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IntroduCtIon 

Coronary	 artery	 bypass	 graft	 (CABG)	 surgery	 on	 a	 beating	 heart	 was	 introduced	 with	 suture	

techniques	and	local	stabilization	by	Kolessov	in	1967.1	However,	the	outcomes	of	this	type	of	

surgery	were	generally	unpredictable,	preventing	general	acceptance	and	widespread	use.	The	

use	of	cardiopulmonary	bypass	(CPB)	and	cardioplegic	arrest	(on-pump	CABG),	with	its	ability	to	

provide	a	quiet	bloodless	field	for	the	construction	of	precise	and	delicate	surgical	anastomoses,	

offered	compelling	advantages	compared	with	the	off-pump	approach	and	rapidly	became	more	

widely	 accepted.2	 In	 the	 following	 decades,	 there	 was	 a	 tremendous	 increase	 in	 the	 number	

of	 on-pump	 bypass	 procedures,	 reaching	 the	 clinical	 status	 of	 “gold	 standard”	 for	 coronary	

revascularization.	

Nevertheless,	 despite	 extensive	 research	 in	 this	 area,	 on-pump	 (or	 so-called	 conventional)	

CABG,	remained	associated	with	significant	morbidity.3-7	Negative	sequelae	of	the	use	of	CPB,	

including	activation	of	a	hemostatic	and	inflammatory	response,	nonpulsatile	flow	and	possible	

embolization	 of	 air	 or	 debris	 could	 contribute	 to	 CPB-related	 organ	 dysfunction.3,8,9	 This	 has	

led	to	a	renewed	interest	in	bypass	surgery	on	the	beating	heart.	The	invention	of	cardiac	wall	

stabilizers	 such	 as	 the	 Octopus	 Stabilizer	 made	 it	 possible	 to	 immobilize	 and	 present	 all	 the	

sides	of	the	beating	heart,	thus	facilitating	bypass	surgery	without	the	use	of	CPB	(off-pump	

CABG).10

During	the	past	decade,	several	randomized	controlled	trials	have	demonstrated	benefits	of	off-

pump	CABG,	including	lower	morbidity	rates,	reduced	length	of	hospital	stay,	and	lower	costs.11-

14	Whether	this	reduction	in	morbidity	is	the	result	of	less	pronounced	activation	of	hemostatic	

and	inflammatory	mechanisms	in	off-pump	CABG	needs	to	be	determined.	

The	 Octopus	 Study	 is	 a	 multi-center	 trial	 comparing	 cognitive	 outcome	 between	 patients	

randomized	to	off-pump	or	on-pump	CABG.11,12,15	Blood	samples	of	the	participants	of	this	trial	

were	used	for	this	thesis.

The	 major	 goal	 of	 this	 study	 was	 to	 quantify	 activation	 of	 hemostasis	 and	 C-reactive	 protein	

(CRP),	as	a	marker	of	inflammation	in	patients	undergoing	CABG	with	or	without	CPB	and	their	

relation	to	clinical	outcome.

Chapter	2	gives	a	short	overview	of	normal	hemostasis	and	pathophysiological	effects	of	CPB	

on	the	coagulation	system.	In	addition,	strategies	to	attenuate	hemostatic	activation	during	

CPB	and	activation	of	hemostasis	in	off-pump	cardiac	surgery	are	also	discussed.	In	chapter	3	of	

this	thesis,	postoperative	activation	of	hemostasis	after	the	two	types	of	surgery	is	compared.	

Clinical	 significance	 of	 a	 hypercoagulable	 state	 after	 off-pump	 surgery	 is	 assessed	 in	 chapter	

4,	 where	 associations	 with	 postoperative	 cognitive	 decline	 are	 presented.	 Activity	 of	 von	

Willebrand	 Factor	 is	 compared	 directly	 after	 both	 types	 of	 surgery	 to	 determine	 the	 effects	

of	 CPB	 and	 the	 surgical	 trauma	 in	 chapter	 5.	 High	 shear	 forces	 in	 the	 CPB	 system	 may	 play	 a	
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role	 in	enhanced	von	Willebrand	Factor	proteolysis,	making	 this	multimeric	glycoprotein	 less	

effective	in	maintaining	primary	hemostasis.16	A	majority	of	the	patients	undergoing	off-pump	

surgery	received	thoracic	epidural	analgesia.	Activation	of	hemostasis	may	be	affected	by	this	

as	some	local	anesthetics,	in	concentrations	present	in	blood	during	epidural	infusion,	inhibit	

thrombus	formation	in	the	postoperative	period.	Chapter	6	outlines	the	possible	effects	of	local	

anesthetics	on	thromboxane-induced	platelet	aggregation.	In	on-pump	CABG	patients,	it	has	

been	 demonstrated	 before	 that	 postoperative	 CRP	 levels	 are	 associated	 with	 postoperative	

arrhythmias	and	these	are	related	to	baseline	CRP	levels.17	In	the	present	thesis,	associations	

between	baseline	CRP	levels	and	stoperative	atrial	fibrillation	after	both	on-	and	off-pump	CABG	

are	studied	and	presented	in	chapter	7.

Finally,	chapter	8	discusses	the	 implications	of	our	findings	 in	a	wider	context,	 together	with	

suggestions	for	future	research.

13General	introduction
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IntroduCtIon

Normal	hemostasis

Hemostasis,	the	arrest	of	bleeding	at	the	site	of	vascular	injury,	is	one	of	the	most	important	

host	 defense	 mechanisms.	 It	 preserves	 the	 integrity	 of	 the	 closed,	 high-pressure	 circulatory	

system	by	limiting	blood	loss	after	tissue	trauma.	Under	normal	circumstances	there	 is	a	fine	

balance	between	the	endogenous	anticoagulants	and	procoagulants.	Endogenous	anticoagulant	

activity	 slightly	 overcomes	 the	 procoagulant	 activity	 which	 is	 necessary	 for	 the	 continuous	

intravascular	 flow.	 The	 smooth	 surface	 of	 the	 endothelium	 contributes	 to	 the	 endogenous	

activation	of	the	coagulation	system.	When	this	surface	is	damaged,	occlusion	of	the	affected	

vessel	will	follow.	Any	injury	to	the	vessel	walls	such	as	those	during	surgery	leads	to	platelet	

plug	 formation	 (platelet	 adhesion	 and	 aggregation)	 and	 fibrin	 formation	 (by	 activating	 the	

coagulation	cascade).

D

Secretion of multimers
from Weibel-Palade body

VWF multimers
(VWF Ag)

ADAMTS-13

Blood flow

Endothelium

Subendothelium

VWF-propeptide

VWF A2

C

A

E

B

Platelet GP1b

VWF activity
Ristocetin cofactor assay
Collagen binding assay

Figure 1.	Von	Willebrand	Factor	(VWF)	is	released	from	endothelial	cells	as	unusually	large	multimers	together	with	

its	propeptide.	These	multimers	dif fuse	into	the	circulation	(A	or	B)	or	adhere	to	endothelial	cell	surface	(C).	VWF	

also	 binds	 to	 connective	 tissue	 exposed	 at	 sites	 of	 vascular	 injury.	 Under	 conditions	 of	 high	 fluid	 shear	 stress,	

platelet	can	adhere	to	VWF	in	solution	(B)	or	on	surfaces	(C	and	D)	through	the	glycoprotein	1b	(GP1b)	receptor.	VWF	

may	also	recruit	platelets	to	previously	adhering	platelets	(E).	ADAMTS-13	cleaves	VWF	in	the	A2	domain,	a	reaction	

which	is	slow	in	solution	(A)	but	occurs	rapidly	under	high	fluid	shear	stress	conditions	or	on	surfaces	(C-E),	presum-

ably	as	a	consequence	of	conformational	changes	induced	by	the	tensile	force	on	the	VWF	multimer.	Activity	of	VWF	

can	be	determined	by	both	the	ristocetin	cofactor	assay	and	the	collagen	binding	assay.
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First,	 circulating	 platelets	 adhere	 to	 the	 subendothelium	 that	 is	 exposed	 when	 the	 vascular	

endothelial	lining	is	broken.	Adhesion	of	platelets	to	the	endothelial	bed	is	mediated	through	

the	 surface	 proteins	 that	 are	 produced	 and	 stored	 in	 platelets	 and	 endothelial	 cells	 such	 as	

von	Willebrand	Factor	(VWF).	Collagen	and	the	first	thrombin	formed	at	the	injury	site	activate	

platelets.	This	leads	to	a	series	of	overlapping	events	such	as	platelet	shape	changes,	assembly	

of	the	glycoprotein	IIb/IIIa	(GPIIb/IIIA)	receptor,	and	release	of	secondary	aggregators	as	ADP	

and	thromboxane	A2.	Hereby,	the	adhesion	of	platelets	to	each	other	is	enhanced	and	results	in	

further	consolidation	of	the	preliminary	loose	plug.	

VWF	plays	an	 important	 role	 in	primary	hemostasis	as	 it	 is	 involved	 in	 the	 initial	adhesion	of	

blood	 platelets	 at	 sites	 of	 vascular	 injury.	 This	 multimeric	 plasma	 glycoprotein	 can	 bind	 to	

both	exposed	collagen	and	the	glycoprotein	Ib	receptor	on	platelets,	hereby	allowing	platelet	

tethering	at	the	site	of	injury.	This	is	essential	to	initiate	thrombus	formation	on	vascular	surfaces	

exposed	to	rapidly	flowing	blood.1	VWF	is	synthesized	by	megakaryocytes	and	endothelial	cells,	

and	released	in	the	form	of	a	gigantic,	multimeric	protein	of	20,000-kDa	in	size.	The	proteolysis	

of	the	mature	molecule	by	ADAMTS-13,	a	plasma	metalloprotease,	down-regulates	the	size	of	

plasma	VWF	to	a	series	of	multimers	ranging	from	450	to	over	10,000	kDa	(figure	1).2	This	steady	

state	distribution	of	multimers	reflects	an	equilibrium	between	the	secretion	of	large	multimers	

and	their	proteolysis	into	smaller	inactive	derivatives.	Both	VWF	and	its	propeptide	are	stored	

in	 Weibel-Palade	 bodies	 in	 equimolar	 concentrations.	 When	 released	 in	 the	 bloodstream,	

plasma	concentrations	of	 these	proteins	can	be	used	as	a	marker	of	endothelial	cell	damage.	

As	the	turnover	of	VWF-propeptide	is	much	faster	than	that	of	VWF,	differentiation	can	be	made	

between	acute	and	more	chronic	endothelial	cell	damage.	Activity	of	VWF	(which	increases	with	

its	molecular	weight)	can	be	determined	by	both	the	ristocetin	cofactor	assay	as	the	collagen	

binding	assay.	

At	 the	same	time	of	platelet	plug	 formation,	 the	coagulation	system	 is	activated.	 It	 consists	

of	 multiple	 serine	 protease	 proenzymes	 that	 become	 enzymatically	 active	 in	 a	 proteolytic	

cleavage	 by	 another	 enzyme	 (figure	 2).	 The	 cascade	 of	 enzymatic	 activation	 initiates	 via	 the	

so-called	 extrinsic	 pathway.	 As	 a	 result	 of	 exogenous	 injury	 to	 the	 vascular	 endothelium,	

tissue	factor	(TF)	is	released	from	the	endothelial	cells.	TF	binds	circulating	factor	VIIa	(about	

1%	 of	 circulating	 factor	 VII)	 and	 the	 VIIa/TF	complex	 consequently	 activates	 its	physiologic	

substrates	factor	IX	and	X.	Activated	X	(Xa)	activates	factor	VII,	which	results	in	enhancement	of	

extrinsic	pathway	activation.	The	role	of	factor	IXa	(together	with	cofactor	VIIIa)	is	to	activate	

factor	X,	and	this	can	also	be	initiated	when	blood	comes	in	contact	with	a	negatively	charged	

surface.	In	the	former	reaction,	factor	XII,	high	molecular	weight	kininogen,	prekallikrein	and	a	

negatively	charged	surface	activate	factor	XI,	which	consequently	activates	factor	IX	(figure	2).	

However,	this	so-called	intrinsic	or	contact	pathway	is	not	very	relevant	in	vivo.	Regardless	of	

the	source,	the	final	steps	of	coagulation	are	completed	by	activation	of	the	common	pathway.	

Activation	of	coagulation	leads	to	thrombin	formation,	which	can	be	quantified	by	measuring	
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INITIATION OF COAGULATION
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Figure 2. Coagulation	cascade

Coagulation	is	initiated	by	the	extrinsic	pathway	via	the	tissue	factor-factor	VIIa	complex,	that	leads	to	formation	

of	factor	Xa.	Together	with	activated	factor	Va	as	cofactor,	factor	Xa	leads	to	the	formation	of	thrombin	(IIa).	Throm-

bin	activates	factor	XI	and	activated	factor	XIa	triggers	the	intrinsic	pathway.	This	can	also	be	initiated	by	contact	

activation	or	the	intrinsic	pathway	of	factor	XII,	although	this	is	clinically	not	very	relevant.	The	intrinsic	pathway	

sustains	coagulation	via	the	formation	of	factor	Xa	that	leads	to	amplif ication	of	thrombin	formation.	Thrombin	also	

activates	factors	V	and	VIII,	which	results	in	a	positive	feedback	in	the	coagulation	cascade.	In	addition,	thrombin	

activates	 protein	 C,	 TAFI,	 platelets,	 factor	 XIII	 and	 endothelial	 cells.	 Activated	 protein	 C	 inhibits	 factors	 Va	 and	

VIIIa,	 	providing	a	negative	feedback	of	the	coagulation	cascade	and	TAFI	prevents	premature	degradation	of	the	

f ibrin	clot.			

IIa,	thrombin;	APC,	activated	protein	C;	HMWK,	high	molecular	weight	kininogen;	PAI-1,	plasmin	activator	inhibitor-

1;	PL,	phospholipid	layer;	TAFI,	thrombin-activatable	f ibrinolysis	inhibitor;	TFPI,	tissue	factor	pathway	inhibitor;	

t-PA,	tissue-type	plasminogen	activator;	u-PA,	urinary-type	plasminogen	activator;	XL,	cross-linked;	

Arrows	indicate	activation,	dotted	arrows	indicate	inhibition	



Pathophysiology	of	the	coagulation	system	in	cardiac	surgery	with	and	without	the	use	of	cardiopulmonary	bypass 21

prothrombin	 fragment	 F1.2	 (F1.2,	 a	 proteolytic	 fragment	 of	 prothrombin)	 or	 thrombin-

antithrombin	 complexes.	 Thrombin	 is	 a	 strong	 platelet	 activator	 and	 cleaves	 fibrinogen	 into	

soluble	fibrin	monomers.	These	monomers	polymerize	to	an	insoluble	fibrin	network.	Interaction	

of	fibrin(ogen)	with	the	GPIIb/IIIA	receptor	on	platelets	stabilizes	the	hemostatic	plug,	sealing	

the	injured	vessel.

The	fibrinolytic	system	is	activated	by	fibrin	deposition.	By	dissolving	fibrin,	this	system	helps	

keep	 open	 the	 lumen	 of	 an	 injured	 blood	 vessel.	 A	 balance	 between	 fibrin	 deposition	 and	

lysis	maintains	and	remolds	the	hemostatic	seal	during	repair	of	an	injured	vessel	wall.	Plasmin	

is	 a	 powerful	 proteolytic	 enzyme	 that	 catalyzes	 fibrinolysis	 and	 is	 activated	 by	 tissue-type	

plasminogen	activator	(t-PA)	or	urinary-type	plasminogen	activator	(u-PA).	It	cleaves	fibrinogen	

and	fibrin	monomer	into	fibrin	split	products	and	cross-linked	fibrin	into	D-dimers.	These	soluble	

fibrin	 degradation	 products	 are	 swept	 into	 the	 circulation.	 In	 addition,	 plasmin	 inactivates	

coagulation	factors	Va	and	VIIIa,	and	has	direct	effects	on	platelet	membrane	receptors	such	as	

Glycoprotein	Ib	(which	binds	VWF)	and	GPIIb/IIIa.	To	protect	the	fibrin	clot	against	degradation,	

thrombin	 at	 high	 concentrations	 can	 activate	 factor	 XIII	 and	 thrombin-activatable	 fibrinolysis	

inhibitor	(TAFI).	Factor	XIII	stabilizes	fibrin	by	the	formation	of	cross-links	between	the	various	

fibrin	 chains.	 TAFI	 interferes	 with	 the	 binding	 of	 plasminogen	 to	 fibrin	 resulting	 in	 inhibition	

of	 plasminogen	 activation.	 Other	 inhibitors	 of	 the	 fibrinolytic	 system	 are	 α-2	 antiplasmin	 and	

plasminogen	activator	inhibitors	(such	as	PAI),	which	directly	inhibit	t-PA	and	the	active	form	of	

u-PA.

Anticoagulant	mechanisms

There	are	several	regulatory	mechanisms	that	normally	prevent	activated	coagulation	reactions	

from	 causing	 local	 thrombosis	 or	 disseminated	 intravascular	 coagulation.	 These	 mechanisms	

include	inhibition	and	clearance	of	the	activated	coagulation	factors,	especially	during	hepatic	

circulation.	 The	 three	 major	 anticoagulant	 systems	 are	 tissue	 factor	 pathway	 inhibitor	 (TFPI),	

antithrombin	III	and	the	protein	C	anticoagulant	pathway	(figure	2).

While	TFPI	only	inactivates	factor	VIIa	bound	to	tissue	factor,	antithrombin	has	several	points	of	

impact.	It	neutralizes	factor	Xa,	thrombin	(factor	IIa),	factor	IXa	and	factor	VIIa	bound	to	tissue	

factor.	All	these	actions	are	thought	to	be	accelerated	when	antithrombin	is	bound	to	heparin	

or	vascular	heparin-like	proteoglycans.	The	protein	C	pathway	is	activated	when	thrombin	binds	

to	thrombomodulin	on	the	endothelial	cell	surface.	This	complex	activates	protein	C,	which,	if	

bound	to	its	cofactor	protein	S,	proteolytically	inactivates	factors	Va	and	VIIIa.	Without	these	

cofactors,	factor	Xa	an	IXa	cannot	effectively	activate	their	substrates,	resulting	in	a	shut	off	of	

the	coagulation	cascade.	
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Activation of hemostasis during cardiopulmonary bypass (CPB)

Activation	of	coagulation	and	fibrinolysis

Traditionally,	 it	 has	 been	 thought	 that	 contact	 activation	 via	 factor	 XII	 was	 the	 trigger	 for	

extensive	activation	of	the	hemostatic	system	during	CPB.	Factor	XII	becomes	activated	when	

blood	 interacts	 with	 a	 foreign	 surface,	 such	 as	 the	 CPB	 circuit,	 thus	 activating	 the	 intrinsic	

clotting	pathway.	However,	Boisclair	et	al.	showed	no	change	in	factor	XIIa	levels	during	CPB,	

despite	significant	thrombin	generation,	indicating	that	contact	activation	was	not	the	initial	

trigger	for	coagulation.3	In	contrast,	they	found	a	late	increase	in	factor	IX	activation	peptide,	

probably	by	secondary	feedback	action	of	thrombin.	In	agreement	with	this	results,	Burman	et	al.	

found	that	Factor	X,	but	not	factor	IX,	was	activated	(as	measured	by	their	activation	peptides)	

in	 a	 factor	 XII	 deficient	 patient,	 undergoing	 CABG	 with	 CPB.4	 This	 activation	 correlated	 with	

F1.2	and	thrombin-antithrombin	complexes.	This	suggests	a	role	for	the	extrinsic	pathway	as	

the	primary	stimulus	with	subsequent	activation	of	factor	IX	and	the	intrinsic	system	via	the	

extrinsic	pathway.	The	extrinsic	pathway	is	activated	when	factor	VII	binds	with	TF	resulting	

in	the	activated	factor	VII	(factor	VIIa)/TF	complex.	TF	is	released	by	the	endothelial	cells	due	

to	 the	 surgical	 trauma	 and	 the	 retransfusion	 of	 pericardial	 blood	 and	 TF-expression	 on	 the	

surface	of	activated	monocytes	are	also	sources	for	VIIa/TF	activation	during	CPB.5-8	Together,	

the	contact	activation	and	tissue	factor	pathway	result	in	the	immense	formation	of	thrombin	

during	 CPB.	 Activation	 of	 fibrinolysis	 occurs	 simultaneously	 and	 by	 several	 mechanisms.	 t-

PA	release	contributes	to	fibrinolysis	and	 is	promoted	by	CPB-mediated	contact	activation	of	

factor	XII,	thrombin,	hypothermia,	traumatized	endothelial	cells	and	returned	blood	from	the	

cardiotomy	suction.9,10	

The	activation	of	these	cascades	may	lead	to	a	consumptive	coagulopathy.11	Thrombin	mediates	

the	 conversion	of	 fibrinogen	 to	 fibrin,	 and	 also	 activates	 factor	 V,	 VII,	 XIII,	 and	 platelets.	 It	

also	activates	complement	in	the	inflammatory	system,	which	may	further	enhance	coagulation	

activation.	On	the	other	hand,	thrombin	also	downregulates	hemostasis	by	releasing	TFPI	and	

in	 combination	 with	 thrombomodulin,	 it	 activates	 protein	 C,	 which	 inhibits	 the	 previously	

generated	factors	Va	and	VIIIa.	Thrombin	also	initiates	fibrinolysis	by	mediating	release	of	t-PA,	

which	activates	plasmin.	If	the	effects	of	thrombin	and	plasmin	are	not	attenuated,	unrestricted	

thrombin	and	plasmin	activity	will	lead	to	consumption	of	coagulation	factors	and	platelets	(i.e.	

a	disseminated	intravascular	coagulation	state	during	CPB)	and	this	may	result	in	both	bleeding	

and	thrombo-embolic	complications.

Platelet	dysfunction

CPB	 activates	 platelets	 with	 resultant	 structural	 and	 biochemical	 changes.	 Alterations	 in	

platelet	count,	clot	formation	and	interactions	with	other	cells	are	documented	and	numerous	

factors	associated	with	CPB	contribute	to	these	changes.	These	include	physical	factors	(such	
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as	hypothermia	and	high	shear	stresses),	exposure	to	artificial	surfaces,	the	use	of	exogenous	

drugs	(such	as	heparin	and	protamine),	and	the	release	of	endogenous	chemical	mediators	(such	

as	thrombin,	complement,	cytokines	and	adrenaline).12-15	Thrombocytopenia	is	well	described	in	

association	with	CPB	and	is	not	only	the	result	of	hemodilution	but	also	of	mechanical	disruption	

by	the	CPB	system	and	sequestration	in	organs.	Also,	several	platelet	surface	molecules	such	

as	 GPIb	 and	 GPIIb/IIIa	 are	 downregulated	 during	 CPB,	 while	 the	 expression	 of	 P-selectin	 is	

increased.16	The	release	of	soluble	P-selectin	into	the	circulation	by	activated	platelets	is	also	

increased	during	CPB.14	All	these	changes	can	lead	to	both	the	formation	of	platelet	conjugates	

by	activated	platelets	and	hemostatic	defects	due	to	impaired	platelet	function.	Also,	platelet-

mediated	force	development	necessary	for	platelet	mediated	clot	retraction	to	strengthen	the	

platelet	plug	is	substantially	lower	after	CPB	than	before	CPB.17	

Proteolysis	of	VWF

In	earlier	studies,	the	role	of	VWF	in	CABG	with	CPB	has	been	studied	extensively.	Perrin	and	

colleagues	 found	 a	 clear	 negative	 association	 between	 on	 the	 one	 hand	 VWF	 antigen	 levels	

and	 VWF	 activity,	 and	 postoperative	 bleeding.	 VWF	 activity,	 as	 measured	 by	 both	 collagen	

binding	 and	 ristocetin	 cofactor	 assay	 increased	 postoperatively	 starting	 60	 minutes	 after	

the	procedure.18	Other	studies	demonstrated	that	the	highest–molecular-weight-multimers	of	

VWF	 rose	 to	 above	 normal	 levels	 after	 bypass,	 regardless	 if	 desmopressin	 acetate	 or	 placebo	

was	 administered.19,20	 Although	 previous	 studies	 suggested	 that	 desmopressin	 may	 reduce	

postoperative	 blood	 loss,	 this	 could	 not	 be	 demonstrated	 in	 a	 double-blind,	 randomized,	

placebo-controlled	trial.20	However,	 in	all	these	studies,	VWF	activity	was	only	studied	in	on-

pump	patients,	mostly	indicating	that	activity	increased	after	the	procedure.	By	lack	of	a	control	

group,	 no	 discrimination	 could	 be	 made	 between	 effects	 of	 the	 surgical	 trauma	 and	 the	 CPB	

system	itself.	It	is	conceivable	that	the	high	shear	forces	of	the	CPB	system	can	induce	structural	

changes	 in	 the	 shape	 of	 the	 VWF	 molecule,	 making	 it	 more	 sensitive	 for	 ADAMTS-13.21	 This	 is	

supported	by	Perutelli,	who	demonstrated	a	limited	proteolysis	of	VWF	during	CPB,	as	shown	by	

progressive	changes	of	multimeric	structure	and	subunit	composition.22	Manucci	and	colleagues	

were	 the	 first	 to	 study	 ADAMTS-13	 activity	 in	 20	 on-pump	 and	 13	 off-pump	 patients	 in	 a	 non-

randomized	fashion.	They	found	a	significant	absolute	decrease	of	ADAMTS-13	activity	after	both	

procedures,	whereas	VWF	antigen	levels	and	VWF	activity	were	both	increased.23	

Use	of	heparin	and	protamine

To	prevent	thromboembolic	complications	due	tot	the	use	of	CPB,	heparin	is	administered	(usually	

in	a	fixed	dose	regimen)	before	the	patient	is	connected	to	the	CPB	system.	Heparin	binds	to	the	

enzyme	 inhibitor	 antithrombin	 III	 (AT-III)	 causing	 a	 conformational	 change	 which	 results	 in	

its	 active	 site	 being	 exposed.	 This	 is	 then	 available	 for	 rapid	 interaction	 with	 thrombin.	 When	

bound	to	heparin,	the	rate	at	which	AT-III	inactivates	thrombin	and	other	proteases	involved	in	
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blood	clotting,	most	notably	 factor	Xa,	 increases	1000-fold.	During	CPB	the	activated	clotting	

time	(ACT)	is	used	to	monitor	the	level	of	heparin-induced	anticoagulation	and	a	target	ACT	>450	

seconds	during	CPB	is	pursued.	However,	the	usefulness	of	ACT	during	CPB	has	been	questioned	as	

ACT	values	do	not	correlate	well	with	plasma	heparin	concentrations	in	patients	on	CPB,	probably	

because	 of	 the	 effects	 of	 hypothermia	 and	 hemodilution.11,24	 Monitoring	 whole-blood	 heparin	

concentrations	to	titrate	heparin	administration	during	CPB	may	more	effectly	suppress	excessive	

hemostatic	activation.24	Nevertheless,	measuring	ACT	currently	remains	the	most	commonly	used	

anticoagulation	strategy	during	CPB	worldwide.	

Next	to	the	neutralization	of	thrombin,	heparin	also	leads	to	increased	plasmin	generation.	This	

results	in	increased	fibrinolysis	and	also	platelet	activation,	as	plasmin	binds	to	their	surface.

At	 the	 end	 of	 CPB,	 protamine	 sulfate	 is	 used	 for	 reversal	 of	 heparin	 anticoagulation.	 The	

administration	of	protamine	may	also	cause	a	transient	thrombocytopenia,	which	is	associated	

with	platelet	activation	and	the	formation	of	transient	aggregates	that	appear	to	sequestrate	in	

the	lungs.25,26	Protamine-induced	activation	of	complement	may	contribute	to	this	effect.

Strategies to attenuate hemostatic activation during cardiac surgery

Numerous	pharmacological	and	non-pharmacological	strategies	have	been	proposed	as	means	to	

attenuate	the	alterations	in	the	hemostatic	system	during	CPB.	

Pharmacological	strategies

Platelet	inhibition

The	 perioperative	 continuation	 of	 aspirin	 has	 been	 warranted	 due	 to	 the	 fear	 of	 increased	

postoperative	blood	 loss	and	transfusion	requirements.	However,	Mangano	et	al.	were	the	first	

to	 demonstrate	 an	 effect	 of	 early	 antiplatelet	 therapy	 on	 mortality	 after	 CABG.27	 In	 a	 large	

multicenter	 trial	 comprising	 5065	 patients,	 they	 found	 that	 aspirin	 therapy	 started	 within	 48	

hours	after	 revascularization	was	associated	with	reduced	mortality	and	significant	reductions	

in	the	incidence	of	myocardial	infarction,	stroke,	renal	failure	and	bowel	infarction.	In	addition,	

there	 was	 no	 increased	 risk	 of	 bleeding	 in	 these	 patients.	 Nevertheless,	 the	 perioperative	 use	

of	 antiplatelet	 drugs	 during	 cardiac	 surgery	 remains	 controversial.	 Clopidogrel,	 a	 specific	 ADP-

receptor	 antagonist,	 has	 become	 the	 standard	 of	 care	 to	 prevent	 thrombotic	 complications	

following	 cardiological	 interventions,	 in	 particular	 intracoronary	 stenting.	 Recent	 trials	 have	

demonstrated	that	the	use	of	clopidogrel	exposure	(with	or	without	concommitant	use	of	aspirin)	

prior	 to	 CABG	 surgery	 significantly	 increases	 the	 risk	 of	 postoperative	 bleeding,	 the	 need	 for	

perioperative	transfusion	and	the	incidence	of	re-exploration.28-32	In	contrast,	several	studies	have	

been	performed	examining	the	efficacy	of	 reversible	platelet	 inhibitors	 in	attenuating	platelet	

activation	during	CPB.	It	is	expected	that	platelets	are	thus	being	preserved	postoperatively	and	

that	this	may	lead	to	reduced	blood	loss	and	transfusion	requirements.	However,	the	results	of	
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these	studies	are	 inconsistent.	 In	a	randomized	trial,	CABG	patients	treated	with	dipyridamole	

demonstrated	 a	 significant	 but	 small	 reduction	 in	 postoperative	 blood	 loss	 and	 transfusion	

requirements	compared	to	placebo.33	Another	study	demonstrated	that	a	short-acting	GPIIb/IIIa	

antagonist	may	preserve	hemostasis	and	platelets	after	CABG.34	In	contrast,	other	studies	showed	

similar	 or	 even	 increased	 blood	 loss	 and	 transfusion	 requirements	 in	 patients	 receiving	 these	

types	of	drugs	compared	to	placebo.35-37

Fibrinolysis	inhibitors

Tranexaminic	 acid	 (TA),	 ε-aminocaproic	 acid	 (EACA)	 and	 aprotinine	 inhibit	 fibrinolysis	 through	

plasmin	inhibition.	TA	and	EACA	are	synthetic	agents	that	adhere	to	the	lysine-binding	sites	of	

plasminogen	 and	 plasmin	 and	 inhibit	 plasmin’s	 ability	 to	 digest	 fibrinogen,	 fibrin	 and	 platelet	

glycoprotein	 receptors.	 These	 agents	 are	 regularly	 used	 during	 CABG	 to	 reduce	 postoperative	

blood	loss	and	transfusion	requirements.38-43

Aprotinine	 is	 a	 non-specific	 protease	 inhibitor	 with	 antifibrinolytic,	 anticoagulant,	 antiinflam-

matory	and	platelet	preserving	properties.	Next	to	inhibiting	factor	XII	and	kallikrein-mediated	

conversion	of	plasminogen	to	plasmin,	it	also	inhibits	activation	of	both	the	contact	system	(by	

inactivating	kallikrein)	as	the	tissue	factor	pathway	(by	binding	tissue	factor-VIIa	complex).	Studies	

have	 demonstrated	 that	 patients	 receiving	 aprotinine	 had	 reduced	 thrombin	 and	 fibrinolytic	

activity	 compared	 to	 placebo-treated	 patients.38,44	 Other	 hemostatic	 features	 of	 aprotinine	

reported	are	preservated	platelet	integrity	and	function	by	inhibition	of	proteolytic	alteration	of	

VWF,	GPIb	and	GP	IIb/IIIa	receptors,	inhibition	of	protein	C	activity,	and	attenuation	of	heparin-

induced	platelet	inhibition.45,46	Aprotinine	has	shown	to	be	equally	effective	in	reducing	blood	loss	

after	cardiac	surgery	as	TA	and	EACA,	but	might	be	preferred	because	of	additional	antiinflammatory	

features.41,43	However,	a	recent	observational	study	in	4374	patients	by	Mangano	et	al.	described	an	

association	between	aprotinin	and	serious	end-organ	damage	(renal	failure,	stroke	and	myocardial	

infarction),	which	was	not	found	with	(the	less	expensive)	TA	and	EACA.47	Reconsideration	of	the	

safety	of	aprotinine	among	patients	undergoing	cardiac	surgery	may	therefore	be	warranted.	

Thrombin	inhibitors

Several	newly	developed	antithrombotic	agents	have	been	studied	as	alternatives	to	heparin	

when	 heparin	 cannot	 be	 used	 (eg,	 heparin-induced	 thrombocytopenia	 with	 thrombosis).48,49	

Major	limitations	of	routine	use	of	these	new	agents	include	a	long	pharmacodynamic	half-life	

in	 the	 setting	 of	 no	 reversal	 agents,	 insufficient	 investigations	 regarding	 safety,	 inadequate	

definitions	of	therapeutic	levels	and	lack	of	appropriate	monitoring	strategies.

Non-pharmacological	strategies

Modification	 of	 techniques	 or	 mechanical	 devices	 may	 modify	 the	 degree	 of	 activation	 of	

hemostasis	after	contact	with	the	foreign	surfaces	of	the	CPB	system.	
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Heparin-coated	CPB	circuit

A	large	number	of	studies	have	examined	blood	loss	and	transfusion	requirements	in	CABG	with	

heparin-coated	CPB	circuits,	and	concurrent	reduced	heparin	doses.	About	half	of	the	studies	

showed	a	reduction	in	transfusion	requirements	when	heparin-coated	circuits	are	used,	while	

the	 other	 half	 did	 not	 show	 this	 effect.11,50	Lowering	 the	 heparin	 dose	 when	 heparin-bonded	

circuits	are	used	is	not	generally	recommended	until	efficacy	and	safety	(low	risk	of	thrombo-

embolic	complications)	have	been	adequately	determined.

Cardiotomy	suction

It	has	been	demonstrated	that	blood	in	the	pericardial	cavity	is	highly	activated	and	contains	high	

concentrations	of	thrombin	and	plasmin.9	This	blood	is	usually	collected	by	cardiotomy	suction	

and	rerouted	to	the	patient	without	processing.	This	unprocessed	blood	contributes	highly	to	

systemic	activation	of	hemostasis	and	several	studies	showed	that	the	use	of	cardiotomy	suction	

results	 in	 significant	 increases	 in	 thrombin	 and	 platelet	 activation	 after	 on-pump	 CABG.6,9,51	

In	 addition,	 cardiotomy	 suction	 causes	 platelet	 damage	 due	 to	 aspiration	 of	 air	 along	 with	

blood.	Intense	cardiotomy	suction	may	result	in	a	decreased	ability	of	platelets	to	aggregate.52	

Omission	 of	 the	 use	 of	 cardiotomy	 suction	 or	 washing	 of	 the	 collected	 blood	 is	 advocated	 to	

reduce	hemostatic	activation,	but	other	motives	(e.g.	financial	consideration)	contribute	to	the	

fact	that	unprocessed	reinfusion	of	cardiotomy	suction	blood	is	still	frequently	used.

