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Summary 

 

 

Cardiothoracic surgery is a common treatment for cardiovascular diseases. Patients are admitted 
to the ICU after cardiothoracic surgery for continuous monitoring to prevent or treat postoperative 
complications as much and as soon as possible. One of these complications is the development 
of circulatory shock. It is likely caused by one or a combination of several factors, leading to 
increased morbidity and mortality in the ICU. The main purpose of the circulation is to transport 
O2 and nutrients to the tissues and remove waste products of the tissues via the tissue’s 
microcirculation. Under normal conditions, O2 supply exceeds O2 demand. However, during 
circulatory shock, the circulation cannot meet the perfusion demands of the organs, leading to 
organ dysfunction and organ failure. Resuscitation procedures for patients with circulatory shock 
focus on normalizing macrocirculatory parameters, such as CO and SvO2, by administering fluids 
and vasopressors to support tissue perfusion. Improvement in macrocirculatory parameters is 
expected to be paralleled by improvement in microcirculatory perfusion and tissue oxygenation 
(i.e., hemodynamic coherence), but it appears that these do not always improve simultaneously. 
Loss of this coherence has been associated with adverse outcomes.  

The microcirculation can be imaged sublingually with an HVM. Studies in patients with septic shock 
have shown that hemodynamic coherence is often lacking. Therefore, it could be valuable to 
monitor the microcirculation of cardiothoracic surgery patients.  

This thesis aimed to investigate the postoperative time course of microcirculatory parameters in 
patients admitted to the ICU after cardiothoracic surgery with and without circulatory shock,  the 
relationship between macro- and microcirculation, and the usage of leukocyte detection in 
understanding patient’s systemic inflammation.   

Chapter 2 provides general background information on cardiothoracic surgery, CPB, the 
physiology of the microcirculation, the latest generation of HVM, pathophysiological changes in 
the microcirculation after cardiothoracic surgery, leukocyte-endothelium interactions, the 
macrocirculation, and hemodynamic coherence. A retrospective study of cardiothoracic surgical 
patients with shock is described in Chapter 3 of this thesis. The results showed that the 
microcirculation might adapt to compensate for the circulatory shock state by decreasing RBCv 
and increasing FCD, TVD, and cHct compared with normal values of healthy volunteers while 
maintaining tRBCp. Chapter 4 describes a prospective study comparing cardiothoracic surgical 
patients with shock from Chapter 3 with cardiothoracic surgical patients without shock. The 
comparison between these two groups showed that both groups exhibited different behavior of 
the microcirculation. However, the underlying mechanism is not understood and requires 
further research. Chapter 5 contains an explanatory review of the use of STDs for leukocyte 
detection. Chapter 6 provides a general discussion and reviews the future prospects of 
microcirculation measurements as a tool in the management of critically ill patients. Our findings 
should be examined in more extensive clinical trials to determine whether microcirculatory 
changes contribute to the development of shock.  
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Nomenclature 
 

 

Abbreviation Description 
  
cHct Capillary hematocrit 
CPB Cardiopulmonary bypass 
c-pcv Capillary-postcapillary venule 
ESL Endothelial surface layer 
FCD Functional Capillary Density 
HVM Hand-held vital microscope 
ICU Intensive Care Unit 
IDF Incident dark field 
LMM Linear Mixed Model 
LUMC Leiden University Medical Centre 
MAP Mean arterial pressure 
MFI Microvascular flow index 
NO Nitric oxide 
O2 Oxygen 
OPS Orthogonal polarization spectral 
pcv Postcapillary venule 
PPV Proportion of Perfused Vessels 
PVD Density of perfused vessels  
RBC Red blood cell 
RBCv Red Blood Cell Velocity 
SDF Sidestream dark field 
STD Space-time diagram 
SvO2 Venous oxygen saturation 
tRBCp Tissue red blood cell perfusion 
TVD Total vessel density 
VS Vasoplegic syndrome 
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Cardiothoracic surgery is an effective and standard treatment for cardiovascular diseases. An 
estimated 1 million patients undergo cardiothoracic surgery throughout the world every year.1 
Innovations in surgical techniques, such as the introduction of the cardiopulmonary bypass (CPB) 
and an aging population, will lead to an increasing number of older or more critically ill patients 
undergoing cardiothoracic surgery.2-4 Although perioperative care, anesthesia, and surgical 
techniques have greatly improved, cardiothoracic surgery (with or without CPB) remains 
associated with a high rate of postoperative complications2, 5 (i.e., the use of blood products 
(47.3%), atrial fibrillation (32%), renal failure (3.3%) and tamponade (1.1%)6) and CPB adverse 
effects7  (i.e., the release of pro-inflammatory cytokines, dilution of the clotting factors and platelet 
dysfunction8-10). These complications can lead to prolonged hospital stays, higher healthcare costs, 
delayed recovery, and poor quality of life after surgery.11, 12 

Nearly all patients after cardiothoracic surgery are admitted to the Intensive Care Unit (ICU)13 to 
ensure adequate continuous hemodynamic monitoring to avoid or treat potential postoperative 
complications.14-17 One of the most common complications is the development of circulatory 
shock (5-50%)18-21 caused by a combination of many factors, such as the surgery itself, activation 
of inflammatory and hemostatic systems, anesthesia, hypothermia, hemodilution, micro-emboli 
formation, and tissue trauma.19, 22-24 This condition is associated with increased morbidity and 
mortality in the ICU.16, 25 The primary function of the circulation is to deliver oxygen (O2) and 
nutrients to the tissue cells and remove waste products.25 This exchange occurs in the tissues' 
microvasculature, where O2 passively diffuses from red blood cells into tissue cells. Under normal 
conditions, O2 delivery exceeds O2 demand. In a state of circulatory dysfunction, for example, 
during circulatory shock, the systemic circulation fails to meet the organs' perfusion requirements 
(i.e., O2 requirements).26 Inadequate delivery of O2 to tissue cells leads to organ dysfunction and, 
if it persists, to organ failure.27, 28  Current resuscitation procedures for patients in circulatory shock 
are aimed at normalizing macrocirculatory parameters (hereafter “macrocirculation”), such as 
cardiac output (CO), central venous oxygen saturation (SvO2), and blood pressure variables, by 
administering fluids and vasopressors to promote tissue perfusion and therefore O2 transport to 
the tissues.29-31  

It is expected that an improvement in macrocirculation will lead to a parallel improvement in 
microcirculatory perfusion and restoration of tissue oxygenation.29 However, sometimes the 
macrocirculatory parameters are normalized, but we still see a patient in persistent shock without 
a solid explanation.28 This discrepancy between macrocirculation and microcirculation is known 
as a loss of hemodynamic coherence, a condition in which, during resuscitation, microcirculatory 
parameters improve to average values while the microcirculation remains impaired.29 This loss of 
coherence is associated with adverse outcomes.30, 32, 33 

Microcirculatory perfusion can be monitored sublingually with hand-held vital microscopes 
(HVMs). The first-generation HVMs were based on orthogonal polarization spectral (OPS) 
imaging.34, 35 These devices were improved and replaced by HVMs based on sidestream dark field 
(SDF) imaging.28, 36 The third and latest generation HVM is based on incident dark field imaging 
(IDF)37. From studies performed in patients with sepsis and septic shock, where microcirculation 
was monitored with HVMs, we know that hemodynamic coherence is often lacking, which can 
result in failure of treatment on the relevant, microcirculatory level, and, ultimately, in increased 
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mortality.38-41 Therefore, real-time microcirculation monitoring might be a valuable tool for 
monitoring alterations in microcirculatory perfusion in patients undergoing cardiac surgery with 
or without CPB. 
 
This thesis aimed to investigate the postoperative time course of microcirculatory parameters in 
patients admitted to the ICU after cardiothoracic surgery with and without circulatory shock. Our 
secondary objective is to study the relationship between macro- and microcirculation.  
 
For easy understanding, relevant background information on the subject is given in the next 
chapter. The experimental design for obtaining and analyzing macro- and microcirculation data is 
then described. The next chapter contains a draft consensus document for a method of leukocyte 
analysis as part of microcirculatory measurements. The last chapter includes a general discussion 
and conclusion on recommendations and future perspectives.   
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2.1| Cardiothoracic surgery and CPB 
 
Cardiothoracic surgery via sternotomy is a common and effective treatment for heart and lung 
diseases, such as heart valve disease or coronary heart disease.1 It is an invasive procedure, with 
a risk for major bleeding2, postoperative organ dysfunction, due to global hemodynamic 
alterations, regional blood flow alterations and excess inflammation3, 4, and the possibility of organ 
failure5, 6. Cardiothoracic surgery is usually performed using CPB to achieve cardioplegic arrest, 
allowing the surgeon to work without the interference of a beating heart.7 CPB is a form of 
extracorporeal circulation that takes over the heart's and lungs' circulatory and respiratory 
functions during the heart's cardioplegic arrest.8 The CPB circuit consists of a centrifugal or roller 
pump, cannulae, connecting tubing, oxygenator, venous blood collection reservoir, arterial line 
filter, and a heat exchanger.8 Despite advances in perioperative care, surgical (i.e., CPB), and 
anesthetic techniques, cardiothoracic surgery is still associated with a high rate of complications9, 

10, and postoperative in-hospital mortality rates of 3-6%.11-14 Certain intraoperative and 
postoperative factors, such as hemodilution, CPB duration, blood transfusion, and acute 
postoperative renal failure, may significantly alter the risk of in-hospital mortality.15-19 With today's 
aging population and more chronically ill patients undergoing cardiothoracic surgery, the 
likelihood of unfavorable postoperative complications is expected to increase even more.20 
 
The use of CPB exposes blood to non-biocompatible polymers.21, 22 The contact between the blood 
and the artificial surface, ischemia-reperfusion injury, endotoxemia, surgical trauma, and 
rewarming cause the activation of blood cells (i.e., neutrophils), serum proteins and the initiation 
of inflammatory cascades such as the complement, extrinsic coagulation, and fibrinolytic 
pathways.8, 21 The systemic inflammatory response23 combined with the non-pulsatile CPB flow24, 

25 contributes to extravascular fluid shift26, platelet dysfunction8, bleeding disorders27, 
vasoplegia28, tissue malperfusion8, and postoperative organ dysfunction, including acute kidney 
injury (AKI)29, neurological dysfunction30, post-perfusion syndrome31, and acute respiratory 
distress syndrome (ARDS)32.  
 
Efforts have been made to improve the biocompatibility of CPB circuits to reduce the systemic 
inflammatory response. Nevertheless, significant inflammatory activation still occurs after the 
onset of CPB, regardless of preventive measures, making its use a risk factor for early 
postoperative morbidity.22, 33 
 

2.2| The microcirculation 
 
After cardiothoracic surgery, patients are admitted to the ICU, where they are monitored and 
treated to establish and maintain homeostasis.34 Homeostasis is the tendency of cells, tissues, and 
the entire living system to maintain and regulate stability and constancy of internal, chemical, and 
physical conditions in order to function correctly.35 The goal of achieving homeostasis in the ICU 
is to restore the patient's physiological state to a medically acceptable state, using interventions, 
and supporting the body in achieving this medically acceptable state, as the body cannot achieve 
it on its own.36 Unfortunately, the development of organ failure cannot always be prevented by 
achieving a medically acceptable state in terms of quick normalization of vital functions.37 An organ 
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can only properly function if it receives adequate O2 and nutrients. In the case of a healthy state 
combined with adequate microcirculatory perfusion, the amount of O2 delivery (DO2) exceeds 
the O2 consumption by the tissues (VO2).38  
 
A factor causing organ dysfunction after cardiothoracic surgery is impaired tissue perfusion due 
to microcirculatory failure.39, 40 The microcirculation is the smallest unit of the cardiovascular 
circulation that has the fundamental task of exchanging respiratory gasses   (i.e., O2 and carbon 
dioxide (CO2)), nutrients, water, hormones, heat, and waste products between the circulating 
blood and the parenchymal cells.41, 42 Based on the anatomical properties and direction of blood 
flow, the microcirculation can be divided into arterioles (<100µm), capillaries (<20µm), and venules 
(<100µm). The microcirculation plays an important role, directly in maintaining organ perfusion  

 Figure 1 ________________________________________________________________________________________________    
A hierarchical network of arteries (red), veins (blue) and capillaries, as well as lymphatic 
capillaries and collecting vessels (green) that drain fluid into the venous circulation, form the 
vasculature of the circulatory system. Most intercellular communication occurs in the 
microcirculation (i.e., arterioles, capillaries and veins). Arteries and veins are characterized by a 
continuous lining of ECs, BM and layers of SMCs. The endothelium of capillaries can be 
continuous, fenestrated or discontinuous, and are covered to varying degrees by BM and 
pericytes. Lymphatic capillaries consist of ECs that allow fluid to pass through at high interstitial 
pressure. Collecting lymphatic vessels have little SMC coverage and contain luminal valves that 
aid in pumping and prevent reflux of lymph. ECs: endothelial cells; BM: basement membrane; 
SMCs: smooth muscle cells.  
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and indirectly in maintaining organ function. It must ensure maximum distribution of O2 and 
nutrients to mitochondria in support of oxidative phosphorylation by touching almost every 
parenchymal cell while minimizing the area it occupies to provide space for the parenchymal cells, 
nerves, structural tissue, inflammatory cells, and other cell types that directly contribute to organ 
function.43, 44 In the case of hypoxia, endothelium-mediated vasodilation occurs through the 
release of vasodilating prostaglandins, nitric oxide (NO), and putative endothelium-derived 
hyperpolarizing factor.45-50 In the endothelial response to hypoxia, erythrocyte NO release is also 
likely to play an active role.51, 52 The release of metabolites such as lactate, H+, adenosine, and K+ 
by underlying tissues induces a more delayed vasodilatory response.53  
 
A capillary consists of a single layer of epithelium and a basement membrane, which allows the 
capillary to exchange molecules (i.e., O2 and waste products) between blood and parenchymal 
cells (Figure 154). The vessel walls of capillaries can be morphologically distinct, both within a 
particular part of the network and between different parts of the network, and are formed by a 
continuous, fenestrated, or discontinuous monolayer (Figure 1). Fenestrated endothelium is 
found in tissues involved in secretion and filtration, and discontinuous endothelium is 
characteristic of sinusoidal vascular beds.54 The main determinants of capillary perfusion are 
capillary patency and capillary blood flow, consisting of arteriolar tonus, driving pressure, and 
hemorheology.55 Two primary mechanisms accomplish oxygen transport by RBC flow: the passive 
diffusion of O2 from the RBCs to the mitochondria of tissue cells and the convective transport of 
the oxygen-carrying RBCs.56 Fick's diffusion law defines the diffusive movement of O2 from the 
RBCs to the mitochondria in tissue cells. The oxygen flux is the product of the difference between 

 Figure 2 ___________________________________________________________________________________________________________________ 
Oxygen transport from the microcirculation to tissue cells by convective and diffusive determinants. Fick's diffusion 
law defines the diffusive movement of oxygen from the RBCs to the mitochondria in tissue cells. The oxygen flux is 
the product of the difference between the partial pressure of oxygen at the RBC minus that at the mitochondria and 
the diffusion distance times the exchange area divided by the diffusion distance from the RBC to the mitochondria. 
The product of the rate at which the RBCs enter the capillary, the oxygen-carrying saturation of the hemoglobin in 
RBCs and the oxygen-carrying capacity of an RBC at 100% saturation (0.0362 pl O2/RBC) define the convective flow 
of RBCs. A: exchange surface; cap: capillary; D: diffusion distance; Hbsat: oxygen-carrying saturation; K: oxygen-
carrying capacity of RBC; l: diffusion distance from the RBC to the mitochondria; mit: mitochondria; RBC: red blood 
cell; pO2: partial pressure. 
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the partial pressure of O2 at the RBC minus that at the mitochondria and the diffusion distance 
times the exchange area divided by the diffusion distance from the RBC to the mitochondria, as 
shown in Figure 2.57, 58 The product of the rate at which the RBCs enter the capillary, the oxygen-
carrying saturation of the hemoglobin in RBCs, and the oxygen-carrying capacity of an RBC at 100% 
saturation (0.0362 pl O2/RBC) define the convective flow of RBCs (Figure 2).59  
 
Although O2 exchange from capillary blood to tissue cells is the primary function of the 
microcirculation, the arteriolar and venular parts have essential functions in maintaining adequate 
hemodynamics and tissue perfusion. Arterioles are small branches of arteries that drain via 
terminal arterioles into capillaries. The vessel walls of arterioles are surrounded by a continuous 
smooth muscle layer controlled by the sympathetic nervous system (Figure 1). In response to 
changes in local shear stress, vascular endothelial cells can deliver local stimulatory signals to 
arterioles via cell-to-cell communication.60, 61 Depending on the local metabolic needs of the tissue 
cell, independent of changes in blood pressure, central and local control mechanisms (i.e., 
myogenic, metabolic, and neurohumoral mechanisms) regulate vasoconstriction or vasodilation 
of arterioles.62 This process is called autoregulation and serves as a mechanism to maintain an 
adequate mean arterial pressure (MAP). In an abnormal condition, such as shock, the balance 
between peripheral tissue flow and vascular resistance to maintain arterial vascular pressure can 
be disturbed, resulting in insufficient blood flow to less important tissues (i.e., muscle, 
gastrointestinal tract, skin and subcutaneous) to maintain metabolism in specific vital organs (i.e., 
brain, heart, kidneys).63-65 Two or more capillaries join to form postcapillary venules, which then 
converge to form collecting venules. Venules serve as a large low-pressure reservoir through which 
blood is returned to the heart and can contain up to 75% of the total blood volume, making the 
microcirculation a major player in regulating preload and CO.66 Venules consist of endothelial cells 
surrounded by a near complete layer of pericytes, instead of smooth muscle cells (Figure 1).67, 68 
Pericytes make contact with the endothelium to regulate vascular stability and transendothelial 
transport.69 Postcapillary venules and collecting venules are important sites for inflammation-
induced changes in macromolecular permeability and inflammatory cell adhesion and 
transmigration, where leukocyte rolling, sticking, and extravasation can be best observed in the 
postcapillary venules.70-72 The quantity of venous blood, cardiac preload, and cardiac output is 
influenced by active and passive changes in venous vascular tone to maintain the circulating blood 
pool.66 To maintain organ perfusion and, consequently, organ function, adequate functioning of 
the microcirculation is essential.73  
 
Microcirculatory perfusion has been studied mainly in patients with severe inflammatory 
conditions, such as sepsis, in which the microcirculation is significantly impaired.74 These studies 
have shown that microcirculatory perfusion disorders contribute substantially to the development 
of acute organ dysfunction. In cardiothoracic surgery, microcirculatory impairment in perfusion 
was found to occur after initiation of CPB, of which these changes persisted postoperatively.39, 75 
Nevertheless, the mechanisms behind impaired microcirculatory perfusion during CPB remain to 
be elucidated.  
 

2.2.1| Sublingual microcirculation 
 
The sublingual area shares a common embryogenic origin with the splanchnic system.76 The 
unique anatomy includes three prominent landmarks: the lingual frenulum in the midline, the 
sublingual papillae (caruncles), and the bilateral sublingual folds (Figure 377). The sublingual artery,  
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via the lingual artery, which branches off from the external carotid artery, mainly supplies the 
sublingual area. Venous drainage from the sublingual area passes mainly directly to the internal 
jugular system via the deep lingual veins (Figure 478).76 Proportionally, more capillaries and veins 
than arteries are present in the sublingual area.  

 
For a long time, it was largely unclear whether microcirculatory changes in the sublingual region 
were representative of hypoperfusion in other organs, particularly in the splanchnic region. 
However, recently, a large number of studies have shown that the sublingual microcirculation site 
is highly clinically relevant, as microcirculatory alterations were found to be highly sensitive and 
specific, as an indicator for the severity of disease and for predicting morbidity and mortality in 
critically ill patients, much more than changes in the macrocirculation or oxygen-derived 

 Figure 3 _______________________________________________________________________________ 
Anatomy of the sublingual space. The microcirculation should be measured in the 
sublingual triangle (black triangle). 

 Figure 4 _____________________________________________________________________________________________________________ 
Overview of the sublingual circulation, including (A) the sublingual microcirculation. (B) Image of the 
sublingual microcirculation captured with OPS imaging. OPS; orthogonal polarization spectral imaging. 
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variables.79, 80 Sublingual microcirculatory alterations appear to correlate with microcirculatory 
alterations in the intestines and kidneys81-83 and are therefore considered a sensitive indicator of 
circulatory failure.81, 82, 84  
 

2.2.2| Functional microcirculatory measures 
 
Recent developments in microcirculatory measurement techniques in humans have renewed 
interest in microcirculation by clinicians.85 For several years, it has been possible to visualize the 
microcirculation at the bedside of the patient with an HVM using OPS, SDF, or IDF imaging.86 These 
techniques use polarized green light, which is only absorbed by the hemoglobin RBCs, enabling 
visualization of superficial vessels.87 RBCs are imaged as dark flowing globules against a grayish/ 
white background.87, 88 The vessel wall is not visible with HVM. In most larger blood vessels, several 
RBCs flow side by side, making it easy to determine the vessel diameter. In small capillaries, this is 
more complicated, especially when plasma gaps separate the RBCs. A plasma gap represents fluid 
that changes shape because it is a rheological medium for blood to flow.89 To describe the 
microcirculation's physiological properties, several functional microcirculatory measures have 
been developed (Table 1).86, 90 Total vessel density (TVD) is the potential capillary density in the 
current functional state of the microcirculation. The TVD is calculated by dividing the total length 
of all capillaries filled with RBCs by the total area in the field of view. It is a determinant of the 
diffusion capacity of the microcirculation.90  
 
In a normal healthy state, the microcirculation is characterized by minimal heterogeneity. The 
visualized capillaries form a dense network of perfused capillaries, although the flow between 
capillaries may vary according to the metabolic needs of surrounding cells. Capillaries can adapt 
to the new metabolic needs of surrounding cells by vasodilation, vasoconstriction, and adjusting 
the velocity of circulating cells within them. Local factors, including direct stimulation of endothelial 
cells by backward communication and local release of NO by RBCs under hypoxic conditions, 
primarily regulate the fine-tuning of perfusion in capillaries via modulation of the precapillary 
sphincter. In severe disease, capillary density may decrease. A variable proportion of capillaries 
are not perfused or are perfused intermittently, leading to heterogeneous tissue perfusion. 
Capillary tissue perfusion may change from minute to minute, with non-perfused capillaries 
suddenly becoming perfused and vice versa.83, 91  
 
The functional capillary density (FCD) and proportion of perfused vessels (PPV) describe the 
number of capillaries contributing to tissue perfusion. FCD stands for capillary patency92, where 
FCD is defined as the sum of the length of all capillaries exhibiting normal flow divided by the total 
surface of the analyzed area. A smaller FCD implies a more heterogeneous capillary perfusion. The 
FCD is a determinant of the microcirculatory diffusion capacity.90 The PPV is defined as the number 
of perfused vessels divided by the total number of vessels. It is a measure of the heterogeneity of 
capillary perfusion.90  
 
Capillary hematocrit (cHct) is also a determinant of microcirculatory diffusion capacity. It is defined 
as the weighted mean of the whole blood volume to RBC volume ratio in the analyzed area.90  
 
The red blood cell velocity (RBCv) is a determinant of the microcirculatory convection capacity. It 
is described by the weighted mean of the absolute RBC velocities in all capillary segments in the 
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analyzed area. This measure yields the quantitative movement of each RBC and provides the basis 
for the quantitative measurement of function heterogeneity of the microcirculation. The RBCv will  
 
Table 1 Microcirculatory  parameters                                                                                                                                                                                                                                                                                                                                      

Parameter Abbreviation Unit Definition 

Determinant of diffusive capacity 

Functional capillary 
density  

FCD mm/mm2 Sum of the length of all capillaries 
exhibiting normal flow divided by the total 
surface of the analyzed area 

Total vessel density TVD mm/mm2 Sum of the length of all capillaries 
containing RBCs divided by the total 
surface of the analyzed area 

Capillary hematocrit cHct % Weighted mean (by capillary segment 
length) of the RBC volume divided by the 
whole blood volume in all capillary 
segments within the field of view  

Determinant of convective capacity 

Red blood cell 
velocity  

RBCv µm/s Weighted mean (by capillary segment 
length) of the absolute RBC velocities in all 
capillary segments in the analyzed area. 

Microvascular flow 
index  

MFI 1 Manual grid-based score per quadrant, no 
flow (0), intermittent flow (1), slow flow (2), 
normal flow (3). Mean of subjective, 
qualitative flow score. 

Determinant of diffusive and convective capacity 

Density of perfused 
vessels  

PVD mm/mm2 Percentage of Perfused Vessels x TVD 

Tissue red blood cell 
perfusion 

tRBCp μm/min Weighted mean (by capillary segment 
length) of the product of the integral over 
time of the linear displacement of RBCs, 
capillary segment whole blood volume, 
and cHct, divided by the total surface of 
the analyzed area 

Aspect of the heterogeneity of capillary perfusion  

Proportion of 
perfused vessels  

PPV % Weighted mean (by capillary segment 
length) of the categorical per-vessel ‘non-
perfused’ property.  

RBC: red blood cell 
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likely replace the manual flow grading via the Microvascular flow index (MFI) due to the subjectivity 
of the MFI measure.90  
 
In 2020, a new functional microcirculation parameter was introduced: tissue red blood cell 
perfusion (tRBCp). This parameter more precisely describes the concept of tissue perfusion in 
relation to DO2. tRBCp is defined as the displacement of RBC volume divided by the tissue volume 
in the field of view. It is a quantitative parameter focusing on tissue perfusion by RBCs, calculated 
using algorithm-based analyses on standard microcirculatory image sequences.90 tRBCp 
integrates individual TVD, RBCv, and cHct, reflecting a combination of microcirculatory convection 
and diffusion capacity determinants. It is a promising parameter as a point-of-care target for 
hemodynamic management in critically ill patients.90, 93 
 

2.3| Measurement of the Microcirculation Using an HVM 
 
There are several surrogates for microcirculation and tissue perfusion, which are assessed via 
blood samples, e.g., lactate or venoarterial CO2 - gap, or noninvasively by evaluation of skin 
properties, such as mottling of the skin, capillary refill time, and warmth of the extremities.94-97 The 
circulation of the skin is the first vascular system from which blood is diverted during circulatory 
compromise.98, 99 A semi-quantitative measurement of oxy- and deoxyhemoglobin saturation in a 
catalyzed tissue volume can be achieved with near-infrared spectroscopy (NIRS). However, in an 
ICU population, the derived NIRS parameters were independent of the pathophysiological state of 
the patient and were not associated with significant changes in the macrocirculation.100 Although 
these surrogate-based methods provided some insight into the functioning of the 
microcirculation, these techniques were unable to visualize the microcirculation. In the early 20th 
century, direct intravital observation of the microcirculation was limited to the use of bulky 
capillary microscopes, which were used primarily to determine the microcirculation of the capillary 
nail bed.101 This technique was considered the golden standard for in vivo investigation of the 
microcirculation, but it was not extensively used in clinical practice due to the bulky 
microscopes.102 Therefore, HVMs were developed for direct observation and assessment of 
functional properties of the microcirculation to identify underlying pathology at the bedside.86  
 
The easiest way to study the microcirculation in postoperative cardiothoracic surgical patients in 
the ICU is to assess the sublingual microcirculation with an HVM. It is nowadays the most chosen 
anatomical site to obtain microcirculatory video images for evaluation because of its easy 
accessibility.101, 103   
 
In this thesis, microcirculation measurements are performed using an innovative non-invasive 
bedside monitoring system, the CytoCam (Braedius Medical, Huizen, The Netherlands). A CytoCam 
is a sublingual microcirculation measurement device that consists of a monitor and an HVM 
(Figure 5104) and provides high-quality videos of the sublingual microcirculation suitable for data 
analysis.101, 105 The technique that is used in the CytoCam relies on the IDF illumination imaging 
technique.101  
 
In 1971, the IDF technique was first described.106 This method made it possible to observe the 
microcirculation of an organ surface using epi-illumination without the need to transilluminate the 
tissue from below. In the late 1990s, OPS imaging, a technique similar to IDF, was added to a 
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handheld video microscope to capture the organ surface microcirculation of surgical patients.107-

109 This new OPS technique made it possible for the first time to study human microcirculation in 
tissue and organ surfaces, in real-time, at the bedside, especially in critically ill patients. OPS used 
green linearly polarized light. Polarized light is projected onto the tissue via a beam splitter. The 
tissue immediately reflects some of the light. Light penetrating deeper into the tissue first 
undergoes multiple scattering, becomes depolarized, and will eventually back-scatter. Polarized 
reflected light originating from surface reflections was blocked by an orthogonally polarized 
analyzer in order to form an image of the microcirculation below the tissue surface.86, 101, 107, 110, 111 
Next, an HVM with SDF imaging was released. The SDF HVM uses a circularly illuminated tip with 
light-emitting diodes (LEDs) that create a dark field.103 The difference between SDF and IDF HVMs 
lies in the improved optical resolution, making it possible to visualize more capillaries than its OPS 
and SDF predecessors.112 
 
The CytoCam with IDF imaging is a third-generation pen-like handheld microscope. It uses a new 
hardware platform. This platform includes a high-density pixel-based imaging chip and a short, 
pulsed illumination source that synchronizes and controls illumination and image acquisition 
under computer control. The IDF technique is now commercially available and has since been 
validated as bedside monitoring for the microcirculation.86, 101 
 
This technique uses green light of a specific wavelength produced by a ring of 12 circumferential 
high-brightness LEDs at the end of a light guide, within the middle, a magnifying lens to illuminate 
the target tissue tangentially. Surface reflections can entirely be avoided when using IDF, as the 
illumination light is optically isolated from the central column of the microscope. The stroboscopic 
green light is transmitted to the tissue and absorbed by oxygenated and deoxygenated  

 Figure 5 ________________________________________________________________________________________ 
CytoCam device (Braedius Medical, Huizen, The Netherlands) with bedside monitor.  
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hemoglobin. The back-scattered light is captured through the center of the probe to form a dark-
field illumination image, in which RBCs appear as dark globules.106 The use of stroboscopic light 
prevents the smearing of flowing RBCs in the recorded images, resulting in sharp contour 
visualization of the microcirculation, showing flowing RBCs and leukocytes captured by a high-
definition image sensor at a depth of approximately 1 mm. Plasma and leukocytes in the blood 
vessels cause luminous openings in the image.113 Blood vessels appear as black lines on white/gray 
background due to the reflecting of the light by surrounding tissues.  
 
The key specifications of the CytoCam can be found in Table 286.  
 
The CytoCam bedside monitor includes a software package called CytoCam Tools for capturing, 
playing, and analyzing videos. CytoCam Tools includes a user interface (UI) to operate the 
CytoCam via a desktop or all-in-one computer. During operation, the user enters patient and 
study information into the dialog box. Afterward, the user can navigate between the controls for 
focusing and brightness of the LEDs and recording a video sequence. In addition, the system has 
a modular design, allowing the user to add modules for image stabilization, video editing, and 
analysis.114 The microscope's tip is protected with an unsterile disposable cap perpendicular to 
the sublingual area of interest. The disposable cap (H & P Moulding Emmen B.V., Emmen, The 
Netherlands) is based on the use of ALTUGLAS® SG-7 (Arkema, Colombes, France), a hard 
transparent plastic. Three videos of at least 3 seconds will be recorded from different sublingual 
areas during each time point. According to international guidelines86, it is necessary to capture 
multiple recordings in order to minimize heterogeneity in the microscopic field of view. Videos  

 Figure 6 ______________________________________________________________________________________________________________ 
Left) Schematic representation of SDF imaging. Green polarized light is projected onto the tissue via a beam 
splitter. Light penetrating deeper into the tissue first undergoes multiple scattering, becomes depolarized, and 
will eventually back-scatter. The quality of the image sequence is ensured by a focusing mechanism. The data 
will be transferred to the computer. Right) Representation of the usage of the CytoCam. The probe of the 
CytoCam is placed at the sublingual triangle in the sublingual area. Direct evaluation of the microcirculation 
is possible at bedside. LED: light emitting diode; SDF: sidestream dark-field. 
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Table 2 Key specifications CytoCam 

Sensor 

Frame size  
Pixel size 

14 megapixel (4416 x 3312 pixels) 
1,4 x 1,4 μm 

Frame size binning mode 
Pixel size 

3,5 megapixel (2208 x 1648 pixels) 
2,8×2,8 μm 

Resolution 300 lines/mm 

Image area 6227×4653 μm 

Output 8-bit RAW, RGB 

Image transfer rate 25 frames/s (full resolution) 

Time to result 8s (minimum recording time is 3s, max 
recording time is 16s) 

Optics 

Magnification factor lens 4 

Field of view 1,55 x 1,16 mm 

Focusing  

Focusing manually controlled motorized focusing 
system (piezo linear motor) 

Step size  4 µm, accuracy <2 µm 

Illumination 

Imaging modality IDF 

Illumination source 12 high-brightness LEDs 

Color Green (wavelength 548nm) 

Pulse time 2ms  

RAW: unprocessed or minimally processed data from the image sensor; RGB: red, green, and blue color system. 

 
will be excluded from further analysis if they do not meet image quality requirements such as 
illumination, image duration, focus, vessel content, stability, and absence of probe-induced 
pressure (Appendix A).86, 115 The recorded videos can be analyzed offline with the software 
programs Automated Vascular Analysis (AVA) and MicroTools to extract relevant functional 
microcirculatory parameters. AVA software is the current standard for analyzing microcirculatory 
image sequences. This is a semi-automated software platform, making the analysis time-
consuming and requiring considerable precision and skill from the person analyzing the images. 
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Microtools is a new, fully automated software program that can analyze microcirculation image 
sequences without human intervention to extract microcirculation parameters objectively. 
MicroTools calculates the FCD, TVD, cHct, RBCv, tRBCp, and PPV solely. Therefore, only these 
parameters are used later on in this thesis.  

In recent years, many studies have been performed on microcirculation measurements using an 
HVM. Mainly in the sublingual area in a wide range of disease states and age groups116-120, but also 
several studies of microcirculation performed directly on organ surfaces during surgery.109, 121-123 
 

2.4| Microcirculatory alterations after cardiothoracic surgery 
 
In cardiothoracic surgery using CPB, the switch from physiological circulation to extracorporeal 
circulation results in a sudden change in the nature of the systemic circulation. Microcirculatory 
alterations associated with CPB may have several hemodynamic and metabolic causes, which may 
lead to enhanced venous flow, functional microcirculatory shunting, and, most importantly, 
reduced oxygen delivery to tissues. 
 

2.4.1| The surgery 
 
First, the surgery affects blood perfusion in the microcirculation and can be divided into tissue 
trauma, ischemic injury from cardiopulmonary arrest, and subsequent ischemic reperfusion 
injury.124 A circulatory arrest is associated with the immediate shutdown of the sublingual 
microcirculation, while flow persists in larger microvessels.125 Additionally, anesthesia potentially 
interferes directly or indirectly with normal blood flow and vasoreactivity in the microcirculation 
but is not a significant player.39, 126, 127 
 

2.4.2| Blood characteristics 
 
Microcirculatory alterations may be caused by various blood characteristics. Probably the most 
important one is the relative presence of cells in the blood plasma, referred to as hematocrit (Hct). 
Hct is essential for tissue oxygenation because of its O2 transport effect (convection) and its effect 
on maintaining capillary perfusion (diffusion).128 Capillary Hct is lower than systemic Hct due to 
the preferential distribution of RBCs to the high-velocity center of microvessels (known as the 
Fahraeus effect) and heterogeneous distribution of Hct at microvascular bifurcations (the so-called 
network Fahraeus effect).129 In addition to their contribution to tissue oxygenation, RBCs also have 
a primary function as sensors for blood flow distribution within the microcirculation, which could 
be disrupted during hemodilution.32 
 
Under inflammatory conditions, platelets and leukocytes may adhere to the endothelium, leading 
to increased vascular leakage and capillary obstruction, which may interfere with microcirculatory 
perfusion.130, 131 
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2.4.3| The influence of CPB 
 

2.4.3.1|Hemodilution 
 
When CPB is used, it is associated with hemodilution. Hemodilution results in increased diffusion 
distance and a reduced convective flow leading to tissue hypoxia due to the loss of RBC-filled 
capillaries.58 It results from mixing circulating blood with 1.5L-2.0L CPB priming solution, causing 
a 10-20% decrease in Hct values.132 A sufficiently high RBC content in the blood is essential to 
maintain the number of perfused capillaries, and conversely, hemodilution leads to a decrease in 
these perfused capillaries.128 The reduction of Hct is also associated with reduced blood viscosity, 
consequently causing altered PVD and FCD.133 
 

2.4.3.2|Non-pulsatile flow conditions 
 
Switching to CPB involves a change from pulsatile to non-pulsatile conditions. Blood flow is 
necessary for normal endothelial cell function because of its flow sensitivity. Shear stress on the 
luminal side of the cell leads to increased production of NO by endothelial nitric oxide synthase. 
NO has anticoagulant and vasodilatory properties.134 Consequently, reduced microcirculatory 
perfusion could initiate a vicious cycle of hypoperfusion and endothelial cell dysfunction. Using 
non-pulsatile flow during CPB reduces endothelial shear stress and NO production.135 This 
suggests that endothelial function may deteriorate when switching to non-pulsatile flow during 
CPB, which is associated with decreased microcirculatory perfusion due to decreased 
hemodynamic energy resulting in microvascular shunting, capillary collapse, and activation of 
inflammatory mediators.25, 136-138 Nevertheless, it is currently unknown whether pulsatile flow 
during CPB can preserve microcirculatory perfusion.139 
 

2.4.3.3|Hypotension 
 
The systemic inflammatory response, combined with the reduction in blood volume due to the 
transition to CPB, hemodilution-associated reduction in blood viscosity, and increase in vascular 
capacitance with rewarming, is associated with reductions in blood pressure and cardiac output 
and may lead to hypotensive episodes. Whether hypovolemia and/or systemic hypotension affect 
microcirculatory perfusion is an ongoing debate. Correcting cardiac output and hypotensive 
episodes via volume or pharmacological interventions may affect microcirculatory perfusion.132 
 

2.4.3.4|Hypothermia 
 
While using CPB, body temperature is reduced to 32-35 degrees Celsius. Hypothermia decreases 
myocardial and cerebral VO2, thereby preserving cellular function. The temporary reduced O2 
requirement may conceivably affect microcirculatory perfusion, resulting in a heterogeneous 
microcirculatory flow.132 
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2.4.3.5|Hyperoxia 
 
To improve O2 supply to tissues and compensate for CPB, hyperoxia (20-30kPa) is used during 
cardiothoracic surgery. However, hyperoxia may adversely affect the microcirculation, including 
reduced FCD, assuming shunting or vasoconstriction proximal to the microvascular network.140-142  
 

2.4.4| Inflammatory response 
 
The intravascular inflammatory response is partially CPB-related and induced by the non-
biocompatible polymers, hypothermia, release of endotoxins, non-pulsatile blood flow, and 
surgical trauma-related tissue trauma and reperfusion injury.21, 143 In a state of stress, such as 
inflammation, the endothelium presents its adhesion molecules to the blood side of the vessel. 
Subsequently, activated endothelial cells lead to a vasoconstrictive, procoagulant state, in which 
cellular blood components may adhere to the vessel wall, leading to microvascular obstruction.144 
 
In addition to the presentation of adhesion molecules on the endothelial surface with associated 
leukocyte activation145, this complex inflammatory response also includes complement 
activation146, 147, activation of the contact system of plasma148, and secondary platelet activation145, 
the release of pro-inflammatory cytokines (i.e., tumor necrosis factor (TNF)149 and Interleukins (IL) 
6 and 8150) and endotoxins, and production of phenomena such as oxygen free radicals, several 
arachidonic acid metabolites (i.e., thromboxane (TX) a2

151), lipid mediators (i.e., platelet-activating 
factor (PAF)152, 153), NO, and endothelins (Figure 7143). These pro-inflammatory cytokines are known 
  

 Figure 7 ____________________________________________________________________________________________________________________ 
Schematic representation of the inflammatory response to CPB by biological mechanisms. Redundancy and 
interactions between arms is present. These mechanisms result in tissue injury and organ damage. CPB: 
cardiopulmonary bypass; ICAM-1: intracellular adhesion molecule-1; ELAM-1: endothelial-leukocyte adhesion 
molecule-1; IL: interleukin; TNF: tumor necrosis factor; PMN: polymorphonuclear leukocyte; TXA2: thromboxane A2; 
PGE1: prostaglandin E1; PGI2: prostacyclin; PAF: platelet activating factor; ET-1: endothelin-1; NO: nitric oxide. 
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to have profound effects on the vasculature, leading to increased vascular permeability, altered 
vascular morphogenic responses, adhesion, and transmigration of leukocytes, increased 
procoagulant activities, and increased platelet adhesion and aggregation.154-157  
 
Because of the complexity of the inflammatory response in cardiothoracic surgery, the specific 
contribution of inflammation to derangements in microcirculatory perfusion is unknown. Evidence 
suggests that a pro-inflammatory state may be associated with microcirculatory dysfunction.143 
 

2.4.5| The occurrence of circulatory shock 
 

2.4.5.1|Vasoplegic syndrome 
 
Several CPB-side effects known as postperfusion syndrome have been described since the 
introduction of CPB. Coagulopathy may occur due to the dilution of clotting factors and platelet 
dysfunction. Systemic inflammation may be induced by releasing pro-inflammatory cytokines158-

160, which may contribute to lung damage, myocardial reperfusion injury, and profound 
generalized vasodilatation. This generalized vasodilation is also known as vasoplegic syndrome 
(VS). VS occurs in the early postoperative phase after cardiothoracic surgery with CPB, especially 
after extended CPB161, and is characterized by decreased arteriolar reactivity, severe hypotension 
with decreased systemic vascular resistance (SVR), and an increased requirement for volume filling 
and vasopressants regardless of a normal or augmented CO, causing organ hypoperfusion.162, 163 
 
Physiological contraction of vascular smooth muscle occurs in response to increasing levels of 
intracellular calcium, which initiates a cascade of events that begins with myosin phosphorylation 
and leads to myosin-actin filament crossing and vasoconstriction. The influx of cytoplasmic 
calcium is increased by activation of the alpha-1 adrenergic receptor (a1), vasopressin-1 (V1) 
receptor, and angiotensin type-1 receptor (AT1).164 This mechanism is dysregulated during CPB 
due to the CPB-related inflammatory response with the release of IL-1, IL6, and TNF-𝛼, in particular. 
These cytokines may stimulate the locus coeruleus and the hypothalamic-pituitary-adrenal axis in 
the paraventricular nucleus. This will lead to adrenoreceptor desensitization164, an immediate 
increase in vasoconstrictive mediators (i.e., norepinephrine (NE), antidiuretic hormone (ADH), 
arginine vasopressin (AVP) and angiotensin II (ATII)) with subsequent depletion, and the 
production of NO via inducible nitric oxide synthase (iNOS) (Figure 8165). NO is vasodilatory, and 
an excess can cause vasodilatory shock.166-168 NO leads to an increase in cyclic guanosine 
monophosphate (cGMP)169, which inhibits calcium in cells, causing muscle relaxation. NO also 
activates ATP-sensitive potassium channels (KATP), leading to hyperpolarization and inhibited 
vasoconstriction, regardless of the activation of G-protein coupled receptors.167  
 
In extreme cases of vasoplegia, NE response can be inhibited by some mechanisms. Adrenergic 
receptors are phosphorylated, inhibiting catecholamines' binding, and increased NO production 
interferes with adrenergic receptors.164 Together with acidosis, hyperpolarization of the cell 
membrane by stimulation of the KATP channel and AVP deficiency contribute to the vasoplegic 
state.  
 
