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Introduction Introduction 

Introductio n n 

Patientss with severe sepsis and the multiple organ dysfunction syndrome (MODS) 
representt continuing challenges in modern critical care medicine, due to their significant 
numberr and high mortality rate. In the United States, the annual incidence of sepsis is 
approximatelyy 750,000, with an associated mortality rate of 30% [1]. Sepsis is defined 
ass severe when it is accompanied by acute organ dysfunction [2]. In the Netherlands, 
severee sepsis carries an annual intensive care unit (ICU) admission rate of approximately 
85000 (11% of all ICU admissions) [3], with a mortality rate of 38% [4]. MODS is a syndrome 
whichh emerged when the care for the critically ill patient improved enough to keep 
suchh patients alive. MODS occurred in the United States in the 1980s in 14% of all ICU 
admissions,, with a mortality rate of over 50% [5]. 

MODSS occurs as a consequence of failing tissue perfusion and therefore can have multiple 
causes.. In a survey of 2475 patients with MODS, nonoperative diagnoses accounted for 
threee quarters of the admissions, with five primary conditions accounting for almost half 
off the nonoperative MODS admissions: cardiac arrest, sepsis, pneumonia, congestive 
heartt failure and upper gastrointestinal bleeding [5]. MODS can include the failure of 
sixx organ systems: the cardiovascular, respiratory, hepatic, renal, hematologic and 
neurologicc system. Acute failure of the renal system carries the worst prognosis: the 
mortalityy of critically ill patients requiring renal replacement therapy varies from 60 to 
80%% [6-8]. 

Inn the pathogenesis of both sepsis and MODS, coagulation plays an important role. During 
sepsis,, the coagulation system is initiated by inflammatory mediators such as endotoxin 
andd cytokines, which are able to induce tissue factor expression on monocytes and 
macrophagess [9]. MODS is initiated by microvascular thrombosis, impairing the blood 
supplyy to various organs [10,11]. In view of the role of coagulation in the pathogenesis of 
bothh sepsis and MODS, anticoagulant treatment of these patients has gained a renewed 
interestt in recent years. In sepsis, anticoagulant therapy has focused on different 
strategiess to inhibit thrombin generation. In MODS, antithrombotic strategies are mainly 
usedd to support continuous renal replacement therapy for acute renal failure. 
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Anticoagulatio nn in endotoxemi a and sepsi s 

Duringg sepsis, thrombin generation and fibrinogen conversion are enhanced, facilitating 

intravascularr coagulation. Coagulation is initiated by inflammatory mediators such as 

endotoxinn and cytokines, inducing tissue factor expression [9]. Formation of the tissue 

factor-factorr Vila complex (TF/FVIIa) generates factor Xa, which complexes with factor 

Vaa to convert prothrombin to thrombin [12]. As thrombin is the most potent agonist 

off platelet activation, it promotes platelet adhesion and aggregation, thus further 

contributingg to thrombus formation. In addition to its role in clot formation, thrombin has 

manyy pro-inflammatory properties, including the promotion of leukocyte chemotaxis, 

activationn and rolling [10]. Under physiological conditions, thrombin activity is for an 

importantt part regulated by the protein C system. Binding of thrombin to thombomodulin 

increasess the rate of protein C activation approximately 1000-fold [10]. Moreover, the 

activationn of protein C by the thrombin-thrombomodulin complex is augmented again 

five-foldd by the binding of protein C to the endothelial protein C receptor (EPCR) [11]. 

Oncee activated protein C (APC) is generated, it binds to protein S and this complex then 

inactivatess factors Va and Villa, thus further inhibiting thrombin generation [10]. During 

sepsiss however, the expression of thrombomodulin and EPCR is down regulated, leading 

too inadequate activation of protein C and therefore to inadequate inhibition of thrombin 

generation. . 

Consideringg the central role of thrombin in both coagulation and inflammation during 

sepsis,, novel modalities for the treatment of sepsis have been aiming at the inhibition of 

thrombinn generation. This can be achieved at different levels: First, the TF/FVIIa complex 

cann be inhibited, as it plays a major role in the initiation of thrombin generation during 

sepsis.. Second, thrombin activity or generation can be limited by the administration of 

naturall anticoagulants such as antithrombin or APC. During the last 5 years, the results 

off three large trials evaluating the inhibition of thrombin activity or generation during 

sepsiss have been published. The OPTIMIST trial studied the effects of the administration 

off recombinant tissue factor pathway inhibitor (rTFPI) in severe sepsis [13]. Although 

rTFPII significantly inhibited thrombin generation in vivo, there was no difference in all 

causee mortality between the rTFPI and control groups. Furthermore, the KyberSept trial 

demonstratedd that treatment of severely septic patients with high-doses of antithrombin 

(AT)) did not improve mortality either [14]. However, the PROWESS study demonstrated 

thatt treatment of severely septic patients with recombinant human APC (rhAPC) was 

associatedd with a reduction in the relative risk of death of 19.4% [1]. As these three 

agentss all inhibit thrombin generation, it is not clear why mortality reduction was only 

achievedd by treatment with rhAPC and not by the administration of rTFPI or AT. Several 

questionss arose: First, is rTFPI potent enough to limit the proinflammatory properties 

off thrombin? Second, does rhAPC have other properties that rTFPI and AT are lacking? 

12 2 



Introduction Introduction 

Third,, are there other factors which could influence the stimulation of thrombin 

generationn during sepsis? The present thesis tries to contribute to the elucidation of 

thesee unanswered questions. 

Anticoagulatio nn in continuou s renal replacemen t therap y 

Inn the management of critically ill patients requiring continuous renal replacement 
therapy,, continuous venovenous hemofiltration (CVVH) is increasingly used. During 
thiss procedure, thrombosis in the extracorporeal circuit is a frequently encountered 
problem.. Several studies have addressed its pathophysiology, but the exact mechanism 
byy which it occurs, has not yet been elucidated. Multiple factors may play a role: the 
extracorporeall circuit itself, treatment modalities, platelets, coagulation factors, 
naturall anticoagulants and fibrinolysis [15,16]. In order to select the most appropriate 
anticoagulantt in each patient needing CVVH, knowledge of the pathophysiology of 
coagulationn in the extracorporeal circuit is required. 

Thee importance of the baseline platelet count in the initiation of thrombosis in the 
extracorporeall circuit has been debated. The group of Salmon and Cardigan found no 
correlationn between baseline platelet count and circuit survival time [17,18], whereas 
otherr investigators demonstrated that patients with higher initial platelet counts required 
moree heparin to reach the same circuit survival time [19,20]. In addition, the finding 
thatt the use of platelet aggregation inhibitors such as prostacyclin improved circuit 
survivall time [21], underscores the role of platelets in the initation of coagulation in the 
extracorporeall circuit. 

Thee role of the coagulation system has been studied extensively. Salmon et at. 
demonstratedd the lack of influence of hemofiltration on the intrinsic coagulation 
pathwayy [17]. However, the tissue factor pathway seems to play an important role in 
thee initiation of coagulation in the extracorporeal circuit. Expression of tissue factor 
onn circulating and adherent monocytes has been demonstrated in an in vitro model of 
extracorporeall circulation [22]. Cardigan and colleagues demonstrated an increase in 
tissuee factor during hemofiltration, associated with thrombin generation and inversely 
correlatedd with circuit survival time [18]. 

Ass levels of natural anticoagulants can be depressed in critically ill patients, this may play 
aa role in the initiation of coagulation in the extracorporeal circuit. Premature clotting 
off the hemofilter has been associated with low baseline levels of antithrombin [17]. 
Schraderr et at. reported improved circuit survival times after antithrombin suppletion 
inn patients with antithrombin deficiency [23]. Although protein C levels are known to 
bee depressed in the critically i l l , there is no evidence that low levels of protein C 
contributee to premature hemofilter clotting. 
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Sincee uremia is associated with a fall in fibrinolytic capacity [24], and critical illness can 

bee associated with increased levels of plasminogen activator inhibitor type 1 (PAI-1), it is 

conceivablee that impaired fibrinolysis also contributes to the pathogenesis of thrombosis 

inn the extracorporeal circuit. However, this aspect has never been investigated. 

Aim ss and outlin e of thi s thesi s 

Thee aims of this thesis were to study the pathophysiological mechanisms by which the 

activationn of coagulation influences the outcome of sepsis and MODS, and to understand 

howw anticoagulant therapy can contribute to a favorable outcome in this patient group. 

Wee have focused on two aspects: anticoagulation in sepsis and anticoagulation during 

CVVH. . 

Thee first part of this thesis addresses anticoagulation in sepsis. Three studies are 

presented:: two studies investigating different strategies aimed at the inhibition of 

thrombinn generation during endotoxemia and sepsis and a pathophysiological study 

concerningg the effects of endotoxemia on the resistance to APC in healthy humans. 

Inn Chapter 2, we studied the influence of rNAPc2, a potent inhibitor of TF/FVIIa, 

mechanisticallyy distinct from rTFPI, on endotoxin-induced coagulation and inflammation 

inn healthy volunteers. In Chapter 3, we studied the extent to which APC resistance occurs 

inn healthy humans during endotoxemia and we evaluated the mechanism by which this 

occurs.. In Chapter 4, we studied the effect of treatment with rhAPC on parameters of 

coagulationn and inflammation in patients with severe sepsis. 

Thee second part of this thesis addresses anticoagulation during CVVH. Four studies and a 

guidelinee are presented. The four studies include a pathophysiological study concerning 

thee initiation of coagulation during CVVH and three clinical studies addressing three 

differentt strategies aiming at the inhibition of coagulation in the extracorporeal circuit. 

Inn Chapter 5, we studied the pathophysiology of coagulation in the extracorporeal 

circuitt in ten critically il l patients during CVVH without anticoagulation. In Chapter 6, 

wee compared predilutional to postdilutional CVVH in eight critically ill patients, with 

respectt to thrombogenesis in the extracorporeal circuit and clearance, using the low 

molecularr weight heparin nadroparin as an anticoagulant. This study was performed as 

aa prospectively randomized cross-over study. In Chapter 7, we compared the use of two 

differentt low molecular heparins during CVVH in a prospectively randomized cross-over 

study.. In Chapter 8, we compared the use of rhAPC and heparin as anticoagulants during 

CVVHH in three critically il l patients with severe sepsis. In Chapter 9, we formulated 

guideliness for the use of unfractionated heparin and low molecular weight heparins as 

anticoagulantss during CVVH. The results of our studies are summarized in Chapter 10. 
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Abstrac t t 

Backgroun d d 

Thee tissue factor-factor (F)Vlla complex (TF/FVIIa) is responsible for the initiation of 

bloodd coagulation under both physiological and pathological conditions. Recombinant 

Nematodee Anticoagulant Protein c2 (rNAPc2) is a potent inhibitor of TF/FVIIa, 

mechanisticallyy distinct from tissue factor pathway inhibitor. The first aim of this study 

wass to elucidate the pharmacokinetics and pharmacodynamics of a single intravenous 

(i.v.)(i.v.) dose of rNAPc2. The second aim was to study its effect on endotoxin-induced 

coagulationn and inflammation. 

Method ss and Result s 

Inn the first part of the study, rNAPc2 was administered to healthy volunteers in three 
differentt doses. There were no safety concerns and the pharmacokinetics were 
consistentt with previous studies, in which rNAPc2 was administered subcutaneously. 
rNAPc22 elicited a dose-dependent reduction of the endogenous thrombin potential and 
aa selective prolongation of prothrombin time. In the second part of the study, the effect 
onn endotoxin-induced coagulation and inflammation was studied. The administration of 
rNAPc22 completely blocked the endotoxin-induced thrombin generation, as measured 
byy plasma prothrombin fragment F1+2. The endotoxin-induced effect on fibrinolytic 
parameterss such as plasmin-antiplasmin complexes and plasminogen activator inhibitor 
typee 1 was not affected by rNAPc2. The administration of rNAPc2 attenuated the 
endotoxin-inducedd rise in interleukin(IL)-10, without affecting the rise in other 
cytokines. . 

Conclusion s s 
rNAPc22 is a potent inhibitor of TF/FVIIa, which was well tolerated and could safely be 
usedd intravenously in this Phase I study in healthy male volunteers. A single i.v. dose 
rNAPc22 completely blocked endotoxin-induced thrombin generation without affecting 
thee fibrinolytic response. In addition, rNAPc2 attenuated the endotoxin-induced rise in 
IL-10,, without affecting the rises in other cytokines. 

18 8 
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Introductio n n 

Tissuee factor (TF) is the major cellular trigger of blood coagulation under physiological 
conditionss [1]. It has been well established that TF also plays an important role in disease 
processess resulting from the activation of the coagulation pathway. For example, since 
TFF is present in atherosclerotic plaques, acute coronary syndromes are believed to be 
thee consequence of pathological plaque rupture with subsequent thrombus formation 
initiatedd by the TF/factor (F)Vlla complex (TF/FVIIa) [2]. In addition, TF levels are 
elevatedd during sepsis and this is believed to contribute directly to the pathogenesis 
off multiple organ failure [1]. A variety of inflammatory stimuli, including bacterial cell 
productss and cytokines, are known to induce the expression of TF on the surface of 
endotheliall cells and monocytes, thereby activating the coagulation pathway [3]. In 
vieww of the central role of TF/FVIIa in the activation of coagulation, novel therapeutic 
modalitiess aimed at inhibiting this complex are currently being evaluated in experimental 
andd clinical trials. 

Thee major physiological inhibitor of TF/FVIIa is the Kunitz-type protease inhibitor, tissue 
factorr pathway inhibitor (TFPI). TFPI binds to and inhibits factor (F)Xa directly, prior 
too forming a quaternary inhibitory complex with TF/FVIIa, thereby inhibiting thrombin 
generation.. Experimental settings where animals were depleted of TFPI have a 
demonstratedd sensitivity to TF and endotoxin and a propensity to develop intravascular 
coagulationn [1]. In a lethal Escherichia coti sepsis model in baboons, treatment with TFPI 
attenuatedd the procoagulant and interleukin(IL)-6 response and prevented mortality [4], 
However,, in healthy human volunteers administered endotoxin, blocking TF/FVIIa with 
TFPII had no impact on inflammatory cytokines, but completely prevented endotoxin-
inducedd activation of coagulation [5]. A phase II clinical trial of recombinant TFPI (rTFPI) 
inn patients with severe sepsis demonstrated accelerated decrease of IL-6 plasma levels 
inn the rTFPI group [6]. However, the recently published phase III trial of rTFPI in severe 
sepsis,, OPTIMIST, failed to show a reduction in the primary endpoint of 28-day all-cause 
mortalityy [7]. 

Recombinantt Nematode Anticoagulant Protein c2 (rNAPc2) is an 85 amino acid protein 

thatt was originally isolated from the hematophagous hookworm Ancylostoma caninum [8]. 

Itt specifically inhibits TF/FVIIa by a unique mechanism of action that requires the initial 

bindingg of rNAPc2 to the serine protease FXa or its circulating zymogen FX prior to 

formationn of the quaternary inhibitory complex with TF/FVIIa [9,10]. The utilization 

off zymogen FX as an inhibitory scaffold obviates the need for generating activated 

FXX to inhibit TF/FVIIa. In addition, the formation of a complex between rNAPc2 and 

FXX results in an elimination half-life of >50 h in man [10]. In a model of endotoxin-

inducedd coagulation activation in chimpanzees, rNAPc2 completely inhibited thrombin 

generationn [11]. Clinically, rNAPc2 was shown to be effective in the prevention of 
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postoperativee venous thromboembolism in patients undergoing total knee replacement 

[12].. In addition, TF/FVIIa inhibition with rNAPc2 was also shown to be a safe and 

potentiallyy effective strategy to prevent thrombin generation in patients undergoing 

electivee coronary interventions [13]. In all these studies, rNAPc2 was administered 

subcutaneously.. The current study had two aims: (i) to study the pharmacokinetics of a 

singlee intravenous (i.v.) dose of rNAPc2, and (ii) to study the effect of a single i.v. dose 

off rNAPc2 on endotoxin-induced coagulation and inflammatory responses in healthy 

humann volunteers. 

Material ss  and method s 

Stud yy desig n 
Thee study protocol was conducted according to the International Conference on 
Harmonisationn Good Clinical Practice Guideline and was approved by the Institutional 
Revieww Board. Twenty-eight healthy men (age 18-35 years) volunteered to participate 
inn the study. Written informed consent was obtained from each subject. None of the 
subjectss had abnormalities on physical examination or routine laboratory investigation. 
Thee subjects did not take any medication and did not smoke or use illicit drugs. In the 
firstt part of the study, safety and pharmacokinetics (PK) of rNAPc2 were evaluated in 
threee groups of four subjects. All subjects fasted overnight before administration of 
rNAPc2.. Each group of subjects received rNAPc2 (Corvas Int., San Diego CA, USA) as a 
singlee i.v. dose of 3.0, 5.0 or 7.5 ug/kg, respectively. Following analysis of the safety and 
PKK data, the dose of 7.5 ug/kg was chosen for the second part of the study, in which 
sixteenn subjects participated. The dose of 7.5 ug/kg was chosen because this dose 
elicitedd the highest prothrombin time (PT) elevation (1.5 times baseline), which has 
provedd to be safe in studies in which rNAPc2 was administered subcutaneously [14,15]. 
Eightt subjects received endotoxin alone and eight subjects received the combination of 
endotoxinn and rNAPc2. All subjects fasted overnight before endotoxin administration. 
Thee endotoxin used in both groups (f. coli lipopolysaccharide, lot G-1; US Pharmacopeia, 
Rockville,, MD, USA) was administered as a single i.v. dose of 4 ng/kg bodyweight. The 
combinedd treatment group received rNAPc2 as a single i.v. dose of 7.5 ug/kg bodyweight, 
immediatelyy followed by endotoxin. Oral temperature, blood pressure, heart rate and 
oxygenn saturation were measured at hourly intervals for 24 h, and once daily through 
722 h (Dinamap 1846 SX; Criticon, Tampa, FL, USA). Clinical symptoms such as headache, 
shivering,, nausea, vomiting, tiredness and malaise were recorded at hourly intervals 
forr the first 24 h, and once daily through 72 h, using a graded scale (0=absent, 1=weak, 
2=moderate,, 3=severe). Electrocardiograms were performed at baseline, 24 h, and 8 
dayss after the start of the study. To detect adverse events, clinical follow-up consisting 
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off a complete history and physical examination was performed at 1, 2, 3 and 8 days after 

thee start of the study. 

Bloo dd collectio n 
Bloodd was collected from an i.v. cannula at 10 min before, at 5, 15 and 30 min and 
att 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 48 and 72 h after endotoxin administration. Blood for 
cytokinee assays and leukocyte counts was collected in K3-EDTA-containing tubes. All 
otherr blood samples were collected in citrated vacutainer tubes. Plasma was prepared 
byy centrifugation of blood at 1800 $ for 20 min at , followed by storage at C 
untill assays were performed. 

Laborator yy test s 
Thee plasma concentration of rNAPc2 was analyzed by sandwich ELISA using an affinity-
purifiedd polyclonal antibody raised against rNAPc2. Detection of the captured rNAPc2 
wass by using the same antibody conjugated to horseradish peroxidase. Leukocyte counts 
andd differentials were assessed by a Cell-dyn 4000 analyzer (Abbott Labs, Abbott Park, IL, 
USA).. Inhibition of TF/FVIIa activity was measured on the Behring Coagulation System (BCS) 
accordingg to a method for the determination of TFPI activity as described by Sandset et 
at.at. [16]. The endogenous thrombin potential (i.e. the time integral of thrombin generated 
inn plasma in which coagulation is initiated via TF/FVIIa) was determined as described 
byy Rosing et al. [17]. Coagulation assays [PT and activated partial thromboplastin time 
(APTT)]] were performed on an automated coagulation analyzer (BCS) with reagents 
andd protocols from the manufacturer (Dade Behring, Marburg, Germany). The plasma 
concentrationss of prothrombin fragment F1+2 and plasmin-antiplasmin complexes (PAP) 
weree measured by ELISA (Dade Behring). Plasminogen activator inhibitor type 1 (PAI-1) 
antigenn was assayed by ELISA (Innotest PAI-1; Hyphen BioMed, Andresy, France). Tumor 
necrosiss factor-alpha (TNF-cc), IL-6, IL-8 and IL-10 were measured using commercial 
ELISAA kits (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, 
Amsterdam,, the Netherlands). 

Pharmacokineti cc  analysi s 
Pharmacokineticc analysis was performed assuming a non-compartmental model using 
WinNonlinn 3.2 software (Carey, NC, USA). The linear up/log down trapezoidal method 
withh interpolation was employed. Lambda z was estimated by the default curve stripping 
approachh in WinNonlin. The mean  SD were estimated using WinNonlin. 

Statistica ll  analysi s 
Dataa were analyzed using the Statistical Package for the Social Sciences (SPSS) for 
Windows,, version 11.0 (SPSS, Chicago, IL, USA). Differences between the rNAPc2 and 
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controll experiments were tested by analysis of repeated measures, using mixed linear 

models.. Changes in time within the same group were analyzed by one-way analysis of 

variance.. Values are given as means  SEM. Significance was defined as p<0.05. 

Result s s 

Safet yy and pharmacokinetic s of rNAPc 2 
Theree were no safety or tolerability concerns following the i.v. dosing of rNAPc2 over 

thee dose range from 3.0 - 7.5 ug/kg. No adverse events attributable to rNAPc2 infusion 

weree observed, and no episodes of increased bleeding occurred. 

Thee PK elimination profile was consistent with previous studies in which rNAPc2 was 

administeredd subcutaneously (see Table 1). 

Tablee 1. Summary of pharmacokinetic parameters for rNAPc2 

Cmax(ng/l)) 47.2 4 72.316.6 136.7 1 

-̂̂ p p 
Vd(ml)) 72.0 9 76.3 3 75.7 7 
;iii^;:ii|ih^||i ^ ^ 
LambdaZ(/h)) 0.012 1 0.013 1 0.014 2 

Tlast<h)) 72 72 72 
: :^ii : ;; ill!"-rr ^"'^StKSI^Ii'^^^SiSSiP:' 

rNAPc2,, recombinant Nematode Anticoagulant Protein c2; i.v., intravenous; Tmax, Time of 
maximumm concentration; Cmax, maximum concentration; Vd, apparent volume of distribution; 
Clobs,, clearance estimated from the observed concentrations; LambdaZ, terminal elimination 
ratee constant; AUCinf total area under the concentration-time curve to infinite time; Tlast time 
off the last measured concentration; Clast last measured concentration. All data are expressed 
ass mean  SD. 

Clinica ll  feature s and neutrophi l respons e 
Injectionn of endotoxin induced a transient febrile response, together with a tachycardia 

andd flu-like symptoms including headache, nausea, malaise and chills. In addition, 

endotoxinn administration elicited activation of neutrophilic granulocytes. None of these 

changess was affected by rNAPc2. 
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Inhibi t io nn o f TF/FVI Ia act iv i t y 

Followingg the administration of rNAPc2 alone, a dose-dependent inhibition of TF/FVIIa 

activityy was observed. The extent of TF/FVIIa inhibition did not increase after endotoxin 

administration.. In contrast, TF/FVIIa inhibition rose significantly after 5 min, followed by 

aa gradual decline up to 72 h following the administration of endotoxin and rNAPc2. 

Endogenou ss thrombi n potent ia l 

Too evaluate the residual abil ity of thrombin generation in plasma after the administration 

off rNAPc2, we measured the endogenous thrombin potential (ETP). As shown in Figure 

1,, administration of rNAPc2 alone resulted in a significant, dose-dependent reduction of 

ETP,, which was also observed following the administration of endotoxin and rNAPc2. 

sTT 75 
Q--

D—— 3 ug/kg 

*—— 5 ug/kg 

7.55 ug/kg 
100 0 

75 5 

50--

25 5 

-o—— endotoxin 

-*—— endotoxin + rNAPc2 

p<0.0001 1 

- I — II  * -

122 24 72 2 

timee (h) timee (h) 

Figuree 1. ETP after administration of endotoxin and rNAPc2. Left panel, effect on ETP of 
administrationn of a single i.v. dose rNAPc2 of 3 (D), 5 ) or 7.5 (V) ug/kg to healthy male 
volunteers.. Right panel, effect on ETP of administration of a single i.v. dose of 4 ng/kg endotoxin 
(o)) or the combination of a single i.v. dose of 4 ng/kg endotoxin (o) and a single i.v. dose of 
7.55 ug/kg rNAPc2 ) to healthy male volunteers. Data represent mean  SEM. ETP, endogenous 
thrombinn potential; rNAPc2, recombinant Nematode Anticoagulant Protein c2. 