Normothermia

Hypothermic	 CPB	 resulted	 in	 more	 pronounced	 alterations	 of	 platelet	 aggregation	 and	

endothelial	 cell	 related	 coagulation	 than	 normothermic	 CPB.12,53	 Plasma	 levels	 of	 soluble	

thrombomodulin	 were	 more	 increased	 in	 hypothermic	 than	 in	 normothermic	 CPB	 indicating	

more	extensive	endothelial	damage	or	activation	associated	with	hypothermic	CPB.12	However,	

Stensrud	et	al.	demonstrated	that	when	there	was	no	difference	in	duration	of	CPB,	normothermic	

and	hypothermic	CPB	groups	demonstrated	similar	blood	loss	and	transfusion	requirements.54

Activation of hemostasis in off-pump surgery

To	 avoid	 the	 use	 of	 CPB	 and	 its	 deleterious	 effects	 on	 the	 coagulation	 system,	 off-pump	

CABG	has	been	established	as	an	alternative	to	on-pump	CABG.	In	off-pump	surgery,	only	the	

surgical	trauma	has	an	effect	on	the	hemostatic	systems.	However,	there	have	been	concerns	

about	 a	 more	 procoagulant	 activity	 postoperatively,	 that	 may	 lead	 to	 an	 increased	 rate	 of	

thromboembolic	 complications.55-57	 Without	 CPB,	 off-pump	 surgery	 lacks	 the	 CPB-dependent	

anticoagulant	 properties	 such	 as	 platelet	 dysfunction	 and	 enhanced	 fibrinolysis,	 that	 may	

counteract	 the	 procoagulant	 state	 induced	 by	 the	 surgical	 trauma.10,13,15	 In	 addition,	 heparin	

doses	used	intraoperatively	during	off-pump	procedures	doses	are	usually	lower	when	compared	

to	conventional	CABG,	as	the	rationale	is	only	to	prevent	perioperative	graft	closure.	A	survey	
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by	d’Ancona	et	al.	showed	that	only	28%	of	304	surgeons	questioned	used	comparable	doses	for	

intraoperative	heparinization	during	off-pump	CABG.58	The	majority	(54%)	used	half	the	dose	

of	 heparin	 during	 off-pump	 CABG	 (with	 ACT	 maintained	 above	 300	 seconds),	 while	 18%	 used	

only	a	third	of	the	full	dose	or	had	no	protocol	at	all.	In	addition,	there	was	also	no	consensus	on	

(partial	or	full)	heparin	reversal	by	protamine	at	the	end	of	surgery	and	the	perioperative	use	of	

antiplatelet	medication	such	as	aspirin	and	clopidogrel.	These	differences	in	anticoagulation	

and	antiplatelet	strategies	make	it	difficult	to	determine	the	net	effect	of	off-pump	surgery	on	

hemostasis.	Prospective	studies	are	necessary	to	determine	the	short	and	intermediate	effects	

of	antiplatelet	therapy	and	heparinization	doses	in	off-pump	CABG.

ConCLuSIon

Excessive	thrombin	generation	and	platelet	dysfunction	play	a	major	role	in	the	development	of	

abnormalities	in	hemostasis	during	CPB.	Numerous	pharmacological	and	non-pharmacological	

strategies	have	been	proposed	as	means	to	attenuate	the	alterations	in	the	hemostatic	system	

during	 CPB.	 By	 preserving	 hemostatic	 system	 components,	 these	 interventions	 may	 reduce	

bleeding	 complications	 and	 transfusion	 requirements	 as	 well	 as	 thrombotic	 complications	

in	 patients	 undergoing	 CPB.	 Off-pump	 CABG	 surgery	 lacks	 the	 deleterious	 effects	 of	 CPB	 on	

the	 hemostatic	 system,	 but	 may	 be	 associated	 with	 a	 relatively	 more	 hypercoagulable	 state	

postoperatively.
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ABStrACt

Activation	of	coagulation,	fibrinolysis	and	the	vascular	endothelium	occurs	after	heart	surgery	

with	cardiopulmonary	bypass	(CPB),	but	the	effects	of	eliminating	CPB	in	patients	undergoing	

coronary	artery	bypass	grafting	(CABG)	is	unknown.	Therefore,	we	compared	hemostatic	profiles	

of	off-pump	and	on-pump	CABG	patients.	Two	groups	of	consecutive	patients	participating	in	a	

larger	trial	(the	Octopus	Study)	were	randomly	allocated	to	undergo	CABG	with	(n=20)	or	without	

CPB	(n=20).	Platelet	number	and	plasma	concentrations	of	P-selectin,	prothrombin	fragments	

1.2	(F1.2),	soluble	fibrin,	D-dimers	and	von	Willebrand	Factor	(VWF,	as	a	marker	of	endothelial	

cell	activation)	were	measured	and	corrected	for	hemodilution.	Compared	to	the	on-pump	CABG	

group,	F1.2	and	D-dimer	levels	were	significantly	lower	(p=0.004	and	p=0.03,	respectively)	in	

patients	having	CABG	surgery	performed	off-pump.	In	the	CPB	group,	F1.2	(median	(interquartile	

range):	450%	of	baseline,	(233-847%)	and	D-dimer	(538%	(318-1192%),	peaked	in	the	immediate	

postoperative	period,	and	remained	elevated	up	to	day	4,	while	in	the	off-pump	group	F1.2	and	

D-dimer	 levels	 rose	 more	 gradually	 and	 were	 highest	 on	 day	 4	 (342%	 (248-515%)	 and	 555%	

(387-882%)	respectively).	In	both	groups,	VWF	concentrations	were	elevated	up	to	day	4	(CPB:	

308%	 (228-405%),	 off-pump:	 288%	 (167-334%)).	 Despite	 heparinization,	 CABG	 surgery	 with	

CPB	was	associated	with	excessive	 thrombin	generation	and	fibrinolytic	activity	 immediately	

postoperatively.	 The	 off-pump	 group	 demonstrated	 a	 delayed	 postoperative	 response	 that	

became	equal	in	magnitude	to	the	CPB	in	the	later	(20	and	96	hours)	postoperative	period.
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IntroduCtIon

Coronary	artery	bypass	grafting	(CABG)	with	cardiopulmonary	bypass	(CPB)	is	associated	with	

intense	 activation	 of	 hemostatic	 mechanisms.1-3	 Both	 extensive	 contact	 between	 blood	 and	

nonendothelial	surfaces	of	the	bypass	circuit	and	the	release	and	reinfusion	of	tissue	factor	lead	

to	increased	thrombin	generation	during	the	CPB	procedure.2-4	This	results	in	fibrin	formation,	

fibrinolysis	 and	 platelet	 activation	 despite	 full	 heparinization.2,5,6	 As	 a	 part	 of	 the	 systemic	

inflammatory	 response,	 hemostatic	 activation	 may	 lead	 to	 generation	 of	 microthrombi	 and	

may	contribute	 to	CPB-related	organ	dysfunction.7-9	Another	more	common	complication	due	

to	hemostatic	activation	after	CPB	is	abnormal	postoperative	bleeding,	as	abnormal	activation	

of	the	hemostatic	system	can	lead	to	consumption	of	coagulation	factors,	increased	fibrinolysis	

and	destruction	of	platelets.5,10	

The	performance	of	off-pump	CABG	(OPCAB)	might	offer	hemostatic	advantages	when	compared	

with	 the	 need	 for	 CPB	 during	 routine	 CABG	 surgery.	 Eliminating	 exposure	 of	 blood	 to	 the	

extracorporeal	circuit	could	reduce	hemostatic	defects.	Clinically,	reduced	postoperative	blood	

loss	 and	 lower	 transfusion	 requirements	 have	 been	 reported	 in	 comparison	 to	 conventional	

CABG	 with	 CPB.11	 On	 the	 other	 hand,	 major	 surgical	 trauma	 may	 also	 lead	 to	 activation	 of	

hemostasis	and	recent	studies	suggest	that	off-pump	CABG	surgery	can	lead	to	a	procoagulant	

state,	possibly	contributing	to	early	thrombotic	complications.1,12-17

There	have	been	no	randomized	trials	that	directly	compared	perioperative	hemostatic	variables	

in	these	two	types	of	surgery.	Recently,	our	hospital	participated	in	a	randomized	trial	comparing	

neurocognitive	 dysfunction	 after	 on-pump	 and	 off-pump	 procedures	 (the	 Octopus-trial).18,19	

Using	patients	from	this	trial,	we	compared	changes	in	coagulation,	fibrinolysis	and	endothelial	

cell	activation	during	CABG	surgery	with	or	without	CPB	in	a	prospective	randomized	study.	
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MetHodS

Patients 

Patients	 with	 stable	 angina	 pectoris	 (Braunwald	 Class	 I-II,	 a-c)	 were	 eligible	 for	 the	 Octopus	

Trial,	a	randomized	trial	comparing	the	effects	of	off-pump	versus	on-pump	cardiac	surgery	on	

neurocognitive	dysfunction.19	After	obtaining	informed	consent,	patients	were	randomized	by	a	

telephone	call	of	the	randomization	center	of	the	Julius	Center	for	General	Practice	and	Patient	

Oriented	 Research,	 Utrecht	 to	 undergo	 CABG	 with	 CPB	 or	 without	 CPB.	 For	 our	 study,	 blood	

samples	of	40	subsequent	patients	of	the	Octopus	Trial	were	collected	and	analyzed	(CPB	group;	

n=20,	off-pump	group;	n=20).	The	study	was	approved	by	the	local	ethical	and	research	council.

In	the	CPB	group,	anesthesia	was	induced	with	midazolam	(0.1	mg/kg),	sufentanil	(2-3	μg/kg)	

and	pancuronium	(0.1	mg/kg)	and	maintained	with	a	combination	of	midazolam	(0.1	mg/kg.h)	

and	 sufentanil	 (0.5	 μg/kg.h).	 Anesthetic	 management	 for	 off-pump	 coronary	 surgery	 and	 the	

Octopus-trial	has	been	described	in	detail	recently.18,20	In	short,	anesthesia	was	achieved	with	

sufentanil	 (2-3	 μg/kg	 at	 induction	 and	 continued	 at	 0.25-0.5	 μg/kg.h),	 propofol	 (2	 mg/kg	 at	

induction	 and	 continued	 at	 2-3	 mg/kg.h)	 and	 pancuronium	 (0.1	 mg/kg).	 Anticoagulation	 or	

antiplatelet	therapy	was	discontinued	7	days	before	surgery.	The	CPB	patients	received	1	mg/kg	

dexamethasone	after	induction	of	anesthesia.	In	both	groups,	surgical	access	to	the	heart	was	

achieved	by	midsternal	incision.

In	 the	CPB	group,	 the	extracorporeal	circuit	consisted	of	a	membrane	oxygenator	and	a	 roller	

pump.	 Only	 the	 oxygenator	 and	 the	 venous	 reservoir	 (Baxter	 Healthcare	 Corporation,	 Irvine	

CA,	USA)	were	partially	heparin-coated.	Before	connection	to	CPB,	porcine	heparin	(300	IU/kg,	

Heparin	Leo,	Leo	Pharmaceutical	Products	BV,	Weesp,	the	Netherlands)	was	administered	in	order	

to	 achieve	 an	 activated	 coagulation	 time	 (ACT)	 of	 more	 than	 450	 seconds.	 CPB	 was	 managed	

according	to	the	α-stat	principle,	with	a	minimal	nasopharyngeal	temperature	of	32oC	and	CPB	

flow	rate	was	kept	at	2.4	L/min.m2.	Myocardial	protection	was	achieved	with	cold	(4°C)	potassium	

cardioplegia	(Plegisol,	Abbott	Inc,	Chicago,	IL,	USA).	During	CPB,	blood	was	recollected	using	a	

suction	cardiotomy	reservoir,	and	without	processing	reinfused	to	the	CPB	system.	At	the	end	of	

CPB,	heparin	was	neutralized	by	3	mg/kg	protamine	chloride	(Hoffman/La	Roche,	Mijdrecht,	the	

Netherlands)	and	additional	protamine	was	administered	until	the	ACT	was	below	150	s.	

In	the	off-pump	group,	coronary	bypass	grafting	was	performed	on	the	beating,	normothermic	

heart	 with	 local	 cardiac	 wall	 immobilization	 using	 the	 Octopus	 Tissue	 Stabilizer	 (Medtronic,	

Minneapolis,	 MN,	 USA).	 Before	 starting	 the	 anastomosis,	 porcine	 heparin	 (150	 IU/kg)	 was	

administered	 in	 order	 to	 achieve	 an	 ACT	 of	 more	 than	 250	 seconds.	 A	 cell-saver	 was	 used	 to	

reduce	the	need	for	blood	transfusion.	At	the	end	of	the	operation,	protamine	(25-50	mg)	was	

administered	if	an	ACT	>	150	s	was	measured.	

Intraoperative	transfusion	protocols	were	different	for	both	groups.	In	the	CPB	group,	hematocrit	

was	kept	above	22%	during	CPB,	while	in	the	off-pump	group	hematocrit	was	kept	above	25%.	A	
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lower	hematocrit	was	accepted	in	the	CPB	group	due	to	the	dilutional	effect	of	the	priming	of	the	

CPB	system,	the	use	of	crystalloid	St.	Thomas	cardioplegic	solution	and	hypothermia	during	the	

procedure.	Postoperative	transfusion	trigger	was	a	hematocrit	of	28%	in	both	groups.

Requirements	for	intraoperative	and	postoperative	allogenic	blood	transfusions	and	the	amount	

of	postoperative	bleeding	in	the	first	12	hours	after	surgery	were	recorded	in	all	patients.	Major	

complications	such	as	myocardial	infarction	or	stroke	were	assessed	and	have	been	described	in	

detail	recently.18

Postoperative	patient	treatment	in	the	intensive	care	unit	was	similar	for	both	groups.	If	chest	

tube	drainage	was	more	than	150	mL/h	in	the	first	hour	or	100	mL/h	for	two	successive	hours,	

ACT	 was	 measured	 and	 additional	 protamine	 was	 administered	 if	 ACT	 >	 150	 s.	 Hypertension	

was	treated	with	nicardipine.	Thrombosis	prophylaxis	consisted	of	nadroparin	2850	IU	(Sanofi	

Winthrop,	Maassluis,	the	Netherlands)	subcutaneously	the	day	before	surgery	and	acetylsalicylic	

acid	80	mg	daily	was	started	on	the	first	postoperative	day.	

We	used	a	different	target	ACT	for	both	procedures,	as	there	were	different	indications	for	the	

use	 of	 anticoagulation.	 While	 in	 the	 CPB	 group	 heparin	 was	 mainly	 used	 to	 prevent	 clotting	

in	 the	 CPB	 system,	 in	 the	 off-pump	 group	 it	 was	 needed	 to	 prevent	 clotting	 in	 the	 harvested	

internal	mammarian	arteries	and	in	the	native	coronary	system	during	grafting.	Nevertheless,	

the	postoperative	ACT	(<	150s,	after	protamine	infusion)	was	the	same	in	both	groups.	As	these	

factors	 mostly	 influence	 perioperative	 coagulation	 and	 hypothesizing	 that	 off-pump	 surgery	

would	not	influence	hemostasis,	we	decided	to	study	only	the	effects	after	the	surgery,	leaving	

out	intra-operative	differences.

Blood Sampling and Laboratory Assays 

Blood	samples	were	drawn	at	the	following	intervals:	after	induction	of	anesthesia	(pre-OR),	at	

the	end	of	the	surgical	procedure	after	reversal	of	heparin	during	wound	closure	(end-OR)	and	

2,	20	and	96	hours	later.	All	samples	were	immediately	cooled	on	ice	and	centrifuged	twice	at	

2000*G	for	15	minutes.	Plasma	was	stored	at	–80°C.	

Platelet	 counts	 were	 determined	 with	 an	 automatic	 cell	 counter	 (Cobas	 Minos	 ST,	 Roche,	

Montpellier,	France).	

Activation	of	platelets	was	assessed	by	the	release	of	soluble	P-selectin	(sP-selectin),	quantified	

by	ELISA	with	specific	monoclonal	rabbit	antibodies	(R&D	Systems	Ltd,	Abingdon,	UK).	P-selectin	

arises	from	alpha	granules	and	is	released	when	they	fuse	with	the	platelet	membrane.	Thrombin	

generation	was	assessed	by	the	measurements	of	F1.2	(proteolytic	fragment	of	prothrombin),	

analyzed	by	ELISA	(Enzygnost	F1.2	micro,	Behringwerke	AG,	Frankfurt,	Germany)	and	soluble	

fibrin	 (proteolysis	 of	 fibrinogen	 by	 thrombin,	 studied	 by	 an	 ELISA	 technique	 (Diagnostica	 &	

Analys,	Senice,	AB,	USA)).	Fibrinolysis	was	assessed	by	the	measurement	of	D-dimer	formation	

(Diagnostica	Stago,	Roche,	Mannheim,	Germany).	D-dimers	are	derived	from	the	lysis	of	cross-

linked	 fibrin	 in	 contrast	 to	 split	 products	 that	 arise	 from	 the	 lysis	 of	 non-cross-linked	 fibrin.	
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Concentrations	of	von	Willebrand	Factor	(VWF),	as	a	marker	of	endothelial	cell	activation,	were	

determined	by	an	ELISA	as	described	previously.21	

Priming	of	the	CPB	circuit	results	in	acute	hemodilution	immediately	after	the	start	of	CPB.	To	

correct	for	resultant	hemodilution	in	the	CPB	group,	caused	by	administration	of	crystalloid	or	

colloid	solutions	and	CPB	priming,	we	quantitated	Immunoglobulin	G	(IgG)	by	a	nephelometric	

method	(Dade	Behring,	Leusden,	the	Netherlands).	A	volume	correction	of	all	obtained	data	(of	

both	groups)	was	made	based	on	the	ratio	of	the	plasma	levels	of	IgG.1	Thereafter,	the	values	of	

each	parameter	were	transformed	to	percentages	with	respect	to	the	pre-operative	level.	

Statistical Analysis

(Post	hoc)	calculation	of	sample	size,	based	on	a	desired	decrease	in	key	parameters	of	thrombin	

generation	(F1.2)	and	fibrinolysis	(D-dimer)	by	50%,	and	a	power	of	0.9	at α=0.05,	resulted	in	19	

patients	for	each	group.	In	our	study,	a	total	of	40	patients	were	included.	All	data	are	presented	

as	mean	±	 standard	deviation	(SD)	or	as	median	(and	 interquartile	 range).	The	Friedman	test	

was	used	to	compare	longitudinal	changes	over	time	in	both	patient	groups.	When	significant	

differences	were	observed,	these	were	further	evaluated	by	using	the	Wilcoxon	matched	pairs	

test	 for	 comparison	 between	 baseline	 and	 consecutive	 time	 points.	 A	 general	 linear	 model	

for	 repeated	 measurements	 was	 used	 to	 detect	 overall	 treatment	 effects.	 When	 significant	

differences	were	observed,	these	were	further	evaluated	by	using	the	Mann-Whitney	U-test	to	

assess	intergroup	differences	at	a	single	predetermined	time	point.	

While	 using	 the	 repeated	 measurements	model	 and	 the	 Friedman	 test,	 a	 p-value	 of	 less	 than	

0.05	was	considered	significant.	To	accommodate	for	multiple	testing	with	further	evaluation,	

differences	were	considered	significant	at	p-values	less	than	0.01.

reSuLtS

Clinical Characteristics 

Patient	characteristics	are	listed	in	Table	1.	Demographic	or	operative	parameters	were	similar	in	

both	groups,	except	for	the	use	of	heparin	and	protamine.	Only	four	off-pump	patients	received	

protamine	 (25-50	 mg)	 at	 the	 end	 of	 the	 procedure.	 There	 were	 no	 significant	 differences	 in	

postoperative	 parameters	 at	 discharge	 such	 as	 mediastinal	 drainage,	 use	 of	 blood	 products	

and	 hemoglobin	 concentration.	 None	 of	 the	 patients	 received	 desmopressin	 acetate	 or	 anti-

fibrinolytic	 medication.	 There	 were	 no	 perioperative	 deaths	 or	 major	 complications	 such	 as	

myocardial	infarction	or	stroke.	

The	absolute	plasma	levels	of	IgG	and	the	hemostatic	variables	are	summarized	in	Table	2.	The	

volume	corrected,	relative	values	of	F1.2,	soluble	fibrin	and	D-dimers	are	displayed	in	Figure	1.
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Activation of Coagulation

We	 could	 demonstrate	 an	 overall	 significant	 difference	 over	 time	 for	 F1.2	 concentrations	

between	the	two	treatments	(P=0.03)	but	not	 for	soluble	fibrin.	In	the	CPB	group,	F1.2	 levels	

peaked	to	450%	(233-847%)	in	the	immediate	postoperative	period	and	stayed	elevated	up	to	

day	 4	 (P<0.001	 at	 all	 time	 points	 compared	 to	 baseline),	 whereas	 in	 the	 off-pump	 group	 F1.2	

levels	 were	 significantly	 elevated	 from	 2	 hours	 after	 surgery	 (308%	 (168-485%);	 P=0.006	

compared	to	baseline)	and	measured	highest	on	day	4	(342%	(248-515%);	P<0.001	compared	to	

baseline)(Figure	1).	Levels	of	soluble	fibrin	were	significantly	elevated	up	to	day	4	in	both	groups	

compared	to	preoperatively	(CPB:	160%	(69-398%);	P<0.001,	off-pump	group:	198%	(122-309%);	

P=0.002)	(Figure	1).

Activation of Fibrinolysis

In	the	CPB	group,	we	could	show	a	different	change	in	D-dimer	levels	over	time	than	in	the	off-

pump	group	(P=0.004).	In	the	CPB	group,	plasma	concentrations	of	D-dimers	peaked	immediately	

postoperatively	(538%	(318-1192%))	and	remained	elevated	up	to	day	4,	whereas	in	the	off-pump	

group	levels	increased	gradually	from	137%	(118-199%)	immediately	postoperatively	up	to	555%	

(387-882%)	on	day	4	(Figure	1).	In	both	groups,	postoperative	D-dimers	levels	were	elevated	at	

all	time	points	compared	to	baseline	(P<0.001,	Figure	1).

Platelet Activation and endothelial Cell Activation

Soluble	P-selectin	concentrations	were	corrected	for	the	number	of	circulating	platelets.22	As	an	

indicator	of	platelet	activation	and	release,	no	differences	could	be	demonstrated	in	P-selectin	

concentrations	between	the	two	groups.	In	both	groups,	sP-selectin	levels	were	elevated	with	

a	peak	of	187%	(96-261%)	at	2	hours	postoperatively	in	the	CPB	group,	and	a	peak	of	133%	(96-

195%)	in	the	off-pump	group.	At	day	4,	levels	had	returned	to	baseline	in	both	groups.	

Immediately	after	surgery,	the	number	of	platelets	had	decreased	to	60%	of	baseline	level	in	the	

CPB	group.	When	corrected	for	dilution,	however,	platelet	counts	were	similar	to	the	off-pump	

group.	At	day	4,	the	quantity	of	circulating	platelets	had	increased	significantly	to	approximately	

130%	in	both	groups,	without	intergroup	difference.

There	were	no	differences	in	postoperative	levels	of	VWF	between	the	groups.	In	both	groups,	

plasma	concentrations	were	elevated	compared	to	baseline	during	the	entire	observation	period,	

reaching	maximum	levels	at	day	4	after	the	operation	(CPB	group:	308%	(228-405%);	P<0.001	

compared	to	baseline,	off-pump:	288%	(167-334%);	P<0.001	compared	to	baseline).
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dISCuSSIon

In	 this	 prospective,	 randomized	 study	 of	 off-pump	 versus	 on-pump	 coronary	 artery	 bypass	

surgery	 we	 found	 two	 temporally	 different	 patterns:	 the	 CPB	 group	 had	 a	 significantly	 more	

pronounced	 activation	 of	 coagulation	 and	 fibrinolysis	 in	 the	 immediate	 postoperative	 period,	

whereas	the	off-pump	group	demonstrated	a	delayed	postoperative	response	that	became	equal	

in	 magnitude	 to	 the	 CPB	 group	 in	 the	 later	 (20	 and	 96	 hours)	 postoperative	 period.	 Levels	 of	

VWF	were	elevated	from	the	first	postoperative	day	after	both	surgical	procedures	and	peaked	

at	 high	 levels	 on	 the	 fourth	 postoperative	 day.	 Further	 research	 is	 needed	 to	 determine	 what	

perioperative	anticoagulation	regimen	is	most	appropriate	for	both	on-	and	off-pump	surgery.

Cardiopulmonary Bypass response

Despite	 the	 use	 of	 commonly	 accepted	 methods	 of	 anticoagulation	 and	 heparin	 reversal,	 we	

found	evidence	of	marked	increases	in	thrombin	(F1.2)	activity	in	the	early	postoperative	period	

in	 patients	 undergoing	 CABG	 surgery	 with	 CPB.	 The	 demonstration	 of	 significant	 elevations	

in	 fibrinolytic	 activity	 (D-dimer	 levels)	 at	 the	 same	 time	 suggests	 that	 this	 may	 be,	 in	 part,	 a	

response	(secondary)	to	excessive	thrombin	activity.	During	CPB,	thrombin	is	generated	via	the	

contact	system	activation	as	well	as	via	the	liberation	of	tissue	factor.	2,3,5	The	latter	is	released	

by	the	cutting	of	blood	vessels	or	introduced	by	reinfusion	of	cardiotomy	suction	blood	during	

bypass.2	Activated	monocytes	in	the	wound	blood	have	been	shown	to	express	tissue	factor	on	

the	surface	when	exposed	to	the	pericardial	cavity.3	Consequently,	unprocessed	pericardial	blood,	

that	is	routed	back	to	the	bypass	system,	is	highly	activated	and	could	produce	a	procoagulant	

state.3	Washing	the	collected	blood	by	means	of	a	cell-saving	device,	will	reduce	the	amount	of	

proinflammatory	cytokines	and	the	procoagulant	properties	of	the	returned	blood,	although	it	

can	not	eliminate	it	entirely.4	

Our	 findings	 are	 in	 accordance	 with	 other	 studies	 showing	 massive	 activation	 of	 hemostasis	

during	and	early	after	cardiac	surgery	performed	with	the	use	of	CPB.1,12	The	only	recent	study	

that	 compared	 coagulation	 and	 fibrinolysis	 in	 on-pump	 and	 off-pump	 CABG	 directly	 was	 a	

nonrandomized	trial	by	Casati	et	al.	which	showed	a	similar	transient	increase	in	D-dimer	levels	

immediately	 postoperatively	 in	 the	 CPB	 group	 compared	 to	 off-pump.1	 However,	 the	 authors	

only	 measured	 up	 to	 24	 hours	 postoperatively.	 In	 contrast	 to	 our	 study,	 they	 also	 found	 that	

CPB	was	associated	with	lower	platelet	counts	and	lower	plasminogen	levels.	Although	we	could	

demonstrate	marked	platelet	activation	directly	postoperatively,	as	demonstrated	by	plasma	P-

selectin	per	platelet,	it	was	not	significantly	different	between	both	groups,	nor	could	we	detect	

a	postoperative	decrease	in	platelet	number	after	correction	for	hemodilution.	

The	activated	state	of	hemostasis	immediately	after	on-pump	surgery,	as	evidenced	by	elevated	

F1.2	 and	 D-dimer	 concentrations,	 may	 reflect	 the	 formation	 of	 microthrombi	 and	 could	

theoretically	contribute	to	the	organ	dysfunction,	associated	with	CPB.8,9	Immediately	after	off-
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table 1. Peri-operative Characteristics 

Variable CPB Group off-pump Group P-value

 (n=20) (n=20)

Age	(years)	 64	±	11	 63	±	9	 0.725

Sex	(M/F)	 16/4	 12/8	 0.108

Body	surface	area	(m2)	 1.94	±	0.16	 1.89	±	0.18	 0.947

Body	Mass	Index	(kg/m2)	 27.0	±	3.6	 25.9	±	2.3	 0.134

Heparin	(x	1,000	IU)	 24.4	±	3.7	 15.5	±	4.5	 <0.0001

CPB	duration	(min)	 81	±	34	 0

ACC	duration	(min)	 50	±	19	 0

Protamine	(mg)	 254	±	32	 9		±	18	 <0.0001

No.	of	venous	grafts		 0	(0-1)	 0	(0-1)	 0.681

No.	of	arterial	grafts	 2	(2-3)	 2	(2-3)	 0.502

Blood	loss	in	f irst	12	H	(mL)	 500	(370-605)		 625	(400-1003)	 0.113

Total	blood	loss	ICU	(mL)	 610	(445-890)	 845	(463-1198)		 0.175

PRBC	OR,	units	(patients	transfused)	 8	(4)	 4	(2)	 0.376

Total	PRBC,	units	(patients	transfused)	 12	(6)	 19	(10)	 0.197

FFP	OR,	units	(patients	transfused)		 0	(0)	 0	(0)	 1.000

Total	FFP,	units	(patients	transfused)	 3	(1)	 6(3)	 0.292

Total	PLTC,	units	(patients	transfused)	 0	(0)	 0	(0)	 1.000

Postoperative	hemoglobin	(g/dL)	 10.8	±	1.6	 9.8	±	1.3	 0.091

Data	are	presented	as	mean	±	SD	or	median	(interquartile	range).	CPB,	cardiopulmonary	bypass;	ACC,	aortic	cross-

clamping;	ICU,	intensive	care	unit;	OR,	operating	room;	PRBC,	packed	red	blood	cells;	FFP,	fresh	frozen	plasma;	PLTC,	

platelet	concentrate	
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table 2.  Laboratory variables during coronary artery bypass surgery, uncorrected for dilution

Variable  Pre-or end-or  2 H 20 H day 4

F1.2	 CPB	 1.7	(1.1-2.0)	 5.7	(3.5-8.0)	 4.9	(4.1-10.2)	 2.7	(2.1-4.5)	 5.6	(4.3-6.2)

(µg/mL)	 off-p.	 2.1	(1.1-2.8)	 2.0	(1.1-3.2)	 3.7	(2.4-4.6)	 3.0	(2.4-4.0)	 6.0	(5.0-7.7)

fibrin 	 CPB		 144	(95-372)	 401	(221-588)	 269	(182-576)	 259	(182-483)	 298	(184-503)

(µg/mL)	 off-p.	 	66	(35-117)	 59	(42-128)	 136	(52-182)	 184	(85-271)	 97	(69-247)

d-dim.	 CPB	 236	(177-364)	 1402	(680-1915)	1443	(857-2120)	 865	(652-1125)	 1120	(809-1476)

(µg/L)	 off-p.	 200	(153-292)	 318	(181-420)	 626	(478-820)	 773	(633-858)	 1263	(1115-1493)

Plt cnt.	 CPB	 190	(173-234)	 112	(105-138)	 130	(128-175)	 167	(128-194)	 242	(184-279)

(109/L)	 off-p.	 170	(144-175)	 189	(133-231)	 170	(114-237)	 162	(108-222)	 255	(185-299)

P-sel/plt	 CPB	 0.72	(0.52-1.06)	 1.29	(0.96-1.49)	 1.20	(1.04-1.53)	 1.12	(0.85-1.54)		 0.64	(0.40-0.88)

(fg)	 off-p.	 0.84	(0.54-1.49)	 0.97	(0.55-1.63)	 1.39	(0.59-1.90)	 1.32	(0.79-1.66)	 0.71	(0.51-1.03)

VWF	 CPB		 9.0	(7.5-13.7)	 7.8	(6.1-11.5)	 8.7	(7.0-10.5)	 13.5	(8.6-19.1)	 28.6	(	21.9-34.4)

(µg/mL)	 off-p.	 10.1	(8.5-11.8)	 10.7	(8.6-13.7)	 14.3	(11.6-17.8)	 14.5	(11.5-20.4)	 23.8	(20.0-32.6)

IgG	 CPB	 6.5	(4.1-7.3)	 3.9	(3.3-4.6)	 4.5	(3.8-5.6)	 5.3	(4.0-6.0)	 5.8	(4.5-6.8)

(g/l)	 off-p.	 6.5	(5.3-8.3)	 5.0	(4.3-6.8)	 4.6	(3.8-5.6)	 4.7	(4.2-5.8)	 6.2	(5.1-7.8)

Pre-OR,	preoperative	at	induction;	End-OR,	end	of	operation;	H,	hours	after	operation;	F1.2,	prothrombin	fragments	1.2;	

CPB,	cardiopulmonary	bypass	group;	off-p.,off-pump	group;	D-dim,	D-dimers;	Plt	cnt.,	platelet	count;	P-sel/plt,	P-selectin	

per	platelet;	VWF,	von	Willebrand	Factor;	IgG,	Immunoglobulin	G

All	variables	are	expressed	as	median	and	interquartile	range		
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Figure 1.	Markers	of	thrombin	generation	and	f ibrinolysis.	Relative	plasma	levels	of	prothrombin	fragments	1.2	and	soluble	f ibrin	(throm-

bin	generation)	and	D-dimers	(f ibrinolysis)	in	patients	undergoing	CABG,	either	with	CPB	(CPB	group,	white	bars)	or	without	CPB	(off-pump	

group,	hatched	bars).	Data	have	been	corrected	for	hemodilution	and	are	expressed	in	%	of	preoperative	values	and	presented	as	median	

and	interquartile	range.	

*	 indicates	p<0.01	and	**	 indicates	p<0.001	between	pre-operative	and	following	time	events	within	one	group.	†	means	p<0.01	and	‡	

means	p<0.001	between	groups	at	one	time	point.	Pre-OR,	preoperative	at	induction;	End-OR,	end	of	operation;	H,	hours	after	operation.



chapter		three46

pump	surgery	there	is	much	less	hemostatic	activation,	and	this	may	have	been	a	contributing	

factor	in	the	better	reported	clinical	outcome.9,23	Moreover,	less	consumption	of	clotting	factors	

may	explain	the	reduced	postoperative	blood	loss	and	transfusion	requirements	that	have	been	

reported	in	off-pump	surgery.10,11	However,	this	will	need	to	be	confirmed	in	larger	studies.	

Surgical trauma response

We	found	a	significant	increase	in	thrombin	and	fibrinolytic	activity	in	the	late	(20	hrs,	4	days)	

postoperative	 period.	 Thrombin	 generation	 persisted	 as	 reflected	 in	 a	 second	 or	 maintained	

increase	of	F1.2,	with	a	similar	increase	of	D-dimer	formation.	

These	 findings	 confirm	 previous	 reports	 of	 an	 increased	 procoagulant	 activity	 in	 the	 first	

postoperative	days	after	off-pump	surgery.1,14,15	Whereas	the	potential	hypercoagulable	state	is	

opposed	by	administration	of	intravenous	heparin	and	hemodilution	in	standard	CABG,	doses	of	

heparin	and	fluids	given	during	off-pump	surgery	are	usually	lower.	Quigley	et	al.	demonstrated	

a	 twofold	 increase	 in	 coagulation	 index	 in	 off-pump	 patients	 72	 hours	 postoperatively,	

indicating	a	state	of	relative	hypercoagulability,	whereas	in	patients	undergoing	standard	CABG	

the	 coagulation	 had	 returned	 to	 preoperative	 values.15	This	 procoagulant	 activity	 in	 the	 days	

following	 off-pump	 surgery	 may	 lead	 to	 increased	 risk	 for	 early	 thrombotic	 complications	 like	

graft	occlusion.16,17	 It	has	been	shown	that	OPCAB	grafts	have	 lower	patency	rates	than	grafts	

implanted	 by	 conventional	 techniques	 and	 limited	 revascularization,	 which	 results	 in	 more	

frequent	reinterventions.4,24	Standards	for	perioperative	heparinization	and	antiplatelet	therapy	

in	off-pump	surgery	are	still	lacking	but	are	usually	less	aggressive	than	in	on-pump	surgery.25	

Therefore,	further	research	is	needed	to	determine	what	perioperative	anticoagulation	regimens	

is	most	appropriate	for	off-pump	surgery.

