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Outline of the thesis 

Genera l i n t r o d u c t i o n and o u t l i n e of the thesis 

Since the int roduct ion of cardiac surgery and the use of extracorporeal circuits, 

there has been interest not only in its beneficial but also detrimental effects on the 

human body. The exposure of b lood to non-endothel ia l surfaces and non-

physiologic condi t ions dur ing card iopulmonary bypass (CPB) are considered to 

result in direct cellular injury and activation of several plasma cascades, including 

that of the coagulat ion cascade, the kal l ikrein system, the f ibr inolyt ic system and 

the complement cascade'-4. Kirklin and colleagues5-6 recognized this complex of 

reactions and introduced the term whole body inflammatory response (VVBIR), also 

known as systemic inflammatory response syndrome (SIRS)7-8, which may result in 

a postperfusion syndrome wi th cardiac, renal and pu lmonary dysfunct ion, f lu id 

shifts as a result of capi l lary leakage, abnormal b leeding and sometimes 

neurological disorders. Cl inical studies have shown that the occurrence of these 

symptoms is partly related to the degree of complement activation induced by the 

extracorporeal c i rcu i t 9 1 2 . Coagulation during CPB is prevented by heparinization. 

At the end of CPB the effect of heparin is antagonized by the administrat ion of 

protamine to prevent bleeding and promote coagulat ion. Surprisingly, these two 

therapeutic manoeuvres may have a great impact on the patient13-'5. 

Non-phys io log ica l condi t ions dur ing CPB inc lude d i lu t ion of b lood cells, a 

decrease of oncot ic pressure, hypothermia, non-pulsat i le f low and hypo

vo lem ia 1 6 1 8 . Dur ing aorta cross-clamping, the heart is depr ived of b lood and, 

consequently of oxygen. This results in ischemic damage19, although the instituted 

hypothermia, through the use of cold cardioplegic solut ion and topical coo l ing 

w i th ice slush, minimizes damage. Restoration of the blood f low by releasing the 

aortic cross-clamp enhances the ischemic insult by the reperfusion. In this complex 

process, various cytokines play an important role20 . In animal models, ischemia-

reperfusion damage has been reduced, by blocking the complement cascade2122 , 

or inhibit ing the migration or adherence of polymorphonuclear neutrophils23-24. 

Regional hypoperfusion of the digestive tract has been recognized to result from 

changes in complement and neutrophi ls. Intestinal mucosal ischemia enhances 

translocation of endotoxin into the lymph and blood circulation25-26. The endotoxin 

concentrations during cardiac surgery increased in the circulation in relation to the 

duration of CPB and the drop in oncotic pressure27. Endotoxin initiates the synthesis 

and release of in f lammatory mediators that can mediate SIRS28. Changes in the 

various complement act ivat ion products may prov ide informat ion on the 

biocompat ib i l i ty of extracorporeal circuits4-29. The introduct ion of the membrane 

oxygenator reduced the damage to b lood compared to the bubble oxygenator. 
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Outline of the thesis 

Certain studies stress the importance of centrifugal pumps in favour of the roller 

pumps in reducing hemolysis3031. In addition, the use of leukocyte filters seems 

promising in reducing the total amount of activated leukocytes in circulation32. 

Several approaches have been taken to improve the biocompatibility of blood-

exposed surfaces including heparin3334, silicone3536, and phosphorylcholine37 

surface coatings. Heparin-coated circuits in experimental studies were associated 

with increased thromboresistance and reduced chest tube drainage and blood bank 

requirements3839. These circuits have also been claimed to reduce complement 

activation during CPB4042. However, there is very little data on the effect of 

heparin-coated extracorporeal circuits on postoperative clinical performance. At 

least in low risk patients, the benefits are limited43"45. Finally, avoiding the use of 

CPB by minimal invasive surgery may reduce the inflammatory response and the 

subsequent myocardial damage46. The adverse events after cardiac surgery result 

from the interaction of both the preoperative condition of the patient and the 

surgical factors encountered. Further optimization of the patient's preoperative 

status, amongst others by reducing risk factors, remains a challenge for future 

studies. 

The coronary artery revascularization operations (CABG) are performed on a 

routine basis throughout the world. Most, if not all, patients wil l go through an 

acute phase response during recuperation. The majority of patients will recuperate 

without any problem as the response is mainly self-limiting. Therefore, the clinical 

impact of the increased plasma levels of the various acute phase proteins and other 

inflammatory mediators is not clear. In particular, it is not clear to what extent the 

acute phase response has protective or deleterious effects. 

In order to situate the problems discussed below in some broader perspective, 

some details about the frequency of CABG procedures in the Academic Medical 

Centre and the Netherlands are given. Between 1994 and 1999, 805 "open-heart" 

operations in adults were performed annually (median; range 788 to 819) in the 

Academic Medical Centre. Approximately 76 % (range, 73 to 82%) were first time 

CABG and 4 . 1 % (range, 3.7 to 4.5%) re-CABG or combined re-procedures. Of 

these procedures, 561 were single CABG (range, 544 to 578) and 79 combined 

procedures (range, 50 to 90)47. Every year between 1995 and 200048 14,850 (range, 

14,148 to 15,189) patients underwent cardiac surgery in the Netherlands. 

Approximately 7 1 % of these had CABG operations. 

The purpose of this thesis is to describe the inflammatory response, including the 

acute phase response, in patients undergoing coronary artery surgery. For these 

studies, we extended the observation period from the operation room to the 

intensive care unit and the ward. We describe the main complications, which may 

3 



Outline of the thesis 

influence the speed of recovery of the patient. During recovery, we studied the 

inflammatory response, which includes the acute phase response. 

Therefore, in order to define the problem and to provide a solid basis for the outline 

of the thesis, we describe, in Chapter 2, the inflammatory response in the patient 

undergoing cardiac surgery, focussing on complement, C-reactive protein, 

secretory phospholipase A2, and ischemia-reperfusion damage, in relation to some 

clinical problems seen in the postoperative period, e.g., atrial arrhythmia or 

myocardial damage. 

Chapter 3 describes the effects of heparin-coating of the extracorporeal circuit on 

clinical outcome. As a secondary aim, differences in clinical outcome between 

patients regardless of the coating of the extracorporeal circuit were studied. Thus, 

only clinical parameters are described in this chapter and we focus on some 

preoperative risk factors. 

In Chapter 4, we divide in two phases, the generation of secretory phospholipase 

A2 (sPLA2), an enzyme believed to be involved in the generation of eicosanoids 

and acute phase responses. We tested the hypothesis that the first phase is 

enhanced by the systemic heparinization at the start of CPB, whereas the second 

phase is part of the acute phase response. 

In the seventies, Volanakis and colleagues were among the first to recognize that 

the complement system can be activated by C-reactive protein (CRP)4950. In 1996, 

a novel approach to assess complement activation induced by CRP in vivo by 

measuring complexes of complement activation products and CRP was 

developed51. To assess a potential role of CRP in complement activation during and 

after cardiac surgery, we applied this new technology in studies of patients 

undergoing CPB (Chapter 5). To this end, levels of complement activation products, 

IL-6, CRP, and complement-CRP complexes, were measured and related to clinical 

symptoms. 

Recently the group of Kushner presented an excellent review describing in detail 

the acute phase response during inflammation. The review, however, did not 

discuss important, new data concerning the ability of C-reactive protein to activate 

the complement system in vivo. As it may be an important mechanism in human 

disease, we briefly discuss our opinion in an addendum to Chapter 5. 

Chapter 6 presents the same group of patients as in the preceding chapter. Here, 

we study the effect of CPB and surgical procedure on the serum levels of pro

inflammatory mediators IL-6, IL-8, and leukocyte degranulation products elastase 

and lactoferrin, during surgery and the acute phase response. 

In Chapter 7, we tested the hypothesis that at least part of the classical pathway 

activation of complement induced by heparin-protamine complexes in patients 
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undergoing CPB is CRP-dependent. Therefore, we studied both complement 

activation in vivo and in vitro. In vitro plasma from patients and healthy individuals 

were tested by incubation with various concentrations of heparin and protamine. 

Elevated levels of CRP are associated with an increased incidence of cardiovascular 

disease. The circulating levels of CRP reflect the severity of the inflammatory 

response. We investigated whether preoperative CRP-levels could predict outcome 

or the occurrence of postoperative complications in high risk patients after CPB 

(Chapter 8). Here, we especially focussed on the occurrence of cardiac events, 

including supraventricular arrhythmia and myocardial infarction. 

Finally, the summary (Chapter 9) contains a general discussion and describes some 

future perspectives. 
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Chapter 2 

I n t r o d u c t i o n 

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

systemic inflammatory response, that may vary in extent and impact1. Although 

most patients recuperate without serious problems, some patients experience 

postoperative, sometimes lethal, complications. Most complications occur during 

the first three days, when the patient is either in the intensive care unit or on the 

ward. These complications may result from the surgical procedure, from a pre

existing (cardiac) disease, as well as from an inflammatory response induced by the 

extracorporeal circuit or by the surgical trauma. 

The inflammatory response is a very complex process involving various cell types, 

cytokines, adhesion molecules, and acute phase proteins. The purpose of this 

review is to discuss the pathophysiological mechanisms that trigger the 

inflammatory response both during and after cardiac surgery and in relation to 

clinical outcome. For a better understanding, we will first describe in some detail 

key cytokines, complement activation, adhesion molecules, and the potential role 

of the acute phase proteins C-reactive protein and secretory phospholipase A2. 

Then, we will discuss the relationship of these mediators with clinical symptoms, in 

particular in patients with coronary artery disease undergoing coronary artery 

revascularization. 

Cytokines 

Cytokines are low molecular weight hormone-like polypeptides, that by binding to 

specific membrane receptors serve as intercellular messengers. Cytokines are 

produced by many cells, including macrophages, monocytes, leukocytes, and 

endothelial cells, upon activation2-4. Cytokines may play a role in such diverse 

symptoms as hemodynamic instability, myocardial depression, fever, and reduced 

level of consciousness5'6. The most well known cytokines, that are released during 

cardiac surgery, are tumor necrosis factor-a (TNF-a) and several interleukins 

including IL-1, IL-2, IL-6, IL-8, and IL-104-7. The main properties of these cytokines 

are summarized in Table 1. 

TNF-a, amongst others produced by macrophages, is a potent early mediator of the 

inflammatory response. Its generation can be induced by endotoxin and many 

other agonists. Endotoxin, a lipopolysacharide cell membrane constituent from 

Gram-negative bacteria, can be found in the circulation of patients undergoing CPB 

and presumably originates from bacterial translocation resulting from hypo

perfusion of the gastrointestinal tract8'9. The activity of endotoxin increases in the 

presence of the acute phase reactant lipopolysacharide binding protein (LBP), by 
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formation of a LBP-endotoxin complex, which is a stronger agonist for TNF-a 

production than endotoxin alone1011. 

Table 1 Properties of the most well known cytokines released during and after 

cardiac surgery 
cyto- main source 

kine 

main target main clinical effects main biochemical 

effects 

TNF-receptors (type I and II) hypotension, fever 

on neutrophils, monocytes, 

endothelial cells, hepatocytes, 

chondrocytes, astrocytes, 

fibroblasts, osteoclasts 

IL-1-receptors (type I and II) hypotension, fever 

IL-6-receptors on hepatocytes hypotension, fever 

TNFct monocytes, macrophages, 

Kupffer cells, mast cells, 

neutrophils,! lymphocytes, 

NK cells, keratinocytes, 

endothelial cells, astrocytes, 

dendritic cells, adrenal cortica 

cells, adipocytes 

IL-1 monocytes, macrophages, 

neutrophils, B and T lympho

cytes, NK cells, fibroblasts, 

endothelial cells, epithelial cells, 

keratinocytes, osteoblasts, 

neuronal cells, astrocytes, 

dendritic cells, adrenal cortical cells, 

megakaryocytes, platelets 

IL-6 fibroblasts, monocytes, 

macrophages, B and 

T lymphocytes, neutrophils, 

basophils, mast cells, 

endothelial cells, keratinocytes, 

adipocytes, chromaffin cells, 

smooth muscle cells, synovial cells, 

osteoblasts, astrocytes, mega

karyocytes, endometrial 

stromal cells, 

1L-8 monocytes, macrophages, 

fibroblasts, mast cells, 

basophils, endothelial cells, 

epithelial cells, platelets 

IL-10 monocytes, macrophages, IL-10 receptor on macrophages 

B and T lymphocytes, basophils, and monocytes in the liver 

mast cells, keratinocytes 

CXC receptors (type I and II) 

on T-cells, fibroblasts, 

monocytes and neutrophils 

fever 

cytokine and APP 

synthesis/release f , 

plasma albumine 1 , 

neutrophil-endothelial 

interaction f 

APP synthesis/release | , 

tissue iNOS 

expression f , 

N O level f , IL -1-RAf , 

TNF-RA t , 

chemoattraction and 

activation of neutrophils 

soluble TNF receptor f , 

TNF/IL-1/IL-6 | , Thl 

lymphocyte response J 

TNF-a = t u m o r necrosis fac to r -a ; NK = natural k i l le r ; IL = i n te r l euk in ; APP = acute phase p ro te i n ; 

iNOS = induc ib le nitrous ox ide synthesis; -RA = receptor antagonist; Th1 = T helper t ype l 
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After its release into the circulation TNF-a can be bound to both membrane-bound 

and soluble TNF receptors. The latter not merely counterregulates the systemic 

effects of TNF-a by competing with the membrane-bound receptors, but also may 

serve as a carrier/source for bioactive TNF-a4. TNF-a can activate neutrophils, 

monocytes, and endothelial cells and stimulate the release of other cytokines like 

IL-1 and IL-612. The half-life time of clearance from the circulation of TNF-a is less 

than 20 minutes4. Main clinical effects of TNF-a are hypotension and fever. Other 

effects are muscle catabolism combined with a negative effect on plasma albumin 

production leading to cachexia. TNF-a is also a potent activator of coagulation. 

TNF-a is released from the heart and the kidney upon ischemia and reperfusion1 K 

Hence, it is not unexpected that this cytokine is released during CPB as well. 

During CPB, TNF-a may induce glomerular fibrin deposition, recruitment of 

neutrophils and monocytes to the kidney enhancing their adhesion to glomerular 

cells, and generation of vasoconstrictive mediators, which may lead to a reduction 

of glomerular blood flow and glomerular filtration rate13-14. Though one report 

claims that TNF-a is released during CPB15, others indicate that it is not released 

until after CPB or at least after aortic cross-clamp release1617. Nevertheless, TNF-a 

is one of the first cytokines to be released in response to CPB18, and correlates with 

duration of CPB19. In patients treated with dexamethason generation of TNF-a was 

completely blocked and resulted clinically in absence of fever and a better 

hemodynamic stability20. Glucocorticoids merely blunt cytokine release and lead 

to reduced upregulation of the B.2-integrin, adhesion molecule CD11b21. 

IL-1 is produced by monocytes and macrophages after stimulation with TNF-a or 

with the complement activation products C3a and C5a2224. IL-1 is produced in two 

iso-forms, IL-1 a and IL-1 ft. Its circulation half-life is about 6 minutes4. Most studies 

concerning CPB have focussed on IL-1B. Macrophages and monocytes can also 

produce a specific receptor antagonist (IL-1 RA), that counteracts IL-1 -mediated 

cellular activities at the receptor level. For example, endotoxin challenge in human 

volunteers induces IL-1 RA release even in excess of IL-125. Clinical effects of IL-1 

include fever, somnolence, and hypotension. Moderate hypothermia results in 

lower levels of IL-1 Is, TNF-a, and IL-6 directly after CPB. In a subgroup, regardless 

of CPB temperature, these cytokines resulted in vasodilatation and consequently 

hypotension requiring more vasopressor medication26. Maximum levels of IL-1 & 

are found approximately 24 hours after CPB2728. 

The occasional study on the importance of IL-2 during and after cardiac surgery 

indicates that the changes seen in the circulating levels of this cytokine during and 

after CPB are not significant29. 
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IL-6 is considered the main inducer of acute phase protein generation in the 

liver30-31. IL-6 generation is induced through upregulation of its synthesis by TNF-a, 

IL-1 B, and endotoxin3233. Therefore, IL-6 is considered a secondary mediator of the 

acute phase response, whereas TNF-a and IL-11?, are primary mediators2. IL-6 is an 

endogenous pyrogen34, and one of the inducers of fever during the acute phase 

response5-35. Although until now considered as a primarily proinflammatory 

cytokine, IL-6 exerts also important anti-inflammatory properties, e.g., 

downregulation of IL-1 and TNF-a synthesis, inducing synthesis of glucocorticoids, 

IL-1 RA and soluble TNF receptors25. Maximum levels of IL-6 are reached 4 to 6 

hours after CPB3637, and correlate with the duration of CPB (see also this thesis)38. 

So, duration of ischemia correlates with IL-6 levels and seems therefore to be an 

important trigger of IL-6 synthesis. Apart from fever, IL-6 has some direct negative 

inotropic effects. Through induction of nitric oxide synthase in endothelial cells 

and smooth muscle, it induces hypotension as well39. In patients with unstable 

angina or myocardial infarction IL-6 is an important mediator of inflammation40-41. 

Finally, IL-6 and its main trigger, TNF-a, because of their intense proinflammatory 

and procoagulant properties, may play a role in plaque rupture. 

IL-8 belongs to the family of chemotactic cytokines or so called chemokines4243. 

Chemokines can be subdivided according to the position of a cysteine-disulfide 

bridge into a-(C-X-C), Is-(C-C), and 7-(C)-chemokines. IL-8 is important for 

recruitment and activation of leukocytes. Each class of chemokines has a more or 

less specific activity on a different subset of leukocytes. A number of chemokine-

receptors have been identified during the last decade, including two specific IL-8 

receptors. These receptor, CXCR1 and CXCR2, are expressed on various cells, 

including fibroblasts, T-cells, monocytes, and neutrophils 44. IL-8 synthesis is 

induced by TNF-a, IL-1 6, and endotoxin 45-46. IL-8 upregulates the f>2-integrin, 

adhesion molecule CD11 b/CD1 8 and regulates transendothelial migration of the 

leukocytes47. After myocardial infarction IL-8 levels show a transient increase and 

are thought to play a role in leukocyte mobilization and leukocyte mediated tissue 

damage4852. Burns and colleagues observed IL-8 generation in atrial and skeletal 

muscie during CPB5U. Later studies showed that IL-8 generation correlates with 

elastase release53 as well as with duration of CPB54 or of aortic cross-clamp (see 

also this thesis). So, ischemia of the heart, and possibly of the lungs, followed by 

reperfusion is a strong trigger for IL-8 (and IL-6) synthesis. In a rabbit model of acute 

lung injury monoclonal antibodies against IL-8 reduced both vascular leak into the 

lungs and the pulmonary infiltration of leukocytes55. Thus, during and after CPB, 

this cytokine may contribute to the development of pulmonary dysfunction. 

IL-1 0 is an anti-inflammatory cytokine able to downregulate the expression of 
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pro inf lammatory cytokines such as TNF-a, IL-1B ,and IL-656 . IL-10 also d o w n -

regulates ICAM-1 expression in v i t ro5 7 . IL-10 can be produced by macrophages/ 

monocytes and T-helper lymphocytes (type 2)25. When administered before an 

endotoxin chal lenge, IL-10 suppresses the acute phase response signi f icant ly5 8 . 

IL-10 is released dur ing CPB and circulat ing levels correlate wi th the durat ion of 

CPB59 . Corticosteroids administered before induct ion of anesthesia enhance 

generation of IL-10 dur ing CPB 5 9 6 2 . Apro t in in also enhances IL-10 generat ion 

24 hours after CPB63. Although there are many more cytokines than those discussed 

in this paragraph, there are no data on these dur ing CPB. Hence, these cytokines 

w i l l not be discussed here. 

Adhesion molecules 

Specific ligands or adhesion molecules on the cell membrane mediate the 

interact ion between endothel ia l cells, neutrophi ls, and p late lets6 4 6 5 . These 

adhesion molecules are divided into three main groups: the immunoglobul in- l ike 

molecules mainly on endothelial cells; the selectins on endothelial cells (E-selectin 

and P-selectin), neutrophils (L-selectin), and platelets (P-selectin), and the integrins 

on leukocytes. The various adhesion molecules are summarized in Table 2. 

Notably, expression of adhesion molecules is generally enhanced when cells, such 

as endothelial cells and the various populat ions of blood cells, are activated. Via 

expression of adhesion molecules and as a consequence of their direct contact w i th 

the cellular elements of b lood, endothelial cells play a major role in the recruitment 

of inf lammatory cells into the tissues66. Fruitful interaction of the endothel ia l 

adhesion molecules w i th b lood cells in general requires act ivat ion and/or 

upregulat ion of their ligands on c i rcu lat ing cells. Involvement of adhesion 

molecules in human diseases in general is studied by analyzing the expression of 

l igands on c i rculat ing cells, or by measuring the c i rculat ing levels of soluble 

adhesion molecules in plasma. In a number of conditions, adhesion molecules are 

cleaved from the endothelial cells, for example by inflammatory proteases. So, by 

studying the neutrophi ls or the levels of soluble adhesion molecules in the 

circulation an impression about their role during and after CPB can be obtained. 

During CPB neutrophils are activated by various agonists such as the complement 

fragment C5a, resulting in upregulat ion (increased surface expression) of the K2-

integrin CD11b/CD18. This integrin together wi th complement fragment C3bi and 

ICAM-1 can mediate the interaction between neutrophils and endothelial cel ls66 . 

The selectins play an important role in the process of leukocyte ro l l ing on the 

endothel ia l surface. Through protein-protein interactions, the integrins and the 

adhesion molecules f rom the lg- l ike superfamily reduce the speed of the 
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leukocytes. Endothelial bound P-selectin reduces the velocity of the neutrophils, 

and induces rolling of these cells on the endothelial surface. This first step is 

promoted by IL-1 B, TNF-a, or endotoxin67*68. 

Table 2 Specific ligands and cell membrane adhesion molecules 

group/type 

lg-like 

ICAM-1 

ICAM-2 

ICAM-3 

VCAM 

PEC AM-1 

Selectins 

E-selectin (ELAM-1) 

L-selectin 

P-selectin (GMP-140) 

B2-integrins 

CD11a/CD18 (LFA-1) 

CD11b/CD18 (MAC-1) 

CD11c/CD18 

f>1-integrin 

CD49d/CD29 (VLA-4) 

expressed by 

endothelial cells, leukocytes 

endothelial cells, leukocytes 

endothelial cells, leukocytes 

endothelial cells 

platelets 

endothelial cells, leukocytes 

leukocytes 

endothelial cells, platelets 

leukocytes 

leukocytes 

monocytes 

endothelial cells 

ligand 

CD11a/CD18 

CD11b/CD18 

CD11a/CD18 

CD11a/CD18 

VLA-4 

L-selectin, ESL-1 

P-selectin 

L-selectin 

ICAM-1,-2, and -3 

ICAM-1, ICAM-2 

VCAM/fibronectin 

Ig = immunoglobulin; ICAM = intercellular adhesion molecule; PECAM = platelet-endothelial cell 
adhesion molecule; VCAM = vascular cell adhesion molecule; VLA = very late antigen; LFA = leukocyte 
function associated antigen; ESL = endothelial sialyl Lewis antigen 

Thereafter, neutrophils adhere more firmly to the endothelial surface amongst other 

via interaction with E-selectin. Finally, transendothelial migration of the neutrophils 

may occur, which is promoted by the chemokine IL-8.69-70 During CPB circulating 

levels of soluble E-selectin decreases, possibly by binding to ligands on neutrophils 

and so reducing the amount of ligands on the neutrophils available tor binding to 

membrane-bound E-selectin on the endothelial surface69. However, after CPB 

levels of soluble E-selectin, P-selectin, VCAM, and ICAM-1 increase significantly. 

This is in contrast to the effects of comparable surgical traumas (Whipple and 

thoracotomy) where levels are within normal range71. So, apparently, the extent of 

the endothelial damage is larger than that after other operations. The triggers for the 

enhanced expression (and release into the circulation) of adhesion molecules 

during CPB is not precisely known, but may include several cytokines and activated 
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complement factors. Regarding the latter, complement indeed has been shown to 

upregulate ICAM-1 expression by endothelial cells in vitro72. Recently, a post

mortem study of infarcted myocardium in humans revealed upregulation of ICAM-1 

expression, complement deposition and the following extravascular mobilization 

of neutrophils in the infarcted tissue. Adherence of neutrophils to cardiomyocytes 

only occurs in cells positive for both complement and ICAM-173. So, during 

myocardial infarction in humans complement, neutrophils, and ICAM-1 play a 

major role in the processes that lead to myocardial cell death. Whether similar 

processes contribute to the side effects of CPB is at the moment not clear. 

Neutrophils 

Neutrophils are movable phagocytic cells equipped to destroy ingested 

microorganisms by the generation of reactive oxygen metabolites such as H,02 , 

02~, OH" and HOCI, and the release of proteinases such as elastase and cathepsin 

C from primary or azurophilic granules and proteins such as lactoferrin from 

secondary or specific granules. Thus, these cells contain proteins and chemicals 

that potentially can harm normal cells. Under inflammatory conditions these 

constituents may be released into the interstitial fluid and damage normal 

extracellular matrix proteins and cells. Neutrophils can be activated by a variety of 

agonists including C5a, factor Xlla and kallikrein of the contact system, cytokines 

(e.g. TNF, G-CSF, GM-CSF, and IL-8), immune complexes, endotoxin and intact 

bacteria4774-78. There is abundant in vitro evidence that neutrophils can damage 

endothelial cells either via the release of elastase and/or via the formation of oxygen 

radicals, in particular when stimulated by various agonists75'79-82. Hence, these 

cells may be involved in the pathogenesis of lung complications following CPB. 

Indeed, studies on perfusion models with isolated lungs also have shown that 

activated neutrophils can damage the endothelium and cause an increase in 

vasopermeability83'84. 

Activation of neutrophils can be measured by assessing changes in membrane 

protein expression or by measuring circulating levels of constituents of their 

intracellular granules such as elastase, myeloperoxidase, and lactoferrin since the 

latter are released upon activation8589. Increased levels of these parameters indeed 

have been found during and after CPB (see also this thesis)69-87'90-95. Postoperative 

lung dysfunction following CPB, reflected by changes in respiratory index and 

intrapulmonary shunting correlates with peak elastase levels supporting a role for 

neutrophils in post-CPB lung-injury96. However, such a correlation between 

elastase levels and respiratory index was not found in another study18. Hypothermia 

during CPB postpones upregulation of CD11b and CD11c on neutrophils and 
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delayed the release of elastase. However, upon rewarming a burst of cel lu lar 

activation was observed6 9 9 6-9 7 . Thus, together these studies suggest an important 

role for neutrophils in the inflammatory response induced by CPB. In experimental 

studies it was attempted to attenuate the inf lammatory response induced by CPB, 

for example by inh ib i t ion of neutrophi l adhesion to the endothel ium w i th 

ant ibodies against CD11b/CD18 complex9 8 -1 0 1 or removal of leukocytes102-103 . 

Though these studies showed promis ing results they have not lead to c l in ica l 

applications yet. 

Complement 

The complement system consists of more than 20 plasma proteins, that upon 

act ivat ion interact in a compl icated way to generate active split products that 

mediate inf lammation. Act ivat ion is triggered by tissue injury, bacterial infect ion, 

and/or antigen-antibody interactions. These molecules play a role in opsonization, 

lysis of targeted cells, and recrui tment of phagocyt ic cells. Endotoxin, and the 

cytokines TNF-a, IL-1, IL-6, and interferon-7 (IFN-7) can all upregulate complement 

gene expression, both in the liver (except C1q, factor D, and properdin) as wel l as 

in some extrahepatic sites, main ly monocytes and fibroblasts104-105. The 

complement proteins C3 and C4 display acute phase behaviour, since their 

synthesis is increased by more than 25% during acute phase reactions. 

Three pathways of activation are recognized in the complement system, i.e., the 

classical (antigen-antibody dependent) pathway, the alternative (ant ibody-

independent) pathway, and the more recently identi f ied lectin pathway, that is 

triggered by mannan binding lectin (MBL) (Figure 1 )106-1°7. The classical pathway is 

activated by the b inding of C1q to ant igen-ant ibody complexes. Under some 

condit ions viral material, DNA, C-reactive protein and mitochondrial membranes 

can activate complement through the classical pathway in the absence of an 

antibody108"110 . The MBL-pathway as wel l as the alternative pathway are mainly 

activated by microorganisms. However, the contact of plasma w i th art i f ic ial 

surfaces, l ike the extracorporeal c i rcui t activates the alternative complement 

pathway also11 '-114. Both the MBL- and the classical pathway involve the formation 

of C3-convertase (C4b2a). C3 is central to the complement system115-116. At the 

level of C3, the third complement protein, the pathways merge to induce activation 

of the common final pathway. At the level of C3 act ivat ion via each pathway is 

amplif ied leading to enhanced generation of C3. 

The anaphylatoxins C3a, and in part icular C5a, are important mediators of 

inflammatory reactions. They can cause a systemic reaction resulting in histamine 

release by mast cells, vasodi latat ion, vascular leakage, and interstit ial 
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edema94117118. C3a has a positive chronotropic and inotropic effect in 

spontaneously beating guinea pig atria, and a positive inotropic effect in the paced 

nonsensitized papillary muscle119. 

Immune complexes; 
heparin-protamine, CRP 

\ 
\ 

^ C l q C l r 

~ * C , S 

Cl INH ; V ; 

C4 

7 
MBL / 
MA5P-1 / 
MASP-2 

Lectin Pathway 

C3 

C5b-9 (MAC) 

Inactive products (C3cl 

Common Pathway 

Alternative Pathway 

Figure 1 Complement system with classical, alternative, lectin, and common pathways: activation of 
various serine proteases The generation of the C3-convertases through classical, lectin, and alternative 
pathways. Formation of C4b2a can be both through activation at the level of C1 (classical pathway) or 
through MBL (MBL, mannose binding ligand; lectin pathway) or MBL-associated serine proteases, MASP-
1 or MASP-2, which is similar to activation through the two associated serine proteases, Cl r and C1s of 
the classical pathway. Formation of C4b2a and iC3bBb is followed by cleavage of native C3 into C3a and 
C3b. Activation of C1 by immune complexes, heparin-protamine complex, C-reactive protein (CRP), or 
other activators leads to formation of C3b. C3b may bind to negatively charged surfaces (e.g., microbial 
surfaces, surface of the extracorporeal circuit). Formation of iC3bBb is important in the amplification loop 
for continuous activation of the alternative pathway. C3b can serve as a C5-convertase leading to 
generation of C5a and C5b. Factor iC3b wil l bind to the target cell membrane (opsonization). C3a and 
C5a are both anaphylatoxins responsible for increased vasopermeability, smooth muscle contraction, 
neutrophil activation and chemotaxis. C5b wil l incorporate the complement proteins C6 to C9, which 
leads to formation of the macromolecular complex, the so called terminal complement complex or 
membrane attack complex (C5b-9). Binding of C5b-9 to the cell membrane will allow osmotic leakage 
from the cell, i.e., influx of water and calcium ions wil l lead to disturbance of cell homeostasis and 
disruption of the cell membrane. 

C3b can be inactivated into C3c. Heparin is able to potentiate factor H activity, generating inactivation of 
C3b through factor I, leading to formation of C3c. Heparin is also possible to bind to the binding site of 
factor B in a competitive way. Heparin can also enhance generation of CI-inhibitor (C1-INH) inhibiting 
generation of C4b2a early in the classical pathway. 
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The terminal complement complex (TCC) or membrane attack complex (MAC) is 

formed, when the common final pathway is activated. This pathway consists of the 

factors C5b, C6, C7, C8, and C9, which are assembled into a macromolecular 

complex, C5b-9, that mediates cytolysis120. The insertion of the MAC into a cell 

membrane induces a rapid increase of the intracellular Ca2+ concentration, which 

increases ATP-ase activity, and calcium-dependent phospholipase activity, and 

uncoupling of the oxidative phosphorylation in mitochondria and subsequently 

leads to cell damage. Early complement components contribute to monocyte 

activation in simulated extracorporeal circulation121. 

Various mechanisms regulate complement activation (Table 3)122. 

Table 3 Regulatory proteins of complement activation 

regulatory protein action 

fluid phase 

C1-INH Inactivation of C1r and CIs 

C4BP Binding to C4b, cofactor activity, decay accelerating activity 

Factor H Binding to C3b, cofactor activity, decay accelerating activity 

Factor I Degrading C3b and C4b 

S-protein Binding to C5b-7; inhibiting formation of MAC 

Clusterin Binding to C5b-7; inhibiting formation of MAC 

membrane-bound 

DAF Displacing C2a from C4b and Bb from C3b 

CR1 (4 allotypes A to D) Mediating phagocytosis of opsonized particles, 

cofactor for Factor I, decay accelerating activity 

MCP Binding to C3b and C4b, cofactor for Factor I 

CD59 Binding to C5b-8; limiting incorporation of C9 into MAC 

C1-INH = CI esterase inhibitor; C4BP = C4 binding protein; S-protein = vitronectin; MAC = membrane 
attack complex (C5b-9); DAF = decay accelerating factor; CR1 = complement receptor type 1; MCP = 

membrane cofactor protein 

These consist of a group of fluid phase and membrane-bound complement 

regulatory proteins. First, CI -esterase inhibitor (CI -INH) is the main inhibitor of the 

classical pathway. C1-INH is a serpin inhibiting activated CI by formation of an 

equimolecular complex with C1 s and C1 r, and thereby blocking irreversibly further 

cleavage of C4 and C2. Two animal studies in cats and pigs, respectively, revealed 

that application of C l - INH reduces leukocyte infiltration and infarct size in 

ischemic and reperfused hearts123-124. Heparin can potentiate C1-INH, in addition 

to depleting CI 1 2 5 , which may be one of the explanations for reduced complement 
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activation by heparin-coated extracorporeal circuits. 

Second, the activity of the anaphylatoxins C3a and C5a is regulated by the enzyme 

carboxypeptidase N, which removes an arginine group, thereby abolishing most of 

the activities of the anaphylatoxins. Third, some plasma and membrane-bound 

glycoproteins degrade and inactivate C3b and C4b122-126. For example, cleavage of 

C3b and C4b into the inactive (at least regarding propagation of complement 

activation) fragments C3bi and C4bi, respectively, is accomplished by factor I in 

the presence of cofactor H, C4-binding protein, and by the membrane-bound 

complement receptor type 1 (CR1) or membrane cofactor protein (MCP). The 

membrane-bound regulatory proteins are widely distributed and present on almost 

every cell in the body. Notably, CR1 on erythrocytes also plays a role in transport 

and clearance of C3b-bearing immune complexes from the circulation122. Thus, 

some plasma and membrane glycoproteins afford nucleated cells and erythrocytes 

protection against lysis by complement. Because of their inhibiting effects on 

complement activation soluble forms of MCP, CR1 or DAF, as well as of the 

membrane-bound MAC-inhibitor CD59118, generated by molecular biology 

techniques, are developed for clinical application. Some of these are already under 

investigation in clinical conditions, e.g., kidney disease, adult respiratory distress 

syndrome, or reperfusion injury after lung transplantation122. 

During cardiac surgery with CPB the complement system is activated as is 

described extensively in the literature37'94'110112'113'127-130. The detrimental effects of 

this activation may result in the so called postperfusion syndrome1113131. 