Clott in gg t ime s 

Ass shown in Figure 2, the administration of rNAPc2 alone resulted in a significant, dose-

dependentt prolongation of the PT, which was also observed following the administration 

off endotoxin and rNAPc2, followed by a gradual decline to baseline after 24 h. 

23 3 



ChapterChapter 2 

Administrationn of endotoxin resulted in a transient, 22% reduction in APTT. Administration 

off endotoxin and rNAPc2 resulted in a 12% prolongation of the APTT, followed by a 

declinee to 83% baseline. 

25--

H H a. a. 

15 5 

10 0 

33 ug/kg iv 

55 ug/kg iv 

7.55 ug/kgiv 

12 2 

timee (h) 

HH I— 
24 4 72 2 

25--

20--

15--

10--

-O—— endotoxin 

-*—— endotoxin + rNAPc2 

p<0.0001 1 

nn r 
66 12 

timee (h) 

24 4 72 2 

Figuree 2. PT after administration of endotoxin and rNAPc2. Left panel, effect on PT of 
administrationn of a single i.v. dose of 3 , 5 ) or 7.5 (V) ug/kg rNAPc2 to healthy male 
volunteers.. Right panel, effect on PT of administration of a single i.v. dose of 4 ng/kg endotoxin 
(o)) or the combination of a single i.v. dose of 4 ng/kg endotoxin and a single i.v. dose of 
7.55 ug/kg rNAPc2 (A) to healthy male volunteers. Data represent mean  SEM. PT, prothrombin 
time;; rNAPc2, recombinant Nematode Anticoagulant Protein c2. 

Th romb i nn genera t io n 

Ass shown in Figure 3, the administration of endotoxin resulted in an enhanced thrombin 

generation,, as reflected by a significant increase in the levels of prothrombin activation 

fragmentt F1+2. The administration of rNAPc2 completely attenuated the endotoxin-

inducedd rise in F1+2 to baseline levels. 

Act iva t io nn o f t h e f ibr ino ly t i c syste m 

Administrationn of endotoxin resulted in activation of the f ibrinolytic system, as confirmed 

byy a transient increase in plasma concentrations of PAP, followed by a transient increase 

inn PAI-1. The administration of rNAP-c2 did not affect the endotoxin-induced release of 

PAPP or PAI-1. 
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Figur ee 3. F1+2 after administration of endotoxin and rNAPc2. Effect on F1+2 of administration 

off a single i.v. dose of 4 ng/kg endotoxin (o) or the combination of a single i.v. dose of 4 ng/kg 

endotoxinn and a single i.v. dose of 7.5 (ig/kg rNAPc2 (A) to healthy male volunteers. Data represent 

meann  SEM. F1+2, prothrombin fragment F1+2; rNAPc2, recombinant Nematode Anticoagulant 

Proteinn c2. 

1 ;; 300 

endotoxin n 

'<'<—— endotoxin and rNAPc2 

p=0.006 6 

Figuree 4. IL-10 after administration of endotoxin and rNAPc2. Effect on IL-10 of administration of a 
singlee i.v. dose of 4 ng/kg endotoxin (o) or the combination of a single i.v. dose of 4 ng/kg endotoxin 
andd a single i.v. dose of 7.5 u-g/kg rNAPc2 (A) to healthy male volunteers. Data represent mean
SEM.. IL-10, interleukin-10; rNAPc2, recombinant Nematode Anticoagulant Protein c2. 
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Cytokine s s 
Alll measured cytokines (TNF-a, IL-6, IL-8 and IL-10) rose in response to endotoxin. TNF-a 

rosee from below the detection limit (1.4 pg/ml) to 1706  356 pg/ml 90 min after endotoxin 

administration.. IL-6 rose from below the detection limit (0.6 pg/ml) to 4345  991 pg/ml 

33 h after endotoxin administration. IL-8 rose from below the detection limit (1 pg/ml) to 

25622  235 pg/ml 2 h after endotoxin administration. The administration of rNAPc2 did 

nott affect the rise in TNF-a, IL-6 or IL-8. 

Ass shown in Figure 4, IL-10 was significantly elevated, peaking at 3 h following endotoxin 

administration.. The administration of rNAPc2 with endotoxin resulted in an attenuated 

IL-100 response, which reached statistical significance 3 h following the challenge. 

Discussio n n 

Inn the present clinical study, we examined the PK and pharmacodynamics (PD) of a single 
i.v.. administration of rNAPc2, as well as its effect on endotoxin-induced coagulation 
andd inflammatory responses in healthy human volunteers. We demonstrated that the 
PKK and PD of intravenously and subcutaneously administered single doses of rNAPc2 
aree comparable [14,15]. The administration of rNAPc2 prevented endotoxin-induced 
thrombinn generation, as reflected by the complete attenuation of the increase of F1+2. 
Inn addition, rNAPc2 attenuated the endotoxin-induced IL-10 response, without affecting 
thee endotoxin-induced rise in TNF-a, IL-6 and IL-8. 

Thee administration of rNAPc2 was well tolerated and there were no safety concerns. A 
singlee i.v. dose of rNAPc2 resulted in a dose-dependent TF/FVIIa inhibition and elicited 
aa dose-dependent prolongation of PT, with a maximum elevation of approximately 
1.5-foldd over the baseline value at a dose of 7.5 ug/kg. This dose-dependent, selective 
prolongationn of the PT is consistent with the results of Vlasuk et aL, who found a 
maximumm PT elevation of approximately 1.8-fold over baseline values after a single 
subcutaneouss dose of 5 ug/kg rNAPc2 [14]. 

Thee present results demonstrate that a single i.v. rNAPc2 dose of 7.5 ug/kg prevents 
endotoxin-inducedd thrombin generation, as reflected by the complete attenuation of 
thee increase of F1+2. This finding is in accordance with two earlier studies showing 
thatt inhibition of TF/Vlla by TFPI [18] and active site-inhibited FVIIa (FVIlai) [19] dose 
dependentlyy inhibited the endotoxin-induced thrombin generation in healthy humans. 
Thee ability of rNAPc2 to prevent endotoxin-induced thrombin generation has previously 
beenn shown in chimpanzees [11]. 

Inn accordance with earlier studies [11, 19], the endotoxin-induced thrombin generation 
wass preceded by a short and rapid activation of the fibrinolytic system, as reflected by a 
risee in PAP levels, followed by a rise in PAI-1 levels. rNAPc2 did not affect this endotoxin-
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inducedd activation of the fibrinolytic system. This finding confirms that during low-grade 
endotoxemiaa in humans, the fibrinolytic response occurs independently of thrombin 
generation. . 

Ass previously demonstrated for TFPI [18] and FVIlai [19], rNAPc2 did not influence the 
risee in TNF-a, IL-6 and IL-8 induced by the administration of low-dose endotoxin in these 
healthyy human volunteers. TF/FVIIa has been shown to have direct pro-inflammatory 
effectss independent of the activation of coagulation in man [20]. However, as evidenced 
byy the rises in TNF-a, IL-6 and IL-8, antagonizing the catalytic activity of this complex 
withh three inhibitors with differing mechanisms of action did not attenuate the pro-
inflammatoryy response. This finding differs from the effects of anti-TF/FVIIa strategies 
inn non-human primate models of sepsis. In baboons administered a lethal i.v. £. 
colicoli infusion, inhibition of TF/FVIIa with TFPI [4] or FVIlai [21], attenuated the IL-6 
andd lethal responses. This difference in efficacy of anti-TF/FVIIa strategies could be 
explainedd by the significant differences between the animal model and the clinical 
settingg described here. For example, the human endotoxemia model can be considered 
aa relatively mild stimulus using low-dose, purified bacterial endotoxin. This is reflected 
inn the difference in maximum levels of IL-6, which are approximately 300 times higher 
inn baboons administered an LD100 dose of E. coli compared with human volunteers 
administeredd endotoxin {1256 versus 4.3 ng /ml) [22]. Furthermore, low-dose endotoxin 
administrationn does not elicit a rise in endogenous TFPI, whereas TFPI is elevated in 
clinicall sepsis [22]. 

Comparedd with other well acknowledged proinflammatory cytokines such as TNF-a and 
IL-6,, rNAPc2 did attenuate the endotoxin-induced IL-10 response. To our knowledge, 
thiss is the first time IL-10 attenuation by inhibition of TF/FVIIa has been demonstrated 
inin vivo. The interplay of TF/FVIIa and IL-10 is largely unknown. Although IL-10 is able 
too reduce the TF-activity in vitro [23], no data are available on the effect of TF/ 
FVIIaa on the IL-10 response during infection. Generally, IL-10 is considered a potent 
anti-inflammatoryy cytokine. Anti-inflammatory cytokines such as IL-10 impair local 
antibacteriall effector mechanisms [24]. This explains why treatment with the IL-10 
inhibitorr AS101 significantly increased survival in septic mice after cecal ligation and 
puncturee [25]. Moreover, IL-10 is a major denominator of the immunosuppressive effect 
inn septic plasma. It has been postulated that persistently high plasma levels of IL-10 
reflectt a state of immunoparalysis, caused by deactivation of monocytes [24]. Several 
authorss have described significantly higher IL-10 plasma levels in non-survivors of febrile 
illnessess compared with survivors [26,27]. In this respect, the attenuation of the IL-10 
responsee by rNAPc2 might reflect a protective effect against immune suppression during 
endotoxemia.. It is conceivable that the attenuation of the IL-10 response by rNAPc2 
mightt play a role in human sepsis. Further studies are necessary to investigate this 
effect. . 
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Inn conclusion, this study establishes the safety, tolerability and biological activity of i.v. 

rNAPc22 in healthy human volunteers. A single i.v. dose rNAPc2 of 7.5 ug/kg, completely 

blockss endotoxin-induced thrombin generation without affecting the fibrinolytic 

response.. In addition, i.v. rNAPc2 attenuates the endotoxin-induced IL-10 response. The 

rolee of IL-10 suppression by rNAPc2 needs further investigation in human endotoxemia 

andd sepsis. 
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Abstrac t t 

Backgroun d d 
Systemicc inflammation promotes tissue factor expression on monocytes and endothelial 

cells,, leading to activation of the tissue factor/factor Vila complex (TF/FVIIa). This 

leadss to a procoagulant state, which may be enhanced by impairment of physiological 

anticoagulantt pathways, such as the protein C system. Besides impaired protein C 

activation,, resistance to activated protein C (APC) may occur. Aims of the current 

studyy were to evaluate the effect of endotoxemia on APC resistance, to analyze its 

determinantss and to evaluate the effect of TF/FVIIa inhibition on endotoxin-induced 

APCC resistance. 

Method ss and Result s 
Sixteenn healthy male volunteers participated in the study: 8 subjects received endotoxin 
alonee and 8 subjects received the combination of endotoxin and recombinant Nematode 
Anticoagulantt Protein c2 (rNAPc2), a potent inhibitor of TF/FVIIa. Parameters of 
coagulationn were subsequently studied. The sensitivity to APC was determined by two 
differentt tests: a test based on the endogenous thrombin potential (ETP) and a test 
basedd on the activated partial thromboplastin time (APTT). In response to endotoxemia, 
aa transient APC resistance was detected by both tests. This transient APC resistance was 
predominantlyy mediated by an increase in factor VIII and was not influenced by TF/FVIIa 
inhibition.. In vitro tests confirmed that an increase in factor VIII is able to induce APC 
resistancee as measured by both tests. 

Conclusion s s 
Endotoxemiaa induces a transient APC resistance, which is predominantly mediated by an 
increasee in factor VIII. This finding suggests that APC resistance might play a role in the 
procoagulantt state occurring during human endotoxemia. 
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Introductio n n 

Inn recent years, it has become clear that sepsis and endotoxemia entail a procoagulant 
response.. A variety of inflammatory stimuli, including bacterial cell products and 
cytokines,, promote the expression of tissue factor (TF) on the surface of monocytes and 
endotheliall cells. This expression activates the extrinsic coagulation pathway, leading to 
thrombinn generation [1], The procoagulant response is regulated under normal conditions 
byy various endogenous anticoagulant systems, involving antithrombin, protein C and 
tissuee factor pathway inhibitor [2]. 

Thee protein C pathway is uniquely poised to regulate thrombin formation. The pathway 
iss initiated when thrombin binds to the endothelial surface protein thrombomodulin, 
leadingg to rapid activation of protein C [3]. Once activated protein C (APC) is generated, 
itt binds to protein S and this complex inactivates factors Va and Villa, thus inhibiting 
thrombinn generation. It has been shown that the protein C pathway plays a critical 
rolee in antagonizing the procoagulant response during sepsis [4]. Treatment of septic 
patientss with recombinant human APC resulted in a 19% reduction in the relative risk of 
deathh [5]. The efficacy of this treatment is explained by the fact that protein C activity 
iss downregulated during sepsis. This downregulation is usually ascribed to several facts: 
first,, protein C is degraded by neutrophil elastase released during sepsis; second, the 
conversionn of protein C to APC is impaired because of endothelial dysfunction (leading 
too downregulation of thrombomodulin and the endothelial protein C receptor); third, 
thee biosynthesis of protein C is inadequate [6]. In addition, the level of free protein S, 
thee cofactor of APC, may be decreased due to the acute phase increase in C4b-binding 
protein,, although the relevance of this mechanism has been contested [7]. An additional 
phenomenonn that could lead to impairment of the protein C system is acquired resistance 
too APC. Although APC resistance is a well-known risk factor for hypercoagulability [8,9], 
itt has never been investigated in human endotoxemia. To evaluate the importance of APC 
resistancee in endotoxemia, we measured APC sensitivity ratios in a human endotoxemia 
model.. In addition, since activation of protein C is dependent on thrombin generation 
initiatedd by tissue factor, we have also assessed the effect of specific tissue factor 
inhibitionn by recombinant Nematode Anticoagulant Protein c2 (rNAPc2) on activated 
proteinn C resistance during endotoxemia. 

Hence,, the current study had three aims: 1) to study the effect of endotoxemia on APC 
resistancee in healthy humans, 2) to elucidate the mechanism by which this occurs and 
3)) to study the effect of a single intravenous dose of rNAPc2 on endotoxin-induced APC 
resistance. . 
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Methods Methods 

Stud yy desig n 

Thee effect of rNAPc2 on parameters of coagulation and inflammation has been 
publishedd separately [10]. The study was approved by the institutional scientific and 
ethicss committee. Sixteen healthy men {age 18-35 years) volunteered to participate 
inn the study. Written informed consent was obtained from each subject before the 
startt of the study. None of the subjects had abnormalities on physical examination or 
routinee laboratory investigation. The subjects did not take any medication and did not 
smokee or use illicit drugs. Eight subjects received endotoxin alone and eight subjects 
receivedd the combination of endotoxin and rNAPc2. All subjects fasted overnight 
beforee endotoxin administration. Endotoxin (Escherichia coli lipopolysaccharide, lot 
G-1,, US Pharmacopeia, Rockville, MD) was administered as a single i.v. dose of 4 ng/kg 
bodyweight.. The combined treatment group received rNAPc2 as a single i.v. dose of 
7.55 ug/kg bodyweight, immediately followed by endotoxin. Oral temperature, blood 
pressure,, heart rate and oxygen saturation were measured at hourly intervals (Dinamap 
18466 SX; Criticon, Tampa FL). Clinical symptoms such as headache, shivering, nausea, 
vomiting,, tiredness and malaise were recorded throughout the study period using a 
gradedd scale (0=absent, 1=weak, 2=moderate, 3=severe). 

Bloo dd collectio n 

Bloodd was collected from an intravenous cannula at 10 min before endotoxin 

administration,, at 5, 15 and 30 min and at 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 48 and 72 h after 

endotoxinn administration. Blood samples were collected in citrated vacutainer tubes. 

Plasmaa was prepared by centrifugation of blood at 1800 § for 20 min at 16X, followed 

byy storage at C until assays were performed. 

Assay s s 

Thee APC sensitivity was determined in two different ways: a test based on the 

endogenouss thrombin potential (ETP-based test) and a test based on the activated 

partiall thromboplastin time (APTT-based test). The ETP-based test is defined as the 

ratioo of time integrals of thrombin formation, determined in the presence and absence 

off APC, divided by the same ratio of normal plasma [11]. The APTT-based test is defined 

ass the ratio between two APTTs, one in the presence and one in the absence of APC. The 

APC-mediatedd prolongation of clotting time was first described by Dahlback et at. [12]. 

Resistancee to APC increases the result of the ETP-based test and decreases the result 

off the APTT-based test. 

Thee ETP (i.e. the time integral of free thrombin concentration in a thrombin generation 

test)) and the ETP-based APC-sensitivity ratio were determined as described by Rosing 
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etet al. [11]. The ETP was calculated from the amidolytic activity of the a2-macroglobulin-
thrombinn complex (a2M-lla). The ETP-based APC sensitivity ratio was defined as the 
ratioo of a2M-lla determined in the presence and absence of APC, divided by the ratio 
determinedd in normal pool plasma. Normal levels of ETP-based APC sensitivity ratio vary 
fromm 0.65 to 1.28. An APTT-based APC sensitivity test (Protein C Global, Dade Behring, 
Marburg,, Germany) was performed according to the instructions of the manufacturer. 
Normall levels for the APTT-based APC sensitivity ratio exceed 0.8. The activity of tissue 
factorr pathway inhibitor (TFPI) was measured on the Behring Coagulation System (BCS) 
accordingg to a method described by Sandset et al. [13]. Coagulation factors II, V, X, IX 
andd VIII activity were determined in one-stage clotting assays in a BCS with reagents and 
protocolss from the manufacturer (Dade Behring). Protein C was determined using the 
Coamaticc protein C activity kit (Chromogenix, Milano, Italy). Total protein S antigen was 
assayedd by ELISA using antibodies from Dakopatts (Glostrup, Denmark). Free protein S 
wass measured by precipitating the C4b-binding protein-bound fraction with polyethylene 
glycoll 8000 and measuring the concentration of free protein S in the supernatant. 

InIn  vitro  experiment s 
Inn order to clarify the influence of factor VIII on both APC-sensitivity tests, we spiked 
pooledd plasma of healthy males with recombinant factor VIII (Baxter, Deerfield IL, USA). 
Inn each sample, the factor VIM level, the endogenous thrombin potential (ETP) and both 
thee ETP-based and the APTT-based APC-sensitivity were measured. In addition, the 
influencee of factor V on the ETP-based test was evaluated by spiking the pooled plasma 
withh factor V (Haematologic Technologies Inc., Essex Junction VT, USA). In each sample, 
factorr V level, ETP and ETP-based APC-sensitivity were measured. 

Statistica ll  analysi s 
Dataa were analyzed using the Statistical Package for the Social Sciences (SPSS) for 

Windows,, version 11.0 (SPSS, Chicago IL, USA). Differences in coagulation parameters 

betweenn the two treatment groups were tested by analysis of repeated measures, using 

mixedd linear models. Changes of coagulation parameters from baseline to a certain time 

pointt within the same group were analyzed by a paired student's t-test. Mixed linear 

modelss were also used to determine the impact of different coagulation factors on the 

APCC sensitivity tests. Both a univariate and a multivariate analysis were performed. The 

influencee of coagulation factors on the ETP-based APC sensitivity test was calculated in 

thee endotoxin group only, as thrombin generation was completely blocked by rNAPc2. 

Forr the calculation of the influence of coagulation factors on the APTT-based test, the 

endotoxinn group and the endotoxin + rNAPc2 group were combined. Values are given as 

meanss  SD. Significance was defined as p<0.05. 
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Result s s 

Administrationn of endotoxin induced a febri le response, together wi th a tachycardia and 

transientt flu-like symptoms including headache, nausea, malaise and chills. In addition, 

endotoxinn administration el icited activation of neutrophilic granulocytes, as described 

elsewheree [10]. 

Ass shown in figure 1, administration of endotoxin elicited a significant resistance to APC, 

ass confirmed by both the ETP- and APTT-based tests. In the ETP-based test, the APC 

resistancee increased to 2.8 times baseline, reaching a maximum after 6 h. In the APTT-

basedd test, the APC sensitivity declined to 67% baseline, reaching a nadir after 3 h. After 

administrationn of rNAPc2, the APC sensitivity could not be determined by the ETP-based 

test,, because of complete inhibit ion of the thrombin generation. The APC sensitivity as 

determinedd by the APTT-based test was not affected by the administration of rNAPc2. 

T3 3 

«J J 

Q. . 

I--

endotoxin n 

-- — endotoxin + rMAFt2 

timee (h) 

Figuree 1. Influence of the administration of endotoxin and rNAPc2 on APC resistance in healthy 
humans.. Results of the ETP-based test (left panel) and the APTT-based test (right panel) after 
administrationn of a single i.v. dose of 4 ng/kg endotoxinn (o) or the combination of a single i.v. dose 
off 4 ng/kg endotoxin and a single i.v. dose of 7.5 ug/kg rNAPc2 (A) to healthy male volunteers. Data 
representt mean  SD. rNAPc2, recombinant Nematode Anticoagulant Protein c2; APC, activated 
proteinn C; ETP, endogenous thrombin potential; APTT, activated partial thromboplastin time; 
ETP-basedd test, ETP-based APC-sensitivity ratio; APTT-based test, APTT-based APC-sensitivity 
ratio. . 
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Figuree 2. Influence of the administration of endotoxin and rNAPc2 on dif ferent coagulation 

parameterss in healthy humans. Levels of TFPI, factors II, V, X, IX, VIII, protein C, tota l and free 

proteinn S after administration of a single i.v. dose of 4 ng/kg endotoxin (0) or the combination of 

aa single i.v. dose of 4 ng/kg endotoxin and a single i.v. dose of 7.5 ug/kg rNAPc2 (A) to healthy 

malee volunteers. The level of free protein S is expressed as the percentage of the tota l protein 

SS level. The levels of all other parameters are expressed as the percentage of the level present 

inn pooled plasma of healthy hospital personnel. Due to the nature of the test, TFPI levels could 

nott be determined in the presence of rNAPc2. Data represent mean  SD. rNAPc2, recombinant 

Nematodee Anticoagulant Protein c2; TFPI, tissue factor pathway inhibitor. 

Too e l uc i da te by wh i ch mechan ism t h e endo tox in - i nduced res is tance t o APC was e l i c i t e d , 

t h ee dynamics of TFPI, coagu la t ion fac to rs I I , V, X, IX, VI I I , p ro te in C, and t o t a l and f r ee 
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proteinn S were studied. Among all coagulation parameters studied, factor VIII showed the 

greatestt change over t ime: after the administration of endotoxin, factor VIII increased 

too more than 2.5 times baseline, reaching a maximum after 3 h in both treatment groups 

(Figuree 2). 
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Figuree 3. Influence of the in vitro addition of factor V and factor VIII on ETP and ETP-based APC 
sensitivityy ratio. Influence of the addition of factor V (o, left panels) and factor VIII (A, right 
panels)) to normal pool plasma on ETP (lower panels) and the ETP-based test (upper panels). 
ETP,, endogenous thrombin potential; APC, activated protein C; ETP-based test, ETP-based APC 
sensitivityy ratio. 
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Analysiss of repeated measurements was performed to determine the impact of the 

differentt parameters on both APC sensitivity tests. The results of the univariate analysis 

showedd that the increase in the ETP-based test was significantly dependent on factor V 

(p=0.014)) and factor VIII (p=0.008). In the multivariate analysis, factor V (p<0.001) and 

factorr VIM (p=0.001) remained the only two factors independently influencing the ETP-

basedd APC sensitivity test. The increase in the ETP-based test was independent of the 

levelss of factor II, free protein S and TFPI. 

Wee also determined the impact of the different parameters on the APTT-based APC 

sensitivityy test. Results of the univariate analysis of repeated measurements showed 

thatt the APTT-based test was significantly dependent on TFPI and coagulation factors 

II,, X, IX and VIII. In the multivariate analysis, only factor VIII (p<0.001) and factor IX 

(p=0.004)) independently influenced the APTT-based APC sensitivity test. 

Thee influence of factor V and factor VIM on APC sensitivity as measured by the ETP-

basedd test, was further investigated by spiking normal pool plasma wi th recombinant 

factorss V and VIII. As shown in figure 3, addition of both factor V and factor VIII resulted 

inn an increase in APC resistance as measured by the ETP-based test. Addition of factor 

VV and factor VIII did not have an effect on thrombin formation, since the ETP remained 

stable.. The influence of factor VIM on the APTT-based test was also evaluated. As shown 

inn figure 4, addition of factor VIM to normal pool plasma resulted in APC resistance, as 

reflectedd by a decrease in the APTT-based APC sensitivity ratio. 
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Figuree 4. Influence of the in vitro addition of factor VIM on the APTT-based APC sensitivity ratio. 
Influencee of the addition of factor VIII to factor VIII deficient plasma on the APTT-based test. 
APTT,, activated partial thromboplastin time; APC, activated protein C; APTT-based test, APTT-
basedd APC sensitivity ratio. 
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Discussio n n 

Inn this study, we demonstrated that endotoxemia elicits a transient APC resistance in 

healthyy humans, as measured by two different tests. This transient APC resistance is 

predominantlyy mediated by an increase in factor VIII and is independent of TF/FVIIa 

inhibition. . 