Levels	of	VWF	were	elevated	from	the	first	postoperative	day	after	both	surgical	procedures	and	

peaked	at	high	levels	on	the	fourth	postoperative	day.	Plasma	VWF	is	one	of	the	most	useful	markers	

for	vascular	endothelial	activation	as	it	is	a	specific,	stable,	circulating	product	of	the	endothelial	

cell.21	 Forming	 a	 part	 of	 a	 molecular	 bridge	 between	 platelets	 and	 the	 subendothelium	 of	 an	

injured	vessel	wall,	in	the	presence	of	raised	plasma	VWF	levels,	platelet	adhesion	consequently	

can	be	increased	beyond	normal.	Therefore,	the	increased	release	of	VWF	could	have	contributed	

to	increased	thrombogenicity	in	both	surgical	groups	during	the	first	days	after	surgery.

Limitations of the study

Although	the	present	study	is	a	randomized	(single	center)	trial,	it	has	several	limitations.	The	

number	of	patients	 is	rather	small,	so	 it	should	be	considered	more	as	a	pilot	 investigation	to	

direct	the	most	appropriate	analyses	of	coagulation	parameters	in	a	larger	cohort.	As	the	small	

sample	size	precludes	excluding	type	II	error,	small	differences	between	the	groups	at	certain	

time	 points	 could	 have	 been	 missed.	 In	 addition	 to	 that,	 the	 number	 of	 sampling	 periods	 is	

limited,	so	only	data	from	these	predefined	sampling	periods	can	be	supplied,	possibly	missing	
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hemostatic	 abnormalities	 at	 other	 time	 points	 after	 CABG.	 Secondly,	 the	 Octopus	 study	 was	

designed	 as	 a	 practical	 rather	 than	 an	 explanatory	 trial:	 it	 compared	 off-pump	 surgery	 with	

conventional	CABG	both	performed	as	what	was	considered	standard	practice	in	the	Netherlands	

at	that	time.	This	included	additional	factors	associated	with	the	on-pump	procedure	that	could	

have	influenced	our	results.	These	include:	1)	use	of	dexamethasone	(to	mitigate	the	systemic	

inflammatory	response)	2)	use	of	moderate	hypothermia	3)	use	of	cardioplegia	to	arrest	the	heart	

and	4)	use	of	different	anticoagulation	strategies	(target	ACT	>	450s	vs	250s).	We	also	used	a	

fixed	protamine	dosage	for	heparin	reversal.	As	ACT	may	be	influenced	by	other	factors	such	as	

hypothermia	and	hemodilution,	 it	may	not	accurately	reflect	the	extent	of	anticoagulation	by	

heparin.5	This	could	have	led	to	relative	protamine	overdose	and	therefore	might	have	influenced	

our	results	in	the	immediate	postoperative	period.5	In	addition,	an	ACT	<150	s	in	the	off-pump	

group	may	still	have	represented	significant	anticoagulation	(aPTT	>	100	s).	Monitoring	of	whole	

blood	heparin	concentrations	or	administration	of	heparin	based	on	a	CPB	duration-dependent,	

fixed	dose	regimen	might	help	avoid	this	and	would	be	preferable	in	future	studies.	It	is	clearly	

established	 that	 patient	 specific	 heparin	 dosing	 leads	 to	 less	 hemostatic	 activation,	 better	

thrombin	inhibition	and	less	transfusion	of	allogenic	blood.5,26	Using	monitoring	of	whole	blood	

heparin	 concentrations	 during	 CPB	 could	 probably	 decrease	 or	 even	 abolish	 the	 pronounced	

activation	 of	 coagulation	 and	 fibrinolysis	 we	 demonstrated	 in	 the	 immediate	 postoperative	

period.	However,	at	this	moment	measuring	ACT	is	still	the	most	commonly	used	anticoagulation	

strategy	during	cardiac	surgery.

ConCLuSIon

This	prospective,	randomized	study	provides	evidence	that	CPB	is	associated	with	a	significantly	

more	 pronounced	 activation	 of	 coagulation	 and	 fibrinolysis	 in	 the	 immediate	 postoperative	

period.	In	the	off-pump	group	a	delayed	postoperative	response	was	demonstrated,	that	became	

equal	in	magnitude	to	the	CPB	group	in	the	later	(20	and	96	hours)	postoperative	period.	Levels	

of	VWF	were	elevated	from	the	first	postoperative	day	after	both	surgical	procedures	and	peaked	

at	 high	 levels	 on	 the	 fourth	 postoperative	 day.	 Further	 research	 is	 needed	 to	 determine	 what	

perioperative	anticoagulation	regimens	is	most	appropriate	for	both	on-	and	off-pump	surgery.
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ABStrACt

Background and objectives

Several	studies	have	shown	that	cognitive	decline	also	occurs	after	off-pump	coronary	artery	

bypass	 grafting,	 suggesting	 that	 other	 factors	 than	 the	 use	 of	 cardiopulmonary	 bypass	

contribute	to	cognitive	decline.	We	hypothesized	that	a	hypercoagulable	state	after	off-pump	

surgery	may	contribute	to	cognitive	decline.	

Patients and methods

In	a	sample	of	60	consecutive	patients	undergoing	off-pump	coronary	artery	bypass	surgery,	

we	studied	the	association	between	postoperative	activation	of	hemostasis,	as	reflected	by	D-

dimers	 and	 prothrombin	 fragments	1.2	 (F1.2)	and	cognitive	outcome	at	 the	 4th	day,	 3	and	 12	

months	after	surgery.	

results

D-dimer	 and	 F1.2	 levels	 at	 two	 hours	 after	 the	 off-pump	 procedure	 were	 strongly	 associated	

with	cognitive	decline	on	postoperative	day	4	(p=0.004	and	p=0.013,	respectively).	Also	in	a	

multivariate	 logistic	 regression	 model,	 postoperative	 D-dimer	 levels	 were	 a	 strong	 predictor	

of	 early	 cognitive	 decline.	 No	 association	 was	 found	 between	 postoperative	 activation	 of	

hemostasis	and	cognitive	outcome	after	3	and	12	months.	

Conclusions

Our	data	indicate	that	early	postoperative	D-dimer	and	F1.2	levels	associated	with	early	cognitive	

outcome	after	off-pump	coronary	artery	bypass	surgery.	Activation	of	hemostasis	may	therefore	

contribute	to	cognitive	decline	in	off-pump	surgery.	
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IntroduCtIon

Cognitive	 dysfunction	 after	 coronary	 artery	 bypass	 grafting	 (CABG)	 is	 a	 well-recognized	

complication	and	has	been	largely	attributed	to	the	use	of	the	cardiopulmonary	bypass	(CPB)	

system.1,2	However,	several	studies	have	demonstrated	that	off-pump	CABG	is	also	associated	

with	cognitive	decline,	suggesting	that	other	factors	than	the	use	of	CPB	can	contribute	to	this	

complication.3,4	Recently,	we	demonstrated	that	off-pump	CABG	is	associated	with	postoperative	

activation	 of	 hemostasis	 to	 a	 similar	extent	as	 conventional	CABG	 in	 the	 later	 postoperative	

period.5	 This	 postoperative	 hypercoagulable	 state,	 which	 has	 also	 been	 demonstrated	 by	

others6	may	lead	to	temporary	occlusion	of	blood	vessels	and	thus	contribute	to	postoperative	

organ	damage.	

We	hypothesized	that	a	postoperative	hypercoagulable	state	after	off-pump	CABG,	as	reflected	

by	D-dimers	and	prothrombin	fragments	1.2	(F1.2),	may	be	associated	with	early	postoperative	

cognitive	decline.	
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PAtIentS And MetHodS

Blood sampling

Perioperative	 blood	 samples	 (after	 induction	 of	 anesthesia,	 2	 and	 96	 hours	 after	 the	 end	 of	

the	surgical	procedure)	for	determination	of	D-dimer	and	F1.2	levels	were	collected	from	sixty	

off-pump	patients	who	participated	in	the	Octopus-study.3	There	was	no	additional	selection	

criteria	 entry	 for	 this	 study.	 Design	 and	 methods	 of	 the	 Octopus	 multicenter	 trial	 have	 been	

described	in	detail	elsewhere3.	Plasma	D-dimers	and	F1.2	levels	were	assessed	by	quantitative	

enzyme	immunoassays	according	to	the	manufacturers’	instructions	(Asserachrom	D-dimer	kit,	

Diagnostica	 Stago,	 Roche,	 Mannheim,	 Germany	 and	 Enzygnost	 F1.2	 Micro,	 Behringwerke	 AG,	

Frankfurt,	Germany,	respectively).

Cognitive outcome

To	establish	early	cognitive	outcome,	patients	underwent	a	battery	of	six	neuropsychological	tests	

(the	Rey	auditory	verbal	learning	test,	the	grooved	pegboard,	the	trailmaking	test,	the	Sternberg	

memory	comparison,	the	line	orientation	test	and	the	Stroop	colour	word	test)	one	day	before	

and	four	days	after	surgery.	In	accordance	with	the	“Statement	of	consensus	on	assessment	of	

neurobehavorial	outcomes	after	cardiac	surgery”7	the	battery	tested	motor	skills,	verbal	memory	

capacity	and	attention.	Each	test	yielded	one	or	more	variables,	with	different	ranges	for	each	

variable.	Seven	main	variables	were	chosen	a	priori	to	be	used	in	the	analyses.	“Cognitive	decline”	

was	 defined,	 according	 to	 commonly	 used	 criteria,	 as	 a	 decrease	 in	 the	 person’s	 performance	

of	at	least	20%	from	baseline	performance	before	surgery,	in	at	least	20%	(that	is,	two)	of	the	

main	variables.8	Patients	who	had	had	a	stroke	were	considered	to	have	cognitive	decline.	Three	

and	twelve	months	after	surgery,	cognitive	performance	was	determined	with	a	more	extended	

battery	of	10	neuropsychological	tests.3	

data analysis

The	predictive	association	between	postoperative	D-dimer	and	F1.2	levels	and	cognitive	decline	

was	quantified	using	Odds	Ratios	(OR)	and	95%	confidence	intervals	(CI).	To	account	for	other	

possible	predictors	of	postoperative	cognitive	decline,	multivariate	logistic	regression	analysis	

was	applied.	These	other	predictors	were	age,	sex,	the	presence	of	diabetes	mellitus,	peripheral	

vascular	disease,	history	of	stroke	or	transient	 ischaemic	attack,	and	the	number	of	diseased	

arteries.	 In	 addition,	 other	 possible	 confounders	 such	 as	 intubation	 time,	 use	 of	 thoracic	

epidural	 analgesia	 and	 postoperative	 CRP	 levels	 (as	 a	 marker	 of	 inflammatory	 or	 acute	 phase	

response)	were	included.	First	the	association	between	early	cognitive	decline	and	each	of	the	

other	possible	predictors	was	quantified	by	univariate	analysis.	Then,	all	predictors	with	p	≤	0.25	

in	 the	 univariate	 analysis	 were	 included	 in	 a	 multivariate	 logistic	 regression	 model	 together	

with	postoperative	D-dimer	and	F1.2	levels.	To	demonstrate	a	dose-response	relationship	the	
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study	cohort	was	divided	in	quartiles	based	on	postoperative	D-dimer	levels.

reSuLtS

Two	patients	were	excluded	because	they	had	a	perioperative	myocardial	infarction.	Preoperative	

D-dimer	 and	 F1.2	 levels	 were	 comparable	 between	 patients	 with	 and	 without	 early	 cognitive	

decline	 (D-dimer:	 0.3	 (0.1-0.4)	 versus	 0.2	 (0.1-0.3)	 µg/mL	 and	 F1.2:	 0.7	 (0.5-0.9)	 versus	 0.7	

(0.4-0.9)	nmol/L,	respectively).	Two	hours	after	the	operation,	D-dimer	levels	were	significantly	

increased	 in	both	groups	but	higher	 in	patients	with	early	cognitive	decline	 than	 in	patients	

without	 early	 cognitive	 decline	 (0.9	 (0.6-1.6)	 versus	 0.6	 (0.3-0.9)	 µg/mL;	 p	 =	 0.002).	 At	 this	

time	point,	F1.2	levels	were	also	higher	in	patients	with	early	cognitive	decline	(1.5	(1.2-1.7)	

versus	 1.1	 (0.9-1.3)	 nmol/L;	 p=0.006).	 At	 the	 fourth	 postoperative	 day,	 D-dimer	 levels	 were	

significantly	elevated	but	comparable	in	both	groups	(no	decline:	1.95	(1.24-2.44)	µg/mL	versus	

decline:	2.21	(1.38-2.55)	µg/mL;	p	=	0.45)	and	this	also	accounted	for	F1.2	levels	(no	decline:	1.7	

(1.5-2.2)	nmol/L	versus	decline:	1.7	(1.4-2.0)	nmol/L;	p=0.86).

When	patients	were	divided	in	quartiles	based	on	D-dimer	levels	2	hours	after	the	operation,	

there	was	a	clear	dose-response	relationship	between	postoperative	D-dimer	levels	and	early	

cognitive	decline	(Table	1).	This	could	not	be	demonstrated	for	the	cognitive	decline	after	3	and	

12	months.	

Both	early	postoperative	D-dimer	levels	as	F1.2	levels	were	a	predictor	of	early	cognitive	decline	

(p=0.004	and	p=0.013,	respectively).	Table	2	shows	the	results	of	the	univariate	and	multivariate	

logistic	regression.	After	correction	for	other	predictors	or	possible	confounders,	the	association	

between	postoperative	D-dimer	levels	and	early	cognitive	decline	was	still	present	(p=0.02).	No	

association	could	be	demonstrated	between	early	postoperative	D-dimer	levels	and	cognitive	

decline	at	3	and	12	months	(univariate	analysis:	p=0.39	and	p=0.41,	respectively).
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table 1.  Quartiles of post-operative d-dimer levels (at 2 hours) in off-pump CABG and cognitive decline

  d-dimer level   Cognitive decline in no. of patients (%)

  range (median) Postoperative day 4  3 months 1 year

  (µg/mL) 

Group 1		 	 0.23-0.39	 (0.29)	 3/15				(20)	 2/15					(13)	 2/15				(13)

Group 2		 	 0.42-0.68	 (0.58)	 5/15				(33)	 3/14				(21)	 4/13				(31)

Group 3		 	 0.73-1.06	 (0.84)	 6/13				(46)	 2/13				(15)	 6/13				(46)

Group 4 	 	 1.17-3.00	 (1.58)	 10/15			(67)	 3/13				(23)	 5/13				(39)

Total	 	 0.23-3.00	 (0.70)	 24/58				(41)	 10/55				(18)	 17/54				(31)
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table 2. early cognitive decline by logistic regression analysis

Predictor decline decline univariate  Multivariate 

 absent present analysis analysis

 (n=34) (n=24) or p-value or p-value

Age,	mean	(SD)	(years)	 62	(8)	 62	(8)	 0.99 0.78	

Female	sex	(%)	 38	 33	 0.81 0.70	

Diabetes	(%)	 9	 13	 1.53 0.65

Peripheral	vascular	disease	(%)	 3	 12	 4.71 0.19	 3.66 0.83

Previous	stroke	of	TIA	(%)	 3	 0	 0.79

Hypertension	(%)	 47	 42	 0.80 0.68

Number	of	diseased	coronary	arteries	2.1	 2.0	 1.29 0.50	

Use	of	side	clamp(s)	(%)	 32	 21	 0.44 0.50	

D-dimer	levels	2	h	postop	(µg/mL)	 0.6	(0.3-0.9)	 0.9	(0.6-1.6)	 1.0018 0.004	 1.0022 0.02

F1.2	levels	2h	postop	(nmol/L)	 1.1	(0.9-1.3)		 1.5	(1.2-1.7)	 13.1 0.013	 2.2 0.56

Time	in	Operating	Room	(SD)	(h)	 4.2	(0.9)	 4.2	(1.1)	 1.02 0.94

Use	of	blood	products	(%)	 3	 0	 0.79

Total	blood	loss	in	ICU	(SD)	(mL)	 692	(375)	 631	(416)	 1.00 0.70

Intubation	time	(SD)	(h)	 8.0	(3.9)	 8.6	(4.8)	 1.03 0.62

Use	of	cell	saver	(%)	 31	 46     1.95	 0.21 1.42     0.74

Thoracic	Epidural	Analgesia	(%)	 71	 63      0.69	 0.52

CRP	levels	20	h	postop	(mg/L)	(SD)	 85.9	(48.2)	 91.7	(48.0)	 1.00 0.93	 1.00 1.00

OR,	Odds	Ratio;	SD,	standard	deviation;	TIA,	transient	ischemic	attack;	ICU,	Intensive	Care	Unit
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dISCuSSIon

In	the	present	study,	we	are	the	first	to	demonstrate	an	association	between	early	activation	of	

hemostasis	after	off-pump	surgery	and	early	postoperative	cognitive	decline.	This	association	

deserves	 further	 investigation.	 Intraoperative	 activation	 of	 hemostasis	 in	 off-pump	 CABG	

is	 significantly	 less	 to	 that	 in	 conventional	 CABG.	 The	 coagulation	 and	 fibrinolysis	 cascades,	

however,	are	activated	after	the	procedure,	as	with	every	major	operation.6	In	an	earlier	study,	

we	 found	that	postoperative	activation	of	hemostasis	after	off-pump	and	conventional	CABG	

become	 comparable	 after	 the	 first	 postoperative	 day.5	 This	 postoperative	 hypercoagulable	

state	 or	 “preserved	hemostasis”	may	 contribute	 to	 thrombo-embolic	complications	 like	graft	

occlusion.9	A	new	study,	specifically	designed	to	quantify	coagulative	state	and	neurocognitive	

outcome,	is	needed	to	confirm	the	present	results.	

Hypercoagulability	 may	 not	 be	 the	 only	 source	 of	 cognitive	 decline	 after	 off-pump	 surgery.	

Exposure	of	the	posterior	cardiac	wall	frequently	leads	to	transient	episodes	of	elevated	central	

venous	 pressure	 and	 concurrent	 decreased	 systemic	 blood	 pressure,	 resulting	 in	 a	 decreased	

cerebral	 perfusion	 pressure.10	 Also	 the	 formation	 of	 intra-operative	 microemboli	 from	 aortic	

manipulation,	when	tangential	aortic	cross	clamping	 is	used	during	 the	 off-pump	procedure,	

may	contribute	to	the	development	of	cognitive	decline.11	These	mechanisms	may	explain	the	

incidence	of	cognitive	decline	in	the	lower	D-dimer	groups	(Table	1).

Although	we	found	a	clear	association	between	early	postoperative	D-dimer	levels	and	cognitive	

decline	 4	 days	 after	 the	 operation,	 no	 relation	 was	 found	 with	 cognitive	 decline	 after	 3	 and	

12	 months.	 The	 incidence	 after	 3	 and	 12	 months	 may	 have	 been	 too	 low	 to	 detect	 such	 an	

association	 in	 this	 small	 study.	 However,	 several	 studies	 demonstrated	 that	 early	 cognitive	

decline	 is	 an	 independent	 predictor	 of	 both	 incidence	 and	 severity	 of	 cognitive	 decline	 after	

several	 months	 or	 years.2,12	 Moreover,	 our	 study	 participants	 were	 relatively	 young,	 and	 they	

might	 recover	 better	 from	 the	 cognitive	 decline	 in	 the	 early	 postoperative	 period.	 Effects	 of	

hemostatic	 activation	 on	 long-term	 cognitive	 decline	 may	 be	 more	 notable	 in	 older	 patients	

with	more	co-morbidity.	

In	conclusion,	early	postoperative	D-dimer	and	F1.2	levels	are	associated	with	early	cognitive	

outcome	after	off-pump	CABG.	Activation	of	hemostasis	may	therefore	contribute	to	cognitive	

decline	in	off-pump	surgery.
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SuMMAry

High	shear	forces	can	induce	structural	changes	in	the	shape	of	the	von	Willebrand	Factor	

(VWF)	 molecule,	 making	 it	 more	 sensitive	 for	 ADAMTS-13,	 a	 specif ic	 VWF	 protease.	 This	

leads	 to	 proteolysis	 of	 the	 highest–molecular-weight	 multimers,	 which	 are	 the	 most	

effective	 in	 platelet-mediated	 hemostasis	 under	 conditions	 of	 high	 shear	 stress.	 The	 use	

of	cardiopulmonary	bypass	(CPB)	is	accompanied	with	high	shear	forces	and	could	therefore	

lead	to	diminished	VWF	activity.	Therefore,	we	studied	VWF	activity	in	patients	undergoing	

myocardial	revascularization.

We	enrolled	60	patients	undergoing	coronary	artery	bypass	graft	(CABG)	surgery	with	and	

without	 CPB	 (30	 each	 group).	 ADAMTS-13	 activity,	 VWF	 antigen	 (VWF:Ag)	 and	 propeptide	

levels	were	measured	directly	before	and	after	the	procedure.	VWF	activity	was	determined	

using	 both	 the	 ristocetin	 cofactor	 activity	 (VWF:Rcof)	 and	 collagen	 binding	 (VWF:CB)	

assays.	

VWF:Rcof	 and	 VWF:CB,	 both	 corrected	 for	 VWF:Ag,	 were	 signif icantly	 increased	 after	

the	 procedure	 in	 the	 off-pump	 group	 (respectively;	 p<0.001	 and	 p=0.05),	 but	 not	 in	 the	

CPB	 group.	 Postoperative	 VWF:Ag	 and	 VWF-propeptide	 levels	 signif icantly	 increased	 in	

both	 groups.	 ADAMTS-13	 activity	 increased	 after	 both	 types	 of	 surgery	 after	 correction	

for	 hemodilution.	 Postoperative	 VWF:Rcof	 levels	 correlated	 with	 postoperative	 D-dimer	

levels	 (p=0.025)	 and	 were	 associated	 with	 early	 cognitive	 decline	 in	 the	 off-pump	 group	

(p=0.025).	

Our	data	indicate	that	VWF	activity	is	increased	after	off-pump	CABG,	but	not	after	CABG	with	

CPB.	 Since	 release	 of	 VWF	 is	 comparable	 in	 both	 groups,	 shear–stress	 induced	 proteolysis	

due	to	the	use	of	CPB	may	be	responsible	for	the	decreased	VWF	activity.



IntroduCtIon

Von	Willebrand	Factor	(VWF),	a	multimeric	plasma	glycoprotein	plays	an	important	role	in	

primary	 hemostasis	 as	 it	 is	 involved	 in	 the	 initial	 adhesion	 of	 blood	 platelets	 at	 sites	 of	

vascular	 injury.1	VWF	can	bind	to	both	exposed	collagen	and	the	glycoprotein	 Ib	 receptor	

on	 platelets,	 hereby	 allowing	 platelet	 tethering	 at	 the	 site	 of	 injury.	 This	 is	 essential	 to	

initiate	 thrombus	 formation	 on	 vascular	 surfaces	 exposed	 to	 rapidly	 flowing	 blood.2	 VWF	

is	 synthesized	 by	 megakaryocytes	 and	 endothelial	 cells,	 and	 released	 in	 the	 form	 of	 a	

gigantic,	multimeric	protein	of	20,000-kDa	in	size.	The	proteolysis	of	the	mature	molecule	

by	 ADAMTS-13,	 a	 plasma	 metalloprotease,	 down-regulates	 the	 size	 of	 plasma	 VWF	 to	 a	

series	 of	 multimers	 ranging	 from	 450	 to	 over	 10,000	 kDa.3	 This	 steady	 state	 distribution	

of	 multimers	 reflects	 an	 equilibrium	 between	 the	 secretion	 of	 large	 multimers	 and	 their	

proteolysis	into	smaller	inactive	derivatives.	

High	shear	forces	can	induce	structural	changes	in	the	shape	of	the	VWF	molecule,	making	

it	more	sensitive	for	ADAMTS-13.4,5	This	leads	to	the	proteolysis	of	the	highest–molecular-

weight	 multimers,	 which	 are	 the	 most	 effective	 in	 platelet-mediated	 hemostasis	 under	

conditions	of	high	shear	stress.2	Subsequently,	an	increased	bleeding	tendency	may	develop,	

resembling	von	Willebrand	disease	type	2A.	This	syndrome	is	characterized	by	the	selective	

absence	of	large	multimers,	due	to	a	mutation	in	VWF,	which	increases	its	susceptibility	to	

ADAMTS-13.1	 Recently,	 it	 was	 demonstrated	 that	 acquired	 von	 Willebrand	 disease	 type	 2A	

is	 common	 in	 patients	 with	 severe	 aortic	 stenosis.	 The	 passing	 of	 the	 blood	 through	 the	

stenotic	valve	leads	to	high	shear	forces	resulting	in	proteolysis	of	the	highest-molecular-

weight	multimers	of	VWF	and	a	consequent	bleeding	tendency.6	

The	 question	 arises,	 if	 shear	 stress-induced	 cleavage	 of	 VWF	 causes	 hemostatic	 defects	

in	 other	 non-physiological	 flow	 conditions.	 The	 use	 of	 cardiopulmonary	 bypass	 (CPB)	 is	

associated	 with	 hemostatic	 abnormalities	 due	 to	 several	 mechanisms	 such	 as	 impaired	

platelet	 function	 and	 activation	 of	 coagulation	 and	 f ibrinolysis.7-9	 However,	 as	 VWF	 is	 of	

great	 importance	 in	 maintaining	 primary	 hemostasis,	 its	 changes	 due	 to	 the	 turbulent,	

high-pressure	 blood	 flow	 may	 be	 another	 contributing	 factor.	 Therefore,	 we	 studied	 VWF	

activity	 in	 patients	 undergoing	 coronary	 artery	 bypass	 graft	 (CABG)	 surgery	 with	 and	

without	cardiopulmonary	bypass.

Relatively	increased	von	Willebrand	Factor	activity	after	off-pump	coronary	artery	bypass	graft	surgery 63



chapter		five64

MAterIAL And MetHodS

Patients 
Perioperative	blood	samples	for	determination	of	VWF	activity	were	collected	from	60	patients	

who	participated	in	the	Octopus-study.10-12	There	were	no	additional	selection	criteria	entry	

for	this	study.	Design	and	methods	of	the	Octopus	multicenter	trial	have	been	described	in	

detail	elsewhere.10-12	In	short,	all	participants	had	stable	angina	pectoris	(Braunwald	Class	I-

II,	a-c)	and	were	randomLy	allocated	to	undergo	CABG	with	(on-pump	group;	n=30)	or	without	

use	 of	 CPB	 (off-pump;	 n=30).	 Patients	 were	 excluded	 in	 case	 of	 emergency	 or	 concomitant	

major	surgery,	Q-wave	myocardial	infarction	in	the	previous	6	weeks,	or	poor	left	ventricular	

function.	 The	 local	 ethical	 and	 research	 council	 approved	 the	 study	 and	 written	 informed	

consent	was	obtained	from	all	patients.	

The	goal	of	surgery	was	to	obtain	complete	arterial	revascularization.	With	the	exception	of	

emergency	procedures	all	operations	were	performed	by	cardiac	surgeons	experienced	in	both	

off-pump	and	on-pump	bypass	surgery.	In	the	CPB	group,	patients	received	total	intravenous	

anesthesia,	including	high-dose	opioids	(sufentanil	2-3	μg/kg	at	induction,	continued	with	0.5	

μg/kg⋅h	until	the	end	of	surgery),	whereas	in	the	off–pump	group	75%	of	the	patients	received	

thoracic	epidural	anesthesia	combined	with	 low-dose	 intravenous	opioids	(sufentanil	0.25-

0.5	μg/kg	at	induction).	The	CPB	patients	received	1	mg/kg	dexamethasone	after	induction	of	

anesthesia.	Surgical	access	to	the	heart	was	in	both	groups	achieved	by	midsternal	incision.

In	 the	 CPB	 group,	 the	 extracorporeal	 circuit	 consisted	 of	 a	 membrane	 oxygenator	 with	

integrated	heat	exchanger,	venous	reservoir	and	polyvinyl	tubing	system	and	a	non-pulsatile	

roller	pump	(Baxter	Healthcare	Corporation,	Irvine,	CA,	USA)	and	was	primed	with	crystalloid-

colloid	mixture.	Only	the	oxygenator	and	the	venous	reservoir	were	heparin-coated.	Before	

connection	 to	 the	 CPB	 system,	 porcine	 heparin	 (300	 IU/kg,	 Leo	 Pharmaceutical	 Products	

BV,	Weesp,	The	Netherlands)	was	administered	in	order	to	achieve	an	activated	coagulation	

time	 (ACT)	 >	 450	 s	 (Hemochron	 400,	 International	 Technidyne	 Corp.,	 NJ,	 USA).	 CPB	 was	

managed	according	to	the α-stat	principle,	with	a	minimal	nasopharyngeal	temperature	of	

32oC,	CPB	flow	rate	was	kept	at	2.4	L/min⋅m2.	Myocardial	protection	was	achieved	with	cold	

(4oC)	potassium	cardioplegia	(Plegisol,	Abbott	Inc,	Chicago,	IL,	USA).	After	completion	of	all	

distal	anastomoses,	the	aortic	cross-clamp	was	removed	and	the	proximal	anastomoses	were	

performed	 with	 a	 partial	 occluding	 clamp.	 Meanwhile,	 the	 patient	 was	 rewarmed	 to	 37°C.	

Heparin	was	neutralized	by	3	mg/kg	protamine	chloride	(Hoffman/La	Roche	B.V,	Mijdrecht,	

The	 Netherlands).	 To	 reduce	 blood	 loss,	 blood	 was	 recollected	 with	 a	 suction	 cardiotomy	

reservoir	in	the	on-pump	group,	whereas	a	cell-saver	was	used	in	the	off-pump	group.

In	 the	 off-pump	 group,	 after	 median	 sternotomy,	 CABG	 was	 performed	 on	 the	 beating,	

normothermic	 heart	 with	 local	 cardiac	 wall	 immobilization	 by	 using	 the	 Octopus	 Tissue	

Stabilizer	 (Medtronic,	 Inc.,	 Minneapolis,	 MN,	 USA).	 Before	 start	 of	 the	 anastomosis,	
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porcine	heparin	(150	IU/kg)	was	administered	in	order	to	achieve	an	ACT	>	250	s.	Heparin	

was	neutralized	by	1	mg/kg	protamine	chloride.	

Thrombosis	prophylaxis	was	initiated	with	nadroparin	2850	IU	subcutaneously	and	combined	

with	acetylsalicylic	acid	80	mg	daily.	As	prophylaxis	for	postoperative	atrial	f ibrillation	all	

patients	were	given	sotalol	40	mg	twice	daily	from	the	f irst	day	till	1	month	after	surgery.

Blood Collection and Storage
Blood	was	anticoagulated	with	citrate	(9	parts	blood:	1	part	0.109	M	trisodiumcitrate)	and	

centrifuged	at	4oC	for	20	min	at	2000	g.	The	plasma	was	removed	and	recentrifuged	at	4oC	

for	20	min	at	2000	g	to	remove	residual	platelets.	Samples	were	stored	in	aliquots	at	–80oC	

until	analysed.	

Laboratory assays
VWF	 antigen	 (VWF:Ag),	 VWF	 collagen	 binding	 activity	 (VWF:CB)	 and	 VWF-propeptide	

antigen	levels	were	measured	by	enzyme-linked	immunosorbent	assay	(ELISA)	as	described	

previously.13-15	VWF	ristocetin	cofactor	activity	(VWF:Rcof)	was	carried	out	by	aggregometry	

using	 f ixed	 human	 platelets.16	 The	 results	 of	 VWF:Rcof,	 VWF-CB	 and	 VWF-propeptide	 are	

expressed	 in	 ratios	 of	 VWF:Ag.	 ADAMTS-13	 activity	 was	 determined	 using	 a	 fluorescence	

resonance	 energy	 transfer	 (FRET)	 assay	 as	 described	 previously.17	 Platelet	 counts	 were	

determined	 with	 an	 automatic	 cell	 counter	 (Cobas	 Minos	 ST;	 Roche,	 Montpellier,	 France).	

Normal	pool	plasma	of	30	healthy	donors	served	as	standard	for	all	tests.

To	correct	for	hemodilution	in	the	CPB	group	by	the	administration	of	crystalloid	or	colloid	

solutions	 and	 CPB	 priming,	 pre-	 and	 postoperative	 hematocrit	 values	 were	 used.	 Volume	

correction	 of	 VWF:Ag	 and	 ADAMTS-13	 activity	 levels	 (in	 both	 groups)	 was	 made	 based	 on	

the	 ratio	 of	 the	 hematocrit	 values	 and	 were	 transformed	 to	 percentage	 with	 respect	 to	

the	 preoperative	 level.	 All	 other	 data	 were	 already	 expressed	 in	 relation	 to	 VWF:Ag	 and	

therefore	correction	for	hemodilution	was	not	needed.

Statistical Analysis
All	 analyses	 were	 done	 using	 standard	 computer	 software	 (SPSS	 9.0,	 SPSS	 Inc.	 Chicago,	

IL,	USA).	Normality	of	the	distribution	of	continuous	variables	was	tested	by	the	Shapiro-

Wilk	 test.	 All	 data	 are	 presented	 as	 mean	 ±	 standard	 deviation	 (SD)	 or	 as	 medians	 (and	

interquartile	ranges	(IQR))	for	non-normally	distributed	continuous	variables.	Differences	

in	 continuous	 and	 categorized	 variables	 were	 tested	 by	 unpaired	 t-test	 and	 chi-square	

test,	respectively.	Pre-	and	postoperative	values	were	compared	using	the	paired	t-test	or	

Wilcoxon	matched	pairs	signed	rank	sum	test.	Differences	between	means	were	considered	

signif icant	when	p<	0.05.
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reSuLtS

Patient	 characteristics	 are	 listed	 in	 Table	 1.	 None	 of	 the	 patients	 received	 desmopressin	

acetate	 or	 anti-fibrinolytic	 medication.	 There	 were	 no	 perioperative	 deaths,	 and	 no	 major	

complications	 such	 as	 stroke	 or	 myocardial	 infarction	 were	 reported.	 One	 CPB	 patient	 was	

transfused	with	red	blood	cell	units	during	the	operation	and	was	excluded	only	in	the	analysis	

for	volume	corrected	data.

	

VWF antigen and activity 
Mean	 preoperative	 VWF:Ag	 levels	 were	 comparable	 in	 both	 the	 cardiopulmonary	 bypass	 and	

the	off-pump	group	(10.3	±	3.3	µg/mL	and	10.9	±	3.0	µg/mL,	respectively;	p=0.42)	(Table	2).	