Cavarocchi and colleagues observed a reduced C3 activation and reduced 

pulmonary sequestration of leukocytes with membrane oxygenators compared to 

bubble oxygenators132. Reduced lung reperfusion injury, reflected by a reduction in 

leukocyte and platelet sequestration was also observed in a canine CPB model 

comparing these two oxygenators133. In cardiac surgery several attempts have been 

made to reduce complement activation and reperfusion injury, e.g., by the use of 

heparin-coated extracorporeal circuits91128130134 '138, or administration of C1-

INH139. In a model, using a simulated extracorporeal circuit, the administration of a 

anti-human C5 inhibited C5a and soluble C5b-9 generation, and neutrophil CD11 b 

upregulation, and abolished the increase of P-selectin-positive platelets and 

leukocyte-platelet conjugate formation140. Moreover, the administration of CR1 has 

been studied in pigs undergoing CPB141142. 

Protamine 

As mentioned in the previous paragraph complement activation during cardiac 

surgery has two major triggers: first, the contact of plasma with the artificial surfaces 
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of the extracorporeal circuit111114, and second, the administration of protamine for 

heparin neutralization. Initially, heparin is given to prevent the blood from clotting 

upon contact with the artificial surface of the extracoporeal oxygenator and the 

circuit. The anticoagulant activity of heparin is mediated by its binding to 

antithrombin-lll143. One of the two sides of the protamine molecule neutralizes 

heparin, whereas the other side has some anticoagulant effect. 

Commercially available protamine is a highly alkaline, arginine-rich, polycationic 

peptide prepared from salmon milt and has a molecular weight of 4500 

Dalton144145. Because of its negative charge, heparin forms stable complexes with 

protamine. Heparin-protamine complexes are predominantly excreted via the 

kidneys. The circulating half-life of protamine decreases from 24 to 1 8 minutes in 

the presence of heparin146. 

Protamine and other polycations have toxic effects at cellular and subcellular 

levels. A study in rats suggested that the protamine toxicity was dose dependent, 

since toxic reactions in the various organs were related to the protamine 

concentration146. Hendry and colleagues studied the changes in contractile 

response of human right atrial appendages incubated with various concentrations 

of protamine in vitro147, and observed a negative inotropic effect at protamine 

concentrations of 50 mg/mL in excess of heparin. Notably, therapeutic 

concentrations are around 0.08 mg/mL (mean; range, 0.04 - 0.15 mg/mL)148. Also 

in other studies a negative inotropic effect of protamine was found149150. 

When normal doses of heparin are administered, i.e., 250 to 300 lU/kg body 

weight, at the end of CPB its effect is antagonized by equivalent doses of protamine. 

By using heparin-coated extracorporeal circuits with reduced heparin regimen, 

protamine doses can be reduced, resulting in less complement activation151152. 

Moreover, contact activation is also reduced in these circuits. In addition, during 

minimal invasive procedures without the use of CPB, either no heparin or very low 

doses are used, that do not need to be antagonized153155, which would result in 

diminished classical pathway activation. 

Although clinically not important, a rebound-phenomenon of heparin may occur: a 

iarge proportion of heparin binds to piasma proteins and is incompletely removed 

by protamine. After heparin-protamine complexes are cleared from the circulation, 

a proportion of heparin bound to plasma proteins dissociates over time, to become 

active again thereby renewing an anticoagulant effect until 6 hours after protamine 

administration156157. Low molecular weight heparins, which have lower affinity for 

other plasma proteins can be used to reduce this phenomenon. 

The administration of protamine at the end of CPB sometimes induces an adverse 

reaction144-145. Three different types of reactions are discriminated: First, in 
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particular when rapidly administered protamine may induce transient hypotension. 

Second, it can cause an anaphylactoid reaction. Third, it may cause a catastrophic 

.pulmonary vasoconstriction. The latter most extreme reaction appears within 

20 minutes after protamine administration and is recognized by pulmonary 

hypertension, due to extreme pulmonary vasoconstriction, dilation of the right 

ventricle, reduced filling pressure of the left ventricle, and subsequent systemic 

hypotension. Anaphylactoid responses can be divided into antibody-dependent 

and -independent reactions mediated by complement, and a delayed reaction 

resulting in non-cardiogenic pulmonary edema. For example, patients who have 

been treated with protamine previously, e.g., after coronary angiography, may have 

antibodies against this foreign protein. Several case reports have demonstrated the 

development of non-cardiogenic pulmonary edema and peripheral vascular 

collapse upon protamine administration for antagonizing heparin after CPB, and 

the role of histamine, complement, and IgG herein158163. Notably, a number of 

reports show that the actual incidence of adverse events to protamine 

administration exceeds the previously reported 3 to 5%145'164'165. 

At the beginning of the 20th century it was observed that the administration of a 

bolus of protamine during 15 seconds results in a large drop in blood pressure, 

which does not occur when protamine is given during 4 minutes. The systemic 

effects of protamine include systemic arterial hypotension, decreased systemic 

vascular resistance, increased pulmonary resistance, decreased cardiac output, and 

venous congestion in the gastrointestinal tract166167. In the lungs protamine can 

trigger the degranulation of mast cells, which amongst others by releasing 

histamine, induces a decrease in vascular resistance. Therefore, the transient (3 to 4 

minutes) protamine-induced hypotension is primarily the result of peripheral 

vasodilatation, which is only partially compensated for by an increase in cardiac 

output168. Although others found no change in cardiac output or venous 

pressure169. Administering protamine at a rate of 0.5 to 1 mg/kg/min in patients 

with good left ventricle function has no serious hemodynamic consequences170*171. 

In order to minimize the systemic effects of protamine administration, dose 

reduction, slow administration, increased intravascular volume by fluid volume 

load, administration of a systemic vasopressor, and abolishment of protamine have 

been used. 

C-reactive protein 

C-reactive protein (CRP), the archetype of acute phase proteins in humans, was 

named after the discovery of the precipitation reaction between sera from patients 

with pneumonia and the pneumococcal C-polysacharide fraction172173. CRP is 
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synthesized in the liver174. Normal levels of CRP are below 3 mg/L in 90% of the 

population and below 10 mg/L in 99% of cases175. Although, CRP levels tend to 

increase with time and ageing176. CRP belongs to the family of pentraxins, which 

contain polypeptide chain subunits arranged in a pentameric symmetry and can 

bind Ca2+ ions177178. Kaplan and Volanakis observed that CRP can activate the 

classical complement pathway independent of a specific antibody or 

immunoglobulin and that this reaction could be completely blocked by 

phosphorylcholine179. In vitro studies showed two binding sites on the CRP 

molecule, one responsible for calcium-dependent binding to the phosphorylester 

part of phosphocholine and a secondary site for the cationic part180. The polycation 

protamine induces complement activation of the classical pathway even in absence 

of heparin, which reaction appeared to be CRP dependent, i.e., protamine added 

to sera of patients with an acute inflammatory disease activated the classical 

complement pathway, whereas protamine added to normal sera did not (see also 

this thesis)181. Heparin-protamine complexes induce complement activation in 

vitro, which reaction is time-, temperature-, pH-, and dose-dependent109. 

Concerning possible ligands for CRP it is known that CRP binds specifically to 

phosphatidylcholine, lecithin, and sphingomyelin, which are constituents of the 

cell membrane. Necrotic or damaged cell membranes contain numerous of these 

phosphorylcholine containing phospholipids on the exterior of their membranes108. 

CRP can also bind to phagocytic cells (e.g. T-lymphocytes)110, and to nuclear 

antigens182. Moreover, CRP mediates opsonization and phagocytosis of bacteria 

and is able to bind to nuclei of damaged cells or cell debris by serving as opsonin 

and thereby increasing the activity of phagocytic cells183-187. 

The precise function of CRP is still unknown. To monitor infections following 

cardiac surgery both CRP and procalcitonin have been measured and provide 

suitable markers188'189, though in our experience (see chapter 8) the power of CRP 

to discriminate patients who will or will not develop infections is little at the best. 

More intriguingly, CRP levels may predict future cardiac events in both healthy 

individuals as well as in patients with (un)stable angina or after myocardial 

infarction. As an explanation for these associations it has been put forward that 

atherosclerosis can be considered a chronic systemic inflammatory disease of 

which the activity is reflected by circulating CRP.190 Alternatively, chronic 

infections with Helicobacter pylori, Chlamydia pneumoniae, Cytomegalovirus, or 

Herpes simplex virus-1 have been suggested as inducers of the acute phase 

response in cardiovascular disease191"195. Mild stress induces the synthesis of so 

called heat shock proteins, which provide cells with a fundamental mechanism to 

survive stress to some extent through adaptation and protection against new 
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noxious stimuli, including ischemia, inflammation, and infection196. These proteins 

belong to a family of molecules, classified according to their molecular weight, that 

have a function in the folding (tertiary structure), assembly, and translocation of 

proteins across cell membranes197. Inflammation leads to overexpression of heat 

shock proteins, which also play a role in (post)transcriptional level of cytokine gene 

expression198. One of the explanations suggested for these correlations between 

CRP and/or anti-microorganism antibodies and cardiovascular disease is that 

preexisting antibodies and specific T-lymphocytes against heat shock proteins 

reacted with their antigens synthesized in the endothelium as a response to such an 

infection and lead to initiation and continuation of a localized inflammatory 

reaction199. 

Moreover, CRP induces monocytes to synthesize tissue factor, which is important in 

localized coagulation and plaque formation during inflammation200, whereas 

already activated monocytes showed to be hyperresponsive to a second challenge 

with lipopolysacharide201. 1L-1B is present in these atherosclerotic plaques202. 

The possible role of CRP in atherosclerosis has had special attention in medical 

publications recently. The fact is that, CRP baseline levels reflect the general 

baseline level of inflammatory activity within the human body and may therefore 

be a powerful predictor of subsequent recurrent cardiac events in coronary heart 

disease. The association between CRP and cardiovascular events generally 

considered to reflect the inflammatory activity within arteriosclerotic lesions195 and 

may therefore be a powerful predictor of subsequent recurrent cardiac events in 

coronary heart disease203. Among apparently healthy men baseline plasma CRP 

levels were associated with several cardiovascular risk factors, including age, 

smoking, hypertension, body mass index, exercise frequency, and several lipid, and 

non-lipid plasma based risk factors204. In another prospective study, Ridker and 

colleagues observed that plasma baseline levels of CRP in apparently healthy men 

are predictive, independent of other risk factors, for future myocardial infarction or 

stroke, i.e., subjects in the upper quartile of CRP baseline levels had a 3-fold 

increased risk of myocardial infarction and a 2-fold increased risk of ischemic 

stroke, compared to subjects in the lowest quartile205. These risk factors were 

corrected for smoking and lipid related risk factors. The benefit of aspirin in 

reducing this risk was proportionate to the CRP level205-206. In a comparable 

prospective study a bimodal effect of pravastatin on both reduction in inflammation 

and lipid lowering was also claimed176. Furthermore, data from the Women's 

Health Study207, in initially healthy postmenopausal women revealed a 4.4-fold 

increase in risk for future coronary events over a 3 years follow-up in women in the 

upper quartile of CRP baseline levels compared to those in the lower quartile. Also 
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3 other markers of inflammation, serum amyloid A, IL-6, and soluble ICAM-1 were 

found to be significant predictors for future cardiac events. As half of all 

cardiovascular events happen among women with normal lipid levels, addition of 

CRP to standard lipid screening might improve identification of persons with 

increased risk for future cardiovascular disease. 

In patients with acute myocardial infarction plasma CRP peak levels during the first 

days after onset are associated with an increased risk of dying of cardiac failure or 

sudden cardiac death during the first 6 months after the infarction208. CRP levels 

before an acute coronary angioplasty may predict early complications and late 

restenosis209. In unstable angina pectoris CRP levels > 15 mg/L are a strong 

independent marker for refractory angina, acute myocardial infarction, and sudden 

cardiac death210-211. Liuzzo and coworkers showed that the elevated CRP levels 

reflecting inflammation were not the result of plaque rupture in patients with severe 

unstable angina41-212. They concluded that CRP merely reflected the 

hyperresponsiveness of the inflammatory system. Moreover, IL-6 levels correlate 

with CRP levels in patients with unstable angina40. On the other hand, CRP shows 

no correlation with chronic stable angina, therefore it may only reflect the presence 

and not the severity of atherosclerosis203-213. So, CRP not only serves as a marker of 

inflammation but also is an important predictor for future cardiac events in both 

apparently healthy individuals and patients with a history of coronary 

atherosclerosis. This means that CRP levels can be used to predict both short and 

long-term risks for future cardiovascular disease and related complications. Low 

grade inflammation is involved in the pathogenesis of atherosclerosis214. We 

observed that maximum levels of CRP in patients with CPB during the postoperative 

period were mainly explained by their corresponding preoperative (baseline) levels 

(see also this thesis)37-148. It is unknown to what extent elevated baseline CRP levels 

in patients undergoing cardiac surgery for coronary revascularization constitute a 

risk factor for developing cardiovascular complications, including myocardial 

damage or arrhythmia, in the immediate postoperative period. 

Phospholipase A2 

Another important acute phase protein in humans is secretory phospholipase A2 

(sPLA2) This enzyme belongs to a group of enzymes which include several 

cytosolic and two secreted forms: type I is secreted by the pancreas and type II, 

further to be noted as secretory phospholipase A2, is produced by various cells, 

including liver cells184-215-216. sPLA2 plays a central role in the generation of distal 

effectors of inflammation, including platelet activating factor, lysophosphatides, 

eicosanoids, and reactive oxygen species, during sepsis and major trauma217-218. 
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The synthesis of sPLA2 in liver cells is induced by TNF-a, IL-1 £218-220̂  a n c | jL-6 in 

vitro and not by ||_-2221-223. 

sPLA2 is able to degrade phospholipids in vesicles shed from Ca2+ loaded 

erythrocytes and other cells that have been challenged with inflammatory stimuli 
224. sPLA2 possibly generates ligands for CRP by hydrolysing phospholipids in the 

cell membrane. The opsonization by CRP can enhance phagocytosis of 

metabolically compromized cells184. During cardiac surgery sPLA2 levels increase 

2- to 3-fold upon hepatization225 . In contrast, during the acute phase response its 

levels may increase 100-fold. In cardiac surgery sPLA2 levels start to increase 

slightly before CRP to reach peak values at postoperative day 2226. Notably, the 

relationships between the course of plasma concentrations of complement, IL-6, 

sPLA2, and CRP during and after cardiac surgery are consistent with the hypothesis 

that an intimate interaction between these markers of inflammation is necessary for 

repair of injured tissues. 

Ischemia-reperfusion 

Although reperfusion of ischemic myocardium seems a logic treatment, this 

approach is not without negative effects. For example, reperfusion of injured 

myocardium results in rapid release of myoglobin into the circulation pointing to 

myocardial damage227. Indeed, a significant number of myocardial cells in the 

periphery of the infarction are still viable after ischemia but become irreversibly 

damaged upon reperfusion. Two phenomena are important for this damage, i.e., 

activation of complement and infiltration of neutrophils in the ischemic zone118. 

The role of complement has become clear in animal experiments, in which 

infarction size was decreased upon depletion of complement by administration of 

cobra venom factor. For example, cobra venom factor at a dose of 125 U/kg 

administered 30 minutes after coronary artery ligation reduced infarct size in 

baboons by approximately 40% and also diminished the influx of neutrophils by 

30% 24 hours later228-229. The precise molecular mechanism inducing complement 

activation by ischemic myocardium is not clear. Griselli and coworkers 

demonstrated that CRP, by activating complement, may enhance infarction size by 

40%230, suggesting involvement of this acute phase protein. This is in accordance 

with our earlier mentioned hypothesis discussing the possible role of sPLA2 herein: 

hydrolysis of (lyso)-phospholipids from damaged cell membranes, may create 

ligands for CRP on both reversibly and irreversibly injured cells184. Thus, increased 

baseline CRP levels possibly may contribute to myocardial damage during 

ischemia/reperfusion. Indeed increased postoperative CK-MB levels after a period 

of global ischemia induced by the aortic cross-clamp during cardiac surgery occurs 
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in patients with elevated baseline levels of CRP (see chapter 8 of this thesis). 

Together these studies put forward the hypothesis that CRP is not an indirect 

parameter for cardiac ischemia and damage, but also contributes to it. On the other 

hand a beneficial effect concerning the phenomenon of ischemic preconditioning 

was observed in sheep: 30 minutes of CPB alone before 60 minutes of induced 

normothermic ischemia reduced infarct size significantly231. Here both a-

adrenergic receptor and adenosine receptor stimulation are involved, which make 

the myocardium more resistant to subsequent ischemic stimuli231'232. In the first 

hour of reperfusion accumulation of neutrophils by upregulation of the CD18 

adhesion receptor occurs in the region of previous myocardial ischemia with a 

preference for the subendocardial region233. A significant number of myocardial 

cells around the region with maximum ischemia could still be viable after 90 

minutes of ischemia but become irreversibly damaged during reperfusion. 

One might conclude from the above that modulation of inflammatory mediators 

may help to prevent ischemia-reperfusion damage. However, this approach may 

have negative effects as well since it may interfere with the normal repair processes 

that take place in the infarcted myocardium, and impair subsequent scar tissue 

formation to yield thinning of the ventricle wal l2 3 4 2 3 5 . In a study addressing this 

negative effect of anti-inflammatory therapy upon myocardial scar tissue formation 

in rats, it was, however, found that, in contrast to corticosteroids, complement 

depletion hardly affected ventricle wall thickness236. Hence, complement inhibitors 

constitute an attracting novel class of drugs for the treatment of myocardial 

infarction. Moreover, both reversible and irreversible myocardial injury in humans 

are associated with early accumulation of lysophopatidylcholine in the coronary 

sinus. This coincides with the early peak in incidence of ventricular arrhythmia, 

and supports the hypothesis that lysophosphatidylcholine accumulation plays a 

role in the pathogenesis of ischemic ventricular arrhythmia237238. Whereas 

ventricular arrhythmia is rare after cardiac surgery, in contrast the occurrence of 

postoperative atrial arrhythmias is not. 

Supraventricular arrhythmias, i.e., atrial fibrillation, atrial flutter, and paroxysmal 

atrial tachycardia, are common in the first days after cardiac surgery. The 

incidences range from 25 to 50%239"245. Whereas the incidence after any operation 

including cardiac surgery is estimated 5%243. 

Although the underlying electrical mechanism of atrial fibrillation can be observed, 

the exact cause of postoperative atrial arrhythmia remains obscure. The underlying 

mechanism appears to be of multicausal origin, i.e., postcardiotomy pericardial 

inflammation with or without effusion, excessive production of catecholamines, 

interstitial mobilization of fluid with changes in volume and fillingpressures of the 
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atria245. Various patient related risk factors are involved in the occurrence of 

postoperative atrial arrhythmia. One of the most important independent risk factors 

is the patient's age (see also this thesis)242246. Increased duration of aortic cross-

clamp time increases the risk of inadequate myocardial preservation, which may 

result in atrial ischemic injury247. The influence of insufficient atrial cooling during 

cold cardioplegic preservation resulting in ischemia-reperfusion damage and 

infiltration with activated neutrophils appears to be a recurrent factor associated 

with postoperative atrial arrhythmia242248. First, intracellular acidosis inhibits the 

myofibrillar contraction and in a way may even provide protection during periods 

of ischemia. Then, during reperfusion rapid normalization of tissue pH, by removal 

of H+ ions and secondary Ca2+ uptake, can promote a hypercontractive state of the 

cardiomyocyte249. Finally, the following restoration of extracellular osmolality leads 

to cell swelling and disturbance of cellular homeostasis. 

Furthermore, long-chain acylcarnitines, lysophosphatidylcholines, and lyso-

plasmenylcholines generated by hydrolysis of cardiac phospholipids by the action 

of sPLA2
250252, accumulate in ischemic tissue and coincide with the onset of 

arrhythmia during myocardial ischemia253. Long-chain acylcarnitines reduce 

surface membrane negative charge and suppress voltage-dependent Ca2+ current 

and induce afterdepolarization triggered activity responsible for arrhythmia. 

Lysophosphoglycerides alter sarcolemmal function by prolongation of conduction 

time, conversion of action potential to slow-response type potentials, depress 

membrane responsiveness, and decrease membrane potential 254. Both long-chain 

acylcarnitines and lysophosphoglyceride induce also electrophysical changes in 

normoxic tissue. Acidosis enhances this arrhythmogenic effect73*255'256. Thus, both 

the acidosis and following fast restoration of cellular pH leading to cellular 

swelling, together with the accumulation of lysophospholipids generated by sPLA2 

leading to change of membrane potential could be responsible for imminent 

postoperative arrhythmia. Although the discussed mechanism seems plausible, it is 

not clear whether the same mechanisms as suggested for ventricular arrhythmia 

induced by ischemia play a role in postoperative atrial arrhythmia after cardiac 

surgery with CPB. Nevertheless, intraoperative atrial ischemia with rapid 

rewarming of the atria during prolonged periods of cardioplegic arrest is considered 

an important stimulus for postoperative atrial arrhythmia243247. However, this does 

not explain the time difference between the period of ischemia and the occurrence 

of the arrhythmia. In contrast to atrial arrhythmia, ventricular arrhythmia, induced 

by ischemia is associated with accumulation of lysophosphatidylcholine in the 

myocardium and occurs within minutes253256. On the other hand, activation of the 

classical complement pathway during the acute phase response, as reflected by 
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increased levels of complement-CRP complexes during the first 5 postoperative 

days is associated with atrial arrhythmia during the same period37. Moreover, 

maximum CRP levels on the second postoperative day are preceded by maximum 

sPLA2 levels on the day before. Therefore, the fact that we observed an association 

between CRP-mediated complement activation and the occurrence of 

postoperative atrial arrhythmia in combination with the aforementioned possible 

role of sPLA2 in generating long-chain acylcarnitines and lysophophatidylcholines 

and creating ligands for CRP could possibly explain this coincidence. 

Acute phase response 

Cytokines, complement, CRP, and sPLA2 all participate in a phenomenon called 

the acute phase response. Acute phase responses are triggered by a variety of 

stimuli including infection, trauma, and tissue injury104-257-258. Its main aim 

presumably is to restore homeostatic mechanisms that maintain normal 

physiological function. Acute phase responses are characterized by changes in 

levels of various proteins (these are called acute phase proteins), altered synthesis 

of various endocrine hormones, decreased erythropoiesis, leukocytosis, 

thrombocytopenia, changes in plasma cation levels, inhibition of bone formation, 

negative nitrogen balance through proteolysis, decreased general protein synthesis, 

gluconeogenesis, and changes in lipid, carbohydrate, and trace metal metabolism, 

changes in vascular permeability, as well as clinical symptoms, including fever, 

somnolence, and anorexia. 

The acute phase response may be short-lived leading to rapid normal recovery 

within days or can persist, for example in chronic illness. Studies with 

radiolabeled125l-CRP revealed that the circulating plasma half-life of CRP was 19 

hours and identical in patients with inflammatory disease and healthy 

individuals259, suggesting this protein does not significantly localize in 

inflammatory tissues. However, in patients dying from acute myocardial infarction 

depositions of CRP were found in the infarcted myocardium indicating that CRP 

can bind to ligands in inflamed tissues260. CRP levels increase within hours after 

start of an operation261. We observed significant elevation of CRP from 6 hours after 

cardiac surgery reaching maximum levels on the second postoperative day and 

levels were still elevated on postoperative day 537. Hence, absence of decreasing 

CRP levels or renewed increase after surgery reflect an ongoing synthesis and may 

therefore be signs of an active or new inflammatory process, as levels normally 

decline within 1 0 days after induction. As the traumatic impact of surgery differs 

between operations, the following acute phase response would be expected to be 

also different. Stahl and colleagues observed higher levels of CRP in patients with 
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major abdominal trauma compared to patients scheduled for herniorrhaphy or 

cholecystectomy, suggesting that this difference in inflammatory response reflected 

differences in the amount of tissue injury262. On the other hand, minimal invasive 

direct coronary artery bypass graft operations (MIDCAB) without CPB leads to a 

reduction in complement activation and cytokine release. Both the absence of 

global cardiac ischemia-reperfusion injury during CPB and the choice of surgical 

technique, a left anterior minithoracotomy compared to the conventional median 

sternotomy, are of influence in the early postoperative period herein153"155. 

However, in these studies last sampling points were on postoperative day 1. 

Therefore, the influence on a possible reduction in acute phase response, which 

culminates in peak levels of CRP and CRP mediated complement activation on 

days 2 and 3 has still to be revealed57. Although, lower levels of IL-6, which is the 

main inducer of CRP generation, during or after MIDCAB without CPB can be 

expected. Therefore, the following inflammatory response may be reduced with 

this surgical technique and may possibly explain a faster recovery. Siegel showed 

in vitro that protamine induced classical pathway activation and that this was CRP-

dependent110. We found that CRP-dependent activation of complement also occurs 

in patients undergoing CPB surgery37. Actually, two triggers for this activation were 

found, one being the formation of heparin-protamine complexes at the end of CPB 

surgery148, and the other presumably being ligands (flip-flopped cells?) generated in 

the affected tissues during the first 2 days after surgery37. Interestingly, this second 

phase of CRP-dependent complement activation is associated with the occurrence 

of supraventricular tachycardia. In one patient with abnormally high baseline levels 

of CRP, CRP-mediated complement activation was very pronounced148. In addition 

to changes in CRP levels patients undergoing CPB surgery develop the full spectrum 

of acute phase phenomena: sPLA2, IL-6, IL-8, and elastase levels increase, all 

patients show leukocytosis and fever during the postoperative period. Remarkably, 

levels of CRP did not correlate with IL-6, which is assumed to be its main trigger. 

Baseline CRP levels have been found to constitute a cardiovascular risk 

factor41'203-205'208"211'213'214. In our studies in patients undergoing CPB we found a 

correlation between these levels and post-operative CRP responses, suggesting 

baseline levels reflect the potential to react upon an inflammatory stimulus37148. 

The intriguing implication of these results is that the association between baseline 

CRP and cardiovascular events, actually consists of an association between these 

events and high CRP responses. How acute phase "hyper-responses" may produce 

additional cardiac damage in general and in particular after CPB surgery, is 

presently the focus of our studies. Based, on the studies mentioned discussed 

above, we postulate that hyperresponses result in more complement-dependent 
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Figure 2 Hypothetical model explaining the proinflammatory role of phospholipase A2 (SPLA2) and 
C-reactive protein (CRP) during the acute phase response Schematic detail of a cell membrane (thickness 
5-10 nm), which consists of an amphipathic bilayer with both hydrophobic (non-polar) and hydrophilic 
(polar) regions and various protein molecules (not shown) protruding through the layer. The non-polar 
tails in this bilayer are projected to each other, whereas the polar regions are on both membrane surfaces 
(inner and outer leaflets). Normal cells have an asymmetry between the inner and outer leaflets263. The 
aminophospholipids, phosphatidylethanolamine and phosphatidylserine are almost only present in the 
inner leaflets, whereas the choline-containing phospholipids are located mainly in the outer leaflets. As 
maintaining this normal bilayer structure is energy-dependent, adenosine triphosphate (ATP) is required. 
Normally, there is a very slow rate (days to weeks) of transverse mobility/exchange (flip-flop) of 
phospholipids between the leaflets. However, during conditions of ischemia cells are deprived of 
nutrients, which lead to lower intracellular energy levels. Under these conditions flip-flop of 
phospholipids increases, which leads to increased amounts of aminophospholipids in the outer leaflets. 
SPL.A2 hydrolyzes the phospholipids of the outer leaflets of flip-flopped membranes of these injured cells, 
which leads to formation of lysophospholipids, thereby creating ligands for CRP. Finally, the CRP-ligand 
complexes may activate the classical complement pathway, which enhances inflammation and may 
further contribute to (myocardial) tissue damage. Several cytokines, especially IL-6, produced by 
macrophages and other cells in the damaged tissue, are responsible for the synthesis of SPLA2 and CRP in 
the liver during the acute phase response (adapted from Immunol Today184. 

tissue damage. A mechanism explaining the molecular background of the potential 

deleterious effects of the acute phase response following CPB is given in Figure 2. 

Future studies should find evidence for this hypothesis and explore whether it 

provides novel targets for therapy. 
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Chapter 3 

Abstract 

Background A prospective randomised trial was carried out to evaluate whether 

heparin-coated extracorporeal circuits for patients undergoing coronary artery 

surgery could improve the clinical outcome. 

Methods Hundred-sixteen low-risk patients were randomly allocated to either a 

heparin-coated (n=55, Duraflo® II) or uncoated circuit (n=61). Systemic 

hepat izat ion was identical in both groups. Patient characteristics, differences in 

postoperative recovery and clinical chemistry were scored. In addition, we also 

evaluated patients with and without adverse events, independent of the used 

circuit. 

Results No significant differences in adverse events, blood loss, or blood 

transfusions, except for transfusion of platelets were observed. Fifty-seven adverse 

events occurred in 35 patients in the uncoated group and 47 adverse events in 30 

patients in the heparin-coated group. Sixty-five patients encountered one or more 

than one adverse event. Regardless of the coating, differences were observed in age 

(p=0.003), CK-MB peak levels (p=0.045), time to extubation (p=0.04), and ICU-

stay (p=0.001). The most frequent adverse event was supraventricular arrhythmia, 

which occurred in 44 (37.9%) of the patients, mainly on postoperative days 2 and 

3. All antianginal medication was discontinued after coronary revascularization. 

The postoperative discontinuation of ^-adrenergic antagonists was associated with 

an almost 5-fold increased risk for this complication. 

Conclusions Heparin-coated circuits during elective low-risk coronary artery 

surgery did not improve postoperative recovery of the patients compared to patients 

treated with uncoated circuits. Postoperative blood loss, blood transfusion 

requirements (except for platelets), and adverse events did not reach statistical 

significance. Nevertheless, increased age and discontinuing ^-adrenergic 

antagonists were independent risk factors for complications in the postoperative 

period. 

I n t r o d u c t i o n 

Although extracorporeal circuits in cardiac surgery have been improved during the 

last four decades, they still are known to contribute to morbidity and mortality in 

cardiac surgery1-2. The exposure of blood to abnormal surfaces but also non-physio

logic conditions during cardiopulmonary bypass (CPB), i.e., dilution of blood, 

hypothermia, non-pulsatile flow and hypovolemia are considered detrimental3. 

The coagulation cascade, the kallikrein system, the fibrinolytic system and the 
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complement cascade become activated and may culminate in a systemic 

inflammatory response syndrome (SIRS)1. This can result in a complicated 

postoperative course with sometimes cardiac, renal and pulmonary dysfunction, 

capillary leakage, abnormal bleeding and neurological disorders. Clinical studies 

have shown that the occurrence of these symptoms is partly related to the degree of 

complement activation4. Not only the contact of blood with the extracorporeal 

surface, but also the surgical trauma and the preoperative individual patient related 

factors play an important role2'5-6. 

Approaches to improve the biocompatibility of blood-exposed surfaces include 

endothelial cell seeding, heparin-like biomaterials and heparin surface coating. 

Several clinical studies reported reduced complement activation during CPB with 

heparin-coated surfaces2-7. However, there are very few data on postoperative 

clinical outcome concerning the use of heparin-coated extracorporeal circuits. 

This study was performed to test the hypothesis that Duraflo® II heparin-coated 

circuits reduce postoperative adverse events and have positive effects on the 

clinical outcome after coronary artery bypass grafting (CABG). A secondary goal of 

this study was to determine also other factors, which may influence the number of 

adverse events in the postoperative period. All the patients of this study originated 

from our institution and many but not all were also participating in a large 

multicenter trial on extracorporeal circulation circuits8. For the purpose of the 

present study, and in contrast to the multicenter trial, the patients were observed 

over a longer period of time. 

Pat ien ts and methods 

Study design 

A total of 116 patients (101 men, 15 women) aged 63 years (median; range 34 to 

76 years) undergoing elective CABG were randomly allocated to either a heparin-

coated extracorporeal circuit or a control circuit. The study was approved by the 

Medical Ethics Committee of the Academic Medical Centre of Amsterdam and 

written informed consent was obtained from each patient. Physicians and nursing 

personnel responsible for the postoperative care in the ICU and on the wards were 

blind to randomisation. All patients had a fair to good left ventricular function and 

were free of diseases other than coronary artery disease. Patients using 

corticosteroids or other anti-inflammatory drugs, except aspirin (80-100 mg) until 

as late as 3 days before the operation, were excluded from the study. Patients 

undergoing valve surgery, reoperations, emergency procedures, patients with an 

ejection fraction of less than 30% or a left ventricular end diastolic pressure of more 
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than 30 mm Hg or a history of chronic renal failure, liver disease, coagulation 

disorders, and chronic pulmonary disease were excluded. Blood loss, allogenic 

blood transfusion requirements, as well as other clinical variables like temperature, 

fluid balance, hemodynamic parameters (use of vasoactive medication), and 

duration of mechanical ventilation were monitored. Adverse events grouped in 

clinical diagnoses, i.e., low output syndrome and use of intra-aortic balloon pump, 

rethoracotomy for excessive bleeding, mediastinitis, myocardial infarction, atrial 

arrhythmia, neurological and respiratory dysfunction, or renal failure occurring 

until discharge from the hospital (at least 5 days postoperatively). 

Anaesthesia and Cardiopulmonary Bypass 

Preanaesthetic medication consisted of lorazepam (2-4 mg). Anaesthesia was 

induced with etomidate (0.2 mg/kg), fentanyl (50 ug/kg), and midazolam (0.1 

mg/kg), and maintained by supplemental doses. Pancuronium bromide (0.1 mg/kg) 

was used as muscle relaxant. Cefamandol was given for perioperative antibiotic 

prophylaxis. After endotracheal intubation, patients were ventilated with oxygen in 

air. Standard anaesthetic monitoring techniques, i.e., electrocardiogram, pulse-

oximeter, capnography, diuresis, nasopharyngeal and rectal temperature 

monitoring, radial artery pressure monitoring, and flow-directed pulmonary artery 

catheterization (Swan-Ganz, Baxter/American Edwards Laboratories, Santa Ana, 

USA.) were used. 

The extracorporeal circuit consisted of a soft shell closed venous reservoir (BMR 

1900, Baxter Healthcare Corp, Irvine, CA, USA), hollow fibre oxygenator with 

integrated heat exchanger (Univox, Baxter), arterial line filter (Baxter AF-1 040), 

cardiotomy reservoir (Baxter BCR 3500) and polyvinyl tubing system. In the 

heparin-coated group all components of the circuit were treated with ionically 

bound heparin (Duraflo® II, Baxter). The extracorporeal circuit was primed with 

1 700 ml_ of Ringer's lactate solution, and 1 00 ml_ of 20% mannitol. Magnesium 

sulphate, 0.1 gram/kg and 5,000 IU bovine heparin (Leo Pharmaceutical Products, 

Weesp, The Netherlands) were added to the priming solution. In case 200 mL of 

aprotinin (2 x 106 KIU Trasylol, Bayer, Leverkusen, Germany) were added to the 

priming volume, 200 mL of Ringer's lactate solution less were added in order to 

maintain a total priming volume of 1800 mL in all patients. 

