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Cardiopulmonary bypass (CPB) is a method of artificial whole body perfusion in
which the function of the heart and lungs is replaced by an extracorporeal circuit
consisting of an artificial lung, blood pumps, and other associated devices. The
use of CPB provides a controlled environment for surgery of the heart and great
vessels, but CPB is also used for medical treatment in other areas. Since the intro-
duction of CPB for cardiac surgery, by Gibbon in 1954 [1], important technical
improvements were made in design and application of materials used in the
extracorporeal circuit. These modifications have led CPB to be considered as a
safe part of surgical and other medical therapies nowadays. However, the sys-
temic inflammatory response that includes generation of humoral mediators, cel-
lular activation, and impaired hemostasis, which all can contribute to cerebral
injury and organ dysfunction is thereby still a major drawback. The systemic
inflammatory response after CPB is a moderate sepsis-like reaction, but when the
CPB procedure is prolonged, the patients are either very old or very young,
patients have a preoperative history of congestive heart failure or myocardial
infarctions, the risk of postoperative morbidity and mortality increases [2,3]. In
the studies described in this thesis, we focused on the more homogeneous group
of low risk patients undergoing elective coronary artery bypass grafting and/or
valve surgery who show a relative mild clinical response, but still need intensive
care treatment after the procedure. The objective of this thesis was to elucidate
the hemocompatibility of extracorporeal circuits, with the intention of character-
izing the performance benefits of heparin-treated circuits.

BLOOD-FOREIGN SURFACE INTERACTION

The deleterious effects associated with open-heart surgery have been attributed to
various aspects of hemo-incompatibility of CPB. In this respect, the contact of
blood with the extracorporeal circuit during CPB has been implicated as the pri-
mary source of blood activation that inevitably leads to activation of blood
related processes [4-12], which can be harmful for the patient by jeopardizing his
morbidity during recovery of his surgical treatment. When blood circulates
within the vascular system, it is in contact with a continuous luminal endothelial
cell layer that is capable of producing, secreting, and binding both anticoagulants
and procoagulants to maintain blood fluidity and vascular integrity. When blood
leaves the endothelialized vascular system and enters into the extracorporeal CPB
circuit, it is immediately exposed to the artificial surfaces of oxygenator, reser-
voirs, filters, tubing, as well as to other non-physiological conditions. An outline
of activating pathways, which play an important role in the thrombogenicity and
systemic inflammatory response after interaction of blood with the
extracorporeal circuit, is schematically shown in figure 1. In contact with blood,
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Figure 1 Sequences of events during the interaction of blood with materials.

most biomaterials become rapidly covered with a layer of proteins [7,13-17].
Some of the adsorbed plasma proteins become activated and initiate coagulation
[7,18]. Eventually, the initiation of the coagulation system leads to thrombin for-
mation. Moreover, several plasmatic systems like the kallikrein-kinin, comple-
ment, and the fibrinolytic system become activated [7,19]. Also the initial pro-
tein layer may comprise proteins that induce adhesion and activation of blood
cells (leukocytes and platelets) [7,20-22]. Furthermore, these systems produce a
stimulus that causes endothelial cell activation. Endothelial cell activation tips
the balance of endothelial-derived factors to disrupt barrier function separating
blood from tissues and enhances vasoconstriction, coagulation, leukocyte adhe-
sion, and smooth cell proliferation [7,23]. Thus, these systems have the capacity
to cross-activate one another and act in concert.

SYSTEMIC ANTICOAGULATION THERAPY

The most commonly used anticoagulant drug during CPB is heparin, which
counterbalances the inherently thrombogenic nature of the devices' blood con-
tacting surfaces. The major function of systemic heparin is the inhibition of
thrombin and factor Xa by antithrombin. However, the thrombotic stimulus is
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only partially suppressed by high dosages of heparin [24-26]. Moreover,
antithrombotic therapy is not always possible, e.g. in patients with a hepa-
rin-induced thrombocytopenia [27]. In addition, long-term contact with the sur-
face of devices like ventricular assist devices and other extracorporeal life support
systems could induce an additional set of problems (e.g. disseminated
intravascular coagulation) related to impaired hemostasis and systemic inflam-
matory response [6,25,28-33]. The amount of the systemic anticoagulant should
therefore be as low as possible, but still high enough to prevent significant
thrombogenesis. The complex nature of the systemic inflammatory response has
however not allowed, until now, the use of a single strategy to minimize the
response.

HEPARIN-TREATED CIRCUITS

Because the exposure of blood to synthetic surfaces has been considered as the
primary cause of blood activation, numerous attempts have been made to
improve the hemocompatibility and to reduce CPB-related complications.
Unfortunately, most of the common interventions used to reduce the systemic
inflammatory and thrombogenic responses, are merely attempts to palliate,
rather than prevent, the underlying pathophysiology. Some of these attempts
include pharmacological intervention (corticosteroids, protease inhibitors,
antifibrinolytics, complement inhibitors), and extracorporeal blood purification
(leukocyte-depletion, hemofiltration, cell-saving techniques), which treat the
response after it has occurred. It would be preferential to temper the systemic
inflammatory response using preventive measures. Obviously, there is a continu-
ing quest for hemocompatible and non-thrombogenic materials. The general
term "hemocompatibility" refers to those properties that allow CPB circuits to
maintain contact with flowing blood without causing any adverse reactions,
without releasing any teachable components, and without suffering any alter-
ation. It was recognized relatively early that an improvement in the
hemocompatibility of the materials used in CPB could significantly contribute to
reduce extreme reactions. The attempt to coat the artificial surfaces with heparin,
which imitates the antithrombogenic effects of heparansulfate at the endothe-
lium, illustrates a promising approach in diminishing the harmful effects of
devices to the patients' homeostasis [34-44]. Moreover, several commercially
available types of heparin coatings were originally introduced to enable reduction
or even elimination of systemic heparinization [45]. Later, it was found that
modification of surfaces with heparin reduced complement activation by inhibit-
ing C3-convertase [34,41,46-48] and might thus bear the potential to change
leukocyte activation and subsequently the leukocyte-endothelium interaction
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[42,49]. In a subsequent clinical study focusing on the mechanism, it was shown
that reduced leukocyte activation during the use of heparin-coated CPB circuits,
was a result of lower systemic heparinization [50].
The issue of whether full dose or lower dose heparin should be administered with
heparin-treated circuits, however, is still a matter of debate. Several clinical stud-
ies have shown that heparin-treated circuits combined with reduced systemic
heparinization can be safely used during coronary artery bypass procedures,
because no significant increase in thrombin formation was observed in low dose
(100 IU/kg) treated patients compared to high dose (400 IU/kg) treated patients
[51,52]. In contrast, Despotis et al. [53] demonstrated that thrombin formation
was better suppressed by higher heparin concentrations, which were also associ-
ated with significantly reduced blood loss. Other investigators reported that inde-
pendent of the heparin dose (150 IU/kg versus 300 IU/kg), thrombin formation,
fibrin formation and fibrinolysis was increased in patients undergoing surgery
with the use of heparin-coated CPB circuits [54,55]. None of these reports, how-
ever, has shown a reduction in postoperative bleeding using a low dose heparin
management, one of the purported goals of reducing heparin doses. Thus, since
heparin-treated circuits do not reduce thrombin formation during clinical CPB
[11,56], the use of low dose heparin is not associated with any advantage and
does not seem justified. Furthermore, since subclinical coagulation activity exists
during CPB and does not correlate with systemic heparin concentrations [25], it
might be reasoned that this could be a consequence of the peculiar blood activa-
tion in the pericardial cavity. Even if anticoagulation is sufficient in the CPB sys-
tem, it is not necessarily sufficient for blood in the thoracic cavities.
The use of heparin-treated circuits has also been associated with reduced post-
perfusion lung dysfunction in patients undergoing myocardial revascularization
[57]. In spite of this observation, a clear benefit in the clinical outcome has not
always been demonstrated [58]. Partly, the discrepancies may be attributable to
different strategies regarding material-/«dependent factors such as aspiration and
return of shed pericardial blood into the systemic circulation during CPB, and
the use of an open or closed venous reservoir. On the other hand, also the lack of
sufficient statistical power is a major handicap of most clinical studies, suggesting
that the predisposition and perhaps the specific mechanisms of the systemic
response to CPB may vary between patients. Consequently, the inhomogenicity
of patients within clinical studies may complicate the interpretation of these data.
However, recognizing that both biomaterial-dependent and -independent fac-
tors contribute to blood activation during CPB, several changes may be required
in the way CPB is performed in order to achieve clinical benefit from the use of
heparin-treated extracorporeal circuits. Nevertheless, better clinical outcomes,
with shorter lengths of stay in the intensive care unit and the hospital, and less
respiratory and renal dysfunction were observed in a recent large multicenter ran-
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domized trial with high-risk patients undergoing surgery with the use of hepa-
rin-treated CPB circuits [59].

MATERIAL-/NDEPENDENT BLOOD ACTIVATION

As discussed, the clinical benefits of surface modified extracorporeal systems on
blood activation during CPB is more difficult to elucidate, since many factors
independent of the blood-material interaction contribute to blood activation.
Surgical trauma, including surgery related emboli, myocardial and pulmonary
reperfusion injury upon release of the aortic crossclamp [60-63], direct blood-air
interface [64], altered flow dynamics, the rate of hypothermia [65-68], and the
formation of heparin-protamine complexes at discontinuation of CPB [69-71]
have shown to be other sources of blood activation. Another major mate-
rial-/wdependent pathway is the deleterious influence of directly retransfused
blood aspirated from the thoracic cavities into the systemic circulation during
CPB [72-77]. The need to conserve red cells and minimize the transfusion of
blood products has led to the use of blood aspirated from the surgical field [78].
However, this blood can contain as a result of surgical trauma, tissue-type
plasminogen activator [79], tissue factor (TF) [73], mediastinal debris (primarily
fat emboli) [80], and cell-derived microparticles [81] which are present in the
mediastinal and pleural cavities. Interaction of blood with these procoagulant
components may result in activation of the coagulation, platelet activation, and
release of proinflammatory cytokines [73,75,80-87]. Therefore, retransfusion of
blood aspirated from the thoracic cavities into the systemic circulation during
CPB has shown to activate the coagulation cascade [72-77,88], and to contribute
to the generation of hemolysis [72,89,90]. Moreover, hemodynamic changes
were also documented [91]. A possible explanation for the high activation marker
levels in the blood aspirated from the thoracic cavities might be poor local
anticoagulation. It has been reported that pericardial blood had lower levels of
heparin than corresponding perfusate blood samples, and the levels of heparin in
samples from the thoracic cavities correlated inversely with those of thrombin
generation markers and factor Vila [75]. Therefore, additional local anti-
coagulation seems required.

Removal of activated humoral and cellular components from shed mediastinal
blood through a cell salvage system before returning it to the systemic circulation
or totally discarding this blood, have shown to minimize delayed coagulopathy
[76,77]. However, blood processing through a cell salvage system is not always
possible, for example when exceptionally rapid and heavy bleeding is encoun-
tered. An alternative approach, therefore, could be to add neutralizing tissue fac-
tor antibodies or tissue factor pathway inhibitor (TFPI) directly to blood aspi-
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rated from the thoracic cavities during CPB [73]. Anyway, if the
hemocompatibility of extracorporeal circuits becomes better, the discrepancy in
thrombogenicity between an extracorporeal circuit and tissue will become larger.
To manage this discrepancy, it may be preferable to use specific anticoagulant
agents in borh mediastinal and pleural cavities to maintain sufficient local
anticoagulation. However, great diligence is required to distinguish the latter
entities from purely material-associated problems, thus avoiding a biased view on
the outcome of patients treated with the use of CPB. In addition, the sometimes
assumed deleterious effects of CPB does not seem to be increased by the length of
time and duration of the CPB in a closed circuit as used for long-term
extracorporeal membrane oxygenation treatment fot temporary respiratory dys-
function.

OUTLINE OF THE THESIS

The pathophysiology of CPB can be considered complex and multifactorial.
Consequently, the investigation of the underlying mechanisms needs a
multiparameter approach. The objective of this thesis was to elucidate the
hemocompatibility of extracorporeal circuits, with the intention of characteriz-
ing the performance benefits of heparin-treated circuits. For that purpose, the
following questions were formulated:
• Do heparin-treated extracorporeal circuits inhibit the activation of the kinin

and the coagulation system during clinical cardiopulmonary bypass and,
hence, alter the postoperative patient outcome? (Gf«^r2).

• Will cardiopulmonary bypass with heparin-treated extracorporeal circuits lead
to a reduction in the leukocyte-mediated inflammatory response in patients
undergoing elective coronary artery bypass grafting? (CZwpfw 3).

• During long-term «c w'po extracorporeal support without full systemic
heparinization and with minimal interference of the so-called biomaterial-
;«dependent stimuli, is the heparin-treated surface thromboresistant? (C/«/>fcr 4).

• Do different kinds of extracorporeal circuits during cardiopulmonary bypass
lead to a varying degree of platelet procoagulant activity? (CA/*/>/w 5).

• If the blood aspirated from the surgical field is returned to the systemic circula-
tion during routine cardiopulmonary bypass, what is the effect on systemic
TF-driven thrombin generation? (CAtf/>ter 6).
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CHAPTER 2

Clinical evaluation of Duraflo II
heparin-treated extracorporeal circuits on the
activation of the kinin and coagulation
system

P.W. Weerwind', C.P.M. Reutelingsperger^, T. Lindhour, K. Hamulyak\
A. Schauwaert\ D.S. de Jong', H.C. Hemker, O.C.K.M. Penn'.

'Department of Cardiothoracic Surgery / Extracorporeal Circulation, University
Hospital Maastricht, ^Department of Biochemistry, Maastricht University,
^Department of Hematology, University Hospital Maastricht, The Netherlands.
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ABSTRACT

This study investigates the thrombogenicity of Duraflo II hepa-
rin-treated extracorporeal circuits during routine cardiopulmonary bypass (CPB)
procedures compared to routinely used non-coated circuits.

Blood samples taken from 20 adult patients undergoing elective myo-
cardial revascularization were assayed for kallikrein-C,-inhibitor complexes,
plasma prothrombin fragment 1+2 complexes, thrombin-antithrombin,
plasmin-cti-antiplasmin complexes, and procoagulant activity of platelets. The
patients were randomly divided into two groups with (Duraflo II, A, n=10) or
without (Control, B, n=10) the use of a heparin-treated extracorporeal circuit.
After CPB scanning electron micrographs were made of some arterial line filters.
Furthermore, the blood loss within the initial 24 hours after surgery, and the clin-
ical recovery were also monitored.

#. The initiation of the blood coagulation process as well as the kinin system
was hardly activated by the interaction of blood with both extracorporeal circuits.
The extent of thrombin generation and inhibition increased with time on CPB,
but did not differ between the two circuits. Furthermore, thrombin generation
and fibrinolysis increased following the neutralization of the heparin with
protamine chloride. Twenty-four hours after surgery the thrombin generation
and inhibition showed to be significantly higher when a heparin treated circuit
was used. During CPB no significant difference in procoagulant phospholipids
activity of platelets was detected. However, 24 hours after surgery the excitability
of the procoagulant phospholipids activity was significantly higher when a hepa-
rin treated circuit was used. Scanning electron micrographs of the arterial line fil-
ters showed more adhesion and pseudopod formation of platelets on the heparin
treated filters. Furthermore, there existed no significant difference between the
two groups regarding the blood loss within the initial 24 hours after surgery and
the clinical outcome in terms of the duration on intensive care unit and the dura-
tion of hospital stay.

. Based on our results an advantage of using Duraflo II heparin treated
extracorporeal circuits during routine CPB procedures could not be confirmed.
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INTRODUCTION

Cardiopulmonary bypass (CPB) for open-heart surgery is associated with bleed-
ing complications, which have been related to systemic heparinization and
trombocytopathia/thrombocytopenia, fibrinolytic disorders and inflammatory
response [27,78,92-94]. The contact between blood and materials induces the
activation of blood related biological processes, which can be harmful for the
patient by jeopardizing his morbidity during recovery of his surgical treatment.
Several investigators are claiming that clinical complications during and after
extracorporeal circulation attributed to the inflammatory response and bleeding
disorders could be considerably reduced with heparin-treated extracorporeal cir-
cuits [35,93,95-99]. It also has been reported that both platelet count and
platelet functions could be preserved during CPB when the circuit was treated
with heparin [29,97,98,100]. Although a variety of test and testsystems have
been used to examine the effects of coated systems, it is still unknown to what
extent coating prevents impairment of hemostasis during CPB [101]. When
blood comes into contact with foreign material, activation of the coagulation sys-
tem, blood cells (platelets and leukocytes), and the complement system have to be
closely monitored.
In the present study we investigated the inhibiting effects of Duraflo II hepa-
rin-treated extracorporeal circuits on the activation of the kinin and coagulation
system during CPB compared to routinely used non-coated circuits, with the
intend of characterizing the performance benefits of these heparin-treated sys-
tems.

PATIENTS AND METHODS

Twenty adult patients undergoing elective myocardial revascularization were
enrolled in this study. The patients were randomly divided into two groups with
(Duraflo II, A, n=10) or without (Control, B, n=10) the use of a heparin-treated
extracorporeal circuit. Exclusion criteria were the following: previous cardiac sur-
gery, congestive cardiac failure, neurological disorders (e.g. cerebrovascular acci-
dent), severe pulmonary disorders (e.g. chronic obstructive pulmonary disease,
emphysema), insulin dependent diabetics, renal diseases (e.g. renal failure), liver
diseases and pre-operative coagulopathies. No significant difference existed
between the two groups as related to sex, age, bodyweight, height, as well as CPB
time and aortic crossclamp time (Table 1). Informed consent was obtained from
each patient the day before the operation.
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Table 1 Clinical data of the Duraflo II group and control group. The values are expressed in
mean ± standard deviation. There existed no significant difference between the two groups.