Postoperative	VWF:Ag	levels	dropped	significantly	in	the	CPB	group	(8.8	±	3.0	µg/mL;	p=0.001	

compared	 to	 preoperative	 levels)	 whereas	 in	 the	 off-pump	 group	 postoperative	 VWF	 antigen	

levels	 were	 comparable	 to	 preoperative	 values	 (11.2	 ±	 3.4	 µg/mL;	 p=0.59).	 However,	 after	

correction	for	hemodilution,	VWF:Ag	levels	significantly	increased	in	both	groups	to	the	same	

extent	(CPB	group:	152	±	42%	and	off-pump	group:	143	±	24%;	p<0.001	in	both	groups	compared	

to	pre-operative	levels;	p=0.34	between	both	groups)	(Table	2).	

Before	the	operation,	VWF:Rcof	levels	were	comparable	in	both	groups	(CPB	group:	0.91	±	0.17	

versus	off-pump	group:	0.85	±	0.17;	p=0.25)(Table	2).	Postoperatively,	VWF:Rcof	levels	did	not	

change	in	the	CPB	group	(0.94	±	0.24;	p=0.36	compared	to	preoperative	value),	but	significantly	

increased	 after	 the	 procedure	 in	 the	 off-pump	 group	 (1.02	 ±	 0.19;	 p<0.001	 compared	 to	

preoperative	value).	This	change	in	VWF:Rcof	was	significantly	different	between	the	two	groups	

(p=0.017)	(Table	2).	Similar	results,	although	less	pronounced	were	found	in	the	VWF:CB	assay.	

In	the	CPB	group	no	difference	could	be	demonstrated	(0.97	±	0.07	preoperatively	versus	0.97	±	

0.08	postoperatively;	p=0.58),	while	in	the	off-pump	group,	there	was	a	(borderline)	significant	

increase	from	0.94	±	0.06	preoperatively	to	0.98	±	0.09	postoperatively	(p=0.05)	(Table	2).

After	the	operation,	VWF-propeptide	ratios	increased	significantly	in	both	groups	to	a	similar	

extent	(CPB	group:	from	0.09	±	0.03	to	0.14	±	0.04;	p<0.001	and	off-pump	group:	from	0.10	±	

0.04	to	0.13	±	0.04;	p=0.007),	indicating	that	the	endothelial	release	of	VWF	due	to	the	surgical	

trauma	was	comparable	(Table	2).

In	 both	 groups,	 ADAMTS-13	 activity	 decreased	 significantly	 after	 the	 operation	 but	 more	

pronounced	in	the	CPB	group	(CPB	group:	from	80	±	16%	to	53	±	16%;	p<0.001	and	off-pump	

group:	 from	 83	 ±	 17%	 to	 76	 ±	 18%;	 p<0.001).	 However,	 after	 correction	 for	 hemodilution	

ADAMTS-13	 activity	 was	 increased	 after	 both	 procedures	 (CPB	 group:	 from	 80	±	 16%	 to	 89	 ±	

23%;	p=0.008	and	off-pump	group:	from	83	±	17%	to	103	±	20%;	p<0.001;	p=0.07	between	both	

groups)	but	not	to	the	same	extent	as	the	increase	in	VWF:Ag.	The	ratio	of	ADAMTS-13	to	VWF:

Ag	decreased	in	both	groups	(CPB	group:	from	0.87	±	0.36	to	0.68	±	0.35;	p<0.001	and	off-pump	

group:	from	0.82	±	0.32	to	0.73	±	0.28;	p=0.002;	p=0.06	between	groups)	(Table	2).
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table 1. Peri-operative Characteristics 

Variable Bypass group off-pump group P-value

 (n=30) (n=30)

Age	(years)	 59 ±	10	 63 ±	8	 0.11

Male	sex	(%)		 77	 76	 1.00

Body	Mass	Index	(kg/m2)	 27.6 ±	3.1	 27.5	±	2.9	 0.96

Hypertension	(%)	 57	 38	 0.20

Peripheral	vascular	disease	(%)	 10	 3	 0.61

Smoking	(%)	 63	 67	 0.79

Diabetes	(%)	 13	 7	 0.67

Hypercholesterolaemia	(%)	 67	 69	 1.00

No.	of	vessels	diseased		 2	(1-3)	 2	(1-3)	 0.75

CPB	duration	(min)	 71 ±	28	

ACC	duration	(min)	 48 ±	17	 	 	

OR	duration	(hours)	 4.0 ± 0.6	 4.5	± 0.8	 <	0.01

Blood	loss,	f irst	12	hours	(mL)		 378	(268-500)		 420	(265-545)		 0.62	

Total	blood	loss		 580	(484-734)		 578	(433-794)	 0.76

Data	 are	 presented	 as	 mean	 ±	 standard	 deviation	 or	 median	 (interquartile	 range).	 CPB,	 cardiopulmonary	 bypass;	

ACC,	aortic	cross-clamping;	ICU,	intensive	care	unit;	OR,	operating	room;	
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table 2. Laboratory values during Coronary Artery Bypass Surgery

Variable Before surgery end of surgery P-value 

VWF:Ag (%)*	 	 	 0.34†

	 CPB	 100	(=10.3	±	3.3	µg/mL)	 152	±	42	 <0.001

	 Off-pump	 100	(=10.9	±	3.0	µg/mL)	 143	±	24	 <0.001

VWF: rcof**   0.017†

	 CPB	 0.91	±	0.17		 0.94	±	0.24	 0.25

	 Off-pump	 0.85	±	0.17		 1.02	±	0.19	 <0.001

VWF:CB**   0.34†

	 CPB	 0.97	±	0.07		 0.97	±	0.08	 0.58

	 Off-pump	 0.94	±	0.06		 0.98	±	0.09	 0.05

VWF-propeptide antigen**   0.39†

	 CPB	 0.09	±	0.03		 0.14	±	0.04	 <0.001

	 Off-pump	 0.10	±	0.04		 0.13	±	0.04	 0.007

AdAMtS-13 activity (%)*	 	 	 0.07†

	 CPB	 80	±	16		 89	±	23	 0.008

	 Off-pump	 83	±	17		 103	±	20	 <0.001

AdAMtS-13 activity/VWF:Ag**	 	 	 0.06†

	 CPB	 0.87	±	0.36		 0.68	±	0.35	 <0.001

	 	Off-pump	 0.82	±	0.32	 0.73	±	0.28	 0.002

VWF:Ag,	Von	Willebrand	factor	antigen;	CPB,	cardiopulmonary	bypass;	VWF:Rcof,	VWF	ristocetin	cofactor	activity;	

VWF:CB,	VWF	collagen	binding	activity	

*	corrected	for	hemodilution	using	hematocrit	values,	**	ratios,	corrected	for	VWF:Ag	levels
†	p-values	between	groups
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Platelet count
Preoperative	platelet	counts	were	198	±	45	·109/L	in	the	off-pump	group	and	196	±	38	·109/L	

in	the	CPB	group.	At	the	end	of	surgery,	platelet	counts	signif icantly	dropped	to	186	±	48	

·109/L	 (p=0.03)	 in	 the	 off-pump	 group	 and	 to	 129	 ±	 36	 ·109/L	 in	 the	 CPB	 group	 (p<0.001).	

However,	 after	 correction	 for	 hemodilution	 using	 hematocrit	 levels,	 preoperative	 and	

postoperative	platelet	counts	were	comparable	in	both	groups.	On	the	f irst	postoperative	

day	(20	hours	after	surgery),	platelet	counts	were	signif icantly	 lower	than	before	surgery	

in	 the	 off-pump	 group	 (185	 ±	 55	 ·109/L,	 p=0.03),	 while	 platelet	 counts	 in	 the	 CPB	 group	

returned	 to	 preoperative	 values	 (199	 ±	 45	 ·109/L,	 p=0.48;	 p	 =0.03	 between	 off-pump	 and	

CPB	group).

Correlation with early postoperative cognitive decline
In	 a	 previous	 study,	 we	 demonstrated	 that	 postoperative	 activation	 of	 hemostasis	 was	

associated	with	early	neurocognitive	decline	after	off-pump	surgery.18	In	the	present	off-

pump	group	(which	is	a	subset	of	the	previous	study)	we	found	a	positive	correlation	between	

postoperative	VWF:Rcof	levels	and	early	postoperative	D-dimer	levels	(r=	0.423;	p=0.025).	

Moreover,	off-pump	patients	with	early	postoperative	decline	had	signif icant	higher	VWF:

Rcof	levels	both	before	and	after	the	operation	than	patients	with	no	early	postoperative	

decline	(0.99	±	0.14	versus	0.85	±	0.13;	p=0.025	and	1.17	±	0.21	versus	0.97	±	0.16;	p=0.025,	

respectively)(Figure	1).	VWF:CB	levels	followed	the	same	trend,	but	our	study	did	not	have	

enough	statistical	power	to	show	a	signif icant	difference	in	VWF:CB	levels	as	well	(decline	

versus	no	decline;	preoperative	VWF:CB	levels;	1.00	±	0.05	versus	0.95	±	0.07;	p=0.07	and	

postoperative	VWF:CB	levels;	1.02	±	0.06	versus	0.95	±	0.10;	p=0.07,	respectively).

dISCuSSIon

Our	data	indicate	that	VWF	activity	is	increased	after	off-pump	CABG,	but	not	after	CABG	with	

CPB.	 Since	 release	 of	 VWF	 is	 comparable	 in	 both	 groups,	 shear–stress	 induced	 proteolysis	

due	to	the	use	of	CPB	may	be	responsible.	

In	the	present	study	we	found	that	postoperative	VWF	levels	were	signif icantly	increased	to	

a	similar	extent	in	both	groups,	after	correction	for	hemodilution.	Apparently,	the	surgical	

trauma	in	both	groups	is	comparable,	leading	to	equal	release	of	VWF	from	endothelial	cells.	

This	 is	 further	supported	by	 the	comparable	 increase	 in	VWF-propeptide	ratios	after	both	

procedures.

In	 the	off-pump	group,	we	demonstrated	 that	VWF	activity,	as	measured	by	VWF:Rcof	and	

VWF:CB	levels,	was	signif icantly	increased	directly	after	the	procedure.	This	suggests	that	

the	 surgical	 trauma	 increases	 the	 release	 of	 VWF,	 particularly	 the	 high-molecular-weight	
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Figure	 1. Early	 cognitive	 decline	 is	 associated	 with	 von	 Willebrand	 Factor	 activity	 in	 off-pump	 coronary	 artery		

bypass	surgery

VWF:Rcof,	von	Willebrand	Factor	r istocetin	cofactor	activity,	corrected	for	VWF	antigen.

#	p=0.025	between	groups

multimers	 from	 storage	 pools	 such	 as	 endothelial	 Weibel-Palade	 bodies	 and	 platelet	 α-

granules.2,19	Furthermore,	stimulated	release	of	VWF	from	storage	pools	can	be	induced	with	

thrombin,	histamine,	f ibrin	and	complement	activation.1	In	the	CPB	group,	VWF	activity	did	

not	 change	 signif icantly.	 Since	 we	 corrected	 both	 VWF:	 Rcof	 and	 VWF:CB	 for	 VWF:Ag,	 this	

could	not	be	attributed	to	a	dilutional	effect.	As	the	surgical	trauma	is	at	least	comparable	to	

the	off-pump	group,	another	mechanism	must	be	responsible	for	abolishing	the	stimulating	

effect	on	VWF	activity.	A	possible	explanation	is	shear	stress-induced	proteolysis	of	VWF	due	

to	the	use	of	the	CPB	system.	A	constant	cardiopulmonary	bypass	flow	rate	of	2.4	L/min⋅m2	

(body	surface	area)	passes	through	the	oxygenator	and	a	24	French	aortic	cannula	(internal	

diameter	8.0	mm	and	a	length	of	24	cm).	Shear	stresses	in	the	oxygenator	varied	between	

25	and	125	dynes/cm2	during	an	average	cardiopulmonary	bypass	time	of	71	±	28	minutes	

in	our	patients,	while	the	maximum	shear	stress	over	the	aortic	cannula	can	vary	between	

375	and	750	dynes/cm2.20,21	High	shear	forces	can	induce	structural	changes	in	the	shape	of	

the	VWF	molecule,	making	it	more	sensitive	for	ADAMTS-13.4,5	This	leads	to	the	proteolysis	of	

the	highest–molecular-weight	multimers,	which	are	the	most	effective	in	platelet-mediated	

hemostasis	under	conditions	of	high	shear	stress.	

Platelet	 counts	 signif icantly	 dropped	 in	 both	 groups	 after	 surgery	 and	 more	 pronounced	

in	 the	 CPB	 group.	 However,	 after	 correction	 for	 hemodilution	 using	 hematocrit	 levels,	

postoperative	platelet	counts	were	comparable	to	preoperative	values	in	both	groups.	An	

increase	in	platelet	number	is	to	be	expected	during	surgery.	Recruitment	of	platelets	due	



to	 the	 surgical	 trauma	 may	 have	 masked	 the	 fact	 that	 platelets	 are	 still	 being	 consumed.	

Platelet	recruitment	may	also	explain	why	correction	for	hemodilution	completely	abolished	

the	difference	between	pre-	and	postoperative	platelet	counts	in	the	CPB	group.	Drops	in	

platelet	 count	 as	 a	 result	 of	 other	 effects	 of	 CPB	 such	 as	 damage	 in	 cardiotomy	 suction	

systems	 and	 membrane	 oxygenators	 may	 thus	 have	 been	 concealed.22,23	 In	 addition,	 we	

could	 still	 demonstrate	 a	 difference	 in	 platelet	 counts	 in	 the	 later	 postoperative	 period	

between	 the	 two	 types	 of	 surgery	 (p=0.03),	 indicating	 platelet	 consumption	 in	 the	 off-

pump	group.	On	the	f irst	postoperative	day,	platelet	counts	were	signif icantly	lower	than	

before	surgery	 in	 the	off-pump	group,	while	platelet	counts	 in	 the	CPB	group	returned	to	

preoperative	values.

Patients	 in	 the	 off-pump	 group	 demonstrated	 an	 increased	 VWF-activity,	 which	 may	

have	 been	 the	 result	 of	 a	 reduced	 VWF-cleaving	 activity.	 However,	 after	 correction	 for	

hemodilution,	ADAMTS-13	activity,	as	measured	by	the	cleavage	of	short	synthetic	VWF	A
2-

peptide,	was	increased	in	the	off-pump	group.	This	increase	in	ADAMTS-13	activity	can	be	

explained	by	 the	 release	of	ADAMTS-13	by	hepatic	stellate	cells	and	to	a	 lesser	extent	by	

endothelial	cells	and	platelets	to	counterbalance	the	release	of	VWF:Ag.24-26	Nevertheless,	

in	 the	 present	 study,	 the	 postoperative	 increase	 in	 ADAMTS-13	 activity	 was	 lower	 than	

the	 increase	 in	 VWF:Ag	 levels.	 This	 disbalance	 may	 have	 contributed	 to	 the	 increased	

postoperative	VWF	activity	after	off-pump	surgery,	yet	there	is	no	current	clinical	evidence	

to	support	this	hypothesis.	Furthermore,	postoperative	VWF:Ag	and	VWF	propeptide	levels	

were	 comparable	 in	 both	 groups,	 but	 ADAMTS-13	 activity	 had	 a	 tendency	 to	 relatively	

decrease	more	after	CABG	with	CPB.	We	hypothesize	that	this	is	caused	by	consumption	after	

activation	and	that	the	CPB-induced	structural	changes	of	the	VWF	molecules	could	play	a	

role	in	this	process.	Our	results	are	in	contrast	to	the	f indings	of	Mannucci	et	al.	who	studied	

ADAMTS-13	activity	in	20	on-pump	and	13	off-pump	patients	in	a	non-randomized	fashion.	

They	 found	 a	 signif icant	 absolute	 decrease	 of	 ADAMTS-13	 activity	 after	 both	 procedures,	

whereas	VWF:Ag	and	VWF:CB	were	both	increased.27	Whether	this	is	due	to	different	ways	of	

measuring	protease	activity	remains	unclear.28	Further	studies	are	needed	to	determine	the	

precise	role	of	ADAMTS-13	in	cardiac	surgery.

In	 earlier	 studies,	 the	 role	 of	 VWF	 in	 CABG	 with	 CPB	 has	 been	 studied	 extensively,	 in	

particular	in	relationship	to	postoperative	bleeding.29-31	However,	in	all	these	studies,	VWF	

activity	 is	 only	 studied	 in	 on-pump	 patients,	 mostly	 indicating	 that	 activity	 increased	

after	 the	procedure.	By	 lack	of	a	control	group,	 like	 the	off-pump	patients	 in	 the	present	

study,	no	discrimination	could	be	made	between	effects	of	the	surgical	trauma	and	the	CPB	

system	itself.	The	present	study	is	the	f irst	randomized	trial	to	our	knowledge	who	compares	

both	 VWF:Rcof	 and	 VWF:CB	 levels	 in	 on-pump	 and	 off-pump	 patients.	 The	 release	 of	 VWF,	

particularly	 the	 high-molecular-weight	 multimers,	 due	 to	 the	 surgical	 trauma	 can	 hereby	

be	discriminated	from	the	shear	stress-induced	proteolysis	of	VWF	due	to	the	use	of	the	CPB	
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system.	 Our	 results	 are	 in	 accordance	 with	 the	 f indings	 of	 Perutelli,	 who	 demonstrated	 a	

limited	proteolysis	of	VWF	in	the	course	of	a	CPB	system,	as	shown	by	progressive	changes	of	

multimeric	structure	and	subunit	composition.32

Multiple	studies	have	examined	the	role	of	platelets	in	CABG	with	CPB.	Both	postoperative	

thrombocytopenia	and	platelet	dysfunction	are	well-recognized	side	effects	of	CPB	and	have	

been	related	to	bleeding	complications.7,8,33,34	However,	the	role	of	CPB-related	thrombosis	

for	which	platelets	have	been	implicated	is	less	clear.	Mangano	et	al.	demonstrated	that	use	

of	aspirin	initiated	within	48	hours	after	CABG	surgery	is	associated	with	a	reduced	incidence	

of	 postoperative	 ischaemic	 complications	 (in	 heart,	 brain,	 kidney,	 and	 intestines).35	 In	

addition,	 increasing	 the	 number	 of	 platelets	 by	 transfusion	 was	 associated	 with	 similar	

dysfunction	of	all	 four	organs,	and	dysfunction	was	mitigated	nearly	uniformly	 in	all	 four	

organs	by	aspirin	therapy.	The	results	of	this	study	are	remarkable	as	most	clinicians	have	

been	more	concerned	about	the	postoperative	bleeding	tendency.	Therefore,	antiplatelet	

therapy	has	not	been	considered	for	use	in	surgical	patients,	except	in	the	improvement	of	

late	vein-graft	patency.36

With	this	study,	we	have	also	demonstrated	a	possible	beneficiary	effect	of	the	CPB	system.	

Activation	of	hemostasis	and	the	hypercoagulable	state	after	major	surgery	are	well-known	

phenomenona	 and	 may	 contribute	 in	 haemorrhagic	 and	 thrombotic	 events.19,37-39	 In	 an	

earlier	 study,	 we	 demonstrated	 that	 postoperative	 D-dimer	 levels	 (during	 the	 f irst	 hours	

after	 the	 operation)	 are	 independently	 associated	 with	 cognitive	 decline	 on	 day	 4	 after	

off-pump	 surgery.18	 In	 the	 present	 study	 with	 a	 small	 subgroup	 of	 30	 off-pump	 patients,	

we	 showed	 that	 postoperative	 VWF:Rcof	 and	 D-dimer	 levels	 correlated	 signif icantly.	

In	 addition,	 in	 off-pump	 patients	 with	 early	 postoperative	 cognitive	 decline,	 pre-	 and	

postoperative	 VWF:Rcof	 were	 signif icantly	 higher	 than	 patients	 with	 no	 decline.	 It	 is	

possible	 that	 higher	 pre-	 and	 postoperative	 VWF	 activity	 levels	 may	 reflect	 the	 presence	

of	 underlying	 vascular	 or	 non-vascular	 processes	 that	 predispose	 patients	 to	 cognitive	

decline	after	major	surgery.	However,	our	f indings	may	also	further	support	the	hypothesis	

that	early	postoperative	activation	of	hemostasis	may	play	a	role	in	the	aetiology	of	peri-

operative	 ischaemic	 complications.	 Bottiger	 et	 al.	 recently	 demonstrated	 an	 association	

between	early	postoperative	coagulation	activation	and	perioperative	myocardial	ischemia	

in	 patients	 undergoing	 vascular	 surgery.40	 As	 mentioned	 earlier,	 Mangano	 et	 al.	 showed	

that	the	use	of	aspirin	initiated	within	48	hours	CABG	surgery	is	associated	with	a	reduced	

incidence	 of	 postoperative	 ischaemic	 complications.35	 Therapies	 promoting	 coagulation,	

such	 as	 transfusion	 of	 coagulation	 factors	 and	 medication	 promoting	 thrombosis	 e.g.	

antif ibrinolytic	agents	were	also	associated	with	an	increased	risk	of	postoperative	organ	

failure.	 It	 was	 suggested	 that	 inhibition	 of	 the	 procoagulatory	 response	 and	 platelet	

activation	 caused	 by	 the	 surgical	 stimulus,	 may	 prevent	 adherence	 to	 disrupted	 vascular	

endothelium,	intravascular	thrombosis	and	subsequent	organ	ischaemia.	Whether	activation	



Relatively	increased	von	Willebrand	Factor	activity	after	off-pump	coronary	artery	bypass	graft	surgery 73

of	 hemostasis	 is	 definitively	 a	 causal	 pathophysiological	 factor	 in	 the	 aetiology	 of	 peri-

operative	ischaemic	complications	remains	to	be	determined.

Limitations of the study 
Although	 patients	 were	 randomized	 in	 this	 study,	 it	 has	 several	 limitations.	 First,	 the	

number	of	patients	is	rather	small,	so	that	associations	with	clinical	outcome	are	diff icult	

to	demonstrate.	Secondly,	we	did	not	perform	VWF	multimer	analysis	which	may	impede	the	

interpretation	of	the	VWF	data	observed	in	this	study.	Thirdly,	the	Octopus	study	compared	

off-pump	surgery	with	conventional	CABG	both	performed	as	what	was	considered	common	

practice	 in	 our	 institution	 at	 that	 time.	 This	 included	 other	 factors	 associated	 with	 the	

on-pump	surgery	such	as	the	use	of	dexamethasone	which	may	have	affected	VWF	release.	

However,	in	a	recent	trial,	administration	of	dexamethasone	before	cardiopulmonary	bypass	

for	paediatric	cardiac	surgery	did	not	affect	the	immediate	features	after	surgery	or	changes	

in	VWF	antigen	levels.41

ConCLuSIonS

VWF	 activity	 is	 increased	 after	 off-pump	 CABG,	 but	 not	 after	 CABG	 with	 cardiopulmonary	

bypass.	The	surgical	trauma	is	responsible	for	the	release	of	VWF,	particularly	the	high-mo-

lecular-weight	multimers	from	storage	pools,	but	the	effect	on	VWF	homeostasis	is	counter-

acted	by	shear	stress-induced	proteolysis	of	VWF	in	the	bypass	group.
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ABStrACt 

Some	 local	 anesthetics	 (LA),	 in	 concentrations	 present	 in	 blood	 during	 IV	 or	 epidural	

infusion,	inhibit	thrombus	formation	in	the	postoperative	period.	Studies	on	thromboxane	

A2	 (TXA2)	 signaling	 in	 a	 recombinant	 model	 suggest	 that	 interference	 with	 TXA2-induced	

platelet	aggregation	may	explain,	in	part,	the	antithrombotic	actions	of	epidural	analgesia	

and	IV	LA	infusion.	In	this	study	we	investigated	the	effects	of	clinically	used	LAs	(lidocaine,	

ropivacaine,	and	bupivacaine)	on	TXA2-induced	early	platelet	aggregation	(1–5	s)	by	using	

quenched-flow	 and	 optical	 aggregometry.	 Our	 f indings	 demonstrate	 that	 the	 LAs	 tested	

seem	to	have	only	a	limited	ability	to	inhibit	TXA2-induced	platelet	aggregation	assessed	at	

early	times	(1–5	s).	Therefore,	the	clinical	effects	of	LAs	on	thrombi	formation	are	unlikely	

to	be	explained	by	 this	manner	alone.	At	 large	LA	concentrations,	moderate	effects	were	

obtained.	 Prolonged	 incubation	 with	 LA	 did	 not	 signif icantly	 increase	 effectiveness,	

and	 the	 lack	 of	 an	 effect	 could	 not	 be	 explained	 by	 generation	 of	 secondary	 mediators.	

The	results	were	independent	of	the	anesthetic	studied.	Local	anesthetic	effects	on	TXA2-

induced	early	platelet	aggregation	(1–5	s)	are	unlikely	to	play	a	major	role	in	the	clinically	

observed	antithrombotic	effects	of	local	anesthetics.	
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IntroduCtIon

The	 trauma	 of	 surgery	 induces	 a	 systemic	 inflammatory	 response	 and	 an	 associated	

hypercoagulable	 state.	 The	 magnitude	 of	 both	 is	 related	 to	 the	 traumatic	 insult.	 After	

surgery	 with	 signif icant	 tissue	 trauma,	 the	 combination	 of	 this	 state	 with	 postoperative	

immobilization	 leads	 to	 a	 frequent	 incidence	 of	 postoperative	 deep	 venous	 thrombosis	

(PODVT).	 Although	 anticoagulants	 (such	 as	 low-molecular-weight	 heparin)	 can	 prevent	

PODVT	effectively,	these	compounds	are	not	without	risk	in	the	postoperative	patient,	and	

therapies	that	would	prevent	the	hypercoagulable	state	would	be	preferred.	However,	the	

mechanisms	 underlying	 the	 hypercoagulable	 state	 are	 still	 unclear.	 Several	 inflammatory	

mediators	 are	 also	 potent	 platelet	 aggregators,	 and	 increased	 blood	 levels	 of	 such	

compounds	 have	 been	 determined	 after	 surgery.	 Thromboxane	 A
2	 (TXA2)	 is	 one	 of	 these	

compounds,	 and	 its	 levels	 are	 increased	 after	 various	 types	 of	 surgery,	 such	 as	 invasive	

orthopedic,	cardiac,	abdominal,	vascular,	or	obstetric	surgery.1-5	In	addition,	TXA2	has	been	

proposed	 as	 a	 mediator	 of	 myocardial	 ischemia	 and	 coronary	 vasoconstriction,	 as	 well	 as	

thrombosis.6-8	

The	use	of	epidural	analgesia	is	associated	with	a	signif icant	reduction	in	the	incidence	of	

PODVT	and	pulmonary	emboli,	and	similar	reductions	are	obtained	when	local	anesthetics	

(LAs)	 are	 infused	 IV.9-12	 We	 have	 shown	 previously	 that	 LAs,	 in	 concentrations	 as	 present	

in	blood	during	IV	or	epidural	 infusion	(1–10	μM),	 inhibit	TXA2	signaling	 in	a	recombinant	

model.13	 We	 hypothesized	 that	 LA	 interference	 with	 TXA2-induced	 platelet	 aggregation	

may	explain,	in	part,	the	antithrombotic	actions	of	epidural	analgesia	and	IV	LA	infusion.	

Therefore,	we	studied	the	effects	of	several	LAs	on	TXA2-induced	platelet	aggregation	in	an	

in	vitro	model.	
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MetHodS  

The	study	protocol	was	approved	by	the	University	of	Virginia	IRB.	Venous	blood	was	obtained	

by	antecubital	venipuncture	from	10	nonsmoking	volunteers	who	had	not	ingested	a	fatty	

meal	for	6–8	h	before	blood	donation	or	any	drugs	within	10	days.	The	anticoagulant	acid	

citrate	dextrose	(ACD)	(6.6	mM	glucose,	115	mM	trisodium	citrate,	and	10	mM	citric	acid)	

was	added	in	a	10:1	(vol/vol)	ratio	(apparent	citrate	concentration	11.5	mM).	Platelet-rich	

plasma	(PRP)	was	prepared	by	slow-speed	centrifugation	(2	x	3	min	and	1	x	5	min	at	350	g)	

(14).	To	inhibit	endogenous	TXA2	production,	indomethacin	(1	μg/mL)	was	added.	PRP	was	

prepared	in	plastic	tubes,	which	were	capped	in	an	atmosphere	of	5%	CO2	and	95%	air	to	help	

preserve	pH	and	platelet	quality.	The	PRP	was	stored	at	room	temperature	until	use	(within	

4	h	unless	indicated	otherwise).	

Figure	1A	shows	the	basic	principle	of	the	method.14	PRP	is	placed	in	one	plastic	syringe	and	

the	agonist	(in	this	case,	the	metabolically	stable	TXA2	analog	U-46619)	in	another	syringe.	

A	 dual-drive	 syringe	 pump	 forces	 these	 solutions	 through	 0.8-mm	 inner	 diameter	 Teflon	

tubing	before	entering	a	common	reaction	tube	of	0.25	mm	inner	diameter,	which	mimics	

shear	 stress	 forces	 found	 in	 the	 arterial	 circulation	 (10–50	 dynes/cm2).	 Reaction	 time	 is	

determined	by	tubing	length	and	pump	rate,	and	the	reaction	is	stopped	by	quenching	with	

glutaraldehyde.	 Single	 platelet	 counts	 are	 then	 evaluated	 in	 the	 effluent	 by	 a	 resistive	

particle	counter.	

LAs	were	diluted	in	Tyrode’s	solution	(in	mM:	150	NaCl,	5	KCl,	1	MgCl2,	16	H2O,	2	CaCl2/H2O,	10	

dextrose,	10	HEPES)	and	added	to	the	PRP	at	the	appropriate	concentration	and	incubated	

for	10	min	(37°C),	unless	otherwise	indicated.	The	same	amount	of	Tyrode’s	solution	without	

anesthetic	was	added	to	a	control	sample.	Experiments	were	performed	at	37°C.	Quenched-

flow	 aggregometry	 was	 used	 for	 the	 majority	 of	 experiments,	 because	 it	 detects	 early	

platelet	 aggregation	 events	 (<5	 s)	 and	 mimics	 conditions	 in	 the	 microcirculation	 better	

than	optical	aggregometry.14	

Optical	 aggregometry	 is	 a	 widely	 used	 method	 whereby	 light	 transmission	 through	 PRP	 is	

continuously	recorded.	The	aggregometer	(Lumi	aggregometer;	Chronolog	Corp.,	Havertown,	

PA)	used	a	stirring	rate	of	1000	rpm	at	37°C.	Each	aliquot	contained	400	μL	of	the	platelet	

suspension	with	approximately	4	x	105	platelets	per	microliter.	Baseline	was	monitored	for	

1–5	min	to	ensure	that	baseline	was	stable.	After	adding	the	aggregation-inducing	reagent	

(U-46619;	 1	 μM),	 light	 transmission	 increased	 progressively	 as	 aggregation	 began	 and	

reached	a	plateau	when	aggregation	was	maximal.	Maximum	aggregation	occurred	within	

2–3	 min.	 The	 magnitude	 of	 aggregation	 was	 assessed	 by	 measuring	 the	 maximum	 rate	 of	

aggregation	 (the	 tangent	 to	 the	 curve	 measure	 in	 millimeters	 per	 unit	 time,	 reported	 as	
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slope	 value).	 Mean	 values	 of	 samples	 of	 control	 PRP	 (with	 buffer	 solution	 Tyrode)	 were	

compared	with	those	incubated	for	30,	60,	and	120	min	in	Tyrode’s	solution	containing	1,	10,	

or	100	μM	bupivacaine.	Platelet	count	was	the	same	for	control	and	the	treatment	groups.	

U-46619	was	obtained	from	Cayman	Chemical	(Ann	Arbor,	MI).	Ropivacaine	was	a	kind	gift	

from	 Astra	 Pharmaceuticals,	 L.P.	 (Westborough,	 MA),	 and	 other	 chemicals	 were	 obtained	

from	Sigma	(St.	Louis,	MO).	
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Figure 1. (A)	Schematic	of	the	quenched-flow	system	to	study	platelet	aggregation.	(B)	Concentration-response	curves	for	U-46619	

(1	μM)-induced	platelet	aggregation	after	2,	3,	4,	and	5	s.	The	most	ef fective	aggregation	was	obtained	after	5	s.	The	half-maximal	

ef fect	concentration	for	the	longest	time	point	(5	s)	was	8.7	±	3.9	x	10-7	M.	(C)	U-46619	(1	μM)-induced	platelet	aggregation	was	nearly	

completely	prevented	(96%	±	4%	of	control)	by	SQ29548	(10	μM,	P	<	0.05,	 t-test),	a	TXA2	antagonist.	 (D)	U-46619-induced	platelet	

aggregation	was	found	to	be	approximately	f ivefold	more	potent	than	adenosine	diphosphate	(ADP).	U-46619	(1	μM)	reduced	single	

platelet	count	to	37%	±	8%	of	control;	ADP	(5	μM)	reduced	it	to	41%	±	6%	(n	=	3,	P	<	0.05	at	2	and	3	s,	t-test).
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Results	are	reported	as	mean	±	SEM	(n	=	7,	unless	otherwise	stated).	Statistical	tests	used	

are	indicated	in	Results.	P	<	0.05	was	considered	signif icant.	Concentration-response	curves	

were	f it	to	the	following	logistic	function,	derived	from	the	Hill	equation:	y	=	ymin	+	(ymax	-	

ymin)	[1-	xn/(x50
n	+	xn)],	where	ymax	and	ymin	are	the	maximum	and	minimum	response	obtained,	

n	is	the	Hill	coeff icient,	and	x50	is	the	half-maximal	effect	concentration	(EC50	for	agonist)	

or	half-inhibitory	effect	concentration	(IC50	for	antagonist).	
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Figure 2. (A)	Tyrode’s	solution	did	not	induce	platelet	aggregation.	(B–D)	All	three	local	anesthetics	inhibited	U-46619	(1	μM)-induced	

platelet	aggregation	in	a	concentration-dependent	manner.	Lidocaine	(B)	inhibited	platelet	aggregation	at	10-1	(P	<	0.05	at	2,	3,	4,	

and	5	s,	t-test)	and	10-2	M	and	ropivacaine	(C)	at	10-3	(P	<	0.05	at	3	and	4	s,	t-test)	and	10-4	M,	whereas	bupivacaine	(D)	was	more	potent	

then	the	two	other	local	anesthetics,	inhibiting	platelet	aggregation	at	concentrations	of	10-3	(P	<	0.05	at	2,	3,	4,	and	5	s,	t-test),	10-4	

(P	<	0.05	at	3,	4,	and	5	s,	t-test),	and	10-5	M.



reSuLtS

U-46619	 effectively	 aggregated	 platelets	 as	 determined	 by	 single-particle	 counting	 and	

quenched-flow	 aggregometry	 (Fig.	 1D).	 To	 assess	 the	 best	 time	 to	 study	 aggregation,	

concentration-response	 relationships	 were	 determined	 after	 2-,	 3-,	 4-,	 and	 5-s	 reaction	

times	 (Table	 1,	 Fig.	 1B).	 The	 reaction	 was	 very	 fast,	 because	 no	 appreciable	 differences	

in	 the	 concentration-response	 relationship	 were	 noted	 when	 reaction	 time	 was	 varied	

between	2	and	5	s.	The	EC50	determined	from	the	longest	time	point	(5	s)	was	8.7	±	3.9	x	10-7	

M	(Table	1).	On	the	basis	of	these	experiments,	we	selected	a	U-46619	concentration	of	1	

μM	 and	 a	 reaction	 duration	 of	 5	 s	 for	 subsequent	 studies.	 U-46619	 (1	 μM)	 reduced	 single	

platelet	count	to	34%	±	7%	of	control.	This	effect	was	inhibited	nearly	completely	(96%	±	

5%	of	control,	Fig.	1C)	by	the	TXA2-antagonist	SQ29549,	 indicating	that	the	response	was	

indeed	caused	by	TXA2	signaling.	