Too our knowledge, this is the first time endotoxemia has been demonstrated to induce 

APCC resistance in humans. APC resistance is a well-known risk factor for venous 

thromboembolismm [14,15]. It is often associated with a mutation in factor V (factor 

VLe1den),, which causes the replacement of an amino acid (Arg506->Gln) at a predominant 

APCC cleavage site in factor Va. This results in impaired inactivation of factor Va by APC 

andd in enhanced thrombin generation [16]. APC resistance can also be acquired during 

orall contraceptive use, pregnancy and cancer [15-19]. 

Endotoxin-inducedd APC resistance is predominantly mediated by an increase in factor 

VIII,, as demonstrated by two different tests and in vitro spiking of normal pool plasma 

withh recombinant factor VIII. A relationship between an elevated level of factor VIII 

andd resistance to APC has been noticed before [20]. In the PLAT study, factor VIII 

wass identified as an independent univariate predictor of vascular disease events [21]. 

However,, this is the first time that a rise in factor VIII has been demonstrated to be a 

majorr determinant of endotoxin-induced APC resistance. 

Thee ETP-based APC sensitivity test was originally described by Rosing in 1997. In this 

test,, a2M-lla was assayed and was shown to be proportional to the ETP [11]. The 

ETP-basedd test has previously been shown to be sensitive to levels of protein S and 

prothrombinn and to the factor VLeiden mutation [16,17], but not to other factors. In a 

largee case-control study, de Visser et al. demonstrated sensitivity of the ETP-based test 

too free TFPI and free protein S [22]. However, in all these studies, blood was collected 

onlyy once. This is the first time that the time course of APC resistance has been studied 

inn relation to other coagulation factors in healthy individuals exposed to endotoxin. In 

ourr study, the ETP-based APC sensitivity test was only influenced by factor V and factor 

VIM.. The endotoxin-induced decline in factor II and protein 5 was probably too small to 

influencee the ETP-based test. 

Thee influence of factor VIII on the APTT-based APC sensitivity ratio is well known. 

Dee Ronde and Bertina described the influence of protein S and coagulation factors 

II,, X, IX and VIII on the APTT-based test [23]. In a study by Henkens et at., factor VIII 

wass identified in a multiple regression model as one of the two independent factors 

influencingg the APTT-based test [24]. In our study, the dependency of the APTT-based 

testt on coagulation factors II, X, IX and VIII was confirmed. The multivariate analysis 

showedd that the APTT-based test is only influenced by factor IX and factor VIM. The level 

off protein S did not influence the APTT based test. This can be explained by the fact 
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thatt in our study, protein S levels decreased by only 20%, whereas in the study by de 
Rondee et aL, the APTT-based APC sensitivity ratio only declined when protein S levels 
decreasedd by 80% or more. 

Ass APC is a natural inhibitor of factor VIII, it is conceivable that an increase in factor VIII 
leadss to relative resistance to APC. The increase in factor VIII in response to endotoxin 
wass recently described by Reitsma et al. [25]. The endotoxin-induced factor VIII response 
wass more pronounced in their study, which may be due to the fact that factor VIM 
antigenn levels were measured, whereas in our study, factor VIM activity was determined. 
AA rise in factor VIM might induce APC resistance by inhibition of protein 5 function. 
Koppelmann et al. demonstrated that factor VIII binds to protein S in a reversible and 
specificc manner [26]. 

Thee ability of endotoxemia to increase factor VIII levels and induce APC resistance in 
humans,, is an important clue in the elucidation of the mechanism of action of APC during 
humann sepsis. As factor VIII is elevated and levels of protein C are severely reduced 
duringg sepsis [27], it is conceivable that administration of activated protein C is needed 
too overcome the APC resistance provoked in this manner. In a human endotoxemia 
modell similar to the one used in this study, Derhaschnig et al. demonstrated that 
thee endotoxin-induced thrombin generation was not blunted by the administration of 
APCC [28]. As a possible explanation, Derhaschnig et al. mentioned the fact that healthy 
subjectss have normal levels of protein C, whereas septic patients are usually protein C 
deficient.. Moreover, normal levels of factor II and factor X can inhibit the anticoagulant 
potencyy of APC in healthy humans, whereas this inhibition will probably not occur 
withh the low levels of factor II and factor X such as found during sepsis. Finally, the 
endotheliall dysfunction during sepsis leads to downregulation of thrombomodulin and 
thee endothelial protein C receptor, thus diminishing the activation of protein C [29]. 
Wee would like to add an alternative explanation: increased factor VIM levels during 
endotoxemiaa result in a transient APC resistant phenotype. 

Inn summary, this study demonstrates that the administration of endotoxin to healthy 
humanss can induce APC-resistance, which is predominantly mediated by an increase in 
factorr VIM and is independent of TF/FVIIa inhibition. This indicates that APC resistance 
mayy play a role in the procoagulant state that occurs during human endotoxemia. 
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Abstrac t t 

Introductio n n 
Recombinantt human activated protein C (rhAPC) is the first drug for which a reduction 

off mortality in severe sepsis has been demonstrated. However, the mechanism by which 

thiss reduction in mortality is achieved is still not clearly defined. The aim of the present 

studyy was to evaluate the dynamics of the anticoagulant, anti-inflammatory and pro-

fibrinolyticc action of rhAPC in patients with severe sepsis, by comparing rhAPC-treated 

patientss with case-controls. 

Method ss and Result s 
Inn this prospectively designed multicenter case control study, 12 patients who were 

participatingg in the ENHANCE study, an open-label study of rhAPC in severe sepsis, were 

treatedd intravenously with rhAPC at a constant rate of 24 ug/kg/h for a total of 96 h. 

Twelvee controls with severe sepsis matching the inclusion criteria received standard 

therapy.. The treatment was started within 48 h after the onset of organ failure. Blood 

sampless were taken before the start of the infusion and at 4, 8, 24, 48, 96 and 168 h, for 

determinationn of parameters of coagulation and inflammation. Sepsis-induced thrombin 

generationn as measured by thrombin-antithrombin complexes and prothrombin fragment 

F1+2,, was reset by rhAPC within the first 8 h of infusion. The administration of rhAPC 

didd not influence parameters of fibrinolysis and inflammation. There was no difference 

inn outcome or occurrence of serious adverse events between the treatment group and 

thee control group. 

Conclusio n n 
Sepsis-inducedd thrombin generation in severely septic patients is reset by rhAPC within the 
firstt 8 h of infusion, without influencing parameters of fibrinolysis and inflammation. 
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Introductio n n 

Duringg severe sepsis, activation of the inflammatory cascade leads to cell damage and 
organn failure. In recent years, the importance of the cross-talk between coagulation 
andd inflammation in severe sepsis has been well defined. This has led to the hypothesis 
thatt inhibitors of coagulation might have a dual effect, that is, interruption of the 
cascadess of both coagulation and inflammation. Recombinant human activated protein 
CC (rhAPC, drotrecogin alfa (activated), Xigris®) is the first drug for which a reduction 
off mortality in severe sepsis has been demonstrated [1], Indeed, rhAPC is an effective 
anticoagulantt and also has distinct anti-inflammatory effects, at least in vitro. However, 
thee mechanism by which the reduction in mortality by rhAPC is achieved is still not 
clearlyy defined. Several mechanisms have been proposed. Firstly, rhAPC may inhibit 
thee formation of thrombin by proteolytically degrading coagulation factors Va and Villa. 
Thrombinn has a central role in coagulation due to its ability to convert fibrinogen to 
fibrin,, but also as the most potent agonist of platelet activation [2]. Thrombin may 
alsoo affect the production of inflammatory cytokines by binding to protease-activated 
receptorss (PARs) in mononuclear cells [3]. Secondly, rhAPC may inhibit the action 
off plasminogen activator inhibitor type I (PAI-I), thereby restoring the suppressed 
fibrinolyticc state during sepsis [4]. Thirdly, binding of rhAPC to the endothelial protein 
CC receptor (EPCR) may influence gene expression profiles of cells by blocking nuclear 
factorr kappa B nuclear translocation, which is required for increases in proinflammatory 
cytokiness and adhesion molecules [5]. Direct activation of PAR-1 by the APC-EPCR 
complexx is another mechanism by which APC may affect inflammation [6]. Fourthly, it 
iss hypothesized that rhAPC inhibits the adherence of activated leukocytes to activated 
endotheliumm [5,7]. However, the relative importance of each of these mechanisms for 
thee mortality reduction in severe sepsis by rhAPC is still unclear. 
Thee aim of the current study was to evaluate the dynamics of the anticoagulant, anti-
inflammatoryy and pro-fibrinolytic action of rhAPC in patients with severe sepsis, by 
comparingg rhAPC-treated patients with case-controls. For this purpose, we employed 
sensitivee assays for the assessment of activation and inhibition of the coagulant, 
inflammatoryy and fibrinolytic system. 

Method s s 

Stud yy desig n 

Thee ENHANCE study, an open-label study of rhAPC in severe sepsis, was conducted 

worldwidee and more than 2000 patients were included. In the Netherlands, four sites 

participatedd to the current ENHANCE substudy, three academic hospitals and one large 

47 7 



ChapterChapter 4 

teachingg hospital. After completion of the ENHANCE study, an equal number of patients 

withh severe sepsis meeting identical inclusion criteria were prospectively enrolled in this 

substudyy to serve as case controls. At the time of performance of the study, rhAPC was 

nott yet licensed and available for routine treatment of patients with severe sepsis. 

Patient s s 
Thee study was approved by the institutional review board and written informed consent 
wass obtained from all participants or their authorized representatives. Patients were 
eligiblee for the trial if they had a known or suspected infection, three or more signs of 
systemicc inflammation and a sepsis-induced dysfunction of at least one organ system that 
lastedd no longer than 48 h. In patients enrolled in the ENHANCE study, treatment with 
rhAPCC was started within 48 h after they met the inclusion criteria. The time of starting 
thee rhAPC infusion was considered as t=0. In the controls, the time at which rhAPC 
wouldd have been started if the patient had been in the treatment group, was considered 
ass t=0. Blood samples were taken at the same timepoints in both the treatment group 
andd the control group. 

Treatmen t t 
Inn the treatment group, rhAPC was administered intravenously at a constant rate of 

244 ug/kg body weight per hour for a total duration of 96 h. The infusion was interrupted 

forr 1 h before any percutaneous procedure and was resumed 1 h later. During the infusion 

off rhAPC, no other anticoagulant was administered except nadroparin or dalteparin in a 

prophylacticc dose. Except for the administration of rhAPC, the treatment of patients in 

bothh groups was identical. 

Bloo dd collectio n 
Platelett counts were routinely determined daily. Blood for the analysis of parameters of 
coagulationn and inflammation was collected from an arterial line just before t=0 and at 
4,, 8, 24, 48, 96 and 168 h. Blood for platelet counts and cytokine assays was collected in 
K3-EDTA-containingg tubes. All other blood samples were collected in citrated vacutainer 
tubes.. Plasma was prepared by centrifugation of blood at 2500 x 5 twice for 20 mins at 

,, followed by storage at -80X until assays were performed. 

Laborator yy assay s 
Thee plasma concentrations of thrombin-antithrombin complexes (TAT), prothrombin 
fragmentt F1+2 (F1+2), and plasmin-antiplasmin complexes (PAP) were measured by 
ELISAA (Dade Behring, Marburg, Germany). Activated partial thromboplastin time (APTT) 
andd prothrombin time (PT) were performed on an automated coagulation analyzer 
(Behringg Coagulation System, BCS) with reagents and protocols from the manufacturer 
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(Dadee Behring). Protein C was determined using the Coamatic protein C activity kit 
fromm Chromogenix (AAitano, Italy). Total protein S antigen was assayed by ELISA using 
antibodiess from DAKO (Glostrup, Denmark). Protein C and S deficiencies were defined 
ass an activity level of <65% of the level measured in normal pool plasma. Free protein S 
wass measured by precipitating the C4b-binding protein-bound fraction with polyethylene 
glycoll 8000 and measuring the concentration of free protein S in the supernatant. Free 
proteinn S deficiency was defined as an activity of <26% of the total protein S level. 
Proteinn C inhibitor (PCI) was determined by ELISA as described by Elisen et al. [8]. 
Normall PCI levels vary from 55 to 142% of the PCI level measured in normal pool plasma. 
Thrombin-activatablee fibrinolysis inhibitor (TAFI) antigen levels were assayed by ELISA as 
describedd by Mosnier et al. [9]. Normal TAFI levels vary from 50 to 150% of the TAFI level 
measuredd in normal pool plasma. D-dimers were assayed with an ELISA (Asserachrom 
D-Dimer,, Roche, Almere, the Netherlands). Platelet counts were assessed by a Cell-dyn 
40000 analyzer (Abbott Laboratories, Abbott Park IL, USA). Tumor necrosis factor alpha 
(TNF-a),, interleukin(IL)-6, and IL-10 were measured using commercial ELISA kits (Central 
Laboratoryy of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, the 
Netherlands).. The assay detection limits were 3 pg/ml for TNF-alpha, 0.6 pg/ml for 
IL-66 and 1.2 pg/ml for IL-10. All assays were performed by the Laboratory for Clinical 
Chemistry,, Hematology and Transfusion and the Laboratory of Experimental Vascular 
Medicinee at the Academic Medical Center Amsterdam, the Netherlands. 

Evaluatio nn of patient s 
Patientss were followed for 28 days after enrollment or until death. Baseline characteristics 

weree assessed within 24 h prior to enrollment. Microbiologic culture results were assessed 

dailyy from enrollment through day 28. 

Statistica ll  analysi s 
Dataa were analyzed using SPSS for Windows, v 11.0 (SPSS Inc, Chicago IL, USA). Differences 
betweenn the treatment group and the case control group were tested by analysis of 
repeatedd measures using mixed linear models. Changes in time within the same group 
weree analyzed by 1-way analysis of variance. Values are given as mean  SD. Significance 
wass defined as p<0.05. 
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Results s 

Pat ien tt  character is t ic s 

Duringg the ENHANCE study, 12 patients were enrolled in the substudy at the four 

part ic ipat ingg sites. Another 12 patients with severe sepsis were enrolled prospectively 

ass case controls at two of the four participating sites. The baseline characteristics of 

thee two patient groups are shown in Table 1. There were more patients wi th malignancy 

inn the control group, but all other baseline characteristics were similar. The lung was 

thee most common site of infect ion in both groups and Gram-negative infections were 

mostt common. The t ime elapsed between meeting the inclusion cri ter ia and t=0 was 

12.33  13.2 h in the rhAPC group, versus 26.7  12.5 h in the control group (p=0.01). 

Tablee 1. Baseline characteristics of the patients 

Malee sex (%) 

Malignancy y 

Hypertension n 

Myocardiall infarction 

Recentt surgery {%) 

Mechanicall ventilation 

77 (58) 

2 2 

Pi l l l 
2 2 

llllljl l 
0 0 

lillil l 
33 (25) 

iliii i 
12 2 

ilWtlf f 
11 1 

1 1 

666 4 
77 (58) 

2 2 

1 1 

33 (25) 

11 1 

Gramm negative 

Fungi i 1 1 

Dataa represent mean  SD. rhAPC, recombinant human activated protein C; COPD, chronic 
obstructivee pulmonary disease; APACHE, Acute Physiology and Chronic Health Evaluation; SOFA, 
sepsis-relatedd organ failure assessment. 
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Thrombi nn generatio n 
Administrationn of rhAPC resulted in a reduction of sepsis-induced thrombin generation, 
ass reflected by a decrease in the levels of TAT and F1+2 to 45 and 30% below baseline, 
respectively,, within 8 h, without a significant change for the remaining 7 days (Figure 
1).. In the control group, TAT and F1+2 levels increased to 2 and 1.4 times baseline, 
respectively,, within 4 days. The difference in F1+2 levels between the two groups 
reachedd significance after 8 h (p=0.03) and remained significant for the remaining 7 
dayss (p=0.03). In the rhAPC group, the APTT rose to a maximum of 1.4 times baseline 
withinn 4 h after the start of the infusion (p=0.004), whereas the APTT remained stable 
inn the control group. In both treatment groups, the PT decreased over time. However, 
thiss decrease only reached statistical significance in the control group on day 4 and day 
77 (data not shown). 

-- rhAPC 
control l 

timee (days) 

Figuree 1. Levels of TAT and F1+2. Plasma levels of TAT (left panel) and F1+2 (right panel) in the 
rhAPCC group (A) and the control group (o). Data represent mean  SD. TAT, thrombin-antithrombin 
complex;; F1+2, prothrombin fragment F1+2; rhAPC, recombinant human activated protein C. 

Protei nn C pathwa y 
Ninety-twoo percent of all patients were protein C deficient at baseline, with mean 
proteinn C levels of 44  20% in the rhAPC group and 47  12% in the control group 
(NS).. As shown in Figure 2, protein C levels normalized in the course of 2 days in both 
treatmentt groups. All patients were deficient in protein C inhibitor with mean levels of 
166 + 13% in the rhAPC group and 21 + 11% in the control group (NS). The levels of protein 
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CC inhibitor more than doubled over time in both groups (p=0.004). The increase was 

moree pronounced in the control group, but the difference between groups did not reach 

statisticall significance (Figure 2). 

Att baseline, deficiency in total and free protein S was present in 63 and 79% of all 

patients,, respectively. Mean total and free protein S levels in the rhAPC group were 

533  17% and 19  7%, respectively, and in the control group 60  20% and 19 , 

respectivelyy (NS). The levels of total and free protein S normalized in the course of 2 

andd 4 days, respectively (Figure 3). 

120-- *—— rhAPC 

control l 

tim ee (days) 

Figuree 2. Levels of Protein C and Protein C inhibitor. Plasma levels of Protein C (left panel) and 
Proteinn C inhibitor (right panel) in the rhAPC group ) and the control group (o). The levels of 
Proteinn C and Protein C inhibitor are expressed as the percentage of the level measured in normal 
pooll plasma. Data represent mean  SD. rhAPC, recombinant human activated protein C. 

Platele tt  count s 
Baselinee platelet counts were 173  121 x 109/l in the rhAPC group and 156  85 x 109/l 
inn the control group (NS). In the rhAPC group, there was a trend toward an increase in 
platelett count: platelets increased from 173  121 to 270  190 x 109/l on day 6 (p=0.06). 
Inn the control group, the platelet count increased from 156  85 to 202  189 x 109/l on 
dayy 6 (p=0.44). The difference between the two groups was too small to reach statistical 
significance. . 
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Figur ee 3. Levels of tota l and free protein S. Plasma levels of to ta l protein S (left panel) and 

freee protein S (right panel) in the rhAPC group ) and the control group (o). The levels of to ta l 

proteinn S are expressed as the percentage of the level measured in normal pool plasma. The 

levelss of free protein S are expressed as a percentage of to ta l protein S. Data represent mean 

 SD. rhAPC, recombinant human activated protein C. 
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Figur ee 4. Fibrinolysis. Plasma levels of D-dimer (left panel), PAP (middle panel) and TAFI-Ag 

(rightt panel) in the rhAPC group (A) and the control group (o). TAFI-Ag levels are expressed as 

thee percentage of the level measured in normal pool plasma. Data represent mean  SD. PAP, 

plasmin-antiplasminn complex; TAFI-Ag, thrombin activatable fibrinolysis inhibitor antigen; rhAPC, 

recombinantt human activated protein C. 
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Fibrinolysi s s 
Parameterss of fibrinolysis are shown in Figure 4. Baseline D-dimer levels did not differ 
significantlyy between groups and did not change significantly over time. PAP levels tended 
too increase in the rhAPC group, whereas they remained stable in the control group. 
However,, the difference between groups was too small to reach statistical significance. 
Inn both groups, TAFI levels were depressed at baseline (56  26% in the rhAPC group and 
644  16% in the control group), returning to normal in the course of 4 days, without a 
significantt difference between groups. 

Cytokine s s 
Thee time course of cytokine levels is depicted in Figure 5. Levels of TNF-alpha remained 
stablee in both the rhAPC group and the control group. Levels of IL-6 and IL-10 gradually 
decreasedd over time in both groups, without a significant difference between groups. 

16 6 

s-s-
k--
on n 
n n 
nj j 

Q. . 
ro o 

LL L 
Z Z 
H H 

14 4 

M M 

111 1 
8 8 

6 6 

A A 

2 2 

0 0 11 1 I 1 1 r 

0.00 0.5 1 3 5 7 
timee (days) 

rhAPC C 
control l 

0.55 1 3 5 7 
timee (days) 

0.00 0.5 1 3 5 7 
timee (days) 

Figuree 5. Cytokines. Plasma levels of TNF-alpha (left panel), IL-6 (middle panel) and IL-10 (right 
panel)) in the rhAPC group (A) and the control group (o). Assay detection limits were 3.0 pg/ml 
forr TNF-alpha, 0.6 pg/ml for IL-6 and 1.2 pg/ml for IL-10. Data represent mean  SD. TNF, tumor 
necrosiss factor; IL, interleukin; rhAPC, recombinant human activated protein C. 

Outcom e e 
Thee outcome of patients in both groups is summarized in Table 2. In total, five patients 
diedd within 28 days, 2 in the rhAPC group and 3 in the control group, which comes 
downn to a 28-day mortality rate of 17 and 25% respectively (p=1.0). In this small sample 
off patients, there was no statistically significant difference between the rhAPC group 
andd the control group with respect to length of ICU stay, length of hospital stay and 
percentagee of patients discharged home. 
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Complication s s 
Thee occurrence of adverse events is summarized in Table 2. A serious bleeding event 
occurredd in only one patient in the rhAPC group. In this patient, a central venous line 
wass inserted erroneously without stopping the rhAPC infusion. The subsequent ongoing 
bleedingg from the puncture site ultimately required a red blood cell (RBC) transfusion. 
Bloodd transfusion requirements were similar in the rhAPC group and the control group 
(0.444 + 0.53 versus 0.23  0.35 RBC units per day, respectively, p=0.27). 

Tablee 2. Outcome and adverse events 

Discussio n n 

Inn the present clinical study, we studied the dynamics of the anticoagulant, pro-fibrinolytic 
andd anti-inflammatory action of rhAPC when used in severe sepsis, by comparing rhAPC-
treatedd patients with case controls. We demonstrated that sepsis-induced thrombin 
generationn was reset by rhAPC, as reflected by a decrease in TAT and F1+2 levels within 
88 h of infusion. We did not find any influence of rhAPC on parameters of fibrinolysis 
andd inflammation. Although the delay between meeting the inclusion criteria and t=0 
wass longer in the control group, we do not think that this difference has influenced our 
results.. Indeed, shifting the control group curves in Figures 1-5 to the right for 12 h, did 
nott change the results of the comparison between the two treatment groups. 
Thee inhibition of thrombin generation by rhAPC might be the main mechanism by 
whichh mortality reduction in patients with severe sepsis was achieved in the PROWESS 
studyy [1]. Mortality in severe sepsis is usually due to multiple organ failure, which is 
believedd to be caused by microvascular thrombosis, impairing the blood supply to various 
organss [10,11]. Under physiological circumstances, thrombin generation is regulated 
byy the protein C system in order to prevent microvascular thrombosis. During sepsis, 
however,, the expression of thrombomodulin and EPCR on the endothelial cell surface 
iss down regulated, leading to inadequate activation of protein C and thus to inadequate 
inhibitionn of thrombin generation. 
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Ourr findings confirm the results of Dhainaut et aL, who demonstrated that treatment 
withh rhAPC attenuates thrombin generation, as reflected by a significant inhibition of 
TATT and F1+2 [12]. In our study, the inhibition was even more pronounced: treatment 
withh rhAPC prevented the increase in thrombin generation occurring in the control 
group.. Interestingly, TAT and F1+2 levels did not change from 8 h until 7 days after 
startingg the treatment, even after stopping the rhAPC infusion. These results are in 
contrastt with those of Dhainaut et at., who found an increase in levels of TAT and 
F1+22 on day 5. There are several possible explanations for this difference. Firstly, we 
didd not take measurements on days 5 and 6 and might have missed a transient rise 
inn thrombin generation. Secondly, the rhAPC group in the PROWESS study might have 
beenn more severely ill at inclusion, as the mean APACHE II score was higher than in 
ourr rhAPC group (24.6  7.6 versus 21  6). It is conceivable that in more severely 
illl patients, normalization of thrombin generation takes more time. Thirdly, the time 
fromm inclusion to drug infusion was 17.5  12.8 h in the PROWESS study, compared with 
12.33  13.2 h in our study. It is also conceivable that the shorter delay to treatment 
mightt have influenced the speed of recovery. If rhAPC is indeed able to reset thrombin 
generationn within 8 h in less severely i l l patients when treated within 12 h of admission, 
onee could argue that under these circumstances, a shorter duration of rhAPC infusion 
mightt be sufficient to achieve the same extent of inhibition of thrombin generation. 
Thiss could have important consequences for the recommended duration of treatment. 
However,, based on the results of the present study, one cannot conclude that limitation 
off the duration of rhAPC treatment would yield the same results. Additional studies are 
neededd to determine under which circumstances the duration of rhAPC infusion can be 
limitedd without influencing efficacy. 

