
 
 
 

THE HAEMOSTATIC DEFECT 
OF CARDIOPULMONARY 

BYPASS 
 

Doctor of Philosophy Thesis of 

Mr. Matthew D Linden 952445/8 
BSc Hons (W.Aust) AAIMS 

 
 

  
Address of Research:  Haematology Research & Development 
    The WA Centre for Pathology and Medical Research 
    PathCentre, 1st Floor, J Block 
    The Queen Elizabeth II Medical Centre 
    1 Hospital Avenue, Nedlands, WA, 6009 
    Australia 
 
 
Date of Submission:  17th January 2003 
Date Passed:   19th June 2003 
School:    School of Surgery and Pathology 
Running Title:   CPB Haemostatic Defect 
 
 
Address for correspondence: Matthew Linden 
    Center for Platelet Function Studies 
    The University of Massachusetts Medical School 
    55 Lake Ave North, Worcester MA 01655, USA  
 
 
Telephone:   (+1) 508 856 3537 
Facsimile:   (+1) 508 856 4282 
Email:    mattatumass@hotmail.com 



 
Declarations and Contents  i  

Linden, M.D.   CPB Haemostatic Defect 

Declaration of Intent and Originality 
 
This thesis is presented for the degree of Doctor of Philosophy of The University 
of Western Australia. The work represents an original and significant 
contribution to the field. 
 
I, the undersigned candidate, hereby certify that this thesis contains no material 
which has been accepted for the award of any other degree or diploma in any 
university and that, to the best of my knowledge, no material previously written 
or published by any other person, except where due reference is made. All 
laboratory work detailed herein was conceived and performed by myself, except 
where indicated below: 

1) In theatre assays (eg ACT and Hb) were performed the consultant 
anaesthetist or appointed clinical staff. 

2) Staff at the relevant hospital or pathology service performed 
transfusion services and maintained transfusion records. 

3) Clinical management of the patients, including administration of 
therapy and surgery were performed by the relevant medical 
professional. 

4) Blood samples collected in theatre were drawn by the consultant 
anaesthetist or appointed clinical staff. 

Date: 23 July, 2003 
Department of Pathology 
 
PhD Candidate:    
 
 
 
 
 
 _________________________________ 
     Matthew D Linden 
     PhD Candidate 
 



 
Declarations and Contents  ii  

Linden, M.D.   CPB Haemostatic Defect 

Statement Concerning Ethics 
 
Ethics approval for all of the components of clinical research detailed herein was 
sought and obtained from the appropriate institutional ethics review boards. All 
patients who participated in trials gave informed consent to their anaesthetist 
prior to investigation. Patient samples, personal information and clinical results 
were stored securely on site at The Western Australian Centre for Pathology and 
Medical Research (PathCentre) as for diagnostic results and specimens. 
Completed consent forms are available from the Department of Anaesthesia at 
the relevant hospital if required. Letters of confirmation for ethical approval for 
each of the clinical investigations detailed herein are available from the author 
upon request. 
 



 
Declarations and Contents  iii  

Linden, M.D.   CPB Haemostatic Defect 

 
Publications 
 
The following publications have arisen from this thesis: 
 
Original Articles in Peer-Reviewed Journals: 
Linden MD, Schneider M, Erber WN. Factor VLEIDEN and cardiopulmonary 
bypass: investigation of haemostatic parameters and the effect of aprotinin using 
an ex vivo model. Perfusion 2001;16(6):476-84 
 
Linden MD, Schneider M, Baker S, Erber WN. Heparin resistance in 
cardiopulmonary bypass is not caused by decreased concentrations of 
antithrombin with pre-operative therapeutic heparin. J Cardiovasc Thorac 
Anesth (Submitted Jan 2003) 
 
Linden MD, Gibbs NM, Bremner M, Schneider M, Erber WN. The effect of 
haemodilution on antithrombin concentration during cardiac surgery Anaesth 
Intensive Care (Submitted May 2003) 
 
Linden MD, Schneider M, Erber WN. Acute normovolaemic haemodilution does 
not reduce antithrombin concentration during cardiac surgery J Throm 
Haemostas (Submitted July 2003) 
 
Letters/Comments in Peer-Reviewed Journals: 
Linden MD, Schneider M, Erber WN. Heparin management during 
cardiopulmonary bypass. Journal of Cardiovascular Surgery 2001;42(3):431-3 
 
Abstracts Published in Peer-Reviewed Journals: 
Bremner M, Gibbs N, Linden M, Erber W, Weightman W. Antithrombin III 
levels during cardiac surgery and their relationship to haemoglobin 
concentration. Anaesthesia & Intensive Care 2002;30(2):245 
 
Schneider M, Linden MD, Valentine S, Williams K, Erber WN. Aprotinin and 
Factor VLEIDEN during cardiopulmonary bypass. Anaesthesia & Intensive Care 
2001;29(1):75 
 
Conference Papers: 
Linden MD, Michalopoulos N, Schneider M, Erber WN. (2001) Coagulation 
Testing in the Presence of High Dose Heparin. (Conference paper presented at the 
XVIII Congress of The International Society on Thrombosis and Haemostasis. Paris, France) 
 
Linden MD, Schneider M, Erber WN. (2001) Factor V Leiden and 
Cardiopulmonary Bypass: Use of an Ex Vivo Model to Assess the Effects of 
Aprotinin on Haemostatic Parameters. (Conference paper presented at the XVIII 
Congress of The International Society on Thrombosis and Haemostasis. Paris, France) 
 
Michalopoulos N, Mountain D, Haig A, Linden MD, Erber WN. (2001) 
Specificity and Sensitivity of the Mini-VIDAS System in the Diagnosis of 



 
Declarations and Contents  iv  

Linden, M.D.   CPB Haemostatic Defect 

Pulmonary Embolism. (Conference paper presented at the XVIII Congress of The 
International Society on Thrombosis and Haemostasis. Paris, France) 
 
Bremner M, Gibbs NM, Linden MD, Erber WN, Weightman W. (2001) 
Antithrombin III levels during cardiac surgery and their relationship to 
haemoglobin concentration. (Conference paper presented at the 60th National Scientific 
Congress of the Australian Society of Anaesthetists. Canberra, Australia) 
 
Schneider M, Linden MD, Valentine S, Williams K, Erber WN. (2000) The 
Effect of Aprotinin on Normal and Factor V Leiden Blood. (Conference paper 
presented at the 59th National Scientific Congress of the Australian Society of Anaesthetists. 
Perth, Australia) 
 
Linden MD, Schneider M, Erber WN. (2000) The risk of aprotinin in 
association with Factor VLEIDEN during cardiopulmonary bypass: Investigation 
using an ex vivo model. (Conference paper presented at the 3rd Annual Congress of the 
Haematology Society of Australia. Perth, Australia) 
 
Linden MD, Schneider M, Michalopoulos N, Erber WN. (2000) 
Triethylaminoethyl Cellulose: The ideal laboratory heparin antagonist? 
(Conference paper presented at the 3rd Annual Congress of the Haematology Society of Australia. 
Perth, Australia) 
 
Invited Scientific Lectures: 
Invited Speaker (April 2002): “Haemostasis in Cardiac Surgery” Department of 
Haematology, Royal North Shore Hospital, Sydney, NSW. 

 
Invited Lecturer (April 2001): “Heparin management in the cardiac surgical 
patient” Intensive Care Department, Fremantle Hospital, Fremantle, WA. 

 
Invited Lecturer (February 2001): “Haemostasis in Cardiac Surgery: The Clot 
Thickens”, Department of Anaesthesia, Fremantle Hospital, Fremantle, WA. 

 
Speaker (September 2000): “Aprotinin and Factor V Leiden in Cardiac Surgery”, 
PathCentre Scientific Forum, The WA Centre for Pathology and Medical 
Research, Nedlands, WA. 

 
Invited Speaker (June 2000): “Coagulation Testing in the Presence of High Dose 
Heparin”, Haematology Society of Australia WA Branch Meeting, Red Cross 
Blood Transfusion Centre, Perth, WA 

 
Speaker (August 1999): “The Haemostatic Effect of Aprotinin, Heparin and 
Protamine Sulphate in Association with Factor V Leiden in Cardiac Surgical 
Patients”, PathCentre Scientific Forum, The WA Centre for Pathology and 
Medical Research, Nedlands, WA. 
 



 
Declarations and Contents  v  

Linden, M.D.   CPB Haemostatic Defect 

 
Acknowledgments 
I gratefully acknowledge, and owe considerable debt to, the guidance, advice and 
supervision of Clinical Associate Professor Wendy Erber, whose execution of the 
role of PhD supervisor has been no less than exceptional. Wendy is able to 
provide her student guidance, support and encouragement, yet foster the ability 
to find one’s own way. Wendy has contributed greatly to the shaping of my 
research career. 
 
I also acknowledge that the research detailed herein could not have proceeded 
without the essential guidance and input from Dr Mark Schneider, who provided 
the majority of patient recruitment and guidance from the perspective of the 
clinical anaesthetist. 
 
Several other individuals have also provided support, advice and assistance over 
the course of my postgraduate studies. I wish to particularly acknowledge 
Professor John Papadimitriou, Ms Janeen Bennett, Dr Neville Gibbs, Mr Nick 
Michalopoulos and Mr John Prior. 
 
Technical guidance, advice, clinical samples and/or equipment were provided by the 
following people: 
- Prof Terry Quickenden from the University of Western Australia, Dept Chemistry 
- Em Prof Victor Yang from the University of Michigan (Ann Arbor), Dept 

Pharmacology 
- Daniel Couton from Curtin University, Dept Chemistry 
- Bruce Beaney from Royal Perth Hospital, Dept Histopathology 
- Nick Michalopoulos from PathCentre, Dept Haematology 
- Dianne Crowe from Beckman Coulter Australia 
- Andrew Craig from Fremantle Hospital, Dept of Haematology 
- Dr Brian Dale from Fremantle Hospital, Dept of Haematology 
- Janeen Bennett from PathCentre, Depts Haematology & Forensic Biology 
- John Prior from PathCentre, Dept Haematology 
- Janine Davies from PathCentre, Dept Haematology 
- Dianne Grey from PathCentre, Dept Haematology 
- Andrew Randall from PathCentre, Dept Biochemistry 
- Rachael Grout from PathCentre, Dept Biochemistry 
- Sharyn Baker from Fremantle Hospital, Dept Cardiothoracic Surgery 
- Dr Mark Schneider from Fremantle and Mount Hospitals, Dept Anaesthesia  
- Dr Neville Gibbs from Sir Charles Gairdner Hospital, Dept Anaesthesia 
- Dr Ken Williams from Fremantle Hospital, Dept Anaesthesia 
- Mr Ian Gilfillan from Fremantle and Mount Hospitals, Dept Cardiothoracic Surgery 
- Mr Andrew Hodge from Fremantle and Mount Hospitals, Dept Cardiothoracic Surgery 
- Mr Mark Newmann from Sir Charles Gairdner Hospital, Dept Cardiothoracic Surgery 
- Sr Julie Sundstrom from Fremantle Hospital, and, 
- Dr Wendy Erber from PathCentre Department of Haematology 
 
 



 
Declarations and Contents  vi  

Linden, M.D.   CPB Haemostatic Defect 

Funding 
I am a recipient of a University Postgraduate Award from the University of 
Western Australia. The Department of Pathology at The University of Western 
Australia, The Department of Anaesthesia at Fremantle Hospital, The 
Department of Anaesthesia at Sir Charles Gairdner Hospital and The Department 
of Haematology at the Western Australian Centre for Pathology and Medical 
Research provided generous contributions of funding for consumables. 
 
Grants of funding for specific projects were award from The Heart Research 
Institute at Fremantle Hospital and The Medical and Scientific Research 
Advisory Board of The Western Australian Centre for Pathology and Medical 
Research. 
 
Contributions of cardiopulmonary bypass circuits were greatly appreciated from 
Royal Perth Hospital Department of Clinical Perfusion and from Medtronic 
Australia. 
 
I wish to thank The Western Australian Centre for Pathology and Medical 
Research for allowing me use of their clinical diagnostic instruments, laboratory 
equipment and administrative infrastructure for research purposes.  



 
Declarations and Contents  vii  

Linden, M.D.   CPB Haemostatic Defect 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DEDICATION 
 

TO CECILY AND BETHANY LINDEN 



 
Declarations and Contents  viii  

Linden, M.D.   CPB Haemostatic Defect 

 
Index of Abbreviations 
 
ACD    Adenine Citrate Dextrose 
ACT    Activate Clotting Time 
ADP    Adenosine Diphosphate 
ANH    Acute Normovolaemic Haemodilution 
ANOVA   Analysis of Variance 
APC    Activated Protein C 
APTT    Activated Partial Thromboplastin Time 
ASA    Acetyl-Salicylic Acid (aspirin) 
AT    Antithrombin 
bp    Base pair 
BSA    Bovine Serum Albumin 
CABG    Coronary Artery Bypass Graft 
CBAS    Carmeda Bio-Active Surface 
CD    Cluster of Differentiation 
CI    Confidence Interval 
CPB    Cardiopulmonary Bypass 
ddH2O   Double Distilled Water 
DIC    Disseminated Intravascular Coagulation 
DNA    Deoxyribonucleic Acid 
DVT    Deep Venous Thrombosis 
ECMO   Extracorporeal Membrane Oxygenation 
EDTA    Ethylenediaminetetra-acteic acid 
ELISA   Enzyme Linked Immunosorbent Assay 
EPCR    Endothelial (cell) Protein C Receptor 
F1+2    Prothrombin Fragment 1+2 
FDP    Fibrin Degradation Protein 
FVL    Factor V Leiden 
FFP    Fresh Frozen Plasma 
FITC    Fluorescein Isothiocyanate 
GAG    Glycosaminoglycan 
GP    Glycoprotein 
Hb    Haemoglobin 
HCT    Haematocrit 
HITS    Heparin Induced Thrombocytopaenia 
HiTT    High dose Thrombin Time 
HMW    High Molecular Weight 
ICU    Intensive Care Unit 
IFN    Interferon 
Ig    Immunoglobulin 
IL    Interleukin 
INR    International Normalised Ratio 
IU    International Units 
KIU    Kallikrein Inhibitory Units 
MW    Molecular Weight 
NO    Nitric Oxide 



 
Declarations and Contents  ix  

Linden, M.D.   CPB Haemostatic Defect 

OD    Optical Density 
OPCAB   Off Pump Coronary Artery Bypass Graft 
PAC    Platelet Activation Complex 
PAF    Platelet Activating Factor 
PAGE    Polyacrylamide Gel Electrophoresis 
PAI    Plasminogen Activator Inhibitor 
PCI    Protein C Inhibitor 
PCR    Polymerase Chain Reaction 
PE    Phycoerythrin 
PF    Platelet Factor 
PGI2    Prostaglandin I2, aka Prostacyclin 
PLT    (Single Donor) Transfusion Unit of Platelets 
POHI    Pre-operative Heparin Infusion 
PRC    Packed Red Cells (erythrocytes) 
PT    Prothrombin Time 
PVC    Polyvinyl chloride 
RFLP    Restriction Fragment Length Polymorphism 
SD    Standard Deviation 
SEM    Standard Error of the Mean 
T-AT    Thrombin – Antithrombin Complex 
TCT    Thrombin Coagulation Time 
TEAEC   Triethylaminoethyl cellulose 
TEMED   N’N’N’N-tetramethylethylenediamine 
TFPI    Tissue Factor Pathway Inhibitor 
TNF    Tumour Necrosis Factor 
tPA    Tissue Plasminogen Activator 
UFH    Unfractionated Heparin 
UV    Ultraviolet 
uPA    Urokinase Plasminogen Activator 
vWF    von Willebrand’s Factor 
WHO    World Health Organization 
w/v    Weight to Volume Ratio 

 



 
Declarations and Contents  x  

Linden, M.D.   CPB Haemostatic Defect 

Abstract 

Cardiac surgery involving cardiopulmonary bypass is a complex procedure that 

results in significant changes to blood coagulation, fibrinolytic biochemistry, 

platelet number and function, and the vasculature. These are due to 

pharmacological agents which are administered, haemodilution and contact of 

the blood with artificial surfaces. Consequently there are significant risks of 

thrombosis and haemorrhage associated with this procedure.  

 

The research presented in this thesis utilises in vitro, in vivo, and a novel ex vivo 

model to investigate the nature of the haemostatic defect induced by 

cardiopulmonary bypass. The components studied include the drugs heparin, 

protamine sulphate, and aprotinin, different types of bypass circuitry (including 

heparin bonded circuits) and procedures such as acute normovolaemic 

haemodilution. Patient variables, such as Factor V Leiden, are also studied. Each 

of these components is assessed for the effects on a number of laboratory 

measures of haemostasis including activated partial thromboplastin time, 

prothrombin time, activated protein C ratio, antithrombin concentration, heparin 

concentration, thrombin-antithrombin complex formation, prothrombin fragment 

1+2 formation, markers of platelet surface activation and secretion, activated 

clotting time, haemoglobin concentration and coagulation factor assays. 

 

The results demonstrate that there are many distinct and significant haemostatic 

changes that occur during the different phases of cardiopulmonary bypass due to 

a number of different mechanisms. In brief, these are; 
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1. Heparin is ‘consumed’ with initiation of cardiopulmonary bypass. As a 

result the dose of protamine administered (usually calculated on a 1mg 

per 1mg of heparin ratio) on completion of cardiopulmonary bypass 

would be excessive. This has potential adverse consequences for 

haemostasis as protamine has dose-dependent, anti- and procoagulant 

effects. 

2. Heparin and extracorporeal circulation also have damaging effects on 

platelets as demonstrated by reduced activation and secretion of platelets 

in response to ADP stimulation following bypass. In an ex vivo model it 

is shown that the use of heparin bonded circuits together with lower dose 

systemic heparin minimised the platelet defect.  

3. The phenomenon of intra-operative ‘heparin resistance’ (failure to 

achieve an ACT >500s) is demonstrated to be not caused by low 

antithrombin concentration.  

4. Post-operative non-surgical bleeding, called ‘heparin rebound’, is shown 

to be not caused by heparin in plasma. Results suggest that excessive 

administration of protamine sulphate may contribute to post-operative 

bleeding. 

5. Intra-operative antithrombin concentrations are directly related to the 

degree of haemodilution resulting from crystalloid administration for 

cardiopulmonary bypass. Acute normovolaemic haemodilution, 

commonly practiced in cardiac surgery, does not result in significantly 

lower antithrombin concentrations.  
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6. Patients with Factor V Leiden and those receiving aprotinin are at 

increased risk of thrombosis due to reduced activated protein C function. 

 

Thus a number of areas of increased risk for deranged haemostasis following 

cardiopulmonary bypass are identified and the mechanisms elucidated. Several 

methods for reducing the severity of the haemostatic defect of cardiopulmonary 

bypass are identified. These include; 

1. The use of heparin bonded circuits with reduced systemic heparin. 

2. Determination of heparin levels on bypass for calculation of precise 

protamine sulphate requirements for neutralisation. 

Improved understanding of the effects of cardiopulmonary bypass and 

pharmacological agents brought about by this research will improve clinical 

patient management and reduce the risk of post-operative haemorrhage and peri-

operative thrombosis. 
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1 INTRODUCTION 

Cardiac surgery involving cardiopulmonary bypass is a common yet complex 

procedure that results in considerable disruption of haemostasis during and 

following surgery. Despite the relatively common and widespread use of this 

procedure, there remains a significant risk of both peri-operative thrombosis and 

haemorrhage in some patients. This is known as the haemostatic defect of 

cardiopulmonary bypass. 

 

Strategies including the use of pharmacological agents, haemodilution, 

autologous blood transfusion, rapid in-theatre monitoring of haemostatic 

potential with fine tuning of the degree of heparinisation, minimally invasive 

surgery and the use of biologically coated cardiopulmonary bypass equipment 

have been employed to ameliorate the effects of cardiopulmonary bypass on 

haemostasis. However there exists a fine line between preventing haemorrhage 

and promoting thrombosis. Likewise attempts to prevent thrombosis may result 

in increased haemorrhage. Research into many strategies for minimising the 

haemostatic defect of cardiopulmonary bypass is incomplete, with safety and 

efficacy the subjects of intensive investigation. 

 

1.1  Haemostasis 

Haemostasis is the property of blood that maintains blood within the 

uninterrupted vascular system as fluid, yet is capable of rapid clot formation in 

circumstances of rupture or injury to blood vessels. Normal haemostasis is 

dependent on three major factors; 
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1. The vascular wall and its underlying connective tissue 

2. Platelets 

3. The coagulation protein system of plasma 

Disturbances in the balance of the haemostatic factors, whether inherited or 

acquired, may lead to altered responses to coagulation stimuli and may 

predispose to haemorrhage or inappropriate clot formation, or both (eg. 

disseminated intravascular coagulation, DIC). 

 

1.1.1 The Vascular Wall 

The endothelium is capable of modulating several areas of haemostasis. In a 

normal uninjured state endothelial cells maintain blood fluidity by producing 

inhibitors of blood coagulation and platelet aggregation, modulating vascular 

tone and permeability, and providing a protective barrier separating blood from 

thrombogenic subendothelial structure. 

 

Endothelial cells exert anti-platelet properties with expression of prostacyclin 

(PGI2)1, nitric oxide (NO)2-4 and ADPase5. Endothelial cells also have 

anticoagulant properties, such as expression of protein S6, heparan sulphate 

molecules7, which enhance antithrombin activity, and expression of 

thrombomodulin8, 9, which activates the protein C anticoagulant pathway. In 

addition, resting endothelial cells express promoters of fibrinolysis, such as tissue 

plasminogen activator (tPA) and urokinase plasminogen activator (uPA)10. 
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Endothelial cells regulate vascular tone by synthesising endothelins11, which 

induce vasoconstriction, while PGI2 and NO promote vasodilation12, 13. With 

injury, vasoconstriction occurs, disrupting the laminar flow of blood and bringing 

formed elements, such as platelets, in contact with the endothelium14, 15.  

 

In response to injury or exposure to thrombin or cytokines, such as interleukin-1 

(IL1), tumour necrosis factor (TNF) and γ interferon (γIFN), endothelial cells 

may promote haemostasis by the expression of von Willebrand’s factor (vWF)16, 

17 and platelet activating factor (PAF)16. In addition, injured endothelial cells 

release tissue factor18, which promotes fibrin formation. Fibrinolysis may be 

inhibited by activated endothelial cells by expression of tissue plasminogen 

activator inhibitor (PAI-1)19. 

 

Subendothelial collagen is a highly thrombogenic substance20 and perforating 

injury to the vascular wall allows platelets and coagulation proteins to come into 

contact with collagen, stimulating the intrinsic pathway of coagulation and 

promoting secretion of platelet components. 

 

Alteration of the endothelium, or injury to the endothelium, such as with 

sternotomy in cardiac surgery, stimulates endothelial cells to promote platelet 

aggregation and coagulation. 
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1.1.2 Platelets 

Platelets are essential for normal haemostasis and are important contributors to 

thrombotic disorders. Impairment of platelet function is a major focus of 

pharmacological strategy in therapy and prevention of cardiovascular disease21. 

The main functions of platelets are adhesion to damaged blood vessel walls, 

aggregation to form a haemostatic plug, and promotion of the coagulation 

system.  

 

Platelet adhesion (platelet-surface interaction) is mediated mainly by vWF. This 

factor binds both to glycoprotein (GP) Ib-IX complex on the surface of platelets 

and also to exposed subendothelial components, such as collagen and 

glycocalicin22, 23. Platelet aggregation (platelet-platelet interaction) is mediated 

primarily by fibrinogen binding to GPIIb-IIIa complex on the surface of 

platelets24. All platelets express GPIIIa (CD61 antigen) on the surface25-27. 

However, activated platelets up regulate GPIIb-IIIa fibrinogen receptor 

expression24, 27-29 resulting in an activation induced conformational change in 

GPIIb-IIIa which may be detected with PAC-1 antibodies29. The increased 

capacity for fibrinogen binding allows the divalent fibrinogen protein to form a 

bridge between platelets, mediating aggregation. Fibrinogen may only bond with 

GPIIb-IIIa on activated platelets29. Activated platelets also down regulate GPIb-

IX vWF receptor surface expression30. 

 

Normal, non-activated circulating platelets do not bind to the vessel wall, or to 

other blood components. Platelets must be stimulated to initiate GPIb-vWF 
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interaction. Shear stress and fibrin monomer-vWF interaction is thought to serve 

as the stimulus for this first step of platelet adhesion31. Exposure of GPIIb-IIIa 

complex on the surface of the platelet is induced by thrombin, adenosine 

diphosphate (ADP) or adrenaline24. In addition, these agonists stimulate 

ultrastructural changes in the platelet cytoskeleton, secretion of their granular 

contents and, eventually, aggregation. Secreted platelet contents include several 

proteins also found in plasma (eg. platelet lipoprotein, vWF, vWF antigen II, 

fibronectin, coagulation factor V, albumin, α2-antiplasmin, high molecular 

weight (HMW) kininogen, α2-macroglobulin, α1-antitrypsin, C1 inhibitor, and 

plasminogen32-47). In addition, several platelet specific products are released; 

1. Platelet Factor 4(PF4): A CXC chemokine with potent heparin 

neutralising ability, which acts as a chemotactic agent, inhibits 

angiogenesis, inhibits formation of new platelets and promotes 

thrombomodulin-protein C interaction33, 48, 49. 

2. Thrombospondin: A high molecular weight glycoprotein that binds to 

a receptor on the platelet surface membrane and fibrinogen, and 

serves to stabilise aggregation50. An analogue of this protein is 

secreted by macrophages and endothelial cells in culture51, 52. 

3. P-Selectin: A component of the alpha-granule membrane of resting 

platelets that is only expressed with platelet activation53-55. Platelet 

surface expression of P-selectin (CD62P antigen) is therefore a 

precise marker of platelet secretion31, 56. 
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During activation, platelets expose receptors for specific coagulation factors, 

such as activated factor V (Va), and acts as a site for the formation of the 

prothrombinase complex, described below (section 1.1.3.3)57-60. Thus platelets 

have a close association with the plasma coagulation system. 

 

1.1.3 Coagulation 

Coagulation is a series of proteolytic zymogen activations culminating in the 

formation of insoluble fibrin from fibrinogen by the catalytic action of thrombin. 

The nature of the assembly of enzymes which convert their zymogen substrates 

to cofactors, increases the local concentration of reactants and amplifies the 

overall velocity of the reaction. 

 

Under physiological conditions, no coagulation takes place in the blood. This is 

due to the anticoagulant properties of the endothelium and the inactive zymogen 

form of the proteins (eg prothrombin) involved11, 61. Classically, the coagulation 

cascade is divided into two pathways depending on the nature of activation, 

though there is considerable cross-reaction between the components of these 

pathways in vivo61. These are the intrinsic or contact factor pathway and the 

extrinsic or tissue factor pathway. Recent research suggests that tissue factor is 

the principle means of activation of coagulation in vivo61. However, as 

cardiopulmonary bypass is an extremely non-physiological process, one which 

involves extensive contact of the blood with non-physiological surfaces, both 

contact and tissue factor activation are coagulation will be described. 
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It is not uncommon for both the intrinsic and extrinsic pathways to be activated 

simultaneously.  The process of coagulation is also controlled by the presence of 

natural inhibitors. These components of normal coagulation will be discussed in 

further detail. Contact, tissue factor and common pathways of the coagulation 

cascade are depicted schematically in Figure 1.1. Standardised and alternative 

names of proteins involved in coagulation are shown in Table 1.1. 

 

Cardiac surgery involving cardiopulmonary bypass involves activation of the 

contact factor pathway of coagulation by exposure of the blood to the negatively 

charged surfaces of the cardiopulmonary bypass circuitry, whilst activating the 

tissue factor pathway by significant surgical wounding, including sternotomy. 
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Figure 1.1a Schematic diagram of the classic coagulation cascade. 
 

 
Figure 1.1b Schematic diagram of in vivo activation of coagulation
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Table 1.1 Nomenclature of proteins involved in the coagulation and 
fibrinolytic cascades. Whilst not a protein, calcium has been 
included as it plays a vital role in coagulation and has been 
assigned a coagulation factor number. 

 
Standard Name Other names 
Factor I Fibrinogen 
Factor II Prothrombin 
Factor III Tissue Factor 

Thromboplastin 
Factor IV Calcium 
Factor V Proaccelerin 
Factor VII Proconvertin 
Factor VIII Antihaemophilic factor 
Factor IX Christmas factor 
Factor X Stuart-Prower factor 
Factor XI Thromboplastin antecedent 
Factor XII Hageman factor 
Factor XIII Profibrinlogiase 

Fibrin stabilising factor 
Protransglutaminase 

Von Willebrand factor (vWF)  
Prekallikrein Fletcher factor 
High molecular weight kininogen (HMW 
kininogen) 

Williams-Fitzgerald-Flaujeac factor 

Protein C Xa inhibitor 
Protein S Protein C cofactor 
Thrombomodulin  
Antithrombin Antithrombin III 

Heparin cofactor 
Heparin cofactor II Leuserpin 2 

Antithrombin BM 
Plasminogen Profibrinolysin 
α2-Antiplasmin  
Tissue-type plasminogen activator (tPA) Tissue plasminogen activator 
Urokinase plasminogen activator (uPA)  
Plasminogen activator inhibitor 1 (PAI-1) Tissue plasminogen activator inhibitor 1 
Plasminogen activator inhibitor 2 (PAI-2)  
Tissue factor pathway inhibitor (TFPI)  
Thrombin activated fibrinolysis inhibitor 
(TAFI) 
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1.1.3.1 The Contact Factor (Intrinsic) Pathway of Coagulation 

The intrinsic or contact factor pathway is activated by contact of the blood with 

surfaces that exhibit a strong negative charge. These surfaces may be 

physiological; such as subendothelial collagen or phospholipid on platelets, 

granulocytes and endothelial cells42, 62, 63, or it may be non-physiological; such as 

glass, kaolin, celite or the surfaces of cardiopulmonary bypass circuitry64-66.  

 

Factor XII, prekallikrein, HMW kininogen and C1 inhibitor are the major factors 

involved in the activation of the contact factor pathway of coagulation. Due to 

interaction with a negatively charged surface, factor XII undergoes a surface 

charge re-orientation which results in a new conformation. The new 

conformation is approximately 500 times more susceptible to proteolytic 

activation than the free plasma form67. Factor XII and prekallikrein are 

proteolytically converted into active serine proteases (factor XIIa and kallikrein), 

in the presence of the non-enzymatic procofactor HMW kininogen68. Fragments 

of factor XII proteolysis have been shown to activate components of the tissue 

factor pathway of coagulation69 and the classical pathway of complement70. 

 

The products of this initial phase of contact activation exert proteolytic activity 

on successive components. Factor XIIa cleaves factor XI to form factor XIa in 

the presence of HMW kininogen71. Kallikrein activates prourokinase72 and, in a 

cyclic reaction, activates factor XII to factor XIIa68 and releases bradykinin from 

HMW kininogen73. 
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After activation by factor XIIa on negatively charges surfaces, factor XIa 

remains surface bound, while kallikrein is released into the plasma 74, 75. In the 

presence of calcium ions (factor IV), factor XIa cleaves and hydrolyses factor IX 

at specific arginine-alanine and arginine-valine bonds to generate factor IXa74, 76, 

77.  

 

In vitro, a preparation of dilute Russell’s viper (Vipera russelli) venom is also 

capable of effecting activation of factor IX by cleavage of the arginine-valine 

bond. However, the alanine-arginine bond is not cleaved and the resulting factor 

IXa is structurally different from that arising in vivo. This does not appear to 

affect the enzymatic activity and Vipera russelli venom is employed extensively 

in laboratory coagulation methods78-81. 

 

Factor VIIa generated by the extrinsic pathway (section 1.1.3.2) and tissue factor 

have also been shown to activate factor IX 82, 83. 

 

Factor IXa, with Factor VIIIa (generated by the common pathway of coagulation 

in a positive feedback cycle), calcium and phospholipid (from the surface of 

platelets or endothelial cells) bind factor X and cleave it to form factor Xa84-86. 

Factor Xa may then participate in the common pathway of coagulation (section 

1.1.3.3). 
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1.1.3.2 The Tissue Factor (Extrinsic) Pathway of Coagulation 

The extrinsic or tissue factor pathway is initiated by the expression of tissue 

factor on endothelial and immune cells in response to injury, or constitutive 

expression on cell types located outside the vasculature87-90.  

 

The tissue factor pathway of coagulation is triggered when plasma comes into 

contact with cells that express tissue factor.  Tissue factor (factor III) is normally 

absent from all cells that are in direct contact with plasma, but is constitutively 

expressed on the surface of many cell types located outside the vasculature, 

including those in the adventitia of large blood vessels89, 90. With vascular injury, 

cells bearing tissue factor may come into surface with the blood. Unlike other 

coagulation protein, tissue factor does not normally exist in a zymogen form, and 

thus does not require proteolysis for activation. Tissue factor binds plasma factor 

VII with high affinity and proteolytically converts it to factor VIIa87, 91. The 

activated protein is not released however, in fact factor VIIa has little pro-

coagulant activity of its own92, and it is the tissue-factor:factor VIIa (III:VIIa) 

complex, still anchored to the surface of the cell, that stimulates coagulation82, 83, 

93, 94. 

 

Once formed, the III:VIIa complex can propagate the coagulation cascade in two 

ways. As mentioned previously (section 1.1.3.1), III:VIIa can activate 

coagulation factor IX via limited proteolysis to generate factor IXa82, 83. This 

propagates the intrinsic pathway of coagulation. Secondly, III:VIIa directly 

activates factor X93-96. Factor Xa produced by the extrinsic pathway is 
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indistinguishable from that activated by the intrinsic pathway97-99. This directly 

propagates the common pathway of coagulation. 

 

1.1.3.3 The Common Pathway of Coagulation 

After activation by either intrinsic or extrinsic pathways, factor Xa participates in 

the prothrombinase complex to convert factor II to factor IIa (thrombin). This 

reaction may take place in the absence of factor Va, provided calcium and 

phospholipid are present, but is greatly accelerated by its presence100. Factor Va 

is formed by proteolytic cleavage of factor V by factor IIa. This cyclic 

amplification reaction results in rapid acceleration of the reaction kinetics after 

initiation. Activation of factor II also results in the release of protein fragments, 

prothrombin fragments 1 and 2 (PF1 & 2). The presences of these fragments in 

plasma are a quantitative indication of thrombin generation101, 102. 

 

In a self amplification cycle, factor IIa activates factor V, factor VIII, factor XIII 

and activates further factor II whilst also producing insoluble factor Ia (fibrin) 

from factor I (fibrinogen)103, 104. Thus factor IIa is a strong promoter of fibrin 

formation, although factor IIa may, under some circumstances, exert 

anticoagulant activity. As described in a later section (section 1.1.3.4.2) factor 

IIa, in the presence of thrombomodulin, activates the protein C anticoagulant 

pathway. Factor IIa production also promotes fibrinolysis (see section 1.1.3.5). 
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Factor Ia monomer is insoluble and, in the presence of factor XIIIa, is stabilised 

to form a solid fibrin polymer clot105. This is seen as the culmination of the 

coagulation cascade and results in solidification of the plasma. 

 

Factor X may also be exogenously activated by Russell’s Viper venom in a 

similar fashion to factor IX (section 1.1.3.1). The factor Xa molecule produced is 

structurally different but has the same activity as endogenously formed factor 

Xa78-81.  

 

1.1.3.4 Natural Inhibitors of Coagulation 

Several major endogenous inhibitors of coagulation exist. C1 inhibitor is a potent 

inhibitor of the contact factor pathway of coagulation, as it specifically targets 

factor XIIa and kallikrein106. Antithrombin (described in detail in section 

1.1.3.4.1) inhibits factors IXa, Xa and IIa. The protein C anticoagulant pathway 

(described in detail in section 1.1.3.4.2) inhibits factors Va and VIIIa, while α2-

macroglobulin inhibits many plasma coagulant, and also fibrinolytic, enzymes107. 

The role of coagulation inhibitors is to prevent uncontrolled rapid fibrin 

deposition as a result of the self-propagating and high velocity nature of the 

coagulation cascade. Deficiencies or defects in coagulation inhibitors or their 

substrates, such as Factor V Leiden (section 1.1.3.4.2.1) often result in 

thrombotic diatheses. 
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1.1.3.4.1 Antithrombin 

Antithrombin is a 58kDa serine protease inhibitors (serpin) that is a potent and 

important endogenous anticoagulant molecule. It can directly inhibit factor IIa as 

well as block factor IIa production by inhibiting other coagulation enzymes 

which are responsible for the generation of factor IIa. Antithrombin is capable of 

binding to and inhibiting factors IIa, Xa, IXa, XIa, XIIa, kallikrein, HMW 

kininogen and factor III:VIIa108-110. As with all serpins, antithrombin inhibits 

target enzymes using a “suicide-substrate” inhibition mechanism, with the 

formation of a covalent complex between the active serine site of the enzyme and 

the active site of antithrombin111, 112. This results in irreversible inhibition of both 

the coagulation enzyme and the antithrombin molecule. Thus antithrombin is a 

major regulator of most serine proteases generated during contact and tissue 

factor activation of coagulation.  

 

The anticoagulant activity of antithrombin is potentiated 1,000 fold by binding 

heparan sulphate proteoglycans113 or pharmacological heparin108, 114. It is by the 

action of antithrombin that heparin exerts its potent anticoagulant effect (section 

1.2.2). 

 

In the absence of heparin or heparan cofactors, antithrombin is an inefficient 

inhibitor of serine proteases. However, binding of a specific pentasaccharide unit 

of heparin or heparan sulphate introduces a conformation change in the 

antithrombin molecule115-118 which potentiates serine protease inhibition over 

1,000 fold through an allosteric mechanism118 (section 1.2.3). The resulting 
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coagulation factor-antithrombin complexes are rapidly cleared from circulation 

by the liver119. The level of thrombin-antithrombin (T-AT) complex in blood is a 

quantitative temporal indication of factor IIa formation and inhibition120-122. 

 

In humans, antithrombin is distributed in three distinct physiological pools. 39% 

of human antithrombin is located in the plasma, while 11% is in non-circulating 

vascular-associated pools and 50% in an extravascular pool123-125. As much as 

46% of the total vascular antithrombin pool is catabolised and replaced daily123. 

The capacity for and kinetics of movement of antithrombin between vascular and 

non-vascular pools is not yet established.  

 

1.1.3.4.2 The Protein C Anticoagulant Pathway 

The protein C anticoagulant pathway is an important anticoagulant mechanism 

which serves as an “on-demand” inhibitor of the prothrombinase complex. The 

currently accepted model of activation of the protein C pathway126-133 is shown in 

Figure 1.2. Thrombin binds to thrombomodulin, on the surface of endothelial 

cells. This increases the rate of protein C activation over 20,000 fold8, 128, which 

is further increased by binding of protein C to an endothelial cell protein C 

receptor (EPCR)134, 135. 
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Figure 1.2 – APC schematic 
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Activated protein C (APC) dissociates from its activation complex136 and, with 

the interaction of protein S6, 128, inactivates factors Va and VIIIa128, 137, 138. APC 

cleaves factor VIIIa at three bonds located in the heavy chain, though loss of 

activity correlates with cleavage at only one of those sites, the arg-gly bond at 

position 562 of the factor VIIIa protein139, 140. Several bonds are cleaved in the 

heavy chain of factor Va also. A crucial cleavage is another arg-gly bond at 

position 506140-142. Cleavage also occurs in the light chain of factor Va, but does 

not affect the activity of the molecule140. 

 

APC is inhibited by the naturally occurring serpins; protein C inhibitor (PCI), α1-

antitrypsin, α2-macroglobulin and α2-antiplasmin 143-145. Exogenous serpins (eg 

aprotinin) may also exert inhibition of APC146. This reaction is described in some 

detail in section 1.2.3.3.1. 

