




List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Alström U, Tydén H, Oldgren J, Siegbahn A, Ståhle E. The platelet 

inhibiting effect of a clopidogrel bolus dose in patients on long-term ac-
etylsalicylic acid treatment. Thromb Res. 2007;120:353-9. 
 

II Alström U, Granath F, Oldgren J, Tydén H, Ståhle E, Siegbahn A. 
Platelet inhibition assessed with VerifyNow, flow cytometry and Plate-
letMapping in patients undergoing heart surgery. Thromb Res. 2009; 
124:572-577. 

 
III Alström U, Granath F, Friberg Ö, Ekbom A, Ståhle E. The influence 

of clopidogrel on re-exploration after coronary artery bypass surgery. 
Submitted. 
 

IV Alström U, Levin LÅ, Ståhle E, Svedjeholm R, Friberg Ö. Cost an-
alysis of re-exploration for bleeding after coronary artery bypass surgery. 
Submitted. 

 
 

 
 

Reprints were made with permission from the respective publishers. 



 



 

Contents 

Introduction..................................................................................................... 9

Background................................................................................................... 11
Coronary artery bypass surgery and bleeding.......................................... 11
Platelets .................................................................................................... 12

Platelet receptors ................................................................................. 12
Platelet activation ................................................................................ 14
In vitro platelet aggregation ................................................................ 14

The coagulation process........................................................................... 14
Antiplatelet drugs ..................................................................................... 15

Aspirin ................................................................................................. 15
Clopidogrel .......................................................................................... 16
Dual antiplatelet treatment .................................................................. 17

Variability in anti-platelet drug response and platelet function tests....... 18
Haemostatic drugs.................................................................................... 20

Aprotinin ............................................................................................. 20
rFVIIa .................................................................................................. 20

Aims.............................................................................................................. 22

Methods ........................................................................................................ 23
Patient population .................................................................................... 23

Paper I and II ....................................................................................... 23
Paper III ............................................................................................... 24
Paper IV............................................................................................... 26

Blood samples, Paper I–II ........................................................................ 29
Platelet function tests, Paper I–II ............................................................. 29

Selection of methods ........................................................................... 29
Flow cytometry.................................................................................... 30
VASP................................................................................................... 31
PlateletMappingTM............................................................................... 32
VerifyNowSystem ............................................................................... 34

Statistical Analysis........................................................................................ 36



 

Results and discussion .................................................................................. 38
Assessment of platelet inhibition in patients with dual antiplatelet 
treatment (Paper I and II) ......................................................................... 38

Platelet inhibition after a 300 mg bolus dose clopidogrel in patients on 
long-term aspirin treatment (Paper I) .................................................. 38
Comment.............................................................................................. 40
Platelet inhibition in patients with dual antiplatelet treatment 
undergoing CABG surgery (Paper II) ................................................. 41
Comment.............................................................................................. 43
Correlation between different methods (Paper II)............................... 44
Comment.............................................................................................. 45
Correlation between platelet inhibition and clinical outcome  
(Paper II).............................................................................................. 45
Comment.............................................................................................. 48

Risk factors and cost analysis of re-exploration due to bleeding  
(Paper III-IV) ........................................................................................... 49

Non-pharmacological risk factors (Paper III) ..................................... 49
Comment.............................................................................................. 50
Pharmacological risk factors in the case-control cohorts (Paper III) .. 51
Influence of antiplatelet and antifibrinolytic treatment on  
re-exploration (Paper III)..................................................................... 53
Comment.............................................................................................. 53
Cost analysis of re-exploration due to bleeding (Paper IV) ................ 54
Clinical outcome (Paper IV)................................................................ 54
Resource utilization (Paper IV) ........................................................... 55
Comment.............................................................................................. 57
Cost model of prophylactic treatment (Paper IV) ............................... 58
Comment.............................................................................................. 59

General discussion ........................................................................................ 61
Future perspective ............................................................................... 62

Limitations.................................................................................................... 63

Conclusions................................................................................................... 64

Sammanfattning på svenska ......................................................................... 65

Acknowledgements....................................................................................... 68

References..................................................................................................... 70

 



 

Abbreviations 

ACS acute coronary syndrome 
ACT activated coagulation time 
ADP  adenosine diphosphate 
APTT activated partial thromboplastin time 
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GP glycoprotein 
PG prostaglandin 
INR  international normalized ratio 
LMWH low-molecular-weight-heparin 
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Introduction 

Platelets play a pivotal role in both haemostasis and in thrombus formation. 
The formation of a stable clot requires the interaction between activated 
platelets and activated coagulation factors, resulting in thrombin generation 
and conversion of fibrinogen to fibrin. Normal haemostasis is not possible in 
the absence of platelets, which play a key role in the primary haemostatic 
plug, as well as in generating a surface for the coagulation process1. 

Coronary artery disease is most commonly caused by atherosclerosis, an 
inflammatory disease affecting arteries2. Myocardial infarction occurs when 
the atheromatous process prevents blood flow through the coronary artery. 
Major causes of coronary thrombosis are plaque rupture and endothelial 
erosion. A plaque rupture exposes prothrombotic materials present in the 
vessel walls to the blood and opens up for platelets to attach, thereby initiat-
ing the coagulation process and playing a key role in atherothrombosis (the 
arterial occlusive thrombotic disease). In patients with acute coronary syn-
drome (ACS), which is a condition representing acute myocardial ischemia, 
treatment with clopidogrel in combination with aspirin, is currently the anti-
platelet treatment of choice, and reduces the risk of myocardial infarction, 
stroke and death3,4,5. 

Surgical trauma results in vascular injury, and hence activation of the co-
agulation system. Accordingly, during coronary artery bypass graft (CABG) 
surgery there is a conflict between (1) the benefit of platelet inhibition to 
reduce the risk of pre-operative infarction and post-operative occlusion of 
the anastomosed coronary arteries, and (2) the need to maintain full platelet 
function for optimal haemostasis in the surgical incisions. 

These opposing demands on platelet function create problems during 
CABG surgery. As dual antiplatelet therapy is often started before coronary 
angiography and percutaneous coronary intervention (PCI), patients may 
later be referred to CABG surgery with irreversible platelet inhibition. Ac-
cording to guidelines6-8, clopidogrel should be discontinued five days before 
surgery due to the risk of excessive peri-operative bleeding with increased 
need for blood product transfusion and re-exploration. However, in clinical 
praxis this recommendation is often not followed9, as delaying operation 
increases the risk for cardiovascular events before surgery. It is also known 
that a substantial proportion of patients respond poorly to clopidogrel10-13.  

A major problem is that the degree of platelet inhibition in the individual 
patient cannot be easily monitored in clinical practice. During the last years, 
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several platelet function tests have been developed to assess clopidogrel and 
aspirin induced antiplatelet effects, and these are presently under laboratory 
and clinical evaluation. If in vitro measurements of platelet reactivity would 
correlate with clinical bleeding parameters, such as blood loss and require-
ments of blood transfusion, then potential bleeders could be identified pre-
operatively. This could be used to optimize the time of surgery, to reduce 
bleeding and transfusion requirements, decrease the number of days in hos-
pital care awaiting surgery, and reduce post-operative resource utilization 
and costs. 
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Background 

Coronary artery bypass surgery and bleeding 
Coronary artery bypass grafting (CABG) increases survival rate and is the 
preferred revascularization strategy for most patients with three-vessel dis-
ease, especially if it involves the proximal left anterior descendens (LAD) 
coronary artery, and for patients with multivessel disease, diabetes or left 
ventricular (LV)-dysfunction14,15. Improvements in surgical technique, an-
aesthesia and intensive care have reduced cardiovascular morbidity and mor-
tality after cardiac surgery16,17. However, hemorrhagic complications are still 
of major concern. Post-operative bleeding after heart surgery is associated 
with increased risk for re-exploration, requirements of blood transfusion, 
renal failure, infections, and mortality, as well as prolonged mechanical 
ventilator support, longer period of hospital care and increased cost18-23. As 
much as 20% of cardiac surgical patients are reported to experience exces-
sive bleeding in the peri-operative period, and 2 6% of patients require re-
exploration of the mediastinum22-27. There are several reasons for coagulopa-
thy after cardiopulmonary bypass28,29. Surgical trauma, prolonged blood 
contact with the artificial surface of the cardiopulmonary bypass (CPB), 
heparinisation, and hypothermia contribute to dysfunction of the coagulation 
and inflammatory systems and open up to post-operative coagulopathy.  

As haemorrhage and bleeding in patients with ACS is associated with ad-
verse outcome, the individual patient’s risk for bleeding has been evaluated. 
Risk factors identified are old age (> 75 years), low body weight, renal insuf-
ficiency, greater number of anastomoses, and longer cardiopulmonary by-
pass times22,21,17. 

During the last decade antithrombotic treatment of patients with heart dis-
ease has evolved. An increasing number of patients are being treated pre-
operatively with antiplatelet agent30-37. At the same time, the most potent 
antifibrinolytic drug, aprotinin38 has been withdrawn from the market39. This 
change in drug availability might influence the risk of bleeding during car-
diac surgery. 
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Platelets 
Platelets are the smallest cells in circulating blood, 2 5 m in diameter and 
0.5 m in thickness40. The cells are anucleated, derived from megakaryo-
cytes in bone marrow and have a life span of 7 10 days. The disc shape of 
platelets is maintained by the internal cytoskeleton. During activation, the 
cytoskeleton undergoes conformational changes, allowing the platelets to 
direct their movements and attach and spread over the damaged area, resul-
ting in formation of filopodia and lamellipodia. The external membranes of 
the platelets have infoldings, which are the entrances for the internal mem-
branes called the open canalicular system. These form an anastomosing net-
work of membrane channels or tubules throughout the platelet, which in the 
activated platelet serve as conduits into which granulae fuse and release their 
contents. Platelet cytoplasm contains two major types of secretory granulae: 

-granulae and dense bodies. -granulae store matrix adhesive proteins and 
have glycoprotein receptors embedded in their membranes, which promote 
adhesion between platelets and the matrix. In particular, p-selectin, which is 
not expressed on the surface of the resting platelet, is stored in the -
granulae, as well as major platelet adherence receptors, such as the receptor 
for von Willebrand factor (GPIb-IX-V), and the fibrinogen receptor 
(GPIIb/IIIa). -granulae also contain other adhesive molecules, e.g. fibrino-
gen, von Willebrand factors (vWF), coagulation factors, fibrinolytic regula-
tors, chemokines, and immunologic modulators. The dense bodies contain 
e.g. ADP, ATP, serotonin, Ca2+ and Mg41. Platelets produce several inflam-
matory mediators. P-selectin (CD 62P) mediates the initial adhesion of acti-
vated platelets to monocytes and neutrophils42.  

Platelet receptors 

The platelet surface is crowded with receptors that are critical for haemostasis 
and which determine the reactivity of platelets with a wide range of agonists 
and adhesive proteins. The surface receptors on platelets, together with their 
granulae, determine the specific cellular identity of the platelets. Here, just a 
few important receptors are mentioned. Integrins are the dominating adhesive 
and signalling receptors, which exist in two affinity states, low, and high, 
which are altered by cytoplasmatic signalling. The fibrinogen receptor (the 
GPIIb/IIIa complex) is the most common integrin with 50 000–80 000 copies 
per platelet. It binds to fibrinogen and is essential for platelet aggregation. 

The initial interaction of platelets with extracellular matrix involves the 
platelet vWF receptor GPIb-IX-V-complex with approximately 50 000 
copies per platelet. It is the main receptor for vWF, and is principally re-
sponsible for platelet adhesion to sub-endothelium and accordingly for the 
initial event of haemostasis. This initial event also involves the collagen-
receptor GPVI.  
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Figure 1. Pathways of platelet activation and targets of antiplatelet agent. AA, ara-
chidonic acid; ADP, adenosine phosphate; COX-1, cyklooxygenas; Dense, dense 
granulae; Glycoprotein IIb/IIIa, GPIIb/IIIa-receptor; PAR-1, Protease-activated 
receptor; PgG2, prostaglandin G2; PgH2, prostaglandin H2; TxA2, thromboxane A2;, 
TxS, thromboxane synthethase; , -granulae. Illustration: Anders Rådén. 

 
After primary adhesion of platelets to the vessel wall the subsequent re-

cruitment of additional platelets into a growing platelet thrombus requires 
mediators such as ADP, thromboxane or thrombin, which act through the G-
protein coupled receptors. Agonist binding to these receptors cause altered 
cytoplasmic signalling, resulting in activation of the GPIIb/IIIa complex 
(Fig.1). Thrombin acts via protease-activated receptors (PAR), of which 
PAR-1 and -4 are the main representatives. Also the two ADP-receptors 
P2Y1 and P2Y12 belong to this group and play an important role in platelet 
activation. Activation of the P2Y1 receptor leads to change in platelet shape 
and initiates a weak phase of platelet aggregation, while activation of the 
P2Y12 receptor leads to GPIIb/IIIa activation, resulting in release of granu-
lae, and amplification and stabilisation of the platelet aggregation. This 
group also includes the thromboxane A2 (TP) receptor. 



 14

Platelet activation 

Platelet activation plays a major role in the thrombus formation, in both be-
nign and pathologic responses to vascular injury. There are three overlapping 
stages of platelet activation: (1) initiation (capture, adhesion, activation); (2) 
extension (cohesion, secretion); and (3) perpetuation (stabilization)43. The 
main trigger of platelet activation is loss of endothelial cell barrier after a 
blood vessel injury. Fibrillary collagen in the subendothelial matrix is ex-
posed and captures resting platelets by adhering to the vWF receptor GPIb-
IX-V and the collagen receptors GPVI and GPIa. Platelet adhesion initiates 
the reactions of platelet change of shape, secretion and activation of 
GPIIb/IIIa. GPIIb/IIIa receptor activation is the final common pathway of 
platelet aggregation and results in formation of platelet-fibrinogen-platelet 
binding, leading to the formation of a haemostatic plug. The recruitment of 
additional platelets is mediated by multiple pathways, including those stimu-
lated by ADP and thromboxane A2, which are secreted from activated plate-
lets and bind to the P2Y12 and TP receptors. Thrombin is one of the most 
potent platelet activators, and is produced on the surface of activated plate-
lets and binds to the PAR-1 and PAR-4 receptors. These receptors mediates 
platelet activation and create a positive feedback mechanism through the 
activation of G-protein mediated signalling pathways, further amplifying 
these signals in the creation of a thrombus44. 

In vitro platelet aggregation  

Several agonists can initiate in vitro platelet aggregation. Examples of ago-
nists are ADP, arachidonic acid, and epinephrine. Examples of strong ago-
nists are collagen, platelet activating factor (PAF) and thrombin. Thrombin 
can activate platelets even though platelets are blocked by aspirin or ADP-
blocking drugs, such as clopidogrel. 