No.
SexM/F
Age (years)
Height (cm)
Weight (kg)

Perfusion time (min)
Aorta occlusion time (min)

Duraflo II (group A)

10
9/1
58 ±12
176 ± 9
86 ±14

82 ±24
51 ±18

Control (group B)

10
8/2
66± 11
173 ± 9
78 ±10
83 ±21
54 ±12

Standard anesthetic (lorazepam, fentanyl citrate, sufentanil citrate, alfentanil
hydrochloride, midazolam hydrochloride, pancuronium bromide) and monitor-
ing techniques (electrocardiogram, central venous/pulmonary and arterial pres-
sure monitoring, urinary output, rectal and skin temperature monitoring) were
used in both groups. Cefuroxim was used for antibiotic treatment, and the first
dose was administered before sternotomy.
Before connection of the extracorporeal circuit for CPB, heparin (300 IU/kg,
Heparin Leo, Leo Pharmaceutical Products BV, Weesp, The Netherlands) was
administered in order to achieve an activated coagulation time (ACT) > 480 sec-
onds (Hemochron 400, International Technidyne Corp., New Jersey, USA).

The extracorporeal circuit consisted of the components listed in Table 2. In
group A, all components exposed to blood were pretreated with heparin-bonded
coating (Duraflo* II, Bentley/Baxter Inc., Irvine, CA, USA). The circuit in group
B consisted the components of our routinely used (basic) extracorporeal circuit.
The standard priming of our extracorporeal circuit was 1300 ml Haemaccel
3.5% (Behringwerke AG, Marburg, Germany), 200 ml Mannitol 20%, 100 ml
H-Albumin 20%, 50 ml NaHCO, 8.4%, 20 ml KC1 7.45% (B.Braun Medica
BV, Uden, The Netherlands) and 6500 IE Heparin Leo. In three cases it was nec-
essary to substitute part of the haemaccel by packed red cells (two times in group
B and one time in group A), to prevent the hematocrit to drop below 20% during
CPB.
After institution of cardiopulmonary bypass at a flow rate of 2.4 L/min/m', and
after reaching a blood temperature below 28°C (25-28°C), the heart was topi-
cally cooled till fibrillation using cold saline 0.9% at 4°C. The aorta was then
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Table 2 Components of the extracorporeal circuits

Arterial line filter

Hollow fiber membrane
oxygenator

Venous reservoir
Cardiotomy reservoir

Pump tubing

Arterial-venous tubing

Cardiotomy tubing

Arterial cannula

Venous cannula

Duraflo II heparin treated circuit *
(group A)

AF 1040 Gold

Univox Gold

BMR-1900 Gold

BCR-3500 Gold

Silastic Down Corning Medical
grade

Bentley bypass 70°
tubing class VI

Bentley bypass 70°
tubing class VI

ARL-24 Fr (Research Medical, Inc)

Dual drainage venous return
catheter TR 3651 B
(Research Medical, Inc)

Control circuit
(group B)

Sartorius **

Univox *

BMR-1900*

William Harvey H4700 (Bard)

Silastic Down
Corning Medical grade

Tygon S 50 HL class VI

Tygon S 50 HL class VI and
Silastic Down Corning Medical grade

ASR-24 Fr • "

Dual drainage venous return
catheter TR 3651 B
(Research Medical, Inc)

* = Bentley/Baxter Inc., Irvine.CA, USA. " = Sartorius AG, Göttingen, Germany.
= Jostra Medizintechnik GmbH, Hirrlingen, Germany.

crossclamped and a single dose of approximate 800 ml (600-1000 ml) of St.Tho-
mas I cardioplegic solution at 4°C was infused into the aortic root in a period of 4
minutes (3-5 minutes) to provide myocardial preservation. Topic cooling was
maintained during the infusion of the cardioplegic solution. Target flow rates of
2.4 L/min/m- were maintained at normothermia and correspondingly lower
rates of 2.0 L/min/m' (1.8-2.2 L/min/m-) were maintained at moderate hypo-
thermia of 28°C, depending on the venous oxygen saturation and the arterial
pressure. Pulsatile perfusion was used throughout the period of aorta
crossclamping. During the conduct of CPB attention was given to restrict, and if
possible, to avoid the use of the cardiotomy suction. The cardiotomy suction and
aortic root venting were in all cases less than 2% of the calculated flow (< 90
ml/min, intermittent), using a volume pressure control unit with negative pres-
sures less than 60 mmHg. After completion of all the distal anastomoses, the aor-
tic crossclamp was removed and the proximal anastomose was performed with a
partial occlusion clamp after spontaneous or electrical defibrillation, while the
rewarming of the patient to 37°C continued.
Additional heparin was administered during bypass if the ACT was lower than
400 seconds. After CPB, heparin was reversed by 3 mg/kg protamine chloride
(Hoffman/Laroche BV, Mijndrecht, The Netherlands). Reversal of the heparin
effect was determined by heparin/protamine titration (Heparin assay cartridges,
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Medtronic HemoTec, Inc., Englewood, Colorado, USA) on the Hepcon Sys-
tem-Four (Medtronic HemoTec, Inc., Englewood, Colorado, USA). All pump
blood was returned to the patient through the aortic cannula or intravenously via
infusion bags without hemoconcentration.

Blood samples were taken for routine blood gas analyses and for hematological,
biochemical and coagulation studies before heparin administration (sample
point 1), 5 minutes after beginning of CPB (sample point 2), 60 minutes after
the beginning of CPB (i.e. after aorta occlusion, sample point 3), 15 minutes
after protamine administration (sample point 4), 2 hours after closure of the ster-
num (sample point 5), and 24 hours after surgery (sample point 6).

Plasma anticoagulated with a special cocktail (a buffer of EDTA, benzamidine
and soy bean trypsin inhibitor, pH 7.4) was obtained by centrifugation of whole
blood at 4000 g for 5 minutes and stored at -70°C for further determination of
kallikrein-C;-inhibitor complexes, by a radio immuno assay (RIA) with
'^I-anti-C|-inhibitor as a marker. Plasma (platelet-poor) for determination of
thrombin-antithrombin complexes, prothrombin fragment 1+2 and
plasmin-cu-antiplasmin was obtained by centrifugation of whole blood,
anticoagulated with sodium citrate 3.5%, at 4000 g for 5 minutes, and the
supernatant was centrifuged at 12000 g for 10 minutes and stored at -70°C for
further determination, by enzyme-linked immunosorbent assay (ELISA,
Behringwerke AG, Marburg, Germany). Platelet-rich plasma for determination
of platelet procoagulant activity was obtained by centrifugation of whole blood,
anticoagulated with acid-citrate-dextrose buffer (ACD), at 1000 g for 12 minutes
and prepared for flowcytometric analysis on a FacScan (Becton Dickinson, San
Jose, CA, USA). Ionomycine was used as an activator and Annexin V-FITC
(fluorescein isothiocyanate) for fluorescent labeling of the procoagulant
phospholipids sites.
At the end of perfusion, eight arterial line filters (i.e. four AF 1040 Gold and four
Sartorius) were randomly chosen and carefully rinsed, fixed and analyzed using a
scanning electron microscope. The clinical outcome of all patients regarding
morbidity and mortality was monitored. Also the blood loss from the chest tubes
within the initial 24 hours after the patient arrived at the intensive care unit was
recorded.
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The results were expressed as the mean ± standard error of the mean (SEM). The
rank sum two-sample test (Mann-Whitney) was used for statistical analysis of dif-
ferences between both experimental groups. A/» value of less than 0.05 was consid-
ered to indicate statistically significant difference between measured values.

RESULTS

The kallikrein-C)-inhibitor complexes in both the Duraflo II group and the con-
trol group hardly exceed the baseline value (i.e. the mean value of both groups
before interaction of blood with material, sample point 1). Thus, indicating that
activation of the coagulation process was not initiated by the intrinsic pathway
(Figure 1).

7+2

Plasma prothrombin fragment 1+2 (F^?) complex formation increased with time
on CPB, but did not differ between the Duraflo II and the control group. The
extent of F,^ complex formation in both groups reached a maximum value fol-
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Figure 1 Kallikrein-C]-inhibitor complexes. The numbers on the ordinate refer to sampling times
as described in the "Materials and Methods" section. Data are presented as mean ± SEM.
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D Control D Duraflo II

Figure 2 Plasma prothrombin fragment F 1 +2 complexes. The numbers on the ordinäre refer to
sampling times as described in the "Materials and Methods" section. Data are presented as mean ±
SEM. An asterisk indicates a statistically significant difference between the two groups (/*<().05 by
rank sum two sample test).

lowing the neutralization of the heparin with protamine chloride (i.e. sample
point 4). In a later phase of the postoperative period (i.e. 24 hours after surgery,
sample point 6), the formation of F, ,2 complex was significantly higher (/•<().05)
in the Duraflo II group indicating that more thrombin has been generated in this
group (Figure 2).

Thrombin-antithrombin (TAT) complex formation increased during the course
of CPB, but did not differ between the Duraflo II and the control group. The
formation of TAT complexes in both groups reached a maximum value follow-
ing neutralization of the heparin with protamine chloride (i.e. sample point 4). A
steep decrease of TAT complexes was found in both groups 2 hours after surgery.
However, 24 hours after surgery the formation of TAT complexes remained sig-
nificantly higher in the Duraflo II group (P<0.05) indicating that more
thrombin has been inhibited in this group (Figure 3).
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Figure 3 Thrombin-antithrombin complexes. The numbers on the ordinäre refer to sampling times
as described in the "Materials and Methods" section. Data are presented as mean ± SEM. An asterisk
indicates a statistically significant difference between the two groups (/><0.05 by rank sum two sample
test).

Plasmin-ou-antiplasmin (PAP) complex formation decreased after the start of
CPB (sample point 2) in a similar pattern in both the Duraflo II and the control
group. After neutralization of heparin with protamine chloride (sample point 4),
PAP increased remarkably in both groups, and persisted elevated for up to 2 h
after CPB. Twenty-four hours after surgery the PAP-values had returned to nor-
mal values in both groups indicating normalization of the fibrinolytic system
(Figure 4).

The platelet procoagulant potential (PPP) was elevated during the course of CPB
in a similar pattern in both the Duraflo II and the control group, as compared to
the baseline value (i.e. the mean value of both groups before interactions of blood
with material, sample point 1). Also after surgery the PPP values in both groups
remained elevated. However, in a later phase (i.e. 24 hours after surgery) the PPP
was significantly higher in the Duraflo II group (/•<().05), indicating a higher
excitability of the procoagulant phospholipids activity of platelets (Figure 5).
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Figure 4 Plasmin-a2-antiplasmin complexes. The numbers on the Ordinate refer to sampling times
as described in the "Materials and Methods" section. Data are presented as mean + SEM.
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Figure 5 Platelet procoagulant assay. The numbers on the ordinate refer to sampling times as
described in the "Materials and Methods" section. Data are presented as mean ± SEM. An asterisk indi-
cates a statistically significant difference between the two groups (y<0.05 by rank sum two sample test).
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Scanning electron micrographs of the examined arterial line filters showed less
adhesion and pseudopod formation of platelets on the control arterial line filter
(Sartorius) compared to the Duraflo II heparin-treated arterial line filter (AF
1040 Gold), figure 6 and 7.

The blood loss from the chest tubes within the initial 24 hours after arrival at the
intensive care unit did not show any significant difference between the two
groups (1401 ± 189 ml in group A versus 1275 ± 196 ml in group B). There ex-
isted no difference in the clinical outcome between the two groups regarding the
duration of intensive care unit stay (1 day in both groups) and the duration of
hospital stay (11 ± 2 days in group A versus 10 ± 2 days in group B).

Figure 6 Scanning electron micrograph of the Sartorius arterial line filter screen (control filter) after
cardiopulmonary bypass.
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Figure 7 Scanning electron micrograph of the Duraflo II heparin-treated arterial line filter screen
(AF 1040 Gold) after cardiopulmonary bypass.

DISCUSSION

According to many investigators heparin-treated extracorporeal circuits is a
promising approach to improve biocompatibility of the circuits used for CPB
[29,35,93,95,97,98,100]. The present clinical study clearly indicates that activa-
tion of the coagulation process is not initiated by the intrinsic pathway. This was
reflected by the low amounts of kallikrein-C|-inhibitor complexes (< 1 U/ml) in
both the Duraflo II group and the control group. The results also showed that the
extent of thrombin generation and inhibition during CPB did not differ between
the two groups. Both F|,i and TAT levels increased during CPB despite the hep-
arin causing significantly systemic anticoagulation, i.e. the ACT was prolonged
to greater than 480 seconds throughout the entire surgical procedure [102-106].
That systemic heparin did not entirely prevent thrombin generation/inhibition
during CPB, is consistent with previous experimental studies demonstrating that
thrombin bound to fibrin or other surfaces (e.g. the CPB conduit) is resistant to
anti-thrombin III-heparin inhibition, and thus able to facilitate further thrombin
generation [107-111]. The observation that both the F,,, and TAT levels are sig-
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nificantly elevated in the Duraflo II group 24 hours after cardiac surgery, suggests
that more thrombin is generated in the Duraflo II group. However, fibrinolysis
in both groups returns to a normal value, 24 hours after surgery [112-114],
expressed by the normal levels of PAP complex. Persisting fibrinolysis for up to 2
hours after CPB is in accordance with the elevated F,^ levels (i.e. the thrombin
generation) [115-121]. However, to what extent the impairment of hemostasis
was not prevented is not entirely clear. Since it has also been suggested that due to
cardiotomy suction containing plasminogen activator-like substances from pleu-
ral, pericardial, and periosteal surfaces could also be an initiator of fibrinolytic
activity [114,122]. Furthermore, the excitability of the procoagulant phospholi-
pids activity of platelets in the Duraflo II group was significantly higher, 24 hours
after surgery.
There was no significant difference in procoagulant activity during CPB between
both groups. The clinical importance of the procoagulant activity of platelets on
the hemostasis during and after CPB is not entirely clear, and has to be further
investigated. What also needs to be further investigated is the influence of hepa-
rin bonding to the extend of adhesion and pseudopod formation of platelets on
the arterial filter screens.
Despite the significant differences in thrombin generation/inhibition and
procoagulant phospholipids activity of platelets between both groups 24 hours
after surgery, the clinical outcome of the patients showed no significant differ-
ences. The blood loss from the chest tubes within the initial 24 hours after the
patient arrived at the intensive care unit also did not show any significant differ-
ence between the two groups.
In summary, during cardiopulmonary bypass no significant difference could be
detected between the Duraflo II group and the control group in regard to
thrombin generation/inhibition and procoagulant phospholipids activity of
platelets. But, after CPB (i.e. 24 hours after surgery) the patients in the Duraflo II
group showed a significantly elevated thrombin generation/inhibition and also
the excitability of the procoagulant phospholipids activity of platelets was signifi-
cantly higher. Based on these results the advantage of using Duraflo II heparin
treated extracorporeal circuits during routine clinical CPB procedures could not
be confirmed.
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ABSTRACT

This study was conducted to evaluate whether the use of hepa-
rin-treated extracorporeal circuits could reduce the inflammatory reaction during
cardiopulmonary bypass (CPB).

!f. A prospective clinical study was carried out on fourteen coronary artery
bypass grafting (CABG) patients perfused randomly with either Duraflo II hepa-
rin-treated circuits or with non-treated circuits. In both groups systemic heparin-
ization was performed before CPB.

/tow/tt. The use of heparin-treated circuits resulted in a reduction of systemic
inflammatory activation during CPB. This was reflected by lower plasma levels of
soluble tumor necrosis factor receptors (/"<().05), interleukin-6, and interleukin-8
(y<0.05), manifest after release of the aortic crossclamp. Furthermore, 6 and 12
hours after aortic crossclamp release significant lower levels of the soluble
E-selectin (P<0.05) were observed in the Duraflo II group. In patients whom
non-coated circuits were used, a significant decrease in circulating soluble
intercellular adhesion molecule-1 (/*<0.05) was found early during bypass.

All these observations suggest that the use of a heparin-treated
extracorporeal circuit reduces the systemic inflammatory activation, and may
alter the leukocyte-endothelium interaction.
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INTRODUCTION

During cardiopulmonary bypass (CPB), leukocyte contact with synthetic sur-
faces initiates a host defense reaction with the characteristics of a systemic inflam-
matory response syndrome. Leukocyte activation during CPB includes release of
proteolytic enzymes, changes in leukocyte adhesiveness and leukocyte sequestra-
tion in tissue beds, especially in the lungs with the potential danger of
microvascular plugging and capillary leakage. Besides contact activation,
ischemia reperfusion injury, the reinfusion of shed blood and hemodilution may
contribute to the increased leukocyte adherence to vascular endothelium. The
adhesion of leukocytes to endothelium creates a microenvironment in which
damaging products of activated leukocytes are released in close contact with vas-
cular endothelium resulting in further endothelial activation or even endothelial
injury [123-126].
Although the large size of leukocytes and their relative lack of deformability make
these cells easy to be trapped physically within the endothelial lining [127-129],
the interaction between leukocytes and endothelium is largely mediated by bio-
chemical processes [130-132]. The adhesive interactions between leukocytes and
endothelial cells are mediated in large part by specific leukocyte and endothelial
adhesion molecules [133-137]. It has been shown that the adhesion molecules
ICAM-1 (intercellular adhesion molecule-1), and E-selectin are inducible on the
endothelial surface [138-141]. The proinflammatory cytokines tumor necrosis
factor (TNF), interleukin-6 (IL-6), interleukin-8 (IL-8) are known to stimulate
endothelial cells to increase the expression of these molecules and thus facilitate
leukocyte adherence [142-144]. Moreover, 11-8 is a major neutrophil chemo-
tactic and activating factor produced by various types of human cells.
Modification of the material surface of the heart-lung machine has been recog-
nized as a technique to change the interaction with blood. Originally, this
method was designed to allow application of thromboresistant characteristics to
the materials [92,94,145,146]. Later, it was found that heparin coating of the
material surface reduced complement activation and might thus bear the poten-
tial to change leukocyte activation [46,47] and subsequently the leukocyte-endo-
thelium interaction. Therefore, the purpose of this study was to evaluate whether
the use of heparin-treated (Duraflo II surface, Bentley/Baxter Inc., Irvine, CA,
USA) extracorporeal circuits could reduce the leukocyte-mediated inflammatory
response in patients undergoing CPB.
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PATIENTS AND METHODS

Fourteen adult patients subsequently undergoing elective coronary artery bypass
grafting were enrolled in this study. The patients were randomly divided into two
groups with (A, n=7) or without (B, n=7) the use of a heparin-treated extra-
corporeal circuit. Exclusion criteria were the following: previous cardiac surgery,
congestive cardiac failure, neurological disorders (e.g. cerebrovascular accident),
severe pulmonary disorders (e.g. chronic obstructive pulmonary disease, emphy-
sema), insulin/non-insulin dependent diabetics, renal diseases (e.g. renal failure),
liver diseases and pre-operative coagulopathies. Informed consent was obtained
from each patient the day before the operation. The study was approved by the
local ethical and research council.

