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Cardiopulmonary bypass during cardiac surgery impairs microcirculatory 

perfusion, which is thought to contribute to postoperative morbidity. The relevant 

pathophysiological mechanisms are not well understood and treatment strategies to 

preserve microcirculatory perfusion following cardiopulmonary bypass are warranted. 

Therefore, clarification of the mechanisms underlying microcirculatory perfusion 

disturbances are essential for the identification of novel treatment strategies.

The endothelium covers the inner layer of the microvasculature thereby forming the 

physical barrier between the blood and organs. Based on its strategic location, the 

endothelium is proposed to play a central role in regulating local microcirculatory 

perfusion. Disruption of the endothelial barrier and subsequent microvascular 

leakage may contribute to microcirculatory perfusion disturbances following cardiac 

surgery with cardiopulmonary bypass. In the current thesis, we either activated or 

inhibited endothelial receptors involved in barrier regulation, in order to reduce 

vascular leakage and thereby preserve microcirculatory perfusion following 

cardiopulmonary bypass.

In the first part of the thesis, we studied the extent and postoperative course of 

microcirculatory perfusion disturbances in patients undergoing cardiac surgery 

with cardiopulmonary bypass using non-invasive imaging techniques. We also 

investigated the effect of different types of cardiopulmonary bypass coating 

systems on endothelial glycocalyx, covering the microvascular endothelium, and its 

contribution to disturbances in microcirculatory perfusion. 

In the second part of the thesis, an in vitro study was used to evaluate the effect 

of plasma from cardiac surgery patients exposed to cardiopulmonary bypass on 

renal and pulmonary endothelial barrier function. Finally, in an animal model of 

cardiopulmonary bypass we assessed the effect of modulators of endothelial barrier 

receptors on microvascular leakage and edema formation. Intravital microscopy 

and contrast enhanced ultrasound were used to evaluate whether reduction 

of microvascular leakage affect microcirculatory perfusion profiles following 

cardiopulmonary bypass.
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DISCUSSION

I - MICROCIRCULATORY PERFUSION DISTURBANCES 
FOLLOWING CARDIOPULMONARY BYPASS PERSIST IN THE 
POSTOPERATIVE PERIOD

Although microcirculatory perfusion was suggested to be impaired following 

cardiopulmonary bypass during cardiac surgery, the extent and postoperative course 

of these disturbances were unclear. When reviewing the current literature (chapter 
2), we confirmed that cardiopulmonary bypass during cardiac surgery severely 

reduces microcirculatory perfusion. When comparing sublingual microcirculatory 

parameters, we found that perfused microvascular density and the proportion of 

perfused microvessels were mainly altered following cardiopulmonary bypass. In 

contrast, total microvascular density remained unaltered (chapter 2). These results 

indicate that cardiopulmonary bypass not necessarily reduces the overall amount 

of microvessels, but mainly affects microvascular flow patterns. Heterogeneity 

in microvascular flow may result from the cardiopulmonary bypass associated 

hemodilution and drop in systemic blood pressure, affecting vascular resistance 

and microcirculatory convective flow. Furthermore, endothelial hyperpermeability 

and edema formation may further aggravate microvascular flow patterns. Increased 

interstitial pressure following edema formation affects microcirculatory diffusive 

capacity and may potentially also cause a microvascular collapse. The subsequent 

heterogeneity in microvascular flow hampers adequate waste removal and affects 

oxygen offloading1, thereby contributing to tissue hypoperfusion and organ injury. 

In line with this hypothesis, we showed that these microcirculatory perfusion 

disturbances persisted throughout at least the first postoperative days (chapter 3). 