We	compared	the	effectiveness	of	U-46619	(1	μM)	with	the	aggregating	effect	of	adenosine	

diphosphate	(ADP)	(5	μM),	an	agonist	frequently	used	for	platelet	aggregation	studies.	We	

found	U-46619	to	be	approximately	f ivefold	more	potent	than	ADP	(Fig.	1D).	U-46619	(1	μM)	

reduced	single	platelet	count	to	37%	±	8%	of	control;	ADP	(5	μM)	reduced	it	to	41%	±	6%	(n	

=	3).	

After	confirming	that	Tyrode’s	solution	did	not	induce	platelet	aggregation	by	itself	(Fig.	2A),	

we	tested	the	effects	of	 lidocaine,	bupivacaine,	and	ropivacaine	on	platelet	aggregation.	

All	three	anesthetics	inhibited	U-46619-induced	platelet	aggregation	in	a	concentration-

dependent	 manner.	 However,	 the	 concentrations	 required	 were	 5-	 to	 10-fold	 higher	 than	

those	found	to	inhibit	TXA
2	signaling	in	our	previous	study	(Fig.	2B–D).13	

table 1. Fitting Values for u-466619-Induced Platelet Aggregation 

Variable  2 s  3 s  4 s  5 s

Hill	coeff icient		 0.28	±	0.165		 0.37	±	0.07		 0.66	±	0.08		 0.64	±	0.16

EC50	(10-6	M)		 7.5	±	8.5		 2.55	±	1.08		 1.9	±	0.38		 0.87	±	0.39

Emax	(%	of	control)		 106	±	16		 103	±	6		 91	±	2		 93	±	6

The	table	shows	mean	±	SEM	for	f itting	variables	derived	from	the	Hill	equation	for	U-46619	

(1	μM)-induced	platelet	aggregation	in	the	quenched-flow	model	after	dif ferent	time	points.

EC50	=	half-maximal	ef fect	concentration;	Emax	=	calculated	maximal	ef fect.
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We	 have	 shown	 previously	 that	 prolonged	 exposure	 of	 TXA2	 receptors	 to	 LAs	 increases	

sensitivity	to	the	compounds.15	Because	prolonged	exposure	might	also	mimic	the	clinical	

situation	of	epidural	analgesia	more	closely,	we	studied	the	effect	of	4	h	incubation	in	1	μM	

bupivacaine	or	in	1	μM	ropivacaine	on	TXA2-induced	platelet	aggregation;	the	effect	of	both	

compounds	was	not	time	dependent	(Fig.	3,	A	and	B).	

Platelet	 aggregation	 can	 be	 associated	 with	 the	 release	 of	 intracellular	 platelet	 granule	

contents	(containing	ADP,	serotonin,	nitric	oxide,	and	other	factors),	and	this	may	amplify	

platelet	 aggregation.16	 If	 so,	 even	 signif icant	 inhibition	 by	 LAs	 of	 TXA2	 signaling	 might	

have	 little	effect	on	aggregation,	because	the	effect	may	be	overwhelmed	by	subsequent	

secondary	mediator	release.	To	test	this	hypothesis,	we	investigated	how	much	of	the	effect	

of	U-46619	is	caused	by	secondary	mediator	release.	We	incubated	platelets	for	10	min	in	1	

μM	U-46619	and	then	removed	platelets	by	centrifugation.	The	supernatant	(which	would	

contain	secreted	mediators),	mixed	with	excess	SQ29549	to	block	any	effect	of	remaining	

U-46619,	 was	 then	 used	 as	 agonist	 for	 a	 subsequent	 aggregation	 study.	 The	 supernatant	

had	little	aggregating	ability	(Fig.	4A).	Thus,	induced	release	of	secondary	mediators	does	

not	play	an	important	role	 in	this	aggregation	model,	and	the	lack	of	LA	effect	cannot	be	

explained	on	the	basis	of	massive	release	of	secondary	mediators.	

Finally,	 the	 duration	 of	 agonist	 exposure	 in	 quenched	 flow	 aggregometry	 (5	 s)	 was	 much	

shorter	 than	 that	 in	 our	 previous	 study	 (1	 min).	 Although	 we	 demonstrated	 (as	 shown	

previously)	that	the	effect	of	U-46619	was	very	rapid,	it	is	conceivable	that	the	difference	

in	exposure	time	might	influence	the	result.	Therefore,	we	determined	the	effect	of	three	

different	 concentrations	 of	 bupivacaine	 (1,	 10,	 and	 100	 μM)	 on	 U-46619	 (1	 μM)-induced	

platelet	 aggregation	 in	 an	 optical	 aggregometer,	 where	 platelets	 can	 be	 exposed	 to	

agonist	 for	 minutes.	 The	 results	 were	 very	 similar	 to	 those	 obtained	 with	 quenched-flow	

aggregometry:	 only	 bupivacaine	 concentrations	 100	 μM	 and	 incubation	 times	 60	 min	

signif icantly	(P	<	0.05,	one-way	analysis	of	variance	with	Bonferroni’s	correction)	reduced	

the	U-46619-induced	increase	in	light	transmission	corresponding	to	an	impaired	platelet	

aggregation	 (Fig.	 4	 B,	 Table	 2).	 Therefore,	 concentrations	 of	 bupivacaine	 that	 produced	

TXA2	signaling	blockade	in	our	previous	study	did	not	induce	signif icant	inhibition	of	early	

platelet	aggregation	in	this	model.13
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Figure 3. (A	and	B) The	effect	of	4	h	incubation	in	1	μM	bupivacaine	(A)	or	ropivacaine	(B)	on	1	μM	U-46619-induced	platelet	aggrega-

tion.	 The	 effect	 of	 the	 compounds	 was	 not	 signif icantly	 time	 dependent:	 even	 after	 4	 h	 incubation,	 only	 minor	 ef fects	 on	 platelet	

aggregation	were	observed.
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Figure	4.	The	effect	of	supernatant	(preparation	as	described	in	Results)	when	used	as	an	agonist	for	subsequent	aggregation.	The	

supernatant	had	only	minor	aggregating	ability:	it	induced	a	15%–20%	decrease	in	single	platelet	count.	(B)	The	effect	of	three	

dif ferent	concentrations	of	bupivacaine	(1,	10,	and	100	μM)	on	U-46619	(1	μM)-induced	platelet	aggregation	with	transmission	ag-

gregometry.	Only	bupivacaine	concentrations ≥	100	μM	and	incubation	times ≥	60	min	signif icantly	reduced	the	U-46619-induced	

increase	in	light	transmission	corresponding	to	an	impaired	platelet	aggregation.

table 2. the effects of Bupivacaine on u-46619-Induced Platelet Aggregation using transmission Aggregometry 

Variable  30 min  60 min  120 min

Control		 27	±	1		 24	±	2		 20	±	2

Bupivacaine	1	μM		 28	±	1		 22.8	±	1.39		 19	±	3

Bupivacaine	10	μM		 29	±	2		 22	±	3		 21	±	1

Bupivacaine	100	μM		 24	±	2		 12	±	1*		 10	±	1*

The	table	shows	mean	±	sem	for	the	increase	in	light	transmission,	shown	as	the	slope	of	the	U-46619	(1	μM)-induced	platelet	aggregation	

curve.	 Platelets	 were	 incubated	 for	 30,	 60,	 and	 120	 min	 in	 Tyrode’s	 solution	 (control)	 or	 bupivacaine	 (1,	 10,	 or	 100	 μM).	 Data	 obtained	

after	incubation	in	bupivacaine	were	compared	with	those	after	incubation	in	Tyrode’s	solution	by	using	one-way	analysis	of	variance	and	

Bonferroni’s	correction,	if	necessary.	*	P	<	0.05.
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dISCuSSIon  

Our	findings	demonstrate	that	the	clinically	used	LAs	lidocaine,	ropivacaine,	and	bupivacaine	

seem	 to	 have	 only	 a	 limited	 ability	 to	 inhibit	 TXA2-induced	 platelet	 aggregation	 assessed	

at	 early	 times.	 The	 results	 were	 independent	 of	 the	 anesthetic	 studied,	 and	 even	 at	 large	

concentrations	 only	 modest	 effects	 were	 obtained.	 Prolonged	 incubation	 with	 the	 LA	 did	

not	 increase	 effectiveness,	 and	 the	 lack	 of	 effect	 could	 not	 be	 explained	 by	 generation	 of	

secondary	 mediators.	 Similar	 results	 were	 obtained	 with	 a	 different	 model	 of	 aggregation	

(optical	aggregometry).	Therefore,	clinically	relevant	LA	concentrations	on	TXA2-induced	early	

platelet	aggregation	are	unlikely	to	play	a	major	role	in	the	clinically	observed	antithrombotic	

effects	of	LA.	

We	studied	the	effects	of	LAs	on	TXA2-mediated	platelet	aggregation	because	TXA2	has	been	

implicated	 in	 the	 hypercoagulable	 state	 that	 develops	 after	 various	 types	 of	 surgery	 and	

because	we	previously	observed	significant	inhibition	of	TXA2	receptor	function	by	clinically	

relevant	concentrations	of	LAs	in	several	cell	models.13	

Thromboembolic	 complications	 are	 common	 after	 surgery	 and	 seem	 to	 result	 from	

hypercoagulation	and	hypoperfusion	(the	latter	often	induced	by	vasoconstriction).	After	major	

orthopedic	or	urologic	surgery,	PODVT	occurs	in	30%–80%	of	patients.12,17	Similarly,	myocardial	

ischemia	induced	by	microthrombosis,	coronary	vasoconstriction,	or	both	is	frequent.18,19	The	

mechanisms	 for	 these	adverse	events	are	poorly	understood,	but	 inflammatory	mediators—

released	in	response	to	surgical	trauma	and	inducing	thrombosis	and	vasoconstriction—are	

likely	 to	 be	 pivotal.	 TXA2	 is	 a	 potent	 platelet	 aggregator	 and	 vasoconstrictor.	 It	 is	 one	 of	

the	 major	 mediators	 released	 during	 orthopedic,	 cardiac,	 abdominal,	 vascular,	 or	 obstetric	

surgery.1-5	 TXA2	 has	 been	 proposed	 as	 a	 mediator	 of	 myocardial	 ischemia	 and	 coronary	

vasoconstriction,	 as	 well	 as	 thrombosis.6-8	 Thus,	 TXA2	 is	 likely	 to	 play	 an	 important	 role	 in	

perioperative	thrombosis,	and	the	beneficial	actions	of	epidural	and	IV	LAs	on	postoperative	

hypercoagulation	could	be	explained	by	interference	with	TXA2	signaling.10-12,20

We	previously	expressed	human	TXA2	receptors	in	Xenopus	oocytes	and	studied	LA	effects	on	

Ca-activated	Cl	currents	induced	by	U-46619.13,15	Bupivacaine,	at	micromolar	concentrations,	

blocked	 TXA2	 signaling	 effectively.	 Lidocaine	 was	 significantly	 less	 potent.	 We	 obtained	

similar	 results	 in	 K562	 cells,	 a	 human	 erythroid	 leukemia	 tumor	 line	 that	 endogenously	

expresses	TXA2	receptors.13	We	measured	intracellular	Ca	release	by	fluorometry	and	observed	

inhibition	by	bupivacaine,	lidocaine,	and	ropivacaine.	Because	we	found	similar	effects	both	

in	a	recombinant	system	and	a	native	system,	we	proceeded	with	this	study	and	evaluated	the	

effects	of	LAs	on	TXA2-mediated	platelet	aggregation.	
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We	 chose	 the	 quenched-flow	 model	 of	 platelet	 aggregation	 for	 several	 reasons.14,21	 First,	 it	

mimics	the	conditions	within	the	vasculature	much	more	closely	than	do	other	aggregation	

systems.	In	particular,	shear	stress	is	very	important	for	platelet	behavior	and	is	usually	close	

to	 zero	 in	 other	 platelet	 aggregation	 models.	 In	 the	 quenched-flow	 system,	 however,	 it	 is	

maintained	 at	 relevant	 values	 throughout	 the	 activation	 process.14	 Second,	 quenched-flow	

aggregometry	allows	one	to	study	early	platelet	aggregation	(within	1–5	s),	because	reaction	

times	 are	 precisely	 controlled.	 TXA2	 is	 an	 early	 activator	 in	 aggregation,	 and	 we	 therefore	

wished	to	determine	LA	effects	on	its	action	during	the	first	several	seconds	of	aggregation.16,22	

However,	because	significant	effects	of	the	LAs	were	observed	at	large	concentrations	only,	

we	 repeated	 some	 of	 our	 experiments	 in	 a	 more	 conventional	 transmission	 aggregometry	

system	and	obtained	similar	results.	These	results	are	in	contrast	to	earlier	studies	that	used	

thromboelastography	 and	 activated	 clotting	 time.23	 In	 this	 study,	 bupivacaine	 inhibited	

platelet	aggregation	in	both	models	at	clinically	relevant	concentrations.	The	difference	in	

results	between	our	previous	and	present	studies	are	unlikely	to	be	explained	by	differences	

in	TXA2	receptor	types.	Despite	the	fact	that	the	recombinant	TXA2	receptors	used	in	Xenopus	

oocytes	were	from	the	rat,	in	all	other	instances	human	receptors	were	used.	However,	there	is	

only	a	single	TXA2	receptor	subtype	in	humans,	and	there	are	only	minor	differences	between	

rat	and	human	TXA2	receptors.	

Because	in	all	models	studied,	LAs	and	agonists	were	applied	to	cells	in	solution,	it	is	unlikely	

that	 access	 to	 the	 cells	 explains	 the	 different	 results.	 However,	 in	 contrast	 to	 the	 oocytes	

and	K562	cells	(which	were	studied	in	electrolyte	solutions),	platelets	were	studied	in	serum.	

LA	 binding	 to	 1-acid	 glycoprotein	 may	 therefore	 explain	 part	 of	 the	 different	 results.	 This	

is	 particularly	 true	 for	 highly	 protein-bound	 compounds	 such	 as	 bupivacaine.	 Lidocaine	 is	

less	 protein	 bound	 but	 was	 also	 much	 less	 potent	 in	 our	 previous	 studies.	 Therefore,	 even	

a	modest	decrease	 in	availability	would	have	caused	concentrations	 required	 for	 inhibition	

to	 be	 outside	 the	 range	 studied.	 To	 test	 this	 hypothesis,	 a	 study	 of	 LA	 effects	 on	 platelet	

aggregation	in	a	solution	with	known	free	drug	concentrations	would	be	required.	A	second	

potential	explanation	for	the	difference	in	results	is	the	complexity	of	the	pathway	studied.	

In	both	oocytes	and	K562	cells,	our	end	point	was	intracellular	Ca	release	(determined	as	Ca-

activated	Cl	current	in	oocytes	and	fluorescence	changes	in	K562	cells).	This	event	happens	

proximal	in	the	signaling	pathway.	The	cellular	changes	leading	to	platelet	aggregation	are	

much	 more	 complex,	 and	 it	 is	 conceivable	 that	 amplification	 steps	 within	 the	 aggregation	

pathway	 obscure	 a	 modest	 effect	 of	 LAs.	 To	 test	 this	 hypothesis,	 the	 effects	 of	 LAs	 on	

intracellular	Ca	release	in	TXA
2	activated	platelets	will	be	required.	
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Whatever	the	mechanism,	it	seems	unlikely	that	the	clinically	observed	antithrombotic	effects	

of	clinically	relevant	concentrations	of	LAs	can	be	explained	by	interference	with	TXA2	induced	

platelet	aggregation,	and	other	potential	targets	need	to	be	explored.	
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BACKGround	

Activation	 of	 the	 complement	 system	 after	 coronary	 artery	 bypass	 graft	 (CABG)	 surgery	

involves	 C-reactive	 protein	 (CRP).	 This	 inflammatory	 response	 is	 related	 to	 baseline	 CRP	

levels	and	associated	with	postoperative	arrhythmia,	in	particular	atrial	f ibrillation	(AF).	

We	investigated	whether	baseline	CRP	levels	are	a	risk	indicator	for	the	occurrence	of	AF	and	

whether	this	phenomenon	is	cardiopulmonary	bypass	(CPB)-dependent.	

Methods
CRP	was	measured	in	perioperative	blood	samples	of	patients	of	the	Octopus-study	(CABG	

surgery	with	(n=73)	or	without	CPB	(n=79)).	Baseline	CRP	was	dichotomized	into	a	low	and	a	

high	baseline	group,	using	a	cut-off	of	3.0	mg/L.

results
After	 CABG	 with	 CPB	 11	 of	 53	 patients	 (21%)	 with	 low	 preoperative	 CRP	 levels	 developed	

AF,	versus	11	of	20	patients	(55%)	with	high	baseline	CRP	levels	(p=0.01).	In	the	off-pump	

group	AF	occurred	in	4	of	52	patients	(8%)	who	had	low	baseline	CRP	levels,	versus	in	8	of	

27	patients	(30%)	with	high	preoperative	CRP	levels	(p=0.002).	After	adjusting	for	age,	the	

odds	 ratio	 [95%-confidence	 interval]	 was	 4.6	 [1.4-15.3]	 with	 CPB,	 3.7	 [0.93-14.7]	 in	 the	

off-pump	group	and	3.3	[1.4-7.6]	for	both	groups	together.	Continuous	baseline	CRP	was	an	

independent	predictor	for	AF	in	a	multivariate	logistic	regression	model	(p=0.02).	

Conclusions 
Patients	with	high	baseline	CRP	levels	are	at	higher	risk	of	developing	postoperative	AF	in	

both	on-pump	and	off-pump	surgery.
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IntroduCtIon

Despite	 the	 use	 of	 prophylactic	 anti-arrhythmic	 medication,	 atrial	 f ibrillation	 (AF)	 still	

occurs	 in	 20%	 to	 40%	 in	 patients	 undergoing	 coronary	 artery	 bypass	 grafting	 (CABG).	

Increased	risk	of	stroke	and	renal	dysfunction,	prolonged	hospital	stay,	and	accompanying	

costs	 are	 of	 major	 concern.1-2	 Although	 multiple	 studies	 have	 attempted	 to	 determine	

predictors	for	the	occurrence	of	postoperative	AF,	the	exact	pathogenesis	remains	unclear.1-4	

In	recent	years	there	is	growing	evidence	that	AF	is	associated	with	an	inflammatory	state,	

which	can	be	reflected	by	plasma	C-reactive	protein	(CRP)	levels.5-8	CRP	levels	constitute	an	

independent	cardiac	risk	factor	and	studies	have	shown	that	they	are	elevated	in	patients	

with	postoperative	and	non-postoperative	AF.6-9	Postsurgery	activation	of	the	complement	

system	after	CABG	involves	CRP.	This	response	is	associated	with	postoperative	arrhythmia,	

and	related	to	baseline	CRP	levels.7	Elevated	baseline	CRP	levels	might	represent	a	low-level	

preoperative	inflammatory	state,	that,	when	altered	by	the	surgical	procedure,	may	lead	to	

a	higher	incidence	of	postoperative	AF.	Baseline	CRP	levels	might	thus	allow	indication	of	

patients	with	increased	risk.	

The	association	between	CRP	and	AF	has	only	been	described	in	on-pump	CABG	and	not	in	

off-pump	surgery.	Therefore,	we	used	data	 from	the	Octopus	study	to	test	the	hypothesis	

whether	levels	of	CRP	before	CABG	surgery	with	and	without	use	of	CPB	are	associated	with	

the	occurrence	of	AF.	
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MAterIAL And MetHodS

Patients
Blood	samples	for	determination	of	CRP	were	collected	from	the	last	consecutive	152	patients	

who	participated	in	the	Octopus-study,	a	larger	randomized	trial	comparing	on-pump	and	

off-pump	CABG.10,11	There	was	no	additional	selection	criteria	entry	for	this	study.	Design	

and	methods	of	the	Octopus	multicenter	trial	have	been	described	in	detail	elsewhere.10,11	

In	 short,	 all	 participants	 had	 stable	 angina	 pectoris	 (Braunwald	 Class	 I-II,	 a-c)	 and	 were	

randomly	allocated	to	undergo	CABG	with	use	of	CPB	(CPB	group;	n=73)	or	without	use	of	

CPB	(off-pump;	n=79).	Patients	were	excluded	in	case	of	emergency	or	concomitant	major	

surgery,	 Q-wave	 myocardial	 infarction	 in	 the	 previous	 6	 weeks,	 or	 poor	 left	 ventricular	

function.	

All	 patients	 gave	 written	 informed	 consent	 for	 the	 study.	 The	 study	 was	 approved	 by	 the	

local	ethical	and	research	council.

treatment and Procedures
The	goal	of	surgery	was	to	obtain	complete	arterial	revascularization.	With	the	exception	

of	emergency	procedures	all	operations	were	performed	by	cardiac	surgeons	experienced	in	

both	off-pump	and	on-pump	bypass	surgery.	In	the	on-pump	group,	patients	received	total	

intravenous	 anesthesia,	 including	 high-dose	 opioids	 (sufentanil	 2-3	 μg/kg	 at	 induction,	

continued	with	0.5	μg/kg.h	until	the	end	of	surgery),	whereas	in	the	off–pump	group	75%	

of	the	patients	received	thoracic	epidural	anesthesia	combined	with	low-dose	intravenous	

opioids	 (sufentanil	 0.25-0.5	 μg/kg	 at	 induction).	 The	 CPB	 patients	 received	 1	 mg/kg	

dexamethasone	 after	 induction	 of	 anesthesia.	 Surgical	 access	 to	 the	 heart	 was	 in	 both	

groups	achieved	by	midsternal	incision.

In	 the	 CPB	 group,	 the	 extracorporeal	 circuit	 consisted	 of	 a	 membrane	 oxygenator	 with	

integrated	 heat	 exchanger,	 venous	 reservoir	 and	 polyvinyl	 tubing	 system	 and	 a	 non-

pulsatile	roller	pump	(Baxter	Healthcare	Corporation,	Irvine,	CA,	USA)	and	was	primed	with	

crystalloid-colloid	 mixture.	 Only	 the	 oxygenator	 and	 the	 venous	 reservoir	 were	 heparin	

coated.	Before	connection	to	CPB,	porcine	heparin	(300	IU/kg,	Leo	Pharmaceutical	Products	

BV,	Weesp,	The	Netherlands)	was	administered	in	order	to	achieve	an	activated	coagulation	

time	 (ACT)	 >	 450	 s	 (Hemochron	 400,	 International	 Technidyne	 Corp.,	 NJ,	 USA).	 CPB	 was	

managed	according	to	the	α-stat	principle,	with	a	minimal	nasopharyngeal	temperature	of	

32oC,	CPB	flow	rate	was	kept	at	2.4	L/min.m2.	Myocardial	protection	was	achieved	with	cold	

(4oC)	potassium	cardioplegia	(Plegisol,	Abbott	Inc,	Chicago,	IL,	USA).	After	completion	of	all	

distal	anastomoses,	the	aortic	cross-clamp	was	removed	and	the	proximal	anastomoses	were	

performed	with	a	partial	occluding	clamp.	Meanwhile,	the	patient	was	rewarmed	to	37°C.	
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Heparin	was	neutralized	by	3	mg/kg	protamine	chloride	(Hoffman/La	Roche	B.V,	Mijdrecht,	

The	 Netherlands).	 To	 reduce	 blood	 loss,	 blood	 was	 recollected	 with	 a	 suction	 cardiotomy	

reservoir	in	the	CPB-group,	whereas	a	cell-saver	was	used	in	the	off-pump	group.

In	the	off-pump	group,	after	median	sternotomy,	coronary	bypass	grafting	was	performed	

on	 the	 beating,	 normothermic	 heart	 with	 local	 cardiac	 wall	 immobilization	 by	 using	 the	

Octopus	Tissue	Stabilizer	(Medtronic,	Minneapolis,	MN,	USA).	Before	start	of	the	anastomosis,	

porcine	heparin	(150	IU/kg)	was	administered	in	order	to	achieve	an	ACT	>	250	s.	Heparin	was	

neutralized	by	1	mg/kg	protamine	chloride.	

Patient	treatment	in	the	intensive	care	unit	was	similar	for	both	groups.	Patients	were	on	

continuous	telemetry	for	at	least	48	hours.	When	detached	from	electronic	monitoring,	12-

lead	electrocardiograms	were	made	daily	for	a	period	of	at	least	5	postoperative	days	and	

in	 case	 of	 clinical	 suspicion	 of	 arrhythmia.	 An	 AF	 episode	 was	 defined	 to	 last	 for	 at	 least	

one	 hour	 and	 was	 diagnosed	 on	 a	 physician	 assessment	 on	 the	 basis	 of	 a	 rhythm	 strip	 or	

an	 electrocardiogram	 recording.	 Anticoagulation	 was	 initiated	 with	 nadroparin	 2850	 IU	

subcutaneously	and	acetylsalicylic	acid	80	mg	daily.	As	prophylaxis	for	postoperative	AF	all	

patients	were	given	sotalol	40	mg	twice	daily	from	the	f irst	day	till	1	month	after	surgery.

Measurements 
Blood	 samples	 were	 drawn	 with	 a	 syringe	 from	 the	 arterial	 cannula	 after	 induction	 of	

anesthesia	 (baseline).	 The	 f irst	 10	 mL	 of	 the	 samples	 was	 discarded.	 All	 samples	 were	

immediately	 cooled	 on	 ice	 and	 centrifuged	 twice	 at	 2000*G	 for	 15	 minutes.	 Plasma	 was	

stored	at	–80°C.	Quantitative	determination	of	plasma	CRP	levels	was	performed	by	a	High	

Sensitivity	 CRP	 assay	 using	 a	 nephelometer	 (Dade	 Behring,	 Inc.,	 Newark,	 DE,	 USA).	 The	

interassay	coeff icient	of	variation	is	6.4%.12

data analysis
All	 analyses	 were	 done	 using	 standard	 computer	 software	 (SPSS	 9.0,	 SPSS	 Inc.	 Chicago,	

IL,	USA).	Normality	of	the	distribution	of	continuous	variables	was	tested	by	the	Shapiro-

Wilk	 test.	 All	 data	 are	 presented	 as	 mean	 ±	 standard	 deviation	 (SD)	 or	 as	 medians	 (and	

interquartile	ranges	(IQR))	for	non-normally	distributed	continuous	variables.	Because	the	

distribution	of	CRP	levels	was	highly	skewed,	 logarithmic	transformation	of	CRP	was	used	

for	the	logistic	regression.	CRP	levels	were	reported	as	untransformed	values.	Differences	

in	 continuous	 and	 categorized	 variables	 were	 tested	 by	 unpaired	 t-test	 and	 chi-square	

test,	 respectively.	 In	 addition	 to	 analysis	 with	 CRP	 as	 a	 continuous	 variable,	 the	 study	

cohort	was	divided	into	a	 low-	(<3.0	mg/L)	and	high-baseline	(≥3.0	mg/L)	CRP	group.	The	

cut-point	 of	 3.0	 mg/L	 was	 based	 on	 the	 American	 Heart	 Association/Centers	 for	 Disease	

Control	and	Prevention	scientif ic	statement	suggesting	that	levels	>	3	mg/L	be	considered	

high.9	 In	 order	 to	 estimate	 the	 risk	 of	 developing	 AF	 in	 both	 groups	 we	 used	 Odds	 Ratios	
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(OR)	and	95%	confidence	intervals	(CI).	To	account	subsequently	for	possible	predictors	of	

postoperative	AF	(from	other	studies) and	differences	found	between	the	high	and	low	CRP	

groups,	multivariate	logistic	regression	analysis	was	used.1-3,8	First	the	association	between	

postoperative	 AF	 and	 each	 of	 the	 other	 possible	 predictors	 was	 quantif ied	 by	 univariate	

analysis.	Then,	all	predictors	with	p	≤	0.20	in	the	univariate	analysis	were	included	in	the	

multivariate	logistic	regression	model	together	with	baseline	CRP	levels.	

reSuLtS

Patients
Clinical	 characteristics	 of	 patients	 in	 both	 groups	 are	 shown	 in	 Table	 1.	 No	 patient	 had	 a	

history	of	AF	or	used	digoxin.	

Baseline CrP levels
There	were	no	differences	in	baseline	CRP	levels	between	the	two	procedures	(CPB:	1.4	(0.9-

4.1)	versus	off-pump:	1.9	(1.0-3.8)	mg/L).	

After	operation,	34	patients	developed	AF,	of	which	22	in	the	CPB	group,	and	12	in	the	off-

pump	 group.	 To	 determine	 whether	 pre-operative	 CRP	 levels	 were	 associated	 with	 AF,	 we	

subdivided	both	groups	in	a	low-	and	a	high-baseline	(<3.0	or	≥3.0	mg/L)	CRP	group.	

When	both	surgical	procedures	were	combined,	AF	occurred	in	15	out	of	105	patients	(14%)	

in	the	low-baseline	CRP	group	versus	19	out	of	47	patients	(40%)	in	the	high-baseline	CRP	

group	(crude	OR	[95%-confidence	interval]	4.1	[1.8-9.1];	Table	2)

In	the	CPB	group,	11	of	the	53	patients	(21%)	with	low	preoperative	CRP	levels	developed	

postoperative	 AF,	 in	 comparison	 with	 11	 of	 the	 20	 patients	 (55%)	 with	 high	 baseline	 CRP	

levels	(p=0.004).	In	the	off-pump	group	atrial	f ibrillation	occurred	in	4	of	the	52	patients	

(8%)	with	low	baseline	CRP	levels	and	in	8	of	the	27	patients	(30%)	with	high	baseline	CRP	

levels	(p=0.01).	The	crude	OR	for	AF	as	a	function	of	baseline	CRP	was	4.7.	[1.5-14.1]	in	the	

CPB	group	and	5.1	[1.4-18.8]	in	the	off-pump	group	(Table	2).	

Multivariate logistic regression
Continuous	baseline	CRP	was	a	signif icant	predictor	of	AF	in	the	univariate	model.	Based	on	

known	predictors	from	other	studies	and	differences	found	between	the	high	and	low	CRP	

groups,	 we	 then	 used	 a	 multivariate	 logistic	 regression	 to	 look	 for	 possible	 confounders	

(Table	 3).	 1-3,8	 Only	 continuous	 baseline	 CRP,	 age	 and	 type	 of	 surgery	 were	 signif icant	

predictors	 in	 the	 model.	 Hypertension,	 peripheral	 vascular	 disease,	 use	 of	 β-blockers,	

hypercholesterolaemia,	 chronic	 obstructive	 pulmonary	 disease	 (COPD)	 and	 chronic	 renal	

failure	(as	measured	with	creatinine	levels)	did	not	correlate	with	the	occurrence	of	AF.	The	
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table 1. Baseline characteristics of CrP-groups

Baseline CrP (mg/L)
	

	 CPB  p- off-pump  p- Both groups p-	

	 Low High value Low High  value Low High value

 (<3.0) (≥3.0)    (<3.0)  (≥3.0)	   (<3.0) (≥3.0) 

	 n=53	 n=20	 	 n=52	 n=27	 	 	 n=105	 n=47

Age	(years)	 60	±	10	 63	±	7	 0.04	 60	±	9	 66	±	7	 0.01	 60	±	10	 65	±	7	 <0.01

Male	sex	(%)	 77	 80	 0.81	 67	 52	 0.18	 72	 64	 0.29

Weight	(kg)	 84	±	13	 80	±	12	 0.57	 81	±	12	 81	±	13	0.79	 83	±	12	 80	±	12	 0.99

CCS	class	III	or	IV	(%)	 53	 40	 0.33	 44	 48	 0.74	 49	 45	 0.66

Previous	MI	(%)	 17	 30	 0.22	 44	 26	 0.11	 31	 28	 0.73

History	of	smoking	(%)	 73	 80	 0.47	 73	 74	 0.92	 72	 77	 0.59

Hypercholesterolaemia	(%)	 68	 80	 0.31	 81	 55	 0.02	 75	 66	 0.29

Hypertension	(%)	 42	 55	 0.30	 42	 52		 0.42	 42	 53	 0.20

Diabetes	(%)	 13	 5	 0.32	 8	 15	 0.32	 11	 11	 0.98

Periph.	vasc.	disease	(%)	 9	 30	 0.03	 4	 19	 0.03	 7	 23	 <0.01

COPD	(%)	 8	 5	 0.70	 4	 15	 0.08	 6	 11	 0.28

Use	of	β-blockers	(%)	 80	 90	 0.28	 92	 89	 0.61	 86	 89	 0.54

Creatinine	(mmol/L)	 92	±	14	 100	±	35	 <0.01	 88	±	12	 89	±	18	0.85	 90	±	13	 94	±	27	 <0.01

Intraoperative data

Cross-clamp	time	(min)		 43	±	18	 47±	17	 0.62	 	 	 	 	

Time	on	CPB	(min)	 64	±	22	 69±	21	 0.98	 	 	 	 	

Time	in	OR	(h)	 3.9±0.7	4.0±0.7	 0.85	 4.2±1.0	 4.4±1.1		0.75	 4.0±0.9	 4.2±0.9	 0.80		

Used	inotropic	agents(%)	 17	 5	 0.18	 12	 26	 	0.10	 14	 17	 0.68

Data	are	presented	as	numbers	(percentage),	mean	±	SD.	CCS,	Canadian	Cardiovascular	Society;	COPD,	

chronic	obstructive	pulmonary	disease;	CPB,	cardiopulmonary	bypass;	CRP,	C-reactive	protein;	MI,	myocardial	infarction;	

OR,	operating	room;	Periph.vasc.	disease,	peripheral	vascular	disease
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table 2.		Baseline CrP levels as a risk indicator of postoperative atrial fibrillation in patients  

undergoing on-pump and off-pump CABG

Baseline CrP CPB off-pump Both groups

 AF AF AF

< 3.0 mg/L	 11/53		(21%)	 4/52		(8%)	 15/105		(14%)

≥ 3.0 mg/L	 11/20			(55%)	 8/27		(30%)	 19/47		(40%)	

	total 22/73		(30%)	 12/79		(15%)	 34/152		(22%)

Crude or	 4.7	[1.5-14.1]		 5.1	[1.4-18.8]	 4.1	[1.8-9.1]

Adjusted or	 4.6	[1.4-15.3]	 3.7	[0.9-14.7]	 3.3	[1.4-7.6]

AF,	atrial	f ibrillation;	CABG,	coronary	artery	bypass	grafting;	CPB,	cardiopulmonary	bypass;	CRP,	C-reactive	

protein;	OR,	odds	ratio	[95%	conf idence	interval];	adjusted	OR,	odds	ratio	adjusted	for	gender	and	age

adjusted	OR	for	the	high-baseline	CRP	group	corrected	for	age	and	gender	was	3.3	[1.4-7.6]	

for	 both	 procedures	 together.	 The	 adjusted	 OR’s	 for	 high	 baseline	 CRP	 was	 4.6	 [1.4-15.3]	

with	CPB	and	3.7	[0.93-14.7]	in	the	off-pump	group	(Table	2).

