the concentration of microparticles binding the various complement 

components or complement activator molecules (Table 3). Furthermore, when calculating 

the increases or decreases in the concentrations of microparticles binding the various 

complement components or complement activator molecules in systemic T2 samples 

relative to T1, retransfused and not retransfused patients again showed no differences 

(Figure 2D and E). 

In systemic T2 samples, similarly to systemic T1 samples, the numbers of 

microparticles with bound CRP correlated with the numbers of microparticles with bound 

C1q. However, the latter did not correlate with the concentrations of microparticles with 

bound C4 or C3 (Table 1). 
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Figure 2. Differences between systemic T2 and T1 samples in retransfused versus not 

retransfused patients, regarding concentrations of fluid phase complement activation 

products (A) and fluid phase complement activator molecules (B and C), as well as the 

concentrations of microparticles with bound complement components (D) or complement 

activator molecules on their surface (E). 

Data are presented as mean � SD and are corrected for hemodilution using IgG values. 

Differences between retransfused and not retransfused patients were analyzed using an 

independent samples t-test. Two-tailed significance levels are provided (P), which were 

considered significant at P < 0.05.  
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CPB, cardiopulmonary bypass; CRP, C-reactive protein; IgG, immunoglobulin G; IgM, 

immunoglobulin M; MP, microparticles; N.A., not applicable; N.S., not significant; SAP, 

serum amyloid P component; T1, systemic arterial samples obtained before induction of 

anesthesia; T2, systemic arterial samples obtained at termination of CPB. 

 

DISCUSSION 

The first aim of the present study was to investigate whether cell-derived 

microparticles play a role in the activation of the complement system in pericardial wound 

blood of patients undergoing cardiac surgery with CPB. In pericardial blood samples, 

compared with systemic blood samples of the patients at the beginning of surgery, we 

found highly increased levels of soluble complement activation products of both the 

classical and the alternative pathway, as well as highly increased levels of microparticles 

with bound complement components on their surface, indicating that microparticles 

indeed play a role in complement activation in pericardial blood. Levels of C4b/c and 

C3b/c did not correlate with microparticles binding C1q, C4 or C3 (data not shown), most 

likely because microparticles are not the only surfaces on which complement activation 

occurs in the pericardial cavity. 

Regarding the activator molecules involved in complement activation on the surface 

of the microparticles, in systemic T1 blood CRP was implicated, in line with our previous 

results obtained with systemic blood samples of healthy individuals.13 In contrast, in 

pericardial blood both SAP and IgM seemed to play a role, according to our present 

results. The reason behind the different mechanisms of complement activation on the 

surface of the microparticles in pericardial (SAP, IgM) versus systemic blood samples 

(CRP) is not clear. Possibly, different surface antigens or lipids are exposed in the outer 

leaflet of the membrane of the microparticles in the highly activated pericardial blood as 

compared with systemic blood, which may affect the binding of CRP, SAP, IgM and IgG, 

as well as the mechanisms of complement activation. 

The second aim of this study was to investigate whether retransfusion of pericardial 

blood increases the numbers of microparticles with activated complement components on 

their surface in systemic blood, thereby possibly contributing to dissemination of the 

inflammatory response. Our results argue against this. At the end of CPB (T2), increased 
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levels of soluble C3b/c were found, reflecting increased complement activation via the 

alternative pathway. This increase was not paralleled by an increase in the numbers of 

microparticles binding the various complement components or complement activator 

molecules. Importantly, systemic samples of retransfused and not retransfused patients 

collected at the end of the CPB did not differ in concentrations of fluid phase complement 

activation products, nor in concentrations of microparticles with activated complement 

components on their surface, suggesting that retransfusion of pericardial blood does not 

have any consequences regarding systemic complement activation in these patients. These 

results are in line with our findings in a parallel study, in which we showed that 

retransfusion of pericardial blood, which also contains high levels of microparticles 

exposing procoagulant tissue factor,9,26 did not trigger systemic coagulation activation.19 

These results can probably be explained by rapid clearance of the microparticles from the 

systemic circulation, for example via complement receptors or receptors for 

phosphatidylserine on phagocytes.27-29 Clearance of cell-derived microparticles already 

within 10 minutes after injection has also been shown in a rabbit model.30 

In systemic T2 samples, similarly to systemic T1 samples, CRP bound to the 

microparticle surface was associated with C1q binding. However, in contrast to systemic 

T1 samples, C1q binding could not be related to further downstream activation of 

complement on the microparticle surface. The reason for this is as yet unclear, but one 

may speculate that levels of several complement inhibitors, such as C1-inhibitor, may 

have blurred the relation between C1q binding and complement activation. 

In conclusion, this study suggests that microparticles play a role in complement 

activation in pericardial blood of patients undergoing cardiac surgery with CPB. This 

activation is initiated by SAP and IgM molecules bound to the microparticle surface. 

However, despite highly elevated levels of microparticles with bound complement 

components and complement activator molecules on their surface in pericardial blood, 

retransfusion of this blood does not contribute to systemic complement activation in the 

patients. 
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ABSTRACT 

Objective. During cardiopulmonary bypass (CPB), systemic coagulation is believed to 

become activated by blood contact with the extracorporeal circuit and by retransfusion of 

pericardial blood. To which extent retransfusion activates systemic coagulation, however, 

is unknown. We investigated to which extent retransfusion of pericardial blood triggers 

systemic coagulation during CPB.  

Methods. Thirteen patients undergoing elective coronary artery bypass grafting surgery 

were included. Pericardial blood was retransfused into nine patients and retained in four 

patients. Systemic samples were collected before, during and after CPB, and pericardial 

samples before retransfusion. Levels of prothrombin fragment F1+2 (ELISA), 

microparticles (flowcytometry) and non-cell bound (soluble) tissue factor (sTF; ELISA) 

were determined.  

Results. Compared to systemic blood, pericardial blood contained elevated levels of F1+2, 

microparticles and sTF. During CPB, systemic levels of F1+2 increased from 0.28 (0.25-

0.37; median, interquartile range) to 1.10 (0.49-1.55) nmol/L (p=0.001). This observed 

increase was similar to the estimated (calculated) increase (p=0.424), and differed 

significantly between retransfused and non-retransfused patients (1.12 nmol/L versus 0.02 

nmol/L, p=0.001). Also, the observed systemic increases of platelet- and erythrocyte-

derived microparticles and sTF were in line with predicted increases (p=0.868, p=0.778 

and p=0.205, respectively). Before neutralization of heparin, microparticles and other 

coagulant phospholipids decreased from 464 �g/mL (287-701) to 163 �g/mL (121-389) in 

retransfused patients (p=0.001), indicating rapid clearance after retransfusion.  

Conclusion. Retransfusion of pericardial blood does not activate systemic coagulation 

under heparinization. The observed increases in systemic levels of F1+2, microparticles and 

sTF during CPB are explained by dilution of retransfused pericardial blood.   
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INTRODUCTION 

Blood becomes activated in patients undergoing cardiac surgery assisted by 

cardiopulmonary bypass (CPB). Initially, this activation was predominantly attributed to 

contact of blood with the body foreign surface of the extracorporeal bypass circuit of the 

heart lung machine.1 More recently, smaller extracorporeal circuits and improved surface 

coatings have been developed with improved biocompatibility.2-4 Despite these 

improvements, however, blood is still activated during the CPB. For instance, the levels of 

prothrombin fragment F1+2 (F1+2) and thrombin-antithrombin complexes, which both 

reflect coagulation activation, increase in systemic blood during bypass.3-12 These 

increases occur despite extensive heparinization, suggesting that systemic coagulation 

activation is incompletely blocked.  

It is well established that pericardial blood is highly activated, including coagulation 

and fibrinolysis.3,4,8-13 In the literature, at least 8 independent studies concluded that 

retransfusion of pericardial (wound) blood contributes to systemic coagulation 

activation.3,4,7-12 Pericardial blood is retransfused to reduce the use of blood products, 

particularly in patients undergoing complex and prolonged heart surgery whose volume of 

pericardial blood is too large to be discarded or to be processed by a cell saver.7,13 

At present, pericardial blood is generally believed to be the main initiator of systemic 

coagulation activation during bypass. Despite this paradigm, however, direct evidence that 

systemic coagulation activation is caused by retransfusion of pericardial blood is lacking. 

Therefore, the aim of the present study was to investigate whether or not retransfusion of 

pericardial blood triggers systemic coagulation activation.  
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METHODS 

Patients 

Prospectively 13 patients who underwent elective coronary artery bypass grafting 

assisted by CPB were included after signed informed consent had been obtained. 

Inclusion criteria were elective coronary artery bypass surgery, body surface area > 1.66 

m2 and preoperative hemoglobin levels > 7.5 mmol/L. Exclusion criteria were combined 

valve surgery or aneurysmectomy, redo operations, insulin-dependent diabetes mellitus, 

renal or hepatic dysfunction, preoperative coagulopathics, preoperative intra-aortic 

balloon pumping and protocol violation (complications). This study was approved by the 

Medical Ethics Committee of the Academic Medical Center of Amsterdam. The first 8 

patients were randomized. The last 5 patients all received pericardial blood. 

 

Cardiopulmonary bypass 

All extracorporeal bypass circuits contained a flat sheet membrane oxygenator (Cobe 

Duo, Cobe Laboratories, Inc., Arvada, CO), a venous hard shell reservoir with an 

integrated cardiotomy reservoir, an additional reservoir to collect the pericardial suction 

blood, an arterial line filter, polyvinyl chloride tubing (Cobe Laboratories) and a roller 

pump as arterial blood pump (Terumo/Sarns, Ann Arbor, MI). The extracorporeal system 

was primed with 500 mL lactated Ringer’s solution, 1 L Haemaccell (Behring, Malburg, 

Germany), 100 mL mannitol 20% (w/v), 50 mL sodium bicarbonate 8.4% (w/v) and 200 

mL aprotinin (2 x 106 KIU Trasylol; Bayer, Leverkusen, Germany). Magnesium sulphate 

(1 g / 10 kg) and 10.000 IU bovine heparin (Leo Pharmaceutical Products, Weesp, The 

Netherlands) were added to the priming solution.  

All patients received 300 IU/kg heparin (Leo Pharmaceutical Products, Weesp, The 

Netherlands) before cannulation of the aorta. Systemic heparinization was monitored 

(ACT-Junior, ITC, Edison, NY) at fixed time intervals before onset and during CPB, 

additional heparin was administered when required. CPB was performed with moderate 

hypothermia (30-34 ºC) and a non-pulsatile flow rate of 2.4 L.m-2.min-1,  maintaining a 

mean arterial pressure of 50-80 mmHg. Myocardial protection was achieved using cold 

(4-8 ºC) crystalloid cardioplegia solution (St. Thomas). After weaning from CPB and 

decannulation, heparin was neutralized with protamine sulphate at a 1:1 ratio. 
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In the retransfusion group, the contents of the additional reservoir with pericardial 

suction blood was retransfused via the cardiotomy reservoir (after removing the aortic 

crossclamp, before the end of the CPB). Two of these patients received homologous blood 

products (packed red cells) during CPB. In the retainment group, the contents of the 

additional reservoir with pericardial blood was not retransfused but discarded after CPB.  