 

Abnormal function of the protein C anticoagulant pathway is relatively common 

and is associated with an increased risk of venous147-150 and possibly arterial151-

154 thrombosis. Studies have shown that protein C consumption contributes to the 

pathogenesis of septic shock155. APC resistance is the most commonly occurring 

defect of the protein C anticoagulant pathway, frequently due to a mutation of the 

Factor V gene, known as Factor V Leiden (FVL). 

 

1.1.3.5 Fibrinolysis 

The fibrinolytic cascade is a series of proteolytic activations of zymogens that 

results in the breakdown of fibrin by the action of plasmin, a potent serine 
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protease. The production of factor IIa by the coagulation system stimulates the 

release of tPA by endothelial cells156. uPA is synthesised by endothelial cells on 

endothelial injury61. Both tPA and uPA activate plasminogen to plasmin. This 

process is accelerated when plasminogen is bound to factor Ia157. Plasmin is able 

to cleave further plasminogen to render it more susceptible to activation in a 

positive feedback reaction158. Plasmin cleaves both factor I and factor Ia to form 

fibrin degradation proteins (FDPs), which inhibit the conversion of factor I by 

factor IIa and inhibit the polymerisation and stabilisation of factor Ia159. 

 

During the initial period of activation of platelets and coagulation, platelets and 

endothelial cells release plasminogen activator inhibitors that serve to facilitate 

fibrin formation41. Such inhibitors include α2-antiplasmin107, PAI-1160 and 

lipoprotein A161. The stabilisation of factor Ia polymers by factor XIIIa also 

renders them less susceptible to fibrinolysis. Aprotinin, an exogenous inhibitor of 

fibrinolysis, is employed in some surgical settings to promote clot stability. The 

effect of this agent on fibrinolysis is described in detail in section 1.2.3.3.1. 

 

1.1.3.6 Thrombophilia 

Thrombophilia is an increased tendency to thromboembolism which may be due 

to inherited or acquired factors162. Thrombophilia is usually diagnosed on clinical 

grounds in patients who present with recurrent thrombosis, thrombosis at a young 

age, thrombosis in an unusual site, recurrent foetal loss or a family history of 

thrombosis162. 
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Inherited abnormalities known to be associated with thrombophilia include 

genetic deficiencies of antithrombin, protein C, and protein S, APC resistance, 

and a mutation of the factor II gene. Acquired thrombophilic disorders include 

antiphospholipid antibodies and malignant neoplasia. 

  

1.1.3.6.1 Factor V Leiden 

Factor V Leiden (FVL) is the most common genetic risk factor in venous 

thrombophilia148, 150, 163. It is a genetically inheritable point substitution mutation 

of guanine to adenine at position 1691 of the Factor V gene on chromosome 1150. 

This results in an altered Factor V protein, with arginine replaced by glutamine at 

position 506 of the protein150. As mentioned previously, the bond at position 506 

is a major cleavage site for the proteolytic activity of APC139. Thus FVL results 

in 10 fold decreased efficacy of the anticoagulant activity of APC164. This 

phenomenon, known as APC resistance, causes deregulation of the coagulation 

cascade, leading to unchecked fibrin deposition. This presents phenotypically 

with increased propensity for venous thromboembolism148, 150, 165, 166. 

Heterozygosity for FVL has a frequency of approximately 4% in Australian 

populations167 and 5% in northern European populations150. It is associated with 

a 6 - 8 fold increased risk of deep venous thrombosis (DVT)148, 165. Up to 40% of 

patients with a personal history of DVT are affected by the FVL mutation150, 168. 

There is little, and somewhat contradictory, evidence of a role for the FVL 

mutation in arterial disease153, 154, 167, 169-178, although some studies suggest it may 

increase the risk of early graft occlusion in coronary artery bypass graft (CABG) 

patients151, 153, 178. 
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1.2 Cardiac Surgery 

Cardiac surgery refers to a range of surgical procedures involving the heart and 

great vessels. In the majority of these procedures, particularly in CABG and 

valve replacement/repair, the heart must be arrested to facilitate surgery and the 

blood circulated and oxygenated using an extracorporeal device cardiopulmonary 

bypass (section 1.2.1). However, an increasing number of CABG procedures are 

being undertaken without bypass using off pump coronary artery bypass 

(OPCAB) techniques (Section 1.2.3.3.4). 

 

CABG and OPCAB involve surgically bypassing lesions in the coronary arteries 

using arterial and/or venous conduits by aorto-coronary anastomosis or 

anastomosis of the internal mammary artery to the occluded coronary vessel. 

Valve replacement/repair involves intra-cardiac replacement of diseased cardiac 

valves with valvular prostheses or correction of valve insufficiency with 

valvuloplasty.  

 

1.2.1 Cardiopulmonary Bypass 

Cardiopulmonary bypass is a technique used to bypass the heart and lungs in 

order to facilitate surgery on the arrested heart179. Blood drains by gravity via a 

cannula in the vena cava into a reservoir/oxygenator system. Following gas 

exchange, oxygenated blood is pumped back to the patient via a cannula placed 

in the aortic root (occasionally via femoral or axillary arteries). The temperature 

of the blood is controlled by a heater/cooler which pumps water through a coil in 

the venous reservoir. Surgery is usually performed under mild to moderate 
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hypothermia (nasopharyngeal temperature 30-34°C) in order to protect the 

brain180, 181. 

 

Prior to establishment of cardiopulmonary bypass the extracorporeal circuit is 

primed with fluid. This is usually a crystalloid solution, such as Plasma-Lyte, but 

may also include colloid (eg. albumin) 181, 182. The volume of prime depends on 

the oxygenator and circuit in use, but is usually of the order of 1.2 to 2.5L in 

adults181, 182. 

 

Haemodilution is a feature of cardiopulmonary bypass and this probably 

improves oxygen delivery in the face of hypothermia and altered tissue 

perfusion. The aim of haemodilution is to achieve a haematocrit of between 0.20 

and 0.25, or a dilution factor of 1.8 to 2.0181, 182. 

 

Whilst cardiopulmonary bypass is essential for most cardiac surgical procedures, 

it is a non-physiological process which activates coagulation. This is via a 

number of mechanisms, including disturbance of the contact factor pathway, 

fibrinolysis, platelet function, complement and inflammation. Surgery itself also 

activates the tissue factor pathway of coagulation. Several haemostatic agents, 

particularly heparin, are employed to offset these effects. These pharmacological 

agents will be discussed in more detail. 
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1.2.2 Heparin 

Heparin is a potent anticoagulant that catalyses the inhibition of activated 

coagulation proteins by antithrombin (section 1.1.3.4.1), thereby inhibiting the 

amplification reactions of the coagulation pathway108, 113, 114, 183-185. Heparin is 

widely used clinically to prevent extension of venous thrombosis, as prophylaxis 

for thromboembolic disease for high risk groups, and in prophylaxis of deep vein 

thrombosis associated with high risk surgery, such as cardiac or hip replacement 

surgery186-188. 

 

In cardiac surgery involving cardiopulmonary bypass unfractionated heparin 

(UFH) is employed in large doses (3 – 4mg.kg-1 body weight) to ameliorate 

activation of coagulation186. It is imperative that adequate heparinisation is 

achieved prior to establishment of cardiopulmonary bypass. In patients with 

unstable angina, UFH may also be administered intravenously (approximately 

24mg.patient-1.day-1) prior to cardiac surgery189-191. Adequate anticoagulation for 

cardiopulmonary bypass is monitored with the activated clotting time (ACT) 

(Section 1.2.2.1). 

 

Commercial grade UFH is most commonly prepared from mast cells derived 

from porcine intestinal mucosa or bovine lung192. Porcine mucosal or bovine 

lung UFH consists of unbranched mucopolysaccharide chains joined by 

glycosidic linkages193. Over 70% of the UFH molecule consists of repeating 

disaccharide units194. However the site of antithrombin binding and activation is 

a specific pentasaccharide with a 3-O-sulpho group at the centre of a repeating 
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2,3,6-trisulphates glucosamine-glucuronate units115, 194, 195, as depicted in Figure 

1.3. Thus UFH is not specific for antithrombin and also binds to many other 

proteins present in plasma, such as albumin and glycosaminoglycans (GAGs). 

Due to the variability in molecular weight and potency of unfractionated heparin, 

activity of any given preparation of unfractionated procine mucosal heparin may 

range from 80-120U.mg-1. 

 

UFH has immediate anticoagulant activity following infusion and an in vivo 

effective half life of approximately 152 mins for 4mg.kg-1. However, there is 

wide individual variation (range 48 – 270 mins at 4mg.kg-1) and dose 

dependence196-199. Physiological clearance occurs via the reticuloendothelial 

system197. The affinity of heparin pentasaccharide for T-AT complex is much 

lower than that for unbound antithrombin200 due to conformational changes in the 

bound antithrombin molecule201. Thus UFH may dissociate from the T-AT 

complex and activate free antithrombin. UFH is therefore not consumed in 

exerting anticoagulant activity and thus is an effective anticoagulant at low 

concentrations until cleared by the reticuloendoethial system or otherwise 

neutralised. 

 

UFH has several other effects on haemostasis in addition to activation of 

antithrombin. Heparin binds to and activates heparin cofactor II, which 

specifically inhibits factor IIa202-204. Heparin also promotes the release of TFPI, 

tPA and PAI-1 with an overall trend for decreased extrinsic coagulation and 

increased fibrinolysis205-207. The effect of heparin on platelets has been variously 
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reported as enhancing aggregation and secretion, inhibiting activation and 

aggregation or having no recognisable effect on activity208-212. The disparity may 

be due to differing heparin preparations as well as different laboratory 

methods213. It is generally accepted that UFH increases the activity and 

aggregation of platelets resulting in a transient, mild, dose-related 

thrombocytopaenia211, 212, 214-218. Late onset, severe heparin induced 

thrombocytopaenia syndrome (HITS) affects certain patients219, 220 and is due to 

the presence of IgG antibody specific for heparin-PF4 complexes221, 222. 

 

Heparinisation of the order of 3 – 4mg.kg-1 inhibits factor IIa production during 

cardiopulmonary bypass183, 185. However some factor IIa is still produced186. 

Furthermore, since heparin (with antithrombin) is only capable of inhibiting 

coagulation factors that have previously been proteolytically activated, initiation 

of the coagulation pathway proceeds even in the presence of UFH and 

consumption of coagulation factors may take place186, 223, 224. While heparin is 

not consumed in exerting its anticoagulant effect, antithrombin is. Thus there is a 

limit to the capacity for UFH to inhibit coagulation based on the antithrombin 

titre. Furthermore, heparin promotes fibrinolysis, activates platelets and causes 

thrombocytopaenia. These data suggest that UFH is not an ideal anticoagulant for 

cardiopulmonary bypass, and clinical or sub-clinical coagulation may take place 

even with adequate anticoagulation186. UFH is reversed following completion of 

surgery with protamine sulphate (section 1.2.3). However, clinical bleeding may 

take place following cardiopulmonary bypass even where adequate reversal of 

heparin has been performed225-227.  
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Figure 1.3 The molecular structure of the antithrombin-binding pentasaccharide of heparin. 
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1.2.2.1 The Activated Clotting Time 

The ACT is a rapid, real-time measurement of the clotting potential of whole 

blood after activation with kaolin or celite. The ACT of normal blood 

(107±13s)228 is prolonged in a linear fashion with increasing concentrations of 

heparin in the blood (r = 0.886)31, 228-238. Therefore the ACT is commonly 

employed to monitor heparin anticoagulation during cardiopulmonary bypass. 

The ACT is maintained at >500s with additional doses of heparin (20 – 30mg) 

administered where required239 to prevent intra-operative thrombosis and 

minimise sub-clinical intra-operative coagulation186, 231, 233, 240. 

 

In addition to heparin, several other factors have been shown to affect the ACT. 

These include, 

1. Haematocrit (Haemodilution)241-243 

2. Patient temperature242, 244 

3. Platelet count245 

4. Aprotinin (celite ACT only)246-248 

The net effect is, while heparin prolongs the ACT of a blood sample under 

constant conditions, the overall correlation of ACT and heparin concentration is 

poor241, 249-251. Nevertheless the ACT remains the standard method of monitoring 

intra-operative heparinisation for cardiac surgery. 

 

1.2.2.2 Heparin Resistance 

A lower than expected ACT after full heparinisation is termed ‘heparin 

resistance’190, 252. Heparin resistance is defined by a kaolin ACT <500s following 
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full heparinisation189, 191, or failure of >4.1IU.mL-1 of UFH to further increase the 

ACT value253. Failure to prolong the ACT >500s is thought to confer a risk of 

intro-operative thrombosis191, 233, 254. However, no studies have demonstrated that 

heparin resistance contributes to peri-operative thrombosis in cardiac surgical 

patients255. 

 

Pre-operative heparin use appears to be the most significant risk factor for 

heparin resistance190, 256. The mechanism is thought to be due to reduced 

antithrombin concentrations in these patients. This is discussed in detail in 

Chapter 3. 

 

1.2.2.3 Neutralisation and Removal of Heparin 

Traditionally, protamine sulphate has been used to neutralise the anticoagulant 

activity of heparin following overdose, cardiopulmonary bypass, or for 

laboratory testing purposes. Protamine sulphate is able to form a stable 1:1 

inactive stoichiometric bond with the active site of heparin and is employed in to 

reverse heparin anticoagulation following cardiopulmonary bypass. The standard 

dose employed is generally 1.0 to 1.5mg of protamine per 1mg of heparin180, 225, 

257-259. The use of deliberate overdose of protamine(greater than 1.0mg per 1.0mg 

of heparin) is employed by some as a means of ensuring complete heparin 

reversal260, 261. Methods using a calculation based on titration of protamine to 

heparinised blood and patient nomogram have also been employed225, 257, 258, 262. 
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Protamine sulphate is a heterogeneous, simple, low molecular weight 

polycationic protein composed of arginine, proline, serine and valine species263. 

Protamine binds to heparin in a stoichiometric fashion and, in doing so, 

dissociates heparin-antithrombin complexes264, 265. The resulting salt formed has 

no specific anticoagulant activity and is rapidly cleared266. This neutralising 

reaction occurs with various efficiency with different heparin preparations, with 

approximately 100IU of mucous heparin or 80IU of lung heparin neutralised for 

each 1mg of protamine sulphate263. Complete neutralisation of anti-factor IIa 

activity occurs for all heparin types264, 265, however residual anti-factor Xa 

activity is observed following neutralisation of low molecular weight heparins267-

269. It has been suggested that this is due to TFPI released by heparin injection, 

for which protamine has no neutralising effect270. 

 

Despite protamine sulphate being in clinical use for neutralisation of heparin 

since the late 1930’s271, little is known of its pharmacokinetics. Protamine has a 

rapid onset of action with full neutralisation of heparin occurring within the first 

5 minutes following intravenous administration263. However, little is known of 

the fate of protamine sulphate or protamine-heparin complexes263. It has been 

demonstrated that protamine-heparin complexes are deposited in the kidney266, 

however the rate of renal clearance has been not been comprehensively studied. 

Rat models have shown a circulating half-life of intravenous protamine alone to 

be 24 minutes, but decreased to 18 minutes in the presence of heparin272. 

Furthermore, it has been suggested that protamine-heparin complexes are rapidly 

broken down by blood components, thus releasing heparin and this may be 
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responsible for the anecdotal ‘heparin rebound’ phenomenon (section 1.2.3.1)263, 

273, 274. 

 

While protamine-heparin polycation-polyanion complexes exhibit no direct 

effect on coagulation, they have been demonstrated to activate the classical 

pathway of complement275 resulting systemic inflammation276, 277. This results in 

haemodynamic complications including hypotension and bradycardia276, 277. A 

severe, often fatal, complement mediated haemodynamic reaction is seen in 

about 0.1% of patients who are administered the agent277. 

 

Protamine sulphate has been demonstrated to have anticoagulant activity when 

administered alone or in excess of heparin225, 278-282. However, this has often been 

dismissed as clinically insignificant261, 283, 284. Protamine is also responsible for 

increased platelet aggregation and is associated with platelet dysfunction 

following cardiopulmonary bypass225, 276, 277, 285-287. 

 

The mechanism of anticoagulant activity of protamine sulphate is unclear, and is 

likely to be multifactorial. Studies have demonstrated that protamine sulphate 

inhibits thromboplastin activity and release from platelets263, while other studies 

indicate protamine sulphate interacts with factor IIa, for which it acts as a 

substrate and interferes with factor IIa-factor I interaction281. Furthermore, it has 

been demonstrated that protamine, when added to heparinised plasma at 

concentrations slightly less than that required to neutralised heparin, exhibits 

procoagulant activity in vitro279, 288. This has led to the theory that protamine 
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causes non-enzymatic polymerisation of factor Ia, which is usually offset by 

other anticoagulant activities of both protamine and heparin, and is thus only 

observed at specific concentrations. Furthermore, it has been suggested that 

protamine or protamine-heparin complexes may induce contact activated 

coagulation due to their highly charged nature289. The effects of protamine of 

platelet function, blood pressure and coagulation indicate that, despite its 

common and widespread use, it is not an ideal agent for heparin reversal 

following cardiopulmonary bypass276, 278, 281. 

 

Other heparin neutralising agents are also available but are not routinely used. 

These include recombinant platelet factor 4 (rPF4), Polybrene, heparinase and 

ion exchange resins. 

 

rPF4 binds to and neutralises heparin in a manner similar to protamine268, 290, 291 

but does not, in contrast to protamine, cause complement activation or thrombin 

inhibition290. However, rPF4 is less efficient than protamine sulphate (18% cf) in 

neutralising heparin279. Furthermore, some studies have suggested that rPF4-

heparin complexes may stimulate HITS222.  

 

Polybrene is a synthetic polymerised ammonium salt polycation that inhibits 

heparin in a similar, yet more efficient, manner to protamine sulphate278, 279. 

However, like protamine, Polybrene exerts anticoagulant effects in its own 

right when administered in excess279, 280. Thus Polybrene is only employed for 
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reversing heparinisation in cardiac surgery in patients with a known 

hypersensitivity to protamine sulphate. 

 

Heparinase is an enzyme which specifically binds to and cleaves the active site 

of heparin but is expensive and impractical for use in the quantity required to 

reverse high dose UFH with cardiopulmonary bypass223, 285. 

 

Ionic exchange resins have been employed, with some success, for both 

laboratory and clinical removal of heparin279, 280, 292. Triethylaminoethyl cellulose 

(TEAEC) has been shown to remove up to 20IU.mL-1.mg-1 from citrated 

plasma280. No study has assessed the effects of TEAEC on coagulation 

parameters of plasma when administered alone or in excess. This will be further 

explored in this thesis (see Appendix I) 

 

1.2.2.3.1 The Heparin Rebound Phenomenon 

‘heparin rebound’ has been proposed as one cause of bleeding after 

cardiopulmonary bypass following reversal with protamine sulphate274, 293-296. 

The diagnosis is based on the recurrence of a prolonged ACT (>110% of 

baseline294) generally 20 mins to 2 hours after complete administration of 

protamine sulphate297. It is generally thought that the loss of haemostasis is due 

to the reappearance of heparin in the blood273, 274, 296, 298-300. There are several 

different theoretical explanations for how heparin re-appears in the circulation, 

though there is little scientific evidence to support any. These include 

1. Heparin is released by red blood cell breakdown301. 
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2. Heparin “escapes” from the circulation into extravascular spaces and then 

returns via lymphatics and thoracic ducts, after protamine has been 

cleared302. 

3. Temporary neutralisation of heparin by endogenous antagonists which is 

subsequently cleared from blood303. 

4. Protamine may be metabolised or neutralised by plasma proteins before 

heparin is cleared274. This is not supported by studies that have shown the 

circulating half-life of intravenous radio-labelled protamine is 24 

minutes, while the half-life of protamine-heparin complex is 18 

minutes272. 

5. Heparin levels do not decay as rapidly during hypothermic perfusions299, 

304. 

6. Heparin activity is enhanced by thrombocytopaenia following 

cardiopulmonary bypass296. 

7. Heparin binds to fat cells and is slowly or rapidly released hours post 

bypass295, 296 

 

All studies that have demonstrated heparin rebound have based their findings on 

either evidence of clinical bleeding that appeared to respond to administration of 

protamine, or the prolongation of clotting tests that require coagulation of the 

specimen as an end point249, 273, 274, 293, 296, 298, 299, 305-308. The presence of ‘heparin 

rebound’ can only be inferred as a cause of post-operative haemorrhage from 

such tests and requires direct, chemical testing to confirm that heparin is the 
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cause of prolonged ACT and bleeding. A study undertaken by Gundry et al 

(1989)294 using a direct chemical methods for detecting heparin did not 

demonstrate any cases of ‘heparin rebound’ in 27 patients for 8 hours following 

cardiopulmonary bypass. 

 

1.2.3 The Haemostatic Defect of Cardiopulmonary Bypass 

It has long been recognised that cardiopulmonary bypass results in abnormal 

haemostasis. The haemostatic defect of cardiopulmonary bypass is responsible 

for much of the morbidity and mortality associated with cardiopulmonary 

bypass.  

 

1.2.3.1 Clinical Haemostatic Risks Associated with Cardiopulmonary 

Bypass 

Physiological haemostasis and fibrinolysis form a tightly regulated balance that 

is disturbed in cardiopulmonary bypass. The most likely risk of cardiopulmonary 

bypass is excessive post-operative haemorrhage. However, peri-operative 

thrombosis may occur also. 

 

1.2.3.1.1 Peri-operative Thrombosis 

Thrombosis during and following cardiopulmonary bypass is a major clinical 

problem. The effects of thrombosis range from aorto-coronary graft occlusion 

(20.5 to 12.7% of cases), peri-operative myocardial infarction (14.3 to 6.0% of 

cases), cerebrovascular thrombotic stroke (2.1 to 3.1% of cases) or, rarely, 

catastrophic intra-operative coagulation152, 178, 309-318. The formation of micro-
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thrombotic particles in the extracorporeal circuit may also occur. This may 

interfere with the function of cardiopulmonary bypass and may disseminate 

micro-emboli to the patient circulation.  

 

The clinical effects of peri-operative thrombosis are severe, resulting in reduced 

graft patency and myocardial ischaemia requiring a return to theatre, post-

operative neurological damage or, in severe cases death of the patient. 

  

1.2.3.1.2 Post-operative Haemorrhage 

Excessive blood loss following cardiopulmonary bypass may be either “surgical” 

or “non-surgical” in nature. “Surgical” refers to blood lost from a specific 

anatomical site, particularly the site of aorto-coronary graft anastomosis, as a 

result of the surgical procedure itself. Diffuse blood loss which is not associated 

with a specific anatomical site, and which reflects a generalised bleeding 

diathesis is referred to as “non-surgical” bleeding. 

 

Non-surgical post-operative blood loss may be difficult to control. Approached 

to treatment should address the cause of the bleeding, ensuring the patient is 

normothermic, heparin has been neutralised and antifibrinolytics administered 

where appropriate. Where significant blood loss occurs blood products may be 

required. Autologous blood may be collected pre-operatively to provide a source 

of fully compatible blood when post-operative haemorrhage occurs319-326. 

However, where this is insufficient or logistically impractical, allogeneic blood 
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transfusion must be used. Allogeneic blood transfusion requirements following 

cardiopulmonary bypass are relatively high327, 328. 

 

Allogeneic blood transfusion carries slight risks of infection and allo-immune 

reactions323, 329, 330. A large study of intensive care patients showed a significant 

reduction in mortality as a result of the introduction of a restrictive transfusion 

policy155. Furthermore the supply of blood is limited. Thus a generally 

conservative approach to allogeneic transfusion is advocated323, 331. This may be 

achieved by reducing the haemostatic defect of cardiopulmonary bypass. 

 

1.2.3.2 Causes of the Haemostatic Defect of Cardiopulmonary Bypass 

Despite extensive investigation, the underlying basis of haemorrhagic and 

thrombotic diatheses associated with cardiopulmonary bypass are not well 

characterised. Defective haemostasis during and following cardiopulmonary 

bypass is most likely caused by a combination of multiple factors, including a 

platelet function defect and thrombocytopaenia, activation of coagulation, and a 

fibrinolytic state. The pathophysiological basis of these contributors to the 

haemostatic defect of cardiopulmonary bypass is discussed below. 

 

1.2.3.2.1 Platelet Function Abnormalities 

The damaging effects of cardiopulmonary bypass on platelet function and 

number have long been recognised and are multifactorial332. Many areas have 

been identified as possible contributors to thrombocytopaenia and platelet 

dysfunction. These include: 
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1. Activation and loss of platelets by contact with synthetic, non-

endothelial surfaces during extracorporeal circulation. Heparin does 

not inhibit activation of platelets by this mechanism333, 334. Activated 

platelets bind to fibrinogen adsorbed to the circuit29, 335-337. 

2. Shear force31, 338. 

3. Hypothermia339: Post-operative temperature correlates with post-

operative blood loss340  

4. Loss of platelet activation receptors335, 341-343: This may be due to 

microparticle formation344 or platelet membrane detachment343. 

5. Plasmin and FDPs from activation of fibrinolysis345: These may 

interfere with platelet aggregation159, 226 but do not correlate well with 

platelet dysfunction following cardiopulmonary bypass346. 

6. Thrombin production347: This is not completely inhibited by heparin 

and may adhere to the extracorporeal circuit and activate platelets186, 

347. 

7. Haemodilution: Thought to be a major cause of thrombocytopaenia 

following cardiopulmonary bypass333, 348. 

8. Heparin349: may induce transient or autoimmune 

thrombocytopaenia219-222. 

9. Protamine sulphate350: may induce platelet activation and secretion225, 

276, 277, 285-287. 

10. Adhesion (passivation) of platelets onto the extracorporeal circuit333, 

335. 
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11. Existing pre-operative platelet dysfunction (such as with aspirin or 

clopidogrel use) that is exacerbated by the other effects of 

cardiopulmonary bypass. 

The net effects of these changes are intra-operative platelet activation that may 

contribute to risk for peri-operative thrombosis and a reduced ability for 

formation of a haemostatic plug following surgery64, 297, 351, 352. 

 

1.2.3.2.2 Activation, Consumption and Haemodilution of Coagulation 

Factors 

Cardiopulmonary bypass causes up to a 50% decrease in the concentration of 

plasma coagulation proteins, mainly as a result of haemodilution31. Because of 

the complexity of cardiac surgery and the demand for frequent administration of 

various fluids (eg. crystalloid, blood components), the exact contribution of 

haemodilution to the concentration of plasma coagulation proteins and inhibitors 

is difficult to ascertain during and following cardiopulmonary bypass. 

Haemodilution is most pronounced several minutes after institution of 

cardiopulmonary bypass but has been reported to affect plasma protein 

concentrations for several days post-operatively31. Coagulation protein 

concentrations, which fall during cardiopulmonary bypass, may reflect the 

effects of haemodilution and may not be due to intra-operative activation and 

consumption. 

 

Although haemodilution of blood (and plasma) results in prolongation of the 

ACT and aPTT182, 353, it is not associated with post-operative haemorrhage in 
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cardiopulmonary bypass64, 224, 227, 353. Reduction in the concentration inhibitors of 

coagulation, particularly antithrombin, may result in hypercoagulability. There is 

some evidence to support this, with haemodilution resulting in increased 

thrombogenicity of blood according to thromboelsatography assays353, 354. 

Administration of exogenous antithrombin to maintain concentrations within the 

normal range have resulted in decreased markers of activation of coagulation and 

reduced post-operative haemorrhage355-357. This is thought to be due to reduction 

in  consumption of coagulation factors due to sub-clinical coagulation during 

bypass arising from antithrombin deficiency secondary to haemodilution358. 

 

Most of the proteins in plasma are also adsorbed to the plastic surfaces of the 

cardiopulmonary bypass circuitry, but only in small and relatively 

inconsequential amounts31. Fibrinogen, however, is preferentially adsorbed to 

synthetic surfaces and has been shown to be the predominant protein on these 

surfaces after perfusion359, 360. 

 

Activation coagulation and kallikrein generation with cardiopulmonary bypass224, 

361, 362 is partially prevented by high doses of heparin. However, factor IIa 

generation has been demonstrated despite the presence of high doses of UFH 

during cardiopulmonary bypass186. This causes moderate consumption of 

coagulation factors, particularly factor V227, 348, during extracorporeal 

circulation340, 345, 348, 363, 364. The high level of consumption of factor V indicates 

that this protein plays a central role in thrombin formation during 

cardiopulmonary bypass. 
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Hypothermia associated with cardiopulmonary bypass has been shown to affect 

coagulation as well as platelet function244, 365. Rapid rewarming of the patient 

following separation from cardiopulmonary bypass normalises these parameters 

and reduces the need for post-operative transfusion31, 366, 367. 

 

1.2.3.2.3 Hyperfibrinolysis During Cardiopulmonary Bypass 

Fibrinolytic activity increases significantly during and following 

cardiopulmonary bypass and contributes to the haemostatic defect causing 

increased post-operative blood loss226, 345, 346, 368-379. This results from activation 

of fibrinolysis by systemic high-dose heparin31, 205-207, 364, 370 as well as inhibition 

of α2-antiplasmin (an inhibitor of fibrinolysis, see section 1.1.3.5) and the 

release of tPA due to kallikrein production with the commencement of 

cardiopulmonary bypass364, 370. Antiplasmin levels do not return to normal for 

48-72 hours post-operatively31, 364, whilst plasmin levels return to normal 

immediately after separation from bypass364. Thus fibrinolysis is deregulated 

following bypass, leading to increased bleeding. 

 

1.2.3.3 Surgical and Anaesthetic Methods for Reducing the 

Haemostatic Defect of Cardiopulmonary Bypass 

Strategies including the use of pharmacological agents, haemodilution, 

autologous blood transfusion, rapid in-theatre monitoring of haemostatic 

potential and the use of biologically coated cardiopulmonary bypass equipment 

have been employed to ameliorate the haemostatic defect of cardiopulmonary 
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bypass334. However, there is a complicated balance between prevention of 

haemorrhage and promotion of thrombosis. Strategies used include the use of 

antifibrinolytics (eg aprotinin), acute normovolaemic haemodilution (ANH) and 

heparin bonded circuits. Research into many strategies for minimising the 

haemostatic defect of cardiopulmonary bypass is incomplete and forms the 

subject for study in this thesis. 

 

1.2.3.3.1 Aprotinin 

Aprotinin is an antifibrinolytic agent used in cardiac surgery to reduce intra-

operative blood loss and, hence, diminish blood transfusion requirements380-382. It 

is a broad spectrum serine protease inhibitor and exerts its antifibrinolytic 

activity by the inhibition of the serine proteases plasmin and kallikrien380, 383-385. 

Table 1.2 shows the known substrates of aprotinin of relevance to human 

physiology and the potency of aprotinin inhibition of these substrates386. 

Aprotinin has also been shown to be protective of thrombocytopaenia following 

cardiopulmonary bypass387-395, possibly by down-regulating GPIIb-IIIa 

expression during cardiopulmonary bypass, thereby preventing binding to 

surface-adsorbed fibrinogen396. 

 

Aprotinin is very effective at reducing blood loss and blood transfusion 

requirements following cardiopulmonary bypass64, 311, 318, 372, 380-385, 397-406. A large 

randomised, blinded trial of 1,784 patients undertaken by Dietrich et al (1990)403 

showed a 35% decrease in chest tube drainage and a 53% decrease in blood 

transfusion requirements with high-dose aprotinin. Other antifibrinolytic agents, 
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such as ε-aminocaproic acid, have also been shown to improve blood transfusion 

requirements following cardiopulmonary bypass407-410. 

 
Table 1.2 The serine protease substrates of aprotinin of relevance to human 

physiology and the potency of aprotinin inhibition (Ki)386. 
 
Serine protease Ki  of aprotinin 

inhibition (nM) 
Plasmin 0.07 
Kallikrein 36 
Activated Protein C 1,100 
Factor XIa 1,100 
Factor VIIa-tissue factor complex 9,800 
Two-chain urokinase >2,500 
Factor Xa >9,800 
Factor IIa (thrombin) >61,000 
 

Following intravenous administration of aprotinin there is an initial rapid 

clearance from circulation followed by a slower exponential decrease as 

aprotinin is eliminated by glomerular filtration406, 411, 412. Thus, aprotinin exhibits 

a biphasic half-life in vivo with an initial half-life of 0.7 hours followed by 7 

hours in the second phase411. As a result of this rapid initial clearance, the 

recommended Hammersmith dosage regimen includes a constant infusion of 5.0 

x 105KIU.Hour-1 during bypass in addition to 5.0 x 105KIU administered as a 

slow bolus prior to surgery and 2.0 x 106KIU in the bypass prime384, 397, 400.  

 

As indicated in Table 1.2, aprotinin is capable of inhibiting APC, as APC is a 

serine protease146, 413. It has been suggested that, in some patients, the inhibitory 

effect of aprotinin on APC may induce thrombotic events175, 414. In fact, some 

studies have concluded an increased risk of aorto-coronary graft thrombosis 

where aprotinin is administered310, 398, 415-417. However, other large studies have 
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failed to confirm, or have refuted, these findings399, 418, 419. One study even found 

aprotinin to be protective of peri-operative clot formation due to its capacity to 

inhibit coagulation factors such as kallikrein, factor XIa, factor Xa and factor 

IIa420. This controversy, coupled with a poor understanding of the mechanisms, 

have resulted in many cardiac surgical units abstaining from the use of 

aprotinin419. A study conducted by the International Study of Peri-operative 

Transfusion in 1996 - 1999 found that 40% of cardiothoracic surgical units in 

Australia regularly employed aprotinin for reduction of peri-operative transfusion 

requirements421. However, a review of the alternatives to allogeneic blood 

transfusion conducted by the Blood and Blood Products Committee of the 

Australian Health Minister’s Advisory Council in June 2000 included in its 

recommendations that “Aprotinin should be actively supported by … promoting 

its use in cardiac surgery”422. 

 

In light of the recommendations for more widespread use of aprotinin in cardiac 

surgery422, the possibility of a patient with FVL receiving aprotinin must be 

considered. Both FVL and aprotinin have similar clinical effects in reducing the 

function of APC. This has been demonstrated by reduced APC ratios in both 

FVL 150, 175-177, 423, 424 and aprotinin treated 146, 175-177, 425 plasma. In vitro 

investigation has shown that the APC function of plasma of FVL heterozygotes 

is further inhibited by the addition of aprotinin, as measured by the APC ratio175. 

Sweeney et al. (1997) suggested that this combination of APC inhibition by the 

FVL genetic defect and aprotinin could provide a mechanism for peri-operative 
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graft thrombosis175, 414. This has not been confirmed in vivo in cardiac surgical 

patients426. This will be further explored in this thesis (Chapter 2). 

 

1.2.3.3.2 Acute Normovolaemic Haemodilution 

Acute normovolaemic haemodilution (ANH) is a form of peri-operative 

autologous transfusion which is applicable to patients undergoing elective 

cardiac surgery422, 427-430. The aim of ANH is to avoid allogeneic transfusion and 

its attendant risks, although other benefits such as increased oxygen delivery to 

peripheral tissues and increased platelet function due to sparing exposure to 

cardiopulmonary bypass have been reported227, 329, 427, 431-436.  

 

In ANH blood is venesected from the patient at the induction of anaesthesia and 

is replaced by an equivalent volume of crystalloid or colloid to maintain 

normovolaemia329, 427, 431. The amount drawn, normally around one unit (450mL) 

depends on the target haematocrit427. Blood is collected into bags containing 

adenine-citrate-dextrose (ACD) and stored at room temperature in the operating 

theatre during the procedure. The blood is then available for transfusion back 

into the patient during or following cardiopulmonary bypass. 

 

Transfusion of autologous blood has several advantages, particularly for patients 

undergoing cardiopulmonary bypass. Blood that is drawn prior to surgery and 

stored at room temperature and contains functioning platelets and labile 

coagulation proteins, both of which have a storage lesion in banked blood437-440. 

Furthermore, the autologous blood is spared from exposure to the damaging 
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effects of cardiopulmonary bypass. Thus, transfusion with fresh autologous 

blood following cardiopulmonary bypass has beneficial effects on the clotting 

mechanism and leads to a reduction in post-operative blood loss227, 329, 334, 352, 422, 

427, 431, 441, 442. However, despite these theoretical advantages the use of ANH 

remains controversial. In particular the findings of reduced post-operative 

allogeneic blood transfusion with ANH have been disputed326, 327, 421, 443-449. In 

addition, there are several potential adverse effects associated with ANH, the 

most significant of which is a potential risk of myocardial ischaemia with 

ANH353, 354, 422, 450-452. This is of most clinical significance in patients with pre-

existing ischaemic heart disease. The attendant high levels of cardiac and 

anaesthetic care which accompanies cardiac surgery and the immediate benefits 

of revascularisation surgery probably results in a lower risk of an ischaemic 

event resulting from ANH for cardiac patients than for other types of surgery422, 

427, 431. There is also concern that haemodilution of plasma may reduce plasma 

antithrombin concentrations and reduce the effectiveness of heparin 

anticoagulation with cardiopulmonary bypass353, 354, 453. This has not been 

directly studied and will be addressed in Chapter 4. 

 

1.2.3.3.3 Heparin Bonded Cardiopulmonary Bypass Circuits 

In an attempt to improve the biocompatibility of extracorporeal circulation, 

surface modified devices have been developed. These surfaces are designed to 

reduce the activation of coagulation, fibrinolysis and immune response with 

contact of the blood and the cardiopulmonary bypass circuitry454. While several 
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different coating components and techniques have been reported454-459, heparin 

bonded circuits are the most widely used and most intensely studied457. 

 

As discussed in section 1.2.2, heparin binds to antithrombin in plasma and 

increases it anticoagulant function. This also occurs with the heparin on 

manufactured heparin coated circuits, to a greater or lesser extent, depending on 

the method of attachment455, 460. This results in reduced activation of the contact 

factor pathway of coagulation461. In addition to anticoagulant properties, surface 

bound heparin inhibits complement activation462-467, resists protein and cell 

adsorption to the surface468, and attenuates leucocyte activation464, 465, 467, 469. 

Activation of fibrinolysis is also reduced by inhibiting the contact factor pathway 

of coagulation470. 

 

Reduced blood loss and blood transfusion requirements have been reported with 

the use of heparin bonded circuits in association with a reduced systemic dose of 

UFH with cardiopulmonary bypass471-477. However the safety of using reduced 

systemic doses of UFH with heparin bonded cardiopulmonary bypass has not 

been established478-483. This will be studied in Chapter 6. 

 

1.2.3.3.4 Off Pump Coronary Artery Bypass Grafts 

The development of new cardiac stabilising devices has allowed new surgical 

techniques for coronary revascularisation to be performed on a beating heart 

without the use of cardiopulmonary bypass484-487. This technique has been termed 

off pump coronary artery bypass grafting (OPCAB) and reduces some of the 
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adverse effects of cardiopulmonary bypass.  Eligibility for OPCAB surgery 

depends on the number and position of occlusions in the coronary artery as well 

as surgical preference for the procedure485. With the absence of cardiopulmonary 

bypass a reduced (50 – 33%) systemic loading dose of UFH is administered and 

the ACT maintained at around 200 – 300s. Reversal with protamine sulphate 

occurs after the final proximal anastomosis and may be reduced in dose (≤1mg of 

protamine per 1mg of UFH), intentionally leaving the patient partially 

anticoagulated for several hours following the procedure485-487. Currently 

approximately 20% of CABG is done off pump, although this is expected to 

increase to 50% within the next few years486, 488 

 

With the elimination of cardiopulmonary bypass and the attendant 

haemodilution, activation of coagulation and high dose heparinisation comes 

reduced blood loss following surgery489-491. However, several other possible 

benefits to OPCAB over traditional CABG surgery have been identified. These 

include; 

1. Reduced neurological damage486, 492, 493, 

2. Shorter duration of intensive care and hospital stay490, 491, 494, 495, 

3. Reduced atrial fibrillation and intra-operative myocardial ischaemia490, 

491, 

4. Improved respiratory outcome490, 

5. Reduced post-operative renal impairment496, 

 6. Reduced heparin administration376 (see Chapter 5), and, 
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7. Reduced post-operative blood transfusion requirements490, 497, 498 (see 

Chapter 5). 