After systemic heparinization in both groups with 250 lU/kg, CPB was initiated 

with cannulas placed in the ascending aorta and right atrium (two stage venous 

cannula). By giving additional heparin, activated clotting time (ACT) was kept 

above 500 seconds. A non-pulsatile roller pump (Sams 9000, 3M Health Care 

Group, Ann Arbor, Ml, USA) was used for all operations. The non-pulsatile flow 
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rate ranged from 1.8 to 2.4 L/min/m2 during cooling and rewarming phases. 

Patients were cooled to 27-30°C. Crystalloid cardioplegia (800-1000 ml_, 

potassium 20 mmol/L, 4°C, St Thomas, Academic Medical Centre, Amsterdam, The 

Netherlands) was used for myocardial protection. During CPB the hematocrit was 

maintained at 18-25%. Distal anastomoses of the grafts were placed during aortic 

cross-clamping, and proximal anastomoses were placed after cross-clamp removal 

and restoration of mechanical ventilation. Heparin was antagonised with protamine 

sulphate at a 1:1 ratio (3mg/kg), after termination of CPB. Residual volume from the 

extracorporeal circuit was infused into the patient. 

Postoperative treatment in the intensive care unit (ICU) was standardised and 

identical for both groups. All antianginal medication, i.e., oral nitrates, calcium 

channel blockers, and ^-adrenergic antagonists (triple therapy), was stopped after 

the operation. Allogenic blood transfusions were given when the hematocrit was 

less than 26%. Patients were transported to the ward for further recovery, after their 

cardiorespiratory condition had stabilised. Adverse events were recorded until 

discharge from the hospital. 

To estimate the perioperative haemoglobin loss, the circulating volume (CV) in the 

patients was calculated with the following gender specific formula: CV = 0.3561 * 

Height' + 0.0338* Weight + 0.1833 (female), and CV= 0.3669* Height + 

0.0321 9* Weight + 0.6041 (male)9. CV is given in litre, height in metre, and weight 

in kilogram, respectively. Equality in normovolemic state in the patients was 

assumed between venous blood samples taken before anaesthesia and on the day 

of discharge. With the following formula the blood loss was calculated: Blood 

loss= CV x In (Haemoglobinbase|ine/Haemoglobindischarge). To validate the method of 

perioperative haemoglobin loss measurement, we only evaluated patients not given 

allogenic blood transfusions. 

For measuring the intra operative haemoglobin loss, swabs were weighed, washed 

with 1 L of saline and sampled for haemoglobin concentration. After gently shaking 

the solution, haemoglobin samples were taken from the collected suction waste. 

The volume of mediastinally shed blood was measured 6 and 18 hours after the 

operation and after removal of the chest drains. The total haemoglobin loss into the 

drains was measured. The results of the two ways of estimating blood loss were 

compared. 

Collection of blood samples 

Blood specimens for haemoglobin, hematocrit, white blood cell numbers, and 

platelet counts were collected in 5 ml_ glass vacutainer tubes containing 

ethylenedinitrilotetraacetic acid (EDTA) (Becton Dickinson, Franklin Lakes, USA). 
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During surgery and in the ICU, all samples were taken via a radial artery catheter, 

while the other blood specimens were obtained by venous puncture. Blood 

samples were obtained at the following time points: on the day of admission, after 

the induction of anaesthesia (prior to median sternotomy); the end of operation; six 

hours after arrival at the ICU; second to fifth postoperative days; and day before 

discharge. 

Statistical analysis 

Data were stored and analysed using standard computer software (SPSS 7.5.2, SPSS 

Inc., Chicago, IL). To analyze changes in time, one factor analysis of variance 

(ANOVA) for repeated measurements was applied, supplemented with the 

Bonferroni post-hoc test. Correlations were determined with the Spearman's rank 

correlation test. Comparison between the groups were performed using the Mann-

Whitney U-test. Odds ratios with 95% confidence intervals (CI) were calculated for 

the use of ^-adrenergic antagonists and triple therapy. A two-sided probability value 

of P<0.05 was considered to be statistically significant. Data are presented as 

median with 5 and 95 percentiles, unless otherwise stated. 

Results 

Patients 

The clinical characteristics and surgical data of the patients included are listed in 

Tables 1 and 2. No significant differences between the two groups regarding 

preoperative characteristics, data during surgery, ICU-stay, duration of ventilation, 

body temperature and leukocyte counts were found. One patient allocated to a 

heparin-coated circuit was excluded, because he developed unstable angina and 

had to be treated with heparin and nitroglycerin treatment the day before the 

operation. Seventy-four patients received triple therapy, i.e., oral nitrates, calcium 

channel blockers, and ^-adrenergic antagonists. Sixty-four patients had a history of 

a previous myocardial infarction. There was no significant difference in blood loss 

between groups, nor in need for transfusion or haemoglobin level at discharge. The 

postoperative haemoglobin level (8.3 mmol/L, range 7.1 to 9.1 mmol/L) was almost 

1 mmol/L less compared to the preoperative level (9.2 mmol/L, range 7.9 to 10.4 

mmol/L). Course of the plasma haemoglobin, leukocytes and platelets levels are 

depicted in figures 1 and 2. Haemoglobin levels were already significantly lower 

after induction of anaesthesia. The platelet count fell in both groups after start of 

CPB. 
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Figure 1 Course of plasma haemoglobin levels preoperatively on the day of admission, after induction of 
anaesthesia, during CPB, after sternal wound closure, in the ICU, postoperative day 2, and at time of 
discharge. There were no significant differences between the two groups. Data represent median and 
IQR. Asterisk indicates significant change compared to baseline values. Level of significance was p<0.05 
(one-factor ANOVA with repeated measures, supplemented with the Bonferroni post-hoc test). 

Table 1 Clinical Characteristics of Patients 

Uncoated (n=61) Heparin-coated (n=55) 

64 (42 - 74) 61 (48-75) 

51/10 50/5 

82(59-100) 80(63-104) 

175(159-188) 175(162-190) 

2.01(1.64-2.26) 1.97(1.74-2.33) 

12(6-26) 12(5-24) 

36 (59%) 28 (62%) 

36 (59%) 34 (62%) 

39 (64%) 35 (64%) 

8.2(6.9-9.6) 8 .4(7.3-9.1) 

206(132-297) 190(128-282) 

5.6(3.9-10.7) 5.7(3.9-9.4) 

Data represent median and 5 to 95 percentile range, number of cases (%). BSA = body surface area; 
LVEDP = left ventricle end-diastolic pressure. Differences between the two groups were determined by 
Mann-Whitney U-test. No significant differences between groups. 

age (years) 

gender, M/F 

body weight (kg) 

height (cm) 

BSA(m2) 

LVEDP (mm Hg) 

previous infarction 

aspirin 

triple therapy 

haemoglobin preop. (mmol/L) 

piateiet count preop. (x109/L) 

leukocytes preop. (x109/L) 
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Table 2 Surgical and Postoperative data 

Uncoated (n=61) Heparin-coated (n=55) 

heparin dose (x103/L) 35.0(23.2-51.3) 33.9(22.1-49.2) 

aprotinin 14(23%) 9(16%) 

protamine dose (mg) 300 (200-395) 300 (200-400) 

CPB time (min) 94 (39-1 54) 95 (61-1 68) 

cross-clamp time (min) 59 (24-97) 58 (36-110) 

proximal anastomoses 2 (0-3) 2 (0-5) 

distal anastomoses 4 (2 -7 ) 4(1-7) 

arterial grafts 37(61%) 28(51%) 

extubation (hr) 19(11-108) 18(11-47) 

ICU-stay(hr) 24(18-139) 24(18-137) 

peak temperature (°C) 38.0(36.8-39.0) 38.0(37.8-38.9) 

temperature max. (°C) 38.3 (37.8-39.2) 38.3 (37.8-38.9) 

leukocyte max. (x109/L) 12.0 (8.2-20.1) 12.4 (9.2-20.4) 

Data represent median and 5 to 95 percentile range, number of cases (%), except for distal anastomoses 
and arterial grafts (median with range). The internal mammary artery was used for re-anastomosis in 28 
patients in the heparin-coated group and in 37 patients in the control group. CPB time = duration of 
cardiopulmonary bypass; peak temperature = first peak during first 18 hours; temperature max. = second 
temperature peak during acute phase response. Differences between the two groups were determined by 
Mann-Whitney U-test. No significant differences between groups. 

This decrease was paralleled by the decrease in haemoglobin. Leukocytes 

increased significantly after cessation of CPB, culminating in peak levels (12.0 x 

109/L, range 8.2 - 20.1 x 109/L, Figure 2) in 73% of the patients on postoperative 

days 2 to 4 (Fig 3). This increase in leukocytes was paralleled with increases in 

body temperature (38.3°C, 37.8 - 39.2°C) also in 73% of the patients during the 

same period. There were no significant differences between the two groups, except 

for difference in transfusion of platelets. One patient in the control group required 

surgical reexploration. In the coated group 2 patients required surgical 

reexploration because of excessive blood loss, of which one patient was operated 

twice after 1 and 25 hours, respectively. These 3 patients received platelet 

transfusions. 

The incidence of adverse events in both groups like low output syndrome, need for 

reexploration, need for intra-aortic balloon pump, renal failure, mediastinitis, 

myocardial infarction, respiratory dysfunction, neurological dysfunction, 

supraventricular arrhythmia, and infections are listed in table 4. There were no 

significant differences observed between both groups. In the postoperative period 

adverse events occurred in 65 (56%) patients. Some patients encountered more 

54 



Heparin-coated circuits, risk factors, and events 

admission cpb end icu day 2 3 4 5 admission cpb end icu day 2 3 4 5 
induction operation induction operation 

Duraflo II® — • - Duraflo ll{ 

Figure 2 Course of plasma leukocyte (A) and platelet (B) levels preoperatively on the day of admission, 
after induction of anaesthesia, during CPB, after sternal wound closure, in the ICU, and on postoperative 
days 2 till 5. There were no significant differences between the two groups. Data represent median and 
IQR. Asterisk indicates significant change compared to baseline values. Level of significance was p<0.05 
(one-factor ANOVA with repeated measures, supplemented with the Bonferroni post-hoc test). 

than one such an event. Thirty-five patients in the control group had 57 adverse 

events versus 47 adverse events in 30 patients in the heparin-coated group. No 

differences were found between the 2 groups concerning the hemodynamic 

response, use of cardiotonic support, and changes in body temperature. 

When looking at adverse events in all patients together, we observed the 

influencing variables age and postoperative CK-MB levels. Consequently, ICU-stay 

and period of ventilation were prolonged (Table 5). 

Concerning the most common adverse event, atrial fibrillation with rapid 

ventricular rate, we observed that 41 out of all 44 patients with atrial fibrillation 

(93%) were on ^-adrenergic antagonists preoperatively. Whereas 54 out of all 72 

patients without atrial fibrillation (75%) had preoperative ^-adrenergic antagonist 

therapy (p=0.014, Fig 4A). 
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Table 3 Blood loss 

Uncoated (n=61) Heparin-coated (n=55) p-value 

ACT (pre-) 

ACT (post-) 

blood loss during surgery 

blood loss 6 hrs (ml_) 

cumulative blood loss 18 hrs (mL) 

total blood loss (mL) 

Hb loss total (mmol) 

Hb difference (mmol/L) 

donor blood use (Units) 

patients receiving red cells (no.) 

fresh frozen plasma (ffp) (Units) 

patients receiving ffp (no.) 

platelets (Units) 

patients receiving platelets (no.) 

Hb level (mmol/L) at discharge 

124(90-167) 

124 (100-150) 

621 (332-1853) 

430 (220-1461) 

760 (345-2178) 

1697 (876-3521) 

7.4 (4.9-14.3) 

1.0 (-0.4-2.2) 

84 

123 (96-174) 

127 (78-166) 

768 (405-1608) 

525 (188-1699) 

845 (392-3464) 

1735 (908-3355) 

8.8 (4.4-15.3) 

0.9 (-0.7-2.4) 

107 

30 (49.1%) (1 to 9 units) 37 (67.3%) (1 to 14 units) 

32 44 

11 (18%) 10 (18.2%) 

1 9 

1 (1.6%) 7 (12%) 

7.3 (6.0-8.5) 7.4 (6.2-8.7) 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

0.017 

0.019 

NS 

Data represent median and 5 to 95 percentile range, number of cases (%). ACT=activated clotting time 
(s), pre- and postoperative; Hb difference= difference between pre- and postoperative Hb level. 
Differences between the two groups were determined by Mann-Whitney U-test. NS = Not Significant 
(p>0.05). 

Table 4 Adverse events between groups 

Uncoated (n=61) Heparin-coated (n=55) 

low output syndrome 

reexploration for bleeding 

IABP 

renal failure 

mediastinitis 

myocardial infarction 

respiratory dysfunction 

neurological dysfunction 

supraventricular arrhythmia 

infection 

2 (3.3%) 

1 (1.6%) 

3 (4.9%) 

6 (9.8%) 

1 (1.6%) 

2 (3.3%) 

8 (13.1%) 

1 (1.6%) 

26 (42.6%) 

7 (11.5%) 

0 

3 (5.5%) 

1 (1.8%) 

2 (3.6%) 

1 (1.8%) 

7 (12.7%) 

9 (16.4%) 

0 

18 (32.7%) 

5 (9.1%) 

Data represent number of cases (%). IABP= intra-aortic balloon pump. Differences between the two 

groups were determined by Mann-Whitney U-test. No significant differences between groups. 
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Postoperative days 

2 3 4 5 6 7 
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Figure 3 Time to occurrence of leukocyte maximum (A) and temperature maximum (B) during the 
postoperative days after coronary bypass surgery, depicted as cumulative number of patients. 

Table 5 Adverse events overal 

age (years) 

HECC 

CPB time (min) 

cross-clamp time (min) 

extubation (hr) 

ICU-stay (hr) 

CK-MB peak (ug/mL) 

Yes (n=65) 

66 (48-75) 

30 

95 (57-165) 

61 (29-99) 

19 (11-106) 

40 (18-157) 

22 (8-91) 

No (n=51) 

57 (39-75) 

21 

92 (39-160) 

58 (22-107) 

18 (10-27) 

23 (18-64) 

18 (7-41) 

p-value 

0.003 

NS 

NS 

NS 

0.04 

0.001 

0.045 

Data represent median and 5 to 95 percentile range. Differences between the two groups were 
determined by Mann-Whitney U-test. NS = Not Significant (p >0.05). HECC = heparin-coated 
extracorporeal circuit. 

This significant difference also occurred when looking at the patients on triple 

therapy before the operation. Thirty-five out of the 44 patients with atrial fibrillation 

(80%) were on triple therapy before the operation in contrast to 39 out of the 72 

patients without atrial fibrillation (54%) (p=0.004, Fig 4B). We calculated an 

increased risk, odds ratio 4.6 (95% CI 1.3-16.5), for development of postoperative 

atrial fibrillation when ^-adrenergic antagonist were stopped directly after 

revascularization in patients taking these drugs preoperatively. When triple therapy 

was stopped after the operation, we calculated an odds ratio of 3.3 (95% CI 

1.4-7.8). The cumulative occurrence of atrial arrhythmia shows that in 50% of the 

cases the rhythm disturbances occurred after the second postoperative day (Fig 5). 

In the ICU atrial fibrillation was treated with amiodarone, whereas on the ward 

either the combination of digoxin and verapamil, or sotalol was administered, 

because the central venous line was removed after discharge from the ICU. 
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patients with patients without 
atrial fibrillation atrial fibrillation 

patients with patients without 
atrial fibrillation atrial fibrillation 

patients with 
R-blocker 

patients without 
ls-blocker 

41 

3 

54 

18 

patients with 
triple therapy 

patients without 
triple therapy 

35 

9 

39 

33 

Figure 4 Number of patients with and without atrial fibrillation and with and without ^-adrenergic 

antagonists (A) or triple therapy (B). 
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Figure 5 Time to occurrence of postoperative atrial Figure 6 Scatterplot showing calculated haemo-
arrhythmia after coronary bypass surgery in the patients globin loss (y-axis) versus measured haemoglobin loss 
(adapted from Am J Cardiol.27 (x-axis). 

All patients had sinus rhythm at the moment of discharge. 

For the patients w h o d id not receive al logenic blood transfusions the calculated 

haemoglobin loss correlated w i th the measured haemoglobin loss (r = 0.43, 

p=0.004; Fig 6). Blood loss increased when one or more than one arterial graft was 

used for anastomosis (chest tubes: 750mL, range 385-2247ml_ vs. 975mL, 

5 6 5 - 2 1 7 5 m l , p < 0 . 0 0 1 ; total b lood loss: 1537ml_, 8 7 4 - 3 5 6 0 m L vs. 1760, 

978-3514ml_p=0.006). 

Four of the 8 patients who developed acute renal fai lure after the operat ion had 

increased preoperative plasma creatinine levels (range, 1.37 tot 1.94 mg/dL). These 
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levels further increased (range, 2.83 tot 5.56). No patient required dialysis. All 

plasma creatinine levels returned to baseline within 10 days. 

Discuss ion 

This study describes the clinical aspects of patients undergoing elective coronary 

artery surgery with either a heparin-coated or uncoated extracorporeal circuit both 

during and after the operation. The observation period lasted until discharge of the 

hospital. In the early nineties heparin-coated circuits were introduced to mimiek 

the normal physiological interface between blood and the endothelium in the 

human body. It was hypothesized that this should lead to a better biocompatibility 

and therefore reduction of activation of blood components27'10 and mitigation of 

the inflammatory response syndrome1. In contrast to the majority of articles 

published, concerning the complement and coagulation cascades, we focussed in 

the present study on the clinical aspects and adverse events during the 

postoperative period. We hypothesized that the use of heparin-coated circuits 

should reduce postoperative adverse events. The data of the present study however 

do not support this hypothesis. The incidence of adverse events was not different 

between both groups. The observed difference in the transfusion of platelets was 

mainly explained by excessive blood loss and the subsequent reexploration for 

bleeding. 

A secondary goal of this study was to determine also other factors which may 

influence the clinical course, including blood loss, and the number of adverse 

events in the postoperative period. Factors like the surgical trauma, hemodilution, 

endotoxin translocation through intestinal mucosal ischemia, ischemia-reperfusion 

injury, and protamine-heparin complexes play still a major role in postoperative 

morbidity1-3'6. Therefore, apart from these surgery related factors, it is important to 

identify and estimate preoperative patient-related risk factors5'1112. Blood loss 

increased when the internal mammary artery was used for grafting, as previously 

reported13. The fact that we found no difference in blood loss or transfusion 

requirements between both groups might be explained by identical and non-

reduced heparinization protocols1415. 

In the present study only 9 patients in the heparin-coated group and 14 patients in 

the control group received aprotinin. Mainly due to lack of power, we did not find 

any influence of aprotinin on blood loss or outcome. Although, several investigators 

described the pros and cons of the use of aprotinin in cardiac surgery, a recently 

published meta-analysis stressed on the overall benefits, i.e., a reduction in 

mortality, need for rethoracotomy, and blood transfusion requirements16. 
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The observed decrease in haemoglobin concentration after induction may be 

explained by the fact that preoperative samples were taken by venous puncture, 

whereas the samples after induction were taken from the radial artery. Also the 

effect of posture on haemoglobin concentration, i.e., the ambulatory patient on the 

day before the operation vs. the supine position after induction, could have 

influenced this difference9. Moreover, stress induced release of vasopressin can 

lead to an increase in plasma volume17. The decrease in platelets after induction of 

CPB may be due to hemodilution, although activation and adhesion to the 

extracorporeal circuit has been described before1014. Leukocytes increased after 

the start of CPB in both groups, and increased further till maximum counts were 

reached during the first postoperative days. These changes in leukocyte counts 

were paralleled by changes in body temperature, and similar to earlier 

observations18. 

Atrial arrhythmia is still of major concern after cardiac surgery. In the present study 

postoperative arrhythmia, i.e., atrial fibrillation or flutter, occurred during the first 

5 postoperative days, which is the period of maximum arrhythmia risk. The peak 

incidence (73% of the patients) occurred on days 2 and 3. This is consistent with 

previous reported incidences19'20. All patients had sinus rhythm before the 

operation. In the present study antianginal medication, including ft-adrenergic 

antagonists, was discontinued after the operation. We observed a difference in the 

occurrence of atrial fibrillation between the patients with and without the use of R-

adrenergic antagonists preoperatively. The increase of ^-adrenergic receptors 

through upregulation by ^-adrenergic antagonists21, together with the effect of the 

possible proarrhythmic properties of the B-adrenergic agonists used to improve 

hemodynamics in the early postoperative phase22, and in combination with the 

endogenous sympathetic hyperactivated state of the human body as a result of the 

surgical trauma23 could have created the ideal conditions for the development of 

atrial arrhythmia. Advanced age is also considered as an important predictor for 

postoperative arrhythmia19. Very likely to sample size of our study, we did not find 

advanced age a risk factor for atrial arrhythmia. However, advanced age was 

indeed associated with an increased overall incidence of adverse events. Although, 

in general the precise mechanism in the development of arrhythmia is not known, 

intraoperative atrial ischemic injury as a result of inadequately myocardial 

preservation of the atria can lead to nonuniformity in the refractory period 

distribution and can trigger atrial arrhythmia20. Gradual shortening of the atrial 

monophasic action potential and reduction of the refractory period predicted 

imminent atrial fibrillation24. Recently, the ligament of Marshall, which is richly 

innervated by sympathetic nerves was mentioned as a possible substrate for 
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adrenergic atrial tachyarrhythmia in the canine heart25. Furthermore, the impact of 

the surgical trauma on the human body induces an acute phase response, which is 

recognised by the generation of various acute phase proteins26. C-reactive protein 

(CRP), the prototypical acute phase protein in man, plays a central role in the acute 

phase response. 

Moreover, we recently stressed on the association of arrhythmia with CRP-mediatecl 

complement activation during the acute phase response after cardiac surgery18. So, 

patients taking ^-adrenergic antagonists preoperatively are likely to have an 

increased risk for developing atrial arrhythmia after the operation, when B-

adrenergic antagonists are stopped immediately after revascularization. Therefore, 

if possible, patients should continue their ^-adrenergic antagonists. Such a regime 

is also supported by other reports. In patients not taking ^-adrenergic antagonists 

preoperatively, prophylactic low dose sotalol (40 mg every 8 hours) started a few 

hours after the operation reduced the incidence of postoperative atrial arrhythmia 

with 50%27. Also amiodarone started 1 week before surgery reduced the incidence 

significantly28. None of these data however reports on the duration of medication 

intake needed after the operation. Maximum levels of acute phase proteins are 

found during the first 48 postoperative hours, and complement activation mediated 

by CRP is returning to baseline by day 518-26. If CRP plays an important role, it might 

be advisable at least to continue intake until the acute phase response has resolved. 

In addition, Mangano and colleagues observed a reduction in mortality and 

cardiovascular ischemic events in patients at risk for coronary artery disease 

undergoing general surgery perioperatively treated with ^-adrenergic antagonists29. 

These protective effects of B-adrenergic antagonists were also observed in high-risk 

patients, who had abnormal results on dobutamine stress echocardiography, 

undergoing major vascular surgery11. As the underlying chronic inflammatory state 

associated with coronary artery disease is still present despite revascularization, it 

is possible that patients undergoing cardiac surgery might also benefit from this 

protective effect after the operation. On the other hand, patients taking B-adrenergic 

antagonists or triple therapy might have a more aggressive form of coronary artery 

disease which could explain the observed difference, although we did not find 

differences regarding preoperative infarction or number of diseased coronary 

vessels between patients with and without B-adrenergic antagonists preoperatively. 

Concerning the complication of acute renal failure after coronary artery surgery as 

in the present study, Conlon and colleagues recently stressed on the importance of 

the preoperative plasma creatinine level, presence of diabetes, or carotid artery 

bruit, and duration of CPB30. 
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In conclusion, the use of heparin-coated circuits during elective low-risk coronary 

artery surgery did not provide significant benefits compared with the uncoated 

circuits in preventing adverse events in the postoperative period. This might be due 

to the fact that we studied "apparently healthy" low-risk patients. Except for the 

observed difference in transfusion of platelets, both groups experienced similar 

postoperative blood loss, transfusion requirements of allogenic blood, and adverse 

events. Both groups also experienced the same leukocytosis and increased body 

temperature during the postoperative period as possible clinical markers of the 

acute phase response. Patients on ^-adrenergic antagonists before the operation 

should continue the intake of this medication after the operation if possible in order 

to reduce the risk of atrial arrhythmia. The adverse events a patient is confronted 

with after cardiac surgery are likely the result of the impact of the surgical factors 

encountered as well as the preoperative condition of the patient. 

Acknowledgements 

We are indebted to Dr. Martin H. Prins for critical statistical review of the 

manuscript. This study was supported by the Bentley Division, Baxter 

Cardiovascular Group Europe, Baxter Healthcare. 

References 

1. Westaby S. Organ dysfunction after cardiopulmonary bypass. A systemic inflammatory 
reaction initiated by the extracorporeal circuit. Intens Care Med 1987;1 3:89-95 

2. Videm V, Mollnes TE, Fosse E, Mohr B, Bergh K, Hagve TA, Aasen AO, Svennevig JL. 
Heparin-coated cardiopulmonary bypass equipment. I. Biocompatibility markers and 
development of complications in a high-risk population. J Thorac Carcliovasc Surg 
1999;117:794-802 

3. Jansen PGM, te Velthuis H, Bulder ER, Paulus R, Scheltinga MRM, Eijsman L, Wildevuur 
CRH. Reduction in prime volume attenuates the hyperdynamic response after 
cardiopulmonary bypass. Ann Thorac Surg 1995;60:544-550 

4. Chenoweth DE, Cooper SW, Hugli TE, Stewart RW, Blackstone EH, Kirklin JW. Complement 
activation during cardiopulmonary bypass: evidence for generation of C3a and C5a 
anaphylatoxins. N Engl J Med 1981;304:497-503 

5. Turner JS, Morgan CJ, Thakrar B, Pepper JR. Difficulties in predicting outcome in cardiac 
surgery patients. Crit Care Med 1 995;23:1 843-1850 

6. Fransen E, Maessen J, Dentener M, Senden N, Ceskes G, Buurman W. Systemic 
inflammation present in patients undergoing CABG without extracorporeal circulation. Chest 
1998;113:1290-1295 

7. te Velthuis H, Jansen PGM, Hack CE, Eijsman L, Wildevuur CRH. Specific complement 
inhibition with heparin-coated extracorporeal circuits. Ann Thorac Surg 1996;61:11 53-11 57 

8. Wildevuur CRH, Jansen PGM, Bezemer PD, Kuik DJ, Eijsman L, Bruins P, De Jong AP, Van 
Hardevelt FWJ, Biervliet JD, Hasenkam JM, Kure HH, Knudsen L, Bellaiche L, Ahlburg P, 
Loisance DY, Baufreton C, Le Besnerais P, Bajan G, Matta A, Van Dyck M, Renotte MT, 
Ponlot-Lois A, Baele P, McGovern EA, McCarthy A, O'Donnell A, Fosse E, Moen O, Dregelid 

62 



Heparin-coated circuits, risk factors, and events 

E, Brockmeier V, Anderson C, Pomar JL, Ranucci M, Conti D, Cirri S, Conti E, Ditta A, von 
Segesser LK, Tkebuchava T, Weiss BM, Turina Ml , Svennevig JL, Mohr B, Videm V, Karlsen H, 
Pedersen TH, Thelin S, Halden E, Hagman L, Thörnö E, Ahlvin E. Clinical evaluation of 
Duraflo® II heparin treated extracorporeal circulation circuits (2nd version) The European 
working group on heparin coated extracorporeal circulation circuits. Eur J Cardlo-thorac Surg 
1997;11:616-623 

9. Zetterström H, Wiklund L. A new nomogram facilitating adequate haemodilution. Acta 
Anaesthesiol Scand 1986;30:300-304 

1 0. Baufreton C, Jansen PGM, Le Besnerais P, te Velthuis H, Thijs CM, Wildevuur CRH, Loisance 
DY. Heparin coating with aprotinin reduces blood activation during coronary artery 
operations. Ann Thorac Surg 1997;63:50-56 

11. Poldermans D, Boersma E, Bax JJ, Thomson IR, van de Ven LLM, Blankensteijn JD, Baars HF, 
Yo Tl, Trocino C, Vigna C, Roelandt JRTC, van Urk H. The effect of bisoprolol on 
perioperative mortality and myocardial infarction in high-risk patients undergoing vascular 
surgery. Dutch Echocardiographic Cardiac Risk Evaluation Applying Stress Echocardiography 
Study Group. N Engl J Med 1999;341:1 789-1 794 

1 2. Parsonnet V, Dean D, Bernstein AD. A method of uniform stratification of risk for evaluating 
the results of surgery in acquired adult heart disease. Circulation 1989;79:l 3-12 

1 3. Wimmer-Greinecker G, Yosseef-Hakimi M, Rinne T, Buhl R, Matheis G, Martens S, Westphal 
K, Moritz A. Effect of internal thoracic artery preparation on blood loss, lung function, and 
pain. Ann Thorac Surg 1999;67:1078-1 082 

14. 0v rum E, Brosstad F, Am Holen E, Tangen G, Abdelnoor M. Effects on coagulation and 
fibrinolysis with reduced versus full systemic heparinization and heparin-coated 
cardiopulmonary bypass. Circulation 1995;92:2579-2584 

1 5. von Segesser LK, Weiss BM, Pasic M, Garcia E, Turina Ml . Risk and benefit of low systemic 
heparinization during open heart operations. Ann Thorac Surg 1994;58:391 -397 

1 6. Levi M, Cromheecke ME, de Jonge E, Prins M H , de Mol BJM, Briët E, Büller HR. 
Pharmacological strategies to decrease excessive blood loss in cardiac surgery: a 
meta-analysis of clinically relevant endpoints. Lancet 1999;354:1940-1947 

17. Schrier RW, Berl T, Anderson RJ. Osmotic and nonosmotic control of vasopressin release. 
Am J Physiol 1979;236:F321-332 

1 8. Bruins P, te Velthuis H, Yazdanbakhsh AP, Jansen PGM, Van Hardevelt FWJ, de Beaumont 
EMFH, Wildevuur CRH, Eijsman L, Trouwborst A, Hack CE. Activation of the complement 
system during and after cardiopulmonary bypass surgery: postsurgery activation involves 
C-reactive protein and is associated with postoperative arrhythmia. Circulation 
1997;96:3542-3548 

1 9. Creswell LL, Schuessler RB, Rosenbloom M, Cox JL. Hazards of postoperative atrial 
arrhythmias. Ann Thorac Surg 1993;56:539-549 

20. Cox JL. A perspective of postoperative atrial fibrillation in cardiac operations. Ann Thorac 
Surg 1993;56:405-409 

2 1 . Golf S, Hansson V Effects of beta blocking agents on the density of beta adrenoceptors and 
adenylate cyclase response in human myocardium: intrinsic sympathomimetic activity 
favours receptor upreguiation. Cardiovasc Res Iy86;20:637-b44 

22. Tisdale JE, Patel RV, Webb CR, Borzak S, Zarowitz BJ. Proarrhythmic effects of intravenous 
vasopressors. Ann Pharmacother 1995;29:269-281 

23. Kalman JM, Munawar M, Howes LG, Louis WJ, Buxton BF, Gutteridge G, Tonkin AM. Atrial 
fibrillation after coronary artery bypass grafting is associated with sympathetic activation. 
Ann Thorac Surg 1995;60:1 709-1 71 5 

24. Pichlmaier AM, Lang V, Harringer W, Heublein B, Schaldach M, Haverich A. Prediction of 
the onset of atrial fibrillation after cardiac surgery using the monophasic action potential. 
Heart 1998;80:467-472 

25. Doshi RN, Wu TJ, Yashima M, Kim YH, Ong JJC, Cao JM, Hwang C, Yashar P, Fishbein MC, 

63 



Chapter 3 

Karagueuzian HS, Chen PS. Relation between ligament of Marshall and adrenergic atrial 
tachyarrhythmia. Circulation 1999;100:876-883 

26. Hack CE, Wolbink GJ, Schalkwijk C, Speijer H, Hermens WT, van den Bosch H. A role for 
secretory phospholipase A2 and C-reactive protein in the removal of injured cells. Immunol 
Today 1997;18:111 -115 

27. Suttorp MJ, Kingma JH, Peels HOJ, Koomen EM, Tijssen JCP, van Hemel N M , Defauw JAM, 
Ernst SMPC. Effectiveness of sotalol in preventing supraventricular tachyarrhythmias shortly 
after coronary artery bypass grafting. Am I Cardiol 1991;68:1163-1169 

28. Daoud EG, Strickberger SA, Man KC, Goyal R, Deeb CM, Boiling SF, Pagani FD, Bitar C, 
Meissner MD, Morady F. Preoperative amiodarone as prophylaxis against atrial fibrillation 
after heart surgery. N Engl I Med 1997;337:1 785-1 791 

29. Mangano DT, Layug EL, Wallace A, Tateo I. Effect of atenolol on mortality and cardiovascular 
morbidity after noncardiac surgery. Multicenter Study of Perioperative Ischemia Research 
Group. N Engl J Med 1996;335:1 71 3-1 720 

30. Conlon PJ, Stafford-Smith M, White W D , Newman MF, King S, Winn MP, Landolfo K. Acute 
renal failure following cardiac surgery. Nephrol Dial Transplant 1999;14:1158-1162 

64 



C h a p t e r 

Biphasic release of secretory phospholipase 

A2 during and after cardiopulmonary bypass 

Peter Bruins, Henk te Velthuis , Piet GM JansenT, León Eijsman7, 
C Erik Hack 

Department of Anaesthesiology, Academie Medical Centre, Amsterdam,* CLB and 

Laboratory for Experimental and Clinical Immunology, University of Amsterdam, 

Academic Medical Centre, Amsterdam,* Department of Cardiac Surgery, 

Vrije Universiteit Hospital, Amsterdam, The Netherlands 

4 

J Thorac Cardiovasc Surg 1998;115:949-951 



Chapter 4 

In t roduc t ion 

Recently Nakamura and colleagues1 reported on the enhancement of secretory 

phospholipase A2 (sPLA2) activity during cardiac operations. sPLA2 activity 

increased after systemic heparinization, before the patient was connected to the 

extracorporeal circuit, and was partially reduced after protamine administration. 

PLA2 hydrolyses the sn-2-ester bond of phospholipids and catalyzes the rate-

limiting step in the formation of eicosanoids from membranes. Consistent herewith, 

Nakamura and colleagues1 showed that sPLA2 activity correlated with the 

generation of circulating 6-keto-prostaglandin F l a during cardiac surgery and 

concluded that systemic heparinization stimulates eicosanoid production, which 

contributes to the vasodilating and anticoagulant action of heparin during 

cardiopulmonary bypass (CPB). However, cytokines such as interleukin-1 B, 

interleukin-6 and tumour necrosis factor-a also stimulate the production of sPLA2 

by cells including neutrophils, platelets, endothelial cells and liver cells. The 

regulatory sequences of the sPLA2 gene contain a putative interleukin-6 responsive 

element, homologous to that found in several acute phase genes2. Hence sPLA2 

may be an acute phase protein. The acute phase response is a sequential series of 

events that are induced by proinflammatory cytokines. An acute phase response is 

clinically marked by leukocytosis, fever, metabolic changes, and increased (but 

also decreased) synthesis of various liver proteins. The physiological importance of 

this response is unknown. The first acute phase proteins to rise during the acute 

phase response are sPLA2 and C-reactive protein (CRP). We studied the release of 

sPLA2 not only during CPB but also during the acute phase reaction induced by this 

procedure. 