 

Collection of blood samples 

Arterial blood samples were obtained before induction of anesthesia (1), 15 minutes 

after start CPB (2), at termination of CPB (3), 30 minutes after protamine sulphate 

administration (4) and at the first postoperative day (5). Between release of the aortic 

crossclamp and the end of bypass, pericardial blood samples were collected from the extra 

reservoir used for the collection of pericardial suction blood. For analysis of the plasma 

samples, concentrations of F1+2, soluble tissue factor (sTF) and microparticle (MP) 

numbers were corrected for plasma dilution by hematocrit values (1-hematocrit).  

 

Cell count 

Blood samples for haemoglobin, hematocrit, white blood cell and platelet counts were 

collected in 5 mL glass vacutainer tubes containing EDTA (Becton Dickinson (BD), San 

Jose, CA), and analyzed on a Celldyn 4000 (Abbot, Mijdrecht, The Netherlands).  

Blood samples (4.5 mL) for F1+2, sTF, and MP numbers were collected into 0.5 mL 

3.2% trisodium citrate (BD). Cells were removed by centrifugation (20 minutes at 1550 g 

and room temperature) and plasma aliquots (250 �L) were snap frozen in liquid nitrogen 

and stored at -80 °C until use. 

 

F1+2 and sTF 

Plasma concentrations of F1+2 (Enzygnost F1+2; Dade Behring, Marburg GmbH, 

Germany) and sTF (Imubind Tissue Factor ELISA; American Diagnostics Inc., Stamford, 

CT) were determined by ELISA according to manufacturers instructions. 
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Platelet-derived and erythrocyte-derived microparticles (PMP and EryMP) 

After thawing plasma aliquots on melting ice, plasma was centrifuged for 30 minutes 

(17,570 g,  20 °C) to pellet the MP as described previously 14-17. After removal of 225 μL 

of (MP-free) plasma, the 25 μL MP-enriched plasma was diluted with 225 μL of 

phosphate-buffered saline (PBS; 154 mmol/L NaCl, 1.4 mmol/L phosphate, pH 7.4), 

containing 10.9 mmol/L trisodium citrate. MP were resuspended and centrifuged (30 

minutes at 17,570 g and 20 °C). Again, 225 μL of the supernatant was removed and MP 

were resuspended in the remaining 25 μL and diluted fourfold with PBS/citrate buffer, of 

which 5 μL was used per flow cytometric determination. 

 

Flow cytometric analysis 

MP samples were analyzed in a FACSCalibur flow cytometer with CellQuest 

software (BD). To distinguish PMP and EryMP from events due to noise, they were 

identified on forward scatter (FSC), side scatter (SSC), and binding of APC-labeled 

annexin V (Caltag Laboratories; Burlinghame, CA) and either FITC-labeled anti-CD61 

(glycoprotein IIIA; clone Y2/51, IgG1 from Dako A/S (Glostrup, Denmark)) or CD235a 

(FITC-labeled anti-glycophorine A (Dako; Glostrup, Denmark)). To identify annexin V-

positive MP, a fluorescence threshold was placed in a MP sample prepared without 

addition of calcium to correct for autofluorescence. To identify CD61 or CD235a-positive 

events, MP were incubated with a similar concentration of isotype matched control 

antibody (FITC-labeled IgG1; BD) to set the fluorescence threshold. MP (5 μL) were 

diluted in 35 μL PBS containing 2.5 mmol/L CaCl2 (pH 7.4) plus annexin V (5 μL) and 

either CD235a (5 μL) or anti-CD61 (5 μL) or IgG1-control antibody. The mixtures were 

incubated in the dark (15 minutes, room temperature). Subsequently, 900 μL PBS/calcium 

buffer was added before flow cytometry, and all samples were analyzed for 1 minute. To 

estimate the number of  PMP and EryMP per mL plasma, the number of events (N) found 

in the upper right (marker- and annexin V positive) quadrant of the flow cytometry 

analysis (FL1 versus FL2) was used in the formula: Numbers/mL = N x [(955/5) / 

(59x2.5)] x 1000.  
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XACT Procoagulant Phospholipid (PPL) Test 

The XACT – PPL test was performed as described by Exner et al.18 using prototype 

kits from Diagnostica Stago R&D. Time for clotting was determined on a ACL Top 

(Instrumentation Laboratory Company; Lexington, MA).  

 

Calculation of the estimated F1+2, sTF and MP numbers  

We calculated the estimated total increase in the amount of F1+2 (nmol) in individual 

patients in systemic plasma. This total increase was estimated as follows: ([F1+2]sample time 3 

-  [F1+2]sample time 2) x (hematocritsample time 1/hematocritsample time 3) x systemic plasma volume. 

The systemic plasma volume was determined by calculating the circulating blood volume 

of individual patients by the linear regression equations for males (0.700 H3 (m) + 0.042 

W (kg) – 0.691) and females (0.075 H3 (m) + 0.038 W (kg) + 2.002), in which H = Height 

(m) and W = Weight (kg) x (1 - (hematocritsample time 2 + hematocritsample time 3  / 2 )).19,20 

Subsequently, the total amount of  F1+2 (nmol) present in the pericardial plasma of 

individual patients was calculated: ([F1+2] (nmol/L) x volumepericardial blood (L) x (1 – 

hematocritpericardial blood).  

 

Statistics 

Data were analysed using  SPSS, release 11.0 (Chicago, IL). Demographic and CPB 

data are reported as numbers or as medians with interquartile ranges. Outcome data (F1+2, 

sTF and MP numbers) were corrected for plasma concentrations (1-hematocrit) and are 

presented as medians with interquartile ranges. Statistical analyses were performed on the 

change (�) of that variable during CPB, i.e. between termination of CPB (sample time 3) 

minus 15 minutes after start CPB (sample time 2) per individual patient. Differences are 

considered to be statistical significant when p<0.05 (2-sided). Data between retransfused 

and non-retransfused patients were compared by the independent-samples t-test. Within 

the two patient groups, data from different sample times were compared with the paired-

samples t-test. For all patients, the calculated amounts of F1+2 (nmol), PMP (107), EryMP 

(107) and sTF (ng) in pericardial blood and the total increase in these parameters in 

systemic blood during bypass were compared with the paired-samples t-test. Differences 

between the patient groups with regard to the total increase in systemic blood - the total 
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amounts present in pericardial blood of individual patients were determined by the two-

samples t-test. Linear regression analysis was used to measure the relationship between 

F1+2 and the volume of retransfused pericardial blood. The sample size was  on the basis 

of preliminary observations, indicating that approximately 8 patients would be sufficient 

to achieve statistically significant differences in coagulation activation.  

 

RESULTS 

Systemic coagulation activation during clinical CPB 

In Table 1, the descriptive demographic and CPB data are summarized. No 

complications were observed in any of the included patients. On average, 500 mL 

pericardial blood (275-725 mL) was collected. There was no difference between the 

volume of pericardial blood between retransfused and non-retransfused patients (500 mL 

[238-725 mL] versus 475 mL [313-863 mL; p=0.704]) (Table 2).  

Figure 1A shows the concentrations of prothrombin fragment F1+2 in systemic blood 

samples collected before (1), during (2 and 3) and after CPB (4), and at the first day at the 

ICU (5). For comparison also the levels of F1+2 in pericardial blood samples are shown. 

Compared to systemic blood, coagulation is highly activated in pericardial blood. Since 

the scaling of the Y-axis of Figure 1A is too large to visualize any changes in systemic 

levels of F1+2 during bypass, only the systemic concentrations of F1+2 are shown in Figure 

1B. During bypass, the systemic concentrations of F1+2 increased from 0.28 (0.25-0.37; 

median, interquartile range) to 1.10 (0.49-1.55) nmol/L (p=0.001). These data seem to 

confirm several studies which indicated that retransfusion of pericardial blood triggers 

systemic coagulation. This conclusion, however, depends on the extent of increases in 

systemic coagulation activation products versus the quantity of pericardial coagulation 

activation products transfused into the patient. Since the observed increase in systemic 

F1+2 during bypass was comparable to the estimated (calculated) increase (p=0.424), the 

observed increase is explained on basis of dilution of pericardial blood (Table 2). Thus, 

the observed increase in systemic levels of F1+2 during bypass in patients who receive 

pericardial blood can be explained on basis of retransfusion and dilution and not on basis 

of de novo synthesis.  
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Table 1. Demographic and cardiopulmonary bypass data of the patients 

Patients  

Number 13 

Male/female 11 / 2 

Age (years) 69 (57-74) 

Body surface area (m2) 1.98 (1.93-2.09) 

Platelet count (109/L) 230 (150-263) 

White blood cell count (109/L) 5.9 (5.5-8.8) 

Hemoglobin (mmol/L) 8.9 (8.5-9.1) 

Hematocrit (L/L) 0.42 (0.41-0.44) 

Bypass procedure and intensive care  

CPB time (minutes) 73 (56-82) 

Clamp time (minutes) 40 (34-49) 

Distal anastomoses  3 (3-4) 

Blood loss 6 hours Intensive Care (mL) 400 (325-685) 

Intubation time (hours) 14 (12-21) 

Intensive Care (hours) 24 (18-35) 

Mortality (number of patients) 0 

Data are presented as numbers or as medians (interquartile ranges). The left internal 

mammary artery was used in all patients. There were no statistically significant 

differences between patients receiving pericardial blood and patients not receiving 

pericardial blood with regard to all parameters shown in this table. 
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Table 2. Systemic increases in calculated total amounts of prothrombin fragment (F1+2), 

microparticles (MP) and soluble tissue factor (sTF) during bypass versus their calculated 

total amounts in pericaridal blood: a comparison 

 
 All patients Retransfusion No retransfusion pa 

Pericardial 
blood (mL) 

 
500 (275-725) 

 
500 (238-725) 

 
475 (313-863) 

 
0.704a 

F1+2 (nmol)     
Systemic blood 
(sample times 3 – 2} 

7.5 (0.7-13.5) 13.2 (5.7-14.1) 0.3 (-0.1-0.8) 0.004a 

Pericardial blood 6.9 (0.0-9.9) 8.5 (5.9-11.2) discarded - 

pb 0.424b 0.472b - 0.699c 

PMP (107)     
Systemic blood 
(sample times 3 – 2) 88 (-641-819) -91 (-756-934) 190 (29-787) 0.562a 

Pericardial blood 66 (0-107) 90 (57-145) discarded - 

pb 0.868b 0.795b - 0.440c 

EryMP (107)     
Systemic blood 
(sample times 3 – 2) 101 (35-319) 223 (98-506) 35 (1-88) 0.071a 

Pericardial blood 91 (0-342) 139 (88-435) discarded - 

pb 0.778b 0.927b - 0.832c 

sTF (ng)     
Systemic blood 
(sample times 3 – 2) 94.8 (31.4-167.4) 36.5 (7.9-130.3) 136.8 (95.4-227.9) 0.051a 

Pericardial blood 36.2 (0-82.0) 59.6 (32.2-105.4) discarded - 

pb 0.205b 0.685b - 0.004c 

Data are presented as medians (interquartile ranges). pa: Retransfusion versus no 

retransfusion; pb: Total (calculated) increase in systemic blood during bypass versus the 

total (calculated) amount in pericardial blood; pc: Differences between the total (i.e. 

calculated) systemic increase in systemic blood minus the total amount present in 

pericardial blood in retransfusion patients versus the total systemic increase in systemic 

blood minus the total amount present in pericardial blood in no retransfusion patients. 
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Figure 1. Coagulation activation during bypass. A. Concentrations of prothrombin 

fragment F1+2 in systemic (sample times 1-5) and pericardial blood (PB) samples (n=13). 