The coagulation process 
Coagulation factors are circulating in the blood in inactivated form except 
for a small amount of factor VII that circulate in the activated form FVIIa. 
Upon exposure of tissue factor (TF), for example tissue injury or a disrupted 
atherosclerotic plaque, TF binds to FVIIa initiating the clotting cascade and 
results in thrombin1 (Fig. 2). Finally, thrombin cleaves fibrinogen to fibrin 
and a thrombus is formed. The coagulation process is a strictly cell-bound 
process1. The activated platelets increase the amount of phosphatidylserine 
on their surface, generating a surface suitable for the coagulation process. 
Inhibitors to balance the pro-coagulant response to exposed TF regulate the 
coagulation process. 
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Figure 2. Cell-based model of coagulation. The three phases of coagulation occur 
on different cell surfaces: Initiation on the tissue factor-bearing cell; Amplification 
on the platelet as it becomes activated; and Propagation on the activated platelet 
surface. From: Hoffman M, Monroe D. Thrombosis and Haemost. 2001;85:958-65.  

 

 

Antiplatelet drugs 
During the last decades, antiplatelet therapy as the basis in treatment of pa-
tients with coronary vascular disease has evolved29,36,45. 

Aspirin 

Aspirin (=acetylsalicylic acid) is essential in treatment of patients with acute 
coronary syndrome46. Stimulation of the platelets with collagen activates 
phospholipid A2

47, and results in release of arachidonic acid from the platelet 
membrane (Fig. 1). Arachidonic acid is normally metabolised by cyclooxy-
genase to prostaglandin PGG2 and then to PGH2. This is converted to trom-
boxane A2, which activates platelets through the TP receptor. Aspirin irre-
versibly inhibits cyclooxygenase (COX)-1, resulting in inhibition of throm-
boxane A2 (TXA2) for the whole life span of the platelet. Aspirin reduces the 
relative risk of major vascular events and vascular death by 25% after 
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ischemic stroke and acute coronary syndrome48. Low-dose aspirin (75–150 
mg) seems to be at least as effective as higher doses49. Increasing the dose 
above 150 mg does not result in any difference in the rate of thrombotic 
events3,50. 

Clopidogrel 

Clopidogrel is a cornerstone of oral antiplatelet therapy in acute coronary 
syndrome. It belongs to the family of thienopyridines, and is a prodrug ad-
ministered orally, which needs to be metabolized in the liver to active me-
tabolite. Approximately 85% of the drug is hydrolyzed by esterase in the 
blood, and only 15% of the prodrug is metabolized by the cytochrome P450 
(CYP) system in the liver to generate an active metabolite51. The active me-
tabolite irreversibly inactivates one of the two G-protein coupled ADP re-
ceptors, the ADP receptor P2Y12, but not the receptor P2Y1

52. Activation of 
P2Y12 results in inhibition of adenylate cyclase by an inhibitory Gi protein, 
which reduces cyclic adenosine monophosphate (cAMP) levels. This, in 
turn, diminishes cAMP-mediated phosphorylation of the intracellular vasodi-
lator-stimulated phosphoprotein (VASP). VASP is an intracellular regulator 
protein that is non-phosphorylated in the basal state and inactivated through 
phosphorylation by cAMP to VASP-P. VASP leads to activation of the GP 
IIb/IIIa receptor, which, in turn, leads to stabilisation of platelet aggregation. 
Phosphorylation is inhibited by ADP ligation of the P2Y12 receptor. As 
clopidogrel inhibits the P2Y12 receptor, the levels of VASP-P increase. Thus, 
VASP phosphorylation indicates P2Y12 receptor inhibition, and dephos-
phorylation indicates P2Y12 receptor activity (Fig.3). 

Compared to aspirin, clopidogrel alone has been shown to result in a 
8.7% relative risk reduction of MI, ischemic stroke and vascular death53. 
Subgroup analysis showed that patients with prior MI or stroke and patients 
with diabetes had a greater risk reduction when treated with clopidogrel. For 
clopidogrel, doses greater than 600 mg do not achieve higher levels of active 
metabolite54. 
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Figure 3. The binding of ADP to P2Y12 receptor diminishing the cAMP-mediated 
phosphorylation of the intracellular vasodilatator stimulated phosphoprotein 
(VASP) resulting in activation of the GPIIb/IIIa receptor and stabilisation of platelet 
aggregation. Prostaglandin E1 (PGE1) increases the cAMP level thus increases 
VASP phosphorylation (VASP-P) and inhibiting GPIIb/IIIa receptor activation. 

 

Dual antiplatelet treatment 

Inhibition of two main amplification pathways of platelet aggregation, the 
ADP and the TXA2 pathways, has been shown to be superior to treatment 
with aspirin alone. In patients with acute coronary syndrome (ACS) includ-
ing both ST-elevation and non-ST-elevation myocardial infarctions, and in 
patients undergoing angioplasty and stenting, dual antiplatelet therapy with 
aspirin and clopidogrel reduces ischemic events better than each drug alone3-

5. This dual antiplatelet therapy with aspirin and clopidogrel is currently 
recommended for both immediate and long-term use in ACS14, 55. 

In the CURE study, in patients with non-ST elevation ACS, a relative risk 
reduction of 20% of death from cardiovascular causes, nonfatal myocardial 
infarction or stroke was achieved with the combination of clopidogrel and 
aspirin compared to single treatment with aspirin3. For patients requiring 
CABG surgery during the initial hospital stay, the incidence of cardiovas-
cular death, myocardial infarction and stroke before the operation was 2.9% 
for patients treated with clopidogrel compared to 4.7% for patients given 
placebo (relative risk 0.56; 95% CI 0.3-1.1)45. Moreover, fewer patients 
needed revascularization during the initial hospitalization in the clopidogrel 
group than in the placebo group. The greatest absolute benefit of clopidogrel 
was in high-risk patients56.  
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As already mentioned, a disadvantage of dual antiplatelet therapy is an in-
creased risk of bleeding, especially during surgery3, 36, 45. For this reason, it is 
recommended discontinuing clopidogrel at least five days before coronary 
artery bypass grafting (CABG)6-8. However, these guidelines are often not 
followed, as the majority of non-ST-elevation ACS patients treated with 
clopidogrel have surgery within five days of discontinuation9. A rebound 
increase in platelet activity after discontinuation of clopidogrel therapy has 
been reported57, 58. 

Variability in anti-platelet drug response and platelet 
function tests  
Despite treatment with what is regarded as optimal anti-platelet therapy, 
there is a growing amount of evidence suggesting that major adverse 
ischemic cardiac events occur in some patients because of poor response to 
the therapy51. Great variability in individual responsiveness to aspirin and 
clopidogrel has been reported10, 12,51, 59. 

Resistance has sometimes been described as insufficient suppression of 
platelet function as measured by various laboratory assays (laboratory resist-
ance), and sometimes as failure to prevent cardiovascular events (clinical 
resistance). During the last years, numerous platelet function tests have been 
used to identify patients with increased risk of thromboembolic complica-
tions after percutaneous coronary intervention10, 60-63.  

Clinical experience with patients on pre-operative dual antiplatelet treat-
ment has revealed much variation in bleeding during surgery, possibly cor-
responding to individual responsiveness to antiplatelet treatment59. 

Clopidogrel responsiveness has been suggested to be a continuous phe-
nomenon that follows a normal distribution51, and thus should not be con-
sidered in a dichotomous way. Possible reasons for this are differences in 
bioavailability due to (a) clinical factors, such as noncompliance, under-
dosing, poor absorption and interference by other drugs, or differences in 
platelet function caused by diabetes, acute coronary syndrome, and increased 
body mass index; (b) cellular factors, such as increased platelet sensitivity to 
ADP or collagen; or (c) genetic factors64. Of the genetic factors, the extent of 
platelet inhibition correlates with the metabolic activity of the hepatic cyto-
chrome P450 (CYP) that activates the prodrug to the active metabolite. Ge-
netic differences in the CYP2C19 function may decrease the formation of 
clopidogrel’s active metabolite65. This has resulted in a black box warning 
for clopidogrel from the US Food and Drug administration about patients 
who do not effectively metabolize the drug and therefore may not receive the 
full benefit of the drug66. 
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As platelet activation can be mediated by multiple signalling pathways, a 
treatment strategy that inhibits a single pathway cannot be expected to pre-
vent the occurrence of all thrombotic events67. Low responsiveness, which is 
determined by a specific laboratory assay, may be associated with adverse 
outcome. Thrombotic events should be considered as treatment failure rather 
than as resistance to particular antiplatelet agents68. 

Furthermore, several platelet function tests to assess clopidogrel and aspi-
rin induced antiplatelet effects are at present under laboratory and clinical 
evaluation. However, these tests have not been fully standardized or fully 
agreed upon to measure clopidogrel responsiveness. Thus, another reason for 
variation in response is methodological variation in assessment techniques59, 
such as differences in agonist concentration, anticoagulants and cut-off 
points. 

There is also an overlap between the results of platelet aggregation in 
non-treated and treated patients. Therefore, according to earlier studies of 
clopidogrel responsiveness it would be preferable to determine absolute 
change in aggregation10,69,70 (baseline aggregation minus post-treatment ag-
gregation). However, even though such a measurement of responsiveness 
appears a reliable indicator of treatment effect it may not be the optimal 
method to identify patients at high risk. As a result of individual variation in 
baseline ADP-induced platelet aggregation, the measurement of clopidogrel 
responsiveness (inhibition) may overestimate ischemic risk in non-
responders with low pre-treatment reactivity as well as underestimate risk in 
responders who remain with high platelet reactivity after treatment71,72. 

According to recent consensus, the optimal definition of resistance or 
non-responsiveness to any antiplatelet agent should be restricted to labora-
tory findings of failure of the antiplatelet agent to inhibit the target of its 
action73,64

. Thus, resistance to aspirin should be limited to situations in which 
aspirin is unable to inhibit COX-1-dependent TxA2 production (TxA2-
dependent platelet functions), while resistance to thienopyridines should be 
limited to situations in which thienophyridines are unable to inhibit the plate-
let P2Y12 receptor (the P2Y12-dependent platelet function). The above con-
sensus of authors73 suggests that, for patients with increased risk of throm-
boembolic complications after PCI, high on-treatment reactivity, defined as 
the absolute level of platelet reactivity during treatment, better reflects plate-
let aggregation than a relative reduction in platelet inhibition. The definition 
of high on-treatment platelet reactivity will only be meaningful when a cut-
off or target value is identified by an accepted statistical test, e.g. ROC-
curve. So far, there is no consensus regarding a cut-off point of platelet reac-
tivity to ADP associated with bleeding risk. 
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Haemostatic drugs 

Aprotinin 

Aprotinin is a serine protease inhibitor with potent anti-fibrinolytic action. It 
has been shown to preserve platelet function during cardiopulmonary by-
pass, thus reducing blood loss and transfusion requirements during cardiac 
surgery74,75(Fig.4). Moreover, in a prospective, randomized, controlled study, 
aprotinin reduced post-operative bleeding in patients treated with clopido-
grel76. In another prospective, randomized, double-blind study, patients with 
acute coronary syndrome undergoing urgent CABG were randomized to 
either (1) remain on aspirin and clopidogrel until surgery and receive 
intraoperative aprotinin (treatment group), or (2) were given no antiplatelet 
drugs for five days before surgery and no intraoperative aprotinin (placebo 
group)77. Patients in the placebo group had significantly greater post-
operative blood loss and required more blood transfusions. However, 
aprotinin was withdrawn from the market in November 2007 because, ac-
cording to the BART study, it is potentially associated with higher 
mortality39. It has been suggested that this might lead to an increased fre-
quency of re-explorations for bleeding in the future78, 79. 

rFVIIa (recombinant activated factor VII) 

Recombinant activated factor VII was originally developed for treatment of 
patients with haemophilia80. It is thought to act locally at the site of tissue 
injury and vascular-wall disruption by binding to exposed tissue factor, gen-
erating small amounts of thrombin that are sufficient to activate platelets81 
(Fig.4). On the activated platelet surface, rFVIIa directly or indirectly medi-
ates further activation of coagulation, generating more thrombin, leading to 
the conversion of fibrinogen to fibrin38. It seems likely that rFVIIa functions 
through a combination of tissue factor (TF) dependent and TF-independent 
pathways82, 83. Clopidogrel treatment delays and decreases platelet thrombin 
generation and makes the platelet plug unstable. To bypass this inhibition, 
use of rFVIIa has been suggested to improve haemostasis and decrease 
bleeding57,84. Off-label treatment with rFVIIa has been successfully used 
against bleeding due to acquired thrombocytopathy. rFVIIa has also been 
increasingly used to promote haemostasis in various haemorrhagic condi-
tions including cardiac surgery85,-,90. In a randomized placebo controlled trial 
in the settings of bleeding after cardiac surgery, rFVIIa was associated with 
50% relative risk reduction of re-exploration91. However, concern of pos-
sible thromboembolic complications of rFVIIa exists92, and the reported 
efficacy varies among earlier retrospective studies.  
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Figure 4. Points of action of drugs that potentiate the haemostatic mechanism. 
rFVIIa, recombinant activated factor VII; TF, tissue factor. The roman numbers 
signify the corresponding coagulation factor, with the suffix a denoting the activate 
enzymatic forms. 
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Aims  

1. To evaluate the platelet inhibiting effect of clopidogrel bolus dose as-
sessed with three methods, in patients on long-term acetylsalicylic acid treat-
ment. (Paper I) 
 
2. To describe the degree of platelet inhibition in patients with dual anti-
platelet treatment scheduled for coronary artery bypass graft (CABG) sur-
gery and to investigate whether the measured platelet inhibition correlates to 
intra- and post-operative blood loss and transfusion requirements. (Paper II)  
 
3. To (1) investigate the ability of clinically relevant risk factors to predict 
re-exploration due to bleeding after isolated primary CABG surgery; (2) to 
evaluate the influence of antithrombotic and haemostatic therapy on re-
exploration rate due to bleeding; and (3) to assess the proportion of re-
explorations that can be attributed to pre-operative antiplatelet therapy. (Pa-
per III) 
 
4. To perform a cost analysis of re-exploration due to bleeding after isolated 
primary coronary artery bypass graft surgery in a case-control study and to 
estimate the magnitude of added costs. (Paper IV) 
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Methods 

Patient population 
The studies were performed at the Department of Cardiology and Depart-
ment of Cardiothoracic Surgery and Anaesthesiology, Uppsala University 
Hospital. In study IV, patients from the Department of Cardiothoracic Sur-
gery and Anaesthesiology, Linköping University hospital and Department of 
Cardiothoracic Surgery and Anaesthesiology, Örebro University hospital 
were also included. The Ethics Committee of Uppsala University approved 
the studies. 

Paper I and II 

Paper I 

Thirty patients with stable coronary artery disease, presenting for routine 
coronary angiography at Uppsala University Hospital between October 2004 
and June 2005 were recruited. Eleven females and 19 males were included. 
Their mean age was 62 ± 10 years, BMI 28.1 ± 4.7 kg/m2. All patients were 
on treatment with acetylsalicylic acid (aspirin) 75–100 mg/day for >1 week. 
Patients with current anticoagulation therapy other than aspirin and patients 
with recent myocardial infarction (<1 month) were not included. Written 
informed consent was obtained from all patients. 

