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ABSTRACT 

 
Introduction: Coronary artery bypass surgery with extracorporeal circulation is 
associated with a systemic inflammatory response syndrome that contributes to 
morbidity and mortality. Aortic cross clamping and cardioplegic arrest induces an 
ischemic insult to the heart and is a risk factor for neurological injury. Neurological 
deficits are important complications after coronary artery bypass grafting (CABG) 
with severe effects on health and quality of life. As the population of patients 
referred to CABG gets older, neurological complications will increase. Coronary 
artery bypass surgery without extracorporeal circulation has attracted new interest 
during the past 10 years and is believed to reduce the risk of some of these 
complications.  
 
Methods: In a series of randomized studies, we evaluated the effects of extra-
corporeal circulation. Low risk patients between 50 and 80 years of age, admitted for 
elective coronary surgery were included. Cardiovascular function was evaluated 
with hemodynamic monitoring (cardiac index, systemic vascular resistance index) 
and by measurement of markers of myocardial damage. Pulmonary hemodynamics 
and gas exchange were analyzed. We also investigated the activity of inflammatory 
and hemostatic systems by taking cell counts and measuring adhesion molecules, 
plasma cascade factors, interleukins, complement factors and coagulation potentials. 
Finally, we undertook neuropsychological examination of the patients before and up 
to six months after the operation. 
 
Results: Higher cardiac index, lower systemic vascular resistance index and less 
release of markers of myocardial damage were seen in the off pump group the first 
few hours after surgery. We could not detect any differences in pulmonary 
hemodynamics or gas exchange at any time. Less activation of the complement, 
coagulation and fibrinolysis systems was found in off pump patients in the 
immediate postoperative period. The differences noted all became negligible 24 
hours after surgery. We found no difference in cognitive function between on pump 
and off pump patients. 
 
Conclusion: Coronary artery bypass surgery without extracorporeal circulation 
performed in low risk patients shows but minor advantages compared to surgery 
with extracorporeal circulation in terms of hemodynamics, inflammation, and 
coagulation the first 24 hours postoperatively. No differences in cognitive function 
could be seen up to six months after surgery. 
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SAMMANFATTNING 

 
Bakgrund: Det är välkänt att hjärt-lungmaskinen medför bieffekter. Dels ger kon-
taktaktiveringen upphov till en helkroppsinflammation som kan leda till ödem och 
svikt i vitala organ såsom hjärta, lungor, njurar och hjärna. Dels kan man få 
mikroembolier i form av luft från hjärt-lungmaskinen eller partiklar från aorta, när 
denna kläms av. De senaste tio åren har kranskärlsoperationer utan hjärt-lungmaskin 
(off pump) blivit en etablerad metod. 
 
Material och metoder: Vi genomförde en serie studier där patienterna rando-
miserades till kranskärlsoperation med eller utan hjärt-lungmaskin. Inklusions-
kriterier var elektiv förstagångsoperation och ålder mellan 50 och 80 år. Exklusions-
kriterier var tät huvudstamsstenos, nedsatt vänsterkammar- eller njurfunktion och 
tidigare stroke eller hjärnblödning. 
I delarbete I och II undersökte vi hjärtkärlfunktion, utsläpp av hjärtmuskel-
skademarkörer, hemodynamik i lungkretsloppet och gasutbyte första dygnet efter 
operationen. Inflammation och koagulation studerades i delarbete III och IV. Vi 
undersökte aktivering av neutrofiler, komplementfaktorer, cytokiner och adhesions-
molekyler, koagulation, fibrinolys samt endotelmarkörer upp till 24 timmar efter 
operation.  Vidare utförde vi i delarbete V neuropsykologiska tester (bl a av koncen-
tration, minne, koordination och psykiskt välbefinnande) på patienterna före samt en 
vecka, en månad och sex månader efter operationen. 
 
Resultat: Delarbete I: Vi fann något bättre cardiac index och mindre utsläpp av 
myocardskademarkörer de första timmarna efter operation i off pumpgruppen. Efter 
24 timmar fanns ingen skillnad mellan grupperna. 
Delarbete II: Hemodynamiken i lungkretsloppet och blodgasanalyser studerades, 
inklusive beräkningar av intrapulmonell shunt. Ingen skillnad mellan operations-
grupperna kunde ses. 
Delarbete III: Komplementaktiveringen var mindre i off pumpgruppen; övriga 
inflammatoriska parametrar skilde sig inte mellan grupperna 
Delarbete IV: Off pumpgruppen uppvisade något mindre aktivering av koagulation 
och fibrinolys, men vi såg ingen skillnad i aktivering av endotelaktiveringsmarkörer. 
Delarbete V: Vi fann bättre testresultat i off pumpgruppen i några enstaka tester, 
men ingen skillnad i övergripande neuropsykologisk påverkan. 
 
Slutsatser: Kranskärlsoperation utan hjärt-lungmaskin på lågriskpatienter uppvisar 
små fördelar jämfört med operation med hjärt-lungmaskin med avseende på 
hemodynamik, inflammation och koagulation det första postoperativa dygnet. Vi 
kunde inte heller se några avgörande skillnader i neuropsykologiska funktioner upp 
till sex månader efter operationen. 
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ABBREVIATIONS 

 
ACT  activated clotting time 
ASD  atrium septum defect 
AT  antithrombin 
CABG  coronary artery bypass grafting 
CaO2  arterial blood oxygen content 
Cc’O2  oxygen content in pulmonary end-capillary blood 
CI  cardiac index  
CI  confidence intervals 
CK-MB  creatine kinase-MB 
CPAP  continuous positive airway pressure 
CPB  cardiopulmonary bypass 
CvO2  mixed venous blood oxygen content 
C1 inhibitor  protein C1 esterase inhibitor 
EF  ejection fraction 
FDP  fibrin degradation products 
fMLP  N-formylmethionyl-leucyl-phenylalanine 
F1+2  prothrombin fragments 1+2 
IABP  intra aortic balloon pump 
ICU  intensive care unit 
IgM  immunoglobulin M 
IL-1, 6, and 8 interleukin 1, 6, and 8 
INR  international normalized ratio 
LAD  left anterior descending artery 
LVSWI  left ventricular stroke work index 
MAC  membrane attack complex 
OCP  overall coagulation potential 
OFFCAB  off pump coronary artery bypass grafting 
OFP  overall fibrinolysis potential 
OHP  overall hemostasis potential 
ONCAB   on pump coronary artery bypass grafting 
OR  odds ratio 
RBC  red blood cells 
SV  stroke volume 
SVRI  systemic vascular resistance index 
TCC  terminal complement complex 
TNF-α  tumor necrosis factor 
t-PA  tissue plasminogen activator 
VWF  von Willebrand factor   
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INTRODUCTION 

 
The development of surgery and anesthesia in the beginning of the 20th century 
generated interest in a pump and oxygenator to enable operations on the heart. 
During the late 1930s, John Gibbon experimented with a heart-lung machine, and the 
first successful operation on a human, an ASD closure, was performed by Dr Gibbon 
in Philadelphia, May 6 1953 [1]. In Stockholm, Viking Olov Björk, Clarence Crafoord, 
and Åke Senning also did pioneering work in this field and in 1954 Crafoord 
removed an atrial myxoma [2], as the second ever successful operation with a heart-
lung machine. During the 1950s and 1960s the heart-lung machine was developed 
further  and is now a device used routinely in every cardiac surgery unit today. It has 
been essential for the development of heart surgery, including development of 
coronary artery bypass grafting (CABG) into the gold standard for surgical coronary 
revascularization. CABG is now one of the most common surgical procedures 
worldwide with over 300 000 operations performed in the USA alone each year [3]. 
 
Although ONCAB is a well developed standard operation it is afflicted with 
complications. The mortality is reported to be 2.2% in a non-selected material 
(www.sts.org). In Sweden, the mortality following CABG was 1.5% 2004 (Svenska 
Hjärtkirurgiregistret: www.ucr.uu.se/hjartkirurgi/). Morbidity associated with 
ONCAB includes stroke 3% [4], cognitive dysfunction 3-50% [5], renal failure 
requiring dialysis 1-5% [6] , mediastinitis 1-4% [7], re-exploration for bleeding 5% [8], 
atrial fibrillation around 22% [9], perioperative myocardial infarction 2-5% [10] and 
respiratory infections 10% [11].  
 

Coronary artery bypass grafting without heart lung-machine (OFFCAB) 
OFFCAB surgery has been carried out since the start of CABG. In fact, the first CABG 
was the anastomosis of the left internal mammary artery to the left anterior 
descending artery (LAD) on the beating heart through a small, left anterior 
thoracotomy performed by Kolessov in St Petersburg in 1964 [12]. However, 
OFFCAB did not gain interest from a larger population of cardiac surgeons until the 
mid 1990s. Several technical difficulties had to be solved before it could be used on a 
larger scale. In order to perform good quality anastomoses, the target site has to be 
stabilized, either by suction or pressure devices, see Fig 1. A bloodless field is 
achieved by placing snares proximally and distally to the anastomotic site. In order 
to operate with good access to lateral and posterior vessels, a method had to be 
developed to reach these areas without compromising hemodynamics. Today, 
exposure of the heart is achieved with a deep pericardial retraction suture or a 
suction cup. 
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Fig 1. Picture from OFFCAB surgery 
 
 
During the last ten years OFFCAB has developed into a safe and widely used 
method. Nowadays 20-25% of the CABGs performed in the USA [13] and 20% of 
those in Europe (Paul Sergeant, personal communication to Jarle Vaage) are 
OFFCAB. In Sweden, around 5000 CABG operations were performed in 2004, and 5% 
of these were OFFCAB (Svenska Hjärtkirurgiregistret). 

Systemic Inflammatory Response 
OFFCAB has attracted increasing interest because of the potentially damaging side 
effects of the heart-lung machine. Cardiopulmonary bypass (CPB) has severe 
deleterious effects on the body: 
 

• The blood is in contact with foreign surfaces in the extracorporeal circuit. 
• Blood cells are damaged by the pump and suction 
• Pulsatile flow is changed into continuous flow. 
• The heart is separated from the circulation and infused with cold 

cardioplegia, causing ischemia-reperfusion injury. 
• Body temperature is often decreased by several degrees. 