 

1.3 Aims 

This introduction has highlighted the complexity of securing haemostasis in 

cardiac surgery involving cardiopulmonary bypass. The haemostatic defect is 

multi-factorial and due to a combination of drugs, patient factors, haemodilution 

and activation of haemostasis by cardiopulmonary bypass. A number of 

strategies are employed to ameliorate the haemostatic defect including the use of 

pharmacological agents (eg heparin, protamine, antifibrinolytic agents), 

haemodilution, rapid in-theatre monitoring of haemostatic potential (eg ACT) 

and the use of biologically coated cardiopulmonary bypass. However, each of 

these components has an effect on haemostasis that may also result in worsening 

of the haemostatic defect. Consequently in any one patient it may be difficult to 

determine the precise cause of haemorrhage or thrombosis due to interplay of 

each of these components. 

  

The aims of this thesis were to analyse many of the individual components 

involved in haemostasis in cardiopulmonary bypass with in vitro and in vivo 

studies. Specifically this thesis aims to further elucidate the nature of the defects 

in haemostasis brought about by cardiopulmonary bypass during the various 

phases of the procedure.  The components included: 

1. Assessment of the effects of pharmacological agents heparin, 

protamine sulphate and aprotinin, 
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2. Establish whether patients with the Factor V Leiden mutation are 

at particular risk during cardiopulmonary bypass, 

3. To determine the effect of haemodilution, and, 

4. To establish whether heparin bonded circuits alter the haemostatic 

defect. 

 

In Chapter 2 the effects of cardiopulmonary bypass, aprotinin and FVL on APC 

function in cardiac surgical patients are described. This employs in vitro, ex vivo 

and in vivo studies to determine if FVL and aprotinin treated patients are at 

increased risk of thrombosis due to reduced APC function during 

cardiopulmonary bypass. 

 

Chapter 3 details the role of antithrombin deficiency in heparin resistance in 

cardiopulmonary bypass who received pre-operative intravenous heparin therapy. 

In this Chapter prospective and retrospective studies are performed to determine 

if these patients are at increased risk of thrombosis due to reduced antithrombin 

concentration. 

 

Chapter 4 further describes the effects of cardiopulmonary bypass on 

antithrombin concentration. A clinical study examines the decrease in 

antithrombin concentration in relation to haemodilution and determines if 

patients who undergo acute normovolaemic haemodilution are at increased risk 

of thrombosis due to reduced antithrombin concentration. 
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Chapter 5 investigates the mechanisms of non-surgical post-operative 

haemorrhage in cardiac surgical patients. In vitro, ex vivo and in vivo 

investigations are performed to determine if heparin or protamine sulphate may 

be responsible for the loss of haemostasis following cardiopulmonary bypass. 

 

Chapter 6 examines the effects of heparin bonded circuits and reduced heparin 

doses on parameters of coagulation and platelet function with cardiopulmonary 

bypass. Specifically this Chapter utilises an ex vivo model to determine if 

eliminating or reducing intra-operative heparin with heparin bonded circuits 

results in an increased risk for thrombosis. 

 

Finally Chapter 7 concludes on the haemostatic defect in cardiopulmonary 

bypass. This will highlight the major defects occurring at specific phases during 

the procedure and outline areas where strategies to reduce the defect might be 

effective
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2.1  INTRODUCTION 

Activated protein C (APC), a naturally occurring serine protease in plasma, 

exerts its anticoagulant activity by binding to and cleaving Factor Va and Factor 

VIIIa139. Inactivation of these factors by APC results in interruption of the 

coagulation cascade, thus inhibiting fibrin deposition. 

 

Activity of protein C is measured semi-quantitatively in vitro by the APC ratio. 

This ratio compares the time taken for plasma to coagulate in the presence and 

absence of an exogenous protein C activator424. The APC ratio is a diagnostic test 

used to detect abnormalities of protein C function in order to assess 

thrombophilic potential. A normal APC ratio (1.9-4.0) is reduced in Factor V 

Leiden (FVL) heterozygous (0.8-1.5) and homozygous (<0.8) plasma424, 499. 

 

FVL is a genetically inheritable point substitution mutation of guanine to adenine 

at position 1691 of the Factor V gene on chromosome 1150. This results in an 

altered APC cleavage site on the mutant factor V protein and up to a 10 fold 

decreased efficacy of the anticoagulant activity of APC has been reported164. 

This phenomenon, known as APC resistance, causes deregulation of the 

coagulation cascade, leading to unchecked fibrin deposition. This presents 

phenotypically with increased propensity for venous thromboembolism148, 150, 165, 

166. There is little, and somewhat contradictory, evidence of a role for the FVL 

mutation in arterial disease153, 154, 167, 169-178. Some research suggests it may 

increase the risk of early graft occlusion in coronary artery bypass graft (CABG) 

patients151, 153, 178. 
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Aprotinin is an antifibrinolytic agent used in cardiac surgery to reduce intra-

operative blood loss and, hence, diminish blood transfusion requirements380-382. It 

is a broad spectrum serine protease inhibitor and exerts its antifibrinolytic 

activity by the inhibition of the serine proteases plasmin and kallikrein380, 383-385. 

Aprotinin is also capable of inhibiting APC, as APC is a serine protease146, 413. It 

has been suggested that, in some patients, the inhibitory effect of aprotinin on 

APC may induce thrombotic events175, 414. The use of aprotinin is relatively 

widespread in cardiac surgery421 and is actively encouraged in Australia422. 

 

Both FVL and aprotinin have similar clinical effects in reducing the function of 

APC. This has been demonstrated by reduced APC ratios in both FVL150, 175-177, 

423, 424 and aprotinin treated146, 175-177, 425 plasma. In vitro investigation has shown 

that the APC function of plasma of FVL heterozygotes is further inhibited by the 

addition of aprotinin, as measured by the APC ratio175. Sweeney et al. (1997) 

suggested that this combination of APC inhibition by the FVL genetic defect and 

aprotinin could provide a mechanism for peri-operative graft thrombosis175. 

Analysis of this phenomenon in vivo has been limited by: 

1. Small study cohorts, and, 

2. Difficulty of coagulation based testing in the cardiac surgical setting due 

to high doses of heparin in the sample material.  

A single case study conducted by Robbins et al. (1997) did not demonstrate any 

indication of graft thrombosis in a FVL patient treated with aprotinin426. 
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Due to the prevalence of the FVL mutation and the relatively widespread use of 

aprotinin in the cardiac surgical setting, and in light of the recommendations for 

more widespread use of aprotinin in cardiac surgery422, the possibility of a 

patient with FVL receiving aprotinin must be considered. The aim of the current 

study was therefore to determine if aprotinin caused decreased APC function in 

FVL patients undergoing cardiac surgery involving cardiopulmonary bypass. 

This was achieved by the use of three different experimental approaches. 

A. In vitro study: This approach analysed the APC function of 

plasma from normal, FVL heterozygous and FVL homozygous 

donors spiked with concentrations of aprotinin similar to those 

used in cardiopulmonary bypass. The aims of this model were: 

a) to confirm whether there was an association between 

aprotinin and APC function in normal, FVL 

heterozygous and FVL homozygous blood, as 

described by Sweeney et al (1997)175.  

b) to determine whether any association between 

aprotinin and APC function is dose responsive by 

linear regression, and 

c) to demonstrate whether these changes are applicable to 

the concentrations of aprotinin used in cardiac surgery. 

B. Ex vivo model: An ex vivo model was constructed to mimic 

cardiopulmonary bypass. This was used to assess the effects of 

cardiopulmonary bypass on haemostasis. Specifically the model 

was designed to analyse the effect of aprotinin on APC function in 
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normal and FVL blood during conditions mimicking 

extracorporeal circulation.  

C. In vivo clinical study: This approach was used to assess activated 

protein C function in normal and FVL patients with and without 

aprotinin. The results of this clinical study would be compared 

with those obtained from the in vitro and ex vivo models. The 

clinical assessment would specifically determine if aprotinin 

causes a decrease in the APC ratio of normal and FVL 

heterozygous patients undergoing cardiopulmonary bypass. 

Results of all three approaches will be correlated. 
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2.2  METHODS 

Three experimental approaches were used to analyse the effects of aprotinin, 

FVL and cardiopulmonary bypass on APC function. This included in vitro, ex 

vivo and in vivo studies (sections 2.2.2, 2.2.3 and 2.2.4 respectively).  

 

2.2.1 COMMON METHODS 

Several methods and laboratory techniques were common to all three 

experimental approached. These are outlined herein. 

 

2.2.1.1 DNA Methods 

2.2.1.1.1 Blood for DNA Analysis 

Blood samples for DNA analyses were collected into K2EDTA anticoagulant 

glass Vacutainer tubes (1.8mg dipotassium EDTA per 1mL blood). The blood 

samples were stored at 4°C for DNA extraction. 

 

2.2.1.1.2 DNA Extraction 

DNA extraction was performed according to the phenol-chloroform method of 

Sambrook et al (1989)500. In brief, buffy coats were separated from EDTA 

treated whole blood samples (Section 2.2.1.1.1) by centrifugation. In a sterile 

10mL polypropylene tube, the buffy coat was washed with 10mL lysis buffer 

(161mM ammonium chloride, 1mM potassium hydrogen carbonate, 0.1mM 

tetrasodium EDTA, pH 7.35) for 10 minutes at room temperature. After washing, 

the sample was centrifuged at 2,000 x g for 15 minutes at 4°C. The supernatant 

was removed and the pellet washed with 0.85% (w/v) sodium chloride and 
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centrifuged again. Washes with lysis buffer and sodium chloride were then 

repeated. The pellet was digested for 14 hours at 37°C in 3mL of TES buffer 

(10mM Tris chloride, 1mM disodium EDTA, 0.1M sodium chloride, pH 8.0) 

containing 1.5% (w/v) sodium lauryl sulphate and 500µg of proteinase K. 

 

Following digestion, 3mL of equilibrated phenol was added. The sample was 

mixed for 10 minutes and centrifuged at 2,000 x g for 10 minutes at 4°C. The 

aqueous layer was transferred to a new 10mL tube and mixed with 3mL of 

chloroform:isoamylalcohol (24:1). The sample was mixed for 10 minutes and 

centrifuged again at 2,000 x g for 10 minutes at 4°C. The aqueous layer was 

transferred into a new 10mL tube and the chloroform:isoamylalcohol step 

repeated. The aqueous layer was transferred to a 30mL vial and the DNA was 

precipitated by the addition of 25mL of cold 100% ethanol, 300µL of 3M sodium 

acetate (pH 4.8) and incubation at -80°C for 1 hour. 

 

The 100% ethanol was decanted off and the DNA washed in 1mL of cold 70% 

ethanol. The sample was centrifuged at 5,000 x g for 5 minutes, the 70% ethanol 

decanted off and the DNA pellet allowed to dry at 37°C for 1 hour. 

 

When no ethanol remained in the sample, the DNA pellet was dissolved in 

500µL of TE buffer (10mM Tris chloride, 1mM disodium EDTA, pH 8.0) by 

gentle inversion for 14 hours at 37°C. 
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2.2.1.1.3 DNA Quantification 

The concentration and purity of DNA were determined by UV/Vis 

spectrophotometry500. An aliquot of DNA in TE was further diluted 1:60 with TE 

buffer (10mM Tris chloride, 1mM disodium EDTA, pH 8.0) and mixed by 

inversion for 10 minutes. Optical density (OD) was then measured at 260nm and 

280nm against a TE buffer blank. 

 

The ratio of OD260:OD280 was an indication of the purity of the DNA sample. 

A ratio of 1.8 – 2.0 indicates high purity500. The concentration of DNA was 

calculated using the following equation, based on the observation that 50ng.µL-1 

DNA corresponds to an OD260 of 1.0500. 

[DNA] = OD260 x 50 x Dilution factor (60) 

 

2.2.1.1.4 DNA Amplification for Factor V Leiden Assay 

A 267bp region of the factor V gene containing the site of the FVL point 

substitution mutation (position 1691) was amplified using a modification of the 

polymerase chain reaction (PCR) method described by Bertina et al (1994)150. 

This method used primers PR6967(X) and PR990(Y), shown in Table 2.1.  

 
Table 2.1 Primer sequence for amplification of genomic DNA for PCR-

RFLP analysis for the Factor V Leiden mutation150. 
 
Primer Sequence Nucleotide position in 

Factor V gene 
Forward 
PR6967(X) 

5’-TGCCCAGTGCTTAACAAGACCA-3’ nt 1581-1602 

Reverse 
PR990(Y) 

5’-TGTTATCACACTGGTGCTAA-3’ nt 127-146 intron 10 

 
 



 
Chapter Two – Aprotinin and Factor V Leiden  60 
   

Linden, M.D.   CPB Haemostatic Defect 

DNA (140ng) was added to a 50uL reaction mix containing: 1 x Tth buffer 

(67mM Tris chloride, 16.6mM ammonium sulphate, 0.5% Triton X-100, 

0.2mg.mL-1 gelatin, pH8.8), 3mM MgCl2, 0.1mM dNTPs, 0.3ρM PR6967(X), 

0.3ρM PR990(Y) and 5.5U of Tth DNA polymerase. 

 

The PCR conditions were: an initial denaturation of 60s at 92°C; followed by 30 

cycles of;  

- Denaturation at 92°C for 40s. 

- Annealing at 56°C for 40s, and, 

- Extension at 71°C for 120s.  

All DNA amplifications were performed using a PTC-100-60 thermal cycler (MJ 

Research, Australia). The presence of the 267bp PCR product was confirmed by 

electrophoresis in 2% agarose gel and visualised using ethidium bromide 

staining. 

 

2.2.1.1.5 Restriction Enzyme Digestion of PCR Product by Mnl I 

The 267bp PCR product was digested with Mnl I restriction endonuclease 

according to methods described by Bertina et al (1994)150. The PCR product 

(17µL) was added to 3 µL of Mnl I reaction buffer (33mM Tris hydrochloride, 

6.7mM MgCl2, 67mM NaCl, 0.66mM dithiothreitol and 1.6U of Mnl I 

endonuclease) and incubated at 37°C for approximately 14 hours. The FVL 

mutation alters the recognition sequence for the Mnl I enzyme, shown in Figure 

2.1501. Thus, the number of DNA fragments produced by the endonuclease 

activity of Mnl I changes depending in the presence or absence of this 
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mutation150. The Mnl I treated 1691G (normal) PCR product yields 37bp, 67bp 

and 163bp fragments whilst Mnl I treated 1961A (FVL) PCR product yields 67bp 

and 200bp fragments. 

 

2.2.1.1.6 Polyacrylamide Gel Electrophoresis 

The number and size of DNA fragments produced by restriction enzyme 

digestion of the PCR product was detected by polyacrylamide gel electrophoresis 

(PAGE) of the reaction mixture using methods previously described500. A 

polyacrylamide gel (10% (w/v) acrylamide, 89mM Tris chloride, 89mM boric 

acid, 50mM disodium EDTA, 0.17µM TEMED, 0.05µM ammonium 

persulphate) was cast. 10µL of Mnl I cut PCR product was added to 2µL of 

loading buffer (30mM disodium EDTA, 0.1% (w/v) bromophenol blue stain, 

10% (w/v) Ficoll 400, 15% glycerol, 40mM Tris chloride, 0.11% (w/v) glacial 

acetic acid) and loaded into each well of the PAGE gel. The gel was immersed 

into a TBE solution (89mM Tris chloride, 89mM boric acid, 30mM disodium 

EDTA) and subjected to 120V for 60 minutes to separate the DNA fragments. 

DNA was visualised using ethidium bromide in UV light. Each gel was run with 

a known FVL homozygote control, a known FVL heterozygote control, a known 

normal control, a blank, an uncut control and a 100bp DNA ladder. Figure 2.2 

shows the appearance of the 37bp, 67bp, 163bp, 200bp and 267bp fragments 

after PAGE and staining. 
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        ⇓ 
5’…   C C T C (N)7   …3’ 
3’…   G G A G (N)6   …5’ 
        ⇑ 
 
Figure 2.1 The recognition sequence and cleavage site for the Mnl-I 

restriction endonuclease501. 
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Figure 2.2 Polyacrylamide gel electrophoresis of Mnl-I treated PCR product. 

Contents are in order starting from the left; 1 – 100bp DNA ladder 
(Promega, Australia), 2 – Normal Control, 3 – Factor V Leiden 
Heterozygous Control, 4 – Factor V Leiden Homozygous Control, 
5 – Uncut PCR Product, 6 – Blank. The Mnl-I treated 1691G 
(normal) 267bp PCR product yields 37bp, 67bp and 163bp 
fragments while the Mnl-I treated 1691A (FVL) 267bp PCR 
product yields 67bp and 200bp fragments. 

 

300bp - 
200bp - 

100bp - 
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2.2.1.2 Coagulation Methods 

2.2.1.2.1 Blood for Coagulation Analysis 

Blood samples for coagulation analysis were drawn by mixing 9 parts blood to 1 

part 0.105M trisodium citrate in glass Vacutainer tubes. The citrated blood was 

centrifuged at 2,000 x g for 30 minutes at 15°C and the plasma phase removed 

for analysis. 

 

2.2.1.2.2 The Activated Protein C Ratio 

All citrated plasma samples were analysed for the APC ratio on the Futura 

automated coagulation analyser (Instrumentation Laboratory, Italy) using a 

previously described, commercially available method (GradiLeiden V Assay, 

Gradipore, Australia)423, 424, 502, 503. Each plasma sample was divided into two 

100µL aliquots for parallel testing at 37°C. One aliquot (the activated aliquot) 

was incubated with 100µL of exogenous protein C activator (1% (w/v) 

Agkistrodon contortrix contortrix venom) at 37°C for 5 minutes. The second 

aliquot (the control aliquot) was incubated with 100µL of 0.15M sodium chloride 

at 37°C for 5 minutes. After the incubation period both aliquots were incubated 

with a factor X/IX activator (0.01% (w/v) Vipera russelli venom, 10% (w/v) 

phospholipid, 0.1M calcium chloride) and the time to clot recorded. The ratio of 

the time to clot for the activated aliquot relative to the control aliquot is known as 

the APC ratio and is a functional measure of the activity of endogenous protein C 

in the plasma sample. A normal APC ratio (1.9 – 4.0) is reduced in FVL 

heterozygous plasma (0.8 – 1.5) and FVL homozygous plasma (<0.8)424. 
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2.2.2 THE IN VITRO STUDY 

2.2.2.1 Blood Samples 

Venous blood was obtained by venipuncture from the antecubital vein of normal, 

FVL heterozygous and FVL homozygous patients after informed consent was 

obtained.  

 

Citrated plasma samples were treated with aprotinin to achieve concentrations in 

plasma equivalent to 0%, 50% and 100% of the Hammersmith aprotinin 

regimen318, 384, 400. The doses are outlined in Table 2.2. 

 

Table 2.2 Concentration of aprotinin in normal, FVL heterozygote and FVL 
homozygote citrated plasma samples and percentage of the 
Hammersmith regimen concentration for cardiopulmonary bypass. 

 
Sample ID Donor Genotype [Aprotinin] 

(KIU.mL-1) 
Hammersmith 
regimen  

NOR1 Normal 0.000 0% 
NOR2 Normal 93.75 50% 
NOR3 Normal 187.0 100% 
HET1 FVL Heterozygote 0.000 0% 
HET2 FVL Heterozygote 93.75 50% 
HET3 FVL Heterozygote 187.0 100% 
HOM1 FVL Homozygote 0.000 0% 
HOM2 FVL Homozygote 93.75 50% 
HOM3 FVL Homozygote 187.0 100% 
 

2.2.2.2 Laboratory Analysis 

The Factor V genotype was confirmed by DNA methods described (section 

2.2.1.1) and the APC ratio of each plasma sample after treatment with aprotinin 

was determined (section 2.2.1.2.2). 
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2.2.2.3 Statistical Methods 

Regression analysis was used to determine the estimation of the correlation 

coefficient (r), the 95% confidence intervals of the correlation coefficient 

(95%CI(ρ)) and the probability of no correlation between concentration of 

aprotinin and the APC ratio (p) using established methods504. A p value of <0.05 

was taken to be significant. 

 

2.2.3 THE EX VIVO MODEL 

2.2.3.1 Subjects and Samples 

Blood (400mL) was venesected from the antecubital vein of normal (n=2) and 

FVL heterozygous (n=2) donors after informed consent was obtained. The blood 

was collected into blood collection bags containing 63mL of ACD buffer 

(3.0mg.mL-1 citric acid, 26.4mg.mL-1 trisodium citrate, 2.2mg.mL-1 sodium 

phosphate, 31.9mg.mL-1 dextrose, 2.8mg.mL-1 adenine) and immersed in a water 

bath at 37°C. The blood was collected immediately prior to experimentation. 

 

2.2.3.1.1 Pharmacological Treatment of Blood Samples 

One of each pair of normal (A) and FVL (C) bloods was treated with 7.5mL of 

sterile isotonic saline as placebo (control bloods), and the other normal (B) and 

FVL (D) bloods with 7.5mL of 1.0 x 104 KIU.mL-1 aprotinin (test bloods) as 

depicted in Table 2.3. The aprotinin dose (1.6 x 10-3 mol) was in accordance with 

the Hammersmith aprotinin regimen383, 384, 397. This grouping method was 

analogous to that used for the in vivo model (section 2.2.4.1, Table 2.5). The 

blood bags were agitated at 37°C for 5 minutes and 20mg of unfractionated 
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porcine mucosal heparin then added (dosage equivalent to 4mg.kg-1 of body 

weight) to reflect anticoagulation for cardiopulmonary bypass. 

 

Table 2.3 Genotype and treatment with aprotinin for donor blood in the ex 
vivo model. 

Group Genotype of Donor/Patient Aprotinin/Placebo 
A Normal Placebo 
B Normal Aprotinin 
C FVL heterozygous Placebo 
D FVL heterozygous Aprotinin 
 

 

The heparinised blood was then added to the venous reservoir of a modified 

extracorporeal circuit. This contained a prime volume of 170mL of crystalloid 

solution (Plasma-Lyte 148), 15mL (2.2 x 10-3 mol) of aprotinin (B and D 

bloods only) or 15mL of sterile isotonic saline placebo (A and C bloods only), 

and 10mg of unfractionated porcine mucosal heparin (all bloods). All 

pharmacological concentrations relative to blood volume reflect those used in the 

setting of cardiopulmonary bypass. In addition, the prime volume contained 

20mL of 0.22mM calcium gluconate. This was included in order to reverse the 

effect of the trisodium citrate anticoagulant in the ACD buffer and restore normal 

physiological calcium levels. The ionised calcium level was determined using 

alpha-stat blood gas management to confirm restoration of physiological ionised 

calcium levels expected in cardiopulmonary bypass with haemodilution (0.7 – 

1.0 mM). 

 

During “bypass” (see section 2.2.3.1.2) a constant infusion of aprotinin 

(2.3mL.Hour1, 4.91 x 102 µmol.Hour-1) was administered to bloods B and D, 
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while bloods A and C had a 2.3mL.Hour-1 infusion of 0.85% saline (placebo). 

Heparin was reversed at the conclusion of the experiment with three aliquots of 

10mg protamine sulphate (1mg protamine per 1mg of heparin) given at 5-minute 

intervals. 

 

2.2.3.1.2 Extracorporeal Circulation 

“Bypass” was simulated using a simplified cardiopulmonary bypass circuit as 

depicted in Figure 2.3. The model was assembled with uncoated ¼-inch 

polyvinyl chloride (PVC) tubing (Lovell Surgical Supplies, Australia). The 

circuit consisted of a Stöckert SIII roller pump (Stöckert, Germany), a paediatric 

variable prime membrane oxygenator (COBE Cardiovascular Inc, USA), and a 

40µm Dideco arterial line filter (Dideco, Italy). The temperature of the perfusate 

was controlled using a Haemotherm Dual Reservoir heater/cooler (Cincinnati 

Sub-Zero Products Inc, USA). Figure 2.4 is a simplified schematic diagram of 

the flow of perfusate through the ex vivo cardiopulmonary bypass circuit. 

 

After priming, the perfusate was circulated at 2L/min for 60 minutes under mild 

hypothermic conditions (30 - 32°C) to simulate extracorporeal circulation during 

cardiopulmonary bypass. Bypass was terminated after the final aliquot of 

protamine sulphate was added or a sharp rise in pre-membrane pressure, 

indicating the formation of a clot, was observed. 
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Figure 2.3 The ex vivo cardiopulmonary bypass model. The model consisted 
of ¼-inch PVC tubing (Lovell Surgical Supplies, Australia), a 
roller pump (Stöckert, Germany), a paediatric variable prime 
membrane oxygenator (COBE, USA), a 40µm arterial line filter 
(Dideco, Italy) and a dual reservoir heater/cooler (CSZ, USA). 
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Figure 2.4 Schematic diagram of the flow of perfusate through the modified 

cardiopulmonary bypass circuit. 
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2.2.3.1.3 Blood Sampling 

Blood samples for coagulation analysis were collected from the experimental 

volume at the time points depicted in Table 2.4. All samples were collected in 

duplicate. All samples that were drawn directly from the ACD bag, prior to 

recalcification, were collected into non-anticoagulated tubes. All samples 

collected following commencement of “bypass” (and recalcification) were 

collected according to methods previously described (section 2.2.1.2.1) and the 

plasma phase stored at -80°C prior to testing. 

 

2.2.3.1.3.1 Removal of Heparin with TEAEC 

All plasma samples were treated with triethylaminoethyl cellulose (TEAEC) for 

the removal of heparin according to previously described methods (refer to 

Appendix I for full procedure and validation of this method)279, 280. This was 

performed to facilitate coagulation testing in the presence of high dose heparin. 

TEAEC (10mg) was added to 1mL of each plasma sample and incubated with 

gentle rotation at room temperature for 15 minutes. The TEAEC-heparin resin 

was then removed from plasma by centrifugation at 3,000 x g for 5 minutes.  

 

2.2.3.2 Laboratory Methods 

The Factor V genotype was confirmed for all blood donors (section 2.2.1.1) and 

the APC ratio at each duplicate sample point was determined (section 2.2.1.2.2). 

Coagulation testing was performed in triplicate and the mean result recorded. 
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Table 2.4 Collection times and treatments for blood samples drawn for testing from the ex vivo model of cardiopulmonary bypass and 
the type of anticoagulant in the collection tube. 

 
Sample name Treatment Anticoagulant 
Baseline From ACD bag, no treatment None 
Aprotinin/Placebo +20mg heparin and +7.5mL aprotinin/placebo None 
On Bypass +Prime volume (10mg heparin, 170mL crystalloid, 15mL aprotinin/placebo, 20mL 

Ca.gluconate) and 5 minutes of circulation 
Na3citrate 

15 Min 15 minutes of circulation Na3citrate 
30 Min 30 minutes of circulation Na3citrate 
45 Min 45 minutes of circulation Na3citrate 
60 Min 60 minutes of circulation Na3citrate 
10mg Protamine 5 minutes after +10mg of protamine Na3citrate 
20mg Protamine 5 minutes after +10mg more protamine Na3citrate 
30mg Protamine 5 minutes after +10mg more protamine Na3citrate 
All samples listed above were collected in duplicate and tested in triplicate. 
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2.2.4 THE IN VIVO MODEL 

2.2.4.1 Subjects 

Patients (n=331) attending a pre-operative clinic for coronary artery bypass grafts 

or valve replacement or repair surgery involving cardiopulmonary bypass were 

tested for FVL genotype (section 2.2.1.1). Fourteen patients found to be 

heterozygous for the FVL mutation were prospectively selected and thirty-seven 

patients without the FVL mutation were randomly selected for inclusion in the 

study. Patients were grouped A, B, C or D according to genotype and treatment 

with aprotinin (as depicted in Table 2.5). These groups were the same as used in 

the ex vivo model (section 2.2.3.1.1, Table 2.3). 

 
Table 2.5 Genotype and treatment with aprotinin for patients in the in vivo 

model. 
 
Group Genotype of Donor/Patient Aprotinin/Placebo Number (n) 
A Normal Placebo 12 
B Normal Aprotinin 25 
C FVL heterozygous Placebo 5 
D FVL heterozygous Aprotinin 9 
 

2.2.4.1.1 Pharmacological Treatments 

Patients in groups B and D received the full Hammersmith dosage regimen384, 400 

of aprotinin following induction of anaesthesia, as follows;  

1. 5.0 x 105 KIU administered as a slow bolus prior to sternotomy, 

2. 2.0 x 106 KIU in the bypass prime volume, and, 

3. An infusion of 5.0 x 105KIU.Hour-1 commencing after commencement of 

bypass until separation from bypass. 
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Prior to cannulation all patients were given a standard systemic loading dose of 

unfractionated porcine mucosal heparin (4mg kg-1 body weight) via a central 

venous line.  

 

The extracorporeal circuit was primed with 1800mL of Plasma-Lyte® 148, 

500mL of 4% human albumin and 100mg of heparin. On-bypass anticoagulation 

was monitored with kaolin activated clotting times (ACTs, Hemochron, 

International Technidyne Corporation, USA) and additional heparin was given 

where necessary to maintain the ACT above 500s. 

 

Following separation from cardiopulmonary bypass anticoagulation was reversed 

with a 1mg of protamine sulphate per 1mg of heparin administered intra-

operatively. Pump blood was then returned to the patient by slow infusion. 

Further protamine sulphate and/or blood products were administered as required. 

 

2.2.4.1.2 Cardiopulmonary Bypass 

Cardiopulmonary bypass was established using a standard uncoated PVC tubing 

circuit (Lovell Surgical Supplies Pty Ltd, Australia) incorporating a Capoix 

SX18 hollow fibre oxygenator  (Terumo®, Japan) and an Affinity 38µm arterial 

filter (Medtronic Inc, USA). Perfusion was provided by a Stöckert S3 heart lung 

machine (Stöckert Instrumente GmbH, Germany). 

 

After initiation of cardiopulmonary bypass, patients were cooled to a 

nasopharyngeal temperature of 32-34ºC. Myocardial protection was provided by 
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topical cooling with normal saline (4ºC) and repeat infusions of cold blood 

cardioplegia (Baxter Healthcare, Australia).  

 

2.2.4.2 Blood Samples 

Duplicate blood samples were drawn for coagulation testing from a central non-

heparinised line using methods previously described (section 2.2.1.2.1) at 

specific intervals. The sampling times are outlined in Table 2.6. Heparin was 

removed prior to testing using TEAEC methods previously described (section 

2.2.3.1.3.1). The APC ratio for each sample point was determined (section 

2.2.1.2.2) 

 
Table 2.6 Sampling times for the in vivo model. All samples drawn in 

duplicate 
 
Sample Name Treatment 
Pre-op After induction of anaesthesia, prior to surgery. 
Aprotinin/Placebo After administration of aprotinin (B, D groups) or placebo (A, C 

groups) 
On Bypass 5 minutes after commencement of cardiopulmonary bypass 
Protamine After separation from bypass and administration of protamine 
24 Hour 24 Hours after separation from bypass 
 

2.2.4.3 Statistical Methods 

Statistical analyses using the SPSS statistical software package were performed 

to assess the data for significance in comparison of means. Comparison of 

normally distributed data between the four groups was achieved by analysis of 

variance (ANOVA). The Wilcoxon rank sum test504 compared means of skewed, 

unpaired data. The Wilcoxon signed rank test504 compared means of skewed, 

paired data. A p value of <0.05 was taken to be significant for all methods of 

analysis.
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RESULTS 

2.3.1 THE IN VITRO MODEL 

Mean and standard deviations of APC ratios for normal, FVL heterozygous and 

FVL homozygous plasma treated with varying concentrations of aprotinin in 

vitro are shown in Table 2.7 and in Figure 2.5. This shows;  

1. Normal plasma: The mean APC ratio for normal plasma decreased from 

2.38 to 1.84 with the addition of 93.75KIU of aprotinin and decreased 

further to 1.47 with the addition of 187KIU of aprotinin. There was an 

inverse regression relationship between aprotinin concentration and APC 

ratio for normal plasma (r = -0.981, 95%CI(ρ) = (-0.909,-0.996), p < 

0.001). 

2. FVL heterozygous plasma: The mean APC ratio of FVL heterozygote 

plasma decreased from 0.81 to 0.76 with the addition of 93.75KIU of 

aprotinin and decreased further to 0.75 with the addition of 187KIU of 

aprotinin. There was an inverse regression relationship between aprotinin 

concentration and APC ratio for FVL heterozygote plasma (r = -0.930, 

95%CI(ρ) = (-0.696, -0.986), p < 0.001). 

3. FVL homozygous plasma: There was no relationship between aprotinin 

concentration and APC ratio in FVL homozygous plasma (r = 0.083, 

95%CI(ρ) = (0.682, -0.645), p = 0.936).  

In summary, inhibition of APC ratio by aprotinin in normal plasma (187KIU.mL-

1 ∆ = 0.91) was more marked than FVL heterozygous (187KIU.mL-1 ∆ = 0.06) 

and there was no effect on homozygous plasma (187KIU.mL-1 ∆ = 0.00). 
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Table 2.7 Mean APC ratios for plasma samples in the in vitro model. Numbers in parentheses represent standard error of the mean. The 
Pearson correlation coefficient (r) is the estimation of the correlation coefficient (ρ) for each genotype. The p score is the 
probability of no linear relationship (H0:ρ=0) between aprotinin concentration and APC ratio for each genotype. 

 
Genotype [Aprotinin] KIU.mL-1 r 95% CI (ρ) p score 
 0.000 93.75 187.0    
 APC Ratio APC Ratio APC Ratio    
Normal 2.38 (0.07) 1.84 (0.01) 1.47 (0.03) -0.981 (-0.909, -0.996) <0.001 
FVL Hetero 0.81 (0.00) 0.76 (0.01) 0.75 (0.02) -0.930 (-0.696, -0.986) <0.001 
FVL Homo 0.70 (0.04) 0.69 (0.06) 0.70 (0.09) 0.083 (0.682, -0.645) 0.936 



Figure 2.5      Effect of aprotinin on APC ratio in vitro.
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2.3.2 THE EX VIVO MODEL 

The ex vivo model of extracorporeal circulation was simple to set up and manage. 

It provided opportunity to perform frequent blood sampling during phases of 

extracorporeal circulation. All four experiments were terminated when a sharp 

rise in pre-membrane pressure, indicating the formation of a clot, was observed. 

No further samples were taken after a clot formed. 

 

The APC ratio at each sample point is shown in Table 2.8. The data are also 

represented graphically in Figure 2.6. This shows;  

1. Baseline: The APC ratios for normal bloods (A, B) were within the 

normal range at the commencement of the experiment (2.06, 2.52 

respectively). Whilst the FVL bloods (C, D) both showed an abnormal 

APC ratio at Baseline (0.91, 0.98 respectively), within the expected range 

for FVL heterozygotes (0.8 – 1.5). 

2. Aprotinin / Placebo: Addition of aprotinin to normal blood (B) caused a 

decrease in the APC ratio (∆ = 1.01; B = 1.51). A reduction in APC ratio 

was also seen in the FVL blood (D) when treated with aprotinin, though 

the decrease was less marked than in normal bloods (∆=0.18; D=0.80). 

No decrease was seen in normal and FVL placebo controls (A and C) 

3. Bypass: Following commencement of “bypass”, there was a decrease in 

APC ratio for all blood samples, as follows: 

A = From 2.44 to 1.35 

B = From 1.51 to 0.90 
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Table 2.8 Mean and APC ratios for each sample point for the ex vivo model. All samples were collected in duplicate and each duplicate 
was tested in triplicate. 

 
 Baseline 

 
Aprotinin/ 
Placebo 

On Bypass 15 Min 30 Min 45 Min 60 Min 10mg 
Protamine 

 Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
A – Normal/ Placebo 2.06 0.00 2.44 0.02 1.35 0.06 1.31 0.02 1.29 0.03 1.34 0.01 1.31 0.00 1.34 0.00 
B – Normal/ Aprotinin 2.52 0.02 1.51 0.02 0.90 0.02 0.93 0.00 0.97 0.00 1.00 0.00 0.97 0.00 0.96 0.00 
C – FVL/ Placebo 0.91 0.00 1.00 0.01 0.67 0.00 0.72 0.01 0.72 0.01 0.74 0.01 0.74 0.01 0.72 0.00 
D – FVL/ Aprotinin 0.98 0.00 0.80 0.00 0.63 0.00 0.66 0.00 0.68 0.00 0.67 0.02 0.69 0.00 0.69 0.00 
SEM Standard Error of the Mean 
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Figure 2.6        Mean APC ratios for the ex vivo model. Error bars represent +/-SEM.

A - Normal/Placebo B - Normal/Aprotinin
C - FVL/Placebo D - FVL/Aprotinin
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C = From 1.00 to 0.66 

D = From 0.80 to 0.63  

The APC ratio remained relatively constant throughout the remainder of 

the experiment for all bloods. 

4. Completion: At the completion of the extracorporeal circulation, all 

bloods exhibited APC ratios considerably lower than Baseline levels (A = 

35%, B = 62%, C = 21%, D = 30% lower). 

In summary, the aprotinin treated samples (B, D) showed a greater decrease in 

APC ratio over their respective controls (A, C). The lowest APC ratios were seen 

with the combination of FVL, aprotinin and extracorporeal circulation (D = 

0.63). 

 

2.3.3 THE IN VIVO STUDY 

Clinical parameters for all four patient groups are listed in Table 2.9. This shows 

no difference in patient characteristics, bypass time or heparin administration 

between the four groups. 

 

Mean APC ratios for each group throughout cardiopulmonary bypass are shown 

in Table 2.10. These data are also depicted graphically in Figure 2.7 (Normal 

patients, groups A and B) and Figure 2.8 (FVL heterozygous patients, groups C 

and D). In brief, this shows lower pre-operative APC ratios in FVL patients (C = 

0.88, D = 0.83) than Normals (A = 2.34, B = 2.36).  
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Table 2.9 Clinical parameters for patients involved in the in vivo study. Items in brackets are standard deviations. The p value is the 
probability of no difference between the means of the four groups using analysis of variance (ANOVA). A p score of >0.05 
was taken to be significant. 

 
 A – Normal/ Placebo B – Normal/ Aprotinin C – FVL/ Placebo D – FVL/ Aprotinin p 
Age (Years) 65.1 (7.8) 65.4 (10.0) 71.0 (2.5) 62.3 (13.6) 0.628 
Mass (kg) 80.2 (10.1) 79.7 (15.0) 75.3 (5.0) 88.3(14.4) 0.341 
Sex (P male) 0.75 0.77  0.66 0.78  0.435 
Bypass Time (mins) 74.4 (31.6) 95.0 (35.2) 80.0 (24.0) 110.8 (80.6) 0.325 
Heparin given (mg) 465.3 (92.1) 571.6(139.4) 466.7(57.7) 525.0(106.1) 0.076 
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Table 2.10 Mean APC ratios for patient groups in the in vivo study. 
 
 Pre-op Aprotinin On Bypass Protamine 24 Hour 
 Mean SEM  Mean SEM  Mean SEM  Mean SEM  Mean SEM  
A – Normal/ Placebo 2.34 0.08  2.31 0.08  2.05 0.04  2.22 0.07  2.20 0.07  
B – Normal/ Aprotinin 2.36 0.06  1.87 0.06  1.71 0.06  1.58 0.09  2.18 0.07  
C – FVL/ Placebo 0.88 0.03  0.86 0.03  0.93 0.05  0.94 0.03  0.80 0.02  
D – FVL/ Aprotinin 0.83 0.01  0.78 0.02  0.76 0.03  0.79 0.02  0.79 0.03  
SEM Standard error of the mean 
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Figures 2.7 and 2.8 show that the amount of decrease in APC ratio with the 

administration of aprotinin and commencement of cardiopulmonary bypass was 

greater in normal patients than in FVL patients. However, the lowest mean APC 

ratio was seen in FVL patients who received aprotinin. 