Paper II 

Sixty patients, 9 women and 51 men, scheduled for primary isolated CABG 
operation at Uppsala University Hospital were included between May 2006 
and August 2007. Their mean age was 66 ± 9 years and BMI was 27 ± 3 
kg/m2. Sixteen patients (27%) had diabetes and 38 patients (63%) had a pre-
vious myocardial infarction. Inclusion criteria in paper II were: (1) dual anti-
platelet treatment with aspirin and clopidogrel for at least three days, (2) 
continuation with aspirin therapy until operation, and (3) discontinuation of 
clopidogrel therapy not earlier than three days before operation. If the pa-
tients were treated with low molecular weight heparin, the last dose was 
given the evening before operation.  

All patients continued aspirin treatment until surgery. Forty-one patients 
(68%) continued with clopidogrel until surgery, 12 (20%) did not receive 
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clopidogrel the day before surgery, and 7 (12%) did not receive clopidogrel 
during the last two days before surgery.  

Exclusion criteria (Paper I and II) 

History of bleeding diathesis, hepatic insufficiency, kidney insufficiency, 
anticoagulation therapy with vitamin K-antagonist, and use of non-steroidal 
anti-inflammatory drugs. 

Clinical management (Paper II) 

In all 60 patients, CABG was performed with routine cardiopulmonary by-
pass. Heparin was given to maintain an activated clotting time (ACT) >480 s 
(Hemochrone Jr, ACT+; activator kaolin) during cardiopulmonary bypass. 
After cardiopulmonary bypass, heparin was reversed with protamine, 1–1.3 
mg protamine/100 IU heparin to give an ACT +10 s from baseline.  

Aprotinin was administered only at the individual surgeon’s request, re-
sulting in 30 patients receiving aprotinin and 30 patients not given this drug. 
Total blood loss was defined as the sum of intra-operative losses (suction 
reservoir and weighted sponges) and post-operative chest drainage during 
the first 24 h. Red blood cells were transfused when haematocrit was <21% 
during cardiopulmonary bypass and <27% in intensive care unit. Total red 
blood cell transfusion was defined as the number of red blood cell units (270 
± 30 ml each) during operation and 24 hours after operation, respectively. 
Plasma was transfused if more than half of the patient’s blood volume was 
lost. Platelets were transfused after operation if blood loss was >300 ml/hour 
during the first hour in intensive care or if >150 ml/hour during two consecu-
tive hours. 

Paper III 

Three retrospective analyses were performed on patients who underwent 
primary CABG between 1 January 2001 and 31 December 2007 at Uppsala 
University Hospital: (1) Logistic regression was used to identify clinical risk 
factors for re-exploration due to bleeding. Data from a prospectively col-
lected database of all consecutive 3000 patients undergoing isolated first-
time CABG with (n = 2882) and without (n = 118) cardiopulmonary bypass 
(CPB) were analysed. (2) From this cohort of patients a case-control study (n 

= 228, Table 1) was used to obtain detailed information from medical re-
cords on exposure of pre-operative and peri-operative antithrombotic and 
haemostatic therapy. All patients re-explored due to bleeding (n = 76) were 
matched with two controls each. (3) Based on exposure to antiplatelet and 
antifibrinolytic therapy, and odds ratios (ORs) in multivariate logistic mod-
els, the proportion of re-explorations attributed to these drugs was calcu-
lated. 
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Case-control study (Paper III) 

A case-control study was performed to achieve detailed information from 
medical records, including pre-operative antithrombotic and peri-operative 
haemostatic drug treatment. Each case re-explored due to bleeding was 
matched with the two control patients (not re-explored due to bleeding) with 
the closest disease-risk-score (Table 1). The disease-risk-score for re-
exploration due to bleeding was calculated based on a multivariate logistic 
model including all available factors of disease severity and coexisting con-
ditions (i.e. bypass time, aortic occlusion time, body mass index, age, pre-
operative creatinine, diabetic disease, degree of urgency, circulatory status, 
unstable angina, left main coronary artery disease, smoking habits, Ca-
nadian-class, NYHA-class, atrial fibrillation, internal thoracic artery graft, 
and number of grafts). 

Table 1. Description of cases and disease-risk-score matched controls (Pa-

per III).  
 

Variable 

 
Cases (Mean ± SD) 
n = 76 

Controls (Mean ± SD) 
n = 152 

Age (years) 68 ± 8 69 ± 9 
BMI (kg/m2) 27 ± 4 26 ± 4 
Creatinine ( mol/L) 112 ± 103 118 ± 68 
Bypass time (min) 94 91 

Gender, Male (%) 82 85 
Three-vessel disease 
(%) 

78 77 

Unstable angina (%) 38 35 
Left ventricular function 
   Good (%) 

 
75 

 
73 

   Reduced (%) 21 24 
   Severely reduced (%) 4 3 

 

 

Clinical management (Paper III) 

Re-exploration for bleeding was defined as bleeding requiring re-exploration 
after chest closure. The decision to re-explore was at the discretion of the 
individual surgeon. All patients undergoing CPB were heparinised with 300 
IU/kg and achieved additional heparin during CPB to maintain an activating 
clotting time (ACT) >400 s (Hemochrone Jr, ACT+; activator kaolin) during 
cardiopulmonary bypass. After CPB, heparin was reversed with protamine, 
1–1.3 mg protamine/100 IU heparin to give an ACT +10 s from baseline. 
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Patients routinely continued with aspirin until surgery, and the decision 
whether to discontinue clopidogrel pre-operatively was left to the respon-
sible cardiologist or surgeon. Treatment with aprotinin and tranexamic acid 
was at the discretion of the responsible surgeon or anaesthesiologist. 

Paper IV 

4232 patients underwent isolated, primary CABG surgery at three cardiotho-
racic centres in Sweden: Linköping University Hospital, Uppsala University 
Hospital, and Örebro University Hospital during the period 1 January 2005 
to 31 December 2008. Of these, 3.5% (148 patients) were re-explored due to 
bleeding and 3% (127 patients) fulfilled the inclusion criteria in the case-
control study. 
Patients were excluded if they were in cardiogenic shock pre-operatively, 
required emergency operations, required pre-operative treatment with ino-
tropic drugs, had extracorporeal circulation for >160 minutes, required pre-
operative dialysis, or required second or subsequent surgery. The exclusion 
criteria were chosen to exclude patients whose re-exploration for bleeding 
might be the consequence of a generally complicated intra- or post-operative 
course.  

 
 
Matching criteria in case-control study (Paper IV) 

Each patient re-explored for bleeding was matched with two controls who 
did not require re-exploration for bleeding (Table 2). Data for matching were 
compiled from each hospital’s database of patients undergoing isolated 
CABG during the study period. The controls were selected according to the 
following six matching criteria: centre, age ± 1 year, gender, presence of 
diabetes, number of peripheral anastomoses, and body mass index (BMI; the 
patients were categorised into groups according to the WHO classification of 
overweight and obesity). Of the patients fulfilling the matching criteria, the 
two receiving surgery closest in time to the case were chosen as controls. 
Data for patients included in the case-control study were retrieved from the 
patients’ records and the hospitals’ databases. 
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Table 2. Patient characteristics pre-CABG surgery in case-control groups (Paper 
IV). 

Study population Cases 

n = 127 
Controls 

n = 254 
P value 

Gender F/M, n(%) 20/107 (16/84) 40/214 
(16/84) 

1.0 

Age, mean ± SD 67 ± 10 67 ± 10 0.54 
BMI, mean ± SD 27 ± 4 27 ± 4 0.20 
EuroSCORE, mean ± 
SD 

4.3 ± 3 3.9 ± 2.6 0.11 

Diabetes, n (%) 18 (14%) 34 (13%) 0.83  
Hypertension, n (%) 86 (68%) 154 (61%) 0.18 
Myocardial infarction 
previous 4 weeks, n 
(%) 

50(39%) 83(33%) 0.20 

NYHA, mean ± SD 2.8 ± 0.6 2.9 ± 0.7 0.92 
Left main CAD n (%) 60(47%) 111(44%) 0.45 
1-, 2-, 3-vessel dis-
ease, mean ± SD 

2.8 ± 0.5 2.8 ± 0.5 0.30 

LV function   0.59 
Moderately reduced, 
n (%) 

30 (24%) 80 (31%)  

Severely reduced, n 
(%) 

10 (8%) 7 (3%)  

Urgent surgery, n (%) 30 (24%) 25 (10%) <0.01 
Haemoglobin, g/L  140 ± 15 140 ± 14 0.72 
Creatinine mol/L  97 ± 37 91 ± 27 0.36 
PK-INR 0.9 ± 0.2 0.9 ± 0.3 0.11 
Aspirin, n (%) 124 (98%) 245 (97%) 0.69 
Clopidogrel, n (%) 39 (31%) 41 (18%) <0.01 
Warfarin, n (%) 2 (2%) 6 (2%) 0.80 
LMWH, n (%) 51 (40%) 96 (38%) 0.74 
 

F = female, M = male, n = number of patients, BMI = body mass index, 

NYHA = New York Heart Association Functional Classification, SD = stan-

dard deviation, LV = left ventricle, INR= international normalised ratio, 

LMWH = low molecular weight heparin, CAD = coronary artery disease 

 
 

Definitions (Paper IV) 

Re-exploration for bleeding was defined as a requirement for re-exploration, 
regardless of the amount of blood lost in chest tubes. The decision to re-
explore was at the discretion of the individual surgeon. Post-operative myo-
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cardial infarction was defined as creatine kinase (CK-MB) on day 1 of >50 
g/L. The intermediate care unit allowed invasive monitoring and infusion 

of vasoactive drugs but not mechanical ventilation.  

Cost Assessment (Paper IV) 

Clinical data and hospital-related post-operative resource utilisation were 
analysed to study differences in the patients’ characteristics and the cost 
structure. The cost analysis was based on resource utilisation from the com-
pletion of the primary CABG operation until the patients were discharged 
home or to a nursing home from the referring hospital. The following re-
sources were recorded: duration of stay in the intensive care unit (ICU) and 
post-operative ward; volume of all blood transfusions; amounts of coagula-
tion factor concentrate and haemostatic drugs used; and occurrence of all re-
operations under general anaesthesia for any indication, e.g. re-operation for 
sternum wound infection (SWI). Data were transformed into costs by apply-
ing a unit cost from each hospital’s internal economic system. The costs used 
in the calculations are shown in Table 3. As the study was performed at three 
cardiothoracic centres, the mean cost for these items was used. All costs 
were calculated in Swedish Kronor (SEK) (1 =9.6055 SEK, year 2008 val-
ues)93.  

Table 3. Specific medical costs. 

 Unit costs in Euros ( ) 

Surgery under general anaes-
thesia/minute 

24 

ICU/24 h 3 207 
Intermediate care/24 h 2 372 
General ward care/24 h 667 
Blood transfusion  
   RBC (~300 mL) 108 
   Plasma (~300 mL) 50 
   Platelets (~300 mL) 351 
Haemostatic drugs  
   rFVIIa /mg 606 
   Fibrinogen /g 165 
   Aprotinin /mL 1.1 
   Tranexamic acid /g 4.8 
 

ICU=Intensive care unit, RBC= red blood cells, rFVIIa=recombinant acti-

vated clotting factor VII 
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Blood samples, Paper I–II 
Paper I 

Peripheral blood for the three platelet function tests PlateletMapping, PFA-
100 and flow cytometry was drawn from an indwelling venous catheter on 
two occasions: (1) On the day before angiography. All patients received an 
oral bolus dose of 300 mg clopidogrel immediately after the first blood sam-
pling. (2) Approximately 16 h after the clopidogrel bolus, just before angi-
ography. 
 
Paper II 

Arterial blood samples for platelet function tests were drawn from a 20 
Gauge radial catheter on two occasions: (1) before anaesthesia, and (2) after 
cardiopulmonary bypass, when anticoagulant heparin had been reversed by 
protamine. Before anaesthesia, platelet inhibition was measured with flow 
cytometry, VASP-assay, VerifyNow and PlateletMapping. After protamine 
was administered and ACT normalized, platelet inhibition was measured 
with VerifyNow and PlateletMapping.  

Whole blood anti-coagulated with 3.8% trisodium citrate was used for 
VASP-assay and platelet activation markers by flow cytometry. For Veri-
fyNow 2 x 2 ml blood was collected in tubes containing 3.2% sodium citrate. 
For PlateletMapping, 1 ml fresh blood and 3 ml heparinised blood were col-
lected. 

Platelet function tests, Paper I–II 

Selection of methods 

Turbidometric light transmittance aggregometry (LTA) with ADP as an ago-
nist has been the most widely used technique, and is by many considered as 
the gold-standard method to assess clopidogrel drug response69. LTA is 
complex and requires special laboratory facilities; platelet rich plasma needs 
to be prepared, which is time consuming; a high sample volume is required; 
and the test expensive, and has variable reproducibility94. In summary, LTA 
is inconvenient in clinical practice and clinical studies68. Since ADP can 
induce activation and thus aggregation not only through P2Y12 but also 
through P2Y1 receptors52, assays more specific to the P2Y12 signalling path-
way have been developed95.  

Currently, VASP-assay is the most specific method available for measur-
ing the effect of ADP-blockade through the P2Y12 receptor96. However, also 
this assay requires special laboratory facilities59, 67. The flow cytometric as-
sessment of VASP phosphorylation, measures P2Y12 function more directly, 
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was added in paper II. By the time of our first study, PFA-100 was intro-
duced at Uppsala University Hospital intended to substitute the analyse 
bleeding-time. The possibility to utilize a point-of-care instrument for analy-
sis of platelet function in patients taking anti platelet drugs would be of 
clinical interest and made us include PlateletMapping in Paper I and II and 
VerifyNowSystem in paper II. 

Flow cytometry  

The principle of flow cytometry is to measure and then analyse multiple 
physical characteristics of particles, usually cells. In the flow cytometer sin-
gle cells pass through a flow chamber, through the focused beam of a laser. 
Detectors in the flow cytometer are placed to detect light along the forward 
axis (forward scatter) and at 90° angle (side scatter) from the incoming laser 
beam. Forward scatter reflects the size of the cells and side scatter relative 
granularity or internal complexity. The laser light is also used to excite 
fluorophores generated by cells or conjugated to antibodies bound to cell 
surface or intracellular antigens. The intensity of the emitted light is directly 
proportional to the antigen density or the characteristics of the cell being 
measured. In papers I and II, platelets were gated on the basis of their for-
ward and side scatter pattern. The relative number of positive platelets (%) 
and the mean fluorescence intensity (MFI) of the whole population were 
determined. Laboratory markers of platelet activation detect activation de-
pendent conformational change in the fibrinogen receptor (GPIIb/IIIa-
complex, CD41/CD61) and cell surface exposure of the granule membrane 
protein P-selectin97. In the absence of added exogenous platelet agonist, 
whole blood flow cytometry can determine the activation state of circulating 
platelets. Addition of exogenous agonists enables analysis of the reactivity of 
circulating platelets in vitro. In paper I antibodies against fibrinogen and P-
selectin were combined with three different platelet activators: collagen-
related peptide (CRP), adenosine diphosphate (ADP) at two different con-
centrations and thrombin receptor-activating peptide (TRAP). In paper II 
antibodies against fibrinogen and P-selectin was combined with two differ-
ent activators: ADP and TRAP. 