Persistent impairment of microcirculatory perfusion in the postoperative period may 

cause tissue hypoperfusion leading to tissue injury, which in turn might also hamper 

microvascular recovery.2,3 Other showed that these persistent microcirculatory 

perfusion disturbances were predictive for organ dysfunction and outcome in 

critically ill patients.4-7 Acute microcirculatory perfusion disturbances during 

cardiac surgery improved within days in survivors, whereas non-survivors showed 

persistent impairment in microcirculatory perfusion, independent of hemodynamic 

and oxygenation variables.8 These results indicate that persistent alterations in 

microcirculatory perfusion following cardiac surgery are predictive for outcome.
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As a consequence of disturbances in microcirculatory flow patterns, systemic 

blood flow may no longer reflect local oxygen extraction rate.1 This may explain 

why microcirculatory perfusion disturbances do not mirror systemic variables9 

nor improve following fluid or (autologous) blood transfusion (chapter 3).3,10,11 

Although perioperative goal-directed therapy protocols aim for optimization of 

tissue perfusion, a randomized clinical trial in surgery patients observed that mean 

arterial pressure guided perioperative hemodynamic optimization does not improve 

microcirculatory perfusion.12 These results underline the importance of studying the 

microcirculation as separate entity, distinct from the macrocirculation, in particular 

in the critically ill population where macrocirculatory monitoring is mainly used as 

measurement of vital function. The dissociation between macrocirculation and 

microcirculation during critical illness requests for complementary microcirculatory 

monitoring in the intensive care unit to improve outcome. For example, others 

showed that microcirculatory perfusion endpoints may be of interest to tailor 

transfusion thresholds to individual needs in the intensive care unit.13

In conclusion, microcirculatory perfusion disturbances may occur independently from 

macrocirculatory changes following cardiac surgery with cardiopulmonary bypass. 

Acute disturbances in  microcirculatory perfusion may not predict outcome, whereas 

persistent postoperative microcirculatory perfusion disturbances are associated with 

worse outcome. Our data in the context of other findings suggest that identification 

of patients at risk for the development of postoperative organ injury includes 

monitoring of postoperative microcirculatory perfusion disturbances rather than the 

acute onset of these microcirculatory perfusion disturbances. Future studies should 

reveal whether postoperative monitoring of microcirculatory perfusion may indeed 

function as therapeutic treatment endpoint and improves outcome.

II - THE VASCULAR ENDOTHELIUM AS CENTRAL PLAYER 
UNDERLYING MICROCIRCULATORY PERFUSION DISTURBANCES 
FOLLOWING CARDIOPULMONARY BYPASS

PRESERVATION OF ENDOTHELIAL GLYCOCALYX IS NOT SUFFICIENT FOR 
PRESERVATION OF MICROCIRCULATORY PERFUSION 
In chapter 3, we showed that cardiopulmonary bypass associated microcirculatory 

perfusion disturbances are paralleled by loss of endothelial glycocalyx in patients 

undergoing cardiac surgery. As the endothelial glycocalyx layer covers the vascular 
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endothelium, it was proposed that glycocalyx shedding to be one of the first steps 

involved in microvascular endothelial dysfunction following cardiopulmonary 

bypass14-16 and might contribute to microcirculatory perfusion disturbances. Others 

showed that loss of the endothelial glycocalyx is associated with increased vascular 

leakage and reduction of nitric oxide production and thereby contributes to 

heterogeneity in microcirculatory flow.14,18 We showed that the use of a glycocalyx-like 

cardiopulmonary bypass coating by heparin prevented shedding of the endothelial 

glycocalyx, whereas the use of a cel-like phosphorylcholine cardiopulmonary bypass 

coating was associated with degradation of endothelial glycocalyx (chapter 4). 

In contrast to our expectations, microcirculatory perfusion was equally altered in 

both cardiopulmonary bypass coating groups. We hypothesized that preservation 

of glycocalyx integrity would preserve endothelial barrier function and thereby 

prevent vascular leakage and preserve microcirculatory perfusion. Our observations 

may imply that cardiopulmonary bypass-induced vascular leakage could not be 

prevented through preservation of endothelial glycocalyx. Our findings suggest 

that activation of endothelial barrier disruptive signaling remained similar during 

cardiac surgery irrespective of the type of cardiopulmonary bypass coating used. For 

example, we observed similar trends in circulating angiopoietin-2 following cardiac 

surgery using either one of the two cardiopulmonary bypass coatings (unpublished 

data). Preservation of the glycocalyx may however still be of interest as therapeutic 

strategy. Others showed that glycocalyx degradation is necessary for vascular 

adhesion of leucocytes as loss of glycocalyx uncovers membrane surface adhesion 

molecules.19 Protection of endothelial glycocalyx may therefore reduce reperfusion 

injury following cardiac surgery.20 This potential beneficial effect was not observed in 

our study as indicators for organ injury were not reviewed. 