VS may be present in 5 to 50% of patients undergoing cardiac surgery, with high morbidity and 
mortality in those patients.170, 171 VS after cardiovascular surgery accounts for less than 5% of all 
circulatory shock.172   
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2.4.5.2|Circulatory shock 
 
Circulatory shock is defined by the presence of global tissue hypoperfusion and signs of organ 
dysfunction resulting from severe cardiovascular compromise.173 There are four main categories 
of circulatory shock, which can be assigned to four organ systems174: 
 

- Hypovolemic shock - blood and fluid compartment 
It is caused by loss of intravascular volume, resulting in a decrease in cardiac preload 
to a critical level and reduced macro- and microcirculatory parameters. It has adverse 
effects on tissue metabolism and the elicitation of an inflammatory response. 

- Distributive shock - vascular system 
A state of relative hypovolemia caused by a pathological redistribution of intravascular 
volume. It is caused by a loss of regulation of vascular tone, shifting volume within the 
cardiovascular system, and/or disordered permeability of the vascular system with a 
displacement of intravascular volume to the interstitium.   

 Figure 8 ____________________________________________________________________________________________________________________ 
Pathophysiology of vasoplegia. Intracellular calcium causes myosin phosphorylation, leading to myosin-actin 
filament crossing and vasoconstriction, with physiological contraction of vascular smooth muscle cells in response. 
α1-, V1- and AT1receptor activation cause increase in cytoplasmic calcium. The release of inflammatory mediators 
during CPB may lead to a direct increase in vasoconstrictive mediators with subsequent depletion, adrenoreceptor 
desensitization and production of NO. NO causes an increase in cGMP, which inhibits calcium in cells, resulting in 
muscle relaxation. NO also causes activation of KATP channels, which causes hyperpolarization and inhibited 
vasoconstriction. NE: norepinephrine; ADH: antidiuretic hormone ; ATII: Angiotensin II; IL: interleukin; TNF: tumor 
necrosis factor; α1: Alpha-1 adrenergic receptor; V1: vasopressin-1 receptor; AT1: angiotensin type 1 receptor; iNOS: 
Inducible nitric oxide synthase; NO: nitric oxyde; KATP: ATP-sensitive potassium channels; cGMP: Cyclic guanosine 
monophosphate; Ca: calcium, CPB: cardiopulmonary bypass.  
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- Cardiogenic shock - heart 
A critical reduction in the heart's pumping capacity due to systolic or diastolic 
dysfunction leads to reduced ejection fraction or impaired filling of the ventricles.  

- Obstructive shock - circulatory system 
It is caused by the obstruction of the great vessels or the heart itself.  

 
Patients after cardiothoracic surgery may suffer from low cardiac preload (i.e., hemorrhage or 
tamponade) or pump failure (i.e., mechanical complication, myocardial stunning, or infarction), 
which may lead to one or a combination of types of shock (hypovolemic, obstructive and/or 
cardiogenic shock). Moreover, pathogen-associated molecular patterns (PAMPs) in case of 
infection and damage-associated molecular patterns (DAMPs) of injured tissue activate the 
inflammatory cascade. Rapid identification of the onset of shock and the type of shock is critical 
for adequate treatment and increased survival. Unfortunately, rapid shock identification in 
postoperative cardiothoracic surgical patients is challenging because of the coexistence of 
multiple types of shock, conflicting findings, pending outcomes, and multiple underlying 
problems.173 If identified late or untreated, the condition deteriorates into a vicious cycle, leading 
to distributive shock, multiple organ failure (MOF), and death (Figure 9173).175, 176 

 

2.4.5.3|Blood lactate levels 
 
Blood lactate level is frequently used as a marker of tissue hypoxia. Hyperlactatemia occurs in 10-
20% of patients after cardiothoracic surgery, and a hyperlactatemia of more than two mmol/L at 
the time of shock diagnosis is associated with increased mortality and morbidity.177-180 The causes 
of hyperlactatemia after cardiothoracic surgery include non-hypoxic and hypoxic causes.178, 181, 182 
A possible explanation for lactate acidosis occurring without tissue hypoxia is accelerated 
glycolysis. Here, stress-induced uptake of glucose by the β2-receptor of peripheral tissues, due to 
the release of endogenous epinephrine, causes accelerated glycolysis and pyruvate production.183, 

184 Increased pyruvate production causes increased lactate production due to the mass effect on   

 Figure 9 _________________________________________________________________________________________________________ 
Mechanism of shock onset. After cardiothoracic surgery, patients may suffer from pump failure (e.g., 
infarction, mechanic complication or myocardial anesthesia) or low preload (e.g., hemorrhage or 
tamponade). This can cause cardiogenic, obstructive and/or hypovolemic shock. The inflammatory 
cascade is initiated by PAMPs in the case of infection and DAMPs in the case of injured tissue. Without 
treatment, this condition worsens into a vicious cycle toward distributive shock, MOF and death. DAMPS: 
damage-associated molecular patterns; MOF: multiple organ failure; PAMPS: pathogen-associated 
molecular patterns. 
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the lactate-pyruvate equilibrium. Moreover, increased pyruvate production is associated with 
significantly increased pyruvate oxidation via the citric acid cycle.185  
 
In the case of hypoxemia in a cell, glucose will be metabolized to lactate, resulting in a much lower 
Adenosine 5′-triphosphate (ATP) yield compared to when glucose is metabolized via pyruvate in 
the Krebs cycle under oxygenated conditions.172 Normally, the lactate/pyruvate ratio is 10:1. Tissue 
hypoxia leads to an increased Adenosine diphosphate (ADP)/ATP and nicotinamide adenine 
dinucleotide + hydrogen (H+) (NADH)/ nicotinamide adenine dinucleotide (NAD+) ratio, which 
inhibits pyruvate dehydrogenase, blocking pyruvate entry into the citric acid cycle. In the case of 
hyperlactatemia, due to tissue hypoxia, pyruvate is preferentially converted to lactate, and the 
lactate/pyruvate ratio goes up.186 Therefore, hyperlactatemia may reflect inadequate 
microcirculatory perfusion.172 Nevertheless, studies highlight the complexity of lactate metabolism 
and the need to interpret hyperlactatemia with caution.187 
 

2.4.6| Microcirculatory alterations to determine the type of shock 
 
Different types of shock can be distinguished based on microcirculation characteristics. Four 
different types of microcirculatory changes are described (Figure 10188), which may occur alone or 
mixed86, 90:  
 

- Type 1: complete stagnation of capillaries (e.g., in circulatory arrest, excessive use of 
vasopressors), reflected in the FCD, PPV, and RBCv 

- Type 2: reduction in the number or flowing capillaries (e.g., in hemodilution), reflected in 
FCD, TVD and cHct 

- Type 3: stopped-flow vessels are seen next to vessels with flowing cells (sepsis, 
hemorrhage, and hemodilution), reflected in FCD, TVD, PPV, RBCv, cHct, and tRBCp 

- Type 4: hyperdynamic flow between capillaries (hemodilution, sepsis), reflected in TVD and 
RBCv 

 

2.4.6.1|Cardiogenic shock 
 
Cardiogenic shock may occur in patients with cardiac or extracardiac filling disorders such as 
cardiac tamponade.189, 190 The atria and right ventricle are compressed by the acute rise in 
pericardial pressure, impeding diastolic filling of the heart191, leading to decreased CO. As a 
compensatory response to the low CO, vasoconstriction occurs, restoring the decreasing arterial 
flow and pressure to previous values. In particular, a type 3 microcirculatory change underlies this 
type of shock. In cardiogenic shock, the vascular response to metabolic demands appears 
impaired.192 Nonuniform arteriolar vasoconstriction due to sympathetic-vagal imbalance may 
cause a change in the ability of acetylcholine to reverse the observed microcirculatory 
constrictions and therefore has a vital role in reducing microcirculatory perfusion.193 Arteriolar 
vasoconstriction may be exacerbated by increased sensitivity to already increased sympathetic 
output. Due to the reduced activity of endothelial iNOS, there may also be a systemic reduction in 
NO production.194, 195 Rheological changes in cardiogenic shock, in addition to changes in vascular 
tone, include increased aggregation of RBCs, decreased deformability of RBCs, and early increase 
in viscosity due to increased fibrinogen and protein concentrations.196 
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The mechanisms for such endothelial and rheological changes may be mediated by a combination 
of reperfusion injury, a systemic inflammatory response, and increased concentrations of 
circulating catecholamines.197 
 

2.4.6.2|Obstructive shock 
 
Obstructive shock has much in common with cardiogenic shock, so the two are often conflated. 
198 
In obstructive shock, mechanical intra- or extravascular or luminal factors reduce blood flow in the 
great vessels or cardiac outflow with a critical decrease in CO, blood pressure, global oxygenation, 
and an increase in SVR.175 The result is a shock state with tissue hypoxia in all organ systems.199 
Obstructive shock is also an example of type 3 microcirculatory alteration.  
  

 Figure 10 __________________________________________________________________________________________________________________ 
Tissue hypoxia due to loss of hemodynamic coherence between macro- and microcirculation because of 
microcirculatory changes. Type 1: heterogeneous microcirculatory perfusion with perfused capillaries alongside 
obstructed capillaries resulting in heterogeneous oxygenation of tissue cells. Type 2: hemodilution with dilution of 
blood in the microcirculation resulting in loss of RBC-filled capillaries and increased diffusion distance between 
RBCs in the capillaries and tissue cells. Type 3: Altered vascular variables cause stasis of microcirculatory RBC flow 
(e.g., tamponade due to increased venous pressure (P) and/or increased arterial vascular resistance (R)). Type 4: 
Capillary leak syndrome causes edema resulting in increased diffusion distance and decreased ability of oxygen to 
reach tissue cells. Red: well-oxygenated RBC and tissue cells; purple: RBC with reduced oxygenation; blue: reduced 
oxygenation of tissue cells. RBC: red blood cell.  
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2.4.6.3|Hypovolemic shock 
 
Hypovolemic shock is characterized by increased sympathetic output resulting in altered inotropy 
and chronotropy. Via aldosterone- and vasopressin-induced salt and water retention and 
arteriolar vasoconstriction, the central blood volume is defended, making hypovolemic shock 
particularly prone to type 4 microcirculatory alterations.200 Endothelial swelling is a consequence 
of hemorrhage.201 Tissue damage triggers an inflammatory response that results in endothelial 
activation, which in part initiates vascular hyporesponsiveness via upregulation of endothelin-1 
and iNOS.202, 203 When activated, the endothelium becomes an adhesive surface to which activated 
slow-rolling leukocytes can adhere. The leukocytes are consequently exposed to inflammatory 
cytokines released at the site of injury or ischemia and diaphoretic via the dilating gap junctions 
of the capillary endothelium.204 Leukocytes stimulate further endothelial activation205 and obstruct 
the capillary lumen, resulting in a positive feedback loop of microcirculatory and cellular 
dysfunction206.  
 
Erythrocytes can also affect microcirculation. Erythrocytes have the ability to deform and allow 
them to pass through capillaries much smaller than their own diameter (~7µm). Under stressful 
conditions, deformability decreases rapidly due to membrane free radicals, which, combined with 
endothelial swelling, leads to decreased microcirculatory RBC perfusion175, 207 and cessation of 
capillary recruitment. Consequently, FCD decreases, as do oxygenation and effluent removal 
efficiency.208 
 

2.4.6.4|Distributive shock 
 
Distributive shock is characterized by increased CO with decreased SVR175 and occurs due to 
rampant systemic activation of inflammatory pathways (PAMPs). Excessive production of NO and 
other mediators leads to varying degrees of vasodilation, loss of vascular tone, myocardial 
depression, and hyporesponsiveness to catecholamines.209 
 
Distributive shock is accompanied by profound changes in the microcirculation due to several 
mechanisms, including a combination of increased blood viscosity210, glycocalyx degradation211, 
neutrophil activation212, vascular autoregulatory dysfunction212, and decreased red cell 
deformability.210 
 
A hyperdynamic vasodilatory state characterizes early distributive shock, often accompanied by 
relative hypovolemia and a concomitant reduction in FCD. Preservation of venous flow80 supports 
the presence of arteriovenous shunting213, 214. Residual capillary perfusion becomes increasingly 
heterogeneous.215 For this reason, distributive shock is generally a combination of type 1 and 4 
microcirculatory changes.  
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2.5| Microvascular endothelium 
 
The microcirculation is the largest endothelial surface of the body.216 The inner layer of the 
microcirculatory blood vessels is formed by flow-sensitive endothelial cells, making blood flow 
necessary for their normal functioning.134 They are highly multifunctional and include involvement 
in hemostasis, regulation of local blood flow, host defense, and organ-specific functions. However, 
as part of the microcirculation, endothelial cells also play a crucial role in the control and activation 
of coagulation and inflammatory processes.216, 217  
 
Under physiological conditions, positive hydrostatic pressure forces blood constituents toward the 
interstitial space. Colloids, proteins, and other large molecules cannot cross the endothelial barrier 
in large numbers. This creates an inward-directed oncostatic gradient across the endothelial 
layer.218 Inactive endothelial cells form a barrier between blood and tissue (Figure 1162), with 
vessels secreting anticoagulants and vasodilators through the endothelium and are responsible 
for keeping oncotic proteins such as albumin within the circulation space.219 
 

 
Albumin is net negatively charged.220 Maintaining this negative charge is essential for endothelial 
integrity; loss of this charge on the luminal side of the endothelium leads to extravasation of 
albumin.221-223 The amphoteric nature of albumin promotes tight binding to the glycocalyx, 
resulting in a reduction of hydraulic conductance across the vascular barrier and resistance to 
glycocalyx breakdown (protection against shedding). Albumin, therefore, contributes to the 
maintenance of vascular integrity, facilitates shear stress transfer, and maintains normal capillary 
permeability.224-227 Under normal conditions, the intravascular concentration of albumin is the 
main determinant of plasma colloid osmotic pressure according to the Starling hypothesis.228  

 Figure 11 _____________________________________________________________________________________________________________ 
Schematic representation of microcirculatory dysfunction and endothelial damage. a) a healthy               
microcirculatory vessel. The lumen of the vessel is covered with endothelial cells and glycocalyx. Leukocytes, 
RBCs and platelets flow with plasma through the microcirculation. b) Damage to the microcirculation due to 
inflammation, ischemia, reperfusion and hypoxia. This causes damage to the endothelium, RBCs and 
glycocalyx. Inflammation is further accelerated by activation of leukocytes. Vascular leakage and edema 
formation are caused by decreased vascular permeability. EC: endothelial cell; RBC: red blood cell. 
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However, under infectious, inflammatory, thrombotic, or shock conditions, endothelial cells 
become activated and display adhesion molecules (integrins, selectins) to blood components, 
inducing barrier dysfunction by cellular constriction and allowing pro-thrombotic substances to be 
secreted.219 Capillary permeability is increased during shock, leading to the leakage of plasma 
proteins from the interstitium. Endothelial damage by neutrophil-generated free radicals229, 
NO/peroxynitrite generation230, 231, and release of vasoactive compounds, such as histamine, PAF, 
bradykinin, TNF-α, and leukotrienes seem to stimulate this pathological process.  
 
Oncotic plasma pressure decreases with the loss of plasma proteins, contributing to the 
development of interstitial edema, decreased capillary perfusion due to increased extravascular 
pressure and extravasation of blood plasma, and decreasing circulating volume.232 In almost all 
types of shock, there is evidence of intravascular hemagglutination of red and white blood cells 
and platelets.233 Intravascular hemagglutination may result from microvascular coagulation 
leading to microthrombi (Figure 11). Clotting may also occur due to endothelial damage secondary 
to circulating free radicals produced by neutrophils and reperfusion, cytokines, or complement 
activation. Both cases can lead to further endothelial damage, microcirculatory abnormalities, and 
insufficient perfusion into tissues.233  
 

 Figure 12 __________________________________________________________________________________________________________________ 
Schematic overview of glycocalyx modulation under activated conditions. Left) Under healthy conditions, dynamic 
metabolism of hyaluron regulated by laminar shear stress maintains the glycocalyx. The intact endothelial 
glycocalyx maintains endothelial homeostasis, regulates permeability and plays an anti-inflammation and anti-
thrombosis role. Right) Upon activation under pathological conditions, such as inflammation, there is increased 
shedding of the glycocalyx by HYALs. Increased expression of adhesion molecules is also observed under 
inflammatory conditions. released hyaluron aggresomes on the membrane attract the adhesion of monocytes. 
CD44: cell-surface glycoprotein; HA: hyaluronan; HS: heparan sulfate; HYALS: heparanase and hyaluronidase; GPI: 
glycosylphosphatidylinositol; P-HAS2: phosphorylated-HAS2; PKC: protein kinase C; ROS: reactive oxygen species; 
TLR4: toll-like receptor 4. 
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The luminal side of the endothelial cells is lined with transmembrane-bound syndecans and 
membrane-bound glypicans, which together form the glycocalyx with a thickness of about 1 
mm.234 The membrane-bound part of the glycocalyx consists of glycosaminoglycans (GAGs), 
proteoglycans, glycoproteins, and glycolipids. The main contribution to the structure and function 
of the glycocalyx is made by the GAGs, of which hyaluronic acid (HA) and heparan sulfate (HS) 
make up to 90%.235, 236 The glycocalyx is a vital structure for the endothelial barrier and cell 
signaling.237 It regulates vascular permeability, transfers shear stress forces to endothelial cells, 
and provides vascular protection via the inhibition of coagulation and leukocyte adhesion.238 
Together with soluble or mobile molecules such as albumin, it forms the endothelial surface layer 
(ESL). The glycocalyx is very fragile, and the molecules are shed from the endothelial surface with 
certain stimuli, such as surgery, trauma, hypervolemia, and inflammation (Figure 12239).228, 240  
 
Shedding or modification of the ESL is essential after tissue injury to promote platelet and 
leukocyte adhesion.241 Shedding of the ESL leads to increased expression of adhesion molecules, 
increased cytokine proliferation, and increased leukocyte adhesion.242-246 Different disease states 
may have different effects on the ESL, from selective removal of glycocalyx components to 
complete denudation of the ESL. Recruitment and adhesion of leukocytes are characteristics of 
systemic inflammation and occur in the postcapillary venules of the microcirculation.247, 248 It 
depends on a cascade of events (Figure 13249) involving selectins, which act as primary molecules 
that induce and support rolling, and the secondary activation of integrins by chemokines, lipid 
mediators, and other proinflammatory molecules present on the endothelial surface. The 
integrins provide strong adhesion to leukocytes. Once attached, leukocytes can transmigrate out 
of the microvessels. Leukocytes can only roll and adhere to integrins under flow conditions with 
the presence of selectins.250 
 

 Figure 13 _______________________________________________________________________________________________________ 
The steps of the adhesion cascade. capture, rolling and slow rolling: selectins play a role; activation: 
chemokines play a role; arrest: mediated by integrins; adhesion strengthening and spreading: kinases 
contribute to this; intravascular crawling: mediated by intracellular adhesion molecules; and paracellular 
and transcellular transmigration: different molecules are involved. ESAM: endothelial cell-selective 
adhesion molecule; ICAM1: intercellular adhesion molecule 1; JAM: junctional adhesion molecule; LFA1: 
lymphocyte function-associated antigen 1 (also known as αLβ2-integrin); MAC1: macrophage antigen 1; 
MADCAM1: mucosal vascular addressin cell-adhesion molecule 1; PSGL1: P-selectin glycoprotein ligand 
1; PECAM1: platelet/endothelial-cell adhesion molecule 1; PI3K: phosphoinositide 3-kinase; VCAM1: 
vascular cell-adhesion molecule 1; VLA4: very late antigen 4 (also known as α4β1-integrin). 
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The release of glycocalyx components into the circulation can have downstream consequences. 
These components can stimulate inflammation by acting as DAMPs or alarmins. The glycocalyx 
contains soluble heparan sulfate molecules that play an important role in activating leukocytes, 
increasing cytokine production and endothelial activation251, 252, and hyaluronic acid, which 
stimulates the production of inflammatory mediators253, 254. Shed components such as syndecan-
1 and -4 ectodomains have an indirect anti-inflammatory effect by promoting neutrophil 
cytotoxicity.255 The complexity of glycocalyx components acting as effector molecules in the 
systemic circulation could be analogous to the systemic inflammatory response, in which the 
release of specific cytokines promotes the host response. In contrast, a "cytokine storm" may lead 
to pathological consequences.256, 257 
 
Shedding of the ESL alters capillary perfusion, resulting in decreased FCD258 and increased 
endothelial permeability259, leading to tissue hypoxia in certain areas due to decreased 
microcirculation260. The direct tissue damage and inflammatory response associated with the 
surgery itself, CPB, and ischemia-reperfusion injury lead to shedding of the glycocalyx and altered 
hydrostatic and oncotic pressure gradients, leading to transcapillary fluid shifts, and increased 
vascular permeability.228, 261 Barrier dysfunction of microcirculatory endothelial cells predisposes 
to fluid excess after cardiothoracic surgery, which is associated with poor clinical outcomes. 
However, it is not yet known whether reversing barrier dysfunction leads to a reduction in fluid 
overload, an improvement in microcirculatory perfusion, and a reduction in organ dysfunction.262 
 

2.6| Macrocirculation and hemodynamic coherence 
 
The ultimate goal of resuscitation is to avoid or correct tissue hypoxia. Resuscitation of critically ill 
patients in shock states after cardiothoracic surgery remains challenging in intensive care 
medicine.188 These patients require rapid normalization of macrocirculatory parameters, such as 
blood pressure, cardiac output, venous saturation, and urine output.37, 263 Currently, resuscitation 
procedures focus on the administration of fluids, vasopressors, and inotropics to promote tissue 
perfusion and O2 transport to the tissues.188 However, the endpoints (e.g., SvO2, lactate levels, and 
MAP) used to assess the efficacy of resuscitation therapy are not sensitive enough to identify 
regional tissue hypoxia.264-266 
 
From a clinical perspective, it is believed that normalization of these macrocirculatory parameters 
leads to a parallel improvement in microcirculatory perfusion and restoration of tissue 
oxygenation. Unfortunately, this normalization of macrocirculatory parameters does not always 
protect the patient from the development of organ failure. This is due to the loss of hemodynamic 
coherence.37, 188 
 
Hemodynamic coherence between macrocirculatory and microcirculatory parameters is the state 
in which resuscitation procedures aimed at correcting systemic hemodynamic parameters are 
effective in correcting regional and microcirculatory perfusion and O2 supply to the parenchymal 
cells, allowing these cells to perform their functional activities in support of organ function.188 
 
For effective hemodynamic coherence, resuscitation based on administering blood and fluids, 
combined with administered vasoactive drugs, should result in an adequate supply of oxygenated 
blood that meets the heterogeneous oxygen requirements of the different organs (Figure 14267). 
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Moreover, compensatory mechanisms, including neural, hormonal, biomechanical, and vascular 
regulatory control systems, must be able to perceive and regulate O2 transport to the different 
organs. In a state of shock, infection, inflammation, or reperfusion, these cellular sensing 
mechanisms to regulate blood flow may no longer work properly. In these cases, simply restoring 
macrocirculatory parameters is ineffective in restoring microcirculation and correcting tissue 
hypoperfusion.188 Resuscitation procedures may even be counterproductive by affecting the 
ability of the cardiovascular system to distribute oxygen-carrying red blood cells to the various 
organs effectively.268   
 
The four classes of microcirculatory changes (as listed in Chapter 2.4.6, Figure 10) associated with 
different stages of cardiovascular compromise are associated with reduced FCD and the 
consequent loss of the ability of the microcirculation to transport O2 to tissues. Functional 
shunting of O2 transport to tissues may be facilitated by reduced FCD, which, unless explicitly 
verified, is not detected by simply monitoring systemic hemodynamics.214, 269 
 
For the prevention or treatment of organ failure and for successful hemodynamic monitoring in 
directing therapy, another target must be pursued: the restoration of microcirculation.270 

  

 Figure 14 __________________________________________________________________________________________________________________ 
Schematic representation of the relationship between fluid responsiveness, flow responsiveness and hemodynamic 
coherence. Fluid responsiveness and hemodynamic coherence are markers of macrocirculation and 
microcirculation. Fluid responsiveness is a dynamic link between the two territories. 
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3.1| Introduction 
 
Nearly all patients after cardiothoracic surgery are admitted to the ICU. Circulatory shock 
complicates 5-50% of all adult cardiothoracic procedures.1-4 In these patients, changes in the 
microcirculation occur frequently. An impaired microcirculation results in decreased tissue 
oxygenation or organ damage if a situation of low tissue oxygenation persists.4 Monitoring in the 
ICU is mainly focused on macrocirculatory parameters, such as CO, blood pressure, SvO2, and 
biochemical markers (i.e., lactate). However, increasingly also microcirculation is measured in 
critically ill patients.5, 6 Although the macrocirculatory parameters can generally be used as 
surrogate parameters for systemic hemodynamics since the micro- and macrocirculatory systems 
are strongly interrelated, several studies in patients with sepsis or septic shock have shown that a 
loss of hemodynamic coherence can occur. This means that macrocirculatory parameters improve 
to normal values during resuscitation while microcirculation is still impaired, a condition 
associated with increased morbidity and mortality.7 

An abundance of literature discussing macro- and microcirculation in patients with sepsis or septic 
shock is available. However, the number of studies performed in patients after cardiothoracic 
surgery is much smaller. During surgery, microcirculatory perfusion may be severely impaired as 
a result of no pulsatile blood flow through CPB, decreased cardiac output, hemodilution, 
hypothermia, and CPB- and tissue trauma-induced inflammation.8 As a result, areas of the 
microcirculation can become shunted and hypoxemic, eventually leading to organ failure.9, 10 The 
number of studies describing circulatory shock after cardiothoracic surgery in relation to the exact 
role of the microcirculation is still in its premature stages.11  

Therefore, the aim of this chapter was to identify the clinical time course of microcirculatory 
parameters of postoperative cardiothoracic surgical patients who are evidently macrocirculatory 
in circulatory shock. Secondly, we also aimed to investigate the relationship (i.e., coherence) 
between microcirculatory and macrocirculatory parameters in patients admitted to the ICU after 
cardiothoracic surgery with circulatory shock. 
 

3.2| Methods 
 

3.2.1| Dataset 
 
The data used for this chapter were obtained from a pre-existing database of cardiothoracic 
surgical patients in circulatory shock at the Leids University Medical Center (LUMC) ICU. In general, 
circulatory shock is defined as a state of circulatory disturbance with cellular and tissue hypoxia 
due to either reduced oxygen supply, increased oxygen consumption, insufficient O2 utilization, or 
a combination of these processes.12 The diagnosis of shock is based on clinical, hemodynamic, and 
biochemical markers (Table 313). In the ICU of the LUMC, a patient met the definition of circulatory 
shock at a lactate level of > 2 mmol/L combined with a norepinephrine level of ≥ 0.2 μg/kg/hr. 
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Table 3 Diagnosis of shock based on clinical, hemodynamic, and biochemical markers 

Clinical signs of decreased 
tissue perfusion and organ 

dysfunction 

Hemodynamic sings Biochemical signs 

Cold, clammy, mottled 
extremities 

Hypotension 

SBP < 90 mmHg > 30 
min or use of 
vasopressors (≥ 0.2 
μg/kg/min 
norepinephrine 
and/or 5 μg/kg/min 
dobutamine > 1 h) to 
achieve an SBP > 90 
mmHg or a MAP > 65 
mmHg 

Hyperlactatemia (> 2 mmol/L) 

Nausea and vomiting 

Urine production < 0.5 
ml/kg/hour 

Neurological symptoms (i.e., 
lethargy and/or confusion) 

SvO2 < 65% 

Liver dysfunction 

MAP: mean arterial pressure; SBP: systolic blood pressure  

 
Hemodynamic monitoring occurred according to LUMC's current clinical Shock protocol when a 
patient was in circulatory shock after cardiothoracic surgery. This protocol assessed 
microcirculation at predefined moments as part of standard clinical practice (Figure 15). 
 

 
In this study, we included data of patients who met the definition of shock, according to the 
definition of the LUMC, at time point T0 as our study population. Despite the dynamic nature of 
shock, in which the patient may be resuscitated after T0, all included patients were considered to 
have shock throughout the study period. No correction was applied if the included patients no 
longer showed signs of shock after T0.   

 Figure 15 __________________________________________________________________________________________________________________ 
Timeline of microcirculatory measurements in cardiothoracic surgical patients with shock. 
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From the database, we extracted the following data: demographic data (e.g., age, gender), type of 
surgery, durations (e.g., time to meeting shock criteria, time to the first measurement, and 
intraoperative times), hemodynamic data (i.e., MAP, lactate, and SvO2), microcirculation data (i.e., 
diffusion and convection parameters) and severity of disease score (i.e., Acute Physiology And 
Chronic Health Evaluation (APACHE) IV). MAP, SvO2, and lactate were extracted because these are 
hemodynamic parameters measured by default in all patients.  
 
In each patient, at least three four-second image sequences were recorded during each 
measurement time point according to the applicable guidelines14, using the CytoCam. The 
MicroTools algorithm was used to calculate the microcirculatory hemodynamic variables, such as 
TVD, FCD, PPV, cHct, RBCv, and tRBCp, from the image sequences of each patient.15 A pre-existing 
MATLAB script was used to calculate the average microcirculation parameters of the different 
image sequences. 
 

3.2.2| Statistical analysis 
 
The statistical analysis has been conducted using the SPSS (Statistical Package for the Social 
Sciences) statistical package, release 28.0.1 (SPSS Inc., Chicago, IL). Descriptive statistics were used 
to characterize the study population, with a calculation of mean, standard deviation, median and 
interquartile range, according to the distribution of variables, for continuous variables, which were 
assessed with histograms. Categorical variables were stated as numbers and percentages. 
Normality was tested for each variable; outliers were visualized by creating a 1D single-parameter 
boxplot. Next, the database was transformed from a wide database to a long database to describe 
the time course of the micro- and macrocirculation with graphs. Because of the repeated 
measurements within the same patient, Linear Mixed Models (LMM, Appendix B) estimated 
marginal means has been used to describe the mean values in microcirculatory and 
macrocirculatory parameters. LMM estimated marginal means is also used to describe the change 
of micro- and macrocirculatory parameters between the first two measurements (ΔT1 - T0). The 
hypotheses have been tested across several macro- and microcirculatory parameters. Thus, in 
order to reduce the chance of a type I error inflation, the Bonferroni multiple testing correction 
(Appendix B) is applied on the p-values of all individual tests.16 To describe the time course of the 
microcirculatory variables over time, LMM has also been used.  
 
For all the models in this chapter, the fixed effects included time course. Microcirculatory 
parameters of healthy volunteers17 were used as a reference for the microcirculatory parameters 
of this study population.  
 
Hemodynamic coherence of the macro- and microcirculation is defined as the same direction of 
change in both categories. It is well known what change for an established MAP at T0 is an 
improvement (i.e., the MAP increases) and what change is a deterioration. The same applies to 
lactate (i.e., improvement is a decrease) and SvO2 (i.e., in this patient population, an improvement 
is a decrease). However, for the microcirculatory parameters in this specific category of patients, 
it is not clear, because the behavior of the microcirculation in this category is not well described. 
Thus, in this thesis, a two-step approach was used: for a patient clearly clinically in shock, the first 
measurement of a microcirculatory parameter was compared with normal values from healthy 
volunteers. If this first measurement of a particular microcirculatory parameter in a cardiothoracic 
surgery patient with shock was higher than the normal value, it was concluded that this had to be 
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an abnormal value and that a decrease during a second measurement towards normal was an 
improvement of the microcirculation. Thus followed the qualitative definition of coherence of this 
thesis: both an improvement in macro- and microcirculation was a signal of coherence. An 
improvement in the macrocirculation but no improvement in the microcirculation was considered 
a sign of a lack of coherence. In this thesis, hemodynamic coherence was assessed globally in a 
qualitative manner per mean group change instead of mean individual changes.  
 

3.3| Results 
 
Initially, a total of 23 patients were included from the database. At T0, after retrospectively 
reviewing all patients, 20 of 23 patients met the stated criteria for the diagnosis of shock and were 
included for further analysis. At T1, 6 of 18 patients still met the stated criteria for shock, and at 
T2, only 4 of 11 patients. Several types of surgeries were performed, with a mean surgery time of 
500 ± 201 min and a mean bypass time of 307 ± 160 min. The study population comprised 14 
(70,0%) men with a mean age of 67 (IQR 26-76 years). The population had a mean APACHE-IV score 
of 64 ± 24. The mean time to meet the definition of shock was 4 ± 4 hours. On average, the time 
between admission to the ICU and the first measurement was 20 ± 12 hours. Table 4 summarizes 
the baseline characteristics.   
 

3.3.1| Microcirculatory time course  
 
The mean values and changes over time of macro- and microcirculatory parameters are shown in 
Table 5. FCD, TVD, and cHct were higher in cardiothoracic surgery patients with shock than in 
healthy volunteers. Lactate and SvO2 values showed significant improvement with improvement 
of shock. Microcirculatory parameters also showed signs of improvement of shock, but not 
significantly. Only the RBCv and cHct showed no improvement of shock. The number of measured 
values can be found in Appendix C.  
 
Figure 16 a to f show the course in time of the different microcirculation parameters. No significant 
differences over time were found in these parameters. The Linear Mixed Model (LMM) results are 
shown in Appendix D. 
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Table 4 Baseline characteristics of the study population 

General characteristics n = 20 

Age (years, median, range) 67 (26 - 76) 

Gender (n, %) 
Male 
Female 

 
14 (70,0%) 

6 (30,0%) 

BMI (kg/m2) (mean ± SD) 28 ± 5 

APACHE IV score (mean ± SD) 64 ± 24 

Type of surgery (n, %) 
Intracardiac 
Coronary 
Aortic 
Mechanical 
Intracardiac and coronary 
Intracardiac and Mechanical 
Intracardiac and aortic 
Other 

 
5 (25,0%) 
4 (20,0%) 
2 (10,0%) 

1 (5,0%) 
5 (25,0%) 

- 
3 (15,0%) 

- 

Surgery characteristics  

Surgery duration (min) (mean ± SD) 500 ± 201 

Anesthesia duration (min) (mean ± SD) 569 ± 206 

Bypass duration a (min) (mean ± SD) 307 ± 160 

Aortic cross-clamp duration a (min) (mean ± SD) 165 ± 91 

Microcirculatory measurements characteristics  

Time to meet the criteria of shock (hours) (mean ± SD) 4 ± 4 

Time to first measurement (T0) b (hours) (mean ± SD) 20 ± 12 

Time to second measurement b (T1)  (hours) (mean ± SD) 51 ± 29 

Time to third measurement b (T2) (hours) (mean ± SD) 69 ± 32 

Macrocirculation characteristics  

Noradrenalin at T0 (µg/kg/min) (mean ± SD) 0,54 ± 0,26 

Systemic hematocrit at T0 (L/L) (mean ± SD) 0,30 ± 0,04 

APACHE IV score: Acute Physiology and Chronic Health Evaluation Version IV Score; BMI: body mass index; SD: 
standard deviation; a: If a patient had multiple bypass or aortic clamp times, the values were first summed before 
the group average was calculated; b: difference between the time of admission to the ICU and measurement of the 
microcirculation. 
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Table 5 Mean values and mean change over time of macro- and microcirculatory parameters  

   Normal 
value+ 

Mean T0  
[95% CI] 

Mean T1  
[95% CI] 

Mean ΔT1 - 
T0  
[95% CI] 

P-value 
* 

Signs of 
improvement 
shock? 

