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ABSTRACT

BACKGROUND
Heparin biocompatible coating is frequently used to reduce inflammation and blood 

coagulation during cardiopulmonary bypass (CPB) in cardiac surgery. Whether 

heparin coating is protective or damaging to the vascular endothelium is however 

unclear. We investigated whether heparin-coated circuits are associated with better 

preservation of microcirculatory perfusion and glycocalyx dimensions compared to 

non-heparin phosphorylcholine-coated circuits.

METHODS
Patients undergoing coronary artery bypass graft surgery were randomized into 

heparin-coated (n = 13) or phosphorylcholine-coated (n = 13) cardiopulmonary bypass.  

Sublingual microcirculatory perfusion was measured before, during and after CPB 

using side stream dark field imaging and analyzed for perfused vessel density and 

perfused boundary region, an inverse parameter for glycocalyx dimensions.

RESULTS
Onset of CPB was associated with an increase in perfused boundary region in the PC 

group that continued until the 3rd postoperative day (2.0 ± 0.2 to 2.5 ± 0.2 µm; p = 

0.018). This was paralleled by increased plasma syndecan-1 levels in the PC group. 

Contrastingly, both parameters remained unaltered in the HC group compared to 

baseline levels. CPB decreased perfused vessel density in both groups (CPB vs pre-

CPB: PC: 17 ± 2 to 13 ± 2 mm/mm2, p = 0.006; HC: 16 ± 2 to 11 ± 2 mm/mm2, p = 

0.003) and remained equally altered in the first three postoperative days.

CONCLUSION
The use of a heparin-coated circuit is associated with better preservation of the 

endothelial glycocalyx compared to phosphorylcholine-coated circuits, whereas 

microcirculatory perfusion was equally disturbed in both groups. Hence, CPB-

induced microcirculatory perfusion disturbances seem to be coating independent.
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INTRODUCTION

Tissue damage during cardio-thoracic surgery, re-transfusion of pericardial blood 

and the continuous interaction of circulating blood with non-biologic surfaces 

during cardiopulmonary bypass (CPB) can induce an inflammatory response and a 

procoagulant state.1-3 Prior to and during CPB, heparin is administered in order to 

prevent thrombin generation and blood clot formation from occurring. However, 

there is no consensus in the literature about the effect of systemic heparinization 

on the endothelial glycocalyx.4,5 This gel-like layer covers the luminal side of healthy 

endothelium and influences microvascular function by regulating leukocyte and 

platelet adhesion, endothelial permeability, and acts as a mechanotransducer of 

shear stress.6 The CPB-associated systemic inflammatory response results in acute 

degradation of the endothelial glycocalyx.7-9 Degradation of this layer is thought 

to be one of the first steps involved in CPB-associated endothelial injury and 

subsequent microcirculatory perfusion disturbances.6-9

In order to reduce the CPB-associated contact activation and systemic inflammatory 

response, CPB circuits are coated with a biocompatible surface that mimics the 

vascular endothelium to enhance compatibility of foreign material.10-15 The first 

biocompatible circuits were based on heparin bonding which, aside from its 

known anticoagulatory effect, is thought to have close resemblance with the 

most abundantly expressed outer glycocalyx molecule heparan sulphate.10-12,14 

Alternatively, non-heparin coatings such as the phosphorylcholine (Physio) coating, 

mimic the non-thrombogenic outer lipid component of natural cell membranes of 

erythrocytes and endothelial cells.13-15 All different biocompatible circuits reduced 

contact activation and the systemic inflammatory response compared to non-

coated circuits,10-15 however their potential effect on endothelial glycocalyx and 

microcirculatory perfusion is unknown. 

The aim of this study was to compare the effect of two types of biocompatible coated 

CPB circuits on the integrity of the endothelial glycocalyx and microcirculatory 

perfusion. As heparin-coated circuits are more functionally equivalent to the 

endothelial glycocalyx, it was hypothesized that the heparin coated surface would 

result in reduced glycocalyx shedding and less disturbed microcirculatory perfusion 

compared to phosphorylcholine coating.
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METHODS

This prospective, single-center, observational study was approved by the Human 

Subjects Committee of the VU University Medical Centre (Amsterdam, The 

Netherlands; Trial NL4085 (NTR4222)). Written informed consent was obtained from 

all subjects before inclusion. Patients scheduled for elective coronary artery bypass 

graft (CABG) surgery with CPB between 18 and 85 years of age were included. 