Att baseline, 92% of our septic patients were protein C deficient with a mean protein 
CC level of 45.8%. This finding is consistent with the results of earlier studies. Boldt et 
aLaL found a baseline protein C level of 47.8% in septic patients [13] and in the PROWESS 
study,, Bernard et aL found median baseline protein C levels of 47% and 50% in the 
rhAPCC group, and the control group, respectively [1]. The depletion of protein C during 
sepsiss is caused by a combination of degradation of protein C by neutrophil elastase and 
inadequatee biosynthesis in the liver [11,14]. In our study, the protein C levels returned 
too normal in the course of 2 days in both treatment groups, whereas in the study by 
Dhainautt et at., normalization of protein C levels took 3.5 days in the rhAPC group and 
55 days in the control group [12]. The increased time needed for the normalization of 
proteinn C levels might reflect the greater severity of illness of patients in this study. 
Inn the present study, we did not find a convincing effect of the administration of rhAPC 
onn fibrinolysis. The levels of D-dimers remained unchanged over time in both the rhAPC 
groupp and the control group. This is in contrast with the findings of Bernard et aL, who 
foundd a significant decrease in D-dimer levels in the rhAPC group compared with the 
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contrott group [1]. The fact that we did not find such an effect may be due to the small 
numberr of patients and the great interpatient variability in D-dimer levels. PAP levels 
showedd a tendency to increase in the rhAPC group, but this increase was too small to 
reachh statistical significance. In agreement with our findings, Dhainaut et at. did not 
findd an effect of rhAPC on PAI-1, a marker of fibrinolysis, when they used the method of 
repeatedd measurements [12]. They concluded that their results do not provide a strong 
basiss for a pro-fibrinolytic effect of rhAPC, and our results support this conclusion. 
Inn the present study, we did not find an effect of rhAPC on cytokine levels. Levels of 
IL-66 and IL-10 gradually declined to normal in the course of two days and the level of 
TNF-alphaa remained unchanged over time in both treatment groups. In the PROWESS 
study,, the decrease in IL-6 levels was significantly greater in the rhAPC group compared 
withh the control group [1]. However, in the post-hoc analysis of the PROWESS data by 
Dhainautt et al., there were no significant differences in IL-6 levels between the rhAPC 
groupp and the control group [12]. Moreover, Dhainaut et al. did not find any difference 
inn levels of TNF-alpha and IL-10 between the two treatment groups. Our findings confirm 
thesee results. Dhainaut et al conclude that their results do not provide a strong basis for 
aa systemic anti-inflammatory effect of rhAPC in vivo at the therapeutic dose used. Our 
resultss support this conclusion. Indeed, the anti-inflammatory effect of rhAPC has only 
beenn demonstrated in vitro to date [15], using rhAPC concentrations 100- to 1000-fold 
thee concentration achieved in therapeutic circumstances [16,17]. 
Inn the present study, no difference in outcome was found between the rhAPC group and 
thee control group, which is probably due to the small number of patients. The numbers 
off serious adverse events did not differ between groups. 

Conclusio n n 

Thiss study demonstrates that rhAPC resets sepsis-induced thrombin generation within the 

firstfirst 8 h of infusion, without influencing parameters of fibrinolysis and inflammation. 

KeyKey  messages 
—— Recombinant human activated protein C resets thrombin generation within the first 

88 h of infusion. 

-- The administration of recombinant activated protein C does not influence 
parameterss of fibrinolysis and inflammation. 
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Abstrac t t 

Backgroun d d 
Duringg continuous venovenous hemofiltration (CVVH), circuit shut down is usually 

ascribedd to thrombogenesis, but its mechanism has not been elucidated. Aim of the 

presentt study was to analyze the effect of CVVH on circuit thrombogenesis. 

Method ss and Result s 
Tenn critically ill patients were treated with predilutional CVVH without anticoagulation. 
Bloodd samples were collected at eight different time points for determination of 
coagulationn parameters. Evidence of increased thrombin generation during CVVH was 
foundd in 4 out of 10 patients with significantly lower baseline parameters of contact 
activation.. No evidence of tissue factor pathway activation was found. In circuits 
expiringg before the median of 7.4 h, the increase in thrombin generation was inversely 
correlatedd with circuit survival time. 

Conclusion s s 
Thrombinn generation during CVVH was found in a subset of patients with relative 
impairmentt of contact activation. In circuits running shorter than the median of 7.4 h, the 
increasee in thrombin generation was inversely correlated with circuit survival time. 
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Introductio n n 

Acutee renal failure requiring renal replacement therapy, occurs in approximately 4% of 
patientss admitted to the Intensive Care Unit (ICU) [1], Usually, these patients are treated 
withh some form of continuous renal replacement therapy, such as continuous venovenous 
hemofiltrationn (CWH). Both premature clotting of the hemofilter and bleeding due to 
thee use of systemic anticoagulation are common complications during CWH in the ICU. 
Severall studies have addressed the pathophysiology of circuit thrombogenesis, but the 
exactt mechanism by which it occurs, has not yet been elucidated. Multiple factors may 
playy a role: the extracorporeal circuit itself, treatment modalities, platelet factors, 
coagulationn factors, natural anticoagulants and fibrinolysis [2,3]. 
Mostt earlier studies on the activation of coagulation during CWH have been performed 
withh concurrent administration of anticoagulants, usually unfractionated heparin (UFH) 
orr low molecular weight heparin (LMWH) [4-6] However, as heparin influences both 
tissuee factor mediated coagulation, contact activated coagulation [7] and fibrinolysis 
[8],, studies on the activation of coagulation during CWH should ideally be performed 
withoutt anticoagulation. 

Aimm of the present study was to elucidate the effect of CWH on the activation of 
coagulationn and fibrinolysis in critically ill patients without the use of systemic 
anticoagulation. . 

Materia ll  and method s 

Stud yy desig n 

Thee study was approved by the institutional review board and written informed consent 

wass obtained from all participants or their authorized representatives. A cohort of ten 

criticallyy ill patients was studied. Patients were eligible for the trial if they had acute 

renall failure requiring CWH. Patients were excluded if they had used coumarins or 

platelett aggregation inhibitors within one week prior to starting CWH, UFH within 12 

hourss (h) prior to starting CWH or LMWH within 48 h prior to starting CWH. Patients 

havingg been treated with extracorporeal techniques within 48 h prior to starting CWH 

weree equally excluded. 

Continuou ss venovenou s hemofiltratio n 
Vascularr access was obtained by insertion of a 14 F double lumen catheter (Duo-Flow 400 

XL,, Medcomp, Harleysville PA, USA) into a large vein (femoral, subclavian, or internal 

jugularr vein). Renal replacement therapy was performed by CWH using a Diapact 

hemofiltrationn machine (Braun AG, Melsungen, Germany). The standard blood flow rate 
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wass 150 ml/min and substitution fluid was added in prediction mode at a flow rate of 

20000 ml/h. We used a cellulose triacetate filter with a surface of 1.9 m2 and a cut off 

pointt of 50 kDa (CT190G, Baxter, Deerfield IL, USA). The hemofiltration run was stopped 

whenn clotting in the extracorporeal circuit had occurred. During CVVH, no anticoagulant 

wass used, nor was the extracorporeal circuit primed with any anticoagulant. 

Evaluatio nn of patient s 
Baselinee characteristics including demographics, preexisting conditions, organ function, 

markerss of disease severity and routine laboratory tests were assessed within 24 h prior 

too starting CVVH. 

Bloo dd collectio n 
Bloodd was drawn from the venous limb of the hemofiltration catheter before starting 
hemofiltration,, at 5, 15 and 30 min and at 1, 2, 3 and 6 h after the start of hemofiltration. 
Forr the determination of contact activation, 4.8 ml blood was collected in siliconized 
vacutainerr tubes to which 0.2 ml of a mixture of EDTA (0.25 M), benzamidine (0.25 M) and 
soybean-trypsinn inhibitor (0.25%) was added to prevent contact activation in vitro. All 
otherr blood samples were collected in citrated vacutainer tubes. Plasma was prepared 
byy centrifugation of blood at 2500 s twice for 20 min at 16X, followed by storage at 
- 80XX until assays were performed. 

Assay s s 
Thee plasma concentrations of prothrombin fragment F1+2 (F1+2) were measured by ELISA 

(Dadee Behring, Marburg, Germany). Normal values vary from 0.3 to 1.6 nmol/l. Soluble 

tissuee factor (sTF) was determined by ELISA (American Diagnostica, Greenwich CT, USA). 

Thee plasma concentrations of factor Vila were determined on a Behring Coagulation 

Systemm (BCS, Dade Behring) with the StaClot Vlla-rTF method from Diagnostica Stago 

(Asnières-sur-Seine,, France). Normal levels vary from 16 to 142 mU/ml. Tissue factor 

pathwayy inhibitor (TFPI) activity was measured on the BCS as described by Sandset 

etet al [9]. Normal values vary from 39 to 149% of the level measured in normal pool 

plasma.. Kallikrein-C1-inhibitor and factor Xlla-C1-inhibitor complexes were measured 

ass described by Nuijens et at. [10]. Normal levels do not exceed 6 x 104 U/ml and 

55 x 10 4 U/ml respectively. Tissue-type plasminogen activator (t-PA) antigen was assayed 

byy ELISA (Innotest, Hyphen Bio Med, Andrésy, France). Normal levels vary from 1.5 to 

155 ug/ml. Plasminogen activator inhibitor type I (PAI-1) antigen was assayed by ELISA 

(Innotestt PAI-1, Hyphen BioMed). Normal levels vary from 10 to 70 ng/ml. D-dimers 

weree determined with an ELISA from Diagnostica Stago. Normal values do not exceed 

4000 mg/l. Antithrombin activity was determined with Berichrom Antithrombin (Dade 

Behring)) on a BCS. Normal values vary from 80 to 140% of the level measured in normal 

64 4 



EffectEffect of CWH on coagulation 

pooll plasma. Protein C was determined using the Coamatic protein C activity kit from 

Chromogenixx (Mölndal, Sweden). Normal values vary from 65 to 110% of the level 

measuredd in normal pool plasma. 

Statistica ll  analysi s 
Dataa were analyzed using the Statistical Package for the Social Sciences (SPSS) for 
Windows,, version 11.0 (SPSS, Chicago IL, USA). Group differences in baseline parameters 
weree tested by student's t-test. Group differences in time courses of certain parameters 
weree tested by analysis of repeated measures, using mixed linear models. Changes from 
baselinee to a certain time point within the same group were analyzed by a paired 
student'ss t-test. Regression analysis was used to determine the influence of different 
parameterss on circuit survival time. Values are given as mean  SD or median and range 
iff appropriate. Significance was defined as p<0.05. 

Result s s 

Baselin ee characteristic s 
Thee baseline characteristics of the 10 enrolled patients are shown in Table 1. 

Thrombi nn generatio n 
Beforee starting the CWH procedure, 9 out of 10 patients showed signs of activation of 
coagulation,, as reflected in increased concentrations of F1+2. In four out of ten patients, 
F1+22 levels increased further during CWH (group A). In the remaining six patients, the 
F1+22 levels remained nearly constant throughout the study period (group B) (Figure 1). 

Baselin ee coagulatio n parameter s 
Thee baseline coagulation parameters of both groups are summarized in Table 2. Baseline 
levelss of antithrombin and protein C were depressed in 7 out of 10 patients. Levels of 
kallikrein-CII -inhibitor and factor XII-C1 -inhibitor complexes were significantly lower at 
baselinee in group A compared with group B (p=0.04) (Table 2). 
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Tablee 1. Baseline characteristics of the patients 

Characteristi c c 

Total,, n 

Age,, years 

Malee sex, n 

APACHEE II score 

SAPSS II 

Clinicall settings, n 

Cardiovascularr surgery 

Sepsis s 

Intracraniall bleeding 

Malignancy y 

10 0 

622  11 

9 9 

21+6 6 

477 8 

4 4 

4 4 

1 1 

1 1 

APACHE,, Acute Physiology and Chronic Health Evaluation; SAPS, Simplified Acute Physiology 
Score.. Data represent mean  SD. 

grou pp A grou pp B 

Figur ee 1. Time course of F1+2 before and during CVVH. Left panel: patients demonstrating 
ann increase in thrombin generation during CVVH (group A, n=4); right panel: patients with a 
constantt level of thrombin generation during CVVH (group B, n=6). F1+2, prothrombin fragment 
F1+2;; CVVH, continuous venovenous hemoh'ltration. 
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Tablee 2. Baseline coagulation n parameters s 

Characteristi cc  G 

F1+22 (nmol/l ) 2.' 2.' 

Characteristi cc  . £ ^ ^ ^ B > ^ R 

F1+22 (nmol/l ) 

sTFF (pg/ml ) 

Factorr  Vila (mU/ml ) 

TFPII {%) 

Kallikrein-C1-inhibito rr  (mU/ml ) 

Factorr Xlla-C1-inhibito r (mU/ml ) 

t-PAA (ng/ml ) 

PAI-11 (ng/ml ) 

D-dimerr  (mg/l ) 

AT(%) ) 

K(%) K(%) 

Groupp A 

2.422  1.18 

1500  93 

699 3 

1588  38 

7.99  2.0 

1.555 5 

20.11  16.7 

1400 3 

5.99 3 

766 7 

800 9 

Groupp B 

4.244  2.0 

1722  113 

1122  96 

127  69 

12.22 5 

2.633  0.95 

18.00  16.7 

7555  755 

56.22  124.1 

466 2 

455 8 

pp valu e 

0.11 1 

0.76 6 

0.39 9 

0.39 9 

0.04 4 

0.04 4 

0.85 5 

0.10 0 

0.37 7 

0.12 2 

00 33 

Groupp A: patients demonstrating an increase in thrombin generation during CVVH, Group B: 
patientss with a constant level of thrombin generation during CVVH. Data represent mean  SD. 
CVVH,, continuous venovenous hemofiltration; F1+2, prothrombin fragment F1+2; sTF, soluble 
tissuee factor; TFPI, tissue factor pathway inhibitor; t-PA, tissue plasminogen activator; PAI-1, 
plasminogenn activator inhibitor type 1; AT, antithrombin; PC, protein C. 

- ii  1 1 1 r 

00 1 2 3 4 5 6 
TT 1 1 1 1 r 

00 1 2 3 4 5 6 
tim ee (h) tim ee (h) tim ee (h) 

Figur ee 2. Time courses of sTF, FVIIa and TFPI before and during CVVH. sTF (left panel), FVIIa 
(middlee panel), and TFPI (right panel) expressed as a percentage from baseline, before and during 
CVVHH in patients demonstrating an increase in thrombin generation (group A, o) and patients 
withh constant thrombin generation (group B, A) during CVVH. Data represent mean  SD. sTF, 
solublee tissue factor; FVIIa, factor Vila; TFPI, tissue factor pathway inhibitor; CVVH, continuous 
venovenouss hemofiltration. 
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Tissu ee Facto r pathwa y 

Thee time courses of sTF, factor Vila and TFPI as markers of the tissue factor pathway 

weree compared between group A and B. The levels of these three markers did not 

changee significantly over time and no significant difference was found between groups 

(Figuree 2). 

Contac tt  activatio n 
Too evaluate the role of contact activation, the time courses of kallikrein-C1-inhibitor and 
factorr Xlla-C1-inhibitor complexes were studied and compared between group A and B. 
Ass shown in Figure 3, levels of kallikrein-C1-inhibitor complexes were significantly lower 
inn group A from baseline until t=1 h (p=0.04). Levels of factor Xlla-C1-inhibitor complexes 
weree significantly lower at baseline in group A as compared to group B and stayed 
lowerr throughout the observation period (p=0.04). In both groups, levels of kallikrein-C1 
inhibitorr and factor Xlla-C1-inhibitor complexes did not change significantly over time 
duringg the observation period (Figure 3). 

o—— group A 

*—— group B 

timee (h) 

Figuree 3. Time courses of kallikrein-C1 inhibitor and FXIIa-C1-inhibitor complexes before and 
duringg CVVH. Kallikrein-CTinhibitor complex (left panel) and FXIIa-C1 -inhibitor complex (right 
panel)) before and during CVVH in patients demonstrating an increase in thrombin generation 
(groupp A, o) and patients with constant thrombin generation (group B, ) during CVVH. Data 
representt mean  SD. FXIIa, factor Xlla; CVVH, continuous venovenous hemofiltration. 
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Fibrinolysi s s 
Too evaluate the role of fibrinolysis, the time courses of t-PA, D-dimer and PAI-1 were 
studiedd and compared between group A and B. Levels of t-PA tended to decrease over 
timee in group A, whereas they remained constant in group B. However, because of 
thee small numbers and the great interpatient variability, the difference did not reach 
statisticall significance. Levels of D-dimer did not change over time and did not differ 
betweenn groups. At baseline, PAI-1 levels were elevated in 8 out of 10 patients. PAI-1 
levelss did not change significantly over time in group A and tended to decrease in group 
B.. However, because of the great interpatient variability, the difference did not reach 
statisticall significance (Figure 4). 

-o -- group A 
- * -- group B 

22 3 4 5 6 
timee (h) 

22 3 4 5 6 
timee (h) 

22 3 4 5 6 
timee (h) 

Figuree 4. Time courses of t-PA, D-dimer and PAI-1 before and during CVVH. Time courses of 
t-PAA (left panel), D-dimer (middle panel) and PAI-1 (right panel) before and during CVVH in 
patientss demonstrating an increase in thrombin generation (group A, o) and patients with 
constantt thrombin generation (group B, ) during CVVH. Data represent mean  SD. t-PA, 
tissuee plasminogen activator; PAI-1, plasminogen activator inhibitor type 1; CVVH, continuous 
venovenouss hemofiltration. 

Circui tt  surviva l tim e 
Mediann circuit survival time was 7.4 h, ranging from 1.1 to 31 h. No significant difference 
inn circuit survival time could be demonstrated between group A and B. However, when 
CVVHH circuits were divided into two groups according to survival time, an inverse 
relationshipp between the increase in F1+2 and circuit survival time was found in circuits 
withh a survival time shorter than the median of 7.4 h (Figure 5). 
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100 0 

ss s 
+ + 

(O O 
d l l 

r2=0.785 5 
p=0.045 5 

circuitt survival time (h) 

Figuree 5. Relationship between the increase in F1+2 and circuit survival time in circuits with a 
survivall time shorter than 7.4 h. Increase in F1+2, expressed as a percentage from baseline, in 
relationshipp to circuit survival time in circuits with a survival time shorter than the median of 
7.44 h. F1+2, prothrombin fragment F1+2. 

Discussio n n 

Inn the present clinical study, the effect of continuous venovenous hemofiltration 
onn coagulation markers was studied in ten critically ill patients without the use of 
anticoagulation.. During CVVH, only 4 out of 10 patients showed an increase in thrombin 
generation.. In this subset of patients, contact activation was relatively impaired, as 
reflectedd by lower baseline levels of kallikrein-C1 -inhibitor and factor Xlla-C1-inhibitor 
complexess and a persistent lower level of the latter parameter throughout the study 
period.. No evidence for tissue factor pathway activation was found and no statistically 
significantt change in fibrinolysis was observed over time. In circuits with a survival 
timee shorter than the median of 7.4 h, the increase in prothrombin fragment F1+2 was 
inverselyy related to circuit survival time. 

Baselinee levels of F1+2 were elevated in 9 out of 10 patients, indicating activation of 
coagulationn due to the primary disease of the patients prior to CVVH. However, only 4 
outt of 10 patients showed a further increase in F1+2 levels during CVVH. As we only took 
measurementss during the first 6 hours, we might have missed a later increase in F1+2. 
However,, our findings confirm the results of Cardigan ef a/., who demonstrated that 
thrombin-antithrombinn (TAT) complexes increased in only 8 out of 12 patients during 
CVVHH [5]. It is conceivable that a specific subset of patients responds to extracorporeal 
circulationn with increased thrombin generation, whereas another subset does not. 
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Inn order to elucidate the role of the tissue factor pathway in the mechanism of thrombin 
generationn during CWH, we studied the time courses of sTF, factor Vila and TFPI. No 
changess over time were found in the levels of these three markers. These findings are 
inn contrast with those of Cardigan et a/, who found a transient decrease in factor Vila 
andd a transient increase in TFPI during CWH. However, UFH was used in this study if 
required.. As TFPI levels increase after administration of heparin [11] and high levels of 
TFPII may bind factor Vila [12], the changes in TFPI and factor Vila found by Cardigan et 
al.al. may have reflected the effects of heparin, rather than the activation of the tissue 
factorr pathway. Moreover, no significant relationship was found between the increase 
inn tissue factor, the increase in factor Vila and the generation of TAT complexes. Based 
onn these findings, Cardigan et ai concluded that thrombin generation during CWH is 
nott solely mediated by the tissue factor pathway, but that it is probably multifactorial. 
Recently,, a tissue factor independent initiation of thrombin generation by activated 
plateletss has been described [13]. A similar mechanism of thrombin generation during 
CWHH cannot be excluded. 

Too evaluate the role of the contact system in the mechanism of thrombin generation during 
CWH,, we studied the time courses of the levels of kallikrein-CI-inhibitor and factor Xlla-
C1-inhibitorr complexes over time. At baseline, both parameters were significantly lower 
inn the group of patients with enhanced thrombin generation during CWH. Interestingly, 
levelss of factor XIla-C1-inhibitor complexes stayed significantly lower in this patient 
groupp throughout the observation period. One might conclude that contact activation 
iss relatively impaired in this subset of patients. Several authors have described the role 
off factor Xlla and kallikrein in the activation of fibrinolysis [14,15]. Factor XII is able to 
activatee fibrinolysis by three different pathways: 1) it activates prekallikrein, which in 
turnn activates urokinase-type plasminogen activator (u-PA), 2) following the activation 
off prekallikrein, the kallikrein generated can liberate t-PA and 3) factor XII is able to 
activatee plasminogen directly. As a consequence, fibrinolysis is at least partially contact 
activationn dependent. An association between depressed contact activation dependent 
fibrinolysiss and cardiovascular diseases has been described [16]. In the present study, 
thrombinn generation was already enhanced prior to the start of CWH. It is conceivable 
thatt in the subset of patients with relative impairment of contact activation, relative 
impairmentt of fibrinolysis leads to enhanced thrombin generation during CWH. The 
factt that t-PA levels tended to decrease in patients with enhanced thrombin generation 
duringg CWH is in agreement with this hypothesis. However, larger studies are needed 
too confirm this finding. 

Inn circuits with a survival time shorter than the median of 7.4 h, the increase in F1+2 
wass inversely related to circuit survival time. This confirms the finding of Cardigan 
ett a/., who demonstrated that the increase in TAT levels was inversely related to circuit 
survivall time [5], One could postulate that the rapid increase in thrombin generation 
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occurringg during the first 6 h, increases the risk of circuit flow obstruction, whereas this 

riskk diminishes once thrombin generation has stabilized. 

Conclusio n n 

Inn the present study, CVVH without anticoagulation elicited an increase in thrombin 

generationn in a subset of critically il l patients with relative impairment of contact 

activation.. No evidence of tissue factor pathway activation was found during CVVH. 

Circuitt survival time was inversely related to the increase in thrombin generation in 

circuitss with a survival time shorter than the median of 7.4 h. 
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Abstrac t t 

Backgroun d d 
Duringg continuous venovenous hemofiltration (CVVH), predilution can prolong circuit 

survivall time, but the underlying mechanism has not been elucidated. Aim of the present 

studyy was to compare predilution to postdilution with respect to circuit thrombogenesis 

andd efficacy. 

Method ss and Result s 
Eightt critically ill patients were treated with both pre- and postdilution CVVH in a cross-

overr fashion. Extracorporeal circuit pressures were measured hourly and samples of 

bloodd and ultrafiltrate were collected at five different timepoints. No signs of platelet 

activationn or increased thrombin generation were found during either mode. Urea 

clearancee was higher during postdilution, at the expense of higher circuit pressures. 