The analyses were performed on whole blood anti-coagulated with so-
dium citrate (0.129 mol/L). Five L samples of blood were incubated with 
antibodies and activators for 20 min at room temperature. The following 
fluorescein isothiocyanate (FITC)-conjugated antibodies were used: chicken 
antibody to human fibrinogen (Diapensia, Linköping, Sweden) and murine 
monoclonal antibodies to P-selectin (Immunotech, BeckmanCoulter Fuller-
ton, California, USA). Platelets were activated with ADP at two different 
concentrations, 0.5 and 5 mol/L and TRAP (Sigma-Aldrich, St Louis, Mis-
souri, USA) at the concentration of 12 mol/L. Furthermore blood samples 
were incubated with FITC-conjugated murine monoclonal antibodies to 
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CD49b (GPIa) (Immunotech, BeckmanCoulter), CD42b (GPIb) (DakoCy-
tomation, Glostrup, Denmark) and CD41 (GPIIb) (DakoCytomation). Two 
isotype controls were used: chicken anti-insulin for anti-fibrinogen samples 
and a murine IgG1 control (X927) for anti-P-selectin and anti-CD49b, anti-
CD42b and anti-CD41. After incubation the samples were fixed by the addi-
tion of 500 L phosphate-buffered saline (PBS) containing paraformalde-
hyde (2 g/L). Before analysis 50 L of the fixed cell suspension was diluted 
with 950 L of PBS. Cell surface antigen expression was analysed by flow 
cytometry by the use of an EPICS XL-MCL instrument (BeckmanCoulter).  

VASP 

In paper II VASP-assay was added to the flow cytometry analysis for moni-
toring of platelet function. Vasodilator-stimulated phosphoprotein (VASP) is 
an intracellular platelet protein, which is non-phosphorylated in its basal 
state (Fig.3). VASP phosphorylation (VASP-P) is regulated by cyclic adeno-
sine monophosphate (cAMP)98. Prostaglandin E1 (PGE1) activates this cas-
cade, while ADP inhibits it through the P2Y12 receptor. Analysis of VASP-
phosphorylation reflects specifically the degree of P2Y12 receptor activation 
after stimulation with ADP and prostaglandin E1. If the P2Y12 receptor is 
inhibited by clopidogrel, addition of ADP will not reduce the PGE1-
stimulated VASP-P levels. Assessing median fluorescence intensity (MFI) of 
VASP-P levels using this approach has allowed the definition of P2Y12 reac-
tivity ratio. Activation of the P2Y12 receptor with ADP results in inhibition 
of the phosphorylation of intracellular VASP. The use of a phosphorylation-
specific antibody provides quantification of the intracellular phosphorylation 
state of VASP. VASP phosphorylation/dephosphorylation levels reflect 
P2Y12 inhibition/activation and are measured as platelet reactivity index 
(PRI). The platelet reactivity index (PRI) was calculated from the MFI after 
incubation of the platelets with either prostaglandin E1 alone or prostaglan-
din E1+ADP as follows: PRI % = [(MFIPGE1 – MFIPGE1+ADP)/MFIPGE1] x 100. 
A low P2Y12 reactivity ratio is indicative of more enhanced clopidogrel-
induced inhibition. A reference range of PRI >70%99,100 is suggested. PRI 
>50% is reported as the cut-off value for predicting major adverse cardio-
vascular events due to inadequate platelet suppression after percutaneous 
coronary intervention101,73.  

An advantage of VASP assay is that samples can be fixed, and thereafter 
transported to a central laboratory for analysis.  

 

Platelet function analysis, PFA-100 

Since bleeding time as a screening test for platelet dysfunction in clinical 
practise has several disadvantages, alternative technologies have been devel-
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oped. PFA-100 (DADE-Behring, www.dadebehring.com, Deerfield, Illinois, 

USA) has been considered as an in vitro bleeding time and can be utilized as 

a limited screening test for some primary haemostatic defects
102

. The test 

measures primary haemostasis in whole blood under capillary flow condi-

tions (physiologically relevant shear rate) by using an artificial vessel con-

sisting of a sample reservoir, a capillary, and a biologically active membrane 

with a central aperture, coated with collagen plus ADP or collagen plus epi-

nephrine. Under a constant negative pressure sodium-citrate anti-coagulated 

blood is aspirated from the reservoir through the capillary. The capillary 

mimics the resistance of a small artery, and the aperture mimics the injured 

part of the vessel wall. Gradually a platelet plug forms and occludes the 

aperture. The time to occlusion is recorded (closure time, CT). It has been 

shown that the test is sensitive to many variables such as the amount of 

vWF, haematocrit, platelet function and platelet counts. Prolongation in the 

EPI-CT and a normal ADP-CT indicates a defect in thromboxane generation. 

If the CT is prolonged in both cartridges it is likely that a significant defect 

haemostasis is present and further evaluation is warranted. After 300 s, the 

process automatically terminates, inferring that CT longer than that will be 

reported as 300 s. Normal reference range for ADP-CT is 71–118 s, mean 92 

s, and for EPI-CT is 85–165 s, mean 124 s. 

PlateletMapping
TM

  

Thrombelastograph (TEG; Haemoscope Corporation, www.haemoscope. 

com, Niles, Illinois, USA) standard assay is frequently used during cardio-

vascular surgery to give a global assessment of the haemostatic activity
103

. It 

gives both numerical and graphical information regarding the rate and 

strength of cloth formation (Fig. 5.1). The assay is designed to measure the 

development of clot-shear elasticity in response to formation of thrombin 

and platelet activation
104, 105

. Several properties can be assessed with a stan-

dard assay. The reaction time (R) is the time until initiation of clot forma-

tion. The clot strength is determined by the amount of activated platelets and 

fibrin, referred to as maximal amplitude (MA). Thrombocytopenia and the in 

vitro effect of strong platelet inhibitors, GPIIb/IIIa antagonists, can be as-

sessed as a reduction in MA. Standard TEG maximal amplitude is dependent 

on direct thrombin activation of the GPIIb/IIIa receptor. A limitation of 

standard TEG is that due to the strong platelet activating effect of thrombin, 

the platelet inhibiting effect of clopidogrel and aspirin cannot be 

detected
43,106

.  

The PlateletMapping assay is a modification of the TEG, designed to 

measure platelet inhibition of clopidogrel and aspirin. In clinical studies, a 

good correlation with LTA has been found
105,107

.  

PlateletMapping assay includes four channels. The first channel is a stan-

dard TEG (MATHROMBIN), which measures total platelet function including 



 33 

the contribution of fibrin to MA (Fig. 5.2). For the other three channels 

heparinised whole blood is used to inhibit thrombin activation. In channel 2, 

a cross-linked fibrin clot is generated by adding 10 L of Activator F (repti-

lase and XIIIa) to 0.36 mL heparinised whole blood (MAFIBRIN). Reptilase 

converts fibrinogen to fibrin. In order to demonstrate the ADP induced plate-

let-fibrin cloth strength, 10 L of ADP (final concentration 2 M) and Acti-

vator F was added to channel 3 (MAADP). In channel 4 (MAAA), the TxA2 

induced platelet-fibrin cloth strength was demonstrated by adding 10 L 

arachidonic acid (AA, final concentration 1 mM) and Activator F. The per-

centage of platelet aggregation to agonist can be calculated by: 

[(MAADP/AA MAFIBRIN)/(MATHROMBIN MAFIBRIN)] x 100%. Percentage plate-

let inhibition is thus 100% – % platelet aggregation. The calculation is per-

formed using the TEG-PM software. Proposed reference value of platelet 

inhibition is <20% (information provided by Haemoscope)
108

. 
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Figure 5.1. The standard thrombelastographic technique is a point-of-care test used 
to assay whole blood for thrombin-generated maximal clot strenght. R = reaction 
time, i.e. the time to initial clot formation; MATHROMBIN = maximal amplitude, meas-
ures strength of clot formation. 

 

Figure 5.2. PlateletMapping  assay for the thrombelastograph. MATHROMBIN is the 
maximal amplitude resulting from fibrin and thrombin-activated platelets. MAFIBRIN 

is the maximal amplitude resulting from fibrin only. MAADP is the maximal amplitude 
from fibrin and platelets not blocked by ADP-receptor inhibiting drugs. 

 

VerifyNowSystem 

The VerifyNow instrument (Accumetrics, San Diego, CA, USA) measures 

change in light transmission and thus the rate of aggregation in whole 

blood
109

. The basis of the VerifyNow instrument is that fibrinogen-coated 

microparticles aggregate in whole blood in proportion to the number of 

GPIIb/IIIa receptors
110

. Two different assays were used in paper II, Veri-

fyNowP2Y12 and VerifyNowAspirin. VerifyNowP2Y12 assay contains two 
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channels; the first channel contains 20 M ADP as platelet agonist and 22 
nM prostaglandin E1 to suppress intracellular free calcium levels and thereby 
reduce the platelet activation contribution from ADP-binding to its P2Y1 
receptor. This theoretically enhances the sensitivity and specificity of the test 
for ADP-induced activation of platelet via P2Y12

111. The light absorbance of 
the samples is measured 16 times/s. As the platelets interact, resulting in 
agglutination, the rate of agglutination is quantified as the slope of absor-
bance over a fixed time interval and measured in millivolts per 10 sec 
(mV/10s)112. The device automatically displays the results in agonist-specific 
units, in this assay P2Y12-reaction unit (PRU). A higher PRU reflects greater 
ADP-mediated platelet reactivity; the lower the PRU value, the greater the 
degree of P2Y12-receptor inhibition. 

Clopidogrel responsiveness is often expressed as percentage of the base-
line. As a substitute for pre-drug or baseline value, a second activator, iso-
TRAP, is incorporated into a second channel. The instrument measures the 
change in transmittance in this channel, calculating the BASE as an estimate 
of the baseline platelet function. This calculated BASE value corresponds to 
measured pre-drug value in patients with stable coronary artery disease113. 
Percent inhibition is calculated as the percent change from baseline accord-
ing to the formula: % inhibition = (1 [PRU/BASE]) x 100.  

VerifyNowAspirin incorporates the agonist 1 mM arachidonic acid to ac-
tivate platelets. If platelets are not inhibited by aspirin, COX-1 enzyme con-
verts arachidonic acid to thromboxane A2, which activates platelets, resul-
ting in agglutination with fibrinogen-coated microparticles. As agglutination 
occurs, light transmittance increases, and the rate of change in light transmit-
tance is reported as aspirin reaction units (ARU). The reference range is 
620–672 ARU (2.5–97.5 percentile); >550 ARU has been defined as thres-
hold for aspirin low response. 
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Statistical Analysis 

Results were expressed as means ± standard deviations (SD), or median and 
25th/75th percentiles or range. Data were analysed with SPSS (Statistical 
Package for the Social Science, SPSS Inc., Chicago, Illinois) and SAS (SAS 
Institute, Inc, Cary, North Carolina, USA). Differences were considered 
significant at a probability level of p < 0.05. 

Comparisons of continuous variables were made with Mann-Whitney U-
test/Wilcoxon’s two-sample test in paper I–III and with Wilcoxon signed-
rank test in study IV, and comparisons of categorical variables were made 
with a Chi-square test or Fisher´s exact test in paper III and with Mantzel-
Haenszel test in paper IV. 

In paper II, correlation between different coagulation variables and loss of 
blood was assessed by Spearman´s rank correlation coefficient. Correlation 
dependent variables such as blood loss or transfusion requirements were 
plotted against independent variables such as different measurements of 
platelet inhibition, in order to explore their association. In a similar way, 
platelet inhibition measured by different analysers was plotted against each 
other. Based on these findings, platelet inhibition measured by flow cytom-
etry was used in logarithmic form in the linear regression models, while all 
other variables were used in their original form. 

In paper II a correlation of > 0.75 between the methods was considered a 
good to excellent relationship. Values from 0 to 0.25 indicated little or no 
correlation. As clinical outcomes are influenced by several factors, a correla-
tion between assessed platelet inhibition and clinical outcome was con-
sidered strong if r > 0.5 and weak if r < 0.25. In order to identify a correla-
tion of r = 0.35 with a power of 80%, a minimum of 60 patients needed to be 
included in the study, and to identify a correlation of r = 0.5, a minimum of 
30 patients needed to be included. 

In paper III, risk factors for re-exploration due to bleeding were identified 
using the logistic regression model. Estimates for all models were obtained 
by the maximum likelihood method. The odds ratio (OR) computed from the 
logistic regression analysis was used as a measure of the relative risk. Con-
tinuous variables were tested in their original continuous form and in loga-
rithmic form, as a categorical or dichotomous variable. This exploration was 
conducted because it could not be assumed that the relation between the 
continuous variables and the logarithmic odds was linear. Ordinal variables 
were used as a set of dummy variables representing ranges, and were defined 
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by commonly used cut-off points. Variables were used in their optimal form, 
i.e. the form with the best discriminatory power. The predicted accuracy of 
the model was assessed by the C (concordance) index. This validation of the 
model was visualized with a receiver operator (ROC) curve. A model C in-
dex (area under the curve) can range from 0.5 (no predictive value) to 1.0 
(perfect prediction). Any possible interaction effects were tested by an inter-
action term. Missing values (e.g. creatinine, BMI) were substituted by a 
computerized value from linear regression based on age and gender.  

Based on exposures to antiplatelet and antifibrinolytic therapy among 
controls in the case-control study and the ORs in the multivariate logistic 
model as measures of relative risk, the number of re-explorations was esti-
mated in three different scenarios: (1) no patients were treated with clopido-
grel, and aprotinin exposure was unchanged; (2) no patients were treated 
with aprotinin, and clopidogrel exposure was unchanged, and; (3) patients 
were treated with neither aprotinin nor clopidogrel. Exposures in the controls 
were used as an estimation of exposure in the total cohort. 

The number of re-explorations was estimated from the number of patients 
in the total cohort (=N), the relative risk (OR) in different treatment groups 
[i.e., the relative risk for patients treated with aprotinin (=rrA), clopidogrel 
(=rrC), both aprotinin and clopidogrel (=rrAC), neither aprotinin nor clopi-
dogrel (=rr0)], and the estimated proportion of patients in the different 
treatment groups [i.e., proportions of patients treated with clopidogrel (=pC), 
aprotinin (=pA), or both clopidogrel and aprotinin (=pAC)], according to the 
following formula: 
Number of re-explorations = N  R0  ((pAC  rrAC) + (pC  rrC) + (pA  

rrA) + (p0  rr0)) 

R0 = the risk for re-exploration due to bleeding in patients with neither 
clopidogrel nor aprotinin. 