 

Table 2.11 shows p values for comparison of means for APC ratio between 

groups for each sample point using Wilcoxon rank sum tests. This shows a 

significantly lower APC ratio in FVL patients (C, D) than Normal patients (A, 

B), irrespective of aprotinin usage, at all sample points prior to, during and after 

cardiopulmonary bypass. There was no significant difference between the pre-

operative APC ratios of patients in groups that received aprotinin (B, D) and their 

respective placebo controls (A, C) (p=0.916 and 0.162 respectively).  

 

Normal patients receiving aprotinin (B) had significantly lower APC ratios than 

controls (A) at all intra-operative time points, ie:  

1. After aprotinin was administered (Aprotinin / Placebo sample, p<0.001), 

2. After commencement of cardiopulmonary bypass (On Bypass sample, 

p=0.011), and, 

3. After separation from cardiopulmonary (Protamine sample, p=0.001). 
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Table 2.11 P scores for comparison of means between groups at each sample point. Analysis between groups was carried out with 
Wilcoxon rank sum tests. 

 
 P score between patient groups 
 Aprotinin vs Placebo Normal vs FVL heterozygote 
 Normal (A vs B) F5L (C vs D)  Placebo (A vs C) Aprotinin (B vs D) 
Baseline 0.916 0.162  <0.001 <0.001 
Aprotinin/ Placebo <0.001 0.042  <0.001 <0.001 
On Bypass 0.011 0.018  <0.001 <0.001 
Protamine 0.001 0.014  <0.001 <0.001 
24 Hour 0.895 0.269  <0.001 <0.001 
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FVL heterozygous patients who received aprotinin (D) also had lower APC 

ratios than FVL controls (C) at all intra-operative time points, ie: 

1. After aprotinin was administered (Aprotinin / Placebo sample, p=0.042), 

2. After commencement of cardiopulmonary bypass (On Bypass sample, 

p=0.018), and, 

3. After separation from bypass (Protamine sample, p=0.014) sample. 

 

Table 2.12 shows p values for comparison of mean APC ratios within each group 

between sample points using Wilcoxon signed rank tests. This shows; 

For Normal patients: 

1. Normal, placebo treated patients (A) showed a significant decrease in 

APC ratio relative to the previous sample point only on the 

commencement of cardiopulmonary bypass (On Bypass sample, 

p=0.001).  

2. Normal, placebo treated patients (A) showed an increase in APC ratio 

after separation from bypass (Protamine sample, p=0.018).  

3. Normal patients treated with aprotinin (B) showed a significant decrease 

in APC ratio after administration of the aprotinin bolus (Aprotinin/ 

Placebo sample, p<0.001), and a further decrease with the 

commencement of cardiopulmonary bypass (On Bypass sample, 

p=0.007).  

4. Normal patients treated with aprotinin (B) did not show a significant 

change in APC ratio after separation from bypass (Protamine sample, 

p=0.074 decrease). The APC ratio increased in the 24 hours following 
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surgery (24 Hour vs Protamine, p<0.001) but did not return to pre-

operative levels (Baseline vs 24 Hour, p=0.009).  

 

For FVL patients: 

1. FVL patients treated with placebo (C) showed no significant change in 

APC ratio throughout the period of observation. 

2. FVL patients who received aprotinin (D) showed a decrease in APC ratio 

with the administration of aprotinin (Aprotinin/Placebo sample, p=0.006) 

and a further decrease on commencement of cardiopulmonary bypass (On 

bypass sample, p=0.046).  
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Table 2.12 P scores for comparison of means within each group between sequential sample points. Analysis between samples was 
carried out with Wilcoxon signed rank tests.  

 
 P values between samples 
 A – Normal/ Placebo B – Normal/ Aprotinin C – FVL/ Placebo D – FVL/ Aprotinin 
“Baseline” vs “24 Hour” 0.108 0.009 0.346 0.082 
“Aprotinin/Placebo” vs “Baseline” 0.180 <0.001 0.705 0.006 
“On Bypass” vs “Aprotinin/ Placebo”  0.001 0.007 0.365 0.046 
“Protamine” vs “On Bypass” 0.018 0.074 0.067 0.443 
“24 Hour” vs “Protamine” 0.943 <0.001 0.362 0.964 
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2.4 DISCUSSION 

The results of this three-phase study demonstrate that aprotinin is capable of 

inhibiting the APC function of plasma of normal and FVL patients during 

cardiopulmonary bypass. Thus there exists the potential for increased risk of 

thrombosis in FVL patients who receive aprotinin for cardiopulmonary bypass. 

However, the effect of aprotinin on the APC ratio of FVL patients was small 

compared to normal patients. The major effect appears to be due to loss of APC 

anticoagulant function arising from the FVL mutation and dilution of plasma 

protein C with cardiopulmonary bypass. The effect of aprotinin was substantial 

in normal patients but less in patients with FVL. However, the effect of aprotinin 

on the APC ratio was cumulative with the inhibitory effects of FVL and of 

haemodilution. Thus, risk for thrombosis due to APC dysfunction would be 

greatest in patients with the FVL mutation undergoing cardiopulmonary bypass 

with aprotinin. 

 

The ex vivo model employed in this study was an excellent method for the 

analysis of the haemostatic effect of cardiopulmonary bypass in the cardiac 

surgical setting. The model allowed for an extension of the in vitro model to 

include whole blood and extracorporeal circulation whilst allowing for a more 

standardised experimental approach than could be achieved with in vivo studies. 

Application of the ex vivo model allowed for a more flexible approach to blood 

sampling and pharmacological management than would be possible in a clinical 

study in the surgical setting. Furthermore, the ex vivo model allowed for 

repetition of the experiment with only one variable between each (ie use of 
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aprotinin, FVL genotype). Previous studies have exploited ex vivo models of 

cardiopulmonary bypass for other purposes, including the analysis of the effects 

of component coating on activation of platelets, leucocytes and complement464, 

466, 505, 506. No study to date has made use of an ex vivo bypass model to assess the 

effect of aprotinin on haemostasis. The use of this model provided the 

opportunity to assess the haemostatic parameters in response to cardiopulmonary 

bypass in a highly controlled manner. The model particularly lends itself to the 

analysis of the haemostatic effects of novel or emerging pharmacological agents 

in cardiac surgery. In this study, the ex vivo model was used to specifically 

investigate the haemostatic effects of aprotinin and placebo (0.85% saline) on 

normal blood and blood from FVL heterozygous subjects during 

cardiopulmonary bypass. 

 

The results of the in vitro assay support the observations made by Sweeney et al 

(1997)175 and others423 that aprotinin is capable of inhibiting the APC ratio in 

normal and FVL heterozygous plasma in vitro. This was also supported by the ex 

vivo and in vivo investigations where the APC ratio of normal and FVL 

heterozygote plasma was reduced by the addition of aprotinin to the whole blood 

perfusate or to the patient. 

 

The in vitro results demonstrate a linear inverse dose-response relationship 

between aprotinin concentration and the APC ratio for normal and FVL 

heterozygous plasma with concentrations of aprotinin of relevance to 

cardiopulmonary bypass according to the Hammersmith regimen318, 384, 400. The 



 
Chapter Two – Aprotinin and Factor V Leiden  94 
   

Linden, M.D.   CPB Haemostatic Defect 

results of in vitro assessment also demonstrate that the amount of decrease in 

APC ratio was greater in normal plasma than in FVL heterozygous plasma 

(decrease of 0.98 (38%) for normal and 0.06 (7%) for FVL heterozygous plasma 

at aprotinin concentration of 187KIU.mL-1). This was also observed in the ex 

vivo and in vivo investigations, where the amount of reduction in APC ratio with 

the addition of aprotinin was smaller in the FVL blood than normal controls. 

Furthermore, in the in vitro investigation, up to 187KIU.mL-1 of aprotinin did not 

cause inhibition of APC function of FVL homozygous plasma. This was in 

contrast to results reported by Sweeney et al (1997)175. However, in Sweeney’s 

study concentrations of 500KIU.mL-1 of aprotinin were employed. Such high 

concentrations have little clinical relevance to cardiopulmonary bypass. 

 

Extracorporeal circulation within the ex vivo model demonstrated changes in the 

APC ratio of normal and FVL blood. Normal blood showed a 35% decrease in 

APC ratio after the addition of the prime volume and circulation of the perfusate 

(On Bypass sample), while FVL blood showed a 28% decrease from the baseline 

value. The APC ratio of normal blood treated with placebo fell below the normal 

range during extracorporeal circulation (on bypass range (A) = 1.35 to 1.29). 

These values are diagnostic of APC deficiency in a clinical sample (range of 1.5 

– 1.9)424, and reflect a significant decrease in APC function. This effect was also 

observed in the in vivo investigation, with normal, placebo treated patients 

showing a significant (12%) decrease in APC ratio on the commencement of 

cardiopulmonary bypass. FVL aprotinin treated patients in the in vivo study also 

showed a significant (8%) decrease in APC ratio with bypass. However the FVL 
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placebo treated patients did not show this change. It should be noted that there 

were only 5 patients in this group, which may reduce the effectiveness of 

statistical inference. The APC ratio data were not normally distributed, 

necessitating the use of non-parametric statistical analysis. This further increased 

the β error and may explain the lack of trend in the FVL group for the in vivo 

study. 

 

The decreased APC ratio during ex vivo and in vivo cardiopulmonary bypass is 

probably due to haemodilution of protein C levels in the blood as a result of the 

addition of the prime volume. Haemodilution occurs in cardiopulmonary bypass 

by the addition of a plasma expansion volume to prime the circuit. This volume 

consists mainly of crystalloid solution (1800mL) and 4% human albumin 

(500mL) and decreases the concentration of plasma. The extent of haemodilution 

varies depending on the individual patient plasma volumes relative to the plasma 

expansion volume (2300mL) added. This can be determined from the patients 

height3/weight nomogram and haematocrit507 (eg. from haemodilution of 43% in 

a 150cm, 50kg patient with a haematocrit of 0.50 to 26% in a 185cm, 100kg 

patient with a haematocrit of 0.45) 

 

The findings of the current study show decreased APC function as a result of 

decreased plasma concentration. This is consistent with previous observations 

that haemodilution is capable of promoting thrombophilia by dilution of natural 

coagulation inhibitors353, 354. This effect was seen in both normal and FVL 

patients. Furthermore, the effect was cumulative with the existing APC 
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dysfunction in FVL patients, leading to APC ratios well below the normal range 

during extracorporeal circulation (ex vivo range (C, D) = 0.74 to 0.63, in vivo 

range (C, D) = 0.94 to 0.76). These extremely abnormal APC ratios are generally 

only observed in FVL homozygote blood or blood that has been immuno-

depleted of APC508.  

 

The addition of aprotinin to the normal whole blood in the ex vivo model resulted 

in a decrease in APC ratio to values normally seen in FVL heterozygosity (A = 

1.51). This result was as predicted by the in vitro model. The combined effects of 

aprotinin and extracorporeal circulation on the APC ratio of normal blood were 

cumulative. Following extracorporeal circulation, the APC ratio of aprotinin-

treated normal blood fell by 64% and, throughout the 60 minute of 

extracorporeal circulation, ranged from 0.90 – 1.00, within the range diagnostic 

for FVL heterozygosity in a clinical sample (0.8 – 1.5)424. This effect was also 

observed in the in vivo model, with a cumulative decrease in APC ratio observed 

with addition of aprotinin and with commencement of cardiopulmonary bypass 

(28% decrease in aprotinin treated normal blood on bypass). This indicates that 

aprotinin compounds the considerable decrease in APC function of normal blood 

brought about by haemodilution associated with extracorporeal circulation. The 

APC ratio of aprotinin treated patients was significantly lower than placebo 

controls during extracorporeal circulation. Furthermore the aprotinin effect in 

normal patients was cumulative with dose. This was evident from the continual 

decline in APC ratio throughout cardiopulmonary bypass whilst aprotinin was 

infused in the in vivo clinical investigation. It was of interest that this effect was 



 
Chapter Two – Aprotinin and Factor V Leiden  97 
   

Linden, M.D.   CPB Haemostatic Defect 

not seen with FVL heterozygous aprotinin-treated patients, where the APC ratio 

for this group did not change significantly during bypass. This may be because 

the cumulative effect of aprotinin on APC ratio of FVL patients is minor, 

compared with the effect on normal blood, as demonstrated by the in vitro 

investigation. It is also interesting that no decrease was seen throughout the 60 

minutes of extracorporeal circulation in the ex vivo model, despite a constant 

infusion of aprotinin to the test bloods. This may be due to the limitation of 

performing only a single experiment for each of the four groups and the 

relatively short (60 minute) circulation time (mean bypass times ranged from 

74.4 to 110.8 mins in the in vivo clinical study). Alternatively, this may reflect 

the closed system nature of the ex vivo model, with only a limited volume of 

perfusate providing a limited quantity of APC. This would reduce the 

effectiveness of APC inhibition of aprotinin above a certain level.  

 

Addition of the aprotinin bolus caused a decrease in the APC ratio of FVL 

heterozygous donor blood in both the ex vivo model and the in vivo clinical 

study. As with the in vitro investigation, the effect of aprotinin was less in FVL 

blood (ex vivo 18% decrease, in vivo 6% decrease) than in normal blood (ex vivo 

40% decrease, in vivo 21% decrease). However, the effect of aprotinin on APC 

ratio was cumulative with the effects of FVL and haemodilution, resulting in the 

lowest APC ratios occurring in the aprotinin treated FVL group during 

extracorporeal circulation for both the ex vivo model and in vivo clinical study. 

Thus the results of the ex vivo and in vivo investigations support the findings of 

the in vitro model, indicating that aprotinin is capable of inhibiting the APC ratio 
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of normal and FVL blood. The absolute effect of aprotinin is more marked in 

normal blood where the APC ratio falls from normal levels to clinically 

significantly low levels, mirroring those seen in FVL heterozygotes. In FVL 

patients the APC ratio is already reduced and the addition of aprotinin has only a 

very minor effect in further reducing APC function. 

 

These results demonstrate that FVL and haemodilution are the main factors 

determining APC function in cardiopulmonary bypass. The effect of aprotinin on 

the APC function of normal blood is also great. However, the addition of 

aprotinin has only a minor effect on reducing APC function in FVL patients. 

Results of the ex vivo model and in vivo clinical investigation demonstrate that 

the combination of FVL, extracorporeal circulation with haemodilution and 

aprotinin results in little or no functional protein C intra-operatively. 

 

By 24 hours following surgery there was no difference in APC ratio between 

aprotinin- and placebo-treated blood for either normal or FVL heterozygous 

subjects. Thus the potential risk of thrombosis due to APC dysfunction caused by 

aprotinin is not apparent by 24 hours post-operatively. 

  

In this study a thorough investigation of the effects of aprotinin and 

cardiopulmonary bypass was carried out using in vitro and ex vivo methods as 

well as an in vivo clinical investigation. The results of each aspect of the study 

confirm the results of the others, allowing for thorough interpretation of the 

effect. The in vitro study demonstrated that aprotinin was capable of inhibiting 
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the APC function of normal and FVL heterozygote plasma in a dose responsive 

fashion. The ex vivo study demonstrated that this effect occurs in whole blood 

undergoing extracorporeal circulation and, furthermore, that the effect was 

cumulative with decreased APC function due to haemodilution for bypass. The 

clinical study showed that the effects shown in the ex vivo model were also 

present in the clinical situation. 

 

In summary, the results have demonstrated that severe protein C dysfunction 

occurs in patients with and without FVL undergoing cardiopulmonary bypass. 

This effect is exacerbated in FVL heterozygous patients. FVL patients are 

potentially at increased risk of inappropriate peri-operative coagulation during 

cardiopulmonary bypass due to severe dysfunction of the protein C anticoagulant 

pathway. This may result in decreased peri-operative graft patency, particularly 

for those patients who receive venous grafts. Aprotinin further compounds the 

severity of APC dysfunction, particularly in normal patients and, to a lesser 

degree, in FVL heterozygous patients. Protein C function is essential for the 

maintenance of normal haemostasis, as has been demonstrated by the severe 

thrombotic complications that arise from dysfunction of the protein C 

anticoagulant pathway148-150, 165, 168. Thus the near complete loss of protein C 

function by the combination of FVL and extracorporeal circulation, with or 

without aprotinin, as demonstrated by the ex vivo and in vivo investigations, may 

constitute an increased risk of inappropriate blood coagulation. This may provide 

an explanation for the reported decrease in graft patency in FVL individuals178. 

Aprotinin caused a large decrease in APC function for normal blood and also, to 
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a lesser extent, FVL blood. This may provide a mechanism for the reported 

increased incidence of peri-operative thrombosis when aprotinin is 

administered175, 310, 385, 398, 415. 
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3.1  INTRODUCTION 

Cardiac surgery involving cardiopulmonary bypass requires substantial 

heparinisation, usually in the range of 3-4mg.kg-1. This is to prevent thrombosis 

secondary to activation of platelets and coagulation proteins resulting from 

contact with the bypass circuitry. Adequate heparinisation is monitored with the 

activated clotting time (ACT). The ACT is a rapid, ‘real-time’ measurement of 

the clotting potential of whole blood after activation (with kaolin or celite). The 

kaolin ACT is prolonged in a linear fashion with increasing concentrations of 

heparin in the blood228, 231-237, and is not affected by aprotinin in the 

concentrations used in cardiopulmonary bypass246-248, 509. A lower than expected 

ACT after full heparinisation is termed ‘heparin resistance’190, 252. Heparin 

resistance is defined by a kaolin ACT <500s following full heparinisation189, 191, 

or failure of >4.1IU.mL-1 of unfractionated heparin to further increase the ACT 

value253. 

 

The causative mechanisms of intra-operative heparin resistance remain unclear. 

However, studies have highlighted risk factors for heparin resistance, including: 

1. Older age (>65years)189, 

2. High platelet counts (>300x109 L-1)189, 

3. Low pre-operative antithrombin concentration (<60% of normal)189, 357, 

510, 

4. The use of intra-aortic balloon pumps191 and,  

5. Most commonly, pre-operative therapeutic heparin189, 190, 252, 253, 511-513.  
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Other studies, however, have found no association between low initial 

concentration of antithrombin or high platelet counts and the incidence of 

heparin resistance190. Furthermore, there is a 10% predictive chance of a patients 

developing heparin resistance in the absence of any of the listed risk factors189. 

 

While there is a general consensus that the use of pre-operative therapeutic 

heparin increases the risk of heparin resistance, the mechanism remains unclear. 

Pre-operative heparin therapy has been shown to reduce plasma antithrombin 

concentrations prior to surgery by activating and consuming antithrombin253, 513, 

514. It has been suggested that this is the mechanism by which pre-operative 

heparin therapy contributes to risk for intra-operative heparin resistance189, 190, 252, 

253, 511, 512, 514, though no direct causative relationship has been established255. 

 

The aims of this study were therefore to determine whether pre-operative 

administration of therapeutic heparin predisposed patients to heparin resistance 

during cardiopulmonary bypass. The components of the study were: 

A Using a retrospective, cross-sectional study to determine whether 

pre-operative heparin infusion results in decreased intra-operative 

ACTs in patients undergoing cardiac surgery involving 

cardiopulmonary bypass; and, 

B Using a prospective laboratory investigation to; 

1) Determine whether pre-operative heparin infusions at 

therapeutic concentrations result in decreased plasma 
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concentrations of antithrombin prior to and during 

cardiopulmonary bypass; 

2) Determine whether pre-operative therapeutic heparin results in 

an increase in the incidence of heparin resistance; and, 

3) Establish if any decreased concentration of antithrombin in 

patients receiving pre-operative heparin infusion results in a 

higher incidence of heparin resistance. 
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3.2 METHODS 

3.2.1 RETROSPECTIVE, CROSS-SECTIONAL STUDY 

3.2.1.1 Subjects 

Consecutive patients (n=1029) undergoing cardiac surgery involving 

cardiopulmonary bypass over a 40 month period had routine kaolin ACTs to 

monitor anticoagulation for cardiopulmonary bypass. 

 

3.2.1.1.1 Pharmacological treatments 

Two patient groups were studied: 

1. Controls (n=869): 5,000IU of unfractionated porcine mucosal heparin was 

administered subcutaneously on the night before and the morning of surgery. 

2. Pre-operative therapeutic heparin patients (n=160): 1,000IU.hour-1 of 

unfractionated porcine mucosal heparin was administered intravenously for a 

minimum of 20 hours prior to surgery. 

 

3.2.1.1.2 Timepoints 

ACTs were measured at the following points: 

1. Pre-bypass: After heparinisation but prior to bypass. 

2. Trough: Minimum recorded on-pump kaolin ACT. 

3. Peak:  Maximum recorded on-pump kaolin ACT. 
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3.2.1.2 Methods 

3.2.1.2.1 Kaolin ACT 

The kaolin ACT was performed using methods previously described236, 247. 

Briefly, whole blood (3mL) was added to a kaolin activator tube, incubated at 

37°C and the time to clot recorded. 

 

3.2.1.2.2 Statistical Methods 

Statistical comparisons of normally distributed, quantitative data was achieved 

using two-sided, unpaired t tests504. 

 

3.2.2 PROSPECTIVE LABORATORY INVESTIGATION 

3.2.2.1  Subjects 

Patients scheduled for coronary artery bypass graft or valve replacement/repair 

surgery involving cardiopulmonary bypass were included in the study (n=46). 

Patients were grouped according to pre-operative heparin therapy 

 

3.2.2.1.1 Pharmacological treatments 

Two groups were studied: 

1. Pre-operative Heparin Infusion (POHI) group (n=14): These patients 

received therapeutic pre-operative intravenous heparin infusions of 

1,000IU.hour-1 for a minimum of 20 hours prior to surgery for treatment 

of unstable angina. 
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2. Control (CONT) group (n=32): This group received subcutaneous heparin 

(5,000IU) for prophylaxis of venous thrombosis on the night before and 

the morning of surgery. 

  

Prior to cannulation all patients were given a standard systemic loading dose of 

unfractionated porcine mucosal heparin (4mg.kg-1 body weight) via a central 

venous line. Anticoagulation was assessed using a kaolin ACT (Hemochron®, 

International Technidyne Corporation, USA) with additional heparin given as 

necessary. On bypass, the prime volume contained a further 100mg of heparin. In 

several patients a clinical decision was made to administer fresh frozen plasma 

(FFP) during bypass as a source of antithrombin for treatment of heparin 

resistance. 

 

Following separation from cardiopulmonary bypass anticoagulation was reversed 

with 1mg of protamine sulphate per 1mg of heparin administered intra-

operatively. Blood remaining in the venous reservoir of the cardiopulmonary 

bypass machine was then returned to the patients by slow infusion. Further 

protamine sulphate and/or blood products were administered as required. The 

number of patients that required blood transfusion with packed red cells (PRC) or 

FFP after separation from bypass was recorded. The chest tube drainage volume 

for the 24 hour period following surgery was recorded for ‘heparin resistant’ 

patients. Patients who were found to have a surgical reason for bleeding were 

retrospectively excluded from analysis. 
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3.2.2.1.2 Cardiopulmonary bypass 

Cardiopulmonary bypass was established using methods previously described 

(section 2.2.4.1.2). 

 

3.2.2.2 Blood samples 

Duplicate blood samples were drawn for coagulation testing from a central non-

heparinised line by methods previously described (section 2.2.1.2.1). The 

sampling points are outlined in Table 3.1. 

 
Table 3.1 Sample points for analysis of antithrombin concentration prior to, 

during and following cardiopulmonary bypass. 
 
Sample Name Treatment 
Pre-op Following induction of anaesthesia but prior to administration of 

heparin 
Heparin In Following administration of heparin 
Bypass On Immediately after the commencement of cardiopulmonary 

bypass 
Protamine Following separation from cardiopulmonary bypass and reversal 

of anticoagulation with protamine sulphate 
24 Hour Twenty four hours following surgery 
 

 

3.2.2.3 Methods 

3.2.2.3.1 The kaolin ACT 

The kaolin ACT was measured using methods previously described (section 

3.2.1.2.1). 

 

3.2.2.3.2 Functional antithrombin concentration 

The functional concentration of antithrombin was determined for each plasma 

sample using a commercial kit (IL Test™ Antithrombin III, Instrumentation 
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Laboratory, Italy) on the Futura automated coagulation analyser. The assay 

calculated endogenous antithrombin activity by measuring the amount of 

inhibition of a known quantity of factor Xa after activation with heparin, giving a 

result as a percentage of normal (determined by WHO classification). Plasma 

samples were diluted 1:41 in factor diluent (IL Test Factor Diluent, 

Instrumentation Laboratory, Italy) and incubated at 37°C for 2 minutes. After 

incubation, 50uL of the diluted sample was added to 50uL of Factor Xa reagent 

(Instrumentation Laboratory, Italy; contains 6.5nkat.mL-1 bovine factor Xa, 

heparin, buffer and BSA) and incubated for 75s at 37°C. After the incubation, 

50uL of chromogenic substrate solution (Instrumentation Laboratory, Italy; 

contains 3mg.mL-1 N-α-Z-D-arg-gly-pNA.2HCl) was added and the change in 

absorbency at 405nm over a 30s acquisition time recorded. This result was 

measured against a standard curve and the functional antithrombin concentration 

read. All measurements were performed in triplicate and the mean result 

recorded. 

 

3.2.2.3.3 Statistical Methods 

Comparison of two means of normally distributed data was achieved by two-

tailed unpaired t-tests at each sample point. Inter-sample comparison of means of 

normally distributed data within groups was achieved by two-tailed paired t-tests. 

Comparison of skewed, unpaired data was achieved using a Wilcoxon rank sum 

test. Comparison of two proportions was performed using Fisher’s exact test504. 

A probability of no difference between the two means (p score) of 0.05 or less 

was taken to be significant. 
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Comparisons were made between: 

i) POHI and CONT groups. 

ii) POHI group “heparin resistant” patients (ACT <500s) and POHI 

group “heparin responsive” patients (ACT >500s). 
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3.3 RESULTS 

3.3.1 RETROSPECTIVE, CROSS-SECTIONAL STUDY. 

A comparison of patient characteristics between those who did and did not 

receive pre-operative heparin therapy showed no difference in patient weight or 

bypass time (Table 3.2). Patients who received pre-operative intravenous heparin 

therapy had: 

1. A higher intra-operative heparin usage than controls (614.7mg and 

489.8mg respectively, p<0.001), 

2. Lower Pre-Bypass ACTs (651.1s and 806.1s respectively, p<0.001), 

3. Lower Peak ACTs (962.9 and 1081.5 respectively, p<0.001), and, 

4. Lower Trough ACTs (667.9 and 724.5 respectively, p=0.014) (Table 3.2). 

Figure 3.1 shows the difference in Pre-Bypass, Peak and Trough ACTs between 

pre-operative heparin patients and controls. 

 
 
 
Table 3.2 Patient characteristics and intra-operative ACTs for POHI and CONT 

groups. Two-sided, unpaired t tests measured the probability of no 
difference between groups. Numbers in parentheses represent 
standard deviations. 

 
 Pre-op No Pre-op p 
Weight (kg) 79.0 (15.7) 78.7 (15.7) 0.789 
Intra-operative heparin used (mg) 614.7 (215.7) 489.8 (120.2) <0.001 
Bypass Time (mins) 94.9 (44.0) 96.9 (40.8) 0.589 
Pre-bypass ACT (s) 651.1 (242.0) 806.1 (314.8) <0.001 
Peak ACT (s) 962.9 (345.3) 1081.5 (327.8) <0.001 
Trough ACT (s) 667.9 (257.3) 724.5 (266.7) 0.014 
 



Mean Pre-Bypass, Peak and Trough ACTs for patients in the retrospective study receiving or not receiving pre-
operative intravenous therapeutic heparin. Error bars represent standard error of the mean.
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3.3.2 PROSPECTIVE LABORATORY INVESTIGATION 

3.3.2.1 Comparisons of POHI and CONT groups 

Clinical parameters for POHI and CONT patients are detailed in Table 3.3. This 

shows that there was no significant difference in patient characteristics, bypass 

time or balloon pump usage for patients in the POHI and CONT groups. Table 

3.3 also demonstrates that POHI patients received greater doses of heparin prior 

to surgery than CONT patients (23.1mg and 10.0mg respectively, p=0.003).  

 

Heparin resistance (ACT <500s) was identified in 6/14 (43%) of the POHI group 

and only 1/32 (3%) of the CONT group patients (p=0.002) during 

cardiopulmonary bypass (Table 3.4). More heparin was administered to patients 

in the POHI group. POHI group patients received a mean of 7.27mg.kg-1 of 

heparin intra-operatively, whereas the CONT group patients received a mean of 

6.13mg.kg-1 (p=0.009) (Table 3.5). Patients in the POHI group received a mean 

of 0.57 units of FFP during bypass whilst no FFP was administered to CONT 

patients (p=0.033) (Table 3.5). 
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Table 3.3 Characteristics of pre-operative heparin infusion (POHI) and control (CONT) group patients. Two sided, unpaired t tests 
measured the probability of no difference between groups. 

 
 Pre-op Heparin Infusion Group (POHI)  Control Group (CONT) p 
 Mean SEM  Mean SEM  

Age (years) 62.9 2.40  64.4 14.9 0.638 
Weight (kg) 83.5 4.20  79.8 2.30 0.400 
Pre-op Heparin (mg) 23.1 2.82  10.0 0 0.003 
Pre-op platelet count (x109.L-1) 222 14.9  250 12.9 0.198 
Bypass time (mins) 95.3 10.9  90.0 8.80 0.734 
Balloon pump use (%) 0 0  0 0 N/A 
Pre-op Haemoglobin (g.L-1) 134 3.58  140 2.60 0.206 
On-Bypass Haemoglobin (g.L-1) 74.8 4.05  76.0 2.37 0.785 
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Table 3.4 Number and percent of heparin resistant patients (ACT <500s) during 
cardiopulmonary bypass for POHI and CONT groups. Fisher’s exact 
test measured the probability of no difference between groups. 

 
Pre-op Heparin Infusion 

Group (POHI) 
Control Group (CONT) p 

Total  n <500s 
ACT 

% <500s Total n <500s 
ACT 

% <500s  

14 6 43% 32 1 3% p=0.002 
 
 
 
 
 
Table 3.5 Mean total intra-operative heparin dose administered (mg) and intra-

operative fresh frozen plasma (FFP) transfused for POHI and CONT 
groups. Wilcoxon rank sum tests measured the probability of no 
difference between groups. 

 
 POHI  CONT p 
 Mean SEM  Mean SEM  

Heparin (mg.kg-1) 7.27 0.45  6.13 0.19 0.009 
FFP (units) 0.57 0.23  0.00 0.00 0.033 
 

 

 

Plasma concentrations of antithrombin, as a percentage of normal (WHO 

classification), for both POHI and CONT groups are shown in Table 3.6 and also 

in Figure 3.2. The results show: 

1. “Pre-op” sample: Patients who received at least 20 hours of pre-operative 

intravenous therapeutic heparin (POHI) had significantly lower pre-

operative concentrations of antithrombin than controls (80.9% and 92.6% 

respectively, p=0.003). However, mean concentrations of antithrombin 

for both groups were within the normal clinical range (77 – 125%). 
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2. “Heparin In” sample: The concentration of antithrombin in the POHI 

group remained significantly lower than controls (78.4% and 92.0% 

respectively, p=0.014) but remained within the normal range. 

3. “Bypass On” sample: The concentration of antithrombin in the POHI 

group remained significantly lower than controls (51.6% and 57.5% 

respectively, p=0.044). The concentration of antithrombin was below the 

normal range for both POHI and CONT groups during cardiopulmonary 

bypass (“Bypass On” sample point, <77%). 

4. “Protamine” sample: The concentration of antithrombin was not 

significantly different between POHI and CONT groups (57.0% and 

60.6% respectively, p=0.272) 

5. “24 Hour” sample: The concentration of antithrombin was not 

significantly different between POHI and CONT groups and had returned 

to within the normal clinical range (77.6% and 81.4% respectively, 

p=0.517). 

 
 
 
Table 3.6 Concentration of antithrombin (% Normal) at each sample point. 

Two-sided unpaired t tests measured the probability of no difference 
between the groups. 

 
Sample Pre-op Heparin Infusion 

Group (POHI) 
 Control Group (CONT) P value 

 Mean SEM  Mean SEM  
1. Pre-op 80.9 1.94  92.6 2.31 0.003 
2. Heparin In 78.4 2.90  92.0 3.39 0.014 
3. Bypass On 51.6 1.83  57.5 1.69 0.044 
4. Protamine 57.0 2.92  60.6 1.71 0.272 
5. 24 Hour 77.6 3.52  81.4 3.72 0.517 
 



Histogram showing functional antithrombin at each sample point for POHI and CONT groups. Error bars 
represent standard error. Stars indicate a significant difference.       
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The p values for paired two-tailed t tests comparing the mean concentration of 

antithrombin for both POHI and CONT groups between each sample point and 

the previous sample point are shown in Table 3.7. This shows the following 

significant changes: 

1. A significant decrease in concentrations of antithrombin for both POHI 

and CONT groups on the commencement of extracorporeal circulation 

(“Bypass On” sample point, p<0.001 and p<0.001 respectively). 

2. An increase in concentration of antithrombin for both POHI and CONT 

groups after separation from bypass (“Protamine” sample point, p=0.028 

and 0.033 respectively) and in the 24 hours following surgery (“24 Hour” 

sample point, p<0.001 and p<0.001 respectively). 

3. At 24 hours following surgery, the plasma concentration of antithrombin 

remained significantly lower than pre-operative concentrations for the 

CONT group (0.011) but not the POHI group (p=0.378). 

 
 
 
Table 3.7 Probabilities (p scores) of no difference between mean concentrations 

of antithrombin (as shown in Table 3.6) between sample points for 
both POHI and CONT groups. Paired, two-sided t tests were used for 
comparison on means. 

 
Between sample points POHI group  CONT group 
“Heparin In” vs “Pre-op” 0.341 0.481 
“Bypass On” vs “Heparin In” <0.001 (decrease) <0.001 (decrease) 
“Protamine” vs “Bypass On” 0.028 (increase) 0.033 (increase) 
“24 Hour” vs “Protamine” <0.001 (increase) <0.001 (increase) 
“Pre-op” vs “24 Hour” 0.378 0.011 (decrease) 
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3.3.2.2 Comparisons of “heparin resistant” and “heparin responsive” 

POHI patients 

Six POHI patients (43%) were shown to be heparin resistant (ACT <500s). Table 

3.8 compares the concentrations of antithrombin of the ‘heparin resistant’ POHI 

(ACT <500s, n=6) and ‘heparin responsive’ (ACT >500s, n=8) POHI patients. 

This shows: 

1. ‘Pre-op’:  No difference in antithrombin: 82.4% and 79.8% 

respectively (p=0.530); 

2. ‘Bypass On’:  No difference in antithrombin 51.8% and 51.4% 

respectively (p=0.915). 

 
 
Table 3.8 Concentration of antithrombin (% Normal) in heparin resistant (n=6) 

and heparin responsive (n=8) POHI patients. Two-sided, unpaired t 
tests measured the probability of no difference between groups. 

 
POHI Patients ACT < 500s  ACT > 500s P score 

 n Mean SEM  n Mean SEM T Test 
Pre-op [AT] 6 82.4 1.45  8 79.8 3.26 0.530 
Bypass On [AT] 6 51.8 3.12  8 51.4 1.89 0.915 
 

 

More heparin was administered to the ‘heparin resistant’ than ‘heparin 

responsive’ POHI patients (9.18mg.kg-1 and 6.26mg.kg-1 respectively, p=0.034) 

(Table 3.9). ‘Heparin resistant’ patients had a mean 580mL of chest tube 

drainage at 24 hours following surgery, while ‘heparin responsive’ patients had a 

mean 494mL; this was not statistically significant (p=0.580) (Table 3.9). 

Additionally, 67% percent of ‘heparin resistant’ POHI patients and 25% of 
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‘heparin responsive’ POHI patients were transfused with PRC or FFP following 

bypass; this was not statistically significant (p=0.140) (Table 3.10).  

 

 

Table 3.9 Pre-operative and intra-operative heparin administered to and 24 hour 
chest tube drainage for heparin resistant and heparin responsive 
POHI patients. Wilcoxon rank sum tests measured the probability of 
no difference between groups. 

 
 Heparin Resistant 

(ACT <500s) 
 Heparin Responsive  

(ACT >500s) 
 p 

 Mean SEM  Mean SEM   
Pre-op Heparin (mg.kg-1) 0.29 0.05  0.27 0.02  0.999
Intra-op Heparin (mg.kg-1) 9.18 0.76  6.26 0.43  0.034
Chest drainage (mL) 580 126  494 91.0  0.580
 
 
 
 
Table 3.10 Percentage of heparin resistant and heparin responsive patients 

who required post-bypass transfusion with PRC or FFP. Fisher’s 
exact test measured the probability of no difference between 
groups. 

 
 Heparin Resistant 

(ACT <500s) 
 Heparin Responsive  

(ACT >500s) 
 p 

 Total n %  Total n %   
PRC or FFP 6 4 67  8 2 25%  0.140 
 

 

 

Four POHI patients were administered FFP as a source of antithrombin during 

bypass (Table 3.11). These patients did not have a significantly different 

concentration of antithrombin at time points “Pre-op” or “Bypass On” than 

patients who did not receive FFP. Administration of FFP on bypass resulted in 

greater post-bypass concentrations of antithrombin than in those who did not 
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receive FFP (“Protamine” sample point, 65.1% and 53.8% respectively); this 

failed to achieve statistical significance (p=0.080). 

 

Table 3.11 Concentrations of antithrombin (% Normal) for POHI patients that 
did (n=4) and did not (n=10) receive FFP. Two-sided, unpaired t 
tests measured the probability of no difference between the 
groups. 

 
Sample FFP  No FFP p 

 Mean SEM  Mean SEM  
1. Pre-op 83.6 2.43  79.9 2.52 0.412 
3. Bypass On 52.9 4.80  51.1 1.90 0.680 
4. Protamine 65.1 4.00  53.8 3.33 0.081 
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3.4 DISCUSSION 

This two-phase study has shown that pre-operative heparin therapy increases the 

risk of intra-operative heparin resistance and decreases the concentration of 

antithrombin both pre-operatively and on-bypass. However, a low antithrombin 

concentration was not the cause of heparin resistance in patients who received 

pre-operative intravenous heparin therapy. This was evident by the finding that 

there was no difference in the concentration of antithrombin between heparin 

resistant and heparin responsive POHI patients. This is an important finding and 

refutes many publications that have suggested that low antithrombin is the cause 

of heparin resistance in patient receiving pre-operative heparin therapy189, 190, 252, 

253, 511, 512, 514. 

 

The retrospective study showed significantly shorter ACTs pre-operatively and 

on bypass (minimum and maximum recorded ACTs) in patients who had 

received pre-operative intravenous heparin therapy. This study, therefore, 

supports the suggestions that pre-operative intravenous heparin therapy reduces 

the ACT prior to and during cardiopulmonary bypass189, 190, 256, 512, 513. This 

suggests that pre-operative intravenous heparin therapy increases the propensity 

for intra-operative heparin resistance.  

 

Results of the prospective investigation confirm that heparin resistance (ACT 

<500s) is more common in patients who have received pre-operative therapeutic 

heparin and reduced pre-operative and intra-operative concentrations of 
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antithrombin. However, the increased incidence of heparin resistance was not 

caused by low concentrations of antithrombin. 

 

Although the mean concentration of antithrombin was lower at the 

commencement of surgery in those patients who had received therapeutic pre-

operative intravenous heparin (difference of 11.7%), this did not reduce the 

antithrombin concentration below the normal range. The small reduction seen in 

concentration of antithrombin prior to surgery is unlikely to result in heparin 

resistance and confer a risk for thrombosis. This was confirmed by findings that 

the concentration of antithrombin did not differ between ‘heparin resistant’ and 

‘heparin responsive’ patients who had received pre-operative intravenous heparin 

therapy. These results therefore refute previous reports which have suggested 

that consumption of antithrombin is the cause of heparin resistance in patients 

who have received pre-operative heparin189, 190, 253, 357, 510, 512. The results of the 

present study support the findings of Nicholson et al that pre-operative 

antithrombin concentration does not differ between ‘heparin responsive’ and 

‘heparin resistant’ patients513. 