In conclusion, although loss of endothelial glycocalyx may contribute to alterations 

in microcirculatory perfusion14,20, sole preservation of endothelial glycocalyx seems 

not sufficient for preservation of microcirculatory perfusion during cardiac surgery. 

Our results hint that preservation strategies of microcirculatory perfusion during 

cardiac surgery may further require direct action on endothelial barrier receptors.21 

However, we cannot rule out that endothelial glycocalyx regeneration may still be 

of importance for the recovery of microcirculatory function and perfusion in the 

postoperative period.22-24 
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CIRCULATING ANGIOPOIETIN-2 CONTRIBUTES TO ENDOTHELIAL 
BARRIER DYSFUNCTION FOLLOWING CARDIOPULMONARY BYPASS AND 
STIMULATION OF ENDOTHELIAL TIE2 REDUCES EDEMA AND IMPROVES 
MICROCIRCULATORY PERFUSION 
Chapter 5 illustrated the prolonged impact of plasma from patients exposed to 

cardiopulmonary bypass on microvascular endothelial barrier function, using an 

in vitro bioassay. The postoperative increase in circulating angiopoietin-2 in our 

study cohort provided a strong argument against causality between angiopoietin 

imbalance as primary regulator of cardiopulmonary bypass-associated acute 

microcirculatory perfusion disturbances. These results may suggest that 

angiopoietin-2 may particularly aggravate postoperative endothelial permeability 

and thereby attenuate recovery of microcirculatory function and perfusion. This 

may explain why angiopoietin-2 appears a valuable predictor for outcome in 

several critically ill populations.25-27 Moreover, impaired microcirculatory flow 

reduces endothelial Tie2 expression28, which may be further potentiated by 

release of angiopoietin-2. Collectively, this may induce a vicious circle of impaired 

microcirculatory perfusion and endothelial injury. Interestingly, preventive activation 

of Tie2 before onset of cardiopulmonary bypass using an angiopoietin-1 mimetic, 

effectively reduced vascular leakage and completely preserved microcirculatory 

perfusion, without affecting endogenous angiopoietins (chapter 7). These results 

support the assumption that Tie2 holds a central role as regulator of inflammation-

associated acute endothelial hyperpermeability and microcirculatory perfusion 

disturbances. Further supporting its central regulatory role, preventive activation 

of Tie2 is thought to interact with other endothelial barrier receptors29 as well as 

suppress the prothrombotic conversion of the endothelium upon a systemic 

inflammatory hit.30 In view of these divergent actions of Tie2, direct stimulation of 

Tie2 may provide a more effective future strategy as therapeutic target, favored over 

inhibition of circulating angiopoietin-2. This is in line with previous findings that the 

angiopoietin-Tie2 system may act as sensitizer of the endothelium in the presence 

of other inflammatory or coagulation mediators.31 Interestingly, recent insights also 

revealed angiopoietin-2 to be a regulator of endothelial glycocalyx structure and 

function.32 Postoperative angiopoietin-2 may thereby suppress regeneration of the 

endothelial glycocalyx following cardiopulmonary bypass. The ongoing release 

of barrier disruptive signaling molecules following an inflammatory hit, such as 

cardiopulmonary bypass, sustains the induced leaky endothelial phenotype which 

may hinder recovery of microcirculatory perfusion in the postoperative period.
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INHIBITION OF ENDOTHELIAL PAR1 PRESERVED RENAL ENDOTHELIAL 
INTEGRITY, REDUCED RENAL EDEMA FORMATION AND IMPROVED 
CREMASTER PERFUSION FOLLOWING CARDIOPULMONARY BYPASS
In contrast to angiopoietin-2, thrombin is immediately and excessively released upon 

onset of cardiopulmonary bypass. This pro-coagulant protein affects endothelial 

permeability through cleavage and activation of endothelial PAR1.33,34 Indeed, 

modulation of endothelial PAR1 signaling was identified as a potential promising 

strategy to reduce vascular leakage following cardiopulmonary bypass (chapter 6). 