 
Cardiac surgery with CPB activates complement, coagulation, fibrinolytic, and 
kallikrein cascades, as well as activating leukocytes and endothelial cells with 
subsequent expression of adhesion molecules and release of inflammatory mediators 
[14, 15]. All together, this induces a whole body inflammatory reaction with 
leukocyte extravasation, lipid peroxidation, edema and cell death as well as 
vasodilatation, and increased microvascular permeability leading to increased 
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interstitial fluid. This may contribute to the development of postoperative 
complications including bleeding disorders, myocardial dysfunction, respiratory 
failure, renal insufficiency, and neurological dysfunction [14]. Most patients have no 
or minor symptoms but this inflammatory reaction may contribute to morbidity and 
mortality [14]. 
 

Inflammatory Cells 
The immune system consists of two main parts: the inflammatory cells (granulocytes, 
lymphocytes and monocytes/macrophages) and the soluble mediators (cytokines, 
acute phase proteins, complement factors etc). The granulocytes consist of three 
different cell types: neutrophils, eosinophils, and basophils. Neutrophils are the most 
important effector cells during a systemic inflammatory response. Their major 
function is phagocytosis and release of cytotoxic substances. Several investigators 
have shown that the number of circulating neutrophils is increased after heart 
surgery [16-18]. Neutrophils are recruited to an inflammatory site by chemotactic 
factors such as interleukin 8 (IL-8) [19]. Studies comparing OFFCAB and ONCAB 
have shown higher levels of circulating leukocytes [20, 21] in patients undergoing 
ONCAB. 
 

Neutrophil Activation 
A central process in the cellular response is the adhesion cascade, Fig 2, where 
neutrophils extravasate from the blood vessel. The adhesion molecules selectins (eg 
CD62L) and integrins (eg CD11b) mediate the transmigration. In the interstitium the 
neutrophils are activated and release the cytotoxic substances stored in their 
granules. 
 

 
Fig 2. Neutrophil adhesion. From the thesis “Responsiveness of human 
circulating phagocytes in relation to the inflammatory condition”, used with the 
permission of Lena Wehlin. 
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Complement 
The complement system is a rapid-acting and important component of the immune 
system. It consists of a cascade of plasma and membrane proteins where each step 
leads to an activation and amplification of the next step, see Fig 3.  
 

 
Fig 3. Complement activation. From the thesis “Responsiveness of human 
circulating phagocytes in relation to the inflammatory condition”, used with 
the permission of Lena Wehlin. 

 
 
The complement system is activated by CPB through both the classical and the 
alternative pathways [15]. The activation products C3a and C5a are potent 
inflammatory mediators with anaphylactic properties. The final product in the 
complement cascade is the terminal complement complex (TCC or C5b-9), which 
binds to the surface of a pathogen, forming a membrane attack complex (MAC). This 
MAC opens up a pore in the cell surface causing cell death. TCC is perhaps the best 
marker of complement activation as it indicates that the entire complement cascade is 
activated [22]. 
 
Complement activation has been demonstrated in both ONCAB and OFFCAB, with a 
more profound increase in ONCAB with higher levels of C3a  [21, 23-26] and C5a [21, 
27]. 
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Cytokines 
Cytokines (interleukins, interferons and TNF-α) play an important role in the 
immune system as mediators of inflammatory effects. Their production is activated 
by stimuli such as infection, trauma, foreign material, and hemorrhage. Their effect is 
mediated through binding to receptors on the cell they originate from, adjacent cells 
or distant cells. During inflammation monocytes, macrophages, and endothelial cells 
secrete the cytokines IL-1, IL-6, IL-8 and TNF-α. Cytokines induce fever, anorexia, 
capillary leakage, and induction of acute phase reactants [28]. In cardiac surgery, 
cytokines have been demonstrated to affect hemodynamic regulation and contribute 
to myocardial stunning, lung injury, and renal dysfunction [29]. 
 
Several studies demonstrate increased levels of IL-6 [30-32] and TNF-α [33] after both 
ONCAB and OFFCAB with no difference between groups whereas IL-8 levels were 
higher in ONCAB [21, 33]. 
 

Hemostasis, Blood Loss, and Transfusions 
Hemostasis results from a balanced interaction between the endothelium, 
subendothelium, platelets, and soluble plasma proteins participating in coagulation 
and fibrinolysis. Under normal circumstances, there is an ongoing, low level of 
consumption and synthesis of these proteins. When an injury occurs, the plasma 
proteins are converted into their active form, the cascade system is activated, 
ultimately forming the enzyme thrombin which converts soluble plasma fibrinogen 
to fibrin. Fibrin and activated platelets form a hemostatic plug, Fig 4. 
 
Exposure of blood to the extracorporeal circuit leads to an activation of contact 
proteins (kallikrein, kininogen) and coagulation factor XII which initiates the intrinsic 
coagulation cascade. Thrombin formation increases, and thrombin in combination 
with contact proteins activates tissue plasminogen activator and fibrinolysis [34, 35]. 
The foreign surfaces and the inflammatory state during CPB also activate platelets, 
which adhere to leukocytes, endothelium, and to the extracorporeal circuit itself [36]. 
The hemodilution further contributes to depletion of coagulation factors and 
platelets [35]. In randomized studies, Puskas et al [37] find lower International 
Normalized Ratio (INR) and higher concentrations of fibrinogen and platelets in 
OFFCAB patients and Ascione et al [38] find lower activated partial thromboplastin 
time, INR, and prothrombin time in these patients. 
 
The impairment of hemostasis seen during ONCAB may result in increased bleeding. 
Several prospective, randomized studies show reduced blood loss [38-40] in OFFCAB 
patients. In a meta-analysis, Wijeysundera et al [9] found that there were fewer red 
blood cell transfusions after OFFCAB. 
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Fig 4. Simplified presentation of cell based model of coagulation and fibrinolysis 
 
 

Pulmonary Function 
The inflammatory response leads to increased permeability of lung capillaries and to 
fluid accumulation in the interstitium [41]. Pulmonary dysfunction, interstitial 
edema, reduced gas exchange, atelectasis, pneumonia, airway obstruction, and acute 
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respiratory insufficiency, are all known complications after heart surgery with CPB 
[42]. Atelectasis is a major cause of venous admixture and hypoxemia after CPB in 
pigs [43]. 
 
However, randomized studies did not show any differences in gas exchange or lung 
complications [44], although venous admixture was reduced after OFFCAB [45, 46]. 
In non-randomized studies no differences were observed when comparing lung 
function variables (such as forced expiratory volume, maximal voluntary ventilation 
or tidal volume), arterial blood gases, pulmonary vascular resistance, or right 
ventricular stroke work index [47, 48]. 
 
In a meta-analysis of randomized controlled trials [11], there were fewer respiratory 
infections during the first 30 postoperative days in OFFCAB compared to ONCAB 
(odds ratio (OR) 0.41 95% confidence intervals (CI) 0.23-0.74, 896 patients, p<0.0001). 
 

Renal Function 
Acute renal failure requiring dialysis affects 1-5% of patients after heart surgery [6]. 
The etiology of renal failure is multifactorial; inflammatory response and altered 
blood flow have been suggested [49]. In a randomized study [50] glomerular 
filtration as assessed by creatinine clearance and the urinary microalbumin/ 
creatinine ratio was significantly worse in the ONCAB group (p < 0.0004 and 0.008, 
respectively). Renal tubular function was also impaired in the ONCAB group as 
assessed by increased N-acetyl glucosaminidase activity (p < 0.027). 
 
In the meta-analysis by Wijeysundera et al [9], the randomized controlled trials 
showed no difference between ONCAB and OFFCAB in the incidence of acute renal 
failure (OR 0.61, 95% CI 0.25-1.47, p=0.27), however, the observational studies 
showed a lower incidence (OR 0.54, 95% CI 0.39-0.77, p=0.0006) in OFFCAB patients. 
 

Neurological and Neuropsychological Complications 
Neurological deficits are important complications after ONCAB and they have severe 
effects on health and quality of life. Stroke, transient ischemic attack and coma occur 
in approximately 3% of the cases with a significant increase with age [51]. Cognitive 
dysfunction is more common, but also more difficult to detect. Different studies 
report cognitive dysfunction in 3-50% [5] of the patients after CABG, whereas a 
pooled analysis of six comparable studies showed a decline in cognitive function in 
23% of the patients [5]. Different functions such as concentration, attention, memory, 
and motor functions may be affected. Late cognitive decline 5 years after CABG has 
also been demonstrated [52, 53] but these data are difficult to interpret due to lack of 
control group. 
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There are several mechanisms for neurological damage during ONCAB. Manipu-
lation of the aorta during cannulation and clamping can give rise to emboli, and 
emboli may be the most important cause of neurological injury [54]. A correlation 
between number of emboli and cognitive outcome has been reported [55]. Altered 
blood flow in the brain during perfusion and the systemic inflammatory reaction 
may be other causes of damage [56]. As the patient population undergoing CABG 
gets older, neurological complications will increase [4]. 
 
Use of OFFCAB did not lead to any reduction in stroke frequency that could be 
identified in the Cheng meta-analysis (OR 0.68, 95% CI 0.33-1.40, 2859 patients, 
p=0.3). 
 
A few randomized studies on cognitive function and OFFCAB have been performed. 
One large-scale study [57] showed a minor improvement in cognitive function 3 
months postoperatively which became negligible at 12 months. Lee et al [58] also 
found a minor improvement in the OFFCAB group at 2 weeks and 1 year after 
surgery. Diegeler et al [59] and Zamvar et al [60] showed better cognitive outcome 
after OFFCAB, whereas Lloyd et al [61] found no difference compared to ONCAB. In 
two of these studies only a minority of the patients had three vessel disease [57, 61], 
and in one study the number of distal anastomoses was lower in the OFFCAB group 
[58]. A recently published study with 120 patients demonstrated no difference in 
cognitive function 3 and 12 months after surgery [62]. 
 

Cardiovascular Function 
Aortic cross clamping and cardioplegic arrest induce ischemia–reperfusion injury of 
the heart [63]. Myocardial protection during CABG is crucial and OFFCAB is a 
potential way of reducing myocardial damage. Previous randomized, controlled 
studies give good evidence for less release of markers of myocardial damage in 
OFFCAB [37, 39, 64, 65]. A recent meta-analysis [9] of randomized controlled trials 
with about 2000 patients did not show a significant reduction in perioperative 
myocardial infarctions (OR 0.79, 95 % CI 0.5-1.25). However, there was less need for 
inotropic drugs (OR 0.48, 95% CI 0.33-0.71) and lower incidence of atrial fibrillation 
(OR 0.59, 95% CI 0.46-0.77) in the OFFCAB group. 
 