Macrocirculatory parameters 

MAP  
(mmHg) 

65  
(60-90)18 

66.850  
[62.118, 
71.582] 

72.067  
[67.150, 
76.985] 

5.217  
[-1.164, 
11.599] 

0,106 Yes 

Lactate 
(mmol/L) 

<2 19 3.750  
[3.034, 
4.466] 

2.259  
[1.550, 
2.968] 

-1.491  
[-2.236, -
0.746] 

0,000 Yes 

SvO2  
(%) 

70  
(68-77%)20 

73.694  
[69.624, 
77,764] 

62.343  
[51.973, 
72.713] 

-11.351  
[-21.046, -
1.656] 

0,027 Yes 

Microcirculatory parameters17  

TVD  
(mm/mm2) 

18.2  
[17.2, 20.1] 

21.129  
[19.600, 
22.658] 

21.017  
[19.166, 
22.868] 

-0.111  
[-2.104, 
1.882] 

0,910 Yes 

FCD  
(mm/mm2) 

17.3  
[16.8, 19.2] 

19.861  
[18.389, 
21.333] 

19.785  
[17.768, 
21.803] 

-0.075  
[-2.043, 
1.893] 

0,938 Yes 

PPV  
(%) 

97.6  
[94.3, 98.4] 

94.109  
[91.716, 
96.501] 

94.262  
[89.366, 
99.158]  

0.153  
[-3.221, 
3.528] 

0,925 Yes 

RBCv  
(μm/s) 

340  
[302, 357] 

334.469  
[308.427, 
360.511] 

329.220  
[305.209, 
353.231] 

-5.249  
[-33.364, 
22.866] 

0,707 No 

cHct  
(%) 

5.0  
[4.7, 5.3] 

5.720  
[5.201, 
6.238] 

5.813  
[5.130, 
6.497] 

0.094  
[-0.586, 
0.773] 

0,781 No 

tRBCp  
(μm/min) 

45.3  
[39.5, 52.0] 

46.322 
 [41.218, 
51.426] 

46.402  
[40.776, 
52.028] 

0,080  
[-5.858, 
6.018] 

0,978 Yes 
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 Figure 16a _________________________________________________________________________________________________________________ 
Time course of the mean total vessel density (TVD) for patients with shock.  

 Figure 16b _________________________________________________________________________________________________________________ 
Time course of the mean functional capillary density (FCD) for patients with shock.  
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 Figure 16c _________________________________________________________________________________________________________________ 
Time course of the mean proportion of perfused vessels (PPV) for patients with shock.  

 Figure 16d _________________________________________________________________________________________________________________ 
Time course of the mean red blood cell velocity (RBCv) for patients with shock.  



52 | 
 

 
 
 

 
 

  

 Figure 16e _________________________________________________________________________________________________________________ 
Time course of the mean capillary hematocrit (cHct) for patients with shock.  

 Figure 16f __________________________________________________________________________________________________________________ 
Time course of the mean tissue red blood cell perfusion (tRBCp) for patients with shock.  
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3.3.2| Relationship between macro- and microcirculation  
 
The relationship between macro- and microcirculatory parameters can be found in Table 6. The 
mean duration between the measurements of T0 and T1 was 30 ± 21 hours and between T1 and 
T2 was 27 ± 15 hours. Based on qualitative assessment, hemodynamic coherence was found 
between all macrocirculatory parameters and the TVD, FCD, and PPV.  
 
Table 6 Relationship between the macro- and microcirculation 

 ΔMAP (mmHg) Δ Lactate (mmol/L) Δ SvO2 (%) 

Δ TVD (mm/mm2) Coherence Coherence Coherence 

Δ FCD (mm/mm2) Coherence Coherence Coherence 

Δ PPV (%) Coherence Coherence Coherence 

Δ RBCv (μm/s) No coherence No coherence No coherence 

Δ cHct (%) No coherence No coherence No coherence 

Δ tRBCp (μm/min) No coherence No coherence No coherence 

Δ: change (no increase or decrease); cHct: capillary hematocrit; FCD: functional capillary density; MAP: mean arterial 
pressure; PPV: proportion of perfused vessels; RBCv: red blood cell velocity; SvO2: central venous oxygen saturation; 
tRBCp: tissue red blood cell perfusion; TVD: total vessel density. 

 

3.4| Discussion 
 
The aim of this study was to describe the time course of the microcirculation in postoperative 
cardiothoracic surgical patients in shock and to describe the relationship, i.e., hemodynamic 
coherence, between this microcirculation and the macrocirculation.  
 
First, it is noteworthy that the convective mechanism, reflected in the RBCv, of the microcirculation 
is impaired in patients with shock. One explanation could be that these patients receive high doses 
of norepinephrine to achieve adequate MAP to maintain sufficient tissue perfusion.21 Initially, 
vasopressors, including norepinephrine, reduce microvascular perfusion by increasing 
precapillary sphincter tone.22-24 However, this is inconsistent with the increased diffusion 
mechanisms, FCD, TVD, and cHct of the microcirculation. Studies in several patients with septic 
shock have shown that the use of vasopressors can also improve microcirculatory perfusion by 
restoring tissue perfusion pressure. However, the net effect of norepinephrine on microcirculatory 
perfusion is highly variable, with alternating neutral, enhancing, or worsening effects.22-24  
 
In a capillary, the RBC velocity is always higher than the plasma velocity. The RBCs are mainly 
located in the middle of the capillaries because that is where the plasma velocity is highest. 
Consequently, the RBC velocity must exceed the plasma velocity. When the arterial Hct is 50%, 
plasma and RBCs enter the capillary at the same velocity.25 However, an RBC moves faster through 
the capillary than plasma, and since the total RBC flux remains constant across all vessel cross-
sections, the Hct in the capillary must be reduced at any instant in time to conserve mass in the 
microcirculation.26 The Hct in the blood in a capillary will be reduced below the arterial and venous 
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Hct by an amount proportional to the ratio of the mean transit time of the RBC to the mean transit 
time of the whole blood. Because of the Fahraeus effect, the Hct in the capillary will be lower as 
the RBCs flow faster, resulting in lower transit time.25 The Fahraeus effect is also reflected in our 
data, with RBCv being reduced and cHct increasing over time.  
 
In general, macrocirculatory improvement of the shock state is seen in these patients over time. 
Nevertheless, the microcirculation remains quite stably high compared to normal values. Only 
RBCv and cHct are contradictory, with a decrease in RBCv and an increase in cHct, which, however, 
can already be explained by the Fahraeus effect. However, no significant differences were found 
over time in the course of all microcirculatory parameters, which is logical, considering that many 
patients were still in shock during the measurement period. It is possible that in patients with 
shock, the microcirculatory changes are mainly a convective problem (i.e., the reduced RBCv). 
Increasing the diffusion parameters and decreasing the RBCs' transit time could possibly indicate 
a compensatory mechanism for the mismatch between O2 supply and consumption by delivering 
as much O2 to the tissues as possible. Since the tRBCp remains stable over time, the 
microcirculation seems to adapt to the situation in times of shock regardless of changes in the 
macrocirculation.  
 
The absolute change in RBCv, cHct, and tRBCp showed no hemodynamic coherence with the 
absolute change in MAP, lactate, and SvO2. In principle, this makes sense, as RBCv continued to 
decrease and cHct continued to increase from normal, while MAP, lactate, and SvO2 changed in 
the right direction. The tRBCp remained approximately stable, whereas it was expected to increase 
with an improvement in macrocirculation. However, if the assumption was made that there is a 
successful microcirculatory compensation mechanism in the case of shock, the tRBCp should not 
change with changes in the macrocirculation, which it did in this case.  
 

3.4.1| Limitations  
 
First, the duration between measurements is not the same for every patient and measurement 
point. This is mainly due to logistical reasons (e.g., shock development at weekends or nights). 
These differences in time between T0 and T1 may mean that micro and/or macrocirculation 
improved or declined more in one patient than in another. Consequently, the qualitative 
assessment of hemodynamic coherence may yield different results. A change in micro and 
macrocirculation per hour could correct the difference in time between measurements. 
 
At T0, not all patients no longer met the stated definition of shock of the LUMC. However, all 
patients, except three, were included in the analyses as patients with shock. Retrospectively, the 
patient records of seven "non-shock" shock patients were reviewed, after which four patients were 
still classified as patients with shock. It was assumed that if a patient met one of the two 
requirements of the shock definition (norepinephrine ≥0.2 μg/kg/min or lactate>2 mmol/L) and 
was clinically in shock (according to a clinician's expertise), the patient was categorized as being in 
shock. All patients in the existing shock database were measured only after shock was diagnosed. 
If a patient was no longer in shock at T0, this could mean that it was a recovering microcirculation, 
which perhaps should have been included as a different group in the analyses. Not all patients 
had three measurements. Because of the unpredictable nature of the onset of shock, there was a 
chance that measurement points T1 or T2 were on weekend days or that no researcher was 
available to take measurements that day. Only 18 patients were measured at T1 and only 11 at T2. 
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As a result, the database has many missing values. Because of the completely unsystematic form 
of missing data, it is very likely that the missing at random mechanism played a role. 
 
Because of the possibility of missing data with repeated measurements, we have used methods 
that can deal with unbalanced data and give valid results under the missing at random 
mechanism. As a result, the analysis may lose efficiency, but no bias is introduced.27, 28  
 
The sample size consists of only a small group (n = 20). This makes it challenging to define outliers 
as being outliers, or a possible trend. A small sample size ensures that a missing value is of more 
significant influence than if the sample size is larger. Unbalanced data in a small sample size 
potentially suggest certain trends differently than they are. For statistical analyses, a larger sample 
size is needed to add more covariates, such as surgery, anesthesia, bypass or aortic clamp 
duration, or inotropic agent values to the model, to test whether this may affect microcirculation.  
 
Another limitation is that our analyses have reduced statistical power to reject an incorrect H0 
hypothesis.29 This is due to the use of the Bonferroni multiple testing correction in combination 
with the small sample size.  
 
The reference values of the healthy controls from the study of Flick et al.17 were measured with 
the same imaging modality (the CytoCam) and analyzed with the same software as in the present 
study. However, it should be noted that this study is about microcirculatory perfusion and the 
effect of general anesthesia and non-cardiac surgery. This study included 38 healthy volunteers in 
their study, to observe any changes in the absence of anesthesia and surgery. In comparison with 
another study conducted by Hilty et al.30, there are slight differences in the values of various 
microcirculation parameters. Studies have shown poor inter- and intraobserver reproducibility of 
microcirculation measurements, leading to a wide range of reported microcirculatory parameter 
values. Therefore, the literature recommends using a large sample size in a research setting.31 
More research on normal control values in a large cohort of healthy volunteers is needed to 
interpret the values of microcirculation parameters. 
 
Another limitation, perhaps the most important, is that our study did not measure the patient 
preoperatively. Consequently, there is no baseline against which to compare the values of the 
patients. For the shock patients, the microcirculatory parameters seem to be higher than those of 
the healthy volunteers, but perhaps the microcirculation was already different in these patients 
before surgery compared to the healthy volunteers. The mean age of the healthy volunteers was 
24 years, which is much lower than the mean age of our study population. This could possibly also 
explain the differences between the microcirculations. Also, the measurement period of the study 
was too short. No clear turning point could be seen in the microcirculation parameters. Also, the 
shock patients were measured only after the diagnosis of shock. Therefore, the turning point in 
the microcirculation between shock and non-shock was missed, and no conclusion can be drawn 
as to whether the microcirculation contributes to the development of shock. A study in which all 
cardiothoracic surgical patients are followed before surgery and immediately after surgery until 
hospital discharge should be performed to draw a conclusion as to whether a difference in 
microcirculation can be found between the two groups and if the microcirculation contributes to 
the development of shock.  
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3.4.2| Conclusion  
 
In conclusion, the results imply on a possible diffusive compensatory mechanism in case of shock, 
which results in an adaptation of the microcirculation to the situation, maintaining the tRBCp at 
normal values independent of macrocirculatory changes. Nevertheless, more research is needed 
on the microcirculation of cardiothoracic surgical patients with shock, the possibility of a 
compensation mechanism, and the contribution of the microcirculation to the development of 
shock.  
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4.1| Introduction 
 
The previous chapter described the postoperative time course of the microcirculation and its 
relation to the macrocirculation in cardiothoracic surgical patients in circulatory shock. It showed 
that the diffusive microcirculatory parameters were increased in cardiothoracic surgery patients 
in circulatory shock compared to healthy controls and that the hemodynamic coherence between 
micro- and macrocirculation only existed between the TVD, FCD, and PPV and MAP, lactate, and 
SvO2 of the macrocirculation.  
 
Although it is clear that microcirculatory alterations contribute to the development of 
postoperative organ dysfunction, shock, and clinical outcome, little is still known about the effects 
of cardiothoracic surgery on the postoperative microcirculation in patients with circulatory shock 
and how the microcirculation of these patients compares to the microcirculation of postoperative 
cardiothoracic surgical patients without circulatory shock. To better understand the 
microcirculatory alterations of cardiothoracic surgical patients with shock and its role in the 
development of shock, it is also valuable to routinely measure microcirculation in postoperative 
cardiothoracic surgical patients without shock. 
 
A comparison of the microcirculation of postoperative cardiothoracic surgery patients who 
develop shock and those who do not, has scarcely been done, if at all. Therefore, in this chapter 
of the master thesis, we aimed to investigate the postoperative clinical time course of 
microcirculatory parameters in patients admitted to the ICU after cardiothoracic surgery with 
and without circulatory shock. We also aimed to investigate the relationship (i.e., coherence) 
between microcirculatory and macrocirculatory parameters in patients admitted to the ICU after 
cardiothoracic surgery with and without circulatory shock.  
 

4.2| Methods 
 
To answer this research question and to conduct human research, permission was needed from 
the Medical Ethical Research Committees Leiden Hague Delft (MREC LDD). For this reason, a 
protocol was submitted to the MREC LDD (Appendix E). After approval (MREC -number 
NL81756.058.22), the study was conducted under the acronym: MICCS - study.  
 

4.2.1| Patient population 
 
All patients with a minimum age of 18 years, who were admitted to the ICU of the LUMC after 
cardiothoracic surgery, were the study population. Patients admitted to the ICU after their 
cardiothoracic surgery according to the ultra-fast track (UFT) protocol were also included in the 
study as far as logistically possible. Patients with maxillofacial trauma or known oral or pharyngeal 
cavity tumors were excluded.  
 

4.2.2| Study design 
 
So far, only a few microcirculation studies have been performed in patients after cardiothoracic 
surgery. An observational single-center study was performed to get insight in the microcirculation 
of patients after cardiothoracic surgery in the postoperative period.   
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The study started at the Intensive Care department of the LUMC. Because of the unpredictable 
postoperative outcome (shock or non-shock), informed consent was sought preoperatively from 
each cardiothoracic surgery patient who would be admitted to the ICU of the LUMC. After giving 
written informed consent to participate in the study, each patient was assigned a unique study 
number and included in the study if they met the inclusion criteria. 

Each patient, whether or not in circulatory shock (as defined in Chapter 3), was monitored and 
treated according to the current clinical guidelines of the LUMC. Macrocirculation was measured 
continuously and according to current clinical practice. Microcirculation measurement with the 
CytoCam was performed as soon as possible after ICU admission (within 3 hours (T0)), after 24 
hours (T1) after admission to the ICU, and if possible, after 48 hours (T2) after T0 (Figure 17). 
According to applicable guidelines1, at least three image sequences of at least four seconds were 
recorded with the CytoCam at different locations in the sublingual space in all patients at each 
time point. The recorded image sequences were subsequently reviewed for quality according to 
the guidelines2 (Appendix A). The remaining recordings were loaded into the MicroTools 
algorithm to calculate hemodynamic variables, such as TVD, FCD, PPV, cHct, RBCv, and tRBCp, 
based on the individual image sequences of every patient at each time point.3 A self-written 
version of the already existing MATLAB script was used to calculate the average microcirculation 
parameters of the multiple image sequences at each time point (Appendix F). 
 

 
At each microcirculation measurement, data were collected from blood samples, and clinical data 
were noted as close in time as possible to the microcirculation measurement. Appendix 2 of the 
attached protocol (Appendix E) provides a complete overview of what data were collected. The 
blood samples from which the data were collected were taken according to standard clinical 
practice, so no additional blood sampling and/or interventions were performed for this study. 
Experience has shown that in ICU patients, blood is drawn so regularly that a blood sample was 
always taken near the times when the microcirculation measurements were done. All parameters   

 Figure 17 ___________________________________________________________________________________________________________________ 
Timeline of microcirculatory measurements during the MICCS - study in cardiothoracic surgical patients with and 
without shock. 
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needed for this research were extracted from the hospital's electronic patient dossier system 
(EPD). Simultaneously with T0, demographic data were collected. The recordings from the 
microcirculation measurements can only be analyzed offline. The software (AVA or MicroTools) is 
not available on the computers in the LUMC, so analysis of the recordings was done in the Erasmus 
MC. 
 
The study population of cardiothoracic surgery patients that were not in shock were measured 
according to the MICCS - study protocol. The study population of cardiothoracic surgery patients 
with shock consisted of two groups: (1) the cardiothoracic surgery patients with shock that were 
already measured according to the clinical shock protocol that prevails in the ICU of the LUMC and 
(2) the cardiothoracic surgery patients that gave informed consent to participate in the MICCS -
study and happened to be in shock after surgery. If, from a clinical point of view and the shock 
protocol, they needed additional microcirculatory measurements; these were performed in the 
light of the clinical shock protocol. 
 

4.2.3| Statistical analysis 
 
To answer the research question of this study, patients were divided into two groups based on the 
occurrence or non-occurrence of shock. Using the cutoff values for norepinephrine (≥0.2 
µg/kg/min) and lactate (>2 mmol/L), the division was made at T0. If a patient met either criterion, 
a decision was made based on the clinical appearance and the clinician's expertise to which group 
the patient is assigned. If a patient first belonged to one group and switched to the other group 
during the measurement period, the patient was still analyzed in the group to which he was first 
assigned to.  
 
4.2.3.1|Primary study outcome 
 
The primary outcome was the postoperative time course of microcirculatory parameters in 
patients admitted to the ICU after cardiothoracic surgery with and without circulatory shock. 
 

4.2.3.2|Secondary study outcome 
 
The secondary outcome was the coherence between the macrocirculation and microcirculation in 
patients admitted to the ICU after cardiothoracic surgery with and without circulatory shock. 
Coherence means whether changes in microcirculatory parameters are congruent with (in the 
same direction as) expected changes in the microcirculation. 
 

4.2.3.3|Analysis 
 
Descriptive statistics were used to characterize the study population and the subgroups. Data 
were stated as mean with standard deviations or medians with interquartile ranges for continuous 
variables, depending on the parametric distribution of the variables, which was assessed with 
histograms and normal quantile plots. Categorical variables were stated as numbers and 
percentages. Each variable was tested for normality. A single parameter 1D- boxplot was made to 
visualize outliers.   
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After that, data was transformed from a wide format into a long format to describe the time course 
of the microcirculation and macrocirculation parameters over time with graphs. LMM estimated 
marginal means has been used to describe the mean values and mean change (ΔT1 - T0) of 
microcirculatory and macrocirculatory parameters in cardiothoracic surgery patients with and 
without circulatory shock. The significance level of the estimated marginal means was adjusted 
with a Bonferroni multiple testing correction on the p-values of all individual tests in order to 
reduce the chance of a type I error inflation.4 The mean change in micro- and macrocirculatory 
parameters between the first two measurements (ΔT1 - T0) between the patients with and 
without circulatory shock is described with LMM. Microcirculatory parameters of healthy 
volunteers5 were used as a reference for the microcirculatory parameters of this study population.  

LMM for repeated measurement has also been used to analyze the time course of the 
microcirculation and microcirculatory parameters. The fixed effects of all models in this chapter 
included time, the occurrence of shock, and the interaction term between the two.  

Hemodynamic coherence (as defined in Chapter 3) was assessed globally in a qualitative manner 
per mean group change, with appropriate directional changes towards normal values at T1 in 
microcirculatory parameters depending on the results found at T0. For congruence with the 
macrocirculation, microcirculatory changes must be accompanied by an increase in MAP or a 
decrease in lactate or SvO2.  

The statistical analysis has been conducted using the SPSS statistical package, release 28.0.1 (SPSS 
Inc., Chicago, IL). 
 

4.3| Results 
 
From 14 November 2022 until 16 December 2022, a total of 27 patients were included in the MICCS 
- study. The shock group consisted of 20 patients (17 included from the existing database; 3 
included from the MICCS - study), and the non-shock group consisted of 29 patients (3 included 
from the existing shock database; 26 inclusions from the MICCS - study). A total of 402 sublingual 
HVM measurements were performed in the 29 newly included patients, of which 167 HVM image 
sequences were assigned a Massey score2 (Appendix A) less than ten and were included for 
analysis with MicroTools.  

Several types of surgeries were performed, with a mean surgery time of 500 ± 201 min in the shock 
group and 273 ± 128 min in the non-shock group. The mean bypass time in the shock group was 
307 ± 160 min, and in the non-shock group, 142 ± 96 min. The mean aortic cross-clamp time was 
165 ± 91 min for the shock group and 93 ± 49 min for the non-shock group. The overall study 
population consisted of 33 (67,3%) men with a mean age of 66 (IQR 26-78 years). The mean 
APACHE-IV score was 54 ± 21. The mean time to meet the definition of shock was 4 ± 4 hours in 
the shock group and 13 ± 15 hours in the non-shock group. The time between admission to the 
ICU and the first measurement was 20 ± 12 hours on average in the shock group and 4 ± 13 hours 
in the non-shock group. Table 7 summarizes the baseline characteristics. Average 
macrocirculatory and microcirculatory parameters can be found in Table 7. 
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Table 7 Baseline characteristics of the study population 

 All post-
cardiothoracic 

surgery patients 

Post Cardiothoracic 
surgery patients 

with shock 

Post Cardiothoracic 
surgery patients 
without shock 

General characteristics n = 49 n = 20 n = 29 

Age (years, median, range) 66 (26-78) 67 (26 - 76) 66 (30 - 78) 

Gender (n, %) 
Male 
Female 

 
33 (67,3%) 
16 (32,7%) 

 
14 (70,0%) 

6 (30,0%) 

 
19 (65,5%) 
10 (34,5%) 

BMI (kg/m2) (mean ± SD) 28 ± 5 28 ± 5 27 ± 6 

APACHE IV score (mean ± SD) 54 ± 21 64 ± 24 46 ± 15 

Type of surgery (n, %) 
Intracardiac 
Coronary 
Aortic 
Mechanical 
Intracardiac and 
Coronary 
Intracardiac and 
Mechanical 
Intracardiac and 
Aortic 
Other 

 
14 (28,6%) 
16 (32,7%) 

3 (6,1%) 
1 (2,0%) 

9 (18,4%) 
 

1 (2,0%) 
 

4 (8,2%) 
 

1 (2,0%) 

 
5 (25,0%) 
4 (20,0%) 
2 (10,0%) 

1 (5,0%) 
5 (25,0%) 

 
- 
 

3 (15,0%) 
 

- 

 
9 (31,0%) 

12 (41,4%) 
1 (3,4%) 

- 
4 (13,8%) 

 
1 (3,4%) 

 
1 (3,4%) 

 
1 (3,4%) 

Surgery characteristics 

Surgery duration (min) 
(mean ± SD) 

370 ± 197 500 ± 201 273 ± 128 

Anesthesia duration (min) 
(mean ± SD) 

437 ± 200 569 ± 206 347 ± 138 

Bypass duration a (min) 
(mean ± SD) 

210 ± 149 307 ± 160 142 ± 96 

Aortic cross-clamp duration 
a (min) (mean ± SD) 

122 ± 77 165 ± 91 93 ± 49 

Microcirculatory measurements characteristics 

Time to meet the criteria of 
shock (hours) (mean ± SD) 

5 ± 7 4 ± 4 13 ± 15 

Time to first measurement b  
(T0) (hours) (mean ± SD) 

11 ± 15 20 ± 12 4 ± 13 

Time to second 35 ± 26 51 ± 29 21 ± 12 
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measurement b (T1) (hours) 
(mean ± SD) 

Time to third measurement 
b (T2) (hours) (mean ± SD) 

66 ± 30 69 ± 32 57 ± 26 

Macrocirculation characteristics 

Noradrenalin at T0 
(µg/kg/min) (mean ± SD) 

0,25 ± 0,31 0,54 ± 0,26 0,03 ± 0,05 

Systemic hematocrit at T0 
(L/L) (mean ± SD) 

0,32 ± 0,04 0,30 ± 0,04 0,33 ± 0,04 

APACHE IV score: Acute Physiology and Chronic Health Evaluation Version IV Score; BMI: body mass index; SD: 
standard deviation; a: If a patient had multiple bypass or aortic clamp times, the values were first summed before 
the group average was calculated; b: difference between the time of admission to the ICU and measurement of the 
microcirculation. 
 

4.3.1| Microcirculatory time course  
 
Table 8 shows the mean values and changes over time of both macro- and microcirculation 
parameters in the shock and non-shock groups.  
 
 The mean change over time of lactate of the shock group and the non-shock group was significant 
(-1.491, p-value = 0,000, and 0.717, p-value = 0.044, respectively). The mean difference between T1 
and T0 of the SvO2 in the shock group was significant (-11.351, p-value = 0.027). A significant 
reduction was found in the TVD (-2.476, p-value = 0.009), FCD (-2.351, p-value = 0.013), cHct (0.928, 
p-value = 0,005), and tRBCp (-6.149, p-value = 0.027) in the non-shock group. A significant 
difference was found in the changes over time of lactate (0.717 vs. -1.491, p-value = 0,000) and 
cHct ( -0.928 vs. 0.094, p-value = 0,031) between the shock group and the non-shock group. The 
number of measured values of every parameter on every time point can be found in Appendix G 

Figure 18 a to f shows the timecourses of the mean of different microcirculation parameters. No 
significant differences over time were found in these parameters. The RBCv- value was significantly 
higher in the non-shock group than in the shock group (398.915 vs. 323.520, respectively, p-value 
= 0,025). The time course between T0 and T2 of RBCv was significantly different for the non-shock 
group and the shock group (p-value = 0,043). The rest of the parameters showed no significant 
differences between the two groups and in time course between the two groups. Appendix H 
shows the results of the LMM. The number of measured values of every parameter on every time 
point can be found in Appendix G 
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Table 8 Mean values and mean change over time of macro- and microcirculatory parameters 

 Norma
l value 

Shock No shock P-
value 
ΔT1 - 
T0 # 

  
shock 
vs. no 
shock 

Mean 
T0  
[95% 
CI] 

Mean 
T1 
[95% 
CI] 

Mean 
ΔT1 - 
T0  

P-
value * 

Mean 
T0 
[95% 
CI] 

Mean 
T1 
[95% 
CI] 

Mean 
ΔT1 - 
T0 

P-
value * 

Macro
circula
tory 
param
eters 

          

MAP 
(mmHg
) 

65 (60-
90)6 

66.850 
[62.118
, 
71.582] 

72.067 
[67.150
, 
76.985] 

5.217 [-
1.164, 
11.599] 

0,106 79.562 
[75.416
, 
83.708] 

79.410 
[74.903
, 
83.917] 

-0.152 
[-5.925, 
5.622] 

0,958 0,215 

Lactate 
(mmol/
L) 

<27 3.750 
[3.034, 
4.466] 

2.259 
[1.550, 
2.968] 

-1.491 
[-2.236, 
-0.746] 

0,000 1.340 
[0.720, 
1.959] 

2.056 
[1.417, 
2.696] 

0.717 
[0.19, 
1.415] 

0,044 0,000 

SvO2 
(%) 

70 (68-
77%)8 

73,694 
[69.624
, 
77,764] 

62.343 
[51.973
, 
72.713] 

-11.351 
[-
21.046, 
-1.656] 

0,027 71.618 
[67.929
, 
75.306] 

72.562 
[54.715
, 
90.410] 

0.945 [-
16.805, 
18.694] 

0,908 0,203 

Microc
irculat
ory 
param
eters  

          

TVD 
(mm/m
m2) 

18.2 
[17.2, 
20.1]5 

21.129 
[19.600
, 
22.658] 

21.017 
[19.166
, 
22.868] 

-0.111 
[-2.104, 
1.882] 

0,910 18.208 
[16.940
, 
19.477] 

15.732 
[14.054
, 
17.411] 

-2.476 
[-4.287, 
-0.665] 

0,009 0,083 

FCD 
(mm/m
m2) 

17.3 
[16.8, 
19.2] 

19.861 
[18.389
, 
21.333] 

19.785 
[17.768
, 
21.803] 

-0.075 
[-2.043, 
1.893] 

0,938 17.387 
[16.168
, 
18.605] 

15.035 
[13.220
, 
16.851] 

-2.351 
[-4.164, 
-0.539] 

0,013 0,093 

PPV (%) 97.6 
[94.3, 
98.4] 

94.109 
[91.716
, 
96.501] 

94.262 
[89.366
, 
99.158]  

0.153 [-
3.221, 
3.528] 

0,925 95.346 
[93.395
, 
97.297] 

95.136 
[90.993
, 
99.279] 

-0.210 
[-3.260, 
2.840] 

0,887 0,869 

RBCv 
(μm/s) 

340 
[302, 
357] 

334.46
9 
[308.42
7, 
360.51
1] 

329.22
0 
[305.20
9, 
353.23
1] 

-5.249 
[-
33.364, 
22.866] 

0,707 340.53
0 
[318.95
5, 
362.10
5] 

351.08
6 
[329.40
5, 
372.76
7] 

10.556 
[-
14.731, 
35.844] 

0,404 0,403 

cHct 
(%) 

5.0 
[4.7, 
5.3] 

5.720 
[5.201, 
6.238] 

5.813 
[5.130, 
6.497] 

0.094 [-
0.586, 
0.773] 

0,781 7.152 
[6.723, 
7.581] 

6.224 
[5.608, 
6.841] 

-0.928 
[-1.553, 
-0.303] 

0,005 0,031 

tRBCp 
(μm/mi
n) 

45.3 
[39.5, 
52.0] 

46.322 
[41.218
, 
51.426] 

46.402 
[40.776
, 
52.028] 

0,080 [-
5.858, 
6.018] 

0,978 42.411 
[38.185
, 
46.638] 

36.262 
[31.193
, 
41.331] 

-6.149 
[-
11.562, 
-0.736] 

0,027 0,125 
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 Figure 18a _________________________________________________________________________________________________________________ 
Time course of the mean total vessel density (TVD) for patients with and without shock.  

 Figure 18b _________________________________________________________________________________________________________________ 
Time course of the mean functional capillary density (FCD) for patients with and without shock.  
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 Figure 18c _________________________________________________________________________________________________________________ 
Time course of the mean proportion of perfused vessels (PPV) for patients with and without shock.  

 Figure 18d _________________________________________________________________________________________________________________ 
Time course of the mean red blood cell velocity (RBCv) for patients with and without shock.  
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 Figure 18e _________________________________________________________________________________________________________________ 
Time course of the mean capillary hematocrit (cHct) for patients with and without shock.  

 Figure 18f __________________________________________________________________________________________________________________ 
Time course of the mean tissue red blood cell perfusion (tRBCp) for patients with and without shock.  
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4.3.2| Relationship between macro- and microcirculation  
 
Table 9 describes the relationship between micro- and macrocirculation. The mean duration 
between the measurements of T0 and T1 was 20 ± 8 hours for the non-shock group and 30 ± 21 
hours for the shock group. The mean duration between T1 and T2 was 16 ± 11 hours for the non-
shock group and 27 ± 15 hours for the shock group. Using the qualitative assessment of macro- 
and microcirculatory parameters, a hemodynamic coherence between the TVD, FCD, PPV, and 
tRBCp and all macrocirculatory parameters was identified in the non-shock group. In the shock 
group, hemodynamic coherence was found between all macrocirculatory parameters and the 
TVD, FCD, and PPV.  
 
Table 9 Relationship between the macro- and microcirculation 

 Shock No shock 

 ΔMAP 
(mmHg) 

Δ Lactate 
(mmol/L) 

Δ SvO2 (%) ΔMAP 
(mmHg) 

Δ Lactate 
(mmol/L) 

Δ SvO2 (%) 

Δ TVD 
(mm/mm2) 

Coherence Coherence Coherence  Coherence Coherence Coherence 

Δ FCD 
(mm/mm2) 

Coherence Coherence Coherence Coherence Coherence Coherence 

Δ PPV (%) Coherence Coherence Coherence Coherence Coherence Coherence 

Δ RBCv 
(μm/s) 

No 
coherence 

No 
coherence 

No 
coherence 

No 
coherence 

No 
coherence 

No 
Coherence 

Δ cHct (%) No 
coherence 

No 
coherence 

No 
coherence 

No 
coherence 

No 
coherence 

No 
coherence 

Δ tRBCp 
(μm/min) 

No 
coherence 

No 
coherence 

No 
coherence 

Coherence Coherence Coherence 

Δ: change (no increase or decrease); cHct: capillary hematocrit; FCD: functional capillary density; MAP: mean arterial 
pressure; PPV: proportion of perfused vessels; RBCv: red blood cell velocity; SvO2: central venous oxygen saturation; 
tRBCp: tissue red blood cell perfusion; TVD: total vessel density. 

 

4.4| Discussion 
 
This study aimed to describe the time course of the microcirculation in postoperative 
cardiothoracic surgical patients with shock and without shock. The second goal was to describe 
the relationship, i.e., the hemodynamic coherence, between this microcirculation and the 
macrocirculation. In addition, the aim was to identify possible dissimilarities in microcirculation 
and hemodynamic coherence between these groups.  
 
First, it must be realized that these are cardiothoracic surgical patients and, therefore, not a 
completely healthy population. Both groups likely had already other baseline values than the 
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normal values used in this study, which were measured in the healthy volunteers. The normal 
values used are only directional and not absolute.  
 
The shock group has already been discussed in detail in Chapter 3 of this thesis. In this chapter, 
the possible conclusion from the measurements of the microcirculation was that a diffusive 
compensatory mechanism may have occurred, maintaining tissue perfusion (represented by the 
tRBCp) as much as possible.  
 
Second, it is noticeable that the mean surgical characteristics and time to measurements are 
longer for the shock group compared to the non-shock group. One explanation may be that if the 
surgery takes longer, meaning anesthesia lasts longer, there may be more hemodilution, and 
there is more time to trigger an inflammatory response due to tissue damage and blood flow along 
foreign surfaces, and a patient is more likely to develop shock. Besides, the time to measurements 
was longer for the shock group than for the non-shock group. The difference in measurement 
time between these two groups was mainly due to logistical reasons. The shock group was first 
measured after the onset of shock, while the non-shock group was measured within three hours 
of admission to the ICU. Since it is unpredictable when and if someone develops shock, there was 
not always someone available to perform the measurements, which caused a large spread in the 
measurement times of the shock group.  
 
During the measurement period between T0 and T1, TVD and FCD decreased in both the shock 
and non-shock groups, after which these parameters increased again in the non-shock group and 
decreased further in the shock group. PPV, cHct, and tRBCp increased in the shock group, whereas 
they decreased in the non-shock group. The RBCv decreased in the shock group, where it 
increased in the non-shock group. The lower RBCv in the shock group was possibly an adaptation 
of the microcirculation, resulting in a longer capillary transit time, with possibly a better O2 

extraction rate. It is unclear why the RBCv continued to decrease over time while the 
macrocirculation seemed to improve. 
 
On the contrary, the RBCv of the non-shock group increased over time, while the macrocirculation 
seemed to deteriorate. It is unclear why the non-shock group did not exhibit the possible 
compensatory mechanism; one explanation could be that they did not need this compensatory 
mechanism, but if it is true that they do not need the mechanism, it is not yet clear why they do 
not need it. Given the amount of data and records, it is not possible to explain the discrepancy 
and directional changes in the RBCv of the shock group and the non-shock group.  
 
A significant difference was found in the mean cHct over time between the two groups. At T0, cHct 
in the shock group was lower than in the non-shock group and increased over time, but it 
remained lower than in the non-shock group. In the non-shock group, cHct decreased over time, 
bringing cHct closer together in the shock and non-shock groups. An increase or decrease in cHct 
can be explained by filling status. For example, it could be that the shock group was more 
resuscitated with fluids than the non-shock group, and the increase in cHct could be explained by 
the onset of the removal of extra fluids. However, several possible explanations for these results 
were found, all of which were not included in this study.  
 
The tRBCp remained more or less stable in the shock group and decreased significantly in the non-
shock group. This is counterintuitive because it is the all-encompassing parameter of diffusion and 
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convection, and on the contrary, one would expect it to decrease in the shock group. The 
mechanism and the meaning of that mechanism are, therefore, unclear. The non-shock group 
showed an increase after a significant decrease in the tRBCp, while the shock group decreased 
after a stable phase. This may be explained by the possibility that the non-shock group has a 
different compensatory mechanism that may prevent the onset of shock.  
 
Hemodynamic coherence was found in both groups for the TVD, FCD, and PPV between T0 and 
T1. For the non-shock group, the tRBCp was also coherent with the macrocirculation between T0 
and T1.  
 

4.4.1| Limitations  
 
First, the duration between measurements is not the same for every patient and measurement 
point. This is mainly due to the patient groups. The shock patients were drawn from a pre-existing 
database, in which an initial measurement occurred as soon as possible after the diagnosis of 
shock. The onset of shock has a different time frame for each patient, which, combined with 
logistical challenges, resulted in a longer time between admission to the ICU and the first 
measurement. The group without shock originated mainly from the MICCS - study, in which each 
patient was measured within 3 hours of arrival in the ICU. However, since the microcirculation 
changes from minute to minute, the time difference between the T0 measurements of the two 
groups is negligible because it is more about what the microcirculation looked like at that time 
(microcirculation of a patient in shock or a patient not in shock). T1 and T2 measurements were 
taken around 24 and 48 hours for both groups.  
 
Besides, patients were now included in the analyses in the group to which they were assigned at 
T0. However, during the measurement period, patients recovered from shock or developed shock 
in a later stadium. This was not included in the current analyses because of time. A sensitivity 
analysis would have been appropriate to show whether different outcomes would have been 
observed if patients who had recovered from shock or developed shock at T1 or T2 had switched 
to the other analysis group.  
 
Furthermore, one patient initially included in the MICCS - study was excluded after a quality 
assessment of the image sequences based on stability, content, and focus. In addition, one 
included patient was scheduled for a Video-assisted thoracoscopic surgery (VATS) procedure in 
which neither sternotomy nor bypass was used.  
 
Another limitation is the poor inter- and intraobserver reproducibility of microcirculatory 
measurements.9 Studies have shown poor inter- and intraobserver reproducibility of 
microcirculation measurements. This is partly due to the fact that the guidelines do not describe 
anything about an exact anatomic measurement location. In practice, a good location is sought 
primarily based on what can be seen in the image. However, the image must consist of a mix of 
the different vessels (arterioles, capillaries, venules, and at least one larger venule to check for 
pressure artifacts). Therefore, it is necessary to describe an anatomic measurement location in 
the guidelines, as described by Z. Uz et al.10, to obtain image consistency and clinical 
reproducibility.   
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Also notable is the number of image sequences recorded compared to the number of image 
sequences included after quality control. Many image sequences were excluded due to pressure 
artifacts or movement of the probe. In addition to pressure artifacts and movement of the probe, 
a blurred image due to saliva was another reason for exclusion. It is important to clean the 
sublingual area before measurement. However, it can be challenging to properly clean the mouth 
of intubated patients, leading to poor quality measurements. The study population consisted of 
intubated and non-intubated patients. Performing microcirculation measurements in non-
intubated patients is more difficult because the patient holds up the tongue, breathes, tightens 
and relaxes the muscles, and swallows, displacing the probe. As a result, the number of analyzed 
image sequences, per patient, per time point was not equal.   
 
To improve the quality of measurements, we know from expert opinions and training courses that 
observers need extensive training in performing microcirculation measurements to obtain good 
quality measurements and to perform adequate image analysis.1, 10 This extensive training is 
needed to properly handle the HVM and develop the ability to reduce pressure to avoid pressure 
artifacts without losing the image.10 However, no guideline determines how trained a person is in 
these measurements. Therefore, the guideline states that the training or experience of the 
observer should be mentioned when reporting the results.  
 
Experienced observers performed microcirculation measurements of the shock group. An 
inexperienced/moderate observer measured the non-shock group. Given the poor inter- and 
intra-observer reproducibility and the associated wide dispersion in values of the microcirculation 
parameters, there is a possibility that some form of bias may be introduced when comparing these 
groups.  
 
The same reference values as in Chapter 3 of the healthy controls from the study by Flick et al. 
were used as a reference for the microcirculatory parameters in this chapter. However, it should 
be noted that this study was about microcirculatory perfusion and the effect of general anesthesia 
and non-cardiac surgery. This study included 38 healthy volunteers in their study, to observe any 
changes in the absence of anesthesia and surgery. Minor discrepancies were found between this 
study and another study by Hilty et al. These discrepancies correspond to the ranges in 
microcirculatory parameters described in the literature due to poor inter- and intraobserver 
reproducibility. Therefore, a large sample size is recommended in a research setting. For the 
correct interpretation and clinical applicability of microcirculatory parameters, more research on 
reference values in healthy volunteers will be needed before microcirculatory measurements can 
make their appearance at the bedside. 
 