In paper IV the mean cost (mC) of re-exploration per patient in the total 
population was calculated as: 
mC = F  cost of re-exploration,  

where F = the frequency of re-exploration for bleeding in the total cohort.  
The estimated cost reduction per patient in the total population ( C) as a 
result of prophylactic therapy after CABG surgery was calculated as:  

C = F  E/100  cost of re-exploration,  

where F = the frequency of re-exploration for bleeding (without prophylactic 
therapy) in the total cohort and E is the efficacy of prophylactic therapy, i.e. 
the relative reduction in the risk of re-exploration as a result of post-CABG 
prophylactic therapy (%), and F  E/100 is the absolute risk reduction.  
The net cost per patient for drug intervention post-CABG to prevent bleed-
ing = Cp – (F  E/100  cost for reexploration), where Cp = cost of drug 
treatment. 
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Results and discussion 

Assessment of platelet inhibition in patients with dual 
antiplatelet treatment (Paper I and II) 

Platelet inhibition after a 300 mg bolus dose clopidogrel in 
patients on long-term aspirin treatment (Paper I) 

Platelet inhibition was assessed in patients presenting for coronary angiogra-
phy/percutaneous coronary intervention (PCI). All patient were on long-term 
aspirin treatment and had received 75–100 mg aspirin/day. The platelet inhi-
bition was assessed before and 16 h after a 300 mg bolus dose clopidogrel 
with three different assays: (1) flow cytometry, (2) PlateletMapping, and (3) 
PFA-100. 

(1) Flow cytometry  

After a bolus dose of clopidogrel there was an increased platelet inhibition, 
assessed as percentage of platelets expressing P-selectin on their surface 
when stimulated with ADP (p = 0.026; Table 4) and also assessed as mean 
fluorescence intensity (MFI) (p = 0.018). There was also a significantly in-
creased platelet inhibition measured as percent cells expressing fibrinogen 
after stimulation with 0.5 and 5 mol/L ADP and measured as MFI when 
stimulated with 0.5 mol/L ADP. When stimulated with collagen related 
peptide (CRP), there was a non-significant trend towards increased platelet 
inhibition. With the strong inducer for PAR-1 receptor (TRAP), no platelet 
inhibition could be seen at any time. 

 (2) PlateletMapping 

Before the clopidogrel bolus, the platelet inhibition after stimulation with 
arachidonic acid (AA) was median 83% (Q1 65%, Q3 90%; Table 4). This 
inhibition was due to aspirin treatment. However, after clopidogrel bolus and 
stimulation with arachidonic acid the platelet inhibition was more pro-
nounced than before, median 92% (Q1 83%, Q3 97%, p = 0.022). This thus 
reflects a synergistic effect of platelet inhibition induced by aspirin and 
clopidogrel. Before clopidogrel bolus, the platelet inhibition after stimulation 
with ADP was median 16% (Q1 11%, Q3 25%). After the bolus dose of 
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clopidogrel the platelet inhibition when stimulated with ADP increased to 
median 30% (Q1 20%, Q3 36%, p = 0.002).  

Table 4. Results Paper I 

 ASA ASA+clopidogrel 

Parameter Me-

dian 
(Q1, Q3) Median (Q1, Q3) p-value 

PFA-100      
Epi-CT (s) 300 (164, 300) 300 (300, 

300) 
0.32 

ADP-CT (s) 97 (85, 108) 99 (89, 119) 0.27 
PlateletMapping      
Platelet inhibition MA 
AA (%) 

83 (65, 90) 92 (83, 97) 0.022* 

Platelet inhibition MA 
ADP (%) 

16 (11, 25) 30 (20, 36) 0.0021* 

Flow Cytometry      

GPIa (%) 84 (68, 88) 71 (65, 85) 0.46 
GPIb (%) 99 (98, 99) 99 (98, 99) 0.51 
GPIIb (%) 99 (98, 99) 99 (98, 99) 0.44 
Fibrinogen (%) 
unstimulated 

49 (35, 61) 56 (26, 71) 0.90 

Fibrinogen 0.5 mol 
ADP (%) 

94 (90, 96) 90 (80, 93) 0.012* 

Fibrinogen 0.5 mol 
ADP (MFI) 

20 (16, 30) 8.6 (4.5, 
17.1) 

0.008* 

Fibrinogen 5 mol 
ADP (%) 

97 (95, 98) 96 (92, 97) 0.031* 

Fibrinogen 5 mol 
ADP (MFI) 

47 (32, 57) 26 (13, 48) 0.058 

Fibrinogen CRP (%) 86 (74, 94) 86 (74, 92) 0.67 
Fibrinogen CRP (MFI) 5 (2.4, 36.4) 5 (2.3, 

19.8) 
0.352 

Fibrinogen TRAP (%) 98 (97, 99) 98 (96, 99) 0.49 
Fibrinogen TRAP 
(MFI) 

48 (30, 60) 32 (20.3, 
58) 

0.42 

P-selectin (%) 1.9 (1.4, 2.2) 1.5 (1.2, 2.3) 0.36 
P-selectin (MFI) 0.4 (0.38, 

0.42) 
0.4 (0.39, 

0.41) 
0.741 

P-selectin CRP (%) 65 (21, 86) 20 (3, 74) 0.076 
P-selectin CRP (MFI) 3.4 (0.9, 7.8) 0.9 (0.4, 4.5) 0.129 
P-selectin ADP (%) 63 (50, 73) 46 (32, 58) 0.026* 
P-selectin ADP (MFI) 2.4 (1.8, 2.8) 1.5 (1.1, 2.0) 0.018* 
P-selectin TRAP (%) 93 (92, 95) 92 (90, 95) 0.52 
P-selectin TRAP 
(MFI) 

8.2 (7.1, 8.6) 6.9 (5.5, 8) 0.39 
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Q= Interquartile range, ASA= acetylsalicylic acid, CT: closure time, EPI: epineph-

rine, ADP: adenosine diphosphate, AA arachidonic acid, CRP: collagen related 

peptide, TRAP: thrombin related peptide 

 
(3) PFA-100 

Seventy three percent of the patients had a prolonged epinephrine closing 
time (EPI-CT >165 s) due to aspirin treatment before clopidogrel bolus. 
There was a trend towards prolonged EPI-CT after clopidogrel bolus, al-
though this was not significant. There was no significant increase in ADP-
CT after clopidogrel bolus. The assay PFA-100 did not show any significant 
increase in closure time, neither when ADP and collagen (ADP-CT) was 
used as agonist, nor when epinephrine and collagen (EPI-CT) was used. 

Comment 

A significant platelet inhibition was found after a 300 mg bolus dose of 
clopidogrel with two of the assays, flow cytometry and PlateletMapping, but 
not with PFA-100. However the level of response for the individual patient 
with the different methods was inconsistent.  

Our flow cytometry data indicate that the amounts of GPIa, GPIb, and 
GPIIb on the platelet surface were not influenced by the clopidogrel bolus 
dose. Flow cytometry showed a significant reduction in platelets expressing 
p-selectin on their surfaces when stimulated with ADP. We also found that 
there was a significant reduction in platelets bonding with fibrinogen after 
the clopidogrel bolus.  
With the PlateletMapping assay, we were able to detect a significant platelet 
inhibition after a clopidogrel bolus dose both when the platelets were stimu-
lated with ADP and arachidonic acid. This indicates that clopidogrel potenti-
ates the effect of aspirin and that ADP and thromboxane A2 play a synergis-
tic role in mediating platelet thrombus formation. Both pathways must be 
simultaneously blocked to achieve a maximum antithrombotic effect115.  

In a recent study pre-operative platelet inhibition assessment with Plate-
letMapping in surgical patients treated with clopidogrel or aspirin, was com-
pared with a control group108. A significant platelet inhibition was identified. 
However, their conclusion was that the overlap in platelet receptor inhibition 
between the control group and treatment group is likely to limit the clinical 
usefulness of this test. 

The finding that the PFA-100 is relatively poor at detecting effects of 
ADP-receptor antagonism of clopidogrel has been confirmed by others98,116, 

117. It has been suggested that the limited usefulness of PFA-100 to monitor 
the effect of clopidogrel may be due to the relatively high concentration of 
ADP currently used in the PFA-100 system118 and that both collagen activa-
tion and ADP acting through the P2Y1 receptor, along with the high shear 
conditions, may be normally sufficient to largely overcome P2Y12 blockade.  
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PlateletMapping MAAA assay and PFA-100 (EPI-CT) were used to assess 
the platelet inhibition of aspirin.. According to the PlateletMapping MAAA 
assay all patients were responders to aspirin. However, according to PFA-
100 (EPI-CT), 27% of the patients where non-responders to aspirin (Day 1, 
EPI-CT <165 s). This lack of consistency between different tests assessing 
aspirin response has been reported by others12,119. An increasing number of 
patients have been reported as poor responders to aspirin as assessed by 
PFA-100, because, it is sensitive to many variables, including levels of vWF, 
hematocrit and platelet count120,121. In patients identified as “aspirin non-
reponders” it has been shown that vWF levels are elevated compared to 
responders.  

Platelet inhibition in patients with dual antiplatelet treatment 
undergoing CABG surgery (Paper II) 

Pre-operative platelet inhibition 

In Paper II all patients had received a combination therapy with aspirin and 
clopidogrel for at least three days. Clopidogrel was discontinued not earlier 
than three days before surgery and aspirin therapy continued until surgery. 
The platelet inhibition was assessed before surgery with four different meth-
ods (Table 5): (1) VerifyNowP2Y12 and VerifyNowAspirin, (2) Platelet 
Mapping, (3) flow cytometry, and (4) VASP-assay. After surgery platelet 
inhibition was assessed with two methods: (1) VerifyNowP2Y12 and Veri-
fyNowAspirin, and (2) PlateletMapping. 
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Table 5. Platelet inhibition measured pre-operatively. For definitions of reference 
range for patients not treated with clopidogrel and aspirin, see Methods. Percent 
within reference range was calculated from cut-off value. 

                                 Mean Range Cut-off value 

for reference 

range 

% within 

reference 

range  

(number of 

patients) 

PRI (%) 
n = 48  

63 28–89 70 33 (16) 

VerifyNowPRU 
n = 60 

262 9–359 194 78 (47) 

VerifyNowARU 
n = 60 

479 383–622 550 20 (12) 

PM-MAADP(%)  
n = 58 

16 0–72 20 74 (43) 

PM-MAAA (%) 
n = 58  

69 0–99 20 8 (5) 

P-selectin 
+5 molADP(MFI) 
n = 47 

1.54 0.63–3.95 1.3 60 (28) 

PRI = platelet reactivity index (%) measured with VASP-assay; n = number 

of patients; PRU = P2Y12 reaction units; ARU = aspirin-reaction units; PM-

MAADP = PlateletMapping, percentage platelet inhibition when stimulated 

with ADP; PM-MAAA = PlateletMapping, percentage platelet inhibition 

when stimulated with arachidonic acid (AA); P-selectin +5 mol ADP = the 

expression of P-selectin when stimulated with 5 mol ADP measured with 

flow cytometry; MFI = mean fluorescence intensity. 

When ADP-receptor inhibition was measured with VerifyNowP2Y12, flow 
cytometry, and PlateletMapping MAADP, a majority of the patients were 
within the proposed reference range for patients not treated with clopidogrel 
(Table 5). However, when inhibition was measured with VASP-assay, one-
third of the patients had a PRI > 70%, which is the proposed normal level for 
untreated patients, whereas only 23% had a PRI  50%, which is the re-
ported cut-off value for predicting major adverse cardiovascular events after 
PCI. When the effect of aspirin was analysed with VerifyNowAspirin and 
Platelet Mapping MAAA only a few patients were within the reference range 
for untreated patients. 
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Figure 6. Pre-operative assessed platelet function with ADP as agonist. The left 
figure shows percent platelet inhibition measured with (1) VerifyNowP2Y12, and (2) 
PlateletMapping MAADP. The right figure Platelet reactivity index (PRI) % measured 
with VASP.   

  
 

 

Post-operative platelet inhibition (Paper II) 

The measured platelet inhibition increased after surgery as compared to be-
fore surgery. The degree of inhibition as measured by VerifyNowP2Y12 (%) 
had a mean of 39% after surgery compared to 26% before surgery (p < 0.05). 
The mean ARU measured by VerifyNowAspirin was 435 after surgery com-
pared to 478 before surgery (p < 0.01). Measurements with PlateletMapping 

MAADP indicated a 51% inhibition after surgery compared to 16% before 
surgery (p < 0.01). The corresponding value for PlateletMapping MAAA were 
87% and 70%, respectively (p < 0.01).  

Comment 

Cardiopulmonary bypass is associated with transient platelet dysfunction122. 
ADP-induced platelet aggregation decreases after cardiopulmonary 
bypass123,124, even in patients not treated with clopidogrel. In the present 
study, platelet inhibition as measured by VerifyNow and PlateletMapping 
was significantly higher after cardiac surgery with extra-corporeal circu-
lation. Thus, cardiopulmonary bypass appears to influence the assessed 
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platelet inhibition effect of clopidogrel and aspirin, and a measurement di-
rectly after cardiopulmonary bypass does not correspond to pre-operative 
inhibition. 

Correlation between different methods (Paper II) 

Pre-operative ADP-receptor blockade measured with VASP-assay correlated 
to VerifyNowP2Y12 (r = -0.29, p < 0.05) and the expression of P-selectin as 
measured with flow cytometry when stimulated with 5 M ADP (r = 0.29, p 
< 0.05). VerifyNowP2Y12 and VerifyNowAspirin correlated to the following 
flow cytometry variables: expression of fibrinogen when platelets were 
stimulated with 0.5 M ADP, 5 M ADP and with TRAP; and the expres-
sion of P-selectin when platelets were stimulated with 5 M ADP but not 
when stimulated with TRAP (Table 6). PlateletMapping did not correlate 
with any of the above flow cytometry variables, nor with VASP-assay, Veri-
fyNowP2Y12 or VerifyNowAspirin. 
 

Table 6. Pairwise correlation of platelet inhibition measured with VerifyNow and 
the logarithm of flow cytometer parameters. 

  r              p-value 

VerifyNowP2Y12                    

 Activated GPIIb/IIIa + 
0.5 mol ADP (MFI)      

-0.49                       <0.01 

 Activated GPIIb/IIIa + 
5 mol ADP (MFI)         

-0.53                       <0.01 

 Activated GPIIb/IIIa + 
TRAP (MFI)                  

-0.33                       0.02 

 P-selectin + 5 mol ADP (MFI) -0.57 <0.01 
 P-selectin + TRAP (MFI)                -0.14                       0.34 
VerifyNowAspirin 

 Activated GPIIb/IIIa+ 
0.5 mol ADP (MFI) 

0.38                         <0.01 

 Activated GPIIb/IIIa + 
5 mol ADP (MFI)          

0.37                         <0.01 

 Activated GPIIb/IIIa + 
TRAP (MFI)                    

0.4                           <0.01 

 P-selectin + 5 mol ADP (MFI) 0.39 <0.01 
 P-selectin + TRAP (MFI)                0.17                         0.25 

r = Spearman´s rank correlation coefficient; ADP = adenosine diphosphate; 

TRAP = thrombin related peptide; MFI = mean fluorescence intensity 
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Comment 

 In this study, based on patients scheduled for CABG surgery and pre-
operatively treated with dual antiplatelet therapy, we found only a modest 
agreement between three of the four methods evaluating ADP-receptor 
blockade: VerifyNowP2Y12, VASP-assay, and expression of P-selectin as 
measured with flow cytometry. These three methods appear to provide inde-
pendent information on platelet inhibition. The results for PlateletMapping-
MAADP were not correlated with the other function tests.  
 