Systemic blood was collected before (sample time 1) and during (sample times 2 and 3) 

bypass, after protamine sulphate administration (sample time 4) and on the first 

postoperative day at the intensive care unit (sample time 5). The closed triangle indicates 

retransfusion of pericardial blood. B. Similar to panel A, but with a different scaling of 

the Y-axis to visualize the changes in systemic concentrations of F1+2 (n=13). Data are 

shown as medians (interquartile ranges).  

 

In Figures 2A and 2B, the concentrations of F1+2 are shown for both the retransfused 

(Figure 2A; n=9) and non-retransfused patients (Figure 2B; n=4). In the patients who 

received pericardial blood during bypass (Figure 2A), the concentration of F1+2 increased 

by 1.12 nmol/L (p<0.001). In contrast, patients who did not receive pericardial blood 

(Figure 2B) showed no significant change in levels of F1+2 (0.02 nmol/L; p=0.250]). The 

observed changes in systemic F1+2 differed between the retransfused and non-retransfused 

patients (p=0.001). Thus, only in the retransfused patients the systemic concentrations of 

F1+2 increased significantly during bypass. The observed increase in systemic 

concentrations of F1+2 correlated with the volume of retransfused (pericardial) blood 

(r=0.798, p=0.001; Figure 2C), confirming the relationship between the amount of 

retransfused F1+2, which is present in the pericardial blood, and the increase in systemic 

levels of F1+2.  
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Figure 2. Effect of retransfusion of 

pericardial blood on systemic 

concentrations of prothrombin 

fragment F1+2.

A. Concentrations of F1+2 in 

systemic blood samples of nine 

patients receiving pericardial blood 

(between sample times 2 and 3, 

indicated by the black triangle). B. 

Concentrations of F1+2 in systemic 

blood of four patients not receiving 

pericardial blood (between sample 

points 2 and 3, indicated by the 

black triangle). C. Correlation 

between the volume of retransfused 

pericardial blood and the observed 

change in systemic concentrations of 

F1+2 during CPB (n=13). Data are 

shown as medians (interquartile 

ranges). 
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Figure 3. Microparticles and soluble 

tissue factor during bypass. 

A. Numbers of platelet-derived 

microparticles, B. erythrocyte-derived 

microparticles and C. concentrations 

of soluble tissue factor in systemic 

(sample times 1-5) and in pericardial 

blood (PB) samples (n=13). Data are 

shown as medians (interquartile 

ranges).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

increased or tended to increase during CPB. As shown in Table 2, also the observed 

changes in PMP, EryMP and sTF were similar to the estimated increases (p=0.868, 

p=0.778 and p=0.205 respectively). Thus, like the systemic increases in F1+2 during 

bypass, also the observed increases in PMP, EryMP and sTF are similar to the estimated 

increases and therefore are due to dilution of the pericardial blood (Table 2).  
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The observed changes in PMP and EryMP during bypass showed no significant 

differences between the retransfused and non-retransfused patients (p=0.707 and p=0.060 

respectively). When we compared the estimated total increase in systemic blood minus the 

total amount present in pericardial blood of individual patients for both the retransfusion 

and no retransfusion group, no differences were found for both PMP and EryMP (p=0.440 

and p=0.832). For sTF, however, we found a small difference between 15 minutes CPB 

and end CPB when comparing both patient groups (p=0.039). We also found a difference 

between both groups when comparing the estimated total increase in systemic blood 

minus the total amount present in pericardial blood of individual patients (p=0.004). 

However, whether or not these differences are of clinical relevance is doubtful, since these 

changes range only between 3-14% of (systemic) baseline values. 

 

Procoagulant phospholipids (PPL) 

Despite the fact that pericardial blood contains high numbers of procoagulant MP 

(Figure 3A and 3B), no de novo synthesis of F1+2 was observed in systemic blood after 

retransfusion of pericardial blood. Therefore, we hypothesized that MP and other 

procoagulant phospholipids may be cleared (after retransfusion) before heparin becomes 

neutralized. Figure 4 shows minor and insignificant increases during bypass in all patients 

(Figure 4A), in the patients who received retransfused blood (Figure 4B) and in the 

patients who received no retransfused blood (Figure 4C). No differences were present 

between the retransfused and non-retransfused patients at sample time 3; end CPB 

(p=0.279). In the retransfused patients (Figure 4B), however, a decrease was observed in 

PPL before and after neutralization of heparin (p=0.001), whereas in the non-retransfused 

patients (Figure 4C) no decrease was observed (p=0.421). PPL values in both patient 

groups were similar at sample time 4; 30 minutes after administration of protamine 

sulphate (p=0.996). Thus, MP and other procoagulant phospholipids are efficiently 

cleared from the systemic circulation before neutralization of heparin.  
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Figure 4. Procoagulant phospholipid. A. 

Concentrations of procoagulant 

phospholipid (PPL) in systemic blood 

samples (sample times 1-5; n=13). B. 

Concentrations of PPL in systemic blood 

samples of nine patients receiving 

pericardial blood (between sample times 

2 and 3, indicated by the black triangle). 

C. Concentrations of PPL in systemic 

blood of four patients not receiving 

pericardial blood (between sample points 

2 and 3, indicated by the black triangle). 

Data are shown as medians (interquartile 

ranges). 
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DISCUSSION 

The present study shows that compared to systemic blood, coagulation is highly 

activated in the pericardial (wound) blood. This is in line with previous studies by us and 

others.3,4,8-13 In addition, we showed that systemic concentrations of F1+2 only increase 

during bypass in patients who receive retransfused pericardial blood. This observed 

increase, however, is identical to the estimated (i.e. calculated) increase of F1+2. Thus, the 

observed increase in the systemic concentration of F1+2 is due to dilution of the pericardial 

blood. As a consequence, retransfusion of pericardial blood does not trigger systemic 

coagulation activation. We are well aware of the limitations of our present study due to 

the small number of patients. Still, our present data show that dilution of pericardial blood 

explains the observed systemic increases of F1+2 during bypass. 

In patients who did not receive retransfused pericardial blood, the systemic 

concentrations of F1+2 did not increase. This implicates that the contact between blood and 

the extracorporeal circuit does not or hardly activates coagulation during bypass in these 

uncomplicated patients. From the present data, however, it can not be excluded that 

administration of protamine sulphate affects coagulation. Likewise, it can not be excluded 

that the extracorporeal circuit activates coagulation in patients who are undergoing 

prolonged and more complex surgery.  

In previous studies, summarized in Table 3, retransfusion of pericardial blood was 

considered to trigger additional and renewed systemic coagulation.3,4,7-12 However, in 

none of these studies the estimated increases in systemic levels of F1+2 or thrombin-

antithrombin complexes, based on the retransfusion (dilution) of pericardial blood,  were 

calculated. In contrast, our present findings indicate that systemic coagulation is not 

activated upon retransfusion of pericardial blood. We also observed no differences 

between retransfused and non-retransfused patients with regard to systemic levels of F1+2 

(p=0.226), PMP (p=0.274), EryMP (0.626) and sTF (p=0.892) on the first post-operative 

day. In line with our present findings is a large observational study on 5,000 coronary 

artery bypass grafting patients, from which it was concluded that retransfusion of 

pericardial blood and even of mediastinal blood ‘did not carry any clinical disadvantages 

or harmful effects’.21 The clinical relevance of our present findings is that with regard to 

(systemic) coagulation, retransfusion of autologous pericardial blood is not harmful to the 



No systemic coagulation activation upon retransfusion of pericardial blood 

107 

patient. Since we only studied coagulation activation, we cannot exclude that other 

processes, including the inflammatory response, may be affected by retransfusion of 

pericardial blood.22,23    

 

Table 3. Studies reporting that retransfusion of pericardial blood induces systemic 

coagulation activation in elective cardiopulmonary bypass patients. 

Included 

Patients 

Patients  

receiving 

retransfusion 

Systemic 

coagulation 

after retransfusion 

Retransfusion  

triggers systemic 

coagulation 

Ref. 

     

36 24 + + 3 

30 10 + + 4 

19 10 + + 7 

20 20 + + 8 

12 12 + + 9 

34 

12 

40 

34 

12 

19 

+ 

+ 

+ 

+ 

+ 

+ 

10 

11 

12 

 

Pericardial blood is known to contain, compared to systemic blood, increased 

numbers of cell-derived MP.15 These MP originate from various cell types and initiate 

coagulation via a tissue factor and factor VII(a)-dependent mechanism in vitro2,15,24 and 

thrombus formation in vivo.25 One could have expected that retransfusion of pericardial 

blood, i.e. blood which contains high numbers of procoagulant MP, triggers systemic 

coagulation. Our present data, however, demonstrate that retransfusion of pericardial 

blood does not trigger systemic coagulation activation. Most likely, no systemic 

coagulation activation is observed because MP are cleared from the circulation during the 

time intervall (at least 15 minutes) before heparin is neutralized by protamine sulphate. 

Data from the PPL assay confirm this hypothesis. Thus, efficient clearance of MP and 

other procoagulant phospholipids is likely to explain the absence of the novo synthesis of 

systemic F1+2. From our previous studies we know that sTF in pericardial blood is 
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associated for about 45-75% with cell-derived MP.24 This TF is highly coagulant, but due 

to the clearance of MP, also MP-associated (pericardial) TF may be removed from 

systemic blood and therefore is no longer expected to trigger (systemic) coagulation. 

Taken together, our present data show that retransfusion of pericardial blood does not 

trigger systemic coagulation during uncomplicated elective CPB-procedures.  
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INTRODUCTION 

At the end of cardiac procedures assisted by cardiopulmonary bypass (CPB), a large 

volume of diluted blood (0.75-1.5 L) remains within the extracorporeal circuit. To reduce 

transfusion requirements, this blood can be used for autotransfusion with or without 

processing. One of the options for processing is the use of a Cell Saver device 

(Haemonetics, Braintree, Mass) that concentrates erythrocytes and discards plasma. 

During CPB, elevated numbers of cell-derived vesicles, microparticles, are present that 

promote coagulation and inflammation.1 The aim of this study was to determine the 

effects of a Cell Saver device on microparticle counts during a cardiac operation. Heparin 

and prothrombin fragment F1+2 were measured as controls for the efficient removal of 

low-molecular-weight substances. 