 

The major change in concentration of antithrombin in all patients occurred on 

initiation of bypass and was probably due to haemodilution. Haemodilution 

during cardiopulmonary bypass occurs as a result a large volume of crystalloid 

(around 1.8L) in the bypass prime. The concentration of antithrombin reduced by 

36% with addition of the prime volume. This corresponds to a 34% decreased 

predicted by haemodilution (mean blood volume = 3.5L based on weight). This 
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occurred irrespective of whether intravenous heparin was administered prior to 

surgery.  

 

There was a significant difference in the on-bypass concentration of antithrombin 

between the pre-operative heparin group and the control group. This conflicts 

with the results of another study which showed no difference between the two 

groups256. A possible explanation for this discrepancy may be the study size. The 

study of Brinks et al. (2001) only included six patients, whereas the present study 

was much larger, including 46 patients. The concentration of antithrombin on-

bypass was below the normal range for all patients. Such low concentrations of 

antithrombin (inter-quartile range 47.9 – 60.9%) whilst on bypass have been 

reported to be associated with subclinical coagulation and consumption of 

coagulation proteins358. 

 

In the present study concentrations of antithrombin increased after heparin 

reversal and separation from bypass, but these still remained below the normal 

range for a clinical sample. This suggests a potential risk for subclinical 

coagulation. By 24 hours post bypass, the concentration of antithrombin in both 

patient groups had returned to within the normal range. However, the control 

patients still had a significantly lower concentration of antithrombin than pre-

operative values. This suggests consumption of antithrombin occurred during or 

following cardiopulmonary bypass. This effect was not as marked in the patients 

who had received pre-operative intravenous heparin. A possible explanation is 

that antithrombin consumption had already taken place prior to surgery due to 
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activation of endogenous antithrombin with heparin. Alternatively, antithrombin 

may have been reduced as a result of activation of platelets in arterial disease 

which caused the unstable angina for which these patients received pre-operative 

heparin therapy. 

 

The ACT is the accepted method for monitoring heparin administration in 

association with cardiopulmonary bypass. The results of this study show that low 

ACT (heparin resistance) commonly occurs in patients who have received pre-

operative heparin infusion (43%). This study demonstrates that this was not 

caused by low concentrations of antithrombin. It is common clinical practice to 

administer additional heparin in response to low ACTs. In the present study 

patients who received pre-operative intravenous heparin therapy and who were 

‘heparin resistant’ received more intra-operative heparin than ‘heparin 

responsive’ POHI patients. This additional administration of heparin in the 

‘heparin resistant’ patients may have resulted in increased blood loss as 

evidenced by increased chest tube drainage and a higher proportion of patients 

receiving blood products. However, these differences were not statistically 

significant and require confirmation in a larger study. These findings support a 

recent study by Nicholson et al. (2001), who concluded that patients receiving 

pre-operative intravenous heparin therapy did not require increased intra-

operative heparin513. 

 

Administration of exogenous antithrombin in order to maintain the on bypass 

concentration of antithrombin within the normal range has been reported to 
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improve peri-operative haemostasis and reduce biochemical markers of 

coagulation355, 357, 510. Because of these findings, and reports suggesting that 

‘heparin resistance’ may be caused by reduced concentrations of antithrombin189, 

190, 253, 512, FFP is occasionally administered during bypass as a source of 

antithrombin to ‘heparin resistant’ patients. In the present study more FFP was 

administered during bypass to ‘heparin resistant’ patients. This was a clinical 

decision based on the ACT. However, the data from the present study show that 

patients administered FFP did not, in fact, have lower pre-operative or on-bypass 

concentrations of antithrombin than those who were not administered FFP. The 

results of this study suggest that exogenous antithrombin is not required in 

‘heparin resistant’ patients as the ‘heparin resistance’ is not caused by low 

concentrations of antithrombin. 

 

The results of this study demonstrate that the ACT is not the ideal test for 

monitoring anticoagulation in patients who have received pre-operative 

intravenous heparin therapy. Low ACT levels are common (‘heparin resistance’) 

and result in excess heparin administration. In addition it is important to note that 

the ACT does not reflect the concentration of antithrombin. 

 

This supports previous studies that have shown that the ACT does not accurately 

reflect the degree of activation of coagulation in patients who received pre-

operative heparin therapy513. Other laboratory measures of coagulation may be 

more useful than the ACT for monitoring heparin therapy on bypass. Shore-

Lesserson et al (2000) demonstrated that in ‘heparin resistant’ patients, other, 
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more specific measures of whole blood coagulation, such as the high-dose 

thrombin time (HiTT), may be more useful as the results are not affected by the 

use of pre-operative heparin therapy511.  

 

The mechanism by which pre-operative heparin therapy causes increased 

incidence of heparin resistance is not clear, though previous studies have shown 

that low ACTs in these patients are not associated with increased thrombin 

production or coagulopathies511. Thus ‘heparin resistance’ in these patients is 

likely to be a sensitivity of the ACT assay to changes in whole blood brought 

about by pre-operative heparin therapy, and may not represent altered 

coagulation potential. 

 

In conclusion, the results of this study suggest that ‘heparin resistance’ may be a 

function of the ACT test itself and may not represent an increased risk for 

clinical thrombosis. The reason for reduced ACTs in these patients is unclear. 

Furthermore it showed that concentrations of antithrombin are not reduced in 

‘heparin resistant’ patients who received pre-operative intravenous therapy over 

‘heparin responsive’ patients who received such therapy. 
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4.1  INTRODUCTION 

Cardiac surgery with cardiopulmonary bypass involves severe disruptions of the 

haemostatic system intra- and post-operatively as described in Chapters 2 and 3. 

The disturbances are of the coagulation cascade, the fibrinolytic system and 

platelet function. Specifically, platelets are activated and damaged by the 

cardiopulmonary bypass circuitry332, 515 reducing their ability to form a 

haemostatic plug post-operatively. Coagulation proteins are activated and 

consumed both by the release of tissue factor in response to surgical wounding, 

including sternotomy64, and by activation of intrinsic coagulation due to contact 

with the non-physiological surfaces of the cardiopulmonary bypass circuitry361. 

The fibrinolytic system is activated during cardiopulmonary bypass, in response 

to thrombin stimulating endothelial cells to produce tissue plasminogen activator 

(tPA)64, 156, 375. Severe haemodilution associated with cardiopulmonary bypass 

further decreases the concentration of coagulation proteins, but also affects 

natural anticoagulants and the fibrinolytic system353, 401. Finally, anticoagulant 

pharmaceutical agents, including heparin and protamine sulphate186, 223, 225, 285, 516-

518, and antifibrinolytic agents, such as aprotinin and tranexamic acid380, 381, 519 

counteract the other effects of cardiopulmonary bypass. The sum effect of all 

these changes postoperatively is, paradoxically, both a diminished capacity for 

haemostasis and a reduced antithrombotic and fibrinolytic response64. Thus, 

while the most common post-operative complication is moderate to severe blood 

loss, this must be balanced against the potential for post-operative thrombosis. 
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Due to disruption of haemostasis, blood loss and blood transfusion requirements 

are relatively high following cardiopulmonary bypass327, 328. Recently attempts 

have been made to minimise the use of allogeneic blood transfusion in surgical 

patients422. This is because of the risks of blood transfusion (eg. transfusion 

transmitted infection, immune suppression, allo-immunisation) and the reduced 

supply of blood. Strategies that have been used are: 

1. Pre-operative autologous blood deposit; 

2. Acute normovolaemic haemodilution; 

3. Accepting a lower pre-transfusion haemoglobin (Hb) threshold; 

4.  Minimising blood loss (eg. use of antifibrinolytic drugs). 

 

Acute normovolaemic haemodilution (ANH) is a form of peri-operative auto-

transfusion applicable to patients undergoing elective cardiac surgery. ANH 

involves the collection of autologous whole blood into standard blood donation 

bags with Adenine-Citrate-Dextrose (ACD) anticoagulant buffer, during 

induction of anaesthesia. The blood volume removed is simultaneously replaced 

by an equivalent volume of crystalloid or colloid solution, ensuring 

normovolaemia is maintained329, 427, 431. The principle of this form of auto-

transfusion is that blood withdrawn from the patient may be stored at room 

temperature in the operating theatre and is available for transfusion to the patient 

during or following the procedure. Storage at room temperature preserves 

platelet function, and keeping the blood in theatre with the patient reduces the 

risk of a clerical error at the time of transfusion. Furthermore, the fresh 

autologous blood collected is less likely to have a storage lesion, the risk of 
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bacterial proliferation in the stored blood is, theoretically, reduced, and the risk 

of viral infection associated with allogeneic transfusion is eliminated. There is 

also a cost benefit with transfusing ANH collected blood, as pre-transfusion 

testing, infectious agent screening, cross-matching and blood fractionation are 

not required329, 422.  

 

The use of ANH auto-transfusion to reduce allogeneic blood requirements is 

common in cardiac surgical patients421 despite concern of a risk of inducing 

myocardial ischaemia and exacerbating abnormal ventricular function in these 

patient353, 354, 422, 427, 431, 451, 452. It is also disputed whether ANH is effective at 

reducing allogeneic blood transfusion requirements326, 329, 421, 443, 448, 449. A recent 

survey conducted by the International Study of Perioperative Transfusion found 

that ANH is employed by 44% of all cardiothoracic surgical units in Australia421. 

Of those units that employed ANH, up to 40% of patients undergoing 

cardiopulmonary bypass were treated with the technique. 

 

One of the concerns over the use of ANH in cardiac surgical patients is due to the 

requirement for extensive haemodilution for cardiopulmonary bypass. It is 

thought that further haemodilution, by ANH, could increase the risk of ischaemic 

injury325, 422, 451. Furthermore, recent evidence suggests that haemodilution may 

confer a risk for thrombosis by dilution of natural anticoagulants, such as protein 

C and antithrombin353, 354, 453. 
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As described in Chapter 3, anticoagulation for cardiopulmonary bypass relies on 

the activity of antithrombin and it is known that the concentration of 

antithrombin decreases significantly during cardiopulmonary bypass358, 364, 514, 520. 

Heparin has very little anticoagulant activity in the absence of heparin and thus, 

decreased concentration of antithrombin may prevent effective 

anticoagulation189, 353, 354, 521. This may manifest clinically as formation of intra-

operative thrombosis, or post-operative haemorrhagic diathesis resulting from 

consumption of coagulation factors due to sub-clinical intra-operative 

coagulation358, 510, 522. Studies have demonstrated that maintaining antithrombin 

concentrations within the normal range during cardiopulmonary bypass by 

administration of purified antithrombin improves intra-operative and post-

operative haemostasis253, 355-357. Therefore it has been suggested that ANH may 

be contra-indicated in cardiac surgery involving cardiopulmonary bypass, as it 

may exacerbate the already significant decrease in antithrombin concentration 

during cardiopulmonary bypass and, thus, disrupt intra-operative and post-

operative haemostasis453.  

 

The aims of the work in this Chapter were therefore to assess the effects of 

haemodilution on antithrombin concentrations in patients having cardiac surgery 

with cardiopulmonary bypass. Specifically the aims were to: 

1. Establish whether the concentration of antithrombin in plasma 

directly correlates with the degree of haemodilution during 

cardiac surgery, and, 
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2. Determine the extent to which acute normovolaemic 

haemodilution reduces the concentration of antithrombin in 

cardiac surgical patients. 

In this Chapter comparisons were made between patients having cardiac surgery 

with (On Pump) and without (Off Pump) cardiopulmonary bypass. The Off 

Pump patients therefore provided a control for haemodilution due to 

cardiopulmonary bypass. 
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4.2  METHODS 

4.2.1  Subjects 

Patients (n=73) undergoing cardiac surgery were randomly selected for inclusion 

in the study. There were four groups of patients (Table 4.1) as determined by 

whether their surgery was conducted with (On Pump) or without (Off Pump) 

cardiopulmonary bypass and whether they did (ANH) or did not (Control) 

undergo acute normovolaemic haemodilution. The decision to undertake ANH 

and cardiopulmonary bypass was made according to surgical and anaesthetic 

preference. Groups did not differ in age, mass, gender or pre-operative Hb and 

antithrombin levels (Table 4.2). 

 
 
Table 4.1 Patients group criteria and number of patients included in each. 
 
Patient group Number (n) Cardiopulmonary 

Bypass 
Acute Normovolaemic 
Haemodilution 

On Pump Control 25 Yes No 
On Pump ANH 20 Yes Yes 
Off Pump Control 23 No No 
Off Pump ANH 5 No Yes 
 

 

Table 4.2 Patient characteristics between patient groups involved in the ANH 
study. Analysis of variance (ANOVA) with 3 degrees of freedom 
determined the probability of significant difference in pre-operative 
patient characteristics between the four groups. 

 
 On Pump 

Control 
On Pump 
ANH 

Off Pump 
Control 

Off Pump 
ANH 

ANOVA  
(p value) 

Age (years) 62.7 61.6 61.3 64.4 0.9015 
Mass (kg) 78.2 81.0 79.8 83.3 0.4355 
Pre-op [Hb] (g.L-1) 136 137 140 142 0.4086 
P (male) 0.75 0.86 0.87 1.00 0.4425 
Pre-op [AT](mg.dL-1) 24.2 24.3 24.8 22.7 0.7362 
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4.2.1.1 Pharmacological Treatments 

4.2.1.1.1 Crystalloid 

Following induction of anaesthesia crystalloid solution was given to all patients 

at a rate of about 15mL.kg-1.hour-1 (approximately 1L.hour-1 for most patients). 

Additional crystalloid was administered to a maximum of 1L per patient in order 

to increase cardiac filling pressures or replace lost volume as required. The 

cardiopulmonary bypass circuit prime volume for On Pump cases consisted of 

2.3L of crystalloid. Myocardial protection for On Pump cases was provided by 

repeat applications of 10 – 25mL.kg-1 of cold (4°C) cardioplegic solution to 

maintain a myocardial temperature of <11°C, contributing a total of 1 – 3L of 

crystalloid per case. 

 

4.2.1.1.2 Heparin 

All patients in the On Pump groups received a standard systemic loading dose of 

unfractionated porcine mucosal heparin (3 – 4mg.kg-1) via central venous line 

prior to cannulation. A further 100mg of heparin was in the bypass prime 

volume. Additional heparin was administered as required to maintain an ACT 

>500s during bypass. 

 

Patients in the Off Pump groups received a systemic intravenous loading dose of 

only 100mg of unfractionated porcine mucosal heparin (approximately 1.5mg.kg-

1) prior to grafting. 
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4.2.1.1.3 Protamine Sulphate 

After separation from cardiopulmonary bypass, patients in the On Pump groups 

received 1.3mg of protamine per 1mg of heparin administered. Patients in the Off 

Pump groups received 1mg of protamine per 1mg of heparin administered 

following completion of the final proximal coronary artery anastomosis. 

 

4.2.1.1.4 Acute Normovolaemic Haemodilution 

Patients in the ANH groups underwent acute normovolaemic haemodilution 

according to standard methods427, 431. One unit (approximately 450mL) of whole 

blood was collected by venesection during induction of anaesthesia. Blood was 

collected into a standard ACD blood collection bag and stored at room 

temperature until transfusion was required. 

 

4.2.1.2 Cardiopulmonary Bypass 

Cardiopulmonary bypass was established for On Pump patients using methods 

previously described (section 2.2.4.1.2). After initiation of cardiopulmonary 

bypass patients were cooled to a nasopharyngeal temperature of 28-30°C. 

 

4.2.2 Blood Samples 

Blood for determination of antithrombin was drawn from a central non-

heparinised line by methods previously described (section 2.2.1.2.1) at sample 

times outlined in Table 4.3. Plasma was tested within 1 hour of collection for 

antigenic antithrombin concentration. 
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Table 4.3 Sample points for patients included in the acute normovolaemic haemodilution study. 
 
Sample ID On Pump Groups Off Pump Groups 
Pre-op Prior to induction of anaesthesia Prior to induction of anaesthesia 
Dilution Following induction of anaesthesia and acute normovolaemic 

dilution (On Pump ANH only) 
Following induction of anaesthesia and acute 
normovolaemic dilution (Off Pump ANH only) 

Heparin After administration of heparin bolus After administration of heparin bolus 
First Anastomosis After commencement of bypass. At first distal anastomosis At first distal anastomosis 
Last Anastomosis Prior to separation from bypass. At last proximal anastomosis At last proximal anastomosis 
Protamine After administration of protamine After administration of protamine 
Pump Blood After transfusion with pump blood 30 minutes after protamine infusion 
ICU 1 Hour after pump blood transfused 90 Minutes after protamine infusion 
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4.2.3 Laboratory Techniques 

4.2.3.1 Point-of-Care Haemoglobin 

Blood (0.5mL) for Hb testing was drawn without anticoagulant from a central 

line prior to induction of anaesthesia (“Pre-op” sample point) and at 

commencement of the first distal anastomosis (“First Anastomosis” sample 

point) only. Hb concentration was determined using a point-of-care 

haemoglobinometer (HemoCue AB, Sweden) using established automated 

methods523-525. In this technique, whole blood (250uL) was mixed with 50uL of 

buffer (18% (w/v) sodium azide, 20% (w/v) sodium nitrite, 40% (w/v) sodium 

desoxycholate) in a cuvette to lyse erythrocytes and convert haemoglobin to 

azide-methaemoglobin. Absorbency was then measured at 570nm and 880nm 

and the concentration of Hb read from a standard curve. 

 

4.2.3.2 Antigenic Antithrombin Concentration 

The antigenic concentration of antithrombin was determined using a 

commercially available rate nephelometric assay (IMMAGE AT3, Beckman 

Coulter, Australia). Plasma was incubated with polyclonal goat anti-antithrombin 

antibody (IMMAGE AT3, Beckman Coulter, Australia). The rate of increase in 

light scatter by nephelometry was read against a standard curve for the 

concentration of antithrombin. This method is capable of detecting antithrombin 

in plasma regardless of whether it is bound to heparin or activated coagulation 

factors. 
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4.2.3.3 Statistical Methods 

4.2.3.3.1 Linear Regression 

Linear regression analysis, using established methods504, was employed for 

correlation of decreases in Hb concentration and antithrombin concentration 

between pre-operative and intra-operative levels. A p score of >0.05 was taken to 

indicate significant linear correlation and the equation of the curve determined 

with 95% confidence. 

  

4.2.3.3.2 Comparison of Means 

Comparison of means between all four groups was achieved using analysis of 

variance (ANOVA)504. Where ANOVA indicated a significant difference, 

comparison of two means was achieved using two-sided, unpaired t tests504. 

Comparison of means between sample points within each group were achieved 

using two-sided, paired t tests504. A p score of >0.05 was taken to indicate 

significant difference between means. 

 

4.2.3.3.3 Power and Sample Size Calculations 

Calculations of power and sample size for comparison of means were performed 

using published methods504. SPSS Power and Sample Size software was 

employed for these calculations.  
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4.3 RESULTS 

4.3.1 Correlation of Changes in Antithrombin and Haemoglobin  

The percentage of pre-operative levels for Hb and antithrombin concentrations 

during surgery are shown in Table 4.4. These data show significant correlation 

between intra-operative antithrombin and Hb concentrations for both On Pump 

and Off Pump groups irrespective of whether the patient underwent ANH. 

Specifically, 

1. On Pump patients: Intra-operative concentrations of antithrombin reduced 

to a mean of 52.8% of pre-operative levels during cardiopulmonary 

bypass. This correlated well with the observed decrease in Hb to 55.0% 

of the pre-operative level (r = 0.31, 95%CI (ρ) = (0.56, 0.01), p = 0.04). 

2. Off Pump patients: In the absence of cardiopulmonary bypass, intra-

operative antithrombin levels decreased to a mean of 81.0% of pre-

operative levels. This correlated well with the observed decrease in intra-

operative Hb to 77.7% of pre-operative levels (r = 0.44, 95%CI (ρ) = 

(0.73, 0.02), p=0.04).  

3. All patients: Strong correlation between the decrease in concentrations of 

antithrombin (to 61.9%) and Hb (to 62.2%) during surgery (r = 0.76, 

95%CI (ρ) = (0.85, 0.64), p < 0.01).  

 

Figure 4.1 shows the concentrations of antithrombin and Hb expressed as a 

percentage of the pre-operative concentrations for all patients included in the 

study. The regression line represents the equation of the regression curve; 

y = a + bx 
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where; 

- y is intra-operative antithrombin (% of pre-op value) 

- a is the intercept (a = 8.841, 95%CI(a) = 2.928, 17.436) 

- b is the coefficient (b = 0.853, 95%CI(b) = 0.948, 0.715) 

- x is the intra-operative Hb (% of pre-op value) 

 
 
Table 4.4 Mean pre-operative (Pre-op sample) and intra-operative (First 

Anastomosis sample) haemoglobin (Hb) and antigenic 
antithrombin (AT) concentrations and the difference between 
sample points. The estimation of correlation coefficient (r), the 
95% confidence interval of r (95%CI ρ) and the probability of 
significant linear regression (p) are shown. 

 
 On Pump 

Groups 
Off Pump 
Groups 

All Patients 

Pre-op Hb (g.L-1) 136 141 137 
Intra-op Hb (g.L-1) 75 109 86 
Intra-op Hb (% Pre-op 
Hb) 

55.0 77.7 62.2 

Pre-op AT (mg.dL-1) 24.2 23.7 24.1 
Intra-op AT (mg.dL-1) 12.2 19.5 14.8 
Intra-op AT (% Preop AT) 52.8 81.0 61.9 
r (95%CI (ρ)) 0.31 (0.56, 0.01) 0.44 (0.73, 0.02) 0.76 (0.85, 0.64) 
p 0.04 0.04 <0.01 
 



0

20

40

60

80

100

120

0 10 20 30 40 50 60 70 80 90 100

Intra-op Hb (% Pre-op Value)

In
tr

a-
op

 A
gA

T 
(%

 P
re

-o
p 

Va
lu

e)

Hb and AT (% Pre-op value)
r = 0.76
95%CI(p) = (0.85, 0.64) 
p = 0.000
b = 0.853
a = 8.841

Figure 4.1 Correlation of intra-operative antithrombin (Intra-op AT) (% of Pr�-op value) and intra-operative 
haemaglobin (Intra-op Hb) (% of pre-op value) for all patients.
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4.3.2 Acute Normovolaemic Haemodilution and Antithrombin 

Concentration 

The concentrations of antithrombin for each group at each sample point and the 

results of ANOVA (3 degrees of freedom) between the groups at each sample 

point are shown in Table 4.5. These data are depicted graphically in Figure 4.2. 

This shows no significant difference in the antithrombin concentration between 

On Pump, Off Pump, ANH and control patients at the following sample points; 

1. Pre-operatively (Pre-op sample, p=0.736), 

2. After induction of anaesthesia and ANH (ANH occurred in On Pump 

ANH and Off Pump ANH groups only) (Dilution sample, p=0.345), 

3. After administration of heparin (Heparin sample, p=0.480), 

4. After addition of pump blood to the On Pump groups (Pump Blood 

sample, p=0.400), and, 

5. 90 minutes after reversal of heparin with protamine sulphate (ICU 

sample, p=0.844). 
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Table 4.5 Antithrombin concentrations (mg.dL-1) for each sample groups at each sample point for the ANH study. Comparison of means 
for the four groups was performed using ANOVA.  

 
Sample On Pump Control On Pump ANH Off Pump Control Off Pump ANH p value 
 Mean SEM  Mean SEM  Mean SEM  Mean SEM   
Pre-op 24.2 0.79  24.3 0.77  24.8 0.80  22.7 1.98  0.736 
Dilution 20.6 0.63  20.5 0.77  21.1 0.90  17.6 0.92  0.345 
Heparin 19.3 0.38  19.2 0.58  20.5 0.79  18.8 1.90  0.480 
First Anastomosis 12.6 0.38  12.6 0.43  17.9 1.62  18.4 1.65  0.000 
Last Anastomosis 12.8 0.35  13.0 0.51  19.3 0.86  18.0 1.85  0.000 
Protamine 14.5 0.57  14.9 0.53  19.3 0.93  16.7 1.26  0.000 
Pump Blood 17.0 0.57  18.2 0.64  18.5 0.90  16.9 1.31  0.400 
ICU 17.9 0.69  18.5 0.77  18.3 1.15  16.9 1.58  0.844 
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Figure 4.2 Antiegnic antithrombin concentration during cardiac surgery. Error bars represent standard error of the mean.
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Table 4.6 shows the results of two-tailed, unpaired t tests investigating the cause 

of significance in ANOVA for samples First Anastomosis, Last Anastomosis and 

Protamine (as shown in Table 4.6). This shows; 

1. There was no significant difference in the concentration of antithrombin 

between Control and ANH groups for either On Pump or Off Pump 

groups. 

2. Cardiopulmonary bypass reduced the concentration of antithrombin for 

Control and ANH groups at sample points “First Anastomosis” and “Last 

Anastomosis”. 

3. Cardiopulmonary bypass reduced the concentration of antithrombin at 

“Protamine” sample point, though this was not significant in the ANH 

groups. 

 
 
 
Table 4.6 Results of two-tailed, unpaired t tests between mean antigenic 

antithrombin concentrations for all groups in the ANH study for the 
sample points First Anastomosis, Last Anastomosis, and Protamine.  

 
Sample Control vs ANH On Pump vs Off Pump 
 On Pump Off Pump  Control ANH  
First Anastomosis 0.968 0.837  <0.001 <0.001  
Last Anastomosis 0.736 0.533  <0.001 0.002  
Protamine 0.644 0.208  <0.001 0.161  
 

 

Table 4.7 shows the results of two-sided paired t tests for comparison of mean 

antithrombin concentration between “Pre-op” and “Dilution” samples for each 

group. This shows that the concentration of antithrombin decreased with 
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administration of fluids at the time of induction of anaesthesia for all groups, 

irrespective of ANH. 

 
 
 
Table 4.7 Results of two-tailed paired t tests for comparison of mean 

antithrombin concentrations between “Pre-op” and “Dilution” 
samples within each group. 

 
 p value between samples 
 On Pump 

Control 
 On Pump 

ANH 
 Off Pump 

Control 
 Off Pump 

ANH 
 

“Dilution” vs “Pre-op” <0.001  <0.001  <0.001  0.007  
 

 

 

The results of statistical power calculations based on patient recruitment and 

results obtained from On Pump Control and On Pump ANH groups in this study 

are shown in Table 4.8. This shows the minimum difference in concentration of 

antithrombin that could be detected with 80% power and an alpha error of 0.05 

between the two groups at each sample point. In summary the minimum 

difference ranged from 1.4mg.dL-1 to 3.4mg.dL-1 depending on the stage of the 

procedure (see Table 4.8). 
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Table 4.8 Results of statistical power and sample size modelling for On 
Pump Control versus On Pump ANH groups based on results of 
the study. The minimum value for µ2 (On Pump ANH mean) 
detectable with 80% and an alpha error of 0.05 was calculated. 
The difference between µ1 and µ2 is the minimum difference in 
antithrombin concentration detectible by this study. Results are 
mg.dL-1. 

 
Sample µ1  δ  µ2  µ1 - µ2 
Pre-op 24.2 3.9 20.8 3.4 
Dilution 20.6 2.9 18.1 2.5 
Heparin 19.3 2.8 16.8 2.5 
First 
Anastomosis 

12.6 1.9 9.9 2.7 

Last 
Anastomosis 

12.8 1.6 11.4 1.4 

Protamine 14.5 2.7 12.1 2.4 
Pump Blood 17.0 2.6 14.7 2.3 
ICU 17.9 2.7 15.5 2.4 
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4.4 DISCUSSION 

The major results of this study demonstrate that: 

1. The antithrombin concentration in cardiac surgery correlates well with 

changes in Hb concentration resulting from haemodilution, and, 

2. Acute normovolaemic haemodilution does not significantly contribute to 

the reduction of antithrombin seen with cardiac surgery. 

 

In this study there was a close correlation between decreases in the antithrombin 

and Hb concentrations during cardiac surgery. This indicates that most of the 

decrease in antithrombin concentration can be attributed to haemodilution alone. 

Furthermore, it suggests that antithrombin is not readily transferred to plasma 

from non-circulating reservoirs to compensate for the sudden decrease in plasma 

concentration. As a result it can be hypothesised that extremes of haemodilution 

may confer an increase risk for thrombosis by reducing the concentration of 

antithrombin. This supports previous work, using thromboelastography, that has 

demonstrated increased coagulation potential with aggressive haemodilution353.  

 

The strong correlation between concentrations of Hb and antithrombin suggests 

that it may be possible to estimate the antithrombin concentration during bypass 

using the equation y = a +bx. y is the intra-operative antithrombin concentration 

(% of pre-operative antithrombin concentration) and x is the intra-operative Hb 

concentration (% of pre-operative Hb concentration). This requires the pre-

operative Hb and antithrombin concentrations to be known and the intra-

operative Hb concentration measured. However the predictive intervals are quite 
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wide (slope coefficient b = 0.853, 95%CI(b) = 0.948, 0.715 and the intercept a = 

8.841, 95%CI(a) = 2.928, 17.436). A larger cohort could assist in narrowing the 

confidence intervals and thus narrow the predictive interval, resulting in greater 

utility and clinical value of the equation. While it is likely that closer correlation 

could be achieved by comparing haematocrit with antithrombin, Hb is more 

clinically relevant as rapid in-theatre assays are routinely performed using 

haemoglobinometers. Haematocrit provides a more direct measure of 

haemodilution but is not readily available intra-operatively in most cardiac 

surgical settings. Measurement error for the haemoglobin and antithrombin 

assays would also contribute to the reduced correlation and broad predictive 

intervals. 

 

It should be noted that the formula y = a + bx would not be relevant following 

the administration of exogenous antithrombin, either with fresh frozen plasma 

(FFP) or antithrombin concentrate. This would increase the antithrombin 

concentration and, specifically with FFP, would reduce the Hb concentration. 

This would negate the correlation.  

 

The results of the study also show that the haemodilution associated with 

cardiopulmonary bypass is the major cause of low antithrombin in cardiac 

surgery. This was evident by the difference in the nadir of antithrombin 

concentration between On Pump and Off Pump patients (52% and 72% 

respectively). These results demonstrate that patients who have their surgery 

performed with cardiopulmonary bypass may be at increased risk of intra-
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operative thrombosis than Off Pump patients. The greater quantities of heparin 

administered to On Pump patients may reduce this risk. These findings support 

the results of previous work that has shown greater functional antithrombin 

concentration in Off Pump patients376. It is of note that following the infusion of 

pump blood to On Pump patients the antithrombin concentration was the same as 

Off Pump patients. Clinically, this suggests that there may be no difference in 

risk for post-operative thrombosis due to antithrombin deficiency. In addition to 

avoiding antithrombin deficiency during surgery, there are other reported clinical 

benefits of cardiac surgery without cardiopulmonary bypass. These were 

described in Chapter 1 (section 1.2.3.3.4). 

 

ANH did not result in a significant change in antithrombin concentration during 

cardiac surgery (5.2% greater decrease in On Pump ANH than On Pump Control, 

27.4% greater decrease in Off Pump ANH than Off Pump Control, ANOVA 

p=0.736). This is because the dilution caused by ANH is small when compared 

to the large haemodilutional effect resulting from fluid administration for 

cardioplegia, anaesthesia and cardiopulmonary bypass. The major determining 

factor for antithrombin concentration is therefore haemodilution resulting from 

crystalloid administration. 

 

In this study antigenic determinations of antithrombin concentration were used, 

rather than functional determinations as described in Chapter 3. This was because 

the antigenic assay is a sensitive measure of the quantity of antithrombin in 

plasma, regardless of whether it is free, bound to heparin, or bound to activated 
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coagulation factors (IMMAGE AT3 Package Insert). This gives a better 

indication of the effect of dilution on the concentration of antithrombin and is not 

affected by factors that may alter the activity of antithrombin (such as the 

molecular weight of the heparin used or the concentration of thrombin in the 

plasma). 

  

This study had an 80% statistical power to demonstrate a difference in 

antithrombin concentration of at least 2.5mg.dL-1 (12% of the mean) between On 

Pump Control and On Pump ANH groups after induction of anaesthesia, and 

between 1.4 and 3.4 mg.dL-1 at other sample times during analysis. No 

significant differences were detected at any sample point. However, absence of 

proof is not proof of absence. It is therefore possible that a difference of less than 

2.5mg.dL-1 may exist but was not detectable in this study due to beta error. 

However it is highly unlikely due to the high power of the study and the fact that 

analysis at every sample point was in agreement. Furthermore a difference of less 

than this amount would be of little clinical significance. However, a small 

decrease in antithrombin concentration, not detectable in this study, may be 

clinically significant in patients with a very small body mass or patients with 

already reduced antithrombin concentrations. 

 

In conclusion, the results of this study confirm that haemodilution reduces the 

concentration of antithrombin in a direct linear fashion, but that ANH does not 

cause further significant dilution of antithrombin. The antithrombin deficiency 

that occurs with cardiac surgery is due to the administration of crystalloid and 
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may be estimated intra-operatively based on its strong correlation with the 

haemoglobin concentration.  
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5.1  INTRODUCTION 

Cardiac surgery involving cardiopulmonary bypass requires administration of 

substantial quantities of heparin to prevent coagulation during extracorporeal 

circulation as previously described (Chapters 1 and 3). Following separation 

from cardiopulmonary bypass, heparin is reversed by administration of 

protamine sulphate, which inactivates heparin with 1:1 high specificity 

stoichiometric binding277, 526. Different protamine regimens are employed, 

however the most common regimens are between 1 to 1.5mg protamine per 1mg 

of heparin administered intra-operatively64, 507, 527. The intentional administration 

of greater than 1mg of protamine per 1mg of heparin is recommended by some to 

ensure complete reversal of heparin260, 261. 

 

As discussed in Chapter 1 (section 1.2.3.2), non-surgical bleeding complications 

associated with cardiopulmonary bypass are thought to be related to heparin, 

platelets, and fibrinolysis64. Haemodilution with cardiopulmonary bypass is not a 

cause of post-operative bleeding64, 224, 227, 353. Significant post-operative bleeding 

following surgery, despite seemingly adequate protamine administration is 

thought to be due to the ‘heparin rebound phenomenon’273, 274, 296, 298-300. 

Clinically this is frequently managed by administration of additional protamine 

sulphate without any laboratory verification64, 300. 

 

Heparin rebound is usually seen shortly before or after the patient is transferred 

to the intensive care unit (20 mins to 2 hours after bypass)273, 274, 296-299. The 

diagnosis is based on the reappearance of a prolonged activated clotting time 
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(ACT) after protamine reversal. However, the frequency, pathogenesis, and role 

of heparin rebound in cardiopulmonary bypass associated non-surgical post-

operative haemorrhage remains unclear. Direct, rather than biological, 

measurements of heparin concentration following cardiopulmonary bypass have 

shown little evidence of persistent heparin, raising doubts as to whether ‘heparin 

rebound’ really exists294. 

 

Protamine sulphate is a strongly basic protein bound to sperm nucleic acids, and 

commercially prepared from salmon sperm277. Protamine reverses the 

anticoagulant effect of heparin following cardiopulmonary bypass by 

dissociation of heparin-antithrombin complexes264, 265. However, several other 

haemostatic, haemodynamic and immunological reactions have also been 

demonstrated with protamine sulphate use, as described in Chapter 1 (section 

1.2.2.3).  

 

It has been suggested that loss of haemostasis following cardiopulmonary bypass 

may be due to the anticoagulant effect of protamine sulphate528 rather than re-

appearance of heparin in the blood. Protamine has an anticoagulant effect when 

administered alone or in excess of the quantity required for heparin reversal277, 

279-282. This is thought to be due to its ability to interact with thrombin and inhibit 

thrombin mediated fibrin formation278, 281. However, some studies have also 

demonstrated a procoagulant effect of protamine sulphate in certain 

concentrations279. In fact, protamine at the same concentration has been shown to 

exert a different effect on the aPTT assay depending on which aPTT activator is 
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used280, 529. There is considerable debate surrounding the potency and clinical 

relevance of the anticoagulant activity of protamine sulphate in the cardiac 

surgical setting. Some studies have failed to demonstrate any anticoagulant 

activity associated with protamine with up to 10mg.kg-1 (equivalent to a clinical 

regimen of 3.5mg of protamine per 1mg of heparin)274. Other in vitro studies 

have demonstrated significant anticoagulation with 3 – 5mg.kg-1 protamine 

(equivalent to 1.0 – 1.5mg protamine per 1mg heparin)528. Despite this, 

intentional overdoses of protamine sulphate of up to 3mg of protamine per 1mg 

of heparin have been advocated to prevent onset of ‘heparin rebound’261, 262, 282. 

Few studies of the haemostatic effects of protamine have been performed using 

laboratory haemostasis assays280. In addition, it is not possible to directly and 

accurately measure protamine sulphate in biological fluids259, 287, 526, 530-532. 

 

This indicates that the aetiology of non-surgical post-operative haemorrhage is 

poorly understood. Current knowledge provides no direct evidence for the 

reappearance of heparin in the circulation as being causative. However, there are 

data indicating that protamine may in itself have anticoagulant effects that may 

result in post-operative bleeding. Therefore, the aims of the current study were to 

study the mechanisms of loss of haemostasis following cardiopulmonary bypass, 

and specifically to determine whether this may be due to heparin or protamine. 

The specific aims were to; 

A Investigate the anticoagulant and procoagulant activity of 

protamine sulphate using in vitro coagulation assays to determine 
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whether protamine is capable of causing loss of haemostasis in 

doses relevant to cardiopulmonary bypass, 

B Use an ex vivo model of cardiopulmonary bypass to determine the 

dose of protamine sulphate required to reverse heparin in a 

controlled setting, and, 

C Determine plasma heparin concentrations during and following 

cardiopulmonary bypass and correlate these with laboratory and 

clinical indicators of post-operative anticoagulation. 
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5.2 METHODS 

5.2.1 IN VITRO STUDY: THE EFFECTS OF PROTAMINE ON 

COAGULATION 

5.2.1.1 Plasma Samples 

Normal plasma was prepared by mixing 9 parts blood from normal donors to 1 

part ACD anticoagulant buffer (2.98mg.mL-1 citric acid, 26.35 mg.mL-1 

trisodium citrate, 2.22 mg.mL-1 disodium phosphate, 31.9 mg.mL-1 dextrose and 

2.75 x 10-1 mg.mL-1 adenine), centrifuging at 2,000 x g for 30 minutes at 15°C 

and collecting the plasma phase. Plasma was stored at -80°C and thawed at 37°C 

immediately prior to testing. 

 

5.2.1.1.1 Pharmacological Treatment of Plasma 

Five plasma aliquots were treated with different concentrations of protamine 

sulphate to achieve plasma protamine concentrations between 0.000 and 

0.075mg.mL-1 (according to Table 5.1). These represent concentrations clinically 

relevant to the amount of protamine administered for cardiopulmonary bypass 

(4mg.kg-1)507. 

 

Nine other plasma aliquots were treated with unfractionated porcine mucosal 

heparin to achieve 4.9IU.mL-1 plasma (equivalent to levels commonly detected at 

the end of cardiopulmonary bypass358, 533). Different concentrations of protamine 

sulphate (up to 0.120mg.mL-1) were then added relative to the concentration of 

heparin, according to Table 5.2. 
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Table 5.1 Concentration of protamine sulphate in non-heparinized plasma 
and the percentage of the full protamine regimen (4mg.kg-1) for 
cardiopulmonary bypass. 

 
Sample ID [Protamine sulphate] (mg.mL-1) % of 4mg.kg-1 regimen 
PS00 0.000 0% 
PS20 0.015 20% 
PS40 0.030 40% 
PS60 0.045 60% 
PS80 0.060 80% 
PS100 0.075 100% 
 
 
 
Table 5.2 Concentration of protamine sulphate relative to 4.9IU.mL-1 

(0.049mg.mL-1) of unfractionated porcine mucosal heparin 
(equivalent to 4mg.kg-1 during bypass) for normal plasma 
aliquots. 