Exclusion criteria were: previous cardiac surgery; emergency surgery; type 1 diabetes 

mellitus; body mass index over 35 kg/m2; and hematologic, hepatic or renal disease 

(estimated glomerular filtration rate (eGFR) <50 ml/min/1.73m2). 

All procedures were performed as previously described by our group.5 Anesthesia was 

induced using intravenous sufentanil (1-3 µg/kg), midazolam (0.1 mg/kg), combined 

with rocuronium bromide (0.5-1.0 mg/kg) and maintained by continuous propofol 

infusion (200-400mg/h). All patients received tranexamic acid (1 g), dexamethasone 

(1 mg/kg) and cefazolin (1 g) after induction of anesthesia. A radial artery catheter 

was inserted in all patients for hemodynamic monitoring and blood sampling during 

surgery.

CARDIOPULMONARY BYPASS PROTOCOL
A Sorin Stockert C5 or a S5 heart-lung machine with a centrifugal pump and a 

heater-cooler device (Sorin Stockert Instrumente GMBH, Munich, Germany) was 

used for CPB. CPB circuits were primed with 1000 mL modified fluid gelatine (Braun 

Melsungen AG, Melsungen, Germany), 500 mL lactated Ringer’s solution (Baxter BV, 

Utrecht, Netherlands), 100 mL 20% mannitol (Baxter BV, Utrecht, Netherlands), 50 

mL sodium 8.4% bicarbonate (Braun Melsungen AG, Melsungen, Germany), 5000 

IU bovine heparin and 1 g cefazolin. CPB was initiated after heparin administration 

(300 IU/kg) when target activated clotting time (ACT) exceeded 480 seconds, and 

supplemental doses were administered if necessary. Cardiac arrest was induced by 

4°C crystalloid cardioplegia solution (St. Thomas cardioplegic solution, Amsterdam 

UMC location VUmc, Amsterdam, The Netherlands). Blood flow during CPB was non-

pulsatile and kept between 2.2-2.6 L/min/m2 with mild hypothermia (34-36°C). At the 

end of the procedure, anticoagulation with heparin was reversed using protamine in 

a 1:1 ratio and a further two grams tranexamic acid were administered in all groups. 

At the end of the surgical procedure, shed blood from the thoracic cavity and residual 

blood from the extracorporeal circuit after weaning from bypass were collected and 
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autologous cell salvaged and washed blood was transfused into the patient using a 

blood transfusion filter (PALL SQ40SE, Pall Medical, Oss, Netherlands). 

BIOCOMPATIBLE COATING GROUPS
The heparin-coated (HC; Trillium™ Bioactive Surface) CPB circuit (Affinity, Medtronic, 

Minneapolis, MN, USA) consists of a polyvinyl tubing system (Medtronic), a hollow 

fiber oxygenator (Affinity, Medtronic), a soft shell collapsible venous reservoir 

(MVR 1600, Medtronic), an arterial line filter (Affinity, 38 micron, Medtronic), a 

cardiotomy reservoir (Intercept cardiotomy, Medtronic) and centrifugal pump head 

(Revolution,Sorin Group). 

The phosphorylcholine-coated (PC; P.h.y.s.i.o., Sorin Group, Mirandola, Italy) CPB 

circuit consists of a polyvinyl tubing system (Sorin Group), a hollow fiber oxygenator 

(PrimO2x, Sorin Group), a soft shell collapsible venous reservoir (BMR 1900, Sorin 

Group), an arterial line filter (D734, 40 micron, Sorin Group), a cardiotomy reservoir 

(Card 43, Sorin Group) and a centrifugal pump head (Revolution, Sorin Group). 

Patients were randomly assigned to either the HC or the PC group. Before first 

inclusion, envelopes with PC and HC coating allocation were prepared, sealed and 

randomly numbered. The day before surgery, once informed consent was obtained, 

the sealed envelope with coating allocation was opened by the clinical perfusionist 

on duty and corresponding CPB coating was prepared. All study measurements were 

performed by a researcher who was blinded for group allocation. Group allocation 

was revealed when data acquisition and analysis were completed.