 

PATIENTS AND METHODS 

Patients for elective coronary artery bypass grafting assisted by CPB (n=13) were 

included after signed informed consent. This study was approved by the Medical Ethics 

Committee of the Academic Medical Center (Amsterdam, The Netherlands). Blood was 

collected before and after processing with a Cell Saver device (Cell Saver 5). Cell counts 

were determined on a Celldyn 4000 hematology analyzer (Abbott, Mijdrecht, The 

Netherlands). Microparticles,  prothrombin fragment F1+2, and heparin were determined as 

described previously.2,3 Concentrations of heparin, microparticles, and F1+2 were corrected 

for hematocrit. Data were analyzed with SPSS version 11.0 (SPSS, Inc., Chicago, Ill) and 

presented as medians (interquartile range). The paired-samples t test or Wilcoxon signed 

rank test was used whenever appropriate.  

 

RESULTS AND DISCUSSION 

All data are summarized in Table 1. Processing with the Cell Saver device decreased 

blood volume about 2-fold from 850 mL to 440 mL. As expected, the hematocrit 

increased from 0.26 (before) to 0.55 (after cell salvage; p<0.001).The recovery of the 

erythrocytes was almost 100% (p=0.161). In contrast, about 89% of the platelets 

(p<0.001) and 31% of the leukocytes (p<0.001) were removed by the Cell Saver device.
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Table 1.  Cell saver device  data. 

 Cell Saver device   

 Before After Removal (%) p value 

Volume (mL) 850 

(796-934) 

440 

(323-481) 

53 

(46-63) 
<0.001 

Hematocrit (L/L) 0.26 

(0.24-0.26) 

0.55 

(48-0.60) 
NA <0.001 

Erythrocytes (mL) 217 

(199-246) 

199 

(178-253) 

3 

(-5-17) 
0.161 

Thrombocytes (109) 140 

(85-179) 

16 

(10-21) 

89 

(79-91) 
<0.001 

Leukocytes (109) 4.7 

(3.1-6.0) 

3.8 

(1.5-4.0) 

31 

(18-45) 
<0.001 

Heparin (103 IU) 1765 

(1666-2053) 

9 

(4-11) 

100 

(99-100) 
<0.001 

F1+2 (nmol) 2.47 

(0.50-7.39) 

0.04 

(0.03-0.05) 

98 

(92-99) 
0.003 

EryMP (107) 128 

(37-292) 

5 

(2-5) 

97 

(86-99) 
0.002 

PMP (107) 147 

(93-191) 

1 

(1-2) 

99 

(98-99) 
<0.001 

 

Data are presented as medians (interquartile ranges). NA, not applicable; F1+2,

prothrombin fragment; EryMP, erythrocyte-derived microparticles; PMP, platelet-

derived microparticles. 

 

 Small molecules like heparin and F1+2 were removed efficiently by 100% (p<0.001) and 

98% (p=0.003), respectively. The data demonstrating the efficiency of the Cell Saver 

device to recover erythrocytes and to remove platelets, leukocytes, and heparin are all in 
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close agreement with data provided by the manufacturer in the Cell Saver 5 Equivalence 

Validation Report of September 20, 1993 (95.8% erythrocyte recovery; 82% and 24.3% 

for platelets and leukocytes, respectively; 97.8% for heparin). 

Cell-derived microparticles are, on average, smaller in diameter than platelets and 

range in size from about 100 nm to 1.0 �m. Thus, the largest microparticles may overlap 

in size with platelets, which on average range in size from 1.0 �m to 5.0 �m. Both 

erythrocyte-derived microparticles and platelet-derived microparticles were removed 

efficiently (97% and 99%; p=0.002 and p<0.001, respectively). Interestingly, the 

efficiency of the Cell Saver device to remove platelet-derived microparticles as well as 

erythrocyte-derived microparticles was significantly increased compared with the 

efficiency to remove thrombocytes (p=0.019 and p=0.002, respectively; Wilcoxon signed 

rank test. Thus, cell-derived vesicles, which on average are smaller in diameter than 

thrombocytes, are removed more efficiently from blood by a Cell Saver device than 

thrombocytes in a clinical setting.  

This study is the first to directly evaluate the efficiency of a Cell Saver device to 

remove cell-derived microparticles from patient blood. Our data show that a Cell Saver 

device efficiently reduces the numbers of coagulation- and inflammation-promoting 

microparticles. From these data we cannot exclude that microparticles may bind to cells 

present within the blood, or that low numbers of microparticles are generated by cell 

activation during the passage of blood through the Cell Saver device. 
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ABSTRACT 

Objectives. Cardiac surgical procedures assisted by cardiopulmonary bypass (CPB) 

impair cognitive functions. Several studies, however, showed that cognitive functions 

were unaffected in patients undergoing either primary Coronary Artery Bypass Grafting 

(CABG) or more complex surgery assisted by CPB. Therefore we conducted a 

straightforward study to compare patient groups who differed significantly in terms of risk 

factors such as prolonged CPB times.  

Methods. Consecutive patients (n=54) were included, undergoing either non-primary 

CABG, e.g. valve and/or CABG, (n=30) or primary CABG (n=24), assisted by CPB. 

Cognitive function was determined pre-operatively on the day of hospital admission, and 

post-operatively after one and six months using the Cognitive Drug Research 

computerized assessment battery. Data from the fourteen individual task variables were 

summarized in four composite scores: Power of Attention (POA), Continuity of Attention 

(COA), Quality of Episodic Secondary Memory (QESM), and Speed of Memory (SOM).  

Results. In the non-primary CABG patients, both COA and QESM improved after 1 

month (p=0.001 and p=0.016 respectively), whereas after 6 months COA (p=0.002), 

QESM (p=0.002) and SOM (p<0.001) were improved. In primary CABG patients, COA 

improved at one month after surgery (p=0.002), and after six months not only COA 

(p=0.003) but also QESM and SOM were improved (p=0.001 and p=0.030 respectively). 

The test performance was similar in non-primary and primary CABG patients after 

surgery.  

Conclusions. Our present study shows a postoperative improvement of cognitive 

composite scores after cardiac surgery assisted by CPB in both non-primary CABG and in 

primary CABG patients.  
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INTRODUCTION 

At present, cognitive decline is generally considered to be a common complication in 

patients who undergo cardiac surgery. During the last 20 years, significant improvements 

have been made in anaesthesia, surgery and biocompatibility of the extracorporeal 

circuits, resulting in reduced activation of blood, decreased blood loss, diminished 

inflammation and a faster postoperative recovery of patients.1-4 Based on these 

improvements, one might expect a reduction in the incidence and severity of cognitive 

dysfunction after bypass surgery.  

Although the majority of recent studies still reported decreased cognitive function,5-7 

recently five independent studies reported either unchanged or even improved test scores 

after cardiac surgery.8-12 Three of the five studies included a control group to minimize the 

risk of false interpretation of study outcome. In the two studies without a control group, 

cognitive function of elective patients undergoing primary CABG and of patients 

undergoing more complex surgery, i.e. aortic arch repair, was studied.  

In the present prospective study we determined the cognitive functions of non-

primary CABG patients, e.g. patients undergoing open cardiac surgery such as valve 

replacement. These patients have a high Parsonett score and therefore considered to be at 

an increased risk of cognitive decline. To rule out primary CABG as the cause of 

impairment, we included a control group consisting of patients undergoing primary 

CABG.   

 

PATIENTS AND METHODS  

Patients 

Consecutive patients (n=54) attending a university hospital in the Netherlands for 

elective cardiac surgery (non-primary CABG e.g. patients undergoing open cardiac 

surgery such as valve replacement (n=30) and primary CABG (n=24)) were included after 

giving informed consent. The project was approved by the hospital’s ethical committee. 

Patients were included if Dutch-speaking, and had neither severe motor nor visual 

impairment precluding cognitive testing.
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Table 1A. Description of the Cognitive Drug Research tasks and outcome measures

Task Description Measure 

Practice Choice 

Reaction Time 

 

Either the word ‘NO’ or the word ‘YES’ is 

presented on the screen and the patient is 

instructed to press the corresponding button as 

quickly as possible. There are 10 trials for which 

each stimulus word is chosen randomly with 

equal probability and there is a varying inter-

stimulus interval. 

No data are recorded 

from this task 

Immediate 

Word Recall 

 A list of 15 words is presented on the screen at 

the rate of 1 every 2 seconds for the patient to 

remember. The patient is then given 1 minute to 

recall as many of the words as possible.  

Number of words 

correctly recalled 

 

Picture 

Presentation 

A series of 20 pictures is presented on the screen 

at the rate of 1 every 3 seconds for the patient to 

remember.  

No data are recorded 

from this task 

Simple 

Reaction Time 

The patient is instructed to press the ‘YES’ 

response button as quickly as possible every time 

the word ‘YES’ is presented on the screen. Fifty 

stimuli are presented with a varying inter-

stimulus interval.  

Mean reaction time 

Digit Vigilance 

Task 

A target digit is randomly selected and 

constantly displayed to the right of the screen. A 

series of digits is then presented in the centre of 

the screen at the rate of 150 per minute and the 

patient is required to press the ‘YES’ button as 

quickly as possible every time the digit in the 

series matched the target digit.  There are 45 

targets. The task lasts for about 3 minutes.  

Mean reaction time; 

Targets detected (%)   

Number of false alarms 

Choice 

Reaction Time 

As Practice Choice Reaction Time, with 50 

stimuli.  

Mean reaction time 

Accuracy (%) 
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Numeric 

Working 

Memory 

A series of five digits is presented for the patient 

to hold in memory. This is followed by a series 

of 30 probe digits for each of which the patient 

has to decide whether or not it was in the original 

series and press the ‘YES’ or ‘NO’ response 

button as appropriate.   

Mean reaction time 

Accuracy (SI)  

Delayed Word 

Recall 

The patient is again given 1 minute to recall as 

many of the words as possible.  

Number of words 

correctly recalled     

Word 

Recognition 

The original words plus 15 distractor words are 

presented one at a time in a randomised order. 

For each word the volunteer is required to 

indicate whether or not the volunteer recognises 

it as being from the original list of words by 

pressing the ‘YES’ or ‘NO’ button as 

appropriate, as quickly as possible.  

Mean reaction time   

Accuracy (SI) 

Picture 

Recognition 

The original pictures plus 20 distractor pictures 

are presented one at a time in a randomised 

order. For each picture the patient has to indicate 

whether or not the patient recognises it as being 

from the original series by pressing the ‘YES’ or 

‘NO’ button as appropriate.  

Mean reaction time 

Accuracy (SI) 

 
Reaction times are measured in milliseconds; SI = Sensitivity Index, a measure of 

accuracy combining the ability to recognise target stimuli with the ability to correctly 

reject distractors.22

 

Anesthesia and CPB 

Anesthesia used and doses per kilogram of body weight were standardized for 

premedication, induction, maintenance, during and after bypass, and during intensive care. 

All extracorporeal bypass circuits contained a flat sheet membrane oxygenator (Cobe 

Duo, Cobe Laboratories, Inc.; Arvada, CO), a venous hard shell reservoir with an 

integrated cardiotomy reservoir, an arterial line filter, polyvinyl chloride tubing (Cobe 
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Laboratories) and a roller pump as arterial blood pump (Terumo/Sarns; Ann Arbor, MI). 