Methods 

We studied the release of sPLA2 and CRP in ten patients, seven man and three 

women aged 58 years (median, range 54 to 67 years) and weighing 82 kg (range 79 

to 91 kg) scheduled to undergo elective coronary artery bypass grafting. The study 

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

Amsterdam and written informed consent was obtained from each patient. 

Anesthesia and surgical procedure were standardized and identical for all patients. 

In brief, on the morning of operation, patients received their usual dose of 

antianginal drugs and lorazepam (2 to 4 mg) as premedication. Anesthesia was 

induced intravenously with etomidate (0.2 mg/kg), fentanyl (50 ug/kg), 

pancuronium bromide (0.1 mg/kg), and midazolam (0.1 mg/kg), and maintained by 
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supplemental closes. After endotracheal intubation, patients were ventilated to 

normocapnia with oxygen and air mixture. Cefamandole (2 gm) was given 

intravenously for infection prophylaxis. A radial artery catheter and a flow-directed 

pulmonary artery catheter (Swan-Ganz, Baxter/American Edwards Laboratories, 

Santa Ana, Calif.) were inserted for hemodynamic measurements and collection of 

blood samples. Volume was supplemented and further deviations from pressures or 

vascular resistances were treated with appropriate vasoactive medication. The 

extracorporeal circuit consisted of a hollow-fiber oxygenator with integrated heat 

exchanger (Univox, Baxter Healthcare Corp., Irvine, Calif.) and roller pump. CPB 

duration was 93 minutes (80 to 111 minutes). Patients received 250 IU heparin/kg 

body weight. (Leo Pharmaceutical Products, Weesp, The Netherlands). Blood 

samples were collected from the radial artery catheter or the arterial site of the 

extracorporeal circuit and by venous puncture after removal of the radial artery 

catheter. Platelet-poor plasma was prepared by centrifugation immediately after 

collection and stored at -70°C. Circulating concentrations of sPLA2 and CRP were 

determined with enzyme-linked immunosorbent assays as previously described 3. 

Results 

Consistent with the data of Nakamura and coworkers,' we found significant 

increases, that is, up to threefold the baseline levels, of sPLA2 during CPB (Fig. 1). 

However, levels increased tremendously, that is, up to thirty times baseline levels, 

on the first and second postoperative days. To demonstrate that sPLA2 release 

during CPB is induced by systemic heparin, we incubated 0.2 mL of whole blood 

of a healthy volunteer in phosphate-buffered saline solution containing increasing 

heparin (Leo Pharmaceutical Products) concentrations for 15 minutes at room 

temperature on a shaker (200 rpm). Heparin at a concentration of 3 U/mL, 

comparable with that during systemic heparinization, caused a 2.5-fold increase (± 

0.55, standard deviation) of sPLA2 from blood cells, and reached a maximal 4.1-

fold increase (± 0.81) at 25 U/mL (Fig. 2). These in vitro data also suggest that the 

elevations of sPLA2 during CPB are mainly explained by heparinization of the 

patient. 

Comment 

The elevation on the postoperative days likely reflected that sPLA2 is an acute phase 

protein, as stated previously24. Its production and release continued for several 

days while preceding the release of the prototype of acute phase proteins in man, 
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protamine Time (hours) 

Figure 1 Release of sPLA2 and CRP during and after cardiac surgery. During heparinization, a minor 
release of SPLA2 of threefold baseline levels is found, which is partly antagonized by the administration of 
protamine sulfate. During the acute phase response, a second and major release of sPLA2 occurs, 
reaching levels of thirty times baseline levels. Data presented are medians with interquartile range. 
* p< 0.01 compared with baseline, Wilcoxon rank-sum test. 
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Figure 2 Effect of heparin on the release of secretory phospholipase A2 levels in whole blood. Whole 
blood was incubated with various concentrations of heparin (U/mL) for 15 minutes at room temperature. 
Data presented are medians with range (n=3). * p< 0.01 compared with baseline, Wilcoxon rank-sum 
test. 
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CRP. The role of sPLA2 in the acute phase response in general and after cardiac 

surgery more specifically is not clear. It has been hypothesized that sPLA2 and CRP, 

in a combined effort, promote phagocytosis of injured cells and tissue debris by 

neutrophils. 

The molecular base for this hypothesis is that sPLA2 preferentially hydrolyzes 

phospholipids of cells that have undergone a flip-flop (i.e. an exchange of 

phospholipids of the inner and outer leaflet of the plasma membrane, for example, 

as a consequence of ischemia) to generate binding sites for CRP. 

Bound CRP in turn may induce complement activation via the classical pathway 

and so promote phagocytosis of metabolically compromised cells that are 

generated during inflammation or ischemia4. During cardiac surgery, the tissues of 

heart and lungs especially are deprived of oxygen during aortic crossclamping and 

may therefore be the primary target for sPLA2 activity, subsequent CRP deposition, 

and finally complement- and neutrophil-mediated damage5. Alternatively, sPLA2 

release during the first postoperative day may further contribute to the generation 

of proinflammatory prostaglandins and leukotrienes by the mechanism described 

by Nakamura and associates'. Most typical, one in three patients have rhythm 

disturbances, mainly atrial fibrillation with fast ventricular rate, but all patients have 

leukocytosis and fever on the first, second or third postoperative day5. Our data 

suggest that sPLA2 may be involved in the pathogenesis of these complications. 
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Abstract 

Background Complement activation during cardiopulmonary bypass (CPB) surgery 

is considered to result from interaction of blood with the extracorporeal circuit. We 

investigated whether additional mechanisms may contribute to complement 

activation during and after CPB, and, in particular, focussed on a possible role of 

the acute phase protein C-reactive protein (CRP). 

Methods In 19 patients enrolled for myocardial revascularization, perioperative 

and postoperative levels of complement activation products, lnterleukin-6 (IL-6), 

CRP, and complement-CRP complexes, reflecting CRP-mediated complement 

activation in vivo, were measured and related to clinical symptoms. 

Results A biphasic activation of complement was observed. The ratio between the 

areas under the curve of perioperative and postoperative C3b/c and C4b/c were 3:2 

and 1:46, respectively. IL-6 levels reached a maximum at 6 hours post-surgery. CRP 

levels peaked on the second postoperative day. Each complement-CRP complex 

had peak levels on the second or third postoperative days. By multivariate analysis, 

maximum levels of CRP on the second postoperative day were mainly explained 

by C4b/c levels after protamine administration, leukocyte count on the second 

postoperative day, and preoperative levels of CRP. Peak levels of C4b/c after 

protamine administration (p=0.0073) and on the second postoperative day 

correlated with the occurrence of arrhythmia on the same day (p=0.0065). 

Conclusions Cardiac surgery with CPB causes a biphasic complement activation. 

The first phase occurs during CPB and results from the interaction of blood with the 

extracorporeal circuit. The second phase, which occurs during the first 5 days post-

surgery, involves CRP, is related to baseline CRP levels, and is associated with 

clinical symptoms such as arrhythmia. 

I n t r o d u c t i o n 

Cardiopulmonary bypass (CPB) induces a systemic inflammatory response by 

triggering the production and release of a multitude of inflammatory mediators'. 

During surgery and in the early postoperative stage, the extent of this inflammatory 

response is associated with clinical symptoms as hemodynamic instability, fever, 

bleeding disorders, and organ failure in severe cases24. These symptoms are 

generally well controlled by adequate postoperative treatment. On the first and 

second postoperative days, however, patients generally develop fever, leucocytosis, 

tissue oedema, and sometimes arrhythmia (i.e. atrial fibrillation), which may lead 

to a prolonged hospital stay5'6. 
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Many investigators reported on the activation of the complement system during or 

shortly after CPB and on the release of pro-inf lammatory cytokines such as tumor 

necrosis factor-alpha and IL-6. Complement activation during CPB occurs mainly 

via the alternative pathway and is induced by the contact of blood wi th the surface 

of the extracorporeal c i r cu i t 2 ' 7 9 . O n administrat ion of protamine and the 

subsequent formation of hepar in-protamine complexes, complement is further 

activated via the classical pathway4-1 0 . A l though the extent of complement 

act ivat ion dur ing CPB correlates w i th the severity of the operat ion and the 

development of complications2 , most cl inical problems do not occur until the first 

or second postoperative days1 ' -1 3 . This is intr iguing, considering that in animal 

models, most complement-mediated b io logical effects develop w i th in hours 

fo l lowing activation of the system14. 

Patients undergoing CPB experience a rise in body temperature and leucocytosis, 

starting 24 hours after surgery. These symptoms point to an ensuing acute phase 

response, wh i ch is characterized b iochemica l ly by changes in levels of various 

acute phase proteins. C-reactive protein (CRP) is the prototypical acute phase 

protein in humans. Although its funct ion in vivo is poorly understood, one of the in 

vi tro functions attributed to CRP, is its potency to activate complement1 5"1 8 . It is 

unknown, whether CRP contributes to complement activation in patients during or 

after CPB. Recently, we developed methods to assess CRP-mediated complement 

act ivat ion in v ivo and observed act ivat ion of complement by CRP in patients 

receiving renal allografts19. 

In the present study, we employed these methods to assess the act ivat ion of 

complement during and after CPB, and the participation of CRP therein. Activation 

of complement by CRP was measured by determining levels of complexes between 

CRP and activated C4 or C3 1 9 . Addi t iona l ly , these complement act ivat ion 

parameters were related to c l in ical symptoms like the occurrence of arrhythmia, 

fever, and leucocytosis. 

Pa t i en t s , ma te r ia l s and me thods 

Study design 

We prospectively studied 19 patients (16 men, 3 women) aged 60 years (median; 

ranges, 51-75 years) undergoing CPB for myocardial revascularization. Al l patients 

had good left ventr icular funct ion and were free of diseases other than coronary 

artery disease. Patients using cort icosteroids or other ant i - in f lammatory drugs 

except for low doses of aspir in, i.e., 80 mg unti l as late as 3 days before the 

operation, were excluded from the study. Patients gave written informed consent 
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and were evaluated according to a protocol approved by the Medical Ethics 

Committee of the Academic Medical Centre of Amsterdam. 

On the morning of surgery, patients received their usual dose of antianginal drugs 

and 2 to 4 mg lorazepam, as premedication. Anesthesia was induced intravenously 

with 0.2 mg/kg etomidate, 50 ug/kg fentanyl, 0.1 mg/kg pancuronium bromide, 

and 0.1 mg/kg midazolam and was maintained by supplemental doses. Following 

endotracheal intubation, patients were ventilated to normocapnia with oxygen and 

air mixture. Cefamandol (2 gm) was given intravenously for infection prophylaxis. 

A radial artery catheter and a flow-directed pulmonary artery catheter (Swan-Ganz, 

Baxter/ American Edwards Laboratories, Santa Ana, USA.) were inserted for 

hemodynamic measurements and collection of blood samples. Volume was 

supplemented and further deviations from pressures or vascular resistances were 

treated with appropriate vasoactive medication. 

The extracorporeal circuit consisted of a soft shell closed venous reservoir (BMR 

1900, Baxter Healthcare Corp, Irvine, CA), roller pump, hollow fibre oxygenator 

with integrated heat exchanger (Univox, Baxter), arterial filter, cardiotomy reservoir, 

and polyvinyl tubing system. The extracorporeal circuit was primed with 

1500 mL Ringer's lactate solution, 200 mL aprotinin (2 x 1 O6 KIU Trasylol, Bayer, 

Leverkusen, Germany), and 100 mL of 20% mannitol. Magnesium sulphate, 

0.1 gram/kg and 5,000 IE bovine heparin (Leo Pharmaceutical Products, Weesp, 

The Netherlands) were added to the priming solution. Total priming volume was 

1800mL. 

Following systemic heparinization (250 U/kg), CPB was initiated with cannulas 

placed in the ascending aorta and right atrium (two stage venous canula). Activated 

clotting time (ACT) was kept above 500 seconds by giving additional heparin. A 

nonpulsatile roller pump was used for all operations. The nonpulsatile flow rate 

was maintained at 2.4 L/min/m2 during cooling and rewarming phases. Patients 

were cooled to 27°C to 30°C at a flow rate of 1.8 L/min/m2. For myocardial 

protection, patients received high-potassium cold crystalloid cardioplegia (800 to 

1000 mL, potassium 20 mmol/L, 4°C, St Thomas, Academic Medical Centre, 

Amsterdam, The Netherlands) during aortic cross clamping. During aortic cross 

clamping, mechanical ventilation was interrupted and the lungs were at rest with 

static inflation (5 cm H20, 2 1 % oxygen). Disturbances in the acid-base balance 

were appropriately treated. The hematocrit during CPB was maintained at 18% to 

25%. Distal anastomoses of the grafts were placed during aortic cross clamping, 

and proximal anastomoses were placed after cross-clamp removal and restoration 

of mechanical ventilation. After termination of CPB, heparin was antagonized with 

protamine sulphate at a 1:1 ratio (3mg/kg). If necessary, inotropic support was given 
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when patients were weaned from CPB. Autologous blood and residual volume from 

the extracorporeal circuit were infused into the patient when volume supplemen

tation was necessary. 

Following surgery, patients were admitted to the intensive care unit (ICU), and 

treated according to a standardized protocol. Mean arterial blood pressure was 

kept at 65 to 80 mm Hg, heart rate at 70 to 80 beats/min, pulmonary artery wedge 

pressure at 8 to 12 mm Hg, and cardiac index >2.5 L/min/m2. Cardiotonic support 

was administered when necessary. Fluid balance, rectal temperature, and 

hemodynamic parameters were recorded every hour. Patients were ventilated to 

normocapnia and an arterial oxygen tension >80 mm Hg with continuous positive 

pressure ventilation, and positive end-expiratory pressure of 5 cm H20 until 

extubation according to the ICU regimen. Basic fluid administration consisted of 

0.9% NaCI, and 4% modified fluid gelatin (Celofusine®, Vifor Medical SA, Sankt 

Gallen, Switzerland). Packed erythrocytes were infused when the hematocrit was 

less than 26%. When their cardiorespiratory condition had stabilized, patients were 

transported to the ward for further recovery. 

Collection of blood samples 

Blood specimens for hemoglobin, hematocrit, white blood cell numbers, and 

platelet counts were collected in 5-mL glass Vacutainer tubes containing 

ethylenedinitrilotetraacetic acid (EDTA) (Becton Dickinson, Franklin Lakes, USA). 

Blood samples for analysis of complement activation products, CRP, and 

interleukins were collected in 5-mL siliconized Venoject tubes (Terumo Europe 

N.V., Leuven, Belgium) containing 10 mmol/L EDTA, 0.1 mg/mL Soybean Trypsin 

Inhibitor (Sigma Chemical Co., St. Louis MO, USA), and 25 mmol/L benzamidin 

(Agros Organics, Geel, Belgium). During surgery and in the ICU, all samples were 

taken via a radial artery catheter, while the other blood specimens were obtained 

by venous puncture. Plasma was prepared by centrifugation of the blood for 20 

minutes at 1500g immediately after collection. The samples were stored at -70° C. 

Blood samples were obtained at the following time points: after the induction of 

anesthesia (before median sternotomy); 30 minutes after the start of CPB; 

immediately after CPB, but before protamine administration; during closure of the 

sternum; one hour and 6 hours after arrival at the ICU; and on the first, second, 

third, fourth, and fifth postoperative days. 

Biochemical parameters 

C3a levels were determined by radioimmunoassay as described previously20 and 

expressed as nmol/L. Normal values of C3a are <6 nmol/L. C3b/c (i.e. C3b, C3bi or 
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C3c) and C4b/c (i.e. C4b, C4bi or C4c) concentrations were determined with 

ELISAs as described21-23. Briefly, C3b/c was measured using monoclonal antibody 

(mAb) anti-C3-9 as capture antibody, which binds to C3b, iC3b, C3c as well as iC3 

(C3b-like C3)24. Biotinylated polyclonal rabbit antibodies to human C3c were used 

as detecting antibody. C4b/c was measured using mAb anti-C4-1, which binds to a 

neoepitope exposed on C4b, iC4b, C4c as well as iC4, as capture antibody. Bound 

C4b/c was detected with biotinylated anti-C4c antibodies. Normal values of C3b/c 

and C4b/c are <50 nmol/L. 

Total C3, C4, and IgG concentrations were determined by nephelometry (C3c, C4, 

and human IgG, Behring Diagnostics Benelux N.V., Rijswijk, The Netherlands; 

Behring Nephelometer Analyzer, Behringwerke AG, Marburg, Germany) according 

to the manufacturer's protocol. 

Plasma IL-6 was determined by ELISA (CLB, Dept. Immune Reagents) as previously 

described25. Normal values of IL-6 are <10 ng/L C-reactive protein (CRP) levels 

were measured with a sandwich-type ELISA in which polyclonal rabbit anti-CRP 

antibodies were used as catching antibodies and a biotinylated mAb against CRP 

(CLB anti-CRP-2) as the detecting antibody. Results were related to a standard 

consisting of commercially available CRP (Behringwerke AG, Marburg, Germany), 

and expressed as mg/L. The detection limit of the assay was 10 ng/L. CRP levels in 

healthy persons are <3 mg/L. 

Complement-CRP complexes were measured with sensitive ELISAs as described 

previously19. Briefly, complement proteins fixed to CRP were separated from 

unbound complement proteins by absorption onto phosphorylcholine-Sepharose 

(Pharmacia Fine Chemicals, Uppsala, Sweden). For the quantification of C3b-CRP, 

purified mAb anti-C3-9 was used as a catching antibody; for that of C3d-CRP 

complexes, mAb anti-C3-1 9; for that of C4b-CRP, mAb anti-C4-1; and for that of 

C4d-CRP, mAb anti-C4-4, respectively. It is to be noted that the ELISAs for C3b-CRP 

and C4b-CRP complexes also detect C3bi-CRP and C4bi-CRP, respectively. 

Similarly, the ELISAs for C3d-CRP and C4d-CRP complexes detect C3d-CRP, C3b-

CRP and C3bi-CRP, and C4d-CRP, C4b-CRP, and C4bi-CRP, respectively". 

Complement-CRP complex levels in healthy volunteers are <4 pmol/L. 

Statistical analysis 

Data were stored and analysed using standard computer software (SPSS 6.1.3, SPSS 

Inc., Chicago, IL, USA). To analyze changes in time, one factor analysis of variance 

(ANOVA) for repeated measurements was applied, supplemented with the Scheffé 

post-hoc test. Regression analysis was used to assess correlation between 

parameters. A two-sided probability value of p<0.05 was considered statistically 
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significant. Values are presented as medians with interquartile range unless stated 

otherwise. 

Results 

Patients 

The demographic and surgical data of the patients included are shown in Table 1. 

Each patient had effort-induced angina pectoris resistant to antianginal medication 

and multivessel coronary artery disease documented by coronary cineangiography. 

Ten patients had a history of previous myocardial infarction. All patients survived 

the procedure and had a normal recovery, although 2 patients required surgical 

exploration for postoperative bleeding including one who had an intra-aortic 

balloon inserted because of poor hemodynamic performance. 

Table 1 Clinical characteristics of the 19 patients 

Age (years) 60(51-75) 

Body weight (kg) 81 (51-110) 

Gender (male : female) 1 6 : 3 

BSA(m2) 2.00(1.50-2.39) 

Distal anastomoses 4 (3 - 6) 

LVEDP(mmHg) 10(6-24) 

CPB time (minutes) 94 (56-1 60) 

Cross-clamp time (minutes) 55 (36-106) 

BSA indicates body surface area; CPB time, duration of cardiopulmonary bypass ; and LVEDP, left 
ventricle end-diastolic pressure. Data are expressed as median (range). The internal mammary artery was 
used for reanastomosis in 1 5 patients. 

In the first 18 hours postsurgery, the body temperature of the patients normalized 

(median, 37.5° C; interquartile range, 37° C to 38°C). Postoperative fever occurred 

in all patients on the second and third postoperative days (38.4° C; range, 38.1 ÜC 

to 38.8° C). This phenomenon was accompanied by a significant twofold increase 

in polymorphonuclear cells (p<0.01). Maximum values of polymorphonuclear cells 

occurred after protamine administration (9.5 x 109 cells/L; range, 7.3 to 11.4 x 109 

cells/L) and on day 2 (10.8 x Ï0'> cells/L; range, 8.9 to 13.3 x 109 cells/L). 

Postoperative arrhythmia, i.e., supraventricular tachyarrhythmia or atrial fibrillation 

with fast ventricular rate (120-180 bpm), requiring anti-arrhythmic therapy 

occurred in 7 of 19 patients (i.e., 2 patients on day 2, 4 patients on day 3, and 

1 patient on day 4). 

77 



Chapter 5 

Complement activation 

C3a levels after induction of anesthesia were low and increased during CPB, 

resulting in peak levels after protamine administration (58 nmol/L; range, 39 to 

71 nmol/L) (Figure 1 A). C3a levels then declined within the first 24 hours to pre-

CPB levels. Levels of C3b/c also increased after the initiation of CPB, resulting in 

maximum levels after protamine administration (461 nmol/L; range, 370 to 

655 nmol/L), and began to decline thereafter to pre-CPB levels on the first 

postoperative day (day 1; Figure 1 B and Table 2). On day 2, however, C3b/c levels 

started to increase again to reach maximum levels on day 4 (70 nmol/L; range, 33 

to 82 nmol/L) and remained increased on day 5. C4b/c levels decreased 

significantly during the first minutes of CPB, mainly because of hemodilution (Table 

2). Thereafter, levels slightly increased, particularly after protamine administration, 

at which point of time they were significantly higher than baseline levels (57 

nmol/L; range, 45 to 88 nmol/L; Figure 1C, Table 2). On the second, third and 

fourth postoperative days, a secondary and significant increase was observed (67 

nmol/L; range, 47 to 89 nmol/L). Levels of C4b/c declined thereafter to pre-CPB 

levels. 

For each patient we compared perioperative with postoperative levels by 

calculating area under the curves (AUC) for these periods, representing the total 

amount of complement activation products of both the alternative and the classical 

pathway for both C3b/c and C4b/c levels. It appeared that the mean ratio of 

perioperative versus postoperative values was 3:2 for C3b/c, compared with 1:46 

for C4b/c. 

During the CPB produre, the blood is considerably diluted, which should be taken 

into account when complement activation markers are measured. We determined 

the total concentrations of circulating C3 and C4 and corrected these 

concentrations for dilution by the levels of total IgC (Table 2). The total amounts for 

C3 and C4 dropped after the start of the CPB procedure, which was explained 

completely by the hemodilution. After several days, this drop was completely 

converted into an increase in C3 and C4 production which was induced by the 

acute phase response. When we calculated the percentage of activated C3 and C4 

of the total amounts present and corrected for hemodilution, we still found a highly 

significant increase in C3 activation during the procedure, whereas enhanced C4 

activation was detected only after protamine administration. 

Acute Phase Response 

Plasma IL-6 levels increased at the end of CPB, reaching a maximum after 6 hours 

in ICU (112 ng/L; range, 56 to 184 ng/L; Figure 2A) and then gradually returning to 
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Figure 1 Course of C3a (A), C3b/c (B), and C4b/c (C) during and after CPB surgery. Blood samples were 
taken after induction of anesthesia (baseline), 30 minutes after start of CPB, at the end of CPB, 20 minutes 
after protamine administration, 1 and 6 hours at the ICU, and on day 1 to 5. Data represent median and 
interquartile range (error bars). Asterisks indicate significant change compared with baseline values. Level 
of significance was p<0.05 (one-factor ANOVA with repeated measures, supplemented with the Scheffé 
posf-/ioctest). 

pre-CPB levels w i th in 4 days. CRP levels increased in all patients from 6 hours in 

ICU, reaching max imum levels on day 2 (60 mg/L; range, 47 to 72 mg/L; 

Figure 2B). Thereafter, CRP levels gradually dec l ined, al though they were still 

elevated on day 5. Complement-CRP complexes increased significantly (p< 0.01) 

in all patients postoperatively, reaching maximum levels on days 2 and 3. C4d-CRP 

complex ievels (591 pmol/L; range, 335 to 750 pmol/L) were signif icantly higher 

than C4b-CRP levels (34 pmol/L; range, 14 to 88 pmol/L), whereas C3b-CRP (103 

pmol/L; range, 72 to 1 59 pmol/L) and C3d-CRP (81 pmol/L; range, 50 to 98 pmol/L) 

levels were wi th in the same range (Figure 3A through 3D). 

Correlation between complement parameters and clinical symptoms 

Multivariate analysis was used to assess correlations between various parameters. 

C4d-CRP on day 2 correlated w i th levels of C4b/c on the same day (R2=0.36, 

p=0.009). 
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CRP-mediated complement activation after CPB 

Figure 2 Course of IL-6 (A) and CRP (B) during and after CPB surgery. Sampling points are explained in 
Fig 1. Data represent median and interquartile range. Asterisks indicate significant change compared with 
baseline values. Level of significance was p<0.05. 
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Figure 3 Course of complement-CRP complexes during and after CPB: CRP-C3b complexes (A), CRP-
C3d complexes (B), CRP-C4b complexes (C), CRP-C4d complexes (D). Asterisks indicate significant 
change compared with baseline values. Level of significance was p<0.05. 
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Table 3 Complement activation and CRP levels at various points of time in the 

patients with or without arrhythmia 

Sample point 

baseline 

after protamine 

day 2 

baseline 

after protamine 

day 2 

baseline 

after protamine 

day 2 

baseline 

after protamine 

day 2 

baseline 

after protamine 

day 2 

baseline 

after protamine 

day 2 

baseline 

after protamine 

day 2 

baseline 

after protamine 

day 2 

Arrhythmia (n= 7) 

4.1 (1 .5-5.4) 

62 (49 - 64) 

3 .8 (1 .9 - 12) 

25 (19 -34) 

509 (342 - 599) 

3 6 ( 3 0 - 4 8 ) 

54 (35 - 60) 

88 (63 - 116) 

1 3 0 ( 3 4 - 186) 

0.23 (0.15-0.47) 

0.12 (0.09-0.41) 

51 (42- 76) 

0.4(0.1 - 1.0) 

4 .0 (1 .8 -5 .3 ) 

112 (70 - 168) 

ND 

ND 

33 (20 - 42) 

1.4(0.5 - 1.7) 

6.5 (4.9- 12) 

85 (65 -97) 

2.0(1.1 -4.9) 

85 (43 - 140) 

800(611 - 1183) 

No Arrhythmia (n= 12) 

2 .9(1 .6-5 .8) 

49 (30-81) 

3.9 (3.3 -4.1) 

34 (21 -62) 

382 (191 -560) 

41 (37-63) 

15 (11 -36) 

50 (26-59) 

39 (25-51) 

0.33 (0.15 -0.65) 

0.15 (0.11 -0.33) 

65 (50- 75) 

0.45 (0.05-2.2) 

2.2 (1.7-2.9) 

103 (72 - 186) 

ND 

ND 

46 (23 - 77) 

1.3 (0.9- 1.9) 

4.9 (2.7- 7.5) 

69 (55 - 129) 

0.7 (0.3- 3.0) 

21 (8.7-34) 

525 (208 - 600) 

p-value 

NS 

\ 5 

NS 

NS 

NS 

NS 

0.014 

0.013 

0.049 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

0.028 

0.004 

ND indicates not detectable; and NS, Not Significant (p>0.05). Data are expressed as median values 
(interquartile range). Differences between the two groups were determined by Mann-Whitney U test. 

Maximum CRP levels (i.e. first to third postoperative days) correlated with peak 

temperature during the first 18 hours after surgery (R2=0.31, p=0.017). The 

following independent variables for explanation of the CRP level on the second 

postoperative day were entered in a forward stepwise regression analysis: leukocyte 

count after protamine and on the second postoperative day, C3b/c at baseline and 

after protamine infusion, C4b/c at baseline, after protamine and on the second 

postoperative day, and CRP at baseline. The level of CRP on the second 

postoperative day was explained by three variables: CRP day 2 = 97.3 - 5.1 x 

(leukocyte count day 2) + 0.26 x (C4b/c after protamine) + 11.8 x (CRP baseline); 

C3a 

(nmol/L) 

C3b/c 

(nmol/L) 

C4b/c 

(nmol/L) 

CRP 

(mg/L) 

C3b-CRP 

(pmol/L) 

C4b-CRP 

(pmol/L) 

C3d-CRP 

(pmol/L) 

C4d-CRP 

(pmol/L) 
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the adjusted R2 for this model was 0.61 (p = 0.0022). The confidence interval for 

leukocyte count day 2 was -7.5 to -2.8, for that of C4b/c after protamine, 0.09 to 

0.43, and for that of CRP baseline 0.6 - 22.9, respectively. 

IL-6 did not contribute to the model, maximum IL-6 levels showed no correlation 

(R2=0.1, p=0.46) with maximum CRP levels. 

Differences in complement activation and CRP levels between patients with and 

without arrhythmia are depicted in Table 3. Significant differences between patient 

groups occurred in terms of the peaks of the classical pathway of complement 

activation, i.e., after protamine administration, and on the second postoperative 

day. Additionally, C4b/c levels at baseline were different in the patients with or 

without arrhythmia. Moreover, C4d-CRP complexes after protamine administration, 

and on the second postoperative day differed between each group. C4b/c at 

baseline and C4d-CRP level on day 2 also correlated with the occurrence of 

arrhythmia (R2=0.41, p=0.0037; Table 4). The occurrence of arrhythmia also 

correlated with the levels of C4b/c after protamine administration (R2=0.35, 

p=0.0073) and on the second postoperative day (R2=0.37, p=0.0065). 

Table 4 Forward stepwise logistic regression of arrhythmia 

Variable 

C4 b/c baseline 

C4dCRP day 2 

Constant 

Coefficient 

0.08 

0.02 

-17.89 

95% CI 

-0.02-0.29 

-0.04 - 0.05 

-37.99 -2.19 

CI indicates confidence interval. Logit (arrhythmia) = -17.89 + 0.08 x (C4b/c baseline) + 0.02 x (C4d-CRP 

day 2). 

Discuss ion 

Most studies have focussed on the activation of the complement system during the 

operation. This study confirms that during extracorporeal circulation the 

complement system is activated mainly through the alternative pathway, whereas 

classical pathway activation occurs after the administration of protamine7*9'22. Yet 

most clinical events affecting the recuperation of the patient occur during the first 

three days following surgery, during which period patients develop an acute phase 

response (APR)26. In this prospective study, we showed a marked APR in patients 

following cardiac surgery, even though these patients preoperatively were 

considered to be at low risk for adverse events in the postoperative period. 

Remarkably, this APR coincided with renewed activation of the complement 

83 



Chapter 5 

system; the ratio between AUC of C4 activation products during or shortly after 

CPB and that during the APR was 1:46, whereas that for C3 activation products was 

1.6:1. Thus, the classical complement pathway apparently was activated during the 

APR, which proceeded for several days. 

The APR was biochemically marked by the enhanced production of the 

prototypical acute phase protein CRP and by the levels of total C3 and C4. CRP 

levels rose markedly starting at 6 hours after surgery, culminating on the second 

postoperative day. This lag between stimulus and maximum CRP levels is consistent 

with values reported in the literature26-27, as is the magnitude of the increase (i.e., 

median, 234-fold up to 1000-fold)26. CRP is able to activate the complement system 

via the classical pathway as was shown previously in vitro15'16'28, and recently in 

vivo also19. During the APR induced by cardiac surgery, CRP mediated complement 

activation at least in part, as was evident from increasing C3- and C4-CRP 

complexes on days 1 to 5. C3d-CRP complex levels, which specifically are 

generated during CRP-mediated complement activation19, started to rise already 

during the operation, indicating that baseline values of CRP, although within the 

normal range (i.e., <3 mg/L), are involved in complement activation before CRP 

levels rose and that some classical pathway activation (i.e., triggered by CRP) 

occurs during cardiac surgery in addition to the more prominent alternative 

pathway activation. Moreover, protamine administration induced a rise in C4-CRP 

complexes as well as C3-CRP complexes. Thus, in line with in vitro observations28, 

protamine may also induce CRP-mediated complement activation in vivo. 

All patients had increased complement-CRP complexes during the first 

postoperative days. C4d-CRP levels were approximately 10-fold higher than the 

C4b-CRP levels, whereas C3b-CRP and C3d-CRP levels were comparable. This 

supports results of in vitro studies showing that C4b fixed to CRP is rapidly 

inactivated to C4d, whereas C3b is not19. Apparently, this differential breakdown of 

C4b and C3b also occurs in vivo. 

IL-6 is well known for its capability to induce the production of acute phase 

proteins by the liver26. In agreement with our results, CRP levels in the patients did 

not increase until IL-6 was released. Yet no correlation between CRP and IL-6 levels 

was found, which may have been caused by differences in clearance rates. 

Our study does not allow conclusions regarding the ligand for CRP. In the presence 

of Ca2+-ions CRP binds specifically to phosphatidylcholine (PC)15, in particular 

when some lyso-phosphatidylcholine is present17. Hence, as we have discussed 

elsewhere18, a supposed ligand for CRP in inflamed tissues may be the membranes 

of flip-flopped cells or microvesicles derived from these membranes by 
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hydrolyzation by secretory PLA2. Long-chain acylcarnitines and lyso-

phosphatidylcholines are generated from phosphatidylcholine by PLA2 enzymes 

and can both contribute to membrane dysfunction by inhibiting the exchange of 

sodium and calcium ions in sarcolemmal vesicles and lead to development of 

arrhythmia29. This may explain the association between raised levels of CRP, 

complement-CRP complexes, and activated complement and the occurrence of 

arrhythmia. Alternatively, this association reflected the generation of active 

complement fragments in the myocardium, which, via mechanisms not completely 

resolved, may induce arrhythmia30*31. 

Changes in levels of CRP, complement, and complement-CRP complexes during 

the first days following surgery corresponded to clinical phenomena like 

leucocytosis, fever, and the occurrence of arrhythmia in the same period. Multiple 

regression analysis revealed that baseline levels of CRP were correlated with the 

levels of CRP on the second postoperative day, suggesting that "high-CRP 

responders" can be distinguished from "low-CRP responders" by baseline CRP 

levels. Therefore, preoperative CRP levels may indicate an increased risk for the 

occurrence of adverse events. Yet baseline CRP levels were within the normal 

range, i.e., <3 mg/L, and did not discriminate between patients with or without 

arrhythmia. Currently, we are extending these studies to establish the extent to 

which baseline CRP levels may predict an increased risk for arrhythmia and other 

complications in the late postoperative period. The incidence of arrhythmia in the 

postoperative period was 37% in this small group, which is in accordance with the 

literature13. The occurrence of arrhythmia during the postoperative period 

following cardiac surgery is influenced by several factors, i.e., operation procedure, 

severity of coronary artery disease, and withdrawal of ft-sympathicolytic 

drugs5-32'33. Because postoperative arrhythmia in general extends the 

hospitalization of these patients by at least one day, preoperative administration of 

antiarrhythmic drugs seems attractive to prevent the development of arrhythmia. 

Our results not only suggest that preoperative C4b/c levels may be used to select 

patients for such a pretreatment, but also imply that anti-inflammatory drugs may 

be useful to prevent arrhythmia. 