For the statistical analysis of the difference between the group with shock and the group without 
shock and the time course of the microcirculation of these groups, an LMM was used. In this LMM, 
an unstructured covariance matrix was used, where the within-patient correlation was captured 
via an unstructured variance-covariance matrix.  
 
In a longitudinal study, there is a chance of missing data based on the missing at random 
mechanism. The statistical analysis methods used in this chapter can deal with unbalanced data 
and give valid results under the missing at random mechanism. As a result, the analysis may lose 
some efficiency, but no bias is introduced.11, 12  
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The sample size of both groups consisted of only a small group (n = 29 for the non-shock group 
and n = 20 for the shock group). This made it challenging to define outliers as being outliers, or a 
possible trend for one of the two groups. A small sample size ensures that a missing value is of 
more significant influence than if the sample size is larger. Unbalanced data in a small sample size 
potentially suggest certain trends differently than they are. For statistical analyses, a larger sample 
size is needed to add more covariates, such as surgery, anesthesia, bypass, duration of the aortic 
clamp, or inotropic positions to the model, to test whether this may affect microcirculation. 
 
Using the Bonferroni correction also has disadvantages. First, the interpretation of an individual 
test depends on the number of other tests performed. Therefore, it can be argued that the 
evidence provided by the data is contained in that particular data set, and therefore the conclusion 
drawn should not be changed based on the number of other tests performed. In addition, the 
probability of a type 1 error cannot be reduced without increasing the probability of a type 2 error, 
such that the real difference may not be detected. In addition, if the number of analyses increases 
when using the Bonferroni correction, the value of the adjusted p-value that must be exceeded to 
reach statistical significance decreases markedly, lowering the power of the analysis.13  
 
Another limitation, perhaps the most important, is that our study did not measure the patient 
preoperatively. Consequently, there was no baseline against which to compare the values of the 
patients. For the shock group, the microcirculation parameters seem to be higher than those of 
the healthy volunteers and the non-shock group, but perhaps the microcirculation was different 
in these patients before surgery than in the non-shock group or the healthy volunteers. The mean 
age of the healthy volunteers was 24 years, which is much lower than the mean age of our study 
population. This could possibly also explain the differences between the two microcirculations. 
Also, the measurement period of the study was too short. No clear turning point could be seen in 
the microcirculation parameters. A study in which all cardiothoracic surgical patients are followed 
before and immediately after surgery until hospital discharge should be designed to draw a valid 
conclusion on whether a difference in microcirculation can be found between the two groups.  
 

4.4.2| Conclusion  
 
In conclusion, there was a difference in the behavior of the microcirculation of cardiothoracic 
surgical patients with and without shock, in which patients with shock showed an increase in 
diffusive parameters (i.e., TVD and FCD) compared to the normal values of healthy volunteers, 
suggesting that there might be an adaptive mechanism of the microcirculation. This increase in 
diffusive parameters persisted until the second measurement, most likely because these patients 
still showed signs of circulatory shock. There is no unambiguous explanation for the difference 
found or for the underlying mechanisms, for which further research is needed.  

 
 
  



76 | 
 

4.5| References 
 
1. Ince C, Boerma EC, Cecconi M, De Backer D, Shapiro NI, Duranteau J, et al. Second consensus on the assessment of sublingual 
microcirculation in critically ill patients: results from a task force of the European Society of Intensive Care Medicine. Intensive care 
medicine. 2018;44(3):281-99. 
2. Massey MJ, LaRochelle E, Najarro G, Karmacharla A, Arnold R, Trzeciak S, et al. The microcirculation image quality score: 
development and preliminary evaluation of a proposed approach to grading quality of image acquisition for bedside videomicroscopy. 
Journal of critical care. 2013;28(6):913-7. 
3. Hilty MP, Guerci P, Ince Y, Toraman F, Ince C. MicroTools enables automated quantification of capillary density and red blood 
cell velocity in handheld vital microscopy. Communications biology. 2019;2(1):1-15. 
4. Dunn OJ. Multiple comparisons among means. Journal of the American statistical association. 1961;56(293):52-64. 
5. Flick M, Schreiber T-H, Montomoli J, Krause L, de Boer HD, Kouz K, et al. Microcirculatory tissue perfusion during general 
anaesthesia and noncardiac surgery: an observational study using incident dark field imaging with automated video analysis. European 
Journal of Anaesthesiology| EJA. 2022;39(7):582-90. 
6. LeDoux D, Astiz ME, Carpati CM, Rackow EC. Effects of perfusion pressure on tissue perfusion in septic shock. Critical care 
medicine. 2000;28(8):2729-32. 
7. Jansen TC, van Bommel J, Mulder PG, Lima AP, van der Hoven B, Rommes JH, et al. Prognostic value of blood lactate levels: does 
the clinical diagnosis at admission matter? Journal of Trauma and Acute Care Surgery. 2009;66(2):377-85. 
8. Reinhart K, Kuhn H-J, Hartog C, Bredle DL. Continuous central venous and pulmonary artery oxygen saturation monitoring in 
the critically ill. Intensive care medicine. 2004;30(8):1572-8. 
9. Valerio L, Peters RJ, Zwinderman AH, Pinto-Sietsma S-J. Reproducibility of sublingual microcirculation parameters obtained from 
sidestream darkfield imaging. PloS one. 2019;14(3):e0213175. 
10. Uz Z, Dilken O, Milstein DM, Hilty MP, de Haan D, Ince Y, et al. Identifying a sublingual triangle as the ideal site for assessment of 
sublingual microcirculation. Journal of Clinical Monitoring and Computing. 2022:1-11. 
11. Ibrahim JG, Molenberghs G. Missing data methods in longitudinal studies: a review. Test. 2009;18(1):1-43. 
12. Fitzmaurice GM, Laird NM, Ware JH. Applied longitudinal analysis: John Wiley & Sons; 2012. 
13. Perneger TV. What's wrong with Bonferroni adjustments. Bmj. 1998;316(7139):1236-8. 



| 77 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This page was intentionally left blank. 
 

  







80 | 
 

5.1| Introduction 
 
The microcirculation, defined as blood flow through small blood vessels < 20µm, is the site where 
oxygen and nutrient exchange with cells occurs in the cardiovascular system.1 For several years, it 
has been possible to visualize the microcirculation at the bedside of the patient with an HVM using 
OPS, SDF, or IDF imaging.2 These techniques use scattered green light that is only absorbed by the 
hemoglobin in red blood cells, enabling the visualization of superficial vessels.3 
 
Changes in the microcirculation contribute to the pathophysiology of various disorders.4 During 
systemic inflammation in various disease states, arterioles are subjected to oxidative stress, 
leading to disturbed vasomotor function and increased risk of thrombosis. Capillaries may show 
decreased RBC flow (decreased perfusion) due to capillary obstruction by leukocytes. The venules, 
mostly postcapillary venules (pcv), are subjected to oxidative stress but may also show an 
increased number of rolling leukocytes, leukocyte adhesion, and leukocyte transmigration.5, 6  
 
By nature, a leukocyte is a spherical cell of 12 to 15 µm in size.7 However, this diameter is larger 
than the average diameter of capillaries, requiring some form of deformation to pass through the 
capillary network. Under normal flow conditions, the deformation time for a leukocyte is 1000 
times greater than for an RBC due to its size and high stiffness, leading to temporary obstruction 
of the capillaries.8, 9 After the leukocyte enters the capillary, its movement is slower than that of an 
RBC, causing an accumulation of RBCs behind the leukocyte (i.e., train formation).10 A non-rolling 
leukocyte is a cell that moves at a very high speed into the mainstream of blood in the pcv without 
interacting with the vascular endothelium. Rolling leukocytes are described by the adhesive 
interaction between the vascular endothelium of the pcv and the leukocyte in which the train 
formation overtakes the leukocyte, inducing a displacement from the center stream towards the 
endothelium and a rotational movement of the leukocyte along the vessel wall. The number of 
rolling leukocytes increases dramatically during inflammatory conditions.11 In the presence of 
inflammation, a rolling leukocyte will frequently transition to a stationary state in which the 
leukocyte remains firmly adhered to the endothelial cell surface of the pcv without the rotational 
movement.12 Eventually, the leukocyte may leave the pcv by flattening the cell before leaving the 
bloodstream and subsequently emerging in the subendothelial space.13 
 
Under conditions of reduced perfusion pressure, the leukocytes are not sufficiently deformed to 
move freely through the capillaries. The cells become stuck at the front or inside the capillary, 
forming a large surface area with the endothelium, obstructing all flow through such a vessel. 
Once a leukocyte is stuck in a capillary, it is difficult to remove in many cases. If the leukocyte is 
activated in the capillary, it is likely to produce oxygen-free radicals and lysosomal enzymes that 
disrupt the endothelium and cause tissue damage.14  
 
Conventional microcirculation parameters, such as the FCD to describe diffusion and PPV to 
describe convection, are in some cases superior to conventional systemic parameters and have 
already proven their relevance and valuable role in monitoring disease severity, therapy response, 
and prognosis.2, 15, 16 Initial research focused on microvascular alterations in RBC kinetics and has 
shown that microvascular changes, such as "stop-flow" microvessels, decreased microcirculatory 
flow rate, decreased capillary blood velocity, low density of perfused capillaries, and elevated 
heterogeneity of regional perfusion17-21, can be detected earlier than and independent of changes 
in systemic hemodynamic parameters, leading to early recognition of a deteriorating clinical 
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condition and early detection of response to therapy.4 Additional analysis of leukocyte-endothelial 
interaction in the microcirculation could provide even more information about the severity of 
inflammation of an individual patient in order to guide clinical decision-making.4 
 
Since the use of HVM, only a small number of articles have been published about the identification 
of leukocytes and leukocyte interaction using the HVM. Bauer et al.22 were the first to research 
rolling leukocytes in cardiac surgery patients in HVM recordings using a manual counting method. 
However, their method was unsuitable for distinguishing between plasma gaps and leukocytes in 
the images. In 2018, Uz et al.23 introduced space-time diagram (STD) analysis for studying 
microcirculatory leukocytes in HVM recordings. STDs were initially used to determine red blood 
cell kinetics based on velocity, but they can also be used to differentiate between different types 
of leukocytes based on their behavior.24  
 
In brief, an STD is a diagram where the y-axis corresponds to the length of the segmented blood 
vessel, and the x-axis corresponds to time according to the frame number. An STD is an image 
with alternating white and black bands. The flow of red blood cells forms the black bands, and 
plasma gaps or leukocytes form clear white/grey bands. A distinction between a plasma gap and 
a leukocyte could be made by a black band directly following the white band of the leukocyte. This 
black band results from the 'train formation' of red blood cells behind the much larger and slower 
white blood cell. In an STD, rolling and non-rolling leukocytes can be distinguished based on their 
speed. A rolling leukocyte is characterized by a linear white line that changes into a parabolic line 
as soon as the leukocyte is activated. Using an STD to examine leukocyte kinetics in the sublingual 
microcirculation seems to give promising results.23 
 
These new developments have led to the need for a consensus on the use of HVMs and STDs for 
the analysis of leukocyte kinetics in the microcirculation. In this study, we aim to evaluate the 
currently used methods for analyzing leukocyte behavior and kinetics with STDs and formulate 
requirements and guidelines to ensure a reproducible, reliable method for clinical studies. Also, 
we aim to identify possibilities for improvement with future research. This research is a first step 
toward a consensus on leukocyte analysis with STDs. 
 

5.2| Methods 
 
For this research project, all studies using space-time diagrams for the analysis of leukocytes in 
the microcirculation were included. Two researchers thoroughly analyzed the methods of these 
papers, and uncertainties about the method were identified. Also, a training in leukocyte analysis 
was attended, and the researchers gained hands-on experience with leukocyte analysis. Next, a 
microcirculation expert, dr. Z. Uz, was interviewed to clarify uncertainties on, for example, the 
duration of HVM recording, the number of pcv units required for analysis, the characteristics used 
to determine what represents a pcv unit, and the minimum length of the segmented blood vessel.   
 
After the expert meeting, the method to assess leukocyte kinetics using HVMs was divided into 1) 
image acquisition and 2) image analysis. Each part has several subsections: 1.1) device and 
recording requirements, 1.2) quality assessment, 2.1) selection of capillary - postcapillary venule 
units, 2.2) leukocyte detection, and 2.3) differentiation between rolling and non-rolling leukocytes. 
The requirements described in the literature and the wishes after the expert meeting are 
summarized for each subsection. 
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Based on the findings, recommendations were given for further development of the method. 
This research is a first step towards a consensus on leukocyte analysis with STDs and can be 
used as an outline for a future final consensus paper. 
 

5.3| Results 
 
For this research, three studies by Ince et al. and Uz et al. were included.23, 25, 26 The methods for 
leukocyte analysis, as described in these papers, were divided into two main categories (1) image 
acquisition and 2) image analysis ) and five subcategories: 1.1) device and recording requirements, 
1.2) quality assessment of the images, 2.1) selection of capillary - postcapillary venule units, 2.2) 
leukocyte detection and 2.3) differentiation between rolling and non-rolling leukocytes, see Figure 
19. Every step will be discussed separately.  
 

 

5.3.1| Image acquisition  
 
The first step in leukocyte analysis is focused on image acquisition. There are several prerequisites 
for the inclusion of images for further analysis. The conclusions are summarized in Table 10. 
 

5.3.1.1|Device and recording requirements 
 
First of all, the device has several requirements. All studies discussing leukocyte analysis use a 
third-generation HVM device, IDF imaging.23, 25, 26 This technique has an improved optical 
resolution, resulting in better image quality and a larger field of view compared to previous-
generation devices, leading to the visualization of more capillaries.2, 27, 28 The high resolution and 
the large number of capillaries in these images make this technique very suitable for leukocyte 
identification and is therefore also advised for leukocyte analysis. The rest of this research will 
focus on the analysis of images made with IDF imaging. 
 
Further requirements are focused on the recording to ensure representative data for analysis. The 
device used in all papers has a framerate of 25 images/s, allowing for the analysis of 
hyperperfusion.2 As described in the second consensus by Ince et al.2, hyperperfusion should only 
be analyzed when hyperperfusion is anticipated during pathophysiological disease states and is  
  

 Figure 19 __________________________________________________________________________________________________________________ 
The workflow of leukocyte analysis with space-time diagrams. 
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Table 10 Requirements and prerequisites for the image acquisition 

Image acquisition  
Device & recording requirements 

1. HVM device IDF 
2. Nr. of consecutive image 

sequences 
3 

3. Framerate (n/s) 25 
4. Total nr. of frames 100 

Quality assessment 
1. Illumination Optimal when there is even illumination over the whole 

field of view, with contrast such that small vessels could 
be seen against a background. A video clip is acceptable 
if the borders are too bright or too dark, but the vessels 
are still identifiable. 
 

2. Duration 150 frames are judged to be optimal, and 100-150 frames 
are acceptable  

3. Focus Optimal when all vessels have a detailed focus in the 
entire field of view, where individual plasma gaps or 
RBCs can be seen. The focus is acceptable if less than 
half of the field of view is out of focus. 

4. Content The optimal clip is free of occlusions and has a good 
distribution of small (<20µm)  and large vessels (50-
100µm). Less than 30% of the vessels are looped upon 
themselves (may not provide useful information due to 
difficult flow measurements). A video is acceptable if it 
contains only a few minor artifacts, small vessels are 
present (at least some), 30 to 50% are looped vessels, 
and less than 30% of the video clip shows occlusion due 
to saliva. 

5. Stability Optimal if the image has no motion blurring and 
movement is not more than a quarter of the distance to 
the edge of the field of view. The video clip is scored 
acceptable if it does not contain motion blurring and 
only has movement up to half the distance to the edge 
of the field of view. 

6. Pressure Optimal when flow through the vessels is continuously 
constant during the whole video, proper flow through 
the large venules with no clear signs of sluggish or 
stopped flow due to artifacts. A score of "acceptable" is 
assigned if intermittent sluggish flow or other pressure 
artifacts are visible in only one large venule, but the flow 
around seems unaffected. 

7. Leukocyte specific The images should include at least four c-pcv units. 
c-pcv: capillary-postcapillary venule; IDF: incident dark field; RBC: red blood cell 
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dependent on the framerate. Therefore, a minimum of 25 images/s is needed for leukocyte 
analysis.  
 
The number of consecutive image sequences is based on recommendation six of the second 
consensus.2 In all studies, three consecutive image sequences are recorded at different locations 
in the sublingual space.23, 25, 26 Multiple measurements can be averaged to correct for the 
heterogeneity in the microcirculation. The reasoning behind the reduction from five to three 
sequences in the second consensus is based on the increased field of view of IDF imaging.2 
However, the software currently used for leukocyte analysis, AVA, crops these images, leading to 
a smaller field of view and loss of data. Due to the sublingual microcirculation heterogeneity and 
the image's cropping, three image sequences are insufficient when using AVA. Also, the total 
number of images needed for a representative quantification of leukocytes currently needs to be 
researched, see 5.3.2.1. Therefore, we recommend using at least three image sequences for 
reliable results, but a definite requirement should be investigated and discussed between experts.  
The total number of frames used is based on recommendation four of the second consensus2 and 
the expert opinion of Z. Uz, with a minimum of 100 frames. This is the minimum to research the 
kinetics of leukocytes while considering practical considerations for the feasibility of recording 
length. However, it was also stated that the longer the recording, the better the behavior of the 
leukocytes could be studied. An optimal length should therefore be investigated and determined 
by an expert group in a consensus meeting to find the optimal balance between feasibility and 
reliability. 
 

5.3.1.2|Quality Assessment 
 
After the recording, the image quality should be assessed. All three studies23, 25, 26 stated that the 
image quality score developed by Massey et al.1 was used, see Appendix A. However, this score 
was developed for SDF imaging, and the study stated that further development is needed before 
applying it to clinical studies. Also, during the expert meeting, Z. Uz stated that the guidelines were 
always adjusted for the research's specific goals and target group. In the studies, the following 
exclusion criteria were stated regarding image quality: video clips with inadequate focus, image 
instability, and disturbed flow of RBCs due to iatrogenic pressure.23 The full criteria and the 
corresponding scores of the images were not reported. To ensure reproducibility and reliability, it 
is important that in future papers, the exact inclusion and exclusion criteria are stated, including 
how many images were excluded based on the different criteria. This ensures reproducibility and 
gives new insights into the difficulties experienced with IDF imaging, potentially leading to future 
improvements.  
  
Another essential criterium specific for the analysis of leukocytes in the sublingual area is the 
presence of capillary-postcapillary venules (c-pcv) units.23 A c-pcv unit is defined as a capillary that 
merges into a pcv, a small venule distal to the capillary, without branching vessels.23 For a detailed 
description of these units, see section 5.3.2.1. All included studies stated that a minimum of one 
c-pcv unit should be detected to include the image for further analysis. However, the studies and 
the expert meeting showed that a minimum of four c-pcvs is needed for reliable results, making 
the criterion of one unfunded. Also, the observation that c-pcv units are absent could be 
interesting for the patient's clinical status. Therefore, we recommend that this criterium be either 
deleted and the amount of c-pcv units is included as a measurement in the analysis, or the 
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criterium should be adjusted to the minimum amount of c-pcv units needed for analysis, see also 
section 5.3.2.1. 
 

5.3.2| Image analysis 
 
In the sublingual area, the interaction between a leukocyte and the endothelium is best observed 
in the pcv.29 This is due to the fact that extravasation of leukocytes mainly occurs in postcapillary 
vessels due to the low hemodynamic shear stress.30 Therefore, microcirculatory leukocytes are 
analyzed based on their behavior in c-pcv units. When research is focused on a different area than 
the sublingual area, the corresponding physiology should be consulted before selecting vascular 
units for leukocyte analysis. 
 
The image analysis can be subdivided into three steps: 1) detection of capillary-postcapillary 
venule units, 2) leukocyte detection, and 3) differentiation between rolling and non-rolling 
leukocytes. These will be discussed separately. All conclusions are summarized in Table 12.  
 
For these steps, the videos are loaded into AVA, a software for the analysis of blood vessels and 
space-time diagrams.2 This software is very dated, and the images taken with the IDF imaging 
method are too large for analysis and therefore need to be cropped. This leads to a loss of data, 
and future developments should be focused on modern software which is compatible with high-
quality images. 
 

5.3.2.1|Detection capillary – postcapillary venule units 
 
In their validation study, Uz et al.23 describe a c-pcv unit as a capillary that merges into a pcv, which 
is a small venule (<20µm) distal to the capillary. This mainly focuses on the blood flow direction 
and the vessels' size. The blood flow should go from a small capillary to a bigger postcapillary 
venule. Also, the vessels should not be branched. This definition was further clarified during the 
expert meeting, including insights about the diameter, the selected length, and the number of c-
pcv units.  
 
The diameter can be selected based on anatomical measurements of the different types of vessels, 
see Table 11. In a capillary, only a single RBC passes through for optimal oxygen exchange with 
the tissues (single file flow).31 In the pcvs, the diameter increases, and multiple RBCs can pass 
simultaneously. Important for the detection of leukocytes is the maximum diameter of a vessel. 
When the diameter of the vessels exceeds the size of a leukocyte, a leukocyte can be blocked from 
view when sticking to the back of the vessel wall.23 This leads to a loss of information and 
underestimation of the number of leukocytes in the microcirculation. Therefore, the diameter of 
a postcapillary venule should not exceed 20 µm, the size of a leukocyte. The diameter of the vessels 
is currently not implemented when selecting c-pcv units in the AVA software, where vessels are 
only selected based on visual inspection (Figure 20). The measurements should be used to 
automatically select the correct vessels based on their diameter and state a maximum to prevent 
view-blocking of the leukocytes. Also, it became clear that not everyone identifies an equal amount 
of c-pcv units. Experienced researchers have no problem detecting at least four c-pcv units in one 
image, while others can only identify two. This shows that visual inspection alone is highly 
dependent on the investigator, making the analysis less reliable. Therefore, we recommend the 
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implementation of exact measurements for capillaries and pcvs detection, preferably with 
automatic detection of the c-pcvs. 
 
Table 11 Measurements of different types of vessels 

  
No research has been conducted yet for the minimal length of a selected c-pcv unit and the 
distribution between the capillary and the pcv. During the expert meeting, it was stated that the 
longer the c-pcv unit, the better the analysis of leukocyte behavior since the change of leukocyte 
behavior could take place over the entire length of the pcv. This means that the longer the pcv, the 
higher the chance of detecting a rolling leukocyte. However, it should be noted that the segmented 
c-pcv does not contain looped blood vessels, as the flow is difficult to measure and may not 
provide prognostic information. Looped blood vessels are defined in an image as blood vessels 
with a diameter < 20 μm, which bend backward to form short, tortuous structures1 (Figure 212). 
Therefore, a consensus should be formulated about the minimal length of a c-pcv unit and how 
different lengths should be corrected for a representative observation of leukocytes and their 
behavior.   
 

 
  

Type vessel Diameter 

Capillaries 6um 

Postcapillary 
venules 

10-30um 

Figure 20 ______________________________________ 
Selection of c-pcv. 

 Figure 21 _____________________________________________________________________ 
Looped blood vessels. 
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The number of selected c-pcv units ranges from minimal one25 to a total of four distributed over 
four quadrants26. Results from previous research by K. Tjepkema (MSc. clinical technology 
student), the expert meeting, and hands-on practical experience showed a large heterogeneity 
between different c-pcv units. This shows the importance of selecting multiple c-pcv units and 
averaging the results of multiple image sequences. Currently, the optimal number of quadrants 
has not been investigated yet. Therefore, research must determine the optimal number of c-pcvs 
for generalizability. This could be investigated by collecting multiple consecutive image sequences, 
for example, ten, and averaging the leukocyte count with different amounts of image sequences 
and different amounts of quadrants per image. This could lead to an optimization process, with 
as few videos and c-pcvs per video as needed for practical reasons but enough to ensure reliability. 
 

5.3.2.2|Leukocyte analysis with space-time diagrams 
 
For this research, we have focused on leukocyte analysis using STD. In an STD, the y-axis 
corresponds to the length of the segmented blood vessel, and the x-axis corresponds to time 
according to the frame number. The STD shows alternating white and black bands, where the black 
bands are formed by red blood cells, and clear white or grey bands are formed by plasma gaps or 
leukocytes, see Figure 2223.  
 
Leukocyte analysis is based on the different cells' differences in color, physiology, and behavior.23 
Leukocytes present as white globules that maintain their morphology in the venule and are 
present in multiple consecutive frames. This leads to a white band in the STD. Plasma gaps, on the 
other hand, continuously change in shape and volume. Another difference between a plasma gap 
and a leukocyte is the 'train formation’ of RBCs, i.e., a number of RBCs behind each other, which 
can be seen as a black band directly following the white band of the leukocyte. This black band 
results from the accumulation of red blood cells behind the leukocyte since this cell is much larger 
and slower than the RBCs.23 Figure 2323 shows an example of a leukocyte followed by an RBC train, 
but not all leukocytes are followed by a train formation.  

        

 

 
  

 Figure 22 ____________________________________ 
STD showing a PG and a RL. PG: plasma 
gap; RL: rolling leukocyte; STD: space-time 
diagram. 

 Figure 23 _________________________ 
STD showing a Lc and a TF. Lc: 
leukocyte; STD: space-time 
diagram; TF: train formation. 

 Figure 24 _______________________ 
STD showing many leukocytes. 
STD: space-time diagram. 
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Currently, the identification of the leukocytes is manually done based on these descriptions. This 
remains, however, very subjective, and the descriptions leave room for interpretation, especially 
in complex STDs, see Figure 24. Therefore, it is important that objective requirements are 
formulated and standardized training for researchers is organized. Objective measurements could 
include 1) the size of a leukocyte, e.g., 15 to 20µm, as the width of the white band, 2) the contrast 
in color between the RBCs and the leukocyte as pixel intensity, and 3) the minimum of consecutive 
images that show the leukocyte.  
 

5.3.2.2|Differentiation between rolling and non-rolling leukocytes 
 
Leukocyte recruitment and adhesion to the endothelial cell wall, followed by extravasation, are 
signs of systemic inflammation. Therefore, next to the quantification of leukocytes, leukocyte 
behavior could give insight into a patient's clinical state. Leukocytes are differentiated into two 
categories: rolling and non-rolling leukocytes. Non-rolling leukocytes stay in the circulation, while 
rolling leukocytes show interaction with the endothelial wall, leading to an inflammatory 
reaction.11-13 
 
In an STD, rolling and non-rolling leukocytes can be distinguished based on their velocity.23 A 
rolling leukocyte is activated and starts to stick to the endothelium, leading to a decrease in 
velocity. In the STD, this can be observed as a change of the linear white line into a parabolic line 
as soon as the leukocyte is activated. Non-rolling leukocytes, on the other hand, stay in the 
circulation and do not show a change in velocity, showing a linear line.23  
 
The leukocyte-endothelial interaction occurs primarily in the postcapillary venules. Therefore, the 
change in velocity should be observed after the transition of the capillary to the pcv. In the STD, 
this transition can be seen as a horizontal line, with the capillary part having a higher pixel 
intensity, see Figure 22.  
 
The differentiation between rolling and non-rolling is thus based on the linearity of the white line 
representing the leukocyte. A linear line, e.g., a non-rolling leukocyte, is defined as a line with a 
slope of 180 degrees, and any deviation from 180 is defined as a change to a parabolic line, e.g., a 
rolling leukocyte. The slope is currently measured manually with a ruler.  
 
This method, however, is very subjective. First of all, slopes should be calculated automatically by 
a computer instead of manually with a ruler. Using a ruler on a screen is inaccurate and small 
differences in slopes cannot be measured with a ruler. Also, a slope of exactly 180 degrees is not 
investigated. Artifacts, like a curve in the vessels and the increase in diameter of the pcv compared 
to the capillary, could result in a change in velocity and, thus, in a slight change of the slope of a 
couple of degrees. Therefore, strict guidelines should be set for slope measurements and cut-off 
values.  
 
A solution for these problems would be a calculation of acceleration instead of velocity. Since the 
differentiation is based on a change in velocity, acceleration can give more reliable and precise 
measurements than velocity. Also, this allows for automatic differentiation based on a threshold.  
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As stated before, the length of the selected c-pcv greatly influences the possible detection of a 
rolling leukocyte. Therefore, the quantification of rolling and non-rolling leukocytes should be 
corrected for the length of the selected c-pcv. 
 
Table 12 Requirements and definitions of image analysis 

Image analysis  

Capillary-pcv unit 

1. Number of c-pcvs 4, spread over four quadrants 

2. Direction blood flow From capillary to pcv, small to big 

3. Diameter Cap: 6um, pcv: 15-20um 

4. Length, min., and max.  As long as possible, no cut-offs 

5. Ratio capillary vs. pcv pcv > capillary 

6. Characteristics No branches 

Leukocyte detection 

1. Brightness White 

2. Diameter 15-20um 

3. Nr. of consecutive images Unknown  

4. RBC train Not always present, black band behind white 
band 

Rolling vs. non-rolling  

1. Angle NR: 180°, R: anything deviating from 180° 

2. Location angle change After transition capillary to pcv 

3. Acceleration Not investigated yet 

cap: capillary; c-pcv: capillary-postcapillary venule; NR: non-rolling leukocyte; pcv: postcapillary venule; R: rolling 
leukocyte; RBC: red blood cell. 

 

5.4| Discussion and conclusion 
 
In this study, we have investigated the methods used for leukocyte analysis in the microcirculation 
with space-time diagrams using incident dark-field imaging. Space-time diagrams enable 
differentiation between rolling and non-rolling leukocytes based on their behavior as a marker for 
the inflammatory reaction in the microcirculation. This method shows great potential for bedside 
monitoring and has been investigated in multiple studies researching the pathophysiological 
changes in surgical and critically ill patients. However, before this technique can be used in large 
clinical studies that aim to assist bedside decision-making, the methods should be thoroughly 
analyzed, and a consensus on the method between experts should be made.   

We showed that the method of assessing rolling and non-rolling leukocytes could be divided into 
two parts: 1) image acquisition and 2) image analysis. These can be further subdivided into 



90 | 
 

categories, namely 1.1) device and recording requirements, 1.2) quality assessment, 2.1) selection 
of capillary - postcapillary venule units, 2.2) leukocyte detection, and 2.3) differentiation between 
rolling and non-rolling leukocytes. For most of these steps, the reasoning behind the decisions is 
based on previous consensus papers about conventional microcirculatory measurements 
regarding red blood cell kinetics. This is reliable for several steps in image acquisition and analysis, 
but more research is needed for steps designed explicitly for leukocyte analysis to guarantee 
reproducible reliable results. Also, we recommend the development of an automatic software for 
the leukocyte quantification and differentiation based on behavior, both for reliability and 
feasibility, since manual analysis is very time-consuming. M.P. Hilty currently takes the first steps 
toward automatic software. Further research should include their research. This automatization 
and expert meetings could lead to an optimized method for reproducibility and reliability and has 
the potential to contribute to bedside patient monitoring and the prognosis and choice in therapy.  
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Microcirculatory alterations contribute significantly to acute organ dysfunction in cardiothoracic 
surgical patients. Nevertheless, it is only since the last decade that it has been possible to image 
the microcirculation of patients.  
 
In this master thesis, using the CytoCam, a non-invasive imaging technique, we investigated 
microcirculatory perfusion in patients after cardiothoracic surgery in a clinical setting. In particular, 
we focused on the time course of microcirculatory parameters in postoperative cardiothoracic 
surgical patients with and without shock. Moreover, we compared microcirculatory parameters 
with macrocirculatory parameters of the same patient to determine the presence or absence of 
hemodynamic coherence. We also investigated the use of leukocyte detection by STDs to better 
understand the severity of inflammation in the individual patient. 
 
In Chapter 3 of this master's thesis, it was found that in cardiothoracic surgical patients with shock, 
the convective mechanism (reflective in the RBCv) decreased, and the diffusive mechanism 
(reflective in TVD, FCD, and cHct) increased, possibly due to a compensatory mechanism for the 
mismatch between O2 supply and O2 consumption. Hemodynamic coherence was found between 
the TVD, FCD, and PPV and macrocirculation at T0 to T1.  
 
In Chapter 4, it was found that TVD, FCD, and tRBCp in the non-shock group seemed comparable 
to normal values, whereas, in the shock group, these values were increased compared to normal 
values and remained more or less increased. A hemodynamic correlation was found between the 
TVD, FCD, and PPV and macrocirculation in both groups. In the shock group, the tRBCp was also 
congruent with the macrocirculation at T0 to T1.  
 
Chapter 5 of this thesis concluded that the method for leukocyte detection is still suboptimal, and 
a consensus must be reached before leukocyte detection can be widely used as a diagnostic tool 
in the ICU.  
 

6.1| Limitations 
 
This study included only a small number of participants, and, in addition, healthy controls were 
not available to compare these results with. Although a standardized protocol was used to collect 
macro- and microcirculatory data, given the observational nature of these data, it cannot be ruled 
out that other factors influenced these variables during ICU admission. Studies showed that very 
large samples are needed to achieve statistical significance with microcirculatory parameters.1 The 
potential for false correlations with large samples is exceptionally high, so follow-up studies should 
pay particular attention to whether reported correlations with these microcirculatory parameters 
reflect actual biological differences.1 
 
Although postoperative changes were measured, no intraoperative data were obtained to 
examine the exact time of occurrence of microcirculatory alterations. Moreover, no preoperative 
data were obtained and analyzed, whereas this could be a baseline measurement to recognize 
specific patterns in intra- and postoperative microcirculatory alterations. Pre- and intraoperative 
data should be collected and added to the postoperative data in future research.  
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Even though much research has been done on various techniques to image microcirculatory 
perfusion in patients, none has yet found a place at the bedside as a tool for the clinician due to 
multiple issues.  
 
First, the CytoCam is unsuitable for continuous monitoring because it is an analog technique that 
produces images rather than numbers. Post-processing is required with AVA software or 
MicroTools. AVA software is the current standard for analyzing microcirculatory image sequences. 
This is a semi-automated software platform, making the analysis time-consuming and requiring 
considerable precision and skill from the person analyzing the images.2, 3 Microtools is a new, fully 
automated software program that can analyze microcirculation image sequences without human 
intervention to extract microcirculation parameters objectively.3 An automated software tool has 
advantages and disadvantages. First, saving time during image analysis is the main advantage, 
which is especially important to guide clinical decision-making based on microcirculation in 
critically ill patients. A disadvantage could be the lack of precision due to the absence of interaction 
with the user.  
 
Secondly, IDF as an imaging modality is not comparable to other imaging modalities. IDF imaging 
visualizes approximately 20% more vessels than SDF imaging, resulting in a higher TVD when using 
IDF imaging. In addition, image quality is higher due to, for example, shorter pulse duration (more 
contrast and contour in the images) and lower weight (minimizes pressure artifacts) in IDF than in 
SDF, resulting in a difference in PPV.4 Therefore, it is imperative that follow-up studies use the 
same imaging modality to compare results.  
 
In addition, cardiothoracic surgery is known for its heterogeneous microcirculatory perfusion, 
making it necessary to evaluate different measurement sites.5 The degree of heterogeneity may 
be as important in assessing microcirculatory perfusion as the number of perfused vessels, which 
are typically measured. Moreover, microcirculation measurements in most patients are often 
limited to sublingual microcirculation. All vascular beds are affected by systemic inflammation, but 
differences in endothelial cell architecture and microvascular regulation exist between different 
organs and tissues.6 There seems to be a good relationship between the sublingual and 
gastrointestinal microcirculation and derived microcirculatory parameters7, but local 
microcirculatory impairments should not be directly interpreted as impairment of systemic 
microvascular perfusion.  
 
As mentioned earlier, another limitation of microcirculation measurements with an HVM is that 
the results are highly user-dependent unless the sufficient experience is gained.8 There are no 
concrete guidelines on how much experience is needed to perform the measurements correctly.9 
For example, it takes considerable training to reduce pressure without losing the microcirculation 
image from view to avoid pressure artifacts at venules.8 However, in this master thesis, it was still 
common for many image sequences to be excluded due to poor quality, implying that observers 
were not adequately trained in performing these measurements. An appropriate site for 
measurement is often sought based on what can be seen on the image, making it difficult to 
measure in the same place to measure changes over time, as the probe is easily moved.9 To date, 
there are no established guidelines on an anatomical site that should be used for measurements.8  
 
Finally, and most importantly, there are currently no therapies for specifically optimizing 
microcirculatory perfusion. Consequently, if poor microcirculation is observed, macrocirculatory 
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interventions, including vasopressors, inotropics, vasodilators, and fluid therapy, are suggested to 
improve microcirculatory perfusion.10 Studies have shown that vasoactive drugs and fluid therapy 
have almost no effect on the microcirculation in patients in septic shock with a normal range of 
macrocirculatory parameters.11 Until drugs explicitly acting on the microcirculation exist, 
monitoring the microcirculation at the bedside will remain limited.  
 

6.2| Future perspectives 
 
Microcirculation measurements can provide the clinician with information to better interpret the 
patient's condition and direct therapy. Yet, in some cases, the underlying pathology cannot be 
identified with standard microcirculatory measurements alone.12 The RBCv should be added as a 
new parameter to the measurements to identify hypovolemia or hypotensive shock in such cases 
to prevent fluid overload.13 In addition, inflammatory conditions such as ischemia-reperfusion and 
cardiac surgery lead to the activation and adhesion of leukocytes to the endothelium.14 As 
discussed in Chapter 5, the kinetics of activated leukocytes can be quantified using an STD of 
microcirculatory image sequences. Standardization and automation of leukocyte analysis should 
be explored in follow-up research because of its added value in understanding the pathogenesis 
of the development of shock. Hence, microcirculation analysis should always be performed in 
context and should integrate macrocirculatory parameters for a complete hemodynamic 
evaluation of the physiological state of the cardiovascular system.9  
 
The venoarterial differential partial pressure of carbon dioxide (PCO2 gap) is increasingly 
recognized as a reliable macrocirculatory tool to evaluate cardiac output and tissue perfusion. It 
is considered a marker of poor outcomes during circulatory shock and is currently used to guide 
treatment.15, 16 Follow-up studies should identify the relationship between the PCO2 gap and 
microcirculatory parameters. However, the design of such a study should consider documenting 
the amount of fluid and dobutamine a patient has had, as this affects the value of the PCO2 gap.17  
 
Obviously, adequate perfusion is necessary for sufficient tissue oxygenation. However, since 
current techniques to measure microcirculation are mainly limited to research settings, no 
reference values for cardiothoracic surgery associated with poor outcomes exist at this point. 
Follow-up studies should reveal what these cutoff values should be.  
 
Moreover, it is necessary to limit inter- and intra-observer variability for reproducibility and 
generalizable interpretation of results. To this end, the guidelines should clearly indicate the 
amount of time and training an observer should have had before taking measurements in 
patients. It is also important to include an anatomical guided strategy, considering anatomical 
variation between individuals, in the international guidelines in order to increase imaging 
consistency associated with clinical HVM.8 Since larger sample sizes are desirable for the detection 
of significant differences in microcirculatory parameters, image consistency is also essential. In 
currently published studies with small sample sizes, there is much variation in the values of 
reported parameters, and the results do not appear to be reproducible.1 It is, therefore, imperative 
for future research to design the guidelines in such a way that microcirculatory measurements 
become reproducible.  
 
Because of the technical challenges to image acquisition and analysis, the CytoCam and other 
microcirculation imaging modalities remain primarily research-based tools. As automated image 
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analysis systems are improved by manufacturers and software developers, these systems may be 
able to take an active role at the bedside in guiding management decisions for the individual 
patient.  
 