CPB was performed with a non-pulsatile flow rate of 2.4 L/m2/min,  maintaining a mean 

arterial pressure of 50-80 mmHg. Myocardial protection was achieved using cold (4-8 ºC) 

crystalloid cardioplegia solution (St. Thomas).  

 

Cognitive assessments 

Measurement of cognitive function was based on the criteria as outlined in “The 

Statement of Consensus on Assessment of Neurobehavioral Outcomes After Cardiac 

Surgery”13 if possible. Cognitive function was assessed on the day of hospital admission, 

and at 1 month and 6 months after surgery. A standardized, comprehensive, computerized 

battery of tests was used, provided by Cognitive Drug Research (CDR) Ltd. (Reading, 

United Kingdom).14 Patients were examined in a controlled environment free from 

distractions and were supervised by a trained assessor. Tasks were presented on a laptop 

computer, with participants responding via ‘YES’ and ‘NO’ buttons on a two-button 

response box. No prior computer experience was required; a demonstration of the tasks 

was given before the pre-operative assessment for familiarisation, and a practice choice 

reaction time test was performed before each assessment to re-orient participants to the 

use of the button box. On each occasion, validated parallel versions of the tasks were 

employed to prevent learning effects. The battery took approximately 30 minutes to 

complete. The tasks in order of presentation, and measures are shown in Table 1A. To 

reduce the total number of individual task variables for analysis, 4 composite scores were 

calculated (Table 1B) to characterise the cognitive data using formulae derived from a 

previous factor analysis of data from the CDR system15: Power of Attention, the intensity 

of concentration at that particular moment, where faster responses indicate more processes 

being brought to bear upon the task; Continuity of Attention, the ability to sustain 

concentration for a period of time without error; Quality of Episodic Memory, the ability 

to store, hold and retrieve information of an episodic nature; Speed of Memory, the time it 

takes to correctly recall information from episodic or manipulate information in working 

memory. As only one working memory task was administered, the accuracy measure from 

the Numeric Working Memory (NWMSI) task was analysed separately and not included 

in a composite score. 
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Table 1B. Composite scores; derived from the Cognitive Drug Research tasks and 

outcome measures. 

 

Statistical analysis 

Change in cognition was assessed using a paired t-test. Differences between the 

groups were assessed using an independent t-test. For cognitive function, the CDR 

composite scores and the NWMSI individual task score were analyzed and where 

significant differences were found, the contributing  task variables were also studied. 

Differences were considered to be significant at p<0.05 (two-sided). 

 

RESULTS 

Table 2A summarizes the patient characteristics and perioperative data. There were 

no differences between non-primary and primary CABG patients with regard to age, 

gender, body weight, body surface area and preoperative blood cell counts. Parsonett 

scores of non-primary CABG patients were significantly increased compared to primary 

CABG patients (p=0.001). In addition, surgical procedures lasted longer in these patients. 

No major complications did occur. Table 2B gives an overview of the non-primary CABG 

procedures. 

1 Power of Attention (POA) Reaction time scores of the Simple Reaction 

Time, the Digit Vigilance Task and the Choice 

Reaction Time 

2. Continuity of Attention (COA) Accuracy scores of the Choice Reaction Time and 

the Digit Vigilance tasks, minus the number of 

false alarms 

3. Quality of Episodic Memory (QOEM) Accuracy scores of Word Recall, Word 

Recognition and Picture Recognition 

4. Speed of Memory (SOM) Reaction time scores of the Numeric Working 

Memory, Word Recognition and Picture 

Recognition 



Chapter 8 

126 

Table 2A. Patient characteristics and perioperative data. 

Data are presented as means (standard deviations) or numbers1,CABG; Coronary Artery 

Bypass Grafting, CPB; Cardiopulmonary bypass 

 

Patient and perioperative data Non-primary CABG Primary CABG  

 n=30 n=24 p 

Age (years) 61 (15) 59 (9) 0.457 

Male / female (count)1 24 / 6 20 / 4 0.759 

Weight (kg) 82 (14) 85 (13) 0.496 

Body Surface Area (m2) 1.97 (0.18) 2.01 (0.18) 0.351 

Parsonett score (count) 9.9 (5.7) 3.8 (3.3) 0.001 

Haemoglobin (mmol/L) 8.9 (0.85) 9.0 (0.8) 0.615 

White blood cell count (x 109/L) 7.3 (1.9) 7.7 (2.7) 0.559 

Platelet count (x 109/L) 253 (126) 247 (64) 0.820 

CPB times (minutes) 132 (42) 93 (34) <0.001 

Aortic clamp times (minutes) 96 (34) 57 (24) <0.001 
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Tabel 2B. Overview of non-primary CABG procedures. 

AVR; aortic valve replacement, CABG; Ccoronary Artery Bypass Grafting, MVrec; mitral 

valve reconstruction, TVrec; Tricuspidal valve reconstruction, MVR; mitral valve 

replacement, PVR; pulmonary valve replacement 

 

First time surgery Number of patients 

     AVR 8 

     AVR and CABG 7 

     MVRec 2 

     Bentall procedure 2 

     MVrec and TVrec 1 

     MVrec and AVR 1 

     MVR 1 

     AVR and PVR 1 

     Adult congenital heart surgery 1 

Reoperation  

     AVR 1 

     AVR and CABG 1 

     MVR 1 

     MVrec and TVrec and CABG 1 

     PVR 1 

     CABG 1 

Total other cardiac surgical procedures 30 
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Cognitive test scores of non-primary and primary CABG patients 

At baseline, none of the individual task variables (Table 3) or composite scores 

differed between non-primary and primary CABG-patients. In non-primary CABG-

patients, post-surgery improvements were seen on Continuity of Attention at one month 

which were maintained at six months; Quality of Episodic Secondary Memory showed 

improvement at one month which increased at six months; Speed of Memory showed a 

trend at one month that reached significance six months after surgery (Table 3). Although 

not formally analyzed, examination of the individual subtest variables showed no 

deterioration at one or six months.  

In primary CABG patients, the results followed a similar pattern with improvements 

to Continuity of Attention seen at one month and maintained at six months, and 

improvements to Quality of Episodic Secondary Memory and Speed of Memory reaching 

significance at six months post-surgery. Similarly, examination of the subtest data showed 

either no change or improvement from pre-operative levels, with one exception: Numeric 

Working Memory Sensitivity Index was lower at one month but recovered at six months.  

To compare cognitive test scores of non-primary and primary CABG patients, we 

compared absolute change scores one and six months after surgery between the patient 

groups. Comparison of the change scores from baseline between the two patient groups 

revealed no differences in individual or composite scores, except for one individual test 

score one month after surgery (Digit Vigilance Task Accuracy; p=0.046), in favour of the 

primary CABG patients.  

 

DISCUSSION 

The present study demonstrates that regardless of the type of surgery, the ability of 

patients to sustain concentration for a period of time is improved at one month and these 

improvements are maintained at six months. Furthermore, both groups showed 

improvements in the ability to recall and recognize information stored in episodic memory 

improved, as well as the speed of retrieval.  

There is extensive literature with regard to the effects of cardiac surgery on cognitive 

function. We performed a literature search in PubMed (November 2007) on
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the search terms {cardiopulmonary or CPB} and {neurocognitive or cognitive}, which 

resulted in 425 publications. Excluding publications involving (1) pediatric surgery, (2) 

reviews, (3) non-English manuscripts and (4) studies involving fifty or less patients, of the 

remaining 99 studies, > 95% concluded that cardiac surgery is accompanied by 

postoperative cognitive decline. The extent of reported decline, however, varied 

considerably between investigators. A straightforward comparison between data from 

various studies, however, is complicated because various types of cognitive function tests 

are used, and there are considerable differences with regard to data analysis, the time 

interval between testing, inclusion or absence of a control group, etc.  

Recently, two studies from different investigators reported no significant 

postoperative cognitive decline, whereas two other studies reported even significant 

improvement,8-11 and one smaller recent study, demonstrated no deterioration of 

postoperative cognitive functions in patients undergoing complex cardiac surgery using 

selective cerebral perfusion.12 In sum, there is still no consensus in the literature with 

regard to the postoperative effects of cardiac surgery on cognitive function.  

Because it is an established as well as accepted dogma within cardiothoracic surgery 

that surgery results in postoperative cognitive decline, we hypothesize that at least in some 

studies data analysis may be biased by a methodological tunnel vision. An example is a 

study by Van Dijk et al., who performed cognitive tests in 281 patients undergoing 

randomized off-pump or on-pump CABG surgery.16 They reported cognitive decline in 

21% patients after off-pump surgery and in 29% after on-pump CABG surgery. In 2005, 

the same investigators re-analyzed these data, which were then compared to the cognitive 

test performance of 112 healthy subjects.17 By applying the earlier used definitions of 

cognitive decline as used in their initial study, also 28% of the healthy subjects “suffered 

from cognitive decline”. Therefore, they concluded that “the incidence of cognitive 

dysfunction after CABG has previously been greatly overestimated.” 

Several hypothesis exist to explain the etiology of cognitive dysfunction. The 

pathogenicity of CPB is believed to trigger an inflammatory whole-body reaction, 

including activation of the complement cascade, leukocyte activation and thrombocyte 

dysfunction. Also air or particulate emboli or debris and blood suction into the cardiotomy 

reservoir may be detrimental. Furthermore, adverse side-effects of general anaesthesia and 
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surgery should be taken into consideration.18-20 During the last decade, however, the 

biocompatibility of extracorporeal circuits increased substantially.1-4 As a consequence, 

processes like contact activation and coagulation, formerly strongly activated by contact 

between the blood and the body foreign surface of the extracorporeal circuit, have been 

strongly diminished, thus making it less likely that changes in cognitive function are 

affected by the extracorporeal circuit. For instance, recently we showed that in patients 

undergoing CABG no coagulation activation was detectable.3 The other potential source 

of  blood activation during bypass is retransfusion of autologous wound blood. Rubens et 

al. showed that reinfusion of wound blood did not affect postoperative cognititive 

function.21 Thus, also wound blood as a potential cause of cognitive dysfunction is 

doubtful.  

The observed improvements in cognitive function may be a result of the 

improvements in cardiac function, although it could be suggested that they are due to 

practice effects as it was not practical to perform repeated training sessions before 

baseline. However, learning effects on the CDR system are avoided by using validated 

parallel forms of each task, so there is no improvement possible due to remembering 

specific word or picture stimuli, and the presentation order in the attention and working 

memory tasks is randomized. In addition, patients were given a demonstration of the tasks 

at the pre-operative baseline session for familiarization, and a practice Choice Reaction 

Time test to re-orient them to the use of the response box before each session. Given the 

time period between follow-up assessments, it is unlikely that the improvements are 

attributable to practice effects and more likely reflect true changes in cognition after 

surgery.  Nevertheless, the results clearly demonstrate that there are no detrimental effects 

of uncomplicated cardiac surgery assisted by CPB on cognitive function, irrespective of 

the type of cardiac surgery.   
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Aim of the thesis 

In this thesis, we studied blood activation during and after open-heart surgery assisted 

by CPB. In Chapters 2, 3 and 4 the effects of surface modifications of (components of) 

the extracorporeal circuit on blood activation and its putative postoperative consequences 

(Chapter 4) were investigated. In Chapters 5 and 6, we studied blood activation in 

wound blood and determined the effects of retransfusion on systemic complement 

activation (Chapter 5) and coagulation activation (Chapter 6). In both chapters, also the 

presence of cell-derived microparticles was studied in detail, and in Chapter 7 we studied 

the ability of a cell saver device to remove microparticles from patient blood. In Chapter 

8, the cognitive function was studied in patients undergoing either primary or non-primary 

CABG assisted by CPB. 