Correlation between platelet inhibition and clinical outcome 
(Paper II) 

In the whole group of patients pre-operative VerifyNowP2Y12 was the only 
measurement of platelet inhibition that correlated significantly with total 
blood loss and the total number of red blood cell transfusions. However, 
when patients were analysed based on whether they were treated with 
aprotinin or not there was no significant correlation between Veri-
fyNowP2Y12 and total blood loss, although there was a weak, non-significant 
correlation in patients who did not receive aprotinin (Table 7, Fig. 7). There 
was a significant correlation between VerifyNowP2Y12 and the total number 
of red blood cell transfusions in patients treated with aprotinin. 
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Table 7. The correlation between VerifyNowP2Y12, VASP-assay, PlateletMapping 
MAADP and total blood loss and RBC transfusion assessed by Spearman’s rank cor-
relation coefficient in the whole study population (7.1), and in patients with (7.2) or 
without aprotinin treatment (7.3).  

Table 7.1 The whole study population 

 Veri-

fyNowP2Y12 

n=60 

VASP-assay 

n=48 
PlateletMapping 
MAADP 

n=58 

Total blood loss 
r 
p-value 

 
0.29 
0.03 

 
0.1 
0.52 

 
0.01 
0.98 

Total RBC transfu-
sion 
r 
p-value 

 
 
0.43 
<0.01 

 
 
0.04 
0.78 

 
 
0.05 
0.69 

 
Table 7.2. Patients receiving aprotinin intraoperatively 

 Veri-

fyNowP2Y12 

n=30 

VASP-assay 

n=21 

PlateletMapping 

MAADP 

n=29 

Total blood loss 
r 
p-value 

 
0.14 
0.21 

 
0.06 
0.8 

 
0.27 
0.16 

Total RBC transfu-
sion 
r 
p-value 

 
 
0.37 
<0.05 

 
 
0.16 
0.48 

 
 
0.15 
0.45 

 
Table 7.3. Patients who did not receive aprotinin intraoperatively 

 Veri-

fyNowP2Y12 

n=30 

VASP-assay 

n=27 

PlateletMapping
 

MAADP 

n=29 

Total blood loss 
r 
p-value 

 
0.24 
0.21 

 
0.27 
0.17 

 
0.14 
0.46 

Total RBC transfu-
sion 
r 
p-value 

 
 
0.29 
0.12 

 
 
0.01 
0.98 

 
 
0.06 
0.77 

r = correlation coefficient; n = number of patients; RBC = red blood cells 
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Patients who received aprotinin bled less (mean 1226 ml; range 800–2800 
ml) than patients who had not received aprotinin (mean 1996 ml; range 990–
3980 ml; p < 0.01). The transfusion requirement of RBC (mean 0.5; range 0–
5 compared to mean 1.8; range 0–5; p < 0.01) and platelets (mean 0.3; range 
0–2 compared to mean 0.8; range 0–4; p = 0.04) was lower in aprotinin-
treated patients. The pre-operative platelet inhibition measured with Veri-
fyNowP2Y12 was lower in patients receiving aprotinin (mean 19%) during 
operation than in patients not receiving aprotinin (mean 33%; p = 0.01) (Fig. 
7). With the other methods for measuring the ADP-receptor blockade, there 
was a mean PRI of 62% (patients receiving aprotinin) and 63% (patients not 
receiving aprotinin; p = 0.95) and a mean MAADP of 18% (patients receiving 
aprotinin) and 14% (patients not receiving aprotinin; p = 0.53). 

Figure 7. Percent platelet inhibition measured with VerifyNowP2Y12 in relation to 
blood loss (ml) in patients treated with aprotinin and without aprotinin. 

 

In a post hoc analysis of patients with different cut-off levels, patients with a 
PRI  50 (VASP assay) who did not receive aprotinin (n = 6) had increased 
total blood loss, but no difference in RBC transfusion requirements (data not 
shown). 
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Comment 

In this study, we found a modest agreement between the methods for pre-
operative platelet inhibition, though not for PlateletMapping MAADP. Fur-
thermore, we found a correlation between pre-operative platelet inhibition as 
measured by VerifyNowP2Y12, and increased intra- and post-operative loss 
of blood and transfusion requirements in patients with dual antiplatelet 
treatment. However, in separate analyses of patients treated with or without 
aprotinin the correlation was weak and non-significant.  

Aprotinin treatment markedly reduced bleeding, both measured as total 
loss of blood and transfusion requirements. It was only given at the sur-
geon’s request, due to ethical considerations of withholding a blood loss 
reducing drug. Aprotinin was recently withdrawn from the market due to the 
results from the BART-study39, which showed reduced bleeding but in-
creased mortality in patients treated with aprotinin. As 50% of the patients in 
this study received aprotinin, the results may be less easily interpretable; 
however, the results from the group of patients not treated with aprotinin are 
even more important. 

There was a significantly lower pre-operative platelet inhibition as meas-
ured by VerifyNowP2Y12, but not with other methods measuring ADP-
receptor blockade, in perioperatively aprotinin-treated patients. Thus, the 
correlation between VerifyNowP2Y12 and total loss of blood in the whole 
group of patients might be confounded by aprotinin and a lower platelet 
inhibition as measured by VerifyNowP2Y12 in the group of aprotinin-treated 
patients. Even so, the total number of red blood cell transfusions correlated 
with platelet inhibition as measured by VerifyNowP2Y12 in aprotinin-treated 
patients. Accordingly, a strong relationship was outruled. The weak or non-
significant correlation suggests that VerifyNowP2Y12 is unhelpful in pre-
operatively deciding whether surgery should be postponed due to increased 
bleeding risk. 

Inadequate platelet inhibition as assessed with VASP-assay is correlated 
with subacute stent thrombosis during thienopyridine-aspirin 
treatment3,61,125,126. Bonelli et al.101 reported an optimal PRI cut-off value of 
50% for identifying patients with risk for major adverse cardiovascular 
events after percutaneous coronary angioplasty. Their prospective, random-
ised, multicentre study showed that adjusting clopidogrel loading dose ac-
cordingly in patients with PRI of 50% improved clinical outcome after 
angioplasty99. In a post hoc analysis in our study, patients with PRI <50% 
not treated with aprotinin had a significant increase in blood loss; however, 
the number of patients in this group was small. To evaluate if patients with 
PRI < 50% have increased risk of bleeding, further studies including more 
patients are needed. 
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Risk factors and cost analysis of re-exploration due to 
bleeding (Paper III-IV)  

Non-pharmacological risk factors (Paper III) 

In paper III, body mass index, pre-operative creatinine, and bypass time 
were identified as univariate risk factors for re-exploration due to bleeding in 
the whole cohort of patients (Table 8). Based on these significant risk fac-
tors, a risk model was created. Inclusion of the basic demographic variables 
age, gender, left ventricular function, unstable angina, and three-vessel dis-
ease improved the prediction somewhat. A ROC curve was created of the 
model with the best fit (Fig. 8). The C index (area under the curve) was 0.64, 
indicating that this model had a limited ability to predict re-exploration for 
bleeding for an individual patient. 
 

Table 8. Risk factors for re-exploration due to bleeding. Results from logistic re-
gression analyses in the total cohort (n = 3000). Model with best fit. 

 

Variables Univariate 
OR [95% CI] 

Multivariate 
OR [95% CI] 

Age* (yrs) 1.5 [0.8–23] 2.4 [0.4–14] 
BMI* 0.2 [0.03–0.8] 0.2 [0.4–14] 
Creatinine* ( mol/L) 2.4 [1.3–4.4] 2.3 [1.2–4.6] 
Bypass time* (min) 2.2 [1.1–4.4] 2.4 [1.9–5.0] 
Gender, Male 0.7 [0.3–1.3] 0.7 [0.4–1.4] 
Three vessel disease 1.2 [0.7–2.1] 1.0 [0.5–1.7] 
Left ventricular function   
   Good 1.0 (ref.) 1.0 (ref.) 
   Reduced 0.8 [0.5–1.4] 0.6 [0.4–1.9] 
   Severely reduced 0.8 [0.3–2.7] 0.6 [0.2–1.9] 

* Used in their logarithmic form in the logistic regression models, the odds 

ratio represents increase of OR in log units; BMI = body mass index; OR = 

odds ratio; CI = confidence interval; n = number 
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Figure 8. ROC curve with best model of fit for re-exploration due to bleeding after 
CABG. The model included the following parameters: BMI, pre-operative creatin-
ine, bypass time, age, gender, left ventricular function, unstable angina, and three-
vessel disease. 

 

Comment 

Our results are in agreement with earlier studies. In a recently published 
cardiac risk model for CABG surgery by the Society of Thoracic Surgeons 
based on 774 881 isolated CABG procedures, the C index for re-exploration 
was 0.65127. Another study, based on a model including age, body surface 
area, CPB time, and distal anastomoses, was significant for re-exploration, 
although it also had limited predictive value, as indicated by an area under 
the curve of 0.6622. 
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Pharmacological risk factors in the case-control cohorts (Paper 
III) 

Pharmacological risk factors were evaluated in a case-control study to 
achieve detailed information of pre-operative drug treatment. Most patients 
(93%, n = 213/228) in both the case and control groups were treated with 
aspirin until surgery (Table 9). More cases than control patients were treated 
with clopidogrel (40% and 17%, respectively; p  0.01). In patients treated 
with clopidogrel, the drug was discontinued median 2 (1–7) days before 
surgery in the cases and 2 (1–6) days before surgery in the control group. 
One patient in the case group and three in the control group did not discon-
tinue clopidogrel treatment before surgery. There was no difference between 
cases and control groups concerning antifibrinolytic medication with 
aprotinin or tranexamic acid (Table 9). 

 

Table 9. Treatment with antithrombotic and haemostatic medications in the case-
control cohort. 

 
 Cases  

n = 76 
 
% 

Controls 
n = 152 

 
% 

P-value 
 

No antiplatelet 
treatment 

2 3% 3 2% 1.0 

Aspirin 71 93% 142 93% 1.0 
Clopidogrel  30 40% 26 17% <0.01 
LMWH 23 30% 50 33% 0.76 
Desmopressin 7 9% 11 7% 0.61 
Tranexamic acid 38 50% 92 60% 0.16 
Aprotinin 9 12% 25 16% 0.43 
n = number, LMWH = low molecular weight heparin, P-value, Fisher´s 

Exact Test (2-sided) 

In univariate analyses of the case and control cohorts, clopidogrel was the 
only drug that influenced the risk of re-exploration (OR 3.2, 95% CI 1.7–5.9; 
Table 10). Aprotinin (OR 0.7, 95% CI 0.3–1.5) seemed to protect from 
bleeding but did not reach significance. However, in a multivariate model 
adjusted for all types of medication, the harmful effect of clopidogrel was 
increased (OR 4.7, 95% CI 2.2–9.9) and the protective effect of aprotinin 
was confirmed and significant (OR 0.2, 95 % CI 0.1–0.6; Table 10).  
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Table 10. Antithrombotic and haemostatic pharmaceuticals in relation to re-
exploration due to bleeding, n = 228. 

 
 Univariate 

OR (95% CI) 
Multivariate 
OR (95% CI) 

Aspirin *1 (0.3–3.1)  
Clopidogrel 3.2 (1.7–5.9) 4.7 (2.2–9.9) 
Low molecular weight 
heparin 

0.9 (0.5–1.6) 0.9 (0.4–1.9) 

Desmopressin 1.2 (0.7–2.2) 1.3 (0.4–3.7) 
Tranexamic acid  0.6 (0.4–1.1) 0.5 (0.5–1.0) 
Aprotinin 0.7 (0.3–1.5) 0.2 (0.1–0.6) 
OR = odds ratio; CI = confidence interval 

*Too few patients (<10%) were not treated with aspirin to allow an estima-

tion of its effect on bleeding. 

The changes in estimates for aprotinin and clopidogrel suggest confounding. 
We therefore examined the effect of the drugs alone and in combination. We 
found that in the absence of aprotinin, clopidogrel increased the relative risk 
for re-exploration (OR 4.5, 95% CI 2–10; Table 11) compared to the group 
of patients without clopidogrel or aprotinin treatment. We also found that 
aprotinin alone had a protective effect of the same magnitude (OR 0.18, 95% 
CI 0.02–1.; Table 11) and that aprotinin treatment neutralized the effect of 
clopidogrel (for patients receiving both drugs, OR 1.1, 95% CI 0.4–2.9; 
Table 11). This finding is in good agreement with a multiplicative effect of 
the two drugs. 
 

Table 11. Interaction effect between clopidogrel and aprotinin use in the case-
control cohort (n = 228). 

 

 Cases 
n (%) 
76 (100) 

Control 
n (%) 
152 (100) 

Multivariate 
OR [95% CI] 

No clopidogrel no 
aprotinin 

45 (59) 115 (76) 1.0 ref 

Aprotinin only 1 (1.3) 11 (7.2) 0.18 [0.02–1.5] 
Clopidogrel only 22 (29) 12 (7.9) 4.5 [2–10] 
Clopidogrel and 
aprotinin 

8 (11) 14 (9.2) 1.1 [0.4–2.9] 

n = number; OR = odds ratio; CI = confidence interval; the model is ad-

justed for LMWH, desmopressin, and tranexamic acid. 
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Influence of antiplatelet and antifibrinolytic treatment on re-
exploration (Paper III) 

Based on exposures and ORs from the multivariate logistic model (Table 
11), the estimated number of re-explorations was calculated (see formula in 
Statistical analysis). If no patients were treated with clopidogrel and the use 
of aprotinin was unchanged, the estimated number of re-explorations would 
have been 54 instead of the 76 observed, representing a decrease of 29%. If 
no patients had been treated with aprotinin and the use of clopidogrel had 
been unchanged, the number of re-explorations would have been 99 instead 
of the 76 observed, representing an increase of 30%. If no patients had been 
treated with clopidogrel or aprotinin, the number of re-explorations would 
have been 62 instead of the 76 observed, representing a decrease of 18%. 

Comment 

In conclusion, this study confirms that a model of significant non-
pharmacological risk factors was of limited use to identify potential bleeders. 
It also demonstrates that pre-operative clopidogrel treatment substantially 
increases the incidence of re-exploration due to bleeding. However, with 
aprotinin treatment the risk can be manageable. The magnitude of the effect 
of clopidogrel found in this study agrees with the results from previous stud-
ies30,31,35,128-130. Exposure to clopidogrel within five days was the strongest 
predictor for re-exploration, with an OR of 4.6 (95% CI 1.4–14.6)33. In an-
other study with exposure within seven days, the OR was 4.9 (95% CI 2.6–
9.0)36, and in off-pump CABG patients the OR was 5.1 (95% CI 2.5–10.5)34. 
Additionally, in a meta-analysis the re-exploration rate was increased, with 
an OR of 6 (95% CI 3.4–13.6)32. However, a few studies report no increase 
in the risk of re-exploration for patients pre-operatively treated with clopido-
grel131,132.  