Standard anesthetic (Iorazepam, fentanyl citrate, sufentanil citrate, alfentanil
hydrochloride, midazolam hydrochloride, pancuronium bromide) and monitor-
ing techniques (electrocardiogram, central venous/pulmonary and arterial pres-
sure monitoring, urinary output, rectal and skin temperature monitoring) were
used in both groups. Cefuroxim was used for antibiotic treatment, and the first
dose was administered before sternotomy.
Before connection of the extracorporeal circuit for CPB, heparin (300 IU/kg,
Heparin Leo, Leo Pharmaceutical Products BV, Weesp, The Netherlands) was
administered in order to achieve an activated coagulation time (ACT) greater
than 480 seconds (Hemochron 400, International Technidyne Corp., New Jer-
sey, USA).

The main components in the extracorporeal circuit consisted of a hollow fiber
membrane oxygenator (Univox; Bentley/Baxter), a venous reservoir (BMR-
1900; Bentley/Baxter), a cardiotomy reservoir (in group A: BCR-35OO Gold;
Bentley/Baxter, in group B: William Harvey H4700; C.R.Bard Inc., Tewsbury,
MA, USA.), and an arterial line filter (in group A: AF 1040 Gold;
Bentley/Baxter, in group B: Sartorius; Sartorius AG, Göttingen, Germany.). In
group A, all components exposed to blood were pretreated with heparin-bonded
coating (Duraflo II). The standard priming of the extracorporeal circuit was
1300 ml Haemaccel 3.5% (Behringwerke AG, Marburg, Germany), 200 ml
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Mannitol 20%, 100 ml H-Albumin 20%, 50 ml NaHCO, 8.4%, 20 ml KC1
7.45% (B.Braun Medica BV, Uden, The Netherlands) and 6500 IE Heparin
Leo. After institution of cardiopulmonary bypass at a flow rate of 2.4 L/min/m-,
and after reaching a blood temperature below 28°C (25-28°C), the heart was
topically cooled till fibrillation using cold saline 0.9% at 4°C. The aorta was then
crossclamped and a single dose of approximately 800 ml (600-1000 ml) of
St.Thomas' Hospital No. 1 cardioplegic solution at 4°C was infused into the aor-
tic root in a period of 4 minutes (3-5 minutes) to provide myocardial preservati-
on. Topic cooling was maintained during the infusion of the cardioplegic solu-
tion.
Target flow rates of 2.4 L/min/m^ were maintained at normothermia and corre-
spondingly lower rates of 2.0 L/min/m^ (1.8-2.2 L/min/m^) were maintained at
moderate hypothermia of 28°C, depending on the venous oxygen saturation and
the arterial pressure. Pulsatile perfusion was used throughout the period of aorta
crossclamping. During the conduct of CPB attention was given to restrict, and if
possible, to avoid the use of the cardiotomy suction. The cardiotomy suction and
aortic root venting were in all cases less than 2% of the calculated flow (< 90
ml/min, intermittent). A volume pressure control unit was used, with negative
pressures less than 60 mmHg. In all patients the left anterior descending coro-
nary artery was revascularized with the left internal mammary artery. Papaverine
was locally applied to the mammary artery after dissection to prevent spasm.
After completion of all the distal anastomoses, the aortic crossclamp was removed
and the proximal anastomosis was performed with a partial occlusion clamp after
spontaneous or electrical defibrillation, while the rewarming of the patient to
37°C continued. Additional heparin was administered during bypass if the ACT
was lower than 400 seconds. After CPB, heparin was reversed by 3 mg/kg
protamine chloride (Hoffman/Laroche BV, Mijndrecht, The Netherlands).
Reversal of the heparin effect was determined by heparin/protamine titration
(Heparin assay cartridges, Medtronic HemoTec, Inc., Englewood, Colorado,
USA) on the Hepcon System-Four (Medtronic HemoTec, Inc., Englewood,
Colorado, USA). All pump blood was returned to the patient through the aortic
cannula or intravenously via infusion bags without hemoconcentration.

Blood samples were taken after induction of anesthesia, before aortic
crossclamping, after release of the aortic crossclamp (i.e. start reperfusion), and
Vi, IV2, 3, 6, 12, 24 hours after release of the aortic crossclamp. Blood was col-
lected in evacuated blood collection tubes containing ethylenediaminetetraacetic
acid. Plasma was separated from blood cells by centrifugation at 1000 £ for 5
minutes and stored at -70°C until analysis.
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Inflammatory mediators were measured using sandwich enzyme-linked
immunosorbent assay (ELISA) that have been described elsewhere [147-150]. In
short, immunoassay plates (Nunc-Immuno Plate Maxisorp, Roskilde, Denmark)
were coated with MAbs MR1-1, MR2-2, HM2 and ENA1 for measurement of
sTNF-R55, sTNF-R75, sICAM-1 and sE-selectin respectively. After washing,
the plates were incubated with plasma samples followed by incubation with spe-
cific biotin-labeled polyclonal rabbit anti-sTNF-R IgG, biotin-labeled MAb
HM1 and MAb ENA2 for sICAM-1 and sE-selectin detection respectively. After
washing, peroxidase labeled streptavidin (Dako, Glostrup, Denmark) was added,
while TMB (3,3,'5,5-tetramethylbenzidine, Kirkegaard & Perry Lab.,
Gaithersburg, MD) was used as a substrate. Photospectometry (450 nm) was per-
formed using a micro ELISA autoreader. Standard curves were constructed using
dilutions of human sTNF-R55, sTNF-R75, sICAM-1 and sE-selectin with
known concentrations. The lower detection limits of the assays were 100 pg/ml
for TNF receptors, 400 pg/ml for sICAM and 1 ng/ml for sE-selectin. Similarly,
ELISA assays were used to determine plasma IL-6, 11-8 and TNF-a levels. For
this purpose, plates were coated with MAbs 5E1, HM5 and6lE71 respectively.
Upon incubation with plasma samples, the 11-6 and TNF-a assays were incu-
bated with polyclonal rabbit anti-human IL-6 IgG or polyclonal rabbit
anti-human TNF-a IgG followed by peroxidase conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch, Westgrove, PA). For the detection of IL-8 bio-
tin-labeled polyclonal rabbit anti-human IL-8 followed by streptav-
idin-peroxydase conjugate was used. In these assays TMB was used as a substrate.
Human rIL-6, human rIL-8 and human TNF-a were used for standard titration
curves. The lower detection level was 10 pg/ml for IL-6, 100 pg/ml for IL-8 and
20 pg/ml for TNF-a.

The results were expressed as the mean ± standard error. The Wilcoxon rank sum
test was used for statistical analysis of differences between both experimental
groups. The Wilcoxon matched-pairs signed-ranks test was used for analysis of
differences between control values and different time points within one group. A
/> value of less than 0.05 was considered to indicate a statistically significant dif-
ference between measured values
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RESULTS

No significant difference existed between the two groups as related to sex, age,
bodyweight, height, as well as bypass time and aortic crossclamp time (Table 1).

Changes in IL-6 plasma concentrations with time in group A and B are shown in
figure 1. In the patients who underwent CPB without heparin-coated
extracorporeal circuits (group B) a rise in IL-6 concentration from the preopera-
tive level of less than 10 pg/ml was detected from the time of the start of the
reperfusion. After the peak value of 1.60 ±1.31 pg/ml, which occurred 1.5 hour
after the start of the reperfusion, concentrations declined to preoperative values
24 hours after the release of the aortic crossclamp. In contrast, a modest increase
in plasma IL-6 levels was observed in patients treated with the heparin-coated
extracorporeal circuits (group A). IL-6 levels rose to 0.36 ± 0.06 pg/ml 12 hours
after reperfusion and then gradually declined to preoperative levels.
As soon as CPB was started, circulating IL-8 levels rose in patients of group B. A
profound increase, however, was not found until the start of reperfusion. A peak
level of 0.65 ± 0.55 ng/ml was reached at 1.5 hours of reperfusion. Then plasma
levels rapidly declined. Notably, in three out of seven patients IL-8 levels were
still elevated at 24 hours. In patients treated with the heparin-coated circuit
(group A), a completely different pattern was observed. During surgery and early
during reperfusion no change in IL-8 levels occurred. At 6 hours
post-reperfusion, a modest increase of 0.21 ±0.18 ng/ml IL-8 was found. At 24
hours after the start of reperfusion no significant differences were observed
between the control and the Duraflo II group (Figure 2).

Table 1 Clinical characteristics of the patients groups. No significant difference existed between
the two groups. The values are expressed in mean ± standard deviation.

Duraflo II (group A) Control (group B)

7
6/2

61 ± 11
173 ± 14
78 ± 8
82 ±20
53 ±20

No.
Sex (M/F)

Age (years)

Height (cm)

Weight (kg)

Bypass time (min)

Aortic crossclamp time (min)

7
6/1
58 ±12

176 ±9
86 ±14

82 ±24

51 ±18
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Figure 1 Circulating plasma levels of IL-6, mean (± standard error) in patients who underwent CPB
with coated (cross-hatched bars) and non-coated (bars) circuits. Statistically significant differences
(P<0.05) between the groups are indicated with an asterisk. Pre-op indicates sample taken after induc-
tion of anesthesia; CPB, sample taken before aortic crossclamping; and X-clamp off, sample taken
after release of the aortic crossclamp (i.e. start reperfusion).

D Control DDurafloll

Pro-op 5'CPB X-clamp «IT 0.5 1.5

Reperfusion (hours)

Figure 2 Circulating plasma levels of IL-8, mean (±standard error) in patients who underwent CPB
with coated (cross-hatched bars) and non-coated (bars) circuits. Statistically significant differences
(/*<0.05) between the groups are indicated with an asterisk. Abbreviations as in Figure 1.
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In the present study no increase in TNF-a levels could be demonstrated (not
shown). Only in one patient, the detection level of our assay was reached. The
peak level was 74 pg/ml and this level was found at Vi hour after reperfusion (data
not shown). Interestingly, in this patient peak levels of sELAM, sTNF-R55,
sTNF-R75, and IL-8, but not sICAM, were higher than the peak levels of these
cytokines in any other patient.
Preoperative levels of sTNF-R were not significantly different between both
groups. CPB caused increases in plasma levels of both sTNF-R. However, kinet-
ics of sTNF-R levels were different between both groups. In the control group
(extracorporeal circuit without heparin coating), sTNF-R levels started to
increase as early as during CPB. sTNF-R remained elevated from '/i to 6 hours
after release of the aortic clamp, and then slowly declined again. This pattern was
similar for both TNF-R. Enhancement of sTNF-R levels in plasma of patients
with heparin-coated circuit was significantly delayed: no increase was found until
three hours after release of the aortic clamp. From 6 to 24 hours onwards, TNF
receptor levels were in the same range in both groups (Figures 3 and 4).

• Conlrol D Durafloll

Prc-op 5'CPU X-dampolY 0.5

Figure 3 Circulating plasma levels of soluble TNF-R55, mean (± standard error) in patients who
underwent CPB with coated (cross-hatched bars) and non-coated (bars) circuits. Statistically significant
differences (/><0.05) between the groups are indicated with an asterisk. Abbreviations as in Figure 1.
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D Control DDuraflo II
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Figure 4 Circulating plasma levels of soluble TNF-R75, mean (± standard error) in patients who
underwent CPB with coated (cross-hatched bars) and non-coated (bars) circuits. Statistically significant
differences (P<0.05) between the groups are indicated with an asterisk. Abbreviations as in Figure 1.

5/C4A/ dW*/ *£-.

Wide variations in preoperative plasma sICAM levels (ranging from 80 to 442
ng/ml) were found in patients who underwent CPB without heparin-coated
extracorporeal circuits (group B). After aortic crossclamping sICAM levels fell
immediately to 70 ± 12 ng/ml. In group A only a modest decrease was demon-
strated (from 73 ± 9 ng/ml to 54 ± 7 ng/ml). There was no increase in sICAM
levels during the initial hours of reperfusion in either group. Twenty-four hours
after CPB, the plasma level of sICAM increased in both groups (group A: 107 ±
14 ng/ml, group B: 103 ± 17 ng/ml).
During surgery and subsequently during early reperfusion circulating E-selectin
levels showed a tendency to decrease without reaching a level of significance (Fig-
ure 5). Later during reperfusion a gradual though profound increase was
observed in both groups with peak values between 12 and 24 hours of
reperfusion. In patients with a non-coated circuit these peak levels were signifi-
cantly higher (P<0.05) as compared to the patients treated with the coated cir-
cuits (group A: 40 + 13 ng/ml, group B: 54 ± 17 ng/ml at 12 hours after
reperfusion).
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Figure 5 Circulating plasma levels of soluble E-selectin, mean (± standard error) in patients who
underwent CPB with coated (hatched bars) and non-coated (cross-hatched bars) circuits. Statistically
significant differences (/"<0.05) between the groups are indicated with an asterisk. Abbreviations as in
Figure 1.

DISCUSSION

CPB for cardiac operations is often associated with bleeding complications and
generation of a systemic inflammatory response, which have been related to sys-
temic heparinization and blood cell activation, activation of the coagulation sys-
tem, fibrinolytic disorders and complement activation [25,78,92-94]. The expo-
sure of blood to surfaces in the extracorporeal circuits might contribute to the
generalized inflammatory response. Attempts to improve the biocompatibility of
the circuits to reduce the systemic reactions have included endothelial cell seed-
ing, heparin-like biomaterials and heparin surface coating [98,151].
Comparison of heparin-coated and uncoated extracorporeal circuits during CPB
has shown no significant reduction in platelet activation, fibrinolysis, postopera-
tive blood loss, and donor blood transfusions in routine coronary bypass opera-
tions [11,39]. The only established and consistent clinical effect of hepa-
rin-treated circuits is that it allows perfusion with less systemic heparin in selected
patients. This may result in improved hemostasis and reduced blood loss and
transfusion requirements [45]. Moreover, a significant reduction of C3 activa-
tion products using heparin-coated extracorporeal circuits during CPB has been
described [35]. In the present study we demonstrated that the use of Duraflo II
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heparin-treated extracorporeal circuits reduces the systemic inflammatory reac-
tion during routine CPB procedures as measured by plasma levels of inflamma-
tory mediators.
In agreement with previous studies [152,153] increased plasma IL-8 levels in
patients undergoing CBP without heparin-coated extracorporeal circuits were
observed (see figure 2). IL-8 which is produced by monocytes, macrophages,
fibroblasts and vascular endothelial cells following stimulation with TNF-a, IL-1
or lipopolysaccharide [ 154], is considered to be an important and early mediator
of neutrophil-mediated inflammatory reactions as it strongly attracts neutrophils
and enhances their activation. The use of a heparin-coated tubing system showed
a remarkable reduction in circulating IL-8 levels. An increase of IL-8 did not
occur until 3 to 6 hours after the end of bypass. Since this intervention almost
completely prevented early IL-8 production, one may conclude that contact acti-
vation might be a major cause of proinflammatory activation in comparison to
rewarming, reperfusion or protamine supply as has been suggested by Finn and
associates [ 153].
Trace amounts of TNF-a were found in a few patients in the present study,
whereas in most patients and at most time intervals the TNF-a concentration
was below the level of detection. In recent studies similar results were obtained
[153]. Because TNF-a has a very short half-life in the circulation, frequent serial
measurements would be necessary in order to evaluate the precise role, if any, of
TNF-a after CPB. Measurement of TNF-a-induced factors with slower kinetics
may offer an opportunity to indirectly assess the role of TNF-a in the inflamma-
tory response after CPB.
TNF-a and inducers of TNF-a have been shown to cause shedding of TNF-R
[155-157]. Therefore, enhanced levels of sTNF-Rmay reflect a TNF-a-induced
inflammatory response. However, sTNF-R levels were also shown to be depend-
ent on renal function [158]. In the present study, increases in levels of both
sTNF-R were found following CPB. Moreover, in patients with heparin-coated
circuits the increase of sTNF-R was significantly delayed. Because renal function
of the two groups was not different (data not shown), these data suggest that hep-
arin coating prevents onset of an early inflammatory response during CPB.
Many cell types in response to IL-1 and TNF-a produce IL-6. It maybe the main
inducer of the acute-phase response to injury, and has been shown to be elevated
following major surgery reaching peak levels 24 hours after operation [159,160].
Here, IL-6 levels peaked as early as l'/i hour after the release of the cross clamp
and returned towards normal values within 12 hours in patients treated with
uncoated circuits. The underlying reason of these differences in kinetics remains
unclear but may be dependent on the kind of trauma, medication or the presence
of neutralizing proteins like IL-6 receptors. Heparin coating of the extracorporeal
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circuit significantly attenuated systemic IL-6 levels. Whether this is associated
with an attenuated acute-phase response remains to be established.
The soluble adhesion molecule E-selectin increased above baseline starting 3 to 6
hours after cross-clamping time in both groups whereas only a modest increase in
sICAM-1 was observed 24 hours after CPB. E-selectin is only found on activated
endothelium. E-selectin interacts with carbohydrate ligands and mediates the ini-
tial rolling of leukocytes on the endothelium. Endothelial cells have been shown
to release E-selectin following in vitro stimulation [147]. Therefore, specific ele-
vations in levels of sE-selectin would indicate activation or damage to endothe-
lium. The presence of higher levels of sE-selectin at 12 hours after CPB suggests
that a more pronounced endothelial inflammatory reaction occurred with the
non heparin-coated circuits. ICAM-1 is constitutively expressed on vascular
endothelial cells and a number of other cell types including fibroblasts, epithelial
cells and peripheral blood mononuclear cells and is particularly involved in the
firm attachment and transendothelial migration of leukocytes [161]. Its expres-
sion is upregulated following activation during an inflammatory response. In
vitro studies have shown a direct correlation between the expression of sICAM-1
on endothelial cells and the subsequent shedding of sICAM-1 in the supernatant
[147]. The ligand for sICAM-1 on the leukocyte surface is CD 18. This CD 18
expression increases when leukocytes are stimulated and can be used as a sensitive
index of leukocyte activation. In a previous study [36], increased CD 18 expres-
sion on neutrophils and concomitant neutropenia after 60 minutes of CPB was
found. Heparin coating did not change the CD 18 expression and neutropenia.
The initial drop in circulating sICAM-1 in patients who underwent CPB with
the uncoated circuits suggests an increase in activated leukocytes as ligand bind-
ing by activated leukocytes may clear sICAM-1 from the plasma. On the other
hand, CD 18 positive leukocytes are immediately trapped by the vascular endo-
thelial cells and are thus withdrawn from the circulation. Immunohistochemical
studies are necessary to elucidate this point of discussion.