 
Sample [Heparin] (IU.mL-1) [Protamine] (mg.mL-1) Ratio (mg:mg) 
PH0 4.900 0.000 0.00 
PH3 4.900 0.015 0.31 
PH6 4.900 0.030 0.62 
PH9 4.900 0.045 0.92 
PH12 4.900 0.060 1.23 
PH15 4.900 0.075 1.54 
PH18 4.900 0.090 1.85 
PH22 4.900 0.105 2.16 
PH25 4.900 0.120 2.46 
 

 

 

5.2.1.2 Coagulation Methods 

Each sample was mixed thoroughly and then tested for the activated partial 

thromboplastin time (aPTT), prothrombin time (PT), thrombin time (TCT) and 

the activated protein C ratio (APC ratio) using the Futura automated coagulation 

laboratory (Instrumentation Laboratory, Italy). 
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5.2.1.2.1 Activated Partial Thromboplastin Time 

The aPTT assay was carried out using established methods534. 50µL of sample 

plasma at 37°C was incubated with 50µL activated partial thromboplastin 

reagent (Dade Actin FSL, contains purified soy and rabbit phosphatides in 

0.1mM ellagic acid) at 37°C for 200s prior to activation with 50µL 0.025M 

CaCl2 and the time to clot recorded. The reference range for a clinical sample 

within the analysing laboratory was 21 – 33s. 

 

5.2.1.2.2 Prothrombin Time Assay 

The PT assay was carried out using established methods534, 535. 50µL of sample 

plasma at 37°C was activated with 100µL phospholipid and calcium rich 

recombinant human tissue factor (Hemoliance RecombiPlasTin) at 37°C and 

the time to clot measured. The reference range for a clinical sample within the 

analysing laboratory was 8 – 11s. 

  

5.2.1.2.3 Thrombin Time Assay 

The TCT was carried out using established methods534. 80µL of sample plasma 

at 37°C was activated with 80µL of 2.7IU.mL-1 purified human thrombin at 37°C 

and the time to clot recorded. The reference range for a clinical sample within the 

analysing laboratory was 17 – 22s. 
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5.2.1.2.4 The Activated Protein C Ratio 

The APC ratio was carried out using previously described methods (section 

2.2.1.2.2). The reference range for a clinical sample within the analysing 

laboratory was 1.9 – 4.0. 

 

5.2.1.3 Statistical Methods 

Linear regression analysis504 was used to determine the correlation coefficient 

and the probability of no correlation between the concentration of protamine and 

the aPTT, PT, TCT and APC ratio. A p value of >0.05 was taken to indicate 

significant correlation.  

 

5.2.2 EX VIVO STUDY: HEPARIN LEVELS DURING EXTRACORPOREAL 

CIRCULATION 

5.2.2.1 Blood 

400mL of blood from four donors was collected into ACD bags according to 

methods previously described (section 2.2.3.1). Each blood bag was 

anticoagulated with heparin equivalent to 4mg.kg-1, recalcified and haemodiluted 

for cardiopulmonary bypass using methods previously described (section 

2.2.3.1.1). The blood was perfused through a modified extracorporeal circuit to 

simulate cardiopulmonary bypass using methods previously described (section 

2.2.3.1.2). Heparinisation was reversed using three 10mg aliquots of protamine 

sulphate, using methods previously described (2.2.3.1.1). 
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5.2.2.2 Samples 

Blood samples for coagulation analysis were collected from the experimental 

volume at the time points depicted in Table 5.3. All samples were collected in 

duplicate and tested in triplicate and the mean result was recorded according to 

methods previously described (section 2.2.3.1.3). 

 
 
Table 5.3 Collection times and treatments for blood samples drawn for 

heparin testing from the ex vivo model of cardiopulmonary bypass 
and the type of anticoagulant in the collection tube. 

 
Sample ID Treatment Anticoagulant 
Baseline From ACD bag, no treatment  None 
Heparin +20mg heparin None 
On Bypass +Prime volume (10mg heparin, 170mL 

crystalloid, 20mL 0.22mM Ca.gluconate) 
Na3citrate 

15 Min 15 minutes of circulation Na3citrate 
30 Min 30 minutes of circulation Na3citrate 
45 Min 45 minutes of circulation Na3citrate 
60 Min 60 minutes of circulation Na3citrate 
10mg 
Protamine 

5 minutes after +10mg of protamine Na3citrate 

20mg 
Protamine 

5 minutes after +10mg more protamine Na3citrate 

30mg 
Protamine 

5 minutes after +10mg more protamine Na3citrate 

 

5.2.2.3 Laboratory Methods 

5.2.2.3.1 Heparin Concentration 

All plasma samples were analysed for heparin concentration using a 

commercially available chromogenic assay (IL Test Heparin Anti-Xa, 

Instrumentation Laboratory, Italy)536. This assay calculates the functional 

concentration of heparin in a plasma sample by measuring the amount of 

inhibition of a known quantity of factor Xa after incubation with excess human 

antithrombin. 
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In brief, plasma samples were diluted 1:20 with antithrombin buffer (IL Test 

Heparin Anti-Xa, contains 0.04IU.mL-1 human antithrombin, Tris chloride, 

disodium EDTA, sodium chloride and BSA, pH 8.4) and incubated at 37°C for 

20s. 50µL of the diluted sample was added to 50µL of factor Xa reagent (IL 

Test Heparin Anti-Xa, contains 13.6nkat.mL-1 purified bovine serum factor Xa, 

Tris chloride, disodium EDTA, sodium chloride and BSA) and incubated at 37°C 

for 90s. 50µL of chromogenic substrate reagent (IL Test Heparin Anti-Xa, 

contains 0.75mg.mL-1 N-α-Z-D-arg-gly-arg-pNA.2HCl) was then added and the 

change in absorbency at 405nm over a 30s acquisition time was recorded. This 

result was then measured against a nine point standard curve and the functional 

heparin concentration read. Two-fold serial dilutions were performed to provide 

a result within the analytical range (0.2 – 0.8IU.mL-1). 

 

5.2.2.3.2 Functional Antithrombin Concentration 

Functional antithrombin concentrations were measured using methods previously 

described (section 3.2.2.3.2) 

 

5.2.2.4 Estimation of Haemodilution 

Due to the controlled nature of the ex vivo model, an exact coefficient for 

haemodilution of both antithrombin and for heparin with prime volume was 

calculated using previously established methods533. The pre-operative 

haematocrit was determined using a Beckman Coulter Gen-S blood count 

analyser. The coefficient of dilution for heparin was calculated based on 20mg of 
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heparin added to the whole blood aliquot (1 - haematocrit x 400mL of plasma) 

and 10mg added to the pump prime (170mL crystalloid + 35mL other reagents) 

according to the equation below, where HCT is the haematocrit533. 

(20/(1-HCT×400))/(30/((1-HCT×400)+205)) = Heparin dilution factor 

 

The functional antithrombin concentration had two dilution stages: 

1) Dilution due to addition of heparin volume to bag (1.04), and, 

2) Dilution by prime volume on commencement of extracorporeal 

circulation according to the equation below, 

 

(1-HCT×400)/((1-HCT×400)+205) = Antithrombin dilution factor 

 

5.2.3 IN VIVO STUDY: HEPARIN, PROTAMINE, COAGULATION AND 

BLEEDING IN CARDIAC SURGICAL PATIENTS 

5.2.3.1 Subjects 

Patients undergoing cardiac surgery (n=49) were grouped according to whether 

they did (On Pump, n=26) or did not (Off Pump, n=23) undergo 

cardiopulmonary bypass (see section 4.2.1.2), as outlined in Table 5.4. The Off 

Pump group was included as a control as they did not receive full dose 

heparinisation and had only partial neutralisation of heparin following surgery 

(section 4.2.1.1.2). 
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Table 5.4 Groups for patient undergoing cardiac surgery with systemic 
heparinisation. 

 
Group Number (n) Cardiopulmon

ary Bypass 
Heparin Protamine 

On Pump  26 Yes 3.0 mg.kg-1 3.9 mg.kg-1 

Off Pump 23 No 100 mg 100 mg 
 

 

5.2.3.1.1 Pharmacological Treatments 

All patients received 5,000IU of heparin by subcutaneous injection for 

prophylaxis according to methods previously described (section 3.2.2.1.1) 

 

Patients in the On Pump group received a standard systemic loading dose of 

3mg.kg-1 of porcine mucosal heparin via a central venous line prior to 

cannulation. A further 100mg was in the bypass prime. Additional heparin was 

administered to maintain an ACT >500s during bypass 

 

Patients in the Off Pump group received only 100mg of heparin as described 

previously (section 4.2.1.1.2). 

 

Following completion of surgery, 1.3mg of protamine per 1.0mg of heparin was 

administered to the On Pump group, while 1.0mg of protamine per 1.0mg of 

heparin was administered to the Off Pump group according to methods 

previously described (section 4.2.1.1.3). 

 

No patients received anti-fibrinolytic therapy or participated in autologous blood 

strategies for reduction of allogeneic blood transfusion requirements. 
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5.2.3.1.2 Transfusion 

Post-operative transfusion of packed red cells (PRC), single donor platelets 

(PLT) and fresh frozen plasma (FFP) were recorded as an indication of post-

operative loss of haemostasis and bleeding. 

 

The clinical decision to transfuse patients post-operatively was based on the 

following protocols: 

1) Patients were administered 2 units of PRC when the haemoglobin 

concentration fell below 80g.L-1. 

2) Patients were administered a unit of PLT following bypass when 

the platelet count fell below 50 x 109 cells.L-1. 

3) Patients were administered 2 units of FFP when the PT increased 

above 15s and the full protamine regimen had been administered. 

 

5.2.3.2 Samples 

Blood samples were drawn from a central non-heparinised line using methods 

previously described (section 2.2.1.2.1). Sampling points are outlined in Table 

5.5.  
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Table 5.5 Sample times for patients in the heparin rebound study during cardiac surgery. 
 
Sample ID On Pump group Off Pump group 
Pre-op Prior to induction of anaesthesia Prior to induction of anaesthesia 
Heparin After 3mg.kg-1 heparin After 100mg heparin 
First Anastomosis After commencement of bypass & at first distal anastomosis At first distal anastomosis 
Last Anastomosis Prior to separation from bypass & at last distal anastomosis At last distal anastomosis 
Protamine After 3.9mg.kg-1 protamine sulphate After 100mg protamine sulphate 
Pump Blood After transfusion with pump blood 30 minutes after protamine infusion 
ICU 1 hour after pump blood transfusion 90 minutes after protamine infusion 
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5.2.3.3 Laboratory Methods 

The functional heparin concentration was determined for each sample using 

methods described (section 5.2.2.3.1). The aPTT and PT were measured for the 

following sample points using methods described (section 5.2.1.2.1 and section 

5.2.1.2.2 respectively); 

1) Pre-op 

2) Protamine 

3) Pump Blood 

4) ICU 

 

5.2.2.4 Statistical Methods 

Comparison of means between groups was achieved by two-tailed unpaired t-

tests at each sample point. Inter-sample comparison of means within each group 

was achieved by the two-sided, paired t tests. Fisher’s exact test measured the 

probability of no difference between proportions of two groups A probability of 

no difference between the two means (p) of >0.05 was taken to indicate 

significant difference. 

 

Regression analysis between heparin concentration and parameters of 

coagulation and blood loss was performed and the coefficients of correlation 

ascertained. A probability of no correlation of >0.05 was taken to indicate 

significant correlation. 
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5.3  RESULTS 

5.3.1 PHASE 1: IN VITRO STUDY RESULTS 

The results of aPTT, PT, TCT and APC ratio assays of normal plasma following 

addition of different concentrations of protamine sulphate in normal plasma are 

shown in Table 5.6. The correlation between protamine concentration and the 

aPTT, PT, TCT and APC ratio at levels relevant to cardiopulmonary bypass are 

depicted in Figures 5.1, 5.2, 5.3 and 5.4 respectively. Regression analysis shows; 

1. aPTT: No significant correlation between aPTT and protamine 

concentration (r = 0.7154, 95%CI(ρ) = (0.9661, -0.2293), p = 0.119),  

2. PT: Significant correlation between PT and protamine concentration (r = 

0.9944, 95%CI(ρ) = (0.9994, 0.9474), p < 0.001),  

3. TCT: Significant inverse correlation between TCT and protamine 

concentration (r = -0.9719, 95%CI(ρ) = (-0.7591, -0.9970), p = 0.002), 

and, 

4. APC Ratio: Significant inverse correlation between APC ratio and 

protamine sulphate concentration (r = -0.9835, 95%CI(ρ) = (-0.8519, -

0.9983), p < 0.001).  

 

The effects of addition of protamine to heparinised plasma were (Table 5.7 and 

Figures 5.5 – 5.8); 

1. aPTT: Addition of protamine reduced the aPTT up to a ratio of 1.54mg 

protamine per 1mg heparin. At higher concentrations of protamine there 

was an increase in aPTT. 
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2. PT: Addition of protamine decreased the PT of heparinised plasma up to 

a ratio of 0.62mg protamine per 1mg heparin. At higher protamine doses 

the PT increased. 

3. TCT: Decreased the TCT, and, 

4. APC Ratio: Decreased APC ratio with increasing protamine 

concentration. 

 
 
Table 5.6 Results of aPTT, PT INR, TCT and APC ratio analysis of plasma 

with different concentrations of protamine sulphate. 
 
Sample ID [Protamine] 

(mg.mL-1) 
mean aPTT 
(s) 

Mean PT(s) Mean TCT 
(s) 

Mean APC 
ratio 

PS00 0.000 33.2 10.2 18.6 2.06 
PS20 0.015 39.2 13.4 18.3 1.93 
PS40 0.030 32.3 15.8 18.0 1.73 
PS60 0.045 33.3 19.3 17.3 1.32 
PS80 0.060 41.2 22.3 16.9 1.01 
PS100 0.075 54.9 23.5 15.8 0.93 
r  0.7154 0.9944 -0.9719 -0.9835 
95%CI(ρ)  0.9661,  

-0.2293 
0.9994, 
0.9474 

-0.7591,  
-0.9970 

-0.8519,  
-0.9983 

p (H:0)  0.119 <0.001 0.002  <0.001 
 

Table 5.7 Results of aPTT, PT INR, TCT and APC ratio analysis with 
different concentrations of protamine sulphate added to plasma 
containing 4.9mg.mL-1 unfractionated heparin. 

 
Sample 
ID 

Hep:prot 
Ratio 
mg:mg 

mean aPTT 
(s) 

Mean PT(s) Mean TCT 
(s) 

Mean APC 
ratio 

PH0 0.00 DNC 15.6 DNC DNC 
PH3 0.31 DNC 11.3 DNC DNC 
PH6 0.62 69.1 9.2 DNC 2.34 
PH9 0.92 37.3 11.6 20.0 1.94 
PH12 1.23 29.9 14.0 17.6 2.01 
PH15 1.54 22.3 16.0 16.6 1.84 
PH18 1.85 23.3 18.1 16.2 1.47 
PH22 2.16 24.6 19.2 16.0 1.19 
PH25 2.46 35.2 19.6 16.0 1.17 
DNC Did Not Coagulate 
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Figure 5.1 The aPTT of plasma with different concentration of protamine sulphate.
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Figure 5.2 The PT of plasma with different concentration of protamine sulphate.
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Figure 5.3 The TCT of plasma with different concentration of protamine sulphate.
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Figure 5.4 The APC Ratio of plasma with different concentration of protamine sulphate.
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Figure 5.5 Effect of different ratios of protamine to heparin concentration on the aPTT of 
plasma.
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Figure 5.6 Effect of different ratios of protamine to heparin concentration in plasma on the PT.
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Figure 5.7 Effect of different ratios of protamine to heparin concentration in plasma on the 
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5.3.2 PHASE 2: EX VIVO STUDY RESULTS 

The concentrations of heparin and functional antithrombin during the experiment 

are shown in Table 5.8. This also shows the concentration of heparin and 

antithrombin after correction for the calculated degree of haemodilution. The 

mean coefficient for dilution for heparin was 1.24 and for antithrombin was 1.89. 

The concentration of heparin with and without correction for dilution is shown in 

Figure 5.9 and the concentration of antithrombin with and without correction for 

haemodilution is shown in Figure 5.10. These show,  

1. Both heparin and functional antithrombin decreased with the 

commencement of extracorporeal circulation (heparin 50% and 

antithrombin 41% decrease).  

2. The decrease in antithrombin concentration was fully accounted for by 

haemodilution. 

3. The decrease in heparin concentration on the commencement of “bypass” 

was greater than that predicted by haemodilution (after correction for 

haemodilution there was a 38% decrease in heparin concentration).  

4. There was no further decrease in heparin or antithrombin concentration 

for the duration of extracorporeal circulation.  

5. Functional heparin concentration decreased by 75%, to 1.60IU.mL-1 after 

10mg of protamine (equivalent to 0.33mg protamine per 1mg of heparin).  

6. After 20mg of protamine sulphate (equivalent to 0.67mg protamine per 

1mg heparin) only 0.16IU.mL-1 heparin was detected and a clot formed in 

the circuit, thus terminating the experiment. 
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Table 5.8 Concentrations of heparin and functional antithrombin with and without correction for haemodilution during ex vivo 
cardiopulmonary bypass. 

 
Sample [Heparin] (IU.mL-1) Corrected [Heparin] (IU.mL-1)  [Antithrombin] (% Normal) Corrected [Antithrombin]  

(% Normal) 
Baseline 0.01 0.01 90.98 90.98 
Heparin 10.84 10.84 82.45 85.71 
On Bypass 5.39 6.73 48.40 91.86 
15 Min 5.34 6.67 46.25 87.78 
30 Min 4.83 6.03 49.60 94.13 
45 Min 5.26 6.57 45.33 86.03 
60 Min 5.21 6.51 46.06 87.42 
10mg protamine 1.25 1.60 47.01 89.22 
20mg protamine 0.16 0.24 44.62 84.69 
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5.3.3 PHASE 3: IN VIVO CLINICAL STUDY RESULTS 

The patient characteristics for the On Pump and Off Pump groups are shown in 

Table 5.9. This shows no significant difference in age, mass, pre-operative 

haematocrit or haemoglobin concentration between groups. On Pump patients 

were administered significantly more intra-operative heparin than Off Pump 

patients (344.6 and 100.0mg respectively, p<0.0001) and significantly more post-

operative protamine (448.0 and 100.0mg respectively, p<0.0001). The ratio of 

protamine to heparin was higher in the On Pump group than the Off Pump group 

(1.3 and 1.0). 

 
 
Table 5.9 Mean patient characteristics for On Pump and Off Pump groups. 

Comparisons of means achieved with two-tailed, unpaired t-tests. 
 
 On Pump Off Pump p 
 Mean SEM  Mean SEM   
Age (years) 62.7 1.94  61.3 2.00  0.6201 
Weight (kg) 78.2 2.84  79.8 2.94  0.7046 
Pre-op Haematocrit 0.40 0.01  0.41 0.01  0.2990 
Pre-op Haemoglobin 
(g.L-1) 

136 2.50  140 2.00  0.2072 

Intra-op Heparin (mg) 344.6 8.62  100.0 0.00  <0.0001 
Post-op Protamine 
(mg) 

448.0 11.2  100.0 0.00  <0.0001 

 

 

The functional concentration of heparin in On Pump and Off Pump patient 

groups is shown in Table 5.10 and depicted graphically in Figure 5.11. This 

shows the following; 

1) Pre-op: No significant difference On Pump and Off Pump groups. 
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2) Surgery: More heparin in On Pump versus Off Pump patients after 

addition of the heparin bolus and during surgery (Heparin, First and Last 

Anastomosis samples). 

3) Post-op: Heparin concentrations were lower in the On Pump group than 

the Off Pump group following addition of protamine sulphate (Protamine, 

Pump Blood and ICU samples). 

 
Table 5.10 Functional concentration of heparin (IU.mL-1) in patients 

undergoing coronary artery bypass grafts with (On Pump) or 
without cardiopulmonary bypass (Off Pump). Two-sided, 
unpaired t tests measured the probability of no difference between 
groups. 

 
Sample On Pump Off Pump p 
 Mean SEM  Mean SEM   
Pre-op 0.17 0.04  0.12 0.02  0.1802 
Heparin 7.15 0.34  2.49 0.11  <0.0001 
First Anastomosis 4.58 0.20  2.24 0.14  <0.0001 
Last Anastomosis 4.69 0.47  2.36 0.13  <0.0001 
Protamine 0.17 0.03  0.56 0.07  <0.0001 
Pump Blood 0.10 0.02  0.33 0.06  0.0004 
ICU 0.06 0.02  0.23 0.05  0.0025 
 

The result of paired T tests for comparison on means within groups between 

samples is shown in Table 5.11. This shows; 

1) A significant decrease in heparin concentration with the commencement 

of cardiopulmonary bypass for the On Pump patients (∆=2.57IU.mL-1, 

p<0.0001). There was no corresponding change in heparin concentration 

with the commencement of surgery for the Off Pump patients (p=0.0673). 

2) No change in heparin concentration during surgery (between First and 

Last Anastomosis samples) for On Pump and Off Pump groups 

(p=0.9495 and p=0.8225 respectively). 
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3) The concentration of heparin at the ICU sample point was lower than the 

pre-operative level for the On Pump patients (∆=0.11IU.mL-1, p=0.0375) 

and higher in the Off Pump patients (∆=0.11IU.mL-1, p=0.0093). 

 
 
 
 
Table 5.11 Results of two-sided, paired t tests comparing mean heparin 

concentrations within groups between sample points. 
 
Sample points On Pump Off Pump 
“Pre-op” vs “Heparin” <0.0001 <0.0001 
“Heparin” vs “First Anastomosis <0.0001 0.0673 
“First Anastomosis” vs “Last 
Anastomosis” 

0.9495 0.8225 

“Last Anastomosis” vs “Protamine” <0.0001 <0.0001 
“Protamine” vs “Pump Blood” 0.0200 0.0001 
“Pump Blood” vs “ICU” 0.0353 0.0749 
“Pre-op” vs “ICU” 0.0375 (ICU lower) 0.0093 (ICU higher) 
 

 

 

There was no significant difference in aPTTs between On Pump and Off Pump 

groups prior to or following surgery (Table 5.12). 

 
 
Table 5.12 Mean aPTTs (s) for On Pump and Off Pump groups prior to and 

following cardiac surgery. Two-sided, unpaired t tests measured 
the probability of no difference between groups.  

 
Sample On Pump Off Pump p 
 Mean  SEM  Mean SEM   
Pre-op 33.8 1.72  34.1 1.45  0.8877 
Protamine 50.7 5.03  62.8 11.39  0.3212 
Pump Blood 38.2 2.50  44.1 2.92  0.1338 
ICU 36.7 2.60  43.7 2.73  0.0754 
 SEM Standard Error of the Mean 
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Figure 5.11 Mean functional unfractionated heparin concentration for On Pump and Off Pump patients during 
cardiac surgery (Error bars represent Standard Error of the Mean).
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The correlation between the changes in aPTT and heparin concentrations 

between Pre-op and the Protamine, Pump Blood, and ICU samples for the On 

Pump group is shown in Figure 5.12. This shows no significant correlation 

between the change in aPTT and heparin concentration at Protamine (r = 0.4333, 

95%CI(ρ) = (0.7349, -0.0114), p = 0.0576), Pump Blood (r = 0.0058, 95%CI(ρ) 

= (0.4588, -0.4496), p = 0.9840) or ICU (r = 0.0152, 95%CI(ρ) = (0.5840, -

0.5636), p = 0.9602) sample points. 

 

For the Off Pump patients the correlation between the changes in aPTT and 

heparin concentrations between Pre-op and the Protamine, Pump Blood, and ICU 

samples for the Off Pump group is shown in Figure 5.13. This shows; 

1) There was a significant positive correlation between the change in aPTT 

and heparin concentration for Protamine (r = 0.6435, 95%CI(ρ) = 

(0.8494, 0.2674), p = 0.0102) and Pump Blood samples (r = 0.7948, 

95%CI(ρ) = (0.9202, 0.5215), p = 0.0020)  

2) There was no significant correlation between the change in aPTT and 

heparin concentration for the ICU samples (r = 0.3268, 95%CI(ρ) = 

(0.8829, -0.2015), p = 0.2420). 
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Figure 5.12 Correlation of changes in aPTT and changes in heparin concentration between Pre-op and three post-
operative sample points for On Pump patients.
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Figure 5.13 Correlation of changes in aPTT and changes in heparin concentration between Pre-op and three post-
operative sample points for Off Pump patients.
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The pre-operative and post-operative PT for On Pump and Off Pump groups are 

shown in Table 5.13. Prior to surgery there was no significant difference in PT 

between On Pump and Off Pump groups. The PT was greater in On Pump than 

Off Pump groups at the following time points: 

1. following addition of the protamine bolus (Protamine sample 14.8 and 

11.7 respectively, p=0.0015), 

2. after addition of pump blood to the On Pump group and a similar time 

point in the Off pump group (Pump Blood sample 14.0 and 10.8 

respectively, p<0.0001), and, 

3. 60 minutes after the Pump Blood sample (ICU sample 12.8 and 10.6 

respectively, p=0.0001). 

 

Table 5.13 Mean PT (s) for On Pump and Off Pump groups prior to and 
following cardiac surgery. Comparison of means achieved with 
two-sided, unpaired t tests. 

 
Sample On Pump Off Pump P value 
 Mean  SEM  Mean SEM   
Pre-op 9.41 0.19  9.21 0.10  0.4203 
Protamine 14.8 0.57  11.7 0.29  0.0015 
Pump Blood 14.0 0.38  10.8 0.19  <0.0001 
ICU 12.8 0.39  10.6 0.28  0.0001 
 SEM Standard Error of the Mean 

 

There was no significant correlation between the changes in PT and heparin 

concentrations between Pre-op and Protamine, Pump Blood, and ICU samples 

for the On Pump and Off Pump groups (Figures 5.14 and 5.15 respectively). 
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Figure 5.14 Correlation of changes in PT and changes in heparin concentration between Pre-op and three post-
operative sample points for On Pump patients.
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The details of transfusion requirements for patients in On Pump and Off Pump 

groups are shown in Tables 5.14 and Table 5.15. These show that a greater 

proportion of On Pump patients required transfusion with PRC than Off Pump 

Patients (0.50 and 0.17 respectively, p = 0.0142) and that more units of PRC 

were administered to On Pump than Off pump patients (1.88U.patients-1 and 

0.39U.patient-1 respectively, p=0.0054). There was no difference in plasma 

heparin concentration at all sample points between patients who did and did not 

receive post-operative PRC transfusion (Table 5.16). PLT and FFP usage was 

higher in the On Pump patients, though this was not statistically significant. 

 
 
 
Table 5.14 Proportion of patients in On Pump and Off Pump groups that 

required post-operative transfusion with fresh frozen plasma 
(FFP), packed red cells (PRC) or single donor unit platelets 
(PLT). Fisher’s exact test measured the probability of no 
difference between proportions 

 
Sample On Pump Off Pump P value 
 P (transfused)    P (transfused)    
FFP 0.27   0.13   0.1418 
PRC 0.50   0.17   0.0142 
PLT 0.15   0.04   0.1803 
 
 
 
Table 5.15 Mean number of units of FFP, PRC or PLT transfused per patients 

in On Pump and Off Pump groups. Comparison on means was 
achieved with two-tailed, unpaired T tests. 

 
Sample On Pump  Off Pump P value 
 Mean 

(U.patient-1) 
SEM  Mean 

(U.patient-1) 
SEM   

FFP 0.83 0.32  0.26 0.14  0.1116 
PRC 1.88 0.46  0.39 0.21  0.0054 
PLT 0.25 0.12  0.04 0.04  0.1296 
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Table 5.16 Functional concentration of heparin in plasma at sample points 
between On Pump patients who did and did not require post-
operative transfusion with PRC. Comparison on means was 
achieved with two-tailed, unpaired T tests.. 

 
Sample PRC Transfused PRC Not Transfused p 
 Mean 

(IU.mL-1) 
SEM  Mean 

(IU.mL-1) 
SEM   

Pre-op 0.13 0.02  0.22 0.07  0.2369 
Heparin 6.57 0.38  7.80 0.51  0.0729 
First 
Anastomosis 

4.65 0.29  4.55 0.30  0.8144 

Last 
Anastomosis 

5.24 0.77  4.15 0.52  0.2561 

Protamine 0.20 0.04  0.16 0.03  0.4421 
Pump Blood 0.09 0.03  0.10 0.03  0.7452 
ICU 0.06 0.03  0.07 0.02  0.6915 
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5.4 DISCUSSION 

The major findings of this investigation are: 

1. Protamine exhibits anticoagulant and procoagulant effects on plasma (in 

vitro study), 

2. Results of the ex vivo study have shown that heparin is removed during 

extracorporeal circulation. This reduction in heparin concentration may 

result in inappropriately high doses of protamine being administered, 

3. Coagulation parameters following separation from bypass do not 

correlate with the concentration of heparin following bypass (in vivo 

clinical study), 

4. The concentration of heparin following surgery was higher in patients 

who did not undergo cardiopulmonary bypass (Off Pump group) but more 

PRC transfusion were administered to the On Pump patients, and, 

5. The concentration of heparin did not correlate with transfusion 

requirements. 

The results of this study therefore suggest that heparin ‘consumption’ occurs 

during cardiopulmonary bypass and as a consequence excess protamine is being 

administered to reverse the heparinisation associated with cardiopulmonary 

bypass. Furthermore protamine is, in itself, exerting an anticoagulant effect and 

may be the cause of the failure of haemostasis following cardiopulmonary 

bypass. Excess protamine administration may therefore be the cause of the 

‘heparin rebound’ phenomenon following cardiopulmonary bypass. A direct 

measurement of protamine levels in a clinical study would be required to confirm 

this. 
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The results of the in vitro investigation confirm that protamine sulphate has both 

procoagulant and anticoagulant effects on plasma at doses relevant to cardiac 

surgery277, 279-282, 528, 529. When administered to normal or heparinised plasma 

protamine exerts a dose dependent anticoagulant effect as evidenced by the 

changes to the prothrombin time, a measure of extrinsic coagulation. Conversely, 

protamine shows procoagulant qualities by reducing the thrombin time and 

inhibiting APC function. There was no significant trend with regards to the effect 

of protamine on the aPTT in concentrations of relevance to cardiopulmonary 

bypass. This may be a reflection of the balance between procoagulant and 

anticoagulant qualities of protamine sulphate. However, in concentrations greater 

than 0.03mg.mL-1 an anticoagulant trend was observed (Figure 5.1). 

 

These in vitro data support previous reports that protamine sulphate exerts 

different effects on coagulation based on the coagulation activator used529. This 

may also explain the variability of previous reports of the potency of the 

anticoagulant effect of protamine225, 259, 270, 274, 277, 279-281, 286, 287, 528, 529, 537. 

 

Results of the ex vivo study showed haemodilution with crystalloid caused a 

decrease in plasma antithrombin and heparin concentrations. While the decrease 

in plasma antithrombin concentration was entirely accounted for by 

haemodilution, this was not the case for heparin. An estimation of haemodilution 

was not performed in the in vivo clinical study due to variability in patient 

weight, blood volume and the presence of heparin in the prime volume. In the ex 
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vivo model plasma heparin levels remained 38% lower on bypass despite the 

correction for haemodilution. This suggests that heparin was removed from 

circulation by some mechanism associated with cardiopulmonary bypass, 

possibly by adsorption of heparin onto the plastic surface of the circuitry. This 

has been suggested by other authors and adsorption of other plasma proteins to 

the circuit has been demonstrated359, 538, 539. If this is the case, this phenomenon 

may be avoided by using heparin bonded cardiopulmonary bypass circuitry. This 

will be further investigated in Chapter 6. 

 

After the initial reduction in heparin concentration with commencement of 

extracorporeal circulation, the concentration of heparin did not decrease further 

in either the ex vivo and in vivo studies until protamine was added. This is in 

contrast to previous reports which have shown a 0.2IU.mL-1 reduction in plasma 

heparin concentrations during cardiopulmonary bypass358. This discrepancy may 

be a reflection of the exclusion of physiological factors in the ex vivo model, 

such as breakdown and clearance of heparin via the reticuloendothelial system 

and renal mechanisms of haemoconcentration. 

 

The fall in plasma heparin concentration following commencement of 

extracorporeal circulation implies that less protamine would be required to 

reverse heparin anticoagulation and restore haemostasis. In the ex vivo study, a 

clot formed in all experiments after addition of 0.66mg of protamine per 1mg of 

heparin added to the perfusate. The mean concentration of heparin in plasma 

after addition of 0.66mg of protamine per 1mg of heparin was 0.16IU.mL-1. If 
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this can be directly extrapolated to the clinical setting, this implies that, under 

standard fixed dose protamine regimens (1 – 1.5mg of protamine per 1mg of 

heparin), excess protamine is being administered to patients following 

cardiopulmonary bypass than has been shown, in this study, to be required to 

neutralise heparin. Standard fixed dosage regimens are based on the 

concentration of heparin administered to the patient and do not take into account 

any reduction in heparin concentration during cardiopulmonary bypass. This 

study suggests that this may not be correct. These findings agree with studies 

using ‘real-time’ intra-operative measurements of protamine sulphate 

requirements using the HepCon HMS225, 258, 358, 530, 540, 541. Such studies have 

demonstrated adequate neutralisation of heparin following bypass with 

significantly lower protamine sulphate regimens (0.6 to 0.9mg of protamine per 

1mg of heparin) and improved post-operative haemostasis where reduced 

protamine doses are used286. However, studies have shown that the accuracy of 

the HepCon HMS device is only to within 0.7IU.mL-1 542.  

 

The HepCon HMS system is a ‘real-time’ intra-operative approach541, 543. 

However, it may not be necessary to perform ‘real-time’ measurements. The 

results of the current study have shown that there is no change in plasma heparin 

concentration after initiation of cardiopulmonary bypass. Hence the 

concentration of heparin measured immediately after commencement of bypass 

would reflect the heparinisation requiring reversal and could be used to guide 

protamine dosing. As most cardiopulmonary bypass procedures take 

approximately 90 minutes (see Table 3.2, Chapter 3), a heparin level result could 
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be available prior to separation from bypass. This approach would be potentially 

more accurate than the HepCon heparin management and could provide a 

laboratory result that could be use clinically to determine protamine dosing. 

 

It was of interest that heparin concentrations were lower yet the PT longer and 

more PRC transfusions were administered to patients who underwent 

cardiopulmonary bypass (On Pump) than those who did not (Off Pump). 

Furthermore, On Pump patients who required post-operative transfusion did not 

have a higher concentration of heparin than On Pump patients who were not 

transfused. Addition of heparinised pump blood to the patient did not increase 

plasma heparin concentration. This is in contrast to a previous study544. This 

disparity may be due to the higher dose of protamine sulphate (1.3mg per 1mg of 

heparin) in the current study over the previous report (1mg per 1mg of 

heparin)544. Thus heparin in the circulation (residual heparin or ‘heparin 

rebound’) was not the cause of post-operative loss of haemostasis in the On 

Pump group. This indicates that protamine sulphate should only be administered 

to bleeding patients following cardiopulmonary bypass if there is laboratory 

evidence of significant heparin in the plasma. 

 

Blood loss following surgery may be due to a number of factors. These include 

platelet dysfunction and thrombocytopaenia29, 31, 159, 219-222, 225, 276, 277, 285, 286, 333-335, 

337-350, consumption of coagulation factors186, 227, 340, 345, 348, 363, 364 and activation 

of fibrinolysis226, 345, 346, 368-378 64. The results of this study have also demonstrated 

a potent anticoagulant activity of protamine sulphate. Thus excess protamine 



 
Chapter Five – Post-operative Haemorrhage  201 
   

Linden, M.D.   CPB Haemostatic Defect 

sulphate may also contribute to the risk of haemorrhage following 

cardiopulmonary bypass. 

 

Direct measurement of plasma protamine would be required to confirm that 

protamine sulphate contributes to the loss of haemostasis following 

cardiopulmonary bypass. However, this is difficult, as protamine is a polyprotein 

of non-uniform molecular weight545. Traditional methods of titrating heparin to 

determine the protamine concentration526 are highly inaccurate545, as has been 

demonstrated by the in vitro investigations in the current study, due to the effects 

of different coagulation activators on different ratios of protamine to heparin in 

plasma. High performance liquid chromatography546 and ion-selective 

electrodes532, 547 have successfully been used to measure protamine concentration 

in saline solutions, but have been unable to accurately measure protamine 

concentration in the complex milieu of plasma. A previously reported dye 

method for the measurement of protamine in plasma531 was not able to be 

reproduced in this laboratory (data not shown). Communication with the authors 

of this method (Yang et al, 1994) indicated it was no longer being used due to 

difficulties in reproducing the results. 

 

In conclusion, the results of this study demonstrate that post-operative bleeding 

following cardiopulmonary bypass is not due to high plasma heparin levels. Thus 

additional protamine should not be routinely administered following 

cardiopulmonary bypass to bleeding patients. This investigation has further 

shown that heparin is being ‘consumed’ during cardiopulmonary bypass and 
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hence excess protamine sulphate may be being administered to reverse heparin 

anticoagulation for cardiopulmonary bypass. The protamine dose is traditionally 

based on the amount of heparin given, and does not take into account any 

changes in heparin concentration that may occur during bypass other than 

haemodilution. In vitro investigation has demonstrated that protamine itself is 

capable of causing dysfunction of haemostasis. Thus, protamine sulphate, and 

not heparin, may contribute to the loss of haemostasis following 

cardiopulmonary bypass. A direct measure of plasma protamine sulphate is 

required to confirm this hypothesis. 
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6.1  INTRODUCTION 

Heparin, the major anticoagulant employed in cardiopulmonary bypass, is 

partially removed from circulation with the commencement of extracorporeal 

circulation (see Chapter 5). This reduces the effective circulating concentration 

of heparin and gives rise to the possibility of inappropriate protamine sulphate 

concentrations following separation from bypass. Heparin has also been reported 

to be a less than ideal anticoagulant for cardiopulmonary bypass as it is 

associated with thrombin formation and platelet activation186, 226, 285, 515.  

 

In addition to haemostatic effects, cardiopulmonary bypass has been shown to 

activate cellular and humoral inflammation, resulting in further damaging effects 

to the patient and increasing post-operative morbidity367, 465, 548-550. Attempts to 

reduce activation of inflammation and haemostasis with cardiopulmonary bypass 

have been made and several approaches have been used. These include 

1. Haemodilution with crystalloid 

2. Moderate hypothermia 

3. Leucocyte filtration 

4. Heparin coating of cardiopulmonary bypass circuits. 

 

The Carmeda Bio-Active Surface (CBAS) is a coating used for cardiopulmonary 

bypass circuits. It covalently binds “end-point” attached, partially degraded 

heparin to the plastic surfaces of the cardiopulmonary bypass circuit that come 

into contact with blood459. The “end-point” attachment strategy is reported to 

allow the heparin molecule to activate antithrombin in blood whilst remaining 
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attached to the surface459. This has been shown to reduce activation of cellular 

and humoral inflammation464, 466, 519, 551-553 and reduce post-operative 

thrombocytopaenia554. Several studies have suggested that CBAS and similar 

coated surfaces reduce the degree of activation of coagulation by extracorporeal 

circulation472, 555. However this has been disputed458, 479, 480, 556, with several 

studies demonstrated more thrombin formation when coated circuits are used, 

despite a full systemic loading dose of heparin473, 474. As hypothesised in Chapter 

5, the CBAS circuits may reduce the “consumption” of heparin from the 

perfusate to the plastic circuitry during extracorporeal circulation. 