MICROCIRCULATORY PERFUSION AND GLYCOCALYX MEASUREMENTS
Sublingual microcirculatory measurements were performed using non-invasive side 

stream dark field (SDF) video microscopy (GlycoCheck Glycocalyx Measurement 

Software) for visualization of flowing red blood cells. Videos of 10 seconds were 

recorded from three different sublingual sites per time point. Care was taken to 

avoid pressure artifacts before recording. Videos were analyzed offline by one 

researcher using automatic vascular analysis software (AVA 3.0, Microvision Medical, 

Amsterdam) to calculate total and perfused vessel density, as previously described.5 

Capillary red blood cell concentration and perfused boundary region were 

automatically calculated using Glycocheck software (Glycocheck, Microvascular 

Health Solutions, Orem, Utah, US).16,17 The general idea is that the endothelial 
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glycocalyx consists of an outer red blood cell permeable region and an inner red 

blood cell impermeable region. Degradation of endothelial glycocalyx layer results 

in increased red blood cell permeable region (perfused boundary region) which 

allows close contact of flowing blood cells with the vascular endothelium.5,16

BLOOD SAMPLING AND MEASUREMENT TIME POINTS
Microcirculatory measurements were performed and blood was withdrawn after 

induction of anesthesia (pre-CPB), after initiation of CPB (CPB), after infusion of cell 

salvaged and washed concentrated red blood cells after weaning from CPB (Post-

CPB), 1 hour after surgery at the ICU (1h Postop), and 24 hours (24h Postop), and 72 

hours (72h Postop) following surgery.

PLASMA GLYCOCALYX SHEDDING MARKERS
Arterial blood was collected in citrate tubes and centrifuged to obtain platelet free 

plasma and stored at -80°C. Levels of heparan sulphate and syndecan-1, both markers 

for glycocalyx shedding, were measured using ELISA (Cloud-clone Corporation, 

Hubei, China) in accordance to manufacturer’s instructions and normalized to pre-

CPB values after correction for hematocrit levels.

STATISTICAL ANALYSIS
Data were analyzed using SPSS statistical software package (SPSS Statistics 22.0, IBM, 

New York, USA) and GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA). All 

values are expressed as mean ± standard deviation or median with interquartile and 

full range. Sample size calculation was based on previous microcirculatory perfusion 

measurements in patients undergoing cardiac surgery with CPB. We hypothesized 

the use of heparin-coated circuits to be associated with preservation of glycocalyx 

dimensions and perfused vessel density and phosphorylcholine coated circuits to 

be associated with increased perfused boundary region from 2.0 ± 0.2 to 2.4 and 

decreased perfused vessel density from 16.5 ± 2.5 to 11.9 mm/mm2 perfused vessels 

per video recording compared to heparin-coated circuits.1 Using an alpha of 0.05 

and a power of 0.9, a sample size of 10 was required for perfused boundary region 

measurements and a sample size of 12 was required for microcirculatory perfusion 

measurements. Normality of distribution was assessed with the Shapiro-Wilk test. 

Differences between groups were tested with repeated measures ANOVA with post-

hoc Bonferroni analysis or a Fisher’s exact test for categorical data. Perioperative 

changes in perfused vessel density and perfused boundary region were evaluated by 
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repeated measured ANOVA with a correction for sphericity using the Greenhouse-

Geisser correction. A p-value of <0.05 was considered as statistically significant.

RESULTS

DEMOGRAPHIC AND PERIOPERATIVE DATA
Three patients received different coating strategies than randomized for (re-

scheduling of operation) and were excluded from the final analysis (Figure 1). A 

system crash (n = 9) and an inaccessible sublingual area due to postoperative use of 

an oxygen mask (n = 1) resulted in the exclusion of 10 more patients, leaving a total 

of 26 patients that were included in the final analysis. No differences were found 

in patient demographic characteristics and perioperative factors between groups 

(Table 1). More than 90% of the patients were male in both groups, and the median 

age was 69 (range 62 – 74) years in the phosphorylcholine-coating (PC) group and 

64 (range 55 - 71) years in the heparin-coating (HC) group. The duration of surgery, 

CPB and aortic cross-clamp times were similar between groups. No differences were 

found in total heparin, cell saver or blood product transfusion requirements between 

groups. 
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Figure 1. CONSORT flow diagram of participant allocation, follow-up and analysis. 
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Table 1. Patient characteristics and perioperative data