In conclusion, this study demonstrates that heparin coating of the extracorporeal
circuit can significantly reduce the systemic inflammatory reaction caused by
CPB. It is conceivable that the heparin-coated surface exerts its protective effect
by modifying mediators of the inflammatory cascade rather than from a direct
interaction of heparin coating and coagulation or fibrinolysis. A large clinical
study is in progress to provide evidence that postoperative morbidity correlates
with proinflammatory activity.

We thank Mrs. Gaby Schoen for her skillful assistance in performing the
enzyme-linked immunosorbent assays.
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ABSTRACT

In this study the intrinsic thrombogenicity of the extracorporeal cir-
cuits and the benefit of heparin-bonded circuits in an extracorporeal life support
system without full systemic heparinization and with minimal interference of the
so-called material-independent factors were tested in four calves.

!f. In two circuits (group A) all blood-contacting surfaces were coated with
end-point-attached heparin and the other two were non-coated (group B). Under
standardized conditions the calves were perfused at a blood flow rate of 2 L/min.

. After only one bolus injection of heparin (250 IU/kg body weight) before
cannulation, plasma heparin activity rapidly decreased in both groups: half-life of
about 55 minutes. This decrease of the heparin activity was accompanied by a fall
of the activated clotting time level to baseline values. The experiments using a
heparin-coated circuit had a runtime of more than 360 minutes, whereas the
experiments using a non-coated circuit had to be terminated after a runtime of
255 minutes, because massive fibrin formation was noticed in the circuit. This
formation was accompanied by a rapid increase in the line pressure, measured just
before the inlet of the oxygenator. The macroscopic inspections after terminating
the experiments and rinsing the circuit showed a clean circuit in group A. The
fibrinopeptide A level increased faster during perfusion with the non-coated cir-
cuit than in the heparin-coated circuit. Histopathological examinations of the
lungs of the animals in group A showed no fibrin deposition, whereas most of the
blood vessels of the lung preparations of the animals in group B were partially or
completely occluded with fibrin.

These results suggest that heparin bonding greatly reduces the
thrombogenicity of the extracorporeal circuit, and therefore it can reduce the
need for systemic heparinization in an extracorporeal life support system.
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INTRODUCTION

Devices implanted in the cardiovascular system provoke a variety of host
responses, some of them clinically significant. Short-term (a few hours) contact
of extracorporeal devices with blood during cardiopulmonary bypass for
open-heart surgery inevitably causes activation of the complement cascade and
the blood coagulation pathway [4-12]. The use of anticoagulant drugs, however,
counterbalances the inherently thrombogenic nature of the devices' blood con-
tacting surfaces. However, the thrombotic stimulus is only partially suppressed
by high dosages of heparin [24]. Moreover, antithrombotic therapy is not always
adequate or possible [24-27]. In addition, long-term contact of devices like ven-
tricular assist devices and extracorporeal life support systems could induce an
additional set of problems related to impaired hemostasis and whole body
inflammatory response [6,25,28-33]. The amount of the systemic anticoagulant
should therefore be as low as possible, but significant thrombogenesis must be
prevented. Obviously, there is a continuing quest for hemocompatible and
non-thrombogenic materials.

Modification of surfaces with bioactive molecules is a promising approach in
diminishing the harmful effects of devices to the patients' homeostasis
[11,34-43]. The Carmeda BioActive Surface (CBAS) with end-point-attached
heparin [162,163] is one of the systems available today. In a recently published
paper by Gorman and associates [56] it was, however, demonstrated that hepa-
rin-coated circuits used with standard doses of systemic heparin reduced platelet
adhesion and improve platelet function, but do not produce a meaningful antico-
agulant effect during clinical cardiopulmonary bypass (CPB). In an earlier study
we could also not confirm the advantage of using a heparin-bonded
extracorporeal circuit during routine clinical CPB procedures [11]. Another
recent study showed that in patients undergoing re-operative coronary artery
bypass or valve procedures the heparin-coated circuits had no significant clinical
benefit over uncoated circuits, when a single crossclamp technique was used and
pericardial blood was continuously returned to the circuit [164]. Interestingly,
during simulated CPB the level of thrombin generation appeared to be remark-
ably reduced when a CBAS-coating was used [165].

In this study we examined the thromboresistance of the Carmeda BioActive Sur-
face applied to the entire extracorporeal circuit during six hours of circulatory
support in animal experiments after only a single bolus injection of heparin. We
note that to achieve clinical benefit from heparin-coated extracorporeal bypass
circuits, several changes may be required in the way CPB is performed. A number
of studies [73,82] have now clearly demonstrated that not returning pericardial
blood to the systemic circulation, limiting heart and lung re-perfusion injury and
using specific priming solutions may significantly suppress the massive throm-
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botic stimulus. It was the aim of this study to elucidate the intrinsic
thrombogenicity of the extracorporeal circuits and the benefit of heparin-bonded
circuits in an extracorporeal life support system without full systemic
heparinization and with minimal interference of the so-called material-zwdepend-
ent stimuli.

EXPERIMENTAL PROCEDURES

Four calves with a bodyweight of 103 ± 17 kg were divided in two groups. In
group A (n=2) a heparin-bonded extracorporeal circuit (Carmeda BioActive Sur-
face, Medtronic Cardiopulmonary, Anaheim, CA) was used and in group B
(n=2) a similar non-coated extracorporeal circuit was used. The animals received
standard premedication with atropine, and anesthesia was induced with
thiopental sodium. After endotracheal intubation, volume controlled ventilation
with positive end-expiratory pressure of 5 cm hKO was provided. Anesthesia was
maintained with halothane, nitrous oxide and thiopental sodium. The experiments
were approved by the animal welfare committee of the Maastricht University.

The experimental design is shown in Figure 1. A 9.0 mm Biomedicus venous
cannula was inserted into the right internal jugular vein of the experimental ani-
mal. This cannula drained the venous blood by gravity to a collapsible reservoir
(MVR-1600, Medtronic, Anaheim CA, USA). Then the blood was pumped
(Stöcken roller pump, Stöcken, Munich, Germany) through a Maxima hol-
low-fiber membrane oxygenator (Medtronic) and returned to the animal via a
6.3 mm Biomedicus arterial cannula in the right common carotid artery. In
group A, all components that contacted blood were completely coated with hepa-
rin-bonded Carmeda Bioactive Surface. Prior to the experiment, the
extracorporeal circuit was primed with 1500 ml of Haemaccel solution 3.5%
(Behringwerke AG, Marburg, Germany) without heparin.

Before connection of the extracorporeal life support system for partial bypass, the
calves in both groups received 250 IU/kg body weight of heparin (Leo Pharma-
ceutical Products BV, Weesp, The Netherlands) intravenously as a bolus injec-
tion. This systemic heparinization was the only heparin administered during the
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Figure 1 Schematic representation of the extracorporeal circuit. SvO2 indicates venous oxygen saturation.
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total perfusion time in both group A and group B. Partial bypass was initiated in
a standardized fashion and under normothermic conditions. To standardize the
experiments, the blood flow was maintained constant at 2 L/min during the
entire perfusion. The mean gas flow rate was 2.5 L/min (dry air and oxygen). The
experiments were terminated when the oxygenators were occluded by clot forma-
tion.

The perfusion pressure at the inlet of the oxygenator was monitored continu-
ously to observe occluding tendencies. Other parameters such as electrocardio-
gram, central venous pressure, arterial pressure, arterial blood and rectal tempera-
ture were monitored online. Cardiac output (thermodilution), and pump flow
were recorded at regular intervals. Blood samples were taken before induction of
anesthesia, before and after a bolus injection of heparin, after 10 minutes of
bypass and every 30 minutes until 360 minutes of bypass for blood gas analyses
and for biochemical, hematological and coagulation studies.

//f/wn«. Five ml of blood was collected in 0.5 ml of 3.8% (w/v) trisodium
citrate. Heparin was determined in the plasma samples using the Coatest
LMW-Heparin/Heparin kit (Chromogenix AB; Mölndal, Sweden). Briefly, 8 ul
of plasma was mixed with 65 ul S2732 (2.9 mM) and 65 ul FXa (1 nkat ml')-
After 8 minutes at room temperature the reaction was stopped by the addition of
65 ul acetic acid (20% V/V). p-Nitroanilline was measured at 405 nm in a
microtiterplate reader (SLT-reader 340 ATTC). A reference curve was con-
structed with known amounts of heparin.

77*- artzvaW awgw^fto« r/wf (ACT) was measured on the Automated Coagu-
lation Timer II device (Medtronic Hemotec, Inc. Anaheim, CA, USA). The high
range heparinase test cartridge was used for ACT measurements. In one channel
ACT was measured in an untreated blood sample and in the other channel
heparinase was added to the blood sample to eliminate heparin (up to 6 U/ml).
The latter data can be used to detect heparin-independent change in the
haemostatic system, such as consumption of blood coagulation factors.

F/̂ r/wopf/tf/Wlr J4 (77MA Blood (5 ml) was collected in 0.5 ml of an aqueous
solution containing 0.9% NaCl, 500 IU heparin and 500 KIU trasylol. Plasma
was prepared by centrifugation at 2000g (4 °C) for 10 minutes and at 12000g for
10 min (4 °C). The plasma was then stored at -80 °C until analysis. FPA was
determined in plasma using the Stago-asserochrom FPA-ELISA kit (Boehringher
Mannheim GmbH, Diagnostica) according to instructions.

Cf// fOK/7/. Blood (2.5 ml) was collected in 0.06 ml of 7.5% (w/v) tri-potas-
sium EDTA (Sherwood medical vacutainer). Cell counts were performed with
the Microdiff 18 Coulter (Coulter Corporation, USA). Bovine platelets' count
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was measured differently because red blood cells give an overlap with platelet set-
tings. Therefore, the red cells were separated from the platelets with a hematocrit
centrifuge in a glass capillary (50 ul and ID=0.0458 cm; EM-Hirschmann, Ger-
many). The capillary was first filled with thrombocyte-oil (13 ul) and then with
blood (26 ul). The red blood cells will be centrifuged through the oil. The
oil-blood interface contains small amounts of red and white blood cells. The
supernatant above the oil contains the platelets. After centrifugation platelets
were counted in the supernatant with the Microdiff 18 Coulter.

/fa?/^ j/ifawf«. Immediately following sacrifice of the experimental animal,
biopsy specimen was obtained from lung tissue. Tissue pieces of about 1 g were
fixed in 5% buffered formalin for at least 24 hours. Subsequently, the tissue was
embedded in paraffin and 5 (im thin slices were stained for histological analyses.
Staining with Hematoxylin Eosin, MSB (Martius yellow brillant Scarlet methyl
Blue) and elastin von Gieson were performed to identify the presence of
microthrombi, fibrin remnants and to identify different cell types.

RESULTS

The data depicted in Figure 2 shows the clearance of heparin from the circulation
in both group A as group B, after a single bolus injection of heparin. The plasma
heparin concentration decreased significantly in both groups (half life time of
about 55 min) to an end level of 0.07 IU/ml at 270 minutes in group A and 0.10
IU/ml after 240 minutes in group B.
The ACT values showed a similar pattern as the heparin concentration. After 180
minutes (group A) and 240 minutes (group B) of partial bypass no significant
difference (/"<0.05) were observed between the ACT values in the presence and
absence of heparinase, indicating the absence of heparin activity. However, the
anti-Xa activity at the above time points was still 0.1 IU/ml.

The start FPA levels were at the same level (2 nM) in both groups (Figure 3).
After a runtime of 150 minutes, the FPA plasma levels started to increase and
remained at a value of approximately 4.5 nM FPA in group A. The plasma hepa-
rin concentration was at that time point almost zero. In group B, the FPA plasma
levels started to increase earlier (after a runtime of 60 minutes) and reached a FPA
level up to 9 nM at the time the partial bypass was terminated (after a runtime of
255 minutes), because the oxygenator was completely occluded with fibrin clots.
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Figure 2 Heparin concentrations and ACT values in calves undergoing partial CPB. The circuits
were coated with CBAS (CBAS-1 and CBAS-2) or non-coated (Control-1 and Control-2). The bars
represent the heparin concentration measured as anti-Xa activity, the open squares represent the ACT
measured in the presence of heparinase and the closed squares the ACT measured in the absence of
heparinase. PRE OP indicates preoperative; HEP: 5 minutes after heparin administration, but before
CPB; CPB-0, CPB-10, etc: minutes after the start of CPB.
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Figure 3 Changes in FPA during partial CPB with CBAS-coated circuit (open triangles: CBAS-1
and open circles: CBAS-2) and with non-coated circuits (closed circles: Control-1 and closed trian-
gles: Control-2). PRE OP indicates preoperative; HEP: 5 minutes after heparin administration, but
before CPB; CPB-0, CPB-10, etc: minutes after the start of CPB.

140 210
Partial bypass time (min)

Figure 4 Changes in pre-oxygenator pressures during partial CPB with CBAS-coated circuit (open
triangles: CBAS-1 and open circles: CBAS-2) and with non-coated circuits (closed circles: Control-1
and closed triangles: Control-2).
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The pre-oxygenator pressure in both groups showed some fluctuations probable
due to unstable hemodynamics of the experimental animals (Figure 4). In group
B a dramatic increase in pre-oxygenator pressure was noticed after a runtime of
195 min. The experiment was stopped after a runtime of 255 minutes. In con-
trast to this, the experiments in group A could be run with no complications until
the arbitrarily chosen standardized runtime of 360 minutes.

tar«?

The specific staining for fibrin (Figure 5 A) indicated that most of the blood ves-
sels in the lung preparation of the animals perfused with a non-coated circuit
(group B) were partially or completely occluded with fibrin. As in the animals
perfused with a CBAS-coated circuit (group A), no fibrin deposition was noticed
(Figure 5B). The lung biopsy in both groups showed accumulation of neutro-
phils.

DISCUSSION

Modification of surfaces with bioactive molecules seems to be a promising
approach in diminishing the harmful effects of devices to the patients' homeosta-
sis [11,34-43]. Because of the well-known side effects of systemically applied
heparin, especially during long-term circulatory support, its dosage should there-
fore be as low as possible, but at the same time significant thrombogenesis must
be prevented. During long-term extracorporeal life support, using a hepa-
rin-treated circuit with end-point-attached heparin, not only does a reduction in
systemic heparin in the blood circulation become possible, but the
thrombogenicity of the circuit is greatly reduced too.
Our results in the animal experiments confirm the applicability of end-
point-attached heparin-coated surfaces to long-term extracorporeal circulation.
These data confirm and extend the findings of other investigators who also found
a reduced thrombogenicity of the circuit during long-term extracorporeal sup-
port with limited, or no systemic heparinization [29,30,32,166,167]. In con-
trast, during an earlier study we could not confirm the advantage of using a hepa-
rin-bonded extracorporeal circuit during routine clinical CPB procedures [11].
Gorman and associates [56], and Muehrcke and colleagues [164], have recently
demonstrated that heparin-coated circuits used with standard doses of systemic
heparin, do not produce a meaningful anticoagulant effect during clinical CPB.
Apparently, several changes in the way CPB is performed are likely to be required
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to demonstrate the benefit of heparin-coated circuits during clinical CPB. Not
returning pericardial blood to the systemic circulation [73] and reducing sys-
temic heparinization [168-170], limiting heart and lung reperfusion injury, and
using specific priming solutions [171-175] may all be needed to elucidate the
beneficial effects of heparin-coated circuits. It is likely that these factors allowed
biomaterial-zwdependent stimulation of the body's defense system to overwhelm
any biomaterial-dependent mitigating properties of heparin-bonded circuits.
Our results also show that a heparin-bonded extracorporeal life support system
can be run without any additional systemic heparinization once the initial bolus
injection is cleared from the circulation. However, one of the most important
requirements for effective application of heparin-bonded circuits is that blood
flow is maintained [31-33]. Stagnant areas and drastic lowering of flow rates or
even total stoppage of blood flow in the cannulae, for instance were avoided.
These are strict limitations in design of the extracorporeal life support systems
and should be further investigated. One must also remember that even in an
intact blood vessel, stagnation of blood stimulates coagulation.
Besides the limitations in design of the extracorporeal life support systems,
another major problem in long-term extracorporeal support are bleeding compli-
cations, partly due to the systemic heparinization [28-33,176,177]. The amount
of the systemic heparinization should therefore be as low as possible [178], and in
an ideal case perhaps it could be fully avoided [31]. In this study we tried a single
bolus of 250 IU/kg body weight of heparin to prevent initial complications. The
results clearly show that the plasma heparin activity was completely gone after
210 minutes in group A and 150 minutes in group B, as indicated by the ACT
values that returned to baseline values. The ACT was measured in the presence
and absence of heparinase. However, the heparin concentration as assessed by
anti-Xa activity, at the above time points was still about 0.1 IU/ml in group A
and B. One could wonder whether a circulating endogenous heparin-like activity
remains once exogenous heparin disappears from the circulation.
Despite this very low heparin-like activity no abnormalities were observed in
group A, with regards to hemodynamic functions/gas values and acid-base
parameters during the entire runtime. In contrast, after 180 minutes macro-
scopic fibrin formation was noticed in the circuits that were used in group B.
This formation was accompanied by a rapid increase in the line pressure, mea-
sured just before the inlet of the oxygenator, and as a consequence the experi-
ments in group B had to be terminated after a runtime of 255 minutes. The mac-
roscopic inspections after terminating the experiments and rinsing the circuit
showed a clean circuit in group A. In the circuits used in group B, total clotting or
extensive clotting occurred with the formation of a granular surface throughout
the entire circuit as well as long tails of clotting and embolization.
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The plasma levels of FPA in the experiments in group B showed a profound and
steep increase after a runtime of 60 minutes, indicating an immediate activation
of the coagulation cascade, which was significantly earlier than in the experi-
ments in group A. The increasing plasma levels of FPA was in accordance with
massive clot formation in the circuits that were used in group B. Interestingly,
despite the formation of thrombi, no significant reduction in platelet count was
measured. In the experiments in group A, a moderate increase was noticed in
plasma FPA levels after a runtime of 150 minutes, indicating good thrombo-
resistance of the surface. However, the hemodynamic design and the flow rate are
also very important factors in the thromboresistance capacity of the hepa-
rin-bonded surface [179].
As a result of the profound activation of the coagulation cascade in the experi-
ments in group B, the blood vessels of the lung biopsy specimen obtained from
lung tissue immediately following sacrifice of the animal, were partially or com-
pletely occluded with fibrin. No fibrin deposition was seen in the lung prepara-
tions of the animals in group A. However, the lung biopsy in both experimental
groups showed accumulation of neutrophils. The reason for this accumulation of
leukocytes in our animal model is not entirely clear, and needs to be further eluci-
dated. Despite the accumulation of leukocytes in the lung preparations, no addi-
tional reduction was noticed in the white blood cell count. A reduction of
30-35% of the number of platelets, white blood cells and red blood cells was
noticed as a result of hemodilution after partial bypass was started in both experi-
mental groups.
In summary, it is concluded that surface heparin bonding has a thromboresistant
effect, and therefore it can reduce the need for systemic heparinization in a
CBAS-coated extracorporeal life support system. In addition to the measurement
of the activated clotting time, with or without heparinase, the measurement of
fibrinopeptide A levels may be a valuable test of the clotting activity in the sys-
tem.