 

Complement activation during CPB  

In Chapters 3 and 4 we showed that systemic complement activation occurs during 

CPB. Since wound blood was not retransfused into patients in these studies, systemic 

complement activation during bypass was likely to be due to the contact of blood with the 

surface of the extracorporeal circuit. This was confirmed by our finding that coating of the 

oxygenator significantly reduced systemic complement activation. Moreover, although 

concurrently collected wound blood showed increased complement activation compared 

to systemic blood (Chapter 5), retransfusion of wound blood failed to trigger additional 

systemic complement activation. Although surface modification of the extracorporeal 

circuit significantly reduced systemic complement activation (Chapters 3 and 4), the 

postoperative acute phase response was unaffected (Chapter 4).  

Previously, Sims et al.1 showed that complement activation results in the release of 

microparticles from the surface of platelets and endothelial cells in vitro. It is unknown, 

however, whether complement activation contributes to the release of microparticles in 

vivo. Since we found systemic complement activation was affected by surface 

modification of the extracorporeal circuit (Chapter 3), we determined the occurrence of 

platelet-derived microparticles under these conditions. Despite the different levels of 

systemic complement activation, however, the numbers of circulating platelet-derived 

microparticles were comparable and apparently unaffected by surface modification. Thus, 
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microparticle formation seems not to be affected by complement activation under these 

circumstances. On the other hand, we can not exclude that clearance of microparticles, as 

shown in Chapter 6, may affect the interpretation of these results.  

In Chapter 5, also the presence of complement activator molecules and activated 

complement components was studied. We found that compared to systemic blood, wound 

blood contains increased numbers of microparticles exposing the activated complement 

components C1q, C4 and C3. In systemic blood, microparticle-exposed C-reactive protein 

(CRP) was associated with C1q, C4 and C3. In contrast, in wound blood not CRP but 

serum amyloid P component (SAP) was associated with C1q, C4 and C3. For comparison, 

also in systemic blood of patients suffering from rheumatoid arthritis we found an 

association between microparticle-exposed CRP and C1q, C4 and C3, suggesting that this 

association is not restricted to patients undergoing cardiac surgery.2  

 

Coagulation activation during CPB 

Despite many improvements of the extracorporeal circuit and the use of heparin as an 

anticoagulant, systemic coagulation activation is still observed during bypass.3,4 In 

Chapter 2 we found a similar initial adhesion of thrombotic components to non-coated as 

well coated surfaces under conditions of full systemic heparinization. Persistent 

attachment of cells seemed to be reduced by surface modification, possibly preventing 

accumulation of thrombotic elements and propagation of coagulation.  

Compared to systemic coagulation activation, coagulation activation in wound blood 

is much more pronounced.3,5-7 It is generally accepted that retransfusion of wound blood 

into the circulation contributes to systemic coagulation activation during bypass.8-10  

In Chapter 6, we showed excessive coagulation activation in wound blood compared 

to systemic blood. In addition, we found an increase in systemic coagulation activation, as 

reflected by increased levels of prothrombin fragment F1+2 despite heparinization, during 

the time course of CPB. In this chapter, we demonstrated that no systemic coagulation 

activation occurs when wound blood is discarded, suggesting that retransfusion of wound 

blood causes the observed increase in systemic coagulation activation. Moreover, these 

data also indicate that the contact between systemic blood and the surface of the 

extracorporeal circuit does not activate the systemic coagulation. In addition, we 
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calculated the expected systemic increase in the level of prothrombin fragment F1+2, a 

marker of the in vivo coagulation activation status, upon retransfusion of wound blood. 

We showed that the observed systemic increase of F1+2 could be predicted based on the 

amount of F1+2 that was present already in the pericardial blood. Thus, the observed 

systemic coagulation “activation” during bypass is not due to “de novo” coagulation 

activation, but is caused by dilution of pericardial blood.    

  

Retransfusion of wound blood: good or bad? 

Throughout the literature, there is discussion with regard to advantages and 

disadvantages of retransfusion of pericardial blood. Retransfusion of cardiotomy suction 

blood in patients undergoing CPB has been associated with neurological injury, increased 

postoperative blood loss, and activation of the coagulation- , fibrinolytic- and 

inflammatory cascades.3,5,6,8,11 Moreover, recently, in an evidence-based review on CPB 

practice it was concluded that retransfusion of unprocessed cardiotomy blood should be 

avoided (Class I recommendation, Level B of evidence),12 and that blood cell processing 

and secondary filtration can be considered to decrease the deleterious effects of reinfused 

shed blood (Class IIB, Level B).8 In marked contrast to the before mentioned studies and 

guidelines, however, Flom-Halvorson et al.7 was unable to find any harmful effects of 

retransfusion of unprocessed wound blood on clinical outcome in almost 5,000 patients. In 

addition, Rubens et al.13, who treated patients according the before mentioned guidelines, 

showed that patients undergoing cardiac surgery who received unprocessed wound blood 

maintained a postoperative cognitive function similar to patients receiving wound blood 

processed by a cell saver combined with a leukoreduction filter. Patients in the first 

mentioned group, however, used significantly less blood products. Therefore, from that 

study it was concluded that retransfusion of unprocessed wound blood is safe.  

In this thesis, we found neither additional systemic complement activation nor de 

novo systemic coagulation activation after retransfusion of pericardial blood (Chapters 5 

and 6, respectively). In addition, we observed improved postoperative cognitive function 

test scores in patients who received retransfused wound blood during bypass (Chapter 8). 

Therefore, retransfusion of autologous wound blood does not seem to be disadvantageous 

to patients. We did not anticipate our before mentioned results. Previously, we 
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demonstrated that pericardial blood contains elevated numbers of cell-derived 

microparticles, which are strongly coagulant in vitro14 and in vivo.4 Therefore, one would 

expect that retransfusion triggers extensive (systemic) coagulation activation. As shown in 

Chapter 6, however, microparticles were efficiently cleared from the circulation, thereby 

reducing the risk of adverse effects such as thrombosis. Although we showed in Chapter 

7 that treating wound blood with a cell saver device efficiently removes microparticles, 

one may wonder whether such treatment is essential to improve patient outcome.   

 

Postoperative cognitive function 

In general, the assessment of cognitive function is highly complex due to 

methodological problems, such as a multitude of applied definitions of cognitive decline, 

a large number of different existing neuropsychological tests to assess the various 

cognitive domains, the variety of interval between operation and administration of the 

neuropsychological tests (range from a few days to several years), data interpretation, 

statistics, inclusion of a control group, etc.15-17 We demonstrated (Chapter 8), in contrast 

to most of the literature, that postoperative cognitive function improves, even in patients 

who underwent relatively complex and long cardiac surgical procedures. As shown in 

various other chapters in this thesis and by studies of various before mentioned 

investigators, activation of blood upon contact with the extracorporeal circuit of the new 

generation of heart-lung machines or upon retransfusion of wound blood seems relatively 

modest. Furthermore, the clinical consequences of blood activation during cardiac surgery 

are well tolerated by patients. Taken together, we postulate that careful and detailed 

analysis of postoperative cognitive function may prove that cardiac surgery assisted by 

CPB is not necessarily detrimental to patients. 

 

Clinical relevance  

Taken together, our findings show that blood activation during nowadays cardiac 

surgery assisted by CPB, whether due to contact of blood with the extracorporeal circuit 

or by retransfusion of pericardial blood, is much less than generally accepted. As a 

consequence, also adverse effects such as postoperative cognitive deficits that have 

historically been associated with this type of surgery are less severe than generally 
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believed. Based on data presented in this thesis, we believe that cardiac surgery assisted 

by CPB is a reliable, safe and validated procedure to improve and recover cardiac 

function.  

 

Considerations of science, evidence, and future directions 

The presented body of research in this thesis has raised more questions than providing 

answers. Many, especially ‘negative’, conclusions were unanticipated and initially 

perceived as disappointing. We have to admit that we had to a certain degree a positive 

publication bias before we started our research. We expected to corroborate existing 

findings and novel aspects, based on our belief in progress of technology. Today, we must 

conclude that our observations, even in view of explanations, do not yield additional 

evidence for established scientific concepts and that the step of validation of observations 

in different settings remains mandatory. In a positive way, one may say that the role of 

applied science is not simply to copy but also to question already proven innovation. 

How could this happen? It is true that a negative publication bias, in the sense that 

unanticipated results make bad news, creates a selective pressure on possitive scientific 

news in the journals. The fact that this thesis contains chapters that basically represent 

negative outcome and rejection of assumed technical progress, contradicts the hypothesis 

of publication bias. Much of the research on devices and technology, however, is industry 

sponsored. Whether or not established in an official agreement, industrial contract 

research creates obligations for the researcher. Many deals contain a clause of 

prepublication reading by the sponsor. Refraining from self-censorship might be punished 

by rejection of a grant application for industrial funding of a future project.  

Publications in peer-reviewed journals much resemble scientific articles in 

newspapers. This is not a problem but the reader should be able to distinguish which 

publications truly enrich evidence. Thus, not only challenging science on developing and 

implementation of technology by new research, but also critically reviewing publications 

on outcome are the pillars of clinical science in perfusion technology. 

The chapters present rather small numbers of patients and investigated samples. One 

may conclude that small numbers are able to challenge conclusions that are presented as 

truth or evidence. Thus, the advantage of small-scale research is that it may confirm and 
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reinforce existing evidence (what is to be expected) or that it may question its validity. 

This illustrates the often proclaimed dictum in The Netherlands: "small is beautiful" (and 

cheaper!). It is easier to conduct a small critical study than a big constructive one, for 

example by means of a randomized controlled multi-centre trial.  

Regarding perfusion technology, many device studies are initially small scale and 

created to confirm the engineering hypothesis and to generate data to support the 

marketing system. It is obvious, however, that they should be followed by large 

prospective studies to create sound evidence and a solid basis for scientific progress. 

Much device research money is wasted by duplicating small scale studies focussing on 

details with little clinical relevance in stead of large scale research.  

This thesis raises questions about the potential to improve the quality of the current 

state-of-the-art heart-lung machines. Without special-focus improvements, 

cardiopulmonary bypass is effective and safe. Assumed dangers, such as recirculation of 

filtered wound blood, could not be substantiated in this research. On the other hand, one 

should keep in mind that progress in biocompatibility does not automatically generate 

improved patient safety. New technology can be complex and difficult to handle and 

eventual benefits can be questionable. 

