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CARDIAC SURGERY
Cardiac surgical procedures, such as coronary artery bypass grafting, are commonly 

performed worldwide1, with approximately 15,000 procedures annually in the 

Netherlands.2 Cardiac surgical procedures have a risk for postoperative complications, 

involving the heart and other organs such as the kidneys and lungs.3,4 Refinements 

in surgical procedures, anesthesia management, as well as cardiopulmonary bypass 

techniques have significantly reduced morbidity and mortality rates following 

cardiac surgery in the past decades.5-7 In addition, patient blood management and 

tailored perioperative fluid resuscitation are associated with improved postoperative 

outcome following cardiac surgery.8-10 Although nowadays mortality rates following 

uncomplicated cardiac surgery are low (1-5%)2, cardiac surgery remains associated 

with significant postoperative organ injury and dysfunction.3,12,13 With the increasing 

age, poor preoperative functional status of the cardiac surgical population, and 

increasing complexity of surgery, the risk of postoperative morbidity and mortality 

rises11,14,15, thereby challenging future perioperative cardiac surgical care. 

CARDIOPULMONARY BYPASS
The majority of cardiac surgical procedures is performed with the use of 

cardiopulmonary bypass, a heart lung machine with an extracorporeal circuit. This 

heart lung machine, combined with a cardioplegic arrest, in which the aorta is 

clamped and a potassium-containing solution is used to temporarly arrest cardiac 

activity, ensures a motionless and bloodless surgical field while maintaining systemic 

perfusion and oxygenation. During cardiopulmonary bypass, venous blood of the 

patient is drained into a reservoir and pumped through an oxygenator (artificial 

lung) for gas exchange. Oxygenated blood is subsequently returned into the arterial 

system of the patient. The heart lung machine temporarily takes over cardiac and 

pulmonary function.15  The onset of cardiopulmonary bypass exposes blood to foreign 

material and induces a systemic inflammatory response, as well as a sudden change 

from physiological to extracorporeal circulation. Moreover, changes in blood flow 

associated with the onset of cardiopulmonary bypass may include, amongst others, 

hemodilution, mild hypothermia, laminar flow and cardiac arrest. As a consequence, 

cardiopulmonary bypass is associated with endothelial activation and a systemic 

inflammatory response resulting in hemodynamic and metabolic alterations that 

affect organ perfusion and function. The use of cardiopulmonary bypass is therefore 

considered as risk factor for postoperative complications following cardiac surgery.
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Since its introduction in 1953, cardiopulmonary bypass modalities have undergone 

significant alterations, such as improved oxygenators and blood pumps, surface 

coating and miniaturized systems to improve biocompatibility and reduce 

hemodilution.16,17 Moreover, pulsatile flow during cardiopulmonary bypass was 

proposed to facilitate a more natural flow and shear force.18-20 To date, the effect 

of pulsatile flow during bypass on clinical outcome remains uncertain.21-24 Steroids 

were introduced as prophylactic strategy to attenuate the systemic inflammatory 

response. Despite multiple randomized controlled trials to investigate its potential 

beneficial effect on postoperative outcome, its use remains controversial.25-28 

To avoid systematic inflammation and hemodilution, surgical revascularization 

may, in some cases, also be performed on a beating heart without the use of 

cardiopulmonary bypass (off-pump surgery).29 However, this procedure requires a 

trained cardiac surgeon and concerns exist regarding graft patency compared to 

on-pump surgery.30-32 Due to these restrictions of off-pump surgery, most cases are 

performed with the use of extracorporeal circulation.