In conclusion, we demonstrate that complement is activated not only during CPB 

but also during the first days thereafter, that increasing CRP levels contribute to this 

activation, and that this activation is associated with the occurrence of adverse 

events such as arrhythmia. 
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Chapter 5 

To the Editor: The excellent review of Gabay and Kushner1 summarizes much of 

the current knowledge concerning the acute phase response (APR) during 

inflammation. However, in our opinion, the review does not discuss important, 

novel, data concerning the ability of C-reactive protein (CRP; the prototypical acute 

phase protein in man) to activate the complement system in vivo. Therefore, we 

would like to discuss briefly the evidence for this, the more since it may be an 

important mechanism in human disease. 

We would like to emphasize on this ability of CRP by focussing on a new method 

to measure CRP-mediated complement activation in vivo2, involvement of CRP in 

the local activation of complement in infarcted myocardium3, and evidence of 

CRP-mediated complement activation during and after cardiac surgery4. 

Knowledge concerning the ability of CRP to activate the complement system via 

the classical pathway is based mainly on in vitro experiments. Recently, however, 

we described a method to assess CRP-mediated complement activation in vivo2. 

These specific Elisas recognize complexes between CRP and C4b, C4d, C3b, or 

C3d. Increased circulating plasma levels of these complexes were found in patients 

after implantation of a renal transplant, and in patients with cancer undergoing IL-2 

therapy2. In infarcted myocardium the colocalization of CRP and activated 

complement was demonstrated by (double) immunohistochemical staining 

techniques3. CRP deposition in infarcted myocardium paralleled the known course 

of CRP plasma levels during APR. In healthy areas of the myocardium no 

depositions of CRP were found. Furthermore, levels of complement-CRP complexes 

increased markedly during and after cardiac surgery and were associated with the 

occurrence of atrial fibrillation4. So, we conclude that CRP is able to activate 

complement in vivo. 

Pivotal in CRP-mediated complement activation is binding of CRP to a ligand. CRP 

can bind to vesicles containing lyso-phosphatidylcholine. The significant presence 

of lyso-phospholipids in infarcted myocardium suggests that lyso-phospholipids 

constitute suitable ligands for CRP. In vitro experiments showed that addition of 

lyso-phosphatidylcholine to plasma, containing appropriate amounts of CRP, 

induced CRP-mediated complement activation. Lyso-phosphatidylcholines may be 

generated by secretory phospholipase A2 (sPLA2; an other acute phase protein) via 

hydrolysis of flip-flopped membranes of reversibly injured cells5. Ligand-bound 

CRP activates the classical pathway of complement, which activation enhances 

inflammation and contributes to tissue damage. So, we conclude that CRP may 

activate complement in human disease and suggest that this activation contributes 

to tissue damage during inflammatory reactions. 
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Chapter 6 

Abstract 

Background Cardiopulmonary bypass (CPB) is associated with a systemic 

inflammatory response and clinical problems such as arrhythmia on the second or 

third postoperative days. 

Methods Cytokine-induced response and neutrophil activation were investigated 

in plasma samples taken from 19 patients during and after coronary 

revascularization. Release of elastase, lactoferrin, interleukin-8 (IL-8), and 

interleukin-6 (IL-6) were determined and related to clinical parameters. 

Results Leukocyte counts showed a biphasic pattern peaking at the end of CPB 

and on postoperative day 2. Lactoferrin and elastase maxima coincided with the 

first leukocyte peak at the end of CPB. Elastase levels remained elevated until 

postoperative day 4. IL-8 levels were increased from the end of CPB until 

postoperative day 2. Both IL-8 and IL-6 increases correlated with aortic crossclamp-

time (r=0.67, p=0.002; r=0.61, p=0.006). IL-8 generation correlated with 

C-reactive protein (r= 0.71, p=0.001) and complement-CRP complex (C4d-CRP) 

(r= 0.78, p<0.001), and blood loss (r=0.66, p=0.002). 

Conclusions The inflammatory response shows a biphasic pattern upon CPB. The 

first phase correlates with the duration of CPB. The second phase during the 

postoperative period, recognized by continued leukocyte activation and generation 

of IL-6 and IL-8, correlates to blood loss and duration of ventilation. 

In t roduc t ion 

The systemic inflammatory response in patients, that is induced by cardio

pulmonary bypass (CPB), is characterized by the production and release of 

inflammatory mediators in the blood of the patient1-2. Although many investigators 

describe the influence of CPB on the activation and changes of the levels of the 

different factors concerning humoral and cell mediated immunity, most patients 

recuperate without major problems34. Yet, after surgery, the patients undergoing 

CPB need intensive treatment for several days, and during this period some patients 

develop complications. Previously, we demonstrated activation of the complement 

system during CPB in these patients and we observed renewed activation of 

classical pathway activation during the postoperative period. This secondary 

activation of complement occurs during the acute phase response (APR) and is 

mediated by C-reactive protein (CRP), which is the prototypical acute phase protein 

in man5. During this period clinical symptoms such as hemodynamic instability, 

respiratory dysfunction, capillary leakage, and increased blood loss may become 
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manifest and may lead to a prolonged recovery. It can be speculated that some of 

these complications may be related to postoperative inflammatory changes. Indeed, 

we found a strong correlation between the occurrence of arrhythmia and 

complement activation during the APR5. To what extent other inflammatory 

processes also contribute to clinical complications during the postoperative period 

is not well known, although some studies suggest the involvement of cytokines45. 

Whether changes in inflammatory mediators play a major role in the cellular injury 

occurring in the inflammatory response or are merely bystanders in this process is 

not always clear. 

The aim of the present study was to assess the activation and release of some 

powerful inflammatory mediators during the postoperative period following CPB. 

Hereto, we focussed on IL-8, as this chemokine is important for leukocyte 

activation and may contribute to cardiomyocyte reperfusion injury47. In addition, 

to assess neutrophil activation, we measured elastase released from azurophilic or 

primary granules, which is released upon ischemia-reperfusion injury during CPB, 

as well as lactoferrin, which is released from secondary or specific granules 8, and 

may be able to stimulate generation of IL-8q. We investigated whether these 

inflammatory mediators are also released during the postoperative period. 

Furthermore, as mutual influence of the various inflammatory mediators can be 

expected we looked for possible association between cytokines and other 

mediators. Finally, we investigated whether clinical symptoms such as changes of 

body temperature, leukocytosis, blood loss, cardiac damage (assessed by CK-MB 

levels), and increased postoperative ventilation are correlated to the observed 

changes in inflammatory mediators. 

M a t e r i a l and Me thods 

Study design 

Nineteen patients scheduled for elective coronary surgery were studied 

prospectively. The study was approved by the Medical Ethics Committee of the 

Academic Medicai Centre of Amsterdam, and ali participants had given written 

informed consent. Each patient included had isolated coronary artery disease with 

good left ventricular function and no other critical illnesses. Ages of the patients 

ranged from 51 to 75 years. No corticosteroids were given perioperatively. 

Anaesthesia and Cardiopulmonary Bypass Technique 

Anaesthesia and cardiopulmonary bypass are as described previously5. Briefly, 

preanesthetic medication consisted of lorazepam (2-4 mg). Anaesthesia was 
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induced with etomidate (0.2 mg/kg), fentanyl (50 ug/kg), and midazolam 

(0.1 mg/kg), and maintained by supplemental doses. Pancuronium bromide 

(0.1 mg/kg) was used as muscle relaxant. Cefamandol was given for perioperative 

antibiotic prophylaxis. After endotracheal intubation, patients were ventilated with 

oxygen in air. Standard anaesthetic monitoring techniques, i.e., electrocardiogram, 

pulse-oximeter, capnography, diuresis, nasopharyngeal and rectal temperature 

monitoring, radial artery pressure monitoring, and flow-directed pulmonary artery 

catheterization (Swan-Ganz, Baxter/American Edwards Laboratories, Santa Ana, 

USA.) were used. 

The extracorporeal circuit consisted of a soft shell closed venous reservoir (BMR 

1900, Baxter Healthcare Corp, Irvine, CA, USA), hollow fibre oxygenator with 

integrated heat exchanger (Univox, Baxter), arterial line filter (Baxter AF-1040), 

cardiotomy reservoir (Baxter BCR 3500) and polyvinyl tubing system. The 

extracorporeal circuit was primed with 1,500 ml_ of Ringer's lactate solution, 200 

ml_ of aprotinin (2 x 106 KIU Trasylol, Bayer, Leverkusen, Germany), and 100 mL of 

20% mannitol. Magnesium sulphate, 0.1 gram/ kg and 5,000 IU bovine heparin 

(Leo Pharmaceutical Products, Weesp, The Netherlands) were added to the priming 

solution. 

After systemic heparinization in both groups with 250 lU/kg, CPB was initiated 

with cannulas placed in the ascending aorta and right atrium (two stage venous 

cannula). By giving additional heparin, activated clotting time (ACT) was kept 

above 500 seconds. A non-pulsatile roller pump (Sarns 9000, 3M Health Care 

Group, Ann Arbor, Ml, USA) was used for all operations. The non-pulsatile flow 

rate ranged from 1.8 to 2.4 L/min/m2 during cooling and rewarming phases. 

Patients were cooled to 27-30° C. Crystalloid cardioplegia (800-1000 mL, 

potassium 20 mmol/L, 4°C, St Thomas, Academic Medical Centre, Amsterdam, 

The Netherlands) was used for myocardial protection. During CPB the hematocrit 

was maintained at 18-25%. Distal anastomoses of the grafts were placed during 

aortic cross-clamping, and proximal anastomoses were placed after cross-clamp 

removal and restoration of mechanical ventilation. Heparin was antagonised with 

protamine sulphate at a 1:1 ratio (3mg/kg), after termination of CPB. Residual 

volume from the extracorporeal circuit was infused into the patient. 

Postoperative treatment in the intensive care unit (ICU) was standardised, as 

described previously5. Allogenic blood transfusions were given when the hemato

crit was less than 26%. Patients were transported to the ward for further recovery, 

after their cardiorespiratory condition had stabilized. Adverse events were recorded 

until discharge from the hospital. 

96 



Inflammatory response in cardiac surgery 

Collection of blood samples 

Blood specimens for hemoglobin, hematocrit, leukocyte, and platelet counts were 

collected in 4.5-mL glass Vacutainer® tubes containing EDTA (Becton Dickinson, 

Franklin Lakes, USA). Blood samples for analysis of neutrophil elastase, and 

lactoferrin, IL-6 and IL-8, were collected in 5 ml_ siliconized Venoject® tubes 

(Terumo Europe N.V., Leuven, Belgium) containing 10 mmol/L EDTA, 0.1 mg/mL 

Soybean Trypsin Inhibitor (Sigma Chemical Co., St. Louis MO, USA), and 25 

mmol/L benzamidin (Agros Organics, Geel, Belgium). During surgery and in the 

ICU, all samples were taken via a radial artery catheter, while the other blood 

specimens were obtained by venous puncture. Plasma was prepared by 

centrifugation of the blood for 20 minutes at 1500 x g, immediately after collection, 

and stored in aliquots at -70° C. Blood samples were obtained at the following time 

points: after the induction of anesthesia (before median sternotomy); 30 minutes 

after the start of CPB; immediately after CPB, but before protamine administration; 

after protamine administration, when the sternum was closed; 1 and 6 hours after 

arrival at the ICU; and on the first, second, third, fourth, and fifth postoperative 

days. 

Biochemical parameters 

Neutrophil Enzyme Release 

In blood, elastase rapidly forms complexes with its major inhibitor, a1 proteinase 

inhibitor. Levels of these complexes were measured using an automated enzyme 

immunoassay (Merck, Darmstadt, Germany). The median normal value for elastase 

was 19 ug/L, range 1- 74; n=70) in patients undergoing cardiac surgery before 

induction of anesthesia and the mean value in healthy volunteers was 22 ug/L 

(± 20, twice the standard deviation; n=172). Lactoferrin concentrations were 

determined by radioimmunoassay, as previously described10. 

Interleukins 

Plasma IL-8 and IL-6 were determined by a commercially available ELISA (CLB, 

Dept. Immune Reagents, Amsterdam, The Netherlands), as previously described 

't.12. Normal plasma levels of IL-8 and IL-6 are less than 10 ng/L. The lower 

detection limit of either ELISA was 1.0 ng/L. 

Other parameters 

Assays for plasma levels of complement, complement-CRP complexes, and CRP, as 

well as the levels of these parameters during and after surgery, have been described 

elsewhere513. 
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Statistical analysis 

Data were analyzed using standard computer software (SPSS 7.5.2, SPSS Inc., 

Chicago, IL). To analyze changes in time, one factor analysis of variance (ANOVA) 

for repeated measurements was applied, supplemented with the Bonferroni posf-

hoc test. Correlations were determined with the Spearman's rank correlation test. 

Significance between groups was assessed by the Mann-Whitney U test. A two-

sided probability value of p<0.05 was considered to reflect statistical significance. 

Values are presented as medians with interquartile range (IQR), unless stated 

otherwise. 

Results 

Patients 

Each patient had ischemic multivessel coronary artery disease, refractory to 

antianginal therapy. 

10 patients had a history of acute myocardial infarction. The clinical characteristics 

and surgical data of the 19 patients have been described elsewhere5. Postoperative 

data concerning blood loss, infused units of packed red blood cells, hemoglobin 

levels at hospital discharge, difference in hemoglobin levels between pre- and 

postoperative levels, hours on mechanical ventilation, and length of stay in ICU are 

depicted in Table 1. 

Table 1 Postoperative data 

Blood loss (mL) 6 8 0 ( 5 6 0 - 1130) 

Transfused PC (Units) 1 (0-3) 

Hb at hospital discharge (mmol/L) 7.3 (6.8 - 7.5) 

Hb difference (mmol/L) -1.1 (-1.8 - -0.5) 

mechanical ventilation period (hours) 20 (17 - 38) 

ICU-stay (hours) 44 (22 - 63) 

Data are expressed as median values (interquartile range). Blood loss = during the first 18 postoperative 
hours. Hb-difference = difference between Hb at time of hospital discharge and Hb after induction of 
anesthesia. 

All patients survived, most patients had an uncomplicated postoperative course. 

Four patients suffered from perioperative myocardial infarction (CK-MB peak: 79, 

11 3, 156, and 202 ug/L) based on the following criteria: Q-wave development, 

appearance of precordial negative T-top > 3mm or complete left bundle branch 

block, in the presence of increasing CK-MB levels to > 50 ug/L To further differen

tiate more precisely between patients suffering either or not from postoperative 
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infarction on biochemical grounds, we also measured the area under the curve 

(AUC) of postoperative CK-MB levels. This resulted in two groups: one group with 

AUC of CK-MB >1000 ug.hr/L and one group AUC of CK-MB<500 ug.hr/L Two 

patients had a rethoracotomy because of excessive bleeding, and one of them 

because of poor hemodynamics had an intra-aortic balloon inserted. Patients were 

cooled actively during CPB to a median minimum of 27.2° C (IQR, 27 to 28.5° C). 

At the end of CPB patients were actively rewarmed again to a blood temperature of 

38.1° C (IQR, 37.9 to 38.4° C). At the moment of arrival at the ICU body 

temperature dropped to 35.6 (IQR, 35 to 36° C), the lowest postoperative 

temperature measured. Then, within 18 hours postoperatively the body 

temperature peaked to 38° C (IQR, 37.6 to 38.4° C). On days 2 and 3 body 

temperature rose again to 38.4° C (IQR, 38.1 to 38.8° C). These changes of body 

temperature were accompanied with a biphasic increase of polymorphonuclear 

cell counts. After protamine administration the first maximum occurred (9.5x109 

cells/L, IQR 7.3 to 11.4x109 cells/L; Figure 1 A) , followed by a second maximum on 

day 2 (10.8x1 09 cells/L, IQR 8.9 to 13.3x1 09 cells/L). Leukocyte counts remained 

elevated during the whole postoperative observation period. Maximum leukocyte 

counts were significantly higher in patients with perioperative myocardial 

infarction (median 10.4 x 109/L; IQR, 9.9 to 11 x 109/L, vs. median 13.2 x 109/L; 

IQR, 11 to 13.7 x 109/L, p=0.014; Table 2), as were the intubation period (median 

59 hours; IQR, 31 to 107 hours, vs. median 18 hours; IQR, 1 6 to 24 hours) and 

ICU-stay (median 93 hours; IQR, 61 to 135 hours, vs. median 40 hours; IQR, 21 to 

48 hours). Patients with or without perioperative myocardial infarction were, 

however not different regarding IL-8, elastase, and lactoferrin. 

Neutrophil activation 

To assess neutrophil activation, we measured two neutrophil degranulation pro

ducts, i.e., elastase and lactoferrin. The median neutrophil elastase levels increased 

from a baseline of 27 ug/L (IQR, 1 9 to 37 ug/L; Figure 1 B) to reach a maximum 

level of 252 ug/L (IQR, 1 56 to 433 ug/L) at the end of CPB. Then, levels declined 

very fast on the day of operation, but were still elevated from day 1 (median 66 

ug/L; IQR, 51 to 94 ug/L) until day 4 (median 54 ug/L; IQR, 41 to 60 ug/L). As 

elastase levels continued to be elevated in the postoperative period, we compared 

peroperative with postoperative levels by calculating area under the curves for 

these periods representing the total amount of elastase release. The mean ratio of 

these elastase peroperative to postoperative values was 1:4.5. 

Baseline lactoferrin levels of 74 pg/L (IQR, 45 to 100 ug/L; Figure 1C) increased 

significantly from the first sampling point, 30 minutes CPB, reaching maximum 
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levels of 1867 ug/L (IQR, 1331 to 2386 (Jg/L) at the end of CPB. The levels returned 

towards baseline pre-CPB levels on day 1, and remained normal in the subsequent 

days. 

Table 2 Inflammatory and some other parameters in the patients with or without 

postoperative myocardial infarction 

Lactoferrin 

(MgA-) 

Elastase 

(ug/L) 

Leukocyte 

count (*109) 

IL-8 

(ng/L) 

CK-MB 

(ug/L) 

ICU-stay 

Intubation 

Sample point 

baseline 

maximum 

-fold increase 

baseline 

maximum 

-fold increase 

maximum 

baseline 

maximum' 

-fold increase1 

maximum1 

AUC1 

hours 

hours 

Myocardial Infarction 

(n=4) 

54 (39 - 92) 

2129 (746-3061) 

40(13 -67) 

25 (20 -52) 

305 (144-566) 

7.1 (5 .7-26) 

10.4(9.9 - 11.0) 

13 (2 .4-27) 

238 (69-365) 

10 (7 .0 -236 ) 

135 (88 - 191) 

2210(1434-3499) 

93 (61 - 135) 

59 (25 -45) 

No Myocardial Infarction 

(n=15) 

83 (46- 110) 

1867 (1331 -2232) 

22 (16-38) 

2 8 ( 1 9 - 3 7 ) 

252 (156-376) 

9 ( 6 - 13) 

13.2 (11.0- 13.7) 

10(3.1 - 15) 

131 (47-209) 

9.5(8.2-22) 

29 (21 -39) 

183 (67-263) 

40(21 -48) 

1 8 ( 1 6 - 2 4 ) 

P 

NS 

NS 

NS 

NS 

NS 

NS 

0.014 

NS 

NS 

NS 

0.001 

0.001 

0.006 

0.004 

Data are expressed as median values (interquartile range). Differences between the two groups were 

determined by Mann-Whitney U-test. ND = not detectable, NS = not significant (p>0.05) 
1 During postoperative period. 

Interleukins 

Changes in IL-6 levels in the patients reported here have been described 

elsewhere5. Briefly, Plasma IL-6 levels increased at the end of CPB reaching levels 

of 27 ng/L (ICR, 14 to 36 ng/L) after protamine administration, and increasing 

further to a maximum after 6 hours in ICU (11 2 ng/L; ICR, 56 to 1 84 ng/L) to return 

gradually to pre-CPB levels within 4 days. IL-8 levels increased from baseline 

(median 10 ng/L; IQR, 3.1 to 16 ng/L; Figure 1 D) to (median 29 ng/L; IQR, 20 to 

1 07 ng/L) at the end of CPB, reaching maximum levels at 1 hour ICU (median 92 

ng/L; IQR, 47 to 136 ng/L). Then, IL-8 levels fell to baseline values after 24 hours. 

There were neither significant differences in cytokine levels between patients with 

CK-MB levels lower or higher than 50 ug/mL nor AUC of CK-MB levels lower or 

higher than 1000 ug.hr/L. 
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induction endCPBlh lCU day 1 

30'CPBproIamine 6h iCU 

induction end CPB IhlCU day 1 
30' CPB protamine 6h ICU 

Figure 1 Course of (A) leukocyte count, (B) neutrophil elastase, (C) lactoferrin, and (D) interleukin-8 (IL-
8) during and after CPB surgery. Blood samples were taken at various time points as described in methods. 
Data represent median and interquartile range (error bars). Notice time compression from time-point 
1 hour ICU-stay on x-axis. Asterisk indicates significant change compared to baseline values. Level of 
significance was p<0.05 (one-factor ANOVA with repeated measures, supplemented with the Bonferroni 
post-hoc test), for each parameter. 

Correlation between biochemical parameters and clinical symptoms 

Maximum levels of both elastase and lactoferrin correlated (r=0.61, p=0.005, 

Figure 2). IL-8 levels at the end of CPB correlated with IL-6 levels from the same 

sampling moment until the maximum levels at 6 hours ICU-stay, with correlation 

coefficients ranging from 0.60 through 0.74 (p<0.01, Figure 3A to D). Elastase 

levels (AUC) correlated with C3d-CRP levels (AUC) (r= 0.59, p=0.001, Figure 4A). 

AUC of IL-8 levels correlated with AUC of C4d-CRP (r= 0.78, p<0.001, Figure 4B) 

and CRP (r= 0.71, p=0.001, Figure 4C), respectively. The increase in IL-6 levels 

correlated with CPB-time (r=0.74, p<0.001) and crossclamp-time (r=0.67, p=0.002) 

(Figure 5A and B), whereas the increase in IL-8 levels correlated only with the 

crossclamp-time (r=0.61, p=0.006, Fig 5C). 

In patients who suffered from a perioperative myocardial infarction as diagnosed 

by criteria mentioned earlier, we did not find significant differences in peak IL-8, 

lactoferrin, and elastase. Nor were there any associations between peak levels of 

elastase and clinical symptoms like postoperative blood loss or total amount of 

infused packed red cells, or hours on mechanical ventilation. Conversely, IL-8 
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r = 0.61 

p =0.005 

0 0.25 0.5 0.75 1.00 1.25 1.50 

elastase (mg/L) 

Figure 2 Scatterplot showing peak levels of elastase (y-axis) versus lactoferrin peak levels (x-axis). 
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Figure 3 Scatterplot showing the IL-8 level at the end of CPB (x-axis) versus the IL-6 levels (y-axis) 
(A) at the same time-point, (B) after protamine administration, (C) at 1 hour ICU-stay, and (D) 6 hours 

ICU-stay. 
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Figure 6 Scatterplot showing (A) 1L-8 (AUC) (y-axis) 
versus total blood loss (x-axis) and (B) IL-6 (AUC) 
(y-axis) versus the period of mechanical ventilation 
(x-axis). 

(AUC) correlated with postoperative blood loss and the perioperative need for 

transfused units of packed red blood cells (r=0.66, p=0.002, Figure 6A), whereas 

IL-6 (AUC) correlated with the period of postoperative mechanical ventilation (r= 

0.63, p=0.004, Figure 6B) and ICU-stay (r=0.69, p=0.001, not shown). 

Comment 

The systemic inflammatory response induced by cardiac surgery results from the 

generation of various proinflammatory mediators1-2. Most studies concern changes 

in these mediators during the operation or shortly thereafter, in particular since it is 

thought that an important stimulus for this inflammatory response is contact of 

blood with the extracorporeal circuit. Here we demonstrate a marked increase in 

inflammatory mediators not only during cardiac surgery, but also thereafter. 

IL-6 is considered to bean important inducer of the synthesis of various acute phase 

proteins, including that of CRP, the prototype of these proteins12. In a previous study 
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of the APR in patients undergoing CPB, we have emphasized the importance of a 

complement activation mediated by CRP during APR, which activation was 

associated with arrhythmia in the postoperative period5. During CPB the human 

body, in particular the heart is exposed to ischemia-reperfusion injury, which 

induces an inflammatory response714. Activation of the complement system likely 

contributes to the myocardial injury after ischemia and reperfusion. Moreover, 

since Criselli and colleagues15 recently showed that CRP indeed can contribute to 

tissue damage by activating complement, as injection of human CRP into rats after 

ligation of a coronary artery led to increase of infarct size in a complement-

dependent way. The tissue injury occurring during CPB involves activation of 

neutrophils16, a process in which different mediators such as IL-8, presumably via 

activation of neutrophils17, a powerful neutrophil chemoattractant and activator, 

are involved. We found elevated levels of both the IL-6 and IL-8 and the neutrophil 

degranulation products in all patients. The elevation of these inflammatory 

mediators occurred not only during CPB but also thereafter, suggesting a role for 

these mediators in the tissue injury both during as well as after CPB245. A causal 

relationship between IL-8-release and myocardial injury has been suggested based 

on the association between prolonged ischemic duration, elevated levels of this 

cytokine and increased myoglobin levels. Furthermore, IL-8 can be induced by 

reperfusion of ischemic myocardium18. Both IL-6 and IL-8 increased at the end of 

CPB, culminating in maximum levels at 1 hour and 6 hours ICU-stay for IL-8 and 

IL-6, respectively. The magnitude of the interleukin synthesis as measured by the 

increases of IL-6 and IL-8 correlated with bypass- and crossclamp-time, in 

agreement with published data619. Hence, the release of cytokines may have been 

triggered by ischemia-reperfusion of the heart and lungs. On the other hand, 

maximal IL-8 levels occurred approximately 3 to 4 hours after start of CPB, i.e., 

approximately 2-3 hours after release of cross-clamp and cardiac reperfusion. This 

increase is comparable with the changes seen in a simulated extracorporeal 

circuit20. Hence, the release of IL-8 may also have been triggered by contact of 

blood with the extracorporeal circuit. 

We found no correlation between IL-8 and elastase or lactoferrin levels. These data 

do not support that during CPB IL-8 predominantly contributes to leukocyte 

mobilization and the tissue damage mediated by these cells. However, levels of 

this cytokine were related to changes in leukocyte level, body temperature and CK-

MB, a suitable marker for cardiac tissue damage. Thus, IL-8 may have contributed 

to tissue damage following CPB by mechanisms independent of neutrophils. 

Fever, leucocytosis, tissue edema are prominent components of the acute phase 

response. Although IL-8 can induce fever21, we did not observe an association 
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between the IL-8 generation during CPB and the rise in body temperature during 

APR. Fever during the APR might result from multifactorial influences. Many 

cytokines, in particular IL-6, as well as hormones participate in this febrile 

response412. Rise in body temperature following a CPB procedure is likely to result 

from multiple factors both endogenous and exogenous. The lack of correlation 

between release of various cytokines and changes in body temperature presumably 

indicate that cytokines are not predominant mediators of fever in patients 

undergoing CPB. In this study we found IL-6 generation to be associated with the 

period of postoperative mechanical ventilation and period of stay in the ICU, as 

was suggested by other authors as well22. Moreover, in a recently described 

multicenter study comparing 2 different ventilation strategies, plasma IL-6 

generation correlated with the magnitude of lung injury23. 

Our data also indicate that during CPB marked activation of neutrophils occurred, 

as has been described earlier16. We observed an almost 9-fold increase in elastase 

and 25-fold in lactoferrin. Plasma levels of lactoferrin increase significantly earlier 

than levels of elastase, as shown by the difference between the first sampling 

moment during CPB vs. end of CPB. However, maximal levels of both lactoferrin 

were closely related to peak levels of elastase, as shown in Figure 2. Previous 

research showed that the azurophil granules degranulate slower than specific 

granules and that a great part of the degranulation products of the azurophil 

granules is released into phagolysosomes, whereas lactoferrin is released into the 

plasma directly8. This may explain the early increase of lactoferrin herewith, the 

more since plasma half-lifes of lactoferrin and elastase are 45 and 60 minutes, 

respectively10. However, we also found increased levels of elastase after the day of 

operation. But peak levels during the postoperative period were less than during 

CPB. The ratio between the area under the curves of elastase during and shortly 

after CPB and that during the APR was 1:5. During the APR lactoferrin levels had 

already returned to preoperative levels. This more rapid disappearance of 

lactoferrin may reflect its somewhat shorter half-life. On the other hand, selective 

release of elastase from neutrophils has been found in conditions where the 

predominant neutrophil agonists are derived from the complement system24. 

Moreover, as we found an association between complexes of CRP and activated C3 

and C4, concerning the CRP-mediated complement activation during the APR, and 

the levels of IL-8 and elastase generated during the postoperative phase. The 

importance of this association in the present study could emphasize the influence 

of both IL-8 as well as CRP and complement in ischemia-reperfusion injury715-19. 

Hence, the increase of elastase during the postoperative days may be caused by 

enhanced complement activation. Such an activation indeed occurs following CPB, 
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as we have shown previously5. Taken together, these data emphasize that 

inflammatory reactions occur not only during CPB but also during the first 

postoperative days. Lactoferrin can stimulate the release of IL-8 from neutrophils, 

whereas also protamine at the end of CPB canc). On the other hand, cytokines are 

potent chemotactic factors that can activate neutrophils and induce degranulation, 

resulting in the generation of elastase and lactoferrin. 

In conclusion, in this study we demonstrate the release of the cytokines IL-6 and 

IL-8 and changes in elastase and lactoferrin during and after cardiac surgery with 

CPB. We suggest that inflammatory changes induced by CPB do not only result 

from the contact of the blood with the artificial surface of the extracorporeal circuit, 

but also from other mechanisms such as the surgical trauma, and reperfusion of 

ischemic organs, that may be enhanced by the APR. To what extent these secondary 

inflammatory changes constitute a target therapy to reduce postoperative 

complications, remains to be established in future studies. 

Acknowledgements 

The authors thank Yvonne P. T. Lubbers and Gerard van Mierlo for their excellent 

assistance with the assays. 

References 

1. Butler J, Rocker GM, Westaby S. Inflammatory response to cardiopulmonary bypass. Ann 
Thorac Surg 1993;55:552-559 

2. Cremer J, Martin M, Redl H, Bahrami S, Abraham C, Graeter T, Haverich A, Schlag G, Borst 
HG. Systemic inflammatory response syndrome after cardiac operations. Ann Thorac Surg 
1996;61:1714-1720 

3. lansen PGM, te Velthuis H, Huybregts MAJM, Paulus R, Bulder ER, van der Spoel HI, 
Bezemer PD, Slaats EH, Eijsman L, Wildevuur CRH. Reduced complement activation and 
improved postoperative performance after cardiopulmonary bypass with heparin-coated 
circuits. I Thorac Cardiovasc Surg 1995;110:829-834 

4. Wan S, LeClerc ]L, Vincent JL. Cytokine responses to cardiopulmonary bypass: lessons 
learned from cardiac transplantation. Ann Thorac Surg 1997;63:269-276 

5. Bruins P, te Velthuis H, Yazdanbakhsh AP, Jansen PGM, Van Hardevelt FWJ, de Beaumont 
EMFH, Wiidevuur CRH, Eijsman L, Trouwborst A, Hack CE. Activation of the complement 
system during and after cardiopulmonary bypass surgery: postsurgery activation involves 
C-reactive protein and is associated with postoperative arrhythmia. Circulation 
1997;96:3542-3548 

6. Finn A, Naik S, Klein N, Levinsky RJ, Strobel S, Elliott M. lnterleukin-8 release and neutrophil 
degranulation after pediatric cardiopulmonary bypass. I Thorac Cardiovasc Surg 
1993;105:234-241 

7. Oz MC, Liao H, Naka Y, Seldomridge A, Becker DN, Michler RE, Smith CR, Rose EA, Stern 
DM, Pinsky DJ. Ischemia-induced interleukin-8 release after human heart transplantation. A 
potential role for endothelial cells. Circulation 1995;92:11428-32 

8. Spitznagel JK, Dalldorf FG, Leffell MS, Folds JD, Welsh IRM, Cooney M H , Martin LE. 

107 



Chapter 6 

Character of azurophil and specific granules purified from human polymorphonuclear 
leukocytes. Lab Invest 1974;30:774-785 

9. Shinoda I, Takase M, Fukuwatari Y, Shimamura S, Köller M, König W. Effects of lactoferrin 
and lactoferricin on the release of interleukin 8 from human polymorphonuclear leukocytes. 
Biosci Biotechnol Biochem 1996;60:521-523 

10. Nuijens JH, Abbink JJ, Wachtfogel YT, Colman RW, Eerenberg AJM, Dors D, Kamp AJM, 
Strack van Schijndel RJM, Thijs LG, Hack CE. Plasma elastase-O!]-antitrypsin and lactoferrin 
in sepsis: evidence for neutrophils as mediators in fatal sepsis. j Lab Clin Med 
1992;119:159-168 

11. van Deventer SJH, Hart M, van der Poll T, Hack CE, Aarden LA. Endotoxin and tumor 
necrosis factor-alpha-induced interleukin-8 release in humans. J Infect Dis 1993;167:461-454 

1 2. Helle M, Boeije L, de Groot E, de Vos A, Aarden L. Sensitive ELISA for interleukin 6. 
Detection of IL-6 in biological fluids: synovial fluids and sera. J Imunnol Methods 
1991;138:47-56 

13. Wolbink GJ, Brouwer MC, Buysmann S, ten Berge IJM, Hack CE. CRP-mediated activation of 
complement in vivo: Assessment by measuring circulating complement-CRP complexes. 

] Immunol 1996;157:473-479 
14. Kilgore KS, Friedrichs GS, Homeister JW, Lucchesi BR. The complement system in 

myocardial ischemia/reperfusion injury. Cardiovasc Res 1994;28:437-444 
15. Griselli M, Herbert j , Hutchinson WL, Taylor KM, Sohail M, Krausz T, Pepys MB. C-reactive 

protein and complement are important mediators of tissue damage in acute myocardial 
infarction. J Exp Med 1999;190:1 733-1 739 

1 6. Wachtfogel YT, Kucich U, Greenplate J, Gluszko P, Abrams W, Weinbaum G, Wenger 
RK, Rucinski B, Niewiarowski S, Edmunds LH, Jr., Colman RW. Human neutrophil 
degranulation during extracorporeal circulation. Blood 1987;69:324-330 

17. Baggiolini M, Walz A, Kunkel SL. Neutrophil-activating peptide-1/interleukin 8, a novel 

cytokine that activates neutrophils. / Clin Invest 1989;84:1045-1049 
1 8. Neumann FJ, Ott I, Gawaz M, Richardt G, Holzapfel H, Jochum M, Schömig A. Cardiac 

release of cytokines and inflammatory responses in acute myocardial infarction. Circulation 
1995;92:748-755 

1 9. Kawamura T, Wakusawa R, Okada K, Inada S. Elevation of cytokines during open heart 
surgery with cardiopulmonary bypass: participation of interleukin 8 and 6 in reperfusion 
injury. Can J Anaesth 1993;40:1016-1021 

20. Moat NE, Rebuck N, Shore DF, Evans TW, Finn AHR. Humoral and cellular activation in a 
simulated extracorporeal circuit. Ann Thorac Surg 1993;56:1509-1514 

2 1 . Zampronio AR, Souza GEP, Silva CAA, Cunha FQ, Ferreira SH. Interleukin-8 induces fever by 
a prostaglandin-independent mechanism. Am J Physiol 1994;266:R1670-R1 674 

22. Hauser G), Ben-Ari j , Colvin MP, Dalton HJ, Hertzog JH, Bearb M, Hopkins RA, Walker SM. 
lnterleukin-6 levels in serum and lung lavage fluid of children undergoing open heart surgery 
correlate with postoperative morbidity. Intensive Care Med 1998;24:481-486 

23. The Acute Respiratory Distress Syndrome Network. Ventilation with lower tidal volumes as 
compared with traditional tidal volumes for acute lung injury and the acute respiratory 
distress syndrome. N Engl j Med 2000;342:1 301 -1 308 

24. Raasveld M H , Bemelman FJ, Schellekens PTA, van Diepen FN), van Dongen A, van Royen 
EA, Hack CE, ten Berge IJM. Complement activation during OKT3 treatment: a possible 
explanation for respiratory side effects. Kidney Int 1993;43:1140-1149 

1 0 8 



C h a p t e r 

Heparin-protamine complexes and C-reactive 

protein induce activation of the classical 

complement pathway: studies in patients 

undergoing cardiac surgery and in vitro 

Peter Bruins, Henk te Velthuis , Anke JM Eerenberg-Belmer , Aria 

P Yazdanbakhsh , Eddy MFH de Beaumont, León Eijsman , Ad 

Trouwborst, and C Erik Hack 

Departments of Anesthesiology and+ Cardiopulmonary Surgery, Academie Medical 

Centre, Amsterdam," CLB and Laboratory for Experimental and Clinical 

Immunology, University of Amsterdam, Academic Medical Centre, Amsterdam, 

The Netherlands 

derived from Thromb Haemost 2000;84:237-243 



Chapter 7 

Abstract 

Background The administration of protamine to patients undergoing cardio

pulmonary bypass (CPB) to neutralize heparin and to reduce the risk of bleeding, 

induces activation of the classical complement pathway mainly by heparin-

protamine complexes. We investigated whether C-reactive protein (CRP) 

contributes to protamine-induced complement activation. 