Duringg postdilution, baseline platelet count and maximal prefilter pressure had a linear 

relationship,, while both parameters correlated inversely with circuit survival time. 

Conclusio n n 
Pre-- and postdilution CVVH did not differ in circuit thrombogenesis. During postdilution, 
ureaa clearance was higher and baseline platelet count was inversely correlated with 
circuitt survival time. 
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Introductio n n 

Duringg the last decades, continuous venovenous hemofiltration (CWH) has become the 
treatmentt of choice in critically ill patients needing renal replacement therapy. However, 
thrombosiss in the extracorporeal circuit has always been a limiting factor [1]. Several 
systemicallyy administered anticoagulants have been used to limit coagulation activation 
inn the extracorporeal circuit, such as unfractionated and low molecular weight heparins, 
danaparoid,, hirudin and nafamostat. However, the use of these anticoagulants is limited 
byy the risk of bleeding. Another technique to limit thrombosis in the extracorporeal 
circuitt is regional anticoagulation of the hemofilter, using either citrate before and 
calciumm after the filter or heparin before and protamine after the filter. Citrate 
anticoagulationn has recently gained popularity, although it carries the risk of metabolic 
disorderss [2]. Regional anticoagulation using heparin and protamine carries the risk of 
protaminee toxicity [3]. Historically, prediction has been suggested as another method 
too limit coagulation in the extracorporeal circuit, because it lowers hematocrit level, 
platelett count and concentration of coagulation factors in the hemofilter [4]. However, 
trialss comparing prediction to postdilution are limited [5,6]. Moreover, the mechanisms 
byy which predilution can prolong circuit survival time, have not been determined. Aim 
off the present randomized cross-over study was to compare predilution and postdilution 
withh respect to extracorporeal circuit thrombogenesis and clearance. 

Materia ll  and method s 

Patient s s 

Thee study was approved by the institutional review board and written informed consent 
wass obtained from all participants or their authorized representatives. Critically il l adult 
patientss with an indication for renal replacement therapy were eligible for the study. 
Exclusionn criteria were recent bleeding, treatment with aspirin within one week before 
enrollment,, treatment with therapeutic doses of unfractionated or low molecular weight 
heparinn within 12 h before enrollment and results of routine coagulation tests such as 
protrombinn time (PT) and activated partial thromboplastin time (APTT) exceeding twice 
thee upper limit of normal. 

Procedur e e 

Eligiblee patients were randomly assigned to either predilution or postdilution for their 

firstt CWH run. Twelve hours after a first run in predilution mode, the second was 

performedd in postdilution mode and vice versa. To obtain vascular access, a double 

lumenn catheter (Duo-Flow 400XL, 14F x 6" (15 cm), Medcomp, Harleysville PA, USA) 
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wass inserted into a large vein (femoral, subclavian, or internal jugular vein). CVVH was 

performedd using a Diapact hemofiltration machine (Braun AG, Melsungen, Germany) and 

aa cellulose triacetate hemofilter (CT.190G, Baxter Healthcare Corp., Deerfield IL, USA). 

AA bicarbonate buffered substitution fluid with a flow of 60 ml/min was used in both 

pre-- and postdilution. The blood flow was set at 200 ml/min during postdilution and at 

1400 ml/min during prediction, to keep the total flow through the hemofilter constant at 

2000 ml/min in both modes. Ultrafiltration rate was preset at 60 ml/min and a negative 

fluidd balance was allowed. Extracorporeal circuit pressures were measured every hour 

andd limits were preset as follows: arterial pressure (PA): -200 mmHg, prefilter pressure 

(PBE):: 400 mmHg, transmembrane pressure (TMP): 450 mmHg. Circuit survival time was 

definedd as the time during which the preset ultrafiltration rate was achieved, which 

impliess that it was reached when automatical ultrafiltration rate reduction occurred, 

duee to an elevated TMP. 

Anticoagulatio n n 
Thee circuit was primed with 2 I NaCl 0.9%, to which 22800 IU of nadroparin (Sanofi-

Synthelabo,, Paris, France) were added. Before starting CVVH, a loading dose of 2850 IU 

nadroparinn was administered intravenously, followed by a continuous prefilter infusion 

off 456 lU/h. 

Bloo dd and ultrafiltrat e collectio n 
Bloodd was collected from the hemofiltration catheter before CVVH and from the 
extracorporeall lines immediately before and after the hemofilter at 0.5, 6, 12 and 
188 h during CVVH. Ultrafiltrate was obtained at the same time points. Blood for the 
determinationn of hemoglobin, hematocrit, leukocyte and platelet counts was collected 
inn K3-EDTA tubes and for the determination of urea in lithium heparin tubes. Blood for 
floww cytometry and coagulation assays was collected in 0.32% trisodium citrate and 
processedd within 15 min. Plasma was prepared by centrifugation at 2500 $ twice for 20 
minn at 16DC, followed by storage at C until assays were performed. 

Laborator yy assay s 
PTT and APTT were performed on an automated coagulation analyzer (Behring 
Coagulationn System (BCS), Dade Behring, Marburg, Germany). Antithrombin activity 
wass determined with Berichrom Antithrombin (Dade Behring) on a BCS. Thrombin-
antithrombinn complexes (TAT) and prothrombin fragment F1+2 (F1+2) were measured 
byy ELISA (Dade Behring). Factor VII antigen levels were determined with an ELISA from 
Diagnosticaa Stago (Asnières-sur-Seine, France). For the flow cytometric measurements, 
wee used a method adapted from Maquelin et al. [7]. Aliquots of 5 pi citrated blood were 
dilutedd in 35 pi N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES) buffer to 
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whichh 5 ul fluorescein isothiocyanate (FITC)-labeled anti-glycoprotein (GP) lb and 5 pi 
off a second phycoerythrin (PE)-labeled monoclonal antibody were added: anti-CD62P 
(P-selectin)) (Beekman Coulter, Miami FL, USA), anti-CD63 (GP53) (Beekman Coulter) and 
anti-fibrinogenn (Biopool, Umea, Sweden). After mixing and incubation for 30 min at room 
temperaturee in the dark, further staining was stopped by adding 2.5 ml HEPES buffer 
containingg 0.3% paraformaldehyde. Flow cytometric measurements were performed in 
aa FACScan flow cytometer with CellQuest software (Becton Dickinson, San Jose CA, 
USA).. Forward (FSC) and sideward (SSC) light scatter were set at logarithmic gain. 
Plateletss were identified on FSC, SSC and binding of FITC-labeled anti-GPIb. The surface 
expressionn of activation markers was determined in a population of 5000 platelets. The 
thresholdd for platelet activation was arbitrarily set at 2% with a PE-labeled lgG1 control-
antibody.. All coagulation and flow cytometric results are reported without correction 
forr the dilution used in the extracorporeal circuit. 

Clearanc ee calculation s 

Ureaa clearance was calculated at 0.5, 6, 12 and 18 h by using the following formula: 
UCC = ureaUF x UF/ureap, where UC is urea clearance (ml/min), ureaUF the urea level 
measuredd in the ultrafiltrate (mmol/l), UF the ultrafiltrate flow (ml/min) and ureap the 
plasmaa urea level (mmol/l). The plasma urea level measured before the filter was used 
uncorrectedlyy for postdilution and multiplied by 200/140 for prediction, to correct 
forr the dilution rate used. The decrease in plasma urea levels was compared for both 
modes.. Again, the plasma level measured before the filter was used uncorrectedly for 
postdilutionn and multiplied by 200/140 for prediction. 

Statistica ll  analysi s 

Dataa were analyzed on an intention to treat basis, using the Statistical Package for the 
Sociall Sciences (SPSS) for Windows, version 11.0 (SPSS, Chicago IL, USA). Differences 
betweenn pre- and postdilution were tested by analysis of repeated measures, using mixed 
linearr models. Changes from baseline to a certain time point within the same group 
weree analyzed by a paired student's t-test. Regression analysis was used to determine 
thee influence of different parameters on circuit survival time. Values are given as mean 

 SD or median and range if appropriate. Significance was defined as p<0.05. 
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Result s s 

Patien tt  characteristic s 
AA total of 8 patients were enrolled in the study. Baseline patient characteristics are 
shownn in Table 1 and baseline coagulation parameters in Table 2. Except for baseline 
platelett count, all baseline coagulation parameters were similar in both modes. 

Tablee 1. Baseline characteristics of the patients 

633 3 

spill l 
Meann body weight ..(kg) 80 9 

Mechanicall ventilation, n 6 

Numberr of dysfunctional organ systems 4  1 

Cardiacc surgery 1 

iiiiïMïïtij S S ïMiltfiïlHiK! . . 

Dataa represent mean + SD. APACHE, Acute Physiology and Chronic Health Evaluation. 

Circui tt  surviva l t im e 
Inn the 8 enrolled patients, 15 hemofiltration runs were performed, 8 in prediction 

andd 7 in postdilution mode. In one patient, renal function recovered after the first 

hemofiltrationn run, obviating the need for a second run. Median circuit survival time 

duringg predilution was 28 h (range 10-44 h) and during postdilution 15 h (range 1-65 h) 

(p=0.74)) (Figure 1). Four patients had their first run in predilution mode and four in 

postdilutionn mode. Median circuit survival time for the first run was 20 h (range 1-65 h) 

andd for the second run 14 h (range 1-44 h) (p=0.61). Although not statistically significant, 

aa greater number of hemofilters expired within one hour during postdilution (2 out of 7) 

comparedd with predilution (0 out of 8). 
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Tablee 2. Baseline coagulation parameters during pre- and postdilution 

Characteristic c 

Baselinee hematocrit (l/l) 

PT(s) ) 

APTTT (s) 

AT(%) ) 

TATT (ug/t) 

F1+22 (nmol/l) 

FVIII Ag (%) 

Baselinee platelet count (x 109/l) 

P-selectinn expressing platelets {%) 

GP533 expressing platelets (%) 

Fibrinogenn expressing platelets (%) 

Prediction n 

0.300  0.04 

14.99 + 2.0 

244 5 

588 3 

24.77  25.2 

1.866 3 

555 5 

1688  100 

5.11 + 4.7 

4.99  1.7 

3.22 5 

0.288 + 0.04 

13.88 + 1.9 

222 + 6 

677 9 

30.44  17.8 

2.088  1.5 

266  30 

1099  67 

3.55 1 

6.11 8 

2.55  0.6 

0.69 9 

0.22 2 

0.37 7 

0.16 6 

0.60 0 

0.78 8 

0.12 2 

0.04 4 

0.37 7 

0.30 0 

0.34 4 

PT,, prothrombin time; APTT, activated partial thromboplastin time; AT, antithrombin; TAT, 
thrombin-antithrombinn complex; F1+2, prothrombin fragment F1+2; FVII Ag, factor VII antigen, 
GP53,, glycoprotein 53. Data represent mean  SD. 
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Figuree 1. Survival curve of CVVH circuits during pre- and postdilution. Survival of extracorporeal 

circuitss during CVVH with predilution (dashed line) and postdilution (continuous line). CVVH, 

continuouss venovenous hemofiltration. 
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H e m a t o c r i t t 

Pred ic t ionn decreased the hematocrit from 0.30  0.04 to 0.18  0.02 (p<0.0001). Due to 

u l t raf i l t ra t ion,, the hematocrit increased across the hemofilter to pre-procedure levels 

(0.299  0.04 vs 0.30  0.04, p=0.66). During postdilution, the hematocrit increased across 

thee hemofi l ter to approximately 1.4 times baseline (0.38  0.08 vs 0.28  0.05, p<0.005). 

Hematocr i tt levels measured before the fi l ter during the procedure were similar to those 

measuredd before the procedure (0.30  0.04 vs 0.28  0.04 p=0.65). 

predict ion n 

25-1 1 

75 5 

50 0 

Q. . 
< < 

255 i ) 

12 2 

timee (h) 

p=0.005 5 

18 8 

postdilution n 

beforee filter 
afterr filter 

Figuree 2. Time course of PT and APTT during CVVH. Plasma levels of PT (upper panels) and APTT 
(lowerr panels) during predilution (left panels) and postdilution (right panels) measured before (o) 
andd after the hemofilter (A) after the administration of a bolus nadroparin at t=0, followed by a 
continuouss infusion of nadroparin throughout t=18 h. Data represent mean  SD. PT, prothrombin 
time;; APTT, activated partial thromboplastin time; CVVH, continuous venovenous hemofiltration. 
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Clott in gg t ime s 

Thee t ime courses of PT and APTT values are depicted in Figure 2. During both pre- and 

postdilution,, PT values increased significantly after administration of the nadroparin 

bolus,, remaining significantly higher before the fi l ter than after the fi l ter (Figure 2). 

Similarly,, APTT values increased significantly after administration of the nadroparin 

boluss in both pre- and postdilution. During pred ic t ion , the APTT value remained 

sighificantlyy higher before the filter than after the filter throughout the study period, 

whereass during postdilution, the APTT values both before and after the filter gradually 

returnedd to normal in the course of the study period (Figure 2). 

predilution n postdilution n 

o—— before filter 
*—— after filter 

timee (h) timee (h) 

Figuree 3. Effect of pre- and postdilution CVVH on TAT levels. Plasma TAT levels during CVVH 
withh predilution (left panel) and postdilution (right panel) measured before (o) and after the 
hemofilterr (A). Data represent mean  SD. TAT, thrombin-antithrombin complex; CVVH, continuous 
venovenouss hemofiltration. 

Thrombi nn generat io n 

Inn both modes, there was no significant change in TAT levels, neither across the 

hemofilter,, nor over t ime, indicating that no activation of coagulation was observed 

(Figuree 3). There was no significant change in levels of F1+2 either (data not shown). 
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Pla te le tt  count s 

Becausee baseline values were higher in pred ic t ion mode, platelet counts were expressed 

ass a percentage from baseline. During predilution, the platelet count measured before 

thee f i l ter decreased to 39  10% baseline over 18 h (p<0.001), whereas measured after the 

fi l ter,, i t decreased to 59  15% baseline over 18 h (p<0.005). At all t imepoints, platelet 

countss were significantly lower before the fi l ter than after the fi lter (p<0.001). During 

postdi lut ion,, the platelet count measured before the fi l ter did not change significantly 

overr 18 h, whereas measured after the filter, the platelet count increased to 143  42% 

baselinee at t=0.5 h (p=0.04), without a significant change thereafter (Figure 4). 

predilution n postdilution n 

300 0 300 0 

200 0 

100 0 

o—— before filter 
*—— after filter 

—r~ ~ 
12 2 

— i — — 

18 8 

timee (h) 

Figuree 4. Effect of pre- and postdilution CVVH on platelet count. Platelet counts expressed 
ass a percentage from baseline during CVVH with predilution (left panel) and postdilution 
(rightt panel) measured before (o) and after the hemofilter (A). Data represent mean 

 SD. CVVH, continuous venovenous hemofiltration. 

Pla te le tt  act ivat io n 

Inn both modes, there was no change in the percentage of platelets expressing GP53, 

neitherr across the hemofilter, nor over t ime (Figure 5). There was also no change in 

percentagee platelets expressing either P-selectin or fibrinogen (data not shown). Thus, 

noo signs of platelet activation were observed. 
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Extracorporea ll  circui t pressure s 

Inn Table 3, minimal and maximal pressures measured in the extracorporeal circuit are 

summarizedd for both modes. During postdilution, minimal levels of arter ial , prefi lter and 

transmembranee pressures were significantly higher than during predilution. Moreover, 

bothh minimal and maximal pressure drop over the hemofilter were significantly higher 

duringg postdilution. Interestingly, maximal transmembrane pressures were higher during 

predilut ion.. All predilution runs were stopped because of ultraf i l trate reduction due 

too high transmembrane pressures. During postdilution, 3 out of 7 runs were stopped 

becausee of high arterial or prefilter pressures, and only 4 out of 7 runs because of 

ultraf i l tratee reduction due to high transmembrane pressures. 

predilution n postdilution n 

Si Si 
<u u 

Q. . 
on n 
c c 

a. . 
x x 
<u u 

i n n 

SS S 

beforee filter 
*—— after filter 

timee (h) 

Figuree 5. Effect of pre- and postdilution CVVH on the percentage of GP53 expressing 
platelets.. Percentage GP53 expressing platelets during CVVH with predilution (left panel) and 
postdilutionn (right panel) measured before (o) and after the hemofilter (A). Data represent mean 

 5D. CVVH, continuous venovenous hemofiltration; GP53, glycoprotein 53. 
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Tablee 3: 

PAA min 

PAA max 

Extracorporeall circuit 

(mmHg) ) 

(mmHg) ) 

PBEE min (mmHg) 

PBEE max (mmHg) 

PVV min 

PVV max 

APP min 

APP max 

TMPmi i 

(mmHg) ) 

(mmHg) ) 

(mmHg) ) 

(mmHg) ) 

nn (mmHg) 

TMPP max (mmHg) 

pressuress during pre-

Predilution n 

-277  16 

-855  61 

1344 2 

2577 + 38 

733 + 14 

1688 5 

599 1 

577 0 

355 7 

3600  50 

andd postdilution 

Postdilution n 

-733  30 

-1599  102 

2199 + 87 

2833  89 

1199  82 

1522 4 

844 1 

888  14 

744 1 

2288  105 

pp value 

0.008 8 

0.04 4 

0.02 2 

0.47 7 

0.16 6 

0.72 2 

0.004 4 

0.02 2 

0.001 1 

0.004 4 

PA,, arterial pressure; min, minimal; max, maximal; PBE, prefilter pressure; PV, venous pressure; 
AP,, pressure drop over the hemofilter; TMP, transmembrane pressure. Data represent mean
SD. . 
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Figuree 6. Correlation between baseline platelet count and circuit survival time during CVVH 
inn predilution (o) and postdilution (A) mode. Data represent mean  SD. CVVH, continuous 
venovenouss hemofiltration. 

Factor ss influencin g circui t surviva l tim e 

Baselinee platelet count was inversely correlated with circuit survival time. This effect 

wass significant for postdilution (p=0.02), but not for predilution (p=0.78) (Figure 6). 

Otherr baseline coagulation parameters did not correlate with circuit survival time. 

Duringg postdilution, maximal prefilter pressure was also inversely correlated with circuit 
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survivall t ime (r2=0.73, p=0.01). The relationship between baseline platelet count and 

maximall prefi lter pressure during postdilution was linear (r2=0.93, p=0.001) (Figure 7). 
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baselin ee platele t coun t (x10Vl ) 

Figur ee 7. Correlation between baseline platelet count and PBE max during postdilutional CVVH. 

PBEE max, maximal prefilter pressure. CVVH, continuous venovenous hemofiltration. 
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Figur ee 8: Plasma urea levels during pre- (o) and postdilution (A). Data represent mean  SD. 
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Ureaa clearance 

Inn both modes, the calculated urea clearance did not change over time. During prediction, 
ureaa clearance at t=0.5 h was 46  10 ml/min compared with 51  3 ml/min at t=18 h 
(p=0.46).. During postdilution, the calculated urea clearance was 61  2 ml/min at both 
t=0.55 h and t=18 h (p=0.75). Mean urea clearance was 61  2 ml/min during postdilution 
andd 47  2 ml/min during prediction, which comes down to an overall 30% higher urea 
clearancee during postdilution (p<0.0001). In agreement with this finding, the decrease 
inn mean urea level was greater during postdilution: 34% from 0-6 h, 25% from 6-12 h and 
20%% from 12-18 h, compared with 28% from 0-6 h, 10% from 6-12 h and 2% from 12-18 h 
duringg prediction (p=0.03) (Figure 8). 

Discussio n n 

Inn the present cross-over study, pre- and postdilution did not differ with respect 
too extracorporeal circuit thrombogenesis. During postdilution however, minimal 
extracorporeall pressure levels were higher, and circuit survival time was inversely 
correlatedd with both baseline platelet count and maximal prefiIter pressure. Interestingly, 
aa linear relationship between the latter two parameters was found. Finally, urea 
clearancee was 30% higher during postdilution. 

Inn two previous studies, prediction was associated with an increased circuit life. 
Uchinoo et a/, found a median circuit life of 18 h during prediction, compared with 13 h 
duringg postdilution. In this study, prediction was a significant independent predictor of 
increasedd filter life, together with platelet count and heparin dose [5]. Van der Voort 
etet al. found a median circuit survival time of 45.7 h during prediction, compared with 
16.11 h during postdilution, using a method very similar to ours [6]. In the present cross-
overr study, the superiority of prediction with respect to circuit survival time could 
nott be confirmed. However, the sample size of our study was small, carrying the risk 
off a type II error. Indeed, during postdilution, a relative high number of hemofilters (2 
outt of 7) expired within one hour, compared with none during prediction. Moreover, 
baselinee platelet count was significantly lower in the postdilution group, which might 
havee attenuated the difference in circuit survival time between pre- and postdilution. 
Wee did not find evidence for thrombin generation in the extracorporeal circuit during 
eitherr pre- or postdilution, as concentrations of both TAT and F1+2 did not change 
significantly,, neither across the hemofilter nor over time. This finding is in contrast with 
thee results of Cardigan et a/., who found an increase in TAT levels over time in 8 out of 
122 patients during hemofiltration, with an inverse correlation between the increase in 
TATT levels and circuit survival time [8]. 
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Noo change in indicators of platelet activation was found, neither across the hemofilter, 
norr throughout the procedure. These findings confirm those of Kozek-Langenecker et a/., 
whoo demonstrated that the extent of platelet activation as measured by the monoclonal 
antibodiess PAC-1 and anti-CD62 remained constant during 24 h of hemofiltration [9]. The 
hypothesiss that platelet activation plays a role in the initiation of thrombosis during 
hemofiltration,, is supported by the fact that circuit survival time can be prolonged by 
addingg prostaglandin 12 or E1 to the anticoagulation with unfractionated heparin [10], In 
thee present study however, no evidence for an influence of platelet activation on circuit 
survivall time was found. 

Inn the present study, minimal extracorporeal circuit pressures were higher during 
postdilution.. During hemofiltration, the blood flow through the hollow fibers of the 
hemofilterr is governed by the Hagen-Poiseuille equation: Qb=AP/(8uL/7cr4), where Qb 
iss blood flow, AP is pressure drop over the hemofilter, u is blood viscosity, L is hollow 
fiberr length and r is hollow fiber radius [11]. As blood flow resistance (R) equals AP/Qb, 
itt is proportionate to blood viscosity, which is increased during postdilution, due to 
thee increase in hematocrit [12]. To overcome the increased blood flow resistance in 
thee hemofilter while maintaining a constant blood flow, the prefilter pressure during 
postdilutionn increases. The pressure limit is more easily reached, causing the bloodpump 
too stop. Baldwin et aL demonstrated that interruptions of the blood flow are likely to 
promotee clotting of the CWH circuit. They nicely showed that the frequency of medium 
intensityy (34-66%) flow reductions per hour was negatively correlated with filter life. 
Moreover,, this correlation was much stronger than that seen with the anticoagulation 
variabless normally monitored during CWH [13]. High pressure circumstances entailing 
bloodd flow interruptions might have been the reason for shorter circuit survival times 
duringg postdilution in previous studies. 

Interestingly,, maximal transmembrane pressures were higher during prediction. 
Indeed,, all prediction runs were terminated because of ultrafiltrate reduction due 
too high transmembrane pressures, whereas during postdilution, only half of the runs 
weree terminated for this reason. During prediction, the lower pressure profile might 
alloww the system to run long enough to be limited by protein accumulation in the filter 
micropores,, leading to elevation of the transmembrane pressure. 
Duringg postdilution, we found an inverse correlation between circuit survival time 
andd both baseline platelet count and maximal prefilter pressure. Moreover, a linear 
relationshipp between the latter two parameters was demonstrated. The observed 
inversee correlation between circuit survival time and baseline platelet count during 
postdilutionn confirms our finding in a previous study [14]. To our knowledge however, 
thiss is the first time a linear relationship is demonstrated between baseline platelet 
countt and maximal prefilter pressure during postdilution. There are a few possible 
explanationss for this phenomenon. First, platelet count has been shown to be an 
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independentt denominator of blood viscosity [15]. Second, platelet cohesion is promoted 

byy increased shear stress [16-18], which equals shear rate multiplied by viscosity. Shear 

ratee is a measure of how rapid fluid layers are flowing past each other and equals dV/dr, 

wheree V is the fluid velocity and r is the hollow fiber radius. The shear rate is zero at 

thee vessel center and maximal at the vessel wall. When blood flows through the hollow 

fiberss of the hemofilter, platelets are pushed towards the wall, which increases both 

thee local platelet concentration and the shear stress exerted on these platelets [16,18], 

Itt is conceivable that a higher baseline platelet count facilitates the platelet cohesion 

inducedd by increased shear stress. Moreover, the increase in platelet count during 

postdilutionn might further potentiate platelet cohesion, leading to increased blood flow 

resistancee and hence increased prefilter pressure. 