Anti-arrhytmhmic therapy and length of stay
In	all	patients	who	developed	postoperative	atrial	f ibrillation,	the	f irst	step	was	to	increase	

sotalol	 dosage	 with	 steps	 of	 40	 mg	 (to	 a	 maximum	 of	 80	 mg	 three	 times	 daily).	 This	 was	

usually	 suff icient	 to	 convert	 back	 to	 sinus	 rhythm.	 In	 5	 patients,	 additional	 digoxin	 was	

used	(all	with	a	high-baseline	CRP:	2	in	the	CPB	group	and	3	in	the	off-pump	group).		Electric	

cardioversion	was	used	in	6	patients.	No	other	anti-arrhythmic	drugs	such	as	amiodarone	

or	verapamil	were	used.

When	 leaving	 the	 hospital,	 only	 four	 patients	 still	 had	 AF.	 These	 four	 patients	 all	 had	

high-baseline	 CRP	 levels	 (one	 in	 the	 CPB	 group	 and	 three	 in	 the	 off-pump	 group).	 There	

was	a	signif icant	difference	in	length	of	hospital	stay	between	patients	with	and	without	

postoperative	AF	(median	length	(interquartile	range)	7.0	(6.0-8.0)	and	6.0	(5.0-7.0)	days,	

respectively;	p	<	0.001).	However,	we	could	not	demonstrate	any	differences	between	the	

low-	and	high-baseline	CRP	groups	(median	stay	6.0	(5.0-7.0)	days	in	both	groups,	p=0.48).
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CoMMent

In	the	present	study,	patients	with	high	pre-operative	CRP	levels	had	an	increased	risk	of	

developing	AF	after	coronary	bypass	surgery.	This	accounted	for	both	on-pump	and	off-pump	

procedures.	Continuous	baseline	CRP	was	an	independent	predictor	for	AF	in	a	multivariate	

logistic	regression	model,	controlling	for	age	and	type	of	surgery.

Postoperative	 AF	 occurs	 frequently	 after	 CABG	 and	 represents	 one	 of	 the	 most	 common	

complications	 of	 surgical	 myocardial	 revascularization.	 The	 reported	 incidences	 varies	

between	20%	and	40%	in	patients	undergoing	CABG	and	it	is	associated	with	increased	risk	

of	stroke,	renal	dysfunction,	prolonged	hospital	stay,	and	increased	costs.1,2	Prophylactic	

drug	treatment	with	β-adrenergic	antagonists,	sotalol	and	amiodarone	has	been	shown	to	

reduce	 the	 incidence	 of	 postoperative	 AF	 and	 also	 non-pharmacological	 strategies	 such	

as	atrial	pacing	have	been	developed.13,14	Preoperative	recognition	of	patients	with	a	high	

risk	 of	 developing	 postoperative	 AF	 could	 be	 of	 considerable	 value.	 Limiting	 (additional)	

prophylactic	anti-arrhythmics	only	to	a	high-risk	group	could	reduce	the	number	to	treat	

reported	 in	 the	 literature,	 leading	 to	 less	overtreatment	and	possible	 reductions	 in	side-

effects	and	costs.

The	 pathogenesis	 of	 postoperative	 AF	 appears	 to	 be	 of	 multicausal	 origin.	 Many	 pre-	 and	

postoperative	factors	have	been	suggested	to	influence	its	occurrence,	but	only	advanced	

age	has	shown	to	be	a	consistent	predictor	for	AF.	Other	demographic	and	clinical	risk	factors	

such	as	male	gender,	hypertension,	history	of	AF,	COPD,	valve	surgery,	chronic	renal	failure,	

and	history	of	heart	 failure	have	also	been	reported.1,2,4	The	present	study	also	 identif ies	

advanced	age	as	a	predictor	of	AF,	next	to	baseline	CRP	and	type	of	surgery	(table	3).	Some	

studies	 suggest	 that	 an	 identif iable	 electrophysiological	 substrate,	 e.g	 prolonged	 atrial	

activation	or	dispersion	of	atrial	refractoriness	is	present	in	patients	who	are	at	highest	risk	

of	 postoperative	 AF.15,16	 Perioperative	 factors,	 such	 as	 inadequate	 myocardial	 protection,	

electrolyte	imbalance,	β-blocker	withdrawal,	change	in	autonomic	tone	may	precipitate	AF	

in	these	patients.	Recently,	Amar	and	colleagues	demonstrated	that	patients	who	developed	

postoperative	AF	had	different	postoperative	heart	rate	variability	than	patients	without	

postoperative	AF,	indicating	that	autonomic	influences	play	a	role	in	the	initiation	of	AF.17	

There	is	increasing	evidence	that	AF	is	associated	with	an	inflammatory	state.5-8,18	Serum	CRP	

levels	can	reflect	this	inflammatory	state	and	high	levels	have	been	shown	to	constitute	an	

independent	cardiac	risk	factor.9,18,19	Beside	the	evidence	that	elevated	baseline	CRP	levels	

in	 healthy	 persons	 may	 lead	 to	 cardiac	 complications,	 also	 the	 course	 after	 myocardial	

infarction	 may	 be	 more	 complicated.20	 Furthermore,	 several	 studies	 demonstrated	 a	

relation	 between	 the	 changes	 in	 inflammatory	 response	 and	 the	 occurrence	 of	 AF	 during	

cardiac	 surgery.5,7	 Gaudino	 and	 colleagues	 demonstrated	 that	 the	 -174G/C	 Interleukin-6	
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table 3. Postoperative atrial fibrillation by logistic regression analysis

Predictor All no AF  AF univariate  Multivariate 

    analysis  analysis 

 (n=156) (n=122) (n=34) or  [95%-CI] p-value	 or  [95%-CI] p	value	

Age,	mean	(SD)	(years)	 61	(10)	 60	(9)	 67	(8)	 1.10		[1.04-1.15]	 <0.001	 1.11*		[1.03-1.16]	 0.001

Female	sex	(%)	 30	 29	 32	 1.19		[0.52-2.70]	 0.68

Diabetes	(%)	 12	 13	 6	 0.41		[0.09-1.90]	 0.26	

Hypercholesterolemia	(%)	 71	 74	 59	 0.51		[0.23-1.12]	 0.09	 0.69*		[0.28-1.71]	 0.42

Periph.	vascular	disease	(%)	12	 12	 12	 1.03		[0.32-3.36]	 0.96	 	

No.	diseased	coronary	art.	 2.1	 2.1	 2.0	 0.85		[0.50-1.45]	 0.55

Diseased	RCA	(%)	 61	 61	 62	 1.07		[0.57-2.00]		 0.83			

Graft	RCA	(%)	 57	 57	 56	 1.06		[0.54-2.08]	 0.86

Incomplete	revasc.	RCA	(%)	 11	 11	 12	 1.03		[0.45-2.39]	 0.94

Hypertension	 46	 44	 53	 1.41		[0.66-3.03]	 0.37

COPD	 7	 6	 12	 2.19		[0.60-7.98]	 0.23

Serum	creatinine	(mmol/L)	 91	(18)	 90	(14)	 93	(28)	 1.01		[0.98-1.03]	 0.46

Use	of	β-blockers	 87	 89	 79	 0.46		[0.17-1.26]	 0.13	 0.69*		[0.22-2.19]	 0.53

Used	inotropic	agents	 16	 13	 24	 2.02		[0.78-5.22]	 0.15	 2.23*		[0.71-7.02]	 0.25

Off-pump	treatment	 51	 56	 35	 0.43		[0.20-0.95]	 0.04	 0.27*		[0.11-0.69]	 0.01

Baseline	CRP	level	(mg/L)	 1.8	 1.6	 4.0	 1.58		[1.10-2.28]	 0.01			 1.57				[1.06-2.32]	 0.02

(IQR)	 (0.9-4.1)	(0.9-2.7)	(1.0-7.3)

Baseline	CRP	≥	3.0mg/L(%)	 22	 14	 40	 4.1				[1.83-9.05]		 <0.001	 (4.64			[1.76-11.0]	 0.001)

*OR’s	in	multivariate	analysis	with	continuous	baseline	CRP	as	covariate.		

Data	are	presented	as	percentages,	means	(standard	deviation	(SD))	or	medians	(interquartile	range	(IQR)).	

AF,	atrial	f ibrillation;	CI,	conf idence	interval;	COPD,	chronic	obstructive	pulmonary	disease;	CRP,	C-reactive	protein;	Incomplete	revasc.,	

incomplete	revascularized;	No.	diseased	coronary	art.,	number	of	diseased	coronary	arteries;	OR,	odds	ratio;	Periph.	vascular	disease,	

peripheral	vascular	disease;	RCA,	r ight	coronary	artery



promoter	gene	variant	appears	to	modulate	the	inflammatory	response	to	cardiac	surgery	

with	 CPB	 and	 that	 it	 influences	 the	 development	 of	 postoperative	 AF.5	 The	 association	

between	 administering	 non-steroidal	 anti-inflammatory	 drugs	 after	 CABG	 and	 a	 reduced	

risk	of	developing	AF	further	supports	the	theory	that	inflammation	may	contribute	to	its	

pathogenesis.4	

In	 our	 previous	 study,	 we	 demonstrated	 that	 activation	 of	 the	 classical	 complement	

pathway	 after	 coronary	 artery	 bypass	 surgery	 involved	 CRP	 and	 that	 changes	 in	 levels	 of	

CRP,	 complement	 and	 complement-CRP	 complexes	 during	 the	 f irst	 days	 following	 CABG	

surgery	corresponded	to	postoperative	arrhythmia.7	In	addition,	CRP	levels	on	the	second	

postoperative	day	correlated	to	baseline	CRP	levels,	suggesting	that	one	could	distinguish	

“high-CRP	 responders”	 from	 “low-CRP	 responders”	 by	 baseline	 CRP	 levels.	 Our	 present	

study	 demonstrates	 that	 (continuous)	 baseline	 CRP	 is	 an	 independent	 predictor	 for	 the	

development	 of	 postoperative	 AF	 in	 a	 multivariate	 logistic	 regression	 model	 and	 that	

patients	with	high	baseline	CRP	levels	have	a	more	than	3	times	higher	risk	of	developing	

AF,	even	after	correction	of	age.	

The	 precise	 mechanism	 in	 which	 inflammation	 contributes	 to	 the	 development	 of	 AF	

remains	 unclear.	 In	 patients	 with	 high	 baseline	 CRP	 levels,	 more	 postoperative	 CRP	

molecules	 may	 localize	 in	 atrial	 tissue,	 where	 they	 promote	 local	 complement	 activation	

and	 thus	 tissue	 damage,	 which	 can	 lead	 to	 fluctuations	 in	 the	 membrane	 potential.21	 The	

ligand	 for	 CRP	 remains	 unknown.	 In	 the	 presence	 of	 Ca2+	 ions,	 CRP	 specif ically	 binds	 to	

phosphatidylcholine,	in	particular	when	some	lysophosphatidylcholine	is	present.22,23	Hence,	

a	supposed	ligand	for	CRP	in	inflamed	tissues	may	be	the	membranes	of	flip-flopped	cells	or	

microvesicles	derived	from	these	membranes	by	hydrolization	by	secretory	phospholipase	

2	 (PLA-2).24	 Long-chain	 acylcarnitines	 and	 lysophosphatidylcholines	 are	 generated	 from	

phosphatidylcholine	by	PLA-2	enzymes	and	can	both	contribute	to	membrane	dysfunction	

by	inhibiting	the	exchange	of	sodium	and	calcium	ions	in	sarcolemmal	vesicles	and	thus	lead	

to	the	development	of	arrhythmia.25	This	may	explain	the	association	between	raised	levels	

of	CRP	and	the	occurrence	of	AF.	

With	this	study,	we	are	also	the	f irst	to	demonstrate	that	the	correlation	between	CRP	levels	

and	postoperative	AF	is	not	CPB-dependent,	as	it	was	present	in	both	the	on-pump	and	the	

off-pump	 group.	 In	 off-pump	 surgery,	 it	 is	 assumed	 that	 the	 expected	 reduced	 trauma,	

ischaemia	and	inflammation	may	signif icantly	reduce	the	incidence	of	postoperative	AF.26	

While	 some	 studies	 show	 a	 marked	 reduction	 in	 postoperative	 AF	 with	 off-pump	 surgery,	

others	 show	 comparable	 incidences	 with	 conventional	 CABG.27	 Conflicting	 data	 could	 be	

the	 result	 of	 the	 inhomogeneous	 mixture	 of	 patients	 in	 different	 states	 of	 inflammation	

scheduled	for	cardiac	surgery.28	In	our	study	the	incidence	of	AF	was	lower	in	the	off-pump	

than	in	the	CPB,	but	in	the	larger	patient	set	of	the	entire	Octopus	Study	incidences	of	AF	

were	the	same	(on-pump	29/139	(21%)	and	off-pump	28/142	(20%),	p=0.79).10	There	were	
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no	additional	selection	criteria	 for	our	study	and	patients	were	taken	consecutively	 from	

the	larger	trial.	Analysis	of	the	baseline	characteristics	of	both	studies	did	not	demonstrate	

differences	that	could	explain	this	adequately,	so	we	can	only	speculate	that	differences	in	

the	preoperative	micro-inflammatory	state	could	play	a	role.	

Limitations of the study
As	 the	 Octopus-trial	 was	 designed	 as	 a	 pragmatic	 study,	 it	 compared	 off-pump	 surgery	

with	 conventional	 CABG	 both	 performed	 as	 what	 was	 considered	 common	 practice	 in	 our	

institution	at	that	time.	This	 included	other	factors	associated	with	the	on-pump	surgery	

such	as	the	use	of	dexamethasone,	return	of	salvaged	blood	and	the	use	of	epidural	analgesia	

in	 the	 off-pump	 group,	 which	 may	 affect	 the	 relationship	 between	 inflammation	 and	 AF.	

Therefore,	we	decided	only	to	study	baseline	CRP	levels	since	these	levels	are	not	affected	

by	 the	 aforementioned	 variables.	 Our	 study	 clearly	 demonstrates	 a	 relationship	 between	

baseline	CRP	and	the	 incidence	of	AF	 in	both	types	of	surgery.	Whether	the	pre-operative	

micro-inflammatory	 state,	 as	 reflected	 with	 CRP	 levels,	 leads	 to	 a	 higher	 postoperative	

response	was	demonstrated	before	and	was	not	a	subject	of	the	present	study.7	

The	 use	 of	 steroids	 in	 the	 CPB	 group	 might	 be	 a	 confounder	 for	 the	 relationship	 between	

postoperative	inflammation	and	AF,	but	it	deserves	future	interest.	Recently,	Dernellis	and	

colleagues	 demonstrated	 in	 a	 randomized	 trial	 in	 a	 non-surgical	 setting	 that	 a	 4-month	

treatment	 with	 methylprednisolone	 lowers	 CRP	 levels	 in	 patients	 who	 had	 experienced	

persistent	AF,	hereby	successfully	reducing	the	incidence	of	recurrent	and	permanent	AF.18	

In	our	study,	a	single	bolus	of	dexamethasone	was	given	in	the	CPB	group,	but	the	incidence	

of	 AF	 remained	 higher	 than	 in	 the	 off-pump	 group.	 Apparently,	 a	 single	 bolus	 of	 steroids	

may	 only	 delay	 or	 have	 a	 limited	 effect	 on	 the	 postoperative	 inflammatory	 response,	 not	

altering	the	incidence	of	AF.29	Alternatively,	it	may	be	suggested	that	not	the	magnitude	of	

the	postoperative	inflammatory	response	but	the	global	modif ication	of	the	preoperative	

micro-inflammatory	 state	 is	 responsible	 for	 an	 altered	 incidence	 of	 AF.	 However,	 further	

studies	are	needed	to	confirm	these	hypotheses.	

In	conclusion,	we	were	able	to	demonstrate	that	patients	with	high	baseline	CRP	levels	have	

an	increased	risk	of	developing	postoperative	AF	after	CABG	and	this	accounts	for	both	on-

pump	and	off-pump	procedures.
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Hypothesis and findings of this thesis

The	aim	of	this	thesis	was	to	study	the	activation	of	hemostasis	and	inflammation,	in	patients	

undergoing	 off-pump	 (OPCAB)	 and	 on-pump	 coronary	 artery	 bypass	 graft	 (CABG)	 surgery	

and	the	relationship	of	coagulation	and	inflammation	to	clinical	outcome.	We	hypothesized	

that	 activation	 of	 hemostasis	 and	 C-reactive	 protein	 (CRP)	 would	 be	 more	 pronounced	 in	

patients	 undergoing	 CABG	 using	 cardiopulmonary	 bypass	 (CPB)	 and	 that	 this	 would	 be	

associated	 with	 increased	 morbidity.	 In	 particular,	 neurocognitive	 dysfunction	 may	 be	

less	pronounced	in	patients	undergoing	OPCAB	procedures.	Therefore,	we	did	a	number	of	

studies	in	which	we	investigated	several	aspects	of	hemostasis	in	patients	undergoing	on-	

and	off-pump	CABG.	Moreover,	the	influence	of	CRP	as	a	marker	of	inflammation	was	studied	

as	 others	 have	 already	 demonstrated	 that	 CRP	 levels	 may	 be	 associated	 with	 increased	

morbidity	and	even	increased	mortality	after	cardiac	surgery.1-4	

In	40	patients,	randomly	assigned	to	off-pump	and	on-pump	CABG,	we	observed	that	CABG	

surgery	 with	 CPB	 was	 associated	 with	 increased	 thrombin	 generation	 and	 f ibrinolytic	

activity	 in	 the	 immediate	 postoperative	 period.5	 However,	 patients	 in	 the	 OPCAB-group	

demonstrated	 a	 delayed	 postoperative	 response	 that	 became	 equal	 in	 magnitude	 to	 the	

CPB	 group	 in	 the	 later	 (20-96	 hours)	 postoperative	 period.	 Although	 early	 postoperative	

activation	 of	 hemostasis	 was	 more	 pronounced	 after	 on-pump	 CABG,	 we	 did	 not	 f ind	 any	

association	 with	 clinical	 outcome	 in	 the	 initial	 group	 and	 in	 a	 larger	 group	 of	 73	 CABG	

patients.	 Therefore,	 the	 clinical	 impact	 of	 CPB-related	 activation	 of	 coagulation	 remains	

to	be	determined.	

In	 contrast	 to	 our	 hypothesis,	 a	 signif icant	 association	 between	 early	 postoperative	

activation	 of	 hemostasis	 and	 the	 incidence	 of	 early	 postoperative	 cognitive	 decline	 was	

observed	 in	 60	 OPCAB	 patients.6	 D-dimer	 levels	 and	 prothrombin	 fragments	 1.2	 at	 two	

hours	after	 the	off-pump	procedure	were	strongly	associated	with	early	cognitive	decline	

on	postoperative	day	4	(chapter	4).	Several	mechanisms	may	be	responsible	for	this	apparent	

paradox.	 One	 contributing	 factor	 may	 be	 the	 fact	 that	 institution	 of	 CPB	 can	 obviously	

reduce	the	hypercoagulable	state	resulting	from	surgical	 trauma.	In	60	on-	and	off-pump	

patients,	we	could	demonstrate	that	von	Willebrand	Factor	(VWF)	release	is	increased	after	

both	procedures.	However,	VWF	activity	is	signif icantly	lower	in	the	on-pump	group	(chapter	

5).	 Shear	 stress-induced	 proteolysis	 due	 to	 the	 use	 of	 CPB	 may	 be	 one	 important	 factor	

responsible	for	this	phenomenon.	

Thoracic	 epidural	 analgesia	 (TEA)	 in	 cardiac	 surgical	 patients	 has	 many	 potential	

advantages.	TEA	improves	hemodynamic	stability,	reduces	myocardial	oxygen	consumption,	

potentially	 decreases	 the	 incidence	 of	 intra-	 and	 postoperative	 myocardial	 ischemia	 and	

improves	quality	of	analgesia	and	postoperative	pulmonary	 function.7-10	However,	 the	use	

of	TEA	during	on-pump	CABG	is	limited	because	of	the	perceived	risk	of	epidural	hematoma	

formation	 secondary	 to	 full	 heparinization	 during	 CPB.11	 In	 OPCAB	 surgery,	 TEA	 is	 more	



accepted,	as	full	heparinization	is	not	necessary	for	the	surgical	procedure.	In	the	Octopus	

Study,	 the	 majority	 of	 the	 OPCAB	 patients	 received	 TEA	 in	 combination	 with	 general	

anesthesia.	Postoperative	activation	of	hemostasis	may	be	affected	by	the	intraoperative	

use	of	TEA.	The	use	of	epidural	analgesia	 is	associated	with	a	signif icant	reduction	in	the	

incidence	of	postoperative	thromboembolic	complications	such	as	deep	venous	thrombosis	

and	pulmonary	emboli.12-14	Similar	reductions	are	obtained	when	local	anesthetics	are	infused	

IV.15	 The	 mechanisms	 for	 these	 effects	 are	 still	 unknown,	 but	 inflammatory	 mediators	 –	

released	in	response	to	surgical	trauma	and	inducing	thrombosis	and	vasoconstriction	–	are	

likely	to	be	pivotal.	One	of	the	mediators	affected	by	TEA	could	be	thromboxane	A2	(TXA2),	a	

potent	platelet	aggregator	which	is	usually	increased	after	surgery.16	Local	anesthetics	(LA)	

inhibit	TXA2	in	experimental	studies.17	To	verify	experimental	results,	we	conducted	a	trial	

where	 we	 studied	 the	 effects	 of	 several	 LA	 on	 TXA2-induced	 platelet	 aggregation	 in	 an	 in	

vitro	model	(chapter	6).	However,	the	LA	tested	had	only	limited	ability	to	inhibit	that	TXA2-

induced	platelet	aggregation.	Therefore,	LA	effects	on	TXA2-induced	platelet	aggregation	

are	unlikely	 to	play	a	major	 role	 in	 the	clinically	observed	antithrombotic	effects	of	 local	

anesthetics.	

In	this	thesis,	we	were	unable	to	demonstrate	a	signif icant	interaction	between	CPB-induced	

activation	of	hemostasis,	the	inflammatory	response	to	surgery	and	CPB	and	parameters	of	

clinical	outcome.	We	indeed	observed	an	association	between	baseline	CRP	levels,	a	marker	

for	chronic	inflammation,	and	postoperative	atrial	f ibrillation	after	both	on-pump	and	off-

pump	CABG.18	Apparently,	 the	relationship	between	postoperative	CRP	activation	and	the	

incidence	of	atrial	f ibrillation	(AF)	is	not	CPB-dependent.

Hypercoagulable state after off-pump CABG

Activation	 of	 hemostasis	 after	 conventional	 CABG	 is	 bi-phasic.	 Firstly,	 despite	 full	

heparinization,	 there	 is	 intense	 activation	 of	 hemostatic	 mechanisms	 due	 to	 the	 use	 of	

CPB.19-21	Both	contact	of	human	blood	with	non-endothelial	surfaces	of	the	extracorporeal	

circulation,	 and	 the	 release	 and	 re-infusion	 of	 tissue	 factor	 lead	 to	 increased	 thrombin	

generation	during	cardiopulmonary	bypass.20-22	Secondly,	in	the	later	postoperative	period	

(several	hours	to	days),	the	surgical	trauma	is	mainly	responsible	for	the	activation	of	the	

coagulation	 cascades.5,23,24	 Intraoperative	 activation	 of	 hemostasis	 in	 OPCAB	 surgery	 is	

signif icantly	 reduced	 compared	 to	 conventional	 CABG.	 The	 coagulation	 and	 f ibrinolysis	

cascades,	however,	are	subsequently	activated	in	the	postoperative	period,	a	f inding	which	is	

comparable	with	other	major	surgical	procedures	and	with	conventional	CABG.5,23-25	Patients	

undergoing	 OPCAB	 surgery	 lack	 the	 hemostatic	 abnormalities	 caused	 by	 the	 CPB	 system	

itself,	e.g.	platelet	dysfunction,	proteolysis	of	von	Willebrand	Factor	and	direct	activation	

of	 f ibrinolysis.26-28	These	patients	are	 therefore	more	 likely	 to	develop	hypercoagulability	

states	 postoperatively	 than	 patients	 undergoing	 on-pump	 CABG.	 One	 possible	 advantage	
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of	this	state	of	“preserved	hemostasis”,	as	some	refer	to,	is	that	preserved	hemostasis	can	

contribute	to	a	reduced	postoperative	blood	loss	and	decreased	transfusion	requirements	

in	OPCAB	patients.29-32	Concurrently	however,	the	postoperative	hypercoagulable	state	after	

OPCAB	may	also	be	an	area	of	concern,	because	it	still	may	contribute	to	thromboembolic	

complications.	

How	 strong	 is	 the	 evidence	 linking	 an	 early	 postoperative	 hypercoagulable	 state	 to	

thromboembolic	 events?	 At	 f irst	 glance,	 this	 does	 not	 appear	 to	 be	 a	 major	 problem.	

Extensive	clinical	experience	has	shown	that	thrombo-embolic	complications	such	as	deep	

venous	thrombosis,	pulmonary	embolism	or	arterial	thrombosis	occur	very	rarely	after	off-

pump	CABG.33	Nonetheless,	the	results	of	our	studies	demonstrated	an	association	between	

early	postoperative	D-dimer	levels	and	cognitive	decline	four	days	after	the	operation.	These	

f indings	indicate	that	the	postoperative	hypercoagulable	state	can	be	a	relevant	factor	in	

the	development	of	early	neurocognitive	decline.	It	is	conceivable	that	the	hypercoagulable	

state	after	off-pump	CABG	contributes	to	more	and	longer	lasting	organ	damage	in	high-risk	

patients	 (older	 patients	 with	 more	 co-morbidity).	 Furthermore,	 the	 association	 between	

early	 postoperative	 D-dimer	 levels	 and	 early	 cognitive	 decline	 is	 in	 accordance	 with	 the	

hypothesis	that	early	postoperative	activation	of	hemostasis	may	play	a	role	in	the	aetiology	

of	postoperative	ischaemic	complications.	Bottiger	et	al.	recently	demonstrated	a	relation	

between	early	postoperative	coagulation	activation	and	perioperative	myocardial	ischemia	

in	 patients	 undergoing	 vascular	 surgery.34	 Moreover,	 Mangano	 et	 al.	 showed	 that	 aspirin	

administered	within	48	hours	after	coronary	artery	bypass	graft	surgery	is	associated	with	

a	 reduced	 incidence	 of	 postoperative	 ischaemic	 complications.35	 In	 addition,	 therapies	

promoting	 coagulation,	 such	 as	 transfusion	 of	 coagulation	 factors,	 and	 antif ibrinolytic	

agents	were	also	associated	with	an	 increased	risk	of	postoperative	organ	 failure.35,36	The	

authors	suggested	that	 inhibition	of	 the	procoagulatory	response	and	platelet	activation	

caused	by	the	surgical	stimulus,	may	prevent	adherence	to	disrupted	vascular	endothelium,	

intravascular	thrombosis	and	subsequent	organ	ischaemia.	Finally,	the	long-term	patency	

of	grafts	is	one	major	determinant	of	perioperative	outcome	in	patients	requiring	cardiac	

surgery.	The	primary	graft	patency	rates	exceeds	90%,	therefore	complications	with	acute	

graft	closure	are	not	a	major	concern.37,38	However,	the	venous	graft	patency	at	1-year	follow	

up	 was	 88%	 in	 patients	 undergoing	 CABG	 surgery,	 87%	 in	 patients	 undergoing	 on-pump	

beating	heart	surgery	and	68%	in	patients	undergoing	off-pump	surgery	(p	<0.01).37	Multiple	

pathologic	and	clinical	studies	have	shown	that	vein	graft	disease	takes	many	forms:	acute	

thrombosis,	 subacute	 intimal	hyperplasia	and	chronic	graft	atherosclerosis.39	Although	 it	

takes	 months	 for	 intimal	 hyperplasia	 to	 develop,	 and	 at	 least	 1	 year	 for	 atherosclerosis,	

the	initiating	events	(intimal	injury,	platelet	activation,	thrombus	formation,	macrophage	

inf iltration,	 and	 smooth	 muscle	 activation)	 all	 occur	 in	 the	 acute	 postoperative	 period.	

Therefore,	during	the	early	postoperative	period,	even	in	the	absence	of	clinically	manifest	



adverse	events,	the	groundwork	may	be	laid	for	the	occurrence	of	multiple	late	events,	thus	

adversely	impairing	long-term	graft	patency.	

CPB-induced activation of hemostasis and CrP response and relation to clinical outcome 

Although	we	found	signif icantly	more	thrombin	generation	and	subsequent	f ibrinolysis	in	

the	immediate	postoperative	period	after	on-pump	CABG,	we	were	not	able	to	demonstrate	

a	 correlation	 with	 perioperative	 mortality,	 stroke,	 myocardial	 infarction	 and	 cognitive	

decline.	Several	explanations	can	be	advanced.

First,	 the	 incidence	 of	 complications	 such	 as	 perioperative	 mortality,	 stroke,	 and	

myocardial	infarction	in	the	Octopus	Study	was	very	low,	rendering	the	study	statistically	

underpowered	to	f ind	any	associations	with	major	clinical	events.40	Secondly,	the	Octopus	

Study	 was	 designed	 as	 a	 pragmatic	 rather	 than	 an	 explanatory	 trial:	 the	 study	 compared	

off-pump	surgery	with	conventional	CABG,	both	performed	according	to	standard	practice	

in	the	Netherlands	at	that	time.41	Unfortunately,	this	included	the	use	of	dexamethasone	in	

the	on-pump	group	but	not	in	the	off-pump	group,	which	made	it	impossible	to	measure	the	

inflammatory	response	solely	caused	by	the	use	of	the	CPB.	

In	contrast	to	the	off-pump	group,	no	association	between	early	postoperative	activation	

of	 hemostasis	 and	 cognitive	 decline	 could	 be	 demonstrated	 in	 the	 on-pump	 CABG	 group.	

This	 was	 unexpected,	 as	 we	 assumed	 that	 more	 pronounced	 thrombin	 generation	 in	

the	 immediate	 postoperative	 period	 after	 on-pump	 CABG	 would	 also	 lead	 to	 a	 stronger	

association	with	early	postoperative	cognitive	decline.	Although	postoperative	cognitive	

decline	 has	 been	 studied	 extensively	 in	 on-pump	 CABG	 patients42-45,	 only	 one	 study	 has	

previously	 investigated	 the	 association	 between	 a	 postoperative	 hypercoagulable	 state	

and	 cognitive	 decline.46	 Westaby	 and	 colleagues	 measured	 perioperative	 inflammatory	

markers	and	markers	of	coagulation	and	f ibrinolysis	 in	100	patients	undergoing	on-pump	

CABG,	 and	 did	 not	 f ind	 an	 association	 with	 postoperative	 cognitive	 performance	 after	

either	5	days	or	3	months.46	Possible	explanations	include	the	aforementioned	disturbances	

of	hemostasis	resulting	from	the	heart-lung	machine	e.g.	platelet	dysfunction,	proteolysis	

of	von	Willebrand	Factor	and	direct	activation	of	f ibrinolysis.26-28	These	mechanisms	might	

reduce	 the	 thrombo-embolic	 risk	 and	 even	 lead	 to	 an	 increased	 bleeding	 tendency.47,48	

Secondly,	 with	 the	 use	 of	 cardiotomy	 suction,	 highly	 activated	 blood	 is	 re-introduced	 in	

the	 circulation.	 The	 mediastinal	 shed	 blood	 contains	 D-dimers	 formed	 by	 the	 breakdown	

of	cross-linked	f ibrin	 in	the	wound	area	and	may	thus	 lead	to	artif icially	elevated	plasma	

levels.49	 Thirdly,	 the	 pathogenesis	 of	 neurocognitive	 decline	 after	 on-pump	 surgery	 may	

be	 different	 from	 off-pump	 surgery.	 When	 using	 a	 controlled	 definition	 (i.e.,	 using	 a	

concurrent	 control	 group	 of	 patients	 not	 undergoing	 surgery),	 the	 incidence	 of	 cognitive	

decline	after	on-pump	CABG	in	the	Octopus	Study	is	surprisingly	similar	to	elderly	patients	

(median	age	of	68	years)	undergoing	non-cardiac	surgery:	11.7%	of	the	CABG	patients	(in	
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the	 Octopus-study)	 and	 9.9%	 of	 non-cardiac	 surgery	 patients	 (in	 the	 ISPOCD-study)	 had	

cognitive	decline	at	3	months.50,51	This	suggests	that	the	distinction	between	conventional	

CABG	 and	 non-cardiac	 surgery	 with	 respect	 to	 cognitive	 decline	 is	 not	 that	 substantial.	

However,	 other	 pathophysiological	 aspects	 related	 to	 the	 CPB	 procedure	 may	 also	 play	 a	

role.	 In	 addition	 to	 hypoperfusion,	 intraoperative	 microembolism	 appears	 to	 be	 a	 major	

mechanism.52	The	use	of	the	CPB	system,	the	use	of	cardiotomy	suction,	the	clamping	and	

cannulation	of	a	calcif ied	aorta	can	lead	to	embolisation	with	gas	bubbles,	atherosclerotic	

material,	platelet	aggregates	and	fat-containing	particles.	It	has	been	demonstrated	that	

the	 number	 of	 intraoperative	 cerebral	 microemboli	 is	 signif icantly	 decreased	 when	 CABG	

is	 performed	 off-pump.53-55	 Nonetheless,	 no	 relation	 between	 the	 number	 of	 microemboli	

and	cognitive	decline	or	ischemic	brain	lesions	on	cerebral	magnetic	resonance	imaging	has	

been	found.53,54

It	 has	 been	 demonstrated	 earlier	 that	 on-pump	 CABG	 causes	 a	 biphasic	 complement	

activation.2	 First,	 the	 complement	 and	 the	 cytokine	 systems	 are	 activated	 from	 the	

interaction	of	blood	with	the	extracorporeal	circuit	during	the	procedure.	The	second	phase	

occurs	during	the	 f irst	5	days	after	surgery	and	 involves	CRP.	This	phenomenon	 is	 related	

to	 baseline	 CRP	 levels	 and	 is	 associated	 with	 clinical	 symptoms	 such	 as	 arrhythmia’s.2	

In	 our	 study,	 we	 could	 not	 demonstrate	 that	 the	 correlation	 between	 CRP	 levels	 and	

postoperative	 AF	 depends	 on	 the	 use	 of	 CPB:	 patients	 undergoing	 conventional	 CABG	

and	 patients	 undergoing	 OPCAB	 procedures	 developed	 AF	 to	 a	 comparable	 degree.	 These	

results	 are	 somewhat	 surprising,	 as	 initial	 studies	 suggested	 that	 CRP	 activation	 was	 the	

result	of	the	interaction	of	blood	with	the	extracorporeal	circuit	and	that	reduced	trauma,	

ischaemia	and	inflammation	in	off-pump	surgery	would	signif icantly	reduce	the	incidence	of	

postoperative	AF.2,56	However,	the	evidence	that	OPCAB	is	associated	with	a	lower	incidence	

of	 AF	 than	 conventional	 CABG	 is	 still	 inconclusive.	 While	 some	 studies	 showed	 a	 marked	

reduction	in	postoperative	AF	with	off-pump	surgery,	others	showed	incidences	comparable	

with	 conventional	 CABG.57	 In	 our	 study,	 the	 use	 of	 steroids	 in	 the	 CPB	 group	 might	 have	

influenced	the	results	when	the	relationship	between	postoperative	 inflammation	and	AF	

is	studied.	However,	this	can	not	explain	our	f indings	entirely:	a	single	bolus	of	high-dose	

dexamethasone	was	given	only	in	the	CPB	group,	but	the	incidence	of	AF	remained	higher	in	

the	on-pump	group	than	in	the	off-pump	group.	Apparently,	a	single	bolus	of	steroids	may	

only	 delay	 or	 have	 a	 limited	 effect	 on	 the	 postoperative	 inflammatory	 response,	 without	

altering	the	incidence	of	AF.58	Alternatively,	it	may	be	suggested	that	not	the	magnitude	of	

the	postoperative	inflammatory	response	but	the	global	modif ication	of	the	preoperative	

micro-inflammatory	 state	 is	 responsible	 for	 an	 altered	 incidence	 of	 AF.	 In	 addition,	 the	

pathogenesis	of	postoperative	AF	is	multicausal	in	origin.	Other	demographic	and	clinical	

risk	factors	such	as	advanced	age,	male	sex,	hypertension,	history	of	AF,	chronic	obstructive	

pulmonary	disease,	chronic	renal	failure,	beta-blocker	withdrawal,	electrolyte	disturbances	



and	history	of	heart	failure	have	been	reported	to	influence	the	occurrence	of	AF.	In	our	study,	

baseline	CRP	and	advanced	age	were	the	only	independent	predictors	for	the	development	

of	postoperative	AF	in	a	multivariate	logistic	regression	model.	However,	our	study	did	not	

have	enough	power	to	exclude	the	role	of	most	of	the	aforementioned	factors;	therefore,	we	

have	to	conclude	that	the	development	of	AF	may	only	be	in	part	inflammation-related.