Methods In 24 patients during myocardial revascularization, we measured 

complement, CRP, and complement-CRP complexes, reflecting CRP-mediated 

complement activation in vivo. We also incubated plasma from healthy volunteers 

and patients with heparin and protamine in vitro to study CRP-mediated 

complement activation. 

Results During CPB, CRP levels remained unchanged while C3 activation products 

increased. C4 activation occurred after protamine administration. CRP-

complement complexes increased at the end of CPB and upon protamine 

administration. Incubation of plasma with heparin and protamine in vitro generated 

complement-CRP complexes, which was blocked by phosphorylcholine and 

stimulated by exogenous CRP. C4d-CRP complex formation after protamine 

administration correlated clinically with the incidence of postoperative arrhythmia. 

Conclusions Protamine administration during cardiac surgery induces complement 

activation which in part is CRP-dependent, and correlates with postoperative 

arrhythmia. We suggest that this mechanism may contribute to the side effects of 

protamine in other clinical situations as well. 

I n t r o d u c t i o n 

Complement activation during CPB has been studied extensively and is reported to 

occur mainly via the alternative pathway, until after protamine administration when 

significant classical pathway activation occurs in addition13. The contribution of 

complement activation to the clinical adverse events in patients undergoing CPB is 

still not well understood although methods to reduce this activation, for example 

by coating of the extracorporeal circuits with heparin, have been advocated4"6. 

Recently, we described significant complement activation after the CPB-procedure 

mainly occurring via the classical pathway, i.e., during the acute phase response 

induced by the operation7. This activation was shown to be mediated, at least in 

part, by CRP, as it coincided with increasing levels of CRP-complement complexes. 

CRP-dependent complement activation indeed has been observed in vitro. For 

example, already in 1974, Siegel and colleagues8, reported that CRP enhances 
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complement activation induced by heparin-protamine complexes. As patients 

undergoing CPB receive heparin, which at the end of CPB is neutralized with 

protamine, the classical pathway activation induced by protamine administration, 

may be at least in part dependent on CRP. Therefore, we conducted a study to 

investigate the role of CRP in protamine induced activation in more detail. For this 

we measured complement activation and CRP-complement complex formation in 

patients undergoing cardiac surgery, in particular before and after protamine 

administration. In addition, we performed in vitro experiments with plasma 

obtained from these patients as well as from healthy donors. Our results indicate 

that part of the complement activation induced by heparin-protamine complexes in 

patients undergoing CPB is CRP-dependent. 

Pat ien ts , m a t e r i a l s and me thods 

Study design 

We prospectively studied 24 patients (20 men, 4 women) aged 64.6 years of age 

(median; interquartile range, 58 - 69.4 years) undergoing CPB for myocardial 

revascularization. All patients had good left ventricular function and were free of 

underlying diseases other than coronary artery disease. Patients using cortico

steroids or other anti-inflammatory drugs, except for low doses of aspirin, i.e., 

80-100 mg, before or during surgery, were excluded from the study. Patients gave 

written informed consent and were evaluated according to a protocol approved by 

the Medical Ethics Committee of the Academic Medical Centre of Amsterdam. 

On the morning of surgery, patients received their usual dose of anti-anginal drugs 

and lorazepam (2-4 mg), as premedication. Anesthesia was induced intravenously 

with etomidate (0.2 mg/kg), fentanyl (50 ug/kg), pancuronium bromide (0.1 mg/kg), 

and midazolam (0.1 mg/kg), and maintained by supplemental doses. Following 

endotracheal intubation, patients were ventilated to normocapnia with a mixture of 

oxygen and air. Cefamandol (2 gm) was given intravenously for infection 

prophylaxis. A radial artery catheter and a flow-directed pulmonary artery catheter 

(Swan-Ganz, Baxter/ American Edwards Laboratories, Santa Ana, USA.) were 

inserted for hemodynamic measurements and collection of blood samples. 

Circulating volume was supplemented with crystalloid and colloid solutions. 

Changes in pressures or vascular resistances were treated with appropriate 

vasoactive medication. 

The extracorporeal circuit consisted of a membrane oxygenator with integrated 

heat exchanger and cardiotomy reservoir (Cobe Cardiovascular Inc., Arvada, CO), 

a non-pulsatile roller pump (Sarns 9000, 3M Health Care Group, Ann Arbor, Ml), 
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arterial filter (AF-1025D, Baxter Healthcare Corp, Irvine, CA) and polyvinyl tubing 

system (Cobe). The extracorporeal circuit was primed with 1 L of Haemaccel® 

(Hoechst Marion Roussel B.V., Hoevelaken, The Netherlands), 0.5 L of Hartmann 

(NPBI, Emmer-Compascuum, The Netherlands), and 50 mL of 8.4% sodium 

bicarbonate (NPBI), 200 mL of aprotinin (2 x 1 O6 KIU Trasylol®; Bayer, Leverkusen, 

Germany), and 100 mL of 20%, w/v, mannitol. Magnesium sulphate (0.1 gram/ kg) 

and 5,000 ILJ bovine heparin (Leo Pharmaceutical Products, Weesp, The 

Netherlands) were added to the priming solution. Total priming volume was 1,850 

mL. 

Following systemic heparinization (300 lU/kg), CPB was initiated with cannulas 

placed in the ascending aorta and right atrium (two-stage single venous cannula). 

Activated clotting time (ACT) was kept above 500 seconds by giving additional 

heparin, i.e., 10,000 ILJ per hour. A non-pulsatile roller pump was used for all 

operations. The flow rate was maintained at 2.4 L/min/m2 during cooling and 

rewarming phases. Patients were cooled to 27-30°C at a flow rate of 1.8 L/min/m2. 

St. Thomas' Hospital cold cardioplegic solution (Academic Medical Centre, 

Amsterdam, The Netherlands) was infused into the aortic root, to protect the 

myocardium during aortic cross-clamping. In addition, during this time, 

mechanical ventilation was interrupted and the lungs were at rest with static 

inflation (5 cm H20, 2 1 % oxygen). Disturbances in the acid-base balance were 

appropriately treated. The hematocrit during CPB was maintained at 18-25%. 

Distal anastomoses of the grafts were placed during aortic cross-clamping, and 

proximal anastomoses were placed after cross-clamp removal and restoration of 

mechanical ventilation. After termination of CPB, heparin was antagonized with 

protaminehydrochloride (Roche, Basel, Switzerland) at ratio of approximately 1:1 

(3mg/kg). If necessary, inotropic support was given when patients were weaned 

from CPB. Autologous blood and residual volume from the extracorporeal circuit 

were infused into the patient when volume supplementation was necessary. 

Following surgery, patients were admitted to the intensive care unit (ICU), and 

treated according to a standardized clinical protocol. Packed erythrocytes were 

infused when the hematocrit was less than 26%. Upon stabilization of their 

cardiorespiratory condition, patients were transported to the ward for further 

recovery. 

Collection of blood samples 

Blood specimens for hemoglobin, hematocrit, white blood cell numbers, and 

platelet counts were collected into 4.5-mL glass Vacutainer® tubes containing EDTA 

(Becton Dickinson, Franklin Lakes, USA). Blood samples for analysis of 
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complement activation products, CRP, and complement-CRP complexes were 

collected into 4.5-mL siliconized glass Vacutainer® tubes containing 3.8% 

trisodium citrate solution (0.105 M) (Becton Dickinson). All samples were taken via 

a radial artery catheter. Plasma was prepared by centrifugation of the blood samples 

for 20 minutes at 1 500 x g immediately after collection, and stored in aliquots at 

-70° C. Blood samples were obtained at the following time points: before and after 

the induction of anesthesia; 30 minutes after the start of CPB; immediately after 

CPB, but before protamine administration; and after protamine administration, 

when the sternum was closed. 

In vitro experiments 

Blood was collected from healthy volunteers into a 9-mL siliconized glass 

Vacutainer® tube containing 3.8% trisodium citrate solution (0.105 M) (Becton 

Dickinson). Plasma was prepared as described above. Heparin (the same as used in 

the patients, see above) was added to a final concentration of 0, 2, 4, or 8 lU/mL to 

glass tubes containing 900-uL aliquots of plasma, and incubated for 30 minutes at 

room temperature on a shaker (200 rpm). The mixture was then recalcified by 

incubation with 10 mM CaCI2 (final concentration) for 20 minutes at 37° C, 

whereafter a clot had formed in the samples without heparin. The mixtures were 

then further incubated for 30 minutes on melting ice, and centrifuged for 15 

minutes at 1 500 x g at 4° C. The supernatants were then distributed into plastic 

tubes to yield 5 aliquots. Thereafter, protaminehydrochloride (Roche) was added at 

final concentrations ranging from 0 to 0.8 mg/mL, and the mixtures were incubated 

for 20 minutes at room temperature. Binding of CRP to ligands can be inhibited by 

phosphorylcholine9'10. Therefore, to study the contribution of CRP to the observed 

complement activation, in other experiments 10 mM p-amino phosphorylcholine 

(final concentration; Sigma Chemical Co., St. Louis, MO) was added, just before 

incubation with protamine at a concentration of 0.2 mg/mL. In addition, in other 

experiments samples were supplemented with additional CRP (purified as 

described11), to yield a concentration of 26.5 mg/L, before adding the protamine. 

The in vitro experiments described above were done with plasma of healthy 

volunteers as well as with plasma samples taken at baseline from 4 patients 

randomly chosen from the 24 patients studied. These samples were supplemented 

with heparin (final concentrations of 0 to 4 lU/mL), as well as with protamine (0, 

0.05, or 0.1 mg/mL), and incubated as described above. Finally, the various 

mixtures were analyzed for CRP, complement activation products, and 

complement-CRP complexes as described in the next paragraph. Generation of the 

various activation products was calculated by subtracting baseline values from 
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observed levels. All experiments were repeated at least once and appeared to be 

reproducible. Representative examples are given in the results section. 

Biochemical parameters 

Heparin levels were determined with a chromogenic anti-Xa assay (Chromogenix 

AB, Mölndal, Sweden) in an automated Epos Analyzer 5060 (Eppendorf, Netteler-

Hinz-GmbH, Hamburg, Germany), following the manufacturer's instructions12-13. 

Briefly, 100 uL of plasma were diluted with 100 uL of lyophilized human 

antithrombin III (1 lU/mL), and 800 uL of Tris buffer 0.05 mol/L, pH 8.4, and 

incubated at 37° C for 3 minutes. Then, 200 uL of the diluted sample were mixed 

with 100 uL bovine factor Xa and incubated at 37° C for 30 seconds, whereafter 

200 uL of chromogenic substrate S-2222 (Bz-lle-Glu- (-OR) -Gly-Arg-pNA-HCI), 1 

mmol/L, were added. The mixtures were then incubated for exactly 3 minutes at 

37° C, whereafter 300 uL of acetic acid 20%, v/v, were added to stop the reaction. 

The color was read photometrically at 405 nm. Detection limit of the assay was 

0.05 lU/mL. 

C3b/c (i.e. C3b, C3bi or C3c) and C4b/c (i.e. C4b, C4bi or C4c) levels were 

determined with ELISAs as described1416. Briefly, C3b/c was measured using 

monoclonal antibody (mAb) anti-C3-9 as capture antibody, which binds to C3b, 

iC3b, C3c as well as iC3 (C3b-like C3)17. Biotinylated polyclonal rabbit antibodies 

to human C3c were used as detecting antibody. C4b/c was measured using mAb 

anti-C4-1, which binds to a neoepitope exposed on C4b, iC4b, C4c as well as iC4, 

as capture antibody. Bound C4b/c was detected with biotinylated anti-C4c 

antibodies. Normal values of C3b/c and C4b/c are below 50 nmol/L. 

Total C3 and C4 concentrations were determined by nephelometry (antisera from 

Behring Diagnostics Benelux N.V., Rijswijk, The Netherlands; Behring Nephelo-

meter Analyzer, Behringwerke AG, Marburg, Germany) according to the 

manufacturer's protocol. 

C-reactive protein (CRP) levels were measured with a sandwich-type ELISA in 

which polyclonal rabbit anti-CRP antibodies were used as catching antibodies and 

a biotinylated mAb against CRP (CLB anti-CRP-2) as the detecting antibody. Results 

were related to a standard consisting of commercially available CRP (Behringwerke 

AG, Marburg, Germany), and expressed as mg/L. The detection limit of the assay 

was 10 ng/L. CRP levels in healthy persons are below 3 mg/L. 

Complement-CRP complexes were measured with sensitive ELISAs as described 

previously11. Briefly, activated complement proteins fixed to CRP were separated 

from unbound complement proteins by absorption onto phosphorylcholine-
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Sepharose (Pharmacia Fine Chemicals, Uppsala, Sweden). For the quantification of 

C3d-CRP and C4d-CRP complexes, purified mAb anti-C3-19 or mAb anti-C4-4 

were used as a catching antibody, respectively. It is to be noted that the ELISAs for 

C3d-CRP complexes detects C3d-CRP, C3b-CRP and C3bi-CRP, and that for C4d-

CRP complexes C4d-CRP, C4b-CRP, and C4bi-CRP, respectively. Complement-CRP 

complex levels in healthy volunteers are below 4 pmol/L 

Statistical analysis 

Data were stored and analyzed using standard computer software (SPSS 6.1.3, SPSS 

Inc., Chicago, IL). To analyze changes in time, one factor analysis of variance 

(ANOVA) for repeated measurements was applied, supplemented with the 

Bonferroni post-hoc test. Correlations were determined with the Spearman's rank 

correlation test. Regression analysis was used to assess correlation between para

meters. A two-sided probability value of p<0.05 was considered to be statistically 

significant. Values are presented as medians with interquartile range (IQR), unless 

stated otherwise. 

Resu l t s 

Patients 

The clinical characteristics of the 24 patients included are shown in Table 1, 

Heparin concentration at the end of CPB before protamine administration was 4.8 

lU/mL (IQR: 4.6 to 6.2 lU/mL). After protamine administration, ACT returned to 

baseline levels (preoperative median: 136 s, IQR: 119 to 146 s, versus postoperative 

median: 125 s, IQR: 112 to 139 s) despite the presence of detectable heparin in 13 

of 24 patients (median: 0.1 9 lU/mL, IQR: 0.1 to 0.34 lU/mL). Protamine-heparin 

ratio corrected for body surface area was 1.0 (IQR: 0.78 to 1.34). No patient 

required reoperation for excessive postoperative bleeding. All patients survived the 

operation and had a normal recovery. Eleven patients had a history of previous 

myocardial infarction. Five patients suffered from perioperative myocardial 

infarction (median peak value of CK-MtS: 107 pg/L, IQR: 95 to 125 ug/L) based on 

the following criteria: Q-wave development, appearance of precordial negative T-

top > 3mm or complete left bundle branch block, in the presence of increasing 

CK-MB levels to > 50 ug/L. Atrial fibrillation with fast ventricular rate occurred in 8 

of 24 patients during the first operative days (i.e., 3 patients on day 2, 2 patients on 

day 3, and 1 patient on days 0, 1 and 4, respectively). 
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Table 1 Demographic data of the 24 patients 

Age (years) 

Body weight (kg) 

Gender (male : female) 

BSA (m2)2 

Distal anastomoses 

LIMA3 

LVEDP (mm Hg)4 

Heparin (IU) 

CPB time (minutes)5 

Cross-clamp time (minutes) 

Protamine (mg) 

Estimated Protamine Cone. (mg/mL)6 

65 (58 - 69)1 

78 (66 - 89) 

20 : 4 

1.92 (1.78 - 2.12) 

4 (3 - 4) 

21 

1 7 (8 - 24) 

33,400 (29,850- 38,275) 

91 (68 - 114) 

56 (35 - 72) 

325 (250 -400) 

0.072 (0.057 -0.101) 
1 Median values (interquartile range); 2 Body Surface Area; i Left Internal Mammary Artery; 
4 Left Ventricle End-Diastolic Pressure; 5 duration of cardiopulmonary bypass; 6 Plasma concentration 
estimated as follows: Protamine dose divided by (80mL of blood x body weight x (1- Hct end bypass» 

induction end CPB 
preop. 30' CPB protamine 

induction end CPB 
preop. 30' CPB protamine 

Figure 1 Course of C4b/c (A), CRP-C3d complexes (B), and CRP-C4d (C) complexes during and after 
CPB. Indicated time points are before (preop.) and after induction of anesthesia (induction), 30 minutes 
after start (30' CPB), at the end of CPB (end CPB), and at 20 minutes after protamine administration 
(protamine). Data represent median and IQR. Asterisk indicates significant change compared to baseline 
values. Double asterisk indicates significant change compared to levels at previous time point. Level of 
significance was p<0.05 (one-factor ANOVA with repeated measures, supplemented with the Bonferroni 
post-hoc test). 
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Complement activation in vivo 

Of the 24 patients enrolled in the study, one was excluded from the biochemical 

analysis, because of an unexplained elevation of preoperative CRP (31 mg/L) level. 

This patient will be described separately below. 

In the other 23 patients C3b/c levels increased significantly after the start of CPB, 

reaching maximum levels after protamine administration (median: 235 nmol/L, 

IQR: 1 77 to 336 nmol/L; Table 2). In contrast, C4b/c levels did not significantly 

increase until after protamine administration (Table 2, Figure 1A). Baseline levels of 

total amounts for C3 (median: 5.9 umol/L, IQR: 5.1 to 6.7 umol/L) and C4 (median: 

1.1 umol/L, IQR: 0.9 to 1.3 umol/L) decreased after the start of CPB to 3.3 umol/L 

(IQR: 2.8 to 3.7 umol/L), and 0.6 umol/L ( IQR: 0.5 to 0.6 umol/L), respectively. 

This decrease was explained by hemodilution. To correct levels for this 

hemodilution the percentage of C3 activated was calculated, as explained in Table 

2. This percentage increased significantly during the CPB procedure from 1.9% 

(median, IQR: 1.3 to 2.5%) to 7.2% (median, IQR: 4.8 to 9.0%) after protamine 

administration (Table 2). In contrast, the percentage of C4 activation did not 

significantly increase until after protamine administration (median: 2.1%, IQR: 1.1 

to 2.9%; Table 2). 

CRP levels did not change during the procedure (Table 2), but C3d-CRP levels 

significantly increased at the end of CPB (from < 4 pmol/L to median: 1 3 pmol/L, 

IQR: 5.3 to 25 pmol/L; Table 2, Fig 1 B) and remained elevated after protamine 

administration (median: 16 pmol/L, IQR: 5.5 to 51 pmol/L). C4d-CRP levels were 

already slightly increased at the end of CPB (median: 6.2 pmol/L, IQR: 2.2 to 12 

pmol/L; Figure 1C), but became elevated dramatically after protamine 

administration (median: 27 pmol/L, IQR: 9.8 to 87 pmol/L). There was no difference 

in complement activation after protamine administration between patients with or 

without detectable levels of heparin after protamine administration. 

The patient who, because of elevated baseline-CRP level was excluded from 

statistical analysis, showed an illustrative CRP-mediated complement activation. 

Baseline CRP level was 31 mg/L. After protamine administration CRP decreased to 

20 mg/L. C3d-CRP level increased from baseline 20 to 279 pmol/L at the end of 

CPB and after protamine administration to 1815 pmol/L. C4d-CRP level increased 

from baseline 47 to 167 pmol/L at the end of CPB and after protamine 

administration to >3500 pmol/L. C3 activation was comparable with that in the 

other patients, but C4b/c increased from baseline level of 2.6 to 34 nmol/L after 

protamine administration. In the postoperative period this patient did not suffer 

from arrhythmia. 
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Figure 2 Generation of C3b/c (A and C) and C4b/c (B and D) during in vitro incubation of normal plasma 
with various concentrations of heparin and protamine, in the absence (A and B) or presence (C and D) of 
added purified CRP (26.5 ug/mL). Data presented are medians with range (n=3), * p< 0.05 compared to 
baseline, + compared to no heparin and same protamine concentration, one-factor ANOVA with repeated 
measures, supplemented with the Bonferroni post-hoc test. 

In vitro studies 

The results of the in vitro experiments with plasma of healthy volunteers are shown 

in figures 2 to 4 (data presented are medians with range (n=3). Heparin-protamine 

complexes stimulated C3 activation only slightly at high heparin concentrations 

(Figure 2A), but induced significant C4 activation at 2 U/mL heparin (Figure 2B). 

C4b/c generation appeared to be the highest at optimal antagonizing 

concentrations of protamine for heparin activity. Additional CRP had no effect on 

C4 activation (Figure 2D), but induced a slight activation of C3, independently of 

the administration of protamine (Figure 2C). The rise of activation products 

specifically reflecting CRP-dependent activation, i.e., CRP-complement complexes, 

in these in vitro experiments was more remarkable. CRP-complement complex 

formation depended on both heparin and protamine dose (Figure 3). At optimal 

antagonizing concentrations of protamine the highest levels of C3d-CRP and C4d-

CRP complexes were formed. 
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O 0.025 0.05 0.1 0.2 0.4 0.8 O 0.025 0.05 0.1 0.2 0.4 0.8 

Protamine (mg/mU Protamine (mg/mü 

—a- No Heparin 
—•- Heparin 2 U/mL 
—•— Heparin 4 U/mL 
-Q- Heparin 8 U/mL 

F/gure 3 Generation of C3d-CRP (A and C) and C4d-CRP (B and D) during in vitro incubation of normal 
plasma with various concentrations of heparin and protamine, in the absence (A and B) or presence 
(C and D) of added purified CRP (26.5 pg/mL). Data presented are medians with range (n=3), * p< 0.05 
compared to baseline, + compared to no heparin and same protamine concentration, one-factor ANOVA 
with repeated measures, supplemented with the Bonferroni post-hoc test. Note the difference in Y-axis 
scale of panels A and B versus C and D. 

Raising the CRP concentration about 10-fold increased the CRP-complement 

complex levels also about 10-fold, but did not alter the optimal heparin-protamine 

ratios to stimulate complex formation (Figure 3). We did several control 

experiments to demonstrate the specificity of the observed CRP-dependent 

activation. In the presence of 10 mM EDTA no activation was observed (not shown). 

Furthermore, addition of phosphorylcholine completely prevented C4d-CRP and 

C3d-CRP complex formation (Figure 4A and B). 

We also incubated baseline plasma of 4 randomly chosen patients with different 

concentrations of heparin and protamine. Results were comparable with those 

obtained with normal plasma, though in the plasma of two of these patients more 
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20 n 750-

w 

Heparin (U/mL) Heparin (U/mL) 

plasma +protamine(0.2 mg/mL) 

+CRP (26.5 ng/mL) 

+CRP+ PC (10 nmoI/mL) 

Figure 4 Generation of CRP-complement complexes is blocked by phosphorylcholine. Normal plasma 
was either or not supplemented with additional CRP (26.5 pg/mL) and p-Amino-phenyl-phosphoryl-
choline (PC; 10 mM final concentration) Generation of C4d-CRP and C3d-CRP complexes was measured 
as described in methods. Data presented are medians with range (n=3). * p< 0.001 compared to baseline, 
and to plasma with additional CRP and p-Amino-phenyl-phosphoryl-choline, one-factor ANOVA with 
repeated measures, supplemented with the Bonferroni post-hoc test. 

C4b/c and complement-CRP were generated compared to normal plasma: i.e., after 

incubation with 4 lU/mL of heparin and 0.1 mg/mL of protamine, for C4b/c 0 and 

24 nmol/L vs. 43 and 123nmol/L, for C4d-CRP 201 and 254 pmol/L vs. 4698 and 

7714 pmol/L, and for C3d-CRP 1.8 and 1 8 pmol/L vs. 352 and 642 pmol/L (not 

shown). 

Correlation between complement parameters and clinical symptoms 

In the 23 patients, we found a significant correlation between baseline levels of 

C3d-CRP and C4d-CRP and the respective peak levels after protamine 

administration (r=0.60, p=0.002 and r=0.77, p< 0.001, respectively; Figure 5A and 

B). The baseline levels of CRP also correlated with the peak levels of C3d-CRP and 

C4d-CRP (r=0.72 and r=0.65, respectively: all p<0.001) (Figure 6). The median 

increase of C4d-CRP after protamine administration was 6-fold compared to 

baseline levels, but in individual patients this increase ranged from 2.9- to 17-fold. 

The extent of this increase was associated with the occurrence of arrhythmia 

postoperatively (r=0.59, p=0.007), whereas absolute peak levels of C4d-CRP did 

not correlate, nor did the increases of C4b/c or C3d-CRP, although the increase of 

C4b/c tended to be higher in patients with arrhythmia (Table 3). To explain 

maximum C4d-CRP levels we entered the following independent variables in a 

forward stepwise regression analysis: baseline of total C3, C4, C3b/c, C4b/c, CRP, 

and C4d-CRP; patient's age; leucocyte count at the end of CPB; CPB and cross-
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Figure 5 Scatterplot showing generation of C3d-CRP (A) and C4d-CRP (B) after protamine administ rat ion 

(y-axis) versus baseline levels (x-axis). 
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Figure 6 Scatterplot showin peak levels of C3d-CRP (A) and C4d-CRP (B) (y-axis) versus basel ine CRP 

levels (x-axis). 

clamp time; protamine dose, and protamine/heparin ratio corrected for body 

surface area. The maximum level of C4d-CRP was mainly explained by two 

variables: C4d-CRP after protamine= -1 9.8 + 3.1 x (Baseline C4d-CRP) + 4.95 x 

(leucocyte count at the end of CPB); the adjusted R2 for this model was 0.75 

(p<0.001). The confidence interval for total C4d-CRP at baseline was 2.2 - 4.0; and 

that for leucocyte count at the end of CPB, 0.15 to 9.8. 
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Table 3 Complement activation at various points of time in the patients with or 

without arrhythmia 

C3b/c 

(nmol/L) 

C4b/c 

(nmol/L) 

C3d-CRP 

(pmol/L) 

C4d-CRP 

(pmol/L) 

Sample point 

baseline 

after protamine 

-fold increase 

baseline 

after protamine 

-fold increase 

baseline 

after protamine 

-fold increase 

baseline 

after protamine 

-fold increase 

Arrhythmia (n= 8) 

13 (11 - 14) 

196 (181 - 258) 

17 (14 -22) 

3.7 (2 .8-9.0) 

10 (7.5 - 13) 

2.2 (0 .9-4.6) 

1.4 (0.3 - 2.6) 

17 (8.5 - 51) 

9.1 (5.6- 13) 

3.0 (1.9- 6.2) 

37 (16 -82 ) 

13 ( 6 - 17) 

No Arrhythmia (n= 1 5) 

11 (9.4 - 14) 

243 (156- 354) 

19 (12 - 35) 

3.3 (1.9 - 15) 

11 (7.7 - 18) 

4.9 (0.8 - 6.8) 

2.3 ( N D - 3.8) 

16 (4.9 - 51) 

4.9 (3 .0- 16) 

2.9 (1 .0- 8.8) 

19 (5.8 - 135) 

3.8 (2 .9- 7.0) 

p-value 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

NS 

0.01 

ND indicates not detectable; NS, Not Significant (p>0.05). Data are expressed as median values 
(interquartile range). Differences between the two groups were determined by Mann-Whitney U test. 

Discuss ion 

Two decades ago, Siegel et al.8 and Rent et al.18 reported that CRP can induce 

consumption of various complement factors in vitro. We extended these studies to 

the in vivo situation by applying new assays for CRP-complement complexes to 

analyze CRP-mediated classical pathway activation in heparinized patients, who 

received protamine. Our data show that in accordance with previous studies 

heparin-protamine complexes enhance classical pathway activation in vivo2-3'19-23, 

and that at least part of this activation occurs via CRP. This CRP-dependent 

activation of complement appeared to be clinically relevant since it was associated 

with the occurrence of arrhythmia7. Whether this association reflects a direct role 

in the pathogenic processes leading to arrhythmia is unclear. Griselli and 

colleagues24 recently showed that injection of human CRP into rats after ligation of 

a coronary artery enhanced infarct size in a complement-dependent fashion, 

indicating that CRP indeed can contribute to tissue damage by activating 

complement. 

As parameters for CRP-dependent complement activation we measured 

complement-CRP complexes using assays for complexes of C4b/d or C3b/d to 

CRP". These complexes are specific for complement activation mediated by CRP 

as they are not generated during activation of complement by other activators25-26 
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like aggregated IgG or E. coli bacteria, nor are they generated in vivo upon infusion 

of OKT3 (a murine IG2a mAb directed against the CD3 complex of T lymphocytes) 

in renal transplant recipients in spite of significant complement activation. Hence, 

the formation of complement-CRP complexes indicates that complement is 

activated via CRP. Thus, increased levels of complement-CRP complexes following 

the administration of protamine is indicative for CRP-dependent activation by 

heparin-protamine complexes. The in vitro experiments indeed supported the 

specificity of the generation of complement-CRP complexes, since this generation 

was completely blocked by phosphorylcholine, and appeared to be Ca2+-

dependent, which are typical features for CRP-dependent complement activation. 

Figure 3 shows that various concentrations of either heparin or protamine resulted 

in different levels of complement-CRP complexes and that an optimal ratio of either 

agent was needed for maximal activation. In normal plasma the optimal ratio was 

4 lU/mL heparin and 0.1 mg/mL protamine. Assuming a molecular weight (MW) of 

10 kD for protamine and 12kD for heparin, we estimated the optimal molar ratio of 

heparin/protamine to be 0.1. Hence, polymerization of heparin by protamine likely 

is a key event to favor binding of CRP and subsequently activation of complement. 

Notably, these in vitro experiments in plasma were performed at similar 

concentrations as occur in vivo. During CRP-mediated complement activation in 

vitro approximately 1 to 5% of activated C4 and C3 will fix to CRP11. We estimated 

that 0.008 % of activated C3 and 0.26 % of activated C4 became fixed to CRP 

during CPB. This lower ratio in vivo may be explained by a more rapid clearance of 

complement-CRP complexes bound to heparin-protamine, as compared to free 

activated C3 or C4. Alternatively, it could imply that other mechanisms in addition 

to those involving CRP, account for the protamine-induced activation of 

complement. The in vitro experiments failed to show significant generation of these 

complement-CRP complexes with heparin alone, whereas in the patients some 

generation of these complexes occurred after heparinization. A possible 

explanation for this discrepancy may be the generation of ligands for CRP, by the 

operation and contact with the artificial surface of the extracorporeal circuit, 

whereas the in vitro experiments were performed with recalcified plasma obtained 

from "undamaged" blood. 

Maximum levels of C3d-CRP were found at the end of CPB and increased further 

though not significantly after protamine administration, whereas levels of C4d-CRP 

increased slightly at the end of CPB and peaked after protamine administration. So 

already during CPB, i.e. after heparinization, but before protamine administration, 

some CRP-dependent complement activation occurred, possibly by binding of CRP 

to for example damaged cells27. Although our study does not reveal the specific 
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l igand for CRP, we suggest that phosphol ipids, e.g. lyso-phospholipids generated 

f rom phosphat idy lchol ine of f l ip - f lopped cells by secretory PLA-2, provide a 

suitable ligand for CRP27-28. However other ligands such as polycations, including 

leucocyte cat ionic proteins, histones, polymers of L-lysine, protamine, and 

phosphat idy lchol ine, may have contr ibuted to CRP-dependent complement 

activation27-31. 

Dur ing CPB the human body and especial ly the heart is exposed to ischemia-

reperfusion injury, wh ich induces an inf lammatory response3 2 '3 . We showed 

recently signif icant complement act ivat ion dur ing the first 3 postoperative days 

fo l lowing CPB7. This second phase of complement activation appeared to be CRP-

dependent and was associated wi th the occurrence of arrhythmia. In this study, we 

also found an association between the increase in C4d-CRP levels and the 

occurrence of arrhythmia, but in contrast to the previous study, wh ich concerned 

CRP-dependent activation in the postoperative days, in this study the increased 

act ivat ion was measured fo l l ow ing protamine administrat ion. Interestingly, we 

found a signif icant correlat ion between baseline C4d-CRP complexes and the 

increase of these complexes fo l lowing administration of protamine. These data may 

point to inter indiv idual differences in responsiveness regarding CRP-dependent 

complement act ivat ion. Hence, we suggest that the association between CRP-

dependent complement act ivat ion fo l l ow ing protamine administrat ion and 

arrhythmia is due to the fact that larger increases fo l lowing protamine identify high-

responders, that w i l l have higher postoperative CRP-dependent activation, the latter 

activation process being linked wi th the occurrence of arrhythmia. We are currently 

testing this hypothesis. 

Most reports on protamine concern the anaphylactoid responses to protamine in 

pat ients 3 4 3 5 . Best and col leagues2 1 '3 6 reported on the act ivat ion of the classical 

pathway dur ing anaphylactoid responses to protamine. Hird and col leagues3 7 

demonstrated that unbound protamine had a direct negative inotropic effect on 

myocardial contractil ity by reducing ^-adrenergic receptor binding and subsequent 

cAMP product ion. Such an effect was not exerted by heparin-protamine com

plexes. In addi t ion, protamine decreased myocyte resting membrane potent ia l , 

decreased maximum upstroke velocity, and prolonged myocyte action potential 

repolar izat ion signif icant ly3 8 . Hence, the association between CRP-dependent 

complement activation and arrhythmia may reflect interaction of protamine w i th 

cardiomyocytes. However, atrial f ibr i l lat ion occurs most commonly on the second 

and th i rd postoperative days 7 3 9 , wh i ch is not consistent w i th a direct effect of 

protamine on cardiomyocytes, since in that case arrhythmia would be expected to 

occur much earlier, i.e., shortly after protamine administration. 
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One patient was excluded from analysis, because of elevated baseline CRP level 

(31 mg/L). In this patient a 10-fold increase in C3d-CRP level and a 4-fold increase 

in C4d-CRP level occurred at the end of CPB, whereas after protamine 

administration levels were 90-fold (C3d-CRP) and more than 90-fold increased 

(C4d-CRP). Baseline levels of total C3 and C4, and complement activation products 

were normal. At the end of CPB C3b/c and C4b/c levels showed 1 2.5-fold and 2-

fold increase, and after protamine administration increases were 23-fold and 

1 3-fold, respectively. Hence, we speculate that patients with higher CRP levels 

have stronger complement responses than normal individuals. This is consistent 

with the in vitro observation that elevated CRP levels are accompanied by more 

extensive activation patterns. 