POSTOPERATIVE ORGAN DYSFUNCTION 
Cardiac surgery is associated with postoperative organ dysfunction, with the 

lungs and kidneys as most vulnerable organs due to cardiopulmonary bypass and 

perfusion disturbances, respectively.12,33,34 Although temporary postoperative organ 

dysfunction may have little clinical relevance, minor organ damage may induce 

an irreversible cascade leading to organ injury. Moreover, patients developing 

postoperative organ dysfunction are at increased risk for adverse long-term outcome 

and prolonged hospitalization, thereby significantly impacting health care costs.35-37 

POSTOPERATIVE PULMONARY DYSFUNCTION
Cardiac surgery affects pulmonary function and oxygenation through the use of 

anesthetic agents, alterations of chest wall mechanics as a result of sternotomy, 

blood transfusion and cardiopulmonary bypass.33,38,39 Pulmonary complications 

are frequently observed after cardiac surgery, ranging from transient hypoxemia 

(up to 40%), resulting from, for example, atelectasis or pneumonia, to respiratory 

failure (up to 10%).40,41 Depending on the severity of complications, these patients 

may require prolonged mechanical ventilation after surgery, which is associated 

with increased length of intensive care unit- and hospital stay and postoperative 

morbidity.33,36 Respiratory failure after cardiac surgery is associated with a 6-fold 

increase in mortality rate compared to patients without respiratory failure.40 In 

extreme situations, patients may develop acute lung injury or acute respiratory 
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distress syndrome (up to 3%), which is associated with increased mortality rates 

up to 50%.41,42 Risk factors of cardiac surgery associated respiratory failure include: 

female gender and age, obesity, diabetes, renal failure, hypertension, peripheral 

vascular disease, preoperative cardiac dysfunction, preoperative lung dysfunction 

(in particular COPD), blood transfusion, duration of cardiopulmonary bypass, 

emergency surgery, and reintervention.40,43

POSTOPERATIVE RENAL DYSFUNCTION
Cardiac surgery associated acute kidney injury mainly results from cardiopulmonary 

bypass-induced alterations in regional blood flow and renal vasomotor tone, 

decreasing renal oxygen tension.44,45 Although the prevalence of acute kidney injury 

following cardiac surgery decreased over the past years following improvements 

in perfusion strategies during cardiopulmonary bypass and surgical techniques45, 

acute kidney injury remains a serious concern following cardiac surgery.12,46,47 The 

prevalence of the most severe form, acute kidney injury requiring dialysis, is usually 

low (up to 4%).12,48 In contrast, milder forms of postoperative renal dysfunction are 

observed in a wide range of 5 to 53% of the patients, depending on cardiac surgical 

population and criteria used to define acute kidney injury.12,48,49 Acute kidney injury 

is the strongest risk factor for death in cardiac surgery.51 It was shown that even 

small changes in postoperative serum creatinine are an independent predictor for 

mortality.50,52 Mortality rates dramatically increase to 50-70% in patients with cardiac 

surgery induced acute kidney injury requiring renal replacement therapy.47,53 In 

addition to renal injury itself, ongoing postoperative aggravation of renal function 

may induce multiple organ dysfunction syndrome. Risk factors of cardiac surgery 

associated acute kidney injury include: female gender and age, preoperative 

cardiac dysfunction, peripheral artery disease, emergency surgery, reintervention, 

preoperative renal dysfunction (estimated glomerular filtration rate< 60 mL/min, 

creatinine > 2.1 mg/dL), insulin-dependent diabetes, preoperative anemia, cross-

clamp time, duration of cardiopulmonary bypass, and intraoperative red blood cell 

transfusion.

So far, the complex pathophysiology of cardiopulmonary bypass-associated 

postoperative organ dysfunction has hampered the identification of strategies to 

prevent or adequately treat these complications. Increasing our understanding of 

the underlying mechanisms involved in the development of complications following 

cardiopulmonary bypass is warranted to identify novel targets for therapeutic 

intervention.