Phosphorylcholine  
coated group 

(n = 13)

Heparin 
coated group

(n = 13)

p Value

Preoperative data

Age, years 69 (62 – 77 [53 – 79]) 64 (55 – 71 [50 – 76]) 0.18

Males, n (%) 12 (92%) 12 (92%) >0.9

Body mass index, kg/m2 28 ± 4 27 ± 4 0.48

Diabetes mellitus II, n (%) 

Hypertension, n (%)

2 (15%)

3 (23%)

2 (15%)

2 (15%)

>0.9

0.48

Antihypertensive treatment, n (%) 

   Beta blocker

   ACE inhibitor

   Calcium blocker

   Combination

Anticoagulants 

Euroscore

4 (31%)

1 (8%)

1 (8%)

5 (38%)

12 (92%)

3 (3 – 5 [ 2 – 6])

2 (15%)

1 (8%)

1 (8%)

6 (46%)

10 (77%)

3 (3 – 4 [2 – 6])

0.40

0.36

0.15

Perioperative data

Surgery time, minutes 246 ± 39 234 ± 39 0.95

Cardiopulmonary bypass, 

minutes

107 ± 17 101 ± 26 0.46

Cross-clamp time, minutes 73 ± 15 72 ± 22 0.41

Grafts, n 3 (3 – 4 [2 – 4]) 3 (3 – 4 [2 – 5]) 0.49

Cell saver transfusion, ml 515 ± 117 518 ± 164 0.96

Total heparin given, ml 415 ± 118 375 ± 75 0.31

Postoperative pulmonary

embolisms, n (%)

1 (8%) 0 (0%) >0.9

Data are presented as mean ± standard deviation, median (quartile  range [full range]), and frequency (%). 
ACE, angiotensin-converting-enzyme inhibitor.
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HEMODYNAMIC DATA
Onset of CPB resulted in an equal decrease in hematocrit levels in both groups (PC: 

0.42 ± 0.02 L/L to 0.27 ± 0.02 L/L; p < 0.001 vs HC: 0.44 ± 0.01 L/L to 0.29 ± 0.02 L/L; p 

< 0.001), which did not restore to baseline levels in the first three postoperative days 

(Figure 2A). Capillary red blood cell concentration remained stable in both groups 

during the study period (Figure 2B). No differences were found in mean arterial 

pressure, temperature or hematocrit levels between groups during CPB. 

Figure 2. Perioperative hematocrit levels (A) and capillary red blood cell concentrations (B) in the 
phosphorylcholine (white circles) and heparin-coated (red boxes) group. * p < 0.05 vs. pre-CPB values in 
phosphorylcholine coated group; # p < 0.05 between groups. CPB = cardiopulmonary bypass; Postop = 
postoperative; ns = not significant; h = hour(s).

GLYCOCALYX DIMENSIONS
The perfused boundary region increased in the first three postoperative days in the 

phosphorylcholine-coating group from 2.0 ± 0.2 to 2.5 ± 0.2  µm (Figure 3A, pre-

CPB vs. 72h Postop: RM ANOVA; p = 0.018), suggesting that glycocalyx dimensions 

decreased in these patients. Contrary, the perfused boundary region remained 

stable (2.0 ± 0.2 µm to 2.0 ± 0.2 µm during the study period in the heparin-coating 

group (Figure 3A, pre-CPB vs. 72h Postop: RM ANOVA; p = 0.11), suggestive of 

preserved microcirculatory glycocalyx dimensions. 
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GLYCOCALYX SHEDDING MARKERS
Data retrieved after initiating CPB (CPB) up to 72 hours after surgery (72h Postop) 

were normalized to preoperative values for all patients. In the phosphorylcholine-

coating group, onset of CPB was associated with a 2-fold increase in  plasma levels of 

heparan sulphate (Figure 3B, pre-CPB vs CPB; p < 0.001), which restored to baseline 

levels after weaning from CPB. This group also showed an 8-fold increase of plasma 

syndecan-1 levels after weaning from CPB (Figure 3C, pre-CPB vs post-CPB; p < 

0.001), which remained elevated in the first three postoperative days. In contrast, 

heparan sulphate and syndecan-1 levels showed no significant difference over time 

in the heparin-coating group (Figure 3B-C). 