The authors would like to thank Mr. J. Habets, Mr. T. van der Nagel, Mr. R.
Blezer, Ms. C. Maassen and Ms. V. Heijnen for their expert technical assistance.
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ABSTRACT

Cardiopulmonary bypass (CPB) is associated with a generalized
hemostatic defect, in which platelet dysfunction seems to play a central role. The
present study was designed to elucidate whether the potential procoagulant activ-
ity of platelets, detected as annexin V binding, was altered during coronary bypass
surgery, using non-coated and heparin-coated extracorporeal circuits.

f. Thirty patients undergoing elective coronary artery bypass grafting were
prospectively randomized using either a standard untreated extracorporeal circuit
(n= 15) or a heparin-treated extracorporeal circuit (n= 15). Beside measurement of
the procoagulant phospholipid activity, the mediastinal blood loss after surgery,
and the blood transfusion requirements were also monitored.

ö. CPB induced a decrease in the percentage of activated platelets in whole
blood, manifest directly after start of CPB, which was significantly attenuated
using a non-treated system. Postoperative the percentage of activated platelets
recovered in both systems, reaching a point of significance 24 hours after the
operation, compared to the values 2 hours after the operation. The differences
among the groups for mediastinal blood loss during the first 2 and 24 hours post-
operative coincided with the differences in procoagulant phospholipid activity.
Furthermore, there was no statistical difference among the groups for blood
transfusion requirements. The platelets in both groups showed a significantly
lower ability to generate ionomycin-induced procoagulant activity after blood-
material interaction when compared to the baseline values.

«. These observations are compatible with the notion that during CPB,
irrespective of the heparin coating, platelets become modestly activated and are
then rapidly removed from the circulation.
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INTRODUCTION

The use of CPB during cardiac surgery is associated with activation of cellular
blood components [78,112,180-186], which can be harmful for the patient by
jeopardizing his morbidity during recovery of his surgical treatment. Although
the clinical manifestations of cellular injury are typically mild in short-time CPB,
during longer bypass times excessive blood loss and endothelial damage by
sequestered leukocytes [187] may result. Possible etiologies for these clinical
manifestations include complement activation, enhanced fibrinolysis and deple-
tion of coagulation factors [78,185,186,188], although a central role seems to be
played by platelet abnormalities [189-194]. Thus, it is of obvious importance to
understand the mechanisms of platelet alterations during CPB in order to
develop strategies to prevent or minimize these changes.
Exposure of blood to materials used in the extracorporeal circuit during CPB has
long been implicated as a source of blood component activation [7,78,112,
180-186,195-198]. Consequently, with the introduction and use of hepa-
rin-coated extracorporeal circuits, it is of importance to understand the mecha-
nisms by which platelets lose their function and integrity after the biological
interface with the surface of the circuit. Some investigators showed that the
release of platelet granule products such as ß-thromboglobulin and thromboxane
Bi, when compared with non-coated circuits, were not reduced during routine
coronary bypass operations using a heparin-coated extracorporeal circuit
[39,164]. However, other studies indicate that heparin-coated circuits signifi-
cantly reduce platelet activation [7,195,196]. Research by Gorman and associates
[56], however, demonstrated that heparin-coated circuits significantly reduce
platelet adhesion and maintained platelet sensitivity to adenosine diphosphate,
but did not reduce release of ß-thromboglobulin.

In the present study, the flow cytometry technique was used allowing the exami-
nation of large numbers of individual cells for exposure of phosphatidylserine
(PS) in the plasma membrane of platelets and the sensitivity of non-PS exposing
platelets for ionomycin-induced platelet activation. The aminophospholipid PS
is normally restricted to the inner leaflet of the plasma membrane. Cell activa-
tion, apoptosis and cell stress can induce redistribution of phospholipids and PS
becomes rapidly exposed in the outer leaflet of the plasma membrane. Concomi-
tant with PS exposure structural changes take place. Among the functions of sur-
face exposed PS are macrophagal recognition [199,200] and modulation of
proinflammatory and prothrombotic effects of platelets [201].
The aim of this study was to elucidate whether the procoagulant activity of plate-
lets was altered during coronary bypass surgery, using non-coated and hepa-
rin-coated extracorporeal circuits.
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MATERIALS AND METHODS

Thirty adult patients, subsequently undergoing elective coronary artery bypass
grafting were enrolled in this study. The patients were randomly divided into two
groups. The patients in group A (n=15) were perfused with our standard non-
coated extracorporeal circuit, whereas the patients in group B (n=15) were
perfused with a heparin-coated (Duraflo®II, Baxter Bentley Inc., Irvine, CA,
USA) circuit.
Exclusion criteria were the following: previous cardiac surgery, congestive cardiac
failure, neurological disorders (e.g. cerebrovascular accident), severe pulmonary
disorders (e.g. chronic obstructive pulmonary disease, emphysema), insu-
lin/non-insulin dependent diabetics, renal diseases (e.g. renal failure), liver dis-
eases, preoperative coagulopathies and platelet-inhibiting drugs five days before
the operation. Moreover, patients receiving intravenous heparin therapy preop-
erative were also excluded from the study.
Informed consent was obtained from each patient the day before the operation.
The study was approved by the local ethical and research council.

After premedication with lorazepam, anesthesia was induced by fentanyl citrate
and midazolam hydrochloride; muscle relaxation was achieved with pan-
curonium bromide. Analgesia was provided by alfentanil hydrochloride and
midazolam hydrochloride infusion. Cefuroxim was used for antibiotic treatment,
and the first dose was administered before sternotomy. Before connection of the
extracorporeal circuit for CPB, heparin (300 IU/kg Heparin Leo, Leo Pharma-
ceutical Products BV, Weesp, The Netherlands) was administered in order to
achieve an activated coagulation time (ACT) > 480 seconds (Hemotec ACT II,
Medtronic Inc., Anaheim, CA, USA).

The main components in the extracorporeal circuit consisted of a hollow fiber
membrane oxygenator (in group A: Capiox SX-18, Terumo Corporation,
Tokyo, Japan; in group B: Spiral Gold, Baxter Bentley Inc., Irvine, CA, USA.), a
venous reservoir (BMR-1900. Baxter Bentley Inc.), a cardiotomy reservoir (in
group A: William Harvey H4700, C.R.Bard Inc., Tewsbury, MA, USA; in group
B: BCR-3500 Gold; Baxter Bentley Inc.), and an arterial line filter (in group A:
Pall autovent SV, Pall Biomedical Ltd, Portsmouth, UK; in group B: AF 1040
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Gold, Baxter Bentley). In group B, all components exposed to blood were
pretreated with a heparin-bonded coating (Duraflo'II, Baxter Bentley Inc.). The
standard priming of the extracorporeal circuit was 1300 ml Haemaccel 3.5%
(Behringwerke AG, Marburg, Germany), 200 ml Mannitol 20%, 100 ml
Human-Albumin 20%, 50 ml NaHCO, 8.4%, 20 ml KC1 7.45% (B.Braun
Medica BV, Uden, The Netherlands) and 6500 IU Heparin Leo.
Moderate hypothermia (from 28 to 30°C) and pulsatile perfusion was used
throughout the period of aorta crossclamping. During the conduct of CPB atten-
tion was given to restrict, and if possible, to avoid the use of the cardiotomy suc-
tion. Additional heparin was administered during bypass if the ACT was lower
than 400 seconds. After CPB, heparin was reversed by 3 mg/kg protamine chlo-
ride (Hoffman/Laroche BV, Mijndrecht, The Netherlands). During and after
cardiopulmonary bypass no anti-fibrinolytic agent was used.

Blood samples were taken before heparin administration (time point 1), 5 and 60
minutes after the beginning of CPB (time point 2 and 3), 15 minutes after
protamine administration (time point 4), 2 and 24 hours after surgery (time
point 5 and 6). In addition, the mediastinal blood loss within the initial 2 and 24
hours after surgery, and the blood transfusion requirements were also monitored

The whole blood samples anticoagulated with acid-citrate-dextrose buffer
(ACD) were incubated with 10 ug/ml FITC (fiuorescein isothiocyanate) -labeled
annexin V (NeXins Research, Kattendijke, The Netherlands) and transferred to a
flow cytometric reaction tube that was immediately placed in the flow cytometer
(Coulter Epics XL-MCL, Beckman Coulter Inc., Fullerton, Ca, USA). The
binding of FITC-annexin V to procoagulant platelets in the whole blood samples
was monitored.
For determination of ionomycin-induced platelet procoagulant activity,
platelet-rich plasma was prepared from whole blood samples taken at the above
mentioned time points by centrifugation at 1000^ for 12 minutes. The platelet
rich plasma was diluted 50 fold in Hepes buffer pH 7.4 (25 mM Hepes, 140 mM
NaCl, 2.5 mM CaCU), containing 10 (ig/ml FITC-labeled annexin V and trans-
ferred to a flow cytometric reaction tube. At time point zero the diluted platelets
were stimulated to expose PS by the addition of 10 uM ionomycine, as described
by Dachary-Prigent et al [202]. The tube was immediately placed in the flow
cytometer and the binding of FITC-annexin V to the platelets was monitored
continuously in time. The FITC signal versus time plots was analyzed off-line.
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These plots showed a time-dependent increase of FITC-annexin V signal per
platelet until a plateau was reached. This plateau reflects the maximum binding
capacity of platelets for annexin V and hence maximal amount of PS that can be
exposed. From the time required to reach this plateau the velocity of PS exposure
could be calculated. Varying the FITC-annexin V between 5 and 20 ug/ml had
no influence on the time-course of annexin V-FITC binding to the platelets,
indicating that the rate-limiting factor is the rate of PS exposure and not the PS -
FITC-annexin V interaction.

Before data analysis, to confirm distribution, all the individual sample points
were tested according to the chi-square test for data with nominal scaling and
Kolmogorov-Smirnov goodness-of-fit test with a normal test distribution for
data higher than nominal scaling. The results were expressed as the mean ± stan-
dard error of the mean (SEM), except for the patients' demographics, which is
expressed as mean ± standard deviation. ANOVA with repeated measures was
used to analyze sequential measurements over time within one group. The Mann
Whitney f/-test was used for statistical analysis of differences between both
experimental groups. A/> value of less than 0.05 was considered to indicate a sta-
tistically significant difference between measured values.

RESULTS

Both experimental groups had similar characteristics with respect to gender, age,
body weight, and height. Also, bypass time and duration of aortic cross clamping
were comparable in both groups (Table 1).

Although no significant difference was observed between both experimental
groups with regards to the percentage of activated platelets in whole blood during
and after the operation, however, in both group A as group B an intriguing pat-
tern in time was observed (Figure 1). Before administration of heparin and
blood-material interaction (time point 1) there was already a small population of
activated platelets (0.49 ± 0.06% in group A, and 0.58 ± 0.10% in group B) pres-
ent in the patient's blood circulation. As soon as CPB was started, the percentage
of activated platelets significantly decreased in group A as compared to the base-
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Table 1 Clinical characteristics of the patients groups. Data are presented as mean ± standard
deviation.

Gender (M / F)
Age (years)

Height (cm)

Weight (kg)

Aortic crossclamp time (min)
Bypass time (min)

Group A (non-coated)
n=15

13/2

59 ±8
174 ±7
83 ±18

56± 16
87 ±20

Group B (heparin-treaced)

n=15

12/3
57 ±8
171 ±6
78 ±10

49 ±20

79 ±25

P value

>0.20

>0.20

>0.20

>0.20

>0.20

>0.20

G Svstem A (non-treated) D System B (heparin-treated)

Time points

Figure 1 Circulating procoagulant platelets. The percentage of procoagulant platelets in whole
blood during CABG, using either a non-treated extracorporeal system (bars) or a heparin-treated
extracorporeal system (cross-hatched bars) was determined as described in the text. Data are presented
as mean ± SEM. Cross signs indicate a statistically significant difference compared with time point 1
within one group (/*<0.05 by ANOVA for repeated measures); asterisks indicate a statistically significant
difference compared with time point 5 within one group (/"<0.05 by ANOVA for repeated measures).

line value (from 0.49 ± 0.06% to 0.35 ± 0.07%; T>=0.04). In contrast, a modest
decrease of activated platelets was observed in patients perfused with a hepa-
rin-treated extracorporeal system (group B). During the operation the circulating
procoagulant platelets showed a tendency to increase, without reaching a level of
significance. After neutralization of heparin, again a significant decrease was
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observed in both groups. This decrease of activated platelets sustained 2 hours
after the operation. Interestingly, 24 hours after the operation the amount of cir-
culating procoagulant platelets was significantly higher compared to the values 2
hours after the operation (from 0.33 ± 0.02% to 0.65 + 0.11% in group A;
/>=0.04, and from 0.32 ± 0.07% to 0.82 ± 0.15% in group B; P=0.01).

rorörf

The time courses of ionomycin-induced annexin V binding in platelets from
group A and B are shown in Figure 2. The maximum exposure of platelet
procoagulant activity was significantly decreased in both group A as group B after
the beginning of CPB (time point 2), as compared to the baseline value (time
point 1) of both groups (from 54 ± 4 sites to 44 ± 2 sites in group A; />=0.01, and
from 49 + 2 sites to 43 ± 2 sites in group B; 7^=0.002). These findings suggest
that, during blood-material contact a small platelet population become (par-
tially) activated and are consequently removed from the circulation. During the
course of the operation and subsequently after surgery the ionomycin-induced
platelet procoagulant activity remained significantly decreased in both experi-

D Syslem A (non-treated) D System B (heparin-treated)
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Figure 2 Ionomycin-induced platelet procoagulant activity. The potential platelet procoagulant
activity from patients undergoing CABG, using either a non-treated extracorporeal system (bars) or a
heparin-treated extracorporeal system (cross-hatched bars) was examined after ionomycin treatment
as described in the text. Data are presented as mean + SEM. Cross signs indicate a statistically significant
difference compared with time point 1 within one group (/*<0.05 byANOVA for repeated measures).
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mental groups. No significant differences in platelet procoagulant activity
between both groups were observed at any of the six time points studied.

The blood loss from the mediastinal drains within the initial 2 and 24 hours after
arrival in the ICU did not show any significant difference between the two exper-
imental groups (457 ± 103 ml 2 hours ICU and 1373 ± 141 ml 24 hours ICU in
group A versus 335 ± 59 ml 2 hours ICU and 1140 ± 131 ml 24 hours ICU in
group B; both P=0.15). Furthermore, there was no statistical difference among
the groups for packed red cells usage (350 ± 100 ml in group A versus 300 ± 75
ml in group B; /M).2O).