16 CHAPTER 1

MICROCIRCULATORY PERFUSION AND OXYGENATION
Organ dysfunction following cardiac surgery with cardiopulmonary bypass is 

mainly ascribed to impaired tissue oxygenation resulting from microcirculatory 

dysfunction.44,54-56 The microcirculation consists of small blood vessels with a diameter 

up to 100 micrometer and includes venules, capillaries and arterioles. This network 

of small blood vessels is essential for the delivery of oxygen and nutrients to tissues 

and the removal of waste products from tissues to the blood. Oxygen delivery is 

dependent upon oxygen diffusion from red blood cells to tissues and convective 

determinants such as blood flow and viscosity.

Microcirculatory blood flow is regulated by many mechanisms in response to 

hemodynamic changes and local needs of tissues. During cardiopulmonary bypass, 

both convective and diffusive properties may be altered due to systemic inflammation, 

hypothermia, and haemodilution.57,58 As a consequence, a loss of hemodynamic 

coherence may be observed, meaning that correction of systemic hemodynamics may 

not result in correction of microcirculatory function. For example, fluid resuscitation 

may increase convective flow, but may not necessarily improve oxygen delivery at 

microcirculatory level. This uncoupling of macro- and microcirculation during cardiac 

surgery has been increasingly recognized since the introduction of microcirculatory 

monitoring techniques.59,60 Studying these microcirculatory alterations may increase 

our understanding of the pathophysiology underlying impaired postoperative organ 

dysfunction.

THE VASCULAR ENDOTHELIUM
An important component of the microcirculation is the endothelium. The 

endothelium covers the inner layer of all blood vessels, including the vessels of the 

microvasculature. The endothelium forms the physical barrier between the blood 

and tissues and is thereby literally positioned as central regulator of homeostasis. 

The endothelium tightly coordinates the passage of fluids, blood cells, and solutes 

to tissues and adapts its permeability in response to the demands of tissues. This 

dynamic regulation is important for allowing the uptake of nutrients and oxygen 

while limiting the extravasation of fluids under normal circumstances. In contrast, 

under inflammatory conditions, increased immune cell passage may be beneficial to 

counteract infectious threats and prevent local tissue damage.61 

MICROVASCULAR RESPONSE TO CARDIOPULMONARY BYPASS
The onset of cardiopulmonary bypass induces a systemic inflammatory response 

and activation of complement and coagulation systems, which is the result of 
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exposure of blood to the artificial surfaces of the extracorporeal system. Moreover, 

the acute shift to non-physiological laminar flow in addition to mild hypothermia 

and hemodilution causes a dramatic change in rheological characteristics of blood 

as well as a dilutional and consumptive coagulopathy.62 These cardiopulmonary 

bypass-associated factors lead to activation of the microvascular endothelium with 

increased endothelial permeability and capillary leakage as a result. The subsequent 

extravasation of fluids (vascular leakage) from the intravascular to the interstitial 

space lead to accumulation of fluids in tissues (edema).63 Edema formation is a well-

recognized contributor to postoperative organ dysfunction.64,65 In line with these 

findings, fluid overload following cardiopulmonary bypass serves as predictor for 

short-term outcome.66-68 It therefore appears likely that strategies aimed at reducing 

vascular leakage following cardiopulmonary bypass may improve postoperative 

organ function. Strategies to reduce postoperative edema may include preservation 

of endothelial barrier, for example via preservation of the endothelial coating known 

as the endothelial glycocalyx layer or via modulation of endothelial barrier receptors.

REGULATION OF ENDOTHELIAL BARRIER FUNCTION

THE ENDOTHELIAL GLYCOCALYX LAYER
The endothelium is covered with a negatively charged gel-like layer composed 

of proteoglycans and glycoproteins that bind several soluble components such 

as anticoagulant mediators. The glycocalyx dynamically adapts its composition 

and thickness depending on local needs and thereby plays an important role in 

maintaining microvascular homeostasis.69 The onset of cardiopulmonary bypass 

results in acute degradation of the endothelial glycocalyx70,71 and is known to 

affect microcirculatory flow.72-75 It is suggested that endothelial glycocalyx damage 

may predispose loss of vascular leakage and microcirculatory perfusion (Figure 

1). Degradation of negatively-charged endothelial glycocalyx components affect 

rheology and protein binding and increases vascular permeability. However, the 

contribution of endothelial glycocalyx damage to acute microcirculatory perfusion 

disturbances upon onset of cardiopulmonary bypass is unknown. Amongst other 

effects, degradation of the endothelial glycocalyx layer increases accessibility of 

circulating mediators to endothelial barrier receptors.