Aprotinin is the most potent antifibrinolytic drug and is often used during 
cardiac surgery, as it reduces blood loss and preserves platelet functions74,75. 
Moreover, in a prospective, randomized, controlled study, aprotinin reduced 
post-operative bleeding in patients treated with clopidogrel76. In another 
prospective, randomized, double-blind study, patients with acute coronary 
syndrome undergoing urgent CABG were randomized to either (1) remain 
on aspirin and clopidogrel until surgery and receive intra-operative aprotinin 
(treatment group), or (2) were given no antiplatelet drugs for five days be-
fore surgery and no intra-operative aprotinin (placebo group)77. Patients in 
the placebo group had significantly greater post-operative blood loss and 
required more blood transfusions. However, aprotinin was withdrawn from 
the market in November 2007 because, according to the BART study, it is 
potentially associated with higher mortality39. It has been suggested that this 
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will result in an increased frequency of re-exploration due to bleeding as 
well as increased use of blood products78,79. 

Cost analysis of re-exploration due to bleeding (Paper IV) 

Clinical outcome (Paper IV) 

There were no differences in pre- or post-operative laboratory values be-
tween the cases and the controls groups, except for slightly lower post-
operative haemoglobin levels among the cases (Tables 2 and 12). Nor were 
there any differences in operation time, extra-corporeal circulation time, 
aortic cross-clamp time, or peri-operative antifibrinolytic treatment require-
ments between the groups (Table 12). Patients requiring surgery for bleeding 
were more likely to have been undergoing urgent CABG surgery (Table 2) 
and were significantly more likely to have received clopidogrel (Table 2). 
Thirty-one percent of the patients re-explored for bleeding (39/127) were 
exposed to pre-operative clopidogrel within five days of CABG surgery, 
compared to 18% of the control group (47/254). Besides clopidogrel, there 
were no significant differences in pre-operative anticoagulation treatment. 

Table 12. Primary CABG surgery characteristics in the case-control groups. 

 Cases 

n = 127 

Controls 

n = 254 

P value 

Operation time, min, 
mean ± SD 

192 ± 49 188 ± 46 0.65 

Anaesthesia time, min, 
mean ± SD 

309 ± 78 298 ± 58 0.46 
 

ECC, min, mean ± SD 82 ± 26 81 ± 23 0.73 
Aortic clamp time, min, 
mean ± SD 

47 ± 15 48 ± 15 0.58 

Cooling, °C, mean ± SD 34.0 ± 1.2 34.1 ± 1.1 0.22 
Number of peripheral 
anastomoses, mean ± SD 

3.5 ± 1 3.5 ± 0.9 0.9 

LIMA, n (%) 121 (95%) 237 (93%) 0.45 
Tranexamic acid, n (%) 71 (57%) 147 (58%) 0.90 
Aprotinin, n (%) 18 (14%) 25 (10%) 0.24 
Haemoglobin, postop 
day 3–4, g/L 

101 ± 11 104 ± 13 0.02 

Creatinine, max postop, 
mol/L  

121 ± 116 100 ± 52 0.25 

CK-MB, g/L 21 ± 27 19 ± 20 0.18 

ECC = extra-corporeal circulation; LIMA = left internal mammary artery; 

Postop = post-operative; Max postop = Maximal postoperative value; CK-

MB = creatine kinase – muscle and brain 
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Resource utilization (Paper IV) 

After CABG surgery, the re-explored patients received more blood transfu-
sions than the controls (Table 13). Despite this, post-operative haemoglobin 
levels were slightly lower in the re-explored patients. These patients were 
also more likely to receive tranexamic acid, desmopressin, and fibrinogen 
post-operatively (Table 13). Patients re-explored for bleeding required 
longer mechanical ventilation (mean 1247 ± 1535 min vs. 494 ± 2061 min, p 
< 0.01), and a longer stay in the ICU (Table 13). The incidence of post-
operative myocardial infarction was higher in patients re-explored for bleed-
ing, and they received post-operative antibiotic treatment more often. How-
ever, there were no differences in the incidence of sternal wound infections. 
There was a trend towards increased mortality ( 30 days after CABG sur-
gery) among the re-explored patients (Table 13). 

Table 13. Resource utilisation per patient from the completion of primary CABG 
surgery until discharge. 

 Cases 
 n = 127 
(Mean ± SD) 

Controls  
n = 254 
(Mean ± SD) 

P value 

Post-operative care    

Intensive care, days 2.2 ± 2.5 1.5 ± 3.2 <0.01 
Intermediate care, days 0.8 ± 1.1 1.2 ± 1.1 <0.01 
General ward care, days 10.5 ± 10.9 8.0 ± 5.7 0.16 

Re-operations (all-cause)    

Number 1.2 ± 0.6 0 ± 0.6 <0.01 
Duration, minutes 87 ± 56 5 ± 39 <0.01 
Post-operative transfusions    
Red blood cells, U 6.5 ± 3.6 1.0 ± 1.5 <0.01 
Plasma, U 4.8 ± 3.6 0.3 ± 0.9 <0.01 
Platelets, U 1.3 ± 1.3 0.1 ± 0.4 <0.01 

Post-operative haemostatic drugs    

Tranexamic acid, n (%) 67 (53%) 21 (8%) <0.01 
Desmopressin, n (%) 64 (50%) 23 (9%) <0.01 
Fibrinogen, n (%) 4 (3%) 0 (0%) 0.02 
rFVIIa, n (%) 3 (2.4%) 0 (0%) 0.07 

Post-operative medical outcomes    

Myocardial infarction, n (%) 9 (7.2%) 6 (2.4%) 0.05 
Stroke, n (%) 5 (3.9%) 5 (2%) 0.43 
Haemodialysis, n (%) 1 (0.8%) 2 (0.8%) 1.0 
Intra-aortic balloon pump, n (%) 4 (3.1%) 3 (1.2%) 0.31 
Post-operative antibiotic treatment, n (%) 21 (16.9%) 23 (9.1%) 0.05 
Sternal wound infection, n (%) 5 (3.9%) 8 (3.1%) 0.92 
Mortality, n (%) 4 (3.1%) 1 (0.4%) 0.08 

U = units, n = number of patients  
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The total cost of resource utilisation is shown in Table 14. The mean in-
crease in cost for a patient requiring re-exploration for bleeding over the cost 
for controls not requiring re-exploration was 6292. Of the increase in costs, 
48% was due to the prolonged stay in the ICU and the ward (mean increase 
in hospital stay of 2.8 days), 31% was due to the cost of surgery and general 
anaesthesia, 20% was due to the increased number of transfusions, and 1.6% 
was due to treatment with haemostatic drugs. 

Table 14. Costs of resource utilization in the case-control group. 

Costs of treatment  
 

Cases n = 127 
Euros  

Controls n = 254 
Euros  

P-value 

Intensive care   unit  
  Mean ± SD 
  Range 

 
 
7096 ± 7966 
3207–57,730 

 
 
4861 ± 10,320 
0–115,460 

<0.01 

Intermediate care unit 
  Mean ± SD 
  Range 

 
 
1961 ± 2691 
0–14,231 

 
 
2372 ± 26803 
0–18,976 

<0.01 

Ward care 
  Mean ± SD 
  Range 

 
7030 ± 7245 
0–52043 

 
5330 ± 3773 
0–40,700 

0.16 

Total care unit cost 
  Mean ± SD 
  Range 

 
16,087 ± 13,060 
5209–95,168 

 
13,086 ± 12,785 
5708–149,488 

0.01 

Re-exploration, all 
  Mean ± SD 
  Range 

 
2041 ± 1319 
565–11,505 

 
104 ± 826 
0–11,740 

<0.01 

Blood transfusion, total 
  Mean ± SD 
  Range 

 
 
1418 ± 874 
108–4942 

 
 
157 ± 251 
0–1235 

<0.01 

Red blood cells 
  Mean ± SD 
  Range 

 
713 ± 390 
108–203 

 
110 ± 164 
0–975 

<0.01 

Plasma 
  Mean ± SD 
  Range 

 
238 ± 180 
0–993 

 
16 ± 46 
0–447 

<0.01 

Platelets 
  Mean ± SD 
  Range 

 
467 ± 466 
0–2107 

 
30 ± 129 
0–702 

<0.01 

Haemostatic drugs 
  Mean ± SD 
  Range 

 
103 ± 496 
0–3,386 

 
3 ± 10 
0–69 

<0.01 

Total cost 
  Mean ± SD 
  Range 

 
19,642 ± 14,030 
7677–98,873 

 
13,350 ± 13,215 
5708–149,705 

<0.01 
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Comment 

In this study, the increase in post-operative costs for a patient undergoing re-
exploration surgery for bleeding was 6292. This is a 47% increase in cost 
compared to an uncomplicated, first-time, isolated CABG operation in Swe-
den. The prolonged stay in the ICU and the recovery ward accounted for half 
of the added cost, a third was due to the costs of surgery, a fifth was due to 
the increased costs of transfusions, and less than 2% was due to haemostatic 
drug treatment.  

As there are differences in costs between different health care systems, di-
rect comparison of the observed costs between studies can be misleading133. 
This study was performed in three not-for-profit hospitals, and government 
tax funding covered all the costs. As these hospitals serve all patients under-
going cardiac surgery in their respective region, there is no referral selection 
bias. According to Herwaldt et al., the attributable cost for haemorrhage in 
the USA was 3866 USD overall, 9912 USD ( 7136) for patients requiring 
re-exploration and 3316 USD for those treated medically134. The median 
attributable post-operative length of stay was one day. In the US Medicare 
programme, which involves 114,233 patients, the incremental cost of any re-
exploration was 15,353 USD ( 11,208), resulting in an incremental length 
of stay of 3.1 days135. However, in a recent study from Germany by Chris-
tensen et al., the incremental cost of excessive post-operative bleeding in 
cardiac surgery was 625119. 

Speir et al.136 measured the additional costs of post-operative complica-
tions for 14,780 patients undergoing CABG surgery in the USA. In their 
study, re-exploration for bleeding increased the costs by 76% compared with 
the baseline cost, i.e. the cost for patients without post-operative complica-
tions. In our study, the mean cost for a patient re-explored for bleeding was 
47% higher than the average cost of uncomplicated, first-time, isolated 
CABG operations in Sweden without re-exploration. We excluded patients 
in pre-operative cardiogenic shock, those receiving emergency operations, 
those receiving pre-operative treatment with inotropic drugs, those with ex-
tracorporeal circulation for >160 minutes, those requiring pre-operative di-
alysis, and those requiring second or subsequent surgery. The exclusion cri-
teria were chosen to select cases where increased costs could be assumed to 
be caused by the bleeding requiring re-operation per se, rather than as a con-
sequence of a generally complicated intra- or post-operative course. Accord-
ingly, excess costs in more complicated situations were not analysed. In-
creases in the incidence of complications such as stroke, infections and renal 
failure secondary to bleeding and blood transfusion were expected but were 
not obvious in our study. The number of patients in our case-control study 
may have been too small to detect any differences, and the exclusion criteria 
may also have contributed. Thus, the calculated cost of re-exploration in this 



 58

study may have been underestimated. Also, costs after discharge from the 
referring hospital were not included. 

Cost model of prophylactic treatment (Paper IV) 

The theoretical cost of prophylactic treatment, and the cut-off point where 
this cost would be neutralized by a reduction in the incidence and therefore 
cost of re-explorations, is plotted as a function of the expected rate of re-
exploration without prophylaxis in Figure 9. The possible impact of pre-
operative clopidogrel treatment on the cost of re-exploration is shown in the 
figure. The incidence of re-exploration was 5.1% for patients treated with 
clopidogrel and 2.5% for patients not treated with clopidogrel.  
 

Figure 9. Cost of prophylactic haemostatic treatment, per patient, where the cost is 
exactly balanced by a reduction in costs for bleeding-related re-explorations at 25, 
50, 75 and 100% efficacy of the prophylactic drug. Dotted lines provide examples 
for patients with and without pre-CABG exposure to clopidogrel (re-exploration 
frequency 5.1% for clopidogrel-treated patients and 2.5% for patients not receiving 
clopidogrel), assuming 100% efficacy of the prophylaxis.  

 
 
The cost of a single 40 g/kg dose of rFVIIa for a person of 70 kg was 

1697. Figure 10 shows the net cost of treating a patient with 40 g/kg 
rFVIIa, depending on the expected risk of re-operation without this prophy-
lactic treatment and the estimated efficacy of the drug (using the formula in 
the Methods section). For example, if there was a 50% expected risk of re-
exploration without prophylaxis and if rFVIIa was effective in 50% of pa-
tients, the net cost of prophylaxis would be zero. Thus, to be cost neutral, 
treatment of four patients with prophylactic haemostatic drugs would need to 
result in one avoided re-exploration. The net costs of prophylactic treatment 
per patient in a given population will increase as the estimated risk of re-
exploration without prophylaxis decreases.   
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Figure 10. Net cost per patient for prophylaxis with rFVIIa resulting in prevention 
of re-exploration, depending on the expected frequency of re-exploration without 
prophylactic treatment in that population and for various efficacies of prophylactic 
treatment (25, 50, 75 and 100% efficacy). Calculations were made for a 70 kg 
person receiving 40 g/kg rFVIIa. .Example: If there is a 50% expected risk for re-
exploration without treatment and the efficacy of rFVIIa is calculated to be 50%, the 
net cost for giving this treatment is zero.  