Aprotinin, a serine protease inhibitor, is suggested to inhibit endothelial PAR1.36 

In chapter 8, we showed that administration of aprotinin before cardiopulmonary 

bypass preserved renal endothelial integrity. We demonstrated that aprotinin 

reduced fluid requirements during cardiopulmonary bypass as well as renal and 

pulmonary edema, without affecting hematocrit levels, indicating that aprotinin 

reduces vascular leakage and fluid overload following cardiopulmonary bypass. The 

exact mechanism of action of aprotinin could not be confirmed through differences in 

PAR protein expression in our study. However, previous studies showed that inhibition 

of thrombin-induced activation of PAR1 by aprotinin preserved endothelial cellular 

junctions36 and prevented of oxygen radical production.37 In line with chapter 7, the 

therapeutic strengthening of an endothelial barrier regulator improved cremaster 

microcirculatory perfusion following cardiopulmonary bypass. 

Summarizing, in chapter 7 and 8, we confirmed our hypothesis that reduction 

of vascular leakage may indeed improve microcirculatory perfusion following 

cardiopulmonary bypass. When comparing treatment strategies, different in vivo 

effects were observed following activation of Tie and inhibition of PAR1. Activation 

of Tie2 completely preserved cremaster perfusion during cardiopulmonary bypass, 

while inhibition of PAR1 using aprotinin resulted in a less profound reduction in 

microcirculatory perfusion compared to untreated animals. In contrast, activation of 

Tie2 was not sufficient to reduce renal edema, whereas aprotinin did reduce renal 

edema following cardiopulmonary. These findings may suggest that suboptimal 

dosing regimens were used during our experiments. Activation of Tie2 as well 

as PAR1 inhibition were previously found to induce a variety of effects, including 

suppression of the systemic inflammatory and pro-coagulant response, and 

reduction of microvascular leakage. In contrast to these studies, we only observed 

reduced microvascular leakage and organ edema whereas circulating inflammatory 

and coagulant mediators were similar in treated and non-treated animals. Although 

speculative, more pronounced effects on microvascular leakage and microcirculatory 
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perfusion may have been found if dosing regimens were corrected for expected 

cardiopulmonary bypass-induced hemodilution. Also, the use of a specific inhibitor 

of PAR1 instead of aprotinin may be preferred this approach is considered in clinical 

practice.38 It could also be the case that a more pronounced effect would be observed 

in other critically ill populations, such as septic patients, in which inflammatory and 

coagulation pathways are more severely altered. 

THE INTERPLAY BETWEEN INFLAMMATION AND COAGULATION
Overall, cardiopulmonary bypass induces a pro-inflammatory and pro-coagulant 

state potentially mediated through Tie2 and the release of thrombin. Interestingly, 

there appears to be close interconnectivity between these systems and regulatory 

molecules. Inhibition of Tie2 promotes thrombotic endothelial activation during 

inflammation.30 Also, PAR1 cleavage by thrombin induces a systemic inflammatory 

response and thereby increases angiopoietin-2/angiopoietin-1 ratio.39 Taking 

together, these results hint towards a possible central regulating role of Tie2 in  

systemic and thrombotic activation of the endothelium. Therapeutically targeting 

Tie2 may provide a unique strategy to reduce both the pro-thrombotic and pro-

inflammatory state. This is of particular interest in an aged population with a 

possible predisposition to thrombosis such as cardiac surgery patients. Stimulation 

of Tie2 may therefore be favored over targeting of endothelial PAR1 to improve 

microvascular function following cardiopulmonary bypass.