DISCUSSION

Cardiopulmonary bypass technology is being continuously improved to mini-
mize the adverse biological reactions [7,78,112,180-186,195-198] that are
reported to be associated with its use. Attempts to improve the biocompatibility
of the circuits to reduce blood cell activation have included heparin-like
biomaterials, andheparin surface coating [98,151]. However, in spite of the clin-
ical use of heparin-coated extracorporeal circuits, the mechanisms by which
platelets lose their function and integrity after in vivo blood-material interaction,
remains controversial. In the present study flow cytometry was used for examina-
tion of PS exposure at the outer leaflet of the plasma membrane of platelets dur-
ing CPB, using non-coated and heparin-coated extracorporeal circuits.
In this study, we demonstrate that when the surface of the extracorporeal circuit
is coated with heparin, the ionomycin-induced generation of procoagulant plate-
lets is not significantly altered compared to that of non-coated circuits. This indi-
cates that during blood-material contact a small platelet population becomes
(partially) activated and is consequently removed from the circulation. Contro-
versial data reported in the literature have suggested that platelet abnormalities
observed during CPB are not due to an "intrinsic defect" of platelets, but, rather
results from an "extrinsic defect" such as an in vivo lack of availability of platelet
agonists [203]. Our results are in accordance with the findings of Kestin and col-
leagues [203], but contrast those reported by Ferroni and associates [204]. In
fact, despite the high basal levels of platelet procoagulant activity, immediately
after start of CPB a decrease in procoagulant phospholipid activity of platelets
was observed after stimulation with ionomycine. This decrease in the potential of
ionomycine to induce PS exposure indicates increased platelet sensitivity towards
CPB. Moreover, during and after CPB the platelets remain sensitive in both
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extracorporeal circuits. This may be inferred from the decreased platelet
procoagulant activity as a result of platelet activation by ionomycin. It can be
argued that this decrease is caused by a significant drop in platelet count during
the CPB procedure. However, the decrease in platelet counts observed with both
extracorporeal systems was moderate (31 ± 2% in group A versus 34 ± 2% in
group B; /V0.20). Alternatively, only the platelets that contain surfaces with
exposed PS are more rapidly removed from the circulation [205,206].
The lower degree of platelet activation in both systems 15 minutes after
protamine administration may be explained by the administration of protamine.
In fact, several investigators demonstrated that protamine administration to
reverse the heparin anticoagulation effect decreases platelet sensitivity [207-209].
However, approximately 2Vi hours after protamine administration (i.e. 2 hours
after closure of the sternum) this decrease of platelet activation reaches a point of
significance compared to the platelet activation before interaction with the sur-
face of the extracorporeal circuit. This decrease in the percentage of procoagulant
(annexin V binding) platelets might be caused by a marked decrease in larger,
younger, and more adherent platelets after CPB [206,210,211]. In contrast, 24
hours after closure of the sternum, the platelet activation increased significantly
in both systems compared to 2 hours after closure of the sternum. This may be
due to a recovery of platelet function and volume after CPB, indicating entry of
young, larger platelets into the circulation [212]. Furthermore, as discussed
above, a certain degree of in vivo platelet activation was present at the baseline. A
high percentage of PS exposed platelets, determined in whole blood, were found
at sample point 1, i.e. after anesthesia induction and before median sternotomy
and before systemic heparinization. It must be considered that in the present
study the baseline corresponds with a time point in which patients had already
received anesthesia. Indeed, platelet reactivity may be increased after induction of
anesthesia for cardiopulmonary bypass operations [213]. Therefore, the possible
occurrence of in vivo platelet activation due to anesthetics cannot be ruled out.
Solely examining the conditions that alter PS exposure on the outer leaflet of the
plasma membrane, does not give a complete picture of the hemostatic effective-
ness of these platelets. Therefore, the postoperative chest tube drainage was used
as an indicator for platelet related hemostatic effectiveness. The differences
among the groups for chest tube drainage during the first 24 hours in the postop-
erative period coincided with the differences in procoagulant phospholipid activ-
ity. Furthermore, there was no statistical difference among the groups for blood
and blood product usage.

Recently, Palanzo and colleagues [214] demonstrated that exposure of artificial
surfaces to albumin decreases surface affinity for platelets and results in preserva-
tion of the circulating platelet count by reducing or eliminating cryopreciptation
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formation during CPB. This would indicate that lack of hemocompatibiliry of
the surface ultimately results in platelet injury.
In conclusion, this clinical study demonstrates that in spite of the use of a hepa-
rin-coated circuit during CPB, platelets become modestly activated and are then
rapidly removed from the circulation.

The authors would like to thank L.J.B.M.L. Noyez, MD, PhD for his statistical
review of our data, as well as, Ms. C. Maassen for her expert laboratory assistance.
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ABSTRACT

In spite of using heparin-coated extracorporeal circuits,
cardiopulmonary bypass (CPB) is still associated with an extensive thrombin gen-
eration, which is only partially suppressed by the use of high dosages of heparin.
Recent studies have focused on the origins of this thrombotic stimulus and the
possible role of retransfused suctioned blood from the thoracic cavities on the
activation of the extrinsic coagulation pathway. The present study was designed
to find during CPB an association between retransfusion of suctioned blood from
the pericardium and pleural space, containing activated factor Vila and systemic
thrombin generation.

k. Blood samples taken from 12 consenting patients who had elective car-
diac surgery were assayed for plasma factor Vila, prothrombin fragment 1+2
(F,^), and thrombin-antithrombin (TAT) concentrations. Blood aspirated from
the pericardium and pleural space was collected separately, assayed for F,^, TAT,
and factor Vila and retransfused to the patient after the aorta occlusion.

/?««/». After systemic heparinization and during CPB thrombin generation was
minimal, as indicated by the lower than base line plasma levels of F,,2> and TAT
after correction for hemodilution. In contrast, blood aspirated from the thoracic
cavities had significantly higher levels of factor Vila, F;̂ >» and TAT compared to
the simultaneous samples from the blood circulation (/*<0.05). Furthermore,
after retransfusion of the suctioned blood (range, 200-1600 mL) circulating lev-
els of F|,2i and TAT rose significantly from 1.6 to 2.9 nmol/L (/>=0.002) and
from 5.1 to 37.5 |ig/L (P=0.01), respectively. The increase in both F,,i, and TAT
levels correlated significantly with the amount of retransfused suctioned blood
(^0.68, />=0.021 and r=0.90, 7>=0.001, respectively). However, the circulating
factor Vila levels did not correlate with TAT and F^i levels.

These data suggest that blood aspirated from the thoracic cavities
during CPB is highly thrombogenic. Retransfusion of this blood may, therefore,
promote further systemic thrombin generation during CPB.
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BACKGROUND

During CPB thrombin generation is extensive [24,215], therefore heparin is
administered at high concentrations. The origins of this thrombotic stimulus
have been uncertain and subject to speculation. It was reasoned that the contact
of the blood with the extracorporeal circuit, via the intrinsic coagulation path-
way, was the main contributor to the increased thrombin generation [216]. Ele-
vated levels of activated coagulation factor Xlla during CPB supported this the-
ory [217]. It is, however, doubtful that the contact activation pathway is the
main source of the thrombin generation. First, Lane and coworkers [82,218,219]
found that tissue factor (TF) is most likely the sole trigger of the coagulation pro-
cess during CPB. Second, Burman and colleagues [220] found a sharp increase in
thrombin generation in a patient with factor XII deficiency during closure of an
atrioseptal defect without a significant change in factor IX activation. Thus, fac-
tor XII activation is not always indispensable for thrombin generation during
CPB.
Recent improvements in biocompatibility of the extracorporeal circuit, such as
heparin coatings, have resulted in considerably less blood activation
[42,221-224]. Despite these improvements, however, we and also other investi-
gators reported no reduction in thrombin generation in patients undergoing
CPB with the use of a heparin-coated extracorporeal circuit [11,56,225,226],
whereas others have found evidence of some possible benefit of these surfaces on
the coagulation cascade [146].
Several investigators [72-74,79] have suggested that retransfused suctioned blood
from the pericardial cavity could be the major source of a thrombin-generating
agent. More recently, Philippou et al [75] demonstrated that pericardium-
induced activation of factor VII, due to ineffective local heparinization, resulted
in an increased thrombin generation.
Thus, whereas previous studies suggested that blood is activated predominantly
by contact activation, more recent studies indicate that the contribution of the
material-independent pathway of blood activation -the surgical wound itself—
may be of much greater importance than previously thought. The aim of this
clinical study was to elucidate the impact of retransfused suctioned blood from
the thoracic cavities on systemic TF-driven thrombin generation.
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METHODS

Twelve adult patients, subsequently undergoing elective combined heart valve
surgery and coronary artery bypass grafting were enrolled in this study. Informed
consent was obtained from each patient the day before the operation. The study
was approved by the local ethical and research council. No patient had evidence
of severe heart failure, renal or hepatic dysfunction, or preoperative
coagulopathies. Moreover, no patient was treated with coumarin derivates,
platelet-inhibiting drugs, or nonsteroidal anti-inflammatory agents within five
days before the operation. The study patients did not receive antifibrinolytic
agents during CPB.

Anesthesia was induced and maintained with weight-related doses of fentanyl,
sufentanil, midazolam, and pancuronium. All patients had Swan-Ganz and arte-
rial catheters placed. The extracorporeal circuit consisted of heparin-coated tub-
ing (Duraflo II, Baxter Bentley Inc., Irvine, CA, USA), a hollow fiber membrane
oxygenator (Capiox SX-18, Terumo Corporation, Tokyo, Japan), a hepa-
rin-coated venous reservoir (Duraflo II, BMR-1900, Baxter Bentley), an arterial
line filter (Pall autovent SV, Pall Biomedical Ltd, Portsmouth, UK), and two
biothyl-coated cardiotomy reservoirs (William Harvey H4700, C.R.Bard Inc.,
Tewsbury, MA, USA). Before connection of the extracorporeal circuit for CPB,
each patient received 300 IU/kg heparin (Heparin Leo, Leo Pharmaceutical
Products BV, Weesp, The Netherlands) to achieve an activated coagulation time
(ACT) > 480 seconds (Hemotec ACT II, Medtronic Inc., Anaheim, CA, USA).
An ACT was measured at baseline, after heparinization, and every 30 minutes
during CPB. If necessary, additional boluses of heparin were administered to
maintain an ACT > 400 seconds.
After institution of cardiopulmonary bypass at a flow rate of 2.4 L/min/m^, and
after reaching a blood temperature below 28°C (25-28°C), the heart was topically
cooled till fibrillation using cold saline 0.9% at 4°C. The aorta was then
crossclamped and a single dose of approximately 800 ml (600-1000 ml) of
St.Thomas I cardioplegic solution at 4°C was infused into the aortic root to pro-
vide myocardial preservation. Topic cooling was maintained during the infusion
of the cardioplegic solution. Pulsatile perfusion was used throughout the period
of aorta crossclamping. During the conduct of CPB, aortic root venting was sep-
arated from the cardiotomy suction and in all cases less than 2% of the calculated
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flow (< 90 ml/min), using a volume pressure control unit with negative pressures
less than 50 mmHg.
Cardiotomy suction, i.e. blood aspirated from the pericardium and pleural space,
was returned to a separated cardiotomy reservoir that was clamped off. After
completion of all the distal anastomoses the cardiotomy reservoir clamp was
removed, allowing reinfusion of blood from the pericardium and pleural space
into the systemic circulation. After CPB, heparin was reversed by 3 mg/kg
protamine chloride (Hoffman/Laroche BV, Mijndrecht, The Netherlands). All
pump blood was returned to the patient through the aortic cannula or intrave-
nously via infusion bags without cell washing process or hemoconcentration.

During and after the operation, blood samples were collected from each patient
at seven specific intervals: before heparin administration (time point 1), 5 min-
utes after heparinization before CPB (time point 2), 5 minutes after the begin-
ning of CPB (time point 3), 5 minutes after release of the aortic crossclamp (time
point 4), 5 minutes after reinfusion of cardiotomy blood (time point 5), 15 min-
utes after protamine administration (time point 6), and 2 hours after surgery
(time point 7). Additional samples were taken from the pooled blood recollected
by suction from the pericardium and pleural space into a cardiotomy reservoir 5
minutes after the beginning of CPB and 5 minutes after aorta occlusion, before
retransftision.

Blood samples were collected in 3.5% sodium citrate (9:1 vol/vol). Platelet-poor
plasma for determination of TAT-complexes, F,^. and factor Vila was obtained
by centrifugation at 4000g for five minutes, and the supernatant was centrifuged
at 12000^ for ten minutes and stored at -70°C until assayed. All samples were
corrected for hemodilution.
TAT and F,,i levels were determined by enzyme-linked immunosorbent assay
(Dade-Behring GmbH, Schwalbach, Germany). Factor Vila levels were deter-
mined by a specific immunoassay, which has been described elsewhere [75]. In
short, flat-bottomed Maxisorb microtiter plates (Nunc, Roskilde, Denmark)
were coated for 2 hours at room temperature or overnight at 4°C with 100 uL
coating buffer containing 5 ug/mL of the rabbit polyclonal antibody RB-23,
raised to a region of factor VII exposed following its activation by cleavage at
Argl52-Ilel53. Thereafter, the wells were blocked during 30 minutes at room
temperature with 200 uL blocking buffer and then rinsed 5 times with rinse
buffer. The wells were incubated for 2 hours at room temperature with 100 uL of
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a factor Vila containing sample and then 6 times rinsed with the rinse solution.
Finally, the amount of factor Vila captured by the rabbit anti-human factor Vila
antibody RB-23 was quantified as follows: 100 uL of a solution containing 1:100
diluted thromboplastin (Dade Innovin, Baxter Diagnostics, Deerfield, IL), 10
umol/L phospholipid (20 mol% phosphatidylserine and 80 mol%
phosphatidylcholine), 5 mmol/L Ca-* and 250 nmol/L bovine factor X [227] in
Hepes buffer was added to the well and incubated at 37°C. The activation of fac-
tor X was stopped after 30 minutes by the addition of 35 |iL Hepes-buffer con-
taining 20 mM EDTA. The amount of formed factor Xa was measured using the
chromogenic substrate S2765 as described previously [227]. A calibration curve
was constructed with known concentrations of recombinant factor Vila (Novo
Nordisk Pharma, Copenhagen, Denmark).

The results were expressed as the mean + standard error of the mean (SEM),
except for the patients' demographics, which was expressed as mean ± standard
deviation. Simultaneous samples of the cardiotomy blood and the systemic circu-
lation were compared by the paired Student's / test. This statistic was also used to
compare samples during and after CPB with the sample taken before CPB and
after heparin administration. Spearman's rank correlation analysis was used to
measure the relationship between thrombin generation and the amount of
retransfused cardiotomy blood and circulating factor Vila levels, respectively. A/)
value less than 0.05 was considered to be significant.

RESULTS

The patients (9 men and 3 women) ranged in age from 50 to 76 years, and from
52 to 85 kg in weight. Table 1 gives descriptive data for the patients, operation,
and perfusion. No patients developed bleeding complications; no patients died.

Plasma levels of factor Vila decreased significantly during bypass from 27.1 to
14.8 pmol/L (Figure 1); the decreases were significant after heparin infusion
(between time points 2 and 4). The mean factor Vila levels from the cardiotomy
suction fluid were significantly higher than the levels measured in the systemic
circulation at the same sampling points (time points 3 and 4) during CPB (19.7
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Table I Patients' demographics (data are presented as mean ± standard deviation).

Gender, M / F

Age, years

Height, cm

Weight, kg

Aortic crossclamp time, min (range)

Bypass time, min (range)

Total amount retransfused cardiotomy blood, mL (range)

Myocardial revascularization
Valve replacement 2
Valve replacement/repair and myocardial revascularization 2

9 /3
68 ±8
170 ±8

75 ± 12
66 ±42 (21-141)
98 ±54 (41-198)

617 ±480 (200-1600)
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Figure 1 Plasma factor Vila levels with time in patients undergoing CPB (•), and in the cardiotomy
blood (./). Blood samples were taken at the various time points as described in the "Patients and Meth-
ods" section. Data are presented as mean ± SEM. Asterisks indicate a statistically significant difference
compared with the sample before heparin administration (/><0.05 by paired Student's f test); double
asterisk indicate a statistically significant difference between the simultaneous samples of the
cardiotomy blood and the systemic circulation (/*<0.05 by paired Student's f test); cross signs indicate
a statistically significant difference compared with the sample before retransfusion of the cardiotomy
blood (/*<0.05 by paired Student's f test).
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and 20.3 pmol/L versus 12.5 and 14.8 pmol/L; P=0.01 for both, respectively).
After retransfusion of the cardiotomy blood, surprisingly, no increase in factor
Vila levels was observed in the circulation. Hence, after protamine administra-
tion an increase in circulating levels of factor Vila was noticed.

7+2

The marker of thrombin generation, F,^, decreased after heparin infusion and
after start of CPB (Figure 2). The mean plasma level of F,^ measured in the
cardiotomy blood was significantly higher («6-fold increase) than the levels mea-
sured at the same time points in the systemic circulation (8.2 and 8.6 nmol/L ver-
sus 1.3 and 1.6 nmol/L; P<0.001 for both, respectively). After retransfusion of
the cardiotomy blood, a dramatic and significant increase was observed in the
F,,2 levels from the systemic circulation until 2 hours after the operation (from
1.6 nmol/L to 3.8 nmol/L, /•=().002). In addition, a significant correlation was
measured between the amount of retransfused cardiotomy blood and the rise of
plasma F,^ levels in the systemic circulation (r=0.68, P=0.021). No correlation

10

- Systemic circulation

- Cardiotomy blood

1 2 3 - 4 5 6 7

Time point*

Figure 2 Plasma levels of Fj+2 with time in patients undergoing CPB (•), and in the cardiotomy
blood (; ). Blood samples were taken at the various time points as described in the "Patients and Meth-
ods" section. Data are presented as mean ± SEM. Asterisks indicate a statistically significant difference
compared with the sample before heparin administration (/"<0.05 by paired Student's f test); double
asterisk indicate a statistically significant difference between the simultaneous samples of the
cardiotomy blood and the systemic circulation (/*<().001 by paired Student's f test); cross signs indi-
cate a statistically significant difference compared with the sample before retransfusion of the
cardiotomy blood (/'<0.05 by paired Student's / test).
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Figure 3 Correlation between circulating factor Vila levels and F i +2 levels in patients undergoing CPB.

was detected between the circulating F^i levels and factor Vila levels, Figure 3
(r=0.21,P=0.08).