 

Comment 

There is an association between pre-operative treatment with antiplatelet 
drugs and the incidence of re-exploration33,36,34. Intra-operative treatment 
with the serine protease inhibitor aprotinin reduces pre- and post-operative 
blood loss76. However, as this drug has been withdrawn from the market, 
alternative treatment with tranexamic acid, platelet transfusion, or even 
rFVIIa in difficult cases may be necessary to treat diffuse bleeding diathesis 
in this category of patients. An intervention to prevent bleeding would be 
cost-effective if the increase in cost is equal to the value of the clinical bene-
fit obtained. The intervention would be cost saving if the hospital’s cost sav-
ing exceeds the cost of the intervention, or would be cost enhancing if the 
intervention increases the hospital’s costs. Haemostatic drugs may be un-
derutilized in association with cardiac surgery because of budget concerns. 
In a recent study, rFVIIa given after CABG surgery was associated with a 
50% reduction in the relative risk of re-exploration91 when compared to pla-
cebo. Thus, when the cost of re-exploration calculated in our study is ap-
plied, prophylactic treatment of four patients with 40 g/kg rFVIIa would 
need to result in one avoided re-exploration to be cost neutral. The net cost 
of prophylaxis should be balanced against the expected benefit for the pa-
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tient. The number of transfusions is reduced by rFVIIa, and multiple blood 
transfusions are reported to decrease both short- and long-term survival and 
to increase morbidity137-139. On the other hand, there are some concerns about 
possible thromboembolic complications with rFVIIa prophylaxis92, and the 
reported efficiency varies among earlier retrospective studies. 
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General discussion 

There are three major findings of this thesis. The first one is that none of the 
platelet function assays tested to pre-operatively assess clopidogrel-induced 
ADP-receptor blockade convincingly correlated with blood loss or transfu-
sion requirements during coronary artery bypass surgery. The present studies 
investigated the effect of clopidogrel in combination with aspirin in patients 
with coronary artery disease. In patients undergoing CABG surgery two 
point-of-care instruments, VerifyNow and PlateletMapping, were compared 
with two methods requiring special laboratory facilities, flow cytometry and 
the P2Y12-specific VASP assay. We found only a modest agreement between 
three of the methods evaluating ADP-receptor blockade, namely Veri-
fyNowP2Y12, VASP-assay and the expression of P-selectin as measured by 
flow cytometry. With one method, the point-of-care instrument Veri-
fyNowP2Y12, we did find a moderate correlation between pre-operatively 
measured platelet inhibition and surgical blood loss and requirement of 
blood transfusions. However, this correlation might be confounded by 
aprotinin. The predictive value of these tests in identifying patients with 
increased risk for bleeding during heart surgery appears limited. This study 
outrules a strong correlation between the measured platelet inhibition and 
either total blood loss or transfusion requirements. Thus, for the individual 
patient, pre-operative use of VerifyNowP2Y12 as an instrument to predict 
perioperative bleeding and transfusion requirements does not seem to be 
helpful. 

The second major finding from this thesis is that clopidogrel is an essen-
tial risk factor for re-exploration. Aside from pre-operative clopidogrel treat-
ment there were no strong clinical risk factors for re-exploration due to 
bleeding. Still, the question whether clopidogrel can be terminated safely 
before CABG in unstable patients remains. The risk reduction associated 
with pre-operative clopidogrel termination for the purpose of avoiding bleed-
ing must be balanced against the ability of the drug to prevent ischemic 
events. The absolute risk for a patient to be re-explored due to bleeding after 
CABG is still low. There are conflicting results in the literature regarding the 
risk of withdrawing clopidogrel. Patients who received clopidogrel pre-
operatively had a significantly reduced rate of composite ischemia and myo-
cardial infarction at 30 days, and pre-operative clopidogrel treatment was an 
independent predictor of reduced 30-day composite ischemia55. In addition, 
the benefits for patients with non-ST-elevation acute coronary syndrome 
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starting with clopidogrel on admission appear to outweigh the risks, even 
among those who proceed to CABG during the initial hospitalization3,45. 
High-risk patients obtained the greatest benefit, although the benefit was also 
significant in low- and intermediate-risk patients56. 

The third major finding is that re-exploration for bleeding after isolated 
CABG surgery increased hospital costs by 47%, mainly because of the pro-
longed stay in hospital and the cost of surgical revision; the cost of haemo-
static drugs contributed little to the total. Our cost analysis suggests that 
clinical interventions to prevent haemorrhage might be underutilised.  

Future perspective 

In a near future more potent P2Y12 receptor inhibitors67 with greater platelet 
inhibition140 will be available that are superior to clopidogrel in acute coro-
nary syndrome. The irreversibly acting thienopyridine prasugrel was com-
pared with clopidogrel in the TRITON study141, and had a four-fold higher 
rate of major bleeding among patients undergoing CABG. The recommenda-
tion according to guidelines is to discontinue prasugrel at least 7 days before 
planned CABG58. In the PLATO trial142 the reversible binding P2Y12 recep-
tor antagonist ticagrelor was recommended to be withheld for 24–72 h pre-
operatively and was not associated with differences in CABG related major 
bleeding143. It needs to be further investigated whether the pre-operativly 
measured ADP-receptor blockade of these drugs is more strongly associated 
with bleeding and transfusion requirements or not. 

Still it remains unknown whether the use of any platelet function test in 
clinical practice is able to improve patient outcomes. 
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Limitations 

Limitation of study I was the small number of patients, and that the platelet 
inhibition was measured only after a 300 mg bolus dose clopidogrel (the 
recommended loading dose by the time for the study). 

Limitations of study II were the lack of a control group and non-
randomized design, small number of patients, male dominance, wide range 
of blood loss, different clinical reasons for loss of blood and, more import-
antly, aprotinin treatment in a subgroup of patients. 

The main limitation of study III is its retrospective design with a disease-
risk-score matched control group. Another limitation is that the exposure to 
aprotinin and clopidogrel might be confounded by indication, and therefore 
by other factors not measured in this study that were present before or during 
surgery, such that surgeons with more bleeding problems prefer aprotinin, 
and patients with a history of bleeding problems do not receive clopidogrel. 
These limitations could only be resolved in a randomized, controlled study. 

Limitation of study IV is that direct comparison of the observed costs can 
be misleading, as there are differences in costs between different health care 
systems. Another limitation was that we excluded patients in pre-operative 
cardiogenic shock, emergency operations, pre-operative treatment with ino-
tropic drugs, extracorporeal circulation >160 minutes, pre-operative dialysis, 
and redo-surgery. Accordingly, excess of costs in more complicated patients 
were not analysed. An increase in the incidence of complications such as 
stroke, infections and renal failure secondary to bleeding and blood transfu-
sion would be expected, although this was not obvious in our study. The 
number of patients in our case-control study may have been too small to 
detect such differences, and the exclusion criteria might also have contri-
buted. Thus, the calculated cost of re-exploration in this study may be under-
estimated. 
 
 



 64

Conclusions 

• After a bolus dose of clopidogrel in patients on long-term aspirin treat-
ment, there was a significant platelet inhibition as measured with flow 
cytometry and PlateletMapping assay but not with PFA-100. 

 
• In patients with dual anti-platelet treatment scheduled for coronary 

artery bypass graft surgery, there was a modest agreement between three 
of the four methods of evaluating ADP-receptor blockade: Veri-
fyNowP2Y12, VASP-assay, and the expression of P-selectin as measured 
with flow cytometry. However, the results for PlateletMapping MAADP 

were not correlated with the other function tests.  
 
• There was a correlation between pre-operative platelet inhibition, as 

measured by VerifyNowP2Y12 and surgical blood loss or transfusion re-
quirements. However, for the individual patient, pre-operative use of 
VerifyNowP2Y12 as an instrument to decide bleeding and transfusion 
risk does not seem to be helpful. 

 
• Pre-operative treatment with P2Y12 receptor inhibitors such as clopiod-

grel in combination with aspirin was an essential risk factor for re-
exploration due to bleeding.  

 
• The value of  clinical risk factors to predict the risk of re-

exploration due to bleeding was limited. 
 

• The increase in post-operative costs for a patient undergoing re-
exploration surgery for bleeding was 6292. This is a 47% increase in 
cost compared to an uncomplicated, first-time, isolated CABG operation 
in Sweden. The prolonged stay in the ICU and the recovery ward ac-
counted for half of the added cost, a third was due to the costs of sur-
gery, less than a fifth was due to the increased costs of transfusions, and 
less than 2% was due to haemostatic drug treatment. 

 
 

 

 



 65 

Sammanfattning på svenska 

För patienter med aterosklerotiska förträngningar (”åderförkalkning”) i flera 
kranskärl har kranskärlskirurgi visats öka överlevnaden och förbättra 
livskvaliteten. Kirurgi innebär dock alltid en risk för blödning. Blödning i 
samband med och efter hjärtkirurgi är en allvarlig komplikation som är asso-
cierad med ökad risk för reoperation, ökat transfusionsbehov, förlängt behov 
av respiratorvård och intensivvård, njursvikt, infektioner och mortalitet. 
Detta innebär ökat lidande för patienten och ökad resursförbrukning för 
sjukvården. 

Trombocyter (blodplättar) är en förutsättning för normal blodstillning, 
eftersom de initierar bildandet av ett blodkoagel. Hos patienter med aterosk-
leros i kranskärlen har emellertid trombocyterna den negativa effekten att de 
fäster på lösa plack eller skador i kärlväggen och därigenom initierar den 
process som kan leda till utvecklandet av en blodpropp som förtränger eller 
stänger av blodflödet i kranskärlen. För patienter med akut koronärt syn-
drom, ett tillstånd med syrebrist hos hjärtmuskeln, har kombinationsbehan-
dling med de två trombocythämmande läkemedlen klopidogrel och acetyl-
salisylsyra visat sig öka överlevnaden samt minska risken för hjärtinfarkt 
och stroke. 

Kombinationsbehandling med trombocythämmande läkemedel används 
idag i ökande omfattning för patienter som skall genomgå kranskärlskirurgi. 
En nackdel med dessa läkemedel är att de ökar risken för blödning. Enligt 
internationella riktlinjer bör därför klopidogrel sättas ut 5–7 dagar före ki-
rurgi. Denna rekommendation följs dock inte alltid, eftersom avslutande av 
behandling kan leda till ökad risk för hjärtinfarkt i väntan på operation. 
Uppskjutande av operation innebär också förlängd preoperativ vårdtid för 
patienterna och ökad konsumtion av sjukvårdens resurser. 

Den kliniska blödningsbenägenheten hos patienter med trombocythäm-
mande läkemedel varierar mycket. En del har ingen ökad blödningsbenägen-
het, medan andra blöder mycket. Klopidogrel verkar genom att hämma 
P2Y12-receptorn på trombocyternas yta. Hos en betydande andel av de pa-
tienter som får klopidogrel har läkemedlet emellertid liten eller ingen effekt. 
Ett stort problem är dock att det saknas lätt tillgängliga metoder för att mäta 
den enskilde patientens trombocytfunktion. Under de senaste åren har det 
utvecklats ett flertal nya metoder för att mäta trombocytfunktionen och även 
för att specifikt mäta hämningen av P2Y12-receptorn. Dessa metoder har 
framför allt använts för patienter som genomgått ballongvidgning med in-
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läggande av metallnät i kranskärlen, för att identifiera de patienter som 
påverkas otillräckligt av trombocythämmande läkemedel och som därmed 
har en ökad risk för blodpropp i metallnäten. Det saknas dock kunskap om 
sambandet mellan trombocythämning uppmätt före kirurgi och 
blödningsbenägenhet i samband med kirurgi. Om patienter med ökad 
blödningsrisk skulle kunna identifieras före operation, skulle tiden för ki-
rurgi kunna optimeras, och åtgärder för att minska risken för blödning i sam-
band med kirurgi skulle kunna sättas in för sådana riskpatienter. 

Syftet med de två första studierna var att hos patienter behandlade med 
klopidogrel och acetylsalicylsyra jämföra den uppmätta trombocytfunk-
tionen mellan olika metoder, samt att avgöra om det förelåg ett samband 
mellan ökad trombocythämning före operationen och en ökad 
blödningsbenägenhet i samband med kranskärlskirurgi. 

Syftet med den tredje studien var att analysera riskfaktorer för att bli re-
opererad på grund av blödning efter kranskärlskirurgi.  

Syftet med den fjärde studien var att göra en kostnadsanalys av reopera-
tion för blödning efter kranskärlskirurgi. 

I studie I mättes trombocythämningen före och efter behandling med 
klopidogrel hos patienter som medicinerades med acetylsalicylsyra och som 
skulle genomgå kranskärlsröntgen. Tre olika metoder användes: (1) 
flödescytometri, (2) PlateletMapping, som är en modifierad trombelastografi 
(TEG), och (3) PFA-100. Den första metoden utförs på koagulationslabora-
torium, medan de två andra är patientnära metoder. Efter behandling med 
klopidogrel och stimulering med ADP registrerades med hjälp av både 
flödescytometri och PlateletMapping en signifikant minskning av antalet 
aktiverade trombocyter. Någon signifikant hämning kunde däremot inte 
mätas med PFA-100. 

I studie II undersöktes patienter som medicinerades före kranskärlski-
rurgi med kombinationsbehandling med klopidogrel och acetylsalicylsyra. 
Syftet med studien var dels att mäta graden av trombocythämning före ki-
rurgi och sambandet mellan den uppmätta hämningen med olika metoder, 
och dels hur hämningen korrelerade med blodförlust och transfusionsbehov. 
De fyra metoder som jämfördes var: (1) flödescytometri, (2) VASP, som är 
en specifik metod för att mäta aktiveringen av P2Y12-receptorn, (3) Plate-
letMapping, samt (4) VerifyNowP2Y12 och VerifyNowAspirin. Det förelåg 
en måttlig korrelation mellan tre av de fyra metoder som mätte den trombo-
cythämmande effekten av klopidogrel, nämligen flödescytometri, VASP 
samt VerifyNowP2Y12, men ingen för PlateletMapping. När det gällde blod-
förlust och transfusionsbehov fanns endast en korrelation med Veri-
fyNowP2Y12 men inte med de andra metoderna. Enligt våra resultat har dock 
VerifyNowP2Y12 begränsade möjligheter att preoperativt urskilja enskilda 
patienter med ökad blödningsrisk.  

I studie III utfördes tre analyser på patienter som genomgick primär 
kranskärlskirurgi under perioden 2001–2007. (1) Logistisk regression an-
vändes för att identifiera kliniska riskfaktorer för reoperation på grund av 
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blödning. (2) För att erhålla detaljerad information från patientjournaler om 
exponering av läkemedel, blodförlust och blodtransfusioner jämfördes alla 
patienter som reopererats på grund av blödning med två kontroller i en fall-
kontrollstudie. (3) Baserat på läkemedelsexponeringen i den föregående fall-
kontrollstudien beräknades andelen reoperationer som kunde hänföras till 
behandlingen. Enligt våra resultat har kliniska riskfaktorer begränsat värde 
för att identifiera patienter med en ökad risk för reoperation på grund av 
blödning. Däremot visade fall-kontrollstudien att behandling med klopi-
dogrel innebar en väsentlig riskfaktor för att bli reopererad efter kranskärl-
skirurgi, och beräknas ha bidragit till en fjärdedel av reoperationerna. Den 
absoluta risken för att bli reopererad efter kranskärlskirurgi är emellertid låg, 
och för den enskilde patienten måste risken för hjärtinfarkt före kirurgi vägas 
mot risken för blödning i samband med kirurgi. 

I studie IV utfördes en kostnadsanalys av reoperation på grund av 
blödning efter kranskärlskirurgi hos patienter som genomgått primär, isol-
erad kranskärlskirurgi vid Linköpings, Uppsalas och Örebros universitetss-
jukhus under perioden 2005–2008. Kostnadsanalysen baserades på resursut-
nyttjandet från avslutandet av kranskärlsoperationen till utskrivningen från 
hemortssjukhuset. Reoperation på grund av blödning ökade kostnaden med i 
genomsnitt 47 % jämfört med kostnaden för okomplicerad kranskärlsopera-
tion. Hälften av kostnaden berodde på förlängd intensivvård, en tredjedel på 
grund av kirurgisk revision, mindre än en femtedel på grund av blodtransfu-
sioner, och mindre än 2 % var orsakade av hemostatisk läkemedelsbehan-
dling. 
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