The cross-talk between inflammation, coagulation and homeostasis is described in 

several populations of critical illness, such as septic patients. Sepsis is associated with 

coagulation abnormalities, ranging from activation of coagulation to disseminated 

intravascular coagulation.40 These patients often develop thrombo-embolic 

complications which contributes to organ injury.41 Inflammation may not only initiate 

activation of coagulation, but coagulation may also influence inflammation. Anti-

thrombotic therapies have therefore widely been studied as potential treatment 

strategy to improve outcome, such as heparin42, antihrombin III43,44, activated protein 

C45, and thrombomodulin.46 Recently again the interest in the interconnectivity 

between inflammation and coagulation rose when coronavirus disease 2019 

(COVID-19) emerged.48 Many patients with COVID-19 pneumonia show coagulation 

abnormalities and present with thrombo-embolic events, which is associated with 

increased risk of death.49 The large heterogeneity in these critically ill populations 

often causes difficulty in studying therapeutic strategies to improve outcome. In 

contrast to these critically ill populations, the cardiac surgery population is relatively 
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homogenous. Also, the onset of cardiopulmonary bypass and subsequent activation 

of inflammatory and coagulation systems can be easily monitored in addition to 

timing of administration of therapeutic strategies. The cardiac surgery population 

may therefore provide an interesting population to study potential new therapeutic 

strategies in a controlled setting. 

CONCLUSION
Cardiopulmonary bypass is associated with increased endothelial permeability 

and impairs microcirculatory perfusion. Subsequent vascular leakage and edema 

attenuates postoperative recovery of microcirculatory perfusion and endothelial 

function, inducing a vicious circle of impaired microcirculatory perfusion and 

endothelial dysfunction (Figure 1). Pharmacological interventions that strengthen 

endothelial barrier function are associated with organ-specific reductions in edema 

formation and improved microcirculatory perfusion following cardiopulmonary 

bypass.

Figure 1. Schematic representation of the proposed vicious circle induced by cardiopulmonary bypass.
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III - ORGAN-SPECIFIC RESPONSES TO CARDIOPULMONARY 
BYPASS: REQUIREMENT FOR DIFFERENT THERAPEUTIC 
APPROACHES

In chapter 5, we demonstrated organ-specific responses to cardiopulmonary 

bypass. This was reflected by differences in severity of loss of endothelial barrier 

function measured using an in vitro bioassay. In line with these findings, we observed 

in chapter 7 and 8 that cardiopulmonary bypass associated vascular leakage was 

more profoundly observed in pulmonary tissue compared to renal tissue. Moreover, 

the observation in chapter 8 that aprotinin improved cremaster perfusion but not 

renal perfusion underlines the potential differences in vulnerability of microvascular 

beds to inflammatory conditions. 

These results indicate several underlying mechanisms. First, our results suggest 

organ-specific regulation of molecular systems involved in endothelial barrier 

function, which may originate from microvascular endothelial heterogeneity 

between organs.50,51 For example, endothelial Tie2 is predominantly expressed in 

the pulmonary microvasculature compared to for example renal microvasculature.52 

Hence, modulation of Tie2 signaling was found specifically of interest to reduce 

pulmonary microvascular leakage compared to renal microvascular leakage following 

cardiopulmonary bypass (chapter 6 and 7). Reviewing the current literature (chapter 
6), we provide evidence for these differences in microvascular fragility between 

organs following cardiopulmonary bypass. As a result, pharmacological agents show 

organ-specific effectiveness in reducing edema formation following cardiopulmonary 

bypass. Therefore, each organ may either require a different dosing regimen or may 

require an entirely different type of treatment strategy to prevent edema formation 

following cardiopulmonary bypass. 

The absent renal protective effect following reduction of renal edema in our study 

(chapter 8) could have resulted from suboptimal dosing regimens following 

cardiopulmonary bypass-associated hemodilution. In contrast to our findings in 

chapter 7 and 8, strengthening of endothelial barrier was previously shown effective 

in improving renal blood flow and reduction of renal injury in an experimental 

model of ischemia-reperfusion injury.53 Further supporting this observation, a 

previous study showed that reduction of renal edema reduced renal injury following 

cardiopulmonary bypass.54 These findings implicate vascular leakage as underlying 

cause of renal hypoperfusion and acute kidney injury. 
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Secondly, although renal blood flow did not differ between treated and nontreated 

animals (chapter 8), differences might have existed between oxygen offloading and 

renal oxygen extraction in these groups. As previously discussed, there appears 

to be a mismatch between organ blood flow and oxygen extraction during critical 

illness2,7,55, which might not have been adequately accounted for using renal contrast 

echography as method for measurement of renal perfusion. Also, we did not 

differentiate between larger and smaller vessels while measuring cortical blood flow. 