Inn this study, overall urea clearance was 30% higher during postdilution. This finding 

confirmss the results of Van der Voort et al. [6], who found a 36% higher creatinine 

clearancee during postdilution {45 vs 33 ml/min). Our results also confirm the clearance 

calculationn by David et a/., who showed that the clearance of small solutes during 

predilutionn can be calculated by the formula: K=[Qb/(Qb+Qinf)]*Qf, where K=clearance 

(ml/min),, Qb=blood flow rate (ml/min), Qinf=infusion rate (ml/min) and Qf=filtration 

ratee (ml/min) [19]. In our setting, the calculated clearance would be K=[140/200]*60=42 

ml/min.. Indeed, this value corresponds to the initial clearance we measured during 

predilutionn (46  10 ml/min). 

Conclusio n n 

Pre-- and postdilution did not differ with respect to extracorporeal circuit thrombogenesis. 

Duringg postdilution, a 30% higher overall clearance was achieved at the expense of 

higherr extracorporeal pressures. Circuit survival time during postdilution was inversely 

correlatedd with both baseline platelet count and maximal prefilter pressure and a linear 

relationshipp between the latter two parameters was demonstrated. This suggests that 

baselinee platelet count has an important impact on maximal prefilter pressure and thus 

onn circuit survival time during postdilution. 

90 0 



Pre-Pre- versus postdilution CWH 

Reference s s 

1.. Abramson S, Niles JL. Anticoagulation in continuous renal replacement therapy. Curr 
OpinOpin Nephrol Hypertens 1999;8:701-7 

2.. Gabutti L, Marone C, Colucci G, et al.. Citrate anticoagulation in continuous venovenous 
hemodiafiltration:: a metabolic challenge. Intensive Care Med 2002;28:1419-25 

3.. Horrow JC. Protamine: a review of its toxicity. Anesth Analg 1985;64:348-61 
4.. Kaplan AA. Precaution versus postdilution for continuous arteriovenous hemofiltration. 

TransTrans Am Soc Artif Intern Organs 1985;31:28-32 
5.. Uchino S, Fealy N, Baldwin I, et al. Pre-dilution vs post-dilution during continuous 

venovenouss hemofiltration: impact on filter life and azotemic control. Nephron Clin 
PractPract 2003;94:c94-c8 

6.. van der Voort PH, Gerritsen RT, Kuiper MA, et al. Filter run time in CVVH: pre-versus 
postdilutionn and nadroparin versus regional heparin-protamine anticoagulation. Blood 
PurifPurif 2005;23:175-80 

7.. Maquelin KN, Nieuwland R, Lentjes EG, et al. Aprotinin administration in the pericardial 
cavityy does not prevent platelet activation. J Thorac Cardiovasc Surg 2000;120:552-7 

8.. Cardigan RA, McGloin H, Mackie U, et al. Activation of the tissue factor pathway 
occurss during continuous venovenous hemofiltration. Kidney Int 1999;55:1568-74 

9.. Kozek-Langenecker SA, Spiss CK, Michalek-Sauberer A, et al. Effect of prostacyclin 
onn platelets, polymorphonuclear cells, and heterotypic cell aggregation during 
hemofiltration.. Crit Care Med 2003;31:864-8 

10.. Kozek-Langenecker SA, Spiss CK, GamsjagerT, etal. Anticoagulation with prostaglandins 
andd unfractionated heparin during continuous venovenous hemofiltration: a randomized 
controlledd trial. Wien Klin Wochenschr 2002;114:96-101 

11.. Clark WR, Gao D. Properties of membranes used for hemodialysis therapy. Semin Dial 
2002;15:191-5 5 

12.. Lee AJ, Mowbray PI, Lowe GD, et al. Blood viscosity and elevated carotid intima-media 
thicknesss in men and women. The Edinburgh artery study. Circulation 1998;97:1467-
73 3 

13.. Baldwin I, Bellomo R, Koch B. Blood flow reductions during continuous renal 
replacementt therapy and circuit life. Intensive Care Med 2004;30:2074-9 

14.. de Pont AC, Oudemans-van Straaten HM, Roozendaal KJ, et al. Nadroparin versus 
dalteparinn anticoagulation in high-volume, continous venovenous hemofiltration: A 
double-blind,, randomized, crossover study. Crit Care Med 2000;28:421-5 

15.. Crowley JP, Metzger J, Assaf A, et al. Low density lipoprotein cholesterol and whole 
bloodd viscosity. Ann Clin Lab Sci 1994;24:533-41 

16.. KrollMH, Heliums JD, MclntireLV, etal. Platelets and shear stress. B/ood 1996;88:1525-
41 1 

17.. Goto S, Ikeda Y, Saldivar E, et al. Distinct mechanisms of platelet aggregation as a 
consequencee of different shearing flow conditions. J Clin Invest 1998;101:479-86 

91 1 



ChapterChapter 6 

18.. Sakariassen KS, Hanson SR, Cadroy Y. Methods and models to evaluate shear-dependent 
andd surface reactivity-dependent antithrombotic efficacy. Thromb Res 2001;104:149-
74 4 

19.. David S, Boström M, Cambi V. Prediction hemofiltration. Clinical experience and 
removall of small molecular weight solutes. Int J Artif Organs 1995;18:743-50 

92 2 



Chapte rr  7 

Nadropari nn versu s daltepari n anticoagulatio n in 

high-volume ,, continuou s venovenou s hemofiltration : 

AA double-blind , randomized , crossove r stud y 

Anne-Cornéli ee J.M. de Pont , Heleen M. Oudemans-va n Straaten , 
Klaass J. Rozendaal and Durk F. Zandstr a 

CritCrit  Care Med 2000;28:421-425 



ChapterChapter 7 

Abstrac t t 

Backgroun d d 
Too prevent thrombogenesis in the extracorporeal circuit during hemofiltration, several 

anticoagulantt regimens have been proposed. We chose low molecular weight heparins 

becausee of their good antithrombotic activity and reduced risk of bleeding in comparison 

withh unfractionated heparin. The first aim of this study was to compare circuit survival 

timess using bioequivalent doses of two different low molecular weight heparins: 

dalteparinn and nadroparin. The second aim of this study was to evaluate other factors 

influencingg circuit survival times. 

Method ss and result s 
Thirty-twoo critically il l patients with renal failure were treated with postdilutional 
high-volumee continuous venovenous hemofiltration with a standard blood flow rate of 
2000 ml/min and an ultrafiltrate volume of 100 I in 24 h. A highly permeable, large-surface 
cellulosee triacetate membrane was used. Anticoagulation with anti-Xa bioequivalent 
dosess of nadroparin and dalteparin was administered in the extracorporeal line before 
thee filter. Blood was sampled for determination of coagulation variables before, at 0.5, 
2,, 4, 6, and 12 h and at the end of the hemofiltration run. Anti-Xa peak activity, time 
off anti-Xa peak activity, area under the curve for 0-3 h and circuit survival time were 
nott significantly different using nadroparin or dalteparin. When analyzing the patients 
accordingg to the length of circuit survival time, no relationship among anti-Xa peak 
activity,, area under the curve for 0-3 h, and circuit survival time was found. However, 
theree was a strong trend toward a negative correlation between baseline platelet count 
andd circuit survival time (r2=0.11; p=0.07). Mean blood urea nitrogen decreased from 
81.00  31.9 to 41.1  21.2 mg/dl (p<0.01) and mean creatinine decreased from 3.4  1.8 
too 1.9  1.2 mg/dl (p<0.01). There were no clinically important bleeding complications. 

Conclusion s s 
Nadroparinn and dalteparin are bioequivalent with respect to their anti-Xa activities. 

Usingg either drug, we did not find a difference in circuit survival time during high-

volumee continuous venovenous hemofiltration. No relationship between anti-Xa activity 

andd circuit survival time could be found. However, there was a strong trend toward a 

negativee correlation between baseline platelet count and circuit survival time. This 

suggestss that during high-volume, continuous venovenous hemofiltration, patients with a 

higherr baseline platelet count might need a different anticoagulation regimen to obtain 

longerr circuit survival times. 
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Introductio n n 

Continuouss venovenous hemofiltration is used in intensive care medicine as a method 
off renal replacement and blood purification in patients with multiple organ dysfunction 
syndrome.. The advantages of continuous hemofiltration over hemodialysis include 
aa greater cardiovascular stability [1] and the possibility of extracting cytokines and 
otherr middle molecules from the circulation of patients with sepsis and multiple organ 
dysfunctionn syndrome [2,3]. A powerful beneficial effect of high-volume, continuous 
venovenouss hemofiltration (HV-CVVH) on hemodynamics was first demonstrated by 
Grootendorstt et at. [4,5] in an animal model of septic shock. In a recent article, Bellomo 
etet at. [6] reported an impressive decrease in the inotropic requirement in patients with 
septicc shock treated by HV-CVVH {6 l/h) compared with standard CVVH (1 l/h). Multiple 
organn dysfunction syndrome usually develops as a result of a systemic inflammatory 
responsee syndrome, after a wide variety of insults, such as trauma, cardiovascular surgery, 
orr cardiogenic or hemorrhagic shock [7], In our experience, systemic inflammatory 
responsee syndrome arising from these insults represents the same clinical response 
ass the septic shock response arising from infection. Consequently, each patient with 
systemicc inflammatory response syndrome could potentially benefit from HV-CVVH. 
Too prevent clotting in the extracorporeal circuit, several anticoagulation regimens have 
beenn proposed: unfragmented heparin, low molecular weight heparin, prostacyclin, 
citrate,, serine-esterase inhibitors, saline flushes, and regional anticoagulation. We 
chosee low molecular weight heparins because of their good antithrombotic activity and 
reducedd risk of bleeding in comparison with unfragmented heparin [8,91. The biological 
activityy of low molecular weight heparins is generally quantified by the extent of 
factorr Xa inhibition. However, the correlation between anti-Xa activity and efficacy 
off anticoagulation is questionable [10-12]. Therefore, anti-Xa bioequivalence does not 
implicatee equal clinical efficacy. Until 1995, we used dalteparin to prevent clotting in 
thee extracorporeal circuit. In 1995, we switched to nadroparin because of its lower 
pricee and proven efficacy during hemodialysis [13-14]. However, mean filter survival 
timess seemed shorter using nadroparin. One aim of the present study was to compare 
filterr survival times during HV-CVVH in patients with normal coagulation variables, using 
anti-Xaa bioequivalent doses of dalteparin and nadroparin. A second aim was to evaluate 
otherr factors influencing filter survival time. 
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Material ss  and method s 

Patient s s 
Thee study was approved and the need for informed consent was waived by our 
institutionall review board. Patients with an indication for HV-CVVH were eligible for 
thee study. Indications for HV-CVVH were renal failure, associated with volume overload, 
uremia,, acidosis, or sepsis. Exclusion criteria were the intravenous use of heparin or low-
molecularr weight heparin 12 h before the start of the study and/or manifest bleeding 
orr manifest clotting disorder (defined by a prothrombin time (PT) of >=20 s and/or an 
activatedd partial thromboplastin time (APTT) of >=60 s). 

Stud yy Desig n 
Beforee the first HV-CVVH run, patients were randomized by our hospital pharmacist to 
receivee either dalteparin (Pharmacia & Upjohn, Woerden, The Netherlands) or nadroparin 
(Sanofii Winthrop, Maassluis, The Netherlands). Patients and investigators were blinded 
forr the study medication used. Patients eligible for a second hemofiltration run after 
ann interval of at least 12 h received the other study medication in a crossover fashion. 
Eachh patient was only studied once on each study medication. Patients in the crossover 
studyy served as their own control. Coagulation variables and filter survival times were 
comparedd for the two study medications used. Second, to analyze which factors are 
relatedd to filter survival time, all patients were divided into two groups according to the 
filterr survival time of their first HV-CVVH run. Group 1 had a filter survival time of more 
thann the median of 18 h, and group 2 had a filter survival time of <18 h. Coagulation 
variabless were compared between groups. 

Hemofiltratio nn Procedur e 
Vascularr access was obtained by insertion of a double-lumen polyurethane catheter 
(Circlee C, Neostar, Atlanta, GA) into a large vein (femoral, subclavian, or internal jugular 
vein).. Hemofiltration was performed using a hemoprocessor (40020 G5, Sartorius GmbH, 
Gottingen,, Germany) and a highly permeable cellulose triacetate membrane with a 
filtrationn surface of 1.9 m2 (Nipro hemofilter, UF 205, Nissho, Osaka, Japan) (Figure 1). 
Thee standard blood flow rate was 200 ml/min and substitution fluid was added after 
thee hemofilter (postdilution). On the ultrafiltration side of the hemofilter, a constant 
negativee pressure of 75 mmHg was applied by means of an ultrafiltrate pump, resulting 
inn a filtration fraction gradually declining from 50% to 25%. The aim of each HV-CVVH 
runn was to exchange 100 I in -24 h (4 l/h). This volume was calculated to reach an 
ultrafiltrationn volume similar to the one used by Grootendorst et at. [4,5] in their animal 
modell of HV-CVVH (0.8 l/kg). In humans with a mean body weight of 70 kg, -50 I would 
havee to be ultrafiltrated to reach an equivalent volume. We selected intermittent 24 h 
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sessions,, interrupted by a rest period of >=12 h, to make a more efficient use of the 

availablee hemofiltration machines. To achieve a mean ultrafiltration rate of 50 l/day, this 

resultedd in intermittent hemofiltration sessions of 100 1/2 days. The HV-CVVH run was 

stoppedd when a total of 100 I had been ultrafiltrated or when clotting in the hemofilter 

hadd occurred. 

Figur ee 1. High-volume, continuous venovenous hemofiltration circuit. AC, anticoagulation; 
HF,HF, hemofilter; BT, bubble trap; B, blood pump; U, ultrafiltrate pump; S, substitution 
pump;; WE, warming element; UF, ultrafiltrate; SF, substitution fluid. 

Anticoagulan tt  Administratio n 
Dalteparinn has an average molecular weight of 4000-6000 daltons and a specific 
anticoagulantt activity of 160 anti-Xa lU/mg [8]. Nadroparin has an average molecular 
weightt of 4500 daltons and a specific anticoagulant activity of 200 anti-Xa Institut 
Choay-UU (IC-U)/mg (equivalent to 82 anti-Xa lU/mg) [14]. The extracorporeal circuit 
wass primed for 15 min with a continuous infusion of either 400 IU of dalteparin or 
10000 IC-U of nadroparin (equivalent to 410 IU). Anticoagulants were administered in the 
extracorporeall line before the filter. Patients received a loading dose of either 2000 IU 
off dalteparin or 5000 IC-U nadroparin (equivalent to 2050 IU). After this, anticoagulation 
wass maintained by continuous infusion of either 320 IU of dalteparin/h or 800 IC-U of 
nadroparin/hh (equivalent to 328 lU/h). 
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Laborator yy Assay s 

Bloodd was drawn in citrate for determination of the anti-Xa activity at baseline, 0.5, 
2,, 4, 6, and 12 h after starting and at the end of the HV-CVVH run. Citrated plasma 
wass frozen at C ) for later determination of the anti-Xa activity using a 
chromogenicc substrate (Spectrolyse Heparin, Biopool, Burlington ON, Canada). Platelet 
counts,, PT, and APTT were determined at baseline, after 6 h, and at the end of the HV-
CVVHH run. Hemoglobin, blood urea nitrogen, and creatinine were measured before and 
afterr the HV-CVVH run. 

Statistica ll  Analysi s 

DataData are reported as mean  SD. For the crossover part of the study, data were analyzed 
usingg the Student's t-test for paired variables. An effect of treatment order was sought 
usingg analysis of variance and the Student's t-test. A p<0.05 was considered statistically 
significant.. In addition, a 95% confidence interval of the observed difference was 
calculated. . 

Forr the analysis of factors influencing filter survival time, first-order analysis of variance 
wass used. Means were compared using the Student's t-test for independent variables. In 
addition,, linear regression for continuous variables was performed. 

Result s s 

Patien tt  Characteristic s 

Thirty-twoo critically ill patients with renal failure were enrolled in the study. Their 

characteristicss are shown in Table 1. Fourteen patients received a second HV-CVVH 

run.. Two of these patients were excluded from the crossover study because of 

protocoll violations: one patient received the wrong medication, and in one patient, 

thee hemofiltration procedure was terminated for a computed tomography scan. The 12 

patientss included in the crossover study were ten males and two females, mean age 69.5 

 10.6 yrs, mean body weight 83  12 kg, and mean Acute Physiology and Chronic Health 

Evaluationn II score 25  4. Four of these patients had a first-run filter survival time of >18 

h;; eight patients had a first-run filter survival time of <18 h (not significant). 

Eighteenn patients had a single HV-CVVH run: in 14 patients, renal function recovered, 

andd four patients died before the second HV-CVVH run could take place, attributable 

too causes unrelated to the HV-CVVH treatment (three from multiple organ failure and 

onee from septic shock). In total, 12 of the 32 patients died, but none of the deaths was 

relatedd to the HV-CVVH procedure (six from multiple organ failure, two from intestinal 

ischemia,, two from respiratory failure, one from septic shock, and one from upper 

gastrointestinall bleeding). 
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Tablee 1. Patient characteristics 

APACHE,, Acute Physiology and Chronic Health Evaluation. 

Crossove rr  Stud y 
Anti-Xaa peak activity, time of anti-Xa peak activity, area under the plasma concentration 
vsvs time curve for 0-3 h and filter survival time were not significantly different using 
nadroparinn or dalteparin. Mean PT, mean APTT and baseline platelet count also were 
nott significantly different (Table 2). Treatment order did not influence filter survival 
timee (F=0.16; p=0.70). 

Tablee 2. Crossover study; coagulation variables and filter survival time 

Timee of aratyu*^ (h) 

Meann  PT (s) 

0,5*0 0 

14.99 * 1.3 

0.63*0.433 -0,15-0.40 

15.88  2.4 -0.79-2.44 .30 

Baselinee platelet count (x 109/l) 167*114 163*138 -110-104 .95 

95%% CI, 95% confidence interval for difference; anti-Xamax, maximum level of factor Xa inhibition; 
AUC0_3,, area under the plasma concentration vs time curve for 0-3 h; PT prothrombin time; APTT, 
activatedd partial thromboplastin time. 
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Analysi ss  of Factor s Relate d to Filte r Surviva l Tim e 
Alll 32 patients were analyzed on an intention-to-treat basis. The filter survival time 

duringg the first HV-CVVH run varied from 3 to 32 h, with a median of 18 h. During this 

firstt run, 16 patients had a filter survival time of more than the median of 18 h (group 

1;; mean filter survival time, 24.1  3.0 h), and 16 patients had a filter survival time 

off less than the median of 18 h (group 2; mean filter survival time, 11.2  4.5 h). The 

characteristicss of these two subgroups of patients are shown in Table 3. There was no 

significantt difference in anti-Xa peak activity, area under the curve for 0-3 h, mean 

PT,, or mean APTT between these two groups (Table 3). However, there was a strong 

trendd toward a negative correlation between baseline platelet count and filter survival 

timee (r2=0.11; p=0.07) (Figure 2). In both groups, the mean platelet count decreased 

throughoutt hemofiltration: from 102  57 * 109/l to 92  54 x 109/l in group 1 (not 

significant)) and from 155  119 * 109/l to 131  101 x 109/I in group 2 (p<0.01). 

Tablee 3. Analysis of factors related to the filter survival time of the first high-volume, continuous 
venovenouss hemofiltration run 

95%% CI, 95% confidence interval for difference; APACHE, Acute Physiology and Chronic Health 
Evaluation;; Anti-Xamax, maximum level of factor Xa inhibition; AUC0_3, area under the plasma 
concentrationn vs time curve for 0-3 h; PT, prothrombin time; APTT, activated partial thromboplastin 

time.. ap=0.046 
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Figuree 2. Relationship between baseline platelet count and filter survival time. 

Metaboli cc  contro l 

Inn all patients, mean blood urea nitrogen decreased from 81.0  31.9 to 41.1  21.2 mg/dl 
(29.44  11.1 to 14.7  7.6 mmol/l; p<0.01), averaging a decrease of 2.8  2.4 mg/dl/h 
(1.00  0.9 mmol/l/h). Blood urea nitrogen decrease/h was higher in patients with a filter 
survivall time of <18 h (3.5  3.5 vs 2.2  1.1 mg/dl/h; 1.3  1.2 vs 0.8  0.4 mmol/l/h), 
reflectingg the decrease in filter permeability over time. Mean creatinine decreased in all 
patientss from 3.4  1.8 to 1.9  1.2 mg/dl (304  160 to 172  108 umol/l; p<0.01) averaging 
aa decrease of 0.12  0.14 mg/dl/h (10.2  12.1 umol/l/h). As with the decrease in blood 
ureaa nitrogen, the decrease in creatinine/h was higher in patients with a filterr survival 
timee of <18 h: 0.2  0.2 vs 0.1  0.0 mg/dl/h (15.5  19.3 vs 6.5  2.6 umol/l/h). 

Complication s s 

Noo major bleeding complications and no thromboembolic complications were 
documented.. We observed no significant differences in clinical bleeding between the 
twoo anticoagulation regimens. Two patients experienced an episode of gastrointestinal 
bleedingg using nadroparin, whereas one patient had an increase in chest tube blood 
drainagee using dalteparin. Neither of these bleeding episodes was clinically important. 
Theree were no differences in demand for packed red blood cells between the two 
anticoagulationn regimens (0.7  0.9 vs 0.3  0.7 units), and hemoglobin remained 
unchangedd throughout the study. A low-baseline platelet count was not associated with 
increasedd bleeding episodes. 
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Discussio n n 

Thee best regimen to prevent clotting in the extracorporeal circuit during continuous 
venovenouss hemofiltration remains to be found. Although low molecular weight heparins 
havee been reported to be an effective and safe form of anticoagulation during hemodialysis 
[15,16],, reports on their efficacy during continuous venovenous hemofiltration are scarce 
andd lack reproducibility. Moreover, the dose-effect relationship is unclear, and the value 
off anti-Xa activity as a monitoring variable is questionable [17]. 
Inn the present study, we tried to find an explanation for the high-frequency rate of 
prematuree filter clotting we experienced using nadroparin in postdilutional HV-CVVH. 
Wee demonstrated that this highly premature clotting frequency rate could not be 
attributedd to a difference in pharmacokinetics between nadroparin and dalteparin. 
Inn fact, nadroparin and dalteparin had the same rate and extent of bioavailability as 
describedd by their maximum anti-Xa concentration, time for appearance of anti-Xa 
activity,, and area under the plasma concentration vs time curve. Thus, they proved to 
bee bioequivalent with respect to their anti-Xa activities, according to the guidelines of 
thee Commission of the European Communities [18]. 

Whenn we analyzed the factors influencing filter survival time, we found no relationship 
betweenn anti-Xa activity and filter survival time. This confirms the finding of Journois 
etet al. [17], who clearly demonstrated the absence of a relationship between anti-Xa 
activityy and hemofilter performance as expressed by the membrane permeability index 
inn postdilutional continuous venovenous hemofiltration. 

Wee found a strong trend toward a negative correlation between baseline platelet count 
andd filter survival time. This confirms the reports of two retrospective studies that 
patientss with a higher baseline platelet count require more heparin to reach the same 
filterr survival time [19,20], which could be attributable to the higher concentration of 
platelett factor 4. The fact that platelet activation plays a central role in filter clotting is 
supportedd by the finding that filter survival time can be prolonged by adding prostacyclin 
too the current anticoagulation regime [17, 21]. However, filter clotting cannot entirely 
bee prevented by adding prostacyclin. 

Thee high-frequency rate of premature filter clotting in postdilutional HV-CVVH with 
aa highly permeable filter might be related to the higher blood flow velocity and the 
higherr viscosity near the end of the hemofilter, resulting in a more turbulent flow and 
higherr shear stress on the platelets than in low-volume hemofiltration. In postdilutional 
hemofiltration,, at the ultrafiltration rate we used (100 1/24 h), the hematocrit at the 
endd of the hemofilter may rise by as much as 50%. The mean filter survival time we 
foundd (16.9  7.9 h) was significantly shorter than the one reported by Martin et al. [19] 
(24.77  13.2 h), using low-dose standard heparin and postdilution. This is probably the 
resultt of the lower blood flow rate they used (100-150 ml/min), reducing the effect of 
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turbulencee and shear stress on the platelets. However, our mean filter survival time 
wass similar to the one found by Langenecker et aL [21] (14.3  3 h), using a flow rate of 
>1500 ml/min, standard heparin and prediction. This suggests that blood velocity may 
playy a more important role than blood viscosity. By using HV-CVVH with low-molecular 
weightt anticoagulation, we achieved an excellent metabolic control without experiencing 
clinicallyy important bleeding complications. 