THE ANGIOPOIETIN-TIE2 SYSTEM
The Tie2 receptor is widely expressed on the vascular endothelium and regulates 

vascular stability. Angiopoietin-1 to angiopoietin-4 are known ligands of the 



18 CHAPTER 1

endothelial Tie2 receptor, of which angiopoietin-1 and angiopoietin-2 are most 

studied. Angiopoietin-1 is expressed in pericytes and constitutively released. 

Angiopoietin-1-Tie2 signaling inhibits inflammatory signaling and adhesion 

molecule expression and promotes endothelial barrier protective signaling. In 

contrast, angiopoietin-2 is released during inflammation from Weibel-Palade 

bodies and mediates vascular instability (Figure 1). The importance of angiopoietin-

2-Tie2 signaling in inflammation-associated endothelial barrier dysfunction and 

vascular leakage has been emphasized in the past years.76,77 Increased circulating 

angiopoietin-2 following cardiac surgery is associated with positive postoperative 

fluid balance, duration of mechanical ventilation and length of stay in the intensive 

care unit.66,78-80 Interfering with the angiopoietin-Tie2 axis appears promising in 

several models of critical illness82-85, however, whether angiopoietin-Tie2 signaling 

contributes to loss of microcirculatory perfusion following cardiopulmonary bypass 

remains to be investigated.

THE THROMBIN-PAR1 SYSTEM
Besides inducing a pro-inflammatory state, cardiopulmonary bypass is associated 

with excessive thrombin generation, which in turn leads to consumption of 

coagulation.86,87 Cellular activation by thrombin is primarily mediated by protease-

activated receptors (PARs), which are present on both platelets and endothelial 

cells.88,89 As a result, thrombin generation following cardiopulmonary bypass is 

associated with activation of coagulation and increased vascular permeability 

through endothelial activation.86,89-91 Thrombin may therefore be an important 

regulator of cardiopulmonary bypass-associated vascular leakage and a contributor 

to postoperative organ dysfunction (Figure 1).92

THERAPEUTIC INTERVENTIONS
There are 3 major categories of interventions that may result in improved 

postoperative organ function: Surgical refinement, optimization of extracorporeal 

circulation and pharmacological interventions. Among surgical refinements, a 

reduction in perioperative blood loss to reduce volume fluxes and minimization 

of surgical trauma and aortic clamp time may contribute to limited hemodilution, 

maintaining body temperature and perfusion, which all contribute to preservation of 

organ function. Optimization of extracorporeal circulation includes biocompatible 

circuit coating, minimization of prime volume, reduction of cardiopulmonary bypass 

time, and the introduction of centrifugal pumps and closed venous reservoirs to 
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prevent blood-air contact. Among pharmacological interventions, the use of 

antifibrinolytic agents, such as aprotinin or lysine analogues such as tranexamic acid, 

improve perioperative hemostatic balance and reduce transfusion requirements and 

transfusion related organ injury. Because of their wide mechanism of action, these 

antifibrinolytic agents may provide additional benefits through reduction of systemic 

inflammation and platelet preservation. The use of steroids to reduce systemic 

inflammatory activation remains debatable as its beneficial effect on postoperative 

morbidity remains uncertain. Therefore, identification of new pharmacological 

interventions to reduce postoperative morbidity is warranted.

Figure 1. Schematic representation of the effects of angiopoietin-Tie2 and thrombin-PAR1 signaling on 
endothelial barrier function. 