Moreover, we cannot rule out potential differences between medullary and cortical 

renal perfusion following cardiopulmonary bypass.56,57

Lastly, it should be considered that renal microvascular leakage may not be the primary 

cause of renal injury following cardiopulmonary bypass. As kidneys are particularly 

vulnerable to changes in blood flow, the significant hemodilution in our experimental 

CPB model combined with conditions such as non-pulsatile CPB, may have been 

insufficient to maintain oxygen delivery (DO2) above critical values58, irrespective of 

preservation of microvascular endothelial barrier function. In this case, reduction 

of microvascular leakage may improve postoperative microcirculatory perfusion 

in other vascular beds, however, with the exception of the renal microvasculature 

(chapter 8).

CONCLUSION
The severity of cardiopulmonary bypass-associated edema formation as well as 

the endothelial response to therapeutic strategies appears to be organ-specific. 

Preservation of microcirculatory perfusion in for example both pulmonary and renal 

tissue, may therefore require a combination of therapeutic interventions. However, 

it may also be the case that reduction of microvascular leakage may not be the key 

strategy to improve renal perfusion in contrast to pulmonary and cremaster perfusion 

following cardiopulmonary bypass (Figure 2).
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Figure 2. Therapeutic strengthening of endothelial barrier during cardiopulmonary bypass reduced 
pulmonary vascular leakage and edema formation and improved microcirculatory perfusion. Whether 
reduction of microvascular leakage may improve renal microcirculatory perfusion and protect renal 
function needs further investigation.

MICROCIRCULATORY MONITORING AND CLINICAL 
IMPLEMENTATION: WHERE DO WE STAND?

Recent advances in microcirculatory monitoring techniques allow visualization 

and evaluation of the microvasculature in patients. Since then, it has increasingly 

been demonstrated that microcirculatory perfusion is impaired during systemic 

inflammatory conditions and contributes to the development of organ dysfunction.59,60 

Evidence showing that these microcirculatory perfusion disturbances can be present 

irrespective of macrocirculatory stabilization59,61, further raised interest in studying 

the microvasculature as an independent entity from the macrocirculation. 
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Unfortunately, the implementation of microcirculatory monitoring in clinical practice 

remains limited. First, there is a lack of clear microcirculatory endpoints. When 

reviewing current literature (chapter 3), we observed that microcirculatory perfused 

vessel density or functional vessel density decreased following cardiopulmonary 

bypass, whereas total vessel density remained unaltered. Moreover, literature 

remained inconclusive on the effect of cardiopulmonary bypass on microvascular flow 

index. Future research should therefore particularly focus on alterations in perfused 

vessel or functional capillary density following cardiopulmonary bypass. As a next 

step, cut-off values of these microcirculatory parameters should be identified in larger 

study cohorts. Secondly, easy to use and validated automated software analysis would 

encourage the use in clinical practice.62 This would encourage daily monitoring and 

allow point-of-care use of microcirculatory parameters at the Intensive Care Unit or 

on the surgical ward by trained nurses.63,64 Furthermore, video microscope cameras 

can only be applied on exposed tissues, which under non-surgical circumstances 

would restrict its use to visualization of the sublingual microvascular network. 

Sublingual measurement of microcirculatory perfusion using side stream dark field 

imaging is currently used as golden standard for clinical monitoring microcirculatory 

parameters.65 Although extensive research confirmed representation of the sublingual 

microcirculation to central, gut, liver, kidney and skin microcirculation54,66-68, one may 

prefer visualization of organs of interest given the heterogeneity in microvascular 

response to stressful conditions such as cardiopulmonary bypass (chapter 6). For 

example, renal contrast enhanced ultrasound might be used to evaluate renal 

perfusion following cardiac surgery. Lastly, and most important, abovementioned 

developments in microcirculatory video microscope techniques and analysis would 

allow monitoring of microcirculatory parameters in larger cohorts, necessary to 

identify the contribution of microcirculatory perfusion disturbances to postoperative 

outcome. Monitoring microcirculatory perfusion in larger cohorts could also reveal 

whether microcirculatory perfusion-directed therapies may improve postoperative 

organ function and outcome.
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LIMITATIONS AND METHODOLOGICAL CONSIDERATIONS