6.3| Conclusion 
 
This master thesis shows that microcirculatory perfusion is altered after cardiothoracic surgery. A 
prospective cohort study was performed assessing sublingual microcirculatory blood flow and 
systemic hemodynamic parameters after cardiothoracic surgery to examine the time course of 
the microcirculation and its relationship to the macrocirculation. Impairment of the 
microcirculation during inflammatory conditions, including cardiac surgery with cardiopulmonary 
bypass, is a complex problem, often occurring without impaired macrocirculation. Factors 
contributing to the acute disruption of microcirculatory perfusion in cardiothoracic surgical 
patients include activation of leukocytes, complements, and platelets, endothelial cell dysfunction, 
disruption of the endothelial glycocalyx, and consequent vascular leakage, decreased 
deformability of RBCs and hemodilution.  
 
A difference was found in the behavior of the microcirculation of cardiothoracic surgical patients 
with and without shock. There is no conclusive explanation for the difference found or for the 
underlying mechanisms. Based on this study, it is not yet possible to give a predictive value to the 
contribution of the microcirculation to the development of shock. Therefore, further research is 
needed.  
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Appendix A 
Quality assessment microcirculatory image sequences 

 

Table A.1 Quality assessment by Massey et al.1 

Criteria Explanation Optimal (0 points) Requirement (1 
point) 

Exclusion (10 
points) 

Illumination Brightness and 
contrast of the 
video 

Even illumination 
over the whole field 
of view, with contrast 
such that small 
vessels could be 
seen against a 
background of 
vessels 

The video borders 
are too bright or too 
dark, but the vessels 
are still identifiable 

The video is 
oversaturated / too 
bright or too dark to 
make out analyzable 
features. Insufficient 
contrast to resolve 
flow rate. 

Duration Number of 
frames in the 
video clip 

>5 sec (>150 frames) 3-5 sec (90-150 
frames) 

<3 sec (<90 frames) 

Focus Image sharpness 
in the region of 
interest 

Good focus for all 
vessels (small and 
large) in the entire 
field of view. Plasma 
gaps and red blood 
cells are visible. 

<1/2 field of view is 
out of focus, or 
edges of 
the vessels are 
slightly out of focus. 

Video is completely 
out of focus such 
that no 
small vessels can be 
seen. 

Content Determination of 
the types of 
vessels and/or 
presence of 
occluding artifacts 
in the image. 

Video is free of 
occlusions. Good 
distribution of large 
and small vessels. 
Less than 30% of the 
vessels are looped 
upon themselves. 
 

Video may have a 
few artifacts. 
Acceptable 
distribution of large 
and small vessels. 
About 30% to 50% of 
the vessels are 
looped. 

Most of the field of 
view has occluding 
artifacts such as 
saliva or bubbles. 
More than 50% of 
the vessels are 
looped upon 
themselves. 

Stability Frame motion 
that can be 
adequately  
stabilized without 
motion blur 

Movement is within 
1/4 of the field of 
view.  
No motion blur 

Movement is within 
1/2 of the field of 
view. 
No motion blur 

Movement is greater 
than 1/2 of the field 
of view and/or 
motion blur in 
frame. 

Pressure iatrogenic 
mechanical  
pressure causing 
misrepresentation 
of flow 

Flow is constant 
throughout the 
entire movie. No 
obvious signs of 
artificially sluggish 
or stopped flow. 
Good flow in the 
largest vessels 

Signs of pressure 
(localized sluggish 
flow in a specific 
large vessels), but 
flow appears to be 
unimpeded based on 
good flow in most 
large vessels 

Obvious pressure 
artifacts associated 
with 
probe movement 
and/or flow that 
starts and stops, 
reversal of flow. Poor 
or changing flow in 
larger venules 
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Appendix B 
Statistical analysis 

 

B.7.1| Bonferroni correction 
 
Researchers who publish medical science research usually set the significance threshold for 
analyses at 5%. This 5% is based on the probability of falsely rejecting the null hypothesis (𝛼, type 
I error), where there is a 5% chance of falsely concluding that there is an effect (false positive). In 
a test with one statistic, a p-value < 0.05 rejects the null hypothesis. A type 2 error (ꞵ) means not 
rejecting the null hypothesis even though there is an effect (false negative).2 When multiple 
analyses are performed simultaneously, there has to deal with a so-called family-wise error rate 
(FWER), which describes the probability that at least one analysis produces a false-positive result.3 
Therefore, the alpha (e.g., 0.05) or the p-values themselves must be adjusted to reduce the 
likelihood of type 1 errors.4  
 
The FWER can be calculated as follows: 
 

𝐹𝑊𝐸𝑅 =  1 − (1 − 𝛼)𝑛      (1) 
 
where 𝛼 = significance level for a single analysis (typically 0.05), n = number of tests performed 
 
The simplest way to correct for FWER is the Bonferroni correction, in which the significance 
threshold is adjusted according to the number of tests performed. Where the corrected threshold 
is described as3: 
 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =  𝛼 / 𝑛     (2) 
 
Where 𝛼 = significance level for a single analysis (typically 0.05), n = number of tests performed 
 
The Bonferroni correction is applied to the p-values of the individual tests so that the 𝛼 level for 
all tests remains equal to 0.05.5  
 

B.7.2| Linear mixed models 
 
LMM analysis is a statistical procedure that provides a flexible approach to static analysis with 
correlated longitudinal data. Longitudinal data is described as repeatedly measured variables for 
each patient, with time as the repeated factor. In longitudinal data sets, the number of repeated 
measurements may not be the same for each patient, nor may the observation time have the 
same spacing or intervals. Therefore, the characteristics of longitudinal data allow for uneven 
distribution and observations with missing values.6 In addition to the flexibility of LMMs 
concerning unbalanced longitudinal data, LMMs have the ability to account for the covariance 
among repeated measurements in a relatively parsimonious manner.6 The LMM is described as 
the integration of two levels (hierarchical) observations (i.e., between and within a subject) into a 
single model.7 The model uses fixed (systemic mean patterns, i.e., covariates of specific scientific 
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interest) and random (correlation patterns between repeated measurements within patients and 
heterogeneity between patients or both) effects.8, 9  
 
The LMM can be considered as an extension of the standard linear model and is represented as6, 

10:  
 

𝑌𝑖 = 𝑋𝑖𝛽 + 𝑍𝑖𝑏𝑖 + 𝜖𝑖       (3)  
𝑏𝑖  ∼  𝑁 (0, 𝐷)  
𝜖𝑖 ∼  𝑁 (0, 𝛴)  
𝑏1 . . . 𝑏𝑛 , 𝜖1. . . 𝜖𝑛  independent 

 
Where: 
𝑌𝑖 = n-dimensional response vector for patient 𝑖 
𝛽 = p-dimensional vector for fixed effects 
𝑏𝑖 = q-dimensional vector for random (subject-specific) effects  
𝑋𝑖 and 𝑍𝑖 = (𝑛𝑖 × 𝑝) and (𝑛𝑖 × 𝑞) dimensional matrices relating to observations of the fixed and 
random effects  
𝜖𝑖 = n-dimensional vector of residuals  
D = a general (𝑞 ×  𝑞) dimensional covariance matrix with (𝑖, 𝑗) element 𝑑𝑖𝑗  = 𝑑𝑗𝑖 and 𝛴𝑖(𝑛𝑖 × 𝑛𝑖) 
covariance matrix (usually the same for all 𝑖).  
 
From this model, it follows that marginally: 
 

𝑌𝑖 ∼ 𝑁(𝑋𝑖𝛽, 𝑉) and 𝑉 =  𝑍𝑖𝐷𝑍′𝑖 +  𝛴𝑖    (4) 
 
With repeated measurements, the residuals are not independent of each other by default. In other 
words, data points from the same patient are more similar to each other than data points from 
other patients. When using the LMM, correlations between the residuals of repeated 
measurements in the same patient are taken into account; this can be done with different 
correlation structures11, with the unstructured structure being used in the analyses of this thesis. 
With the unstructured structure as the correlation structure, no assumption is made about the 
correlations between two time points.12  
 
Formula (3) includes random effects. This involves estimating the deviation that measurements 
of the same patient have from the regression line. It does not matter how many repeated 
measurements a patient has and at what times (conditions) they are measured. Random effects 
assume that all measurements from the same patient have a fixed deviation from the "mean" 
regression line. However, this is beyond the scope of this master's thesis. The statistical analysis 
in this master's thesis assumes that all patients were measured at the same times and under the 
same conditions. In that case, a simplified version of the LMM model (Formula (4)) can be 
applied in which the random effects are not explicitly modeled. The random effects are then 
included as part of the marginal covariance matrix V.6, 10   
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Appendix C 
Measured values 

 

Table C.1 Number of measured values for each parameter of shock patients (n = 20) 

Variable  T0 T1 T2 

 n n n 

MAP 20 16 9 

Lactate 20 16 9 

SvO2 14 9 3 

TVD 18 16 8 

FCD 18 16 8 

PPV 18 16 8 

RBCv 18 16 8 

cHct 18 16 8 

tRBCp 18 16 8 

cHct: capillary hematocrit; FCD: functional capillary density; MAP: mean arterial pressure; PPV: proportion of 
perfused vessels; RBCv: red blood cell velocity; SvO2: central venous oxygen saturation; tRBCp: tissue red blood cell 
perfusion; TVD: total vessel density. 
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Appendix D 
LMM estimates of fixed effects 

 

Table D.113 LMM estimates of fixed effects 

 95 % confidence 
interval 

Parameter Estimate std. 
error 

df t sig Lower 
bound 

Upper 
bound 

TVD 

Intercept 19.443 1.425 8.750 13.648 0.000 16.207 22.680 

T0 1.686 1.651 11.136 1.022 0.329 -1.941 5.314 

T1 1.560 1.366 7.967 1.143 0.286 -1.591 4.712 

T2 0b 0 . . . . . 

FCD 

Intercept 18.084 1.543 7.550 11.719 0.000 14.489 21.680 

T0 1.766 1.701 8.976 1.038 0.326 -2.084 5.617 

T1 1.696 1.621 8.422 1.046 0.325 -2.009 5.400 

T2 0b 0 . . . . . 

PPV 

Intercept 92.892 2.915 7.462 31.862 0.000 86.084 99.700 

T0 1.214 2.952 7.661 0.411 0.692 -5.645 8.074 

T1 1.192 3.077 8.703 0.387 0.708 -5.805 8.188 

T2 0b 0 . . . . . 
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RBCv 

Intercept 323.474 16.883 8.932 19.160 0.000 285.238 361.711 

T0 10.448 17.302 9.184 0.604 0.561 -28.576 49.465 

T1 7.397 17.175 8.715 0.431 0.677 -31.651 46.444 

T2 0b 0 . . . . . 

cHct 

Intercept 5.971 0.410 10.254 14.581 0.000 5.062 6.880 

T0 -0.225 0.487 12.804 -0.462 0.652 -1.279 0.829 

T1 -0.143 0.245 8.831 -0.583 0.574 -0.698 0.412 

T2 0b 0 . . . . . 

tRBCp 

Intercept 44.751 6.160 7.554 7.264 0.000 30.398 59.103 

T0 1.526 6.362 7.951 0.240 0.816 -13.161 16.213 

T1 1.532 6.088 7.466 0.252 0.808 -12.684 15.749 

T2 0b 0 . . . . . 

b this parameter was set to zero because it is redundant; cHct: capillary hematocrit; df: degrees of freedom; FCD: 
functional capillary density; PPV: proportion of perfused vessels; RBCv: red blood cell velocity; sig: significance level; 
std: standard; t: how far from zero is the estimate; tRBCp: tissue red blood cell perfusion; TVD: total vessel density. 
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Summary 
Rationale: Nearly all patients after cardiothoracic surgery are admitted to the ICU. Post cardiotomy 
circulatory shock complicates 1-2% of all adult cardiothoracic procedures. In these patients changes 
in the microcirculation occur frequently. Causes of these changes in the microcirculation can be tissue 
trauma, activation of the inflammatory response and haemostatic system, anaesthesia, hypothermia 
and formation of micro-embolisms. An impaired microcirculation results in a decreased tissue 
oxygenation or even organ damage if a situation of low tissue oxygenations persists. 1 2  
Monitoring on the Intensive Care Unit (ICU) is mainly focused on macrocirculatory parameters, such 
as blood pressure, cardiac output and peripheral oxygen saturation. But increasingly also the 
microcirculation is measured in critically ill patients. The hemodynamic coherence between the 
macrocirculation and the microcirculation is the condition under which resuscitation procedures 
aimed at correcting macrocirculatory parameters are also effective in correcting microcirculatory 
perfusion and cellular oxygenation. Different studies in patients with sepsis or septic shock show that 
a loss of hemodynamic coherence can occur. This means that during resuscitation, macrocirculatory  
parameters improve to normal values while microcirculation is still impaired, a condition that is 
associated with increased morbidity and mortality 3. This loss of coherence may also be present in 
patients after cardiothoracic surgery. Routinely measuring the microcirculation with the CytoCam 
may therefore be valuable with respect to better monitoring patients after cardiothoracic surgery, 
better understanding the specific type of shock and being better able to install therapeutic measures. 
 
Primary Objective:  
In this study, we aim to investigate the postoperative time course of microcirculatory parameters in 
patients admitted to the ICU after cardiothoracic surgery with and without circulatory shock.  
 
Secondary objectives: 

� To study the postoperative time course of macrocirculatory parameters in patients admitted 
to the ICU after cardiothoracic surgery with and without circulatory shock.  

� To investigate the relationship (i.e. coherence) between microcirculatory parameters and 
macrocirculatory parameters in patients admitted to the ICU after cardiothoracic surgery with 
and without circulatory shock. 

� To study the relationship between the microcirculation and vital organ (dys)function, 
particularly the need for vasopressors and/or inotropic therapy or duration of mechanical 
support. 

� To study the relationship between postoperative microcirculatory parameters and clinical 
outcomes (i.e. acute kidney injury, the need for continuous veno-venous hemofiltration, 
Iength of stay ICU and ICU mortality).  

 
Study design: prospective single-centre cohort study. 
 
Study population: patients which are admitted to the ICU after cardiothoracic surgery.  
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Main study endpoints: 
Primary endpoint:  

x  The time course of microcirculatory parameters in patients admitted to the ICU after 
cardiothoracic surgery with and without circulatory shock.  

 
Secondary endpoints: 

x The time course of microcirculatory parameters in patients admitted to the ICU after 
cardiothoracic surgery with and without circulatory shock  

x The coherence between the macrocirculation and microcirculation in  patients admitted to 
the ICU after cardiothoracic surgery with and without circulatory shock. Coherence 
meaning whether changes in microcirculatory parameters are congruent with (in the 
same direction of) expected changes in the microcirculation. 

x The relationship between the microcirculation and vital organ (dys)function, particularly the 
need for vasopressors and/or inotropic therapy or duration of mechanical support.  

x The association between microcirculation and clinical outcomes (i.e. acute kidney injury, the 
need for continuous venovenous hemofiltration, Iength of stay ICU and ICU mortality 

 
Study procedure: Included patients will undergo treatment after cardiothoracic surgery according to 
current clinical practice. Microcirculation measurement with the CytoCam will be performed as soon 
as possible after ICU admission (within 3 hours (T0)), then within 24 hours (T1) after admission to the 
ICU, and if possible >48 hours (T2) after T0. No delay of treatment will take place.  Data collection, 
including circulatory, respiratory and inflammatory data, as well as data of blood samples and fluid 
balance, will occur at the same time as the microcirculatory measurements. Simultaneously with To, 
demographic data will be collected. 
 
If a patient develops shock (a condition in which there is a lack of effective circulating volume resulting 
in insufficient tissue perfusion) or the need to receive mechanical support while on the ICU, 
microcirculation measurements will be measured according to the current Shock protocol (Shock-
protocol bij volwassene (medisch beleid IC Volw.) (Versie 2)) 
 
Nature and extent of the burden and risks associated with participation, benefit and group 
relatedness: The risks are negligible in this study with no serious adverse events known. The burden 
for the patients is minimal since it is a minimal invasive measurement. The normal clinical practice will 
continue and will not be altered and will be executed according to prevailing practice, protocols and 
guidelines.  
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1. Introduction and rationale 
Nearly all patients  after cardiothoracic surgery are admitted to the ICU 4. Post cardiotomy circulatory 
shock complicates 1-2% of all adult cardiothoracic procedures 5. This condition is associated with 
increased morbidity and mortality in the ICU.6,7 The primary function of the circulation is to deliver 
oxygen and nutrients to the tissue cells and remove waste products8. This exchange takes place in the 
microvasculature of the tissues, where oxygen passively diffuses from red blood cells into tissue cells. 
Under normal conditions, oxygen delivery exceeds oxygen demand. In a condition of circulatory 
dysfunction, for example during a state of circulatory shock, the systemic circulation fails to meet the 
perfusion requirements (i.e. oxygen requirements)   of organs9. Inadequate delivery of oxygen to 
tissue cells leads to organ dysfunction and if it persists, to organ failure 8,10. 

Microcirculatory disturbances, due to abnormalities in capillary density and heterogeneity in blood 
flow, and consequent reduction in tissue oxygenation are often described in critically ill, 
cardiothoracic, patients. 1 These disturbances are caused by many factors such as the surgery itself, 
activation of inflammatory response and haemostatic systems, anaesthesia, hypothermia, 
haemodilution, micro-emboli formation and tissue trauma.1 

One of the main goals is to prevent or treat alterations in macrocirculation during and after 
cardiothoracic surgery. 11 However, normalization of macrocirculatory parameters, such as blood 
pressure and venous oxygen saturation, does not always mean a parallel improvement of 
microcirculatory parameters (e.g., functional capillary density (FCD) and proportion of perfused  
vessels (PPV), explanation of the microcirculatory parameters can be found in Appendix 1) and 
therefore no guarantee of adequate microcirculatory perfusion.12,13 This discrepancy between 
macrocirculation and microcirculation is known as a loss of hemodynamic coherence, a condition in 
which during resuscitation, microcirculatory  parameters improve to normal values while the 
microcirculation remains impaired (Microcirculatory alterations associated with loss of hemodynamic 
coherence can be found in Appendix 1). 3  

The microcirculation can be monitored sublingually with hand-held vital microscopes (HVM). The first 
generation microscopes were based on orthogonal polarization spectral (OPS) imaging 14,15. These 
devices were improved and replaced by HVM based on sidestream dark field (SDF) imaging 16,17. The 
third and latest generation HVM is based on incident darkfield imaging (IDF)18. From studies 
performed in patients with sepsis and septic shock, where microcirculation was monitored with HVM, 
we know that hemodynamic coherence is often lacking, which can result in failure of treatment and 
ultimately in an increased mortality19-22. 
An abundance of literature discussing macro- and microcirculation in patients with sepsis or septic 
shock is available. However, the number of studies performed in patients after cardiothoracic surgery 
is much smaller. During surgery, microcirculatory perfusion may be severely impaired as a result of no 
pulsatile blood flow through cardiopulmonary bypass (CPB), decreased cardiac output, hemodilution, 
hypothermia, and CPB- and tissue trauma-induced inflammation.23 As a result, areas of the 
microcirculation can become shunted and hypoxemic, eventually leading to organ failure.24,25 The 
number of studies describing circulatory shock after cardiothoracic surgery in relation to the 
microcirculation is again much smaller than the number of studies on microcirculation and 
cardiothoracic surgery. A comparison of the microcirculation of cardiothoracic surgery patients who 
develop shock and those who do not, has scarcely been described, if at all. Monitoring the sublingual 
microcirculation may therefore be valuable to assess the existence of coherence between macro- and 
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microcirculation and to provide additional information regarding the specific type of shock and 
provide more leads to individualize care. 

2. Objectives 
Primary objective: 
In this study, we aim to investigate the postoperative time course of microcirculatory parameters in 
patients admitted to the ICU after cardiothoracic surgery with and without circulatory shock.  
 
Secondary objectives: 

� To study the postoperative time course of macrocirculatory parameters in patients 
admitted to the ICU after cardiothoracic surgery with and without circulatory shock.  

� To investigate the relationship (i.e. coherence) between microcirculatory parameters and 
macrocirculatory parameters in patients admitted to the ICU after cardiothoracic surgery with 
and without circulatory shock. 

� To study the relationship between the microcirculation and vital organ (dys)function, 
particularly the need for vasopressors and/or inotropic therapy or duration of mechanical 
support. 

� To study the relationship between postoperative microcirculatory parameters and clinical 
outcomes (i.e. acute kidney injury, the need for continuous veno-venous hemofiltration, 
Iength of stay ICU and ICU mortality).  

3. Study design 
So far, only a few microcirculation studies have been performed in patients after cardiothoracic 
surgery. To get insight in the changes in the microcirculation of patients after cardiothoracic surgery 
in the postoperative period, we will perform an observational single-centre study. The study 
population will consist of patients admitted to the ICU after cardiothoracic surgery. 

Each patient, whether or not in circulatory shock, who is admitted to the ICU after cardiothoracic 
surgery will be monitored according to the current clinical guidelines. Macrocirculation will be 
measured continuously and according to current clinical practice. Microcirculation measurement with 
the CytoCam will be performed as soon as possible after ICU admission (within 3 hours (T0)), after 24 
hours (T1) after admission to the ICU, and if possible after 48 hours (T2) after T0. No delay of 
treatment will take place and blood samples will be taken according to clinical practice, no extra blood 
will be taken nor extra measurements will be performed for the purpose of this study.  Data collection, 
including circulatory, respiratory and inflammatory data, as well as data of blood samples and fluid 
balance, will be as much as possible synchronized with the microcirculatory measurements. 
Simultaneously with To, demographic data will be collected. 
 
Circulatory shock is defined as:  

Clinical signs of decreased tissue perfusion): 
- Cold, clammy extremities 
- Nausea and vomiting 
- Urine production < 0.5 ml/kg/hour 
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- Neurological symptoms, such as confusion and/or decreased consciousness 
 
Hemodynamic signs: 
- Hypotension:  
Systolic blood pressure (SBP) < 90 mmHg > 30 min or use of vasopressors (≥ 0.2 y/kg/min 
norepinephrine and/or 5 y/kg/min dobutamine > 1 h) to achieve an SBP > 90 mmHg or a mean 
blood pressure (MAP) > 65 mmHg. 
 
Biochemical signs: 
- Hyperlactatemia (> 2 mmol/l). 
 

When a patient is in circulatory shock, hemodynamic monitoring, will take place according to the 
current clinical Shock protocol (Shock-protocol bij volwassene (medisch beleid IC Volw.) (Versie 2)). 
In this protocol the microcirculation is also assessed in patients in shock. 
 
For the purpose of this study the microcirculation will also be assessed in cardiothoracic patients, 
postoperatively, not in shock.  
 
For the purpose of this study all cardiothoracic patients will be asked informed consent 
preoperatively.   
 
The follow-up period of included patients will be 2 months. During the study, nurses and clinicians will 
be blinded for the results of the microcirculation measurements.  

Appendix 2 presents study design, measurements and outcomes for the prospective cohort study and 
figure 1 shows an overview of the study design. 
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Figure 1 Overview of the study design 

4. Study population 

4.1 Population (base)  
Patients who are admitted to the ICU of the Leiden University Medical Center (LUMC) after 
cardiothoracic surgery, will be the source population of the study. Patients admitted to the ICU after 
their cardiothoracic surgery according to the ultra-fast track (UFT) protocol (Ultra-Fast Track (UFT) 
cardiothoracale chirurgie, zorgpad (Versie 2)) will also be included in the study as far as logistically 
possible. 

4.2 Inclusion criteria 
Patients meeting all these criteria will be included in the study: 

x Age of patient is at least 18 years 
x Patients are admitted to the ICU after cardiothoracic surgery 

Patient in 
ward

•Patient admitted to the ward in preparation for surgery
•Informed consent

Surgery
•No actions or measurements

Patient in 
ICU

•Microcirculation measurements at predefined moments
•T0: as soon as possible after admission to the ICU (within 3 hours)
•T1: 24 hours after admission to the ICU
•T2: 48 hours after T0

•Collection of data (demographic information, surgery and clinical data) will be as close as possible to the 
predefined moments of microcirculatory measurements 

Follow-up 2 
months

•Length of stay (LOS)-ICU and LOS-Hospital
•Mortality (in-hospital and out-hospital)



The complex relation between the microcirculation and macrocirculation in patients after cardiothoracic surgery with and 
without circulatory shock 

NL81756.058.22 MICCS study Version 3.0 18-10-2022  
  Page 14 of 40 

 

4.3 Exclusion criteria 
Patients meeting one of these criteria will be excluded from the study: 

x Patients with maxillofacial trauma 
x Patients known with tumor(s) in the mouth or throat area 

 

4.4 Sample size calculation 
Many studies reported that resuscitation based on het normalization of microcirculatory parameters 
does not always lead to parallel improvements in microcirculatory perfusion. When the shock 
improves at the macrocirculatory level, it does not necessarily mean that there has also been an 
improvement on the microcirculatory level. Many of these studies focused on the septic patient 
population. Most of these studies included approximately 100 patients.  

Greenwood et al. powered their study on the smallest difference between pre- and postoperative 
perfused vessel densities (PVD) of cardiac surgery patients and between the highest and lowest 
quartile of postoperative SOFA scores using microcirculatory data from previous studies. To 
maintain a power of 80% to detect significant differences in capillary density, flow and SOFA scores, 
18 patients had to be included in this study. In the end, they decided to increase the number to 25 
patients to account for a variable magnitude of the effect.  

Another study by Massey et al. conducted a sample size estimation to determine the impact of 
resuscitation protocols on microcirculatory perfusion of septic shock patients. This sample size 
calculation used the estimated mean Microvascular Flow Index (MFI), the 'main' microcirculatory 
perfusion parameter reported at the time, for standard care, assuming that patients with 
protocolized goal-directed resuscitation had a 20% higher mean MFI than the mean MFI of standard 
care. With a power of 0.9, the estimated sample size was 114 participants. To calculate the 
association between MFI and mortality, it was estimated that the odds ratio (OR) of mortality would 
increase by 50% for every 0.5 of a standard deviation (SD) decrease in MFI. With a type 1 error of 
0.05 and a power of 0.9, the estimated sample size was 115 participants.  

Taking into account that for our research, sample size is very difficult, but based on above 
consideration we decided that to focus on the smallest difference wouldn’t be appropriate and thus 
a number of 25 patients would be too small. Furthermore, as our study is not focused on the 
relationship between the outcome, our estimated sample size will be 100 patients. With this number 
of patients, who will have sequential measurements, we hope to see a tend in time and a difference 
between the microcirculation of patients with and without shock (as this is our main objective and 
endpoint). 
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5. Treatment of subjects 
Subjects admitted to the ICU will be managed according to current treatment guidelines of the ICU 
of the LUMC. This includes intravascular access (arterial line, central venous and/or Swan-Ganz 
catheter, pacemaker wires and thoracic drains), postoperative medications, hemodynamic and 
ventilation management. The research team will not impose any intervention in the management of 
the subjects, besides the measurements of the microcirculation as described in Appendix 2. 

5.1 Investigational product: CytoCam 
Microcirculation measurements are performed using a CytoCam (Braedius Medical, Huizen, The 
Netherlands). A CytoCam is a sublingual microcirculation measurement device which consists of a 
monitor and a handheld vital microscope (HVM). The technique which is used in the CytoCam relies 
on the Incident darkfield illumination (IDF) imaging technique. This technique uses green light of a 
specific wavelength produced by a ring of circumferential light-emitting diodes at the end of a light 
guide, with a magnifying lens in the centre. The green light is transmitted to the tissue and absorbed 
by haemoglobin, causing the red blood cells (RBCs) to appear as dark spheres (Figure 2). The imaging 
results in a sharp contour visualization of the microcirculation, showing flowing RBCs and leukocytes, 
captured by a high-definition image sensor. The recorded videos can be analysed offline with the 
software programs Automated Vascular Analysis (AVA) and MicroTools. 
 
This IDF technique was first published in 
1971 26 and has since been validated as 
bedside monitoring for the 
microcirculation.27 In this study, the 
CytoCam is only used to monitor the 
microcirculation for research purposes, any 
results from the measurements are not used 
to treat the patient or change treatment 
based on the information provided by the 
CytoCam. The device is CE (Conformité 
Européene) marked as a medical device 
(TÜVRheinland£ certificate number MK 
69245350 0001, initially issued on 14 
October 2013).  
 
Reliable measurements can only be 
performed if the patient's mouth is clean 
and dry. Therefore, the sublingual area will 
be carefully cleaned with a suction or gauze 
swab.  No other intervention is required before the measurements with the CytoCam.  
 
The tip of the microscope is protected with an unsterile disposable cap perpendicular to the sublingual 
are of interest. The disposable cap (H & P Moulding Emmen B.V., Emmen, The Netherlands) is based 
on the use of ALTUGLAS® SG-7 (Arkema, Colombes, France), a hard transparent plastic (Appendix 3). 
During each timepoint, three videos of at least 3 seconds will be recorded from different sublingual 
areas. According to international guidelines18, it is necessary to capture multiple recordings in order 

Figure 2 Example of a recording of the sublingual 
microcirculation with a CytoCam 
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to minimize heterogeneity in the microscopic field of view. Videos will be excluded from further 
analysis if they do not meet image quality requirements such as illumination, image duration, focus, 
vessel content, stability, and absence of probe-induced pressure.18,28 After every three measurements 
of the same patient at every timepoint, the disposable cap will be discarded and the microscope itself 
and the other components of the CytoCam will be cleaned according to the cleaning guidelines for 
medical devices in the ICU. In this case, the CytoCam will be cleaned with 70% ethanol after each use. 
In the case of visible dirt, the dirt will be cleaned with soap and water prior to the application of 70% 
ethanol.  

5.2 Use of co-intervention  
There are no restrictions on co-medication or co-interventions for the subjects in this study. 

5.3 Escape medication  
No escape medication is required for this study  



The complex relation between the microcirculation and macrocirculation in patients after cardiothoracic surgery with and 
without circulatory shock 

NL81756.058.22 MICCS study Version 3.0 18-10-2022  
  Page 17 of 40 

6. Investigational Product 

6.1 Name and description of medical device 
Braedius Medical B.V. has developed an 
innovative minimal-invasive bedside 
monitoring system, the CytoCam, to 
measure sublingual microcirculation. The 
device provides high quality videos of the 
sublingual microcirculation suitable for data 
analysis 27,29. The CytoCam measurement 
system consists of a monitor and a handheld 
microscope. (Figure 3) The CytoCam bedside 
monitor includes a software package 
CytoCam Tools for capturing, playing and 
analysing videos. CytoCam Tools includes a 
user interface (UI) to operate the CytoCam 
via a desktop or all-in-one computer. During 
operation, the user enters patient and study 
information into the dialog box. Afterward, 
the user can navigate between the controls 
for focusing and brightness of the light-
emitting diodes (LEDs) and recording a video 
sequence. In addition, the system has a 
modular design, allowing the user to add 
modules for image stabilization, video 
editing and analysis.30  
 

6.1.1 The measurement specifications:  
The CytoCam measures, among other things, blood flow through the microcirculation. The working 
mechanism of the microscope is based on IDF microscopy imaging. The IDF imaging technique uses 
green light of a specific wavelength produced from a ring of circumferential light-emitting diodes at 
the end of a light guide, with in the middle a magnifying lens to illuminate the target tissue 
tangentially. The illumination light is excluded from the central column of the microscope. The green 
light is transmitted to the tissue and absorbed by oxygenated and deoxygenated haemoglobin, which 
causes RBCs to appear a dark globules. 26 The imaging results in sharp contour visualization of the 
microcirculation, showing flowing RBCs and leukocytes captured by a high-definition image sensor. 
Plasma and leukocytes in the blood vessels cause luminous openings in the image31. 
Blood vessels appear as black lines on white/grey background. The recorded videos can be analysed 
offline with the software programs AVA and MicroTools. 
 
The key specifications of the CytoCam are18: 

x Illumination unit: based on IDF imaging with a 4x magnification lens.  
x Illumination light: emitted with a short pulse time of 2ms and a chosen wavelength of 

548nm.18 

Figure 3 Working mechanism of the CytoCam 
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x The imaging probe (microscope) must be connected to the monitor before performing a 
measurement.  

x The IDF handheld vital microscope captures images at a rate of 25 frames/s, of which 100 
frames are recorded as a single video clip.  

x Time to result: 8 seconds (minimum recording time is 3 seconds, max recording time is 16). 
x Simple handling: the use of the CytoCam is not difficult but performing measurements should 

be practiced to acquire recordings of good quality (after performing 50 measurements, one 
can be considered as ‘experienced’). For the purpose of this study all personnel applying the 
CytoCam is trained and certified by an experienced trainer of the Microcirculation Academy.  

 

6.1.2 Current stage of development: 
The CytoCam has been developed based on all applicable regulations, standards (Medical device 
directive 93/42EEC, IEC60601-I, ISO 14971) and has been tested in preclinical studies. 

Before the development of IDF, in the early 20th century, direct intravital observation of the 
microcirculation was limited to the use of bulky capillary microscopes, which were used primarily to 
determine the microcirculation of the capillary nail bed.27  

In 1971, the IDF technique was first described.26 This method made it possible to observe the 
microcirculation of an organ surface using epi-illumination, without the need for transillumination of 
the tissue from below. In the late 1990s, orthogonal polarization spectral (OPS) imaging, a technique 
similar to IDF, was added to a handheld video microscope to capture the organ surface 
microcirculation of surgical patients.15,32,33 This new OPS technique made it possible for the first time 
to study human microcirculation in tissue and organ surfaces at the bedside, especially in critically ill 
patients. OPS used linearly polarized light, where the reflected light was blocked by an orthogonally 
polarized analyzer.15,27,34 Next, an HVM with side stream dark-field (SDF) imaging was released. The 
SDF HVM uses a circularly illuminated tip with light-emitting diodes that create a dark-field.16 The 
difference between SDF and IDF HVMs lies in the improved optical resolution, making it possible to 
visualize more capillaries than its OPS and SDF predecessors.  

The CytoCam with IDF imaging is a third-generation handheld microscope. It uses a new hardware 
platform. This platform includes a high-density pixel-based imaging chip and a short, pulsed 
illumination source which synchronizes and controls illumination and image acquisition under 
computer control. The IDF technique is now commercially available.18,27  

In recent years, many different studies have been performed on microcirculation measurements using 
an HVM. Mainly in the sublingual area in a wide range of disease states and age groups 35-42, but also 
several studies of microcirculation performed directly on organ surfaces during surgery. 32,43-45 

6.2 Summary of known and potential risks and benefits 
Measuring the microcirculation is minimal-invasive and adverse and serious adverse events are rare. 
Further information on safety and adverse events can be found in section 9. 

6.3 Description and justification of route of administration and dosage 
Not applicable as no administration takes place. 
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6.4 Method of administration 
Not applicable as no administration takes place. 

6.5 Preparation and labelling of medical device 
In accordance with the Dutch ‘Kwaliteitswet zorginstellingen’, the medical device used for this study 
has to be controlled for multiple aspects like safety and quality before it can be used in the hospital. 
This is done by a department in the hospital, called health technology. The CytoCam has already been 
inspected by this department and received the label of approval for use in the hospital. 
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7. Non-investigational product 

7.1 Name and description of non-investigational product(s) 
Name of device Manufacturer Model CE conform 

93/42/EEG of 
EU/2017/745 
(Medical 
devices) 
OR 
98/79/EEG of 
EU/2047/746 
(in-vitro 
diagnostics) 

Conform 
intended use 
as described 
in the 
instruction 
manual?  

Macrocirculation     
Ventilation Hamilton C6 Yes, conform 

93/42/EEC 
Yes 

Cardiac output meter Edwards 
Lifesciences 

Hemosphere Yes, conform 
93/42/EEC 

Yes 

Pulse oximeter/ blood 
pressure/ arterial line/ 
ECG 

Philips Intellivue MX750 
with X2 Multi-
Measurement 
Module (simultaneous 
monitoring of ECG, 
respiration, arterial blood 
oxygen saturation (SpO2), 
non-invasive blood pressure 
(NBP), invasive blood 
pressure and temperature, 

or CO2) and flexible 
module server 
FMX4. 
Pressure module 
for arterial line 
(M1006B), Cbl 5-
lead Grabber 
chest IEC ICU 
(M1978A) 

Yes, conform 
93/42/EEC 

Yes 

Arterial/venous blood gas 
device 

Siemens Rapidpoint 500 Yes, conform 
93/42/EEC 

Yes 

Thermometer Philips C400-10HP Yes, conform 
93/42/EEC 

Yes 

Microcirculation     
CytoCam Braedius 

medical  
CC01-4MLG Yes, conform 

93/42/EEC 
Yes  

 

7.2 Dosages, dosage modifications and method of administration 
Not applicable 

7.3 Preparation and labelling of Non Investigational Medicinal Product 
Not applicable 
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8. Methods 

8.1 Study procedures 
The study starts at the Intensive Care department of the LUMC. Each patient who is admitted to the 
ICU will be monitored according to the current guidelines for post-operative care after cardiothoracic 
surgery and will be sought for informed consent before surgery. After having given written informed 
consent to participate in the study, each patient will be assigned a unique study number and included 
in the study if they meet the study inclusion criteria. Microcirculation measurements will be 
performed as described in section 3. During this period, patients will receive treatment according to 
the standard clinical practice in the hospital. There will be no delay of treatment. No extra 
measurements or blood samples will be taken for the purpose of this study.   

At each microcirculation measurement, data will be collected from blood samples and clinical data 
will be noted, both as close in time as possible to the microcirculation measurement. A complete 
overview on what data is collected can be found in Appendix 2. The blood samples from which the 
data is collected are taken according to standard clinical practice, so no additional blood sampling 
and/or interventions are performed for the purpose of this study. Experience has shown that in ICU 
patients, blood is drawn so regularly that a blood sample is always taken near the times when the 
microcirculation measurements are made. Thus, there is absolutely no need for additional blood 
sampling. All parameters needed for this research will be extracted from the hospital’s electronic 
patient dossier system (EPD). 

The recordings from the microcirculation measurements can only be analysed offline. The software 
(AVA or MicroTools) is not available on the computers in the LUMC, so analysis of the recordings 
needs to be done in the Erasmus MC. The microcirculation recordings are stored on a secured hard 
disk of the LUMC and coded according to the currently applicable privacy guidelines (EU General Data 
Protection Regulation (GDPR) and the General Data Protection Regulation (AVG). The hard disk can 
only be accessed with a code. Only two investigators (F. Brouwer and R.V. Toet) know this code. The 
data are transferred on this secured hard disk to Erasmus MC, where offline analysis of the data takes 
place on a PC, by one of the researchers involved in the study. On completion of the analysis, the data 
are uploaded onto the secured hard disk and returned to LUMC. No data will remain on the PC or on 
the Erasmus MC network. So there is no data exchange with Erasmus MC. 

8.1.1 Clinical Care 
Patients will be monitored and treated according to current protocols and guidelines of the ICU of the 
LUMC. It is standard clinical practice that all patients receive a central venous (vena jugularis, 
incidentally vena subclavia, vena femoralis) and an arterial (arteria radialis, arteria brachialis, arteria 
femoralis) catheter before start of surgery. Thus, the study population admitted to the ICU directly 
from the operating room will always have these catheters in situ. Therefore, taking blood samples for 
standard care will be non-invasive for these patients and is performed according to standard clinical 
practice. Since all patients admitted to the ICU after cardiothoracic surgery have a central venous 
catheter in place, ScvO2, PvO2, and PvCO2 can be assessed. No extra blood samples will be collected 
for this study. All clinical data on blood counts are from blood samples collected for standard clinical 
practice. 
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8.2 Data collection 
At admission to the ICU, baseline data will be gathered. Appendix 2 shows an overview of the data 
collection. First of all, demographic data will be collected: age in years, gender, weight, height, and 
comorbidities (acute and chronic) based on the National IC Evaluation (NICE).  Also, Acute Physiology 
and Chronic Health Evaluation IV (APACHE-IV) will be assessed. Data from the surgery such as type 
of surgery, duration of surgery, anaesthesia, CPB, or aortic cross clamp time are also collected.  The 
demographic data can be obtained from the EPD.  