Plasma concentrations of TAT, a marker of the amount of thrombin that is gen-
erated, decreased slightly after heparin infusion and up to the phase of
retransfusion of the cardiotomy blood (Figure 4). The mean plasma concentra-
tion of TAT measured in the cardiotomy blood was significantly higher
(>20-fold increase) than the levels measured at the same time points in the sys-
temic circulation (105.2 and 108.8 ug/L versus 3.5 and 5.1 ug/L; P<0.001 for
both, respectively). After retransfusion of the cardiotomy blood, plasma TAT
concentrations rose significantly in the systemic circulation (from 5.1 f̂ g/L to
37.5 ug/L, P=0.01). Thereafter, the plasma TAT levels remained significantly
elevated until 2 hours after the operation (P<0.05). Moreover, close correlation
was measured between the amount of retransfused cardiotomy blood and the rise
of plasma TAT levels in the systemic circulation (r=0.90, P=0.001). No correla-
tion was detected between the circulating TAT levels and factor Vila levels, Fig-
ure 5 (r=0.12, P=0.32).
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DISCUSSION

To diminish allogeneic blood transfusions and volume loss in the extracorporeal
circulation, retransfusion of suctioned blood from the thoracic cavities during
CPB is considered a salutary technique. However, recent reports have high-
lighted the quality of this blood and its relative role on the activation of tissue fac-
tor pathway [75-77]. In the present study we found evidence that blood aspirated
from the pericardium and pleural space is highly thrombogenic, because of an
excellent correlation between the amount of retransfused blood and the increased
levels of TAT and F,^. The origin of ongoing thrombin generation is most likely
caused by the presence of TF rather than factor Vila in the blood aspirated from
the pericardium and pleural space [228].
Triggering of the in vivo coagulation is thought to require complex formation
between TF and factor Vila to form an activation complex that converts factor
IX and X into the serine proteases factor IXa and Xa, respectively. Factor Xa is the
enzyme that ultimately generates thrombin [229]. Chung and associates [73]
showed that blood mononuclear cells taken from the pericardium express twice
the level of TF compared with cells taken simultaneously from the systemic circu-
lation. In addition, in vivo thrombin generation is at least partly mediated by
cell-derived microparticles containing TF [81 ]. In this study we found that blood
aspirated from the thoracic cavities had significantly higher levels of factor Vila
compared to the simultaneous samples from the systemic circulation. Because TF
is an essential cofactor for factor Vila generation [229], high factor Vila levels in
blood aspirated from the pericardium and pleura space reflects the presence of
significant amounts of TF.
Accordingly to the presence of TF in the blood aspirated from the thoracic cavi-
ties, corresponding elevations in markers of direct thrombin generation were
observed. In addition, this study is the first to provide direct evidence that the
amount of retransfused cardiotomy blood volume contributes to the level of
thrombin generation during CPB. Close correlation was established between the
amount of retransfused cardiotomy blood and the rise of plasma TAT levels and
F,,2 levels in the systemic circulation. Retransfusion of an amount as minimal as
200 mL cardiotomy blood already resulted in a systemic increase of 8% in plasma
TAT concentrations and 0.4% in plasma F|,i concentrations. These results con-
firm the suggestions and findings of others that the general practice of
retransfusion of cardiotomy blood is a potential source of activated hemostatic
components [72-77]. A possible explanation for the high activation marker levels
in the blood aspirated from the thoracic cavities might be poor local
anticoagulation. It has been reported that pericardial blood had lower levels of
heparin than corresponding perfusate samples, and the levels of heparin in sam-
ples from the thoracic cavities correlated inversely with those of thrombin genera-
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don markers and factor Vila [75]. Alternatively, it is tempting to speculate that
the concentration of the natural inhibitor of the TF/factor Vila complex, tissue
factor pathway inhibitor (TFPI), in the suctioned blood is greatly reduced, which
in turn greatly amplifies thrombin generation. Additional anticoagulation of the
cardiotomy blood seems thus required. The notion that anticoagulation must be
focused on inhibiting TF-driven blood coagulation is also supported by the
observation that local administration of aprotinin, an inhibitor of the intrinsic
blood coagulation, in the thoracic cavities did not prevent generation of highly
procoagulant mediators in blood aspirated from these cavities [230].
In conclusion, we demonstrated that blood aspirated from the pericardium and
pleural space is highly thrombogenic, and retransfusion of this blood may pro-
mote systemic thrombin generation during CPB. Therefore, as been pointed out
by others [72,74,76,77,79], this blood should be discarded or processed with a
cell salvage system prior to retransfusion.
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CHAPTER 7

General Discussion

Extracorporeal circulation of blood induces activation of cellular blood compo-
nents and consequently impairment of the homeostatic function of blood. These
effects are most pronounced during use of CPB for cardiac surgery, due to the
large surface area of the circuit to which blood is exposed and the high blood flow
through the extracorporeal circuit [4,5,7-10,12,231-233]. This extensive blood
activation process in combination with a standardized and routinely performed
surgical technique renders CPB an attractive model for studying blood-material
interaction and its clinical consequences. The procedure of CPB consists of tem-
porary mechanical blood pumping and blood gas exchange, in order to exclude
heart and lungs from circulation. The extracorporeal circuit consists of different
vital artificial components: a hollow fiber membrane oxygenator, a venous reser-
voir, an arterial line filter, and a cardiotomy reservoir. Altogether, the
extracorporeal circuit consists of a variety of materials like: polypropylene,
polycarbonate, polyvinylchloride, polyester, silicone rubber, polyethylene, poly-
urethane, polysulfone, teflon, and stainless steel, which come in contact with
blood. This makes it difficult to correlate the observed blood activation with the
use of a specific material. In addition to the material-induced blood activation,
the surgical procedure also includes considerable tissue trauma and exposure of
recirculating blood from the traumatised area. It has been attempted to counter-
act these adverse effects of CPB by employing biocompatible materials
[5,233-235], by pharmacological treatment of the patients [236-240], and by
surface coating of the blood-contacting area [12,35,43,49,56,58,146,241-244].
However, the pathophysiology of CPB appeared to be complex and
multifactorial. Therefore, investigation of the underlying mechanisms needed a
multiparameter approach.

In this thesis a series of studies were performed to obtain more insight in the
hemocompatibiliry of the extracorporeal circuit, with the intention of character-
izing the performance benefits of heparin-treated circuits.
First, the inhibiting effects of heparin-treated extracorporeal circuits on the acti-
vation of the kinin and coagulation system during CPB were investigated in adult
patients undergoing elective myocardial revascularization (C/w/>ter 2). Low
amounts of kallikrein-C,-inhibitor complexes (< 1 U/ml) indicated a marginal
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effect on contact activation of blood. Other authors [245,246] have reported
similar findings. Despite these observations, activation of the contact system
could not always been excluded [241]. The contradictory results may in part be
explained by the rapid in vivo clearance of enzyme-inhibitor complexes, since
formation of kalIikrein-C,-inhibitor complexes were observed immediately after
the start of simulated extracorporeal circulation [216,247,248]. Furthermore,
heparin coating did not appear to reduce activation of clotting and platelets by
thrombin acceleration inactivation. This was elucidated by elevated F,,2 and
TAT plasma levels during CPB in both untreated and heparin-treated
extracorporeal circuits, despite the heparin causing significantly systemic
anticoagulation, i.e. the ACT was prolonged to greater than 480 seconds
throughout the entire surgical procedure. A discussion is ongoing whether hepa-
rin dosing during CPB on the basis of ACT measurement is optimal or whether
heparin by itself is an adequate anticoagulant in this setting.
Considering that the intrinsic pathway did not initiate the coagulation process,
our findings imply that thrombin generation occurs independently from contact
activation. This is supported by several other studies [51,56,226]. Thrombin
generation during CPB might mainly be driven by TF and may be independent
of the use of heparin-treated extracorporeal circuits. In agreement herewith,
patients with a severe factor XII deficiency undergoing cardiac surgery showed
comparable thrombin formation to normal individuals [220]. Conversely, acti-
vation of the contact system seems to be related to fibrinolysis. Patients with a
severe factor XII deficiency (factor XII < 1%) demonstrated impaired fibrinolytic
activity after desamino D-arginine vasopressin stimulation [249]. In our study,
however, we found no direct support for involvement of the contact system in
fibrinolysis. Although low amounts of kallikrein-C|-inhibitor complexes were
observed, PAP levels were increased in both heparin-treated and untreated cir-
cuits instead of reduced. Fibrinolytic activity was augmented up to 2 hours after
CPB in both groups, which was in accordance with elevated F,,i plasma levels. In
addition, the PPP was elevated during the course of CPB in a similar pattern in
both the heparin-treated and untreated circuit, indicating a higher excitability of
the procoagulant phospholipids activity of platelets compared to baseline values.
Accordingly, no differences in mediastinal blood loss and clinical outcome were
observed between the two groups. Evidently, to what extent the impairment of
hemostasis was not prevented, was not entirely clear after this clinical evaluation.
It was concluded that based on these results, an advantage of using hepa-
rin-treated extracorporeal circuits to preserve hemostatic qualities during routine
CPB procedures could not be confirmed.

In contrast to this lack of thromboresistant characteristics of heparin-treated
extracorporeal circuits, several investigators reported that heparin coating of an
artificial surface reduced complement activation and might thus bear the poten-
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rial to change leukocyte activation and subsequently the leukocyte-endothelium
interaction [46,47]. Therefore, we evaluated whether the use of heparin-treated
extracorporeal circuits could reduce the leukocyte-mediated inflammatory
response during CPB (C/w/>Arr3). This study demonstrated that heparin coating
of the extracorporeal circuit significantly reduced the systemic inflammatory
reaction caused by CPB as measured by plasma levels of inflammatory mediators,
and thus may alter the leukocyte-endothelium interaction. In agreement with
other studies [152,153] increased plasma IL-8 levels in patients undergoing car-
diac surgery with the use of CPB without heparin-treated extracorporeal circuits
were observed. IL-8 which is produced by monocytes, macrophages, fibroblasts
and vascular endothelial cells following stimulation with TNF-ct, IL-1 or
lipopolysaccharide [154], is considered to be an important and early mediator of
neutrophil-mediated inflammatory reactions as it strongly attracts neutrophils
and enhances their activation. The use of a heparin-treated system showed a
remarkable reduction in circulating IL-8 levels. An increase of IL-8 did not occur
until 3 to 6 hours after the end of bypass. Moreover, the kinetics of other
proinflammatory cytokines (soluble TNF-a receptors, sIL-6) that were mea-
sured, suggests that heparin coating prevented the onset of an early inflammatory
response during CPB.
Furthermore, the soluble adhesion molecule E-selectin increased above baseline
starting 3 to 6 hours after aortic crossclamp release in both the heparin-treated as
the untreated group, whereas only a modest increase in sICAM-1 was observed
24 hours after CPB. E-selectin is only found on activated endothelium on which
it interacts with carbohydrate ligands and mediates the initial rolling of leuko-
cytes on the endothelium. Endothelial cells have been shown to release E-selectin
following in vitro stimulation [147]. Therefore, specific elevations in levels of
sE-selectin would indicate activation or damage of the endothelium. The pres-
ence of higher levels of sE-selectin at 12 hours after CPB suggests that a more
pronounced endothelial inflammatory reaction occurred with the non hepa-
rin-treated circuits. ICAM-1 is constitutively expressed on vascular endothelial
cells and a number of other cell types including fibroblasts, epithelial cells and
peripheral blood mononuclear cells and is particularly involved in the firm
attachment and transendothelial migration of leukocytes [161]. Its expression is
upregulated following activation during an inflammatory response. The initial
drop in circulating sICAM-1 in patients who underwent CPB with the uncoated
circuits suggests an increase in activated leukocytes as ligand binding by activated
leukocytes may clear sICAM-1 from the plasma.
Since heparin coating of the extracorporeal circuit almost completely prevented
early proinflammatory cytokine production, one may conclude that the hepa-
rin-treated surface exerts its protective effect by modifying mediators of the
inflammatory cascade rather than from a direct interaction of heparin coating
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and coagulation or fibrinolysis. Whether these findings are associated with an
attenuated acute-phase response remains to be established. On the other hand,
there is a high degree of intraindividual variability in the extent of inflammatory
reaction to CPB and the consequent clinical complications. Many factors (e.g.
smoking, psychological stress, infection, unstable angina, chronic inflammatory
disease) may activate a systemic inflammatory reaction that may worsen the
response to CPB [63]. Moreover, an individual genetic predisposition to produce
a greater inflammatory response to similar stimuli may also be important.
Finally, preoperative inflammatory markers, such as C-reactive protein, may
prove to be markers of prognosis in cardiac surgery as they have already been
shown to be in patient groups with ischemic heart disease.
Our knowledge of the protective effect of heparin-treated extracorporeal circuits
on the systemic inflammatory cascade activation, and the activation patterns
from direct and indirect thrombin generation, and fibrinolysis as discussed in
chapters 2 and 3, led us to study the intrinsic thrombogeniciry of the
extracorporeal circuit in more detail. We noted that to achieve clinical benefit
from heparin-treated extracorporeal bypass circuits, several changes might be
required in the way clinical CPB is performed. For this, we conducted a study in
an animal model with the intend to elucidate the intrinsic thrombogeniciry of the
extracorporeal circuits and the benefit of heparin-treated circuits in an
extracorporeal life support system without full systemic heparinization and with
minimal interference of the so-called biomaterial-mdependent stimuli (C/w/>ter 4).
Not returning pericardial blood to the systemic circulation and reducing sys-
temic heparinization, limiting heart and lung reperfusion injury, and using spe-
cific priming solutions may all be needed to elucidate the beneficial effects of
heparin-coated circuits. It is likely that these factors allowed biomaterial-
/«dependent stimulation of the body's defense system to overwhelm any mate-
rial-dependent mitigating properties of heparin-treated circuits. The results from
this ex vivo study showed that a heparin-treated extracorporeal life support sys-
tem could be run without any additional systemic heparinization once the initial
bolus injection is cleared from the circulation. However, one of the most impor-
tant requirements for effective application of heparin-treated circuits is that a cer-
tain level of blood flow is maintained [31-33]. Stagnant areas and drastic lower-
ing of flow rates or even total stoppage of blood flow in the cannulae, for instance
were avoided. These are strict limitations in design of the extracorporeal life sup-
port systems and should be further investigated. One should also remember that
even in an intact blood vessel, stagnation of blood stimulates coagulation.
As a result of profound activation of the coagulation cascade indicated by
increased plasma FPA levels in the non heparin-treated experiments, the blood
vessels seen in a biopsy specimen obtained from lung tissue immediately follow-
ing sacrifice of the animal were partially or completely occluded with fibrin. No
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fibrin deposition was seen in the lung preparations of the animals perfused with a
heparin-treated extracorporeal circuit.
The results from this ex vivo study clearly showed that surface heparin bonding
has a thromboresistant effect, and therefore it can reduce the need for systemic
heparinization in a heparin-treated extracorporeal life support system. Moreover,
measurement of FPA levels showed to be a valuable test of the clotting activity in
an extracorporeal system.
Platelet dysfunction seems to play a central role in CPB. Thrombocytopenia as a
result of platelet activation is known to occur during and after CPB. Exposure of
blood to artificial surfaces causes platelet adhesion and a-granule release, with
liberation of platelet factor 4, ß-thromboglobulin, and platelet-derived growth
factor, and expression of P-selectin on the surface of the activated platelet [250].
Moreover, potent activation by agonists such as thrombin results in the release of
dense granule contents, which liberates additional platelet agonists and generates
platelet-platelet aggregates that promote thrombus formation. Although platelet
damage, in part, can be prevented pharmacologically, it would be most beneficial
to prevent generation of thrombin to abrogate the adhesion and activation of
platelets on artificial surfaces. For that reason a clinical study was designed to elu-
cidate whether the potential procoagulant activity of platelets, detected as
annexin V binding, was altered during coronary bypass surgery, using untreated
and heparin-treated extracorporeal circuits (C/w/>fcr 5). In this study it was dem-
onstrated that when the surface of the extracorporeal circuit is coated with hepa-
rin, the percentage of platelets that bind annexin V is not significantly altered rel-
ative to that of uncoated circuits suggesting that when during blood-material
contact platelets become activated they are rapidly removed from the circulation.
Indeed, platelets from both groups showed a significantly lower ability to gener-
ate ionomycin-induced procoagulant activity after blood-material interaction
when compared to the baseline values.

Solely examining the conditions, which alter PS exposure on the outer leaflet of
the platelet plasma membrane, does not give a complete picture of the hemostatic
effectiveness of these platelets. Therefore, the postoperative chest tube drainage
was used as an indicator for platelet related hemostatic effectiveness. The differ-
ences among the groups for chest tube drainage during the first 24 hours in the
postoperative period coincided with the differences in procoagulant
phospholipid activity. Furthermore, there was no statistical difference among the
heparin-coated and uncoated group for blood and blood product usage. Our
observations from this study were compatible with the notion that during CPB,
irrespective of the heparin coating, platelets become modestly activated and are
then rapidly removed from the circulation.

Several studies have indicated that the contribution of the material-Zwdependent
pathway of blood activation —the surgical wound itself— may be of much greater
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importance than previously thought. Ineffective local heparinization and
retransfusion of highly procoagulant cell-derived microparticles were implicated
as the main source of this material-zwdependent activation in patients during
CPB [72-75,79]. Subsequently, to elucidate the impact of retransfused suctioned
blood from the thoracic cavities on systemic TF-driven thrombin generation, a
clinical study was conducted with separation of the shed blood (C/w/>ter 6).
Triggering of the in vivo coagulation is thought to require complex formation
between TF and factor Vila to form an activation complex that converts factor
IX and X into the serine proteases factor IXa and Xa, respectively. Factor Xa is the
enzyme that ultimately generates thrombin [229]. It has been shown that blood
mononuclear cells taken from the pericardium express twice the level of TF com-
pared with cells taken simultaneously from the systemic circulation [73]. In addi-
tion, in vivo thrombin generation involves a factor VII/TF-dependent pathway,
which is at least partly mediated by cell-derived microparticles [81]. Conse-
quently, evidence of increased amounts of TF is associated with increased factor
Vila levels [229]. The blood aspirated from the thoracic cavities in our study had
significantly higher levels of factor Vila relative to the corresponding samples
taken from the circulation, suggesting the involvement of TF-driven factor Vila
generation in the pericardium and pleura cavity. Accordingly to elevated plasma
factor Vila levels measured in the blood aspirated from the thoracic cavities, cor-
responding elevations in markers of direct thrombin generation were observed.
Moreover, this study is the first to provide direct evidence that the amount of
retransfused cardiotomy blood volume contributes to the level of thrombin gen-
eration during CPB. Close correlation was established between the amount of
retransfused cardiotomy blood and the rise of plasma TAT levels and F,,, levels
in the systemic circulation. Retransfusion of an amount as minimal as 200 mL
cardiotomy blood already resulted in a systemic increase of 8% in plasma TAT
concentrations and 0.4% in plasma F,^ concentrations.