In chapter 2, 3 and 4, sublingual side stream dark field imaging was used to asses 

microcirculatory perfusion in cardiac surgery patients. However, developments in 

additional microcirculatory monitoring techniques such as near-infrared spectroscopy 

(NIRS), contrast enhanced ultrasound (CEUS) and measurements of venoarterial 

difference in PCO2 and oxygen delivery and extraction will allow validation and 

further optimization of microcirculatory monitoring at the bed-side.69

In chapter 5, electric cell-substrate impedance sensing (ECIS), an in vitro bioassay 

was used to assess the effect of plasma from cardiac surgery patients on endothelial 

barrier function. In contrast to previous studies, we investigated the effect on both 

pulmonary and renal endothelial cells instead of human umbilical vein endothelial 

cells (HUVECs) to increase translatability.70,71 However, in contrast to in vivo 

microvascular endothelial layers, in vitro cultures lack the presence of for example 

pericytes or endothelial glycocalyx72 which are thought to affect endothelial 

permeability. Moreover, experiments were performed under laminar flow instead of 

physiological pulsatile flow conditions, which may hamper translatability.

In chapter 7 and 8, a rat cardiopulmonary bypass model was used to assess the 

effect of cardiopulmonary bypass on tissue edema formation and microcirculatory 

perfusion. This model lacks several clinical characteristics, such as surgical trauma, 

central cannulation, cardioplegic arrest, aortic cross clamping and factors such 

as cardiopulmonary bypass coating and pulsatile flow. Despite the lack of these 

characteristics, most physiological alterations that occur during human cardiac 

surgery where mimicked in our experimental model (e.g. extracorporeal circulation 

and contact activation, hemodilution, activation of inflammation and coagulation, 

and hypothermia). As validation however, similar blood gas values and perioperative 

microcirculatory alterations were observed in our experimental model compared 

to patient studies. In favor of the use of experimental models, it allows further 

immunohistochemical and cellular analysis compared to clinical setting and thereby 

enables clarification of pathophysiological processes underlying microcirculatory 

perfusion disturbances. It also allows studying therapeutic drugs that have not been 

approved in clinical setting. Moreover, the use of inbred rats that are genetically 

identical reduces heterogeneity and selection bias compared to clinical setting. 
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FUTURE CLINICAL PERSPECTIVES

In chapter 2, 3 and 4 we showed that cardiopulmonary bypass reduced sublingual 

microcirculatory perfusion, which appears to persist in the early postoperative period. 

A similar course of alterations in cremaster microcirculatory perfusion was observed 

in our experimental model of cardiopulmonary bypass (chapter 7 and 8), whereas 

renal perfusion appeared to be reduced not during cardiopulmonary bypass, but 

one hour after weaning from cardiopulmonary bypass (chapter 8). This is in contrast 

to a previous study that showed that reduced sublingual microcirculatory perfusion 

mirrored alterations in for example renal perfusion.73 Future studies in larger patient 

cohorts with increased follow-up periods should reveal whether an association or 

causal relation exists between alterations in microcirculatory perfusion and organ 

injury and outcome in critically ill patients. Ideally, different types of microcirculatory 

monitoring techniques (renal contrast-enhanced ultrasound or renal near infrared 

spectroscopy combined with sublingual microcirculatory monitoring) should be 

combined to reveal potential organ-specific responses to cardiopulmonary bypass. 

Data from large randomized trials may allow the identification of microcirculatory 

targets or thresholds and reveal whether goal directed microcirculatory monitoring 

may indeed benefit outcome after cardiopulmonary bypass.74 Also, the introduction 

of clinical information systems and the use of machine learning may aid in the 

identification of patient populations at risk for the development of organ injury and 

the identification of novel biomarkers.75 In view of personalized medicine, these 

technological developments may also improve tailoring management to individual 

patient needs based on risk profiles in the perioperative setting.