In quiescence (A), the endothelial layer is covered by a thick glycocalyx layer which reduces contact of 
circulating blood cells to the endothelium. Moreover, angiopoietin-1 (Ang-1) is constitutively released 
from pericytes and activates the Tie2 receptor on endothelial cells. Activation of Tie2 strengthens 
endothelial barrier function. In contrast, onset of cardiopulmonary bypass (B) leads to acute degradation 
of the endothelial glycocalyx layer. Also, thrombin and angiopoietin-2 (Ang-2) are generated and lead to 
increased endothelial permeability via activation of protease activated receptor 1 (PAR1) and inhibition 
of Tie2.
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MONITORING ENDOTHELIAL BARRIER REGULATION
Studying the role of the endothelium in microcirculatory perfusion disturbances is 

challenging in clinical setting and is mostly limited to measurement of concentrations 

of mediators in patient blood samples. In contrast to the clinical setting, the use 

of cultured endothelial cells in the laboratory allows visualization of endothelial 

cell structures and quantification of barrier function. Within the current thesis we 

therefore used a translational approach combining in vitro cell culture studies, animal 

models and patient studies, to clarify the role of the endothelium on microcirculatory 

perfusion disturbances following cardiac surgery with cardiopulmonary bypass.

CLINICAL MONITORING OF MICROCIRCULATORY PERFUSION
Clinical assessment of microcirculatory perfusion can be performed using side stream 

dark field imaging, a non-invasive handheld video microscope technique. This video 

microscope is connected to a laptop computer and immediately visualizes the 

microvasculature at the bed-side (Figure 2). The general principle of this technique 

is that green light is emitted, which is absorbed by hemoglobin carrying flowing red 

blood cells, thereby indirectly visualizing vascular structures.93-95 Clinical measurement 

of microcirculatory perfusion using this technique is commonly performed in the 

sublingual area, as exposure of other vascular beds requires invasive procedures.

Figure 2. Measurement of sublingual microcirculatory perfusion in patients. 

A handheld video microscope connected to a laptop computer directly visualizes the sublingual 
microvasculature (A). Representative example of a screenshot of a sublingual video recording of a cardiac 
surgery patient before surgery (B).
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EXPERIMENTAL MONITORING OF MICROCIRCULATORY PERFUSION
Using animal models, however, we can measure microcirculatory perfusion in several 

microvascular beds. Changes in microcirculatory perfusion can be measured in the 

cremaster muscle using intravital microscopy (Figure 3 A+B) and in the kidney using 

contrast enhanced ultrasound (Figure 3 C+D).

Figure 3. Measurement of microcirculatory perfusion during experimental cardiopulmonary bypass. 

Isolated and prepared rat cremaster muscle for intravital microscopy (A) and an intravital microscopy 
image of capillaries of cremaster muscle (B). Experimental set-up for measurement of renal perfusion 
using contrast enhanced ultrasound (C) and an image of the renal cortex as region of interest obtained 
using contrast enhanced  ultrasound (D).



22 CHAPTER 1

HYPOTHESIS

The hypothesis in the current thesis is that disturbances in microcirculatory 

perfusion result from endothelial barrier dysfunction and subsequent microvascular 

leakage following cardiopulmonary bypass. We hypothesize that cardiac surgery 

with cardiopulmonary bypass-associated postoperative pulmonary and renal 

injury may result from persistent microvascular failure irrespective of changes in 

systemic hemodynamics. We hypothesize that cardiopulmonary bypass impairs 

microvascular endothelial barrier function leading to perivascular edema. 

Interstitial fluid accumulation and subsequent increased interstitial pressure 

causes a capillary collapse and may hamper recovery of microcirculatory perfusion 

following cardiopulmonary bypass, resulting in renal and pulmonary injury (Figure 

4, left). Stimulation of endothelial barrier-protective signaling, before the start of 

cardiopulmonary bypass, may reduce microvascular leakage and thereby preserve 

microcirculatory perfusion and organ function (Figure 4, right).