Open-heart surgery is a complex, risky, and multidisciplinary endeavour. I 

hypothesize that optimization of team work at the current state of technology may create 

more benefits to patients than improvement of perfusion device technology.  
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Algemene discussie en samenvatting 
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Doel van het onderzoek 

In dit onderzoek bestudeerden we bloedactivatie gedurende en na open-hartchirurgie 

ondersteund met cardiopulmonale bypass met behulp van een hart-longmachine. In de 

hoofdstukken 2, 3 en 4 zijn de effecten onderzocht van oppervlaktebehandeling van 

(onderdelen van) het extracorporale circuit op bloedactivatie en de daarmee gepaard 

gaande veronderstelde postoperatieve gevolgen (hoofdstuk 4). In de hoofdstukken 5 en 6 

is bloedactivatie onderzocht in wondbloed en zijn de effecten gemeten van retransfusie 

van dit wondbloed op systemische complementactivatie (hoofdstuk 5) en 

stollingsactivatie (hoofdstuk 6). In beide hoofdstukken is tevens de aanwezigheid van 

micropartikels onderzocht. In hoofdstuk 7 is onderzocht of micropartikels uit 

patiëntenbloed worden verwijderd door een celbesparend apparaat (“cell saver”). 

Tenslotte is in hoofdstuk 8 de cognitieve functie onderzocht van patiënten die een 

primaire of non-primaire bypass operatie ondergingen ondersteund met een hart-

longmachine.  

 

Complementactivatie tijdens cardiopulmonale bypass met behulp van een hart-

longmachine 

In de hoofdstukken 3 en 4 toonden we aan dat complementactivatie optreedt tijdens 

cardiopulmonale bypass met behulp van een hart-longmachine. Omdat het wondbloed van 

deze patiënten niet werd geretransfundeerd, lag het voor de hand dat de waargenomen 

complementactivatie tijdens cardiopulmonale bypass wordt veroorzaakt door contact van 

het bloed met het oppervlak van het extracorporale circuit. Dit werd bevestigd door onze 

waarneming dat de systemische complementactivatie significant afnam door het “coaten” 

van de oxygenator. Bovendien bleek de retransfusie van wondbloed géén systemische 

complementactivatie te genereren, hoewel het wondbloed -in vergelijking tot systemisch 

bloed- een verhoogde complementactivatie vertoonde (hoofdstuk 5). Ondanks het 

gegeven dat de systemische complementactivatie significant afnam door het “coaten” van 

het extracorporale circuit (hoofdstukken 3 en 4), bleef de postoperatieve acute fase 

respons onveranderd (hoofdstuk 4). 

In het verleden hebben Sims en anderen1 aangetoond dat complementactivatie leidt tot 

het afsnoeren van micropartikels van bloedplaatjes en endotheelcellen in vitro. Het is 
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echter onbekend of complementactivatie ook leidt tot het afsnoeren van micropartikels in 

vivo. Aangezien wij in hoofdstuk 3 zagen dat complementactivatie werd beïnvloed door 

oppervlakte behandeling van het extracorporale circuit, bepaalden we de aanwezigheid 

van micropartikels van bloedplaatjes onder deze omstandigheden. Ondanks de verschillen 

in systemische complementactivatie waren de aantallen circulerende micropartikels van 

bloedplaatjes vergelijkbaar en werden hun aantallen klaarblijkelijk niet door een 

oppervlakte modificatie beïnvloed. Zodoende leek het ontstaan van micropartikels niet te 

worden beïnvloed door complementactivatie onder deze omstandigheden. Anderzijds kan 

niet worden uitgesloten dat de klaring van micropartikels, zoals in hoofdstuk 6 

aangetoond, de interpretatie van deze resultaten beïnvloedt.  

In hoofdstuk 5 werd tevens de aanwezigheid bestudeerd van 

complementactivatormoleculen en geactiveerde complementcomponenten. Wij toonden 

aan dat, in vergelijking tot systemisch bloed, het wondbloed verhoogde aantallen 

micropartikels bevat die geactiveerde complementcomponenten C1q, C4 en C3 hadden 

gebonden. In het systemische bloed werden micropartikels die C-reactief proteïne (CRP) 

hadden gebonden, geassocieerd met C1q, C4 en C3. In het wondbloed daarentegen bleek 

niet CRP maar serum amyloid P component (SAP) geassocieerd te zijn met C1q, C4 en 

C3. Omdat ook in het bloed van patiënten met reumatoïde artritis een relatie is aangetoond 

tussen micropartikels die CRP binden en C1q, C4 en C3, is deze relatie dus niet beperkt tot 

patiënten die hartchirurgie ondergaan.2 

 

Stollingsactivatie gedurende cardiopulmonale bypass met behulp van een hart-

longmachine 

Ondanks verbeteringen van het extracorporale circuit en het gebruik van heparine als 

antistolling, treedt nog steeds systemische stollingsactivatie op tijdens cardiopulmonale 

bypass met behulp van een hart-longmachine.3,4 In hoofdstuk 2 vonden we een 

vergelijkbare initiële adhesie van trombotische componenten aan zowel “gecoate” als 

“niet-gecoate” oppervlakken van hart-longmachines in gehepariniseerde patiënten. 

Aanhoudende hechting van cellen leek gereduceerd door gecoate oftewel gemodificeerde 

oppervlakken, met mogelijke preventie van accumulatie van trombotische componenten 

en propagatie van de stolling als gevolg.  
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Stollingsactivatie in wondbloed is veel sterker dan in systemische bloed.3,5-7 Het is dan 

ook algemeen geaccepteerd dat retransfusie van wondbloed bijdraagt aan systemische 

stollingsactivatie tijdens cardiopulmonale bypass met behulp van de hart-longmachine.8-10  

In hoofdstuk 6 bevestigden we de excessieve stollingsactivatie in wondbloed ten 

opzichte van systemisch bloed. Tevens vonden we, ondanks heparinisatie, een toename 

van systemische stollingsactivatie na retransfusie, wat bleek uit de gestegen concentraties 

van het protrombine fragment F1+2  tijdens cardiopulmonale bypass. In dit hoofdstuk 

toonden we aan dat er geen systemische stollingsactivatie optreedt als het wondbloed niet 

wordt teruggegeven aan de patiënt. Dit doet vermoeden dat retransfusie van wondbloed 

zelf de waargenomen systemische stollingsactivatie veroorzaakt. Bovendien kon uit deze 

resultaten worden geconcludeerd dat het contact tussen het systemische bloed en het 

oppervlak van het extracorporale circuit niet leidt tot systemische stollingsactivatie. 

Aanvullend hierop berekenden wij de te verwachten systemische toename van de 

concentratie protrombine fragment F1+2, een bloedbepaling voor de status van de in vivo 

stollingsactivatie, op basis van retransfusie van wondbloed. We toonden aan dat de 

waargenomen systemisch toename van F1+2 kon worden voorspeld gebaseerd op de 

hoeveelheid F1+2 die al aanwezig was in het wondbloed. Dus, de waargenomen 

systemische “stollingsactivatie” tijdens cardiopulmonale bypass wordt niet veroorzaakt 

door “de novo” stollingsactivatie maar door het verdunnen van geretransfundeerd 

wondbloed.  

 

Retransfusie van wondbloed: goed of slecht? 

In de literatuur is een discussie gaande over de voor- en nadelen van retransfusie van 

wondbloed. Retransfusie van cardiotomie zuigbloed, in patiënten die cardiopulmonale 

bypass met behulp van een hart-longmachine ondergaan, wordt geassocieerd met 

neurologische beschadigingen, een toename van postoperatief bloedverlies en activatie 

van stollings- fibrinolytische- en ontstekingscascades.3,5,6,8,11 Bovendien werd onlangs, in 

een “evidence-based” overzichtsartikel over de praktijk rondom cardiopulmonale bypass, 

geconcludeerd dat retransfusie van onbewerkt cardiotomie bloed moet worden vermeden 

(klasse 1 aanbeveling, bewijs niveau B),12 en dat het bewerken van bloedcellen en 

secundaire filtratie kan worden overwogen om de schadelijke effecten van 
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geretransfundeerd wondbloed te verminderen (klasse IIB, niveau B).8  In tegenspraak 

hiermee vonden Flom-Halvorson en anderen7 geen schadelijke effecten van het 

retransfunderen van onbewerkt wondbloed in bijna 5000 patiënten. Ook Rubens en 

anderen13, die patiënten volgens de hiervoor genoemde richtlijnen behandelden, toonden 

aan dat de postoperatieve cognitieve functie van patiënten die hartchirurgie ondergingen 

en onbewerkt wondbloed terugkregen vergelijkbaar was met die van patiënten die bewerkt 

(“cell saver” gecombineerd met een leukocytenfilter) wondbloed terug kregen. Omdat 

patiënten in de eerste groep significant minder bloedproducten gebruikten, werd 

geconcludeerd dat retransfusie van onbewerkt wondbloed veilig is.  

In dit proefschrift werden géén systemische complementactivatie of ‘de novo’ 

systemische stollingsactivatie gevonden na retransfusie van pericard bloed  

(hoofdstukken 5 en 6). Verder zagen we verbeterde testscores van postoperatieve 

cognitieve functies bij patiënten die wondbloed kregen geretransfundeerd tijdens 

cardiopulmonale bypass met behulp van de hart-longmachine (hoofdstuk 8). Retransfusie 

van autoloog wondbloed lijkt dus niet nadelig te zijn voor deze patiënten. Onze resultaten 

kwamen onverwacht. In het verleden is door ons aangetoond dat pericard bloed verhoogde 

aantallen micropartikels bevat die sterk stollingsgevorderend zijn, zowel in vitro14 als in 

vivo.4 Gebaseerd op deze bevindingen zou mogen worden verwacht dat retransfusie leidt 

tot (systemische) stollingsactivatie. Zoals aangetoond in hoofdstuk 6 blijken 

micropartikels effectief te worden geklaard uit de bloedsomloop, met als gevolg een 

afname van het risico op schadelijke effecten zoals trombose. Hoewel we in hoofdstuk 7 

hebben aangetoond dat de behandeling van wondbloed met een “cell saver” 

micropartikels efficiënt verwijdert, kan men zich afvragen of deze behandeling is vereist  

om de behandelingsresultaten van patiënten te verbeteren. 

 

Postoperatieve cognitieve functie 

De beoordeling van cognitieve functies is uiterst complex als gevolg van 

methodologische verschillen, waaronder verschillende definities van cognitieve 

achteruitgang, een groot aantal verschillende neuropsychologische testen om de 

verschillende cognitieve domeinen te beoordelen, de variatie in tijdsintervallen tussen 

operatie en het afnemen van de neuropsychologische testen (variërend tussen enkele 
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dagen en verscheidene jaren), interpretatie van resultaten, statistiek, inclusie van een 

controle groep, etc.15-17 In tegenstelling tot de meeste literatuur vonden wij een verbetering 

van de postoperatieve cognitieve functie (hoofdstuk 8), zelfs bij patiënten die complexe 

en langdurige hartchirurgische procedures ondergingen. Zoals aangetoond in 

verschillende andere hoofdstukken van dit proefschrift en in de eerder genoemde studies, 

lijkt bloedactivatie tijdens bypass, door contact met het extracorporale circuit van de 

nieuwe generatie hart-longmachines of als gevolg van retransfusie van wondbloed, relatief 

gering. Bovendien worden klinische consequenties van bloedactivatie tijdens hartchirurgie 

goed getolereerd door de patiënten. Samengevat, wij postuleren dat hartchirurgie met 

behulp van een hart-longmachine niet leidt tot een verslechtering van de postoperatieve 

cognitieve functie.  