Limitations

In	 the	 present	 studies,	 we	 were	 the	 f irst	 to	 demonstrate	 associations	 of	 activation	 of	

hemostasis	with	relatively	minor	clinical	endpoints	such	as	early	cognitive	decline	and	atrial	

f ibrillation.	However,	we	were	not	able	to	demonstrate	any	interaction	between	activation	

of	hemostasis	and	major	clinical	events	such	as	stroke,	myocardial	infarction	and	death	in	

our	studies.	This	can	in	part	be	explained	by	the	very	low	complication	rate	in	both	groups	

of	the	Octopus	study,	because	the	participants	were	relatively	young	and	healthy	(average	

age:	61.3	years).40	Furthermore,	the	incidence	of	cognitive	decline	after	3	and	12	months	was	

also	 lower	 than	 expected	 after	 both	 on-	 and	 off-pump	 CABG.44	 In	 addition,	 perioperative	

blood	sampling	had	started	after	nearly	half	of	the	patients	were	already	included,	which	

further	contributed	to	the	lack	of	statistical	power.	Nevertheless,	the	results	of	our	studies	

may	still	be	of	clinical	value,	because	early	cognitive	decline	and	AF	are	predictors	of	more	

serious	morbidity.59-62

Secondly,	the	Octopus	Study	was	designed	as	a	pragmatic	trial,	i.e.,	a	trial	comparing	two	

clinical	 strategies.41	 This	 meant	 that	 factors	 other	 than	 the	 use	 of	 the	 CPB	 system	 could	

influence	our	data.	More	specif ically,	the	on-pump	procedure	was	performed	with	1)	use	of	

dexamethasone	2)	use	of	moderate	hypothermia	3)	use	of	cardioplegia	to	arrest	the	heart	

and	4)	use	of	cardiotomy	suction.	In	the	OPCAB	group,	no	patient	received	dexamethasone,	

a	different	anticoagulation	strategy	was	used	(target	ACT	>	250s	vs	450s)	and	75%	of	the	

patients	received	TEA.	The	decision	to	apply	epidural	analgesia	was	based	on	the	preference	

of	the	individual	attending	anesthesiologist.	Even	if	TEA	would	have	affected	our	results,	

the	fact	that	allocation	to	TEA	was	non-random	may	have	obscured	such	an	effect.	A	more	

explanatory	design	of	the	study,	in	which	the	use	of	CPB	is	the	only	difference	between	the	

two	treatment	groups	would	have	avoided	these	problems	of	interpretation.	

These	limitations	should	be	taken	into	account	when	interpreting	our	data.	The	conclusions	

of	 this	 thesis	 should	 therefore	 be	 considered	 as	 “hypothesis-generating”,	 and	 further	

studies	are	needed	to	confirm	these	hypotheses.	

Future studies

In	 the	 last	 years,	 several	 studies	 have	 compared	 postoperative	 hemostatic	 parameters	

after	on-pump	and	off-pump	CABG	in	a	randomized	fashion	and	all	are	in	accordance	with	

the	 results	 of	 the	 present	 thesis.5,19,24,63,64	Even	 a	 larger	 number	 of	 randomized	 controlled	
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trials	 have	 examined	 the	 inflammatory	 response	 after	 on-	 and	 off	 pump	 CABG.	 Numerous	

inflammatory	markers	(e.g.	tumor	necrosis	factor	α,	complement	proteins,	and	interleukins	

(IL-1,IL-6,	 Il	 –8,	 IL	 10))	 have	 been	 studied.	 Consistent	 f indings	 are	 that	 some	 markers	 of	

inflammation	 are	 reduced	 after	 off-pump	 surgery,	 but	 only	 in	 the	 early	 hours	 after	 the	

surgical	procedure.65-67	The	main	limitation	of	the	majority	of	these	trials	is	the	enrollment	of	

small	patient	numbers	(20	to	30	patients	in	average).	This	makes	it	nearly	impossible	to	f ind	

associations	between	biological	data	and	clinical	endpoints.	A	large,	adequately	powered	

trial	 is	 needed	 to	 study	 the	 relationship	 between	 clinical	 outcome	 and	 postoperative	

activation	of	hemostasis	after	on-	versus	off-pump	CABG.	No	doubt,	this	represents	a	very	

complex	 f ield	 of	 investigation,	 which	 needs	 well-designed	 strict	 protocols.	 In	 addition,	

it	 imposes	 a	 heavy	 workload	 on	 staff,	 because	 of	 frequent	 blood	 sampling	 and	 analyses	

that	 can	 only	 be	 conducted	 in	 highly	 specialized	 laboratories.	 Nonetheless,	 in	 order	 to	

answer	the	question	if	reduced	perioperative	inflammation	after	OPCAB	improves	outcome,	

randomized	trials	will	be	necessary.

Until	 now,	 little	 is	 known	 about	 the	 hypercoagulable	 state	 immediately	 after	 OPCAB	

surgery.	Therefore,	carefully	conducted	studies	are	needed	to	study	the	relation	between	

coagulation	 and	 complications	 in	 this	 group	 of	 patients.	 Management	 of	 anticoagulation	

in	OPCAB	patients	varies	considerably,	and	there	is	no	accepted	standard	how	antiplatelet	

agents	 should	 be	 administered	 throughout	 the	 perioperative	 period.68	 In	 view	 of	 the	

lower	 incidence	 of	 postoperative	 bleeding	 complications,	 a	 study	 might	 be	 performed	

that	 answers	 the	 question	 if	 intraoperative	 reversal	 of	 heparin	 can	 be	 safely	 omitted.29	

In	 view	 of	 the	 well-documented	 unresponsiveness	 to	 aspirin,	 as	 well	 as	 the	 considerable	

effectiveness	of	thienopyridines	(ticlopidine	and	its	safer	successor	clopidogrel)	reported	

in	 both	 the	 cardiology	 and	 cardiac	 surgical	 literature,	 serious	 consideration	 should	 be	

given	to	examining	the	effects	of	the	use	of	clopidogrel	during	and	directly	after	off-pump	

CABG.69-71	

In	 this	 study,	 we	 found	 that	 both	 baseline	 inflammatory	 (e.g.	 CRP)	 as	 hemostatic	 (e.g.	

VWF	activity)	markers	were	related	to	postoperative	activation	and	clinical	parameters.6,18	

Apparently,	 these	 baseline	 levels	 represent	 a	 subclinical	 micro-inflammatory	 or	

prothrombotic	 state	 without	 clinical	 symptoms.	 Nevertheless,	 these	 f indings	 deserve	

some	consideration.	They	are	 in	accordance	with	 the	hypothesis	 that	one	can	distinguish	

high-	 from	 low-responders	 in	 patients	 undergoing	 surgery	 on	 the	 basis	 of	 their	 baseline	

levels.	 Preoperative	 recognition	 of	 patients	 with	 a	 high	 risk	 of	 developing	 postoperative	

complications	 may	 thus	 be	 possible.	 Moreover,	 limiting	 prophylactic	 drugs	 to	 a	 high-risk	

group	could	lead	to	less	overtreatment	and	possible	reductions	in	side-effects	and	costs.	

Also	 genetic	 factors	 may	 play	 role	 in	 this.	 Gaudino	 and	 colleagues	 demonstrated	 that	

the	 –174G/C	 interleukin-6	 promoter	 gene	 variant	 appears	 to	 modulate	 the	 inflammatory	

response	 to	 cardiac	 surgery	 with	 CPB	 and	 the	 occurrence	 of	 atrial	 f ibrillation.72	 Further	



studies	are	needed	to	determine	parameters	that	can	predict	the	patient’s	reaction	to	the	

surgical	trauma.	The	long-term	goal	should	be	an	individual	inflammatory	and	hemostatic	

profile	for	each	patient	undergoing	surgery	combined	with	a	 individual	prophylactic	drug	

regimen	to	prevent	complications.	

Conclusions

CABG	 surgery	 with	 CPB	 is	 associated	 with	 excessive	 thrombin	 generation	 and	 f ibrinolytic	

activity	 in	 the	 immediate	 postoperative	 period.	 After	 off-pump	 surgery,	 a	 delayed	

postoperative	activation	of	hemostasis	that	becomes	equal	in	magnitude	in	the	later	(20-

96	 hours)	 postoperative	 period	 is	 found	 and	 may	 indicate	 a	 hypercoagulable	 state.	 Off-

pump	CABG	is	also	associated	with	relatively	increased	postoperative	von	Willebrand	factor	

activity.	 In	 addition,	 early	 postoperative	 activation	 of	 hemostasis	 is	 associated	 with	 the	

incidence	of	early	postoperative	cognitive	decline	after	off-pump	CABG.	Local	anesthetic	

effects	on	thromboxane-induced	early	platelet	aggregation	are	unlikely	to	play	a	major	role	

in	clinically	observed	antithrombotic	effects	of	local	anesthetics.	

Future	 randomized	 studies	 are	 essential	 and	 should	 focus	 on	 the	 clinical	 impact	 of	 the	

activation	of	hemostasis	after	both	on-and	off-pump	CABG.	Extra	consideration	should	be	

given	to	the	management	the	hypercoagulable	state	after	off-pump	procedures.
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SuMMAry

Coronary	 artery	 bypass	 grafting	 (CABG)	 with	 cardiopulmonary	 bypass	 (CPB)	 is	 still	

associated	with	signif icant	morbidity.	This	has	been	largely	attributed	to	the	use	of	the	CPB	

system,	as	it	involves	activation	of	a	hemostatic	and	inflammatory	response,	nonpulsatile	

flow	 and	 possible	 embolization	 of	 air	 or	 debris,	 which	 may	 all	 contribute	 to	 CPB-related	

organ	dysfunction.	The	search	for	ways	to	reduce	complication	rates	has	led	to	a	renewed	

interest	 in	 bypass	 surgery	 on	 the	 beating	 heart.	 The	 invention	 of	 cardiac	 wall	 stabilizers	

such	 as	 the	 Octopus	 Stabilizer	 made	 it	 possible	 to	 immobilize	 and	 present	 all	 the	 sides	

of	 the	 beating	 heart,	 thus	 facilitating	 bypass	 surgery	 without	 the	 use	 of	 CPB	 (off-pump	

CABG).	However,	although	avoiding	CPB	during	coronary	revascularization	has	signif icantly	

decreased	morbidity	 in	some	groups	of	patients,	off-pump	surgery	complication	rates	are	

still	substantial.	This	may	suggest	that	other	factors	than	the	CPB,	such	as	the	global	surgical	

trauma	and	the	subsequential	hemostatic	and	inflammatory	response	may	be	as	important,	

or	even	more	in	the	pathofysiology	of	postoperative	morbidity	after	cardiac	surgery.	

The	aim	of	this	thesis	was	to	study	activation	of	hemostasis	and	inflammation	in	patients	

undergoing	CABG	with	or	without	CPB	and	the	relationship	of	coagulation	and	inflammation	

with	clinical	outcome.

Chapter	 2	 gives	 a	 short	 overview	 of	 normal	 hemostasis	 and	 pathophysiological	 effects	 of	

CPB	on	the	coagulation	system.	In	addition,	strategies	to	attenuate	hemostatic	activation	

during	CPB	and	activation	of	hemostasis	in	off-pump	cardiac	surgery	are	also	discussed.

In	 chapter	 3	 of	 this	 thesis,	 postoperative	 activation	 of	 hemostasis	 after	 the	 two	 types	

of	 surgery	 is	 compared.	 Two	 groups	 of	 consecutive	 patients	 participating	 in	 the	 Octopus	

Study	were	randomly	allocated	to	undergo	CABG	with	(n=20)	or	without	CPB	(n=20).	Platelet	

number	and	plasma	concentrations	of	P-selectin,	prothrombin	fragments	1.2	(F1.2),	soluble	

f ibrin,	D-dimers	and	von	Willebrand	Factor	(VWF,	as	a	marker	of	endothelial	cell	activation)	

were	measured	and	corrected	for	hemodilution.	Compared	to	the	on-pump	CABG	group,	F1.2	

and	D-dimer	levels	were	signif icantly	lower	in	patients	having	CABG	surgery	performed	off-

pump.	In	the	CPB	group,	F1.2	and	D-dimer	peaked	in	the	immediate	postoperative	period	to	

4-5	times	baseline	values,	and	remained	elevated	up	to	day	4,	while	in	the	off-pump	group	

F1.2	 and	 D-dimer	 levels	 rose	 more	 gradually	 and	 were	 highest	 on	 day	 4.	 In	 both	 groups,	

VWF	concentrations	were	elevated	more	than	3	times	baseline	values	up	to	day	4.	Despite	

heparinization,	CABG	surgery	with	CPB	was	associated	with	excessive	thrombin	generation	

and	f ibrinolytic	activity	immediately	postoperatively.	The	off-pump	group	demonstrated	a	

delayed	postoperative	response	that	became	equal	in	magnitude	to	the	CPB	in	the	later	(20	

and	96	hours)	postoperative	period.

Clinical	 signif icance	 of	 the	 hypercoagulable	 state	 after	 off-pump	 surgery	 is	 assessed	 in	

chapter	 4.	 Several	 studies	 have	 shown	 that	 cognitive	 decline	 also	 occurs	 after	 off-pump	
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CABG,	 suggesting	 that	 other	 factors	 than	 the	 use	 of	 CPB	 contribute	 to	 cognitive	 decline.	

We	 hypothesized	 that	 a	 hypercoagulable	 state	 after	 off-pump	 surgery	 may	 contribute	 to	

cognitive	 decline.	 In	 a	 sample	 of	 60	 consecutive	 patients	 undergoing	 off-pump	 CABG,	 we	

studied	 the	 association	 between	 postoperative	 activation	 of	 hemostasis,	 as	 reflected	 by	

D-dimers	 and	 F1.2	 and	 cognitive	 outcome	 at	 the	 4th	 day,	 3	 and	 12	 months	 after	 surgery.	

D-dimer	and	F1.2	levels	at	two	hours	after	the	off-pump	procedure	were	strongly	associated	

with	 cognitive	 decline	 on	 postoperative	 day	 4.	 Also	 in	 a	 multivariate	 logistic	 regression	

model,	 postoperative	 D-dimer	 levels	 were	 a	 strong	 predictor	 of	 early	 cognitive	 decline.	

No	 association	 was	 found	 between	 postoperative	 activation	 of	 hemostasis	 and	 cognitive	

outcome	 after	 3	 and	 12	 months.	 Our	 data	 indicate	 that	 early	 postoperative	 D-dimer	 and	

F1.2	 levels	 associated	 with	 early	 cognitive	 outcome	 after	 off-pump	 CABG.	 Activation	 of	

hemostasis	may	therefore	contribute	to	cognitive	decline	in	off-pump	surgery.	

In	chapter	5,	we	compared	activity	of	von	Willebrand	Factor	(VWF),	a	protein	which	plays	an	

essential	role	in	primary	hemostasis,	directly	after	both	types	of	surgery.	High	shear	forces	

can	induce	structural	changes	in	the	shape	of	the	VWF	molecule,	making	it	more	sensitive	

for	ADAMTS-13,	a	specif ic	VWF	protease.	This	leads	to	proteolysis	of	the	highest–molecular-

weight	 multimers,	 which	 are	 the	 most	 effective	 in	 platelet-mediated	 hemostasis	 under	

conditions	of	high	shear	stress.	As	 the	use	of	CPB	 is	accompanied	with	high	shear	 forces,	

this	could	therefore	 lead	to	diminished	VWF	activity.	We	enrolled	60	patients	undergoing	

CABG	 surgery	 with	 and	 without	 CPB	 (30	 each	 group).	 ADAMTS-13	 activity,	 VWF	 antigen	

(VWF:Ag)	 and	 propeptide	 levels	 were	 measured	 directly	 before	 and	 after	 the	 procedure.	

VWF	 activity	 was	 determined	 using	 both	 the	 ristocetin	 cofactor	 activity	 (VWF:Rcof)	 and	

collagen	binding	(VWF:CB)	assays.	VWF:Rcof	and	VWF:CB,	both	corrected	for	VWF:Ag,	were	

signif icantly	increased	after	the	procedure	in	the	off-pump	group,	but	not	in	the	CPB	group.	

Postoperative	 VWF:Ag	 and	 VWF-propeptide	 levels	 signif icantly	 increased	 in	 both	 groups.	

ADAMTS-13	activity	increased	after	both	types	of	surgery	after	correction	for	hemodilution.	

Postoperative	 VWF:Rcof	 levels	 correlated	 with	 postoperative	 D-dimer	 levels	 and	 were	

associated	with	early	cognitive	decline	in	the	off-pump	group.	Our	data	indicate	that	VWF	

activity	was	increased	after	off-pump	CABG,	but	not	after	CABG	with	CPB.	Since	release	of	

VWF	was	comparable	in	both	groups,	shear–stress	induced	proteolysis	due	to	the	use	of	CPB	

might	be	responsible	for	the	decreased	VWF	activity.	This	mechanism	leads	to	a	relatively	

decreased	 hypercoagulability	 after	 CABG	 with	 CPB.	 In	 addition,	 one	 may	 ask	 whether	

perioperative	anticoagulation	strategies	during	off-pump	surgery	should	be	altered.	

Thoracic	epidural	analgesia	(TEA)	during	cardiac	surgery	has	many	advantages.	TEA	improves	

hemodynamic	stability,	reduces	myocardial	oxygen	consumption,	potentially	decreases	the	

incidence	of	intra-	and	postoperative		myocardial	ischemia	and	improves	quality	of	analgesia	

and	postoperative	 	pulmonary	 function.	However,	 the	use	of	TEA	during	on-pump	CABG	is	

limited	 because	 of	 the	 perceived	 risk	 of	 epidural	 hematoma	 formation	 secondary	 to	 full	
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heparinization	during	CPB.	In	OPCAB	surgery,	TEA	is	more	accepted	as	full	heparinization	is	

not	necessary	for	the	surgical	procedure.	In	the	Octopus	Study,	the	majority	of	the	OPCAB	

patients	received	TEA	in	combination	with	general	anesthesia.	Postoperative	activation	of	

hemostasis	may	be	affected	by	the	intraoperative	use	of	TEA.	The	use	of	epidural	analgesia	

is	associated	with	a	signif icant	reduction	in	the	incidence	of	postoperative	thromboembolic	

complications	such	as	deep	venous	thrombosis	and	pulmonary	emboli	and	similar	reductions	

are	obtained	when	local	anesthetics	(LA),	are	infused	IV.	The	mechanisms	for	this	effect	are	

still	 unknown	 but	 inflammatory	 mediators	 –	 released	 in	 response	 to	 surgical	 trauma	 and	

inducing	thrombosis	and	vasoconstriction	–	are	likely	to	be	pivotal.	One	of	these	mediators	

affected	 by	 TEA	 could	 be	 thromboxane	 A
2	 (TXA2),	 a	 potent	 platelet	 aggregator	 and	 which	

is	 usually	 increased	 after	 surgery.	 From	 experimental	 studies	 it	 is	 known	 that	 LA	 inhibit	

TXA2.	To	verify	esperimental	results,	we	conducted	a	trial	where	we	studied	the	effects	of	

clinically	used	LA	(lidocaine,	ropivacaine,	and	bupivacaine)	on	TXA2-induced	early	platelet	

aggregation	 (1–5	 s)	 by	 using	 quenched-flow	 and	 optical	 aggregometry	 (chapter	 6).	 Our	

f indings	demonstrated	that	the	LA	tested	seem	to	have	only	a	limited	ability	to	inhibit	TXA2-

induced	platelet	aggregation	assessed	at	early	times	(1–5	s).	Therefore,	the	clinical	effects	

of	LA	on	thrombi	formation	are	unlikely	to	be	explained	by	this	manner	alone.	At	large	LA	

concentrations,	 moderate	 effects	 were	 obtained.	 Prolonged	 incubation	 with	 LA	 did	 not	

signif icantly	 increase	 effectiveness,	 and	 the	 lack	 of	 an	 effect	 could	 not	 be	 explained	 by	

generation	of	secondary	mediators.	The	results	were	independent	of	the	anesthetic	studied.	

Local	anesthetic	effects	on	TXA2-induced	early	platelet	aggregation	(1–5	s)	are	unlikely	to	

play	a	major	role	in	the	clinically	observed	antithrombotic	effects	of	local	anesthetics.	

Activation	 of	 the	 complement	 system	 after	 CABG	 surgery	 involves	 CRP.	 This	 inflammatory	

response	is	related	to	baseline	CRP	levels	and	associated	with	postoperative	arrhythmia,	in	

particular	atrial	f ibrillation	(AF).	In	chapter	7,	we	investigated	whether	baseline	CRP	levels	

are	a	risk	indicator	for	the	occurrence	of	AF	and	whether	this	phenomenon	is	CPB-dependent.	

CRP	was	measured	in	perioperative	blood	samples	of	patients	of	the	Octopus-study	(CABG	

surgery	with	(n=73)	or	without	CPB	(n=79)).	Baseline	CRP	was	dichotomized	into	a	low	and	

a	high	baseline	group,	using	a	cut-off	of	3.0	mg/L.	After	CABG	with	CPB	11	of	53	patients	

(21%)	with	low	preoperative	CRP	levels	developed	AF,	versus	11	of	20	patients	(55%)	with	

high	baseline	CRP	levels.	In	the	off-pump	group	AF	occurred	in	4	of	52	patients	(8%)	who	had	

low	baseline	CRP	levels,	versus	in	8	of	27	patients	(30%)	with	high	preoperative	CRP	levels.	

After	adjusting	for	age,	the	odds	ratio	was	4.6	with	CPB,	3.7	in	the	off-pump	group	and	3.3	

for	both	groups	together.	Continuous	baseline	CRP	was	an	independent	predictor	for	AF	in	a	

multivariate	logistic	regression	model.	Patients	with	high	baseline	CRP	levels	are	at	higher	

risk	of	developing	postoperative	AF	in	both	on-pump	and	off-pump	surgery.

Finally,	chapter	8	discusses	the	implications	of	our	f indings	in	a	wider	context,	together	with	

suggestions	for	future	research.	First,	the	hypercoagulable	state	after	off-pump	surgery	is	
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discussed	together	with	possible	evidence	linking	the	early	postoperative	hypercoagulable	

state	to	thromboembolic	events	and	poor	outcome.	Next	to	our	f indings	that	postoperative	

activation	 of	 hemostasis	 may	 play	 a	 role	 in	 the	 pathophysiology	 of	 cognitive	 decline,	 it	

may	 also	 affect	 long-term	 graft	 patency.	 Second,	 explanations	 are	 forwarded	 why	 we	

could	not	demonstrate	an	association	between	CPB-induced	activation	of	hemostasis	and	

CRP	response	on	the	one	hand	and	clinical	outcome	parameters	on	the	other	hand.	Special	

attention	is	given	to	the	absence	of	an	association	between	activation	of	hemostasis	and	

cognitive	decline	as	this	could	be	well	demonstrated	after	off-pump	surgery.	Other	possible	

pathophysiologic	mechanisms	of	the	development	of	cognitive	decline	after	conventional	

CABG	surgery	are	therefore	outlined.	Future	studies	should	be	focussed	on	evaluating	the	

relationship	between	clinical	outcome	and	postoperative	activation	of	hemostasis	after	on-	

and	off-pump	CABG.	With	no	doubt,	this	represents	a	very	complex	f ield	of	 investigation,	

which	 needs	 a	 large	 number	 of	 patients,	 strict	 protocols	 and	 imposes	 heavy	 workload	

because	 of	 numerous	 blood	 sampling.	 In	 addition,	 more	 research	 is	 needed	 to	 evaluate	

the	optimal	pharmalogical	management	of	the	hypercoagulable	state	and	possible	related	

complications	after	off-pump	coronary	revascularization.

It	is	concluded	that	off-pump	CABG	is	associated	with	postoperative	activation	of	hemostasis	

that	becomes	equal	in	magnitude	to	CABG	with	CPB	in	the	later	(20-96	hours)	postoperative	

period	 is	 found.	 This	 hypercoagulable	 state	 after	 off-pump	 surgery	 is	 intensif ied	 by	 a	

relatively	 increased	 von	 Willebrand	 Factor	 activity.	 Early	 postoperative	 activation	 of	

hemostasis	is	associated	with	the	incidence	of	early	postoperative	cognitive	decline	after	

off-pump	CABG.	Baseline	CRP	levels,	are	a	risk	indicator	for	the	incidence	of	postoperative	

atrial	f ibrillation	after	on-pump	and	off-pump	CABG.	
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Coronaire	bypass	chirurgie	(CABG)	met	gebruik	van	een	hart-longmachine	(de	zogenaamde	

on-pump	 CABG)	 gaat	 gepaard	 met	 een	 nog	 steeds	 aanzienlijk	 aantal	 postoperatieve	 com-

plicaties	 (3-5%),	 zoals	 myocardischemie,	 nierfunctiestoornissen	 en	 cerebrovasculaire	 in-

cidenten.	 Dit	 wordt	 grotendeels	 geweten	 aan	 het	 gebruik	 van	 de	 hart-longmachine	 zelf,	

aangezien	 dit	 gepaard	 gaat	 met	 activatie	 van	 stolling	 en	 een	 ontstekingsrespons,	 niet-

pulsatiele	flow	en	mogelijke	embolisatie	van	lucht	of	debris,	welke	alle	bij	kunnen	dragen	

aan	hart-longmachine-gerelateerde	orgaanschade.	Het	zoeken	naar	manieren	om	de	com-

plicaties	te	verminderen	heeft	geleid	tot	een	hernieuwde	aandacht	voor	bypass	chirurgie	op	

het	kloppende	hart.	De	ontwikkeling	van	technieken	die	het	mogelijk	maken	om	alle	zijden	

van	het	kloppende	hart	te	immobiliseren	en	te	presenteren,	zoals	bijvoorbeeld	de	Octopus	

Stabilizer,	maken	zo	bypass	chirurgie	zonder	hart-longmachine	mogelijk	(off-pump	CABG).	

Echter,	 hoewel	 het	 weglaten	 van	 de	 hart-longmachine	 tijdens	 coronaire	 revascularisatie	

de	morbiditeit	 in	sommige	groepen	patiënten	signif icant	verlaagt,	komen	er	na	off-pump	

chirurgie	ook	nog	steeds	complicaties	voor.	Dit	 zou	kunnen	suggereren	dat	andere	 facto-

ren	dan	de	hart-longmachine,	zoals	het	chirurgische	trauma	en	de	daaropvolgende	hemo-

statische	en	inflammatoire	reactie	net	zo	belangrijk,	of	misschien	zelfs	belangrijker	zijn	bij	

het	ontstaan	van	postoperatieve	complicaties	na	hartchirurgie.

Het	 primaire	 doel	 van	 het	 onderzoek	 was	 om	 activatie	 van	 hemostase	 en	 ontsteking	 te	

bestuderen	 in	 patiënten	 die	 een	 CABG	 ondergaan	 mét	 of	 zonder	 hart-longmachine	 en	 de	

relatie	van	stolling	en	ontsteking	met	klinische	eindpunten	te	onderzoeken.

Hoofdstuk	 2	 geeft	 een	 kort	 overzicht	 over	 normale	 hemostase	 en	 de	 pathofysiologische	

effecten	 van	 de	 hart-longmachine	 op	 het	 stollingssysteem.	 Daarnaast	 worden	 er	 ook	 een	

aantal	 strategieën	 toegelicht,	 die	 toegepast	 worden	 om	 deze	 activatie	 te	 beperken.	 Ook	

wordt	de	stollingsactivatie	na	off-pump	CABG	besproken.

In	hoofdstuk	3	van	dit	proefschrift	wordt	de	postoperatieve	activatie	van	hemostase	tussen	

de	 twee	 types	chirurgie	vergeleken.	Twee	groepen	van	opeenvolgende	patiënten,	deelne-

mend	aan	de	Octopus	Studie	werden	door	loting	(randomisatie)	toegewezen	aan	CABG	met	

(n=20)	of	zonder	hart-longmachine	(n=20).	Trombocytenaantal	en	plasmaconcentraties	van	

P-selectine,	protrombine	fragmenten	1.2	(F1.2),	oplosbaar	f ibrine,	D-dimeren	en	von	Wil-

lebrand	Factor	(VWF,	als	maat	voor	endotheelcelactivatie)	werden	gemeten	en	gecorrigeerd	

voor	verdunningseffecten.	Vergeleken	met	de	on-pump	CABG	groep,	waren	de	F1.2	en	D-di-

meer	spiegels	signif icant	lager	in	de	off-pump	CABG	patiënten.	In	de	on-pump	groep	piek-

ten	F1.2	en	D-dimeer	spiegels	tot	4-5	maal	de	uitgangswaarde	in	de	direct	postoperatieve	

periode	en	bleven	verhoogd	tot	aan	dag	4,	 terwijl	 in	de	off-pump	groep	F1.2	en	D-dimeer	

spiegels	meer	geleidelijk	stegen	tot	vergelijkbare	waardes	als	 in	de	on-pump	groep	en	op	

zijn	hoogst	waren	op	dag	4.	In	beide	groepen	waren	concentraties	van	VWF	tot	meer	dan	3	
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maal	verhoogd	tot	aan	dag	4.	Ondanks	heparinisatie	ging	CABG	met	hart-longmachine	dus	

gepaard	met	excessieve	trombine	generatie	en	f ibrinolytische	activiteit	direct	postopera-

tief.	 De	 off-pump	 groep	 vertoonde	 een	 vertraagde	 postoperatieve	 respons	 die	 in	 omvang	

gelijk	werd	aan	die	van	de	on-pump	groep	in	de	latere	postoperatieve	periode	(20-96	uur).

De	klinische	betekenis	van	de	verhoogde	stollingsneiging	na	off-pump	chirurgie	wordt	vast-

gesteld	in	hoofdstuk	4.	Verscheidene	studies	hebben	aangetoond	dat	cognitieve	achteruit-

gang	ook	plaatsvindt	na	off-pump	CABG,	suggererend	dat	andere	factoren	dan	het	gebruik	

van	 de	 hart-longmachine	 bijdragen	 aan	 het	 ontstaan	 van	 cognitieve	 achteruitgang.	 We	

veronderstelden	dat	de	hypercoagulabele	 toestand	na	off-pump	CABG	ook	bij	 zou	kunnen	

dragen	 aan	 cognitieve	 achteruitgang.	 In	 60	 opeenvolgende	 patiënten	 die	 off-pump	 CABG	

ondergingen,	 bestudeerden	 we	 de	 associatie	 tussen	 postoperatieve	 activatie	 van	 hemo-

stase,	 weergeven	 door	 D-dimeer	 en	 F1.2	 spiegels,	 en	 cognitieve	 achteruitgang	 op	 de	 4e	

postoperatieve	dag,	en	3	en	12	maanden	na	de	operatie.	D-dimeer	en	F1.2	spiegels	gemeten	

2	uur	na	de	off-pump	procedure	waren	sterk	geassocieerd	met	cognitieve	achteruitgang	op	

de	4e	postoperatieve	dag.	Ook	in	een	multivariate	 logistisch	regressie	model	waren	post-

operatieve	D-dimeer	spiegels	een	sterke	voorspeller	voor	vroege	cognitieve	achteruitgang.	

Er	werd	geen	associatie	gevonden	tussen	postoperatieve	activatie	van	hemostase	en	cogni-

tieve	achteruitgang	na	3	en	12	maanden.	Onze	resultaten	geven	aan	dat	vroege	postopera-

tieve	D-dimeer	en	F1.2	spiegels	geassocieerd	zijn	met	vroege	cognitieve	achteruitgang	na	

off-pump	CABG.	Activatie	van	hemostase	zou	dus	bij	kunnen	dragen	aan	het	ontstaan	van	

cognitieve	achteruitgang	na	off-pump	chirurgie.

In	 hoofdstuk	 5	 hebben	 we	 de	 activiteit	 van	 VWF,	 een	 eiwit	 dat	 een	 belangrijke	 rol	 speelt	

bij	de	primaire	hemostase,	direct	na	beide	types	chirurgie	vergeleken.	Hoge	“shear	forces”	

(wrijvingskrachten	 op	 de	 vaatwand	 ten	 gevolge	 van	 de	 bloedstroom)	 kunnen	 structurele	

veranderingen	 in	de	vorm	van	het	VWF	molecuul	 induceren,	en	het	gevoeliger	maken	voor	

ADAMTS-13,	een	specif iek	VWF-protease.	Dit	leidt	tot	de	proteolyse	(afbraak)	van	de	hoogst-

moleculaire-gewicht-multimeren	 van	 VWF,	 die	 het	 meest	 effectief	 zijn	 in	 bloedplaatjes-

gemedieerde	hemostase	onder	omstandigheden	met	hoge	shear-stress.	Aangezien	het	ge-

bruik	van	de	hart-longmachine	gepaard	gaat	met	hoge	shear	forces,	zou	dit	tot	verminderde	

VWF	 activiteit	 kunnen	 leiden.	 In	 deze	 studie	 includeerden	 we	 60	 patiënten	 die	 een	 CABG	

met	 of	 zonder	 hart-longmachine	 ondergingen	 (30	 per	 groep).	 ADAMTS-13	 activiteit,	 VWF-

antigen	(VWF:Ag)	en	-propeptide	spiegels	werden	direct	voor	en	na	de	procedure	gemeten.	