In chapter 7 and 8, we demonstrated that modulation of endothelial barrier receptors 

reduced microvascular leakage and was associated with improved microcirculatory 

perfusion during and after cardiopulmonary bypass. Promising results concerning 

microvascular protection following modulation of the angiopoietin-Tie2 axis have 

been reported in several inflammatory conditions.26,27,53,76-79 Future randomized 

trials, in particular in high-risk cardiac surgery populations, should reveal whether 

modulation of endothelial barrier receptors or downstream effectors may indeed 

reduce organ injury following cardiopulmonary bypass80,81 and should clarify on 

the potential existence of side effects of these modulators in patients. Recently a 

randomized double-blind placebo-controlled trial was initiated to investigate the 

effect of imatinib, a tyrosine kinase inhibitor, in hospitalized COVID-19 patients82, 

a condition in which alterations in inflammation, coagulation and homeostasis 
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are also observed. These results are also of interest as our group previously 

showed effectiveness of imatinib in reducing vascular leakage and preservation of 

microcirculatory perfusion in an animal model of cardiopulmonary bypass.

GENERAL CONCLUSION 

Altogether, the current thesis has demonstrated that cardiopulmonary bypass induces 

inflammatory activation of the vascular endothelium and circulating blood cells, 

immediately impairing microcirculatory perfusion. These microcirculatory perfusion 

disturbances persist in the early postoperative period following cardiopulmonary 

bypass, which may be contributed to increased circulating levels of thrombin 

and angiopoietin-2 and loss of endothelial glycocalyx. Although the endothelial 

glycocalyx may serve as regulator of endothelial function and may be of importance 

for endothelial regeneration, sole preservation of glycocalyx integrity is not sufficient 

to preserve microcirculatory perfusion following cardiopulmonary bypass. 

The current thesis provided evidence for microvascular leakage as underlying 

pathophysiological mechanism of microcirculatory perfusion disturbances following 

cardiopulmonary bypass. Reduced microcirculatory perfusion is paralleled by 

increased endothelial gap formation, edema formation and increased markers 

for organ injury. Subsequent increased endothelial permeability causes interstitial 

fluid leakage, hampering recovery of microcirculatory perfusion and contributes to 

organ injury. Stimulation of endothelial barrier protective signaling pathways such as 

stimulation of Tie2 or inhibition of PAR1 improved endothelial ultrastructure, reduced 

edema formation and fluid requirements, and improved microcirculatory perfusion 

in an animal model of cardiopulmonary bypass. These findings indicate that direct 

modulation of endothelial receptors is necessary for preservation of microcirculatory 

perfusion following cardiopulmonary bypass.

Interestingly, the effect of cardiopulmonary bypass on microcirculatory perfusion 

appears to be organ-specific. Sublingual and cremaster perfusion are immediately 

affected upon onset of cardiopulmonary bypass, whereas renal perfusion disturbances 

are observed after weaning from cardiopulmonary bypass. This might be explained by 

endothelial heterogeneity leading to organ specific vulnerability to cardiopulmonary 

bypass-associated microvascular leakage. The pulmonary microvascular barrier 

is more severely affected following cardiopulmonary bypass compared to renal 
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microvascular barrier, leading to differences in severity of postoperative edema 

formation. As a consequence, therapeutic strengthening of endothelial barrier before 

onset of cardiopulmonary bypass may be of more significant value for pulmonary 

microvascular protection compared to renal protection. However, these results 

may also indicate the need for organ specific dosing regimens or a combination of 

different types of endothelial barrier modulators tailored for organs of interest.

We propose that preservation of microcirculatory perfusion following 

cardiopulmonary bypass requires a combined treatment strategy, targeted at organ-

specific strengthening of endothelial barrier as well as reducing inflammatory and 

leukocyte activation. Future studies should focus on whether a combination of 

described treatment strategies may improve organ perfusion and benefits outcome 

following cardiac surgery with cardiopulmonary bypass. These findings may also 

provide interesting therapeutic treatment options for other critically ill populations 

in which a close interplay between inflammation, coagulation and homeostasis is 

present.
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