Figure 3. Perioperative perfused boundary region (A) and plasma concentrations of heparan sulphate 
(B) and syndecan-1 (C) in the phosphorylcholine (white circles) and heparin-coated (red boxes) group. 
* p < 0.05 vs. pre-CPB values in phosphorylcholine coated group; # p < 0.05 between groups. CPB = 
cardiopulmonary bypass; Postop = postoperative; h = hour(s).
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MICROCIRCULATORY PERFUSION
Microcirculatory total vessel density remained unaltered during the study period in 

both groups (Figure 4A). Both groups showed an immediate decrease in perfused 

vessel density after onset of CPB (Figure 4B, pre-CPB vs CPB, PC: 17 ± 2 to 

13 ± 2 mm/mm2; p = 0.006 vs HC: 16 ± 2 to 11 ± 2 mm/mm2; p = 0.003, vs pre-

CPB). Microcirculatory perfused vessel density remained altered in the first three 

postoperative days in both groups (pre-CPB vs 72h Postop, PC: RM ANOVA; p = 

0.044 vs HC: RM ANOVA; p = 0.047). No differences were observed in perfused 

vessel density between groups during the study period. 

Figure 4. Perioperative microcirculatory total vessel density (A) and perfused vessel density (B) in the 
phosphorylcholine (white circles) and heparin-coated (red boxes) group. * p < 0.05 vs. pre-CPB values in 
phosphorylcholine coated group; # p < 0.05 between groups. CPB = cardiopulmonary bypass; Postop = 
postoperative; ns = not significant; h = hour(s).

DISCUSSION

The present study shows that CPB-induced changes in endothelial glycocalyx 

integrity are less pronounced when heparin-coated CPB circuits are used compared 

to phosphorylcholine-coated CPB circuits. Nevertheless, both coatings were unable 

to prevent CPB-induced microcirculatory perfusion disturbances. Hence, CPB-

induced microcirculatory perfusion disturbances appear to be coating independent. 

Tissue injury, exposure of circulating blood to the artificial surface of the CPB 

circuit, and recirculation of mediastinal-shed blood through cardiotomy suction 

during cardiac surgery can trigger the complement system and the release 

of pro-inflammatory mediators, such as tumor necrosis factor-α (TNF-α) and 
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interleukin-6 (IL-6), thereby resulting in a systemic inflammatory response.5,18 Since 

the vascular endothelium plays an import role in maintaining vascular homeostasis, 

biocompatible CPB circuits were developed that mimic this monolayer of cells, in 

order to minimize the CPB-induced inflammatory response.14 Several biocompatible 

surfaces, with either heparin or polymer modification coatings, are used in clinical 

practice and all show a reduction in packed red blood cell transfusions and Intensive 

care length of stay compared to non-coated CPB.10-15 Non-heparin coatings, such 

as phosphorylcholine, appear superior in preserving platelet function13,14, whereas 

heparin-coated circuits are particularly associated with reduced complement 

activation and better preservation of hemostasis compared to non-coated CPB.10-

12,14 However, these studies were limited by their small study population and by its 

comparison of non-coated versus coated CPB circuits. 

In addition to the abovementioned findings, the present study shows that heparin-

coated circuits are superior in preserving endothelial glycocalyx dimensions. This 

protective effect could not be explained by systemic heparinization19,20 as glycocalyx 

dimensions were not altered following administration of the heparin bolus (data not 

shown) or by the total amount of heparin given. 

Loss of glycocalyx dimensions in the phosphorylcholine coating group following 

cardiac surgery is most likely the result of step-by-step shedding of its constituents, 

which is in accordance with previous studies.5,7,21 The endothelial glycocalyx 

consists of core proteoglycans, such as syndecans, that are firmly bound to the 

endothelial cell membrane. These proteoglycans are the backbone for binding 

glycosaminoglycan side chains, such as the negatively charged glycosaminoglycan 

heparan sulphate, that influences the interaction of chemokines with endothelial 

receptors, and is distributed predominately on the luminal side of the glycocalyx.6 