Inn summary, the current prospectively randomized, crossover study shows that nadroparin 
andd dalteparin are bioequivalent with respect to their anti-Xa activities. By using either 
drug,, we did not find a difference in filter survival time during high-volume, continuous 
venovenouss hemofiltration. Moreover, this study adds to the reports that platelets play 
ann important role in the initiation of hemofilter clotting during continuous venovenous 
hemofiltration.. Methods to overcome this problem may include heparin coating of 
membraness and tubing [22] and the use of pharmacologic agents capable of interfering 
inn platelet activation by shear stress [23]. Further studies are needed to determine the 
efficacyy and safety of these methods. 
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Abstrac t t 

Backgroun d d 
Recombinantt human activated protein C (rhAPC) is the first drug for which a reduction of 

mortalityy in severe sepsis has been demonstrated. In expectance of registration, more 

informationn regarding efficacy and safety was gathered in the ENHANCE study. Several 

patientss participating in this study needed renal replacement therapy. Aim of this 

studyy was to evaluate whether continuous venovenous hemofiltration can be performed 

withoutt the addition of another anticoagulant in patients treated with rhAPC. 

Method ss and Result s 
Threee severely septic patients with acute renal failure were treated with rhAPC and 
hemofiltration.. Within 48 h after the onset of organ failure, rhAPC was administered 
intravenouslyy at a constant rate of 24 ug/kg/h for a total of 96 h. Predilutional 
hemofiltrationn with a blood flow rate of 150 ml/min and an ultrafiltrate rate of 
20000 ml/h was performed using a cellulose triacetate membrane. After termination of 
thee treatment with rhAPC, hemofiltration was performed using unfractionated heparin 
(UFH)) as an anticoagulant. The hemofiltration runs during rhAPC were compared with 
thosee during UFH, each patient being his own control. Mean filter survival time during 
rhAPCC was 55  13 h compared with 66  19 h for those during UFH (p=0.62). Filter 
survivall time in both groups was limited by filter pore obstruction. 

Conclusion s s 
Inn these three severely septic patients treated with rhAPC and hemofiltration, circuit 

survivall times during rhAPC and UFH were similar. This preliminary finding suggests that 

whenn rhAPC is administered, no additional anticoagulant therapy may be needed to 

preventt thrombosis in the extracorporeal circuit. 
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Introductio n n 

Duringg severe sepsis, activation of the inflammatory cascade leads to cell damage and 
organn failure. In these circumstances, renal failure necessitating renal replacement 
therapyy often occurs. Continuous intravenous anticoagulation is usually necessary 
too keep the extracorporeal circuit open [1]. For decades, strategies to reverse the 
inflammatoryy cascade were limited. During recent years, the important role of the 
cross-talkk between coagulation and inflammation in the pathogenesis of severe sepsis 
hass been well defined [2]. Recombinant human activated protein C (rhAPC, drotrecogin 
alfaa (activated) Xigris®) is the first drug for which a reduction of mortality in severe 
sepsiss has been demonstrated. In the PROWESS study, comparing rhAPC to placebo 
inn 1690 patients, mortality was 24.7% in the rhAPC group as compared to 30.8% in the 
controll group (p=0.005) [3]. In expectance of approval by the FDA and other regulatory 
agencies,, more information regarding the efficacy and safety of rhAPC needed to be 
gathered.. For this purpose, an open-label study was designed: the ENHANCE study. During 
thee ENHANCE study at this site, several participating patients needed renal replacement 
therapy.. Activated protein C (APC) proteolytically degrades activated factors V and VIM, 
therebyy decreasing the formation of thrombin [4]. Based on this knowledge, one could 
arguee that during the administration of rhAPC, no additional antithrombotic agent is 
neededd to prevent thrombosis in the extracorporeal circuit. The present study was 
conductedd to test this hypothesis. 

Material ss  and Method s 

Patient s s 
Thee ENHANCE study was approved by the institutional review board and written informed 
consentt was obtained from all participants or their authorized representatives. 
Patientss were eligible for the study if they had a known or suspected infection on the 
basiss of clinical data at the time of screening and if they met the following criteria 
withinn a 48 h period: three or more signs of systemic inflammation and sepsis-induced 
dysfunctionn of at least one organ system that lasted no longer than 48 h. Patients 
hadd to begin rhAPC treatment within 48 hours after they met the inclusion criteria. 
Continuouss venovenous hemofiltration (CWH) was performed in patients with renal 
failure,, associated with volume overload or uremia. 

Treatmen tt  wit h rhAP C 
Drotrecoginn alfa (activated) was administered intravenously at a constant rate of 24 ug/kg 

bodyy weight per hour for a total duration of 96 h. The infusion was interrupted for 1 h 
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beforee any percutaneous procedure and was resumed 1 h later. During the infusion of 

rhAPC,, no other anticoagulant was administered. 

Continuou ss venovenou s hemofiltratio n 
Vascularr access was obtained by insertion of a 14 F double lumen catheter (Duo-Flow 400 

XL,, Medcomp, Harleysville PA, USA) into a large vein (femoral, subclavian, or internal 

jugularr vein). Renal replacement therapy was performed by continuous venovenous 

hemofiltrationn using a Diapact hemofiltration machine (Braun AG, Melsungen, Germany). 

Thee standard blood flow rate was 150 ml/min and substitution fluid was added in 

predilutionn mode at a flow rate of 2000 ml/h. We used a cellulose triacetate filter with 

aa surface of 1.9 m2 and a cut off point of 50 kDa (CT190G, Baxter, Deerfield IL, USA) The 

hemofiltrationn run was stopped when clotting in the hemofilter had occurred. 

Anticoagulan tt  administratio n 
Thee extracorporeal circuit was primed with heparinized saline (25000 IU unfractionated 
heparinn (UFH) in 2000 ml NaCl 0.9%). Before being connected to the patient, the circuit 
wass rinsed with plain saline in order to prevent the intravenous administration of 
heparinn to the patient. During the treatment with rhAPC, no other anticoagulant was 
administered.. If additional hemofiltration treatment was needed after termination of the 
infusionn of rhAPC, UFH by continuous intravenous infusion was used as an anticoagulant, 
aimingg at a prolongation of the activated partial thromboplastin time (APTT) of 1.5 
timess normal. 

Evaluatio nn of patient s 
Patientss were followed for 28 days after the start of the rhAPC infusion or until death. 

Baselinee characteristics including demographic information and information on preexisting 

conditions,, organ function, markers of disease severity, infection, and hematologic and 

otherr laboratory tests were assessed within 24 h prior to rhAPC infusion. Hemoglobin, 

leukocytee and platelet counts, prothrombin time (PT) and APTT were measured twice 

daily. . 

Thee hemofiltration runs during rhAPC were compared to those during UFH, using the 

patientt as his own control. Hemofiltration runs terminated because of a procedure (e.g. 

CT-scan)) or because hemofiltration therapy was no longer deemed necessary, were 

excludedd from the study. Parameters studied were filter survival time, extracorporeal 

circuitt pressures, APTT and platelet count. 
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Statistica ll  analysi s 

Valuess are given as mean  SD. Differences in results between rhAPC and heparin were 
analyzedd by a paired Student's t-test. p<0.05 was considered significant. 

Result s s 

Patien tt  characteristic s 
Inn our hospital, 9 patients with severe sepsis were enrolled in the ENHANCE study. 
Threee of these patients needed renal replacement therapy. Their characteristics are 
shownn in Table 1. After completion of rhAPC treatment, all patients needed additional 
hemofiltrationn therapy. 

Tablee 1. Patient characteristics 

APACHE,, Acute Physiology and Chronic Health Evaluation; TSLS, toxic shock like syndrome. 

Filte rr  surviva l 

Meann filter survival time of the hemofilters during rhAPC was 55  13 h compared 

withh 66  19 h for the hemofilters during UFH (p=0.62). The reason for stopping the 

hemofiltrationn runs in both groups was filter pore obstruction, as reflected by a 6-fold 

risee in transmembrane pressure (TMP). TMP rose from 34  12 to 227  108 mmHg in the 

rhAPCC group (p=0.22) and from 36  13 to 196 + 103 mmHg in the UFH group (p=0.13) 

(Tablee 2). Because of the small number of patients, the rise in TMP was not statistically 

significant.. We also evaluated coagulation parameters that might have influenced filter 

survivall time, such as APTT and platelet count. In the rhAPC group, the APTT tended to 

bee higher and the platelet count was lower, but again because of the small number, this 

differencee did not reach statistical significance. 

Complications Complications 

Onee patient experienced serious bleeding after the accidental removal of a central 
venouss line during the infusion of rhAPC. Transfusion of 6 units of packed red blood cells 
wass necessary in the 48 h period following the event. No other bleeding complications 
orr thromboembolic events were observed. 
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Tablee 2. Filter survival times, extracorporeal circuit pressures, APTT and platelets, comparing 
rhAPCC and heparin 

rhAPC,, recombinant human activated protein C; FST, filter survival time; PA, arterial pressure; 
min,, minimal; max, maximal; PBE, pre-filter pressure; PV, venous pressure; TMP, transmembrane 
pressure;; APTT, activated partial thromboplastin time. 

Discussio n n 

Continuouss venovenous hemofiltration (CVVH) is increasingly being used in the 

managementt of acute renal failure in critically ill patients because of its beneficial 

effectss on haemodynamics [5]. However, thrombosis in the filtration circuit is a 

frequentlyy encountered problem. Several studies have addressed the pathophysiology 

off circuit thrombosis, but the exact mechanism has not yet been elucidated. Cardigan 

etet at. demonstrated an increase in tissue factor during hemofiltration, correlated with 

thrombinn generation and inversely correlated with filter life span [6]. These findings 

suggestt that tissue factor plays a role in the initiation of coagulation in the extracorporeal 

circuit.. Activated protein C (APC) inhibits activated factors V and VIII, thereby impeding 

fibrinn formation [4]. Moreover, APC decreases the synthesis and expression of tissue 

factorr in vitro, which could in turn lead to decreased thrombin formation [7]. Based 

onn this knowledge, it was hypothesized that during the administration of rhAPC, no 

additionall anticoagulant would be needed to keep the extracorporeal circuit open. 

Inn the present study, we evaluated the efficacy of rhAPC in the prevention of thrombosis 

off the extracorporeal circuit during CVVH. We demonstrated that filter survival times 

duringg rhAPC did not differ from filter survival times during UFH in the same patient. The 
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pressuress measured in the CWH circuit using rhAPC or UFH were also not different. It is 
importantt to note that, although the difference was not statistically significant, during 
thee CWH runs with rhAPC the platelet count was lower, which might have positively 
affectedd the filter survival time [8]. As the hemofiltration runs during rhAPC always 
precededd those with UFH, the lower platelet count could be attributed to the earlier 
phasee of sepsis. However, at that time also a more severe procoagulant state might be 
expected,, which apparently did not affect the rhAPC-mediated anticoagulant protection 
off the filter. 

Ourr findings add to the evidence that prevention of thrombin generation can prolong 
filterfilter survival time during CWH. UFH inhibits thrombin generation by inhibiting factor 
Xaa and factor Ma, whereas rhAPC inhibits thrombin generation by inhibiting factor Va and 
factorr Villa. As suggested by Cardigan et ai., thrombin generation in the extracorporeal 
circuitt might be initiated by tissue factor. Both rhAPC and heparin are able to decrease 
tissuee factor plasma levels [7,9] and in the present study the antithrombotic action 
off heparin and rhAPC were similar. Whether thrombosis in the CWH circuit can be 
preventedd by stronger inhibitors of the tissue factor/factor Vila complex such as tissue 
factorr pathway inhibitor (TFPI) or rNAPc2, remains to be determined. 
Inn summary, the present study suggests that rhAPC is as effective as heparin in the 
preventionn of thrombosis of the extracorporeal ciruit during CWH. The exact mechanism 
byy which this effect is achieved, remains to be elucidated. 
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Abstrac t t 

Backgroun d d 
Duringg continuous venovenous hemofiltation (CVVH), thrombosis in the extracorporeal 

circuitt is usually prevented by means of systemic anticoagulation. Traditionally, 

unfractionatedd heparin (UFH) was the drug of choice. After the introduction of low 

molecularr weight heparin (LMWH), certain advantages over UFH have been advocated. 

Method ss and Result s 
Thee Medline database was searched over the period from 1977 until October 2005, 
usingg the key words 'hemofiltration', 'haemofiltration', 'heparin', 'low molecular weight 
heparin'' 'LMWH' and their combinations. We selected those studies in which clinically 
relevantt endpoints had been investigated, such as mortality, circuit survival time, 
thrombo-embolicc and bleeding complications and necessity of blood transfusion. We 
analyzedd the literature and formulated recommendations according to the procedure of 
thee NVIC Committee Guideline Development. 

Recommendationss for dosing and monitoring of UFH and LMWH are presented, based on 
thee levels of evidence of the studies reviewed. Pros and cons of both UFH and LMWH 
aree discussed and the literature concerning the use of UFH and LMWH during CVVH is 
reviewed. . 

Conclusion s s 
Inn these guidelines, the literature concerning the use of UFH and LMWH during CVVH is 
reviewed.. Recommendations for dosing and monitoring are presented and pros and cons 
off both UFH and LMWH are discussed. 
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Introductio n n 

Duringg continuous venovenous hemofiltration (CVVH), clotting in the extracorporeal 
circuitt causes several problems. Clotting of the micropores diminishes the ultrafiltration 
ratee and thus the efficacy of the treatment. Clotting of the hollow fibers causes a rise in 
prefilterr pressure, which leads to more alarms and a need for closer supervision by the 
attendingg nurse. When the system clots and the blood cannot be returned, this means 
approximatelyy 300 ml blood loss for the patient. Finally, shorter use of a system entails 
higherr costs. For all these reasons, most intensive care units use continuous systemic 
anticoagulationn to keep the extracorporeal circuit open. The ideal anticoagulant would 
havee optimal antithrombotic activity, minimal bleeding complications, no systemic 
complications,, a short half life, good possibilities for monitoring, possibility to antagonize 
andd a low price. In this respect, unfractionated heparin (UFH) has a rather good profile. 
Althoughh the experience with low molecular weight heparin (LMWH) as anticoagulant 
duringg CVVH is limited, several studies have reported that LMWH and UFH have a 
comparablee efficacy and safety when used during CVVH. 

Searchh method s 

Wee performed an extensive search of the literature by means of the MEDLINE database 
overr the period from 1977 until October 2005. As Mesh Heading key words and text 
wordss we used 'hemofiltration', 'haemofiltration', 'heparin', 'low molecular weight 
heparin',, 'LMWH' and their combinations. The retrieved studies were limited to 'human'. 
Thee references of the selected articles were reviewed for further possibly relevant 
studies.. Articles were included notwithstanding the type of publication or the language. 
Wee exclusively selected studies concerning continuous venovenous hemofiltration or 
continuouss venovenous hemodiafiltration in critically i l l adult patients. We excluded 
studiess concerning hemodialysis and continuous arteriovenous hemofiltration and studies 
concerningg patients with chronic renal failure. For the final analysis, we selected those 
studiess in which clinically relevant endpoints had been investigated, such as mortality, 
circuitt survival time, thrombo-embolic and bleeding complications and necessity of blood 
transfusion.. We analyzed the literature and formulated recommendations according to 
thee procedure of the NVIC Committee Guideline Development [1]. 
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Unfractionate dd hepari n 

UFHH is still the most commonly used agent for prevention of coagulation in the 
extracorporeall circuit during CVVH. The action of UFH is based on inhibition of factors 
Xaa and Ma. UFH has an anti-Xa versus anti-lla ratio of 1:1 [2]. When UFH is administered 
intravenously,, its action starts 2 min after injection. UFH is taken up by the reticulo-
endotheliall system and is metabolized by the liver. Metabolites are normally eliminated 
byy the renal route. The plasma half-life of UFH varies from 30 min to 3 h. However, the 
pharmacokineticss of UFH can be unpredictable in the individual patient. This is mainly 
causedd by the nonspecific binding of UFH to proteins and cells [3]. Since UFH is highly 
negativelyy charged, it can bind to a variety of plasma proteins (including lipoproteins and 
fibrinogen)) as well as to proteins secreted by platelets (e.g. platelet factor 4). As some 
off these proteins are acute phase reactants, their levels can be elevated in critically ill 
patients.. The variability in plasma levels of heparin-binding proteins is responsible for 
thee unpredictable anticoagulant response of UFH. 

Theree is good evidence for a relationship between heparin dose and both efficacy 
andd bleeding [3]. The heparin concentration can be measured by protamine titration 
orr antifactor Xa (aXa) level. The anticoagulant effect of heparin is monitored by the 
activatedd partial thromboplastin time (APTT) when usual therapeutic doses are used 
andd by the activated clotting time (ACT) when higher doses are used in association 
withh therapeutic interventions [4]. However, there is a moderate correlation between 
APTTT levels and heparin concentration. In one study, more than two thirds of patients 
withh subtherapeutic APTT levels had therapeutic heparin levels [3]. In patients with a 
subtherapeuticc APTT response despite high doses of heparin, the heparin concentration 
cann reliably be monitored by aXa assay [3], It is advised to maintain the APTT below 
levelss corresponding with heparin concentrations of 0.4 U/ml (by protamine titration) or 
0.7U/mll (byaXa) [3]. 

Thee anticoagulant action of UFH can be antagonized by protamine sulfate. Each mg of 
protaminee sulfate neutralizes approximately 85 - 110 IU of UFH. 

AA disadvantage of UFH is that 5 to 10% of the treated patients develop heparin-induced 
thrombocytopeniaa (HIT). Ten to twenty percent of the HIT patients develop heparin-
inducedd thrombocytopenia and thrombosis (HITT), which can cause medium to large 
vessell occlusion, leading to gangrene [5]. 

Severall authors have described the use of UFH during CVVH in a controlled study [6-13]. 
Thee results of these studies are summarized in Table 1. Generally, an UFH maintenance 
dosee of 5-10 IU/kg/h is used, either or not preceded by a loading dose of 1000-5000 IU. 
Threee authors aim at a therapeutic prolongation of APTT or ACT [6,7,9]. However, the 
riskk of bleeding during UFH treatment is related to the dose of UFH given [3]. In a 
recentlyy conducted prospective cohort study, filter survival time was not correlated 
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withh the APTT [8]. Aiming at a therapeutic prolongation of the APTT (1.5-2.3 times 
control)) probably increases the risk of bleeding, without prolonging filter survival time. 
Indeed,, in the studies aiming at therapeutic prolongation of APTT or ACT, bleeding 
complicationss were reported [6,7,9]. Ronco et at. found a 4-6% bleeding incidence with 
ann incidence of repeated filter clotting of 2-3%, using UFH in an initial rate of 8 IU/kg/h, 
aimingg at an APTT 1.3-1.4 times the upper limit of normal [14]. 
Ass bleeding is considered a more serious threat to the patient than filter clotting, we do 
nott recommend a therapeutic prolongation of APTT. 

RecommendationRecommendation  Based on the available studies, we recommend priming of the filter 
withwith 5000 IU UFH, followed by a maximum loading dose of 5000 IU and a maintenance 
dosedose of 5-10 IU/kg/h UFH, aiming at an APTT up to 1.4 times the upper limit of normal. 
WhenWhen an APTT prolongation is not not reached, the UFH dose should not be raised above 10 
IU/kg/hIU/kg/h (level of recommendation D) (Table 3). 

AanbevelingAanbeveling  Op basis van de beschikbare studies adviseren wij priming van het filter 
metmet 5000 IE ongefractioneerde heparine, gevolgd door een maximale oplaaddosis van 
50005000 IE en een onderhoudsdosis van 5-10 IE/kg per uur ongefractioneerde heparine, met 
eeneen streef APTT tot 1.4 maal de bovengrens van de normaalwaarde. Als er geen APTT 
verlengingverlenging wordt bereikt, moet de dosering ongefractioneerde heparine niet verder 
wordenworden verhoogd dan 10 IE/kg per uur (aanbevelingsniveau D) (Tabel 3). 
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Loww molecula r weigh t heparin s 

Thee mechanism of action of low molecular weight heparins (LMWHs) is similar to that of 
UFH.. However, because of their reduced chain length, LMWHs exhibit a relatively lower 
antifactorr lla activity than UFH. The different LMWHs also differ in the ratio of anti-
Xaa versus anti-Ma inhibition [2]. The pharmacokinetics of LMWHs are more predictable 
thann those of UFH because of reduced nonspecific binding to plasma proteins [3]. In 
contrastt to UFH, LMWHs exhibit linear pharmacokinetics with proportionality between 
anti-Xaa plasma concentration and dose, stationary distribution volume and clearance 
processess [15]. The distribution volume of LMWHs is close to the blood volume. LMWHs 
aree partially metabolized by desulphatation and depolymerisation. Urinary excretion of 
anti-Xaa activity is between 5 and 10% of the injected dose [15], Clearance by CVVH is 
alsoo insignificant [16]. LMWHs differ in the extent of their non-renal clearance. Because 
off these differences, the clinical profile of a given LMWH cannot be extrapolated to 
anotherr one [2]. The half-life of LMWHs is considerably longer than that of UFH (2-4 h 
versuss 0.5-3 h for UFH). This could be explained by the fact that LMWHs do not bind to 
endotheliall cells [3]. Furthermore, as the anti-Xa effect of LMWHs is stronger than their 
anti-llaa effect, this implies that the anticoagulant effect of LMWHs can only partially be 
neutralizedd by protamine sulfate. The anticoagulant activity of LMWHs can be monitored 
byy determining the anti-Xa activity, but routine monitoring is not necessary. Moreover, 
thee correlation between anti-Xa level and filter survival time was denied in several 
studiess [17,18]. Although the price of LMWHs is fivefold the price of UFH, one saves the 
costss of routine APTT monitoring when using LMWHs, which makes the daily costs of 
thee use of LMWHs and UFH similar. Another advantage of LMWHs over UFH is the lower 
incidencee of HIT [19]. 

Experiencee with LMWHs during CVVH is limited. An overview is presented in table 2. 
Inn the Netherlands, only nadroparin and dalteparin have been registered for the use in 
extracorporeall circuits. For dalteparin, different doses have been used. De Pont et at. 
usedd 400 IU dalteparin for priming, followed by a loading dose of 2000 IU (25 lU/kg) 
andd a maintenance dose of 320 lU/h. This resulted in a median filter survival time of 
15.44  7.4 h without clinically important bleeding episodes [18]. In a pilot study, Reeves 
etet at. used a dalteparin loading dose of 15-25 lU/kg, followed by a maintenance dose of 
55 IU/kg/h. This resulted in a median time to filter failure of 22.5  4.3 h without bleeding 
complications.. In a study comparing UFH to LMWH, Reeves et al. used a dalteparin 
loadingg dose of 20 lU/kg, followed by a maintenance dose of 10 IU/kg/h. This resulted in 
aa mean time to filter failure of 46.8  5 h, with two episodes of significant bleeding in 
255 patients (8%) [9]. Nadroparin was used by van der Voort and De Pont in maintenance 
dosess of 475 lU/h and 328 lU/h respectively, leading to median and mean circuit survival 
timess of 39.5 h and 15  9.9 h respectively [20,18]. 
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Inn summary, an acceptable circuit survival time with optimal safety can be reached with 
aa dalteparin loading dose of 15-25 Ill/kg, followed by a maintenance dose of 5 IU/kg/h. 
Ass nadroparin has been shown to be bioequivalent to dalteparin [18], the same dose can 
bee used. 

RecommendationRecommendation  We recommend either nadroparin or dalteparin priming with 400 IU, 

followedfollowed by a loading dose of 15-25 lU/kg, and a maintenance dose of 5 IU/kg/h (level of 

recommendationrecommendation C) (Table 3). 

AanbevelingAanbeveling Wij bevelen priming aan met 400 IU hetzij nadroparine of dalteparine, 
gevolgdgevolgd door een oplaaddosis van 15-25 IE/kg en een onderhoudsdosis van 5 IE/kg per 
uuruur (aanbevelingsniveau C) (Tabel 3). 

Tablee 3. Recommended dosing schemes for the use of heparins during continuous venovenous 
hemofiltration n 

dalteparin n 
or r 
nadroparin n 

UFH,, unfractionated heparin; APTT, activated partial thromboplastin time; LMWH, low molecular 
weightt heparin. 