In addition to the patient's demographics, clinical data will be assessed using the EPD. For example, 
circulatory (for example heart rate (HR) and mean arterial pressure (MAP)), respiratory (for example 
respiration rate and fraction of inspired oxygen (FiO2)) and infectious (for example C-reactive protein 
(CRP) and temperature) parameters will be collected. Additionally, fluid balance, urine production 
(UP) and SOFA score will also be collected. These parameters will be assessed at the same times (or 
as close as possible) as the microcirculation measurements. The measurements are already done, as 
part of the daily ICU management and will be collected using the EPD. Other data, if applicable, 
collected from the EPD are mechanical ventilation settings, vasopressor/inotrope pump settings, 
PaO2/fractional inspired oxygen (FiO2) ratio, cardiac output (CO) and cardiac index (CI). 

In addition to clinical characteristics and the microcirculation measurements, data of blood samples 
collected for standard clinical practice are used for this study. 

Appendix 2 gives an overview of measurements part of standard care, and which of those 
measurements are part of the study. It also includes a time frame with associated clinical data for each 
category. 

Information regarding ICU stay, hospital stay, and mortality (ICU and hospital) will be available in and 
collected from the EPD. The follow-up period will be two months. All data will be entered after 
validation in a study database for subsequent tabulation and statistical analysis. The data will be 
handled confidentially and coded. 

Patients re-admitted to the ICU and already participating in this study will only be followed according 
to the study protocol. Thus, re-admitted patients will not be included for the second time. 

8.2.1 Sample handling and Measurements 

Microcirculation is measured in the sublingual area at the predefined moments, see section 3. 
In order to be able to make comparisons between different parts of the body, data of blood samples 
and other parameters will be collected at the predefined moments. Blood samples for standard 
clinical practice will be collected through an arterial catheter and a central venous catheter. If these 
catheters are not present in the patient, no blood will be collected through a venous and/or arterial 
puncture. As can be seen in appendix 2, all the measurements, except the microcirculatory 
measurements for patients not in shock, are part of standard care which minimalizes the burden for 
the patient. 

8.2.2 Blood samples 
In addition to clinical characteristics, data of blood samples will be gathered (appendix 2). If possible, 
these measurements will be synchronized with the microcirculatory measurements. If no blood 
sample is needed for standard clinical practice at the time of microcirculation measurement, the blood 
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sample that is closest by (in time, maximum of 1 hour before and 2 hours after timepoint) will be used 
for analysis. The collected blood will be immediately transported via the regular transport tubing 
system to the central clinical chemistry laboratory (CKCL) and central clinical hematological 
laboratory (CKHL) department for analyses.  
 
8.2.3 Other measurements 
Cardiac Index (CI) is also measured on clinical indication using a minimally invasive method such as 
FloTrac. This measurement can be performed using the already placed arterial catheter, which is 
placed according to standard ICU care.  
 
8.3 Withdrawal of individual subjects 
Subjects can leave the study at any time for any reason if they wish to do so. The investigator can 
decide to withdraw a subject from the study for urgent medical reasons. These subjects will not be 
subjected to follow-up. 
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9. Safety reporting 

9.1 Section 10 WMO event 
If something occurs in which the disadvantages of participation are significantly greater than foreseen 
in advance in the research proposal, in accordance with section 10, paragraph 1 of the WMO, the 
investigator will inform the subjects and the reviewing accredited METC. The study will be suspended 
pending re-evaluation by the accredited METC, except when suspension of the study causes the 
health of the subjects to be at risk. 

9.2 Possible adverse and serious adverse events 
Microcirculation measurements are highly minimal invasive and therefore, adverse and serious 
adverse events are extremely rare and unreported in the literature.  

9.3 Adverse events (AEs) 
Adverse events are defined as any undesirable experience occurring to a subject during the study, 
whether considered related to the investigational product. All adverse events reported spontaneously 
by the subject or observed by the investigator, or his staff, will be recorded. The possible adverse 

effects of this study, such as dental damage, will be monitored during the study by not only the 
researcher, but also by the physician responsible for the patient, nurse and (representative of the) 
patient. In case of a possible adverse effect, the study team will be notified and decision of 
continuation of study will be made by the shared decision of the study team, physician, nurse and 
(representative of the) patient. In case of discomfort for the patient, the study will be directly stopped. 
The data collected up to that point will be used for the analysis. No additional data will be collected. 

9.4 Serious adverse events (SAEs) 
A serious adverse event is any untoward medical occurrence or effect that  

x Results in death;  

x Is life threatening (at the time of the event);  

x Requires hospitalization or prolongation of existing in patients’ hospitalization;  

x Results in persistent or significant disability or incapacity;  
 
Any other important medical event that did not result in any of the outcomes listed above due to 
medical or surgical intervention but could have been based upon appropriate judgement by the 
investigator. An elective hospital admission will not be considered as a serious adverse event.  
 
The investigator will report all SAEs to the sponsor without undue delay after obtaining knowledge of 
the events. Patients on the ICU are critically ill and therefore more prone to SAEs. ICU mortality in the 
Netherlands is approximately 8.4%. Thirty-five percent of the patients are in need for vasopressor 
therapy, and 46% of the patients are mechanically ventilated. Furthermore, the National Intensive 
Care Evaluation Report of 2015 reports that the mean ICU admittance duration is 3 days with a mean 
in hospital admittance duration of 13 days. Around 80% of the total ICU patients have a low APACHE 
IV score, and therefore a mortality chance of less than 30%.46 Thus, SAEs in relation to underlying 
disease and expected SAEs during the ICU course will not be reported.  
 
The coordinating investigator will report the SAEs through the web portal ToetsingOnline to the 
accredited METC that approved the protocol, within 7 days of first knowledge for SAEs that result in 
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death or are life threatening followed by a period of maximum of 8 days to complete the initial 
preliminary report. All other SAEs will be reported within a period of maximum 15 days after the 
sponsor has first knowledge of the serious adverse events. 

9.5 Suspected unexpected serious adverse reactions (SUSARs) 
There is no administration of a dose of an investigational product in this study. Therefore, no SUSARs 
are expected during this study. 

9.6 Annual safety report 
In addition to the expedited reporting of SUSARs, the coordinating investigator will submit, once a 
year throughout the clinical study, a safety report to the accredited METC. This will be combined with 
the annual progress report.  
 
This safety report consists of:  

x A list of all suspected (unexpected or expected) serious adverse reactions, along with an 
aggregated summary table of all reported serious adverse reactions, ordered by organ 
system.  

x A report concerning the safety of the subjects, consisting of a complete safety analysis and 
an evaluation of the balance between the efficacy and the harmfulness of the CytoCam 
measurements.  

9.7 Follow-up of adverse events 
Each adverse event will be followed until it has subsided, or until a stable situation has been reached 
for the patient. Depending on the adverse event, additional testing or medical intervention may be 
required and/or referral to the general physician or medical specialist. SAEs will be reported until the 
end of the study within the Netherlands.  

9.8 Data Safety Monitoring Board (DSMB) 
No data safety monitoring will take place during the study. Furthermore, the in- and exclusion criteria 
are optimised to minimize the risk for participants. 
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10. Statistical analysis 

10.1 Primary study outcome (endpoint) 
The primary outcome is the postoperative time course of microcirculatory parameters in patients 
admitted to the ICU after cardiothoracic surgery with and without circulatory shock.  

10.2 Secondary study outcomes (endpoints)  
Secondary study outcomes (endpoints)  include: 

x The time course of microcirculatory parameters in patients admitted to the ICU after 
cardiothoracic surgery with and without circulatory shock  

x The coherence between the macrocirculation and microcirculation in patients admitted to the 
ICU after cardiothoracic surgery with and without circulatory shock. Coherence 
meaning whether changes in microcirculatory parameters are congruent with (in the 
same direction of) expected changes in the microcirculation. 

x The relationship between the microcirculation and vital organ (dys)function, particularly the 
need for vasopressors and/or inotropic therapy or duration of mechanical support.  

x The association between microcirculation and clinical outcomes (i.e. acute kidney 
injury, the need for continuous venovenous hemofiltration, Iength of stay ICU and 
ICU mortality 

 

10.3 Statistical methods to be employed 
Descriptive statistics will be used to characterize the study population. Data will be stated as mean 
with standard deviations or medians with interquartile ranges for continuous variables, depending on 
the parametric distribution of the variables, which will be assessed with histograms and normal 
quartile plots. Categorical variables will be stated as numbers and percentages. Independent sample 
t-test will be used to describe the difference in microcirculatory and macrocirculatory parameters 
between the cardiothoracic patients with and without circulatory shock. Thereafter data will be 
transformed from a wide format into long format to describe the time course of the microcirculation 
and macrocirculation parameters over time with graphs. GML repeated measurement methods will 
be used to analyse the time course of the microcirculation and microcirculatory parameters. 
Confounders that will be put in the model are: age, sex, APACHE IV score.  The association between 
the microcirculation and vital organ (dys)function and clinical outcomes will be assessed using 
(logistic) linear regression. The statistical analysis will be conducted using the SPSS (Statistical 
Package for the Social Sciences) statistical package, release 23.0 (SPSS Inc., Chicago, IL).  
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11. Ethical considerations 

11.1 Regulation Statement 
The study will be conducted according to the principles of the Declaration of Helsinki (accepted by 
the 64th WMA General Assembly, Fortaleza, Brazil, October 2013) and in accordance with the 
Medical Research Involving Human Subjects Act (WMO). 

11.2 Recruitment and Consent 
Before starting this study, the research protocol will be submitted to the METC of the LUMC. This 
study will not commence until formal approval has been obtained from the METC. 

At admission to the cardiothoracic surgery ward, all patients with a scheduled cardiothoracic surgical 
intervention and scheduled to be admitted to the ICU will be asked for their consent to participate in 
the study by a member of the research team of the ICU. The subjects will receive oral and written 
explanation about the study. If the subject is not able to give his or her consent, the oral and written 
explanation about the study will be given to his or her legal representative according to the Good 
Clinical Practice Guideline. 

11.3 Objection by minors or incapacitated subjects 
Section 4, subsection 2 of the WMO stipulates that a legally incompetent adult cannot be forced to 
undergo a treatment or behave in a particular manner in the context of non-therapeutic research 
against his or her will. Subjects younger than 18 years are already excluded from the study. If there 
are adults, that are incapable of giving informed consent, a legal representative will be asked to give 
informed consent according to the ICH-GCP. When the subject is able to give informed consent after 
being included in the study by a legal representative and denies any further participation, the subject 
will be excluded from the study without any consequences. The data collected up to that point will be 
used for the analysis. No additional data will be collected. 

11.4 Benefits and risk assessment, group relatedness 
The proposed study aims to investigate the time course of the microcirculation in cardiothoracic 
surgical patients over time (1) in relation to the development of shock, (2) in relation to the 
microcirculation. The hypothesis is that by adding microcirculation measurements to 
macrocirculatory measurements, we will be able in the future to better understand the different types 
of shock. And maybe even, it might be possible to detect shock at an earlier stage. Both factors may 
lead, in the future, to more personalized treatment of cardiothoracic patients.  
 
This monitor is already used in clinical practice on the ICU to monitor circulation in ICU patients in 
circulatory shock (see Shock protocol of the ICU of the LUMC).  
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12. Administrative aspects, monitoring and publication 

12.1 Handling and storage of data and documents  

Clinically available data, such as a patient’s medical history and diagnoses, as well as clinically 
generated data during admission, will be used for this study. This data is generated in the ICU of the 
LUMC. After ethical approval, all necessary patient data will be collected in a database. Data will be 
coded and all patients will be addressed with a patient identification code. Hereto a coded datafile 
and a key file will be made, to be able to trace back each individual patient. Both files will be 
password protected and the password for both files will be changed every three months. Data 
stored on the computer will use an alphanumeric code to identify the subject. Access to data is 
restricted to study personnel and when required to the monitor, accredited METC and IGJ as 
required by law. Essential study documents and data, as well as a data back-up, will be retained for 
fifteen years. The data back-up will be stored on the network drive of the principal investigator, 
within the LUMC. To access this network drive, it is required to know the investigator’s password, 
which is changed every three months. Also, it is required to know the passwords to the coded 
database as well as the key file, which are also changed every three months. All handling of personal 

data will comply with the EU GDPR and the Dutch Act on Implementation of the General Data 
Protection Regulation (in Dutch: Uitvoeringswet AVG). Source data on the CytoCam will be 
coded. To store CytoCam data, it will be downloaded via a hard disk onto a computer 
memory conforming to the institution’s privacy guidelines and the hard disk memory will be 
erased.  

12.2 Monitoring and Quality assurance 
The risks associated with this study are low for the subjects (more information can be found in chapter 
12 and in annex 4). Therefore, only on-site monitoring is needed, which will happen in accordance 
with the Nederlandse Federatie Universitair Medisch Centra (NFU) guideline of monitoring. Being 
labelled as a low-risk study, the monitoring will be according to the NFU guidelines (once yearly) to 
ensure the integrity and safety of the study participants. The monitor pool of LUMC, which are 
qualified for monitoring, will monitor this study. The monitor pool is an independent group of data 
managers or research nurses, who aren’t involved in the study in any way other than monitoring.  
The research support team is an independent group of data managers, who aren’t involved in the 
study in any way other than monitoring. They will report to the principal investigators and 
coordinating investigator. The head of ICU department will be notified by the monitor, when the 
monitor notices frequent or substantial omissions. 

12.3 Amendments  
All changes must be communicated to the METC that granted the approval. All substantial 
amendments are reported to the METC and to the competent authority. Non-substantial 
amendments are not communicated to the approved METC and the competent authority but are 
recorded and archived by the sponsor. 
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12.4 Annual progress report  
Once a year, the investigator submits a summary of the progress of the study to the accredited METC. 
Information is provided on the date of inclusion of the first subject, the number of subjects included 
and the number of subjects who completed the trial, unexpected problems and amendments. 

12.5 Temporary halt and (prematurely) end of study report  
The investigator will notify the accredited METC of the end of the study within a period of 8 weeks. 
The end of the study is defined as the 90th day after the last patients’ admittance to the study. In case 
the study is ended prematurely, the investigator will notify the accredited METC within 15 days, 
including the reasons for the premature termination. Within one year after the end of the study, the 
investigator will submit a final study report with the results of the study, including any 
publications/abstracts of the study, to the accredited METC. 

The study can be stopped preliminary in case the study team notices more than 2 SUSARs in 6 months 
‘time. In this case the study will be directly terminated. No further inclusions will be performed, and 
no further measurements will be done in patients already included in the study. The accredited METC 
will be notified within 15 days. The patients already included in the study will be notified about the 
premature termination of the study by a letter, which will include the reason for the premature 
termination. 

12.6 Public disclosure and publication policy  
The study protocol and analysis plan will be published before start of the study on clinicaltrials.gov. 
The results of the study will find their way into (inter–) national scientific journals and guidelines.  
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13. Structured risk analysis 
In the following analysis, we distinguish potential issues of concern related to the microcirculation 
measurements. 
 
a. Level of knowledge about mechanism of action 
The mechanism of action of microcirculation measurements has been well studied since 1971 26, and 
published in several articles35-42. With this technique, it became possible to directly observe the 
sublingual microcirculation of critically ill patients.47 Several studies have also been conducted to 
determine normal values in different age groups48-52. 
 
The first-generation systems, with the OPS technique, are no longer commercially available and have 
been replaced by the second generation, the SDF technique, and the third generation, the IDF 
technique. The third generation has an improved optical resolution allowing for better image quality. 
In addition, it has allowed more capillaries to be imaged simultaneously than with its 
predecessors.15,16,26,27,29 
 
b. Previous exposure of human beings with the test product(s) and/or products with a similar biological 
mechanism 
In recent years, many different studies have been performed on microcirculation measurements using 
an HVM, including the IDF technique. Mainly in the sublingual area, in a wide range of disease states 
and age groups35-42, but also several studies of microcirculation performed directly on organ surfaces 
during surgery.32,43-45 

Moreover, IDF imaging sublingual microcirculation measurements are the only validated minimal-
invasive tool to evaluate microvascular perfusion in critically ill people.53,54 

c. Can the primary or secondary mechanism be induced in animals and/or in ex-vivo human cell material? 
Microcirculation research has been performed in animals prior to this research proposal.55-61  
 
d. Selectivity of the mechanism to target tissue in animals and/or human beings 
Not applicable.  

 
e. Analysis of potential effect 
Microcirculation measurements are highly minimal-invasive and therefore, AEs and SAEs are 
extremely rare and unreported in the literature. 
 
f. Pharmacokinetic considerations 
Not applicable. 
 
g. Study population 
Patients who are admitted to the ICU of the LUMC after cardiothoracic surgery, with and without 
signs of shock, will be the source population of the study. This is a population that is frequently treated 
on the ICU, nearly 45% of the ICU population exists of postoperative cardiothoracic patients.  
According to ICH-GCP, a non-therapeutical study can only take place if it has a likelihood of benefit 
for group represented by the subject. By studying the difference between cardiothoracic patients 



The complex relation between the microcirculation and macrocirculation in patients after cardiothoracic surgery with and 
without circulatory shock 

NL81756.058.22 MICCS study Version 3.0 18-10-2022  
  Page 31 of 40 

with and without shock, this study may contribute to better understanding the type of shock and 
dynamics of developing shock in this population. Often these patients have a combination of shock 
which evolves in the postoperative period. Macrocirculatory measurements (such as blood pressure 
and central venous pressure) are frequently not sufficient to discern between different types of shock 
or to discern yes or no shock on the level of the tissues. Deepening our knowledge on this subject will 
contribute to tailoring therapy for this critically ill ICU population.  And besides the benefit for critically 
ill patients, this study entails minimal risk and burden for the subjects since it is a minimal-invasive 
measurement with no known serious adverse reactions.  
If no written informed consent is achieved, subjects will be excluded from the study.  

 
h. Interaction with other products 
None expected. 
 
i. Predictability of effect 
No effect of the measurements is expected.  
 
j. Can effects be managed? 
No effect of the measurements expected, but when there is any indication of an effect, such as weak 
teeth, the measurements can and will be stopped.  
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15. Appendix 1 
Based on the second consensus paper by Ince et al. published in 2018 on the assessment of 
sublingual microcirculation in critically ill patients, the following parameters are defined as follows:  

- Percentage of perfused vessels (PPV). 

Percentage of perfused vessels per total number of vessel cross-sections, expressed as a percentage 
(%) and characterized as a binomial determinant of red blood cell velocity (flow or no flow) 

- Microvascular flow index (MFI). 

Grid-based score per quadrant, no flow (0), intermittent flow (1), slow flow (2), normal flow (3). MFI 
is characterized as semi-quantitative assessment of average red blood cell velocity per quadrant. 

- Functional capillary density (FCD). 

The total length of vessels exhibiting normal flow in relation to image size. FCD is characterized as 
the diffusion distance between red blood cells and tissue cells.  

- Total vessel density (TVD). 

Measurement of total vessel area per surface area, is expressed in mm2/mm2 and is characterized as 
a determinant of capillar distance (diffusive capacity). 

- Density of perfused vessels (PVD). 

Percentage of perfused vessels x TVD, expressed in mm2/mm2. PVD is characterized as the 
determinant of capillary distance (diffusive capacity) and red blood cell velocity (convective 
capacity) 

- Red blood cell velocity (RBCv) 

Determined by use of a space-time diagram (STD). Each moving RBC generates a line in the STD, 
the slope of which equals the velocity (velocity = ∆L/∆t) 

 

Microcirculatory changes associated with loss of haemodynamic coherence. 
Different states of cardiovascular problems are associated with different types of microcirculatory 
changes (figure 4). These types are classified on the basis of direct observation of the 
microcirculation. Each of these types is associated with decreased FCD and consequently a loss of 
the ability of the microcirculation to transport oxygen to the cells. These types can occur separately 
or in combination.  A reduction in FCD may promote a functional shift in oxygen transport to tissues, 
which cannot be detected by looking at macrocirculatory parameters alone unless explicitly 
monitored.  
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Four types of microcirculatory changes can be distinguished that underlie the loss of haemodynamic 
coherence: 

- Type 1: Heterogeneous perfusion of the microcirculation, as seen in septic patients, 
with clogged capillaries adjacent to perfused capillaries resulting in heterogeneous 
oxygenation of tissue cells. 

- Type 2: Haemodilution with dilution of blood in the microcirculation resulting in loss 
of RBC-filled capillaries and increased diffusion distance between RBCs in the 
capillaries and tissue cells. 

- Type 3: Stasis of microcirculatory RBC flow due to altered systemic variables, e.g. 
increased arterial vascular resistance or increased venous pressure.  

- Type 4: capillary leakage induced edema that results in a large diffusion distance 
and reduced ability of oxygen to reach tissue cells. 

  

Figure 4 Microcirculatory changes associated with loss of haemodynamic 
coherence. Red, well-oxygenated red blood cells (RBC) and tissue cells; purple, 
RBC with reduced oxygenation; blue, reduced tissue cell oxygenation 
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16. Appendix 2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

•Daily
• Hb, Ht, CRP, troponine, creatinin, leukocytes, erythrocytes, trobocytes, 

PT, INR, APTT, fibrinogen, troponin, SOFA score (every 24 hours)
• pH, PaCO2, PvCO2, PaO2, SvO2, lactate
• APACHE IV (first 24h of admission) 

•Continuously (on the ICU)
• Temperature, HF, bloodpressure, MAP, UP, fluid balance, CVP, PAP, 

PPV, CO, CI
• Ventilation settings: mode, PEEP, FiO2, SaO2, ETCO2, PF-ratio
• Vasopressor/inotrope pump settings

Standard measurements

• Microcirculation at T0-T2

Extra measurements ( for 
patients not in shock extra, for 

patients in shock this 
measurement is part of clinical 

practice)

Figure 5 Overview of measurements. Standard measurements are performed as part of standard clinical care. Extra 
measurements are measurements performed as part of this study. 
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    As soon as possible after  After the morning round (T1),                 After 48 hours after T0  

    admission to ICU (T0), within 3 24 hours after T0                                 (T2) 
    hours 

Day of operation Next day >48 hours after ICU admission 

Microcirculation measurements T0 Microcirculation measurements T1 

 

Microcirculation measurements T2 

Demographic data: 

- Age and gender 
- Weight and height 
- NICE 
- APACHE IV 
- Type of surgery 
- Surgery / anaesthesia duration 
- Temperature during surgery 
- CPB duration 
- Aortic cross clamp duration 
- ICU admission date and time 
 

Clinical data (on time of microcirculation measurement): 

- Circulatory: HR, ABP_sys, ABP_dia, MAP, PPV, CVP, PAP_sys, PAP_dia, PAP_mean, CO, CI 
- Dosage of inotropic/vasopressor therapy: noradrenalin, dobutamine, milrinone, terlipressin, adrenalin 
- Respiratory: mode, FiO2, Pcontrol, Pinsp, PEEP, Pressure_support, RR, Ppeak, SaO2, ETCO2, PF_ratio 
- Fluid Balance: cumulative fluid balance, total fluid balance, UP 
- Inflammatory: temperature 
- SOFA score 
- ECMO (if applicable): RPM, flow, Part, Pven, Pint, FiO2, sweep_flow, SvO2 
- IABP (if applicable): augmentation pressure, setting 
- IMPELLA (if applicable): flow, purge flow, p_level, flushing_pressure, motor_current_syst, motor_current_mean, 
motor_current_diast 
- LVAD (if applicable): RPM, flow, power, PI 
 

Blood samples (closest to time of microcirculation measurement): 

- Hematological: Hb, Hct, erythrocytes, leukocytes, thrombocytes, PT, INR, APTT, fibrinogen 
- Chemical: pH, PaCO2, PvCO2, PaO2, SvO2, lactate, troponine, creatinine, CRP, serum albumin 

Abbreviations: 

ABP_dia= diastolic blood pressure, ABP_sys= systolic blood pressure, APACHE= Acute Physiology And Chronic Health Evaluation, 
APTT = activated partial thromboplastin clotting time, CI= cardiac index, CO= cardiac output, CRP = C-reactive protein, CVP= central 
venous pressure, ETCO2= END-TIDAL CO2, FiO2= Fraction of Inspired Oxygen, Hb = hemoglobin, Hct = hematocrit, HR= heart rate, 
INR = International Normalized Ratio, MAP= mean arterial pressure, motor_current_diast= diastolic motor current, 
motor_current_mean= mean motor current, motor_current_syst= systolic motor current, NICE= National IC Evaluation score, 
p_level= amount of flow, PaCO2 = arterial partial pressure of carbon dioxide, PaO2 = arterial partial pressure of oxygen, PAP_dia= 
diastolic  pulmonary artery pressure, PAP_mean= mean  pulmonary artery pressure, PAP_sys= systolic  pulmonary artery pressure, 
Part= arterial pressure, Pcontrol= pressure control, PEEP= Positive end expiratory pressure, PF_ratio= PaO2/FiO2 ratio, PI=  pulsatility 
index, Pinsp= inspiratory pressure, Ppeak= peak pressure, PPV= pulse pressure variation, Pressure_support= pressure support 
ventilation, PT = prothrombin time, PvCO2 = venues partial pressure of carbon dioxide, Pven= venous pressure, RPM= rounds per 
minute, RR= respiratory rate, SaO2=arterial oxygen saturation, SOFA= Sequential Organ Failure Assessment, SvO2 = venues oxygen 
saturation, SvO2= venous oxygen saturation, UP= urine production  
 

Figure 6 Timeframe of measurements, including all data. Purple: Intervention of the study to obtain 
data. Orange/Blue/Red: data already gathered as part of standard clinical practice. 
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Figure 7 CytoCam protection cap 



148 | 
 

Appendix F 
MATLAB code 

 

close all; clear all; clc 
 
%%  
data1 = readtable('ZZ_videos.xlsx'); 
data1.Properties.VariableNames = {'vid_name', 'ver', 'options', 'FOV', 'pxhoriz', 'pxvert', 'fps', 'frames', 'quality_accepted', 'quality_duration', 
'quality_illumination', 'quality_stability', 'quality_focus', 'quality_pressure', 'quality_content', 'TVD_small', 'TVD_large', 'CBV_small', 
'CBV_large', 'CSA_small', 'CSA_large', 'FCD_small', 'PPV_small', 'RBCv_small', 'RBCv_small_SD', 'RBCv_large', 'RBCv_large_SD', 'tp_small', 
'cHct_small', 'cHct_small_SD', 'dHct_small', 'tRBCp_small'}; 
 
 %% 
data1(:,1) = []; 
data1(:,2) = []; 
data1 = table2array(data1); 
data2 = xlsread('Shock_data_#_t.xlsx');  
data = [data2 data1];  
xlswrite('Shock_data_microtools_all_quality_scores.xlsx',data) 
  
%% 
quality_zero = find(data(:,9)<1); 
data(quality_zero,:) = [];   
xlswrite('Shock_data_microtools_quality_OK.xlsx',data) 
  
%% 
data = array2table(data); 
data.Properties.VariableNames = {'Patient','t','options', 'FOV', 'pxhoriz', 'pxvert', 'fps', 'frames', 'quality_accepted', 'quality_duration', 
'quality_illumination', 'quality_stability', 'quality_focus', 'quality_pressure', 'quality_content', 'TVD_small', 'TVD_large', 'CBV_small', 
'CBV_large', 'CSA_small', 'CSA_large', 'FCD_small', 'PPV_small', 'RBCv_small', 'RBCv_small_SD', 'RBCv_large', 'RBCv_large_SD', 'tp_small', 
'cHct_small', 'cHct_small_SD', 'dHct_small', 'tRBCp_small'}; 
  
dsa = data(:,{ 
    'Patient', 
    't', 
    'TVD_small', 
    'TVD_large', 
    'CBV_small', 
    'CBV_large', 
    'CSA_small', 
    'CSA_large', 
    'FCD_small', 
    'PPV_small', 
    'RBCv_small', 
    'RBCv_small_SD', 
    'RBCv_large', 
    'RBCv_large_SD', 
    'tp_small', 
    'cHct_small', 
    'cHct_small_SD', 
    'dHct_small', 
    'tRBCp_small'}); 
 
%% 
statarray = grpstats(dsa,{'Patient','t'},'mean','DataVars',{'TVD_small','TVD_large', 
'CBV_small','CBV_large','CSA_small','CSA_large','FCD_small','PPV_small','RBCv_small','RBCv_small_SD','RBCv_large','RBCv_large_SD','tp_small','
cHct_small','cHct_small_SD','dHct_small','tRBCp_small'}); 
    
%% 
mean_values = table2array(statarray); 
  
%%  
xlswrite('Shock_data_microtools_mean_values.xlsx', mean_values); 
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Appendix G 
Measured values 

 

Table G.1 Number of measured values for each parameter of shock group (n = 20) and non-shock group (n = 29) 

 Shock No shock 

Variable  T0 T1 T2 T0 T1 T2 

 N N N N N N 

MAP 20 16 9 26 19 3 

Lactate 20 16 9 26 19 3 

SvO2 14 9 3 18 3 0 

TVD 18 16 8 26 19 3 

FCD 18 16 8 26 19 3 

PPV 18 16 8 26 19 3 

RBCv 18 16 8 26 19 3 

cHct 18 16 8 26 19 3 

tRBCp 18 16 8 26 19 3 

cHct: capillary hematocrit; FCD: functional capillary density; MAP: mean arterial pressure; PPV: proportion of 
perfused vessels; RBCv: red blood cell velocity; SvO2: central venous oxygen saturation; tRBCp: tissue red blood cell 
perfusion; TVD: total vessel density. 
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Appendix H 
LMM estimates of fixed effects 

Table H.1 LMM estimates of fixed effects 

 95 % confidence 
interval 

Parameter Estimate std. 
error 

df t sig Lower 
bound 

Upper 
bound 

TVD 

Intercept 19.439 1.511 12.602 12.867 0.000 16.165 22.714 

T0 1.689 1.744 14.920 0.968 0.348 -2.031 5.409 

T1 1.578 1.337 9.800 1.180 0.266 -1.410 4.565 

T2 0b 0 . . . . . 

Shock or no 
shock at T0* 

-3.551 2.675 11.872 -1.327 0.209 -9.387 2.285 

T0 * Shock 
or no shock 
at T0 

0.631 2.910 14.564 0.217 0.831 -5.588 6.849 

T1 * Shock 
or no shock 
at T0 

-1.734 2.492 9.657 -0.696 0.503 -7.313 3.845 

T2 * Shock 
or no shock 
at T0 

0b 0 . . . . . 

FCD 

Intercept 18.034 1.605 10.587 11.235 0.000 14.484 21.584 

T0 1.827 1.788 11.709 1.021 0.328 -2.081 5.734 

T1 1.751 1.573 10.185 1.113 0.291 -1.745 5.248 

T2 0b 0 . . . . . 

Shock or no 
shock at T0* 

-2.009 2.955 10.244 -0.680 0.512 -8.572 4.554 

T0 * Shock 
or no shock 
at T0 

-0.465 3.131 11.750 -0.148 0.885 -7.303 6.373 
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T1 * Shock 
or no shock 
at T0 

-2.741 2.915 9.878 -0.940 0.369 -9.247 3.765 

T2 * Shock 
or no shock 
at T0 

0b 0 . . . . . 

PPV 

Intercept 92.960 2.656 9.745 35.006 0.000 87.022 98.898 

T0 1.148 2.624 9.935 0.438 0.671 -4.704 7.000 

T1 1.302 2.983 11.668 0.436 0.671 -5.218 7.821 

T2 0b 0 . . . . . 

Shock or no 
shock at T0* 

4.446 4.952 9.650 0.898 0.391 -6.642 15.533 

T0 * Shock 
or no shock 
at T0 

-3.208 4.927 9.602 -0.651 0.530 -14.249 7.832 

T1 * Shock 
or no shock 
at T0 

-3.572 5.260 11.377 -0.679 0.511 -15.102 7.959 

T2 * Shock 
or no shock 
at T0 

0b 0 . . . . . 

RBCv 

Intercept 323.520 15.578 11.330 20.768 0.000 289.354 357.685 

T0 10.950 17.439 11.021 0.628 0.543 -27.424 49.323 

T1 5.700 15.851 10.384 0.360 0.726 -29.442 40.843 

T2 0b 0 . . . . . 

Shock or no 
shock at T0* 

75.395 28.669 10.313 2.630 0.025 11.779 139.011 

T0 * Shock 
or no shock 
at T0 

-69.334 30.467 11.427 -2.276 0.043 -136.087 -2.582 

T1 * Shock 
or no shock 
at T0 

-53.529 29.007 10.304 -1.845 0.094 -117.903 10.845 
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T2 * Shock 
or no shock 
at T0 

0b 0 . . . . . 

cHct 

Intercept 6.064 0.456 8.423 13.294 0.000 5.021 7.107 

T0 -0.344 0.520 12.650 -0.663 0.519 -1.470 0.781 

T1 -0.251 0.304 11.165 -0.824 0.427 -0.919 0.418 

T2 0b 0 . . . . . 

Shock or no 
shock at T0* 

0.276 0.721 11.390 0.383 0.709 -1.304 1.856 

T0 * Shock 
or no shock 
at T0 

1.156 0.793 15.389 1.458 0.165 -0.530 2.842 

T1 * Shock 
or no shock 
at T0 

0.135 0.550 10.616 0.245 0.811 -1.082 1.351 

T2 * Shock 
or no shock 
at T0 

0b 0 . . . . . 

tRBCp 

Intercept 44.302 6.088 10.291 7.277 0.000 30.790 57.815 

T0 2.019 6.655 11.707 0.303 0.767 -12.520 16.559 

T1 2.100 5.817 9.635 0.361 0.726 -10.929 15.128 

T2 0b 0 . . . . . 

Shock or no 
shock at T0* 

-0.030 11.271 10.029 -0.03 0.998 -25.133 25.073 

T0 * Shock 
or no shock 
at T0 

-3.881 11.811 11.361 -0.329 0.748 -29.775 22.014 

T1 * Shock 
or no shock 
at T0 

-10.110 10.988 9.371 -0.920 0.381 -34.818 14.598 

T2 * Shock 
or no shock 
at T0 

0b 0 . . . . . 
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b this parameter was set to zero because it is redundant; cHct: capillary hematocrit; df: degrees of freedom; FCD: 
functional capillary density; PPV: proportion of perfused vessels; RBCv: red blood cell velocity; sig: significance level; 
std: standard; t: how far from zero is the estimate; tRBCp: tissue red blood cell perfusion; TVD: total vessel density. 
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Appendix I 
TM30003: Literature review 

 

 

  



adequate continuous hemodynamic monitoring 
and postoperative stabilization and optimization, 
to avoid potential postoperative complications 
(13-16).  
 
One of the most common complications is the 
development of circulatory shock (5-50%) (17-
19) caused by a combination of many factors, 
such as cardiac stunning or failure, hypovolemia 
due to blood loss, tamponade, activation of 
inflammatory and hemostatic systems, 
anesthesia, hypothermia, hemodilution, micro-
emboli formation, and tissue trauma (20-23). 
Current resuscitation procedures for patients in 
circulatory shock are aimed at normalizing 
macrocirculatory parameters (hereafter 
“macrocirculation”), such as cardiac output, 
central venous oxygen saturation, and blood 
pressure, by administering fluids, vasopressors 
and inotropes to promote tissue perfusion and 
therefore sustain oxygen transport to the tissues 
(24-27). However, sometimes the 
macrocirculatory parameters are normalized, 
while clinically (or biochemically)  a patient is still 
in persistent shock (28). In recent decades, new 
techniques have been developed that allow 
measurements on the level of the 
microcirculation. The microcirculation is a 
complex network of arterioles, capillaries, and 
venules < 20Pm and is the final destination of 
blood flow to tissues for oxygenation. From a 
clinical point of view, it is expected that the 
correction of macrocirculatory parameters is 
effective in correcting regional and 
microcirculatory perfusion and oxygen delivery 
to the parenchymal cells such that the cells are 
able to perform their functional activities. This 
parallel improvement is known as hemodynamic 
coherence (26). However, in many resuscitation 
conditions, with fluids or vasoactive medications, 
following an episode of circulatory shock, there 
is a loss of this hemodynamic coherence. The 
microcirculation and its corresponding tissues 
can remain hypoperfused despite the correction 
of macrocirculatory parameters by fluids and 
vasopressors. This loss of coherence is associated 
with adverse outcomes (25-27). 
 
Therefore, real-time monitoring of the 
microcirculation might be a valuable tool to 
monitor alterations in microcirculatory perfusion 
in patients undergoing cardiac surgery with or 
without CPB. Over the past decades, a lot of 
research has been conducted in the promising 
field of microcirculation. In these studies, 
microcirculatory perfusion disorders are being 

reported in patients undergoing cardiac surgery. 
(29) 
 
Os et.al. (30) provided a systematic overview of 
the course of alterations in sublingual 
microcirculatory perfusion following CPB. To 
our knowledge, no systematic review has been 
published that, in addition to the effects of CPB 
pre-, intra-, and post-operatively, also focuses on 
off-pump surgery and other CPB variations and 
therapeutic interventions in cardiothoracic 
surgical patients. 
 
The goal of this systematic review was to 
determine the effects of CPB on the 
microcirculation pre-, intra-, and postoperatively 
with a specific focus on on/off pump surgery and 
other interventions, such as perfusion technique, 
anesthesia, and medication. The second aim of 
our review was to determine the relationship 
between macrocirculation and microcirculation 
pre-, intra-, and postoperatively and the 
relationship between microcirculation and 
clinical outcome, such as complications and 
mortality  
 
Methods 
Search strategy 
On February 25, 2022, a search was conducted 
for all publications related to the sublingual 
microcirculation in adult patients undergoing 
cardiothoracic surgery (with or without CPB) 
with sternotomy by performing a systematic 
search in PubMed, Embase, Web of Science, 
Cochrane Library, and PMC PubMed Central, 
from December 1952 to February 25, 2022. The 
search strategy consisted of a combination of the 
following terms: "microcirculation", "sublingual” 
or, “critically ill" and "cardiothoracic surgery." 
The complete search strategy can be found in 
Additional File I. Reference lists of all the full 
texts were screened for further eligible studies.  
 
Protocol and registration 
Details of the protocol of this systematic review 
were pre-registered at the International 
prospective register of systematic reviews 
(PROSPERO) with registration number 
CRD42022343137. The Preferred Reporting 
Items for Systematic Reviews and Meta-Analysis 
Statement (PRISMA statement) guidelines were 
followed to report the systemic review (31).  
 
Eligibility  
Clinical studies that measured sublingual 
microcirculation in patients undergoing 



cardiothoracic surgery with sternotomy were 
included in this study. Studies had to meet the 
following inclusion criteria: 

x Adult patients > 18 years 
x Any type of elective cardiothoracic 

surgery with or without any type of CPB 
x Pre- and/or intra- and/or postoperative 

microcirculatory measurements by 
orthogonal polarization spectral (OPS) 
imaging, sidestream dark-field (SDF) 
imaging or incident darkfield imaging 
(IDF).  

Exclusion criteria were animal studies, in vitro 
studies, pediatric and neonate subjects, 
microcirculation measurement technologies 
other than OPS/SDF or IDF imaging, and non-
sublingual microcirculation measurements. All 
study designs were eligible for inclusion but case 
reports, letters to the editor, conference abstract, 
editorials and reviews were excluded.  If the full 
text of an article was not available or if the 
language of the article was not English or Dutch, 
the study was excluded as well.  
 
Study selection 
After deduplication, all titles and abstracts of the 
studies were independently screened by two 
reviewers (FB and RT) for the fulfillment of the 
inclusion criteria. Subsequently, the full texts of 
studies of interest were reviewed independently 
by two reviewers (FB and RT) for eligibility. 
Disagreements were resolved by discussion with 
a third independent reviewer (MA).  
 
Data extraction 
Data extraction was independently performed by 
two reviewers (FB and RT). Disagreements were 
discussed until consensus was reached, if 
necessary the third reviewer (MA) was asked to 
participate in the discussion to resolve 
discrepancies. For each study, general 
information (i.e. author, year of publication and 
study period) were extracted in a standardized 
extraction format. Furthermore, data related to 
the study design, patient sample size, patient 
population, CPB protocol, type of surgery, 
clinical outcomes and macrocirculatory 
parameters such as blood pressure, lactate, and 
cardiac output (CO) (Appendix I) and clinical 
outcomes were extracted. Importantly, 
microcirculation parameters as well as details 
regarding the monitoring device of the 
microcirculation (OPS/SDF or IDF imaging) 
were also extracted.  
 