Limited systemic thrombin generation during CPB was observed in this study, so
it was not necessary to invoke circuit-dependent mechanisms of coagulation acti-
vation in addition to the pericardium and pleural source. However, this finding
of minimal circuit thrombin generation does not exclude additional mechanisms
of triggered activation in the systemic circulation, such as those arising from leu-
kocytes and platelets [76,77]. A possible contributory explanation for more
extensive activation of coagulation in the extracorporeal circuit in other studies
might be discrepancies in anticoagulation therapies. The result from this study
demonstrated that blood aspirated from the pericardium and pleural space is
highly thrombogenic. Therefore, retransfusion of this blood may promote fur-
ther systemic thrombin generation during CPB, which explains in part the
increased bleeding tendency in the first postoperative period after CPB.



GENERAL DISCUSSION I 89

On reviewing our results related to blood activation during the use of CPB for
cardiac surgical treatment, it is concluded that the complete surgical procedure
has to be taken into account, since blood activation appears to have multiple
causes. The composition of the extracorporeal circuit and the polymers used for
the circuit are not the only cause of a thrombotic insult and platelet derangement.
Instead, directly retransfusing blood aspirated from the thoracic cavities into the
systemic circulation strongly promotes thrombin generation during CPB. Con-
sequently, inducing an impairment of the platelets by proteolytic attacks of
platelet membrane receptors. Further improvement of hemostasis during CPB,
without use of pharmacological agents, can be achieved when deleterious plasma
components are removed from blood prior to retransfusion. Meanwhile,
extracorporeal circulation with a closed system and limited surgery seems to offer
improved hemocompatibility with heparin treatment of the blood-contacting
surface. In these situations, the activation of the clotting system is greatly
reduced. Consequently, systemic heparinization can be considerably reduced or
even omitted. Moreover, heparin-treated extracorporeal circuits have shown to
prevent the early activation of inflammatory cascades and, thus, appear promis-
ing. Therefore, in spite of the mostly very transient CPB-related disorders
observed during and after routine cardiac surgery, which hardly can be correlated
to morbidity or to hospitalization, heparin-treated circuits may be of benefit in
high-risk patients (e.g. elderly or very young patients, and patients with preexist-
ing organ failure), in cases where prolonged CPB times are anticipated, or for
extended cardiopulmonary or respiratory support. While the homeostatic condi-
tion of patients can be very accurately monitored today, further research is
needed to improve the postoperative recovery of patients undergoing CPB. Thus,
the totally hemocompatible extracorporeal circuit will remain a challenge for bio-
medical scientists.
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Summary

CPB is a method of whole body perfusion in which the function of the heart and
lungs is replaced with an extracorporeal circuit consisting of different vital artifi-
cial components: an artificial lung, several reservoirs and filters, and tubing. The
use of an extracorporeal circuit provides a controlled environment for surgery of
the heart and great vessels. Although nowadays CPB can be considered a safe pro-
cedure, the systemic inflammatory response and bleeding complications can still
be considered as drawbacks of the use of CPB. The deleterious effects have been
attributed to both material-dependent and -indepent aspects of CPB. Thus, the
pathophysiology of CPB appeared to be complex and multifactorial. Therefore,
investigation of the underlying mechanisms needed a multiparameter approach.
In this thesis a series of studies were performed to obtain more insight in the
hemocompatibility of the extracorporeal circuit, with the intention of character-
izing the performance benefits of heparin-treated circuits.
The inhibiting effects of heparin-treated extracorporeal circuits on the activation
of the kinin and coagulation system during CPB were investigated in adult
patients undergoing elective myocardial revascularization (Qw/>ter2). The initia-
tion of the blood coagulation process as well as the kinin system was hardly acti-
vated by the interaction of blood with the extracorporeal circuit. Furthermore,
the use of a heparin-treated circuit did not impair thrombin generation,
fibrinolysis, and procoagulant phospholipids activity of platelets during CPB.
Accordingly, the postoperative blood loss, intensive care unit stay, and the dura-
tion of hospital stay were not altered using a heparin-treated system. Based on
these results, an advantage of using heparin-treated extracorporeal circuits during
routine CPB procedures could not be confirmed.
In contrast to this lack of thromboresistant characteristics of heparin-treated
extracorporeal circuits, several investigators reported that heparin coating of the
material surface reduced complement activation and might thus bear the poten-
tial to change leukocyte activation and subsequently the leukocyte-endothelium
interaction. Therefore, we evaluated whether the use of heparin-treated
extracorporeal circuits could reduce the leukocyte-mediated inflammatory
response during CPB (C/w/>fcr3). This study demonstrated that heparin coating
of the extracorporeal circuit significantly reduced the systemic inflammatory
reaction caused by CPB and could alter the leukocyte-endothelium interaction.
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It is conceivable that the heparin-treated surface exerts its protective effect by
modifying mediators of the inflammatory cascade rather than from a direct inter-
action of heparin coating and coagulation or fibrinolysis.
Our knowledge of the protective effect of heparin-treated extracorporeal circuits
on the systemic inflammatory cascade activation, and the activation patterns
from the thrombin generation/inhibition, and fibrinolysis data as discussed in
chapters 2 and 3, led us to study the intrinsic thrombogenicity of the extra-
corporeal circuit in more detail. We noted that to achieve clinical benefit from
heparin-treated extracorporeal bypass circuits, several changes might be required
in the way CPB is performed. For this, we conducted a study in an animal model
with the intend to elucidate the intrinsic thrombogenicity of the extracorporeal
circuits and the benefit of heparin-treated circuits in an extracorporeal life sup-
port system without full systemic heparinization and with minimal interference
of the so-called biomaterial-z'wdependent stimuli (Chapter 4). The results from
this ex vivo study clearly showed that surface heparin bonding has a thrombo-
resistant effect, and therefore can reduce the need for systemic heparinization in a
heparin-treated extracorporeal life support system. Moreover, measurement of
fibrinopeptide A levels showed to be a valuable test of the clotting activity in an
extracorporeal system.
Since CPB is still associated with an induced hemostatic defect, in which platelet
dysfunction seems to play a central role, a clinical study was designed to elucidate
whether the potential procoagulant activity of platelets, detected as annexin V
binding, was altered during coronary bypass surgery using untreated and hepa-
rin-treated extracorporeal circuits (C/MI/>Z*T 5). The observations from this study
were compatible with the notion that during CPB, irrespective of the heparin
coating, platelets become modestly activated and are then rapidly removed from
the circulation.
In addition, to the material-associated blood activation, also materiaWndepend-
ent blood activation occurs during CPB. Recent studies have indicated that the
contribution of the material-zwdependent pathway of blood activation -the sur-
gical wound itself- may be of much greater importance than previously thought.
Ineffective local heparinization and retransfusion of highly procoagulant
cell-derived microparticles were implicated as the main source of this mate-
rial-independent activation in patients during CPB. In order to elucidate the
impact of retransfused suctioned blood from the thoracic cavities on systemic
TF-driven thrombin generation, a clinical study was conducted with separation
of the shed blood (C/w/>fcr 6). The data from this study showed that blood aspi-
rated from the thoracic cavities during CPB is highly thrombogenic.
Retransfusion of this blood may, therefore, promote further systemic thrombin
generation during CPB, which explains in part the increased bleeding tendency
in the first postoperative period after cardiac surgery with the use of CPB.
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On reviewing our results related to blood activation during CPB, it is concluded
that the complete surgical procedure has to be taken into account. Blood activa-
tion appears to have multiple causes, which is manifest by a systemic inflamma-
tory response and bleeding complications. In routine cardiac surgical procedures,
these disorders are mostly very transient and can hardly be correlated to morbid-
ity or to the duration of the hospitalization. However, nowadays we are facing a
shift in patient's population from more routine elective surgery to surgery on
elderly (over 80 years) or very young patients, on patients with preexisting organ
failure, re-operations and emergencies. Therefore, our knowledge of the
responses of blood to different biomaterials has to be extended to make sure that
hemocompatible materials are applied. The greatest benefit that is to be expected
from surfaces in addition to being hemocompatible is active elimination of acti-
vation products from other origins, such as the wound area. Thus, further
research is needed to improve the postoperative recovery of patients undergoing
cardiac surgery with the use of CPB.
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CHAPTER 9

Samenvatting

Cardiopulmonale bypass (CPB) is een kunstmarige methode voor de vervanging
van de torale bloedcircularie en perfusie van Organen, waarbij de harr- en long-
funcrie rijdelijk vervangen worden door een circulariesysteem buiren her lichaam
om, ook wel extracorporale circularie genoemd. Een dergelijk circulariesysteem
bestaat uit verschillende vitale componenten: een kunstlong, enkele reservoirs en
filters, en een kunststof slangencircuit. Het gebruik van extracorporale circulatie
zorgt voor een gecontroleerde omgeving voor het uirvoeren van chirurgie van het
hart en/of de grote bloedvaten. Hoewel het gebruik van CPB tegenwoordig als
een veilige procedure beschouwd kan worden, kunnen systemische ontstekings-
reacties en bloedingscomplicaties nog steeds als belangrijke nadelen worden
gezien. Deze nadelige effecten worden zowel toegeschreven aan interacties van
het bloed met het materiaal van het extracorporaal systeem, als aan algemene
materiaal onafhankelijke aspecten. De pathofysiologie van CPB lijkt dus complex
en van vele factoren afhankelijk te zijn. Derhalve was voor het onderzoek naar
onderliggende mechanismen een multiparamerer benadering nodig. Dit proef-
schrift beschrijft een reeks onderzoeken die zijn uitgevoerd om meer inzicht in de
hemocompatibiliteit van het extracorporale systeem te verkrijgen, met als doel
het karakteriseren van de voordelen van het gebruik van heparine gecoate
extracorporale circuits.

De remmende effecten van heparine voorbehandelde extracorporale circuirs op
de activering van het kininesysteem en van het stollingssysteem tijdens CPB zijn
onderzocht bij volwassen patienten, welke een electieve coronaire bypass operatie
ondergingen (/wo/z&ft̂  2). Zowel de initiatie van het bloedstollingsproces als de
initiatie van het kininesysteem werden nauwelijks beinvloed door de interactie
van bloed met het extracorporale circuit. Bovendien werd de trombine generatie,
de fibrinolyse en de procoagulante fosfolipiden activiteit van de bloedplaatjes tij-
dens CPB niet verminderd bij het gebruik van een heparine gecoat extracorporaal
circuit. In overeenstemming hiermee was er bij het gebruik van een heparine
gecoat circuit ook geen verandering in het postoperatieve bloedverlies, het ver-
blijf op de afdeling 'intensive-care' en de duur van de gehele ziekenhuisopname.
Gebaseerd op deze resultaten kon een voordeel van het gebruik van heparine
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gecoate extracorporale circuits tijdens routine CPB procedures niet worden
bevestigd.
In tegenstelling tot dit gebrek aan tromboresistente eigenschappen van de hepa-
rine gecoate extracorporale circuits, hebben verschillende onderzoekers gerappor-
teerd dat deze oppervlakte modificatie van het extracorporale circuit met behulp
van heparine complement activatie verminderde. Dit zou dus de mogelijkheid
kunnen bieden om de activering van witte bloedlichaampjes te verminderen en
daardoor tevens de interactie tussen witte bloedlichaampjes en het endotheel te
beinvloeden. We hebben daarom geevalueerd of het gebruik van een heparine
voorbehandeld extracorporaal circuit de door witte bloedlichaampjes gei'n-
duceerde ontstekingsreacties tijdens het gebruik van CPB kan verminderen
(/>0O/Z&/H£ 3). Dit onderzoek heeft aangetoond, dat heparine voorbehandeling
van het extracorporale circuit de systemische ontstekingsreacties die door CPB
worden veroorzaakt, aanzienlijk reduceert en de interactie tussen witte bloed-
lichaampjes en het endotheel zou kunnen verminderen. Het is denkbaar dat dit
beschermende effect van een heparine gecoat oppervlak niet zozeer veroorzaakt
wordt door rechtstreekse interactie van de heparinelaag met de stolling of het
fibrinolytisch systeem, maar meer doordat deze laag de mediatoren van de opeen-
volgende ontstekingsreacties vermindert.

Onze kennis van de invloed van heparine gecoate extracorporale circuits op syste-
mische ontstekingsreacties en activeringspatronen van trombine generatie c.q.
remming en het fibrinolytisch systeem zoals besproken in hoofdstuk 2 en 3,
gaven aanleiding om de intrinsieke trombogeniciteit van het extracorporale cir-
cuit gedetailleerder te bestuderen. We bemerkten dat voor het bereiken van een
klinisch voordeel van heparine voorbehandelde extracorporale Systemen verschil-
lende aanpassingen nodig zijn van de wijze waarop CPB wordt uitgevoerd. Hier-
toe hebben we een dierexperimenteel onderzoek uitgevoerd met het doel meer
licht te werpen op de intrinsieke trombogeniciteit van extracorporale circuits.
Tevens is het voordeel van heparine voorbehandelde circuits in een extracorpo-
raal levensondersteunend systeem zonder volledige systemische heparinisatie en
met minimale interferentie van de zogenaamde materiaal owafhankelijke stimuli
onderzocht (/>oo/a!f/w£ 4). De resultaten van deze dierexperimentele Studie toon-
den aan dat oppervlaktemodificatie met heparine, een tromboresistent effect
heeft en derhalve het gebruik van systemische heparine in een heparine gecoat
extracorporaal systeem kan verminderen. Bovendien bleek de bepaling van fibri-
nopeptide A een waardevolle test om de stollingsactiviteit in een extracorporaal
systeem in kaart te kunnen brengen.



SAMENVATTING I 97

Aangezien CPB nog steeds met een geinduceerd hemostatisch defect geassocieerd
wordt, waarbij dysfunctie van bloedplaatjes een belangrijke rol lijkt te spelen,
werd een klinische Studie opgezet om te onderzoeken of de potentiele procoagu-
lante activiteit van bloedplaatjes, gedetecteerd als annexine V-binding, veran-
derde tijdens electieve coronaire bypass operaties. Hierbij werd de annexine
V-binding zowel in een onbehandeld als in een heparine voorbehandeld extracor-
poraal systeem onderzocht (Aoo/»!tfK£ 5). De waarnemingen uit dit onderzoek
stemden overeen met het idee dat tijdens CPB, los van het al dan niet aanwezig
zijn van een heparine oppervlaktemodificatie, bloedplaatjes gedeeltelijk geacti-
veerd worden om vervolgens snel aan de bloedcirculatie onttrokken te worden.
Naast materiaal afhankelijke bloedactivatie, treedt er tijdens CPB ook materiaal
owafhankelijke activatie op. Recente onderzoeken hebben aangetoond dat een
bijdrage aan de bloedactivatie gevormd wordt door factoren owafhankelijk van
het materiaal van het extracorporale circuit, waaronder de operatiewond zelf, van
veel grotere betekenis kan zijn dan tot nu toe werd aangenomen. Onvolledige
lokale heparinisatie en retransfusie van procoagulante bloedceldeeltjes werden
gezien als belangrijke bronnen van deze materiaal owafhankelijke activatie bij
patienten tijdens CPB. Om meer inzicht te krijgen in de gevolgen van retransfu-
sie van bloed welke uit de borstholten was opgezogen, werd een klinische Studie
uitgevoerd met scheiding van dit bloed door het aanvankelijk niet met het ove-
rige bloed van de patient te vermengen. Hierbij werd de invloed op systemische
trombine generatie, gestimuleerd door weefsel factor, onderzocht (/>0ô &ft/£ 6).
In deze Studie werd bewezen dat het bloed uit pericard- en pleuraholte zeer trom-
botisch is en retransfusie van dit bloed daardoor kan leiden tot verdere trombine
generatie tijdens het gebruik van CPB. Dit zou dan deels de verhoogde bloe-
dingsneiging in de eerste uren na hartchirurgie met gebruikmaking van CPB
kunnen verklaren.

Onze resultaten met betrekking tot studies in relatie tot bloedactivatie tijdens
CPB in beschouwing nemend, concluderen we dat rekening gehouden dient te
worden met diverse factoren die naast het gebruik van CPB een gevolg zijn van de
Chirurgie op zieh. Bloedactivatie tijdens het gebruik van CPB blijkt meerdere
oorzaken te hebben, hetgeen zieh manifesteert in systemische ontstekingsreacties
en bloedingscomplicaties. Bij routine hartoperaties zijn deze complicaties veelal
van tijdelijke aard en leiden in de regel niet tot langdurige ziekenhuisopname of
blijvende gezondheidsklachten. Echter, tegenwoordig ontstaat als gevolg van een
verschuiving in de patientenpopulatie ook een verschuiving van routine operaties
naar operaties op ouderen (ouder dan 80 jaar), operaties op zeer jonge patienten,
operaties op patienten met reeds siecht funetionerende organen, re-operaties en
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spoedgevallen. Om deze reden dient onze kennis van de reacties van bloed op ver-
schillende biomaterialen te worden uitgebreid, zodat hemocompatibele materia-
len kunnen worden toegepast. Een betere hemocompatibiliteit van het materiaal
dat in aanraking komt met bloed is dus belangrijk, maar de voordelen van opper-
vlakte modificatie van deze materialen zouden nog meer voordeel op kunnen
leveren, wanneer een actieve eliminatie van activatoren van andere oorsprong,
zoals het operatiewondgebied, mogelijk is. Derhalve is verder onderzoek nodig
naar de verbetering van de hemocompatibiliteit van het extracorporale circuit en
de invloed van andere factoren, met als doel een sneller en ongecompliceerd
postoperatief herstel van patienten die een hartoperatie hebben ondergaan
mogelijk te maken.
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