Graft Patency and Reintervention 
A crucial issue is whether graft patency after OFFCAB is comparable to that after 
ONCAB. There have been concerns that technical difficulties in operating on a 
beating heart and more procoagulant activity in OFFCAB patients may reduce graft 
patency. Excellent angiographic outcome in OFFCAB has been reported in large 
observational studies [37, 66, 67]. In the meta-analysis by Cheng [11], there was no 
difference in the need for reintervention between ONCAB and OFFCAB after 1-2 
years (OR 1.61, 95% CI 0.71-3.65, 1120 patients). However, another meta-analysis of 
randomized controlled studies [68] recently showed an increased risk of graft 
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occlusion in OFFCAB patients (OR 1.51, 95% CI 1.15-1.99, 1870 patients) at coronary 
angiography 3-12 months postoperatively.  
 

Completeness of Revascularization 
One concern regarding OFFCAB is whether complete revascularization is compro-
mised due to technical difficulties in grafting marginal branches. Some randomized 
studies have shown significantly fewer distal anastomoses in the OFFCAB group [40, 
57, 58] or a tendency in this direction [69]. In an observational study from Sabik and 
colleagues [70], which included 406 propensity-matched pairs of ONCAB and 
OFFCAB patients, the number of distal anastomoses differed significantly, 3.5±1.1 vs 
2.8±1.0 (p<0.001) between groups. 
 

Mortality 
Whether the use of OFFCAB affects mortality is still not verified. No present single 
study has had enough power to investigate mortality. In the meta-analysis of 
randomized, controlled trials by Cheng et al  [11] no difference in mortality, neither 
short term (30 days, OR 1.02 95% CI 0.58-1.8, 3082 patients, p=0.9) nor intermediate 
(1-2 years, OR 0.88 95% CI 0.41-1.88, 1135 patients, p=0.8) was seen. In a meta-
analysis of risk-adjusted observational studies [9], OFFCAB was associated with 
significantly reduced short-term mortality (OR 0.72 95% CI 0.66-0.78, 268 000 
patients). In a retrospective study [71] 1983 OFFCAB and 6466 ONCAB patients were 
propensity matched. This was a higher risk surgical population with mean age 64 
years, 48% had impaired left ventricular function (EF<45%), 30% diabetes, 5% renal 
failure, and 5% were redo operations. The ONCAB group was found to have higher 
in-hospital mortality than the OFFCAB group (OR 1.9 95% CI 1.2-3.1). 
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AIM OF THE THESIS 

 
The aim of the thesis is to investigate if the avoidance of cardiopulmonary bypass 
during CABG has a beneficial effect on: 
 

• cardiovascular function, pulmonary hemodynamics, and gas exchange. 
• inflammatory response including complement activation, cytokines, cellular 

counts, and neutrophil function. 
• coagulation and fibrinolytic factors, platelet count, and markers of endothelial 

activation. 
• neuropsychological functions, anxiety, and depression up to six months 

postoperatively.  
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MATERIALS AND METHODS 

Subjects 
All studies were approved by the Karolinska University Hospital Research Ethics 
Committee and informed consent was obtained from all participants. The patients 
were randomized to either ONCAB or OFFCAB with sealed envelopes the day before 
surgery. Some patients were included in more than one study, see Table 1. 
 
Table 1. Number of patients overlapping in the different studies.  

Study No of patients I II III IV V 

I 58  50 28 28 8 

II 50 50  23 23 7 

III 37 28 23  31 2 

IV 31 28 23 31  4 

V 70 8 7 2 4  
 

Inclusion and Exclusion Criteria 
Inclusion criteria were age between 50 and 80 years and that the patients were found 
suitable for both on and off pump surgery by the operating surgeon. Exclusion 
criteria were ejection fraction <30%, serum creatinine >150 µmol/l, tight left main 
stem stenosis (>70%), redo operation, unstable angina, and history of cerebrovascular 
disease. Circumflex artery stenosis and number of stenoses were not causes for 
exclusion. 
 

Anesthesia 
All patients were anesthetized according to the standard clinical routines of the 
department. After premedication with morphine, anesthesia was induced with 
fentanyl, midazolam, and propofol. Pancuronium or atracurium was used to achieve 
muscular relaxation. Anesthesia was maintained with intermittent fentanyl and 
isoflurane. Continuous propofol was used as a supplement when needed. Mean 
arterial pressure was maintained over 60 mm Hg and norepinephrine was given as 
intermittent injections or continuous infusion if required. Volume controlled 
ventilation with 40-50% oxygen in air was performed. The patients in the ONCAB 
group were fully ventilated (minute ventilation 70-90 ml/kg body weight) until full 
bypass was achieved and during bypass oxygenated via CPB. The patients were then 
ventilated with 50% of the original minute ventilation during completion of the 
proximal anastomoses and again fully ventilated after recruitment of the lungs before 
weaning off CPB. In the OFFCAB the patients were fully ventilated during the 
operation. 



 

20 

Surgery 
The patients were operated through median sternotomy by 6 different surgeons. The 
experience of the surgeons with OFFCAB varied from long (several years) to limited 
(a few months). Heparin was given during or after take-down of the left internal 
mammary artery. The proximal anastomoses were performed with the use of a side-
biting clamp. Protamine was administered at the end of the operation to reverse the 
heparin effect in both groups. 
 

ONCAB 
Heparin 300 IU/kg was given to obtain activated clotting time (ACT) over 480 
seconds before start of CPB. ACT was measured with an automated coagulation 
timer every 30 minutes and more heparin was given if required. Standard 
cannulation of the ascending aorta and the right atrium were employed. The CPB 
circuit consisted of tubing without an arterial filter, primed with 1500-1800 ml 
Ringer´s acetate and 7500 IU of Heparin, a membrane oxygenator, and a centrifugal 
pump. CPB was conducted with a flow rate of 2.4 l/m2⋅min, alpha-stat acid-base 
management and a nasopharyngeal temperature of 34-35°C. After aortic cross 
clamping, 700 to 1000 ml of cold blood cardioplegia was infused. During cross 
clamping cardioplegia was given antegradely or retrogradely every 15 to 20 minutes. 
No topical cooling was used. Rewarming was initiated when the last distal 
anastomosis was started and the patients were weaned from CPB when the 
temperature was above 36°C. 
 

OFFCAB 
Heparin 150 IU/kg was initially given and ACT was kept above 300 seconds while 
the anastomoses were performed. The temperature in the operating room was 23°C, 
and a patient warming device (Warm Touch) which blew warm air over parts of the 
patient, was used. 
The positioning of the heart was achieved with a deep pericardial stay suture or a 
suction device (Xpose CTS, Guidant). In most cases when an obtuse marginal branch 
was bypassed, the right pleura was opened and the heart was mobilized into the 
right chest cavity. The following stabilizers were used: OPCAB multi use stabilizer 
(Guidant), CTS stabilizer Axius or Ultima (Guidant) and Octopus II/III stabilizer 
(Medtronics). An intracoronary shunt was only used in a few cases when an 
anastomosis was performed on the main stem of the right coronary artery. No cell 
saver was used. 
 

Postoperative Care 
Patients were sedated with propofol and ventilated mechanically until 4 hours after 
admission to the intensive care unit (ICU) in order to complete the measurements 
under standardized conditions. The patients were extubated 4 to 6 hours after arrival 
in the ICU. Except for the delayed extubation the postoperative treatment was 
according to the routines of the clinic. Pain control was obtained with i.v. 
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ketobemidon infusion. After extubation the patients received oxygen via a nasal 
catheter. Patients who received a radial artery graft were given nitroglycerine 
infusion (0.5µg/kg⋅min) for 18-24 hrs postoperatively. A single dose of felodipin (5 
mg orally) was given in the morning the day of the operation and then from the first 
postoperative day (5 mg orally three times daily) for 3 months to prevent spasm. All 
patients were treated with oral acetylsalicylic acid 160 mg daily from the first 
postoperative day. Postoperative bleeding was measured from the time the drains 
were activated in the operating room until they were removed the first postoperative 
day. No auto transfusion of blood was applied. 
 
 

Hemodynamic Monitoring and Blood Sampling - Study I and II 
A radial artery line, a central venous catheter, and a Swan-Ganz catheter were used. 
Cardiac output was measured with thermodilution using 10 ml bolus doses of 5% 
glucose solution at room temperature. Three injections were made and the mean 
value was calculated. If one measurement differed more than 20% from the others, a 
new measurement was performed. The following measurements and calculations 
were performed: heart rate, mean arterial pressure, central venous pressure, 
pulmonary capillary wedge pressure, cardiac index, stroke volume, systemic 
vascular resistance index, pulmonary vascular resistance index, left ventricular 
stroke work index and right ventricular stroke work index. Measurements were 
made after induction, but before surgery and at 1, 4, and 20 hours after admission to 
the ICU. 
 
Arterial and mixed venous blood was sampled concomitantly from the radial arterial 
line and from the Swan-Ganz catheter for blood gas measurements. For 
standardization all patients were ventilated with 50% oxygen for 15 minutes before 
sampling. Arterial blood was sampled before surgery, and 1, 6, and 20 hours after 
admission to the ICU, for analysis of Troponin T and CK-MB with electro-
chemiluminescence immunoassay technique. Peroperative myocardial infarction was 
defined as CK-MB > 50 µg/l on the first postoperative day [72]. 
 
Arterial-venous (a-v) oxygen content difference was calculated as CaO2-CvO2 where 
CaO2 is arterial blood oxygen content and CvO2 is mixed venous blood oxygen 
content. Venous admixture was calculated as (Cc’O2-CaO2)/(Cc’O2-CvO2) where 
Cc’O2 is the oxygen content in pulmonary end-capillary blood [73]. The respiratory 
quote was set to 0.8. 
 

Blood Sampling Study III and IV 
Ten milliliters of arterial blood was drawn in tubes containing 0.129 M Na-citrate. 
The samples were immediately put on ice and centrifuged within 10 minutes. The 
plasma was transferred to Eppendorf tubes in aliquots and stored at -70°C until the 
analyses were performed. Blood was sampled preoperatively after anesthesia, but 
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before surgery ("before"); 30 minutes after start of CPB (ONCAB) or 20 minutes after 
start of suturing first distal anastomosis (OFFCAB) ("during"); at start of suturing 
sternum ("end"); at 4 hours ("4 h"); and 20-24 hours ("24 h") after admission to the 
ICU.  
IgM was measured in order to correct for hemodilution according to the following 
equation:  
(measured parameter x initial IgM) / measured IgM.  
This equation was utilized for calculation of plasma markers and cell counts. 
 