Microcirculatory parameters 
The microcirculation consists of several 
functional components, of which the two main 
ones describe the physiological function and the 
way they contribute to oxygen transport: (1) the 
density of perfused capillaries (diffusive oxygen 
transport) and (2)  the flow of red blood cells 
through the capillaries (convective oxygen 
transport) (25). The diffusive microcirculation 
parameters are functional capillary density 
(FCD), perfused vessel density (PVD) and total 
vessel density (TVD) and the convective 
microcirculation parameters are the percentage of 
perfused vessels (PPV), microvascular flow index 
(MFI) and red blood cell velocity (RBCv). 
Additional information about the 
microcirculatory parameters can be found in 
Appendix II (25).   
 
Hemodynamic coherence 
Hemodynamic coherence between the 
macrocirculation and the microcirculation is 
defined as the state in which resuscitation 
procedures aimed at correcting systemic 
hemodynamic parameters are effective in 
correcting regional and microcirculatory 
perfusion and oxygen supply to the tissues, 
allowing parenchymal cells to perform their 
functional activities in support of organ function. 
(26) 
 
Primary and secondary outcomes 
The primary outcome of this systematic review 
was the change of the microcirculatory 
parameters (i.e. FCD, PVD, TVD, PPV, MFI and 
RBCv) of cardiothoracic patients postoperatively 
as compared to pre- and/or intraoperatively. 
Baseline microcirculation measurements refer to 
the first microcirculation measurements of the 
study. The timing of the baseline measurement 
may vary among studies.  
Secondary outcomes were the effect of CPB on 
microcirculatory parameters (i.e. by comparing 
on-CPB versus off-CPB measurements and other 
interventions, such as perfusion technique, 
anesthesia, and medication), the relationship 
between the macrocirculation and 
microcirculation and the relationship between the 
microcirculation and clinical outcomes (i.e. length 
of (hospital) stay (LOS), complications and 
mortality).  
 
Quality assessment 
The quality of each study was independently 
assessed by two reviewers (FB and RT). The 
quality of the observational studies was assessed 



with the Newcastle Ottawa Scale (NOS) (32,33). 
The NOS score ranges from 0 (low quality) to 9 
(high quality). The quality of the randomized 
controlled trials (RCTs) was assessed by the Risk 
of Bias (Rob) 2 tool (34).  
Any discrepancies about the scores were resolved 
by discussion until consensus was reached 
between the two reviewers (FB and RT). If 
consensus could not be reached, a third 
independent reviewer (MA) was requested. The 
assigned scores are not intended as summary 
judgements of quality, but help reviewers assess 
forms of bias. 
 
Data analysis 
The sublingual microcirculation was studied 
during different phases of cardiothoracic surgery: 
pre-, intra- and postoperatively.  
The pre-operative period was defined as all 
microcirculation measurements prior to the start 
of surgery (i.e. before the start of anesthesia). The 
intra-operative period contained the aortic cross-
clamp period (i.e. the effect of CPB only), the 
entire CPB period, during cardiac positioning and 
after cardiac positioning. The ICU period (after 
surgery), 24/48, and 72 hours after surgery was 
defined as the postoperative period. Due to the 
heterogeneity of the studies, a descriptive 
synthesis of the effect of cardiothoracic surgery 
on sublingual microcirculation pre-, intra and 
postoperatively was performed. If data allowed, 
we additionally focused on the effect of on-pump 
vs off-pump studies, different CPB variations and 
anesthetic or therapeutic interventions. 
 
Data analysis was focused on several sub-analysis: 

x Studies with the usage of CPB (“on-
pump studies”): postoperative 
microcirculatory status of the patient was 
compared with intra-operative 
microcirculatory status. If data allowed, 
we additionally focused on the 
comparison with the pre-operative 
microcirculatory status and the effect of 
CPB and/or aortic clamping on 
microcirculatory status.   

x Studies that compared off-pump vs on-
pump: Same as the on-pump and the 
pulsatile vs non-pulsatile studies 
postoperative microcirculatory status of 
the patient was compared with intra-
operative microcirculatory status for on-
pump as well as the off-pump group. If 
data allowed, we additionally focused on 
the comparison with the pre-operative 
microcirculatory status of the patient and 

the effect of CPB and/or aortic 
clamping or grafting on intra-operative 
microcirculatory status.   

x Studies that compared pulsatile vs non-
pulsatile CPB: postoperative 
microcirculatory status of the patient was 
compared with intra-operative 
microcirculatory status. If data allowed, 
we additionally focused on the 
comparison with the pre-operative 
microcirculatory status and the effect of 
CPB and/or aortic clamping on intra-
operative microcirculatory status 

x Studies that described therapeutic 
interventions to improve 
microcirculation: post-intervention 
microcirculatory status was compared 
with pre-intervention values.  

 
Absolute values of the microcirculatory 
parameters could not be compared because 
different microcirculatory monitoring techniques 
(OPS, SDF and IDF imaging) were used. 
Therefore, only significant changes in 
microcirculatory parameters (pre-, intra-, 
postoperatively) were reported.  
 
Results 
Figure 1 presents the study selection. The initial 
search yielded 1786 studies, of which 1097 were 
screened. A total of 119 studies were included for 
full-text analysis.  
 
Eighty-three studies were excluded based on 
wrong study design (n = 29), no specification for 
patient population (n = 17), wrong patient 
population (n = 16), description of an analysis 
method (n = 6), wrong outcomes (n = 7), wrong 
intervention (n = 4), no English text available (n 
= 2) or no full text available (n = 1). Finally, the 
remaining 36 studies were included that recorded 
pre- and/or intra- and/or postoperative 
measurements of the sublingual microcirculatory 
parameters in patients undergoing cardiothoracic 
surgery (with or without CPB) with sternotomy 
(32-67) 
 
Study characteristics 
The 36 included studies consisted of 27 
observational studies and 9 randomized 
controlled trials. All studies were published 
between 2007 and 2021 in 14 different countries 
(the Netherlands (n = 14), China (n = 2), Turkey 
(n = 1), Uruguay (n = 1), Canada (n = 2), Egypt 
(n = 1), France (n = 1), Austria (n = 1), Denmark 



(n = 1), United States (n = 2), Italy (n = 2), 
Germany (n = 3) and Belgium (n = 1), 
multicenter (n = 2)). 
 
Patient characteristics  
Patient characteristics are listed in Appendix III. 
The 36 included studies compromised 1093 
patients. Various interventions such as CPB 
mode, type of anesthesia, blood transfusion, 
medication administration or fluid administration 
were studied for their effect on intra- and 
postoperative microcirculation. No significant 
differences between patient characteristics were 
reported at baseline, so the patient characteristics 
are comparable between the included studies.  
 
Risk of bias 
The quality assessment can be found in Appendix 
IV. All observational studies (n = 27) received an 
overall score of 5 or higher. This indicates that 
the included observational studies were of 
reasonable to good quality. 96% of all 27 

observational studies assessed the outcome using 
independent blind assessment, except Koning et 
al. (55) did not provide a description about the 
assessment of the outcome. In 44% of the 
observational studies there was a control/another 
intervention group. Only Maier et al. (57) failed 
in the adequacy of follow-up.  
Of the RCTs, 56% reported the sample size 
calculation. In 22% of RCTs, caregivers were not 
blinded to the intervention.   
 
Microcirculatory parameters 
Effect of CPB (on-pump studies) 
Changes in convection and diffusion 
microcirculatory parameters of the nine on-pump 
studies are presented in Table 1. A distinction is 
made between the effect of CPB on the 
microcirculatory parameters during on-pump 
cardiothoracic surgery (intra-operative changes) 
compared to baseline measurements and the 
effect of CPB on microcirculatory parameters 
postoperatively at the ICU or at the ward till 72 

Figure 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow 
diagram: study selection 



hours after surgery (postoperative changes) 
compared to baseline measurements.  
Seven out of nine studies (78%) (37, 39, 41, 43, 
44, 63, 65) reported the intra-operative changes 
of the microcirculatory parameters compared to 
baseline and five out of nine studies (44%) (32, 
41, 43, 50, 65) reported the postoperative changes 
of the microcirculatory parameters compared to 
baseline.  
 
All seven studies (100%) (37, 39, 41, 43, 44, 63, 
65) focusing on the intra-operative change 
compared to baseline measurements reported 
diffusion microcirculatory parameters (FCD, 
PVD and/or TVD). Three of these studies (43%) 
(37, 41, 65) reported a significant intra-operative 
change in these parameters compared to baseline 
measurements.  
 
One out of the seven studies (14%) (37) reported 
the FCD and this study showed a significant 
decrease in the FCD compared to baseline 
measurements during the aortic cross clamp 
period, which was restored to baseline values at 
the end of the CPB period (37).  Five studies (71 
%) (39, 41, 44, 63, 65) reported PVD, of which 
two studies (29%) (41, 65) showed a significant 
reduction in PVD during the intraoperative 
period compared to baseline. The other three 
studies that reported PVD (60%) (39, 44, 63) 
reported no significant effect of CPB on PVD. 
Three of the seven studies (43%) (39, 44, 63) 
reported the TVD and all three studies showed 
no effect of CPB on TVD. 
 
The intra-operative change of the convective 
microcirculatory parameters (PPV, MFI and/or 
RBCv) compared to the baseline measurements 
was reported by six out of the nine studies (67%) 
(37, 39, 41, 43, 44, 63) and three of the six studies 
(50%) (41, 44, 63) reported a significant change 
in these parameters compared to baseline 
measurements. 
 
Four studies (%) (39, 41, 44, 63) reported PPV, 
of which one study (25%) (41) showed a 
significant decrease in PPV compared to baseline 
and the other three studies (75%) (39, 41, 44, 63) 
showed no effect of CPB on PPV. Four out of 
the six studies (67%) (39, 43, 44, 63) reported the 
MFI, two of them with conflicting outcomes. 
Prestes et al. (63) reported a significant increase 
in MFI compared to baseline in contrast to di  
Dedda et al. (44) who reported a significant 
decrease in MFI compared to baseline.   

Only one study (37) reported the RBCv, which 
did not significantly change during the 
intraoperative period compared to baseline. 
Six of the nine studies (67%) (32, 39, 41, 43, 50, 
65) followed patients post-operatively and only 
three studies (50%) (42, 44, 68) had an additional 
follow-up of 24 hours (41, 65), 48 hours (65) and 
72 hours (39, 41) after surgery. The two studies 
(41, 65), in which the PVD was significantly 
reduced intraoperatively, reported a reduction in 
PVD for at least 24 hours after surgery and only 
one of these two studies (65) showed return to 
baseline after 48 hours. Also, Greenwood et al. 
(50) reported a significantly decreased PVD 
postoperatively. Two studies (33%) (41, 50) 
showed a significantly reduced PPV compared to 
baseline during the post-operative period. The 
other four studies (67%) (32, 39, 41, 43, 50, 65) 
showed no effect of CPB on postoperative PPV. 
Results of the convective microcirculatory 
parameters showed contradictory results, one 
study showed a significant decrease in MFI 
postoperatively compared to baseline (50) and 
one study showed a significant increase 
postoperatively compared to baseline (32). 
 
CPB variations 
CPB variations such as on-pump vs off-pump 
and type of blood flow may influence the effect 
of CPB on the sublingual microcirculation.  
Microcirculatory alterations from different CPB 
variations can be found in Appendix Va Eighteen 
studies reported microcirculatory parameters in 
association with a variation of CPB. The studies 
assessed the difference between on-pump vs off-
pump surgery (n = 6) (33, 34, 38, 40, 52, 53), 
pulsatile CPB versus non-pulsatile CPB (n = 5) 
(48, 54, 55, 60, 61), a Conventional 
ExtraCorporeal Circulation (CECC) circuit 
versus a Minimalized ExtraCorporeal Circulation 
(MECC) circuit (n = 3) (45, 46, 67), different CPB 
pump flow rates (n = 1) (49), pursuit of a high 
Mean Arterial Pressure (MAP) versus a low MAP 
(n = 1)  (51), different types of coating of the CPB 
circuit (n = 1) (42), and the type of cardioplegia 
(n = 1) (36).  
 
Four out of six studies (67%) (33, 34, 40, 53) 
comparing on-pump with off-pump surgery 
described a significant change intraoperatively 
compared to baseline measurements and three 
out of six studies (50%) (40, 52, 53) described a 
significant postoperative change. Two of the six 
studies (33%) (33, 34) reported the FCD. 
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In the study by Atasever et al. (33), a significant 
reduction in FCD was seen at the end of the CPB 
period in the on-pump group, while the FCD was 
not significantly reduced in the off-pump group. 
PVD was reported in three out of six studies 
(50%) (38, 40, 53). The study by de Backer et al. 
(40) reported a significantly reduced PVD at the 
end of the CPB period in both the on-pump and 
off-pump group and the PVD recovered to 
baseline 24 hours after surgery in both groups, in 
contrast with the study by Koning et al. (53) 
which only reported a significantly decreased 
PVD in the on-pump group, which was still 
significantly decreased after the first 24 hours 
after surgery. Three out of six studies (50%) 
reported the TVD (38, 40, 53). Koning et al. (53) 
reported significantly reduced TVD at the end of 
the CPB period in the on-pump group and the 
TVD did not recover within the first 24 hours 
after surgery. In the off-pump group, no 
significant change in TVD was found 
intraoperatively, however, postoperatively the 
TVD was reduced, but not significantly. The 
other two studies (67%) (38, 40, 53) found no 
effect in the on-pump group on TVD. Only one 
study reported the PPV (40). In this study the 
PPV was significantly reduced at the end of 
surgery in both the on-pump and off-pump 
group, and did not recover to baseline in the first 
24 hours after surgery in both groups. The MFI 
was reported in two out of six studies (33%) (52, 
53). The study by Koning et al. (53) reported no 
difference in MFI during the CPB period of the 
off-pump surgery group. In the on-pump surgery 
group, there was a non-significant decrease in 
MFI intra-operatively. However, two studies of 
Koning et al. (52, 53) reported a significant 
postoperative reduction in MFI in the on-pump 
surgery groups, while the MFI did not change 
compared to baseline in the off-pump surgery 
groups. Lastly, RBCv was reported in three of the 
six studies (50%) (33, 34, 52). Atasever et al. 
reported a significantly decreased RBCv during 
off-pump surgery in one study (34), but this 
significant reduction in RBCv was not reported 
in his other study in the off-pump surgery group 
(33). However, in the on-pump study group they 
reported a significant increase in RBCv intra-
operatively (33).  Koning et al. (52) described a 
significantly increased RBCv in the on-pump 
group in the first 24 hours postoperatively. 
 
CPB generates a non-pulsatile blood flow and 
this non-physiological blood flow may influence 
the sublingual microcirculation. Five studies (48, 
54, 55, 60, 61) compared a pulsatile blood flow 

during CPV with a non-pulsatile blood flow. 
Three of the five studies (60%) (58, 63, 64) 
described a significant change in microcirculatory 
parameters intraoperatively compared to baseline 
measurements and two studies (40%) (60, 61) 
described a significant postoperative change in 
microcirculatory parameters compared to 
baseline measurements. PVD was reported in 
three of the five studies (60%) (48, 54, 55). 
Koning et al. (55) reported no change in PVD at 
the end of the CPB period in the pulsatile CPB 
group, whereas it was significantly reduced in the 
non-pulsatile CPB group. The PPV was reported 
by three out of five studies (60%) (48, 60, 61). 
The non-pulsatile groups in the two studies by 
O'neil et al. (60, 61) had a significantly reduced 
PPV intra-operatively, whereas the PPV in the 
pulsatile groups did not change from baseline 
during surgery. The significantly reduced PPV in 
the non-pulsatile CPB groups was still reduced 
postoperatively and did not recover at 48 hours 
postoperatively. In the pulsatile CPB group, the 
PPV still did not change post-operatively 
compared to baseline. MFI was described in two 
of the six studies (33%) (48, 54), both studies did 
not report a significant change in MFI.  
 
In addition to off-pump surgery, pulsatile CPB 
and non-pulsatile CPB, there are other variations 
on the CPB system, such as the use of CECC and 
MECC circuits (45, 46, 67), a different type of 
cardioplegia (36) or different coatings of the 
circuit (42). 
 
The three studies (45, 46, 67) that focused on the 
influences of CECC and MECC on the 
microcirculation only described the 
intraoperative period. Two of the three studies 
(67%) (45, 46) reported a signification reduction 
in FCD in both the MECC and CECC group 
during the aortic cross-clamp period and this 
reduction in FCD recovered to baseline at the 
end of the CPB period. Only Yuruk et al. (67) 
reported the PVD and MFI and found a 
significantly reduced PVD during the aortic cross 
clamp period in the CECC group. The MFI was 
not different compared to baseline in both 
groups. 
 
Aykut et al. (36) investigated the use of different 
types of cardioplegia, namely blood cardioplegia 
and crystalloid cardioplegia. They reported a 
significantly decreased PVD during the aortic 
cross clamp period in both the crystalloid 
cardioplegia and blood cardioplegia groups. PVD 
was only recovered to baseline the end of the 



CPB period in the blood cardioplegia group. 
TVD showed the same results, TVD was 
decreased during the aortic cross clamp period in 
both groups. However, only in the crystalloid 
cardioplegia group, the TVD was still significant 
reduced at the end of the CPB period.  
 
Furthermore, Dekker et al. (42) compared two 
different coatings used for the CPB circuit, 
namely heparin coated (HC) and 
phosporylcholine-coated (PC). They reported in 
both circuits a significantly reduced PVD at the 
end of the CPB period, that did not recover to 
baseline measurements within 72 hours after 
surgery.  
 
Effect of therapeutic interventions 
Appendix Vb shows the microcirculatory 
alterations resulting from different therapeutical 
interventions. Nine studies reported 
microcirculatory parameters in association with a 
therapeutic intervention. The studies assessed the 
effect of RBC transfusion intra- or 
postoperatively (n=2) (64, 66), propofol or 
propofol and dexmedetomidine intra- or 
postoperatively (n=2) (56, 59), phenylephrine 
intraoperatively (n=1) (57),  different inhalation 
anesthetics (n=1) (62), different intravenous 
infusions postoperative (n=1) (35), kentanserin 
(n=1) (47), methylene blue (n=1) (58). In total, 
three studies (57-59)  found a significant 
alteration in convective parameters and three (58, 
59, 66) studies found significant alterations in 
diffusive parameters compared to baseline 
measurements. 
 
A distinction is made between the effect of these 
therapeutic interventions on the microcirculatory 
parameters during cardiothoracic surgery (intra-
operative changes) compared to baseline 
measurements and the effect of these therapeutic 
interventions on microcirculatory parameters 
postoperatively at the ICU or at the ward till 72 
hours after surgery (post-operative changes) 
compared to baseline measurements. 
 
Four out of nine studies (44%) (57, 59, 62, 66) 
reported the intra-operative changes of the 
microcirculatory parameters and six out of nine 
studies (67%)  (35, 47, 56, 58, 62, 64) reported the 
postoperative changes of the microcirculatory 
parameters compared to baseline.  
In total, three out of the four studies (75%) (59, 
62, 66) focused on the intra-operative change 
compared to baseline measurements and 
reported diffusion microcirculatory parameters 

(FCD, PVD and/or TVD). One study of the four 
studies (33%) (66) reported FCD, which showed 
a significant increase in FCD after intraoperative 
RBC transfusion. Two out of four studies (50%) 
(59, 62) reported the PVD. Özarslan et al. (62) 
reported no change in PVD compared to baseline 
in both the sevoflurane and isoflurane groups. A 
significant intra-operative decrease in TVD was 
described in one of the two studies (50%) (59, 62) 
that reported the TVD. This intra-operative 
decrease in TVD was present in patients who 
were sedated with dexmedetomidine in 
combination with propofol (59). The other study, 
Özarslan et al. (62), concluded that the use of 
isoflurane as an anesthetic does not contribute to 
a change in TVD at the end of the CPB period. 
 
The intraoperative change of the convective 
microcirculatory parameters (PPV, MFI and/or 
RBCv) compared to the baseline measurements 
was reported by all four studies (100%) (57, 59, 
62, 66). Two of them (57, 59) reported a 
significant change in these parameters compared 
to baseline measurements. PPV was reported in 
two out of four studies (50%) (59, 62) and none 
of the two studies reported a significant alteration 
in PPV intra-operatively. All four studies (100%) 
(57, 59, 62, 66) reported the MFI. MFI was 
significantly reduced at the end of the CPB period 
in the study by Maier et al. (57). Mohamed et al. 
(59) described that the MFI was significantly 
reduced intraoperatively when using propofol 
alone as an anesthetic, whereas when using 
propofol in combination with dexmedetomidine 
there was no change in the MFI compared to 
baseline. The study by Özarslan et al. (62) 
reported no change in MFI during the 
intraoperative period with the use of sevoflurane. 
Yuruk et al. (66) did not find any intra-operative 
alterations in MFI after RBC transfusion.  
 
Six of the nine studies (67%) (35, 47, 56, 58, 62, 
64) followed patients post-operatively  and only 
one study had an additional follow-up of 24 hours 
(62) after surgery. 
 
The postoperative change of the diffusion 
microcirculatory parameters (FCD, PVD and/or 
TVD) compared to the baseline measurements 
was reported by all six studies (100%) (35, 47, 56, 
58, 62, 64). PVD was reported in five out of six 
studies (83%) (47, 56, 58, 62, 64), of which one 
study (17%) (58) described a significant increase 
in PVD after a postoperative infusion with 
methylene blue. The PVD was still unchanged 
from baseline with the use of sevoflurane and 



isoflurane (62). In four out of six studies (56, 58, 
62, 64) the TVD was reported postoperatively. 
Özarslan et al. (62) reported that the use of 
isoflurane caused no change in TVD compared 
to baseline measurements. TVD was significantly 
increased with a postoperative methylene blue 
infusion (58).  
 
The postoperative change of the convective 
microcirculatory parameters (PPV and MFI) 
compared to baseline was reported by all the six 
studies (100%) (35, 47, 56, 58, 62, 64). 
One of them (58) reported a significant change in 
these parameters compared to baseline 
measurements. PPV was described in four out of 
six studies (67%) (47, 56, 62, 64). None of them 
reported a significant change in PPV compared 
to baseline measurements. Five out of six studies 
described the MFI (35, 47, 58, 62, 64). The use of 
sevoflurane induced no change in MFI in the 
postoperative period (62). Atasever et al. (35) 
reported that gelatin infusion caused no change 
in MFI with respect to the baseline. Methylene 
blue caused a significant increase in MFI 
postoperatively (58). 
 
Macrocirculation vs microcirculation 
A summary of macrocirculatory parameters can 
be found in Appendix VIa (Macrocirculatory 
parameters on-pump studies), VIb 
(Macrocirculatory parameters of CPB variations) 
and VIc (Macrocirculatory parameters of 
therapeutical interventions).  Twenty-five out of 
thirty-six studies (69%) (32-34, 36-45, 47, 48, 50-
54, 57, 58, 61, 62, 65) reported the results about 
the relationship between the macrocirculation 
and microcirculation (Table 2). Fifteen studies 
(60%) (36, 38-43, 45, 47, 48, 54, 57, 61, 62) 
reported no coherence between the 
macrocirculation and microcirculation. The 
other studies (40%) reported a coherence 
between microcirculatory alterations and 
macrocirculatory alterations.  
 
Of the nine on-pump studies, five studies (56%) 
(32, 37, 44, 50, 65) reported a coherence between 
the macrocirculation and microcirculation. 
Arnold et al. (32) found that the state after CPB 
was associated with an increase in MFI without a 
parallel increase in MAP. Bauer et al. (37) 
reported a weak but significant correlation 
between FCD and temperature and FCD and 
hemoglobin (Hb) concentration.  Di Dedda et al. 
(44) showed that the pre-CPB microcirculatory 
status determined significant changes in platelet 
count and function postoperatively. Higher 

values of PVD and TVD corresponded with a 
better platelet function preservation 
postoperatively. A negative association was 
found between TVD values preoperative and the 
difference between pre-and postoperative platelet 
count. Greenwood et al. (50) described a 
correlation between the postoperative lactate 
level and PVD. Patients in the lowest PVD 
quartile had higher postoperative lactate levels 
compared to the patients in the three highest 
quartiles.  
 
Five out of eighteen studies (28%) (33, 34, 51-53) 
focusing on CPB variations found a coherence 
between the macrocirculatory and 
microcirculatory parameters. Atasever et al. (33) 
found in the on-pump group a significantly 
increased CO, which was associated with a 
significantly increased RBCv, and a reduction in 
FCD intraoperatively. Off-pump surgery resulted 
in a significant drop in CO and was associated 
with a complete stop of capillary blood 
flow.  Another study by Atasever et al. (34) found 
a coherence between the decrease in CO/ blood 
pressure and the reduction in microcirculatory 
RBCv and FCD in off-pump surgery. Holmgaard 
et al. (51) reported that the microcirculation was 
affected by CPB to a level where MAP is 
secondary. The use of vasopressors may have 
masked the potential benefit of a higher pursued 
MAP. Koning et al. (52) found an association 
between a moderately significant increase in 
hyperdynamic quadrants and a decrease in Hct. 
Another study by Koning et al. (53) concluded 
that an early impairment of the PVD was 
associated with an increased postoperative lactate 
concentration and duration compared to patients 
with normal postoperative microcirculatory 
measurements during the first 6 hours of 
resuscitation. An early impairment of the MFI 
was not associated with a postoperatively 
increased lactate.  
 
Just one of the nine therapeutic intervention 
studies (11%) (58) found a relationship between 
macrocirculatory and microcirculatory 
parameters. This study reported a significant 
correlation between an increase in MAP and a 
reduction in PVD.    
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Relation of microcirculation with clinical outcome 
Nineteen out of the 36 studies (53%) provided 
any information about the clinical outcomes of 
patients (32, 35, 36, 39-43, 45, 46, 50, 52, 54, 56, 
58, 62-64, 67): length of ICU stay (n = 11) (35, 
36, 39, 41, 45, 52, 54, 62-64, 67), length of 
hospital stay (n = 4) (36, 39, 41, 63), mortality 
(n=9) (32, 39, 43, 46, 50, 52, 54, 58, 64) and 
postoperative outcomes (i.e. hypotension, AKI 
and postoperative pulmonary embolism) (n = 6) 
(32, 42, 45, 52, 54, 56). Furthermore, two studies 
reported the Sequential Organ Failure 
Assessment (SOFA) score (40, 50) (Appendix 
VII). Seven out of the 19 studies (37%) (40, 43, 
50, 52, 54, 58, 63) examined the relationship 
between the microcirculatory parameters and 
outcomes (Table 2). 
 
In on-pump studies, Den Uil et al. (43) 
retrospectively found a large reduction in 
microvascular perfusion during CPB in a patient 
who had died 12 days after surgery. Greenwood 
et al. (50) reported that patients in the lowest 
quartile of PVD had a higher SOFA score at 24 
hours after surgery compared to patients with 
PVD in the highest three quartiles. Moreover, 
Prestes et al. (63) found a relationship between a 
significantly higher MFI at the onset of CPB and 
postoperative complications.  
 
For the studies with the focus on CPB variations, 
De Backer et al. (40) found a significant 
relationship between changes in SOFA score and 
maximum change in small vessel perfusion or 
minimum PPV. Koning et al. (52) reported the 
relationship between an AKI after on-pump 
surgery and increased intraoperatively MFI and 
postoperatively decreased MFI. Koning et al. (54) 
found no difference in outcome between pulsatile 
and non-pulsatile CPB.  
 
Discussion 
Cardiothoracic surgery with or without CPB 
causes alterations in the sublingual 
microcirculation. The surgery-induced 
microcirculatory alterations mainly constitute 
changes in FCD, PVD and PPV and show an 
impaired microcirculation. These 
microcirculatory parameters remain disturbed 
throughout the surgical procedures and 
sometimes the alterations persist for up to 72 
hours after surgery (PVD and PPV). The TVD 
and MFI appear to be less susceptible to change 
in the intra- and postoperative periods. 
 

On-pump studies  
The overall conclusion for the on-pump studies 
is in line with the review of den Os et. al. (30). 
The surgery-induced microcirculatory alterations 
as represented by a decrease in FCD, PVD or 
PPV were found in 44% of the on-pump studies.  
PPV and TVD are the basis for FCD and PVD 
calculations (25, 68). The results suggest that the 
observed reductions in FCD and PVD were 
mainly the result of a reduced PPV since TVD 
was not significantly altered in most studies. So, 
CPB mainly reduce the number of perfused 
vessels which impairs microcirculatory perfusion, 
but does not affect the number of microvessels. 
The effect of CPB on MFI showed contrary 
results (32, 44, 50, 63). This could be partly 
explained by the modified criteria for the MFI 
parameter in some studies. An additional 
category for hyperdynamic flow was used in some 
studies (62, 63), which could confound the 
results. MFI currently recognizes only one type of 
flow as abnormal (sluggish flow), but does not 
consider another abnormal type of flow 
(hyperdynamic flow). 
 
CPB variations 
The observed microcirculatory alterations are 
likely a true CPB effect since there was no 
reduction in FCD, PVD, TVD, PPV and MFI in 
patients undergoing off-pump surgery (33, 52, 
53). Besides the effect of the on-pump and off-
pump, other variations of CPB, such as type of 
blood flow during CPB, usage of a CECC or 
MECC circuit and the use of different CPB 
circuit coatings may influence the effect of CPB 
on the sublingual microcirculation. Furthermore, 
the traditional non-pulsatile blood flow of CPB 
may exhibit adverse effects on the sublingual 
microcirculation. Five studies in this review (48, 
54, 55, 60, 61) compared a pulsatile blood flow 
during CPB with a non-pulsatile blood flow. 
 
However, the question whether pulsatile blood 
flow during CPB is superior to non-pulsatile 
blood flow in the preservation of 
microcirculatory parameters remain unanswered 
due to contrary results. O'neil et al. (60, 61) 
concluded that during pulsatile CPB, 
microcirculatory perfusion (PPV) was preserved, 
whereas it was not during non-pulsatile CPB. In 
contrast, Koning et al. (54, 55) reported that 
microcirculatory perfusion did show alterations 
during pulsatile CPB, but recovery occurred after 
weaning from CPB, whereas this was not the case 
in the non-pulsatile CPB group. 
 



Furthermore, three studies (45, 46, 67) examined 
the effect of CECC versus MECC and all three 
studies concluded that MECC has a beneficial 
effect on the preservation of microvascular blood 
flow. The use of an HC or a PC circuit (30) does 
not result in any difference in microcirculatory 
alterations.  Moreover, Forti et al. conclude that 
changes in CPB flow within 20% of its theoretical 
value do not alter microcirculation. Also, the 
pursuit of a high MAP or low MAP (54) does not 
result in a noticeable difference in the MFI. 
 
Therapeutic interventions 
Multiple included studies have specifically 
measured the effect of various therapeutic 
interventions on the sublingual microcirculation. 
An RBC transfusion during surgery (66) would 
help to correct the anemic conditions and 
improve the MFI and FCD. Maier et al. (57) 
studied the administration of phenylephrine 
during surgery and concluded that the MFI 
decreased significantly during the intra-operative 
period due to microvascular blood flow shunting. 
Both Mohamed et al. (59) and Liu et al. (56) 
concluded that the combination of 
dexmedetomidine and propofol improved 
sublingual microcirculation. Özarslan et al. (62) 
compared the effect of three inhalation 
anesthetics on the microcirculatory perfusion and 
showed that sevoflurane, isoflurane and 
desflurane have different effects on circulation, 
but all have a temporary effect.  
 
The administration of methylene blue was 
studied by Maurin et al. (61) and concluded that 
methylene blue increased the PVD and TVD. 
Finally, Stowell et al. (64) demonstrated that there 
were no differences in microcirculatory 
parameters in cardiothoracic surgery patients 
transfused with RBCs stored for less than 10 days 
or more than 21 days. 
 
Macrocirculation vs microcirculation 
Most studies (60%) (33, 37, 44, 50, 53, 58) that 
reported a relationship, found a relationship 
between macrocirculatory parameters (i.e., MAP, 
CO, and platelet function) and diffusion 
parameters (i.e. FCD and PVD) of the 
microcirculation. This can be explained by the 
fact that CPB and variations thereof do not 
necessarily affect the number of blood vessels, 
but mainly impairs the microcirculatory blood 
flow (69-71). Nevertheless, only 15 of 36 
included studies found (no) coherence between 
the macrocirculation and microcirculation. More 

research is needed to explore the relationship 
between macrocirculation and microcirculation. 
 
Microcirculation and clinical outcome  
The relation between microcirculatory alterations 
and clinical outcome remains unclear. Of the 19 
studies that mentioned clinical outcomes, only 
seven reported something about the relationship 
between microcirculation and clinical outcome. 
Even in these studies, there was limited attention 
to the extent of microcirculatory changes in 
relation to clinical outcomes. Only Greenwood et 
al. presented a detailed description of PVD 
changes in relation to the SOFA score. They 
found that patients in the lowest quartile of PVD 
exhibited a higher SOFA score at 24 hours 
compared to patients with a PVD in the upper 
three quartiles. In addition, only a few 
complications were included in the analyses (i.e. 
LOS ICU, LOS hospital, some complications and 
mortality), whereas complications of 
cardiothoracic surgery such as the development 
of cardiogenic shock, vasoplegic syndrome, 
mediastinitis, stroke, and acute kidney injury 
would be interesting to include in future research.   
 
Limitations 
This review includes small (single) center studies 
of reasonable to good quality. It may be assumed 
that these studies are representative for the 
description of microcirculatory changes during 
and after cardiothoracic surgery. However, the 
included studies are very heterogeneous. Each 
study has a different research question and 
describes different microcirculatory parameters, 
measured at different time points and intervals 
with varying baselines. Most studies used a 
slightly different surgery, anesthesia, or perfusion 
protocol, which may potentially influence the 
microcirculatory measurements. The use of 
different protocols could influence the 
microcirculation measurements. Therefore, it is 
possible that this review is subject to different 
types of bias, such as confirmation bias and 
selection bias. Because of the heterogeneity, it is 
difficult to recognize a pattern in the 
microcirculatory alterations. Also, the studies 
used multiple units for the microcirculation 
parameters, making the reported parameters 
ambiguous.  
 
Another limitation is that only the sublingual 
microcirculation measurements were included in 
the studies. Microcirculation measurements are 
performed with great regularity in the sublingual 
area. The sublingual space is easily accessible 



during surgical procedures and during ICU 
admission. The sublingual space has the same 
embryological origin as the intestine. (72) Studies 
have shown that sublingual microcirculatory 
changes correlate well with microcirculatory 
changes of the gut, for example. (73) 
 
Furthermore, many of the studies reported CPB 
and aortic clamp time, but these variables were 
usually not included in the analyses. Therefore, it 
is not possible to draw a conclusion about any 
association between microcirculatory alterations 
and shorter or longer CPB and/or aortic clamp 
time, whereas the aortic cross-clamp time 
describes exactly the period that gives a 
visualization of the contribution of the CPB to 
microcirculatory changes.  
 
Only in nine of 36 studies (36, 37, 45, 46, 49, 54, 
57, 65, 67) were sublingual microcirculation 
measurements taken at the beginning of aortic 
clamp placement and/or aortic clamp removal. 
Between these time points, an accurate picture of 
the influence of CPB on the microcirculation 
without other additional influences on the 
microcirculation is provided. 
 
Future perspectives 
First, further research should identify which 
strategies contribute to improving the recovery 
capacity of the microcirculation after 
cardiothoracic surgery. Next, future research 
should identify how microcirculatory alterations 
after cardiothoracic surgery could be prevented. 
A small proportion of studies have reported 
clinical outcomes and even a smaller proportion 
have attempted to relate the microcirculation to 
the clinical outcomes. Therefore, the relationship 
between microcirculation and clinical outcomes 
in cardiothoracic surgery is still unclear. To prove 
that microcirculation measurement could 
contribute to understanding the patient and 
providing early goal-directed therapy, evidence is 
needed that microcirculatory changes contribute 
to a particular clinical outcome. In addition, the 
influence of the CPB and aorta-cross clamp 
duration is still unclear. Follow-up studies should 
show whether and in which ways the duration of 
this period affects the microcirculation. 

Another perspective which needs to be addressed 
is the MFI as a microcirculatory parameter. MFI 
is a measure for the global determination of 
microcirculatory perfusion and secondary to the 
other parameters for determining 
microcirculatory perfusion. Yet, MFI remains a 

popular measure to describe microcirculation. 
(25) However, MFI has been replaced by a new 
emerging parameter: RBCv, which describes the 
absolute velocity (25). RBCv is still hardly used in 
studies on microcirculation. It is important to 
include this parameter in future studies, because 
the RBCv is an objective measurement of the 
absolute microcirculatory perfusion, instead of a 
subjective qualitative analysis of the 
microcirculatory perfusion with the MFI as 
parameter. (68)   

Lastly, the identification of leukocyte-
endothelium interaction could contribute to 
obtaining additional information on 
inflammation and understanding the 
pathophysiological status of the patient. (74) 
Therefore, it is important that more research is 
initiated in the area of leukocyte-endothelial 
interaction along with microcirculatory 
measurements. 

Conclusion 
In conclusion, CPB impairs microcirculatory 
perfusion, which is reflected by a reduced FCD, 
PPV and PVD, whereas TVD remain unaltered. 
The effect of CPB on MFI differs between 
studies and remains conflicting. One can imagine 
that the machine-like laminar CPB flow differs 
from the pulsatile flow of the heart. Therefore, 
one can also imagine that it does affect both 
convection and diffusion of the microcirculation. 
Uncoupling of hemodynamic coherence is seen 
in several studies. Microcirculation 
measurements therefore seems to have added 
value in cardiothoracic surgical patients. 
However, not as standard care in all 
cardiothoracic surgical patients, but as an aid in 
unexplained postoperative clinical presentation 
or in high-risk surgical patients. More research is 
needed on the contribution of microcirculatory 
changes to a particular clinical outcome.  
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Appendix I: Macrocirculatory parameters 
 
Macrocirculatory parameters which are included in this study 

- Blood pressure (systolic/diastolic) 
- Cardiac index 
- Cardiac output 
- Hematocrit  
- Hemoglobin 
- Lactate  
- Mean arterial pressure 
- pH 
- Platelet count  
- Red blood cell concentration 
- Temperature 
- Venous oxygen saturation 
- White blood cell count 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix II: Definition of microcirculatory perfusion parameters 
Based on the second consensus paper by Ince et al. (25) published in 2018 on the assessment of 
sublingual microcirculation in critically ill patients, the following parameters are defined as follows:  
 

Microcirculatory parameter Definition 

 Percentage of perfused vessels (PPV) Percentage of perfused vessels per total number 
of vessel cross-sections, expressed as a percentage 
(%) and characterized as a binomial determinant 
of red blood cell velocity (flow or no flow) 

Microvascular flow index (MFI) Grid-based score per quadrant, no flow (0), 
intermittent flow (1), slow flow (2), normal flow 
(3). MFI is characterized as semi-quantitative 
assessment of average red blood cell velocity per 
quadrant. 

Functional capillary density (FCD) The total length of vessels exhibiting normal flow 
in relation to image size. FCD is characterized as 
the diffusion distance between red blood cells and 
tissue cells.  

Total vessel density (TVD) Measurement of total vessel area per surface area, 
is expressed in mm2/mm2 and is characterized as 
a determinant of capillar distance (diffusive 
capacity). 

