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ENGLISH SUMMARY

Onset of cardiopulmonary bypass during cardiac surgery causes a sudden shift in 

systemic flow patterns and is associated with contact activation and the induction 

of a systemic inflammatory response. This  leads to disturbances in microcirculatory 

perfusion that are thought to contribute to tissue hypoperfusion and postoperative 

morbidity. To date, treatment strategies to preserve or restore microcirculatory 

perfusion are lacking. Identification of new therapeutic strategies is challenging 

as microcirculatory capacity cannot be deduced from changes in macrocirculatory 

parameters and as underlying pathophysiological mechanisms remain incompletely 

understood.

In this thesis, we investigated the extent and postoperative course of disturbances 

in microcirculatory perfusion profiles following cardiac surgery with cardiopulmonary 

bypass. Furthermore, we explored potential pathophysiological mechanisms 

underlying cardiopulmonary bypass-induced microcirculatory perfusion disturbances, 

in which we proposed the microvascular endothelium to be a central regulator. 

Using a translational approach, we investigated the impact of cardiopulmonary 

bypass on microvascular endothelial barrier function and microcirculatory perfusion 

and questioned whether preservation of microvascular endothelial barrier during 

cardiopulmonary bypass would reduce microvascular leakage and thereby preserve 

microcirculatory perfusion.

First, we investigated whether the use of biocompatible coating systems would 

protect the endothelial glycocalyx in order to preserve microvascular barrier function 

and improve microcirculatory perfusion and -recovery following cardiopulmonary 

bypass. Secondly, we investigated microvascular integrity and endothelial barrier 

function following cardiopulmonary bypass using an in vitro assay. 

To further explore the relationship between cardiopulmonary bypass-associated 

endothelial hyperpermeability and microcirculatory perfusion disturbances, we 

used an experimental model of cardiopulmonary bypass to assess microcirculatory 

perfusion and edema formation in several organs.  Lastly, using an animal model of 

cardiopulmonary bypass, we investigated whether direct modulation of endothelial 

receptors would improve endothelial barrier function, reduce microvascular leakage 

and edema formation and thereby improve microcirculatory perfusion and organ 

function following cardiopulmonary bypass. 
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Chapter 1 provides a general introduction describing the use of cardiopulmonary 

bypass during cardiac surgery and its effect on -associated morbidities. We also 

introduced the concept of microvascular failure following cardiopulmonary bypass. 

Moreover, we highlighted mechanisms (endothelial glycocalyx integrity, and 

thrombin-PAR1- and angiopoietin-Tie2 signaling) involved in the regulation of the 

endothelial barrier.

PART I - MICROCIRCULATORY PERFUSION DISTURBANCES 
FOLLOWING CARDIOPULMONARY BYPASS

To increase our understanding concerning the effect of cardiopulmonary bypass on 

microcirculatory perfusion, we evaluated available evidence. Chapter 2 provides an 

overview of available studies that investigated the effect of cardiopulmonary bypass 

on sublingual microcirculatory perfusion in patients undergoing cardiac surgery. In 

addition, several cardiac surgery and cardiopulmonary bypass associated factors 

are discussed that may influence microcirculatory perfusion, such as anesthesia, 

cardiopulmonary bypass flow patterns, and hemodilution. We observed that 

cardiopulmonary bypass during cardiac surgery mainly impairs microcirculatory flow 

patterns, while maintaining overall microvascular density. We concluded that this 

heterogeneity in microvascular flow affects local oxygen offloading and extraction, 

thereby contributing to tissue hypoperfusion and organ dysfunction following 

cardiopulmonary bypass. 

As microcirculatory perfusion disturbances are considered responsible for 

postoperative organ damage, we hypothesized that these microcirculatory perfusion 

disturbances would persist in the first postoperative days. To answer this question, 

we investigated the postoperative course of cardiopulmonary bypass-associated 

microcirculatory perfusion disturbances. In chapter 3, we evaluated the effect of 

cardiopulmonary bypass on sublingual microcirculatory perfusion and endothelial 

glycocalyx integrity using side stream darkfield imaging in patients undergoing 

cardiac surgery. We observed that cardiopulmonary bypass-induced microcirculatory 

perfusion disturbances persist at least three days following cardiac surgery. We also 

observed that glycocalyx integrity did not recover in the first postoperative days 

after surgery. These results indicate a prolonged alteration of microvascular function 

following cardiopulmonary bypass.
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Degradation of endothelial glycocalyx following onset of cardiopulmonary bypass 

is suggested to precede impairment in microcirculatory function and perfusion. 

However, whether preservation of endothelial glycocalyx during cardiopulmonary 

bypass would protect microcirculatory perfusion remained unknown. In chapter 4, 

we investigated whether preservation of the endothelial glycocalyx layer by using two 

different biocompatible coating systems would improve microcirculatory perfusion 

following cardiopulmonary bypass. We hypothesized that the use of a heparin-coated 

cardiopulmonary bypass circuit resembles the endothelial glycocalyx more closely, 

thereby preserving endothelial glycocalyx integrity and microcirculatory perfusion, 

in contrast to phosphorylcholine coated circuits. Despite preservation of endothelial 

glycocalyx integrity using heparin-coated circuits during cardiopulmonary bypass, 

microcirculatory perfusion was equally impaired in both groups. Although loss of the 

endothelial glycocalyx during cardiopulmonary bypass may contribute to alterations 

in microcirculatory perfusion, preservation of endothelial glycocalyx was not sufficient 

to preserve microcirculatory perfusion during cardiac surgery with cardiopulmonary 

bypass.