Choic ee for UFH or LMWH 
Thee choice for UFH or LMWH has to be made by each institution individually, as it 

dependss on experience, monitoring facilities and budget. To facilitate this decision 

making,, pro and con arguments are listed in Table 4. 
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Tablee 4. Pro and con arguments to make the choice for UFH or LMWH 

| ï i | i i ^ ^ 

UFH,, unfractionated heparin; LMWH, low molecular weight heparin; APTT, activated partial 
thromboplastinn time; HIT, heparin-induced thrombocytopenia. 
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Summary Summary 

Sepsiss and the multiple organ dysfunction syndrome represent important problems 
inn intensive care medicine because of their high incidence and mortality rate. In the 
Netherlands,, sepsis and multiple organ failure carry an annual intensive care unit 
admissionn rate of approximately 8500, with a mortality rate of 38%. In the pathogenesis 
off both sepsis and the multiple organ dysfunction syndrome, coagulation plays an 
importantt role. 

Inn this thesis, the results of a number of studies concerning the effect of anticoagulation 
inn severe sepsis and the multiple organ dysfunction syndrome are reported, using both 
aa human endotoxemia model and clinical settings. 

Inn Chapte r 1, the current knowledge about the role of anticoagulation in the treatment 
off severe sepsis and the multiple organ dysfunction syndrome is reviewed. The first 
partt of the thesis, consisting of the chapters 2 - 4 , focuses on the extrinsic coagulation 
pathwayy and the role of activated protein C during human endotoxemia and sepsis. 
Thee second part of the thesis, consisting of the chapters 5 - 9 , assesses the effects 
off anticoagulation during continuous renal replacement therapy, which represents the 
mainn indication for anticoagulation in patients with the multiple organ dysfunction 
syndrome. . 

Inn Chapte r 2, we describe the effects of recombinant Nematode Anticoagulant Protein 
c22 (rNAPc2), a potent inhibitor of the tissue factor/factor Vila complex, on parameters 
off coagulation and inflammation in a human endotoxemia model. The administration of 
rNAPc22 completely blocked endotoxin-induced thrombin generation, as measured by 
plasmaa prothrombin fragment F1+2, without an effect on fibrinolysis. In addition, the 
administrationn of rNAPc2 attenuated the endotoxin-induced increase in interleukin-10, 
withoutt affecting the increase in other cytokines. 

Inn Chapte r 3, we report the finding that endotoxin is able to elicit a transient resistance 
too activated protein C (APC), which lasts approximately 24 h and is predominantly 
mediatedd by an increase in factor VIII. This finding suggests that APC-resistance might 
playy a role in the procoagulant state occurring during human endotoxemia. 

Inn Chapte r 4, the effects of treatment with recombinant human activated protein C 

(rhAPC)) on parameters of coagulation and inflammation in severely septic patients 

aree described by comparing rhAPC-treated patients to case controls. Sepsis-induced 

thrombinn generation was reset by rhAPC within the first 8 h of treatment, without an 

effectt on parameters of fibrinolysis and inflammation. This finding might have important 

consequencess for the recommended duration of rhAPC treatment in patients with severe 

sepsis. . 
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Thee effects of predilutional continuous venovenous hemofiltration (CVVH) without 

anticoagulantss on parameters of coagulation are reported in Chapte r 5. We found an 

increasee in thrombin generation during CVVH in a subset of patients with significantly 

lowerr baseline parameters of contact activation. As fibrinolysis is at least partially 

contactt activation dependent, it is conceivable that in the subset of patients with a 

relativelyy impaired contact activation, the attenuation of fibrinolysis leads to enhanced 

thrombinn generation during CVVH. In circuits running shorter than the median of 7.4 

h,, the increase in thrombin generation was inversely correlated with circuit survival 

time. . 

Inn Chapte r 6, predilutional and postdilutional CVVH are compared with respect to 

extracorporeall circuit thrombogenesis and clearance. In this study, prediction and 

postdilutionn were similar with respect to extracorporeal circuit thrombogenesis. No 

signss of platelet activation or increased thrombin generation were found during either 

mode.. Urea clearance was 30% higher during postdilution, at the expense of higher 

extracorporeall circuit pressures. We demonstrated that during postdilution, a linear 

relationshipp existed between baseline platelet count and maximal prefilter pressure and 

thatt both parameters inversely correlated with circuit survival time. This suggests that 

baselinee platelet count has an important impact on maximal prefilter pressure and thus 

onn circuit survival time during postdilution. 

Wee compared similar doses of two low molecular weight heparins, nadroparin and 

dalteparin,, during high-volume postdilutional CVVH and reported the results in Chapte r 
7.. This study demonstrated that nadroparin and dalteparin are bioequivalent with 

respectt to their anti-Xa activities. No relationship was found between circuit survival 

timee and anti-Xa peak activity or area under the plasma concentration versus time curve 

forr 0-3 h. However, there was a strong trend towards an inverse correlation between 

baselinee platelet count and circuit survival time. 

Inn Chapte r 8, our experience with CVVH during rhAPC treatment is described by 

comparingg rhAPC to unfractionated heparin as the sole anticoagulant during CVVH, each 

patientt being its own control. Circuit survival times were similar during anticoagulation 

withh either rhAPC or unfractionated heparin. 

Finally,, in the last chapter a guideline for anticoagulation with unfractionated heparin 

andd low molecular weight heparins during CVVH is formulated, based on a review of 

thee literature. Pros and cons of both unfractionated heparin and low molecular weight 

heparinss are discussed. 
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Samenvatting Samenvatting 

Sepsiss en multipel orgaanfalen vormen belangrijke problemen in de intensive care 

geneeskunde,, enerzijds vanwege het frequente voorkomen, anderzijds vanwege de hoge 

mortaliteit.. In Nederland worden jaarlijks circa 8500 mensen met sepsis en orgaanfalen 

opp een intensive care opgenomen, waarbij de mortaliteit 38% bedraagt. Bij het ontstaan 

vann sepsis en multipel orgaanfalen speelt de stolling een belangrijke rol. 

Ditt proefschrift beschrijft het effect van antistolling bij ernstige sepsis en multipel 
orgaanfalen,, gebruikmakend van zowel een humaan endotoxinemodel als van klinische 
studies.. In Hoofdstu k 1 wordt de huidige kennis omtrent de functie van antistolling 
bijj de behandeling van ernstige sepsis en multipel orgaanfalen samengevat. Het 
eerstee deel van dit proefschrift, bestaande uit de hoofdstukken 2 - 4 , beschrijft 
onderzoekk naar het extrinsieke stollingssysteem en de rol van geactiveerd proteïne C 
bijj humane endotoxinemie en sepsis. Het tweede deel van dit proefschrift, bestaande 
uitt de hoofdstukken 5 - 9 , beschrijft het onderzoek naar antistolling bij continue 
nierfunctievervanging,, daar dit de belangrijkste indicatie vormt voor antistolling bij 
patiëntenn met multipel orgaanfalen. 

Inn Hoofdstu k 2 wordt het effect beschreven van recombinant Nematode Anticoagulant 
Proteinn c2 (rNAPc2), een remmer van het weefselfactor/factor Vila complex, op 
stollings-- en ontstekingsparameters in een humaan endotoxinemodel. We laten zien dat 
toedieningg van rNAPc2 de door endotoxine geïnduceerde thrombinegeneratie compleet 
kann blokkeren. Ook wordt duidelijk dat rNAPc2 de door endotoxine geïnduceerde 
toenamee van interleukine-10 remt, terwijl er geen effect is op andere cytokines. 

Inn Hoofdstu k 3 wordt gedemonstreerd dat toediening van endotoxine aan gezonde 
mannelijkee vrijwilligers een voorbijgaande resistentie tegen geactiveerd proteïne C (APC) 
veroorzaakt,, die ongeveer 24 uur aanhoudt en voonamelijk wordt veroorzaakt door een 
stijgingg van factor VIII. Deze bevinding suggereert dat APC-resistentie mogelijk een rol 
speeltt bij de procoagulante toestand die ontstaat tijdens humane endotoxinemie. 

Inn Hoofdstu k 4 wordt het effect van behandeling met recombinant humaan geactiveerd 

proteïnee C (rhAPC) op stollings- en ontstekingsparameters bij ernstig septische patiënten 

beschreven.. We laten zien dat de door sepsis geïnduceerde thrombinegeneratie door 

rhAPCC wordt genormaliseerd binnen de eerste 8 uur van de behandeling, terwijl er geen 

effectt is op parameters van fibrinolyse en ontsteking. Deze bevinding heeft mogelijk 

belangrijkee consequenties voor de aanbevolen duur van de rhAPC behandeling bij 

patiëntenn met ernstige sepsis. 
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Inn Hoofdstu k 5 beschrijven we het effect van continue venoveneuze hemofiltratie (CVVH) 

zonderr antistolling op diverse stollingsparameters. De thrombinegeneratie tijdens CVVH 

namm alleen toe bij een subgroep patiënten met significant lagere uitgangswaarden 

vann contactactivatie. Aangezien de fibrinolyse voor een deel afhankelijk is van 

dee contactactivatie, is het mogelijk dat bij de subgroep patiënten met een relatief 

gestoordee contactactivatie, remming van de fibrinolyse leidt tot een toename van de 

thrombinegeneratiee tijdens CVVH. In circuits met een overlevingsduur korter dan de 

mediaann van 7.4 uur was de toename in thrombinegeneratie omgekeerd evenredig aan 

dee filteroverlevingsduur. 

Inn Hoofdstu k 6 werden predilutie en postdilutie tijdens CVVH met elkaar vergeleken 
mett betrekking tot het ontstaan van stolling in het extracorporele circuit en klaring. De 
resultatenn tonen dat predilutie en postdilutie vergelijkbaar waren ten aanzien van het 
ontstaann van stolling in het extracorporele circuit. Tijdens pre- noch postdilutie werden 
tekenenn van thrombocytenactivatie of toegenomen thrombinegeneratie gevonden. De 
klaringg van ureum was hoger tijdens postdilutie, hetgeen werd bereikt ten koste van 
hogeree drukken in het extracorporele circuit. Verder werd aangetoond dat er tijdens 
postdilutiee een lineaire relatie bestond tussen het thrombocytenaantal voor aanvang van 
dee procedure en de maximale prefilterdruk en dat deze beide parameters omgekeerd 
evenredigg waren aan de overlevingsduur van het circuit. Deze bevinding suggereert dat 
hett thrombocytenaantal voor de procedure een belangrijke invloed heeft op de maximale 
prefilterdrukk en dus op de overlevingsduur van het circuit tijdens postdilutie. 

Inn Hoofdstu k 7 beschrijven we de vergelijking tussen twee laag moleculaire heparines, 

nadroparinee en dalteparine, gebruikt als antistolling tijdens hoog volume CVVH met 

postdilutie.. Nadroparine en dalteparine blijken bioequivalent te zijn met betrekking 

tott hun anti-Xa activiteit. Er werd geen relatie gevonden tussen maximale anti-Xa 

activiteit,, oppervlakte onder de plasma concentratie versus tijd curve voor 0-3 uur en 

overlevingsduurr van het extracorporele circuit. Wel was er een sterke trend naar een 

negatievee correlatie tussen thrombocytenaantal voor de procedure en overlevingsduur 

vann het extracorporele circuit. 

Inn Hoofdstu k 8 is onze ervaring met CVVH tijdens behandeling met rhAPC beschreven. 

rhAPCC werd vergeleken met ongefractioneerde heparine als antistolling tijdens CVVH, 

waarbijj elke patiënt fungeerde als zijn eigen controle. De overlevingsduur van het 

extracorporelee circuit was tijdens het gebruik van rhAPC en ongefractioneerde heparine 

gelijk. . 
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Inn Hoofdstu k 9 tenslotte is een richtlijn geformuleerd voor het gebruik van gefractioneerde 

enn ongefractioneerde heparine tijdens CVVH, gebaseerd op een kritische revisie van de 

beschikbaree literatuur. Voor- en nadelen van zowel ongefractioneerde heparine als van 

laagg moleculaire heparines worden besproken. 
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Dankwoord Dankwoord 

Zonderr de hulp van een groot aantal mensen zou dit proefschrift nooit tot stand zijn 

gekomen. . 

Allereerstt mijn promotores: 

Prof.. dr. M.B. Vroom, beste Margreeth,, sinds 2001 ben j i j mijn directe baas. Ik ben je erg 
dankbaarr voor de voortvarendheid waarmee je mij bij het schrijven van mijn proefschrift 
hebtt begeleid. Zonder jouw daadkracht stond ik nu waarschijnlijk nog steeds 's nachts 
tee pipetteren. Ook wil ik je danken voor het vertrouwen dat je in me stelt en voor de 
constructievee manier waarop we samen aan diverse projecten hebben gewerkt. 
Prof.. dr. H.R. Büller, waarde Harry, onze samenwerking begon in 1998, toen j i j het 
promotorschapp van Jan Wouter ten Cate overnam. Sindsdien ben j i j mijn rots in de branding 
vann het onderzoek. Ik bewonder je aanstekelijke enthousiasme en de rechtlijnigheid 
waarmeee j i j 'leuke ideeën' kunt omzetten in goed gefundeerd onderzoek. Ook voor je 
grenzelozee vertrouwen in mij ben ik je erg dankbaar. 'Het gaat wel lukken met jou, het 
duurtt alleen wat langer,' was jouw gevleugelde uitspraak. 

Mijnn co-promotores: 
Prof.. dr. M.M. Levi, beste Marcel, ik wil je danken voor de voortvarende wijze waarop je 

mijj hebt ingewijd in het doen van klinische geneesmiddelstudies. Ook wil ik je danken 
voorr de snelheid en efficiency waarmee j i j onze artikelen altijd redigeerde. 

Dr.. E. de Jonge, beste Evert, ik wil jou danken voor de inspirerende discussies en je 
steunn bij kleine en grote ondernemingen. Ook dank ik je voor je humor en je opgeruimde 

karakter,, waarmee je moeilijke situaties op de intensive care altijd weer weet te 
relativeren. . 

Dee overige leden van de promotiecommissie: Prof. dr. A.R.J. Girbes, Prof. dr. R.T. 
Krediet,, Prof. dr. T. van der Poll, Prof. dr. M. Schetz en Prof. dr. A. Sturk wil ik danken 
voorr hun bereidheid mijn proefschrift kritisch te beoordelen en erover met mij van 
gedachtenn te wisselen. 

Hett hoofd van het Laboratorium Experimentele Vasculaire Geneeskunde, Dr. J.C.M. 

Meijers,, beste Joost, ik wil jou danken voor de talloze brainstormsessies waarbij j i j mij 

inwijddee in de geheimen van de moleculaire biologie. Ik heb enorm veel van je geleerd 

enn ik hoop dat dat niet afgelopen is na het afronden van dit proefschrift. 

Dr.. B.A. Hutten, klinisch epidemioloog, beste Barbara, dank voor het eindeloze geduld 

waarmeee je alle statistische bewerkingen hebt verricht en de energie die je erin hebt 

gestokenn om het mij steeds allemaal uit te leggen. 
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Dr.. A.H.M. Moons, beste Arno, ik wil je danken voor je enorme inzet bij de 

vrijwilligersstudies.. Met jouw hulp werd het stickeren en uitvullen van duizenden cupjes 

eenn leuke sport! 

Mijnn opleiders uit het Onze Lieve Vrouwe Gasthuis, Durk Zandstra en Heleen Oudemans-

vann Straaten, ik wil jullie danken voor het grenzeloze enthousiasme waarmee jullie 

mijj hebben geïnspireerd onderzoek te gaan doen naar stolling bij haemofiltratie. De 

voltooiingg van ons gezamenlijke artikel vormde de aftrap voor dit proefschrift. 

Ookk alle overige co-auteurs wil ik heel hartelijk danken voor hun bijdrage aan de diverse 

artikelen. . 

Mijnn collega stafleden van de Intensive Care Volwassenen, ik wil jullie allen hartelijk 

dankenn voor de ti jd die jullie me hebben gegund om mijn onderzoek af te ronden. Ik 

hoopp dat ik in de toekomst iets voor jullie terug kan doen. Lieve Catherine, een betere 

kamergenoott had ik me niet kunnen wensen. Ik dank je voor je steun in moeilijke tijden 

enn voor de goede sfeer op C3-327. En nu op naar jouw promotie! 

Dee verpleegkundigen van de Intensive Care Volwassenen, ik wil jullie danken voor 

julliee steun in nachtelijke uren ('Kunnen wij dat niet voor je doen?'), voor jullie nooit 

aflatendee enthousiasme voor weer een nieuwe studie, en natuurlijk voor de goede sfeer 

opp de afdeling, waarbij er altijd wel tijd was voor een serieus gesprek, maar ook ruimte 

omm eens lekker samen te lachen. 

Hett personeel van het Laboratorium voor Experimentele Vasculaire Geneeskunde, met 
namee Kamran, Wil en Marianne, ik dank jullie voor het geduld waarmee jullie mij de 
inss en outs van het stollingsonderzoek hebben bijgebracht. Ook dank ik jullie voor het 
bepalenn van al die monsters en voor de altijd weer gezellige sfeer op het lab. 

Dee medewerkers van de afdeling Experimentele Klinische Chemie wil ik ook hartelijk 

danken.. Marianne Schaap, ik dank je voor het enorme doorzettingsvermogen waarmee 

jee mij hebt ingewijd in de principes van de flowcytometrie en voor het doen van de 

tallozee FACScan metingen in en buiten kantooruren. Rienk Nieuwland dank ik voor de 

velee brainstormsessies over plaatjesactivatie tijdens haemofiltratie. Ik heb er enorm 

veell van geleerd. 

Ookk de secretaressen van de afdelingen Intensive Care Volwassenen en Vasculaire 

Geneeskundee wil ik hartelijk danken. Mary-Anne Simons, j i j weet altijd weer met humor 

mijnn neurosen te beteugelen. Ik hoop dat we nog lang met elkaar zullen samenwerken. 

Mariannaa Veendorp, jouw kamertje op F4 was altijd een oase van rust in hectische 

tijden.. Ik dank je voor je hulp en je luisterend oor. 
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Veell dank ben ik ook verschuldigd aan alle vrijwilligers, patiënten en hun familieleden 
diee aan de onderzoeken hebben meegewerkt. Zonder hen zou er geen proefschrift zijn 
gekomen.. Ik hoop dat de voortgang van het onderzoek op het gebied van sepsis en 
multipell orgaanfalen zal leiden tot een verdere verbetering van overleving en kwaliteit 
vann leven van de patiënten die eraan lijden. 

Lievee Marjès, wij kennen elkaar nu 26 jaar en in die tijd heb je voor mij allerlei 

functiess vervuld: mijn voorbeeld, mijn alter ego, mijn oudere zus. Bij de belangrijkste 
gebeurtenissenn in mijn leven was j i j aanwezig en ik ben blij dat je nu -op de verjaardag 

vann je dochter Brankele- mijn paranimf wilt zijn. 
Lievee Adriënne, vanaf 2003 heb ik zwaar op je geleund. Altijd wist je mij streng doch 
mett humor op de been te houden. Ik ben erg blij dat ook j i j vandaag mijn paranimf wilt 
zijn. . 

Lievee pappie, wat had j i j je op deze dag verheugd. Kort voor je dood zei je nog dat je 
zekerr zou komen. In mijn hart ben je er in ieder geval bij vandaag. 
Lievee mammie, ik ben blij dat j i j er vandaag wel in levende lijve bij kunt zijn, al zul je 
dee inhoudelijke discussies misschien niet helemaal meer kunnen volgen. Ik dank je dat 
jee me hebt geleerd op eigen benen te staan en altijd door te zetten op een eenmaal 
ingeslagenn weg. 

Lievee Rohani, j i j bent degene die mij het meest direct een spiegel voorhoudt. Ik dank je 

voorr de humor waarmee je mij op het rechte pad houdt als ik weer eens verschrikkelijk 

doordraaf. . 

Lievee Geert, in jouw karakter herken ik mezelf het meest, niet in de laatste plaats in je 

heftigheidd en je korte lontje. Ik dank je voor je steun en aanhankelijkheid in moeilijke 
tijden. . 

Lievee Titia, bij jou herken ik mijn eigen ambities. Ik dank je voor je nooit aflatende 
interessee in de medische wetenschap: 'Kan je me dat nu alvast leren, want ik wil later 
ookk dokter worden.' 

Lievee Derk, wat ben ik blij dat j i j je leven met mij wilt delen. Jij houdt me scherp en 
opentt mijn ogen voor al het moois dat er in de wereld nog meer te beleven is naast 
patiëntenzorgg en wetenschap. Ik hoop dat dat nog lang zo mag blijven. 
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Anne-Cornéliee de Pont werd geboren te Alkmaar als enig kind van twee internisten. 
Zijj volgde lager en middelbaar onderwijs aan de Europese School te Bergen NH, 
waarr zij in 1975 het Europees Baccalaureaat behaalde in de richting Latijn-Wiskunde-
Natuurwetenschappen.. Zij studeerde geneeskunde aan de Rijksuniversiteit Leiden, waar 
zijj in 1982 het artsexamen aflegde. In hetzelfde jaar werd zij als assistent geneeskundige 
aangesteldd bij het Reanimatiecentrum van het Academisch Ziekenhuis Leiden (hoofd: 
J.J.. van Zanten). Voorts studeerde zij piano aan het Stedelijk Conservatorium Arnhem 
bijj Marjès Benoist en aan het Sweelinck Conservatorium Amsterdam bij Edith Lateiner-
Groszz en Jan Wijn. In 1988 behaalde zij het diploma Docerend Musicus. In 1989 begon 
zijj met de opleiding interne geneeskunde in het Rode Kruis Ziekenhuis te 's-Gravenhage 
(opleider:: dr. D. Overbosch). In 1991 zette zij de opleiding voort in het Academisch 
Ziekenhuiss Leiden (opleider: prof. dr. A.E. Meinders). In 1994 werd zij als fellow intensive 
caree aangesteld in het Onze Lieve Vrouwe Gasthuis te Amsterdam (opleider: dr. D.F. 
Zandstra).. Tijdens dit fellowship begon zij met het onderzoek dat tot dit proefschrift 
heeftt geleid. In 1995 werd zij geregistreerd als internist en in 1996 als intensivist. In 
19999 was zij gedurende negen maanden werkzaam als intensivist in het St. Elisabeth 
Ziekenhuiss te Tilburg (hoofd: dr. B. Speelberg). Sinds oktober 1999 is zij staflid bij de 
afdelingg Intensive Care Volwassenen van het Academisch Medisch Centrum te Amsterdam 
(hoofd:: prof. dr. M.B. Vroom). Anne-Cornélie de Pont woont samen met Derk Roelof Pik, 
diee wiskundige en pianist is. Zij hebben drie kinderen: Rohani (1991), Geert (1994) en 
Titiaa (1997). 
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1.. Toediening van endotoxine aan gezonde proefpersonen induceert een 
tijdelijkee resistentie tegen geactiveerdd proteïne C. 

2.. Behandeling met recombinant humaan geactiveerd proteïne C 
normaliseertt de versterkte thrombinegeneratie van patiënten met 
ernstigee sepsis binnen 8 uur na starten van de behandeling. 

3.. De belangrijkste determinant van de overtevingsduur van het 
extracorporelee circuit tijdens continue venoveneuze hemofiltratie met 
postdilutiee is het thrombocytenaantal voor aanvang van de procedure. 

4.. Bij continue venoveneuze hemofiltratie met postdilutie is de maximaal 
bereiktee prefilterdruk recht evenredig met het thrombocytenaantal 
voorr aanvang van de procedure. 

5.. Nadroparine en dalteparine zijn bioequivalent als antithromboticum 
tijdenss continue venoveneuze hemofiltratie. 

6.. Tijdens behandeling met recombinant humaan geactiveerd proteïne C 
iss voor continue venoveneuze hemofiltratie geen additioneel 
anticoagulanss nodig ter voorkoming van thrombose in het 
extracorporelee circuit. 

7.. Behandeling met hyperbare zuurstof levert geen additioneel voordeel 
opp bij beademde patiënten met een koolmonoxide intoxicatie. 

8.. De stelling dat men in een ziekenhuis gemakkelijker infecties oploopt 
dann thuis, geldt zowel voor mensen als voor computers. 

9.. Evidence based medicine wordt omschreven als de integratie van 
individuelee klinische expertise met de beste, meest actuele resultaten 
vann systematisch onderzoek. Het eerste deel van deze omschrijving 
wordtt in de praktijk vaak uit het oog verloren. 

10.. Het niet verlenen van noodzakelijke medische hulp aan onverzekerden 
iss in strijd met de bij het artsexamen afgelegde eed. 

11.. Als je goed luistert, is alle muziek programmatisch. 

12.. De overeenkomst tussen intensive care en de podiumkunsten is dat het 
success afhangt van een goede performance op het moment suprème. 
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