 

It is occasionally necessary for a patient who has recently undergone 

cardiopulmonary bypass to either return to surgery (repeat CABG) or to undergo 

sustained extracorporeal membrane oxygenation (ECMO) for support. CBAS 

circuits are an option in both. The results of Chapter 5 demonstrated that 

significant quantities of protamine sulphate may be present in the blood of 

patients after separation from bypass. It is possible that this may neutralise the 

coating of CBAS circuits. Previous reports have demonstrated increased fibrin 

binding to the surface of heparin coated bypass machines where protamine is 

administered557, but no studies have directly assessed the effect of protamine on 

surface bound heparin. 

 

Platelet function is known to be affected during cardiopulmonary bypass213, 276, 

285, 332, 338, 351, 392, 396, 551, 558. There are a number of markers of platelet function 

that can be measured to determine the degree of activation and secretion. These 



 
Chapter Six – Heparin Coated Bypass  206 
   

Linden, M.D.   CPB Haemostatic Defect 

can be functional assays (eg. platelet aggregometry, thromboelastography, 

activated clotting time) but more specific information about platelet activation 

can be obtained by assessment of the expression of platelet antigens26. Platelets 

express GPIIb-IIIa (CD61) on their surface25-27. With platelet activation this 

protein undergoes a conformational change which enables it to bind fibrinogen27, 

29. The PAC-1 monoclonal antibody specifically binds to activated GPIIb-IIIa29. 

Thus PAC-1 expression is a good marker of platelet activation26, 285, 396. P-

Selectin (CD62P) is a component of the alpha-granule of platelets53-55. This is 

only expressed on the surface of platelets after secretion of alpha granule 

contents55, 56. Thus platelet CD62P surface expression indicates platelet granule 

secretion26, 31, 285, 396. Changes in the platelet expression of these markers 

quantitatively demonstrates of the degree of platelet activation at a time point. 

Furthermore, expression of these markers after stimulation (with adenosine 

diphosphate) demonstrates the ability of platelets to activate and secrete (and 

thus form a haemostatic plug) with a clotting stimulus. These antigenic changes 

have not previously been assessed in clinical or in vitro models of 

cardiopulmonary bypass with or without heparin bonding. 

 

As discussed in Chapter 1, measurement of prothrombin fragment 1+2 (F1+2) is 

a quantitative indication of thrombin formation in blood. Measurement of 

thrombin-antithrombin complex (T-AT) is a temporal quantitative indication of 

thrombin inhibition. Thus measurement of thrombin generation, inhibition and 

platelet activity and secretion give an indication of the overall thrombogenicity 

of blood26, 101, 102, 122, 285, 396. 
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It has been suggested that if heparin bonded circuits are used for extracorporeal 

circulation, then the heparin dose may be reduced471, 472, 476, 477. The use of 

CBAS, or other heparin bonded circuits, together with reduced systemic loading 

doses of heparin has been reported to reduce post-operative blood transfusion 

requirements471, 472, 476, 477, 559, 560. However, concern has been raised that the 

lower heparin dose may increase the thrombotic risk 479-482. Several other 

concerns have been raised over the use of heparin bonded circuits with and 

without full systemic heparinisation. These include; 

1. The possibility of heparin leaching from the circuit into the 

plasma561. 

2. Antithrombin immobilisation by binding to the heparin coating 

the circuit, thus resulting in a reduced concentration of plasma 

antithrombin after separation from bypass562. If this occurs it 

would result in a reduced ability to anticoagulate the patient with 

heparin following separation from bypass. 

 

CBAS and other heparin bonded circuits therefore have a number of effects on 

clinical haemostasis. Previous studies have used ex vivo and in vitro models of 

cardiopulmonary bypass to assess their effects in inflammation with 

extracorporeal circulation464-466, 505, 506. However, no study to date has 

investigated the effect of heparin bonded circuits on parameters of haemostasis 

during extracorporeal circulation with reduced systemic heparin in an ex vivo 
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model. The aims of this study were therefore to explore the effects of heparin 

bonded circuits, specifically the CBAS, on haemostasis. 

 

A modified version of the ex vivo model of cardiopulmonary bypass developed in 

Chapters 2 and 5 was used to assess the effects of CBAS. Both standard and 

reduced heparinisation schedules were assessed for the following parameters; 

1. Whether heparin leaches from the surface of the heparin bonded 

circuit into the bypass perfusate, 

2. Whether there is loss of heparin from circulation, as described in 

Chapter 5, when a heparin bonded circuit is used, 

3. The effect of a heparin bonded circuit on platelet activation (PAC-

1 expression) and secretion (CD62P expression), 

4. The effect of a heparin bonded circuit on laboratory parameters of 

coagulation (antithrombin, T-AT complex and F1+2 

concentration), and, 

5. The effect of addition of protamine into a heparin bonded circuit 

during extracorporeal circulation. 
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6.2  METHODS 

6.2.1  Subjects 

Blood (470mL) was venesected from the antecubital vein of normal donors (n=6) 

into standard ACD blood donor bags using methods previously described 

(section 2.2.3.1). 

 

6.2.1.1  Pharmacological Treatment of Blood Samples 

Two blood bags (A and B) were treated with a full systemic dose of heparin 

(21mg, equivalent to 4mg.kg-1) and two blood bags (C and D) with a reduced 

systemic dose of heparin (10.5mg, equivalent to 2mg.kg-1). The remaining two 

blood bags (E and F) were not heparinised (Table 6.1). 

 
 
Table 6.1 Cardiopulmonary bypass circuit coating, systemic loading dose of 

heparin and conditions of protamine sulphate addition for blood in 
the ex vivo model. 

 
Label Circuit Heparin Dose (mg) Protamine added to 
A Uncoated 21.0 Bag 
B Uncoated 21.0 Circuit 
C CBAS Coated 10.5 Bag 
D CBAS Coated 10.5 Circuit 
E CBAS Coated 0.0 Bag 
F CBAS Coated 0.0 Circuit 
 

 

The blood was added to a closed extracorporeal circuit containing a priming 

volume (700mL) of saline solution (Plasma-Lyte 148) and 20mL of 0.22mM 

calcium gluconate. Addition of the blood displaced a volume (approximately 

460mL) of the prime. This resulted in a final blood:crystalloid ratio 

approximately equivalent to that during normal cardiopulmonary bypass (2:1). 
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However, blood mixing with the displaced volume of prime volume prevented a 

direct measurement of haemodilution. A further 10mL of calcium gluconate was 

added to the perfusate after priming. The ionised calcium level of perfusate was 

determined using methods previously described (section 2.2.3.1.1). Further 

calcium gluconate was added in 2mL aliquots to maintain ionised calcium levels 

within the normal range for cardiopulmonary bypass. 

 

Heparin was reversed at the conclusion of the experiment with four aliquots of 

5mg protamine sulphate. In one of each set (B - full, D - reduced and F - no 

systemic heparin regimens), protamine was added directly to the perfusate in the 

circuit. In the others (A, C and E) the perfusate was collected into an empty 

blood bag and incubated at 37°C prior to addition of protamine sulphate (Table 

6.1). 

 

6.2.1.2 Extracorporeal Circulation 

“Bypass” was simulated using a modified extracorporeal membrane oxygenation 

(ECMO) circuit. All circuits were identical apart from treatment of all 

components of the bonded circuits with Carmeda Bio-Active Surface (CBAS). 

The circuits consisted of 3/8 inch polyvinyl chloride tubing connecting a 

centrifugal blood pump (Biopump BP-80, Medtronic Inc, USA) with an in-line 

flow probe to a plasma resistant hollow fibre oxygenator (Maxima Plus PRF, 

Medtronic Inc, USA). Mild hypothermia (30 - 32°C) was maintained by a 

Cincinnati Sub Zero heater cooler (Cincinnati Products, USA). Figure 6.1 is a 
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simplified schematic diagram of the flow of perfusate through the ex vivo 

cardiopulmonary bypass circuit. 

 

Blood that received reduced or no heparinisation underwent extracorporeal 

circulation through a heparin bonded (CBAS) circuit while bloods that received 

full heparinisation underwent “bypass” on an uncoated circuit (see Table 6.1).  

 

After priming, the perfusate was circulated at approximately 2.5L per minute for 

120 minutes. Bypass was terminated in bloods A, C and E after 120 minutes and 

the blood collected into an empty blood donor bag for protamine titration. In 

Bloods B, D and F, protamine was titrated directly into the cardiopulmonary 

bypass circuit. In all bloods the experiment was terminated after the fourth 

aliquot of protamine was added or when the formation of a clot was observed. 

 

6.2.1.3  Blood Sampling 

Blood samples for coagulation analysis were collected from the extracorporeal 

volume at the time points depicted in Table 6.2, according to methods previously 

described (section 2.2.3.1.3). An additional Pre-treatment sample was collected 

from each donor by venipuncture from the antecubital vein into an EDTA 

Vacutainer. Whole blood for haemoglobin (Hb) assays was drawn directly 

from the circuit via a dedicated sampling line. 
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Figure 6.1 Schematic diagram of the flow of perfusate through the modified 
extracorporeal membrane oxygenator (ECMO) circuit. 



 
Chapter Six – Heparin Coated Bypass  213 
   

Linden, M.D.   CPB Haemostatic Defect 

Table 6.2 Blood sample collection points for the ex vivo model 
 
Sample ID Conditions 
Pre-treatment Drawn from vein prior to venesection 
Baseline From ACD bag prior to any treatment 
Heparin 5 minutes after addition of heparin or equivalent time point 
On Bypass 5 minutes after addition to circuit with prime volume and calcium 

gluconate 
30 Min After 30 minutes of circulation 
60 Min After 60 minutes of circulation 
90 Min After 90 minutes of circulation 
120 Min After 120 minutes of circulation 
Transfer After blood was transferred into an empty blood bag for  

(Bloods A, C and E only) 
Protamine 1 After addition of 5mg of protamine sulphate to the bag or circuit 
Protamine 2 After addition of a further 5mg of protamine to the bag or circuit 
Protamine 3 After addition of a further 5mg of protamine to the bag or circuit 
Protamine 4 After addition of a further 5mg of protamine to the bag or circuit 
 

 

6.2.2  Laboratory Methods 

6.2.2.1  Routine Haematology Assays 

EDTA whole blood samples were assayed for haematocrit (HCT) and platelet 

count using a Gen-S haematology analyser (Beckman Coulter, Australia). Whole 

blood was analysed for Hb using a point-of-care haemoglobinometer according 

to methods previously described (section 4.2.3.1). 

 

6.2.2.2  Coagulation Assays 

Citrated blood samples were tested for functional antithrombin concentration 

(section 3.2.2.3.2) and functional heparin concentration (section 5.2.2.3.1) using 

methods previously described 
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6.2.2.3 Enzyme Linked Immunosorbent Assays (ELISAs) 

6.2.2.3.1 Thrombin-Antithrombin (T-AT) Complex Assay 

The concentration of thrombin-antithrombin complex in citrated plasma samples 

was determined using a commercially available ELISA kit (Enzygnost TAT 

micro, Dade Behring GmbH, Germany). In brief, 50µL of plasma sample was 

added to 50µL of sample buffer (100mM Tris chloride, 37% (w/v) EDTA, 10% 

(v/v) Tween, 1% (w/v) sodium azide) in each well of a microtitre plate coated 

with rabbit anti-human thrombin antibody and incubated for 15 mins at 37°C. 

Wells were aspirated and washed three times in washing solution (4.5mM 

phosphate, 1% (w/v) Tween, and 1% (w/v) phenol). 100µL of conjugate solution 

(contains 50mM Tris chloride, BSA, 1% (w/v) phenol, and rabbit anti-human 

antithrombin peroxidase conjugated antibody) was added to each well and 

incubated for 15 mins at 37°C. Wells were washed three times again in washing 

solution and incubated with 100µL of chromogen solution (contains 0.3% (w/v) 

hydrogen peroxide, citrate buffer, 0.1% (w/v) butanol, and σ-phenylenediamine 

dihydrochloride chromogen) for 30 minutes at room temperature and in the dark. 

The chromogenic reaction was terminated with 100µL of 0.5M sulphuric acid 

and the absorbance read at 490nm against water blank. 

 

Samples were analysed in duplicate and the mean absorbance read against a 6 

point standard curve to determine T-AT complex concentration (abscissa: 

concentration 2 - 60µg.L-1, ordinate: absorbance 0 – 2). Samples outside the 

analytical range were repeated with serial dilutions to achieve a concentration 
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within the range. The reference range shown in the product insert was 1.0 to 

4.1µg.L-1. 

 

6.2.2.3.2 Prothrombin Fragment F 1+2 Assay 

The concentration of thrombin-antithrombin complex in citrated plasma samples 

was determined using a commercially available ELISA kit (Enzygnost F 1+2 

micro, Dade Behring GmbH, Germany). In brief, 50µL of plasma sample was 

added to 50µL of sample buffer (containing Tris chloride, Tween sodium 

chloride, and 1% (w/v) sodium azide) in each well of a microtitre plate coated 

with rabbit anti-human F 1+2 antibody and incubated for 30 mins at 37°C. Wells 

were aspirated and washed three times in washing solution (4.5mM phosphate, 

1% (w/v) Tween, and 1% (w/v) phenol). 100µL of conjugate solution (contains 

Tris chloride, BSA, 1% (w/v) phenol, and rabbit anti-human prothrombin 

peroxidase-conjugated antibody) was added to each well and incubated for 15 

mins at 37°C. Wells were aspirated and washed three times in washing solution 

before incubation with 100µL of chromogen solution (contains 0.3% (w/v) 

hydrogen peroxide, citrate phosphate buffer, 0.1% (w/v) butanol, and σ-

phenylenediamine dihydrochloride chromogen) for 15 minutes at room 

temperature in the dark. The chromogenic reaction was terminated with 100µL 

of 0.5M sulphuric acid and the absorbency read at 490nm against water blank. 

 

Samples were analysed in duplicate and the mean absorbency read against a 6 

point standard curve to determine prothrombin fragment F1+2 concentration 

(abscissa: concentration 0.04 - 10ηM, ordinate: absorbance 0 – 2). Samples 
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outside the analytical range were repeated with serial dilutions to achieve a 

concentration within the range. The reference range shown in the product insert 

was 0.4 to 1.1nM. 

 

6.2.2.4  Platelet Glycoprotein Function and Expression 

Surface expression and activation status of the platelet glycoprotein (GP) IIb-IIIa 

(CD61, PAC-1) and the surface expression of P-selectin (CD62P) on platelets at 

each sample point were determined using a variation of the in vitro method 

described by Kozek-Langenecker et al (2000)285, 396. In brief, citrated whole 

blood was diluted 5:1 with PBS buffer (15.4mM sodium nitrate, 138mM sodium 

chloride, 1.5mM potassium hydrogen phosphate, 19.3mM potassium chloride, 

pH 7.4). One 100µL aliquot of diluted blood (active aliquot) was treated with 

30µL of 100µM adenosine diphosphate (ADP) while another 100µL aliquot 

(resting aliquot) was concurrently treated with 30µL of PBS buffer. Both active 

and resting aliquots were incubated for 5 minutes at 37°C. 

 

Three 25µL aliquots (labelled N61/62, NPAC1 and N61 aliquots) were prepared 

of both resting and active aliquots. Active and resting N61/62 aliquots were 

treated with 5µL of fluorescein isothiocyanate (FITC)-conjugated anti-human 

platelet GPIIIa (CD61) monoclonal antibody and 5µL of phycoerythrin (PE)-

conjugated antihuman P-selectin (CD62P) monoclonal antibody. Active and 

resting NPAC1 aliquots were treated with 5µL of FITC-conjugated activation 

dependent GPIIb-IIIa (PAC-1) monoclonal antibody. The remaining activated 

and resting N61 aliquots were treated with 5µL of FITC-conjugated CD61 
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antibody. All aliquots were incubated for 30 minutes at room temperature in the 

dark and then fixed with PFA buffer (15.4mM sodium nitrate, 138mM sodium 

chloride, 1.5mM potassium hydrogen phosphate, 19.3mM potassium chloride, 

1% (w/v) paraformaldehyde, pH 7.4). All samples were then stored in the dark 

until reading by flow cytometry. 

 

All samples were diluted with 500µL of PBS buffer and read using a Beckman 

XL-MCL flow cytometer. Platelets were gated by forward and side scatter. Non-

specific mouse isotype-matched negative auto-fluorescence controls were used to 

set gates for FITC and PE positive fluorescence. Mean channel intensity (MCI) 

and the percentage of cells positive for PE and FITC stained antibodies were 

determined. Results were recorded as the percentage of the activated Baseline 

sample. 

 

6.2.2.5  Calculation of the Haemodilution Coefficient for Plasma 

As the extracorporeal circuit was a closed circuit with no venous reservoir, the 

exact amount of crystalloid added to the blood was unknown. Blood displaced 

crystalloid from the circuit during priming and partial mixing of blood and 

crystalloid by gradient meant an exact measurement of (pure) crystalloid volume 

displaced, and thus the coefficient for haemodilution, could not be measured. 

 

The degree of haemodilution was determined by measurement of the pre-

operative haematocrit and the amount of decrease in haemoglobin concentration 

with commencement of bypass. This could be achieved as no heparin was in the 
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circuit prior to addition of the blood. The equation for haemodilution was as 

follows; 

 

Haemodilution Coefficient for Plasma = ((1-HCT)+((Hb1/Hb2)-1))/(1-HCT) 

 Where,  HCT is the pre-operative haematocrit 

   Hb1 is the pre-operative haemoglobin concentration 

   Hb2 is the haemoglobin concentration after dilution 

 

The haemodilution due to addition of citrate buffer anticoagulant in the blood 

collection bag relative to the dilution occurring in citrate blood Vacutainers 

was calculated as well as the degree of dilution due to addition of Plasma-Lyte 

148 on the commencement of extracorporeal circulation. 



 
Chapter Six – Heparin Coated Bypass  219 
   

Linden, M.D.   CPB Haemostatic Defect 

6.3  RESULTS 

The mean functional heparin concentration for the uncoated circuits with full 

heparinisation (A,B), CBAS coated circuits with partial heparinisation (C, D), 

and the CBAS coated circuits without heparinisation (E, F) bloods prior to and 

during extracorporeal circulation with and without correction for haemodilution 

are shown in Table 6.3. This shows  

1. The heparin concentration of heparinised blood decreased with the 

commencement of extracorporeal circulation for both uncoated circuits 

(A, B) and CBAS coated circuits (C, D). 

2. The decrease in heparin concentration was not completely accounted for 

by haemodilution in either uncoated (A, B) or CBAS coated circuits (C, 

D). 

3. The decrease in heparin concentration after correction for haemodilution 

was less in the CBAS coated (C, D mean 33.2% decrease) than the 

uncoated circuits (A, B mean 57.1% decrease). 

4. The circulating concentration of heparin was similar between the fully 

heparinised uncoated (A, B median 2.6, range 2.4 to 2.8) and the reduced 

heparin CBAS coated (C, D median 2.4, range 1.7 to 2.5) bloods.  

5. The concentration of heparin increased with commencement of 

extracorporeal circulation for non-heparinised CBAS circuit blood (E, F) 

and continued to increase with duration of extracorporeal circulation. 
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Table 6.3 Mean heparin concentration (IU.mL-1) before and after correction for haemodilution 
. 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated (A, B) 2 0.1 10.8 2.8 2.4 2.7 2.6 2.6 
Corrected for Haemodilution 2 0.1 10.8 4.6 4.0 4.5 4.3 4.4 
Coated Partially Heparinised (C, D) 2 0.1 5.0 1.7 2.4 2.2 2.5 2.3 
Corrected for Haemodilution 2 0.1 5.0 3.3 4.1 3.8 4.3 3.9 
Coated Non-Heparinised (E, F) 2 0.1 0.1 0.4 0.5 0.5 0.6 0.6 
Corrected for Haemodilution 2 0.1 0.1 0.4 0.5 0.5 0.6 0.6 
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The mean concentrations of heparin in Plasma-Lyte 148 solution before and after 

perfusion through uncoated and CBAS coated circuits are shown in Table 6.4. 

This demonstrates an increase in heparin concentration with circulation through 

CBAS coated circuits from 0.0 to 0.2IU.mL-1. 

 

Table 6.4 Concentration of heparin (IU.mL-1) in Plasma-Lyte 148 
prior to and following circulation in uncoated and CBAS 
circuits 

 
 n Prior to priming After priming 
Uncoated circuit (A, B) 2 0.0 0.0 
Coated circuit (C, D, E, F) 4 0.0 0.2 
 

The concentration of heparin following addition of protamine to the circuit or a 

blood bag for all bloods is shown in Table 6.5. Protamine administered into the 

bag (D and F) reversed heparin more effectively than when administered directly 

into the CBAS coated circuits (C and E). Specific changes noted were; 

1. Partially heparinised blood with CBAS circuitry where protamine 

was administered to the bag (C) required 0.5mg of protamine per 

1mg of heparin to form a clot. A clot did not form from where 

protamine (up to 2mg of protamine per 1mg of heparin) was 

administered directly to the CBAS circuit (D). 

2. Fully heparinised blood in the uncoated circuits required only 0.75 

(A) to 0.5mg (B) of protamine sulphate per 1mg of heparin for 

formation of a clot. 

3. Protamine sulphate reduced the concentration of heparin in blood 

that circulated through CBAS circuitry without additional 

heparinisation (E and F). 
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Table 6.5 The mean concentration of heparin (IU.mL-1) in perfusate following administration of protamine sulphate aliquots into the 
circuit or blood bag. 

Label Heparin Circuit Protamine 120 Mins Transfer Protamine 1 Protamine 2 Protamine 3 Protamine 4 
A Full dose Uncoated Into Bag 2.7 2.3 0.9 0.7 0.3 CLOT 
B Full dose Uncoated Into Circuit 2.5 N/A 0.7 0.2 CLOT CLOT 
C Half Dose CBAS Into Bag 2.5 2.5 1.0 CLOT CLOT CLOT 
D Half Dose CBAS Into Circuit 2.1 N/A 1.6 1.0 0.5 0.3 
E None CBAS Into Bag 0.6 0.7 0.2 CLOT CLOT CLOT 
F None CBAS Into Circuit 0.5 N/A 0.3 0.2 CLOT CLOT 
N/A  Not Applicable 
CLOT  A clot formed in circuit prior to the sample point, terminating the experiment. 



 
Chapter Six – Heparin Coated Bypass  223 
   

Linden, M.D.   CPB Haemostatic Defect 

The antithrombin concentrations are shown in Table 6.6. These data show that, 

1. Antithrombin concentration decreased with commencement of 

extracorporeal circulation for all groups. 

2. The decrease in antithrombin was entirely due to haemodilution 

for all groups. 

 

The prothrombin fragment F1+2 concentration prior to and during extracorporeal 

circulation with and without correction for haemodilution are shown in Table 

6.7. This shows, 

1. Prothrombin fragment F1+2 was produced (after correction for 

haemodilution) on commencement of “bypass” with uncoated and 

CBAS coated circuits regardless of heparin concentration (all 

groups). 

2. The increase in F1+2 concentration with “bypass”, after 

correction for haemodilution, was greater in non-heparinised 

blood in the CBAS circuit (E, F mean 277.8% increase) than fully 

heparinised blood in an uncoated circuit (A, B mean 93.6% 

increase). The increase was least in the partially heparinised blood 

with CBAS circuitry (C, D mean 59.9% increase). 
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Table 6.6 The functional antithrombin concentration (% Normal) in perfusate before and after correction for haemodilution. 
 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated (A, B) 2 92.7 100.2 48.3 43.7 46.4 49.1 45.3 
Corrected for Haemodilution 2 111.2 120.2 125.3 113.4 120.3 127.2 117.5 
Coated Partially Heparinised (C, D) 2 107.8 106.0 51.2 50.2 51.4 50.5 51.6 
Corrected for Haemodilution 2 130.8 128.4 130.0 127.3 130.5 128.0 130.8 
Coated Non-Heparinised (E, F) 2 104.8 108.4 45.3 43.5 43.1 47.7 47.0 
Corrected for Haemodilution 2 115.3 119.3 121.4 117.9 116.1 128.8 127.2 
 
 
 
 
Table 6.7 Plasma prothrombin fragment F1+2 concentrations (nM) prior to and during extracorporeal circulation with and without 

correction for haemodilution. 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated (A, B) 2 0.703 0.611 0.553 0.395 0.409 0.491 0.577 
Corrected for Haemodilution 2 0.843 0.750 1.452 1.025 1.062 1.274 1.487 
Coated Partially Heparinised (C, D) 2 0.536 0.420 0.347 0.291 0.371 0.354 0.327 
Corrected for Haemodilution 2 0.649 0.510 0.881 0.745 0.959 0.925 0.847 
Coated Non-Heparinised (E, F) 2 0.920 0.824 1.302 1.255 1.286 0.827 0.695 
Corrected for Haemodilution 2 1.012 0.906 3.423 3.286 3.337 2.166 1.826 
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The thrombin-antithrombin (T-AT) concentration with and without correction for 

haemodilution are shown in Table 6.8. At different time points throughout the 

experiment this shows, 

1. Heparin: The concentration of T-AT increased with addition of 

heparin (A, B mean 61.7% increase; C, D mean 56.3% increase). 

This was not seen in non-heparinised blood (E, F) 

2. Initiation of Bypass: Initiation of bypass caused an increase in T-

AT for all bloods. This was greatest in non-heparinised blood with 

CBAS circuits (E, F mean 1885.3% increase); half-dose heparin 

blood with CBAS circuits was lower (C, D mean 434.4% 

increase). Lowest levels were seen in full-dose heparin blood in 

uncoated circuits (A, B mean 168.5% increase). 

 

The results of platelet activation studies are shown in Tables 6.9 - 6.12. The 

results for PAC-1 expression by ADP-activated platelets (results expressed as a 

percentage of baseline) show (Table 6.9): 

1. Heparin: Addition of the heparin bolus caused an increase in 

ADP-induced PAC-1 mean channel fluorescence intensity (MCI) 

(A, B mean 43% increase; C, D mean 26% increase). 

2. Initiation of Bypass: Commencement of extracorporeal circulation 

caused a large increase in ADP-induced PAC-1 MCI in non-

heparinised blood with CBAS circuits (E, F mean 60% increase). 

Only a small increase was seen with heparinised blood (A, B 

mean 3% increase; C, D mean 12% increase). 
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3. Extracorporeal Circulation: Fully heparinised blood with uncoated 

circuits (A, B) showed a decrease in ADP-induced PAC-1 MCI 

with extracorporeal circulation (61% to 77% below “On Bypass” 

sample). ADP-induced PAC-1 MCI remained high for partially 

heparinised blood with CBAS circuits (C, D). Non-heparinised 

blood with CBAS circuits (E, F) ADP-induced PAC-1 MCI 

remained high for 60 minutes and then  decreased (76% to 78% 

below “On Bypass” sample). 

 

Results of PAC-1 MCI for non-activated (resting) platelets (expressed as a 

percentage of the ADP activated baseline) show (Table 6.10): 

1. Heparin: The addition of the heparin bolus slightly increased the 

PAC-1 MCI of platelets (A, B mean 5% increase; C, D mean 12% 

increase). 

2. Initiation of bypass: Initiation of bypass did not affect the PAC-1 

MCI for all bloods. 

3. Extracorporeal circulation: Extracorporeal circulation did not 

affect the PAC-1 MCI for all bloods. 

 

Results of CD62P expression on platelets (CD61 gating) after ADP (results 

expressed as a percentage of baseline) show (Table 6.11): 

1. Heparin: Addition of the heparin bolus increased the ADP-

induced CD62P expression (A, B mean 19% increase and C, D 

mean 6% increase). 
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2. Initiation of Bypass: Commencement of extracorporeal circulation 

only increased the ADP-induced CD62P expression for non-

heparinised blood with CBAS circuits (E, F mean 9% increase). 

3. Extracorporeal Circulation: ADP-induced CD62P expression 

decreased after 30 minutes of for heparinised bloods (A, B mean 

27% decrease; C, D mean 9% decrease). 

 

Results of CD62P expression on CD61 positive cells without ADP activation 

(results expressed as a percentage of the ADP-activated baseline) show (Table 

6.12): 

1. Heparin: Addition of the heparin bolus increased the CD62P 

expression (A, B mean 4% increase; C, D mean 3% increase). 

2. Extracorporeal Circulation: CD62P expression increased with 

‘bypass’ time for fully heparinised blood with uncoated circuits 

(A, B mean 16% increase with 120 minutes bypass) and non-

heparinised blood with CBAS coated circuits (E, F mean 6% 

increase with 120 minutes bypass). 
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Table 6.8 Plasma thrombin-antithrombin (T-AT) complex concentration (µg.L-1) prior to and during extracorporeal circulation with 
and without correction for haemodilution. 

 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated (A, B) 2 3.415 5.508 6.864 3.395 4.891 6.830 9.927 
Corrected for Haemodilution 2 4.098 6.626 17.791 8.906 12.703 17.747 25.803 
Coated Partially Heparinised (C, D) 2 3.635 5.356 13.796 18.274 17.857 15.778 17.048 
Corrected for Haemodilution 2 4.116 6.432 34.371 47.118 46.382 40.850 44.333 
Coated Non-Heparinised (E, F) 2 3.500 2.888 22.557 79.690 73.756 47.245 36.129 
Corrected for Haemodilution 2 3.850 3.176 63.054 207.061 189.807 122.997 96.719 
 
 
 
 
 
Table 6.9 Mean MCI (% of baseline) for FITC-conjugated PAC1 expression of ADP activated platelets prior to and during 

extracorporeal circulation. 
 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated, Fully Heparinised (A, B) 2 100 143 146 69 85 73 71 
CBAS, Partially Heparinised (C, D) 2 100 126 138 151 163 154 169 
CBAS, Non-heparinised (E, F) 2 100 101 160 169 154 84 82 
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Table 6.10 Mean MCI (% of ADP activated baseline) for FITC-conjugated PAC1 expression of non activated platelets prior to and 
during extracorporeal circulation.  

 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated, Fully Heparinised (A, B) 2 15 20 21 21 26 19 19 
CBAS, Partially Heparinised (C, D) 2 12 24 22 22 20 21 22 
CBAS, Non-heparinised (E, F) 2 17 18 19 20 17 19 18 
 
 
Table 6.11 The proportion of platelets (CD61 positive cells) expressing P-selectin (CD62P positive) after activation with ADP prior to 

and during extracorporeal circulation (% of Baseline). 
 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated, Fully Heparinised (A, B) 2 100 119 114 93 87 91 90 
CBAS, Partially Heparinised (C, D) 2 100 106 107 108 106 105 104 
CBAS, Non-heparinised (E, F) 2 100 98 107 98 97 92 94 
 
 
Table 6.12 The proportion of platelets (CD61 positive cells) expressing P-selectin (CD62P positive) prior to and during extracorporeal 

circulation (% of ADP activated baseline). 
 
 n Baseline Heparin On Bypass 30 Mins 60 Mins 90 Mins 120 Mins 
Uncoated, Fully Heparinised (A, B) 2 45 49 46 51 55 57 62 
CBAS, Partially Heparinised (C, D) 2 50 53 53 53 48 52 51 
CBAS, Non-heparinised (E, F) 2 51 50 51 54 55 56 57 
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6.4  DISCUSSION 

The results of this study demonstrate that heparin bonded circuitry and reduced 

(50%) dose of heparin partially ameliorates the adverse effects of heparinisation 

required for cardiopulmonary bypass. This was evidenced by: 

1. Less thrombin was produced (as evidenced by reduced F1+2); and, 

2. ADP-induced platelet activity was better preserved (increased PAC-1 and 

CD62P expression). 

Despite the lower dose of “systemic” heparin administered, the circulating 

heparin concentration was similar to that in full-dose heparin regimens using 

uncoated circuitry. If the ex vivo data can be extrapolated to the clinical setting, it 

suggests that patients undergoing bypass with this strategy would be at reduced 

risk for post-operative blood loss (less heparinisation, better ADP-induced 

platelet activation and secretion) whilst not at increased risk for intra-operative 

thrombosis (similar circulating heparin concentration, reduced platelet activation 

and stimulation of coagulation). 

 

This ex vivo study confirms that heparin bonded circuits with lower dose 

systemic heparin is beneficial. However, it also shows that heparin cannot be 

totally eliminated, as recommended by some471. Data from the present study 

showed that this latter strategy results in greater thrombin generation (ie F1+2 

titre) and reduced ADP-induced platelet activity following extracorporeal 

circulation. 
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Analysis of heparin concentrations during and following extracorporeal 

circulation showed that the use of CBAS circuitry significantly reduced, but did 

not eliminate, the reduction in heparin concentration that occurs with the 

commencement of extracorporeal circulation. This supports the suggestion that 

the mechanism by which heparin is removed from circulation is by binding to the 

plastic surfaces of the cardiopulmonary bypass machine (see Chapter 5). As 

expected, this effect was reduced with heparin bonded CBAS circuits. 

Furthermore, the circulating heparin concentrations were similar between 

reduced heparin dose with CBAS circuitry and full dose heparin blood with 

uncoated circuitry. This suggests that heparin binds to uncoated circuits or that 

heparin leaches from the CBAS coated circuits (see below). This implies that 

lower dose heparin does not increase the risk of intra-operative thrombosis. This 

does not support previous suggestions that the use of a reduced systemic loading 

dose of heparin with heparin bonded circuitry would result in an increased risk 

for intra-operative thrombosis479-482. 

 

The results of this study showed that surface bound heparin of the CBAS circuit 

leached into non-heparinised circulating perfusate and also into the Plasma-Lyte 

148 prime. The amount of leached heparin was small and the effect was not 

seen in heparinised blood; hence this would be of little clinical significance in the 

clinical setting. However, the amount of heparin in the perfusate increased with 

bypass time. This may indicate that heparin bonded circuits may lose 

effectiveness with prolonged bypass as the surface bound heparin is removed. 



 
Chapter Six – Heparin Coated Bypass  232 
   

Linden, M.D.   CPB Haemostatic Defect 

This phenomenon has not previously been demonstrated and would need to be 

confirmed in time-monitoring studies. 

 

Addition of protamine sulphate to the CBAS circuits demonstrated that 

protamine was capable of binding to and inactivating the surface-bound heparin. 

This supports previous reports of increased fibrin adsorbed to the surface of 

heparin bonded circuits when protamine is added557. Reversal of surface bound 

heparin caused a clot to form in the non-heparinised (but not partially 

heparinised) blood. This effect should be considered when an extended CBAS 

ECMO is required in patients following separation from bypass, or when a return 

to surgery is required soon after separation from bypass. Chapter 5 has 

demonstrated that high doses of protamine sulphate are likely to be present in 

these patients, and this would be capable of reducing the functionality of the 

CBAS surface. 

 

Results of analysis of antithrombin levels showed that the decrease in 

antithrombin concentration for all bloods was entirely due to haemodilution. This 

indicates that the quantity of antithrombin that binds to surface bound heparin of 

the CBAS circuits is not sufficient to cause a detectable reduction in the 

functional antithrombin concentration of the perfusate. This supports previous 

findings that only 25% of the heparin bound to the surface of CBAS circuits is 

capable of binding antithrombin from plasma, but that small quantities of 

antithrombin bound to the CBAS heparin are capable of inhibiting large doses of 

Factor Xa562. 
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The higher levels of prothrombin fragment F1+2 and T-AT levels in standard 

cardiopulmonary bypass than with CBAS circuitry and partial heparinisation 

demonstrate that more thrombin is produced and less inhibited by antithrombin. 

This indicates that CBAS circuits with reduced systemic heparinisation causes 

less activation of coagulation and facilitates the inhibition of activated 

coagulation proteins more readily than conventional circuits and heparin 

regimens. In addition there was increasing thrombin generation and inhibition 

with increasing bypass time with uncoated circuits, whereas with CBAS circuits 

and partial heparinisation this remained relatively constant after the initial 

increase with bypass. This supports previously reports of reduced thrombin 

formation after separation from bypass with full-dose heparinisation and heparin 

bonded circuits over uncoated circuits555. 

 

Data from the current study do not support previously reported findings of 

increased thrombin generation after separation from bypass with heparin bonded 

circuits with either full or reduced systemic heparinisation over uncoated circuits 

with full dose heparin473, 474. Protamine sulphate concentrations might explain 

this discrepancy. The current study has demonstrated that less heparin is 

“consumed” with heparin bonded circuits. This would lead to less unbound 

protamine following separation from bypass. Therefore, the anticoagulant effect 

of excess protamine sulphate may be responsible for decreased post-operative 

thrombin generation in uncoated circuits. It is of interest to note that the studies 

which demonstrated increased post-operative thrombin generation with heparin 
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bonded circuits used a higher dose of protamine sulphate (1.3mg per 1mg of 

heparin)473, 474 than either the current study or others which demonstrated less 

post-operative thrombin in heparin bonded circuits (1mg per 1mg of heparin)555. 

The current study examined only intra-operative thrombin generation, which has 

not been previously assessed.  

 

CBAS without systemic heparinisation caused a great deal more thrombin 

production and inhibition on commencement of extracorporeal circulation than 

was seen with heparinisation. This indicates an increased risk for intra-operative 

thrombosis and post-operative haemorrhage due to consumption of coagulation 

factors. Thus systemic heparinisation is required with heparin bonded circuits. 

This supports previous findings that the use of heparin bonded circuits without 

systemic heparinisation in animal models results in extensive blood 

coagulation480-482. The presence of T-AT complex in the circulating perfusate 

without systemic heparinisation supports previous studies that have suggested 

that T-AT complexes disassociated from the CBAS circuit after formation, 

leaving the surface-bound heparin molecule free to bind to and activate further 

antithrombin562. Thus surface-bound heparin will not become “saturated” shortly 

after commencement of bypass. 

 

The results of this study also confirmed pervious in vitro data that heparin 

increases agonist induced platelet granule secretion and activation. This was 

indicated by P-Selectin expression, and increased expression of activated GPIIb-

IIIa (PAC-1 expression) that are competent for binding fibrinogen285, 558, 563, 564. 
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Furthermore, heparin induced the activation and secretion of resting platelets. 

This effect was also seen in non-heparinised blood when added to the heparin 

bonded circuit, though it is not clear if it was caused by the surface-bound 

heparin or some other factor of cardiopulmonary bypass.  

 

Platelet function was reduced in standard bypass with full heparinisation. This 

was evidenced by increased resting P-selectin expression and reduced agonist-

induced activated GPIIb-IIIa and P-selectin expression following commencement 

of bypass. This supports previous findings that extracorporeal circulation reduces 

the number and activity of platelets558. Partially heparinised blood with CBAS 

circuitry did not show any increase in resting P-selectin or decrease in agonist-

induced activated GPIIb-IIIa and P-selectin expression with extracorporeal 

circulation. This indicates that CBAS circuitry together with partial 

heparinisation prevents degranulation of platelets and better preserves the ability 

of platelets to activate and secrete with stimulation following cardiopulmonary 

bypass. This may provide a mechanism for previously described decrease in 

blood loss following surgery with reduced doses of heparin and heparin bonded 

circuits471, 472, 476, 477. Platelet function was not preserved with CBAS in the 

absence of systemic heparinisation. 

 

In summary the results of this study demonstrate that the use of a heparin bonded 

circuit with partial heparinisation in beneficial in terms of reduction of thrombin 

formation and preservation of platelet function. The major benefit of heparin 

bonded circuits are that they reduce the heparin removal from the bypass 
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perfusate caused by binding to the circuitry (as demonstrated in Chapter 5). Thus 

the final circulating concentration of heparin is similar with reduced dose heparin 

and CBAS circuitry and full dose heparin with uncoated bypass. This results in a 

greater effective use of heparin, reducing the systemic dose required for on-

bypass anticoagulation. This is likely to have clinical benefits, as a reduction in 

administered heparin will lead to a reduced dose of protamine sulphate required 

following bypass. This study also confirms previous reports that systemic 

heparin must still be used together with heparin bonded circuits480-482, but that a 

reduced dose is beneficial. 
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This research has confirmed that there are several major contributing factors to 

the haemostatic defect of cardiopulmonary bypass. These include heparin, 

haemodilution, extracorporeal circulation, protamine sulphate, aprotinin and 

factor V Leiden. In this concluding chapter the contribution of each to the 

haemostatic defect throughout cardiopulmonary bypass will be highlighted. The 

contributions of each to risk for thrombosis or haemorrhage are summarised in 

Figure 7.1. 