Figure 4. Hypothesis. Cardiopulmonary bypass is associated with a systemic inflammatory response and 
endothelial activation leading to barrier disruptive signaling and increased endothelial permeability. 
Subsequent fluid extravasation leads to a microvascular collapse and impaired organ perfusion and tissue 
oxygenation and subsequently impaired function (left). Stimulation of barrier protective signaling before 
onset of cardiopulmonary bypass may improve endothelial barrier function and reduce microvascular 
leakage and thereby preserve microcirculatory perfusion and renal and pulmonary function (right).
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AIMS

The aim of this thesis is to evaluate the effect of cardiopulmonary bypass on 

microcirculatory perfusion, renal and pulmonary endothelial barrier function and 

edema formation and renal injury. In addition, we investigate whether reduction of 

microvascular leakage and edema improves microcirculatory perfusion following 

cardiopulmonary bypass. Specifically, we will address:

• The impact of cardiopulmonary bypass on microcirculatory perfusion in patients 

and animals.

• The course of microcirculatory perfusion following cardiopulmonary bypass in 

patients and animals.

• The contribution of endothelial glycocalyx integrity on cardiopulmonary bypass-

associated microcirculatory perfusion disturbances in patients.

• In vitro renal and pulmonary endothelial response following cardiopulmonary 

bypass.

• In vivo renal and pulmonary vascular leakage and edema formation following 

cardiopulmonary bypass.

• The effect of preventive pharmacological strengthening of the microvascular 

endothelial barrier via modulation of endothelial receptor Tie2 or PAR1 on 

vascular leakage and edema formation following experimental cardiopulmonary 

bypass.

• The effect of preventive pharmacological strengthening of the microvascular 

endothelial barrier via modulation of endothelial receptor Tie2 or PAR1 on 

endothelial structure, microcirculatory perfusion and organ injury following 

experimental cardiopulmonary bypass.
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OUTLINE OF THE THESIS

Chapter 2 provides an overview of the impact of cardiac surgery with cardiopulmonary 

bypass on sublingual microcirculatory perfusion. Specifically, we evaluated perioperative 

trends of all microcirculatory perfusion parameters. In addition, we discussed the effect 

of several cardiopulmonary bypass related factors on these parameters.

In chapter 3, we investigated the postoperative course of microcirculatory perfusion 

alterations and glycocalyx integrity in patients undergoing cardiac surgery with 

cardiopulmonary bypass.

In chapter 4, we evaluated whether mimicking the endothelial glycocalyx surface 

on cardiopulmonary bypass systems would improve sublingual microcirculatory 

perfusion following cardiac surgery, by comparing the use of a glycocalyx-like 

coated circuit (heparin coated circuit) to a phosphorylcholine coated circuit during 

cardiopulmonary bypass in patients undergoing cardiac surgery.

Endothelial hyperpermeability is suggested to predispose and contribute to 

microcirculatory perfusion disturbances following cardiopulmonary bypass. In 

chapter 5, we evaluated renal and pulmonary endothelial permeability by using 

plasma from patients undergoing cardiac surgery with cardiopulmonary bypass with 

an in vitro bioassay for endothelial barrier function.

In chapter 6, we evaluated the literature on pharmacological agents that have been 

used to reduce cardiopulmonary bypass-associated edema formation. Moreover, we 

investigated organ-specific responses to these different pharmacological agents.

In chapter 7, we investigated whether pharmacological activation of the endothelial 

Tie2 system reduced vascular leakage and improved microcirculatory perfusion in an 

experimental model of cardiopulmonary bypass.

In chapter 8, we investigated whether modulation of thrombin/PAR1 signaling using 

aprotinin improved renal perfusion and function. Specifically, we evaluated whether 

preservation of renal endothelial integrity and reduction of renal edema affected 

renal perfusion and renal injury following experimental cardiopulmonary bypass.

In chapter 9, we provide a general conclusion and discussion for the present thesis. 
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