Density of perfused vessels (PVD) Percentage of perfused vessels x TVD, expressed 
in mm2/mm2. PVD is characterized as the 
determinant of capillary distance (diffusive 
capacity) and red blood cell velocity (convective 
capacity) 

Red blood cell velocity (RBCv) Determined by use of a space-time diagram 
(STD). Each moving RBC generates a line in the 
STD, the slope of which equals the velocity 
(velocity = ∆L/∆t) 
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Additional file 1: Search strategy 
 
Databases:  
PubMed 
http://www.ncbi.nlm.nih.gov/pubmed?otool=leiden 
 
((("Microcirculation"[Mesh] OR "microcirculation"[tw] OR "micro circulation"[tw] OR 
"microcirculat*"[tw] OR "micro circulat*"[tw] OR "microvascular circulation"[tw] OR "microvascular 
circulat*"[tw] OR "microvascular blood flow"[tw] OR "microvascular blood flow"[tw] OR 
("Microvessels"[Mesh] AND "Blood Circulation"[Mesh:NoExp]) OR "Blood Flow Velocity"[mesh] OR 
"Blood flow velocity"[tw] OR "side stream dark field"[tw] OR "SDF"[tw] OR "incidence dark field"[tw] 
OR ("incidence"[tw] AND "dark field"[tw]) OR "IDF"[tw] OR "proportion of perfused vessels"[tw] OR 
"PPV"[tw] OR "perfused vessel density"[tw] OR "PVD"[tw] OR "total vessel density"[tw] OR 
"TVD"[tw] OR "hand held microscope"[tw] OR "hand held microscopes"[tw] OR "hand held 
microscop*"[tw] OR "handheld microscope"[tw] OR "handheld microscopes"[tw] OR "handheld 
microscop*"[tw] OR "OPS"[tw] OR "orthogonal polarization spectral"[tw] OR "microvascular 
perfusion"[tw] OR "microvascular tissue perfusion"[tw]) AND ("sublingual"[tw] OR "sublingual*"[tw] 
OR "sub lingual"[tw] OR "sub lingual*"[tw] OR "Critical Illness"[Mesh] OR "Critical Illness"[tw] OR 
"Critically ill"[tw] OR "Shock"[mesh:noexp] OR "Multiple Organ Failure"[mesh] OR "Shock, 
Cardiogenic"[mesh] OR "Shock, Surgical"[mesh] OR "multiple Organ Failure"[tw] OR "Cardiogenic 
shock"[tw] OR "Surgical Shock"[tw] OR "distributive shock"[tw] OR "Leukocytosis"[Mesh] OR 
"Leukocytosis"[tw] OR "high mortality risk patient"[tw] OR "mortality risk patient"[tw] OR "high 
mortality risk patients"[tw] OR "mortality risk patients"[tw] OR "high preoperative risk"[tw] OR "high 
preoperative risks"[tw] OR "preoperative risk"[tw] OR "high preoperative risks"[tw]) AND ("cardiac 
surgery"[tw] OR "cardiac surg*"[tw] OR "heart surgery"[tw] OR "heart surg*"[tw] OR "cardio thoracic 
surgery"[tw] OR "cardio thoracic surg*"[tw] OR "cardiothoracic surgery"[tw] OR "cardiothoracic 
surg*"[tw] OR "thoracic surgery"[tw] OR "thoracic surg*"[tw] OR "Cardiac Surgical Procedures"[Mesh] 
OR "Arterial Switch"[tw] OR "Arterial Switch Operation"[tw] OR "Cardiac Valve Annuloplast*"[tw] OR 
"Cardiac Valve Annuloplasty"[tw] OR "Cardiomyoplast*"[tw] OR "Cardiomyoplasty"[tw] OR "Coronary 
Artery Bypass"[tw] OR "Coronary Artery Bypass*"[tw] OR "CABG"[tw] OR "Coronary 
Atherectom*"[tw] OR "Coronary Atherectomy"[tw] OR "Coronary Balloon Angioplast*"[tw] OR 
"Coronary Balloon Angioplasty"[tw] OR "Hypothermia Induced Circulatory Arrest"[tw] OR "Fontan 
Procedure"[tw] OR "Heart Massage"[tw] OR "Heart Transplant*"[tw] OR "Heart Transplantation"[tw] 
OR "Heart Valve Prosthesis Implant*"[tw] OR "Heart Valve Prosthesis Implantation"[tw] OR "Heart-
Lung Transplant*"[tw] OR "Heart-Lung Transplantation"[tw] OR "Induced Heart Arrest"[tw] OR 
"Internal Mammary-Coronary Artery Anastomosis"[tw] OR "Maze Procedure"[tw] OR "Mitral Valve 
Annuloplast*"[tw] OR "Mitral Valve Annuloplasty"[tw] OR "Myocardial Revascularisation"[tw] OR 
"Myocardial Revascularization"[tw] OR "Norwood Procedure"[tw] OR "Norwood Procedures"[tw] OR 
"Pericardial Window Technique"[tw] OR "Pericardial Window Techniques"[tw] OR 
"Pericardiectom*"[tw] OR "Pericardiectomy"[tw] OR "Pericardiocentesis"[tw] OR "Right Heart 
Bypass"[tw] OR "Right Heart Bypass*"[tw] OR "Transcatheter Aortic Valve Replacement"[tw] OR 
"Transcatheter Aortic Valve Replacement*"[tw] OR "Transmyocardial Laser Revascularisation"[tw] OR 
"Transmyocardial Laser Revascularization"[tw] OR "Cardiopulmonary Bypass"[Mesh] OR 
"Cardiopulmonary Bypass"[tw] OR "Cardio pulmonary Bypass"[tw] OR "Heart Lung Bypass"[tw] OR 
"Heart Bypass"[tw] OR "Cardio pulmonary Bypass"[tw] OR "Heart Diseases/surgery"[Mesh] OR 
"Heart/surgery"[Mesh]) NOT ("Animals"[mesh] NOT "Humans"[mesh])) OR 
(("Microcirculation"[majr] OR "microcirculation"[ti] OR "micro circulation"[ti] OR "microcirculat*"[ti] 
OR "micro circulat*"[ti] OR "microvascular circulation"[ti] OR "microvascular circulat*"[ti] OR 
"microvascular blood flow"[ti] OR "microvascular blood flow"[ti] OR ("Microvessels"[majr] AND 
"Blood Circulation"[majr:NoExp]) OR "Blood Flow Velocity"[majr] OR "Blood flow velocity"[ti] OR 
"side stream dark field"[ti] OR "SDF"[ti] OR "incidence dark field"[ti] OR ("incidence"[ti] AND "dark 
field"[ti]) OR "IDF"[ti] OR "proportion of perfused vessels"[ti] OR "PPV"[ti] OR "perfused vessel 
density"[ti] OR "PVD"[ti] OR "total vessel density"[ti] OR "TVD"[ti] OR "hand held microscope"[ti] OR 
"hand held microscopes"[ti] OR "hand held microscop*"[ti] OR "handheld microscope"[ti] OR 
"handheld microscopes"[ti] OR "handheld microscop*"[ti] OR "OPS"[ti] OR "orthogonal polarization 
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spectral"[ti] OR "microvascular perfusion"[ti] OR "microvascular tissue perfusion"[ti]) AND 
("sublingual"[ti] OR "sublingual*"[ti] OR "sub lingual"[ti] OR "sub lingual*"[ti] OR "Critical Illness"[majr] 
OR "Critical Illness"[ti] OR "Critically ill"[ti] OR "Shock"[majr:noexp] OR "Multiple Organ Failure"[majr] 
OR "Shock, Cardiogenic"[majr] OR "Shock, Surgical"[majr] OR "multiple Organ Failure"[ti] OR 
"Cardiogenic shock"[ti] OR "Surgical Shock"[ti] OR "distributive shock"[ti] OR "Leukocytosis"[majr] OR 
"Leukocytosis"[ti] OR "high mortality risk patient"[ti] OR "mortality risk patient"[ti] OR "high mortality 
risk patients"[ti] OR "mortality risk patients"[ti] OR "high preoperative risk"[ti] OR "high preoperative 
risks"[ti] OR "preoperative risk"[ti] OR "high preoperative risks"[ti]) NOT ("Animals"[mesh] NOT 
"Humans"[mesh]))) 
 
Embase 
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=main&MODE=ovid&D=oemezd 
 
(((*"Microcirculation"/ OR "microcirculation".ti,ab OR "micro circulation".ti,ab OR 
"microcirculat*".ti,ab OR "micro circulat*".ti,ab OR "microvascular circulation".ti,ab OR "microvascular 
circulat*".ti,ab OR "microvascular blood flow".ti,ab OR "microvascular blood flow".ti,ab OR *"Blood 
Flow Velocity"/ OR "Blood flow velocity".ti,ab OR "side stream dark field".ti,ab OR "SDF".ti,ab OR 
"incidence dark field".ti,ab OR ("incidence".ti,ab AND "dark field".ti,ab) OR "IDF".ti,ab OR "proportion 
of perfused vessels".ti,ab OR "PPV".ti,ab OR "perfused vessel density".ti,ab OR "PVD".ti,ab OR "total 
vessel density".ti,ab OR "TVD".ti,ab OR "hand held microscope".ti,ab OR "hand held microscopes".ti,ab 
OR "hand held microscop*".ti,ab OR "handheld microscope".ti,ab OR "handheld microscopes".ti,ab OR 
"handheld microscop*".ti,ab OR "OPS".ti,ab OR "orthogonal polarization spectral".ti,ab OR 
"microvascular perfusion".ti,ab OR "microvascular tissue perfusion".ti,ab) AND ("sublingual".mp OR 
"sublingual*".mp OR "sub lingual".mp OR "sub lingual*".mp OR *"Critical Illness"/ OR "Critical 
Illness".ti,ab OR "Critically ill".ti,ab OR *"Shock"/ OR exp *"Multiple Organ Failure"/ OR 
*"Cardiogenic Shock"/ OR "multiple Organ Failure".ti,ab OR "Cardiogenic shock".ti,ab OR "Surgical 
Shock".ti,ab OR "distributive shock".ti,ab OR exp *"Leukocytosis"/ OR "Leukocytosis".ti,ab OR "high 
mortality risk patient".ti,ab OR "mortality risk patient".ti,ab OR "high mortality risk patients".ti,ab OR 
"mortality risk patients".ti,ab OR "high preoperative risk".ti,ab OR "high preoperative risks".ti,ab OR 
"preoperative risk".ti,ab OR "high preoperative risks".ti,ab) AND ("cardiac surgery".ti,ab OR "cardiac 
surg*".ti,ab OR "heart surgery".ti,ab OR "heart surg*".ti,ab OR "cardio thoracic surgery".ti,ab OR "cardio 
thoracic surg*".ti,ab OR "cardiothoracic surgery".ti,ab OR "cardiothoracic surg*".ti,ab OR "thoracic 
surgery".ti,ab OR "thoracic surg*".ti,ab OR exp *"Heart Surgery"/ OR exp *"Thorax Surgery"/ OR 
"Arterial Switch".ti,ab OR "Arterial Switch Operation".ti,ab OR "Cardiac Valve Annuloplast*".ti,ab OR 
"Cardiac Valve Annuloplasty".ti,ab OR "Cardiomyoplast*".ti,ab OR "Cardiomyoplasty".ti,ab OR 
"Coronary Artery Bypass".ti,ab OR "Coronary Artery Bypass*".ti,ab OR "CABG".ti,ab OR "Coronary 
Atherectom*".ti,ab OR "Coronary Atherectomy".ti,ab OR "Coronary Balloon Angioplast*".ti,ab OR 
"Coronary Balloon Angioplasty".ti,ab OR "Hypothermia Induced Circulatory Arrest".ti,ab OR "Fontan 
Procedure".ti,ab OR "Heart Massage".ti,ab OR "Heart Transplant*".ti,ab OR "Heart 
Transplantation".ti,ab OR "Heart Valve Prosthesis Implant*".ti,ab OR "Heart Valve Prosthesis 
Implantation".ti,ab OR "Heart-Lung Transplant*".ti,ab OR "Heart-Lung Transplantation".ti,ab OR 
"Induced Heart Arrest".ti,ab OR "Internal Mammary-Coronary Artery Anastomosis".ti,ab OR "Maze 
Procedure".ti,ab OR "Mitral Valve Annuloplast*".ti,ab OR "Mitral Valve Annuloplasty".ti,ab OR 
"Myocardial Revascularisation".ti,ab OR "Myocardial Revascularization".ti,ab OR "Norwood 
Procedure".ti,ab OR "Norwood Procedures".ti,ab OR "Pericardial Window Technique".ti,ab OR 
"Pericardial Window Techniques".ti,ab OR "Pericardiectom*".ti,ab OR "Pericardiectomy".ti,ab OR 
"Pericardiocentesis".ti,ab OR "Right Heart Bypass".ti,ab OR "Right Heart Bypass*".ti,ab OR 
"Transcatheter Aortic Valve Replacement".ti,ab OR "Transcatheter Aortic Valve Replacement*".ti,ab OR 
"Transmyocardial Laser Revascularisation".ti,ab OR "Transmyocardial Laser Revascularization".ti,ab OR 
*"Cardiopulmonary Bypass"/ OR "Cardiopulmonary Bypass".ti,ab OR "Cardio pulmonary Bypass".ti,ab 
OR "Heart Lung Bypass".ti,ab OR "Heart Bypass".ti,ab OR "Cardio pulmonary Bypass".ti,ab OR exp 
*"Heart Disease"/su OR exp *"Heart"/su) NOT (exp "Animals"/ NOT exp "Humans"/)) OR 
((*"Microcirculation"/ OR "microcirculation".ti OR "micro circulation".ti OR "microcirculat*".ti OR 
"micro circulat*".ti OR "microvascular circulation".ti OR "microvascular circulat*".ti OR "microvascular 
blood flow".ti OR "microvascular blood flow".ti OR *"Blood Flow Velocity"/ OR "Blood flow 
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velocity".ti OR "side stream dark field".ti OR "SDF".ti OR "incidence dark field".ti OR ("incidence".ti 
AND "dark field".ti) OR "IDF".ti OR "proportion of perfused vessels".ti OR "PPV".ti OR "perfused 
vessel density".ti OR "PVD".ti OR "total vessel density".ti OR "TVD".ti OR "hand held microscope".ti 
OR "hand held microscopes".ti OR "hand held microscop*".ti OR "handheld microscope".ti OR 
"handheld microscopes".ti OR "handheld microscop*".ti OR "OPS".ti OR "orthogonal polarization 
spectral".ti OR "microvascular perfusion".ti OR "microvascular tissue perfusion".ti) AND ("sublingual".ti 
OR "sublingual*".ti OR "sub lingual".ti OR "sub lingual*".ti OR "Critical Illness"/ OR "Critical Illness".ti 
OR "Critically ill".ti OR *"Shock"/ OR exp *"Multiple Organ Failure"/ OR *"Cardiogenic Shock"/ OR 
"multiple Organ Failure".ti OR "Cardiogenic shock".ti OR "Surgical Shock".ti OR "distributive shock".ti 
OR exp *"Leukocytosis"/ OR "Leukocytosis".ti OR "high mortality risk patient".ti OR "mortality risk 
patient".ti OR "high mortality risk patients".ti OR "mortality risk patients".ti OR "high preoperative 
risk".ti OR "high preoperative risks".ti OR "preoperative risk".ti OR "high preoperative risks".ti) NOT 
(exp "Animals"/ NOT exp "Humans"/))) 
 
Web of Science  
http://isiknowledge.com/wos 
 
(((TI=("Microcirculation" OR "microcirculation" OR "micro circulation" OR "microcirculat*" OR 
"micro circulat*" OR "microvascular circulation" OR "microvascular circulat*" OR "microvascular blood 
flow" OR "microvascular blood flow" OR "Blood Flow Velocity" OR "Blood flow velocity" OR "side 
stream dark field" OR "incidence dark field" OR ("incidence" AND "dark field") OR "proportion of 
perfused vessels" OR "perfused vessel density" OR "total vessel density" OR "hand held microscope" 
OR "hand held microscopes" OR "hand held microscop*" OR "handheld microscope" OR "handheld 
microscopes" OR "handheld microscop*" OR "orthogonal polarization spectral" OR "microvascular 
perfusion" OR "microvascular tissue perfusion") OR AK=("Microcirculation" OR "microcirculation" OR 
"micro circulation" OR "microcirculat*" OR "micro circulat*" OR "microvascular circulation" OR 
"microvascular circulat*" OR "microvascular blood flow" OR "microvascular blood flow" OR "Blood 
Flow Velocity" OR "Blood flow velocity" OR "side stream dark field" OR "incidence dark field" OR 
("incidence" AND "dark field") OR "proportion of perfused vessels" OR "perfused vessel density" OR 
"total vessel density" OR "hand held microscope" OR "hand held microscopes" OR "hand held 
microscop*" OR "handheld microscope" OR "handheld microscopes" OR "handheld microscop*" OR 
"orthogonal polarization spectral" OR "microvascular perfusion" OR "microvascular tissue perfusion")  
OR AB=("Microcirculation" OR "microcirculation" OR "micro circulation" OR "microcirculat*" OR 
"micro circulat*" OR "microvascular circulation" OR "microvascular circulat*" OR "microvascular blood 
flow" OR "microvascular blood flow" OR "Blood Flow Velocity" OR "Blood flow velocity" OR "side 
stream dark field" OR "incidence dark field" OR ("incidence" AND "dark field") OR "proportion of 
perfused vessels" OR "perfused vessel density" OR "total vessel density" OR "hand held microscope" 
OR "hand held microscopes" OR "hand held microscop*" OR "handheld microscope" OR "handheld 
microscopes" OR "handheld microscop*" OR "orthogonal polarization spectral" OR "microvascular 
perfusion" OR "microvascular tissue perfusion")) AND (TS=("sublingual" OR "sublingual*" OR "sub 
lingual" OR "sub lingual*" OR "Critical Illness" OR "Critical Illness" OR "Critically ill" OR "Multiple 
Organ Failure" OR "Cardiogenic Shock" OR "multiple Organ Failure" OR "Cardiogenic shock" OR 
"Surgical Shock" OR "distributive shock" OR "Leukocytosis" OR "Leukocytosis" OR "high mortality risk 
patient" OR "mortality risk patient" OR "high mortality risk patients" OR "mortality risk patients" OR 
"high preoperative risk" OR "high preoperative risks" OR "preoperative risk" OR "high preoperative 
risks") OR TI=("Shock")) AND (TI=("cardiac surgery" OR "cardiac surg*" OR "heart surgery" OR 
"heart surg*" OR "cardio thoracic surgery" OR "cardio thoracic surg*" OR "cardiothoracic surgery" OR 
"cardiothoracic surg*" OR "thoracic surgery" OR "thoracic surg*" OR "Heart Surgery" OR "Thorax 
Surgery" OR "Arterial Switch" OR "Arterial Switch Operation" OR "Cardiac Valve Annuloplast*" OR 
"Cardiac Valve Annuloplasty" OR "Cardiomyoplast*" OR "Cardiomyoplasty" OR "Coronary Artery 
Bypass" OR "Coronary Artery Bypass*" OR "CABG" OR "Coronary Atherectom*" OR "Coronary 
Atherectomy" OR "Coronary Balloon Angioplast*" OR "Coronary Balloon Angioplasty" OR 
"Hypothermia Induced Circulatory Arrest" OR "Fontan Procedure" OR "Heart Massage" OR "Heart 
Transplant*" OR "Heart Transplantation" OR "Heart Valve Prosthesis Implant*" OR "Heart Valve 
Prosthesis Implantation" OR "Heart-Lung Transplant*" OR "Heart-Lung Transplantation" OR "Induced 
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Heart Arrest" OR "Internal Mammary-Coronary Artery Anastomosis" OR "Maze Procedure" OR "Mitral 
Valve Annuloplast*" OR "Mitral Valve Annuloplasty" OR "Myocardial Revascularisation" OR 
"Myocardial Revascularization" OR "Norwood Procedure" OR "Norwood Procedures" OR "Pericardial 
Window Technique" OR "Pericardial Window Techniques" OR "Pericardiectom*" OR "Pericardiectomy" 
OR "Pericardiocentesis" OR "Right Heart Bypass" OR "Right Heart Bypass*" OR "Transcatheter Aortic 
Valve Replacement" OR "Transcatheter Aortic Valve Replacement*" OR "Transmyocardial Laser 
Revascularisation" OR "Transmyocardial Laser Revascularization" OR "Cardiopulmonary Bypass" OR 
"Cardiopulmonary Bypass" OR "Cardio pulmonary Bypass" OR "Heart Lung Bypass" OR "Heart 
Bypass" OR "Cardio pulmonary Bypass") OR AK=("cardiac surgery" OR "cardiac surg*" OR "heart 
surgery" OR "heart surg*" OR "cardio thoracic surgery" OR "cardio thoracic surg*" OR "cardiothoracic 
surgery" OR "cardiothoracic surg*" OR "thoracic surgery" OR "thoracic surg*" OR "Heart Surgery" OR 
"Thorax Surgery" OR "Arterial Switch" OR "Arterial Switch Operation" OR "Cardiac Valve 
Annuloplast*" OR "Cardiac Valve Annuloplasty" OR "Cardiomyoplast*" OR "Cardiomyoplasty" OR 
"Coronary Artery Bypass" OR "Coronary Artery Bypass*" OR "CABG" OR "Coronary Atherectom*" 
OR "Coronary Atherectomy" OR "Coronary Balloon Angioplast*" OR "Coronary Balloon Angioplasty" 
OR "Hypothermia Induced Circulatory Arrest" OR "Fontan Procedure" OR "Heart Massage" OR "Heart 
Transplant*" OR "Heart Transplantation" OR "Heart Valve Prosthesis Implant*" OR "Heart Valve 
Prosthesis Implantation" OR "Heart-Lung Transplant*" OR "Heart-Lung Transplantation" OR "Induced 
Heart Arrest" OR "Internal Mammary-Coronary Artery Anastomosis" OR "Maze Procedure" OR "Mitral 
Valve Annuloplast*" OR "Mitral Valve Annuloplasty" OR "Myocardial Revascularisation" OR 
"Myocardial Revascularization" OR "Norwood Procedure" OR "Norwood Procedures" OR "Pericardial 
Window Technique" OR "Pericardial Window Techniques" OR "Pericardiectom*" OR "Pericardiectomy" 
OR "Pericardiocentesis" OR "Right Heart Bypass" OR "Right Heart Bypass*" OR "Transcatheter Aortic 
Valve Replacement" OR "Transcatheter Aortic Valve Replacement*" OR "Transmyocardial Laser 
Revascularisation" OR "Transmyocardial Laser Revascularization" OR "Cardiopulmonary Bypass" OR 
"Cardiopulmonary Bypass" OR "Cardio pulmonary Bypass" OR "Heart Lung Bypass" OR "Heart 
Bypass" OR "Cardio pulmonary Bypass") OR AB=("cardiac surgery" OR "cardiac surg*" OR "heart 
surgery" OR "heart surg*" OR "cardio thoracic surgery" OR "cardio thoracic surg*" OR "cardiothoracic 
surgery" OR "cardiothoracic surg*" OR "thoracic surgery" OR "thoracic surg*" OR "Heart Surgery" OR 
"Thorax Surgery" OR "Arterial Switch" OR "Arterial Switch Operation" OR "Cardiac Valve 
Annuloplast*" OR "Cardiac Valve Annuloplasty" OR "Cardiomyoplast*" OR "Cardiomyoplasty" OR 
"Coronary Artery Bypass" OR "Coronary Artery Bypass*" OR "CABG" OR "Coronary Atherectom*" 
OR "Coronary Atherectomy" OR "Coronary Balloon Angioplast*" OR "Coronary Balloon Angioplasty" 
OR "Hypothermia Induced Circulatory Arrest" OR "Fontan Procedure" OR "Heart Massage" OR "Heart 
Transplant*" OR "Heart Transplantation" OR "Heart Valve Prosthesis Implant*" OR "Heart Valve 
Prosthesis Implantation" OR "Heart-Lung Transplant*" OR "Heart-Lung Transplantation" OR "Induced 
Heart Arrest" OR "Internal Mammary-Coronary Artery Anastomosis" OR "Maze Procedure" OR "Mitral 
Valve Annuloplast*" OR "Mitral Valve Annuloplasty" OR "Myocardial Revascularisation" OR 
"Myocardial Revascularization" OR "Norwood Procedure" OR "Norwood Procedures" OR "Pericardial 
Window Technique" OR "Pericardial Window Techniques" OR "Pericardiectom*" OR "Pericardiectomy" 
OR "Pericardiocentesis" OR "Right Heart Bypass" OR "Right Heart Bypass*" OR "Transcatheter Aortic 
Valve Replacement" OR "Transcatheter Aortic Valve Replacement*" OR "Transmyocardial Laser 
Revascularisation" OR "Transmyocardial Laser Revascularization" OR "Cardiopulmonary Bypass" OR 
"Cardiopulmonary Bypass" OR "Cardio pulmonary Bypass" OR "Heart Lung Bypass" OR "Heart 
Bypass" OR "Cardio pulmonary Bypass"))) OR TI=(("Microcirculation" OR "microcirculation" OR 
"micro circulation" OR "microcirculat*" OR "micro circulat*" OR "microvascular circulation" OR 
"microvascular circulat*" OR "microvascular blood flow" OR "microvascular blood flow" OR "Blood 
Flow Velocity" OR "Blood flow velocity" OR "side stream dark field" OR "incidence dark field" OR 
("incidence" AND "dark field") OR "proportion of perfused vessels" OR "perfused vessel density" OR 
"total vessel density" OR "hand held microscope" OR "hand held microscopes" OR "hand held 
microscop*" OR "handheld microscope" OR "handheld microscopes" OR "handheld microscop*" OR 
"orthogonal polarization spectral" OR "microvascular perfusion" OR "microvascular tissue perfusion") 
AND ("sublingual" OR "sublingual*" OR "sub lingual" OR "sub lingual*" OR "Critical Illness" OR 
"Critical Illness" OR "Critically ill" OR "Shock" OR "Multiple Organ Failure" OR "Cardiogenic Shock" 
OR "multiple Organ Failure" OR "Cardiogenic shock" OR "Surgical Shock" OR "distributive shock" OR 
"Leukocytosis" OR "Leukocytosis" OR "high mortality risk patient" OR "mortality risk patient" OR 



"high mortality risk patients" OR "mortality risk patients" OR "high preoperative risk" OR "high 
preoperative risks" OR "preoperative risk" OR "high preoperative risks"))) NOT (ti=("veterinary" OR 
"rabbit" OR "rabbits" OR "animal" OR "animals" OR "mouse" OR "mice" OR "rodent" OR "rodents" OR "rat" 
OR "rats" OR "pig" OR "pigs" OR "porcine" OR "horse" OR "horses" OR "equine" OR "cow" OR "cows" OR 
"bovine" OR "goat" OR "goats" OR "sheep" OR "ovine" OR "canine" OR "dog" OR "dogs" OR "feline" OR 
"cat" OR "cats") OR ak=("veterinary" OR "rabbit" OR "rabbits" OR "animal" OR "animals" OR "mouse" OR 
"mice" OR "rodent" OR "rodents" OR "rat" OR "rats" OR "pig" OR "pigs" OR "porcine" OR "horse" OR 
"horses" OR "equine" OR "cow" OR "cows" OR "bovine" OR "goat" OR "goats" OR "sheep" OR "ovine" OR 
"canine" OR "dog" OR "dogs" OR "feline" OR "cat" OR "cats")) 
 
Cochrane 
https://www.cochranelibrary.com/advanced-search/search-manager 
 
((("Microcirculation" OR "microcirculation" OR "micro circulation" OR "microcirculat*" OR "micro 
circulat*" OR "microvascular circulation" OR "microvascular circulat*" OR "microvascular blood flow" 
OR "microvascular blood flow" OR "Blood Flow Velocity" OR "Blood flow velocity" OR "side stream 
dark field" OR "SDF" OR "incidence dark field" OR ("incidence" AND "dark field") OR "IDF" OR 
"proportion of perfused vessels" OR "PPV" OR "perfused vessel density" OR "PVD" OR "total vessel 
density" OR "TVD" OR "hand held microscope" OR "hand held microscopes" OR "hand held 
microscop*" OR "handheld microscope" OR "handheld microscopes" OR "handheld microscop*" OR 
"OPS" OR "orthogonal polarization spectral" OR "microvascular perfusion" OR "microvascular tissue 
perfusion") AND ("sublingual" OR "sublingual*" OR "sub lingual" OR "sub lingual*" OR "Critical 
Illness" OR "Critical Illness" OR "Critically ill" OR "Shock" OR "Multiple Organ Failure" OR 
"Cardiogenic Shock" OR "multiple Organ Failure" OR "Cardiogenic shock" OR "Surgical Shock" OR 
"distributive shock" OR "Leukocytosis" OR "Leukocytosis" OR "high mortality risk patient" OR 
"mortality risk patient" OR "high mortality risk patients" OR "mortality risk patients" OR "high 
preoperative risk" OR "high preoperative risks" OR "preoperative risk" OR "high preoperative risks") 
AND ("cardiac surgery" OR "cardiac surg*" OR "heart surgery" OR "heart surg*" OR "cardio thoracic 
surgery" OR "cardio thoracic surg*" OR "cardiothoracic surgery" OR "cardiothoracic surg*" OR 
"thoracic surgery" OR "thoracic surg*" OR "Heart Surgery" OR "Thorax Surgery" OR "Arterial Switch" 
OR "Arterial Switch Operation" OR "Cardiac Valve Annuloplast*" OR "Cardiac Valve Annuloplasty" 
OR "Cardiomyoplast*" OR "Cardiomyoplasty" OR "Coronary Artery Bypass" OR "Coronary Artery 
Bypass*" OR "CABG" OR "Coronary Atherectom*" OR "Coronary Atherectomy" OR "Coronary 
Balloon Angioplast*" OR "Coronary Balloon Angioplasty" OR "Hypothermia Induced Circulatory 
Arrest" OR "Fontan Procedure" OR "Heart Massage" OR "Heart Transplant*" OR "Heart 
Transplantation" OR "Heart Valve Prosthesis Implant*" OR "Heart Valve Prosthesis Implantation" OR 
"Heart Lung Transplant*" OR "Heart Lung Transplantation" OR "Induced Heart Arrest" OR "Internal 
Mammary Coronary Artery Anastomosis" OR "Maze Procedure" OR "Mitral Valve Annuloplast*" OR 
"Mitral Valve Annuloplasty" OR "Myocardial Revascularisation" OR "Myocardial Revascularization" OR 
"Norwood Procedure" OR "Norwood Procedures" OR "Pericardial Window Technique" OR "Pericardial 
Window Techniques" OR "Pericardiectom*" OR "Pericardiectomy" OR "Pericardiocentesis" OR "Right 
Heart Bypass" OR "Right Heart Bypass*" OR "Transcatheter Aortic Valve Replacement" OR 
"Transcatheter Aortic Valve Replacement*" OR "Transmyocardial Laser Revascularisation" OR 
"Transmyocardial Laser Revascularization" OR "Cardiopulmonary Bypass" OR "Cardiopulmonary 
Bypass" OR "Cardio pulmonary Bypass" OR "Heart Lung Bypass" OR "Heart Bypass" OR "Cardio 
pulmonary Bypass")):ti,ab,kw OR (("Microcirculation" OR "microcirculation" OR "micro circulation" 
OR "microcirculat*" OR "micro circulat*" OR "microvascular circulation" OR "microvascular circulat*" 
OR "microvascular blood flow" OR "microvascular blood flow" OR "Blood Flow Velocity" OR "Blood 
flow velocity" OR "side stream dark field" OR "SDF" OR "incidence dark field" OR ("incidence" AND 
"dark field") OR "IDF" OR "proportion of perfused vessels" OR "PPV" OR "perfused vessel density" 
OR "PVD" OR "total vessel density" OR "TVD" OR "hand held microscope" OR "hand held 
microscopes" OR "hand held microscop*" OR "handheld microscope" OR "handheld microscopes" OR 
"handheld microscop*" OR "OPS" OR "orthogonal polarization spectral" OR "microvascular perfusion" 
OR "microvascular tissue perfusion") AND ("sublingual" OR "sublingual*" OR "sub lingual" OR "sub 
lingual*" OR "Critical Illness" OR "Critical Illness" OR "Critically ill" OR "Shock" OR "Multiple Organ 
Failure" OR "Cardiogenic Shock" OR "multiple Organ Failure" OR "Cardiogenic shock" OR "Surgical 
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Shock" OR "distributive shock" OR "Leukocytosis" OR "Leukocytosis" OR "high mortality risk patient" 
OR "mortality risk patient" OR "high mortality risk patients" OR "mortality risk patients" OR "high 
preoperative risk" OR "high preoperative risks" OR "preoperative risk" OR "high preoperative risks")):ti)  
 
PMC PubMed Central 
https://www.ncbi.nlm.nih.gov/pmc/ 
 
((("sublingual microcirculation"[all fields] OR "sublingual micro circulation"[all fields] OR "sublingual 
microcirculat*"[all fields] OR "sublingual micro circulat*"[all fields] OR "sublingual microvascular 
circulation"[all fields] OR "sublingual microvascular circulat*"[all fields]) AND ("cardiac surgery"[text 
word] OR "cardiac surg*"[text word] OR "heart surgery"[text word] OR "heart surg*"[text word] OR 
"cardio thoracic surgery"[text word] OR "cardio thoracic surg*"[text word] OR "cardiothoracic 
surgery"[text word] OR "cardiothoracic surg*"[text word] OR "thoracic surgery"[text word] OR "thoracic 
surg*"[text word] OR "Cardiac Surgical Procedures"[Mesh] OR "Arterial Switch"[text word] OR "Arterial 
Switch Operation"[text word] OR "Cardiac Valve Annuloplast*"[text word] OR "Cardiac Valve 
Annuloplasty"[text word] OR "Cardiomyoplast*"[text word] OR "Cardiomyoplasty"[text word] OR 
"Coronary Artery Bypass"[text word] OR "Coronary Artery Bypass*"[text word] OR "CABG"[text word] 
OR "Coronary Atherectom*"[text word] OR "Coronary Atherectomy"[text word] OR "Coronary Balloon 
Angioplast*"[text word] OR "Coronary Balloon Angioplasty"[text word] OR "Hypothermia Induced 
Circulatory Arrest"[text word] OR "Fontan Procedure"[text word] OR "Heart Massage"[text word] OR 
"Heart Transplant*"[text word] OR "Heart Transplantation"[text word] OR "Heart Valve Prosthesis 
Implant*"[text word] OR "Heart Valve Prosthesis Implantation"[text word] OR "Heart-Lung 
Transplant*"[text word] OR "Heart-Lung Transplantation"[text word] OR "Induced Heart Arrest"[text 
word] OR "Internal Mammary-Coronary Artery Anastomosis"[text word] OR "Maze Procedure"[text 
word] OR "Mitral Valve Annuloplast*"[text word] OR "Mitral Valve Annuloplasty"[text word] OR 
"Myocardial Revascularisation"[text word] OR "Myocardial Revascularization"[text word] OR "Norwood 
Procedure"[text word] OR "Norwood Procedures"[text word] OR "Pericardial Window Technique"[text 
word] OR "Pericardial Window Techniques"[text word] OR "Pericardiectom*"[text word] OR 
"Pericardiectomy"[text word] OR "Pericardiocentesis"[text word] OR "Right Heart Bypass"[text word] 
OR "Right Heart Bypass*"[text word] OR "Transcatheter Aortic Valve Replacement"[text word] OR 
"Transcatheter Aortic Valve Replacement*"[text word] OR "Transmyocardial Laser 
Revascularisation"[text word] OR "Transmyocardial Laser Revascularization"[text word] OR 
"Cardiopulmonary Bypass"[Mesh] OR "Cardiopulmonary Bypass"[text word] OR "Cardio pulmonary 
Bypass"[text word] OR "Heart Lung Bypass"[text word] OR "Heart Bypass"[text word] OR "Cardio 
pulmonary Bypass"[text word] OR "Heart Diseases/surgery"[Mesh] OR "Heart/surgery"[Mesh]) NOT 
("Animals"[mesh] NOT "Humans"[mesh])) OR (("Microcirculation"[Mesh] OR "microcirculation"[tw] 
OR "micro circulation"[tw] OR "microcirculat*"[tw] OR "micro circulat*"[tw] OR "microvascular 
circulation"[tw] OR "microvascular circulat*"[tw] OR "microvascular blood flow"[tw] OR "microvascular 
blood flow"[tw] OR ("Microvessels"[Mesh] AND "Blood Circulation"[Mesh:NoExp]) OR "Blood Flow 
Velocity"[mesh] OR "Blood flow velocity"[tw] OR "side stream dark field"[tw] OR "SDF"[tw] OR 
"incidence dark field"[tw] OR ("incidence"[tw] AND "dark field"[tw]) OR "IDF"[tw] OR "proportion of 
perfused vessels"[tw] OR "PPV"[tw] OR "perfused vessel density"[tw] OR "PVD"[tw] OR "total vessel 
density"[tw] OR "TVD"[tw] OR "hand held microscope"[tw] OR "hand held microscopes"[tw] OR 
"hand held microscop*"[tw] OR "handheld microscope"[tw] OR "handheld microscopes"[tw] OR 
"handheld microscop*"[tw] OR "OPS"[tw] OR "orthogonal polarization spectral"[tw] OR "microvascular 
perfusion"[tw] OR "microvascular tissue perfusion"[tw]) AND ("sublingual"[all fields] OR 
"sublingual*"[all fields] OR "sub lingual"[all fields] OR "sub lingual*"[all fields]) AND ("cardiac 
surgery"[title word] OR "cardiac surg*"[title word] OR "heart surgery"[title word] OR "heart surg*"[title 
word] OR "cardio thoracic surgery"[title word] OR "cardio thoracic surg*"[title word] OR "cardiothoracic 
surgery"[title word] OR "cardiothoracic surg*"[title word] OR "thoracic surgery"[title word] OR "thoracic 
surg*"[title word] OR "Cardiac Surgical Procedures"[Mesh] OR "Arterial Switch"[title word] OR "Arterial 
Switch Operation"[title word] OR "Cardiac Valve Annuloplast*"[title word] OR "Cardiac Valve 
Annuloplasty"[title word] OR "Cardiomyoplast*"[title word] OR "Cardiomyoplasty"[title word] OR 
"Coronary Artery Bypass"[title word] OR "Coronary Artery Bypass*"[title word] OR "CABG"[title word] 
OR "Coronary Atherectom*"[title word] OR "Coronary Atherectomy"[title word] OR "Coronary Balloon 
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Angioplast*"[title word] OR "Coronary Balloon Angioplasty"[title word] OR "Hypothermia Induced 
Circulatory Arrest"[title word] OR "Fontan Procedure"[title word] OR "Heart Massage"[title word] OR 
"Heart Transplant*"[title word] OR "Heart Transplantation"[title word] OR "Heart Valve Prosthesis 
Implant*"[title word] OR "Heart Valve Prosthesis Implantation"[title word] OR "Heart-Lung 
Transplant*"[title word] OR "Heart-Lung Transplantation"[title word] OR "Induced Heart Arrest"[title 
word] OR "Internal Mammary-Coronary Artery Anastomosis"[title word] OR "Maze Procedure"[title 
word] OR "Mitral Valve Annuloplast*"[title word] OR "Mitral Valve Annuloplasty"[title word] OR 
"Myocardial Revascularisation"[title word] OR "Myocardial Revascularization"[title word] OR "Norwood 
Procedure"[title word] OR "Norwood Procedures"[title word] OR "Pericardial Window Technique"[title 
word] OR "Pericardial Window Techniques"[title word] OR "Pericardiectom*"[title word] OR 
"Pericardiectomy"[title word] OR "Pericardiocentesis"[title word] OR "Right Heart Bypass"[title word] 
OR "Right Heart Bypass*"[title word] OR "Transcatheter Aortic Valve Replacement"[title word] OR 
"Transcatheter Aortic Valve Replacement*"[title word] OR "Transmyocardial Laser 
Revascularisation"[title word] OR "Transmyocardial Laser Revascularization"[title word] OR 
"Cardiopulmonary Bypass"[Mesh] OR "Cardiopulmonary Bypass"[title word] OR "Cardio pulmonary 
Bypass"[title word] OR "Heart Lung Bypass"[title word] OR "Heart Bypass"[title word] OR "Cardio 
pulmonary Bypass"[title word] OR "Heart Diseases/surgery"[Mesh] OR "Heart/surgery"[Mesh]) NOT 
("Animals"[mesh] NOT "Humans"[mesh]))) 
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