In study IV, platelet count was analyzed preoperatively and day 1 and 3 post-
operatively. 
 

Preparation of Cells for Flow Cytometry – Study III 
One hundred and fifty microliters of blood per tube was hemolysed for 5 minutes in 
2 ml ice cooled NH4Cl in a +15°C water bath and centrifuged at 300g for 5 minutes at 
+4°C. Pellets were washed in 3 ml of PBS at 300g for 5 minutes at +4°C, and the cells 
were thereafter kept on ice until further analysis. 
 

In Vitro Activation – Study III 
Leukocyte pellets were resuspended in a final concentration of 10-7 M fMLP or 10-7 M 
TNF-α, diluted in PBS, supplemented with 0.9 mg/ml PBS-glucose, and incubated 
for 30 minutes at +37°C. Cells incubated in PBS-glucose for 30 minutes at +4°C or 
+37°C served as controls. Cells were finally washed in 2 ml PBS at 300g for 5 minutes 
at +4°C, and kept on ice until further use. 
 

Staining - study III 
Monoclonal antibody to CD11b-PE, CD35-FITC or CD62L-FITC was added (100 µl, 
final concentration: 5 µg/ml) to both resting and fMLP or TNF-α stimulated 
leukocytes. Isotype matched control antibodies, FITC-conjugated IgG1 and PE-
conjugated IgG1, in corresponding concentrations were used to define the cut-off 
value for positive fluorescence. Cells were incubated for 30 minutes at +4°C followed 
by wash in PBS at 300g for 5 minutes at +4°C. Cells were thereafter resuspended in 
0.5 ml PBS and kept on ice until analysis by flow cytometry. 
 

Assay for Oxidative Burst – study III 
Leukocyte pellets were resuspended in 0.2 ml of DCFH-DA at a final concentration of 
5 µM, incubated for 15 minutes at +37°C. Cells were then stimulated with fMLP, 
TNF-α or PBS-glucose at times and temperatures as described above. Activation was 
terminated by adding 1 ml of ice cold PBS supplemented with 0.1 mM EDTA. Cells 
were kept on ice for no more than two hours before analysis by flow cytometry. 
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Analysis by Flow Cytometry – Study III 
Peripheral blood leukocyte subpopulations were distinguished by their characteristic 
light scattering properties, and lymphocytes, monocytes, and granulocytes were 
detected as three well separated populations, in a two-parameter histogram. To 
distinguish between neutrophils and eosinophils in the granulocyte population, 
measurements of depolarized side scatter were done by modifying the filter settings 
in the flow cytometer. Another fluorosphere, Flow Set with controlled fluorescence 
intensity, was run before each experiment to obtain standardization of the mean 
fluorescence intensity. A quantification of surface bound monoclonal antibodies was 
obtained by measuring the mean fluorescence intensity of the positive population, 
which reflects the amount of antigen expressed. 
 

Plasma Analysis - Study III and IV 
F1+2 is a degradation product of prothrombin and its presence indicates thrombin 
formation; α2-macroglobulin is a protease inhibitor; C1 inhibitor is the only inhibitor 
of C1 esterase in the complement system, also inhibiting plasmin, kallikrein and 
coagulation factors XI and XII; fibronectin is a marker of endothelial activation and 
involved in opsonization, and VWF, in addition to being carrier of factor VIII, is a 
platelet activating factor which is also suggested to be a marker of endothelial 
activation. 
 
The following commercially available kits were used for plasma analysis: IL-6 was 
analyzed with high sensitivity human ELISA; IL-8 with human CytELISA; C5a with 
ELISA; TCC with enzyme immunoassay; D dimer with latex immunoturbidimetric 
assay, F1+2 with sandwich ELISA technique; α-2-macroglobulin,  C1 inhibitor and 
fibronectin with immunonephelometry; VWF with immunologic LIA-technique; 
prothrombin complex (INR) with nephelometry, and Immunoglobulin M was 
analyzed with immunonephelometry. 
 

Overall Hemostasis, Coagulation, and Fibrinolysis Potentials – Study IV 
Overall hemostasis potential (OHP) was determined based on analysis of fibrin 
aggregation curves performed in a microplate [74, 75]. For OCP 70 µl of plasma 
sample was mixed with 10 µl platelet reagent as a source of phospholipids and with 
50 µl of Tris-HCl buffer containing CaCl2 and thrombin (final concentration 17 
µmol/ml and 0.04 IU/ml respectively). For the OHP, tissue plasminogen activator 
(final concentration 300 ng/ml) was also added to the buffer. Absorbance at 405 nm 
was measured each minute for 40 min to construct the two fibrin-aggregation curves 
giving overall hemostasis and coagulation (OCP) potentials. The area under the 
curve was expressed as a summation of the absorbance values obtained after 
deducting the background absorbance, which corresponds to the initial optical 
density of the plasma sample before initiation of clotting. The difference between the 
two areas represents the overall fibrinolysis potential (OFP), calculated as: 
OFP = (OCP - OHP)/ OCP x 100%. 
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Neuropsychological Assessment – Study V 
The cognitive testing was performed in accordance with the “Statement of Consensus 
on Assessment of Neurobehavioural Outcomes after Cardiac Surgery” [76]. A 
specially trained research nurse (supervised by one of the authors, HN) administered 
a battery of standardized neuropsychological tests before, and 1 week, 1 month, and 
6 months after surgery. At the preoperative assessment the Vocabulary subtest of the 
WAIS-R, Table 2 was administered. This test was used as an index of premorbid 
cognitive functioning of each patient.  
 
The tests were selected to represent attention, verbal and visuo-spatial short-term 
and working memory, verbal learning and delayed recall, visuo-motor speed, and 
aspects of executive functions (Table 2). Levels of anxiety and depression were also 
evaluated. For detailed explanation of the neuropsychological tests, see Study V. 
 
Table 2 Neuropsychological tests administered 
Neuropsychological function Test Reference 
Pre-operative functional level Vocabulary (WAIS-R) Wechsler D, 1981 
Verbal short-term 
memory/working memory 

Digit Span (WAIS-R) Wechsler D, 1981 

Spatial short-term 
memory/working memory 

Block Span (WMS-III) Wechsler D, 1997 

Verbal learning Claeson-Dahl verbal 
learning 

Claeson et al, 1998 

Verbal retention Claeson-Dahl verbal 
retention test 

Claeson et al., 1998 

Visuo-motor speed Trail-Making Test form A Lezak MD, 2005 
Shift/Cognitive flexibility Trail-Making Test form B Lezak MD, 2005 
Visuo-motor speed Trail-Making Test form C Lezak MD, 2005 
Visuo-motor speed Trail-Making Test form D Lezak MD, 2005 
Initiation of response/verbal 
fluency 

COWAT-FAS Lezak MD, 2005 

Visuo-motor speed Digit-symbol (WAIS-R) Wechsler D, 1981 
Anxiety Stat form Y-1 Spielberger CD, 1968 
Depression Geriatric depression scale Brink et al, 1982 
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Statistics 
The present studies were primarily intended to examine hemodynamics, biochemical 
parameters, and cognitive test results, and were not powered to investigate clinical 
outcome. 
For between group analysis of operative and postoperative clinical data, t test, Mann-
Whitney U test, and Fisher´s exact p test were used. Descriptive data are presented as 
mean (95% confidence intervals), median (interquartile range), or frequency counts. 
The time courses within and between groups were analyzed with repeat measures 
analysis of variance (Statistica 6.0) or Mixed Model (SAS). Logistic regression (SAS) 
was used to determine differences in cognitive impairment. The exact p value is 
given except when p<0.001 or p>0.2.  
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RESULTS 

Study I and II 

Patient Characteristics and Operative Data 
There were no major inter-group differences in baseline characteristics, Table 3 and 4 
nor in operative and postoperative data, Table 5 and 6. There was no stroke, acute 
renal failure or sternal infection during the hospital stay. There was one death, see 
below. No patient had major pneumothorax (>3 cm apical), lobular atelectasis or 
respiratory insufficiency. There was no difference in the number of patients requiring 
vasopressor drugs, inotropic drugs or intra aortic balloon pump (IABP). Two patients 
in the OFFCAB group had prolonged stays in the intensive care unit (ICU). One of 
these patients initially had a normal postoperative course. This patient died of sepsis 
and multiorgan failure after 60 days in the ICU due to intestinal perforation by 
placement of the mediastinal drainage. He received approximately 100 units of red 
blood cells. Another OFFCAB patient developed circulatory instability the day after 
surgery and received an intra aortic balloon pump. Coronary angiography showed 
thrombosis of the vein graft to the right coronary artery, which was subsequently 
stented. The remaining postoperative course for this patient was uneventful. 
 
Table 3. Patient characteristics, study I 

 ONCAB (n=29) OFFCAB (n=29) 
Female patients 6 (21%) 8 (28%) 
Age, median (years) 64 (61-68) 65 (62-68)  
Previous myocardial infarction 17 (59%) 10 (35%) 
Three vessel disease 20 (69%) 21 (72%) 
Left main stenosis 2 (7%) 4 (14%) 
Normal ejection fraction (>50%) 24 (83%) 27 (93%) 

Data presented as number of patients or median (interquartile range). 
 
Table 4. Patient characteristics, study II 
 ONCAB (n=25) OFFCAB (n=25) 

Female patients 6 (24%) 7 (28%) 
Age, (years) 63 (58-73) 66 (56-71)  
Three vessel disease 16 (64%) 17 (68%) 
Normal ejection fraction (>50%) 20 (80%) 24 (96%) 
Chronic obstructive pulmonary disease 1 (4%) 0 
Smoking (current or former) 16 (64%) 13 (52%) 

Data presented as number of patients or median (interquartile range). 
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Table 5. Operative data, study I 
 ONCAB (n=29) OFFCAB (n=29)  p 
Number of distal anastomoses/patient 3.2 (2.9-3.6) 3.0 (2.7-3.4)  >0.2 
Operation time (min) 174 (159-189) 184 (167-200)  >0.2 
CPB time (min) 69 (61-76)   
Cross-clamp time (min) 37 (32-42)   
Perioperative myocardial infarctions 0 1  >0.2 
Data presented as mean (95% confidence intervals) or total number. 
 