 

Klinische relevantie 

De bevindingen in dit proefschrift tonen aan dat bloedactivatie gedurende 

hedendaagse hartchirurgie met behulp van een hart-longmachine, hetzij door bloedcontact 

met het extracorporale circuit, en/of door retransfusie van pericard bloed, veel minder is 

dan algemeen wordt aangenomen. Dit heeft als consequentie dat ook de schadelijke 

effecten, zoals postoperatieve cognitieve dysfunctie, welke historisch gezien, geassocieerd 

worden met dit type chirurgie, minder ernstig zijn dan alom wordt aangenomen. 

Gebaseerd op data die in dit proefschrift worden gepresenteerd, concluderen we dat 

hartchirurgie met behulp van een hart-longmachine een betrouwbare, veilige en valide 

procedure is om de hartfunctie te verbeteren en te herstellen. 

 

Wetenschappelijke overwegingen, evidence en toekomstperspectief 

Het hier gepresenteerde onderzoek heeft naast antwoorden ook vragen opgeroepen, 

die van een andere orde zijn. Ons onderzoek vond in meerdere hoofdstukken geen 

bevestiging van positieve verwachtingen met betrekking tot verbeterde technologie. Dit 

was vaak onverwacht en werd aanvankelijk ook als teleurstellend ervaren. Voor de start 

van ons onderzoek hadden ook wij positieve verwachtingen van de gunstige effecten van 

nieuwe perfusietechnologie. Gebaseerd op ons geloof in technologische vooruitgang 

hadden we verwacht bestaande data en nieuwe gezichtspunten te kunnen bekrachtigen. 
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Vandaag moeten we concluderen dat onze observaties, ondanks verklarende denkbeelden, 

geen aanvullend bewijs voor gevestigde wetenschappelijke concepten opleveren en dat de 

stap van validatie van data onder verschillende omstandigheden noodzakelijk blijft. Het is 

een wezenskenmerk van wetenschap om innovaties in denken en technologie kritisch te 

benaderen. Echter, we waren niet ingesteld op het feit dat kritiek ook verwerping van de 

hypothese kon betekenen.  

Hoe kon dit gebeuren? Het is waar dat de neiging tot negatief publiceren, in de zin dat 

onverwachte resultaten slecht nieuws maken, een selectieve druk creëert om vooral 

positief wetenschappelijk nieuws in de tijdschriften te plaatsen. Het feit dat dit 

proefschrift hoofdzakelijk hoofdstukken bevat met negatieve resultaten en dat 

veronderstelde technische vooruitgang nadrukkelijk in twijfel wordt getrokken, spreekt de 

hypothese van bevooroordeeld publiceren tegen. Veel onderzoek op het gebied van 

apparatuur en technologie wordt echter door de industrie gesponsord. Industrieel 

contractonderzoek creëert verplichtingen voor de onderzoeker, onafhankelijk of dit wel of 

niet is vastgelegd in een officiële overeenkomst. Veel transacties bevatten een clausule dat 

de sponsor een manuscript mag lezen alvorens het voor publicatie wordt aangeboden. Het 

weigeren van deze vorm van meelezen kan door de industrie worden afgestraft door aan te 

vragen financiële steun voor toekomstige projecten niet toe te wijzen aan de 

desbetreffende onderzoekers.  

Publicaties in “peer-reviewed” tijdschriften lijken veel op wetenschappelijke artikelen 

in kranten. Dat is geen probleem, maar de lezer moet in staat zijn publicaties te herkennen 

die onderzoeksgegevens op een correcte manier analyseren. Dus niet alleen uitdagende 

wetenschap op het gebied van ontwikkeling en implementatie van nieuwe technologie 

door onderzoek maar eveneens het kritisch beoordelen van publicaties over 

onderzoeksresultaten zijn de steunpilaren van klinische wetenschap binnen de 

perfusietechnologie.  

De hoofdstukken vertegenwoordigen nogal kleine aantallen patiënten en onderzochte 

“samples”. Men mag concluderen dat het mogelijk is met deze kleine aantallen conclusies 

die worden gepresenteerd als waarheid of bewijs, op correctheid te controleren. Aldus is 

het voordeel van kleinschalig onderzoek dat bestaand bewijs kan worden bevestigd en 

bekrachtigd (dit ligt in de lijn van de verwachting) of dat de validiteit ervan kan worden 
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betwist. Dit illustreert de veelvuldig in Nederland verkondigde uitspraak "klein is mooi" 

(en goedkoper!). Het is gemakkelijker een kleine kritische studie uit te voeren dan een 

studie die groot en constructief is, bijvoorbeeld door middel van een gerandomiseerde 

gecontroleerde “multi-center trial”.  

Wat betreft perfusietechnologie zijn veel studies aangaande apparatuur aanvankelijk 

kleinschalig en gemaakt om ontwerpconcepten te bevestigen en data te genereren om het 

“marketingsysteem” te ondersteunen. Het is echter duidelijk dat dit soort studies moet 

worden opgevolgd door groot prospectief onderzoek dat tot degelijk bewijs en een solide 

basis voor wetenschappelijke vooruitgang kan leiden. Veel geld dat wordt besteed aan 

onderzoek op het gebied van apparatuur wordt verspild aan het dupliceren van 

kleinschalige studies die zich focussen op details met weinig klinische relevantie en wordt 

niet uitgegeven aan grootschalig onderzoek.  

Dit proefschrift doet vragen ontstaan of het nog mogelijk is om de kwaliteit van het 

huidige concept hart-longmachines te verbeteren. In het algemeen is cardiopulmonale 

bypass met behulp van de hart-longmachine veilig en effectief. Dit is een enorme 

verdienste. Veronderstelde gevaren, zoals het recirculeren van gefilterd wondbloed, 

konden in dit onderzoek niet worden vastgesteld. Aan de andere kant moet men in 

gedachten houden dat vooruitgang in de biocompatibiliteit niet automatisch een 

verbetering van de patiëntveiligheid met zich meebrengt. Nieuwe technologie kan 

complex en moeilijk te bedienen zijn, eventuele voordelen kunnen twijfelachtig zijn.  

Open-hartchirurgie is een complexe, risicovolle en multidisciplinaire onderneming. Ik 

poneer de hypothese dat optimalisatie van teamwerk in combinatie met de huidige 

technologische standaard op het gebied van extracorporale circulatie meer voordelen voor 

patiënten geeft dan een verdere verbetering van deze technologische standaard. 
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-Prof. Eijsman. Het was uw idee dit promotieplan te starten. Dank voor uw steun en 

vertrouwen.  

-Prof. De Mol, beste Bas. In alle vrijheid mocht ik me verdiepen in de complexe wereld 

van wetenschappelijk onderzoek. Als ik ergens vastliep kon ik altijd bij je terecht en had 

je meestal een pasklare oplossing. Dank voor je prettige begeleiding en support.  

-Dr. W. van Oeveren, beste Wim. Naast je vele projecten maakte je tijd vrij voor het 

opzetten van nieuwe studies, het oplossen van problemen en het doorlezen van 

manuscripten. 

-Dr. Nieuwland, beste Rienk. Wat heb ik veel aan jou te danken, je bent geweldig, briljant 

gewoon. Zonder overvolle tas met onderzoeksgegevens en literatuur durfde ik niet op 

jouw kamer te verschijnen. Helaas kon die overvolle tas me niet altijd beschermen tegen 

moeilijke, scherpzinnige vragen. Rienk, hopelijk betekent deze promotie niet het einde 

van onze samenwerking.  

-LEKC: Prof. Sturk, beste Guus. Dank voor de mogelijkheid om vele dagen bij jullie te 

werken aan dit proefschrift. Ook dank voor je bereidheid de laatste versies van onze 

manuscripten door te lezen en te voorzien van waardevol commentaar. Dr. Berckmans, 

beste René. Ondanks je drukke werkzaamheden vond je steeds tijd mij te helpen met ‘de 

computer’, ik ben je enorm erkentelijk. Lieve Éva Biró, Anita B	ing, Chi Hau, Frans 

Hoek, Yung Yung Ko, Marianne Schaap, Anneke Wiersma-Breij, Marianne van 

Tussenbroek, Mohammed Hussein, Loes Pronk, Dennis Snoek; dank voor alle hulp en 

gezelligheid.  
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-Prof. Tijssen, beste Jan. Voor alle manuscripten mocht ik op jouw vakkundige hulp als 

statisticus rekenen. Je wist altijd simpel te beginnen en ingewikkeld te eindigen als dat 

nodig was, perfect gewoon. 

-De stafleden en arts-assistenten van de afdeling cardio-thoracale chirurgie en in het 

bijzonder Drs. Van den Brink voor zijn ideeën en hulp bij het onderzoek naar de invloed 

van wondbloed op de chirurgische procedure. 

-De cardio-anesthesiologen voor de waardevolle hulp bij het opzetten en uitvoeren van de 

onderzoeken.  

-De intensivisten en in het bijzonder Robert Tepaske, voor de vakkundige ondersteuning 

bij het uitvoeren van de studies.  

-De anesthesie-assistenten, de operatie-assistenten, IC-verpleegkundigen en de 

verpleegkundigen van G3Zuid. 

-Mijn geweldige collega’s: Lijda den Boer, Bachir Essoussi, Vincent Gijsen, Fred van 

Hardevelt, Jos Meijer, Evert Scholten, Miranda Velthuis en in het bijzonder Peter Rutten. 

Lieve Peter, jij verdient extra veel dank en respect. Vanaf het begin stond je altijd voor 

mij klaar, niets was teveel, alles was mogelijk en je vakkennis is onuitputtelijk. Peter je 

bent een fantastische collega en een dierbare vriend, ik hoop nog lange tijd met elkaar te 

mogen samenwerken. 

 

Hooggeachte leden van de promotiecommissie, prof. dr. M.G. Hazekamp, prof. dr. S.G. 

De Hert, prof. dr. L.A. van Herwerden, prof. dr. C. Ince, prof. dr. D.A. Legemate en prof. 

dr. J.J. Piek. Ik wil u allen bedanken voor uw bereidheid het proefschrift te beoordelen. 

 

Alle patiënten die geheel belangeloos hun medewerking verleenden wil ik hartelijk 

bedanken.  

 

Naast de mensen die ik genoemd heb zijn er nog vele anderen die ik erkentelijkheid 

verschuldigd ben en die ik bij deze hartelijk wil danken. 

 

Familie en vrienden, dank voor oprechte belangstelling en relativerende woorden. 
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Lieve mannen van het thuisfront, Peter, Sam en Jim, jullie zijn het allerbelangrijkste in 

mijn leven. Dank voor alles. 

Als laatste wil ik de mensen noemen aan wie ik alles te danken heb, mijn ouders. Lieve 

vader en moeder, dank voor jullie onvoorwaardelijke liefde en steun.  

Lieve vader, wat jammer dat je er niet meer bent, ik mis je. 
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