As preservation of endothelial glycocalyx was proven not sufficient to preserve 

microcirculatory perfusion during cardiopulmonary bypass, we further explored 

the effect of cardiopulmonary bypass on microvascular endothelial barrier function. 

Previous studies suggested an important regulatory role of the angiopoietin-

Tie2 system in inflammatory and cardiopulmonary bypass associated endothelial 

hyperpermeability and vascular leakage. We therefore investigated whether 

cardiopulmonary bypass-associated endothelial hyperpermeability corresponded 

to circulating angiopoietin-2 levels and microcirculatory perfusion disturbances in 

patients. In chapter 5, we evaluated the postoperative course of cardiopulmonary 

bypass-associated endothelial permeability using an in vitro endothelial bioassay. 

Renal and pulmonary endothelial monolayers were exposed to plasma from 

patients that underwent cardiac surgery with cardiopulmonary bypass. We showed 

a plasma-induced and cell-type specific in vitro renal and pulmonary endothelial 

hyperpermeability. This effect was observed in all samples taken within the first three 

postoperative days. Moreover, these effects corresponded to increased circulating 

angiopoietin-2 levels and were associated with in vivo microcirculatory perfusion 

disturbances in corresponding patients. These results suggest that angiopoietin-2 

may be used as biomarker for endothelial hyperpermeability and may contribute to 

delayed recovery of postoperative microcirculatory perfusion disturbances following 

cardiac surgery with cardiopulmonary bypass.
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PART II - REDUCTION OF MICROVASCULAR LEAKAGE TO 
PROTECT MICROCIRCULATORY PERFUSION FOLLOWING 
CARDIOPULMONARY BYPASS

The second part of this thesis focused on whether prevention of endothelial 

hyperpermeability and edema formation following cardiopulmonary bypass would 

improve microcirculatory perfusion. In chapter 6, we evaluated the effect of vascular 

leakage-preventing therapeutic agents to reduce edema following cardiopulmonary 

bypass. We performed a systematic review and meta-analysis of clinical and preclinical 

studies. Inhibition of neutrophil infiltration and direct modulators of endothelial 

barrier function (protease activated receptor-1 (PAR1), Tie2 signaling) appeared 

most effective in reducing edema formation, in particular pulmonary edema. To 

effectively reduce postoperative edema in all vital organs following cardiopulmonary 

bypass, we suggest a combination of reducing systemic inflammation and neutrophil 

infiltration as well as direct modulation of vascular endothelial barrier receptors.

As a proof of concept study, we first explored whether reduction of microvascular 

leakage following cardiopulmonary bypass could improve microcirculatory perfusion. 

In chapter 7, we used a rat model of cardiopulmonary bypass to investigate 

whether activation of endothelial Tie2 using vasculotide, an angiopoietin-1 mimetic, 

would reduce cardiopulmonary bypass-induced vascular leakage and preserve 

microcirculatory perfusion. Cardiopulmonary bypass induced pulmonary and 

renal vascular leakage, and reduced perfused capillaries in the cremaster muscle 

determined by intravital microscopy. Rats pretreated with vasculotide showed 

a reduction in pulmonary vascular leakage following cardiopulmonary bypass 

compared to control animals, however, only a trend in reduced vascular leakage in 

kidneys was observed. In addition, pretreatment with vasculotide before onset of 

cardiopulmonary bypass completely preserved cremaster microcirculatory perfusion. 

We concluded that vasculotide pretreatment could reduce vascular leakage following 

cardiopulmonary bypass and thereby preserve microcirculatory perfusion. However, 

activation of endothelial Tie2 was not sufficient to fully prevent pulmonary and renal 

vascular leakage, which may require an additional or other strategy.

So far, we observed that reduction of microvascular leakage via activation of Tie2 

improved microcirculatory perfusion in the cremaster muscle, but was not sufficient 

to prevent renal edema. Based on our hypothesis that preservation of organ 

perfusion would rely on prevention of organ edema, we decided to further explore a 
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different signaling pathway. In chapter 6, we identified that modulation of thrombin-

induced activation of endothelial PAR1 may provide a promising treatment strategy 

to reduce edema formation. As organ-specific responses to therapeutic strategies 

were observed, we used an additional measurement technique to asses renal 

perfusion. In chapter 8, we investigated whether inhibition of thrombin-induced 

activation of PAR1 using aprotinin protects renal perfusion and function in a rat 

model of cardiopulmonary bypass. We hypothesized that cardiopulmonary bypass 

would reduce renal perfusion and subsequently induce renal injury. Moreover, 

we hypothesized that aprotinin would preserve renal endothelial structure and 

reduce vascular leakage via inhibition of endothelial PAR1. Cardiopulmonary 

bypass immediately decreased cremaster microcirculatory perfusion, followed by a 

reduction in renal perfusion one hour after weaning from cardiopulmonary bypass. 

Treatment with aprotinin recovered microcirculatory perfusion in the cremaster 

muscle after weaning from cardiopulmonary bypass. Moreover, aprotinin preserved 

renal endothelial integrity, and reduced fluid requirements and renal edema 

formation. However, aprotinin treatment was not able to improve renal perfusion or 

reduce renal injury following cardiopulmonary bypass compared to untreated CPB 

rats, underlining organ-specific microvascular responses to cardiopulmonary bypass.

In chapter 9, the general conclusions of the thesis are formulated and the main 

findings of the thesis are discussed. In addition, we address methodological 

considerations and future perspectives. 