Table 6. Operative and postoperative data, study II 
 ONCAB (n=25) OFFCAB (n=25)   p 
Number of distal anastomoses/patient 3.1 (2.7-3.4) 3.0 (2.6-3.4)  >0.2 
Operation time (min) 173 (156-190) 180 (162-197)  >0.2 
CPB time (min) 66 (59-73)   
Cross-clamp time (min) 36 (30-41)   
Chest tube drainage (ml) 680 (590-770) 730 (630-834)  >0.2 
Right pleura opened during operation 0 4  0.1 
Treatment for obstructivity 2 3  >0.2 
CPAP treatment 3 2  >0.2 
Data presented as mean (95% confidence intervals) or number. CPAP, continuous 
positive airway pressure. 
 

Central and Systemic Hemodynamics  
In the OFFCAB patients stroke volume (SV, p=0.002) and cardiac index (CI, p=0.02) 
were higher, systemic vascular resistance index (SVRI, p=0.006) was lower and left 
ventricular stroke work index (LVSWI) tended (p=0.11) to be higher the first hours 
after surgery, Fig 5. 
SV decreased less in the OFFCAB group than in the ONCAB group between the 
measurement at baseline and 1 hour (p=0.01), and there was a similar tendency also 
at 4 hours (p=0.07). The measurements at 20 hours did not differ (p>0.2) between 
groups. CI increased more from baseline to the 1 hour measurement in the OFFCAB 
group (p=0.05). This difference was eliminated at 4 and 20 hours (p>0.2). SVRI 
decreased from baseline to 1 hour in the OFFCAB group, but increased in the 
ONCAB group (p=0.007 between groups). The groups did not differ at the two final 
measurements (p>0.2). More patients in the OFFCAB group (11 versus 6) received 
radial artery grafts and thus intravenous nitroglycerine infusion during the first 18-
24 postoperative hours. A subgroup analysis showed that this had no effect on the 
SVRI. 
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Fig 5. Derived hemodynamic parameters during the first 20 postoperative 
hours in patients randomized to ONCAB (n=29) or OFFCAB (n=29). 

 
There were no important differences between groups in mean arterial pressure 
(p=0.16), heart rate, central venous pressure, pulmonary capillary wedge pressure, 
mean pulmonary artery pressure, pulmonary vascular resistance index and right 
ventricular stroke work index (p>0.2 for all). 
 

Markers of Myocardial Damage 
The levels of both CK-MB (p<0.001) and troponin T (p<0.001) were lower in the 
OFFCAB group over time, after 1 hour (CK-MB p<0.001, troponin T p<0.001) and 
after 6 hours (CK-MB p=0.02, troponin T p<0.001), Fig 6. After 24 hours there was no 
difference between groups (p>0.2). 
 

  
 

Fig 6. CK-MB and Troponin T concentrations during the first 20 postoperative 
hours in patients randomized to ONCAB (n=29) and OFFCAB (n=29). 
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Blood Gas Analyses 
There were no differences between groups in arterial oxygen tension, a-v oxygen 
content difference, hematocrit or venous admixture (p>0.2 for all). Arterial oxygen 
content and hematocrit decreased (p<0.001) and venous admixture increased over 
time in both groups (p<0.001). 
 

Study III 

Patient Characteristics and Operative Data 
 
Table 7. Patient characteristics, study III 

 ONCAB (n=16) OFFCAB (n=21) 
Age, mean 66(61-70) 64(61-68) 
Three vessel disease 10(62%) 14(67%) 
Normal ejection fraction (>50%) 16(94%) 16(80%) 

Data presented as mean (95% confidence intervals) or number of patients. 
 
There were no major inter-group differences in baseline characteristics (Table 7) nor 
in operative and postoperative data, except for operation time (Table 8). There was 
no stroke, deep vein thrombosis, pulmonary embolism, acute renal failure or sternal 
infection during the hospital stay. No patient was on immunosuppressive treatment. 
All patients received acetylsalicylic acid until the day before surgery. 
 
Table 8. Operative and postoperative data, study III  
 ONCAB (n=16) OFFCAB (n=21)   p 
Number of distal 
anastomoses/patient (median) 

2.5 (2-3) 3 (2-3)  >0.2 

Operation time (min) 150 (130-177) 177 (146-208)  0.03 
CPB time (min) 57.5 (44-68)   
Cross-clamp time (min) 31.5 (24-38)   
Data presented as median (interquartile range) or total number. 
 

Leukocyte Counts 
The total number of leukocytes and hence neutrophils in peripheral blood was nearly 
doubled 24 hours after start of surgery compared to before the operation (paper III, 
Fig 1). This phenomenon was present independent of whether CPB was used or not 
(p>0.2). Monocyte counts were unchanged during operation but were significantly 
increased after 24 hours, with no differences between groups (p>0.2, paper III, Fig 1). 
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Neutrophil Activation 
The expression of CD35 was stable during operation, but was increased after 24 
hours in both groups. The ability to respond to TNF-α was decreased during the 
operation until the end of the operation and recovered at 24 hours. The response to 
fMLP was unchanged during and at end of operation, but was increased at 24 hours. 
There were no significant differences between groups (p>0.2, paper III, Fig 2). 
 
The expression of CD11b was stable during the operation but there was an increase 
at 24 hours in both groups. The mobilization of CD11b in response to in vitro 
stimulation did not differ between groups (p>0.2). The response to TNF-α was 
reduced during operation, but responsiveness was restored at 24 hours. fMLP 
stimulation revealed a decreased ability to respond at end of the operation in both 
groups. No restoration of fMLP-responsiveness was seen in any group (Paper III, Fig 
3). 
 
CD62L expression was similar in the two groups (p>0.2), with a slight increase 
during operation and a decrease at 24 hours (Paper III, Fig 4). 
 

Complement Activation 
In the OFFCAB group, C5a increased less during surgery and TCC increased less 
both during and after the operation, Fig 7. 
 

 
 

Fig 7. Plasma levels of C5a and TCC during and after ONCAB and OFFCAB. 
*p<0.05 compared to preoperatively; #p<0.05 between groups; ###p<0.005. 

 
 

Interleukins 
IL-6 levels increased during and after operation with a maximum after 4 hours in 
both groups with no differences between groups (p>0.2), Fig 8. There was an increase 
in IL-8 at the end of operation in both groups which remained at 24 hours. In the 
ONCAB group the increase could be seen also during surgery. 
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Fig 8. Plasma levels of IL-6 and IL-8 during and after ONCAB and OFFCAB. 
* p<0.05 compared to preoperatively. 

 

Study IV 
There were no major inter-group differences in baseline characteristics (Table 9). 
There was no stroke, deep vein thrombosis or pulmonary embolism during the 
hospital stay. No patient was on immunosuppressive treatment. All patients received 
acetylsalicylic acid until the day before surgery and had normal INR preoperatively. 
 
Table 9. Patient characteristics, study IV 
 ONCAB (n=14) OFFCAB (n=17) 
Age, mean 65 (60-70) 66 (62-69) 
Female patients 3 (21%) 4 (22%) 
Normal ejection fraction (>50%) 13 (93%) 15 (83%) 
Data presented as mean (95% confidence intervals) or number of patients . 
 
Table 10. Operative and postoperative data, study IV 
 ONCAB (n=14) OFFCAB (n=18)   p 
No of distal anastomoses/patient 3 (2-3) 3 (3-4) 0.21 
Operation time (min) 150 (131-175) 178 (145-208) 0.04  
CPB time (min) 60 (47-68)   
Cross-clamp time (min) 31 (25-37)   
Peroperative bleeding (ml) 625 (500-800) 700 (400-900) 0.97 
Postoperative bleeding (ml) 577 (360-630) 695 (620-880) 0.03 
Patients requiring RBC transfusion 2 8 0.12  
Patients receiving tranexamic acid 9 6 0.15 
Patients receiving desmopressin 2 1 0.57 
Hemoglobin at discharge (g/l) 100 (96-110) 107 (99-115) 0.14 
Data presented as median (interquartile range) or total number. RBC, Red blood 
cells. 
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Blood Loss, Re-explorations and Transfusions 
There was increased postoperative bleeding in the OFFCAB group, Table 10. There 
was no difference between groups in the number of patients receiving red blood cells 
(p=0.12), plasma (p=0.44) or platelets (p=0.49). One patient in the ONCAB group was 
re-explored for bleeding. There was no difference in the number of patients receiving 
fibrinolysis inhibitor (tranexamic acid (p=0.15)) or desmopressin (p>0.2) between 
groups. 
 

Plasma Cascade Systems 
D dimer and prothrombin fragment 1+2 (F1+2) concentrations were higher in the 
ONCAB group during the operation, but the difference was eliminated 4 hours 
postoperatively, Fig 9. 
 

 
 

Fig 9. D dimer and F1+2 concentrations during and after ONCAB and OFFCAB. 
* p<0.05 between groups. 

 
 
When analyzing these two parameters and the possible effect of the use of 
tranexamic acid irregardless of the use of CPB, we found no difference in the levels of 
F1+2 (p>0.2) whereas D Dimer was reduced by tranexamic acid (p=0.06). The 
concentrations of α2-macroglobulin, C1 inhibitor, fibronectin and von Willebrand 
Factor (VWF) did not differ between ONCAB and OFFCAB (p>0.2 for all). C1 
inhibitor and VWF increased over time in both groups (Table 11). 
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Table 11. Comparison of coagulation and fibrinolysis between ONCAB and OFFCAB.  
Parameter  before during end 4 h 24 h p - 

interaction 
ON 0.10 

0.03 
0.31 
0.08 

1.06 
0.23 

0.61 
0.16 

0.45 
0.13 

D dimer 
(mg/l) 

OFF 0.14 
0.03 

0.20 
0.08 

0.25 
0.24 

0.55 
0.16 

0.54 
0.13 

<0.001 

ON 1.18 
0.17 

3.97 
0.82 

6.00 
0.69 

3.06 
0.33 

1.96 
0.22 

F1+2 
(nmol/l) 

OFF 1.11 
0.16 

1.39 
0.80 

1.53 
0.67 

2.30 
0.32 

1.91 
0.21 

<0.001 

ON 1.46 
0.13 

1.51 
0.13 

1.47 
0.14 

1.37 
0.12 

1.37 
0.11 

α2-macro-
globulin 
(g/l) OFF 1.57 

0.12 
1.60 
0.12 

1.64 
0.13 

1.57 
0.11 

1.48 
0.10 

0.59 

ON 0.22 
0.01 

0.24 
0.01 

0.24 
0.01 

0.23 
0.01 

0.27 
0.01 

C1 inhibitor 
(g/l) 

OFF 0.23 
0.01 

0.24 
0.01 

0.25 
0.01 

0.25 
0.01 

0.27 
0.01 

0.28 

ON 0.40 
0.02 

0.39 
0.02 

0.41 
0.02 

0.40 
0.02 

0.40 
0.02 

Fibronectin 
(g/l) 

OFF 0.38 
0.02 

0.37 
0.02 

0.41 
0.02 

0.39 
0.02 

0.36 
0.02 

0.22 

ON 1.41 
0.15 

1.77 
0.16 

2.03 
0.18 

2.62 
0.18 

2.97 
0.21 

von 
Willebrand 
factor 
(IE/ml) 

OFF 1.26 
0.15 

1.43 
0.15 

1.61 
0.17 

2.39 
0.17 

2.83 
0.20 

0.69 

Data presented as mean (upper) and standard deviation (lower). 
 