In conclusion, we show that activation of the classical pathway induced by prot

amine administration in the presence of heparin, is in part mediated by CRP. 

Moreover, the extent of this CRP-mediated complement activation is in part 

dependent on the concentration of CRP. Finally, we found evidence for 

interindividual differences in the extent of CRP-mediated complement activation, 

i.e., high responses being associated with the occurrence of arrhythmia in the 

postoperative period. We suggest that monitoring of the response induced by 

protamine, may help to identify patients at risk for developing arrhythmia. 
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Abstract 

Background Serum C-reactive protein (CRP) levels constitute a cardiovascular risk 

factor. We investigated whether levels of CRP before and following cardiovascular 

surgery, relate to perioperative, particularly cardiovascular, complications in high-

risk patients undergoing cardiopulmonary bypass (CPB), since this triggers transient 

global myocardial ischemia. In addition, we analyzed the relation between 

baseline levels and the postoperative response of CRP. 

Methods Forty-three high-risk patients undergoing either myocardial revas

cularization, or valve surgery, or a combined and/or redo procedure were studied 

in a prospective pilot-study. Blood samples were obtained before (baseline), during 

and after CPB. CRP plasma levels were measured with ELISA. 

Results Peak levels were found on the second postoperative day, and correlated 

with baseline levels. Eight patients developed perioperative myocardial infarction. 

These patients had higher baseline levels of CRP than the others. Postoperative CK-

MB levels increased significantly, in patients with CRP levels exceeding 10 mg/L 

Conclusions Baseline CRP levels may be helpful to identify patients at risk for 

developing myocardial damage following cardiac surgery with CPB. The response 

of CRP following CPB in high-risk patients is maximal on the second postoperative 

day and is related to baseline levels. Furthermore, these data support that baseline 

CRP levels reflect individual differences in CRP responsiveness. Finally, CPB during 

cardiac surgery may provide a clinical setting to evaluate short term intervention 

therapy targeting at CRP-related myocardial damage. 

I n t r o d u c t i o n 

Cardiac surgery with cardiopulmonary bypass (CPB) triggers a systemic activation 

of various systems in the blood in most patients1-2. The contact of blood with 

artificial surfaces together with the changed physiologic conditions during CPB, 

i.e., hemodilution, non-pulsatile blood flow, hypothermia, reinfusion of shed 

blood, and heparin-protamine complexes probably all contribute to the activation 

of various plasma protein systems such as the coagulation/fibrinolytic and 

complement cascades35. Furthermore, ischemia-reperfusion triggers generation of 

various cytokines, which also play an important role in inducing and regulating 

inflammation6-7. In combination with the patient's concurrent medical problems 

these activation processes may result in an systemic inflammatory response 

syndrome leading to serious morbidity, manifested by pulmonary, renal, 

gastrointestinal tract dysfunction, and hemodynamic instability in the postoperative 

period'-2. 
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A typical marker for the inflammatory response is C-reactive protein (CRP), which 

is the prototype of the human acute phase proteins8. It is well known that CRP 

levels rise in patients suffering from an acute myocardial infarction, the extent of 

this rise being related to short-term outcome in patients with angina pectoris9. 

Moreover, baseline levels of CRP are associated with the occurrence of 

cardiovascular events in patients with (un)stable angina pectoris and even in 

healthy individuals1013. Although, this link between CRP and cardiovascular 

disease is generally considered to be indirect, in that CRP reflects the inflammatory 

process ensuing in atherosclerotic lesions, we have hypothesized that CRP may be 

involved in the pathogenesis of these diseases14. Indeed, injection of human CRP 

into rats after ligation of a coronary artery increased infarct size in a complement-

dependent way15. 

Previous studies have addressed that the acute phase response after coronary artery 

bypass graft (CABG) surgery results from the surgical trauma and to a lesser extend 

from CPB16-17. Recently, we described that CRP plays a role in complement 

activation both during and after the operation and that this was associated with the 

occurrence of supraventricular arrhythmia in the postoperative period18, raising the 

possibility that CRP actively participates in the inflammation-related damage 

following cardiac surgery with CPB. Whether circulating levels of CRP at baseline 

(before surgery) or following cardiovascular surgery constitute a risk factor is, 

however, unknown. Therefore, we initiated a pilot-study to investigate whether 

baseline levels of CRP are related to the clinical course of high-risk patients 

undergoing cardiovascular surgery. We studied the incidence of postoperative 

complications overall as well as that of cardiovascular events, including myocardial 

infarction and supraventricular arrhythmia, in particular, in relation to baseline 

levels and the postoperative course of CRP. 

Pat ien ts , m a t e r i a l s and methods 

Study design 

Fifty patients either undergoing CPB for myocardial revascularization, single valve 

replacement or combined and/or redo procedures were included in a prospectively 

randomized study. Only patients at high-risk were included since either their age 

was >70 years, or they had an impaired left ventricular function, i.e., ejection 

fraction <40%, or they were scheduled for either mitral valvuloplasty or 

replacement. Exclusion criteria for the study were age <21 years, insulin-dependent 

diabetes mellitus, pregnancy, hepatic cirrhosis, renal failure (i.e., creatinine >200 

umol/L), known malignancy, schizophrenic disorders, organ transplantation, 
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immunologic disease, use of either NSAIDs, corticosteroids or other anti

inflammatory drugs, except for low doses of aspirin, i.e., 80-100 mg until 7 days 

before the operation. All patients of this study participated in the control group of a 

prospective double-blinded placebo-controlled trial studying the effect of 

preoperative treatment with an oral immune-enhancing nutrition supplement 

(IMPACT®, Novartis Nutrition, Bern, Switzerland) on the incidence of infectious 

complications, morbidity, and mortality in patients scheduled for elective cardiac 

surgery with CPB19. The study was approved by the Medical Ethics Committee of 

the Academic Medical Centre of Amsterdam. Each patient gave written informed 

consent. 

The clinical endpoints of the study were postoperative morbidity, reflected by the 

occurrence of adverse events. We especially focussed on the cardiac events like 

perioperative myocardial damage, infarction and supraventricular arrhythmia. A 

diagnosis of myocardial infarction was made on the following criteria: new Q-

waves and changes in ST-segment (>1 mm ST-segment elevation in >2 limb leads or 

>2 mm ST-segment elevation in >2 precordial leads, negative T-top >3mm, or 

complete left bundle branch block) in comparison with preoperative electro

cardiograms, in the presence of increasing CK-MB levels to >80 ug/L. 

Electrocardiograms were made daily for 3 postoperative days. Supraventricular 

arrhythmia included all tachycardias originating above the His bundle division, 

mainly including either atrial fibrillation and flutter, or ectopic junctional 

arrhythmia, atrial ectopic tachycardia, and multifocal atrial tachycardia with fast 

ventricular rates (100-180 beats/min), requiring anti-arrhythmic therapy. Low 

output syndrome was defined as cardiac index <2.0 L/min/ m2, the need for 

inotropic medication for more than 2 hours, and/or the insertion of an intra-aortic 

balloon pump (IABP). Postoperative renal failure was defined as increasing 

creatinine plasma levels above 200 umol/L, and/or the need for dialysis. 

Respiratory dysfunction was defined as the need for intubation with mechanical 

ventilation for longer than 48 hours. Postoperative infections were diagnosed when 

patients developed fever in combination with positive bacterial cultures and the 

intention to treat the infection with antibiotics. 

Preanesthetic medication consisted of lorazepam (2-4 mg). Anesthesia was induced 

with etomidate (0.2 mg/kg), fentanyl (50 ug/kg), and midazolam (0.1 mg/kg), and 

maintained by supplemental doses. Pancuronium bromide (0.1 mg/kg) was used as 

muscle relaxant. Patients were ventilated to normocapnia with oxygen in air. If 

necessary, isoflurane (0.4% to 1.2%) was added. Cefamandol (2 gm) was given for 

infection prophylaxis. Standard anesthetic monitoring techniques, i.e., electro

cardiography, pulse-oximetry, capnography, assessment of urinary output, 
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nasopharyngeal and rectal temperature monitoring, radial artery pressure 

monitoring, and flow-directed pulmonary artery catheterization (Swan-Ganz, 

Baxter/American Edwards Laboratories, Santa Ana, USA.), were used. 

The extracorporeal circuit consisted of a CML duo open system membrane 

oxygenator (polypropylene flat sheet membrane) with integrated heat exchanger 

and cardiotomy reservoir (Cobe Cardiovascular Inc., Arvada, CO), a non-pulsatile 

roller pump (Sarns 9000, 3M Health Care Group, Ann Arbor, Ml), arterial filter (AF-

1025D, Baxter Healthcare Corp, Irvine, CA) and polyvinyl tubing system (Cobe). 

The extracorporeal circuit was primed with 1 L of Haemaccel® (Hoechst Marion 

Roussel B.V., Hoevelaken, The Netherlands), 0.7 L of Hartmann® (NPBI, Emmer-

Compascuum, The Netherlands), 50 mL of 8.4% sodium bicarbonate (NPBI), and 

100 mL of 20%, w/v, mannitol. Magnesium sulphate (100 mg/ kg) and 5,000 IU 

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

added to the priming solution, which had a total volume of 1,850 mL. 

After systemic heparinization (300 lU/kg) CPB was initiated with cannulas placed 

in the ascending aorta and right atrium (two stage venous cannula). By giving 

additional heparin, activated clotting time (ACT) was kept above 500 seconds. The 

non-pulsatile flow rate was maintained at 2.4 L/min/m2 during cooling and 

rewarming phases. At a temperature of 27-30° C the low rate was kept at 1.8 

L/min/m2. Crystalloid cardioplegia (800-1000 mL, potassium 20 mmol/L, 4°C, St 

Thomas, Academic Medical Centre, Amsterdam, The Netherlands) was used for 

myocardial protection. During CPB mechanical ventilation was interrupted and the 

lungs were kept at rest with static inflation (5 cm H,0, 2 1 % oxygen). The 

hematocrit during CPB was maintained at 18-25%. Distal anastomoses of the grafts 

were placed during aortic cross-clamping, and proximal anastomoses were placed 

after cross-clamp removal and restoration of mechanical ventilation. After 

termination of CPB, heparin was antagonized with protaminehydrochloride 

(Roche, Basel, Switzerland) at a ratio of approximately 1:1 (3 mg/kg). Residual 

volume from the extracorporeal circuit was infused into the patient. 

Following surgery, patients were admitted to the intensive care unit (ICU), and 

treated according to a standardized clinical protocol. Fluid balance, rectal 

temperature, and hemodynamic parameters were recorded every hour. Basic fluid 

administration consisted of 0.9% NaCI, and 4% modified fluid gelatin 

(Gelofusine®; Vifor Medical SA, Sankt Gallen, Switzerland). When the hematocrit 

fell to 26%, packed erythrocytes were infused. Patients were transported to the 

ward for further recovery, after their cardiorespiratory condition had stabilized. 
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Collection of blood samples 

Blood specimens for hemoglobin, hematocrit, white blood cell numbers, and 

platelet counts were collected into 4.5-mL glass Vacutainer® tubes containing EDTA 

(Becton Dickinson, Franklin Lakes, USA). Blood samples for analysis of CRP were 

collected into 4.5-mL siliconized glass Vacutainer ® tubes containing 3.8% 

trisodium citrate solution (0.105 M) (Becton Dickinson), whereas those for CK-MB 

assay were obtained in 4.5-mL Vacutainer® tubes containing Lithium-heparin. All 

samples were taken via a radial artery catheter. Plasma was prepared by 

centrifugation of the blood samples for 20 minutes at 1500 x g immediately after 

collection, and stored in aliquots at -70° C. Blood was collected at the following 

time points: before induction of anesthesia (baseline); after induction of anesthesia; 

15 minutes after removal of the aortic cross-clamp; 15 minutes after CPB; 30 

minutes and 2 hours after arrival in the ICU; and on days 1, 2, 5, and 10 after 

surgery. Cardiac enzymes (CK-MB) were sampled 1, 4, 8, 12, 18, and 24 hours 

postoperatively, or longer if necessary in case of myocardial infarction. CK-MB was 

measured with a sandwich immuno assay on the lmmuno-1 (Bayer, Leverkusen, 

Germany). The cut-off value for perioperative myocardial infarction in this assay is 

80 ug/L. 

CRP levels were measured with a sandwich-type ELISA in which polyclonal rabbit 

anti-CRP antibodies were used as catching antibodies and a biotinylated mAb 

against CRP (CLB anti-CRP-2) as the detecting antibody. Results were related to a 

standard consisting of commercially available CRP (Behringwerke AG, Marburg, 

Germany), and expressed as mg/L. The detection limit of the assay was 10 ng/L. 

CRP levels in healthy persons are below 3 mg/L. 

Statistical analysis 
Data were stored and analyzed using standard computer software (SPSS 7.5.2, SPSS 

Inc., Chicago, IL, USA). To analyze changes in time, one factor analysis of variance 

(ANOVA) for repeated measurements was applied, supplemented with the 

Bonferroni post-hoc test. Mann-Whitney U test and Fisher exact test were used to 

analyze ordinal and dichotomous variables, respectively. Significance of 

differences in baseline CRP levels divided into tertiles was tested with the use of 

Kruskal-Wallis test. Spearman's rank correlation was calculated when appropriate. 

A two-sided probability value of p<0.05 was considered to be statistically 

significant. Values are presented as medians with interquartile range, unless stated 

otherwise. 
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Results 

Patients 

Four patients were excluded from the study because of logistic reasons, i.e., 3 of 

these 4 patients did not receive treatment (placebo nutrition) in the week before the 

operation and they also received corticosteroids perioperatively, whereas in 

1 patient the operation was postponed for non-patient related reasons. Three other 

initially included patients were not sampled for logistic reasons also. One of these 

excluded patients (after CABG) died during the postoperative period due to massive 

myocardial infarction (incomplete revascularization). So, clinical and biochemical 

studies were done in 43 patients. Clinical characteristics of these patients are 

shown in Table 1. 

Table 1 Patient characteristics and surgical data 

Age (years) 

Gender, M/F 

BSA (m2) 

LVEDP (mm Hg) 

Previous infarction 

Aspirin 

Operation type 

CPB time (min) 

Cross-clamp time (min) 

Distal anastomoses 

Peak temperature f C) 

Leukocyte max. (x109/L) 

73 (71 - 76) 

20/23 

1.82 (1.72 - 1.93) 

14 (11 - 20) 

1 7 (39%) 

24 (56%) 

23 CABG 

3 AVR/ 7 MVR/ 2 MVP 

1 CABG+AVR/ 2 CABG+MVR 

1 CABG+AVR+MVR/ 1 re-MVR 

1 re-AVR+MVR/ 2 re-CABG 

95 ( 8 4 - 129) 

65 (54 - 90) 

2 (0 - 5) 

38.2 (37.9 - 38.5) 

13.4 (11.6 - 15.6) 

Data expressed as median values (interquartile range), except for distal anastomoses (median with range). 
The internal mammary artery was used for reanastomosis in 14 patients. BSA = body surface area; LVEDP 
= left ventricle end-diastolic pressure; CABG = coronary artery bypass graft; AVR = aortic valve 
replacement; MVR = mitral valve replacement; MVP = mitral valvuloplasty; re- = redo surgery; CPB time 
= duration of cardiopulmonary bypass; peak temperature = maximum body temperature during 
postoperative period. 

Differences between patients were, as expected, related to the presence of coronary 

artery disease, resulting in differences in history of preoperative myocardial 

infarction, use of aspirin, and antianginal medication, i.e., B-adrenergic antagonists, 
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calcium channel blockers, and oral nitrates (triple therapy). In the patients under

going combined or redo surgery, duration of bypass and aortic cross-clamp was, as 

expected, longer than in the other patients undergoing either single valve or CABG 

surgery (duration of bypass: 1 61 min.; range, 94 to 192 min. versus 93 min.; range, 

80 to 120 min. and duration aortic cross-clamp: 103 min.; range, 62 to 133 min. 

versus 60 min.; range 52 to 74 min.). 

Leukocyte counts increased in all patients during the postoperative period. 

Maximum counts were mainly found on the postoperative days 2 and 3. These 

maximum leukocyte counts coincided with fever on the same days in 86% of the 

patients. Duration of CPB and aortic cross-clamp correlated with the postoperative 

area under the curve (AUC) of CK-MB release in all patients (Figure 1 A; r = 0.45, 

p=0.003 and Figure 1 B; r = 0.48, p=0.001) 

Incidence of outcome or adverse events are shown in Table 2. Eight patients had a 

perioperative myocardial infarction. One patient after mitral valve replacement 

died because of therapy-resistant low output syndrome. The most common 

postoperative event was supraventricular arrhythmia de novo, which occurred in 

53% of the patients. In 74% of these patients it occurred on days 2 and 3. Six 

patients scheduled for mitral valve operation suffered from atrial fibrillation before 

theoperation. Overall, 2 patients in total required reexploration for excessive 

bleeding. One patient suffered from cardiac tamponade 18 days after mitral valve 

replacement, which was drained successfully. Respiratory dysfunction after surgery 

occurred in 37% of the patients. Whereas infection, i.e., 2 wound, 11 respiratory, 

and 5 urinary tract had an overall incidence of 42%. 

Table 2 Adverse events 

myocardial infarction 8(19%) 

IABP 1 (2.3%) 

low output syndrome 6(14%) 

supraventricular arrhythmia 23 (53%) 

reexploration for bleeding 2 (4.7%) 

renal failure 3 (7%) 

respiratory dysfunction 16(37%) 

infection 18(42%) 

Data expressed number of cases (% of total). 1ABP= intra-aortic balloon pump. 

C-reactive protein 
Preoperative levels for CRP were 3 mg/L (median; interquartile range, 1 to 6 mg/L) 

in all patients. Forty-nine % of all patients had levels above normal values 

(<3 mg/L). Moreover, 5 patients, who were operated for CABG, had levels above 
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10 mg/L. There were no differences in baseline CRP levels between patients 

regarding preoperative aspirin intake or the type of surgery. After the operation, 

levels increased in all patients to reach maximum levels at the second postoperative 

day (median 230 mg/L; interquartile range, 189 to 279 mg/L). Thereafter, levels 

decreased significantly to reach levels on day 10 that were still higher than baseline 

levels (Figure 2). Neither maximum nor change of CRP levels were influenced by 

the type of operation. 
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Figure 1 Scatterplot showing the area under the curve of CK-MB (AUC) (y-axis) versus (A) cross-clamp-
time (X-CPB) (x-axis), and (B) CPB-time (x-axis). 

Figure 2 Course of C-reactive protein during and after CPB. Indicated time points are before (baseline) 
and after induction of anesthesia (bef. surg.), 15 minutes after release of aortic cross-clamp (15' X-clamp), 
15 minutes after end of CPB (15' end CPB), 30 (30' ICU) and 120 minutes (120' ICU) ICU-stay, and 
postoperative days 1, 2, 5, and 10. Data represent median and interquartile range (error bars). Asterisk 
indicates significant change compared to baseline values. Level of significance was p<0.05 (one-factor 
ANOVA with repeated measures, supplemented with the Bonferroni post-hoc test). 
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The patients were divided according to baseline CRP levels into three groups, 

which were analyzed for the incidence of postoperative complications including 

cardiac events, i.e., myocardial infarction and/or supraventricular arrhythmia. We 

observed no significant differences between baseline levels of CRP and the overall 

incidence of complications (data not shown). Also the incidence of cardiac events 

was not associated with baseline CRP levels, though the incidence of postoperative 

myocardial infarction tended to increase with higher baseline CRP levels (p=0.07) 

(Table 3). 

Table 3 Baseline CRP levels, maximum CRP levels, and cardiac events 

CRP level 

(mg/L) 

<2 

2 - 5 

>5 

N 

14 

15 

14 

CRP max. 

(mg/L) 

192 (149 

252 (189 

245 (216 

231) 

282) 

315) 

myocardial 

infarction 

1 (7.1%) 

2 (13.3%) 

5 (35.7%) 

CK-MB 

(pg/L) 

37(24 

37 (27 

40(22 

max. 

69) 

65) 

108) 

low output 

syndrome 

3 (21.4%) 

1 (6.7%) 

2(14.3%) 

arrhythmia 

8(57.1) 

9 (60%) 

6 (42.9%) 

Data expressed as number of patients (% of N) with postoperative myocardial infarction, low output 
syndrome, or supraventricular arrhythmia. Maximum CRP and CK-MB levels are expressed as median 
values (interquartile range). Differences between the groups were determined by Kruskal Wallis test. No 
significant differences between cardiac events. 

However, in patients with postoperative myocardial infarction baseline levels (7.5 

mg/L, median; interquartile range, 2.5 to 1 7 mg/L) were significantly higher than 

those in patients without this complication (3 mg/L; interquartile range, 1 to 5 mg/L) 

(p=0.043). To determine the relationship of the maximum postoperative CK-MB 

level with other parameters, the following independent variables for explanation 

were entered in a forward stepwise regression analysis: age, duration of CPB and 

aortic cross-clamp, CRP baseline, CRP maximum, and AUC of CRP. The maximum 

CK-MB level was explained by two variables: Max. CK-MB= -46.1 + 0.59 x 

duration of CPB + 1 . 3 x 1 0 ' x CRP (AUC); the adjusted R̂  for this model was 0.29 

(p=0.001). The confidence interval for duration of CPB was 0.23 to 0.94: for that of 

AUC of CRP, 0.001 to 0.003. When looking separately at CRP levels before 

induction, we observed 5 patients with CRP levels >10 mg/L; range, 11 to 84 mg/L. 

These 5 patients all underwent CABG. We observed no difference in CRP peak 

levels between them and the other patients. Remarkably, CK-MB maximum as well 

as the increase in CRP levels were significantly higher in the patients with CRP >10 

mg/L than in the patients with lower levels (Table 4). 
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Table 4 Relation of baseline CRP levels to CRP response and CK-MB release 

CRP max (mg/L) 

increase CRP from baseline 

CRPAUC(mg.103.hr/L) 

CK-MB AUC (ug.hr/L) 

CK-MB max. (ug/L) 

(x-fold) 

CRP <10 mg/L 

220 (188-280) 

84 (50- 159) 

29.7 (22.2 - 35.3) 

384 (148 - 1334) 

37 (24 - 68) 

CRP>10 mg/L 

247 (233 -421) 

13 ( 1 0 - 32) 

35.1 (29.1 -47.7) 

1232 (875 - 2368) 

79 (49 - 115) 

P value 

0.198 

0.003 

0.109 

0.05 

0.046 

Data expressed as median values (interquartile range). Differences between the two groups were 
determined by Mann-Whitney U test. 

Baseline CRP levels of all patients correlated w i th their max imum levels (not 

shown) or the A U C of CRP dur ing the acute phase response (Figure 3). We also 

divided the patients into three groups according to their baseline CRP levels and 

related these levels to the change in CRP and max imum CRP, respectively. The 

change as wel l as maximum levels significantly correlated to baseline levels in the 

group of patients w i t h low or medium levels, and not in the patients w i th high 

baseline levels (Table 5). 

Table 5 Correlations between baseline CRP levels and CRP increase and 

maximum CRP level 

baseline vs. increase CRP (-fold) correlation (rs) P value 

low1 

medium2 

high3 

baseline vs. 

low' 

medium2 

high3 

( 7 - 4 7 ) 

(50 - 110) 

(112 - 343) 

maximum CRP (mg/L) 

107 - 195 

197 -251 

252 - 586 

0.68 

0.74 

0.39 

0.007 

0.003 

NS 

correlation (r.) P value 

0.56 

0.41 

0.01 

0.008 

NS 

NS 

Correlations were determined with Spearman's rank correlation test. NS = Not Significant (p>0.05).1 CRP 
< 2 mg/L;2 CRP 2 - 5 mg/L;3 CRP > 5 mg/L. 

Forward stepwise regression analysis showed that max imum CRP levels were 

mainly determined by baseline levels (Table 6). The adjusted R2 for this model 

increased to 0.46 when looking separately to patients w i th preoperative aspirin 

intake. Furthermore, decreases in CRP levels from maximum levels to the levels on 

days 5 were faster in patients wi th preoperative aspirin intake (Table 7). 
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r = 0.55 

p< o.ooi 

I 1 1 
1 10 100 

CRP baseline (mg/U 

Figure 3 Scatterplol showing correlation between baseline CRP levels (x-axis) and area under the curves 

of CRP (y-axis), reflecting CRP generation. 

Table 6 F o r w a r d s tepw ise regression ana lys is o f m a x i m u m CRP levels 

Variable Coefficient Standard error p value 

Baseline CRP 4.143 0.8 <0.001 

Constant 216.970 12.2 <0.001 

Maximum CRP level = 216.970 + 4.143 x baseline CRP level. Adjusted R2 = 0.36, standard error = 71.59, 
p<0.001. Variables not in the equation: age (p=0.77), gender (p=0.81), aspirin (0.48), aortic cross-clamp 
time (p=0.81), duration of cardiopulmonary bypass (p=0.87), type of surgery (p=0.65). 

Table 7 Change of CRP levels in patients with and without preoperative 

aspirin intake 

Patients 

N 

Baseline CRP (mg/L) 

CRP max. (mg/L) 

CRP day 5 (mg/L) 

CRP day 10 (mg/L) 

CRP increase (x-fold) 

CRP decrease day 5 (x-

CRP decrease day 10 ( 

fold) 

<-fo!d) 

Aspirin 

24 

3 (1 - 7.5) 

238 (197-281) 

8 9 ( 5 9 - 122) 

51 (34- 76) 

80(29 - 189) 

3.1 (2 .2-3.6)* 

5.1 (3 .4-5 .9)* 

No Aspirin 

19 

4 (2 - 6) 

211 (177-270) 

105 (82 - 134) 

74 (52 - 83) 

71 (47- 112) 

2.3 (1 .6-2.7) 

3.7 (2.5 -4.3) 

Data expressed as median values (interquartile range). Differences between the two groups were 
determined by Mann-Whitney U test. Asterisks indicate significant decreases in CRP levels from 
maximum levels to postoperative days 5 and 10. Level of significance was p<.05. 
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Discuss ion 

In non-CABG patients, i.e., patients with (un)stable angina pectoris, and in healthy 

individuals, baseline levels of CRP have a predictive value regarding future 

cardiovascular events10.'2'13. The aim of the present pilot-study was to assess 

whether baseline CRP, as well as the postoperative course of these levels, were 

related to clinical course and outcome in a group of high-risk patients (different 

estimated surgical trauma and perioperative risk, i.e., age >70 years, ejection 

fraction <40%, mitral valvuloplasty or replacement) undergoing cardiac surgery, 

since this surgery triggers transient global myocardial ischemia. We especially 

focussed on cardiac events, including myocardial infarction, CK-MB release, and 

supraventricular arrhythmia. Indeed patients who developed perioperative 

myocardial infarction had higher baseline levels of CRP. In addition, we found that 

baseline levels correlated with postoperative CRP responses meaning that these 

levels in part reflect individual CRP responsiveness. 

In the present study, we did not observe a relationship between baseline CRP levels 

and the overall incidence of adverse events. Notably, we expected an association 

between the existence of a postoperative infection and the postoperative course of 

CRP20-21, since this acute phase protein is a good marker for inflammatory 

processes. However, we did not observe such an association, possibly because the 

ongoing acute phase response triggered by the operation may have blurred that 

induced by infection. 

Patients differed in some of their preoperative characteristics, e.g., aspirin intake 

and the presence of symptomatic coronary artery disease. However, we did not 

observe differences in the preoperative inflammatory condition, at least as reflected 

by baseline CRP levels (tertiles), of patients undergoing different types of cardiac 

surgery. Furthermore, as expected, cross-clamp time and CPB time were longer in 

case of a combined or redo procedure. The duration of either time was related to 

postoperative CK-MB release. This release of CK-MB presumably resulted from 

global ischemia-reperfusion damage, which increases with longer perfusion and 

aortic occlusion periods22. Moreover, the magnitude of the acute phase response 

depends on the extent of tissue injury the body encounters23. However, in this study 

differences in maximum CRP levels were not related to the difference in type of 

surgery between patients. 

Greaves and colleagues24 reported an incidence for postoperative myocardial 

infarction between 1 and 10% after CABG. This incidence is influenced by several 

variables like the preoperative coronary status of the patient, the technical 

difficulties in performing adequate revascularization, impaired immune system, 
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perioperative and postoperative ischemia-reperfusion damage, and the systemic 

inflammatory response. The aim of the present pilot-study was to obtain sufficient 

data in a limited number of patients to allow calculation of the sample size of a 

future more extensive study in regular patients undergoing CPB for cardiovascular 

surgery, and to obtain some preliminary evidence that CRP measurements in these 

patients may yield relevant information. To be able to study a significant number of 

patients with complications we decided to include high-risk patients. Indeed a 

relatively high percentage of patients (87%) had a significant CK-MB release, 

whereas 19% of all patients were diagnosed as having postoperative myocardial 

infarction. These relatively high percentages probably resulted from the inclusion 

criteria used. For example, age over 70 years, a well known risk factor for cardiac 

surgery25, was one of the inclusion criteria. The occurrence of supraventricular 

arrhythmia is also age related26. Thus, the relatively high incidence of this event in 

this study also likely reflected the inclusion criteria. It is obvious that a greater 

release of CK-MB levels, indicating more myocardial damage will result in more 

postoperative morbidity and may slow the speed of recovery after the operation27. 

All patients showed an acute phase reaction, resulting in maximum CRP levels on 

postoperative day 2, as we described before18. During the operation and the two 

following sampling points in the ICU directly after the operation we observed no 

significant changes in CRP levels in these patients. This length of time between 

stimulus and increased CRP levels reflects the time needed for transcription and 

generation of CRP in the liver28-30. The acute phase reaction was also characterized 

by leukocytosis and fever on the same day as maximum levels of CRP were found. 

Both maximum levels of CRP and total amounts generated during the acute phase 

response, reflected by the calculated area under the curves, were mainly explained 

by baseline CRP levels. Hence, these data strongly suggest that baseline levels of 

CRP are associated with CRP responses during acute phase reactions, and hence 

may reflect inter-individual differences in CRP responsiveness. Notably, this 

relationship between baseline CRP and postoperative course was not found in the 

patients with baseline CRP >10 mg/L We assume that these patients already had an 

ongoing acute phase response, and that preoperative levels in these patients did 

not properly reflect baseline levels. 

We observed no significant differences in postoperative cardiac events, i.e., 

myocardial infarction or supraventricular arrhythmias, when comparing patients 

with different baseline CRP levels (Table 3). Further analysis, however, revealed 

that this was due to the fact that the incidence of supraventricular arrhythmias was 

not different in patients with higher or lower baseline CRP. The incidence of 

myocardial infarction tended to be higher in patients with higher CRP baseline 
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levels (7 % in the patients with the lowest baseline CRP levels versus 36 % in those 

with the highest levels, Table 3). Indeed, when patients with or without 

perioperative myocardial infarction were compared, the former had significantly 

higher baseline CRP levels than the latter. 

The incidence of supraventricular arrhythmia was not associated with CRP levels. 

In previous studies we showed that activation of the classical complement pathway, 

reflected by maximum C4b/c levels after protamine administration, as well as CRP-

mediated complement activation were associated with postoperative supra

ventricular arrhythmia18-31. In these studies we also did not observe an association 

between CRP baseline levels and the occurrence of postoperative supraventricular 

arrhythmia. Hence, it can be postulated that CRP-mediated complement activation 

may be involved in the pathogenesis of this arrhythmia, but that this CRP 

involvement is independent from its baseline levels. Obviously more studies are 

needed to unravel the precise molecular mechanisms of this cardiac complication. 

The involvement of CRP in cardiovascular events, in particular myocardial 

infarction, is under debate. Although CRP is often considered as an indirect marker 

for the inflammatory changes ensuing in arteriosclerotic lesions, we have argued 

elsewhere that this acute phase protein itself may enhance infarction size by 

activating complement in the ischemic myocardium14. Indeed, in a post mortem 

study in humans both CRP and complement were localized in the myocardial 

infarction site32. Complement activation during the acute phase response is in part 

CRP dependent18. Moreover, in an experimental rat model, human CRP was found 

to enhance infarct size by activation of complement15. Remarkably, the patients 

with baseline CRP >10 mg/L had significantly more CK-MB release following CPB, 

suggesting that also in humans myocardial damage is enhanced during ischemic 

episodes when CRP levels are high. 

We did not observe differences in baseline CRP levels between patients who did or 

did not take aspirin before the operation. Also the initial increase of CRP during the 

first days after the operation was not significantly different in patients with or 

without aspirin. From postoperative day 2 levels of CRP declined to lower levels 

but remained still elevated above preoperative baseline values. Remarkably, the 

speed of decrease in CRP was slightly faster in patients with preoperative aspirin 

intake. We do not have an explanation for this difference. Although, aspirin (300 

mg/day) intake reduced macrophage colony stimulating factor, interleukin-6, and 

CRP responses33, we do not consider a direct effect of aspirin on interleukin-6 or 

CRP synthesis likely, since this drug was stopped a few days before the operation. 

Ridker and colleagues observed a reduced risk for myocardial infarction in 

apparently healthy men taking aspirin within the highest quartile of baseline CRP 
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levels10. Our data showing CRP baseline levels to be related with CRP 

responsiveness, and aspirin to be able to reduce CRP responses, put forward the 

intriguing explanation that the effect of aspirin on CRP-related cardiovascular risks 

occurs via its effect on CRP responses. 

We conclude that the acute phase response after cardiac surgery in high-risk 

patients results in maximum CRP levels on the second postoperative day. These 

maximum levels as well as the area under the curve of the course of CRP were 

dependent on preoperative baseline levels, suggesting the latter reflect CRP 

responsiveness. Furthermore, patients with postoperative myocardial infarction had 

higher baseline levels of CRP than those without infarction, indicating that baseline 

levels of CRP constitute a risk factor for the development of myocardial infarction 

following CPB. Hence, myocardial ischemia induced by aortic cross-clamp during 

CPB may constitute a suitable clinical setting to study involvement of CRP in 

cardiovascular disease. 
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Patients undergoing cardiac surgery with cardiopulmonary bypass (CPB) are 

confronted with a systemic inflammatory response during the postoperative period. 

This reaction is characterized by fever, changes in fluid balance, and even multiple 

organ failure in severe cases. The classical cardinal signs of inflammation first 

described by Aulus Cornelius Celcus, including redness, swelling, heat, and pain 

are still important in clinical practice. 