VWF	 activiteit	 werd	 bepaald	 door	 zowel	 de	 ristocetine	 cofactor	 activiteit	 (VWF:Rcof)	 as-

say	 als	 de	 collageen-binding	 (VWF:CB)	 assay.	 VWF	 activiteit	 was	 signif icant	 verhoogd	 na	

de	 ingreep	 in	 de	 off-pump	 groep,	 maar	 niet	 in	 de	 on-pump	 groep.	 Postoperatieve	 VWF:Ag	

en	VWF	propeptide	spiegels	waren	signif icant	verhoogd	in	beide	groepen.	De	activiteit	van	

ADAMTS-13	steeg	na	beide	types	chirurgie	nadat	gecorrigeerd	was	voor	hemodilutie.	Post-

operatieve	VWF:Rcof	spiegels	correlleerden	met	postoperatieve	D-dimeer	spiegels	en	waren	
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geassocieerd	met	vroege	cognitieve	achteruitgang	in	de	off-pump	groep.	Onze	data	geven	

aan	dat	VWF	activiteit	is	verhoogd	na	off-pump	CABG,	maar	niet	na	CABG	met	de	hart-long-

machine.	Aangezien	de	uitscheiding	van	VWF	vergelijkbaar	is	in	beide	groepen,	zou	shear-

stress	geïnduceerde	proteolyse	door	het	gebruik	van	de	hart-longmachine	verantwoordelijk	

kunnen	zijn	voor	de	verlaagde	VWF	activiteit.	Dit	mechanisme	leidt	dus	tot	een	verminderde	

hypercoagulabiliteit	na	CABG	met	hart-longmachine.	Tevens	kan	men	zich	afvragen	of	het	

huidige	anti-stollingsbeleid	bij	off-pump	CABG	voldoende	aggressief	is.

Thoracale	 epidurale	 analgesie	 (TEA)	 tijdens	 hartchirurgie	 heeft	 veel	 voordelen.	 Het	 ver-

betert	 hemodynamische	 stabiliteit,	 vermindert	 zuurstofconsumptie	 van	 de	 hartspier,	 re-

duceert	mogelijk	 intra-	en	postoperatieve	myocardischemie	en	verbetert	de	kwaliteit	van	

pijnbestrijding	en	postoperatieve	longfunctie.	Echter,	het	gebruik	van	een	TEA	tijdens	on-

pump	CABG	is	beperkt	door	het	risico	op	een	epiduraal	hematoom	als	gevolg	van	volledige	

heparinisatie	 bij	 het	 gebruik	 van	 de	 hart-longmachine.	 Bij	 off-pump	 chirurgie	 wordt	 TEA	

meer	 geaccepteerd,	 aangezien	 volledige	 heparinisatie	 bij	 dit	 type	 chirurgie	 niet	 noodza-

kelijk	 is.	 In	de	Octopus	Studie	heeft	een	meerderheid	van	de	off-pump	patiënten	een	TEA	

gekregen	 en	 de	 postoperatieve	 activatie	 van	 hemostase	 kan	 hierdoor	 beïnvloed	 zijn.	 Het	

gebruik	 van	 een	 TEA	 is	 geassocieerd	 met	 een	 signif icante	 reductie	 in	 de	 incidentie	 van	

postoperatieve	tromboembolische	complicaties	zoals	veneuze	trombose	en	longembolieën	

en	vergelijkbare	reducties	zijn	waargenomen	wanneer	lokaal	anesthetica	(LA)	intraveneus	

worden	toegediend.	De	mechanismen	hiervoor	zijn	nog	onbekend.	Een	van	de	mediatoren	

zou	tromboxaan	A
2	(TXA2)	kunnen	zijn,	een	krachtige	bloedplaatjes	aggregator	en	waarvan	

spiegels	verhoogd	zijn	na	chirurgie.	In	hoofdstuk	6	hebben	we	de	effecten	van	klinisch	ge-

bruikte	LA	(lidocaine,	ropivacaine	en	bupivacaine)	onderzocht	op	TXA2-geïnduceerde	vroege	

plaatjesaggregatie	(1-5s)	door	een	quenched–flow	en	optische	aggregometer	te	gebruiken.	

Onze	bevindingen	tonen	aan	dat	de	geteste	LA	slechts	een	beperkte	mogelijkheid	hebben	

om	de	TXA2-geïnduceerde	vroege	plaatjesaggregatie	te	remmen.	Klinische	effecten	van	LA	

op	het	vormen	van	trombi	worden	dus	waarschijnlijk	niet	alleen	op	deze	manier	verklaard.	

Bij	hoge	LA	concentraties	werden	gematigde	effecten	gevonden.	Verlengde	incubatie	met	

LA	 verhoogde	 de	 effectiviteit	 niet	 signif icant	 en	 de	 afwezigheid	 van	 een	 effect	 kon	 niet	

verklaard	worden	door	de	aanmaak	van	secundaire	mediatoren.	De	resultaten	waren	onaf-

hankelijk	van	het	bestudeerde	anestheticum.	Effecten	van	LA	op	TXA2-geïnduceerde	vroege	

plaatjesaggregatie	(1-5s)	lijken	dus	geen	grote	rol	spelen	bij	het	klinisch	waargenomen	an-

titrombotisch	effect	van	LA.	

C-reactive	protein	(CRP)	is	betrokken	bij	de	activatie	van	het	complement	systeem	na	CABG.	

Deze	 ontstekingsrespons	 is	 gerelateerd	 aan	 preoperatieve	 CRP	 spiegels	 en	 geassocieerd	

met	 postoperatieve	 hartritmestoornissen,	 in	 het	 bijzonder	 boezem-	 of	 atriumfibrilleren	

(AF).	In	hoofdstuk	7	hebben	we	onderzocht	of	preoperatieve	CRP	waarden	een	risico	indica-

tor	zijn	voor	het	optreden	van	AF	en	of	dit	fenomeen	afhankelijk	is	van	het	gebruik	van	de	
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hart-longmachine.	CRP	werd	gemeten	 in	perioperatieve	bloedmonsters	van	patiënten	van	

de	Octopus	Studie	(CABG	met	(n=73)	of	zonder	hart-longmachine	(n=79)).	Preoperatief	CRP	

werd	gedichotomiseerd	in	een	lage	en	een	hoge	basis-CRP	groep,	waarbij	een	grenswaarde	

van	3.0	mg/l	werd	gehanteerd.	Na	CABG	met	hart-longmachine	ontwikkelden	11	van	de	53	

patiënten	(21%)	met	een	 laag	basis-CRP	AF,	 ten	opzichte	van	11	van	de	20	patiënten	met	

een	hoog	basis-CRP	(55%).	In	de	off-pump	groep	trad	AF	in	4	van	de	52	patiënten	(8%)	met	

een	 laag	basis-CRP	op,	 ten	opzichte	van	8	van	de	27	patiënten	(30%)	met	hoge	basis-CRP	

waarden.	 Na	 correctie	 voor	 leeftijd	 was	 de	 odds	 ratio	 4.6	 in	 de	 hart-longmachine	 groep,	

3.7	in	de	off-pump	groep,	en	3.3	voor	beide	groepen	samen.	Ook	als	continue	variabele	was	

het	uitgangs-CRP	een	onafhankelijke	voorspeller	voor	AF	in	een	multivariate	logistisch	re-

gressie	model.	Concluderend	hebben	patiënten	met	hoge	pre-operatieve	CRP	waarden,	als	

uiting	 van	 chronische	 subklinische	 inflammatie,	 een	 hoger	 risico	 op	 het	 ontwikkelen	 van	

postoperatief	AF	na	zowel	on-pump	als	off-pump	CABG.	

Tenslotte	bespreekt	hoofdstuk	8	de	implicaties	van	onze	resultaten	in	een	bredere	context,	

samen	 met	 de	 beperkingen	 van	 de	 studies	 en	 suggesties	 voor	 toekomstig	 onderzoek.	 Ten	

eerste	 wordt	 de	 hypercoagulabele	 toestand	 na	 off-pump	 CABG	 belicht;	 er	 zijn	 aanwijzin-

gen	 dat	 deze	 hypercoagulabele	 toestand	 leidt	 tot	 meer	 tromboembolische	 complicaties.	

Naast	 onze	 bevindingen	 dat	 postoperatieve	 activatie	 van	 hemostase	 een	 rol	 kan	 spelen	

in	 de	 pathofysiologie	 van	 cognitieve	 achteruitgang,	 kan	 het	 ook	 een	 effect	 hebben	 op	

de	 lange	 termijn	 doorgankelijkheid	 van	 de	 geplaatste	 bypasses	 op	 het	 hart.	 Ondanks	 een	

meer	 uitgesproken	 activatie	 van	 de	 hemostase	 na	 CABG	 met	 hart-longmachine	 worden	 er	

geen	 associaties	 aangetoond	 tussen	 deze	 activatie	 van	 hemostase	 enerzijds	 en	 klinische	

uitkomsten	 anderzijds.	 Hiervoor	 worden	 een	 aantal	 verklaringen	 gegeven.	 Opmerkelijk	 is	

de	afwezigheid	van	een	verband	tussen	activatie	van	hemostase	en	postoperatieve	cogni-

tieve	achteruitgang	na	CABG	met	hart-longmachine,	aangezien	deze	wel	kon	worden	aan-

getoond	na	off-pump	chirurgie.	Dit	suggereert	dat	er	mogelijk	andere	pathofysiologische	

mechanismen	verantwoordelijk	zijn	voor	cognitieve	achteruitgang	na	conventionele	CABG.	

Toekomstige	studies	moeten	zich	 richten	op	de	 relatie	 tussen	harde	klinische	uitkomsten	

en	postoperatieve	activatie	van	hemostase	na	on-	en	off-pump	CABG.	Het	is	zeker	dat	voor	

dit	type	onderzoek	strikte	protocollering	en	grote	patiëntenaantallen	vereist	zijn.	Door	de	

talrijke	afnames	van	bloedmonsters	en	specif ieke	metingen	in	gespecialiseerde	laboratoria	

is	dit	type	onderzoek	ook	duur.	Daarnaast	is	er	meer	onderzoek	nodig	om	te	bepalen	wat	de	

optimale	 farmacologische	 behandeling	 is	 van	 de	 hypercoagulabele	 toestand	 na	 off-pump	

CABG	om	hieraan	mogelijk	gerelateerde	complicaties	te	voorkomen.	Het	vroeg	postopera-

tief	starten	van	aspirine	zoals	door	Mangano	wordt	gesuggereerd	zou	een	van	deze	opties	

kunnen	zijn.
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Concluderend	is	er	na	off-pump	CABG	postoperatieve	activatie	van	hemostase	die	in	omvang	

gelijk	 wordt	 aan	 die	 van	 on-pump	 CABG	 in	 de	 latere	 postoperatieve	 periode	 (20-96	 uur).	

Deze	 hypercoagulabele	 toestand	 na	 off-pump	 chirurgie	 wordt	 versterkt	 door	 een	 relatief	

verhoogde	von	Willebrand	Factor	activiteit	postoperatief.	Vroege	postoperatieve	activatie	

van	hemostase	is	geassocieerd	met	het	optreden	van	vroege	cognitieve	schade	na	off-pump	

CABG.	Preoperatieve	CRP	waarden	zijn	een	risico	indicator	voor	het	optreden	van	atriumfi-

brilleren	na	zowel	on-pump	als	off-pump	chirurgie.	
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LISt oF ABBreVIAtIonS

ACD	 		 acid	citrate	dextrose

ACT	 		 activated	clotting	time

ADAMTS-13	 a	disintegrin-like	and	metalloprotease	with	thrombospondin	type	1	motif	

AF	 		 atrial	f ibrillation

APC	 		 activated	protein	C	

AT-III	 		 antithrombin	III

CABG	 		 coronary	artery	bypass	grafting

CI	 		 confidence	interval

CPB	 		 cardiopulmonary	bypass

CRP	 		 C-reactive	protein

EACA	 		 e-aminocaproic	acid

ELISA	 		 enzyme-linked	immunosorbent	assay

F1.2	 		 prothrombin	fragment	1.2

FRET	 		 fluorescence	resonance	energy	transfer

GP		 		 glycoprotein

IgG	 		 immunoglobin	G

IQR		 		 interquartile	range

LA	 		 local	anesthetics

OPCAB	 		 off-pump	coronary	artery	bypass	grafting

OR	 		 odds	ratio

PAI	 		 plasmin	activator	inhibitor

PODVT	 		 postoperative	deep	venous	thrombosis

PRP	 		 platelet-rich	plasma

SD	 		 standard	deviation

sP-selectin	 soluble	P-selectin

TA	 		 tranexaminic	acid

TAFI	 		 thrombin-activable	f ibrinolyis	inhibitor

TEA	 		 thoracic	epidural	analgesia

TF	 		 tissue	factor	

TFPI	 		 tissue	factor	pathway	inhibitor

t-PA	 		 tissue	plasminogen	activator

TXA2	 		 thromboxane	A2

u-PA	 		 urinary-type	plasminogen	activator

VWF	 		 von	Willebrand	Factor

VWF:Ag	 		 von	Willebrand	Factor	antigen

VWF:CB	 	 von	Willebrand	Factor	collagen	binding	activity

VWF:Rcof		 von	Willebrand	Factor	ristocetin	cofactor	activity
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dAnKWoord

Een	 van	 de	 grote	 voordelen	 van	 wetenschappelijk	 onderzoek	 is	 boven	 je	 eigen	 vakgebied	

uit	 stijgen	 en	 door	 het	 kijken	 in	 andermans	 keuken	 te	 leren	 ook	 op	 een	 andere	 manier	

problemen	 te	 benaderen.	 Bovendien	 leg	 je	 veel	 waardevolle	 contacten	 met	 mensen	 uit	

allerlei	 disciplines,	 waarvan	 sommige	 zelfs	 uitmonden	 in	 innige	 vriendschappen.	 De	

disciplines	 thoraxchirugie,	 cardiologie,	 anesthesiologie,	 epidemiologie	 en	 psychologie	

waren	al	verenigd	in	de	originele	Octopus	Studie,	en	door	middel	van	dit	proefschrift	zijn	de	

hematologie	en	klinische	chemie	daaraan	toegevoegd.	Het	discussiëren	met	anderen	over	

meer	 of	 minder	 triviale	 knelpunten	 in	 het	 onderzoek	 of	 juist	 heel	 andere	 zaken	 zijn	 een	

enorme	verrijking	geweest	en	ik	wil	dan	ook	iedereen	bedanken	die	op	een	of	andere	manier	

een	bijdrage	heeft	geleverd	aan	dit	proefschrift.

Allereerst	mijn	promotor,	prof.	dr.	C.J.Kalkman.	Beste	Cor,	vanaf	het	begin	heb	je	aangegeven	

dat	 jij	 je	 als	 kritische	 leek	 met	 mijn	 onderzoek	 bezig	 wilde	 houden.	 De	 inhoudelijke	

diepgang	 moest	 vooral	 van	 de	 co-promotoren	 komen.	 Toch	 zijn	 jouw	 kritische	 vragen	 en	

jouw	commentaar	op	al	mijn	artikelen	van	grote	waarde	geweest.	Jij	hebt	mij	als	geen	ander	

geleerd	hoe	 je	dingen	wetenschappelijk	moet	verwoorden	en	helder	op	kunt	schrijven.	En	

hoewel	 je	het	ook	steeds	drukker	kreeg,	zijn	 je	belangstelling	en	enthousiasme	voor	mijn	

onderzoek	niet	afgenomen	en	voor	mij	een	bron	van	inspiratie	gebleven.	Hopelijk	kunnen	

we	in	toekomst	nog	verder	samenwerken.

Mijn	 co-promotor	 dr.	 R.Fijnheer.	 Beste	 Rob,	 toen	 je	 nog	 fulltime	 in	 het	 UMC	 werkte,	 kon	

ik	 altijd	 met	 allerlei	 problemen	 bij	 je	 binnenlopen	 en	 jij	 wist	 altijd	 wel	 iemand	 te	 vinden	

die	 ze	 kon	 helpen	 oplossen.	 Toen	 je	 naar	 het	 Jeroen	 Bosch	 Medisch	 Centrum	 overging,	

werd	 dat	 wel	 lastiger,	 maar	 met	 alleen	 de	 vrijdagen	 konden	 we	 het	 ook	 prima	 redden.	

Door	je	laagdrempeligheid	en	je	humor	heb	ik	erg	van	onze	samenwerking	genoten.	Ik	heb	

bewondering	 voor	 je,	 hoe	 je,	 ondanks	 een	 lichte	 chaos,	 toch	 wetenschap,	 werken	 in	 een	

perifeer	ziekenhuis,	een	druk	gezin	en	een	druk	sociaal	leven	kunt	combineren.	

	

Mijn	andere	co-promotor,	dr.	A.P.Nierich.	Beste	Arno,	je	ervaring	als	cardio-anesthesioloog	

kwam	 goed	 van	 pas	 om	 onze	 bevindingen	 in	 het	 lab	 beter	 naar	 de	 kliniek	 te	 vertalen,	 en	

andersom.	Doordat	 je	 in	Zwolle	zat,	was	afspreken	niet	altijd	eenvoudig,	maar	via	e-mail,	

telefoon	en	af	en	toe	een	treinreisje	zijn	we	toch	een	heel	eind	gekomen.	Zonder	jou	was	ook	

de	f inanciering	voor	dit	onderzoek	door	Medtronic	nooit	tot	stand	gekomen.	Het	verbaast	

me	dan	ook	niet	dat	je	een	prachtige	onderzoeksinfrastructuur	in	Zwolle	van	de	grond	hebt	

gekregen.	Wie	weet	liggen	er	in	de	toekomst	nog	meer	gemeenschappelijke	projecten	in	het	

verschiet.

Dankwoord



Mijn	opleider,	prof.	dr.	J.T.A.Knape.	Ik	herinner	me	nog	goed	dat	ik	u	na	mijn	keuze-co-schap	

een	open	sollicitatiebrief	gestuurd	had,	net	nadat	alle	sollicitatierondes	al	geweest	waren.	

Een	dag	later	stond	u	op	mijn	antwoordapparaat	om	me	te	zeggen	dat	ik	toch	meteen	na	mijn	

artsexamen	als	AGNIO	mocht	beginnen.	Ik	hoop	dat	u	nog	steeds	achter	die	keuze	staat.	Uw	

betrokkenheid	en	belangstelling	voor	mijn	onderzoek	maar	ook	voor	andere	life-events	heb	

ik	altijd	als	zeer	prettig	ervaren.	

Diederik	 van	 Dijk.	 Zonder	 jouw	 Octopus	 Studie	 en	 analyses	 had	 ik	 in	 de	 eerste	 plaats	

geen	 bloedmonsters	 gehad	 om	 door	 te	 meten	 en	 waren	 mijn	 bevindingen	 slechts	 beperkt	

tot	 laboratoriumwaardes.	 Talrijke	 keren	 heb	 ik	 je	 lastig	 moeten	 vallen	 met	 de	 vraag	 of	 je	

niet	toch	nog	bepaalde	data	of	analyses	voor	me	had.	Ik	heb	nooit	van	je	gehoord	dat	het	

even	 niet	 uitkwam.	 Integendeel,	 ik	 kreeg	 altijd	 het	 idee	 dat	 het	 vanzelfsprekend	 was	 dat	

je	 me	 zou	 helpen,	 al	 zal	 dat	 zeker	 niet	 altijd	 het	 geval	 geweest	 zijn.	 Ook	 van	 je	 heldere	

en	ogenschijnlijk	eenvoudige	manier	van	formuleren,	heb	ik	ontzettend	veel	geleerd.	Dank	

hiervoor.	

Hendrik	 Nathoe,	 samen	 met	 Diederik	 heb	 jij	 de	 Octopus	 Studie	 gerund.	 Jij	 hebt	 daar	 een	

prachtig	 proefschrift	 mee	 voortgebracht	 en	 de	 laboratoriumbepalingen	 die	 je	 van	 me	

gekregen	hebt	daar	niet	eens	nodig	voor	gehad.	Ik	heb	 jou	ook	regelmatig	benaderd	voor	

klinische	data,	waarvoor	ik	je	zeer	erkentelijk	ben.	Misschien	dat	onze	samenwerking	in	de	

toekomst	ook	nog	zijn	vruchten	afwerpt.

	

Alle	artsen	die	de	Octopus	Studie	mogelijk	gemaakt	hebben	en	dan	met	name	dr.	P.P.Th.	de	

Jaegere,	Jan	Diephuis,	Jaap	Lahpor,	Erik	Jansen.	Ook	alle	artsen	en	verpleegkundigen	die	

betrokken	zijn	geweest	bij	de	vele	bloedafnames	ben	ik	mijn	dank	verschuldigd.

Als	 vanzelfsprekend	 dank	 ik	 ook	 alle	 deelnemers	 aan	 de	 Octopus	 Studie	 en	 dan	 met	 name	

diegenen	waarbij	de	bloedmonsters	zijn	afgenomen	en	ook	in	grote	meerderheid	trouw	de	

vele	follow-up	onderzoeken	hebben	ondergaan.

Harry	 Wisse	 en	 Marcel	 Bruens.	 Dankzij	 jullie	 zijn	 de	 bloedafnames	 van	 alle	 patienten	 en	

opslag	hiervan	een	erg	overzichtelijk	geheel	gebleven.

Professor	Kees	Borst.	Als	uitvinder	van	de	Octopus	Tissue	Stabilizer	was	u	als	mede-auteur	

betrokken	bij	mijn	eerste	artikel.	Dank	u	voor	uw	gedegen	commentaar.	

Wolfgang	Buhre	en	Peter	Bruins.	Bedankt	voor	het	kritisch	doorlezen	en	corrigeren	van	mijn	

teksten.	Jullie	aanvullingen	zijn	erg	waardevol	gebleken	en	hebben	mede	voor	de	publicatie	
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van	mijn	artikelen	gezorgd.

Marcel	 Durieux,	 als	 student	 ben	 ik	 via	 John	 Roord	 van	 de	 kindergeneeskunde	 bij	 jou	 een	

onderzoeksstage	gaan	doen	aan	de	University	of	Virginia	in	Charlottesville.	Ik	heb	daar	een	

fantastische	 tijd	 gehad	 en	 het	 is	 ook	 nog	 een	 vruchtbare	 samenwerking	 gebleken.	 Mede	

hierdoor	 heb	 ik	 de	 anesthesiologie	 herontdekt	 welke	 ik	 op	 genetische	 gronden	 eigenlijk	

nooit	 als	 een	 serieuze	 optie	 tot	 specialisatie	 had	 gezien.	 Toen	 je	 professor	 in	 Maastricht	

werd,	heb	ik	dan	ook	serieus	getwijfeld	of	 ik	niet	ook	naar	het	zuiden	moest	afreizen.	Die	

keus	 heb	 ik	 vanwege	 mijn	 sociale	 leven	 in	 Utrecht	 uiteindelijk	 niet	 gemaakt.	 Jij	 en	 	 je	

gezin	 misten	 jullie	 leven	 in	 Virginia	 ook,	 waardoor	 jullie	 uiteindelijk	 ook	 weer	 daar	 zijn	

teruggekeerd.	Dank	voor	de	steun	die	 ik	van	 je	heb	gekregen	en	hopelijk	kunnen	we	 in	de	

toekomst	nog	eens	iets	gezamenlijks	doen.

Domenico	 Castigliego,	 we	 hebben	 samen	 heel	 wat	 afgepipetteerd.	 Het	 was	 echter	 nooit	

saai	 om	 samen	 met	 jou	 zoveel	 standaardwerk	 te	 doen	 en	 ik	 heb	 erg	 genoten	 van	 onze	

samenwerking.	Bovendien	kun	je	ook	fantastisch	Italiaans	koken.	

Stefan	Havik,	Joost	Meijer.	Regelmatig	zijn	Domenico	en	 ik	naar	Amsterdam	afgereisd	om	

TAFI	 te	 meten	 in	 onze	 bloedmonsters.	 Na	 maanden	 werk	 is	 daar	 uiteindelijk	 helaas	 niets	

uitgekomen.	Desalniettemin	wil	ik	jullie	bedanken	voor	jullie	hulp	hierbij.

Lab	 I:	 Chantal,	 Hanneke,	 Janine,	 Evelyn,	 Carine	 en	 Flip	 Jansen.	 Tijdens	 het	 vele	 wachten	

tussen	de	experimenten	door,	was	het	altijd	erg	gezellig	en	ook	buiten	het	werk	hebben	we	

elkaar	regelmatig	gezien.	Hopelijk	kunnen	we	daar	gewoon	mee	doorgaan.

Prof.	 Flip	 de	 Groot,	 Peter	 Lenting.	 De	 besprekingen	 waarin	 mijn	 onderzoeksresultaten	

werden	 besproken,	 brachten	 vaak	 nuttige	 tips	 van	 jullie	 op.	 Bedankt	 voor	 de	 prettige	

samenwerking.

	

Stefan,	mijn	kamergenoot.	 Ik	voelde	me	af	en	toe	een	beetje	schuldig	als	 ik	zag	hoe	hard	

jij	naast	mij	soms	aan	het	werk	was.	Jouw	proefschrift	zal	ongetwijfeld	van	grote	kwaliteit	

zijn.	 Fellery,	 ik	 heb	 al	 meerdere	 malen	 gezegd	 wat	 voor	 bewondering	 ik	 heb	 voor	 jouw	

doorzettingsvermogen.	 Met	 alle	 tegenslagen	 die	 je	 gekregen	 hebt,	 zou	 ik	 de	 handdoek	 al	

lang	in	de	ring	gegooid	hebben.	Gelukkig	heb	jij	dat	niet	gedaan,	waardoor	je	uiteindelijk	

toch	over	een	aantal	maanden	in	dezelfde	positie	als	ik	zal	staan.	Veel	succes	met	de	laatste	

loodjes.	Alle	andere	mede-onderzoekers,	die	op	de	onderzoeksgang	hebben	gebivakkeerd:	
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Olaf,	Wilton,	Teus,	Suzanne,	Jilles,	Jolanda,	Bas	en	Lidwien.	Bedankt	voor	de	gezamenlijke	

lunches,	congresbezoeken	en	discussie’s	over	al	dan	niet	wetenschappelijke	onderwerpen.	

En	voor	diegenen	die	nog	even	door	moeten:	succes	met	schrijven!

Stafleden	van	onze	divisie	Perioperatieve	Zorg	en	Spoedeisende	Hulp.	Het	valt	niet	mee	om	

onderzoek	en	kliniek	met	elkaar	te	combineren.	De	kliniek	kwam	toch	vaker	op	een	tweede	

plaats	 en	 ik	 had	 soms	 het	 gevoel	 dat	 ik	 klinisch	 tekort	 schoot.	 Gelukkig	 heb	 ik	 van	 jullie	

nooit	het	gevoel	gekregen	dat	dit	een	groot	probleem	is	geweest.	Bedankt	voor	jullie	geduld	

en	begrip	en	natuurlijk	jullie	bijdrage	om	een	goede	anesthesioloog	van	mij	te	maken.	Daar	

gaat	het	uiteindelijk	allemaal	om.	

Mijn	 collega’s	 arts-assistenten.	 Ondanks	 dat	 de	 assistentengroep	 in	 de	 loop	 der	 jaren	

danig	 in	 omvang	 is	 toegenomen,	 blijft	 ze	 toch	 de	 gezelligste	 van	 heel	 anesthesiologisch	

Nederland.	Ik	ben	blij	dat	ik	hier	deel	van	mag	uitmaken.	Bedankt	voor	jullie	belangstelling	

en	gezelligheid.

	

Mijn	paranimfen:	Ruben	en	Korné.	Wie	ons	straks	in	de	Senaatszaal	ziet	staan,	zal	denken	

dat	ik	met	jullie	voor	iets	probeer	te	compenseren	wat	bij	mij	beperkt	is:	mijn	lengte.	Wij	zijn	

echter	al	gedurende	de	gehele	geneeskunde	studievrienden	en	ik	ben	blij	dat	jullie	mij	op	

deze	dag	bij	willen	staan.	Korné,	ik	vond	het	een	eer	dat	ik	jouw	paranimf	mocht	zijn,	en	ben	

erg	verheugd	dat	je	het	nu	omgekeerd	wilt	doen.	Hopelijk	ben	ik	net	zo	scherp	zoals	jij	dat	

was.	Ruben,	als	jaarclubgenoot	en	studievriend	van	het	eerste	jaar	ben	ik	blij	dat	je	ook	dit	

belangrijke	moment	met	mij	wilt	delen.	

Ook	een	ieder	die	op	enigerlei	wijze	een	bijdrage	heeft	geleverd	aan	dit	proefschrift,	maar	

ik	hierboven	vergeten	ben	met	name	te	noemen	ben	ik	zeer	dankbaar.	

Pa,	je	had	altijd	gezegd	dat	ik	geen	dokter	moest	worden	en	zeker	geen	anesthesioloog.	Nu	

ik	ondanks	al	die	goede	bedoelingen	toch	hetzelfde	carrièrepad	heb	gekozen,	weet	ik	dat	jij	

daar	toch	heel	trots	op	bent.	Daarnaast	heb	je	me	altijd	gestimuleerd	onderzoek	te	doen,	

omdat	dat	iets	is	wat	jij	ook	door	omstandigheden	niet	hebt	gedaan.	Jouw	kwaliteiten	liggen	

op	het	klinische	vlak,	want	patiënten	lopen	weg	met	je	en	je	was	destijds	samen	met	Nigel	

Jack	in	een	klein	streekziekenhuis	anesthesiologisch	Nederland	al	jaren	vooruit.	Ik	hoop	dat	

ik	net	zo	een	goede	anesthesioloog	als	jij	kan	worden.

Ma,	jij	bent	altijd	de	hoeksteen	van	ons	gezin	geweest.	Bedankt	voor	je	onvoorwaardelijke	

steun	en	belangeloze	hulp	waar	dat	ook	nodig	was.	



Papi,	mami	dan	seluruh	keluarga	besar	Rusly	di	Jakarta,	walaupun	kalian	semua	berada	jauh	

di	sisi	dunia	yang	lain,	saya	bangga	menjadi	bagian	dari	keluarga.	Saya	juga	senang	dapat	

datang	ke	Jakarta	dan	tahu	bahwa	saya	akan	selalu	mendapatkan	saat-saat	menyenangkan	

di	Jakarta	yang	membuat	saya	lupa	akan	kesibukan	di	Belanda.		Terima	kasih	atas	dukungan	

dan	cinta	dari	kalian	semua.

Stefan,	 broertje.	 Het	 feit	 dat	 we	 maar	 één	 jaar	 en	 één	 dag	 schelen,	 bracht	 vroeger	 veel	

competitie	met	zich	mee,	maar	zorgde	ook	voor	een	unieke	broederband.	Bedankt	ook	voor	

je	hulp	met	allerlei	technische	computerproblemen.

Toen	 ik	 aan	 dit	 promotietraject	 begon,	 had	 ik	 nog	 veel	 extra	 tijd	 omdat	 ik	 ‘happy	 single’	

was.	 Daar	 is	 tijdens	 deze	 periode	 echter	 verandering	 in	 gekomen.	 Herny,	 ik	 heb	 enorme	

bewondering	voor	je,	dat	jij	alleen	voor	mij	zonder	jouw	grote	hechte	familie	in	een	vreemd	

land	 met	 een	 vreemde	 taal	 helemaal	 opnieuw	 wilde	 beginnen.	 Ook	 de	 veel	 besproken	

inburgeringscursus	en	administratieve	chaos	bij	de	IND	konden	je	daar	niet	van	weerhouden.	

Ik	 ben	 erg	 blij	 dat	 je	 die	 stap	 genomen	 hebt,	 want	 jij	 laat	 me	 steeds	 weer	 zien	 waar	 het	

allemaal	om	draait	in	het	leven.	Ik	zou	het	dan	ook	echt	niet	meer	zonder	jou	kunnen.

Patrick	 en	 Arlene,	 jullie	 zijn	 mijn	 grote	 inspiratiebronnen.	 Laten	 we	 samen	 nog	 heel	 veel	

nieuwe	dingen	op	deze	wereld	ontdekken.

Dankwoord142



CurrICuLuM VItAe

Bernard	Lo	was	born	on	February	21,	1974	in	Eindhoven,	the	Netherlands.	After	graduating	

high	school	at	the	Rooms-Katholieke	Scholen	Gemeenschap	”Marianum”	in	Groenlo	in	1992,	

he	started	medical	studies	at	the	University	of	Utrecht	and	graduated	in	2000.	During	his	

studies	in	1997,	he	spent	a	research	internship	in	the	f ield	of	Anesthesiology	at	the	Univer-

sity	of	Virginia	in	Charlottesville	(supervisor:	dr.	M.E.Durieux).	In	2000	Bernard	began	wor-

king	as	a	resident	at	the	Department	of	Perioperative	Care	and	Emergency	Medicine.	In	2001	

he	started	the	work	described	in	this	thesis	(promotor:	Prof.dr.	C.J.Kalkman)	and	simultane-

ously	started	his	specialist	training	in	Anesthesiology	(chair:	Prof.dr.	J.T.A.Knape).	

Bernard	Lo	is	married	to	Herny	Setiawaty	Rusly	and	they	have	two	children:	Patrick	(2004)	

and	Arlene	(2006).

Curriculum	Vitae 143



Publications144

PuBLICAtIonS

“The	effect	of	coffee	on	gastric	emptying	and	oro-caecal	transit	time.”

Boekema	PJ,	Lo	B,	Samsom	M,	Akkermans	LM,	Smout	AJ

Eur	J	Clin	Invest.	2000	Feb;30(2):129-34

“Local	anesthetic	effects	on	TXA2	receptor	mediated	platelet	aggregation	using	quenched	flow	

aggregometry.”

Hoenemann	CW,	Lo	B,	Errera	JS,	Polanowska-Grabowska	R,	Gear	AR,	Durieux	ME

Adv	Exp	Med	Biol.	1999;469:269-76

“Organisatie	 en	 inhoud	 van	 het	 anesthesiologisch	 preoperatief	 onderzoek	 in	 Nederland:	 een	

inventarisatie.”

WA	van	Klei,	CLG	Rutten,	KGM	Moons,	B	Lo,	JTA	Knape,	CJ	Kalkman,	DE	Grobbee

Ned	Tijdschr	Anesth.	2000;13(3)suppl:6

“Het	 effect	 van	 een	 Gezondheidsraad	 richtlijn	 over	 preoperatieve	 poliklinieken	 in	 Nederland:	

een	inventariserend	onderzoek.”	

WA	van	Klei,	CLG	Rutten,	KGM	Moons,	B	Lo,	JTA	Knape,	CJ	Kalkman,	DE	Grobbee

Ned	Tijdschr	Geneeskd.	2001	Jan	6;145(1):	25-9

“Local	anesthetic	actions	on	thromboxane-induced	platelet	aggregation.”

Lo	B,	Honemann	CW,	Kohrs	R,	Hollmann	MW,	Polanowska-Grabowska	RK,	Gear	AR,	Durieux	ME

Anesth	Analg.	2001	Nov;93(5):1240-5		

“Activation	of	hemostasis	after	coronary	artery	bypass	grafting	with	or	without	cardiopulmonary	

bypass.”	

Lo	B,	Fijnheer	R,	Castigliego	D,	Borst	C,	Kalkman	CJ,	Nierich	AP

Anesth	Analg.	2004	Sep;99(3):634-40

“C-reactive	protein	is	a	risk	indicator	for	atrial	f ibrillation	after	myocardial	revascularization.”

Lo	B,	Fijnheer	R,	Nierich	AP,	Bruins	P,	Kalkman	CJ	

Ann	Thorac	Surg.	2005	May;79(5):1530-5		

“Activation	 of	 hemostasis	 is	 associated	 with	 early	 cognitive	 decline	 after	 off-pump	 coronary	

artery	bypass	surgery.”

Lo	B,	Fijnheer	R,	Nierich	AP,	Kalkman	CJ,	van	Dijk	D	

J	Thromb	Haemost.	2005	Sep;3(9):2114-7

“Relatively	 increased	 von	 Willebrand	 Factor	 after	 off-pump	 coronary	 artery	 bypass	 graft	

surgery.”

Lo	B,	Nierich	AP,	Kalkman	CJ,	Fijnheer	R

Accepted	by	Thromb	Haemost.	2007