Overall Hemostasis, Coagulation, and Fibrinolysis Potentials – Study IV 
After surgery OHP increased and OFP decreased with no difference between groups, 
Fig 10. OCP increased (p<0.001) without any difference between groups (p>0.2) 
(Paper IV, Table 3). 
 

Platelet Count 
Platelet count decreased (p<0.001) in both groups from preoperative values to the 
first postoperative day and increased (p=0.004) to the third postoperative day with 
no difference between groups (p>0.2). 
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Fig 10. Overall hemostasis potential and overall fibrinolysis potential during 
and after ONCAB and OFFCAB. 

 
 

Study V 

Patient Characteristics and Operative Data 
There were no major inter-group differences in baseline characteristics, Table 12. 
 
Table 12. Patient characteristics, study V 
 ONCAB (n=37) OFFCAB (n=33) 
Age, mean 65 (62-68) 65 (62-68) 
Female patients 6 (16%) 8 (22%) 
Age, female patients 65 (54-76) 66 (62-70) 
Level of education, High 4 (11%) 5 (15%) 
 Intermediate 13 (35%) 15 (45%) 
 Low 20 (54%) 13 (39%) 
Three vessel disease 23 (62%) 23 (70%) 
Normal ejection fraction (>50%) 27 (73%) 25 (76%) 

Data presented as mean (95% confidence intervals) or number of patients. Level of 
education was classed as follows: low – junior high school completed (age 16), 
intermediate – senior high school completed (age 19), high – university completed. 
 
Operative and postoperative data of Study V are summarized in Table 13. There was 
no death, stroke or TIA during the hospital stay or during the follow up period. No 
patient received IABP or inotropic drugs during the hospital stay. Two patients in 
the OFFCAB group and three patients in the ONCAB group received vasopressor 
drugs perioperatively. One patient in the OFFCAB group developed perioperative 
myocardial infarction according to the criteria mentioned above. One patient in the 
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ONCAB group developed sternal infection postoperatively and another ONCAB 
patient was readmitted to the intensive care unit and treated with ventilator due to 
pneumonia. 
 
Table 13. Operative and postoperative data, study V 
 ONCAB (n=37) OFFCAB (n=33) p 
Number of distal anastomoses/patient 3 (2-4) 3 (2-4) >0.2  
Operation time (min) 175 (130-194) 170 (160-193) >0.2   
CPB time (min) 67 (43-76)   
Cross-clamp time (min) 38 (23-43)   

Data presented as median (interquartile range) or total number. 
 

Conversion to On Pump and Missing Data 
Three patients had to be converted from OFFCAB to ONCAB because of technical 
difficulties in performing the anastomoses. They were treated as OFFCAB patients in 
the study according to “intention to treat”. Testing at 1 week was not completed by 4 
patients (2 ONCAB, 2 OFFCAB) due to postoperative complications), at 1 month by 5 
patients (3 ONCAB, 2 OFFCAB) and at 6 months by 8 patients (5 ONCAB, 3 
OFFCAB). Reasons for not completing the tests at 1 and 6 months were: moved out of 
the region 2, declined testing 5, and cancer diagnosis 1. 
 

Neuropsychological Performance and Cognitive Impairment 
In the Vocabulary subtest (from the WAIS-R, used as an index of preoperative 
cognitive function) OFFCAB patients tended to perform better: 13.2 (12.3-14.2) vs 12.2 
(11.3-13.0) (p=0.09). The rest of the preoperative test results were within normal 
range for this patient category. The results of the different tests are shown in detail in 
Table 14. 
Cognitive impairment was defined as a 20% reduction of the result in at least 20% 
(that is 2) of the main seven variables [55]. At 1 week postoperatively the incidence 
was 57% in the ONCAB group and 58% in the OFFCAB group, at 1 month 30% and 
12% and at 6 months 19% and 15% respectively (p for interaction 0.19, p for 
time<0.001). Because p for the interaction was not significant, we did not continue 
with post hoc analysis. 
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Table 14. Neuropsychological test results 

Test  Preoperatively 1 week 1 month 6 months P 
Digit Span 
forward 

ON 
OFF 

7.1 (6.3-7.8) 
7.4 (6.8-8.0) 

7.1 (6.6-7.6) 
6.7 (6.3-7.1) 

7.4 (6.9-7.9) 
7.5 (7.1-8.0) 

7.2 (6.5-7.8) 
7.2 (6.8-7.6) 

0.37 

Digit Span 
backward 

ON 
OFF 

5.6 (5.1-6.2) 
6.2 (5.6-6.7) 

5.5 (5.1-6.0) 
5.0 (4.5-5.6) 

5.8 (5.3-6.3) 
6.3 (5.8-6.8) 

6.2 (5.8-6.5) 
6.7 (6.2-7.3) 

0.03* 

Block Span 
forward 

ON 
OFF 

6.9 (6.3-7.6) 
7.2 (6.6-7.8) 

6.4 (5.9-6.9) 
6.7 (6.1-7.2) 

6.4 (5.9-6.9) 
7.4 (6.9-7.9) 

6.4 (5.9-7.0) 
7.1 (6.6-7.7) 

0.06 

Block Span 
backward 

ON 
OFF 

5.9 (5.2-6.5) 
6.6 (6.1-7.1) 

5.9 (5.5-6.4) 
5.5 (4.9-6.1) 

6.4 (6.0-6.8) 
6.4 (6.0-6.8) 

5.9 (5.5-6.3) 
6.2 (5.6-6.7) 

0.27 

Trail Making 
Test A 

ON 
OFF 

37 (31-42) 
34 (30-38) 

38 (34-41) 
34 (31-37) 

32 (30-35) 
29 (27-31) 

34 (32-37) 
32 (29-35) 

0.92 

Trail Making 
Test B 

ON  
OFF 

104 (86-122) 
82 (72-92) 

100 (93-107) 
102 (95-110) 

81 (76-86) 
88 (82-94) 

83 (74-92) 
84 (80-87) 

0.43 

Trail Making 
Test C 

ON  
OFF 

59 (49-69) 
54 (44-64) 

66 (53-79) 
57 (52-62) 

59 (52-66) 
48 (45-51) 

61 (53-68) 
48 (44-52) 

0.78 

Trail Making 
Test D 

ON 
OFF 

25 (20-30) 
19 (17-22) 

22 (19-24) 
23 (21-24) 

19 (17-21) 
21 (19-22) 

22 (20-24) 
20 (18-22) 

0.03* 

Digit Symbol 
90 seconds 

ON 
OFF 

36 (33-40) 
40 (37-44) 

35 (34-36) 
36 (34-38) 

41 (40-43) 
42 (40-45) 

39 (36-41) 
42 (41-44) 

0.11 

Digit Symbol 
A 

ON 
OFF 

5.0 (4.1-5.8) 
5.6 (4.8-6.4) 

6.3 (5.7-6.8) 
5.7 (5.1-6.3) 

6.1 (5.4-6.6) 
6.4 (5.8-7.1) 

6.0 (5.4-6.5) 
5.7 (5.2-6.2) 

0.06 

Digit Symbol 
free recall 

ON 
OFF 

7.1 (6.6-7.6) 
7.4 (6.8-7.9) 

7.7 (7.5-8.0) 
7.7 (7.3-8.1) 

7.6 (7.3-8.0) 
7.9 (7.5-8.2) 

7.6 (7.3-7.9) 
7.7 (7.3-8.0) 

0.53 

COWAT-
FAS 

ON 
OFF 

25 (22-27) 
30 (26-33) 

28 (26-29) 
27 (25-28) 

28 (27-30) 
28 (26-29) 

29 (27-31) 
30 (28-32) 

0.14 

Claeson-
Dahl 

ON 
OFF 

174 (150-198) 
151 (129-172) 

204 (189-219) 
190 (171-209) 

157 (143-172) 
154 (136-173) 

152 (132-172) 
148 (132-165) 

0.64 

Claeson-
Dahl 

ON 
OFF 

66 (59-73) 
63 (55-71) 

49 (43-55) 
55 (49-62) 

52 (47-58) 
54 (46-61) 

61 (55-67) 
66 (61-72) 

0.40 

Stat Form Y1 ON 
OFF 

66 (62-70) 
67 (63-72) 

69 (66-72) 
66 (61-71) 

71 (68-75) 
70 (66-74) 

68 (64-73) 
70 (66-74) 

0.18 

Geriatric 
Depression 
Scale 

ON 
OFF 

24 (22-25) 
24 (23-26) 

25 (24-26) 
24 (22-26) 

25 (23-26) 
25 (24-27) 

24 (22-26) 
25 (23-27) 

0.48 

Data presented as mean with 95% confidence intervals. p= interaction between 
groups over time. For references on the different tests, see Table 3. (h)=a higher 
value is a better result (for example a high score in anxiety means low level of 
anxiety) (l)=a lower value is a better result. * Post hoc analysis showed no difference 
at any time point, but a difference in trends. 
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DISCUSSION 

 
During the last decade, OFFCAB has become an alternative to ONCAB, and it has 
been suggested that OFFCAB may reduce complications. However, so far there is no 
general agreement concerning what role OFFCAB should play. 
 

Cardiovascular and Pulmonary Function - Study I and II 
The patients undergoing OFFCAB had better cardiovascular performance than those 
undergoing ONCAB immediately after surgery. This may be important because 
hemodynamic stability during the first few critical hours after cardiac surgery is 
important for the further postoperative course, for instance whether or not inotropic 
support or intra aortic balloon pump will become necessary.  
 