Consequently, heparan sulphate could be more susceptible to shedding than 

syndecans, thereby explaining the delayed increase in syndecan-1 levels and 

perfused boundary region in the present study. The immediate shedding of heparan 

sulphate could be the result of platelet activation, through exposure to the large 

artificial surface of the CPB circuit and high shear stress. Once activated, platelets 

excrete heparanase that selectively cleave heparan sulphate from glycocalyx core 

proteoglycans.22-24 In contrast, plasma concentrations of heparan sulphate and 

syndecan-1 were unaffected in the heparin coating group, suggesting that this type 

of coating prevented endothelial glycocalyx damage and subsequent shedding of 

its components. Heparin-coated CPB circuits are considered to be more functionally 
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equivalent to the anionic endothelial glycocalyx, thereby reducing inflammatory-

associated proteolytic cleavage and shedding of glycocalyx components.25,26 

Interestingly, several studies21,27 found increased levels of heparan sulphate 

and syndecan-1 during both on-pump and off-pump CABG surgery, indicating 

that shedding of the endothelial glycocalyx is present whether or not CPB and 

cardioplegic arrest are avoided. This suggests that contact activation and reperfusion 

ischemia during CPB might not entirely explain the disruption of the glycocalyx or 

impaired microcirculatory perfusion. The latter is most likely the result of a decrease 

in microvascular density and flow due to hemodilution after the onset of CPB, 

which is supported by studies that compared off-pump to on-pump CABG27,28 and 

minimized to conventional CPB circuits.29 Therefore, CPB-associated hemodilution 

could explain the equally disturbed microcirculatory perfusion in both groups 

despite a more pronounced preservation of the endothelial glycocalyx integrity in 

the HC group. 

In this study, the use of heparin-coated circuits appeared to attenuate the endothelial 

glycocalyx shedding that is associated with surgical trauma and ischemia-

reperfusion.27 Besides inhibiting complement activation and coagulation, surface 

bound heparin is thought to dynamically interact with circulating blood components 

and effectively bind plasma lipoproteins and resist protein and cell deposition.10,11,14 

Superiority of heparin-coated circuits with respect to preservation of the endothelial 

glycocalyx is likely to result from these multifunctional properties of heparin.

It is thought that vascular function is closely related to glycocalyx integrity and 

that acute degradation of glycocalyx dimensions following CPB may impair 

microcirculatory perfusion by affecting hemorheological-mechanical properties and 

increasing vascular permeability.28-32 Since the endothelial glycocalyx acts as first 

line defense of the vascular endothelium, shedding of its constituents is postulated 

as early marker for endothelial injury and altered vascular functioning.5,28,31,33 

Remarkably, we found that CPB-induced microcirculatory perfusion disturbances 

were not affected by the type of coating, despite a more pronounced preservation 

of the glycocalyx layer in the heparin coating group. These results suggest that 

microcirculatory perfusion disturbances in cardiac surgery patients can be present 

irrespective of intact endothelial glycocalyx. Interestingly, and in line with our findings, 

this independent occurrence of glycocalyx damage and microcirculatory perfusion 

disturbances has also recently been observed in resuscitated septic patients.34 
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Moreover, it was recently shown that strategies aiming to preserve microcirculatory 

perfusion during CPB may require an additional direct action on endothelial cell 

receptors involved in barrier signaling.17,35

LIMITATIONS OF THE STUDY
A limitation is that our study was performed in a relatively small cohort with a single 

center design. Moreover, all microvascular parameters were measured sublingually 

as the sublingual microcirculatory network provides an easy accessible site to 

investigate changes in microcirculatory perfusion. In addition, these changes in 

sublingual microcirculatory perfusion were shown to be closely related to changes 

in central, gastric and intestinal beds in cardiac surgery and septic populations and 

to be of prognostic value.27,36-38 Moreover, sublingual glycocalyx measurements 

and plasma measurements of shedding molecules are validated in several patient 

populations.39,40 A strength of our study is that glycocalyx parameters were obtained 

from sublingual videos in combination with plasma measurements in corresponding 

patients.

CONCLUSION

The present study demonstrates that only heparin-coated CPB circuits prevent 

loss of glycocalyx integrity during cardiac surgery, as reflected by preservation of 

glycocalyx dimensions and reduced glycocalyx shedding. Although changes in 

glycocalyx dimensions may indeed contribute to alterations in microcirculatory flow, 

the present study is unable to demonstrate a causal relationship between CPB-

induced glycocalyx shedding and microcirculatory perfusion disturbances. Future 

studies should further explore the underlying pathophysiological mechanisms in 

order to identify new treatment strategies that preserve microcirculatory perfusion 

during cardiac surgery.
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