 

7.1 Preparation for Bypass 

There are a number of factors that impact on coagulation status which need to be 

considered prior to commencement of cardiopulmonary bypass. These include: 

 

1. Patient factors: Pre-operative heparin therapy (eg. for unstable angina) or 

thrombophilia (eg. Factor V Leiden) 

2. Whether aprotinin should be administered 

3. Whether acute normovolaemic haemodilution should be used 

4. Whether heparin bonded circuits should be used 

5. What dose of heparin and protamine sulphate to use 

6. The effects of haemodilution on coagulation 

7. How to monitor anticoagulation during cardiopulmonary bypass 



 
 

Haemorrhage > Thrombosis 
Thrombosis > Haemorrhage 

 

Summary of factors affecting balance of thrombotic versus haemorrhagic risk with cardiopulmonary 
bypass. 

Figure 7.1 
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Aprotinin is routinely administered to many patients prior to cardiac surgery 

involving cardiopulmonary bypass in order to reduce activation of fibrinolysis 

and thus reduce post-operative bleeding. However, aprotinin is a competitive 

inhibitor of activated protein C. Reduced activity of this natural anticoagulant 

may cause increased risk for peri-operative thrombosis. The results presented in 

Chapter 2 demonstrate that the administration of aprotinin to normal patients 

causes a significant decrease in activated protein C (APC) ratio. This also 

occurred in Factor V Leiden (FVL) heterozygous patients, where the APC ratio 

is already abnormal, though the effect was less than in normals. The APC ratio 

for all patients decreased with commencement of cardiopulmonary bypass due to 

haemodilution. This effect was cumulative with the effects of aprotinin and FVL. 

Thus reduced APC function may result in risk for thrombosis during 

cardiopulmonary bypass. This risk would be increased in patients with FVL and 

those who receive aprotinin. The combined effect of FVL, aprotinin and 

cardiopulmonary bypass represents the greatest risk. Aprotinin may therefore be 

contraindicated in FVL patients undergoing cardiopulmonary bypass. However, 

even for patients with a normal factor V genotype, it is of note that aprotinin 

reduces protein C function and, whilst on bypass, APC function is of a level 

equivalent to Factor V Leiden heterozygosity.  

 

Another patient factor that was assessed for its effect on coagulation during 

cardiopulmonary bypass was the use of pre-operative intravenous heparin 

therapy. These patients are thought to be at increased risk of heparin resistance 

due to low antithrombin concentration190, 256. However, although the results 



 
Chapter Seven – Conclusions  241 
   

Linden, M.D.   CPB Haemostatic Defect 

presented in Chapter 3 showed that pre-operative heparin did reduce the 

antithrombin concentration and increase the risk of heparin resistance, there was 

no difference in the level of antithrombin between heparin resistant and heparin 

responsive patients. Thus the heparin resistance in these patients does not appear 

to be caused by low antithrombin concentrations. Additional heparin 

administered to increase the activated clotting time to within the normal range for 

cardiopulmonary bypass may contribute to post-operative haemorrhage due to its 

effect on platelets and coagulation proteins (see below). This was evidenced by a 

clear trend for increased intra-operative heparin administration, chest tube 

drainage and increased blood transfusions in heparin resistant patients. These 

results imply that the activated clotting time is a poor method for monitoring 

anticoagulation in patients who have received pre-operative heparin therapy. 

Possible alternative approaches to monitoring coagulation and heparin dosing 

may be the high-dose thrombin time or direct measurement of plasma heparin. 

Point-of-care measurement of coagulation parameters (eg the aPTT) may be of 

use in assessing haemostasis following administration of protamine. However 

recent studies have shown current instruments to exhibit clinically unacceptable 

bias and lack of correlation with laboratory based testing for samples analysed 

after cardiopulmonary bypass565. 

 

Haemodilution as a result of administration of crystalloid solution prior to the 

commencement of cardiopulmonary bypass has significant effects of 

coagulation. The results presented in Chapter 4 showed that this reduced the 

concentration of antithrombin for all patients to 85% of the pre-operative value. 
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Previous studies have shown that dilution of antithrombin reduces the 

effectiveness of heparin anticoagulation and may promote thrombogenicity of 

blood353. 

 

The major contributor to the haemostatic defect of cardiopulmonary bypass is 

high dose heparin (3-4mg.kg-1) administered prior to commencement of 

extracorporeal circulation. Heparin affects many components of coagulation 

including activation of antithrombin, consumption of coagulation factors, 

transient and more sustained thrombocytopaenia and promotion of 

hyperfibrinolysis205-207. The results presented in Chapter 6 demonstrate that the 

heparin effect on platelets was dose-dependent. Addition of 4mg.kg-1 of heparin 

increased ADP-induced platelet activation and secretion. This also occurred with 

a 2mg.kg-1 dose, though to a reduced degree. Heparin-induced platelet activation 

is likely to be one of the mechanisms for transient thrombocytopaenia following 

cardiopulmonary bypass. This can be partially averted by using lower dose 

heparin schedules in combination with heparin bonded circuits. 

 

Because of the damaging effects of heparin on haemostasis, it can be 

hypothesised that reducing the dose would increase haemostatic function 

following surgery. However, this may promote intra-operative thrombosis due to 

inadequate anticoagulation and contact of the blood with the surfaces of the 

cardiopulmonary bypass circuitry478-483. The results of ex vivo studies, described 

in Chapter 6 confirmed that when heparin bonded circuits are used that the 

systemic heparin dose can be reduced. This approach reduced platelet 
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dysfunction and production of thrombin during extracorporeal circulation. 

Similarly, off pump cardiac surgery (OPCAB) (Chapter 5) with reduced heparin 

resulted in less post-operative haemorrhage than standard approaches to using 

bypass with high dose heparin. Both of these approaches should therefore be 

considered as alternatives to uncoated cardiopulmonary bypass with high dose 

heparin as a means of preventing or minimising the major cause of the 

haemostatic defect of cardiac surgery. 

 

7.2 Initiation of Cardiopulmonary Bypass 

After initiation of cardiopulmonary bypass, the plastic surfaces are rapidly 

layered with proteins and platelets from the perfusate29, 31, 333, 335-337. The 

proteinaceous layer is predominantly composed of fibrinogen359, 360, however 

several other proteins are bound also. A major finding of this study was that a 

significant quantity of heparin from circulating blood is ‘consumed’ or lost with 

initiation of bypass (Chapter 5). Heparin levels decreased by approximately 50% 

with commencement of bypass, while haemodilution accounted for only 12% of 

this decrease. It was of note that this effect was reduced when heparin bonded 

circuits were used. This suggests that circulating heparin is adsorbed to the 

plastic surface of standard cardiopulmonary bypass circuits and that this occurs 

with 5 minutes of initiation of cardiopulmonary bypass. Due to heparin 

‘consumption’ the functional heparin concentration of the perfusate was similar 

in standard cardiopulmonary bypass (heparin 4mg.kg-1) and using heparin 

bonded circuits (2mg.kg-1). Therefore the intra-operative anticoagulation is 

comparable for these two approaches. As protamine doses for heparin 



 
Chapter Seven – Conclusions  244 
   

Linden, M.D.   CPB Haemostatic Defect 

neutralisation are based on the heparin dose administered, this implies that lower 

doses of neutralising protamine can be administered than are current practice in 

standard cardiopulmonary bypass (see section 7.3). 

 

Haemodilution with cardiopulmonary bypass allows expansion of the plasma 

volume, priming of the bypass circuit, and increases peripheral oxygen 

delivery181, 182. However, dilution with crystalloid and/or colloid solution 

decreases concentrations of coagulation proteins and coagulation inhibitors. 

Previous reports have demonstrated in increased thrombogenicity of blood after 

moderate haemodilution353. The results presented in Chapters 2 showed 

decreased APC function with addition of the prime volume (discussed in section 

7.1). Chapters 3 and 4 showed that another important natural anticoagulant, 

antithrombin, is also affected by haemodilution. The results presented in Chapter 

4 demonstrate that the reduction in antithrombin concentration of plasma directly 

correlates with the degree of haemodilution of whole blood. This may provide 

another mechanism for the observations that diluted blood is more likely to 

clot353.  

 

Acute normovolaemic haemodilution (ANH) did not cause further dilution of 

antithrombin prior to or during cardiopulmonary bypass. Thus the use of ANH as 

a means of providing fresh autologous blood for post-operative transfusion 

should not decrease the effectiveness of heparin during bypass. This would need 

to be confirmed for patients with a pre-existing antithrombin deficiency state. 
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The acquired relative deficiency of antithrombin (to 50 – 55% of pre-operative 

levels) during extracorporeal circulation affects all patients. Decreased 

antithrombin concentrations reduce the effectiveness of heparin and may cause a 

risk for intra-operative coagulation. Previous reports have shown that, with 

administration of exogenous antithrombin to restore normal levels, there is 

decreased post-operative bleeding and lower levels of markers of intra-operative 

thrombin production253, 355-357. Performing surgery without cardiopulmonary 

bypass reduces the acquired antithrombin deficiency during surgery (Chapter 4). 

However, some dilution still occurs (to 72% of pre-operative levels). Addition of 

exogenous antithrombin during cardiac surgery would prevent these decreases 

antithrombin concentration intra-operatively. This would increase the 

anticoagulant effect of heparin and may protect the patient from risk of 

thrombosis and/or subclinical coagulation, thus reducing the haemostatic defect. 

This would be of benefit to all patients to counteract the effects of haemodilution. 

It would not be of additional benefit to heparin resistant patients (Chapter 3), or 

patients who undergo acute normovolaemic haemodilution (Chapter 4), as there 

is no significant additional intra-operative antithrombin deficiency in these 

patients. The dose of exogenous antithrombin required to counteract the effects 

of haemodilution (approximately 12.0mg.dL-1 of plasma for on pump patients 

and 6.9mg.dL-1 for off pump patients) may be calculated based on pre-operative 

antithrombin concentration and the decrease in haemoglobin concentration using 

the equation y = a + bx (Chapter 4). However, a larger study is required to 

narrow the confidence intervals of a and b to provide a more precise estimation 
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of intra-operative antithrombin concentration (and therefore exogenous 

antithrombin requirements). 

 

7.3 Separation from Cardiopulmonary Bypass 

Protamine is administered to neutralise heparin at completion of 

cardiopulmonary bypass. The dose is currently based on the total amount of 

heparin administered and ranges from 1.0 to 1.5mg of protamine per 1mg of 

heparin180, 225, 257-259. However, additional protamine is commonly administered 

when post-operative bleeding occurs in response to ‘heparin rebound’260, 287. Data 

from this study showed (Chapter 5) that, as a result of heparin ‘consumption’ 

during cardiopulmonary bypass that this protamine dosing approach may not be 

appropriate. The experimental data suggest that excess protamine is being 

administered if dosing is based on heparin administered rather than circulating 

heparin levels. This has potential adverse consequences as protamine has effects 

on coagulation, both pro- and anticoagulant. Furthermore the results showed that 

there was no measurable heparin in patients with ‘heparin rebound’ bleeding. 

Consequently protamine sulphate should not be routinely administered to control 

post-operative haemorrhage without direct, chemical, evidence of heparin in the 

blood. In other words, it should not be assumed that post-operative non-surgical 

bleeding is caused by heparin. 

 

Protamine dosing is therefore critical to control haemostasis post-operatively. 

Previous reports have shown that using a reduced dose of protamine sulphate, 

based on coagulation titration performed at the end of bypass (Using the Hepcon 



 
Chapter Seven – Conclusions  247 
   

Linden, M.D.   CPB Haemostatic Defect 

Heparin Management System), results in reduced blood transfusion requirements 

and does not cause ‘heparin rebound’225, 240, 258, 259, 262, 286, 287, 537, 566. However, the 

Hepcon system has been shown to be inaccurate for determining heparin 

concentration250, 542. This was supported by the findings of Chapter 5 that the 

heparin-protamine titration end-point varied depending on what activator of 

coagulation was used. An alternative approach is to perform a direct 

measurement of plasma heparin levels whilst on bypass. Data from this study 

have shown that heparin levels are stable from initiation to completion of bypass 

(Chapter 5). Hence, a blood sample collected after initiation of bypass could be 

used to measure the heparin concentration. This could then be used to accurately 

calculate the systemic heparin dose requiring reversal. This could provide an 

accurate means of dosing protamine. Theoretically this should result in reduced 

post-operative bleeding in many patients. A clinical study would be required to 

confirm this. 

 

7.4 Research Methods 

The research presented in this thesis utilised in vitro experimental studies, in vivo 

investigations as well as a novel ex vivo model of cardiopulmonary bypass to 

investigate haemostasis during and following cardiopulmonary bypass. The ex 

vivo model allowed comparison of results obtained from clinical samples to those 

obtained using a laboratory simulation. As a result, analysis of the effects of 

cardiopulmonary bypass and strategies for minimising the haemostatic defect of 

cardiopulmonary bypass could be individually studied in a highly controlled 

laboratory environment. The various modifications of the ex vivo model were 
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designed to answer specific questions regarding haemostasis during 

extracorporeal circulation. This model successfully bridged the gap between in 

vitro and in vivo studies, accurately simulating the conditions of 

cardiopulmonary bypass whilst excluding the physiological confounds which 

reduce the power of clinical in vivo investigations. Furthermore the nature of the 

ex vivo models allowed for exact calculations of haemodilution and more 

controlled administration of pharmacological agents and blood sampling than 

could be achieved in an in vivo study. This model represents a means by which in 

vivo observations and in vitro investigations of mechanisms may be linked. It is 

likely that variations of the ex vivo models developed in this thesis may be used 

to investigate many other aspects of cardiopulmonary bypass. For example, it is 

ideal for analysis of the effects of novel or emerging agents or techniques of 

cardiopulmonary bypass prior to clinical trial. 

 

This research also utilised triethylaminoethyl cellulose (TEAEC) to remove 

heparin from plasma and allow coagulation-based analysis of samples drawn 

during cardiopulmonary bypass. The effect of treatment with TEAEC on the 

APC ratio was minimal (Appendix I) and allowed for direct comparisons to be 

made between heparinised and non-heparinised samples. The use of TEAEC for 

removal of heparin prior to coagulation analysis is likely to have applications in 

both routine and research laboratory monitoring of heparinised patients. 
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7.5 Summary 

Cardiopulmonary bypass remains a high-risk medical procedure. The drugs 

administered and the bypass circuitry interact to have significant effects of 

haemostasis. Results of this study have shown that heparin bonded circuits 

reduce the haemostatic defect and may be of clinical benefit. However, if 

cardiopulmonary bypass is not required then many of the factors that contribute 

to the defect in coagulation will no longer apply. The increasing use off pump 

cardiac surgery suggests that, with time, the role of cardiopulmonary bypass will 

decline. However, cardiopulmonary bypass will still be required for some 

patients. The use of heparin bonded circuits and reduced doses of heparin and 

protamine sulphate may be employed to reduce failure of haemostasis following 

cardiopulmonary bypass. Acute normovolaemic haemodilution can safely be 

used to provide a source of autologous blood without contributing to the 

haemostatic defect. Development of technology to allow measurement of 

protamine sulphate in blood will facilitate exact doses for neutralisation of 

heparin to be administered. However, until this has been developed, 

measurement of plasma heparin levels should assist in accurate protamine 

dosing. Furthermore, the development of alternatives to heparin for intra-

operative anticoagulation, such as direct thrombin inhibitors, will reduce the role 

of antithrombin concentration in maintaining anticoagulation, and may eliminate 

the phenomenon of heparin resistance. However, some patients, such as patients 

with Factor V Leiden, will still be at risk of thrombosis and careful monitoring of 

haemostasis is essential. 
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A1.1  INTRODUCTION 

Triethylaminoethyl cellulose (TEAEC) is a strongly basic anion exchange resin 

that is capable of forming a highly specific charge interaction with the active 

pentasaccharide unit of the heparin molecule278. When added to heparinised 

plasma heparin is immobilised onto the solid cellulose phase. The TEAEC-

heparin complex can be removed from plasma by centrifugation, leaving a 

heparin-free plasma sample for coagulation analysis. While several previous 

studies have demonstrated the effectiveness of TEAEC treatment of plasma for 

removing heparin279, 280, no adequate assessment of the effects of TEAEC on 

coagulation parameters of plasma has been undertaken. Furthermore, no studies 

have assessed the effectiveness of different doses and centrifugation speeds for 

the use of TEAEC nor whether TEAEC is effective in removing heparin from 

whole blood. 

 

The aims of this method validation were to, 

1. Determine if TEAEC is capable of removing up to 20IU.mL-1 of 

heparin from whole blood and citrated plasma, 

2. Analyse the effectiveness of different doses of TEAEC, 

3. Analyse the effect of TEAEC with different centrifugation speeds 

on heparinised and non-heparinised plasma, and, 

4. Analyse the effects of TEAEC treatment of heparinised and non-

heparinised plasma on coagulation parameters. 
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A1.2  METHODS 

A1.2.1  Optimisation of Centrifugation Speed 

Pooled normal plasma (PNP) was prepared using methods previously described 

(section 5.2.1.1). 10µL of 1.0x103IU.mL-1 unfractionated porcine mucosal 

heparin (UFH) was added to nine 1mL plasma aliquots while 10µL of 0.85% 

saline was added to nine other aliquots and three aliquots were untreated 

(reference plasmas), according to Table A1.1. 10mg of TEAEC was added to all 

plasma samples except the 3 reference plasmas. All samples were mixed 

thoroughly by rotation at room temperature for 15 minutes. Plasma samples were 

centrifuged at the speed indicated in Table A1.1 for 5 minutes in 1.5mL tubes. 

The plasma phase was removed from the TEAEC pellet and tested for aPTT 

(section 5.2.1.2.1) and PT (section 5.2.1.2.2) using methods previously 

described. Results were recorded as difference from the reference plasma mean.  

 

Table A1.1 Plasma samples for analysis of variation of centrifugation speed 
on TEAE effect on plasma. 

Label n UFH 
(IU.mL-1) 

TEAE (mg) Centrifugation 
Speed (x g) 

Slow Control 3 0 10 1,200 
Slow Heparinised 3 10 10 1,200 
Medium Control 3 0 10 3,000 
Medium Heparinised 3 10 10 3,000 
Fast Control 3 0 10 12,000 
Fast Heparinised 3 10 10 12,000 
Reference 3 0 0 0 
 

A1.2.2  Optimisation of TEAEC Dose 

Fifteen 1mL PNP aliquots were treated with 20µL of 1,000IU.mL-1 of UFH and a 

further three aliquots were untreated (reference plasmas). Samples were treated 

with 2mg, 5mg, 10mg, 20mg and 50mg of TEAE, as outlined in Table A1.2. 
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Samples were mixed by rotation and centrifuged at 3,000 x g for 5 minutes. The 

plasma phase was removed and tested for aPTT, PT and functional heparin 

concentration (section 5.2.2.3.1). Results were recorded as difference from the 

reference plasma mean. 

 
Table A1.2 Plasma samples for analysis of variation in TEAEC dose on 

plasma coagulation. 
Label n Heparin (IU.mL-1) TEAEC (mg.mL-1) 
T2 3 20 2 
T5 3 20 5 
T10 3 20 10 
T20 3 20 20 
T50 3 20 50 
Reference 3 0 0 
 
A1.2.3  The Effect of TEAEC on Whole Blood 

Four 3.85mL citrated blood samples were collected from a single donor using 

methods previously described (section 2.2.1.2.1) after informed consent was 

obtained. 5µL of 1,000IU.mL-1 UFH was added to two blood samples while 

another two were treated with 5µL of 0.85% saline as outlined in Table A1.3. 

One of each of the heparinised and non-heparinised bloods were treated with 

30mg of TEAEC and mixed by rotation for 15 minutes at room temperature. All 

bloods were centrifuged at 2,000 x g at 15°C for 30 minutes. The plasma phase 

was collected and tested for aPTT, PT and functional heparin concentration.  

 

Table A1.3 Blood samples for the analysis of TEAEC treatment of whole 
blood on coagulation. 

Label Volume (mL) UFH (µL of 
1,000IU.mL-1) 

0.85% saline 
(µL) 

TEAEC (mg) 

A 3.85 0 5 0 
B 3.85 0 5 30 
C 3.85 5 0 0 
D 3.85 5 0 30 
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A1.2.4  Evaluation of the Effects of TEAEC on Coagulation 

Aliquots (1mL) of nFFP were treated with 0, 0.1, 5 and 20IU of UFH and then 

treated with 10mg of TEAEC, as shown in Table A1.4. Samples were incubated 

with rotation for 15 minutes at room temperature to allow the heparin to bind to 

the TEAEC resin and then centrifuged at 3,000 x g for 5 minutes. The plasma 

phase was collected and assayed for aPTT, PT, APC Ratio (section 2.2.1.2.2), 

functional antithrombin concentration (section 3.2.2.3.2), functional heparin 

concentration (section 5.2.2.3.1) and factor assays (see section A1.2.4.1, below). 

All analyses were performed in triplicate. 

 

Table A1.4 Treatment of nFFP samples for evaluation of the effect of TEAEC 
treatment of plasma. 

 
Label n [UFH] (IU.mL-1) TEAEC (mg) 
Untreated Control 3 0 0 
Heparinised Control 3 5 0 
TEAEC Only 3 0 10 
TEAEC Lo-Hep 3 0.1 10 
TEAEC Hi-Hep 3 20 10 
 

 

A1.2.4.1 Coagulation Factor Assays 

Functional assays for factors VIII, IX, XI, XII, II, V, VII and X were performed 

using standard methods534 on the ACL 2000 automated coagulation analyser 

(Instrumentation Laboratory, Italy). In brief, citrated plasma was diluted 1:5, 

1:20 and 1:80 with factor diluent (IL Test Factor Diluent, Instrumentation 

Laboratory Italy) to ensure a result within the analytical range. Each dilution of 

plasma (50µL) was warmed to 37°C and added to 50µL of factor deficient 

plasma. Factor deficient plasma is commercially available plasma that has been 



 
Appendix I – Method: Heparin removal with TEAEC 255 
 

Linden, M.D.   CPB Haemostatic Defect 

immunodepleted of the coagulation factor being analysed for, but has a standard 

concentration of all other coagulation factors. For assays for factors VIII, IX, XI 

and XIII an aPTT was performed on the plasma mixtures. PT was performed for 

factors VII, X, V and II. Results were read against a 3 point standard curve to 

determine the functional factor concentration (%WHO standardised Normal). 

Reference ranges for the analysing laboratory as outlined below in Table A1.5. 

 

Table A1.5 Reference range for functional coagulation factor assays. 
 
Factor Assay type Reference Range 
Factor VIII (Antihaemophilic factor) APTT 50 – 200% 
Factor IX (Christmas factor) APTT 50 – 200% 
Factor XI (Thromboplastin antecedent factor) APTT 65 – 135% 
Factor XII (Hageman factor) APTT 50 – 150% 
Factor II (Prothrombin) PT 65 – 135% 
Factor V (Proaccelerin) PT 50 – 150% 
Factor VII (Proconvertin) PT 65 – 135% 
Factor X (Stuart-Prower factor) PT 45 – 144% 
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A1.3  RESULTS 

A1.3.1  Centrifugation Speed 

The results of TEAEC treatment with different centrifugation speeds for 

heparinised and non-heparinised plasma on the aPTT and PT is shown in Table 

A1.6. This shows; 

1. All TEAEC treated samples had longer aPTTs and PTs than the 

reference mean, regardless of heparinisation and centrifugation 

speeds. 

2. Medium speed centrifugation (3,000 x g) restored aPTT values of 

heparinised and non-heparinised plasma to closer to the reference 

mean than fast and slow speeds. 

3. There was little difference in PT between centrifugation speeds, 

and, 

4. The PT of heparinised plasma was only partially restored to the 

reference mean regardless of centrifugation speed (2.15s to 2.75s 

prolongation). 

Examination of the reagent circuitry of the Futura automated coagulation 

analyser following each experimental run showed encrusted resin accumulation 

with slow centrifugation speed (1,200 x g). 
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Table A1.6 Results of aPTT and PT analysis (difference from reference mean) 
of heparinised and non-heparinised plasma after treatment with 
TEAEC and different centrifugation speeds. 

 
Label ∆ aPTT (s) ∆PT (s) 
 Mean SEM  Mean SEM 
Slow Control 1.00 0.01  1.20 0.04 
Slow Heparinised 2.53 0.03  2.18 0.05 
Medium Control 0.26 0.01  1.23 0.03 
Medium Heparinised 1.09 0.02  2.15 0.06 
Fast Control 2.05 0.09  2.53 0.13 
Fast Heparinised 1.98 0.05  2.75 0.11 
 

A1.3.2  TEAEC Dose 

The results of different TEAEC doses on the aPTT and PT of heparinised plasma 

are shown in Table A1.7. This shows, 

1. Less than 10mg.mL-1 did not restore the aPTT of heparinised 

(20IU.mL-1) plasma. 

2. More that 10mg.mL-1 dose introduced anticoagulant effects on the 

aPTT and, to a less extent, on the PT. 

3. As with centrifugation speeds, no dosage of TEAEC fully restored 

the PT. 

 
 
Table A1.7 Results of aPTT and PT assays (difference from reference plasma 

mean, (s)) and functional heparin assay (IU.mL-1) of heparinised 
plasma with different doses of TEAEC. 

 
Label 
 

[Heparin] (IU.mL-1) ∆ aPTT (s) ∆PT (s) 

 Mean SEM  Mean SEM  Mean SEM 
T2 0.89 0.16  23.42 0.82  3.87 1.20 
T5 0.13 0.03  2.03 0.02  2.67 0.13 
T10 0.00 0.01  -0.20 0.00  2.47 0.17 
T20 0.01 0.00  4.07 0.16  2.70 0.32 
T50 0.00 0.01  17.05 1.01  2.71 0.22 
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A1.3.3  Whole Blood 

A photograph of heparinised and non-heparinised blood samples after 

centrifugation with and without TEAEC treatment is shown in Figure A1.1. 

Considerable haemolysis occurred in both of the TEAEC treated samples. 

Results of PT, aPTT and functional heparin concentration analysis of the plasma 

derived from the blood samples are shown in Table A1.8. This shows, 

1. TEAEC removed up to 1.3IU.mL-1 UFH from whole blood 

2. TEAEC treatment of non-heparinised and heparinised whole 

blood slightly reduced the aPTT (∆ = 4.59s and >172.5s 

respectively). 

3. TEAEC treatment of heparinised whole blood restored the aPTT 

to within 5 seconds of the non-heparinised value. 

4. TEAEC treatment of non-heparinised and heparinised whole 

blood slightly prolonged the PT (0.76s and 1.42s respectively). 

 

Table A1.8 Results of aPTT, PT and functional heparin concentration of 
plasma derived from heparinised and non-heparinised blood that 
was treated with and without TEAEC. 

 
Label [Heparin] (IU.mL-1) aPTT (s) PT (s) 
A 0.02 30.05 10.74 
B 0.00 25.46 11.50 
C 1.96 >200 9.98 
D 0.02 27.50 11.40 
 



 
 
Figure A1.1 TEAEC treated (B and D) and non-TEAEC treated (A and C) whole 

blood after centrifugation. Haemolysis is detectable in the TEAEC 
treated samples. 
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A1.3.4  Coagulation and Coagulation Proteins 

Results of aPTT, functional heparin, PT, functional antithrombin, APC ratio and 

factor assays of plasma treated with heparin and TEAEC and ANOVA analysis 

are shown in Table A1.9. This shows, 

1. 99.5% of heparin was removed from plasma with TEAEC, 

2. aPTTs of heparinised plasma were restored to within 0.5% of non-

heparinised levels. The PT was increased by 12% after TEAEC 

treatment of non-heparinised plasma. 

3. The PT of TEAEC treated plasma was longer in plasma that had 

been exposed to 20IU.mL-1 UFH (13.59s) than non-heparinised or 

0.1IU.mL-1 UFH TEAEC treated plasma (12.35s). Though this 

was less than the PT of 5IU.mL-1 plasma not treated with TEAEC 

(19.10s) 

4.  Antithrombin concentration was not affected by TEAEC 

5. TEAEC slightly decreased the APC ratio plasma irrespective of 

heparin concentration 

6. TEAEC restored most factor levels to within 15% of the non-

heparinised value, except factors XII, IX and V. 

7. TEAEC alone decreased factors IX (28% decrease). 

8. TEAEC restored factor V function only to within 22% and factor 

XII function only to within 24% of the reference values 
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Table A1.9 Results of coagulation and biochemical analysis of heparinised and non-heparinised plasma with and without treatment with 
TEAEC. 

 
Assay Untreated Control Heparinised Control TEAEC Only TEAEC Lo-Hep TEAEC Hi-Hep 
 Mean SEM 

 
 
 

Mean SEM  
 

Mean SEM 
 

 Mean SEM 
 

 
 

Mean SEM 
 

 
 

[Heparin] (IU.mL-1) 0.02 0.00  5.10 0.16  0.03 0.00  0.06 0.01  0.08 0.00  
APTT (s) 27.78 0.98  DNC N/A  27.72 1.07  28.23 0.73  27.26 0.77  
PT (s) 9.11 0.57  17.10 1.56  10.35 0.42  10.35 0.76  11.59 1.96  
Antithrombin  
(% normal) 

105 3.48  102 2.84  107 1.90  108 3.03  96 3.89  

APC Ratio 2.8 0.13  DNC N/A  2.7 0.17  2.7 0.09  2.7 0.10  
Factor II (% normal) 93 4.42  DNC N/A  87 2.95  83 3.01  89 4.08  
Factor V (% normal) 80 3.01  DNC N/A  69 1.95  63 3.08  58 2.69  
Factor VII  
(% normal) 

89 2.47  DNC N/A  94 5.04  91 2.45  86 3.38  

Factor VIII  
(% normal) 

87 3.49  DNC N/A  87 1.98  81 3.00  86 4.54  

Factor IX (% normal) 87 3.48  DNC N/A  63 2.08  64 3.42  64 1.95  
Factor X (% normal) 79 1.56  DNC N/A  67 5.14  69 3.50  77 2.08  
Factor XI (% normal) 92 1.69  DNC N/A  88 1.54  84 4.25  88 1.88  
Factor XII  
(% normal) 

135 7.29  DNC N/A  131 5.09  114 4.42  111 7.62  

DNC  No result, sample did not coagulate 
N/A  Not Applicable 
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A1.4  DISCUSSION 

The results of this method validation demonstrate that TEAEC may be used to 

remove up to 20IU.mL-1 of UFH from citrated plasma. This technique reverses 

most of the anticoagulant effects of high dose heparin on plasma, whilst only 

minimally affecting coagulation protein function. TEAEC may be used as an 

alternative to protamine sulphate or Polybrene as in vitro methods for heparin 

removal. It has several advantages over the traditional methods, including no 

requirement to know the exact concentration of heparin in plasma prior to 

treatment, easy storage, long shelf life and a low cost279, 280. 

 

Optimisation of the assay by investigation of several different dosages and 

centrifugation speeds determined optimal performance with 10mg.mL-1 of 

plasma and a moderate (3,000 x g for 5 minutes) centrifugation. There was no 

evidence of deposition of TEAEC resin on the automation circuitry with this 

protocol, though lower centrifugation speed did result in blockage to the reagent 

conduit of the Futura coagulation analyser. This indicates that at 3,000 x g and 

above, no TEAEC-heparin complex remains in suspension in the plasma. This 

protocol of 10mg.mL-1  of plasma and 3,000 x g centrifugation of 5 minutes was 

therefore adopted in this study. 

 

TEAEC was effective at removing 1.3IU.mL-1 of heparin from whole blood. 

However, as indicated in Figure A1.1, this introduced significant lysis of red 

cells. Haemolysis is known to reduce the haematocrit, and releases cellular 

components into the plasma. Furthermore, the characteristic red plasma of 
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haemolysed blood affects the light transmittance and is not recommended for use 

with the Futura automated coagulation analyser (IL ACL Futura users guide). 

Thus, whilst effective, TEAEC is not recommended for use for whole blood 

analysis. 

 

Detailed analysis of the effect of TEAEC on heparinised and non-heparinised 

blood showed that all coagulation testing could be performed, as heparin was 

effectively removed. The effect of TEAEC on non-heparinised plasma was 

minimal. There was non-specific removal of coagulation factors IX and X and 

prolongation of the prothrombin time. The amount of change in coagulation 

factor concentrations did not cause any of the factor levels to fall outside the 

reference range. The effect on the PT likewise did not cause a result outside the 

reference range for normal plasma. However, TEAEC failed to restore the PT of 

plasma that had been exposed to 20IU.mL-1 UFH to within the reference range of 

normal plasma. In addition, there was a reduction in the APC ratio. However, the 

effect was slight and did not cause the result to fall outside the normal range. 

There was no effect on other coagulation tests.  

 

The reason for the effect of TEAEC on prothrombin time may be due to the 

presence of Polybrene in the thromboplastin reagent (Hemoliance 

RecombiPlasTin product insert). Removal of heparin from the plasma with 

TEAEC would permit Polybrene to exert anticoagulant activity, thus 

prolonging the PT. 
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TEAEC alone did not affect the result of factor XII and V assays, however 

TEAEC did not fully restore the non-heparinised value in heparin treated plasma. 

This is probably due to consumption of the coagulation factors by the 

anticoagulant action of antithrombin activation with heparin111, 186. Subsequent 

treatment with TEAEC removed heparin without removing antithrombin, but 

some coagulation factors were already consumed by heparin-activated 

antithrombin. 

 

TEAEC was therefore effective in restoring coagulation results to levels close to 

what was seen in non-heparinised plasma. The notable exceptions were PT, APC 

ratio and factors IX and X. The net effect on these assays was minimal and only 

altered the clinical interpretation of the PT. Therefore TEAEC may be effectively 

used to remove heparin from plasma for coagulation for all coagulation assays 

except PT.  

 

In this thesis, TEAEC was used to remove high dose heparin from plasma of 

cardiac surgical patients to allow for the APC ratio to be performed. As TEAEC 

slightly reduced the APC ratio of plasma regardless of the presence of heparin, 

TEAEC was used for all plasma samples (see Chapter 2). This allowed 

comparisons to be made between samples without being affected by the slight 

artificial reduction of the APC ratio caused by TEAEC. 

 

The use of TEAEC has several major advantages over the use of protamine 

sulphate. These include, 
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1. No requirement to know the concentration of heparin in plasma: 

In the current study 10mg.mL-1 was effective at removing as little 

as 0.1IU.mL-1 or as much as 20IU.mL-1 UFH. Protamine must be 

carefully titrated to avoid overdose281, 287, 537. 

2. The non-specific effects of TEAEC were less than those seen with 

protamine sulphate279-281, 288 (See chapter 5). 

3. TEAEC is stored on the bench at room temperature while 

protamine must be refrigerated and new dilutions made up 

weekly279, 280 (Rohn Polenc Roher, Protamine Sulphate Injection 

B.P., package insert). 

4. TEAEC has a low cost (AUD$0.03 per 1mL of plasma)(Sigma 

product catalogue). 

 

TEAEC may have a role in routine coagulation testing also. It is ideally suited to; 

1. Testing for underlying coagulopathy in cardiac surgical patients. 

2. Analysis of coagulation for samples drawn from intravenous 

devices that have been flushed with heparin (ie potential heparin 

contamination of the sample). 

3. Assessment of the effect of warfarin during the heparin-warfarin 

overlap stage of antithrombotic therapy. 

4. Assessment of underlying coagulopathy for patients undergoing 

renal dialysis with high dose heparin. 
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ACD blood donor bags   Baxter Healthcare, Australia 
Actin Activated PTT reagent  Dade Behring, Germany 
Acrylamide     National Diagnostics, USA 
Adenosine diphosphate   Helena Biolabs, USA 
Agarose     Promega, USA 
Ammonium chloride    BDH Chemicals, Australia 
Ammonium persulphate   BDH Chemicals, Australia 
Aprotinin     Baxter Healthcare, Australia 
Boric acid     BDH Chemicals, Australia 
Bromophenol blue stain   Promega, USA 
Calcium chloride    BDH Chemicals, Australia 
Calcium gluconate    BDH Chemicals, Australia 
Chloroform     Rowe Scientific, Australia 
Cold blood cardioplegia   Baxter Healthcare Australia 
Dipotassium EDTA    BDH Chemicals, Australia 
Disodium EDTA    BDH Chemicals, Australia 
DNTPs     Promega, USA 
Enzygnost F1+2  micro ELISA kit  Dade Behring GmbH, Germany 
Enzygnost T-AT micro ELISA kit  Dade Behring GmbH, Germany 
Ethanol     BDH Chemicals, Australia 
Ethidium bromide    Sigma-Aldrich, Germany 
Factor II deficient plasma   Instrumentation Laboratory, Italy 
Factor V deficient plasma   Instrumentation Laboratory, Italy 
Factor VII deficient plasma   Instrumentation Laboratory, Italy 
Factor VIII deficient plasma   Instrumentation Laboratory, Italy 
Factor IX deficient plasma   Instrumentation Laboratory, Italy 
Factor X deficient plasma   Instrumentation Laboratory, Italy 
Factor XI deficient plasma   Instrumentation Laboratory, Italy 
Factor XII deficient plasma   Instrumentation Laboratory, Italy 
Ficoll 400     Progema, USA 
Glycerol     BDH Chemicals, Australia 
Glacial acetic acid    BDH Chemicals, Australia 
Gradileiden V assay kit   Gradipore, Australia 
HemoCue kit     HemoCue AB, Sweden 
IL Test Antithrombin III kit   Instrumentation Laboratory, Italy 
IL Test Factor Diluent    Instrumentation Laboratory, Italy 
IL Test Heparin    Instrumentation Laboratory, Italy 
IMMAGE AT3 antibody kit   Beckman Coulter, Australia 
Innovin PT reagent     Dade Behring GmbH, Germany 
Isoamyl alcohol    BDH Chemicals, Australia 
Kaolin activator tubes International Technidyne Corp, 

USA 
Magnesium chloride    Promega, USA 
Mnl I Buffer     New England Biolabs, USA 
Mnl I restriction endonuclease  New England Biolabs, USA 
Monoclonal FITC-CD61 antibody  Immunotech, France 
Monoclonal FITC-PAC-1 antibody  Becton Dickinson, USA 
Monoclonal FITC-mouse IgG antibody Immunotech, France 
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Monoclonal PE-CD62P antibody  Becton Dickinson Pharmigen, USA 
Monoclonal PE-mouse IgG antibody  Becton Dickinson, USA 
Paraformaldehyde    BDH Chemicals, Australia 
Phenol      Sigma Chemicals, USA 
Plasma-Lyte 148    Baxter Healthcare, Australia 
Potassium chloride    BDH Chemicals, Australia 
Potassium hydrogen carbonate  BDH Chemicals, Australia 
Potassium hydrogen phosphate  BDH Chemicals, Australia 
Protamine sulphate    Rhōne-Poulenc Rorer, Australia 
PR6967     Gibco BRL, Australia 
PR 990      Gibco BRL, Australia 
Proteinase K     Qiagen, USA 
Sodium acetate    BDH Chemicals, Australia 
Sodium chloride    BDH Chemicals, Australia 
Sodium nitrate     BDH Chemicals, Australia 
Sodium lauryl sulphate   Sigma Chemicals, USA 
TEMED     Sigma-Aldrich, Germany 
Tetrasodium EDTA    BDH Chemicals, Australia 
Thrombin, human    CSL, Australia 
Triethylaminoethyl cellulose   Sigma Chemicals, USA 
Tris chloride     Sigma Chemicals, USA 
Tth Buffer     Promega, USA 
Tth DNA polymerase    Promega, USA 
Unfractionated porcine mucosal heparin David Bull Laboratories, Australia 
Vacutainers     BDH Chemicals, Australia 
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