Systemic vascular resistance index (SVRI) was lower and cardiac index (CI) and 
stroke volume higher one hour after admission to the intensive care unit in the 
OFFCAB group. The improved cardiovascular performance may be due to a better 
cardiac function and/or peripheral vasodilation in the OFFCAB patients. This is in 
agreement with a lower incidence of low cardiac output syndrome in OFFCAB 
patients [77]. Cox et al [44] and Louagie et al [48] both report a trend towards less use 
of inotropic support after OFFCAB. However, even though OFFCAB patients needed 
less intropic support, Louagie et al [48] found no difference between ONCAB and 
OFFCAB in CI, left ventricular stroke work index, and SVRI. 
 
OFFCAB can also be performed safely in patients with left ventricular dysfunction 
[78]. In retrospect, patients with markedly reduced cardiac function ought to have 
been included in our study. 
 
No difference in pulmonary hemodynamics could be detected during the first 24 
hours. Two other investigators report no difference in pulmonary hemodynamics 
comparing ONCAB and OFFCAB [46, 48]. In one of these studies the number of 
peripheral anastomoses differed significantly between groups [48]. In our study 
number of distal anastomoses and grafting of the circumflex artery were equal. 
 

Release of CK-MB and troponin T was lower after 1 and 6 hours in the OFFCAB 
group. This is in agreement with the reports of other investigators. Ascione et al [21] 
find lower troponin I release at 1, 4, 12 and 24 h postoperatively; Kilger et al [79] find 
lower release of CK-MB up to 24 hours and of troponin I up to 36 hours after 
OFFCAB surgery, and van Dijk et al [39] find lower CK-MB levels up to 20 hours 
after OFFCAB. 
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It seems that OFFCAB reduces the release of myocardial enzymes, but not the 
incidence of myocardial infarctions (see Introduction). The reason for the difference 
in myocardial enzyme release is possibly related to the different modes of ischemia 
during surgery. In OFFCAB, one vessel at a time is closed, while during ONCAB the 
whole heart is ischemic during suturing of all the peripheral anastomoses. Whether 
this has any clinical significance is not yet verified. 
 
We found no difference in gas exchange between groups. Thus our study confirms 
that of Cox et al [44] who measured the alveolar-arterial oxygen gradient up to 6 
hours postoperatively in a randomized ONCAB versus OFFCAB study, and found 
no differences between groups. Cimen et al [47] performed blood gas analyses 
(partial arterial oxygen and carbon dioxid pressures, arterial pH, and hematocrit) 
and spirometry in ONCAB and OFFCAB patients without randomization. All 
parameters worsened, most prominently on the first postoperative day, but there 
were no differences between groups. 
 
In a randomized study, Kochamba et al [45] found an increased venous admixture 
immediately after surgery in ONCAB patients. In this study patients who required 
grafting to the circumflex area were excluded. This might have influenced the results, 
because the most profound effects on hemodynamics occur during grafting to the 
circumflex area. 
 
Tschernko et al [46] randomized patients to three groups: ONCAB with total vital 
capacity maneuver (lung inflation to 40 cm H2O three times before termination of 
CPB), ONCAB with no total vital capacity maneuver and OFFCAB. Venous 
admixture increased in all groups during and up to 4 hours after surgery, but 
increased significantly less in the OFFCAB group. The total vital capacity maneuver 
resulted in decreased shunting after termination of CPB and at the end of surgery, 
but not at extubation. In our study we made the last measurement in the morning the 
day after surgery. At this time point there were no differences between groups. In the 
Tschernko study [46] the last measurement was made 4 hours after extubation. 
 
One limitation of our study is that we did not investigate the presence or number of 
atelectases, for example with Computed Tomography. Neither did we measure lung 
function with spirometry, or pulmonary mechanics with compliance or airway 
pressure. There were no patients with severe pulmonary disease included in the 
study. Guler and colleagues [80] show that patients with severe chronic obstructive 
pulmonary disease have higher forced expiratory volumes two months after surgery 
if they are operated with OFFCAB. It may be that patients with preoperatively 
reduced lung function are more sensitive to the potentially damaging effects of CPB, 
and might benefit from OFFCAB. 
 
Our results suggest that it is anesthesia, mechanical ventilation, and surgical trauma, 
alone or in combination, that underlies venous admixture postoperatively and not 
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cardiopulmonary bypass per se. Schlensak and Beyersdorf [81] come to the same 
conclusion in an editorial discussing lung injury during CPB in general and our 
study in particular. 
 

Inflammation and Hemostasis - Study III 
 
We found less complement activation but no differences in leukocyte counts, neutro-
phil activation or cytokine response in OFFCAB compared to ONCAB patients. We 
also demonstrated a tendency towards decreased activation of both coagulation and 
fibrinolysis in the OFFCAB group. 
 
Many investigators have shown complement activation in conjunction with CABG 
and CPB. We detected elevated levels of C5a at the end of operation in both groups, 
but with a more rapid onset in the ONCAB group. Levels of C5a returned to normal 
after 4 hours. Ascione et al [21] showed increased levels of C5a 1 hour 
postoperatively in ONCAB patients as compared to OFFCAB. In a non-randomized 
study, Diegeler et al [27] found an increased level of C5a at the time of reperfusion in 
both ONCAB and OFFCAB patients which remained elevated after 4 and 24 hours in 
the ONCAB group, but normalized in the OFFCAB group. The conflicting results 
indicate that many aspects of CABG have an influence on complement activation and 
that ON- or OFFCAB settings must be chosen carefully to make useful comparisons. 
In addition, analysis of C5a is problematic because of its rapid binding to cell 
surfaces, which means that the circulating fraction is not necessarily representative of 
total C5a formation. A more useful marker for complement activation is the terminal 
complement complex, TCC, which has a longer half-life. Increased levels of TCC are 
an important sign of complete complement cascade activation. Both the soluble form 
of TCC and the membrane attack complex have important pathophysiological 
properties, and are believed to be important for ischemia/reperfusion induced tissue 
injury [22]. The levels of TCC increased in both groups, but the response was more 
rapid and pronounced in the ONCAB group. 
 
Total leukocyte counts did not differ between groups in our study although there 
was a clearly detectable increase the day after surgery in both groups. At end of 
surgery, there is an increase of neutrophils in the ONCAB, but not in the OFFCAB 
group in our study. This could be due to the faster onset of complement activation. 
C5a, in addition to being a direct mediator of inflammation, may induce release and 
synthesis of IL-8 from monocytes [82], and thus promote bone marrow release of 
neutrophils. Ascione et al [21] showed that the number of neutrophils differed 
significantly between ON- and OFFCAB, but this difference was only apparent 2-3 
days after surgery.  
 
The expression of CD11b did not increase during operation in either group in our 
study. This is in contrast to the results of Chello et al [83] who found increased levels 
in both ONCAB and OFFCAB. However, the onset of CPB has been shown to cause a 
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rapid increase, within 15 minutes, of CD11b expression on neutrophils with 
subsequent marginalization into tissues [84]. That being the case, we might not have 
detected the peak in activation seen by Chello and co-workers due to different 
sampling intervals. The expression of complement receptor 1, CD35, was also stable 
during operation in both groups. This was not unexpected since many similarities 
exist between these two receptors in terms of mobilization kinetics. CD62L increased 
significantly at the end of operation. This phenomenon usually precedes the 
shedding of CD62L from activated cells and the subsequent transmigration into 
tissue. After 24 hours, all markers showed signs of activation without any differences 
between groups. 
 
The inflammatory reaction in CABG with increased cytokine and interleukin levels 
might stimulate the production of oxygen free radicals. Matata et al [33] detected 
evidence of oxidative stress in ONCAB patients, but not in OFFCAB patients during 
operation. In contrast, we did not find any differences between on and off pump 
patients. This discrepancy can probably be related to the methods used. Our assay 
for oxidative burst detects leukocyte production of intracellular hydrogen peroxide 
intracellularly [85], while Matata and co-workers measured lipid hydroperoxides 
and protein carbonyls in plasma [33]. 
 

Interleukins 
IL-6 and IL-8 increased during surgery, with no difference between groups. Other 
investigators show no difference between ONCAB and OFFCAB patients in IL-6 
levels [27, 31, 86, 87]. This indicates that IL-6 release is elicited mainly by the surgical 
trauma and not CPB itself. Contrary to our findings, other investigators show higher 
concentrations of IL-8 in ONCAB compared to OFFCAB patients [21, 83]. The 
divergent results could be related to how CPB is conducted. Different settings in 
CPB, with different pump systems, priming solutions, cardioplegia etc, make it 
difficult to evaluate results from studies comparing ONCAB and OFFCAB. 
 

General Discussion - Inflammation 
Except for complement activation, we found no significant differences of 
inflammation. This suggests that factors other than CPB may be more important for 
the whole body inflammation. Since the beginning of cardiac surgery with CPB, 
extensive research has been conducted on the effects of CPB on inflammatory 
mediators, blood cells, and blood cascade systems. In the early days of cardiac 
surgery CPB probably had more damaging effects than it does with the equipment 
used today. Consequently, the “dark side” of CPB may be overestimated and the 
surgical trauma might be a more important contributing factor to the inflammatory 
response.  
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Hemostasis and Endothelial Markers – Study IV 
We demonstrated a tendency towards decreased activation of both coagulation and 
fibrinolysis during OFFCAB compared to ONCAB. For a stringent evaluation of the 
role of CPB on hemostasis, the level of heparinization would have to be 
standardized. However, we wanted to investigate these two surgical techniques in a 
way comparable to how they are performed in most centers.  
 
Hemostasis in ONCAB and OFFCAB has been investigated in a randomized study 
by Lo et al [88]. They also found increased F1+2 and D dimer levels in ONCAB. In 
non-randomized studies, Casati and colleagues [89] reported consumption of 
antithrombin and fibrinogen in both groups but plasminogen activation and D dimer 
formation was only present in the ONCAB group. Englberger and coworkers 
[90]found reduced activation of both coagulation and fibrinolysis in OFFCAB 
patients. 
 
Several investigators [91-93] have previously demonstrated increased levels of F1+2 
in patients undergoing cardiac operations with CPB. In our study the concentration 
of F1+2 increased in the ONCAB, but not in the OFFCAB group, indicating less 
activation of coagulation in the OFFCAB group in spite of them having received a 
lower dose of heparin. 
 