The complement system, which is part of our immune system, plays a central role 

in inflammation. In this well-regulated system, more than 20 plasma proteins 

co-operate in response to tissue injury, bacterial infection and specific antibody-

antigen reactions. The complement system can be activated in three ways: the 

classical pathway (antibody-dependent), the alternative pathway (antibody-

independent), and the lectin pathway (mannan binding lectin). All routes come 

together in the common pathway, which results in the generation of the terminal 

complement complex or membrane attack complex. This last macromolecular 

protein complex to be formed is capable of attacking a cell; after several hits cell 

lysis occurs. Normally, complement activation during inflammatory diseases is 

caused by bacteria and immune complexes. 

During cardiac surgery there are two important conditions for activation of the 

complement. First, activation of the alternative pathway occurs during contact of 

the blood with the artificial surface of the extracorporeal circuit, which is totally 

different from the endothelial surface of blood vessels. At the end of CPB, when the 

anticoagulant heparin is antagonized with the cation protamine, a stable complex 

is formed, which strongly activates the classical pathway. Protamine itself also has 

some weak anticoagulant properties, although clinically not very important. The 

human body may react in various ways to the administration of protamine, 

including systemic hypotension and pulmonary vasoconstriction. As protamine is a 

foreign protein, antibodies may be formed and renewed exposure may give rise to 

anaphylactoid reactions. 

Despite new and safe improvements in cardiac surgery and bypass techniques, 

detrimental effects can still occur upon contact of the patient's blood with the 

foreign artificial surface of the extracorporeal oxygenator and circuit. The 

abandonment of bubble oxygenators in favour of membrane oxygenators reduced 

complement and contact activation. In the early eighties, heparin-coated extra

corporeal oxygenators and circuits were introduced. Subsequently, the amount of 

heparin needed for anticoagulation could be reduced. At the end of that decade 

these circuits became commercially available. This has led to a further reduction of 

complement activation by the circuit and to improved biocompatibility. Since then, 

many articles have been published discussing the benefit of these circuits on 
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complement activation, coagulation, and fibrinolysis. However, it was difficult to 

observe any great impact of the heparinized circuits on clinical outcome. 

It also became clear that not only the length of CPB, but also the surgical trauma 

contributes to an inflammatory response. So, the inflammatory response observed 

in the patients after surgery is triggered by material-dependent and material-

independent factors. After surgery, a so-called acute phase response is observed. 

During this acute phase response, a second phase of activation of complement is 

observed in all patients. This secondary reaction is mediated by C-reactive protein 

(CRP), the typical acute phase protein in humans. Patients scheduled for coronary 

artery bypass graft operations all have different degrees of coronary artery disease 

or atherosclerosis. Recent research showed that atherosclerosis can be considered 

as an inflammatory disease of varying degrees. Plasma CRP levels appear to have 

predictive value in apparently healthy individuals and to correlate with future 

cardiac events. Also the risk of future myocardial infarction in patients with 

unstable angina or a complicated course after myocardial infarction increases with 

"high normal" plasma CRP levels. In patients with atherosclerosis undergoing a 

coronary artery bypass graft operation, immune responses are superimposed on a 

chronic inflammatory disease. Most patients recuperate without any problems, but 

some have a complicated course in which inflammation plays an important role 

together with already apparent organ dysfunction. It is important to recognize these 

patients before the operation and to develop and use specific interventional 

methods to regulate or modulate a potentially harmful inflammatory response. 

In chapter 2, the details on the inflammatory response in patients undergoing 

cardiac surgery as described in this thesis are placed in a somewhat broader 

perspective. We review the most relevant literature concerning complement 

activation, cytokines, and adhesion molecules, in particular in relation to cardiac 

surgery. We discuss the acute phase proteins CRP and phospholipase A2, the role of 

complement, as well as the triggers for activation during cardiac surgery, i.e., 

contact of blood with the artificial surface of the circuit and the formation of 

heparin-protamine complexes. Moreover, we consider the role of CRP in 

atherosclerosis. 

Between October 1993 and January 1995, the department of cardio-thoracic 

surgery of the Academic Medical Centre of Amsterdam participated in a 

prospective randomized multicentre trial in order to evaluate the influence of 

heparin-coated extracorporeal circuits on clinical outcome. In 11 European cardiac 

surgery centres, 805 patients in total were studied. Our centre included 82 patients. 

The period of observation was from induction of anesthesia to 18 hours after the 

operation. All patients were scheduled for elective first time coronary artery bypass 
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graft operations and randomly assigned to either heparin-coated or control circuit. 

Apart from coronary artery disease, they were free from other diseases and therefore 

classified as apparently low risk for postoperative complications. There were no 

differences in clinical outcome between the two groups of patients. An explanation 

for this result could be the heterogeneity between patients from the different 

institutes. A subgroup analysis showed a beneficial effect of heparin-coating in 

reduction of postoperative complications in female patients and patients with aortic 

cross-clamping for more than 1 hour. After termination of this multicentre trial, we 

continued the study in our centre. Because most adverse events occur after the 

period mentioned above, we prolonged the observation period until the day of 

hospital discharge as indeed we had been doing from the very start of the study. 

The clinical evaluation of the 116 patients in total studied in our centre is discussed 

in chapter 3. In agreement with the results of the multicentre trial, no differences 

regarding complications or outcome between groups were found. We also studied 

postoperative course regardless of coating. Preparation and use of the (left) internal 

mammary artery appeared to be an independent risk factor for increased blood 

loss. This was consistent with previously reported investigations. As could be 

expected, patients with postoperative myocardial infarction were longer on 

mechanical ventilation and, therefore, stayed longer in the intensive care. Age was 

an another independent risk factor for the development of a complicated post

operative course. Furthermore, the risk of atrial arrhythmia on postoperative days 

2 and 3 increased almost 5-fold for patients who were taking beta-blockers before 

the operation, independent of the type of circuit. It is common practice to 

discontinue antianginal medication immediately after revascularization. We 

hypothesized that an increased amount of non-blocked hypersensitive beta-

adrenergic receptors are stimulated by both endogenous catecholamines formed in 

reaction to surgery and CPB and the administrated inotropic medication in these 

patients. Moreover, an inflammatory reaction in the heart could also have been a 

contributing factor, as will be discussed later. It is advised to taper off beta-blockers 

slowly until at least 10 to 14 days after the operation. 

In chapter 4 we show a biphasic increase of the plasma levels of the acute phase 

protein secretory phospholipase A, as a result of cardiac surgery. The first phase 

directly results from heparinization, whereas the second peak is part of the acute 

phase response. An in vitro experiment provided evidence that increasing 

concentrations of heparin may raise plasma levels of phospholipase A2. The second 

peak during the acute phase appeared 24 hours after surgery and preceded the 

maximum levels of CRP on the second postoperative day. This supports the 

hypothesis regarding a possible role of phospholipase A, in generating ligands for 
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CRP on so called flip-flop membranes of reversibly and irreversibly damaged cells. 

Chapter 5 describes 19 patients undergoing a coronary artery bypass graft 

operation. During the operation both the alternative and classical complement 

pathways were activated. During the postoperative acute phase response, a second 

phase of complement activation was observed, which mainly occurred via the 

classical pathway. Remarkably, activation of complement via the classical route 

during the postoperative period was almost 50 times the amount of activation 

during surgery. With a recently developed ELISA for the detection of complement-

CRP complexes, a contribution of CRP to the postoperative complement activation 

was established. Moreover, the maximum level of CRP on the second and third 

postoperative days appeared to correlate with the baseline levels of C4b/c and CRP. 

The maximum level of classical pathway activation, i.e., C4b/c after protamine 

administration, which is induced by the heparin-protamine complexes, as well as 

the maximum level of C4b/c on the second day correlated with the occurrence of 

atrial arrhythmia. A possible causal relationship has yet to be clarified. 

In an addendum we respond to a well written article that was published recently 

and that provides a solid review of the current knowledge about the acute phase 

reaction. Since it did not discuss very recent information concerning complement 

activation mediated by CRP in vivo, we wrote an addendum discussing the 

importance of this new information. 

In chapter 6 another part of the acute phase reaction in the same patients as in the 

previous chapter is discussed. Both during and after cardiac surgery, the plasma 

course of the cytokines interleukin-6 (IL-6) and IL-8, as well as that of the 

degranulation products from activated neutrophils, i.e., lactoferrin and elastase, 

were assessed. The total amount of elastase during the postoperative phase was 

about five times as high as the amount released at the end of the operation. The 

changes in cytokine levels in part reflect the magnitude of the inflammatory 

response. Indeed the cytokines IL-6 and IL-8 were elevated after CPB and correlated 

with the duration of aortic cross-clamping as well as that of CPB. The IL-6 response 

was associated with the duration of artificial ventilation. To what extent these 

cytokines contribute to tissue damage is not clear. 

Heparin-protamine complexes can, as discussed earlier, activate the classical 

complement pathway. In Chapter 7 we examined 24 patients scheduled for elective 

coronary artery bypass graft operation in order to determine to what extent CRP is 

involved in this activation. Levels of CRP and complement-CRP complexes, which 

complexes indicate CRP-mediated complement activation, were determined in 

these heparinized patients before and after protamine administration. Furthermore, 

the baseline plasma from some of these patients and from healthy volunteers was 
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incubated with various concentrations of heparin and protamine. The chosen 

concentrations were comparable with those during surgery. It appeared that 

complement activation in vitro was dependent on an optimal ratio of heparin and 

protamine. The reaction involved CRP, as was evident from the effect of 

additional CRP, which increased the amount of complement-CRP complexes 

formed, as well as from that of phosphorylcholine, which completely blocked the 

reaction. Finally, CRP-mediated complement activation after protamine 

administration was associated with the occurrence of arrhythmia in the 

postoperative period. 

In Chapter 8 we investigated in high-risk patients undergoing CPB, who were at 

risk for developing postoperative complications, whether preoperative CRP levels 

and the postoperative course of these levels were associated with the occurrence of 

complications. Moreover, we questioned whether differences in surgical trauma or 

duration of surgery and CPB also played a role herein. Patients underwent CPB for 

either a coronary artery bypass graft operation, single cardiac valve replacement, or 

a combined or redo procedure. As could be expected, the duration of CPB and the 

aortic cross-clamping time were longer in the patients undergoing combined or 

redo operations. All patients showed an acute phase reaction with fever, leuko

cytosis, and maximum CRP levels on the second day after surgery. Baseline CRP 

levels correlated with maximum levels of CRP. We observed no differences in the 

occurrence of either postoperative myocardial infarction or atrial arrhythmia when 

comparing different tertiles of baseline CRP levels. However, 5 patients with 

baseline CRP levels above 10 mg/L had higher postoperative CK-MB levels. When 

comparing patients with and without perioperative myocardial infarction it 

appeared that patients with this complication had significantly higher baseline CRP 

levels. Therefore, preoperative elevated CRP levels constitute a risk factor for the 

development of myocardial infarction following an ischemic stimulus such as 

induced during cardiac surgery with CPB. 

C o n c l u s i o n 

In this thesis we showed that complement activation occurs not only during but 

also after cardiac surgery. Both low and high risk patients showed an inflammatory 

response and in all patients studied an acute phase reaction was observed. The first 

phase of complement activation occurs during the operation and involves at least 

different activators, i.e., contact of the blood with the artificial surface of the 

extracorporeal circuit and oxygenator and the formation of heparin-protamine 

complexes. The blood-material contact seems to have limited effects on clinical 
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outcome, at least in the studied low-risk patients studied. The second phase occurs 

after the operation, at the time the acute phase response is developing. The 

protamine-induced activation as well as the postoperative activation is partly 

mediated by CRP, and correlates with the occurrence of atrial arrhythmia during 

the postoperative period. Moreover, the extent of either activation process 

correlates with each other. To explain these findings, we postulate that the 

postoperative CRP-dependent activation is involved in one way or another in the 

development of postoperative arrhythmia, whereas the activation observed after 

protamine constitutes an "in vivo test" to assess the activability of complement via 

CRP. In other words the activation following protamine administration may identify 

low and high CRP responders. It follows from this hypothesis that identification of 

high CRP responders may help to identify patients at increased risk. On the other 

hand, the fact that the discontinuation of (^-adrenergic receptor antagonists after the 

operation increases the risk of atrial arrhythmia significantly shows that the 

occurrence of postoperative atrial arrhythmia has multifactorial aspects. 

Furthermore, CRP peak levels do not predict postoperative cardiac events, but 

elevated baseline CRP levels, especially when exceeding 10 mg/L, reflecting an 

already activated inflammatory system, may play a role in postoperative myocardial 

damage. 

Future studies should reveal 1) whether this hypothesis is correct; 2) whether an in 

vitro test can be designed as a substitute for the "in vivo test" consisting of 

protamine administration to heparinized patients; and 3) whether administration of 

inhibitors of CRP-mediated complement activation to patients undergoing cardiac 

surgery, identified as high-CRP responders and as high risk based on clinical 

criteria, may help to reduce postoperative complications. 
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Samenvatting 

Na een open-hartoperatie waarbij gebruik wordt gemaakt van een hart-long-

machine vertonen patiënten een systemische ontstekingsreactie. Deze reactie 

wordt gekenmerkt door koorts, toegenomen vullingsbehoefte van de bloedvaten en 

in ernstige gevallen orgaanfalen. Een van de centrale mediatoren van de ontste

kingsreactie is het complementsysteem. Het complementsysteem maakt deel uit 

van onze afweer, en bestaat uit meer dan 20 plasma-eiwitten die een rol spelen bij 

de regulatie van weefselschade, bacteriële infecties en specifieke antilichaam-

antigeen reacties. De activatie van het complementsysteem kan plaatsvinden langs 

drie routes, namelijk de klassieke- (antilichaamsafhankelijke), de alternatieve (anti-

lichaamsonafhankelijke) route, en via de recent ontdekte lectine (mannose binding 

ligand) route. Alle wegen monden uit in een gemeenschappelijke eindroute 

(common pathway), waarbij het zogenaamde "membrane attack complex" ook wel 

terminal complement complex (TCC of C5b-9) genoemd, wordt gevormd. Tijdens 

open-hartoperaties doen zich een aantal omstandigheden voor die potentieel tot 

activatie van complement kunnen leiden. Hierbij kunnen zowel de alternatieve als 

klassieke route geactiveerd worden. Allereerst wordt de alternatieve route geacti

veerd zodra het bloed van de patiënt in contact komt met het lichaamsvreemde 

oppervlak van de hart-longmachine. Dit oppervlak verschilt sterk van het endo-

theel, de normale bekleding van de vaatwand, dat normaal gesproken geen 

activatie induceert. Vervolgens wordt de klassieke route geactiveerd door 

protamine-heparine complexen, die gevormd worden aan het einde van de bypass-

periode, wanneer de werking van heparine met behulp van protamine wordt 

geantagoneerd. Alvorens de patiënt aan de hart-longmachine aan te sluiten wordt 

heparine in ruime overmaat toegediend, om te voorkomen dat het bloed van de 

patiënt gaat stollen zodra het in contact komt met het circuit. 

Commercieel verkrijgbaar protamine wordt vervaardigd uit gemalen hom van de 

zalm. Protamine is een polycationische verbinding. Heparine, dat een negatieve 

lading heeft, kan met protamine vanwege sterk tegengestelde ionkrachten een 

complex vormen. Toediening van protamine echter kan leiden tot een sterke daling 

van de systemische bloeddruk en een stijging van de bloeddruk in de longcircu

latie, dit laatste ten gevolge van een sterke vasoconstrictie van het longvaatbed. 

Aangezien protamine een lichaamsvreemd eiwit is kunnen eveneens allergische 

reacties optreden na toediening. Bij patiënten die al eens contact hebben gehad 

met protamine kunnen antiprotamine antilichamen een rol spelen bij zo'n aller

gische reactie. 
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Ondanks nieuwe en veilige ontwikkelingen in de techniek van de hart-long-

machine kunnen, zoals eerder vermeld, schadelijke effecten optreden als het bloed 

van de patiënt in contact komt met het lichaamsvreemde kunststof oppervlak van 

de kunstlong en het slangencircuit. De overgang van zogenaamde bubble 

oxygenatoren naar membraan oxygenatoren gaf reeds een vermindering van de 

bloed activatie. In begin jaren tachtig werd voor het eerst getracht het schadelijke 

effect van het contact van bloed met het kunststof oppervlak van de hart-long-

machine verder te verminderen door de introductie van circuits en oxygenatoren 

waarvan het oppervlak was voorzien van heparine moleculen. Bij het gebruik van 

dit nieuwe systeem werd een verminderde activatie van de alternatieve route van 

het complement systeem waargenomen. Nadien zijn er veel artikelen gepubliceerd 

waarin een gunstige uitwerking op complementactivatie en stollingsactivatie werd 

aangetoond. Onduidelijk was hoe deze verminderde activatie van het bloed als 

uiting van een verbeterde biocompatibiliteit zich zou verhouden tot de optredende 

complicaties na de operatie. Dit te meer omdat is gebleken dat ook bij open-hart-

operaties waarbij geen gebruik wordt gemaakt van de hart-longmachine en andere 

grote chirurgische ingrepen een ontstekingsreactie kan optreden. Concluderend 

blijkt de ontstekingsreactie te bestaan uitzowei een materiaal afhankelijke (de hart-

longmachine) als een materiaal-onafhankelijke component (de operatie: het 

chirurgisch trauma). 

Tijdens de acute fase reactie na de operatie treedt bij alle patiënten voor een 

tweede maal complementactivatie op. Hierbij speelt C-reactief proteine (CRP), een 

zeer belangrijk acuut fase eiwit bij de mens, een rol. Uit eerder onderzoek bij 

patiënten met coronarialijden is gebleken dat de hoogte van het CRP in het plasma 

een voorspellende waarde heeft bij patiënten met instabiele angina pectoris ten 

aanzien van het risico voor het optreden van een hartinfarct en de eventueel hierbij 

optredende complicaties. Eveneens werd deze voorspellende waarde waar

genomen bij ogenschijnlijk gezonde mensen en bleek een "hoog normaal" CRP 

gehalte in het bloed samen te hangen met toekomstige cardiale klachten. Meer 

duidelijkheid in de wijze waarop het complementsysteem geactiveerd kan raken 

bij patiënten met coronariaiijden die een aortocoronaire bypass operatie ondergaan 

kan mogelijk bijdragen tot het ontwikkelen en toepassen van interventies om de 

optredende ontstekingsreacties beter te reguleren om zo eventuele complicaties te 

voorkomen. 

In hoofdstuk 2 wordt een systematisch overzicht gegeven van het optreden van 

complementactivatie tijdens en na een aortocoronaire bypass operatie. In het 

totaalbeeld van de ontstekingsreactie spelen ook adhesiemoleculen en signaal-

eiwitten, zogenaamde cytokines en diverse acute fase eiwitten zoals CRP en 
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fosfolipase A2 (sPLA2) een rol. Eveneens worden risicofactoren van de patiënt met 

coronarialijden in relatie tot de optredende acute fase reactie besproken. CRP blijkt 

niet alleen maar een marker voor ontsteking te zijn maar ook een voorspellende 

waarde te hebben bij coronarialijden. De hoogte van het CRP, voordat een 

stimulus optreedt, blijkt bepalend voor de ernst van de reactie. 

Tussen oktober 1993 en januari 1995 vond een multicenter onderzoek plaats. In 

11 Europese hartchirurgische centra namen 805 patiënten deel aan een onderzoek, 

waarin onderzocht werd of heparine gecoate hart-longsystemen een gunstige 

uitwerking zouden hebben op klinisch waarneembare variabelen na een electieve 

aortocoronaire bypass operatie, zoals bijvoorbeeld bloedverlies en diverse bekende 

complicaties. In ons centrum werden in totaal 82 patiënten geïncludeerd. De 

observatieduur was de periode tussen inleiding en 18 uur na de operatie. Alle deel

nemende patiënten voldeden aan het criterium "laag risico voor het optreden van 

complicaties". Er bleken geen verschillen aantoonbaar in klinische uitkomst tussen 

beide onderzoeksgroepen. Deels werd dit verklaard door de grote mate van het

erogeniteit in de onderzochte populatie. Een gunstig effect van heparine coating 

werd wel gezien bij analyse van subgroepen. Minder complicaties traden op in de 

coating groep bij bijvoorbeeld patiënten van het vrouwelijk geslacht en bij ope

raties met een aortaklemtijd van langer dan 1 uur. Na het staken van het multicenter 

onderzoek werd de studie in ons centrum voortgezet. Aangezien veel complicaties 

pas optreden na de eerste postoperatieve dag werden de patiënten zowel tijdens als 

na de multicenterstudie geobserveerd tot aan ontslag. De klinische gegevens van 

de in ons centrum in deze studie in totaal 116 onderzochte patiënten worden 

beschreven in hoofdstuk 3. Er werden conform het multicenter onderzoek geen 

verschillen gezien in het postoperatief beloop en de optredende complicaties 

tussen beide groepen. Een onafhankelijke risicofactor voor toegenomen bloed

verlies na de operatie bleek het gebruik van de arteria thoracica interna als bypass 

graft. Zoals te verwachten was werden patiënten met een hartinfarct na de ingreep 

langer beademd en was hun verblijf op de intensive care afdeling langer. Een 

toegenomen leeftijd bleek een onafhankelijke risicofactor voor het optreden van 

complicaties. De meest opvallende bevinding was een toegenomen incidentie in 

boezemfibrilleren met snelle ventrikelrespons op de tweede en derde dag na de 

operatie bij patiënten die voor de operatie B-blokkers gebruikten. In deze groep 

berekenden wij een bijna 5 maal verhoogd risico in vergelijking tot patiënten die 

dit medicijn niet slikten. Aangezien het veelal gebruikelijk is om de antiangineuze 

therapie direct na de operatie te staken omdat het hart zoals verwacht weer goed 

doorbloed wordt, zullen op de dagen na de operatie veel ft-adrenerge receptoren 

niet meer bezet zijn. De hypothese is dat het door het gebruik van fs-blokkers het 
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in aantal toegenomen ft-adrenerge receptoren en de mogelijk verhoogde gevoe

ligheid van deze receptoren voor de gebruikte R-adrenerge stimulantia tijdens en 

na de operatie verantwoordelijk zijn voor het optreden van boezemfibrilleren met 

snelle ventrikelrespons na de operatie. Het is mogelijk dat eveneens de combinatie 

van een verhoogde sympathische activiteit van de patiënt rond de operatie en de 

CRP-gemedieerde complement activatie tijdens de acute fase reactie hierbij een rol 

speelt. Geadviseerd wordt dan ook bij gebruik van fi-blokkers voor de ingreep in 

ieder geval ondanks een geslaagde revascularisatie dit medicijn gedurende 

ongeveer 10 tot 14 dagen na de operatie te continueren en rustig af te bouwen. 

In hoofdstuk 4 laten wij zien dat het enzym sPLA2 tijdens open-hartoperaties wordt 

gekenmerkt door een bifasisch verloop. We maken waarschijnlijk dat de eerste fase 

het gevolg is van de toediening van heparine aan het begin van de bypass. Middels 

een in vitro experiment worden aan plasma verschillende concentraties heparine 

toegevoegd. De gebruikte concentraties zijn vergelijkbaar met de concentraties tij

dens de operatie. Heparine heeft een direct effect op het vrijkomen van sPLA2. 

Eveneens valt op dat in vivo, het tweede maximum tijdens de acute fase reactie 

ruim 24 uur eerder optreedt dan het moment waarop CRP zijn maximum bereikt. 

Dit past in de hypothese over het werkingsmechanisme van sPLA2, dat via zoge

naamde flip-flop membranen, bindingsplaatsen kan vrijmaken voor CRP. 

Hoofdstuk 5 beschrijft 19 patiënten die een aortocoronaire bypass operatie 

ondergingen. Tijdens de ingreep trad zowel alternatieve als klassieke route activatie 

op. Opvallend was het bifasisch karakter van deze activatie, waarbij de tweede 

golf van activatie met name via de klassieke route geschiedde. Hierbij bleek CRP 

een rol te spelen. Met behulp van een recent ontwikkelde techniek is het mogelijk 

om complexen tussen CRP en complement aan te tonen, welke complexen 

specifiek zijn voor CRP-gemedieerde activatie. Belangrijk voor de hoogte van het 

maximum gehalte CRP op de tweede dag na de operatie bleken de concentraties 

van CRP en C4b/c voor de operatie te zijn. Tevens bleek dat het optredende 

maximum aan C4b/c na protamine toediening, geïnduceerd door heparine-

protamine complexvorming en de piek optredend op de tweede dag na de operatie 

samenhangen met het optreden van boezemfibrilleren met snelle ventrikelrespons 

na de operatie. Dit zegt uiteraard geenszins iets over het bestaan van een eventueel 

causaal verband. 

In een bijlage wordt een reactie gegeven op een recent gepubliceerd overzichts

artikel dat de huidige kennis omtrent de acute fase reactie tijdens ontstekings

processen beschrijft. Aangezien wij vonden dat de meest recente essentiële 

informatie, onder andere over CRP-gemedieerde complementactivatie optredend 

tijdens de acute fase ontbrak, werd deze aanvulling geschreven. 
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In hoofdstuk 6 wordt een ander onderdeel van de acute fase reactie in dezelfde 

patiënten als in het voorafgaande hoofdstuk beschreven. We meten hier zowel 

gedurende de ingreep als de eerste 5 dagen na de ingreep veranderingen in 2 

cytokines, interleukine-6 (IL-6) en IL-8 en 2 degranulatie producten van neutrofiele 

leukocyten: lactoferrine en elastase. De activatie van leukocyten tijdens bypass 

zorgt dat deze degranulatieproducten vrijkomen. De hoogte van elastase was 

weliswaar gedurende de eerste dagen na de operatie niet zo indrukwekkend als 

aan het einde van de ingreep. Echter de totale hoeveelheid elastase bleek na de 

operatie ruim 5 maal zo hoog als tijdens de operatie. Ook bleek de produktie van 

IL-6 en IL-8 aan elkaar gerelateerd. Beide cytokines vertonen correlaties met 

respectievelijk de aortaklemtijd en de bypassduur. De veranderingen in IL-6 en IL-8 

zijn een maat voor de mate van ontsteking die optreedt als gevolg van de 

opgetreden celschade. In hoeverre deze ontstekingsmediatoren slecht markers zijn 

dan wel bijdragen tot een gecompliceerd beloop is onduidelijk. 

Heparine-protamine complexen kunnen zoals eerder gesteld klassieke route 

activatie van het complement systeem veroorzaken. Hoofdstuk 7 beschrijft deze 

reactie bij 24 patiënten, die een aortocoronaire bypass operatie ondergingen. 

Eveneens werden voor de operatie afgenomen plasmamonsters van een aantal van 

deze patiënten en plasmamonsters van een aantal vrijwilligers in vitro bloot gesteld 

aan verschillende concentraties heparine en protamine. De gekozen concentraties 

lagen rond de concentraties die tijdens open-hartoperaties kunnen worden 

verwacht. Er bleek een optimum te bestaan tussen protamine en heparine in relatie 

tot de maximale complementactivatie. Tevens toonden wij aan dat deze reactie 

CRP-afhankelijk was. Dit uit zich in het gegeven dat het toevoegen van CRP aan 

het medium de CRP-gemedieerde complementactivatie deed toenemen. Voorts 

blokkeert toevoeging van fosforylcholine de activatie vrijwel volledig. In deze 

studie bleek de mate van CRP-gemedieerde complementactivatie door protamine-

heparine complexen eveneens gerelateerd aan het optreden van boezemfibrilieren 

met snelle ventrikelrespons in de postoperatieve fase. 

In hoofdstuk 8 worden patiënten met een verwacht verhoogd risico voor het 

optreden van complicaties bestudeerd. Hiervoor werden patiënten die een aorto

coronaire bypass operatie, een enkelvoudige aorta- of mitralis kunstklep-

vervangingoperatie en een gecombineerde (dubbelklep- of klep/bypass) operatie of 

reoperatie bestudeerd. De eerste vraag was of verschillen in CRP uitgangswaarde 

gerelateerd zouden zijn aan het optreden van een atriale aritmie en/of myocard-

infarct in de postoperatieve fase. De tweede vraag was of verschillen in chirurgisch 

trauma en/of periode aan de hart-longmachine zich zouden vertalen in verschillen 

in ontstekingsreactie of opvallende klinische bevindingen in de herstelfase na de 
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Samenvatting en conclusies 

ingreep. De preoperatieve uitgangswaarde van CRP correleerde met de maximum 

CRP waarde op de tweede dag postoperatief. Alle patiënten lieten een acute fase 

reactie zien, welke gepaard ging met koorts, leucocytose en maximale plasma CRP 

spiegels op de 2e dag na de operatie. Zoals verwacht was bij de patiënten met 

gecombineerde ingreep/reoperatie de duur aan de hart-longmachine en de aorta-

klemtijd langer dan bij de andere patiënten. Verder bleken er geen significante 

verschillen in het optreden van de eerder genoemde cardiale complicaties en de 

verschillen in CRP uitgangswaarde, wanneer patiënten werden onderverdeeld in 

3 groepen op grond van de preoperatieve CRP waarde. Echter patiënten met een 

CRP uitgangswaarde van meer dan 10 mg/L vertoonden meer myocardschade, zich 

uitend in hogere CK-MB waarden na de ingreep. Eveneens bleek dat patiënten met 

een perioperatief myocardinfarct een significant hogere CRP uitgangswaarde 

hadden. Het is dus mogelijk dat preoperatief verhoogde CRP waarden in 

combinatie met een ischemische stimulus kunnen bijdragen tot een toegenomen 

myocardschade. 

Conc lus ies 

In dit proefschrift is aangetoond dat zowel tijdens als na een open-hartoperatie 

complementactivatie optreedt. De eerste activatiegolf kent 2 stimulerende factoren 

te weten het contact met het kunststofoppervlak van het slangencircuit en kunstlong 

en de vorming van heparine-protamine complexen. De tweede activatiegolf treedt 

op tijdens de acute fase reactie, is CRP afhankelijk en is geassocieerd met het 

optreden van boezemfibriileren met snelle ventrikelrespons in dezelfde periode. 

Tijdens bypass worden leucocyten geactiveerd en komen lactoferrine en elastase 

vrij. De activatie van leukocyten vertoont een bifasisch verloop. Eveneens worden 

achtereenvolgens IL-8 en IL-6 geproduceerd, die vervolgens de acute fase inluiden. 

De productie van deze cytokines blijkt verder gerelateerd aan meetbare grootheden 

als bypassduur en aortaklemtijd als maat voor ischemie-reperfusie schade. Tijdens 

heparinisatie komt sPLA, vrij dat een belangrijk acute fase eiwit blijkt en ook na 

hartoperaties wordt geproduceerd voorafgaande aan de stijging van het CRP. Het 

verloop van deze 2 belangrijke acute fase eiwitten ondersteunt de hypothese dat 

beide een essentiële rol spelen in het herkennen en opruimen van beschadigde 

cellen. Bij herhaling blijkt er een relatie te zijn tussen het optreden van boezem

fibriileren met snelle ventrikelrespons en de CRP-gemedieerde complement

activatie. Het staken van B-adrenerge antagonisten verhoogt eveneens de kans op 

boezemfibriileren met snelle ventrikelrespons in de postoperatieve fase. 
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Chapter 9 

Belangrijk is te weten of de hoeveelheid aanwezig CRP inderdaad een uiting is van 

de ziekte van de kransslagaderen en daarmede het vermogen bepaalt van de 

patiënt om te reageren op een sterke stimulus zoals ischemie. Een preoperatief 

verhoogd plasma CRP gehalte blijkt in combinatie met een ischemische stimulus 

een risicofactor voor optredende myocardschade. Het onderscheiden van 

zogenaamde "high en low responders" in deze zou belangrijk kunnen zijn voor het 

voorspellen van complicaties in de postoperatieve fase bij met name de ernstig 

zieke patiënt die eveneens om andere redenen reeds een hoog risico op 

complicaties loopt. Het verder specifiek in kaart brengen van het systeem dat 

uiteindelijk leidt tot een ontstekingsreactie zal mogelijkheden bieden deze reacties 

ook te reguleren met behulp van specifieke blokkers. Voorbeelden hiervan zijn 

blokkers van complement factoren zoals C1-INH en C5a blokkers, danwei 

eventuele te verwachten verdere ontwikkelingen in het remmen van de acute fase 

reactie door binding van specifieke blokkers aan reversibel beschadigde cellen 

waarmee in de toekomst verder onderzoek dient te worden gedaan. 
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Stellingen 
behorende bij het proefschrift 

Changes in the inflammatory 
response during and after cardiac surgery 

1. Complementactivatie tijdens en na de hartoperatie vertoont weliswaar 
onderlinge samenhang, maar blijkt eveneens een verschillende entiteit 
(dit proefschrift). 

2. Het vrijkomen van secretory fosfolipase A2 door heparinisatie staat in geen 

verhouding tot de hoeveelheid die vrijkomt tijdens de acute fase 
(dit proefschrift). 

3. Complementactivatie tijdens de acute fase reactie gedurende de eerste 
dagen na een hartoperatie is deels gemedieerd door C-reactive protein en 
blijkt geassocieerd met supraventriculaire aritmie in dezelfde periode 
(dit proefschrift). 

4. Het abrupt staken van bètablokkers direct na de operatie leidt tot een 
toegenomen risico voor het optreden van supraventriculaire aritmie 
gedurende de acute fase reactie (dit proefschrift). 

5. Het wassen van de gazen na een operatie is een vrij zinloze bezigheid, 
aangezien hergebruik niet wordt beoogd (dit proefschrift). 

6. Preoperatieve CRP-waarden weerspiegelen niet alleen de inflammatoire 
conditie van de patiënt, maar ook de potentie om op een inflammatoire 
stimulus te reageren (dit proefschrift). 

7. De patiënt met coronairsclerose, die een open-hartoperatie ondergaat, 
behoeft speciale aandacht, aangezien een acute inflammatoire stimulus, 
door zowel operatie als CPB-procedure gesuperponeerd op een reeds 
geactiveerd immuunsysteem, kan bijdragen totcardiale complicaties 
(dit proefschrift). 



8. Prediction floats on the sound knowledge of the exact mechanism. 

9. The effects of the systemic inflammatory response on pharmacokinetics 
and pharmacodynamics have important potential implications for the 
anesthetic management of patients undergoing CPB (Hall R.I., et al. The 
systemic inflammatory response to cardiopulmonary bypass: 
pathophysiological, therapeutic, and pharmacological considerations. 
Anesth Analg 1997;766-82) 

10. Een stelling zonder stellingname mist zijn fundament en daarmede zijn 
zeggingskracht. 

11. Wollt ihr nach Regeln messen, was nicht nach eurer Regeln Lauf, der 
eig'nen Spur vergessen, sucht davon erst die Regeln auf! (R. Wagner, 
Die Meistersinger von Nürnberg, Erster Aufzug, Dritte Szene). 

1 2. Ogenschijnlijke unicausale verbanden blijken bij nader onderzoek en 
verruiming van het blikveld veelal multicausaal. Zo blijkt de massale 
sterfte onder jonge eidereenden indirect te berusten op een toegenomen 
kokkelvisserij, maar hangt de vermeende doodsoorzaak samen met een 
darminfectie, een gestoorde afweer bij ondervoeding in combinatie met 
een gebrek aan ervaring in het vinden van voedsel. 

13. Het scheppen van duidelijkheid gaat gepaard met vele vragen. 

14. Het vergeten te tanken tijdens een avonddienstweek kan leiden tot unieke 
vogelobservaties langs de snelweg. 

Pefer Bruins, 2 oktober 2000 
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