Higher D dimer levels during surgery indicate activation of fibrinolysis in the 
ONCAB group. This might be due to a primary activation of fibrinolysis by CPB or a 
secondary activation caused by coagulation during ONCAB. In addition, heparin has 
been reported to increase D dimer concentrations and a higher heparin dose might 
have increased the D dimer values. 
 
We found no difference in fibronectin concentrations over time or between groups. 
These results are in accordance with those of Vanek et al [94], who measured 
fibronectin in patients undergoing ONCAB surgery through a median sternotomy, or 
OFFCAB surgery through median sternotomy, or OFFCAB surgery through a left 
anterior small thoracotomy. No differences were found between groups or over time. 
However, an earlier study has demonstrated fibronectin consumption during CPB 
[95], but in this study fibronectin levels were not corrected for dilution and 
fibronectin consumption may have been overestimated. 
  
Von Willebrand factor (VWF) has been suggested as a marker of endothelial injury 
[96]. Valen and coworkers  [97] have shown increased levels of VWF during and after 
CPB. Lo et al [88] found no difference in VWF in patients undergoing OFFCAB 
versus ONCAB surgery. Our study indicated that the surgical trauma, not CPB, leads 
to increases in VWF. 
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Overall Hemostasis, Coagulation, and Fibrinolysis Potentials 

Measurements of overall hemostasis potential in plasma is a newly developed 
laboratory method [74, 75]. Overall hemostasis potential can be used to screen for 
immediate changes in the hemostatic system after administration of low molecular 
weight heparin (dalteparin, Fragmin) [98] as well as to detect hypercoagulative states 
[99]. This technique is interesting beyond the discussion concerning ONCAB and 
OFFCAB. It is potentially useful for a rapid and simple bedside evaluation of patients 
with hemostatic dysfunction. 

 
The present results further demonstrate the sensitivity of the overall hemostasis 
potential for monitoring the anticoagulant effects. Before surgery all patients had 
overall hemostasis potential levels within or slightly above the reference range. 
Because of heparin administration during surgery, overall hemostasis potential 
decreased to undetectable levels. When the effect of heparin was reversed through 
administration of protamine, overall hemostasis potential gradually increased and 
had at 4 hours returned to preoperative levels. However, this increase continued 24 
hours after surgery indicating a shift of hemostatic balance towards 
hypercoagulability. The decrease in overall hemostasis potential was accompanied 
by increased fibrinolysis (increase in overall fibrinolysis potential) during surgery. 
Twenty four hours postoperatively very low levels of overall fibrinolysis potential 
were observed. These findings may explain the increased overall hemostasis 
potential after heparin withdrawal. 
 

Tranexamic Acid, Platelets, and Postoperative Bleeding 
Tranexamic acid is a well-documented fibrinolytic inhibitor [100] used in many 
clinics. Tranexamic acid was not supposed to be used in our study, but unfortunately 
it was part of the routine of some surgeons. This only became evident when the 
study was finished. Analysis of subgroups with and without tranexamic acid 
demonstrated that the use of tranexamic acid did not have a decisive influence on 
our major findings. The number of patients receiving tranexamic was not different 
between the groups although there was a tendency towards more patients in the 
OFFCAB group receiving it. 
 
The platelet count decreased on the first postoperative day and increased from the 
first to the third postoperative day in both groups without any difference between 
groups. Lo et al [88] also showed a decrease in platelet count directly after surgery 
with an increase on the fourth postoperative day in both groups with no inter-group 
differences. As an indicator of platelet function, Lo et al [88] measured P-selectin and 
found no differences between groups. In a non randomized study, Casati et al [89] 
reported a decrease in platelet count during surgery and an increase 24 hours after 
surgery in the ONCAB and no important changes in the OFFCAB group. Moller et al 
[101]  demonstrated an increase in platelet activation after OFFCAB and a temporary 
platelet dysfunction in the ONCAB group. A limitation of our study was that we did 
not measure platelet function. 
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There is concern that OFFCAB leads to a hypercoagulation, which may affect graft 
patency. Several studies show good graft patency [66, 67, 102] but a meta-analysis 
show decreased vein graft patency [68] in patients who have undergone OFFCAB 
procedures. Our study does not indicate a difference in hypercoagulability within the 
first 24 hours. 
 
There was no inter-group difference in peroperative or postoperative bleeding or in 
the number of patients receiving red blood transfusions in study I, II, and III, 
although there was a tendency towards more postoperative bleeding in the OFFCAB 
group. In study IV and V there was similar peroperative, but increased postoperative 
bleeding in the OFFCAB group. Several prospective, randomized studies show 
reduced blood loss [38-40] in OFFCAB patients. In a meta-analysis fewer 
requirements for red blood cell transfusions were found after OFFCAB [9]. 
 

Cognitive Function after Surgery - Study V 
This prospective, randomized study did not show any significant difference between 
ONCAB and OFFCAB in low risk patients regarding cognitive function up to six 
months postoperatively. In both groups a decline in cognitive function was observed 
in almost 60% of the patients 1 week after surgery, with a remaining dysfunction in 
nearly 20% of the patients after 6 months. The incidence of dysfunction at one month 
(30% and 12% in ONCAB and OFFCAB respectively) suggests that there may be a 
clinically important difference in favor of OFFCAB. However, our study may not 
have sufficient power to show a significant difference. 
 
There have only been a few randomized studies on neuropsychological function 
comparing ON- and OFFCAB. Our study agrees with some and disagrees with 
others. Lee et al [58] found a better cognitive performance in the OFFCAB group in 1 
of the 7 cognitive tests (the Rey Auditory Verbal Learning Test) at 2 weeks and 1 year 
after surgery, but no difference in general cognitive decline (defined as a 20% 
impairment in 20% of the tests). However, the number of grafts was smaller in the 
OFFCAB group in that study. Lloyd et al [61] detected no difference in cognitive 
function at 12 weeks follow up. Patients in this study had mainly one- and two-vessel 
disease. Diegeler and colleagues [59] found less cognitive decline (Syndrom Kurtz 
Test was used) in OFFCAB patients seven days after surgery, but the patients were 
not followed any further. Zamvar et al [60] showed a lower incidence of cognitive 
decline in OFFCAB patients at 1 and 10 weeks postoperatively. As in our study, the 
Diegeler [59] and Zamvar [60] studies had mainly patients with three vessel disease 
and equal number of distal anastomoses. 
 
The largest study published so far [57] involved 142 ONCAB and 139 OFFCAB 
patients. They found no difference between groups in the number of patients with 
cognitive decline at 3 (29.2% in ONCAB and 21.1% in OFFCAB patients, p=0.15) and 
12 months (33.6% vs 30.8%, p=0.7). As in our study there was no difference in 
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cognitive decline between groups, but in the van Dijk study patients did not improve 
over time despite being low risk patients with mainly one and two vessel disease. 
All of the above mentioned randomized studies, like our study, mainly included low 
risk patients; frequently used exclusion criteria were recent myocardial infarction [57, 
60, 61], poor ventricular function [57, 61], reoperation [57, 58, 60, 61], previous 
cerebrovascular lesion [60, 61], renal dysfunction [58-61], and emergency operation 
[57, 59, 60]. Because of this selection of patients important differences might have 
gone undetected. In our study only patients with low risk of postoperative cerebral 
dysfunction were included, with no patients being above 80 years of age. Elderly 
patients are at high risk for neurological complications [51, 52] and an observational 
study [103] has demonstrated a reduced stroke incidence among octogenarians who 
have undergone OFFCAB compared to ONCAB surgery. 
 
There are other possible reasons for the lack of difference between groups. Other 
factors than CPB and aortic cannulation are potential causes of the cognitive 
dysfunction after CABG, for instance stress caused by surgical trauma, anesthesia, 
hypothermia, hospitalization, and changed cerebral blood flow. A study by 
Rasmussen and co-workers [104] showed that 14% of the patients had cognitive 
decline 3 months after major non-cardiac surgery regardless of whether they received 
regional or general anesthesia. In another study by the same group [105] on younger 
patients, 40 to 60 years, 19% had neuropsychological impairment one week after 
major abdominal or orthopedic surgery with general anesthesia compared with 4% 
in an age-matched control group (p<0.001). 
 
We used a side biting clamp for the central anastomoses and clamping of the aorta is 
associated with embolization [106] which may be associated with neuropsychological 
deficit [55]. The randomized studies mentioned above have all been conducted with 
a side biting clamp. In a study by Lev-Ran et al [107] the incidence of neurological 
complications decreased when the no aortic touch technique was used in OFFCAB 
patients. However, Calafiore et al [108] showed in a retrospective study that use of a 
side biting clamp in OFFCAB entails the same risk for transient ischemic attack and 
stroke as in patients in whom CPB, aortic cannulation, and cross-clamping were 
used. On the other hand a study by Bowles et al [109] demonstrated fewer micro 
emboli in OFFCAB than in ONCAB patients when a side biting clamp was used. 
 
Low cardiac output during suturing of distal anastomoses in OFFCAB might affect 
cognitive function postoperatively. In the Calafiore study [108], low output syn-
drome was identified as a strong risk factor for stroke and TIA in both ON- and 
OFFCAB patients. It is possible that this also affects cognitive function. Changes in 
cerebral cortical oxygenation had been demonstrated during OFFCAB [110].  
 
There are some limits to our study: The test examiner was not blinded to the surgical 
strategy. Differences might have also gone undetected due to our limited study 
population. Power analysis showed that 57 patients in each group would be needed 
(with the observed differences) to detect a 20% difference in cognitive dysfunction. 
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CONCLUSIONS 
 

In summary these studies suggest better cardiovascular performance during the first 
hours after OFFCAB versus ONCAB surgery in low risk patients, but we could not 
show a difference in pulmonary gas exchange. We found less complement activation 
and a tendency towards less activation of both coagulation and fibrinolysis in 
OFFCAB, compared to ONCAB patients. This indicates a reduced inflammatory and 
hemostasis response which could lead to an improved clinical outcome in these 
patients. Further, we could not show any difference in cognitive outcome between 
ONCAB and OFFCAB patients up to six months postoperatively although there was 
a tendency towards better cognitive function in OFFCAB patients one month after 
surgery. The present studies suggest that the importance of the surgical trauma and 
anesthesia may be underestimated in comparison to the effect of CPB. The present 
studies were performed in low risk patients. The minor differences or tendencies 
observed suggest that there might be subgroups of high risk patients that may 
benefit from OFFCAB. 
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